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REVIEW COMMENTARY 


NON-STERIC STEREOCHEMISTRY SOLELY CONTROLLED BY ORIENTATION 
OF DIPOLAR FUNCTION 


ATSUYOSHI OHNO 
Institute for  Chemical Research, Kyoto University, Uji, Kyoto 611, Japan 


The mechanism of biologically important (net) hydride transfer from NADH or NADPH to a substrate has 
been discussed from the viewpoint of physical organic chemistry. It i s  emphasized that the (net) hydride 
transfer involves an electron-transfer complex as an intermediate of the reaction. The intermediate plays a 
crucial role in determining the stereochemistry of the reaction. Orientation of a dipolar functional group such 
as carbonyl or sulphinyl determines the molecular face for complexation, and consequently defines the face of 
reaction. Steric bulkiness is of secondary importance in defining the face of reaction. The mechanism observed 
is called non-steric stereochemistry. Molecular interactions observed in organic reactions and discussed herein 
are found to be closely related to those observed in biological reactions. 


both an electron and a hydride are associated by a 
negative charge on them, studies on the substituent INTRODUCTION 


In 1957, Abeles et aZ.’ reported that 1-benzyl-1,4- effect can contribute very little to the elucidation of the 
dihydronicotinamide, which was later abbreviated by us mechanism. The major part of the discussion on the 
to BNAH, a model of NAD(P)H, transfers a hydride to mechanism was therefore focused on the discrepancy 
thiobenzophenone, a model of biologically active between kinetic and product isotope effects (the product 
ketones, via a one-step process. From our studies on the isotope effect was named by us to indicate the ratio of 
chemistry of thiobenzoDhenone. which started in the different distributions of isotopic nuclei in the product). 
late 196& we concludeh that this compound is a very 
efficient one-electron a ~ c e p t o r . ~ . ~  In order to confirm the 
contribution of a one-electron transfer process to the 
reaction of thiobenzophenone, we reinvestigated 
Abeles et aZ.’s reaction system using more sophisticated 
technology: ESR and NMR spectroscopy revealed that 


a radical-ion pair as an intermediate (Figure 1). This 
radical-ion pair is converted into a pair of free radicals 
via a proton transfer within the pair. The final products, 
either dibenzhydril disulphide or diphenylmethanethiol 
and BNA’, are afforded from this free-radical pair 
depending on the reaction conditions (Scheme l).4 


According to Professor Westheimer, the multi-step 
mechanism proposed by us ‘may he true for this par-  
ticular reaction.’ Some groups doing independent 
studies found evidence that agreed with ours, while 
others criticized the newly proposed mechanism. Since 
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Figure 1. ESR spectra of a mixture of BNAH and thiobenzophenone in 2-methyltetrahydrofuran taken at 77 K (solid line) and at 
room temperature (dashed line). The signal at 1580 G indicates the presence of a triplet pair of cation and anion radicals in the 


mixture 


It was found that the amount of water contaminating 
the solvent had a marked effect on the reaction course.5s6 
The contribution of magnesium ion as a catalyst was 
also discussed.' Detailed discussions on the mechanism 
from the viewpoint of kinetics and thermodynamics 
appeared in two reviews.',' 


STEREOCHEMISTRY 
As mentioned above, the kinetics and thermodynamics 
based on electronic effects remain ambiguous in the 
discussion of electron transfer vs. hydride transfer, 
because these processes predict the same change in 
electronic charge from a ground state to the correspond- 
ing transition state.'"" A novel methodology for the 
elucidation is desired. 


Meanwhile, we were the first to report on examples 
of stereospecific reduction of certain a-keto esters 
and ketones by chiral analogues of NAD(P)H, N -  
(a-methylbenzy1)- 1 -propy 1- 1,4-dihydronicotinamide 
(PNPH) or N -  ( a-methylbenzyl )- 1 -propyl-2,4-dimethyl- 
1,4-dihydronicotinamide (Me,PNPH) (Scheme 2). I 2 . l 3  


Central chirality in these analogues has been extended to 
axial chirality. The central chirality reserved in the re- 
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-0.6 


duced form of the analogue is changed to the axial chir- 
ality in its oxidized form with excellent efficiency, where 
orientation of the carbonyl group in the side-chain amide 
group defines the re- and se-faces of the m o l e c ~ l e . ' ~  
Further, it was found that the stereospecificity of the 
reaction depends on the reactivity of the substrate or 
oxidizing agent: a linear relationship is observed 
between the oxidation potentials of a series of quinones 
and the efficiency of chirality reservation, as shown in 
Figure 2;'' stereospecificities in electrode oxidation 
of chiral N-methyl-N-(a-methylbenzy1)-I-propyl- 
1,2,4-trimethyl-l,4-dihydronicotinamide (Me,PNPH) 
and 3- [N-methyl-N- (a-methylbenzyl) ] - 1,2,4-trimethyl- 
1,4-dihydroquinoline (Me,MQMH) are related linearly 
with the basicity of the amine present in the reaction 
system as the proton-abstracting agent, as shown in 
Figure 3.6 A reactive substrate (or a strong base) prefers 
the reaction in the anti face with respect to the carbonyl 
group, whereas a weekly reacting reagent prefers the 
reaction in the syri face (Scheme 3). 


It is noteworthy that a similar relationship can be seen 
in nature: re- and si-face selectivities in the reactions of 
NAD (P)H mediated by dehydrogenases and reductases 
depend on the reactivity of the substrate (Table l).I7 
The observation has been discussed in relation to the 
chemical evolution of enzymes. Comparison of similar 
phenomena in biological and organic systems may shed 
light on the complex mechanisms involved in enzyme 
chemistry. 


The dependence of  stereospecificity on the reactivity 
of a substrate cannot be explained by a one-step 
mechanism. The electrode reaction demonstrates clearly 
that the process is composed of at least two steps: 
electron- and proton-transfer processes. In addition, 
quinones and amines and also the electrode are achiral 
substances; hence the origin of asymmetric induction 
observed in these reactions cannot be accounted for 


I 
I 
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Figure 2. Linear relationship between stereospecificity and 
oxidation potential in the oxidation of chiral Me,PNPH with a 


series of quinones 
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Figure 3. Linear relationships between stereospecificities and 
basicity in the electrode oxidation of Me,PNPH and 
Me,MQPH in the presence of a series of amines. 1, 2-Fluo- 
ropyridine; 2, 4-nitro-N,N-diethylaniline; 3, 3,5-dichloro- 
pyridine; 4, 2-chloropyridine; 5, 4-nitroaniline; 6 ,  3-cyano- 
pyridine; 7, 3-chloropyridine; 8, 3-acetylpyridine; 9, 3-phen- 
ylpyridine; 10, pyridine; 11, 3-methylpyridine; 12, 4-methyl- 
pyridine; 13, 1-methylimidazole; 14, 2-methylimidazole; 15, 


4-aminopyridine; 16,4-(N,N-dirnethylamino)pyridine 


from the viewpoint of steric effects generally accepted 
in the chemistry of this field (although the a-methyl- 
benzyl group in Me,PNPH is a chiral substituent, it has 
been established that configuration of this functional 
group does not affect the stereochemistry of the overall 
reaction18). Thus, with two objectives at hand, i.e. to 
prove the contribution of electron-transfer process to 
the (net) hydride-transfer reaction and to elucidate the 
mechanism of non-steric stereochemistry , we pro- 
ceeded with research on related reactions. 


Scheme 3 
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Table 1. Stereochemistry associated with the reduction mediated by 
NAD(P)H-dependent dehydrogenases and reductases” 


Enzyme -Log K,,” Stereochemistry 


Glyoxylate reductase 
Glyoxylate reductase (NADP’) 
Tartronate-semialdehyde 


Glycerate dehydrogenase 
Glycerol 1 -dehydrogenase 
Hydrooxypyruvate reductase 


Malate dehydrogenase 
Malate dehydrogenase (NADP +)  
Malic enzyme 
Malic enzyme (NADP’) 
L-Lactate dehydrogenase 
D-Lactate dehydrogenase 
Ethanol dehydrogenase (yeast) 
Glycerol 2-dehydrogenase 
Glycerol-3-phosphate 


dehydrogenase 
Homosenne dehydrogenase 
Camitine dehydrogenase 
3-H ydroxyacyl-CoA 


dehydrogenase 
3-Hydroxybutyrate 


dehydrogenase 
3P-Hydroxysteroid 


dehydrogenase 
Oestradiol 17P-dehydrogenase 
Testosterone dehydrogenase 
3-Oxoacyl-ACP dehydrogenase 
P-Hydroxysteroid 


dehydrogenase 


reductase 


(NADP’) 


17.5 
17.5 


13.3 
13.3 
12.8 


12.4 
12.1 
12.1 
12.1 
12.1 
11.6 
11.6 
11.4 
11.3 


11.1 
10.9 
10.9 


10.5 


8.9 


8.0 
7.7 
7 6  
7.6 


7.6 


pro-R 
pro-R 


pro-R 
pro-R 
pro-R 


pro-R 
pro-R 
pro-R 
pro-R 
pro-R 
pro-R 
pro-R 
pro-R 
pro-R 


p r o 3  
pro-S 
p r o 3  


p r o 3  


p r o 3  


p r o 3  
p r o 3  
pro4  
p r o 4  


pro-S 
~~ 


K,, = [ketone] [NADH]/ [alcohol I IN AD + I. 
hHydrogen at C-4 of NAD(P)H employed for the reaction 


MECHANISM 


Based on stereochemical results from the reactions of 
chiral NAD(P)H analogues, it has been concluded that 
the anri/syn preference in the transition state depends 
on the lateness or earliness of the transition state. In 
order to understand the mechanism in detail, we studied 
the kinetics of the reactions of various analogues, 
Me,MQPH, Me,PNPH, BNAH and their deuterated 
derivatives with chloranil (Q4) and 2,6-dichloro-l,4- 
benzoquinone (Q2) (Scheme 4), representatives of 
strongly and weakly reactive substrates, respectively. 
Selected results are summarized in Tables 2 and 3. 


Tables 2 and 3 reveal that about 50-90% of the free 
energy of activation is contributed by the entropy term. 
This is an important finding, because almost all discus- 
sions on the mechanism to date have dealt with the 
energy term. In other words, previous discussions based 
on energetics should be neglected and a new mechanism 


based on entropy must be established in the theory of 
this (net) hydride-transfer reaction. 


Detailed inspection of the results led us to assume 
that an electron-transfer process with low activation 
energy (early transition state) is followed by a slow 
proton-transfer process with high activation energy and 
vice versa. 


It is noteworthy that, although the ariti/syn prefer- 
ence of stereochemistry is controlled by the electronic 
effect from the reagent(s), or a linear free energy- 


a0 a1 a2 a4 


Scheme 4 
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Table 2. Kinetic parameters, kinetic isotope effects and 
stereochemistry of the oxidation of NAD(P)H analogue with 


chloranil (Q4) 


Parameter Me'MQPH BNAH Me,PNPH 


Table 3. Kinetic parameters, kinetic isotope effects and 
stereochemistry of the oxidation of NAD(P)H analogue with 


2,5-dichloro- 1,4-benzoquinone (Q2) 


Parameter Me,MQPH BNAH Me,PNPH 


AG* (kcal mol-I) 14.6 13.2 11.1 
(298 K) 


AH* (kcal mo1-I) 4.98 3.00 0.47 
AS* (cal mol-' K-') -32.7 -34.3 -35.6 
( kH/kO)obd 4.68 5.14 2.30 
antilsyn ratio 1.211.311 - 2.41 1 


AG* (kcal mol-I) 15.6 14.8 12.3 


AH* (kcal mol-') 6.99 5.23 0.829 
A S  (cal mo1-I K-I) -28.8 -32.2 -38.4 
( k H / k O ) o t d  3.75 6.01 3.03 
antilsyn ratio 1.2/1.1/1 - 112.3-2.4 


(298 K) 


reactivity-stereochemistq relationship holds, the 
entropy (or steric) effect instead of the enthalpy effect 
plays the role of a backbone of the electronic effect 
observed here. That is, the electronic effect controls the 
molecular assembly (both stiffness and preferred face) 
at the electron-transfer intermediate and/or transition 
state, but, at the same time, the molecular assembly is 
also controlled by entropy. Consequently, the electronic 
effect is related to the entropy effect and, therefore, to 
stereospecificity. In this sense, the electronic effect 
discussed herein is entirely different from the stereoe- 
lectronic (anomeric) effect proposed and developed by 
Delongchamps and other researchers." 


Based on the fact that the anti conformation is 
preferred by the early transition state, it has also been 
proposed that the anti conformation is more favoured 
than the syn conformation by the entropy term, and the 
validity of the proposal was tested by elucidating the 
difference in kinetic parameters for the reactions leading 
to anti and syri transition states. However, the difference 
was so small that it was very difficult to obtain conclu- 
sive experimental results. Nevertheless, after repeated 
measurements conducted over 2 years, we succeeded in 


obtaining reasonably reproducible values, which are 
listed in Table 4. It is known that magnesium ion shifts 
the preference to the syrz conformation, and the results 
obtained in the presence of magnesium ion are also 
listed in Table 4. 


Not much can be said regarding the reaction of 
Me,MQPH in the absence of magnesium ion owing to 
insufficient data being available. The reactions of 
Me,PNPH, however, reflect the stereospecificities: the 
difference in free energy of activation is negative for 
Q4 only, and positive for Q2 and Q1. The reaction with 
Q4 is a representative of anti specificity and reactions 
with Q2 and Q1 are representative of  syn specificity. 
The result that virtually all differences in the entropy of 
activation are positive supports the assumption that the 
anti conformation is more preferred (less negative) 
entropically than the syn conformation. On the other 
hand, all differences in the enthalpy of activation are 
positive, suggesting that the syrz conformation may be 
energetically more preferable than the anti con- 
formation. 


In the presence of magnesium ion, all reactions 
afford the product from the transition state of syrz 


Table 4. Difference in kinetic parameters between anti and syn conformations at the transition state in the 
reactions of Me,MQPH and Me,PNPH with a series of quinones" 


Reducing E0 6AG' 6AH' 6AS' 
agent Quinone Mg'' (V vs SCE)'" (kcal mol-I) (kcal mol-') (cal mol-' K - ' )  


- Me,MQPH Q4 + 0.0 1 -0.19 +0.20 + 1.30 
- -0.18 -0.22 +0.44 +0.86 
- -0.34 Low yieldh 
- -0.50 No reaction 


Q2 
Q1 
QO 


Me,MQPH Q4 
Q2 
Q1 
QO 


Me,PNPH Q4 
4 2  
Q1 
QO 


+ +0.01 -0.19 +0.33 + 1.76 
+ -0.18 +0.02 -0.05 -0.24 
+ -0.34 +0.38 +0.65 +0.89 
+ -0.50 +1.13 +1.15 + 0.04 
- +0.01 -0.46 +1.09 +5.32 
- -0.18 +0.37 +1.18 + 2.72 
- -0.34 +0.67 +0.92 +0.84 
- -0.50 No reaction 


"&!(*=M***"",,-M"* n n .  


bYields were too low to allow reliable evaluation. 
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Figure 4. Schematic illustration of the transition state for the 
initial electron-transfer process 


conformation. This observation is again supported by 
differences in kinetic parameters. The structure of the 
encounter complex involved in the reaction in the 
presence of magnesium ion may be that shown in 
Figure 4. 


The term 'entropy' can be substituted by the 
'probability of the reaction to occur.' The present 
results, therefore, suggest that the effective encounter 
between the reducing and oxidizing agents hardly 
occurs without magnesium ion in the reaction with less 
reactive quinones. The effective encounter complex 
which stimulates an electron to transfer from the 
reducing agent to the oxidizing one also undergoes 
further reaction to migrate a proton. The encounter 
complex which could not undergo electron transfer 
returns to the initial state. This electron-transfer process 
to form an encounter complex, not the proton-migration 
process, determines the stereochemistry of the reaction. 
Once the electron transfer is initiated in the encounter 
complex, the reaction system enters an irreversible 
process to climb up the hill of potential surface along 
the reaction coordinate to its transition state. The 
possibility for the reaction to occur (i.e. entropy) 
governs the stereochemistry of the reaction. 


The phenomenon observed here is exactly the same as 
that observed in enzymatic reactions, where a substrate 
trapped in a pocket of enzyme in a sterically correct 
manner only can be converted into the product, whereas 
that showing steric mismatch does not undergo the 
reaction. 


ELECTRON-TRANSFER COMPLEX 


We have discussed the conformation of the transition 
state, and emphasized the importance of an electron- 
transfer intermediate (or transition state). We now 
focus our attention on the ground state of the reaction to 
obtain greater insight into the variation in the potential 
surface along the reaction coordinate. 
'H NMR spectroscopy permitted the detection of 


signals from three out of four possible conformers of 


Me,MQPH (Scheme 3.'' The existence of the remain- 
ing conformer seems impossible because of large steric 
repulsion within the molecule. 


It is possible to elucidate the relative amounts of the 
three conformers by 'H NMR spectroscopy in the 
presence or absence of magnesium ion. The results are 
shown in Table 5 together with the anti/syn ratios in the 
transition states of the reactions with Q4 and QO.*' 


Conformer Z(anti-E) seems unresponsive to the 
reaction, because the hydrogen for reaction is blocked 
by a large a-methylbenzyl group. Therefore, it is 
conceivable that the reaction proceeds via conformers 
l(anfi-Z) and 3(syn-Z). The ratios of the amounts of 1 
to 3 in the presence and absence of magnesium ion are 
also listed in Table 5. 


An interesting conclusion that can be drawn based on 
the above discussion is that the reaction with Q4 pro- 
ceeds independently even in the presence of the 
magnesium ion. In other words, an uncomplexed 
molecule is responsible for the reaction, and the anti/ 
syn ratio at the transition state is the same as the anti/ 
syn conformer ratio in the reactant. In contrast, the 
stereochemistry of the reaction with QO depends on the 
amount of magnesium ion, an indication that the 
reaction proceeds via the complex. In the latter reaction, 
the S I R  ratios of the product, which are related directly 
to the anti/syn ratio at the transition state, are the same 
as those in the intermediate complex. That is, the 
stereochemistry at the transition state of the reaction is 
already defined at its ground state. There is no doubt 
that the proton-transfer process requires a higher energy 
of activation than the electron-transfer process that 
precedes it, because the overall reaction exerts a certain 
amount of kinetic isotope effect. Nevertheless, once the 
reacting molecules are assembled into an intermediate 
complex via the electron-transfer interaction, the 
subsequent proton transfer takes place spontaneously. 
Free energies of activation of the reactions starting 


anti-Z(l) syn-Z (3) 


anti-€ (2) / syn-E 


= a-methylbenzyl 


Scheme 5 
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Table 5. Equilibrium composition of rotational isomers of Me,MQPH 
and antilsyn ratios in product from the reactions with chloranil (Q4) and 


1,4-benzoquinone (QO) as a function of [Mg2’]/[Me,MQPH]” 


[Mg2’l/[Me,MQPHl 0 0.5 1 .o 10 100 
Complex (%) 0 50 92 100 100 


- l(anti-Z)’ (%) 34 16 14 13 
2(anti-E)’ (%) 41 19 16 19 
3(syn-Z)’ (%) 26 65 70 68 


anti/syn (QO)‘ 


- 
- 


1/3 ratio 111.31 114.06 1:5.00 115.23 - 
antilsyn (Q4)‘ 1.28 1.16 1.33 - 1.80 


- d - 117.61 - 1110.8 


At 293 K .  
hTotal of complexed and uncomplexed species. 
‘Results obtained by using (4R)-Me,MQPH. The values are directly related with the 
unri/syn ratios at the transition states. 


from appropriate, or reacting, conformers are not of anti- and syn-(4R)-Me3MQPH with Q4 and QO are 
appreciably different from each other. The transition 
state of the overall reaction is not a sDecial state but is 


shown in Figure 5. 


one of  the states that must be passeh through by the 
reacting molecules during the reaction. This conclusion, NON-STEFUC STEREOCHEMISTRY 


which -emphasizes the -importance of an electron- 
transfer intermediate along the reaction coordinate, is 
consistent with that mentioned in the previous section. 


Quantitative free-energy diagrams for the oxidations 


It has been elucidated that an electron-transfer complex 
is formed as an intermediate before the transition state 
of the proton-transfer process. The molecular assembly 
affords the electron-transfer complex preferably when 


reaclion with Q4 


anti-Usyn-Z= 1.3/1 


anti/syn = 1.3/1 


- 4,000 + Mg2’ 


Nvwwv 


syn-Z 
anrihyn = 1 n.6 


anti-Usyn-Z= 1/52 


Figure 5. Energy diagram for reactions of (4R)-Me,MQPH with chloranil (Q4) and 1,4-benzoquinone (QO) in the presence and 
absence of magnesium ion. Energies are shown in  cal mol - ’  
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an oxidizing agent occupies the same face as that 
occupied by the carbonyl dipole on the side-chain of the 
NAD(P)H analogue. This means that the stereochemis- 
try of the reaction is controlled by the orientation of the 
carbonyl group. This is a novel concept in the ster- 
eochemistry of organic reactions. Before this concept 
can be applied to a wide variety of reactions in general, 
it should be tested on as many examples as possible. 
Since the NAD(P)H analogues so far employed in our 
studies are those that have two central chiralities in their 
molecules, i.e. they are diastereomeric, and even though 
it has been confirmed that the chirality at the non- 
reacting centre on the side-chain of the analogue plays 
no crucial role in determining the stereochemistry of the 
reaction, we extended our research using enantiomeric 
analogues in order to avoid any unnecessary 
ambiguity. l8 


The new models designed by us are those that have 
axial chirality only with respect to the orientation of a 
dipolar functional group in the molecule (Scheme 


The absolute configuration of 6,7-dihydro-6-methyl- 
5-oxo-N-methylpyridino[3,2-d]-2-benzazepinium ion 
(MeMPA ') was elucidated by x-ray crystallography of 
its (+)-D-camphorsulphonate salt. Although the struc- 
ture of 6,7-dihydro-6-methyl-5-oxo-N-methyl- 
pyridino[3,2-d]-2-(3-methylbenz)azepinium ion (3Me- 
MeMPA') has not yet been confirmed by x-ray crystal- 
lography, since the structures of MeMPA ' elucidated 
experimentally by x-ray crystallography and theoreti- 


6).22.23 


R'= CH,, R = H: MeMPA' 
R' - 'Bu. R - H: BUMPA' 
R' - CH,. R = CH,: 3Me-MeMPA' 


R' = CH,. R - H: MeMPAH 


R' - CH,. R CH,: 3Me-MeMPAH 
R' -'Bu. R - H: BUMPAH 


CH3 


PTSOH 


cally by MO calculations coincided with each other, the 
conformation and configuration of 3Me-MeMPA + 


predicted by MO calculations, which are essentially the 
same as those of MeMPA', are highly plausible. The 
absolute configuration of 2,3-dihydro-2,2,4-trimeth- 
ylthieno[3,2-h]pyridinium 1-oxide iodide (PTSO'I-) 
was determined by x-ray crystallography using the 
abnormal dispersion technique. 


It has been found that not only a carbonyl group but 
also a sulphinyl group can behave as  a dipole to 
control the reacting face of  the molecule. Moreover, 
the inspection of the reactions of  an enantiomeric 
pair of a new chiral analogue with a chiral 
MenPNPH-4-d, where the molecular assembly affords 
a diastereomeric complex, might reveal more details 
of  the molecular arrangement in the complex. The 
result is  discussed below for  the reaction of (S)-( +)- 
and (I?)-( -)-PTSO'I- with (4S)-MenPNPH-4-d 
( n  = 2 and 3).24 The reaction of 3Me-MPA' proceeds 
~ i r n i l a r l y . ~ ~  Stereospecificities of  the reactions with 
various combinations of the reagents are summarized 
in Table 6. 


In the reaction of (S) -  and (I?)-PTSO' with (4s)- 
MenPNPH-4-d(rz = 2 and 3), for example, there are four 
possible molecular arrangements in the electron-transfer 
complex along the reaction coordinate, as shown in 
Scheme 7 (it is assumed that the molecules orient in a 
manner which gives maximum overla of their faces; 


Differences in the an t i f sp  ratio for different pairs of 
reagents, as shown in Table 7, allow the estimation of 
the relative abundance (stability) of each pair, which is 
also shown in Scheme 7. Based on these results, we 
obtain the following rules: 


(1) in the complex, polar parts of the molecules 
(pyridinium moiety in F'TSO + and carbamoyl side-chain 
in MenPNPH-4-d) tend to face each other; 


(2) the reaction takes place in the same face as that 
occupied by the polar substituent which defines the axial 
chirality (sulphinyl group). 


In the present reaction, the sulphinyl oxygen in (S)- 
(+)-P"SO' orients itself towards the re-face of the 
ion. Therefore, the reacting MenPNPH-4-d mainly 
attacks (S)-(  +)-FTSO ' from its re-face. Needless to 
say, the complex formed by using the si-face of (4s)- 


this assumption has been artly proved $27 ). 


Table 6. Diastereoface differentiating (net) hydride transfer 
reactions between ETSO' and (4S)-MenPNPH-4-d ( n  = 2 and 3) 


Scheme 6 


(S)-(+)-PTSO' (R)-(-)-PTSO' 


n syn anti syn anti 


CH, 


OTSOH 
2 86 14 38 62 
3 87 13 35 65 
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Structure Rel. Stability Table 7. Diastereoface differentiating (net) hydride transfer 
from various reducing agents to racemic FTSO' in different 


solvents 


F;r 


Me 


Pr 


19 


(9-(+)-anti 9 


I 
Me 


Scheme 7 


MenPNPH-4-d is abortive and does not participate in the 
reaction, because the face has no hydrogen to partici- 
pate in the reaction. Thus, the combinations of (S)-(+)- 
syn- and (S)-( +)-anti-type complexes are the most and 
the least favourable, respectively. In contrast, the ( R ) -  
(-)-anti-type complex is favoured over the ( R ) - (  -)- 
syiz-type complex, which indicates that rule 1 overrules 
rule 2. 


Results of the reduction of F'T'SO' by various 
reducing agents in different solvents are listed in Table 
7.24 It is seen that stereospecificity changes depending 
on the reactivity of the reducing reagent: the strongly 
reactive agent prefers the reaction in the anti face, 
whereas the weakly reactive agent reacts in the syn face. 
The reactivity-stereochemistry relationship observed 
here is similar to that observed in the oxidation of  the 
reduced form of the analogue by a series of quinones. 


Preference for the anti face is marked in weakly 
solvating solvents, which is again accounted for by the 


Ratio of reacting faces 


Reducing agent Solvent SY n anti 


Na2Sz04 H 2 0  18 82 
NaBH, CH,CN 18 82 


CH,OH 21 I 9  
H*O 46 54 


rac-Me,PNPH CH,CN 72 28 
BNAH CH,CN 71 23 


reactivity-stereochemistry relationship. That is, the 
strongly solvating solvent reduces the activity of the 
reagent, leading to an overall tendency of the reaction 
to shift towards the syn preference. 


STEREOCHEMISTRY IN A 5-DEAZAFLAVIN 
MODEL 


The two rules described above have been proved to be 
applicable to the reduction of an oxidized form of a 5- 
deazaflavin analogue (HMdFI,,) (Scheme 8), which, 
again, has an axial chirality with respect to the orienta- 
tion of  the 2-hydroxymethylphenyl group on the ring 
nitrogen. Although the absolute configuration of this 
compound has not yet been elucidated, comparison with 
other analogues allows the estimation of its 
configuration with high probability.2R We use this 
estimated configuration in the present discussion. 


Although the reduction proceeds very slowly in the 
absence of magnesium ion, its presence accelerates the 
reaction appreciably. Stereochemical results from the 
reductions of (+)-HMdFI,, with (4R)- and (4s)- 
Me,PNPH are summarized in Table 8. 


Analysis of the results in Table 8 leads to the same 
conclusion as mentioned above. In addition, since 
magnesium ion participates in these reactions, other 
factors that control stereochemistry can be determined.2' 


(1) Magnesium ion assists the 'maximum overlap' 
of polar groups in the reacting molecules. That is, 


H,: syn-hydrogen 
Ha: anti-hydrogen 'Bu 


HMdFI,.d 


Scheme 8 
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Table 8. Diastereoface differentiating (net) hydride transfer reactions between 
racemic HMdFI,, and chiral Me,PNPH 


Reactivity ratio 
Configuration of Ratio 
Me,PNPH Mg(C10,)," ( +)-HMdFI,, (-)-HMdFI,, anti/synh 


4s 
4 s  
4 s  
4R 
4R 
4R 


0 47 53 1.1: 1.0 
10 62 38 1.0:1.6 
50 74 26 1.0:2.8 
0 52 48 1.0: 1.1 


10 36 64 1.0:1.8 
50 28 72 2.6: 1.0 


a Equivalency to HMdFI,,. 
bThe ratio is constant for all the reactions within experimental error. 


magnesium ion is not only a catalyst to accelerate the 
reaction but also a catalyst to improve stereospecificity. 
Our observations reveal that an  intermediate is afforded 
along the reaction coordinate before the chemical 
reaction takes place. In this and other model reactions 
discussed here, magnesium ion mimics the role o f  
enzymes in biological reactions in the sense that it 
accelerates reaction rate and improves stereospecificity/ 
selectivity. 


(2) In the reaction o f  HMdFI,,, the hydroxymethyl 
group does not behave as  a dipolar substituent. There- 
fore, this group exerts steric inhibition in the absence o f  
magnesium ion. However, the hydroxymethyl group can  
behave as a dipolar group in the presence of magnesium 
ion, probably because the ion coordinates with the 
hydroxyl group, making this moiety polar. Conse- 
quently, stereospecificity of the reaction in the presence 
o f  magnesium ion is reversed in the absence o f  this 
metal ion. 
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ORTHO-SUBSTITUENT EFFECTS IN N-ARYLACETAMIDES. NMR 
AND MOLECULAR MECHANICS INVESTIGATION 
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'H, I3C, "N and I7O NMR spectra of N-phenylacetamide (acetanilide) and 21 ortho-substituted 
acetanilides were measured and assigned. The observed NMR parameters a re  related to the Hammett 
substituent parameters and con formational characteristics of the acetamido moiety estimated by molecular 
mechanics calculations. Significant relationships were found for the I3C NMR chemical shifts of C-5 (para to 
substituent) and the direct spin-spin coupling constant, 'J(C, H), of C-3 (ortho to substituent) with Hammett 
substituent parameters. For "N NMR chemical shifts of the amido nitrogen, no general correlation with the 
Hammett substituent parameters was found. The interactions between functionalities contiguous to the 
carbonyl group and the amino nitrogen in acetanilides are effectively hampered owing to the increased twist 
angle between the planes containing the phenyl ring and the H-N-C fragment in derivatives bearing bulky 
ortho substituents. Especially in ortho-halogen-substituted derivatives the ISN NMR chemical shift of the amino 
nitrogen is very clearly related to the twist angle between the phenyl ring and H-N-C fragment. For I7O NMR 
chemical shifts of the acetamido carbonyl, the observed variations can be related to the steric inhibition of 
resonance between the benzene ring and the acetamido group. 


INTRODUCTION 


Substituted phenylacetanilides are reported to possess 
physiological (anticonvulsant) activity.lS2 In addition, 
their structure consists of a conformationally flexible 
fragment, -C(sp2)-NH-CO-C(sp3)-, serving as a 
useful model system for other biologically and 
biochemically important substances. The conforma- 
tional difference between acetanilide and its N -  
substituted derivatives is interesting, the former existing 
almost entirely in an endo or Z and the latter in an exo 
or E form in the crystalline state, the difference being 
explained by steric It is obvious that any 
ortho substituent in the ring will induce conformational 
changes at the acetamido moiety. They certainly will 
strongly affect the delocalization of the electron lone 
pair at the acetamido nitrogen between the aromatic n- 
system and C=O group of the side-chain. Unfor- 


*Author for correspondence. 


tunately, in the literature there are no x-ray crystallo- 
graphic data on ortho-substituted acetanilides. 


Interactions between functionalities contiguous to the 
amino nitrogen atom and the substituents (mostly 
electron acceptors) in substituted anilines and N- 
methylanilines have been discussed by Bradamante and 
co-workers.8 In particular, the I3C NMR chemical shift 
of  carbon in para positions with respect to the amino 
nitrogen atom has been used in probing the N-substitu- 
ent induced changes8 For the majority of substituents 
directly attached to the nitrogen atom of N-methylani- 
line, partitioning of the nitrogen electron lone pair 
between the phenyl and the substituent is partially 
hampered because of the non-zero twist angle between 
the planes containing the phenyl ring and the Me-N-C 
fragment. Rc 


The nitrogen lone pair delocalization in paru-substi- 
tuted acetanilides have been utilized in explaining the 
H/D isotope shifts of I3C NMR nuclear shielding.' 
These isotope effects are of great importance in struc- 
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tural studies of a variety of biological compounds. 
Bennet et al." investigated the influence of so-called 
amidic resonance on the infrared and the I3C and 15N 
NMR spectroscopic characteristics and on the barriers to 
rotation around the N-C(carbony1) bond in some 
anilides and toluamides. Some ortho-methyl-substituted 
N-methylacetanilides and bicyclic anilides were 
included in that work, but the ortho-substituted 
acetanilides were not. Moreover, the significance of 
intermolecular hydrogen bonding on both the carbonyl 
carbon and nitrogen chemical shielding tensors of the 
amide fragment in acetanilide has been demonstrated by 
both solid-state I3C and I5N NMR spectroscopy and by 
theoretical (IGLO) calculations. I' 


According to Yamagami et ~ l . , l * ~  the I5N NMR 
chemical shift is a better indicator than the 13C shift in 
estimating the transmission of electronic effects in the 
anilide moiety of phenylacetanilide derivatives. Wester- 
man and Roberts12 have shown that the 15N NMR 
downfield shift of amide nitrogen in acetanilides 
induced by electron acceptors at the para position are 
attributed to a p-n interaction between the amide 
nitrogen lone pair and the aromatic ring. The origin of 
this phenomenon is explained by the decreased JC- 
electron density at the nitrogen with concomitant 
deshielding. 


Axenrod et aZ.I3 observed a linear relationship 
between the Hammett substituent constants and I5N 
NMR chemical shifts and 'J(N, H)  spin-spin coupling 
constants in ring-substituted anilines. A similar depen- 
dence has been observed in ring-substituted benzamides 
and ben~onitriles. '~ However, in mefa- and para- 
substituted anilides serious difficulties have been 
encountered in attempts to relate the 15N NMR chemical 
shifts with Hammett substituent parameters." These 
anomalies have been explained by the differences in the 
conjugational or migration ability of  the lone pair of 
electrons of the amido nitrogen.', Furthermore, 
intramolecular hydrogen bonding can influence the 
steric inhibition of conjugation between the amido 
group and benzene ring, as in the case of orrho-substi- 
tuted benzoanilides.16 The solvent effects on the p- 
values of the Hammett plots reveal that the local JE- 
polarization of the amido group is strengthened in polar 
or hydrogen-donating solvents, as argued by Yuzuri et 
al. Later, the same group reported" anomalous polar 
substituent effects on the "N NMR chemical shifts of 
meta- and para-substituted aniline derivatives. This 
phenomenon was ascribed to the very large contribution 
of a resonance effect. 


Although there are very few data on the "0 NMR 
spectroscopy of substituted acetanilides, the sensitivity 
of the I7O NMR chemical shifts of the carbonyl oxygen 
to the twist angle between the acetamido moiety and 
phenyl ring was well established by Boykin and co- 
workers." The most intriguing result, the decreased I7O 
NMR chemical shifts jointly with increased steric 


hindrance in ortho-substituent-bearing derivatives, was 
explained by an increased contribution of a canonical 
form characterized by a partial double bond between the 
amido nitrogen and the carbonyl carbon.Ig In that study, 
however, the variety of ortho substituents was limited 
to only CH, and OCH, groups. 


It is obvious that no systematic study has been made 
of the delocalization of the electron lone pair of the 
amino nitrogen atom in acetanilide derivatives carrying 
variable substituents in the ortho position with respect 
to the fixed NHCOCH, function. Hence it is a good 
reason to assume that multinuclear ('H, I3C, 15N, "0) 
magnetic resonance spectroscopy would give additional 
information on the so-called amidic resonance due to 
the changes caused by the varying steric crowding in the 
comprehensive series of orfho-substituted acetanilides. 
These changes can be efficiently probed by NMR 
chemical shifts by nuclei located either in the aromatic 
ring or in the fixed side-chain also. 


Molecular mechanics calculations using the MMP;! 
force field," providing quantitative information on the 
conformational characteristics of the side-chain, are 
used as a basis of the interpretation of the spectral data. 
The present work is a continuation of our previous 
studies on ortho-substituted aromatics.21 


EXPERIMENTAL 


Compounds 1-22. Acetanilide (1) and ortho-X- 
acetanilides, where X = F (2), CI (3), Br (4), I (S), CH, 


CF, ( l l ) ,  OCH, (12), SCH, (13), COCH, (14), 
COC,H, (IS), CONH, (16), C02CH, (17), CN (18), 
NHCOCH, (19), NHC6H, (20), N(CH,), (21) and NO2 
(22), were synthesized from the corresponding ortho- 
substituted anilines as reported in the literature.22 The 
purities of the compounds were checked by thin-layer 
chromatography and by the 'H and I3C NMR spectra, 
which did not show any impurity signals. Analytical- 
grade nitromethane was used as a reference compound 
in I5N NMR without further purification. Dimethyl-d, 
sulphoxide (DMSO-d,) (Uvasol, 99%) from Merck 
was taken from the rubber-closed ampoules with a 
thoroughly dried syringe to prevent contamination by 
humidity. 


(6)? C2H5 (7)? CH(CH3)2 (81, C(CH3)3 (917 CbH5 (lo),  


N M R  spectroscopy. All NMR spectra were measured 
with a Jeol JNM GSX-270 FT NMR spectrometer 
working at 270.17 in 'H, 67.94 in I3C, 27.38 in I5N and 
36.63 MHz in "0 NMR experiments. The NMR sam- 
ples were 0.5 M solutions in 99% DMSO-d,. The 'H and 
I3C NMR measurements were carried out at 30°C in 
5 mm diameter NMR tubes and the I5N and I7O NMR 
experiments at 30 and 75 "C in 10 mm diameter NMR 
tubes. The 'H and 13C NMR chemical shifts were 
referenced to the centre peak of the solvent, DMSO-d,, 
8 = 2.60 ppm in 'H and 6 = 39.5 ppm in I3C measure- 
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ments from TMS, the I5N chemical shifts to the signal 
of neat nitromethane, 6 = 0 ppm, measured at 30 "C in 
a 10 mm tube and the I7O NMR chemical shifts to the 
signal of external H 2 0 ,  B = 0 ppm, in a 1 mm capillary 
tube inserted coaxially inside the 10 mm NMR tube. 


In 'H NMR measurements, the spectral width was 
3500 Hz and the number of data points was 32K, giving 
a spectral resolution 0-21 Hz, using four scans with a 
pulse delay of  1 s and a flip angle of 90". The FIDs 
were digitally filtered by using an exponential window 
function of the digital resolution prior to Fourier 
transformation (FT) to improve the signal-to-noise ratio 
(S/N) in the frequency spectra. 


In I3C KMR experiments, the spectral width was 
15 kHz and number of data points 32K, giving a 
spectral resolution of 0.92 Hz. The number of scans in 
the proton broadband decoupled (BBD) spectra was 100 
and in coupled spectra ca 8000 after overnight accumu- 
lation. The pulse delay was 3 s and the flip angle 90". 
The FIDs were digitally filtered by using an exponential 
window function of the digital resolution prior to FT to 
improve the S/N in the frequency spectra. 


The I3C-lH COSY experiments transmitted via 
'J(C, H)  couplings were performed using a standard 
pulse sequence available in the spectrometer software. 
The spectral widths/data points were 1500 Hz/512 
(%) and 500 Hz/128 ('H). The FIDs of both direc- 
tions were digitally filtered by the exponential window 
functions of the digital resolutions prior to lT to 
improve the S/N in the 2D contour map. The chemical 
shifts are referenced as in the 1D spectra. 


The 13C- 13C INADEQUATE experiments were 
performed using a standard pulse sequence available in 
the spectrometer software. The spectral widths/data 
points were 1000-3000 Hz/512 Cf,-axis) (limited to 
aromatic area and cyano signal taken with 18) and 
2000-6000/ 128 Cf,-axis). Although saturated samples 
were used in these experiments, the number of scans 
had to be raised to 128 (256 for 12) and the pulse delay 
increased to 6 s to ascertain sufficient relaxation of 
ipso-carbons. Under these conditions the total accumu- 
lation time was ca 13 h (26 h for 12). The FIDs were 
digitally filtered by an exponential window function of 
the f,-digital resolution prior to FT to improve the S/N 
in the symmetrized 2D contour map. The chemical 
shifts are fixed based on the proton BBD I3C NMR 
spectrum . 


In 15N NMR experiments, the spectral width was 
15 kHz and the number of data points was 64K, giving 
a spectral resolution of 0-5 Hz. In proton broadband 
decoupled (BBD) experiments the pulse delay was 7 s 
(giving a total repetition rate of 9.2 s) and the flip angle 
was 30". The number of scans was set to 800 (corre- 
sponding to a total accumulation period of 2 h), which 
was sufficient for reliable detection of the I5N NMR 
chemical shifts of the amido nitrogens (cyano and nitro 
groups characterized by unfavourable relaxation proper- 


ties were not detected). The FIDs were digitally filtered 
by using an exponential window function of the digital 
resolution prior to FT to improve the S/N in the fre- 
quency spectra. In these proton BBD experiments, the 
intensities of the spectral lines were negative owing to 
the negative gyromagnetic ratio of nitrogen- 15. In 
addition, inverse gated decoupling experiments with a 
long pulse delay (30 s) were performed for some 
compounds in order to check for the possible presence 
of unprotonated imido forms characterized by unfav- 
ourable relaxation properties. No additional I5N NMR 
lines, however, were detected. 


In l7O NMR experiments, the spectral width was 
36 kHz and the number of data points was 8K, giving a 
9 Hz spectral resolution, the pulse delay was 0.1 s and 
the flip angle was 90". The numberof scans was 100000 
(corresponding to a total accumulation period of 5.5 h 
per spectrum). The FIDs were digitally filtered by an 
ex onential window function of 50 Hz to improve the 
S$l in the frequency spectra. 


Computerized analyses of the 'H NMR spectra were 
done with PERCH Software.23 


RESULTS AND DISCUSSION 


The structures and numbering of compounds 1-22 are 
given in Figure 1. The 'H and I3C NMR chemical shifts 
are given in Tables 1 and 2, ' J (C,  H) coupling constants 
in Table 3 and I5N and I7O NMR chemical shifts in 
Table 4. The minimum energies and the corresponding 
optimized structures and dihedral angles in degrees 
calculated by molecular mechanics2' using the program 
PCMODEL (Serena Software)24 are collected in 
Table 5.  


Molecular mechanics calculations 


In order to relate the observed NMR parameters with the 
conformational characteristics of orfho-substituted 
acetanilides, their energetically most stable structures 
have been calculated by molecular mechanics2' (Table 
5). As can be seen, a clear variation in dihedral angle 
between the benzene ring and the C-N-H fragment of 
the acetamido group occurs depending on the substitu- 
ent, whilst the rest of the acetamido group is hardly 
affected by the substituent. The structures of com- 
pounds 14-17 and 22 are stabilized by an intramole- 
cular hydrogen bond between the amido proton and the 


0 


Figure 1. Structures and numbering of compounds 1-22. 
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Table 1. 'H NMR chemical shifts, 6 (ppm), of compounds 1-22 
~ 


Compound Substituent H-3 H-4 H-5 H-6 NH CH,CO CH, CHJCHINH, 


1 
2 
3 
4 
5 
6 
7 
8 
9 


10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 


7.38 7.1 1 1.38 1.68 
1.29 1.22 7.22 7.95 
1.51 7.27 1.41 1.82 
7.7 1 7.21 1.45 1.14 
7.97 7.07 1.47 1.53 
7.29 7.16 1.24 1.50 
1.32 7.25 7.23 1.45 
7.35 7.24 1.21 1.40 


1.29 7.14 7.49 


7.60 1.53 7.16 7.82 
7.11 1.16 6.99 8.05 
7.49 7.3 1 1.26 1.42 


1.61 8.40 8.05 


1.88 7.19 1.57 8.55 
7.99 1.25 1.61 8.36 
1.88 1.42 7.77 7.69 
1.66 1.22 7.22 1.66 
7.64 7.18 7.05 1.36 
1.22 7.14 1.08 1.99 
8.02 7.44 1.18 1.13 


- 
1.30 


- - - 


- 
1.28 


- - - 


9.99 
9.19 
9.51 
9.52 
9.49 
9.35 
9.36 
9.4 1 
9.28 
9.33 
9.63 
9.18 
9.38 


11.28 
10.14 
11.66 
10.65 
10.23 
9.4 1 
9.45 
9.09 


10.34 


2.14 
2.19 
2.20 
2.18 
2.16 
2.16 
2.16 
2.15 
2.14 
2.00 
2.15 
2.19 
2.16 
2.21 
1.88 
2.19 
2.22 
2.2 1 
2.18 
2.16 
2.22 
2.11 


'Not analysed owing to overlapping patterns of two aromatic rings. 


Table 2. "C NMR chemical shifts, 6 (ppm), of compounds 1-22 


Compound Substituent C-l C-2 C-3 C-4 C-5 C-6 CO CH, CH,/CF, CH,/CH/C 


1 
2 
3 
4 
5 
6 
7 
8 
9 


10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 


- 
F 
CI 
Br 
I 
CH 3 


CH,CH, 
CH(CH,)Z 
C(CH,), 
Ph" 
CF, 
OCH, 
SCH, 
COCHTh 
COPh' 


COOCH,' 
CN' 
NHCOCHlg 
NHPhh 
"CH,), 
NO2 


CONH; 


139.3 
126.2 
135.1 
136.4 
139.7 
136.5 
131.1 
134.9 
136.1 
136.6 
135.6 
121.4 
135.5 
124.3 
136.4 
139.6 
139.8 
140.3 
130.5 
129.4 
132.1 
131.2 


119.0 
153.6 
126.3 
111.8 
96.5 


131.5 
135.8 
143.0 
146.3 
134.9 
124.8 
149.5 
133.2 
139.0 
130.6 
119.8 
117.4 
107.2 
130.5 
135.8 
144.3 
142.4 


128.6 122.9 128.6 
115.3 125.0 124.2 
129.3 126.0 127.2 
132.5 126.8 127.8 
138.8 127.5 128.6 
130.1 124.9 125.8 
128.3 125.1 125.4 
126.8 125.5 125.9 
131.7 126.2 126.1 
130.2 125.9 127.6 
130.2 126.5 132.8 
111.0 124.1 120.1 
126.0 126.0 125.2 
131.3 122.8 133.9 
129.9 123.9 131.1 
128.5 122.2 132.0 
130.3 122.9 133.8 
133.1 125.5 133.1 
124.7 124.6 124.6 
125.1 125.1 121.4 
119.0 124.0 122.8 
124.8 125.0 133.8 


119.0 
124.2 
126.2 
121.1 
121.4 
124,9 
126.0 
125.4 
126.4 
121.3 
126.2 
121.9 
126.1 
120.5 
123.5 
120.2 
120.9 
125.4 
124.1 
119.1 
122.1 
125.2 


168.3 
168.6 
168.6 
168.4 
168.3 
168.1 
168.4 
168.6 
169.0 
168.6 
169.1 
168.4 
168.4 
168.6 
168.1 
168.1 
168.4 
168.1 
168.6 
168.7 
168.2 
168.4 


24.0 - 
23.4 - 


23.3 - 
23.2 - 
23.2 - 
23.2 11.8 
23.1 14.1 
23.0 27.0 
23.1 30.1 
22.9 - 
22.8 123.6 
23.8 55.5 
23.1 15.1 
24.7 28.6 
23.1 - 
24.9 - 
24.5 52.3 
23.1 - 


23.7 23.1 
23.5 - 
23.9 43.6 
23.3 - 


"X=Ph:  139.0 (C-I), 128.7 (C-2/6), 128.3 (C-3/5) and 127.1 ppm (C-4). 
h X  = COCH,: 202.4 ppm (CO). 
'X=COPh: 137.3 (C-I), 129.5 (C-2/6), 128.1 (C-3/5), 132.4 (C-4) and 195.2 ppm (CO) 


X = CONH,: 170.7 pprn (CO). 
eX=COOCH,: 167.5 ppm (CO). 
' X = CN: 116.9 ppm (CN). 
8 X =  NHCOCH,: 168.6 ppm (CO). 
h X =  144.1 (C-l), 116.4 (C-2/6), 129.0 (C-3/5)and 119.4 pprn (C-4). 
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Table 3. 'J(C, H) coupling constants (Hz) of compounds 1-22 


Compound Substituent c -3  c-4 C-5 C-6 CH, CH, CH,/CH 
~~ ~~~ ~~ ~ ~~~~ 


1 - 158.9 161.7 158.9 163.0 127.9 - - 
2 Fb 165.1 164.6 162.3 162.3 128.0 - - 
3 CI 168.5 162.6 162.3 163.9 127.8 - - 
4 Br 166.0 165.4 164.0 166.7 128.4 - - 
5 I 165.7 162.1 161.6 163.5 127.9 - - 
6 CH 3 158.6 160.3 162.0 160.3 127.7 126.7 - 
7 CH2CH3 159.6 160.9 160.5 162.4 127.6 126.5 126.9 
8 CH(CH,)2 160.0 160.7 160.0 156.2 127.6 126.0 128.9 
9 C(CH,), 


11 C h d  165.9 166.5 163.9 165.2 127.9 273-4 - 


13 SCH, 162.3 162.3 162.7 163.0 127.9 140-0 - 
14 COCH, 160.5 163.2 160.5 165.6 128.1 128.0 - 
15 COPh" 161.7 166.1 160.6 163.5 128.0 - - 
16 CONH, 159.3 162.3 160.0 166.0 128.1 - - 
17 COOCH, 163.0 163.7 160.9 165.7 128.2 147.9 - 
18 CN 166.2 164.3 163.0 166.2 128.3 - - 
19 NHCOCH, 161.0 161.0 161.0 161.0 128.2 128.2 - 
20 NHPh' 160.8 160.8 161.7 159.0 127.8 - - 
21 N(CH,), 157.3 160.7 160.3 162.7 127.9 134.4 - 


167.4 165.4 163.3 166.4 128.4 - - 22 NO2 


- 160.7 161.3 160.7 156.8 127.4 125.7 
- - 10 Ph' 159.4 165.9 161.3 162.6 127.4 


12 OCH, 160.0 161.3 161.0 163.4 127.9 144.8 - 


"J(C-2, H-2) = 163.0 Hz. 
bJ(C-l, F) = 11.9 Hz. J(C-2, F) = 244.7 Hz, J(C-3, F) = 20.2 Hz, J(C-4, F) = 7.3 Hz, J(C-6, F) = 2.7 Hz. 
J(C-2, H-2) = J(C-6, H-6) = 159.4 Hz, J(C-3, H-3) = J(C-5, H-5) = 160.7 Hz. J(C-4. H-4) = 160.7 Hz. 
J(C-2, F) = 30.2 Hz. 


'J(C-2, H-2) = J(C-6, H-6) = 162.5 Hz, J(C-3, H-3) = J(C-5, H-5) = 162.9 Hz, J(C-4, H-4) = 161.7 Hz. 
'J(C-2. H-2) = J(C-6, H-6) = 159.0 Hz. J(C-3, H-3) = J(C-5, H-5) = 159.0 Hz, J(C-4, H-4) = 160.0 Hz. 


Table 4. I5N and "0 NMR chemical shifts, 6 (pprn) of compounds 1-22 


Compound Substituent B("N) A6 8(I7O) A6 C-2-C-1-N-H (") 


1 
2 
3 
4 
5 
6 
I 
8 
9 


10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 


H 
F 
CI 
Br 
I 
CH3 
CH,CH, 
CH(CH,), 
C(CH,), 
Ph 
CF, 
OCH, 
SCH, 
COCH, 
COPh 
CONH, 
COOCH, 
CN 
NHCOCH, 
NHPh 


244.9 
258.4 
250.8 
247.1 
240.2 
249.3 
250.5 
251.1 
246.6 
248.9 
253.9 
256.1 
249.3 
251.1 
248.1 
25 1 .O 
25 1.8 
250.6 
252.9 
252.6 
253.3 
254.1 


0.0 
13.5 
5.9 
2.2 


-4.7 
4.4 
5.6 
6.2 
1.7 
4.0 
9.0 


11.2 
4.1 
6.2 
3.2 
6.1 
6.9 
5.7 
8.0 
7.7 
8.4 
9.2 


356.9 
359.8 
356.6 
355.4 
351.3 
347.5 
347.2 
345.5 
344.6 
349.4 
352.3 
355.9& 
351.8 
369.9h 
357. I 
366.5d 
368.5' 
363.2 
348.2 
349.4 
356.6 
361.7' 


0.0 35.6 
2.9 34.5 


-0.3 38.8 
- 1.5 41.0 
-5.6 42.4 
-9.4 39.2 
- 9.7 43.1 


-11.4 52.1 
-12.3 62.3 


7.5 43.6 
-4.6 38.6 
- 1.0 39.0 
-5.1 42.0 
13.0 37.2 
0.2 42.1 
9.6 41.3 


11.6 38.1 
6.3 42.0 


-8.7 42.0 
-7.5 40.3 
-0.3 43.3 


4.8 48.1 


' B(OCH,) = 40.2 ppm. 
B(COCH,) = 541.4 ppm. 
' B(C0Ph) = 546 ppm (broad signal). 
d(CONH,) = 319.7 ppm. 
6(COOCH,) = 345.5 and 139.3 ppm 
6(N02) = 597.2 ppm. 
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Table 5. Minimum energies, MMXE (kcal mol-I), and optimized dihedral angles (")of 1-22 
~ ~ ~ ~ 


Compound Substituent MMXE C-2-C-1-N-H C-2-C-I-N-C(O) C-l-N-C(O)-CH, C-I-N-C=O 


1 
2 
3 
4 
5 
6 
7 
8 
9 


10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 


H 
F 
CI 
Br 
I 
CH 3 


CH,CH, 
CH (CH, )2  


C (CH, 1 3  


Ph 
CF, 
OCH, 
SCH, 
COCH 
COPh 
CONH, 
COOCH, 
CN 
NHCOCH, 
NHPh 
N(CH,)2 
NO2 


10.08 
11.34 
12.74 
13.20 
13.08 
11.03 
13.41 
14.39 
19.20 
45.56 
42.04 
16.12 
14.49 
15.60 
32.19 
8.22 


22.86 
14.73 
14.56 
28.54 
19.99 
18.27 


- 18.5 
-21.7 
-26.9 
-29.4 
-32.5 
-28.6 
-29.8 
-31.5 
-39.9 
-54.4 
-33.0 
-24.7 
-29.4 
-31.5 
- 30.4 
- 30.2 
-30.3 
-26.8 
-31.5 
-31.3 
-30.9 
-37.8 


159.8 
155.8 
151.0 
148.4 
144.9 
148.8 
147.5 
1464 
137.1 
125.4 
144.1 
152.6 
147.7 
146.0 
147.7 
147.2 
147.9 
151.0 
146.0 
146.2 
146.3 
140.2 


175.3 
175.4 
175.2 
175.2 
175.4 
175.6 
175.8 
175.4 
176.4 
177.3 
176.0 
175.1 
175.7 
175.6 
175.0 
175.6 
175.1 
174.9 
175.3 
175.5 
176.1 
175.9 


-5.5 
-5.5 
-5.8 
-5.7 
-5.6 
-5.4 
-5.2 
-5.7 
-4.3 
-3.3 
-4.9 
-5.8 
-5.3 
-5.4 
-6.1 
-5.4 
-6.1 
-6.2 
-5.7 
-5.4 
-4.8 
-5.4 


carbonyl or nitro group of the substituent at C-2. The 
other conformation of the acetamido group, where the 
acetyl group is twisted by 180" around the N-C bond, 
exhibits a 1.8 kcal mol-' (1 kcal = 4.184 kJ) higher 
energy than the present one in the case of acetanilide 
(1) itself; for its derivatives these differences are even 
greater. Therefore, the relationships between the 
observed NMR parameters and the dihedral angles were 
calculated only for the preferred conformations and are 
given in Table 5 .  


' H  N M R  assigrirneiits 


The assignment of the 'H NMR chemical shifts (Table 
1) is based on the characteristic intra-ring couplings and 
"C-IH COSY correlation maps (all samples) as well as 
on 13C-'3C INADEQUATE experiments for four 
samples (6, 12, 18 and 21). Measuring the INADE- 
QUATE correlation maps for all samples would be very 
time consuming and not necessary in view of the 
reliability of the spectral assignments. Calculation of 
the 'H NMR chemical shifts as a 'simple sum' of single 
substituent effects did not show any satisfactory predic- 
tion properties owing to variations in steric compression 
and conformational preferences of the acetamido 
moiety with respect to the benzene ring exhibiting a 
strong anisotropy effect. 


Additional difficulties in explaining the observed 
chemical shifts are encountered with compounds 10, 15 
and 20, characterized by a phenyl coctaining substituent 


at C-2. In 15 the intramolecular hydrogen bond 
NH... CO forming a six-membered ring structure can 
fix the conformation of the acetamido group. Conse- 
quently, the acetamido methyl cannot be in the vicinity 
of the aromatic moiety in 15. In 10 and 20, where 
intramolecular hydrogen bonding is not possible, the 
conformational freedom of the acetamido group is 
higher than in 15, allowing the acetyl methyl to 'feel' 
the anisotropic effect of the phenyl-containing substitu- 
ent at C-2. However, one should remember that protons 
are affected also by intermolecular and solvent effects. 
Therefore, too far reaching conclusions should be 
avoided in interpreting of the 'H NMR data of these 
complex systems. 


I3C NMR assigrimeiits 


Th assignment of the I3C NMR chemical shifts (Table 
2) is based on characteristic substituent chemical shifts 
(SCS), the 'J(C,H) and "J(C,F) coupling con- 
stants, I3C-'H COSY (all samples) and I3C-I3C 
INADEQUATE correlation maps (6, 12, 18 and 21; 
see Figure 2). For the alkyl-substituted derivatives 7-9, 
the assignments of the ipso-carbons 1 and 2 (both 
characterized by poorly resolved complex coup- 
ling patterns in proton-coupled 13C NMR spectra) are 
based on a monotonous increase in the I3C NMR 
chemical shift of the C-2 with increasing number of B- 
carbons.25 


The suitability of trifluoroacetic acid as a solvent was 
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Figure 2. "C-"C INADEQUATE correlation map of orrho-methoxyacetanilide (12) 


also checked in hope that it would induce systematic 
changes in the "C NMR chemical shifts of C-1 via the 
formation of a hydrogen bond with the amido proton, 
thus helping in the assignment of  the ipso-carbons. No 
clear trends were found, however. A serious drawback 
in using trifluoroacetic acid was that some congeners 
decomposed rapidly, preventing reliable NMR 
measurements. 


The variation of the I3C NMR chemical shifts of C-4 
(Ad = 5.3 ppm) para to the NHCOCH,-substituted 
carbon and C-5 (Ad = 13.8 ppm) para to C-2 suggests 
that the properties of the varying substituent X at C-2 
are responsible for the different behaviours of these I3C 
NMR chemical shifts. One way to estimate these effects 
is to correlate the observed chemical shifts with the 
Hammett substituent constants catalogued by Hansch et 
al.*' A multiple linear regression analysis using field 
( F )  and resonance (R) parameters derived by Swain and 
L ~ p t o n * ~  (using the equation up = aF + R, where up is 
the Hammett constant for a para substituent and a is a 
constant) gave a relationship for the 13C NMR chemical 


shift of C-5 (ppm) para to the substituent X: 


d(C-5) = (5.2 +. 2.2)F + (1 1.5 k 1.4)R + (128.5 k 0.8) 


(statistical coefficients: r = 0.91, i z  = 22, standard 
deviations = 1.82 and F = 47). 


In two cases the calculated and observed values differ 
markedly: in 12 (X = OCH,) Ad = -3.5 ppm and in 21 
[X = N(CH,),] Ad = 4.8 pprn (the 2D I3C-INADE- 
QUATE correlation maps for 12 and 21 ascertained 
their correct 13C NMR spectral assignments). 


The d(C-S/ppm) values related to the a; and u; 
constants26 gave a slightly improved equation: 


d(C-5)=(3 .0+0.8)~ , '+  (4.4+.1.1)~;+ (127.1k0.5) 


( r  = 0.94, I Z  = 20, s = 1.44 and F = 67). 
The origin of the large deviations between the 


experimental and calculated 13C NMR chemical shifts 
may be the variable interaction between the contiguous 
substituents caused by the alterations in the conforma- 
tional preferences of the NHCOCH, group and/or by 
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intramolecular hydrogen bonding between the amido 
proton and the heteroatom of the ortho substituent.'Ib 


The significance of this steric interaction can be 
estimated by relating the 13C NMR chemical shift of C- 
1 (bearing an acetamido group) with the variable ortho- 
substituent chemical shift (SCS) of monosubstituted 
benzene, as done previously for para-substituted 
acetanilides by O'Connor et a1." They found excellent 
linearity (slope 0.86 and r = 0.999)" whereas for ortho- 
substituted isomers a relationship characterized by slope 
of 0.50 and a poor r = 0.70 was obtained. This different 
behaviour shows that in the case of ortho-substituted 
acetanilides the additivity rule of the substituent effects 
is far from valid. 


Furthermore, the similarity of the ortho- and para-  
substituent effects on the l3C NMR chemical shift of the 
ipso-carbon of substituted nitrobenzenes2'b is by no 
means true for the present series of compounds, as was 
found after comparison of the present values with those 
for para-substituted acetanilides." This means that the 
ortho-substituted acetanilides did not show any strong 
tendency to be planar, thus differing from ortho-substi- 
tuted nitrobenzenes but in agreement with the present 
molecular mechanics calculation. 


Coupling Constants 


'J(C,H) coupling constants (Table 3) show clear 
variations, the ranges being 11.2 (C-3) > 10.5 (C-6) > 
6.2 (C-4) > 5.1 (C-5) > 1.0 Hz (2-NHCOCH,). As in 
the case of the "C NMR chemical shifts, these values 
are related to the HammettZ6 and Swain-Lupton" 
substituent parameters. For 'J(C-3, H-3) a relationship 


lJ(C-3, H-3) = (14.5 -f: 2.2)F + 158.3 + 0.7 HZ 


(r=O.82, n =22, s =  1.9 and F =42) can be obtained. 
The inclusion of R term in the model did not improve 
the result significantly. In the case of 'J(C-5, H-5), the 
multiple linear regression analysis did not give any 
reasonable result, because the correlation coefficient, r ,  
remained at 0.65. Similarly, 'J(C-6, H-6), showing a 
10.5 Hz total variation, cannot be related reliably with F 
and R terms, the multiple r remaining at 0.75. This is 
understandable since C-6 located at an ortho position to 
the acetamido group is also strongly affected by its 
conformational changes. 


'-'N NMR spectra (Table 4 )  


Generally, "N NMR chemical shifts are sensitive to 
intermolecular interactions." The total variation of the 
"N NMR chemical shifts of the amido nitrogen in 
ortho-substituted acetanilides is 13.5 ppm. This is a 
much greater variation than that observed for the 13C 
NMR chemical shifts of acetamido methyl (1.9 ppm) 
or carbonyl (1.0 ppm), supporting the hypothesis on the 


usefulness of "N NMR chemical shifts as an indicator 
of electronic effects in the acetamido moiety. I * '  


Previously, Axenrod ef al.I3 have shown for "N- 
enriched Ineta- and para-substituted anilines that 
'J(N,H) and l5N NMR chemical shifts are linearly 
related with the Hammett substituent constants. The 
explanation for these findings can be understood by the 
resonance structures in Scheme 1, in which the 
hybridization of  the aniline nitrogen and consequently 
the s character of the N-H bond are affected by the 
electronegativity of the ring substituent. Since the 
substituent is attached to the benzene ring further from 
the nitrogen atom as in the systems studied by 
Bradamante and co-workers' effects such as anisotropy 
or field cannot be expected to influence the I5N NMR 
chemical shifts significantly. Therefore, they can be 
assumed to be sensitive mostly to the electronic (induc- 
tive and resonance) and steric substituent effects. 


A multiple linear regression analysis performed for 
the whole "N NMR data set observed did not, however, 
reveal any significant relationship between the I5N NMR 
chemical shifts and Hammett substituent parameters, 
thus being in agreement with the results for the meta- 
and para-substituted anilides. ls As stated in the case of 
the I3C NMR data, this must be due to the interaction 
between the contiguous substituents and the varying 
conformational preferences of the acetamido moiety. 


In order to relate the observed I5N NMR chemical 
shifts with the structural parameters, dihedral angles of 
the energetically most stable structures of the side-chain 
were also calculated by molecular mechanics'" with the 
program PCMODELZ4 and are collected in Table 5. 
Torsion angles of 18.5" obtained for the parent com- 
pound and 28.6" for X=CH,  are in reasonable 
agreement with the values obtained by Boykin et 
and those obtained by x-ray analysis for acetanilide 
itself.3b Although the clear trends exist in the subgroups 
of the compounds such as in ortho-halogenated 
acetanilides, in which the shielding is increased with 
increasing C-2-C- 1-N-H dihedral angle, 


S("N) = (1.9tO.l)O(C-2-C-l-N-H) + (294.7k3.6) 


( r  = 0.99, IZ = 4, s = 1.0 and F = 164), no general 
relationship between the 15N NMR chemical shifts and 
conformational characteristics of the acetamido moiety 
was observed. One improvement would be that intra- 
and intermolecular hydrogen bonding could also be 
taken into account in these considerations. Hence the 
next attempt to find an improved model was to include 
the 'H NMR chemical shifts of amido protons serving 
as a probe for the hydrogen bonding. This approach, 
however, did not improve the situation. 


Scheme 1 
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Scheme 2 


The variation of the 15N NMR chemical shifts of 
ortho-X-acetanilides (Table 4) is much smaller than that 
of  ortho-X-anilines (X=F,  CI, Br and I) (ref. 29, 
p. 54), where the d(15Nan,l,) - d(15N2.x-anil,) values are 
11.8 (F), 0.6 (CI), -4.2 (Br) and -11.9 pprn (I). This 
means that the CO group is influencing the I5N NMR 
chemical shifts of the neighbouring amido nitrogen. 
The delocalization of the nitrogen lone pair in the 
-NH-CO- fragment (so-called amidic resonance 1",17.29) 


can be described by the canonical structures given in 
Scheme 2. 


Since the influence of the methyl group in the 
NHCOCH, function on the CO group is small, the 
reduction of  the N-aromatic ring orbital overlap could 
cause the dominance of the contribution of structure B 
(Scheme 3), which was observed in the ',C NMR 
chemical shift variations at the para positions in N-  
functionalized anilines and N-methylanilines.8 In our 
case, however, the set of substituents is much more 
comprehensive, varying in their electronic and steric 
req~irements ,~ '  than those included in the previous 
studies.',' 


"0 NMR spectra 


''0 NMR chemical shifts (Table 5 )  obtained in this 
work are comparable to those available in the literature 
measured in acetonitrile at 75 OC,I9 viz. acetanilide 
itself (355.3 ppm) and Z C H ,  (349.0 ppm) and 2-OCH3 
derivatives (359.1 ppm). The greatest difference is 
found for the 2-OCH3 derivative, 3.2 ppm. The contri- 
bution of the carbonyl group in the corresponding 
mesomeric structures is also visible in the I7O NMR 
chemical shift of the carbonyl oxygen, showing a 
25.3 pprn total variation. Generally, the observed 
variations in the I7O NMR chemical shifts can be 
rationalized via the structures given in Scheme 3 as 
follows: (a) in those derivatives where the form A is 
predominant, the I7O NMR chemical shifts are 
deshielded, steric effects are negligible and hydrogen 
bonding may rise as an important factor; and (b) when 


the B form is the most favoured structure, steric effects 
contribute strongly to the observed changes, as in the 
case of halogen- or alkyl-substituted derivatives. 
Although no general relationships exist for the whole 
set of  compounds, some clear trends within the sub- 
groups of compounds are obvious. Thus, the dihedral 
angle C-2-C-1-N-H is related significantly with the 
I7O NMR chemical shifts in halogenated 2-5 
congeners: 
d(I7O) = (-0.75 +0.12)0(C-2-Cl-N-H) 


( r  = 0.97, n = 4, s = 0.96 and F = 38) and in alkylated 
6-9 congeners: 


S(170) = (-0.24+0.09)0(C-2-Cl-N-H) 


(I = 0.89, 11 = 4,  s = 0.76 and F = 8). 


+ (376.5 f 3.4) 


+ (354.0 * 2.8) 


CONCLUSION 


Ortho-substituted acetanilides form an interesting series 
owing to (a) the four useful NMR nuclei in their 
structures, (b) the presence of the conformationally 
flexible acetamido moiety and (c) the variable steric 
interaction depending on the size and electronic charac- 
teristics of the ortho substituents. Owing to the varying 
steric crowding between the ortho substituent and 
acetamido group, the interaction of the contiguous 
amido nitrogen and carbonyl carbon is more or less 
hampered. Consequently, no simple sum rules of single 
substituent effects are valid in predicting the experimen- 
tal chemical shifts. Regarding I3C NMR, the chemical 
shifts of C-5 at the para position to the ortho substitu- 
ent can be related to the Hammett substituent 
parameters. Among the direct spin-spin coupling 
constants, 'J(C-3, H-3) also showed a similar kind of 
dependence. For I7O NMR chemical shifts of the side- 
chain carbonyl, resonance structures with varying 
double bond character between the C(ary1)-N(amido) 
and N(amido)-C(carbony1) bonds can explain the 
observed variations as mostly due to steric effects and 
intramolecular hydrogen bonding than to electronic 
effects alone. Especially in the case of halogen- and 
alkyl-substituted derivatives the observed 170 NMR 
chemical shifts of the carbonyl group are related to the 
torsional characteristics of the side-chain revealing the 


A B 


Scheme 3 
C 
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significance of the steric effects in these subgroups of 
compounds. 
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The reductive cyclization of several 2-nitroarylamides was studied by radiolytic reduction, examining the effects 
of substituents on the nitrophenyl ring and on the leaving aniline and variations in the nature of the link 
between the nitrophenyl ring and the leaving aniline. The stoichiometry of the reduction and the identification 
of N-hydroxylactam and aniline products suggest that the major initial products of such a reduction of the 
nitroamides are the corresponding hydroxylamines. Under anaerobic conditions, cyclization via the 
hydroxylamines was considerably faster (up to 160-fold) than via the corresponding amines under comparable 
conditions, but was similarly influenced by changes in geometry. Unlike cyclization via the amines, rates of 
cyclization via the hydroxylamines were sensitive to substitution on the leaving aniline, being accelerated by 
electron-withdrawing groups. The rate-determining step in the cyclization of the hydroxylamines is proposed to 
be breakdown of the tetrahedral intermediate. 


INTRODUCTION 


In a recent paper,' we evaluated the utility of 2-nitroa- 
rylamides as bioreducible prodrugs for the hypoxia- 
selective release of activated aminoaniline mustard 
alkylating agents. In this design (Scheme l ) ,  reduction 
of the nitroamide (I) triggers a cyclization reaction, 
releasing the corresponding lactam or N-hydroxylactam 
(111) and an amine-bearing mustard (IV). The expelled 
mustard is a much more active alkylating agent, owing 
to increased electron release on conversion of the amide 
substituent into an amine.2 


Studies of the kinetics of cyclization of model 2- 
aminoarylamides under aqueous  condition^'.^ has thus 
far failed to identify an aminoamide which can cyclize 
sufficiently rapidly under physiological conditions 
(pH = 7, 37 "C) to be of value as a potential prodrug. 


a Author for correspondence. 


CCC 0894-3230/95/090587-10 
0 1995 by John Wiley & Sons, Ltd. 


The most reactive compounds had tl /2 values for the 
cyclization reaction of ca  35 min under these con- 
ditions, whereas a value of less than 1 min is 
probably required. As part of this study, I we examined 
the rate of ring closure of N-(3-quinolyl)-3-(2- 
aminopheny1)propanamide (2). The corresponding nitro 
compound (1) has been reported to undergo facile 
reductive cyclization in refluxing ethanol and cyclohex- 
ene, with Pd/C catalyst (90% completely in 30 min),' 
via the aminoamide 2 as intermediate. However, we 
found that cyclization of the preformed 2 under similar 
conditions was much slower (only 5% complete in 
30 min). 


This difference suggested that the reductively tng- 
gered ring closure of the nitro amide 1 does not proceed 
via cyclization of the aminoamide 2, but through some 
earlier reduction intermediate, possibly the hydrox- 
ylamine. Radiolytic reduction studies were therefore 
carried out on 1 and related compounds in order to 
investigate aqueous reactions of the reduction products 
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Scheme 1. Reaction pathway for the reductively triggered internal cyclization of 2-(2-aminophenyl)acetamides 
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Structures 1-7. Structures of the nitroamides studied and of the lactams 3 and 4 
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of model nitroamides. This method is particularly 
suitable for studying the chemical reduction of com- 
pounds which form unstable products, since y- 
irradiation of aqueous solutions (in the presence of a 
scavenger of hydroxyl radicals such as propan-2-01) 
generates one-electron reducing equivalents in a dose- 
dependent manner, with a precisely defined 
stoichiometry .' 


EXPERIMENTAL 


Radiolytic reductions. The radiolysis of water by 
a low linear energy transfer radiation source (such as 
MC y-rays) produces approximately equal amounts of 
strongly oxidizing 'OH radicals and reducing e+ 
Totally reducing conditions may be achieved by addi- 
tion of propan-2-01, which converts 'OH radicals into 
the reducing radical (CH,)2C'OH. Oxygen must also be 
excluded from radiolytic reduction solutions, as it can 
act as an alternative e;,, acceptor. This method provides 
a convenient way of generating reducing species with 
precise stoichiometry. 


Reductions were carried out in Pyrex glass vessels 
fitted with a B24 cone, to which an adapter containing a 
tap was fitted. In the case of spectrophotometric moni- 
toring of reduction solutions, the vessels also had a 
side-arm to which a quartz cuvette was attached. Ali- 
quots (5 ml) of aqueous buffer (0.020 moll- ') were 
pipetted into the radiolysis vessel, followed by addition 
of 193 p1 of propan-2-01 (distilled) and the appropriate 
volume of a concentrated methanolic solution of the 
nitroamide. The mixture was then de-aerated by shaking 
continuously for ca 30 s while the vessel was evacuated 
via the opened tap. Temperature control of the radiol- 
ysis experiments was impractical, as there was no ready 
means of thermostating the solutions during irradiation, 
or while transporting the vessel from the source to the 
spectrophotometer or the HPLC system. All reactions 
were therefore carried out at room temperature. 


The dose rate of the 6"Co source was measured as 
0.995 J 1- '  s - '  using an NaC1-modified Fricke dosime- 
ter,6 and this dose rate was corrected for the decay of 
the H'Co source in subsequent radiolytic reductions. The 
time required to produce 1 mol equivalent of reducing 
radicals to a 50 pmol l-' solution of nitroamide in 5 ml 
of aqueous buffer was then calculated from 


t=  n/(Gdv) (1) 
where t is the reduction time, n is the number of moles, 
G is the radiation chemical yield, taken as 0 6 2  ymol J-' 
[G(e&) + G('H) + G('OH)], d is the dose rate and v is 
the volume of the reduction solution. 


Spectrophotoinetric and HPLC methods. 
Spectrophotometric monitoring was carried out using 
an HP8452A diode-array spectrophotometer. Radiolysis 


solutions were transferred to the attached quartz cuvette 
by appropriate positioning of the apparatus, maintaining 
anaerobic conditions throughout. Initial experiments 
involved monitoring the spectral change of the solutions 
over the wavelength range 190-600 nm with time, to 
detect isosbestic points and identify a suitable analytical 
wavelength. Subsequent kinetic measurements were 
then made using the kinetics software supplied with the 
instrument, with internal blanking of the absorbance at 
the analytical wavelength. 


HPLC analysis involved injection of  a 50 p1 sample 
through a 20 y1 sample loop. Assays were carried out on 
an Econosphere C-18 (particle size 5 pm) column 
(250 mm x 4.6 m.m. i.d.). Solvents were methanol and 
phosphate buffer (0.010 moll- ' ,  pH 7.0) mixtures, and 
both isocratic and gradient systems were used. The 
HP1040M Series I1 detector permitted storage of the 
spectra of the eluent and retention times, aiding in the 
identification of chromatographic peaks. 


Preparation of 1,3-dihydro-3,3-dirnethyl-l- 
hydroxy-H -indol-2-one (3). 2-Methyl-2-(2- 
nitropheny1)propanoic acid' (0.1 15 g) was added to a 
solution of NH,Cl (0.05 g) in water, and EtOH was 
added slowly until all the nitro acid had dissolved. Zinc 
dust [ l  g, activated by washing in HCl (0.1 moll- ') 
until gas evolution ceased, then washing well with water 
and drying] was slowly added to the stirred solution. 
After 2 h, during which time a white solid formed, the 
mixture was acidified by dropwise addition of HCI 
( lo%, v/v) until the precipitate dissolved. The mixture 
was then filtered and the filtrate was extracted with 
EtOAc to give 1,3-dihydro-3,3-dimethyl- 1-hydroxy-H- 
indol-2-one (3), m.p. 118-120°C (lit.' m.p. 
123-124°C). IR (KBr disc): 3420 (br, OH), 3109 (m), 
1685 (vs, C=O), 1618 (s, (ortho-disubstituted 
aromatic), 1467 (m), 1298 (aromatic C-), 1100 cm- '  
(br, vN-0). Mass spectrum (CI):nz/z (relative inten- 
sity, %) 177 (100, M + ) ,  132 ( 9 9 ,  132 ( 9 3 ,  134 ( 7 3 ,  
117 (42). 


Hydrogenation of 3 in MeOH (Pd/C, 57psi ,  1 h) 
gave a quantitative yield of 1,3-dihydro-3,3-dimethyl- 
2H-indol-2-one (4); the spectral characteristics and 
HPLC retention times were identical with those of an 
authentic sample. ' 


RESULTS 


Aqueous solutions of nitroamides 1, Sa, Sc, 6 and 7 (in 
5 ml of 0.020 moll- '  phosphate buffer, pH 7.0) were 
radiolytically reduced for times corresponding to the 
addition of 1-8 stoichiometric equivalents of reducing 
radicals. The nitroamides were present at a concentra- 
tion of 50 pmol 1-', with the exception of 1, whose low 
aqueous solubility necessitated the use of a 5 pmol I - '  
solution. The compositions of the reduced solutions 
were investigated by HPLC. Plots of the peak areas of 
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species in solution with changing stoichiometry of 
reduction are depicted in Figure 1. A calibration plot of 
the concentration of the amino amide analogue of 6 
(prepared by catalytic hydrogenation) against resultant 
peak area allowed the quantification of the amount of 
arninoamide formed in the radiolytic reduction of 6 .  
The maximum amount (13%) of aminoamide was 
formed on reduction with sixfold stoichiometry. 


The fact that four equivalents of reducing radicals 
are needed to remove the nitroamide completely implies 
that the reduction proceeds directly to the hydrox- 
ylamine. The relationship between reduction 
stoichiometry and peak area also implies that the 
unknown reduction product (H) in each case is the 
hydroxylaminoamide. The reduction of 5c was studied 
in detail, and the major reduction product was found to 
cyclize, releasing the coupled amine anisidine and 


forming the N-hydroxylactam, 1,3-dihydro-3,3- 
dimethyl-1 -hydroxyindol-2-one (3) (see below). This 
provides further evidence that the major products 
formed in the radiolysis solutions of the nitro amides 1, 
5a, 5c, 6 and 7 reduced with fourfold stoichiometry are 
the corresponding hydroxylaminoamides, and they are 
referred to as such from now on. 


The influence of oxygen on the reactions of the 
hydroxylamino amides of 5a-c were investigated, and 
the results are presented in Table 1. Solutions of the 
nitroamides (50 pmol I - ' ,  0.02 mol I - '  phosphate, pH 
6.8) were radiolytically reduced for the time required to 
deliver four equivalents of reducing radicals. Solutions 
were then either opened to the air and shaken, or main- 
tained under vacuum, and monitored spectrophotometri- 
cally to determine an analytical wavelength (all spectral 
changes were found to pass through isosbestic points). 


g, m 100 l 5 O I  
0 1 2 3 4 5 6 7 0  


equivalents of reducing radicals 


0 1 2 3 4 5 6 7 0  
equivalents of reducing radicals equivalents of reducing radicals 


lomf 6 Ooo$ 7 


500 


Y m g 7 m / : ;  i :; ; ~; ~ I ~ 


A A  
' 250 C l  200 . 


0 
0 1 2 3 4 5 6 7 8  0 1 2 3 4 5 6 7 0  


eqUiValents of reducing radicals equivalents of reducing radicals 


Figure 1. Compositions of radiolytic reduction solutions with changing stoichiometry of added reducing radicals, for compounds 1, 
5a, Sc, 6 and 7. Peaks: 0, nitroamide; U, unknown product, taken to be the hydroxylaminoamide; A, aminoamide 
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5b 


5c 


Table 1. Rates and products of the reaction of the hydroxylaminoamides of 5a-c under aerobic and anaerobic conditions 


Compound conditions kohr (min-') Composition of final reaction solution (HPLC) released (%) 
Reaction Anisidine 


5a Aerobic 0.021 f 0.002 Unreacted 5a; unknown product of retention time 0 
0.020 f 0.001 17.2 min 
0.01 3 f 0401 


Anaerobic Too slow Unreacted 5a; aminoamide; hydrox ylaminoamide; 70 
to measure 
by UV-vis 4.1 min 


anisidine; unknown product of retention time 


Aerobic 0.0172 f 0,002 Unreacted 5b; unknown product of retention time 0 


Anaerobic (3.80i0.02) x 10-3 Anisidine; unknown product of retention time 100 


0.029 f 0.002 18.6 min 
0.021 6 f 0.0008 


(4.29 f 0.08) x 
(4.52k0.01) x lo-' 


5.7 min 


Aerobic 0.079 k 0.0002 Unreacted 5c; anisidine; N-hydroxylactam 3 90 
0.111 k0.003 
0,104 k0.005 


Anaerobic 0.27 i 0.01 Anisidine; N-hydroxylactam 3 100 
0.26 i 0.01 


0.2 15 f 0.005 1 


Measurements of the observed pseudo-first-order rate 
coefficient (kobs) were carried out by monitoring the 
reactions at the analytical wavelength, with the absor- 
bance change internally blanked against the absorbance 
at 500 nm (where no spectral change was observed). 
Reactions were carried out in triplicate. The anaerobic 
reaction of 5a was too slow to allow spectrophotometric 
determination of kob, as the spectrophotometer had a 
24 h limit for the continuous monitoring of a single 
reaction. Once the spectral change was complete, the 
compositions of the solutions were investigated by 
HPLC, using authentic samples of the corresponding 
aminoamides and lactams, anisidine and the N-hydrox- 
ylactam 3. The percentage of anisidine released was 
determined from a calibration plot. 


The pH dependences of the rates of cyclization of 
the hydroxylaminoamides 5c and 7 were determined 
over the pH range 6-10, and these data are depicted in 
Figure 2.  These compounds were selected because both 
possess gem-dimethyl substitution, which increases the 
rate of cyclization compared with the unsubstituted 
analogue 5a. Radiolytic reduction of 50 lmol  I - '  
solutions of 5c and 7 in buffers (0-020 moll- '),  
adjusted to various pH values, generated the corre- 
sponding hydroxylamines. bis-tris-propane { 1,3- 
bis [tris (hydroxymethyl)methylamino]propane, 
pK, = 6.8, pK, = 9.0) was used for buffering in the pH 
ranges 5.9-6.4 and 8.5-9,8, and phosphate buffers were 
used in the intermediate pH range 6.3-8.0. The kobr 
values of the subsequent anaerobic reactions were 
determined spectrophotometrically (in triplicate), and 
the compositions of the final reaction solutions were 


03 r- 


I t 


0.1 0 


I *  8 
8 


0.3 1 
PH 


Figure 2. pH dependence of the cyclization of the 
hydroxylamines of (0) 5c and (A) 7. Triplicate data are 


represented 
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investigated by HPLC. Calibration plots for anisidine 
under each assay condition were constructed and used to 
determine the amount of anisidine released, which was 
found to be close to 100% in each case. 


The nature of the buffer species appeared to influence 
the magnitude of the observed pseudo-first-order rate 
coefficient. The rate coefficient for cyclization of the 
hydroxylamine of 5c could not be measured at pH 6.3 
in phosphate buffer, as the reaction was complete before 
the radiolysis solution could be transported to the 
spectrophotometer. However, at the same pH, a rate 
coefficient could be determined in bis-tris-propane 
buffer. For the less reactive analogue 7, where both 
values could be determined, the kobr for cyclization at 
pH 6.3 in phosphate was approximately ten times larger 
than in bis-tris-propane buffer (Table 2). Investigation 
of the pH dependences of these reactions was limited 
by constraints introduced by the radiolytic formation of  
the hydroxylamine. Reactions having kobs values greater 
than ca 0.4 min-' ( t , l 2  = 2 min) could not be effectively 
monitored, because the spectral changes were essen- 
tially complete by the time the radiolysis vessels could 
be transported to the spectrophotometer. 


The influence of changes in the electronic environ- 
ment of the leaving amine on the k,, of the anaerobic 
cyclization of the hydroxylamines corresponding to 


Table 2. Dependence on buffer species of observed pseudo- 
first-order rate coefficient k,,, (min- ')  of anaerobic cyclization 


of the hydroxylamino amide of 7 


Phosphate buffer Bis-tris-propane buffer 
(pH 6.3) (pH 6.3) 


0.082 i 0.006 
0.086 i 0.004 


0.0788 * 0.0005 


0.0084 * 04002 
0.0081 i 0.0001 


0-0074 1 f 0.00003 


0 4  - 


3 0 8  
- 8 


-1 0 , 
- 


-04 -02 00 02 0 4  06 0 8  


aP 


Figure 3. Hammett plot of logarithm of the observed pseudo- 
first-order rate coefficient of anaerobic cyclization versus the 
Hammett substituent parameter, up, for the varying X 
substituents in the hydroxylamines formed from compounds 
5c-g. Triplicate data are presented. A linear regression yields a 


line of slope ( p )  = 0.60 f 0.02 ( f 1 s.d.) ( r  = 0.970) 


5c-g was investigated spectrophotomemcally at pH 7-4 
(0.020 mol I - '  phosphate buffer), and the resulting 
Hammett plot is depicted in Figure 3. HPLC assays of 
the final reaction solutions revealed that the N-hydrox- 
ylactam 3 was formed in all reactions, together with a 
further product. In the case of 5c this latter product was 
identified as anisidine, and it was assumed to be the 
corresponding 4-substituted anilines in the other cases. 


DISCUSSION 


Identification of the major reduction product 
The stoichiometry of the reactions of the nitroamides 
induced by radiolytic reduction (controlled addition of 
stoichiometric equivalents of reducing species) impli- 
cate the hydroxylamine as the predominant reduction 
product. Reduction to the hydroxylamine was observed 
for nitroamides varying in leaving group (1, cf. 6), 
alkyl chain length (5a, cf. 6),  methyl substitution of the 
alkyl chain (5a, cf. 5c) and substitution on the 
nitrophenyl ring (5c, cf. 7). Small amounts of 
aminoamide formation were detected in some experi- 
ments, but no other reduction products were observed. 
The identity of the major product of radiolytic reduc- 
tion as the hydroxylamine was verified for 5c, by 
identification of the N-hydroxylactam formed from its 
subsequent cyclization. Nucleophile attack by the 
deprotonated oxygen of the hydroxylamine on an amide 
has been reported.x In contrast, the internal cyclization 
of the hydroxylamine of 5c proceeded via the neutral 
form of the hydroxylamine through nucleophilic attack 
by nitrogen. 


Effect of pH and of buffer species 
The effect of pH was investigated over the range 6-10 
(Figure 2), but no consistent trends were seen. The 
nature of the buffer species appeared to influence the 
magnitude of the observed pseudo-first-order rate 
coefficient, with cyclizations being much more rapid in 
phosphate than in bis-tris-propane buffer. However, 
detailed studies were limited by the requirements of the 
radiolytic reduction technique. 


Effect of the presence and absence of oxygen 
The fate of the hydroxylamine appears to be dependent 
on the presence of oxygen (Table 1). Under anaerobic 
conditions the hydroxylamines of 5a-c cyclized, 
releasing anisidine and a further product (which was 
identified as the N-hydroxylactam 3 in the case of the 
reaction of 5c, and is assumed to be the corresponding 
N-hydroxylactam in the case of  5a and b). The anaero- 
bic reaction of 5a was too slow to determine 
spectrophotometrically , and the time for completion of 
the reaction is an estimate. HPLC showed that, even 
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after 6 days, unreacted hydroxylamine was still present. 
The release of only 70% of the theoretical amount of 
anisidine (Table 1) from this solution therefore reflects 
the fact that hydroxylaminoamide cyclization had not 
gone to completion, rather than being restricted by a 
competing reaction. 


However, in air no cyclization products were 
observed in the reduction of 5a and b, with a single 
species of longer HPLC retention time and more 
complex UV spectra being formed in each case instead. 
The rate coefficients of  the formation of these species 
from the hydroxylamines of 5a and b in air are equal 
within the accuracy of the measurements (average 
value of kobs f 1 s.d. of 5a = 0.018 f 0.003 min-I, and 
for 5b = 0.023 +0-004 min-I). It is likely that these 
species are the corresponding azoxybenzenes, formed 
by oxidation of the hydroxylamines to the nitroso 
compounds, followed by condensation with further 
hydroxylamine. The oxygen-dependent formation of 
azoxybenzene from N-phenylhydroxylamine in phos- 
phate buffer is known to occur,' and we have recently 
reported'" azoxy formation during radiolytic reduction 
of  a dinitrobenzene derivative. 


In comparison, the hydroxylamine of  5c (which 
possesses a partial trimethyl lock) cyclized to comple- 
tion under both anaerobic and aerobic conditions. These 
observations can be understood in terms of competitive 
cyclization and dimerization reactions. As is the case 
with cyclization of the corresponding amino a m i d e ~ , ' . ~  
the rates of cyclization of the hydroxylamino amides 
are heavily influenced by methyl substitution in the 
linker chain. For example, the relative rates of cycliz- 
ation (under anaerobic conditions) for the monomethyl 
and gem-dimethyl-substituted compounds 5b and c are 
1:23 at pH 6.8 and room temperature (Table 1). A 
comparison with the unsubstituted derivative (5a) was 
not possible, because the latter cyclized too slowly to 
allow spectrophotometric determination of the rate 
coefficient; however, the relative kobs values for cycliz- 
ation of the amino amide analogues of 5b and 5c have 
been measured as 189 (pH 6.6, 37 0C).3 


The rates of aminoamide and hydroxylaminoamide 
cyclization reactions are therefore similarly influenced 
by alterations in the stereochemistry of the link between 
the nucleophilic and electrophilic centres. The gern- 
dimethyl derivative 5c cyclizes so rapidly that, even in 
the presence of oxygen, this reaction prevails. How- 
ever, for the much slower cyclizing derivatives 5a and b 
under aerobic conditions, the dimerization reaction 
prevails. 


Comparison of rates of cyclization between amino- 
and hydroxylaminoamides 
Table 3 shows a comparison of the k,, values for 
cyclization of the amino- and hydroxylaminoamides 
derived from 5c, together with those derived from the 
related carboxamide-substituted analogue 7. These rate 
coefficients have not been corrected for protonation, 
because at pH 6.8 both the amine and hydroxylamine 
groups will be essentially unprotonated. The reactions 
of amines and hydroxylamines were necessarily carried 
out at different temperatures; as noted above, the 
radiolytic reductions have to be conducted at ambient 
temperature, which was determined as 22°C for these 
experiments. Assuming that the rate of reaction will 
approximately double with a 10 "C rise in temperature, 
the k,, values for cyclization of the hydroxylamines 
should be increased approximately 2.5-fold to estimate 
the rates at 37°C. If this is done (Table 3), the 
nitroamides 5c and 7 are seen to cyclize more rapidly 
via the hydroxylamines by factors of approximately 
160- and 65-fold, respectively. 


This provides an explanation as to why the reductive 
cyclization of the nitroamide 1 reported by E n t ~ i s t l e , ~  
which presumably occurred via the hydroxylamine, is 
faster than the cyclization we observed for the corre- 
sponding aminoamide 2. The increased rate of 
cyclization of the hydroxylaminoamides over the 
aminoamides cannot be attributed to a greater basicity 
of the latter, as the pK, of phenylhydroxylamine is cu 
1.5 units lower than that of aniline. However, the 


Table 3. Comparison of the rates of cyclization of the hydroxylamino and amino derivatives 
of compounds 5c and 7 at pH 6 4  


Hydroxy lamino Amino 
Temperature 
("C) koh, (min ' ) t l l 2  (min) k,, (min-I) t1/2 (min) 


0.25" 2.79" 
1s .h  OQ096" 72" 


9 x 770' 


22 
37 
22 0.056' 
37 


'Compound 5c. 
"Half-life at 37 "C estimated from value measured at 22°C (see text). 
'Compound I. 


12.3' 
5 h s  
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increased reactivity of the hydroxylamino amides 
may be rationalized in terms of the 'alpha effect,' a 
general term applied to compounds which possess an 
electronegative atom with a free electron pair adjacent 
to the nucleophilic site." While there are many factors 
which can influence nucleophilicity in such com- 
pounds, the most important is considered to be the 
increase in effective electron density caused by the 
free electron pair. In the present case, the deficiency 
in electron density created at the nitrogen of the 
hydroxylamine on formation of the transition state 
can be stabilized by electron donation from the 
lone pairs of the hydroxylamine oxygen.12 Such 
stabilization is not available during aminoamide 
cyclization. 


Effect of changes in the electronic environment of 
the leaving amine 
Among the set of compounds 5c-g possessing different 
para-substituents on the leaving aniline, electron- 
withdrawing substituents increase the k,, values for 
hydroxylaminoamide cyclization ( p  = 0.60 f 0.02; 
Figure 3). In contrast, no such effects were observed on 
the rates of cyclization of the corresponding 
amin~amides. ' .~  Such an alteration in structure-activity 
relationships with changing nucleophile suggests a 
change in the rate-determining step of the cyclization 
reaction, assuming that the reactions proceed by the 
same mechanism. 


Possible mechanisms for cyclization of 
h ydroxylaminoamides 
Kirk and Cohen13 discussed potential mechanisms for 
the cyclization of aminoamides, by analogy with the 
conversion of phthalic acid to phthalic anhydride. l 4  
Two kinetically equivalent mechanisms were consid- 
ered, and the hydroxylaminoamide analogues of these 
pathways are depicted in Figure 4. A four-centre pro- 
cess, bypassing the tetrahedral intermediate (Figure 4, 
path A) may be rejected, since there is no obvious route 
for (the observed) buffer catalysis in this mechanism. A 
mechanism involving protonation of the amide nitrogen 
(Figure 4, path B) may also be rejected, as the reaction 
conditions employed are not expected to afford 
significant protonation of the amide. 


More plausible reaction mechanisms involve the 
formation and breakdown of  a tetrahedral intermediate 
in the reaction path. These can explain the effects of 
stereochemical changes brought about by methyl 
substitution in influencing the rate, through the ring- 
forming equilibria involved in forming the tetrahedral 
intermediate. No detailed information as to the nature 
of  catalysis is available, and therefore mechanisms 
requiring differing forms of acid and base catalysis 
cannot be distinguished. The simplest option simply 
involves a change in the rate-determining step in the 
mechanism previously p r o p ~ s e d ~ , ' ~  for aminoamide 
cyclization, and this is depicted in Scheme 2.  


This mechanism is consistent with several experimen- 


+ 


f 


Figure 4. Schematic representation of potential reaction pathways for hydroxylaminoamide cyclization, by analogy with the 
conversion of phthalic acid into phthalic anhydride." The dotted lines show the incipient bonds 
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li 
OH 


+ HA 


Scheme 2. A potential mechanism for hydroxylamino amide ring closure, involving a change in rate-determining step from that 
proposed for aminoamide ring closure. This mechanism depicts rate-determining general base-catalysed breakdown of the 


tetrahedral intermediate 


tal observations. In addition to explaining the rate- 
enhancing effect of methyl substitution, it also accounts 
for the greater reactivity of hydroxylamino versus 
amine species. Stabilization of the first transition state 
can occur through delocalization of the positive charge 
generated on the hydroxylamine nitrogen by the lone 
pair of  electrons on the oxygen. The concomitant 
change in the rate-determining step, from formation of 
the tetrahedral intermediate to its breakdown, accounts 
for the observed dependence of the hydrox- 
ylaminoamide cyclization on the nature of the leaving 
group. The rate-determining step now involves expul- 
sion of the leaving amine. Substitution of the leaving 
amine with electron-withdrawing substituents is 
expected to facilitate this step. 


Consequences for prodrug design 
It was noted above that previous studies'.' of the 
kinetics of cyclization of 2-aminoarylamides failed to 
identify a system suitable for use as a bioreductive 
prodrug, because of the slow rates of cyclization of 
these compounds under physiological conditions. The 
demonstration that the hydroxylamino intermediates, 
which will certainly be formed by cellular nitrore- 
ductases, cyclize up to two orders of magnitude more 
rapidly is of major significance. Thus the half-lives for 
cyclization of the hydroxylamino derivatives of 5c and 
7 are estimated to be approximately 1 and 5 min, 


respectively, under physiological conditions (Table 3), 
with at least that of the former probably being in the 
acceptable range. 


Electron-withdrawing substituents on the nitrophenyl 
ring (necessary if this concept is to be used as a prodrug 
for bioreductive release of mustards, to raise the 
reduction otential of the drug into the range above ca 
-450 mV ) do slow the rate of cyclization, but not by 
a large amount (ca fivefold between the hydroxylamino 
derivatives of 5c and 7). Oxygen-dependent reactions 
(possibly dimerizations) of the hydroxylamines do not 
significantly compete with the cyclization route for 
the more reactive compounds (e.g. those containing a 
gem-dimethyl moiety), and are thus unlikely to be a 
problem. 


Modest increases in the rate of cyclization can be 
effected by substitution of the leaving amine with 
electron-withdrawing substituents. Within the series of 
para-substituted anilines 5c-g studies, the rates of 
cyclization can be estimated to vary about tenfold, from 
a tIl2 of  ca 0.8 min for the 4-S02Me derivative 5g 
(ap = +0.72) to ca 10 min for the 4-NMe, derivative 5d 
(oTp = -0.82) under physiological conditions (pH 7,  
37 "C). However, increasing the rate of cyclization by 
this approach may not be desirable, because the use of 
electron-withdrawing substituents will also lower the 
cytotoxicity of the released mustard. The best avenue 
for further increasing the rates of cyclization appears to 
be by control of the geometry of the prodrug; other 


P, 
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work16 suggests that application of a full ‘trimethyl 
lock’ would result in substantial increases in rate. 
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MONO-, BIS- AND TETRA-ACRIDINE LIGANDS: SYNTHESIS, X-RAY 
STRUCTURAL DETERMINATION AND DYNAMIC FLUORESCENCE 
MICROSCOPIC STUDIES ON THE MODIFICATION OF THE HIGHER 


ORDER STRUCTURE OF DNA 


GRAHAM J. ATWELL AND WILLIAM A. DENNY 
Cancer Research Laboratory, School of Medicine, The University of Auckland, Private Bag 9201 9,  Auckland. New Zealand 


GEORGE R. CLARK AND CHARMIAN J. OTONNOR" 
Department of Chemistry, The University of Auckland, Private Bag 92019, Auckland. New Zealand 


AND 


YUKIKO MATSUZAWA AND KENICHI YOSHIKAWA 
Graduate School of Human Informatics, Nagoya University, Nagoya 464-01, Japan 


A series of mono-, bis- and tetra-acridine ligands were prepared and their effects on the higher order structure 
of DNA were studied by dynamic fluorescence microscopy. The single-crystal structure of the bis-acridine 
derivative N-[2-(dimethylamino) ethyl]-4-[2-(9-acrid~nylamino)benzamido]-2-(9-acridinylamino)benzamide 
trihydrochloride (4) was determined, and shows that the molecule is sufficiently flexible to fold into an 
intramolecular stacking interaction in the crystal, supporting earlier hydrodynamic evidence that this 
compound can bis-intercalate into DNA forming a single base pair (bp) sandwich complex. The corresponding 
tetra-acridine analogue l,ll-bis[4-[2- (9-acridinylamino)benzamido]-2-(9-acridinylamino)phenyl]-l,ll-dioxo-6- 
methyl-2,6,1O-triazaundecane pentahydrochloride (6) was synthesized, and dynamic fluorescence microscopy 
was used to study the effects of 4 and 6 on the higher order structure of large T 4  DNA molecules (166 kbp), by 
measuring the average long-axis length (persistence length, r)  of the complexes. The mono-intercalating ligand 
acridine orange (5) increases 1, whereas the bisintercalating diacridine 4 has no apparent effect and the putative 
multi-intercalating tetracridine derivative 6 decreases 1 by compacting the higher order DNA structure. These 
results demonstrate the usefulness of the technique for directly observing ligand-DNA complexes, and show 
that ligands with suitably positioned multiple binding sites can influence the higher order structure of DNA 
(and thus possibly gene expression). 


INTRODUCTION 


When two DNA-intercalating chromophores are linked 
by a flexible chain of minimum length, both chromo- 
phores can bind by intercalation (bis-intercalation). To 
be consistent with the 'excluded site' principle, which 
states that when an intercalator binds to a site in a DNA 
lattice, other intercalators are excluded from binding to 
the adjacent sites,' it has been assumed that bis-inter- 
calation does not take place at contiguous sites, but at 


* Author for correspondence. 
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sites separated by a minimum of two base pairs (bp). 
However, this principle is only a thermodynamic 
postulate, and is not required by all models of intercala- 
tion.2 Most work to date has been camed out with 
polymethylene- and alkylarnide-linked diacridines (e.g. 
1-3).3-5 


This work shows that an abrupt change in binding 
mode occu;s when the linker chain reaches a length of 
about 8.8 A, with the unwinding angle increasing from 
ca 15" (mono-intercalation) to ca 30" (bis-intercala- 
tion). Compound 1 was postulated3 to bind by bis- 
intercalation at contiguous sites, with one chromophore 
on either side of a single base pair, since the linking 
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1. R=(cH2)1j 
2. R=(CH2)nCONH(CH2)m 
3. R=(CH2)flONH(CH2)3NHCO(CH2)2 


4. 


r 1 


-Me 


5. 


6. 


chain is too short to span two base pairs if normal DNA 
geometry is maintained. However, this interpretation 
was not supported by later NMR studies,' which 
showed that 1 and related compounds bound to the self- 
complementary decadeoxynucleotide d(AT),d(AT), , by 
mono-intercalation only, suggesting that the binding 
mode is very condition dependent. Atwell et al.' then 
reported hydrodynamic data (an unwinding angle of 
34') for the more rigid diacridine 4, suggesting that it 
also binds to DNA by bis-intercalation. Since model 
building indicated that the chromophores are rapidly 
held by the linker chain in a coplanar configuration only 
7 A apart, it was suggested that this compound must 
bind by bis-intercalation at contiguous sites. To study 
this postulate further, we have determined the crystal 
structure of 4. 


There have been extensive studies on the effects of 
intercalating ligands on both the local DNA structure 
close to the binding site (using x-ray crystallography 
and 2D NMR spectroscopy), and on higher order 
structures (mainly by electron microscopy; e.g. com- 
plexes with histone proteins'). However, the 
pretreatments necessary for the latter, including drying 


and metal deposition, which may well change the 
structure originally present in the aqueous environment, 
restrict the interpretation of these data in terms of the 
higher order structure of DNA. The technique also does 
not allow the observation of time-dependent structural 
changes. 


that dynamic informa- 
tion, including the effect of  intercalating and minor 
groove binding ligands on the higher order structure of 
DNA, can be obtained by applying Yanagida et al.'s 
technique'' for visualizing a single DNA molecule in an 
aqueous environment, using fluorescence microscopy 
and an appropriate fluorescent dye. One study '' clearly 
showed that while a minor groove binder decreased the 
persistence length 1 of DNA (an index inversely propor- 
tional to the degree of bending of the DNA chain), but 
had no effect on the contour length, the intercalator 
ethidium bromide increased both the contour and the 
persistence length.'.'" In this study, we used 
fluorescence microscopy to measure 1 for T4-DNA 
molecules (166 kbp) complexed with acridine orange 
(5) and with related bisacridine (4) and tetraacridine (6) 
derivatives. 


It has recently been 
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EXPERIMENTAL 


Preparation of N- [2- (dirnethy1arnirio)ethyll- 
4-  [ 2- ( 9-acridiriylarni1zo) henzarnido] -2 - (9-acridiizyla- 
mino)herizamide trihydrochloride (4). A solution of 
4-amino-2-nitrobenzoic acid (5.00 g, 27 mmol) in water 
(100 ml) containing Na,CO, (4.37 g, 41 mmol) was 
treated in one portion with 2-nitrobenzoyl chloride 
(7.62 g, 41 mmol). The mixture was shaken at 20°C 
for 0.5 h, then diluted with water (100 ml), neutralized 
with dilute AcOH, treated with charcoal and clarified 
by filtration. Acidification with dilute HCI provided a 
solid which was recrystallized twice from aqueous 
MeOH to give 4- (2-nitrobenzamido)2-nitrobenzoic acid 
(6.21 g,  68%), m.p. 229-231 "C. C , H , N  Elemental 
analyses corresponded to C14H,N307. A stirred solution 
of this acid (3.31 g,  10 mmol) in DMF (15 ml) was 
treated with 1,l-carbonyldimidazole (1.95 g,  12 mmol) 
at 20"C, then cooled to 0 ° C  and treated with N,N- 
dimethylethylenediamine (1.32 g,  15 mmol). The 
mixture was allowed to warm to 20°C and then 
diluted with aqueous Na,CO,. The resulting solid was 
crystallized from aqueous EtOH then from EtOH to 
give N- [2- (dimethylamino)ethyl]4- (2-nitrobenzarnid0)- 
2-nitrobenzamide (71%), m.p. 192-193 "C. C , H ,  N 
Elemental analyses corresponded to C,H,,N50,. A 
solution of the above amide (2.01 g, 5.0 mmol) in 
MeOH was hydrogenated over 5% PdlC at 60 psi for 
3 h. The catalyst was removed and the solution was 
evaporated to dryness under reduced pressure. The 
resulting solid was dissolved in dry N-methylpyr- 
rolidone at 20°C and treated with a 9-chloroacridine 
(2.14 g, 10.0 mmol) followed by concentrated HCI 
(0.47 ml, 5.5 mmol). The solution was stirred and 
heated at 50°C for 15 min, then diluted with excess 
EtOAc. The precipitated solid was recrystallized twice 
from MeOH-EtOAc to give N-[2-(dimethyl- 
amino)ethyl ]-4- [2- (9-(acridinylamino)benzamido]-2 - (9- 
acridiny1amino)benzamide trihydrochloride (4) (72%), 
m.p. 252-253 "C. C, H,  N, CI Elementary analyses 
corresponded to C,H3,N70,.3HCI. 


Preparatiori of 1 , I 1  -his[4-[2-(9-acridinyl- 
ainino)herzzarnido] -2- (9-acridinylarni1zo)pheriyl] -1 ,I I - 
dioxo-6-methyl-2,6,IO-triazaundecarie peritahydro- 
chloride (6). A stirred solution of 4-nitrophenol 
(1.60 g ,  11.5 mmol) in pyridine (10ml) was treated 
dropwise at 5"Cwith PCI, (0.52 g,  3.8 mmol) and the 
mixture was then stirred at 20 "C until conversion into a 
uniform white precipitate was achieved. 4-(2-Nitroben- 
zamido)-2-nitrobenzoic acid (2.00 g, 6.0 mmol) was 
then added and the mixture was stirred at 20°C until 
homogeneous and then reheated under reflux for 
10 min. Concentration under reduced pressure followed 
by dissolution of the residue in Me,CO and dilution 
with water provided a crystalline solid, which was 


washed with water and benzene to give 4-nitrophenol 
4-(2-nitrobenzamide)-2-nitrobenzoate (2-20 g, 81%), 
which was employed without further purification. A 
stirred solution of the preceding ester (1.00 g, 
2.2 mmol) in DMF (3 ml) was treated at 5 "C with NEt, 
(0.23 g, 2.3 mmol) followed by 5-methyl-1,5,9-m- 
azanonane (0.16 g, 1.1 mmol). The mixture was stirred 
at 20°C for 1 h, then diluted with water. The resulting 
solid was collected and recrystallized three times 
from DMF-EtOH to give 1,l l-bis[4-(2-nitroben- 
zamido) -2-nitrophenyl] -1,l l-dioxo-6-methyl-2,6,lO-t1i- 
azaundecane (0.67 g, 79%), m.p. 227-228 "C. C,  H,  N 
Elementary analyses corresponded to C,,H,,N,O The 
above compound (0.50 g, 0.77 mmol) was dissolved in 
MeOH (50 ml) containing 1 M HCI (0.7 ml) and 
hydrogenated over 5% PdlC at 60 psi for 5 h. The 
catalyst was removed and the solution was evaporated to 
dryness under reduced pressure. A suspension of  the 
resulting solid in N-methylpyrrolidone (4 ml) and 
MeOH (4 ml) was treated with 9-chloracridine 
(0.65 g, 3.04 mmol) followed by concentrated 
HCI (1 drop), and the mixture was stirred at 
20°C for 1 h. Dilution with EtOAc provided a solid 
which was recrystallized three times from 
MeOH-EtOAc (removing insoluble impurities by 
filtration) to give 1,1 l-bis[4-[2-(9-acridinylamino)ben- 
zamido]-2-(9-acridinylamino)phenyl] -l,ll-dioxo-6-me- 
thyl-2,6,lO-triazaundecane pentahydrochloride (6) 
(69%), m.p. 253-256 "C. C ,  H,  N, CI Elemental ana- 
lyses corresponded to C,7H,,N1304~5HCI~H,0. 


X-ray crystallography. Unit cell dimensions were 
obtained from a least-squares fit to the four-circle 
coordinates of 25 reflections recorded on a Nonius 
CAD-4 diffractometer. Data collection employed 1312 0 
scans using graphite monochromated Mo K a  radiation. 
The scan angle was 0 4 + 0 . 3 4 5  tan 8 and reflections 
were counted until a(I)lZ was 0.02 or for a maximum 
of  45 s. Three reflections monitored throughout data 
collection as a check on crystal movement or decom- 
position showed a steady decline to 94% of their initial 
values. Data were scaled accordingly, and corrected for 
Lorentz and polarization effects and for absorption 
using empirical psi scans.I3 The structure was solved by 
direct methods14 and refinement was by full-matrix 
least-squares. Scattering factors were taken from 
International Tables for X-Ray CrystallographyI6 and 
were for neutral atoms. Hydrogen atoms were placed in 
calculated positions, with methyl hydrogens being 
treated as rigid groups. The difference electron density 
map showed that the crystals contain molecules of 
acetone of crystallization. Full details of crystal data 
and refinement parameters are given in Table 1. The 
crystals contain one molecule of compound per crystal- 
lographic asymmetric unit, along with a disordered 
acetone molecule of solvation. Atomic coordinates are 
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Table 1. Crystal data for 4 


Formula 
Molecular weight 
Crystal system 
Space group 


b 


a 


Y 
V 
Z 
d(calc.) 
P 
X-rays Mo Ka 


Temperature 
Diffractometer 
Scan technique 
20 (min.-max.) 
No. of unique reflections 
No. of observed reflections 
Crystal size 
Crystal colour and habit 
A (min.-ma.) 
Least-squares weights 
Function minimized 
R and R' 


U 


C 


B 


(monochromatic) 


C,H,C1,N,O2~0~5C3H6O 
805.21 
Triclinic 
P -  1 
8.501 (3) io 
13.841 (4) A- 
17.900(13) A 
8 146( 3)" 
82.25 (4)" 
73.00(2)' 
1982.8(16) i3 
2 
1.41 g cm-' 
2.88 cm-' 
1 = 0.71069 A 


-100°C 
Nonius CAD4 


2-46" 
3360, R,,, = 0.069 
1583 [1>23a( l ) ]  


wJ20 


0.31 x 0.23 x 0.04 mm 
Yellow-orange, platelets 
0.996-0.915 
3.324/[o(F2) + 000154F2] 


0.108,0.108 
Cw[IF,,I - IFCl1' 


listed in Table 2. The molecular geometry and atomic 
numbering are depicted in Figures 1 and 2. Supplemen- 
tary data consisting of thermal parameters, hydrogen 
coordinates, full listings of bond lengths and angles and 
structure factor tables are available from the authors 
(G.R.C.). 


Dyriarnic JIuorescerice microscopy. The ligands 
were dissolved in TBE buffer (45 mM Tris-45 mM 
borate-1 mM EDTA) containing T4-DNA. The samples 
were allowed to stand for 10 min, then 4',6-diamidino- 
2-phenylindole (DAPI) and 2-mercaptoethanol were 
added, to give the final concentrations noted in Figure 3. 
It has been confirmed l o  that DAPI shows a negligible 
effect on both the contour length and the persistence 
length under the experimental conditions employed in 
this study. LigandlDNA nucleotide ratios were varied 
from 0.1 to 10. The complexes were viewed with a Cole 
Zeiss Axiovert 135 TV microscope equipped with a 
100 x oil-immersed objective lens, and illuminated with 
365 nm UV radiation. The fluorescence images were 
recorded on video tapes using a high-sensitivity SIT TV 
camera and an Argus 10 (Hamamatsu Photonics) image 
processor. 


Table 2. Atomic coordinates for 4 


Atom X Y uhu 


CI 1 
c12 
C13 
01 
02 
N1 
N2 
N3 
N4 
N5 
N6 
N7 
CI 
c2 
c3 
c4 
c5 
C6 
c7 
C8 
c9 
CIO 
CII 
c12 
C13 
C14 
C15 
C16 
C17 
C18 
C19 
c20 
c2 1 
c22 
C23 
C24 
C25 
C26 
C27 
C28 
C29 
C30 
c3 I 
C32 
c33 
c34 
c35 
C36 
c37 
C38 
c39 
C40 
C4 I 
C42 
c43 
C44 
0 3  
c45 
C46 
c47 


0. I436 (7) 
0.3084(7) 
0.476( 2) 
0.9502( 17) 
1,42O9( 15) 
1.034(2) 
1.2248 ( 19) 
0447 (2) 
0.453(2) 
1,1535 ( 19) 
0.950(2) 
0395(2) 
1.037(2) 
0.893(3) 
1.194(2) 
1.210(2) 
1.090(2) 
1.1 M(2) 
1.260(2) 
1.278(2) 
1.155(2) 
1.01 O(2) 
0.995 (2) 
0.720(2) 
0.744(2) 
0.894( 2) 
0.909(2) 
0.759 (2) 
0.609 ( 2) 
0.6 I2 (2) 
0.427 (2) 
0.265(2) 
0.241 (3) 
0.376(2) 
0.53 l(2) 
0.557(2) 
1.274(2) 
I .232(2) 
I ,349 (2) 
1.321(2) 
1.164(2) 
1.048(2) 
1,080(2) 
0.851 (2) 
0477(2) 
l.O39(2) 
1.069(2) 
0.933(2) 
0.781(2) 
0.749 (2) 
0.56 I (2) 
0403(2) 
0.374(2) 
0.492(2) 
0.640(2) 
0.690(2) 
0.6800(0) 
0,5400(0) 
0.5700 (0) 
0~5000(0) 


0.5557 (4) 
0.42736) 
0.4 1661 12) 
0.1 887 (9) 
-0.0802(9) 
0.3386( 1 I )  
0.1479( 10) 
0.2353(1 I )  
0.4148( 1 I )  
0.01 67 ( 10) 
0-0476111) 
0.2954( 1 I )  
0 4 0 8 (  15) 
0.3 100( 18) 
0.2630( 14) 
0.1570( 13) 
0.1 57 I (IS) 
0.1 241 ( 14) 
0.0534( 13) 
0.0166( 14) 
0.0489( 14) 
0~1211(13) 
0.161 l(14) 
0.2972( 14) 
0.3395( 14) 
0.3389( 14) 
0.38W( 13) 
0.4299( 15) 
0,43871 14) 
0,3974( 15) 
0.3828( 15) 
0.4046( 15) 
0.3699( 16) 
0,309 I (15) 
0.2844( 15) 
0,321 7( 15) 
-0C430( 15) 
-0.0630( 14) 
-0.1371 (15) 
-0.1624( 15) 
-0.1 I16(15) 
-0.0420( 13) 
-0.01 60( IS) 
0.1359( 14) 
0.2024( 15) 
0.1953 ( 15) 
0.2582( 15) 
0.33 13( 15) 
0,341 5 (16) 
0.2802( 16) 
0.2472( 16) 
0.2773( 16) 
0.2326( 16) 
0.15 17( 15) 
0.1 230( 15) 
0.1664( 16) 
-00936(0) 
-0.0800(0) 
-0.0400(0) 


0~0400(0) 


0.1685(3) 
04625(4) 
0.6 195 (1 4) 
-0.1761(8) 
0.1703 (8) 


- 0.3O96( 10) 
-0.2060(9) 
-0.0358(10) 
0.0891(10) 
0.1 582 (9) 
0.2834( 10) 
0.3570(11) 
-0.3539(13) 
-0.3358( 14) 
-0.3269( 12) 
-0.2853(11) 
-0.1 527 ( I  2) 
-0.0727(1 I )  
-0.0502( 12) 
0.0241(11) 
0.0796( 12) 
0.0590(1 I )  
-0.0127(11) 
OOO52( 12) 
0.0694( 12) 
0.0963 ( I 2) 
0~1581(11) 
0.1981 ( 13) 
0.1791 ( I  I )  
0.1150(12) 
0.0256( 13) 
0.0029( 12) 


-0.0601 ( 13) 
-0.102% 13) 
-0.0843 ( 12) 
-0.0 I89( 12) 
0.2005 ( 12) 
0,2817( 12) 
0,3237 ( 12) 
0.4006(12) 
0.4373( 13) 
04005 ( I I )  
0.3235( 12) 
0,3061 ( I  I )  
0.35 18( 12) 
0.3669( 12) 
0.4 I38 ( 12) 
0.441 9( 12) 
0.4275 ( I 2) 
0.3766( 12) 
0.3006( 12) 
0.2769( 12) 
0.2201(12) 
0.1 863( 13) 
0.2140(12) 
0.2715( 13) 
0.4542 (0) 
0.5600(0) 
0.4900( 0) 
0.4300(0) 


0444(4) 
0.072(5) 
0.373 (25) 
0.032( 10) 
0.029(9) 
0.036( 12) 
0.023(1 I )  
0.030( 12) 
0.032( 12) 
0.023(1 I )  
0.039 ( 12) 
0.036( 13) 
0.042(7) 
0.056(7) 
0.034(6) 
0.026(5) 
0.025(5) 
0.019(5) 
0.025(5) 
0.0 19 ( 5 )  
0.022 ( 5 )  
0.021 ( 5 )  
0.021 (5 )  
0.022 (5 )  
0.022(5) 
0.029(6) 
0.024(5) 
0.038(6) 
0.028(6) 
0.026(6) 
0.026(6) 
0.032 (6) 
0447 (7) 
0.039 (6) 
0.037 (6) 
0.03 1 (6) 
0.026(5) 
0.024(5) 
0.034(6) 
0.028(5) 
0.033(6) 
0.01 8(5) 
0.025(5) 
0.022(5) 
0.03 1 (6) 
0.034(6) 
0.039 (6) 
0.039(6) 
0@0(6) 
0.031(6) 
0.027(5) 
0.034(6) 
0.038(6) 
0.038(6) 
0.032(6) 
0.033(6) 
0.1 ooo(0) 
O.looo(0) 
O.looo(0) 
O.Iooo(0) 
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c3 36 


Figure 1. Molecular geometry and atomic numbering of 4. Atoms are represented as 50% probability surfaces 


c2 


c21 


C36 


Figure 2. Side-on view of the intramolecular acridine stacking in 4 
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xis 
1 


Figure 3. Freeze frame of fluorescence microscopic picture of T4-DNA molecules bound to 4 (left-hand side) and 6 (right-hand 
side) at [drug]/[nucleotide] = 5. Scale bar indicates 10 pn. Conditions: T4-DNA (166 kbp) and drug (5, 4 or 6)  were added to TBE 
buffer (45 mM Tris-45 p~ borate-1 mM EDTA), allowed to stand for 10 min and then the fluorescent dye DAPI and the antioxidant 
2-mercaptoethanol were added. ”.“ Final concentrations: DNA in nucleotide, 0.6 pM; DAPI, 0.6 pM; 2-mercaptoethanol, 4% (v/v);  


the [drug]/[nucleotide] ratios were varied from 0.1 to 10. The resolution limit was ca 0.2 nm 


RESULTS AND DISCUSSION 
It has been shown previously ’ that the bisacridine 4 is a 
bis-intercalator, probably at contiguous sites on DNA, 
with model-building indicating a possible conformation 
where tbe chromophores are in a coplanar configuration 
only 7 A apart. The crystal structure of 4 showed all 
bonds and angles to be normal, but both acridine rings 
are significantly non-planar. The ring defined by atoms 
N(4), C(12)-C(24) is distorted in the region 
C(14)-C(16), while the ring defined by atoms N(7), 
C(32)-C(44) is considerably more distorted by buckles 
at N(7) and C(32) and a bend through the central 
N(7)-C(32) axis, with the overall effect ‘being that of a 
‘butterfly’ geometry (Figures 1 and 2). 


The molecule undergoes an intramolecular stacking 
interaction involving two rings of each acridins. The 
closest approache? are C(17)-C(39) 3.26 A a t d  
N(4)-C(41) 3.34 A, with five others kloser than 3.6 A. 
The three chloride ions make different contacts with the 
protonated sites on the molecule. Cj(1) has a strong 
interaction (approach distances 3.09 A) with both N(4) 
and N(1) in different molecules. Cl(2) makes a single 


approach (3.16 A) to N(7), but Cl(3) is not close to any 
N atoms, merely occupying an interstice in the crystal 
lattice. This may explain the poor resolution of Cl(3) in 
the electron density maps and its high thermal param- 
eters in the least-squares refinement. 


The crystal structure shows that 4 is sufficiently 
flexible to allow the two acridine moieties to stack (in 
the solid state); its geometry is not restricted to the 
extended conformation observed in bis-intercalators 
containing more flexible linker chains. Model construc- 
tion shows that it is possible for the acridine ring 
systems to move apart to a, maximum separation dis- 
tance of approximately 7.5 A, within the range required 
for bis-intercalation at contiguous sites on DNA, 
providing support for the original postulate’ that 4 could 
act as a DNA bis-intercalator at contiguous sites. 
Studies of 4 complexed to oligonucleotides are in 
progress. 


The ability of 4 to bind to DNA in this fashion 
prompted us to prepare the corresponding tetra-acridine 
6, where two sets of such ‘contiguous’ binding sites are 
available. It has been shown recently that compounds of 
this general type, with acridine intercalators joined by 
rigid linker chains in a pre-organized geometry, can 
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affect higher order DNA structure by ‘intermolecular 
bisintercalation’ between distance linear sections of the 
same molecule which are close in space. Mullins et al.” 
demonstrated that such interactions occur with 
diacridine 7, using a DNA ligation technique to generate 
catenanes from DNA molecules cross-linked tem- 
porarily by intermolecular bisintercation. 


Hydrodynamic assays were not able to distinguish the 
degree of interaction of 6 with DNA (data not shown). 
However, using dynamic fluorescence microscopy we 
were able to demonstrate that 6 and the mono-intercala- 
tor acridine orange ( 5 )  induce opposite effects on the 
higher order structure of DNA. Figure 3 shows typical 
freeze frames (converted to black and white pictures) 
for T4-DNA molecules complexed with 4 and 6 (ligandl 
nucleotide ratio 5), from which the time-averaged long- 
axis length (persistence length 1) of  the complex can be 
determined. Complexes obtained with 4 had a string-like 
appearance (large 1) and low fluorescence intensity, but 
the complexes with 6 were condensed into globules 
(small 1) and had much greater fluorescence intensity. 
Figure 4 shows the dependence on 1 on the ligandl 
nucleotide ratio for compounds 4-6. With increasing 
concentrations of  the mono-intercalator 5 ,  1 increases 
linearly. Surprisingly, the putative bisintercalator 4 
showed a lesser effect, although this compound has been 
shown to extend the DNA contour length in 
hydrodynamic assays.’ However, the tetra-acridine 6 
induces dramatic compaction of the DNA, with a 
critical ligandlnucleotide ratio of about 2. 


It has been reported’” that, under buffer conditions 
similar to those employed here, the contour length (L) 
of T4-DNA is 57 mm and the persistence length ( I )  is 
60 nm. This indicates that the conformation of T4 is 
adequately described by the random-flight model, and 
comprises about 1000 (Lll) rigid segments of length 1 


5 


4 
E 
2 . 3  


8 


v) .- 
$ 2  M 


1 


0 


- 


0.1 1 10 
[drug] / [nucleotide] 


Figure 4. Concentration dependence of the persistence length 
( I )  of T4-DNA molecules bound to (0) 5 ,  (0) 4 and (0) 6 


under the conditions described in Figure 3 


connected by freely-movable joints. On addition of a 
monointercalator such as 5 ,  both L and I increase, 
extending the observed time-averaged length 1 of the 
complex. l 9  While the bisacridine 4 must also similarly 
increase L and 1 by local intercalation, this may be 
offset by through-space electrostatic interactions of the 
flexible cationic side-chain with sequentially distant 
DNA segments. When this cationic charge is replaced, 
in the tetracridine 6, by another bis-intercalating unit, 
the resulting through-space interactions result in com- 
paction of the DNA. A similar explanation has been put 
forward” to explain the formation of catenanes by 
ligation following the temporary cross-linking of 
remote DNA segments by a series of rigidly linked 
diacridines such as 7. 


CONCLUSIONS 


These results show the usefulness of dynamic 
fluorescence microscopy as a technique for directly 
observing the physical consequences of the interaction 
of intercalating ligands with large DNA molecules. 
They confirm work by that complexing by 
mono-intercalators prevents or destroys condensation of 
DNA to the compact form, and show that it may be 
possible to control the higher order structure of DNA by 
complexing with ligands possessing multiple binding 
sites. Such changes in higher order D N 4  structure are 
important in the regulation of gene expression by the 
cooperative binding of proteins. The demonstration that 
6 induces the formation of condensed DNA with a 
distribution of sizes and possible conformations (data 
not shown) similar to those induced by DNA-binding 
proteins2’ suggests that small molecule control of gene 
expression through alteration of high-order structure 
may be possible with appropriate small molecules. 
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METAL ION COMPLEXATION BY THE PHOSPHORYL AND THE 
CARBONYL GROUPS PROBED BY 1 7 0  NMR SPECTROSCOPY 


MARIE-P. BELCIUG, AGNES M. MODRO AND TOMASZ A. MODRO* 
Centre for  Heteroatom Chemistry. Department of Chemistry, University of Pretoria, Pretoria 0002, South Africa 


AND 


PHILIPPUS L. WESSELS 
Department of Chemistry, University of Pretoria, Pretoria 0002, South Africa 


Interactions between compounds containing phosphoryl, carbonyl, or hydroxyl groups (or combinations of 
these groups) with metal ions (Na+, Mg") were probed in CD,CN solutions by I7O NMR spectroscopy. For all 
phosphoryl and carbonyl substrates a strong high-field shift of the P=O and C=O signals was observed on the 
addition of a salt; no shift was observed, however, for the OH group signal, indicating that no chelation takes 
place in the hydroxyphosphoryl (or hydroxycarbonyl) derivatives. For 2-hydroxy-3-benzoylpropylphosphonic 
diester the I7O NMR studies, together with conformational analysis based on the 'H spectroscopy, demonstrated 
the chelation of a metal ion by the P=O and C=O functions (formation of an eight-membered cyclic structure) 
with the OH group involved in the intramolecular hydrogen bonding, but not in the complexation to the metal 
ion. 


1. INTRODUCTION 


In previous papers we reported solvent and metal 
ion effects on the conformational preferences for 
esters of p,  y-disubstituted propylphosphonic acids, 
YCH,CHXCH2PO3R, (l), as probed by 'H (Ref. 1) and 
I3C (Ref. 2) NMR spectroscopy. The main conclusion 
was that the conformational preferences for the rotation 
about the C,-C2 bond are determined by attrac- 
tive interactions (hydrogen bonding and/or n(p) +d  
electron donation) between the oxygen-containing 
substituents (X = OH, OMe) and the phosphoryl 
group (Figure l) ,  and that the effect is enhanced by 
metal ions, presumably via chelation. One of the 
substrates of particular interest was dimethyl 2- 
hydroxy -3-benzoylpropylphosphonate (la; R = Me, 
X = O H ,  Y=PhCO), a system in which three oxygen 
centres (phosphoryl, hydroxyl and carbonyl) are present 
in a 1,3,5-arrangement at a five-atom backbone 
(P-C,-C2-C3-CcarbnyI) of the molecule. 'H NMR 
spectroscopy indicated that for l a  the addition of metal 


'Author to whom correspondence should be addressed. 


ions (Na', Mg2') increased the population of the 
conformer XI,  hence suggested the chelation effect of 
the O=P,-C,-C-OH systemZb At the same time, 
the results pointed to the participation of another type 
of complex, an eight-membered chelate involving the 
carbonyl and the phosphoryl oxygens as the binding 
sites. However, those two conclusions are somehow 
contradictory, as the conformation XI cannot accornmo- 
date an eight-membered cyclic structure involving the 
PO,R, and CH,Y groups as the elements of the ring. 


In view of those ambiguities and problems of the 
relative contributions of phosphoryl, carbonyl and 
hydroxyl oxygens in the complexation of metal ions, 


7°3R2 


- 
CHZY 


Figure 1. Preferred conformation of 1 in solution 
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we decided to study the effect of metal ions on the I7O 
NMR spectra of some hydroxyalkylphosphonates 
(including la )  and related carbonyl derivatives. 
Lanthanide-induced shifts in the 170 NMR spectra have 
proved very successful in identifying the binding 
centres in hydroxypyranoses and 2-sulphonylcyclohex- 
a n o k 4  Both the line broadening effect and the upfield 
chemical shift effect of metal ions on the "0 NMR 
signals of phosphate groups in nucleotides are specific 
to binding sites.' 


RESULTS AND DISCUSSION 


Two carbonyl (2a and b) compounds, three phosphoryl 
(3a, 3b and l b )  compounds and the trifunctional 


compound l a  were selected as substrates (Figure 2), 
and the effect of  sodium and magnesium ions on their 
I7O NMR spectra was determined in acetonitrile. The 
observed chemical shifts are given in Table 1. Since 
hydrogen bonding makes a strong contribution to I7O 
NMR chemical shifts,6 IR spectra of some of the 
substrates were recorded (Table 2) in order to evaluate 
the importance of the intramolecular hydrogen bonding 
in substrates containing the hydroxyl group. Table 1 
shows that in each case both low-field signals (carbonyl 
and phosphoryl) undergo significant upfield shifts on 
addition of a metal ions, whereas the high-field signals 
of the sp3 oxygens (OH, OR) are little affected by the 
addition. Since upfield shifts of ca -9 ppm of the I7O 
NMR chemical shifts have been reported for crown 


Table 1. Effects of metal ions on the "0 NMR spectra of phosphoryl and carbnyl  substrates in 
CD,CN; [S] = 0.37 M 


Metal ion 
Substrate (mol equiv.) acz0 MC=O ~ O H / O R  MOH/OR~ 


2a None 
Na', 0.5 
Na' 1.0 


MgZ + 0.5 
2b None 


Na', 0.1 
Na', 0.3 
Na', 0.6 
Na', 1.0 


Na', 0.3 
Na +, 0.6 
Na', 1.2 


3a None 


MgZ+,  0.5 
3b None 


Na', 0.1 
Na +, 0.2 
Na', 0.3 
Na +, 0.5 
Na', 1.0 


Na+,  0.1 
Na', 0.6 
Na', 1.2 


l b  None 


MgZ',l .O 
la  Noneb 


Na', 0.1 
Na', 0.2' 
Na +, 0.3 
Na', 0.5 
Na', 1.0 
Na', 1.2 


Mg2', 0.1 
Mg", 0.3 


104.4 
99.6 
96.8 
93.9 
86.8 
91.1 
89.9 
89.0 
88.2 
86.4 
83.9 


102.8 
100.6 
95.4 
93.3 
84.7 
99.6 
97.3 
95.7 
94.9 
92.1 
88.7 
87.2 
92.3 
83.9 


-4.8 
-7.6 
- 10.5 
- 17.6 


-1.2 
-2.1 
-2.9 
-4.7 
-7.2 


-2.2 
-7.4 
-9.5 


-18.1 


-2.3 
-3.9 
-4.7 
-7.5 


-10.9 
- 12.4 
-7.3 


-15.7 


552.9 
550.0 
547.2 
544.3 
566.9 
566.5 
564.9 
562.8 
560.7 


543.3 
531.6 
519.3 
518.3 


d 


d 


d 


- 
- 
- 


536.1 
d - 


-2.9 
-5.7 
-8.6 


57.2 
-0.4 56.2 -1.0 
-2.0 56.6 -0.6 
-4.1 56.1 -1.1 
-6.2 55.4 -1.8 


64.9 
64.3 
64.8 
64.4 
64.5 
64.1 
39,4 
39.3 
39.8 
38.4 
39.0 
35.4 


-5.7 35.1 
-24.0 34.8 
-25.0 33.9 


35.0 
33.9 
34.0 


-7.2 33.9 
34.3 


-0.6 
-0.1 
-0.5 
-0.4 
-0.8 


-0.1 
+0.4 
-1.0 
-0.4 


+0.3 
-0.6 
-1.5 
-0.4 
- 1.5 
-1.6 
-1.5 
-1.1 


a In most cases signals of the OR and OH groups overlapped. 


' A ~ p 4 = 1 0 8 H ~ ; ~ c 4 = 5 5 1  Hz. 
Line width at half-height (As): Aspzo = 108 Hz; Asc4 = 434 Hz; 


Further broadening of the signal prevented determination of the value. 
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Table 2. IR stretching frequencies (cm-') for the X=O groups (X = C, P) 
in selected substrates; [S] = 0.037 M" 


Substrate VC=O VP-0 


Acetone (CC14) 


2b (CC14) 


2a (CC14) 


(MeCN) 
(MeCN/Na')b 


(MeCN) 
(MeCN/Na')b 


(MeCN) 
3a 


l b  


l a  (CC1'l) 
(MeCN) 


(MeCN/Na')b 


1718.2 
1712.8 
1712.7 
1709.3 
1703.7 
1703.7 
1683.0 
1682.9 


1682.5 
1683.6 
1682.7 


(CCI,) 1252.3 
(MeCN) 1248.3 


(CCI,) 1237.9 
(MeCN) 1242.8 


(CC14) 1215.7 
(MeCN) 1243.7 


(MeCN/Na + ) 1247.7 


(MeCN/Na +)b 1245.1 


(MeCN/Na')b 1245.6 


'No change in vxz0 was observed on further dilution. 
In the presence of 1 mol equiv. of NaBPh,. 


20 2b 30 3b 


OMe Ph 'OMe 


l b  l o  


Figure 2. Substrates used for "0 NMR studies 


ethers complexed with alkali metal ions,7 we conclude 
that the negligible shifts observed for the OH groups in 
our substrates are evidence against any chelating effects 
by the 2-hydroxy group in the alkylphosphonic or keto 
systems. The effect of the Mg2+ ion is always much 
greater than that of the Na' ion; the same order was 
observed for the upfield shift in the I7O NMR spectrum 
of DMF, where the shifts for Na' and Mg2+ had values 
of A&=, = -4.3 and -12.6 ppm, respectively.x 


Comparison of the IR spectra of acetone and 2b 
(Table 2) shows the presence of intramolecular hydro- 
gen bonding, both in CCI, and in MeCN (Avcx0 = -8.9 
and 9.1 cm-', respectively). The addition of Na' ions 
had no eflect on the stretching frequency of the car- 
bony1 group. On the other hand, comparison of the 170 


NMR spectra of  2a and 2b (Table 1) demonstrates 
approximately the same upfield shift for the C=O group 
in both substrates, and a negligible shift for the OH 
group in 2b. It can be concluded, therefore, that the 
complexation of a metal ion involves the carbonyl, but 
not the hydroxyl, group and that the complex of 2b can 
be represented by a structure given in Scheme 1. Similar 
conclusions can be reached by examining the IR spectra 
of l b  and 3a, and the l7O NMR spectra of 3a, 3b and 
lb .  Although the low-frequency IR shift of the 
phosphoryl band for l b  relative to 3a is more pro- 
nounced in CCI, (AvP=, = -14.4 cm-') than in MeCN 
(Avb0 = -5.5 cm-'), it can be concluded that l b  exists 
in the latter medium, at least partially, also as an 
intramolecularly hydrogen-bonded species. As was 
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Scheme 1 


observed for the ketones, addition of the Na+ ions had 
very weak effect on the vP,, values. As far as the I7O 
NMR spectra of 3a, 3b, and l b  are concerned, the 
respective values of A2jP,, resulting from the addition 
of 1 mol equiv. of Na' are -10.5,7.2 and -9Sppm, 
respectively (Table 1). Similarity of the Ahp=, shift, 
irrespective of the presence or the location of the 
hydroxyl group, does not support the hypothesis of a 
chelation effect. The proposed interactions of those 
two simple hydroxyalkylphosphonates with metal ions 
are presented in Scheme 2. 


The results obtained for l a  were most interesting and 
informative. IR spectroscopy clearly showed that it is 
the phosphoryl group (relative to 3a, Avp=o = -36.6 cm-I 
in CCI, and -4.6 cm-l in MeCN) that is involved in the 
intramolecular hydrogen bonding (possibly broken to a 
certain extent in MeCN), leaving the carbonyl group 
free (relative to 2a, Avc=,< 1 cm-'). This result in 
itself provides useful information about the relative 
hydrogen bonding acceptor abilities of these two 
important functional groups. The effect of metal ions on 
the I7O NMR spectrum of l a  is very distinctive: a 
strong high-field shift for the P=O signal (very similar 
to that observed for 3a, 3b and lb) ,  negligible shift 
observed for the OH/OMe signals and a large high-field 
shift for the carbonyl signal (at molar equivalents of 
Na' or Mg2+ ions greater than ca 0.3, the broadening 
of the C=O signal prevented determination of the 6,=, 
value). The conclusions from these results are clear. 
Whereas the intramolecular hydrogen bonding involves 
oxygens of the lt5-arrangement of the phosphoryl and 
the 2-hydroxyl group, the metal ion is chelated by the 
phosphoryl and the carbonyl group, giving rise to the 
previously suggested2b eight-membered cyclic structure. 
The most stable conformation of a saturated ei ht 


Dreiding model of an eight-membered cyclic structure 
consisting of l a  and a tetracoordinated Na' ion (or a 
cis-bonded hexa-coordinated Mg2+ ion) incorporated 
between the P=O and the C=O oxygens was therefore 
constructed and made to adopt the BC conformation. 
The model thus prepared (Figure 3) revealed some 


membered ring is that of the boat-chair (BC). B -  A 


Scheme 2 


Figure 3. Proposed structure of the metal ion complex of la  


interesting features that remain in full agreement with 
the experimental results. First, the distance between the 
oxygen atoms gf the P=O and the OH groups is of the 
order of 2.5 A, within the usual range (2.4-2.8 A) 
observed for the O...O distance in the hydrogen bonded 
P=O...H-O-C system." In other words, the 
intramolecular hydrogen bonding indicated by IR 
spectroscopy can be preserved in an eight-membered 
chelate structure. It was even more satisfying, however, 
to find in the model that the trigonal geometry of one 
atom in the ring (carbonyl carbon) resulted in some 
distortion of the BC conformation, in which the bonds 
at carbon C, (CHOH) are forced into an almost eclipsed 
relationship with respect to the bonds at C,. In con- 
sequence, the torsion angles HA-C,-C2-H, and 
H,-C,-C2-H, approach the values of 0" and 120" 
rather than the values of 60" and 180" postulated in the 
previous discussion.2b According to the Karplus equa- 
tion, the calculated values of the proton-proton vicinal 
coupling constants for the torsion angles of 0" and 120" 
are 8.2 and 2.1 HZ, respectively, whereas for the anti/ 
gauche ( 180"/60") relationship the respective values 
are 9.2 and 1.8 Hz. Since the experimental values of 
JAc and J,, observed for l a  on addition of Na' or 
Mg2+ ions are 8.4 and 4.4 Hz, '~ it is not possible to 
distinguish between the X,  (Figure 1)  and the eclipsed 
(XI after the counter-clockwise rotation of group X by 
60") conformations of l a  on the basis of the vicinal 
coupling constants involving hydrogens HA, H, H,. In 
addition, an equilibrium between the complex and the 
metal ion-free substrate, or some flexibility of the 
cyclic complex itself, can be responsible for the 
observed deviation of the IH NMR vicinal coupling 
constants from the ideal values expected for a particular 
conformation. I7O NMR spectroscopy, on the other 
hand, offers a much more specific and selective appro- 
ach for monitoring any elecronic changes that occur at 
the potential binding sites when metal ions are added to 
a system. The metal ion-organic substrate interactions 
discussed above are too weak to be detected by IR 
spectroscopy (negligible changes of vX=, on addition 
of Na'). They are, however, strong enough to be 
conveniently monitored by 170 NMR spectroscopy. 
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EXPERIMENTAL 


General. 'H NMR spectra were recorded in 
CD,CN on a Bruker AC300 NMR spectrometer at a 
probe temperature 30 "C. Acetonitrile-d, (Aldrich, 99.5 
atom% D) was dried over molecular sieves. Sodium 
tetraphenylborate (Aldrich, min 99.5%) and magnesium 
perchlorate (Aldrich) were dried in an oven at 150°C 
and stored in a desiccator over P,O,, immediately 
before use. Preparations of the solutions containing the 
salts were carried out in dry atmosphere in a glove-box. 
IR spectra were recorded on a Bomem Michelson 
l O O F T  spectrometer as solutions in tetrachloromethane 
or in acetonitrile (both from Merck, spectroscopic 
grade). Acetophenone (2a) (Merck) was distilled 
immediately before use. 


Cornpounds. 4-Methyl -4-hydroxypentan-2-one 
(2b) was prepared from acetone;" b.p. 78-80 OC/13 
Torr. 


Dimethyl methylphosphonate (3a) was prepared 
from trimethyl phosphite as described in the literature;12 
b.p. 66-68 "C/14 Torr. 


Diethyl hydroxyphenylmethylphosphonate (3b) was 
prepared by the Abramov reaction from diethyl phos- 
phite and ben~aldehyde;'~ yield 94%; m.p. 64-65°C 
(from benzene-light petroleum). 'H NMR (CDCI,), 
6 1.23 (t, 2H, J = 5 . 2  Hz), 4.04 (quint, 4H, 
J = 5 . 2  Hz), 5.00 (d, lH, J =  10.4 Hz), 7.44 (m, 5H); 
in / z  244 (M+); Anal., calculated for C,,H,,O,P,C 54.1 
H 7.0; found, C 53.7 H 7.0%. 


Dimethyl 2-hydroxy-3-phenylpropylphosphonate 
(1b)la and Dimethyl 2-hydroxy-3-benzoylpropylphos- 
phonate (la)', were prepared as described previously. 


170 NMR spectroscopy. The 67.8 MHz I7O 
NMR spectra were recorded on a Bruker AMX-RSOO 
NMR spectrometer equipped with a 10 mm broadband 
probe. Spectra were acquired at natural abundance at 
probe temperature of 60" C. A 9:l mixture of CH,CN 
and CD,CN was used as solvent with the deuterated 
solvent used as lock signal. The signals were referenced 
to external deionized water. The intrumental settings 
were spectral width 819.4 ppm, 90" pulse width of 
29 ps, acquisition delay 190 ,us, acquisition time 
0.018 s, and 4000-60000 scans. The spectra were 
recorded with no sample spinning, with lock and no 


broadband proton decoupling. The signal-to-noise ratio 
was improved by applying a 40 Hz exponential line 
broadening factor to the FID prior to Fourier transform- 
ation. The reproducibility of the chemical shifts data is 
estimated to be ~ 1 . 0 0  ppm. 
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AMINOLYSIS AND HYDROLYSIS OF SULPHAMATE ESTERS: 
SUBSTANTIAL N=S BONDING IN THE TRANSITION STATE 


LEADING TO N=SULFONYLAMINES 


WILLIAM J. SPILLANE,* GERALDINE HOGAN AND PAUL MCGRATH 
Chemistry Department, University College, Galway, Ireland 


The aminolysis and hydrolysis of several sulphamate esters, RNHS0,ONp (R = PhCH,, Ph, 4-MeC6H,4, 3- 
MeC,H,, 4-FC6H,, 4-CIC6H4, 3-CIC6H,, H; Np = 4-NO2C6H,) were been studied in 50% (v/v) aqueous 
acetonitrile at various temperatures. Reaction of the esters with an amine (R'NH,) gives -0Np and both 
sulphamide, (RNHS0,NHR') and sulphamate (RNHS0,O -R'NH,') products. First-order rates were 
determined by the appearance of -0Np and sometimes also by the disappearance of ester. The reaction was 
found to be independent of amine type and concentration and at the high pHs that obtain the substrate esters 
are fully ionized. A Hammett pnry, of -1.8 was obtained for the decomposition of the sulphamate anions and 
this is consistent with substantial N=S bonding in the transition state leading to N-sulphonylamine, RN=SO,. 
This intermediate then partitions very rapidly, reacting with R'NH, and H,O respectively. AH$, AS$ and a 
deuterium solvent isotope effect were determined and were also interpreted in favour of the proposed 
mechanism. The dimethyl sulphamate ester (Me,NSO,ONp) does not react under the conditions used. 


INTRODUCTION 
There has been considerable interest for more than 25 
years in the kinetics and mechanisms of sulphonyl 
transfer reactions and many groups worldwide have 
made important contributions. A number of reviews 
have appeared in this area.'--' The changes occurring can 
be generally represented as 


(1) RS02X + Y - -+RSO,Y + X - 
The most studied reactions have been those involving 
solvolysis and/or aminolysis of sulphonyl and sulpho- 
nate systems. Various mechanisms have been supported, 
depending on the substrate, reagents and solvent, and 
these range from nucleophilic substitutions (SN), 
addition-elimination (S,N) to eliminations (El ,  E2 and 
Elcb variants). 


The hydrolyses of sulphamate esters of the types 


*Author for correspondence. 


MeNHSO,OAc, Me,NSO,OAr and H,NSO OAr have 
been studied by Williams and co-~orkers. '~~ For the 
esters of the first and third types, an Elcb mechanism 
involving N-sulphonylamine intermediates, MeN=SO, 
and HN=SO, respectively, has been proposed in 
aqueous organic solution and in water. Such species 
have generally been named N-sulphonylamines by most 
authors6 However, some workers have preferred the 
term N-s~lphonylimines.~ A referee has suggested the 
interesting and perhaps more appropriate name sul- 
pheneimines for these intermediates, 'since the nitrogen 
is not an amino nor is the SO, a sulphonyl group.' Esters 
of the second type may react by an S,N path. The 
hydrolysis of the sulphamoyl a ides ,  RNHSO,N,, to 
sulphamic acids, RNHSO,H, is also thought to occur 
via N-sulphonylamines.* The hydrolysis of sulphamoyl 
halides has been controversial with both S,1 and SN2 
pathways being favoured by different groups.' 


Against this background, the kinetics of the 
aminolysis/hydrolysis in aqueous acetonitrile of a 
series of sulphamate esters, RNHSO,OC,H,NO,-p, 
were been examined in this study. 
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RESULTS AND DISCUSSION 


The reactions occurring are 
HI0 


R N H S ~ O N P  + R’NH, --- FWHS~NHR’ 


(1) (2) 


+RNHS~O-R’NH,+ + -ONP (2) 


(3) 


where Np = p-N0,C,H4. Douglas and Williams4b in a 
very limited product study showed that in 50% aqueous 
ethanol 1 (R=Me) gave exclusively a sulphamide 
product (and -0Np) in the presence of 1 m ~ l d m - ~  
Et,NH or piperidine. However, we found that in 50% 
aqueous acetonitrile, 1 (R=Ph) in the presence of 
Et,NH gave only 50% of 2 and 50% of 3 was also 
formed (first run, Table 1). We therefore decided to 
cany out a more detailed product analysis using HPLC 
and the main findings of this are shown in Table 1. 
Examination of the product data in Table 1 shows (i) 
that in most cases a reasonably quantitative product 
balance is maintained, i.e. the summation of the 
amounts of 2 and 3 corresponds to the amount of p -  
nitrophenoxide released, and this in turn corresponds 
more or less to the initial quantities of ester employed 
in the study; (ii) as expected, decreasing the amine 
concentration favours the formation of 3 at the expense 
of 2; and (iii) increase in water content (at 
0.1 moldm-’ amine) of the aqueous acetonitrile 
promotes the formation of 3. A referee has suggested 
that we might be able to use our product data to obtain 
useful parameters for describing the reactivity of the 
sulphonylamine, as has been done by King et al.” 


recently for sulphenes. However, our product data 
would not be of sufficient accuracy (see Table 1, 
footnote c) to do this and further, since the pH varied 
for various concentrations of arnine (see Table 2), 
conformance to the appropriate equation could not be 
checked. 


In this work, the hydrolysis reaction per se was not 
studied since this reaction has been reported on pre- 
viously over a wide pH range.4b 


Kinetic runs were camed out in 50% (v/v) aqueous 
acetonitrile at 37 “C and the results are given in Table 2. 
The strongly basic amines present ensured that the 
system was self-buffered. Rate constants are seen to be 
virtually independent of the type and concentration of 
amine. The slight increase in rate constant at the higher 
pHs is expected since the pH-rate profile found for the 
ester 1 (R=Me)4b in 20% (v/v) aqueous dioxane 
plateaus in the region of pH 10-12.5 and rises slightly 
as this alkaline pH increases. The kinetics are first order 
in ester since identical rates were obtained when the 
ester concentration was (0-2, 0.5, 1.0 and 
1.5) x m ~ l d m - ~ ) .  Ionic strength effects using 
sodium perchlorate at 1 .O mol dm -3 and potassium 
chloride at 0.1 mol dm-3 are small or negligible. 


In Table 3 some activation data for the phenyl 
(l ,R = Ph) and the phenylmethane (1, R = PhCH,) 
esters are given together with a solvent isotope effect 
(kH20/kD,0) for 1 (R = Ph). The values of AH$ and AS$ 
are close to the AH$ (72 kJmo1-’) and SS$ 
(-37 Jmol-’K-l) values reported by Douglas and 
Williams4b for the alkaline hydrolysis of the cor- 
responding methyl ester 1 (R = Me). For the latter ester 
a solvent isotope effect (kH,o/kD20) of 1-35, 
identical with the value of 1.4 in Table 3, has been 
determined.4b 


Table 1. Product data for the reaction of y-nitrophenyl-N-phenylsulphamate” and -N-phenylmethanesulphamateh with diethylamine 
in aqueous acetonitrile at 37 “C 


Et,NH lo4 [Sulphamate] lo4 [Sulphamide] lo4 [-ONp] 
Sulphamate H,O : CH’CN (v/v) (mol dm-’) (mol dm-’) (mol dm -’) (rnol dm-’) 


Phenyl 50 : 50 


10 : 90 
20 : 80 
80 : 20 
90: 10 


Phenylrnethane 50 : 50 


1 .o 
0.5 
0.1‘ 
0.01 
0.05 
0.1 
0.1 
0.1 
1 .o 
0.20 
0.15 
0.10 


1.05 
1.1 
1.53 
1.68 
0.99 
1.33 
1.74 
1.95 
8.14 
7.34 
7.96 
7.76 


1.05 
0.87 
0.34 
0 
1.02 
0.53 
0.27 
0 
4.83 
1.63 
1.28 
1.13 


2.04 
2.08 
1.93 
1.93 
2.03 
1.97 
2.09 
2.20 


10.26 
9.57 
9.43 


10.03 


a [Ester] 2 x mol dm-’. 
b[Ester] 1 x 10.’ moldm-’. 
‘Duplicate injections showed that the relative standard deviations were 14% for sulphamate and sulphamide and 8% for -0Np. 
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Table 2. Effect of amine and ester concentrations on rates in 50% (v/v) aqueous acetonitrile for 
p-nitrophenyl-N-phenylsulphamate” and -N-phenylmethanesulphamate” 


Concentration 
Sulphamate Amine (mol dm - I )  PHh lOSk,, (s-1) 


Phenyl cyc-CSH,NHz 0.01 
0.03 
0.05 
0.15 


Et,NH 0.01 
0.10 
0.15 
0.50 


0.03 
0.05 
0.10 


Pheny lmethane Et,NH 0.01 


1 1.45 f 0.02 
11.65 i 0.02 
11.67 f 0.02 
12.13 f 0.01 
11.57 fO.01 
12.21 i 0.01 
12.69 i 0.02 
13.09 i 0.02 
11.36f0.02 
1 I .66 i 0.02 
11.95 i 0.02 
12~2OiO~Ol 


5.8 
6.1 
6.3 


7.3(7.3, 7.2, 7.2)‘ 
6.11(5.63)’,(5.3)‘ 
6.3(6.33)d, (6.03)’ 


6.12 
7.6 


507.0(493.3)d 
522.1 
523.0 
548.0 


‘[[Ester] was 1 x rnoldrn-’. 
bMean of readings taken before and after reaction. 
‘The rates in parentheses were obtained with ester concentrations of (0.2, 0.5 and 1.5) ~ 1 0 . ~  rnoldm-I, 
respectively. 


‘Ionic strength 01) = 0.1 rnol dm-’ KCI. 
Ionic strength 01) = 1.0 rnoldrn-’ NaCIO,. 


ir 
C 
? 


P 
0 
a 


ul 
G 
0 


0 3 


Figure 1. UV absorption spectrum for the reaction of p-nitrophenyl-N-phenylsulphamate (1.0 x mol dm-’) with 
4-methylimidazole (0.15 moldm-’) in 50% (v/v) aqueous acetonitrile at 37 “C 
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Table 3. Activation parameters and deuterium solvent isotope effect for reaction of p-nitrophenyl-N-phenylsulphamate" and 
-N-phenylmethanesulphamate" 


loSk,, ( s - t )  
Concentration AHS ASS 


Sulphamate Amine (moldm-') 298K 310K 316K 323K (klmol-') (J mol-' K) 


Phenyl CYC-C~H~NH, 0.15 1.69 7.3 14.41 31.91 90k 1.5 -35 f 1.0 


Phenylmethane Et,NH 0.01 292K 298 K 310K 318 K 69i1 .0  -66* 1.0 


125.6 169.3 507.0 1200.0 


k h O b  b o b  


Phenyl CYC-CSH~NH, 0.15 7.3 5.22 
0@015 5.8 4.18 


kH*OlkO*O 


1.4 
1.4 


"Concentration 1 x lo4 moldm-'. 
hAt 37 "C. 


The effect of the substituents in the phenyl ester on 
the rate is given in Table 4 and the Hammett plot of 
these data is shown in Figure 2. A Hammett pacy, value 
of - 1.8 ( r  = 0.997, standard deviation =0-071) was 
obtained. 


In 50% (v/v) aqueous acetonitrile the 'parent' ester 1 
(R = H) reacted virtually instantaneously at 37 "C in 
0.15 mol dm-3 cyclopentylamine whereas the dimethyl 
ester, Me,NSO,ONp, failed to show any reaction after 
1 week under these conditions. An elimination mechan- 
ism is supported by (i) the failure of the dimethyl ester 
to react (it can only react by an addition-elimination or 
S,-type pathway) and by (ii) the absence of amine 
catalysis. Com ounds 1 are fairly acidic with pK, in the 
range 7-11, which makes them ideal substrates for 
eliminative processes. The pK, of 1 (R = Ph) in 50% 
(v/v) aqueous acetonitrile is 7.05 f 0.03 (see Experi- 
mental). Thus, at the high pHs used in this study, the 
substrates will exist as anions, m S 0 , O N p .  In a rate- 
determining step, the anion eliminates nitrophenoxide to 
give an N-sulphonylamine which is attacked very 
rapidly by amine and water to give products (Scheme 


4b.f 


1). Effectively this is an Elcb-type mechanism, as 
proposed previously for alkaline hydrolysis of 1 
(R=Me) .  The small AS$ values in Table 3 support a 
unimolecular mechanism and the similarity of the 
solvent isotope effect in alkaline hydrolysis and in this 
work points to a comparable Elcb mechanism. Finally, 
Douglas and Williams4b reported a large positive plg 
value (using a-) of +3.9 for a series of leaving groups 
in 1 (R = Me). This was interpreted in favour of exten- 
sive S-OAr bond breaking in the transition state. Our 
pacy, of -1.8 for 'the other side' of the reacting mol- 
ecule appears to complement this and suggests that in 
the transition state not only is S-0 bond breaking well 
advanced but also N=S bond making in the incipient 
sulphonylamine is substantial (see Scheme 1). 


The reactivity sequence H,NSO,ONp S> 
PhCH,NHSO ,ONp *- PhNHS0,ONp *-> Me,NSO,ONp 
can be explained as follows. The only reaction routes 
available to the latter are non-eliminative and clearly 
energetically unfavourable. The phenyl ester is ca 80 
times less reactive (Table 2) than the phenylmethane 
ester, which may be due to the ability of the former to 


Table 4. Rate data for the reaction of p-nitrophenyl-N-X-phenylsulphamates" with 
cyclopentylamineb in 50% (v/v) aqueous acetonitrile at 37 "C' 


4-CH3 -0.17 12.88 4-F +0.06 5.87 
3-CH3 -0.06 8.97 4-c1 +0.22 2.8 
H 0.0 7.3  3-CI +0.37 1.4 


'Concentration 1 x moldm-'. 
bConcentration 0.15 moldm-I. 
'The mean pH measured before and after reaction was 12.14iO.02 
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h -3.50 


-3.75 


CI c 


tCn -4.00 


0 -4.25 
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-5.00 1 , , I I I , 
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Figure 2. Hammett plot for the reaction of p-nitrophenyl-N- x-phenylsulphamates (1 x mol dm-') with cyclopentylamine 
(0.15 mol dm-3) in 50% (v/v) aqueous acetonitrile at 37 "C 


NP = O N 0 2  


Scheme 1 


delocalize and therefore stabilize the negative charge of 
the anion on the ring. Such stabilization is not available 
in the phenylmethanesulphamate anion or to the 'parent' 
ester anion, HRS020Np.  The greater reactivity of the 
latter may also be due to the fact that at high pH such as 
in this work a second anionic sulphonylamine [m=S02] 
path is available to it for r e a ~ t i o n . ~  


EXPERIMENTAL 


Materials. p-Nicrophenyl N-phenylsulphamate, 
the substituted N-phenylsulphamate ester and the N- 


phenylmethane ester were prepared by first synthesizing 
the appropriate N-phenylsulphamoyl chlorides. The 
latter were prepared by treating the sodium salts of the 
N-phenylsulphamic acids (see Ref. 11 for the synthesis 
of the two sodium N-tolylsulphamates and Ref. 12 for 
that of other sulphamates) with phosphorus pentachlor- 
ide in benzene.13 


The p-nitrophenylsulphamate esters were prepared by 
the following general method, described for the N- 
phenylsulphamate ester. To a mixture of p-nitrophenol 
(0.65 g, 5.5 mmol), 4-dimethylaminopyridine (0.09 g,  
0-75 mmol) and triethylamine (0.51 g,  5 mmol) in dry 
dichloromethane (15 ml) was added dropwise a solution 
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of N-phenylsulphamoyl chloride (0.96 g ,  5 mmol) in 
dry dichloromethane (6 ml) under an atmosphere of 
nitrogen. The mixture was left at ambient temperature 
overnight. Filtration of the mixture was followed by 
extraction with dilute hydrochloric acid and the organic 
layer was dried with anhydrous Na2S04. Removal of 
the dichloromethane gave an oil which slowly crystal- 
lized. Purification of  the resultant ester by flash 
chromatography and recrystallization from a mixture of 
light petroleum (b.p. 40-60 "C) and diethyl ether gave 
crystals, m.p. 95-97 "C. 


p-Nitrophenyl N-sulphamate was prepared by the 
method given above from N-sulphamoyl ~ h l o r i d e , ' ~  
m.p. 38-39 "C (Iit.,l4 40°C). 


p-Nitrophenyl N,N-dimethylsulphamate was prepared 
from N,N-dimethylsulphamoyl chloride, obtained 
commercially, by a method similar to that for the other 
4-nitrophenyl ester derivatives. The crystals had m.p. 
117-118°C 124°C). 


IR, HI-NMR and C, H and N microanalytical data for 
the nine sulphamate esters were consistent with the ester 
structure. The microanalytical data were generally 
within *0.3% and always within 0.4%. The melting 
points of the esters not reported above are as follows: 


109-112; X=4-Me,  125-128; X=3-Me,  93-96; 
X = 4-F, 127-129; PhCH2NHS0,0Np, 93-95; and 


Other materials, i.e. amines and reagents, were 
obtained commercially and were redistilled or recrystal- 
lized before use. Water was doubly distilled from glass 
and acetonitrile was of HPLC reagent grade. 


XC6H4NHSO2ONp, X = 4-C1, 122-125; X = 3-C1, 


H~NSOZONP, 94-96 "C. 


Kinetic measuretnents. The rates of  aminolysis 
and hydrolysis were measured with a Shimadzu UV-260 
or a Cary 113 spectrophotometer. 


Solutions (2 ml) of the appropriate amine in the 
aqueous acetonitrile medium were introduced into 1 cm 
cells and placed in the thermostated cell compartment, 
which was maintained at constant temperature (k0.2 "C) 
by circulating water. After thermal equilibration, a stock 
solution of the substrate ester in acetonitrile (20 pl) was 
injected into the reaction solution. 


The reactions were followed by monitoring the decrease 
in absorbance of the substrate ester at 280 nm or the 
increase in absorbance of the phenolate ion at 400 nm. 


In all cases with excess of amine good pseudo-first- 
order rate constants (koba) were obtained. These were 
calculated from the slopes of the plots of log(A, - A , )  
versus time or by using a three-parameter curve-fitting 
program. The standard deviation of individual runs was 
never greater than 5% and usually within 3%. 


Product aizalysis. p-Nitrophenoxide and the 
sulphamates and sulphamides produced in the reaction 
in equation (2) with diethylamine were analyzed on a 
Waters Model 501 high-performance liquid chromato- 


graph using a Waters Model 484 tunable absorbance 
detector at a wavelength of 254 nm. Samples of the 
above reaction (after 210 half-lives) were injected on to 
a C,, column using a Hamilton microlitre syringe. The 
ester concentration was either 2 x or 
1 x m ~ l d m - ~  at the start of all reactions (see 
Table 1). A solution of sodium p-iodophenylsulphamate 
(1 x m ~ l d m - ~ )  was injected into each of the 
reacted samples before analysis. This acted as an 
internal standard. The mobile phase was prepared by 
making up a 0.025 moldm-3 sodium acetate and a 
0.01 mol dm-3 tetrapentylammonium bromide solution 
in methanol (HPLC grade) -distilled water (55 : 45, v/ 
v). This solution was adjusted to pH 5 with acetic acid 
and filtered through a 0.45 pm membrane filter. Conc- 
entrations of each of the products were calculated for 
all subsequent samples using sodium p-iodophenylsul- 
phamate as internal standard. 


pK, determination. The pK, of  4-nitrophenyl-N- 
phenylsulphamate was measured in 50% (v/v) aqueous 
acetonitrile on a Metrohm 716 Autotitrator and 
calculated with the aid of the SUPERQUAD pK, 
determination program. l5 
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DETERMINATION OF THE EMPIRICAL POLARITY PARAMETER 
~ ~ ( 3 0 )  FOR BINARY SOLVENT MIXTURES* 


P. M. E. MANCINI, A. TERENZANI, M. G. GASPARRIt AND L. R. VO‘ITERO 
Departamento de Quimica Orgcinica, Facultad de Ingenieria 


Quimica, Universidad Nacional del Litoral, Santiago del Estero 2829, (3.000) Santa Fe, Argentina 


Empirical solvent polarity parameters ET(30)  were determined by UV-visible spectrophotometry using 
Dimroth- Reichardt’s betaine dye, as a function of composition, for (aprotic + aprotic) and (aprotic + protic) 
binary solvent mixtures. For (aprotic + aprotic) solvent systems the cosolvent was toluene, and the other 
solvents used were selected with different structural characteristics and an extensive range of polarity: 
chloroform, l,Cdioxane, ethyl acetate, tetrahydrofuran, acetone, nitromethane and N,N-dimethylformamide. 
For (aprotic + protic) solvent systems, the protic cosolvent used was methanol, and the aprotic 
solvents selected were toluene, chloroform, 1 ,l,l-trichloroethane, tetrahydrofuran, acetone, N,N- 
dimethylformamide, and dimethyl sulphoxide. Each system was analysed according to its deviations from 
additivity due to selective solvation of the betaine. A preliminary application of these empirical solvent polarity 
parameters was related to the solvent effects in a simple example of a nucleophilic aromatic substitution 
reaction. 


INTRODUCTION 


The strong influence of solvents in chemical and 
physical processes (reaction rates, mechanisms, selec- 
tivity, chemical equilibrium, position and intensity of 
spectral absorption bands, liquid chromatographic 
separations) has been well established. The effects are 
explained in terms of ‘solvent polarity’, defined as the 
overall solvation capability that depends on all possible 
(specific and non-specific) intermolecular interactions 
between solute and solvent molecules.2a 


In the last 30 years, numerous polarity scales have 
been proposed. The scales based on the single-parame- 
ter approach include Dimroth-Reichardt’s ET30,3“ 
Brooker’s x ~ , ~ ’  Walter’s E ~ , ~ ~  Brownstein’s S,3d 
Kosower’s Z,3e Dubois--Bienvenue’s Allerhand 
and Schleyer’s G,3g Knauer and Napier’s dN,3,h Gut- 
mann’s AN and DN3’ and Kamlet and Taft’s nr.3J These 
scales are based on the spectral absorption of a single 
indicator dye. In addition, some multiparametric 
correlation equations using singular empirical parame- 
ters were described by Koppel and Palm ( Y ,  P ,  B and E 


 parameter^),^" Krygowski and Fawcett (ET(30),  DN 
 parameter^),^' Dougherty ( I P ,  EA parameters),“ 
Fowler et al. (ET,  E parameters),4d Swain et al. ( A ,  B 
parameters)& and Kamlet et al. (n*, a ,  B parame- 
t e r ~ ) . ~ ‘  The nr scale focuses on the average 
UV-visible spectral data for a set of solvatochromic 
solutes. More recently, Buncel and Rajagopal’s nfzo 
polarity scale’ (based on the UV-visible spectral 
behaviour of a set of merocyanine azo dyes) was 
reported as an alternative to the n* scale. Later, 
Drago’s unified polarity scale6a and the extended 
model6’ were also presented. 


In this connection, most of the work reported was 
concerned with empirical polarity parameters for pure 
solvents, and considerable effort has been made to 
elucidate the extent to which various parameters for 
pure solvents are correlated. This work was aimed 
at reporting empirical solvent polarity parameters 
ET(30) for several binary solvent systems to facilitate 
multiple applications of this solvent polarity scale to 
chemical reactivity, analytical chemistry and physical 
processes.’ 


*See Ref. 1. 
t Also Instituto de Investigacibn de Productos Naturales de Ana’lisis y Sintesis Orginica (IPNAY S),  CONICET, UNL, Santiago del 
Estero 2829, Santa Fe, Argentina. 
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RESULTS AND DISCUSSION 


The empirical solvent polarity parameter E,(30) was 
determined for (aprotic + aprotic) binary solvent system 
(cosolvent toluene) and (aprotic + protic) binary solvent 
systems (cosolvent methanol). E,(30) is defined as the 
molar transition energy (kcal mol-') derived from the 
longest-wavelength solvatochromic absorption band of 
2,6-diphenyl-4- (2,4,6-triphenyl- 1-pyridini0)phenolate 
(Reichardt's dye)'" (1). ET(30) values have been 
reported for more than 300 pure solvents and some 
binary solvent mixtures. 2b*'d 


The betaine dye presents a strongly negative solvato- 
chromism owing to its highly dipolar electronic ground 
state relative to its less dipolar excited state. It exhibits a 
significant permanent dipole moment (suitable for 
dipole-dipole and dipole-induced dipole interactions), 
a large polarizable n-electron system (a-systems and 
dispersion interactions), a substantial negative charge 
on the phenoxide oxygen [highly basic electron-pair 
donor centre suitable for hydrogen-bonding donor 
(HBD) and electron-pair donor (EPD) electron-pair 
acceptor (EPA) bonding] and a positive charge on the 
pyridinium nitrogen (sterically shielded). Therefore, the 
solvation effect of the betaine is more important for 
HBD and EPA solvents than for EPD solvents.2b.k 


The longest-wavelength UV-visible absorption band 
of 1 was determined by varying the solvent composition 
systematically. Each binary system was studied at nine 
molar fractions of cosolvent and E,(30) values were 
plotted against composition of the solvent mixtures. 
The mixed solvent systems were examined for devia- 
tions from additivity, and the results were interpreted 
through selective solvation of 1 in terms of inter- 
molecular betaine-solvent interactions. 


(Aprotic + toluene) solvent system 
The aprotic cosolvent selected was the aromatic solvent 
toluene [cz5 = 2.34, p = 0.36 D, ET(30) = 33.9 kcal 
mol-l (1 kcal=4.184 kJ)] since it possesses a small 
permanent dipole moment and a n-electron system 
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Figure 1. Plot of E,(30) vs cosolvent mole fraction for 
(dioxane + toluene) and (THF + toluene) solvent systems 


which contains neither electron-pair donor center nor an 
electron-pair acceptor center, so it does not compete 
with the betaine dye for EPD/EPA and HBD solvents. 
Molecular interactions in the pure solvent are weak and 
the solvation effect of the betaine dye is poor, owing to 
n-electron interactions. The results are given in Table 1. 


Figure 1 shows the shifts in molecular transition 
energy E,(30) with increase in toluene concentration 
for (1,4-dioxane + toluene) and (THF + toluene) 
solvent systems. 1,4-Dioxane [ezs = 2.21, p = 0 D,  
ET(30) = 36.0 kcal mol-'1 has a cyclic structure with 
two electron-pair donor centers and without a permanent 
dipole moment, so that molecular interactions in the 
pure solvent and in the 1,4-dioxane-cosolvent are weak. 
The (1,Cdioxane +toluene) system exhibits a decrease 
of E,(30) values as a linear function of cosolvent mole 
fraction, suggesting THF [ezs = 7.58, 
p = 1.63 D,  ET(30) = 37.4 kcal mol-I] has a cyclic 
structure, one electron-pair donor centre and a perma- 
nent dipole moment. The (THF + toluene) system shows 
a continuous non-linear decrease in E,(30) values with 


Table 1. E,(30) values ( kcal mol-') for (aprotic +toluene) binary solvent systems 


Toluene mole fraction 


Solvent 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 


Dioxane 35.8 35.6 35.4 35.2 35.0 34.7 344 34.3 34.1 
Tetrahydro furan 37.3 37.2 36.8 36.4 36.3 36.0 35.7 35.3 34.4 
Ethyl acetate 37.9 37.6 37.4 37.1 36.8 36.6 36.3 36.0 35.7 


N,N-Dimethylformamide 43.5 43.3 42.9 42.5 42.0 41.6 41.1 39.9 37.5 


Chloroform 39.0 39.1 38.9 38.6 38.2 37.8 37.4 36.9 36.4 
Acetone 41.8 41.3 40.7 40.0 39.6 39,1 38.5 38.1 37.6 


Nitromethane 45.3 44.3 43.4 42.7 42.2 41.6 41.0 40.3 38.7 
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increase in cosolvent concentration, exhibiting a posi- 
tive deviation from additivity due to selective solvation 
of the betaine dye with THF. 


Figure 2 shows the shifts in molecular transition 
energy ET(30) with increase in toluene concentration 
for (ethyl acetate + toluene) and (acetone + toluene) 
solvent systems. Ethyl acetate [ E ~ ~  = 6.02, p = 1.78 D, 
ET(30) = 38.1 kcal mol-'1 and acetone [ E ~ ~  = 20.7, 
p =2.88 D, ET(30) =42.2 kcalmol-'1 are polar solv- 
ents, typical representatives of donor-acceptor 
interactions. These solvents interact weakly with the 
cosolvent and act as acceptors towards the phenoxide 
oxygen of the betaine dye, forming 1 : 1 complexes that 
indeed may characterize these systems. Both solvent 
systems exhibit a region with a gradual linear decrease 
in ET(30) values with increase in toluene concentration 
until Xcosalv = 0.85, owing to a diminishing solvation 
effect of the 1 :  1 complex." They also show an 
inflection zone with a large deviation from additivity, 
leading to a region with a large decrease in ET(30) 
values for a relatively small increase in cosolvent 
concentration, indicating a strong solvation effect due to 
disappearance of the complexed betaine. 


Figure 3 shows the shifts in ET(30) with increase in 
toluene concentration for (chloroform + toluene) and 
(nitromethane + toluene) solvent systems. Chloroform 
[ E ~ S  = 4.70, p = 1.0 D, ET(30) = 39.1 kcalmol-I] is a 
polychlorinated solvent, whose hydrogen-bond donor 
ability has been reported." Nitromethane [ E j n  = 35.87, 
p = 4.1 D, ET(30) = 46.3 kcal mol-I] is a very polar 
solvent that also presents hydrogen-bond donor ability, 
and Buncel and Rajagopal' included both solvents in the 
secondary solvent set (sss). The strong negative charge 
on the phenoxide oxygen of 1 in the electronic ground 
state can acquire additional solvent stabilization by 
hydrogen bonding, resulting in increased ET(30) values. 
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Figure 3.  Plot of ET(30) vs cosolvent mole fraction for 
(chloroform + toluene) and (nitromethane + toluene) solvent 


systems 


The plots for these binary systems exhibit two inflection 
zones [unlike all other (aprotic + toluene) binary 
systems studied] with different characteristics suggest- 
ing dissimilar effects of solvation of the betaine dye for 
each one. 


Figure 4 shows the shifts in molecular transition 
energy ET(30) with increase in toluene concentration 
for the (DMF + toluene) solvent system. DMF 
[ ~ ~ ~ = 3 6 . 7 1 , p = 3 . 8 2  D, ET(30)=43.8 kcalmol-'1 i s a  
very polar solvent capable of electron-pair acceptor 
interactions, but the acceptor centre is sterically shielded 
owing to the N-methyl groups. This solvent system 
exhibits two regions with non-linear decreases in ET(30) 
values versus toluene concentration and an inflection 
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Figure 2. Plot of ET(30) vs cosolvent mole fraction for (ethyl 
acetate + toluene) and (acetone +toluene) solvent systems 
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Figure 4. Plot of ET(30) vs cosolvent mole fraction for 
(acetone + toluene) solvent system 
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region that exhibits a large deviation from additivity 
[corresponding to toluene concentrations smaller than 
for the other (aprotic +toluene) solvent systems]. This 
behaviour suggests that betaine-DMF intermolecular 
interactions compete with interactions between DMF 
molecules and that the selective solvation effect of the 
betaine dye by DMF is less important. 


(Aprotic + methanol) solvent systems 


The cosolvent selected was methanol [ET(30) = 
55.5 kcalmol-'I, a hydroxylic, polar, protic solvent, 
known to form strong hydrogen bonds and able to act 
both as a donor and as an acceptor. Since alcohols can 
play dual roles, as HBD-HBA, they are classified as 
amphiprotic solvents and extensive self-association in 
the pure solvents is well known." Methanol exhibits 
high values of HBD acidity ( a  = 0.98) and self-associa- 
tion energy (dSA = 3.0),13 with an excellent correlation 
between the extent of oligomerization and HBD ability. 
The results are given in Table 2. It was suggested by 
Reichardt and Eschneri4 that the betaine dye 1 takes part 
in hydrogen bond formation with alcohols via the 
phenoxide oxygen and the hydroxylic proton, forming 
1 : 1 intermolecular complexes. 


Figure 5 shows the shifts in ET(30)  with increase in 
methanol concentration for the (toluene + methanol) 
solvent system. This system exhibits the conditions 
required to apply the analysis that leads to a separation 
of solute solvation into non-specific and specific 
components, as described by Drago et aZ.6b because 
toluene does not compete with the betaine dye to 
establish specific hydrogen-bonding interactions with 
methanol. The plot shows a region with large increases 
in ET(30) at  low methanol concentrations and for 
relatively small increases in cosolvent concentration, 
attributed to the specific hydrogen-bonding interactions 
of methanol with the phenoxide oxygen of 1 
(XMeOH < 0.10). It also shows an inflection zone that 
exhibits a large deviation from additivity caused by both 
specific and non-specific solvation effects. At high 
concentrations of cosolvent, the plot exhibits a region 
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Figure 5. Plot of E,(30) vs cosolvent mole fraction for 
(toluene + methanol) solvent system 


where the hydrogen-bonded adduct is fully formed and 
the changes observed in E,(30) values are due to non- 
specific solvation of  the adduct (the positive slope 
indicates that the solvation of the adduct is larger in 
methanol than in toluene). For cosolvent concentrations 
higher than XMeOH = 0.90 this system exhibits a tendency 
to additivity. 


Figure 6 shows the shifts in ET(30)  with increase in 
methanol concentration for (chloroform + methanol) 
and ( l , l ,  1-TCIE + methanol) solvent systems. Chloro- 
form and l , l , l -TCIE [ ~ ~ " = 7 . 5 3 ,  ,u= 1.78 D, 
ET(30) = 36.2 kcal mol-'1 are polychlorinated solvents 
with three potential hydrogen-bonding acceptor centres 
on each. Chloroform exhibits hydrogen-bond donor 
ability but l , l , l -TCIE does not exhibit this property. 
Both systems show large increases in ET(30)  values for 
small changes in cosolvent concentration, but this 
increment is much stronger for the ( l , l , l -TCIE+ 
methanol) system than for the (chloroform + methanol) 
system, because methanol must compete with chloro- 
form to interact with the phenoxide oxygen as the latter 


Table 2. E,(30) values ( kcal mol-') for (aprotic + methanol) binary solvent systems 


Solvent 


Methanol mole fraction 


0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 


Toluene 41.0 41.4 48.6 49.4 50.2 50.9 51.5 52.8 53.1 
l,l,l-Trichloroethane 41.6 48.5 49.1 50.2 50.9 51.3 52.1 53.0 53.8 
Tetrahydrofuran 45.7 48.1 49.3 50.6 51.3 52.3 52.9 53.3 53.1 
Chloroform 46.1 41.1 48.5 49.4 50.2 51.1 52.0 52.9 54.1 
Acetone 41.8 50.6 51.7 52.1 53.0 53.6 54.1 54.4 54.8 
N,N-Dimethylformamide 41.2 48.8 50.1 51.5 52.5 53.2 53.8 54.5 54.9 
Dimethyl sulphoxide 41.0 48.5 49.6 51.1 51.9 52.9 53.6 54.5 54.9 
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Figure 6. Plot of E,(30) vs cosolvent mole fraction for 
(chloroform + methanol) and (TCIE + methanol) solvent 


systems 


can form a hydrogen bond with the betaine dye. They 
also show an inflection zone from which the 
betaine-methanol complex is fully formed, and a 
region where changes in ET(30) values are a linear 
function of cosolvent concentration owing to the effect 
of selective solvation of the complex with methanol. 


Figure 7 shows the shifts in E,(30) with increase in 
methanol concentration for (THF + methanol) and 
(acetone + methanol) solvent systems. THF and acetone 
are suitable as acceptors to establish hydrogen-bonding 
with the cosolvent and to compete effectively with the 
betaine dye for hydroxylic hydrogens. Both systems 
exhibit a similar behaviour: the change in ET(30) is a 
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Figure 7. Plot of E,(30) vs cosolvent mole fraction for 


(acetone + methanol) and (THF + methanol) solvent systems 
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(DMF + methanol) and (DMSO + methanol) solvent systems 


continuous non-linear function of the cosolvent concen- 
tration. The increase in E,(30) values is stronger for 
X,,, < 0.50 than for higher cosolvent concentrations, 
and the plot shows an undefined inflection zone. The 
system (THF + methanol) exhibits an inflection zone 
near to XMeOH = 0.90. 


Figure 8 shows the shifts in ET(30) with increase in 
methanol concentration for (DMF + methanol) and 
(DMSO + methanol) solvent systems. DMF and DMSO 
[ E ~ ~  =46.68, p = 3.96 D, E,(30) = 45.0 kcal mol-'1 are 
highly polar aprotic, EPD/EPA and HBA solvents. 
These systems are very similar, with a continuous non- 
linear increase in ET(30) and small deviations from 
additivity, principally in the case of DMSO (ca 
1.7 kcal mol-'). Both solvents compete effectively with 
the betaine dye to establish hydrogen bonding with 
methanol. 


CONCLUSIONS 


Based on the results obtained from each system, the 
following conclusions can may be drawn. 


For (aprotic + toluene) solvent systems, the variation 
in ET(30) values as a function of toluene concentration 
shows that the most important solvation effects of the 
betaine dye are exhibited at high cosolvent concentra- 
tion and are produced by selective solvation of the 
betaine dye by the aprotic solvents that is different from 
the interactions of the cosolvent. The exception is the 
(1,4-dioxane +toluene) system, which shows a linear 
behaviour indicating additivity. 


For (aprotic + methanol) solvent systems, the vari- 
ation of ET(30) values as a function of methanol 
concentration shows a sharp enhancement in the solva- 
tion effect of the betaine dye by methanol even at low 
cosolvent concentrations. These changes are less defined 
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when the aprotic solvents can compete with the betaine 
dye for hydrogen bonding, indicating that hydrogen 
bonding is the predominant factor of the betaine dye 
solvation. 


These values of E,(30) for binary mixtures of 
solvents can be applied to the selection of a suitable 
solvent for synthetic or other practical applications and 
provide useful data for the analysis of solvent effects on 
reaction rates. 


APPLICATIONS 


A preliminary application of these empirical parameters 
of solvent polarity is demonstrated with the aid of two 
examples related to solvent effects on one of the sim- 
plest systems for aromatic, nucleophilic substitution 
(ANS): the reaction of 1 -chloro-2,4-dinitrobenzene 
with piperidine.15 


In ANS reactions, interactions of the substrate and/or 
intermediate(s) with solvent molecules may be exten- 
sive and complex. Although the influence of the solvent 
has long been recognized, there has been little syste- 
matic study on the ways in which solvents may affect 
reaction rates. Previously, we have shown that solvent 
effects on the second-order rate coefficients, k,, for the 
reactions of l-chloro-2,4-dinitrobenzene with piperid- 
ine in 13 aprotic solvents with a 43 units range in 
dielectric constant are well correlated by Reichardt's 
solvent parameter E,(30). 16a.16b The correlation is 
remarkably good if HBD solvents are excluded. Ihb 


For the reactions of nitroaryl halides with either 
primary or secondary amines, the two-step mechanism 
depicted in Scheme 1 is fully established: breakdown of 
the zwitterionic 0 intermediate, ZH, may occur either 
spontaneously or by a base-catalysed mechanism. The 
transition state leading to the zwitterionic intermediate, 
ZH, is expected to be favoured by increasing solvent 
polarity. This was observed for aprotic solvents. How- 
ever, the studies of the reaction in methanolIk and in 
other alkanols'" showed reaction rates even smaller 
than those in cyclohexane. 


Kinetic determinations 
The kinetic studies of the described reaction were 
carried out using two different models of  binary solvent 
systems: (DMF + toluene) and (l,l, 1 -TClE + 
methanol). Both mixtures of  solvents were selected 
from among sets of mixtures such as (aprotic + toluene) 
and (aprotic + methanol), respectively, for which 
E,(30) values were determined, since a priori no 
additional complications were expected in their behav- 
iour as reaction media. In each case kinetic determina- 
tions were performed for several binary mixture 
compositions. 


As mentioned previously, base catalysis may assist 
the breakdown of the intermediate ZH. Although a 
priori no base catalysis is expected for the better 
nucleofuge chloride, the influence of amine concentra- 
tion was studied. In all cases the reactions were carried 
out under pseudo-first-order conditions; they generated 
the expected N-(2,4-dinitrophenyl)piperidine in quanti- 
tative yield, and proved to be first order in the substrate. 
The second-order rate coefficients, k,, calculated from 
the experimental pseudo-first-order rate coefficients, k , ,  
are given in Table 3, for the reactions at 25°C. As 
observed, no significant acceleration in the rate occurs 
with increasing amounts of amine in all the mixtures of 
solvents studied, absence of base catalysis also being 
confirmed. The same holds true for reactions previously 
carried out in pure aprotic and pure protic solvents. 


For (DMF + toluene) binary solvent mixtures, the 
absence of base catalysis allows the inference that 
hydrogen bonding of the intermediate ZH to a HBA 
solvent is not relevant. This suggests that specific 
solvent effects are negligible in this system as in pure 
aprotic solvents. As expected, according to the two-step 
mechanism described, the kinetic data show a tendency 
for decreasing k ,  values with increase in toluene 
concentration owing to the diminution of the overall 
solvation capability of the binary mixture. 


When the reaction was performed in ( l , l , l -  
TClE + methanol) binary solvent mixtures, a slight 
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Table 3. Second-order reaction rate coefficients k ,  (lo-' 1mol-I s-I) for the reaction of l-chloro- 
2,4-dinitrobenzene (1 x M) with piperidine in (DMF+ toluene) and (l,l,l-TCIE+ methanol) 


binary solvent mixtures at 25 "C 


Mole [Piperidine] (M)  
fraction 


Solvent of 2nd solvent 0.050 0.080 0.160 0.250 


DMF + toluene 0.10 
0.20 
0.30 
0.50 
0.70 
0.80 
0.90 
0.05 
0.10 
0.20 
0.50 
0.70 
0.80 


1 , 1 , 1 -TCIE + methanol 


105 109 
101 105 
100 98.6 
86.3 84.4 
71.3 66.9 
52.5 51.2 
31.5 30.9 


8.88 
4-38 
3.17 
2.53 
2-66 
1.82 


108 
107 
99.1 
87.8 
69.4 
52.5 
31.2 
9.75 
5.41 
3.54 
2.49 
2.99 
1.90 


111 
106 
102 
86.0 
69.3 
53.2 
32.6 
10.7 
6.94 
4.52 
2.55 
2.85 
1.84 


108 
106 
99.9 
86.0 
69.2 
52.4 
31.6 
9.78 
5.58 
3.67 
2.52 
2.83 
1.83 


acceleration in reaction rates with increase in piperidine 
concentration mixtures was observed. According to 
Bunnett and Garst, " this phenomenon cannot be consid- 
ered as base catalysis because in all cases the relation 
k , / k 2  < 5 holds. The strikingly low reactivity previously 
observed for the reactions in hydroxylic solvents 
appeared once again in this system of solvents. The 
reactions in protic solvents have a highly organized 
initial state and exhibit strong solvation of the piperid- 
ine molecules, as this kind of solvent is responsible for 
the observed rate decrease. In addition, the kinetic data 
exhibit a substantial decrease in k,  values for small 
increments in methanol concentrations in the mixture of 
solvents. This sensitivity of the reaction rates to small 
amounts of the protic solvent can be explained by a 
change in the solvation of the intermediate, ZH, due to 
competition between the built-in solvation and specific 
solvation from methanol. 


Linear solvatioti energy correlatioiu 
Although polarity parameters for many pure solvents 
have been thoroughly correlated with each other and 
with other solvent properties, the extent to which such 
parameters for binary solvent mixtures are likewise 
correlated is largely unknown. 


For the reaction of l-chloro-2,4-dinitrobenzene with 
secondary amines, we have mentioned that solvent 
effects in aprotic pure solvents are satisfactorily corre- 
lated by E,(30) if HBD solvents are excluded. On the 
other hand, the rate diminution observed for the reac- 
tions performed in alkanols must be associated with a 
specific hydroxylic solvent effect, which is not recogn- 
ized by the E,(30) parameters. In this connection, it was 
of interest to assess if the empirical polarity parameters 


E,(30) determined as a function of the composition for 
(DMF + toluene) and ( l , l ,  1-TCIE + methanol) binary 
solvent systems are suitable to reflect the solvent effect 
of these mixtures on one of the simplest ANS reaction. 
Figures 9 and 10 show plots of log k ,  vs E,(30) for 
each binary solvent system analyzed. 


The correlations were assessed by evaluation of the 
correlation coefficient ( r )  and the standard deviation 
(s). On the basis of Reichardt's criteria, both correla- 
tions are satisfactory: (a) for the (DMF + toluene) 
system, r=0.981, s=O.O82; and (b) for the ( l , l , l -  
TClE + methanol) system, r = 0.986, s = 0.068. 


1- 
34. 36 38 40 42 44 


E, I kcal mol-' 


Figure 9. Correlation of log k ,  with ET(30) for the reaction 
of l-chloro-2,4-dinitrobenzene with piperidine at 25 "C in 
(DMF + toluene) solvent mixtures (including the pure 


solvents Ihh) 
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0-1 
35 40 45 50 55 
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Figure 10. Correlation of log k ,  with E,(30) for the reaction 
of l-chloro-2,4-dinitrobenzene with piperidine at 25 "C in 
(l,l,l-TCIE + methanol) solvent mixtures (including the pure 


solvents 16b,'M) 


In conclusion, we have demonstrated that the ET(30) 
polarity parameters corresponding to the binary solvent 
systems explored are appropriate to account for the total 
medium effects on a simple model of the ANS reaction 
and it would be expected to be similar for other binary 
mixtures of solvents. 


EXPERIMENTAL 


Reagents and solvents. 2,6-Diphenyl-4- (2,4,6- 
biphenyl-1-pyridini0)phenolate (Reichardt's dye, 
Aldrich, 95%, m.p. 271-275OC) was used without 
further purification. l-Chloro-2,4-dinitrobenzene and 
piperidine were purified as described previously. '6b N-  
(2,4-Dinitro heny1)piperidine was prepared as reported 
previously." Anhydrous methanol was prepared by 
Lund and Bjerrum's method and stored over 3 A 
molecular sieves. Toluene was kept over sodium wire 
for several days, refluxed for 72 h and fractionally 
distilled from sodium (b.p. 110°C). The other solvents 
were purified as repgrted previously '6b and all of them 
were kept over 4 A molecular sieves and stored in 
special vessels that allow delivery without air contami- 
nation. All solvent mixtures were prepared prior to use 
and stored under anhydrous conditions. 


ET(30) determination. The betaine solution (ca  
2 x m ~ l d m - ~ )  in each binary solvent mixture was 
prepared just prior to use. Visible spectra of sample 
solutions were recorded on a Perkin-Elmer Model 124 
UV-visible spectrophotometer and a ZEISS PMQ3 
UV-visible spectrophotometer equipped with a data 
acquisition system and a 10 mm thermostated cell 


holder (25 f 0.1 "C), compared with blank solutions 
(identical in composition with each sample except for 
the absence of the indicator). The ET(30) values were 
determined from the longest wavelength UV-visible 
absorption band of the betaine and were calculated 
according to the e 9 uation E,(30) 
[ kcal mol-I] = hcvN = 2.859 x 10- Y (cm-I). 


Kinetic measurements. The kinetics of the 
reactions were studied spectrophotometrically with a 
Perkin-Elmer Model 124 UV-visible spectrophotometer 
essentially by the procedure described previously.'6b All 
the kinetic runs were carried out at least in duplicate and 
the error in k ,  was less than 2-3% for the solvent 
mixtures examined. 
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TRIBUTYLAMMONIUM CYANAMIDATE Bu,N'-N--C EN: A 
'SUPER-BASIC' NITRILE GROUP MORE BASIC, ON THE 


HYDROGEN-BOND BASICITY SCALE, THAN ANY AMINE OR 
PYRIDINE 
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AND 
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An IR spectroscopic study of the hydrogen bonding of Bu,N'N-C=N with 4-fluorophenol showed that the site 
of complexation is the nitrogen of the nitrile function. THe formation constant of the 1:l complex in CCI, 
indicates that this cyanamidate is a stronger hydrogen-bond base than is any nitrile, amine or pyridine. The 
Bu,N'-N- group increases the basicity of the nitrile group very efficiently because of the conjugation of two 
lone pairs on the anionic nitrogen with the nsystems of the cyano group. This conjugation is also exemplified by 
the very low v(C=N) wavenumber (2104 cm-I). 


INTRODUCTION 
It is well known that amines and pyridines are more 
basic than nitriles on all scales of basicity. In particular 
on the pK,, scale of hydrogen-bond basicity, defined 
by Taft et al.' and recently studied by our groups,' 
acetonitrile has pK,, = 0.91, pyridine 1.88 and 
quinuclidine 2.63. 


Cyanamides R,N-C=N are, of course, stronger 
bases than alkyl cyanides RC=N because of the 
resonance form R,N+=C=N- , and dimethylcyanamide 
has pKHB = 1.56., We have recently discovered 'super- 
basic' nit rile^,^ the cyanamide vinylogue 
Me,NCH=CHC =N (pKH, = 1.70) and the cyanamide 
iminologues Me,NCH=NC=N (pK,, = 2.09) and 
Me,NC(Me)=NC=N (pK,, = 2.24). In the same vein, 
cyanoguanidines are also super-basic nitrile;' a pK,, of 
2.20 was calculated for N1-methyl-N'-propylcy- 
anoguanidine. Accordingly, the last three compounds 
have the nitrile function more basic than triethylamine 
(pKHB = 1.93) and 4-picoline (pK,, = 2.03). HJwever, 
they remain below unhindered amines (quinuclidine, 
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pK,, = 2.63) and push-pull pyridines (4- 
dimethylaminopyridine, pK,, = 2.81). 


The effects of R,N and R,NCH=CH on the 
hydrogen-bond basicity of the nitrile group are qualita- 
tively reproduced on the acetyl group, and in the family 
of carbonyl bases the order of hydrogen-bond basicity 
is6 amide vinylogue > amide > ketone. We have 
recently shownh that the R,N+N- group, in which 
anionic and cationic nitrogens are bonded together, 
donates more to the carbonyl than R,N and 
R,NCH=CH, and so amidates R,N+N-C(O)R consti- 
tute the strongest carbonyl bases on the pK,, scale 
hitherto investigated. 


This strong electron release of R,N+N- led us to 
attach it to the strongly electron-attracting cyano group 
with the aim of reaching the highest rung yet on the 
hydrogen-bond basicity ladder. To our knowledge, there 
do not appear to be any basicity data on trialkylam- 
monium cyanamidates. In this work, we chose to study 
tributylammonium cyanamidate; the three butyl groups 
were deemed necessary in order to achieve sufficient 
solubility in CCI,, the solvent of choice to perform 
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infrared determinations not only of the formation 
constant of a hydrogen-bonding complex but also of the 
donor site for hydrogen bonding. 


EXPERIMENTAL 


Synthesis of  tributylammonium cyanamidate was 
carried out by the method of Hutchins and Swern7 using 
hi-n-butylamine instead of trimethy lamine. The crude 
product was obtained in 52% yield and was recrystal- 
lized from n-butyl chloride, m.p. 74-75°C. Mass 
spectrometry (electron impact, 70 eV) did not give a 
parent ion at M +  = 225, but did show a strong ion at in/ 
z 185 (M - 40), as noted previously for trimethylam- 
monium cyanamidate. Chemical ionization mass 
spectrometry, using isobutane, gave M + 1 = 226. 
Microanalysis: found, C 69.37, H 12.35; CI3H,,N3 
requires C 69.26, H,  12.08%. 


The purification of chemicals, the Fourier transform 
measurements and the equilibrium constant determina- 
tion method have been described in previous  paper^.^.^.^ 


RESULTS AND DISCUSSION 


Site of fucation of 4-jluorophenol and inethanol 


This was studied by vibrational spectroscopy in CCI, 
solution. Both the anionic and the nitrile nitrogens are 
potential sites. When adding the hydrogen-bond donors 


methanol and 4-fluorophenol to Bu,N’N-C EN, the 
vibrators that are more sensitive to complexation are 
v ( 0 H )  and v(C=N). The very intense 
( c = 9 3 0  Imol- lcm-l)  and sharp ( A Y ~ / ~ =  12 cm-I) 
v(C=N) band at 2104 cm-l is shifted towards higher 
frequencies on hydrogen-bond formation. This shift, 
14 cm - I  with 4-fluorophenol, indicates nitrile nitrogen 
coordination, since an increase in the frequency of 
thenitrile absorption on Lewis acid addition’.’ or 
hydrogen bond formation3.” appears to be quite general. 
In Figure 1 we do not observe any absorption at lower 
frequencies which would have indicated anionic nitro- 
gen coordination. In fact, a single v(0H)  band of the 
complex is observed at 3400 cm-’ with methanol and 
3189 cm-l with 4-fluorophenol, indicating one site of 
fixation of the OH group (in the dilute concentration 
range used in this work). The displacements 
Av(0H) = Y ( O H ) ~ = ~  - v(OH),,,, ,ex are 244 cm-’ for 
methanol and 425 cm -’ for 4-ffuorophenol. Compared 
with the Av(0H) values for nitriles, cyanamides, 
cyanamide vinylogue and cyanamide i m i n i l ~ g u e s , ~ . ~  
these values indicate that the cyanamidate possesses the 
strongest known hydrogen-bond basicity for a nitrile 
function in a neutral species. 


Hydrogen-bond super-basicity of the cyanamidate 


As a thermodynamic basicity scale, we use pK,,, the 
logarithm of the formation constant of the 1:l 


Figure 1. v(C=N) region of 4-FC,H40H-cyaaamidate solutions in CCI,. Concentrations: cyanamidate, 2 x lo-’ mol I - ’ ;  
4-FC,H40H, (a) 0, (b) 2 x lo-’ and (c) 4 x mol-’. Cell thickness: 1 cm 
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Figure 2. Increments in the values of pKHB with successive substitution of Me by N(Me), and R,N'N- in the carbonyl and nitrile 
bases 


hydrogen-bond complex of cyanamidate with 4- 
fluorophenol in CCI, at 25 "C: 


Bu,N+-N--C=N + 4-FC6H40H 
4-FC,H4OH...NS-N--N'Bu, (1) 


K,, = [complex]/ [cyanamidate] [4-fluorophenol]; 


PKHB = log KHB (2) 
We find pK,, = 3.24, a value higher than those for the 
most basic n i ~ i l e , ~  Me,NC(Me)=NC EN, the most basic 
amine,' quinuclidine, and the most basic pyridine, 4- 
dimethylaminopyridine. 


Cornparison of arnidate and cyanamidate basicities 


Figure 2 compares how much the hydrogen-bond 
basicity increases on going successively from nitrile to 
cyanamide and cyanamidate and from ketone to amide 
and amidate. It appears that Me,N conjugates more 
efficiently with the carbonyl than with the cyano group, 
at least from the point of view of hydrogen-bond 
basicity. In contrast, replacement of the Me,N group by 
R,N'N- increases pKH, twice as much in the nitrile as 
in the carbonyl family. Probably the two lone pairs on 
the anionic nitrogen conjugate better with the two n 
systems of the cyano group than with the single n 
system of the carbonyl group. The highly conjugated 
system of the cyanamidate is also indicated by the very 


low wavenumber (i.e. low bond order, i.e. significant 
weight of the mesomenc structure N=C=N-), 
2104 cm-', of the C = N  stretching, which is lowered by 
152 cm-l compared with acetonitrile. 
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Semi-empirical SCF calculations using the AM1 Hamiltonian were shown to account for the Hammett u 
constants and other properties of a representative series of 22 monosubstituted benzenes in terms of the atomic 
charges at the ipso, ortho, meta and para positions. The trends of the correlations with experimental u constants 
were found to follow the normal expectations of physical organic chemistry. Additional support for the AM1 
charge distributions was obtained in correlations with the I3C chemical shifts of 12 of the test molecules. On the 
other hand, no correlations were found between u constants and computed force constants for bending 
peripheral H atoms out of the plane of the aromatic ring, supporting the view that Hammett u constants reflect 
charge distributions and not secondary effects expressed in the stiffness of bonds. 


INTRODUCTION 


In a semi-empirical SCF study of the energy costs for 
twisting tetra-meso-substituted pyridyl rings on porphy- 
rins about the bonds attaching them to the macrocycle 
ring, undertaken to explore the energetically possible 
conformations of porphyrin-DNA it was 
found that while moderate (say 10-30") twisting away 
from the equilibrium  angle^^.^ could be achieved at 
minimal energy cost - a few kJ at most - approaching a 
dihedral angle of 0" with respect to the macrocycle 
bond system meets energy barriers of many tens of kJ 
and induces large-scale distortion of the macrocycle 
ring itself.6 Binding energies of porphyrin-DNA 
complexes, however, can be large, and because this 
interaction could form the basis for useful spectroscopic 
DNA probes or it is of interest to investigate 
the origin of the the ring twisting bamers at a funda- 
mental level. We elected to focus on substituted 
tetraphenylporphyrins (TPP) rather than on substituted 
pyridylporphyrins in order to simplify the problem. As 
noted long ago,'.'" meso-substituted porphyrins are of  
interest not only as useful macrocycles, but also as test 
cases for theories of chemical bonding and reactivity. 
We were thus led to compute, using the Ampac pro- 
grams and the AM1 Hamiltonian, the effects upon the 


energy barriers to ring twisting of variously substituted 
TPPs, the substituents being chosen so as to span a 
range of electronic effects." Indeed, it proved to be the 
case that the nature of the substituent affected the 
barrier to ring twisting.12 At the molecular size of 
substituted TPPs, however, the computational expense 
and the difficulty of achieving proper geometric conver- 
gence are such that extensive explorations become 
unwieldy. We were thus led to consider a still simpler 
set of questions, namely, how the semi-empirical 
quantum mechanical approach relates to the classical 
accounting for substitutent effects in phenyl rings. 
Initially this entailed searches for correlations between 
semi-empirical values for atomic charges and experi- 
mentally derived values for the Hammett constants." 
We later expanded the search to test for substituent 
effects upon "C chemical shiftsb3-" and force constants 
for out-of-plane bending of ring hydrogens, the former 
as an independent measure of electron distribution and 
the latter because interference with hydrogens ortho to 
the attachment carbon is the primary steric barrier to 
twisting TPP rings toward coplanarity with the 
macrocycle. 


A variety of molecular orbital studies of substituent 
effects in monosubstituted benzenes have been reported 
before, ranging from simple n-electron calculations to 
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0 
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ab initio studies at the STO-3G basis set level. The 
results were generally similar to the semi-empirical 
results presented here. Reviews of the relevant literature 
can be found in Refs 16 and 17. 


- 


- 


EXPERIMENTAL 


A cautious attitude is required in attributing substituent 
effects to physical causes, for benzene by itself cannot 
provide a large enough database to differentiate among 
the various sources of substituent effects that have been 
discussed in the Iiterature.l8 As part of our caution we 
elected not to compare computed results directly with 
laboratory measurements, as this would imply 
arbitrarily selecting material from the vast experimental 
literature on substituent effects. Instead, we chose to 
take as a primary measure the values of Hammett CI 
constants in a standard tabulation," for which the 
authors undertook a balanced evaluation of the liter- 
ature of the field. It was still necessary to make choices 
among the 530 substituents for which u constants are 
tabulated. We did this by adopting a list of 15 from an 
organic chemistry textbook," augmenting it to provide 
additional examples at the extremes of  the Hammett CI 
constant scale, and ending with a list of 22 substituents 
for the calculations (Table 1). 


All calculations were done with the Am ac Version 
2.10 program and the AM1 Hamiltonian.". I For some 
of the calculations, symmetry constraints were applied; 
tests indicated that none of  the results presented here 
were affected thereby, in particular, the computed 
standard enthalpies of formation with and without 
symmetry constraints differed by less than 1 kcal mol - I  


(1 kcal = 4.184 kJ). Because of the low bamers to 
rotation of some of the substituents, it was not always 
possible to attain geometric convergence to low gradient 
norm values; again, none of the results presented here 
were affected. Atomic charge values presented here are 
those derived from the density matrix in the Ampac 
Version 2.10 program. Bending force constants were 
computed by fitting to a quadratic equation the standard 
enthalpy of formation values computed while the 
dihedral angle for a ring hydrogen was scanned twice in 
5" increments over a reaction coordinate extending 15" 
above and below the plane of the aromatic ring. Spot 
checks showed no systematic dependence of the force 
constant on the manner of calculation. 


Y 


RESULTS AND DISCUSSION 


As often noted, the Hammett constants C I , ~  and up 
correlate strongly with one another. This inescapable 
colinearity between the two prevents one from distin- 
guishing between different sources of substituent effects 
on the basis of rneta and para effects. The C I , , / C I ~  
correlation for the particular 22 substituents studied 
here, which has an R2 value of 0.79, is less steep than 


the R 2  = 0.89 correlation found for the tabulated set of 
530 Hammett constants." It was indeed found in 
separate trials that the correlations, or lack thereof, that 
appeared in plots against u did not differ qualitatively 
from correlations in plots against urn. 


Correlation of Hammett constants with charge 
distribution 
Atomic charges computed at the ipso. ortho, tneta and 
para positions and for the benzene ring-both for the 
carbon atom alone and for the sum of  the carbon and 


-0.4 1 
I I I I I 


-1 0 1 
cP 


Figure 1. Correlation between AM1 atomic charges at the ips0 
carbon atom for 22 substituted benzenes (Table 1) and their op 
values from Ref. 11. The correlation coefficient is R = 0.70 


the corresponding correlation with o,,, has R = 0.54 


I I 
coo- 


-1 0 1 
l I I I I 


OP 


Figure 2 .  Correlation between AM1 ortho position atomic 
charges and oy values. The ordinate gives the atomic charges 
for the carbon atom alone (orrhoC) and for the sum of the 
charges of the ortho carbon and its adjacent hydrogen 
(orthoCH). The correlation coefficient for the carbon atom 
alone is 0.78 and that for the sum of the carbon and hydrogen 
charges is 0.85; the corresponding correlations with o,,, have R 


values of 0.75 and 0.70 
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-D- rnetaC 


adjacent hydrogen atom charges - are shown as func- 
tions of o,, and o," in Figures 1-5. Strong correlations 
exist for the ortho and para positions, but no significant 
dependence is found at the ips0 or rneta carbons or for 
the ring as a whole. The slopes of the correlation lines 
are listed in Table 2. 


There are definite outliers on the correlation lines: 
NC2H6, OH, COO- and F at the ortho position, COO- 
and NH,' at the rneta position, NC2H6, COO- and 


0.1 1 
NH,+O I 


0.1 


v) 
a, 


m r 
0 


P o  


5 a 
-0.1 


0 
NH,+ 


+ paraCH 
coo- + 


- 1  0 1 
OP 


Figure 4. Correlation between AM1 para position atomic 
charges and up values for the carbon atom alone (paraC) and 
for the carbon atom and its adjacent hydrogen together 
(paraCH). The correlation coefficient for the carbon atom 
alone is 0.65 and that for the sum of the carbon and hydrogen 
charges is 0.72; the corresponding correlations with u,,, have R 


values of 0.81 and 0.74 


-0- qcarbon 
+qphenyl COO- p~~ 


OP 


- 1  I pcI,8 POF 


I I 9 I I 


-1 0 1 


Figure 5. Correlation between AM1 total ring charges and up 
values for the carbon atoms alone (qcarbon) and for the sum 
of carbon and hydrogen charges (qphenyl). The correlation 
coefficient for the carbon atoms alone is 0.33 and that for the 
sum of the carbon and hydrogen charges is 0.22; the 
corresponding correlations with u," have R values of 0.04 and 


0.08 


Table 2. Slopes of least-squares regression lines for 
correlations of atomic charges, normalized to single positions, 


versus Hammett uD values 


ortho meta para ring 


C only +0.070 -0.003 +0.051 -0.0109 
C PIUS H +0.076 -0.013 +0.060 -0.0172 


NH,+ at the para position and F, NH,+, COO-,  PF, and 
POF, for the ring as a whole. Detailed inspection of the 
output from the calculations did not suggest specific 
causes for this behavior. Despite the large values of the 
correlation coefficients for the regressions of these data, 
it is clear from the scatter around the regression lines 
that both descriptors of the substitutent effects - AM1 
atomic charges and Hammett constants - offer only 
estimations of the individual properties of the test 
molecules. It is possible that more stringent tests of the 
same correlation could be made by comparing directly 
with the experimental measurements underlying the 
tabulated Hammett constants. 


In undertaking a more stringent tests, however, it 
would have to be recognized that molecular electrostatic 
potentials should be more faithful indicators of relative 
reactivities at different sites of molecules than charge 
distributions derived directly from wave function^.^^-^^ 
Semi-empirical wavefunctions appear to be as useful 
for the purpose of evaluating such potentials as ah 
initio ones, although it is still an open question whether 
the MNDO or the AM1 method gives preferable 
r e ~ u I t s . ~ ~ - ~ '  
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NMR chemical shifts 
Independent correlations with the atomic charges at 
specific ring carbons may be expected for NMR chemi- 
cal shifts, which should be differently affected by 
whatever particular chemical effects lead to the experi- 
mental Hammett constants. The fundamental theory of 
the chemical shift is thought to be well understood, and 
ah iriitio SCF explorations of the connection between 
nuclear shielding tensors and molecular structures have 
been ~ndertaken.~'-~* For the most part these studies 
have dealt with small molecules, although some efforts 
to deal with ones the size of substituted benzenes have 
appeared.33 For a review, see Ref. 34. 


Carbon-13 shifts have been evaluated for 12 of the 
molecules in the study group. 1 3 - 1 5  As recognized already 
in the original report,13 for these molecules there is 
indeed a correlation between I3C chemical shifts at the 
para position (correlation coefficient of the linear 
regression R=0-95)  and Hammett up values, while 
significant correlations are not present for the ipso, 
ortho or rneta carbons, which have correlation 
coefficients of only 0.52, 0-40 and 0.34 (Figure 6). The 
large scatter of the mostly downfield shifts for the ips0 
carbon and the intrinsically very small shifts at the mera 
carbon obscure the correlation in those cases. 


One can then ask whether correlations between AM1 
atomic charges and chemical shifts may be over- 
shadowed by the scatter in the intermediate correlation 
with the Hammett constant. That this is indeed the case 
is shown in Figures 7-9, where the 13C chemical shifts 
are shown as functions of the AM1 atomic charges at 
the corresponding carbon. Within the scatter of the data 
there are correlations for all four ring positions, the 


30 


20 s 
J= 
v) 


0 
5 10 


'E 0 
L: 
0 


-1 0 


-20 


A NO, 


A CN 
I I I 


-1 0 1 
OP 


Figure 6. Correlation of "C chemical shifts (in ppm, upfield 
negative) at the ipso, ortho, mera and para positions with up 
values. The regression lines are 13.4 - 16.40, ( R  = 0.52), 
-4.9 + 5.60, ( R  = 0.40), 0.6 - 0.80, (R = 0.34), and 
-3.3 + 10.30, ( R  = 0.95) for the ipso, ortho, meta and para 


positions, respectively 


40 
A 


CN A 


-20 t 
-0.1 0 0.1 0.2 


lpso charge 


Figure 7. Correlation of "C chemical shifts (in ppm, upfield 
negative) at the ips0 position with AM1 ips0 charges 


-0.1 0 
Charge 


Figure 8. Correlation of "C chemical shifts (in ppm, upfield 
negative) at the ortho and para positions with AM1 orrho and 


para charges 


I 


-2 I- 
-0.06 -0.04 -0.02 


Meta charge 
Figure 9. Correlation of "C chemical shifts (in ppm, upfield 


negative) at the meta position with AM1 meta charges 
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0.3 


0.2 


2 0.1 


0.0 


-0.1 


a, cn 


6 


values of the shifts and the strength of the charge 
dependences varying from position to position. Proton 
NMR shifts for substituted benzenes correlate with I3C 
shifts, at least at the para position,'3.35-37 and since the 
correlation between C and H charges in the AM1 
calculations is also strong, the same degree of account- 
ing for proton shifts also occurs at the para position. 


If the correlation between AM1 atomic charge and 
chemical shift is a valid one, then aside from the ips0 
shifts it should be independent of ring position. That 
this is indeed the case is shown in Figure 10. The 
correlations with AM1 atomic charges are comparable 
to those with the Hammett constants, having R2 values 
of 0.55 and 0.64 for the ortho and para shifts, respect- 
ively, compared with 0.56 and 0.63 for the correlation 
of the atomic charges with the Hammett up values for 
the same 12 molecules. Indeed, the linear least squares 
fit to all of the data, including the inera shifts, is hardly 
different from the individual fits to the orrho and para 
data (Figure 9). 


It is well known in the theory of chemical shifts that 
v- and n-electrons contribute differently to the nuclear 
shielding tensor.34 Because it is awkward to search for 
what semi-empirical SCF theory can say about this 
distinction through testing for correlations among 
substituents, we investigated the question by an artificial 
perturbation of electron donation to the ring system. For 
the three halogenated benzenes in the test set we forced 
the C-X distance to vary on both sides of the equili- 
brium separation and compared the resulting effects 
upon the total charges and the n-electron densities at the 
various ring positions. The results for C-F and C-Br 
stretching were qualitatively identical to the C-CI 
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Figure 10. Correlation of ''C NMR shifts with AM1 charges 
relative to benzene for ortho, meta and para positions. The 
solid regression line for all positions together is -3.2 + 142q 
( R  = 0.65). The ortho regression line is -6.0 + 1449 
(R = 0.74), the nieta regression line is 0.3 + 49q ( R  = 0.62) 


and the para regression line is -3.7 + 210q ( R  = 0.80) 


I I I I I I 
1.2 1.3 1.4 1.5 


CI-C Bond Stretch / A  


Figure 11 .  Effect of stretching the CI-C bond of 
chlorobenzene on the electronic charge distribution of the 
phenyl ring. Assignment of symbols to ring positions as in 
Figures 14 ;  crosses refer to CI. Open symbols denote atomic 
charge and filled symbols denote n-electron density. The n- 
electron density for C1 was reduced by 0.4 to bring its value 
onto the scale of the ring atoms 


stretching results shown in Figure 11. Figure 1 1  shows 
that the electronic distribution varies in a reasonable 
way over the phenyl ring and that the AM1 atomic 
charges and n charges are fully correlated with one 
another, independent of position. Separation of n and 
u effects on the electronic properties that determine 
chemical shifts therefore cannot be effected from the 
results of the semi-empirical calculations. Nonetheless, 
the atomic charges provided by the semi-empirical 
method do capture the basic NMR trends at all posi- 
tions. It would be of interest to look for a predictive 
ability in a more comprehensive way for a set of 
aliphatic test molecules, where ability to account for 
chemical shifts would be more useful than in the case 
of aromatics. 


H-atom bending forces 
The substituent effect of primary interest in our porphy- 
rin study was upon the barriers to phenyl twisting in 
para-substituted TPPs, which is readily seen from the 
molecular structure to derive from steric interference 
between the hydrogens ortho to the carbons bonded to 
the macrocycle. It is therefore of interest to inquire 
whether the force constant for keeping this hydrogen in 
the plane of the phenyl ring shows a substituent effect. 
For this purpose we computed the energy required to 
force the one hydrogen out of the plane with all other 
atoms left free to relax. The energy cost, taken from the 
AM1 enthalpy of formation values, proved to be very 
close to purely parabolic in dihedral bend angle out to 
30" twist, no matter what constraints were held during 
the enforced twist. Force constants for bending ineta 
and para H-atom dihedral angles of each of the 
molecules in the test set were calculated from the AM1 
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enthalpy of formation values at 165, 180 and 195" and 
assumed pure parabolic dependence. The ambiguity of 
establishing reference points for these results led us to 
test various options for defining the dihedral bend angle 
and constraining the molecular geometry, as set forth in 
the caption of Figure 12. 


The results presented in Figure 12 show that there are 
no correlations between any of the derived bending 
force constants and the Hammett up value. Moreover, 
there are no significant differences between the force 
constants at the positions rneta and para to the substitu- 
ents, no matter how the phenyl ring is constrained. The 
bending force constants are much higher if the phenyl 
ring geometry is held fixed during the bending process, 
which is not surprising. The apparent differences 
between force constants that arise from different 
definitions of dihedral are artificial, as the ring 
geometry itself is fully free to relax independent of the 
enforced out-of-plane bend. Distortion of phenyl rings 
has been shown to be much more facile than commonly 
thought, and it has been confirmed that values of ring 
distortion energies computed by the AM1 Hamiltonian 
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Figure 12. Dihedral bending force constants for substituted 
benzenes as a function of up values. Dashed lines are 
regression lines for nieta H-atom bending and solid lines are 
for para H-atom bending. x, meta H-atom bend, phenyl ring 
geometry otherwise fixed; +, para H-atom bending, phenyl 
ring geometry otherwise fixed. Filled squares and diamonds 
are for para and nieta H-atom dihedral bending, respectively, 
with the dihedral taken with respect to the three carbon atoms 
nearest to the out-of-plane H-atom; open squares and 
diamonds are for para and nieta H-atom dihedral bending, 
respectively, with the dihedral angle being defined by the plane 
of the carbons ipso, ortho and niera with respect to the out-of- 
plane H-atom; the phenyl ring geometry was otherwise free to 
relax during the forced dihedral bending. V, para H-atom 
bend with the phenyl structure free to relax except for the H- 
atom dihedrals, which were forced to remain at 180"; the para 
H-atom dihedral was defined as for the open diamonds. The 


main outliers from all lines are the two charged substituents. 


are well supported by the crystallographic literature." 
Indeed, the energy costs for distorting benzene carbon 
ring dihedrals are similar to the costs for distorting the 
H-atom dihedrals. One can thus consider that the values 
of  the force constants shown in Figure 12, in the range 
40 f 5 kcal rad -' independent of position and sub- 
stituent, should be realistic guides to the energy costs 
involved when out-of-plane H-atom motions are 
involved in larger structural changes, as in distorted 
macrocycles" or in chemical reactions. One would 
expect a limit of around 30", corresponding to an 
energy cost of about 10 kcal, to be the most dis- 
tortion energy that could be afforded in ordinary 
circumstances. 


Outliers 
It is of interest to inquire about the degree to which the 
correlations found are limited by the semi-empirical 
SCF method itself, i.e., about how well the AM1 atomic 
charges as computed by Ampac 2.1 can be trusted for 
such a wide range of substituent types. Support for 
attributing part of the scatter in the correlations to the 
limitations of the semi-empirical SCF approach can be 
found in the fact that the charged substituents COO- 
and NH,+ are often found among the extreme outliers 
for all three effects investigated; charged or highly 
electronegative substituents generally do present intrin- 
sic difficulties to SCF methods. This does not account 
for all of the scatter, however, because in many 
instances the outliers are for substituents that are among 
the ordinary organic chemistry groups for which the 
AM1 Hamiltonian was parameterized. At least part of 
the scatter could be due to ambiguities inherent in 
deriving the Hammett constants also." It is open to 
question whether stronger correlations would be found 
using more elaborate procedures for assigning atomic 
charges than that provided by Ampac 2.1. 


CONCLUSION 


The semi-empirical SCF method has been shown to 
account in a straightforward way for the general trends 
observed in the Hammett constants for substituted 
benzenes. In accord with normal expectations in physi- 
cal organic chemistry, the correlations of Hammett 
constants with computed charge at the various phenyl 
ring positions were found to be strong at the ortho and 
para positions, weak at the meta position, and subject to 
large scatter reflecting the particular characteristics of 
individual molecular types. The semi-quantitative 
correctness of the atomic charge distributions computed 
with the AM1 Hamiltonian was supported by the 
correlations found between the AM1 atomic charges 
and 'jC chemical shifts at all ring positions. That the 
substituent effects expressed by Hammett constants are 
direct electronic effects rather than manifestations of 
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alterations in molecular flexibility is confirmed by the 
failure to find significant substituent effects or positional 
effects on the force constant for dihedral bending of the 
phenyl hydrogens. 
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KINETICS AND MECHANISM OF THE HYDROLYSIS OF 
SUBSTITUTED PHENYL BENZOATES CATALYZED BY THE 


O-IODOSOBENZOATE ANION 


OMAR A. EL SEOUD“ 
Instituto de Quiniica, Universidade de Sdo Paulo, C.P. 26.077, 05599-970 Sdo Paulo, S.P.. Brazil 


AND 
MONICA F. MARTINS 


Diviscio TPcnica, Hoechst do Brasil, Su-ano, S.P., B r a d  


The o-iodosobenzoate (IBA -)-catalyzed hydrolysis of the following esters was studied spectrophotometrically: 
enitrophenyl 4-X-benzoate (series I, a-e, X = CH,, H, CI, CN, NO2), 4-Y-phenyl 4-nitrobenzoate (series 11, 
a-d, Y = CH,, H, CI, CN), 2,4-dinitrophenyl4-X-benzoate (series 111, b-e, X = H, CI, CN, NO,) and 4-Y-phenyl 
2,4-dinitrobenzoate (series IV, a-e, Y = CH,, H, CI, CN, NO,). Direct detection of a reaction intermediate, viz 
1-(4-nitrobenzoyloxy)-1,2-benzodoxol-3(1H)-one, the absence of (general base) catalysis by the leaving group, 
the small kinetic solvent isotope effect and the fast catalyst ‘turnover’ show that the mechanism of catalysis by 
IBA - is nucleophilic. Catalytic rate constants, activation parameters and application of the Hammett equation 
show the following mechanistic features: the first step of the reaction, i.e. that leading to the formation of the 
above-mentioned intermediate is irreversible, the leaving group is the phenol and the rate-limiting step is the 
collapse of the tetrahedral intermediate that is formed by attack of IBA on the ester. A comparison of the 
results of hydrolysis by IBA- and by imidazole (Imz) revealed that IBA- and Imz differ in their sensitivity 
toward an ester structure and, for the same ester series, IBA- is a much more efficient catalyst. The reasons for 
the higher catalytic activity of IBA- include nucleophilicity enhancement due to the a-effect, a smaller influence 
of steric effects and a more favorable entropy of activation. 


INTRODUCTION 


At pH values close to 7,  the spontaneous and OH-- 
mediated hydrolysis of simple esters, e.g. phenyl 
acetates and phenyl benzoates, is negligible, but their 
hydrolysis is efficiently catalyzed by nucleophiles, e.g. 
imidazole (Imz). This reaction has been studied in detail 
because of the importance of acyl-transfer reactions in 
chemistry and enzymology.’-’ Recently, the catalytic 
effect of o-iodosobenzoates has received much atten- 
tion, mainly because these catalysts efficiently 
hydrolyze phosphorylated compounds, a fact that can be 
exploited, e.g., in the cleaning of contaminated 


o-Iodosobenzoic acid exists essentially as tautomer 
B ,  1-hydroxy-, 1,2-benzodoxol-3(1H)-one, IBA (alter- 


’ Author for correspondence. 


natively named l-hydroxy-1,2-benzodoxolin-3-one), 
both in the solid state and in ~ o l u t i o n . ’ ~ ~ ”  Its anion (C, 
IBA - )  is a powerful nucleophile which hydrolyzes 
esters of carboxylic and phosphoric acids in aqueous 
solution, and in the presence of organized surfactant 
assemblies, e.g. simple and functionalized micelles, oil- 
in-water microemulsions and vesicles. With field 
applications in mind, it has been covalently bonded to 
silica gel, titanium dioxide and latexes, and the catalytic 
efficiency of the produced immobilized IBA- has been 
determined.x-15~’x~’’ 


OH 0- 
A B C 
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This potential use of IBA- as a decontaminant 
requires a detailed knowledge of the hydrolysis reaction 
mechanism. This information can best be obtained from 
a systematic study of the effect of the structure of the 
substrate on reactivity. This study has not been carried 
out, and the only carboxylate esters so far employed 
were p-nitrophenyl hexanoate and substituted phenyl 
 acetate^.'-^".'^ 


We report here on the first part of the hydrolysis 
reaction of ester series I-IV by IBA-, i.e. the step that 
leads to the formation of the intermediate 1-(4-X- 
benzoyloxy )-1,2-benzodoxol-3 (1H)-one, 4-X-BzO- 
IBA. Note that the ester 4-nitrophenyl 4-nitrobenzoate 
(hereafter denoted Ie) is common to series I and 11. 


I (a-e) 


111 (b - e) 


It was expected that the use of these compounds 
would yield important mechanistic information regard- 
ing, e.g., the nature of the rate-limiting step and the 
effect of structure on reactivity. We have recently 
studied details of the Imz-catalyzed h drolysis of ester 
series I-IV in aqueous acetonitrile. We were inter- 
ested, therefore, in comparing the results (e.g. catalytic 
rate constants, activation parameters and the Hammett p 
values) for the hydrolysis of the same substrates by 
these two widely different catalysts, namely IBA- 
(oxygen nucleophile, anionic) and Imz (nitrogen 
nucleophile, neutral). This comparison should shed light 
on the relative contributions to the catalytic efficiency 
of factors such as steric effects and solvation of the 
nucleophile. 


We used Fourier transform (FT) IR spectrometry to 
show the formation of a reactive intermediate, namely 
4-0,N-BzO-IBA. This indicates that catalysis by IBA - 
is nucleophilic. Other evidence, e.g. absence of catal- 
ysis by the leaving group (the phenoxide ion), and small 
kinetic solvent isotope effect, also support this mechan- 
istic conclusion. The catalytic efficiency of IBA-,  
relative to that of Imz, is explained as a combination of 
the a-effect and smaller steric interactions. The reaction 


2" X I  


activation parameters clearly reflect the stronger solva- 
tion of IBA- relative to that of Imz. 


EXPERIMENTAL 


Synthesis. All reagents and solvents were obtained 
from Aldrich and Merck and were purified as described 
elsewhere.,' Esters were those available from a previous 
study.'" IBA was synthesized by the oxidation of o- 
iodobenzoic acid with potassium peroxysulfate in cold 
sulfuric acid.23 The product gave a satisfactory m.p. of 
229-230 "C (reported m.p., 228-230 and 
23 1-232 0C'3.24) and microanalysis (Perkin-Elmer 
CHN-2000 analyzer). Its IR spectrum (Perkin-Elmer 
FT-1750 spectrometer, KBr) showed a peak at 
1619 cm-l, in agreement with the previously reported 
vc0 of IBA, 1620 ~ m - ' . ' ~  


The intermediate 4-NO2-BzO-IBA was prepared as 
described elsewhere,'6 and gave a satisfactory m.p., 
206-207 "C (lit. m.p., 204-205 "C) and microanalysis. 
Its IR spectrum (KBr) showed peaks at 3073, 1717, 
1633, 1528 and 1329 cm-'. 


Determination of the pK, of IBA. The pK, of the 
acid in aqueous acetonitrile [14% (v/v) organic 
solvent] was determined spectrophotometrically from 
the Henderson-Hasselbach equation. The absorption of 
the conjugate base (309 nm, pH 12), obeyed Beer's law 
in the concentration rate 3 x 10-'-17 x M (correla- 
tion coefficient = 0.9997, E = 700 1 mol-' cm-I). The 
pK, was determined from the dependence of [IBA-] on 
the pH of the solution, in the presence of N-methyl- 
morpholine buffer (NMeM, pH range 7.2-8.2, , ~ i  = 0.1). 
Its value, 7.53, is close to that determined in the pre- 
sence of organized assemblies by Moss et ~ 1 . ~  (7.25) 
and Mackay eta/." (7.02). 


Kinetic ineasurernents. The ester stock solutions 
were 3 x 10-3-5 x M in anhydrous acetonitrile. 
A solution of IBA-IBA- could not be used as a 
buffer because of its intense UV-visible absorption. 
Therefore, the pH of the reaction medium was 
maintained with NMeM. Hydrolysis by this buffer, in 
the absence of  IBA-,  was found to be negligible. The 
reaction solution conditions were 14% (v/v) ace- 
tonitrile in water, [ IBA-]  = 2 x 10-'-20 x M ,  
[NMeM]=0.05 M ,  ,u=0.2 (KCI) and pH 
range = 7+3-8.3. The pH values of these solutions were 
calculated as given elsewhere,,' and checked with a 
Fisher Accumet-50 pH meter. 


Kinetic runs were carried out with the aid of 
microcomputer-controlled Zeiss PM6KS and Beckman 
DU-70 spectrophotometers and an Applied Photophy- 
sics MV 17F stopped-flow apparatus. All spectrophoto- 
meters were equipped with thermostated cell holders 
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whose temperatures were kept constant to *0.05 "C 
(checked with a Lauda R 4212 digital thermometer). 


All reactions were carried out under pseudo-first- 
order conditions and were initiated by injecting 3-5 ~1 
of the ester stock solution into the thermally equili- 
brated, buffered IBA solution. The final [ester] was 
1.5 x 10-5-2.5 x M. Cells with the appropriate path 
length (10-40 mm) were used to ensure a reasonable 
variation in the absorbance per unit time. [This point is 
important because the use of [ester] >5 x M 
resulted in irreproducible rate data, owing to limited 
solubility of the substrates in the aqueous buffer (the 
effect of solution inhomogeneity on the accuracy of 
rate data was discussed in, e.g., Refs. 28 and 29). Under 
our experimental conditions, the value of kobs did not 
change when [ester] was decreased to half its value.] 
The reactions were conveniently followed by monitor- 
ing the appearance of either phenol or phenoxide ion at 
400 nm (series I) ,  265 and 284 nm (esters IIa-c and d,  
respectively), 360 nm (series 111) and 270 nm (series 
IV). Each run was carried out in triplicate. The 
log(absorbance) vs time plots were rigorously linear 
over more than five half-lives. Observed first-order rate 
constants (kabs) were determined from the slopes of 
these plots, and were reproducible to within _+0.2%. 
Second-order (catalytic, k , )  rate constants were 
obtained from linear plots of koba versus [IBA-1. The 
relative standard deviation in k,, i.e. (standard 
deviationlk,) x 100, was <2%. 


RESULTS AND DISCUSSION 


Mechanism of catalysis by IBA- 
Catalysis by IBA- is either of the general base or the 
nucleophilic type. The latter mechanism is depicted in 
Scheme 1. RCOOR' and R'OH refer to substituted 
benzoate ester and substituted phenol, respectively. The 
second step of the reaction, i.e. that leading to hydrol- 
ysis of 4-X-BzO-IBA will not be considered here, and 
so is shown in Scheme 1 as a single step, characterized 
by the rate constant k,. The main feature of this reac- 
tion pathway is the formation of the intermediate 4-X- 
BzO-IBA. Under identical conditions (T= 25 "C, 
pH = 7.70, [IBA-] = 3.2 x M),  the observed rate 
constant for the hydrolysis of ester Ie and that of the 
corresponding (authentic) intermediate were found to 
be 0.0046 and 0.059 s- ' ,  respectively. That is, under the 
conditions of the kinetic experiment, the reaction 
intermediate, if it is formed, cannot be detected. 


The following evidence shows, however, that catal- 
ysis by IBA- is nucleophilic. 


(i) Direct spectroscopic detectiori of the reactiori 
intermediate. 


Using IT-IR spectrometry we were able to detect the 


0 0 
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Acyloxy ~ IBA 
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k.1 


k2 


upon 


RCOOR' + IBA- ====== RCO-IBA + R'OH - RCOO- + IBA- RCO-IBA 


Scheme 1 


formation of 4-N02-BzO-IBA during the reaction of Ie 
and IBA in DMSO-d,. Figure 1(A) shows the absorp- 
tion of authentic samples in the 1800-1600 c m - '  
region. The bands shown are due to the stretching 
vibration of the carbonyl groups of ester Ie (curve I), 
the hydrolysis final product, 4-nitrobenzoic acid (curve 
2), the intermediate of the nucleophilic catalysis 
mechanism 4-N02-BzO-IBA (curve 3) and IBA (curve 
4). Figure 1 (B) shows the variation of the spectrum as a 
function of time of a mixture of 0.056 M Ie and 0.32 M 
IBA in DMSO-d,. The formation of 4-X-BzO-BA right 
from the start of the reaction is clearly shown at 
1686 cm - I .  The disappearance of the intermediate after 
5 h is probably due to its hydrolysis by traces of water 
present in the organic solvent. Using 'H NMR spectros- 
copy, Moss et al.'" reached a similar conclusion for the 
reaction of 4-nitrophenyl acetate with IBA in dry 
DMSO-d,. We attempted to detect the formation of 4- 
X-BzO-IBA by 'H NMR spectroscopy (Bruker AC-200, 
200 MHz, DMSO-d,) but because all protons of 
reactants, intermediate and products are aromatic, we 
were unable to reach an unambiguous conclusion 
regarding the formation of this intermediate. On the 
other hand, the use of IT-IR spectrometry is particularly 
attracting because vc0 of relevant species are well 
separated, as shown in Figure I(A). To  our knowledge, 
this is the second time that IR spectrometry has been 
employed to detect the formation of a reaction 
intermediate in an acyl-transfer reaction.20 


Desolvation enhances nucleophilicity and basicity, 
probably unequally. For example, the acetate ion acts 
as a general base in the hydrolysis of 4-X-phenyl 
acetates in aqueous solution. ',45 In dry acetonitrile, 
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Figure 1. IR spectra in the 1800-1600 c m - '  region. (A) Absorption bands for authentic samples of (1) ester Ie, (2) 4-nitrobenzoic 
acid, (3) 4-N02-BzO-IBA and (4) IBA. (B) Variation of the spectrum of a mixture of 0.056 M le and 0.32 M IBA after (-) 0.4, 


(. . . . ,) 1.5 and (- . -) 300 min. Conditions: in DMSO-d,, 0.1 mm Itran-2 cell 
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Figure 2. IR spectra in the 1800- 1600 cm ~ ' region in the presence of D,O. (A) Absorption bands for authentic samples of (1) ester 
le, (2) 4-nitrobenzoic acid, (3) 4-N02-BzO-IBA and (4) IBA. (B) Variation of the spectrum of a mixture of 0,043 M Ie and 


0.031 M IBA after (-) 1, (. . . . .) 4 and (- . -) 60 min. Conditions: 3% D,O in DMSO-d,, 0.1 mm Itran-2 cell 
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however, the reaction between potassium acetate and 4- 
nitrophenyl o-toluate, in the presence of a crown ether, 
produces acetic-o-toluic mixed anhydride. This 
shows that the acetate anion, when completely desol- 
vated, can act as a n ~ c l e o p h i l e . ~ ~  Therefore, we 
repeated the IR experiment in presence of the highest 
D,O concentration, 3% (v/v), at which the intermediate 
can still be detected. Figure 2 shows the results 
obtained, where the formation and subsequent disap- 
pearance of 4-N02-BzO-IBA can be readily seen at ca 
1684 cm-'. 


(ii) Absence of general base catalysis by the leaving 
group. 


Observed rate constants for the following reactions 
were determined in 10% acetonitrile in water at 25 "C: 
[ Id]  = 2 x M, pH = 8.33, in 
the absence and presence of [4-cyanophenol] at 
0.6 x 10-4-6 x M; [Ie] = 2 x M ,  [IBA-] = 
37.7 x M ,  pH = 7.99, in the absence and presence 
of [4-nitrophenol] at 0.5 x 10-4-3 x M; 
[IVe] = 2 x M ,  pH = 7.80, 
in the absence and presence of [4-nitrophenol] at 
0.5 x 10-4-3 x M. The k,, values ( x  s - ' )  
obtained were 1.96t0.01,  6 .12t0 .03  and 5.91 k0.03 
for esters Ie, Id  and We, respectively. Consider the pH 
employed, and pK, values of 7.53, 7.95 and 7.15 
for IBA, 4-cyanophenol and 4-nitropheno1, respect- 
ively, the concentrations of conjugate bases are 70.6% 
4-cyanophenoxide and 86.3% IBA - (ester Id). The 
corresponding values for the experiments in the pre- 
sence of additional 4-nitrophenol are 87.4% 4- 
nitrophenoxide and 74.3% IBA- (ester Ie), and 81.7% 
4-nitrophenoxide and 65% IBA- (ester VId). That is, 
although in all experiments [4-X-phenoxide] 2 [IBA- I ,  
the reaction rate was insensitive to the presence of the 
additional base, namely 4-X-phenoxide. Absence of 
catalysis by the leaving group is a clear indication that 
IBA- is not acting as a general base, because if this 
were the case, then kobf should have increased as a 
function of [phenol] which was added at the start of 
the kinetic run.3.4.6,32.33 


M ,  [IBA-] = 20 x 


M ,  [IBA-] = 23 x 


(iii) Sinall kirietic solvent isotope effect. 


Hydrolysis of esters Ie and IIId was studied in H,O 
and in D,O at 25 "C and pH (pD) = 8-0 and 7.8 respec- 
tively. The ratios between the catalytic rate constants 
( k , ,  see below) were 1.4 and 1.3, respectively. Typical 
general base catalyzed reactions are associated with 
much higher kinetic solvent isotope effects. I-' 


(iv) Rapid catalyst 'turriover'. 


The reaction of ester Id  and IBA- was carried out at 
35°C and pH 7430, at ester-to-IBA- ratios of 1:1, 1:lO 
and 1:30. The value of k,,,, ( 2 . 5 3 k 0 . 0 2 ) ~  s- ' ,  


was insensitive to changes in the ratio of the reactants, 
and this fast turnover shows that IBA- is a true 
nucleophilic catalyst.34 


Kinetics of the hydrolysis of ester series I-IV by IBA- 
According to the preceding discussion, the reaction 
under consideration follows Scheme 1. The latter can be 
simplified if it is shown that the intermediate ester-IBA 
does not accumulate along the reaction pathway. This 
conclusion can be reached from the following 
observations: 


(i) Identical rate constants were obtained by follow- 
ing either the disappearance of reactants or the 
appearance of products of the first step of the reaction. 
For example, values of kobs for the reaction of Ie 
(2 x M )  with IBA-(57.3 x M )  at 25"C, 
pH = 8.0, were 9.16 x s-l (disappearance of Ie, 
followed at 265 nm) and 9.17 x s-l (appearance 
of 4-nitrophenoxide, followed at 400 nm). 


(ii) Isosbestic points were observed in the 
UV-visible spectra of the reaction. For example, sharp 
isosbestic points were observed at 309 and 312 nm in 
the UV-visible spectra of the reaction of IBA- with Ie 
and I d ,  respectively. 


These results can be explained by the fact that the 
species ester-IBA does not accumulate during the 
reaction,35 and consequently Scheme 1 can be simplified 
by deleting the steps given by the rate constants k,  and 
k,. This result is similar to that observed for reaction of 
Imz with the same ester series.2" In the latter case, we 
extracted all rate constants by following the dependence 
of the absorption of the reaction intermediate, namely 
4-X-benzoyl-Imz, on time.*" This approach cannot be 
used for the present reaction because 4-X-BzO-IBA 
does not accumulate. The problem can be easily solved, 
however, if k - ,  were negligible, this can be shown as 
follows. The reaction scheme (with symbols as in 
Scheme 1) is 


k 
RCOOR' + IBA- & RCO-IBA + R'OH 


RCO-IBA --+ RCO-IBA + R'OH 


k - ,  


k 2  


n OIOH 


We found that the hydrolysis of 4-N02-BzO-IBA is not 
subject to catalysis by the NMeM buffer or by IBA-, 
i.e. the term k ,  is the observed rate constant for spon- 
taneous and OH --catalyzed hydrolysis. From the 
preceding discussion, RCO-IBA can be considered as a 
reactive intermediate. Application of the steady-state 
approximation yields3' 


-d[RCOOR']/dt = d[RCOO- ]/dt = k,[RCO-IBA] 


k ,  [RCOOR'][IBA-] 
= k_,[RCO-IBA][R'OH] + k,[RCO-IBA] 
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and therefore in a plot of log knWleophile versus pK,, except when the 
entering and leaving groups have similar  structure^,^' 
and cases are known (e.g. Dvridinolvsis of  ester IIIe) -d[RCooR'lldz= kl[RCooR'l[lBA-llr[R'oH1 + 


where r = k - , / k , .  Now, if k - ,  > k,,  then the reaction 
rate should show an inverse dependence on the amount 
of phenol which was added at the beginning of the 
kinetic run. This was not observed experimentally (see 
above, absence of catalysis by the leaving group). I f ,  
on the other hand. k ,  > k - , ,  then conversion of the ester 


where no break was obseke'd, althoigh other pieces of 
evidence indicate a two-step mechanism. 39 Additionally, 
some mechanisms which were given as concerted (e.g. 
the reaction of phenoxides with substituted phenyl 
 acetate^)^' were later shown to proceed via a two-step 
mechanism.43 


into 4-X-BzO-IBA ;an be described by a single, irre- 
versible step. This result is similar to that observed for 
the reaction of these esters with Irnz.," 


In the preceding discussion, we described IBA-- 
catalyzed hydrolysis in terms of a two-step mechanism, 
as given elsewhere for the reaction of acetate and 
benzoate esters with n ~ c l e o p h i l e s , ~ ' - ~  although another 
mechanistic possibility, e.g. that it is 'enforced 
concerted,' cannot be ruled out. Distinction between 
these two possibilities is not trivial and is beyond 
the scope of this study. For example, a decision may 
be made from a Bronsted-type correlation 


indicates a two-step mechanism. It is difficult, however, 
to predict unambiguously the position of the break point 


(log knucleophile = ~nucleuphile pKa + c), a non-linear plot 


Table 1 shows the catalytic rate constants ( k , )  and the 
Hammett p values for the reaction of IBA- with ester 
series I-IV, and the corresponding activation parame- 
ters are given in Table 2. As stated in the Introduction, 
we are interested in comparing Imz and IBA- as 
nucleophilic catalysts for hydrolysis. Such a comparison 
is shown in Table 3 for catalytic rate constants and in 
Table 4 for activation parameters. Regarding these data, 
the following points are relevant: 


(i) IBA- and Imz differ in their sensitivity toward 
structure of the ester. The rate constant for the IBA-- 
catalyzed reaction is more sensitive to the structure of 
the ester. For example, at 25°C the values of k ,  for 
Imz-catalyzed hydrolysis of esters Ie and IVe are 0.082 
and 0.083 lmol- ls- ' , "  whereas they are 16.1 and 


Table 1. Catalytic rate constants ( k , )  and Hammett p values for the reaction of IBA- with ester series I-IV"-' 


k ,  ( I  mol- ' s - ' )  


Ester series (group varied) X o r Y  18 "C 25 "C 35 "C 45 "C 


I1 (phenol) 


I11 (acyl) 


IV (phenol) 


CI 
CN 
NO2 


P 
CH, 


H 
CI 
CN 
P 
H 
CI 
CN 
NO* 


P 
CH, 
H 
CI 
CN 
NO, 


P 


0.25 
0.50 
0.96 
6.80 
8.70d 
1.63 
0.21 
0.35 
0.93 
6.03 
1.72 
6.1 1 


15.96 
112.17 
181.27 


1.82 
0.53 
0.92 
2.5 1 


19.30 
32.07 


1.88 


0.38 
0.76 
1.48 


10.20 
16.10 
1.68 
0.36 
0.5 3 
1.53 
9.16 
1.74 
9.86 


23.57 
177.68 
270.43 


1.80 
0.78 
1.39 
3.69 


27.50 
46.36 


1.87 


0.67 
1.35 
2.50 


17.99 
26.90 


1.67 
064 
1.05 
2.89 


15.04 
1.68 


18.17 
46.06 


307.97 
468.72 


1.76 
1.40 
2.54 
6.87 


46.44 
77.56 


1.82 


1.12 
2.17 
4.15 


28.70 
43.0 


1.65 
1.10 
1.66 
4.23 


26.52 
1.69 


34.12 
79.83 


544.57 
845.60 


1.74 
2.48 
4.18 


10.90 
76.0 


124.76 
1.78 


Reactions conditions: [NMeM] = 0.05 M, !i = 0.2, 14% (v/v) acetonitrile in water. The buffer pH values were 8.0 (series I ) ,  
8.1 (series 11 and I V )  and 7.8 (series Ill) .  
hThe average Hammett p values are 1.66i0.02, 1.71 i0.03, 1.78i0.04 and 144i0.05 for ester series I ,  11, 111 and I V ,  
respectively. 
'Hammett p values for the Imz-catalyzed hydrolysis of these esters are 1.09, 1.59, 1.71 and 1.59 for ester series I ,  11, 111 and 
IV,  respectively.*" 


Measured at 15 "C. 
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Table 2. Activation parameters for the reaction of ester series 
I-IV with IBA- a 


Activation parameters 
Ester series 
(group varied) X or Y AH* A S  AC' 


I (acyU CH 1 
H 
CI 
CN 
NO, 


11 (phenol) CH1 
H 
CI 
CN 
NO2 


111 (acyl) H 
CI 
CN 
NO2 


IV (phenol) CH, 
H 
CI 
CN 
NO2 


9.6 
9.5 
9.3 
9.3 
9.1 


10.6 
10.6 
9.8 
9.4 
9.1 


11.1 
10.5 
10.1 
9.9 


10.0 
9.8 
9.6 
8.7 
8.7 


-28.2 18.0 
-27.2 17.6 
-26.5 17.2 
-22.9 16.1 
-22.7 15.8 
-25.0 18.1 
-244 18.0 
-244 17.2 
-224 16.1 
-22.7 15.8 
-16.9 16.1 
-16.8 15.6 
-14.5 14.4 
-14.2 14.1 
-25.4 17.6 
-25.0 17.3 
-234 16.7 
-22.7 15.5 
-21.9 15.2 


"Activation parameters are given in kcal mol- '  (AH* and AG*) an; 
calk-' mol-' (AS*) ( 1  kcal=4.184 kJ). The errors are iO.1 kcalmol- 
(AH* and AG*) are 0.5 e.u. (AS*). 


46.3 1 mol-'s-I for the IBA--catalyzed reaction. Intro- 
duction of a second nitro group in the ortho position of 
the acyl moiety of Ie, leading to IVd, is expected to 
increase the rate because of its electron-withdrawing 
effect. The same structural modification, however, may 
decrease reactivity owing to hindrance to the attack of 
the nucleophile, and steric inhibition of resonance 
between the CO group and the 2,4-dinitrophenyl ring. 
Both effects result from steric crowding at the reaction 


Table 3. Comparison of the values of the catalytic rate 
constant, k , ,  for ester hydrolysis by IBA- ( k I B A - )  and Imz 
(k, , , , )  for ester series I-IV".h 


~~ 


k lBA - Jks,, 


Substituent Series I Series 11 Series 111 Series IV 
(X or Y) (acyl)' (phenol)' (acyl)' (phenol)' 


CH, 54 821 1907 
H 78 745 20 1856 
CI 84 970 20 2183 
CN 173 274 25 895 
NO* 197 199 29 57 1 


Reaction conditions: temperature = 25 "C (series I and I l l ) ,  35 "C 
(series 11) and 40°C (series 1V); p=O.2 (IBA-) or 0.07 (Imz); 
acetonitrile in water, 14% (v/v) (IBA-) or 10% (v/v) (Imz). 


Data for the Imz-catalyzed ester hydrolysis were taken from Ref. 20. 
'The group whose structure is being varied is given in parentheses. 


center which forces both o-nitro and CO groups out of 
the plane of the acyl benzene ring.2".21 The relative 
importance of steric interactions also depends on the 
structure of the attacking nucleophile. Our previous 
results for Imz (a rigid heterocycle) indicated that polar 
and steric effects of the 0-NO2 group almost cancel out, 
leading to rate constants for ester series I1 and IV that 
differ by, at most, 8%.20 For the IBA--catalyzed reac- 
tion, the steric retarding effect is less, owing to the 
favorable disposition of the nucleophilic center (th? 
oxygen of the 1-0- bond). The latter protrudes ca 2 A 
from the heterocyclic five-membered ring almost 
linearly (the 0-1-0- angle is 165').lh 


(ii) For the same ester series, IBA- is a much more 
efficient catalyst. This is clearly seen from the data in 
Table 3. This is a very interesting result, because Moss 
et al." found that the nucleophilicities of IBA- and 
Imz are similar toward 4-nitrophenyl acetate! Their 
conclusion was based on an estimation of the 


Table 4. Comparison of the activation parameters for ester hydrolysis by IBA ~ and Imz 
for ester series I-III"-' 


Series I (acyl)" Series 11 (phenol)d Series 111 (acyl)d 


Substituent (X or Y) AAH' TABS' MH' TAAS' AAH* TAAS' 


CH 3 -0.2 2.18 0.8 4.8 
H -0.1 2.45 1.3 4.9 2.2 4.2 
CI 0.3 2.98 0.9 4.9 1.5 3.3 
CN 0.7 3.68 0.1 3.4 1.8 3.7 
NO, 0.5 3.58 0.5 3.2 1 .o 3.0 


' M H '  (kcal mol-') = AH'IBA ~ - AH'Imz. 
hTAAS' (kcal mol- ')  = TAS'IBA- - TAS'Imz. 
'Data for the Imz-catalyzed reaction were taken from Ref. 20. 
The group whose structure is being varied is given in parentheses. 
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nucleophilicity constant, 1 2 ,  of the Swain-Scott equa- 
tion, its values being 3.88 and 3.58 for IBA- and Imz, 
respectively. It is known, however, that the value of I I  
also depends on the structure of the r e a g e n ~ ~ . ' ~  This 
dependence is probably the reason for the difference in 
reactivity between the two nucleophiles toward 4- 
nitrophenyl acetate and the benzoate esters, respect- 
ively. In this regard, it is also interesting that klBA- /  
kl,,,> kOH-/k l , , ,  for the hydrolysis of series IIL3' 


(iii) Application of the Hammett equation shows 
differences between catalysis by both nucleophiles. 
Application of the Hammett equation to the rate data 
for Imz-catalyzed hydrolysis required the use of either 
the o scale (series I and 111) or the (I- scale (series I1 
and IV). Use of the latter shows that the leaving group 
is the phenoxide ion. From calculated px (1.09 and 1.71 
for series I and 111, respectively) and pv (1.59 and 1.59 
for series I1 and IV, respectively), it was concluded that 
the rate-limiting step is decomposition of the tetrahedral 
intermediate that precedes N-4-X-benzoylimidazole 
(series I ,  I1 and IV) or attack of Imz on acyl group of 
the ester (series III)." 


All rate constants for the IBA--catalyzed reaction 
correlated well with the a-scale (attempts to correlate 
values of log k ,  with the Hammett a; scale for ester 
series I1 and IV resulted in curved plots in all cases). 
This shows that the leaving group is 4-Y-phenol. 
Additionally, the fact that pu > px (Table 1) indicates 
that the reaction is more sensitive to the nature of the 
leaving group than to the structure of the acyl moiety. 
This means that the rate-limiting step is the same for all 
four series, namely collapse of the ester-IBA tetra- 
hedral intermediate. 


For series I and 111, the ratio klBA-/k lmr  increases on 
going from X = CH, to NO2. For the other two series, 
however, value of klBA-/kl,,, first increases, then 
decreases considerably for X = C N  and NO,. The 
increase in klBA-/klmz as a function of the substituent is 
a consequence of the fact that plBA- > plmr. The rates of 
the Imz-catalyzed hydrolysis of esters Ie, IId, IVd and 
IVe are 'enhanced' because there is a through-ring 
resonance between the substituent (CN and NO,) and 
the negative charge on the oxygen of the phenoxide ion, 
this being the reason for the use of the (I- scale. For the 
IBA--catalyzed reaction the leaving group is phenol, 
i.e. the rates are 'normal,' and this is responsible for the 
decrease in the ratio klBA-/kl,,, for these particular 
esters. 


What are the reasons for the higher reactivity of 
IBA- relative to that of Imz? At the outset we stress 
that the reaction media are too similar, 14% and 10% 
acetonitrile in water, for the IBA-- and Imz-catalyzed 
reaction, respectively, to cause large rate differences, 
e.g., due to desolvation of the nucleophile. The reactiv- 
ity of IBA- is due, in part, to the favorable disposition 
of the 1-0- bond (see above). Note that IBA- is a 
negatively charged nucleophile, whereas Imz is neutral. 


The presence of a charge, however, does not explain 
the reactivity of the former, because for ester Ie we 
found that klBA-/kphosphate = 3 100, although both 
nucleophiles have almost the same pK,. [The phosphate 
buffer-catalyzed reaction was carried out at 25°C in 
14% (v/v) acetonitrile-water. The absence of a kinetic 
solvent isotope effect for this reaction indicates that it is 
also roceeding via a nucleophilic catalysis mechan- 
ism.4{ The rate constants for hydrolysis of Ie by IBA- 
and 4-nitrophenyl acetate by hydroxylamine or by 
hypochlorite ion are similar.' Note that the pK, values 
of these two nucleophiles are close to that of IBA (6.2 
and 7.1, respectively) and their reactivity was attributed 
to the presence of the a -ef fe~t . , -~  We attribute a 
significant part of the reactivity of IBA- to the same 
phenomenon. 


Finally, we discuss the results shown in Table 4. The 
IBA--catalyzed reaction is associated with a higher 
AAH* term and a much higher TMS'  term. Ignoring the 
effect of solvation for the moment, one expects that 
AH'(1BA-) s AH*(Imz) because the former is a 
slightly stronger base. A favorable (i.e. less negative) 
value of AS* for the IBA--catalyzed reaction is also 
expected because of  smaller steric interactions (see 
above). 


Table 4 shows, however, that for all but two esters, 
AH'(1BA-) > AH*(Imz), the difference in the free 
energy of activation being dominated by the TAAS' 
term. We now address the effect of solvation of the 
nucleophile. The heat of  hydration of Imz was found to 
be 5.9 k c a l / m ~ l . ~ ~  We are unaware of any theoretically 
calculated, or experimentally determined heat of 
solvation of IBA or IBA-. We take 4-nitrophenol as a 
model compound because of its pK, is similar to that of 
IBA. The heat of hydration of this phenol is 
5.7 kcalmol-' (1 kcal=4.184 kJ),jh very similar to that 
of Imz and also to that (6-7 kcal mol -') calculated for 
hydr~xylamine,~' a nucleophile which exhibits the a- 
effect. The latter effect, therefore, does not influence 
solvation. Consequently, 4-nitrophenol is a good model 
for IBA, and its conjugate base is a good model for 
IBA-. The heat of solvation of the 4-nitrophenoxide 
ion was calculated as 17.9 kcal mol and one expects 
a similar value for IBA-. Consequently, in the IBA-- 
catalyzed reaction the nucleophile is more strongly 
solvated, and the corresponding difference in solvation 
between the reactants and the transition state is most 
certainly smaller than that in case of Imz. Therefore, 
the fact that AH'(1BA-)>AH*(Imz) may be due to the 
energy which is required to desolvate (partially) the 
attacking anion. The more favorable (less negative) AS* 
values are probably due to a combination of (i) less 
steric hindrance to attack of IBA-,  (ii) a gain in the 
number of degrees of freedom of water molecules 
which are released due to the desolvation of IBA-, 
before its attack on the ester, and (iii) a smaller differ- 
ence in solvation between reactants and the transition 
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state. The  latter effect is a consequence of the fact that 
reaching the transition state involves a charge formation 
in the case of Imz and a (negative) charge dispersion in 
case of iodosobenzoate-catalyzed hydrolysis. 
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MOLECULAR COMPLEXES BETWEEN 
OCTAETHYLTETRATHIAPORPHYRIN DICATION AND ELECTRON 
DONORS: A SPECTROSCOPIC AND ELECTROCHEMICAL STUDY 
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Institute of Chemistry, Hebrew University of Jerusalem, Jerusalem 91904, Israel 


AND 


EMANUEL VOGEL AND MICHAEL POHL 
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Octaethyltetrathiaporphprin dication, OTP", is electrochemically reduced by two successive electron-transfer 
processes to OPT'. OTP + forms intermolecular complexes with a series of n-donors. The association constants of 
the resulting complexes are controlled by the oxidation potentials of the z-donors and solvent properties. OTPz+ 
was incorporated into a Nafion membrane cast on a Pt electrode. Formation of OTP*'-n-donor complexes in the 
polymer membrane was followed by electrochemical and spectroscopic means. The association constants of the 
OTP2'-n-donor complexes in the Nafion membrane exhibit lower values than a homogeneous phase owing to the 
high ionic strength in the polyelectrolyte. 


INTRODUCTION 


Attractive intermolecular interactions between n- 
systems control the formation of diverse molecular 
complexes. Aggregation of organic dyes,3 stacking 
of aromatic molecules in  crystal^,^ host-guest com- 
p l e ~ e s , ~  intercalation of compounds in polymer media 
such as DNA' or graphite' and stabilization of the 
double helical DNA structure' were attributed to attrac- 
tive interactions between n-systems. Electron 
donor-acceptor interactions between n-systems provide 
an important driving force for the formation of molecu- 
lar complexes.' The formation of donor-acceptor 
complexes is controlled by the oxidation and reduction 
potentials of the components included in the complex, 
albeit other interactions such as attractive electrostatic 
forces could contribute to the stabilization of the 
resulting molecular complexes. I" 


Porphyrins provide macrocyclic n-conjugated 
systems, exhibiting poor electron-acceptor properties. 
Recent advances in organic synthesis accomplished the 
preparation of stable porphyrin analogues such as 
tetrathiaporphyrin dication," tetraoxaporphyrin 
dication'* and tetraoxaporphycene dicationi3 exhibiting 
aromatic character. These dications are expected to 
reveal enhanced electron-acceptor properties compared 
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with neutral porphyrins. In this paper, we describe the 
formation of  molecular complexes of octaethyltetra- 
thiaporphyrin dication, OTP2+ (l), with a series of n- 
donors; the formation of the complexes was followed 
by spectroscopic and electrochemical means. 


2c104- 


EXPERIMENTAL 


Absorption spectra were recorded on an Uvikon 860 
spectrophotometer (Kontron) equipped with a thermo- 
stated cell. Cyclic voltammetric experiments were 
performed with a PAR Model 263 electroanalyser. The 
electrochemical cell consisted of a Pt voltammetric 
electrode (area 0.008 cm') and a Pt wire as counter 
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electrode. Electrochemical measurements were per- 
formed in dichloromethane (CH,CI,) or acetonitrile 
using Bu,N+BF, and Et,N+BF, as electrolytes, 
respectively. As reference electrodes Ag/AgCl or an 
SCE were applied. The reference electrodes were 
connected to the organic solvent working volume by a 
capillary. The reference electrodes were referenced 
separately to ferrocene solubilized in the respective 
organic solvent. Peak potentials were determined by 
complementary differential-pulse polarographic 
measurements. NMR spectra were recorded on an AMX 
400 spectrometer (Bruker). All materials were obtained 
from commercial sources and of the highest purity 
available (Aldrich or Fluka). 


Association constants of OTP2+ with the various JC- 
donors in solution were determined spectroscopically. 
To a solution of OTP2+ in the respective solvent, 
increasing amounts of the respective n-donor were 
added. The resulting mixture was allowed to equilibrate 
for 10 min and the absorption spectra at different JC- 
donor concentrations were recorded at 298 K. The 
difference spectra corresponding to the absorption 
spectra at any concentration of donor subtracted from 
the absorbance spectrum of pure OTP2+ solution were 
calculated. Association constants were derived from the 
absorbance differences (A0.D.) and using the 
Benesi-Hildebrand relationship. 


Nafion-modified electrodes were prepared by deposi- 
tion of a 5% Nafion solution on the electrode surface 
(20 pl ern-,), followed by room-temperature evapor- 
ation of the solvent for ca 40 min. The resulting film 
thickness adsorbed on to the electrode was ca 1 pm. 


OTP2+ was incorporated into the Nafion membrane by 
soaking the electrode in a deoxygenated CH,CI, sol- 
ution of OTP2+ (1 mM) for 1 h. The resulting electrode 
was transferred into the electrochemical cell, which 
consisted of CH,CI, solution that contained tetra- 
butylammonium tetrafluoroborate (0.1 M )  as supporting 
electrolyte. No leakage of OTP2+ from the polyelectro- 
lyte film to the solution could be detected over several 
hours. Cyclic voltammograms of OTP2+ incorporated in 
the Nafion film in the absence and presence of the n- 
donors (veratrole or 1,4-dimethoxybenzene) at different 
bulk concentrations in the electrolyte solution were 
recorded. The n-donor contents in the polyelectrolyte 
film were determined by integration of their anodic 
currents. 


Spectroscopic measurements of OTP2+ incorporated 
in the Nafion membrane were performed by cutting a 
membrane, 0.018 cm thick, into 0.5 x 4 cm strips and 
incubating them in an OTP2+-CH,CI, solution 
(1 x M) for 1 h. The resulting membranes were 
washed with CH,CI, and positioned in a cuvette con- 
taining CH,CI, and the respective donor (veratrole or 
1,4-dimethoxybenzene) (7 x M). Absorption 
spectra were recorded at time intervals during treatment 
of the membrane with the n-donor solution. 


RESULTS AND DISCUSSION 


The cyclic voltammogram of OTP2+ is shown in Figure 
1. It consists of two quasi-reversible waves at 
E,, = +0.32 V, EW2 = -0.04 V. Although the peak-to- 
peak separation of the two waves is slightly higher than 


I 1 I I I I 


P r n L  N1 ys SCE 


i 
1.100 0.900 0.700 0.500 0.300 0.100 -0.100 -0.300 


Figure 1. Cyclic voltammogram of OTP" (2 x M) in CH,CI,. Tetrabutylammonium tetrafluoroborate (0.01 M )  was used as 
electrolyte; scan rate = 100 m v s - '  







OCTAETHY LTETRATHIAPORPHY RIN DICATION COMPLEXES 649 


for single electron-transfer reactions (ca 110 mV), 
RDE electrochemical mea~urements'~ confirm that these 
redox reactions correspond to l e -  processes: 


OTP2+ + e + OTP" 


OTP" + e + OTP" 
(1) 


(2) 


The relatively positive reduction potential of OTP2+ 
indicates that the system could act as an electron accep- 
tor and hence the formation of molecular complexes 
with n-donors seems feasible. 


We examined the formation of complexes between 


OTP" and a series of electron donors (Table 1). Upon 
addition of benzene in acetonitrile as solvent, a new 
charge-transfer (CT) band is observed at 740 nm as a 
result of the formation of the complex. A concerted 
decrease in the OTP2+ absorbance at ,I = 450 nm, 
Figure2, and increase in the CT absorbance at 
1 = 7 4 0  nm was observed on adding benzene. No 
spectral changes in the OTP2+ spectrum could be 
detected on addition of a non-polar solvent (hexane) to 
an OTP solution in acetonitrile. The formation of a 
single type of OTP2'-benzene complex is supported 
by the appearance of isosbestic points. The association 


Table 1. Association constants of OTP2'-n-donoro and donor-acceptor 
half-wave potential differencesh 


Hydroquinone 5904.0 8.683 0.52 
Catechol 345743 8.150 0.74 
1,4-Dimethoxybenzene 534.0 6.280 1.18 
Veratrole 114.5 4.741 1.29 
p-Xylene 22.85 3.130 1.61 
Toluene 8.54 2.144 2.12 
Benzene 22.8 1 3.127 2.22 


*Values in acetonitrile. 
hAE, 2 -  Elj2 (n-donor) - El /*  (electron acceptor). El12  for the electron acceptor, 
OTP'+,-corresponds to 0.28 V vs. SCE in acetonitrile. Values of E,12  (n-donor) vs 
SCE in acetonitrile were taken from Ref. 23. 


350 400 450 500 550 
h (nm) 


Figure 2. Absorption spectra of OTP" in acetonitrile (2.8 x 10-j M )  at different concentrations of benzene: (a) 0 (b) 0.037; (c) 
0.075; (d) 0.11; (e) 0.15; ( f )  0.30; (g) 0.52 M 
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constant (K,) of the complex [equation (3)] was 
calculated using the Benesi-Hildebrand re la t ion~hip '~  
[equation (4)], which assumes the formation of a 1:l 
complex, where A0.D. is the difference in the absor- 
bance of the complex and the free electron acceptor at 
any analytical concentrations of [OTP2+ lo and electron 
donor, [D],,, respectively, and A& is the difference in 
the extinction coefficient of the complex and free 
electron acceptor at the wavelength of absorbance 
measurement. 


K, 


O T P ~ +  + D  + { o T P ~ + . . . D J  (3) 
[OTP*+],,[D],,/AO.D. 


= l/(K,AE) + ([0TP2+],+ [D],))/AE (4) 
Figure 3 shows the expression for the spectral 


changes of OTP2+ on addition of benzene in terms of 
equation (4). The extracted association constant corre- 
sponds to K ,  = 22.81 M - ' .  Analysis of the built-up CT 
band, 1 = 740 nm, by equation (4) gave an association 
constant of similar value. 


NMR studies revealed that the spectral changes of 
OTP" on addition of the electron donors indeed 
correspond to the formation of intermolecular com- 
plexes and do not represent any degradation or chemical 
reaction of OTP2+. We examined the 'H NMR spectra 
of OTP2+ on addition of 1,4-dimethoxybenzene in a 
CD,CN solution. We found that the proton chemical 
shifts of OTP*+ and of the n-donor are influenced 
(shifted) as a result of the formation of the intermolec- 
ular complex, but the pattern of OTP2+ bands is not 
changed. In a CD,CN solution consisting of OTP" 


6 
0 


* 
g 
+- 
c 
!- 
c1 


0 


1.5e-05 


1.2e-05 


9.Oe-06 


6.Oe-06 


3.Oe-06 


(3.7 mM) and 1,4-dimethoxybenzene (29 mM), we 
found the following shifts in the 'H NMR bands: for 
OTP", H,,,,, Ad = -0.003 ppm, CH, Ad = -0.002 ppm 
and CH, Ad = -0.007 ppm. For the n-donor, Ha,Un,dt,U 
Ad = 0.015 ppm and CH, Ad = 0.009 ppm. The shifts in 
the 'H NMR bands are sensitive to the concentration of 
the n-donor; as the concentration of the n-donor is 
increased, the Ad values become larger. The fact that 
the protons associated with the n-donor are shifted 
upfield whereas those of OTP2+ are shifted downfield 
suggests that stacking of the n-donor above the OTP" 
plane takes place. The changes in the chemical shifts of 
the n-donor and OTP2+ on formation of the intermolec- 
ular complex are, however, small in magnitude. As the 
association constant of OTP2+ to 1,4-dimethoxy- 
benzene is low, K, = 534 M - '  (see below), averaging of 
the 'H NMR signals of the free and bound n-donor 
gives rise to small Ad values. Owing to these small 
changes in Ad and the limited amounts of OTP*', 
quantitative determination of K, by 'H NMR spectros- 
copy for OTP2+ and the series of n-donors was difficult 
and the association constants were followed by absorp- 
tion spectroscopy. 


The derived values of the association constants of 
OTP2+ and the series of electron donors are summar- 
ized in Table 1, where the oxidation potentials of the 
electron donors are also detailed. Evidently, as the 
oxidation potential of the electron donor decreases, the 
association constant of the OTP*+-donor complex 
increases. That is, the resulting OTP2' complex exhibits 
higher stability as the oxidation of the encounter 
electron donor is thermodynamically favoured. 


0 0.2 0.4 0.6 0.8 


[ o T P * ~ , ~ )  + ~ e n z e n e ] ~ ( ~ )  


Figure 3. Benesi-Hildebrand plot for the association of benzene with OTP'+, according to equation (4) and using data from Figure 2 
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Figure 4. Correlation of OTP'+-n-donor association 
constants and the difference in half-wave potential of 


donor-acceptor components 


Figure 4 shows the relationship between AE1/2= 
[Ell2(donor)-EII2(OTP2')] and the logarithm of the 
association constants. A linear relationship is obtained, 
implying that the stability of the complexes is con- 
trolled by CT interactions in the assembly. Nonetheless, 
when the electron donor includes additional electrostatic 
interactions with OTP2+, a synergistic effect on the 
association constant is observed. Eosin Y (2) includes, 
in addition to electron-donating properties (E l l  
2=0.72 V vs SCE in acetonitrile) also two negative 
charges. The association constant exhibits a substan- 
tially higher value, K, = 4.6 x lo5 M - l .  


The polarity of the solvent is expected to affect 
intermolecular complexes stabilized by CT interactions.' 
An increase in the solvent dielectric constant or its 
dipole moment would stabilize the CT interactions. 
Table 2 summarizes the experimental values of  the 
association constants (K,) of OTP2+ with two electron 
donors, veratrole and 1,4-dimethoxybenzene, in a series 
of solvents. The association constants increase as the 
dipole moment (or dielectric constant) of the solvent 
increases. Hence a linear relationship between the 
association constants of OTP2+ with various electron 


donors and their dependence on the solvent dipole 
moment is imperative so that CT interactions provide 
the driving force for stabilization of the OTP2'-n- 
donor complexes. 


A further insight into the formation of CT complexes 
between OTP2+ and the electron donors was obtained by 
an electrochemical study, in which OTP" was 
immobilized into a Nafion membrane cast on an elec- 
trode. l 6  We selected the perfluorinated polyelectrolyte 
Nafion as the polymer matrix to characterize elec- 
trochemically the OTP2+-donor complexes, since a 
Nafion cast film on an electrode provides an ionically 
conducting microenvironment that incorporates and 
retains hydrophobic, positively charged electroactive 
species such as OTP2'.17 Furthermore, the transparency 
of Nafion films enables one to correlate the elec- 
trochemical behaviour of  OTP2+-donor complexes 
with their spectroscopic properties. Figure 5 shows the 
cyclic voltammogram of OTP2+ incorporated in the 
Nafion membrane cast on a Pt electrode. In contrast to 
the quasi-reversible stepwise reduction of OTP" in a 
homogeneous phase, the electrochemical reduction of 
OTP2+ in the Nafion membrane reveals only one revers- 
ible wave, E,= 0.56 V, corresponding to the le-  
reduction of OTP" (Figure S).The electrochemical 
response of OTP" in the Nafion film reveals several 
interesting features: the first reduction potential of 
OTP2+ [equation (l)] is shifted to positive potentials by 
ca 240 mV as compared with a homogeneous dichlor- 
omethane solution. This shift to positive potentials 


Table 2. Association constants of OTP2'-n-donor complexation as a 
function of solvent polarity 


Substrate Solvent K, (M-') &*  P * 


Veratrole CH,CN 114.5 36.2 3.92 
CH,CI, 25.72 8.9 1.60 


CI,CHCHCI, 0.35 8.2 1.32 
1,4-Dimethoxybenzene CH,CN 534.0 


CH,C12 56.8 
CI,CHCHCI, 0.54 


~~ 


'Taken from Ref. 24 
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I. 050 0.950 0.850 0.750 0.550 0 .SO 0.450 0.350 


POTENTIAL N) vs SCE 


Figure 5 .  Cyclic voltammograms of OTP” incorporated in the Nafion membrane cast on a Pt electrode. Potential range 1-0.4 V. 
The experiment was performed in CH,CI,, with tetrabutylammonium tetrafluoroborate (0.1 M) as electrolyte; scan rate = 100 mVs-l 


might be attributed to the change in the medium polarity 
in the Nafion film, neutralization of  OTP2+ by the 
Nafion film counter ions and steric distortion of non- 
planar OTP” to a planar configuration in the polyelec- 
trolyte film. 


The reversible first reduction wave of OTP2+ shows a 
large peak-to-peak separation, E,-E,, = 108 mV. Also 
the cathodic peak current (iF. is linearly dependent on 
the square root of the scan rate. These observations 
indicate that the voltammetric response is controlled by 
the diffusion of OTP” within the polyelectrolyte film. 
This suggests that electron transfer from the electrode to 
OTP2+ is slow, even though the thickness of the Nafion 
film is 1 pm. The diffusion coefficient of OTP2+ in the 
Nafion film was determined by a potential-step 
chronoamperometric experiment [Figure 6(A)]. The 
diffusion coefficient was calculated from the graphical 
analysis of the current decay [Figure 6(B)] ,  using 
equation (3, to give D = (8.5 k0.4)  x lo-* cm2 s-I: 


A similar potential-step chronoamperometric experi- 
ment in a homogeneous dichloromethane solution 
revealed a diffusion coefficient corresponding to 
D = (2.2k0.2) x 10-4cmZs-’  for OTP”. The substan- 
tially lower diffusion coefficient of OTP” in the Nafion 
membrane suggests that the electrical interactions 
between the polyelectrolyte and OTPZ+ limit diffusion 
of the electroactive species within the polymer. The 
electron transfer rate constant from OTP2+ to the 
electrode corresponds to k,, = 2.93 x cm s-I. By 


assuming that all OTP2+ incorporated in the Nafion film 
communicates with the electrode, and by calculating the 
total charge associated with the reduction wave of 
OTP2+,  we estimate that the amount of OTP2+ incor- 
porated in the polymer film corresponds to 
0.43 x lo-” mol. The electrode surface area is 
0.008 cm2 and the polymer thickness is 1 pm. Hence the 
volume of polymer film corresponds to 8 x lo-’ cm3 
and the total number of polyelectrolyte sulphonated 
groups is 2.9 x lo-’ equiv. cm -’. We thus estimate that 
ca 4% of the Nafion anionic groups are electrostatically 
bound to OTP”. 


The cyclic voltammograms of the Nafion cast elec- 
trode that includes OTP2+ were recorded in the presence 
of various concentrations of 1,4-dimethoxybenzene or 
veratrole. In these experiments, the Nafion membrane is 
fully loaded with OTP”. Under these conditions, ca 
5.2 x lo-’’ mol of OTP2+ are associated with the 
membrane and ca 45% of the polymer anionic groups 
are neutralized by OTP”. Figure 7 shows the voltam- 
mogram of OTP’+ in the presence of different 
concentrations of veratrole. The peak potential is 
negatively shifted as the concentration of the electron 
donor increases. Figure 8 shows the change in half- 
wave potential of OTP2+ as a function of 1,4- 
dimethoxybenzene and veratrole concentrations. The 
curves reveal a saturation profile. These results are 
consistent with a complexation process of the respective 
electron donors to polymer-incorporated OTP’+ 
(Scheme 1). The negative shifts in the half-wave 
potentials of OTP2+ are attributed to association of the 
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Figure6. (A) Chronoamperometric current vs time for OTP” incorporated in the Pt-Nafion membrane in CH,CI,, with 
tetrabutylarnmonium tetrafluoroborate (0.1 M) as electrolyte. The potential step applied was from 0.8 to 0.5 V and back. (B) Cottrell 


plot ( I  vs t ” * )  for the current transient shown in (A) 
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POTENTIAL (V) vs SCE 


Figure 7. Linear-sweep voltammograms of OTPZC inco orated in the Pt-Nafion electrode in the presence of different 


performed in CH,CI,, with tetrabutylammonium tetrafluoroborate (0.1 M )  as electrolyte. Scan rate = 100 mVs- '  
concentrations of veratrole: (1) 0 (2) 4 x lo-'; (3) 8 x 10- T , (4) 1.2 x lo-'; ( 5 )  1.6 x 10.'; (6) 2 x lo-' M. All experiments were 
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Figure 8. Changes in the OTP'+/OTP+ half-wave potential as a function of n-donor concentrations in the electrolyte solutions: (A) 
veratrole and (B) 1,4-dimethoxybenzene, as n- donors 
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Ka 
OTP2+ + D  + [OTP2+. . .D]  


It +e It +e 
KI 


O T P + ' + D  + (OTP"...D] 


Scheme 1 


donors, whereby the reduction of OTP2+ is ther- 
modynamically less favoured. The association constant 
of an electroactive species that forms a complex with a 
donor compound according to Scheme 1 is given by 
equation (6): 


c e 
x- 


2 


1 5  


1 


0.5 


0 
0 0.005 0.01 0.015 0.02 


weranole] (M) 


Free - 1 + K ,  [Dl 
AE,12 = E,12 E,12 = - In II,' ( 1 + K,[D]) (6)  


where and El12  represent the half-wave poten- 
tials of the electroactive species in the absence of  donor 
and in the presence of the donor, respectively, and [D] 
is the concentration of the electron donor in the polymer 
membrane. K, and K, are the association constants of 
the electroactive species in the two redox states." As the 
association constant of the donors to the reduced 
acceptor can be assumed" to be negligibly small, 
K,=O, equation (6) can be rearranged in terms of  
equation (7): 


(7) 


Figure 8 shows graphically the dependence of AEIl2  of  
OTP2+ on the bulk concentration of veratrole and 1,4- 
dimethoxybenzene. For 1,4-dimethoxybenzene, AEl12 
of OTP2+ increases up to a bulk concentration of ca 
2.2 x lo-' M and then levels off to a constant value. For 
veratrole, AEl,2 increases up to a bulk concentration 
corresponding to ca 1.8 x lo-' M. The saturated values 
of AE are consistent with the complete complexation 
of OT$+ within the polymer. 


Figure 9 shows the linear relationship of A E l / ,  and 
the bulk concentration of electron-donor according to 
Equation (8) and the suggested model of complexation 
within the polymer. 


Further quantitative determination of the association 
constants of OTP2+ with veratrole and 1,4-dimethoxy- 
benzene in the Nafion film, according to this model, can 
be achieved by following the oxidation waves of the 
electron donor incorporated in the polyelectrolyte film. 
Figure 10 shows the anodic currents associated with the 
oxidation of veratrole in the Nafion film at different 
bulk concentration of the electron donor. By integration 
of the anodic peaks, the charge associated with the 
oxidation of the n-donor was estimated, and the total 
concentration of the n-donor in the Nafion membrane 


0 . 8 ;  ' ' ' ' . ' ' ' , 
4 L 
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Figure 9. Plots of the product K,[D] as a function of n-donor 
concentrations in the bulk electrolyte solution, according to 
equation (7): (A) for veratrole and (B) for 1,4- 


dimethoxy benzene 


was determined. Equation (7) is rearranged in terms of 
equation (8): 


where [(A-D]] and [A],, correspond to the concentra- 
tion of the complex and total concentration of OTP2+ 
in the Nafion film. By integration of the cathodic peaks 
provided in Figure 6 and using the AE, , ,  values, the 
concentrations of the complex [ { A-D] 1, at each bulk 
concentration of the donors, was determined. From 
these data, and realizing that the concentration of free 
donor in the Nafion film corresponds to 
[D], - [(  A-D) 1, the association constants of veratrole 
and 1,4-dimethoxybenzene to OTP" are K, = 3.13 and 
8.27 M - I ,  respectively. We realize that the trend in the 
value of  the association constants, observed in the 
homogeneous phase, is preserved in the Nafion mem- 
brane. That is, 1,4-dimethoxybenzene has a ca 2.5-fold 
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Figure 10. Cyclic voltammograms of veratrole incorporated in the OTP*'-Pt-Nafion electrode at different bulk concentrations of 
veratrole in the electrolyte solution: (1) 4 x lo-'; (2) 8 x (3) 1.2 x M. Scan rate for all experiments = 100 mVs-' 


A O.D. 


0.04 


0.03 


0.02 


0.01 


0 


-0.01 
i t- 


350 400 450 500 550 
k (nm) 


Figure 11. Difference absorbance spectra (spectrum of complex subtracted from the spectrum of OTP") of OTP2' incorporated in 
a Nafion membrane at time intervals during treatment with veratrole (7 x 10'' M) in CH2C1, solution: (a) 4; (b) 8; (c) 12; (d) 16; (e) 


21; ( f )  53; (9) 67 min 
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higher association constant. Nonetheless, the values of 
the association constants for the intermolecular 
OTP2’-n-donor complexes are lower in the Nafion film 
as compared with the homogeneous CH,CI, solution. 
This is rationalized in terms of the high ionic strength in 
the polyelectrolyte film, which weakens the stabilizing 
CT interactions. 


Further support for the formation of OTP2+-n-donor 
complexes in the Nafion membrane was obtained 
spectroscopically. The absorption spectrum of OTP2+ in 
the polymer is similar to that in CH,CI, solution. Treat- 
ment of the OTP2’-loaded Nafion film with a CH,CI, 
solution of 1,4-dimethoxybenzene (7 x M )  or 
veratrole (7 x M )  results in time-dependent spectral 
changes in the absorption band of OTP2+, consistent 
with the formation of intermolecular complexes. Figure 
11 shows the difference spectra of the OTP2+ absorp- 
tion band, I = 350-550 nm, at different time intervals 
on treatment with a veratrole solution (7 x 10 -3 M). The 
absorption band decreases in intensity, and the forma- 
tion of an isosbestic point is visible. In contrast to a 
homogeneous phase, where the absorption changes of 
OTP2+ on addition of the n-donor are instantaneous, 
the spectral changes of OTP2+ in the Nafion film are 
time dependent. The absorption spectra reach a constant 
value after treatment of the OTP*+-loaded film for ca 
40 min with the n-donor solution. The time-dependent 
spectral changes of OTP2+ reflect the equilibration time 
constant of the n-donor between the bulk solution and 
the olyelectrolyte phase. These results imply that 
OTP incorporated in the Nafion membrane forms a 
CT intermolecular complex with the solution solubilized 
n-donor. 


F+ . 


CONCLUSIONS 


We find that octaethyltetrathiaporphyrin dication, 
OTP” , forms intermolecular complexes with n-donors. 
The increase in the association constants of the com- 
plexes as a function of n-donor oxidation potentials 
and solvent dipole moment suggest that CT inter- 
actions are the major driving force for the stabilization 
of OTP” complexes. CT complexes of porphyrins 
and metallo o h rins are well documented in the 


of porphyrin ligands exhibit similar1 the ability to 
form CT complexes. Indeed, OTPY+ forms inter- 
molecular CT complexes with porphyrins and 
metalloporphyrins.22 


The electrochemistry of OTPZ+ was followed in a 
homogeneous CH,CI, solution and in a Nafion film cast- 
electrode configuration. We found that the polyelectro- 
lyte affects the electrochemical and electronic properties 
of the porphyrin. The stability of OTP” in the Nafion 
film enabled us to follow the formation of intermolecu- 
lar complexes with n-donors within the polymer by 
electrochemical and spectroscopic means. 


literature.,”. P r p Y  I We have found that the thia analogues 
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RELATIVE THERMODYNAMIC STABILITIES OF 
2- (METH0XYMETHYLENE)TETRAHYDROFURAN AND 


5 -METHOXYMETHYL-2,3-DIHYDROFURAN 


ESKO TASKINEN 
Department of Chemistry, University of Turku, FIN-20500 Turku. Finland 


The relative thermodynamic stabilities of the title compounds were determined by iodine catalyzed chemical 
equilibration in cyclohexane solution. The main point of interest was a determination of the thermodynamic 
stability of the - 0 - C = C - 0 -  moiety found in the exocyclic isomers, i.e. the stabilizing effect of a M e 0  group 
on the olefinic linkage of 2-methylenetetrahydrfuran. All three isomeric compounds have essentially similar 
enthalpy values, which, in comparison with some previous thermodynamic data, shows that the double bond 
stabilization energy of the M e 0  group in the exo isomers is only ca 3 kJ mol-'. The entropy difference between 
the geometrical isomers is negligible, whereas the endo isomer is favoured by an entropy contribution of ca 9 J 
K-' mol-I. 


INTRODUCTION 


S-Methyl-2,3-dihydrofuran and 2-methylenetetrahy- 
drofuran ( la  and lb,  respectively) are cyclic vinyl 
ethers with double bond endo-exo isomerism. The endo 
form l a  has a lower enthalpy by 4.7 f 0.3 M mol-' in 
diethyl ether solution at 298 K,' whereas l-methylcy- 
clopentene is 16.2k.I mol-' more stable than 
methylenecyclopentane in acetic acid solution at 298 K.2 
A major part of the markedly lower difference in ther- 
mochemical stability between the endo-exo isomeric 
vinyl ethers than between the corresponding carbocyclic 
olefins may be explained as follows. In the exo + endo 
reaction, the number of alkyl substituents attached to 
the C=C system increases by one. Since alkyl groups do 


l a  Yb 


a 


2: R = Me 


3: R = OM9 


H 


b 


R 


C 


not stabilize the C=C bond of vinyl ethers as efficiently 
as they stabilize that of ordinary olefins,'*3 the 
exo + endo reaction is energetically more favourable 
for the olefins. The weak stabilizing effect of a methyl 
group on vinyl ethers may be seen from the ther- 
modynamics of the reactions l a  + l b  and 2a + 2b: for 
the latter AH' = 1.9 f 0.2 M mol -' (cyclohexane sol- 
ution, 298 K),3 i.e. only 3 M mol-' less than that for the 
former, whereas the corresponding difference is 11 kJ 
mol-' in related olefins2 


The primary aim of the present work was to study the 
thermodynamics of endo-exo isomerism in compounds 
3a-c in which the C=C moiety of the exo isomers is 
bonded to a Me0 group, thus forming a 1,2-dialk- 
oxyethene (-0-C=C-0-) system. Also of interest 
was the difference in thermodynamic stability between 
the geometrical isomers 3b and 3c. Thus the relative 
equilibrium concentrations of 3a-c were determined in 
cyclohexane solution at several temperatures. From the 
equilibrium data the thermodynamic parameters AGO, 
AH" and AS' at 298.15K for each isomerization reac- 
tion between the title compounds were evaluated. 


RESULTS AND DISCUSSION 


The mean values of the relative equilibrium concentra- 
tions of the title ethers at various temperatures are given 
in Table 1. From these data, the values of the equili- 
brium constant K for each isomerization reaction were 
calculated, followed by linear least-squares treatment of 
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Table I.  Values of the mean percentage equilibrium concentrations of 3a-c in 
cyclohexane solution at various temperatures, together with the thennodynamic 


parameters of isomerization at 298.15 K" 


Concentration (%) 


Temperature ("C) 3a 3b 3c 


25 
40 
60 
80 


100 
120 
150 
170 


Reaction 


60.7 
61.3 
61.3 
62.0 
61.5 
61.1 
60.1 
60.3 


19.5 
19.0 
19.5 
19.6 
20.0 
20.1 
19,9 
19.9 


19.8 
19.7 
19.2 
18.4 
19.5 
18.8 
20.0 
19.8 


AG' (kJ mol-') AHo (kJ mol-I) AS' (J K-' mol-') 


3a+3b 2.88 f 0.05 0.4 f 0.3 -8-3 f 0.7 
3b -+ 3c -0.01 f0.12 -0.3 f 0.6 -0.9 f 1.7 
3a -+ 3c 2.87 f 0.05 0.1 f 0 . 7  -9.2 f 1.9 


'The errors are mice the standard errors. 


In K vs T - '  according to the van't Hoff equation to give 
the values of the thermodynamic parameters of isomer- 
ization at 298.15 K (Table 1). 


The endo isomer 3a is the most abundant species at 
all temperatures covered by the measurements. More- 
over, both geometrical isomers have a content of ca 
20% in the equilibrium mixtures. Remarkably, the 
relative composition remains essentially unchanged 
throughout the temperature range investigated, which 
shows that the three isomeric species have essentially 
equal enthalpy values. Thus the higher thermodynamic 
stability of the endo isomer is an entropy effect. 


In comparison with the enthalpy change for l a  + lb,  
4.7 W mol-I, the value of AH' for 3a+3b (0.4 W 
mol-I) suggests that the Me0 substituent of 3b has a 
stabilizing effect of ca 4.3 ld mol-' on the olefinic 
system. However, part of this effect probably arises 
from an attractive cis interaction between the 0 atom of 
the Me0 group and the H atoms of the 3-methylene 
group of the tetrahydrofuran ring. Assuming this 
interaction to be equal to the stabilizing cis interaction 
energy of about 1.5 kJ mol-' between a Me0 group and 
an Et group in an olefinic ~ y s t e m , ~  the true double bond 
stabilization energy of the Me0 group in 3b is thus 
obtained as ca 3 kJ mol-'. 


The figure obtained is far from the value of 22 W 
mol -' usually ascribed to the double bond stabilization 
energy of a Me0 However, we found many 
years ago6 that a 1,2-dialkoxyethene system is much 
less stable than expected assuming additivity of the 
double bond stabilization energies of alkoxy groups. 
This was shown by an enthalpy change of -1.1 kl 
mol-' in dioxane solution6 for 4a + 4b: in comparison 


4 a  4 b  


Me R Me H 
\ I  \ I  c=c - c=c 
/ \  / \  


RCHt 


C=CH, ---+ 


OMo OMe H Ma0 R 


a b C 


5: R = OMe 


6: R = Me 


with the AH" value of +4.7 k.l mol-' for l a +  l b  the 
endo isomer 4a containing the -0-C=C-0- system is 
thus destabilized by 5.8k.I mol-' relative to la .  The 
same phenomenon was also encountered in the reaction 
5a -+ 5b, for which AH- = 0.6 f 0.4 kl mol-' 
(cyclohexane solution, 298 K).' Taking into account the 
presence of a stabilizing Me ... OMe cis interaction 
energy, about 2.9 kJ m ~ l - ' , ~  in the reaction product, it 
follows that in 5b the Me0 group attached to C-B of the 
vinyl moiety has an actual double bond destabilizing 
effect of ca 3.5 kJ mo1-I. 


Summarizing, a single Me0 substituent at the C=C 
bond of simple olefins is usually ascribed a strong 
stabilization energy of 22k.l mol-I, whereas the sta- 
bilization is only about 3 M  mol-' in 3b, and a 
destabilization of ca 3.5 kJ mol-I is found in 5b. How 
are these widely varying stabilization energies explain- 
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able? Obviously, the clue to these findings arises from 
the phenomenon of p-n conjugation in alkoxyolefins: 


-0-c=c 4-3 -o=c-c 
In monoalkoxyethenes, under favourable mutual steric 
orientation of the lone pair orbitals on oxygen and the n 
orbital of the C=C bond, the stabilization due to p-n 
conjugation is strong. However, in 1.2-dialkoxyethenes 
the conjugative effects of the two oxygen atoms tend to 
push the n electrons'of the olefinic linkage in opposite 
directions. Thus, if both oxygen atoms have an equal 
chance of conjugation with the C=C bond, as in sym- 
metrically substituted 1,2-diaIkoxyethenes, the stabi- 
lizing conjugative effects of the two oxygen atoms are 
partially cancelled so that the system is no more stable, 
possibly even less stable, than a monoalkoxysubstituted 
ethene. On the other hand, if we consider a mono- 
alkoxyolefin in which the 0 atom, for steric or elec- 
tronic reasons, is unable to conjugate efficiently with the 
C=C bond, the introduction of a second alkoxy substi- 
tuent at the neighbouring olefinic carbon may give rise 
to a marked increase in stability if the substituent 
introduced has a good chance for conjugation with the 
olefinic linkage. Accordingly, the stabilization brought 
about by the second alkoxy group in 1,2-dialkox- 
yethenes is likely to be highly dependent on the 
stabilization due to the first alkoxy group. 


Seemingly, in 3b and 5b the Me0 groups attached to 
C-B of the vinyl group have equal chances of p-n 
conjugation with the olefinic linkage. However, since 
the Me0 group of 3b leads to a slight increase in 
stability whereas the reverse is true for that of 5b, it 
appears that the ring oxygen of 3b conjugates less 
efficiently with the C=C bond than the Me0 group 
attached to C - a  of 5b. This is reasonable since in 5b the 
Me0 group attached to C-a may assume the planar s- 
cis conformation with a maximum p-n overlap whereas 
the mutual orientation of ;he ring oxygen p orbitals and 
the adjacent x orbital in 3b is less favourable for 
conjugation owing to the probable non-planar character 
of the five-membered ring (cf. the non-planar structures 
of methylenecycIopentane* and y-butyrolactone'). 


Accordingly, the change in thermodynamic stability 
on introduction of a second alkoxy group to a mono- 
alkoxyolefin may serve as a probe of the strength of 
p-n conjugation in the original compound. Of course, 
the stabilization due to the second alkoxy group 
depends also on its ability to conjugate with the C=C 
bond. Considering 3b and Sb, it appears that in each 
compound the Me0 group on C-B of the vinyl moiety 
may similarly assume either a planar s-trans or a non- 
planar gauche structure (cf. the discussion of the 
conformations of methyl vinyl ether in Ref. 10); thus 
the Me0 groups in question are likely to have equal 
steric possibilities for conjugation with the olefinic 
system. 


The value of AS' for 3a+3b ,  -8.3 f0.7 J K-' 
mol-', is in close agreement with the reaction entropies 
of -8.0f 1.0, -7 .0f0.4 and -9.6f 1.3 J K - '  mol-' 
for the l a j l b , '  2a+2b3 and 4a+4b6 reactions, 
respectively. Note especially that the values of AS' for 
these endo + exo isomerization reactions are essentially 
independent of whether the group attached to C-p of the 
ex0 isomer is a Me0 group (3b) or a Me group (2b). 
However, for 5a + 5b the entropy change, 3.2 f 1.0 J 
K-' mol-' in cyclohexane s o l ~ t i o n , ~  is significantly 
more positive than that, -4.7 f 0.7 J K - '  mol-' (also in 
cyclohexane solution), I '  for the related reaction 
6a -+ 6b. The origin of the marked difference in these 
reaction entropies is obscure. 


The enthalpy difference between the geometrical 
isomers 3b and 3c is negligible, which suggests that the 
cis interaction energies between the Me0 group and the 
respective ring moieties (a CH, group and an 0 atom) 
are similar (unless the thermodynamic stability of the 
0-C=C-0 system is inherently dependent on its 
configuration). For comparison, the reaction 5b -+ 5c is 
endothermic by 5.6 f 0-8  kJ m01-l.~ The positive 
enthalpy change in this reaction is understandable in 
view of the probable conformational change experi- 
enced by the Me0  group bonded to C-a: the dominating 
planar s-cis conformer of the reactant is no more 
feasible for the product, owing to the steric require- 
ments of the other Me0 group in the cis position. The 
reduction in molecular stability due to decreased conju- 
gation in the MeO-C,=C, moiety is not fully compen- 
sated for by increased conjugation in the C, =CB-OMe 
group, since energetically this change may be consid- 
ered to correspond roughly to rotation of the s-cis 
conformer of methyl vinyl ether to the second stable 
(gauche or s-trans) conformer, which requires ca 7 kJ 
mol-' of energy in the gas phase." 


The negligible entropy change in 3b + 3c agrees with 
that for 2b + 2c, -0-7 f 0.7 J K- '  m01-I.~ This sug- 
gests that the former reaction involves no change in the 
number of conformers available for the Me0 group. On 
the other hand, the entropy of 5c is 5 . 2 f 2 . 3  J K- '  
mol-' higher than that of 5b,7 which points to a pre- 
sence of additional conformers of the MeO-C,=C, 
moiety in 542, in addition to those present in the reactant 
5b. For comparison, the reaction 6b + 6c is also accom- 
panied by a marked increase in entropy: AS'= 
13.9 f 0.8 J K-' mol-'.'I 


In conclusion, it appears that in 1,2-diaIkoxyethenes 
and related compounds, the presence of two 0 atoms at 
vicinal olefinic carbons does not lead to a particularly 
stable system in the thermodynamic sense. On the 
contrary, the thermodynamic stability of this system is 
roughly comparable to that of a monoalkoxysubstituted 
ethene. The two oxygen atoms are competing for con- 
jugation with the n electrons of the olefinic linkage: in a 
symmetrically substituted ethene the two conjugative 
forces are in balance, whereas in an unsymmetrically 
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substituted ethene the two 0 atoms conjugate with 
different efficiencies with the olefinic system. 


EXPERIMENTAL 


The title compounds were prepared by pyrolysis of 
tetrahydrofurfural dimethyl acetal [b.p. 63-64 "C/ 
11 Torr (1 TOST= 133-3Pa)l over A1,0, at 330°C. This 
acetal was obtained from furfural dimethyl acetal (b.p. 
56"C/lOTorr) in a yield of >90% by hydrogenation 
over Raney nickel in MeOH solution (100 atm, 
100 "C). As a major side-product of the hydrogenation 
reaction, the saturated ether 2-(methoxymethy1)tetra- 
hydrofuran (b.p. 51 OC/20 Torr) was formed; its relative 
amount could be reduced to a few per cent by adding 
two drops of diethylamine to the reaction mixture 
(150ml; substrate to solvent volume ratio=2: 1). The 
isomer mixture obtained from the pyrolysis reaction 
typically consisted of 64% 3a, 20% 3b and 16% 3c. In 
addition, variable amounts of the unchanged reagent 
were recovered. The reaction product was further 
fractionated by distillation. The pure endo isomer 3a 
was collected at 77 "C/54 Torr, a 70 : 30 mixture of 3a 
and 3b at 78-79"C/54Torr and 95% pure 3c at 
83 "C/54 Torr (pure 3b could not be obtained, owing 
to its similar volatility to 3a). The total yield of the 
pyrolysis reaction was ca 30%. 


' H  NMR ( 3 9 9 4 M H z ,  CDC!,, TMSJ.  3a: 4.38 (tr, 
9.5Hz, 2H), 2.64 (m, 2H), 4.90 (m, lH),  3.92 
(m, 2H), 3.36 (s, 3H). 3b: 4.11 (tr, 6.7 Hz, 2H), 1.98 
(m, 2H), 2.51 (tr, 7.1 Hz, 2H), 6.02 (tr, 2.2Hz, lH),  
3.48 (s, 3H). 3c: 4.11 (tr, 6,7Hz, 2H), 1.98 (m, 2H), 
2-46 (tr, 7.3Hz, 2H), 5.32 (tr, 1.5Hz, lH), 3.56 
(s, 3H). Tetrahydrofurfural dimethyl acetal: 3.73 
(m, lH),  3.81 (m, lH), 3.91 (m, lH), 4.17 (d, 5.8Hz, 
lH), 3.37 (s, 3H), 3.38 (s, 3H), 1.7-2.0 (m, 4H). 


"C NMR (100.5MHz, CDC!,, TMS). 3a: 70.2 (C-2), 


(Me). 3b: 147.0 (C-2), 23.9 (C-3), 24.6 (C-4), 70.3 
(C-5), 124.7 (CH), 59.3 (Me). 3c: 140.4 (C-2), 25.7 


(Me). 


29.8 (C-3), 98.3 (C-4), 154.6 (C-5), 67.1 (CHI), 58-3 


(C-3), 25.1 (C-4), 70.7 (C-5), 121.5 (CH), 60-0 


Equilibration experiments. The equilibration experi- 
ments were carried out in cyclohexane solution (ca 
2Ovol.% of substrate) with I, as catalyst (0.01 M)." 
After destroying the catalyst by addition of 
diethylamine, the equilibrium mixtures were analysed 
by GLC (50m XE-60 capillary column at 100°C; 
retention times 6.2, 7.0 and 13.7 min for 3a, 3b and 3c, 


respectively). Both 3a and 3c were used as the initial 
reagents in the equilibration experiments; the same 
equilibrium composition was readily obtained from both 
directions. 


Configurational assignment. The configurations of 
the geometrical isomers were deduced from their NMR 
spectra and other data as follows. The chemical shift of 
the olefinic proton of the more volatile isomer was 
found at d 6.02, 0.70ppm downfield from that of the 
other geometrical isomer; the higher shift value for 
the more volatile isomer suggests a cis juxtaposition of 
the olefinic proton and ring oxygen atom. The values 
of the allylic coupling constant of the olefinic proton 
with the ring 3-CH2 group were 2.2 and 1.5 Hz for the 
more volatile and less volatile compounds, respectively; 
the larger coupling constant points to a trans allylic 
coupling, Further, the I3C NMR chemical shifts of the 
olefinic carbons are several ppm higher for the more 
volatile geometrical isomer, in agreement with related 
data for the E form of several 1,2-dialkoxyethenes for 
which the configuration can be determined unequivo- 
cally from the value of the coupling constant between 
the olefinic protons.I3 Finally, the lower boiling point 
and the markedly shorter retention time of the more 
volatile compound through the XE-60 column in the 
GLC analysis suggest a significantly smaller polar 
character for this isomer; this agrees with a trans 
juxtaposition of the two 0 atoms. 
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STEREOCHEMICAL CONTROL IN ANIONIC POLYMERIZATION OF 2- 
VINYLPYRIDINE AND RELATED VINYL MONOMERS 


T H E 0  E. HOGEN-ESCH, QIAO JIN AND DIM0 DIMOV 
Loker Hydrocarbon Research Institute, University of Southern California, Los Angeles, California 90089-1661, USA 


The alkylation, silylation and other electrophilic reactions of l-lithio-l,3-bis(2-pyridyl)butane (2a) in THF at 
-78 "C leads to meso-like products that may be accounted for by intramolecular coordination of Li ion with the 
penultimate 2-pyridyl group. This is also demonstrated by proton-transfer equilibria between l-lithio-2- 
ethylpyridine and 2a, allowing the determination of the AH and AS of intramolecular chelation in 2a. The AS 
of chelation is nearly zero, probably as a result of chelation-induced desolvation of Li ion. Surprisingly, 
however, the corresponding addition of 2-vinylpyridine to 2a and higher P2VPLi homologs in THF is not 
stereoselective. In toluene at  -78 "C the t-BuLi-initiated polymerization of 2-VP is actually somewhat 
syndiotactic (rr=0.44). The presence in this polymerization of at least one equivalent of t-BuOLi or other 
tertiary ROLi surprisingly leads to isotactic P2VP. SEC viscometric and other studies indicate that both the 
P2VPLi- and P2VPLi-ROLi complexes are monomeric in toluene. The stereochemistry is apparently due to a 
1 : 1 P2VPLi-ROLi complex that discriminates between the two pro-chiral faces of the anion by preferential 
coordination of the (ROLi,) moiety to the meso-prochiral face. Isotactic-like addition now occurs by 
electropbilic attack of 2-VP that is syn with respect to the (ROLi,) 'counter ion.' 


INTRODUCTION 


Isotactic control in the anionic polymerization of MMA 
was first achieved in the late-1950s in apolar solvents 
(toluene, hexanes) and in the presence of small counter 
ions.'-' Typical initiator systems included n- 
BuLi-toluene at -78 "C, Grignards in cyclohexane or 
toluene at -78°C. The degree of isotactic control in 
some of these systems is typically high. The formation 
of monodisperse highly isotactic (96%) PMMA has 
recently been demonstrated by Hatada et ~ 1 . ~  


On the other hand, the presence of donor solvents such 
as diethyl ether (DEE), THF and DME leads to a sharply 
decreased isotactic content depending on the concentration 
of the donor solvent. In pure THF at -78 "C polymeriz- 
ation of MMA in the presence of Li ion gives rise to 
predominantly syndiotactic PMMA (rr = 0.70-0.80).' 


Almost from the beginning, isotactic control in the 
MMA polymerization was ascribed to interactions of 
the Li counter ion with the carbonyl of the penultimate 
ester groups. Examples due to Cram and Kopecky" and 
Fowells ef a1.' are shown in Scheme 1. 


Owing to a lack of comparable systems for other 
monomers, such descriptions of necessity were ad hoc 
and qualitative. Furthermore, rationalization of ster- 
eochemical control is restricted, or should be, to cases of 
rather pronounced tactic control. For instance, an isotactic 
content of 80% at -78 "C requires a transition-state free 
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energy difference of about 0.9 kcal (1 kcal = 4.1 84 Id) 
between meso and racemic additions. Differences less 
than that are not readily interpretable, particularly in view 
of the complexities involved in the addition process. 
These complexities pertain both to the propagating chain 
and to the monomer itself. Thus, the chain-end carbanion 
in the case of MMA is strongly resonance stabilized and 
thus exists as two possible stereoisomeric ( E ) -  and (Z) -  
enolates [equation (I)]."-" 


Furthermore, since the carbanion is pro-chiral and 
since anionic polymerization of MMA and analogous 
monomers such as 2-vinylpyridine (2VP) in media such 
as THF, DEE and toluene generally involves tight ion 
pairs, the counter ions may be present at either of the pro- 
chiral faces of the carbanion (Scheme 2). Such faces 
may be termed pro-m or pro-r when covalent bond 
formation occurring at that face generates a meso or 
racemic dyad, respectively (Scheme 2). 


Thus M' side (syn) electrophilic attack by monomer 
or other electrophile (EX) on the prom face would give 
rise to a meso or meso-like dyad. The preference of the 
cation that may be complexed by a solvent or ligand L 
for one of the two pro-chiral faces together with the 
mode of monomer attack (syn or anti) would co- 
determine the stereochemistry. Intramolecular chelation 
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Me, ,OMe 


Scheme 1. Proposed mechanisms accounting for isotactic 
anionic polymerization of MMA in non-polar media 


L L 


H 
meso l X c U n i C  


Scheme 2. Diastereomeric pro-chiral ion pairs in anionic vinyl 
polymerization 


of M' by the penultimate R group could be just one of 
the mechanisms by which one of the ion pair diaster- 
eoisomers is favored. 


In the following, we report some recent studies on the 
mechanisms of stereocontrol related to Scheme 2. 


RESULTS AND DISCUSSION 


Earlier work had centered on the stereochemistry of 
anionic oligomerization of 2-vinylpyridine [equation 
(2) 1 . ~ ~ 4 ~  


1 - 6  


1 - 1 2  


1&7 n=O, 2&8 n=l.  3 k 9  "-2. 4k10 n-3, 5111 "4, 6kU n S  


(2) 
These studies were undertaken since, in contrast to 


the ester enolate anions, the pyridine-substituted anions 
are far less prone to side-reactions at elevated tempera- 
tures. Furthermore, the position of the nitrogen in the 
ring may be varied providing additional leverage on the 
interpretation of mechanistic aspects (see below). 


Anions 1-6 in non-polar solvents and even in moderately 


polar solvents such as THF exist predominantly as ion pairs. 
Table 1 gives dissociation constants in THF of l-phenyl-l- 
(2-pyridy1)- (13) and l-phenyI-1-(4-pyridyl)- (14) substi- 
tuted anions along with the corresponding 1,l-diphenyl 
analog anions (15). The introduction of a nitrogen atom in 
the 2- or 4-position in the ring leads to decreases of the 
order of 10-102 in the dissociation constants. 


The dissociation constant of the less delocalized picolyl 
anions (16) is even lower. The stability of ion pairs of 2- 
or 4-pyridine-substituted anions relative to the free anions 
is clearly due to enhanced electron density at the heteroa- 
tom. This is illustrated by the higher dissociation constant 
of the l-phenyl-1-(3-pyridyl)-substitution anion.l7 In this 
case, resonance delocalization of negative charge on to the 
nitrogen is not possible. Similar low dissociation constants 
in THF have been reported for enolates such as the PMMA 
anion lithium salt (Table 1).20.21 


The stereochemistry of methylation (CH,I) at -78 "C 
in THF as a function of cation size and coordination is 
summarized in Table 2. The degree of methylation 
stereoselectivity is very high (>99% meso) in the case 
of Li ion but decreases sharply for larger cations or in 
the presence of strongly cation-coordinating agents. I 3 - l 5  


This result was rationalized by the occurrence of strong 
intramolecular cation coordination of Li or Na by the 
penultimate 2-pyridine group (Scheme 3). 


The pro-meso form of 2 is favored over the diaster- 
eomeric pro-racemic 2 by virtue of a gauche interaction 
between the PCH, and the CH,C- bond in pro-racemic 2. 
Molecular models show additional non-bonded inter- 
actions in pro-racemic 2 between the THF-coordinated Li 
ion and the penultimate asymmetric center that could 
amount to >1 kcalmol-I. As a result, the predominant 
meso stereochemistry is consistent with a syn attack of 
CH31 on the pro-meso ion pair (Scheme 3). 


The results in Table 2 are consistent with the above 
important role of intramolecular cation coordination. 
First, intramolecular ion-dipole interaction is expected to 
decrease with increasing cation size and cation coordina- 
tion (Table 2). Thus, methylation stereoselectivity for the 
Cs and cryptated (2.1.1) lithium derivatives decreases to 
65 and 50% meso, respectively. Further, replacing the 
penultimate group with phenyl results in an essentially 
complete lack of methylation stereoselectivity. Careful 
inspection of Scheme 3 and of space-filling models show 
that the presence of 3'-methyl-2-pyridine as a penultimate 
group (R' = Me, R2 = H) would lead to peri non-bonded 
interactions between the 3'- and equatorial methyl groups 
and would eliminate methylationstereoselectivity, 
whereas that for the dimer anion having a S-methyl-2- 
pyridine group (R' = H, R2 = Me) the stereoselectivity 
would not be affected. These predictions were fully 
confirmed (Table 2).16 Scheme 3 also predicts that for the 
Li salts of trimer, tetramer and highly oligomeric anions 
the stereoselectivity would remain high. This also was 
confirmed.22 


Quantitative data on the extent of intramolecular 
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Table 1. Dissociation constants of lithium salts of phenyl-, 2- and 4-pyridyl- and ester- 
stabilized anions in THF at -78 "C 


2 Li' 2 Li' 


15 16 
13 R = -2-pyridyl 
14 R=-4-pyridyl 


Anion 


15 13 14 16 (Na') 16 PMMALi' PMMALit 


lo9 K d  (M) 4000 280 60 0.14 3.1 0.40 1 0 - ~ - 1 0 - ~  
Ref. 17 17 17 18 19 20 21 


Table 2. Methylation stereochemistry of alkali metal salts of various dimer anions at -78°C in 
THF as a function of penultimate group, cation and cation coordination 


Fraction Fraction 
R M+ 2R,4S/2S,4R R M' 2R,4S/2S,4R 


2-Pyridyl Li 0.99 2-4rridyl Epim." 0.49 
2-Pyridyl Na 0.95 Phenyl Li 0.50 
2-F'yridyl K 0.85 3'-Methyl-2-pyridyl Li 0.24 
2-Pyridyl Rb 0.76 5'-Methyl-2-pydyl Li 0.98 
2-Pyridyl (Li, 2.1.1)' 0.65 4-Pyridyl Li 0.69 
2-F'yridyl (Na, 2.2.2)' 0.58 2-Pyridyl' Li 0.50 


'Epimerization conditions: meso-isomer in t-BuOK-DMSO at 25 "C for 100 h. 


' 1-(4-pyndyl)-3-(2-pyridyl) butane anion lithium salt. 
1,3-Bis(4-pyridyl) butane anion. 


Cryptates. 


coordination of the Li salt of 2 in THF were obtained 
by a study of the proton transfer equilibrium (3).23 N* . M' 


KH* 
H H 


K l  
CH,CHM + CH,CHCHlCH,-CH,CH* + CH3CHCHlCHM 


H I 1 1  h R ' R  I 1  
R R  
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Table 3. Chelation equilibrium constants K2 in equation (3) in THF as a function of penultimate group R', 
counter ion and temperature 


R'" M t  Temperature ("C) K,  R'" M' Temperature ("C) K2 


2-4r 


2-4r 
2-4r 
2-Py 
2-PY 
2-4r 
2-Py 


Ph 
3'M2Py 


Li 25 15.2 2-Py Na 
Li 25 0.8 2-4r Na 
Li 25 1.0 2-4, Na 


(Li, 2 . ~ 1 ) ~  25 1.2 2-Py Na 
Li 0 20.0 2-Py m a ,  2.2.1)b 
Li -12 21.6 2-Py K 
Li - 25 25.3 2-Py K 
Li -35 28.7 2-Py K 


(Li, 2.1.1lb -25 1.5 Ph K 


25 
0 


-25 
-35 


25 
25 
0 


-25 
25 


2.3 
3.0 
3.7 
4.1 
1.8 
1.8 
1.9 
2.1 
0.3 


Table 4. Thermodynamic parameters for intramolecular cation 
coordination (K,) for Li, Na, and K salts of 1,3-bis(2- 


pyridy1)butane anion (2a) in THF 


M' AH (kcal mol-I) AS (cal mol-' K-I) 


Li -1.4 (kO.10) 
Na -1.3 (k0.15) 
K -0.5 (3Z0.20) 


0.80 (3Z0.4) 


-0.40 (k1.2) 
-2.60 (3Zl.O) 


Methylation (CHJ) of the equilibrium mixture is 
rapid (ca 1 s) compared with the proton transfer 
reactions (>24 h), so that GC analysis readily gives 
apparent equilibrium constants (Tables 3 and 4). The 
overall reaction may be written as the sum of two 
steps, the first (K,) being the proton transfer leading 
to a dimer anion in which the intramolecular 
coordination of M' by penultimate pyridine is absent 
and the second step being the intramolecular chelation 


The overall equilibrium of equation (3) is written as 
( K d .  


K = K,( l+  K,) (4) 
Assuming that the stabilities of anions 1 and the unche- 


lated 2 are identical, K, becomes unity, so that 


K2= K- 1 ( 5 )  
Table 3 shows the values of K, for Li, Na and K salts 


of 2a and for analogs 2b-2d having phenyl 3'-methyl- 
2-pyridyl and 5'-methyl-2-pyridyl as penultimate 
groups. Clearly, the K2 values decrease with increasing 
cation radius and with substitution of penultimate 
pyridine with groups incapable of strong cation 
coordination such as phenyl and 3'-methyl-2-pyridine 
(see also Table 2). 


The temperature dependence of equilibrium (3) for 
Li, Na and K salts of 2a gave the A H  and A S  values 
of intramolecular cation coordination (Table 4). The 
A H  values give a predictable decrease in the enthalpy 
as the cation radius increases. Interestingly, the AS 
value of intramolecular coordination is low. Appar- 
ently, this is because intramolecular coordination of 
the metal ion liberates an M +-coordinated THF, thus 
offsetting a loss of entropy incurred in the intramolec- 
ular coordination. 


The above unambiguously demonstrates the 
intramolecular coordination in anions 2a. There is ample 
reason to assume that the same process occurs in all 
oligomer and polymer anions since methylation ster- 


Table 5. Stereochemistry of reaction of various electrophiles with the Li salt of 
dimer anion 2a in THF at -78 "C 


EX Fraction 2R,4S/2S,4R EX Fraction 2R,4S/2S,4R 


CH,I 0.99 
CH,Br 0.98 
CH,CI 0.98 
C,HJ 0.97 
i-C,H,Br 0.95 
PhCH,CI 0.97 
Ph,CHCI 0.96 


Me,SiC1 0.97 
CH2= C (Ph), 0.93 
CH,=C(Ph),P 0.63 


(CD,),CO 0.85 
PhCHO 0.7 1 
4-VP 0.97 
2-VP 0.64 


'At 25 "C. 
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ti+ R ; 


CH, H 


Li ~ E l  


Scheme 4. s-cis and s-trans addition of 2-vinylpyridine to 1’- 
lithio-2ethylpyridine in THF at -78 “C 


eochemistry in the presence of Li or Na ion remains 
highly meso selective for all degrees of polymerization 
(>96% meso).’* 


Table 5 shows the stereochemistry for several other 
reactions of 2a including alkylations with other groups 
such as ethyl, isopropyl and benzyl.” Also included are 
reactions with Me,SiCl, (CH,),CO, diphenylethylene 
and 2- and 4-vinylpyridine. All of these reactions show 
predominant formation of the same meso-like products. 
However, the stereoselectivity, especially in the case of 
2-vinylpyridine, is very low and indeed the stereochemi- 
stry of poly(2-vinylpyridme) under these conditions is 
essentially atactic with minimal isotactic preference 
(mm = 0,45).25-” The reason(s) for this remarkable lack 
of stereoregularity is not clear, but it could be due to the 
requirement for intramolecular coordination of Li ion in 


i 
I 1 1 1 1 I I  
13 14 15 16 17 18 19 


Figure 1. Molecular weight distribution of poly(2- 
vinylpyridine) prepared by initiation with t-BuLi in toluene at 


-78 “C. DP, = 38; M J M ,  = 2.7; [t-BuLi] = 2.5 x M. 


the newly formed anion. Furthermore, the approach of 
the 2-VP monomer to the l’-lithio-2-ethylpyridine lacks 
stereoselectivity since both E- and 2-isomers are 
formed in approximately equimolar amounts (Scheme 
4).28*29 It is probable that this lack of stereoselectivity is 
related to the mode of 2-VP presentation to the Li salt 
of 1 since E-Z interconversion was shown to be slow 
on the reaction time-scale. Thus, s-cis and s-trans 
monomer conformations in the transition state lead to 
the formation of 2 and E anions, respectively. Further, 
in the presence of Li ion this pattern is repeated for the 
trimer anions 3 and is also plausible for the tetramer and 
higher anions. Thus, the lack of chain stereoregularity 
may correlate both with the intermediacy of both E and 
Z anions and a lack of specificity in monomer 
presentation. 


The above shows clearly that intramolecular cation 
coordination does not necessarily lead to stereoregular 
vinyl polymerization, let alone to highly isotactic 
polymers. However, it could be argued that polymeriz- 
ations in THF are inherently less stereoregular, perhaps 
as a result of a lack of strong monomer coordination to 
Li ion in the transition state due to competitive Li 
solvation by THF. This prompted us to investigate the 2- 
VP polymerization stereochemistry in toluene at 
-78 “C. Thus, in toluene 2 - W  coordination to Li should 
be stronger and the intramolecular chelation of Li’ 
occumng at the chain end anion should be even more 
pronounced. Earlier investigations had shown the 
formation of isotactic polymers, especially in the 
presence of Mg counter Thus, polymerization 
of 2-VP initiated by Grignards or benzylpicolylmag- 
nesium has been shown to lead to the formation of 
fairly highly isotactic polymers (mm = 0.92). 


Preliminary studies carried out in toluene at -78°C 
with n-BuLi or t-BuLi as initiators indeed showed the 
formation of predominantly isotactic P 2 W  
(mm = 0.70).33 However, the use of carefully sublimed 
t-BuLi gave atactic polymers with syndiotactic content 
of about 44%. Initiator efficiencies were rather low 
(40-50%) so that unreacted t-BuLi is present. Trimodal 
distributions were obtained in most cases showing that 
at least three different species may have contributed to 
the polymerization process (Figure 1). Further, the 
polymer tended to precipitate during the polymerization, 
so this may have contributed to the width of the M W  
distribution. However, trimodal distributions were also 
observed at low conversions and before polymer precip- 
itation occurred. 


The lack of solubility of P 2 W  at -78°C was 
addressed by initiation of 2 W  by polystyryllithium 
initiated by t-BuLi in toluene. In this case, a soluble 
block copolymer was obtained bu the MWD was still 
trimodal and the stereochemistry of the P2W block was 
unchanged. Viscometric measurements on toluene- 
soluble PS-P2VLi block copolymers showed an 
absence of polymer aggregation at 25 and -780CM 
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Table 6.  Molecular weight distribution and stereochemistry of P2VP synthesized with various lithium initiators in toluene at 
-78 "C' 


Initiator Heterogeneous [t-BuOLi]/[BuLi] MWDd Initiator efficiency (%)' mm mr rr 


t-BuLi Yes 
t-BuLi No 
PS-Lib No 
PS-Lf No 
t-BuLi- t-BuOLi Yes 
PS-Li-t-BuOLi' No 
PS-Li-t-BuOLib No 


- 4.0 60 0.20 0.36 0.44 
- 2 7  42 0.22 0.37 0.41 
- 3.5 40 0.23 0.35 0.42 
- 1.2 >90 0.22 0.38 0.40 
2.1 1.4 54 0.72 0.18 0.10 
2.1 1.2 >90 0.74 0.15 0.11 
2.1 1.4 40 0.74 0.16 0.10 


'Initiator concentration around 2.3 x lO-'M. 
bAddition of styrene to t-BuLi at 0°C. 
'Addition of t-BuLi to 1 ,I-diphenylethylene (DPE) followed by styrene. 


'Calculated at M,(calc)/M,(exp). 
SEC analysis using p2vP standards. Number-average molecular weights 5900-12,900. 


= \\- 
0.7 - 


0.6 - 


0.5 - 


I . , . , . . . , ,  


1 2 3 4 5 l o  0 


1-BuOLIII-BuLI ratio 


Figure 2. Fractional isotactic content of poly(2-vinylpyridine) as a function of the t-BuOLi/t-BuLi molar ratio in toluene at -78 "C 


Thus, the propagating chains were not associated into 
dimers or higher aggregates although cross-association 
with t-BuLi was still possible. In order to evaluate this 
factor, t-BuLi in toluene was first reacted with 1,l-  
diphenylethylene and subsequently styrene before 
addition of 2VP. 1,l-Diphenylethylene is known to 
react quantitatively with t-BuLi3' After termination 
(CH30H) the P2VP was found to have a narrow mol- 
ecular weight distribution (Table 6 )  and initiator 
efficiencies were close to quantitative. 


This suggests that the multimodal distributions 
observed in the absence of 1,l-diphenylethylene were 
due to the presence of P2VPLi-t-BuLi  aggregate^.^^ 
Hence the trimodal distributions observed even at low 
conversions were apparently due to complexes of 
P2VPLi and t-BuLi. In fact, the relatively low initiator 
efficiencies were thus most likely due to the lower 


reactivity of the t-BuLi in the P2VPLi-t-BuLi com- 
plexes. This would account for the initiator efficiencies 
being generally around 50% (Table 6). 


Interestingly, the stereochemistry of polymerizations 
initiated with purified t-BuLi was identical for all 
systems studied, indicating that the formation of 
P2WLi-t-BuLi complexes did not change the ster- 
emhemistry of polymerization. This was also shown by 
fractionation of some of the polymers having trimodal 
distributions. No tacticity differences were observed 
between high- and low-h4W fractions. Apparently the 
reactivity, but not the stereochemistry, of the P2VPLi 
was affected by complex formation with t-BuLi. 


We next turned out attention to the formation of 
isotactic P 2 W  initiated with impure t-BuLi. Since in the 
presence of 0, the formation of t-BuOLi is possible, 
we decided to investigate the effect(s) of addition of 
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Table 7. Effects of lithium alkoxides on the stereochemistry for the t-BuLi-initiated 
polymerization of 2-VP in toluene at -78 "C" 


S tereochemistryb 


Expt No. ROL i [ROLi]/[t-BuLi] rnm rnr rr p c  


1 - - 0.36 0.44 1.3 
2 t-BuOLi 0.6 0.40 0.31 0.29 1.5 
3 t-BuOLi 1 .o 0.69 0.20 0.11 1.7 
4 t-BuOLi 2.0 0.71 0.17 0.12 1.7 
5 t-BuOLi 5.0 0.73 0.17 0.10 1.8 
6 t-BuOLi 10.0 0.76 0.14 0.10 1.9 
7 t-BuOLi 2.0d 0.74 0.17 0.09 1.8 
8 t-BuOLi 2.0' 0.69 0.20 0.14 1.7 
9 t-BuOLi 2.0' 0.62 0.23 0.15 1.6 


10 MeOLi 2.6 0.27 0.36 0.37 1.4 
11 EtOLi 1.5 0.28 0.35 0.37 1.4 
12 i-C,H,OLi 2.1 0.40 0.28 0.32 1.7 
13 EtOLi- t-BuOLi 1.1 /2.2' 0.46 0.30 0.24 1.6 
14 1 -AdamOLih 4.1 0.87 0.07 0.06 2.5 


a [t-BuLi] = 2 . 0 ~  10-*-2.3 x lO-'M. 
bCalculated by pentad analysis of C-2 carbon NMR. 
'Persistence ratio defined as p = 2 ( m ) ( r ) / ( m r )  where ( m ) =  (mm) + (mr) /2 .  


[t-BuLi] = 5 x ~ O - ' M .  
[t-BuLi] = 5 x 1 0 - 4 ~ .  
[t-BuLi] = 5 x 10-5M. 


'EtOLi added after t-BuOLi. 
hLithium salt of 1-adamantol. 


t-BuOLi on the t-BuLi initiated polymerization of 
2VP.38 Figure 2 shows the pronounced effect on the rnrn 
content of t-BuOLi (Figure 2). There is a steep increase 
in isotactic content. The sharp break at a ratio of one 
indicated the formation of a 1 : 1 P2VPLi-t-BuOLi 
complex. It is also of interest to note that Li salts of 
simple primary and secondary alcohols are virtually 
completely ineffective in enhancing isotactic content 
(Table 7). In order to establish whether this failure to 
affect stereochemistry was due to a lack of complex 
formation, the following experiment was carried out. A 
t-BuLi-t-BuOLi initiator system was prepared in the 
molar ratio of 1 : 2.3. The polymerization in this case 
yielded a P2VP with a tacticity of about 70% (Table 7). 
The presence of an additional 1-1 equivalent (with 
respect to t-BuLi) of EtOLi during this polymerization 
dramatically lowers the isotactic content of the P2VP 
formed (Table 7, run 13). This and similar experiments 
indicated that the formation of P2VPLi-EtOLi com- 
plexes is competitive with the formation of P2VPLi-t- 
BuOLi complexes. This is not unexpected since the 
formation constant of P2VPLi-lithium alkoxide 
complexes is expected to decrease with increasing alkyl 
size. 


Therefore, an attempt was made to evaluate the role 
of concentration on stereochemistry for the t-BuLi-t- 
BuOLi-2-VP system. 


According to equation ( 6 ) ,  the fraction of complex 
would be expected to decrease as the total concentration 


of anion decreases at constant t-BuOLi/t-BuLi ratio. 
The results of such experiments, shown in Table 7 
(runs 7-9), clearly show that the rnrn content decreases 
with decreasing anion concentration, consistent with 
equation (6). 


P2VPLi + t-BuOLi % P2VPLi. t-BuOLi (6) 


In order to check the validity of equation (6) further, 
viscosity measurements of P2VPLi were carried out in 
the absence and presence of t-BuOLi at -78 and 25 "C 
in toluene. Just as for the systems without t-BuOLi, the 
experiments were camed out with PS-P2VPLi block 
copolymers. In all cases, the viscosities before and after 
termination with CH30H were found to be equal, so that 
clearly there is only cross-association with t-BuOLi 
according to equation (6). 


These results indicate that in this case polymer anion 
aggregation is not a factor in controlling stereochemis- 
try. Molecular weight distributions in toluene at -78 "C 
in the presence of t-BuOLi were narrow (Table 6), 
indicating the participation of a single species or of 
several species interconverting rapidly on the reaction 
time-scale. Since t-BuOLi in toluene is t e t r a m e r i ~ , ~ ~ . ~ ~  
the formation of aggregated species according to 


PVPLi + (t-BuOLi), % PVPLi.(t-BuOLi), 
+ (1 - 0.25n)(t-BuOLi) (7) 


n =  1-3 
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cannot be ruled out. In fact, such species have been 
demonstrated by Wang et ~ 1 . ’ ~  in mixtuxes of lithio isobu- 
tyrates and t-BuOLi in toluene. However, the relatively 
sharp break in the plot of isotactic content against [t- 
BuOLi]/[t-BuLi] ratio indicates that the stereochemistry 
of multiple aggregates, if present, is not very different. 


The formation of PVPLi.t-BuOLi complexes is not 
surprising given the affinity of the Li ion for neutral 
oxygen donors such as THF. Certainly charged oxygen 
anions would be even better coordinating agents. The 
simplest PVPLi-t-BuOLi complex could form structures 
such as 18 and 19. 


18 19 


Structures such as 19 have been ro osed in t-BuOLi 
Based on the 


reduced initiation and polymerization rates in the 
presence of t-BuOLi in toluene,42 we favor species 19 
since the presence of an additional electrophilic lithium 
at the carbanion center is expected to reduce anion 
reactivity while the reactivity of structure 18 would not 
be expected to be lowered. Structure 18 is also more 
consistent with the remarkable effects of alkyl structure 
of ROLi on the polymerization stereochemistry. 


The stereochemical effects of the addition of t- 
BuOLi is of considerable interest, in particular the 
pronounced effects of the degree of substitution of the 
secondary hydrogen of (CH,),CHOLi by methyl, 
raising the meso content of the chain from 54 to 82%. 
Addition of other lithium alkoxides such as lithium 
adamantoxide gives rise to even higher isotactic content 
(mm = 0.87) (Table 7 ,  run 14). 


It should be pointed out that in all of these cases, the 
isotactic content of P2VP was evaluated using a set of 
modified C-2 assignments that tend to give a lower 
isotactic content. By using the previous assignments, 
isotactic contents would be even higher (for instance, 
93% rather than 87%).26 


complexes of lithio isobutyrates. ‘ : B  ’- 


DISCUSSION 
It is of interest to note that addition of lithium alk- 
oxides in the anionic polymerizations of MMA43*44 and 
even of styrene4’ have led to enhanced isotactic con- 


The latter case is interesting in that addition of 
t-BuOLi in hexane at -30°C gave rise to a relatively 
small fraction of highly isotactic polystyrene. This 
suggests that, at least in principle, isotactic control is 
possible in the absence of coordination of Li ion to 
penultimate Lewis bases. This would suggest a model 
introduced above in which the fraction of meso dyads is 
determined both by the relative stabilities of pro-meso 


and pro-racemic ion pairs, by the selectivity of elec- 
trophilic attack (syn or anti) and by the corresponding 
rate constants of monomer addition (Scheme 2). 


In the presence of t-BuOLi-P2VPLi complexes, it is 
possible that the equilibrium between the two pro-chiral 
species is shifted toward the pro-meso form perhaps as 
a result of non-bonding interactions in the pro-racemic 
complex (Scheme 2). Assuming syn attack only, as 
seems reasonable, and provided that interconversion 
between the two pro-chiral ion pairs is rapid compared 
with monomer addition, as seems likely, the fraction of 
meso dyads is given by 


Since the probability of meso dyad formation according 
to equation (8) is a constant, this would lead to Bemoul- 
lian statistics. This is not in agreement with the data in 
Table 6 that show persistence ratios well in excess of 
one. Thus, long sequences of m dyads are present. Since 
there is no evidence for the participation of two separate 
propagating species, a Coleman-Fox mechanism is 
unlikely.46 This then raises the possibility of a Markoff- 
like process in which the stereochemistry of the dyad 
adjoining the anion affects the stereochemistry of addi- 
tion. A particular kind of such a process would be one in 
which isotactic growth occurs in a helix, a typical confor- 
mation for isotactic polymers. Inspection of CPK models 
of such propagating helices indicate that the complexed t- 
BuOLi may be more readily complexed to the pro-meso 
face of the anion compared with the complex at the pro- 
racemic face. We are currently exploring predictions of 
such a model regarding the effects of substitution of the 
t-Bu group with other suitable sized groups. 


CONCLUSIONS 
The intramolecular coordination of Li, MgX and other 
counter ions with penultimate Lewis bases (esters, 
pyridines, etc.) in anionic vinyl polymerizations in 
hydrocarbon media has long been advocated to account 
for the formation of isotactic PMMA and P2VP. 


The present research demonstrates such interactions 
for models of anionic P2VPLi in THF including 
unambiguously the AH and AS of intramolecular 
chelation and this accounts well for the high stereose- 
lectivity of a variety of simple alkylation and other 
electrophilic reactions. However, in THF the anionic 
polymerization of 2-VP initiated by lithium carbanions 
leads only to slightly isotactic polymers and in carefully 
purified systems the polymerization in toluene gives 
slightly syndiotactic P2VP! These results show that our 
current models are inadequate to account for isotactic 
control in the anionic polymerizations in non-polar 
media of MMA, 2-VP and similar monomers. 


In the presence of 1-4 equivalents of t-BuOLi and 
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other tertiary lithium alkoxides, isotactic polymerization 
of 2VP is possible (mm d -90%) and is due to the 
formation of 1 : 1 P2VPLi.ROLi complexes. The 
narrow molecular weight distributions obtained and the 
viscometric studies of the PVPLi show that P2VPLi and 
its 1 : 1 complexes are monomeric in toluene. Analysis 
of the stereochemistry of the isotactic P2VP shows the 
presence of long isotactic sequences. The stereochemis- 
try apparently depends on subtle steric interactions 
between the pro-chiral anion and the alkyl groups of the 
(ROLi,)+ ‘counter ion’ which shifts the equilibrium 
between the diastereoisomeric pro-meso and pro- 
racemic ion pairs in favor of the pro-meso species 
which reacts with the monomer in syn fashion to 
produce meso sequences. A helical chain conformation 
at the chain end is expected to favor such a pro-meso 
species, further leading to rapid isotactic chain growth. 
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MOLECULAR AGGREGATES BETWEEN 
OCTAETHYLTETRATHIAPORPHYRIN DICATION (OTP2 + ) AND 


OCTAETHYLPORPHYRIN (H20EP) AND ITS METAL COMPLEXES 
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AND 
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The octaethyltetrathiaporphyrin dication, OTP", forms 1:l intermolecular donor-acceptor complexes with 
Nil'-, V"0- and Fel"-octaethylporphyrins. The association constants of the complexes are governed by the 
oxidation potential of the metallo-octaethylporphyrins and by secondary electrostatic interactions. 
Octaethylporphyrin, H,OEP, forms intermolecular complexes with OTP". Kinetic analyses of the formation 
of the various complexes revealed the formation of a primary complex exhibiting the stoichiometry 
(OTP2'),(H,0EP). This intermolecular complex transforms into a thermodynamically stabilized 
intermolecular assembly with a stoichiometry corresponding to (OTP"),H,OEP. The activation barrier 
associated with the conversion of the primary complex to the thermodynamically stabilized assembly is 
E,  = 165 kcal mol-' (1 kcal = 4.184 kJ). The association constant of the complex (OTP2'),(H,0EP) is 
K, = 1.3 x 10" M-' and the equilibrium constant between the two coexisting intermolecular complexes 
(OTP"),(H,OEP) and (OTP2'),(H,0EP) is K, = 7.4. 


INTRODUCTION 


Attractive intermolecular interactions between n -  
systems control the formation of different intermolecu- 
lar Aggregation of d e ~ , ~  stacking of 
aromatic molecules in crystals,' formation of 
host-guest c o m p l e x e ~ , ~  stabilization of double-helical 
DNA structures6 and intercalation of n-systems into 
DNA7 or graphite* have been attributed to intermolecu- 
lar attractive n-interactions. Electron donor-acceptor 
interactions between n-systems provide an important 
driving force for the formation of intermolecular 
complexes. The oxidation and reduction potentials of 
the components control the stabilities of the resulting 
c o m p l e ~ e s , ~  although other interactions, such as electro- 
static attraction or repulsion between the components, 
could contribute to the stabilization or destabilization, 
respectively, of the resulting complexes.'" 


Aggregation of porphyrins has been studied exten- 


*Author for correspondence. 
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sively both experimentally and theoretically. I4.'' 


Porphyrin aggregates play an important role in the 
photosynthetic reaction centre, where two bacteriochlor- 
ophyll molecules interact strongly, and their fixed 
orientation assists charge separation. I 6 . l 7  Theoretical 
models suggest that the interactions between the bacter- 
iochlorophyll units result from a combination of 
exciton coupling and charge-transfer transitions. Recent 
advances in organic synthesis have permitted the 
preparation of stable porphyrin analogues such as the 
tetrathia o h rin dication, I' the tetraoxaporphyrin 


exhibit aromatic character. In a recent study we reported 
on the formation of intermolecular donor-acceptor 
complexes between the octaethyltetrathiaporphyrin 
dication (l), OTP2+,  and a series of n-donors." It was 
shown that OTP2+ forms 1:l complexes with these n- 
donors and that the intermolecular interactions are 
primarily controlled by charge transfer. 


In this paper, we report on the formation of inter- 
molecular complexes between OTP2+ and octaethylpor- 
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dication P g r p y  and the tetraoxaporphycene dication,"' which 
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phyrin, (2), H,OEP, and metal-substituted octaethylpor- 
phyrins Ni"-OEP (3), V'"O-OEP (4), and Fe"'-OEP 
chloride (5) .  Different types of intermolecular aggre- 
gates are formed between OTP2+ and OEP. A primary, 
kinetically controlled, intermolecular aggregate, exhibit- 
ing the stoichiometry (OTP2+),H20EP, was detected. 
This complex rearranges to a thermodynamically 
stabilized aggregate of stoichiometry (OTP2+),H,0EP. 
We characterized spectroscopically the kinetics 
associated with the different complexes and determined 
their association constants and the energy barrier for 
interconversion of the two complexes. We also found 
that the OTP2+-M"+-OEP complexes exhibit a 1:l 
intermolecular stoichiometry and that charge-transfer 
and electrostatic interactions affect the stabilities of the 
intermolecular assemblies. 


(3) M = Ni(II) 
(4) M = V(IV)O 
( 5 )  M = Fe(II1) 


EXPERIMENTAL 


Absorption spectra were recorded on a Uvikon-860 
spectrophotometer (Kontron) equipped with a thermo- 
stated cell holder. Cyclic voltammetric experiments 
were performed with a PAR Model 263 electroanalyzer 
(EG & G). The electrochemical cell consisted of a Pt 
working electrode (area 0.008 cm'), a Pt wire as a 
counter electrode and a saturated calomel electrode 
(SCE) as a reference electrode. Electrochemical experi- 
ments were performed in dry CH,Cl, and tetrabutylam- 
rnonium tetrafluoroborate was used as the electrolyte. 'H 
NMR spectra were recorded on a Bruker AMX-400 
spectrometer at 400.135 MHz in CD,CI, solution at 
297 K. Chemical shifts are in ppm relative to 
d,,,,, = 5.28 1. Octaethyltetrathiaporph rin dication 
(perchlorate salt), OTP2+, was prepared' by the acid- 
catalysed condensation of 3,4-diethyl-2-hydroxy- 
methylthiophene, to yield octaethyltetrathiaporphy- 
rinogen, and subsequent treatment of the latter with 
2,3-dichloro-5,6-dicyano-p-benzoquinone and per- 
chloric acid to yield OTP2' (CIOL),. All other chemicals 
were obtained from Aldrich. 


Association constants of OTP2' with [M"+- 
OEP]("-2)+ were determined spectroscopically in 
CH,CI, at 298 K. To a solution of OTP" 
(1.8 x M) were added successively portions of an 
M"'-OEP stock solution. Identical volumes of the 
[M"'-OEP](n-2)' stock solution were added to the 
OTP2+ solution and to the reference cell that contained 
a similar volume of solvent present in the measuring 
cell. After each addition of [M"'-OEP]'"-2)+, the cell 
was allowed to equilibrate for 10 min at 298 K and the 
respective spectra were recorded. The recorded spectra 
were subtracted from the original OTP2' spectrum, and 
the association constants were calculated using the 
Benesi-Hildebrand relation (see text). 


The kinetic analyses of the formation of the 
OTP2+-H20EP intermolecular complexes were carried 
out spectroscopically. The measuring cell included a 
solution of OTP" (1.4 x M), and different con- 
centrations of an H,OEP stock solution in CH,CI, were 
added to the measuring cell and the reference cell that 
contained a similar volume of the pure solvent to 
that of the measuring cell. The changes in absorption 
at 1 = 386, 406 and 452 nm were recorded at time 
intervals for each concentration of H,OEP. It should be 
noted that control experiments where the spectra of 
separated solutions of H,OEP and OTP" were added 
and subtracted from the experimental spectrum formed 
on addition of H,OEP to OTP2+ resulted in spectral 
changes in the OTP" spectrum and the absorbance of 
H,OEP is unaffected (AOD < 0.04) (OD = optical 
density). This observation is valid at H,OEP 
concentrations <5 x M ,  and justifies the experi- 
mental method in which H,OEP is added to the 
reference cell to observe pure spectral changes in the 
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OTP2+ absorbance. These control experiments indicate 
also that the spectral changes of OTP2+ are not dis- 
torted as a result of spectral changes that could be 
associated with H20EP as a result of complexation. The 
temperature in these experiments was kept constant at 
298 K. 


The procedures for the determination of the rate 
constants in the formation of the complexes, their 
association constants and the respective intermolecular 
stoichiometries are outlined in the text. 


RESULTS AND DISCUSSION 


Octaethyltetrathiaporphyrin dication, OTP2+ (l), 
exhibits two quasi-reversible one-electron reduction 
processes: 


OTP2+ + e  OTP'. (1) 


OTP'. + e OTP' (2) 


The electron-acceptor properties of OTP2+ suggest that 
it could stabilize donor-acceptor charge-transfer 
complexes. We studied the formation of intermolecular 
complexes (or aggregates) between OTP2+ and 
electron-donating metal-octaethylporphynns: Ni"-OEP 
(2), V'"O-OEP (3) and Fe"-OEP+ (4). The cyclic 
voltammograms of these metalloporphyrins are shown 
in Figure 1. These complexes reveal reversible l e -  


oxidation waves, implying their donating properties 
upon interaction with electron acceptors. 


Figure 2 shows the spectral changes of OTP2+ on 
addition of different concentrations of Fe"'-OEP+ (4). 
In this experiment, 4 was added in equal concentrations 
to the OTP2+ cell and the reference cell, so that the 
spectral changes arose only from OTP2+. Control 
experiments in which the added spectra of separated 
solutions of [M"+-OEP] ( n - 2 ) +  (concentration 
<6 x M) and OTP2+ was subtracted from the 
experimental spectrum of the mixture of [,'I+- 
OEP]("-2'+ and OTP2+ revealed that the OTP*+ absor- 
bance bands are affected whereas the absorbance band 
of [M"+-OEP]("-2)+ is only slightly affected 
(AOD < 0.05). The absorption band of OTP2+ 
( A  = 452 nm) decreases with the concomitant formation 
of new bands at A = 380 nm and a charge-transfer band 
at 1 = 746 nm. The appearance of isosbestic points in 
the OTP2+ spectrum on addition of 4 indicates that 
OTP2+ is transformed into a single intermolecular 
complex on addition of 4. 


The spectral changes observed on addition of 4 to 
OTP2+ can be analysed in terms of the formation of a 
1: 1 intermolecular complex: 


OTP2+ + D  (OTP2+...D] (3) 
where D = [M"+ -OEP]'"-2'+. Provided that the inter- 
molecular complex exhibits a 1:l stoichiometry, the 


K 


i, i 


i 
i 
I r 


1.300 i. ioo 0.900 0.700 0 .so0 0.3cc o.io0 


E (V) vs. SCE 
Figure 1. Cyclic voltammograms of (a) Ni'I-OEP, 5 x M, (b) V'"O-OEP, 3 x M and (c) Fe"'-OEP', 3 x M, in 


CH,CI,. Tetrabutylammonium tetrafluoroborate (0.01 M) was used as electrolyte. Scan rate = 100 mV s - '  
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400 480 560 640 720 800 880 


h (nm> 
Figure 2. Absorption spectra of OTP" (1.8 x lo-' M) in 
CH,CI, on addition of different amounts of Fe"'-OEP': (a) 0, 
(b) 2.3 x lo-(', (c) 4.3 x lo-', (d) 8.5 x lo-', (e) 1.0 x lo-' 
and (f) 1.3 x lo-' M. The concentration of Fell'-OEP' was 
maintained at similar values in the measuring cell and 


reference cell 


association constant of the complex will be given by 


(4) 
where AOD is the difference in absorbance between the 
complex and free OTP2+, at any analytical concentra- 
tion of OTP2', [OTP2'],, and metal porphyrin electron 
donor, [D],, respectively. A E  is the difference between 
the molar extinction coefficient of the complex and the 
sum of the molar extinction coefficients of the free 
electron acceptor (OTP2') and free electron donor 
[Ma+-OEP] ( " P ~ ) +  at the wavelength of the absorbance 
meas~rement .~~ 


Figure 3 shows the graphical analysis of the spectral 
changes shown in Figure 2 in terms of equation (4). A 
linear relationship between [OTP2+],[D],,/AOD and 
[OTP2+], + [D],, is obtained, implying the formation of 
a 1:1 intermolecular complex. From the slope and 
intercept, the association constant of the complex was 
derived and its value is K, = 6.7 x lo4 M - I .  The other 
metal porphyrins (2 and 3) revealed similar spectral 
changes that were consistent with formation of a 1:l 
intermolecular complex stoichiometry. Table 1 summar- 
izes the derived values of the association constants of 
the different complexes and the difference in the half- 
wave potentials of the donor and acceptor components 
of the complexes. It should be noted that metal-OEP 
complexes that do not act as electron donors, e.g. Fell- 
OEP, or poor electron-donor metal porphyrins, e.g. 
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Figure 3. Benesi-Hildebrand plot for the association of Fe"'- 
OEP' to OTP", according to equation (4) and using data in 


Figure 2 at 1 = 742 nm 


Fe"'-meso-tetraphenylporphyrin chloride, did not form 
intermolecular complexes with OTP" (1). 


The association constants of donor-acceptor com- 
plexes are governed by various parameters such as 
solvent polarity and electron-donating and -accepting 
affinities of the components of the complex. The 
difference in the half-wave potentials (AE,,,) of the 
electron donor and electron acceptor comprising the 
complex reflects the thermodynamic driving force for 
the formation of the intermolecular assembly. Accord- 
ingly, we realize that the association constant of V"0- 
OEP (4) to OTP2+ is approximately twice that of Nil'- 
OEP (2) (AE,12 = 0.52 vs 0.32 V). Nonetheless, 
although the driving force for the formation of V'"0- 
OEP and Fe"I-OEP+ complexes is very similar, the 
association constant of the latter metal porphyrin is 
approximately half that of 4. This is attributed to 
electrostatic repulsions between OTP2* and Fe"'-OEP + 


that perturb the stabilization of the intermolecular 
complex. 


The formation of the intermolecular assembly 
between OTP2+ and the metal-free ligand octaethylpor- 
phyrin H20EP (2) reveals interesting features that are 
not detected with the metal-OEP. Figure 4 shows (a) the 
absorption spectrum of OTP*+ and (b) the absorption 


Table 1. Association constant of OTP"-n-donors" and 
donor-acceptor half-wave potential differencesh 


Ni"'-OEP 700 000 0.36 
VIVO-OEP 142 000 0.52 
Fell'-OEP + 67 000 0.5 3 


'Values measured in CH,CI,. 
hAEl,2 = El,, (n-donor) - E,,2 (electron acceptor). El,, of electron 
acceptor, OTP", corresponds to 0.37 V vs SCE in CH,CI,. 







MOLECULAR AGGREGATES BETWEEN OTP" AND H,OEP AND ITS METAL COMPLEXES 663 


2 -  


1.5 


1 -  


spectral changes of OTP2+,  as a function of time, on 
addition of H,OEP (2.0 x M). On addition of 
H,OEP the maximum absorption band of OTP2+ 
(A,,, = 452 nm) decreases in its intensity with the 
simultaneous formation of a charge-transfer (CT) band 
at A = 742 nm. A new absorption band corresponding to 
the formation of an intermolecular complex is observed 
at A,,, = 386 nm. This absorption band increases in its 
intensity as a function of time. The band at 
A,,, = 386 nm reaches a maximum value and undergoes 
further changes. After a longer time the band at 


2 . 5 j . . ,  I I . ' . , ' . r  


I 
(c> 


,- 


O.D. 


400 480 560 640 720 800 880 
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Figure 4. Absorption spectra of (a) OTP2' (1.4 x lo-' M) in 
CH,CI,, (b) OTP2' (1.4 x 10.' M) recorded 6 min after 
addition of H,OEP (2x  1 0 - ' M )  and (c) OTP2' 
(1.4 x lo-' M)  recorded 40 min after the addition of H20EP 
(2 x M). In experiments (b) and (c) H,OEP (2 x M) 
was also added to the reference cell, and the recorded spectra 


represent the net changes in OTP" absorbance bands 


A,,, = 386 nm decreases in its intensity and a new band 
is formed at A,,,,=406 nm [Figure 4(c)]. This latter 
band increases with time with the simultaneous 
enhancement of the C T  band at A = 742 nm. The 
absorption band at A =  386 nm almost disappears, 
although a residual band is detected after the system has 
reached equilibrium. The disappearance of the band at 
A,,,=386 nm and formation of  the band at 
A,,,, = 406 nm are accompanied by a further decrease in 
the absorbance band of the parent OTP2+,  
A,,,, = 452 nm. Figure 5 shows the absorbance changes 
of the three different bands as a function of time. 
Evidently, after long time intervals a steady-state 
equilibrium between free OTP2+ (A,,, = 452 nm) and 
an intermolecular assembly with H,OEP 
(A,,,, = 406 nm) is formed. These results suggest that on 
addition of H,OEP to OTP2+ an intermolecular, kineti- 
cally controlled complex is formed (A,,,, = 386 nm, 
species X) which is transformed into a thermodynami- 
cally stabilized intermolecular assembly 
(A,,,, = 406 nm, species Y). 


A further qualitative insight into the nature of these 
two intermolecular complexes is obtained on examin- 
ation of the effect of added H,OEP on the ther- 
modynamically stabilized complex. Figure 6 shows the 
absorption spectrum of the thermodynamically stabil- 
ized complex (A,,, =406 nm) formed on the first 
addition of H,OEP, as described above, and the spectral 
changes of the system as a function of time, on addi- 
tion of a further quantity of H,OEP. Immediately on 
addition of H,OEP, the absorption band at 
A,,,, = 406 nm decreases in intensity and the absorption 
band at A,,,, = 386 nm increases. Following this rapid 
spectral change, the band at A,,, = 386 nm decreases in 
intensity and the band at A = 406 nm increases as time 
proceeds. 


O.D. 
2.5 v r  . . 


0 1000 2000 3000 4000 
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Figure5. Absorbance changes of OTP2' and its 
intermolecular complexes as a function of time. (a) 
Absorbance at ,I = 452 nm, reflecting the concentration of 
OTP"; (b) absorbance at ,I=386 nm, reflecting the 
concentration of A,D; (c) absorbance at I = 406 nm, 


reflecting the concentration of A,D 
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Figure 6.  (a) Absorption spectrum of OTPzc (1.4 x M) 
and H,OEP (2x  10-'M) after 40min. (b) Absorption 
spectrum resulting on addition of H,OEP, (2 x lo-' M) to the 
system in (a). The spectrum was recorded immediately after 
addition of H,OEP. (c) Absorption spectrum of the system in 
(b) after 40 min of equilibration. In all experiments H,OEP 
concentration was maintained at similar values in the analysing 
and reference cells. Hence the absorption spectra reflect to the 
absorbance change of OTP" only. All measurements were 


conducted in CH,CI, 


The new steady-state equilibrium formed after the 
second addition of H,OEP reveals, however, that the 
two intermolecular assemblies between OTP" and 
H,OEP exist in equilibrium. At the higher H,OEP 
concentration the [species Y]/[species XI equilibrium 
ratio is lower than at the lower H,OEP concentration. 
These descriptive results already provide some insight 
into the nature of the different intermolecular com- 
plexes formed between OTP2+ and H,OEP. The results 
indicate that species X (A,,,=386 nm) and species Y 
(A = 406 nm) yield a steady-state equilibrium. Further, 
the results imply that the transformation of species X to 
species Y involves the dissociation of one or more 
H,OEP unit from the primary intermolecular assembly. 
This conclusion is based on the fact that species X is 
formed from species Y on addition of H,OEP, and on 
the observed steady-state enrichment of species X at 
higher H,OEP concentrations. It should be noted that 
attempts to analyse the absorbance changes of OTP2+ 
on addition of H20EP in terms of a 1: 1 complex failed 
to give the expected linear relationship expressed in 
equation (4). 


For quantitative analysis of the stoichiometries 
involved in the different complexes, for the determina- 
tion of the rate constant for transformation of species 
X to species Y, and for the extraction of the association 
constants of the different intermolecular assemblies and 
the equilibrium constant between species X and species 
Y, we assume that the primary complex (species X) 
involves two acceptor units (OTP2+) and one donor unit 
(H,OEP): 


kl 
2 A + D e A , D  


k -  1 


(5) 


where A represents OTP" and D represents H,OEP. 
Calculation of the kinetic and thermodynamic para- 
meters associated with the primary complex is based on 
the fact that the absorbance bands of the parent 
OTP2+ and the bands of the primary and secondary 
complexes do not overlap. Furthermore, Figure 5 shows 
that the absorbance changes of the absorption bands 
of OTP2+ and of the two complexes at time inter- 
vals after addition of H20EP reveal an important 
feature that facilitates the analysis. We see that after a 
short time (up to ca 360 s) only the primary complex 
is formed and the concentration of the second- 
ary complex is essentially zero. Thus, at short time 
intervals the decrease in the absorbance of OTP" 
( A  = 452 nm) and build-up of the band at A = 386 nm 
reflect the kinetics of the formation of the pri- 
mary complex only. Assuming the stoichiometry given 
in equation (5) for the primary complex, the rate 
expression for the formation of the primary complex is 


k ,  [AZDI 


k-i [A12[Dl 
K - _ _ = _ _ _  


1 -  
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given by 


where [A], and [D], are the analytical concentrations 
of OTP2+ and H,OEP respectively, in the system, 
[A,D] is the intermolecular complex concentration at 
any time interval and C is a constant (see Appendix). 
As the molar extinction coefficient of OTP2+ is known 
(A,,,, = 452 nm, E = 1.59 x lo5 M-lcm-I), the concen- 
tration of the complex, [A,D], after a short time can be 
expressed by the decrease in the absorption band of 
OTP2+, according to 


[A@] = -AOD4,,/2$52 (7) 
(see appendix). Figure 7 shows the changes in [A,D] 
according to equation (6). A linear relationship is 
obtained as expected for an A,D stoichiometry. The 
derived rate constant is k ,  = 1.9 x lo7 s-‘  M-,. It should 
be noted that attempts to analyse the decay of OTP2+ 
using expressions corresponding to other stoichiome- 
tries failed to give appropriate linear correlations. Thus, 
the stoichiometry of the primary complex, A,D, is 
supported by the kinetic analysis of its formation. 


The association constant, K ,  , of the primary complex 
A,D can be determined from the first steady-state 
equilibrium that corresponds to A,D. Figure 5 shows the 
absorption changes of OTP2+ and A,D at time intervals 
after addition of H,OEP, 4.66 x lo-‘ M, to an OTP2+ 
solution. We see that after 360 s the absorbance of the 
complex A,D reaches a maximum value and the second- 
ary complex is not yet formed. Hence this peak 
absorbance corresponds to the steady-state equilibrium 
of A,D. The decrease in the OTP2+ band (452 nm) at 
the time interval of the maximum absorbance of A,D 


0 so 100 150 200 


Figure 7. Kinetic analysis for the formation of the 
intermolecular complex AID according to equation (6). The 
concentration of [A,D] was determined from data in Figure 5 


i (sec) 


allows the determination of [A,DI, [D] and [A] at 
equilibrium ([OTP2+], and [H,OEP], are known and 
E~~~ = 1.59 x lo5 M - l  cm-I). The derived association 
constant of the complex A,D corresponds to 


The secondary intermolecular OTP2+-H,0EP com- 
plex (species Y) originates, as stated earlier, by 
dissociation of the donor component. Among several 
possible dissociation pathways, we assume that one 
donor unit dissociates on aggregation of two inter- 
molecular complexes of structure A,D, according to 
equation (8), and the association constant of the sec- 
ondary complex is then expressed in terms of equation 
(9). 


K, = 1.3 x 10“’ M -,. 


k2 


k-2 
2A2D # A,D+D (8) 


(9) 


To support the suggested stoichiometry of the second- 
ary intermolecular complex (species Y),  we analyse the 
rate of its formation from species X (A,D) at times far 
from equilibrium. The rate of formation of the second- 
ary complex A4D is given by 


The differences in absorbance between the spectrum of 
pure OTP2+ and the resulting spectrum on addition of 
H,OEP, at any wavelength and at any time of forma- 
tion of the two complexes, AOD,, is given by 


(11) 


(12) 


(13) 
where E:, E;, E : ’ ~  and E?” represent the molar 
extinction coefficients of A, D, A,D and A,D, respect- 
ively, at any absorbance wavelength. [This relationship 
is correct under the specific experimental conditions 
where H,OEP is added at a similar concentration to the 
analysing cell and reference cell. Under these condi- 
tions, the absorbance differences are only detectable in 
the spectrum of OTP2+ (see Experimental section).] 
Thus, equation (1 1) allows us to express the concentra- 
tion of A,D in terms of the secondary complex 
concentration A,D: 


AOD, = a,[A,D] + b,[A,D] 


a, = E:’” - EP - 2 ~ :  


b, = E?” - 4~: - EP 


where a, and b ,  are expressed by 


a.A 


This relationship could then be substituted in equation 
(10) and enables us to derive a rate equation for A,D. 
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Figure 5 shows the absorbance changes (AOD,) of the 
system at various times of formation of the different 
complexes A,D and A,D. Fortunately, we detect a time 
window where the complex A,D is formed, as is 
evident from the increase in absorbance at 406 nm, but 
the absorbance difference at 1 =386 nm exhibits a 
constant value between 2300 and 15000 s. This allows 
us to integrate equation (10) and to express the concen- 
tration of A,D in terms of the absorbance difference at 
1 = 386 nm, AOD,,,, a,,, and h386, according to 


b3R6 k 2  t + constant (15) 


Thus, in order to derive the rate constant for the forma- 
tion of the secondary complex, the concentration of 
A,D as a function of time and the values of u3,6 and 
h3,6 must be determined. The value of is easily 
determined by plotting AOD386 vs [A,D] at time inter- 
vals where A,D is not yet formed [cf. equation ( l l ) ] .  
The slope corresponds to u3,, and exhibits the value 
u3,,= 1.78 x lo5 M - I  cm-'. The concentration of [A,D] 
at any time interval can be evaluated by solving the two 
equations representing the absorbance changes at 
A = 452 and 386 nm: 


AOD,,, = -2e,A,,[A,D] - 4&,A,,[A4D] (16) 


=- 
1 


AOD3R6 - b3R6[A4Dl (0386)2 


AOD386 = 0 3 8 6  + b,,,[API 
= 1.78 x 105[A,D] + ( - E & - ~ E & J [ A ~ D ]  (17) 


In formulation of equation (17), we refer to the fact 
that E ~ = O  since the complex A,D does not exhibit 
any absorbance at 1 = 386 nm, and hence 
h,,, = - E& - 2~!,,. By solving this set of equations for 
any time, one can derive the respective concentration of 
the secondary complex, [A,D]. Furthermore, the 
general equation of the absorbance difference at any 
wavelength, equation ( l l ) ,  implies that the value of a 
at 1 = 406 nm is zero, aN6 = 0. This conclusion is based 
on the experimental result that indicates that AOD,, = 0 
after short times when only the complex A,D is formed. 
Thus, the concentration of A,D is expressed by the 
absorbance difference at 1 = 406 nm: 


AODm = h m  [A4D I (18) 
Hence the concentration of A,D deduced by solving 
equations (16) and (17) allows us to calculate h,,, and 
its value is 9.34 x lo5 M-lcm-l. Knowing the value of 
h,, and using equation (18), the determination of A,D 
at any time interval is trivial. Figure 8 shows the plot of 
l/(AOD39h - b,,,[A,D]) vs time. A linear relationship is 
obtained as predicted for the kinetic analysis corre- 
sponding to the formation of an intermolecular complex 
exhibiting the stoichiometry A,D, equation (15). From 
the slope and the values of h3X6 and the rate 
constant for the formation of A,D is k,  = 1500 M - l  s-I. 


The association constant of the secondary inter- 


1700 1800 1900 2000 2100 2200 
t (sec) 


Figure 8. Kinetic analysis for the formation of the complex 
A,D according to equation (15). The concentration of [A,D] 


was calculated from data in Figure 5 using equation (18) 


molecular complex, K,, equation (9), was determined 
by calculating the concentrations of A,D and A,D at 
equilibrium. From the respective AOD values and using 
equations (17) and (18), the values of [A,D], [A,D] 
and [D] at equilibrium were calculated 
([D] = [D], - [A,D] - [A,D]). Substitution of these 
values into equation (9) gives K,=7.4 as the equili- 
brium constant between the secondary and primary 
intermolecular complexes. 


The analysis for the determination of k,  and K2 was 
carried out by following the absorbance differences of 
OTP2+ (1.2 x lo- '  M )  on addition of H,OEP 
(4.66 x lo-, M )  (Figure 5).  On increasing the amount 
of H,OEP added to the initial OTP2+ solution, similar 
time-dependent absorbance-difference profiles are 
observed, although the time required for the initiation 
of the formation of A,D and the ultimate equilibrium 
AOD values change. Analysis of these plots according 
to the method described here for one H,OEP concentra- 
tion yielded identical k ,  and K, values. Furthermore, 
attempts to analyse the absorbance changes at 
1 = 406 nm in terms of other stoichiometries and the 
respective rate expressions failed to give appropriate 
linear relationships. We therefore conclude that the 
kinetic analysis of the absorbance changes associated 
with the formation of the secondary complex strongly 
support the formation of an intermolecular 
donor-acceptor assembly of A,D stoichiometry. 


The activation barrier associated with the formation 
of the secondary complex was also investigated. 
Whereas the primary rate constant ( k , )  corresponding to 
the primary complex A,D is not affected within the 
temperature range 278-298 K, the rate constant for the 
formation of the secondary complex, A,D, is tempera- 
ture dependent. From the Arrhenius plot corresponding 
to the rate of formation of the intermolecular assembly 
A,D, the activation energy (E,)  associated with the 
transformation of the primary complex A,D to A,D is 
16.5 kcalmol-' (1 kcal=4.184 kJ). 
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Figure 9. 'H NMR spectrum of  a mixture of OTP" (2.26 x lo-' M )  and H,OEP (3.9 x M).  The spectrum of free OTP2' in 
the system has been deleted for simplification 
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Table 2. 'H NMR assignments for OTP", H,OEP and OTP2'-H20EP intermolecular complexesa 


AZD A D  


OTP" H ,OEP OTP2' H,OEP OTPz' H,OEP 


Aromatic 12.187 (s) 10.107 (s) 8.82 (s) 8.17 (s) 10.7 (s) 7.57 (s) 
CHZ 


-3.74 ( s )  - -4.73 (s) - -4.73 (s) 
CH, 


4.453 (q) 4.094 (q) 3.2 (rn) 3.1 (m) 4.16 (4) 2.9 (m) 
1.2 (m) 1.964 (t) 1.894 (t) 1-4 (m) 1.4 (m) 1.82 (t)  


- NH 


"Chemical shifts in ppm relative to 8,,,,, = 5.281. 


Preliminary 'H NMR studies are compatible with the 
formation of A,D and A,D intermolecular complexes 
between OTP2+ and H,OEP. Figure 9 shows the 'H 
NMR spectrum obtained on equilibration of OTP" 
(2.26 x l oy3  M )  and H,OEP (1.7 x lo-, M). Under 
these conditions, where OTP*+ is used in excess, only 
the NMR signals corresponding to free OTP*+ (not 
shown) and the intermolecular complex are detected. 
The 2D-NOESY spectrum yields NOE correlations 
between the aromatic singlets (7.5-10.8 ppm) and 
the CH, region (2.7-4.2 ppm) and COSY-type corre- 
lations between the CH, and CH, (1.1-1.9 ppm) 
regions. From the integrated areas of the 'H NMR 
signals and the 2D-NOESY correlations, we deduce the 
presence of two kinds of intermolecular complexes of 
stoichiometries corresponding to A,D and A,D in 
equilibrium. Table 2 summarizes the assignment of the 
'H NMR spectrum for each of the complexes. It should 
be noted that in the aromatic region, two small singlets 
appear at 8.18 and 8.84 ppm next to the singlets corre- 
sponding to the aromatic protons of the complex A,D. 
These signals presumably originate from an isomer of 
the intermolecular complex with the stoichiometry A,D 
that does not exchange rapidly with the major A,D 
species. Further studies to elucidate the structural 
relationships of the A,D and A,D complexes are, 
however, required. 


CONCLUSIONS 


We have discussed the formation of intermolecular 
donor-acceptor complexes between the 
octaethylthiaporphyrin dication, OTP,', and metal 
complexes of octaethylporphyrin or the free ligand 
octaethylporphyrin, H,OEP. With metal-substituted 
OEP, intermolecular donor-acceptor complexes of 1: 1 
stoichiometry are formed. The association constants of 
these complexes are controlled by the electron-donating 
properties of the metal-substituted OEP, and further 
influenced by electrostatic interactions prevailing in the 
molecular aggregates. The most interesting observations 
were detected on analysis of the intermolecular com- 


plexes formed between OTP2+ and H,OEP. The forma- 
tion of a primary complex exhibiting the stoichiometry 
(OTP2+),(H,0EP) was observed, A,,,, = 386 nrn ( E  = 
2.94 x lo5 M - l  cm-I). This complex transforms into a 


thermodynamically stabilized complex that involves a 
stoichiometry (OTP2+),(H,0EP), A,,,, = 406 nm 
( E =  10.24 x lo5 M-lcm-l). The activation energy 
associated with the formation of the latter complex is 
E, = 16.5 kcal mol-I. Characterization of the detailed 
structures of these intermolecular complexes is under 
way. 
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APPENDIX 


The  relationship between the concentration o f  the 
complex A2D and the absorption spectrum changes at  
the wavelength 1, AOD,, equation (7), was derived 
by assuming that the absorbance at  1 is  given by equa- 
tion (Al). The formation of  the complex obeys an 
A,D stoichiometry, equation (A2). The absorbance of  
A at wavelength 1 a t  an analytical concentration [A], 
is  OD:. As the experiment is  performed by addition 
o f  an analytical concentration of  the donor, [D],, to 
the measuring and reference cell, the absorbance 
change AOD, is  given by equation (A3). As at 
wavelength 1 the electron acceptor absorbance is 
dominant ( e p * e p ,  E : ’ ~ ) ,  equation (A3) can be 
expressed in terms of  equation (A4), from which 
equation (7) is  derived. 


OD, = C E:C, (Al) 


2 A + D  A,D (‘42) 


(‘43) 


AOD, = -2&P[A2D] (‘44) 


AOD,= (OD,O-OD,)= ( ~ 9 ~ -  E R - ~ & P ) [ A ~ D ]  


The rate expression for  the formation of  the complex 
A2D, equation (6), is derived by solving the basic rate 
expression, equation (A5), where [A], [D] and [A2D] 
represent the concentrations of the electron acceptor, 
donor, and complex, respectively, at  any time interval t. 
As [A] and [D] are given by equations (A6) and (A7), 
equation (A5) is transformed into equation (A8). The 
solution of this differential equation is given by equa- 
tion (9), where the constant C, calculated for t = 0 and 
[A2D] = 0, is expressed by equation (AlO). 
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A new approach to the long-standing problem of interrelating me& and para substituent constants is presented. 
An analysis of the unified a'-scale shows that the interrelation between a: and a:/a! can be modelled by a pair 
of conjugate rectangular hyperbolae, one for normal (n) and the other for special (s) substituents. The latter are 
characterized by a lone electron pair in the first atom. The equations a:, (u:~ - $')/(a:" - 27') = 1'a!, and 
a:, =yo + l o o ~ ,  are derived and discussed in terms of Taft's separation of mesomeric and non-mesomeric effects. 
Asymptotic values 1' = 0.960 and $' = -0.225 were obtained by non-linear least rectangles fitting. A non- 
negligible mesomeric contribution to u0 constants for normal substituents is predicted by the hyperbolic model. 
The present results are at variance with Exner's analysis of the me&-para interrelationship in benzene 
compounds with normal substituents. This divergence is ascribed to opposite views concerning the role of the L- 
inductive effect. 


INTRODUCTION 
The successful development over decades of the 
Hammett equation in its dual and multiparametric 
extensions'.2 has not been accompanied by a comparable 
insight into the relationship linking the reactivities of 
rneta- and para-substituted benzene compounds. This 
situation is surprising because a physico-chemical law 
governing meta-para reactivities within a single 
reaction series should be more fundamental than corre- 
lations between reaction series. 


Exner3 and Shorter4 reviewed previous attempts to 
deal with this problem. Based on Hine's theoretical 
analysisS of the original Hammett equation, McDanie16 
showed that it implied a linear relationship between 
para and meta substituent sigma constants passing 
through the origin. However, this condition was only 
met b the family of substituents with carbon as first 
atom. This apparent paradox has been solved by Wold' 
and is well understood in terms of Sjostrom and Wold's 
shell model of substituent.* The next significant advance 


P 


' Author for correspondence. 


in the search for a meta-para reactivity link is due to 
E ~ n e r , ' . ~ * ' ~  who advocates a direct proportionality law 
between para and rneta sigma constants for all polar 
substituents without a lone pair of electrons in the first 
atom. Although Exner's equation is supported by an 
impressive body of experimental data,'-'' it has 
been criticized on theoretical grounds by several 
 author^.^*'^-'^ Notwithstanding these zontributions, a 
comprehensive model for linking rneta and para 
reactivities is still lacking. 


The central idea in this paper is that, in the absence of 
direct or through resonance, there should exist a general 
law correlating the meta and para effect of the same 
substituent on a given benzene compound. It is sought 
by analysing the unified sigma zero scale of substituent 
constants' and a hyperbolic model is proposed and 
discussed. 


ANALYSIS OF THE SIGMA ZERO SCALE 


Reference system 
We consider the unified uo-scale proposed in 1976 by 
Sjostrom and Wold* (SW) as the best available scale for 
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Hammett metu and puro substituent constants. It 
contains (u:, a:) data for 26 substituents which are 
reproduced in Table 1. 


Since the SW scale is the result of a sound statistical 
treatment of data for a large number of different reac- 
tion series, it is not referred to a particular system. It is 
therefore of interest to characterize the corresponding 
reference model system. To this end we resorted to 
Charton’s LDR equation.I6 The result of this correlation 
analysis is shown in Table 2 together with some of 
Charton’s calculations.’6 Judging from the values for 
parameters 7 (a measure of the active centre electronic 
demand) and P, (the percentage delocalized effect), 
SW model system resembles closely the ionization of 
substituted phenylethanoic acids in water (Charton’s set 
P139), as indeed was intended by Sjostrom and Wold.8 
Additionally, it is interesting that the alkaline hydrolysis 
of substituted benzyl benzoates in aqueous propanone 
(Charton’s set P140) could also be regarded as the SW 
model system. 


Proposal of a hyperbolic model 


An interesting pattern separating substituents into two 
broad classes is observed when 0: is plotted vs 
(Figure 1). Following E ~ n e r , ~  substituents without a 
lone pair of electrons in the first (or a)  atom (numbers 
11-26 in Table 1) are referred to as ‘normal’ (n). In 
contrast, substituents with a lone pair of electrons in the 
first atom (numbers 1-10 in Table 1) are herein named 
as ‘special’ (s). We remark that ‘substituent’ hydro en 
must be excluded from this analysis because U : - ~ / L J ~ +  


became indeterminate. The layout of the points in 
Figure 1 suggested to us the drawing of a pair of 
conjugate rectangular hyperbolae: one hyperbola with 
branches in quadrants 1 and 3 (the latter being empty) 
for normal substituents, and the other one in quadrants 2 
and 4 for special substituents. The behaviour of special 
substituents -N(CH,)2 and -NH, with respect to the 
hyperbolae in Figure 1 deserves comment. These are the 
only substituents located in a single branch because their 


4 


Table 1. Substituent uo values and standard error h‘ 


No. 


1 
2 
3 
4 
5 
6 
7 
8 
9 
10 


11 
12 
13 
14 
I 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 


Substituent 


Special 
O N ( m 3  )Z 
-NH, 
-OH 
-0CHg 
-NHAc 
-SCH3 
-F 
- C1 
-Br 
-1 


Normal 
-C(cH3)3 


-CH(CH,), 
-C,H, 


- CHg 


-CH,Ph 
-Ph 
-CO,H 
-CO,R 
-corn 
-COCHg 
-CHO 
- CF3 
--SO,NH, 
- CN 
--So,cH, 
-NO, 


meta para paralmeta 


h3 


-0.095 
-0.087 
0.023 
0.102 
0.144 
0.142 
0.335 
0.365 
0.369 
0.343 


4.087 
-0.062 
-0.082 
-0.077 
-0-047 
0.041 
0.356 
0.349 
0.362 
0.360 
0.410 
0.464 
0-578 
0.622 
0.685 
0.713 


0.010 
0,006 
0.009 
0.004 
0.012 
0.020 
0.006 
0.004 
0.004 
0.005 


0.012 
0.003 
0.016 
0.013 
0.020 
0.016 
0.020 
0.009 
0.020 
0.008 
0.014 
0.007 
0.014 
0.006 
0.009 
0.004 


-0.317 
-0.295 
-0.221 
-0.120 
0.002 
0.063 
0-151 
0.242 
0.265 
0.277 


-0.150 
-0.135 
-0.132 
-0-127 
-0.058 
0.051 
0.440 
0.441 
0.456 
0.469 
0.473 
0.538 
0.582 
0.714 
0.728 
0.814 


h4 


0.013 
0.010 
0-013 
0.006 
0.014 
0.020 
0.006 
0-004 
0.004 
0.005 


0.008 
0.003 
0.008 
0.010 
0.014 
0.011 
0.019 
0.008 
0.012 
0.011 
0.022 
0.011 
0.013 
0.008 
0.01 1 
0.006 


3.337 
3.391 
-9.609 
-1.176 
0.014 
0.444 
0.451 
0.663 
0.718 
0.808 


1.724 
2.177 
1.610 
1.649 
1.234 
1.244 
1.236 
1.264 
1.260 
1.303 
1.154 
1.159 
1.007 
1.148 
1.063 
1.142 


h4, 


0.469 
0.396 
5.445 
0-080 
0.084 
0.154 
0.020 
0-013 
0.013 
0,019 


0.210 
0.116 
0-250 
0.273 
0.562 
0.513 
0.087 
0.039 
0.069 
0.046 
0.071 
0.031 
0.033 
0-018 
0.022 
0.011 


‘Data for uD and h taken from Ref. 8. 
bCalculated by h,, = (hi&+ h : u ~ * ) ’ P / a ~ * .  
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Table 2. Correlation analysis of the uo scale by the LDR equation 


System' nb L 


meta 
0,o' 26 1.03 
PI83 17 0-94 


para 
U,O' 26 1.05, 
PI 39 17 0.90 
P140 13 1.10 
PI82 18 0-98 


0.03 0.39 0.02 -0.02 0.11 -0.06 
0.06 0.46 0.06 0.73 0.37 1.59 


0.04 0.78 0.03 -0.26 0.15 -0.33 
0.03 0.60 0.03 -0.23 0.12 -0.38 
0.03 0.72 0.05 -0-21 0.20 -0.29 
0.03 1 .oo 0.02 0.87 0.17 0.87 


P D e  R' 


27.5 0.994 
32.8 0.980 


42.7 0.994 
40.2 0.994 
39.6 0.998 
50.6 0.998 


*Charton's primary sets:'6 P183, -pK., 3-substituted benzoic acids, water, 25 " C  P139. -pK., 4-substituted phenylethanoic acids, 75% (v/v) aq. 
ethanol, 25 "C P140, log k, 4-substituted benzyl benzoates+ OH-, 70% (v/v) aq. propanone, 25 " C  P182, -pK., 4-substituted benzoic acids. water. 
25 OC. 
'Number of data points. 
'Standard errors of the regression coefficients. 


'PD = IOOD/(L + D) .  
'Multiple correlation coefficient. 
'For the substituents listed in Table 1 except -SO,NH, (No. 23). uo Values for -CO,R (No. 18) were used twice to correlate with Charton's 
electrical constants for -CO,CH, and -CO,GH,. 


I]= RID. 


1.0-0; 


0.8 - 


0.6 - 


I 


-10 -8 -6 -4 -2 o / '  
4. 


A 


-1.0 1 1  
Figure 1. Interrelationship between u: and u:/u!. Numbering as in Table 1 


u: and uj  values are both negative, thus they differ 
from all other special substituents in Table 1. We note 
further that the statistical SW values for the u! constant 
of substituents 1 and 2 are near the average of the rather 
different values previously proposed in the literature and 
discussed by Hoefnagel and We~ster . '~  


Conjugate hyperbolae have common asymptotes, 
which in our case are defined by the lines 


Explicit equations for rectangular hyperbolae n and s 
are 


0 0  0 0 


(3) 
o y 0 4 n h  + ~ n  


ff4n = 0 0 1o 


0 r0.40,1u39, + EsO 


o:/u; = A0 (1) o:s/u;s - A0 


0 4 n h i  - 


(4) 04s = 


u: = yo  


where lo  and yo are constants. 
( 2 )  and the condition for conjugate hyperbolae is 


.: + &: = -2y0A0 ( 5 )  
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The fitting of uo constants by equations (3) and (4) is 
now discussed. Since the variables a: and ut/ut  are 
interdependent, none of them is a suitable independent 
variable for least-squares regression analysis. This fact 
was appreciated by Kalfus et a/.," who, for a linear 
correlation, took the arithmetic mean of the regression 
coefficients for the direct and the inverse least-squares 
correlations. We believe that the correct approach to this 
problem is to find the minimum sum of the rectangle 
area defined by the distances between the experimental 
point and the fitting curve along both axes. This statis- 
tical treatment is known as the least rectangles method." 
It has the important property of yielding identical 
regression parameters when both variables are inter- 
changed. If applied to a linear correlation, it gives the 
principal axis or orthogonal regression line whose 
regression coefficient is the geometric mean of the two 
regression coefficients obtained by ordinary least- 
squares fitting." 


The assumption of conjugate n and s hyperbolae 
permits us to fit jointly the whole data because a point 
belonging to hyperbola s with coordinates (uts, ats/ugs) 
can be transposed to the point (u :~ ,  O : J U : ~ , ~ ) ,  where 


falling on hyperbola n. In this way, points in quadrants 
2 and 4 are transposed to quadrants 1 and 3, 
respectively. 


Each rectangle area in our hyperbolic model is given 
by 


where 0," stands for both at,, and uiS, and u: is either 
a;" or C J ; ~ , , ~ .  For a hyperbola lying in the first and third 
quadrants, it follows from geometrical reasons that both 
distances defining rectangle area R have the same sign, 
thus ensuring that each term calculated by equation (7) 
is positive. The availability of standard errors h for the 
unified a' constants* enable us to weight R terms by a 
weighting factor w =  l/h4h4,3. The sum to minimize is 
thus 


S = wiRi 


Since a general-purpose non-linear algorithm is required 
to obtain this least rectangle area sum, we wrote a 
program based on the Luus-Jaakola method," the 
technical details of which are given in the Appendix. 


Some algebraic restrictions follow from the peculiar 
variables we are using. Thus, if a:$ = 0 then u:s/ays = 0 
provided ut% # 0. Hence one should have the theoretical 
value &,OLh = 0 in equation (4) and the hyperbola s would 
degenerate to the straight line 


I 


a:, = yo + AOUg, (8) 


In its turn, the theoretical value E:* = 0 together with 
equation (5) leads to &ih = -2y0A0 and, by equation (3), 
to 


u:"(u:" - yo)/(o:" - 2 y 0 )  = AOa;" (9) 
Now we note that if equation (6) is solved for and 
this result is inserted into equation (8), then one obtains 
a relationship between and u;s,tr with the form of 
equation (9). Also, it can be shown that equation (9) 
represents a non-rectangular hyperbolic relationshi 
between at,, and u:,, with asymptotes a:" = - yo  + A'a,, 
and a:,, = 2 yo. 


The foregoing analysis shows that the relevant 
parameters in our hyperbolic model are the asymptotic 
values Ao and yo defined by equations (1) and (2), 
respectively. However, because we are dealing with 
statistical quantities (Ref.l, p. 59), a three-parameter fit 
was performed giving A'= 0,960, yo  = -0.225 and 
E: = 0.342 (E: = 0.433). The resulting hyperbola is 
shown in Figure 2, where points for special substituents 
have abscissae transposed by means of equation (6). 


The theoretical hyperbola linking para and meta 
substituent constants is represented by two-parameter 
equation (9) and it is shown in Figure 3. Points for 
special substituents corresponding to the linear equation 
(8) are rather scattered and are not shown. Instead, we 
used u& values, which fit equation (9) nicely. This 
situation is readily explained by Wold's conclusion7 that 
'small deviations within one framework can correspond 
to large deviations within another framework.' Figure 3 
deserves further comment. First we note that points for 
normal and special substituents are correlated by a 
single branch of the theoretical hyperbola. In particular, 
the peculiar location of substituents 1 and 2 observed in 
Figures 1 and 2 does not show up in the representation 
used in Figure 3. The three- arameter h perbola 


where .$/Ao+ y0=0.131, and u:= -&;/Ao= -0-356 
would give a slightly improved correlation. Second, it is 
interesting that the curve passes through the origin, i.e. 
the point for hydrogen which should then be classified 
as a normal substituent. It can be further shown that this 
geometrical property is also present in the three-parame- 
ter hyperbola. Finally, by differentiating equation (9) 
with respect u:,, the indeterminate value for u ~ - , / u ~ - ,  
is fixed equal to 2A0. This is the slope of the tangent to 
the hyperbola of Figure 3 at the origin. 


l? 


[equation (3)] with asymptotes 2 = E ; / A O  + y P + AOu;, 


Dual electronic effect and the hyperbolic model 
Following the original work by Taft*" on a dual- 
parameter extension of the Hammett equation, several 
improvements and other similar treatments have been 
p~b1ished.l'~ Their common feature is to consider two 
independent mechanisms for transmitting the electronic 
effect of a substituent in a meta or para position, here 
referred to as M (loosely standing for mesomeric) and 
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-5 -3  


Figure 2. Interrelationship between u: and u:/u: [equation(3)]. 0 ,  Normal substituents with coordinates (utn, utn/u:n); *, special 
substituents with coordinates (ut,, u:,/u:,,w). Numbering as in Table 1 


4 


0.8 


0.6 


0 .4  


5 u q  11 


3 


-0.4 


I I 


0.2 0 . 4  o l s  a; 


I a: = 27" 


Figure 3. Interrelationship between u! and uy or u!, ,~; 0, 
Normal substituents with coordinates (u:,,, &); e ,  special 
substituents with coordinates ( u ? ~ ,  u :~ , ,~ ) .  The lines drawn are 
for the theoretical two-parameter hyperbola [equation (9)] and 


its asymptotes. Numbering as in Table 1 


N (for non-mesomeric) without going into details. For 
the present purpose, we have only to accept that N can 
be increased indefinitely whereas M is limited by finite 
upper and lower values. 


By adapting Hine's clear presentation" of the dual 
se aration method, we write in self-evident notation for 
u constants of both normal and special substituents f 


u: = + ptNN (10) 


u , O = M + N  (11) 
thus fixing p:M = p4ON = 1. It follows from equations (10) 
and (11) that .," = ( - P k f / p ; N  ) M  + ( / p : N  )u: (12) 
It is also well known3 that relationships between 0; and 
u: for the same substituent are matched by relationships 
between M and N .  


Inserting equations (10) and (11) into theoretical 
equation (8) leads, for special substituents, to 


Given our reasonable assumption on the range of 
possible values for M and N ,  then from equation (1 3) 







10 J. C. R. REIS, M. A. P. SECURADO AND J. D. G.  DE OLIVEIRA 


Hence, provided p:N f &, the above limit condition 
can only be fulfilled if 


Lo = 1/p:)) (14) 
This result, besides conferring a theoretical meaning to 
the parameter Lo,  allows the simplification of equation 
(13), leading to 


(15) M ,  = ro/u - A o P ; M )  


which means that the value for the-M-effect is a constant 
in all special substituents. It should be stressed that this 
conclusion follows directly from Taft's dual parameter 
model equation (12) combined with equation (14) and 
the linear relationship between CJ:~ and ais in the form 
of equation (8). Additionally, equation (15) suggests 
that parameter yo of our hyperbolic model is intimately 
related to the M-effect. 


It follows from equations (9)-(11) and (14) that 


(16) 
Equation (16), interrelating M and N values for normal 
substituents, is a hyperbola with asymptotes 


The ubiquity of the transmission coefficient p;M in 
the equations in this section is striking. Its value can 
only be fixed by means of the much debated*'-" scaling 
of electronic substituent constant values. However. an 


Mn = 2y0 - Nn and M. = - yo / (  1 - AOp;,). 


upper bounding value for pyM can be inferred from our 
hyperbolic model. First we note that the hyperbola for 
normal substituents represented by equation (16) passes 
through the origin, which corresponds to hydrogen, 
where 


Since one should expect to find points in the third 
quadrant (those for normal substituents with M < 0 and 
N<O), this derivative must be finite and positive. 
Hence, from equation (17), p:M < 1/2A0. Because piM is 
a non-negative parameter, by using our best estimate for 
Lo we obtain 


(18) 
Further, these boundary values ensure that the curve 
interrelating M and N values also has points in the first 
( M > O ,  N>O) and fourth (M<O, N>O) quadrants, and 
predict a vacant second quadrant (M > 0, N < 0). Equa- 
tion (15) for special substituents and equation (16) for 
normal substituents, together with the latter's asymp- 
totes, are illustrated in Figure 4 on the basis of an 
arbitrarily chosen piM = 1/3. 


0 < p:M < 0.52 


DISCUSSION 


Parameter Xo 
Exner's equation for expressing the meta-para interre- 
lationship is restricted to normal substituents. It reads 


0 4 n  = LCJ jn  (19) 


1 M 0.4 


1 
M = -yo / (1 


0.2 - 


n 
I I I I t 1 I N  


-0 1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 


M = y o  /(I - PPP;,) 


-0.6 - . . 
. . 


-0.8 - . 
Figure 4. Schematic representation of M and N contributions to oo constants. Hyperbolic e uation (16) and its asymptotes for 


normal substituents and equation (15) for special substituents with AM = 1/3 
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and A values in the small interval 1.13- 1.17 have been 
reportedg-’* for the ionization of benzoic acid deriva- 
tives in aqueous and non-aqueous solvents. In our 
opinion, the virtue of Exner’s analysis of the 
meta-para problem has been to recognize that the 
decisive feature for classifying a given substituent is the 
presence or absence of a lone electron pair in its first 
atom. Exner’s insight is confirmed by our hyperbolic 
analysis of the unified a’-scale. Fitting experiments 
reported in the Appendix show that substituents 
-SO,NH,, -SO,CH, and -NO, are best grouped 
together with other normal, carbon-family substituents 
rather than with special, heteroatom-family substituents. 


Least rectangles fitting of (unweighted) u: values 
from Table 1 to equation (1 9) yields 


atn= -0.02+ 1 . 1 8 ~ : ~  (r=0.993) (20) 


a result within the approximation of Exner’s equation. 
Although our hyperbolic model asymptote lo and slope 
1 from equation (19) are intended to measure the same 
physico-chemical quantity [see equation (14)], the 
consequences of their numerically different values are 
opposite. The single, smaller than unity Ao value com- 
mon to normal and special substituents means that non- 
mesomeric effects are slightly better transmitted to the 
reaction centre from the meta than the para osition, in 
accordance with chemical intuition. Also, A’= 0.960 is 
in excellent agreement with Ehrenson’s estimates2’ 
0.936 and 0.966 of the same quantity for uo reactivities 
by using a non-linear procedure,and with the evidence 
presented by Hoefnagel et ~ 1 . ~ ~  for the metalpara ratio 
of the inductive (or non-mesomeric) effect. Performing 
Exner’s analysis with a: values led to equation (20) and 
thus to the opposite conclusion. Therefore, it cannot be 
reconciled with our hyperbolic model. On the other 
hand, a parameter A should in general be a function of 
the skeletal structure of a given benzene compound. 
This is contrary to Taft’s a s s ~ m p t i o n ~ ~ . ~ ~ * ~ ~  of the 
inductive effect being transmitted equally from meta- 
and from para-positions in all reaction series of 
benzene derivatives. 


Parameter yo 


The hyperbolic model asymptotic value yo is a parame- 
ter with a simple physical definition. Refemng to Figure 
1, yo can be defined as the non-zero u: value to which 
corresponds an infinitely large ai/a: ratio and thus a 
zero-valued ui substituent constant. Therefore, yo is 
expressed in sigma units. Since this is the first time that 
parameter yo has been defined, a detailed analysis of 
this quantity is appropriate. The choice of conjugate 
rectangular hyperbolae to construct our model was 
based on the empirical evidence illustrated in Figure 1. 
Consequently, common yo values for normal and 
special substituents were assumed. Now it can be shown 
that if Taft’s dual equations (10) and (1 1) with identical 


transmission coefficients are to be applied to normal and 
special substituents, then y,”= y: as we have assumed. 
This assumption also leads to equal upper and lower 
limiting values for the M-effect. As shown in Figure 4, 
the lower limit is the constant value M, given by equa- 
tion (15) and the upper limit is the asymptotic value 
M, = -MS. This finding is clearly in agreement with the 
expected behaviour of the M-effect in systems insulated 
in relation to through-resonance effects. 


It follows from this analysis that the parameter y o  is a 
measure of the largest possible M-effect by a substituent 
in the reference system for the sigma-zero scale. It has 
the same sign as the M-effect of special substituents. 
The physico-chemical significance of the quantity yo 
should became clearer when y-values are obtained for a 
variety of chemical processes involving different 
benzene derivatives. Nonetheless, it can be anticipated 
that the ratio y / y o  gives the sensitivity to mesomeric 
effects of a given system in relation to the standard 
reaction. 


Separation of M and N effects 


As shown in Figure 4, a resolution of mesomeric (M) 
and non-mesomeric ( N )  contributions to uo constants 
arises from combining Taft’s equations for dual elec- 
tronic effects with our hyperbolic meta-para 
interrelationship. M and N values are, however, depen- 
dent on the transmission coefficient &, which 
corresponds to Taft’s parameter a and whose fixing 
needs some sort of scaling. In spite of this limitation, 
some conclusions can be drawn. One is that the constant 
M, value given by equation (15) can explain the finding 
by Hoefnagel and Wepster”that ‘the most important and 
intriguin generalization is that, in contradiction with 
listed aR values, simple first-row substituents have 
essentially identical 0;; values of about -0.35.’ If this 
value is used for M,, then from equation (15) 
&=0.37, which, although far from its maximum 
value, is a reasonable result in view of equation (18). 
Wells29 reviewed the various a values in the literature 
and opined that for insulated reaction series a should 
have its maximum value. In accordance with our analy- 
sis this equals 1/2d0 or 0.52. We note further that Taft 
and Lewis” found a to be 0.50 for their uo scale while 
using A’= 1. Another conclusion is concerned with the 
proposal by Pollet and Van P o ~ c k e , ~ ’  who, based on 
Exner’s ana ly~ i s ,~  suggested using the difference 
a:s - loup, as a measure of mesomeric effects in special 
substituents. Exner and Lakomy,” while supporting this 
proposal, add that ‘with increasing positive inductive 
effect the negative mesomeric effect diminishes and in 
the limiting case is equal to zero.’ Since it  follows from 
equations (8) and (15) that 


P 


this difference is indeed directly related to M,, although 
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we use a numerical value for A' different from Exner's. 
However, contrary to Exner and Lakomg's expecta- 
t i ~ n , ~ '  equation (15) predicts a non-variable negative 
mesomeric effect in special substituents. 


Next we discuss Exner's c ~ n t e n t i o n ' ~ ~ ~ ~ " ~ ~ ~ ~  that 
mesomeric effects are negligible in normal substituents 
with the possible exception'*"." of carbonyl substitu- 
ents. This much c r i t i ~ i z e d ~ , ' ~ - ' ~  consequence of equation 
(19) is dismissed by our analysis of the meta-para 
interrelationship. Inspection of Figure 3 reveals that the 
hyperbolic model introduces a slight curvature in 
Exner's straight line. However, this modification is 
enough to make provision for a non-negligible meso- 
meric effect in normal substituents. In fact, equation (9) 
can be rewritten as 


a:" - nou;, = -y'/(l- 2 y O / a 3  


On the other hand, combining equations (10) and (11) 
with equation (14) yields 


Now it follows from equations (21) and (22) that 


It is true that if M, = O  for all normal substituents then 
equation (22) would reduce to Exner's equation. How- 
ever, this would imply y'=O, as can be seen from 
equation (21). In contrast, given our estimates for the 
parameters appearing in equation (23), with increasing 
positive a:" values the positive mesomeric effect 
increases and in the limiting case is equal to -M,. An 
equivalent conclusion can be drawn from equation (16). 


Finally, a theoretical interpretation is in order. Con- 
sidering (i) the unified a'-scale is referred to a model 
system in which through-resonance between substitu- 
ents and the reactive centre is inoperative, (ii) there is 
an appreciable M-effect in polar substituents even from 
the meta position and (iii) for attaining the maximum 
M-effect the presence of an electron pair in an atom next 
to the benzene ring in the para position suffices, we are 
led to the apparently startling interpretation that the M -  
effect appearing in Taft's equations (10) and (11) is 
most probably the polarization of benzene n-bonds 
resulting from interaction with substituents. The concept 
of non-classical or n-inductive effect is due to Everard 
and S ~ t t o n , ~ ~  and we observe that Dewar and co- 
workers of substituent effects 'book-keeps' 
jointly mesomeric interactions and n-inductive effects. 
However, we cannot forget that E~ner'.~. ' '  considers the 
n-inductive effect as a non-mesomeric effect which he 
invokes to justify a slope 1 in equation (19) larger than 
unity. Setting aside the semantics involved, we continue 
to be at variance with Exner because this is not just a 
matter of different book-keeping. In fact, our criterion 
for distinguishing M from N effects was their different 
range of variation. In short, for M-effects we understand 
those electronic effects in which n-electrons participate 


that are bounded by upper and lower limits and that are 
not proportional to other, N-effects. In contrast, Exner's 
analysis implies a problematic proportionality between 
the n-inductive effect and other polar and field effects, 
or identical transmission coefficients. Lastly, it should 
be emphasized that our interpretation of M- and N- 
effects follows closely Taft's proposed separation 
between resonance ( R )  and inductive ( I )  effects. Since 
the n-inductive effect can be regarded as arising from 
mesomeric interactions, it is a resonance polar effect as 
defined by Taft and Lewis.27 Such a term should then be 
included in the R values, not in the I  value^.^^^^^ 


CONCLUSIONS 
An analysis of the unified u0-scale8 with the aim of 
unravelling the meta-para interrelationship in benzene 
derivatives has led to the following conclusions. By a 
shifting from the conventional plot of u: vs u: to the 
representation of ut vs (Figure l) ,  two groups of 
substituents are differentiated according to the presence 
or absence of a lone electron pair in the substituent atom 
attached to the benzene ring. Substituents belonging to 
these groups are called special or normal, respectively. 
To model this interrelationship, conjugate rectangular 
hyperbolae were fitted to the data by using a non-linear 
least rectangles procedure. Because of algebraic con- 
straints, only the asymptotic values (designated by Ao 
and yo )  were found to be theoretically important. 
Although necessitating two different equations (one for 
each ou of substituents), single-valued parameters 1' 
and y suffice to describe the whole data. 


Taft's dual substituent parameter treatment is 
employed to interpret our results. Two independent 
mechanisms for transmitting electronic effects are 
considered and freely designated as mesomeric (M) and 
non-mesomeric (N). It is shown that parameter A' is 
equal to the para/meta ratio of transmission coefficients 
for the N-effect, and that the new parameter yo is 
directly proportional to limiting values for the M-effect. 
On the basis of A'= 0.96, a new upper boundary value 
equal to 0.52 is found for the metalpara ratio (Taft's 
symbol a )  of transmission coefficients for the M-effect 
[equation (1 S)]. 


In the representation of para vs meta uo constants 
for normal substituents, our hyperbolic model intro- 
duces a slight curvature in relation to Exner's straight 
line (Figure 3). As a consequence, a 1' value smaller 
than unity and a non-zero M-effect in normal substitu- 
ents were found, in contradiction with Exner's 
analysis I .9.10.32 of these problems. The origin of this 
disagreement is ascribed to opposite views concerning 
the role of the n-inductive effect. In accordance with 
Dewar and co-workers' analysis,"-36 we have con- 
cluded that the n-inductive effect is indistinguishable 
from other mesomeric interactions that are bound by 
small limiting values. On the other hand, Exner has 


$ P  
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associated the n-inductive effect with field and other 
inductive effects. 30. R. Pollet and R. Van Poucke, Tetrahedron Lett. 


29. P. R. Wells, Chem. Rev. 63,  171-219 (1963). 
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APPENDIX 


Non-linear fitting procedure 
Luus and Jaakola’’ proposed a simple optimization 
method for solving nonlinear programming problems. 
It is based on a direct search procedure utilizing pseudo- 
random numbers over a region whose size is reduced 
after each iteration. In our least rectangles problem, 
initial estimates for the fitting parameters were sug- 
gested by Figure 1. The number of iteractions was made 
equal to 100 and in each iteration 100 trials were 
performed. The searching interval began at 0.2 for all 
parameters and the reduction factor was 0.05. A con- 
straint was introduced to avoid a combination of 
parameter values leading to a negative rectangle area. 
The Luus-Jaakola method was programmed in Turbo- 
Pascal version 5.0 and executed on a PC-compatible 
computer, model 486, 33 MHz. For each fitting experi- 
ment, a good convergence was obtained in less than 5 s 
of execution time, not including the printout of results. 


Classifying substitutents --SO,NH,, --SO,CH, and 


The unified oO-scales includes three substituents whose 
first atom is a heterotatom without a lone electron pair. 


-NOz 


Table A l .  Fitting by three-parameter hyperbola 
of -SO,NH,, -SO,CH, and -NO, as a 


normal or as a special substituent 


dS” 


Substituent Normal Special 


-S02NH2 754 1116 
-SO,CH, 25 1 3261 
-NO, <1 1 1896 


‘Increase in the sum of rectangle areac ( S = Z , w , R , )  
over the best fit for the other 23 substituents in Table 1. 
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The remaining data for 13 normal and 10 special 
substituents were taken as the basic set. Then the data 
for each of the substituents -S02NH,, -SO,CH, and 
-NO,, considered alternatively as a normal or as a 
special substituent, were added once to the basic set. 


Table A1 reports the resulting increase in the sum of 
weighted least rectangle areas over the basic set. In all 
cases studied, these substituents are better described as 
normal substituents. 
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SYNTHETIC AND MECHANISTIC ASPECTS OF ANIONIC 
POLYMERIZATION OF (METH)ACRYLATES INITIATED BY METAL- 


FREE SALTS OF CH-ACIDIC COMPOUNDS 


MANFRED T. REETZ,' STEPHAN HUTIE AND RICHARD GODDARD 
Max-Planck-lnstitut fur  Kohlenforschung , Kaiser- Wilhelm-Platz I ,  0-45470 MiilheimlRuhr. Germany 


The tetrabutylammonium salts of CH-acidic compounds (malonic acid diesters and diamides, nitropropane, 
phenylacetic and phenylpropionic acid esters and 9-ethylfluorene) serve as inexpensive initiators for the anionic 
polymerization of acrylates and methacrylates at room temperature. Molecular weights of 1500-25,000 can be 
reached, the molecular weight distributions being fairly narrow ( D  = 1.1-1.4 in optimized cases). Side-reactions 
as monitored by GC analyses include backbiting and Hofmann elimination, which means that the process is not 
a true living polymerization. The x-ray structural analyses of the tetrabutylammonium salts of phenylacetic and 
2-phenylpropionic and 2-phenylbutyric acid esters show that anions and cations interact with one another via 
hydrogen bonding. Therefore, the initiators cannot be considered to be naked anions, a conclusion which very 
likely also applies to the growing polymer chain end during polymerization. 


INTRODUCTION 


(Meth)acrylic acid esters are an industrially important 
class of monomers because the corresponding polymers 
have a wide range of applications.' Traditionally, 
radical polymerizations have been used. However, 
control of molecular weight and molecular weight 
distribution is difficult, and there is no ready way to 
introduce specific end groups.' Conceptually, anionic 
polymerization is much better suited for solving such 
problems,* but here other difficulties arise. Side- 
reactions such as monomer termination, intermolecular 
polymer termination and intramolecular polymer 
termination (backbiting) occur during polymerization. 
For decades alkyllithium reagents in THF were used as 
initiators, reaction temperatures of -50 to -78 "C being 
necessary.2 A breakthrough was achieved in 1983, when 
Webster and co-workers at Du Pont introduced the so- 
called group transfer polymerization (GTP).3 Using 0- 
silyl ketene ketals as initiators and anionic catalysts, 
they were able to polymerize methacrylic acid esters at 
room temperature, obtaining living polymers with 
controlled molecular weight (1 500-30,000) and narrow 
molecular weight distributions (D = 1.1-1.3).3 


More recently, several other initiating systems for the 
controlled polymerization of methacrylic esters have been 
reported. Most of them still require low temperatures 


*Author for correspondence. 


and/or expensive organometallic initiators. To this day, 
none of these processes have been adopted by industry. A 
promising method utilizes bulky alkyllithium reagents in 
the presence of excess LiX as initiators at O 0 C 4  Other 
novel developments include initiator systems based on 
aluminium porphyrinss and organolanthanide complexes.6 


Our interest in group transfer polymerization' led us 
to a different approach, namely metal-free anionic 
polymerization.* Accordingly, tetraalkylammonium 
salts of CH-acidic organic compounds such as 
malonates or nitriles are used as anionic initiators in the 
absence of catalysts.' In typical experiments, acrylic 
acid esters are quantitatively polymerized at room 
temperature with the formation of polymers having 
fairly narrow molecular weight distributions (D = 1-3), 
the typical molecular weight range being 1500-10,000, 
depending on the amount of initiator used. In spite of 
these useful features, it was observed that the calculated 
and experimental molecular weights are not always 
identical, which means that the process is not a true 
living polymerization." Nevertheless, owing to the low 
cost of initiators and the ease of polymerization (room 
temperature), metal-free anionic initiators have 
attracted attention. 


In this paper, we describe new metal-free initiators 
derived from CH-acidic compounds with different 
reactivities in the polymerization of n-butyl acrylate 
(BA) and methyl methacrylate (MMA). Side reactions 
occumng during the polymerization process are 


Received 15 June I994 CCC 0894-3230/95/04023 1-1 1 
0 1995 by John Wiley & Sons, Ltd. 
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examined, leading to the first mechanistic study of 
metal-free polymerization. Included is information 
about the structure of certain tetrabutylammonium ester 
enolates in the crystal and liquid state. These initiators 
can be regarded as models for the growing chain ends 
during the actual polymerization of (meth)acrylic acid 
esters. 


We originally used two different methods for the 
synthesis of the anionic initiators A-N'R,, namely salt 
exchange [equation (l)]  and deprotonation [equation 
(2)].9 Since the samples prepared by the former method 
often contain small amounts of the sodium salt, which 
may effect polymerization and influence reproducibil- 
ity," the second route is the method of choice. We have 
improved the original version by employing toluene to 
remove the water azeotropically at room tempera- 
ture.'0.'4 If higher temperatures are chosen, as described 
by a different group,I2 partial hydrolysis of ester moie- 
ties occurs, leading to oily impure initiators." 


A- Na + C1- NR, + A- NR, + NaC1.l 


AH + HO-NR, + A-NR, + H,O? 


+ + + 
(1) 


(2) 
+ + 


EXPERIMENTAL 
Materials. Dimethyl sulphoxide (DMSO), n-butyl 


acrylate (BA) and methyl methacrylate (MMA) were 
purified by distillation over calcium dihydride under 
high vacuum just before use. THF and toluene were 
refluxed over sodium tetraethylaluminium and DME and 
1,4-dioxane over potassium benzophenone ketyl and 
distilled under inert gas conditions (argon). 


Initiators. The general synthesis of metal-free 
initiators based on deprotonation of CH-acidic com- 
pounds by HO-N+Bu, has been already de~cribed.'~ All 
initiators, except when specifically noted, were prepared 
according to that procedure. 


Tetrabutylammonium diethyl-2-ethylmalonate (1) 
and tetrabutylammonium diisopropyl-2-ethylmalonate 
(2) have been described and characterized previo~sly.'~ 


Tetrabutylammonium di-tert-butyl-2-ethylmalonate 
(3): colourless salt; crystallized from toluene; yield 
68%. 'H NMR (200 MHz; DMSO-d,): 6 (pgm) 0.80 (t; 


12 H; CH,-cation), 1.28-1.40 [m and s; 26 H; C(CH,), 
and N-CH,-CH,-CH,], 1.59 (m; 8 H; N-CH,-CH,), 
2.02 (q; ,J=7.1 Hz; 4 H; 0-CH,), 3.19 (m; 8 H; N- 
CH,). ,C NMR (50 MHz; DMSO-d,): 6 (ppm) 13.3 
(CH,-cation), 16.5 (-C-CH,-CH,), 19.0 (N-CH,-CH,- 


,J=7.2 Hz; 3 H; -C-CH,-CH,), 0.95 (t; 5 ~ 7 . 0  Hz; 


CH,), 20.8 (-C-CH,), 22.9 (N-CH2-CH,), 29.2 
[C(CH,),], 57.3 (N-CH,), 72.0 (0-CH,), 75.7 (0-C), 
168.9 (C-carbonyl). 


Tetrabutylammonium N,N,N',N'-tetraethylmalonic 
acid amide (4): colourless salt; yield 42%. IR (Nujol): 


1600 cm-I. 'H NMR (200 MHz; DMSO-d6): 6 (ppm) 
0.88-1.10 (m; 24 H; N-CH,-CH,; CH,-cation), 1.30 
(m; 8 H; N-CH,-CH,-CH,), 1.56 (m; 8 H; N-CH,- 
CH,), 3.03-3.35 (m; 17 H; N-CHI; -CH; N-CH,-CH,). 
I3C NMR (50 MHz; DMSO-d,): 6 (ppm) 13.4 (CH,- 
cation), 14.4 (CH,-anion), 19.1 (N-CH,-CH,-CH,), 
23.1 (N-CH2-CH2), 39.9 (N-CH,-anion), 53.2 (C-), 
57.4 (N-CH,-cation), 168.0 (C-carbonyl). 


Tetrabutylammonium diethyl-2-tert-butylmalonate 
(5 ) :  colourless needles; crystallized from toluene; yield 
20%. IR (Nujol): 1620 and 1548cm-I. 'H NMR 
(200 MHz; DMSO-d,): 6 (ppm) 0.92 (t; ,J=7.4 Hz; 
12 H; CH,-cation), 0.98, 1.11 and 1.15 [3 s; 9 H; C- 


CH,), 1.30 (m; 8 H N-CH,-CH,-CH,), 1.56 (m; 8 H; 
N-CH,-CH,), 3.16 (m; 8 H; N-CH,), 3.42, 3.68 (2 q; 
3J=7.1 Hz), 3.78-4.08 (m; 4 H; 0-CH,). 


Tetraoctylammonium diethyl-2-ethylmalonate (6) :  
tetraoctylammonium bromide was dissolved in ethanol 
and poured on to a strong alkaline ion exchanger. The 
resulting tetraoctylammonium hydroxide in ethanol was 
reacted with 2-ethylmalonic acid diethyl ester: pale 
yellow viscous oil; yield 74%. IR (Nujol): 1675 cm-'. 
'H NMR (200 MHz; DMSO-d,): 6 (ppm) 0.78, 0.86 
(2 t; 15 H; -C-CH,-CH,; CH,-cation), 1.03 (t; 
3J=7.1 Hz; 6 H; 0-CH,-CH,), 1.27 (m; 40 H; CH,- 
alkyl chain: C,-C,), 1.56 (m; 8 H; N-CH,-CH,), 2.07 
(9; 'J=7.1 Hz; 2 H; -C-CH,), 3.17 (m; 8 H; N-CH,), 
3-74 (9; ,J= 7.1 Hz; 4 H; 0-CH,). I3C NMR (50 MHz; 
DMSO-d,): 6 (ppm) 13.8 (CH,-cation), 15.4 (0-CH,- 


28.2, 31.0 (cation), 54.7 (0-CH,), 57.5 (N-CH,), 72.7 
(-C). The carbonyl signal could not be detected. 


Tetrabutylammonium 2-nitropropanate (7): colour- 
less prisms; crystallized from toluene; yield 57%. IR 
(Nujol): 1568 cm-I. 'H NMR (200 MHz; toluene-d,): 6 
(ppm) 1.03 (t; ,J=6.7 Hz; 12 H; CH,), 1.45 (m; 8 H; 
N-CH,-CH,-CH,), 1.63 (m; 8 H; N-CH,-CH,), 2.26 (s; 
6 H; C-CH,), 3.57 (m; 8 H ;  N-CH,). "C NMR 
(50 MHz; toluene-d,): 6 (ppm) 14.2 (CH,-cation), 20.1 
(CH,-anion), 20.4 (N-CH2-CH,-CH,), 24.4 (N-CH,- 


Tetrabutylammoniurn 9-ethylfluorenyl (8): red 
needles; crystallized from DMF; yield 48%. 'H NMR 
(200 MHz; DMSO-d,): 6 (ppm) 0.92 (t; ,J= 7.0 Hz; 
12 H; CH,-cation), 1.21 (t; 'J=7.4 Hz; 3 H; CH,- 
anion), 1.24 (sextet; , J =  7.0 Hz; 8 H; N-CH,-CH,- 
CH,), 1.49 (m; 8 H; N-CH,-CH,), 3.00 (9; 
,J=7.4 Hz; 2 H; -C-CH,), 3.06 (m; 8 H; N-CH,), 


(CH,),], 1.03 and 1.04 (2 t; ,J=7.2 Hz; 6 H; 0-CH,- 


CH3), 16.4 (-C-CH,-CH,), 20.8 (-C-CH,), 20.9, 25.6, 


CH,), 58.1 (N-CH,), 103.6 (-C). 


6.34 (3 t; ,J=7.1 Hz; 2 H; C-H3; C-H8), 6.79 (3 t; 
'J=7.3 Hz; 2 H; C-H4; C-H7), 7.23 (3 d; 3J=7.9 Hz; 
2 H; C-H2; C-H9), 7.83 (3 d; ' J =  7.8 Hz; 2 H; C-H5; 
C-H6). I3C NMR (50 MHz; DMSO-d,): 6 (ppm) 13.4 
(CH,), 16.5 (CH,-anion), 18.9 (CH,-anion), 19.2 (N- 


(ary 1 >. 


CH,-CH,-CH,), 23.0 (N-CHZ-CH,), 57.8 (N-CH,), 
95.7 (C-), 106.7, 113.1, 118.3, 118.4, 120.5, 133.5 
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Potassium 9-ethylfluorenyl (9): 9-ethylfluorene was 
added dropwise to 1.1 equiv. of potassium hydride in 
THF. When hydrogen evolution ceased, the mixture was 
filtered and the solvent evaporated; yield 88% of a red 
salt. 'H NMR (200 MHz; DMSO-d,): 6 (ppm) 1.30 (t; 
,J=7.4 Hz; 3 H; CH,), 3.10 (4; 'J=7.4 Hz; 2 H; CH,), 
6.44 (3 t; ,J=7.1 Hz; 2 H; C-H3; C-H4), 6.89 (3 t; 
'J = 7.3 Hz; 2 H; C-H4; C-H7), 7.33 (3 d; ,J= 8.0 Hz; 
2 H; C-H2; C-H9), 7.93 (3 d; ' J =  7.5 Hz; 2 H; C-H5; 


(CHJ, 18.9 (CHJ, 95.5 (C-), 106.8, 113.2, 118.3, 
118.5, 120.5, 133.6 ( q l ) .  


C-H6). "c NMK (50 MHz; DMSO-d,): 6 (ppm) 16.5 


Lithium 9-ethylfluorenyl (10): n-Butyllithium (1.6 M 
in hexane) was added dropwise to 9-ethylfluorene in 
THF at -78 "C. The flask was allowed to warm to room 
temperature within 1 h and the solvent was evaporated; 
yield 41% of a red salt after crystallization from 
toluene. 'H NMR (200 MHz; DMSO-d,): 6 (ppm) 1.21 
(ti ,J=7.4 Hz; 3 H; CH,), 3.01 (4; 'J=7.4 Hz; 2 H; 
CH,), 6.35 (t; ' J =  7.7 Hz; 2 H; C-H3; C-H4), 6.80 (2 t; 
' J =  6.9 Hz; 2 H; C-H4; C-H7), 7.24 (d; 'J= 8.1 Hz; 
2 H; C-H2; C-H9), 7.85 (d; 'J=7.4 Hz; 2 H; C-H5; C- 


(CH,), 19.1 (CH,), 95.4 (C-), 106.7, 113.1, 118.2, 
118.4, 120.4, 133.6 ( ~ 1 ) .  


H6). "C NMR (50 MHz; DMSO-d,): 6 (ppm) 16.7 


Tetrabutylammoniumphenylacetic acid ethyl ester 
enolate (11): yield 86% of pale-red prisms after crystal- 
lization from toluene. IR (Nujol): 1562, 1608 cm-'. 'H 
NMR (200 MHz; DMSO-d,): 6 (ppm) 0.92 (t; 
'J= 7.2 Hz; 12 H; CH,-cation), 1.01 (t; 'J= 7.2 Hz; 
3 H; CH,-anion), 1.30 (sextet; ,J=7.2 Hz; 8 H; N-CH,- 
CH,-CH,), 1.55 (m; 8 H; N-CH,-CH,), 3.14 (m; 8 H; 


m), 7.09 (m; 2 H; CH-o). "C NMR (50 MHz; DMSO- 
4): 6 (pprn) 13.4 (CH,-cation), 15.9 (CH,-anion), 19.1 


147.5 (C-i), 164.8 (carbonyl). The I3C NMR signal of 
the C-carbanion is broad and can be seen as a sharp 
signal in THF. 


crystal data for 11: C26H4,N02, formula weight 
0;w) = 405.7, pale-red prisms, monoclinic, P2Jn (No. 


dcdcd= 1.05 gcm-', p(MoKa)=0.60 cm-', Enraf- 
Nonius CAD4 difiactometer, graphite monochromated 
MoKa radiation 4 = 0.71069 A, 6277 data collected 
([sin @/A],,,, 0.65 A-', [*h, + k ,  +/I), 5836 independent 
(Rav = O.Ol), 4340 observed [ I  3 2a(I)], 450 parameters, 
final R = 0.052, R, = 0,058 [w= l/a2(F0)], largest 
residual density = 0.36 e A-,. Atomic coordinates, bond 
lengths and angles and thermal parameters for 11,12 and 
13 have been deposited at the Cambridge Crystallo- 
graphic Data Centre. 


Tetrabutylammonium phenyl propionic acid 
ethylester-enolate (12): yield 37% of pale-yellow plates 


N-CH,), 3.70 (9; ,J=6.6 Hz; 2 H; 0-CH,), 6.08 (t; 
'J=6.6 Hz; 1 H CH-p), 6.68 (t; ,J=7.2 Hz; 2 H; CH- 


(N-CH,-CH,-CH,), 23.0 (N-CH,-CH,), 54.2 (0-CH,), 
57.4 (N-CH,), 112.1 (C-p), 119.4 (C-m), 126.9 (C-o), 


14), u = 10.767(2), b = 17.29113) and c = 14.054(2) A, 
B =  101.95(1)", Vz2559.8 A3, T =  100 K, Z=4 ,  


after crystallization from toluene. IR (Nujol): 1548, 
1497 cm-I. 'H NMR (200 MHz; DMSO-d,): 6 (ppm) 
0.92 (t; 'J=7.1 Hz; 12 H; CH,-cation), 1.08 (t; 
'J=7.0 Hz; 3 H; CH,-CH,), 1.30 (sextet; 'J=7.3 Hz; 
8 H; N-CH2-CH2-CH2), 1-53 (m; 8 H; N-CH,-CH,), 
1.74 (s; C-CH,), 3.13 (m; 8 H; N-CH,), 3.79 (9; 


CH-p), 6-80 (t; 3J=7.0 Hz; 2 H; CH-m), 7.10-7.51' 
(m; 2 H; CH-o). "C NMR (50 MHz; DMSO-d,): 6 
(ppm) 13.4 (CH3-cation), 14.7 (CH,-CH,), 16.1 (C- 


,J=7.0 Hz; 2 H; 0-CH,), 6.17 (t; ,J=7.0 Hz; 1 H* 


CH,), 19.1 (N-CH,-CH,-CH,), 23.0 (N-CH2-CH,), 
54.5 (0-CH,), 57.5 (N-CH,), 66.8 (C-), 111.8 (C-p), 
119.3 (C-m), 126.5 (C-o), 147.9 (C-i), 163.2 
(carbonyl). 


Crystal data for 12: C,7H4fi02, FW=419.7, pale- 
yellow plates, monoclinic, P2Jc (No. 14), 


d&d= 1.06 gem-,, y(MoKa) = 0.60 cm-I, Enraf- 
Nonius CAD4 diffractometer, graphije monochro- 
mated MoKa radiation 1 = 0.71069 A, 6433 data 
collected ([sin @/A],,,=0-65 A-', [ih, +k, +f]), 
6010 independent (Rav = O.Ol), 4316 observed 
[I 2 2a(I)] ,  467 parameters, final R = 0.048, 
R, = 0.048 [ y = 1/a2(F,)], largest residual 
density = 0.23 e A -,. 
Tetrabutylammoniumphenylbutanic acid ethyl ester 


enolate (13): yield 32% of pale-yellow plates after 
crystallization from toluene. IR (Nujol): 1549, 
1600 cm-I. 'H NMR (200 MHz; DMSO-d,): 6 (ppm) 


'.I= 7.0 Hz; 12 H; CH,-cation), 1-04 (t; 'J= 7.0 Hz; 
3 H; O-CH2-CH3), 1.29 (sextet; 'J=7.2 Hz; 8 H; N- 
CH,-CH,-CH,), 1.55 (m; 8 H; N-CH,-CH2), 2.29 (q; 
'J=7.1 Hz; 2 H; C-CH,), 3.14 (m; 8 H; N-CH,), 3.77 


CH-p), 6.75 (t; ,J=7.8 Hz; 2 H; CH-m), 7.00-7.50 
(m; 2 H; CH-0). I3C NMR (50 MHz; DMSO-d,): 6 
(ppm) 13.4 (CH,-cation), 14.7 (0-CH,-CH,), 16.1 (C- 


~=9 .358(1 ) ,b=  17*751(2) and C =  15.878(1)A, 
B=92.16(1)", V=2635.6A3, T =  100 K, Z = 4 ,  


0.84 (ti ,J=7*1 Hz; 3 H; C-CH,-CH,), 0-92 (t; 


(4; ,J=7.0 Hz; 2 H; 0-CH,), 6.01 (t; 'J=7.4 Hz; 1 H; 


CHZ-CH,), 19.2 (N-CH2-CH,-CH,), 20.7 (C-CH,), 
23.0 (N-CH,-CH,), 54.3 (0-CH,), 57.4 (N-CH,), 75.7 
(C-), 111.5 (C-p), 119.2 (C-m), 126.6 (C-o), 147.0 
(C-i), 163.1 (carbonyl). 


Crystal data for 13: C,,H,,NO,, FW =433.7, pale- 
yellow plates, monoclinic, P2Jc (No. 14), 
u = 9.233(3), b = 18.018(5)0 and c = 16*278(3) A, 
B = 95.82( l)", V =  2694.2 A', T = 100 K, Z = 4, 
ddcd = 1.07 gem-,, p(MoKa) = 0.61 cm-', Enraf- 
Nonius CAD4 diffractometer, graphite monochromated 
MoKa radiation A 0.71069 A, 13,255 data collected 
([sin @/A],,,,, 0.65 A-', [ih, + k ,  +Z]), 6162 indepen- 
dent (Rav = 0.06), 4221 observed [ I  3 2a(I)], 463 
parameters, final R = 0.059, R, = 0.070 [w = l/a2(F,)], 
7, the alkyl group attached to 02 is disordered (50 : 50), 
largest residual density = 0.60 e A-,. 
Tetrabutylammonium-4-vinyl(phenyl)acetic acid 


methyl ester enolate (15): yield 67% of light-yellow 
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crystals after crystallization from toluene. 'H NMR 
(200 MHz; DMSO-d,): 6 (ppm) 0.92 (t; ' J =  7.0 Hz; 
12 H; CH,-cation), 1.29 (sextet; ' J =  7.2 Hz; 8 H; N- 
CH,-CH,-CH,), 1.54 (m; 8 H; N-CH,-CH2), 2.30 (s; 
1 H; T H ) ,  3.13 (m; 8 H; N-CH,), 3.24 (s; 3 H; 0- 
CH,), 4.62; 5.20; 6.34 (ABM system; JAB = 1.5 Hz; 


6.74-7.29 (m; 4 H; C6H4). 13C NMR (50 MHz; DMSO- 
d,): 6 (ppm) 13-4 (CH,-cation), 19.1 (N-CH,-CH,- 
CH,), 23.0 (N-CH,-CH,), 47.3 (0-CH,), 57.5 (N- 


147.8, (C,H,; CH,=CH), 165.5 (carbonyl), the carban- 
ion C-atom is rather broad. 


J A M  = 10.8 Hz; Jm = 17.5 Hz; 3 H; CH,=CH), 


CH,), 103.1 (CH,=CH), 121.3, 125.5, 128.8, 137.9, 


Polymerizations. The initiator was placed in a flame- 
dried flask under an argon atmosphere and dissolved in 
a carefully dried solvent at room temperature. Monomer 
was dissolved in the same weight of solvent by weight 
and added dropwise via a syringe pump (1 mlmin-I) 
into the stirred solution of initiator. The polymerization 
was quenched 1 h after the monomer addition by injec- 
tion of 1 ml of 1 M HCl. Poly(n-butyl acrylates) were 
diluted with diethyl ether and washed with water in a 
separating funnel. The organic layers were dried over 
MgSO,, filtered and the solvents were evaporated under 
vacuum. Poly(methy1 methacrylates) were slowly 
poured into water-methanol (4 : 1). The immediately 
precipitated polymers were filtered and dried under 
vacuum in a drying oven at 45 "C. 


Measurements. Gel permeation chromatographic 
(GPC) measurements were performed at 20°C using 
THF as eluent with a flow rate of 1.0 mlmin-' with a 
differential refractor detector and a variable-wavelength 
UV detector. The molecular weight calibration curve 
was obtained by using standards of BA and MMA. 


'H and I3C NMR measurements were performed in 
DMSO-d, using a Bruker AM-200 spectrometer, where 
the chemical shifts were determined with respect to the 
solvent as internal standard. 


Cryoscopic measurements were performed by Dornis 
& Kolbe (Miilheim/Ruhr, Germany) in benzene using a 
Beckmann thermometer. 


Quantitative GC measurements were done on 
quenched polymer solutions. Internal standards were 
pentane for methanol, butanol and MMA, heptane for 
2-nitropropane and undecane for n-butanol, diethyl 2- 
ethylmalonate and hibutylamine. 
IR spectra were recorded on a Nicolet FT 7000 


spectrophotometer. 


RESULTS AND DISCUSSION 


BA and MMA have been polymerized at room tempera- 
ture with initiators 1-7. All reactions turned out to be 
exothermic, the temperature rising by 5-10 "C. Table 1 


Table 1. Polymerization of BA at room temperature in THF 


Initiator M.(calcd) M.(obsd) D Yield (%) 


1 2970 2670 1.17 96 
1 4100 3 140 1.29 83 
1 6260 3910 1.48 97 
1 12860 7800 1.48 87 
1" 2820 2530 2.05 96 
lb 3 100 2080 1.19 95 
1" 2740 1770 1.14 91 
l* 3280 2440 1.50 94 
1" 3300 1830 1.12 92 
1' 3090 3200 2.04 98 
3 2730 1560 1.15 94 
5 3110 2250 1.17 94 
5 6350 3370 1.21 66 
6 2660 2230 1.17 98 
6 12700 4780 1.73 80 
7 4110 1360 1.13 63 
7 5800 2030 1.25 66 
7' 3180 2570 3.64 93 


"The monomer solution is added at once. 
bPolymerization in DME. 


dToluene. 
'DMSO. 


1.4-Dioxane. 


The polymerization temperature is 0 'C. 


summarizes the results of the polymerization of BA 
with these metal-free initiators. 


Polymerization of BA with initiator 1 always 
resulted in quantitative monomer conversion. The best 
results were obtained when poly(n-butyl acrylates) 
with M,(calcd) of about 3000 were strived for. Here 
the molecular weight distribution D ranges between 
1.14 and 1.30, and M,(obsd) essentially corresponds to 
the theoretical value. It is important to add the mon- 
omer solution slowly since otherwise the polydispersity 
D rises, probably owing to the occurrence of more side 
reactions. The same behaviour was observed when the 
polymerization was performed at 0 "C. THF is the best 
solvent for this type of polymerization, followed by 
other polar solvents such as DME, 1,4-dioxane or 
DMSO, but in toluene the molecular weight distri- 
bution turns out to be rather broad.'" When polymers 
of Mn larger than 5000 are desired, M,(obsd) diverges 
from M,(calcd), the former being smaller than the 
latter. No effect on this tendency was observed on 
changing the substituent on the carbon of the carbanion 
(Table 1). The same applies to changing the 
ammonium cation or using the nitro-stabilized carban- 
ion 7. Thus, initiators 5 ,  6 and 7 are all similar in this 
respect. The factors responsible for side reactions are 
discussed below. Since initiator 3 polymerizes BA well 
and also contains two protected functional groups, a 
new tool for the synthesis of polymers with a defined 
difunctional end group is at hand: hydrolysis of the 
acid sensitive tert-butyl ester functions affords a 
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1 R=CIHs:  R'  = C,H; 6 7 


2 R = CtI(CH,),. K' = C211, 


3 R = C(CH31,: R' = C211q 


4 R = N(CH,CH,)> R' = H 


5 R = C,H,: R' = C(CH:)- 
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macromonomer (dicarboxylic acid) which may be 
useful in further transformations. 


Table 2 summarizes the results of the polymerization 
of the metal-free initiators with MMA at room 
temperature. 


In contrast to the polymerization of BA, an induction 
period is generally observed. The increase in the reac- 
tion temperature starts suddenly and is about 10-15 "C. 
Initiators 1, 2, 5 ,  6 and 7 lead to polymers with 
M,(obsd) much higher than M,,(calcd), even when the 
temperature of the polymerization rises to 50 "C, which 
in fact should increase the reactivity of the initiator. 
This observation lets us conclude that these initiators are 
not reactive or nucleophilic enough to start smooth 
polymerizations of MMA. Indeed, MMA is known to 
be much less reactive than BA in classical anionic 
polymerizations. The above behaviour has been 
observed in other polymerization systems previously 
and is known as 'slow initiation.'" Polydispersities as 
high as 1.50-2.88 are due to slow initiation, probably in 


addition to side-reactions. Initiator 5 shows incomplete 
conversion. The reason for this may be the bulkiness of 
the a-substituent which hinders the 1 ,CMichael addi- 
tion. Nevertheless, we succeeded in the polymerization 
of MMA at room temperature with the bis-amide 
initiator 4, the most reactive in this series." In this 
initiator the negative charge is not stabilized as well 
owing to the electron-donating amino groups in the 
amide function (higher pK, value of the neutral precur- 
sor). Indeed, polymerizations with short induction 
periods led to poly(methy1 methacrylates) with the 
desired Mn up to M,(calcd) of 6000 with fairly narrow 
molecular weight distributions and complete conversion 
of monomer. Thus, the search for new and better metal- 
free initiators is a rewarding task. 


The polymerization of (meth)acrylic acid esters at 
room temperature with metal-free initiators is accom- 
panied by side and termination reactions." In the classical 
anionic polymerization of (meth)acrylic acid esters they 
are known as monomer termination, intermolecular 


Table 2. Polymerization of MMA at room temperature in THF 


Induction 
Initiator Period (s) M,(calcd) M,(obsd) D Yield (%) 


1 
1 
2 
2" 
4 
4 
4 
5 b  


5 b  


6 
6' 
6 
7' 
7 
7 


150 
210 
210 
150 
20 
40 
30 
- 
- 


120 
15 


270 
0 


40 
70 


3160 
11600 
2860 
2880 
3360 
6930 


22140 
3250 


12050 
2960 
3110 
9350 
2870 
3000 


25000 


31750 
55200 
14500 
7310 
3060 
5790 


14830 
15930 
16880 
25400 
56310 
49050 
15700 
11520 
27400 


2.50 
1.80 
2.88 
1.56 
1-23 
1.30 
1.40 
1.56 
1.83 
2.21 
1.50 
1.55 
2.09 
1.40 
1.26 


92 
85 
86 
71 
99 


100 
100 
23 
20 
98 


100 
78 
95 


100 
100 


'The polymerization temperature is 50 "C. 
bVery sluggish polymerization; induction period uncertain. 
'The monomer solution is added at once. 
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Monomer termination 


%o - 5; + LtOMe 


Me0 C02Me 


+ 


Intermolccular polymer termination 


Intramolecular polymer terminatinn or  backbiting 


C02Me C02Me 


Li+ __t B;izMe + LiOMe 


Me 0 


Scheme 1. Possible side reactions during the polymerization of MMA initiated by organolithium reagents 


polymer termination and intramolecular polymer termina- 
tion (backbiting), as summarized in Scheme l.* 


The backbiting reaction, which is an intramolecular 
Claisen condensation, is believed to be dominant in 
classical anionic polymerization.' In all of these reac- 
tions alkoxide is released. Lithium, sodium and 
potassium alkoxides are not able to initiate further 
polymerization. In contrast, cesium methanolate formed 
during the polymerization of MMA is able to initiate a 
new chain growth with low initiation rate.' It is also 
important to point out that most Li enolates decompose 
at temperatures above -3O"C, forming ketenes and Li 
alkoxides.I6 This may also happen at the growing end of 
the polymer chain during polymerization." 


We examined our metal-free initiating system with 
respect to the occurrence of these side-reactions. 
Accordingly, quenched polymer solutions were ana- 
lysed by qualitative and quantitative GC. Table 3 
summarizes the results. 


GC studies of the BA polymerization reaction 
mixtures show complete conversion of the initiator. In 
contrast, in the case of MMA polymerization a portion 
of the initiator is not consumed. Using initiator 1 this 
amount is rather low, but it must be emphasized that 
initiators containing ester groups are partially hydro- 
lysed during quenching. Incomplete consumption of 
initiators indicates 'slow initiation.' 


All polymer solutions show the presence of some n- 
butanol or methanol, originating from the ester moiety 


of the monomer (BA or MMA, respectively). Bander- 
mann has reached similar  conclusion^.'^ These 
observations clearly show the occurrence of side 
reactions of the type shown in Scheme 1. One expects 
more alcohol to be formed in the reaction of BA, since 
polymerization of this monomer is known to be more 
susceptible to 'backbiting' than that of MMA.' Indeed, 
this is observed in the present metal-free polymeriz- 
ations. The formation of tributylamine is observed in all 
cases, an indication that Hofmann elimination occurs. In 
line with this is the observation that varying amounts of 
but-1-ene are detected in all cases. Owing to the volatil- 
ity of this side-product, quantification was not 
attempted. It should be emphasized that there is some 
uncertainty in the interpretation of side-products 
detected by GC in that it is difficult to define the exact 
point at which these compounds are actually formed, 
i.e. during the actual process of polymerization or 
shortly thereafter and prior to quenching. It is also 
uncertain whether tetrabutylammonium butanolate or 
methanolate, which are formed in situ, initiate polymer- 
ization themselves. Such compounds cannot be isolated 
because they rapidly decompose via Hofmann elimina- 
tion." In spite of these difficulties in interpretation, 
backbiting and Hofmann eliminations clearly accom- 
pany metal-free anionic polymerization of acrylates and 
methacrylates. 


In order to obtain some information about the rate of 
the initiation reaction in the polymerization of MMA 
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Table 3. GC measurements of crude solutions of poly(n-butyl acrylate) and poly(methy1 methacrylate) 


Initiator Amount Amount of 
recovered of alcohol tributylamine 


Monomer Initiator M,(calcd) (%)' (%)" (%la 
BA 1 4100 0 5.9 33.0 
MMA 1 3160 3.6 25.2 21.0 
BA 7 5800 0 36.6 4.3 
MMA 7 2870 38.4 9.7 26.6 


'With respect to the amount of initiator used in the polymerization. 


induced by metal-free initiators, we examined the 
reaction by a 'titration method' using coloured initia- 
tors." Since the tetrabutylammonium initiator 8 has a 
deep red colour which rapidly disappears on monomer 
addition, it is ideally suited for this purpose. The same 
applies to the red potassium and lithium analogues 9 and 
10. For comparison these were also studied. The results 
of the polymerization of BA and MMA with 8, 9 and 
10 are summarized in Table 4. 


It is very surprising that initiation by the tetra- 
butylammonium salt 8 is slower than to those of the 
potassium and lithium salts 9 and 10, respectively. 
Traditionally it is believed that the reactivity of a 


I ~ Cation 
+ 


8 Cation= NEu, 


Y Cation = K 


10 Cation = LI 
+ 


'carbanion' increases with increasing size of its cation.2 
In our series, we observe exactly the opposite and offer 
the following explanation. First, the Lewis acidity 
decreases with increasing size of the cation, resulting in 
less activation of the monomer. Second, it is known that 
tetrabutylammonium salts of enolates are not naked 
car bani on^.'^ Rather, the tetrabutylammonium cations 
interact with carbanions such as malonates in solution 
via hydrogen bonding, leading to dimer f~rmation. '~ 
Owing to the large size of the tetrabutylammonium 
cation, access to the carbanion is more difficult than one 
might expect on the basis of a truly naked carbanion. In 
the case of the fluorenyl initiator 8, stabilization 
between anion and cation via hydrogen bonding may 
also occur, resulting in steric shielding of the attacking 
nucleophilic species. Further, if the Michael addition 
actually occurs by way of electron transfer, the rate of 
such a process may well depend on the nature of the 
cation. 


The preparative results obtained with initiator 8 are 
more or less comparable to those described for previous 
metal-free initiators,' although some differences become 
apparent. It is interesting to compare 8 with the Li + -  and 
K'-containing initiators 9 and 10, which lead to incom- 


Table 4. Polymerization of BA and MMA with the red-coloured initiators 8, 9 and 10 in THF at room temperature 


Induction Equiv. of monomer 
period added until colour Yield 


Monomer Initiator (S 1 disappearance Mn (calcd ) M,(obsd) D (%) 
~ 


BA 
BA 
BA 
BA 
BA 
BA 
MMA 
MMA 
MMA 
MMA 
MMA 
MMA 


8 
8 
9 
9 


10 
10 
8 
8 
9 
9 


10 
10 


0 
0 
0 
0 
0 
0 


15 
15 
1 
1 
1 
1 


5 
5 
3 
3 
1 
1 
- 
- 
15 
15 
3 
3 


3230 
6020 
3090 
5660 
3480 
5990 
4040 
7530 
3020 
6530 
8850 


17140 


1500 
2560 
1260 
1290 
1140 
1180 
6720 


11150 
790 


2310 
170 
140 


1.24 
2.69 
1.14b 
1.14b 
1.06b 
1.05b 
1.37 
1.27 
3.44' 
8.08' 
5.60' 
6.44' 


100 
77 
43 
25 
33 
26 


100 
94 
80 
95 
18 
9 


'The colour did not disappear until all monomer had been added. 
bMultimodal. 
'Bimodal. 
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plete monomer conversion and bimodal (BA) polymers 
and to multimodal PMMA. Backbiting occurs to a 
greater extent in the metal-containing systems, probably 
because Claisen condensations are accelerated by 
electrophilic assistance of metal cations2 Steric shield- 
ing by the bulky ammonium ions may also play a role. 
This means that metal-free polymerization at room 
temperature is a much cleaner reaction relative to those 
containing Li' or K' ions. Although M,,(calcd) does not 
always correspond to M,(obsd), experimental protocols 
can be given for obtaining a certain molecular weight. 


For example, PMMA having a molecular weight of 
11,150 and a narrow molecular weight distribution 
(D = 1.27) is readily synthesized simply by aiming for a 
molecular weight of 7530 (Table 4). 


It may be that polymerization of (meth)acrylic acid 
esters induced by metal-free initiators is successful in 
optimized cases because of an equilibrium between an 
active growing chain end and a largely dormant aggre- 
gated species. In order to shed some light on this, we 
tried to synthesize metal-free initiators having an 
enolate structure related to that of the growing chain 
end. For this purpose the monoester enolates 11, 12 and 
13 were prepared. 


Relative to the large number of tetraalkylammonium 
enolates postulated as reactive intermediates in phase- 
transfer alkylations,I8 aldol additions and alkylationslg 
and polymerizations,9~'~.'2 only a few x-ray structures of 
such species have been described. It is important to 
emphasize once more than most Li enolates derived 
from most carboxylic acid esters are only stable below 
-30 "C, l6 higher temperatures causing decomposition 
with formation of ketenes and Li alkoxides. We suc- 
ceeded in the preparation of single crystals of 11, 12 
and 13 at room temperature." The results of the x-ray 
analyses are shown in Figures 1-3. 


Enolates 11, 12 and 13 all have similar structures in 
the solid state. The phenyl group is always cis to the 
negatively charged enolate oxygen atom. The enolates 
are not true carbanions or naked anions, in contrast to 
previous statements concerning ammonium eno- 
lates.'8-20 Rather, anions and cations interact with one 
another by hydrogen bonding. In the case of 11 and 12, 
anions and cations alternate, two a-methylene units of 
each ammonium ion participating in C-H-0 hydrogen 


% o +  NBu4 7 9; - N B u ~  + 


R' OR R' OR 


Figure 1. Structure of 11 in the crystal 


bonding2' with the enolate oxygen atoms. This means 
that each enolate oxygen atoms is stabilized from above 
and below, resulting in a one-dimensional 'polymer.' 
We have previously shown that ammonium enolates of 
malonates are also stabilized by such C-H.-O hydro- 
gen bonding,21 in those cases as dimers (supramolecular 
ion pairs).I4 The (2-60 distances of the C-H.-O units 
are about 3.2-3.4 A (Table 5). In the case of 13, 
discrete ion pairs exist which loosely interact with one 
another, i.e. the C-0 distances are short in the ion pair 
itself (typically 3.3 A, indicative of relatively strong H- 
bonding) and long between two such pairs (3.64 A, 
weak H-bonding, if any). 


The n-butyl groups of the tetrabutylammonium ions in 
12 and 13 take on the energetically preferred truns/trans 


Table 5. Selected C-H-0 hydrogen bonds in 11, 12 and 13 


Compound Bond C...O (A) H...O (A) 
~ 


11 C(13)-H(13B)...O(l) 3.246(2) 2.28(2) 


12 C(13)-H(13B)..,0(1) 3.248(2) 2.3 l(2) 


13 C(13)-H(13B)...O(l) 3.265(3) 2.27(3) 
C( 13)*-H (1 3B )'...O( 1 )* 3,640(3) 2.79(3) 


C( l)*-H( lB)*-.O( 1) 3.167(2) 2.50(2) 


C(l)'-H(lB)*-O(l) 3.394(2) 2.55(2) 


* denotes symmetry related 
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I 


Figure 2. Structure of 12 in the crystal 


conformation. In 11, one alkyl group has rotated into the 
trans/gauche conformation, perhaps owing to packing 
effects. Analysis of the bond lengths and angles of the 
enolate portions of 11, 12 and 13 reveals some expected 
but also unusual features (Table 6). All of the enolates are 
conjugated, almost planar systems. Of special interest is 
the fact that the ideal geometry around the sp*-hybridized 
C-atoms in the ‘olefinic’ portion, namely 120°, is not 
observed. Rather, angle C(20)-C(19)-0(1) is wider 
and angle C(20)-C(19)-0(2) is smaller. At the same 
time, bond C(19)-0(1) shortens and bond C(19)-0(2) 
elongates. Such effects have been observed previously in 
the case of lithium enolates,I6 but the present distortions 
are much more pronounced. They can be interpreted by 
assuming that the enolates are ‘on their way’ to ketene and 
alkoxide ion. Thus, the x-ray structures can be viewed as a 
point along the reaction coordinate of enolate decomposi- 
tion (Biirgi-Dunitz correlation principle).22 Indeed, as 
stated previously, this may be one of the side-reactions at 
the growing end of the polymer. 


In order to obtain information regarding possible 
aggregation in solution, freezing-point depression experi- 
ments were performed with 11, 12 and 13 in benzene. 
Accordingly, 11 is a dimer (MW,, = 406; MW,,, = 822) 
and 12 (MW,,=420; MW,,,=430) and 13 
(MW,,=434; MW,,,=445) are monomers. Owing to 


Figure 3. Structure of 13 in the crystal 


solubility problems at low temperatures, it was not possible 
to obtain data in THF. In view of these and the above x-ray 
data, it is reasonable to conclude that the growing end in 
the metal-free polymerization is not a naked anion. Rather, 
it is likely to be stabilized and partially shielded by under- 
going H-bonding with the ammonium counter ion. This 
may occur in the form of monomeric ion pairs or dimers 
(supramolecular ion  airs).'^ It is tempting to postulate 
solvent-separated ion pairs as the active species which are 
robbed of the stabilizing H-bonding. However, evidence 
for such reactive species in equilibrium with the H-bonded 
ion pairs has not been obtained. 


It needs to be emphasized that 11, 12 and 13 are only 
models for the growing chain end in the polymerization of 
BA and MMA, particularly because they contain 
resonance-stabilizing phenyl groups. Nevertheless, these 
metal-free enolates are not as (resonance) stabilized as the 
anions of malonates. Indeed, compounds 11-13 and 
derivatives thereof are initiators for the polymerization of 
acrylates and methacrylates at room temperature. An 
example is the vinyl-substituted analogue 15 prepared from 
the ester 14. It results in polymers having a styrene-type 
end group [equation (3)], i.e. the products are macromon- 
omers for radical polymerizations leading to the formation 
of comb polymers. Typical results of metal-free polymer- 
izations based on the initiator 15 are shown in Table 7. 
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Table 6. Important distances and angles in 11 (R = H), 12 [R = C(27)H3] and 13 [R = C(27)H,C(28)H3] 


Compound Distances (A) Angles (") 


11 C (20)-C ( 19) 
C( 20)-C(21) 
C(19)-0(1) 
C( 19)-0(2) 


12 


13 


C(20)-C( 19) 
c (20)-C (2 1 ) 
C(20)-C(27) 
C(19)-0(1) 
C(19)-0(2) 


C(20)-C(19) 
C(2O)-C(21) 
C(20)-C(27) 
C(19)-0(1) 
C( 19)-O( 2) 


1.378(2) 
1.436(2) 
1.250(2) 
1.407(2) 


1.398(2) 
1.447(2) 
1.51 l(2) 
1.252(2) 
1.403 (2) 


1.396(3) 
1.455 (3) 
1.515(3) 
1.249(3) 
1.407(3) 


C( 19)-C( 20)-C (21 ) 
O( 1)-C( 19)-0(2) 
O(l)-C(19)-C(20) 
O(2)-C( 19)-C(20) 
C( 20)-C( 21)-C (22) 
C(19)-C(20)-C(21) 
C( 19)-c(20)-c (27) 
C( 21)-c (20)-C (27) 
O(1)-C( 19)-0(2) 
O(l)-C(19)-C(20) 
0(2)-C(19)-C(20) 
C(2O)-C(2l)--C(22) 
C( 19)-c( 20)-C (2 1 ) 
C( 19)-c(20)-c(27) 
C(2l)-C(20)-C(27) 
O(l)-C(19)-0(2) 
O( 1)-C( 19)-C(20) 
0 (2)-C (1 9)-C(20) 
C( 20)-C(21 )-c (22) 


125.5 (2) 
117.6(1) 
130.3(2) 
112.1 (1) 
124.1(2) 
122.3 (1) 
120.0(1) 
117.7(1) 
117.0(1) 
129.3 (1) 
113.7 (1) 
124.9(1) 
121.3(2) 
1 19.5 (2) 
119.2(2) 
117.4(2) 
130.1 (2) 
1 12.5 (2) 
124.2(2) 


CONCLUSION 
Table 7. Polymerization of BA and MMA by initiator 15 at 


room temperature in THF Metal-free anionic polymerization of acrylates and 
methacrylates using tetraaUqlammonium salts of CH- 


Monomer Mn(cdcd) Mn(obsd) (%) acidic compounds at room temperature leads to polymers 
having narrow molecular weight distributions. The molecu- 
lar weights range between 1500 and 25,000. The fact that BA 3110 2000 1.27 68 


MMA 3300 4280 1.31 98 
MMA 6130 6100 1.47 96 M,(calcd) and M,,(obsd) do not always correspond to one 
MMA 30100 11350 1.47 97 another is connected with side-reactions such as backbiting 


and Hofmann elimination, as evidenced by GC analyses of 


14 


or 
% 9 b -  MMA C O Z C H ~  


$- - NBu4 + 


OCH, 
15 


the crude polymerization products. Also, slow Gtiation 
occurs in the case of M A .  Hence the process is not a true 
living polymerization. Nevertheless, polymerizations in 
which the counter ion is Li' or K' are much less efficient 
at room temperature, low conversion and multimodal 
polymer products being the result. X-ray crystallographic 
studies of tetrabutylammonium ester enolates show that 
these initiators are not real carbanions (naked anions). 
Rather, anion and ammonium cation interact with one 
another by way of hydrogen bonding. It is therefore likely 
that the growing polymer chain end, which is also an ester 
enolate, interacts with the tetrabutylammonium cation in a 
similar manner. 


(3) 
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The original Hammett equation, A = pa, is transformed in a constrained tetralinear relationship where each 
straight line with variable intercept term correlates one of the following four groups or subsets of dipolar 
substituents: normal and special substituents (depending on the absence or the presence of a lone electron pair 
in their atom next to the aromatic ring) and, in each of these classes, separating meta and para derivatives. 
There are a total of four fitting parameters in the resulting plurilinear Hammettian transformation (PHT) 
from which the statistically corrected parameters A and y are derived; 1 and y are the asymptotic values in a 
hyperbolic model for the representation of A, vs A4/A3. This meta-para interrelationship is assumed to hold in 
the absence of through-resonance effects which, in turn, are allowed for by the use of alternative sigma scales 
of substituent constants. By applying the PHT to a large number of selected literature data, parameters L and y 
are determined for the ionization equilibria of 3- and 4-monosubstituted benzoic acids, anilinium ions, phenols 
and pyridinium ions. In these reactions series, parameter 1, which measures the para/metu ratio of field/ 
inductive effects, is lower than unity and shows a marked dependence on the basic molecular framework. It is 
best modelled in terms of a through-space field effect approach. The ratio y /  yo, where yo is referred to the 
unified sigma-zero scale, is shown to correspond to the original Hammett’s reaction constant p. It is concluded 
that the PHT constitutes an improved Hammett equation for the analysis of substituent effects in benzene 
derivatives taking into account statistical errors and making allowance for different transmission coefficients for 
the field/inductive effect from metu and para positions in different reaction series. 


INTRODUCTION 


Hammettian equations 
It can be said that correlation studies involving mela- 
and para-substituted benzene derivatives were central in 
the development of linear Gibbs energy relationships. 
They were undoubtedly at the origin of the Hammett 
equation.’ Employing the symbol A to represent the 
experimental effect of a given substituent with respect 
to the parent c o m p o ~ n d , ~ ’ ~  the original Hammett equa- 
tion is represented by the straight line passing through 


*Author to whom correspondence should be addressed. 


the origin: 


A = p u  (1) 
whose slope p depends on the reaction series and 
experimental conditions and where u is a position- 
dependent substituent constant. 


Refinements of the simple equation (1) were 
described by Exner4 and by Shorter.s Two main trends 
are now highlighted. For one, different scales of sigma 
constants were introduced to account for the proper 
reactivity of limited classes of aromatic compounds. 
For another, several multiparametric extensions were 
devised, aimed at embracing a broader spectrum of 
reactions. In these developments the question arose of 
whether an extra term expressing the unavoidable 
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inaccuracy of any statistical correlation must be 
included in all the equations. Shorter presents a lively 
discussion on this question (Ref. 5,  pp. 209-213). If 
so, the first modification of the Hammett equation is 
then to add an intercept term B so that 


A = B + p a  (2) 
Although the modern trend is towards multiparame- 


tric extensions of equations (1)' and (2),7 in this work 
we regress to these basic equations and explore a 
plurilinear approach to their refinement. The first step 
along this line of investigation goes back to the late 
1950s when Hine' suggested that there may exist 
reaction series for which rneta and para derivatives lie 
on two separate lines. That p3 and p, need not be 
measures of the same quantity was statistically vali- 
dated by Jaff6,' and it is now recognized that rneta and 
para derivatives should be processed separately. '" 
Hence, the first plurilinear improvement of the 
Hammett equation reads 


A3 = 63 + P3*3 
A4 = 8 4  + P40, 


(3) 
(4) 


and we shall refer to the corresponding error-free 
equations as theoretical relationships. 


Meta-para interrelationships 
McDaniel's examination'' of the interrelationship 
between ineta and para substituent sigma constants 
stems from Hine's theoretical analysis' of equation (1). 
This and subsequent advances were reviewed by Exner" 
and Shorter.I3 Since these reviews, Pytela'4"5 has re- 
examined the problem with benzoic acid derivatives by 
using methods of analysis of latent variables. This 
authorI4 proposes a bundle of three straight lines to 
interrelate optimized rneta and para substituent con- 
stants, one of which corresponds to Exner's 
eq~at ion.~."  More recently, based on the unified o(~-  
scale, l 6  we dern~nstrated '~ that the appropriate frame- 
work to describe the meta-para interrelationship of d' 
constants is the representation a: vs ot/:/.:. Substituents 
were separated into two broad classes according to 
whether or not they have a pair of lone electrons in the 
atom next to the benzene ring. The former are named 
special (s) and the latter, following Exner," normal (n). 
Then each class was correlated by the appropriate one 
of the following pair of conjugate rectangular 
hyperbolae: 


These conjugate hyperbolae have the common asymp- 
totes o:/a!= A'' and I$= yo, which are subjected to the 
condition 


E t i -  &I)= -2Y"A' (7) 
In this model u: can be explicited as a function of n:, 
but the reverse is not true. 


In both equations (5) and (6), correlation errors are 
taken care of by the parameter EO.  The corresponding 
theoretical equations are17 


u:"(cJ:" - yo)/(& - 2y" )  = A"UY" (8) 
fffS = yo + (9) 


It is interesting that equations (8) and (9) can be written 
in the compact form 


(10) 
with the plus sign applying to special substituents and 


the minus sign to normal substituents. 
It was further shown" that parameter 3," is equal to 


the para/meta ratio of transmission coefficients for 
non-mesomeric or inductive effects, whereas parameter 
yo is related to limiting values for mesomeric or 
resonance effects. 


The aim of this work is to extent the Hammettian 
equations (3) and (4) as far as allowed by compliance 
with our hyperbolic model for the meta-para interrela- 
tionship. To this end, we resort to extensive literature 
data on typical ionization reaction series in water and 
aqueous solvents at 25 "C. 


(0: - y")  (Oyu: - A " )  = f y"AO 


THEORETICAL 


General meta-para interrelationship 
Let us assume that, in the absence of direct or through- 
resonance effects, the general meta-para interrelation- 
ship in a given benzene compound conforms to a 
hyperbolic model similar to that found17 for the sigma- 
zero scale. Therefore, the hyperbolic model for the 
general case is constituted by two conjugate rectangular 
hyperbolae with asymptotes defined by A4/A3 = 3, and 
A, = y ,  so that the model equations are 


Equation (13) expresses the condition for conjugate n 
and s hyperbolae. 


It follows from algebraic  restriction^'^ to the exact 
values for A, and A4/A3 that & l h = O  and E$ -2yA. 
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Substitution of these theoretical values into equations 
(1 1) and (12) yields 


&n(A,n- Y ) / ( A ~ ~ - ~ Y I =  AA3n (14) 


(15) 
which can be condensed to the analogue of equation 


A4s = Y + AA3s 


(10): 


(A4 - Y)(A4/A3 - A )  = f $ 
with the plus sign applying to special substituents and 
the minus sign to normal substituents. 


Plurilinear Hammettian transformation 


General case 
We now consider the following Hammettian trans- 
formation: 


83, + ~ 3 n d n  (16) 


(17) 


(18) 
(19) 


8.4" = 64, + ~ 4 n 4  


4 s  = 6,s + P 3 s 4 s  


Adr = 64s i- P 4 d  
where p and 6 are constants. It should be noted that the 
plurilinear transformation constituted by equations 
(16)-(19) is very general. In fact, it can account for 
differences in substituent effects between normal and 
special classes, between rneta and para positions, and it 
allows correlations with a non-zero intercept. 


Next we establish the conditions under which this 
transformation is consistent with the general meta-para 
interrelationship in benzene derivatives. 


Rectangular hyperbolae equations (5) and (6) are of 
the form 


a:' - A";.," - roo.," - &Out = 0 (20) 
Solving equations (16) and (17) [or equations (18) and 
(19)] for o:,, and u:" (or for uts and uts), respectively, 
and inserting the resulting expressions into equation 
(20) leads to two identical equations for normal and for 
special substituents having the form 


A:- (P4/P3)l0A,A4 - [264 - 63(P4/P3)L0 + P4Y01A4 


+ (P4/P3)(84A1) - P4&'))4 + 64(64 + P4Y") 
- 63(P4/P3)(v." - P4E") = 0 (21) 


On the other hand, equations (11) and (12) can be 
written as 


A: - AA3A4 - yA4 - &A3 = 0 (22) 
Relating the parameters in equation (22) with the 
corresponding parameters in equation (2 I), and bearing 
in the mind the assumption of conjugate n and s rec- 
tangular hyperbolae, gives 


1 = (P4/P3)A0 (23) 


We note that equation (26) expressing the condition for 
rectangular hyperbolae establishes a dependence 
between 6, and 6,. 


Equations (23)-(26) apply separately to normal and 
to special substituents. However, the common asymp- 
totic value A for n and s hyperbolae implies the 
important constraint 


P4nlP3n = P4JP3S (27) 
It can be further shown that the condition for conjugate 
n and s hyperbolae expressed by equation (13) is 
satisfied when E ,  and E ,  are given by equation (25) and 
common asymptotic values A and y by equations (23) 
and (24), respectively. As a result, the following 
equation is obtained: 


in addition to an analogous equation with interchanged 
subscripts n and s. 


Our approach to linear Gibbs energy relationships 
(LGER) between different reactions series of benzene 
compounds substituted in the meta or para positions is 
now clarified. We assume that only LGER consistent 
with our hyperbolic model for the meta-para interrela- 
tionship within each reaction series are allowed. 
Although the plurilinear Hammettian transformation 
constituted by equations (16)-( 19) contains eight 
parameters, we derived four independent equations 
linking some of these parameters, namely equation (26) 
applied separately to normal and to special substituents, 
and equations (27) and (28). Consequently, this general 
transformation contains four independent parameters. 


The present plurilinear Hammettian transformation is 
based on the sigma-zero scale of  substituent constants 
because it was assumed that no through-resonance effect 
was operating. However, these effects are important in 
many benzenoid systems of interest. We shall deal with 
this problem by resorting to the conventional sigma 
scales for benzoic acid, minus and plus reactivities on 
the supposition that the only consequence of using these 
scales is to counterbalance through-resonance effects. 


Theoretical case 
From the theoretical point of view, the hyperbolic 
model equations of interest are equations (8) and (9) 
for the standard system and equations (14) and (15) for 
the reaction series under investigation. The correspond- 
ing plurilinear transformation is also subjected to some 
algebraic restrictions. Thus, since we have identified" 
hydrogen as a normal substituent, then @,,= 6::= 0 and, 
from equation (24), yih= pl! yo. Additionally, in view 
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of equation (25), the conditions erh = &ih = 0 imply 
8:; = 0, so that 


Yih= - G ( P , / P 3 ) 1 " +  P:':Y" (29) 
Lastly, the requirement for conjugate n and s hyper- 
bolae, 9; = yih, leads to 


(30) t h o 0  
PFn - P E  = -d3d /Y 


Since the ratio An/ yo is negative, l 7  equation (30) shows 
that di! and the difference pi:- p:! have the same sign. 
We observe that the plurilinear Hammettian transform- 
ation is consistent with error-free data for which 
~ 3 n  + ~ 3 s  and ~ 4 n  + ~ 4 s  


Dual electronic effect and the hyperbolic model 
Taft equations in the form 


U: = pfM M + pfNN (31) 
O : = M + N  (32) 


were used previously " to separate mesomeric ( M )  and 
non-mesomeric ( N )  contributions to on constants. It was 
then shown that y:= y: required transmission 
coefficients appearing in equations (31) and (32) to have 
identical values for normal and special substituents. 
However, separating M and N effects in the general case 
may necessitate the use of the following equations: 


A3n= P3M.n M +  P 3 N . n  (33) 
A 4 n =  P 4 M . n  + P4N.n (34) 


= P 3 M . r  + P 3 N . s  (35) 
A4s = P 4 M . s  P 4 N . s  (36) 


We note that equations (33)-(36), in addition to 
equations (31) and (32), are theoretical expressions in 
the sense that they do not contain statistical error terms. 
Therefore, in the present analysis we shall use the error- 
free two-parameter hyperbolic model equations (8), (9), 
(14) and (15). 


Dropping the upperscript th, the relevant equations 
for the theoretical plurilinear transformation are 


A 3 n  = ~ 3 n  d n  (37) 


A 4 n  = ~ 4 n  d n  (38) 


A,, = 4 s  + P39 4 s  09) 
A 4 s  = P4F 0:s (40) 


~ 4 n l ~ 3 n  = ~ 4 s 1 ~ 3 c  (27) 


(41) 4, = (P3F - P3.)Y"/1" 
Hence this transformation is constituted by four equa- 
tions with five unknown parameters of which only three 
are independent. 


It has been shown thatI7 


An = (42) 


(43) 


By an analogous procedure one finds 


A = P 4 N . n l P 3 N . n  = P 4 N . < / P 3 N . s  


Taft's transmission coefficients appearing in equa- 
tions (33)-(36) can be expressed in terms of the PHT 
parameters in equations (37)- (40). The resulting 
relationships [equations (44)- (531 are presented in 
Table 1. 


Expressions for y in terms of Taft's transmission 
coefficients are readily derived from equations (24), 
(46) and (47), giving 


Y= P 4 M . n  Y o  = P 4 N . n  Yo  (56) 
Let us pause to comment on these results. If the 


conventional Taft equations for ineta and para deriva- 
tives are applied separately to normal and to special 
substituents as in equations (33)-(36), then there are 
eight transmission coefficients to be determined in this 
system of four equations. However, as a consequence 
of the theoretical mera-para interrelationship, we have 
derived equations (43) and (52)-(55) (see Table 1 ) 
expressing constraints among these parameters. We 
therefore have a system of four equations with eight 
unknown quantities, of which only three are indepen- 
dent parameters. This should be compared with the four 
equations with five unknown quantities of which three 
are independent that constitute the theoretical plurilinear 
Hammettian transformation proposed here. Further, 
equations (44)-(51) (see Table 1 ) provide direct links 
between the two sets of parameters. In other words, our 
plurilinear approach to LGER calls for, and is consistent 


Table 1 .  Expressions for Taft's transmission coefficients in equations (33)-(36) 


Normal substituents Special substituents Constraints 
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with, duplicate Taft equations for normal and special 
substituents while showing that Taft's four original 
parameters cannot all be independent. 


RESULTS 


Data selection 
Guided chiefly by Perrin's tables, '8.19 relative dissocia- 
tion constants of several meta- and para-monosubsti- 
tuted benzenoid acids in water and aqueous solvents at 
298 K were collected from the primary literature. Only 
those substituents used in our analysis17 of the unified 
sigma-zero scaIel6 were considered. Experimental A 
values are defined as A = ApK, = pK,(H) - pK,(X). 
Preference was given to ApK, data where values for 
both substituted (X) and unsubstituted (H) compounds 
were determined by the same authors and the same 
method. Data were used as reported and no attempt was 
made to correct values to zero ionic strength. However, 
it is well known2' that if both measurements are made at 
the same ionic strength, its effect is cancelled by sub- 
traction. Further, ApK, values for these processes are 
insensitive to differences in temperature of less than 
5 "C. The collected data were then slimmed by referring 
to the least number of research laboratories while 
covering the maximum number of substituents under 
study. In the event of having more than one datum for a 
given substituent, an average value rounded off to the 
nearest 0.005 unit was taken. We believe that this 
unbiased selection procedure minimizes inconsistencies 
arising from the different ApK, values obtained by 
different authors. Data employed in the present analysis 
and respective literature sources are recorded in Table 2. 
Some specific details are as follows. 


Sigma constants 


Although some compilations of sigma constants are 
a ~ a i l a b l e , ' ~ - ~ ~  for the scales sigma-benzoic acid reactiv- 
ity cay), sigma-plus reactivity (a;) and sigma-minus 
reactivity (uJ ,  we preferred the values selected by 
Exner (Ref. 4, pp. 61-62). 


Benzoic acid 


Ionization constants for 18 meta- and 18 para-substi- 
tuted benzoic acids in 50% (v/v) ethanol-water (BA/ 
50 E-W) and 17 meta- and 17 para-substituted benzoic 
acids in 80% (w/w) 2-methoxyethanol-water (BA/80 
ME-W) were taken from the tables organized by Exner 
and c o - ~ o r k e r s ~ ' - ~ ~  which include a few data from 
other authors. 


Aniliniurn ion 


Ionization constants for 20 meta- and 21 yara-substi- 


tuted anilinium ions in water were taken from various 
The value for pK, (3-C02H) 


reported by Vandenbelt et al.27 and leading to 
ApK, = 1.66 was excluded. 


authors. 24.27.3 I-34.37.40.45.48 


Phenol 


Ionization constants for 18 meta- and 18 para-substi- 
tuted phenols in water were taken from various 


The substituents NH,, OH 
and C02H were not considered in this analysis. 
aUthors.~5,34.35.4~,42.~.46.5(1.51 .53 


Pyridiniurn ion 
Ionization constants for 21 meta- and 20 para-substi- 
tuted pyridinium ions were taken from various 


-CO,H and -CHO were excluded from this analysis. 
authors. 20.26 -28 - 30.36.38.39.43.47.49.52 .S4 The substituents 4-013, 


Fitting experiments 
The correlation analysis of experimental data by the 
plurilinear Hammettian transformation consists of a 
least-squares regression involving eight unknown 
quantities, of which only four are independent, in a 
constrained fitting. The general-purpose optimization 
program used previously,17 which is based on the 
Luus-Jaakola method,58 was adapted to the present 
problem. The residual sum of squares (RSS) to the 
fitting of equations (16)-(19) is written in the form 


RSS = C3n(A3n - 63" - P ~ ~ c J S ~ ) '  


+ C3s(A3s - 6,s - P3sa:,)2 
+C4n[A4n - 64"- (P4/P3)P3nn4n12 


+ C4~[A4~ - 64, - ( P ~ / P ~ ) P ~ S U ~ S I ~  (57) 
where uan and n4s represent ut, u; or a; as appro- 
priate. 


We chose p3", p3r, pa/p3 and 6," as the four indepen- 
dent parameters in equation (57), the other unknown 
quantities being calculated by 


Values for the numerical constants are'7 1') = 0.9602, 
A"= -0.2252, 8: = 0.3416 and 8: = 0.0909. 


We note that equations (58) and (60) are specialized 
forms of equation (26), and that equation (59) follows 
from equation (28). 
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Table 2. Sigma constants and data for ApK, at  298 K used in  this work 
~~ 


No. substituent 


Special 
1 N(CH,)2 
2 NH, 
3 OH 
4 OCH, 
5 NHAc 
6 SCH, 
7 F  
8 C1 
9 Br 


10 I 
Normal 
11 C(CH,), 
12 CH, 
13 CH(CHI), 
14 C,H, 
15 CH,Ph 
O H  
16 Ph 
17 C02H 
18 CO,R 
19 COPh 
20 COCH, 
21 CHO 
22 CF, 
23 SO,NH, 
24 CN 
25 SO,CH, 
26 NO, 


Sigma constants' BA/50 E-Wh BA/80 ME-W' 


a? a," a; a; A, A4 A, A4 


-0495 -0.317 
-0.087 -0.295 


0.023 -0.221 
0.102 -0,120 
0.144 0.002 
0.142 0,063 
0,335 0.151 
0.365 0.242 
0.369 0.265 
0.343 0.277 


-0.63 
-0.57 
-0.38 
-0.28 
-0.09 
0.00 
0.06 
0.22 
0.22 
0.21 


g -1.70 
g -1.30 
g -  
g -0.78 
g -0.60 
g -0.60 
g -0.07 


g 0-15 
g 0.13 


g 0.11 


-0.087 -0.150 g 
-0.062 -0.135 g 
-0.082 -0.132 g 
-0,077 -0.127 g 
-0,047 -0.058 g 


0 0 g 
0,041 0.051 0.02 
0.356 0440 g 
0,349 0.441 g 
0,362 0.456 g 
0.360 0,469 g 
0.410 0.473 g 
0,464 0.538 g 
0.578 0,582 g 
0.622 0.714 g 
0.685 0.728 g 
0.713 0.814 g 


g 
g 
g 
g 
g 
g 


0.08 
0.78 
0.74 
0.86 
0.82 
0.94 
0.62 
0.89 
0.99 
1.05 
I .25 


-0.26 
-0.31 
-0.28 
-0.30 
-0-27 


g 
-0.18 


g 
g 
g 
g 
g 
g 
g 
g 
g 
g 


-0.20 
-0.08 


0.01 
0.12 
0.235 
- 
- 


0.49 
0.5 I 
0.45 


- I .03 
-0.785 
-0.445 
-0.255 
-0.06 
- 
- 


0.46 
0.34 
0.36 


-0.27 -1.05 
-0.28 -1,105 
-0.085 -0.63 


0.055 -0.385 
0.205 -0.12 - - 
- - 


0.65 0.50 
0.69 0.53 
0.60 0.48 


- - - - 
-0.185 -0.26 -0.15 -0.20 
- - - - 
- - - - 


-0-12 -0.16 -0.13 -0.11 
0 0 0 0  
- - - - 
- - 0.54 0.70 


0.60 0.72 - - 
0.55 0.67 0.53 0.68 
0.52 0.63 - - 


0.64 0.80 0.78 0.91 
0.83 0.87 0.86 0.93 
0.88 0.95 1.065 1 . 1 1  
0.96 1.07 0.97 1.14 
0.94 1.10 1.16 1.34 


- - - - 


Phenol' F'yridinium' 


A. A1 A, A, 


- (-2.01)h 
-0.33' - 1.53' 


0.37' -0.98' 
0.39" -0,725' 
- - 


0.57' 0.22' 
1.075' 0.02' 
1,125" 0.64" 
1.16" 0,745" 
1.05" 0,845" 


-0.07" - 
-0.1 1" -0,475' 
-0.08" - 
-0. I I *  -0.37' 
- - 


0 0 
0.42"" 0.3 I "" 
- 2.27' 
1.05' 2.14' 
- 2.43'9 


1.055" 2.48L 
- 2.91' 


1.36"" 1.81"" 
1.83L - 
1.865'' 2.921" 
2,035" 3.23"" 
2.1Shh 3605" 


0-13' -0.24' -1.25' 
- - -0,795' 
- - 0.40" 


0.34' -0.215q 0.43' 
- - 0.86' 
0.56' 0.51' 0.78" 
0.79' 0.09' 2.20" 
0.885' 0.57' 2.365 dd 


0.97' 0.64' 2,345" 
0.94' 0.69' 1.92" 


-0.08" 
-0.095' 


-0.07" 
- 
- 
0 
0.30" 


0.90" 


0.79" 
1.065 ' 
1.05"" 


1.43" 
1.58" 
1 .605' 


- 


- 


- 


-0.2388 
-0.265' 


-0.21* 
- 


- 


0 
0.38" 


1.50BE 


1.93" 
2.395" 
1.325" 


2.03" 
2.15" 
2,835' 


- 


- 


- 


-0.6SM 
-0.50" 
-0.55hh 
-0.53hh 
- 
0 
0.61" 


2.12' 
2.03' 
1.95" 


2.75" 


3.85" 


- 


- 


- 


- 
4.03' 


-4.403 
-3.925" 


- I  ,38' 
-0.55" 
-0.74' 


1.38' 
1.46' 


- 


- 


- 


-0.82hh 
-0.83u 
-0,84LL 
-0.835" 
-0.38' 


-0.14' 
0 


- 
1-72' 
I .86' 
1.70' 


2.58" 


3.35' 
3.6IhM 
3.82' 


- 


- 


u" constants from Ref. 16; e, a, and u; constants from Ref. 4, 
rp. 61-62. 


Ionization of substituted benzoic acids in 50% (v/v) ethanol-water 
mixture. Data from Refs 21-23 and references therein. 


Ionization of substituted benzoic acids in 80% (w/w) 2-metho- 
xyethanol-water mixture. Data from Refs 21 -23 and references therein. 


Ionization of substituted anilinium ions in water. 
' Ionization of substituted phenols in water. 


Ionization of substituted pyridinium ions in water. 
The values u: hold. 
Data from Ref. 24. Excluded from the final analysis. 


' Data from Ref. 25. 
Data from Ref. 26. 
' Data from Ref. 27. 
I Data from Refs 28 (at 20 "C), 29 and 30. 


Data from Refs 28 (at 20 "C) and 30. 
" Data from Refs 20 (at 20 "C) and 29. 
' Data from Refs 31-33. 


Data from Refs 27.31 and 33. 
Data from Refs 34 and 35. 
Data from Ref. 30. 


' Data from Refs 20 (at 20 "C) and 30. 
' Data from Ref. 29. 
" Data from Ref. 36 normalized with respect to the value for pK, 
(3-NHAc) in Ref. 29. 
" Data from Ref. 25 with the value for pK, (H) in Ref, 37. 


Data from Ref. 38 (at 20 "C). 
' Data from Refs 32 and 33. 


Data from Ref. 33. 
' Data from Ref. 35. 


Data from Ref. 39. 
Data from Refs 27,32,33 and 40. bb 


'' Data from Refs 27 and 33. 
dd Data from Refs 30 and 39. 
re Data from Ref. 32. 
' Data from Ref. 41. 


Data from Ref. 42. 
hh Data from Ref. 43. 
I' Data from Refs 27 and 31-33. 
JJ Data from Refs 29,30 and 43. 


Data from Refs 30 and 43. 
" Data from Ref. 44. 
mm Data from Ref. 45 with the value for pK, ( H )  in Ref. 3 1.  
"" Data from Ref. 31. 


Data from Ref. 46. 
pp Data from Ref. 47 normalized with respect to the value for pK, (4-Ph) in 
Ref. 30. 
qq Data from Ref. 48 with the value for pK, (H) in Ref. 32. 


" Data from Ref. 34. The value 8.40 derived from Table IV in Ref. 34 was 
ysed for pK, (3-S02CH,). 


(4-COCH3) in Ref. 30. 
"" Data from Ref. 40. 
"I Data from Ref. 50 normalized by equalling the values for pK, (3-CHO) 
and pK, (4-CHO) in Ref. 51 to those in Refs 41 and 42, respectively. 
wy Data from Ref. 52. 
'' Data from Refs 27, 32 and 33. 
y? Data from Ref. 53. 
'' Data from Refs 29 and 30. 


in this table. 
hhh Data from Ref. 54 (at 20 "C). 


Data from Refs 27 and 32. 


Data from Ref. 49 normalized with respect to the value for p K ,  


Data from Ref. 34 normalized with respect to the value for pK, (4-N02) 
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Initial values for the fitting parameters were obtained that the requirement for the common asymptote 
from ordinary linear least squares fits of equations y = y, = ys is verified within 0.5%. In view of equation 
(16)-(19). Their final values were constrained to the (13), the departure from strict conjugate n and s hyper- 
verification of the condition bolae behaviour can be evaluated bv the relative 


where y, and ys are calculated from equation (24) by 
using equations (58)-(60). 


The characteristic parameters of the hyperbolic 
model are obtained as follows. For y,  we take the 
average between y, and ys; A is given by (p4/p3)1'' 
[equation (23)l; and E, and E ,  by specializing equation 
(25) to 


En = - ( P J P , ) [ ~ ~ ~ A "  - ( P ~ / P ~ ) P ~ ~ E ; I  (62) 
E ,=  - ( ~ 4 / ~ 3 ) [ d 4 , 1 " -  ( P ~ / P ~ ) P ~ ~ E P I  (63) 


The condition expressed by equation (61) warrants 


deviation (RD) 
RD = - (E, + E ,  + 2y1)/2 yA (644) 


We have seen in the Introduction that equations (3) 
and (4) can be regarded as the first plurilinear improve- 
ment of equation (2), the Hammett equation with non- 
zero intercept. In both cases and for comparison pur- 
poses, the hyperbolic model parameters were calculated 
by means of equations (23), (24) and (62)-(64) which 
are now greatly simplified. 


Three models for the correlation of substituent 
effects in benzene derivatives, namely, the extended 
plurilinear Hammettian transformation, separate equa- 
tions for meta and para derivatives, and the Hammett 


Table 3. Plurilinear analysis of the ionization of 3- and 4-monosubstituted benzoic acids in 50% 
EtOH-H,O at 298 K' 


Fitting model 


Plurilinear Hammettian Separate equations 
transformationh for meta and para' Hammett equationd 


Quantity dA and uo uo only 4A and uo u" only u:A and u" uo only 


Model parameters 
Ph 1.406 
P3. 1.415 
P J P ,  1.021 
6 d n  0.000 
6% 0.004 
E* 0.500 


0.132 
0.980 


-0.324 
? 
Y 
RD'(%) -0.4 


Correlation statistics' 
n 38 
P 4 
S 0.067 
S% 3.13 * 0.128 


0.104 
1.004 


f 
%n-p 
3 2 ,  ".p.95% 1.091 


1.419 
1.460 
1.016 


-0.007 
-0.020 


0.507 
0.145 
0.975 


-0.333 
0.5 


30 
4 
0.052 
3.84 
0.120 
0.078 
0.975 
1.122 


1.443 


0.986 
0.019 


-0.018 
0.461 
0.110 
0.946 


-0.266 
13.3 


- 


38 
4 
0.065 
3.05 
0.124 
0.101 
1.033 
1491 


1.443 


1.021 
-0.028 
-0.018 


0.541 
0.164 
0.980 


-0.370 
3.0 


- 


30 
4 
0.05 1 
3.74 
0.117 
0.076 
1 ~OOO 
1.122 


1.422 


1 
0.004 


0.482 
0.126 
0.960 


-0,316 
0.0 


- 


- 


37 
2 
0.066 
3.10 
0.125 
0.104 


1.459 


1 
- 


-0.023 


0.521 
0.155 
0.960 


-0.353 
-0.3 


- 


29 
2 
0.050 
3.67 
0.115 
0.076 


Data from Table 2. 
Equations (16)-(19) constrained by equations (26)-(28) and (61). 
Equations (3) and (4) treated as a single correlation. 
Equation (2). 


' Relative deviation from conjugate hyperbolae given by equation (64). ' 1 1 ,  number of  data points; p ,  number of  independent parameters; s, standard deviation of  the fit; s%, relative value of 
the standard deviation defined bySY s% = 100 s/b  ApK,, where CJ ApK, is the range of variation of ApK,; p, Exner's 
goodness-of-fit statistic defined b 4.N),61 I# = s/s,,, where so is the standard deviation of  the data; f, Ehrenson's goodness- 
of-fit statistic defined by62 f =  s/%MS, where RMS is the root mean square of the data; %,, ".p = f2/f4 is the f ratio in 
relation to the Hammett equation; %,, n.p,YS,A is the % statistic at the 95% confidence level (values taken from Ref. 62). 
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equation with non-zero intercept, were applied to the 
data in Table 2. The point for the parent compound 
lying on the origin of the axes can be considered as 
corresponding to the 'substituent' hydrogen. It was 
therefore included twice in plurilinear correlations, one 
as 3n substituent and the other as 4n substituent. Pre- 
liminary experiments showed that correlations were 
greatly improved if the appropriate scale of substituent 
sigma constants was employed. As a further test, for 
each model and reaction series considered, a second fit 
was performed without the points needing sigma 
constants different from sigma-zero values. In addition, 
the ionization of pyridinium ions was studied in terms 
of sigma-benzoic acid and sigma-plus reactivities. 
Excepting this latter, the results of these correlation 
analyses are presented in Tables 3-7, together with the 
relevant statistics. 


Analysis of results 


Detection of outliers 


values of R, at the 95% confidence level are for simple 
linear regressions, we used these values in the analysis 
of our plurilinear regressions. As a consequence, the 
ApK, value for 4-dimethylaminoanilinium ion," for 
which R, = 4 with respect to the Hammett equation was 
found, was excluded from the final analysis. Here the 
largest residual in each fit was always less than three 
times the corresponding standard deviation and often 
much smaller than the critical normalized residual. 


Correlation statistics 


The present results were tested for statistical 
significance by three criteria of goodness of fit. These 
are Koppel and Palm's relative value of the standard 
deviatiod9 s%, Exner's stat is ti^^.^'.^' 1/, and Ehrenson's 
statistic6' f. A total of 30 fits with degrees of freedom 
varying between 24 and 40 were performed. The 
statistical measures for these fits have values in the 
following ranges: s%, 2.7-7-4; 1/,, 0.10-0.24; and f, 
0.06-0.19. Therefore, all these fits can be considered 
of fair oualitv. 1 ,  


Wold and S j O ~ t r O m ~ ~  recommend a procedure based on 
normalized residuals R, for the exclusion of signifi- 
cantly deviating points. Although the tabulated critical 


For each system and data set investigated, the three 
goodness-of-fit criteria are in total agreement with 
respect to the best fitting model. Further, they rank the 


Table 4. Plurilinear analysis of the ionization of 3- and 4-monosubstituted benzoic acids in 80% 
CH,O(CH,),OH-H,O at 298 K" 


Fitting model 


Plurilinear Hammettian Separate equations 
transformationb for meta and para' Hammett equation" 


Quantity (T:* and (I" ( T O  only uy and o" (TO only uYA and (T" (TO only 


Model parameters 
P?" 1.620 
Pls 1.784 
P4lP1 1.001 
64, -0.020 
63, -0.044 
En 0.574 


0.181 
0.961 


-0.395 Y 
RD'(%) -0.6% 
Correlation statistics' 
n 36 
P 4 
S 0.073 
S% 2.98 * 0.117 


0.098 
1.142 


%."I). 9 5 1  1.098 


2 


f 
%".p 


1.646 
1.945 
1.009 


-0.044 
-0.099 


0.615 
0.224 
0.969 


-0.435 
-0.5 


28 
4 
0.049 
3.02 
0.095 
0.064 
1.284 
1.133 


1.721 


0.959 
0.007 


-0.063 
0.534 
0.137 
0.921 


-0.299 
21.8 


- 


36 
4 
0.077 
3.16 
0.124 
0.105 
1.074 
1.098 


1.721 


0.930 
-0.003 
-0.063 


0.51 1 
0.138 
0.893 


-0.310 


- 


17.2 


28 
4 
0.060 
3.70 
0.116 
0.079 
1.049 
1.133 


1.660 


1 
- 


-0.021 


0.587 
0.171 
0.960 


-0.396 
-0.2 


- 


35 
2 
0.082 
3.35 
0.130 
0.112 
- 


1.679 


1 
- 


-0.047 


0.619 
0.198 
0.960 


- 


-0.427 
-0.4 


27 
2 
0.062 
3.80 
0.119 
0.083 
- 


'-' Footnotes as in Table 3. 
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Table 5 .  Plurilinear analysis of the ionization of 3- and 4-monosubstituted anilinium ions in water at 298 K" 


Fitting model 


Plurilinear Hammettian Separate equations 
transformation' for meta and para' Hammett equationd 


Quantity a, and uo a"only u; and u" u"only a; and u" uo only 


Model parameters 
Pl" 3.063 
P b  3.411 
P4lPl 0.987 
64"  -0.045 


En 1.061 
0.343 
0.948 


-0.745 


63, -0.101 


> 
Y 
RD'(%) -0.5 
Correlation statistics' 
n 42 
P 4 
S 0.173 
S% 3.36 


0.142 
0.108 
1,042 


3 2  ".D 9S% 1.082 


7 
3 2 ,  ".p 


3.044 
3.281 
1.093 


-0.03 1 
-0.063 


1.275 
0.387 
1.050 


-0.796 
-0.5 


2.813 


1.125 
-0.169 


0.116 
1.397 
0.506 
1.080 


-1.175 


- 


-25.0 


2.813 


1.268 
-0.179 


0.116 
1.763 
0.629 
1.218 


-1.303 


- 


-24.6 


3.035 


1 
- 


-0.028 


1 .OM 
0.303 
0.960 


-0.713 
-0.2 


- 


3.168 


1 
- 


-0.041 


1.121 
0.327 
0.960 


-0.756 
-0.2 


- 


32 
4 
0.191 
5.19 
0.216 
0.180 
1.038 
1,113 


42 
4 
0.139 
2.71 
0.115 
0.087 
1.293 
1.082 


32 
4 
0.140 
3.79 
0.158 
0.132 
1.421 
1.113 


41 
2 
0.178 
3.46 
0.146 
0.113 


31 
2 
0.195 
5.29 
0.2 18 
0.187 


Footnotes as in Table 3. 


Table 6. Plurilinear analysis of the ionization of 3- and 4-monosubstituted phenols in water at 298 K" 


Fitting model 


Plurilinear Hammettian Separate equations 
transformation' for nieta and para' Hammett equationd 


Quantity u; and uo ononly a; and u" u" only 0; and u" u" only 


Model parameters 
P3" 2.343 
P Z S  1.863 
P J P 3  0.926 
64, 0.048 
67, 0.139 
En 0.644 


0.107 
0.890 


-0.424 
2 
Y 
RDe(%) -0.5 


Correlation statistics' 
n 38 
P 4 
S 0.146 
s % 4.69 * 0.178 


0.124 
0.948 


3 2 .  n p . 9 S %  1.091 


f 
a2, ".p 


2.361 
1.872 
0.935 
0.049 
0.141 
0.661 
0.109 
0.898 


-0.431 
-0.5 


2.083 


1 .ooo 
0.108 
0.143 
0.608 
0.086 
0.960 


-0.390 
-7.5 


- 
2.083 


0.866 
0.097 
0.143 
0.453 
0.061 
0.831 


-0.330 
-6.5 


- 
2.071 


1 
0.133 


0.580 
0.061 
0.960 


-0.328 
1.6 


- 


- 


2.059 


1 
0.133 


0.575 
0.059 
0.960 


-0.325 
1.6 


- 


- 


30 
4 
0.138 
7.39 
0.243 
0.174 
0.936 
1.122 


38 
4 
0.139 
4.47 
0.170 
0.118 
0.996 
1.091 


30 
4 
0.125 
6.66 
0.219 
0.157 
1.038 
1.122 


37 
2 
0.136 
4.39 
0.167 
0.118 


29 
2 
0.127 
6.78 
0.222 
0.163 
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Table 7. Plurilinear analysis of the ionization of 3- and 4-monosubstituted pyridinium ions in water at 
298 K (benzoic acid reactivity)" 


Fitting model 


Plurilinear Hammettian Separate equations 
transformation for meta and para' Hammett equationd 


Quantity otA and uo u'only u:* and uo u"on1y and u" uo only 


Model parameters 
P3ll 


P 3 s  


P 4 l P 3  


64, 


83s  


En 


f;. 
Y 
RD'(%) 


6.050 
7.227 
0.829 


-0.144 
-0.394 


1.537 
0.572 
0.796 


- 1.330 
-0.5 


Correlation statistics' 
n 43 
P 4 
S 0.257 
S% 3.05 * 0.134 


0.121 
1.491 


f 
32 "-p 
3 2 .  n-0.9s?Z 1.080 


6.051 
6.842 
0.779 


-0.083 
-0.240 


1.318 
0.440 
0.748 


-1.180 
-0.5 


35 
4 
0.198 
3.75 
0.122 
0.095 
1.789 
1.101 


6.168 


0.866 
-0.306 
-0.082 


1.835 
0.675 
0.832 


- 1.747 


- 


-13.6 


43 
4 
0.308 
3.65 
0.161 
0.145 
1.244 
1.080 


6.168 


0.784 
-0.175 
-0.082 


1.427 
0.476 
0.753 


- 1.376 
-8.2 


35 
4 
0.209 
3.96 
0.129 
0.101 
1-695 
1-101 


- 
5.640 


1 
- 


-0,160 


2.081 
0.667 
0.960 


- 1.437 
-0.4 


- 


42 
2 
0.378 
4.49 
0.196 
0.181 
- 
- 


5.320 


1 
- 


-0.065 


1.880 
0.546 
0.960 


- 1.266 
-0.2 


34 
2 
0.349 
6.61 
0.213 
0.171 


- 


- 
- 


'-I Footnotes as in Table 3 


three models in the same order but for a single excep- 
tion in ten comparisons. Differences among the three 
statistics arise, however, when comparing data sets of 
different size for the same system. Thus, while q!J and f 
values run parallel to each other except in one instance, 
in half of the cases the s% criterion disagrees with the 
concordant information from the q!J and f criteria. 


Although values of q ! ~  and f are usually appraised by 
similar scales (up to 0-1 for good and between 0.1 and 
0.2 for fair correlations), we obtained *:f ratios 
ranging from 1.1 to 1.5. We refer to Shorter (Ref. 5, 
p. 219) for the discussion of the conditions leading to 
complete numerical equivalence between q ! ~  and f. 
These difficulties are much less pronounced when 
comparing alternative set fitting by the different statistic 
ratios. In fact, for an increase in the number of fitting 
parameters from p to p + h, one has 


(65) 
By observing that = f p / f P + b ,  the different ratios 
yield the same information in numerical scales that 
became equivalent at large number of degrees of 
freedom. Frequently the only purpose of using statistic 
f is to discuss % b  values. Although the actual f values 


for regressions of data not expressed relative to a 
standard are meaningless (Ref. 5, p. 219), 
equation (65) shows that the ab values are 
meaningful. A similar situation arose in this work. Since 
both the representations by the plurilinear Hammettian 
transformation and the separate lines for tneta and para 
derivatives make use of more two independent parame- 
ters than by the Hammett equation, we obtained values 
for the 3 statistic slightly smaller than if it were cor- 
rectly calculated by using identical data sets. These facts 
explain an awkwardly lower than unity value for % 2 , n - p  


appearing in Table 6. Nevertheless, this systematic error 
did not preclude arriving at useful conclusions. 


Lastly, fits for the pyridinium ion series with sigma- 
plus constants led to poor correlations and unrealistic 
model parameters. These results are not presented in this 
Paper. 


DISCUSSION 


Comparison of fitting models 
Relative dissociation constants of 3- and 4-monosubsti- 
tuted benzoic acids, anilinium ions, phenols and 
pyridinium ions in water and aqueous solvents at 25 "C 
were correlated with appropriate substituent sigma 
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-1.0 


u4 


-1.5 


constants by means of three fitting models: the pluri- 
linear Hammettian transformation (PHT), separate lines 
for ineta and para derivatives (m ,p )  and the Hammett 
equation (HE), all of them in their statistical version. 
Examination of statistical functions indicates that the 
best model for benzoic acids in 80% 2-meth- 
oxyethanol-water (Table 4) and for pyridinium ions 
(Table 7) is PHT, for anilinium ions (Table 5 )  m,p and 
for benzoic acids in 50% ethanol-water (Table 3) and 
for phenols (Table 6) HE. On the basis of this statistical 
evidence, none of  the three models studied is revealed 
as clearly superior to the other two and the classical 
Hammett equation stands favourably. There are, how- 
ever, other features to be considered when appraising 
the different models. 


It is important to assess the ability of each model to 
yield fairly constant model parameters irrespective of 
the data size. This model performance with respect to 
derived asymptote values 1 and y can be evaluated from 
the fits with the whole selected data and with the data 
requiring only sigma-zero constants as reported in 
Tables 3-7. Thus, the average deviation in I values 
upon point removal is *4% with PHT and *8% with 
m,p, whereas HE imposes a fixed value 1 = 1' for all 
systems. In its turn, y values change by *7% with PHT, 
*18% with m,p and *8% with HE. Also, for a given 
system and data set, the average model dependence of  1 
and y values referred to PHT values is as follows. In ten 
comparisons, 1 varies *7% when using both m,p and 
HE, and y varies *28% with m,p and +8% with HE. 


r- 


Lastly, the compliance with the hyperbolic model for 
the meta-para interrelationship, as indicated by the 
quantity RD defined by equation (64), is within *0.5% 
for both PHT and HE and within *14% for m,p. 


Emerging from these model comparisons is the clear 
superiority of the plurilinear Hammettian transform- 
ation and the better performance of  the Hammett equa- 
tion over separate lines for ineta and para derivatives. 


General meta-para interrelationship 
The plurilinear Hammettian transformation was devel- 
oped assuming the existence of a hyperbolic relation- 
ship linking substituent chemical effects from the ineta 
and from the para positions in the absence of through- 
resonance. Moreover, parameters for conjugate rec- 
tangular hyperbolae in the A4 vs A4/A3 representation 
[equations (1 1) and (12)] are readily derived from PHT 
[equations (23)-(25)] and their values are given in 
Tables 3-7 for the reaction series herein studied. 
Figures 1-3 illustrate graphs in this representation. 
Marked points are for the substituents in Table 2 having 
experimentally determined values for both A 3  and Ad. 
Values for para-substituted compounds needing sigma 
constants from scales accounting for direct-resonance 
effects were subjected to an additional treatment. By 
entering the corresponding sigma-zero constants into the 
PHT equations for a given reaction series, the resulting 
A4 values can be considered as estimated values in the 
absence of through-resonance. These so-determined 
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3.0 - A4 


2.0 - 


1.0 - 


0 21 


0 20 


4.0 14 
-4+11 


-1.0 1 
Figure 2 .  Interrelationship between A, and A4/A3 for the ionization of phenols in water at 25 "C. Symbols and other explanations as 
in Figure 1 


Figure 3. 


r . . .  


Interrelationship between A4 and A,/A3 for the ionization of pyridinium ions in water at 25 "C. 
explanations as in Figure 1 


Symbols and other 
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values and experimental values without through- 
resonance contributions are represented by filled 
symbols in the figures. 


It is seen in Figures 1-3 that the ineta-para interrela- 
tionship is described very satisfactorily by our hyper- 
bolic model, provided through-resonance contributions 
are subtracted from total substituent effects. This is 
particularly manifested in the phenol series (Figure 2), 
where even the off-line position estimated for phenyl 
(No. 16) can be ascribed to a large relative difference 
between experimental and PHT-calculated values for 
A3. The location of special substituents hydroxy (No. 3, 
estimated value) in Figure 1 and dimethylamino (No. 1, 
experimental value) in Figure 2 is noteworthy. This is 
because in our analysisi7 of the sigma-zero scale the 
amino and dimethylamino groups were the only substi- 


2.0 


1.5 


1 .o 


0.5 


-0.t 


-I.( 


tuents correlated by the hyperbola branch lying in the 
fourth quadrant (Figure 1 in Ref. 17), such as is now 
the case for the pyridinium ion series in Figure 3. 
Therefore, substituents are simply partitioned between 
normal and special hyperbolae, and no physical 
significance should be attached to which hyperbola 
branch they are placed. 


The geometrical properties of conjugate n and s 
rectangular hyperbolae allow us to draw a single hyper- 
bola for the para vs rneta representation. To accomplish 
this, A3s values have to be transposed to Als,tr values by 
means of the transformation 


As shown before, l 7  this operation amounts to rotate the 
special hyperbola in turn of its 1 asymptote on to the 
normal hyperbola. The resulting single hyperbola for 
representing A4 as a function of A3 or A3,rr is expressed 
by equation (1 1) and has asymptotes defined by A4 = En/ 


1 + y +  LA, and A,= -&,/A. This is exemplified in 
Figures 4 and 5 for the systems in Tables 3 and 5, 


'4 


4.0 


2.0 


0.5 1.5 


\ - - 
1 2 


0 2  


0 1  


-1 .% 


Figure 4. Interrelationship between A4 and A, or A,,,r for the 
ionization of benzoic acids in 50% ethanol-water at 25 "C. 
Diamonds are for normal substituents with coordinates (A4", 
A?") and circles for special substituents with coordinates (A4,, 
A?\,,,). Filled symbols are for experimental or estimated values 
without through-resonance contributions and empty symbols 
are for experimental values that include through-resonance 
contributions. The line drawn is for the three-parameter 
hyperbola given by the plurilinear Hammettian transformation. 


Experimental data and substituent numbering from Table 2 


-.0 
-1 .o 


12 14( 


4. 


3. 


4 
4 26 


0 25 


I .o 3.0 


-2.a 


Figure 5. Interrelationship between A4 and A, or A3,,, for the 
ionization of anilinium ions in water at 25 "C. Symbols and 


other explanations as  in Figure 4 
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respectively. They illustrate the ability of the plurilinear 
Hammettian transformation to yield realistic parameter 
values for the hyperbolic model linking the reactivities 
of metu- and para-monosubstituted benzene derivatives 
in the absence of through-resonance by means of a 
single hyperbola branch. Also, the above-average 
deviation for special substituents 2 and 3 in the 
anilinium ion series (Figure 5) may indicate the oper- 
ation of through-resonance effects by electron-donating 
substituents in this system. 


Parameter I 
Parameter 1 has been interpreted by equation (43) as the 
para/metu ratio of non-mesomeric N substituent 
effects. Experimental I values in Table 3-7 are lower 
than unity and show a marked dependence on the 
molecular framework. It is of interest to explore the 
possibility of determining I theoretically. Current 
theories for the transmission of non-mesomeric substi- 
tuent effects were reviewed by Exner and FriedL6' If the 
through-space field effect were the predominant N 
effect, we may resort to Dewar et ul.'s FMMF treatment 
of substituent effects.@ On the other hand, the through- 
bond sigma inductive effect has been used recently for 
this pu ose by Soroka and T ~ m a s i k ~ ~  and Exner and 
Fiedler' have refined the classical through-bond 
topological approach. 


Following Dewar et ul.," we consider that the field 
due to the substituent can be approximated by a point 
charge q at the nearest ring atom 1, together with a 
second point charge -fq at the substituent charge centre 
2, the resulting potential varying as the inverse of the 
distance r. The empirical factor f, equated to 0.9 in 
water by Dewar et UI.,'~ allows for charge screening by 


the solvent. In terms of this model, 1 can be calculated 
by 


The through-bond inductive model employed by 
Soroka and T o m a ~ i k ~ ~  is based on perturbation of the 
electronic potential and assumes that the gradient of 
potential between atoms is proportional to the gradient 
of the charge at these atoms and to the inverse of the 
distance measured along the sigma bonds. In terms of 
this inductive model, I is given by69 


I = ( a  + 4h/3 + c ) / ( a  + 3h/2 + C) (68) 
where a is the average substituent-ring distance, h is 
the aromatic carbon-carbon length and c is the 
ring-reactive centre distance. 


Since substituent electrical effects are stronger in ions 
than in neutral molecules, we performed distance 
calculations for the charged forms. Known crystallo- 
graphic data" were used but substituent effects on the 
ring geometries were disregarded. For each molecular 
framework, model calculated I values reported in Table 
8 are the average for the 26 substituted derivatives in 
Table 2. The standard deviations are small (<0.01) and 
there is no significant difference between normal and 
special substituents. The largest individual deviation in 
the latter class was for iodine (-2.3%) and in the 
former was for the sulphoxides ( -  1.4%). 


Experimental and calculated I values are compared in 
Table 8. The ability of Dewar et al.'s model6* to 
reproduce experimental I values is striking. Although 
the inductive model leads to a good value for the 
benzoate ion framework, it fails for the pyridinium ion. 


Table 8. Parameter 1 as a function of the molecular framework: comparison of experimental and 
theoretical values 


1 


Dewar et 01,'s model" 


Molecular framework Experimental f= 0.90 f= 0.95 f= 1.00 Inductive modelh 


Benzoate ion 0.97 i 0.01' 0.95* 0.97 0.98 0.96' 
Anilinium and 0.92 k 0.03' 0.91 0.92 0.92 0.95 


Pyridinium ion 0.80' 0.84 0.84 0.84 0.94 
phenoxide ions 


Calculated by equation (67). 
Calculated by equation (68). 
' Average and mean deviation of PHT 1 values in Tables 3 and 4. 
* Non-rounded value and standard deviation: 0.953 (0.002); Dewar et al.'' reported 0.952. 
' Non-rounded value and standard deviation: 0.964 (0.001); Soroka and Tomasik" reported 0.955. 
' Average and mean deviation of PHT 1 values in Tables 5 and 6. 


PHT 1 value in Table 7. 
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Moreover, the built-in empirical factor f of Dewar 
et al.'s model should be useful to rationalize the solvent 
effect on the field/inductive e f f e ~ t ~ * - ~ ~  and thus on 
parameter I.'" The refined empirical model of the 
sigma-inductive effect due to the Exner and Fiedler7" led 
to an invariant I = 0.84 on the basis of a transmission 
coefficient of 0.36 for the inductive effect across a 
sigma bond. Although this I value represents an impro- 
vement over I =0.64 as calculated in terms of the 
unrefined model, these topological approaches suffer 
from the important drawback of yielding a constant 1 
value irrespective of  differences in molecular frame- 
work and substituent skeleton. 


The present results clearly show that parameter 1 is a 
function of the molecular framework. This contention 
lends support to Exner, who first Taft 
and co-worker's a s ~ u m p t i o n ~ ~ - ~ '  of equal transmission 
coefficients for the inductive effect from rneta and para 
positions in all reaction series of benzene derivatives. 
On the other hand, our calculations of theoretical 1 
values have shown that these values vary slightly with 
the skeleton of individual substituents. An additional 
variation due to ring deformation upon substitution 
should have been considered, as Godfrey has 
remarked. May these facts serve as a reminder that our 
hyperbolic model for the meta-para interrelationship, 
as well as current correlations of substituent effects, are 
coarse models that are bound to reveal irreducible 
deviations at a finer level of analysis. 


Parameter y 


The physical meaning of yo, the parameter y for the 
sigma-zero scale, has been given bef01-e'~ as the non- 
zero a", value to which a zero-value 4 substituent 
constant corresponds. Hence y for a given reaction 
series can be interpreted as the A4 value subtracted from 
possible through-resonance contributions for which the 
corresponding A3 value is zero. 


From equations (29), (50), (51) and (56), the ratio 
y /  yo can be expressed by 


We note that the - d3$/ yo term appearing in equation 
(69) is a consequence of our option for separate Taft 
equations for normal and special substituents. Notwith- 
standing this, equation (69) allows us to interpret the 
ratio y /  yo as measuring the sensivity of the reaction 
centre to mesomeric and non-mesomeric effects of 
substituents from the para position. Values for y / y O  
calculated by means of PHT equation (24) can thus be 
regarded as improved Hammett reaction constants that 
take into account proper statistical considerations and 
the fact that parameter 1 generally differs from unity. 


Values for the ratio y /  yo are compared with p values 


in Table 9. Differences between these parameters are not 
appreciable for the reaction series of benzoic acids and 
pyridinium ions. However, if y /  yo were a more reliable 
measure than p ,  then the reaction constant for the 
ionization of anilinium ions has been underestimated 
and that for the ionization of phenols has been over- 
estimated. 


Separation of M ,  Nand R effects 
Taft equations (33)-(36) are the expression of a dual 
substituent parameter approach. To deal with through- 
resonance effects, a third parameter should be accom- 
modated without altering its basic assumptions. Let R 
designate the through-resonance substituent effect that 
can only operate from the para position. Then sigma 
constants in the different scales can be defined by 
a: = a: + R ' ,  where the prime stands for benzoic acid, 
plus or minus reactivities. Taft equations (34) and 
(36) should thus be substituted by equations having the 
form 


'4 = P4MM + P4"' P4R' R' 
so that y becomes given by the value for A, - pJR'R' 
when A3 = 0. 


Because of constraints (53) and (55) (see Table l), it 
can also be shown that p4Rp,n = p4" and p4R..r = p4r. 
Therefore, the PHT approach assumes identical trans- 
mission coefficients for the M ,  N and R effects from a 
substituent in the para position. Hence this approach 
should fail in reaction series for which the resonance 
demand by the reaction centre differs considerably from 
that in the reaction series used to define the respective 
sigma scale, i.e. when p4Re z p4M = p4N. We suspect that 
this is the reason why the dissociation of pyridinium 
ions was poorly correlated by the sigma-plus scale as 
referred to in the subsection on results analysis. 


Taft's parameter a is given by the ratio p3M/p4M. 
From expressions in Table 1 we write for normal 


Table 9. Comparison of y /y "  with the Hammett reaction 
constant p 


P 


Reaction series" y / f l  This workh Literature 


BA/50 E-W 1.439 1.422 1.522' 
BA/80 ME-W 1.755 1.660 1.68' 
Anilinium ion 3.308 3.035 2.889' 
Phenol 1.884 2.07 1 2.229' 
Pyridinium ion 5.905 5,640 5.714d 


For identification of reaction series, see footnotes b-f in Table 2 
From Tables 3-7. 


' Ref. 4. p. 71. 
* Ref. 29. 
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substituents 


a" = P 3 n P Y P 4 n  (70) 
Noting that for the sigma-zero scaleI7 a'=&, it 
follows from equations (23) and (70) that 


l a ,  = A"aO =constant 
For special substituents, expressions in Table 1 lead to 


which can be transformed to 


l a s  = - 1) + 1 


Since p3n=p3s, equations (71) and (72) are very 
similar. They show that possible values for parameters 
a and ;I are closely linked. Examination of 1 values in 
Table 8 shows further that a values should not vary 
much in reaction series of benzene derivatives. Indeed, 
since Taft and c o - ~ o r k e r s ~ ~ - ~ ~  arbitrarily fixed A = 1, 
then a would also be a constant, as it was originally 
assumed.77 However, it is well known that a variable 
parameter a (a different constant for each reaction 
series) was empirically introduced on the grounds that 
better fittings were ~btained.~'.'' We suspect that such a 
variation of parameter a may compensate for the use 
of non-separate M and R effects. 


Comparison with other approaches 
McDaniel" showed that Hine's theoretical inter- 
pretation' of the unmodified Hammett equation implied 
a linear correlation with zero intercept between the para 
and rneta sigma constants for the same substituent. 
Since this behaviour was not supported by experiment, I '  


it remained a paradox until solved by Wold.X2 Here we 
have obtained evidence supporting Wold's analysis.82 In 
fact, we demonstrated that, in the absence of through- 
resonance, the Hammett equation is consistent with a 
hyperbolic relationship between A3 and A4, even though 
too much restrictive with respect to the asymptotic 1 
values. 


The plurilinear Hammettian transformation is based 
on the realization that if there is a hyperbolic relation- 
ship linking the reactivities of corresponding rnefa and 
para substituents withirz a reaction series, then it can be 
incorporated into relationships correlating reactivities 
between reaction series. A similar examination along 
different lines was recently carried out by Pytela." This 
author14 modelled the para vs rneta relationship of 
optimized sigma constants for the benzoic acid reactiv- 
ity by means of three straight lines intercepting in a 
single point. Interestingly, the substituent classes so 
defined are closely related to our own normal and 
special classes. Thus, Pytela's Class 2 is for special 
substituents. Since there is a good linear correlation 
between o:? and o:s constants ( r  = 0.992 for the data in 
Table 2), in view of equation (9) an approximately 


linear relationship is expected to hold between 0:; and 
ais. Normal substituents are subdivided into Classes 1 
and 3 in Pytela's a n a l y ~ i s , ' ~  and correlated in the 
representation o4 vs o3 by two straight lines with not too 
different slopes. This we consider an amelioration of 
Exner's e q ~ a t i o n . ~ . ' ~ . ~ ' . ' ~ , ~ ~  However, we17 were able to 
describe the meta-para behaviour of normal-substitu- 
ent constants by means of equation (S), which requires 
only two adjustable parameters. Further, these are the 
same as employed to describe special-substituent 
constants by equation (9). Although it may prove 
difficult to decide empirically which is the best model, 
ours is certainly the most economical in fitting 
parameters. 


Finally, we recall the controversy in the 1960s and 
1970s on the proper scale to describe the pyridine 
reactivity, as summarized by Sawada et aLx4 Our 
observations on the apparent failure of the PHT treat- 
ment while using sigma-plus substituent constants are 
related to this controversy and will be dealt with 
elsewhere. 


CONCLUSIONS 


The plurilinear Hammettian transformation (PHT) 
introduced here is a constrained tetralinear improvement 
of the original Hammett equation. Substituents are first 
classified as  special or normal according to whether or 
not there is a lone electron pair in the substituent atom 
attached to the aromatic ring. Second, in each of these 
classes ineta and para derivatives are treated separately, 
a procedure in agreement with modern usage." The 
resulting four linear equations have parameters linked 
by constraints derived from a general hyperbolic model 
for the ineta-para interrelationship applying to benzene 
derivatives in the absence of through-resonance effects. 
These are taken care of by means of conventional 
reactivity scales of substituent constants. A total of 
four fitting parameters ensure proper treatment of 
statistical errors. The PHT model is regarded as an 
improved Hammett equation that incorporates a hyper- 
bolic re la t ion~hip '~ connecting ineta and para 
substituent constants of the unified sigma-zero scale. I 6  


By performing a non-linear correlation analysis of 
extensive selected literature data, the PHT characteristic 
parameters 1 and y were obtained for several reaction 
series involving dissociation equilibria of benzene 
derivatives in the liquid phase. We conclude that the 
Hammett equation is a model too restrictive with respect 
to possible values for 1 whereas the bilinear model with 
separate and independent straight lines for rmta and 
para derivatives is too little constrained. Concerning the 
link between the effect of a given substituent from the 
rneta and from the para position, the constrained 
tetralinear PHT model emerges as a compromise 
between the rigidity of the Hammett equation and the 
inherent unrelatedness in the unconstrained bilinear 
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model. Moreover, the PHT treatment is able to yield 
realistic parameters for the meta-para interrelationship 
in reaction series for which data are available for only a 
limited number of substituents in at least three of the 
four groups or subsets considered here. 


The parameter 1 measures the para/meta ratio of 
non-mesomeric or field/inductive effects. PHT-derived 
1 values for the reaction series of benzoic acid, 
anilinium ion, phenol and pyridinium ion are lower than 
unity and a function of the molecular framework 
(Table 8). These 1 values are best modelled by the 
through-space field effect approach of Dewar et a/.," 
which approximates dipolar substituents as two electri- 
cal point charges of opposite sign. Hence their effect on 
the electrical energy at the reaction centre of these 
proton transfer processes vary as the inverse of the 
through-space distance. According to this model, it can 
be expected that 1 values for pole or charged and for 
dipolar or non-charged substituents should differ 
noticeably from each other. Also, since the non-mesom- 
eric substituent effect on NMR chemical shifts and on 
IR intensities of double bond stretching absorptions is 
an effect on the field intensity, the effect of a charge at a 
substituent should follow an inverse square distance 
law,6s leading to different 1 values. Both of these 
aspects are in accordance with Topsom's theoretical 
analysiss5 of electronic substituent effects. We conclude 
that the good modelling of PHT 1 values by current 
electrostatic theories of field/inductive effects provides 
evidence for the soundness of our hyperbolic model for 
the metu-para interrelationship. 


Finally, in the PHT improvement of the Hammett 
equation, the ratio y / y o  is a statistically adequate 
measure of the original Hammett's reaction constant p 
(Table 9). 
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MECHANISTIC ASPECTS OF SILICON-MEDIATED 
POLYMERIZATION (GROUP TRANSFER POLYMERIZATION) OF 
METHYL METHACRYLATE WITH ESTER ENOLATE ANIONS AS 


NUCLEOPHILIC CATALYSTS 


RODERIC P. QUIRK AND JUNG-SO0 KIM 
Maurice Morton Institute of Polymer Science, University of Akron, Akron, Ohio 44325-3909, U.S.A. 


The role of ester enolate anions in silicon-mediated polymerization (group transfer polymerization) of methyl 
methacrylate (MMA) was investigated using cesium, tetrabutylammonium and lithium salts of 9- 
methylfluorenide as the nucleophilic catalysts. The results of normal anionic polymerization of MMA using 
these carbanion salts were compared directly with those of analogous GTP procedures with these carbanions in 
the presence of the silyl ketene acetal initiator 1-methoxy-1- (trimethylsiloxy)-2-methylprop-l-ene (MTS). In the 
absence of MTS these reactions are characterized by low conversions (14-52%), no control of M,, and broad 
molecular weight distributions. In the presence of MTS, controlled MMA polymerization is observed with 
molecular weights calculated based on the moles of MTS and not fluorenide anion. The MMA stereochemistry 
was also determined for both anionic polymerization and GTP for the same counter ions (tetrabutylammonium, 
cesium, lithium); within experimental error, the triad tacticities are the same for anionic polymerization and 
GTP. It is concluded that these results are consistent with the ester enolate anions as propagating intermediates 
in nucleophile-catalyzed GTP. These results are consistent with an associative GTP mechanism only if it is 
postulated that the chemistry and stereochemistry of a pentacovalent siliconate anion are the same as those of 
an ester enolate anion intermediate. 


INTRODUCTION 


A number of recent studies have described methods for the 
controlled polymerization of acrylate and methacrylate 
esters to produce polymers with well defined structures.'-lo 
In general, polymerizations which have the characteristics 
of a living polymerization, i.e. no chain transfer and no 
chain termination, can provide the methodologies for the 
preparation of polymers with control over the major 
variables affecting polymer properties, such as molecular 
weight, molecular weight distribution, copolymer com- 
position (e.g. random or block), chain-end functional 
groups and molecular architecture (linear, branched or 
cyclic)."*12 Although the controlled anionic polymerization 
of methacrylates, and in some cases acrylates, can be 
effected using appropriate initiators, solvents and additives 
(lithium salts and crown ethers), the use of low tempera- 
tures is generally required, e.g. -78 0C.9*L0*13-L5 . Hence the 
report of the silicon-mediated, living polymerization of 
acrylates and methacrylates initiated by silyl ketene acetals 
in the presence of nucleophilic (e.g. trisdimethylamino- 
sulfonium bifluoride, TASWJ or electrophilic (e.g. Lewis 
acids) catalysts at room temperature or above, called group 
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transfer polymerization (GTP), was an exciting dis- 
covery.16. ' The use of this polymerization methodology to 
prepare poly(alky1 methacrylates) [especially poly(methy1 
methacrylate), PMh4AI and poly(alky1 acrylates) has been 
extensively investigated and reviewed.'8-2' 


In spite of all of the interesting and important syn- 
thetic applications of GTP, the mechanism of this 
polymerization is a subject of current controversy and 
ambiguity.22-28 This process was mechanistically 
described as group transfer polymerization by the 
inventors of GTP based on the postulate that each 
chain-growth step for the nucleophile-catalyzed polym- 
erization explicitly involves transfer of a trialkylsily 
group from the silyl ketene acetal chain end of a 
growing polymer to the carbonyl group of the incoming 
monomer to form a new silyl ketene acetal chain end 
via a hypervalent silicon intermediate and a an unusual 
eight-membered ring transition state. 16. Later 
modifications of this mechanism incorporated the 
possible non-concerted nature of the oxygen-oxygen 
silyl 2poup transfer and the carbon-carbon bond forma- 
tion. The principal experimental data to support this 
associative mechanism were provided in preliminary 
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communications in 1985 and 1986 which reported the 
absence of silyl group exchange for mixtures of living 
PMMA with a dimethyltolylsilyl ketene acetal end 
group and poly(n-butyl methacrylate) (PBMA) with a 
dimethylphenylsilyl ketene acetal end group when 
treated with a fluoride ion source [TAS'(CH,),SiFJ and 
butyl methacrylate monomer at -95°C; a similar 
experiment at room temperature with bifluoride catalyst 
was also reported to result in no silyl group 
exchange.30831 


In contrast to these double labeling results which 
indicated the absence of exchange, a careful and 
thoroughly described set of exchange experiments 
between trimethylsilyl-ended PMMA and 
phenyldimethylsilyl-ended PMMA of different molecu- 
lar weights with added methyl methacrylate and 
TASHF, catalyst provided clear and unambiguous 
evidence for silyl group exchange (38-44%) after 
fra~tionation.~, Although these exchange results have 
been criticized because of 'incomplete exchange', i.e. 
less than it should be noted that complete 
exchange would correspond to 50% of each label on a 
given polymer and not '100% exchange'. 


We report here recent investigations of the role of 
ester enolate anions as nucleophilic catalysts for GTP 
and comparisons of the stereochemistry of PMMA 
obtained by GTP and anionic polymerizations using the 
same counter ions and reaction conditions. This work is 
an extension of previous preliminary studies.%. 


EXPERIMENTAL SECTION 


Materials.. Tetrahydrofuran (THF) (Fisher) and 
toluene (Fisher) were dried over CaH, for several days 
and distilled under vacuum into a reservoir containing 
sodium benzophenone and poly (styryl)lithium, respect- 
ively. Methyl methacrylate (MMA) (Aldrich) was first 
passed through a column of neutral alumina (Aldrich, 
activated, Brockmann I) and was then dried over CaHz 
for 24 h. Before polymerization it was distilled under 
vacuum and then treated with triethylaluminum 
(Aldrich, 1.0 M solution in hexane) until a yellowish 
green color was ob~erved.'~ 1-Methoxy-1-(trimethyl- 
siloxy)-2-methylprop- 1 -ene (MTS) (Aldrich) was 
freshly distilled under vacuum prior to polymerization. 
Tetrabutylammonium tetraphenylborate (Aldrich) and 
LiCl (99.99+%, Aldrich) were dried overnight at 
150 "C under vacuum. Cesium metal (Alfa) was used as 
received. sec-Butyllithium (FMC) (1.5 M in cyclohex- 
ane) was used as received. 9-Methylfluorene was 
prepared by alkylation of fluorene (Aldrich) with 
methyl iodide after metalation with methyllithium 
(Aldrich) (1.4 M solution in EbO) in THF; m.p. 
45-46 "C; lit? m.p. 45.5-46.5 "C. 


9-Methylfluorenyllithium (LiMF) was prepared by 
adding sec-butyllithium to a THF solution of 9- 


methylfluorene. The corresponding cesium salt (CsMF) 
was prepared by first reacting 1,l  -diphenylethylene with 
cesium metal in THF at room temperature; this pro- 
cedure instantaneously produced the deep-red dianion 
of 1,1,4,4-tetraphenylb~tanne.~ A small excess of 9- 
methylfluorene was added to this solution to produce the 
cherry-colored cesium 9-methylfluorenide. The tetra- 
butylammonium salt of 9-methylfluorene (TBAMF) 
was prepared by the reaction of the corresponding 
cesium salt with excess tetrabut lammonium tetra- 


measured for these anions were 386 nm (LiMF), 
378 nm (CsMF) and 382 nm (TBAMF) at room tem- 
perature in THF. A molar absorptivity E =11,800 was 
used to calculate concentrations for all 


phenylborate (0.2 molar excess). K5 The A,, values 


Group transfer polymerizations using 9- 
methyljuorenyl alkali salts in THF.. Polymerizations 
were carried out in a recirculating, purified argon atmos- 
phere glove-box at room temperature. To a 100 ml, three- 
necked, round-bottomed flask equipped with a magnetic 
stirring bar, addition funnel, thermometer and condenser 
were added ca 50 ml of THF as solvent and 0.4 ml 
(2.0 x lo-, mol) of silyl ketene acetal. A 5 ml aliquot of 
a THF solution of 9-methylfluorenyl alkali metal salt 
( 5 . 6 ~  lo-, M for LiMF, 1.4 x lo-' M for CsMF and 
1.2X lo-' M for TBAMF) was introduced via a syringe. 
The color of the carbanion salts remained until addition 
of monomer. MMA (e.g. 4.68 g, 0.0468 mol) was added 
slowly (10-20 min) through the addition funnel. The 
temperature rose to approximately 50"C, although this 
depended on the rate of monomer addition and the 
quantity of solvent. After stirring for 2-3 h the polymer- 
ization solution was removed from the dry-box and 
quenched with 3 ml of degassed methanol. After stirring 
for 0.5 h, the reaction mixture was poured into 300 ml of 
either hexane or cyclohexane. The polymer was filtered 
and dried overnight in a vacuum oven at 50 "C. 


Group transfer polymerization using sec-butyllith- 
ium in toluene.. Toluene (50 ml) was distilled under 
vacuum into a 100 ml, flame-dried, round-bottomed 
flask equipped with a septum-covered side arm and a 
stimng bar. Silyl ketene acetal (1.0 ml, 5.0 x lo-, mol) 
and sec-butyllithium (0.27 ml, 4.0 x mol) were 
added via a syringe through a rubber septum under a 
positive pressure of argon. MMA (9.36 g, 0.0936 mol) 
was added slowly (5 min) to the toluene solution 
through the septum via a cannula. After 1 h the polym- 
erization was terminated by addition of 4-5 ml of 
degassed methanol. Precipitation, filtering and drying 
were performed as described for the fluorenyl anion 
GTP systems. 


Anionic polymerizations.. Anionic polymeriz- 
ations of MMA initiated with 9-methylfluorenyl salts 
(cesium or tetrabutylammonium) were carried out in 
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all-glass, sealed reactors using standard high vacuum 
techniques and break-seals." After distillation of THF 
into a 100 ml, flame-dried, round-bottomed flask, the 
initiator solution and neat MMA were added succes- 
sively via break-seals. When sec-butyllithium or 9- 
methylfluorenyllithim was used as the initiator, the 
solvent and monomer were distilled under vacuum 
successively into the flask. Then the system was filled 
with argon gas and the corresponding initiator solutions 
were introduced through a rubber septum in a side-arm 
by a syringe. After stimng for 30 min at room tempera- 
ture, methanol (2-3 ml) was added. Precipitation, 
filtering and drying were performed as described for 
GTP polymerizations. 


Characterization. The molecular weight and 
molecular weight distribution were determined by size 
exclusion chromatography (SEC) usin? six Ultrqstyr- 
age1 columns (2x500, 2 x  lo3, 1 x 10 , 1 x 10' A) in 
THF as eluent at 30°C after calibration with PMMA 
standards obtained from Polymer Laboratories. 'H 
NMR analyses in CDC1, were carried out on Varian 
Gemini spectrometer (200 MHz). The triad tacticity of 
the chain was measured from integration of a-methyl 
protons (mm, 6 =  1.18 ppm; mr, 6 =  0.98 ppm; rr, 
6 = 0.80 ~ p r n ) . ~ '  


RESULTS AND DISCUSSION 


An important and interesting characteristic of GTP is 
the fact that narrow molecular weight distribution 
PMMAs can often be obtained, even for relatively low 
molecular weight polymers. This result indicates not 
only that the rate of initiation is competitive or faster 
than the rate of propagation, but also that the exchange 
process which activates the generally dormant silyl 
ketene acetal chain ends also occurs with rates which 
are competitive with p ropaga t i~n . '~*~~  This last condition 
assures that all growing chains have equal access to the 
growth reaction by addition of monomer. It was envi- 
sioned that ester enolate anions could serve as 
nucleophilic catalysts for GTP (see Scheme 1) and that 
investigation of the effect of ester enolate anions on 
GTP could provide insight into their possible role as 
reactive, propagating intermediates in these polymeriz- 
atioma Thus, in terms of the associative GTP 
mechanism, the nucleophile adds to the silicon group in 
the silyl ketene acetal to form the pentcovalent sili- 
conate anion (e.g. 1) which reacts with monomer in the 
chain propagation step. 


In order to investigate the possible role of ester 
enolate anions in GTP, a typical initiating species for 
anionic polymerization of MMA has been used to form 
ester enolate anions. For this purpose, we have prepared 
various salts of 9-methylfluorenide and these were 
reacted with methyl methacrylate to form the corre- 
sponding ester enolate anion [equation (I)] as described 


Scheme 1 


bv Warzelhan et aL4' c"' 


In order to delineate the effects of these ester enolate 
anions on GTP, the GTP results were compared with 
those of analogous anionic polymerizations using 9- 
methylfluorenide anions as initiators under GTP condi- 
tions except in the absence of silyl ketene acetal 
initiator. Since the nucleophilic catalysts for GTP are 
generally used at low concentrations, e.g. [F-]/[silyl 
ketene acetal] = lo-,, low concentrations (ca M) 
of 9-methylfluorenide were used for both the anionic 
polymerizations and GTP. 


The results of the anionic polymerizations are shown 
in Table 1 in runs 1, 4, 6 and 8. Earlier preliminary 
results obtained by Quirk and Bidinger% are also 
included in Table 1. It is obvious from these data that 
the anionic polymerization of MMA at room tempera- 
ture is not a controlled, living polymerization with 
either lithium, cesium or tetrabutylammonium counter 
ions. These reactions are characterized by low conver- 
sions (14-52%); the highest conversion was obtained 
for cesium counter ion, which is consistent with kinetic 
studies which have shown that the rate of termination 
decreases with increasing counter ion size.4' In addition, 
the molecular weights were not related to the number- 
average molecular weights calculated based on the 
weight (grams) of monomer polymerized and moles of 
initiator as shown in equation (2). Furthermore, the 
molecular weight distributions were also broad. 


(2) 


The dramatic effect of added silyl ketene acetal [l- 
methoxy- 1 -(trimethylsiloxy)-2-methylprop- 1 -ene] is illus- 
trated by experiments 3, 5, 7 and 9 and an earlier 
experiment by Quirk and Bidinger." Under the same 
experimental conditions which produced uncontrolled 


ams of MMA polymerized M* = kT 
moles of initiator 
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Table 1. Comparison of GTP and anionic polymerization of MMA in THF' at an initial temperature of 25 "C using ester enolate 
anions generated from 9-methylfluorenide salts (MF) as catalysts or initiators, respectively 


1 


2 


3 


4 


5 


6 


Ref. 
24 
7 


Ref. 
24 
8 


9 


4.68 


4.68 


4.68 


9.36 


9.36 


9.36 


9.0 


9.36 


20.0 


9.36 


9.36 


LiMF 


LiMF 


LiMF 


CSMF 


CSMF 


TBAMF 


TBAMF 
2.0 x 10-6 
TBAMF 


TBAMF 
2.0 x 
sec-BuLi 


sec-BuLi 


2.8 x 10-5 


2.8 x 10-5 


2.8 x 10-5 


72x10-5 


1.2 x 10-5 


6 . o ~  10-5 


6.0 x 10-5 


4.0 x 10-4 


4.0 x 1 0 - ~  


- 


2.0 x 10-3 


2 . 0 ~  10-3f 


- 


2.0 x 10-3 


- 
- 


2.0 x 10-3 


4.1 x 10-3 


- 


5.0 x 10-3 


16 


43 


81 


52 


98 


24 


14 


98 


100 


19 


35 


26700 


1000 


lo00 


67200 


4490 


31400 


6.3 x lo6 


4490 


4300 


4400 


660 


63200 


8100 


3100 


104000 


4600 


72000 


1.29 x 105 


4600 


5000 


18600 


1300 


2.38 


1.93 


1.78 


1.22 


1.12 


2.16 


2.0 


1.19 


1.2 


3.28 


2.54 


'Except where noted otherwise. 


'Calculated based on equation (2) .  
dBased on [MTS] for GTP polymerizations. 
'SEC using PMMA standards. 
'LiCI added ( 6 . 0 ~  mol). 


I-Methoxy-l-(trimethyhylsiloxy)-2-methylpropl -me. 


anionic polymerization, the presence of added silyl ketene 
acetal provided a quantitative yield of PMMA with 
number-average molecular weights which agree well with 
values calculated based on the grams of MMA polymer- 
ized and the number of moles of trimethylsilyl ketene 
acetal initiator [equation (2)], especially for Cs+ and 
TJ3A' counter ions, and not on the concentration of 
fluorenide salt. In addition, the molecular weight distribu- 
tions were 'relatively narrow' (1.12-1.2 for Cs' and 
TBA+).'* In the preliminary report of Quirk and Bidin- 
ger,2 it was also shown that polymerizations of MMA 
initiated with catalytic amounts of tetrabutylammonium 9- 
methylfluorenide and trimethylsilyl ketene acetal initiator 
are living polymerizations using the criterion of sequential 
monomer addition.'* No evidence for chain termination 
was obtained when additional MMA monomer was added 
after 3.75 h. 


The data in Table 1 also indicate that the ability to 
obtain controlled polymerization of MMA at room 
temperature and above using nucleophile-catalyzed, 
silicon-mediated polymerization is critically dependent on 
the nature of the counter ion and the solvent. The best 
results are obtained for the larger counter ions, cesium 
and tetrab~tylammonium.~' The poorest and least repro- 


ducible results were obtained with lithium as counter ion 
in toluene. However, even with lithium as counter ion, 
the silicon-mediated polymerizations proceeded in higher 
yield to give molecular weights which were closer to the 
stoichiometxic values and with narrower molecular 
weight distributions compared with the corresponding 
polymerizations in the absence of silyl ketene acetal. It is 
also interesting that the best results with lithium as 
counter ion (run 3) were obtained in the presence of 
added lithium chloride. This is consistent with the effect 
of lithium chloride in enhancing the controlled anionic 
polymerization of MMA in THF at lower temperatures 
with lithium as counter i ~ n . ~ . ' ~  


Perhaps the most important conclusion from the data in 
Table 1 is that ester enolate anions can function as 
nucleophilic catalysts in the silicon-mediated polymeriz- 
ation (GTP) of MMA. In considering the implications of 
this conclusion, it is important to re-examine the reaction 
sequence described in Scheme 1. For the associative GTP 
mechanism, the pentacovalent siliconate anion (1) 
coordinates with monomer and then transfers the silyl 
group to the carbonyl oxygen of the monomer while 
forming the carbon-carbon bond. In the traditional GTP 
mechanism, one of the ester enolate groups would be 
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replaced by a nucleophilic catalyst such as fluoride or 
benzoate. From the experiments described in Table 1, the 
direct addition of monomer to the siliconate intermediate, 
1, cannot be excluded. However, the fact that relatively 
narrow molecular weight distributions are obtained 
indicates that the rate of the nucleophile exchange 
process among active chain ends must be competitive 
with the rate of propagation. This, in turn, means that the 
nucleophile, in this case an ester enolate anion, must 
exchange among active chain ends. As concluded in the 
preliminary work of Quirk and Bidinger,24 the requisite 
presence of ester enolate anion intermediates for this 
exchange process (Scheme 1) means that these same ester 
enolate intermediates are available for direct addition of 
monomer in a polymer growth forming sequence. This 
conclusion dictates that Scheme 1 should be modified as 
shown in Scheme 2 to reflect the possibility that propaga- 
tion could occur by monomer addition to both the ester 
enolate anion intermediate (k",) via a 'dissociative 
mechanism' and the pentacovalent siliconate anion (1, 
$) via an 'associative mechanism'. The data in Table 1 
cannot rule out propagation via the associative mechan- 
ism, but they do support the premise that ester enolate 
anion intermediates can be involved as propagating 
species in nucleo hile-catalyzed, silicon-mediated MMA 
polymerizations.'Furthermore, the effectiveness of such 
low amounts of carbanion (10-5-10-6 mol) relative to 
silyl ketene acetal mol) suggests that this process is 
very efficient for the generation of the required ester 
enolate ion intermediates. With respect to the require- 
ments for controlled anionic polymerization of MMA at 
room temperature, these results also suggest that it may 
be essential to maintain a very low concentration of ester 


Ik 


1 


PMMA 


Scheme 2 


enolate anions ( ~ l o - ~ - l O - ~ M )  in equilibrium with a 
dormant species (e.g. 1). 


In order to evaluate the role, if any, of the pent- 
acoordinate siliconate intermediate, 1, in Mh4A 
propagation using ester enolate-catalyzed, silicon- 
mediated polymerization, the polymer stereochemistry 
was investigated for both the anionic polymerization 
and the silicon-mediated polymerization and the results 
are shown in Table 2. The run numbers in Table 2 
correspond to the experiments described in Table 1. The 
results were compared with representative data from the 
literature as indicated. The data in Table 2 indicate that 


Table 2. Stereochemistry of anionic and silicon-mediated polymerizations of MMA using the same counter ions and initiated at 
25 "C 


Polymer microstructure (triads, %) 


Run Isotactic Heterotactic S yndiotactic 
no. Counter ion Polymerization (mm) (mr + rm) (rr) 


1 
2 
3 
4 
Ref. 42 
5 
6 
Ref. 24 
1 
Ref. 24 
8 
Ref. 43 
9 


Li + 


c s  + 


Bu," 


Li + 


Li + 


Anionic 
GTP 
GTP 
Anionic 
Anionic" 
GTP 
Anionic 
Anionic 
GTP 
GTP 
Anionic 
Anionicb 
GTP 


3 
4 
4 
8 
5 
9 
6 
5 
6 
5 


71 
71 
77 


29 
33 
30 
52 
53 
52 
31 
39 
40 
42 
20 
21 
16 


68 
63 
66 
40 
42 
39 
57 
56 
54 
53 


9 
8 
7 


a Cumylcesium-initiated polymerization in THF at -66 "C. 
a-Lithioethyl isobutyrate as initiator in toluene at 20°C. 
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the stereochemistry of ester enolate-catalyzed silicon- 
mediated polymerization of MMA is essentially the 
same, within experimental error, as the stereochemistry 
of corresponding anionic polymerizations when the 
same counter ions are compared for each process. These 
are compelling results with respect to the nature of the 
propagation reactions for these two polymerizations. 
The most direct conclusion would be that the same 
propagating species are involved in ester enolate cata- 
lyzed GTP and for anionic polymerization. This 
conclusion would be consistent with a dissociative 
mechanism for GTP (see Scheme 2), without the need 
to invoke propagation via the pentacoordinate siliconate 
intermediates, 1; thus, k,s’ [MMA] would not contribute 
to the propagation rate. It is important to consider 
carefully this possibility with respect to the data pre- 
sented in Tables 1 and 2. The role of ester enolate anion 
intermediates as propagating species is consistent with 
the data in both Tables 1 and 2. With respect to the role 
of pentacoordinate siliconate intermediates as propagat- 
ing species, the data in Table 2 cannot exclude their 
contribution. However, as discussed previously,22 it is 
necessary to rationalize that the chemistry, especially 
the stereochemistry of monomer addition, of the 
pentacovalent siliconate intermediate is essentially 
identical with that of an ester enolate anion intermediate 
(see the structures shown) . Although this is a possibil- 
ity, it would not be expected. 


? 
Nu 


- R, I 
- -FR - 


0 1 /CH3 [Sanuuereh-he-nrrny O0\ f H 3  
tlx MMA aul~all171 


C H J ~ ~ = ~ \ C H ~ - P \ ( M  4 “CHz-PMMA 


Further, as pointed out several times, the mechanistic 
evidence to support the intervention of pentacovalent 
siliconate intermediates as propagating species is mini- 
mal. As described here, the demonstrated ability of ester 
enolate intermediates to serve as nucleophilic catalysts 
for silicon-mediated polymerizations (GTP) and the 
observations of the same polymer microstructures for 
anionic polymerization and GTP support the proposed 
intermediacy of ester enolate anions as propagating 
species in nucleophile-catalyzed GTP. 


ACKNOWLEDGMENT 


The authors are grateful to the B. F. Goodrich Company 
for continued, generous support of this research in the 
form on an Enhanced Fellowship and to FMC (Lithium 
Division) for providing samples of sec-butyllithium. 


REFERENCES 


1. T. P. Davis, D. M. Haddleton and S .  N. Richards, J. Macro- 
mol. Sci., Rev. Macromol. Chem. Phys. (34,243 (1994). 


2. 0. W. Webster, J. Macromol. Sci., Pure Appl. Chem. 
A31(B), 927 (1994). 


3. M. T. Reetz, R. Ostarek, K. E. Peijko, D. Arit and B. 
Bomer, Angew. Chem., Int. Ed. Engl. 25, 1108 (1986). 


4. D. G. H. Ballard, R. J. B. Jowles, D. M. Haddleton, S .  N. 
Richards, R. Sellens and D. L. Twose, Macromolecules 
25, 5907 (1992). 


5. H. Yasuda, H. Yamamoto, K. Yokota, S .  Miyake and A. 
Nakamura, J. Am. Chem. SOC. 114,4908 (1992). 


6. H. Yasuda, H. Yamamoto, Y. Takemoto, M. Yamashita, 
K. Yokota, S .  Miyake and A. Nakamura, Makromol. 
Chem., Macromol. Symp. 67, 187 (1993). 


7. T. Pietzonka and D. Seebach, Angew. Chem., Int. Ed. 
Engl. 32,716 (1993). 


8. L. Lochmann and J. Trekoval, J. Polym. Sci., Polym. 
Chem. Ed. 17,1727 (1979). 


9. R. Fayt, R. Forte, C. Jacobs, R. JCrGme, T. Ouhadi, Ph. 
Teyssit and S .  K. Varshney, Macromolecules 20, 1442 
(1987). 


10. S. K. Varshney, R. JCrGme, P. Bayard, C. Jacobs, R. Fayt 
and Ph. Teyssit, Macromolecules 25,4457 (1992). 


11 .  0. W. Webster, Science 251, 887 (1991). 
12. R. P. Quirk and B. Lee, Polym. Int. 27, 359 (1992). 
13. A. H. E. Muller in Recent Advances in Anionic Polymeriz- 


ation, edited by T. E. Hogen-Esch and J. Smid, p. 205. 
Elsevier, New York (1987). 


14. A. H. E. Muller in Comprehensive Polymer Science, Vol. 
3 ,  Chain Polymerization I ,  edited by G. C. Eastmond, A. 
Ledwith, S .  Russo and P. Sigwalt, p. 387. Pergamon 
Press, Oxford (1989). 


15. G. D. Andrews and L. R. Melby in New Monomers and 
Polymers, edited by B. M. Culbertson and C. U. Pittman, 
Jr, p. 357. Plenum Press, New York (1984). 


16. 0. W. Webster, W. R. Hertler, D. Y. Sogah, W. B. 
Famham and T. V. RajanBabu, J. Am. Chem. SOC. 105, 
5706 (1983). 


17. D. Y. Sogah, W. R. Hertler, 0. W. Webster and G. M. 
Cohen, Macromolecules 20, 1473 (1987). 


18. 0. W. Webster and B. C. Anderson, in New Methods for 
Polymer Synthesis, edited bt W. J. Mijs, p. 1. Plenum 
Press, New York (1992). 


19. W. J. Brittain, Rubber Chem. Technol. 65,580 (1992). 
20. 0. W. Webster, in Encyclopedia of Polymer Science and 


Engineering, edited by J. I. Kroschwitz, Vol. 7 ,  p. 580. 
Wiley-lnterscience, New York (1987). 


21. G. C. Eastmond and 0. W. Webster, in New Methods of 
Polymer Synthesis, edited by J. R. Ebdon, P. 22. Blackie, 
Glasgow (1991). 


22. R. P. Quirk, J. Ren and G. Bidinger, Makromol. Chem.. 
Macromol. Symp. 67, 351 (1993). 


23. R. P. Quirk and J. Ren, Macromolecules 25,6612 (1992). 
24. R. P. Quirk and G.  P. Bidinger, Polym. Bull. 22,63 (1989). 
25. 0. W. Webster, Makromol. Chem.. Macromol. Symp. 60, 


26. S. Bywater, Makromol. Chem., Macromol. Symp. 67, 339 


27. 0. W. Webster, Makromol. Chem., Macromol. Symp. 67, 


28. A. H. E. Mdller, Macromolecules 27, 1685 (1994). 
29. A. H. E. Mfiller, Makromol. Chem., Macromol. Symp. 32, 


30. W. B. Famham and D. Y. Sogah, Polym. Prepr., Am. 


287 (1992). 


(1993). 


365 (1993). 


87 (1990). 


Chem. SOC. Div. Polym. Chem. 327,167 (1986). 







248 R. P. QUIRK AND J.-S. KIM 


31. D. Y. Sogah and W. B. Famham, in ‘Organosilicon and 
Bioorganosilicon Chemistry: Structures, Bonding, 
Reactivity and Synthetic Applications, edited by H. 
Sakurai, Chapt. 20, p. 219. Ellis Horwood, Chichester, 
(1985). 


32. T. E. Long, R. D. Allen and J. E. McGrath, Polym. Bull. 
15, 127 (1986). 


33. A. Stretiweiser, C. J. Chang and D. M. E. Reuben, J .  Am. 
Chem. SOC. 94,5730 (1972). 


34. T. Ellingsen and J. Smid, J. Phys. Chem. 73,2712 (1969). 
35. T. E. Hogen-Esch and J. Smid, J .  Am. Chem. SOC. 88,307 


36. D. Lassalle, S. Boileau and P. Sigwalt, Eur. Polym. J. 13, 
(I 966). 


587 (1977). 


37. M. Morton and L. J. Fetters, Rubber Chem. Technol. 48, 


38. F. A. Bovey, High Resolution NMR of Macromolecules. 


39. P. J. Flory, J.Am. Chem. SOC. 62, 1561 (1940). 
40. V. Warzelhan, H. Hiicker and G. V. Schulz, Makromol. 


Chem. 179,2221 (1978). 
41. J. Warmkessel, J. Kim, R. P. Quirk and W. J. Brittain, 


Polym. Prepr.. Am. Chem. SOC. Div. Polym. Chem. 35, 
589 (1994). 


42. R. Kraft, A. H. E. Miiller, H. Hiicker and G. V. Schulz, 
Makromol. Chem., Rapid Commun. 1,363 (1980). 


43. L. Lochmann, D. J. Doskocilova and J. Trekoval, Collect. 
Czech. Chem. Commun. 42, 1355 (1977). 


359 (1975). 


Academic Press, New York (1972). 








JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 8, 15 -25 (1995) 


INTERRELATIONS OF THE ENERGETICS OF AMIDES AND ALKENES: 
ENTHALPIES OF FORMATION OF N,N-DIMETHYL DERIVATIVES OF 
PIVALAMIDE, 1 -ADAMANTYLCARBOXAMIDE AND BENZAMIDE, 
AND OF STYRENE AND ITS a-, TRANS-/?- AND /?,P-METHYLATED 


DER NATIVES 


JOSE-LUIS M. ABBOUD, PILAR JIMI?NEZ, M. VICTORIA ROUX AND CONCEPCION TURRION’ 
lnstituto de Quimica Fisica ‘Rocasolano,’ CSIC, Serrano 119, 28006 Madrid, Spain 


Departamento de Quimica Organica, Universidad de AIcalli de Henores. Campus Universitario, 2881 Alcalaa de Henares (Madrid), 
Spain 


ANDREW PODOSENIN AND DONALD W. ROGERS? 
Chemistry Department, The Brooklyn Center, Long Island University, Brooklyn, New York 11201, U.S.A. 


AND 
JOEL F. LIEBMANS 


Department of Chemistry and Biochemistry. University of Maryland, Baltimore County Campus. Baltimore, Maryland 21228-5398, 
U.S.A. 


CARMEN LOPEZ-MARDOMINGO 


The enthalpies of formation of the condensed phase and gaseous N,N-dimethyl derivatives of pivalamide, 1- 
adamantylcarboxamide and benzamide were determined by combustion calorimetry and the associated 
enthalpies of vaporization and sublimation. The enthalpies of formation of styrene and its a-, trans-fb and B,P- 
methylated derivatives were determined from measurements of their enthalpies of hydrogenation in dilute 
hydrocarbon solution. Strain and resonance effects of amides and alkenes are discussed in terms of the exo-/ 
endothermicity of the following reactions: 


a ~ c o m z ( g )  + R C ( C H 3 H H z  + (CHA(3=CHz(g) + RCOmz(g)  


CH~CON(CHI),(~) + RC=(CH&z(g) + CH3CI)=C(CHJ,(g) + RCON(CH,)Z(g) 
and in terms of the difference of enthalpies of formation of the isomeric (Z)- and (E)-RCH==CHCH3. 


1. INTRODUCTION 


The current study arises from the confluence of our 
earlier but independent, studies that were designed 
to (1) determine the enthalpies of combustion, and 
therefore of formation, of carbonyl and thiocarbonyl 
compounds,’ so that one can quantitatively assess strain 
effects to understand proton reactivity; (2) determine the 


enthalpies of hydrogenation, and therefore of forma- 
tion, of acyclic and cyclic alkenes,2 so that one can 
quantitatively assess strain effects to understand the 
various modes of conjugation and aromaticity; and ( 3 )  
understand the energetics of the resonance stabilized, 
but otherwise seemingly ‘normal’ amides in terms of 
other ‘normal’ species, especially a lkene~ .~  


In this paper, we report a study of thermochemical 


.* Author for correspondence on the enthalpies of combustion and of formation of the amides. 
t Author for correspondence on the enthalpies of hydrogenation and of formation of the styrenes. 
$ Author for correspondence on the interrelations of the energetics of general amides and alkenes. 
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properties of N,N-dimethylpivalamide (N,N-dimethyl- 
tert-butylcarboxamide) (lq, g) (1). N,N-dimethyl-1- 
adamantylcarboxamide (cr, g) (2) and N ,  N-dimethyl- 
benzamide (cr, g) (3), where we use cr, Iq and g to 
denote a solid purified by crystallization, liquid and 
gas, respectively. Purity and phase transitions over the 
whole working temperature range for these latter solid 
amides and heat capacities were determined by differ- 
ential scanning calorimetry (DSC). The enthalpies of 
combustion were determined by direct oxygen bomb 
combustion calorimetry. Vapour pressures were 
measured over a 18 K temperature interval by the 
Knudsen effusion technique. The enthalpy of vaporiz- 
ation was determined by vaporization calorimetry. From 
these results, the standard molar enthalpies of combus- 
tion, sublimation and vaporization and formation in the 
condensed and gaseous states at 298.15 K, were derived 
for these three amides. 


We also report the enthalpies of hydrogenation (in 
dilute hexane solution) of the phenylalkenes: styrene 
(4a) and its a-methyl (4b), trans-B-methyl (4c) and 
B,D-dimethyl (4d) derivatives. Following the earlier 
protocol and assumptions,2 no phase change (here, only 
vaporization) enthalpies were deemed necessary for 
these alkenes. It was assumed that results from dilute 
hydrocarbon solution are equivalent to those in the gas 
phase to within a thermochemical accuracy4 of about 
f2 .5  kJ mol-'. 


EXPERIMENTAL 


Carboxamides 
N,N-Dimethylpivalamide, ( N ,  N-dimethyl-tert-butylcar- 
boxamide) and N,N-dimethyl- 1-adamantylcarboxamide 


were obtained by reaction of dry dimethylamine and the 
corresponding acid chlorides in dry diethyl ether sol- 
ution. The former was purified by heating at reflux with 
calcium hydride in diethyl ether and then distilling in 
vacuo. The latter amide was purified by several recrys- 
tallizations from hexane. Structures were confirmed 
by 'H NMR and IR spectra. 


The purity of N,N-dimethylpivalamide, N , N -  
dimethyl-1-adamantylcarboxamide and (commercially 
available, from Aldrich Chemie) N,N-dimethylben- 
zamide were established by means of 'H NMR 
spectrometry gas-liquid and thin-layer chromatography 
and mass spectrometry. The high degree of purity of the 
solid amides was further confirmed by DSC by the 
fractional fusion technique5', and indicated that the 
mole fraction of impurities was <0.002. The tempera- 
ture scale of the DSC was calibrated by measuring the 
melting points of the recommended high-purity 
standards: n-pentadecane, n-octadecane, gallium, 
indium, tin, n-octadecanoic acid and benzoic acid.sb The 
power scale was calibrated using high-purity indium 
(>99.999 mol%) as standard material. 


The combustion experiments were performed with a 
static bomb calorimeter, following the apparatus and 
procedure described previously.6 The energies of com- 
bustion of the compounds were determined by burning 
the samples in oxygen, with 1 cm3 of water added. The 
liquid samples for combustion were contained in sealed 
polythene bags made by cutting out suitably shaped 
pieces of polythene film and heat sealing the edges, as 
described by Good and Scott.' The solid N,N-dimethyl- 
1-adamantylcarboxamide and N,N-dimethylbenzamide 
were burnt in pellet form. The combustion bomb was 
flushed and filled with oxygen, previously freed from 
combustible impurities, up to a pressure of 3.04 MPa at 
298.15 K. The initial temperature of the combustion 
experiments was 296-15 K. The energy of reaction was 
always referred to the final temperature. 


NBS sample 39i benzoic acid was used for cali- 
bration. Its s cific energy of combustion is 
[26434 f 31 J g-  under certificate conditions. The 
value of the energy equivalent of the calorimeter 
used in computing the combustion experiments 
was E(ca1or.) = 14.2685 f 0.0004 kJ K-'. The specific 
energy of combustion and empirical formula of 
polyethene* are -4637 1 f 4 J g-' and Co 961 H,.ooo. The 
corrections for nitric acid formation were based on 
-59.7 Id mol-' for the molar energy of formation of 
0.1 mol d-3 HNO,(aq.) from N,, O2 and H20(lq). For 
the correction of weighings in air to masses in vacuo, 
conversion of the energy of the actual bomb process to 
that of the isothermal process and correction to standard 
states, we used the values of density ( p ) ,  heat capacity 
(C,) and ( s ~ / d p ' ) ~  presented in Table 1. 


Densities were measured as follows: for the crystal- 
line N ,  N-dimethyl-1 -adamantylcarboxamide and N, N- 
dimethylbenzamide, by weighing pellets of known 


p" 
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Table 1. Physical properties at 296.15 K (values in parentheses were estimated) 


Compound 


Polyethene 13.558 0.918 ( -0.00023) 
N,N-Dimethyl-tert-butylcarboxamide 129.202 0.90 (-0.00027) 


N,N-Dimethylbenzamide 149.192 1.11 (-0-00023) 
N,N-Dimethyl-1 -adarnantylcarboxamide 207.3 15 1.18 (-0~00012) 


2.0 
1.95 
1.24 
1.34 


volume, and of the liquid N,N-dimethylpivalamide by 
direct determination. Heat capacities were determined 
by DSC. Correction to standard states (standard pressure 
p o =  101.325 kPa) were made according to Hubbard et 
d9" The molar masses of the elements were the 1979 
recommendations of IUPAC.9b 


The vapor pressures were measured by the Knudsen 
effusion method using the procedure described pre- 
viously.'o The apparatus consisted, essentially, of a 
stainless-steel sublimation chamber immersed in a 
jacket and connected to a high-vacuum system 
(1 x Pa). The temperature of the jacket was main- 
tained constant to within f0 .005K for each vapor 
pressure experiment, and measured with a calibrated 
platinum resistance thermometer. The enthalpies of 
sublimation were computed from relationships between 
pressure and temperature. The details of the effision 
orifice employed in our sublimation experiments are as 
follows: orifice area (6.69 f 0.01) x cm2 and 
Clawing coefficient, W, = 0.986 f 0.003 for N,N-  
dimethyl-1-admantylcarboxamide, and orifice area 
(3.47 f 0.02) x lo-' cmz and Clawing coefficient 
W, = 0.980 f 0.004 for N,N-dimethylbenzamide. The 
measurements of enthalpy of vaporization were done 
using a Wadso calorimeter, using the apparatus and 
procedure extensively described by Wadso" and cali- 
brated by measurements of the enthalpy of vaporization 
of water.'* 


Styrenes 
Following the details given el~ewhere,'. '~ about 100 mg 
of the parent or particular methylated styrene were 
weighed to +0.002 mg and diluted to 400 pl in an 
ultraprecision graduated NMR tube which we had cut to 
size for the purpose. A thermochemically equivalent 
amount of standard was weighed and diluted in the 
same way. Thermochemical equivalency means that the 
amount of standard taken was calculated to give roughly 
the same heat output as the 'unknown' (based on a 
previous experiment, molecular mechanics calculation 
or a guess). Aliquot portions of 20 pl of the unknown 
and standard solutions were injected, alternately, into a 
solution calorimeter containing a hexane catalyst that 
was stirred magnetically. This produced a series of 
ratios of reaction enthalpy of the unknown to the 
standard (qu/ql). Knowing the molar ratio of unknown 


to standard, and the enthalpy of hydrogenation ( A H , )  of 
the standard permits calculation of the AHh of the 
unknown. After the first experimental run for a given 
compound, estimation of thermochemical equivalency 
should be fairly accurate. The actual experiment 
consists in determining by how much the real system 
differs from the estimated thermochemical equivalency. 
Completeness of reaction was verified by use of an 
analytical gas chromatograph with a capillary column 
and flame ionization detector on the spent calorimeter 
fluid. 


Standards used in this work were l - h e ~ e n e , ' ~  
AH,, = - 126.4 + 0.8 kJ mol - I ,  and the unsubstituted 
styrene itself, AHh = -117-2k 1.7 kJ mol-'. After the 
values for styrene had been established using 1-hexene 
as the thermochemical standard, and cross-checked with 
results using electrical calibration," styrene was pre- 
ferred as the thermochemical standard for the rest of the 
unknowns. It was found that there was some degrada- 
tion of the thermogram (i.e. reduction of the rate of heat 
produced) for 1-hexene, possibly owing to a differential 
adsorption strength of the phenyl group on the catalyst 
or its support (5% Pd on C).I6 Using styrene as the 
thermochemical standard gave more reproducible results 
than did 1-hexene, although there were no inconsisten- 
cies that exceeded the stated experimental uncertainty. 
(Error limits in our hydrogenation enthalpies are 95% 
confidence limits derived from seven injections of 
an unknown alternating with seven injections of a 
standard.) 


RESULTS AND DISCUSSION 


Dimethy lamides 


The results of the combustion experiments camed 
out with N,N-dimethylpivalamide, N,N-dimethyl-1- 
adamantylcarboxamide and N,N-dimethylbenzamide are 
given in Table 2, wherein the symbols used and the data 
are treated as in Ref. 17. 


The specific energies of combustion of the 
three dimethylamides are referred to the final tem- 
perature of the experiments. The uncertainties in Table 2 
are twice the final overall standard deviations of 
the mean and were estimated as outlined by Olofsson." 
The values for the standard molar enthalpies of for- 
mation of H,O(lq) and CO,(g) at T=298.15 K,  
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Table 2. Results of combustion experiments 


Compound Parameter Resultant values 


N,N-Dimethyl-rerf-butylcarboxamide (lq) m' (compound)/g 
m" (polyethene)/g 
AfJK = ( t i  - r, + Atcom)/K 
E (calor.) (-Afc)/kJ 
c (cont.) (-Atc)/kJ 
AU,,/kJ 
Aukc (f3'403)kJ 
A U  (corr to std. states)/kJ 
-m" 4 u "  (polyethene)/kJ 
4 u "  (compound)/(kJ g - '  
(ACuo (298.15 K))/(kJ g-' 


N,N-Dimetylbenzamide (cr) 


N,N-Dimethyl-1-adamantylcarboxamide (cr) m' (compound)/g 
Af,/K = (tf  - I ,  + At,,)/K 
E (calor.) (-Af,)/kJ 
E (cont.) (-Afc)/!d 
AU,# 
Auk, (mo, )/kJ 
A U  (con. to std. states)/!d 
Acuo (compund)/(kJ  g - '  
( 4 ~ '  (298.15 K))/(kJ g- '  


m' (compound)/g 
Ar,/K= ( t r -  t, +Af,,,)/K 
E (calor.) (-At=)/!d 
E (cont.) (-Ar,)/kJ 
AU>,/kJ 
A ud, (mo3 )/kJ 
-AU (corr. to std. states)/kJ 
4 u 0  (compound)/(!d g-' 
( 4 ~ '  (298.15 K))/(kJ g-' 


0-70639 0.68271 
0.07580 0.07588 
1.99496 1,93648 


-28-4654 -27.6311 
-0.0338 -0,0326 


0.0477 0,0458 
0-0479 0.0479 
0.0090 0,0087 
3.5148 3,5185 


-35.2210 -35.2166 
-35.2182 f 0.0054 


0,72384 
0,07457 
2.03459 


-29,0309 
-0.0346 


0.0472 
0.0482 
0.0092 
3.4578 


-35.2331 


0.76556 0,68357 
0,07978 0.07453 
2.15404 1.93355 


-30.7353 -27.5893 
-0.0370 -0.0325 


0,0482 0.0479 
0.0514 0.0479 
0,0099 0,0087 
3,6994 3.4559 


-35.2206 -35.1997 


0.63938 0.75209 0.75927 
1.67398 1,96790 1.98678 


-23.8854 -28.0793 -28,3487 
-0.02265 -0.0321 -0.0323 


0.0472 0.0481 0.0468 
0.0352 0,0406 0.0412 
0.0096 0.0115 0.0117 


-37.2547 -37,2445 -37.2482 
-37.2512 f 0.0024 


0.85887 0.85725 0.85928 
1.99564 1.99152 1.99768 


-28.4743 -28.4155 -28.5034 
-0.0330 -0.03306 -0.0330 


0.0507 0,0479 0,0487 
0.0460 0.0460 0.0460 
0.0151 0.0151 0.0151 


-33.0614 -33.0586 -33.0819 
-33.0691 f 0.0046 


0.75777 0.75847 
1.98345 1.98480 


-28,3013 -28.3205 
-0.0324 


0.0476 0.0464 
0,0415 0.0412 
0.0116 0.0116 


-37,2579 -37,2509 


0,85659 0,85822 
1.99123 1.99414 


-28,4109 -28,4525 
-0.0329 -0,0329 


0.0486 0.0470 
0,0460 0.0454 
0,0151 0,0151 


-33.0778 -33.0660 


-285.830 f 0.042 and -393.51 f 0.13 kJ mol", 
respectively, were taken from the recommendations of 
CODATA. l9 


The results of the Knudsen effusion experiments 
with N,N-dimethyl-1 -adamantylcarboxamide and N,N- 
dimethylbenzamide are summarized in Table 3, which 
presents the values of temperature, time and mass of 
sublimed substance. 


The vapor pressures were calculated, following 
our earlier studies,Iob and least-squares fitted to the 
standard equation log(p/P,) = A - BIT.  A and B were 
found to be (15.34 f 0.04 and -5060.0 f 13.5 K-I,  
respectively, for N,N-dimethyl-1 -adamantylcarbox- 
amide and 15.46 f 0.05 and -4686.1 f 14.5 K - ' ,  
respectively, for N,N-dimethylbenzamide. The enthal- 
pies of sublimation at the mean temperature of the 


Table 3. Vapor pressures 


Compound 
~~ ~ ~ ~~ 


T/K t/s Am/mg pfPa 102Kp/p TIK t/s Am/mg pfPa 102dp/p 


N,N-Dimethyl-1-adamatylcarboxamide 303.02 18360 
306.02 27900 
309.10 24600 
312.15 18240 


N,N-Dimethylbenzamide 288.83 20580 
291.28 14760 
293.55 16020 
269.12 15300 


1.94 
4.26 
5.45 
5.79 


3.78 
3,67 
5.3 I 
6.90 


0.0441 
0.0642 
0.0936 
0.135 


0.172 
0.234 
0.312 
0.427 


+0.400 314.90 15300 6.76 0.188 +0.340 
+0.260 317.93 19080 11.81 0.265 -0-592 


+0.0245 322.66 24780 26.39 0,460 +0.837 
-0.181 


+0.671 299.69 11880 8.22 0,659 -0.383 
+0.0294 302.25 11220 10.62 0.905 -tO.847 
+0.152 304.58 11700 14.41 1.18 +0.0667 
-0.370 
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experimental measurements were 96.9 i 0.3 kJ mol-l at 
312.84 K and 489.7 f 0 . 3 4  kJ mol-' at 296.71 K, 
respectively. Following our earlier procedure,20 the 
enthalpies of sublimation were corrected to 298.15 K by 
determining the C:,,,, (cr) values by DSC and the C;,,,, (g) 
values were calculated using the group-contribution 
scheme of Rihani and Doraiswamy.21 


The standard molar energies and enthalpies of com- 
bustion for each compound in its condensed state at 
298.15 K,  the standard molar enthalpy of vaporization 
or sublimation and the standard molar enthalpies of 
formation for gaseous dimethylamides and the standard 
molar enthalpy of vaporization or sublimation are given 
in Table 4; we note the accidental near equality of the 
gaseous enthalpies of formation of the N,N-dimethyl 
derivatives of pivalamide and 1 -adamantylcarboxamide. 


Although our experimental result for crystalline 
N,N-dimethylbenzamide, (-175.7 f 2.2 kJ mol-I), is 
enigmatically and disconcertingly far from that obtained 
in a recent combustion calorimetric studyZZa 
(-153.9f 1.0 kJ mol-I), it lies comfortably within the 
error bars from a recent literature enthalpy of reaction 
~ t u d y ~ ~ ~ ( - 1 7 1 . 4 *  5.9k.I mol-I). For the gas-phase 
species, Ref. 22a fails to give an enthalpy of formation 
for the gas-phase species while our result, 
-86.0 f 2.2 kJ mol-I, and that suggested in Ref. 22b,. 
-83.2 f 8.6 kJ mol-', are concordant. 


Styrenes 
A theoretical check of the hydrogenation enthalpies was 
camed out by taking the difference in enthalpies of 
formation of the various styrenes and their hydro- 
genated product, calculated using the molecular 
mechanics package MM392 (which was bought from 
Technical Utilization). The results of experiment and 
computational theory are consistent within the error bars 
of the former, as documented in Table 5. 


Enthalpies of hydrogenation of the various styrenes 
measured in dilute hydrocarbon solution are comparable 
to those in the gas p h a ~ e . ~ . ' ~ . ~ ~  If we take as given the 
values for the enthalpies of formation of gaseous 
alkylbenzenes, then the enthalpies of formation of the 
aromatic alkenes styrene, a-methylstyrene, trans-B- 
methylstyrene and p,p-dimethylstyrene may be calcu- 
lated from the experimentally measured enthalpies of 
hydrogenation. 


Starting with gaseous styrene itself, we deduce an 


enthalpy of formation of 147.9 f 2.0 kJ mol-I, in 
precise agreement with the value of 
147.9 f 1.5 kJ mol-' found in the most thorough 
archive of the enthalpies of formation of organic 
corn pound^.^^ For a-methylstyrene, our value is 
115.3 * 2.34 W mol-I. Surprisingly, this archive" gives 
the enthalpy of formation only for the liquid, 
70.5 f 1.2 kJ mol-I. Making use of one of the simplest 
methods for estimating the enthalpy of vaporization of 
arbitrary hydrocarbonsz5 (at 298 K, making use of 
solely the number of non-quaternary and quaternary 
carbons), we predict a phase-change enthalpy of 
45.1 f 1.0 kJ mol-' and the desired as phase enthalpy 
of formation of 115.3 f 1.5 kJ mol- , in precise agree- 
ment with our experiment.26 Interestingly, from two 
other thermochemical archives" and a conference 
proceedings,28 we may retrieve the desired gas-phase 
value as 113 kJ mol-I, but none documents the origin of 
this corroborative number. 


Still less has been reported about the thermochemistry 
of trans-B-methylstyrene. We derive a gas phase 
enthalpy of formation of 113.8 f 1.5 kJ mol-'. Only 
one of these archives (Ref. 27b) presents a value at all, 
namely 117 kJ mol-', the value also derivable from 
Refs 28. Recent base-catalyzed equilibration studies" 
show this species to be 23.3 f 0.5 kJ mol-' more 
stable than its isomer allylbenzene. Accepting 
the equality of gas- and (non-polar) liquid-phase 
hydrogenation e n t h a l p i e ~ , ~ . ~ ~  the enthalpy of formation 
of gas-phase allylbenzene is ascertained3' to be 
134.3 f 1.1 kT mol-I. From this analysis, we would 
therefore conclude that the enthalpy of formation of 
trans-B-methylstyrene is 111.0 f 1.2 kJ mol - I .  A value 
of 112 f 2 kJ mol-' is hereby suggested. The a- and p-  
methylation of styrene results in hydrocarbons with very 
nearly identical enthalpies of formation. Lack of 
commercial availability of adequately pure cis-,!?- 
methylstyrene precluded our determination of its 
enthalpy of hydrogenation. However, the above equili- 
bration study29 shows this alkene to be 
(11 .O f 0.3) kJ mol-I less stable than its trans-isomer, 
in good agreement with 9.1 kJ mol-' found from 
molecular mechanics. As such, we deduce an enthalpy 
of formation of gaseous cis-p-methylstyrene of 
123.0f 1.3 kJ mol-'. 


Finally, for B,B-dimethylstyrene we know of no 
literature enthalpy of formation for any phase. Our 
value for the gas phase is 86.0 f 2.1 kJ mol-'. 


H . -  . 


Table 4. Standard molar energies of combustion and enthalpies of combustion, formation and phase change at 298.15 K 
~- ~ ~~ ~~ 


Compound 4U"JkJ mol-' 4Wm/kl mo1-l AfHL/kJ mol-' &wH:/kJ mol-' 4Jl:FJ mol-' A,H:((g)/kJ mol-' 


N,N-Dimethyl-rPrr-butylcarboxamide (Iq) -4550.3 i  1.9 -4557.1 f 1.9 -341-2k2.1 55.1 i O . 4  -286.1 f 2 . 1  
-286.1 f 2 . 7  


N,N-Dimethylknzamide (cr) -4933.7f 1.8 -4938.0f 1.8 -175 .7f2 .2  89-7 f 0.3 -86.0 f 2.2 
N.N-Dimethyl-1-adamantylcarboxamide (cr) -7722.7 f 2.1 -7733.2 f 2 . 1  -383.6k2.7 97-5 i .3 
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Table 5. Enthalpies of hydrogenation of styrene, a-methylstyrene, the /?-methylstyrenes and 
/?,/?-dimethylstyrene 


Compound 


~~ 


A,,H”,g)/kJ mol-’ 


Purity/mol% Experimental MM392’ 


Styrene 
~ 


>99 


Mean: 


Mean: 
a-Methylstyrene 


trans-methylsty styrene 


cis- /?-Methyl styrene 
8, 8-Dimethylstyrene 


>99 


99 


99 


Mean: 


Mean: 


Mean: 


-117.2 f 2.1b -115,7 
-117.2 f O.Xb 
-117.2f 1.7 
-118.0f0.4‘ 
- 118.8 f 0.4, 
-1 18.4 f 0.4 
-111.7f 1.3b -110.6 
-111.7f 1.7d 
- 11 0.0 f 2.9b 
-111.3f2.1 
-105.9f2.1b -107.5 
-105.4f0,8d 
-106.3 f 1.2b 
- 105.9 f 1.3 
- -116.6 
-107.5 f 1.7d -107.2 
-107.5 f 1.7‘ 
-107.5 f 1.7 


E 


Hydrogenation enthalpies derived from molecular mechanics calculations are obtained as the difference 


This work, 1-hexene thennochemical standard. 


This work, styrene thermochemical standard. 


of the calculated enthalpies of formation of the styrene and the corresponding saturated species. 


‘From Ref. 15, electrical calibration. 


‘This isomer is not commercially available. 


Thermochemical comparisons of amides, methyl 
ketones and related alkenes 
Accompanying an earlier combustion study on pival- 
amide and 1-adamantylcarb~xamide,~‘ it was shown that 
the formal reaction 


CH,CONH,(g) + RCOCH, + 
(CH3)2C0(g) + RCoNH2(g) (l) 


is essentially thermoneutral for R=C2H,, n- and i- 
C,H,, t-C,H, and l-C,oH,,. This suggests that the strain 
energies and hence strain effects in the series RCONH, 
and RCOCH, are similar, as befits their isoelectronic 
and isosteric nature. Interestingly, on combining the 
enthalpy of sublimation3*” and the remeasured and re- 
evaluated32b enthalpy of formation of solid benzamide 
(and archival values for everything else), we find that 
the reaction with R=C6H, is endothermic by 
7.3 f 2.4 kJ mol-I. The phenyl group is different from 
the other R groups because it can conjugate with the 
carbonyl group. As such, by being ‘cross-conjugated,’ 
benzamide has a reduced resonance and thus decreased 
thermodynamic stabilization from the sum of those of 
the ‘component’ amide and benzoyl moieties. 


Let us consider formal reaction that compares amides 
with a-methylalkenes: 


CH,CONH,(g) +RC(CH,)==CH, + 
(CH3 )2=Hz (g) + RCONH2 (g) (2) 


Using data taken solely from the archival sourceu for 
both R=C,H, species in reaction (2), we find this 
reaction to be exothermic by 1.7 f 1.75 M mol-I. For 
R = n-C,H7, 2-methyl-l-pentene, we can either use the 
archivalu enthalpy of formation found by combustion 
and vaporization from Ref. 23, -59.4f 1.3 kJ mol-’, 
or the value of -58.7f 1.1 kJ mol-’ derived from 
measurement of its enthalpy of hydrogenation.” The 
two values are equal within experimental error. We 
choose the value from the latter, hydrogenation, 
approach because (a) hydrogenation calorimetry is 
preferable to combustion calorimetry for hydrocarbons 
C, or larger where a methodological ‘competition’ 
existsM and (b) in the absence of enthalpy of combus- 
tion experiments, we have only hydrogenation derived 
enthalpies of formation for many of the remaining 
alkenes in the current study. Reaction (2) for R = n- 
C,H, is found to be endothermic by 0.7 f 2.6 kJ mol-I. 
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Within the error bars, the enthalpies of reaction (2)  for 
R=CzH, and n-C,H, are equal to each other and are 
consistent with the assumption of thermoneutrality. We 
are not surprised: why should the results for ethyl and 
n-propyl differ? 


We now turn to more complicated, and more 
sterically demanding, R groups. For R = i-C3H,, we 
have the same choice to make for the source of 
the enthalpy of the desired alkene 2,3-dimethyl-1- 
butene, -62.6f 1-3 W mol-' (taken from Ref. 24) 
and -64.2f 1.2kJmol-'  (derived from Ref. 33, see 
above). Choosing the latter value because of our prefer- 
ence for recent hydrogenation calorimetric experiments, 
we find reaction (2) to be endothermic by 
1.4 f 2.0 W mol-'. This reaction remains essentially 
thermoneutral. For R =  t-C,H,, the two choices of 
the enthalpy of formation of gaseous 2,3,3-trimethyl- 
1-butene are different: combustion calorimetry gives 
-85.5 f 1.4 kJ mol-' while hydrogenation calorimetry 
(with alkene data from Ref. 35) gives 
-90.2 f 1.4 kJ mol-I. With our earlier measured value 
of the enthalpy of formation of pi~alamide,~' 
3 13.1 f 1.4 W mol - I ,  and the hydrogenation-derived 
enthalpy of formation for the alkene, we find an 
exothermicity of 1.5 f 2.3 W mol-'. So far, reaction (2) 
has been seen to be essentially thermoneutral. This 
suggests that a-methyl alkenes are good 'mimics' of 
amides, much as methyl ketones were shown to be 
above. [We know of no thermochemical data for 1- 
(isopropenyl)adamantane, or its hydrogenation product, 
with which to attempt and understanding of 1- 
adamantanylcarboxamide. ] 


From our earlier analysis, we may expect a lack of 
thermoneutrality for reaction (2) R = C6H5. We find an 
endothermicity of 5.7 f 2.9 W mol-I, in accord with our 
expectation and understanding. We are encouraged. 


Our next comparison removes the a-methyl group 
from the alkene for use in the equation 


CH,CONH,(g) + R C H S H ,  -+ 
CH,CH=CH,(g) + RCONH,(g) (3) 


For R = C2H,, n- and i-C,H7 (taking all data from Ref. 
24), we find this reaction to be exothermic by 
0.2 f 1 -6, endothermic by 0.4 f 1.8 and endothermic 
by 3.3 f 1.7 W mol-', respectively. For R = t-C,H, 
(with alkene data from Ref. 33), the endothermicity has 
grown to 5.5 * 2.1 W mol-I. In that the strain resulting 
from the NH, of the amide and the CH, of the alkene 
are expected to be comparable, we would expect addi- 
tional strain arising from repulsion of the oxygen in the 
amide with the R group relative to the olefinic hydrogen. 
As such, with R=C6H5 (with alkene data from the 
current study), the endothermicity is now increased to 
10.0 f 2.6 W mol-', a conceptually derived composite 
of 'mere' steric repulsion-derived instability and loss of 
conjugation-derived stabilization. 


Thermochemical comparisons of 
N,N-dimethylamides with alkenes 
Our preferred archive, Ref. 24, gives us only the liquid- 
phase enthalpy of formation of dimethylacetamide with 
which to compare our results on N,N-dimethylpival- 
amide, N,N-dimethyl-1-adamantylcarboxamide and 
N,N-dimethylbenzamide. It would appear that no 
enthalpy of formation data for gas-phase 
dimethylamides have been reported. However, 
modifying the criteria for data selection allows us to 
ameliorate this situation. To begin with, we use 
the recently reported36 enthalpy of vaporization of 
dimethylacetamide. 


A direct way of examining the energetics of N,N- 
dimethylamides is thus to consider the energetics of the 
formal reaction 


CH,CON(CH,),(g) + RCONH,(g) + 
CH3CONH,(g) +RCON(CH3),(g) (4) 


The enthalpies of formation of the gas-phase 
dimethylamides with R=C2H, and n-C3H7 appear in 
an otherwise unpublished conference r e ~ o r t , ~ '  
-250.2st 1.0 and -270.9f 1.4 kJ mol-', respectively, 
from which we derive exothermicities of 1.5 f 2.1 and 
5 1 . 9 f 2 . 4  kJ mol-I, respectively. For the R = i-C3H, 
species, we found irreproducible (although seemingly 
complete) combustion for only two of our 20 calorime- 
tric runs. We have therefore ignored any discussion 
involving N,N-dimethylisobutyramide. (For the curious 
reader, these complete but irreproducible findings for 
N,N-dimethylisobutyramide are an energy of combus- 
tion of -2268.3 f 6.7 J g-' an enthalpy of combustion 
of -3885.4 W mol-' and -336.3 and -281.8 W mol-' 
for liquid and gaseous species, respectively.) For 
R = t-C,H,, using the gas-phase enthalpy of formation 
of pivalamide from Ref. 26 and the value for its 
dimethyl derivative from Table 3 here, we find an 
endothermicity of 1 ..8 f 3.0 kJ mol-' while relatedly, 
for R = 1-adamantyl, we find an endothermicity of 
22.7 f 4.1 kJ mol-'. It is undeniable that N,N-dimethyl- 
pivalamide and N,N-dimethyl-1-admantylcarboxamide 
are strained. For R=C6HS, using the enthalpy of 
formation of benzamide from Ref. 32 and of its N,N- 
dimethyl derivative from Table 3 here we find an 
endothermicity of 26.1 f 3.2 kJ mol-' for equation (4). 
It appears that N,N-dimethylbenzamide is also 
significantly strained. 


To understand further the N,N-dimethylamides, 
comparisons analogous to those for the parent amides 
may be suggested. For example, paralleling equation (1) 
(and recalling our much earlier use of 3-methylbutanone 
as a model for studying amides and their resonance 
en erg^^,^'), reaction (5) follows: 


CH3CON(CH,),(g) + RCOCH(CH,)2(g) + 


CH3COCH(CH,),(g) + RCON(CH,),(g) ( 5 )  
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However, the desired enthalpy of formation thermo- 
chemical data for the isopropyl ketones are generally 
absent. 


Likewise, equation ( 2 )  may be adapted to yield the 
equation 


CH,CON(CH,)z (g) + RC(CH,W(CH3)2 + 
(CH3)2w(CH3)Z(g) +RCON(CH,),(g) (6) 


The use of this equation is likewise thwarted because 
enthalpy of formation data for tetrasubstituted alkenes 
are generally absent. As a class, trisubstituted alkenes 
are thermochemically better characterized. As such, 
consider equation (7), designed to parallel equation (3) 
with its omitted methyl group: 


CH3C0N(CH,)2(g)+RCH=C(CH3)2(g) 
CH3CH=C(CH3)2(g) +RC0N(CH3)2(g) (7) 


For R=C,H, n-C,H, and t-C,H, with input alkene 
enthalpy of formation data from Refs 33, 13a and 24, 
respectively we find equation (7) to be exothermic by 
0.7 f 2.4, endothermic by 1-2 f 2.6 and endothermic by 
5.1 f 3.8 kJ mol-I, respectively. For N,N-dimethylben- 
zamide, using the experimental enthalpies of formation 
of this species and of /?,/?-dimethylstyrene from the 
current study , an endothermicity of 14.3 f 3.2 W mol-’ 
is found. We find that the exo-/endothermicity of 
reaction (7) for N,N-dimethylamides is essentially the 
same as that for equation (3) for the parent amides. 
Equivalently, trisubstituted alkenes of the generic 


structure RCH=C(CH3), are good mimics for 
dimethylamides (see Table 6). 


Some thoughts on monomethylamides and 
disubstituted alkenes 


From the above we may deduce that the steric repulsion 
of the R group and the methyl cis to it contributes 
comparably to the strain in both the dimethylamide and 
trisubstituted alkenes It would be helpful if there were 
enthalpies of formation of separately isolable ‘isomeric’ 
(Z)- and (E)-monomethylamides to compare with 
the real, separable, isomeric disubstituted alkenes 
R C H S H C H , .  In their absence, we may nonetheless 
look at the difference quantity 


d(R) = { AH;(g, RCONH,) - AH;[g, RCON(CH,),]} 
-(AH; [g, (E)-RCH=CHCH,] 
- AH: [ g, (Z)-RCHSHCH, ] } (8) 


This quantity may be conceptually simplified by 
recalling that the ( E ) -  and (Z)-alkenes hydrogenate to 
the same product, and so, where needed (an where it 
can be done), we may cast the second bracket in terms 
of differences of hydrogenation enthalpies, i.e. 


d(R)= {AH:(g, RCONH,) -AH:[g, RCON(CH,),]} 
-[ AHHz[g, (Z)-RCH=CHCH,] 
-AHHz[g, (E) -RCHdHCH,]  } (9) 


Table 6. Enthalpy of formation of gaseous amides and related alkenes and the enthalpy of reactions (2) and (7) that interrelated 
them 


RCONH, 


-238.3 f 0.8‘ 
-258.9 f 0.6‘ 
-279.2 f 0.9’ 
-282.6 f 0.9’ 
-313.1 f 1.4f 
-319.0 f 2Sf 
-101.9f 1.5‘ 


R C ( C H 3 w H 2  


-16.9f0.9’ 
-35.3 f 1.0’ 
-59.4 f 1.3’ 
-62.6 f 1.3’ 
-90.2 f 1.4’ 


113.8 f2.1’ 


RCON(CHd2 


-228.1 f lSb 
-250.2 f 1.0’ 
-270.9 f 1.4‘ 


-286.1 f 2.1h 
-286.1 f 2.7” 
-86.0 f 2.2’ 


Equation (7) 


-41.8 f 1.1’ 0 
-63.2 f l.Sd 
-87.8 f 1.4’ 


-2.2 f 1.6 
1.6 f 1.9 
1.4 f 1.9 


-104.9f 2.1’ -1.5 f2.3 
- 


86.1 f2 .1h  5.7 f 2.8 


0 
-0.7 f 2.6 
3.2 f 2.7 


5.1 f 3.5 


14.0 f 3.6 


- 


- 


“See Ref. 23 
bEnthalpy of formation found by summing that of the condensed phase from Ref. 23 with the enthalpy of vaporization from Ref. 32. 
‘See Ref. 33. 
Enthalpy of formation found by summing the enthalpy of hydrogenation (see Ref. 29) with the enthalpy of formation of corresponding alkane from 


Enthalpy of formation found by summing the enthalpy of hydrogenation (see Ref. 12a) with the enthalpy of formation of corresponding alkane from 


See Ref. 26 


Ref. 23. 


Ref. 23. 


‘Enthalpy of formation found by summing the enthalpy of hydrogenation (see Ref. 31) with the enthalpy of formation of corresponding alkane from 
Ref. 23. 


Results from measurements of enthalpies of combustion and sublimation described in this paper. 
‘Derived by summing enthalpy of formation of solid amide from Ref. 28 and enthalpy of sublimation from Ref. 27. 
JEnthalpy of formation found by summing the enthalpy of hydrogenation from this work with the enthalpy of formation of the corresponding 
alkylbenzene from Ref. 23. 
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In addition, this quantity may be conceptually simplified 
by realizing that the ( E )  and (Z)-alkenes may be 
equilibrated, and so, where needed (and where it can be 
done), we may cast the second bracket in terms of 
equilibration enthalpies, i.e. 


6(R) = { AH?(g, RCONH,) - AH:[g, RCON(CH,),]f 
- ( AHr [g, (Z ) -RCHdHCH,  ] 


+ [g, (E ) -RCHdHCH,]}  (10) 
For R=CH,  and C,H, (with alkene thermochemical 
data from Ref. -24) we find 6 =  -5 .9 f2 .2  and 
-4.4 f 2.3 kJ mol-', for R = n-C,H, and t-C,H, (with 
alkene hydrogenation data from Refs 33 and 36, 
respectively) 6 = -2.8 f 2.2 and -16.7 f 3.3  kJ mol-' 
and for R = C6H, (with alkene equilibration data from 
Ref. 29) 6 = -4.9 f 2.7 kJ mol-'. 


The reader may be disquieted by the fact that we have 
not employed isodesmic reasoning in the above strain 
energy analysis. The following isodesmic reaction may 
be written: 


RCONH, + (Z)-RCH=GHCH, + 
(E)-CH,CH=CHCH, + CH,CON(CH,)* -+ 


RCON(CH,), + (E) -RCHSHCH,  + 
(Z)-CH,CH=CHCH, + RCONH, (1 1) 


Indeed, the strain energy of the dimethylamide 
RCON(CH,), may be defined as the endothermicity of 
this reaction, which in turn may be algebraically shown 
to equal the difference of d(CH,) and d(R). 


Within this definition, this difference vanishes (within 
error bars) for R=C,H,, n-C,H, and C,H5 but is 
10.8 f 4 . 3  kJ mol-' for R = t-C,H,. We therefore 
conclude that the dimethylamide methyl group that is Z 
to the R group fails to contribute meaningfully to 
the strain found in N,N-dimethylbenzamide and 
the other dimethylamides, except for N,N-  
dimethylpivalamide (and presumably N,N-dimethyl- 1 - 
adamantylcarboxamide), where both methyls contribute 
significantly to the strain. More precisely, it is expected 
in the disubstituted alkenes, the R.. .CH, repulsion can 
be decreased by changing the internal =€(H)CH, 
angles, i.e. relaxing the geometry. Equivalently, we 
recognize the greater strain in the trisubstituted alkenes 
as the two groups on the disubstituted side cannot 
escape each other. We recognize this as an example of 
'buttressing', as earlier calorimetrically documented for 
polymethylated derivatives of ~henan th rene~~  and 
benz[~]anthracene,~~ and even of benzene itself.40 


CONCLUSION 


Measurement of the enthalpies of combustion of 
amides, RCONH,, and their N,N-dimethyl derivatives 
have allowed us to investigate strain energy effects 
arising from steric repulsion of the R group and the 
methyl situated cis to it. Measurements of the enthalpies 


of hydrogenation of variously methylated styrenes have 
allowed us to investigate strain effects in aromatic 
alkenes. From these and literature findings, we have 
compared the enthalpies of formation of amides and the 
corresponding alkenes and find that trisubstituted 
alkenes of the generic structure RCH==C(CH,), are 
good thermochemical mimics for dimethylamides. 
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APPENDIX 


Adamantylalkenes 
We have not mentioned 1-vinyladamantane or any of its 
methyl derivatives, which should belong in a discussion 
of adamantylcarboxamide and its N,N-dimethyl deriva- 
tive. We obtained a sample of (E)-1 -adamantylpropene 
from Professor Dennis P. Curran and his student 
Michael Palovich, synthesized by the procedure given in 







INTERRELATIONS OF THE ENERGETICS OF AMIDES AND ALKENES 25 


Ref. 41, for which we are grateful. Our first two hydro- other alkenes and our preliminary molecular mechanical 
genation runs gave enthalpies of 17.5f0.8 and findings. We therefore consider it best to defer any 
77.0 f 2.5 M mol-'. These results, although internally discussion of (E)-1-adarnantylpropene and, by infer- 
consistent, are ca 25 kJ mol-' disparate from those of ence, of any other admantylalkene. 
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'H, I3C and "N NMR data for nitraminopyridines are discussed in terms of tautomeric equilibria in these 
compounds. The favoured tautomer is determined mainly from I5N NMR spectroscopy. The chemical shift of 
the nitrogen atom of the nitro group in nitraminopyridines and N-nitroanilines which cannot tautomerize vary 
from 28.0 to 35.4 ppm in DMSO solution. 3-Nitraminopyridine and 2-nitramino-3- and -5-nitropyridines 
behave similarly. In the "N NMR spectra of nitrimino-1-methyldihydropyridines, used as models, an upfield 
shift of that atom, different from that observed for 2-nitraminopyridine, indicates the significance of the 
nitrimino tautomer. In contrast, a downfield shift of the ring nitrogen atom of some other compounds shows an 
increased weight of the nitramino tautomer. 3-Nitraminopyridine, when dissolved in DMSO, does not have the 
zwitterionic structure. Changes in the chemical shift of the amino nitrogen atom are not readily interpreted. 
Some proton and carbon chemical shifts and hydrogen-hydrogen and carbon-hydrogen spin-spin coupling 
constants can also be used to determine the predominant tautomer of 2- and 4-nitraminopyridines. 


INTRODUCTION 


Tautomeric equilibria in heterocyclic compounds have 
been extensively studied for many years.' Various 
substituted pyridines are mixtures of tautomeric 
isomers. Well known examples are hydroxy- and 
mercaptopyr id ine~.~~~ Tautomerism is also observed 
when the pyridine substituents are NHR and CHR,, 
where R=COAlk(Ar), CO,Alk, CN, NO, or 
S02Alk(Ar).l*4 


Data on tautomerism are necessary for interpreting 
the reactivity, spectral behaviour and other physical 
properties of compounds. The general method for 
establishing the relative population of tautomers is to 
compare the spectroscopic properties of the prototropic 


* Author to whom correspondence should be addressed. 


species with those of fixed tautomeric models obtained 
by substitution of hydrogen by an alkyl group (fre- 
quently methyl). 


Multinuclear magnetic resonance spectroscopy has 
been widely used to investigate tautomeric equilibria 
quantitatively. "',2.3.5 Because both the ring and amino 
nitrogen atoms in aminopyridines can be protonated and 
because the protonation shifts in aniline and pyridine 
are very large,',' NMR spectroscopy of nitrogen can 
provide valuable information on their tautomerism.' 
Owing to the presence of three different nitrogen atoms, 
nitraminopyridines are interesting. Since previous 
results were not interpreted unambigously,x-2" we have 
investigated the spectra of compounds 1-16 (Scheme 
1) in order to obtain data on their tautomeric equilibria. 


To avoid confusion when comparing the NMR 
spectra of nitraminobenzenes and nitraminopyridines, 
special numbering of positions in pyridine der vatives 
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4 


MeNNO, c. 


d 
8 


MeNNO, 


12 


Me"@ 


0 NO, 


16 


Scheme 1 


was used; it starts from the carbon atom attached 
directly to the nitramino group. The numbering is 
exemplified for some compounds in Scheme 1. 


EXPERIMENTAL 


Compounds 1-16 have been synthesized 
Their 'H, I3C and "N NMR s ectra were recorded as 
described in our earlier papers. 2r22 


RESULTS AND DISCUSSION 
Nitraminoarenes with marked acidic properties can 
react with sodium hydroxide to give the correspond- 
ing salts.23 Alkylation of 2-nitraminopyridine by 


ON,, R m 2 -  0 NNO, 
CH,R 


Scheme 2 


either alkyl sulphates or d i a z ~ a l k a n e s ' ~ , ~ ~  leads to 
the endo-alkylated product or to its mixture with 
2- (N-methy1,N-nitroamin0)pyridine (see Scheme 2). 
4-Nitraminopyridine behaves similarly, i.e. 1,4-di- 
hydro- 1-methyl-4-nitriminopyridine or its mixture with 
4-(N-methyl-N-nitroamino)pyridine is obtained by 
treatment with dimethyl sulphate or d i a ~ o m e t h a n e . ~ " , ~ ~  


As po~tulated,~"~ '  the isonitramine form is present at 
small extent at equilibrium R-NH-NO,+ 
R-N=N(O)-OH. Owing to the presence of the 
ring nitrogen atom in 2-nitraminopyridine, 7, it can 
tautomerize to produce the nitrimino form IIZ4 (see 
Scheme 3). Moreover, s-cis conformations of both 
isonitramino and nitrimino forms would benefit from 
stabilization due to intramolecular hydrogen bonding" 
(Scheme 4). However,27 it was found that the nitro 
group in the nitramino moiety has a low ability to be 
involved in the formation of hydrogen bonds. 


Analysis of the IR spectra of 2-nitraminopyridine in 
the solid state has led to contradictions. Sheinker et al. l 4  
reported that it takes form I exclusively. On the other 
hand, Taurins" has interpreted this spectrum as a 
superposition of spectra belonging to I1 and IV. The 
contribution of I in solution varies from 0 through 38.4 
to 85.4% in water, absolute ethanol and dioxane, 
respectively. I4 'H NMRI7 and UV spectral8 have shown 
that I1 prevails in DMSO and in cyclohexane. Aqueous 
and dioxane solutions of 4-nitraminopyridine contain 
about 1 and 94% of V, respectively (Scheme 5).," 


In the crystal o t  3-nitro-2-nitraminopyridine, the 
C-N bond (1.400 A )  in the CNHNO, moiety is really 


I 11 111 


Scheme 3 


IA IIA 


Scheme 4 


N 


V YI WI VIlI 


Scheme 5 
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a single bond.21 X-ray studies,' proved that there is no 
hydrogen bound to the ring nitrogen. Thus, at least in 
crystalline state, structures 11-IV can be excluded. 


NMR spectroscopy is very helpful in determining the 
dominant tautomer.'-3t5*28.29 Individual tautomers can be 
distinguished only when the rate of proton exchange is 
slow on the NMR time-scale. Otherwise, only one 
statistical signal appears. Sometimes the considerable 
line broadening' can prevent reliable spectral detection. 
This happens for the signal of the amino hydrogen in 
the spectra of some of the nitraminoarenes studied. 


The chemical shift of a 'jumping' hydrogen atom 
is very sensitive to tautomeric equilibrium. That of 
theamino hydrogen in the spectra of 2- and 
4-nitraminopyridines was found to be 3.4 and 3.3 ppm, 
respectively. In contrast, for N-nitroaniline and 
2-nitramino-3-nitropyridine it is 13.86 and 13-56 ppm, 
respectively (see Table 1 and Refs 22, 30 and 31). This 
suggests that the amino hydrogen in those compounds is 
very acidic. 


Nitramines (RNHNO,) are known to be weaker acids 
than the carboxylic derivatives (RC02H).26 The acidity 
constant of 2- and 4-nitraminopyridines in water was 
found to be 5.90 and 6.87, respec t i~eIy . '~*~~~ Since the 
pK, value for the aci form of nitroethane is 4.4, it rules 
out the presence of any significant amount of the 
isonitramine form, PyN=N(0)OH.2'1 However, it was 
not observed for 2-nitramino-3-nitropyridine in the 
crystalline state,,' and intramolecular hydrogen bonding 
may appear in compounds carrying the NO2 and 
NHNO, groups in neighbouring positions (Scheme 6). 


Table 1. 'H NMR chemical shifts of compounds 1-13, 15 
and 16 (6 in ppm from TMS, in DMSO-d,) 


Position 


Compound H-2 H-3 H-4 H-5 H-6 CH, N H  


1 
2 
3 
4 
5 
6 
7 
8 
9 


10 
11 
12 
13 
15 
16 


7.50 


- 
7.68 
8.36 


- 
8.65 
7.47 
7.55 
8.23 
- 


7.50 


8.28 
8.29 
7.82 
8.91 
8.22 
8.72 
8.36 


8.23 
8.72 
7.49 
9.19 
9.34 


- 


7.31 7.50 


7.80 7.97 
- 8.29 
- 7.82 
- 8.75 


7.22 8.08 
7.47 8.02 
7.05 8.02 
8.50 7.53 
- 8.23 
- 8.72 
- 7.49 
- 8.70 
- 8.77 


7.50 - 13.86 
a 3.68 - 


7.84 3.66 - 
7.86 - b 


8.36 3.75 - 
8.14 3.78 - 
7.65 - 3.4' 
7.70 3.69 - 
8.18 3.80 - 
7.92 - 


b 


7.47 - 3.3' 
7.55 3.71 - 
8.23 3.96 - 
7.98 - h 


8.08 3.81 - 


' Signals of aromatic protons in the range 744-7.56 ppm. 


' Broad singlet. 
No NH signals were detected. 


X 


Scheme 6 


Isolation of pure tautomeric forms is not possible 
when their interconversion is a fast process. In such a 
case the use of the corresponding methyl derivatives is 
a reasonable solution. Replacements of the hydrogen by 
methyl is often assumed to have a minor influence on 
the NMR spectra. However, the methyl group and other 
parts of the molecule can interact by steric and elec- 
tronic, i.e. hyperconjugative and field/inductive, effects, 
which gives an additional non-tautomeric contribution 
to the spectrum. Thus, the spectral parameters of the 
tautomeric form do not have to be properly represented 
by those of its methyl derivative and suitable correc- 
tions should be included. 


Both 'H and 13C NMR spectroscopy have been 
applied to studies of tautomeric equilibria of hetero- 
cyclic compounds. As found,32 the tautomer and 
rotamer populations can be estimated not only from 
chemical shifts and coupling constants, but also from 
the proton relaxation rates and NOE effects. 


Unfortunately, the 'H NMR spectra of 
nitraminobenzenes 1 and 2 at 270 MHz are not 
resolved, so their usefulness in the estimation of the 
effect of N-methylation is limited. It can be only seen 
that the signal of H-4 was shifted by +0.13 ppm in the 
spectrum of 2 (see Table 1). On the other hand, this 
effect in the p-nitro derivatives 4 and 5 is +0.68 and 
-0.47 ppm for H-2 and H-3, respectively. Of course, 
this information has limited significance for predicting 
the tautomeric equilibria in solutions of 
nitraminopyridines. 


The chemical shifts of H-5 and H-6 in the spectra of 
2-nitraminopyridine (7) and of its fixed tautomeric 
models 8 and 9 (see Table 1) cannot be used to study 
the tautomerism of 7. Other d values are more sen- 
sitive to structural changes in the molecule. The 
chemical shift of H-4, i.e. para to the NHNO, group, 
seems to be especially helpful in differentiating between 
the nitramino and nitrimino forms represented by 
methyl derivatives 8 and 9, respectively: d ( 9 ) < d  
(7)< d (8). 


There are no hydrogens in the position para to the 
nitramine or nitrimine group in 4-nitraminopyridine 
(11) and its methyl derivatives 12 and 13. The values of 
d,.,(5) change in the order d (13)< d (11) < d (12). 


Although the coupling constants for compounds 1 
and 2 are not available, it is seen in Table 2 for com- 
pounds 4 and 5 that replacement of the amino hydrogen 
atom by methyl in 4 diminishes all vicinal J(H,H) 
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Table 2. Hydrogen-hydrogen spin-spin coupling constants for compounds 1-13, 15 and 16 ["J(H-k,H-I) in Hz] in DMSO-d,' 


k ,  I 


3 


4 


5 


6 


7 


8 


9 


10 


11 


12 


13 


15 


16 


9.34 
9.34 
9.03 
9.02 


7.48 
7.48 
4.5 1 
4.5 1 
7.02 
7.02 


8.20 1.46 
8.09 


2.61 
2.62 


5.94 1.91 
1.76 


4.88 1.98 


6.79 1.68 
1.37 


2.44 
2.60 


1.90 
1.90 
1.60 1.60 
1.60 


2.49 
2.72 
2.74 
2.80 


8.09 1.35 7.68 
7.68 6.80 


9.34 
9.34 
9.03 
9.02 


0.31 8.73 
0.35 8.81 
0.88 7.26 1.11 8.79 
0.73 7.11 8.94 


7.79 1.03 8.09 
7.48 7.79 
7.10 1.37 9.00 
6.79 8.93 
4.81 1.52 8.40 


1.38 8.32 
1.90 7.48 
1.90 7.48 
1.60 4.5 1 


4.5 1 
7.02 
7.02 
9.28 
9.39 


0.66 8.99 
0.66 9.04 


~~~~ ~~ ~ ~ 


Other coupling constants: 7, 5.86 LJ(H-4,NH)I; 10, 4.73 [J(H-S,NH)I; 11, 1.90 [J(H-2,NH)I, 1.90 [J(H-3,NH)], 1.90 [J(H-S,NH)], 1.90 [J(H- 
6,NH)I; 15,0.79 [J(H-3,NH]. 


constants by about 0.3 Hz. Owing to tautomerism no 
such comparison can be made for 7 and its methyl 
derivative. It seems worthwhile, however, finding all 
J(H,H) coupling constants following the 8 < 7 < 9 
sequence. They are 3J for H-3-H-4, H-4-H-5 and H- 
5-H-6 and 45 for H-3-H-5 and H-4-H-6. The value of 
'J(H-3,H-4) in the spectrum of 2-nitraminopyridine is 
about 1 Hz higher than those for N-methyl-N- 
nitraminopyridines, where tautomerism is not possible.*' 
In contrast, all J (H,H) values for compounds 11-13 in 
Table 2 do not follow the order 13<11<12 or 
12 < 11 < 13. The values of 'J(H-3,H-4) for compounds 
7 and 9 and of 3J(H-2,H-3) for compounds 11 and 13 
are higher than those for 8 and 12, respectively (see 
Table 2). Hence those coupling constants also seem to 
determine the predominant tautomer. 


Of the I3C chemical shifts in the spectrum of 2- 
nitraminopyridine (7) only those of C-I ,  C-4 and C-6 
are average values for individual tautomers repre- 
sented by the respective methyl derivatives 8 and 9.22 
However, no similar dependence was found for the 
carbon chemical shifts in the spectra of compounds 
11-13. 


The effect of replacement of the amine hydrogen 
atom by methyl on the chemical shift of carbon atoms 
in the compounds studied is shown in Table 3. 


In the spectrum of 2-nitraminopyridine (7), the 
coupling constants 'J(C-ri,H) for IZ = 3-6 are average 
values for individual tautomers represented by the 
respective methyl derivatives 8 and 9.22 Unfortunately, 
neither d, nor J(C,H) values for 4-nitraminopyridine 
(11) are intermediate between such values for com- 
pounds 12 and 13.22 The effect of replacement of the 
amino hydrogen atom by methyl on the one-bond C-H 


Table 3. Effect of N-methylation of nitraminoarenes on 
carbon chemical shifts in their I3C NMR spectra (ASi?, in ppm) 


Compounds C-l C-2 C-3 C-4 C-5 C-6 


2- 1 +4.8 +4.3 +0.2 +2.1 +0.2 +4.3 
5 - 4  +3.7 +7.7 -0.4 +2.5 -0.4 +7.7 


-1.4 - +9.2 +6.3 -4.1 +3.9 8 - 7  
12-11 +23.3 +5.9 +11.1 - +11.1 +5.9 
16 - 15 +1.1 - +0.7 +2.1 -0.9 +6.7 
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Table 4. Effect of N-methylation of nitraminoarenes on one 
bond C-H coupling constants in their "C NMR spectra 


[A'J(C,H) in Hz] 


Compounds C-2 C-3 C-4 C-5 C-6 


2 - 1  -0.1 +0.2 -0.7 +0.2 -0.1 
5 - 4  -0.2 +0.8 - +0.8 -0.2 
8 - 7  - -5.0 -4.9 -1.0 -4.6 
12- 11 -3.5 -5-0 - -5.0 -3.5 
16 - 15 - +0.9 - +1.2 -0.1 


coupling constants in the compounds studied is shown 
in Table 4. 


Both I4N and "N NMR spectroscopy have been 
widely used to study tautomeric eq~i l ibr ia .~ .~" .~ '  The 
range of shift changes also favours this method: for I4N 
it is one and two orders of magnitude greater than those 
of 13C and 'H, respectively.2 Because different types of 
nitrogen in nitraminopyridines exhibit clearly separated 
15N NMR shift ranges,22 this method is especially 
powerful in the studies concerned. Moreover, since 
some of those nitrogens can be the reaction sites of 
tautomeric processes, ISN NMR spectroscopy provides 
direct access to these equilibria.2 


The "N NMR chemical shift of the nitro groups in 
N-methyl-N-nitroaminobenzenes and corresponding 
pyridines and also N-nitroanilines (none of them can 
tautomerize to the nitrimine form) varies from 28.0 to 
35.4 ppm in DMSO solution.21,22 It is 31.3 ppm for 


i 


i 
0 i 


Figure 1. Effect of the molecular structure on "N chemical 
shifts of the nitro nitrogen atom of the NRNO,, group in 
nitraminoarenes 1, 2, 4, 5, 7-10, 12, 13, 15 and 16 in DMSO 


3-nitraminopyridine (lo),  3 1.0 ppm for 2-nitramino- 
3-nitropyridine (14) and 33.8 ppm for 2-nitramino- 
5-nitropyridine (15),2'.22 and for the nitrimino- 
1-methyldihydropyridines 9 and 13 used as the model 
compounds it is 14.9 and 9.0 ppm, respectively. The 
distinct upfield shift of the nitro nitrogen atom in 
2-nitraminopyridine (7) (18.6 ppm) indicates the 
prevalence of the nitrimino form (see Figure 1). 


Unfortunately, the solubility of 4-nitraminopyridine 
in DMSO was too low for recording its I5N NMR 
spectrum.22 Further, the downfield shift of the pyridine 
nitrogen22 observed in some compounds (see Figure 2) 
proves the increased weight of the nitramino tautomer. 
The effect of tautorneric equilibrium on the chemical 
shift of amino nitrogen atom is not clear. 


The mutual relationships of the "N NMR chemical 
shifts of different nitrogen atoms are shown in Figures 
3-5. Two different groups of compounds can be 
distinguished. In most of them the nitramine form is 
predominant, but compound 7 resembles the nitrimine 
model 9. Intramolecular and/or intermolecular hydrogen 
bonding may be an explanation for the exceptional 
behaviour observed in the spectrum of 2-nitra- 
minopyridine (7). The form IA was proposed by Kraus 
et al.18 to explain the anomalies in the IR spectrum of 
2-nitraminopyridine. 


The 15N NMR chemical shifts of the corresponding 
nitrogen atoms in the spectra of 2-nitramino-5-nitro- 
pyridine (15) and N-nitro-p-nitroaniline (4) are compar- 
able.22 The results indicate that the structure XI 
(Scheme 7) may be neglected, as was also found in the 
analysis of the effect of N-methylation on the carbon 
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d 
1 . 1  
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Figure 2. Effect of the molecular structure on "N chemical 
shifts of the ring nitrogen atom in nitraminopyridines 7-10, 


12 and 13 in DMSO 
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chemical shifts and C-H coupling constants in the 
spectra of N-nitroaminoarenes. 


Although x-ray diffraction studies of N-methyl-p, N- 
dinitroaniline (5)33 show the weight of structure XI1 
(X = CH, R = H) to be low, it cannot be totally excluded 
for X = N (Scheme 8). 


The similarity of the I5N NMR spectra of N-nitroani- 
line (1) and 3-nitraminopyridine proves that the 
latter compound has the structure XI11 (Scheme 9) at 
least in DMSO solution. 


Unfortunately, we could not use the respective 
methylated model compounds. Only one of them, 3-(N- 
methyl-N-nitro)aminopyridine, has been described3' 
and we found some experimental difficulties in repeat- 
ing the procedure. 


ACKNOWLEDGEMENTS 


The authors thank Professor P. Tomasik for helpful 
discussions. 


REFERENCES 


1. (a) A. R. Katritzky and J. M. Lagowski, Adv. Heterocycl. 
Chem. 1, 339 (1963); (b) J. Elguero, C. Marzin, A. R. 
Katrizky and P. Linda, The Tautonierisni of Heterocycles 
(Advances in Heterocyclic Chemistry, Suppl. I). Aca- 
demic Press, New York (1976); (c) A. R. Katritzky (Ed.), 
Physical Methods in Heterocyclic Chemistry. Academic 
Press, New York (1963); (d) A. R. Katritzky, M. Karel- 
son and P. A. Harris, Heterocycles 32, 329 (1991), and 
references cited therein. 


2. W. Schilf and L. Stefaniak, Wind. Chem. 42, 133 (1988). 







TAUTOMERISM O F  NITRAMINOPYRIDINES 695 


3. M. Witanowski, L. Stefaniak and G. A. Webb, Annu. Rep. 
NMR Spectrosc. 7 ,  117 (1977); 11B, 1 (1981); 18, 1 
(1986). 


4. M. Annese, A. B. Corradi, L. Forlani, C. Rizzoli and P. 
Sgarabotto, J. Chem. Soc., Perkin Trans. 2 615 (1994). 


5. P. Dobrowolski, B. Kamieliski, J. Sitkowski, L. Stefaniak 
and Y. Chun, Bull. Pol. Acad. Sci., Chem. 36,203 (1988). 


6.  G. C. Levy and R. L. Lichter, Nitrogen-15 Nuclear 
Magnetic Resonance Spectroscopy. Wiley, New York 
(1979). 


7. (a) L. Stefaniak, Org. Magn. Reson. 12, 379 (1979); (b) 
L. Stefaniak, M. Witanowski and G. A. Webb, Pol. J. 
Chem. 55, 1441 (1981); (c) J. Llor, 0. Lopez-Mayorga 
and L. Munoz, Magn. Reson. Chem. 31,552 (1993). 


8. B. Witkop, Experientia 10, 420 (1954). 
9. H. U. Sieveking and W. Luttke, Liebigs Ann. Chem. 189 


(1977). 
10. A. Taurins, Can. J. Chem. 36,465 (1958). 
11. A. Thomas, P. Tomasik and G. Herman-Matusiak, Bull. 


12. A. Taurins and S. J. Viron, Can. J. Chem. 31, 1048 


13. S. F. Mason, J .  Chem. Soc. 219 (1960). 
14. Yu. N. Sheinker, Ye. M. Peresleny, N. P. Zosimova and 


15. R. A. Jones and A. R. Katritzky, J. Chem. Soc. 1317 


16. R. A. Jones and A. R. Katritzky, J. Chem. Soc. 378 


17. W. Kraus, W. Pietrzycki and P. Tomasik, Chem. Scr. 19, 


18. W. Kraus, W. Pietrzycki and P. Tomasik, Chem. Scr. 23, 


Acad. Pol. Sci., Ser. Sci. Chim. 23, 311 (1975). 


(1953). 


Yu. I. Pomerantsev, Zh. Fir. Khim. 33, 2096 (1959). 


(1959). 


(1961). 


158 (1982). 


93 (1984). 


19. W. Kraus, W. Pietrzycki, P. Tomasik and W. Zawadzki, 
Chem. Scr. 25,243 (1985). 


20. B. D. Batts and E. Spinner, Aust. J. Chem. 22, 2611 
(1969). 


21. E. Kolehmainen, K. Laihia, R. Kauppinen, R. Gawinecki 
and D. Rasata, Magn. Reson. Chem. 31,659 (1993). 


22. E. Kolehmainen, K. Laihia, K. Rissanen, D. Rasata and R. 
Gawinecki, Magn. Reson. Chem. 30,527 (1992). 


23. (a) W. Baran, M. Rudolf and P. Tomasik, Pol. J. Chem. 
60, 429 (1986); (b) A. Thomas and P. Tomasik, Bull. 
Acad. Pol. Sci., Ser. Sci. Chim. 23,65 (1975). 


24. A. E. Tschitschibabin, G. P. Menschikow, Ber. 58, 406 
(1925). 


25. R. Gawinecki, unpublished results. 
26. G. F. Wright, in The Chemistry of the Nitro and Nitroso 


Groups, Part I ,  edited by H. Feuer, p. 613. Wiley, 
Chichester (1969). 


27. W. Czuba and H. Paradowska, Roc:. Chem. 44, 1447 
(1970), and references cited therein. 


28. A. R. Katritzky and J. M. Lagowski, Adv. Heterocycl. 
Chem. 1,311 (1963). 


29. L. Stefaniak, Tetrahedron 32,1065 (1976). 
30. Supplementary Material to Ref. 22. 
31. H. Ritter and M. Kaiser, Magn. Reson. Chem. 31, 364 


(1993). 
32. M. Liu, R. D. Farrant, R. C. Glen, J. C. Lindon, P. 


Barraclough and S. Smith, Magn. Reson. Chem. 29, 1147 
(1991). 


33. R. Anulewicz, T. M. Krygowski, R. Gawinecki and D. 
Rasata, J. Phys. Org. Chem. 6,257 (1993). 


34. E. Piazek, A. Marcinkow and Ch. Stammer, Roc;. Chem. 
15,365 (1935). 








JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 8,696-698 (1995) 


AM1 STUDY OF SINGLE-ATOM PERZ-BRIDGED NAPHTHALENES 
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pen'-Bridged naphthalenes in which the C-1 and C-8 atoms of the naphthalene ring are bonded to a single atom 
in a bridging group Z (Z = CH,, CHBr, C=O, NH, 0, S, S=O and SO,) were studied by the AM1 semi-empirical 
SCF MO method. Although in pen'-naphthalenes bridged by carbon or sulfur the naphthalene structure is 
planar, the corresponding nitrogen- or oxygen-bridged molecules are distorted about 15 and 23", respectively. 
There are significant variations (from 92 to 106") of the C-1-C-9-C-8 angle that is calculated in the cycle 
formed by the bridge. The calculated strain-energy barrier for pyramidal atom inversion in amine 4 and 
sulfoxide 7 are 32.5 and 174 kJmol-', respectively. 


INTRODUCTION 


Single-atom peri-bridged naphthalene compounds 
containing a four-membered carbocyclic or heterocyclic 
ring have two special torsional constraints and have 
interesting structural features. I-' In these molecules the 
C-1 and C-8 atoms are bonded to a single atom in a 
bridging group Z. The presence of the four-membered 
ring imposes steric and electronic effects on the naphth- 
alene system. Compounds of this type are therefore of 
interest. 


I ,  z=cn2 s, z = o  


2 ,  Z=CHBr 6,  Z = S  


5 4 


3, z=c=o I, z=so 


4, z= NH 8, z=soz 


There are as yet few examples in which the yeri 
positions of naphthalene have been bridged by one 
atom. The first report on a peri-bridged naphthalene was 
the synthesis of naphtho[l,8-hc]thiete 1,l-dioxide (8) 
in 1965.3 Bailey and Schechter' succeeded in preparing 
the carbon-bridged parent hydrocarbon (1) in 1974. 


' Author for correspondence. 


CCC 0894-3230/95 / 10069643 
0 1995 by John Wiley & Sons, Ltd. 


Despite the successful synthesis of peri-naphthalenes 
bridged by sulfur or carbon, the corresponding nitrogen- 
or oxygen-bridged molecules are not known.5 We report 
here Austin Model 1 (AM1)6 semi-empirical SCF M O  
calculations for compounds 1-8. This computational 
method provides especially reliable results for various 
structural aspects of organic molecules. 


CALCULATIONS 


Semi-empirical calculations were carried out using the 
AM1 method with the MOPAC 6.0 program',' imple- 
mented on a VAX 4000-300 computer. Energy- 
minimum geometries were located by minimizing 
energy, with respect to all geometrical coordinates, and 
without imposing any symmetry constraints. The 
structures of the transition-state geometries were 
obtained using the optimized geometries of the equili- 
brium structures according to the procedure of Dewar et 
al.' (Keyword SADDLE). All structures were character- 
ized as stationary points, and true local energy minima 
and energy maxima on the potential energy surface 
were found using the Keyword FORCE. All energy- 
minima and energy-maxima geometries obtained in this 
work are calculated to have 3 N - 6  and 3 N - 7  real 
vibrational frequencies, respectively. In 
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RESULTS AND DISCUSSION 


Representative structural parameters for peri-bridged 
naphthalenes 1-8, as calculated by the AM1 method, 
are given in Table 1. X-ray structures have been 
obtained on naphthalene12 and two peri-fused naphth- 
alenes 213 and 8.14 The agreement between the 
calculated and the experimental structures is fairly 
good. The most striking features of these molecules are 
the changes in bonding parameters in the naphthalene 
moiety on being peri-bridged. The bonds to the Z 
bridge, which might be expFcted to be unusually 
stretched, are only about 0.04 A longer than a C-C or 
C-X ( X = O ,  N, S) single bond, and their lengths are 
similar to those in planar four-membered rings.2 Distor- 
tions in a molecule are rarely concentrated in one degree 
of freedom. The general reason for this is that the 
energy of the distortion is approximately quadratically 
dependent on the size of  the distortion. The sum of the 
squares of several small numbers is always much 


smaller than the square of the sums, so there will be a 
number of small distortions rather than a large one. 
Therefore, the strain due to the bridging of the peri- 
positions is not concentrated solely in the Z-C-l and 
Z-C-8 bridge bonds, but rather is expressed by adjust- 
ments, particularly in bond angles, throughout the 
molecules. This feature may account for the unexpected 
thermal stability of some of these systems. 


The interatomic distance between the C-1 and C-8 
positigns in naphthalene is calculated by AM1 to be 
2.28 A. The net effect of  bridging the peri-positions has 
been to compress that portion of the naphthalene 
nucleus directly connected to the bridge and to cause the 
opposite side of the molecule to expand. The ratio ( R )  
of C-4-C-5 to C-1-C-8 interatomic distances in the 
peri-bridged systems 1-8 may be considered as a 
criterion for their stabilities. For R greater than ca 1.3, 
as in 4 and 5 ,  the peri-bridged system is highly strained. 
Compounds 1-3, with R values of about 1.25, are 
fairly stable. The bridged sulfide 6 and its oxides 7 and 


Table  1. Calculated structural parameters" and energies in compounds 1-8 


Naphthalene 1 ,Z=CH2 2,Z=CHBr 3 , Z = C O  4 ,Z=NH 5 ,  Z = O  6 , Z = S  7 ,2=SO 8 , Z = S 0 2  
Parameter D2h c2 ,I C, CZ" cr C2S c, C," c, CZ,. c2 ,I 


Bond length [ A )  
c- 1 -z - (-) 
c- 1 -c-2 1.37 (1.36) 
c- 1 -c-9 1.42 (1.44) 
c-2-c-3 1.42 (1.42) 
c-3-c-4 1.37 (1.36) 
c-4-c-10 1.42 (1.43) 
c-9-c-10 1.42 (1.41) 


Bond angles [") 
z-c-1-c-9 - (-) 
C- 1 -Z-C-8 - (-) 
c- 1 -c-2-c-3 120 (120) 


C- 1 -C-9-C-8 122 (122) 
c-2-c- 1 -c-9 120 (120) 
c-2-c-3-c-4 - (-) 
c-3-c-4-c-10 - (-) 
C-4-C- 10-C-5 - (-) 
C-4-C- 10-C-9 - (-) 


C-1-C-9-C-10-C-5 180 (180) 


c- 1 -c-9-c- 10 119 ( 1  19) 


Torsion angle (") 


Non-bonded distance ( A )  
C-1-C-8 2.48 (2.48) 
c-4-c-5 2.48 (2.48) 


Energy 
AH; ' - (-) 
AH?. ' - (-1 


1.55 
1.36 
1.43 
1.44 
1.38 
1.43 
1.37 


88 
87 


1 I6 
132 
97 


116 
I26 
I20 
137 
112 


179 


2.14 
2.66 


478.9 
- 


1.55 (1.57) 
1.36 (1.36) 
1.43 (1.37) 
1.44 ( 1.43) 
1.38 (1.38) 
1.43 ( 1.42) 
1.37 (1.38) 


88 (89) 
87 (83) 


116(115) 
132 (131) 
97 (99) 


116 (118) 
126 (125) 
120 (121) 
138 (138) 
I l l  (110) 


179 (180) 


2.13 (2.08) 
2.67 (2.69) 


508.1 (-) 
- (-1 


1.54 
1.36 
1.43 
1.44 
1.38 
1.43 
1.38 


87 
89 


116 
131 
97 


1 I6 
126 
120 
137 
1 1 1  


I80 


2.15 
2.66 


39 1.4 
- 


1.48 1.43 
1.36 1.37 
1.43 1.43 
1.44 1.45 
1.39 1.39 
I .44 1.44 
1.37 1.37 


90 '88 
88 92 


115 115 
132 132 
92 92 


116116 
126 127 
120 119 
139 139 
110110 


164 165 


2.08 2.06 
2.69 2.70 


598.9 63 1.4 
0.0 32.5 


1.46 
1.36 
1.42 
1.45 
1.39 
1.44 
1.37 


91 
87 


114 
131 
90 


1 I7 
127 
119 
I39 
110 


I57 


2.02 
2.69 


513.7 
- 


1.79 
1.36 
1.43 
1.44 
1.38 
1.44 
1.38 


90 
78 


1 I7 
128 
103 
117 
124 
120 
133 
I14 


180 


2.24 
2.62 


430.4 
- 


1.81 1.78 
1.36 1.37 
1.43 1.44 
1.43 1.43 
1.38 1.38 
1.43 1.43 
1.39 1.39 


89 87 
77 80 


118 118 
128 127 
104 106 
117 116 
124 124 
120 120 
132 131 
114 114 


179 177 


2.25 2.29 
2.61 2.60 


278.7 452.7 
0.0 174.0 


1.76 (1.82) 
1.36 (1.37) 
1.43 (1.40) 
1.43 (1.43) 
1.38 (1.38) 
1.43 (1.44) 
1.38 (1.38) 


89 (--) 
79 (74.5) 


1 I8 (-) 
129 (-) 
103 (106) 


124 (-) 
1 I6 (-) 


120 (-) 
133 (133) 
114 (-) 


180 (180) 


2.23 (2.22) 
2.60 (2.61) 


149.6 (-) 
- (-) 


Experimental values are given in parentheses. 
'Heats of formation in  kJ mol -I. 
'The standard strain energy in each geometry of a molecule is defined as the difference between the standard heats of formation (AH?) for the 
geometry and the most stable conformation of the molecule." 
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8, with R values of less than 1.2, are more stable than 
their carbocyclic analogues 1-3. 


The force constants for bending angles are much 
smaller than those for stretching bonds. Thus it is 
noteworthy that some of the internal angles in the 
naphthalene moiety of compounds 1-8 are com- 
pressed to a minimum of 109" or expanded to 134". 
The C-1-C-9-C-8 angle of the four-membered ring is 
compressed to 97" in 1-3, to about 92" in 4 and 5 and to 
103" in 6-8. The C-4-C-10-C-5 angle, on the other 
side of the naphthalene moiety in 1-8, is expanded to 


The variation in the C-C bond distances in the 
naphthalene rings in 1-8 is most easily accounted for on 
the basis that the contribution of the symmetrical 
KekulC structure c to the resonance hybrid of these 
compounds is in fact more important than those of a 
and b. This is in agreement with Clar's rule15 on the 
relative importance of individual KekulC structures, 
which states that the preferred resonance structures are 
those which maximize the number of isolated aromatic 
sextets.I6 


132-142". 


a b C 


Compounds 4 and 7 can undergo pyramidal atom 
inversion. The calculated strain-energy bamer for 
nitrogen inversion in amine 4 is 32.5 kJmol-I, which 
is close to that observed in simple azetidines." Inver- 
sion of the sulfoxide 7 requires about 174 kJmol-I, 
which is consistent with the chiral stabilities of the 
sulfoxides. I' 


As shown in Table 1, the C-1-C-9-C-10-C-5 torsion 
could be regarded as a measure of non-planarity of the 
peri-bridged naphthalenes 1-8. The naphthalene 
structure of peri-naphthalenes bridged by carbon (1-3) 
or sulfur (6-8) is essentially planar with the C-1-C- 
9-C-10-C-5 torsional angle being about 0-1". Thus, 
buckling of these molecules is only barely significant. 
However, the corresponding nitrogen- or oxygen- 
bridged molecules are fairly distorted by about 15-23", 
respectively. The Z-C-1 and Z-C-8 bonds in these 


molecules are considerably shorter than those in carbon- 
or sulfur-bridged systems. 


In conclusion, it can be said that in naphthalenes 
which are bridged in the peri-position by one atom, the 
imposed strain is reflected by changes in the bond 
angles and, to some extent, by changes in bond lengths, 
rather than deformation of  the aromatic nucleus. The 
stabilizing effect of the planar n-system makes the 
formation and existence of  extremely strained 
molecules such as 1 , 2 , 6 , 7  and 8 possible. 
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SOLVATION EFFECTS ON THE RELATIVE BASICITY OF 
PROPY LAMINES 


ALLAN D. HEADLEY,' STEPHEN D. STARNES, ERIC T. CHEUNG AND PATRICIA L. MALONE 
Texas Tech University, Lubbock, Texas 79409-1 061, USA 


Slight structural molecular variations are known to affect different properties of compounds. In solution, 
different solute-solvent interactions are known also to alter the properties of numerous compounds. 
Quantitative structure-activity relationships (QSAR) are used regularly to analyze and predict the variations of 
different properties of compounds that are caused by structural variations and significant solute-solvent 
interactions. The relative basicities of n-propylamine, dipropylamine and tripropylamine were determined in 
nine different solvents from potentiometric titrations. QSAR that were developed from these experimental 
basicity values were used to evaluate the type and significance of the solute-solvent interactions. The important 
interactions that influence basicity variations for the propylamines studied are dipolarity-polarizability 
interaction between the solute and the solvent and hydrogen bonds from the propylammonium ions to basic 
solvents. The role of hydrogen bonds from the propylamines to acidic solvents is minor. 


INTRODUCTION 


The nature and extent of solute-solvent interactions can 
alter tremendously various properties of some com- 
pounds. Another factor that modifies the property of 
compounds in a particular solvent is structural variations 
of the solutes, The search for a better understanding of 
the effects that these factors have on property variations 
has been an active area of research'. Owing to the 
increased use of different solvents in today's research, 
knowledge of possible solute-solvent interactions for a 
wide range of solutes and solvents is needed in order to 
be able to predict effectively any property variations that 
are caused by these interactions. Quantitative 
structure-activity relationships (QSAR) are used 
regularly to relate property variations of different 
compounds with significant solute-solvent interactions.* 
For QSAR, the assumption is made that quantitative 
relationships exist between microscopic features and 
macroscopic properties of molecules. In cases where a 
specific property is examined, as in this study, the term 
that is often used is quantitative structure-property 
relationships (QSPR). 


In order to make effective predictions of the property 
of compounds, identification and, most important, 
quantification of solute-solvent interactions must be 
accomplished. These tasks are extremely difficult. 
Owing to the complexity of the structure of solvents, 


* Author for correspondence 


numerous interactions between solutes and solvents are 
pos~ib le .~  Over the years, various solute-solvent 
interactions have been recogni~ed,~ but those identified 
by Kamlet, Taft and co-workers have been used widely 
for the prediction of the properties of a number of 
compounds by QSAR technique.' The important 
solute-solvent contributions to property variations of 
compounds can be expressed by 


property = bulk/cavity term 
+ dipolarity-polarizability term( s) 
+hydrogen bonding term(s) + contant (1) 


The bulk term is a measure of the energy that is needed 
to overcome the cohesive solvent-solute interactions to 
form a cavity for the solute molecule. The 
dipolarity-polarizability terms are measures of the 
energies of solute-solvent dipole and induced dipole 
interactions which contribute to solvation. Hydrogen 
bonding terms measure specific interactions between 
solvent and solute. These terms reflect the ability of the 
solvent to accept a hydrogen bond(s) from the solute, 
which is described as the hydrogen bond acceptor 
basicity (HBAB), and the ability of the solvent to 
donate a hydrogen bond(s) to the solute, which is 
described as the hydrogen bond donor acidity (HBDA). 
Descriptors derived from linear solvation energy rela- 
tionships (LSER) are used usually in equation (1). The 
chemical, physical and biological properties of more 
than 200 compounds have been correlated successfully 
by this method.6 
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Descriptors derived by different methods are used to 
generate equations of the format shown in equation ( 1 ) .  
Recently, a descriptor was developed to describe a 
unique solute-solvent interaction that involves dipolar 
amines.’ In this paper, the solvatochromic descriptors 
are used to generate equations of the format shown in 
equation (2) for the basicity of propylamines. These 
equations are used to analyze the different 
solute-solvent interactions that affect the relative 
basicity (SAC) of propylamine, dipropylamine and 
tripropylamine in different solvents. 


where no, a and B represent the solvent’s 
dipolarity-polarizability, hydrogen bond donor ability 
and hydrogen bond acceptor ability, respectively, and 
GAGo represents the intercept, i.e. the relative basicity 
in the absence of solvents. The extent and importance of 
the different solute-solvent interactions are gained from 
the sign and magnitude of the coefficients s, a and 6. 
For a particular solute-solvent interaction that results in 
increased basicity, the coefficient is negative, whereas, a 
large magnitude for a coefficient means that a particuar 
solute-solvent interaction increases the basicity when 
compared with another which has a smaller and less 
significant coefficient. The irregular basicity trend 
observed for alkylamines and ammonia in aqueous 
solution has been known for a long time.’ 
NH, < NMeH, < NMe,H > NMe, is the basicity trend in 
water,’ whereas in the gas hase the trend is 
NMe, >NMe,H >NMeH, >NH,.” With the advent of 
different techniques that are capable of studying reac- 
tions in the gas phase, such as ion cyclotron resonance 
(ICR) spectrometry,” came the possibility of analyzing 
the factors that affect reactions in the absence of solv- 
ents. Based on the results of the study of different gas- 
phase reactions, it became clear that important 
solute-solvent interactions affect different properties of 
compounds. 


Amino acids form a very important category of 
compounds which have an amino functionality and the 
effects that N-alkylation have on the overall properties 
of amino acids are not known fully. N-Alkylated and 
N,N-dialkylated amino acids are very important com- 
pounds in biological chemistry,” and different 
solute-solvent interactions play important roles in their 
i~nization.’~ Thus, knowledge of the solute-solvent 
interactions that affect the basicity of the propylamines 
in this study will lead to a better understanding of the 
solute-solvent interactions that affect the tautomeric 
equilibrium of N-alkylated amino acids. 


6AG = sn’ + aa + bb + BAG, ( 2 )  


method for potentiometric determinations of the basi- 
city of the propylamines is similar to that described 
e1~ewhere.l~ Each basicity measurement was repeated at 
least three times, and the basicity reproducibility is 
within f0.05 pK unit. The changes in relative Gibbs 
free energies, shown in Table 1, were determined from 
the relationship dAG= -RT(ln K ) ,  where all values 
are relative to diethylamine. Regression analyses 
were accomplished by the use of a computer program 
developed by Dr R. M. Doherty based on Ref. 15. 


RESULTS AND DISCUSSION 


Table 1 shows the basicity variations of propylamines in 
the gas phaseI6 and in different solvents. The basicity 
values shown in Table 1 are relative to diethylamine; the 
equilibrium is 


PrnNH+c.,-n) +EbNH Pr,N+Et,NH,’ (3) 


where n = 1, 2 or 3. 
Propylamines with positive basicity values are less 


basic than diethylamine and propylamines with negative 
basicity values are more basic than diethylamine. The 
basicity trend shown in Table 1 indicates that dipro- 
pylamine is the most basic amine in all the solvents 
used, except in DMSO, where propylamine is the most 
basic amine. Since the trend for the solution basicity is 
different from that for the gas-phase basicity, the nature 
and significance of solute-solvent interactions may be 
important, especially in DMSO. In this paper, 
dipolarity-polarizability and hydrogen bonding contri- 
butions that affect the basicity variations of 
propylamine, dipropylamine and tripropylamine are 
analyzed by QSAR. The correlation, coefficients and 
statistics for each relationship are given in Table 2. 


Table 1. Solvent solvatochromic parameters” and the relative 
basicities (dAG) of propylarnines in the gas phase and various 
solvents, (values are in kcal rnol-’ at 298 K and relative to 


diethylamine) 
~ 


Solventb n* a /I PrNH, Pr,NH Pr,N 


(Gas)‘ 
AQ 
MeOH 
EtOH 


EG 
DMSO 
AN 
NB 
NM 


2-PrOH 


-1.1 - - 6.8 -2.3 
1.09 1.17 0.18 0.61 -0.03 
0.60 0.98 0.62 0.47 0.29 
0.54 0.86 0.77 0.38 0.23 
0.46 0.78 0.90 0.56 0.31 
0.92 0.92 0.52 0.48 0.40 
1.00 0.00 0.76 0.30 1.02 
0.76 0.15 0.31 1.24 0.00 
1.01 0.00 0.39 0.75 0.29 
0.85 0.23 0.37 1.00 0.00 


-8,7 
0.44 
1.39 
1.56 
1.11 
2.11 
2.61 
0.83 
1.11 
0.88 


EXPERIMENTAL 


Anhydrous solvents and propylamines were used in 
their purest commercial form as oreceived and were 
stored over molecular sieves ( 4 A )  until used. The 


~ ~ ~~ ~ ~ ~ 


‘From ref. 23. 
(Gas), gas phase; AQ, water; MeOH, methanol; EtOH. ethano!; 2- 


h O H ,  propan-2-01; EG, ethylene glycol; DMSO. dimethyl sulfoxide; 
AN, acetonitrile; NEi, nitrobenzene; NM, nitromethane. 
‘ Gas-phase basicity values are taken from Ref. 16. 
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Table 2. Coefficients for the correlation equations for the basicity of propylamines: 6AG = J& + aa + bB + SAGo 


Amine S a b 6AGo N R F s.d. 


Pr,NH 1.0 -C 0.1 -0.1 CO.1 1.4 C 0.2 -1.2 c 0.1 10 0.993 144 0.1 
PrNH, -2.4 * 0.2 -0.6 C 0.2 -2.3 ? 0.3 4.1 C 0.2 10 0.995 179 0.3 


P r J  3.9 * 0.3 0.2 k 0-5 4.3 -C 0.7 -4.2 C 0.4 10 0.991 111 0.5 


Each coefficient is accompanied by its standard error 
(i); the correlation coefficient ( R ) ,  F statistic ( F )  and 
standard deviation (s.d.) of the equations are given. All 
nine solution-phase basicities and the gas-phase basicity 
were used for the determination of the coefficients in 
Table 2. The solvent solvatochromic parameters, which 
are given in Table 1, were used to generate the MLR 
equations. 


Dipolarity- polarizability 
The dipolarity-polarizability term is a measure of the 
energies of the solute-solvent interactions that are 
caused by the dipolar interactions or by induced dipolar 
interactions which contribute to solvation. These inter- 
actions are sometimes referred to as non-specific 
interactions. Since the basicity is dictated by the nature 
of the equilibrium species, the solute-solvent interac- 
tions of all equilibrium species shown in equation (3) 
must be examined. Non-specific solutet-solvent interac- 
tions that involve Pr,N and EtJW are expected to be 
minimal owing to the neutrality of the solutes. On the 
other hand, non-specific solute-solvent interactions of 
PrnNH+(4_,) and EbH; are expected to be substantial 
owing to the charge of these ions. 


For PrnNH+(4-n) ions, the magnitude of the charge 
that resides on the ion is dictated by the value of n. 
When n = 1, the charge on the propylammonium ion is 
less than the charge on the ion when n = 2  or 3. The 
reduction of the charge is caused by another form of 
solute-solvent interaction, which will be discussed in 
the following sections. It is evident from the ML.R 
equations (Table 2) that the strongest interaction is 
between the solvent and the tripropylammonium ion. 
The largest coefficient of the dipolarity-dipolarizability 
interaction is for the basicity of tripropylamine. For 
these propylamines, ion-pairing apparently does not 
contribute to basicity variations. The goodness of the fit 
for the MLR with DMSO excluded is essentially the 
same as that with its inclusion. DMSO is a polar solvent 
and ion- airing is expected to be minimal in such 


From the correlation equations shown in Table 2, the 
sign of the dipolarity-polarizability coefficient is 
negative for propylamine, but changes to a positive 
value for the basicity of dipropylamine and tripro- 
pylamine. For the basicity of propylamine, non-specific 
interactions that involve the propylammonium ion, and 


solvents. I? 


diethylammonium ion must be examined. Compared 
with the propylammonium ion, the diethylammonium 
ion is expected to have a slightly larger residual charge, 
owing to fewer modes of specific solvation (see the 
next section). As a result, non-specific solvation of the 
diethylammonium ion is more important than that of the 
propylammomum ion. As a result, a negative coefficient 
for this property is obtained. For the basicity of dipro- 
pylamine, the coefficient for the polarity-polarizability 
effect is positive and slightly greater than zero. The 
magnitude and sign of this coefficient imply that the 
reverse of equilibrium (3) is favored by this effect. 
Owing to the slightly larger size of a propyl group 
compared with that of an ethyl group, inherent stabiliz- 
ation of the dipropylammonium ion by the propyl 
groups is slightly greater than the inherent stabilization 
of the diethylammonium ion by its alkyl groups. It has 
been shown that alkyl substituents, which are polariz- 
able,’* do contribute to the reduction of positive 
character of ammonium ions.” However, this contribu- 
tion is highly attenuated in solution.*’ For the basicity of 
tripropylamine, a similar argument holds for the large 
positive coefficient. Since there are fewer modes of 
specific solvation for the tripropylammonium ion 
compared with the diethylammonium ion, non-specific 
solute-solvent interaction is important for the solva- 
tions of the tripropylammonium ion. As a result, a 
relatively large positive coefficient is obtained from the 
MLR (Table 2). 


Solvent acidity 
Protic solvents interact with solutes that have basic sites. 
This type specific interaction that is created by the 
formation of hydrogen bonds between a solvent mol- 
ecule and a solute molecule is one form of solvation 
that is often referred to as specific solvation. All pro- 
pylamines are similar to diethylamine in that they have 
only one pair of electrons with which to form hydrogen 
bonds to the solvent. As a result, the coefficient for this 
property is ( a  in Table 2) close to zero for the basicity 
of propylamines. The effectiveness of such hydrogen 
bonds depends on the ability of both solvent and solute 
molecules to approach close enough to allow the forma- 
tion of the hydrogen bond. This aspect is significant 
particularly for tripropylamine owing to its bulkiness. 
As the steric congestion around the nitrogen atom 
increases in the order PrNH, < Pr,NH < Pr,N, the 
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existence of significant hydrogen bonding in the case of 
PrNH2, but not the other amines, may well be due to a 
steric effect. As a result, the large standard error for the 
coefficient for the basicity of hipropylamine may 
indicate the steric inhibition to its solvation compared to 
the other propylamines. 


Solvent basicity 
Basic solvents form hydrogen bonds to acidic sites of 
solutes. This form of solvation is the other mode of 
specific solvation. The number of acidic sites differs for 
the different type ammonium ions. Propylammonium 
ion has three acidic hydrogens to which individual 
specific solute-solvent interactions take place. On the 
other hand, hipropylammonium ion, which has only one 
acidic hydrogen, depends strongly on this type specific 
solute-solvent interaction for the dispersal of the charge 
into the solvent. For the basicity of propylamine, the 
coefficient is negative. Since there are two acidic 
hydrogens on the diethylammonium ion (compared with 
three in the reactant) by which the charge can be dis- 
persed into the solvent, the hydrogen bonds to the 
diethylammonium ion are more important for charge 
dispersal than those of the propylammonium ion. For 
the basicity of dipropylamine, solvation of the dipro- 
pylammonium ion and the diethylammonium ion are 
very similar and, as a result, the coefficient is relatively 
small. 


The specific solute-solvent interaction is most 
pronounced for the basicity of hipropylamine. The sign 
is positive, which means that the solvation of the 
tripropylammonium ion is very important compared 
with the diethylammonium ion. There is only one acidic 
hydrogen on the hipropylammonium ion compared with 
the diethylammonium ion, so that the effectiveness by 
which the charge of the tripropylammonium ion is 
dispersed into the solvent depends strongly on the 
interaction of the single hydrogen with basic solvents. 
Owing to the dominance of solute-solvent interaction 
by this mode, the basicity trend is the reverse in DMSO 
compared with the gas phase. Since DMSO is a very 
basic solvent, effective solvation of the primary 
ammonium ion by this mode overshadows any substitu- 
ent polarizability effect. A similar trend is observed also 
for these amines in ethyl acetate,21 which is an aprotic 
dipolar solvent. 


CONCLUSIONS 
For the basicity of propylamines in solution, 
solute-solvent interactions of the ammonium ions with 
dipolar basic solvents play the greatest role in the 
determination of the relative basicities. This observation 
is consistent with that made for the basicity of substi- 
tuted ethylamines, in which it was shown that their 
basicities are very sensitive to the polar, acidic and basic 


nature of the medium.*’ Based on the quality of the ‘fit’ 
of the MLR equations, the solvatochromic parameters 
describe very well the solute-solvent interactions that 
contribute to the basicity variations of propylamines. 
The intercepts of these equations are different and 
represent the basicity of the amines in a solvent-free 
atmosphere. Since the gas phase is not simply a 
medium-free atmosphere, no conclusions regarding the 
relationship between the intercept of the regression 
equation and the gas-phase basicities can be drawn. 
However, the trend shown for the basicity of pro- 
pylamines from the intercept is the same as the 
experimental gas-phase basicity, which suggests that the 
intercepts do reflect, to some extent, gase-phase 
basicity. 
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LIVING POLYMERIZATION OF METHACRYLIC ESTERS WITH 
ALUMINIUM PORPHYRIN INITIATORS. AXIAL LIGAND EXCHANGE 


IN RELATION TO THE POLYMERIZATION MECHANISM 
ACTIVITIES OF ALKYL- AND ENOLATE-ALUMINIUM PORPHYRINS 


TAKUZO AIDAt, HIROSHI SUGIMOTO,* MASAKATSU KUROKI AND SHOHEI INOUE*.t 
Department of Synthetic Chemistry, Faculty of Engineering, University of Tokyo, Hongo. Bunkyo-ku. Tokyo 113, Japan 


Polymerization of methacrylic esters such as benzyl methacrylate using as initiator an-equimolar mixture of 
methylaluminium 5,10,15,20-tetraphenylporphine [(TPP)AlMe] and 2,7,12,17-tetramethy1-3,8,13,18- 
tetramethylporphine [ (EtioP)AIMe] proceeded from both initiators, affording a unimodal polymer of narrow 
molecular weight distribution, although the reactivities of (TPP)AIMe and (EtioP)AlMe are very different from 
each other. 'H NMR studies on a mixture of two different (porphinato)aluminium enolates, the growing species, 
and a mixture of a (porphinato)aluminium enolate and an alcoholate, in the absence and presence of methyl 
methacrylate (MMA or MMA-d,), indicated an acyclic transition state polymerization mechanism by the 
participation of two aluminium porphyrin molecules, where the growing species always exchange their enolate 
ligands whenever it grows. 


INTRODUCTION 


Aluminium porphyrins such as methylaluminium 
5,10,15,20-tetraphenylporphne [ (TPP)AlMe, la], 
upon irradiation with visible light, initiate the living 
polymerization of methacrylic esters, where the grow- 
ing species is a (porphinato)aluminium enolate (lc) 
formed by the conjugate addition of the Me-A1 bond in 
l a  to the monomer [equation (1)].'-* 


M. 
n C=C, 


RO, Me 
RO ,c* Me 


'AI-r''C-(-i-Cf.. (1) 


hv i C02R 


r( 
i- - 


Metal enolates play an important role in carbon-carbon 
bond forming  reaction^,^ for which the reaction 
mechanism involving a cyclic transition state [Scheme 
1-(A)] has been generally a~cepted .~  Exceptionally, an 
acyclic transition state mechanism [Scheme 1-(B)] has 
also been proposed when the metal enolates are used in 
conjunction with Lewis acids such as TiC14,s-7 
Sr~Cl,,~r' BF3.0Eb,7 Ph3CC10,' and CF3S0,SiMe,,9 


where the Lewis acids possibly activate substrates 
through coordination. In the field of synthetic polymer 
chemistry, the group transfer polymerization (GTP) of 
methacrylic esters is a well known example of metal 
enolate-mediated polymerizations, where a cyclic 
transition-state mechanism involving a hypervalent 
silicon intermediate has long been accepted (Scheme 
2).1° This proposal is based on the observation that the 
trialkylsilyl group at the active polymer end exhibits an 
extremely low exchange activity during the polymeriz- 
ation. However, Quirk and Ren" have recently 
reinvestigated GTP of methacrylic esters, and claimed 
that the active-end trialkylsilyl group is easily exchange- 
able intermolecularly during the polymerization. Thus, 
the validity of the GTP mechanism via the cyclic 
transition state (Scheme 2) now needs to be re- 
examined. 


We have also been interested in the exchange activi- 
ties of the growing species in the 
metalloporphyrin-mediated polymerizations since the 
discovery of 'immortal' polymerization (Scheme 3).12 
Immortal polymerization involves a rapid, reversible 
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Scheme 2 


exchange between the growing species and chain 
transfer agents (HX), thereby producing a narrow 
molecular weight distribution (MWD) polymer with the 
number of the polymer molecules exceeding that of the 
initiator molecules. A representative example is the 
immortal polymerization of epoxides using an alcohol 
as chain transfer agent, where the growing alcoholate 
species exchanges with alcohol reversibly and much 
more rapidly than the chain growth [equation @)].I3 In 


n I m l  (t + I) 
Narrow MWD 


Scheme 3 


that the alcoholate-alcoholate 
[equation (3)] 


I 
exchange reaction 


also takes place during the polymerization 
epoxides.I4 Similarly to equation (2), equation (3) 


(2) 


(3) 


of 
also 


takes place much more iapidly than the propagation 
reaction, as evidenced by, e.g., the formation of a 
narrow MWD polyether initiated with a mixture of two 
aluminium porphyrin initiators with different reactivi- 
ties. (Porphinat0)aluminium carboxylates, the growing 
species of the polymerization of four-membered 
lactones,I4 and phenolates" are also susceptible to axial 
ligand exchange. The ligand-exchange activities of the 
aluminium porphyrin family are generally interesting, 
considering the bulkiness of the porphyrin ligand. 


We report here axial ligand-exchange profiles of 
some alkyl and enolate aluminium porphyrins in relation 
to the mechanism of the living polymerization of 
methacrylic esters initiated with alkylaluminium por- 
phyrins [equation (l)]. 


RESULTS AND DISCUSSION 


Polymerization of benzyl methacrylate (BnMA) 
initiated with an equimolar mixture of two different 
aluminium porphyrins, (TPP)AlMe ( la)  and 
(EtioP)AlMe (3a) 


Similarly to the polymerization of epoxides and 
lactones initiated with aluminium porphyr in~ , '~ . '~  the 
rate of polymerization of methacrylic esters under 
appropriate conditions is strongly dependent of the 
structure of the porphyrin ligand. For example, the 
polymerization of benzyl methacrylate (BnMA, 
25 mmol, 100 equiv. with respect to l a ) ,  carried out 
by using (TPP)AlMe (la, 0.25 mmol) as initiator in 
CH,Cl, (10 ml) at 35 "C under irradiation from a 
xenon arc lamp (1>420nm),  proceeded to 100% 
monomer conversion within 6 h [Figure l(A)]. 
However. when (EtioP)AlMe (3a) was used in dace  connection with this exchange process, we have noted \ ,  
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of l a  under the same conditions, the polymerization 
proceeded much more slowly to attain 23 and 60% 
conversion in 6 and 40 h, respectively [Figure 1 (B)]. 
In both cases, the polymers formed were of narrow 
MWD [Figure 2(A) and (B)], and the number-aver- 
age molecular weights ( M J ,  as estimated by gel 
permeation chromatography (GPC) based on polysty- 
rene standards [For evaluating the average molecular 
weights of poly(benzy1 methacrylates), Mws and M,s, 


0 3 6 9 12 " 40 


Time in h 


Figure 1. Polymerizations of benzyl methacrylate (BnMA, 
50 mmol, 100 equiv.) initiated with (A), (TPP)AIMe (la), 
(B) (EtioP)AlMe (3a) and (C) a mixture of la  and 3a (0.5 
equiv. each) in CH2Cl, (10 ml) at 35 "C under irradiation with 
a xenon arc lamp (A 2420 nm). Time-conversion relationships 


55 60 65 Elution Count 


1.8 0.4 0.1 MGPC x 10" 


Figure 2. Polymerizations of benzyl methacrylate (BnMA, 
50 mmol, 100 equiv.) initiated with (A) (TPP)AlMe (la) 
(100% conversion, M , =  15,500, M,/M,= 1.14), (B) 
(EtioP)AlMe (3a) (23% conversion, M, = 3600, M,/M, = 1.18) 
and (C) a mixture of l a  and 3a (0.5 equiv. each) (64% 
conversion, Mn = 12,900, M,/M,= 1.14) in CH,Cl, (10 ml) at 
35 "C under irradiation with a xenon arc lamp (A >420 MI). 


GPC profiles after 6 h 


calibrated by polystyrene standards, were multiplied 
by a factor of 1.7 (molecular weight ratio of benzyl 
methacrylate to styrene)], l7 were close to the values 
expected from the assumption that every initiator 
molecule produces one polymer molecule [Figure 
3(A) and (B)]. 


Figure 1(C) shows the time-conversion curve for 
the polymerization of BnMA initiated with an equi- 
molar mixture of la  and 3a ([BnMA], : [la], : [3a], = 
100 : 0.5 : 0.5) under conditions otherwise identical 
with the above. The polymerization proceeded at an 
intermediate rate between those with l a  and 3a, 
respectively, where the monomer conversion reached 
64% in 6 h [Figure l(C)]. Of great interest to note is 
the fact that the polymer formed with this mixed 
initiator system was also of unimodal, narrow MWD 
(M,/M,,= 1.14) [Figure 2(C)]. As the polymerization 
proceeded, the M,, of the polymer increased linearly 
along the theoretical line expected when l a  and 3a both 
initiate the polymerization, while the Mw/M,, ratio 
remained narrow throughout the polymerization 
[Figure 3(C)]. In this case, if the ligand-exchange 
reaction does not take place, formation of a mixture of 
polymers with different molecular weights (bimodal 
MWD) should result, since the polymer molecule 
initiated from l a  should grow much more rapidly than 
that from lb.  On the other hand, if the ligand- 
exchange reaction takes place and is much more rapid 
than the chain growth, a unimodal, narrow MWD 
polymer should be formed. Therefore, the sharp GPC 
profile of the polymer formed with the la-3a mixed 
initiator system [Figure 2(C)] suggests that the polym- 
erization involves a rapid enolate-enolate exchange 
between the growing species. 


9 I 


0 20 40 60 80 100 


Conversion in X 


Figure 3. Polymerizations of benzyl methacrylate (BnMA, 
50 mmol, 100 equiv.) initiated with (A) (TPP)AIMe (la), (B) 
(EtioP)AlMe (3a) and (C) a mixture of l a  and 3a (0.5 equiv. 
each) in CH,Cl, (10 ml) at 35°C under irradiation with a 


xenon arc lamp ( A  >420 nm). M,-conversion relationships 
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'H NMR studies on the axial ligand exchange 
activities of alkyl- and enolate-aluminium 
porphyrins 
'H NMR studies were made on the ligand-exchange 
activities of the initiating and propagating species, 
where deuterated methyl methacrylates, MMA-d, 


[CD, =C(CD3)C02CD,], and alkylaluminium porphy- 
rins, (TPP)AlMe (la),  (TPP)AlEt (lb),  (TC1PP)AlMe 
(Za), and (TC1PP)AlEt (2b), and (EtioP)AlMe (3a) 
were used. 


As summarized in Table 1, the chemical shift values of 
the axial groups are affected by the structure of the porphy- 
rin ligand. The methylaluminium porphyrins, l a  and 2a, 
exhibit singlet signals due to Al-Me at 6-6.9 and 
-7.Oppm, respectively (entries 1 and 5). Similarly, the 
signals due to the axial ethyl groups in l b  and 2b are 
distinguishable from each other (entries 2 and 6). If the 
axial alkyl groups in the alkylaluminium porphyrin family 
are exchangeable [equation (4)], mixing of, e.g, l b  and 2a 
should furnish a mixture of four d8e.rent alkylaluminium 
porphyrins, la, 2a, l b  and 2b, where l a  and 2b are the 
exchanged products. However, the 'H Nh4R spectrum in 
CDCl, at 22°C of the equimolar mixture of l b  and 2a 
showed a simple superimposed image of the spectra of 
these two complexes, while no new signals assignable to 
la and 2b were detected throughout the observation over a 
period of 1 week. This result indicates that alkylaluminium 
poxphyrins as initiators are not liable to ligand exchange 
reaction [equation (4)]. 


[CD2=C(CD3)CO,CH,] and MMA-dg 


Lt + 9u-, t c-, + Lt I41 
2b 


d 
Taw 


i 
m 


2. 1. 


d 
Taw 


i 
TPP 


l b  


Next, the exchange activities of the growing enolate 
species were likewise studied by using living methacry- 


late oligomers, lc-d,, lc-d,, 3c-d, and 3c-d,, prepared 
from the polymerizations of MMA-d, and MMA-d, 
initiated with la  and 3a (from 
(MMA],/[initiator], = 10, 100% conversion), respect- 
ively. Here, the enolate groups in lc-d, and 3c-d, are 
clearly distinguishable from each other by the character- 
istic OMe signals (Table 1, enhies 3 and 7), whereas 
those in lc-d, and 3c-d, are NMR silent. Therefore, 
C6D6 solutions of Ic-d, and 3c-d, were mixed. If the 
axial ligand exchange takes place between these two 
enolate species, lc-d, and 3c-d, should be newly 
formed [equation (5)]. 


F h  m, ha, FD3 CD, 


C-G.',+L,+ I "-F,+L-+.. I 
corcol 


INMR-.W 


' d  colw, 
Em? 


1 C . h  


i 
Tcc 


nsm, ,m , p.09 "1 m, 
"-F,+?*t, I (51 - ?-6.".,,++ 


colcn, 
E b c  


3-4 


' d  i macm 
n.? 


lo* INMR-.W 


However, throughout the observation over a period of 50 h 
at 35"C, no new signals assignable to 3c-d, appeared, 
while the signals due to lc-d, remained unchanged in 
intensity (Figure 4). No enolate exchange was also the 
result when the sample was continuously exposed to visible 
light (L>420 nm) for 50 h at 35 "C. Therefore, differently 
from (porphinato)aluminium alcoholate, phenolate and 
carboxylate complexes having A-0 bonds but similarly 
to (porphinato)aluminium alkyls, the enolate complexes, 
l c  and 3c, are very reluctant to undergo ligandexchange 
reaction. [Contrary to this result, a reversible 
enolate-enolate exchange was observed for (por- 
phinato)aluminium enolates derived from  ketone^.'^] 


This observation is inconsistent with what was 
expected from the results of the polymerization of 
benzyl methacrylate (BnMA) with the la-3a system, 


Table 1. 'H Nh4R data for aluminium porphyrins (C,D,, 22 "C) 


Entry Data" Entry Data" 


1.' ON-Cnr lid 


6.6.9 


2.. O N - - C H ~ - C H ~  l lb l  


6 4 . 4  6-3.4 


5.. TTCIPIN-CHa (2.) 


6.7.0 


6.' TTcIp)N-cll~-Cn, r2bl 


64.5 63.5  


6 0 .53 .O.s l  6 0.18.0.33 


60.82 - 1.02 


colacl colt% 


4. m u - o - ~ z - c + - ~ z  -%+ I t e )  a -N-o-cwr-cm+-wz-ctta+ (k) 
64.48 60.61 6 -0.- 6 0.44 


TF'P = tetraphenylporphinato; TClPP = tetrakis-(4'-chlorophenyl)porphinato; EtioP = etioporphyrinato. 
*in CDCl,. 
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Figure 4. 'NMR spectrum in C p 6  at 22°C of an equimolar 
mixture of the living oligomers of lc-d,  (from [MMA- 
ds]o/[la]o = 10, 100% conversion) and 3c-d, (from [MMA- 
d8]o/[3a]o= 10, 100% conversion) after 72 h on mixing at 


35 OC 


where a narrow MWD polymer with a degree of polym- 
erization close to [BnMA]-J[la + 3a], [Figure 2(C)] 
indicates the occurrence of a rapid enolate exchange 
between the growing species. Taking this discrepancy 
into consideration, we investigated the system of an 
equimolar mixture of lcd, and 3c-d, in the presence of 


C6D,. If the monomer is capable of promoting a direct 
enolate exchange between the growing species by, e.g., 
coordination to the central aluminium atom [equation 


h'fh4A-d~ ([MMA-$1, : [Ic-~,] ,  : [k-d,], = 10 : 1 : 1) in 


lc-d, and 3c-d,, should be newly formed. (Back-side 
coordination of Lewis bases such as 1 -methylimida- 
zole to aluminium porphyrins [ (porph)AlX], producing 
six-coordinate aluminium porphyrin species, eventually 
leads to enhancement of the nucleophilic reactivity of 
the A1-X bond." As for coordination of MMA to 
aluminium porphyrins, slight upfield shifts for the 
MMA signals were observed by 'H NMR when the 
aluminium porphyrin was highly Lewis acidic 
(lTP)AlCl (Id), whereas the shifts were not detect- 
able for less Lewis acidic enolate and alcoholate 
complexes.} When the above mixture was set at 35 "C 
under irradiation with visible light (A>420 nm), 
consumption of MMA-d, (monomer consumption was 
monitored by gas chrornotography) and the decrease in 
intensity of the enolate OMe signal due to lc-d, 
[Figure 5(A)] were observed with time as a result of 
the nucleophilic attack of the enolate group in lc-d, to 
MMA-d,, whereas no new signals assignable to 3c-d5 
were detected [Figure 5 (B)] throughout the observa- 
tion over a period of 60 h. This result rules out the 


possibility of a direct enolate exchange in the presence 
of a methacrylate monomer. 


Another possibility to result in the enolate exchange 
is a migratory chain growth mechanism via an acyclic 
transition state (Scheme 4), where the enolate growing 
species reacts with the activated monomer on coordina- 
tion to the aluminium atom in another aluminium 
porphyrin molecule. If this mechanism is true, the 
results in Figure 5 using MMA-d, as the monomer are 
reasonable, since the migratory chain growth in that 
case always produces NMR-silent enolate species (lc-d: 
and 3c-di). Therefore, we investigated the possibility 
of this migratory chain growth mechanism (Scheme 4) 
by using an equimolar mixture of the enolate species l c  
(from [MMA],/[la],= 15, 100% conversion) and 
alcoholate species 3e (from [epoxyethane lo/ [3d lo = 15, 
100% conversion, entry 8 in Table 1) in the presence of 
MMA ([MMA],: [lc],: [3e], = 15 : 1 : 1) in C6D6. The 
reactivity of the alcoholate species is different from that 
of the enolate species as it has no ability to attack 
MMA, but the Lewis acidic characteristics of the 
aluminium atoms in these two aluminium porphyrin 
complexes are considered to be not much different from 
each other. Therefore, if the polymerization of MMA 
proceeds via the acyclic transition state assisted by 3e 
(Scheme 5), the enolate group bound to (EtioP)Al (3c) 
and the alcoholate group bound to (TPP)Al (le) (entry 
4 in Table 1) should be newly formed as a consequence 
of the migratory attack of the enolate group on the 
MMA molecule coordinated to 3e. On the other hand, if 
the polymerization is not accompanied by the enolate 
group migration, only the enolate group bound to 
(TPP)Al (lc) and the starting alcoholate species (3e) 
should be detected. Prior to this experiment, the system 


40 - 


20 - 
(B) 


0 a a a I I I  
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Figure 5. Polymerizations of methyl methacrylate-d, (MMA- 
d,, 10 equiv.) initiated with an equimolar mixture of lc-d,  and 
3c-d, in C6D6 at 35 "C under irradiation with a xenon arc lamp 
(1>420 nm). Change in the mole fractions of the enolate 


species, (A) lc-d, and (B) 3c-d, with time 
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Scheme 4 


of an equimolar mixture of lc and 3e in the absence of 
MMA was investigated by 'H NMR (C,D,, 35"C), 
where no new signals due to the simple exchanged 
products, 3c and le, were detected both in the dark and 
under irradiation for 200 h. This result excludes the 
possibility of an enolate-alcoholate direct exchange 
path. In contrast, in the presence of MMA under 
conditions otherwise identical with the above, the signal 
assignable to the enolate OMe in 3c and alcoholate Al- 
OCH, in le newly appeared at the expense of lc, 3e 


1.5 equiv. with respect to lc], although the spectrum 
just after the addition of MMA [Figure 6(A)] showed 
only the signals due to lc and 3e at the characteristic 
upfield region (6 0-0-8 ppm). Together with the results 
of the polymerization of BnMA with the la-3a system 
(Figures 1-3) and no direct ligand exchange path 
between lc and 3e, formation of the ligand exchanged 
products, 3c and le, is considered to be a consequence 
of the migratory attack of the enolate group in lc to 
MMA on coordination to the aluminium atom in 3e 


and MMA [Figure 6(B)], at 9% conv6rsion of MMA; (Scheme 5). 


Scheme 5 


k 
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Figure 6. Polymerizations of methyl methacrylate (MMA, 15 
equiv.) initiated with l c  (from [MMA],/[la],= 15, 100% 
conversion) in the presence of an equimolar amount of 3e 
(from [EO],/[3d],= 15, 100% conversion) in C,D, at 35 "C 
under irradiation with a xenon arc lamp (1>420 nm). 'H 
NMR spectra (22 "C) (A) just after the addition of MMA and 
(B) at 9% conversion of MMA (after irradiation for 150 h at 


35 "C) 


CONCLUSION 


The polymerization of methacrylic esters initiated with 
alkylaluminium porphyrins proceeds via an acyclic 
transition-state mechanism (Scheme 4) by the simul- 
taneous participation of two aluminium porphyrin 
molecules. We have already proposed a similar chain- 
growth mechanism for the ring-opening polymerization 
of a six-membered lactone via a (porphinato)aluminium 
alcoholate growing species, where one of the 
aluminium porphyrin molecules functions as monomer 
activator for the nucleophilic chain growth. This 
mechanism is considered also to be operative for our 
recent discovery of the Lewis acid-assisted high- 
speed living polymerization of methacrylic esters 
initiated with aluminium porphyrins, where the Lewis 
acid component acts as a monomer activator through 
coordination. l9 


EXPERIMENTAL 


Materials. 5,10,15,20-Tetraphenylporphine (TPPH,) 
was synthesized from pyrrole and benzaldehyde in 
refluxing propionic acid. The crude product was recrys- 
tallized from CHC1,-MeOH to give TPPH, as purple 
crystals in 20% yield." In a similar way, 5,10,15,20- 


tetrakis-(4'-chlorophenyl)porphyrin (TCIPPH,) was 
synthesized from pyrrole and 4-chlorobenzaldehyde. 


2,7,12,17 -Tetraethy1-3,8,13,18-tetramethylporphine 
(etioporphyrin I, EtioPH,) was synthesized from tert- 
butyl-4-ethyl-3,5-dimethylpyrrole-2-carboxylate via a 
dipynomethene intermediate." The crude product was 
subjected to column chromatography on silica gel using 
CH,CI,-hexane (1 : 2) as eluent. A fraction with a 
reddish purple colour was collected and evaporated to 
dryness, and the residue was recrystallized from 
CHC1,-MeOH (1 : 2) to give EtioPH, as reddish purple 
crystals in 30% yield. 


Methyl methacrylate (MMA) and benzyl methacry- 
late (BnMA) were fractionally distilled under reduced 
pressure over CaH, in a nitrogen atmosphere. 


Fully deuterated methyl methacrylate (MMA-d,) was 
prepared as follows.22 To a D,O solution (82.6 ml) of 
NaCN (0-96 mol) was added acetone-d, (0.68 mol) at 
room temperature, followed by a mixture of D,O 
(88.3 ml) and D2S04 (62.6 g, 0.63 mol) at 0°C. The 
resulting mixture was stirred at the same temperature 
for 1 h and the ether extracts combined were dried over 
MgSO, and subjected to fractional distillation under 
reduced pressure, affording acetone cyanohydrin-d, in 
63% yield (39.4 g). The acetone cyanohydrin-d, thus 
obtained was added dropwise at 60 "C to H,SO, (34.1 g, 
0.35 mol) containing fuming H,SO, (15.1 g) in the 
presence of a mixture of metallic Cu (1.5 g) and CuCl 
(0.5 g), and the mixture was stirred at 140°C. After 
1 h, the reaction mixture was allowed to cool to 100°C 
and MeOH-d, (0.78 mol) was added. The mixture was 
stirred for 20 h at the same temperature and then 
allowed to cool to room temperature. The organic layer, 
separated on addition of water (49.6 ml), was dried 
over molecular sieve 4A and fractionally distilled under 
nitrogen, affording MMA-d, in 10.4% yield (4.8 g), 
which was further distilled in the presence of Et,Al 
under nitrogen prior to use. Partially deuterated methyl 
methacrylate (MMA-d,) was prepared from acetone 
cyanohydrin-d, and MeOH similarly to the preparation 


Epoxyethane (ethylene oxide, EO), stirred with a 
mixture of KOH and CaH, at room temperature, was 
subjected to several thaw-to-flow cycles and distilled 
into a trap cooled in a liquid nitrogen bath. 


CH,Cl,, after treatment with concentrated H,S04, 
was neutralized with aqueous NaHCO, followed by 
washing with water, dried over CaCl, and fractionally 
distilled over CaH, under nitrogen. CDCl, was fraction- 
ally distilled after refluxing over CaH, under nitrogen. 
C,D, was fractionally distilled over Na wire in the 
presence of benzophenone ketyl under nitrogen. 


Me,A1, Et,A1 and ClEbAl were fractionally distilled 
under reduced pressure in a nitrogen atmosphere. 


of MMA-d,. 


Preparation of alkyl- and chloro-aluminium porphy- 
rins. Methylaluminium porphyrins, la-3a, were 
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prepared by the reaction of Me,AI and the correspond- 
ing free-base porphyrins as  follow^.'^ To a 100-ml 
round-bottomed flask fitted with a three-way tap, 
containing a CH2CI2 solution (40 ml) of TPPH, 
(0.615 g, 1 mmol) under nitrogen, was added Me,Al 
(0.13 ml, 1 mmol) by a hypodermic syringe and the 
mixture was stirred for 2 h. The reaction mixture was 
evaporated to dryness under reduced pressure, leaving 
la as purple powder. Ethylaluminium porphyrins, lb 
and 2b, and chloroaluminium porphyrins, Id and 3d, 
were prepared by using Et,Al (0.13 ml, 1 mmol) and 
ClEhA1 (0.16 ml, 1.2 mmol), respectively, in place of 
Me,AI. 


Preparation of enolate-aluminium porphy- 
rins. Enolate-aluminium porphyrins, lc, lc -d,, lc-d,, 
3c-d, and 3c-d,, from la and 3a as initiators and MMA, 
MMA-d, and MMA-d, as monomers, were prepared 
according to the following representative procedure. To 
a 50-ml round-bottomed flask attached to a three-way 
stopcock, containing a C6D6 solution of la (0.2 mmol) 
under nitrogen, were added by a hypodermic syringe 10 
equiv. of MMA-d, in a nitrogen stream, and the mixture 
was irradiated with a xenon arc lamp ( A  >420 nm) at 
35°C. After 2 days, a portion of the reaction mixture 
was transferred to a NMR tube (diameter 5 mm) in a 
nitrogen stream and subjected to 'H NMR analysis to 
confirm the complete conversion of la and MMA-d, to 
lc-d, (monomer consumption was monitored by gas 
chromatography). 


Preparation of alcoholate-aluminium porphyrins. 
Alcoholate-aluminium porphyrins, le and 3e, from Id 
and 3d as initiators and EO as a monomer, were prep- 
ared according to the following representative 
procedure.23 To a 50-ml round-bottomed flask attached 
to a three-way stopcock, containing a CH,Cl, solution 
(4 ml) of Id (0.2 mmol) under nitrogen, was added by 
a hypodermic syringe a CH,CI, solution (1 ml) of EO 
(3 mmol, 15 equiv.) in a nitrogen stream. After 2 days, 
the polymerization mixture was evaporated to dryness, 
leaving le as a reddish purple, viscous liquid, which 
was dissolved in C6D6 and subjected to 'H NMR 
analysis. 


Polymerization of benzyl methacry- 
lates. Polymerizations of benzyl methacrylate (BnMA) 
initiated by using la, 3a, and an equimolar mixture of 
la and 3a were carried out according to the following 
representative example. To a 100-ml round-bottomed 
flask attached to a three-way stopcock, containing a 
CH2CI, solution (10 ml) of a mixture of la and 3a 
(0.125 mmol each) under nitrogen, was added BnMA 
(25 mmol) by a hypodermic syringe in a nitrogen 
stream, and the mixture was irradiated with a xenon arc 
lamp (A>420 nm) at 35 "C. An aliquot of the reaction 
mixture was periodically removed with a syringe in a 


nitrogen stream, and subjected to 'H NMR analysis to 
determine the monomer conversion and to GPC for 
evaluating the average molecular weights (M", M,) of 
the polymer produced. 


Measurements. 'H NMR measurements were per- 
formed in C6D6 and CDCI, using a JEOL GSX-270 
spectrometer, where the chemical shifts were deter- 
mined with respect to C,H6 (67.40) and CHCI, (67.28), 
respectively, as internal standards. GPC measurements 
were performed at 4OoC on a TOSOH Model 802A 
high-speed liquid chromatograph equipped with a 
differential refractometric detector, using tetrahy- 
drofuran as eluent at a flow rate of 1.0 d m i n - I .  The 
molecular weight calibration curve was obtained by 
using polystyrene standards (TOSOH) M ,  = 2,890,000 
(M,/M,= 1-09), 422,000 (1.04), 107,000 (1.07), 
43,900 (1.01), 16,700 (1.02), 9000 (1.06), 6200 
(1.04), 4000 (1.10) and 2800 (1.05) [For evaluating the 
average molecular weights of poly(benzy1 methacry- 
lates), M,s and N,, calibrated by polystyrene standards, 
were multiplied by a factor of 1-7 (molecular weight 
ratio of benzyl methacrylate to styrene)]. 
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PHOTOHYDRATION REACTION OF 
1 -(p-NITROPHENYL)-5,5-DIMETHYL-1,3-HEXADIYNE 
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Department of Chemistry, Korea Advanced Institute of Science and Technology, 373-1 Kusung-Dong. Yusung-Gu, Taejon 305-701, 


Korea 


Irradiation of l-(p-nitrophenyl)-5,5-dimethyl-1,3-hexadiyne (NDHD) in aqueous sulfuric acid yields 
conjugated allenyl ketones (1 and 2) and B-dicarbonyl compounds (3 and 4). The products 1 and 2 are primary 
photoproducts while 3 and 4 are secondary products formed by thermal hydration of the primary 
photoproducts showing the maximum quantum yield at H, = -1.0. A mechanism involving a synchronous 
addition of hydronium ion (H,O’) to a triplet state of NDHD is proposed. 


INTRODUCTION 
The photohydration of aromatic alkenes, alkynes and 
allenes in aqueous sulfuric acid has been previously 
investigated. In general, these photohydration reac- 
tions are acid-catalyzed and proceed via the S, state to 
give regiospecific hydration products in the Mark- 
ovnikov sense, as do the analogous thermal hydration 
reactions. Exceptions are the in- and p-nitro derivatives, 
which add water via the TI  state in the anti- 
Markovnikov directions.* A mechanism involving a 
synchronous addition of H,O+ to the T, state has been 
proposed for the photohydration of (nitropheny1)- 
acetylenes. The driving force of the reaction was 
proposed to be the enhanced electron-withdrawing 
character of nitro groups in the TI  state. 


10% HzSO. I h” 


Scheme 1 
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The photohydration of conjugated diynes has pre- 
viously been studied in our The 
photohydration of l-phenyl-5,5-dimethyl-1,3-hex- 
adiyne gives three photohydration products (Scheme 1) 
through both S,  and T, excited states.6 An allenyl ketone 
product is obtained as a minor product. The proposed 
mechanism involves the protonation step being the rate- 
limiting step in the formation of acetylenyl ketone 
products. On the other hand, the allenyl ketone product 
is formed by the synchronous addition mechanism of 
H,O’. In this paper, we report the photohydration of 
l-(p-nitrophenyl)-5,5-dimethyl-l,3-hexadiyne, since a 
different reaction mechanism is expected due to the nitro 
effect (electron-withdrawing effect and enhanced 
intersystem crossing efficiency) on the excited state of 
diacety lenes. 


RESULTS AND DISCUSSION 
Irradiation of 1-(p-nitropheny1)J ,5-dimethyl-l,3-hex- 
adiyne (NDHD) in CH,CN-H,O ( l / l ,  v/v) (10% 
sulfuric acid) gave four photoproducts (1-4) (Scheme 


Figure 1 shows the UV absorption spectra of NDHD 
and hydration products in acetonitrile. The absorption 
maximum of compound 2 is shifted to a longer 
wavelength than that of compound 1. The photopro- 
ducts (1 and 2) are conjugated allenyl ketones. The 
asymmetric absorption bands in IR for the allene moiety 
appear at 1944 and 1939 cm-’ in 1 and 2, respectively. 
In the ’H NMR spectra, the allenic protons of photo- 
products 1 and 2 appear between 85.5 and 6.5 p~m. ’ .~  
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1 7%. 2 22% 


3 11% 4 -1% 


Scheme 2 


The photoproducts (1 and 2) are distinguished by the 
chemical shift of allenic protons. The structure of 
allenes is strongly supported by the extreme down-field 
chemical shift of the central carbon atom in I3C NMR 
(6215-216 ppm) and the carbonyl peaks appeared at 
6198 and 203 ppm. In mass spectra, the M' peak at 245 
indicates that the photohydration products are formed 
by the addition of one molecule of water. 


The products (3 and 4) show the M' peaks at 263, 
indicating that they are formed by the addition of two 
water molecules. In 'H NMR spectra, the resonance 
peaks of hydrogen-bonded hydroxy protons in the enol 
form of P-dicarbonyl compounds appear as a broad 
singlet at 615.5-16.5 ~ p m . ~  The olefinic protons appear 
at 65.5-6.5 ppm. The P-dicarbonyl moiety is confirmed 
by the presence of two carbonyl peaks at 
6180-200ppm in I3C NMR. Products 3 and 4 are 


2 
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e 
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Figure 1. UV absorption spectra of NDHD and hydration 
products (1-5) in acetonitrile 


distinguished by the chemical shift differences of 
methylene protons in 'H NMR. 


In order to test the probable thermal hydration of 
NDHD, a control experiment in the dark was carried out 
in 10% and 50% sulfuric acid at room temperature. No 
reaction was observed from NDHD under these 
conditions. 


Thermal hydration in 70% sulfuric acid for 30 
minutes gives the products 3, 4 and 5. The unreacted 
NDHD (16%) is recovered (Scheme 3). 


The products 3 and 4 are the two water molecule 
addition products and compound 5 is a dimerization 
product. Compound 5 shows one olefinic proton as a 
singlet at 86.82 ppm in 'H NMR. In I3C NMR, two sp2 
carbons and one carbonyl carbon appear at 6143.3, 
127.5 and 198.1 ppm, respectively. From the distortion- 
less enhancement by polarization transfer (DEFT) 
experiment, the sp2 carbon at 6143.3 pm is assigned to 
be quarternary carbon, and the sp carbon peak at 
6127.5 ppm to be CH carbon. In mass spectra the 
molecular ion peak is not detected, but the peak shown 
at 246 is half the molecular weight of dimerization 
product, suggesting that compound 5 is the dimerization 
product with symmetrical structure. E,E and Z,Z 
isomers in symmetrical structure are possible. However, 
the two isomers could not be distinguished. 


In 80% sulfuric acid, compound 6 is obtained instead 
of the dimerization product. In I3C NMR spectrum of 
compound 6 ,  two acetylenic peaks and one carbonyl 
peak were confirmed. The thermal hydration of com- 
pound 6 gives compounds 3 and 5. 


P 


6 


The dimerization of olefins in sulfuric acid was 
reported." Carbocations are produced in a reaction 
medium by protonation of  olefins, and attack the 


Y 
NO2 


5 21% 


Scheme 3 
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c P *  


uncharged olefin to produce dimers, trimers and higher 
polymers. The dimerization of compound 6 may be 
proceeded by the similar mechanism. 


The photohydration of NDHD was monitored by 
studying the kinetics of the product formation and 
disappearance rate of the starting materials (Figure 2). 
The data clearly show that NDHD is initially converted 
into 1 and 2. The products 3 and 4 are formed from 1 
and 2. The photohydration of pure 1 and 2 gives 3 and 
4, respectively, supporting strongly that 1 and 2 are 
primary photoproducts, 3 and 4 are secondary products. 


Treatment of the primary photoproducts with 10% 
H,SO, in the dark yields secondary products very 
rapidly and the thermal hydration of primary photopro- 
ducts gives the same results as photohydration, 
suggesting that the secondary hydration is thermal 
process. However, irradiation of  1 (with 254 nm) and 2 
(with 300 nm) in 5% sulfuric acid at -10°C gives 
compounds 3 and 4, respectively, while thermal hydra- 
tion did not proceed at all under the same condition. The 
thermal process, however, is dominant in the photohy- 
drations of 1 and 2 at 350 nm in 10% sulfuric acid at 
room temperature, because of the weak absorbance at 
350 nm and the faster thermal hydration. 


The thermal hydration of (p-nitropheny1)allene has 
already been r e p ~ r t e d . ~  Since (p-nitropheny1)allene is 
thermally stable in 25% sulfuric acid, 83% sulfuric acid 
was used for the thermal hydration. However, conju- 
gated allenyl ketones (1 and 2) in 10% sulfuric acid are 
converted into 3 and 4 very rapidly. The fast thermal 
hydration of allenyl ketones is probably due to the fast 
1,4-addition of H,O+ (Scheme 4) as the unsaturated 
ketones." 


The oxygen effects on the photohydration of NDHD 
are summarized in Table 1. The quantum yields of the 
primary photoproducts (1 and 2) decreased to13% and 
32% in aerated solutions, indicating that triplet excited 


I - - -  4 


Table 1. Oxygen effects on the photohydration of NDHD 


0 @:I 


Photoproducts De-aerated Aerated 


1 1 0.13 
2 1 0.32 


pmpounds  1 and 2 are primary photohydration products. 
Relative quantum yields with respect to de-aerated solutions 


states are involved in the photohydration of NDHD to 
give the primary photoproducts (1 and 2). These results 
are supported by efficient intersystem crossing in nitro 
aromatics. I *  


Photohydration of NDHD (ET = 58 kcal mol-') was 
quenched by 9-fluorenone-1-carboxylic acid (ET = 
50 kcal m ~ l - ' ) . ~ ~  The resulting linear Stem-Volmer 
plot (Figure 3) with a slope (Stern-Volmer constants, 
k,t) of 5400 and 4700 dm3 mol -' in 10% sulfuric acid/ 
acetonitrile/water supported photohydration mechanism 
via the same triplet excited state. 


The photohydration quantum yields were measured as 
a function of acidity for NDHD (Figure 4). The NDHD 
photohydration exhibits a maximum efficiency at 
H,= -1.0 for both primary photoproducts. The other 
example exhibiting a maximum had already been 
reported in the case of (nitropheny1)acetylene.' The 
suggested mechanism involves the nucleophilic attack 
of water, synchronous with proton transfer. The 
decrease or leveling off in photohydration efficiency is 
most likely due to the depletion of  water on going to 
strongly acidic media. 
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Figure 3. Quenching of photohydration reaction of NDHD by 
9-fluorenone-I-carboxylic acid. The compounds 1 and 2 are 


primary photohydration products 
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Photohydration mechanism 
In the triplet excited state, the charge of 1,3-diynes 
seems to be delocalized throughout the conjugate 
system.j A possible charge distribution of the excited 
state is shown in Scheme 4. The previous studies 
showed that the photohydration of I-phenyl-5,s- 
dimethyl-l,3-hexadiyne proceeds through both S, and 
TI excited states, and two kinds of mechanisms are 
involved. The photohydration of I-(1-nauhthvl)buta- 
1,3-diyne gives-the two acetylenyl ketone prodicts via 
both S, and T,  excited states, and the protonation step is 
the rate-limiting step. On the other hand, NDHD reacts 
via the TI  state only, and the allenyl ketone products are 
produced by the synchronous addition mechanism. -2 


r -  - 
The proionation at C, of NDHD is increased in 


hydration of excited State in comparison with hydration 
of ground state. The protonation of ground state is 
dominant at the C, position. However, the photohydra- 


Figure 4. Relative quantum efficiency (Woo) as a function 
of acidity for NDHD. 0' is quantum yield of compound 2 at 


H"= -1.0 


iHt + 
.CH' 


J 
But 


0 2  


Scheme 4 
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tion of NDHD does not give the regiospecific hydration 
product in the anti-Markovnikov sense as nitrophenyl 
alkenes and acetylenes. In general, the degree of 
reverse polarization due to the nitro group appears to be 
greater for the alkenes than the alkynes. It is expected 
that the electron-withdrawing effect of the nitro group 
will be dispersed all over the diacetylene group and will 
be weaker than the effect on the single acetylene moiety. 
Therefore, the triplet excited state of NDHD has a weak 
partial charge character, and cannot produce the 
regiospecific hydration product in the anti-Markovnikov 
sense. 


The primary product in the photohydration of NDHD 
is allenyl ketone, while acetylenyl ketone in the thermal 
hydration. It is suggested that the excited states of 
NDHD have the cumulene type structures. The photo- 
hydration of l-phenyl-5,5-dimethyl-l,3-hexadiyne and 
l-(l-naphthyl)-l,3-butadiynes give the acetylenyl 
ketone products, while the allenyl ketones are produced 
in the photohydration of NDHD. In the photohydration 
of NDHD, the formation of allenyl ketone may be due 
to the synchronous addition of H,O+. In other words, 
the rearrangement of cation 7 to the cation 8 competes 
with the addition of water, and the addition of water is 
faster in the photohydration of NDHD. In l-phenyl- 
and l-(l-naphthyl)-l,3-butadiynes, the rearrangement 
of cation 7 to 8 is fast, and the acetylenyl ketones are 
produced. 


1 + [ ApcwC+-But - Ar-CH=C-CEC-But 


The mechanism may be more clarified by studying 
the substituent effects which is presently under study in 
our laboratory. 


8 


EXPERIMENTAL SECTION 


General methods 
'H NMR and 13C NMR spectra were recorded on Bruker 
AM-300 and Bruker AC-200 spectrometers with chemi- 
cal shifts being referenced against TMS as an internal 
standard or the signal of the solvent CDCI,. Mass 
spectra were determined at 70 eV with a Hewlett- 
Packard 5985A GC/MS by the electron impact (EI) 
method. High-performance liquid chromatography was 
performed on a Waters Associates Model 244 liquid 
chromatography system (Mildford, MA) equipped with 
a Model 6000A solvent delivery system, a Model 440 
UV absorbance detector fixed at 254 nm, and a Model 
U6K universal injector. A Lichrosorb Si-60 column was 
used for preparative analyses. 


Diphenyl-l,3-butadiyne (DPB) and 9-fluorenone- 
1-carboxylic acid were purchased from Aldrich Chemi- 
cal Co. and were used after recrystallization. Solvents 
of reagent grade for chromatography were used without 


further purification. Spectroscopic grade solvents 
(Tedia) were used for HPLC and absorption spectra, 
respectively. 


Synthesis of 
l-(p-nitrophenyl)-5,5-dimethyl-1,3-hexadiyne 
(NDHD) 
p-Nitrophenylacetylene and l-bromo-3,3-dimethyl-l- 
butyne were prepared by the literature m e t h ~ d . ' ~ . ' ~  The 
NDHD was prepared by the Cadiot-Chodkiewicz 
coupling which is a convenient method of preparation 
of asymmetrical polyacetylenes.'6 The NDHD was used 
after recrystallization in MeOH, m.p. 106-107 "C; 'H 


1.24 (s, 9H) ppm; I3C NMR (CDCI,, 50 MHz) 6 147.1, 


28.3 ppm; vmaX (NaCI) 2971, 2232, 1591, 1518, 1340; 
UV (CH,CN),,,,, 319 nm; m / z  227 (M+, 27.6%), 212 


(M') calculated for C,,H,,N02 227.0946, found 


NMR (CDCI,, 200 MHz) 6 8.10 (d, 2H), 7.52 (d, 2H), 


133.0, 129.0, 123.4, 95.3, 79.3, 73.6, 63.2, 30.2, 


(M+-CH,, 34.8%), 165 (M+-CH,NO,, 100%); HRMS 


227.0936. 


Photohydration reaction of 
l-(p-nitrophenyl)-5,5-dimethyl-l,3-hexadiyne 
(NDHD) 
De-aerated 2 mM solutions (water/MeCN)[ 1/1, v/v; 
H2S04 10% (v/v)] of NDHD were irradiated with 
350 nm UV light in a Rayonet photochemical reactor, 
Model RPR-208, equipped with an RUL 350 nm lamp. 
After irradiation for 30 minutes, the reaction mixture 
was extracted with diethyl ether. The organic phase was 
dried over MgSO, and separated by silica gel column 
chromatography using the eluent n-hexane/diethyl 
ether, 6/1 (v/v). The products were purified by normal 
phase HPLC using the following conditions. Eluents: 
(l), n-hexaneldiethy1 ether/methylene chloride (12/1/ 
1, v/v/v); (3), n-hexaneldiethy1 ether/methylene 
chloride (16/1/1, v/v/v); (2, 4), n-hexane/diethyl 
ether/methylene chloride (14/1/1, v/v/v). The com- 
pounds 1 and 3 are obtained as solids and 2 and 4 as 
oils. 1: m.p. 39-40°C; 'H NMR (CDCI,, 200 MHz) B 


5.65 (d, lH, J = 6 . 0  Hz), 1.05 (s, 9H) ppm; I3C NMR 


123.4, 107.2, 96.5, 33.1, 29.9 ppm; Y,,,, (NaCI) 2962, 
1944, 1658, 1602, 1526, 1348, 1277; UV (CH,CN) 
A,,, 265 nm; m / z  245 (M+, 3.6%), 230 (M+-CH,, 
15.5%), 150 (M+-C,H,,, loo%), and 104 (M+- 
C,H,,NO,, 21.9%); HRMS (M') calculated for 
CI4H,,NO, 245.1052, found 245.1070. 2: 'H NMR 


9H) ppm; I3C NMR (CDCI,, 50 MHz) B 2144, 202.9, 
147.1, 138.7, 127.7, 124.2, 97.1, 95.3, 44.7, 26.4 ppm; 
Y,,, (NaCI) 2969, 1939, 1677, 1596, 1518, 1343; 1,,,, 


8.26 (d, 2H), 7.95 (d, 2H), 6.36 (d, lH, J=6 .0  Hz), 


(CDCI,, 50 MHz) 6 215.7, 190.7, 149.8, 142.8, 129.4, 


(CDCI,, 200 MHz) B 8.17 (d, 2H), 7.40 (d, 2H), 6.63 
(d, lH, J = 6 * 4  Hz), 6.53 (d, lH, J z 6 . 4  Hz), 1.22 ( s ,  
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(CH,CN) 296nm; m / z  245 (M', 3.6%), 85 (M+- 
C,H,NO,, 27.8%), and 57 (M+-C,,H,NO,, 100%); 
HRMS (M') calculated for CI4H,,NO, 245.1052, 
found 245.1045. 3: m.p. 58-59°C; 'H NMR (CDCI,, 


6.14 (s, lH), 2.31 (s, 2H), 1.05 (s, 9H) ppm. I3C NMR 


123.8, 99.2, 52.7, 32.1, 30.0ppm; Y,,,, (NaCI) 2957, 
2869, 1619, 1585, 1526, 1474, 1346; A,,,, (CH,CN) 
254.3, 332 nm; tn / z  263 (M+, 4.9%), 207 (M+-C,H,, 
66.8%), 192 (M+-C,H,,, loo%), and 150 (M+-C7H,,0, 
30.8%); HRMS (M') calculated for C,,H,,NO, 
263.1158, found 263.1098. 4: 'H NMR (CDCl,, 


5.59 (s, lH), 3.70 (s, 2H), 1.31 (s, 9H) ppm; 13C NMR 


123.8, 95-41, 45.3, 39.0, 27.2 ppm; Y,,,, (NaCI) 2969, 
1606, 1595, 1521, 1346; A,,,, (CH,CN) 280 nm; m / z  


C,H,NO,, loo%), and 57 (M+-C,,H,NO,, 28.5%); 
HRMS (M') calculated for C,,HnNO, 263.1 158, 
found 263.1 150. 


200 MHz) 6 16.14 (s, lH), 8.28 (d, 2H), 8.02 (d, 2H), 


(CDCI,, 75 MHz) 6 196.5, 181-1, 149.8, 140.9, 128.0, 


200 MHz) 6 15.56 (s, lH), 8.17 (d, 2H), 7.41 (d, 2H), 


(CDCI,, 50 MHz) d 200.2, 191.8, 147.0, 142.7, 130.2, 


263 (M+, 3.6%), 206 (M+-C4H,, 32.3%), 127 (M+- 


Thermal hydration 
A solution of 100 mg NDHD in dioxane was added 
dropwise to 200 mi of 70% H,SO, with rapid stirring. 
The solution was then stirred for 30 minutes. A colored 
solution was obtained and saturated with salt, extracted 
with diethyl ether, washed, dried and evaporated to get 
the crude product. Routine analyses were then camed 
out on this product. The products were purified by 
normal phase HPLC using the following conditions. 
Eluents: 5 :  n-hexaneldiethy1 ether/methylene chloride 
(14/1/1, v/v/v); 6 :  n-hexanelmethylene chloride (2/1, 


9H) ppm; I3C NMR (CDCI,, 75 MHz) 6 198.1, 148.7, 


29.8 ppm; Y,, (NaCI) 2955, 1690, 1587, 1522, 1490, 
1348; A,, (CH,CN) 296nm. 6 :  'H NMR (CDCI,, 


1.09 (s, 9H) ppm; 13C NMR (CDCI,, 50 MHz) 6186.9, 


29.7 ppm; Y,,, (NaCI) 2958, 2209, 1668, 1595, 1524, 
1345; in/z  245 (M+, 0.1%), 189 (M'-C,H,, 100-0%), 
174 (M+-C,H,,, 82.1%), and 128 (M'-C,H,,NO,, 
43.3%); HRMS (M') calculated for C,,H,,NO, 
245.1052, found 245.1036. 


v/v); 5 :  I H NMR (CDCI,, 200 MHz) 6 8.25 (d, 2H), 
7.81 (d, 2H), 6.82 (s, lH), 2.56 ( s ,  2H), 1.06 (s, 


143.3, 138.4, 128.2, 127.5, 123.8, 56.9, 31.8, 


200 MHz) 6 8.23 (d, 2H), 7.69 (d, 2H), 2.60 (s, 2H), 


148.4, 133.4, 126.6, 123.7, 92.2, 86.2, 58.2, 31.9, 


Effect of the medium acidity 
Samples of acetonitriIe/water (1/1, v/v) solutions of 
NDHD in the presence of various concentrations of 
sulfuric acid (0-30%) were purged with nitrogen gas. 
These samples were irradiated at 350 nm. Quantitative 
analyses were carried out by reverse phase HPLC after 


saturation with NaCl, using nitrobenzene as an internal 
standard, Lichrosorb RP-18 (5 Fm), and methanol/ 
water (3/1, v/v) solvent. The amounts of the primary 
photoproducts are calculated from the amounts of 
secondary photoproducts. 


Oxygen effect 
The relative quantum yields of the photoreactions of 
NDHD (2 mM) to give photoadducts (1 and 2) were 
measured in the presence of oxygen (bubbled with 
oxygen) and compared with those obtained in the de- 
aerated condition (degassed by N, bubbling). The 
350 nm UV light in a Rayonet photochemical reactor, 
Model RPR-208, equipped with RUL 350 nm lamps 
was shone for 5 minutes. The quantitative analysis was 
carried out by reverse phase HPLC after saturation with 
NaCI. 


Effect of 9-fluorenone-1-carboxylic acid 
A sample solution [MeCN/water ( l / l ,  v/v); 3 ml] in 
Pyrex ampoules containing various concentrations of 
9-fluorenone-1-carboxylic acid (0-2.5 x mol 
dm-3) and DPB as internal standard were degassed with 
three freeze-pump-thaw cycles with cooling in liquid 
nitrogen and were then sealed. These samples were 
irradiated in a merry-go-round apparatus with 366 nm 
monochromatic UV light. The 366 nm was isolated by 
Corning glass filters #O-52 and #7-37. Quantitative 
analysis was carried out by HPLC using Lichrosorb RP- 
18 (5 pm) and methanol/water (3/1, v/v) solvent. The 
amounts of the primary photoproducts is calculated 
from the amounts of secondary photoproducts. 
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PHOTOISOMERIZATION OF 3-BENZOYLACRYLATES ON A SILICA 
GEL SURFACE: EFFECT OF REACTION ENVIRONMENT ON 


SELECTIVITY 


TADASHI HASEGAWA' AND YUKO YAMAZAKI 
Department of Chemistry, Tokyo Gakugei University, Nukuikitamachi. Koganei. Tokyo 184. Japan 


AND 


MICHIKAZU YOSHIOKA 
Department of Chemistry, Saitama University, Shimo-okubo. Urawa, Saitama 338, Japan 


On irradiation on a dry silica gel surface, 2-(N,  N-dialkylamino)ethyl3-benzoylacrylates undergo selective E-Z 
isomerization. Competing processes, such as remote-hydrogen abstraction via a charge-transfer state, with the 
photoisomerization in solution are completely suppressed on the surface. The yield of the Z- from the E-isomer 
increases with increase in the coverage of the E-isomer on the surface, reaching a limiting value. Thermal 
isomerization of the Z -  to the E-isomer occurs easily on the silica gel surface when the alkyl group on the 
nitrogen atom is small. Benzoylacrylates without any amino group also undergo selective photoisomerization. 


1. INTRODUCTION 
Selectivity in organic reactions is an important problem 
in synthetic and industrial chemistry and any general 
technique by which the course of a reaction may be 
modified is worthy of attention. Recently, photochemi- 
cal processes in heterogeneous systems have attracted 
much interest because of their extensive applications in 
photography, photoresist technology, xerography, 
photopolymerization, chemical synthesis, and the 
storage and conversion of solar energy.'-3 Solid sur- 
faces may be divided into reactive and non-reactive 
surfaces.' Non-reactive surfaces, such as silica and 
alumina, provide an ordered two-dimensional environ- 
ment for effecting and controlling photochemical 
processes more efficiently than can be attained in 
homogeneous solutions.' Dave et aL4 have reported that 
photocycloaddition of allene to a steroidal enone, 
normally occurring from the less hindered a side, was 
directed in part to the more hindered #I side by adsorp- 
tion on the surface of silica gel. We have also reported 
that 2-benzoylcyclohexanones showed a different 
photochemical behaviour on a silica gel surface to that 
observed in solution.' However, the types of photoreac- 
tions observed on the surface are fundamentally the 
same as those seen in solution,6 although large differ- 
ences in the product distributions have been observed in 


* Author for correspondence. 
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some The E-Z photoisomerization of alkenes 
on surfaces'.8 has been reported to occur as in solution, 
but with a low reaction rate and low 2 percentage in 
the photostationary state." Recently, we have reported 
that 2-(N,N-dibenzylamino)ethyl (E)-3-benzoylacrylate 
[(E)-la] underwent photoisomerization in solution to 
give the Z-isomer, which underwent a secondary 
photoreaction via remote hydrogen transfer to give a 
seven-membered azalactone.' The formation of the 
azalactone was not quenched with a diene because of 
the intervention of a charge-transfer intermediate, and 
the intervention facilitates the photocy~lization.~ Since 
the mobility of the adsorbed molecules is greatly 


a;  R - CI+CCqN(CHph), 


b : R - Cl+Cl+N(Ct$Ph)CH3 
c : R - CH&l+N(CH& 


d : R -Cti&HfXHJ 


e : R - CH&ti, 


Scheme 1 
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restricted in the adsorbed state," photochemical pro- 
cesses which require comparatively much more 
conformational mobility may be completely suppressed 
on the surface. The remote hydrogen transfer in (Z)-la 
requires the approach of a remote hydrogen to a 
carbonyl oxygen being governed by conformational 
flexibility and, therefore, is expected to be suppressed 
on the silica gel surface. In this work we studied the 
photochemical behaviour of 3-benzoylacrylates on a 
silica gel surface and we report here on the selective 
photoisomerization of benzoylacrylates on the surface 
(see Scheme 1). 


EXPERIMENTAL 


Silica gel (Merck Kieselgel60, 70-230 mesh) was used 
as received. 3-Benzoylacrylates (E)-la-e were prepared 
according to literature methods.'," A Taika 100 W high- 
pressure mercury lamp was used as an irradiation 
source. 


General procedure for preparative photolysis of 
(E)-la-e on a dry silica gel surface 
Com ound 1 (ca 0.1-0.3 mmol; ca 60% coverage) in 
5 cm of dichloromethane was added to 1 g of silica gel 
in a 50 cm3 round-bottomed flask. The mixture was 
sonicated for 5 min and the solvent was evaporated 
under reduced pressure. The coated silica gel was placed 
in a Pyrex tube (18 x 180 mm). The tube was rotated 
and irradiated for 5 h with a 100 W high-pressure 
mercury lamp. Acetonitrile (20 cm3) was added for 
extraction of organic components and the mixture was 


P .  


sonicated for 10 min. The silica el was separated by 
filtration and washed with 10 cm of acetonitrile. The 
filtrate and washings were collected and then the solvent 
was removed under reduced pressure. Most of organic 
material was recovered by this method (more than 95% 
based on the weight of starting material used). The 
residue was chromatographed on silica gel. Elution with 
benzene-ethyl acetate (for la ,  b and d), acetone ( l c )  
or hexane-acetone ( le )  gave the corresponding Z- 
isomer and the unreacted starting material. The yields 
are summarized in Table 1. The structures of the Z- 
isomers were determined by direct comparison with 
authentic samples'." or on the basis of spectral data. 
However, complete purification of the Z-isomers, (Z)- 
l b  and (Z)-ld, by distillation for elemental analyses 
could not be achieved because of thermal isomerization 
back to the corresponding starting E-isomers by heating. 
Pretreatment of the silica gel by drying at 200°C for 
3 h and use of different kinds of silica gel (Merck 
Kieselgel 60, 230-400 mesh) did not affect the 
photoreaction. 


K 


Photolysis of (E)-la on a dry silica gel surface at 
different coverages and determination of production 
of (Z)-la as a function of irradiation time 
An appropriate amount (ca 0.12 mmol was used for 
rate determination) of (E)-la was dissolved in 5 cm3 of 
dichloromethane and the solution was added to 1 g of 
silica gel in a Pyrex tube (18 x 180 mm). The mixture 
was sonicated for 5 min, then the solvent was evapor- 
ated under reduced pressure. The tubes were rotated and 
irradiated for 2 h or an appropriate time with a 100 W 


Table 1. Yields of photoproducts from 1 


Yields' of photoproducts (%) 
starting Reaction Recovered starting 
compounds medium compound (%) Isomer Others Ref. 


(E)-la On SiO, 


(2)-la On SiO, 


(E)-lb On SO,  


(E)-lc On SiO, 
(E)-ld On SiO, 


(E)-le On SiO, 


In benzene 


In benzene 


In benzene 


In benzene 


In benzene 


23b 
23 
80b 
45 
63b 
36 


loob 
1 2b 
6 


l l b  
3 


-100' 


-lood 


-100' 


0' - 100' 
9' 


-100' 
43' 


63' 1' 9 


14' 9 


- 9', 278 9 


a Conversion yields. 
Percentage at photostationary state. 
(Z)-l .  
(Z)-l .  
4-Benzyl-2-phenacyl-3-phenyl4-aza-6-hexanolide. 
' 4-Methyl-2-phenacyl-3-phenyl4-aza-6-hexanolide. 
2-(N-Benzyl-N-methyl)ethyl-3-benzoylpropionate. 
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high-pressure mercury lamp. The adsorbed material 
was sonicated and extracted with 5 cm3 of acetonitrile. 
To the acetonitrile solution was added 1 cm3 of an 
acetonitrile solution containing a known amount of 
phenanthrene (ca 0.005 mmol) as a calibrant for high- 
performance liquid chromatographic (HPLC) analysis. 
The analyses were performed using a Gasukuro Kogyo 
570B HPLC system with a Model 511 fixed-wavelength 
UV detector (254 nm). An Lnersil ODs-2 column was 
used with acetonitrile-water $7:3., y,/v) as the mobile 
phase at a flow-rate of 0.8 cm min . 


RESULTS AND DISCUSSION 
Irradiation of (,?)-la on a dry silica gel surface with a 
100 W high-pressure mercury lamp gave the isomer 
(2)-la. No photoproducts other than (Z)-la could be 
detected, although a small portion of (E)-  and (Z)-la 
was hydrolysed when they were kept on a dry silica gel 
for a long period under light or even in the dark. The 2- 
isomer was isolated by silica gel column chromato- 
graphy and its structure was determine9 by direct 
comparison with an authentic sample. Similarly, 
irradiation of (Z)-la gave (E)-la as a sole photopro- 
duct. Figure 1 shows the production of (Z)-la in the 
photoreaction on the silica gel surface as a function of 
irradiation time. The photoreaction reached a photo- 
stationary state where 2 to E ratio was ca 4. In contrast 
to the photochemical reaction of (E)-la in solution, 
the surface photoreaction was clean (see Table 1). 
Photochemical processes such as remote-hydrogen 
transfer in the Z-isomer to give a medium-sized azalac- 
tone as observed in solution was completely suppressed 
on the surface. On the other hand, irradiation of (E)-la 
spread over a glass plate in a thin layer, prepared by 
evaporation of the solvent from dichloromethane 


100 I I 
d? t I 


0 5 10 15 20 


Irradiation time / h 


Figure. 1.  Production of (Z)-la as a function of irradiation 
time on the surface photoreaction of (E)-la. A 1 g amount of 


silica gel was used in all runs 


solution or by melting (E)-la on a glass plate, gave a 
complex mixture involving the 2-isomer. These results 
strongly indicate that molecules only adsorbed on the 
dry silica gel surface undergo selective photoisomeriz- 
ation. The interaction between the surface and the 
acrylate molecules must be important for controlling the 
photochemical behaviour of the molecules. The silanol 
and the siloxane groups on the silica gel surface are 
known to be responsible for this interaction and the 
hydrogen bond between silanol and lone pair electrons 
or n-systems is considered to play the most important 
role in controlling the reaction." The selective E to Z 
photoisomerization of 1 on the surface might be due to a 
decrease in conformational flexibility of the acrylate 
molecules on the surface. 


The coverage of the molecules on the surface is an 
important factor for the reaction. The effect of surface 
coverage on the production of (Z)-la was studied using 
samples loading different amounts of (E)-la on 1 g of 
silica gel (Kieselgel 60, 70-230 mesh). The results 
obtained are shown in Figure 2.  The production of ( Z ) -  
l a  increased with increase in the amount of (E)-la 
when the amounts loaded were below ca 0.25 mmol. 
Above this level, the amount of (2)-la produced was 
nearly constant. The surface area of the silica gel was 
494 m2 g-'. Using Dreiding molecular models, the area 
per molecule of (E)-la can be estimated to be ca 
3.8 x lo-'* m', when the molecular coverage may be 
estimated on the basis of space-filling models as ca 
0.22 mmol per gram of silica gel. When the amount of 
(E)-la loaded on the silica gel is over ca 
0.25 mmol g-', multiple layers may be formed. 


Irradiation of 2-(N-benzyl-N-methy1)ethyl 3-benzo- 
ylacrylate [(E)-lb] on the silica gel surface also gave 
the 2-isomer as the sole photoproduct. However, the Z- 
isomer could not be isolated because it changed 


0 
0 1 2 3 4 5 


[ ( E ) - l a ] /  lO"mol/SiO~lg 


Figure 2. Dependence of product formation on the amount of 
starting material in the surface photoreaction of (E)-la on 


silica gel. A 1 g amount of silica gel was used in all runs 
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completely into the E-isomer on passage through the 
silica gel column. The percentages of (2)- and (E)-lb 
in the photostationary state shown in Table 1 were 
determined by NMR analysis. On the other hand, 
irradiation of 2-(NJ”dimethylamino)ethyl 3-benzo- 
ylacrylate [(E)-lc] on the surface gave no photo- 
products. Irradiation of this compound in benzene gave 
an intractable mixture.’ Nh4R analysis showed no 
evidences of the existence of (Z)-lc in the intractable 
mixture. When 3-benzoylacrylates without any amino 
group, (E)-ld and (E)-le, were irradiated on the 
surface, the corresponding Z-isomers were formed as 
the sole photoproducts and could be isolated by column 
chromatography. Although side-reactions occurred on 
irradiation of these compounds in benzene, the reactions 
were almost completely suppressed on the surface. The 
E to Z ratios of la,  d and e before and after passage 
through the silica gel column were the same. Therefore, 
the amino group in the Z-form of the 3-benzoylacrylates 
(Z)-lb and (Z)-lc seems to facilitate the thermal 
isomerization of the Z to E form. The thermal isomer- 
ization occurred easily when the dialkylamino group 
was comparatively small, but the isomerization process 
was negligible in the case of (Z)-la. Therefore, 
anchimeric assistance of the thermal isomerization by 
an amino group may occur. 


In conclusion, a silica gel surface is a good reaction 
environment for controlling reactions. Photochemical 
processes via remote hydrogen transfer, which requires 
comparatively high conformational flexibility, were 
completely suppressed on the surface and the E to Z 
isomerization took place as the sole photochemical 
process. 
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LIVING CARBOCATIONIC COPOLYMERIZATIONS. I. SYNTHESIS 


COPOLYMERS 
AND CHARACTERIZATION OF ISOBUTYLENEIp-METHYLSTYRENE 


I. ORSZAGH,' A. N A G Y ~  AND J. P. KENNEDY 
Maurice Morton Institute of Polymer Science, University of Akron, Akron, Ohio 44325-9309, USA 


The isobutylene (1B)-pmethylstyrene (pMeEt) monomer pair readilyqroduces by living copolymerization 
nearly random copolymers with up to M, = 50,000 g mol-' and MJM, = 1.4. The livingness of the 
copolymerization process and the compositional homogeneity of the copolymers have been demonstrated by the 
following four diagnostic plots: (A) M,, (number-average molecular weight) and corresponding N (number of 
moles of copolymer formed) vs W, (weight of copolymer formed) for the diagnosis of chain transfer; (B) 
-In(l - C )  (C = conversion of monomers) vs time for the diagnosis of termination; (C) copolymer composition 
vs molecular weight; and (D) cumulative copolymer composition vs conversion for the diagnosis of true 
homogeneous copolymers. The theory for the use of the -ln(l-C) vs time plot for the quantitation of 
irreversible termination in copolymerization has been developed. The exact conditions (i.e. nature of reagents, 
reagent concentrations, temperature, etc.) which lead to desirable products in terms of conversion, molecular 
weight, molecular weight distribution (MWD) and copolymer composition, were developed systematically by 
analyzing the results of a large number of experiments. The following combination of chemicals was found to 
lead to living copolymerization, and uniform high molecular weight, narrow MWD copolymers: IB-pMeSt 
97 : 3 mol/mol with 5-tert-butyl-1,3-dicumyl methyl ether (S-tBu-1,J-DiCumOMe) initiator, TiCI, coinitiator, 
ethyl chloride (EtCI) solvent, triethylamine (TEA) electron pair donor (ED) and 2,6-di-tert-butylpyridine 
(DtBP) proton trap at -52, -65 and -85°C. 


INTRODUCTION 


Living carbocationic polymerizations have been repeat- 
edly demonstrated and extensively discussed during the 
early 1990~. '~* Recently, thoughtful authors warned 
against the use of the expression 'truly and 
suggested the use of quantitative parameters (e.g. chain- 
transfer and termination constants) to characterize the 
limits of 'livingness.' Majoros et af.' recognized the 
fundamentally simple manner in which conventional 
and living carbocationic polymerizations are intercon- 
nected, and united these processes into a comprehensive 
closed-loop model. 


In contrast to living homopolymerizations, very little 
information is available on living carbocationic copoly- 
merization, particularly of dissimilar monomers, i.e. 


aliphatic-aromatic monomer pairs. While the living 
random copolymerization of similar (in terms of 
structure and reactivity) comonomers is relatively easily 
a~hievable,~*'' the living copolymerization of dissimilar 
monomers and particularly the synthesis of random 
copolymers is very difficult because the more reactive 
comonomer will tend to homopolymerize and thus 
blocky copolymer segments will be formed."-'3 If the 
reactivity difference between comonomers is large, 
inhibition will arise14 and copolymerization may not 
even O C C U ~ . ' ~ * ' ~  With respect to molecular weights, it is 
well known" that the molecular weights of copolymers 
obtained by conventional processes are strongly 
depressed relative to the corresponding homopolymers, 
probably owing to rapid cross-transfer relative to 
propagation, The synthesis of random copolymers (i.e. 
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copolymers in which the different monomer units are 
distributed randomly along the chain) have been 
claimed only in very few instan~es.~~'~*'* Nonetheless, 
the living random copolymerization of monomer pairs 
having dissimilar reactivities could be of great tech- 
nological intere~t '~.~'  because they may give rise to a 
wide variety of new products with new combinations of 
properties. 


Led by these considerations, we decided to investi- 
gate the living random copolymerization of the 
isobutylene (1B)-p-methylstyrene (pMeSt) monomer 
pair, the conventional (non-living) suspension copolym- 
erization of which by the AICI,-CH,Cl (-90°C) 
system has recently been described by industrial investi- 
gators.2'"-c According to these authors, the reactivity 
ratios of IB and pMeSt are r,,,=O.99 and 
rpMcs, = 1 .43.'lasd IB-pMeSt copolymers are of great 
current interest as starting materials for the latest 
generation of butyl rubbers. 


The main objective of the present research was to 
explore the possibility of living IB-pMeSt copolymer- 
izations and to determine whether random IB-pMeSt 
copolymers could be obtained in the technologically 
meaningful [IB]/[pMeSt] = (90-97) : (10-3) mol/mol 
range. We were able to demonstrate that under well 
defined conditions, living IB-pMeSt copolymerization 
can indeed proceed and that nearly random copolymers 
can be obtained up to &fw/&f, = 1.4. The effects of chain 
transfer to monomer and irreversible termination were 
investigated quantitatively by diagnostic plots. The 
validity of - h ( l  - C) (C=conversion of monomers) 
vs time plots for quantitative analysis of irreversible 
termination in the IB-pMeSt copolymerization system 
was established. 


EXPERIMENTAL 


Materials. The synthesis of 1,3-di(2-methoxy-2- 
propyl)-5-tert-butylbenzene (or 5-tert-butyl-1,3- 
dicumyl methyl ether, S-tBu-l,3-DiCumOMe) was 
carried out by refluxing a solution of 5-tert-butyl-1,3- 
dicumyl alcohol (19.0 g, 0.076 mol) in methanol 
(300 ml) with 98% sulfuric acid (0.004 ml) for 23 h. 
The solution was neutralized with anhydrous N+CO, 
(0.1 g) and most of the methanol (250 ml) was evapor- 
ated at 30°C. The charge was cooled to 20°C and n- 
hexane (100 ml) was added and stirred for 5 min. The 
organic layer was separated and washed four times with 
water (100 ml each time) and dried with anhydrous 
Na,SO, (10 g). The n-hexane was evaporated at ambi- 
ent temperature and the liquid was stored at 5°C 
overnight. The crystals were filtered off and washed 
with n-hexane; yield 14.2 g (74%). This procedure is an 
optimized version of that published earlier." The purity 
of the product (99.2%) was ascertained by 'H NMR 
spectroscopy and gel permeation chromatography 
(GPC). 


Ethyl chloride (Matheson) was dried by passing the 
gas through a column packed with anhydrous CaSO, 
(Drierite), molecular sieves (Fisher) and powdery 
barium oxide. The source and the purification of IB 
have been described? TiCl,, DtBP, CDCl,, methanol, 
n-hexane (Aldrich) and sulfuric acid, Na'SO, and 
Na,CO, (Fisher) were used as received. Triethylamine 
(TEA) was distilled over KOH. 


Procedures. Copolymerizations were carried out in a 
stainless-steel glove-box under a dry nitrogen atmos- 
phere in large (75 ml) test-tubes. Molecular weights 
were determined using a Waters high-pressure GPC 
instrument. Details of polymerization and characteriz- 
ation methods, includin NMR spectroscopic analysis, 
have been Absolute molecular weights 
were measured with a laser scattering (LS) detector 
(MiniDAWN, Wyatt Technologies) attached to the 
GPC instrument. 


RESULTS AND DISCUSSION 


Definitions and diagnostic methodology for living 
copolymerization 
Similarly to the term 'living polymerization, ' which 
refers to homopolymerizations occurrin in the 
absence of chain transfer and termination! the term 
'living copolymerization' will be used to describe 
copolymerizations which proceed in the absence of 
kinetically significant irreversible chain transfer and 
termination. By definition, even the simplest copoly- 
merizations involve two different monomers and 
kinetically different growing cations, so that the 
number of possible termination and/or chain-transfer 
reactions is much larger than those in 
homopolymerizations. 


For the quantitative analysis of living copolymeriz- 
ations we had to develop new analytical methodologies. 
In living homopolymerizations, livingness c s  be 
demonstrated by linear molecular weight (M,) vs 
conversion or horizontal number of polymer chains ( N )  
vs conversion plots, either of which indicate the 
absence of chain transfer (see, e.g., Ref. 2), and by first 
order in monomer kinetic behavior, i.e. by linear rate 
[-ln(1 - C)] vs time plots, which indicate the absence 
of termination.* &f, (or N )  vs W (weight of polymer 
formed) plots can be applied wi&out modification for 
the diagnosis of livkgness of copolymerization: the 
linearity of the M, vs Wp plot indicates that 
N = constant, that is, the absence of chain transfer. (For 
simplicity, we disregard the compensating effect of 
simultaneous chain transfer and slow initiation dis- 
cussed previously.8) However, the validity of the first 
order in monomer kinetic plot used for the quantitative 
analysis of termination in homopolymerizations has to 
be demonstrated for copolymerization systems. The 
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following chain of thought was employed to prove the 
validity of the -In( 1 - C) vs time plot for copolymeriz- 
ations. In the simplest case, the rate of homopolymeriz- 
ation can be expressed by 


(1) 


where [M'] and [MI are the concentrations of the 
growing cation and monomer, respectively, and k;m is 
the apparent propagation rate constant ( q m  may be a 
composite of individual propagation rate coefficients 
and concentrations of various propagating species; for 
further discussions see, e.g., Refs 2, 8, and 26). The 
integrated form of equation (1) contains experimentally 
measurable quantities: 


where C is conversion and t is time. In truly living 
systems [M'] = [110 (initiator concentration) or in 
systems in which termination is rapidly reversible 
(quasi-living systems) [M'] - Thus a plot of 
-ln(l- C) vs t will be linear, provided 
[M'] =constant, that is, the number of growing chains 
remains unchanged and does not decrease by 
termination. 


First order in monomer kinetics should also be valid 
for copolymerization systems. Thus, the overall rate of 
copolymerization, -d([M,] + [M,])/dt, where [MI] and 
[M2] are the concentrations of the two monomers, can 
be described by the sum of the four rates of 
propagation: 


-- d['] = g"[ M'] [ M] 
dt 


-ln(l- C)= k:P[M']t (2) 


+k22[M;I[M21 + k~z[M;I[Mzl (3) 
where k, ,  and kZ2 are the homo- and k,,  and k2, are the 
cross-propagation rate constants, and [M;] and [M;] 
are the concentrations of the two growing cations. B 
using the simplifying assumption of short sequences 
(sometimes erroneously interpreted as the steady-state 
concept26): 


x 


ki,[M; 1 M I  h i  [M2+ 1 [MI 1 (4) 


[M;1+ [M2+1= a[IIo (5) 


and expressing [I], by 


(in truly livin copolymerizations a = 1; in quasi-living 
systems a < 1 ), we obtain 6 
- d([M1l + IM2') = k,,a[I],([M,] + [M,]) 


dt 


where r, and r, are the reactivity ratios: 


and x2 is the partial mole fraction of monomer 2: 


If r , ,  r,, x2,  kI2 and k,, are constant, integration of 
equation (6) gives 


-In( 1 - C) = K[I],t (9) 
where C is the total monomer conversion. Equation (9) 
is formally identical with equation (2). Therefore, 
provided the assumptions used in this derivation are 
valid, a linear first order in monomer plot will be proof 
for the absence of irreversible termination in 
copolymerizations. 


As a result of the above considerations, we propose 
that living copolymerizations can be conclusively 
diagnosed with the help of four plots readily obtainable 
from routine experimental data: (A) Mn (and N )  vs Wp 
plot for the diagnosis of chain transfer; (B) -In(l - C) 
(and C) vs time plot (or 'first-order' plot) for the 
diagnosis of chain termination; (C) copolymer com- 
position vs molecular weights (i.e. GPC RI and UV 
traces normalized in arbitrary units to the same height 
for better comparison); and (D) cumulative copolymer 
composition vs conversion (expressed by weight of 
sample). Plots (C) and (D) provide insight into the 
composition of the copolymer by Fodor's algorithm.29 
The application of these diagnostic plots is demon- 
strated later. 


Orienting experiments 
Led by extensive experience with living carbocationic 
homopolymerizations,2 a basic initiator-coinitiator- 
electron pair donor-proton trap-solvent-temperature 
system was selected to effect orienting living copolym- 
erization experiments with the IB-pMeSt monomer 
pair. Relative monomer compositions were set at 
[IB]/[pMeSt] = 97 : 3 and 90 : 10 mol/mol, i.e. close to 
the industrially important feed compositions. Table 1 
shows the reagents selected together with concentrations 
and temperatures explored for further optimization 
studies. 


We agree with earlier a ~ t h o r s ~ - ~  that chain transfer to 
monomer cannot be completely eliminated by merely 
manipulating experimental conditions; however, we 
submit that conditions may be found under which the 
rate of chain transfer is sufficiently depressed relative to 
that of propagation so that technologically meaningful 
molecular weights can be ~b ta ined .~ .~ .~ '  The presence of 
chain transfer may be undetectable at low molecular 
weights, but will become increasingly noticeable at 
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Table 1. Experimental conditions selected to study the copolymerization of IB and pMeSt 


[IBI/[pMeStl 
Initiator and its concentration 5-tBu-1,3-DiCumOMe, 2.5 x moll-' 
Coinitiator and its concentration 
Electron pair donor and its concentration 
Proton trap and its concentration 
Solvent Ethyl chloride 


97 : 3 and 90 : 10 mol/mol 


TiCI,, 8.0~ lo-* moll-' 
TEA, (0, 2.5, 7.5, 12.5) x 
DtBP, (0, 2.5,5.0, 12.5) x 


moll-' 
moll-' 


Temperature -20, -40, -52, -65 and -85 "C 


higher molecular weight levels, say above 
10,000 gmol-'. 


In order to produce high molecular weight copoly- 
mers, ([M,] + [M,])/[I], must be large while 
maintaining the validity of 


However, experimentally such conditions are difficult to 
achieve because, on the one hand, [I], cannot be 
decreased to or below 5 x 10-4-1 x moll-', i.e. to 
the level of protic impurities even in well purified 
charges, because at such low [I], levels controlled 
initiation will not O C C U ~ , ~ '  and, on the other hand, 
([M,] + [M,]) cannot be increased to too high concen- 
trations because the danger of excessive viscosities 
and/or heterogeneity at high conversions. The next 
section concerns the presentation and analysis of a large 
number of representative results, and demonstrates the 
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Figure 1. an vs W, diagnostic plot for the 'most promising 
living systems,' for [IB]/[pMeSt] = 97 : 3 at (0) -52, (A) 
-65 and (0) -85°C. and for [IB]/[pMeSt]=90:10 at (+) 


-52 and (0) -85 "C. For details, see Table 2 


synthesis of high molecular weight IB-pMeSt copoly- 
mers by living copolymerization. 


Conditions for living copolymerization of IB-pMeSt 
charges 


Based on orienting experiments (outlined in the pre- 
vious section), we proceeded to develop a strategy for 
achieving living copolymerizations and for the synthesis 
of high molecular weight copolymers. The results of a 
very large number of orienting experiments have been 
examined and Table 2 shows those which held the 
greatest promise for the synthesis of the sought copoly- 
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Figure 2. Overall copolymer composition and with RI and UV 
traces as a function of molecular weight (the broken 
line indicates error limits). The heights and vertical placements 
of the IU and W traces are arbitrary. Synthesis conditions: 
[IB]/[pMeSt] = 97 : 3; [I], = 2.5 x moll-'; [TiCI,] = 
8 x lo'* mol 1-I; [DtBP] = 
5.0 x mol 1-'; solvent, ethyl chloride; T = -85 "C; 
volume of monomers, 9 ml; total volume, 20 ml; time, 3 min. 
Results: conversion = 35.5%; [IB]/[yMeSt], mr =96.0: 4.0 
byGPCand95.2:443by - -  "CNMR, ' ~ , = 4 2 , 1 ~ 0 g m o l - '  (by 
GPC); MJM, = 1.34; Ief= 106%. Triad analysis by I3C 
NMR:33 IB-pMeSt-IB = 56%; IB-pMeSt-pMeSt +pMeSt- 


pMeSt-IB = 43%; pMeSt-pMeSt-pMeSt = 1% 


[TEA] =7.5 x lo-' moll-'; 
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mers. The effects of experimental variables on conver- 
sion, copolymer molecular weight, molecular weight 
distribution (MWD) and composition were determined, 
and are presented in the following sections. According 
to the data in Table 2, living c_opolymerizations yielded 
cTolymers with up to M,, = 50,000 gmol-’ and 
MJM,, = 1-4 with [IB]/[pMeSt] = 97 : 3 mol/mol initial 
feed ratios. 
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Figure 1 demonstrates that under the conditions 
specified in Table 2 the extent of chain transfer is 
negligible. Interestingly, the effect of temperature on 
H, is within experimental error in the range -85 to 
-52°C. Composition analysis by GPC and NMR 
spectroscopy indicated the formation of true copoly- 
mers. Detailed structural and compositional analyses are 
described in the accompanying paper3’ and further 
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Figure 3. Diagnostic plots for the living copolymerization of IB-pMeSt charges (samples identified by roman numerals). (A) Mn 
(and N) vs W, (the solid lines indicate lee= loo%, ‘theoretical lines’); (B) rate (conversion) vs time; (C) IB content vs molecular 
weight; bell-shaped curves show GPC RI and UV traces (solid and broken lines, respectively), and the close to horizontal lines show 
overall IB contents obtained by Fodor’s method (see text); (D) cumulative IB content vs W, (horizontal line shows initial monomer 
composition). Experimental conditions: [IB]/[pMeSt] = 97 : 3; [I], = 2.5 x mol I - ’ ;  [TiCl,] = 80.0 x moll-’; 


[TEA] =7.5 x lo-’ moll-’, [DtBP] =5.Ox lo-’ moll-’; solvent, ethylchloride; T =  -52OC 
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information will be published later.33 Figure 2 shows 
data obtained in a representative experiment aimed at 
the determination of overall copolymer composition by 
Fodor's Information generated by the 
RIand UV detectors of the GPC instrument in con- 
junction with Fodor's method provides copolymer 
compositions at every vertical slice and the overall 
composition of the total sample over the entire molecu- 
lar weight axis. 


Figures 3-6 summarize the results of four series of 
experiments and Table 3 facilitates the rapid overview 
of the experimental design (concentrations normalized 
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with respect to initiator concentration). Comparison of 
Figures 3-5 shows the effect of temperature in the 
range from -52 to -85 "C, and a comparison of Figure 
4 with Figure 6 shows the effect of two proton trap 
concentrations. 


The diagnostic plots (see earlier) for the living copoly- 
merization are shown in Figure 3(A)-(D). According to 
the data in Figure 3(A) and (B), living copolymerization 
prevails up to cu 90% conversion (i.e. the data points are 
within experimental error of the theoretical line). How- 
ever, as the monomer concentration decreases (close to 
100% conversions), zero-order chain transfer (see, e.g., 
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Figure 4. Diagnostic plots for the living copolymenzation OF IB-pMeSt charges. Details as in Figure 3 except T = -65 "C 
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Ref. 8) becomes operational, which causes a drastic 
depression of molecular weight, an increase of N and a 
broadening of MWD [see numbers in parentheses in 
Figure 3(A)]. Figure 3(C) shows RI and UV traces (solid 
and broken lines, respectively) obtained by GPC. Sample 
I exhibits a relatively high UV absorbance at low molecu- 
lar weights, suggesting that its pMeSt content is higher at 
low molecular weights [cf. broken composition line for 
sample I in Figure 3(C)] most likely because of chain 
transfer by pMeSt. Although the &fn vs W, plot [Figure 
3(A)] does not show noticeable chain transfer, slow 
initiation and chain transfer may be compensatory (cf. 
Ref. 8). The amount of low molecular weight polymers, 


however, is insignificant and becomes negligible with 
increasing conversions. Samples 11-VI exhibit nearly 
identical RI and UV traces, indicating that the composi- 
tion of the copolymers is independent of molecular 
weight. This is further substantiated by the essentially 
horizontal overall composition curves in Figure 3(C). 
[The confidence limits of these composition curves are 
lowest at the two ends; a typical error curve is displayed 
in Figure 2; however, error curves are not shown in 
Figure 3(C) because of the congestion in the figure]. 
Figure 3(D) shows the cumulative composition of 
Samples I-VI. Samples V and VI were obtained at close 
to 100% conversions, and therefore exhibit identical IB 
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Figure 5. Diagnostic plots for the living copolymerization of IB-pMeSt charges. Details as in Figure 3 except T = -85 "C 
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contents. The horizontal line at [IB] = 97 mol% indicates 
the Composition of the initial monomer mixture ('feed 
composition'). At 100% monomer conversion, i.e. when 
both monomers disappear because they become incorpor- 
ated into the copolymer, the initial feed composition and 
the copolymer composition must be the same. 


Obviously, sample I contains less IB (or more 
pMeSt) than the other samples because pMeSt is more 
reactive than IB and will therefore preferentially enter 
the copolymer. As a result, the feed composition will 
drift with increasing conversion toward the less reactive 
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monomer, IB, and this drift will give rise to composi- 
tional heterogeneity in every macromolecule. That part 
of a macromolecule which arose at lower conversions 
will be richer in the more reactive monomer, pMeSt, 
than that formed later. It should be emphasized, how- 
ever, that horizontal composition curves, such as in 
Figure 2 or 3(C), indicates only that every slice of the 
chromatogram (i.e. both short and long chains in the 
distribution) is of the same average composition, but it 
does not mean that the composition of the individual 
copolymer molecules is random. To prove randomness, 
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Figure 6. Diagnostic plots for the living copolymerization of IB-pMeSt charges. Details as in Figure 4 except with 
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Table 3. Design of experiments shown in Figures 3-6 


Figure. [IBl/[pMeStI T 
No. (mol/mol) [I], : [TEA] : [DtBP] : [TiCl,] ("C) 


3 
4 
5 
6 


91:3 
97:3 
91:3 
97:3 


1 : 3 : 2 :  32 
1 : 3 : 2 : 3 2  
1 : 3 : 2 : 32 
1 : 3 :  5 :  32 


-52 
- 65 
-85 
- 65 


the exact arrangement (sequence length distribution) of 
the two monomers in the copolymer must be deter- 
mined, for example, by NMR spectroscopy (see, e.g., 
Ref. 26). 


Figure 3(C) and (D) indicate that true copolymers 
formed and that the product is not a mixture of two 
homopolymers or a diblock. If a mixture of homopoly- 
mers or a diblock had been formed, the more reactive 
pMeSt would have been used up first, which means that 
sample I obtained with 3 mol% pMeSt at ca 25% 
overall conversion would have given a copolymer 
containing (3/25) x 100 = 12 mol% pMeSt and 88 mol% 
IB, which is different from the experimental value of 
96.1 mol% IB. 


Figure 4(A)-(D) show the results of a series of 
experiments at -65 "C. Apparently the extent of chain 
transfer [Figure 4(A)] and termination are insignificant 
in samples I-IV, but chain transfer-becomes noticeable 
at close to 100% conversion (M, /M,  = 1.8, sample V). 
As indicated by the data in Figure 4(A), the rate of 
initiation is low relative to propagation and the molecu- 
lar weights are higher than the theoretical values. Figure 
4(C) and (D) carry similar messages to Figure 3(C) and 
(D): true copolymerization has been achieved and 
copolymers with close to constant average compositions 
(except for sample I) as a function of molecular weight 
have been formed. By lowering the temperature, the 
rate of chain transfer relative to propagation was 
suppressed and higher molecular weights than at -52 "C 
were obtained. By lowering the temperature further to 
-85 "C, the diagnostic plots for the chain transfer and 
termination [Figure 5(A) and (B)] indicate lower than 
theoretical molecular weights and declining copolymer- 
ization rates, although the initial copolymerization rate 
is much higher than at -52 and -65°C [cf. insets in 
Figures 3(B) and 4(B)]. The GPC RI and UV traces 
show no significant differences, indicating true copoly- 
mer formation with close to constant macrocomposi- 
tion, irrespective of molecular weights [Figure 5 (C)]. 
Since the samples are within the 80-100% conversion 
range [see inset in Figure 5(B)], their cumulative 
compositions do not show an observable drift [Figure 


Figures 6(A)-(D) and 4(A)-(D) reflect similar 
experimental conditions except at [DtBP] was increased 
by a factor of 2.5. Evidently an increase in [DtBP] 2-5 


5 ( ~ ) 1 .  


times over that of [I],, did not significantly improve 
livingness. 


Effect of temperature on molecular weights, 
molecular weight distributions, number of chains 
and copolymer composition 
Figurc 7-9 show the effect of temperature on copoly- 
mer M,s, MWDs, number of chains and composition 
with [IB]/[pMeSt] = 97 : 3 and 90 : 10 feed composi- 
tions. The molecular weights are higher than the 
theoretical values at relatively higher temperatures 
(> -52 "C) and lower conversions, which suggests slow 
initiation (Figure 7). With decreasing temperature (i.e. 
at and below -52°C) the system shifts toward fast 
initiation (Figures 8 and 9). Chain transfer, however, is 
operational because the Mns are lower than theoretical 
values and MWD broadening is evident [Figure 9(A), 
-52"CI. Chain transfer is less significant at higher 
IB/pMeSt ratios because, evidently, pMeSt is a chain- 
transfer agent. Chain transfer becomes negligible at 
lower temperatures and at low [pMeSt]. Copolymer 
composition is mainly affected by conversion and is 
independent of temperature in the range -85 to -20 "C 
[Figures 7(B), 8(B) and 9(B)]. 


Effect of [DtBP] on molecular weights, molecular 
weight distributions, number of chains and 
copolymer composition 
Figures 10 and 11 illustrate the effect of [DtBP] on 
copolymer a,s, MWDs, number of chains and com- 
position at -65 and -20 "C. In the absence of DtBP or 
at low [DtBP] and at higher conversions, the molecular 
weights are lower than the theoretical values, indicating 
chain transfer [Figure 10(A)]. Above 
[DtBP] = 5 x molel-' an increase in [DtBP] has no 
additional effect. The effect of [DtBP] at higher temper- 
atures is more significant (Figure 11). At -20 "C in the 
absence of DtBP, fast propagation yields low molecular 
weights and high conversions, whereas in the presence 
of DtBP relatively slow propagation and low conver- 
sion were observed. 


In the presence of proton trap, protons arising from 
impurities and/or chain transfer are captured by DtBP 
and the entire TEA input is available for complexation 
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Figure 7. (A) n, (and N) vs W, (the solid lines indicate Ief= loo%, 'theoretical lines') and (B) cumulative IB content vs W, plots 
for IB-pMeSt copolymers at (0) -20, (0) -40, (+) -52 and (A) -65°C. Synthesis conditions: [IB]/[pMeSt]=97:3; 
[1],=2.5 x moll-'; [TiCl,] =8O.Ox lo-' moll-'; [TEA] =7.5 x lo-' moll"; [DtBP] = 12.5 x lo-' moll-'; solvent, ethyl 
chloride. 100% conversion was reached only at -65 "C (W, = 2.1 1 g); at -20, -40 and -52 "C 100% conversion would occur at 


W, = 1.94, 2.02 and 2.06 g, respectively 
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Figure 8. an (and N) vs W, (the solid lines indicate Iea= loo%, 'theoretical lines') and (B) cumulative IB content vs W, plots for 
IB-pMeSt copolymers at (A) -52, (V) -65 and (0) -85°C. Synthesis conditions as in Figure 7 except with 
[ D t B P ] = 5 . 0 ~ 1 O ~ ~ m o l l - ' .  lOO%conversionwasreachedat WP=2.O6g (-52OC), W,=2.11 g (-65"C)and W,=2.18 g (-85OC) 
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Figure 9. Hn (and N )  vs W, (the solid lines indicate Ice= 100%, 'theoretical lines') and (B) cumulative IB content vs W, plots for 
IB-pMeSt copolymers at (0) -20, (A) -40, @) -52 and (0) -85°C. Synthesis conditions as in Figure 7 except with 
[IB]/[pMeSt] =90: 10 and at -85 "C [TEA] =7.5 x lo-' moll-', [DtBP] = 12.5 x moll-'. 100% conversion was reached only 


at -85 "C (W, = 2.27 g); at -20, -40 and -52°C 100% conversion would occur at W, = 1.97.2.06 and 2.15 g, respectively 
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Figure 10. Hn (and N) vs W, (the solid lines indicate IeB= loo%, 'theoretical lines') and (B) cumulative IB content vs W, plots for 
IB-pMeSt copolymers at -65 "C with [DtBP] = (0) 0, (A) 2.5 x (V) 5.0 x lo-' and (0) 12.5 x lo-' moll-'. Synthesis 
conditions: [IB]/[pMeSt] = 97: 3; [I] = 2.5 x moll-'; [TiCl,] = 80.0 X lo-' moll-'; [TEA] = 7.5 x lo-' moll-'; solvent, ethyl 


chloride. 100% conversion was reached at W, = 2.1 1 g 
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0 


/ with TiC1,; this results in slow propagation and close to 
theoretical molecular weights. In the absence of the 
proton trap, the protons, arising mainly by chain trans- 
fer, particularly at higher temperatures, preferentially 
react with TEA, whose concentration is thus reduced; a 
reduced [TEA] leads to diminished complexation with 
Tic&, which in turn leads to reduced living copolymer- 
ization, enhanced conventional propagation and reduced 
M, relative to theoretical values. The composition of 
copolymers is independent of [DtBP] [Figure 10(B)]. 
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wp (52) 


Figure 11. vs W, plot (the solid line indicates Id = loo%, 
‘theoretical line’) for IB-pMeSt copolymers at (A,A) -20 
and (0,O) -65 and with (A,.) DtBP absent and (A,O) 
[DtBP] = 12.5 x moll-’. Synthesis conditions as in Figure 
7 except [DtBP]. 100% conversion was reached only at -65 “C 
(Wp=2.11 g); at -2OOC 100% conversion would occur at 


W, = 1.94 g 


0 1 2 3 


Effect of [ED] on molecular weights, molecular 
weight distributions, number of chains and 
copolymer composition 
Figure 12 illustrates the effect of [TEA] on copolymer n,s, MWDs and number of chains at 
[IB]/[pMeSt] = 97 : 3 and 90 : 10 feed compositions at 
-52°C. At higher [TEA] the experimental molecular 
weights are closer to the theoretical values, indicating 
the extended living nature of the system. The copoly- 
mer composition is independent of [TEA]. 


Comparison of the IMA and AM1 techniques and 
their effect on molecular weights, molecular weight 
distributions and number of chains 
Figure 13 compares the effect of the IMA and AM1 
techniquesw on copolymer &, MWDs and number of 
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Figure 12. a, (and N) vs W, plots (the solid lines indicate Ie l=  loo%, ‘theoretical lines’) for IB-pMeSt copolymers at -52°C (A) 
[IB]/[pMeSt]=97:3 with [TEA]=(O) 2 . 5 ~ 1 0 - ~ ,  (0) 5.OxlO-’ and (+) 7 ~ 5 ~ 1 O ~ ~ m o l 1 ~ ’ ;  (B) [IB]/[pMeSt]=90:10 with 
[TEA] = (0) 2.5 x (A) 5.0 x and @) 7.5 x lo-’ moll-’. Synthesis conditions:[I], = 2.5 x moll-’; 
[TiCl, J = 80.0 x lo-’ mol I-’; [DtBP] = 5.0 x lo-’ moll-’; solvent, ethyl chloride. 100% conversion was reached at W, = 2.06 g 


([IB]/[pMeSt]=97:3)and Wp=2.15 g ([IB]/[pMeSt]=90: 10) 
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Figure 13. M,, (and N) vs W, plot (the solid lines indicate 
I e f =  1W%, 'theoretical lines') for IB-pMeSt copolymers 
produced by the (0,O) IMA and (0, +) AMI techniques with 
[IB]/[pMeSt] = (O,+) 97:3 and (0 ,O)  90: 10 ( t =  10 min in 
AMI experiments; A t = 1 0  min in IMA experiments). 


Synthesis conditions as in Figure 3 except [IB]/[pMeSt] 


chains at [IB]/[pMeSt] = 97 : 3 feed composition at -52 
and -85 "C. As expected, the AM1 technique is superior 
to the IMA technique in producing close to theoretical 
Rns. Specifically, in the present experiments we 
obtained IB--pMeSt copolymers with up to 
Rn = 50,000 g mol-' by the AM1 technique. 


CONCLUSIONS 


The living carbocationic copolymerization of the 
IB-pMeSt monomer pair has been achieved by 
the use of [IB]/[pMeSt]=97:3 and the 5-tBu- 
1,3-DiCumOMe-TiCl.,-ethyl chloride-TEA-DtBP 
(< -52 "C) system. The copolymer composition 
depends mainly on feed composition and total monomer 
conversion. While chain transfer is operational, its 
effect can be minimized and - -  copolymers with up to a,, = 50,000 gmol-' and MJM, = 1.4 can readily be 
obtained. 
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YIELD OF IONS PRODUCED IN THE LUMINESCENCE QUENCHING 


DICHLOROPHENOLATE IONS 
OF TRIS (2,2'-BIPYRID1NE)RUTHENIUM (11) BY 


A. SENZ AND H. E. GSPONER* 
Departamento de Quiniica y Fk ica ,  F a d t a d  de Ciencias Exactas Fisicoquiniicas y Naturales, Universidad Nacional de Rio Cuarto. 


5800 Rio Cuarto, Argentina 


The electron-transfer quenching of Ru(bpy):' (tris(2,2'-bipyridine)ruthenium(II)) excited state by 2,4- 
dichlorophenol (2,4-DCP), 2,5-dichlorophenol (2,S-DCP) and 2,6-dichlorophenol (2,6-DCP), in their anionic 
forms, was studied in de-aerated solutions of neat methanol and 25, 50 and 75% v/v a ueous methanol at  30°C. 
The quenching rate constants (k,) were determined and their values range from 1 x 10 to 8 x lo9 M-Is - ' .  In  all 
the mixtures methanol :water the k, values for 2,S-DCP were lower than for 2,4-DCP and 2,6-DCP. This result 
was discussed in terms o f  the effect of chloro atom on the quencher oxidation reaction. The photoredox product 
Ru(bpy); was observed by laser flash photolysis and its quantum yield (aRu,+,) calculated by using a 
comparative method with the formation of  zinctetraphenylporphyrin triplet state. The yields of cage escape 
(Yce) for the different methanol/water mixtures were calculated from the obtained values of an.,+,). Y,, 
increases from 0.1-0.2 in 25% v/v aqueous methanol to 05-0.6 in neat methanol. This change of Y,, with the 
solvent composition was discussed in terms of combined effects of viscosity and solvent cage on the rate 
constant of cage escape (k . d )  and the rate constant for back electron-transfer to the ground state from 
geminate pair (kbc), respectively. The constants k-, were calculated with the Eigen equation. The constants k,, 
were estimated from Y,, and k - ,  by applying a simplified reaction scheme. The k,, values range from 3.2 x lo9 


s 


to 1.3 x 10" S - ' .  


INTRODUCTION 


Considerable progress has been made in the pho- 
tochemistry of transition metal complexes during the 
last years as a result of many works published in this 
area.' Ru(I1) complexes have been extensively used for 
experiments in photochemical energy storage because 
their lowest energy excited state is long-lived and able 
of a rapid electron-transfer 


Phenolate ions are typical electron donors. Reduction 
of the lowest excited state of tris(2,2'-bipyridine) 
ruthenium(I1) [ (3CT)Ru(bpy):'] can take place in the 
presence of phenolate ion. Strong support in favor of a 
reductive process was given by the formation of 
Ru(bpy)l detected in the study of the luminescence 
quenching of Ru(bpy):' by phenol and substituted 
phenols.'.' The quenching rate constant k, increases on 
changing the solvent from water to methanol' and also 
when the pH of the solution increases. The results of 
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the pH effect on k, showed that the ionized form of 
phenolic derivative has a higher quenching efficiency 
than the neutral one and controls the apparent quenching 
rate constant at high pH valuesx The above-described 
reduction processes has been proposed as an initial step 
in the mechanism for the photodechlorination of  
polychlorophenolate ions sensitized by Ru(bpy):' 
studied from continuous and flash photolysis experi- 
m e n t ~ . ~  The values of yield of electron-transfer 
products and quantum yield of loss of polychlor- 
ophenol were lower for 2,6-dichlorophenol than for 
2,4-dichlorophenol and 2,4,6-trichlorophenoI. 


The bimolecular electron-transfer reaction between a 
photoexcited compound and a quencher is followed by 
two reverse processes.' One of them takes place within 
the solvent cage in the lifetime of the geminate ion pair. 
The other can be observed as a second order process 
with respect to the free radical ions in the bulk. Both 
processes dissipate the excitation energy as heat. Inde- 
pendent ions or electron-transfer products can be 
formed by a diffusional process from the geminate pair. 
A small yield of the electron-transfer products in the 
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bulk is generally ascribed to a fast reverse electron- 
transfer in the geminate pair.'" Therefore, the study of 
the influence of different parameters on the rate of back 
electron-transfer to the ground state within the geminate 
pair is an interesting subject." 


In the present paper we report results of emission 
quenching and quantum yield of formation of 
Ru(bpy)' obtained in de-aerated alkaline solutions of 
Ru(bpy)i' and 2,4-dichlorophenol (2,4-DCP) 2,5- 
dichlorophenol (2,SDCP) or 2,6-dichlorophenol (2,6- 
DCP) in neat methanol and 25, 50 and 75% v/v 
aqueous methanol. The cage escape yield or formation 
of electron-transfer products in the bulk and the rate 
constant for back electron-transfer to the ground state 
have been determined from the quantum yield of 
formation of Ru(bpy) j measured by microsecond-laser 
flash photolysis. 


EXPERIMENTAL 


Apparatus and materials 
Luminescence spectra of Ru(bpy):' were obtained 
from an Aminco Bowman spectrofluorometer. The 
luminescence lifetime determinations in the quenching 
experiments were carried out as described previously." 
The determinations of transient absorptions were made 
by the flash photolysis technique using a nitrogen laser 
as excitation source. The details of the laser and the 
monitoring apparatus have been described e l ~ e w h e r e . ~  
The incident light intensity on the samples was 
attenuated in a controlled way by inserting filters of 
transmittance 1 6 , 2 1 , 4 8 , 5 1 , 8 4  and 87% at 337 nm. 


Tris(2,2'-bipyridine) ruthenium (11) dichloride from 
Baker was used as received. 2,4-dichlorophenol, 2,5- 
dichlorophenol and 2,6-dichlorophenol from Sigma Co. 
were purified by vacuum sublimation. Zinctetraphenyl- 
porphyrin (ZnTPP) from Aldrich was purified 
following the procedure developed by G. H. Barnet et 
~ 1 . ' ~  Sodium hydroxide (Carlo Erba), benzene (Merck, 
HPLC grade) and methanol (Cicarelli, p.a.) were used 
without further purification. Triple-distilled water was 
employed. 


Procedure 
In the uenching experiments, the concentration of 
Ru(bpy),+ was in the (1-2) x M range, whereas 
the concentration of the phenolic compounds ranged 
from 1 x to 6 x  lo-' M according to their 
efficiency as quenchers. In the flash-photolysis experi- 
ments, Ru(bpy):' was in the (1-2) x M range and 
the phenolic compounds were 1 x lo-' M. The dichlor- 
ophenols were dissolved in their acid form in the 
solution of Ru(bpy):' and sodium hydroxide 
1 x lo-' M. This NaOH concentration insured that the 
DCP was converted to its basic form. The pK, values 


4 


for 2 , 6 D C P  and 2,6-DCP in water are 7,7 and 6,8 
respectively l4 and a similar value should be expected 
for 2,5-DCP. Then, the hydrolysis of anion dichlor- 
ophenolate and thus the concentration of the quencher 
in its acid form in our experimental conditions may be 
considered negligible. 


The quenching rate constants were determined from 
Stern-Volmer plots of emission intensity or lifetime 
data, as described p r e v i o ~ s l y . ~  


Ru(bpy)f was measured spectrophotometrically. Two 
procedures were used to determine the amount of 
Ru(bpy)f produced by the laser flash excitation. In the 
first the oscilloscope sweep rate was expanded to cover 
20 ps of reaction after the laser pulse. On these 
expanded sweeps a linear extrapolation of the 
intensity-time data could be used to obtain the intensity 
and thus the absorbance at zero time. In the second 
procedure the intensity was measured to 2 ps after the 
laser pulse on the decay traces. This time corresponds to 
a proximately five or more lifetimes of the 


quencher. When using the first procedure to obtain the 
absorbance of ZnTPP triplet at zero time, the oscillo- 
scope sweep rate was expanded to cover 5 ps of 
reaction after the laser pulse. 


The quantum yield of formation of Ru(bpy)f , 
Q R u ( + ) ) ,  was calculated from the absorbance increase 
(AA) at510 nm, corresponding to the maximum of its 
absorption by using a comparative method. l5 The triplet 
quantum yield of ZnTPP in solution of benzene was 
used as a standard reference. At the laser wavelength, 
the absorbances of the two initial solutions were 
approximately the same. 


The absorbance increase for the Ru(bpy):'/DCP- 
ion systems at 510 nm as a function of the laser dose 
was measured by adjusting the incident intensity by 
means of a set of filters, as described in the above 
section. For the reference system, the absorbance 
increase was also measured at the triplet-triplet absorp- 
tion maximum at 470 nm as a function of the laser 
dose. 


Both absorbance increase measurements were always 
carried out immediately after each other to minimize 
changes in laser output and/or beam alignment. All the 
experiments were carried out at 30°C with solutions de- 
aerated by bubbling nitrogen through them. Typically, 
16 laser shots were averaged in order to set a proper 
signal-noise ratio. The reagents depletion in the 
Ru(bpy):'/DCP- ion systems was lower than 5% when 
the laser light intensity was used with no attenuation. 
Therefore, corrections were not necessary. 


( P CT)Ru(bpy):' precursor in the presence of the 


RESULTS AND DISCUSSION 


Quenching of the emission of ('CT)Ru(bpy)?,' was 
observed in the presence of 2,4-DCP, 2,5-DCP and 2,6- 
DCP in alkaline solutions of neat methanol and 25, 50 
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and 75% v/v aqueous methanol. For each quencher, the 
Stern-Volmer plots of luminescence intensity measure- 
ments were obtained and all were linear over the used 
concentration ranges in the different methanol/water 
mixtures. The same procedure was followed with the 
dynamic measurements and equivalent results were 
obtained. This fact allowed us to discard the association 
in the ground-state between Ru(bpy):' and the anionic 
DCP as quenching mechanism. 


The linearity of Stern-Volmer plots indicates the 
absence of other two possible causes of deviations. One 
of them can be derived from the marked decrease of 
the quenching rate constant (k,) with the lowering of 
the pH already observed in earlier s t~dies .~ . '  However, 
in NaOH 1 x lo-* M the acid-base equilibrium of 
DCPs is displaced toward the ionized or basic form. 
Therefore, the ionized form controls the k, in our 
experimental conditions. The second one is the effect of 
ionic strength on the quenching kinetics between 
oppositely charged ions which produces a decrease of 
the rate constant as the ionic strength is increased. In 
this work, the ionic strength in the quenching experi- 
ments was approximately 0.01 M (NaOH 0.01 M )  in the 
absence of quencher and increased to 0.016 M for the 
highest quencher concentration used. The variation of 
k, with the ionic strength and a behavior similar to that 
of y-methoxyphenolate as given in Ref. 6 were taken 
into account. The estimated difference between the k, 
values for both ionic strengths was about 5% and 
therefore lies within experimental error. Therefore, a 
deviation of the linearity in the Stern-Volmer plots 
from the effect of ionic strength should not be observed. 
For instance, the plots for the studied DCPs in some 
methanol/water mixtures are shown in Figure 1. The 
quenching rate constants are collected in Table 1. 


The observed decrease in the k, values with the 
increase in the proportion of water in the methanol/ 
water mixtures was also observed in a previous work.7 
In all the mixtures the k, values for 2,5-DCP were lower 
than those for 2,4-DCP and 2,6-DCP. A similar result 
was obtained in the study of  luminescence quenching 
of tris( 1,lO-phenanthroline) chromium (In) by phenol 
derivatives. I' 


It is necessary to know the reduction potential of the 
quencher in order to explain the above results in terms 
of the Marcus-Hush theory. These potentials for 
dichlorophenols in methanol/water mixtures are not 
reported in the literature. However, it is known that the 
metachlorophenol is the most difficult compound to 
oxidize within the monochloro  phenol^.'^ Therefore, by 
assuming that a similar effect is brought about by the 
substitution of hydrogen atom with a second chloro 
atom in position ineta in the orthochlorophenols, we can 
explain the reduction in the k, values obtained for 
2,5-DCP with respect to the ones for 2,4- and 2,6-DCP. 


The transient species observed by flash photolysis in 
solutions of Ru(bpy):'/DCP- ions exhibits an absorp- 
tion spectrum with a maximum at 510 nm which is 
similar to that of Ru(bpy); reported by other 
authors."" This result provided clear evidence that net 
electron-transfer had occurred in the quenching process. 


The contact ion pairs (CIP) and solvent-separated ion 
pairs (SSIP) have been proposed as intermediaries in 
the photo-induced bimolecular electron-transfer reac- 
tions. These are of particular significance in the study 
of the decay kinetics of the ion pairs (IP) in polar 
solvents." The specific rate constants are generally in 
the order of 1 x 1O'to 10"' s-I and then the IP lifetimes 
are in the range ns to ps. 


In the resolution time of our laser flash photolysis 


[DCP] IM 
Figure 1. Stem-Volmer plots for the quenching of ('CT)Ru(bpy):' by DCP in methanol/water solutions (NaOH 0.01 M). (0) 2,5- 
DCP, methanol 50% v/v ;  (0) 2,4-DCP, methanol 50% v/v; (0) 2,6-DCP, methanol 100% v/v; (W) 2,4-DCP, methanol 100% v/v. 
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Table 1. Quantum yield of formation of Ru(bpy);, cage escape yield, rate constants of 
quenching and back electron-transfer in the quenching of ('CT)Ru(bpy):' by 


dichlorophenolate ions at 30 "C in methanol/water solutions (NaOH 0.01 M) 


Methanol in water kqh x lo-' kkh x lo-' 
Phenolic compound % ( v / v )  @JR,,(+)' ycch t M - ' s - ' l  [s-'l 


2,4-DCP 


2,5-DCP 


2,6-DCP 


25 
50 
75 


100 
25 
50 
15 


100 
25 
50 
15 


100 


0.13 0.19 0.29 
0.23 0.25 1.2 
0.32 0.33 3.2 
0.5 1 0.52 8.4 
- - 0.01 


0.12 0.17 0.28 
0.28 0.34 0.52 
0.57 0.62 1.56 
0.08 0.14 0.17 
0.23 0.26 0.98 
0.39 0.42 1.8 
0.50 0.51 7.2 


9.0 
5.6 
4.8 
4.8 


9.2 
4.6 
3.2 


5.5 
3.4 
5 .O 


- 


13 


Estimated variations based on three measurements are: " 5 % .  h+ lO%.  


device ('1 ps), the Ru(bpy)f ions observed are those 
that escape to the cage recombination process. We 
propose the following simplified reaction scheme with 
two competing processes in order to explain our results 
of cage escape yield: 


[RU(bpy)l, DCP'] --% Ru(bpy):' + DCP- (1) 
k - d  


[RU(bpy);, DCP'] + Ru(bpy); + DCP' (2) 
where [Ru(bpy)f,DCP] is the geminate pair; DCP- 
and DCP are the ionized form and the radical derived 
from the phenolic quencher. k-, and k, are the rate 
constants of cage escape and back electron-transfer to 
the ground state from the geminate pair, respectively. 


The electron-transfer product Ru(bpy ) f  could be 
formed in either of the two following ways. In the first, 
Ru(bpy); is formed from reductive quenching of the 
charge transfer excited ~tate(~CT)Ru(bpy):'). In the 
second way, Ru(bpy); is formed from triplet-triplet 
energy transfer between (3CT)Ru(bpy):' and DCP- 
followed by an electron-transfer process between the 
triplet state of DCP- and Ru(bpy):'. The energy of the 
triplet state of the quenchers used in this work is not 
known. The available data for phenol is 
81.7 Kcalmol-'20d and from the substitution on the 
ring, lower triplet state energies in the substituted 
phenols and their phenolate ions could be expected. 
Whichever is the case, the magnitude of the lowering 
of the triplet state energy is assumed to be less than 
30 Kcal mol Therefore, the electronic energy 
transfer should be an energetically unfavorable process 
for all the systems examined because the energy of the 
excited state (3CT)Ru(bpy):' (49 Kcal mol-')2"b is 
lower than that for the substituted phenols. Therefore, 


the role of this path in the quenching process may be 
considered negligible. 


The transient Ru(bpy); undergoes decay in several 
hundred of microseconds under our experimental 
conditions as it can be seen in the corresponding trace 
(inset in Figure 2). Therefore, it is possible to measure 
its absorbance increase at 510 nm before significant 
decay takes place. However, it is necessary to take into 
account that the decay is a function of the initial con- 
centration of Ru(bpy); and is thus dependent on the 
intensity of the laser pulse and the quenching efficiency. 
Therefore, the absorbance increase of Ru(bpy); or the 
ZnTPP triplet was measured from the two procedures 
described in the experimental section. In a number of 
test cases, we used both procedures and the obtained 
values of QRu( + were consistent within experimental 
error. 


The absorbance increase of Ru(bpy)f as a function 
of the laser dose observed in the flash photolysis 
experiments for 2,6-DCP, in methanol/water 25, 50, 75 
and 100% v/v, is shown in Figure 2. A linear plot was 
obtained as expected for the formation of products via a 
photochemical primary process. Similar results were 
obtained for 2,4-DCP and 2,s-DCP except for 2,5-DCP 
in methanol/water 25% v/v. In this case, the AA of 
Ru(bpy)f measured with the laser intensity attenuated 
was within experimental error and therefore the Q R u ( + )  


could not be determined. 
A lineal dependence was also found for the formation 


of triplet state of ZnTPP which is showed join to its 
decay in Figure 3. These results correspond to the 
experiments for two solutions of ZnTPP in benzene 
with different absorbances (0.289 and 0.479) at the 
excitation laser wavelength. The ratio of the slopes 
derived from these plots is in good agreement with the 
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AA 


0.01 - 


0.0 0.2 0.4 0.6 0.8 1 0 
laser dose 


Figure 2. Absorbance changes monitored at 510 nm as a function of 337 nm laser dose for Ru(bpy); in methanol/water solutions 
(NaOH 0.01 M), 2,6-DCP, 10 mM. Methanol % v/v: (B) 25; (0) 50; (A) 75 and (V) 100. Inset: a decay trace for Ru(bpy); 


monitored at 510 nm, 2,6-DCP concentration 10 mM in 75% v/v aqueous methanol, laser dose 0.48. 


value for the ratio of the respective absorbances. The 
QRu(+)  was then calculated from the ratio of slopes of 
the plots obtained for ZnTPP and the DCPs, similar to 
those shown in Figures 2 and 3,  by using the method 
outlined in the paper by Hurley et aI.l5 The slopes were 
previously divided by the corresponding fractional 
absorption of the exciting light at 337 nm. It should be 
noted that the analysis yields the product of the transi- 
ent extinction coefficient multiplied by its 
quantum yield of formation OR,,(+). This product can be 


expressed: 


where SRU(+) and S, are slopes for sample and reference, 
respectively. Or is the quantum yield for the formation 
of ZnTPP triplet state, having a value of 0.83 according 
to Ref. 14 and F ,  is its extinction coefficient in benzene 
solution. It should be noted that E ~ " ( + )  and E ,  are really 
the differences between the molar abso tion 
coefficients on going from ground state Ru(bpyx+ to 


0.4 


0.3 


0.2 
AA 







YIELD OF IONS IN LUMINESCENCE QUENCHING OF ('CT)Ru(bpy):+ 71 1 


Ru(bpy); and from ground state to the triplet state of 
ZnTPP, respectively. Introducing the known extinction 
coefficients for both states of ZnTPP2' and both species 
of rutheniumlx we obtain values of 73 000 M - l  cm- '  
for E ,  at 470 nm and 13800 M-'cm-l for tRuf+) at 
5 10 nm, respectively. This extinction coefficient was 
assumed to be the same in all the methanol/water 
mixtures. 


From equation 3 we calculated the quantum yields of 
formation of Ru(bpy);, Q R u ( + ) ,  which are summarized 
in Table 1. The experiments with ZnTPP and Ru(bpy):' 
DCP- ion were repeated on three independent occasions 
and the Q R u f + )  values reported in Table 1 are the aver- 
ages obtained from the individual experiments, and 
their scatter is within +5%. 


The yield of cage escape can be determined through 
the quantum yield of Ru(bpy)j formation according to 
the following equation: 


(4) 
where Qc- is the quantum yield for the formation of the 
excited state ('CT)Ru(bpy):+; Y ,  is the yield of 
quenching determined from the Stern-Volmer quench- 
ing constant and Y,, is the cage escape yield, which 
represents the fraction of quenching that leads to 
solvent-separated products in the bulk. From equations 
(1) and (2) the Y,, is defined by: 


The Y,, values were calculated from equation (4), 
taking a value of one for Om in methanol or methanol/ 
water mixtures. This value was reported in the literature 
from both photochemical and spectroscopic data in 
water and methanol.** The obtained values for the cage 
escape yields are shown in Table 1. The ORu(+) and Y,, 
values should be considered as upper bounds since they 
are based on the assumption that Ru(bpy)i is the sole 
photoproduct that absorbed at 510 nm. 


It is important to note that the Y,, values obtained by 
flash photolysis in methanol for 2,6-DCP and 2,4-DCP 
(0.51 and 0.52, Table 1) are higher than the ones 
obtained in continuous photolysis (0.15 and 0.36 
respectively, Ref. 7). The difference between both Y,, 
values was higher for 2,6-DCP. This fact is also con- 
sistent with the results of reactive depletion quantum 
yield obtained in that paper,' which indicate a lower 
reactivity for 2,6-DCP than for 2,4-DCP. Likewise, the 
difference between the Y,, values obtained by both 
techniques for 2,4-DCP and 2,6-DCP can be explained 
by taking into account that, in the flash photolysis 
experiments, we are observing the electron-transfer 
products in bulk, before their significant decay takes 
place. 


The change of Y,, with the solvent composition in the 
methanol/water mixtures may be reflecting the behavior 
of the geminate pair produced by the electron-transfer 
quenching process in polar solvents. Moreover, the 


measurement of Y,, resulting from a photoinduced 
electron-transfer process is a valuable indirect way to 
determine the rate of back electron-transfer from the 
geminate pair (kk), provided that the rate of separation 
to free ions (k-J would be known.23 


The phenomenological theory of rate constants 
predictsz4 that a geminate ion pair produced in a solvent 
cage will diffuse apart to form dissociated ions with a 
rate constant k-, that is proportional to the dielectric 
constant of the solvent and to the inverse of its viscos- 
ity. In general, due to the dependence of k-, with the 
dielectric constant, the photoinduced bimolecular 
electron-transfer reactions are normally performed in 
polar solvents such as acetonitrile to facilitate the 
formation of separated radical ions in solution.25 


The rate constant calculated according to the Eigen 
diffusional equation can be considered fairly reliable for 
partners which are not held to ether by electrostatic 
forces. For the ('CT)Ru(bpy):+fDCP- quenching pair, 
one of the partners in the geminate pair is a radical and 
therefore there is not Coulombic interaction. Then, k -<, 


can be expressed as a function of the viscosity through 
the reduced form of the Eigen equation: 


k-, = 2 k T / ( q r 3 )  (6) 
where 7 is the solvent viscosity and r is the radius of  
the solvent cage. From this equation, k - ,  is computed 
by using the viscosity of methanol/water mixtures at 
30°C (Table 2) and by estimating that the solvent cage 
size is equal to that of the ion-radical pair with a radius 
of about 1 nm. The obtained k-(, values showed a little 
variation in the methanol/water mixtures and an import- 
ant increase in methanol (Table 2). According to 
equation (9, this change of k-, produces an increase in 
the yield of cage escape Y,, on going from methanol/ 
water mixtures to neat methanol. 


The back electron-transfer rate constant from the 
geminate pair, k,, can be calculated from equation (5 )  
together with the values of Y,, and k-<'. Their values are 
also reported in Table 1 and range from 3.2 x 10' to 
1.3 x lO'('s-'. The values for the decay to ground state 
are of the same order than those reported for solvent- 
separated ion pairs in the series of excited tetracyano- 
anthracene acceptor-alkylbenzene donor systems. 'Ys 


Table 2. Cage escape rate constant from the ion-radical pair 
[Ru(bpy):, DCP.] and solvent viscosity at 3OoC in methanol/ 


water solutions (NaOH 0.01 M )  


% ( v / v )  


Methanol in water 25 50 75 100 


rl K P l "  1.24 1.38 1.10 0.511 
k-, x 10.' [s- ' ]  2.1 1.9 2.4 5.2 


"From Ref. 26 
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The increase of Y,, by the change of solvent from 
water to methanol may also be associated with the 
observed decrease of the rate constant k, (Table 1). 
The observed solvent effect on k, could be considered 
as a solvent cage effect. The solvent cage for the ion- 
radical pair is relatively weak in the less polar solvent, 
which shows weaker intermolecular hydrogen bonding, 
thus rendering a slower back electron-transfer to the 
ground-state process. 


On the other hand, we must realize that an explana- 
tion of the solvent composition effect on the k, cannot 
be simple if the above discussion regarding the partici- 
pation of CIP and SSIP intermediaries in the electron- 
transfer photo-induced reactions mechanism is taken 
into account. 


However, from many experimental data reported in 
the literature," the solvent motion appears to become 
the rate-limiting factor when alcohols are used as polar 
liquids. For some studied cases in Ref. I la ,  the back 
electron-transfer reaction in alcohol solvents is clearly 
controlled by solvent relaxation. It was also remarked 
that other solvent properties such as hydrogen bonding 
in the alcohol solvents may be involved. 


In summary, the increase of Y,, from water to 
methanol and the effect of the second chloro atom on 
the oxidation reaction, and therefore on the k, values 
for the quenching of emission of the (3CT)Ru(bpy):' 
by the dichlorophenols (2,4-DCP, 2,5-DCP and 
2,6-DCP), are probably the most remarkable findings in 
this study. The increase in the cage escape yield from 
water to methanol for the (3CT)Ru(bpy):'/DCP- 
quenching pair was discussed in terms of combined 
effects of solvent viscosity, which produces an increase 
in the k-,, value, and of a relatively weak solvent cage 
in the less polar solvent producing a decrease in the k, 
value. 
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SUBSTITUENT EFFECTS FOR THE BF3-MEDIATED REACTIONS OF 
ALLYLTRIBUTYLTIN AND ALLYLTRIETHYLLEAD WITH 


BENZALDEHYDE 


HIROSHI YAMATAKA' 
Institute for Fundamental Research of Organic Chemistry, Kyushu University, Hakozaki, Higashi-h, Fukuoka 812. Japan 
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Substituent effects were measured for the reactions of substituted benzaldehydes with allyltributyltin (1) and 
allyltriethyllead (2) reagents in the presence of BF,*OEt, in CH,CI,. The Hammett p values were small and 
positive at 25°C and negative at -78°C for both 1 and 2. These could be interpreted in terms of the 
contribution of electrophilic complexation between the aldehyde function and BF, as a rate-limiting step. A 
large negative p value was observed for the complex-formation equilibria between substituted benzaldehydes 
and BF,. 


INTRODUCTION 


The substituent effect on reactivity, measured as the p 
value in the Hammett equation, is one of the most 
useful tools in studying the mechanism of organic 
reactions. In the course of our studies on the mechanism 
of nucleophilic additions to carbonyl compounds, the 
magnitude of p values has been used as one of the 
criteria in determining the reaction pathways [equation 
(l)]; here the polar nucleophilic process (PL) was 
differentiated from the rate-determining electron-trans- 
fer mechanism (ET rate determining) by the p value 
characteristic of the polar process.' In typical examples, 
the large p value (2.45 at 25 "C in 2 - M H )  observed 
for the reactions of substituted benzophenones with 
NaBH,, was consistent with the PL mechanism, while 
the p value of 0.27 (at 0 "C in EhO) for the reactions 


ET RC 
NU-M+' 


of substituted benzophenones with MeLi was inter- 
preted in terms of the ET rnechani~m.~*~ However, the 
size of p depends on a variety of factors such as tem- 
perature, solvent and transition state position, and 
therefore an apparent p value should be interpreted with 


It was reported that the reactions of Sb- and Pb- 
promoted Barbier-type reactions of ally1 iodide with 
substituted benzaldehydes gave p values of 1.57 and 
1.19, respectively at 25 "C in DME4 These p values 
could reasonably be interpreted in terms of the PL 
mechanism. On the other hand, we have previously 
reported in a preliminary form that a much smaller p 
value (0.64) was observed for the BF,-mediated addi- 
tion of allyltributyltin to substituted benzaldehydes at 
0 "C in CH,Cl,.S Since other evidence suggests that the 
PL mechanism operates for these  reaction^,^ under- 
standing of the reason for this difference is important in 
using p values as a mechanistic criterion to distinguish 
between the PL and the ET pathways. In the present 
paper, we report the results of more detailed studies of 
the substituent effects for the reactions of benzalde- 
hydes with allyltin and allyllead reagents and present the 
reason for the difference in the p values for these 
reactions. 
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RESULTS AND DISCUSSION 


Relative reactivities were determined for the addition 
reactions of CH,=CHCH,SnBu, (1) and CH,= 
CHCH,PbEt, (2) with substituted benzaldehydes in 
CH,CI, in the presence of BF3*OEtz by competition 
experiments [equation (2)], and the results are summar- 
ized in Table The substituent effects measured at 
0 "C are illustrated in Figure 4. Here, the log(k,/k,) 


RCHO 
R L 


values for the ortho-substituted derivatives were plotted 
against the corresponding para-substituent constants 
and indicated by closed circles, and were not used for 
calculating the p values. Two points are noticeable in 
these Hammett plots: (1) the p values are much smaller 
than those of the corresponding Barbier-type reactions, 
especially for 2 (p=O.28 for 2 and p =  1.194 for 
CH,=CHCH,I + Pb in DMF at 25 "C); and (2)  ortho- 
halogen-substituted derivatives deviate upward from the 
correlation lines. 


The ortho-halogen acceleration can be rationalized by 
the chelation between the halogen atom and Sn (or Pb); 
this chelation effect was described previously for the 
reaction of allyltrib~tyltin,~ and it will not be repeated 
here. In the present paper, we would like to focus on the 
interpretation of the small p values. One way to inter- 
pret the results is to assume that the reactions proceed 
via the rate-determining ET mechanism as in the reac- 
tion of benzaldehyde with allyllithium or allylmagne- 
sium halide.6 This possibility can be tested by measuring 
the relative reactivity of benzaldehyde and benzo- 
phenone with a given reagent; if the PL mechanism 
operates, benzaldehyde should react much faster than 
benzophenone for steric reasons, while the reactivity 


would nearly be the same for the ET mechanism since 
the reduction potentials of benzaldehyde and benzo- 
phenone are similar. Similar reactivity has indeed been 
observed previously for reactions with allylmagnesium 
bromide ( k U p / k B A  = 0.76).' 


In the present experiments, both 1 and 2 reacted only 
with benzaldehyde in the presence of benzophenone, 
indicating that the reactions proceed via the polar 
pathway. A dehalogenation probe (ketyl radical probe) 
experiment' was found to be negative for these rea- 
gents, consistent also with the PL mechanism. Thus, the 
observed small p values should be rationalized within 
the framework of the PL mechanism. 


In order to elucidate the variation of the p values with 
temperature, the substituent effects were measured at 
-78 "C and the results are listed in Table 1. As can be 
seen in Figure 2, the observed p values are close to zero 
for CH,=CHCH,SnBu, and even negative for 
CH,=CHCH,PbEt3 at low temperature. A negative p 
value implies that the electrophilic interaction between 
BF3 and benzaldehyde plays an important role in 
governing the reactivity. It is therefore reasonable to 
assume that the magnitude of the substituent effect is 
determined by the combination of the BF3- 
benzaldehyde complex formation [equation (3)] and the 
nucleophilic attack of an allylmetal reagent to the BF3- 
benzaldehyde complex; the former equilibrium would 
give a negative p value, while the latter step should 
yield a positive p value. 


It has been demonstrated previously that benzalde- 
hyde and BF, formed a 1 :I complex and that the 
equilibrium between the complexed and uncomplexed 
aldehyde could be measured by NMR.7-9 The magnitude 


Table 1. Relative reactivities for the reactions of substituted benzaldehydes with 1 and 2" 


1 2 


Substituent 0 "C -78 O C  0 O C  -78 "C 


2,4,6-Me3 
p-Me 
m-Me 
o-Me 


m-C1 
0-c1 


0-F 


p-c1 


P-F 


P-CF, 
m-CF, 


0.24 f 0.04 
0 4 9  f 0.02 
0.85 f 0.02 
0.75 f 0.02 
1.31 f0 .04  
2.25 f 0.03 
3.68 f 0.33 
0.79 f 0.03 
3.21 f 0.26 
2.19f0.11 
1.59 f 0.03 


0.09 f 0.03 
0.77 f 0.07 
1.04 f 0.05 
1.21 f 0.04 
0.88 f 0.01 
0.79 f 0.02 
1.20f0.07 
0.91 f 0.07 
1.24 f 0.1 3 
0.89 f 0.04 
0.77 f 0.07 


0.74 f 0.1 0 
0.81 f 0.04 
0.90 f 0.06 
0.91 f 0.01 
1.04 f 0.03 
1.16 f 0.1 1 
1.48 f 0.05 
0.88 f 0.05 
1.43 f 0.02 
1.41 f0.25 
1.14 f 0.04 


0.79 f 0.12 
1.38 f 0.20 
1.19 f 0.04 
1.46 f 0.06 
0.63 f 0.08 
0.37 f 0.05 
0.53 f 0.05 
0.95 f 0.12 
0.68 f 0.03 
0.38 f 0.07 
0.40 f 0.03 


'Errors are the standard deviations of multiple measurements. 
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Figure 1. Hammett p a  plots for the reactions of substituted benzaldehydes with (a) 1 and (b) 2 in the presence of BF,*Et20 at 0 "C 
in CH,CI, 


of the substituent effect on the complex formation was 
then determined at -78 "C by NMR. The signal of the 
fonnyl proton of the benzaldehyde-BF, complex lies 
0.35 ppm higher field relative to free benzaldehyde, in 
agreement with previous The equilibrium 
constant was calculated from the relative intensity of 
these signals. The chemical shifts" and the equilibrium 
constants determined for substituted benzaldehydes are 
listed in Table 2, and show that the position of the 


equilibrium depends very much on the substituent. The 
plot of log K vs the Hammett u values is shown in 
Figure 3; here the standard u constants, rather than u + ,  
were used since the uncertainties involved in the equili- 
brium constants did not allow a clear distinction 
between them. The p value was calculated to be -3.5, 
small enough to account for the negative p value 
(-0.92) observed for the reaction of 2 at -78 "C. 


The influence of complex formation on the relative 
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Figure 2. Hammett pa plots for the reactions of substituted benzaldehydes with (a) 1 and (b) 2 in the presence of BF,*Et,O at 
-78 "C in CH,CI, 


reactivity is larger for a more reactive reagent (2 com- 
pared with 1) for which the nucleophilic addition step is 
faster. The fact that the p values are positive at 0 "C but 
negative at -78 "C indicates that the complexation 
equilibrium becomes more important at lower tempera- 
ture. The reason for this is not clear, but it may imply 
that the rate of the nucleophilic addition step is less 
temperature dependent and thus becomes relatively less 


important in governing the reactivity at lower tempera- 
ture. In any event, the present results clearly indicate the 
importance of the equilibrium of the aldehyde-BF, 
complex formation as a rate-limiting process. The 
kinetically important step could change with change in 
the reagent in addition to the reaction temperature, 
hence the interpretation of the observed p value should 
be made carefully. 
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Table 2. Chemical shifts of the formyl protons of free benzaldehyde and the 
benzaldehyde-BF, complex and the equilibrium constant9 


Chemical shift, 6 
Substituent Equilibrium constant 
(XI Free aldehyde BF3 complex (Kx)  


p-Me 9.98 9.55 1.30 f 0 . 7 0  
mMe 10.01 9-62,9.60 0.27 f0.10 
H 10.05 9.68 0.11 f0.05 
P-F 10.00 9.65 0,064 f0.023 
P - a  10.02 9.67 0.017 f0.005 
m-CI 10.01 9.72,9.69 0,010 f0.005 
m-CF, 10.10 9-99,9.97 0,0042 f 0.0003 
P - G ,  10.13 9.87 0.0028 f 0.0013 


'At -78°C in CDCl,-CDCl, ( 3 :  1). Emrs are the standard deviations of duplicate 
measurements. 


1 


-7 


-0.3 0.0 0.3 0.6 
13 


Figure 3. Hammett p a  plot for the equilibrium in equation (3) 


EXPERIMENTAL 


Materials. Substituted benzaldehydes were obtained 
commercially and purified by distillation. Dichlor- 
omethane was distilled from CaH,. Allyltributyltin" and 
allyltriethyl-lead'2 were prepared according to the 
literature, and distilled before use. 


Reactions. The reactions of allyltin and allyllead 
were carried out by adding 1 or 2 (0.1 mmol) to a 
CH,Cl, solution of a mixture of benzaldehydes 
(0.1 mrnol) and BF3*OEt2 (0.1 mmol) at 0 or -78 "C. 
The reactions gave the expected addition product 
exclusively. Material balance of these reactions was 


confirmed excellent (102.6f 1.6% for 1 and 
98 .7f  1.0% for 2). All products were isolated and 
characterized by comparing their 'H NMR spectra 
(Bruker AM360, CDCl,) with those reported 
previ~usly.~ 


Relative reactivity. The relative reactivities of 
substituted benzaldehydes with 1 and 2 were determined 
as reported previo~sly.~ A pair of substituted benzalde- 
hydes (normally the parent and a substituted compound, 
0.2 mmol each) and naphthalene (internal standard, 
0.2 mmol) were placed in a flame-dried, serum-capped 
test-tube and dissolved in dry CH,Cl, (2ml). Half of 
the solution was transferred by means of a syringe into 
a test-tube, to which was then added BF,*OEb 
(0.2mmol). To this solution was added 1 or 2 
(0.1 mmol) and the mixture was allowed to react at 0 "C 
for 15 min (for 1) or 10 s (for 2) or at -78 "C for 
30 min (for 1) or 10 s (for 2). The solution was hydro- 
lysed, extracted with diethyl ether, dried over MgSO, 
and subjected to GC analysis (2 m glass column packed 
with 3% PEG HT). The relative intensity of each 
reactant to that of the internal standard was compared 
with the corresponding relative intensity from the 
solution that was not mixed with 1 or 2. The fraction of 
reaction was calculated for both reactants and the 
reactivity ratio was computed according to equation 
(4). 


k A l k B  =ha - f * ) l W l  - f B >  (4) 


Equilibrium constant. In a flame-dried Nh4R tube 
were placed 0.1 mmol of substituted benzaldehyde and 
0.75 ml of solvent (CDCl, : CD,Cl, = 3 : 1). and the 
spectrum was recorded at -78 "C. To this solution was 
then added BF,*OEb in 0.25 ml of the solvent, and the 
spectrum was measured again. The amount of BF,*OEb 
added was 1.0 mmol for 0-, m- and p-C1 derivatives and 







40 H. YAMATAKA ETAL 


0.5mmol for all other derivatives. By comparing the 
spectra for the solutions with and without BF,*OEt,, 
the chemical shifts of the benzaldehyde-BF, complex 
were identi-fied, and the relative intensities of the 
formyl protons were used to calculate the equilibrium 
constant. 


Ketyl radical probe  experiment. In a flame-dried 
test-tube were placed o-bromobenzophenone 
(0.2 mmol), a small amount of dibenzyl ether (internal 
standard) and CH,Cl, (1 ml). To half of the solution 
was added BF,*OEt, (0.1 m o 1 )  at 0 "C, and the 
solution was stirred for 10min. To this solution was 
then added 1 or 2 (0.1 mmol) and the mixture allowed 
to react for 30min (for 1) or 10s (for 2). After the 
usual work-up, the organic layer was analysed by GC 
(2 m PEG-HT column), which showed that the reaction 
gave only the normal adduct in addition to the 
recovered reactant. 
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LIVING CARBOCATIONIC COPOLYMERIZATIONS. 11. REACTIVITY 


METHYLSTYRENE COPOLYMERS 
RATIOS AND MICROSTRUCTURE OF ISOBUTYLENEIp- 


A. NAGY', I. ORSZAGH? AND J. P. KENNEDY 
Maurice Morton Institute of Polymer Sciences, University of Akron, Akron, Ohio 44325-3909, U.S.A. 


A novel method was developed for the quantitative description of copolymerization behavior, specifically for 
the derivation of reactivity ratios and micro- and macro-compositions of monomer pairs with significantly 
different reactivities. The novelty of the method lies in the manner of generating instantaneous feed and 
copolymer composition data from experimentally readily obtainable cumulative copolymer compositions, 
although the latter drifts with progressing copolymerization. It is demonstrated that such copolymer systems 
can be described by two reactivity ratios, albeit the values are valid only over the garrow feed composition 
range within which they were determined. The great advantage of this method is that whereas the differential 
copolymer composition equation is strictly valid only at 0% conversion, the method produces corresponding 
instantaneous feed and copolymer compositions at any conversion. Assumptions or approximations are 
unnecessary to calculate reactivity ratios. Subsequently the procedure was applied to obtain reliable monomer 
reactivity ratios of isobutylene (1B)-p-methylstyrene (pMeSt) copolymers, r,, and rpM&, prepared by living 
carbocationic copolymerizations with [IB]/[pMeSt] feeds compositions of 90 : 10 and 97 : 3 mol/mol, i.e., with 
feed compositions of industrial importance. According to our procedure, r,  = 0.74 ? 0.11 and 
rpMrst = 7.99 j: 3.34. These reactivity ratios were then used to calculate overall IB-pMeSt copolymer compositions 
over the entire comonomer conversion range and to compare calculated with experimental compositions. The 
good quantitative agreement between calculated and experimental compositions indicates that the description of 
both macro- and micro-compositions of IB-pMeSt copolymers obtained in the 90: 10 and to 97: 3 mol/mol feed 
composition range is satisfactory. 


INTRODUCTION 


Truly random copolymers are very difficult to produce 
if the structures (and therefore reactivities) of the 
participating comonomers are substantially different. In 
such cases the conventional copolymerization composi- 
tion equation should not be used because the implied 
simplifications (i.e. copolymer composition is deter- 
mined solely by the concentrations and reactivities of 
the two comonomers, etc.) do not hold (an excellent 
discussion of pitfalls to be avoided for the calculation 
of meaningful reactivity ratios appears in Ref. 1). 


Recently, an attempt was made to describe the in- 
dustrially important isobutylene (1B)-p-methylstyrene 
(pMeSt) copolymerization system by the conventional 


copolymer composition equation, and reactivity ratios 
which were similar (i.e. r, =0.99 and rpMcSt= 1.43) 
were p~blished.~~'  Subsequent work in which these r 
values were used to calculate IB and pMeSt sequence 
distributions for a series of IB-pMeSt copolymers, 
however, revealed significant discrepancies between the 
theoretically expected and experimentally determined 
(by "C NMX spectroscopy) data.' Our close examin- 
ation of the spectroscopic data indicated that the 
reactivities of these monomers are indeed far different 
of those suggested by rIB = 0.99 and rpMeS, = 1.43. The 
large discrepancy between the calculated and experi- 
mental values may be due to the specific reaction 
conditions used (e.g. heterogeneous, non-living 
copolymerizati~n).~~~ 
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The first objective of our work was to develop a 
novel method for the quantitative description of the 
copolymerization behavior of monomers having 
significantly different reactivities. We postulated that the 
composition of such systems could be described by the 
use of two reactivity ratios, albeit they will be valid 
only over a narrow feed composition range (say <lo%), 
i.e. in the range within which they were determined. 
Necessarily, these reactivity ratios must be determined 
within a narrow feed composition range and their 
significance will rapidly diminish beyond this range. 


We are aware that the determination of reliable 
reactivity ratios from only a few data points over a 
narrow feed composition range, particularly when this 
range is highly skewed in favor of one of the compo- 
nents, is fraught with uncertainty.’ To avoid this pitfall, 
we derived equations to express quantitatively the 
relationship between instantaneous feed and copolymer 
compositions, and thus were able to calculate valid 
reactivity ratios by the two parameter copolymer com- 
position equation (see Results and Discussion). 


Our second objective was to apply this novel method 
to describe quantitatively the copolymerization (includ- 
ing reactivity ratios and micro- and macro-composition) 
of the technologically important IB-pMeSt monomer 
pair. We find that our method can be used in general for 
the characterization of the copolymerization behavior 
of monomers with significantly dissimilar reactivities. 
True, the quantitative description of copolymerizations 
by this method will be valid over only a narrow range 
of feed compositions; nontheless, many scenarios, 
particularly industrially important scenarios, can be 
envisioned in which quantitative information is needed 
over only a narrow feed composition range.4 


EXPERIMENTAL 


The experimental conditions and materials used were 
described in the preceding paper.’ 


RESULTS AND DISCUSSION 


Reactivity ratio determination 
Ideally, the differential copolymerization composition 
equation expresses the instantaneous copolymer 
composition as a function of an instantaneous feed 
composition. With increasing conversions, however, 
the composition of the instantaneous feed and, neces- 
sarily, the composition of the instantaneous copolymer 
will change, and this drift will be particularly strong 
with comonomer pairs having significantly different 
reactivities. Only when rl = r2 = 1, or in azeotropic 
copolymerizations, will the copolymer and feed 
compositions remain constant with increasing conver- 
sions. In the IB-pMeSt system the monomer 
reactivities are markedly different (pMeSt is much 


more reactive than IB) and the composition of the feed 
will change rapidly even at very low degrees of con- 
version. This drift in feed composition will result in a 
significant drift in copolymer composition and must be 
taken into account in order to calculate meaningful 
reactivity ratios. 


One could overcome this problem of drifting feed 
and copolymer compositions and could obtain correct 
reactivity ratios by using either the integrated form of 
the copolymerization equation6 or the Kelen-Tiidos 
(K-T) method’ developed for high conversions.’ The 
integrated method, however, is fraught with computa- 
tional difficulties and the K-T method’ provides 
meaningful reactivity ratios only if the two parameter 
copolymer composition equation is valid over the entire 
feed composition range. We reasoned that even if the 
copolymer composition does not hold over the entire 
feed composition range, it may still be applicable for 
monomer pairs exhibiting substantially different reac- 
tivities over a narrow feed range. We therefore 
proceeded to develop a new procedure to obtain precise 
composition information over a narrow feed composi- 
tion range. The novelty of our method lies in the 
manner of generating instantaneous feed and copolymer 
composition data from experimentally readily obtain- 
able cumulative copolymer compositions, although the 
latters drift with progressing copolymerization. These 
true differential feed and corresponding copolymer 
compositions can be used to calculate reliable monomer 
reactivity ratios by the K-T method’ without any 
assumptions. These reactivity ratios, however, will be 
valid over only a very narrow feed composition range 
within which they were determined. 


To test our procedure, we applied it to the industrially 
important IB-pMeSt copolymerization system. Thus, 
experiments were carried out with 
[IB]/[pMeSt] = 90 : 10 and 97 : 3 mol/mol feed com- 
positions up to various conversions (cf. Ref. 5 ) ,  and 
determined overall copolymer compositions by dual 
detector (RI and UV) gel permeation chromatography 
(GPC) using Fodor’s algorithm.* Figures 1 and 2 show 
the data for the [IB]/[pMeSt] = 90 : 10 experiments: 
Evidently, at this feed composition the difference 
between weight and molar conversions is insignificant 
(C, = CM). Figure 1 shows cumulative (integral aver- 
age) copolymer composition as a function of total 
monomer conversion. The cumulative and instantaneous 
copolymer compositions, f, and fi, and conversion C are 
interrelated by 


To calculate rIB and rpMeSr by the differential copoly- 
mer composition equation, we need the instantaneous 
copolymer composition ( A )  and the instantaneous feed 
composition ( F J  We obtained fi by computer fitting f, 
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Figure 1. Cumulative IB content of IB-pMeSt copolymers 
as a function of conversion. Initial feed: [IB]/[pMeSt]= 


90 : 10 mol/mol 
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Figure 2. Molar conversion vs weight conversion in 
IB-pMeSt copolymerization. Initial feed: [IB]/[pMeSt] = 


90 : 10 mol/mol 


(in mol%) as a function of conversion by a polynomial 
function (see Figures 1 and 3): 


(2) fc=79.8 + 11.1C - C2 


and expressed fi; from equation (1) as 
d d 


dC dC 
f, = - ( f ,C)  = - (79.8C + ll .1C2 - C3) (3) 


fi = 7943 + 22.2C - 3C2 (4) 


Fi as a function of conversion can be derived from fc 
and the material balance as follows. The total weight of 
the initial feed is the sum of the weights of the two 
monomers in the feed 


wtolal = wIB + wpMcSt (5 )  


WCopOlyrneI = WblalCW (6) 
where Cw is the weight conversion, hereafter simply C, 
because the molar and weight conversions are virtually 
indistinguishable (C, - C,, see Figure 2). Hence 


and the weight of the copolymer: 


wf,= Wd(l - C) (7) 


(8) 
where Wp, and WppMcSl are the weights of the IB and 
pMeSt units in the copolymer. 


At any moment during a copolymerization, the 
weights of IB and pMeSt in the feed are equal to 


ively. W,, is a function of fc and C, and for the 
[IB]/[pMeSt] = 90: 10 feed 


and 


wco~lymcr = wpm + wFpMcSt 


W, - Wp, and Wbd( 1 - C) - (W, - Wp,), respect- 


0.01 f, - w,,,c 


1 - 0.01 fc 1 - - 
(9) 


MpMeSt 
wPIB = i 


where Mm and MpMcSt are the molecular weights of the 
monomers. Thus, from the definition of the mole 
fraction of IB in the feed, 


( wIB - wPIB) 


MIB 
100 


F .  = ' 
( W I B  - WPIB) + W t o t d 1  - c)  - (WIB - WPIB) 


MIB MpMeSt 


(10) 
Figure 3 shows fc, fi and Fi vs C plots computed by 


this procedure. These Fi and fi are true instantaneous 
values, and can be used without any assumptions to 
calculate r, and rpMcSt by the differential copolymer 
composition Figure 3 provides all the 
needed corresponding F ,  and fi data pairs for the 
[IB]/[pMeSt] = 90 : 10 system. The instantaneous feed 
composition (Fi) changes from 90% IB to ca loo%, 
whereas the corresponding copolymer composition (A) 
increases from ca 80% to 100% with increasing conver- 
sion (at close to 1 0 0 %  conversion the calculation 
becomes unreliable owing to the large error). Figure 4 
shows copolymer composition as a function of feed 
composition. These data were used to determine r ,  and 
rpMeSl by the (K-T) method.' 
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Figure 3. Cumulative copolymer composition experimental 
points and computer-fitted line), fc, and computed 
instantaneous feed and copolymer compositions, Fi and fi, as a 
function of conversion at [IB]/[pMeSt] =90: 10 initial feed 


composition 


The K-T equation is a linearized version of the 
differential form of the copolymer composition 
equation:'.'' 


(11) 
rpMeStX y = x  


f i B  + x  


where 


(12) 
mpMeSt and x = -  y = -  dmpMeSt 


dmlB mIB 


and dmpMcst and dm, are the instantaneous or differen- 
tial composition ratios of copolymer and mpMcst and m, 
are those of the monomers. In the K-T equation,' 


(13) 


The variables are 


where 
2 


G = m  and F = X  (15) 
Y Y 


and a is a parameter that distributes symmetrically the 
experimental points between 0 and 1 along the 6 axis. 
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Figure4. Instantaneous IB content in copolymer vs feed at 
[IB]/[pMeSt] = 90: 10 initial feed composition 


Figure 5(a) shows a three-dimensional K-T plot 
together with error contours [i.e. A = f0.003 absolute 
analytical error in copolymer composition determination 
(M.3%) expressed in mole fraction]. The x axis in 
Figure 5(a) shows the mole fraction of pMeSt in the 
feed before the K-T treatment, and helps to identify the 
corresponding instantaneous feed and copolymer 
composition data (see dotted drop-lines, and Figure 4 
for feed and copolymer compositions before lineariz- 
ation). Since the K-T method gives linear plots only in 
terms of r]  vs t, Figure 5(b) shows such a plot and 
exhibits the linearized experimental points, the fitted 
straight line and the above error curves (dotted lines). 
The intercepts of the plot, based on equation (13), yield 
the reactivity ratios rpMeSt = 7.99 f 3.34 and 
rB=0.74f0.11 at a=0.03. 


The great advantage of this method is that whereas 
the differential copolymer composition equation 
[(equation (1 l)] is strictly valid only at 0% conversion, 
this method produces corresponding instantaneous feed 
and copolymer compositions at any conversion, and 
assumptions or approximations are unnecessary to 
calculate reactivity ratios from equation (1 1)  or (13). 


Figure 6 shows experimental data together with 
computed instantaneous feed and copolymer composi- 
tion curves obtained in copolymerizations with 9713 
[IB]/[pMeSt] = 97 : 3 feed at various temperatures (cf. 
Part Is). By applying our procedure (see above) we have 
generated the needed instantaneous feed and copolymer 
composition data, and thus calculated 
rpMeSt=6.19f2.71 and rB=0.69f0.05 at a=0.017. 


Figure 7 shows the K-T plot containing all the 
experimental data obtained in these investigations 
with both the [IB]/[pMeSt] = 90: 10 and 97 : 3 feeds 
(i.e. also those shown in Figure 3). The data show 
satisfactory linearity, which is an indication of 
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Figure 6.  Experimental cumulative copolymer composition 
and computed instantaneous feed and copolymer compositions 
as a function of conversion at [IB]/[pMeSt] =97:3 initial 
feed composition at (0) -40, (0) -52, (+) -65 and (0) 
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Figure 5 (a) Three-dimensional Kelen-Tiidos plot with error 
contours. See text for the meaning of the axes. (b) Kelen- 
Tiidos plot with error contours for [IB]/[pMeSt] =90: 10 
initial feed composition. The error limits correspond to j93% 


analytical error in copolymer composition determination 


reliable reactivity ratios. In further calculations we 
decided to use rpMcSr = 7.99 f 3.34 and 
rm = 0.74 f 0.11, i.e. values obtained with the 90 : 10 
feed, because these set of values, on account of the 
wider error limits, also embrace the values generated 
with the 97 : 3 feed. 
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5 


Figure 7. Kelen-Tiidos plot with error contours for 
[IB]/[pMeSt] =90: 10 (0) and 97:3 (0) initial feed 
compositions. The error limits correspond to f0.3% analytical 
error in copolymer composition determination 


Figure 8 shows copolymer compositions as a function 
of feed compositions. Our reactivity ratios are valid 
only over the limited composition range where data are 
available, and they certainly should not be used over the 
entire composition range." 
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Since we need the instantaneous feed composition 
(F,,,,,) as a function of conversion (C), the inverse 
function of equation (16) was computer generated and 
used to calculate the instantaneous copolymer composi- 
tion (f&,,) as a function of conversion. For this 
calculation, the differential copolymer composition 
equation [equation ( l l ) ]  was used, expressed in molar 
fraction for the total conversion range: 


0.00 0.20 G.40 0.60 0.80 1.00 


feed F,, 


Figure 8. Experimental points and calculated copolymer 
composition curves together with error limits for 


[IB]/[pMeSt] =90: 10 


Simulation of the IB-pMeSt copolymerization 
system 
On the basis of reliable reactivity ratios (see the pre- 
vious section), we were able to simulate the behavior of 
the IB-pMeSt copolymerization system (i.e. calculate 
the cumulative and instantaneous copolymer composi- 
tions as a function of conversion), and quantitatively to 
substantiate the correctness of our method by compar- 
ing the experimental data with computer 
fitted/calculated curves [cf. equations (1)-(10) and 
Figures 3 and 6). 


First we calculated the molar conversion as a function 
of the instantaneous feed composition, using the closed 
integrated form of the Skeist eq~ation:~*’*-’~ 


FpMeSt FIB ’ FpMeSt,O - c=1- - 
(FpMeSt.0) (G) ( FpMeSt - dd)’ (16) 


where C is molar conversion, FpMcst,o and FF,o are initial 
mole fractions of the respective monomers m the feed, 
FpMcs1 is the instantaneous mole fraction of pMeSt in the 
feed and 


The cumulative (average) copolymer composition 
function was computed from equations (1) and (21). 
The simulation was carried out for both 
[IB]/[pMeSt] = 90 : 10 and 97 : 3 initial feed composi- 
tions. The results are shown in Figures 9 and 10. 


The points show simulated data calculated by using 
rpMst=7*99 and r,=0.74 and equations (16) and (21), 
the solid lines show the computer fitted cumulative 
copolymer compositions based on experimental data and 
the broken lines were calculated by our procedure. The 
very good agreement between the simulated points and 
computed lines indicates that our procedure yields 
reliable reactivity ratios provided that they are 
sufficiently different to cause drifting of both feed and 
copolymer compositions even at extreme compositions 
and narrow composition ranges. 


Microstructure studies 
Accurate reactivity ratios are of great practical import- 
ance for predicting and controlling overall copolymer 
compositions and microarchitectures. Since in our 
system rpMcSt 5> r,, the growing copolymers with 
pMeSt’ termini will tend to produce pMeSt sequences 
and, in addition, the continuously changing feed com- 
position (continuous decrease in [pMeSt]) will give rise 
to macro- and micro-compositional heterogeneity. 


The characterization of compositional heterogeneity 
and the determination of reactivity ratios from composi- 
tional distributions of co olymers by NMR 
spectroscopy are well known. We calculated instan- 
taneous and cumulative triad proportions as a function 
of conversion for the IB-pMeSt copolymerization 
system. For the calculation, we used rpMcS1 = 7.99 and 
r, = 0.74 and the instantaneous feed composition vs 
conversion function which characterizes the composi- 
tional shift in the feed during copolymerization. 


The probability of forming a triad can be calculated 
by multiplying the probabilities of forming the corre- 
sponding consecutive diads. The probability of forming 
a pMeSt-pMeSt diad (ppMMeSt,pMcSI) is given by the ratio: 


1J 


(22) 
RpMeSt,pMeSt 


RpMeSt,pMeSt -k RpMeStJB 
PpMeSt,pMeSt = 







LIVING CARBOCATIONIC COPOLYMERIZATIONS -11 


94 


93 


92 


91 


90 


279 


- 


B 
- 


- 


- 
" " ' z " '  


75 i A  
7 0  L 


- s 
E 
m - 
._ 6 
+- .- 


0 I! 
_ _  


0.00 0.20 0.40 0.60 0.80 1.00 0.00 0.20 0.40 0.60 0.80 1.00 


Conversion Conversion 


Figure 9. Cumulative and instantaneous copolymer composition and instantaneous feed composition as a function of conversion for 
(IB]/[pMeSt] =(A) 90: 10 and (B) 97: 3. Lines: fitted and calculated; points: simulated values (see text for details) 


where RpMdt, Mdt is the rate of a growing pMeSt' cation 
adding pMe& and RpMdt,IB is that of a growing pMeSt + 


cation adding IB.17. 
By substituting the homo- (RpMcSt,pMcSt) and cross- 


propagation (RpMcSt.J rates with concentrations and 
reactivity ratios, and simplifying, one obtains the 
probabilities for the formation of the various diads: 


where [pMeSt] and [IB] are the conversion-dependent 
monomer concentrations in the feed. 


We were interested in the relative probabilities of 
forming the four different triads with pMeSt, i.e. 
IB-pMeSt-IB abbreviated as BSB, IB-pMeSt-pMeSt 
(BSS), pMeSt-pMeSt-IB (SSB) and 
pMeSt-pMeSt-pMeSt (SSS). The probabilities of the 
formation of these triads can be. expressed as follows: 


(27) 
PSBPBB 


PSBPBB + ~ P S S P S B  + pgs 
PBSB = 


(since "C NMR spectroscopy does not distinguish 
between BSS and SSB, each ... BSSB ... unit will be 
represented by two BSS triads in the spectrum; there- 
fore, we multiplied the probability of forming BSS 


triads by 2): 


(28) 
2PSSPSB 


PBSS + SSB = 
PSBPBB + ~ P S S P S B  + pis 


and 
2 


(29) 


Similarly to compositions, triad proportions will also 
change as the feed composition shifts toward the less 
reactive monomer with increasing conversion. Hence 
instantaneous triad proportions can be calculated by 
substituting the instantaneous feed compositions 
[equation (lo)] into the diad probabilities [equations 
(23)-(26)]. Figure 10 shows the results. With increasing 


Pss 
Psss = 


PSBPBB + ~ P S S P S B  + p i s  
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Figure 10. Instantaneous triad proportions as a function of 
conversion for the [IB]/[pMeSt] = 90: 10 system 
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conversion (i.e. with decreasing [pMeSt] in the feed), the 
proportion of the BSB triads increases while those of 
BSS + SSB and SSS decrease. 


The cumulative (average) triads P,,,, Psss and Psss 
can be estimated as integral averages of the instan- 
taneous triads: 


and 


PBSB, Psss and P,,, were computer integrated from 
the corresponding instantaneous triads. Figure 11 shows 
the results for the [IB]/[pMeSt] = 90: 10 system and 
Figure 12 shows the instantaneous (thin lines) and 
cumulative (thick lines) triad proportion functions for 
the [IB]/[pMeSt] = 97 : 3 system. Similarly to the 
cumulative and instantaneous copolymer compositions, 
the cumulative triad proportions vary less than the 
instantaneous triads with conversion (cf. Figures 3 and 
6).  


Cumulative triad proportions vs conversions can be 
related to NMR microstructure data, since the latter 
were obtained at finite conversioas.18 Figure 13 shows 
calculated cumulative triad proportions as a function of 
conversion for the [IB]/[pMeSt] = 97 : 3 system. The 
dotted lines show error limits caused by the errors in 
rpMcsI and r,. The + sign indicates the case when 
rpMcst + ArpMcsI and r, -Arm (that is, when the differ- 
ence between the reactivity ratios is maximum), while 
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Figure 11. Cumulative triad proportions as a function of 
conversion for the [IB]/[pMeSt] = 90 : 10 system 
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Figure 12. Instantaneous (thii lines) and cumulative (thick 
l i e s )  triad proportions as a function of conversion for the 


[IB]/[pMeSt] = 97 : 3 system 
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Figure 13.Cumulative triad proportions (solid lines) with error 
limits (dotted lines) calculated from the reactivity ratios, and 
experimental data (0) BSB; (0) BSS; ( A )  SSS. Determined 
by "C NMR spectroscopy'* for the [IB]/[pMeSt] = 97 : 3 


system 


the - sign indicates the case when rpMcsI- ATpMcst and 
rm+Arm (that is when the difference between the 
reactivity ratios is minimum). 


Figure 13 also shows the results of two sets of I3C 
NMR (50.3 MHz) measurements on samples obtained 
at two conversions. Details of these NMR investigations 
will be published elsewhere." Since the experimental 
points are reasonably close to the calculated curves, the 
agreement between the calculated and measured triad 
proportions is regarded as quite satisfactory. Thus, 
within this narrow but technologirally significant 
composition range ([pMeSt] s 10 mol% in the initial 
feed), our copolymerization can be satisfactorily 
described by the terminal model (two-parameter copoly- 
mer composition equation), and the rpMcsI and r, values 
determined by our method satisfactorily expresses the 
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macro- and micro-composition of IB-pMeSt 
copolymers. 


CONCLUSIONS 


A new method has been developed and tested for the 
quantitative characterization of copolymerization of 
comonomers possessing significantly different reactivi- 
ties. Reactivity ratios were determined for the 
technologically important IB-pMeSt copolymerization 
system. Although these reactivity ratios are reliable, they 
are valid only over the narrow feed composition range 
within which they were determined. These r values were 
used to simulate the macro- and micro-compositions of 
IB-pMeSt copolymers. These simulation results indicate 
that our method yields reliable reactivity ratios and can be 
used to describe quantitatively copolymerization behavior 
over a narrow but technologically significant initial feed 
composition range. 
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LIVING CATIONIC POLYMERIZATION OF ISOBUTYL VINYL ETHER 
BY THE CF3C0,H-SnC14-nBu4NC1 SYSTEM: IN SITU DIRECT 


ANALYSIS OF THE GROWING SPECIES BY 'H, 13C and 19F NMR 
SPECTROSCOPY * 


HIROSHI KATAYAMA, MASAMI KAMIGAITO,? MITSUO SAWAMOTOS AND TOSHINOBU 
HIGASHIMURA 


Department of Polymer Chemistry, Kyoto University, Kyoto 606-01, Japan 


Direct 'H, 13C and I9F NMR spectroscopic analysis was carried out on the carbocationic intermediate generated 
in the interaction of tin(1V) chloride (SnCI,) with the adduct [4, CH,CH(OiBu)OCOCF,] of isobutyl vinyl 
ether (IBVE) and trifluoroacetic acid (CF3C0,H), either in the presence or in the absence of 
tetrabutylammonium chloride. The reactions were to mimic the living cationic polymerization of IBVE by the 
4-SnCI, initiating system (with added nBu,NCI) that was also found in this study. In CD,CI, solvent a t  -78 "C, 
the 'H and "C NMR analysis revealed the formation of a carbocationic intermediate [CH,C+H(OiBu)] that is 
in a rapid exchange e uilibrium with the covalent counterpart 4. For the first time, the cation formation was 
further supported by 1%. NMR analysis on the counteranionic part (CF,COO-) in 4, where, with SnCI,, the CF, 
group gave a broadened signal that appeared clearly downfield relative to that in the covalent form. These and 
other results, which are in close correlation with the corresponding polymerizations, demonstrated the 
following: (i) the SnC1,-assisted generation of carbocationic species from the covalent ester 4; (ii) a rapid 
exchange between the cation and its covalent precursor 4; (iii) the relatively high cationic concentration in the 
salt-free system, where no living polymerization occurs; and (iv) the effective suppression of the cationic species 
in the presence of the salt, which proved to be the prime key factor for living polymerization. 


INTRODUCTION 


Cationic polymerization of vinyl monomers is defined as 
an addition polymerization reaction where the reactive 
centre is a cationic intermediate that adds to a monomer 
molecule by opening the n-bond to form a new cationic 
centre. As shown in equation (l), the reaction consists of 
successive electrophilic additions of the polymeric 
growing cation, derived from an initiator and a monomer, 
to remaining monomers. If each addition reaction occurs 
without such undesirable reactions as chain transfer and 
termination, it consists only of initiation and propagation 
and is thereby called as living polymerization. In general, 
however, the growing carbocations are highly reactive 
but unstable and subject to a number of side-reactions 
[equation (2)], and it has long been considered almost 
impossible to prepare polymers with controlled structures 


by cationic vinyl polymerization. This had been in 
contrast to long-known living anionic3 and cationic ring- 
opening4 polymerizations where the intermediates are 
more stable carbanions and oxonium cations, 
respectively . 


0 0  
CH -CH-R 


A@BO + CHz=CH _f A-cHz-t+.g & -CHZ-CH B 
I I -  I (1) 


R Initiation R Propagation 
Growing 
Carbocation 


-CH*=CH + HOBO 
I 


(2) 


CH1=CH-R -CH2=CH + CHs-CH--B @ 0  


Carbocation R - 1 7  Chain Transfer I I 


HP 
I 7 0  0 ,-.",CH-CH ....... B 


I 


Unstable 


However, such a view on cationic vinyl polymeriz- 
ations proved to be wrong when the living cationic 
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polymerization of vinyl ethers was accomplished with 
the use of a mixture of hydrogen iodide and iodine or 
the HI-I, initiating systems5 Since then, a large number 
of living cationic polymerizations have been found for 
various monomers including vinyl ethers, isobutene and 
styrenes.6 Most of the initiating systems for these living 
polymerizations are composed of two components, a 
cationogen (initiator) such as a protonic acid (HB), 
reactive alkyl chloride or acetate, and a metal halide or 
Lewis acid (activator; MX,). As illustrated schemati- 
cally in equation (3), 


HB MX" s o s o  
CH2= CH -t CHs-CH-B - CHj-CH--.B--.MXn 


I I I 
OR OR 1 OR 2 


for example, the initial reaction is the quantitative 
electrophilic addition of HB to a vinyl monomer to 
form an adduct (l), the C'-B bond of which is then 
electrophilically activated by MX, into species 2. This 
activated form of 1 is the actual initiating entity that 
commences the living propagation subsequently 
mediated via its polymeric homologue (3). 


To achieve living cationic polymerization, a judicious 
choice of initiating systems is important. Why, then, do 
these specific initiating systems induce controlled or 
living polymerizations via supposedly cationic 
intermediates which have been considered unstable? 
Although it appears true, as we have repeatedly pointed 
out,6a.c that nucleophilic interaction of counteranions or 
occasionally added bases or salts with the growing 
carbocation is of primary importance, it is still not fully 
understood and often controversial what the nature of 
the living propagating species is, and whether or not 
there is a difference between living and non-living 
species7 


To clarify these points, it would be of interest to 
analyse model growing species [2; equation (3)], in 
sku, directly, and spectroscopically, under the condi- 
tions mimicking the actual living polymerizations. Thus, 
by 'H and I3C NMR spectroscopy we have recently 
analysed the model growing species in the living 
cationic polymerization of isobutyl vinyl ether (IBVE) 
by the HC1-ZnC1, and HC1-tin(IV) chloride 
(SuC1,)-tetrabutylammonium chloride (nBu,NCl, '-" 
As shown in equation (3), the living growing end (2 and 
3) should consist of three components, the growing 
carbocation (--C+) from the monomer, the counter- 
anion (B-) from the initiator HB and the activator 
(MX,) associating with B-. Our NMR analysis was in 
fact directed toward only one of these three, i.e. the 
carbocationic part. Those studies demonstrated that a 
carbocationic intermediate is indeed generated from the 
HCl adduct (1; B = Cl) of IBVE and a Lewis acid and 
that the concentration of the ionic species is very low 


under the conditions where living polymerization 
occurs. However, the interaction between the counter- 
anion and the carbocation remained unclear, because the 
HCl-based systems inherently fail to permit the NMR 
analysis of the counteranionic part, or the chloride 
anion. 


To analyse the growing species more comprehen- 
sively, therefore, in this smdy we employed 
trifluoroacetic acid (CF,CO,H) as an initiator in con- 
junction with a Lewis acid (MX,: SnC1, and ZnC12) for 
IBVE polymerization. The counteranionic parts to be 
generated in these systems contain not only a 13C but 
also a '9 nucleus, which has a spin number of 112 and 
a high sensitivity to NMR (the overall sensitivities are 
0433 and 4700 relative to 'H and I3C, respectively). This 
system thereby permits the direct analysis of not only 
the carbocationic part b 'H and I3C NMR but also the 
counteranionic part by '& and I3C NMR [equation (4)]. 


'n, "c, %,,, ,,,,-: 
MX" pgf$-:;!" (4) 


CFf2OeH 
cn.=cn - cn,-cn-o-c-cF, - 


OlBU A,," 6 4 


carbmation AStl"Sl0t 
IBVE 


In the first part of this study, we investigated the 
polymerization of IBVE by CF,CO,H in conjunction 
with ZnC1, and SnCl,. As does hydrogen chloride,'-'' 
CF,CO,H forms an ester 4 with IBVE, but 4 would 
initiate polymerizations of IBVE when coupled with an 
appropriate Lewis acid. In fact, we have already 
reported that the 4-ZnC1, system induces living cationic 
polymerization of IBVE in toluene.' In this study, 
polymerizations by 4 in conjunction with not only ZnC1, 
but also a stronger Lewis acid, SnCl,, were carried out 
in CH,Cl, to investigate the effects of the Lewis acidity 
of metal halides. The second part concerned in situ 'H, 
I3C and NMR analysis of model growing terminals 
generated from 4 and these two activators, especially 
focusing on the analysis of the counteranionic part and 
the effects of ester fragments, counteranions, and Lewis 
acids. 


RESULTS AND DISCUSSION 


Living cationic polymerization 
Trifluoroacetic acid (CF3C02H) reacts quantitatively 
with IBVE to form adduct 4 with a covalent ester bond, 
which is inca able of initiating polymerization (see 
Experimental). However, IBVE was polymerized with 
4 in conjunction with ZnC1, and SnCl,. 


As shown in Figure 1, quantitative polymerization 
occurred with a weak Lewis acid, ZnC1,. In contrast, the 
system with SnCl,, a stronger Lewis acid, induced an 
almost instantaneous, extremely rapid, and thereby 
uncontrollable polymerization. Therefore, we added to 
this system nBu,NCl, which is effective in inducing the 
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Figure 1. Time-conversion curves for the polymerization of 
IBVE with 4 - m "  in the absence and the presence of 
nBu,NC1 in CH,Cl, at -15 "C. [Monomer], ([MI,) = 1.0 M; [4 
(initiator)],= 20 mM; [MX, (activator)],= 10 mM; [nBu,NCl 


(added salt)], as indicated 


living polymerization of IBVE by the HC1-SnCI, 
initiating system. Although the polymerization in the 
presence of nBu,NCl equimolar with respect to SnCI, 
(10 mM) was still rapid, a higher salt concentration 
(14 m ~ )  led to a slower polymerization that was similar 
in rate to the ZnC1,-mediated counterpart without the 
salt. 


Figure 2 shows the molecular weight distribution 
(MWD) curves of the polymers obtained with the 
4-SnCl, initiating system at varying salt concentrations. 
The polymers obtained in the absence of nBu,NCl had a 
broad MWD, and so did that in the presence of 
nBu,NCl _ -  equimolar with respect to SnC1, 
(M, /M,  S= 1.6). However, with use of a slightly larger 
amount of nBu,NCl, the MWD became very narrow 
(M,/M" c 1.1). 


Figure 3 plots the number-average molecular weights 
(MJ of polymers against monomer conversion for the 
polymers obtained with either ZnC1, (salt free) or SnC1, 
(with 14 mM nBu,NCl). In both cases, the M ,  increased 
in direct proportion to conversion and agreed with the 
calculated values assuming that one molecule of 4 
generates one living polymer chain. Therefore, despite 
the difference in the narrowness in polymer MWD, the 
4-SnC1, system induces living polymerization of IBVE 
in the presence of nBu4NC1, whereas a weaker Lewis 
acid, ZnCl,, also gives a similar living polymerization 
even without nBu,NCl (Scheme 1). The broader MWD 
with ZnC1, is apparently due to the slow interconversion 
between the dormant species and the activated species 
(the more rapidly the interconversion between the 
activated (ionic) species and the dormant (covalent) 
species occurs under the condition of living cationic 
polymerization, the narrower the MWD of the obtained 
polymer becomes; the effects of the rate of such inter- 


_ -  


[ ~ B u ~ N C I ] ~  Conv. - 100% 


10 mM 


14 mM 
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Figure 2. Effects of added nBu,NCl on the IBVE 
polymerization with 4-SnC14 in CH,Cl, at -15°C. 
[MI, = 1.0 M; [SnCl,], = 10 mM; 


[nBu,NCl],=O, 10 and 14 mM 
[4], = 20 m ~ ;  


conversion on the polymer MWD have been 
discussed"). These results for the CF,CO,H adducts (4) 
are very similar to those with the adduct of HCl as an 
initiator.' However, the overall polymerization rates 
with 4 were much smaller than those with the HC1- 
based systems, owing to the stronger C--OCOCF, 
linkage than the C - C l  bond. 


Direct NMR analysis of model reactions 
To clarify the nature of the growing species in the 
CF,CO,H-mediated polymerizations, the interaction of 
4 with MX, (MX,,=SnCl, and ZnC1,) was directly 
analysed by 'H, "C and '9 NMR spectroscopy, 
especially focusing on the counteranionic part formed 
from trifluoroacetate anion (CF,CO,-) and MX,. Here 4 
is considered as the simplest model of the growing 
polymer terminal in the 4-MXn-initiated polymeriz- 
ation. 'H, I3C and '9 nuclei were monitored under 
identical conditions, so that their spectral correlations 
could be discussed. 


In this section, we investigated the following in 
relation to the polymerization results discussed above: 
(1) in situ direct observation of the carbocation and the 
counteranionic part generated from the adduct 4 by 'H, 
I3C and "% NMR spectroscopy; (2) the relationships 
between the NMR spectra of the model reactions and 
the living character of the corresponding polymeriz- 
ations; (3) the effects of the nucleophilicity of the 
counteranionic part on the living polymerizations. 
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Figure. 3. Living polymerization of IBVE with (A) 4-ZnC12 or (0) 4-SnCl, in the presence of nBu,NCl in CH,Cl, at - 15 "C. 
[M lo = 1.0 M; [4 lo = 20 mM; [Zna,J0 = 10 mM, [SnCI, ]o/[nBu,NCI lo = 10/14 mM. The 'Calcd' solid line indicates the calculated nn 


assuming the formation of one living polymer per molecule of 4 


CF3C02H 
CHz=CH CH3-CH-O-C-CF3 


I 
OiBu 6 4 


IBVE I 


I 
OiBu 


I 


Not Living 


Scheme 1 


Because the counteranionic part is composed of the 
counteranion (B-) from the initiator HB (or adduct 4 )  
and the Lewis acid activator (MX,), not only the 
basicity of B- but also the acidity of MX, would 
determine its overall nucleophilicity, which will 
seriously affect the nature of the growing species. 


Thus, we studied the effects of B- and those of MX, 
separately. 


In situ 13C and I9F NMR analysis of the counter anion 
( B - )  in the 4-SnC14 system: evidence for  the generation 
of carbocationic species 


Figure 4 shows the 'H, I3C and "% NMR spectra of the 
mixtures of the 4 and SnCl, in the absence and the 
presence of nBu,NCl in CD,Cl, at -78OC where the 
concentration of 4 is constant ( [410 = 200 mM). As 
shown in Figure 4(A) for 4 alone, the signal of the a- 
methine b (-CH+), which is ad'acent to the ester 
moiety, ap eared at 102 ppm in I'C NMR and at 
6.0 pprn in H NMR as a sharp quartet. The two protons 
c1 and c2 of the pendant methylene adjacent to the ether 
oxygen (-OCH,-) are chemical shift non-equivalent 
owing to the asymmetric a-carbon to give a pair of 
resonances around 3.3 ppm (doublets of doublets). 


On mixing SnCI, to a cooled solution of 4 under salt- 
free conditions [Figure 4(B) and (C)], the spectra 
changed clearly: the methine proton (Hb) and carbon 
(Cb) both shifted downfield and broadened, and the 
higher the SnCl, concentration the greater were the 
downfield shifts. Along with these changes, the initially 
separate methylene proton resonances coalesced into a 
sharp doublet and also shifted downfield. These spectral 
changes show that the covalent C-OCOCF, bond in 4 
is polarized by SnCl, to give carbocationic species (S), 
that it is in a rapid exchange equilibrium with the 
covalent precursor 4 and that the higher the SnCI, 
concentration, the higher is the cation concentration. 
[As will be mentioned later, the observation from the 
side of the carbocation in part by 'H and "C NMR 
shows that the extent of the downfield shift of the a-  


P 
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Figure 4. 'H, I3C and '? NMR spectra of (A) 4 and (B-D) mixtures of 4 and SKI, in the absence and the presence of nBu,NCl in 
CD,Cl,-CCI, (4: 1) at -78 "C with varying SnCl, concentration. [4],=200 mM; [SnCl,], and [nBu,NCl], as indicated. The 


asterisked signal is for the a-methylene protons in the salt [(CH,CH,CH,CH',)4NC1] 


methine of the HB-IBVE adducts is smaller in 4 
(-B =--OCOCF,) than in 10 (-B =-Cl), which 
indicates that the concentration of the carbocationic 
species from 4 is lower (see Figures 8 and 9).] 


On the other hand, the signals of the counteranion 
(CF,CO,-) from 4 are seen in the I3C and I!? NMR 
spectra. For 4 alone [Figure 4(A)], the carboxyl carbon 
d (-OCO-) and the trifluoromethyl carbon e (-CF,) 
appeared in I3C NMR at 157 and 114 m respectively, 
both as sharp uartets owing to the %i19 spin-spin 
coupling. In 1% N m ,  the signal of CF, group e 
appeared at -77.75 pprn as a sharp singlet. After the 
SnCl, addition [Figure 4(B) and (C)], along with the 
changes in the a-methine signal b (see above), all of 
the carboxyl carbon d in I3C NMR and the CF3 e in I!? 


NMR shifted downfield and broadened, which shows 
the generation of the anion CF,C02-. The broadness of 
these peaks also indicates a rapid exchange between the 
carbocationic species 5 and its covalent precursor 4. 
Thus, the carbocation formation has demonstrated by 
monitoring not only the carbocationic component of a 
model growing species by 'H and I3C NMR but also the 
counteranionic component by I3C and '9 NMR. These 
results suggest the participation of the carbocationic 
intermediate 5 in the 4-SnC14-initiated polymerization, 
because polymerizations do not occur until the covalent 
precursor 4 is mixed with SnCl,. Importantly, however, 
under these conditions, the IBVE polymerization is not 
living (cf. Figure 2). 


When a sufficient amount of nBu4NC1 was addition- 
ally mixed to the mixture of 4 and SnCl, [Figure 4(D)], 
under which condition living cationic polymerization 
occurred (Figures 2 and 3), both the methine proton 
(Hb) and carbon (Cb) returned to the original upfield 
positions for 4 alone and became sharp again, which 
indicates the suppression of the ionic species 5 by 
adding the salt. The salt addition also led to a new 
signal, the quartet at 5.7 pprn in the 'H NMR spectrum 
and the sharp singlet at 97 ppm in I3C NMR spectrum 
that are assigned to the a-methine of HCl-IBVE adduct 
(10 in Figures 8 and 9). T i e  formation of a small 
amount of 10 indicates the anion exchange between 
CF,CO,- from 4 and the chloride anion (Cl-) from 
nBu,NCl and/or SnCl,, which in turn supports further 
that even under the salt-present condition, the carbo- 
cationic species was actually generated, although at an 
extremely low concentration. The CF, resonance e in 
I9F NMR also returned toward the original position and 
also sharpened. Thus, the suppression of the ionic 
species by adding the salt was confirmed by the obser- 
vation of not only the carbocation ('H and I3C NMR) 
but also the counteranion (I3C and '9 NMR). Close 
inspection of the I!? NMR spectrum in Figure 4(D) also 
revealed that the CF, signal e is still slightly downfield 
relative to that for the covalent precursor 4 alone 
[Figure 4(A)]. This slight difference between the 
spectra for the covalent form 4 and the salt-suppressed 
ion (4+ 5 )  was not detectable by 'H and I3C NMR, 







IN SITU NMR ANALYSIS OF T€€E LIVING GROWTH SPECIES 287 


and the highly sensitive '% NMR analysis proved 
effective in distinguishing these two systems. 


The slight downfield shift of the CF, signal may 
indicate coordination of SnC1, to the ester moiety of 4, 
even in the presence of the salt. To understand such an 
interaction more clearly, '% NMR spectra were taken 
for a series of mixtures of SnC1, and covalent or ionic 
trifluoroacetates (Figure 5). Figure 5(C) is the spectrum 
of nBu,N'CF,CO,- (S), which is considered as a model 
of the anion CF,CO,- alone; the CF, signal appeared as 
a sharp singlet at -77.09 ppm, clearly more downfield 
than did the covalent species 4 [Figure 5(A); 
-77.75 pprn]. The observed difference also supports 
that the downfield shift and its broadening of the CF, 
signals is due to the generation of the counteranionic 
part (and the carbocation) in the 4-SnCl, system 
[Figure 5(B)]. When SnC1, was mixed with 8 [Figure 
5(D)], where a CF,CO,--SnCI, complex or a pent- 
acoordinated tin anion [CF,CO,-SnCl,] - would arise, 
the CF3 signal in fact appeared as a sharp singlet at a 
much more downfield position (-75.30 pprn), near the 
signal of silver trifluoroacetate (CF,CO,-Ag ') [Figure 
5(E); -75.01 ppm]. The two highly downfield signals 
show that the existence of an electron-deficient metal 
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(B) 4 I SnC14 


Exchange 
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Figure 5. '% NMR spectra of (A) 4 (B) 4-SnC14, (C) 8, (D) 
8-SnCl, and (E) Ag'CF,CO,- at -78°C. (A) and (B) in 
CDQ-CCI, (4 : 1); [4], = 200 mM; [SnCl,], =400 mM. (C) 
and (D) in CD,Cl,; [810=200 m M  (C), 
[8],/[SnCl,],= 100/100 mM (D). (E) in toluene-d,; 


[Ag+CF,CO,-], = 200 mM 


around CF,CO,- causes a downfield shift of the 'v 
signal of CF,CO,-. It follows that the signal of the 
counteranionic part (schematically CF,CO,-... SnC1,) to 
be formed from the 4-SnC14 system would appear 
around -75 ppm, but the signal [Figure 5(B)] is 
actually detected at a more upfield position, and the CF, 
chemical-shift difference between 4 and 4-SnCl, is 
clearly smaller than that between 4 and 8-SnCl, [Figure 
5(D)]. Thus, the ionization efficiency of the 4-SnC14 
pair is relatively low (see earlier comment in brackets), 
but the generation of the ionic species in even such a 
small amount makes the control of IBVE polymeriz- 
ation difficult (cf. Figure 2). 


Apart from the carbocation formation from 4, the 
small downfield '% NMR shift in the 4-SnC1, system 
might simply be due to a loose coordination of SnCl, to 
the ester carbonyl in 4, as often observed for other 
carboxylate-metal halide mixtures. To test this possibil- 
ity, the interaction of SnCl, and ethyl trifluoroacetate 
(CF,CO,C,H,; 9) was analysed by 'H and I9F NMR 
spectroscopy (Figure 6). Obviously, the primary ester 
could hardly be ionized into an ethyl cation by SnCl,. 
On mixing 9 and SnC1, [Figure 6(B)], the methylene 
and the CF, resonances indeed shifted downfield 
slightly but without broadening, and the shift was much 
smaller than in the 4-SnC14 system. Therefore, SnCl, 
does coordinate to 9 but cannot induce any ion-ester 
exchange. Separate experiments also showed the 
absence of IBVE polymerization by 9-SnCl,. Thus, 
these spectral observations with 9 further support the 
participation of the ionic species 5 in the 4-SnC1,- 
initiated polymerization. 


In the 'H and 'v NMR spectra of the 
9-SnC1,-nBu4NC1 system [Figure 6(C)], no downfield 
shifts were observable, where the salt most likely 
weakens the coordination of SnCl, to the ester by 
forming a weaker Lewis acid, SnCl,-. 


' H a n d  I9F NMR analysis of the 4-ZnC1, system: effects 
of Lewis acids MX, 
Not only the use of SnCl, with added nBu,NCl but also 
that of a weak Lewis acid, ZnCl,, without the salt 
permit living polymerization of IBVE with 4 (Figure 3). 
The interaction of 4 and ZnC1, was therefore investi- 
gated by 'H and 'v NMR spectroscopy (Figure 7). As 
shown in Figure 7(D), the a-methine signal b in the 'H 
NMR spectrum appeared almost at the original position 
for 4 alone [Figure 7(A)], and the CF, signal e in the 
I9F NMR spectrum shifted slightly downfield but 
remained sharp. Thus, with a weak acid, ZnCl,, as an 
activator, the generation of the ionic species was kept at 
an extremely low concentration even in the absence of 
nBu,NCl, and the spectra for the 4-ZnCI, [Figure 
7(D)] and the 4-SnC1,-nBu4NC1 [Figure 7(C)] 
systems are very similar; note that both systems lead to 
living IBVE polymerization. A very small peak at 
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Figure 6. Interaction of ethyl tnfluoroacetate (9) with SnCI, and nBu,NC1 in CD,CI,-CCI, (4 : 1, v/v) at -78 “C followed by ‘H and 
’% NMR spectroscopy. (A) 9 alone; (B) 9-SnC1,; (C) 9-SnC1,-nBu4NCI. [9] = 200 mM; [SnCl,] = 100 mM; [nBu,NCl] = 140 mM 
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Figure 7. Effects of Lewis acids (MX,) and added nBu,NCI on the ‘H and ’% NMR spectra of 4 - m ”  mixtures in CD,Cl, at 
-78OC. (A) 4 alone; (B) 4-SnCl,; (C) 4-SnC1,-nBu4NCl; (D) 4-ZnC1, [with 10 vol.% Et,O from the stock solution of ZnC1, (it 
has already been shown’ that diethyl ether, i.e. the solvent for ZnCl,, does not affect the nature of living polymerization)]. 


[4] = 200 mM; [SnCl,] = [ZnCl,] = 100 mM; [nBu,NCl] = 140 mM 


5.74 ppm in Figure 7(D) indicates the formation of the polymerizations with 4 and the Nh4R spectra of the 
HC1-IBW adduct (10) due to the counteranion corresponding model reactions. For example, in the 
exchange, as also observed in the 4-SnC1,-nBu4NC1 observation of the carbocationic component by ‘H and 
system. I3C NMR (Figures 4 and 7), the extensive downfield 


chemical shifts of the a-methine signal b in the 
4-SnCI,$ system [salt free; Figure 7(B)]indicate that a 
relatively high concentration of the carbocationic 
species is unfavourable for living polymerization. In 
contrast. when the cation is hardlv observable as in the 


Relationships between living cationic polymerization 
and the NMR spectra of the model reactions 
The above-discussed results demonstrate a close correla- 
tion between the living nature of the IBVE 4-SnCl;-nBu4NC1 [Figure 7(Cj] and the 4-ZnC12 
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[Figure 7 (D)] systems, living polymerizations occur. 
Similar relationships have been found between the 
IBVE polymerizations with the HC1-IBVE adduct (10) 
and the NMR spectra of relevant model reactions (see 
Figures 8 and 9; Refs 9 and 10). Thus, to achieve living 
cationic polymerization, it is important to suppress 
carbocationic growing species at an extremely low 
concentration below the NMR detection limits. 


A similar correlation was seen in the observation of the 
counteranionic component by '? and I3C Nh4R. The CF, 
resonance e shifted downfield in the salt-free 4-SnC1, 
system [Figure 7(B)], which gave non-living polymers. It 
appeared very close to the downfield position for the CF, 
of 4 alone in the 4-SnC1,-nBu4NC1 [Figure 7(C)] and 
the 4-ZnC1, [Figure 7(D)] systems, under which condi- 
tions living polymerizations proceeded. The '? NMR 
analysis also demonstrated that SnCI, actually interacts 
(coordinates) with CF,CO,- in both living and non-living 
polymerizations. 


CF3C0,H-SnCl, vs HCI-SnCl, systems: effects of 
counteranions (B -) 
We have recently reported that the HCI-SnCI, initiating 
system induces living cationic polymerization of IBVE 
in the presence of nBu4NCl.' The HC1-based system is 
similar to the CF,CO,H-based counterpart discussed 
here, except for the difference in the counteranions B- 
in the protonic acids. The difference in turn permits us 
to examine the effects of B-  on the nature of growing 
species. Figures 8 and 9 show the 'H and "C NMR 


a b  
CHI-CH-B 


spectra, respectively, of model reaction mixtures 
[HB-IBVE adduct (4 or 10) + SnCl,+nBu,NCl] 
corresponding the two initiating systems. Overall results 
are also summarized in Table 1. When adducts 4 
(-B = -OCOCF,) and 10 (-B = 4 1 )  were mixed 
with SnCI, in the absence of the salt [Figures 8(B) and 
9(B)], both a-methine signals b shifted downfield; the 
downfield shift with 4 is much smaller than with 10, 
indicating that the concentration of the ionic species 
generated from 4 is much lower than that from 10. This 
suggests that the C-OCOCF, bond in 4 is more 
difficult to ionize than the C--CI bond in 10, which is 
consistent with the larger pK, of CF,CO,H than of HCI, 
as shown in Table 1. Thus, it has been clarified by the 
direct NMR investigations that the property of the 
counteranionic part (B--.MX,) is influenced not only 
by the Lewis acidity of MX, but also by the basicity of 
B-; both factors, in turn, affect the instantaneous 
concentration of the carbocationic species. 


In the presence of nBu4NC1, where the living polym- 
erizations proceeded with both initiating systems, the a- 
methine signals returned to the original upfield positions 
for the respective adducts [Figures 8(C) and 9(C)]. 
Importantly, the non-equivalent methylene proton 
signals ci and c, of 10 coalesced into a sharp doublet, 
whereas those of 4 remained split resonances. This 
indicates that the covalent-ionic exchange in 4-SnC1, is 
slower than that in 10-SnCI,, which may be caused by 
the fact that the rate-determining step of the exchange 
reaction is the generation of the ionic species by dis- 
rupting the C-B bond with SnC1,. Hence these direct 
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Figure 8. Effects of counteranion (B-) on 'H NMR spectra of HB-IBVE adducts (4 and 10) with SnCl, in CD,Cl, at -78 "C. (A) 
adduct alone (4, -B = -C1; 10, -B = -OCOCF3) with 20 vol.% CCl, from the stock solutions of the adducts; (B) adduct-SnC1,; (C) 
adduct-SnCI,-nBu,NCl. [Adduct] = 200 mM; [SnCl,] = 100 mM; [nBu,NCl] = 140 mM. The astensked signals are for the a- 


methylene protons in the salt [ (CH,CH,CH,C~,),NC~ ] 
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Figure 9. Effects of counteranion (B-) on I3C NMR spectra of HB-IJ3VE adducts (4 and 10) with SnCI, in C D Q ,  at -78 "C. (A) 
adduct alone (4, -B = -C1; 10, -B = -OCOCF3) with 20 vol.% CCI, from the stock solutions of the adducts; (B) adduct-SnCl,; (C) 


adduct-SnC1,-nBu,NCI. See the caption for Figure 8 for detailed conditions 


Table 1. Effects of counteranions (B-) on the IBVE polymerization and the corresponding model reactions 


Model reactions (NMR analysis)b 
IBVE polymerizations" 


C +concentration Anion 
MX, = SnCI, MX, = SnCl, MX, = ZnC1, Covalent-ionic basicity 


HB (salt free) (added salt) (salt free) Salt free Added salt exchange (pK, in DMSO)" 


HCld A B B High Verylow Faster 1.8 
HOC (O)CF,' A B C Low Verylow Slower 3.45 


'Polymerization of IBVE with the HEI-IBVE adduct-MX, initiating system. (A) instantaneous polymerization, not living; (B) living, very narrow 
MWD (M,/M,,< 1.1); (C) living, broad MWD. 


siru NMR analysis of model reactions with the HB-IBVE adduct-SnCl, at -78 "C. Reaction conditions: HB = HCI, in CD,Cl,; HB = CF,CO,H. in 
CD,Cl,-CCI, (4: 1, v/v). [Adduct] = 200 mM; [SnCl,] = 100 mM; [nBu,NCI] = 140 mM (see Figures 8 and 9). 
'Ref. 12. 
dIBVEwasplymerizedinCH2Cl,at - 1 5 ° C  [Ml0=0.38M; [10],=5 mM; [MXn],=2mM; [nBu4NC1],=2-4 mM9 


NMR analysis of the model reactions also clarified that 
the counteranion affects not only the ease of the ioniz- 
ation of the C-B terminus by MX, but also the rate of 
the covalent-ionic exchange. 


EXPERIMENTAL 


Materials. IBVE (Tokyo Kasei; purity >99%) was 
washed with 10% aqueous sodium hydroxide solution 
and then with water, dried overnight with potassium 
hydroxide (pellets) and distilled twice over calcium 
hydride before use. CF,CO,H (Nacalai Tesque; purity 
>99%), commercially received in sealed vials, was 
dissolved in toluene or carbon tetrachloride (CCl,) 
without further purification. SnCl, (Wako Chemicals; 
purity >97%) was distilled under reduced pressure over 


phosphorus pentoxide. ZnC1, (Aldrich; 1.0 M solution in 
diethyl ether) was commercially supplied as a solution. 
nBu,NCl (Tokyo Kasei) was used as received. It was 
vacuum dried just before use and dissolved in dry and 
distilled methylene chloride in a nitrogen-filled dry-box. 
Deuterated methylene chloride (CD,Cl,) (Wako Chemi- 
cals; 99.75 atom% D) and toluene-d, (Aldrich; 
>99 atom% D) gere dried overnight over baked mol- 
ecular sieves 3A just before use. Methylene chloride 
(CH,Cl,) and carbon tetrachloride (CC1,) as solvents 
were washed with 10% aqueous sodium hydroxide and 
then with water, dried overnight with calcium chloride 
and doubly distilled over phosphorus pentoxide and then 
over calcium hydride before use.4 Diethyl ether (Et,O) 
(Dojin; purity >99%, anhydrous) for ZnC1, solution was 
distilled in the presence of LiAlH, before use. Silver 
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hifluoroacetate (AgOCOCF,) (Aldrich; purity >98%) 
was vacuum dried and dissolved in toluene-d, before 
use. Ethyl hifluoroacetate (CF,CO,C,H,; 9) (Wako 
Chemicals; purity >98%) was used as received. 


Synthesis of CF3CO2H-IBVE adduct (4).' The 
adduct 4 was synthesized by magnetically stimng a 
mixture of CF,CO,H and IBVE in toluene at 0 "C (for 
polymerization initiator) or in CCl, at 0°C (for model 
reactions). The clean and quantitative formation of the 
adduct in both solvents was confirmed by 'H and I3C 
NMR spectroscopy. The HC1 adduct 10 was prepared 
similarly.' 


Synthesis of tetrabutylammonium trifluoroacetate 
(nBu,NOCOCF,). This salt was prepared by adding a 
solution of AgOCOm, in toluene (25%, w/v; 19 ml) to 
a solution of nI3u4NC1 in CH,Cl, (lo%, w/v; 60 ml) at 
room temperature. After stimng for 10 min, the precipi- 
tated silver chloride was filtered off. The product was 
isolated by evaporating the solvents under reduced 
pressure and purified by reprecipitation from dry, 
distilled n-hexane to give the trifluoroacetate as a white 
powder; yield 74% from AgOCOCF,. It was vacuum 
dried and dissolved in dry and distilled CH2C1, in a 
nitrogen-filled dry-box just before use. 


Polymerization procedures. Polymerization was 
carried out under dry nitrogen in baked glass tubes 
equipped with a three-way tap. The reaction was initiated 
by the sequential addition of prechilled solutions of 4 (in 
toluene; 0.50 ml) and SnC1, (in CH,Cl,; 0.50 ml) or 
ZnC1, (in EhO; 0.50 ml) via dry syringes into a monomer 
solution (in CH,Cl,; 4.0 ml) containing IBVE (0.66 ml) 
and CCl, (0.20 mi). For polymerizations in the presence 
of nBu,NCl, the salt was dissolved in SnCl, solution 
prior to initiation. After predetermined intervals, the 
polymerization was terminated with prechilled methanol 
(2.0 ml) containing a small amount of ammonia. Mon- 
omer conversion was determined from its residual 
concentration measured by gas chromatography with the 
CCl, as an internal standard. The polymer yield by 
gravimetry was in good agreement with the gas chroma- 
tographic conversion of the monomer. 


To remove initiator and MX, residues, the quenched 
reaction mixtures with 4-SnCl, were washed with dilute 
hydrochloric acid, aqueous sodium hydroxide solution 
and then with water; those with 4-ZnC1, were washed 
only with water. These solutions were evaporated to 
dryness under reduced pressure and vacuum dried to 
give the product polymers. The MWD of the polymers 
was measured by size-exclusion chromatography (SEC) 
in chloroform at room temperature on a Jasco Trirotar- 
V chromatograph equipped with three polystyrene gel 
columns _ _  (Shodex K-802, K-803 and K-804). The mn 
and MJM, values were calculated from SEC eluograms 
on the basis of a polystyrene calibration. 


'H, I9F and "C NMR spectroscopy and model reac- 
tions. 'H, '% and "C NMR spectra were recorded on a 
JEOL JNM-GSX270 spectrometer, operating at 


67.9 MHz (I3C NMR) (CD,Cl, for locking). The main 
parameters were as follows: 'H NMR, spectral width = 
6002.4 Hz (22.17 ppm), pulse width =4.3 ps (45"), 
acquisition time +pulse delay = 30 s, data points = 
16,384, number of transients=8 (4 rnin for one 
spectrum); '9 NMR, spectral width = 10,000.0 Hz 
(39.34 ppm), pulse width = 11.0 ps (45"), acquisition 
time +pulse delay =30 s, data points = 16,384, number 
of transients = 12 (6 min for one spectrum); I3C NMR 
(white-noise decoupled from 'H), spectral width 
= 20,000.0 Hz (294.38 pprn), pulse width =4.0 ps 
(45"), acquisition time +pulse delay= 3.0 s, data 
points = 32,768, number of transients = 500-2000 
(30-120 min for one spectrum). The probe temperature 
was ru:gulated with a JEOL NM-GVT3 variable-tem- 
perature apparatus (fluctuation 61 "C). The model 
reactions of 4 or 10 and Lewis acids (MX,) were 
started by adding a solution of the adduct (1.0 M; 
0.12 ml) to a prechilled CD,Cl, solution of SnCl, or 
ZnC1, (0.48 ml) in a septum-capped NMR tube (5 mm 
0.d.) under dry nitrogen via dry syringes at -78 "C. For 
the reaction in the presence of a salt, it was dissolved in 
the solution of SnCl, beforehand. The tube was vigor- 
ously shaken at -78 "C and immediately placed in the 
thermostated probe. The chemical shifts in 'H and I3C 
NMR spectra were determined relative to the signals of 
the residual CH,Cl, ('H 5.32 ppm and I3C 55.8 ppm, 
both from Me,Si) in the deuterated solvent, and those in 
'% NMR spectra to the signal of 
hifluoromethylbenzene (C,H,CF,; 64.0 ppm from 
CFC1,) as an external standard dissolved in toluene-d, in 
a capillary. The interactions of SnCl, and/or nBu,NCl 
with nBu,NOCOCF, (8), CF,C0,C,H5 (9) and 
AgOCOCF, were analysed in a similar way by adding a 
solution of each acetate (0.12 ml; 8 in CD,Cl,; 9 in 
CCl,; AgOCOCF, in toluene-d,) to a prechilled solution 
of SnCl, (in CD,Cl,; 0.48 ml) at -78 "C. 


270.7 MHz ('H NMR), 254.1 MHz ('% NMR) and 


ACKNOWLEDGEMENTS 


We thank Professor Ken'ichi Takeuchi, Department of 
Energy and Hydrocarbon Chemistry, Kyoto University, 
for helpful discussions on NMR analysis. M.K. is also 
grateful to the Japan Society for the Promotion of 
Sciences for Fellowships for Japanese Junior Scientists. 


REFERENCES 


1. M. Kamigaito, H. Katayama, M. Sawamoto and T. 
Higashimura, Polyrn. Prepr. Jpn., Engl. Ed. 42 (2), E866 
(1993). 


2. M. Sawamoto, Macrornol. Syrnp. 88, 105 (1994). 







292 H. KATAYAMA ETAL. 


3. (a) M. Szwarc, Nature (London) 178, 1168 (1956); (b) 
M. Szwarc, M. Levy and R. Milkovich, J .  Am. Chem. SOC. 
78,2656 (1956). 


4. (a) M. P. Dreyfuss and P. Lkeyfuss, Polymer 6, 93 
(1965); (b) C. E. H. Bawn, R. M. Bell and A. Ledwith, 
Polymer 6, 95 (1965). 


5. M. Miyamoto, M. Sawamoto and T. Higashimura, 
Macromolecules 17,265,2228 (1984). 


6. For recent reviews, see (a) M. Sawamoto, Prog. Polym. 
Sci. 16, 111 (1991); (b) J. P. Kennedy and B. I v h ,  
Designed Polymers by Carbocationic Macromolecular 
Engineering: Theory and Practice. Hanser, Munich 
(1992); (c) M. Sawamoto, Trends Polym. Sci. 1, 111 
(1993). 


7. See, for example: (a) P. Sigwalt, Makromol. Chem., 
Macromol. Symp. 47, 179 (1991); (b) M. Szwarc, Makro- 
mol. Chem., Rapid Commun. 13, 147 (1992); (d) K. 


Matyjaszewski, J .  Polym. Sci., Part A ,  Polym. Chem. 31, 
995 (1993); Macromolecules 26, 1787 (1993). 


8. M. Kamigaito, M. Sawamoto and T. Higashimura, 
Macromolecules 25,2587 (1992). 


9. M. Kamigaito, Y. Maeda, M. Sawamoto and T. Higashi- 
mura, Macromolecules 26, 2670 (1993). 


10. H. Katayama, M. Kamigaito, M. Sawamoto and T. 
Higashimura, Macromolecules, in press. 


11. (a) M. Kamigaito, M. Sawamoto and T. Higashimura, 
Macromolecules 24, 3988 (1991); (b) M. Kamigaito, K. 
Yamaoka, M. Sawamoto and T. Higashimura, Macro- 
molecules 25, 6400 (1992); (c) K. Matyjaszewski and C. 
H. Lin, Makromol. Chem., Makromol. Symp. 47, 221 
(1991); (d) J. E. Puskas, G. Kaszas and M. Litt, Macro- 
molecules 24, 5278 (1991). 


12. F. G. Bordwell, Acc. Chem. Res. 21,456 (1988). 








JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 8.41-46 (1995) 


STRUCTURAL STUDY ON QUASI-PHOSPHONIUM SALTS 
CONTAINING PHOSPHORUS-OXYGEN, PHOSPHORUS-NITROGEN 


AND PHOSPHORUS-SULPHUR BONDS 


CHRISTOPHER IMRIE, TOMASZ A. MODRO,’ PETRUS H. VAN ROOYEN,’ CARL C. P. WAGENER AND 
KAREN WALLACE 


Centre for Heteroatom Chemistry, Department of  Chemistry, University of Pretoria, Pretoria 0002, South Africa 


AND 


HARRY R. HUDSON, MARY McPARTLIN, JUSNI B. NASIRUN AND LUBAPOWROZNYK 
School of Applied Chemistry, University of North London, Holloway Road, London N7 8DB. U.K. 


The crystal and molecular structures of six quasi-phosphonium salts containing phosphorus-heteroatom 
(heteroatom = oxygen, sulphur or nitrogen) bonds were determined. Comparison of the molecular parameters 
obtained with those available for reference structures demonstrated that the ‘double bond’ character for the 
P’-Y bond decreases in the order Y = N w 0 > S. 


INTRODUCTION 


Quasi-phosphonium ions, defined as phosphonium 
structures in which the phosphorus atom is bonded 
directly to at least one heteroatom (0, N, S, etc.), are 
important species because of their reactivity and their 
role as intermediates in various organophosphorus 
reactions.’ The nature of the phosphorus-heteroatom 
bonding in these systems is therefore of interest, as it 
should have a direct bearing on their chemical behav- 
iour. Single-crystal x-ray diffraction measurements 
carried out previously on the alkoxyphosphonium ions, 
(RO),PR’,-,’ ( n =  1, 2, 3) demonstrated that there is 
little, if any, double bond character in the P’-Ph bond 
(R’=Ph), but the P’-0 bonds show some double 
bond character with p.,-d,7 back-donation from oxygen 
to phosphorus.’ Considerably less information is avail- 
able on the bonding parameters of quasi-phosphonium 
ions containing the P+-S and P+-N bonds. Since our 
recent studies demonstrated a significant difference in 
the photochemical behaviour of the ‘classical’ quater- 
nary phosphonium3 and alkylthio- (or arylthio-) 
phosphonium4 ions, we decided to determine structural 
features of some quasi-phosphonium salts containing 
different phosphorus-heteroatom bonds. It was hoped 
that the molecular parameters, particularly bond dis- 
tances and bond angles, would provide useful informa- 
tion about the nature of the bonding of those systems. 


CCC 0894-3230/95/0 10041 -06 
0 1995 by John Wiley & Sons, Ltd. 


RESULTS AND DISCUSSION 


Six quasi-phosphonium salts (l), one containing two 
P-N bonds and one P-0 bond (la), two containing 
one P-S bond ( lb ,  c )  and three aminophosphonium 
salts containing one P-N bond (Id, e ,  f )  (Scheme l), 
were prepared and single-crystal x-ray diffraction 
structure determinations were performed. All salts were 
sufficiently stable to allow data collection to be carried 
without the need for special precautions to exclude 
atmospheric moisture. Principal molecular parameters, 
including the P+... .X^ non-bonded distances, are given 
in Table 1 and the perspective (ORTEP’) views of the 
molecules are given in Figure 1. 


The first obvious conclusion is that all substrates 1 are 
tetracoordinate phosphonium salts with no indication of 
a pentacoordinate (phosphorane) structure. In all salts 
the phosphorus atom is perfectly tetrahedral with a 
remarkably constant value of the average Y-P-Z 
angle. Irrespective of the nucleophilicity of the counter- 
ion, the non-bonded P’....X- distances are well above 
the corresponding sum of the van der Waal’s radii with 
no evidence for even an ‘early stage’ of the formation 
of the tbp structure. The phosphorus-heteroatom 
bonding, on the other hand, shows interesting variations 
within the tetrahedral structure of the phosphonium 
ions. The observed P+-heteroatom bond dis- 
tances should be discussed in relation to the ‘pure’ 
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NMe, 


PhS-PPh: ClOi 
I 
I 


Me-P’--OCH2Bu‘ I- 


NMe, 


l a  l b  


PhCHZS-PPh; CIOA- Pr”H-PPh3’ Br- 


l c  Id 
Me 


\ 


Bu, 
/N-pph; I- 


BuNH-PPh,’ Br- 


l e  If 


Scheme 1 


single and ‘pure’ double bonds between phosphorus and 
a given heteroatom. Such a comparison will depend, of 
course, on the models chosen to represent a typical 
‘single’ and ‘double’ bonding at phosphorus. Although 
the exact value of a bond length depends on such 
factors as the electronegativities and steric effects of the 
remaining substituents, the interaction of the neighbour- 
ing molecules and crystal structure effects,6 the typical 
ranges of the P-O(C), P=O, P-S and P=S bond 
distances are available in the literature. As far as the 
P-N bond is concerned, the value for the ‘pure’ single 
bond was taken from the dipolar mplecule of phospho- 
ramidic acid H,N’-PO,H- (1-78 A7). while the value 
for the ‘double’ bond was taken from the molecular 
structure N- ferf -buty 1 - P , PI P- tripheny lphosphine of 


imide, Ph,P=NBu‘ (2), determined in our laboratory 
and taken as a model closely related to the ionic sub- 
trates Id, e and f. A comparison of the 
phosphorus-heteroatom bond distances observed for 
ions 1 with the limiting values accepted for the corre- 
sponding single and double bonds is given in Table 2. 
Assuming that the correlation between bond length and 
bond order’ operates for ions 1, Table 2 reveals interest- 
ing differences between individual heteroatoms. All 
observed phosphorus-heteroatom bond distances are 
intermediate between the corresponding values for a 
single and a double bond, but the exact location within 
that range varies from heteroatom to heteroatom. If the 
structure of a quasi-phosphonium ion can also be 
represented by two resonance structures, A and B 
(Scheme 2), the degree of the pn-dn back-donation 
from the heteroatom to phosphonium centre can be 
measured by the value of the ‘shortening’ of the ‘pure’ 
single bond to the observed value. 


A 


Scheme 2. 


Relative to the ‘pure’ single bond, the 
phosphorus-oxygen, phosphorus-nitrogen and 
phosphorus-sulphur distances in the quasi-phospho- 
nium ions studied in this and previous’ work are 
shortened by 32%, 62% and 26%, respectively. Thio- 
phosphonium ions l b  and c can be compared directly 
with triphenylphosphine sulphide, as the products of ‘S- 
phenylation’ (or ‘S-benzylation’) of that qbstrate. The 
P=S bond distance in Ph,PS is 1.950(3) A,“ and our 


Table 1. X-ray crystallographic data for quasi-phosphonium salts 1 


Parameter la l b  lc  Id le  If 


Bond distances (A): 
P-Ph (av.) 
P-0 
P-N 
P-s 


Bond angles ( O ) :  


P-0-c  
P-N-C 
P-s-c  
C-N-C 
Y-P-Z (av.) 


P +.. . X - non- 
bonded distance (A) 


1.789(4) 1.781 (4) 1.784(9) 1.800(6) 1.800(4) 
1.546(7) 
1.595( 10)’ 1.628(7) 1.621 (3) 1.646(3) 


2.074 (2) 2.050(1) 


121.6(8) 
121.1 (3)b 124.2(8) 129.1(2) 121.3(3)’ 


100.1(2) 105.6(1) 
113( 1)’ 1 1 5.2 (3) 


109.5 (5) 109.5(2) 109.5 (1) 1094 (4) 109.4( 1) 109.4(2) 


4.987 5.237’ 6.063’ 4.287 4.173 5.853 


‘Average of two values. 
Average of four values. 
P...CI distance. 
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Table 2. Comparison of phosEhorus-heteroatom 
distances (A) 


bond 


Heteroatom in the 
P-heteroatom 
bond Single Double Observed for 1 


0 
N 
S 


1.590(16)" 1.467(7)' 1.551(9)b 
1.78' 1.543(2)d 1.632(4)" 
2.1 0 (5)' 1.954(5)" 2.062(1)' 


"Taken from Ref. 8. 
'Taken from Ref. 2. Compound l a  was excluded since it contains two 
additional phosphorus-heteroatom bonds (P-N). and is discussed 
separately. 
'Taken from Ref. 7. 


'Average for Id, e and f l a  was excluded (see footnote b). 
'Taken from Ref. 6; average of a series P-S distances. 


This work. 


Average for l b  and c. 


results clearly show that the substitution at sulphur is 
followed by a significant change in the nature of the 
phosphorus-sulphyr bond, giving a mean P-S bond 
length of 2.062A in l b  and c. In other words, the 
contribution of the resonance structure B to the structure 
of the ions decreases in the order Y = N & 0 > S. The 
bond distances data correlate well with the P-Y-C 
bond angles values. For Y = N, the average value (Table 
1) is 123.9 * 3.7", clearly suggesting sp2 hybridization 
of the nitrogen. In agreement with that, the tertiary 
nitrogen in If (the average bond angle at N is 119.3") is 
almost completely planar, with the deviation from the 
plane determined byaphoshorus and two alkyl carbons 
of only 0.129(3) A. Similarly, the bond angles at 
oxygen, although varying from structure to structure,2 
are never below the value of 120". 


In contrast with the oxygen and nitrogen analogues, 
alkylthio (thioaryl) phosphonium salts are characterised 
not only by a 'long' P-heteroatom bond, but also by the 


P' -S-C bond angles well below the tetrahedral 
value (the average value for l b  and l c  is 102.9 f 3..9"), 
indicating that the bonding at sulphur is not much 
different from that observed for hydrogen sulphide and 
its simple derivatives. 


The ion l a  contains two types of phosphorus- 
heteroatom bond (one P'-0 and two P'-N) at the 
phosphonium centre. The bonding parameters (distances 
and angles) are, however, very similar to those observed 
for ions in which only one type of P-heteroatom bond 
is present (Tables 1 and 2). Indeed, as far as the P'-0 
compounds are concerned, the length of this bond 
remains approximately constant not only as the groups 
on P are changed but also as the organic group attached 
to oxygen is changed from $kyl to aryl. The P--0 
bond distance in l a  (1.546 4) is very similar to the 
average value of 1.551 A observed for various 
R,P(OR'),-, + (R, R'= alkyl or aryl; n = 0, 1, 2) salts.2b 
It has been shown that even the presence of strongly 
electron-withdrawing substituents, as in methyl tri(p- 
nitrophenoxy)phosphonium chloride, does not have any 
noticeabl? effect on the P-0 bond distance 
(1.552-A)." It seems, therefore, that the nature of the 
Pi-Y bond in a quasi-phosphonium system depends 
primarily on the nature of Y, and not on the remaining 
substituents at phosphorus. 


EXPERIMENTAL 
NMR spectra were recorded on a Bruker AC300 
spectrometer and chemical shifts are given in 6 (ppm) 
relative to tetramethylsilane as an internal standard ('H) 
or 85% H,PO, as an external standard (3'P). Melting 
points are uncorrected. 


Quasi-phosphonium salts (1). Neopentyloxy(bis- 
dimethy1amino)methylphosphonium iodide (la) was 
prepared as described before." Yield 81%; m.p. 144 "C; 
H NMR (CDCl,), 6 1.01 (s, 9H), 2.35 (d,3H, 


J =  13.8 Hz), 2-89 (d, 12H, J = 9 - 6  Hz), 3.91 (d, 2H, 
J = 4.2 Hz); 3'P NMR, 6 59.6. 


Thiophenoxy- ( lb )  and thiobenzyloxy- ( l c )  tri- 
phenylphosphonium perchlorate. These were prepared 
electrochemically according to the literature pro- 
cedure.I3 Compound lb ,  yield 50%; m.p. 174-175 "C 
(lit.I3 m.p. 172-173 "C); 'H NMR (CDCl), 6 
7.17-7.43 (m, 4H), 7.39-7.49 (m, lH),  7.55-7.84 
(m, 15H); "P NMR, 6 36.2. Compound l c ,  yield 60%; 
m.p. 141-142°C (lit.'3 m.p. 141-142'C); 'H NMR 


(m, 5H), 7..71-7.88 (m, 15H); 3'PNMR, 6 44.7. 
(CDCI,), 6 4.14 (d, 2H, J =  10.8 Hz), 7.12-7.28 


(A Lky1amino)triphenylphosphonium bromides 
(Id-f). These were prepared according to the literature 
pr0ced~re . l~  Compound Id, yield 54%; m.p. 
240-242°C (lit.', m.p. 242-243 "C); 'H Nh4R 
(CDCl,), d 1.33 (d, 6H, J = 6 . 8  Hz), 3.15 (m, lH), 
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7.55-7.89 (m, 15H); "P NMR, d 36.4. Compound le ,  
yield 95%; m.p. 223-225 "C (lit.14 m.p. 223 "C); 'H 


J=6 ,2Hz) ,  7.57-7.98 (m, 15H); 31P NMR, d 32.0. 
Compound If, yield 79%; m.p. 215-216°C (lit.I4 m.p. 


(d, 3H, J =  10.8 Hz), 7.73-7.88 (m, 15H); ,'P NMR, 6 


NMR (CDCl,), 6 1.32 (s, 9H), 7 4 4  (d, lH, 


214-215 "C); 'H Nh4R (CDCI,), d 1.34 (s, 9H), 2.92 


43.6. 


tert-Butyliminotriphenylphosphorane (2). This was 
prepared according to the literature procedure. l4 


Crystal structure determination. Diffraction-quality 
crystals of la-f and 2 were obtained by standard 
crystallization methods. All diffraction measurements 
were obtained at room temperature and the data were 
collected on Philips PWllOO (la) and Enraf Nonius 
CAD4 (lb-f) diffractometers with Mp K a  radiation 
(graphite monochromator, A. = 0..7107 A). Accurate unit 
cell parameters were obtained by least-squares methods 
from the position of 25 selected centred reflections for 
each crystal (Table 3).  There was no significant crystal 
decay and intensities were corrected for absorption, as 
indicated in Table 3 ,  and also for Lorentz and polariz- 
ation effects. Standard intensity checks and orientation 
control were carried out. 


The structures wefe solved by Patterson and direct 
All non-hydrogen atoms for lb-f and 2 


and the non-carbon and non-hydrogen atoms for l a  were 
refined anisotropically. The hydrogen atoms were placed 
in either experimentally determined or in idealized 
positions, and included in the refinement with common 
isotropic thermal parameters, as indicated in Table 3. 


Perspective views of the molecules, prepared with 
ORTEP,' are represented in Figure 1, illustrating the 
crystallographic numbering schemes used. Atomic 
scattering factors were taken from the 1iterat~re.l~ 


Supplementary material (atom coordinates, bond 
lengths and angles and thermal parameters) are avail- 
able from the authors. 
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GROUND- AND EXCITED-STATE PROTOTROPIC TAUTOMERISM IN 
ANILS OF AROMATIC a-HYDROXYALDEHYDES STUDIED BY 


ELECTRONIC ABSORPTION, FLUORESCENCE AND 'H AND I3C NMR 
SPECTROSCOPIES AND SEMI-EMPIRICAL CALCULATIONS 
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AND 


RAQUEL M. CRAVERO, GUILLERMO LABADIE AND MANUEL GONZALEZ-SIERRA* 
lQUlOS, Facultad de Ciencias Bioquiniicas y Farmackuticas, Universidad Nacional de Rosario, Suipacha 531, Rosario (2000), 


Argentina 


Proton transfer processes in both the ground and excited states in anils of aromatic a-hydroxyaldehydes 
(salicylaldehyde, 2-hydroxynaphthalene-1-carbaldehyde and the novel lO-hydroxyphenanthrene-9- 
carbaldehyde) have been studied by a combination of spectroscopic techniques. Solution 'H and I3C NMR i s  
used to establish the position of the tautomeric equilibria. UV-visible absorption and fluorescence spectral data 
help to characterize the existence, in all cases, of excited-state intramolecular proton transfer (ESIPT) 
phenomena. Semi-empirical calculations involving full geometry optimization and calculation of heats of 
formation for the ground state (AM1) and vertical excitation energies and oscillator strengths (INDO/S) are in 
agreement with the experimental observations. 


INTRODUCTION 


Ground state proton transfer reactions are one of the 
simplest and most important processes found in chem- 
istry.',' The study of intramolecular proton transfer 
tautomerism has received increased attention in the last 
years, due to the characterization of a large number of 
cases where rapid hydrogen migration occurs not only in 
solution but also in the solid ~ t a t e . ~  In the latter case, the 
possibility exists that the materials could be used as a 
basis for devices capable of optical information stor- 
age." Excited-state intramolecular proton transfer 
(ESIFT) reactions are of comparable importance both 
from theoretical and practical points of view.5 Organic 
materials showing ESIPT phenomena are routinely used 
for photoprotection and photostabilization of polymers, 
for the UV protection of the human skin, etc.' 


Authors for correspondence. 


CCC 0894-3230/95/110713-08 
0 1995 by John Wiley & Sons, Ltd. 


Anils of salicylaldehyde and other aromatic alde- 
hydes are examples of compounds displaying both 
ground- and excited-state proton transfer processes 
which have been largely studied both in solution and in 
the solid These compounds exist as an equili- 
brium mixture of the enol-imine form a and the keto- 
enamine form b in both phases (Scheme 1). The exist- 
ence of ESIPT leads to a large Stokes' shift (ca. 
10 000 cm- ' )  between the absorption and fluorescence 
maxima, which can be explained through the so-called 
Forster cycles (Scheme 2)." Most of these compounds 
also present ESIFT in the crystalline phase, while a 
small group of them suffer a solid-state transformation 
on irradiation, yielding dark-colored products whose 
structure is still under some debate.'.'" The latter process 
is known as photochromism, and is believed to be 
related to the crystalline space available for a cis-trans 
rearrangement of the excited state of tautomer b. 


In the series of compounds 1-5, i.e. p-substituted 
anils of salicylaldehyde, the dominant form is tautomer 
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Scheme 1 


a' 
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hvem 


f 
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b* 


b 


Scheme 2 


a, as has been demonstrated by a variety of tech- 
niques, 9,1 ' , I 2  whereas in the case of 6-10, an 
equilibrium exists between forms a and b which is 
shifted towards the latter, and preserves significant 
amounts of form a." We have recently reported the 
synthesis of 13, which was shown to exist primarily as 
form b." In the present work, we report a complete 
analysis of the spectroscopic results for the p-substi- 
tuted series of novel Schiff bases 11-15. Solution 'H 
and I3C NMR information has been used to establish the 
structure of the latter molecules, all of which can be 
considered as existing mainly as form b. In contrast to 
the case of 1-10, the series 11-15 shows a consistent 
trend when changing the electronic demand of the 
substituent R,  which agrees with the theoretical expecta- 
tions."" Also, variable-temperature I3C NMR spectra 
were collected for compound 13 in order to further 
characterize the position of its tautomeric equilibrium. 


We also report on both the experimental and theoreti- 
cal aspects of ESIPT phenomena shown by compounds 
1-15. Electronic absorption and fluorescence spectros- 
copic measurements lead to the estimation of the 
Stokes' shifts, suggesting in all cases the presence of 
ESIPT cycles such as that shown in Scheme 2. Theoreti- 
cal calculations of the properties of both ground (AM1) 
and excited (INDO/S) states of  all the compounds 
studied are in good agreement with the experimental 
information. 


EXPERIMENTAL 


Melting points were obtained on a Electrotermal 9100 
apparatus and are uncorrected. Infra-red spectra were 
recorded on a Bruker FT 1-25 spectrophotometer. UV- 
visible absorption spectra were recorded on a Beckman 
DU 640 spectrophotometer and fluorescence spectra on 
a JASCO FP 770 spectrofluorimeter, in both cases using 
1.00 cm quartz cuvettes. The concentration of the 
solutions studied (ethanol) ranged from 1 x to 
1 x moldm-'. 


Solution 'H and I3C NMR spectra were recorded on a 
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Bruker AC 200 NMR spectrometer operating at nominal 
frequencies of 200.1 and 50.3 MHz respectively. All 
chemical shifts were referenced against TMS. Low 
temperature measurements were performed by cooling 
the sample with evaporated liquid N,. Temperatures 
were measured with a previously calibrated ther- 
mocouple, and are considered accurate within *1 K. 


Mass spectroscopic analyses were obtained at 
UMYMFOR, Universidad de Buenos Aires, on homo- 
geneous samples verified by thin-layer chromatography 
on three solvent systems. 


Ground-state geometry optimization and calculation 
of heats of formation and dipole moments was done by 
using the AMPAC package, version 2.10 on an 80486 
microcomputer. In all cases the PRECISE option was 
used. Vertical excitation energies and oscillator 
strengths were calculated with the aid of INDO/S on 
the same microcomputer, including configuration 
interaction (CI) with the first 129 mono-excited singlet 
states. 


The anils 1-15 were prepared by condensation of the 
appropriate aldehyde with the substituted aniline in 
refluxing methanol, followed by recrystallization. 
9-Hydroxyphenanthrene-10-carbaldehyde was prepared 
as recently described. '* Analytical data for the novel 
compounds 11-15 are as follows. 


Compound 11: m.p. 167-168°C (CHCI,); IR (KBr), 
v 3050, 2922, 2849, 1619, 1605, 1526, 1499, 1388, 
1311, 1192, 800, 753, 745 and 722cm-I; 'H NMR 
(CDCI,) B 2.97 (s, NMe,), 6.75 (d, J =  8.9 Hz, H3' and 
H5'), 7.25 (d, J =  8.9 Hz, H2' and H6'), 7.2-7.8 
(overlap, mult., H2, H6 and H7), 7.70 (td, J = 7 . 1  and 
1.5 Hz, H3), 7.92 (d, J = 8 . 0  Hz, H8), 8.36 (d, 
J = 7 . 2  Hz, H5), 8.40 (d, J =  8.0 Hz, H4), 8.53 (dd, 
J=7 .8  and 1-4 Hz, Hl), 8.86 (d, J=9 .9  Hz, Hll) ,  15.3 
(br. d, J =  10 Hz, NH); I3C NMR, see Table 1; MS, m/ 
z (rel. int.), 340 (M+,  65), 323 (9.3,  268 (lo), 165 
(125), 149 (14), 133 (7.5), 120 (16), 111 (lo), 97 
(22.5), 83 (48.5), 71 (54), 57 (100); found for M', 
340.157461; C23H,,0,N, requires M', 340.157563. 


Compound 12: m.p. 168-169.5"C (MeOH); IR 
(KBr), v 3030, 2921, 1623, 1604, 1515, 1500, 1328, 
1250, 1179, 1157, 1030, 818, 753 and 723cm-I; 'H 
NMR (CDCI,) B 3-65 ( s ,  OMe), 6.98 (d, J =  8.8 Hz, 
H3' and H5'), 7.31 (d,J=9.0 Hz, H2' and H6'), 
7.2-7.7 (overlap. mult., H2, H6 and H7), 7.71 (td, 
J =  7.0 and 1.4 Hz, H3), 7.89 (dd, J =  8.2 and 1.2 Hz, 
H8), 8.36 (dd, J = 7 . 4  and 1.4 Hz, H5), 8.39 (d, 
J=7 .4  Hz, H4), 8.57 (dd, J =  8.0 and 1.4 Hz, Hl ) ,  8.82 
(d, J =  11.0 Hz, H l l ) ,  15.1 (br. d, J =  10.5 Hz,NH); 
13C NMR, see Table 1; MS, m/z (rel. int.), 327 (M+,  
97.5), 340 (34.1), 312 (14.6), 310 (10.2), 282 (3.9), 
239 (3.4), 219 (4.8), 190 (9.7), 176 (13.6), 164 (39.0), 
149 (17.0), 133 (9.7), 127 (10.7), 111 (12.2), 97 
(20.9), 83 (65.8), 69 (68.3) and 57 (100). 


Compound 13: m.p. 133-134°C (MeOH); IR (KBr), 
v 3020, 2902, 1624, 1606, 1594, 1364, 1316, 854, 750 


and 724 cm-I; 'H NMR (CDCI,) B 7.19-7.25 (mult., 
H4'), 7.32-7.50 (overlap. mult., H2', H6', H3', H5', 
H6 and H7), 7.56 (ddd, J=8.0,  7.8 and 1.2 Hz, H2), 
7.71 (ddd, J = 8 . 0 ,  7.1 and 1.4 Hz, H3), 7.89 (dd, 
J = 7 4  and 1.2 Hz, H8), 8.35 (dd, J = 8 . 0  and 1.3 Hz, 
H5), 8.38 (dd, J = 7 . 2  and 1.1 Hz, H4), 8.57 (dd, 
J=7 .8  and 1.4 Hz, Hl),  8.88 (d, J =  11.2 Hz, Hll) ,  
144 (br. d ,  J =  11.2 Hz, NH); I3C NMR, see Table 1; 
MS, m/z (rel. int.), 298 (M + 1, 8.9), 297 (M+,  41.3), 


(52.9), 69 (loo), 55 (30.6) and 41 (23.7), found for 
M', 297.115494; C2,Hl,01N, requires M', 


Compound 14: m.p. 201-202.5"C (MeOH); IR 
(KBr), v 3025, 2917, 1674, 1628, 1593, 1555, 1543, 
1484, 1465, 1367, 1304, 1276, 1167, 1123, 961, 834, 
818, 749 and 723 cm-I; 'H NMR (CDCI,) B 2-61 [s, 
C(O)Me], 7.37 (d, J=8 .6  Hz, H2' and H6'), 
7.35-7.59 (overlap. mult., H2, H6 and H7), 7.72 (td, 
J = 7 . 0  and 1.2 Hz, H3), 7.87 (dd, J = 7 . 6  and 1.2 Hz, 
H8), 8.03 (d, J=8 .6  Hz, H3' and H5'), 8.31-8.34 
(overlap. mult., H4 and H5), 8.52 (dd, J = 8 . 0  and 
1.2 Hz, Hl), 8.80 (d, J =  11.2 Hz, H l l ) ,  14.7 (br. d, 
J =  11 Hz, NH); ',C NMR, see Table 1; MS, m/z (rel. 
int.), 339 (M+, lO.O), 322 (1.3), 236 (4.9), 165 (4.4), 


296 (M- 1, 39.7), 165 (10.9), 97 (18.3), 95 (22.2), 81 


297-1 15364. 


152 (5.4), 123 (68.3), 111 (12.2), 97 (29.3), 83 (51.2), 


Table 1. Solution "C NMR chemical shifts for compounds 
11-15" 


~~ 


COMPOUND 


CARBON 11 12 13 14 15 


I 127.0 
2 121.5 
3 131.7 
4 123.3 
4a 135.7 
4b 125.1 
5 124.2 
6 124.2 
7 128.5 
8 119.5 
8a 131.3 
9 105.2 


10 179.3 
10a 130.3 
11 147.5 
1' 133.3 
2',6' 120.3 
3 '3 '  113.8 
4' 149.8 


NMe, 41.1 
OMe 


C(0)Me 
C(0)Me 


126.3 
126.8 
131.3 
122.5 
133.3 
124.6 
123.4 
123.7 
127.7 
118.6 
132.2 
104.9 
179.8 
130.3 
146.8 
135.2 
119.5 
115.0 
157.6 
55.4 


126.5 
126.8 
132.1 
122.5 
135.8 
124.7 
123.5 
124.0 
127.8 
I 18.8 
132.1 
105.4 
181.0 
130.3 
146.8 
139.0 
117.9 
129.7 
125.3 


126.7 127.0 
127.1 127.4 
132.2 132.7 
122.6 122.8 
133.4 136.3 
125.3 125.7 
123.6 123.8 
124.1 125.3 
128.0 128.2 
119.2 119.6 
131.7 132.6 
106.7 107.9 
182.4 182.5 
130.1 130.6 
144.1 143.8 
135.7 146.4 
117.0 117.3 
130.4 125.9 
143.1 147.2 


26.3 
196.3 


"Solvent: CDCI,, except for 11 (CD,CI,) 
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69 (59.5) and 55 (loo), found for M', 339.125595; 
Cz3H,,0,N, requires M', 339.125929. 


Compound 15: m.p. 184-185 "C (MeOH); IR (KBr), 
Y 3057, 2410, 1626, 1584, 1565, 1555, 1500, 1330, 
1315, 1305, 1266, 1244, 1109, 1029, 845, 742 and 
721 cm-'; 'H NMR (CDCI,) d 7.43 (d, J=9 .0  Hz, H2 
and H6'), 7.37-7.61 (overlap. mult., H2, H6 and H7), 
7.76 (td, J =  8.4 and 1.5 Hz, H3), 7.89 (dd, J=7.6 and 
1.6 Hz, HS), 8.33 (d, J = 9 . 0  Hz, H2' and H6'), 
8.31-8.37 (overlap. mult., H4 and H5), 8.52 (dd, 
J=8.0 and 1.4 Hz, Hl), 8.78 (d, J =  10.9 Hz, H l l ) ,  
14.0 (br. d ,  J =  11 Hz, NH); I3C NMR, see Table 1; 
MS, m/z (rel. int.), 342 (M+, loo), 325 (5.8),  295 
(31.7), 279 (7.8), 267 (4.8), 219 (5.3), 190 (5.8), 176 
(7.8), 165 (18.0), 148 (10.2), 133 (11.7), 120 (8.2), 76 
(6.3), 63 (8.2), and 50 (8.7); found for M', 
342.100444; C2,H,,0,N, requires M', 342.100442. 


RESULTS AND DISCUSSION 


Satisfactory 'H NMR spectra were obtained for the 
newly reported compounds 11-15. In all cases a signal 
was observed corresponding to the N-H proton appear- 
ing at ca. 15 pprn as a doublet (J= 10-11 Hz) coupled 
to the H11 proton, strongly suggesting that the dominant 
tautomeric form in these compounds is b. As previously 
discussed,"",'* the parameter of choice in order to study 
the position of the tautomeric equilibrium a = b is the 
chemical shift of the C-0 carbon (C2 in 1-10 and C10 
in 11-15). Approximate extreme values for the enol- 
imine form are 160 ppm for 1-5, 155 ppm for 6-10 
and 150 ppm 11-15 (with due account of the increased 
shielding produced on this carbon when fused aromatic 
rings are added to salicylaldehyde). For the keto- 
enamine form b,  on the other hand, model compounds 
are difficult to find. We have previously estimated a 
value of about 180 ppm for the C-0 carbon in this 
form,'la which was confirmed by the study of 13 
(181.0 ppm at 298 K; seeTable l)." Table 1 collects the 
I3C NMR assignments for 11, 12, 14 and 15, based on 
comparisons with the values previously ascribed to the 
carbons of 13 on the basis of one- and two-dimensional 
I3C spectra." The results show that the latter anils exist 
mainly in the keto-enamine form b. However, an 
interesting trend is found in going from R = NMe, to 
R = NO,: increasing the electron-withdrawing ability of 
R leads to a further shift of the equilibrium towards 
form b,  as monitored by a progressive downfield in the 
chemical shift for the C-0 carbon C10. This result has 
been previously anticipated on the basis of AM1 
calculations (see below),'Ia and is in disagreement with 
early UV-visible absorption data for 1-5.' It should be 
noticed that, as already reported,'Ia intrinsic SCS effects 
from the R group on the "C chemical shift of the C-0 
carbon are negligibly small. Further NMR evidence on 
the position of the latter equilibrium is provided by 
variable temperature "C data for 13 using CD,CI, as 


solvent. Only a minor downfield shift is detected in the 
equilibrium-sensitive carbon C10 on cooling the sample 
[T/K, d(ClO)/ppm: 315, 180.7; 295, 181.0; 275, 
181.3; 265, 181.41 in agreement with the fact that 
compound 13 is expected to exist mainly as tautomer b. 
In comparison, a small upfield shift has been detected 
for the analogous carbon signal in 3,Iia while a consid- 
erably larger change (up to 4 ppm) was observed for 
8. 'la All this information is in excellent agreement with 
the proposed structures for the presently studied 
compounds. 


Table 2 summarizes the absorption data in ethanol for 
1-15. The observed values of E at a specific wavelength 
3, are population averages given by: 


&,I= + Eb,,4[bl)/([al + ibl)  


3 


2 


1 


0 
3 


(u 
u 
6 2  
fl 


2 1  
0 
In 


0 


1 


0 


a 


b - 
C 


I I I 


300 400 500 


(nm) 


Figure 1. Absorption spectra of compounds which are 
representative of the three studied series of anils: (a) 
compound 3, 1.2 x M; (b) compound 8, 4.0 x lo-' M 
and (c) compound 13, 1.6 x M. All three solutions are in 


ethanol 
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where &a.A and & b , i  are the extinction coefficients for 
tautomers a and b respectively at A. Equation (1) can be 
simplified, however, if the observed maxima at 
330-390 nm and 440-480 nm are ascribed to tautomers 
a and b respectively. Using compound 8 as an example, 
and assuming that the bands at 360 and 456 nm do not 
overlap: 


E360= Ea,360/(1 + 'eq) (2) 


(3) 
This means that for E to be a quantitative measure of 


the equilibrium displacement towards b ,  the intrinsic 
values E , , , ~ ,  and E ~ , ~ ~ ~  should be known in the solvent 
used. Since the latter values are not available, the 
foregoing discussion is necessarily qualitative as 
regards the relative populations of tautomers. Overall, 
however, the extinction coefficients of these bands are 
in agreement with the NMR information as regards the 
relative population of tautomers: a is predominant in 


1-5, a and b are comparable in 6-10, and b dominates 
in 11-15. Representative examples are shown in Figure 
1. We have also determined the absorption coefficients 
of compounds 1-15 in CHCl, solution, in order to 
compare with the results obtained from I3C NMR 
spectroscopy. The results are qualitatively similar to 
those found in ethanol, in the sense that the relative 
values of the extinction coefficients for the relevant 
absorption bands corresponding to tautomers a and b is 
maintained. In the series 1-5 and 11-15 the spectra are 
dominated by the absorption bands of tautomer a and b 
respectively. On the other hand, for the critical series of 
compounds 6-10, in which substantial amounts of both 
forms exist, the observed values of E in chloroform 
are: 6, E~~~~ = 11500, F~~ = 20200; 7, E , ~ ~  = 14900, 
E~~~ = 8800; 8, E~~~ = 9300, E~~~ = 8400; 9, cjX6 = 6900, 
E~~~ = 5800; 10, E~~~ = 16600, E~~~~ = 4300. 


Fluorescence results are also shown in Table 2. All 
compounds were excited at the wavelengths correspond- 


Table 2. UV-visible absorptionand fluorescence data for compounds l - l S d  


ABSORPTION  EMISSION^ STOKES' SHIFT 


COMPOUND I,,,,,/nm E 4,,,/nm 1, cm-' 


1 


2 


3 


4 


5 


6 


7 


8 


9 


10 


11 


12 


13 


14 


15 


380 
470 
349 
442 
336 
430 
343 
45 8 
354 
475 
376 
457 
388 
463 
3 60 
456 
377 
468 
370 
47 1 
350 
469 
342 
444 
344 
435 
357 
446 
361 
457 


21800 
600 


17000 
220 


11300 
120 


10000 
50 


12800 
50 


2400 
5330 
7000 
8330 
6200 
8600 
7000 


10000 
25800 
5200 
1580 
7400 
5570 


21320 
8940 


33300 
6340 


25290 
2240 
6460 


545 
545 
540 
540 
510 
540 
525 
525 
540 
540 
570 
570 
525 
525 
540 
540 
5 00 
500 
530 
530 
550 
560 
525 
520 
5 14 
5 14 
500 
520 
525 
530 


440 
830 


1800 
600 
250 
90 


400 
70 


200 
50 


550 
250 


9330 
23330 


340 
400 


3200 
6400 
400 
550 


2860 
11430 
7580 


16360 
4670 
9330 
4330 


10000 
1670 
3330 


8000 
2980 


10180 
4180 
9800 
4700 


10100 
2800 


10100 
2800 
9100 
4300 
6700 
2600 
9300 
3200 
6500 
1400 
8200 
2400 


10400 
3500 


10200 
3300 
9600 
3500 
8000 
3200 
8700 
3000 


'Solvent: ethanol, concentrations ranged from 1 x 
"In all cases, excitation was performed at the corresponding 
between the fluorescence intensity (in arbitrary units) to the concentration. 


to 1 x moldm-3. 
I ,  is computed as the ratio 
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ing to the absorption of both a and b. In all cases 
fluorescence emission was obtained in the range 
520-550 nm, irrespective of which band was irradiated. 
This implies the observation of a normal Stokes' shift 
when the band at longer wavelength is excited, but a 
much larger, ESIFT shift when the band corresponding 
to the absorption of a is excited (see Table 2). As with 
the electronic absorption measurements, the 
fluorescence intensity is only a qualitative measure of 
the values of Keq. Absolute emission intensities by 
irradiating at a wavelength A are given by: 


where c = [a] + [b] and @a,b,i are the corresponding 
fluorescence quantum yields. Again referring to com- 
pound 8, if the absorption bands at 360 and 456 nm are 
selectively irradiated, fluorescence will be emitted at 
540 nm with the following intensities: 


where are the relative fluorescence intensities 
emitted at 540 nm when irradiation is performed at A. 
These relative intensities are quoted in Table 2. Since 
the intrinsic values of (@a,b ,A~a,b ,A)  are not known, Ir,l 
cannot be taken as a quantitative measure of the value 
of Keq. However, on a qualitative basis, the relative 
emission intensities of these bands (collected in Table 
2) are in agreement with the expectations based on the 
relative populations of a and b. As seen in Table 2, the 
spectra for 1-5 are dominated by the ESIPT emission, 


those for 11-15 by the normal Stokes' shifted 
fluorescence, while 6-10 exhibit comparable intensities 
of the two bands. Compounds 1-5 exhibit a so-called 
'reverse' energetic profile5 (as the one depicted in 
Scheme 2), implying that E,  > Ed while E,- < Ea-. On the 
other hand, compounds 6-15 ar examples of 'normal' 
energy profiles (in the sense that E,,,. < Ea,ay), especially 
in the case of the series 11-15, in which b IS the clearly 
dominating form in the ground state. The experimental 
ESIPT Stokes' shifts (see Table 2 )  for all three series 
of compounds are of comparable magnitude, implying 
that the factors which stabilize the keto-enamine form b 
on increasing the number of aromatic rings in the 
aldehyde moiety do also operate in producing a similar 
relati,ve stabilization of the excited state b* with respect 
to aK.  This experimental result is in agreement (see 
below) with the theoretical calculations. 


Semi-empirical calculations using the AM1 method 
are routinely used to study geometrical and ther- 
modynamic properties of organic molecules, especially 
when hydrogen bonding occurs. l4  AM1 calculations 
have been previously shown to be in good agreement 
with the molecular geometries and relative energies of 
tautomers a and b in the case of 1-10 and also for 
13."".'2 We have optimized the geometries of 11, 12, 
14 and 15, with results which are comparable to those 
reported for 13, i.e., tautomer b is preferred by ca. 
25 kJ.mol-l, in agreement with the NMR experiments 
(Table 3). The increased stability of the keto-enamine 
form b on increasing the number of fused aromatic 
rings in the aldehyde portion can be qualitatively 
pictured as follows. In compounds 1-5, the aldehyde 
ring loses its aromaticity in going from a to b. In 6-10, 


Table 3. Ground-state (AMI) and excited-state (INDO/S) parameters for anils 1-15 


TAUTOMER a TAUTOMER b (Ed* - Eh*) 


COMPOUND A/nmCf)" AH:/kJ.mol-' (p/D) ,l/nmCf)" A#/!d.mol - '  (p/D) c m - '  


1 
2 
3 
4 
5 
6 
7 
8 
9 


10 
11 
12 
13 
14 
15 


3 16( 1 .OO) 
304 ( 1 .OO) 
306(0.32) 
304(0.61) 
3 14 ( 1 .OO) 
322(0.82) 
3 17(0.68) 
3 12 (032) 
3 19(0.84) 
333( 1.00) 
324 (0.83) 
322(0.60) 
320(0.41) 
322(0.69) 
329 (0.93) 


159.0 (3.47) 
-33.9 (1.41) 
122.6 (2.21) 
-30.8 (2.03) 
139.7 (6.02) 
23.4 (2.92) 
50.2 (2.99) 


208.4 (1.97) 
54.0 (2.62) 


225.9 (6.42) 
321.7 (2.44) 
126.0 (0.95) 
285.2 (1.45) 
130.6 (2.69) 
299.9 (6.70) 


372(0.64) 
372(0.62) 
367 (0.58) 
367 (0.67) 
368(0.73) 
369(0.14) 
360(03 1) 
354(0.53) 
35 6 (0.67) 
355(0.79) 
357 (0.56) 
356(0.29) 
357 (0.17) 
353 (0.26) 
358 (0.44) 


177.8 (5.54) 
-15.9 (3.47) 
140.6 (3.72) 
-14.8 (0.52) 
156.9 (5.02) 
19.2 (4.64) 
46.0 (4.18) 


201.7 (3.09) 
46.7 (0.90) 


216.7 (5.81) 
298.2 (4.28) 
102.9 (2.36) 
260.0 (2.48) 
102.9 (1.17) 
273.8 (6.02) 


3200 
4500 
3900 
4300 
3300 
4300 
4100 
4400 
3900 
2600 
4800 
4900 
5300 
5000 
4600 


"In all cases the first allowed n-n* singlet-singlet transition is quoted as the transition wavelength 1. The oscillator strength 
V, is given in parentheses. 
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analysis of the contributing Kekule structures to the 
naphthalene portion shows that the unsubstituted ring is 
able to gain aromaticity in going from a and b. In this 
way the loss of aromaticity upon formation of the keto 
structure is balanced by its ‘transfer’ to the neighboring 
ring, a process which is not possible in 1-5. Com- 
pounds 11-15 are even more liable for relieving the loss 
of aromaticity by transferring it to both fused aldehyde 
rings. As with 1-10, the differences in heats of forma- 
tion (a measure of the enthalpic change for the 
tautomeric reaction) predicts an increase in the popula- 
tion of the keto form b on increasing the electron- 
withdrawing ability of the substituent R [i.e. A(A$) is 
about 3-4 kJ/mol smaller for R = N O ,  than for 
R = NMe, in the three series]. This is in contrast to early 
claims based on UV-visible absorption data for 1-5.’ In 
the case of compounds 11-15 the chemical shifts for 
the C-0 carbon C10 reported in Table 1 appear to lend 
experimental support to the conclusions derived from 
the present semi-empirical calculations. A consistent 
downfield shift is detected in the equilibrium-sensitive 
carbon C10, implying a further shift towards b when 
the electron-withdrawing ability of the p-substituent is 
increased. It is interesting to note that although a similar 
trend has been previously predicted to occur for 1-10 
on the basis of AM1 calculations, I3C NMR informa- 
tion failed to reveal any significant change in the 
chemical shift of the equilibrium-sensitive carbon 
C2.I’” These rather conflicting results could be 
explained by consideration of the AM1 calculated 
molecular dipole moments for 1-15 quoted in Table 3. 
Resorting to the Onsager classical electrostatic solvation 
model, the relative stabilizing solvation energy of b 
with respect to a is given by: l 5  


where pa,, are the dipole moments of forms a and b, ra,, 
are the cavity radii (which can be approximated by 
r3 = 3V/4xNa, V =  molecular volume, N, = Avogadro’s 
number), and D is the solvent dielectric constant. In a 
given solvent, and assuming rs= r,, the magnitude of 
AE, would be controlled by the difference 
A p 2  = p; - p:. Referring to the series of compounds 
6-10, A p 2  is computed as (see Table 3): 6, +13.0; 7, 
+8.5; 8, +57;  9, -6.1; 10, -7.5. Therefore, if 
r,,, = 5 A, D = 4.8 (CHCI,), the following values are 
calculated for AEs (kJ/mol) for compounds 6-10: 2.3, 
1.5, 1.0, -1.1 and -1.3 respectively. With these values, 
the overall enthalpic changes for the tautomerization 
reaction are much less sensitive to the substituent 
effects. This implies that tautomers of type a would be 
relatively stabilized by the solvent with respect to b in 
going from R = N M e ,  to R = N 0 2 ,  an effect which 
would counterbalance the equilibrium drift predicted on 
the basis of the ‘gas phase’ A# values reported in 
Table 3. The fact that the series 11-15 indeed shows the 
predicted equilibrium shift (as monitored by the chemi- 


cal shift of  C10, see above) may be due to their large 
molecular sizes. On one hand, the dipole moment 
contribution generated by the N-H-0 moiety is buried 
within several aromatic rings. On the other, the large 
molecular volume of 11-15 (which may even include 
several n-n stacked planar molecules) may diminish 
the effects brought about by differences in dipole 
moments for both tautomers, making these molecules 
approach a ‘gas phase’ behavior. If, for example, r,,, 
increases by 30% in going from the series 6-10 to 
11-15, the values of AEs computed from equation (7) 
for the latter series would be negligibly small. To test 
this hypothesis, spectroscopic (both electronic absorp- 
tion and NMR) information is being gathered for 1-15 
in a variety of solvents, and the results will be com- 
pared with those for the related arylazonaphtholic 
system, in which significant substituent-induced equili- 
brium shifts have been r e p ~ r t e d . ~ ‘  In the latter case, 
AM1-calculated dipole moments are always larger for 
the N-H tautomer (type b) than for the 0 - H  tautomer 
(type a). These results will be published elsewhere.I6 


With the ground-state geometries of both tautomers 
of 1-15 fully optimized by AM1, excited-state calcula- 
tions were done by means of INDO/S calculations. This 
method is used to calculate vertical excitation energies 
and oscillator strengths for organic molecules, and 
represents an improved version of the CNDO/S 
method. The combination of ground-state calculations 
with AM1 and excited-state studies with INDO/S has 
already been shown to account for ESIPT phenomena in 
3-hydroxyflavone and related compounds. The rele- 
vant results obtained for the presently studied series of 
compounds are collected in Table 3. We focus on n-nh 
electronic transitions since the absorption bands for 
tautomers of types a and b have large extinction 
coefficients (see Table 2 which gives good approxima- 
tions for E ,  in 1-5 and for F ,  in 11-15, since these two 
series of compounds are dominated by the enol-imine 
and keto-enamine tautomers respectively). The first 
n-n“ allowed electronic transition in tautomer a lies, in 
all cases, at shorter wavelengths than those correspond- 
ing to b, in agreement with the experiments. The 
calculated vertical excitation energies lie in the range 
30000-32 800 cm-’ for tautomers a and 26900- 
28 300 cm-’  for b. In comparison with the experimental 
transitions (see Table 2 ,  25 700-29 800 cm-’ for a and 
21 000-23200 cm-’  for b),  INDO/S overestimates 
them by ca. 4000 cm-’ ,  a result which is similar to that 
previously reported for 3-hydroxyflavone. Combining 
the results for both ground and excited states, the 
relative energy of the excited states a” and b” can be 
obtained, and in all cases it is found (see Table 3) that 
E,= < E; irrespective of the relative energies of the 
ground states structures a and b ( E ,  < E ,  in 1-5, E, = E ,  
in 6-10 and E,  > E ,  in 11-15). This means that the 
semi-empirical calculations are able to predict ESIPT 
phenomena as a likely explanation for the shifts 
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observed between excitation and emission in the studied 
compounds. The calculated values of (E;  - Eb-) are in 
agreement with the fact that the relative stabilization of 
the keto-enamine form b increases in going to the 
phenanthrene derivatives 11-15 (Table 3), as antici- 
pated above. Furthermore, the calculated transition 
energies can be used to estimate the relative energy 
difference [ ( E ,  - E;) - (Eb- - E b ) ] ,  which is 5400, 
3700 and 3200 cm-' for the unsubstituted compounds 
3, 8 and 13 respectively. These magnitudes can be 
compared with the experimental values [in cm- ' ,  
calculated from the differences in (lO'/I,, ,J between 
both absorption bands, see Table 31: 6500(3), 5800(S) 
and 6100(13). The comparison is satisfactory, keeping 
in mind that the calculated values are only accurate to 
within *2000 cm-'. 


CONCLUSION 


We have characterized five novel anils obtained by 
reaction of 9-hydroxyphenanthrene-10-carbaldehyde 
with p-substituted anilines. The structures of these 
compounds have been established in solution by means 
of 'H and I3C NMR spectroscopy, in the latter case at 
variable temperature. All these anils exist mainly in the 
keto-enamine tautomeric form. UV-visible absorption 
and fluorescence measurements are in agreement with 
the proposed structures, and are compared with cor- 
responding data for anils of salicylaldehyde and 
2-hydroxynaphthalene- 1-carbaldehyde. In all cases both 
ESIPT and normal Stokes'-shifted emission bands are 
detected, with relative intensities which are in agree- 
ment with the ground-state populations estimated from 
the NMR data. Semi-empirical calculations of both 
ground (AM1) and excited (INDO/S) states lend 
further support to the experimental observations. 
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NATURE AND CONCENTRATION OF ACTIVE SPECIES IN CATIONIC 
POLYMERIZATION OF VINYL ETHERS: A KINETIC INVESTIGATION 
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Laboratoire de Chirnie des PolymPres Organiques, ENSCPB. Universith Bordeaux I ,  CNRS, Avenue Pey-Berland. BPI 08, 


33405 Talence Cidex,  France 


The Kinetics of the polymerization of isopropyl vinyl ether, isobutyl vinyl ether (IBVE) and chloroethyl vinyl 
ether initiated by HI in CH,CI,, in the presence and in the absence of tetrabutylammonium iodide as common 
anion salt, were investigated. The polymerizations proceed directly through the carbon-iodide termini without 
any necessary electrophilic activator. As previously observed with cyclohexyl vinyl ether, it was found that the 
addition of small amounts of salt, (0 .510% with respect to initial [HI], depending on the monomer) 
drastically reduces the polymerization rate and leads to living-type polymerizations. Higher amounts of salt 
have no influence on the polymerization rate which remains constant over a broad range of [NBu,I]/[HI] ratios. 
This general behaviour, observed for the all vinyl ethers, suggests a common ion salt effect and therefore an 
ionic polymerization mechanism involving ion pairs and free ions. In the absence of salt, both ion pairs and free 
ions of higher reactivity participate in the propagation, whereas only ion pairs contribute to the propagation in 
the presence of a common ion salt. According to this scheme, the living character of the polymerization is 
assumed to result from a propagation reaction governed by undissociated ionic species. The validity and the 
implications of this reaction scheme, in terms of active centre concentrations, are also discussed. 


1. INTRODUCTION 


The cationic polymerization of vinyl-type monomers 
emerged as a potentially interesting synthetic tool in the 
early 1980s, when it was shown that ‘living’ or ‘quasi- 
living’ polymerization processes could be induced by a 
new generation of initiating systems. The first examples 
of such living-type carbocationic polymerizations were 
reported by Miyamoto et al.’ in the case of alkyl vinyl 
ethers and by Faust and Kennedy’ for isobutylene. 
Before that time, carbocationic polymerizations were 
traditionally known as uncontrollable and irreproducible 
reactions. These peculiarities may now be attributed to 
the very high reactivity of fully ionized carbocationic 
species, such as free or loosely bound ion pairs, which 
prevail in conventional cationic systems. Incomplete 
initiation resulting from extremely fast propagation, and 
also side-reactions such as isomerization, chain transfer 
and uncontrolled termination, generally occur and lead 
to the formation of ill-defined oligomers. New-gener- 
ation cationic polymerization systems3r4 involve less 
active species of adjusted reactivity. This allows 
undesirable reactions to be suppressed but also the 
kinetics of initiation, propagation and termination steps 
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to be distinguished and therefore precise control of the 
dimensions, structure and functionality of the polymer 
chains. 


Different routes have been explored in order to lower 
the reactivity of carbocationic species, but all are based 
on decreasing their ionicity. In the case of vinyl ethers, 
for example, this can be achieved either by associating 
the carbocationic ends with counterions of high 
nucleophilicity, to prevent the formation of free 
cationic species [Scheme 1 (a)], or, for dissociated 
systems involving counterions of too weak nucleophili- 
city, by the addition of electron donor molecules (B) 
(Lewis bases, nucleophiles) which can complex with 
the carbocationic species to form, reversibly, more 
stable onium ions [(Scheme l(b)]. Among the 
various initiating systems checked for the living polym- 
erization of vinyl ethers, a-halo ethers, obtained by 
quantitative addition of Bronsted acids (HX) to vinyl 
ethers, have been widely investigated. Usually, in non- 
polar solvents (e.g. toluene) and at low temperature, 
these species cannot directly propagate the vinyl ether 
polymerization and a catalyst must be added to trigger 
the reaction. Iodine, mild Lewis acids (e.g. ZnX,, SnX,) 
or ammonium salts (e.g. NBu,ClO,) are typical activa- 
tors. Polymerizations generally proceed in two distinct 
steps (Scheme 2): (a) formation of a vinyl ether adduct 
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and (b) start of the polymerization by addition of an 
electrophilic activator. 


Discussion continues concerning the accurate 
nature, covalent or ionic, of the active species 
involved in these polymerization systems. In particu- 
lar, the quasi-absence of side-reactions and any 
detectable ionic species has led some workers’ to 
consider a covalent insertion mechanism involving the 
formation of a six-member transition state between 
the carbon-halogeno termini, the Lewis acid and the 
monomer. Nevertheless, an alternative ionic mechan- 
ism dealing with the transient formation of ions in 
dynamic equilibrium with dormant covalent species 
has also been proposed and is now recognized by 
most workers6 


We have recently shown that fast polymerization of 
cyclohexyl vinyl ether (CHVE) can be initiated by 
hydrogen iodide without the necessary contribution of 
an activating agent, although the polymerization is not 
living under these conditions.’ Surprisingly, it was 
found that a low concentration of tetrabutyl ammonium 
iodide (ca 1% with respect to a-iodo ether polymer 
ends) drastically reduces the polymerization rate and 
leads to polymers of redicted molar masses and narrow 
distribution. Kinetics were interpreted by a mechanism P 


IPVE CHVE IBVE CEVE 


Scheme 3 


governed by ionic species of different nature, present in 
extremely low concentration. 


This paper reports on a broader kinetic investigation 
of the polymerization of different vinyl ethers (Scheme 
3), initiated by hydrogen iodide (HI) in the presence and 
in the absence of tetrabutylammonium iodide as com- 
mon anion salt. The propagation kinetics of isopropyl 
vinyl ether (IPVE), isobutyl vinyl ether (IBVE) and 
chloroethyl vinyl ether, (CEVE) and those previously 
obtained for C H W 8  are examined and discussed in 
terms of the polymerization mechanism. 


RESULTS AND DISCUSSION 


Polymerization of vinyl ethers initiated by HI in the 
presence or in the absence of tetrabutylammonium 
iodide 
Polymerizations of vinyl ethers were carried out at 
-30 “C, in methylene dichloride (CH,CI,). The 
HI-monomer adduct was directly prepared, in situ, 
by adding HI to a monomer solution in CH,Cl,, or 
containing both the monomer and NBuJ for experi- 
ments performed in the presence of added salt. 
Polymerizations started immediately on adding HI 
and monomer conversions versus time were followed 
by dilatometry. 


Conversion curves of the various vinyl ethers, includ- 
ing CHVE,’ obtained in the absence and in the presence 
of 1 equiv of NJ3uJ with respect to HI, are shown in 
Figure 1. It can be seen that for all the vinyl ethers 
investigated, a polymerization takes place despite the 
absence of any added electrophilic activator. Fast polym- 
erizations are observed with PVE and CHVE, whereas 
much longer reaction times are required for the other two 
monomers. A similar ‘sluggish’ IBVE polymerization 
was noted by Higashimura and co-workersg under very 
similar conditions (CH,Cl,, HI alone). Nevertheless, in 
these systems, traces of iodine, either (a) formed by a 
side process during the polymerization or (b) present in 
the initial HI solution, could be suspected of acting as the 
electrophilic activator. In the case of assumption (a), an 
acceleration of the polymerization rate, corresponding to 
an increase in the iodine concentration with time, should 
be observed: the rectilinear variations of ln[M]d[M] 
versus time, up to very high monomer conversions 
(Figure 2) ,  allow us to reject this assumption. It is more 
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Figure 1. Variation of monomer conversion with time for the 
polymerization of various vinyl ethers initiated by HI in the 


presence and absence of NBuJ, in CH,C1, at -30°C. 
(a) [ P a ]  = 1.67 M [HI] ~ 0 . 0 1 5 2  M [ N B U , ~  =O; 
(0) [IPVE] = 1.67 M, [HI] = [NBU41] =0.0152 M; 


(+) [ C m ]  = 1.46 M [HI] = 0,0154 M [NBuJ] = 0; 
(0) [CHVE] = 1.46 M, [HI] = [NBu41] = 0.0154 M; 
(A) [ m m ]  = 1.43 M [HI] = 04l120 M, [NBuJ] = 0; 
(A) [IBVE] = 1.43 M, [HI] = INBu~I] = 0.0120 M; 


(0) [cl3%] = 2.00 M, [HI] = 0.0120 M, [NBuJ] = 0; 
(0) [cEVEI=1.43 M, [HI]=[NBuJ]=O.O~~OM 


difficult to definitely eliminate the possibility (b). How- 
ever, it was checked that both fresh and aged HI solutions 
gave identical polymerization kinetics. In addition, it has 
been shown" that the addition of an ammonium salt to 
HI-12-mediated vinyl ether polymerizations leads to rapid 
inhibition of the reaction, owing to the complexation of 
iodine with NBu41. As will be seen further, in the present 
systems the polymerization rate first decreases on adding 
a small amount of NBu41, then rapidly reaches a plateau 
corresponding to a constant rate, independent of further 
amounts of added salt. These findings support that traces 
of iodine, if present, do not have a significant influence 
on the kinetics and, consequently, that monomer insertion 
can proceed directly into a-iodo ether species in CH,Cl,. 


Therefore, considering a fast initiation, the propaga- 
tion rate, R, can be satisfactorily expressed by 


R, = kp (app) [Mlo[RIl 
since [RI], the concentration of active and dormant 
polymer chains, is assumed to be equal to [HI],,, 


and an apparent initial propagation rate constant, 
k,(app), can be calculated. Results are given in Tables 1 
and 2 for the various monomers. 
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Figure 2. (a) Variation of semi-logarithmic monomer concen- 
tration with time for the polymerization of IPVE initiated by 
HI in the presence of various amounts of NBu,I in CH,Cl, at 
-30°C. [IPVE] = 1.67 M, [HI] =0.0152 M. (m) [NBu41] =O; 
(0) INBu~I]/[HI] = 0.0089; (+) [NBu41]/[HI] = 0.085; (0) 
[NBu,I]/[HI] =0.21; (A) [NBuJ]/[HI] = 1; (A) [NBu,I]/ 
[HI] = 9. (b) Variation of semi-logarithmic monomer 
concentration with time for the polymerization of IBVE 
initiated by HI in the presence of various amounts of [NBu41] 
in C H Q ,  at -30 "c. [IBVE] = 1.43 M, [HI] = 0.0120 M. (0) 
[NBu,I] = 0; (M) [NBu,I]/[HI] = 0.0037; (0) [NBu,I]/ 


[HI] = 0.0067; (+) [NBu,I]/[HI] = 1 
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Table 1. Polymerization of vinyl ethers initiated by HI alone or in the presence of 1 equiv. of NBu,I at -30 "C in CH,Cl, 


Monomer [MI [HI] x lo2 h% lo2 q a P P )  nn(th.y n,(exp.)b 
M (mol 1-I) (mol 1-') [NBu,I]/[HI] (min) (1 mo1-ls-l) (g mol-') (g mol-') flw/&fn 


IPVE 1.67 
1.67 


CHVE 1.46 
1.46 


IBVE 1.43 
1.43 


E V E  2430 
2.00 


1.52 
1.52 
1.54 
1.54 
1.20 
1.20 
1.20 
1.20 


2 27 
140 0.60 
14 5.20 


100 0.80 
310 0.30 


1740' 0.04 
9630' 0.01 


e - 


95 60 
9560 


12120 
12120 
12050 


180Od 
2700' 


17900 


5910 
10500 
9940 


12150 
1 1200 
1900d 
2630d 
- 


1.23 
1.10 
1.47 
1.15 
1.17 
1.08 
1.52 
- 


'cdculated from the equation Mn(th.) = ( ~ ] d [ ~ ] , ) M , , , ,  x % conv. + Mdpmw 
bDeteminted by SEC at the end of the polymerization after complete monomer conversion. 
'Estimated from k,(app); I, (min) = '7 Z/k,(app) x [HI], x 60. 
dDetermined by SEC after 15% conversion. 


Table 2. Influence of [NBuJ]/[HI] ratio on IPVE and IBVE polymerizations at -30 "C in CH,Cl, 


Monomer [MI [HI] x 10' t5, lo2 %(aPP) flJth.)" fi,,(exp.)b 
M (mol 1-') (mol I - ' )  [NBu,I]/[HI] (min) (1 mo1-ls-l) (g mol-') (g mol-I) flw/fln 


IPVE 1.67 
1.67 
1.67 
1.67 
1.67 
1.67 


IBVE 1.43 
1.43 
1.43 
1.43 


1.52 
1.52 
1.52 
1.52 
1.52 
1.52 
1.20 
1.20 
1.20 
1.20 


0 
OGQ89 
0.085 
0.21 
1 
9 
0 
0.0037 
0.0067 
1 


2 
25 
60 


140 
140 
130 
310 


1375 
1925' 
2405" 


27 
2.90 
1.40 
0.59 
0.60 
0.62 
0.30 
0.07 
0.05 
0.04 


9560 
9560 
9560 
9560 
9560 
9560 


12050 
12050 
12050 
1800 


5910 
8900 
9750 
9200 


10500 
10150 
11200 
1 loo0 
11 840 


19006 


1.23 
1.09 
1.06 
1.13 
1.10 
1.08 
1.17 
1.05 
1.09 
1.08 


'Calculated from the equation Mn(th.) = ([MI,/[HI],)M,,,, X % conv. + Md,,,. 
bDeteminted by SEC at the end of the polymerization after complete monomer conversion. 
'Estimated from k,(app); fm (min) = In Z/k,(app) X [HI], X 60. 
dDetennined by SEC after 15% conversion. 


In the absence of NBu,I, the polymerization reactiv- 
ity order, CEVE 4 IBVE < CHVE < IPVE, follows the 
order of increasing donor character of the vinyl ether 
substituent, as observed in conventional cationic 
polymerization. 


As can be seen in Figure 1 and Table 1, the addition 
of tetrabutylammonium iodide ([NBu,I]/[HI] = 1) 
reduces drastically the vinyl ether polymerization rates. 
A much more pronounced effect is observed for IPVE 
[k,(app) reduced by a factor of 4.51 compared with 
other vinyl ethers (factor of 6-8). This leads to a 
reversed reactivity order for IPVE and CHVE in the 
presence of salt. It is interesting that the k,(app) value 
obtained for IBVE in the presence of NBu,I is in good 
agreement with those reported by Nuyken and Kroner. '' 
However, our results with IBVE show that NBu,I does 
not act as an activator, in contrast to other tetrabutylam- 
monium salts (e.g. perchlorate). 


The polymer molar masses and polymer molar mass 
distributions (MMDs), given in Table 1, show that 
polymerizations performed in the absence of salt are 
not living, except possibly for IBVE. The experimen- 
tal molar masses are much lower than the theoretical 
values calculated assuming one polymer chain per HI 
molecule. Moreover, relatively broad poly(viny1 
ether) MMDs are also observed. Since we may 
assume a constant active centre concentration during 
the polymerization from the rectilinear variation of 
ln[M],,/[M] with time, (Figures 2) the non-living 
character of the polymerization in the absence of 
salt can be mainly attributed to chain-transfer 
reactions. 


In the case of polymerizations performed in presence 
of NBu,I, in contrast, the experimental n, remain 
very close to the theoretical values and the polymer 
MMDs are G 1.15, in agreement with the occurence of a 
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Ki -c-I w 
I 


OR 


c-C’ 


living-type polymerization process for the all vinyl 
ethers. 


As already pointed out for CHVE,’ the kinetic data 
are consistent with a conventional common ion salt 
effect, and suggest a propagation reaction under the 
control of ionized species of different nature. In the 
absence of salt, both ion pairs and free ions of higher 
reactivity would participate to the propagation, 
whereas only ion pairs would contribute to the propa- 
gation in the presence of a common ion salt. 
According to this scheme, the living character of the 
polymerization might result from a propagation 
reaction governed by undissociated ionic species 
(Scheme 4). 


KD -..-.“c: P ..,-..,c@+,Q 
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OR 
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ct= (I U)C’  C‘ -aC* 


Influence of NBuJ concentration on kinetics of 
vinyl ether polymerizations 
In order to confirm the hypothesis of an ionic polymer- 
ization mechanism, the influence and the role of NBu,I 
on the propagation reaction of vinyl ethers initiated by 
HI in CH2C12 were further investigated. A series of 
polymerizations were conducted with both IPVE and 
IBVE in the presence of various amounts of NBu,I. 
The reactivity of the CEVE system was too low to 
permit an accurate investigation. 


The variations of ln[M]J[M] with time for different 
[NBu,I]/[HI] ratios ranging from to 2 1 are shown 
in Figure 2(a) and (b) for IPVE and IBVE, respectively. 
A linear dependence is observed up to very high mon- 
omer conversions. As it may be seen in Table 2, for 
both IBVE and IPVE, the polymerization rates decrease 
drastically on adding extremely small amounts of NBuJ 
and then reach a plateau corresponding, for each 
system, to a constant k (app), independent of higher 
amounts of added salt. h e  variations of the propaga- 
tion rate constant k,(app) with ([NBu,I]/[HI]) are plot- 
ted in Figure 3(a) and (b). As can be seen, the amount 
of NBuJ necessary to reach the plateau depends 
strongly on the vinyl ether structure. 0.5% of added salt 
[NBu,I]/[HI] = 0.005) is sufficient to drive the apparent 
propagation rate constant of IBVE to the plateau, 
whereas 10% (20 times more) is necessary in the case 
of IPVE. As already reported for CHVE, the plateau is 
reached with about 1% of added salt, [see Figure 3(c)]. 


Moreover, as can be seen in Table 2, the presence of 
minute amounts of salt gives access to living-type 
polymerizations. These results confirm that the behav- 
iour first observed for CHVE may be generalized to 


6 R  
I + 


non-living polymerization living polymerizauon 


Scheme 4 


other vinyl ethers of various reactivity. A similar salt 
effect has also been used to induce the living polymeriz- 
ation of N-vinyl carbazole initiated by HI in CH,Cl,.” 


These data can be interpreted by the occurrence of a 
conventional ionic mechanism involving free carbo- 
cations in equilibrium with ion pairs. 


Although already discussed in the case of CHVE,’ 
the fact that extremely small amounts of ammonium 
salt are sufficient to shift the ionic equilibrium com- 
pletely towards associated ions requires further 
comment. In these vinyl ether polymerization systems, 
it is generally accepted that most of the a-iodo ether 
polymer ends are covalent species. It has been proposed 
that the latter are inactive (‘dormant’) towards vinyl 
ether polymerization but can temporarily and reversibly 
ionize (Scheme 5), to lead to active carbocationic 
species. 


In this scheme, the ionic polymer ends concentration 
C* will depend mainly on the overall a-iodo ether 
concentration C (reasonably assumed to be equal to 
[HI],) and on the ionization equilibrium constant value 
(Ki). Taking account of the constant value of k,(app) 
at the plateau, over a broad range of NBu,I concentra- 
tions (see Figure 3), f )r a polymerization system and a 
given C value, C’ may be assumed to be constant. A 
tendancy for higher ionization of a-iodo ether species 
(higher Ki) may be expected with an increase in the 
donor effect of the OR vicinal substituent of the a -  
iodo ether group. 


Further, the relative proportion of ionic species, i.e. 
free ions and ion pairs, will depend on the KD and C’ 
values, and also on the concentration of the added 
common ion salt: the higher is [NBu,I], the smaller is 
the fraction of free ions. 


Subira et ul.l3 have reported a K, value of 
3 x moll-’ for the system CH,CH(OEt)+SbCl;, 
but no value is available in the literature for a-iodo 
ether species. The effects of a series of hypothetical 
KD and C’ values on the fraction of free ions, in the 
presence of increasing roportions of NBu,I as 
common salt [K= 8 x 10-pmoll-l (Ref. 14)], have 
been examined. The variations of a/a,, where a and 
a. are the ionic dissociation coefficient of a-iodo 
ether ends in the presence and in the absence of 
NBu,I, respectively, with [NBu,I]/[HI] are plotted in 
Figures 4 and 5 .  It can be seen that it is necessary to 
consider both low KD and low C‘ values to explain the 
salt effect (suppression of free ions) for very low 
[NBu,I]/[HI] ratios, as is suggested by the kinetic 
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Figure 3a. Variation of the apparent propagating rate constant, k,(app), of (a) IPVE, (b) IBVE and (c) CHVE with the [NBu,I]/ 
[HI] ratio 


results. For a KD value in the range 10-5-10-6M, 
consistent with the value reported by Subira et al.,” 
C’ should correspond to 10-’[HI] and 10-4[HI], 
respectively, to be in agreement with the kinetic 
data. These C’ values signify that at time t ,  for one 
chain end ionized and active, 104-105 are dormant 
covalent ones. Since each HI molecule introduced 
gives rise to a poly(viny1 ether) chain and that, as 
shown by the narrow MMD, all chains grow at the 


same rate, very fast interconversions should proceed 
between the covalent and the ionic forms of polymer 
ends. 


Since the overall propagation rate constant k, is 
linked to k,(app) by the relationship 


and assuming that k, represents the relative and unique 
contribution of ion pairs and free ions to the 
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Figure 5 .  Variation of a/a, with [NBu,I]/[HI] ratio for 
different hypothetical C' values assuming KD = M; 
KNBu41 = 8 X lo-' M;I4 [HI] =0-01 M. C' = (m) lo-' [HI],; (0) 
lo-' m],; (A) W 3  [HI],; (0) lo-' [HI],; (A) lo-' [HI], 
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Figure4. Variation of a/a, with [NBuJ]/[HI] ratio for 
different hypothetical KD values assuming C' = 10-4[HI] M; 


= 8 x lo-' M;14 [HI] =0.01 M. K, = (m) 5 X lo-'; (a) 
1 x 10-5; (+I 10-6; (0) 1 x 10-6; (A) 5 x 10-7 


polymerization, 


@en 


kp= a k + p +  (1 - a)kt, 


kp(app)= [akp++ (1 - a)k~lC'/[HIl, 
Since [HI], was kept constant in the kinetic studies, C* 


may be assumed to be constant for a given polymeriz- 
ation system. Therefore, for a given vinyl ether, changed 
in kinetic data mainly result from the variation in the 
fraction of free ions. 


In the case of various vinyl ethers, however, the k+,, 
kt, and C' terms will also vary. A comparison is there- 
fore difficult between the kinetic data for different vinyl 
ethers, in particular regarding the variance in the 
[NBu,I]/[HI] ratio necessary to reach the k,(app) 
plateau. Indeed, the observed variations in polymenz- 
ation rate will also depend very much on the difference 
between the propagation rate constants of free cations 
and of ion pairs, k + ,  and k',,. This might explain in part 
the specific behaviour of IPVE. 


In conclusion, the kinetics of vinyl ether polymeriz- 
ations initiated by HI in CH,Cl, strongly suggest a 
reaction mechanism involving ionic species of different 
natures, namely ion pairs and free ions, present in 
extremely small concentration. These are formed by 
reversible ionization of covalent a-iodo ether species 
which are inactive for vinyl ether polymerization. The 
reactivity of free ions is much higher than that of ion 


pairs and the dissociated species govern the polymeriz- 
ation in the absence of a common ion salt to lead to a 
non-living polymerization. However, because of the 
very low concentration of active ionic species, minute 
amounts of a common ion salt, such as tetrabutylam- 
monium iodide, are sufficient to shift completely the 
ionic dissociation equilibrium towards ion pairs of 
lower reactivity. The latter are able to give a living-type 
polymerization. 


Apart from the monomer reactivity effect, the differ- 
ences observed in the kinetic behaviour of the various 
vinyl ethers on adding increasing amounts of salt can be 
interpreted by the capacity of the corresponding a-iodo 
ether ends, probably related to the donor character of 
the OR substituent, both to ionize and to form free ions. 
In addition, the absolute reactivities of ion pairs and 
free ions will also strongly influence the polymerization 
kinetics on varying the dissociation coefficient a. 


The relative contributions of these different parame- 
ters to kinetics are under investigation using a more 
refined mathematical treatment and detailed copolymer- 
ization experiments. 


EXPERIMENTAL 


Materials. CH,C1, (from Aldrich), IBVE (from 
Aldrich) and CHVE (from BASF) were stored in glass 
flasks over CaH, and cryo-distilled just before use. 
nBu,NI (from Aldrich) was dried over CaH, in CH,Cl, 
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solution; after 24 h, the solution was filtered with a 
cannula and CH2C12 was pumped off to recover the dried 
ammonium salt. The latter was stored under vacuum in a 
dry atmosphere (P,O,). 


Synthesis of isopropyl vinyl ether.'* Mercury(I1) 
acetate (6.5 g, 0.020 mol) was dissolved in a mixture 
of dry isobutyl vinyl ether (81 ml, 0.623 mol) and dry 
propan-2-01 (62 ml, 0.809 mol). The resulting solution 
was placed in a large distillation column fitted with a 
total condensation partial take-off head. The distillation 
was first maintained at total reflux until the vapour 
temperature settled at 55-56 "C and the rate of distilla- 
tion was thereafter adjusted so as to keep the boiling 
point within this range. The recovered product was 
distilled again over NaH to give 21.5 ml of EVE (30% 
yield). 


Polymerization procedure (see Ref. 8). Although no 
promoting effect of light on vinyl ether polymerization 
initiated by HI could be detected, for safety the kinetic 
studies vere performed in systems protected from light. 


Polymer characterization. Size exclusion chromato- 
graphic (SEC) measurements were performed on a 
Varian apparatus fitted with 5 TSK columns calibrated 
with polystyrene standards. 
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REACTION OF PHENOXY RADICAL WITH NITRIC OXIDE 


T. YU, A. M. MEBEL AND M. C. LIN' 
Department of Chemistry, Emory University, Atlanta, Georgia 30322, U.S.A. 


The association of C,H,O with NO was studied with the cavity-ring-down method by directly monitoring 
the decay of C6H,0 in the presence of varying, excess amounts of NO. The bimolecular rate constant 
determined in the temperature range 297-373 K can be effectively represented by 
k, = 10"z''~o'ue('~*'arllr cm' molecule-' with a negative activation energy of 0.8 kcal mol-' (1 kcal = 4.184 kJ). 
In order to understand better the mechanism of the reaction, ab i n i h  molecular orbital calculations were also 
carried out at the MP4(SDQ)/6-31G0 level of theory using the HF optimized geometries. The molecular 
structures and energetics of five C,HSN,Oz isomers were calculated. Among them, the most likely and stable 
association product, phenyl nitrite (C,H,ONO), was found to be 17 kcal mol-' below the reactants, 
C6H,0 +NO. Combining the measured rate constant and the calculated equilibrium constant for the association 
reaction, C,HSO +NO = C,H,ONO the rate constant for the unimolecular decomposition of C,H,ONO was 
obtained as k-, = 4.6 x 10'SE-sssO/r s-' . Th e relatively large frequency factor suggests that a loose transition state 
was involved in the reaction, akin to those of its alkyl analogs (FtONO, R = CH,, C,HS, etc.). 


INTRODUCTION 
The phenoxy radical, C6HS0, is a key intermediate in 
the oxidation of small aromatic hydrocarbons, which 
arc important ingredients of lead-free gasoline.' Few 
kinetic data are available in the literature on its reactions 
except the unimolecular decomposition process 


which has been well chara~terized.*-~ 
The bimolecular reaction of C6H,0 with CH, has 


been reported to produce primarily o- and p-cresols, 
instead of anisole,6 because of the existence of the 
following resonance structures: 


C6H,0 3 co + C5H5 


The reaction is believed to take place via vibrationally 
excited cyclohexadienone intermediates formed by the 
association of CH3 with C6Hs0;' for example, 


n r 0  lt ow 


The rate-limiting H-migration process in the mechanism 
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for the formation of o- and p-cresols is not fully 
understood,* however. 


In the present study, we measured the absolute rate 
constant for the association of C6Hs0 with NO by the 
direct probing of the phenoxy radical with the cavity- 
ring-down (CRD) method. This novel multipass laser 
resonance absorption t echn iq~e~ . '~  was recently develo- 
ped by us for kinetic-s ctroscopic studies of C6H, and 
NH, radical reactions.' Is This work represents our first 
s_tudy_of phenoxy kinetics, carried out by monitoring the 
A t X transitionL6 of the C6H50 radical in the visible 
region. 


In order to elucidate the mechanism of the 
C6H,0+N0 reaction, we also performed ab initio 
molecular orbital calculations for the stability of various 
C6HSNlO2 isomers which may be formed in the associa- 
tion process. The results of these experimental and 
theoretical studies are reported herein. 


r 


EXPERIMENTAL MEASUREMENTS 


Basic principle of kinetic measurement by the CRD 
method 
The application of the CRD technique to kinetic studies 
of radical reactions has been described in detail pre- 
viously."-ls This novel multipass resonance absorption 
technique measures the decay time of an injected pulse 
of photons from a tunable dye laser into a well aligned 
optical cavity consisting of a pair of highly reflective 
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mirrors ( R  > 0.9999). The photon decay times measured 
in the presence and absence of absorption, r, and t:, 
respectively, can be related to the concentration of the 
absorbing radical of interest (C,H,O) and other physical 
properties of the reaction medium according to the 
equation",'* 


l / t =  l/r:+ (cl~/nL)[A], (1) 
where c is the velocity light, I is the length of the 
absorbing medium, E is the extinction coefficient, n is 
the refractive index, L is the length of the cavity (which 
is 50cm in the present case) and [A], is the concen- 
tration of C6H,0 at time t after its generation with a 
pulsed UV laser using anisole (C,H,OCH,) as the 
radical source. 


For a simple association process without the problem 
of reverse redissociation reaction, such as 
C,H, +NO + C,H,N0,I4 the combination of the 
relationship [A], = [Aloe -I.'' and equation (1) describes 
quantitatively the rate of CsH, decay (with the pseudo- 
first-order constant k )  measured under NO excess 
conditions. In the present reaction system, because of 
the weakness of the (C,H,O)-NO bonds, attached 
either to the 0 atom or to the C atoms in the ring, the 
reverse process of the reactions 


1 


C6H@ + N o  (C&jO)NO (2) 
-1 


becomes significant above room temperature. Accord- 
ingly, a more general rate equation which includes the 
reverse process should be used. 


According to basic chemical kinetics, the inclusion of 
the reverse reaction (- 1) in the rate equation (2) leads 


(3) 


to 
dx 
dt 


-- = k, ([A10 -x)[NO] - k-lx 


where x =  [A],-[A], is the conversion of the C,H50 
radical at time t into C6HSON0. Integration of equation 
(3) under excess NO conditions gives 


) (4) x =  - (1 -e+' 


where a = k ,  [NO][A], and b=k,[NO]+k-, .  
Combination of equations (1) and (4) leads to the 
following expression for the photon decay time 
measured before the photodissociation of C,H,OCH, 
(r:), that measured immediately after the dissociation 
( t  = 0, r,) and that measured at r after the dissociation 


l / r c -  l/f:=ck-,/b+ (ck,[NO]/b)e-' (5) 
where c= l/rco - l/r:, which is constant for each 
individual experimental run. The results obtained by 
means of both equations (1) and (5) will be presented 
later. 


U 


b 


(0: 


Experimental set-up 
The experimental arrangement of the CRD method for 
kinetic studies of NH2 and C6H, radical reactions has 
been described in detail pre~iously.'~,'' We shall briefly 
mention the key components of the experimental setup 
here. 


Two pulsed lasers were employed in the CRD study, 
one for the detection of the C6H50 radical and the 
other for the generation of the radical by the UV 
dissociation of its precursor, C,H,OCH,. The probing 
tunable dye laser (Laser Photonics N2 pumped dye 
laser) with a pulse width of ca 5 ns was injected into the 
reactor along its axis through one of the cavity mirrors 
which vacuum-sealed the reactor. The small fraction of 
the visible photons transmitted through the second 
mirror (ca of the incident beam energy which was 
typically about 1 mJ per pulse) was filtered and detected 
with a photomultiplier (PMT) (Hamamatsu). The 
photoelectric signal was averaged and digitized with a 
LeCroy 9310 M multichannel digital oscilloscope. The 
averaged signal was stored and processed with a micro- 
computer (Genius 486). A pulse-delay generator (SRS 
DG535) interfaced with the computer was employed to 
control the delay time between the photodissociation 
and probing lasers. This time interval defines the chemi- 
cal decay time of the C6HS0 radical in the presence of 
varying, excess amounts of NO. 


The photodissociation laser (Lambda Physik LPX 
100 excimer laser operating at 193 nm with ArF) was 
split into two beams which crossed at a 15" angle at the 
centre of the reactor. Both the probing dye and UV 
dissociation lasers formed a horizontal plane which was 
perpendicular to the flow of reaction mixture in order to 
provide rapid replenishment of the sample between two 
dissociation laser pulses (typically 0.5 s). The flow rates 
of individual gases, C6H,0CH,, NO and the can-ier gas 
Ar, were measured with mass flow meters (Hastings 
and Baratron) and the total pressure of the reaction 
mixture was measured near the reactor with a Baratron 
capacitance manometer. 


Reagent-grade NO and C,H,OCH, were purchased 
from Aldrich; they were purified by trap-to-trap distilla- 
tion before use. In the case of NO, a clean silica gel trap 
maintained at 195 K was used to remove NO2 impurity, 
which was always present in the commercial source of 
NO. The Ar carrier gas (Specialty Gases, 99.995%) was 
employed without further purification. 


AB INITIO MO CALCULATIONS 


The geometries of various structures of C6H,N02 have 
been optimized at the RHF/6-31G' level." It is well 
known that the RHF approximation with split-valence 
basis sets, including polarization functions, for HN02 
and HONO reproduces the experimental geometries or 
results of higher level calculations, I* with possible 
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errors of 0.03-0.05/A and 3-5" for bond distances and 
angles, respectively. All the isomers were positively 
identified for equilibrium (the number of imaginary 
frequencies is zero), based on vibrational frequency 
calculations at the RHF/6-31G' level. The calculated 
zero-point energy corrections (ZPE) were scaled by 
0.89 to account for anharmonicity." To obtain more 
reliable energies of the isomers of C,H,NO,, we carried 
out MP4(SDQ)/6-31@* calculations at the HF optim- 
ized geometries. All calculations were performed by 
using the GAUSSIAN 92 program." The total and 
relative energies of different structures are presented in 
Table 1. 


We considered five different isomers of C,H,NO,, 
1-5, shown in Figure 1. The isomers C6H,0N0 (I), o- 
NOC&O (2) and p-NOC6HsO (3) can be obtained 
directly in the reaction of C6H,0 with NO, when the 
NO radical attaches C,HsO to the oxygen atom and the 
ortho- and the para-carbon, respectively. Since the meta 
isomer of OC6H,0 and the rn-benzoquinone C6H4O2 do 
not exist, we do not consider here the rn-NOC6H50 
structure, which is not expected to be. a local minimum. 
C6H5NO2 (4) can be transformed from 1 by nitrito- 
nitro rearrangement. The isomer 5 ,  C6H4(OH)(NO), 
can be obtained from 2 by hydrogen shift. In the 
present case, however, the isomerization reactions are 
kinetically unlikely. 


The isomer 1 lies 12.9 kcal mol-' (1 kcal=4-184kJ) 
higher than the most stable structure 5 at 
the MP4(SDQ)//HF/6-31G* +ZPE level. C6H,0N0 
possesses C, symmetry with the mirror plane containing 
the ON0 group and two carbons of the ring. Aromati- 
city of the ring is preseyed in 1 and all CC distances 
are similar, 1.38-1.39 A. We calculated only the cis- 
ON0 conformation of 1, but the trans conformation is 
also expected to exist and to have the energy close to 
that of the cis structure, because the energy difference 
between cis and trans conformations of HONO is only 
1-2 kcal mol-'. The nitro isomer is only 0.6 kcal mol-' 
higher than the nihito structure 1 at our best level of 


theory. This difference is much lower than the energy 
difference between HONO and HNO,, about 
9 kcal mol-' at the same Mp4 level. Thus, replacement 
of H by C6HS leads to stabilization of the nitro struc- 
ture. The geometries of the carbon rings are very close 
in 1 and 4. Structure 4 is planar, and hydrogen bond- 
type interactions are possible between the oxygen atoms 
of NO, and hydrogep of the orrho-C atoms, with and 
OH distance of 2.38 A. 


The isomers 2 and 3 with the C(H)(NO) group in 
ortho and para positions with respect to the Cdl 
bond, lie 9.9 and 7.2 kcal mol-' higher than 1. In both 
cases, the aromaticity of the C6 ring is destroyed. Qe 
ring contains two single C-Co bonds, 1.51-1.53 A, 
two double bonds, 1.32-1-33p and two bonds of 
intermediate length, 1.47-1.49 A. The para-isomer has 
C, symmetry and the C(H)(NO) fragment is located in 
the mirror plane. The hydrogen and oxygen of this 
fragment make a. weak hydrogen bond, with an OH 
distance of 2.28 A. This is not the case for the ortho- 
isomer. 


The most stable isomer, 5 ,  C,H,(oH)(NO), has a 
planar geometry. All CC distances in the aromatic C6 
ring are similar, 1.37-1.40 A. The NO ligand is located 
in a ortho-position with respect to the OH ligand, q d  
the OH...ON hydrogen bond length is short, 1.88 A. 
Other conformations of C&(OH)(NO), with various 
mutual locations of the OH and NO ligands, are also 
expected to be local minima and to have energies similar 
to that of 5. 


The exothermicity of the reaction 


C6H5O +NO -+ C6HsONO (6) 
calculated at the MP4(SDQ)/6-31G* + ZF'E level is 
10.4 kcal mol-'. However, the approximation used is 
not reliable enough to describe the energy of the 
homolytic cleave of the ON bond. Therefore, we use 
here another approach for calculations of the 0-N 
bond dissociation energy in C,H,ONO. The approach 
involves calculations of heats of formation of C6H,0 


Table 1. Total (hamee) and relative ( kcal mol-', in brackets) energies and zero-point energy corrections of various isomers of 
C,H,ONO~ 


Species ZPE' HF MP2 MP3 MP4(SDQ) 
~ ~ ~ ~ ~ 


C,H,ONO (1) 61.1 -434.17769 [17.7] -435.45026 [12.6] -435.46346 [15.3] -435.48402 [12.9] 
o-NOC~HSO (2) 61.1 -434.16616 [24.9] -435.42073 [31.2] -43544560 [26.5] -435.46832 [22.8] 
p-NOC,H,O (3) 61.1 -434.17285 [20.7] -435.42441 [28.8] -435.47257 [20.1] -435'47257 [20.1] 
C J W O ,  (4) 62.4 -434.17523 [20.6] -435.45986 [7.9] -435.46569 [15.2] -435.48512 [13.5] 
C,H,(OH)(NO) (5) 61.8 -434.20703 [O.O] -435.47149 [O.O] -435.48901 IO.01 -435.50574 [O.O] 
C,H,O +NO 56.4 -434.22292 [-15.4] -435.41338 [31.1] -435.44821 [20.2] -435'46001 [23.3] 


'ZF'E are calculated at the HF/6-31G' level and scaled by 0.89. 
The relative energies are calculated with ZPE (scaled HF/6-31G'). 
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Figure 1. RHF/6-31G' optimized geometries of C,H5N,0, isomers 


and C6H50N0 from the isodesmic reactions where the 
number of bonds of a given type is left unchanged.20 
The reaction for C6H,0 is 


C2H30 + C6H6 + C2H4 + C6Hs0 (7) 
which is calculated to be endothermic by 9.0 and 
2.7 kcal mol-' at the UMp4 (SDQ) and spin-projected 
PUMP3//UHF/6-31G'+ZPE levels of theory, respec- 
tively. Because the spin contamination at the UHF and 
UMPn levels is high for the C2H30 and C,H,O radicals, 
as we discussed earlier,21 the spin-projected PUMP3 
energy is expected to be more reliable than the energy 
calculated by the regular (unprojected) UMp4 (SDQ) 
method. We use the following heats of formation 
AH;(O) for the species participating in reaction (7): 
C2H30, 4.8 kcalmol-', which is derived from the 
experimental AH;(298)'* corrected to O K  on the 
basis of calculated HF/6-3 1G' frequencies; C6H6 
24.1 kcal mol-', experimental AH0,(298)23 corrected to 


0 K CzH4, 14.6 kcal mol-', experimental AH;(O)." 
Then, the calculated AHY(0) for C6HS0 is 
17.0 kcal mol-', which is in satisfactory agreement 
with 15.0 kcal mol-', the experimental AH?(298)', 
corrected to 0 K. The reaction for C6HsONO: 


CH,ONO + C6HsOH -+ CH,OH + C6HSON0 (8) 
is endothermic by 7.2 and 7.0 kcal mol-' in the 
MP3/6-31G* +ZPE and MP4(SDQ)/6-31GW approxi- 
mation, respectively. For consistency, we use the AE, 
calculated by the Mp3 method. (For these closed-shell 
molecules, the restricted MPn methods, RMP3 and 
RMP4, were used without spin contamination correc- 
tions.) AHO,(O) for the species involved, derived from 
the experimental AHy(298) values corrected to 0 K, are 


-45.3 kcal m ~ l - ' . * ~  The calculated AH?(O) for 
C6H,0N0 is 21.4 kcal mo1-l. Using the expenmental 
AHY(0) for the NO molecule, 21.5 kcal mol-',24 one 


CH3ONO -12.6, C&OH -18.5 and CH,OH 
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Table 2. Experimental and calculated (in parentheses) heats 
of formation of various species 


AH? (0) AHY(298) 
Species ( kcal mol") (kcal mol-I) 


C2H30 4.8" 3.0b 
c6 % 24.1" 19.8' 
C2H4 14.6d 12.5' 
C6H50 15.0" (17.0) 11.4' (13.4) 
CH,ONO -2.6" -15.8' 
C6H,0H -18.5" -23.0' 
CH, OH -45.3' -48.1' 
C6H,0N0 (1) (21.4) (17.1)' 
o-NOC~H~O (2) (31.3) (26.8)' 


C6H5NO2 (4) 20.5" (22.0) 15.7' (17.2)' 
JI-NOC~H~O (3) (28.6) (24.0)' 


C&(OH)(NO) (5) (8.5) (4.4)' 


'Calculated on the basis of experimental AHy(298) and HF/6-31G' 
frequencies. 
bRef. 22. 
'Ref. 23. 
dRef. 24. 
'Computed on the basis of calculated AH:(O) and HF/6-31G' 
frequencies. 


can calculated exothermicity of the reaction (6) to be 
17.1 kcal mol-', which corresponds to the 0-NO 
bond dissociation energy in C6H,0N0. 


Experimental and calculated heats of formation 
of various species are summarized in Table 2. For 
different isomers of C6H5NO2, A&@) values were 
calculated from AHy(0) of C6H50N0 (1) and MP4 
(SDQ)//HF/6-31G* + ZPE relative energies. It is worth 
noting that for C6H50 and C&N02(4), where the 
experimental and theoretical heats of formation can be 
compared, the discrepancies do not exceed 2 kcal mol-'. 


RESULTS AND DISCUSSION 


Absorption of C6H,0 in the visible region 


The absorption spectrum of the C6H,0 radical in the 
visible region was first reported b Porter and Wardu 
and later in greater detail by Ward.' Figure 2 compares 
Ward's results obtained by flash photolysis-plate 
photometry with ours acquired by the laser photolysis- 
CRD absorption method at room temperature. The 
absorption spectra covering the 550-602 nm spectral 
region agree qualitatively; they are believed to result 
from the n t n transition due to the excitation of a non- 
bonding p-electron of the 0 atom to a nonbonding x- 
orbital of the aromatic system. The fine structures 
revealed by our laser absorption measurement may 
represent vibronic bands. Identification of their origins 
should be feasible through comprehensive and laborious 
analyses. For kinetic measurement, the laser wavelength 
was fixed at 575.4 nm throughout the study. 


1-00 I lill 


0.w ' I 
6M) 663 676 680 602 


Wavelength (nm) 


Figure 2. Absorption spectrum of C6H,0 obtained by 
photolysis of C,H,OCH, at 193 nm. The dashed curve shows 
the absorption spectrum of C6H50 obtained by Ward;I6 it is 


shifted for clarity 


Kinetics of the C,H,O + NO association reaction 
The decay of C6H,0 measured by photon decay times 
under excess NO conditions, as depicted in Figure 3, 
was analyzed by the non-linear least-squares method 
according to equation (3, which can be simplified to 


l/r, - l/tP = c, + c2e -b' (9) 
where b = k,  [NO] + k - ,  . The results presented in Figure 
3 clearly show that the decay of the C6H,0 radical at 
297 K is faster and complete, with t ,  at long reaction 
times ( t  + m) approaching t:, the photon decay time in 
the absence of C6H,0. On the other hand, at 373 K, the 
decay of C,H,O becomes much slower and the absorp- 
tion at 575.4 nm due to C,H,O remains strong at long 
reaction times. 


A 


A 
3s 


0.00 0.40 0.80 1 .M 1 8 0  


Chemical decay time t' (msec) 


Figure 3. Typical inverse photon decay time plot obtained by 
the photolysis of C6H,0CH,-NO-Ar mixture at 193 nm. The 
measurements were camed out at (A) 297K with 
[NO] = 1 . 1 1  x l.lOI5 molecules and (0) 373 K with 
[NO] =9.31 x lOI4 molecules cm-,, respectively. The solid 


curves are the least-squares fit to equation (9) 







52 T. YU, A. M. MEBELAND M. C. LIN 


Repeating such measurements at different NO conc- 
entrations gives varying values of the pseudo-first-order 
decay constant, k'=b = k, [NO] + k-, , which varies 
linearly with [NO] as illustrated in Figure 4. The slopes 
of the k' vs [NO] plots give the bimolecular rate con- 
stant for the association reaction 


C6H50 +NO + (C6H5O)NO 


The results obtained for five temperatures between 297 


molecule-' s, where the deviations representing 1 0 
were obtained by linear least-squares analysis using the 
weighting factor wi = (k i /a i ) ' .  These results are also 
presented graphically in Figure 5. 


In Figure 5, we have also compared the values of k, 
obtained by equation (l), which assumed no reverse 
dissociation of the association product, (C6H50)N0. 
The apparent rapid decrease in k,, or the C6H,0 decay 
rate, due to the increased reproduction of the C,H,O 
radical at higher temperatures, resulted in an artificially 
large negative activation energy for the association 
process (-4 kcal mol-I). The observed small negative 
activation energy of 0.38 kcal mol-' for C,H,O + NO is 
close to that of the analogous C,H, +NO reaction,I4 
also determined by the CRD method. In the latter case, 
the redissociation of C6H5N0 was not detected at 
temperatures as high as 523 K. 


Although the intercepts of the k' vs [NO] plots as 
given in Figure 4 represent, in principle, the rate con- 
stants for the unimolecular dissociation of (C,H,O)NO; 
they are not reliable and are effectively useless because 
of the large scatter of the present data as indicated. 
Additionally, in the absence of NO, the C6H,0 radical 


and 373 K give k,  = 10-12 12fO ae( lwflgS)/T cm3 


- t  I 


I 
0.00 0.30 0.60 0.90 1.20 1.50 1.80 


[NO] (10" molecules/cm') 


Figure 4. Plots of k' vs [NO] at (A) 297 K and (0) 353 K. 
Linear least-squares fits to these data yield the res ctive 
slopes and intercepts: 297K, (1.53 + 0.21) x lo-'' cm3 
molecule-' s) and 703f202s-'; 353 K, (1.20*0.14)x lo - '*  
cm3 molecule-' s and 985*82s-', respectively. The errors 


represent one standard deviation 


i 10.'' 


2 .oo 2 50 300 3 50 4 0 0  


1000/T 


Figure 5. Arrhenius plots of the bimolecular rate constants for 
C6H, +NO + (C,H,O)NO from the experiment (40 Tom). 
The dashed line represents the results evaluated by equation 
(1). The solid line is the least-squares fit to the results obtained 
by equation (5) ,  which takes into account the effect of the 


reverse reaction 


may disappear by other side-reactions such as 
CH3 + C,H,O + o-/p-CH,C,H,OH 


C,H,O + C,H,O -+ (C,H,O), 
The redissociation of (C,H,O)NO during the course 


of the C,H,O +NO reaction above room temperature, 
as reflected by the kinetic data presented in Figure 3 
and 5 ,  is fully consistent with the weak dissociation 
energies of the association products: 7 ,  10 and 
17 kcal mol-' for O-NOC6H50, p-NOC,H,O and 
C,H,ONO, respectively. The 0-NO bond in henyl 


that in methyl nitrite, CH,ONO, because of the 
resonance stabilization in C6H50 as alluded to in the 
Introduction. This result is fully consistent with the 
difference in the bond energies. D(CH,0-CH3) - 
D(C6H,0-CH,) = 83-57 = 26 kcal m ~ l - ' . ~ ~  


The theoretical molecular parameters (moments of 
inertia and vibrational frequencies) and heats of forma- 
tion of C,H,O, NO and C6H,0N0 allow us to calculate 
the equilibrium constant for the reaction 


C,H,O + NO = C6H,0N0 


to be 1.65 x 10-28esno" cm3molecule-' for the tempera- 
ture range 298-400 K. Combination of this equation 
with that for k-, given above gives rise to the rate 
constant for the unimolecular decomposition of 
C,H,ONO: k-, = 4 . 6 ~  10'5e-8580'T s-'. The value of the 
pre-exponential factor, 4.6 x lo', s-I, compares closely 
with that of the CH30N0 decomposition reaction in the 
high-pressure limit, 1.0 x lo', s - ' . ~ ,  Therefore the 
transition state of the C,H,ONO decomposition reaction 
is fairly loose. 


We also examined the effect of pressure at 333 K by 


nitrite is therefore about 25 kcal mol-' weaker 4 than 
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doubling the total system pressure from 40 to 80 Torr 
(1 Torr= 133.3 Pa), with no change in the value of k,  
within experimental errors. 


CONCLUSION 


The kinetics and mechanism for the reaction of C6H50 
with NO have been studied for the first time by the 
cavity-ring-down technique. The reaction is believed to 
occur by direct association forming phenyl nitrite, the 
most stable isomer of the three likely association 
products, C,H,ONO, o-NOC,H,O and p-NOC,H,O, 
according to the results of our ab initio MO calcula- 
tions. Other more stable isomers, nitrosophenols, could 
be formed by sigmatropic H-migration, but it is 
energetically inaccessible in the present case. The 
bimolecular rate constant for the association reaction 
has been determined to be k 1 -  - 10-'2'12*o'u 
e(lw*ls5)/') cm3 molecule-' s, with a negative activation 
of 0.38 kcal mol-I. 


On account of the relatively weak C,H,O-NO bond 
energy, as confirmed by the result of MO calculations, 
the redissociation of C6H,0N0 was observed to take 
place above room temperature. The rate constant for the 
redissociation reaction ( k - ]  ) was calculated by means 
of the measured value of k,  and the theoretical equili- 
brium constant: k - ,  = 4 6 x  1015e-s5so~r s-'. The pre- 
exponential factor compares reasonably well with that 
of the methyl nitrite decomposition reaction. 
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EQUILIBRIUM OF a-AMINOACETONITRILE FORMATION FROM 
FORMALDEHYDE, HYDROGEN CYANIDE AND AMMONIA IN 


AQUEOUS SOLUTION: INDUSTRIAL AND PREBIOTIC 
SIGNIFICANCE 


G. MOUTOU, J. TAILLADES, s. BENEFICE-MALOUET AND A. COMMEYRAS" 
Laboratoire de Chiniie Organique, URA CNRS 1097, Universite des Sciences et Techniques du Languedoc, Place E. Bataillon, 


34095 Montpellier cedex 5,  France 


AND 


G. MESSINA AND R. MANSANI 
ENICHEM ANIC, Centro Richerche, Zona Industriale, 07046 Porto Torres, Sicily, Italy 


The equilibrium constant, Kan,HrCO,, for the formation of a-aminoacetonitrile from formaldehyde, ammonia 
and hydrogen cyanide was evaluated at 25 "C. A first estimation of Kan,WzC.j, was obtained from 
extrathermodynamic relationships of the type log K' vs Xu*. The final value was then obtained from a 
comparison of the experimental and calculated pH dependences of a-hydroxy- and a-aminoacetonitrile 
concentrations. From these results, it appears that, after equilibrium, the ratio between the concentrations of 
the two precursors glycine and hydroxyethanoic acid, is a linear function of the concentration of free 
ammonia, i.e. [CH,(OH)CN] I[CH,(NH,)CN] = 21[NH,] at 25 "C. 


1. INTRODUCTION 


Ethylenediamine and glycine, two basic industrial 
compounds, are usually not synthesized from a- 
aminoacetonitrile, '., even though several attempts have 
been p ~ b l i s h e d . ~  A survey of the literature4.' and our 
knowledge of analogous systems' show that the 
difficulties with these syntheses are probably due not to 
a slow and unselective reduction or hydration of the 
nitrile, but to the formation of a-aminoacetonitrile 
from its precursors (HCN, H,CO and NH,). No funda- 
mental investigation has been carried out on the 
equilibria involved in a-aminoacetonitrile formation in 
aqueous solution. The only work published so far' 
describes interactions between two compounds of this 
system, formaldehyde and hydrogen cyanide. 


In this paper, a thermodynamic and kinetic study of 
the complete system, H,CO-HCN-NH,-H,O, is 
reported. In addition to the synthetic interest in the 
results, a better understanding of the possible prebiotic 


*Author to whom correspondence should be addressed. 


synthesis of glycine can be obtained. The latter is 
generally considered as the first and most abundant 
amino acid formed on the primitive Earth. Our first 
approach was to relate the equilibrium constants of 
cyanohydrins'" to those of a-aminonitriles in extrather- 
modynamic relationships. By extrapolation, an 
approximate value for the equilibrium constant of a- 
aminoacetonitrile was obtained. This value was then 
refined by comparing experimental and calculated plots 
of concentration of the different species present as a 
function of the pH. The most accurate value was 
reached when the best agreement between the two plots 
was obtained. 


RESULTS AND DISCUSSION 


According to data on previously investigated systems,5 
the carbonyl compound-hydrogen cyanide-ammonia 
system can be described by the equilibria shown in 
Scheme 1. The several equilibrium are defined in 
equations (1)-(5). In these equations, [ (RR'CO),,] is 
the sum of the concentrations of the carbonyl com- 
pound, RR'CO, and of its hydrated derivative, 


Received 16 November 1994 
Revised 13 July 1995 


CCC 0894-932301951110721 -10 
0 1995 by John Wiley & Sons, Ltd. 







722 G. MOUTON ET AL 


RR‘C (OH),. 


K,” - R R’C ( N H p)C N 
Kcya 


RR’C(0H)CN-- RR’CO + HCN + NH, 


Khyd 11. Ha 


RR’C(0H)z 


(RR‘CO),. + HCN, &in I1 
N(CRR’CN), __ HN(CRR‘CN), 


[RR’CO] 
Kh,, = 


Kcya = 


[(RR’C(OH)ZI 


[RR’C(OH)CN] 


[(RR’CO),,.][HCN] 


Scheme 1 


[ RR’( NH 2) CN] 


[(RR‘CO),,.] [HCNl “H3I 


[HN(CRR’N),] 


Kan = (3) 


Kdin = (4) 
[(RR’CO),,.] [HCN] [RR’C(NHz)CN] 


( 5 )  
“(CRR’CN) 31 


Ktnn = 
[(RR’CO),,.] [HCN] [HN(CRR’CN)2] 


When the carbonyl compound is formaldehyde, CN- 
must always be in excess with respect to the substrate to 
avoid the presence of stabilized species resulting from 
the attack of amines on H,CO (examples of these 
species are NH2CH20H and CNCH,NHCH,OH). 
Moreover, to prevent oligomerization 
(HOCH,-0-CH,OH, etc.), formaldehyde is used in 
dilute solutions. 


Evaluation of K,, by extrathermodynamic 
relationships 
Quantitative information on cyanohydrin formation can 
be obtained from the literature. The hydration constants 
of the carbonyl compound and the equilibrium con- 
stants are shown in Table 1. KLYa is the equilibrium 
constant of cyanohydrin formation related to the 
concentration of the non-hydrated carbonyl compound 
Schlesinger and Millerha showed the existence of a 
Hammett-type linear relationship between log KLYa and 
Xu:. The slope of this Hammet-Taft relationship gives 
a p value of 7.98. Ca* is the sum of the Taft con- 


stants of t$ aliphatg substituents of carbonyl com- 
pounds (aMe= 0, aH =0.49). KLya is related to the 
equilibrium constant K,,, by 


To study the equilibrium constants for the formation 
of a-aminonitriles, we assumed an analogously linear 
relationship between log Kin and Ca*,  where K:,, is the 
equilibrium constant of a-aminoacetonitrile formation 
related to the non-hydrated carbonyl compound. 


From the available equilibrium constants for the 
formation of a-aminonitriles from acetaldehyde and 
acetone (Table 2)5b.“, the value for the equilibrium 
constant of formaldehyde is evaluated by extra- 
polating the log Kin vs Ca* relationship to Ea* =0.98 
(Figure 1). This gives log = 10.9 and 
K&,2CO) = 7.94 x 10“’ mol-’ 1’. 


is the value related to the equilibrium 
for the non-hydrated aldehyde and K:n(HFO) is available, 
application of equation (6) gives K:n(H2CO) - - 
4 x 10’ mol-‘ 12. 


The slope of the log K:, vs Ca* relationship is 
slightly higher but, however, similar to that for 
cyanohydrins (p* = 8.16). 


Since 


Table 1. Logarithms of the equilibrium constants for the 
formation of RR‘C(0H)CN relative to the unhydrated 
carbonyl compounds (KAya), hydration constants (KhJ and 


Taft constants (En*) of the carbonyl compounds 


Compound Log K;,,” Kh,d co* 
R = R ’ = C H ,  1.15 1 . 2 x  lo2 0 


R = R ’ = H  8.96 5 x 0.98 
R = C H , , R ’ = H  4.56 0.94 0.49 


Equilibrium constants for the formation of cyanohydrins, which are 
the reciprocals of values given by Schlesinger and Miller6d for the 
dissociation of cyanohydrins. 
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Table 2. Equilibrium constants for the formation of a-aminonitriles relative to 
the unhydrated ( K i n )  and hydrated (Kan)  carbonyl compounds, hydration constants 


( K h y d )  and Taft constants (Xu*) of the carbonyl compounds 


8.3 x 102 3 4  x 106 4 x loFA 
7.2 x 10' 0.94 5 x 1 0 - ~  


K i n  = K,,  8.3 x lo2 7.6 x lo6 7.94 x 10'"" 


b z K : "  2.9 6.9 10.9" 


" Calculated in this work 


Regarding the formation of the a-aminodinitrile, the 
only known equilibrium constant is relative to acetalde- 
h ~ d e , ~ "  since a-aminodinitrile is never formed from 
acetone. From this value and assuming again the linear 
relationship, with the same slope as for a-aminonitriles, 
an approximate value for Kdin(H2CO) of  5 x 10' can be 
obtained. 


has been estimated to be lo5,  since no data 
on equilibrium constants for the formation of trinitriles 
are available. (We shall see later that this value has no 
influence on the results.) 


To verify the extrapolated values of these equili- 
brium constants, we calculated the concentrations of 
the several species involved in the system, at various 
pHvalues, and compared them with the experi- 


o ( .  . . * , . . * . 
0 0,s 


z o* 0.98 


Figure 1. Plot of log K:, vs Xu* (-). The value of log 
K,,(H2CO)= 10.9 is obtained by extrapolation of the slope to 


X U *  = 0.98 


mental values (see the last section for detailed 
calculations). 


However, a careful verification of the method was 
necessary. Systems in which the carbonyl compound 
was acetaldehyde or acetone had already been studied 
and their respective equilibrium constants are 
known.5b.'' The good agreement obtained between the 
calculated and experimental pH-concentration plots 
(Figure 2) was an indication of the reliability of our 
calculation. 


We were then able to calculate the pH dependences 
of a-aminonitrile, dinitrile, trinitrile and cyanohydrin 
concentrations for two sets of initial concentrations in 
formaldehyde-hydrogen cyanide and ammonia. 


With equimolar initial concentrations of 
formaldehyde-hydrogen cyanide and ammonia (Figure 
3), a-aminoacetonitrile formation will attain, around 
pH 10-10.5, a maximum representing 55-60% of the 
initial concentration of formaldehyde. The dinitrile 
formation will attain its maximum at pH = 8 (25-30%), 
the trinitrile formation being negligible (1-2% at 
pH = 7). 


When the formaldehyde-hydrogen cyanide and 
ammonia concentrations were in a ratio of 1 : 9 (Figure 
4), the formation of a-aminoacetonitrile was theoreti- 
cally favoured (ca 95% at pH = lo), while less than 8% 
of dinitrile at pH = 8 was formed. In such proportions, 
the formation of trinitrile was negligible. 


Experimental verification of K,, 
Under equimolar conditions ([H2CO], = [HCN], = 
[NH,],= 1 M), rapid degradation of  the medium was 
observed, with several unassigned peaks appearing on 
the chromatograms. The experimental evolution of this 
complex system, calculated in Figure 3,  could not then 
be studied. 


Satisfactory experimental results were obtained, 
however, when the formaldehyde-hydrogen cyanide 
and ammonia concentrations were in the ratio of 1 : 9. 
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Acetaldehyde 


I(,.+ = 17700 
& =38ooOOo 
lbk, =220000 [HCNA=O.ZM 
kid" = o  


[ N u  = 02 M 


[C&CHOL= 0.2 M 


[cone.] mole L" 


PH 


6 7 8 9 
PH 


0 


Figure 2. Experimental pH dependence of the different concentrations of cyanohydrin (m), maminonitrile (0) and a -  
aminodinitrile (A) in acetone and acetaldehyde. (-) calculated plots 


o i x x  0. 
X 


+ +  + +  + + 


PH 


[cone.] mole L-' 


0.2 


0.1 


6 7 8 9 1 0  
PH 


Figure 3. Calculated pH dependence of the different concentrations of glycolonitrile (x), a-aminonitrile (+), a-aminodinitrile 
(-) and a-aminotrinitrile (.) from formaldehyde. Equilibrium constants used: K,  il = 4.76 x lo5 (Ref. 6a), K:," = 4  x lo7 (this work), 
Kdrn = 5 x 10' (this work) and K,, = 10' (this work). Initial concentrations :[&JH3Iu = 1 M and [HCN],, = [H2C0], = 1 M (left), 


[NH,], = 0.5 M and [HCN], = [H2C0],, = 0.5 M (right plot) 
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[cone.] mole L-' 


X + +  + + +  + + + 
X + 


X + 
X + 


+ 
X 


+ = X  + + + +  
X X + 


X + 
+ X  x +  + 


+ x  
X 
+ 


+ X + x  + X .. .. 
+ * + - - -  .' + * + + - -  . . : 5 x x x  


I " "  . , , I , I  I .,, I I ,-n I I I I 


6 7 8 9 1 0 1 1  6 7 8 9 1 0 1 1  
PH PH 


Figure 4. Calculated pH dependence of the different concentrations of glycolonitrile (x), a-aminonitrile (+), a-aminodinitrile (-) 
and a-aminotrinitrile (.) from formaldehyde. Equilibrium constants used: K,  = 4.76 x lo5 (Ref. 6a), K,, = 4 x lo7 (this work) 
K,,, = 5 x 10' (this work) and K,,, = los (this work). Initial concentrations: [Nk,], = 0.9 M and [HCNIo = [H,CO], = 0.1 M (left), 


[NH,], = 0.514 M and [HCN], = [H,CO], = 0.057 M (right plot) 


with these proportions, the kinetics of the system could 
be studied at various pH values for several hours. The 
equilibrium is reached when no evolution is observed in 
the kinetics of the formation of a-aminoacetonitrile 
and of the disappearance of glycolonitrile. 


Although the kinetics of  these systems were not the 
major aim of this study, it can be noticed, however, that 


[conc.] mole L-' 


t (h) 


when formaldehyde and hydrogen cyanide, in 
stoichiometric proportions, are added to aqueous 
ammonia solutions (The same proportions as indicated 
in Figure 4), the glycolonitrile is rapidly formed (less 
than 10 min) at any pH (kinetic control). An example is 
given in Figure 5. 


The formation of a-aminoacetonitrile is slower, 
since the equilibrium is reached after about 30 h 
(thermodynamic control). The same phenomenon was 
observed when ketones were used as carbonyl com- 
p o u n d ~ . ~ ~  The concentrations glycolonitrile (B) and a- 
aminoacetonitrile (0) at equilibrium are obtained from 
these kinetic plots (Figure 6). 


Slight variations around the predetermined values, 


agreement between the experimental points (m, 0)  
and calculated curves (-) for the following 
values: 


Kcya(H2CO), Khyd(H2CO) and Kan(HzCO)t lead to the best 


Figure 5 .  Time evolution, at 25 OC, of the system 0.1 M = 1 x 10' m01-~ i 2  
HCN-0.9 m NH,-O.l M H,CO at pH 9.25, as followed by 
measuring the concentrations of a-aminoacetonitrile (M) The first two values were given by Schlesinger and 


formation and glycolonitrile (0) disappearance Miller.6a We should therefore consider that the equili- 
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[conc.] (mole c') 


6 7  8 9 1 0 '  
PH 


1 


PH 


1 


Figure 6. Experimental pH dependence of glycolonitrile (0) and a-aminoacetonitrile (a) concentrations, 
[H,COIn = [HCN], = 0.1 M and [NH,],, = 0.9 M (left); [H,CO],, = [HCN],, = 0.057 M and [NH,], = 0514 M (right). (-) 


Calculated plots with Kc,., = 4.76 x lo5 and K,, = 1 x 10'. 


brium constant for the formation of a-aminoacetoni- 
triIe is 1 x 10' rnoI-, 1,. 


DISCUSSION AND CONCLUSION 


The reactions for the formation of glycoloni- 
trile (H,C(OH)CN) and a-aminoacetonitrile 
(H,C(NH,)CN) in aqueous solutions containing formal- 
dehyde, hydrogen cyanide and ammonia can be 
represented by the three equilibria given in scheme 2. 


Industrial significance 


a-Aminoacetonitrile is an interesting industrial 
intermediate compound. It leads to at least two basic 
compounds in the chemical industry, namely glycine, 
by hydration of the CN group, and ethylenediamine, by 
reduction of the same group. Attempts to obtain these 
two compounds from a-aminoacetonitrile lead to poor 
yields. It seems that the thermodynamic and kinetic 
aspects of this system have not been taken into account. 


5 GYa = 4.76.10 
H2C(OH)CN A _J H2CO + 


This work should now be reconsidered, taking account 
of the present results. 


Prebiotic significance 
Prebiotically , the equilibrium between glycolonitrile and 
a-aminoacetonitrile is of great importance, owing to 
their major role in biological systems. 


From the values of the equilibrium constants of 
glycolonitrile and a-aminoacetonitrile, the relative 
stabilities of the two compounds can be estimated: 


K,~(H,co) [CH,(NH,)CNl 
= 21 - - 


Kcya(H2CO) [CH2(OH)CNl"H31 
i.e. 


[CH2(NH2)CN1 = 21[NH,] at 25 "C 
[CH2(OH>CNl 


This equation implies that the proportion of the 
potential glycine precursor with respect to the hydrox- 


~ ~ ~ 1 . 1 0 '  
HCN + NH, H,C(NHdCN 
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yethanoic acid precursor is, independently of all 
kinetic aspects, a linear function of the concentration 
in free ammonia. In fact, the concentration of free 
and total ammonia, which could have been present in 
the primitive ocean, is actually the subject of  
discussion. 


Miller and co-workers' estimated that the concentra- 
tion of total ammonia could have been ca 0.1 M More 
recently, Summers and Chang6b reported much lower 
values, 3.6 x 10-6-70 x lo-' M. From these values and 
assuming the pH of the primitive ocean to be close to 8, 
the proportion of the glycine precursor with respect to 
the continuously formed hydroxyethanoic acid precur- 
sor varies, at 25 "C, from 1 to 0.001%. The reactions 
leading to cyanohydrin formation are under kinetic 
control (Figure 5 ) ,  which means that, at prebiotic pH 
(probably basic, PH - 8), the almost instantaneous 
formation of glycolonitrile protected H,CO and HCN, 
both highly energetic molecules formed in a continuous 
way, from irreversible degradation, which would have 
ended the evolutive process. The progressive elimina- 
tion of these two molecules from their protected form 
leads to a-aminoacetonitrile (under thermodynamic 
control) and thus allowed for the appearance of amino 
acids. 


To explain how the amino acids could be synthesized 
from a-aminoacetonitriles, despite the very low con- 
centrations of ammonia6,' in prebiotic media, we can 
assume the presence and action of some reactants 
which react specifically with a-amino, rather than 
a-hydroxynitriles.X~"' The chemical and kinetic aspects 
of this high selectivity will be reported in a subsequent 
paper. 


EXPERIMENTAL 


NMR spectra were recorded on a Bruker 
AC 250 (250 MHz) instrument; chemical shifts (6)  are 
reported relative to tetramethylsilane as an internal 
standard. To verify experimentally the calculated plots, 
several analytical methods were used. The method 
which gave the more satisfactory results was HPLC 
using a refractive index detector. HPLC was canned out 
on a Shimadzu LC-9A chromatograph with a Bio SiL 
C,, 'A/B' column (5  p m ,  15 cm), a Shimadzu RID-6A 
refractive index detector (sensitivity 2.5 x lo-') and a 
Shimadzu C-R6A integrator. The element was alm- 
monium chloride (0.05 M)-ammonia buffer solution 
adjusted to pH 7.5. The internal standard used for the 
calculation of concentrations was ethanol. Melting 
points were recorded on a Biichi 510 apparatus and are 
not corrected. 


General. 


Materials. All solvents and reagents were of 
guaranteed grade from commercial sources and used 
without further purification, except in HPLC, where the 
solvents and reagents used were of HPLC grade. 


Glycolorzitrile. A 4.35 mol amount of anhydrous 
HCN (generated by reaction of a solution of NaCN 
with sulphuric acid, then dried on CaCI, and condensed 
at - 10 "C) is slowly added to 4.7 mol of paraformalde- 
hyde in suspension in 240 ml of dichloromethane, with 
2 g of KCN present as catalyst. The initial temperature 
is set to 22 "C and stabilized at 25-30 "C, since the 
reaction is exothermic. At the end of the reaction (the 
reaction mixture is colourless), the temperature is 
lowered to 22 "C. A 400 ml volume of water is added 
to the medium, since the partition cofficient of glycol- 
onitrile is more favourable to water than dichlor- 
omethane. The product is then stabilised by adding 
phosphoric acid until pH < 3. Pure glycolonitrile can be 
obtained, in 85% yield, by evaporating the solvent and 
distilling. Eb,., = 86 "C; b, (250 MHz, DMSO-d,) 4.32 
(d, 2H), 6.08 pprn (t, 1H); v (CHCI,) 3200-3600, 
2250 cm-I. 


a -Ainirioacetoiiitrile. An aqueous ammonia sol- 
ution (32%, w/w) is added dropwise to pure 
glycolonitrile in molar proportions 9 : 1. The reaction is 
followed by TLC [elutent propan-2-ol-ammonia, 
(70: 30)]. The product is extracted from the aqueous 
phase by continuous extraction from diethyl ether for 
16 h. The solvent is evaporated under reduced pres- 
sure and pure a-aminoacetonitrile is obtained by 
distillation in 40% yield. Eb,,., = 50-52 "C; 6, 
(250 MHz, CDCI,) 2.07(s, 2H), 3.52 pprn (s, 2H); 6, 
(50.3 MHz, [l M NH,-D,O (30%) buffer solution at 
pH 91 146.1, 121.3, 29.7ppm; v (CHCI,) 2100, 
1615 cm-I. 


Iininodiacetorzitrile ( a  -arniriodiacetonitrile). A 
7.81 g amount of pure a-aminoacetonitrile and 7.95 g 
of pure glycolonitrile are added to 150 ml of ethanol. 
After refluxing for 2.5 h, the reaction is maintained at 
-20 "C for 10 h. At the end of the reaction, the precipi- 
tate formed is filerted and pure iminodiacetonitrile is 
obtained by recrystallization from ethanol-light 
petroleum in 30% yield. Melting point 75 "C; 
6,(250 MHz, CDCL,) 3.40 (m, 2H), 3.75 ppm (d, 
2H); 8, (50.3 MHz, [l M NH,-D,O (30%) buffer 
solution at pH91 148.2, 117.7, 35.6 ppm; Y (CHCI,) 
2225.3335 cm-I. 


a-Aminotriacetonitrile. A solution of 100 g 
(0.07 mol) of hexamethylenetetramine in 500 mi water 
is added to 4.2 mol of hydrogen cyanide. At the end of 
the addition, HCI (35%, w/w) is added in 20 min. After 
10 h at 22 "C, a yellowish solid is formed in the 
medium. Filtration and recrystallization from ethanol 
give pure nitrilotriacetonitrile in 22% yield with respect 
to hexamethylenetetramine. Melting point 126 "C; 8, 
(250 MHz, CDCI,) 4.05 ppm (s, 6H); 6, (50-3 MHz, 
[l M NH,-D20 (30%) buffer solution at pH 91 148.1, 
115.1,41.7 ppm; v(CHC1,)2250 cm-I. 
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DEFINITIONS AND CALCULATIONS 


Definition of apparent constants 
K = acidity constant 
K, = equilibrium constant for the formation of X. 
Note: concentration of species in an acid-base 
equilibrium. 


B + H +  + BH+ 
(bax) (acid) 


[B] + [BH ' ] = C, (total concentration) 


K = -  [B lH+ (acidity constant) 
[BH 'I 


K 
[B] = ____ C, (concentration of base) 


K + [H'] 


[BH '1 = a C, (concentration of acid) 
K + [H*] 


In our systems, the formation of a-aminonitriles is 
represented by the following equilibrium: 


K a" 


RR'CO + HCN + NH, ====== RR'C(NH,)CN + H,O 


R=H,  CH, etc.; R=H,CH, etc. 


The equilibrium constant for the formation of a- 
aminonitrile is 


[RR'C(NH,)CN] 
K,, = 


[RR'CO][HCN] [NH,] 


The a-aminonitrile exists in an acid-base equilibrium: 


H+ + 
RR'C(NH2)CN RR'(NH,)CN 


Assuming that only the basic forms of a-aminonitrile 
and ammonia react: 


[RR'C(NH,)CN], K a n  
Kan i- [H'] K,, = 


KNH, 


KNH, + [H'] 
[RR'CO][HCN]NH,] , 


[RR' C (NH,)CN], 
= total concentration of a-aminonitrile 


[NH,]t = total concentration of ammonia 


The formation of cyanohydrins results from the follow- 


ing equilibrium: 
Kc,, 


RR'CO + HCN 4 RR'C(0H)CN 


The product [RR'CO][HCN] is related to 
[ RR' C (OH) CN ] by 


[RR'C(OH)CN] 
[RR'CO] [HCN] = 


KCya 


The equilibrium constant K,, becomes 


The apparent constant of the equilibrium, defined as 


[RR'C(NH,)CN] , 
Ka(an) = 


[RR'C(OH)CN][NH,] 


is related to [H'] by the following relationship: 


Kan KNH, K,, + [H'l 
Ka(an) = - 


Kcya KNH,+ [H+I Kan 


The equilibrium for the formation of a-aminodini- 
triles can be represented by the reaction 


RR'CO + HCN + RR'C(NH,)CN 


Kd," - (RR'CCN),NH + H,O 


[ (RR'CCN) ,HN] 
Kdl" = 


[RR'CO] [HCN] [RRrC(NH2)CN] 


where K,,i, is the equilibrium constant for the formation 
of a-aminodinitriles. Assuming that only the basic form 
of the a-aminonitrile reacts, that the basicity of the a- 
aminodinitrtle is weak, and since 


[RR'C(OH)CN] 
[RR'CO][HCN] = 


KCya 


[RR'C(OH)CH][RRC(NH&'NIt Kan 


Kan + W+I 


The apparent equilibrium constant for the formation of 







729 


a-aminodinitriles given by 


a- AMINOACETONlTRlLE FORMATION 


then 


[(RR'CCN) ZNH] 


[RR'C(OH)CH] [RR'C(NH2)CN] t 
K(a)din = 


which is related to [H'] by 


, - Kdin Kan 
a(din) 


Kcya K,, + [H+l 


The equilibrium for the formation of a-aminotnni- 
triles can be represented by the reaction 


RR'CO + HCN + (RR'CCN),NH 


Kt"" 
4 (RR'CCN),N + H,O 


where 


[ ( RR'CCN),N] 
Kim = 


[RR'CO] [HCN] [(RR'CCN) 2NH] 


Since 


[RR'C(OH)CN 
[RR'CO][HCN] = 


KCya 


K .  = [(RR'CCN)J'JIKcya 
[ RR'C(OH)CN] [ (RR'CCN) zNH] 


inn 


The apparent constant 


[ (RR'CCN),N] 
K(a)trin = 


[RR'C(OH)CN] [(RR'CCN)zNH] 


is related to Ktrin by 


Finally, for cyanohydrins, the equilibrium of forma- 


K cy" 
RR'CO + HCN 4 RR'C(OH)CN 


tion is represented by the reaction 


where 


[RR'C(OH)CN] 


[RR'CO] [HCN] 
Ka(cya) = 


Since 


[RR'C(OH)CN] - - [RR'C(OH)CN] K =  
[H+l 


[H+I + KHCN 


- - cya 


[RR'Col[HCN1 [RR'CO] [HCN] 


Definition of concentrations 
By fixing the concentration of cyanohydrin, the concen- 
trations of carbonyl compound [RR'CO], a- 
aminonitrile [RR'C(NH,)CN], a-aminodinitrile 
[ (RR'CCN),NH] and a-aminotrinitrile [ (RR'CCN),N] 
can be evaluated. 


Let [X],=initial concentration of X. The sum of 
CRR' groups is 


[RRC(OH)CN], = [RRC(OH)CN] + [RR'CO] 
+ [RR'C(NH,)CN] 
+ 2[(RR'CCN),NH] 
+ 3[(RR'CCN),] (7) 


and that of CN groups is 


[RRC(OH)CN],, + [HCN], = [RR'C(OH)CN]+ [HCNI 
+ [RRC(NH,)CN] 
+ 2[ (RR'CCN),NH] 
+ 3[(RR'CCN),] (8) 


Subtraction of  equation (7) from equation (8) gives 


[HCN], = [HCNI- [RR'CO I 
[HCN] = [HCN], + [RR'CO] 


Since 


RR'C(OH)CN] 


[RR'CO] [HCN] 


[RR'C(OH)CN] 


Ka(cya) = 


[RR'CO]([RR'CO] + [HCNI) 
Ka(cya) = 


and 


= O  
[ RR'C(OH)CN] 


[RR'C0l2 + [HCN],[RR'COI - 


4[ RR'C( OH)CN] 
-[HCN], + ~ [HCNIo - _. 


Ka(cya) [RR'CO] = 
2 


Let 
B=[RR'C(OH)CN],, - [RR'CO] - [RR'C(OH)CN] 


= [RR'C(NH,)CN] + 2[(RR'CCN),NH] 
+ 3 [ (RR'CCN),] 
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as 


and 


[ (RR’CCN),NH] 


then 
= Ka(,in,[RR’C(OH)CN] [RR‘C(NH,)CN], 


B = [RR’C(NH,)CN] 
x { 1 + K,(,,,[RR’C(OH)CN] 


x (2 + 3Ka,,,,[RR‘C(OH)CNI)J 


[RR‘C( NH 2)CN]] 


B 


1 + Ka(uin)[RR’C(OH)CNl(2 + 3K,(,n,[RR’C(OH)CNl) 
- - 


B - [RR‘C(NH,)CN] 
[(RR‘CCN),NH] = 


2 + 3K,(,fin)[RR’C(0H)CN] 


B - [RR’C(NH,)CN] - 2[(RR’CCN),NH] 
3 


(RR‘CCN),N] = 


Finally, 


[NH,] = [NH,], - [RR’C(NH,)CN] 
- [ (RR’CCN),NH] - [ (RR’CCN),N] 


The objective of these equations is to determine, at 
equilibrium, the pH dependence of cyanohydrin, a- 
aminonitrile, a-aminodinitrile and a-aminomnitrile 
concentrations, for given initial concentrations of 
cyanohydrin ([RR’C(OH)CN],), ammonia ([NH,],) 
and hydrogen cyanide ([HCN],). The procedure con- 
sists in the calculation, at a given pH, of the apparent 
equilibrium constants for the different equilibria related 
to the concentrations of cyanohydrin, a-aminonimle, 
a-aminodinitrile and a-aminotrinitrile, from the differ- 
ent known (or calculated in the case of formaldehyde) 
equilibrium constants. 


By iterative calculations, the cyanohydrin concentra- 
tion is modified and via the apparent equilibrium 
constants of cyanohydrin, a-aminonitrile, a-aminodini- 
trile and a-aminotrinitrile, the concentrations of the 
other compounds present in the medium are modified. 
When the concentrations in ammonia, hydrogen 
cyanide, carbonyl compound and a-aminonitrile, 
thereby calculated, lead to a value of the equilibrium 
constant for the formation of a-aminonitrile (K),  close 
to the known (or calculated in the case of formalde- 
hyde) value (0.9 K,,< K <  1.1 K,,), the equilibrium 
conditions are obtained. 


For a group of values of  [lUt’C(OH)CN],, [NH,], 
and [HCN],, the other species can be expressed as a 
function of the actual concentration cyanohydrin 
([RR‘C(OH)CN]). 


1 
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CONTROL OF THE THERMAL CIS TO TRANS ISOMERIZATIONS OF 
AZOBENZENE AND THIOINDIGO DERIVATIVES BY THE 


FORMATION OF SUPRAMOLECULAR H-BONDED ASSEMBLIES 


JACQUELINE ROSENGAUS AND ITAMAR WILLNER' 
Institute of Chemistry and the Farkas Center for Light-Induced Processes, The Hebrew University of Jerusalem. Jerusalem 91904, 


Israel 


2,3-Bis(aminocyclohexyl)-6-methoxy-1,3,5-triazine (la) forms intermolecular H-bonded complexes with 3,3'- 
diacetyl-cis-azobenzene (4b) and 6,6'-diethoxy-cis-thioindigo (Sb), (association constants K = 4.9 x lo' and 
3.5 x 10' 1 mol-', respectively). The thermal cis + tmns isomerization of 4b and 5b to 3,3'-diacetyl-hrmJ- 
azobenzene (4a), and 6,6'-diethoxy-tmns-thioindigo (5a), is inhibited in the intermolecular complex la-4b and 
la-5b. Molecular mechanics calculations support the formation of the intermolecular H-bonded complexes 
between la  and 4b or 5b. 


INTRODUCTION 


The design of supramolecular assemblies stabilized by 
intermolecular com lementary H-bonds is a subject of 
extensive research.'-' E~perimental~~' and theoretical6 
studies have revealed the roles of the structural features, 
the nature of chemical functionalities and the comple- 
mentarity of the chemical functionalities on the 
stabilities of the resulting H-bonded assemblies. In this 
context, H-bonded intermolecular assemblies provide 
model systems for biological self-assembling materials 
such as DNA or proteins. Recent studies have revealed 
that aminotriazines and other H-donor compounds self- 
assemble in the presence of carbonyl acceptor com- 
pounds in the form of two-dimensional arrays,' strands' 
and helix str~ctures.~ Of particular interest is the control 


of chemical reactivity within supramolecular 
Intermolecular H-bonded complexes 


have been used as catalytic assemblies for various 
chemical transformations such as self-replication," 
phosphoryl transfer,I3 intermolecular alkylations, " 
control of pericyclic reactionsI5 and energy transfer 
from an exited chromophore.'6 


Diaminotriazines provide three atom sites for the 
organization of intermolecular H-bonded complexes." 
Previous studies have indicated that 2,4- 
bis(arninocyclohexyl)d-methoxy-l,3.5-triazine (1) 
exists in solution in three different conformations 
[equation (l)]. It was shown that 1.3-diketones form 
intermolecular H-bonded complexes with the discrete 
conformation (la) of the diaminotriazine host. 


In this paper we report the formation of intermolecu- 
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lar assemblies between 1 and 3,3'-diacetyl-cis-azo- 
benzene (4b) and 6,6'-diethoxy-cis-thioindigo (5b). We 
examine the effects of the formation of the intermolecu- 
lar H-bonded assemblies on the thermal cis-+ trans 
isomerization reaction of the respective azobenzene and 
thioindigo derivatives [equations (2) and (3)]. The 
kinetic analyses allow us to characterize the association 
constants of 4b and 5b to la." 


EXPERIMENTAL 


General. W-visible spectra were recorded on a 
Uvikon 860 spectrophotometer, equipped with a ther- 
mostated cell holder. All chemicals were purchased 
from Aldrich, except 6,6'-diethoxythioindigo (9, 
which was purchased from Chroma Chemicals. 3,3'- 
Diacetyl-trans-az~benzene'~ (4), 2,4-bis(amino- 
cyclohexyl)-6-methoxy-1,3,5-triazine (1) and 2-amino- 
cyclohexyl4,6-dimethoxy-1,3,5-triazine" (2) were 
prepared as described in the literature. Chloroform and 
1 ,Zdichloroethane were of analytical grade and were 
further purified prior to use. Purification of the solvent 
was performed by shaking the organic layer with 
concentrated H,SO, to remove trace amounts of 
alcohol. The organic layer was then repeatedly washed 
with water until the aqueous layers turned neutral, dried 
with MgSO, or CaC1, and distilled twice over P,O,. The 


distilled organic solvent was stored in the dark, to avoid 
photochemical formation of phosgene, and used within 
2 weeks from purification. Association constants were 
calculated from kinetic data as described earlier." 


Kinetic studies. Typically, four to five samples (3 ml) 
of 3,3'-diacetyl-truns-azobenzene (4b), 8.36 x loT5 M 
in 1,2-dichloroethane, and 6,6'-diethoxy-trans- 
thioindigo (5a), 1.71 x l O - , M  in chloroform, were 
placed in 3.5 ml glass cuvette equipped with a micro 
magnetic stirrer. To each cell different molar ratios of 1 
or 2 were added and the samples were then sealed under 
vacuum. Photoisomerization of 4a to 4b was accom- 
plished by irradiation of each sample for about 5min 
with a Nd:YAG laser at 355nm (pumped at 1Hz 
frequency). Photoisomerization of 6,6' -diethoxy-trans- 
thioindigo (5a) to 5b was achieved by illumination of 
the respective samples with a xenon arc lamp equipped 
with a 515 nm cut-off filter. Thermal cis + trans isom- 
erizations of 4b and 5b to 4a and 5a, respectively, were 
followed spectroscopically at 50 "C. 


RESULTS AND DISCUSSION 
Azobenzenes'' and thioindigoids" undergo reversible 
photochemical trans * cis and thermal cis + trans 
isomerization reactions. The photochemical trans 
cis isomerization of thioindigoids is inhibited in the 
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presence of added ethanol,22 whereas the thermal 
cis + trans isomerization is catalysed by acid.*' 
Similarly, dryness of the organic solvent is essential to 
eliminate perturbations in the formation of intermolecu- 
lar H-bonded assemblies.% It is therefore of extreme 
importance to purify the solvents used, as described, in 
order to characterize the effects of formation of H- 
bonded assemblies between 1 and 4b or 5b on the 
isomerization rates. The rate constant for the 
cis + trans isomerization of 3,3'-diacetyl-cis-azo- 
benzene (4b) at 50°C is k =  1.1 x 10-4s- '  in 1,2- 
dichloroethane and for the isomerization of 6,6'- 
diethoxy-cis-thioindigo (Sb) k = 4 . 3  x s - ' ,  in 
chloroform (50 "C). 


Molecular mechanics (MM)25 calculations were 
performed on both photoisomers 4b and 5b and also on 
the intermolecular structures that were formed by 
interacting the minimized structures of 4b and 5b with 
the minimized triazine host structures l a  and 2, respec- 
tively. MM uses the MMX force-field method 
developed by Allinger,26 in which H-bonds are treated as 
electrostatic interactions. A stable bimolecular assembly 
was generated by forcing 3,3';diacetyl-cis-azobenzene 
4b to short distance (cu 2.5A) from the symmetric 


conformation of 2,4-bis(aminocyclohexyl)-6-methoxy- 
1,3,5-triazine (la).  The energy of the resulting assem- 
bly was minimized until a structure of minimum 
potential energy was obtained. Figure 1 shows the 
calculated structure of 4b and the intermolecular com- 
plex la-4b. exhibiting minimum potential energies. 
The distances between the amino hydrogens and $e 
complementary carbonyl functionalities are 2.055 A, 
which is typical of H-bond lengths,26 and thus the 
calculations imply that the intermolecular complex is 
stabilized by complementary H-bonds. 


The MM calculations also reveal that formation of 
the intermolecular complex la-4b results in structural 
distortions into the energetically favoured configuration 
of 4b itself. Whereas in 4b the carbonyl functions of 
the acetyl substituents face in opposite directions 
relative to the two benzene rings (the dihedral angles are 
35.5" and -41.2", respectively), the two carbonyl 
functions in the H-bonded complex la-4b have the 
same orientation with an almost symmetrical 
configuration (the dihedral angles are 23.5"). Also, the 
two benzene groups of 4b are distorted relative to the 
azo bond by a relative angle of 61.6", as a result of 
through-space H-H repulsions. In the complex la-4b 


P 


\ 


Figure 1. Calculated minimum potential energy structures of 4b and the complex la-4b 
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the mutual steric distortion of the two rings is decreased 
(52.7') owing to stabilization of the H-bonded 
assembly. 


The calculated enthalpy change associated with the 
formation of the H-bonded assembly la-4b is 
A H =  -36.65 kJ mol-'. No stable H-bond complex was 
formed between 2 and 4b or between 3,3'-diacetyl- 
trans-azobenzene 4a and la. Also, similar MM calcula- 
tions were applied to test the possible association of 
different isomers of 4, e.g. 2,2'-diacetyi-cis-azobenzene 
and 2,3'-diacetyl-cis-azobenzene, with 2,4- 
bis (aminocyclohexyl)-6-methoxy- 1,3 ,S-triazine (la). 
No stable H-bond assemblies were formed on forcing 
the different azobenzene derivatives to intimate inter- 
molecular distances, and the forced complexes 
dissociated on energy minimization. 


Similar MM calculations were performed with 6,6'- 
diethoxy-cis-thioindigo (5b) and la. An intermolecular 
complex of minimum potential energy is obtained and 
its structure is depicted in Figure 2. The distances 
between the amino hydrogens of l a  and the comple- 
mentary carbonyl functions of 5b are 2.056 and 
2.079 A, consistent with the formation of intermolecu- 
lar H-bonds. The calculated enthalpy change associated 
with the formation of la-5b intermolecular assembly is 
AH = -28.45 kJ mol-'. 


The MM calculations suggest that formation of the 
intermolecular complex la-5b results in a structural 
distortion of the thioindigo backbone. Whereas in 5b the 


dihedral angle between the two carbonyl functions 
corresponds to 43.2", it increases to 56" in the H- 
bonded complex. 


No stable intermolecular complex is formed between 
6,6'-diethoxy-trans-thioindigo (5a) and la  or between 
the cis-isomer (5b) and the monodentate aminotriazine 
derivative (2). 


Formation of the H-bonded complexes la-4b and 
la-5b is expected to stabilize the respective cis-isomers 
and thus would inhibit their thermodynamically fav- 
oured cis + trans isomerizations. Accordingly, we 
studied the control of the thermal isomerization pro- 
cesses of 4b and 5b in the presence of the H-bond 
donor la. Figure 3 shows the kinetic analysis for the 
isomerization of 3,3'-diacetyl-cis-azobenzene (4b) in 
the presence of different concentrations of 2,4- 
bis(aminocyclohexyl)-6-methoxy-l,3,5-triazine (1). 
The rate of isomerization is retarded as the concentra- 
tion of the hiazine receptor 1 is increased. Table 1 
summarizes the values of the isomerization rates of 4b 
in the presence and absence of 1. The association 
constant, K, between 4b and 1 was calculated from 
these kinetic studies. 


Scheme 1 shows a general kinetic model for the 
formation of an intermolecular complex between an 
isomerizable compound such as 4b and a hydrogen 
donor such as la. H and G represent the triazine host 1 
and the thermally isomerizable cis-isomer, respectively. 
P represents the thermally stabilized trans-isomer and 


' I  P 


Figure 2. Calculated minimum potential energy structure of the complex la-5b 
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Figure 3. Kinetic analysis for the isomerization of 3,3'diacetyl-cis-azobenzene (4b), 5 x lw5 M ,  in the presence of 1. 
Concentrations of 1: (a) 0; (b) 2.09 x lo-'; (c) 4.18 x lo-'; (d) 8.36 x (e) 4.18 x 1 0 - 4 ~  


Table 1. Rates of isomerization at 50 ' C  of 
4b, 5 x 10-5M, in the presence of different 


concentrations of 1 
~~~ 


~ 4 1 :  [11 [I] (MI k b ,  (s - I )  


l:o 0 1.1 x 10'~ 


1 : 0.5 4.18 x 10-5 3.6 x 10-5 


1:5 4.18 x 1 0 - ~  1.7 x 10-5 


1 : 0.25 2.09 x lo-' 8.8 x lo-' 
1:l 8.36 x 10-5 3.1 x lo-' 


K 
H+G- HG 


HtP 


Scheme 1. Kinetic model for the formation of complexes 
la-4b and la-5b and their thermal isomerizations 


HG is the complex concentration at any given concen- 
tration of the H-bond donor. The rate constants in the 
scheme correspond to the isomerization rate constant 
without added host, k, , and the cis + trans isomeriz- 
ation rate constant within the intermolecular complex 
structure, k2. The relationship between the observed 
isomerization rate constant, /cobs, and the association 
constant of the intermolecular H-bonded complex, K, is 
given by equation (4) (see Appendix). As K and k2 are 
unknown, the respective values are calculated from the 
observed rate constants using equation (4) by an itera- 
tion procedure: first we assume [HG]=O and plot 


[Hl0/(kob, - k , )  vs ([HIo + [GIo- [HG]). The value of 
[HG] is calculated by introducing the resulting value of 
the slope of the former plot into equation (5) (see 
Appendix). This estimated complex concentration is 
resubstituted into equation (4). The process is repeated 
until the slope converges. The association constant, K, 
is derived from the slope and intercept of the last plot. 
The derived value of the association constant between 
4b and 1 is K=4.9  x lo4 1 mol-'. The rate constant for 
isomerization of 4b within the intermolecular complex 
is k2 = 9.6 x loy6 s-'. We therefore realize that the 
formation of an H-bonded assembly between the 
complementary functionalities of 4b and l a  retards the 
isomerization across the double bond by a factor of 11.5 
as compared with the cis-azobenzene derivative. 


Further support that the intermolecular H-bonded 
complex retards the rate of cis + trans isomerization 
was obtained by a control experiment where the biden- 
tate triazine host 1 was replaced with 2- 
aminocyclohexyl-4,6-dimethoxy-l,3,5-triazine (2). This 
triazine derivative is unable to form two complementary 
hydrogen bonds with 4b, and therefore no or little 
influence in the isomerization rate is expected to be 







Figure 4. Kinetic analysis for the isomerization of 3,3'-diacetyl-cis-azobenzene (4b), 5 x lo-' M, in the presence of (a) no triazine 
host, (b) 2.09 x lO-'M of 1 and (c) 2.09 x M of 2 
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Figure 5. (A) Overlay spectra for the transformation of 6,6'-diethoxy-cis-thioindigo (Sb), 1.36 x M, to 5a. Spectra were 
recorded at (a) 0, (b) 12, (c) 20, (d) 36, (e) 60 and (f) 200 min. The cis isomer (5a) was generated by illumination of Sb, 


1 > 515 nm. (B) Overlay spectra for the transformation of 6,6'-diethoxy-cis-thioindigo (Sb), 1.36 x 
added 1, 8.52 x 


M, to 5a in the presence of 
M. Spectra were recorded at time intervals of (a) 0, (b) 240, (c) 480, (d) 750, (e) 1020 and (f) 1200 min. In all 


experiments 5b was generated by irradiation of 5a, 1 > 51 5 nm 
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observed. Figure 4 shows the kinetic analysis for the 
isomerization of 4b in the presence of equal concentra- 
tions of the bidentate (1) and monodentate (2) triazines. 
Evidently, addition of the monodentate triazine 2 
slightly accelerates the cis + trans isomerization of 4b. 
The bidentate triazine 1, however, inhibits the isomeriz- 
ation rate by a factor of 1.25 at this molar ratio. 


Similarly, the cis + tram isomerization of 6,6’- 
diethoxy-cis-thioindigo (5b) was studied. Figure 5 (A) 
and (B) show the spectral changes of the thermal 
isomerization of 5b in the absence and presence of 2,4- 
bis(aminocyclohexyl)-6-methoxy- 1,3,5-triazine (1), 
respectively. Addition of the H-bond donor 1 retards the 
isomerization rate. Figure 6 shows the kinetic analysis 
for the isomerization of 5b in the presence of different 
concentrations of 1. 


Kinetic analysis of the thermal cis + trans isomeriz- 
ation of 5b in the presence of 1 was also performed 
according to Scheme 1 and by application of equations 
(4) and (5). The observed rate constant for the isomeriz- 
ation of 5b at various concentrations of 1 are 
summarized in Table 2. The association constant for the 
intermolecular H-bonded complex 1-Sb is 3.5 x los 1 
mol-’ and the cis + trans isomerization rate within the 
complex is kz = 1.4 x s-I .  Hence the isomerization 
across the double bond is ca 300-fold retarded in the 
presence of 1 as compared with free 5b. Further control 
experiments were performed to support the conclusion 
that the formation of an intermolecular H-bonded 
complex between the bidentate H-donor l a  and 5b leads 
to inhibition of the isomerization rate. In these experi- 
ments the isomerization rate of 5b was examined in the 
presence of the monodentate aminotriazine 2. At a 
concentration of 1 or 2 of 8.52 x lo-’ M, the isomeriz- 


ation rate of 5b is 100- and 2.5-fold retarded, respec- 
tively, as compared with the pure 5b isomerization rate. 
Hence the bidentate amino functionalities in 1 play a 
most significant role in inhibition of the thermal isomer- 
ization of 5b. 


The values of the association constants of the inter- 
molecular com lexes la-4b and la-5b ( K = 4 . 9 x  lo4 


specifically mentioned. The H-donor host molecule l a  
contains three sites for the formation of complementary 
H-bonds with an appropriate guest molecule. Previous 
studies” have indicated that the association constants of 
diamino- (1) and triamino- (7) triazine derivatives 
through three complementary H-bonds, i.e. association 
with bemegride (6) ,  results in intermolecular complexes 
with association constants in the range K=450-920 1 
mol-I. Thus, even though 4b and 5b are capable of 
forming intermolecular complexes by only two comple- 
mentary H-bonds, the association constants of the 
resulting H-bonded assemblies are ca lo3 times higher 
compared with the intermolecular complexes formed by 
three complementary H-bonds. This could be explained 
by the electrostatic interactions prevailing in H-bonded 
assemblies,6“ as shown schematically in Scheme 2. In 
the three H-bonded assembly (A), three primary attrac- 
tive electrostatic interactions are perturbed by four 
repulsive secondary electrostatic interactions of adjacent 
hydrogen bonds. In the H-bonded assembly formed by 
two complementary H-bonds between two carbonyl 
functions and the bidentate amino receptor (B), the two 
primary attractive interactions are perturbed by only two 
repulsive secondary inte;actions, being separated by a 
distance of ca 3.2-3.8 A (whereas in configuration A 
the repulsive sites are separated by a distance of 


and 3 . 5 ~  10 P 1 mol-I, respectively) should be 


I . . .  ...- 


0. . . 
,* ‘ 


0 5 10 1 5  20 25 30 35 40 
time (sec) x 10 -’ 


Figure 6. Kinetic analysis for the isomerization of 6,6’-diethoxy-cis-thioindigo (Sb), 1.36 x M, in the presence of 1. 
Concentrations of 1: (a) 4.26~ lo-’; (b) 8.52~ lo-’; (c) 1.27 x (d) 8.74~ 1 0 - 4 ~  
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Table 2. Rates of isomenzation at 50 "C of 5b, 1 . 3 6 ~  M, 
in the presence of different concentrations of 1 and 2 


[5] : [host] [Host] (M) kobs (s-')' kobs ( s - ' ) ~  
~~~ 


l : o  0 4.3 x 1 0 - ~  4 . 3 ~  1 0 - ~  


1 : 0.5 m X 1 0 - 5  4 . 9 ~ 1 0 - 6  1 . 8 ~ 1 0 - 4  
1 : 0.25 4.26 x 9-8 x - 


1 : 0.75 1 . 2 7 ~  3.3 x - 
1:5 8.74 x 2-2 x 8.5 x 
1 : l O  l & l ~ l O - ~  1 . 6 ~ 1 0 - ~  3.83x10-' 


'Rate of isomerization in the presence of 1. 
Rate of isomerization in the presence of 2. 


Scheme 2. Schematic representation of the association 
patterns of H-bonded assemblies of l a  


2.4-3.6 A). This leads to higher association constants 
of the intermolecular complexes formed by 4b and 5b 
with 1. Therefore, the number of complementary H- 
bonds in intermolecular assemblies does not reflect the 
strength of the resulting complexes. The relative 
configurations of the H-bonds and their mutual electro- 
static interactions influence the stabilities of the 
complexes. 


CONCLUSIONS 
We have demonstrated the control of cis-+trans 
thermal isomerizations of 3,3'-diacetyl-cis-azobenzene 
(4b) and 6,6'-diethoxy-cis-thioindigo (5b) by means 
of added 2,4-bis-(aminocyclohexyl)-6-methoxy-1,3,5- 
triazine (1). We have demonstrated that the cis-isomers 
4b and 5b form tight complexes with la. Stabilization 
of the cis-isomers retards their isomerization to the 
respective trans-isomers. 


ACKNOWLEDGEMENT 


This research was supported by the Basic Research 
Foundation administered by the Israel Academy of 
Sciences and Humanities. 


APPENDIX 
Equations (4) and (5) were derived according to the 
following method. 


The rate of product, P, formation is given by equa- 
tions (Al) and (A2). Substitution of equation (A2) in 
equation (Al)  yields equation (A3), which on substitu- 
tion, [GI = [GIo- [HG], yields equation (5) in the text. 


dP = kob,[G]o 
d t  


(A21 - dP  = k, [GI + k,[HG] 
d t  


The association constant, K, for the formation of the 
intermolecular complexes is given by equation (A4). 
Expression of [HI and [GI in terms of [HI', [GIo and 
the concentration of the complex, [HG], and assuming 
that [HG], [GIo* [PI (early time intervals of the 
kinetic measurement), enable the association constant to 
be expressed by equation (A5). 


-- - [G1o[H1o - [HIo - [GIo + [HG] (A5) 
K [HGI 


Substitution of the ratio [GIo/[HG] by equation (5) in 
the text, followed by dividing by (k2- k,), yields 
equation (4) in the text. 
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NITROXIDE MEDIATED FREE RADICAL POLYMERIZATION 
PROCESS - AUTOPOLYMERIZATION 


MICHAEL K. GEORGES,' R. ANDREW KEE, RICHARD P. N. VEREGIN, GORDON K. HAMER AND PETER 
M. KAZMAIER 


Xerox Research Centre of Canada. 2660 Speakman Drive, Mississauga, Ontario LSK 2L1, Canada 


The autopolymerization of styrene in the presence of TEMPO (2,2,6,6-tetramethyl-l-piperidinyloxy free 
radical), with and without organic acids, such as benzoic acid and camphorsulfonic acid, was studied. Broad 
polydispersities are obtained in the absence of acid, whereas narrower polydispersities are obtained in their 
presence. The significance of these results for the synthesis of narrow polydispersity polystyrene by the 
TEMPO-mediated living polymerization process is discussed. 


INTRODUCTION 


It has been demonstrated that a living nitroxide stable 
free radical mediated polymerization process can be 
used to synthesize resins with narrow polydispersi- 
ties.'-3 This result has very important consequences 
because it provides the opportunity to make resins of 
controlled and predictable molecular weights, pre- 
viously inaccessible by a free radical polymerization 
process. In addition, it permits the synthesis of resins of 
complex architecture with controlled chain length for 
each component. Since the reaction is conducted above 
100 "C, the contribution of thermal or autopolymeriz- 
ation to the outcome of the polymerization process is of 
considerable interest. In this paper, we present results 
for the autopolymerization of styrene under the reaction 
conditions required for the nitroxide-mediated free 
radical polymerization process. The effects of camphor- 
sulfonic acid (CSA) and benzoic acid (BA) on the 
autopolymerization reaction are highlighted because of 
their importance to the process. BA is inherently present 
in the reaction mixture as a by-product of benzoyl 
peroxide (BPO) dissociation and CSA is added to the 
reaction mixture to increase the rate of polymerization. 


The autopolymerization of styrene has been studied 
extensively and is generally accepted to occur according 
to the Mayo mechanism4 outlined in Scheme 1. The 
reaction begins with a Diels-Alder cycloaddition 
between two styrene molecules to produce product 1, 
which then undergoes a one electron transfer reaction 
with another styrene monomer to form the two benzylic 
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radical products 2 and 3. Products 2 and 3 can combine 
to form 5 or add monomer to initiate polymerization. 


We studied the autopolymerization of styrene in the 
presence of TEMPO (2,2,6,6-tetramethyl-l-piperid- 
inyloxy free radical) with and without added CSA and 
BA. It has been reported that strong organic acids, such 
as CSA, can reduce autopolymerization by converting 
the Diels-Alder product 1 into the innocuous product 4 
(Scheme l).' Whereas it was reported' that CSA had no 
effect on the rate of polymerization of styrene, we have 
found that CSA significantly increases the rate of the 
TEMPO-mediated free radical polymerization.6 We 
were also interested in the influence that benzoic acid 
might have on autopolymerization because it is present 
in the TEMPO-moderated free radical polymerization as 
a by-product of the reaction between TEMPO and the 
BPO in i t ia t~r .~  


EXPERIMENTAL 


Materials and Equipment.. All reactions were 
performed under argon with stimng in three-necked 
reaction flasks equipped with an argon inlet and outlet 
and a condenser. The reaction flasks were heated in an 
oil bath maintained at 125 or 130°C for up to 39 h. 
Analytical samples were obtained by briefly removing 
the condenser and withdrawing the sample with a 
disposable pipette. Reagents and monomers were used 
as received. Benzoyl peroxide, TEMPO, camphor- 
sulfonic acid and benzoic acid were purchased from 
Aldrich. Molecular weights and polydispersities were 
estimated by gel permeation chromatography (GPC) 
using a Waters/Millipore liquid chromatograph equip- 
ped with a Waters Model 510 pump, Ultrastyragel 
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Scheme 1. Mayo mechanism for the autopolymerization of styrene 


columns of pore size lo4, 2 x 500 and 100 A, and a 
Waters Model 410 differential refractometer. A flow- 
rate of 0.8 mlmin-' was used and samples were prep- 
ared in tetrahydrofuran. Polystyrene standards were 
used for calibration. Molecular weights were deter- 
mined for samples before they were purified by 
precipitation into methanol. Percentage conversion was 
determined by gas chromatographic analysis using a 
Perkin-Elmer SIGMA 2000 gas chromatograph with a 
Perkin-Elmer LCI-100 laboratory computing integrator. 
The columns used were Carbowax 20M supplied by 
Supelco. 


Polymerizations. One set of autopolymerization 
reactions were performed by heating solutions of 
styrene (15 ml) and TEMPO (0.10 g) at 130°C for 
39 h without acid, with BA (0.08 g, 0.66 mmol) or 
with CSA (0.076 g, 0.32 mmol). A second set of 
experiments were conducted in an oil-bath maintained at 
125 "C with solutions of styrene (15 ml) and TEMPO 
(0.10 g) with either BA (0.08 g, 0-66 mmol) or CSA 
(0.056 g, 0.24 mmol). 


3. RESULTS AND DISCUSSION 
The molecular weights, polydispersities (PD) and 
monomer conversions for the products of the first set of 
autopolymerization experiments performed at 130 "C 
for 39 h without acid, with BA and with CSA are 
summarized in Tables 1, 2 and 3, respectively. It is 
evident that in all cases extensive autopolymerization 
occurs after 39 h, even in the presence of TEMPO. The 
polydispersity of the product is influenced by whether 
acid is present and by the identity of the acid. Thus, the 
products from the reaction with no added acid show the 


broadest polydispersities and while those from the 
reaction with added BA have the narrowest polydisper- 
sities. These results are further emphasized by 
comparing the GPC plc's of the final sample of the 
autopolymerization pc :formed in the presence of BA 


Table 1. Autopolymerization of styrene at 130°C in the 
presence of TEMPO 


Sample Time (h) Mn M ,  PD Conversion (%) 


I 15 1326 2750 2.07 10 
II 23 2086 3887 1.86 22 
III 39 1658 4289 2.58 32 


Table 2. Autopolymerization of styrene at 130 "C in the 
presence of TEMPO and benzoic acid (0.66 mmol) 


Sample Time (h) M, M ,  PD Conversion(%) 


I 15 2419 3398 1.40 3 
II 23 4535 6556 1.46 30 
III 39 7304 10326 1.41 58 


Table 3. Autopolymerization of styrene at 13OOC in the 
presence of TEMPO and camphorsulfonic acid (0.32 mmol) 


Sample Time (h) Mn M ,  PD Conversion (%) 


I 15 4897 8923 1.82 10 
II 23 6731 11672 1.73 28 
III 39 9596 15509 1.61 48 
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with the final products of the reaction without acid and 
with CSA (Figures 1 and 2, respectively). What is 
noteworthy is the distinct tailing of the distribution at 
low molecular weight for all products, with the product 
formed in the absence of acid showing the most 
significant tailing. The least amount of tailing is 
observed for the sample formed in the presence of BA. 
This would suggest that BA has some effect on 
minimizing the amount of autopolymerization, even 
though it increases the rate of polymerization of a 
TEMPO-terminated polystyrene. This can be seen in a 
plot of the negative natural logarithm of conversion 
versus time (Figure 3), which shows an increase in the 
rate of polymerization for the reaction with BA relative 
to the polymerization without acid. Interestingly, for the 
first 15 h there appears to be very little or no autopolym- 
erization for the BA-catalyzed reaction. It is possible 
that early in the autopolymerization reaction, BA is very 
efficient at converting all of product 1 into product 4 
(Scheme 1). Later in the reaction, possibly owing to the 
decrease in the concentration of BA, some of 1 is 
converted into 2 and 3, which initiate chains that are 
then catalyzed by BA to add monomer at an accelerated 


rate. If this is the case, it would suggest that the amount 
of BA required to increase the rate of reaction is less 
than that which is required to prevent autopolymeriz- 
ation. Further experiments are in progress to study this 
possibility. However, for the question at hand, it would 
appear that in the presence of BA, autopolymerization 
should not be a concern for the nitroxide-mediated free 
radical polymerization of styrene if the reaction is 
completed in less than about 15 h. 


The reaction with CSA gives the product with the 
highest molecular weight because of its ability to 
increase the rate of polymerization of TEMPO-termi- 
nated polystyrene.6 The polydispersities are slightly 
broader than those obtained with BA. A comparison plot 
of the GPC distributions of the reaction with BA and 
CSA (Figure 2) shows a distinct broadening in the 
distribution for the CSA polymerization reaction, which 
i s  not evident in the BA distribution. This would suggest 
that more autopolymerization occurs in the presence of 
CSA than BA. Buzanowski et al? reported that although 
CSA promotes the aromatization of 2 to 4, it also 
promotes the Diels-Alder reaction increasing the 
probability of forming products 2 and 3 (Scheme 1). 


Mol Wt 


Figure 1. GPC Comparison plot of the products from the autopolymerization of styrene without acid (---) and with BA (-) at 
130°C 
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Figure 2. GPC comparison plot of the products from the autopolymerization of styrene with CSA (---) and with BA (-) at 
130 "C 
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Figure 3. -Ln (conversion) vs time for the autopolymerization of styrene (=) in the absence of acid and (A) in the presence of BA 


Note that at 30% conversion (Tables I-3), the molecu- 
lar weights increase going from the reaction with no 
acid to BA and to CSA. The number of chains initiated 
in each reaction must, therefore, decrease in the same 
order. The broader polydispersity of the CSA reaction 
relative to the BA reaction would seem to suggest that 
even though the CSA reaction results in the initiation of 
fewer chains, they are initiated over a longer time 
period. Alternatively, CSA is destroying some of the 
nitroxide, reducing its effectiveness at controlling the 
polymerization. 


The autopolymerization reactions with BA and 
CSA were repeated, at a slightly lower temperature 
(125°C rather than 130"C), where the amount of 
CSA was reduced so that the rates of the two reac- 
tions would be approximately the same. The physical 
properties of the resulting resins are listed in Table 4 
and a GPC comparison plot of the molecular weight 
distributions is presented in Figure 4. The molecular 
weights of the two samples are approximately the 
same, allowing a direct comparison of the shapes of 
the molecular weight distributions for the two 
products. Again, it is evident that the reaction with 
the BA provides resin with narrower polydispersity 


than the reaction with CSA, even when the rate of 
reaction and the molecular weights are about the 
same. 


Finally, it should be pointed out that although the 
autopolymerization reaction in the presence of 
TEMPO can be controlled by BA to provide narrow 
polydispersity resins, the polydispersities are never as 
narrow as those that are obtained by a BPO initiated, 
TEMPO-mediated polymerization. This can be seen in 
the GPC comparison plot (Figure 5), which shows a 
TEMPO-terminated polystyrene prepared at 125 "C 
over 45 h,' and the product obtained from the auto- 
polymerization of styrene in the presence of BA 
(Table 2, sample 111). 


Table 4. Autopolymerization of styrene at 125°C in the 
presence of TEMPO with added benzoic acid (0.66 mmol) 


and camphorsulfonic acid (0.24 mmol) 


Sample Time (h) Mn M ,  PD Conversion (%) 


BA 29 6504 9578 1.47 42 
CSA 29 5303 8596 1.62 40 
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Figure 4. GPC comparison plot of the products from the autopolymerization of styrene with CSA (---) and with BA (-) at 
125 'C 
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Figure 5.  GPC comparison plot of the product from the 


with the product of BPO-initiated, TEMPO-mediated 
polystyrene polymerization (---) 


autopolymerization of styrene with benzoic acid (- ) 


CONCLUSIONS 
It has been demonstrated that autopolymerization of 
styrene occurs at temperatures above 100°C even in 
the presence of TEMPO, although the amount is 
dependent on both the reaction time and the absence 
or presence of an organic acid. However, in contrast 
to results reported earlier by other workers,' broad 
polydispersity polystyrenes are always obtained when 
styrene is heated above 100°C in the presence of 
TEMPO with no added acid. In the presence of either 
CSA or BA, narrower polydispersity resins are 
obtained although BA is more effective than CSA at 


controlling the polydispersity. This result is 
significant for the BPO initiated, TEMPO-mediated 
living polymerization of polystyrene to produce 
narrow polydispersity resins. It would suggest that 
one of the keys to the success of this reaction is the 
presence of benzoic acid, produced as a by-product 
of benzoyl peroxide dissociation. However, this may 
not be the end of the story, since BPO initiated, 
TEMPO-mediated polymerizations of styrene provide 
resins with much narrower polydispersities than can 
be achieved by the autopolymerization of styrene in 
the presence of BA, even when the former reaction is 
allowed to continue for up to 69 h.' 
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The synthesis of symmetrical blocked pyrylium derivatives by reaction of a cyclic aromatic ketone with ethyl 
orthoformate goes through an intermediate which can be isolated under certain conditions. This intermediate is 
unstable when starting from 1-tetralone derivatives but, surprisingly, it can be isolated easily when the synthesis 
is performed with 1-indanone derivatives. Further, in the latter case, this intermediate cyclizes hardly into the 
expected blocked pyrylium derivative. Its ionic structure was demonstrated by mass spectrometry and by 
500 MHz 'H and 'C NMR techniques including heteronuclear H-C COSY and DEPT polarization transfer 
experiments. Hydrolysis of this intermediate in aqueous ethanol solution forms, in acidic or basic media, a 
pseudo-base, which in the latter case presents strong similarities with that obtained by the base-catalysed ring- 
opening of a blocked pyrylium ion. In both acidic and basic solutions, the pseudo-base obtained by the two 
sources shows identical UV-visible absorption spectra. The difficulty of the intermediate (g) originating from 1- 
indanone derivatives in cyclizing into the blocked pyrylium structure, in contrast to the intormediate formed 
from 1-tetralone derivatives, is tentatively explained. 


INTRODUCTION 


Pyrylium salts constitute a series of heterocycles which 
exhibit an important electron acceptor character' due to 
their cationic structure. This property has received a 
considerable attention with regard to their use as sensi- 
tizers toward photoconductors2 and in electrophotore- 
prographic techniques' where they trap electrons and 
allow the migration of positive holes towards a nega- 
tively charged electrode. 


Many of the pyrylium salts show an efficient 
fluorescence e m i ~ s i o n , ~  which led them to be proposed 
as laser dyes'. Blocking the rotation of the phenyl 


substituents at positions 2 and 6 on the heterocycle 
markedly increases the fluorescence efficiency.6 


During the preparation of the symmetrical molecules 
by condensation of ethyl formate with two molecules 
of 1-indanone or 1-tetralone derivatives, a coloured 
transient intermediate was formed which was rapidly 
transformed in air or in the presence of 95% ethanol 
into the final pyrylium ion. This intermediate, red, blue 
or green depending on the starting ketone, was observed 
during the formation of compounds 2-4 and 6. 


In the absence of oxygen, and mainly of the 
alcoholic solvent, this intermediate could be kept 
several days, and its UV-visible absorption spectrum 
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b - 2 n = l ,  R = H ,  X=CIOi 


1 n = 2 ,  R = H ,  X = C l O i  


4 n = 2 ,  R = O M e , X = B F i  


U 


5 


could be recorded in several instances. Crystals isolated 
during the synthesis were tentatively submitted to an x- 
ray analysis but, unfortunately, the compound decom- 
posed too rapidly when exposed to the x-ray beam or 
even before. 


The formation of such a coloured intermediate was 
found to be general with blocked molecules substituted 
or not by a methoxy group along their long axis. We 
were fortunate during the synthesis of compound 5 that 
the reaction stopped at a blue intermediate, and pro- 
ceeded with difficulty towards 5 ,  even in the presence 
of ethanol. The high stability of this intermediate 
enabled us to measure all the analytical and spectros- 
copic data for characterizing its structure. 


RESULTS AND DISCUSSION 


Synthesis 
2,6-Di(paramethoxyphenyl)pyrylium ion (1) was 
prepared in one step by the reaction of p-methoxyace- 
tophenone with triethyl orthoformate used as a solvent 


6 z 


in the presence of concentrated sulphuric acid follow- 
ing an extension of the procedure already described.’ 


The same reaction applied to 1-indanone or l-tetra- 
lone, substituted or not by a methoxy group on the 
aromatic ring in the para position to the carbonyl group, 
leads to the formation of the symmetrical 
tetrahydrodibenzo[c,h]xanthylium ions 2-4, unsubsti- 
tuted at position 7. 


Compound 6, similar to 4 but without the pos- 
sibility of rotation of  the methoxy substituents, 
was synthesized following the general procedure 
from 2,3,7,8-tetrahydronaphtho[2,3b] furan-5 ( 6 H ) -  
one (7),  which was prepared8 from 4-(2,3-dihydro- 
5-benzofurany1)butanoic acid (8). 


Fluorescence emission 
The compounds were excited at the maximum of their 
long-wavelength absorption band. All of them exhibit 
(Figure 1) an intense fluorescence in both weakly polar 
(dichloromethane, E = 9.1) and strongly polar (acetoni- 
trile, F = 37.5) solvents (Table 1). The position of the 


Table 1. Absorption maxima and fluorescence maxima, decay and quantum yields of compounds 1-6 in different solvents 
(excitation at the maximum of the absorption band) 


CH ,CN CH,CI, CH,COOH 


~~~~~~~ ~ 


1 463 546 4.0 0.85 488 536 3.9 0.91 
2 432 4804 3.9d 0.54” 449 485” 3.6 0.78 
3 445 492 4.8 1.0 462 499 4.1 1.0 
4 496 567 5.5 0.88 524 566 5.3 0.84 500 567 5 .33  1.0 
6 520 595 6.0 0.94 547 595 5.8 0,87 


’ From Ref. 6 and 9. 
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Figure 1. Absorption and fluorescence spectra of (solid line) compound 2 (2.5 x lo-' M) and (dashed line) compound 6 (2 x lo-' M) 
in dichloromethane solution 


fluorescence in these two solvents does not vary mark- 
edly (by less than 10 nm) although the absorption is 
blue-shifted in acetonitrile. 


The variation of the difference AV between the 
absorption and the fluorescence maxima can be taken as 
an indication of the change in dipole moment of the 
molecule in its excited state as compared with its ground 
state. The higher the variation observed for this 
difference between a polar and a non-polar solvent, the 
greater is the change in dipole moment. Lippert's Af 
function" of the solvent can be used to measure this 
variation. In the present case, the A(Vah5 - Vf) value 
measured between acetonitrile and dichoromethane (for 
which Af varies from 0.305 to 0.218, respectively) for 
the different compounds is 1400 cm- '  for 1, 660 cm- '  
for 2, 505 cm- '  for 3, 1110 cm- '  for 4 and 950 cm-l 
for 5. Values higher than 4000 cm- '  are usually 
observed when the change in dipole moment between 
the ground state and the excited state is large. Hence 
it can be postulated safely in the present case that the 
dipole moment of the excited state is not very 
different from that of the ground state. This is not 
the case for the derivatives of  the tetrahydrodi- 
benzo[c,h]xanthylium ion when they are unsubstituted 
at positions 3 and 11 but have an anisyl group at pos- 


ition 7; then, the dipole moment of the molecule varies 
by A p  = 18 D between the ground state and the excited 
state.I2 The small difference found here has been 
verified with compound 4 by using solvents of various 
polarities. The following AV values were ob- 
tained: 2000 cm- '  in chloroform ( ~ = 4 . 8 ) ,  1880 cm-' 
in 1-chloropentane ( E  = 6.6), 1700 cm-' in dichlor- 
omethane ( E = 9.1), 2360 cm - I  in butyronitrile 
( E  = 19.0), 2450 cm- '  in ethanol ( E  = 24.6) and 
2380 cm- '  in acetonitrile ( E  = 37.5). 


Structure of the intermediate 9 formed during the 
synthesis of 5 


The product crystallizes as blue plates which were 
unfortunately too thin for correct x-ray analysis. On the 
other hand, elemental analysis indicated that the species 
is associated with one equivalent of the hydrogensul- 
phate anion HSO,-; therefore, this intermediate must 
have an ionic character. 


No intermediate could be observed during the syn- 
thesis of the non-blocked pyrylium ion 1. In the 
5,6,8,9-tetrahydrodibenzo[c,h]xanthylium series, the 
intermediate formed during the synthesis is transitory, 
which impedes an extended study. Nevertheless, when 
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synthesizing 3, an intermediate can be characterized 
which absorbs at 532 and 572 nm in methanol and at 
530 and 564 nm in 2,2,2-trifluoroethanoI. Similarly, the 
intermediate in the preparation of 4 gives two bands at 
560 and 608 nm in methanol and at 580 and 622 nm in 
dichloromethane solution. 


A major difference is observed between the 
intermediates in the tetrahydrodibenzo [c,h]xanthylium 
series (3 and 4) and the bisindeno[l,2b;2,l-~]pyryIium 
series (2 and S), in that the absorption of the first two 
intermediates presents two bands apparently corre- 
sponding to a single structure, whereas that of the 
intermediate formed from 2 shows four well separated 
bands above 490 nm, which could be attributed to two 
different structures. The pink intermediate formed 
during the synthesis of 2 shows four bands at 496, 510, 
528 and 548 nm in 2,2,2-uifluoroethanol, which are 
blue shifted to 500, 520, 540 and 560 nm in 
dichloromethane. 


The long-wavelength UV-visible absorption spec- 
trum of intermediate 9 has a maximum at 594 nm with 
a less intense band around 550 nm in chloroform 
solution (Figure 2). This absorption evolves slowly with 
time in this solvent, being blue shifted by 44 nm, to 
give two new maxima at 550 and 510 nm, respectively. 
In trifluoroacetic acid. intermediate 9 is stable and 


shows (Figure 2)  the same absorption maxima at 550 
and 510 nm; evaporation of  CF,COOH and redissolu- 
tion of the remaining product in chloroform gives back 
the original spectrum, with two bands at 550 and 
594 nm, as was found when 9 was dissolved directly in 
chloroform. In 2,2,2-trifluoroethanoI, 9 absorbs at 535 
and 574 nm, while these bands are found at 546 and 
586 nm in dichloromethane. 


Two hypotheses can be put forward to explain the 
fact that the absorption of 9 in trifluoroacetic acid is red 
shifted from 550 to 594 nm after evaporation of the 
solvent and redissolution in chloroform. First, it could 
originatei3 from a simple solvent-induced blue shift if 
the molecule is more polar in the ground state than in 
the excited state; this would mean that, in the ground- 
state molecule, the positive charge is localized whereas 
it is symmetrically delocalized in the excited state; on 
the other hand, the blue shift of the absorption observed 
with time in chloroform solution would be initiated by 
the small quantities of methanol present in the solvent 
to prevent its oxidation, and oxidized to formic acid. 
The other hypothesis attributes the change in absorption 
to an isomerization, e.g. an E-Z interconversion around 
a double bond. In such a case, the six-membered hetero- 
cycle of the molecule must be open, and, consequently, 
it should be possible to perform a photochemical E-Z 


""7 
300 400 500 600 


Figure 2. Absorption of intermediate 9 (dashed line) in CHCI, solution and (solid line) in CFJCOOH solution 
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conversion if the double bond is not in a ring. However, 
all attempts to obtain such a transformation failed; 
therefore, we can exclude this hypothesis and keep the 
first one. 


If the heterocycle is open, the structure of the 
coloured intermediate should be closely related to that 
of  the pseudo-base obtained by ring-opening of  the 
pyrylium ion under basic conditions. The pseudo-base 
10 was synthesized from 2 following the procedure 
described by BersonI4. It exists as two different species 
(Figure 3), depending on the pH of the medium: in 
acidic or in 2,2,2-trifluoroethanoI solution, it has the 
typical structure of the unsaturated diketone 10a and 
absorbs at 405 nm, whereas in basic medium (ethanol 
containing NaHCO,) it has the enolate structure 10b 
which extends the conjugation over the whole molecule, 
and red shifts its absorption to 531 nm (the most 
intense) and 499 nm. 


Hydrolysis of  intermediate 9 in acidic or basic media 


Arbitrary Units 


80 


60 


40 


20 


leads to the pseudo-base which presents spectroscopic 
properties (Figure 3) similar to those of 10: diketone 
10a absorbs at 424 nm in a 1:l ethanol-water mixture 
containing a small amount of sulphuric acid whereas 
the keto-enol form is characterized in basic medium 
(ethanol saturated with Na,CO,) by absorption at 490 
and 525 nm. 


In the dibenzoxanthylium series, the diketo form 
obtained from 3 absorbs at 424 nm in a 1:l 
ethanol-water mixture and the corresponding keto-enol 
form shows two bands at 520 and 550 nm (in Na,CO,- 
saturated ethanol solution). Similarly, 4 has an keto- 
enol form which absorbs at 516 and 550 nm in ethanol- 
water mixtures containing sodium hydroxide. 


These results indicate that the methoxy groups 
attached to the aromatic rings of the keto-enol form of 
4 and of intermediate 9 have no net influence on their 
absorption spectra, as deduced from the comparison of 
the derivatives originating from 2 and 9 on the one 


Figure 3. Absorption of the pseudo-base 10 obtained from 2 in (dashed line) H2S04-H,0-C2H,0H and (solid line) 
Na,CO,-H20-C,H,OH and absorption of the pseudo-base formed from 9 in (dots) H,S04-H20-C2H,0H and (dashes and dots) 


Na,C03-H20-C,H,0H 
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base 


acid 
\ / \ / 


hand, and from 3 and 4 on the other, these derivatives 
showing very similar absorption spectra in basic 
medium. Nevertheless, the keto-enols formed from 3 
and 4, themselves derived from 1-tetralones, present a 
25 nm bathochromic shift of their absorption when 
compared with the absorption of their analogues 
formed from 2 or 9, which themselves are formed from 
1-indanones. 


Thus, a structure similar to lob, with substantial 
conjugation over the whole molecule, including the two 
methoxy groups which shift the absorption by ca 50 nm 
to the red, could correspond to intermediate 9. 


In addition, the fast atom bombardment mass 


spectrum gives (Figure 4) a molecular ion as base peak 
at m/z 391 (100%); it loses successively 28 mass units 
(C,H,) to give an ion at m/z 363 (5%) and 46 mass 
units (C,H,OH) leading to m/z 317 (20%), which now 
has the structure of the dibenzopyrylium ion. The ion at 
m/z 363 also loses 2 mass units, forming an ion at tn/z 
361 (20%) which, in turn, eliminates 28 mass units to 
give an ion at in/z 333 (46%). 


The NMR data give important information about its 
structure. The 'H NMR spectrum (Figure 5) indicates a 
symmetrical structure for intermediate 9 with two 
CH3--CH2-O- chains (6H as a triplet at 1.44 ppm 
with J = 7.1 Hz, and 4H as a quadruplet at 4.78 ppm 


Mw"" 
OEt +o, 


I CHI 


\ 
Me0 OMe 


mie = 317 (19%) 


1.3-H shift 


mle = 361 (19%) mie = 333 (44%) 


Figure 4. Mass spectrometric fragmentation of intermediate 9 
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c 
Figure 5 .  500 MHz 'H NMR spectrum of intermediate 9 in CD,Cl, solution 


with J = 7.1 Hz) and two methoxy substituents (6H as a 
singlet at 3.75 ppm); the four protons of the five- 
membered rings appear as a singlet at 3.72 ppm. 


Seven protons are found in the deshielded region, one 
doublet (2H, J = 8.8 Hz) at 6.83 ppm, one singlet (2H) 
at 7.02 ppm, one doublet (2H, J =  8.8 Hz) at 7.75 pprn 
while the proton attached to the positively charged 
carbon atom appears as one singlet (1 H) at 8.21 ppm. 


The I3C NMR spectrum of this blue intermediate is 
indicative and, as for the 'H NMR spectra, it favours a 
symmetrical structure for the molecule. Two ordinary 


sp3 carbon atoms are found (Figure 6), one at 15.9 and 
the other at 35.3 ppm; the sp3 carbon atoms bound to 
the alkoxy oxygen atoms give two signals, one at 57.2 
and the other at 72.0 ppm; the spz carbon atoms appear 
between 112.0 and 166.4 ppm. 


The distinction between the CH and CH, groups on 
the one hand and the CH, groups on the other, obtained 
by DEPT polarization transfer technique, corroborates 
(Figure 7) the assignments made for the different carbon 
and hydrogen atoms. 


The heteronuclear H-C COSY spectrum (Figure 8), 


@ ppm 160 140 120 100 80 60 40 20 


Figure 6. 125 MHz "C NMR spectrum of intermediate 9 in CD,CI, solution 


I 
_-_. r~ .- 
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Figure 7. DEFT polarization transfer for CH, correlation of the 125 MHz I3C NMR peaks of intermediate 9 in CH2CI, solution 
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Figure 8. Heteronuclear H-C COSY spectrum of intermediate 9 in CH,Cl, solution 


which allows the assignment of all the hydrogen- 
substituted carbon atoms, corroborates the presence of 
two methoxy and two ethoxy groups in the molecule. It 
shows also that there are two series of three aromatic 
protons arranged in the same manner as in the starting 
5-methoxy- 1 -indanone. Finally, it enables structure 9 
to be proposed for this intermediate. 


From all these data, the ionic structure of 
intermediate 9 should belong to one of the four possible 
conformations that can take the ethyl ether of the dienol 
form of the &diketone. The fact that both the 'H and 
I3C NMR spectra correspond to a symmetrical structure 
of ion 9 limits these conformations to 9a (R =ethyl) 
and 9b (R = ethyl). 


Interestingly, structure 9a, the one expected to 
cyclize to the xanthylium ion, has the same overcrowd- 
ing at the level of the ethoxy groups, whatever the size 
of the ring (five- or six-membered) attached to the 
phenyl group. However, 9b has considerable steric 
hindrance at the level of  the saturated carbon atoms for 


the corresponding six-membered ring, but not for the 
five-membered ring. Consequently, the most stable 
conformation of the intermediate formed during the 
synthesis of 2 and 5 should favour the less crowded 
conformation 9b. This observation might explain the 
difference found between the two series of molecules 
with regard to their cyclization to the pyrylium ion. 


EXPERIMENTAL 
HPLC analysis was carried out using a Shimadzu 
liquid phase chromatograph equipped with a single- 
piston LC-1OAS pump and an SPD-IOAV 
UV-visible detector. The Kromasil column was 
filled with CIS-bonded 5 mm silica particules. The 
injection volume was 2.5 ml, the flow-rate of the 
solvent was 1 mlmin-l  and the eluent was 75:25 
methanol (for spectroscopy)-water (Waters system). 
The analyses were carried out a t  a constant tempera- 
ture o f  30 "C. 


RO OR 


M 


ea 
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Microanalyses were performed at the Vernaison and 
Gif-spr-Yvette Centres of the Centre National de la 
Recherche Scientifique. 


UV-visible absorption spectra were obtained with a 
Varian Cary 219 spectrophotometer and fluorescence 
spectra were obtained with a Model 44B spectro- 
fluorimeter from Perkin-Elmer equipped with a DCSU2 
spectral correction unit. Fluorescence emission was 
obtained by excitation at the maximum of the long- 
wavelength absorption band. The optical density at the 
excitation wavelength was adjusted to a value in the 
range 0.07-0.1, corresponding to concentrations of the 
order of 2 x 10-6-5 x M. The quantum yields were 
measured in various solvents by comparison with the 
emission from quinine sulphate (in 1 M sulphuric acid 
solution), for which the value 0-55 was taken." Singlet 
lifetimes were measured by excitation with a frequency- 
doubled pulsed YAG laser (B. M. Industries) of 30 ps 
FWHM. The light was focused through a cylindrical 
lens on to the sample placed in front of a photodiode. 
The output from the photodiode was fed into a Tek- 
tronix 7912 AD digitized oscilloscope and the data, 
which were stored in an Apple 11+ microcomputer, 
could be displayed on a Hewlett-Packard Model 7470A 
graphic plotter. Averaged decays could be. analysed 
directly by the microcomputer. 


NMR spectra were obtained at 298 K on a Bruker 
AMXSOO spectrometer o erating at 500.13 and 


(20 mg ml-') in deuterated methylene chloride (CEA, 
France) were used. Chemical shifts are given relative to 
tetramethylsilane (TMS). I3C NMR spectra were 
recorded in the presence of composite pulse decoup- 
ling of the protons. The multiplicity selection between 
quaternary, methine, methylene and methyl carbons 
was derived from a DEPT polarization transfer experi- 
ment. The carbon-proton connectivity pattern was 
derived from a two-dimensional C-H correlation in 
the direct mode. A BIRD pulse sequence was used 
to suppress vicinal H-H couplings in the F ,  
dimension. 


Solvents for spectroscopic measurements, ethanol 
(Prolabo, RP grade), chloroform (F'rolabo, 
Chromanorm quality) and dichloromethane (Merck, 
HPLC quality) were used as received. Acetonitrile 
(Aldrich, HPLC grade) was purified by column chroma- 
tography over alumina and distilled before use. 


125.77 MHz for 'H and ' P C, respectively. Solutions 


4- (2,3-Dihydro-5-benzofurariyl) -4-oxobutanoic acid 
(11). To a suspension of 30 g (0.25 mol) of 
2,3-dihydrobenzofuran and 32 g (0.24 mol) of 
aluminium chloride in 65 ml of 1,2-dichIoroethane, 
cooled to 0 "C, is added a mixture of 24 g (0.24 mol) 
of succinic anhydride and 65 g (0.49 mol) of 
aluminium chloride in 130 ml of 1,2-dichIoroethane. 
The addition is such that the temperature is kept 
below 5 "C. After the addition, the mixture is stirred 


for 2 h at 5 "C, then poured into 750 ml of water 
containing 100 ml of concentrated hydrochloric acid. 
After extraction with methylene chloride, the organic 
layers are extracted with 1 M aqueous sodium hydrox- 
ide until all the product is transferred into the aqueous 
layer. Acidification of the latter with 6 M HCI 
releases the expected compound as an oil, which is 
extracted with methylene chloride. The organic layer 
is then washed with water and dried (MgSO,). Distil- 
lation of the solvent gives 35.7 g of 11 (65% yield), 
m.p. 138 "C. 


IR (Nujol): 3000-2500, 1699, 1670, 1603, 1244, 
1012 and 939 cm-'. NMR (CDCI,+DMSO-d,): 6 
(ppm) 2-45 (2H, m ), 3.16 (4H, m ) ,  3.23 (2H, m ) ,  
4-63 (2H, t, J =  8.8 Hz), 6.80 (lH, d), 7.8 (2H, m )  
and 10.9 (lH, s, displaced by D,O). 


4- (2,3-Dihydro-5-henzofuranyl) butanoic acid (8). 
To a stirred solution of 35.7 g of 11 in a mixture of 
60 ml of water, 130 ml of concentrated hydrochloric 
acid and 7.5 ml of toluene are added slowly 75 g of 
zinc and 8 g of mercury (II) chloride. The mixture is 
refluxed for 6 h, 35 ml of concentrated hydrochloric 
acid are introduced into the reactor and the mixture is 
stirred overnight. After cooling and decantation, the 
organic layer is extracted several times with 1 M 
aqueous sodium hydroxide. The aqueous solutions are 
collected, acidified with HCI and extracted with 
methylene chloride. The organic layer is dried (MgSO,) 
and the solvent is evaporated to give 8, which is crystal- 
lized from diisopropyl ether: 21.4 g (64% yield), m.p. 


IR (Nujol): 3000-2600, 1709, 1643, 1248, 1045 and 
943 cm-'. NMR (CDCI,): 6 (ppm) 2.0 (2H, in), 
2.4-2.5 (4H, t, 5 = 7 . 4  Hz), 3.2 (2H, m), 4.55 (2H, t, 
J =  8.6 Hz), 6.7 (lH, in), 6.95 (lH, m), 7.05 (lH, m )  
and 11.15 (IH, s, acidic). 


84-85 "C. 


2,3,6,7-Tetrahydronaphtho [2,3- b] furan-8(5H)-one 
(12). A 21.4 g amount of 8 in 220 ml of xylene are 
added to a hot solution (95-100 "C) of 65 g of poly- 
phosphoric acid in 1 1 of xylene. The mixture is 
maintained at ca 100 "C for 0.5 h, then cooled and 
poured into 1 1 of ice-cold water. The organic layer is 
separated and the aqueous phase is extracted with 
2 x 100 ml of diethyl ether. The organic layers are 
collected, washed with 10% sodium hydrogencarbonate 
solution, then with 2 x 100 ml of saturated NaCl 
solution and dried (MgSO,). The organic solvent is 
eliminated under reduced pressure to give compound 
12, which is recrystallized from diisopropyl ether: 
11.4 g (58% yield), m.p. 67 OC. 
IR (Nujol): 1668, 1614, 1265 and 1055 cm-'. NMR 


(CDCI,): 6 (ppm) 2.09 (2H, quintet, J =  6.3 Hz), 2.62 
(2H, t ,  J = 6 . 5  Hz), 2.89 (2H, t, J = 6 - 1  Hz), 3.22 
(2H, t ,  J=8.6Hz),  4.58 (2H, t ,  J = 8 - 6  Hz), 7.09 
(lH, s) and 7.40 (lH, s). 
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2,3,5,6,7,8-Hexahydronaphtho [ 2,3- b] furan ( 13). 
A 27 g amount of zinc and 2.7 g of mercury (I) 
chloride are added to a stirred solution made from 46 ml 
of concentrated hydrochloric acid, 22 ml of water, 
11.4 g of 12 and 30 ml of toluene. The stirred reaction 
mixture is refluxed for 4 h, then cooled to room tem- 
perature. The toluene layer is separated from the 
aqueous layer, which is extracted twice with 20 ml of 
toluene. The organic fractions are mixed and washed 
with dilute sodium hydrogencarbonate solution and with 
saturated sodium chloride solution. The toluene solution 
is dried (sodium sulphate) and the solvent is evaporated; 
the remaining organic liquid is distilled under reduced 
pressure to give 6.3 g (59% yield) of 13, b.p. 
142-144 "C (16 mmHg). 


IR (film) : 1630, 1240 and 1070cm-I. NMR 
(CDCI,): 6 (ppm) 1.74 (4H, t ,  J = 6 . 3  Hz), 2.68 (4H, 
unresolved triplet), 3.10 (2H, t ,  J =  8.5 Hz), 4.48 (2H, 
t ,  J =  8.6 Hz), 6.49 (lH, s) and 6.88 (lH, s). 


2,3,7,8-Tetrahydronaphtho[ 2,3-b] furan-5(6H) -one 
(7). A 6.3 g amount of 13 is added to a mixture of 
28 ml of acetic acid and 6 ml of propionic acid and 
cooled to 5 "C. Then, 150 ml of Jones's reagenti6 
cooled to 5 "C are added dropwise to the reaction 
mixture, which is stirred for 1 h and concentrated under 
reduced pressure (15 mmHg). The mixture is poured 
into a mixture of diethyl ether (300 ml) and dilute 
sodium hydrogencarbonate solution (100 ml). The ether 
layer is separated, concentrated to 100 ml, washed with 
saturated NaCl solution, dried (sodium sulphate) and 
the solvent is evaporated. The remaining part is flash 
distilled (1 mmHg) to give an oil, which crystallizes 
slowly to give 7, 5.85 g (88% yield), m.p. 78 "C. 


IR (Nujol): 1664, 1616, 1250 and 1055 cm-I. UV 
(hexane): 2. (nm) ( E ,  1 mol-'crn-l) 225 (14 950), 232 
(15 650), 273 (13 300), 291 (6900), 297 (6500), 303 
(7700), 331 (143), 344 (77) and 360 (25). NMR 
(CDCI,): 6 (ppm) 2.08 (2H, quintet, J =  6.2 Hz), 2.59 
(2H, t ,  J z 6 . 2  Hz), 2.90 (2H, t ,  J = 6 * 0  Hz), 3.20 
(2H, t ,  J = 8 . 6  Hz), 4.62 (2H, t ,  J z 8 . 6  Hz), 6.59 
(lH, s) and 7.90 (lH, s). 


General procedure for the preparation of 1-4 and 
6. A 0.03 mol (1.75 ml) amount of 96% concentrated 
sulphuric acid (sp. gr. 1.84) is added dropwise to a 
solution of 0-06 mol of p-methoxyacetophenone or of 
the cyclic ketone in 60 ml of ethyl orthoformate. The 
stirred solution becomes strongly coloured (blue or 
green depending on the starting material). After 2 h, 
100 ml of 95% ethanol are added to the solution, the 
colour of which changes to orange. The pyrylium or 
xanthylium salt is precipitated by addition of 500 mi of 
diethyl ether. The mixture is filtered and the precipitate 
is washed with diethyl ether, then dried. The solid is 
dissolved in 200 ml of 95% ethanol and an equimolar 
proportion of lithium tetrafluoborate is added while 


stirring. The pyrylium or xanthylium ion precipitates as 
the tetrafluoborate. The solid is collected, washed with 
diethyl ether and recrystallized from acetic acid. A few 
millilitres of nitromethane are added when the solid 
dissolves with difficulty. 


2,6-Di(p-anisyl)pytyliurn tetrajluoborate (1). Com- 
pound 1 is obtained in 62% yield as described above, 
m.p. 251 "C. 


UV (CH,CI,): ,I (nm) ( F ,  1 mol-'cm-') 285 (7900), 
322 (10 500), 367 (5900) and 488 (22 700). Lit.:" 
488 nm (22 700). 


Bisindeno[l,2-b2,I-e]pyrylium perchlorate (2) and 
5,6,8,9-tetrahydrodibenzo [ c, h Ixanthyliurn perchlorate 
(3). These two compounds are prepared following the 
procedure already described.6 


3,1 I -Dirnethoxy-5,6,8,9-tetrahydrodihenzo[c, hlxan- 
thyliurn tetrafluoborate (4). Compound 4 is prepared 
in 61% overall yield from 10.57 g of 6-methoxy-1-tet- 
ralone and 1.47 g of concentrated sulphuric acid in 
60 ml of ethyl orthoformate. Recrystallization from 
100 ml of acetic acid gives 7.56 g of 4, m.p. 307 "C 
(with decomposition). 


Analysis: calculated (C,,H,,O,BF,), C 63.88, H 
4.86, B 2.50, F 17-58; found, C 63.95, H 4.80, B 2.52, 
F 16.95%. IR (KBr): 2960, 2910, 2830, 1600, 1590, 
1565, 1545, 1495, 1465, 1445, 1390, 1375, 1315, 
1260, 1240, 1205, 1190, 1135, 1095, 1075, 1045, 
1025, 1005, 920, 860, 820, 750 and 640cm-'. NMR 
(CDCI,): 6 (ppm) 3.18 (8H, s), 4.02 (6H, s), 7.00 
(2H, d ,  J=2 .6Hz) ,  7.17 (2H, dd, J = 8 - 6  and 
2.6 Hz), 8.16 (2H, d,  J =  8.6 Hz) and 8.18 (lH, s). 


5,6,8,9-Tetrahydrobisbenzo-2,3-dihydro furo[ 6,s-c ;  
5',6'-h]xanthyliurn tetrafluohorate (6 ) .  The general 
procedure indicated above is used to obtain this com- 
pound from 1 g of 2,3,7,8-tetrahydronaph- 
tho[2,3h]furan-5 (6H)-one (7) and 0.26 g of concen- 
trated sulphuric acid in 30 ml of ethyl orthoformate. 
The final tetrafluoborate 6 is isolated in 51% overall 
yield (0.73 g), m.p. 316 "C. 


Analysis: calculated (C25H,505BF4), C 65.81, H 
4.64, B 2.37; found, C 64.62, H 4.62, B 2.27. IR 
(KBr): 2980, 2900, 1760, 1740, 1620, 1570, 1560, 
1460, 1400, 1330, 1275, 1245, 1220, 1190, 1180, 
1020, 980 and 760 cm-'. NMR (CDC1,-CF,COOD, 
1:l): 6 (ppm) 3.10-3.65 (12H, unresolved in), 4.75 
(4H, t ,  J = 8 . 9  Hz), 6.75 (2H, s) and 6.13 (IH, s). 


Intennediute 9. Intermediate 9 is obtained in 68% 
yield from 5-methoxyinden- 1-one following the general 
procedure described above, m.p. 179 "C. 


Analysis: calculated (C25H2s0,S), C 61.49, H 5.78, S 
6.56; found, C 59.45, H 6.09, S 6.28; corrected for 3% 
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water, C 61.31, H 5.93, S 6.48%. IR (KBr): 2970, 
2935, 2850, 1604, 1526, 1481, 1419, 1394, 1350, 
1307, 1271, 1230, 1208, 1149, 1113, 1075, 1019, 975, 
925,751,699,669,604 and 545 cm- ' .  


Pseudo-base 10. A 0.20 g (7 x mol) amount 
o f  bisindeno[ 1,2-h;2,1-e]pyrylium perchlorate (2) is 
dissolved in 100 ml o f  95% ethanol and heated on a 
water-bath; 3 ml of a 0.55 M (50 g l - ' )  solution o f  
sodium acetate are added dropwise to  this solution while 
stirring. The  fluorescence of the solution vanishes 
immediately. The  product precipitates on cooling; the 
precipitate is filtered, washed with an  excess o f  water 
and recrystallized f rom 95% ethanol to give 164 mg 
(85% yield) o f  the pseudo-base 10. 
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The kinetics of the Menshutkin reaction between triethylamine and iodoethane was studied at 313 K in seven 
primary and secondary alkanols. An accurate conductimetric method was employed to obtain second-order rate 
constants at pressures of 0.1-200 MPa. Volumes and isothermal compressions of activation were calculated by 
different model-based equations which are compared. Activation volumes at 0.1 MPa are in the range -26 to 
-33 cm3 mol -I. Procedures for dissecting intra- and intermolecular contributions to the volume of activation are 
discussed. A clear dependence of model parameters on the solvent volumetric properties was found. 


INTRODUCTION 
Menshutkin reactions are well characterized bimolecu- 
lar nucleophilic substitution reactions. Their particular 
interest lies in the fact that an activated complex 
involving charge separation is formed from electrically 
neutral reactants. Menshutkin reactions are thus among 
the first choice for analysing solvent and pressure 
effects on kinetics in solution. Abboud et al.‘ have 
recently published a comprehensive and authoritative 
review on the Menshutkin reaction and a large compila- 
tion of activation volumes for reactions of organic 
compounds, including many Menshutkin reactions, 
can be found in Asano and Le Noble’s review.’ On 
the other hand, the reaction of triethylamine with 
iodoethane (the original Menshutkin reaction) has 
been studied at atmospheric pressure in a large set of 
mono- and dialkanols in order to establish initial and 
transition state solvation contributions3 and to interpret 
medium effects by means of multi-parameter correla- 
tion ana ly~is .~  Therefore we focus this introduction on 
some models and equations for calculating activation 
volumes. 


~ ~~ 


Author for correspondence. 


Volumes of activation 
The volume of activation, A’V, is related to the 
pressure dependence of reaction rates, k, by 


A’V= -RT(dln k / d p ) ,  (1) 


The usefulness of this quantity of activation in 
discussing reaction mechanisms and solvent effects is 
enhanced if it is dissected into two contributions as 
follows: 


A’V= A:V+ A;V (2) 
where A:V is the result of intramolecular structural 
modifications in the substrates during the activation 
process and A:V is an intermolecular term arising 
from solvent reorganization due to substrate-solvent 
interactions. 


Activation volumes are generally pressure dependent. 
However, most authors consider the intramolecular term 
in equation (2) to be a reaction characteristic indepen- 
dent of external factors such as temperature, pressure 
and solvent, as long as the mechanism is not affected. 
This assumption leads to 


ASK,= -(dA’V/&), = -(dA;V/&>, (3) 


where A’K, is the isothermal compression of activation. 
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The analysis of the intermolecular term requires 
further modelling. We recall the proposals advanced 
independently in the late 1960s by Kondo et al.’ and by 
Hills and Viana.6 Although using different approaches, 
they have derived equivalent expressions for the inter- 
molecular activation volume. It is rewritten here as 


AZV= n(Vm,s - v m , A )  (4) 


where n represents the extra number of solvent 
molecules involved in an activation event and Vm,s and 
Vm,A are the molar volumes of the solvent in its solvat- 
ing state (s) and in the bulk or pure state (A). 


Assuming that the extra solvation number n does not 
change with pressure, it is clear that some information 
concerning this quantity would follow from combining 
equations (3) and (4) if independent knowledge of 
the solvent volumetric change could be obtained. With 
respect to this question, the two groups referred to 
followed divergent approaches. 


Kondo et al.’ introduced the approximation 


vm,x - vm,A = -dPvm,A K T , A  (5) 
where K ~ , ~  is the pure solvent isothermal compressibil- 
ity, by assuming that the derivative dV,,,A/dp may be 
approximated by the ratio (Vm,s - Vm,A) /dp .  Considering 
the bulk solvent at a pressure p ,  it follows from equa- 
tion (5) that Sp can be regarded as the extra pressure 
necessary to bring the solvent to the volumetric proper- 
ties in its solvating state. In other words, Kondo and co- 
worker~’.~ equate Vm,s at pressure p to Vm,A at pressure 
p + dp. They obtained 


AZv = - n 6pvm,A K T , A  (6) 
However, no workable method to disentangle n and 


dp was found despite a proposal by Kondo et a1.’ based 
on the assumption that d p  and n for a given reaction 
are the same in different solvents. In fact, considering 
these parameters to be independent of pressure from 
equations (3) and ( 6 )  one has 


A*KT= ndpvm,A[(dKT,A/dp)T- &,A1 ( 7 )  
Hills and Viana6 considered the solvent in its solvat- 


ing state as a glassy state much less compressible than 
the bulk solvent. They obtained the equation 


A’KT = -nV,,,A K T , A  (8) 
An advantage of this model is that it allows one to 
obtain n from the pressure dependence of activation 
volumes and pVT data for the solvent. 


Interestingly, both approaches were the basis for new 
analytical equations proposed in the 1970s for describ- 
ing the effect of pressure on the rates of reactions in 
solution and which make use of the Tait equation for 
liquid isotherms. In fact, combining equations (l), (2) 
and (4), we obtain 


(9)  -RT(dln k / d ~ ) ~  = A r V +  n(Vm,, - V,,,A) 


Considering ArV, n and Vm,s to be constant, Jones 
et ~ 1 . ~  (for reaction rates) and North” (for equilibrium 
constants), independently of each other and of Hills and 
Viana, integrated equation ( 9 )  to obtain the equation 


In k =  In b - ( A Y v / R T ) p  - (nV,,A,oA/RT)p 
x [ ( I  + B / P ) W +  P / B )  - 1 1  (10) 


where the subscript 0 refers to zero (or atmospheric) 
pressure and A and B are constants independent of the 
pressure and appearing in the Tait’s solvent isotherm: 


Later, based on Kondo et al.’s model,’ Asano et ~ l . ” , ’ ~  
also integrated equation (9) for the case when d p  4 B 
and assuming ATV, n and d p  to be constant, which 
yields 


v m , A  = v m . A , O [ l  - A  + p l B ) l  (11) 


In k =  In ko - (A:V/RT)p 
+(ndPVm,A,oA/RT)ln(l + P / B )  (12) 


Now we note that, from equation (1 l), 


vm,A K T . A  = V m , A , O A / ( B  + P )  (13) 
If this expression is used in equation (5) and the result is 
inserted into equation (9) ,  then equation (12)  is obtained 
on integration with ArV, n and d p  constant. We can thus 
conclude that the approximation introduced by Kondo 
et a1.’ is equivalent to considering d p  4 B as Asanol’ 
did. 


Several other functions, either purely empirical or 
model based, for expressing the variation with pressure 
of the rate constants for reactions in solution are known. 
We mention the comparative studies of Lohmuller 
et al.,I3 Kelm and PalmerI4 and Asano and Okada.” 
Finally, we refer to Gavish,I6 who derived an expression 
equivalent to equation (12)  if the parameter B is set 
adjustable to the kinetic data. 


EXPERIMENTAL 


Materials. Triethylamine and iodoethane were 
obtained from Fluka ( 3 9 9 . 5 % )  and were used as 
received. Tetraethylammonium iodide was obtained from 
Merek ( 3 99%). Alcohols were purchased from Merck 
( 3 9 9 % )  and their water content was kept lower than 
0.2 %. The purification of the reactants and solvents has 
been described el~ewhere.’~.’~ 


Apparatus. A Wayne Kerr B905 bridge (accuracy 
fo.05%) and glass conductivity cells with bright 
platinum electrodes and a rod and ring electrode 
configuration were used to obtain the conductimetric 
data from which rate constants were calculated. No 
differences were observed between measurements made 
using bright or light-grey  electrode^.'^ Cell constants 
ranged from 0.2 to 0 . 3  cm-’. High-pressure experi- 
ments were carried out in a stainless-steel vessel 
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Table 1. Rate constants for the reaction of Et,N with EtI in different alcohols at T = 313.15 K 


k x  1oS/(m~le fraction)-' s - '  


Solvent' 


MeOH 
EtOH 
1 -PrOH 
1-BuOH 
1 -PeOH 
2-PrOH 
2-BuOH 


~~ ~ ~~ ~ 


1 bar 


50.53 (0.24) 
25.46 (0.05) 
13.14 (0.03) 
10.91 (0.01) 
6.96 (0.01) 


18.89 (0.04) 
14.22 (0.02) 


100 bar 


57.05 (0.24) 
28.61 (0.04) 
14.67 (0.02) 
11.98 (0.01) 
8.00 (0.02) 


21.49 (0.05) 
15.93 (0.03) 


250 bar 


66.41 (0.08) 
32.64 (0.10) 
17.20 (0.04) 
13.82 (0.01) 
9.13 (0.02) 


25.46 (0.03) 
18.63 (0.01) 


500 bar 


87.80 (0.12) 
42.68 (0.09) 
20.84 (0.08) 
17.16 (0.01) 
11.24 (0.01) 
32.41 (0.04) 
23.41 (0.07) 


1000 bar 


129.8 (0.70) 
64.23 (0.09) 
31.90 (0.11) 
25.77 (0.02) 
16.54 (0.02) 
50.54 (0.05) 
34.43 (0.07) 


1500 bar 


181.5 (0.10) 
91.49 (0.12) 
46.05 (0.15) 
36.81 (0.03) 
22.75 (0.02) 
71.04 (0.06) 
49.70 (0.06) 


2000 bar 


230.8 (0.90) 
124.2 (0.20) 
62.07 (0.17) 
49.58 (0.07) 
31.15 (0.06) 
99.69 (0.09) 
66.20 (0.12) 


' MeOH =methanol; EtOH = ethanol: 1 -PrOH = propan-1-ol; I-BuOH = butan-1-01; 1 -PeOH = pentan-1-01; 2-PrOH = propan-2-01; 2-BuOH = butan-2-01. 


immersed in a thermostat similar to the apparatus 
described previously.2o Pressure readings were better 
than f 2 0  bar (1 bar=0.1 m a )  and temperature was 
maintained constant within f0.01 K. 


Kinetic procedure. The mole fraction vs time plots 
for the ionic reaction product, the tetraalkylammonium 
salt, were based on calibration graphs relating mole 
fractions, x,, to experimental conductances, K, of the 
form x p = a +  b K + c p .  The calibration method has 
been exemplified In this work at least eight 
different calibrating solutions were used with concentra- 
tions in the range 6.8 x lo-' - 7.5 x moll-'. All 
solutions were prepared by weight in solvents dried 
with oxygen-free nitrogen. Equal initial concentrations 
of both reactants varied from 0.02 to 0-05 moll-' 
depending on the solvent. 


After thermal equilibration, the reaction mixtures 
were followed conductimetrically up to 8-15% conver- 
sion. Duplicate measurements of both calibrating and 
kinetic experiments were made at 40°C and at all the 
working pressures for each solvent. Approximately 100 
experimental points were obtained for each kinetic run. 


RESULTS 


Accurate rate constants for the reaction between tri- 
ethylamine (Et3N) and iodoethane (EtI) in seven 
different pure alkanols at 40 "C and at several pressures 
were obtained with standard deviations below 1% (with 
most of them below 0.5%) and are presented in Table 1. 
In their calculation a second-order rate law was assumed 
and the kinetic equation for equal initial concentrations 
of both reactants xp/x~(x~ - xp) = kt (where x, is the 
mole fraction of the product and xg is the initial mole 
fraction of either reactant) was used. Second-order rate 
constants were thus obtained in pressure-independent 
units to facilitate the calculation of activation 
volumes." Such an analysis has been exemplified 
before." 


According to the values shown in Table 1, rate 
constants always increase with increasing pressure and 
decrease with increasing length of the alcohol carbon 
chain and the reactions in secondary alcohols have 
larger rate constants than in the corresponding primary 
alcohols. 


By using a least-squares multilinear regression 
procedure, the high-pressure kinetic data listed in Table 
1 were fitted to the following equations: 


l n k = a , + a , p + a , l n ( l + p / B )  (14) 


(16) 


I n k =  a, + alp+ a,p[(l +B/p)ln(l +p/B)- 11 (15) 
In k = a, + alp + a,p2 


We note that equations (14) and (15) are mathematically 
equivalent to equations (12) and (lo), respectively, 
whereas equation (16) is the familiar quadratic law. 
Values for the parameter B together with other solvent 
properties used in calculations are given in Table 2. 
From the regression coefficients and their standard 
deviations, various quantities of activation and model 
parameters, and also the respective standard deviations 


Table 2. Solvent properties at 313.15 K and 1 bar 


Solventa V,,,,ob/cm' mol-' B'lbar 


MeOH 41.5 692 
EtOH 59.7 753 
1 -PrOH 76.3 855 
I-BuOH 93.3 922 
1-PeOH 110.2 992 
2-PrOH 78.2 749 
2-BuOH 93.9 868 


'For solvent abbreviations, see footnote to Table 1.  
bFrom Ref. 23. 
'The Tait parameter B was calculated by equation (13) 
with parameter A arbitrarily set equal to 00959 for all 
solvents, Kr,,o for methanol and primary alcohols from 
Ref. 24 and Kr,A,o for secondary alcohols from Ref. 25. 
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Table 3. Activation quantities and model parameters for the reaction of Et,N with EtI at 313.15 K (activation volumes in 
cm3 mol-’, Sp in bar and activation isothermal compressions in cm3 bar-’ mol - I )  


~~ 


n s p  -A*K,,, x 10’ Solvent‘ Equation -A’Vo -ArVo W O  n SP 


MeOH 


EtOH 


1-PrOH 


1-BuOH 


1 -PeOH 


2-PrOH 


2-BuOH 


37.3 (1.7) 
33.1 (0.8) 
29.8 (0.8) 


32.5 (1.3) 
29.7 (0.8) 
27.5 (0.7) 


29.2 (1.5) 
27.3 (1.0) 
25.7 (0.7) 


28.2 (1.0) 
26.5 (0.4) 
25.1 (0.1) 


28.1 (1.2) 
26.2 (1.2) 
24.6 (1.2) 


34.4 (0.8) 
31.2 (0.9) 
28.7 (1.0) 


30.6 (0.9) 
28.2 (0.7) 
26.4 (0.7) 


4.9 (1.5) 
15.4 


9.8 (1.2) 
17.2 


11.0 (1.5) 
17.0 


10.6 (1.1) 
16.5 


8.4 (1.5) 
14.9 


9.5 (0.8) 
17.5 


8.8 (0.9) 
16.0 


32.5 (3.1) 
17.7 


22.7 (2.5) 
12.6 


18.2 (3.0) 
10.3 


17.6 (2.0) 
10.0 


19.7 (2.7) 
11.2 


24.9 (1.6) 
13.6 


21.8 (1.7) 
12.3 


5640 (543) 


2996 (331) 


2124 (346) 


1814 (209) 


1844 (248) 


2482 (160) 


2107 (169) 


4.00 (0.24) 


2.02 (0.17) 


1.33 (0.19) 


1.09 (0.07) 


1.02 (0.17) 


1.65 (0.15) 


1.29 (0.11) 


1410 


1483 


1597 


1664 


1808 


1504 


1633 


46.9 (4.5) 
23.0 (1.4) 
10.1 (0.8) 
15.4 
30.2 (3.3) 
15.3 (1.3) 
7.0 (0.7) 


10.2 
21.3 (3.5) 
11.4 (1.6) 
5.6 (0.7) 
7.4 


19.1 (2.2) 
10.6 (0.7) 
5.4 (0.1) 
6.8 


19.9 (2.7) 
10.9 (1.8) 
5.6 (1.2) 
7.0 


33.2 (2.1) 
16.5 (1.5) 
7.4 (1.0) 


11.0 
25.1 (2.0) 
13.4 (1.1) 
6.5 (0.7) 
8.7 


‘For solvent abbreviations, see footnote to Table 1. 


when applicable, were calculated using standard 
equations and are presented in Table 3. 


DISCUSSION AND CONCLUSIONS 


Volumes of activation 
For the Menshutkin reaction of triethylamine with 
iodoethane at 40°C in each of the seven aliphatic 
alcohols used as solvents, the values for the activation 
volume at atmospheric pressure as calculated by 
equations (14), (15) and (16) (Table 3) are in the 
following order: - A T ,  [equation (14)] > - A V O  
[equation (15)] > - A T ,  [equation (16)]. That the 
quadratic equation in pressure, equation (16), 
systematically underestimates the activation volume in 
compressible organic solvents has been noted before by 
Kelm and Palmer14 and Asano and Okada.” Therefore, 
we focus this discussion on the difference between A V O  
values calculated by the model-based equations (14) and 
(15), which in five out of seven cases exceeds the 


expected experimental uncertainty. To this end we first 
examine the parameters n and Sp .  


Extra solvation numbers, n, as given by equation (15) 
are reported in Table 3. Their values are reasonably 
small and are of the same order as for solvolytic 
reactions in hydroxylic solvents.6*22 More specifically, 
the variation of n with different structures and properties 
of the solvents shows up clearly. Thus, considering 
separately primary and secondary alcohols, one observes 
that n decreases as the chain length increases. On the 
other hand, displacing the OH group towards the middle 
of the chain leads to an increase in n. Both trends can be 
rationalized in terms of steric requirements to solvation 
of the transition state and the first trend follows the 
marked dependence of the rate constant on solvent 
dipolarity and polarizability found previo~sly.~ Lastly, 
the enhanced n value in methanol is consistent with 
a highly dipolar medium constituted by small and 
approximately spherical molecules. 


Kondo and c o - w ~ r k e r s ~ ” ~ ~  have developed an analysis 
of the solvent effect on the volume of activation based 
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on the constancy of the product ndp for a given 
reaction. However, our results in Table 3 do not support 
their view. Thus, in a series of similar solvents we 
found ndp in the range 1.8-5.6kbar by direct 
application of Asano equation whereas Kondo et aL7 
claimed that, in a series of dissimilar solvents, ndp for 
the same reaction is approximately equal to 2.6 kbar by 
using an indirect method. 


To progress further, separating parameters n and dp 
becomes important. To this end, n values from equation 
(15) were used to estimate the dp values given in 
Table 3. The striking observation is that dp % B. In 
fact, although the approximation used to derive 
equation (15) may lead to underestimated n values, 
even for twice these values the requirement dp 4 B 
introduced in both Kondo et al.'s model and Asano's 
equation would reduce their applicability to our reaction 
systems. It is interesting that the difference A V O  
[equation (15)] - A V O  [equation (14)] tends to 
decrease with increase in the product nVm,,o. This fact 
will be better understood following the discussion of 
the intermolecular contribution to activation volumes. 
Because equation (15) is based on the assumption that 
the solvent in its solvating state is much less 
compressible than in bulk, which amounts to consider 
dp%B, we conclude that A V O  [equation (15)] is the 
most reliable of the activation volumes presented in 
Table 3. We remark that these activation volumes 
supersede preliminary results reported by us1* and 
quoted in Table 26 in Ref. 1. 


Analysis of &V 
From the knowledge of dp we can calculate the 
intennolecular term of activation volumes by means of 
equation (4), which is the common basis for the models 
of Hills and Viana and Kondo et al. In fact, Asano" has 


shown that 


Vms- v m , A  = Vm.A,OA h[(B+p)/(B + p +  dp)l 
Inserting this expression into equation (4) yields 


A;V= -nVm,,,0A h[l+ dp/(B +p)] (17) 
which, at zero pressure, becomes 


AzVo = -nVm,A,oA h(1 + dp/B) (18) 
Since Asano's approximation consists in taking 
h ( 1  + dp/B) = dp/B, the resulting expression for the 
intermolecular term is 


AzV, = -n GpV,,,,,,A/B (19) 
The above equation can also be obtained by inserting 
equation (13) at p = O  into equation (6). Hence, the 
AZV, values in the row for equation (14) in Table 3 
correspond to equation (19). Those calculated from 
equation (18) are given in the row for equation (15). We 
observe that the former values are much larger than the 
latter, which we believe to be more accurate. We note 
further that the ratio A;Vo [equation (19)]/A;Vo 
[equation (18)] is approximately constant in all solvents 
(Table 4). In view of equations (18) and (19), this ratio 
is equal to (dp/B)/ln (1 + dp/B). Hence dp/B should be 
insensitive to solvent changes. In fact, we found for this 
quantity in the seven solvents used a mean value (m.v.) 
of 1.91, a mean deviation (m.d.) of 4.1% and a largest 
deviation (1.d.) of 6.5%. Moreover, because parameter 
B is related to the solvent isothermal compressibility 
through equation (13) and since the Tait parameter A is 
constant for all the solvents, we can conclude that dp 
for this reaction in a series of similar solvents is 
approximately proportional to 1 /K~,*. Therefore, the 
quantity dp appears to be linked to the mechanical 
properties of the solvating medium and is probably 
independent of the particular reaction in that solvent. 


Table 4. Comparison of 4*V0 given by equations (18) and (19) 


Solvent contraction 
due to solvation (%) A,* V, [equation (19)] 


Solvent' A: b[equation (18)] Equation (1 8) Equation (1 9) 


MeOH 
EtOH 
1 -PrOH 
1 -BuOH 
1 -PeOH 
2-PrOH 
2-BuOH 
Mean value 
Mean deviation (%) 
Largest deviation (%) 


1.83 
1.81 
1.77 
1.75 
1.76 
1.82 
1.78 
1.79 
1.6 
2.6 


10.7 
10.4 
10.1 
9.9 
9.9 


10.6 
10.2 
10.2 
2.5 
4.0 


19.5 
18.9 
17.9 
17.3 
17.5 
19.2 
18.0 
18.3 
4.1 
6.5 


'For solvent abbreviations. see footnote to Table 1. 
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These regularities allow us to probe deeper into 
the models under analysis. Thus, comparing equations 
(4) and (18) leads to interpreting the quantity 
A In( 1 + 6 p / B )  as the percentage contraction in the bulk 
solvent molar volume due to solvation at atmospheric 
pressure. However, when equation (19) is used, the 
percentage contraction is given by A dp/B. Their values 
and respective statistics are given in Table 4. We 
note that a 10% contraction estimated from the non- 
approximate model for A:V, is acceptable but that a 
18% contraction suggested by the approximate model 
seems exaggerated. 


Additionally, this analysis offers an explanation for 
the aforementioned variation of the difference between 
A’V, [equation (15)] and A’V, [equation (14)] with the 
solvent. If A:Vo calculated by equation (19) is 
associated with A’V, [equation 15)] values, then from 
equations (18) and (19) a term of the form -nV,,,,, 
[A ln(1 + dp/B) - A dp/B] should contribute to the 
difference under analysis. Since the quantity in brackets 
is fairly constant in this series of solvents (m.v. 0.081; 
m.d. 6%; 1.d. 10%) the greater is the product nV,,,,,,, the 
larger the difference in calculated activation volumes 
according to equations (14) and (15) should be, just as 
found experimentally. 


Analysis of ATV 
Asano’s equation has the merit of allowing the direct 
estimation of intramolecular activation volumes. For a 
given reaction in a series of similar solvents, one might 
expect to find constant AYV. However, the values for 
this quantity calculated by equation (14) and given in 
Table 3 are strongly solvent dependent. Alternatively, 
combining A:Vo calculated by equation (18) with A’V, 
from equation (15) by means of equation (2), new 
values for ArV have been derived. They are given in 
Table 3 in the row for equation (15). We note that ArV 
[equation (15)] is not markedly dependent on the 
solvent and that it is very different from ArV [equation 
(14)]. In fact, for ATV [equation (14)] one has m.v. 
-9.0 cm3 mol-I, m.d. 16% and 1.d. 46%, whereas 
for A7V [equation (15)] the statistics are m.v. 
-16.3 cm3 mol-’, m.d. 5% and 1.d. 9%. For the 
reaction of triethylamine with iodoethane at 50°C 
in nitrobenzene and in propanone, Asano” calculated 
intramolyular activation volumes of -8.7 and 
-9.5 cm mol-I, respectively, in agreement with our 
results from equation (14). 


An independent test of the constancy of ATV in 
different solvents is suggested by equation (2). If a 
straight line is obtained when A V O  is plotted versus 
AZV,, then one is allowed to conclude that AYV, which 
is given by the intercept, is constant. Figure 1 shows 
two such plots from the data in Table 3. Although the 
correlation coefficient for both cases is modest, the 
estimates of ArV are very similar: -16.9 cm3 mol-I 


when A’V, and AZV, are calculated by equation (14), 
and -17.4 cm3 mol-’ when A V O  is calculated by 
equation (15) and AZV, by equation (18). Moreover, 
they are in very good agreement with the previous mean 
value of -16.3 cm3 mol-I and with the value of 
-18.4 cm3 mol-I obtained by Kondo et aL7 for this 
reaction in a different set of solvents. 


The obvious conclusion is that equation (14) grossly 
underestimates the intramolecular term of the activation 
volume, a situation which may be a consequence of 
overestimating the intermolecular term as discussed 
above. 


Isothermal compressions of activation 
Activation isothermal compressions at atmospheric 
pressure, A’KT.,, calculated by means of the three 
equations employed to fit kinetic data are given in Table 
3. Now, in view of equation (3), a fourth estimate of 
ASKT,? can be obtained from partial differentiation of 
equation (17), leading to 


A’KT.0 = -n dpV,,A,d/B(B + 6 ~ )  (20) 
The resulting values, believed the most reliable, are also 
given in Table 3. 


The relative order of the four different estimates of 
A’K,,, is identical in every solvent tested, namely 
-A’KT,o [equation (14)] > -A*KT,o [equation (15)] > 
-A’KT,, [equation (20)] > -ASKT,, [equation (16)]. It is 
interesting that these values are in the same order as 
the corresponding activation volumes. Similarly, the 
quadratic equation in pressure leads to the smallest, 
underestimated, values whereas Asano’s equation yields 
clearly overestimated quantities. Model-based quantities 
are best analysed in terms of their expressions. Thus, 
for Kondo et d ’ s  model, we find from equation (7) 
that 


(21) 
which alternatively could be obtained by partial 
differentiation of equation (19) with respect to pressure. 
Hills and Viana’s model yields, from equation (8), 


A’KT.0 = -n  dpV,,,A,, A/BZ 


A‘KT.0 = -n dpVm,A,OAIB (22) 
Equations (21) and (22) can be seen as approximate 
expressions of equation (20). In fact, if in this equation 
the approximation B + dp = B, valid for dp 4 B, is 
introduced, then Kondo et al.’s model equation (21) is 
obtained. In turn, Hills and Viana’s model equation (22) 
results from equation (20) in the case B + dp - dp, 
valid for dp % B. Differences in numerical values for 
model-based isothermal compressions of activation are 
therefore a direct consequence of these approximations. 
Since we found experimentally that dp 5> B for these 
systems, it is now fully explained why equation (22) 
leads to values much closer to those from equation (20) 
than does equation (21). 
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Figure 1. Plot for estimating A:V for the reaction of Et,N with EtI. (*) Data from equation (14); (*) A’V, from equation (15) and 
A;V, from equation (18). 1, MeOH, 2, EtOH 3,l-PrOH; 4. 1-BuOH, 5, 1-PeOH, 6,2-FYOH; 7,2-BuOH 


Finally, we enquire into the relationship between the 
volume and the isothermal compression of activation. 
Inspection of equations (18) and (20) allows us to 
write 


A V O  = ATVo + B ( 1 +  B/&)  In (1 + d p / B )  AfKT,o (23) 


which in the case Sp 6 B simplifies to 


A V O  = A:V+ B 


and in the case dp + B has the form 


A V O  = ATV+ B In (1 + Sp/B) A’KT,o (25) 
From equation (23), the conditions for observing a 
linear relationship between both quantities of activation 
are a constant intramolecular activation volume and a 
constant solvent, even though S p / B  is insensitive to the 
solvent. These conditions can only be met by a series of 
similar reactions having the same ATV in a given 
solvent. In fact, a linear relationship between 4 V 0  and 
4pT,o has been observed by Lown eta1.26 for a wide 
range of acid-base equilibria in water. However, the 
apparent linearity between A+KT,o and A V O  reported by 
Kondo etal.’ for a Menshutkin reaction in a series of 
solvents is probably an artefact finding no support 
from either equation (23) or even from approximate 
equations (24) and (25). 
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POLYMERIZATION OF ACRYLATES AND METHACRYLATES TO 
MAKE HOMOPOLMERS AND BLOCK COPOLYMERS INITIATED BY 


N-ALKOXYPHTHALIMIDES AND SUCCIN'IMIDES 


J. D. DRULINER 
Central Science and Engineering Laboratory, The DuPont Company Wilmington, Delaware 19880-0328, U.S.A. 


Various N-alkoxyphthalimides were prepared and tested as initiators for polymerization of a variety of 
monomers. Acrylates and methacrylates polymerized at  40-50 "C. Vinyl acetate and styrene were moderately 
reactive at 60-65 "C. Rates of reaction were sensitive to the choice of solvent. THF generally gave the highest 
conversions, with much reduced reactivities in solvents of higher polarity, such as acetonitrile, acetone, DMSO 
or DMF. In aliphatic hydrocarbon solvents or di-n-butyl ether no polymers were obtained. Bulk 
polymerizations proceeded well, depending on the monomer. Rates of polymerization were sensitive to the 
structure of the group attached to nitrogen. OR groups, where R contained a-electron-withdrawing esters, 
benzylic or allylic groups, were more reactive than when R was an aliphatic group. A-B block copolymers were 
readily prepared, starting with PMA, PBA or PMMA. However, because the rates of initiation were slow, 
relative to rates of propagation, N-alkoxyphthalimide initiators survived mostly intact. Consequently, final A-B 
block copolymers were invariably contaminated with indeterminate amounts of homopolymer from 
polymerization of the second monomer. 


INTRODUCTION 


It has been reported that living radical polymerization 
of acrylates and methacrylates can be achieved using 
combinations of donor and acceptor compounds as 
initiators.' Some combinations included N-hydroxysuc- 
cinimides or -phthalimides as donors in combination 
with a-halo esters, nitriles or perfluoroalkyls as accep- 
tors. It was subsequently shown that N-hydroxysuc- 
cinimides [N(OH)S] or -phthalimides [N(OH)Ph] 
alone initiated the polymerizations. Sat0 et al.* also 
reported studies of N(0H)S- and N(0H)Ph-initiated 
polymerization of acrylates. Finally, we found that N- 
alkoxyphthalimides [N(OR)Ph] efficiently initiate the 
polymerization of acyrlates and methacrylates. A-B 
block copolymers can be prepared by polymerization of 
monomer A, followed by removal of unreacted mon- 
omer A under vacuum, followed by addition and 
polymerization of monomer B. Almost all of monomer 
A, in several cases, must have been capped by an end 
group derived from the N-alkoxyphthalimide initiator 
because almost no homopolymer derived from A 
remains in the final A-B block copolymer. However, 
because the rates of initiation were slow, relative to 
rates of propagation, N-alkoxyphthalimide initiators 


survived the polymerization of monomer A mostly in 
tact. Consequently, final A-B block copolymers were 
invariably contaminated with indeterminate amounts of 
homopolymer from polymerization of monomer B. 
Various approaches have been t ied to counteract the 
fact that first-formed A homopolymers contained 
undercomposed initiators, before carrying out polymer- 
izations of B monomers. The scope of monomers, 
solvents and [N(OR)Ph] initiators, and mechanistic 
possibilities are discussed. 


RESULTS AND DISCUSSION 


N(0R)Ph initiation: comparison of R groups 


Table 1 gives comparative conversions, M,, M, and 
polydispersity (P/D) results for a variety of N-substi- 
tuted phthalimides [(N(X)Ph] for the polymerization of 
MA or MMA in THF at 50°C. All N(0R)Ph initiators 
gave significant conversions. When X = H, R, OCOR or 
NCO, little if any conversion took place. All initiators 
were stable to the reaction conditions, except when 
X=NCO. In this case, IR evidence indicated that 
linkage isomerization could be occurring, involving 
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Table 1. Effects of nitrogen substitutent of N(X)-phthalimide initiators in the polymerization of MA or MMA 


N(X)Ph 


Run no. X Concentration (M) Monomer (M) Solvent Conversion (%) M, M" P/D 


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 


H 
OH 


CH(CH,)CO,Me 
CH(CO,Et), 
C H, CH , 0 H 
OCH (CHA 


OCH(CH,)CO,Me 
OCH(CO,)CO,Me 


OCH,CH==CH, 
O M H C H ,  
o-@ 
O W @  


OCH,@-P(CN) 
OCH,@ 


OCBF17 


@-p(OCH3) 


OH 
OCH(CHJC0,Me 


0-2-thiopheneyl 
OCOCH, 


ococI+cH, 


OSO,cF, 
OSO,cF, 


OAg 


OC0,Et 
NCO 


0.075 
0.075 
0.043 
0.09 
0.09 
0.078 
0.033 
0.033 
0.081 
0.09 
0.088 
0.089 
0.067 
0.13 
0.13 
0.08 
0.08 
0.08 
0.089 
0.08 
0.075 
0.27 
0.072 
0.09 
0.067 
0.86 


MMA, 3.4 
MA, 3.7 
MA, 1.7 
MA, 3.6 
MA, 3.6 
MA, 3.7 
MA, 3.7 
MA, 3.7 
MA, 4.0 
MA, 3.8 
MA, 3.6 
MA, 3.7 


MMA, 3.4 
MA, 20 
MA, 20 
MA, 3.7 
MA, 3.7 
MA, 3.7 
MA, 3.7 


MMA, 3.4 
MA, 3.7 
MA, 3.7 


MMA, 3.7 
MA, 3.7 


MMA, 3.4 
MA, 3.7 


THF 
THF 


THF-dS 
THF 
THF 
THF 
THF 


THF-d8 
THF 


THF-d8 
THF-d8 
THF-dB 


THF 
THF-d8 


THF 
THF 
THF 
THF 


THF-ds 
THF 
THF 


THF-d8 
THF 
THF 
THF 


THF-d, 


4' 
84b 
O b  
O b  
Ob 


19b 
41' 
72b 
21b 
30b 
36b 
95b 
24b 
45b 
5 3 b  
56' 
49' 
36' 
26b 
0' 
8B 
Ob 
7" 
23 
23 
84b 


51800 


47500 
17oooO 
295000 
794000 
64500 
779000 
5 7 m  
796000 
855000 
43200 
41900 
46900 
725000 


1020000 
382000 
132000 


14900 


21 100 
31700 
154000 
171000 
18300 
154000 
172000 
192000 
246000 
19000 
20100 
21500 
22000 


279000 
102000 
39400 


3-5 


2.3 
5.4 
2.5 
4.6 
3.5 
5.1 
3.3 
4.1 
3.5 
2.3 
2.1 
2.2 
3.5 


3.7 
3.7 
3.4 


'65 O C ,  3 h, 3.5 ml vial, stir bar. 
b500C, 4 h, 3.5 ml vial. stir bar. 
' 5OoC, 4 h, 50 ml filter flask, stir bar. 
' 50 "C. 4 h, 6 ml vial, stir bar. 
' 65 "C, 3.5 h, 6 ml vial, stir bar. 


perhaps N or 0 attachment to the phthalimide N, even at 
ambient temperatures. In all samples analyzed, the M, 
numbers were at least ten times greater than would be 
expected had each equivalent of initiator started a 
polymer chain. 'H NMR of polymers also showed no 
evidence for changes in starting initiator resonances. 
These two findings are consistent with a very slow 
initiation step in which only a small fraction of the 
initiators actually starts chain growth, followed by a 
relatively more rapid chain propagation rate. These 
conclusions are also consistent with broad P/D values. 
Narrower P/Ds appeared to have resulted, however, 
when using larger (6 ml) vials versus 3.5 ml vials, or 
when using a 50 ml filter flask versus 3.5 ml vials, both 
probably related to better mixing. 


Scope of monomers 
Within the limited range of monomers tested, (Table 2), 
acrylates and methacrylates were efficiently polymerized. 
Styrene gave only very low conversions at 65°C and 


almost no polymer at lower temperatures. Vinyl acetate 
was unreactive at 50 "C, using N(OCH(CH,)CO,CH,)Ph 
as initiator. However, vinyl acetate did give differing 
extents of conversion to polymer at 60 "C, depending on 
the initiator. For example, using N(OR)Ph, with 
R=OCH,@-p-OCH,, in THF, 34% conversion to 
PVOAc took place after 15 h at 60°C with Mw=6340 
and P/D=2.44. An otherwise identical experiment, 
except that R=OH, gave 3.3% conversion to PVOAc 
with Mw=4990 and P/D=2.19 Acrylonitrile, methyl 
crotonate, dimethyl maleate, diethyl fumarate and 
cyclohexenone were all inactive at the temperatures tried. 


Solvent effects 
Tables 3 and 4 show several comparisons of solvent 
effects in the polymerization of MMA, MA and BA. In 
Table 3 it is seen that for N(X)Ph, and X = OCH,@ or 
OCH(CH3)CO2CH3, either bulk polymerization or use 
of THF solvent led to the greatest conversions. Interest- 
ingly, (nBu),O was not effective. Likewise, 







Table 2. Choice of monomer in N(X)-phthalimide-initiated polymerizations in THF 


N(X)Ph 


Run no. X Concentration (M) Monomer (M) Temperature ("C) Time (h) (%) Conversion Glass RXT (ml) 


1 
2 
3 
4 
5 
6 
7 
8 
9 


10 
11 
12 
13 
14 
15 
16 
17 
18 
19 


OCH(CHJC0,Me 


OH 
OH 


OH 


OCHZQ 


OCH2Q 


OCH, Q 
OCHZQ 


OH 
OH 


OCH(CH3)COzMe 
OCH (CH3)COzMe 
OCH(CH3)COzMe 
OCH (CHJC0,Me 


OH 
OH 


OCH(CH3)COzMe 
OCH(CH,)CO,Me 


OCH, Q 


0.076 
0.035 
0.035 
0.1 
0.13 
0.13 
0.13 
0.13 
0.44 
0.38 
0.44 
0.38 
0.094 
0.094 
0.26 
0.037 
0.034 
0.024 
0.21 


MA, 3.4 
MMA, 3.5 
MMA. 3-5 
HEMA, 7.9 


Methyl crotonateb 
Methyl crotonateb 
fert-Butyl-MAb 
rerr-Butyl-MAb 


Dimethyl maleate 
Diethyl fumarate 
Dimethyl maleate 
Diethyl fumarate 


Vinyl acetate 
Acrylonitrile 


2-Cyclohexenonb 
Styrene 
Styrene 
Styreneb 
Styrene' 


50 
65 
65 


65 
65 
50 
65 
50 
50 
50 
50 
50 
50 
65 
65 
65 
60 
95 


37-60' 


~~ 


4 
3 
3 
0.5 


65 
21 
2 


65 
17 
17 
17 
17 
4 
4 


71 
7 
7 
5 
5 


~ 


57 
17 
19 


Bulk, jelled 
N.R. 
N.R. 
N.R. 
83 


N.R. 
N.R. 
N.R. 
N.R. 
N.R. 
N.R. 
N.R. 
4.8 
4.6 


N.R. 
N.R. 


~~ ~~ 


3.5 
3.5 
3.5 
15 


NMR tube 
3.5 
3.5 
3.5 
3.5 
3.5 
3.5 
3.5 
3.5 
3.5 


NMR tube 
3.5 
3.5 
3.5 
3.5 


'Bulk polymerization. Sample jelled within 0.5 h when heated and stirred from 37 to 60 "C. 


'Bulk polymerization. 
bTHF-ds 


Table 3. Effects of solvents and nitrogen substitutent of N(X)-phthalimide initiators in the 
polymerization of MA or MMA 


N[OCH(CH,)CO,Me]Ph Monomer 
Run no. (MI (M ) Solvent Conversion (%) 


1 
2 
3 
4 
5 
6 
7 
8 
9 


10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 


0.085 
0.085 
0.084 
0.086 
0.088 
0.087 
0.089 
0.085 
0.09 
0.084 
0.086 
0.088 
0.076 
0.089 
0.088 
0.088 
0.087 
0.023 
0.066 
0.067" 
0.067" 
0.069' 


3.7 
3.7 
3.7 
3.7 
3.7 
3.7 
3.7 
3.7 
3.7 
3.7 
3.7 
3.7 
3.7 
3.7 
3.7 
11.2 
3.7 


BA, 0.4 
MMA, 3.4 
MMA, 3.4 
MMA, 3.4 
MMA, 3.4 


Pyridine 
CD,CN 
DMF 


DMS 0- ds 
Acetone 
Acetone 


CDCI, 
EtOAc 
MeOH 


Et(CH,),COH 
2,2,6,6-(Me),-piperidine 


THF 
(nB),Ob 
CYCfWZ 


Bulk, no solvent 
Toluene-d, 


Toluene 
Toluene 
THF' 


MeOH 
Acetone 


0' 
3 
0 
0 
11 
0 
0 
17 
0 
0 
0 
0 
57 
0 
0 
68 


0' 
ld 
24 
0 
0 


'Reactions run at 50°C for 4 h using stir bars and solvents dried over 4A molecular sieves in 3.5 ml vials. 
bPassed over neutral A1,0, to remove peroxides. 
40 "C, 1 h. 


d65°C, 3 h. 
'N(OCH,@)Ph used as initiator. 
'Distilled from Na@CO$. 
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Table 4. Effect of solvents in the N(0H)-phthalimide-initiated polymerization of 
MA or MMA 


Run no. N(OH)Ph(M) Monomer (M) Solvent Conversion (%)a 


1 
2 
3 
4 
5 
6 
7 
8 
9 


10 
11 
12 


0.075 
0.075 
0.077 
0.077 
0.079 
0.075 
0.074 
0.076 
0.072 
0.079 
0.072 
0.072 


MA, 3.7 
MA, 3.7 
MA, 3.7 
MA, 3.7 
MA, 3.5 


MMA, 3.4 
MMA, 3.4 
MMA, 3.4 
MMA, 3.4 
MMA, 3.7 


MMA, 3.4 
MMA, MeOH 


T H F b  
T H F b  


CH,W 
EtOAc 
Toluene 
THF 
THF 


EtOAc 
Toluene 


0 
Acetone 


cH,W 


56.47 
83 
<1 
<1 
13 
3 
51 
9 
13 
1 


34 


'Reactions run at 50°C. 4 h, stir bars, 3.5 ml vials. 
bDistilled from Naq5COG. 
Solvent dried over 4A molecular sieves. 


hydrocarbons (CyCsHI2, toluene), acetone and ethyl 
acetate were not effective. Alcoholic, basic or polar 
solvents were inferior. Table 4 shows the results of 
N(0H)Ph-initiated polymerizations of MA and MMA 
in a variety of solvents. THF was the preferred solvent 
for both MMA and MA. However, toluene was moder- 
ately good for both MA and for MMA. Acetone was 
fairly active for MMA. Sato et aL2 also reported results 
for the polymerization of MMA, using N(OH)S, in a 
variety of solvents. Sato et al. rationalized the trends by 
saying, 'Such a considerably large solvent effect is 
reasonably expected, because N(0H)S shows a fairly 
small pK, value (9.40) and so it can form a strong 
hydrogen bond with solvents or the monomer. Ethers, 
alcohols and sulfoxides are considered to form stronger 
hydrogen bonds with N(0H)S than ketones or esters.' 
The data in Tables 3 and 4 allow for only limited 
comparisons, but agree qualitatively, with the possible 
exception of the ordering of THF. 


Effects of 0,, H,O and radical scavengers 


In order to try to ascertain whether or not radical 
mechanisms were involved in the N(X)Ph-initiated 
polymerizations of MA or MMA, several reactions 
were carried out to test for the effects of added 0,, H,O 
or radical scavengers (Table 5). The comparisons 
involving prior 0, sparging versus the routine N, 
sparging tend to indicate that adventitious 0, did not 
significantly affect the conversions. Likewise, the one 
example involving added water did not indicate any 
adverse affect. The presence of phenathiazine and of p -  
hydroquinone, however, did completely prevent moder- 
ate conversions of MA or MMA. 2,6-Di-tert- 
butylphenol was only slightly effective, if at all. These 
results do not prove that radical chain reactions were 


involved, since additional work would be needed to rule 
out inhibition by complexation of the radical scavenger 
with the N(X)Ph compound. 


Preparation of block copolymers 


Table 6 lists various examples of reactions carried out 
to prepare A-B block copolymers whereby MA or 
MMA was first polymerized, initiated by a given 
N(X)Ph compound, followed by removal of unreacted 
monomer under vacuum, followed by addition of a 
second monomer and heating and stirring to prepare the 
copolymer. The first four runs illustrate how at least 
97% of the first monomer was completely grafted, as 
indicated by LC analysis. However, an indeterminate 
amount of homopolymer from the second monomer 
was also present in each case. The fifth and sixth runs 
were carried out starting with MA (in THF or in bulk, 
respectively), followed by polymerization with BA in 
toluene solvent. Toluene was chosen because BA was 
not polymerized by N[OCH(CH,)CO,CH,]Ph in 
toluene (Table 3). It was hoped that unreacted N(X)Ph 
from the first polymerization step would not initiate 
polymerization of BA, but the end-capped groups on 
the chains of PMA would graft on BA. As shown in 
Table 6, homopolymer of BA was obtained in run 5. 
The results for run 6 showed that although no homo- 
polymer of MA remained after reaction with BA, an 
indeterminate amount of homopolymer of BA was also 
present. Perhaps the closest approach to achieving a 
clean A-B copolymer was that shown for run 7, starting 
with N(0Ag)Ph and MA. The reason for the choice of 
N(0Ag)Ph was that the silver salt of N(0H)Ph is 
co9ple;ely insoluble in THF and thus unreacted initiator 
could be removed by filtration following the first 
polymerization reaction. When this was done, and a 







Table 5.  Effects of 0,. H,O and radical scavengers in N(X)-phthalimide-initiated polymerizations in THF 


N(X)Ph 


Run no. X Concentration (M) Monomer (M) Temperature ("C) Time (h) (%) Conversion Conditions' 


1 
2 
3 
4 
5 
6 
7 
8 
9 


10 
11 
12 
13 
14 
15 
16 
17 
18 
19 


OCH, 4 
OCH,@ 


OH 
OH 
OH 


OCH (CH ,)CO,Me 
OCH(CH,)CO,Me 


AIBN 
AIBN 


OCH, @ 
0% @ 


CH 
CH 


OCH (CH ,)CO,Me 
OCH(CH,)CO,Me 


DCHN' 
DCH" 


OCH2 @-p-OCH, 
OCH, @-p-OCH, 


0.063 
0.063 
0.078 
0.075 
0.078 
0.066 
0.066 
0.041 
0.041 
0.035 
0.035 
0.035 
0.035 
0.067 
0.067 
0.042 
0.042 
0.33 
0.33 


MMA, 3.4 
MMA, 3.4 
MA,3.7 
MA, 3.7 
MA, 3.7 


MMA,3.4b 
MMA. 3.4b 
MMA, 3.4b 
MMA, 3-4b 
MMA, 3.5 
MMA, 3.5 
MMA, 3.5 
MMA, 3.5 
MMA, 3.4 
MMA, 3.4 
MMA, 3.4 
MMA, 3.4 
MA, 10.7 
MA, 10.7 


50 
50 
50 
50 
50 
65 
65 
80 
80 
65 
65 
65 
65 
60 
60 
60 
6 


50 
50 


4 
4 
4 
4 
4 
3 
3 


2.33 
2.33 


3 
3 
3 
3 
3 
3 
3 
3 


0.42 
0.42 


19 
24 


100 
83 
84 


0.5 
1 


100 
100 


0 
17 
0 


19 
7 


12 
100 
100 


0 
20 


Charged in air 
N, 
0; sparged 15 minb 
N, 


N, 


N, 


N,, 0.42 M H,O 
O,, sparged 15 min 


0, sparged 15 min 


0.022 M PT 


0.022 M PT 


0.017 M DTBPd 


0.017 M DTBPd 


0.1 M HQ' 


'All reactions run in 3.5 ml vials, with stir bars, under N,, unless noted otherwise. 
bToluene solvent. 
' FT = phenathiazine. 
DTBP = 2,6-di-terr-butylpheol. 


* DCHN = dicyclohexyl hyponitrite. ' HQ = p-hydroquinone. 


Table 6. Block copolymer experiments 


N(X)Ph 


Run no. X Concentration (M) Polymer (M) Monomer (M) Solvent Temperature ("C) Time 01) M, P/D 'H NMR, LC 


OH 


OCH(CH,)CO,Me 


OCH*9 


O C K 9  


OCH(CHJC0,Me 


OCH(CH,)CO,Me 


OAg 


OCH(CH,)CO,Me 


0.077 


0.077 


0.077 


0,063 


0.12 


0.11 


0.11 


0.035 


PMA. 0.45 


PMA, 0.40 


PMA, 0.44 


PMMA, 0.28 


PMA, 1.6 


PMA, 0.67 


PMA, 0.23 


PMA. 2.6 


MA. 3.7 
BA, 2.2 
MA, 3.7 
BA, 2.2 
MA, 3.7 
BA. 2.2 


MMA. 3.4 
BA, 3.6 
MA, 3.7 
BA, 2.4 


MA, 11.2 
BA, 2.4 
MA, 7.8 
BA, 2.4 
MA, 3.7 


Styrene, 8.8 


THF 
THF 
THF 
THF 
THF 
THF 
THF 
THF 
THF 


Toluene 
None 


Toluene 
THF 
THF 
THF 
None 


50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
95 


4 
19 
4 


17 
4 


17 
2 
4 
4 


2.25 
1 


1.75 
4 
4 
4 
5 


41900 
31300 
46900 
18500 
43200 
20500 


387000 
142000 
51000 


29M)oo 
358oooO 
869000 
22100 
41900 
52100 


336000 


2.1 
9.2 
2.2 
5.5 
2.3 
6.3 
2.6 
3.7 
2.2 
8 


9.6 
4.3 
6.1 
2.4 
2.2 
7.2 


'6 ml crimp-cap vial with stir bar. 
bPBAJPMA = 7.5 ('H NMR); 2.8% PMA in sample (LC). 
'3.5 ml glass vial with stir bar. 
'PBAJPMA4.2 ('H NMR); 2.7% PMA in sample (LC). 
'PBAJPMA 5.2 ('H NMR); 2.1% PMA in smaple (LC). 
'50 ml filter flask with stir bar. 
'PBAJPMMA = 7.5 ('H NMR); 0.9% PMMA in sample (LC); PMhU precipitated twice from CHzCI, witt 
'20 ml screw-cap vial with stir bar. 
'PBA/PMA = 3.7 ('H NMR); 57% PMA. 43% PBA in sample, not a block copolymer (LC). 
'PBA/PMA 1 1.1 ('H NMR); 0% PMA in sample (LC). 
'PBAJPMA 8 . 9  ('H NMR); 1.5% PMA in smaple (LC). 
'PSty/PMA=0.4 ('H NMR): 42% PSty. 58% PMA in sample (LC), not a block copolymer. 


I pentane. 
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second polymerization was carried out with BA, 98.5% 
of the PMA had been grafted with BA. 


Figure 1 shows that the LC retention time of the 
PMA-PBA block copolymer (5.96 min) was longer 
than that of the PBA homopolymer (564min) .  The 
GPC result for the PMA-PBA block copolymer from 
run 7 is also shown in Figure 1. It was noteworthy also 
that this was the first instance in which the P/D of the 
second polymer (2.4) was actually narrower than that of 
the first polymer (6-1). This broad P/D for the 
N(0Ag)Ph-initiated polymerization of MA was perhaps 
due to the insolubility of the initiator in THF. Another 
distinction is that in run 7 M, for the A-B copolymer 
was greater than M, of the starting PMA. In all pre- 
vious A-B copolymers the M, values were smaller than 
the corresponding M, values for the starting PMA 
polymers. This is probably due to competitive formation 
of PBA homopolymer, along with grafting of PBA on 
to PMA. The last run in Table 6 was from the reaction 
of MA, followed by a bulk polymerization of styrene, 
an abortive attempt to prepare a PMA-PSTY block 
copolymer. 


UQ I 


MECHANISTIC CONSIDERATIONS 


General considerations 
It has been reported by Sat0 et aL2 that N(0H)S and 
N(0H)Ph are capable of initiating the polymerization of 
acrylates and methacrylates. The mechanism proposed is 
shown in Scheme 1. Assuming that N(0H)S and N(0H)Ph 
function as proposed by Sat0 et al., such a mechanism 
would not account for endcapping of chains which, in turn, 
form A-B copolymers unless the N-succinimidyloxyl 
radical (B) were reversibly associated with the growing 
chain end. Also, according to this mechanism, N(0R)S or 
N(0H)Ph compounds would have to undergo C-0 bond 
cleavage, which Seems unlikely. A Werent kind of dis- 
sociative mechanism, involving a six-center rearrangement, 
was also considered. Finally, an associative mechanism was 
considered, by default, to be most likely involved. 


N-0  or 0 - C  bond cleavage mechanisms 
Mechanisms were considered which could involve N-0 
bond cleavage of N(0R)Ph compounds in the initiation 


PMNPBA block co-polymer (5.96 min.. 985%) 


d 
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f 
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r 
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Figure 1 .  Liquid chromatograms of (a) reference PBA and (b) PMA-PBA block copolymer (run 7, Table 7) and (c) gel permeation 
chromatofram of the same PMA-PBA block copolymer 
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A 0 


Scheme 1 


step (Scheme 2). This proposal seems unlikely because 
the thermal stability of N-alkyl phthalimides would 
seen to preclude them as propagating intermediates. 
Note that the propagating polymeric structure in Scheme 
2 contains an alkyl phthalimide. For example, as shown 
in Table 1, N(CH(CH,)CO,CH,)Ph gave no PMA from 
the reaction of MA in THF at 50 "C after 4 h. Another 
possible mechanism might involve 0-C bond cleavage 
of N(0R)Ph compounds (Scheme 3). The detraction 
of the propagating intermediate shown in Scheme 3 is 
that it is simply an N(0R)Ph compound. Even though 


Scheme 2 


numerous N(0R)Ph compounds do initiate poly- 
merization of acrylates and methacrylates (Table 1) at 
50 "C, 'H NMR and I3C NMR spectroscopy have given 
no evidence for conversion of starting N(0R)Ph 
initiators into end-capping groups attached to polymeric 
chains. In the case of N(OC$,,)Ph, MA and MMA 
were each polymerized to 50 and 14%, respectively, in 
THF-$ after 2 h. Comparison of PMA and PMMA by 
'% NMR spectroscopy with starting N(OC8F,,)Ph 
showed no changes in the F resonances. Also, 
N(OCH,@)Ph and N(OCH(CH,)CO,CH,)Ph were 
found to be unchanged after heating in toluene at 60 "C 
for 1 h. Also, a facile cleavage of the 0 -C  bond in 
N(OCH=CH@)Ph or in N(OCH=CHCH,)Ph at 50°C 
(Table 1) would seem unlikely. 


Cyclic azaketene acetal mechanism 
A mechanism which would also involve N-0 bond 
cleavage is one in which a six-center transition state 
takes place in the initiation step (Scheme 4). The 
propagating intermediate, an aza keteneacetal (or aza 
keteneketal), might be expected to undergo rapid 
propagation of acrylates or methacrylates in analogy 
with silyl keteneacetals, proposed as intermediates in 
group-transfer p~lymerization.~ Note that, if the N atom 
shown in the propagating intermediate in Scheme 4 
were replaced by a Si atom, the resultant intermediate 
would be a silylketeneacetal. Numerous attempts were 
made to prepare an azaketeneacetal in order to be able to 
test directly the efficiency of such an intermediate 
(Table 7). However, none of the synthetic approaches 
succeeded. Hence the question of azaketeneacetal 
intermediates as propagating intermediates remains 
open. In order for such intermediates to be involved, 
however, the objections raised for N-0 bond cleavage 
would have to be addressed. 


Association mechanisms 
Because of lack of evidence for changes in starting 
N(0R)Ph compounds, an associative mechanism would 
seem, by default, to be reasonable to consider. The fact 
that PMA and PMMA, prepared using N(0R)Ph 
initiators, are fairly quantitatively converted into A-B 
block copolymers argues that the initially formed PMA 
or PMMA chains are somehow capped by the N(0R)Ph 
initiator [or something derived from it which yields 
unchanged N(OR)Ph]. Also, attempts to separate 
initially formed PMA or PMMA from unreacted 
N(OR)Ph, by precipitation from one solvent on addition 
of another, generally resulted in terminated chain ends. 
That is, such attempts to purify the initially formed 
PMA or PMMA led to a mixture of two homopolymers 
in the second polymerization step. However, run 4 in 
Table 6 was an exception to this generalization. Never- 
theless, whatever the nature of the group associated 
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Table 7. Attempted routes to aza keteneacetals 


N(OR)Ph", OR 


OCOCHSH,  


OCOCH, 


OCOC,H, 
OTI 


Rectants Reaction conditions 


Et,SiH, 16 h, 50 "C; 
R h ( P + W l  19 h 80°C 


LDA 


CH#(Br)OC,H, 
CH&(Br)OC,H, 
CH&(Br)OC,H, 
CH#(Br)OC,H, THF, 25 "C, days 
CH&(Br)OC,H, 
CHZ=C(I)OC,H, 
CH&(I)OCzHs 


Et,SiCI THF, -78°C 


Cp,Ti THF, -25 to 25 "C 
THF, 25 "C, 6 days 
THF, 25 "C, 3 days 
THF, 25 "C, 8 days 


THF, 25 "C, 5 days 
THF, 25 "C, 3 days 
THF, 25 "C, 3 days 


Desired product 


N[OC(OTMS)=CHCH,]Pha 


N [OC(OTMS )=CH,]Ph 


N [OC(OC,H,wH,]Ph 
NIOC(OCzH,)=CH,]Ph 
N[OC(OC,H,)=CH,]Ph 
N[OC(OC,H,)=CH,]Ph 
N [ OC(OC,H,)=CH,]Ph 
N [OC (OC,H, )=CH,] Phb 
N [ OC(OC,H,)=CH,]Phc 
N [ O C ( O C z H , ~ H z ] P h d  


'Ph = phthalimide. 


'Red-brown precipitate and unreacted CH#(l)OC,H,. 
Gray precipitate and unreacted CH#(Br)OC,H,. 


Gray precipitate and unreacted CH#(l)OC,H,. 
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with the PMA or PMMA chain ends, the attachment 
appears to be fragile. Additional work is needed to 
substantiate the involvement of an associative 
mechanism. 


CONCLUSION 
The single most important impediment precluding the 
use of N(0R)Ph compounds for the preparation of 
clean A-B block copolymers is that unreacted 
N(0R)Ph initiators are left in the first formed polymer. 
This results in a mixture of the desired A-B block 
copolymer and undesired homopolymer of monomer B. 
One approach might to be to find a way to increase the 
slow initiation step, relative to the faster propagation 
step. The use of higher temperature, other monomers, 
other solvents or emulsions could be tried. Another 
approach would be to find a practical way to separate 
the first-formed polymer [stabilized by N(0R)Ph or 
N(0R)Ph-derived groups] from unreacted N(OR)Ph, 
prior to carrying out polymerization with the second B 
monomer. Run 7 in Table 6 shows one approach, using 
an insoluble N(0Ag)Ph compound, which appears to be 
feasible. The final products are water-white and do not 
suffer from the color problems encountered reviously 
using azo-based initiators of various kinds! If ways 
were found to make the initiation step faster, then the 
resulting P/Ds would be expected to become more 
narrow. 


EXPERIMENTAL 
All monomers were purified by passing through neutral 
alumina, followed by N2 purging. All solvents were 
dried over 4a molecular sieves or by distillation. Reac- 
tions were carried out in glass vials or flasks with 
Teflon-coated stir bars. Air was excluded by means of 
N, purging with syringe needles or by running reactions 
in an N,-filled dry-box. All N(0R)Ph compounds were 
characterized by 'H Nh4R spectroscopy. 


Preparation of N[OCH(CH,)CO,CH,]Ph. Into a 
125 ml Erlenmeyer flask, equipped with a stir bar and 
thermometer, and placed in a wet ice-bath, were 
charged 20 ml of DMSO, 1.97 g (24 mmol) of fumed 
NaOAc and 3.91 g (24mmol) of N(0H)Ph. An N, 
blanket was provided by means of tubing in the opening 
of the flask and the contents were stirred for 10 min. A 
dark-maroon solution resulted. Next, 2.67 ml 
(24 mmol) of BrCH(CH,)(CO,CH,) were added and 
stimng and cooling were continued for 2 h. A cloudy 
light-yellow solution resulted. In a separating funnel 
was placed 200 ml of ice-cold water, 50 ml of CHCl,, 
and the reaction mixture. The contents of the funnel 
were shaken, then allowed to stand for a few minutes to 
let the two phases separate. The upper phase was 
discarded. The lower (CHCl,) phase was extracted once 


more with 100 ml of ice-cold water and the upper phase 
discarded. The lower phase was poured into a flask 
containing MgSO, and the contents were allowed to 
stand for about 15 minutes to dry the CHCI, phase. The 
dried CHCl, phase was collected by filtration and was 
stripped to about 2-5 ml and was combined with 50 ml 
of pentane. The white product was collected by 
filtration, vacuum dried and weighed, giving 3.65 g 
(61% yield). 


Procedure, using N(OCH(CH,)CO,CH,)Ph, to 
prepare PBA-PMA a block copolymer. In a N,-filled 
dry-box, a 6 ml crimp cap vial with a stir bar was 
charged with 0.0567 g (0.23 mmol) of 
N(OCH(CH,)CO,CH,)Ph, 1 ml (11.2 mmol) of MA 
and 2 ml of THF. The vial was capped and the contents 
were stirred at 50°C for 4 h using an aluminium block 
heater. The product solution was stripped in the dry-box 
and resulted in 0.40 g (36% conversion) of PMA. Next, 
also in a dry-box, a 6 ml septum-capped vial was 
charged with 0.0343 g of PMA, 0.25 ml (1.8 mmol) 
of BA and 0.75 ml of THF. The vial contents were 
stirred and heated at 50 "C for 17 h. Following stripping 
of the final product solution, 0.354 g of PBA-PMA 
were obtained (Table 6, run 2). A 'H NMR spectrum of 
the product gave a PBA-PMA ratio of 4.2. Samples of 
the PMA and PBA-PMA polymers were analysed by 
GPC: PMA, Mw=46,900, Mn=21,500, P/D=2.18; 
PBA-PMA, M, = 18,500, P/D 5.48. 


A sample of the PBA-PMA copolymer was analyzed 
by LC and showed the presence of a major peak (97.3 
area%) eluting at 5.60 min and a minor peak (2.7 
area%) eluting at 25.9 min (retention time of PMA). A 
reference ligand chromatogram of PBA gave a retention 
time of 5.47 min. 
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ELECTRONIC STRUCTURE OF THE 1,3-DIPHOSPHETANE 
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The equilibrium structures o f  cis- and truns-1,3-diphosphetane were evaluated at the RHF/6-31 g** level o f  
optimization, with MP2 electron correlation correction. Both structures are puckered, the trans isomer being 
slightly lower in energy than the cis isomer. The inversion barrier in 1,3-diphosphetane is lower in energy than 
in phosphetane. 


1. INTRODUCTION 


The self-addition of phosphaalkene, I ,  to form the 
diphosphetane is an important type of reaction. The 
reaction proceeds predominantly by head-to-tail 
combination to the 1,3-diphosphetane, I1 (Scheme 1). It 
is initiated by light or elevated temperatures. It has been 
discussed that in solution there might be partial or 
complete dissociation, forming m ~ n o m e r s . ~ . ~ . ~ - ~  The 
tendency for dimerization increases with decreasing 
volume of the substituents at phosphor~s~ .~ -~ '  and/or at 
the methylene C-at~m.'~. ' '  


Although in most cases 1,3-diphosphetanes, 11, have 
been observed in the self-dimerization of phosphaalk- 
enes, 1,2-diphosphetanes, 111, have also been 
obtained. A qualitative rationale for the head-to-tail 
versus tail to tail (or head-to-head) dimerization has 
been iven on the basis of frontier orbital considera- 
tions.' Alkyl substituents and Jr-donor substituents at 
the carbon (e.g. OSiMe,) of the PC double bond 
generate a HOMO with a greater coefficient at phos- 


111 


'Author to whom correspondence should be addressed. 
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phorus (in comparison with parent phosphaalkene). 
Consequently, the first link in the [2 + 21 dimerization 
occurs between the two P positions of higher Jt-electron 
density leading to the 1,2-diphosphetanes, 


In this paper, we evaluate the bonding properties of 
the parent 1,3-diphosphetane, 11, the most common 
product in the self-addition process of phosphaalkenes. 
In detail, we analyse (a) the equilibrium structures, (b) 
the inversion barriers at phosphorus and (c) the ring 
strain in 11, utilizing corresponding homodesmic reac- 
tions. Computational details are given in the Appendix. 


RESULTS AND DISCUSSION 


Structures 
For parent I1 (all substituents at the ring atoms are 
hydrogens), we obtained upon geometry optimization at 
the RHF/6-31 gyy level the stationary points shown in 
Scheme 2. 


The absolute energies of all the compounds investi- 


I 


Scheme 1 
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I 
H 


2 


2 


H 


I 
H 


Scheme 2 


gated are given in Table 1 and the most important 
geometrical parameters are summarized in Table 2. 


In 1 the hydrogens are in trails and in 2 in cis posi- 
tions relative to each other. These geometries are the 
only energy minima on the electronic hypersurface, as 
revealed by the corresponding vibrational analyses. In 
both geometries the four-membered ring is slightly 
folded, so that the lone pair orbitals at the phosphorus 
atoms point maximally away from each other. On this 
basis, the repulsion between the lone pair orbitals is 
minimized. A structure with a planar ring moiety (CZh 
geometry), 3, possesses one imaginary vibration 
(i91 cm-', h ) It is only slightly higher in energy 
(4.9 kJ mol- at the MP2 level plus zero point energy 
correction, see Table 1) than the puckered structure 1. 
The PC bonds in all the compounds investigated refer 
to single bond values;2' the PCP angles are larger than 
the CPC angles. This is a consequence of the larger 
valence an le strain at carbon compared with 


I' . 


phosphorus. d 


Of further interest are the transition state structures 
for the inversion at the phosphorus center(s), 4 and 5. In 
the former the ring moiety is planar; the CP(1)C angle 
is decreased while the adjacent PCP angles are shrunk. 
This is due to enhanced angle strain at the trigonal 
planar phosphorus atom. In addition the PC bonds at 
the phosphorus are elongated (1.896 A). The structure 4 
with only one planar phosphorus centre possesses one 
imaginary frequency (i975, a). Hence it is a transition 
state structure. In comparison, in 5 two phosphorus 
centres are planar. This structure possesses two imagi- 
nary frequencies (i1123, h2g; i1038, b,J which refer to 
a trails ( h 2 K )  or a cis (h , J  movement of the hydrogens 
at P to 1 or 2. Hence 5 is not a transition state for the 
inversion process. 


Inversion barriers 
The energies of all the species investigated were 
evaluated at (a) the RHF/6-31 g** level and with (b) 
additional electron correlation correction at the MP2 
level (MP2/6-31 gs*//RHF/6-31 g**) and further 
zero-point energy corrections. Absolute (in atomic 
units) and relative energies (in kJ mol-I) of all species 
under investigation are given in Table 1. The structure 1 
is lowest in energy, with 2 slightly above. Together with 
values for related systems, the energy barriers for 
inversion are given in Table 3. 


For the nitrogen cases the inversion barriers are 
considerable lower in energy than for the phos- 
phorus structures. Interestingly, the inversion barrier for 
1,3-diphosphetane [162.1 kJ mol-' (Ref. 27)] is lower 
than for phosphetane (178.5 kJ mol-I). In other words, 
the presence of the second phosphorus centre makes the 
inversion process more facile. 


Ring strain energies 
Ring strain-energies were evaluated by means of 
corresponding homodesmic  reaction^.^^.^^ For the 
molecules studied, the selection of proper reactions is 
not unique. Hence we chose two different routes for the 
evaluation of strain energies: 


(1,2) + 4 CH,CH, (6) + 2 H,CCH,CH, (7) 
+ 2 H,CPHCH, (9) + AE (1) 


(1,2) + 4  CH,PH, (8) + 2 H,CPHCH, (9) 
+ 2 H,PCH,PH,(lO) + AE (2) 


For 6-9 the equilibrium geometries have been reported 
previously, utilizing a basis set without polarization 
functions at the hydrogens (6-31 g").3" For these 
species we repeated the optimiz$$on of structures, 
using the better basis set (6-31 g ). Our geometries 
are in accord with the findings of the previous workers. 
Hence the resulting geometries for 6-9 will not be 
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Table 1. Absolute (au) and relative energies (kJ mol-I) 


Compound RHF" MP2' ZPE v(cm-')d 
~ 


1 


2 


3 


4 


5 


6 
7 
8 
9 


10 


~~ ~ 


-760.649378 
0.0' 


-760.649 159 
0.6 


-760.648587 
2.1 


178.6 
-760.581326 


-760.501377 


388.5 
- 79.238235 


-118.276159 
-38 1.495435 
-420.538214 
-722.787023 


-76 1.154564 
0.0 


1.8 


5.4 


164.2 


-761.153892 


-761.152500 


- 76 1 a92007 


-761.017324 


360.3 
-79-543355 


-118.725275 
- 38 1.763685 
-420.951473 
-723.164156 


-76 1.074974 


-761.074295 


- 761.073 104 


0.0 


1.8 


4.9 


162.1 
-761.01321 8 


-760.939716 


355.1 
-79.464143 


-1 18.615433 
-381.705494 
-420.862036 
-723.096266 


1263,~ '  


145,a, 


i91,b,, 


i975,a' 


ill23 bZg; 
i 1038, b 


328,al,, 
234,a, 
244, a" 
193,a' 
120, a" 


RHF/6-31 g**. 
MP2(fc)/6-31 g**//RHF/6-31 g**. 
Level (b) plus zero-point energy correction (harmonic approximation at RHF level, unscaled). 


Second entry, relative energies in kJ mol-I. 
" Energy lowest vibration(s). 


Table 2. Geoemetry data for stationary points on the potential energy surface 


Compound Symmetry Geometry data 
~~ ~~ 


1 C ,  P'C = 1.879, P2C = 1.871 
<P2CP2 = 92.6, <CPIC = 84.2, <CPzC = 84.6, <HP'd = 99.3, 
<HzP2d = 105.8. <P'dP2 = 154.7 


2 C ,  PC = 1.877 


3 C Z h  PC = 1.878 


4 C ,  PIC = 1.832, PzC = 1.896 


<PCP = 94.4, <CPC = 84.2, <HPd = 99.3, <PdP = 163.0 


<PCP = 94.0, iCPC = 96.0, <HPd = 102.0, <PdP = 180.0 


<CPIC = 88.5, <CP'C = 93.6, <CP2C = 89.5, <H'P'd = 180.0, 
<H2PZd = 100.4, <P'dPZ = 179.2 


<P'CPz = 84.4, <CP'C = 95.6, <HIP'd = 180.0, 
<H2PZd = 180.0, <P'dP2 = 180.0 


5 D 2 h  PC = 1.855 


a Bond lengths in A, angles in degrees 


Table 3. Inversion bamers-' 


Structure AE (kJ mol-') Ref. 


Dimethy lamine 
Azirine 
Azetidine 
Phosphine 
Methylphosphine 
Dimethylphosphine 
Phos phi rane 
Phosphetane 
1,3-Diphosphetane (one P) 
(two P) 


18.4 
72.1 
74.9 


149.0" 
152.8" 
160.Ih 
285.8h 
178.5' 
162.1' 
355.1' 


23 
24 
25 
26 
26 
21 
27 
27 


This work 
This work 


A MP3/6-31 g*//RHF/3-21 g*. 
I, MP2/6-31 gfk/RHF/6-31 g* + ZPE correction (at RHF level). 


MP2/6-31 g* //RHF/6-31 g** + ZPE correction (at RHF level). 
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Table 4. Energies (W mol-I) for reactions (1) and (2) 


Reaction Structure RHF" MP2h ZPE' 


1 70.0 68.7 63.2 
2 69.4 67.0 61.4 


2 50.8 57.6 51.6 


(1) 


(2) 1 51.3 59.4 53.4 


~~~ 


' RHF/6-31 g**. 


'Level (b) plus zero-point energy correction (computed at RHF 
approximation). 


MP2(fc)/6-31 g**//RHF/6-31 g** 


recorded. The strain energies thus calculated are given 
in Table 4. 


Reaction ( 2 )  seems more appropriate for the estima- 
tion of strain, since in diphosphinomethane (10) as well 
as in diphosphetane (1, 2), one methylene carbon is 
surrounded by two phosphino groups. On the basis of 
both reactions (1) and (2), the ring strain in 1 (2) is 
lower in energy than in phosphetane [74.9 kJ mol-' 
(Ref. 27)]. In other words, the introduction of the 
second phosphorus atom into the four-membered ring 
system lowers the ring strain. 


CONCLUSIONS 


The results of our investigations can be summarized as 
follows. 1,3-Diphosphetane adopts a puckered ring 
structure. The most stable geometry has the hydrogens 
in trans positions to each other. The introduction of a 
second phosphorus in the four-membered ring moiety 
further lowers the ring strain: cyclobutane 
110.9 kJ mol-l (Ref. 22) ,  phosphetane 74.9 kJ mol-' 
(Ref. 27). 1,3-diphosphetane 51.6 kJ mol-' [reaction 
(2)]. The ring strain energy is drastically reduced to 
15.1 kJ mol-' in cycl~tetraphosphane.~' In fact, the 
introduction of phosphorus into small ring systems 
reduces their strain, a classical deduction by Pauling and 
Sim~net ta .~ '  At the same time, the energy barrier for 
inversion at phosphorus is also slightly lower in 1,3- 
diphosphetane than in phosphetane. 
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APPENDIX 
All of the quantum chemical calculations were carried 
out with the Gaussian 92 set of programs.33 For the 
RHF calculations the 6-31 g”* basis set34 was used. It 
is of double-5 quality and contains polarization func- 
tions at all atoms. The MP2 electron correlation 
 correction^^^ were computed within the frozen core 
approximation. All energy optimizations were per- 
formed with analytically determined nuclear coordinate 
gradients. The vibrational analyses were camed out 
within the harmonic approximation. 
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OIL-IN-WATER MICROEMULSIONS BASED ON 
CHEMODEGRADABLE SURFACTANTS AS REACTION MEDIA 


ALBERT BIENIECKI AND KAZIMIERAA. WILK' 
Institute of Organic and Polymer Technology, Technical University of Wrodaw, 50-370 Wrodaw, Poland 


The reaction of 2-(p-nitrophenyl)ethyl bromide with hydroxide ion was studied in oil-in-water (o/w) 
microemulsions at 50°C. The octane-in-water microemulsion systems were stabilized by chemodegradable cyclic 
acetal-type cationic surfactants as [ (2-alky-l,3-dioxolan-4-yl)methyl]trimethylammonium bromides Ia-c (alkyl: 
a = n-C,H,,; b = C,,H,; c = C,,H,,) and butan-1-01 as co-surfactant. The rate constants were also determined in 
the corresponding aqueous micelles and in water. The hydrolytic lability of Ia-c in the microemulsion systems 
was achieved at 50 "C by acid hydrolysis of the 1,3-dioxolane ring. Systematic synthetic studies of the 
dehydrobromination were performed in order to develop a preparative approach for the product separation 
without unfavourable process such as foaming and emulsification. 


INTRODUCTION 
Microemulsion systems offer a very convenient way to 
investigate the kinetics of processes taking place at an 
oil/water interface owing to the high volume fraction 
occupied by the disperse phase and the very high 
interfacial area.' Their potential as reaction media has 
been demonstrated with increasing interest for various 
organic and inorganic reactions.2 Microemulsions, both 
oil-in-water and water-in-oil, can change reaction rates. 
In this respect, they behave like micelles, and the 
factors that control chemical reactivity in micelles are 
also at work in micro emulsion^.^ As reaction media, 
microemulsion droplets have the major advantage over 
micelles that they incorporate relatively large amounts 
of added solute, whereas micelles generally have much 
less capacity. 


However, when surfactants are used for micellar 
catalysis purposes, they often form an emulsion in the 
reaction mixture that causes difficulties during isolation 
of the desired products, and the surfactant remaining in 
the product can damage its character.' 


One of the most promising solutions is to construct 
the micellar systems by means of chemodegradable 
surf act ant^,^ which are susceptible to chemical 
reactions that decompose them into non-surface-active 
intermediates. Of the functional groups present in these 
surfactant molecules, the acetal group is the most 
common.6 


Author for correspondence. 


The main purpose of this work was to perform 
kinetic and systematic studies of the model basic 
dehydrobromination reaction of 2-(pnitrophenyl)ethyl 
bromide7 in oil-in-water droplets stabilized by chemode- 
gradable cationic surfactants containing a 1,3-dioxolane 
group as a linkage between the hydrophobic and 
hydrophilic units: 


R 0-CH, 
\ /  


/ \  
H 0 - CHCH,&(CH,),Bf 


Ia: R = CgHlg; Ib: R = C11H23; Ic: R = C,,H, 
The role of the 1,3-dioxolane moiety as a portion of 


surfactant has been a subject of recent s t u d i e ~ . ~ ~ ~ ~ ' - '  Its 
presence in micelles introduces a hydrophobic character 
comparable to the effect of more than two methylene 
groups of the hydrophobic alkyl Moreover, 
the 1,3-dioxolane ring does not seem to introduce 
noticeable changes in the micelle catalytic ability in 
comparison with the 'classical' hexadecyltrimethyl- 
ammonium bromide.' 


In this work, the reaction was followed in o/w 
microemulsions of chemodegradable surfactants Ia-c, 
n-octane and butan-1-01 in comparison with the respec- 
tive micelles and water at 50°C. Owing to the acid 
decomposition of the surfactant microemulsion 
components, which leads to non-surface-active com- 
pounds, we could avoid unfavourable processes such as 
foaming or emulsification during a preparative approach 
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appropriate for organic synthesis, allowing one to 
isolate the dehydrobromination product from the 
microemulsion medium. 


EXPERIMENTAL 
Materials. 2-(p-Nitrophenyl)ethyl bromide was 


available from our previous ~tudies.'~ It was purified 
before use by recrystallization from light petroleum. 
The preparation and purification of surfactants Ia-c has 
recently been described.6i The salts obtained were 
recrystallized several times from acetone-diethyl ether 
mixtures to a constant melting point. A check of the 
purity of the surfactants was obtained from the results 
of surface tension meas~rements.~g Deionized, doubly 
distilled water was used throughout. Analytical reagent- 
grade butan-1-01 and n-octane were obtained from 
Fluka. 


Phase diagrams. All phase diagrams were constructed 
at 5020.1 "C with compositions by weight per cent. 
Phase behaviour was noted by visual inspection. The 
butan-1-ol/surfactant weight ratio was 2.00. The phase 
boundary was determined by titration with 0.02 M NaOH 
(Figure 1). All solutions with compositions inside the 
boundary domain are clear and optically transparent. 


Kinetic procedure. The basic dehydrobromination 
of 2-(p-nitrophenyl)ethyl bromide was followed in a 
thermostatically controlled cell compartment of a 
Hewlett-Packard HP 8452 A diode-array UV-visible 
spectrophotometer at 50 "C within 0.1 "C by measuring 
the increase in absorbance of p-nitrostyrene (318 nm). 
The starting concentration of the organic reagent was 
~ x ~ O - ~ M .  In the presence of 0.02M NaOH, the 
observed pseudo-first-order rate constants (k,) calcu- 
lated from ln(absorbance) versus time functions using a 
linear regression program are the averages of at least 
three determinations. All reactions followed first-order 
kinetic for at least four half-lives. 


For the kinetic measurements, the microemulsions 
were prepared by mixing appropriate weights of the 
four components under the conditions indicated by the 
phase diagram locations in Figure 1. 


The conductivity of microemulsions (Figure 2) was 
measured on a Teleko N5772 conductivity meter con- 
nected to a thermostated cell (cell constant 0.634 cm-') 
capable of regulating the sample temperature at 
50f0.1 "C. The constant of the conductivity cell was 
determined against 0.01 M KCI solution. 


Hydrolysis of la-c in a microemulsion. The lability 
of the 1,3-dioxolane moiety was determined by gas 
chromatography (GC) (Chromatron GCHF-18.3, 2 
m x 4 mm i.d. column, 5% DEGS on Chromosorb G- 
AW) with UV-visible spectrophotometric detection 
(280 nm). A given microemulsion (1 ml) and 50 pl of 


2 M HCl was heated in a sealed tube at 50 "C. After the 
required time, the reaction mixture was cooled. The 
microemulsion phase separation occurred readily under 
the experimental conditions, giving rise to an organic 
layer which was separated, diluted with n-octane and 
submitted to GC analysis. The butan-1 -ol/appropriate 
aldehyde ratio was determined for every kinetic run, 
allowing one to determine the total surfactant decom- 
position. A similar microemulsion sample was analysed 
spectrophotometrically following the appearance of 
the respective aldehyde until phase separation of the 
microemulsion occurred. 


GCIMS technique. All analyses for the synthetic 
studies were canied out with a Hewlett-Packard HP 
5890 Series I gas chromotograph equipped with an 
HP 5971 A mass-selective detector. A glass capillary 
column (15 m x 0.2 i.d.) containing a cross-linked 
methylsilicone gum was used. 


RESULTS AND DISCUSSION 
For the initial kinetic and synthetic studies in chemode- 
gradable microemulsion media, we selected the base- 
induced dehydrobromination of 2-(p-nitrophenyl)ethyl 
bromide as an example since this reaction has been 
studied in detail in micellar systems including chemode- 
gradable m i c e l l e ~ . ~ ~ ~  


To approach the systematic methodology necessary 
for organic synthesis we constructed a schematic work- 
up as illustrated in Scheme 1. 


Phase diagrams 
The microemulsion systems that we chose for these 
experiments were made of surfactant Ia-c-butan-l- 
01-n-octane-0.02 M NaOH at 50 "C. The compositions 


I 


'm' ".\ 
SVRFACTANT 


O R C A M  
PHASE 


I "%ES 1 
Scheme 1. 
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of the microemulsion used as the reaction medium are 
indicated in Figure 1 by points X, ( i=a,  b and c for 
surfactants Ia and Ib, respectively, and j =  1, 2, 3 ,4 ,  5 )  
and are summarized in Table 1. The 1 : 2 microemul- 
sions are fluid, easy to prepare and offer an appreciable 
region of clarity. Figure 2 shows the electrical con- 
ductivities of the studied microemulsions as a function 
of oil content for a constant surfactant-to-water ratio. 
Microemulsions Xi, ( i=a,  b, c) of low oil content 
appear to have a high conductance, which after addition 
of n-octane decreases following path Xil-X,-X,. 
According to the literature," butan-1-01 is displaced 
from the core to the surface as n-octane is added to the 
o/w microemulsion. The droplets increase in size and 
their mobility decreases while their concentration 
remains constant. After enough oil has been added to 


W 


1a-c:A 


0 
Figure 1. Pseudo-ternary phase diagrams at 50°C for the 
system formed by Ia-c [(-) a; (---) b; (---.-) c]-butan- 
1-01 (A)-n-octane (0)-0.02 M NaOH (W). Ia-c: A = 1 : 2 
(w/w). The points X i j  ( i=a ,  b, c; j =  1 ,  2, 3, 4 ,  5) are 


indicative of the compositions studied 


Table 1. Compositions of microemulsions 


Microemulsions (wt%) 


PDL' Ia-c Butan-1-01 n-Octane Water 


X i ,  21.6 43.2 8.1 27.1 
xi2 15.5 31.2 6.5 46.8 
Xi3 10.3 20.6 5.0 64.0 
X i 4  17.3 34.6 26.0 22.0 
Xis 15.5 31.1 34.0 19.5 


'Phase diagram location (Figure l), were i = a, b, c, for the surfactants 
la, Ib and Ic, respectively. 


9 i  \ 
73 


IB w t  of octane 


Figure 2. Specific conductivity [u(a-' cm-I)] as a function 
of oil content at 50 "C for the surfactant-water-butan-l-ol-n- 


Octane microemulsion system: (A) Ia; (W) Ib; (0) Ic 


displace all of the alcohol, additional oil causes the size 
to increase with a concomitant decrease in droplet 
concentration. Thus, lowering of the electrical conduc- 
tance of microemulsions X,, and X,, is demonstrated 
here by the decreases in aggregate concentration and 
droplet mobility. Conductivity data suggest that the 
studied microemulsions are most likely an o/w system 
in which oil microdroplets are dispersed in an aqueous 
continuous phase. 


Kinetic studies 
The observed pseudo-first-order rate constants ( k , )  for 
the reaction of 2-(p-nitrophenyl)ethyl bromide with 
hydroxide ion in microemulsions of the synthesized 
surfactants Ia-c are given in Table 2. We examined the 
effect of changing the microemulsion composition on 
the dehydrobromination reaction, i.e. the variation of 
the observed rate constant at a fixed concentration 
of sodium hydroxide when the microemulsion composi- 
tion is changed following the paths indicated in 
Figure 1. It can be seen (points X i , ,  Xi,, Xa) for all 
surfactants that k, begins to decrease when the amount 
of octane in the microemulsion is increased. Following 
paths Xi,-X,-X, a slight decrease in the k ,  value is 
also observed. The kinetic data indicate that the 
dehydrobromination is only slightly faster in the Ic 
microemulsions than in Ia and Ib microemulsions, 
which leads to the conclusion that the average microen- 
vironment of the organic reagent in the microdroplets 
Ia-c is essentially the same. 
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Table 2. Basic dehydrobromination of p-NO,C,H,CH,CH,Br 
in diEeEnt systems and 0.2 M NaOH at 50 O C  


System P D L ~  S L ~ ( M )  lo%, ( s - 9  t 


Water 
la (micelles, k ,  ,,,my 0.0040 
Ib (micelles, kyomu). oa042 


Microemulsion Xn1 0.24 


x, 0.10 
x, 0.20 
x, 0.21 


Xb3 0.11 


Ic (micelles, kpnur). OX)48 


Xd 0.17 


xbl 0.30 
x b 2  0.20 


Xb4 0.23 


XCI 0.35 
Xc2 0.23 
Xe3 0.13 
X, 0.27 
Xrs 0.29 


xbs  0.25 


0.72 1 
9.55 13.2 


24.80 34.4 
35.7 49.5 


3.68 5.1 
2.65 3.7 
2.47 3.4 
1.63 2.3 
0.75 1.0 
4.15 5.7 
3.66 5.1 
3.00 4.2 
2.15 3.0 
0.93 1.3 
4.85 6.7 
4.33 6.0 
3.76 5.2 
2.19 3-0 
1.08 1.5 


'Reaction in micelles:' [Ia], =0.03, [Ib], =O.O12S and 
[k], = O.OO7S M 
bPhase diagram location (Figure 1). The compositions of the 
microemulsion used are. summarized in Table 1.  


Solubility of 2-(p-nitrophenyl)ethyl bromide. 


Rate enhancements (k,) are also presented in Table 
2. It is seen that the k,, values are about one order of 
magnitude higher in Ia-c micelles than in the respec- 
tive microemulsion systems. The kinetics in micelles 
are greatly enhanced at low concentrations of sur- 
factant owing to the classical micellar catalysis effect. 
This is related to the increased concentration of rea- 
gents at the micelle surface, but this effect 
progressively disappears at higher surfactant concen- 
trations because the reagents are distributed on a 
greater number of mice11es.l' When the reaction 
between 2-(p-nitrophenyl)ethyl bromide and OH - is 
carried out in Ia-c microemulsions, the concentration 
of OH-in the microemulsion droplets is considerably 
lower than that in cationic micelles of Ia-c. Further, 
the hydroxide ions are distributed over a larger phase 
volume in the microemulsion droplets than in micelles. 
In the reaction medium the butan-1-01 co-surfactant, 
partially converted into a butoxide ion, can also be 
reactive in promoting the studied E2 process. It is 
difficult to interpret quantitatively the effects of 
hydroxide and butoxide ions on the observed reaction 
rates because of the problems related to the deprotona- 
tion of butan-1-01. The extent of butan-1-01 at high pH 
cannot be estimated and the presence of butan-1-01 in a 
droplet reduces the charge density at the surface of the 
droplet and its ability to attract ions. 


Hydrolysis of microemulsions 
The cyclic acetal-type cationic surfactants la-c are 
stable under neutral and basic conditions but readily 
hydrolyse under acidic conditions to non-surface-active 
aldehydes and diols. The mechanism and kinetics of 
acetal hydrolysis have been investigated in detail both 
in homogeneous6i*11"-b and micellar sy~tems.".~*"~ The 
specific acid hydrolysis of the 1,3-dioxolanes proceeds 
with a rate-determining step, involving cleavage of the 
protonated acetal or ketal grouping." The hydrolytic 
reactivities of aggregated chemodegradable surfactants 
in acidic solutions are much smaller than those of 
unaggregated forms, which may indicate that the 
reaction microenvironment of the micellar aggregates 
causes electrostatic repulsion of hydronium ions by 
positively charged head  group^.^*^^' Additionally, the 
hydrolytic lability is decreased in micellar aggregates in 
comparison with aqueous systems as the result of a 
lower Stern layer polarity relative to the aqueous phase. 


The presence of a strong electrolyte such as HCl in 
the continuous phase strong1 changes the diameter of 
the microemulsion droplets." According1 y, it decreases 
with increasing electrolyte concentration. Again the 
presence of HC1 in the continuous phase would reduce 
the repulsive forces between the head groups of the 
surfactant molecules, leading to a more efficient pack- 
ing and, consequently, to a smaller radius of curvature. 


The results summarized in Table 3 describe the 
hydrolytic lability of the studied microemulsion sur- 
factants. The total decomposition time of a surfactant 


Table 3. Degradation parameters of Ia-c in microemulsions 
(0.1 M HCI, 50 "C) 


Total 
Microemulsion Phase se aration decomposition of 
PDL' time r (s) surfactant, (h) 


5250 
830 


6120 
1080 
1830 
5100 
650 


5710 
896 


1000 
4360 


540 
4890 


630 
869 


7.1 
7.3 


12.0 
3.2 
2.5 
7.6 
8.3 


12.8 
3.6 
3.2 
8.9 


10.3 
14.1 
4.8 
4.1 


'Phase diagram location (Figure 1). 


'Determined by GC. 
Determined by the UV-visible spectrophotometry. 
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(last column) corresponds to a hydrolysis conversion of 
at least 98%, thus providing information when the given 
medium decomposes almost completely into non- 
surface-active species. The phase separation time is 
defined here as the period of time required for a given 
microemulsion to lose its transparency as indicated by a 
sharp increase in absorbance. These two parameters 
were determined for the studied microemulsions Ia-c 
with the component concentrations as given in Table 1. 
Hydrolysis of surfactants Ia-c in microemulsions 
cannot be described in terns of a rate constant because 
too many dependables affect the kinetics. Generally, 
following paths Xil-Xi2-Xi, and Xil-Xi4-Xis there 
are no linear relationships between values of phase 
separation and total decomposition times. For all sur- 
factants, the phase separation time is the shortest for X, 
but the total decomposition time is shortest for X i s .  


Synthetic studies 
A preparative dehydrobromination was performed only 
in Ic microemulsions under the conditions used for the 
kinetic runs in Table 2. 2-(p-Nitrophenyl)ethyl bromide 
[at a concentration 30% less than its solubility limit 
(SL); Table 21 was dissolved in 40 ml of a given 
microemulsion X, (j= 1,2,3,4,5).  The SL parameter 
is based on the total solution volume. Although micelles 
of Ic gave the largest value of b, they could solubilize 
much less of the organic reagent and they are therefore 
the least suited for practical synthesis. In the next step 
of the work-up presented in Scheme 1, the microemul- 
sion surfactants after the reaction completion were 
hydrolysed by adding 4 ml of 2 M HCl at 50 "C (condi- 
tions are given in Table 3). The upper organic phase, as 
indicated by the GC-MS analysis, contained n-octane, 
butan-1-01, n-tetradecanal, p-nitrostyrene and small 
amounts of n-dodecanal and di-n-butyl ether. In order to 
remove the aldehyde, the organic layer was washed 
several times with saturated NaHSO, solution. After the 
solvents had been removed under reduced pressure, the 
remaining solid was crystallized from light petroleum 
and analysed [MS (70 eV), m/z (relative intensity, %): 
149 (M, 31.86), 133 (1.38), 119 (26.55), 103 (25.66). 
101 (2.65), 91 (42.03), 78 (6.64), 65 (19.91), 53 
(5.31), 51 (55.75)]). The isolation of p-nitrostyrene 
was achieved in more than 90% yield in the case of 
microemulsions X,, X,, , X, and X, , but only 60% in 
the X,, microemulsion. If one considers both the 
catalytic effect and hydrolytic lability of the studied 
reaction media, the water-rich o/w microemulsions X,, 
and X,, are the most suitable for synthetic applications 
in the studied case. 


CONCLUSIONS 
We have taken advantage of the transparency of 
microemulsion systems and the degradable character of 


cyclic acetal-type surfactants to survey a chemodegrad- 
able reaction medium. Thus, o/w microemulsions 
stabilized by surfactants Ia-c can be used to catalyse 
reactions, and subsequent acidification during the work- 
up procedures convert them into non-surface-active 
derivatives. The organic product can be isolated from 
the reaction mixture by an appropriate separation 
method without any emulsion problems. 
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'LIVING' AND CONTROLLED RADICAL POLYMERIZATION 
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Radical polymerizations cannot truly be 'living' because of the inevitable termination between growing radicals. 
However, relatively good control of molecular weights, polydispersities and terminal functionalities can be 
achieved by using either unimolecular or bimolecular exchange between growing radicals and dormant chains. 
The dormant chains can be in the form of either covalent species or organometallic compounds. Some systems 
based on alkoxyamines, organochromium compounds, organoaluminum compounds and alkyl iodides were 
studied and are discussed in detail. 


INTRODUCTION 


The importance of radical polymerizations can be 
ascribed to a large variety of monomers which can 
be polymerized and copolymerized radically and to 
the undemanding experimental conditions. Radical 
polymerizations require the absence of oxygen but 
can be carried out in the presence of water, e.g. 
suspension or emulsion polymerization, and in a 
convenient temperature range, ==O to 100°C. How- 
ever, the control over macromolecular structure in 
radical polymerizations is poor and much worse than 
in ionic polymerizations. Since the possibility of 
controlling molecular weights, polydispersities and 
terminal functionalities is very attractive for the 
preparation of new materials, it is desirable to 
improve the control of macromolecular structure in 
radical processes. 


Well defined polymers are prepared in living systems 
without chain-breaking reactions. However, it has 
recently been noted that controlled polymerizations can 
also be obtained in systems in which transfer and/or 
termination reactions are present but molecular weights 
have been adjusted to a level where contribution of 
these reactions could be neglected.' 


Termination is the most important chain breaking 
process in radical polymerization. The contribution of 
termination increases with the concentration of growing 


*Author to whom correspondence should be addressed. 


radicals, [Po], because termination is second order in 
[PO] and propagation is first order in [PO]. The propor- 
tion of deactivated chains increases with increasing 
chain length. Therefore, the synthesis of well defined 
polymers by controlled radical polymerization requires a 
low momentary, or stationary, concentration of grow- 
ing radicals which should reversibly deactivate to 
provide a large number of relatively short chains In 
addition, initiation rates should be at least comparable to 
that of propagation to appropriately control molecular 
weights. 


Three possibilities of controlling radical polymeriz- 
ation have been discussed in a recent review:2 


1. Deactivation of a growing radical with a stable 
radical by the reversible formation of dormant covalent 
species, followed by their homolytic cleavage 


(1) 
kX1 


kdeacl 


P - R- P' + R' 


A dormant species, P-R, is the adduct of the growing 
radical P' and a scavenging radical R'. R' can react 
only with P' but not with the monomer, M, and cannot 
initiate polymerization. The covalent adduct cleaves 
homolytically to P' and R' with the rate constant of 
activation, k,,, and P-R is reformed with the rate con- 
stant of deactivation, kdeacl. 


2. Reversible deactivation of a growing radical with a 
'non-radical' species through the formation of a dor- 
mant persistent radical [equation (2)]. In this case, a 
stable adduct with an odd number of electrons, a 
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persistent radical, is reversibly formed: 


P' + X+{P - X}' (2) 


3. Reversible degenerative transfer based on ther- 
modynamically neutral exchange reactions between 
growing radicals and transfer agents: 


(3) P,' + PI - R-P,' k, + P, - R 


Here, the basic requirement for a 'living', or con- 
trolled, system is that a growing Pz, reacts rapidly and 
selectively with a transfer agent, P,-R, to exchange 
ligand R and to form a dormant species P,-R and a new 
radical P; capable of chain growth. The latter, after 
addition of m- 1 monomer units, Pz, will react again 
with a transfer agent, P,-R, to form P,-R and P;. If 
the exchange is fast, polymers with a narrow molecular 
weight distribution can be prepared. The degree of 
polymerization is defined by the ratio 
DP=A[M]/[P-R] and the reaction rate by a low 
concentration of stationary radicals [P' 1. This concen- 
tration has to be kept low enough to reduce the 
possibility of bimolecular termination. 


In the first category, nitroxyl radicals, protected 
phenoxyl radicals, dithiocarbamate, trityl and benzhyd- 
ryl derivatives have been used with variable success. 
The second category is generally based on organometal- 
lic compounds which form stabilized hypercoordinated 
radicals. The third group requires very rapid and 'clean' 
transfer without any side reactions. 


The control of a polymerization process is enhanced 
due to (i) a reduction in the ratio of the rate of termina- 
tion to that of propagation, owing to low instantaneous 
concentration of growing radicals; (ii) similar rates of 
initiation and propagation due to application of initia- 
tors resembling polymer end groups in their dormant 
state; and (iii) a low proportion of chains marked by 
uncontrolled termination and/or transfer due to rela- 
tively low molecular weights. 


Below, some examples of the synthesis of polymers 
by radical polymerization with enhanced control are 
discussed. 


REVERSIBLE DEACTIVATION BY NITROXYL 
RADICALS 


The first announcement of a 'living' radical polymeriz- 
ation appeared in 1982 when Otsu and Yoshida3 
reported an increase of molecular weight with conver- 
sion in the polymerization of styrene and methacrylates 
in the presence of dithiocarbamates. Later, more 
detailed studies indicated that in addition to the pro- 
posed iniferter action, some side reactions occurred. 
The term iniferter stands for a compound which acts at 
the same time as an initiator, transfer agent and termi- 
nator. The side reactions include decomposition of the 


dithiocarbamates and degradative transfer by formation 
of head-to-head olymers and dithiocarbamate radicals 
[equation (4) 1.4,' The latter can reinitiate polymeriz- 
ation, although very slowly. 


h -. 
RpN-C(S)S-Pn + P, - RpN-C(S)S + P'.-P, 


(4) 
In some other systems, based on relatively stable 


trityl and benzhydryl radicals, side-reactions and 
initiation with scavenging radicals also In fact, 
the increase in molecular weight with conversion in the 
polymerization of methyl methacrylate initiated by 
3,3,4,4-tetraphenylhexane might be the first report on 
controlled radical polymerization.6 


Probably the best system described in the literature 
employs nitroxyl radicals such as TEMPO (2,2,6,6- 
tetramethylpiperidine- I-oxyl) and its derivatives. These 
radicals are stable to above 100°C, do not initiate 
polymerization and react very rapidly with C-based 
radicals such as the growing species in the radical 
polymerization of alkenes. Alkoxyamines, which are 
the products of these reactions decompose reversibly at 
elevated temperatures: 


P, 3 0 - NR,-=P,' + '0 - NR, (5) 
The position of the equilibrium depends on the nature 


of the radicals, solvent and temperature. Originally, 
polymerization of acrylates and methacrylates was 
initiated by a mixture of alkoxyamines prepared in 
advance and by classical initiators for radical polymer- 
ization.' The excess of radicals might exchange via 
degenerative transfer [equation (3)]. 


More recently, alkoxyamines have been generated in 
the polymerization of styrene in situ from benzoyl 
peroxide (BPO) and a small excess of TEMPO 
([TEMPO],/[BPO],= 1 .2).9 The polymerization of 
styrene in the presence of TEMPO requires relatively 
high temperatures, ca. 120°C at which point spon- 
taneous thermal initiation of styrene becomes 
significant. Apparently, BPO decom osition was 
accelerated in the presence of TEMPO." Acidic addi- 
tives have been used to reduce thermal self-initiation.'*" 


We have previously reported that the spontaneous 
thermal polymerization of styrene could also be con- 
trolled through the use of various stable radicals." 
Initially, polymerization was inhibited by these radicals 
and started after an induction period, when nearly all 
stable radicals were consumed. The induction periods 
and the rates of the subsequent controlled propagation 
depended on temperature and on the concentrations of 
scavenging radicals. Molecular weights were controlled 
by the amount of the scavenger and polydispersities 
were lower than in the usual radical polymerization, 


The polymerization of styrene in the presence of 
nitroxyl radicals occurred regardless of the source of 


M,/M,,= 1.3. 
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Figure 1. Kinetics of bulk polymerization of styrene at 
120°C in the presence of [TEMPO],=O~Ol M and 


also without initiator 
[BPO],=0.03 and 0.01 M, [AIBN], 0.03 and 0.01 M, and 


the radicals. Radicals may be formed by the spon- 
taneous thermal initiation. by the redox process with 
BPO, but this is less important at 120OC. Initiation may 
also occur by the thermal decomposition of the initiator 
[azobisisobutyronitle (AIBN) and also BP0].I3 
However, the degree of control depends on the amount 
of radicals and also on the dynamics of exchange. 


The amount of the scavenger controlled the polymer- 
ization rates and molecular weights. The rate of 
polymerization decreased with an increase in the conc- 
entration of the initial scavenger. This possibly 
indicated the presence of a relatively high stationary 
concentration of the scavenger. The amount of the 
initiator regulated the induction period and if used in 
excess over scavenger, it also affected Mn (Figure 2). 
When the initiator was used in excess over the scaven- 
ger, initially fast polymerization was observed during 
which uncontrolled, high molecular weight polymers 
were formed. Subsequently, stationary conditions were 
reached which were independent of the structure and 
concentration of the initiator. 


For a simple equilibrium between alkoxyamines and 
growing radicals described by equation (S), the equili- 
brium constant is given by 


(6) 
The concentration of growing radicals can be estimated 
from the kinetic plots. It is much lower than that of the 
dormant chains [P:] 4 [P,-ONR,]. The latter is close to 
the initial concentration of the scavenger. The slopes of 
the kinetic plots are 


(7) 


K = [p:l [ONR',I/ [P" - OM21 


-d ln[M]/dr = k =  k',[P',] 


The equilibrium constant, K, can be estimated by 
combination of equations (6) and (7): 


The values of the equilibrium constant, estimated in 
the polymerization of styrene at 120"C, were in the 
range K <  10-'omoll-L. They were based on the 
observed rate coefficients k= 10-5s-', a radical propa- 
gation rate constant k',= 10' mol-' 1 s's-', the number 
of dormant chains similar to the introduced scavenger 
and less than 1% of the scavenger remaining in the 
systems (UV). Because the equilibrium constant is 
defined by the ratio of the rate constants of the homo- 
lytic cleavage and the diffusion-controlled trapping of 
the growing radicals, ca 109mol-' l-ls-', the rate 
constant of the cleavage should be in the range of 
k,, < lo-' s-I. However, direct NMR studies indicate 
that P-ONR, decomposes much slower, k,, = s-' 
at 120 "C. 


The position of the maximum on gel permeation 
chromatographic (GPC) traces, M- closely follows 
the values predicted for the number of chains deacti- 
vated by TEMPO in the form of alkoxyamines. 
However, as shown in Figure 2, Mn values correspond 
to the total number of chains and are reasonably propor- 
tional to the concentration of the initiator, corrected for 
self-initiation and the coupling/disproportionation of 
the growing chains. The polydispersities remained 
relatively low and in some cases they decreased with 
conversion, especially when excess initiator was used. 
The polydispersities also were affected by the dynamics 
of the exchange reactions. 


The dynamics and thermodynamics of the exchange 
reactions depended on the structure of growing radicals 
and nitroxyl radicals, and also on some additives, solv- 
ents and temperature. The structure of TEMPO-like 
radical scavenger used in the polymerization of styrene 
initiated by AIBN strongly affected polymerization rates, 
molecular weights and the molecu!ar weight distribution 
of polymers. Figures 3 and 4 show the kinetic plots and 
the evolution of molecular weight with conversion for 
the polymelization of styrene initiated by AIBN in the 
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Figure 2. Evolution of molecular weight with conversion in 
the bulk polymerization of styrene at 120°C in the presence 
of [TEMPO],=O.Ol M and [BPO],=0.03 and 0.01 M, 


[AIBN]o= 0.03 and 0.01 M 
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Figure 3. First-order-timeconversion plots in the radical 
polymerization of styrene initiated by AIBN (0.03 M)/TEMPO- 


based nitroxyl radicals (0.03 M) at 120 "C 
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Figure 4. M,-conversion dependence in the radical poly- 
merization of styrene initiated by AIBN (0.03 M)-TEMPO- 


based nitroxyl radicals (0.03 M) at 120 OC 


presence of TEMPO, 4-hydroxy-TEMPO and 4- 
phosphonooxy-TEMPO as radical scavengers. 


The polymerization rates increased approximately 
tenfold in the presence of 4-phosphonooxy-TEMPO 
and decreased slightly in the presence of 4-hydroxy- 
TEMPO, when compared with unsubstituted TEMPO. 
The molecular weights increase linearly with conver- 
sion in all cases, but had higher values in the presence 
of 4-phosphonooxy-TEMPO, at the same initial 
concentrations of initiator, AIBN, and radical 
scavenger. 


The faster reaction with 4-phosphonooxy-TEMPO 
may be explained by the shifting of the equilibrium 
towards growing radicals. This would be due to faster 
homolytic cleavage of the deactivated species or due to 


the lower reactivity of the scavenger. These effects 
might be ascribed to the hydrogen bonding of the 
phosphoric acid moiety to the nitroxyl oxygen [equation 
(9) 1 


Ho\ P H O O  
e-o-\r" 
A - .IV.cH,.ClI . + 


(9) 
Another possibility affecting the exchange between 


growing and dormant species may involve the coordina- 
tion of nitronyl nitroxides. l4 Manganese(I1) 
hexafluoroacetylacetonate was used in the synthesis of 
mixed-ligand complexes with 4-phenyl-2,2,5,5- 
tetramethyl-3-imidazolin- 1 -yloxy-3-oxide as the 
nitronyl nitroxide species [equation (lo)]. 


G R W$7' k 
.w-cn,-yt b 


Ph 


M- 
,N y N -0. 


0 


Figure 5 shows the kinetic plots for the radical 
polymerization of MMA and styrene initiated by AIBN, 
in the presence of the above radical scavenger, with and 
without complexation with Mn(hfac),. In the presence 
of the complexed radical scavenger (1 and 3 in Figure 
5) the polymerization rates were higher than using the 
uncomplexed scavenger (2 and 4 in Figure 5). 


It was possible to polymerize styrene at temperatures 
below 100 "C. The molecular weights of both polymers 
grew linearly with conversion (Figure 6 ) .  


The structure of the organic radicals, or parent 
monomers, also affects the polymerization rates and the 
relevant equilibria. It seemed that polymerization of 
polar vinyl monomers such as vinyl acetate (VAc), 
methyl methacrylate (MMA) and methyl acrylate (MA) 
is faster at 80°C than the polymerization of styrene at 
120°C (Figure 7) under otherwise similar conditions 


In most cases, except for methyl methacrylate, the 
molecular weights increased with conversion as 
shown in Figure 8 and were defined by the amount of 
alkoxyamine formed by recombination of TEMPO 
with the growing radicals. It was possible that the 
tertiary radicals in the polymerization of MMA 
participated in transfer reactions which limited 
molecular weights at lower levels than for the second- 
ary radicals derived from styrene, acrylates and vinyl 
acetate. 


Radical polymerizations are not strongly affected by 


(bulk, AIBN, 0.03 M-TEMPO, 0.03 M). 
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Figure 5. Kinetic plots for the radical polymerization of 
MMA and S at 80T. (1) MMA [AJBN-4-phenyl-2,2,5,5- 
tetramethyl-3-imidazolin-1 -yloxy-3-oxide-manganese(II) hexa- 
fluoroacetylacetonate trihydrate (1 : 1 : l)] ;  (2) MMA [AIBN- 
4-phenyl-2,2,5,5-tetramethyl-3-imidazolin-l -yloxy-3-oxide 
(1 : l)]; (3) styrene [AIBN-4-phenyl-2,2,5,5-tetramethyl-3- 
irnidazolin-1 -yloxy-3-oxide-manganese(II)hexafluoroacetyl- 
acetonate trihydrate (1 : 1 : l)]; (4) styrene [AIBN-4-phenyl- 


2,2,5,5-tetramethyl-3-imidazolin-l-yloxy-3-oxide (1 : l ) ]  
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Figure 6. M,-conversion dependence in radical polymeriz- 
ation of MMA and S at 80°C. (1) MMA [AIBN-4-phenyl- 
2,2,5,5-tetramethy1-3-imidazolin-1 -yloxy-3-oxide-manganese@) 
hexafluoroacetylacetonate trihydrate (1 : 1 : l)]; (2) MMA 
[AIBN-4-phenyl-2,2,5,5-tetramethyl-3-irnidazo~in-l-yloxy-3- 
oxide (1 : l)]; (3) styrene [AIBN- 4-phenyl-2,2,5,5- 
tetramethyl-3-irnidazolin-l-yloxy-3-oxide- manganese(I1) 
hexafluoroacetylacetonate trihydrate(1: 1 : l)]; (4) styrene 
[AIBN-4-phenyl-2,2,5,5-tetramethyl-3-imidazolin-l -yloxy-3- 


oxide (1 : l ) ]  


the polarity of the solvents, under comparable condi- 
tions. However, in the thermal polymerization of 
styrene in the presence of TEMPO as a radical scaven- 
ger, the polymerization rates decreased in the order of 
bulk > decalin > diglyme. The longest induction period 
was noticed in the polar solvent, diglyme. In decalin, 
the initial rates were comparable to those in bulk polym- 
erization, although they later levelled off. The solvent 
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Figure 7. Kinetic plots in the radical polymerization of VAc, 
MMA, MA and styrene, initiated by AIBN (0.03 M)-TEMPO 
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Figure 8. M,-conversion dependence in radical polymeriz- 
ations of VAc, MMA and MA, initiated by AIBN 


(0.03 M)-TEMPO (0.03 M) 


effect on the evolution of molecular weights with 
conversion was very minor. 


REVERSIBLE DEACTIVATION WITH 
ORGANOMETALLIC COMPOUNDS 


Transition metals 
Reversible reactions of carbon-based radicals with 
organometallic com ounds play an important role in 


react reversibly with primary and secondary alkyl 
radicals.16 They have been used successfully for the 
controlled polymerization of a c r y l a t e ~ . ~ ' . ~ ~  On the other 
hand, a reaction with tertiary radicals was accompanied 
by @-hydrogen abstraction. Therefore, Co derivatives 
have been used as efficient chain-transfer reagents in the 
polymerization of methyl methacrylate. ' 9 3 2 0  


biological systems. l? Cobaloximes and Co-porphyrins 
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Some transition metal acetylacetonates based on 
Ni(I1) and V(II1) have been used as initiators for the 
living polymerization of acrylic monomers in the 
presence of aluminium alkyls or alumoxanes.2'*22 The 
role of aluminium derivatives is not yet clear, although 
they could be considered as alkylating reagents as in 
coordinative polymerization. In the absence of the A1 
derivatives, polymerization could not be completed" or 
did not work in a controlled manner." Controlled 
polymerization of electron-accepting monomers, 
methyl methacrylate and di-2-ethylhexyl itaconate, was 
achieved using lanthanum versatate-diazonium salts. 
EPR measurements indicated formation of metal- 
stabilized radicals in these systems.23 


Initiating systems based on chromium acetate and 
organic peroxides in DMF as the solvent have alread 
been reported for the radical polymerization of MMA. 
At temperatures below 30°C, molecular weights 
increased monotonously with monomer conversion. 
These initiating systems have not been used success- 
fully in the polymerization of other vinyl monomers 
such as vinyl acetate or styrene. 


Macrocyclic polyamines such as 1,4,7,10-tetraazacy- 
clododecane (12-ane-4) and 1,4,7,10,13,16- 
hexaazacyclooctadecane (1 8-ane-6)= and related 
methyl-substituted derivatives are known as good 
complexing ligands for many transition metals. The 
ligand sphere and the coordination geometry have a 
large influence on the kinetic, thermodynamic and 
electronic properties of transition metal complexes. In 
some cases the macrocyclic ligand stabilizes the highest 
metal oxidation state leading to exceptionally negative 
values for the metal'" + ') + I n  + redox couples, 


The controlled polymerization of VAc and MMA in 
THF was achieved using as the initiator a redox system 
based on BPO and chromium diacetate in the presence 
of different N-based ligands [2,2'-dipyridyl(Dpy), 18- 
me-6 trisulfate (N6,H+) and hexamethyl-1 8-ane-6 (N6- 
CH,)].26 Figure 9 shows time-conversion plots obtained 
in the polymerization of VAc in the presence of differ- 
ent ligands, or without ligands, and also in methanol as 
the solvent. The highest conversion, up to 90%, 
obtained in the shortest time, 30 hours, was found in the 
presence of N,,H+ as the ligand. 


Figure 10 shows the evolution of molecular weight 
with conversion for the same three systems. In the case 
of the macrocyclic ligand N6,H+, a monotonous 
increase in Mn with conversion was observed. However, 
initially, up to 20% conversion, the increase was faster 
than at later stages. 


In the absence of any ligands, a curvature in the 
M,-conversion dependence indicated poor control of 
molecular weights. However, the molecular weights 
were significantly lower than those obtained by 
initiation with BPO alone, in the absence of 
chromium acetate, suggesting presence of chain 
transfer reactions. 
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Figure 9. Time-conversion plots in the polymerization of 
vinyl acetate initiated by BPO-Cr(OAc), in the presence of 


different ligands and solvents 
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Figure 10. M,-conversion dependence in the polymerization 
of vinyl acetate initiated by BPO-Cr(OAc), in the presence 


of different ligands 


Hence, the reactivity of the system is strongly 
dependent on the chromium solvation shell and 
coordination ligands used. Apparently, the reaction 
between chromium diacetate and BPO is a redox pro- 
cess in which chromium(II1) species are generated 
along with benzoate anion and benzoyloxy radical:" 


9 :  THF 
Ph-C-0-0-C-Ph + Cr2*(0Ac)2 - PK0b + C?*(OAC)~(OBZ) u *OoC 


It was previously proposed that Cr(II1) species were 
complexing the growing PMMA radicals. Such a 
complex would normally produce Cr(1V) species, 
which may have lower stability than the Cr(II1) com- 
pounds. Another possibility is that the Cr(I1) species 
formed complexes with the growing radicals, thus 
forming Cr(II1) species. In that case, Cr(I1) will have a 
dual role: as a redox co-initiator and the reversible 
scavenger of growing species. 
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Polymerization of some acrylic monomers can be redox 
initiated by mixtures (1 : 1) of transition metal derivatives 
(acetates, metallocenes) and arenediazonium salts (DS)? 


CI.Q.NIN* BF; + MPR,- c i - 0 .  + MP*'R,BF; 
. N2 


Mt = Rh", Cr" , CO". Ce"'. RU". 24" 
R = OAc. cycbpenladienyl 


Figures 11 and 12 show typical behavior of the (12) 
polymerization of MMA initiated by mixtures of 
transition metal acetates with p-chlorobenzenediazo- 
nium tetrafluoroborate. The fastest polymerization was 
observed with the initiating system based on 
Ce(OAc),-DS, 90% conversion after 6 h. With 
Rh(OAc),-DS, an induction period was found during 
the first 2-3 hours. Molecular weights increased monot- 
onously with conversion. The highest values were 
observed with Rh(OAc),-DS. It seemed that the num- 
ber of chains was constant for Ce-, Co-, and Cr-based 
initiating systems but it increased with Rh(OAc),-DS. 
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Figure. 11. Time-conversion plots in semilogarithmic coordi- 
nates for polymerization of MMA initiated by Mt" + (OAc),- 
p-chlorobenzenediazonium tetrafluoroborate (1 : 1); [MMAIo = 


5.0 M, [1],=0.125 M, THF-acetone (1 : l) ,  40°C 


Despite slow initiation, Rh(OAc),-DS yielded polymers 
with the lowest polydispersities (Mw/Mn= 1.2-1.45). 
Three other systems provided polymers with higher 
polydispersities, although the molecular weights grew 
linearly with conversion, indicating a low contribution of 
transfer In most cases, molecular weights increased with 
conversion and polydispersities were lower than in a 
typical radical or anionic polymerization at these tempera- 
tures. Trapping experiments and relative monomer 
reactivities based on copolymexization studies indicated 
that these polymerizations proceded via a radical mechan- 
ism rather than through the anionic coordination pathway. 
For example, when a mixture of water and acetone was 
used as the solvent, no effect on the polymerization was 
observed. The improved polymerization control could be 
ascribed to an equilibrium between growing radicals and 
dormant persistent radicals. 


In addition to metal acetates, various metallocenes 
have been reacted with diazonium salts in order to 
initiate the polymerization of acrylic monomers, 
acrylates, and methacrylates. Among various metal- 
locenes based on Zr(IV), Ru(II), Cr(I1) and Ni(II), 
dicyclopentadienylchromium, Cp,Cr, appeared to have 
the best control of the polymerization of both methyl 
acrylate and MMA (e.g. PMMA, Mn,~hcor=20,000, 


A tentatively plausible mechanism for the initiation 
of the polymerization of MMA with Cp,Cr-p-chlor- 
obenzenediazonium tetrafluoroborate is shown in 
equation (13). 


Mw/Mn= 1.24). 
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Figure 12. M,-conversion dependence in polymerization of 
MMA initiated by Mt"+(OAc)n-p-chlorobenzenediaonium 
tetrafluoroborate (1 : 1). [MMA], = SM, [I], = 0.12 M, 


THF-acetone (1 : I ) ,  40°C 


Organoaluminum compounds complexed by ligands 
and activated by stable radicals 


Organoaluminum compounds complexed by various N- 
or O-based donor ligands such as p ~ d i n e s , ' ~  dipyridyl 
(2,2'- or 4,4'-)30 or semiquinones produce radicals 
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which can initiate polymerization. Another method of 
generating the initiating radicals is through the reaction 
of organoaluminum compounds with nitroxyl  radical^.^' 
However, in both of these systems, no control of 
polymerization has been reported. We used a three- 
component system based on organoaluminum com- 
pounds complexed by 2,2'-dipyridyl and activated by 
~ ~ ~ ~ 0 . 3 3 3 4  


This system had the advantage of fast generation of 
propagating radicals. This was probably based on the 
reversible formation of hypercoordinated aluminum 
radicals which release reversibly propagating radicals. 
The system is, however, sensitive to moisture and 
oxygen and its activity depended strongly on the mon- 
omer structure. This may be explained by various 
affinities of the propagating radicals, which may be 
more or less nucleophilic or electrophilic towards the 
scavenging species. In addition to the radical pathway, 
coordination polymerization may also take place. The 
impurities may catalyze the polymerization but they 
may also suppress one or more processes. In addition, 
the effect of time (aging) is i m p ~ r t a n t . ~ ~ . ~ ~  


The polymerization of vinyl acetate in benzene 
initiated by triisobutylaluminum-2,2'- 
dipyridyl-TEMPO (1 : 1 : 2) at temperatures ranging 
from 20 to 60°C, proceeded according to first-order 
kiaetics in monomer and at an apparently constant 
concentration of growing species.33 The initial rates of 
polymerization depended strongly on the A1:TEMPO 
ratio and seemed to be optimum at a ratio of 1 :2. 
Molecular weights increased linearly with conversion 
(Figure 13) and the polydispersities remained low 
(1.2-1.3). Apparently, the lowest polydispersities were 
observed at the highest temperatures. This may be 
ascribed to the higher activation energy of propagation 
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0 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 


Conversion, ( [MJo-[MJ)/[M],  


Figure 13. Molecular weight-conversion dependence in 
polymerization of VAc ([M],2.5 M) with Al(i-Bu)!-Dpy- 
TEMPO (1 : 1 : 2) in benzene, at different concentrations of 
hitiator and temperatures: (0) [I],=0.05 M, 2OC; (0) 


[1Ia0 .05 M, 60 "c; (0) [I], = 0.3 M, 60 OC 


than that of termination and the decrease in the propor- 
tion of termination with increase in temperature. 


The three-component initiating system was also 
efficient for the polymerization of styrene and MMA. In 
the latter case, the polymerization rate was a few orders 
of magnitude faster than for vinyl acetate and polymer- 
ization was completed in a few minutes rather than in a 
few hours under similar  condition^.^^ 


Reactions with organometallic compounds may 
proceed not only via homolytic cleavage of the Mt-C 
bond but also by heterolytic cleavage leading, for 
example, to enolate anions in polymerization of MMA. 
The coordinative polymerization and insertion of 
monomer into Mt-C bonds is also feasible. In order to 
understand the mechanism of these reactions, it is 
necessary to study the effects of various quenching 
reagents and the reactivity ratios in copolymerization. It 
may happen, however, that scavengers, such as 
TEMPO, modify or destroy the reactive sites of one 
type, leading to erroneous conclusions. The copolymer- 
ization rates may be strongly affected by the equilibria 
involving both growing radicals, especially if one is 
more electrophilic and the other more nucleophilic. The 
scavenger-copolymerization studies are, however, 
necessary to understand the nature of the growing 
species involved in these reactions. 


DEGENERATIVE TRANSFER 
As shown in equation (3), not only unimolecular but 
also bimolecular exchange between the growing and 
dormant species may take place. The potential advan- 
tage of a system with bimolecular exchange is that it 
may employ a classical initiator added in small amounts 
to an efficient transfer agent. The ideal bimolecular 
exchange should involve a thermodynamically neutral 
transfer. This means that the transfer agent should 
contain a P moiety resembling the growing radical P'. In 
such a case, the transfer may be considered a degenera- 
tive process. The prerequisites for the successful 
degenerative transfer agent also include its stability to 
homolytic cleavage, otherwise a unimolecular process 
will take place, and a sufficient lability of the P-R 
bond. Similar reactions involving alkyl iodides and 
phenylselenides are known in synthetic organic 


We have successfully used several alkyl iodides as 
degenerative transfer reagents in the polymerization of 
various alkenes, including acrylates and styrenes. An 
example of using 1-phenylethyl iodide in polymeriz- 
ation of styrene is shown in equation (14). 
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- [I]  = 0.01 M: [XI = 
1 Id 2.5 10' 


E 
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Figure 14. Dependence of Mn upon conversion in the bulk 
polymerization of styrene in the presence of AIBN (I) and 1-  
phenylethyl iodide (X). The solid lines indicate the theoretical 


M ,  based on LIP,= A[M]/[X], 


The radicals generated by the initiator, AIBN or 
BPO, propagate and exchange iodine from the majority 
of the other chains relatively rapidly. This was evi- 
denced by the observation that the molecular weights 
corresponded to the concentration of transfer agents 
rather than initiator. Without the transfer agent, the 
molecular weight of polystyrene and poly(buty1 
acrylate) were fairly constant throughout the reaction 
at around Mn = 50,000-100,000. However, in the 
presence of the transfer agent, X, the molecular 
weights dropped to levels which were approximately 
equal to DP,=A[M]/[X], (Mn up to 5000). Also, as 
shown in Figure 14, the molecular weights increased 
with conversion in contrast to the sample without the 
transfer agent. 


CONCLUSIONS 


Radical polymerizations cannot be truly 'living' 
because of the inevitable termination between 
growing radicals. However, relatively good control 
of molecular weights, polydispersities and terminal 
functionalities can be achieved by using unimolecu- 
lar and bimolecular exchange between growing 
radicals and dormant chains. Covalent species or 
organometallic compounds can play the role of 
dormant species. In many systems, straight semilog- 
arithmic plots indicated a constant number of 
growing radicals and an increase in molecular 
weights with conversion indicated a constant number 
of chains capable of growth but being predomi- 
nantly in the dormant state. 
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STRUCTURE AND CONFORMATION OF (3S*, 4S*, 6R*)- AND 
(3R*, 4R*, 6R*)-3,6-DIMETHYL-4- 


PHENYLSULPHONYLTETRAHYDROPYRAN-2-ONES 


B. TINANT,* R. TOUILLAUX AND J. P. DECLERCQ 
Laboratoire de Chimie Physique et de Cristallographie, Universitt Catholique de Louvain, Place Louis Pasteur I ,  


B-1348 Louvain-la-Neuve, Belgium 


AND 


0. MISERQUE 
Laboratoire de Chimie Organique de Synthese, Universitt Catholique de Louvain, Place Louis Pasteur I, 


B-1348 Louvain-la-Neuve, Belgium 


The nucleophilic ring opening of propylene oxide by the lithio derivative of the trioxabicyclic orthoester 1 leads, 
after acidic treatment, to the title lactones 3a and 3b with no evidence of &lactones 3c and 3d. The 
stereochemistry of these two lactones has been established by X-ray diffraction analysis. The ring 
conformations observed in the solid phase are similar in both lactones and are compared with those observed in 
related molecules. However, the NMR spectroscopic analysis shows that this similarity does not exist in solution; 
lactone 3a adopts a different conformation. 


1. INTRODUCTION 
Over the past few years, our laboratory has been inter- 
ested in synthetic equivalents of homoenolates for the 
formation of five- and six-membered rings. Preliminary 
investigations have shown that methyl 3-phenylsulpho- 
nylorthopropionate is a particularly useful reagent for 
this purpose.' Recently, we have developed a new 
homoenolate reagent, 1, in order to accomplish the 
stereoselective synthesis of tetrahydropyran-2-ones 
bearing a C-3 substituent as found in the carpenter bee 
sex pheromone.2 We first investigated the nucleophilic 
ring opening of propylene oxide (2) by the lithio 
derivative of 1 (Scheme 1). This reaction could have 
led to four diastereomenc 8-lactones, 3a, 3b, 3c and 
3d, but only 3a and 3b were obtained, in a ratio of 
54:46 (Scheme 1). This ratio was determined by 
'H NMR analysis of the crude product, more 
specifically, by integration of the signal corresponding 
to the proton on C6. This proton resonates at 4.36 and 
4.70 ppm for the lactones 3a and 3b, respectively. We 


* Author to whom correspondence should be addressed. 


attributed this result to an epimerization at C-3 during 
the cyclization step, leading to products in which the 
methyl and the phenylsuphonyl groups possess a trans 
relationship (Scheme l).3 


These two lactones were easily separated by flash 
chromatography and we decided to undertake an X-ray 
crystal structure analysis of the two lactones, 3a and 
3b, in order to assign the relative stereochemistries 
without ambiguity. In addition, a 'H and I3C NMR 
study was performed in solution in order to verify the 
solid-state conformations observed. 


EXPERIMENTAL 
Crystal measurement and refinement data are summar- 
ized in Table 1. Both crystals were obtained by slow 
evaporation from ethyl acetate. A Huber four-circle 
diffractometer equipped with a graphite monochromat- 
ized Mo K a  (for 3a) or Cu Ka (for 3b) radiation was 
used for the measurements. A standard reflection was 
checked every 50 reflections; no significant deviation 
was observed. Both structures were solved by direct 
methods using SHELXS86.4 All H atom positions were 
located from Fourier difference synthesis. Anisotropic 
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Me/,,, 3H + M l f i  3~\\%'' 


0 Me Me 


3a 3b 


3c 
Scheme I 


Table 1. Data collection and refinement parameters 


3d 


~ 


Parameter 3a 3b 


Formula 


Cell measurement 
Mr 


No. of reflections 
Range of 2 0  (") 


System 
Space group 
a ( A )  
K A )  
4) 
a(") 
B(" )  
Y(0 ) 
V(A') 


28 cm-') 
F ( 0 W  
p(mm- ' )  
Approximate ciystal size (mm) 
Collection range 


(sin@/L),,,,, 
Range of hkl 


Indices of standard reflections 
No. of independ. measured refl. 
No. of observed reflections (122(r(/)) 
R ,  
R ,  (all data) 


S (on F ' )  
" (7 )  
Ao(max,min) (eA-3) 


)Y = I/(a'Fd + (gp)' 6 


15 
8-30 


triclinic 
P- I 
5.685(2) 
9.482(3) 


13.673 (5) 
70.06(3) 
77.67(3) 
80.97(3) 


674.0 (4) 
L 
1.32 
0.7 I069 


284 
0.244 


0.48 x 0.40 x 0.06 


0.56 
O s h c 6  


- 10s ks 10 
-14s Is15 


0 1 4  
200 I 
1495 
0.045 
0.064 
0.0678 
0.99 
0.05 


0.22, -0.28 


20 
12-5 1 


monoclinic 
P2,/n 


7.908 (2) 
17.121(3) 
10.764 (3) 


I 11.12(2) 


1359.5(6) 
4 
1.31 
1.5418 


568 
2.167 


0.48 x 0.15 x 0.12 


0.60 
O s h s 9  
Oc k s 2 0  


-12s I <  12 
1 3 2  
245 1 
1680 
0.049 
0.068 
0.1081 
0.92 
0.19 


0.24, -0.25 
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least-squares refinement was performed with- 
SHELXL93' using F2; H atoms were included in the 
refinement with an isotropic common refined tempera- 
ture factor. Atomic scattering factors were obtained 
from International Tables for X-Ray Crystallography.6 


The NMR spectra were recorded under standard 
conditions on a Bruker AM 500 spectrometer with 
3.000 computer using a 5 mm 'H and I3C probe at room 
temperature (25 "C). The CDC1, solvent provided an 
internal deuterium lock signal and an internal spectral 
reference (76.9 ppm for I3C). The reported chemical 
shifts and coupling constants are accurate to 0.1 ppm 
and 0.1 Hz, respectively. The assignments were 
confirmed by selective H-H and H-C irradiations. 


RESULTS AND DISCUSSION 


From the stereoscopic views (Figures 1 and 2)' the 
methyl at C-3 and the sulphone at C-4 are mutually 
tram in both 3a and 3b, whereas the methyl at C-6 is 


ou 


--% 
Figure 1. Stereoscopic view of the 


cis with respect to the sulphone in 3a and trans in 
3b. 


Atomic coordinates are given in Table 2 and bond 
distances and angles in Table 3. The endocyclic torsion 
angles in the six-membered heterocycle and the devia- 
tions of the ring atoms from the mean plane through 
C-6-0-1-C-2-C-3 are compared in Table 4. These 
results show that the ring conformation is similar in the 
two 8-lactones. In both 3a and 3b, the five atoms of the 
ester group (0-1, C-2, C-3, C-6 and 0-9) are approxi- 
mately coplanar (maximum deviation 0.02 8,) and the 
two remaining carbon atoms of the ring both lie on the 
same side of this plane (deviation 0.7 8, for C-4 and 
1.1 8, for C-5) (Table 4). The torsion angles indicate a 
skew-boat or 1,3-diplanar conformation* which is more 
regular for 3a than 3b. 


A search of the Cambridge Crystallographic Data 
Base' for non-fused tetrapyran-2-ones, eliminating 
structures with disorder or high R indices (>lo%), 
produced a set of 27 structures. The molecule with the 


* 
compound 3a (Program PLUTO') 


Figure 2. Stereoscopic view of the compound 3b (Program PLUTO') 
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Table 2. Atomic coordinates ( x  lo4) and equivalent temperature factors (A')( x 10') Ueq = (1/3)~.,~,U,,afa~aia, .  


3a 3b 


X 2 r Z Atom Y U,a Y uqa 


345 (4) 
-54(5) 
ISSO(5) 
2569(5) 
2090(7) 
2237 (6) 


1790 ( I  0) 
3622(7) 


I291 ( I )  
25 IS(4) 


2023 ( 5 )  
262(6) 
827(8) 


3 123(9) 
4883(8) 
4342(6) 


-1662(4) 


- 1303 ( 3 )  


6770(2) 
5423 ( 3 )  
4055(3) 
4086(3) 
5640(3) 
6870(3) 
8429(4) 
3850(5) 
5363(3) 
2731 ( I )  
2721 (2) 
3033(2) 


28 1 (4) 
979(3) 


- 181 5 (4) 
- 11 17(4) 


-1125(4) 
280(4) 


7443(2) 
8174(2) 
8060(2) 
6908 (2) 
6093 (2) 
6525 (2) 
5761 ( 3 )  
8677(3) 
891 5 (2) 
6583( 1) 
5553(2) 
6756(2) 
75 15 (2) 
8324(3) 
9019(3) 
8902(3) 
8101(3) 
7403(3) 


4227 ( 3 )  
5354(4) 
4887(3) 
2837(3) 
1663 (4) 
2520(4) 
14 I7 (7) 
6048 (6) 
6766(3) 
2186(1) 
3491 ( 3 )  
1869(3) 
105(4) 


- 1497(4) 
-3113(5) 
-3113(6) 
- 15 15 (6) 


101 (4) 


3156(1) 
3134(2) 
3574(2) 
3545(1) 
3329(2) 
3583(2) 


3307(3) 
2790(1) 
4481(1) 
4707(1) 
5005(1) 
4306(2) 
4438(2) 
43 l7(2) 
4068(2) 
3934(2) 
4048 (2) 


3404 (4) 


7037(2) 
6375 (2) 
5085 (2) 
4226(2) 
5019(3) 
6445 ( 3 )  
7284(5) 
4335(4) 
6874(2) 
3434(1) 
2860(2) 
4367(2) 
2 124 (2) 
2321 ( 3 )  
1273 (4) 


760)  


905 (2) 
-117(3) 


Table 3. Bond distances (A) and angles (") 


Bond 3a 3b Angle 3a 3b 


O( I )-C (2) 
0 ( 1 )-C (6) 


c (2)-c ( 3 )  
C(3)-C(8) 
C(3)-C(4) 
c (4)- c ( 5 )  
c (4)-S ( 10) 
C(5)-C(6) 
C(6)-C(7) 
s (1 0)-O( I 1) 
s ( 10)-O( 12) 
s ( 1 0)-C( 13) 
c ( I 3 )  -c ( 14) 


c (2)-0(9) 


C ( 1 3 )  -C ( 18) 
C ( 14) -C ( 15) 
C ( 15) -C( 16) 
C ( 1 6)-C ( 17) 
C ( I7)-C ( 18) 


1.343(3) 
1.454(4) 
1.204(3) 
1.506(4) 
1.528(5) 
1.546(4) 
1.540(4) 
1.788(3) 
1.496(4) 
1.5 l2(5) 
1.434(2) 
1.442(2) 
1.767(3) 
1.378(4) 
1.382(4) 
1.379(5) 
1.371(6) 
1.370(6) 
I .382(5) 


1.326(3) 
1.464(4) 
1.204(3) 
1.504(3) 
I .496(4) 
1.55 1 (3) 
1.5 15 (4) 
I .802(2) 
1.502 (4) 
1.496(5) 
1.434(2) 
1.434(2) 
1.764(3) 
1.376(4) 
1.383(4) 
1.382(4) 
1.358(5) 
1.372(5) 
1.366(4) 


C(2)-O( l)-C(6) 
0(9)-C(2)-0(1) 
0(9)-C(2)-C(3) 
O (  I)-C(2)-C(3) 
C(2)-C(3)-C(8) 
c (2) -c (3)-  c (4) 
C(8)-C(3)-C(4) 
C(S)-C(4)-C(3) 
C(5)-C(4)-S(10) 
c (3 )  -c (4)- s ( 1 0) 
C (6) -C (5)-C (4) 
O( 1)-C(6)-C(5) 
O( 1)-C(6)-C(7) 
C(5)-C(6)-C(7) 
0 (11)- s ( 10)-O( 12) 
o(ll)-s(io)-c(l3) 
0 ( 12) -S ( 1 0)-C ( 1 3 )  
O(ll)-S(lO)-C(4) 
0(12)-S( Io)-c(4) 
c ( 1 3)-s ( 10) -c (4) 
c ( 14)-C ( 13)-C ( 18) 
c ( 14)-C ( 1 3)-s ( I 0) 
c ( 18) -c ( 13) --s ( 10) 
C(15)-C(14)-C(13) 
C ( 16) -C ( 15)-C ( 14) 
C ( 17) -C ( 16)-C ( 15) 
C(16)-C(17)-C(18) 
C(17)-C(18)-C(13) 


1 19.7 (2) 
118.6(3) 
122.4 ( 3 )  
119.0(2) 
107.7 ( 3 )  
115.0(2) 
1 1  1.6(3) 
113.0(2) 
107.9(2) 
111.5(2) 
110.5(2) 
109.0(3) 
105.4(3) 
113.2(3) 
1 l8.6( 1) 
108.7( 1) 
107.7(1) 
107.4( 1) 
l08.5( 1) 
105.2(1) 
120.1(3) 
120.1(2) 
119.7(2) 
119.6(3) 
120.2(4) 
120-4(3) 
119.9(4) 
119.7(3) 


118.2(2) 


122.41 3 )  
1 19.5 (2) 
110.5(3) 
112.4(2) 
113.0(2) 
113.1 (2) 
110.8(2) 
108.2(2) 
111.3(2) 
106.4(3) 
1 07.8 ( 3 )  
114.3(3) 
117.9(1) 
108.1(1) 
108.5( 1) 
108.4( 1) 
108.5 ( I )  
104.6(1) 
120.7(3) 
119.6(2) 
119.7(2) 
118.8(3) 
120.3(4) 
120.7(3) 
120.0(3) 
119.4(3) 


118.0(3) 
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Table 4. Endocyclic torsion angles (") (0=0.5") and deviations (A) from the mean 
plane through C(6)-0 ( 1 )-C (2) -C (3) 


Angle 3a 3b Atom 3a 3b 


2.8 C(6)" -0.008 -0.006 C(6)-O(I)-C(2)-C(3) 3.8 
O(I)-C(2)-C(3)-C(4) -32.6 -38.1 O(l)* 0.017 0.012 
C(2)-C(3)-C(4)-C(5) 11.0 19.4 C(2)" -0.017 -0.012 
C(3)-C(4)-C(5)-C(6) 34.8 28.8 C(3)" 0.008 0.006 
C(4)-C(5)--C(6)-0(1) -63.1 -63.2 C(4) -0.692 - 0.835 
C(5)-C(6)-0(1)-C(2) 44.8 48.2 C(5) - 1.051 -1.105 


O(9) -0.022 0,021 


most similar conformation is (4RX, 5SX, 6Rx)-4-tert- 
butyl-Chydroxy -5-methyl -6-phenyl-1-tetrahydropyran- 
2-one" with endocyclic torsion angles of 5, -49, 32, 
20, -63 and 51". In the series, the most frequent 
conformation (eight cases) is a boat with one mirror 
plane bisecting the 0-1-C-2 bond and the second 
mirror through the C-3 and C-6 atoms. 


For the same set of 27 structures the average values 
for the bond lengths 0-1-C-2 and C-2=0-9 are 
1.343(3) and 1.204(2) A, respectively; the observed 
values of 1.343(3), and 1.204(3) 8, for 3a and 1.326(3) 
and 1.204(3) A for 3b compare favourably with these 
means. 


Crystallographic data indicate that the d-lactones 3a 
and 3b in the solid phase adopt a skew-boat conforma- 
tion characterized notably by the five dihedral angles 
between protons listed in Table 5. In order to verify the 
stability of these conformations in solution, we 
attempted to reproduce, with the help of a modified 
Karplus relationship" (for discussion of the scope and 
limitations of conformational analysis based on such a 
relationship, see Ref. 12), the experimental coupling 
constants J(H,H), also listed in Table 5. The limited 
number of molecules studied does not allow us to refine 
the parameters J ( 0 )  and J(180) and then to propose a 
Karplus relationship specific to each type of coupling. 
However, as indicated by the calculated values of 
3J(H,H),, the experimental coupling constants are, in 
the case of the lactone 3b, well reproduced qualitatively 


with the help of a relationship of the form 


3J(H,H)c = 10 COS*@ + 1.8 HZ 
The constant J(4,5B) representing a dihedral angle of 
approximately 90" corresponds to the value of C; the 
coupling constant J(5A,6) corresponds to two protons 
in a trans diaxial configuration. For the lactone 3b, the 
conformation observed in the solid phase persists in 
solution with three substituents in pseudo-equatorial 
orientations. Conversely, for the lactone 3a, the appli- 
cation of the relationship leads to calculated coupling 
constants 3J(H,H), markedly incompatible with the 
experimental values 'J(H,H),. 


Whereas the constants J(5A,6) and J(5B,6) and the 
related dihedral angles maintain values close to those 
observed for the lactone 3b, the constant J(3,4) is more 
compatible with a dihedral angle of the order of - 145". 
Moreover, the constant J(4,5A) is more characteristic 
of a dihedral angle of 180" between diaxial protons. In 
rigid six-membered rings such as in substituted 
cyclohexanes, the observed coupling constants between 
vicinal protons in a trans diaxial relationship are 
definitely larger (8-14 Hz; usually 8-10 Hz) than those 
observed between protons in an axial-equatorial or 
equatorial-equatorial relationship (1-7 Hz; usually 
2-3 Hz)." The angle @(4,5B), under these conditions, 
has to be equal to 60°, a value consistent with a 
coupling constant of 4.7 Hz and the Karplus relation- 
ship described as above. The new values of dihedral 


Table 5. Dihedral angles (") and experimental ['J(H,H),] and calculated 'J(H,H), coupling constants (Hz) 
for lactones 3a and 3b 


3a 3b 


Dihedral angle Angle 'J(H,H), 'J(H,H), Angle 'J(H,H), 'J(H,H), 


H(3)-C(3)-C(4)-H(4) -110 8.3 2.9 141 7.9 7.8 


H(4)-C(4)-C(5)-H(5B) 36 4.7 8.3 - 87 1.8 1.8 
H(5A)-C(5)-C(6)-H(6) 171 11.4 11.5 168 11 .o 11.4 
H(5B)-C(S)-C(6)-H(6) -70 1.9 2.9 -72 1.9 2.7 


H(4)-C(4)-C(5)-H(5A) 153 12.7 9.7 36 8.6 8.3 
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angles proposed for the lactone 3a are more representa- 
tive of a half-chair conformation in which atoms C-4 
and C-5 are above and below, respectively, the plane 
C-6-0-1-C-2-C-3 and where, again, all substitu- 
ents are in pseudo-equatorial orientations. This would 
explain the absence of a nuclear Overhauser effect 
between the two methyl groups. 


Experimental NMR data 


Lactone 3a. 
"C NMR (125 MHz. CDC1,: 6 (ppm) 18.8 (C-8),21.3 
(C-7),30.9 (C-5),34.6 (C-3), 63.6 (C-4), 73.3 (C-6), 
128.8 (C-15, C-17), 129.5 (C-14, C-18), 134.4 (C-16), 
136.3 (C-13), 171.4 (C-2). 


H-7), 1.40 (d, 3H, H-8), 1.71 (ddd, IH, H-SA), 2.10 
(ddd, H, H-5B), 2.93 (dq, lH, H-3), 3.26 (ddd, lH, H- 


'HNMR (500MHz, CDC1,: 6 (ppm) 1.32 (d, 3H, 


4), 4.32 (dqd, lH, H-6), 7.60-7.90 (m, 5H, H-14, H- 


Coupling constants J(H,H) (Hz): J(3,4) = 8.3; 
15, H-16, H-17, H-18). 


J(3 ,8 )  = 7.4; J(4,5A) = 12.7; J(4,5B) = 4.7; 
J(5A,5B) = 13.9; J(5A,6) = 11.4; J(5B,6) = 1.9; 
J(6,7) = 6.2. 


The protons 5A and 5B are cis and trans, respect- 
ively, with respect to the sulphone moiety. 


Lactone 3b. 
''C NMR (125 MHz, CDC1,: d (ppm) 16.7 (C-8), 
20.7 (C-7), 30.8 (C-5), 33.3 (C-3), 62.0 (C-4), 72.0 
(C-6), 128'7 (C-15, C-17), 129.7 (C-14, C-18), 134.5 
(C-16), 137.3 (C-13), 172.1 (C-2). 


H-8), 1.30 (d, 3H, H-7), 1.79 (ddd, IH, H-5A), 2.29 
(ddd, lH, H-5B), 3.04 (dq, lH, H-3), 3.19 (ddd, lH, 


H-15, H-16, H-17, H-18). 


J(3,8) = 6.8; J(4,5A) = 8.6; J(4,5B) = 1.8; 
J(5A,5B) = 15.8; J(5A,6) = 11.0; J(5B, 6) = 1.9; 
J(6,7) = 6.3. 


'H NMR (500 MHz, CDC1,: d (ppm) 1.24 (d,3H, 


H-4), 4.65 (dqd, IH, H-6), 7.60-7.90 (m, 5H, H-14, 


Coupling constants J(H,H) (Hz): J(3,4) = 7.9; 


The protons 5A and 5B are trails and cis, respect- 
ively, with respect to the sulphone moiety. 
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INFRARED STUDY OF THE PROTON ACCEPTOR ABILITY OF 
METYRAPONE 


P. MIGCHELS AND TH. ZEEGERS-HUYSKENS 
Department of Chemistry, University of Leuven, 200F Celestijnenlaan. 8-3001 Heverlee, Belgium 


The hydrogen bond complexes between metyrapone [methyl-1,2-di(3-pyridyl)propan-l-one] and hydroxylic 
proton donors (phenols, water) were investigated by infrared spectroscopy. The thermodynamic and 
spectroscopic data determined in carbon tetrachloride suggest that the nitrogen atom of the pyridine ring A 
[bonded to the C(CH3), group] is the main hydrogen bond interaction site. The data are compared with di-2- 
pyridylglyoxal complexes where the hydrogen bonds are formed on the oxygen atom of the carbonyl function. 
In the solid adduct of metyrapone with HCI, protonation takes place on the two nitrogen atoms of the pyridine 
rings. The data from this work are compared with those from chemical oxidation, which leads predominantly to 
the formation of mono-N-oxide A and di-N-oxide. 


INTRODUCTION 


Metyrapone [Zmethyl-1 ,2-di(3-pyridylpropann- 1 -one] is 
a powerful inhibitor of certain cytochromes P-450. '** 
The availability of nucleophilic functional groups is a 
feature common to most direct inhibitors of cytochrome 
P-450 enzymes and is manifested in metyrapone by the 
presence of basic atoms. These factors may be neces- 
sary for the interaction with the protein. 


The structure of metyrapone determined by x-ray 
diffraction is characterized by a twist of the molecule 
about the central two-carbon link (C,-Cl0) connecting 
the two pyridine rings. The torsion angle 
C,-C,-C,o-C,2 is 57". The nitrogen atoms NS and 
N,, are on the same side of the molecule but opposite 
the carbonyl oxygen 0,, (Figure 1). Metyrapone 
exhibits no hydrogen bonding in the crystal structure. 
Approximate molecular orbital techniques show that 
excess negative charge resides on the carbonyl oxygen 


Figure. 1. Molecular structure of metyrapone' 


CCC 0894-3230/95/020077-07 
0 19951 by John Wiley & Sons, Ltd. 


and pyridyl nitrogens, and, as a consequence, these 
three sites can act as hydrogen bond acceptors. 


Despite the biological importance of metyrapone, 
there are no data in the literature on its proton acceptor 
ability. In this work, the interaction between this base 
and hydroxylic proton donors was investigated by 
infrared spectrometry in carbon tetrachloride solution. 
The thermodynamic and spectroscopic data allow one to 
determine the interaction site(s). The infrared spectrum 
of protonated metyrapone is also reported. 


EXPERIMENTAL 


The IR spectra were recorded on Perkin-Elmer Model 
580 B and on Brucker Model 88 Fourier transform IR 
spectrometers at a resolution of 1 cm-'. The equilibrium 
constants (K) were measured from the absorbance of 
the vOH stretching vibration of the phenols. The concen- 
tration of the phenols ranged between 0.007 and 
0.008 mol dm-3 in order to avoid self-association 
and the Loncentration of the base was in excess 
(0.01-0.03 mol dm-3). The K values calculated on the 
assumption of complexes of 1: 1 stoichiometry, did not 
show any variation with the concentration and resulted 
from ten separate determinations. The enthalpies of 
complex formation were calculated from the K values 
determined at 298 and 323 K. 


Metyrapone from Aldrich (98%) was crystallized 
from ethanol and phenols from Aldrich or Huka were 
crystallized from ether petroleum-CC1,. The solvents 
were carefully dried bx the standard methods and kept 
on molecular sieves (4 A). 
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The metyrapone-HC1 adduct was prepared by spectroscopic properties of the complexes with the data 
on similar molecules. 


The thermodynamic parameters for the interaction 
between some phenol derivatives and metyrapone are 
given in Table 1, which lists the formation constants, 
the enthalpies ( -AH)  and entropies (-ASo) of complex 
formation along with the frequency shifts (Avo") of the 
vOH stretching vibration. One example of an IR 
spectrum in the vOH stretching region is reproduced in 
Figure 2. 


The logarithms of the K values are linearly related to 
the pK, values of the proton donors: 


passing gaseous HCl through a chloroform solution of 
metyrapone. The spectrum of the resulting precipitate 
was taken in a KBr pellet. 


RESULTS AND DISCUSSION 


Complexes between metyrapone and hydroxylic 
proton donors 
Metyrapone has mainly three basic sites available for 
hydrogen bond formation, the two nitrogen atoms of 
the heteroaromatic ring and the oxygen atom of the 
carbonyl function. The most probable interaction site log K298 = 5.65 - 0.40 PK, ( r =  0.994) (1) 
can be found by comparing the thermodynamic and log K3==4.81 -0.35 pK, (r=0.994) (2) 


I I I I 


Pg8 b pg8 b -AHc - A S  AVO" 
Phenol derivative" (dm' mol-') (dm3 mol-') (kl mol-') (J K" mol-') (cm -') 


Phenol (9.93) 43 
4-Br (9.34) 96 
3-Br (9.03) 106 
3,4-C12 (8.58) 179 
3,5-C1, (8.18) 286 


3-CF3-4-NOz (6.07) 1530 
3,4,5-c13 (7.75) 433 


21 23 
43 26 
45 27 
72 29 


108 30 
158 32 
465 38 


46 
48 
53 
54 
55 
57 
67 


455 
485 
505 
525 
555 
570 
610 


'The pK, values in water are given in parentheses. 
bErroronK=f5%. 
'Erroron - A H = f l . 5  kJmol-'. 
dErroron A , v , , = f l O m ~ ' .  
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Figure 3. IR spectra (3900-3200cm-') of (1) H,O (c=0.007 moldm-') and (2) H,O (c=O.007 mol dm-') and metyrapone 
(c = 0.04 mol dm-3). Cell thickness, 1 cm; solvent, carbon tetrachloride 


Figure 4. Molecular structure of di-2-pyridylglyo~al'~ 


In this limited AH-AvoH domain, the correlation of 
Badger-Bauer is valuable and can be written as 


-AH @.I mol-') = -17.7 
+0.089 AvOH (cm-')(r=0.977) (3) 


The thermodynamic data and the vOH values do not 
differ greatly from the data reported for phenol-3- 
methylpyridine complexes in the same ~o lven t .~ -~ .  For 
the complex between henol and this base, these 


-AS" = 660 J K-'  mol-I and AvoH = 475 cm-'. Further, 
the slope and intercept of equation (1) are very similar 


values are KZ9'=60dm P mol -1 , -AH=28.4kJmol-', 


to those calculated from Refs 4-6 for the pyridine 
complexes: 


(4) 
In the di-2-pyridylglyoxal complexes, where complex 
formation undoubtedly occurs at the oxygen atom of the 
carbonyl function, the thermodynamic constants and 
AvoH values are much weaker, and for the interaction 
with unsubstituted phenol re P'' = 9 dm3 mol-', 
-AH= 17 kJ Mol-I, and 
AvoH = 145 cm-'. 


These features strongly suggest that in the present 
case the hydrogen bond complexes are formed on 
one of the pyridine nitrogens. This conclusion is 
strengthened by the following spectroscopic 
observations: 


(1) The voH complex band is broad and characterized 
by several submaxima originating from Fermi 
resonance interaction with the internal modes of the 
proton donor. Similar band shapes were observed for the 
complexes involving phenols and heterocyclic nitrogen 
bases.'.' 


(2) The v- vibration is shifted to 2-4cm-' to 
higher wavenumbers. This upward shift explained by 
the decreased delocalization in the carbonyl bond. 


(3) Some vibrations of the pyridine ring are perturbed 
by complex formation. The v8, vibration observed at 
1584 cm-' in free metyrapone is observed at 1600 cm-' 
in the 3,4,5-trichlorophenol complex, the vlgb vibration 


log K298 = 5.881 - 0-42 pK, 


-AS" = 37 J K-' mol-I 
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100- 


shifts from 1416 to 1425 cm-' and the vI vibration 
from 1023 to 1025 cm-'. Owing to the overlapping with 
the phenol vibrations, only a few perturbations could 
be observed but very similar shifts were observed for 
the complexes involving pyridine and methanol" or 
diazines with phenols." 


The nitrogen atoms in each of the two pyridine 
rings have different proton acceptor ability. Pyridines 
with 3-alkyl substituents are more basic (pK, = 5-5)12 
than 3-acetylpyridine (pK, = 3.23).13 This suggests 
that the nitrogen atom of the A ring is preferred over 
the nitrogen atom of the B ring. As previously noted, 


r 


i 6 8 0  1 7 8 0  I600 I so0  1.400 I300 1280 i i n o  


Figure 5. IR spectra (3300-550 cm-') of (1) metyrapone and (2) metyrapone-HCl adduct 
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Figure 5.  Continued 


the thermodynamic data on metyrapone and 3-alkyl- 
pyridine complexes are very similar. Further, in the 4- 
acetylpyridine-phenol complex (no data are available 
for 3-acetylpyridine) where 95% of the hydrogen 
bond interaction takes place on the nitrogen atom of 
the heterocyclic ring, the thermodynamic data in 
carbon tetrachloride are14 KZ9' = 25.1 dm3A mol-', 
-AH = 17.2 kJ mol-' and -AS" = 31.4 J K-' mol-'. 
A small amount of complexes formed on the nitrogen 
atom of the B ring is not excluded, the metyrapone 
complexes being slightly weaker than those involving 
the same proton donor and 3-alkylpyridines. It is 
worth noting that the nitrogens in each of the two 
pyridyl groups of metyrapone are different in their 
susceptibility to chemical N-oxidation. 3-Chloroper- 
oxybenzoic acid leads predominantly to the formation 
of the mono-N-oxide A and the di-N-oxide whereas 
the mono-N-oxide B is formed only in small 
amounts. 


Similar conclusions can be drawn for the interaction 
between metyrapone and water. As shown in Figure 3, 
the vP and Y' stretching vibration of water in carbon 
tetrachloride are observed at 3708 and 3615 cm-'. In the 
metyrapone complex, these vibrations are observed at 
3696 cm-' ( A P  = 12 cm-') and 3385 cm-' (Avs  = 
232cm-I). The values are very similar to those 
observed for the 3-methylpyridine-water complex 
(AY" = 15 cm-', AY'= 232 cm-').I5 The experimental 
shifts for water-carbonyl bases are much 


The difference between the hydrogen bond acceptor 


sites in di-2-pyridylglyoxal and metyrapone can be 
discussed as a function of the different structures of 
the two molecules. As shown in Figure 4, the angle 
between the two pyridine planes of di-2-pyridylglyoxal 
is 83", the nitrogen and oxygen atoms being in a trans 
relationship around the C5-Cs b ~ n d . ' ~ . ~ ~  In this struc- 
ture, the accessibility of the lone pairs on the carbonyl 
oxygen is obviously greater than that of the pyridine 
nitrogens and, as stated previously, the hydrogen bonds 
involving a hydroxylic proton donor are formed on one 
of the carbonyl oxygens. Owing to the skew structure of 
di-2-pyridylglyoxal, a bifide hydrogen bond involving 
the two oxygen atoms seems very unlikely.' 


As depicted in Figure 1, in metyrapone the nitrogen 
atoms are anti to the exocyclic oxygen, making the 
accessibility of the basic nitrogens greater. The lower 
availability of the carbonyl oxygen also clearly appears 
when considering the molecular volumes calculated 
from the Van der Waals radii.' It has also been shown 
that the availability of nucleophilic functional groups is 
a feature common to most direct inhibitors of cyto- 
chrome P-450 enzymes.13 The availability in hydrogen 
bond formation processes has been discussed for other 
systems of biological interest." 


IR spectrum of the metyrapone-HC1 adduct in the 
solid state 
The IR spectra of metyrapone and its adduct with HC1, 
taken in a KBr suspension, are reported in Figure 5. The 
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experimental wavenumbers are listed in Table 2. Table 2 
also indicates the probable assignment of the vibrations. 
This assignment was made by comparison of literature 
data for pyridine22-24 and protonated ~ y r i d i n e , ~ ~ - ~ '  
which are also reported in Table 2.  


As discussed previously, the two heteroaromatic rings 
of metyrapone are not equivalent. However, as shown 
by the data in Table 2, splitting of the pyridine (ring or 
CH) vibrations is observed only for a few vibrational 
modes of free metyrapone, namely the vSb, v12,  v1 and 
v l ,  vibrations, the splitting of the other vibrations being 
to small to be observed. 


Protonation of pyridine derivatives brings about a 
spectacular increase in the frequencies of some vibra- 
tions, more particularly of the vg,, vSb and vlgb ring 
modes. The perturbation of the vibrations are very 
similar in metyrapone. No double perturbation (arising 
from the free and protonated molecule) is observed and 
this strongly suggests that both nitrogen atoms are 


involved in the protonation. This double perturbation is 
observed when pyridinium ions form NH'-N homo- 
conjugated bonds with neutral pyridine molecules.2' 
Only one very broad vN,+-"- and culminating at 
2500 cm-' is observed. The splitting of the 6,+, y, + 


and vlgb vibrations probably originates from the fact 
that the two pyridine moeities are not equivalent. For the 
other vibrational modes of protonated metyrapone, no 
splitting could be observed. New bands (called by 
Cook2' C bands) are observed at 2095, 2065 and 
1940 cm-I. These absorptions are very often observed 
in the IR spectra of protonated nitrogen or oxygen 
bases. 


An increase in the frequency of the v- vibration 
has also be observed when imines are protonated by 
strong acidsz9 


The weak frequency shifts of the skeletal 
C-C-C or rocking vibration of the methyl groups 
probably reflect small variations of the C-C-C or 


Table 2. Spectroscopic data (cm-') and tentative assignment of the vibrations in metyrapone and its adducts with HCI and 
comparison with pyridine and pyridine-HC1 


~~~ 


Metyrapone me yapone-HCl Assignment" Pyndineb Pyridine-HC1" 


3058 
3035 
- 


1675 
1581 
1566" 
1470 
1419 
1480,1476 
1375 
1351 


1261 
1181 
1113 
1043' 
1025' 
98 1 
97 1 


907 
821 
812 
740' 
658 
619 


3078 
3045 
2590 
2095 
2060 
1940 
1692 
1628 
1604 
1473 
1540d 
1459 
1380 
1340 
1273, 1261 
1313 
1172 
1128 
1013 
1031 
986 
976 
928,918 
903 
817 
807 
683 
548 
619 


Skel. C-C-C 


YNH + 
10a (YCH) 
Skel. C-C-C 
Skel. C-C-C 
11 (VCH) 
6b (6R) 
6a (6R) 


3054 
3036 
- 


308 1 
3041 
2500 


- 
1583 
1572 
1482 
1439 


1375 
- 


- 
1288 
1218 


1030 
993 


- 


- 


- 


891 
- 


703 
652 
603 


- 
1639 
1605 
1483 
1532 


1379 


1213 
1321 
1196 


1027 
1003 


- 


- 


- 


- 


963 
883 
- 


685 
637 
607 


a Y = Stretching vibration; 6 and y in-plane and out-of-plane vibration, respectively; R =ring vibration; r = rocking vibration; skel= skeleton vibration. 
bRefs 22-24. 
'Refs 25-21. 
dRef. 28. 
Doublets. The wavenumber of the first component is indicated. 
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CH3 valence angles brought about by protonation. 
This is difficult to discuss, however, because the 
structure of biprotonated metyrapone has not yet been 
determined. 


CONCLUSIONS 
It can be concluded that the hydrogen bonds formed 
between metyrapone and hydroxylic proton donors are 
predominantly formed on the nitrogen atoms of the 
heterocyclic ring A. Interaction with a strong acid leads 
to protonation of both nitrogen atoms. Similar conclu- 
sions have been reported for the N-oxidation with 
peroxyacids. 
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THEORETICAL STUDIES ON THE REACTIONS OF SUBSTITUTED 
PHENOLATE ANIONS WITH FORMATE ESTERS* 
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Semiempirical MO (PM3) studies are reported on the reactions of 18 substituted phenolate anions with m- 
(MNPF), p-(PNPF) and 3,4-dinitrophenyl formates (DNPF). The mechanistic change from rate-limiting 
formation to breakdown of the anionic intermediate (T-) can occur in the gas phase, especially for MNPF, at 
approximately an equal proton affinity ( P A )  of the nucleophile and leaving group phenolates, i.e. APA = 0 as the 
PA of the phenolate anion is decreased. In solution, however, owing to the low stability of T- and a greater 
stabilization by solvation of the transition state for the breakdown step (TS2), all three formate esters are 
predicted to proceed by a concerted mechanism, which is in agreement with the experimental results. The low 
stability of T'can be ascribed to the relatively high electron affinity of the phenolate anions. 


INTRODUCTION 


Nucleophilic displacement reactions at carbonyl centers 
are one of the fundamental class of reactions that have 
been extensively studied both in solution and in the gas 
phase. Early experimental results of the hydrolysis of 
esters suggested that acyl-transfer reactions occur through 
a stepwise mechanism involving a tetrahedral addition 
intermediate. Subsequent studies, however, indicated 
that the reaction can also occur through a concerted, one- 
step mechanism with a single transition state (TS) and no 
addition intermediate.* The mechanistic change from a 
stepwise to a concerted or from rate-limiting breakdown 
to formation of the intermediate depends primarily on 
relative basicities of the nucleophile (nucleophilicity) 
and nucieofuge (nucleofugicity ). 


The mechanistic change-over has been shown to 
manifest as a non-linear Bronsted-type plots showing a 
break from a large (j?=0.8-1.0) to a small 
(j? = 0.1-0.3) rate dependence on basicity of the 
nucleophile as the basicity of nucleophile  increase^.^ 


Williams and co-workers4 have shown that the 
reactions of substituted phenolate anions with p- 


'Determination of Reactivity by MO Theory. Par; 91. For Part 
90, see Ref. 1. 
t Author for correspondence. 


nitrophenyl acetate proceed concertedly with no indi- 
cation of a break in the Bransted plot at pK,,, where 
ApK, = 0 for the attacking and leaving phenolate anions, 
that would be expected for a stepwise mechanism when 
the rate-limiting step changes from formation to break- 
down of the tetrahedral addition intermediate for 
attacking phenolate ions that are less basic than the 
nucleofuge. Recently Jencks and co-workers5 reported a 
concerted mechanism for both acetyl- and formyl- 
transfer reactions involving substituted phenolate anions 
with in-nitrophenyl, p-nitrophenyl, and 3,4- 
dinitrophenyl formates (MNPF, PNPF and DNPF) and 
acetates (MNPA, PNPA, and DNPA). They noted non- 
linear Bronsted-type correlations that might be taken as 
evidence for a mechanistic change-over, but the correla- 
tion is shown to represent two different Bronsted lines 
that are defined by meta- and para-substituted phenolate 
and by metu- and para-substituted o-chlorophenolate 
anions. 


The mechanisms of gas-phase carbonyl addition- 
elimination reactions are less clear. Asubiojo and 
Braurnad proposed a double-well potential energy 
surface (PES) (Figure 1) to explain their results of the 
gas-phase displacement reactions at carbonyl centres. 


In this model, the two minima of the PES are unsym- 
metrical complexes in which the ionic species is 
electrostatically bound by the dipole of the neutral 
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Figure 1.  Double-well potential energy surface 
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molecule. The tetrahedral adduct in between the two 
'ion-dipole' complexes is a transition state (TS). For 
most carbonyl addition-elimination reactions, the 
binding energy is known to be relatively constant, 
between 12 and 20 kcal mol-' (1 kcal = 4.184 kJ).' 


For a nucleophile with a very low electron affinity 
(e.g. H- ,  CH,-) the tetrahedral adduct can be very 
stable and form an anionic tetrahedral intermediate, T- ,  
with a triple-well PES' (Figure 2). On the other hand, if 
the nucleophile has a very high electron affinity (e.g. CI- 
, CN') the tetrahedral adduct becomes relatively unst- 
able.9 Such differences in the stability of the tetrahedral 
adduct, T- ,  have been experimentally verified in the gas 
phase.'.' 


A b  iizitio studies on the tetrahedral adducts formed by 
anion nucleophiles with various neutral molecules 
predicted in general an ion-dipole complex on the 
reaction coordinate for the anion nucleophiles of rela- 
tively high electron affinity ( e g .  F-, CI-, CN-, HS-)." 


Our recent high-level ab iiiitio studies 
(MP2/6-31 + + G**//MP2/6-31 + + G**) on the ther- 
moneutral S,2' reactions of the allylic system: 


kl 


k-l 


[XCH,--CH--CH,X]- --+ 


X- + CH&H--CH,X - 
k2 


XCH,-CH=CH, + X- (1) 


with the nucleophiles X = H-, F- and CI-, have indi- 
cated a similar trend with a stable tetrahedral 
intermediate formation for X = H- but ion-dipole 
formation with no such intermediate for X = F -  and 
CI-." 


In this work, we examine theoretically the reactions 
of a series of substituted phenolate anions with MNPF, 
PNPF and DNPF, [equation (2)] in order to shed light 
on a more detailed understanding of the factors that 
determine the mechanism and mechanistic change-over. 


n 


k- 1 


0- 


INT(T-) 
0 


X = 18 substituents in the nucleophile (Table 1) 
Z = in-NOz, p-NO, and 3,4-(NO2I2 


The anionic nucleophiles used in this work have a 
relatively wide range of electron affinity or conversely 
proton affinity (or experimentally the pK, scale); the 
pK, values of the phenolate anion nucleophiles range 
from 10.13 (X = 2-CH3) to 5.41 (X = 2,3,5,6-F,). 


CALCULATIONS 
In this work, a semiempirical method, PM3,I2 was used 
in the calculations due to the complex reaction systems. 
We have tested performance of the AMlI3 and PM3 
methods by computing the proton affinities (PA)  of 
phenolate anions. The correlations of the computed PA 
versus experimental pK, values gave linear correlations 
with r=0-934 and 0.948 for the AM1 and PM3 
methods, respectively, the latter method being slightly 
better owing to an improved parameterization for 
hydrogen-bond energy calculation. The PM3 PA values 
are listed in Table 1 together with the experimental pK, 
values. 


All equilibrium structures including TSs were fully 
optimized and were characterized by force calculation 
and identifying positive or negative eigenvalues in the 
Hessian matrix. I 4  Various equilibrium states along the 
reaction coordinate are schematically presented in 
Figure 2. The distance between phenoxy oxygen of the 
nucleophile and carbonyl carbon was taken as the 
reaction coordinate. Ground states (GS) were optimized 
by the use of the EF option. Transition States (TS) were 
located by the reaction coordinate (RC) method and 
refined by the use of NLLSQ or TS option. 


Table 1. Proton affinities ( P A ,  in kcal mol-') calculated by 
PM3 method 


Substituent in the nucleophile pK," PA 


2-CH3 
4-CH3 
H 
4-CI 
3-CI 
2-F 
3,4-CIz 
2-CI 
3,5 -CI, 
4-CN 
2,4-C1, 
3,4,5-C1, 
2,3-F, 
2,3-CIz 
2,6-F2 
2,4,5-C1, 
2,3,5-C1, 
2,3,5,6-F, 


10.13 
10.09 
9.81 
9.26 
8.87 
8.48 
8.44 
8.32 
8.03 
7-80 
7-75 
7.69 
7.68 
7.5 1 
7.12 
6.88 
6.58 
5.41 


330.4 
330.7 
331.2 
324.9 
325.0 
324.4 
320.2 
324.9 
319.6 
314.8 
319.2 
316.0 
317.8 
320.2 
318.8 
315.0 
315.2 
306.0 


'Determined in aqueous solution at 25OC and ionic strength 1.0 M; 
taken from Ref. 5. 







328 Y. S. PARK ET AL. 


RESULTS AND DISCUSSION 


The calculated heats of formation, AH, in kcal mol-', 
for the reactions of MNPF, PNPF and DNPF with 
phenolate anion nucleophiles are summarized in Tables 
2 , 3  and 4, respectively. 


Reaction of rnetu-nitrophenyl formate (MNPF) 


In this reaction, the pK, value (8.19) of the nucleofuge 
[or leaving group (LG)] 3-N02-C,H,0-, is relatively 
high. The binding energies, dAH, in kcal mol-l in 
Table 2, of the reactants ion-di ole complexes (RC) 
are between 19 and 27 kcal mol- , whereas the stabili- 
ties of the intermediate (T-) are between 8 kcal mol-' 
(above the reactants level) and -12 kcal mol-l (below 
the reactants level). The rate-determining step corre- 
sponds to the highest point on the energy profile. Thus, 
when the level of TS2 is higher than that of TS1, the 
breakdown of the intermediate is rate limiting, whereas 
when TS1 is higher than TS2 the formation of the 
intermediate is rate determining. We note that for the 
phenolate nucleophiles with the relatively high pK, 
values (for entries 1-8), the TS2 level is lower than the 
TS1 level, indicating that the rate-limiting step is 
formation of T-.  In contrast, for the nucleophiles with 
the lower pK, values (for entries 9-18), the level of 
TS2 is higher than that of TS1, leading to rate-limiting 
breakdown of T-. This shows that for the gas-phase 
reactions of MNPF the mechanistic change occurs at 


P 


pK, sz 8.0-8.3, which is in agreement with pK, [where 
ApK, = pK,(X) - pK,(Z) = 01 at which the mechanistic 
change-over is expected to take place. Admittedly the 
differences in the two TS levels are small for most of 
the nucleophiles, but the general trend of the mechan- 
istic change exhibited is rather remarkable. Based on 
this mechanistic change, the rate-limiting TS levels, 
AH,(TS'), in the gas phase are satisfactorily correlated 
with the experimental log k2 values in solution with 
r = 0.960. The two critical bond lengths, d,' and d2# 
i.e. the partial bonds between C-a and 0 in TS1 and 
TS2, respectively (Figure 2), are summarized in Table 
5. The data in Table 5 reveal that reversal in the relative 
length of the two bonds takes place at pK, (ApK, = 0 of 
the nucleophile,3 i.e. for entries 1-8, d,' is greater than 
d2*,  while for entries 9-18 the opposite is true, 
d,#<d,*. This means that at pK,,, the two become 
approximately equal, d,' = d2*,  indicating that the rate- 
determining step is characterized by a TS formed with 
the partial bond of a phenolate anion of a higher pK, 
and a longer d'. This is in agreement with the well 
known [Bell-Evans-Polanyi (BEP]) principleI5 that a 
stronger nucleophile (with a higher pK,) leads to an 
earlier TS along the reaction coordinate, and the (intrin- 
sic) barrier height increases with a greater deformation 
or bond stretching required in the TS. This corresponds 
to a breakdown of T -  in the direction of producing a 
phenolate anion of lower pK, in equation (2), i.e. for 
pK,(X)>pK,(Z) k, is greater than k - l ,  whereas for 
pK,(X) <pK,(Z) the opposite holds, k 2 <  k - , .  Thus, the 


Table 2. Heats of formation (A?f(, in kcal mol-') of various s ta tePh for the reactions of  
nitrophenyl formate (MNPF) with phenolate anion nucleophiles 


m- 


Substituent in 
Entry the nucleophile AH,(R) dAH,(RC) dAH,(TSl) dAH,.(T-) dAH,.(TS2) 


1 
2 
3 
4 
5 
6 
7 
8 
9 


10 
11 
12 
13 
14 
15 
16 
17 
18 


2-CH3 
4-CH3 
H 
4-Cl 
3-CI 
2-F 
3,4-C1, 
2-CI 
3,5-CI, 
4-CN 
2,4-CI, 
3,4,5-C1, 


2,3-CI, 
2,6-F, 
2,4,5-C13 
2,3,5-C1, 
2,3,5,6-F, 


2,3-F, 


-111.6 
-112.5 
- 102.9 
- 115.9 
-115.7 
-151.6 
- 126.0 
- 114.4 
- 127.6 
-84.5 
- 126.6 
-135.7 
-201.1 
- 124.7 
- 199.6 
-136.3 
-136.1 
-296.8 


-26.2 
-26.3 
-26.7 
-24.5 
-24.4 
-24.9 
-22.8 
-24.2 
-22.4 
-21.1 
-22.2 
-21.1 
-22.9 
-22.4 
-22.6 
-20.7 
-20.7 
-19.1 


-5.0 
-5.2 
-5.6 
-3.3 
-3.3 
-2.8 
-1.3 
-2.7 
-1.0 
+ 0.8 
-0.3 
+0.7 
-0.4 
-0.7 
+2.2 
+1.6 
+ 1.6 
+8.0 


- 10.9 
-11.3 
-11.8 
-7.8 
-7.7 
-6.7 
-4.7 
-6.7 
-4.1 
-1.7 
-3.1 
-1.8 
-2.9 
-3.7 
+1.0 
-0.3 
-0.4 
+8.0 


-8.5 
-8.9 
- 10.0 
-5.0 
-4.9 
-3.8 
-1.4 
-3.8 
-0.7 
+2.0 
+0.2 
+1.9 
+0.7 
-0.4 
+4.3 
+3.5 
+3.4 


+ 12.9 


a R = reactants; RC =reactant (ion-dipole) complex; TSI and 2 = transition states for the formation and breakdown 
steps of the intermediate, respectively; T-  =Tetrahedral anionic intermediate. 
hdAH,(Y) =AH,(Y)-AHl(R) .  
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Table 3. Heats of formation (AH,, in kcal mol-I) of various states".h for the reactions of p-nitrophenyl 
formate (PNPF) with phenolate anion nucleophiles 


Substituent in 
Entry the nucleophile AH,(R) bAH,(RC) bAH,(TSl) bH, (T- )  dAH,(TS2) 


1 
2 
3 
4 
5 
6 
7 
8 
9 


10 
11 
12 
13 
14 
15 
16 
17 
18 


2-CH3 
4-CH3 
H 
4-CI 
3-CI 
2-F 
3,4-CIz 
2-CI 
3,5-C12 
4-CN 


- 112.7 
-113.6 
-104.0 
- 117.0 
- 116.8 
- 152.7 
-127.1 
- 115.5 
-128.7 
-85.6 
- 127.7 
- 136.7 
-202.2 
-125.8 
- 200.7 
- 137.3 
-137.2 
-297.9 


- 30 
- 30 
-31 
- 29 
-29 
- 29 
- 27 
- 29 
- 27 
- 25 
- 26 
- 25 
- 27 
- 27 
- 25 
- 25 
- 25 
-23.5 


-8 
-8 
-9 
-6 
-6 
-6 
-4 
-6 
-4 
-2 
-4 
-2 
-4 
-4 
-1 
-2 
-2 
+4.4 


-15 
- 16 
- 16 
- 12 
- 12 
-11 
-9 
-11 
-8 
-6 
-7 
-6 
-7 
-8 
-3 
-5 
-5 
+4.0 


-15 
- 15 
- 16 
- 12 
-11 
- 10 
-8 
- 10 
-7 
-5 
-6 
-5 
-6 
-7 
-3 
-3 
-3 
+6-1 


AbSee Table 2. 


Table 4. Heats of formation (AH,, in  kcal mot-') of various states**h for the reactions of nzp- 
dinitrophenyl formate (DNPF) with phenolate anion nucleophiles 


Substituent in 
Entry the nucleophile AH,.(R) bAH,(RC) dAH,(TSl) bAH,(T-) bAH,(TS2) 


- - 1 2-CH3 - 110.6 -35 - 15 
2 4-CH3 -111.5 - 35 -15 - - 
3 H -101.9 - 35 - 15 
4 4-CI - 114.9 - 33 - 13 - 22 
5 3-C1 - 114.7 -33 -13 -22 - 
6 2-F - 150.6 -33 -13 - 20 
7 3,4-CI2 - 125.0 -31 -11 -18 - 
8 2-CI -113.4 -33 -13 -21 - 
9 3,5-C12 - 126.6 - 30 -11 - 17 -17 


10 4-CN -83.5 - 29 -9 - 15 - 15 
I1 2,4-CIz - 125.6 - 30 -10 - 17 -16 


13 2,3-F2 -200.1 -31 - 10 - 16 -16 
14 -123.7 -31 -11 - 17 -17 
15 2,6-F2 - 198.6 -31 -9 - 13 - 13 
16 2,4,5-C13 -135.3 - 29 -9 -13 - 13 
17 2,3,5-C1, -135.1 - 29 -9 -13 -13 


- - 
- 


- 


12 3,4,5-C1, - 134.7 - 29 -9 - 15 - 15 


18 2,3,5,6-F4 -295.8 -27 -3 -4 -4 


ahSee Table 2. 


gas-phase reactions of MNPF with substituted pheno- This is, however, in striking contrast to the concerted 
lates are expected to proceed through an anionic mechanism found for all the phenolate nucleophiles in 
intermediate, T- ,  with mechanistic change-over at pKo, solution.5 In order to investigate the effect of solvent, 
i.e. the pK, of the LG, (where d,' = d2') from rate- H20, on the mechanism, we have carried out calculations 
limiting formation to breakdown of T -  as the of heats of mono-hydration to RC, TS1 and TS2. The 
nucleophile is varied to a less basic phenolate anion. results are presented in Table 6. It is interesting to note 
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Table 5 .  Bond lengths (A) of the partial bonds between C-, and 0 in TS1 
(d,') and TS2 (d2*) (Figure 1) 


4' d2* d,' d,' d,' d2' 


2-CH3 1.928 
4-CH3 1.954 


(1.820)" 
H 1.954 
4-CI 1.870 
3-CI 1.861 


2-F 1.861 
3,4-C12 1.813 
2-CI 1.850 


3,5432 14307 
4-CN 1.770 
2,4-CI 2 1.791 


3,4,5-CI3 1.772 
2,3-F, 1.786 
2,3-C12 1.800 


2,6-F, 1.694 
2,4,5-C13 1.749 
2,3,5-C13 1.749 


2,3,5,6-F, 1.607 


(1.757) 


(1.757) 


(1.718) 


(1.7 18) 


(1.667) 


1.779 
1.778 


(1.576)" 
1.665 
1.797 
1.797 


(1.628) 
1.797 
1.811 
1.7944 


(1.628) 
1.816 
1.829 
1.812 


(1.660) 
1.829 
1.814 
1.808 


(1.659) 
1.802 
1.830 
1.828 


(1.659) 
1.850 


1.977 
1.995 


2.004 
1.917 
1.911 


1.894 
1.854 
1.893 


1.845 
1.811 
1.831 


1.789 
1.824 
1.840 


1.724 
1.783 
1.785 


1.632 


1.662 
1.659 


1.659 
1.680 
1.681 


1.683 
1.697 
1.680 


1.699 
1.712 
1.697 


1.711 
1.702 
1.694 


1.690 
1.714 
1.713 


1.734 


2.090 
2.109 


2.122 
2.023 
2.017 


1.997 
1.946 
1.997 


1.936 
1.891 
1.916 


1.889 
1.909 
1.932 


1.786 
1.858 
1.862 


1.689 


- 
- 


- 
- 
- 


- 
- 
- 


1.619 
1.636 
1.621 


1.633 
1.627 
1.617 


1.608 
1.638 
1.637 


1.664 


"Values in parentheses are those for the mono-hydrated TS. 


Table 6. Heats of formation (AHl in kcal mol-') of various monohydrated states"' the reactions of nz- 
nitrophenyl formate (MNPF) with phenolate anion nucleophiles 


M U ,  (TS2) - 6AHl (TSl)" 
Substituent in 
the nucleophile AHl (R) MH,(RC) 6AHl (TSl) 6AHl (TS2) Gas phase Mono-hydrated 


4-CH3 165.9 -32.1(-5.8)' -13.2(-8.0)" -17.2(-8.3)" -4 -4 
2-CH3 169.1 -30.1(-5.7) -10.4(-7.1) -13.2(-8.3) -2 -3 
2-Cl 167.8 -30.0(-5.6) -10.4(-7.7) -12.0( -8.2) -1 -2 
2,4-C1, 180,O -28.0(-5.8) -7.3(-7.0) -8.1(-8.3) 0 -I 
2,3-CIz 178.1 -28.4(-6.0) -7.8(-7.1) -8.8(-8.4) +1 -1 
2,3,5-Cl, 189.5 -26.5(-5.8) -4.8(-6.4) -4.9(-8.3) +2 0 


a,h See Table 2. 
'Hydrogen bond energy = AH,(H,O) - AHl (gas-phase). 
Relative levels of the two TSs. 


that the stabilization afforded by mono-hydration 
increases successively on proceeding stepwise along the 
reaction coordinate, RC + TS 1 + TS2, by cu 
1 kcalmol-l in each step. As a result, the level of TS2 is 
depressed more relative to that of TS1 and the rate- 
limiting step shifts from k2 (TS2) to k ,  (TS1) for the last 
three entries in Table 6. A greater lowering of TS2 in 
solution should lead to a lowering of the barrier to 


breakdown of the intermediate and the process should 
then corresponds to an enforced concerted mechanism,16 
in agreement with the mechanism proposed in solution. In 
line with this mechanistic change, d2' becomes shorter 
than dl' in all cases in Table 5 as a result of mono- 
hydration, although the difference between the two, 
Ad' = d,' - d2*, narrows to a very small value for the 
least basic nucleophile studied, X = 2,3,5,6-F,. 
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Reaction of p-nitrophenyl formate (PNPF) 


The pK, value (7.15) of the LG, 4-N0,C6H40-, is 
lower by ca 1.0 unit than that of the MNPF, and hence 
the levels of RC and T -  (Table 3) are accordingly 
lower by cu 4 kcal mol- uniformly than those for the 
corresponding reactions of MNPF. In this case, the 
levels of TS2 are lower than those of TS1 for all 
phenolate nucleophiles except for the least basic 
nucleophile, X = 2,3,5,6-F,. This means that the reac- 
tions of PNPF proceed by rate-limiting formation of 
the intermediate, except for the 2,3,5,6-fluorophenolate 
anion, which reacts by the rate-limiting breakdown of 
T-. We would have expected the mechanistic change to 
occur at pK, [where ApK = pK,(X) - pK,(Z) = 01, i.e. 
pK,(X) = 7-15, which corresponds to X = 2,6-F2, but 
the mechanistic change occurred at much lower basicity 
of the nucleophile, pK,(X) = 5.4-6.6. This discrepancy 
is, however, a result of differences in the calculated PA, 
i.e. the PA for 4-N02C6H40- and 2,6-F2C,H,0- are 
303.7 and 318.8 kcalmol-I, respectively, so that even 
though their pK, values in water are similar (7.15 and 
7- 12) the calculated PA values differ substantially. Since 
the energetics in Tables 2-4 are those for the gas-phase 
reactions, we should really use the gas-phase PA values 
and not the pK, values (in water). If we compare the 
PA values, the mechanistic change in the gas phase 
observed here falls in approximately the right place; PA 
for 4-N02C6H40- and 2,3,5,6-F4C6HO- are 303.7 and 
306.0 kcal mol - I ,  respectively. There is a reversal of 
the relative order in d' from d,' > d,' to d,' < d,' in 
Table 5 ,  supporting the mechanistic change. For the 
case of MNPF, the pK, (8.19 versus 8.03) and PA 
3 14.8 versus 3 19.6) values agreed approximately to 
give the right phenolate nucleophile, i.e. 3,5- 
CI,C,H30-, at which the mechanistic change-over 
occurs. 


Here again, the differences between the levels of the 
two TSs are small, but there is a distinct trend of 
change in the mechanism. The depth of the 
intermediate, T - ,  is too shallow and almost indistin- 
guishable from TS2. T -  has a property of transient 
equilibrium point on the potential energy surface so that 
passage through the intermediate should experience a 
negligible barrier to decomposition thus the process 
becomes an enforced concerted mechanism.16 If we 
take the solvent effect into account, the levels of TS2 
will be depressed more relative to those of the corre- 
sponding TS1, leading to the concerted mechanism for 
all the nucleophiles studied including the last entry in 
Table 3, X = 2,3,5,6-F4, which is in agreement with that 
observed experimentally in water. 


Reactions of 3,4-dinitrophenyl formate (DNPF) 


Reference to Table 4 reveals that the levels of TS2 are 
all lower than those of the corresponding TS1 and the 


tetrahedral anionic intermediates, T- , are of transient 
equilibrium point type;16 the reactions of DNPF with all 
the phenolate nucleophiles will therefore proceed 
concertedly in the gas phase, in agreement with the 
proposal based on the experimental results in solution. 
The d l c  values are all greater than the d,' values in 
Table 5, which is again consistent with a single mechan- 
ism for all the nucleophiles. The transient equilibrium 
point16 (or unstable intermediate) after the TS1 level 
should not have any kinetic effect experimentally and 
hence the reactions become a concerted, single-step 
processes. However, in this case d2* is not exactly the 
same as that of the corresponding bond length in TSI, 
the TS for the concerted process. 


In summary, the gas-phase reactions of MNPF show 
a mechanistic change for rate-limiting formation to 
breakdown of the tetrahedral intermediate (T-) at 
approximately pK, (also APA = 0) as the basicity of the 
phenolate nucleophile is decreased. For PNPF, all 
phenolate anions except the weakest nucleophile, 
2,3,5,6,-F4C6HO-, react concertedly, whereas for 
DNPF all phenolate anions react concertedly. This 
indicates that as the leaving group basicity is decreased 
from 3-NO2- to 4-NO2- and to 3,4-(NO,),-phenolates, 
the single-step mechanism becomes successively more 
favoured and the enforced concerted mechanism starts 
at phenolate nucleophiles of successively lower 
basicity. 


Examination of Tables 2-4 reveals that as the 
leaving group basicity is decreased stepwise, 
MNPF+PNPF+DNPF+, the levels of TS1, T -  and 
TS2 are depressed uniformly by ca 5, 6 and 
8 kcalmol-', respectively, in each step. Thus the 
depression of the TS2 level is greater by cu 
3 kcalmol-l than that of TS1, thereby shifting the rate- 
determining step more and more to TS1, i.e. the reaction 
tends to proceed more and more by a single-step, 
concerted mechanism. The successively greater lower- 
ing of the TS2 level relative to TS1 is shown 
schematically in Figure 3. 


Conversely, the level changes due to a decrease in the 
basicity of the phenolate nucleophile with a constant 
leaving group, e.g. MNPF, can be considered in a 
similar manner. In this case, the depression of TS1 
should become greater than that of TS2 and the 
mechanistic change from rate-limiting formation to 
breakdown of T-  can be envisaged as shown schemati- 
cally in Figure 4. 


The results of these two energy scheme analyses in 
Figures 3 and 4 suggest that whichever phenolate anion 
has the lower basicity, the TS level involving partial 
bond of that lower basicity phenolate gives the lower 
TS. For example, in Figure 3, the pK, of 2,3,5,6-F4- 
phenolate anion (5.41) is lower than that of both 3- 
NO2-(8.l9) and 4-N02-(7.15) phenolate anions but is 
higher than that of 3,4-(NO,),-phenolate anion (5.28), 
so that the level of TS2 are higher than that of TS1 for 
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Energy 


\ 


Reaction coordinate 


Figure 3. Energy level depression due to a decrease in the basicity of the leaving group phenolate anion, 3-N0,-(8.19)+4-N02- 
(7.15) +3,4-(NO,),-phenolate (5.28). The relative levels and level changes correspond roughly to that of 2,3,5,6-F4-phenolate 


anion 


the former two but is lower for the latter. Similarly in 
Figure 4, the level of TS1 is higher than that of TS2 for 
4-CH3- (pK, = 10.09) and 3-CI-phenolate anion 
(pKa = 8.87) but is lower for 2,6-F2-phenolate 
(pK, = 7.12) since the m-nitrophenolate anion has a pK, 
of 8.19. 


sd- 
XC,H,O~- - -OC~H,Z XC,H,O-C- - -%c,H,z 


d3* 1- I I d** 
. A  
TS 1 


A 
TS2 


For the type of reactions studied in this work, i.e. 
the acyl transfer between two phenolate anions, the 
stability of any TS seems to depend largely on how 
efficiently the anionic charge is delocalized. Thus when 
the substituent(s) X in the nucleophile is a stronger 
electron-withdrawing group(s) than the substituent(s) 
2 in the nucleofuge, i.e. ux (or Xux)> uz (or Xuz), 
which is tantamount to pKa(X) <pKa(Z), the anionic 
charge is more efficiently delocalized in TS1 rather 
than in TS2 so that the level of TS1 becomes lower 
than that of TS2 and also bond length d,' becomes 
shorter than d2+. The opposite will be true when ux (or 
Zux)<uz (or Ed,) which is tantamount to 
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Energy 


Reaction coordinate 


Figure 4. Energy level depression due to a decrease in the basicity of the phenolate nucleophiles, e.g. 4-CH,-(10.09) +3-C1 
(8.87) +2,6-F2-phenolate (7.12). The relative levels forTS2 correspond to that of MNPF 


pKa(X) > pKa(Z). The higher is the pK, of a phenolate 
anion, the stronger is the nucleophilicity but the weaker 
is the nucleofugicity. 


The relative bond length changes in Table 5 reveal 
that a stronger nucleophile (with a higher pK, value) 
leads to an earlier TS, i.e. the bond length dl* is longer 
in TS1 (compare, for example, the dlC values of X = 4- 
CH, and X = 2,6-F2) and a stronger nucleofuge (with a 
lower pKa value) also leads to an earlier TS, i.e. the 
bond length d2# is shorter in TS2 [compare, for 
example, the d2* values of Z=3-N02  and Z=3,4- 
(N0212). 


We conclude that for the reactions of substituted 


depression of the second barrier, TS2, by solvation 
than the first barrier, TS1, the reaction is expected to 
proceed by a single-step mechanism, as observed 
experimentally. The low stability of T- can be 
ascribed to the relatively high electron affinity of the 
phenolate anion nucleophiles due to relatively strong 
electron delocalization within the phenolate rings. In 
contrast, the zwitterionic tetrahedral intermediate, Ti, 
in the aminolysis of the carbonyl compounds can be 
very stable, especially in hydrogen-bonding solvents, 
allowing the observation of mechanistic change-over 
in solution. 


SUPPLEMENTARY MATERIAL 


Bond angles (in degrees) and imaginary frequencies (in 
cm-') of TSs are available as supplementary material. 


phenolate anions with formate esters the mechanistic 
change can occur in the gas phase at APA = 0 (or pK,), 
but in solution, owing to the relatively low stability of 
the anionic intermediate, T - ,  and a greater degree of 
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AB INITIO STUDY OF THE LOW REACTIVITY OF THIOPHENE IN 
DIELS-ALDER REACTIONS WITH CARBON DIENOPHILES 


BRANKO s. JURSIC", ZORAN DZRAVKOVSKI AND SCOTT L. WHITTENBURG 
Department of Chemistry, University of New Orleans, New Orleans, Louisiana, USA 


The utility of thiophene as a diene for Diels-Alder reactions was studied by ab initio methods. The reactivity 
was evaluated with three dienophiles, vinyl alcohol, ethylene and acrylonitrile. Qualitatively the reactivity was 
determined by comparison of the reactant's frontier orbital energies, bond orders and charge transfer in the 
transition states. Quantitatively the reactivity was determined by estimation of activation energy with RHF/6- 
31G*, MP2/6-31G*, MP3/6-31G*//MP2/6-31G*, and MP4/6-31G//MP2/6-31G* ab initio calculations. The 
results of the calculations predicts that the reactivity of thiophene with acrylonitrile is similar to butadiene and 
ethylene with a preferred formation of the endo isomer. 


INTRODUCTION 


Preparation of thiophene derivatives is well docu- 
mented in organic literature, therefore it can be an 
excellent starting material in organic syntheses. I One 
reaction that is prevalent in organic synthesis is 
Diels-Alder cycloaddition.' Theoretically, thiophene 
seems to be an ideal diene for this reaction, especially 
because methods for sulfur elimination from the 
Diels-Alder adduct exist.' Unfortunately the thiophenes 
do not easily undergo cycloaddition  reaction^.^ Never- 
theless, there is a body of experimental results that 
suggest a few approaches that can facilitate a 
Diels-Alder reaction with thiophene as the diene.4.5 
Strong electron-withdrawing substituents on the 
thiophene considerably increase the reactivity with 
electron-rich dienophiles. Likewise, electron-donating 
substituents on thiophene activate electron-deficient 
dienophiles. Alternatively, the reaction conditions can 
be changed. For example, the reaction be force-driven 
towards completion under high pressure because the 
activation volume for the Diels-Alder reaction is 
negative.6 We have been involved in both theoretical 
and experimental study of the Diels-Alder reaction 
with thiophene derivatives as a dienophile for prepara- 
tion of valuable organic  material^.^ 


Author for correspondence. 


COMPUTATIONAL METHODOLOGY 


Geometry optimizations were carried out using GAUS- 
SIAN 92* at the restricted Hartree-Fock theory9 level 
with 3-21G"' and 6-31G"" basis sets and applying 
second-order Moiler-Plesset ( M E )  theory with 6-3 1G ' 
basis set. For all structures vibrational analyses were 
performed with the same basis set used for optimiz- 
ation. Each transition structure gives only one imaginary 
harmonic vibrational frequency, corresponding to the 
motion forming the new C-C bonds for concerted 
transition structures. The activation energies were 
estimated from MP3 and MP4"/6-3 1G" calculations on 
the ME/6-31G" optimized geometries. 


RESULTS AND DISCUSSION 


We have performed the theoretical investigation with a 
relatively high level of theory with the aim of deter- 
mining the reactivity of thiophene as a diene with 
ethylene and acrylonitrile. The mechanism of the 
Diels-Alder reaction is very well documented 
experimentally l 3  and theoretically. l4 Although there are 
many theoretical studies, mostly at the semi-empirical 
level,'' that support a biradical mechanism for the 
reaction, recent high level of ah iriitio calculations have 
indicated that a concerted mechanism may be at work. l4 


In this paper only concerted mechanisms for the 
Diels-Alder reactions will be considered. 
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Prior to determining the geometries of the transition 
structures for concerted addition of the dienophiles to 
thiophene the geometries of the reactants calculated 
with MP2/6-31G* were generated (Figure 1). As 
expected, every reactant has all atoms in one plane and 
both ethylene and thiophene have a common plane of 
symmetry. The validity of the geometrical parameters 
can be ensured on the basis of extraordinary agreement 
between the theophene structure generated with MP2/6- 
31GX and the structure derived from microwave data 
(Figure l).’(‘ 


The reactivity of the reactants for Diels-Alder 
reaction can be determined by using the frontier mol- 
ecular orbital (FMO) approach developed by Fukui.” 
According to this approach, a higher reactivity for the 
diene-dienophile reactive pair will be obtained in the 
case where two opposite frontier orbitals have similar 
energy. Better molecular orbital overlap will be 
obtained, leading to a transition structure with lower 
activation barrier. According to this approach, the 
addition will be HOMO thiophene-controlled except 
when very electron-rich dienophiles, such as vinyl 
ethers and alcohols, are used. Electron-rich dienophiles 
have a high energy HOMO orbital (Figure 2). It is 
well known that the energy difference of 
LUMOethylene - HOMObuodi,,, (209.15 kcal/mol) is 
smaller than for LUMObUodi,,, - HOMO,,,,,,, 


Ethylene 


Ac ry I o n i tr i I e 


(265-65 kcal/mol). This is called a normal electron 
demand, LUMO dienophile-controlled Diels-Alder 
reaction. The LUMOdienophile - HOMO,,,, energy 
difference for ethylene (Figure 2) addition to thiophene 
is 313.12 kcal/mol (0.499 au) which is only 1.26 kcal/ 
mol lower than the LUMOdi,, - HOMOdienophi,e energy 
differences. According to this calculation, both modes 
of FMO interactions should be relevant for 
ethylene/thiophene reactions. Furthermore, the 
LUMOdienophile - HOMOdi,,, energy difference for 
ethylene addition to thiophene is 103.97 kcal/mol 
higher than in the case of ethylene addition to 
butadiene. These results indicate a considerably lower 
ability of thiophene to act as a diene for the 
Diels-Alder reaction. Ethylene addition to butadiene is 
not favored, thus ethylene addition to thiophene under 
ordinary reaction conditions should not be experimen- 
tally feasible due to the FMO energy gap. 


Nevertheless, the FMO gap with ethylene as 
dienophile indicates that the cycloaddition reaction 
between thiophene and an electron-craving dienophile 
could exhibit a considerably lower energy difference 
between HOMOdi,,, - LUMOdienophile. In fact, the energy 
difference between reactants using acrylonitrile as 
dienophile is now only 259.16 kcal (0.413 au). This is 
still 50 kcal/mol higher than in the case of ethylene 
addition to butadiene. We propose that this reaction 


Vinyl Alcohol 


W 


Thiophene 
Figure 1. Geometries of the reactants generated with MP2/6-31G*. The experimental values for thiopheneI6 are in parentheses 
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0.131 ;L1 


-0.370 au 
\ 


AE=O.501 au 


Ethylene Thiophene A cry1 onitri le Vinyl Alcohol 
Figure 2. Frontier orbital energy correlation between thiophene and ethylene, acrylonitrile and vinyl alcohol calculated by 


MP2/6-3 1G* 


might be possible under rather forceful reaction 
conditions. 


Because the frontier orbital energy gap for ethylene 
addition to thiophene is nearly the same for 


it is reasonable to expect that electron-donating as well as 
electron-withdrawing substituents might be suitable 
dienophiles. To test this assumption the frontier orbital 
energy gap between thiophene and vinyl alcohol was 
calculated. Indeed, the LUMOdkne - HOMOdieMphile energy 
difference is now 294.30 kcal/mol and is only slightly 
lower than for plain ethylene addition. This suggests that 
electron-deficient dienophiles should be more practical for 
Diels-Alder reaction with thiophene. 


Although in many cases the FMO approach will give 
satisfactory results, in some cases it fails due to neglect 
of steric and electronic interactions of the reactants in 
the course of the reaction. A more reliable approach is 
comparisons of the charge separation in the transition 
structures, bond orders and, of course, the activation 
barriers of the reaction. Performing these studies 
requires knowledge of the geometries of the transition 
structures. 


LUMO,,,,,,,- HOMO,,, and LUMO,,,- HOMO~,,,p~~e 


Geometries of the transition structures and bond 
orders 
The transition structures generated with various ah 
initio methods are presented in Tables 1-3. As one 
would expect, the transition structures for ethylene 
addition to thiophene has a plane of symmetry bisecting 
the transition structure (Table I). Thus, the transition 
structure describes concerted synchronous formation of 
two new C-C bonds. The agreement in geometric 


parameters between different theoretical models is very 
good. For example, for new forming bonds the mcximal 
distance was predicted by RHF/3-21G* (2.177 A) and 
the minjmal distance was predicted by MP2/6-3 1G" 
(2.163 A), a disagreement of only 0.6%. Other geo- 
metrical values (Table 1) are predicted with similar 
precision, as MP2/6-3 lGY predicts the most compact 
transition structure by comparing bond orders for 
new forming bonds.RHF/3-21Ge, RHF/6-3 1G" to 
MP2/6-31G' predict bond orders of 0.282, 0.310 and 
0.332 respectively. All other bond orders follow the 
same pattern. Thus, bond orders for r34 increase, and 
for r23, r45 and r67 decrease. We do not have a satis- 
factory explanation for this phenomenon. 


There are two possible products to be formed from 
acrylonitrile addition to thiophene. Two isometric erido 
2 and ex0 3 transition structures are generated. As 
expected on the basis of symmetry of the reactants, the 
transition structures cannot result from a synchronous 
concerted cycloaddition, as in the case of ethylene 
addition. It is interesting to examine which of the two 
isomeric transition structures are more asynchronous. 
The geometric parameters of the endo transition struc- 
ture 2 for acrylonitrile addition to thiophene (Table 2), 
as predicted by the different theoretical models, are not 
in as good an agreement as for transition structure 1. For 
example, the disparity in the prediction of the bond 
length of new forming bonds r56 and r27 are in the 
range of 4.6% and 2.1%, respectively. Disagreement 
for the prediction of other geometrical parameters are 
also higher than for transition structure 1. The asyn- 
chronicity of the transition structure can be judged by a 
couple of geometric characteristics. One of the simplest 
means compares the bond distances of two new form- 







756 B. S .  JURSIC, Z. ZDRAVKOVSKI AND S. L. WHI'ITENBURG 


Table 1 .  Geometric parameters for ethylene addition to thiophene 


1 
r12 r23 r34 r45 r56 r67 a567 d2345 d3456 d4567 


I 1.749 1.408 1.370 1.408 2.177 1.385 103.5 0.000 -73.0 66.2 
IA 1.104 1.380 1.469 1.380 0.282 1.63 1 
I1 1.750 1.410 1.367 1.410 2.175 1.392 103.3 0.000 -72.6 65.9 
IA 1.098 1.358 1.489 1.358 0.310 1.598 
111 1.748 1.420 1.380 1.420 2.163 1.400 103.5 0.000 -72.9 66.5 
IIIA 1.098 1.338 1.505 1.337 0.332 1.570 


I = RHF/3-21Gx, = RHF/6-31GX, I11 = MP2/6-31Gx; A denotes bond orders calculated on ab iiiifio structures with AM1 


Table 2. Geometric parameters for endo acrylonitrile addition to thiophene 


2 
r12 r23 r34 r45 r56 r67 r27 r7 8 r89 


a567 a789 d2345 d3456 d4567 d5678 d6789 


I 1.809 


IA 1.092 
n 1.737 


IIA 1.132 
11 1.737 


IIIA 1.134 


105.9 


105.9 


106.6 


~ ~~ 


1.390 


1.44 1 
1.407 


1.355 
1.416 


1.343 


179.1 


179.3 


179.2 


1.376 


1.420 
1.366 


1.5 10 
1.38 1 


1521 


-1.0 


-2.0 


-3.7 


1.398 


1.406 
1.417 


1.309 
1.428 


1.293 


-73.5 


-75.2 


-75.3 


~~~ 


2.103 


0.313 
2.050 


0.386 
2.006 


0.425 


64.2 


66.0 


64.6 


1.389 


1.570 
1.403 


1.501 
1.41 1 


1.463 


- 107.2 


- 109.3 


- 104.7 


2.267 1.423 1.143 


0.234 1.010 2.878 
2.295 1.437 1.139 


0.278 1.006 2.879 
2.315 1.429 1.185 


0.286 1.018 2.857 


45.6 


102.5 


51.5 


I = RHF/3-21G*; I1 = RHF/6-31G*; 111 = MP2/6-31G*; A denotes bond orders calculated on ab initio structures with AMl.  
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ing bonds. Thus, the transition structure 1 represents the 
synchronous concerted mechanism of ethylene addition 
to thiophene (Table 1). Although this approach might be 
useful to eliminate synchronicity of transition structure 
2, the comparison of asynchronicity between different 
transition structures in this way can be misleading and a 
better approach is by comparison of bond orders. 
Accordingly, the bond order differences for two new 
forming bonds r56 and r27 calculated on RHF/3-21GX, 
RHF/6-3 lG* and MP2/6-3 1G” geometries are 0.079, 
0.108 and 0-139, respectively, for 2. 


The transition structure 3 for exu acrylonitrile addi- 
tion to thiophene is as expected for asynchronous 
concerted cycloaddition reaction (Table 3). The 
geometry parameters predicted by different theoretical 
models are in similar agreement to the erzdu isomeric 
transition structure 2. For example, the disagreement is 
maximal for bonds of formation r56 and r72 of 5.5% 
and 2.2%, respectively. The asynchronicity, again 
judged by the bond order differences for r56 and r27 
calculated on RHF/3-21Gg, RHF/6-3 1G” and MP2/6- 
31G” geometries are 0.075, 0.109 and 0.145, respect- 
ively. If we compare the bond orders for the erzdu 
transition structure 2 and exu transition structure 3,  the 


RHF/3-21G* predicted structure 2 is slightly more 
asynchronous (for 0.004) than expected if only sterical 
interactions between the CN group and the thiophene 
ring exist in 2. It is well known that the electronic 
interactions between substituents prefer the endo 
dienophile addition (Alder’s rule). By implementing a 
large basis set like 6-31G*, both RHF and MP2 calcula- 
tions predict transition structure 3 to be less 
asynchronous than 2. These results are 0.001 and 0.006, 
respectively, according to the bond orders. Attractive 
interaction between the dienophile and the diene can 
explain this difference in asynchronicity. 


Combining bond orders and the Hammond postulate, 
one can select one of two isomeric cycloaddition 
reactions with lower activation energy. According to the 
Hammond postulate, the transition that is closer in 
geomeq to the reactants will have lower activation 
energy. The position of the transition structure on 
the reaction coordinate can be determined by com- 
paring bond orders.” The sum of new forming bond 
orders calculated on MP2/6-31G” transition structures 2 
and 3 are 0.711 and 0.733, respectively, indicating an 
early transition structure for 2 and lower activation 
energy. 


Table 3. Geometric parameters for ex0 acrylonitrile addition to thiophene 


r12 r23 r34 1-45 r5 6 r67 r27 r7 8 r89 
a567 a789 d2345 d3456 d4567 d5678 d6789 


I 1.806 


IA 1.101 
I 1.734 


IIA 1.142 
III 1.734 


IIIA 1.143 


105.9 


106.0 


99.5 


1.391 


1.434 
1.409 


1.347 
1.416 


1.331 


180.0 


197.1 


180.0 


1.375 
1 .oo 
1.427 
1.364 
2.00 
1.519 
1.379 
4.00 
1.537 


1.400 


1.340 
1.420 


1.299 
1.432 


1.263 


73.7 


75.5 


75.6 


2.108 


0.309 
2.05 1 


0.385 
1.992 


0.439 


-64.0 


-64.5 


-65.0 


1.390 2.270 1.424 1.142 


1.573 0.234 1.009 2.879 
1.404 2.300 1.437 1.139 


1.502 0.276 1.006 2.879 
1.412 2.322 1.428 1.185 


1.449 0.294 1.020 2457 


- 105.3 0.00 


- 107.2 155.0 


- 103.8 124.2 


I = RHF/3-21G*; I1 = RHF/6-31G*; 111 = MP2/6-31G*; A denotes bond orders calculated on ab iriifio structures with AMI. 
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Table 4. Charge transfer between thiophene and the 
dienophiles in the transition structures (RHF charge transfer at 


the MP2 geometries) 


TS RHF/3-21G* RHF/6-31G* MP2/6-31G* 
~~~ ~ 


I 04016 - 0.005 6 -0.0042 
2 -0.081 3 -0.1372 -0.1482 
3 -0.0839 -0.1375 -0.1493 


Table 6. Activation energies (kcal/mol) for the Diels-Alder 
reaction of the dienophile addition to thiophene 


TS AEa, AEai,, 


A21 50.8 23.3 32.8 27.4 
1 52.9 26.0 36.2 30.1 
2 49.5 20.4 32.3 24.6 
3 50.6 21.3 33.2 25.4 


Determination of reactivity on the basis of charge 
transfer in transition structure 
There is one more method that can be used to determine 
the position of the transition structure in regard to 
reactants-charge transfer from the diene to dienophile 
in the transition structure. Although it is well known that 
the Mulliken charges are coefficient-derived quantities, 
and consequently only represent the crudest of approxi- 
mations of the electron density, we believe that relative 
charge transfer differences between similar transition 
structures should be possible. Comparison of Mulliken 
charges on the dienophile in two isomeric transition 
structures 2 and 3 (Table 4) suggest an early transition 
structure for 2 preferring the erido acrylonitrile addition. 
This is in full agreement with the previously discussed 
bond orders. In this respect it is not possible to compare 
the reactivity of ethylene as a dienophile with 
acry lonitriles. 


Activation energies of the Diels-Alder reaction 
The total energy of the species involved in a cycloaddi- 
tion reactant between ethylene and acrylonitrile as 
dienophile with thiophene is presented in Table 5. 
Between Ea, and Ea,, there is both a change in geometry 
and change in method. The energy increments between 
E,,, Ea,,,, Ea,, are interesting. For 1, the fourth-order 
increment is larger than the third-order increment. This 
indicates the MP series may be diverging and is strong 
evidence that the biracial transition state might be very 
close to concerted transition structure in energy. For 2 
and 3, the fourth-order increment is only a little less 


~~~ ~ 


A-ethylene addition to 1,3-butadiene; AEa,-RHF/6-31Gx; hEali-MP2/ 
6-31Gx, AEa,,-MP3/6-31Gx//MP2/6-31G*; AEa,,-MP4/6-31Gx// 
MP2/6-31 G" 


than the third-order increment, indicating a slowly 
convergent series. This lack of convergence carries over 
to Table 6. 


As predicted on the basis of frontier orbitals, the 
addition of acrylonitrile is strongly preferred to the 
addition of ethylene. The bond orders and charge 
transfer in transition structures 2 and 3 in combination 
with the Hammond postulate correctly predict that erzdo 
addition of acrylonitrile will have a lower activation 
energy. That is consistent with all of the applied 
theoretical models. As demonstrated earlier by othersi4 
and ourselves," the predicted activation .bamer varies 
with theoretical models. Thus, FU-IF/6-31Y and MP3/6- 
31G"//mp2/6-3 lGX overestimate, while MP2/6-31G" 
underestimate, the activation energy. The closest 
calculated activation energy for ethjlene addition to 
butadiene is obtained by MP4/6-31G ' //MP2/60-3 1G". 
The predicted value is only 1 kcal/mol different than the 
experimental value. Although MP4/6-31G*//MP2/6- 
3 IG* theoretical model predicts reliable results for 
ethylene addition to butadiene, this method might not be 
so accurate for thiophene as diene. Nevertheless, we 
believe that this theory level should give order of 
reactivity between the dienes and dienophiles. Compar- 
ing the activation energies calculated at the MP4/6- 
3 lG"//MP2/6-3 1G" levels reveals that addition of 
acrylonitrile to thiophene should have an activation 
energy similar to ethylene addition to butadiene. It also 
predicts that ethylene addition to thiophene should not 
be possible experimentally. 


Table 5. Total energies (au) of the reactants and transition structure 


Species Ea, Eaii Ealli Eaiv 


ethylene -78.03172 -78.28503 -78,30597 -78.31983 


nitrile -169.76801 -170.29817 -170.30842 -170.34166 
1 -629.23783 - 630.16860 -630.19839 - 630.26 144 
2 -720.97948 -722.19070 -722.20713 -122.29799 
3 -120.97774 -122.18923 -722.20562 -122.29675 


thiophene -551.29035 -551.92498 -551.95018 -551.98954 


Eal-RHF/6-31G*; EaII-MP2/6-31G*; EaDi-MP3/6-31G*//MP2/6-31G*; EaI,-MP4/6- 
31G*//MP2/6-3 1G*. 
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CONCLUSION 
Our results suggest that thiophene is a very unreactive 
diene for Diels-Alder reactions. The reaction is only 
possible with very reactive electron-deficient 
dienophiles, like acrylonitrile, with the formation of  a 
predominantly endo cycloadduct. Despite many disad- 
vantages that the frontier orbital method has in 
predicting reactivity, the higher reactivity o f  acryloni- 
trile in comparison with ethylene was correctly 
predicted. Although it i s  not possible to predict stereose- 
lectivity using FMO, by combination of the bond order- 
Hammond postulate and the charge transfer-Hammond 
postulate for isomeric transition structures of acryloni- 
trile to thiophene the stereoselectivity was predicted. 
Qualitative predictions were confirmed by estimating 
the activation barriers. The lower activation bamer 
predicted with MP4/6-31G"//MF'2/6-31G* selects 
thiophene as a suitable diene for reaction only with 
electron-deficient dienophiles. I t  is  also predicted that 
the endo cycloadduct should be a major product. The 
MP4/6-3 lG"//MP2/6-3 1G" ab initio calculations are 
in a qualitative agreement with experimental results.* 
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ISOTHERM OF WATER SORPTION BY HUMAN SERUM ALBUMIN IN 
DIOXANE: COMPARISON WITH CALORIMETRIC DATA 


MIKHAIL D. BORISOVER', VLADIMIR A. SIROTKIN AND BORIS N. SOLOMONOV 
Department of Chemistry, Kazan State University, Kazan, 420008, Russia 


The dependence of the amount of water bound to human serum albumin (HSA) suspended in water-dioxane 
mixtures vs the equilibrium water concentration in the liquid phase was determined by the Fisher method at 
298 K. The Langmuir model was used in order to describe the isotherm of the sorption of water by HSA at low 
water concentrations in the solvent. The calculated equilibrium constant of water adsorption (3.8 f 0.6 1 mol-') 
is in good agreement with the adsorption constant obtained earlier from calorimetric data. The comparison of 
the determined isotherm of water sorption by HSA with the reported enthalpies of suspension formation 
showed that at low water concentrations in the solvent, water sorption is the only process contributing to the 
heat effects of the formation of the 'protein + liquid' heterogeneous system. From this comparison, the enthalpy 
of water adsorption by HSA was evaluated as -11.9 k 1.7 kJ mol-'. At higher water concentrations in the solvent 
the amount of water adsorbed by HSA increased considerably. This increase in the amount of water on HSA at 
water activities above 0.5 is assumed to be due to the enlargement of the protein surface area. 


INTRODUCTION 


Enzymes suspended in nearly anhydrous solvents can 
act as This ability appears to hold consider- 
able promise for chemical technology and basic 
research. However, the potential of protein functioning 
depends essentially on the extent of hydration of the 
solid Therefore information on the thermo- 
dynamics of the binding of water by solid proteins in 
organic solvents is of importance in explaining various 
protein activities. There are a number of reports on the 
sorption of water from organic solvents and from the 
gas phase by  protein^.^^^^^.'^-'^ 


Earlier we proposed a calorimetric approach to the 
investigation of intermolecular (and/or intramolecular) 
interactions that occur on placing proteins in organic 
liquids and water-organic  mixture^.'^-'^ This approach 
involved the measurement of the enthalpies correspond- 
ing to the formation of the 'protein+liquid' 
heterogeneous system. The starting point for the 
measured enthalpies was the partially hydrated protein 
plus water-organic mixtures. Such an approach was 
also used to estimate the thermodynamic parameters of 
water adsorption by human serum albumin (HSA) 
suspended in water-organic rnixture~. '~*'~ 
In the present work we performed the direct determi- 


nation of the isotherm of water sorption by HSA in the 


Author for correspondence 


CCC 0894 - 3230/95/020084 -05 
0 1995 by John Wiley & Sons, Ltd. 


same water-dioxane mixtures that were previously 
studied ~alorimetrically.'~ We intended to obtain support 
for the validity of the calorimetric estimation of the 
thermodynamic parameters of water adsorption by 
proteins suspended in organic solvents. The second aim 
was to establish whether water sorption is the only 
process contributing to the heat effects corresponding to 
the formation of the 'protein + liquid' heterogeneous 
system. 


EXPERIMENTAL 


Human serum albumin (HSA) was obtained from 
Sigma (product No. A1887). 1,4-Dioxane was purified 
and dried by refluxing over sodium according to the 
recommended method.I7 Water used for preparation of 
water-dioxane mixtures was doubly distilled. 


The amount of water bound to the suspended protein 
and the equilibrium water content in the solvent were 
determined by the Fisher method according to the 
recommendations." In general, the technique of deter- 
mination was similar to that described earlier.' A 5 mg 
amount of HSA and 4ml  of water-dioxane mixture 
were placed in a preweighed glass ampoule, which was 
closed with a preweighed stopper. After the ampoule 
had been thermostated for 2 h at 25 "C, an aliquot of the 
solvent was removed from the ampoule with syringe. 
Measurement of the equilibrium water content in the 
aliquot of the solvent was immediately performed 
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electrochemically in the Fischer reagent medium. Such 
extraction of the aliquots and the electrochemical 
measurement were repeated three times for 40-60 min. 
Reproducible values of the equilibrium water content in 
the solvent were obtained. Then the bulk of the liquid 
phase was withdrawn from the ampoule with a syringe 
and the ampoule was weighted again. The apparent 
weight of the remaining liquid phase was calculated as 
the difference between the final weight of the sealed 
ampoule and the sum of the weights of the empty 
ampoule, the stopper and the dry protein. To measure 
the amount of water on the suspended HSA, the 
ampoule containing the HSA sample and a small amount 
of the remaining liquid was transferred into the Fischer 
apparatus. 


After the bottom or the ampoule had been broken off, 
the total amount of water on HSA (and in the remaining 
liquid) was measured. Some part of the solvent could 
have been absorbed by the stopper. To take this into 
account, the stopper was weighed after the experiment. 
To determine the true weight of the remaining liquid 
phase the difference in the weight of the stopper was 
subtracted from the apparent weight of the remaining 
solvent. In most cases the ratio of the weight of the 
remaining liquid phase to the weight of the solid protein 
was 10-15. 


The amount of water in the remaining liquid was 
evaluated using the weight of the remaining liquid 
phase, its water content measured previously and the 
liquid density. The amount of water on HSA corre- 
sponds to the difference between the total measured 
amount of water in the ampoule and the amount of 
water in the remaining liquid phase. This amount of 
water on HSA was expressed as percentage by weight 
with respect to the dry protein (a, w/w). 


The amount of water bound to the protein did not 
depend on the exposure time of HSA in water-dioxane 
mixtures. This was confirmed by water sorption 
measurements at equilibrium water concentrations 0.02, 
0-8 and 1.37moll-'. No noticeable variation of the 
amount of water on HSA was observed during 20 h. 


HSA was insoluble in all the water-dioxane mixtures 
studied, as found previou~ly.~~ 


The initial HSA sample contained 10.1% (w/w) of 
water (weight with respect to the veight of dry HSA). 
This was found according to the above-mentioned 
Fischer method. This water content of HSA corresponds 
to a value of 10.2% (w/w) measured on a Setaram 
microthermoanalyser based on the weight loss of 
the protein sample at 298 K and 3 x  10-3Torr 
(1 Tom= 133-3 Pa). 


Calculations of the thermodynamic activities for 
water used in the discussion of the experimental 
data were made according to equation a, = y,x,, 
where x, is the mole fraction of water and y, is 
the mole fraction based activity coefficient for water. 
The mole fraction of water was calculated from the 


water concentration. To estimate the y, values, the 
literature data" for vapour-liquid equilibrium in 
water-dioxane mistures were a proximated by the 
equation a,  = -0.059 
f 0.077, a, = 1.904 f 0.157 and the standard deviation 


In y, = a, + a2( 1 - x,)' (at 


so = 0.06). 


RESULTS AND DISCUSSION 


The amount of water bound to the suspended HSA is 
plotted against the equilibrium water concentration C, 
in water-dioxane mixtures in Figure 1. The dependence 
obtained can be subdivided into two regions. At 
the beginning the amount of water on HSA increases 
with increase in the equilibrium water concentration 
in the solvent and reaches saturation (C, 
range= 0.02-1.5 moll-'). Further, on increasing the 
water content in the solvent, the amount of water bound 
to HSA increases markedly once again. Hence the 
discussion of the experimental data will be subdivided 
into two corresponding subsections. 


Region of C, values below 1.5 moll-' 


The dependence of the formation enthalpies of 
'HSA + water + dioxane' suspensions on the low water 
content in the liquid phase was shown15 to obey the 
Langnuir model of water adsorption by the protein. 
From this model, the adsorption equilibrium constant 
and the energy of monolayer formation were estimated. 
Therefore, to describe the beginning of the dependence 
in Figure 1 we also applied the Langmuir model in the 


0 


0 0  
0 


0 0 


0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 
water concentration (mol/l) 


Figure 1. Amount of water on HSA plotted vs the equilibrium 
water concentration C, in water-dioxane mixtures at 298 K. 
The C, range is 0.021-5.4 moll-'. The solid line was fitted 
according to the model equation [number of fitted points 


n = 16, residual standard deviation so = 0.37% (w/w)] 
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following form: 


K,adsCw 


1 + K:dsCw 
A = b  + A' 


where A is the amount of water bound to HSA (%, 
w/w) and K F  is the adsorption constant (lmol-') 
corresponding to the Langmuir equilibrium 'sorption 
site + water =+ sorption complex.' It should be borne 
in mind that the suspended protein may have a non- 
equilibrium structure. Hence the adsorption constant 
should be considered as a certain effective value 
describing the water binding by the suspended protein. 
C ,  is the equilibrium concentration of water in the 
solvent (moll-'). A,, in accordance with the model, is 
the amount of water in the filled monolayer (%, w/w). 
A' was introduced into the equation to test the experi- 
mental data for a zero offset. 


The experimental data in Figure 1 were fitted within 
the framework of the above equation by the non-linear 
regression procedure in the C, range 0-1.5 moll-'. 


The adsorption equilibrium constant K,"" = 
3.8 f 0.6 1 mol-I, A, = 11.7 f 0.4% (w/w) (or 
6.5 x mol g-') and A' = 0.5 f 0.3% (w/w) were 
estimated from the model. Using these estimated K:dS, 
A, and A' values, we also calculated the dependence of 
the amount of water bound to HSA on the C, value. The 
calculated dependence is depicted as the solid line in 
Figure 1. From Figure 1 one can see that the simple 
Langmuir model represents the experimental data well 
enough at low water contents, in the liquid phase. 


The A' value does not differ essentially from zero. 
This means that almost all water bound to the initial 
HSA preparation takes part in the adsorption equili- 
brium characterized by a single equilibrium constant. 


The K F  value is close to the adsorption equilibrium 
constant K,"' = 2.3 f 0.7 1 mo1-' evaluated earlierI5 from 
the calorimetric data on the formation enthalpies of 
'HSA + water + dioxane' suspensions. This result lends 
credence to the view that both the described technique 
of sorption determination and the calorimetric measure- 
ment of suspension formation enthalpies may be 
applied in an effort to estimate the thermodynamic 
parameters of the water adsorption by proteins. 


Now, to approach the second problem posed in the 
Introduction, let us correlate directly the enthalpies (or 
heat effects) of suspension formation with the change in 
the amount of water on HSA on suspending the protein 
sample. This correlation is presented in Figure 2. 


One can see in Figure 2 that the enthalpies of suspen- 
sion formation depend linearly on the change in the 
amount of water on HSA. The intercept of this depen- 
dence is close to zero. This result and the agreement 
between the adsorption equilibrium constants obtained 
directly and calorimetrically confirm the view that the 
sorption of water by HSA solely contributes to the heat 


0 -10.0 


a, change in the water amount  on HSA (%, w/w) 


Figure 2. Correlation between the enthalpies of suspension 
formation (averaged data from Ref. 15, in joules per gram of 
dry HSA) and the changes in the amount of water on HSA on 
introducing the HSA sample into water-dioxane mixtures. The 
change in the amount of water bound to HSA was calculated as 
the difference between the amount of water on the initial HSA 
preparation (10.1% (w/w)] and the water amount on the 
suspended HSA. The C, range is 0.02-1.5 mol I - ' .  The slope 
of the linear dependence is 6 .19f0.33,  the intercept is 
0.81 f l . 4 7 ,  the correlation coefficient r=0.994 and the 


residual standard deviation so = 2.4. 


effects of the 'HSA+liquid' suspension formation at 
low water contents in water-dioxane mixtures. 


Let us now consider in greater detail the thermo- 
dynamics of the adsorption equilibrium on the protein. 
The slope of the line in Figure 2 corresponds to the 
value opposite in sign to the adsorption enthalpy 
expressed in joules per gram of water. Consequently, 
the adsorption enthalpy Ah is -619 f 33 J g-'. This Ah 
value may be more correctly calculated in another way. 
It is that the energy of water monolayer forma- 
tion on HSA in water-dioxane mixtures, AoAh, 
estimated within the framework of the Langmuir model 
is -77.4 f 8.4 J g-'. The division of the A,Ah value by 
A, results in the enthalpy Ah of the Langmuir adsorp- 
tion equilibrium which was found to be -662 f 95 J g-' 
(or -11.9 f 1.7 kJ mol-') and does not differ from 
the value calculated above. Hence the thermodynamics 
of the adsorption of water molecules by HSA 
in water-dioxane mixtures can be summarized at 
298 K as follows: the Gibbs free energy 
AG = -3.3 f 0.4 kJ mol-' (AG = -RT In K F )  and the 
enthalpy of the water adsorption equilibrium 
Ah=-11.9f1.7kJmol-' .  


Region of C, values above 1.5 mol I-'  
To discuss the considerable increase in the amount of 
water on HSA at water concentrations above 1.5 moll-' 
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in Figure 1, the C, values were converted into the 
values of the thermodynamic activity of water, uw, as 
described under Experimental. 


The amount of water on HSA is presented as a 
function of the water activity in water-dioxane mix- 
tures in Figure 3. The data on the enthalpies of the 
suspension formation are also shown in Figure 3. Both 
the sorption data and calorimetric values in Figure 3 
demonstrate that the state of the protein changes sub- 
stantially in a relatively narrow range of the water 
activity (0.5-0.73). 


The substantial increase in the amount of water on 
HSA at high water activities corresponds to literature 
data on the sorption of water by proteins from the gas 


and from some water-immiscible organic 
solvents” (e.g. benzene, tert-amyl alcohol, ethyl 
acetate). Such an increase in the water uptake is usually 
interpreted in terms of multilayer adsorption.” How- 
ever, it should be borne in mind that dioxane is a 
hydrophilic solvent that is miscible with water in all 
proportions. Therefore it is difficult to consider the 
significant increase in the amount of water on HSA as 
only the result of multilayer adsorption. Hence we 
venture the hypothesis that at a certain extent of hydra- 
tion the structure of the previously lyophilized HSA can 
change relatively abruptly. This change in the protein 
structure is followed by an increase in the protein 
surface area, an increase in the amount of water on 
HSA and negative heat effects. In this case, the enthal- 
pies of suspension formation do not differ essentially 
from the solution enthalpy of HSA in water 
(-43.5 f 3.8 J g-I), as discussed earlier.’’.’6 


Interestingly, earlier it was demonstrated’ by the 


\ 7  r 40.0 
7- 
v 


50.0 
C 
0 


0 


._ 
0 


5 
LT 


C 
0 
(0 
C 0.0 
0)  a 
UI 


ln 


._ 


+ 


ln 
al .- a 
9 -50.0 
- 


20.0 


0.0 


i 


i5 
v 


I 


C 0 


+ 
C 
3 
0 


5 
L 


.w 
0)  


0 


I 
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 


0)  watcr activity 


Figure 3. Amount of water on HSA (0) and enthalpies of 
suspension formation ( 0 )  (in joules per gram of dry HSA, 
from Ref. 15) plotted vs water activity a, in water-dioxane 


mixtures at 298 K. The 4y range is 0.01-0.73 


acylation of free amino groups of mushroom poly- 
phenol oxidase in hexyl acetate that the number of 
titratable amino groups increases sharply when the 
water content in the solvent is raised. This increase was 
interpreted’ in terms of decreased rigidity of the poly- 
phenol oxidase and can be considered also as an 
increase in the accessible protein surface area. More- 
over, at approximately 20% water on the enzyme, the 
extent of the acylation of free amino groups of mush- 
room polyphenol oxidase corresponded to that in pure 
water. This was considered to support the previously 
reported findingZo that the molecular motions of 
lysozyme containing 15% water are the same as those in 
aqueous solution. The surprising aspect is that the close 
agreement between the enthalpy of suspension forma- 
tion and the solution enthalpy of HSA in water also 
occurs at approximately 20% water on HSA. Appar- 
ently, the protein returns to its original state in the 
aqueous solution (or close to it). It seems reasonable to 
assume that such a process can contribute to the forma- 
tion enthalpies of the ‘HSA+liquid’ suspensions at 
high water contents in the solvent. 


We conclude that the combination of data on water 
sorption with the calorimetric enthalpies of suspension 
formation provides a useful tool for estimating interac- 
tions that occur on placing proteins in organic liquids. 
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COMPLEXATION OF SPIROPYRANS WITH CYCLODEXTRINS: 
EFFECTS OF B- AND y-CYCLODEXTRINS ON THE THERMAL 


ISOMERIZATION OF 6-SO,-SPIROPYRAN 


YOSHIMI SUEISHI* AND TOMONORI NISHIMURA 
Department of Chemistry, Faculty of Science, Okayanra University, Tsushima-naka 3-1 -I, Okayania 700, Japan 


The thermal isomerizations of 1',3',3'-trimethyl-spiro[2H-l-benzopyran-2,2'-indoline]-6-sulphonic acid (6- 
SO;-SP) between its spiro (SP) and merocyanine (MC) forms were followed spectrophotometrically in the 
presence of cyclodextrins (/3- and y-CDs) at  various pressures. From the pressure dependence of the 
isomerization rate, the activation volumes for the thermal isomerization of 6-SO;-SP were estimated to be 
17.1 cm3mol-' for MC +SP and 8-5 cm'mol-' for SP+MC. The equilibrium constants ( K )  for the inclusion 
complex formation of CDs with 6-SOj-SP were determined at various pressures. It was found that the stability 
of the 1 : 1 inclusion complex between 6-SOj-SP and CDs decreases in the order /3 - > y - > a-CD. From the 
pressure dependence of K, the reaction volumes were estimated to be -0.9 cm3mol" for the 6-SO;-SP-/3-CD 
system and 4.0 cm3 mol-' for the 6-SO;-SP-y-CD system. Based on the activation volumes, the structure of the 
transition state for the thermal isomerization is discussed and an explanation for the effect of CDs on the 
reaction rate is given. The difference in the reaction volumes for the inclusion complex formation of /3- and y- 
CDs is explained in terms of the difference in the number of water molecules excluded from the CD cavity. 


INTRODUCTION 
Cyclodextrins (CDs) are extensively used in the phar- 
maceutical and food industries.' Owing to their large 
cavities and hydrophobic nature, CDs form inclusion 
complexes with a large number of organic and inor- 
ganic molecules. The stability of the inclusion complex 
depends on the hydrophobicity, size and shape of the 
guest molecules. The conformation and the dynamic 
properties of inclusion complexes have been studied by 
numerous workers. One of the important applications 
of inclusion complexes is in the control of chemical 
reactions. For example, the protective effects of CDs 
against the oxidation of guests by oxygen have been 
reported.' 


The isomerization of spiropyrans has attracted much 
attention because of their reversible photochromic and 
thermochrornic beha~iour .~  We have previously 
examined the pressure and solvent effects on the thermal 
isomerizations of different kinds of spiropyrans, and 
discussed the reaction me~hanism.~ Spiropyrans can 


*Author for correspondence. 


exist in the colourless spiro form (SP) and the coloured 
merocyanine form (MC). The MC form has a dipolar 
planar structure with delocalized z-electrons of indo- 
line and pyran fragments, and the SP form a less polar 
structure with reciprocally orthogonal fragments. Since 
the stability of a CD inclusion complex depends on the 
hydrophobicity of the guest, the difference in the 
stabilities of inclusion complexes, formed with the 
dipolar MC form or the less polar SP form, can be 
utilized for the control of the isomerization reaction. It 
is of interest to know how the volume changes during 
the process of complex formation, because CDs have 
large cavities. 


This study was aimed at examining how CDs affect 
the isomerization reaction of spiropyrans. We examined 
the pressure dependence of the inclusion complex 
formation of CDs with spiropyrans and undertook a 
volumemc study to clarify the inclusion phenomena. 


EXPERIMENTAL 
1 ',3',3'-Trimethylspuo[2H-l-benzopyran-2,2'-indoline]- 
6-sulphonic acid (6-SOi-SP) was prepared according to 
the method of Sunamoto e t  al.6 and recrystallized from 
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methanol: m.p. -513 K,  decomp. (lit.6 -513 K, 
decomp.). Cyclodextrins (a, p and y )  were purchased 
from Wako Pure Chemicals and used as received. 
Phosphate buffer solution of 0.1 M prepared from 
phosphate salts and distilled water was used as the 
solvent throughout. 


The instrumentation for the kinetic measurements 
under high pressures has been described elsewhere.' A 
sample solution deoxygenated by bubbling with nitro- 
gen was irradiated with a projection lamp through a 
CuCI, solution to produce the SP form. Photo- and 
thermal isomerizations could be carried out reproduc- 
ibly. The thermal isomerization between SP and MC 
was followed by monitoring the absorbance in the 
vicinity of 510 nm using a Hitachi Model 139 spectro- 
photometer, and the first-order rate constants obtained 
agreed within 5% error. Circular dichroism spectra were 
obtained at 298 K with a JASCO 5-720 
spectropolarimeter. 


RESULTS AND DISCUSSION 


6-SO;-SP exists as an equilibrium mixture of the 
colourless SP form and the coloured MC form 
(Scheme 1).6 Figure 1 shows the absorption spectra of 
6-SO;-SP in the presence of p-CD. The peak in the 
vicinity of 220 nm increases at the expense of the 
peak at 510 nm as the CD concentration increases. 
With increasing CD concentration, the equilibrium 
between MC and SP favours the SP form. This sug- 
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Scheme 1 


gests that the inclusion complex between the SP form 
and CD is more stable than that between the MC form 
and CD. In the presence of a 50-fold excess CD 
concentration, 6-SO;-SP molecules exist almost 
entirely as the SP form, and may be included in CDs. 
Further, the isomerization reaction of 6-SOi-SP 
included in the CD cavity did not occur, even if the 
solution was irradiated with light. As reported pre- 
v i o ~ s l y , ~  the absorption band position of the MC form 
of spiropyrans is sensitive to the solvent polarity. 
Thus, if the MC form of 6-SO;-SP is included in the 
CD cavity, a large spectral shift can be expected. 
However, in the presence of CD, no change in the 
spectral shapes in the vicinity of 510 nm is observed, 
suggesting that the MC form of 6-SOi-SP is not 
included in the CD cavity, as shown by examination of 
the electronic spectrum. 6-SOi-SP and CD did not 
show any circular dichroism by themselves. Hirai et 
al." indicated that circular dichroism is induced by the 
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Figure 1. Absorption spectra of 6-SO;-SP in aqueous solution in the presence of B-CD at 313 K, 1 h after mixing the aqueous 
solutions of 6-SO;-SP and /I-CD. Insets: (a) Circular dichroism spectrum of the inclusion complex between 6-SO;-SP and B-CD, 
[/I-CD]/[6-SO;-SP] = 67; (b) The plot of the magnitude of circular dichroism induced at 227 nm against the initial concentration 
of 6-SOi-SP. [B-CD] = 1.0 x lo-' M 
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inclusion of a guest molecule in the CD cavity. As 
shown in Figure l(a), new circular dichroism appears 
in the vicinity of 220 nm. Further, the magnitude of 
the circular dichroism increases linearly with increase 
in the initial concentration of 6-SOi-SP [Figure 1 (b)]. 
This linear relationship is evidence of 1 : 1 complex 
formation of B-CD with 6-SO;-SP.* Similar results 
were obtained with y-CD. 


Taking the information obtained so far into account, 
a reaction scheme for isomerization in the presence of 
CDs can be proposed as shown in Scheme 2. Here, K,, 
denotes the equilibrium constant for the formation of 
the inclusion complex. In order to depict the inclusion 
complexes of CDs with 6-SO;-SP, the 
Corey-Pauling-Koltun (CPK) space-filling models of 
these systems were examined. The CPK mod+ show 
that the indoline fragment of 6-SOT-SP (8.6 A diame- 
ter) is too large to pass through the CD cavity since 6- 
and y-CDs have internal diameters of ca. 7 and 8.5 A, 
respectively. I Therefore, inclusion from the indoline 
side would not occur. On the other hand, the cavity 
diameter of B- and y-CDs may allow the pyran frag- 
ment of 6-SOi-SP to be included. The pyran fragment 
of 6-SO;-SP, however, is too long to be included 
completely inside the cavity of CD and therefore a part 
of the 6-SO;-SP may be located outside the cavity. The 
sulphonato group of 6-SO;-SP may be exposed to an 
aqueous environment owing to the hydrophobic nature 
of the CD cavity (Scheme 2). On addition of a-CD to 
6-SO;-SP solution, we did not observe a shift of the 
equilibrium from MC to SP, which suggests incomplete 
inclusion, if any, of 6-SO;-SP in a-CD. 


Sunamoto et aL6 suggested that the equilibrium 
between SP and MC shifts to the SP form on irradiation 
with visible light, and it returns to the original state in 
the dark. We found that the thermal isomerizations of 
6-SOi-SP obey first-order kinetics regardless of the 
concentration of CD. Under the condition [CD] P [6- 
SO;-SP], the rate constant (kobsd) observed for the 
thermal isomerization can be given as follows: 


(1) kobd = k-I + kI/U + KCD[CDI,) 
Here [CD], denotes the initial concentration cf CD. 


When the aqueous solutions of 6-SO;-SP and CD 
were mixed, the peak at 220nm due to the SP form 
gradually increased with time at the expense of the peak 
at 510 nm and eventually reached an equilibrium state. 
Many kinetic studies of inclusion processes of CD with 
various kinds of molecules have shown that the processes 
are very rapid.' Therefore, the observed change in the 
absorption band can be ascribed to the thermal isomeriz- 
ation of 6-SO;-SP from MC to SP. The observed rate 
constant can be expressed by equation (1). Figure 2 
shows the dependence of the B-CD concentration on the 
rate constants observed for the thermal MC + SP isomer- 
ization. As predicted by equation (l), the rate constants 
observed in the presence of a large excess of CD 
([CD],/[6-SO;-SP] P 100) correspond to the rate con- 
stant (k- l )  for the thermal MC + SP isomerization. 


As can be seen in Figure 1, the addition of CD causes 
a shift of the position of the equilibrium between SP and 
MC. Under the condition [CD],/[6-SO;-SP] = 10-25, 6- 
SO;-SP exists as free and complex species. Free 640;- 
SP can be converted into the SP form by the irradiation 
with visible light, and in the dark we can follow the 
apparent SP + MC isomerization. The rate constants 
(&,,) estimated at various concentrations of CDs 
given in Table 1. Equation (1) can be rewritten as 


l/(k"bSd - k-1) = l / k l +  KCD[CDl,/k, 


j, 4.0 -- - 
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Figure 2. Effect of p-CD concentration on the rate constants 
observed for the MC+SP isomerization of 6-SO;-SP at 


313 K 


Scheme 2 
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Table 1 .  Observed rate constants for the thermal isomerization of B-SO,--SP (1.0 x M) 
in the presence of CDs at 313 K 


109 k,,/s-l 


CD 104[CD],/M 1 kgfcm-'" 200 kgfcm-2 500 kgfcm-' 800 kgfcm-* 


p-CD 0 5.25 4,93 4.28 3.70 
1 .00 4.89 4.39 3.81 3.27 
1.56 4.55 4.06 3.62 3.07 
2.03 4.25 3.88 3.34 2.82 
2.51 4.04 3.56 3.03 2.72 


y-CD 0 5.25 4.93 4.28 3.70 
1.01 4.89 4.39 3.79 3.42 
1.54 4.49 4.29 3.76 3.17 
2.02 4.24 3.93 3.39 2.95 
2.47 4.17 3.91 3.39 2.92 


1 kgf cm -' = 0.98 1 x lo5 Pa. 


Equation (2) predicts a linear relationship between 
l / (kobsd- k.. ,)  and [CD], with a slope of K,, /k ,  and 
an intercept of l / k , .  As shown in Figure 3, such a 
linear relationship can be obtained for B-CD. The 
linearity of the plots indicates that the assumption of 
1 : 1 stoichiometry for the inclusion complex is valid. 
Using the slope and intercept of the plots, we can 
estimate the k ,  and K,,  values for the 6-SO;-SP-B- 
CD system. 


The k,  and k - ,  values estimated in the presence of B- 
CD at various pressures are given in Table 2. The 
thermal SP + MC and MC + SP isomerizations are 
retarded by external pressure. The activation volumes 
(AVf and AV-',) for the SP+MC and MC+SP 
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Figure 3. Plots of l/(koM - k - , )  against [p-CD] at 313 K: 
(0) at 1 kgf cm-2; (0)  at 800 kgf cm-* 


isomerizations at atmospheric pressure were estimated 
according to the following equations (Table 2): 


I n k = a p + h  (3) 
(4) AV* = -RT(a  In k/a p)r 


The thermal MC + SP isomerization has a positive 
activation volume, which is attributed to the decrease in 
solvation on going from the dipolar initial state to the 
less polar transition state. In the previous papers,' 
similar results were reported for the thermal isomeriz- 
ation (MC + SP) of 6-N02-spiropyran, for which the 
structure of the transition state was discussed. The 
positive activation volume obtained for the SP+MC 
isomerization may be explained in terms of the increase 
in the intrinsic volume accompanied by the stretching 
of the C,,i,-O bond on a~tivation.~ 


Since the volume profile affords useful information 
on the nature of the transition state, we depicted the 
volume profile for the thermal isornerization of 6-S03 -- 
SP by using AVT and AVf,-values (Figure 4). The 
volume of reaction can be estimated to be 
-8.6 cm3mol-l (=AV:-AVf,). As can be seen in 
Figure 4, the volume profile has a maximum. Such a 
maximum has been also observed for the thermal 
isomerization of 6-COOH-8-NO,-spiropyran. I n  Accord- 
ingly, we conclude that the thermal isomerization of 6- 
SO;-SP proceeds via a similar transition state to that of 
6-N02- and 6-COOH-8-NO,-spiropyrans, which isom- 
erize by hornolytic bond fission or bond formation. 


The K,,-values at high pressures in the 6-SO;-SP- y- 
CD system were obtained in a similar manner and are 
given in Table 3. The K,, value at atmospheric pressure 
in the 6-SO;-SP-B-CD system is larger than that in the 
6-SO;-SP-y-CD system. The stability of an inclusion 
complex may be determined by the fit of a guest in the 
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Table 2. Rate constants and activation volumes for the thermal isomerization of 6-SO;-SP at 
313 K in water 


p/kgf cm-' 


Isomerization Parameter 1 200 500 800 AV-,', AV,'/cm' mol-' 


MC+SP lO'k_,/s-' 2.27 1.93 1.63 1.34 17.1 *0.5 
SP + MC lO'k,/s-' 3.09 3.02 2.67 2.42 8.5 *0.6 


Table 3. Equilibrium constants at various pressures and volumes of reaction for inclusion 
complex formation at 313 K 


CD 1 kgfcm-* 200 kgfcm-* 500 kgfcm-* 800 kgfcm-* AV/cm'mol-' 


B-CD 2.93 3.36 3.56 2.91 -0.9 * 3.6 
y-CD 2.56 2.19 2.13 2.15 4.0 f 2.0 
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Figure 4. Volume profile for the isomerization of 6-SO;-SP 
in aqueous solution 


CD cavity. Hence the above finding suggests that the fit 
of 6-SOi-SP in the cavity space of B-CD is better than 
that of y-CD. 


The reaction volume (AVCD) for the formation of the 
inclusion complex was estimated according to the 
equation 


where K~ is the isothermal compressibility of solvent 
and the K,RT value was calculated from available data 
for water;" An is the difference between the numbers of 
species in the final and initial states. From the pressure 
dependences of KcD, the volumes of reaction were 
estimated to be -0.9 cm3mol-'  for B-CD and 
4.0 cm3mol-' for y-CD. These values cannot be 


AVcD= -RT(a  In KC,/~~)T+AI?K,RT (5) 


explained in terms of the primitive idea of  a decrease in 
volume accompanied by inclusion of spiropyran in the 
cavity of CD. Previously, we have discussed the 
contributions of  different factors to the volume change 
for the inclusion complex formation of CDs with di- 
tert-butyl nitroxide. I *  Similarly, the volume change in 
the present cases can be expressed as follows: 


AvCO = Avinclu + Av~l.tsdv + Avpu\h (6) 
where AVinclu and AV,,,,,, are the volume changes related 
to inclusion of  spiropyran in the CD cavity and accom- 
panying desolvation around 6-SOi-SP upon inclusion, 
respectively. 


In the B-CD cavity, 6.5 water molecules are known to 
be involved on average.13 The vacancy of the p-CD 
cavity may be almost fully occupied by spiropyran,' and 
hence all water molecules in B-CD must be excluded 
from the CD cavity on inclusion complex formation. 
The 6.5 water molecules excluded cause an increase in 
volume of AV,,, = 117 cm3 mol-I. From the CPK 
model, AVinclu was estimated to be -130 ~ m ~ m o l - ~ . ' ~  
Accordingly, the AV,,,,,, value can be calculated to be 
12.1 cm3 mol - I  from equation (6). In the cation-crown 
ether complex, the volume change due to the release of 
water molecules electrostricted around guest ions has 
been estimated to be 8-25 ~ m ~ m o l - ' . ' ~  The above 
value of  AVdesulv seems to be reasonable. 


Twelve water molecules are originally situated in the 
cavity of y-CD.I5 Judging from the sizes of y-CD and 
spiropyran, some of them must be excluded on complex 
formation. Since the depths of the cavities of  B- and y- 
CDs are the same, the sum of AV,,,,,, + AViwlu in the 6- 
SO,--SP-y-CD system can be approximated to be 
-117.9 cm3 mol-', which is as obtained in the 6-SO;- 
SP-B-CD system. The AVpush value in the 6-SOj-SP-y- 
CD system therefore can be calculated to be 
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121.9 cm3mol-' from equation (6). Of the 12 water 
molecules, 6.8 are replaced by 6-SO;-SP upon complex 
formation. We have reported similar results for inclu- 
sion complex formation between di-tert-butyl nitroxide 
and y-CD, and obtained evidence that part of the water 
molecules remain in y-CD on complex formation by 
using an ESR technique.12 These results are in accord 
with our expectation and support the proposed 
mechanism. 


In the present study, it was found that B- and y-CDs 
form a 1 : 1 inclusion complex with the SP form of 6- 
SO;-SP, and this is consistent with the examination of 
CPK models. The preferential inclusion of the SP form 
causes the retardation of the apparent SP+ MC isomer- 
ization reaction. Although the present volumetric study 
is a simplified model, the above findings show that the 
water molecules excluded from the CD cavity play an 
important role in inclusion complex formation. 
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CONJUGATED n SYSTEM 
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Germany 


Chiral polymethine dyes constitute a particular class of conjugated IC systems. Artificial chiral polymethine dyes 
were first synthesized by Konig and Langbein in 1928 in order to clarify the electronic structure of cyanine 
dyes; some natural dyes such as musca-aurin 1 (from the toadstool fly agaric) and betanin (from the vegetable 
red beets) are known to be chiral pentamethinium cyanine dyes, the chirality of which stems from L-a-amino 
acids as end-groups. The reasons why chiral polymethine dyes are not only of historical interest but once again 
the subject of research are explained. 


INTRODUCTION 


When a student of chemistry wishes to inform himself or 
herself on conjugated n systems by consulting a common 
modern textbook of organic chemistry, he or she will 
certainly find a wealth of information about arornatic n 
systems, presumably sufficient on polyerzic n systems, 
but only sparse information about polyrnethirzic n 
systems, if at all-and this in spite of the fact that 
polymethine dyes, particularly cyanine dyes, are of great 
theoretical and practical interest. I Polymethine dyes 
represent not only ideal n systems for the study of 
correlations between structure and colour, but are also 
important as spectral sensitizers in silver halide photogra- 
phy,’ as active or mode-locking substances in dye  laser^,^ 
as possible material for non-linear optics (i.e. for 
frequency doubling caused by second harmonic gener- 
a t i ~ n ) , ~  as dyes in sensor chemistry,’ in devices for 
optical data storage,6 as optical probes in membranes or 
model membrane systems,’ as initiators in photopoly- 
merizationsx and as fluorescent tags in DNA sequencing’ 
and immunoassay ‘(I (i.e. covalent labelling of DNA 
molecules and proteins). Because of their preferential use 
outside the conventional textile colouration field, they 
belong to the class of so-called furictiorial dyes.” 


Polymethine dyes constitute an independent class of 
conjugated n systems as distinct from aromatics and 
polyenes. 


0 1995 by John Wiley & Sons, Ltd. 
CCC 0894-3230/95/120761-13 


According to Hiickel’s rule, ideal aromatic n 
systems are planar monocyclic ring systems of sp’- 
hybridized carbon atoms possessing (417 + 2) n elec- 
trons delocalized over this ring. General characteristics 
of such aromatic n systems are high delocalization 
energies and high polarizabilities, equal n-bond 
orders and equal n-electron densities along the carbon 
chain and comparatively low chemical reactivities 
(substitution reactions are favoured over addition 
reactions). 


Polyerzic n s y s t e m  are planar conjugated open- 
chain or ring systems of sp’-hybridized carbon atoms 
with low delocalization energies and medium-sized 
polarizabilities, possessing unequal (alternating) n- 
bond orders and nearly equal n-electron densities along 
the carbon chain, as well as comparatively high chemi- 
cal reactivities (addition reactions are favoured over 
substitution reactions). In principle, conjugated poly- 
ines with sp-hybridized carbon atoms belong also to 
this group of n-systems; they consist of two super- 
imposed orthogonal polyenic n-systems. 


Polyrnethinic n s y s t e m  of the general formula 1 are 
planar conjugated open-chain (or sometimes ring) 
systems of sp2-hybridized carbon atoms with medium- 
sized delocalization energies and high polarizabilities, 
possessing equal n-bond orders but unequal (alternat- 
ing) n-electron densities along the carbon chain, as 
well as comparatively high chemical reactivities 
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(substitution reactions are favoured over addition 
reactions).” 


....... ( n  * 3)n.. ..... 
X- (CR),-X’ 


1 


X, X’ = mostly atoms of the 5th or 6th main group 
I I  = 1, 3 ,  5 ,  7 ,  . . .; R = H or substituents 


of the Periodic System; e.g. 
X = X ‘  : Polymethine dyes 


X = X’ = N : Cyanine dyes; 
X = X’ = 0 : Oxonole dyes; 


X = N, X’ = 0 : 
X * X ’  : Meropolymethine dyes 


Merocyanine dyes. 


It is important to note that cyariirie dyes (used by 
Chernical Abstracts as the main descriptor for this 
class of dyes) constitute only a particular, although 
important, subclass of polymethine dyes. According to 
the above-mentioned description, polymethine dyes 
have some properties in common with aromatics, e.g. 
large delocalization energies, equal n-bond orders and 
the preference for substitution reactions. However, in 
contrast to aromatics and polyenes with equal n-elec- 
tron densities at each carbon atom, the pronounced 
alternation of n-electron densities along polymethine 
chains creates a striking difference to both other 
systems. This situation is best illustrated by Dahne’s 


triad description of unsaturated, conjugated n systems, 
as shown in Scheme l . I 3  


Quantum chemical HMO calculations of poly- 
methinic compounds by Fabian and HartmannI4 have 
established the independent character of polymethinic n 
systems as compared with aromatics and polyenes. 
According to Scheme 1, depending on the nature of X 
and X‘ there are also JC systems known whose n- 
electronic structure lies somewhere between that of 
polymethines and that of polyenes (e.g. the meropoly- 
methines), between that of polyenes and that of 
aromatics, and between that of polymethines and that 
of aromatics. 


Other theoretical treatments of tile electronic struc- 
ture of polymethine dyes, which also consider the 
polymethinic n system as a n system on its own, 
include the famous Elektronengasmodell (free-electron 
MO model) of Kuhn15 and the method of Pariser, Pam 
and Pople (PPP MO method), used in its various 
versions, for example, by GriffithsI6 and Matsuoka.” 
Compilations of the various quantum chemical treat- 
ments of polymethine dyes can be found in Refs la ,  l c ,  
Id ,  14d and 16a. 


THE FIRST CHIRAL POLYMETHINE DYES 


Although the first polymethine dyes were synthesized as 
early as 1856-57 by Williams in Glasgow, Scotland (e.g. 


Scheme 1. Triad classification of organic compounds with conjugated rr systems according to Dahne” 
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‘Cyanine’, from the Greek kyarios = dark blue, because 
of its brilliant blue solution colour)” and by von Babo in 
Freiburg, Germany (e.g. ‘Irisine’ from the Greek 
iris = rainbow, because of its rainbow colours),” the 
designation ‘polymethine dye’ and the first general 
description of their electronic structure was introduced 
more than 60 years later mainly by Konig,20,21 one of the 
pioneers of the modem theory of dyestuffs, in Dresden, 
Germany (for a more detailed description of the 
development of the theory of dyestuffs, particularly 
polymethine dyes, see Ref. 22). At that time, i.e. before 


H H H H H  


2 
Scheme 2. Formula notation of a chiral pentamethinium 


cyanine dye (2) as used by Konig in 192824” 


the introduction of the concept of u and n bonds23 and 
that of n-electron delocalization (theory of resonance or 
mesomerism), it was very difficult to describe the struc- 
ture of conjugated n systems such as polymethine dyes 
by means of passably correct formulae. Scheme 2 shows 
one of the polymethine dyes synthesized by Konig24a 
and L a n g b e i ~ ~ ~ ~ ~  in 1928 with a formula notation 
recommended by Gebhard in 191 1 ,” using so-called 
Partialvalenzen (partial valences, i.e. the wavy lines in 
the formula in Scheme 2). A present-day notation of this 
polymethine dye 2 is given in Scheme 3.26 


Konig’s syntheses of trimethinium and penta- 
methinium cyanine dyes (such as 2) in their 
monochiral and isochiral forms [the designation 
monochiral (one-handed), isochiral (equal-handed) and 
anisochiral (unequal-handed) in place of the 
ambiguous terms hornochiral, racernic and scalernic, 
are used in this review, as recently recommended by 
Cornforth”] was a landmark in the development of a 
theory for the description of the n electronic ground 
state of polymethine dyes, which, according to 
K o r ~ i g , ~ ” . ~ ~  possess a particular ‘Chromozustand’ 
(chromo state) consisting of a so-called ‘Mesochrome’ 
and ‘Perichromes’. The term ‘Chromozustand’ (chromo 
state) for a generalized description of the typical 
behaviour of unsaturated conjugated dyes was first 
proposed by Ismailsky,2R who obtained his thesis with 
Konig in Dresden.28b In 1928, it was not by any 
means obvious that the two heterocyclic end-groups of 


(-) - (R,R) : 2a 
(+) - 6 s )  (as given by the formula) : 2b 


r 


H3C X+.gc H3 


CH3 H3C 


1 


1 


rneso - (S,R) : 2d 


Scheme 3. Present-day notation of bis( 1,2,3,4-tetrahydro-2,6-dimethylquinolin-l-yl)pentamethinium bromide (X = Br) in its 
monochiral (2a; 2b) and i i ie~o forms (2d); the corresponding isochiral (racemic) dye has the formula number 2c.” Throughout this 
paper, monochiral compounds are designated with the letter a ( R )  and b (S), isochiral (racemic) compounds with c [ ( R )  + ( S ) ]  and 


nieso compounds with d (R,S).  
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polymethine dyes such as 2 are chemically equivalent 
and that polymethine dyes with equal end groups have a 
symmetrical n electronic structure-as nowadays 
described by mesomeric or resonance forms with a 
double-headed arrow written between them, correspond- 
ing to some hybrid of these mesomeric structures 
(Scheme 3). 


Konig and Langbein24b adduced evidence for the 
chemical equivalence of the two 1,2,3,4-tetrahydro- 
2,6-dimethylquinoline end-groups in pentamethinium 
cyanine dye 2 in the following brilliant way:24 they not 
only synthesized the monochiral (+)-(S,S)-configured 
dye 2b and the meso-(S,R)-configured dye 2d (Scheme 
3), both with two asymmetrically substituted carbon 
atoms within the respective end-groups, they also 
prepared according to the pathway shown in Scheme 4 
the monochiral ( +)-(S)-configured pentamethinium 
cyanine dye 4b with only one chiral centre within the 
two-end groups. Partial hydrolysis of 2b afforded the 
monochiral merocyanine dye 3b as an intermediate, 
which was then allowed to react with an achiral 1,2,3,4- 
tetrahydro-6-methylquinolinium salt to give the 
unsymmetrical, monochiral, still (S)-configured penta- 
methinium dye 4b. 


Having now in hand the three pentamethinium dyes 
2b, 2d and 4b, the specific, [a],, and molar optical 
rotation, [@lo, of their diluted solutions in ethanol 
could be measured because the long-wavelength 
UV-visible absorption maxima of these dyes are with 
A,,,, = 492 nm (2b, 2d) and 497 nm (4b) sufficiently 
hypsochromically separated from the sodium D line 
emission at 589 nm. In contrast to the high optical 


rotations observed with the monochiral dye 2b, the 
optical rotation of the corresponding tneso-dye 2d (with 
a symmetry plane through the central methine group) 
should be zero, provided the two heterocyclic end- 
groups are completely equivalent. Furthermore, if one 
compares the optical rotation of monochiral 2b with 
that of monochiral 4b, the optical rotation of dye 2b 
with two stereocentres should be twice as large as that 
of dye 4b with only one stereocentre, provided that the 
heterocyclic end-groups in 2b are equivalent, and that 
the overall optical rotation of monochiral dyes with 
more than one stereocentre such as 2b could be calcu- 
lated simply by addition of the individual contributions, 
stemming from the two (or more), supposedly indepen- 
dent, end-groups with chiral centres. Both expectations 
were completely met by the experimental results given 
in Table 1. The average value of  the molar optical 
rotation of 2a and 2b with [@ID = 11 870 is indeed 
nearly twice as large as the molar optical rotation of 4b 
with [@ID = 6200 (6200 x 2 = 12 400). The difference 
between the calculated and experimental molar optical 
rotations (12400 - 11 870 = 530) is only 4-5 % of the 
experimental value. Within the accuracy of measure- 
ment, the experimental optical rotation of the tneso dye 
2d is zero. Similar results have been obtained with the 
corresponding chiral trimethinium cyanine  dye^.'^.*^ 


With this brilliantly designed experiment, Konig and 
Langbein made an important contribution to the elucida- 
tion of the electronic structure of polymethine dyes. 
Unfortunately, this work was only published as a short 
report of a lecture given by KOnig2" on 1 June 1928, on 
the occasion of the '41. Hauptversammiung des Vereins 


c 
-HZ0 
43 % 


+ H 2 0  I MgO 
Zb - 


-HX, -HNRz 
71 I 


r 


(+) - (S) : 4b 


Scheme 4. Synthesis of the unsymmetrical chiral pentamethinium cyanine dye 4b from the symmetrical cyanine dye 2b, according 
to Ki i r~ ig '~ .~~ 
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+ in PyMine. Cfl@H + I (CzHhO Br-CN 
H 3 c t - R g c H 3  mN 


CH3 HjC"' - NC-NHz 
45% 


Table 1. Specific, [aID, and molar optical rotation, [#ID, of 
the pentamethinium cyanine dyes 2a, 2b, 2d and 4b, measured 


in ethanol at room temperature" 


Ere 


Formula Configuration [ a ] D  [ # I D "  Average [ # I D  


2a ( - ) - ( R , R ) -  -2551 -11875 11870 
2b ( +  )-(S,S)- +2549 +11866) 
2d rnem-(S,R)-  0.00 0.00 
4b (+ )-(S)- +1268 +6200 


Deutscher Chemiker' in Dresden, Germany. Therefore, 
it was largely overlooked by his contemporaries and 
also not appreciated later. The reasons why Konig did 
not publish these results in a full paper are presumably 
that the absolute configurations of all synthesized chiral 
polymethine cyanine d es and their optical purity were 
not known at that time. 74b 


NEW SYNTHESES OF CHIRAL POLYMETHINE 
DYES 


Because of the historical importance, the sometimes 
insufficient elaboration of the synthetic procedures, the 
mostly unknown enantiomeric purity and absolute 
configuration and their possible applications, and also in 
continuation of our recent work on chiral polymethine 


we have recently repeated and significantly 
improved some of Konig's work.26 The absolute 


configurations of dyes 2a, 2b and 4b (as given in 
Schemes 3 and 4) and their molar optical rotations (as 
given in Table 1) are taken from this more recent 
work.26 


Following the work of Konig24a and L a n g b e i ~ ~ , ' ~ ~  the 
pentamethinium cyanine dye 2b was synthesized as 
follows (Scheme 5): 2,6-dimethylquinoline (7) was 
prepared from 4-methylaniline (5 )  and crotonaldehyde 
(6) according to Doebner and Miller's variation of 
Skraup's quinoline synthesis. Reduction of 7 with 
NaBH4-NiCI, led to isochiral   race mi^)^^ 1,2,3,4- 
tetrahydro-2,6-dimethylquinoline (8c). The separation 
of 8c into its enantiomers was carried out with the 
nowadays commercially available ammonium (+)- 
(1R)-3-erzdo-bromocamphor-8-sulphonate. The dia- 
stereomeric sulphonate salt of 8c was recrystallized 
three times from acetone to give the homochiral (+)- 
(S)-sulphonate 9b. Addition of aqueous ammonia 
afforded the monochiral quinoline 8b with high enanti- 
omeric purity (e.e. >99%). From the remaining mother 
liquor of the crystallization of 9b the other enantiomer 
of 8b (i.e. 8a) was isolated. 


The absolute configuration of 8b was determinea by 
means of a single-crystal x-ray structure analysis of 
its perchlorate: the stereocentre at C-2 has the (S)- 
configuration. With this result, the absolute 
configuration of all polymethine dyes derived from 8b 
is established. 


Eventually, reaction of monochiral 8 b  with cyanogen 
bromide and pyridine afforded the pentamethinium dye 


- H3cqlcH + NaBH4 / NiClz / CH30H 


60% 


H 3  


+ 'Sulfomix" H3C0 + 


' NY CH3 62% 


5 6 


(I) + HCI in (C2H5)20 
(2) + (+) - (1R) - Ammonium - 3 ~ end0 - 


bmmocamphor - 0 - rulfonale in kt20 


(3) Threefold rewystailizatiin fmm acetone 
56% 


7 (2) - [(R) + (S)] 8C 


H 3 C C s  
0, CH 


f 
B,  


(+) - (S) : 9b 
(-) - (S) : 8b 
e.e. > 99% 
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r 1 


(-) - (R)  : 1Oa 


(+) - (S) : 10b 
[ a ] ~  = -1750 (EtOH) 


[ah = ~ 1 7 5 0  (EtOH) 


Scheme 6. An unsymmetrical chirai monomethinium cyanine 
dye, 10a and b, first synthesized by Gotze in 1938”,’-’ 


2b as brilliant red plates; its structure was also 
confirmed by a single-crystal x-ray analysis. The 
chiroptical properties of 2b (and of the other chiral 
polymethine dyes) were in satisfactory agreement with 
the corresponding values measured by Konig24a and 
L a n g b e i ~ ~ . ’ ~ ~  Details of this synthesis and the structure 
determinations can be found in Ref 26. 


Apart from the work of KOnigz4” and Langbein,’jb 
there is only one another report on chiral polymethine 
dyes in the old literature: Gotze, at the Otto Perutz film 
factory in Munich, Germany, published in 1938 a short 
communication on the syntheses of unsymmetrical, 
chiral monomethinium cyanine dyes with thiazolyl and 
quinolyl end-groups, using 1-phenylethylamine as a 
monochiral starting material, one example of which 
(10a and b) is shown in Scheme 6.33 The paper did not 
mention the pioneering work of Konig and ended with 
the remark that the work would be continued. However, 
to the best of the author’s knowledge, further work in 
this field has not subsequently been published. We have 
also recently repeated and significantly improved this 
work of Gotze.3’ 


betalain dye betanin (responsible for the colour of red 
beets, Beta v u l g a r i ~ ) ~ ~  and the orange-red fungus dye 
musca-aurin I (from the toadstool fly agaric, Ainanita 
~ n u s c a r i a ) ~ ~  are indeed chiral polymethine dyes 
(Scheme 7). Both dyes contain a pentamethinium 
cyanine chromophore with two chiral end groups 
stemming from L-a-amino acids. Another natural chiral 
pentamethinium cyanine dye, indicaxanthin (with a 
structure similar to that of betanin), belongs to the 
betaxanthins and causes the yellow colour of the fruit 
of the cactus Opuritia ficus-indicaiu. Betalains are 
found in many plant families usually classified in the 
order Centrosyeriizae. 34b 


The structure of betanin was elucidated by Dreiding 
and co-workers, 36 followed by several successful 
attempts to synthesize such betalain  dye^,^'.^' which are 
of interest as food colourants. The structure determina- 
tion of the group of musca-aurins I-VII, isolated from 
the white-spotted, orange-red skin of the head of fly 
agaric, was performed by Musso and c o - ~ o r k e r s , ~ ~  in 
part at the University of Marburg, Germany. I remem- 
ber that the co-workers of Professor Musso very often 
had to spend their weekends collecting fly agarics in the 
forests surrounding Marburg! 


RECENT STUDIES ON CHIRAL POLYMETHINE 
DYES 


Our first study of chiral polymethine dyes was acciden- 
tally inspired in 1990 when we attempted to analyse the 
‘H NMR spectrum of a trimethinium cyanine dye (12) 
which we believed to have been obtained by condensa- 
tion of the heterocyclic quaternary iminium salt 11 with 
triethyl orthoformate in pyridine (Scheme 8).29 The 
reason for attempts to synthesize an a,a’-dimethyl chain- 
substituted trimethinium cyanine dye such as 12 was to 
distort the usually all-trans- or (E,E,E,E)-configured 
trimethine chain of 12 to such an extent that its 
configuration would change to a mono-cis or even di-cis- 
configuration. (Diastereomers of polymethine dyes 
created by rotation around C-C bonds of the methine 


NATURAL CHIRAL POLYMETHINE DYES 


In the 1960s and 1970s, it was surprisingly found that 
some well known natural dyes suc-h as the red-violet chain can be considered to be conformational or 


Betanin 


Lax = 537 nm (red - violet) 
from vegetable Red Beet 
(Beta Vu/garis) 


Musca - aurin I 
hmax = 475 nm (orange - red) 
from toadstool F/y Agaric 
(Amanifa muscaria) 


Scheme 7 .  Two natural chiral polymethine dyes, both with a pentamethinium cyanine ~hrornophore’~.’~ 
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11 


T 
A (1 15’C) 


- HBF4 


L 


Me= Me Mez Me 


BF4e 
N P 


U U Y  
Me Me Me h e  


12 


Me C&Me Me Me 


(?) - [(R) + (S)] 13C 


BF4e 


Scheme 8. The surprising result of the condensation reaction of 11 with triethyl orthoformate to yield isochiral 13c instead of 
achiral 12” 


configurational isomers; for stereoisomers obtained by 
rotation around C-C bonds of the formal bond order 
1.5 (as in polymethine dyes), there is so far no uniform 
notation.@) However, under these reaction conditions, 
we obtained isochiral 13c instead of 12, as shown by the 
careful analysis of the ‘H Nh4R spectrum and a single- 
crystal x-ray analysis of the produ~t . ’~  It seems that one 
of the two a,a’-methyl groups in 12 migrated from the 
a’-position to one of the methyl groups in the 3-position 
of the indoline ring to give 13c, which now has, with the 
indoline C-3, an asymmetrically substituted carbon atom. 
This at first sight strange result can be easily explained 
by the reaction sequence given in Scheme 9. 


An anionotropic Wagner-Meerwein 1,2-alkyl re- 
arrangement of the iminium salt 11 leads partly to an 


2 


Me Me 


hire 


I 
hire 


A (115.C) 


in pyridine 
BF4e - 


isochiral (racemic)” mixture of  the new iminium salts 
14a and 14b. Thus, during the condensation reaction 
between 11 and triethyl orthoformate (Scheme 8), one 
part of the iminium salt 11 reacts conventionally with 
the orthoformate to give an intermediate merocyanine 
dye, which then reacts with the rearranged isochiral 
iminium salt 14a and b to give eventually isochiral 13c. 
Such Wagner-Meerwein 1,2-alkyl shifts with 1,2,3,3- 
tetraalkylindoleninium salts were first described by 
Plancher in 1898-90,4’ who found that during the 
determination of the melting points of  such iminium 
salts, rearrangement to isomers with higher melting 
points took place.4’ For details on this rearrangement, 
and the formation of 13c, see Ref. 29. 


The relevance of this Wagner-Meerwein rearrange- 


hire J 


(-) - (S) : 14b (+) - (R) : 14a 


14C 


11 


Scheme 9. Wagner-Meenvein rearrangement of 2-ethyl-l,3,3-trimethylindoleninium tetrafluoroborate (11) to give an equimolar 
mixture of 14a and 14b ( = l 4 ~ ) ” . ~ ’  
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+ 2 DBHzT + NaOH 


- NaBF4 
2 1 4 c  - 2 


ment within the scope of this review is the formation of  
a new stereocentre at C-3 of the indoleninium ring of 
14 (Scheme 9). However, in order to obtain chiral 
polymethine dyes using this rearrangement, a laborious 
(and badly reproducible) separation into enantiomers by 
fractional crystallization of the corresponding diaster- 
eomeric salts (such as 16c in Scheme 10) is ne~essary , '~  
in the same manner as Konig obtained the first chiral 
polymethine dyes by separation of 8c into enantiomers 
(Scheme 5).24.26 Fractional crystallization of the di-0-  
benzoylhydrogentartrate 16c (prepared from isochiral 
14c via isochiral 15c) led to monochiral (S)-configured 
17b. After the conversion of 17b in its tetrafluoroborate 
14b, reaction with methyl orthoformate in pyridine 
afforded the new monochiral trimethinium cyanine dye 
18b with a high optical r~ ta t ion . '~  


A more elegant and simpler synthetic route to chiral 
polymethine dyes would be the use of monochiral 
natural compounds (from the chiral pool of nature) as 
educts, in the same manner as Gotze obtained some 
chiral polymethine dyes by first using ( + ) - ( R ) -  and 
(-)-(S)-1-phenylethylamine as monochiral starting 
material (cf. Scheme 6).3'.33 


A common, cheap, commercially available starting 
material is the optically active amyl alcohol 19b [(-)- 
(S)-2-methylbutan-l-ol], the asymmetrically substituted 
carbon of which originated from (+)-(S)-leucine 
during the process of alcoholic fermentation. According 
to Scheme 11, the monochiral quaternary iminium salt 
27 was prepared in a multi-step reaction sequence with 
monochiral 19b as educt, using a specially designed 
Fischer indole synthesis of monochiral 2-methyl-3-( 1- 
methylpropy1)indole (24b) as key step; treatment of the 
ketone 23b with phenylhydrazine in boiling xylene in 
the presence of an activated zeolite catalyst yielded the 


Me Et 
Fradional recrystallisation wH3 DBHTO from ethanol and acetone * 


Me 
H2o I 


Me 


desired indole regioisomer 24b with retention of the 
(S)-configuration at the stereogenic centre of the sec- 
butyl group. Alkylation of  the enamine 24b with 
iodomethane and conversion of the intermediate 
iminium iodide into the diastereomeric di-0-benzoylhy- 
drogentartrates 25 and 26, followed by fractional 
crystallization, allowed the isolation of the (3R,15S)- 
diastereomeric salt 25, which was eventually converted 
into the monochiral tetrafluoroborate 27.32 


With the monochiral (3R, 15S)-configured quaternary 
iminium salt 27, a versatile starting material for the 
synthesis of various new monochiral polymethinium 
dyes with promising chiroptical properties is now 
available. Only two examples, taken from Ref. 32, are 
given in Scheme 12. 


Reaction of salt 27 with 1,1,3,3-tetramethoxypro- 
pane in pyridin furnished the monochiral dinuclear 
pentamethinium cyanine dye 28, whereas reaction of 
27 with triformylmethane in acetic anhydride- 
sodium acetate yielded the monochiral mnuclear 
[2.2.2]heptamethinediium dye 29. Trinuclear poly- 
methine dyes such as 29 are methinylogous guanidinium 
ions, which constitute a new class of Y-conjugated 
polymethine dyes.42 [The rnethinylogy principle 
implies that the electronic donor-acceptor interaction 
between electron-pair donor (D) and electron-pair 
acceptor (A) substituents in organic n systems such 
as D- [CH].-A (with n = 1,2,3, . . . sp2-hybridized 
methine groups) is not interrupted by the methine 
groups. With even 1 2 ,  methinylogous compounds are 
also vinylogous or phenylogous compounds. The 
methinylogy principle was first formulated by us in Ref. 
42a. For the vinylogy principle, see Ref. 43.) The 
absolute configuration at the indoline carbon C-3 in 
27-29 has been determined by means of a single- 


1 


r 1 


L be I 
(S) : 17b 


Me Et  + HC(0EI)j 
in pyridine 


&Hs BF4' 
I - HBF4 


Me 


(-) - (S) : 14b (+) - (S,S) : 18b 


[a10 = + 680 (MeOH) 
h max = 546 nm (MeOH) 


BF4e 


Scheme 10. Synthesis of the symmetrical chiral trimethinium cyanine dye 18b, according to Reichardt et a/." 
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52% 74% 


(+) - (2s) : 20b (-) - (2s) : 19b 


+ PBrJ (2) + H3CCHO 


T O H  - Tr ( 3 ) + H f l  


(2R,4S) : 21 
(2S,4S) : 22 


+ NazCrzOI (1) + kCs-NH-NHz. - N b  


(2) A In xylene with zeolite 
85% 


(1) + 2 H3C-I, - HI  
in CHsOH, 38% 


(2) + NaOH I HzO. - HI 


(3) + (-) - (2R.3R) di-0 -* 
benzoyl-tartaric acid 
(DBH2T) 


86% 


(+) - (4s) 23b 


FourfoM recrystallization 


from ethanol 
21% 


81% 


D B H T ~  + 


(3R, 15s) : 25 


(1) + NaOH I Hfl. - DBHzT 


25 (2) + HBF4 I (CzHs)zO * 
64% 


dCH3 \ 


H 


(+) - (15s) : 24b 


C H3 


(3S,15S) : 26 


CH3 


D B H T ~  


BF$ 


(+) - (3R,15S) : 27 


aD = + 26 (EtOH) 


Scheme 11. Synthesis of the monochiral (+)-(3R,lSS)-1,2,3-tnmethyl-3-( 1-methylpropyl)indoleninium tetrafluoroborate (27) 
from monochiral (-)-(S)-2-methylbutan-l-ol, according to Reichardt et a[.” 


crystal x-ray analysis of 28: the newly introduced 
stereocentre at C-3 is (R)-configured, whereas the 
stereocentre at C-15, introduced with the starting com- 
pound 19b, is (S)-configured as expected.32 In spite of 
the fact that the four and six stereocentres in 28 and 29 
respectively, are not directly part of the light-absorbing 
n system, both dyes exhibit large specific rotations. 


Another simple way to obtain chiral polymethine 
dyes using monochiral educts from the chiral pool of 
nature is  shown in Scheme 13. Reaction of the penta- 
methinium oxonole dye 30 (obtained from 4- 
methylacetophenone and triethyl orthoformate) with 
(-)-( lR,2S)-ephedrine yielded the monochiral penta- 
methinium cyanine dye 31a.M The naturally occurring 
alkaloid (-)-L-ephedrine can be isolated from tropical 
bushes and the Chinese drug ma-huang (e.g. Ephedra 
vulgaris, Ephedra equisetina). The specific rotation of 


31a is also high, in spite of  the fact that the two 
stereocentres are not part of the light-absorbing 8n 
system.@ 


When monochiral dyes are dissolved in enantiomeric 
pairs of monochiral solvents, diastereomorphic solvates 
with slightly different UV-visible absorption maxima 
should be formed. The possibly resulting hypso- or 
bathochromic shift of the long-wavelength absorption 
band of the dissolved monochiral solute, as compared 
with its band position in the corresponding isochiral 
solvent, has been called chiro-solvatochrornis~n.4’ 
Monochiral polymethine dyes such as 2a and b 
have been dissolved in pairs of monochiral solvents 
such as ( - ) - (R) -  and (+)-(S)-propane-1,2-diol, (-)- 
(R,R)- and (+)-(S,S)-butane-2,3-diol, and ( - ) - (R)-  
and (+)-(S)-butan-2-01, and the position of the 
long-wavelength n-n- absorption band has been 
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27 


Scheme 12. Synthesis of a 


L 


+ HE[CH(OMe)A 
in pyridine 


- 4MeOH, - HBF4 
25% 


- 


+ HC(CH=0)3 
in Ac20 I NaOAc 


- 3 H 2 0 .  - HBF4 
34% 


w 


(3R,15S;3’R,15’S) : 28 
[ a ] ~  = + 11 10 (EtOH) 


(3R,15S;3R,15’S;3R,15”S) : 29 
[ a ] ~  = + 11100 (MeOH) 


monochiral dinuclear pentamethinium cyanine dye (28) and a monochiral trinuclear 
[2.2.2]heptamethinediium dye (29), according to Reichardt et al.” 


30 


(+) - (R,S)  : 31a 


[a1578nm = + 321 ( C H 3 W  


Scheme 13. Synthesis of the unsymmetrical chiral pentamethinium cyanine dye 31a, according to Wolf and co-workers.& 
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carefully determined. Disappointingly, the absorption 
band of 2a and b at A,, = 492 nm does not exhibit any 
chiro-solvatochromism.46 


First studies of the circular dichroism (CD) spectra 
of a monochiral pentamethinium cyanine dye at low 
temperatures indicated the formation of a chiral dimer 
with a twisted sandwich-like structure.4h 


CONCLUSIONS 


It has been emphasized that polymethine dyes constitute 
a separate class of n systems with inherently new 
physical and chemical properties, in addition to the well 
known aromatic and polyenic n systems. The first 
syntheses of chiral polymethine dyes by Konig et ~ 1 . ’ ~ ~  
in 1928 was a landmark in the development of a theory 
for the description of the n electronic ground state of 
polymethine dyes, which have been largely overlooked 
and forgotten for many years. More recent attempts at 
the syntheses of monochiral polymethine dyes have not 
only confirmed the basic results obtained by Konig24a,2h 
and G o t ~ e , ” . ~ ~  but have also opened up new pathways 
for the reparation of such chiral polymethine 


The syntheses of chiral polymethine dyes satisfy a 
long-felt need in the study of the relationships between 
structure and chiroptical properties of n systems. Such 
relationships are well established for chiral aromatic and 
chiral polyenic n systems, but not for chiral poly- 
methinic JG systems, the study of which is just 
beginning.4h 


Among chiral arornatic systems, the group of 
heliceries offers particularly interesting chiroptical pro- 
perties, characterized by large specific rotations,47 e.g. 
[ale = +3640 (CHCI,) for (+)-(P)-he~ahelicene.~~~ 


Chiralyolyerric n systems are found within the group 
of caroterioids. According to a list from 1976,4n more 
than half of the ca 400 naturally occurring carotenoids 
of known structure possess chiral end groups, the 
absolute configurations of which have been established 
for about 60 of them.“ Such chiral carotenoids are 
responsible for many of the brilliant colours in fruits, 
vegetables, fish, crustacea, eggs and plants. For 
example, (+)-(6‘R)-a-carotene with [ a ] ,  = +538 
(benzene) is found in carrots (Daucus carom) and in 
red palm oil, and (-)-(3R,3’R) 3,3’-dihydroxy-P-carotene 
(zeaxanthin) with [a IHg,  C.,,nr = -40 (CHCI,) is the 
xanthophyll pigment of yellow maize (Zea mays) and 
egg yolk.” 


The chiral polymethine dyes mentioned in this review 
are the first representatives of chiral polyrnethiriic n 
systems according to Scheme 1, the study of which 
seems to be not only of theoretical but also of practical 
interest. With respect to the manifold applications of 
achiral polymethine dyes in various fields as mentioned 
in the Introduction, chiral polymethine dyes will 
certainly also be useful materials because of their 


dyes.2V-32.‘!B 


particular chiroptical properties. Since achiral poly- 
methine dyes are used as spectral sensitizers in silver 
halide photography,’ what would happen with chiral 
polymethine dyes as sensitizers? Would they exhibit 
different sensitivities for right and left circularly polar- 
ized light? This is only one of the questions which have 
to be answered in the near future. 
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THE SOLVENT EFFECT ON THE CONFORMATIONAL EQUILIBRIA OF 
4-SUBSTITUTED CYCLOHEXENES 


LJILJANA DOSEN-MICOVIC' 
Faculty of Chemistry, University of Belgrade, Studentski trg 16. P.O. Box 550, YU-11001 Belgrade, Yugoslavia 


AND 


BOGDAN SOLAJA 
Institute of Chemistry, Technology and Metallurgy, Belgrade, Yugoslavia 


Conformational preferences have been measured for 4-X-cyclohexenes (X = Br, CI, CHO, COOH) in a series of 
solvents with increasing polarity. The conformational equilibrium exhibits a very weak solvent dependence. AG 
varies at most by 0.25 kcal mol-' (1 kcal=4.184 kJ) shifting from a non-polar mixture (CS,-CDCI,) to highly 
polar (CD,),SO. The reaction field theory was used to calculate the variation of AG with solvent polarity. The 
calculated solvent shifts 6AG are small and in agreement with the values determined experimentally. 


INTRODUCTION 
There has been no systematic study on the conforma- 
tional effects of the double bond in cyclohexene 
derivatives. The experimental data available for some 
4-substituted c clohexene~,'-~ 3-substituted methylene- 
c y c l ~ h e x a n e s ~ ~ ~  and 4-substituted-6,7,8,9-tetrahydro- 
5H-benzocycloheptenes6 suggest that steric interactions 
in these compounds are reduced compared with the 
corresponding substituted cyclohexanes. Still, it was 
found that the equatorial isomer is favoured over the 
axial isomer in non-polar solvents (CS2, CF,C~,).~.'.* 
This preference was claimed to be due to an electro- 
static interaction between the double bond and the polar 
~ubstituent,~.' and the noticeable increase in the axial 
conformation population in moderately polar solvents 
(CHFCl,, CHF,Cl) seems to support this conclusion. 
The relative decrease in AGa-e of 0-33 and 0.32 kcal 
mol-' (1 kcal=4.184kJ) (AG,-,=G,-G,, where a 
and e stand for axial and equatorial, respectively) were 
observed for 4-chlorocyclohexene (2) and 4-chloro- 1,2- 
dimethylcyclohexene', respectively, on shifting from 
non-polar CF2C12 ( E = 2.13) to moderately polar 
CHF,Cl (~=6 .11) .  A decrease in AGa-, of 0.46 kcal 
mol-' was observed for 4-chloro-6,7,8,9-tetrahydro- 
5H-benzocycloheptene6 (solvents: CS2, E = 2.6, and 
CHFCl,, E = 5.34), suggesting a further increase in the 
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population of the axial conformation with increasing 
solvent polarity. 


On the other hand, molecular mechanics calculations' 
led to the conclusion that electrostatic interactions do 
not play an important role in determining the conforma- 
tional preference of the above-mentioned compounds. 
The solvent effect on conformational equilibria was also 
calculated to be small.' 


In this paper, we report a 'H NMR study of confor- 
mational equilibria of four 4-X-cyclohexenes (X = Br, 
C1, CHO, COOH) in solvents of varying polarity, 
together with calculations based on the molecular 
mechanics method coupled with the reaction field 
theory. 


RESULTS AND DISCUSSION 
The conformational equilibria of 4-X-cyclohexenes 
(X = CHO, COOH) (3-cyclohexen-1-yls; for the sake 
of uniformity we use the numeration shown in Figure 1) 
have been studied previously by 'H NMR in CDCl, 
solution". 


The coupling constants J ,  and Jbx and AG values in 
CDCl, solution are available" and are presented in 
Tables 1 and 2, together with the corresponding values 
determined in this work. The first-order 600 MHz 'H 
Nh4R spectra of the HX pattern recorded in this work 
permitted direct analysis of the HX signal and the 
determination of its coupling constants. 
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.."..., 


HX 


e_ 


G== H y -  + H' 


Hb 


a 


1: X = E r  
2: x=cI 
3: X = C H O  
4: X-COOH 


Figure 1. Conformational equilibrium of 4-X-cyclohexenes 


The coupling constants and signal widths of individ- 
ual conformers were calculated using the empirical 
equation proposed by Haasnoot et a1.I' 


The procedure used for the determination of AG 
values will be exemplified on the HX portion of the 'H 
NMR spectrum of 4-formylcyclohexene (3) (3- 
cyclohexencarbaldehyde) in acetone (Figure 1; 
X = CHO), shown in Figure 2. 


The conformer populations (n,, n,) were determined 
from coupling constants or line widths using the follow- 
ing equations: 


n, = ( J  - J . ) / (J ,  - J J  (1) 


4 = (W - W.)/(W. - WJ (2) 
We used the J,. (Figure 1) coupling constant in equa- 
tion (1) for the following reasons: (i) it has sufficiently 
different values in two conformations and (ii) the data 
set, used by Haasnoot et al. in the empirical generaliz- 
ation of the Karplus equation for the calculation of 
coupling constants, is biased towards torsional angles of 
ca 60" and 180". This makes the J,, and Jxt calculated 
constants less reliable for the precise determination of 


n, and n, values. The determined n, values for com- 
pound 3 are 0.70 [J,, based, equation (l)]  and 0.77 [W 
based, equation (2)] in CDCl, and 0.71 (.Ix, based), and 
0.76 (W based) in acetone. These and the corresponding 
AG,-, values for compounds 1 to 4 in different solvents 
are presented in Table 2 and compared with the calcu- 
lated values. 


The calculations of AG for the conformational 
equilibrium in solution are based on the method 
described earlier.'.'' The gas-phase free-energy differ- 
ence of the two conformers, AG', is the sum of steric 
energy difference calculated with the MM2 program'' 
and the charge interaction energy difference calculated 
with the IDME program." Based on the reaction field 
theory, this program also calculates the solvation energy 
( S E ) ,  and yields the value of free energy difference 
AGS-, in solution (Table 2): 


AG;-, = AGi-, - SE. 
There are three possible minimum energy rotamers 


around the C - 4 - m  bond for each ring conformation 
(a, e) of 3, corresponding to the carbonyl oxygen eclips- 
ing either H-C-4 or the ring carbons C-3 or C-5. In 
both ring conformations, the rotamers with the carbonyl 
oxygen eclipsing H-C-4 are of high energy (1.72 kcal 
mol-' in the axial conformation and 1.54 kcal mol-' in 
the equatorial conformation, relative to the energy 
minimum corresponding to the equatorial conformation 
rotamer with carbonyl oxygen eclipsing C-3), so do not 
contribute significantly to the con formational mixture. 
The other two rotamers are of about equal steric and 
electrostatic energies in the equatorial conformation of 3 
(the relative energies are 0.00 and 0.19 kcal mol-' for 
the rotamers with carbonyl oxygen eclipsing C-3 and C- 
5 ,  respectively). In the axial conformation, the rotamer 
with the carbonyl oxygen eclipsing C-5 is more stable 
than that eclipsing C-3 by ca 0.6 kcal mol-' owing to 
favourable electrostatic interactions. However, the two 
rotamers have very similar geometries. The geometries 
of the rotamers with carbonyl oxygen eclipsing C-3 were 


Table 1. Dihedral angles, 0 (") and coupling constants, J (Hz), in 4-formylcy- 
clohexene (3) 


Jx,. -55.5 3.9 -176.6 12.3 9.9 9.8 9.9b 
Jr.b 61.6 3.0 65.7 2.4 3.3 3.3 2.7b 
Jr,e 70.4 1.9 -168.1 11.9 7.0 1.3 
Jx.f -474 5.2 -49-2 4.9 7.1 6.9 


w 15.0 32.6 28.3 28.6 
JX.CH0 1 .o 1 .o 1 .o 1 .o 


'Dihedral angle between vicinal hydrogens, MM2 values." 
bTaken from Ref. 10. 


Signal width. 
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Table 2. Spectroscopic data and conformational distribution' 


Compound Jx,ab W .I n," AGAP A C P  AGdC 


4-Bromocyclohexene (1) 
Axial conf. 
Equatorial conf. 
Solvent' 


CDCI, 
cs,-CSCI, (9 : 1) 


(CD, )zCO 
(CD, ),SO 


C6D6 


4-Chlorocyclohexene (2) 
Axial conf. 
Equatorial conf. 
Solvent' 


CDCI, 
CS,-CDC13 (9 : 1) 


CD2G 
(CD3 )zCO 
(CD3)zSO 


C6D6 


4-Formylcyclohexene (3) 
Axial conf. 
Equatorial conf. 
Solvent" 


CS,-CDCl, (9 : 1) 
CDCI, 


4-Carboxycyclohexene (4) 
Axial conf. 
Equatorial conf. 
Solvent' 


CDCl, 
cs,-CDCI, (9 : 1) 


& 


2.6 
4.8 
7.56 


20.2 
44.0 


E 
2.6 
4.8 
7 . 9  
9.1 


20.2 
44.0 


& 


2.6 
4.8 


7.5d 
9.1 


20.2 
44.0 


& 


2.6 
4.8 


7.5d 
20.2 
44.0 


3.6 
11.9 


9.6 
9.6 
9.2 
9.3 
8.9 


3.4 
11.7 


9.3 
9.5 
9.3 
9.4 
9.3 
8.9 


3.4 
12.3 


9.8 
9.8 


9.8 
9.9 
9.8 


3.8 
12.3 


11.4 
11.2 


10.9 
11.3 
11.1 


14.3 
30.5 


25.1 
25.0 
24.7 
24.5 
23.7 


14.2 
29.6 


25.2 
24.9 
24.7 
24.7 
24.6 
23.7 


15.0 
32.6 


28.3 
28.6 


28.4 
28.3 
27.9 


13.9 
31.8 


29.4 
29.3 


28.9 
29.5 
29.3 


0.72 0.67 0.56 0.41 
0.72 0.66 0.56 0.38 
0.67 0.64 0.42 0.35 
0.68 0.63 0.45 0.31 
0.63 0.58 0.32 0.19 


0.71 0.71 0.53 0.53 
0.73 0.69 0.60 0.49 
0.71 0.68 0.53 0.45 
0.72 0.68 0.56 0.45 
0.71 0.67 0.53 0.42 
0.66 0.61 0.39 0.28 


0.70 0.75 0.51 0.66 
0.70 0.77 0.51 0.72 


(0.4-0.5)' 


0.70 0.76 0.51 0.70 
0.71 0.75 0.54 0.66 
0.70 0.73 0.51 0.60 


0.89 0.87 1.25 1.12 
0.87 0.86 1.11 1.07 


0.83 0.84 0.95 0.99 
0.88 0.87 1.18 1.12 
0.86 0.86 1.05 1.07 


(1.00)' 


0.45 
0.48 
0.49 
0.50 
0.51 


0.55 
0.56 
0.57 
0.57 
0.59 
0.59 


0.78 
0.82 


0.83 
0.85 
0.86 
0.89 


0.74 
0.74 


0.74 
0.73 
0.73 


'The equational conformation populations, n.' and n." were determined with equation (1) or (2) using coupling constants and signal widths, 
respectively (estimated error +0.04 in n,, M. 11 in AG), 
bLiterature values in CDCI, are. J x , ,  = 9.90 Hz (compound 3) and JX,* = 11.39 Hz (compound 4); see Ref. 10. 
'In benzene solution of 3, the Hx signal was not observed at 2.50 ppm but at higher field (ca 1.90 ppm) as a result of solvent anisotropy.13 It could not 
be resolved from the signals of other protons. 


'See Ref. 10 
It was found that benzene behaves as a more polar solvent than its bulk dielectric constant of 2.30 would ~uggest . '~  


used for the calculation of coupling constants in both 
conformations (Table 1). 


The calculated solvation energies of the individual 
rotamers varies from ca 1.0 kcal mol-' in CDCI, to 2.5 
kcal mol- in (CD,),SO. The net solvent effect on the 
conformational equilibrium was calculated to be very 
small, however, since the solvation energy is nearly 
equal for all the rotamers in both conformations (axial 
and equatorial with respect to aldehyde group). The 


calculated free energy difference in the gas phase 
(AG" = 0.75 kcal mol-') was almost equal to that found 
for the non-polar solvents [AGs=0.78 kcal mol-' in 
CS2-CDCl, (9 : l)] favouring the equatorial conforma- 
tion, and it changed very little on shifting to polar 
solvents (see Table 2). This is in agreement with the 
experimental results. 


The three rotamers around the C-4--(3=0 bond 
have been considered in both ring conformations of 4, 
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all with hydroxyl proton cis to the carbonyl group. The 
calculated and experimental results show that the 
equatorial conformation strongly predominates in all 
solvents studied (see Table 2). 


The conformational equilibria in 4-bromo- and 4- 
chlorocyclohexenes (1 and 2, respectively) exhibit a 
weak solvent dependence resulting in a decrease in 
AG,-e in polar solvents. However, this effect is small 
with respect to the polarity range of the solvents used, 
and supports the calculated invariance of conforma- 
tional population with the solvent polarity. The 
equatorial conformation remains dominant in all the 
solvents studied. 


Finally, we conclude that for the compounds studied, 
1-4, the equatorial conformation predominates in all 
the solvents examined. The observed and calculated 
solvent effects are small, similar to those observed for 
monosubstituted cyclohexane derivatives, and unlike 
those found in disubstituted cyclohexane derivatives 
with polar groups, suggesting that the double bond does 
not introduce significant electrostatic forces into the 
molecule. 


EXPERIMENTAL 
4-Formylcyclohexene (cyclohexene-3-carbaldehyde) 
(3) was purchased from Aldrich and distilled before 
use. 4-Carboxycyclohexene (cyclohexene-3-carboxylic 
acid) (4) and 4-chlorocyclohexene (2) were synthesised 
according to Ref. 1 and 4-bromocyclohexene (1) 
according to Ref. 2. All compounds were shown to be 
>99.7% pure by GC prior to use. The 'H NMR spectra 
were taken on a Bruker AM 600 (600 MHz) spectro- 
meter equipped with Aspect 3000 computer, in the 
indicated solvents using the following solvent shifts (6) 


for lock: CS2-CDC13 (9: 1) 7.24, CDCl, 7.24, C,D, 
7.15, (CD,)2C0 2.04 and (CD,),SO 2.49. All the 
calculations were performed on a IBM 3090 computer. 
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OSCILLATIONS OF ELECTRICAL POTENTIAL DIFFERENCES 


SYSTEMS 
ACROSS THE INTERFACE IN PHASE-TRANSFER CATALYTIC 
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Oscillations of electrical potential differences across the liquid-liquid interface in phase-transfer catalyst 
systems are reported. The occurrence of the oscillations is consistent with the Starks' shuttling 
mechanism. 


INTRODUCTION 


In a phase-transfer catalyst system where the two 
reactants are located in two different phases, the phase- 
transfer catalyst (FTC) serves as a vehicle to bring one 
reactant into the same phase as the second so that the 
reaction between them which otherwise is inhibited 
takes place. The classical diagram of a phase-transfer 
catalytic cycle, first given by Starks,' is shown below: 


Q'Nu- + R-X + R-Nu + Q'X- 


Q'Nu- + M'-X- + M'Nu- + Q'X- 


Organic phase 


Aqueous phase 
T4 T4 Interface 


where Q represents a quaternary ion, Nu the 
nucleophile, MX the salt of the cation M with anion X 
and R an organic radical. 


The reaction cycle (1) implies that if one inserts in 
the two phases two electrodes capable of sensing the 
ions, one should observe oscillations of electrical 
potential difference across the electrodes. In  fact, 
electrical potential oscillations across liquid-liquid 
interfaces, where a surfactant was added to one of 
the phases, have been doc~mented.*-~ The overall 
mechanism, which involves a dynamic equilibrium 
between micelles in the aqueous phase, reversed 
micelles in the non-aqueous phase and a monolayer 
at the interface, has been proposed by Yoshikawa 
and Matsubara' for such electrical potential 
oscillations. 


Although phase-transfer catalysts need not be effect- 
ive surfactants prone to forming mi~elles,'*~ they always 
have both hydrophilic and hydrophobic domains in their 
structures and therefore aggregation of F'TC molecules 
in both aqueous and non-aqueous phases, similar to that 
proposed by Yoshikawa and Matsubara,* cannot be 
ruled out. Should this be so, one may suspect the 
existence of electrical potential oscillations in PTC 
systems also. 


Prompted by these ideas, electrical potential oscilla- 
tions in three F'TC systems listed in Table 1 were 
monitored. The PTC s stems chosen are similar to those 
reported previouslylR except for some minor 
modifications. 


Table 1. PTC systems chosen for monitoring electrical 
potential oscillations" 


System Description 


(acidic aqueous KMnO,) (0.01 M) 
1 Interface 


Aliquat 336 + benzyl alcohol (30 ml) 


Benzene (25 ml) + benzyl alcohol +TBAC(O.O~M) 
acidic aqueous KMn04 (0.01 M) 


2 


Aliquat 336 +chlorooctane (30 ml) ,nterface 
Aqueous KCN (0.1 M) 


3 


*Volume of each phase - 30 ml. In systems 1 and 3 a few drops of Aliquat 336 
were used 
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agar-agar bridge 


agar- agar bridpc 


Figure 1. Experimental set-up for monitoring electrical potential oscillations 


EXPERIMENTAL 


Materials. Aliquat 336 and tetrabutylammonium 
chloride (TBAC), which were used as phase-transfer 
catalysts, were obtained from Aldrich (Milwaukee, WI, 
USA) and Fluka (Buchs, Switzerland), respectively. 
Benzene and benzyl alcohol (extra-pure quality) were 
obtained from S.D. Fine Chemicals (India) and 1- 
chlorooctane from Merck (Darmstadt, Germany). All 
other chemicals were of analytical-reagent grade. 
Deionized water distilled twice in an all-Pyrex glass still 
was used for preparing aqueous solutions. 


Methods. The experimental set-up is depicted sche- 
matically in Figure 1.  The volume of both organic and 
aqueous phase was 30 mL in all three systems presently 
studied. The phase-transfer catalysts were dissolved in 
the organic phase in all three systems (Table 1). In 
systems 1 and 2 the KMnO, solution was made acidic 
by adding one drop of concentrated hydrochloric acid. 
To monitor electrical potential oscillations, the sensing 
electrodes (Ag/AgCL electrodes obtained from Elico, 
Hyderabad, India) were placed as close to the interface 
as possible and connected to an x-t recorder (Omnis- 
cribe Series 5000, Digital Electronics, Bombay, India). 
While monitoring electrical potential oscillations, no 
stirring was applied. 


All experiments were carried out at constant tempera- 
ture using an air thermostat set at 30 f 0.1 “C. 


180 min the pH of the organic layer in system 1 
changed from 5.4 to 4.4 and in system 2 from 6.65 to 


A mechanism leading to the oscillations in electrical 
potential differences observed in this study can be 
proposed along the lines of Yoshikawa and Matsubara,’ 
who invoked ‘cooperativity’ in the process of diffusion 
through the interface as a necessary condition to induce 
oscillations; to realize cooperativity they used surfactant 
molecules. Let us take the case of  electrical potential 
oscillations and the oscillation of pH observed by them2 
across the interface in a system consisting of a solution 
of picric acid in 2-nitropropane and an aqueous solution 
of hexadecyltrimethylammonium bromide (CTAB). 
The mechanism proposed by them, which is depicted 
schematically in Figure 3, consisted of three steps: 


1.  Cations of CTAB which are present as micelles in 
the aqueous phase move towards the interface and 


5-25. 


1Omh 
w 


RESULTS AND DISCUSSION (b) 


Traces of  the variation of the electrical potential differ- 
ences across the interfaces with time in the three PTC 


oscillations commenced after 90-120 min. These 
oscillations can be viewed as further evidence in favour 


(l)]. The pH of the organic layer in both systems 1 and 
2 showed a decrease during the experiment, indicating 
the formation of benzoic acid in the organic layer. After 


systems given in Table 1 are shown in Figure 2.  The 1OmV I 
, 10min , 


(C 1 of the shuttling mechanism given by Starks [equation 


Figure 2. Traces of electrical potential oscillations across the 
interface in systems (a) 1, (b) 2 and (c) 3 
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When the concentration of CTAB cation decreases to 
a lower critical value, the system reverts back to step 


A mechanism similar to that postulated above by 
Yoshikawa and Matsubara‘ can be extended to the 
systems studied in this work (Table 1). Although phase- 
transfer catalysts need not be effective surfactants prone 
to forming mi~eIIes,~.‘ aggregation of PTC molecules in 
both aqueous and non-aqueous media cannot be ruled 
out owing to the presence of both hydrophilic and 
hydrophobic domains in their structures. One can there- 
fore extend the mechanism proposed by Yoshikawa and 
Matsubara2 (Figure 3 )  to the present systems (Table 1) 
by replacing micelles with submicellar aggregates. The 
counterpart of the picrate ion (Figure 3 )  in systems 1 
and 2 ,  for example, would be the MnO; ion. 


We should emphasize that although electrical poten- 
tial oscillations in a biphasic system where surfactant 
molecules have been used in one of the phases have 
been demonstrated earlier by Yoshikawa and co- 
workers,2,’ this is the first report Of electrical potential 
oscillations in PTC systems. 


Organic (1). 
kip& 


I’ P 


I’ 


-pp- F&- 
*p Qt 


Inhrtoce I- P- P- P- P- 7 P- 


Aqueous 


~i~~~~ 3. Schematic of the mechanism of 
oscillations in biphasic systems’ 


2. 


acquire an orientation such that hydrophilic groups 
are oriented towards the aqueous phase and the 
hydrophobic chain is oriented towards the organic 
phase. Simultaneously, picric acid (HP) molecules 
move towards the interface and dissolve in the 
aqueous phase, thus increasing the concentration of 
picrate ion (P-) near the interface. 
The concentrations of the CTAB cation and the 
picrate anion (P-) increase gradually, leading to the 
formation of a monolayer structure at the interface 
(Figure 3) .  
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On reaching a critical value of the concentration, the 
CTAB cations are suddenly transferred to the 
Organic phase where they form inverted 


In this step an additional driving force arises from 
the formation of micelles in the organic phase. 
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ANTIOXIDANT SYNERGISM AND MUTUAL PROTECTION OF 
a-TOCOPHEROL AND /3-CAROTENE IN THE INHIBITION OF 


RADICAL-INITIATED PEROXIDATION OF LINOLEIC ACID IN 
SOLUTION 


ZHAO-LONG LI, LONG-MIN WU, LAN-PING MA, YOU-CHENG LIU AND ZHONG-LI LIU" 
National Laboratory of Applied Organic Chemistry, Lanzhou University, Lanzhou, Gansu 730000, China 


Peroxidation of linoleic acid was initiated by azobis(isobutyronitri1e) in tert-butyl alcohol and inhibited by a- 
tocopherol, p-carotene and retinal, either alone or in combination. Significant antioxidant synergism and a 
novel mutual protection of a-tocopherol and p-carotene were found and the possible involvement of retinal in 
the process is discussed. 


INTRODUCTION 


Interests in b-carotene (BC) has recently been rekindled 
since there is increasing epidemiological, clinical and 
biochemical evidence that carotenoids may play a role 
in prevention of cancer,'-3 ~ t r o k e , ~  and cardiovascular 
diseases.'~' One of the most interesting proposals 
relating p-C to the disease prevention is that it may act 
as an antioxidant to trap active free radicals, which 
would otherwise initiate harmful reactions such as lipid 
peroxidation and eventually induce the diseases. 
However, despite ample accumulation of research data 
showing the beneficial effect of b-C on health, critical 
gaps remain in our knowledge of its precise antioxidant 
mechanism. Burton and Ingold'" have pointed out that 
b-C is 'an unusual type of lipid antioxidant' because it 
exhibits good radical trapping behaviour at lower 
oxygen pressures, whereas it shows an autocatalytic, 
pro-oxidant effect at higher oxygen pressures in homo- 
geneous solutions. Similar oxygen pressure-dependent 
antioxidant/pro-oxidant behaviour was also observed in 
soybean phosphatidylcholine liposomes." In addition, 
in contrast to the well known antioxidant synergism of 
a-tocopherol (VE) and L-ascorbic acid (VC), namely, 
recycling of VE by VC, ".I3  the antioxidant synergism 
of-C and VE, if any, is still not well understood. It has 
been mentioned that VE might suppress the autoxidation 
ofb-c,  but no details were given.".'4 Some in vivo 
experiments showed a synergistic antioxidant effect of 


Author for correspondence. 


b-C and VE,I5.'' but no such an effect was observed in 
other cases. "J' Palozza and Krinsky reported that b-C 
and VE exerted an additive effect in inhibiting radical- 
initiated lipid peroxidation in homogeneous solutions, I9 


whereas in rat liver microsomes the effect was found to 
be synergistic'" and influenced by several factors, 
including the type of the radical initiator involved and 
the site and rate of the radical production." Obviously, 
further investigations are required to elucidate the 
mechanism of b-C and VE interactions in detail. 


This paper describes oxygen uptake and ultra- 
violet (UV) spectroscopic studies on the azo- 
bis(isobutyronitri1e) (A1BN)-initiated peroxidation of 
linoleic acid in ten-butyl alcohol under atmospheric 
oxygen which was inhibited by VE, b-C and retinal 
(RCHO), either alone or in combination. Our experi- 
ments showed that either VE or b-C inhibits the 
peroxidation effectively and the combination of the two 
antioxidants exhibits a much higher inhibition effect 
than an additive effect, i.e. a significant synergistic 
effect. Most interestingly, the depletion of the two 
antioxidants when they are used in combination is both 
slower than when they are used separately, demonstrat- 
ing a novel mutual protection effect. Further, although 
retinal (RCHO) alone shows no observable antioxidant 
activity against linoleic acid peroxidation, it works very 
well synergistically with VE. Since retinal and other b- 
apo-carotenals are known to be the major oxidative 
degradation products of b-C, l 4  we propose that retinal 
may play a role in the antioxidant synergism of VE and 
p-C. 
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RESULTS AND DISCUSSION 


Oxygen uptake measuremens 
Linoleic acid was dissolved in tert-butyl alcohol and kept 
at constant temperature (50 "C) under atmospheric 
oxygen, then AIBN was added to initiate the peroxida- 
tion which led to rapid oxygen absorption as shown in 
Figure l(a). The oxygen absorption was suppressed by 
adding VE to the system and recovered to its original rate 
after the antioxidant was exhausted [Figure l(b)]. 8-C 
showed similar antioxidant activity [Figure l(c)] and a 
combination of VE and B-C gave much longer induction 
period (see below) than the additive effect when VE and 
B-C were used alone, indicating an antioxidant synergism 
of the two antioxidants [Figure 1 (d)]. 


The peroxidation of linoleic acid (LH), thermally 
initiated by azo compounds (RN=NR), can be described 
by the following simplified scheme: 
Initiation 


ki 
RN=NR -+ 2eR + N2 + (1 - e)RR (1) 


R' + Q + ROO' (2) 


ROO' + LH + ROOH + L' (3) 


L + Q + L O O  (4) 


(5)  


Propagation: 


k p  
LOO' + LH - LOOH + L' 


Termination: 
k, 


2LOO' - molecular products (6) 


o l o . D I D ~ o ( D m 7 o ( D  


Time (Min) 


Figure 1. Oxygen uptake during the peroxidation of 
linoleic acid in tert-butyl alcohol at 50°C initiated with 
AIBN. [LH],= 19.3 mmoll-I, [AIBN],=6.09 mmoll-I. 
(a) uninhibited reaction; (b) inhibited with VE 
(6.96 pmoll-I); (c) inhibited with /?-C (11.2 pmoll-I); 
(d) inhibited with VE (6.96 pmol I - ' )  and /?-C (1 1.2 pmol I - ' )  


where k,, k, and 2k, represent the rate constants for 
the decomposition of the initiator, chain propagation 
and termination reactions, respectively, and e is the 
efficiency of the initiator, namely the fraction of the 
radicals which can diffuse out from the solvent cage to 
initiate the peroxidation. 


Based on the steady-state kinetic treatment of 
reactions (1)-(6) the rate of oxygen uptake can be 
expressed as follows:** 


(7) 


where kP/(2k,)"* is generally referred to as the oxidiz- 
ability of the substrate, representing the susceptibility 
of the substrate to undergo peroxidation, and R i  is the 
apparent rate of the chain initiation which, equals 2ek, 
[RN=NR]. 


When an antioxidant AH is added, peroxyl radicals 
will be trapped and the chain reaction stopped: 


k,"h 
LOO' + AH - LOOH + A' (8) 


A + LOO' -+ molecular products (9) 
where the rate constant kin,, represents the activity of the 
antioxidant. The rate of oxygen uptake in the presence 
of an antioxidant can be derived from the steady-state 
treatment of equations (1)- (9) as 


where IZ is the stoichiometric factor, which designates 
the number of peroxyl radicals trapped by each antioxi- 
dant molecule. R, and I I  can be determined by induction 
period method;23 the induction period, t,,, is the time 
during which the peroxidation is suppressed by the 
antioxidant added, i.e. the lag from the inhibition of 
oxygen uptake to the turning point of restoration of the 
oxygen uptake. The 11 value of VE is known to be 2,23 
hence we have 


R, = 2'0[VEIo/t,", (1 1) 


= R~fmh/[AHIO (12) 
Substituting equation (12) into equation (10) and 
integrating gives 


(13) A[Q] = -- [LH], In 1 - - 


where A[O,] is the amount of oxygen absorbed by 
reaction (4) in the time interval t. The observed oxygen 
consumption, AIO ,2]ob,, includes the oxygen consump- 
tion by reaction (2), and therefore we have 


(14) 


k n h  x;, ( J  


A[021 = A[021~b~ - R,t 
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Plots of A[O,] versus -In(l - f/rinh) give fairly good 
straight lines from which the ratio kp/kinh can be 
evaluated. Taking the estimated k, of 230 mol-l s-' at 
50°C,24 the kinh values can be calculated and are given 
in Table 1. Also listed are the rate of initiation, the 
oxidizability, the induction period, the stoichiometric 
factor, and the effective stoichiometric factor of the 
synergism, which is defined as'' 


n(VE) = R,[f,,h(VE p - c )  - finh(B-C)l/[VElo (15) 
It is seen from Table 1 that both VE and p-C can 


inhibit the peroxidation of linoleic acid effectively. The 
stoichiometric factor of 4.1 for p-C is an interesting 
observation. It is known that j3-C does not have the 
structural feature commonly associated with chain- 
breaking antioxidants, namely no abstractable hydro- 
gens for the chain-carrying peroxyl radicals. Burton 
and Ingold" has suggested that the resonance-stabilized 
carbon-centred radical formed by the addition of a 
peroxyl radical to the conjugated system of j3-C may be 
responsible for its antioxidant capability, since this 
radical has the potential to trap another peroxyl radical 
to break the chain: 


LOO' + j3-c +LOO - 8-C' (16) 


LOO - B-C- + LOO' -+molecular products (17) 


According to this mechanism, one j3-C should trap two 
peroxyl radicals with a stoichiometric factor of 2. 
Moreover, if the concurrent pro-oxidant action due to 
the autoxidation of p-C [equation (18)] was taken into 
account, the iz value should be smaller than 2. It is 
therefore clear that something else must be contributing 
to the antioxidant activity of j3-C: 


LOO - p-C' + 0 2  +LOO - B-C-00. (18) 


Furthermore, B-C can work synergistically with VE 
to prolong the induction period much longer (3600 s) 
than the additive effect of the induction period when 
the two antioxidants are used separately (2820 s, see 
Table 1). This result is in accord with the synergistic 


antioxidation of VE and B-C in rat liver liposomes 
observed by Palozza et al.2' They suggested that VE 
gave protection against the autoxidation of B-C because 
VE was consumed faster in the presence of p-C. 
However, we observed that both VE and B-C were 
consumed more slowly when they were used in 
combination than when used separately (see below). 
Moreover, the effective stoichiometric factors are 4.4 
and 5.5 for V E  and p-C, respectively, when they are 
used in combination, i.e. much greater than their 
intrinsic iz values. This means that each molecule of VE 
can 'spare' (i.e. act as the equivalent of)  about 1.1 
molecules of B-C and each molecule of B-C can 'spare' 
about 2.75 molecules of VE. This demonstrates that the 
synergistic interaction of VE and p-C cannot be a 
simple recycling mechanism such as the synergism of 
VE and VC" in which VC reduces VE radical to 
regenerate VE with effective n values for VC ranging 
from about 0.4 to 0.7.'' 


Ultraviolet spectroscopic measurements 
VE and j3-C exhibit characteristic UV absorption at 292 
and 450 nm respectively, in tert-butyl alcohol, which 
allows the easy measurement of depletion of the 
antioxidants. Under similar experimental conditions to 
those in the oxygen uptake experiment, the UV spectra 
of the reaction system were measured at definite time 
intervals to follow the reaction. It was found that VE 
was depleted linearly with time either in the absence or 
in the presence of B-C, which is in accord with the 
kinetic requirements for a chain-breaking antioxidant 
[equation (S)]. On the other hand, the depletion of p-C 
was very fast and sigmoidal, demonstrating the 
self-catalytic autoxidation character. A representative 
spectrum is shown in Figure 2 and the kinetic traces are 
depicted in Figure 3. It can be seen from Figure 3 that 
the decay rate of p-C was substantially decreased (by 
over one order of magnitude) on adding VE to the 
system and the decay kinetics changed from autoxida- 
tive to linear, namely antioxidant decay. This indicates 


6.96 2.25h 5.44' 
11.2 2.25 5.66 


6.96 11.2 2.25 4.35 


1.94 660 20.5 2.0 
2.05 2160 3.99 4.1 
1.50 3600 3.12 4.4 (VE)d 


5.5 cp-cy 
' In  rerr-butyl alcohol at 50°C with [LH],= 1.93 x lo-* moll  
hCalculated by R ,  = 2ek,[AIBN] with k ,  = 2.6 x 10"s" and e = 0.70." This value is in good agreement with the value of 2 .  I 1 x 
calculated using equation ( I  I ) .  
'Rate of propagation after induction period. 


and [AIBN],= 6.09 x lo-' mol 1 -I. 
mol I - '  s - '  


Effective stoichiometric factor [see equation (15)l. 
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Figure 2. UV spectra recorded during the VE 
(5.13 x moll- ' )  and p-C (6.91 pmoll-l) co-inhibited 
peroxidation of LH (11.8 mmoll- ') initiated with AIBN 
(17.4 mmoll-I) in tert-butyl alcohol at 50°C. The spectra 
were recorded at time intervals of 25 min, but only a selection 
of the experimental lines is shown for clarity. Peaks that 
appeared and increased in intensity at ca 340 nm came from 


unidentified degradation products of p-C 


that the autoxidation of p-C has been inhibited by VE, 
affording good experimental evidence for the previous 
proposals about the cooperative antioxidant/pro-oxidant 
behaviour of p-C and the role of VE in protecting p-C 
against autoxidation.'"*''*'" However, the decay of VE is 
also decreased by about half in the presence of p-C 
compared with that in the absence of the latter. Obvi- 
ously, this result cannot be explained by the above 
mechanism, which should require an increase in the 
depletion of VE. Therefore, there must be some way to 
regenerate VE by p-C. 


The direct recycling of VE radical to VE by B-C seems 
improbable because p-C is a poorer hydrogen or electron 
donor than VE.27 However, a recent paperI4 reported that 
retinal and a number of /3-apo-carotenals were the major 
fragmentation products of the autoxidation of ,!I-C. Since 
retinal and other carotenals possess an abstractable 
aldehyde hydrogen, we answer these aldehydes may 
contribute to the antioxidant synergism with VE. 


Role of retinal and/or other B-apo-carotenals on the 
antioxidation 
An oxygen uptake experiment was carried out with 
retinal alone and with VE-retinal in combination. 


10 20 30 40 Win) 
I I 


Figure 3 .  Kinetic decay of VE and p-C during the 
antioxidation reaction against the AIBN-initiated peroxidation 
of linoleic acid in terr-butyl alcohol at 50°C. 
[LH],= 11.8 mmoll'', [AIBN],= 17.4 mmoll-I. (a) Decay 
of VE ( 3 . 4 ~  10-4mo11-1) when it was used alone; (b) decay 
of VE (5.13 x moll- ' )  in the presence of 6.91 pmol I - '  
of /3-C (c) Decay of p-C (7.56 pmoll- ') when it was used 
alone; (d) decay of /3-C (6.91 pmoll- ' )  in the presence of 


5.13 x moll-' of VE 


Retinal (RCHO) alone did not show an appreciable 
induction period against linoleic acid peroxidation but 
slowed the rate of oxygen uptake [Figure 4(b)]. On the 
other hand, it works synergistically with VE to suppress 
the oxygen absorption very well and the more RCHO 
used, the longer was the induction period produced 


0 l o ~ a o 4 o m m  
Time (Min) 


Figure 4. Oxygen uptake during the peroxidation of 
linoleic acid in rerr-butyl alcohol at 50°C initiated with 
AIBN. [AIBN],, = 6.09 mmol I - ' .  
(a) Uninhibited reaction; (b) inhibited with RCHO 
(10.5 pmoll-I); (c) inhibited with VE (6.96 pmmoll"); 
(d) inhibited with VE (6.96 ymoll- ') and RCHO 
(10.5 pmoll-I); (e) inhibited with VE (6.96 pmoll-I) and 


RCHO (21.0 pmoll-I) 


[LH], = 19.3 mmoll - I ,  
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[Figure 4(d) and (e)]. The experimental results are 
given in Table 2. It is immediately seen that the effect- 
ive 11 value of VE is dependent on the concentration of 
RCHO, while that one of  RCHO is independent of  the 
concentration of RCHO and much smaller than that of 
8-C (compare with the data in Table I). 


It is known that the bond dissociation energy (BDE) 
of VE is significantly lower than that of phenol owing 
to the steric hindrance of the ortho-methyls and the 
conjugation of the lone-pair electrons on the para- 
oxygen atom with the unpaired electron in the phenoxyl 
oxygen.*' The reported BDE values of VE range from 
76.0'' to 80.4 kcalmol-' (1 kcal=4.184 kJ).W The 
BDE of retinal is not available in the literature. How- 
ever, the C,, hydrogen of retinyl acetate was reported to 
be very active and the BDE of this CI5-H bond was 
estimated to be 65.9 kcal m ~ l - ' . ~ "  Since the bonding of 
a hydrogen to a carbonyl carbon is significantly more 
weakened than that to an ester group,31 it is reasonable 
to assume that the BDE of the C,,-H bond in retinal 
should be lower than that in retinyl acetate. In other 
words, the BDE of retinal should be lower than that of 
VE by at least ca 10-15 kcalmol-I. This would make 
the regeneration of VE radical by retinal (RCHO) 
energetically feasible: 


(19) 
Although the retinoyl radical thus formed can abstract 


hydrogens from linoleic acid to continue the chain 
reaction that may explain the inefficiency of  retinal 
alone against peroxidation, a diversity of termination 
processes may compete with the chain-carrying reaction 
and thus slow the rate of propagation. Indeed, the 
propagation rate which can be determined from the 
slope of the oxygen uptake line decreased in the pre- 
sence of retinal [see Figure 4(b) and Table 21. 
Termination reactions of retinoyl radical may involve 
decarbonylation, which produces a resonance-stabilized 
carbon-centred radical R', which would able to trap a 
peroxyl radical similar to the LOO-p-C' radical 
[equation (16)], and the reaction with oxygen to pro- 
duce an acyl peroxyl radical, which would react with 


VE' + RCHO -+ VE + RC =O 


another molecule of retinal to form retinoic acid or with 
the R '  radical to terminate the chain as shown below: 


(20) R '  + LOO' +molecular products 


RCO-00'  + RCHO -+ RCOOH + RCOO' (22) 
RCOO' + R' +molecular products (23) 


All of these termination reactions would compete 
with the chain-carrying reaction which, in turn, should 
slow the propagation step as we have observed, and in 
the presence of V E  make the VE regeneration reaction 
(19) operative. The proportionality between the induc- 
tion period and the concentration of retinal in the 
synergistic antioxidation reaction of VE and retinal 
indicates that this must be the case. The effective n 
value of 1.2' for retinal, which is significantly smaller 
than 2, is indicative of the competition of the VE 
regeneration reaction with the termination reactions. 
Other ,B-apo-carotenals may act in a similar way to take 
part in the synergistic antioxidant reaction with VE. 
Because one p-C molecule may fragment into more 
than two /3-apo-carotenals, the effective n value of p-C 
is much larger than 2 in either the absence or presence 
of VE (see above). 


The regeneration of  VE by retinal [equation (19)] is 
also supported by the decay kinetics of VE during the 
inhibition of LH autoxidation, which was monitored by 
UV spectroscopy. As shown in Figure 5, VE exhibits a 
linear decay, as expected, when it was used alone 
[Figure 5(a)]. The decay rate was slowed in the pre- 
sence of either p-C [Figure 5(b)] or retinal [Figure 
5(c)], with the former being slightly more effective. It 
is interested that after ca 200 min the decay rate of VE 
in the presence of retinal turned to its intrinsic rate, i.e. 
the rate in the absence of retinal. This is similar to what 
we observed in the oxygen uptake experiments, in 
which the oxygen uptake recovered to the original rate 
when the antioxidant was exhausted. Obviously, retinal 
has regenerated VE to slow its depletion before all of 
the retinal was consumed. 


Table 2. Inhibition of peroxidation of linoleic acid by VE and RCHO" 


[AH I,, (pmol 1 -') 


VE RCHO (lO-"molI-'s-')  ( lo-" mol l - ' s - l )  [10-21' /z  (mol s)-"'] (s) ( 1 0 5 1 m o l ~ ' s ~ 1 )  n 
R ,  RP kP/(2k,)'/' rmh krnh 


6.96 2,25b 5.44' 


6.96 10.5 2.25 4.66 


6.96 21.0 2.25 4.33 


10.5 2.25 


~ ~~ 


1.94 660 20.5 


1.45 1260 1.77 


1.33 1860 1.14 


0 
2.0 


3.8 (VE)" 
1.2 (RCHO)" 
5.6 (VE)d 
1.2 (RCHO)* 


"-dSee footnotes in Table 1 
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I 
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Figure 5. Kinetic decay of VE during the antioxidation reaction 
against the AIBN-initiated peroxidation of linoleic acid in tert- 
butyl alcohol at 50°C. (a) Decay of VE when it was used alone 
([VE], = 3.4 x mol I - ' ) ;  (b) decay of VE in the presence 
of 6.9pmoll-') of P-C ([VE],=5.13x 10-4moll-'); 
(c) Decay of VE in the presence of 44.5 pmoll-' of RCHO 


mol I - ' )  ([VE], = 5.13 x 


CONCLUSION 


VE can work synergistically with B-C or RCHO to 
inhibit the peroxidation of linoleic acid initiated by 
thermal decomposition of AIBN in tert-butyl alcohol 
and, in the Drocess, VE and B-C exhibit a mutual 


and the mutual protection of VE and /?-C and provides 
a basis for further study. 


EXPERIMENTAL 


Linoleic acid (Fluka, chromatographically pure), d,l-a- 
tocopherol (Merck, biochemical reagent) and all-truns- 
retinal (Sigma) were used as received and kept under 
nitrogen in a refrigerator before use. ,!?-carotene 
(Merck, biochemical reagent) was purified before 
use by column chromatography on neutral alumina 
with carbon tetrachloride as the eluent. Azo- 
bis(isobutyronitri1e) (Shanghai 4th Chemicals) was 
recrystallized from absolute ethanol before use. 


The rate of oxygen uptake was measured with an SP- 
2 oxygen uptake apparatus equipped with an oxygen 
electrode which was able to record oxygen concentra- 
tions as low as 10-smol-L. All experiments were 
performed at 50 * O - 1  "C and every experiment was 
repeated at least three times to ensure the experimental 
error was within *lo%. Experimental details have been 
described previously.32 


A Hitachi model 557 UV spectrophotometer was used 
to determine the concentrations of VE and /?-C during 
their antioxidation reactions against the AIBN-initiated 
peroxidation of  linoleic acid in tert-butyl alcohol at 
50*0-1 "C. The absorption maxima for VE and p-C 
were 292 and 450 nm with molar absorption of 
3.12 x lo3 and 1.52 x lo5 l m o l - L c m - L ,  respectively. 
The spectra were recorded at regular time intervals to 
monitor the decay kinetics of the antioxidants. 


protection effect. This novel phenomenon may be 
rationalized by the coexistence of the following reac- 
tions: 
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MECHANISM OF BIMOLECULAR SUBSTITUTION REACTIONS OF 
HYDROXIMOYL HALIDES WITH AMINES IN ACTONITRILE 


SOLUTION 


JAMES E. JOHNSON,' SUSAN M. DUTSON, DEBRA D. DOLLIVER, SUSAN L. TODD AND 
MARTHA HOTEMA 


Department of Chemistry and Physics, Texas Woman's University. Denton. Texas, USA 


The reaction in acetonitrile solution of (Z)-0-methylbenzohydroximoyl chlorides [ArC(CI)=NOCH,] with 
morpholine, pyrrolidine and azetidine gives the corresponding (Z)-amidoximes [ArC(NR'R2)=NOCH,] in 
acetonitrile. The rates o f  these reactions were measured under pseudo-first-order conditions (excess amine). 
The reactions were found to follow overall second-order kinetics (f irst order in amine). The Hammett pvalue 
(with a) for the reaction with pyrrolidine i s  +0.92. The reaction o f  the p-nitro compound with pyrrolidine gives 
a significant element effect [ k(p-nitrobenzohydroximoyl bromide)/k(p-nitrobenzohydroximoyl chloride = 101. 
A Br~nsted /?-value o f  0.38 was estimated from the reactions o f  morpholine and piperidine with the 
p-nitrohydroximoyl chloride. The slower reaction o f  (E)-0-methyl-p-nitrobenzohydroximoyl chloride with 
azetidine gives primarily the (E)-amidoxime (E:Z x. 98 : 2) This reaction also follows second-order kinetics. The 
kinetic observations made in this study are compared with the corresponding results obtained in earlier work in 
benzene solution. I t  i s  suggested that in acetonitrile solution the reactions proceed by an addition-elimination 
mechanism with rate-determining loss o f  chloride ion (AN + DW). I t  i s  further suggested that acetonitrile i s  
assisting in the breakdown of the tetrahedral intermediates formed in these reactions. 


1. INTRODUCTION 


The kinetics and stereochemistry of nucleophilic 
substitution reactions of secondary cyclic amines 
(morpholine, piperidine, pyrrolidine and azetidine) with 
(Z)-0-methylbenzohydroximoyl chlorides (1Z) in 
benzene solution has been reported. The kinetic 
equations for these reactions contained second-order 
(first order in 1Z and first order in amine) and third- 
order (first order in 1Z and second order in amine) 
terms: 


The third-order rate constants gave a positive Hammett 
p-value (+1.06 with pyrrolidine' and ca+1.0 with 
azetidine2) whereas the second-order rate constants 
showed no systematic substituent effect. A substantial 
element effect was observed on both the second- and 
third-order rate constants. It was suggested that these 
reactions proceed by an addition-elimination mechan- 
ism with the rate-determining step being the loss of 
chloride ion from the tetrahedral intermediate. It was 
further suggested that the amine-catalyzed pathway 


"Author to whom correspondence should be addressed. 


involved deprotonation of the zwitterionic tetrahedral 
intermediate (T-1 in Scheme 1) by an amine molecule 
(TS-2). In the transition state for the deprotonation, 
some of the positive charge is removed from the 
tetrahedral intermediate to the amine molecule, leaving 
a disproportionate amount of negative charge near the 
aromatic ring. In the second-order pathway the transi- 
tion state (TS-1) for unassisted elimination of the 
chloride ion would have approximately the same 
amount of negative and positive charge near the 
aromatic ring. It was argued that the third-order pathway 
should give a positive Hammett p-value while there 
should not be a substituent effect on the second-order 
process. 


The slower reaction of azetidine with the ( E ) -  
hydroximoyl chloride 1Ea in benzene gave a mixture of 
the (E)-  and (Z)-amidoximes (2Ei and 2Zi) with the E 
isomer predominating (E: Z = 98 : 2). The rate equation 
for this reaction contained first- and third-order terms in 
azetidine: 


kobs (1 mol-'s- ') = k"[azetidine] + k"[azetidineI3 
It was suggested that the amine-catalyzed reaction 
involved nucleophilic attack by an amine monomer to 
form a tetrahedral intermediate (T-2 in Scheme 2), 
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- R ' R ~ N H ~ +  CI- 


-R'R~NH 
2E + 


which broke down with the assistance of an amine 
dimer. The amine dimer deprotonates the ammonium 
ion nitrogen of the tetrahedral intermediate and at the 
same time assists in the departure of the nucleofuge 
(TS-3). In our view, the additional assistance is 
required in the tetrahedral intermediate T-2 'because 
there are no electron pairs antiperiplanar to the 
nucleofuge (compare tetrahedral intermediate T-1 
derived from 1Z with tetrahedral intermediate T-2 
derived from 1E). 


T-2 


k5 1 


RESULTS AND DISCUSSION 


In this work, the substitution reactions of  O-methylben- 
zohydroximoyl chlorides (12) with secondary cyclic 
amines were investigated with acetonitrile as the solvent 
for the reactions. In all the reactions studied the (2)- 
hydroximoyl chlorides (1Z) gave only the Z substitution 
products (amidoximes, 22). The rate constants (Table 
1) for these reactions were measured under pseudo-first- 
order conditions (excess amine). The second-order rate 
constants for the reactions of 1Z with amines in ace- 
tonitrile do not increase significantly with increasing 
amine concentration. Thus the third-order term that was 
found in benzene solution has disappeared in acetoni- 
trile solution. 


A significant element effect was observed for the 
reaction of (2)-y-nitrobenzohydroximoyl halides (1Za 
and 1Zg) with pyrrolidine; the rate constant for the 
hydroximoyl bromide 1Zg is about 10 times larger than 
that for the hydroximoyl chloride 1Za. This observation 
is consistent with rate determining elimination of halide 
ion from the tetrahedral intermediate. It is possible, 
however, that nucleophilic attack on the hydroximoyl 
chloride by the amine is rate determining. Application 
of the steady-state treatment to an addition-elimination 


k5 
k4 - 


1Z + (:) -4 T-1 - 2Z 
I 
li 


mechanism gives the following for the observed 
second-order rate constant (k"): 


Only in the case where k ,  9 k - ,  does k,  cancel out 
and a negligible element effect would be expected. In 
the case where k - ,  is greater than k ,  or where k - ,  = k , ,  
an element effect would be expected for the reaction. In 
the present case, we assume that k - ,  is greater than k,. 
This assumption is based on kinetic measurements3 that 
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Table 1. Pseudo-first-order rate constants (k') and second-order rate 
constants (k") for the reactions of (Z)- and ( E ) - 0 -  
methylbenzohydroximoyl chlorides with secondary cyclic amines in 


acetonitrile at 32.0 "C 


No. Amine [Amine] (M) 10' k' (s-I) lo5 k" (I mol-') 


1Za 
1 Za 
1 Za 
1Zb 
1Zb 
1Zb 
1Zb 
1zc 
1 zc 
1 zc 
1Zd 
1Zd 
1Zd 
1 Ze 
1Ze 
1Ze 
IZf 
1Zf 
1Zf 
1Za 
1 Za 
1 Za 
1Za 
1Za 
1Za 
1Za 
1Za 
1 Za 
1Za 
1 Za 
1Za 
1 Za 
1Za 
1Zb 
1Zb 
1Zb 
1Zb 
1Zb 
1Zd 
1 Zd 
1 Zd 
1Zd 
1zg 
1zg 
1zg 
1zg 
1zI: 
1Ea 
1Ea 
1Ea 
1Ea 


Pyrrolidine 
Pyrrolidine 
Pyrrolidine 
Pyrrolidine 
Pyrrolidine 
Pyrrolidine 
Pyrrolidine 
Pyrrolidine 
Pyrrolidine 
Pyrrolidine 
Pyrrolidine 
Pyrrolidine 
Pyrrolidine 
Pyrrolidine 
Pyrrolidine 
Pyrrolidine 
Pyrrolidine 
Pyrrolidine 
Pyrrolidine 
Piperidine 
Piperidine 
Piperidine 
Piperidine 
Piperidine 
Morpholine 
Morpholine 
Morpholine 
Morpholine 
Azetidine 
Azetidine 
Azetidine 
Azetidine 
Azetidine 
Azetidine 
Azetidine 
Azetidine 
Azetidine 
Azetidine 
Azetidine 
Azetidine 
Azetidine 
Azetidine 
Azetidine 
Azetidine 
Azetidine 
Azetidine 
Azetidine 
Azetidine 
Azetidine 
Azetidine 
Azetidine 


1 .oo 
I .25 
1.50 
1 .oo 
1-25 
1.50 
1.75 
1 .oo 
1.25 
1.50 
0.87 
1.50 
1.75 
1 .oo 
1.25 
1.50 
1.25 
1.50 
1.75 
0.50 
1 .oo 
2.00 
2.50 
3.00 
1.25 
1.50 
1.75 
2.00 
0.30 
0.50 
1 .oo 
1.50 
2.00 
0.50 
0.75 
1.25 
1.50 
2.00 
1.25 
1.75 
2.00 
2.25 
0.50 
0.75 
1 .oo 
1.25 
1.50 
0.50 
0.75 
1 .oo 
1.50 


6.66 
6.39 


3.00 
3.92 
4.87 
5.52 
3.98 
5.47 
6.80 
1.52 
2.89 
3.49 
0.960 
1.25 
1.41 
1.35 
1.61 
1.91 
0.382 
0.826 
1.83 
2.52 
3.08 
0.083 
0.104 
0.134 
0.159 
6.12 


10.4 


10.7 
23.0 
38.1 
56.4 


5.83 
8.88 


16.6 
20.3 
29.3 


10.8 
12.2 
13.8 
97.0 


7.57 


151 
217 
288 
366 


0.242 
0.317 
0.450 
0.721 


6.66 
5.1 1 
6.93 
3.00 
3.14 
3.24 
3.15 
3.98 
4.37 
4.53 
1.75 
1.93 
1.99 
0.960 
1 .oo 
0.940 
1.08 
1.07 
1.09 
0.760 
0.83 
0.92 
1.01 
1.03 
0.064 
0.069 
0.077 
0.079 


20.4 
21.4 
23.0 
25.4 
28.2 
11.7 
11.8 
13.2 
13.6 
14.6 
6.06 
6.17 
6-10 
6.12 


194 
202 
230 
230 
243 


0.484 
0.423 
0.450 
0.470 
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show that amines are better nucleofuges than chloride 
ion in alkene-forming elimination reactions by a factor 
of at least 20. 


The rate constant for the reaction of (Z)-p-nih-ohy- 
droximoyl chloride (1Za) with piperidine is substantially 
larger than the reaction with morpholine. Since the steric 
requirements are about the same for these two amines, we 
have estimated the Bronsted B-value for this reaction to 
be 0.38. This is close to the B-values obtained by us in 
benzene solution.* Ta-Shma and Rappoport4 reported 
Bronsted B-values of 0-22-0.48 for reactions that 
proceeded by addition-elimination, but much smaller 
values when the reaction involved nitrilium ion formation 


The substituent effect on the reaction of 1Z was 
investigated for pyrrolidine (six points) and azetidine 
(three points). In contrast to the reaction in benzene 
solution, a significant substituent effect was observed 
on the second-order rate constants. The Hammett p- 
value for 1Z with pyrrolidine is +0.92 (with u, 
r = 0.966) and the estimated p-value with azetidine is 
+0.70. Since the second-order process in benzene 
solution showed no substituent effect, we suggest that a 
molecule of acetonitrile is assisting in the deprotona- 
tion of the tetrahedral intermediate (TS-4). There is a 
precedent for this suggestion in a recent report by 
Kevill and Knauss' on the mechanism of methanolysis 
of aromatic acyl bromides; they reported general-base 
catalysis by either methanol or acetonitrile in the 
breakdown of tetrahedral intermediates formed in 
these reactions. 


The reaction of 1Ea with azetidine also proceeds 
with retention of configuration to give primarily the 
(E)-amidoxime (2Ei:2Zi = 98:2). It is noteworthy that 


(B = 0.028). 


TS4 


the complicated kinetic behavior observed for the 
reaction of  1Ea with azetidine in benzene solution 
disappears in acetonitrile; no systematic increase in the 
second-order rate constant was observed on increasing 
the amine concentration c a b l e  I). Further, the rate 
constants for both the the (Z)- and (E)-hydroximoyl 
chlorides 1Za and 1Ea increased in acetonitrile as 
compared with benzene, but the solvent effect is greater 
on the E than the Z isomer. In acetonitrile at 1.00 M 
azetidine the k'(lZa):k'(lE) ratio is 51 as compared 
with a k'(1Za): k'(1E) ratio of  160 in benzene solution. 


We suggest in the reaction of 1Ea with azetidine in 
acetonitrile that one acetonitrile molecule is assisting in 
deprotonating the ammonium ion nitrogen. Since 
acetonitrile is the solvent for the reaction, this assistance 
is likely to be more efficient than the assistance provided 
by an amine dimer in benzene solution; consequently 
the difference in rate constants between the Z and E 
isomers is smaller in acetonitrile than in benzene 
solution. 


Table 2 contains a summary of the results obtained 
from mechanistic probes used in this research as com- 
pared with the results obtained on some other 
nucleophilic substitution reactions on the 
carbon-nitrogen double bond. In our view, these results 
present fairly convincing evidence for the mechanisms 


Table 2. Comparison of Hammett p-values, Brgnsted /?-values and element effects for nucleophilic substitution reactions at the 
carbon-nitrogen double bond 


~~~ ~ 


Imidoyl Imidoyl 
chlorides + chlorides + 


1Z + amines in 1Z + amines in 1Z + methoxide in amines in 1Z + water in  amines in 
acetonitrile benzene DMSO-methanol benzene" water-dioxane benzene" 
(this work) (Refs 1 and 2) (Ref. 6) (Ref. 4) (Ref. 8) (Ref. 4) 


Mechanism' A N  + DN# A N  + DN# AN# + DN AN# + DN DN# + A N  DNin, + AN# 


Hammett 0.92 (a) 0 (k") 1.9 (u) 1.7-2.6 (a) -2.4 (a') -1.0 (a') 
p-values 1 .o (a, k") 


Brgnsted 0.38 0.35 (k") - 0.22 - 0.48 - 0.028 
/?-values 0.38 (k") 


Element 10 11.9 (k") 2.1 
effect 
(kBJkCJ 8.16 (k") 


- 41 440 


a For electron-attracting groups. 
hFor electron-donating groups. 'Described by the IUPAC system (Refs. 6 and 7). 
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proposed in this work and in our earlier work on 
nucleophilic substitution at the carbon-nitrogen double 
bond. 


Nucleophilic substitution on hydroximoyl chlorides 
with a weak nucleophile (H,O) proceeds by rate-deter- 
mining ionization to a nitilium ionX (D,# + A,; Table 
2) .  With a much better nucleophile, methoxide ion, the 
reaction proceeds by rate-determining nucleophilic 
attack to form a short-lived tetrahedral intermediate' 
(Reaction Coordinate Diagram 1). The short lifetime of 
the tetrahedral intermediate permits the tetrahedral 
intermediate to maintain its stereochemical integrity. In 
more recent work'" we have found that stereomutation 
of the tetrahedral intermediate takes place during 
methoxide ion substitution on hydroximoyl cyanides 
[PhC(CN)=NOCH,]. Stereomutation is evidenced by 
isomerization of the starting material ( E +  Z) during 
the course of substitution. The rate-determining step in 
this substitution reaction is loss of a poor nucleofuge, 
cyanide ion, from the tetrahedral intermediate 
(A, + D,#). In this reaction the tetrahedral intermediate 
has a long enough lifetime to undergo C-N bond 
rotation before elimination of either methoxide ion or 
cyanide ion can take place, i.e. the energy minimum for 
the tetrahedral intermediate in this reaction is lower with 
respect to the transition states for elimination (Reaction 
Coordinate Diagram 2 )  than in the reaction of hydroxi- 
moyl chlorides with methoxide ion (Reaction 
Coordinate Diagram 1). In the reactions of secondary 
amines with hydroximoyl chlorides'a2 the tetrahedra1 
intermediates have short lifetimes. Since protonated 
amines are excellent n~cleofuges,~ the loss of the 
attacking amine is reversible and the rate-determining 
step is elimination of chloride ion (AN + DNI; Reaction 
Coordinate Diagram 3). The short lifetime of the 
intermediate in these reactions is due to the rapid loss of 
the attacking amine; the tetrahedral intermediate reverts 
to starting materials at a faster rate than stereomutation 
takes place. 


AG 


Reaction coordinate 


Reaction Coordinate Diagram 1 


Reaction coordinate 


Reaction Coordinate Diagram 2 
CI 


b \ - O C H .  - l < ' R ~ \ l l  
/ 


Ar 


I 
I A 


I 


Reaction coordinate 


Reaction Coordinate Diagram 3 


EXPERIMENTAL 


General methods. The acetonitrile was purchased 
from Burdick and Jackson and was stored over 3 A 
molecular sieves. The hydroximoyl halides (lZa, b, and 
d-g) and the amine substitution products have been 
reported previously. The preparation of the hydroxi- 
moyl chloride 1Zc and its pyrrolidine substitution 
product 2Zc are described in this section. Melting points 
were carried out using a Thomas-Hoover Unimelt 
capillary melting point apparatus and are uncorrected. 
Preparative GLC was carried out with a column 
(30 ft x 0.375 in. i.d.) of silicone gum rubber (SE-30) 
on 45-60-mesh Chromosorb W. Elemental analyses 
were performed at Atlantic Microlab (Norcross, GA, 
USA) and Midwest Microlab (Indianapolis, IN, USA). 
'H-NMR spectra were determined using a Varian EM- 
390 spectrometer (90 MHz) and infrared spectra with a 
Midac FTIR spectrophotometer. Low-resolution mass 
spectra were obtained using a Varian Saturn 3 ion trap 
GC-mass spectrometer. 


Product distributions. The distribution of products 
in the reactions of 1Za-g and 1Ea with cyclic amines 
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were determined using an HPLC method described 
previously.* 


Kinetic method. The general procedure for prepara- 
tion and thermostating the hydroximoyl chloride-amine 
solutions has been described previously.'.z The reactions 
were followed by ultraviolet spectrophotometry. The 
amines (pyrrolidine, morpholine, pipendine and 
azetidine) were purchased from Aldrich Chemical. The 
kinetic runs were camed out using freshly distilled 
amines. 


Methyl m-chloroherzzohydroxarnate. Dimethyl sulfate 
(11.65 g) was added to a water (100 mi) solution of 
potassium m-chlorobenzohydroxamate (9.69 g, prepared 
from ethyl m-chlorobenzoate and hydroxylamine") and 
potassium hydroxide (7.74 8). The solution was heated 
(46°C) and stirred for 19 h, after which time it did not 
give a purple color with alcoholic iron (m) chloride 
solution. The solution was cooled in an ice-bath and 
carefully acidified with cold concenaated hydrochloric 
acid. The crystals (6.77 g, 79%) which formed were 
filtered and dried, m.p.110-111 "C. Several recrystalliz- 
ations from methanol-water solution gave colorless 
crystals, m.p 118-119°C; IR (Nujol), 3139 (N-H), 1656 
(C=O, 1568, 1516cm-'; NMR (DMSO-d,), 6 3.60 
(singlet, NH,IH), 3.80 (singlet, CH,, 3H), 7.32-840 
(m, aromatic H, 4H); analysis, calculated for 
C,H,N02CI, C 51.77, H 4.34, N 7.55, CI 19.10; found, 
C 51.73, H 4.20, N 7.51, C1 18.76%. 


(Z) - 0 - Methyl - m - chlorohenzohydroxiinoyl chlor- 
ide (1Zc). Phosphorus pentachloride (4.46 g) was 
slowly added with stirring to methyl m-chlorobenzo- 
hydroxamate (4.00 g) in a 100 ml round-bottomed 
flask cooled in an ice-bath. The flask was allowed to 
warm to room temperature and was then heated at 
65 "C for 20 h. The flask was cooled to room tempera- 
ture and the liquid product was poured slowly with 
stirring into cold water. The resulting mixture was 
extracted several times with chloroform. The 
combined chloroform extracts were washed with 10% 
silver nitrate solution, water, 10% sodium hydrogen- 
carbonate solution, water, sodium hydroxide solution 
(6 M )  and water. The chloroform solution was dried 
and the chloroform was removed by evaporation at 
aspirator pressure. The residual oil was distilled to 
give a colorless oil (1.75 g, 39%), b.p. 84-85 "C (0.7 
Torr); IR (neat), 1595, 1584, 1560 (C=N) cm-'; 
NMR (CDCI,), 6 4.10 (s, CH,, 3H), 7.39 (m, 
aromatic H, 2H), 7.82 (m, aromatic H, 2H); MS, rn/z 
(relative intensity, %), 207 (9.9, M + + 4 ) ,  205 (59, 
M + + 2 ) ,  203 (91, M + ) ,  170 (26), 168 (85 ) ,  155 (31), 


75 (49); analysis, calculated for C,H,NOCI,, C 
47.09; H 3-46; N 6.86, CI 34.75; found, C 47.28, H 


153 (loo), 139 (17), 137 (48), 113 (9*6), 111 (25), 


3.49, N 6.83, (334.64%. 


( Z )  - 0 -Methyl pyrrolidino - m - chlorohenarnidoxirne 
( 2 2  c). (2)  - 0 -Methyl -in - chlorobenzohydroximoyl 
chloride (1.00 g, 0.05 mol) and pyrrolidine (7.10 g ,  
0.101 mol) were placed in a round-bottomed flask and 
stirred with a magnetic stimng bar for 48 h at room 
temperature in the dark. Diethyl ether (150 ml) and ice 
(50 g) were added and the mixture was stirred vigor- 
ously for 5 min. The ether layer was separated and 
washed with cold water (2 x 20 ml). The ether layer 
was dried over anhydrous magnesium sulfate and the 
ether was removed under aspirator pressure. The 
remaining ether was removed from the residual oil by 
reducing the pressure inside the flask to 0.20 Torr for 
1 h at room temperature. A light-yellow oil (1.02 g, 
85%) was obtained: 'H NMR (CDCI,), 6 1.80 (m, 


(s, CH,, 3H), 7.35 (m, aromatic H, 4H); MS, m / z  
(relative intensity, %), thermal isomerization (2 to E )  
in the gas chromatograph produced two peaks in the 
mass chromatogram with identical mass spectra, 240 


IR (neat), 1603,1594 cm-'; analysis, calculated for 


found, C 60.24; H 6.38, N, 11-65, CI 14.75%. 


CHZCH,, 4H), 3.40 [ t ,  N(CH2)2, J = 7 . 5  Hz, 4H], 3.72 


(4.9, M + + 2 ) ,  238 (16.9, M+),138 (16.5), 70 (100); 


Cl~Hl,N20CI, C 60.38, H 6.33, N 11.73, CI 14.85; 
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A REMARKABLY BENT ALLENE. X-RAY CRYSTAL STRUCTURE AND 
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X-ray data on the crystal and molecular structure of bis(biphenyl-2,2'-diyl)allene, reveal a remarkably strong 
deviation from linearity (170.1") of the allene unit of the molecule. Ab initio calculations involving dimers of 
molecules yield good correlation with this geometry, showing that the non-linearity is due to packing effects in 
the crystal. 


INTRODUCTION 


In allenes, the central carbon atom is usually described 
as sp-hybridized.' Theory therefore predicts a linear 
geometry for cumulated double bonds that is mostly 
found in experiments. However, in some allenes devia- 
tions from linearity of a few degrees have also been 
observed.2 Here we report an allene with an unusually 
large bend around the central allene carbon atom, 
namely bis(biphenyL2,2'-diyl)alIene (l)? This com- 
pound can easily be obtained4 from 1,1,3,3- 
bis(biphenyl-2,2'-diyl)-l,2-dichloropropane by short- 
term heating with trieth lamine in ethyl acetate (yield 
15%, colourless needles ). ? 


RESULTS AND DISCUSSION 


The x-ray analysis of compound 1 reveals, that the 
allene part of the molecule shows a remarkably strong 
bend with a bond angle at the central carbon atom of 
170.1(7)" instead of 180" (Figure 1). Also, the planes 
of the fluorene units are not exactly perpendicular to 
each other, as expected from theory, but form an angle 
of 85". On the other hancl, the lengths of the cumulated 
double bonds are 1.314 A, which is normal.2 


What is the reason for the anomalous bend in the 


* Author for correspondence. 


molecule of crystalline l? Does it come from particular 
packing effects in the crystal, which is characterized by 
molecular dimers which are in turn stacked in an edge- 
on-plane orientation of the aromatic groups6 of adjacent 
dimers (Figure 2), or is there a special electronic 
structure in the molecule of 1 due to the presence of the 
fluorene moieties? 


Because some allene-analogous carbodiimides are 
reported to have a non-linear it seems 
conceivable that an electronic effect is responsible for 
the unusual bond angle in 1. A possible mechanism 
leading to a bent geometry is the admixture of double 


Figure 1. Crystal structuTe of 1. Hydrogen atoms are omitted for 
clarity. STlected bond lengths *and angles: Cl-C2? 
1.314(1) A, C2-C3 = 1.477(2) A, C2-Cl4 =1.485(2) A, 


C2-CI-C2' = 170.1(2)', C3-C2-C14 = 105'7(1)O 
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Figure 2. Stereo illustration of the packing arrangement of 1 


excitation of electrons from the highest occupied allene 
orbital (HOMO) to the lowest unoccupied orbital 
(LUMO). The latter becomes distinctly more stable if 
the molecule is bent, and under suitable energetic 
conditions, caused by substitution, this particular effect 
of stabilization might over-compensate destabilization 
of the HOMO orbital, thus giving rise to the bend. 
Whether such a mechanism exists depends on the details 
of the electron structure, which can only be solved by a 
calculation. 


To answer this question, we carried out ab initio 
calculations using the TURBOMOLE code.' We 
calculated both the monomer 1 and its molecular dimer 
in a 3-21G basis set using Hartree-Fock self-consist- 
ent field (SCF) methods and Meller-Plesset second- 
order perturbation theory (MP2). For the molecular 
dimer we employed the geometry of monomers as 
found in the crystal and varied the bond angle of the 
central C-C-C group while leaving the bond distances 
of the respective C atoms constant. Moreover, we 
compared the experimental geometry (bond angle 
170") with the ideal geometry (1  80") to give an ener- 
getic difference of the respective conformations 
designated AE. According to SCF calculations, AE of 
the experimental geometry of the monomer is 
3.2 W mol-' less favourable than the idealized 
geometry, and contributions of electron correlation 
level decrease this value by 0.8 kJ mol-'. This corre- 
sponds with the results we have found with the semi- 
empirical MNDO method." In this case, the experi- 
mental structure is 2.3 M mol-' higher than the 
idealized structure. Considering that the MP2 method 
near-equilibrium distance recovers about two thirds of 
the correlation energy, the electronic structure of the 
monomer should lead to a linear arrangement of the 
central carbon atoms. For the unsubstituted allene, 
the respective energy difference is even more pro- 
nounced, amounting to about 4.8 M mol-' (SCF, with 
about the same contribution for correlation). Thus, in 
bis(biphenyl-2,2'-diyl)allene (l), the bond is less 
rigid, but it is still linear. 


Calculations of the molecular dimer reveal why the 
monomer is bent. Because of repulsion of n-electrons 
(Pauli or exchange repulsion) of the fluorene units, 
which are nearly parallel within the molecular dimer in 
the experimental geometry, the 170" configuration is 
stabilized by A E -  -20 kJ mol-'. The energy versus 
angle plot shows a minimum at 167". This means that 
the bend is caused by effects of the crystal package. The 
packing is thus characterized by molecular dimer units 
which minimize the occupied volume, which in turn 
leads to a distortion of the central allene angle owing to 
exchange repulsion. An effective attraction of the 
aromatic substituents is expected in an edge-on-plane 
arrangement, because of the interaction of the 
quadrupole moments of the aromatic substituents. This 
interaction should contribute to the cohesion across 
adjacent molecular dimer units. 


Based on currently available theoretical methods, a 
reliable prediction of the crystal structure of the allene 1 
cannot be made, since electron correlation plays an 
important role and is treated unsatisfactorily in present- 
day calculations of solids. Nevertheless, using calcula- 
tions with periodic boundary conditions, interactions in 
a given crystal structure can be. studied. In our case, 
because of the large unit cell, we applied the extended 
Hiickel This method seems to describe the 
interactions fairly well, since we obtained a stabilization 
of AE = -22 kJ mo-' for the molecular dimer in the 
bent conformation, which is in good agreement with 
ab initio calculations. Calculation of the solid results in 
a stabilization of A E =  -44Mmol-' for the bent 
geometry. The energy profile shows a parabola with a 
minimum at the angle of 170". 


The answer to the question of why allene 1 is bent is 
therefore as follows. The energy recovered by crystal 
formation is partially compensated by the repulsive 
interaction of the n-electrons of the fluorene units that 
belong to different monomers. To reduce this interac- 
tion, a bond angle of 170" is formed, resulting in an 
energetic advantage of about -44kJmol-' for the 
given packing density and crystal structure. 
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Table 1. Bond lengths with e.s.d.s in parentheses 


Bond Length (A) Bond Length (A) 


1.385 (2) 
1.466 (2) 


1.477 (2) C (9)-C(10) 1.391 (2) 
1.387 (3) 


C(4)-C (5) 1.392 (2) C( 1 1)- C( 12) 1.390 (2) 
C(5I-C (6) 1.378 (2) C(12)-C(13) 1.393 (2) 


C(l)-C (2) 1.314 (1) c (7)-C (8) 
C(2)-C(14) 1.485 (2) C (81-4 (9) 
C(2I-C (3) 
C(31-C (4) 1.382 (2) C(10)-C(11) 


C(6I-C (7) 1.390 (3) C ( 13)-C( 14) 1.374 (2) 


Table 2. Bond angles with e.s.d’s in parentheses 


Bond Angle (“1 Bond Angle (“1 


C(9’)-C(l4’)-C(13’) 121.7 (1) c(9’)--c(lo’)-c(ll’) 118.3 (1) 
C(3’)-C(4’)-C(5‘) 118.6 (1) c(lo’)-c(ll’)-c(l2’) 121.7 (2) 


C(5’)-C(6’)-C(7’) 121.2 (1) C(12’)-C(l3‘)-C(14’) 118.6 (1) 


C(7’)-C(8’)-C(3’) 119.7 (2) C(9‘)-C(14’)-C(2‘) 108.6 (1) 
C(3’)-C(8’)-C(9’) 108.8 (1) C(14‘)-C(2’)-C(3’) 105.7 (1) 
C(8‘)-C(9’)-C(14’) 108.5 (1) C(2‘)-C(3’)-C(8‘) 108.4 (1) 
C(14‘)-C(9’)-C(10’) 120.1 (1) C(2‘)-C(l)-C(2) 170.1 (2) 


C(4‘)-C(S’)-C(6’) 120.2 (2) C(ll‘)-C(12’)-C(l3‘) 120.2 (2) 


C(6‘)-C(7‘)-C(8‘) 118.7 (1) C(13’)-C(14’)-C(9‘) 121.1 (1) 


EXPERIMENTAL 


Compound 1 was prepared according to literature 
 procedure^.'^^ The crystal (bright yellow, octahedral, 
0.20 x 0.25 x 0.25 mm) for x-ray study was grown 
from benzene-light petroleum. 


Crystal data: CnH,6, M, = 340.42, monoclinic, 
space go;p C2/c, a= 13.108(3), b= !2.487(2), 


D, = 1.267 g ~ m - ~ .  
Nicolet P2, difiactometer (Mo Ka, graphite mono- 


chromator was used), 20,, = 53”, 1982 symmetry- 
independent reflexes of which 1701 with F > 3aF were 
used for refinement (SHELXS 86, SHELX 76); 205 
refined parameters, R = 0.042, R,  = 0.031. Bond 
lengths are given in Table 1 and bond angles in Table 2. 


C =  12.659 A, B =  120.67(1)”, V,  = 1782.3 A’, Z=4, 


Supplementary data. Further details of crystal struc- 
ture analysis can be obtained from the Fachinformations- 
zentrum Karlsruhe, Gesellschaft fur wissenschaftlich- 
technische Information mbH, D-76344 Eggenstein- 
Leopoldshafen, Germany by stating the deposit number 
CSD-58793, authors and journal reference. 
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SUCCESSFUL APPLICATION OF THE SPIN-DELOCALIZATION 
SUBSTITUENT CONSTANTS 0. TO THE CORRELATION OF THE UV 


SPECTRA OF SOME MODEL COMPOUNDS WITH 
PARA-Y-SUBSTITUTED PHENYL GROUPS 


XI-KUI JIANG," GUO-ZHEN JI, DANIEL ZE-RONG WANG AND JOHN RONG-YUAN XIE 
Shanghai Institute of Organic Chemistry, 354 Feng-Lin Lu, Shanghai 200032, China 


UV spectra of 16 p-Y-substituted phenylacetylenes (I-Ys), nine p-Y-substituted acetophenones (2-Ys) and six 
p-Y-substituted-p'-methylsulphonylstilbenes (3-Ys) were measured and correlated against spin-delocalization 
substituent constants (a') with confidence levels above 99.9%. UV spectra of five ethyl 3-hydroxy-J-(p-Y- 
substituted-pheny1)-propanates (4-Ys) and five l-(p-Y-substituted-phenyl)-3-butyn-l-ols (5-Ys) were also 
measured. Correlation analysis results are discussed. Some literature UV data were also successfully correlated 
by the dual-parameter equation. 


INTRODUCTION 


Searching for a good correlation of UV data on simple 
aromatic compounds with a certain scale of substituent 
constants has been an intriguing but not very successful 
endeavour for many interested workers. It seems that a 
useful and conclusive generalization for this subject 
has not yet been achieved.'-3 For instance, Brownlee 
and Topsom' made a comment that 'previously 
claimed simple relationships between UV frequency or 
wavelength shifts and substituent electronic properties 
are mostly unfounded,' and Shorter' was of  the opinion 
that 'the achievements of correlation analysis in UV 
spectroscopy are somewhat limited.' It is also particu- 
larly noteworthy that most all previous workers have 
only used polar (including resonance polar) substituent 
constants (designated here as a') or ad hoc excited- 
state substituent constants (designated as aeX) for their 
correlation analyses by a single-parameter equation such 
as equation ( l ) ,  with variable = Y,,,,.~-~ Therefore, for a 
number of years, we have been intrigued by the puzzle 
of why no-one has reported an attempt to correlate the 
UV data on simple aromatic compounds by equation (2) 
in terms of spin-delocalization substituent constants 
(designated as a'), or by equation (3) in terms of a 
combination of ox and a., while knowing that the 
excited state should possess radicaloid character because 
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it possesses two half-occupied molecular  orbital^.',^ 


variable = p'o' (or pexaex)  + C 


variable = p ' a '  + C 


variable = pXaX + p'o' + C 


(1) 


(2) 


(3) 
Furthermore, the 'necessity' of using two straight 


lines (sometimes with slopes of opposite signs) or the 
absolute values of a' (i.e. I 0' I) for a 'successful' 
correlation of UV data, as claimed by some workers,' 
suggests to us that at least another factor is operating 
in addition to the polar factor (a'). The radicaloid 
nature of the excited state mentioned above would 
certainly suggest that this other factor could be the spin- 
delocalizing abilities of  the substituents (n.).' 


On the basis of  the above-mentioned considerations, 
we adopted the following approach to test our proposi- 
tion, namely, to use a simple model with an easily 
identified UV absorption for the correlation study. 
Forty-five y-Y-substituted styrenes were therefore used 
as model molecules and the A,,,, values of their K-bands 
were measured.*' Correlation analysis of the corre- 
sponding Y,,,,, values by equations ( l ) ,  (2) and (3) 
yielded an astonishing result, namely that the Y , , , ~  
values cannot be correlated by equation (1) with any of 
the Hammett-type polar substituent constants (a'), but 
can be correlated with a >99.9% confidence level'" 
(CL) by using equation (2) with the spin-delocalization 
substituent constants (0'). This result clearly indicates 
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that the dominant factor which decides the magnitude 
of the energy difference between the first excited state 
and the ground state of styrene-type molecules is the 
spin-delocalizing ability of the substituent. Evidently, 
our next important task is to find out whether other 
molecules structurally related to styrenes also behave in 
a similar manner. 


This paper reports the correlation analysis of the 
UV data for three types of benzene derivatives with x -  
bonds directly conjugated with the substituent Y, 
namely p-Y-substituted-phenylacetylenes (1-Y), p-Y- 
substituted-acetophenones (2-Y) and p-Y-substituted-p'- 
methylsulphonylstilbenes (3-Y). Preliminary UV data on 
ethyl 3-hydroxy-3-(p-Y-substituted-phenyI)-propanates 
(4-Y) and l-(y-Y-substituted-phenyl)-3-butyn-l-ols (5- 
Y) are also discussed. 


Y + S H  


2 - Y  1 - Y  


esozMe \ /  
3 - Y  


4 - Y  5- Y 


RESULTS AND DISCUSSION 


Measured A,,,, values of 1-Ys, 2-Ys, 3-Ys, 4-Ys and 5- 
Ys, together with their corresponding wavenumbers 
(Y,,,,) and molar absorption coefficients ( E ) ,  are sum- 
marized in Tables 1 and 2 (cf. Ref. 8a). Values of 
representative Hammett-type unresolved polar substitu- 
ent constants (ox), i.e. op, o+ and om,,, were taken from 
Refs 11, 11 and 12, respectively, and values of repre- 
sentative spin-delocalization constants, i.e. o;,, a, and 
a;, were taken from Refs 12, 13a and 13b, res ect 
ively. Results of correlation analysis in terms of p , p , 
s2, r or R,  Y and F values (cf. Refs 8a and 14) by 
equations (1)-(3) are summarized in Tables 3 (for 1- 
Y), 4 (2-Y), 5 (3-Y), 6 (4-Y) and 7 (5-Y). The identity 
of the substituents used in each entry is given in the 
footnotes to the tables. It should be noted that relatively 
small differences in the r ,  Y and F values of the differ- 
ent entries in the same table should not be taken 
seriously because various complicating factors could 
affect the exact position of the UV absorption peaks 
(cf. Refs 1-3 and 8a). Also, as mentioned previously,8a 
a confidence level (CL) above 99.9% (based on Fo.cx,, 
values given in the footnotes of the tables; cf. Refs 10 
and 14) is considered good, even though the r (or R )  
value is smaller than 0.95, because the r value does not 
take into account the number of substituents ( 1 7 ) .  


A striking similarity is revealed if the correlation 
results for phenylacetylenes (1-Ys), as summarized in 
Table 3 and shown in Figure 1, are compared with those 
for the styrenes (cf. Ref. 8a). In other words, for both 
of the above-mentioned systems with multiple bonds at 
positions para to the substituents, three observations 
stand out in vivid contrast to all those previously 


P .- 


Table 1. Wavenumbers (v,,,,, cm-I), A,,, (nm)a and E,,,, (Imol-lcm-') values for I-Ys and 2-Ys 


~ 


F 243.8 41017 1.39 239.3 41788 1.24 
CI 252.4 39620 1.70 249.7 40048 1.74 
Br 254.6 39277 I .84 25 1.4 39777 1.88 
Me 249.6 40064 1-80 244-4 40916 1.63 
COMe 269.2 37147 2.50 
CN 262.6 3808 1 1.71 
MeSO 262.0 38168 2.25 
H 245.0 40816 1.52 242.0 41322 1.32 
CF, 248.8 40193 1.61 
C0,Me 258.2 38730 2.44 
OMe 254.4 39308 2.16 262.2 38139 1.94 
t-Bu 250.2 39968 1.92 25 1.8 397 13 1.71 
NO* 272.8 36657 1.25 
SiMe, 253.4 39463 1.61 
SMe 279.6 35765 1.89 303.6 32938 1.86 
NMe, 285.4 35038 2.47 307.1 32563 2.55 
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Table 2. Wavenumbers (v,,,,, cm-I), L,,, (nm)'and E,,, (Imol-lcm-l) values for3-Ys, 4-Ys and 5-Ys 


3-Y 4-Y 5-Y 


Y Lax Vmux En,,,(~104) Amax "ma, e,,,,(x104) L, vma, Em,,( x lo4) 


H 316.0 31646 3.16 209.3 47778 0.80 208.8 47893 0.83 
323.1 30950 3.09 212.5 47059 1.08 212.8 46992 0.98 


OCHi 332.0 30120 3.01 225.4 44366 1.67 225.1 44425 1.05 
CI 320.3 31221 3.12 220.6 45331 1.25 220.7 45310 1.04 
Br 321.3 31124 3.11 
NMez 376.7 26546 2.65 
F 206.9 48333 0.81 207.5 48193 0.79 


CH, 


a Uncertainty k0.3 nm 


Table 3. Correlation results for 1-Ys 


P .  S2 


(x103) ( ~ 1 0 ' )  r o r R  Y F" 
gX or o' or P X  
f l X + f l '  ( X l O ? )  n 


f l m b  
f l +  


f l ~ ~  
100; 
fl, 


flmb + 10a; 


u +  + o;, 
f l +  + 100; 
f l + + f l ,  


f l p  + 10n; 
f l"  + f l ,  


f l m h  + 


f l m h  + 


f l p  fl;J 


0.026 
1.03 
0.223 


-0.617 
0.0347 
0.006 


-0.652 
0.171 
0.112 


-0.902 
-0.382 
-0.224 


-6.23 
-5.79 
-6.54 
-6.47 
-5.81 
-6.54 
-7.22 
-5.99 
-6.54 
-6.62 
-5.65 
-6.60 


1.83 
1.78 
1.83 
0.703 
0.606 
0.705 
0.647 
0.635 
0.734 
0.668 
0.566 
0.677 
0.617 
0.622 
0.727 


04338 
0.370 
0.053 
0.923 
0.922 
0.924 
0.940 
0.922 
0.924 
0.942 
0.938 
0.941 
0.946 
0.925 
0.926 


1.07 
1 .oo 
1.07 
0.410 
0.421 
0.410 
0.378 
0.442 
0.427 
0.377 
0.406 
0.382 
0.360 
0.432 
0.423 


0.001 
1.90 
0.039 


81.0 
62.3 
76.2 
49.5 
28.3 
35.2 
43.7 
29.4 
42.4 
55.2 
29.8 
36.0 


16b 
14' 
16h 
16b 
13d 
15' 
16' 
13d 
15' 
14' 
11' 
14' 
16h 
1 3d 
15' 


'Critical F values:Iu F,.,, ( I ,  14)=17,14, F,,, ( I .  13)=17.81, Fowl (1, 12)=18.64. F , , , ( l ,  11)=19.69, F,,, (1,9)=22.86, F,,,,, 


h Y  = F. C1, Br, Me, COMe, CN, SOMe, H, CF,, C0,Me. OMe, t-Bu, NO,, Me$, SMe and NMe,. 
' Y = F, C1, Br. Me, CN, H ,  CF,, CO,Me, OMe, t-Bu, NO,, Me&, SMe and NMe,. 


Y = F, C1. Me, COMe, CN. SOMe, H. CF,, CO,Me, OMe, t-Bu, Me& and SMe. 
' Y = F. CI, Br, Me, CN, SOMe, H ,  CF,, CO,Me, OMe, t-Bu, NO,, Me,Si, SMe and NMe,. 
' Y = F, C1, Me, CN, H, CF,, CO,Me, OMe, t-Bu, Me,Si and SMe. 


(2, 13)=12.31,Fo.m, (2, 12)=12.97,Fuml (2, 12)=13~81,Fo,i(2, 10)=14.91,F,,, (2,8)=18.49,FOl,5(l,  1 4 ) = 4 ~ 6 0 , F O u S ( l ,  12)=4,75. 


namely (i) the v,,,, data for 1-Ys are not 
related to the polar substituent constants ax (aX = a,,,b, 
a+ and ap,  r = 0.01, 0-37 and 0.05; 11 = 16, 14 and 16) 
by using equation (1); (ii) good correlations, all with 
F values which correspond to confidence levels 
greater than 99-9%, can be obtained by applying 
equation (2) (a' = a;,, a; and a;; F = 81, 62 and 76; 
ti = 16, 13 and 15); and (iii) by using the dual-parameter 
equation ( 3 ) ,  all the nine pairings of (aX + a') yield 
good correlations with CL > 99.9%. Naturally, no 
meaningful improvement can be claimed for the use of 
the dual-parameter correlation over that of the single- 
parameter correlation because application of the single- 
parameter equation (2) already yields good results with 
CL > 99.9%. All the above-mentioned facts demonstrate 
persuasively that, as expected, the UV absorption 


processes of styrenes and phenylacetylenes are very 
much alike. 


At this juncture we may ask, 'What will happen if a 
carbonyl group takes the place of the multiple bond?' 
The acetophenones (2-Ys) and styrenes or phenyl- 
acetylenes all possess a pair of n-electrons in 
conjugation with the p-Y-substituted benzene ring, thus 
similar UV spectral behaviours might be expected. The 
correlation results for 2-Ys summarized in Table 4 are 
certainly in accord with the aforesaid expectation. There 
is no meaningful correlation between v,,,, and ax 
( r  = 0.55-0.80, 11 = 9), but there are good correlations 
with F values that correspond to confidence levels 
above 99.9% for all the three spin-delocalization 
constants (for u;,, F = 59, I Z  = 9; for a;,, F = 61, n = 7; 
for a,, F = 3 8 ,  n =9). Again, application of the 
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Figure 1. Plot of v,,,,,, vc ( J , ) , ~  (0) and, oJ, (A) for 1-Y 


dual-parameter equation (3) does not improve the 
correlation. Therefore, the carbonyl group does seem to 
behave similarly to a carbon-carbon double or triple 
bond during UV absorption. 


We also looked at six substituted stilbenes (3-Ys) to 
see whether similar spectral behaviour would again be 
observed. Table 5 shows that among the three polar 
scales ( aX) ,  only a +  yields a correlation with a CL 
greater than 99% ( r  = 0.955, n = 6), whereas nnlb and a,, 
yield confidence levels of only >95%. In contrast, for 
correlations with the spin-delocalization scales ( a ' )  by 
the single-parameter equation (2), both o;, ( r  = 0.98, 
IZ = 6, F = 82) and a, ( r =  0.99, r z  = 6, F = 348) yield 
correlations with confidence levels >99.9%. Correla- 
tions using the r r ,  scale here may not be so reliable 
because the number of substituents is too small ( 1 1  = 4). 
It is noteworthy that three of the ( a X  + 0 . )  combina- 
tions yield excellent correlations, namely for (a' + a;,), 
r = 0.999, Y = 0-045, F = 1488, CL> 99.9%; for 
(ap + a;,), r = 0-998, Y = 0.089, F = 382, CL> 99.9%; 
and for + o;,), r = 0.998, Y = 0.098, F = 309, 
CL>99.9%. Evidently, the stilbene system (3-Y) is not 
very different from the styrene-like systems (styrenes, 
1-Y and 2-Y), except that the polar effect is now begin- 
ning to make itself visible. This is clearly indicated by 
the I pXnlb/p;, I value of 0.28, which is sizable. This 
observation seems to support our previous proposition 
that for the UV absorption by styrenes, polar effects are 
not non-existent even though the spin-delocalization 
effect predominates.X" 


We also made a preliminary examination of y- 
substituted benzenes without a double bond in conjuga- 
tion with the ring, namely 4-Ys and 5-Ys. Correlation 
results are summarized in Tables 6 and 7. As a whole, 
correlation results are far from being as clear cut as the 
results for styrenes, 1-Ys, 2-Ys and 3-Ys. However, it is 


Table 4. Correlation results for 2-Ys 


(J' or ( J -  or P X  P .  s - 
CJ'+ CJ' ( X l 0 ' f  ( X 1 o 7 )  (X1o7)  r o r R  Y F" I2 


( L 5  5-15 3.09 0.554 0.944 3.11 9h 
(J 4.78 2.20 0.804 0.674 12-8 9h 
(J P 6.30 3.00 0.588 0.917 3.71 gh 
(JJl  - 10.2 1.21 0.946 0.369 59.2 9h 
1 0 n, -12.5 0.9 18 0.961 0.326 60.7 7' 
(Jc - 10.9 1.46 0.920 0.445 38.4 9h 
(Jnth + J J  -0.0678 - 10.3 1.30 0.946 0.398 25.4 9h 
(Jiilh + 10tJ, 0.934 - 12-4 0.977 0.965 0.347 27.0 7' 
n,,ih + ( J C  - I .48 - 12.2 1.50 0.927 0.460 18.3 9h 
(7 + 4- t J i J  0.0741 -10.1 1.30 0-946 0.398 25.4 9h 
ff A + IOtJ, 1.12 -11.5 0.966 0.966 0.343 27.7 7' 
n*+rr, -1.13 -13.0 I .54 0.923 0.47 1 17.3 9h  
(JP i- f l ~ ~  - 1.56 -11.3 1.23 0.95 I 0.377 28.6 9h 
U P +  Ion;, 0.129 -12.5 I .03 0.961 0.365 24.3 7' 
0,  f (Jc -3.73 - 14.2 1.32 0.944 0.402 24.8 9h  


'Critical F values:"'F,,,,,, ( I ,  7)=29.25, F,,.,, (1, S ) = 4 7 . 1 8 ,  FUN,, ( 2 ,  6)=27.00, F,,,,,, ( 2 ,  4)=61.25, F,,,,, ( 1 .  7 ) =  12.25, F,,,,, ( 1 ,  5 ) =  16.26, 
( 2 ,  6 )= 10.92, Fc>,,,(2, 4)= 18.00, F,, , , ,  ( I ,  7 ) = 5 . 5 9 .  


Y = F, CI, Br, Me, H,  OMe, t-Bu, SMe and NMe?. 
' Y = F, CI, Me, H, OMe, t-Bu and SMe. 
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Table 5.  Correlation results for 3-Ys 


P' SZ 


r o r R  Y F" n 


Omh 3.37 1.16 0.8356 0.497 9.26 6b 
U +  2.52 0.627 0.9550 0.363 4 1 .SO 6b 


4.36 0.857 0.9141 0.673 20.32 6' 
-5.25 0.457 0.9763 0.265 81.50 6' (JJJ 


a, -5.70 0.225 0.9943 0.131 347.9 6b 
(Irnb + 1.17 -4.15 0.170 0.9976 0.0983 308.9 6b 


umh + u, -0,145 -5.88 0.256 0.9945 0.148 134.8 6' 
u +  + UJ1 1.15 -3.22 0.0775 0.9995 0.0449 1487.8 6' 


u+ + a, 0.204 -5.28 0,254 0.9946 0.147 137.1 6h 
up + 1.69 -3.70 0.153 0.9980 0.0885 38 1.5 6' 


u, + a, 0.586 -5.07 0.223 0.9958 0.129 178.2 6b 


ox or u' or PX 
ox+ u' ( x  10)) (XIO') ( x  10') 


" I  


IOU; - 3.49 0.0944 0.9928 0.169 137.4 4' 


O",b + IOU; 0.115 -3-26 0.130 0.9932 0.233 36.28 4' 


u+ + 100; 0.133 -3.22 0.128 0.9933 0.230 37.18 4' 


up + 100, 0.177 -3.35 0.124 0.9938 0.222 40.03 4' 


~~ ~ 


'Cntlcal Fvalues:'" F,,, (1,4)=74.14, F , , ,  (1,4)=21.20, Fo, , ( l ,4)=7.  71, Fool (1.2)=98.5 F,,, (2, 3)=148.5, Fool (2 ,3)=3082,  F,,,,  


h R  = H, CH,, OCH,, CI, Brand NMe, 
' R  = H, CH,, CI and OCH, 


(2, 1) = 199.5. 


Table 6. Correlation results for 4-Ys" 


ax or u' or PX P' SZ 
o x +  u. (~10 ' )  ( x  10') ( x  10)) r or R Y F h  


umh 
f f+  


(JJJ 
IOU; 
ac 


Urnh + 10u; 


u+ + u;J 
u+ + IOU, 
f f +  + 0; 


up + 
u, + a, 


Omh + 


a t n h  + 


u p +  


2.22 
2.67 
2.24 


0.779 
0.711 


-0.470 
0.781 
0.638 


-0.828 
0.489 


- 1.52 
-2.51 


-13.2 
-11.5 
- 12.9 
- 12.4 
- 10.7 
- 13.6 
-12.1 
- 10.4 
- 14.6 
-13.0 
-12.7 
-14.9 


1.75 
1.62 
1.88 
0.722 
1.13 
0.693 
0.810 
1.34 
0.828 
0.814 
1.36 
0.795 
0.874 
1.33 
0.601 


04461 
0.5601 
0.2605 
0.9290 
0.8162 
0.9347 
0.9408 
0.8267 
0.9381 
0.9402 
0.8234 
0.9430 
0.9307 
0.8307 
0.9678 


1.16 
1.07 
1.25 
0.478 
0.746 
0.459 
0.536 
0.890 
0.548 
0.538 
0.897 
0.526 
0.578 
0.880 
0.398 


0.746 
1.37 
0.218 


18.91 
5.99 


20.75 
7.70 
2.16 
7.33 
7.63 
2.106 
8.03 
6.47 
2.23 


14.80 


'R = H. CH,, OCH,, CI and F. 
hCntical Fvalues:l"F,,, ( I ,  3)=10,13, F , ,  ( I ,  3)=5.54, F o l  (2.2)=9.00. 


still noteworthy that all the polar constants (0') do not 
correlate the data, whereas both a;J and 0; can correlate 
the data, albeit poorly, with confidence levels greater 
than 95%. Therefore, the spin effect is still an important 
factor in affecting UV absorption processes of these 
aromatic molecules (4-Ys and 5-Ys). 


The value or significance of new observations or gen- 
eralizations depends on their applicability to some other 
data reported in the literature. As pointed out by other 
workers'-3 and in the Introduction, previously claimed 


'successful' correlations are devoid of meaning if 
straight lines of different slopes (sometimes of opposite 
signs), or absolute values of substituent constants (I ox I), 
have to be used for the correlations. The above-men- 
tioned point will be illustrated by the following examples 
in which correlations with 0' by equation (1) are com- 
pared either with correlations with 0' by equation (2) or 
with correlations by the dual-parameter equation (3). 


Mustroph" reported the UV spectra of  four kinds of 
p-Y-substituted charge transfer chromophores, namely 
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Table 7. Correlation results for 5-Ys" 


ox or 0 '  or 
UX + 0'  


P X  
( x  lo3) 


P' 
( ~ 1 0 ~ )  Y F b  


urnh 
0 +  


f f ?  


100; 
0, 


Umh + 100; 


ff++a;, 
0 +  + 100; 
0 + + 0 ,  


0 p  + 0;, 
up + 100, 
0"+ 0, 


ffIJ 


Ornh + 


Omh+ 


2.14 
2.56 
2.04 


0.727 
0.690 


-0.445 
0.683 
0.582 


-0.835 
0.309 


-1.63 
-2.59 


- 12.9 
-11.1 
- 12.4 
-12.2 
- 10.3 
-13.1 
-12.0 
- 10.1 
-14.1 
- 12.8 
-12.4 
- 14.5 


1.70 
1.58 
1.84 
0.645 
1.10 
0.701 
0.718 
1.32 
0.840 
0.730 
1.33 
0.804 
0.786 
1.29 
0.596 


0.445 
0.552 
0.244 
0.9401 
0.8121 
0.9289 
0.9508 
0.8226 
0.9321 
0.9491 
0.8185 
0.9379 
0.9408 
0.8299 
0.9664 


1.16 
1.08 
1.25 
0.440 
0.753 
0.478 
0.490 
0.899 
0.573 
0.498 
0.908 
0.549 
0.536 
0.882 
0.406 


0.739 
1.32 
0.190 


22.82 
5.81 


18.87 
9.43 
2.09 
6.62 
9.08 
2.03 
7.31 
7.70 
2.21 


14.13 


'R = H, CH,, OCH,, CI and F. 
bCritical Fvalues:"'F,,,(1.3)=10.13,F,,(1,3)=5.54,F,, (2,2)=9.00. 


6 - Y  7 - Y  


CH3 


4-dimethylaminoazobenzenes (6-Ys) and their pro- 
tonated salts (7-Ys), the hydrazones of phenylazopyra- 
zolones (8-Ys) and anions of the hydrazones of 
phenylazopyrazolones (9-Ys). Their plots of UV 
absorption wavenumbers of 6-Y, 7-Y, 8-Y and 9-Y 
against a, gave two crossing lines. The Y,,,, data on 6- 
Ys cannot be correlated with ax by equation (l), i.e. for 
up, r = 0.75, I I  = 8, for a+, r = 0.61, I I  = 7; and for a,,b, 
r = 0.79, I Z  = 8. Similarly, the data cannot be correlated 
by equation (2). However, correlation by the dual- 
parameter equation (3) yields some good results 
with CL>99.9%., e.g. for (a,+ 10a;J, R =0.995, 
11 = 6, Y = 0.14, F = 157, px = -2100, p'  = -2080, 
1 px /p '  1 = 1.01; for (a,, + uc), R = 0.99, I? = 7, 
Y = 0.20, F = 81, px = -2190, p' = -3070, 1 px /p '  1 = 
0.71,for ( a++a ; ) ,R=0 .99 ,  11=7,Y=0.21,  F = 8 0 ,  
px  = - 1480, p' = -3720, I px /p '  I = 0.40. For the 
protonated salts 7-Ys, among the three ax scales and 
also the three a. scales, only a+ can correlate the data 
with a CL above 99% (r=0-91, n = 7 ,  F=24).  How- 
ever, four pairings of (aX + a ' )  yield correlations with 
CL> 99.9%, namely for (u,, + a;J), R = 0.99, 17 = 8, 


Y = 0.18, F = 125, px  = 1850, p' = -2820, I px /p '  I = 
0.66; for (a' + R = 0.997, 11 = 7, Y = 0.096, 
F = 378, px  = 1200, p'  = -2500, I px /p '  I = 0.48; for 


px  = 1460, p' = -2170, I px /p '  1 = 0.67; and for 


px = 2160, p' = -2820, I p x / p '  I = 0.76. Similar results 
are obtained for the hydrazones 8-Ys. Of the three a's 
and three a ' s ,  only a+ correlates the data with a 
CL>99% (r = 0.89, I I  = 7, F = 19), but three cornbina- 
tions of  (aX+ a') give correlations with CL>99.9%, 
namely for (ap + ail), R = 0.97, I I  = 8, Y = 0.30, 
F = 43, px  = 2070, p' = -3290, I px /p '  I =0.63; for 


px  = 2390, p' = -3460, I p x / p '  I = 0.69; and for 


px  = 1620, px = -2750, I p x / p '  I = 0.59. Finally, for the 
anions of the hydrazones 9-Ys, the six correlations with 
a's and 0 ' s  by equations (1) and (2) are again poor, but 
the dual-parameter correlations with (aX + a') yield 
good or fair results, i.e. for (ap + lo&), R = 0.999, 
n = 6 ,  Y=0.075, F=539,  CL>99.9%, p x =  -2230, 


(a' + a;), R = 0.995, 11 = 7, Y = 0.13, F = 202, 


(a,, + a,), R = 0.995, I I  = 7, Y = 0.13, F = 200, 


(u,+u,) ,  R=0.99, r l=7, Y=0.17, F=127, 


( ~ + + a , ) ,  R=0.99, 1 1 ~ 7 ,  " ~ 0 . 1 6 ,  F=141,  
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p' = -4060, I p x / p  ' I = 0-55; for (ap + ail), R = 0.94, 


p' = -3900, I px/p '  I = 0.88; and for (a,, + a;), 
R=0-98, n = 7 ,  Y=0.29, F = 4 0 ,  CL>99%, 


Mustroph and Epperlein' also studied the UV spectra 
of 4-dialkylaminoazobenzenes (10-Ys), and reported 
absorption increments E which are derived from the 
excitation-energy difference between azobenzene and 
monosubstituted azobenzenes. They found that the E 


values could be correlated by two crossing lines. 
Actually, we have found that among the correlation 
results of E with three a's, only a+ yields a CL>99% 
whereas the correlation with a. (ail and a,) gives 
CL>99% (for a;,, r=0.82, n =  12, F=20 ;  for a;, 
r = 0.84, n = 11, F = 21). However, correlation by the 
dual-parameter equation (3) yields better results with 
CL>99.9%, e.g. for (a++ a;,), R=0.96, n =  10, 


0.26; for (a+ + a;), R = 0.99, n = 10, Y = 0.20, 
F = 125, p' = -1.56, p. = 4.28, I px /p '  I = 0.36; for 
(a,+a;), R=0.97, n = l l ,  Y=0.28, F=65 ,  


~ = 8 ,  Y ~ 0 . 4 2 ,  F=20 ,  CL>99%, p x =  -3420, 


px = -2960, p' = -4130, I g"/p. I = 0.72. 


" ~ 0 . 3 3 ,  F = 4 0 ,  px=-1.18, p.=4.48, Ipx/p'I= 


p' = -2.02, p' = 4.94, I px /p '  I = 0.41. 


10-Y 


Nakatsuji et al." has measured the vmaX of the UV 
spectra of p-Y-phenylethynyl-p'-diethylaminophenyl- 
ethynyl-9,lO-anthracenes (11-Ys) and found a correla- 
tion with a by two crossing lines. Actually, correlation 
with any of the three a's is poor (r<0-55, n = 5 ) ,  but 
correlation with a; is good, i.e. r=0.99, n = 5 ,  
CL>99.9%, while the other two a ' s  (ail and ah) 
both yield correlations with CL > 99%. Application of 
the dual-parameter equation (3) does not improve the 
correlation. 


11-Y 


Zhou and co-workersyh," found that absolute values of 
a+ (I a+ I) have to be used in order to correlate the UV 
data for 2-p-biphenyl-5-phenyloxazoles (12-Ys) and 5-  
phenyl-2- (2' -phenyloxazol-5 ' -yl) 1,3 ,4-oxadiazoles (13- 
Ys). Actually, for 12-Y, the Y ~ , ~ ~  values do not correlate 
with any of the three a's, but they do correlate with a; 
by equation (2) with CL>99.9% (r=0.92, n = 9 ,  


Y = 0.44, F = 39). Furthermore, all of the following 
three pairs of (a' + a') correlations by equation (3) 
yield results with CL>99.9%, i.e. for (a,,,+ a;), 
R = 0.96, n = 9, Y = 0.34, F = 36, p' = -756, 
p' = -3726, I px /p '  I = 0.20; for (ap+ u;), R = 0.97, 


lpx/p' l=o.31; and for (a'+a,), R=0.97, n = 9 ,  


0.20. The correlation results for 13-Y are very similar. 
Application of equation (1) with any of the three a's 
leads to no correlation, but application of equation (2) 
with either oil or a, leads to correlation with 
CL>99.9%, i.e. for ail, r=0.93, n =  9, Y =0.41, 
F=47;  for a;, r=0.97, n = 9 ,  Y=0.28, F=112. 
The dual-parameter correlations with (aX + a')  are 
equally successful (CL>99.9%), i.e. for (amb + a;), 


-3508, I px/p '  I = 0.08; for (a' + a;), R =0.98, n = 9, 


0.06; and for (a,+a;), R=0.97, n = 9 ,  Y=0.28, 


n = 9 ,  Y=0.29, F = 4 9 ,  p x =  -1141, p ' =  -3712, 


Y=0.30, F = 4 7 ,  p x =  -791, p ' =  -3996, I p x / p . I =  


R=0.98, 1 1 ~ 9 ,  Y =0.26, F = 6 2 ,  px=277, p ' =  


Y =0.27, F = 60, p' = 214, p' = -3368, I px/p '  I = 


F = 55, p' = -233, p' = -3488, I p x / p '  I r0.07. 


12-Y 


13-Y 


On the basis of all the above-mentioned observations 
on our data and the data of previous workers, we are 
inclined to formulate our views as follows. In the 
absence of measurable steric effects, the chemical and 
spectral properties of radical or radicaloid species are 
always affected, albeit to different degrees, by both 
polar and spin-delocalization effects. Therefore, in 
correlation analyses of these properties [designated as 
variable in equations (1)-(3)], the applicability of the 
dual-parameter equation (3) should always be tested. 
The I px/p '  I ratio may serve as a rough measure of the 
relative importance of the polar effect and spin effect. 
For safety, it might be preferable to use the same px 
and p' in this ratio, e.g. only I  pi,/^;^ I values are 
compared with each other. In general, four categories 
of possible circumstances may be considered. (i) When 
both polar and spin effects are important, the I px/p '  I 
values might fall in the range (very) roughly 0.2-0.8, 
e.g. in radical additions to'5a,'5b and fluorescence 
spectra, of styrenes."bxc Under these circumstances, the 
necessity for using the dual-parameter equation (3) can 
be easily established because it yields much better 
correlation results than those of single-parameter 
equations. (ii) When polar effects dominate, this ratio 
might be around or greater than unity, e.g. in hydrogen- 
atom abstraction reactions and EPR data of some 
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phenyl nitroxides. 'Sc~15d Under these circumstances, 
using equation (3) instead of equation (1) may not 
improve, or only slightly improve, the correlation result, 
and the necessity for applying equation (3) cannot be 
established in a definitive manner. However, the exist- 
ence of the spin effect can still be revealed by careful 
examination of the individual and total deviations of 
the data from the regression lines of equations (1) and 
(3).'5'.'5d (iii) When the spin-delocalization effect 
dominates, then equation (2) easily applies, and the use 
of equation (3) does not improve or does not greatly 
improve the correlation result. (iv) When there are other 
complicating and interacting factors or effects, as 
pointed out by previous workers for some of the UV 
studies, then none of the three equations may be appli- 
cable.'-3.9d,e.J Finally, it should be pointed out that all p .  
values of meaningful correlations reported in this and 
previous workXa are negative, and that this is certainly 
not a consequence of fortuity. This observation sug- 
gests that the Y-substituents can delocalize or stabilize 
the spin in the higher half-occupied orbital of the 
excited state and lower its energy, and that the extents 
of this excited-state stabilization by the substituents 
parallel their stabilizing abilities in the ground state. 
Therefore, up to now there seems to be no rigorously 
established justification for the use of excited-state 
substituent constants ( u ~ ~ ) . ' ~  


It is particularly noteworthy (as pointed out by a 
referee) that our data seem to reveal an interesting 
'heteroatom effect'. That is, for compounds with a carbon 
atom in a position a to the ring and para to the Y substi- 
tuent, e.g. compounds 1-5 and 11-13, the single- 
parameter equation (2) suffices to correlate the UV data. 
However, for compounds with an a-nitrogen atom para 
to Y, e.g. compounds 6-10, the dual-parameter equation 
(3) is needed for a good correlation. In other words, the 
behaviour of the former class of compounds falls into 
the third category of our discussions mentioned above, 
whereas the behaviour of the latter class of compounds 
belongs to the first category. It is hoped that this observa- 
tion will lead to new research efforts in the future. 


Naturally, the applicability of the u '  scales and the 
dual-parameter equation (3) will be limited to the UV 
spectra of only certain types of compounds. It is not 
difficult to find cases where they do not apply in a 
simple manner, e.g. the data reported by Toma and co- 
workersgd,* and Nakatsuji et aL9J However, on the basis 
of the present and preceding work,8a we can still 
conclude that spin delocalization is an important factor 
affecting the UV absorption processes of aromatic 
compounds. 


EXPERIMENTAL 


All UV spectra were measured at room temperature in 
95% EtOH on a Perkin-Elmer Lambda 2 instrument 
with a wavelength accuracy of +0-3 nm and a 


reproducibility of *0.1 nm. 'H NMR spectra were 
obtained at 90 MHz on a Varian EM-90C or at 60 MHz 
on a Varian EM-360A spectrometer with TMS as the 
external standard. Mass spectra were measured on a 
Hewlett-Packard Model 5989A spectrometer. IR spectra 
were recorded on Perkin-Elmer Model 983 or a 
Shimadzu IR-440 spectrometer. 


Phenylacetylene (1-H) was purchased from Fluka 
and vacuum distilled before use (50-52 "C/30 Torr). 
Acetylenes 1-Ys with Y = CI, Br, t-Bu, Me, OMe, CN, 
F were prepared according to a previously described 
method.16 Acetylenes 1-Ys with Y = SiMe,, NOz, 
COMe, SMe, NMe,, CF,, C0,Me were prepared by 
procedure~l~ . '~  derived from the well known Heck 
reaction." The sulphoxide 1-SOMe was prepared from 
1-MeS by NaIO, oxidation.". 


All 1-Y substrates are known compounds and were 
further identified by 'H NMR, IR and mass spectrometry. 
Boiling points or melting points of 1-Ys prepared in our 
laboratory are as follows: 1-Cl, m.p. 4 2 4 4 ° C  (lit." 
43.5-44 "C), 1-Br, m.p. 64-65 "C (lit." 635-63.7 "C); 
1-t-Bu, b.p. 68-69"C/2 Torr (lit." 67 "C/1.7 Torr); 
1-Me, b.p. 164-166°C (lit.2' 168°C); 1-OMe, b.p. 
86-88 "C/9 Torr (lit.', 73-74"C/2 Torr); 1-CN, m.p. 
154-155 "C (lit.', 153 "C); 1-F, b.p. 45-49 "C/6.5 Torr 
(lit.24 34-35 "C/lO Torr); 1-SiMe,, b.p. 72-75 "C/4 Tom 
(lit.2s 65-66 "C/2.5 Torr); 1-NO,, m.p. 148-149 "C 
(lit.24 149-150 "C); 1-C(O)Me, m.p. 67.5-68-5 "C (lit." 
69-70 "C); 1-CF,, b.p. 58-60 "C/30 Torr (lit.z3 
47-48 "C/20 Torr); 1-C02Me, m.p. 92-93 "C (lit.17 
92.5-93.5 "C). (1-SMeZ3 and 1-SOMe were viscous 
compounds which could not be vacuum distilled.) 


Acetophenone (2-H) and p-methoxyl acetophenone (2- 
OMe) are commercially available reagents. They were 
further purified by vacuum-distillation or recrystallization 
before use (2-H, b.p. 93-95 "C/20 Torr; 2-OMe, m.p. 
37-38 "C). Acetophenones 2-Ys with Y = CI, Br, F, Me, 
t-Bu, SMe, NMe, were prepared according to the well 
known Friedel-Crafts condensation of PhY with AcCI.'~ 


All 2-Y substrates are known compounds and were 
further identified by 'H NMR, IR and mass spectrometry. 
Boiling points or melting points of 2-Ys prepared in our 
laboratory are as follows: 2-C1, b.p. 110-111 "C/10 Torr 
(lit.27 232 "C), 2-Br, m.p. 51-52.5 "C (lit.2* 50-52°C); 
2-F, b.p. 85-87 "C/20 Torr (1kZ9 196 "C ); 2-Me, b.p. 
103-105 "C/10 Torr (lit.,' 224-225 "C); 2-t-Bu, b.p. 
130-132 "C/lO Torr ( k 3 '  262 "C/750 Torr); 2-SMe, 
m.p. 81-82 "C (lit.,' 80.6-81.4"C); 2-NMe2, m.p. 
124-125 "C (lit.,, 125-126°C). 


All 3-Ys, except 3-NMe2, are new compounds and 
were prepared by a known method.34 The identities of 
3-Ys were further confirmed by the following data. For 
Y = H, 'H NMR (90 MHz, CDCI,), 6 (ppm) 7.84 (AB, 
4H, J A B  = 8.2 Hz), 7.43 (AB, 4H, JAB = 8.1 Hz), 7.35 
(AB, 2H, JAB = 17.2 Hz), 3.03 (s, 3H); MS, m / z  


178 (lOO*OO), 179 (69.92), 155 (35.29), 91 (83.60); 
(relative intensity, %), 258 (M+, 74.43, 195 (13.17), 







IR, 3434.0, 3018.0, 2929.0, 1634.0, 1591.0, 1495.0, 
1454.0, 1408.0, 1307.0, 876.0, 826.0 cm-I. For 
Y =CH,, 'H NMR (90 MHz, CDCI,), 6 (ppm) 7.85 
(AB, 4H, J A B  = 8.4 Hz), 7.37 (AB, 4H, J A B =  8.4 Hz), 
7.30 (AB, 2H, JAB= 15.0 Hz), 2-97 ( s ,  3H), 2.40 ( s ,  


273 (5.63), 274( 1.93), 188( 1.29), 178 (36-00), 
170(40.59), 155(44.73), 115(2.12), 107(32.53), 
91(100.00); IR, 3438.0, 301 1.0, 2974.0, 2926.0, 
2284.0, 1922.0, 1630.0, 1593.0, 1513.0, 1458.0, 
1408.0, 1385.0, 1323.0, 1304.0, 1293.0, 1226.0, 


3H); MS, m / z  (relative intensity, %), 272 (M+, 30.12), 


857.0 cm-'. For Y = CH,03', 'H NMR (90 MHz, 
CDCI,), 6 (pprn) 7.81 (AB, 4H, JAB=8.5Hz), 


JAB= 16-4Hz), 3.90(s, 3H), 3.10(s, 3H); MS, m/z 
(relative intensity, a), 288 (M+, 100-00), 289 (18.10), 


7'40(AB, 4H, J A B  = 8.4Hz), 66.97(AB, 2H, 


290 (14.73), 257 (2.92), 225 (10.61), 209 (17.47), 194 
(17.07), 178 (17.86); IR, 3458.0, 3009.0, 2926.0, 
2844.0, 1632.0, 1604.0, 1590.0, 1575.0, 1513.0, 
1456.0, 1445.0, 1424.0, 1407.0, 1300.0, 1261.0, 


(pprn) 7.83 (AB, 4H, JAB= 8.4 Hz), 7.45 (AB, 2H, 
J A B  = 15.9 Hz), 7.37 (AB, 4H, JAB = 8.2 Hz), 3.07 (s, 


293 (16.43), 294 (32.48), 295 (5.80), 257 (5.99), 229 
(22.50), 213 (33.12), 178 (98.88), 69 (100.00); IR, 
3442.0, 3021.0, 2925.0, 1633.0, 1588.0, 1494.0, 


874.0 cm-'. For Y = CI, 'H NMR (90 MHz, CDCI,), 6 


3H); MS, m / z  (relative intensity, %), 292 (M+,  84.03), 


1411.0, 1308.0, 1300.0, 1194.0, 873.0, 839.0 cm-I.  
For Y = Br, 'H NMR (90 MHz, CDCI,), 6 (ppm) 7.82 
(AB, 4H, JAB = 8.3 Hz), 7.17-7.48 (multiple, 6H), 
3.08 ( s ,  3H); MS, m / z  (relative intensity, %), 336 
(50.62), 338 (51.42), 339 (9.15), 273 (8.31), 257 
(12.83), 259 (10.60), 178 (lOO.OO), 179 (15.39), 166 
(17.40); IR, 3458.0, 3012.0, 2926.0, 1908.0, 1633.0, 
1594.0, 1582.0, 1487.0, 141 1-0, 1308.0, 1192.0, 
808.0 cm-' .  For Y = N M ~ , , , , s , ~  'H NMR (90 MHz, 
CDCI,), (3 (pprn) 7.75 (AB, 4H, JAB =8.4 Hz), 7.35 


(relative intensity, %), 301 (M+,  lOO.OO), 302 (20.46), 


1407.0, 1364.0, 1301.0, 1226.0, 870.0, 830.0 cm-'. 


Y. Z. H ~ a n g . , ~  


(AB, 4H, JA,=8.4Hz), 7.45 (AB, 2H, 
J A B =  16.5 Hz), 3.08 (s, 3H), 3.04 (s, 3H); MS, tn / z  


303 (6.79), 300 (21.51), 222 (21.56), 178 (17.50); IR, 
2925.0, 1686.0, 1587.0, 1525.0, 1485.0, 1447.0, 


Compounds 4-Ys and 5-Ys were gifts from Professor 
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ELECTROSPRAY MASS SPECTRAL STUDIES OF AROMATIC 
DIAZONIUM CATIONS. PART 2. THE SURPRISING STABILITY OF 


COLLISIONALLY ACTIVATED FRAGMENTATION 
SOME SUBSTITUTED 2-NITROBENZENE DIAZONIUM CATIONS TO 


TREVOR J. BROXTON," RAY COLTON AND JOHN c. TRAEGER 
School of Chemistry, La Trobe University, Bundoora, Victoria 3083, Australia 


Electrospray mass spectra of a series of substituted 2-nitrobenzene diazonium cations reveal a surprising 
stability of the intact ion to the collisionally activated loss of nitrogen, contrary to the behaviour of 
monosubstituted benzenediazonium ions reported previously. Ions bearing electron-releasing groups at the para 
position, e.g. 4-CH3, 4-CH30, and 4-C6H,0, all experience loss of this para substituent rather than loss of 
nitrogen. However, ions bearing electron-withdrawing para substituents, e.g. 4-N02 4-CN, 4-CF3 and 443, all 
undergo nucleophilic displacement of the 2-nitro group by water to give the corresponding phenol derivative, 
which subsequently loses nitrogen. The exceptional stability o f  these substituted 2-nitrobenzene diazonium salts 
is attributed to a favourable coulombic interaction between the positive charge on the diazonium group and the 
partial negative charge on one o f  the oxygen atoms of the nearby nitro group. Once that nitro group has been 
removed, the resulting substituted 2-hydroxybenzenediazonium cation loses nitrogen in the normal way. 


1. INTRODUCTION 
Electrospray mass spectrometry (ESMS) is a very 
gentle technique which allows pre-existing ions in 
solution to be transferred to the gas phase with minimal 
fragmentation. It has been most widely used in the 
study of large biomolecules, such as proteins, which 
are converted into polycationic species by dilute acid in 
the mobile phase and then detected in the mass spectro- 
meter.'-5 However, ESMS can also be used to study 
ionic compounds which do not rely upon the protona- 
tion step. In our laboratories we have used this 
approach to examine a wide variety of inorganic and 
organometallic systems.'-'' The feature of gentle 
vaporization allows the observation of mass spectra by 
ESMS of labile or unstable ionic species which are not 
amenable to study by other mass spectral approaches. 
Examples of such systems are the aromatic diazonium 
cations. 


We have previously reported'' the use of the elec- 
trospray technique to obtain the mass spectra for some 
simple monosubstituted aromatic diazonium cations. In 


Author for correspondence. 


this way the intact ions were detected and their colli- 
sionally induced fragmentation, which produced the 
corresponding aryl cations and molecular nitrogen, 
studied as a function of the substituent on the aromatic 
ring and the ion source collision energy. This fragmen- 
tation was found to be facile, even at very low collision 
energies. 


We now report the ES mass spectra of some substi- 
tuted 2-nitrobenzenediazonium cations. Surprisingly, no 
evidence of collisionally induced fragmentation result- 
ing in the loss of molecular nitrogen was found for any 
of the substituted 2-nitro compounds studied, even up 
to ion source collision energies of 100 V. 


EXPERIMENTAL 


Substituted 2-nitrobenzene diazonium tetrafluoroborate 
salts were prepared by the diazotization of the corre- 
sponding anilines in 20% tetrafluoroboric acid solution 
below 10°C by the addition of an equimolar amount 
of sodium nitrite solution. The crystalline diazonium 
salt was collected by filtration, washed with ice-cold 
ethanol and recrystallized from acetone-diethyl 
ether.'* Positive-ion electrospray mass spectra were 
recorded by using a VG Bio-Q triple quadrupole mass 
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spectrometer (VG Bio-Tech, Altrincham, UK). The 
mobile phase used was propan-2-01-water (50 : 50). All 
compounds were dissolved in methanol solution 
(2 mM) and then diluted 1 :  10 with propano-2- 
ol-water (50 : 50). The dilute solutions were then 
immediately injected, directly via a Rheodyne injector 
equipped with a lop1 loop using a Phoenix 20 micro 
LC syringe pump, to deliver the solution to the 
vaporization nozzle of the electrospray ion source at a 
flow rate of 5 plmin-I. Nitrogen was used as the 
drying gas and for nebulization, with flow rates of 
approximately 5 I min-l and 300 ml min-I, respect- 
ively. The pressure in the mass analyzer region was 
typically 3 x Torr (1 Torr = 133.3 Pa). Increasing 
the voltage on the first skimmer (Bl) was used to 
induce collisionally activated decomposition in the 
high-pressure region of the ion source. Typically 4-6 
signal averaged spectra were sufficient to give a good 
signal-to-noise ratio. The variation in relative peak 
heights between determinations was less than 5%. 
Tandem mass spectrometric (MS/MS) experiments 
were carried out using argon as the collision gas with 
collision energies of 50 eV. 


RESULTS AND DISCUSSION 


Compounds with electron-donating substituents 
For the 2-nitro-4-methoxybenzene diazonium cation, 
with B1= 40 V [Figure l(a)], a strong peak due to the 
intact ion was found at rn/z 180 and no fragment ions 
were detected. At B1 = 100 V [Figure l(b)], the intact 
ion was still present and the only major fragment 
observed was at mlz 149, which corresponds to the loss 
of the methoxy group (i.e. M - 31), rather than loss of 
molecular nitrogen. The stability of the 2-nitro-4- 
methoxybenzene diazonium cation is in marked contrast 
to the relative instability of the 4methoxybenzene 
diazonium cation, which does undergo facile loss of 


1 
180 


140 160 180 200 220 


nitrogen under these conditions." Similarly, the 2-nitro- 
4-phenoxy compound at B1= 40 V had a strong intact 
ion at mlz 242 but no significant fragment ions. At 
B1= 70 V the intact ion was still the base peak, with the 
only significant fragment ion observed at rnlz 149, 
which corresponds to the loss of the phenoxy group 
(i.e. M -93). Similar results were observed for the 2- 
nitro-4-methylbenzene diazonium cation and are sum- 
marized in Table 1. 


Compounds with electron-withdrawing substituents 
For compounds having electron-withdrawing substitu- 
ents, e.g. the 4-chloro, 4-trifluoromethyl [Figure 2(a)], 
4-cyano [Figure 2(b)], 4-benzoy1, 4-methylsulphonyl 
and 4-nitrobenzene diazonium cations, a moderate 
intensity peak due to the intact ion was observed at 
B1 =40  V. However, in all cases a strong peak at 
M-29 was a major fragment ion. This is attributed to 
the displacement of the 2-nitro group by neutral water, 
resulting in the corresponding phenolic product. 
Nucleophilic substitution at a neutral site of an aromatic 
diazonium salt which is itself strongly electron with- 
drawing has previously been reported13 for the reaction 
of methoxide ions with 2-nitrobenzene diazonium salt 
to give 2-methoxybenzene diazonium salt and also with 
4-fluoro-3-nitrobenzene diazonium salt to give 4- 
methoxy-3-nitrobenzene diazonium salt. In this case, 
no base is present and the nucleophile is neutral water. 


In principle, this reaction could be taking place in 
either the gas phase as a result of collision of the 
diazonium cation with a water molecule, or in the liquid 
phase as a result of reaction with water in the flow 
system. 


To explore these possibilities further we prepared 
stock solutions of the 2-nitro-4-trifluoromethylbenzene 
diazonium salt in methanol and also in water.These 
solutions were analysed by ESMS after 1 h at room 
temperature (25 "C) The mass spectrum of the solution 


d Z  d Z  


Figure 1. Electrospray mass spectra of 2-nitro-4methoxybenzene diazonium ion (a) at B1 = 40 V and (b) at B1=  100 V 
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Table 1. ES mass spectral data for some substituted benzene 
diazonium ions 


Substituent B1 voltage Intact ion 
(XI (V) ml: 


Major 
fragment ion 


nt/? 


4-Me 


4-OMe 


4-CF3 


2-Nitro containing compounds 
4-OPh 30 242 


40 242 
50 242 
70 
40 164 
80 164 


100 - 
40 180 


100 180 
40 218 
50 - 


- 


5-CF3 


4-COC,H, 


60 - 


40 218 
50 218 


60 


40 254 


50 254 


60 254 
4-SOzCH3 40 228 


60 228 


4-CN 40 175 


4-NO2 35 195 
50 


4-C1 40 184/6 


Other compounds 
2-OEt 40 149 
2-Me-4-NO2 40 164 


- 
140 
140 
149 (M - X) 
- 
- 
149 (M - X )  


149 (M - X) 
189 (M - 29) (62%) 
189 (M - 29(75%) 
161 [M - (29 + 28)] 
189 (M - 29) (67%) 
161 [M - (29 + 28)] 
189 (M - 29) (52%) 
189 (M - 29) (65%) 
189 (M - 29) 
161 [M - (29 + 28)l 
189 (M - 29) 100%) 
161 [M - (29 + 28)] 
225 (M - 29) 
197 [M - (29 + 28)] 
225 (M - 29) 
197 [M - (29 + 28)] 
225 (M - 29) 
199 (M - 29) (33%) 
199 (M - 29) (52%) 
171 [M - (29 + 28)] 
146 (M - 29) 
118 [M - (29 + 28)] 
166 (M - 29) 
166 (M - 29) 
138 [M - (29 + 28)] 
155/7 (M - 29) 


- 


121 (Ar3 
136 (Ar') 


Percentage values in parentheses are percentage abundance relative to 
the intact ion, i.e. [fragrnent/(fragrnent + intact ion)] x 100. 


prepared in water showed no trace of the intact diazo- 
nium ion with m l z  218. The base peak was at m l z  189, 
i.e. M - 29. The M - (28 + 29) fragment at m / z  161 was 
also observed. 


The mass spectrum of the solution prepared in 
methanol had a strong peak due to the intact ion at m l z  
218, together with significant major peaks at rn/z 203, 
corresponding to 2-methoxy-4-trifluoromethyl benzene 
diazonium ion, and at m l z  175, corresponding to the 
loss of nitrogen from the above ion. A small peak at 
m / z  189 corresponding to the M - 29 fragment from the 


original diazonium ion was also observed. The observa- 
tion of the peak due to the intact ion in the methanol 
solution but not in the water solution indicates that the 
reaction of the diazonium ion with water is significantly 
faster than the reaction with methanol. This is consistent 
with our observation of no detectable change in either 
the absorbance or the position of maximum absorbance 
in the UV-visible spectrum of a solution of this 
diazonium salt in aqueous solution over a period of 4 h 
at 25 "C. We conclude, therefore, that the reaction with 
water is essentially instantaneous. 


These results indicate that the displacement of nitrite 
ion by either water or methanol occurs in solution. 
However, the increase in relative abundance of the 
M-29 ion and its daughter ion, M -  (29 +28), as the 
B1 voltage is increased suggests that some of this 
process may also be occurring in the gas phase. The 
normal ES mass spectra reported in Table 1 were all 
obtained immediately after dissolving the solid diazo- 
nium salt in methanol and then diluting with the propan- 
2-01-water mixture. 


The absence of base argues against an alternative 
explanation for the M-29 fragment, i.e. loss of a 
proton adjacent to the diazonium group followed by 
loss of nitrogen to form an aryne. Such a process, 
which has also been reported in basic methanolic 
s ~ l u t i o n , ' ~  is unlikely in neutral conditions in the gas 
phase. Furthermore, the aryne produced in such a 
process would be uncharged and hence not observable 
in the ES mass spectrum. The subsequent reaction of 
this M-29 fragment to lose 28 mass units, i.e. NZ, 
suggests that the diazonium group is still present in the 
M - 29 fragment. 


It remains to comment on possible reasons for the 
stability of these aryl diazonium cations. Despite the 
electron-withdrawing properties of an ortho-nitro 
group, which should destabilize the cationic diazo- 
nium group, these compounds seem to be more stable 
in the gas phase than those without the ortho-nitro 
group.This effect is specific to the nitro group in the 
ortho position. We have previously reported'' that 
diazonium cations containing nitro groups in either 
the ineta or para positions relative to the diazonium 
group lose nitrogen easily at low ion source collision 
energies. Furthermore, we have also studied diazo- 
nium cations bearing other substituents at the ortho 
position. 2-Ethoxybenzene diazonium cation also 
loses nitrogen easily at low ion source collision 
energies. Of particular interest, the 2-methyl-4- 
nitrobenzene diazonium cation also loses nitrogen 
easily at low ion source collision energies whereas the 
2-nitro-4-methyl isomer does not. 


Other ortho substituents, including the methyl and 
ethoxy groups, do not have this stabilizing effect and 
even nitro groups that are further from the diazonium 
group do not stabilize it. We therefore conclude that the 
effect is specific to a nitro group ortho to the diazonium 
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Figure 2. Electrospray mass spectra of X-substituted 2-nitrobenzene diazonium ions at B 1 = 40 V, where (a) X = 4-trifluoromethyl 
and (b) X = 4-cyano 


cation. A possible explanation is the presence of a 
stabilizing Coulombic interaction between the adjacent 
positive charge of the diazonium group and the partial 
negative charge on one of the oxygen atoms of the 
ortho-nitro group.13 Such an explanation has been 
postulated to explain the reduction in the rate of reac- 
tion (1) of 2-nitrobenzene diazonium salt in methanolic 
solution. l3  


(1) 
Of course, this Coulombic effect would be expected to 
be even more important in the gas phase because of the 
absence of solvation. 


It is unlikely that the enhanced stability of the 
substituted 2-nitrobenzene diazonium salts to collision- 
ally induced loss of nitrogen is due to covalent bond 
formation between the diazonium and nitro groups, 
since if this were to occur the displacement of nitrite 
ion by water to form the M - 29 fragment should also 
be inhibited. 


ArN,' + OMe- + A r M - O M e  


Subsequent reactions of the M - 29 fragment 


If the stabilization of the diazonium cation is the result 
of an interaction between the diazonium cation and the 
adjacent nitro group, then the M - 29 fragment, in which 
the nitro group has been lost, should behave like a normal 
diazonium cation and lose nitrogen easily. This subse- 
quent fragmentation was observed for the 4-benzoyl 
compound; the presence of the fragment ion at m l z  197 
increased in abundance as the B1 voltage was increased 
from 40 to 60 V while the abundance of the precursor 
ion at inlz 225 decreased. This process was also observed 
for the 5-trifluoromethy1, 4-methylsulphonyl, 4-nitr0, 4- 
cyan0 and 4-trifluoromethyl compounds. 


The genesis of this M - (29 + 28) fragment for all of 
the above compounds was confirmed by MS/MS 
experiments in which collisional activation of the mass 
selected fragment, i.e. the 2-hydroxy-4- or -5- 
substituted-benzene diazonium cation, readily produced 
loss of nitrogen (Figure 3). 


d Z  


Figure 3. MS/MS of 2-hydroxy-4-benzoylbnzene diazonium cation ( n i l :  225), derived from the 2-nitro-4-benzoyl compound, 
undergoing loss of nitrogen on collision with argon gas 
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CONCLUSIONS 
The intact cation of substituted 2-nitrobenzene diazo- 
nium salts, shows surprising stability to the collisionally 
activated loss of nitrogen, a process which is labile for 
cations which do not possess the 2-nitro group. Ions 
bearing electron-releasing groups(Me, Me0 and PhO) 
para to the diazonium group all experience loss of this 
para substituent rather than loss of nitrogen. Ions 
bearing electron-withdrawing groups in this position all 
experience the displacement of the ortlio-nitro group by 
hydroxyl in an ion-molecule reaction, which may occur 
in either the liquid or gas phase. Once the nitro group 
has been displaced, the resulting 2-hydroxybenzene 
diazonium cation loses nitrogen easily. 
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KINETICS OF THE REACTION OF AMINES WITH 1,l  ,1-TRICHLORO- 
4-METHOXY-3 -PENTEN-2 -ONE 


JOSE CARLOS GESSER, &SAR ZUCCO AND FARUK NOME 
Departamento de Quimica, Universidade Federal de Santa Catarina, Floriandpolis, SC. 88040.900. Brazil 


The kinetics of the reaction of l,l,l-trichloro-4-methoxy-3-penten-2-one with various aliphatic and aromatic 
amines was studied at 25 "C in water, dimethyl sulphoxide, methanol, ethanol, chloroform, toluene and hexane. 
The formation of the corresponding l,l,l-trichloro-4-amino-3-penten-2-one is explained in terms of an 
addition-elimination mechanism. 


INTRODUCTION 
The behaviour of the trihalomethyl group as a 
nucleofuge has been known for a considerable time. 
The best known example of an organic transformation 
involving substitution of the -CX, group by a 
nucleophile is probably the classical haloform reaction. 


We have been concerned for some time both with the 
synthetic use of trihalomethyl alcohols' and 
and with the mechanistic aspects involved in these 
 transformation^.^-' Thus, we have shown that tri- 
halomethyl ketones are mild acylating agents, a property 
which justifies their commercial production (1 , l ,  1- 
trichloroacetone, a mild and neutral acetylating agent, is 
newly available as a commercial product from Aldrich). 


As an extension of this work, we became interested 
in trihalomethyl vinyl ketones and their reactions with 
nucleophiles. One of these ketones has been postulated 
in the preparation of isoxazole-5-carboxylic acid 
from trichloroacetyl chloride, ethyl vinyl ether and 
hydroxylamine.' More recently, the preparation of 
1,1,1-trichloro-4-rnethoxy-3-penten-2-one (1) and its 
conversion into an isoxazole by hydroxylamine were 
described.' 


We reasoned that 1, beside being an obviously 
valuable synthetic intermediate, is also a very interest- 
ing substrate for mechanistic studies. Indeed, it exhibits 
two electrophilic centres, being liable in principle to 
both 1,2- and 1,4-additions by nucleophiles. 


The reaction of 1 with a few amines has been 
described," but no mechanistic studies have been 
carried out on this conversion. We therefore decided to 
investigate the details of the reaction of this trichlorop- 
entenone with various amines in different media. The 
results of these investigations are the subject of this 
paper. 


RESULTS 
The reaction of 1,l,l-trichloro-4-methoxy-3-penten-2- 
one with various amines was investigated at 25°C 
in water, methanol, ethanol, dimethyl sulphoxide 
(DMSO), chloroform, toluene, and hexane. Character- 
ization of the products of the reaction in hexane, 
employing benzylamine as nucleophile, showed that the 
reaction yielded the corresponding (Z)-alkylaminovinyl 
ketone (2) as the exclusive product (Scheme 1). 


The reactions in water were carried out with ben- 
zylamine and various butylamines at different pH 
values. Table 1 gives the observed rate constants for the 
reaction of 1 with increasingly hindered amines (nor- 
mal, secondary and tertiary) at pH 10.39. The observed 
rate constants for the reaction with benzylamine at pH 
9.00, 9.33 and 10.00 are given in Table 2. 


The amine concentrations in Tables 1 and 2 must 
be corrected to the concentration of the free base by 
taking into account the pH values of the medium and 
the pK, value of each amine (9.35, 10.64, 10.56 and 
10.68 for benzylamine, and n-,  sec- and tert- 
butylamine, respectively"). Plots of /cobs against the 
concentration of free base yielded straight lines in all 
cases, showing that the reaction is first order in RNH,. 
In addition, the second-order rate constants obtained 
from these plots decrease in the order benzylamine 


Scheme 1 
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Table 1. Observed rate constants for the reaction of 1 with 
various butylamines (RNH,) in water at 25 "C and pH 10.39 


[RNH,] (M) n-Butylamine sec-Butylamine tertButylamine 


0.01 0.54 0.095 0.010 
0.02 1.29 0.19 0.013 
0.03 1.89 0.27 0.016 
0.04 2.60 0.39 0.018 
0.05 3.46 0.47 0.022 
0.06 4.06 0.58 0.024 


Table 2. Observed rate constants for the reaction of 1 with 
bemylamine in water at 25 "C and various pH values 


[Bemylamine] (M) 


0.01 
0.02 
0.03 
0.04 
0.05 
0.06 
0.07 
0.08 
0.09 
0.10 


102k* 


pH 9.00 pH 9.33 pH 10.00 


0.80 1.26 2.08 
1.61 2.58 4.37 
2.65 3.96 6.63 
3.36 5.11 8.46 
4.30 6.59 10.56 
5.12 7.50 12.86 
6.06 8.73 15.37 
7.32 10.45 16.06 
8.11 11.79 18.06 
9.03 12.59 - 


(2.67 1 mol-' s-') > n-butylamine (2-13 1 mol-' s-') > 
sec-butylamine (0.247 1 mol-' s-') > tert-butylamine 
(9.20 x 1 mol-' s-I). This is an indication that the 
reaction rates depend on the bulk of the attacking 
amine. 


The observed rate constants for the reaction of 1 with 
benzylamine at 25 "C in various solvents are given in 
Table 3. Plots of kobs vs W H , ]  (not shown) yielded 
straight lines for the reactions in ethanol, methanol, 
DMSO and chloroform, confirming a first-order depen- 
dence on the amine concentration in these solvents. In 
hexane and toluene these plots were curved, but reduced 
to straight lines (not shown) when the rate constants 
were plotted against [RNH,]', indicating a second-order 
dependence on the amine concentration in these non- 
polar solvents. The second- and the third-order rate 
constants obtained from these straight-line plots are 
given in Table 4 for all the solvents employed. 


The reaction of 1 in water with four substituted 
anilines was also investigated. Table 5 lists the observed 
rate constants for this reaction with para-substituted 
anilines at various amine concentrations and different 
pH values. Similar data are given for aniline at pH 6.63 
in Table 6. 


As mentioned above, the concentrations of the free 
amine must be deduced from the pH values of the 
medium and the pK, values of each aniline, p- 
XC6H,NH, (5.29, 4-09, 4.60 and 3.99 for X=OMe, 
Me, H and C1, respectively'*). Plots of kobs vs the 
concentration of free base (not shown) yielded second- 
order rate constants of 2.02 x lo-' 1 mol-' s-' 


Table 3. Observed rate constants for the reaction of 1 with benzylamine at 25 "C in various solvents 


1O2kO, (s-1) 


"H2I (MI Hexane Toluene Chloroform Ethanol Methanol DMSO 


- - - 0.10 3.25 0.01 - 
- - - 0.26 4.30 0.02 - 
- - - 0.45 5.98 0.03 - 


0.04 - - - - 0.61 10.26 
0.05 - - - - 0.79 12.87 
0.06 - - - - 0.99 15.49 
0.07 - - - - 1.08 18.01 


- - - 1.27 21.11 0.08 - 
0.09 - - - - 1 44 22.18 
0.10 0.10 0.075 0.068 2.25 1.59 25.77 
0.20 0.22 0.15 0.15 4.21 
0.30 0.52 0.38 0.24 6.43 
0.40 0.60 0.46 0.38 8.14 
0.50 0.84 1.07 0.50 10.10 - - 
0.60 1.11 1.73 0.58 12.22 - - 
0.70 1.46 2.36 0.72 14.19 
0.80 1.89 3.22 0.84 15.78 
0.90 2.41 4.23 0.99 18.11 - - 
1.00 2.97 5.34 1.12 20.04 


- - 
- - 


- - 


- - 
- - 


- - 
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Table 4. Second- and third-order rate 
constants for the reaction of 1 with 


benzylamine in various solvents 


Table 5. Observed rate constants for the reaction of 1 with 
substituted anilines, p-xC&NH,, in water at 25 "C and 


different pH values 


Solvent 102k 


Hexane 5.85" 
Toluene 3.08' 
Chloroform 1.18b 
Ethanol 19.6b 
Methanol 16.6b 
DMSO 260b 
Water 267b 


'Third-order rate constants (s-'P mol-'). 
Second-order rate constants (s-I 1 mol-I). 


(X = OMe), 6.59 x 1 mol-' s-'  (X = Me), 3.97 x 
1 mol-' s-' (X= H) and 3.30 x 1 mol-' s-' 


(X = Cl). The Hammett plots obtained with these values 
are shown in Figure 1. 


DISCUSSION 
The kinetic observations presented above point to 
mechanisms of nucleophilic addition-elimination, as 
depicted in Scheme 2. This is a particular case of a 


~~ ~ 


P - a  P-CH3 p-OCH3 
103[ArNH2] (M) (PH 6.37) (PH 7.12) (pH 7.37) 


6.00 0.015 0.031 0.040 
12.00 0.035 0.063 0.16 
18.00 0.060 - 0.28 
24.00 0.063 0.157 0.40 
30.00 0.099 0.182 0.52 


Table 6. Observed rate constants for reaction of 1 with aniline 
in water at 25 "C and pH 6.63 


0.01 0.036 0.06 0.23 
0.02 0.072 0.07 0.27 
0.03 0.1 0.08 0.31 
0.04 0.15 0.09 0.34 
0.05 0.19 0.10 0.38 


-0.40 I 
-0.80 - 0.60 -0.40 - 0 p  -0.00 020 


cr+ 


Figure 1. Plot of log (k/ko) versus u, for the reaction of 1 with p-XC&NH2. Inset: corresponding plot of log(k/ko) versus u for 
the same reaction 
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Scheme 2 


nucleophilic vinylic substitution, a general pattern of 
reaction which has been reviewed.I3-' 


In our case, the trichloroacetyl group activates the 
vinyl ether towards an attack by the amine. Nucleophilic 
addition to the double bond leads to a cyclic 
intermediate which is stabilized by internal hydrogen 
bonding. Elimination of the methoxy group is facilitated 
by the adjacent nitrogen, which helps to stabilize the 
resulting positive charge in the form of an internal 
iminium ion. 


The kinetic data provide enough evidence to support 
this mechanism. First, the order of the reaction is 
dependent on the nature of the solvent and the effect 
cannot be ascribed solely to polarity.'6 The rates were 
second order in amine concentration in the less polar 
solvents hexane and toluene, being first order in the 
other media. The second-order dependence in non-polar 
solvents probably arises from association effects, being 
a common feature in the aminolysis of similar sub- 
strates in non-polar media.' Indeed, the higher order in 
amine concentration in hexane and toluene may indicate 
a change in mechanism, since poor donor solvents can 
hardly disrupt hydrogen bonding association between 
amine molecules. Thus, whereas a tetrahedral zwitter- 
ionic intermediate is favoured in more polar media 
(route A in Scheme 2), in non-polar solvents, such as 
hexane and toluene, a neutral intermediate is certainly 
low in energy than the zwitterionic intermediate (route 
B in Scheme 2). The pre-association of the amines, 
through hydrogen bonding complexation, followed by a 
concerted attack of the dimeric nucleophile at the 
reaction centre (through the geometrically more favour- 
able six-membered transition state) is to be referred to 


The acceleration brought about by an increase in the 
polarity of the solvent (Table 3) is a good indication that 
the rate-determining step involves a more polar transi- 
tion state than the ground state. This applies equally well 
to both the addition and elimination steps, since both 


a high-entropy, three-body transition state. T I ?  


lead to charged intermediates. The unexpectedly high 
reaction rate in DMSO, where the reaction proceeds as 
fast as in water (see Table 4), deserves further comment. 
Water is in fact a more polar solvent than DMSO, a 
solvent which is even less polar than either ethanol or 
methanol. The large rate acceleration observed in DMSO 
cannot be explained solely in terms of its polarity, but 
also of its high donicity. This points to a protophilic role 
played by the solvent, which probably increases the 
nucleophilicity of the attacking amine. 


The basicity (or the nucleophilicity) of the amine 
seems to be less important than its steric bulk. This is 
shown by a comparison of the reactivities of various 
alkylamines in water. Benzylamine, with a pK, value of 
9.35, is slightly more reactive than n-butylamine 
(pK,= 10.64) in water. On the other hand, the reactivity 
of three butylamines with similar pK, values decreases 
steadily with the increasing steric bulk of the amine. 
This observation suggests that the rate-determining step 
is the nucleophile addition to the activated double bond. 
One would in fact expect the opposite effect if the 
elimination were the slowest step of the process. The 
elimination of the methoxy group decreases the steric 
compression of the intermediate, as the crowded sp3 B- 
carbon is relieved to assume its original sp2 hybridiz- 
ation. Bulkier groups R would obviously accelerate this 
step, in disagreement with what is observed. 


The Hammett plot in Figure 1, with a good correla- 
tion with u+ values, is surprising. The reaction of l,l,- 
dicyano-2- (4-dimethylaminophenyl)-2-chloroethylene 
with aromatic amines at 30°C yielded a p value of 
-3.92. Correlation with u+ was These observa- 
tions from addition-elimination processes where the 
attacking nucleophile is an aromatic amine are appar- 
ently at variance with our findings of a good correlation 
with u+ values (r=0.996) and a smaller value of p +  
(-0.88). Attempts to explain these discrepancies should 
recognize that the substrates of the two reactions are 
different. It is also noteworthy that in all reported 
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Scheme 3 


Hammett plots, the rate constants corresponding to the 
p-OMe-substituted aniline gave rise to deviating points, 
an observation that the authors did not try to e~p1ain.I~ 
Indeed, we believe that the observed correlation with CJ+ 
lacks any theoretical significance, since these particular 
correlations should be applied only when an electron- 
deficient, positively charged centre is developing on the 
pathway to the transition state. In our case, the positive 
charge is developed in a fully saturated nitrogen atom; 
therefore there is no possibility of conjugation with 4- 
substituents in the aniline. Thus, despite the poorer 
linear correlation obtained with u (inset in Figure 1, 
r = 0.895), we favour the correlation with the Hammett 
u values, and then the curve can be considered as 
indicating perhaps a change in transition state structure. 


The limiting p value of -3.33 observed for the 
electron-releasing substituents points to a positive 
charge build-up on the nitrogen atom of the amine in 
the transition state, a result which agrees reasonably 
well with the value of -3.92 reported for the 
reaction of aromatic amines with 1,l-dicyano-2-(4- 
dimethylaminophenyl)-2-chloroethylene. The change in 
the slope observed with the electron-withdrawing 
substituents is in agreement with a rate-determining 
attack of the amine, in which the transition state is 
reached rather early along the reaction coordinate. This 
early transition state should be possible because of the 
role played by the carbonyl group, which, by develop- 
ing some negative charge on the oxygen atom, helps 
stabilize and reduce the developing positive charge on 
the amine nitrogen in the transition state (Scheme 3). 


In conclusion, we propose two stepwise mechanisms 
to explain our data on the reaction of 1 ,l , l  , l  -trichloro- 
4-methoxy-3-penten-2-one with amines. In all cases, the 
reaction leads to exclusive nucleophilic substitution of 
the methoxy group to give the corresponding 4-aminop- 
entenone. In non-polar solvents such as hexane and 
toluene, the reaction proceeds through the concentrated 
attack of an amine dimer to form a neutral intermediate. 
In the second stepwise mechanism, in polar solvents, 
the reaction proceeds through a zwitterionic 
intermediate. Thus, besides the relationship of the 
nucleophile-nucleofuge pair, the nature of the solvent 
plays a fundamental role in the mechanism of this 
particular reaction. 


EXPERIMENTAL 


Melting points were recorded on Koffler hot-stage 
apparatus (Microquimica APF-301) and were not 


corrected. IR spectra were obtained with a Perkin-Elmer 
Model 781 spectrophotometer, 'H and I3C NMR spectra 
were recorded with a Bruker AW-200 instrument, using 
tetramethylsilane as internal reference. The kinetic runs 
were followed spectrophotometrically utilizing a 
Shimadzu UV-20 1A spectrophotometer. 


1 , l , l  -Trichloro-4-methoxy-3-penten-2-one was a gift 
from Dr Marcos Martins, prepared according a 
described procedure? 


All solvents and amines were analytically pure 
(Merck) and were further purified by standard methods 
prior to use. Aqueous solutions were prepared with 
deionized water. 


Product characterization. The substrate 1 , 1 ,l- 
trichloro-4-methoxy-3-penten-2-one (1 .O g, 4.56 mmol) 
was made to react with benzylamine (0.54g, 
5.0 mmol) in hexane (10 mmol) at 25 C. After 10 min, 
the resulting 1 , 1 , 1 -trichloro-4-benzylamino-3-penten-2- 
one separated in the form of a white precipitate, which 
was filtered and dried (1.23 g, 90% yield). The product 
was recrystallized from acetone-hexane, m.p. 90 "C; 
elemental analysis, C 49.11, H 4.05, N 4.95; C1,Hl2NO 
requires C 42.23, H 4.1, N 4.79%; IR, I,, 3060, 3030, 
2950, 1620, 1600cm-I; 'H NMR (CDCl,), 62.13 (s, 


C H d ) ,  7.32 (m, 5H, C6H5), 10.88 (brs, lH, NH); 
3H, CH,), 4.48 (d, 2H, J z 6 . 0 0  Hz), 5.47 (s, lH, 


I3C NMR (CDCl,), 619.70 (CH,), 47.40 (CH,), 86.70 
( H e ) ,  97.08 (eel,), 126.92 (C6H5, rn-C), 127.82 
(C6H5, p-C), 128.85 (C6H5, 0-C), 135.98 (C6H5, ipso- 
C), 168.72 (=GCH3), 180.15 (0). 


Kinetic runs. The kinetics runs were carried out 
under pseudo-first-order conditions by adding 30 pl of a 
lo-* M solution of the substrate to 3 ml of a solution of 
the amhe (0.01-1.0 M) in a thermostated cell 
(25 f 0 . 1  "C) and following the appearance of the 
products at 326 nm. Reactions in water were carried out 
with buffered solutions. 


All runs were followed for at least 3-4 half-lives. In 
every run a total of 250 absorbance readings were 
acquired by a microcomputer interfaced with the 
spectrophotometer and processed by a Microquimica 
kinetics data acquisition program, which yielded rate 
constants with errors smaller than 1 .O%. 
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STERIC SUBSTITUENT CONSTANT Qs BASED ON MOLECULAR 
MECHANICS CALCULATIONS. 11. DIRECTIONALLY WEIGHTED 


STERIC CONSTANTS AND THEIR APPLICATION TO THE ANALYSIS 
OF THE STERIC COURSE OF REACTIONS 


IKUO AKAI, SHIN-ICHI KURODA, KAZUHISA SAKAKIBARA AND MINORU HIROTA* 
Department of Synthetic Chemistry, Faculty of Engineering, Yokohama National University. Hodogaya-ku, Yokohama 240, Japan 


The directionally weighted steric substituent constant i2,k was introduced to evaluate the anisotropic steric 
hindrance effect to the reaction centre. The correlation of the rates with a series of directionally weighted Q,, is 
useful for characterizing the feature of steric effect. The difference between the hydrolyses of carboxylic esters 
and carboxamides was shown by this method. 


1. INTRODUCTION of substituents havine more than one conformers. The 


Since the linear free energy relationship was extended 
to the steric effect by Taft,' a variety of steric substitu- 
ent have been proposed in order to evaluate 
the steric effect caused by the substituent. Among these 
steric constants, E, and its  modification^'-^ are most 
widely used in the aim of evaluating steric substituent 
effects quantitatively. It was defined on the basis of the 
rates of acid hydrolysis of various carboxylic esters 
RCOOMe by assuming Taft-Ingold hypothesis. Thus, 
E, is dependent on the characteristic habit of the hydrol- 
ysis reaction. E, was shown to be considerably 
anisotropic by Dubois and et a1.I' The E: constant3 
often used in quantitative structure-activity relationship 
(QSAR), must have been modified to be more isotropic, 
since it was calculated on the basis of a linear equation 
connecting E, with the van der Waals radius of the 
substituent. 


We recently proposed a new steric substituent con- 
stant RsI3 (use of solid angle as a steric parameter was 
recently reported by Chauvin and KaganI4). It was 
originally defined as the solid angle, divided by 4n for 
normalization, of the shadow of the substituent when 
an infinitesimal light source was placed at the reaction 
centre, and the shadow of the substituent was projected 
on the circumscribing sphere. As the shadow area 
depends on the conformation of the substituent, the 
population-weighted mean was used as R, in the cases 


Author for correspondence. 


Y 


geometry and steric free energies of the conformers 
were calculated by MM2, and then the contour of the 
substituent was modelled assuming that each atom is a 
sphere whose radius is equal to its van der Waals radius. 
The computer program for the calculation (OMEGAS 
90)15 was subsequently modified so as to facilitate the 
calculation of R, values taking into account the radii of 
both the reaction centre and the reagent. 


Steric effects of the alkyl (R) groups on the 
nucleophilic substitution reactions of alkylamines 
(RNH,) and alcohols (ROH) were generally correlated 
better with more isotropic steric constants R, of the 
alkyl group than with their E,.I3.l6 


However, the isotropy is not everything to the steric 
substituent constant. The reaction rates of carboxylic 
acid derivatives (RCOX) were correlated far better with 
E, than R,. The correlations using R, are usually good 
but not excellent in most cases. This intimates that the 
reactions are essential anisotropic, depending on the 
nature of the interaction between the reaction centre 
atom and the reagent. As is easily understood from its 
definition, R,(CH,) should be explicitly isotropic. 


To consider more fundamentally on the problem of 
anisotropy, it was reduced to the evaluation of the 
angular dependency of the reactivity or the reaction 
probability. In the case of non-spherical reaction centre, 
the probability of inducing the reaction by the collision 
of the reagent molecule can be dependent, in principle, 
on the direction of the approach of the reagent. In fact, 
all the reaction centre atoms bearing substitutents have 
a non-symmetrical environment. For this reason, the 
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probability should be a function of angles defined 
properly with reference to the vertex reaction centre 
atom. 


In this paper, we propose a method to donate 
anisotropic character to the steric constant R, and its 
application to the diagnosis of the sterochemical fea- 
tures of the reaction. 


THEORY 


Definition of weighted Q, 


In the definition of R,, reactions are assumed to take 
place between a substrate molecule RX and a reagent Y: 
the former is assumed to consist of a substituent (R) and 
a reaction centre (X) directly bonded to each other and 
the latter to be spherically symmetric. In this model 
reaction in which spherical reagent (Y) collides with the 
reaction centre (X) of RX, the solid angular probability 
of the reaction is assumed to be equal ( w  = 1) in the 
illuminated area, when X is assumed to be a light source: 


R, = (1/4n) 1 n ( w )  dw 


n(w)  = 1 in the shadow area 
n( w )  = 0 in the illuminated area 


With the aim of incorporating the angular depen- 
dency of the reactivity with R,, we introduced a 
weighting function in the calculation of RS." In order 
to donate the angular dependence to R,, ~ ( w )  in 
equation (1) was multiplied by a weighting function 
f(0, 4)  at each element of solid angle (dw) and then 
integrated over the whole solid angle range [equation 
(2)], where w is the solid angle defined by the lati- 
tudinal angle 0 and the longitudinal angle $ in the polar 


coordinate system of which z-axis coincides with the 
R-X bond with X at the origin: 


In practice, the integral in equation (2) was replaced by 
the summation and calculated numerically. 


The weighting function can be expressed as the 
product of periodic functions of 8 and $ [ g , ( O )  and 
h,(e)l: 


h,(e, $1 = g , ( w , w  (3) 


g , ( e ) =  [ + c ~ ~ ( I z e ) ~ / 2  j l = o ,  i , 2 , 3  (4) 


g,(@ = [*sin(1z0)]/2 I Z  = 1 , 2 , 3  (4' 1 


where 


where n refers to the periodicity of the functions. In 
order to simulate the tetrahedral and trigonal reaction 
centre atoms satisfactorily with a limited number of 
weighting functions, thirteen gj( 6 )  and h,( @) functions 
were employed (Table 1). 


Various types of weighting functions 
Weighting functions are illustrated in Figure 1 by 
showing the weighted shadow projected on the 
surrounding sphere. (a dense shadow refers to a larger 


The meanings of the weighting functions can be 
explained as follows. As mentioned previously, calcula- 
tions of R, were carried out on the two models, namely 
the tetrahedral RCH, model and trigonal RCOOH 


f(e, $1 value.) 


Table 1. g,(fJ) and hl(q5*) components of the weighting functions f , i (S ,  @) 


f,l(fJ, $1 


j o r  k n Sign" Equation n sign" Equation 


1 0 + (4) 0 + (5  ) 
2 1 + (4) 1 + (5) 


(5) 3 I (4) 1 
4h 1 + (4' 1 1 + ( 5 ' )  


(5') 5h 1 (4' 1 1 
6 2 + (4) 2 + (5) 


(5) I 2 (4) 2 
8 2 + (4' ) 2 + (5') 


(5') 9 2 (4' ) 2 
10 3 + (4) 3 + ( 5 )  


(5) 11 3 (4) 3 
12 3 + (4' 1 3 + ( 5 ' )  


(5') 13 3 (4' 1 3 


'Choice of plus or minus si n in equations (4) to ( 5 ' ) .  
bFunctions g4, g', h4 and h k are not necessary in practice. 
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f::=( l+cos w2.- 


V Y v 
f7.1=( 1-cos 2oy2 


Figure 1. Schematic illustrations of simple weighting functions 


model. The former is more suitable for general use, but 
the latter is suitable for trigonal reaction centres, 
especially carboxylic acid derivatives. As a matter of 
course, weighting functions were applied to both types 
of models. 


First, the latitudinal 8-functions are shown. For 
example, f2 ,1  becomes unity at the positive (R side) pole 
(where 6'=0), and zero at the opposite (X side) end 
(where 8 = 180"). This emphasizes the steric effect for 
the rear-side attack of the reagent. Similarly, f 3 , 1  


emphasizes the steric hindrance for the front-side 
attack. The 26' function f6.1 emphasizes the steric 
hindrance of the axial directions and f 7 . )  emphasizes the 
steric hindrance in the directions perpendicular to the 
bond. flo.l  emphasizes the steric hindrance in the direc- 
tions of a cone including the three non-axial (not on the 
x-axis) bonds at a tetrahedral centre. f l , , l  emphasizes 
the steric hindrance in the directions of a cone stretch- 
ing just between the axial bond (on the x-axis) and the 
other three bonds; the direction corresponds approxi- 
mately to the directions of the three a-substituents. 


Next, the longitudinal @-functions are shown 
briefly. The 2q5 function f l , h  emphasizes the steric 
hindrance in the directions vertical to the carbonyl 
plane. On the other hand, f,.7 emphasizes the steric 
hindrance for the attack from the in-plane directions; 
f ,  , 1 2  emphasizes the steric hindrance in the directions 
of dihedral angles eclipsing a-substituents, and f1,13 
emphasizes the steric hindrance in the directions of 
dihedral angles eclipsing the tetrahedral substituents 
on the reaction centre atom. Simultaneously they are 
the dihedral angles bisecting the directions of a- 
substituents. 


Multiplication of the 8 and @ functions generates a 
new weighting function. If we multiply the perpendicu- 
lar function f l , ,  and the vertical function f i , 6  [more 
strictly by the multiplication of a @function g7(6') and 
a @-function h h ( @ ) ,  a p-orbital-shaped function f7 ,6  is 
generated. This procedure is illustrated in Figure 2. 
Similarly, the multiplication of f l o . !  and f l , 1 3  gives a 
tetrahedral function flo,13 featuring (mimicking) bonds 
at the tetrahedral centre. 
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L I 


~ ~ . I = ( ~ - c o s  2Uji2 


Figure 2. Complex weighting functions generated by the 


Relationship with the shape of the frontier orbital at 
the reaction centre 
Reactions are thought to be induced by the orbital 
interaction between reactants. The interaction usually 
occurs between the HOMO and the LUMO of the two 
reactants. Factors determining the stereochemical course 
of reactions seemed more complicated, but the shape of 
the frontier orbital sometimes determines the directional 
dependency of the probability of reactions. In these 
cases, the anisotropy can be expressed by the overlap 
integral between the two reactants, which can be 
approximated by the angular part of frontier orbital 
wavefunction at the reaction centre X. This idea can be 
illustrated by the following typical examples in Figure 
3. If we assume that the frontier orbital is s-like, the 
reaction should be isotropic; hence the weighting 


Orbital Shape 
fkl(Oj$) 


5 


SP" 


P 


.-a 


Figure 3. Similarity in shapes of some weighting functions 
with frontier orbitals 


f 7 , 6 = ( 1 - C O S  ze)(i+cOs 29114 


multiplication of simple 0 and 4 functions. f7,, ~ f , , ~  =f7,6 


function f( 8, @) = 1. In the case of a p(y)-type frontier 
orbital, the function f(8, @) is expected to be dumb- 
bell shaped, similar to the angular part of a p-orbital 
except for its sign. In the case of an sp(x)"-hybrid 
orbital, the function has a pear-like shape and is only 
dependent on 8 (axially symmetric). 


Applications of R, to the analysis of the steric effect 
By introducing weighting functions to the calculations 
of R,, the steric constant can be modified to reproduce 
the directional dependence of the reactions. This 
provides a new approach to the understanding of the 
stereochemical pathway of the access of reagents in 
reactions. For this purpose, several test reactions were 
subjected to linear correlation analyses [equation (6 ) ]  
using a series of systematically weighted R,, constants. 
The degree of conformity of a variety of R was 
evaluated by referring to their correlation coediients 
(r-values) or other appropriate parameters representing 
the fitting of the correlations. These Q,, can be a probe 
to elucidate the stereochemical course and mechanism 
of the reaction. Needless to say, a better conformity 
implies that we are nearer to the true mechanism. 


RESULTS AND DISCUSSION 


Analysis on the preferred direction of access of the 
reagent: esterification of carboxylic acids and 
hydrolysis of carboxylate esters 


The R, constants calculated on the RCOOH 
models were applied in order to characterize the steric 
effect on the reactions of  carboxylic acid derivatives 
(Tables 2 and 3). Even if not very quantitative, the 
correlation coefficients can be a useful measure to 
evaluate the relative importance of the steric hindrance 
by the substituent stretching over the largely weighted 
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Table 2. Correlation coefficients of log k vs log[l-R,,(COOH)] 
plots 


j ,  k Reaction ( I ) a  Reaction (2)h 


1,1 
2.1 


0.942 (3) 
0.930 
0.959( 1) 
0.883 
0.952(2) 
0.918 
0.917 
0.876 
0.918 


0.959(3) 
0.944 
0.975( 1) 
0.865 
0.966(2) 
0.944 
0.945 
0.860 
0.949 


'RCOOMe + OH- in 40% dioxane at 20'C.' 
hRCOOH + CH,OH + H,O + at 40°C (reference reaction of El4) 


Table 3. Correlation coefficients of log kk vs log[l-R,,(COOH)] 
plots 


j ,  k Reaction (3)" Reaction (4)h Reaction (5)' 


0.787 
0.736 
0.875( 1) 
0.572 
0422 ( 3 )  
0815(4) 
0.632 
0.531 
0.840(2) 
0.923 
0.934 


0.845 
0.812 
0.902 (2) 
0.740 
0.865 (4) 
0.900(3) 
0.716 
0.690 
0.919( 1) 
0.897 
0.901 


0.750 
0.731 
0.811 (3) 
0.519 
0.785 (4) 
0.81 9 (2) 
0.621 
0.508 
0.858( 1) 
0.867 
0.911 


aRCONH, + H,O * in H,O at 85 "C." 
hRCONH, + OH- in  H, at 85 "C." 
'N-acyl(RC0)imidazole + H,O at 30°C.'' 


direction. Better correlation coefficients than the 
isotropic R, (Rl , l )  are given in italics and ranked from 
the best: the numerals in the parentheses following the 
correlation coefficient values refers to the rank of fitting 
(1 refers to the best correlation and so on). 


Tables 2 and 3 show that the correlations using R,,l 
are considerably better than those using Q,,l 1 in both 
series of the reactions of carboxylic acids investigated. 
This implies that the steric hindrance on the opposite 
side of the substituent (z < 0, front-side steric hind- 
rance) affects the rate more than the rear-side steric 
hindrance. In other words, the substituent stretching its 
branches over the carbonyl function must hinder the 
reaction more seriously. 


Similarly, the relative importance of the steric hind- 
rance in the axial (parallel to the R-X bond) and the 
perpendicular directions to the R-X bond can be 
estimated by comparison of the correlations using Q6,1 


and Q7,1.  The steric importance in reference to the 
carboxyl plane can be estimated by use of longitudinal 
hi( q 5 )  functions. Hence we can evaluate the contribution 


by the steric effect from in-plane and vertical directions 
(with reference to the carboxyl plane), respectively, by 


Hydrolysis of  carboxylate esters and esterification of 
carboxylic acids are well known and has been investi- 
gated in detail as the reference reaction to define E, and 
similar steric substituent constants. Concerning to the 
directional dependences with reference to the molecular 
axis and the carboxyl plane, esters (Table 2) and amides 
(Table 3) were shown to behave considerably different 
in the processes of their hydrolyses and esterifications. 
As deduced from the almost identical r-values for Rl ,6  
and Q l , 7  correlations (Table 2), ester hydrolyses and 
esterifications are almost isotropic with the rotation 
about the R-X axis, i.e., axially symmetric. [This 
apparently disagrees with the conclusion from the 
correlation analysis on R,R,R,CCOOH by Dubouis and 
c o - w ~ r k e r s , ' ~  which showed that the esterification is 
considerably anisotropic in reference to carbonyl group. 
However, their analysis was carried out only on the 
most stable conformation assuming that one of the a- 
alkyl groups (R,) is synperiplanar to carbonyl and the 
other two groups (R, and R,, alkyl or H) occupy anticli- 
nal positions in this conformation. Actually, many alkyl 
groups prefer this conformation, but some do not. In 
addition, the second and third stable conformations are 
populated significantly in many of them. Thus more 
accurate MM calculations tend to average out the 
'conformational effect' pointed out by Dubois and co- 
workers.] Their rates are slightly more significantly 
affected by the front-side than the rear-side steric 
hindrance. However, the difference is not great, since 
the r-values for R,,l (rear-side) and R3,1 (front-side) 
are not very different. The Rj, analysis showed, in 
conclusion, that the hydrolysis and the esterification 
reactions are rather isotropic, which ensures the wide 
applicability of E, and similar steric substituent con- 
stants defined from the rates of these reactions. 


In contrast, hydrolyses of amides showed a very 
significant dependence on the longitudinal angle q5. The 
steric hindrance from the vertical direction to the 
carboxyl plane (measured by R,,6) affects the rates very 
significantly whereas the steric effect of the in-plane 
direction (Ql,,) has much less significance. This fact, 
together with the considerable importance of the steric 
effect in the perpendicular direction (R7,1) to R-X, 
suggests the p-orbital-shaped preference of the amide 
hydrolyses. In fact, their rates were best correlated 
using C27,6 constants, which are weighted by the p- 
orbital-shaped function f,,6 (0, q 5 )  (Figure 3). 


We have no unambiguous explanation for this 
inclination of anisotropy (angular dependence). 
However, either or both of the factors given below 
might play a role in determining this tendency. The first 
is the difference in the transition state. If we assume 
that the amide hydrolysis has an early sp2-like transi- 
tion state, the p-orbital-shaped angular dependency can 


QI.6 and Q1.7.  
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be rationalized. The second is the difference in their 
rotational barriers. As shown with trimethylacetic 
acid derivatives in Figure 4, the rotational barriers 
about the Cu-Ccarbony, bonds of carboxamides from 
molecular orbital calculations (PM3) are considerably 
higher than the corresponding barriers for acids 
and esters. The higher rotational barrier of the amide 
is caused by the eclipsing of CH, and planar NH, 
groups and common to all alkyl groups bearing an a- 
alkyl group, i.e. all alkyl groups other than methyl. 


According to the Boltzmann equi-distribution law, the 
conformers whose energies are higher than kT (ca 
0.6 kcal mol at room temperature) can be assumed 
not to be considerably populated. This, in turn, restricts 
the range of effective torsional angle ( w )  and increases 
the populations of alkyl/carbonyl eclipsed conforma- 
tions. In contrast, the lower rotational barriers of 
carboxylic acids and esters can cause the loss of 
longitudinal anisotropy by averaging out the conforma- 
tional distribution. 


0 40 80 120 160 
Dihedral Angle # ( a C-GO)  [' ] 


Figure 4. Conformational energies and rotational bamers of (CH,),CCOX [X = (A)OH, (O)OCH, and (o*NH,] by PM3 
calculations 


Table 4. Correlation coefficients of log kk vs log[l-Q,,(CH,)] plots 


j ,  k Reaction (6)" Reaction (7)h Reaction (8)' Reaction (9)d 


7,1 
10.1 
11,l 
1,12 
1,13 
11,12 
E,  
E: 


0.967 
0.978(4) 
0.942 
0.975(5) 
0.962 
0.674 
0.983 (2) 
0.979 (3) 
0.950 
0.985( 1) 
0.868 
0.900 


0.912 
0.935(5) 
0.866 
0.936(4) 
0.903 
0.400 
0.948(2) 
0.939 (3) 
0.879 
0.949(1) 
0.852 
0.845 


0.937 
0.955(5) 
0.898 
0.960 (3) 
0.927 
0.588 
0.964 (2) 
0.960 (2) 
0.914 
0.968( 1) 
0.755 
0.748 


0.970 ( 5 )  
0.973(2) 
0.956 
0.961 
0.967 
0.787 
0.973 (2) 
0.971 (4) 
0.963 
0.985 ( 1) 
0.916 
0.914 


*RNH2 + CH2==CH2Br in benzene at 100°C.20 
hRNH2 + 2,4-(N02)2C6H,CI in ethanoL2' 
'RNH, + CH,COOMe in dioxane at 25 0C.22 
dROH + 4-NO,C6H4COC1 in diethyl ether at 25 o c  23 







STERIC SUBSTITUENT CONSTANT R BASED ON MOLECULAR MECHANICS CALCULATIONS 797 


Analysis of the reactions involving substituted 
amines and alcohols 
Results of R,L analyses on some typical reactions on 
amino nitrogen and alkoxy oxygen atoms are given in 
Table 4. In the cases of amines (RNH,) and alcohols 
(ROH), R,, were calculated on the basis of the RCH, 
model, which had been shown more i s ~ t r o p i c . ' ~  In our 
previous investigations, the RCH, model was shown to 
be more appropriate to reproduce the steric substituent 
effect by R on the reactions occurring on the nitrogen 
and the oxygen atoms. This might arise from the fact 
that the conformations of alkylamines and alcohols are 
more similar to RCH, than to RCOOH. 


In Table 4, R,,, 1 is always better than R,,, and also 
than isotropic Rs ( = R,.l). This leads to the deduction 
that the rear-side steric effect has greater effect on the 
rates. Further, the very good performance by R,,,, and 
R,,,, suggests the importance of the steric hindrance 
around the R, ,  R, and R, substituents. It should be 
noted that the sin(3Q) term in f,,12 becomes maximum 
when @ takes either of  the torsional angles directing 
the orientations of R, ,  R, and R, groups. Therefore, 
we calculated the R,,,,, (as the product of f , l , l  and 
f, ,12). This represents approximately the steric hind- 
rance in the directions of the three a-substituents. The 
best performance of R,,,,, showed that the steric 
hindrance in the directions of three a-substituents (R,, 
R, and R,) is the most important in this series of 
reactions. 


This deduction apparently conflicts with the earlier 
assumption that R,, must be related to the shape of the 
orbital at the reaction centre. However, it is not surpris- 
ing since the rates of the nucleophilic substitution of 
alkylamines and alcohols are strongly dependent on the 
structure of alkyl group. The reactions had been proved 
to be retarded by the branching of the alkyl group at 
the a - p ~ s i t i o n . , ~  This can be very clear evidence for 
the significant contribution of steric crowdedness in the 
direction of the a-substituents, which is reflected in the 
correlation analysis using the weighted R,, constants. It 
seemed quite strange from the shape and direction of 
lone pair electrons, but it is reasonable if we consider 


Angle larger than 8 
for RZ and R3. 


Figure 5 .  Steric hindrance caused by the substituent R on the 
a-carbon atom 


the substantial effect of a-branching on the rates of 
these reactions 


For the reactions cited in Table 4 it was previously 
shown by DeTar25 that their rates were far better corre- 
lated with E, of the RCH, group than with E, of the R 
group. Our results revealed that the rear-side steric 
hindrance plays a more important role than the forward 
steric hindrance. This can be rationalized if we assume 
that the angle looking up the substituent from the 
reaction centre X controls the steric hindrance. This is 
shown schematically in Figure 5. When we compared 
the two models (RX and RCH2X models), the lati- 
tudinal angles 8 become larger with two of the alkyl 
groups (Rl ,  R, and R3) in the RCH, model than the 
corresponding angles in the RX model. The 
R,R2R3CCH,X molecule has three rotamers about the 
C,-C, bond. The effective 8 (population-averaged) 
for at least two of the three a-alkyl groups ( R l ,  R2 and 
R3) in the RCH2X model becomes larger than the 
corresponding 8 of the RX model. The magnitude of 
steric hindrance caused by the a-alkyl groups should 
depend both on the distance from X and the angle 8. In 
this case, the angle 8 is more important than the 
distance. 


In conclusion, our weighted R, functions provide a 
method for analysing the angular dependence of the 
steric effect on reaction rates by a correlation analysis 


Table 5 .  Best-fit correlations [equation (6)] for reactions (1)-(9) 


Reaction Best-fit R,, n a h 


(1) RCOOMe + OH- 
(2) RCOOMe + H + 


(3) RCONH, + H,O + 


(4) RCONH, +OH- 
( 5 )  RCO-imiazole 
(6) RNH, + CH2==CHCH,Br 


(8) RNH, + CH,COOMe 
(9) ROH + NO,C,H,COCI 


(7) RNHz + (NOdKGH$I 


8 
29 
9 
8 
7 
8 
8 
8 


14 


17.8 * 2.5 
40.2rt 1.8 
35.0 f 7.2 


8.4* 1.5 
12.7 rt 3.4 
5.2 * 0.4 


10.6* 1.4 
13.0* 1.4 
7.9 i 0.5 


- 17-76 f 0.15 
-36.9i0.6 
1.05i0.34 
0.54 f 0.14 
1.33 i 0.64 


-3.40 * 0.10 
- 6.76 * 0.3 1 
-8.55 * 0.23 
-5.03 + 0.16 
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approach. The  best-fit correlations for reactions (1)- (9) 
are given in Table 5. This analysis could give a deeper 
insight into the stereochemical course of reactions. 


1. 


2. 


3. 


4. 


5. 


6. 


7. 


8. 


9. 


10. 
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PHOTOCHEMICAL FORMAL [4n + 2n + 2 4  CYCLOREVERSION OF 
7,8 -DIAZ A- 3 -0XATRICY CLO [4.2.1 . 0 2 9 5  INON-7 -ENES 


SHIGEO KOHMOTO," KEIKI KISHIKAWA, MAKOTO YAMAMOTO AND KAZUTOSHI YAMADA 
Department of Materials Science, Faculty of Engineering, Chiba University, 1-33, Yayoi-cho, Inage-ku, Chiba 263, Japan 


The photolysis and thermolysis of 7,8-diaza-3-oxatricyclo[4.2.1.02~51non-7-enes were studied. Photolysis showed 
a novel [41c+2n+2n] cycloreversion in a formal way, the first example in azoalkane chemistry. This 
cycloreversion was found to be sensitized by the benzophenone produced. In contrast, thermolysis showed the 
typical decomposition pattern of azoalkanes, extrusion of nitrogen and subsequent a-bond formation of the 
resulting biradical to afford the tricyclic oxetanes 


INTRODUCTION 


Denitrogenation of cyclic azoalkanes has attracted 
attention for decades as a unique synthetic tool for 
highly strained molecules' and polycyclic compounds,2 
and from mechanistic viewpoints.' Extrusions of 
nitrogen from bicyclic azoalkanes containing the 2,3- 
diazabicyclo[2.2.2]oct-2-ene skeleton by thermolysis or 
photolysis have been known to afford two major 
products, bicyclo[2.2.2]hexane and hexa- 1,5-diene 
derivatives. These products were derived from a ring 
closure and a ring opening of the resulting biradicals, 
re~pectively.~ A cyclobutane ring fusion at the 5- and 6- 
positions of these azoalkanes may create a new mode 
of denitrogenation in azoalkane chemistry, namely a 
formal [4n + 2 n  + 2n]  cycloreversion. Scheme 1 
summarizes the possible denitrogenation patterns of 
tricyclic azoalkanes 1 either by photolysis or thermol- 
ysis. In path a ,  the initially formed biradical 2 affords 
the cyclized product 3. Extrusion of nitrogen in a 
[4n + 2 n ]  cyclore~ersion~ (path h)  or cleavage of the 
u-bond in biradical 2 (path c )  results in the formation 
of diene 4. A formal [ 4 n + 2 n + 2 n ]  cycloreversion 
(path d) accompanied by the generation of ethylene 
hardly occurred, except in one example reported by 
Paquette and Leichter.6 In their case, initially formed 
(5 )  from the corresponding azo compound either by 
photolysis or thermolysis at lower temperature was 
isolated and then thermolysed again at higher tempera- 
ture to furnish a [u2s + a2s + 02s] fragmentation. 
This reaction occurred only with a bridgehead phenyl 


*Author for correspondence. 


substituent. However, to the best of our knowledge, 
there is no precedent for such a cycloreversion directly 
derived from azoalkanes. 


As a continuation of our studies of novel rearrange- 
ments of biradicals,' we have designed this hitherto 
unknown formal [4n + 2 n  + 2x1 cycloreversion in 
azoalkane chemistry. Our strategy is to create a tricyclic 
azoalkane similar to 1 in which the cyclobutane ring is 
replaced with an oxetane ring since a carbonyl forma- 
tion from the corresponding biradical intermediate 
should be thermodynamically preferable to the forma- 
tion of ethylene from 2. 


RESULTS AND DISCUSSION 


Oxetane ring fused tricyclic azoalkanes 6 were prepared 
as follows. The exo-oxetanesx obtained from the 
photochemical [2n + 2 n ]  cycloaddition between 2,3- 
dicarboethoxy-2,3-diazabicyclo[2.2.1]non-5-ene' and 
p-substituted benzophenones were hydrolysed 
(KOH-EtOH), decarboxylated and subsequently 
oxidized with K3Fe(CN),." The exo configuration of 
oxetane ring in 6 was confirmed from the 0-1 Hz 
vicinal coupling constants between the oxetane ring 
protons and, the adjacent bridgehead protons.They 
showed n-n' absorption (A,,, 347 nm, E , , ~ ,  193 for 6a; 
A,,, 347 nm, E , , ,  163 for 6b; and A , ,  347 nm, E , , ,  194 
for 6c; EtOH as solvent) characteristic of a nitrogen- 
nitrogen double bond. Preparative photolysis of 6a was 
carried out in benzene irradiated with a high-pressure 
mercury lamp through an aqueous CuSO, solution 
filter" under argon bubbling for 0.5 h. Three products, 
benzophenone (77%), anti-tricyclic oxetane 7a (5%) 
and cyclopropanecarbaldehyde cis-9a (3%), were 
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isolated by silica gel column chromatography. Photol- 
ysis of 6b and 6c afforded 4,4’-dichlorobenzophenone 
(70%) and 4,4’-dimethylbenzophenone (78%), respect- 
ively, accompanied by cis-9b (2%) in the case of 6b. A 
control experiment showed that 7a was stable under the 
photolytic conditions. Irradiation of the methanol 
solution of 6a with a low-pressure mercury lamp did 
not lead to its denitrogenation, which showed that the 
excitation of the n-n ’ nitrogen-nitrogen double bond 
was really essential for this photolysis. Anti ster- 
eochemistry of 7a was confirmed by its NOE difference 
spectrum. Ring junction protons, H, and H,, showed an 
NOE relation with one of the geminal cyclopropane 
ring protons, H3D. The other geminal proton, H30, 
showed an NOE relation with two facing protons, H, 
and H, (see Figure 1). The ring skeleton of 7a, a 6- 
oxatricyclo [3.2.0.02.4]heptane ring, has been reported 
once in literature, obtained from a secondary reaction in 
a photochemical reaction of 2,3-dihydrofuran. ” 


The progress of photolysis was monitored by ‘H 
NMR spectroscopy (270 MHz). Figure 2 shows that 
the product ratio depended on the irradiation time 
when the photolysis of 6a (9.1 x 10’’ M )  was camed 
out in benzene-d, with a high-pressure mercury lamp 
through glass filters (340-380 nm). Cyclopentadiene 
was detected. As the photolysis progressed, the amount 
of cyclopentadiene gradually decreased owing to its 


benzophenone sensitized dimerization. l 3  The ‘H NMR 
spectrum of the reaction mixture showed the formation 
of syiz-tricyclic oxetane Sa, the yield of which 
exceeded that of 7a. An attempt to isolate 8a by HPLC 
was unsuccessful. The cleavage of the oxetane ring in 
8a might be easily facilitated during separation to give 
cis-9a. Before the separation, an aldehyde proton signal 


Figure 1. NOE relations in 7a 
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Figure 2. Progress of photolysis of 6a in benzene-d, 
irradiated through glass filters ( A  = 340-380 nm). (0) 


) Cyclopentadiene; (0) 6a; (0) 7a; (A) 8a 


was not detected in the irradiated sample by 'H NMR 
spectroscopy. It seemed to require an induction period 
for the formation of benzophenone. This suggests the 
possibility of benzophenone-sensitized photolysis of 
6a. In proportion to the accumulation of benzophenone, 
the photolysis might be accelerated. 


0 10 20 30 40 
Irradiation time (min) 


Figure 3. Progress of photolysis of 6a in benzene-d, 
sensitized with benzophenone (0.65 equiv.), irradiated through 
glass filters ( A  = 340-380 nm). (0) Benzophenone; ( 


cyclopentadiene; (0) 6a; (0) 7a; (A) 8a 


In order to establish that benzophenone produced in 
the photolysis was acting as a sensitizer, the photolysis 
of 6a was carried out with 0.65 equiv. of benzo- 
phenone (see Figure 3). The amount of benzophenone 
produced was calculated by subtraction of the amount 
of benzophenone added from the total amount of 
benzophenone present in the reaction mixture. 
Noticeable acceleration of photolysis was observed 
from the very beginning and the total amount of 7a and 
8a was suppressed. 


The results indicate that mode of excitation, direct or 
sensitized, can switch the reaction paths. Figure 4 shows 
this phenomenon clearly. The product molar ratio, 
benzophenone/ (7a + Sa), is plotted against conversion 
(%) of the photolysis. The increase in this ratio at 
higher conversions suggests that benzophenone formed 
from the photolysis sensitizes the photolysis itself. 


The effect of irradiation wavelength is interesting. 
Irradiation of 6a with a high-pressure mercury lamp 
through an aqueous K,CrO4-Na,CO, solution filter' 
resulted in the suppression of the benzophenone forma- 
tion as shown in Figure 3. The molar absorption 
coefficients ( E )  of 6a and benzophenone in benzene are 
2.6 and 18 at 366 nm and 67 and 67, respectively, at 
313 nm. The larger E value of 6a at 313 nm than at 
366 nm indicates that the direct excitation of n-n* is 
more efficient at this wavelength than at 366 nm. 


Since benzophenone produced in the photolysis 
sensitizes the reaction, the possible mechanism for the 


Product ratio 
10 I 


0 20 40 60 80 100 
Conversion ( o 0 )  


Figure 4. Plots of product ratio [benzophenone produced/ 
(7a + 8a) vs conversion of photolysis.. Irradiation through 
glass filters ( A  = 340-380 nm); sensitized with (0) 
benzophenone (065 equiv.); ( ) with benzophenone (0.29 
equiv.); (0) without benzophenone. (0) Irradiation through 


K,Cr0,-Na2C0, solution filter 
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formation of benzophenone is the involvement of 
the triplet biradical intermediate (TB). In contrast, the 
direct excitation of 2 results in the formation of the 
singlet biradical (SB), which subsequently creates a u- 
bond between the two radical sites to give 7a and 8a. 


It is important to note that some azoalkanes have 
different photochemical behaviour depending on their 
excited  state^.^.'^ In some cases, singlet excited azo- 
alkanes result in the formation of nitrogen extruding 
products via diazenyl biradicals''*16 and triplet excited 
azoalkanes afford aziranes via carbon-carbon bond 
cleavage. A similar cycloreversion involving a retro 
4 n  + 4 n  reaction of azoalkanes, fragmentation of a 
1,3-radical cation, was recently reported by Adam and 
Sendelbach" using photosensistized electron transfer. 


In contrast to photolysis, the thermolysis of 6a in 
refluxing toluene for 3.5 h gave a totally different result, 
probably via SB exclusively. In this case, the formation 
of benzophenone (1%) was very suppressed, and 
instead 7a (56%) was obtained as a major product 
together with cis-9a (6%) and recovered 6a (3%) 
isolated by silica gel column chromatography. In a 
similar manner, 7b was obtained from 6b in 62% yield. 
In order to examine the generation of the biradical from 
7a via thermal ring opening of cyclopropane, 7a was 
subjected to thermolysis at higher temperature. Unlike 
the reported thermolysis of 5,6 cis-9a (56%) and trans- 
9a (25%) were isolated when the benzene solution of 
6a was heated at 170°C for 5 h in a sealed tube. Ther- 
molysis of oxetanes has been known to afford carbonyl 
and olefin fragments. " In the present thermolysis, the 
oxetane ring was more labile than the cyclopropane 
ring. 


The present findings show that the title azoalkanes 
have two modes of fragmentation depending on the 
method of denitrogenation. 


EXPERIMENTAL 


General methods. Melting points were determined on 
a Yanaco MP-S3 apparatus and are uncorrected. IR 
spectra were recorded on a Jasco A-202 spectrometer. 
UV spectra were measured with a Shimadzu UV-180 
spectrometer. 'H and I3C NMR spectra were recorded 
on Jeol JNM-FX270, GSX-400, and GSX-500 spectro- 
meters with TMS as an internal standard. Mass spectra 
were measured with a Hitachi RMU-7M mass spectro- 
meter. Reaction solutions were concentrated on a rotary 
evaporator at 15-20 mmHg. Chromatographic separa- 
tions were accomplished by flash column chromatogra- 
phy on silica gel (Fuji gel BW 200). Further purification 
of the reaction products was carried out by preparative 
HPLC with a LiChrosorb Si60 (Merck) column (7 pm; 
250 x 10 mm i.d.) and rz-hexane-ethyl acetate as eluent. 


Preparation of tricyclic azoalkanes. To repare 4,4- diphenyl-7,8-diaza-3-oxatricyclo[4.2. 1.0,. P Inon-7-ene 


(6a), the 2 n  + 2n adduct (0.546 g, 1.29 mrnol) 
obtained from the photocycloaddition of diethyl 2,3- 
diazabicyclo[2.2.1]hept-5-ene-2,3-dicarboxylate and 
benzophenone was heated under reflux for 3 h in EtOH 
(20 cm') with KOH (1.587 g, 28.3 mmol). The result- 
ing mixture was cooled to 0°C and then aqueous 
K,Fe(CN), (1.310 g, 3.98 mmol) solution was added 
dropwise. After stirring for 3 h at 0 "C, the product was 
extracted with diethyl ether (100 cm3 x 3) and dried 
over anhydrous MgSO,. After evaporation of solvent, 
the residue was chromatographed on silica gel with 
benzene-ethyl acetate (13:l) to give 6a (0.326 g, 91%) 
as colourless crystals, m.p. 135 "C (rz-hexane-benzene); 
UV (EtOH), Imor 224nm 9200), I , ,  347 nm 


(m, IOH), 5.58 (s, lH), 5.46 (s, lH), 4.57 (d, 
(E,,, 193); 'H NMR (CDCI,, SOOMHz), 6 7.50-7.08 


J = 5 . 0 H z ,  lH), 2.90 (d, J z 5 . 0  Hz, lH), 1.77 (d, 
J =  12.0 Hz, lH), 1.15 (d, J =  12.0 Hz, 1H); NMR 
(CDCI,, lOOMHz), ii 146.20 ( s ) ,  142.30 ( s ) ,  128.58 
(d), 128.48 (d), 127.27 (d), 127.08 (d), 124.37 (d), 
124.09 (d), 86.30 ( s ) ,  80.36 (d), 78.13 (d), 74.34 (d), 
43.56 (d), 34.79 (t); MS [In/ ,  with relative intensity 
(%) in parentheses], 248 (M+-N,, 2), 204 (34), 192 
(32), 191 (33), 183 (80), 165 (27), 115 (22), 105 
(loo), 91 (33). Analysis: calculated for C,,H,,N,O, C 
78.23, H 5.84, N 10.14; found, C 78.06, H 5.89, N, 


In a similar manner, 4,4-bis(4'-chlorophenyl)-7,8- 
diaza-3-oxatricyclo[4.2. 1.02.']non-7-ene (6b) and 4,4- 
bis (4'-methylpheny l) -7,8-diaza-3-oxatricyclo [4.2.1 .02.'] 
non-7-ene (6c) were prepared in 82% and 61% yields, 
respectively. 6b: colourless crystals, m.p. 127-128.5 "C 
(rz-hexane-benzene); UV (EtOH), A,, 232 nm (c , , ,~~  
17500), A,,,, 347nm ( E , ~ , ,  163); 'H NMR (CDCI,, 500 
MHz), 6 7.44-7.20 (m, 8H), 5.58 (s, lH), 5.42 (s, 


10.05 %. 


lH), 4.54 (dd, J x 5 . 2 ,  1.1 Hz, lH), 2.71 (dt, J = 5 . 2 ,  
1.4 Hz, lH),  1.79 (d, J =  11.7 Hz, lH), 1-14 (d, 
J =  11.7 Hz, 1H); I3C NMR (CDCI,, 67.8 MHz), d 
144.29 ( s ) ,  140.46 (s), 13332 (s), 133.34 (s), 128-94 
(d), 128.91 (d), 125.8 (d), 125.80 (d), 125.47 (d), 
85.56 ( s ) ,  80.21 (d), 77.82 (d), 74.44 (d), 43.41 (d), 
34.73 (t); HRMS, m/z calculated for C,,H,,CI,O 
(M+ - N,) 316.0421, found 316.0431. Analysis calcu- 
lated for C,,H,,CI,N,O, C 62.62, H 4.09, N 8.11; 
found, C 62.64, H 4.15, N 8.07%. 6c: colourless 
crystals, m.p. 128-130 "C (rz-hexane-benzene); UV 
(EtOH), A ,,,=, 228 nm (E,,, 11 8001, I,,,, 347 nm ( E , , ,  
194); 'H NMR (CDCI,, 500 MHz), d 7.37-7.12 (m, 
8H), 5.57 ( s ,  lH), 5.45 ( s ,  lH), 4.57 (dd, J = 5 . 0 ,  
1.3 Hz, lH), 2.77 (dt, J = 5 . 2 ,  1.3 Hz, lH), 2.32 ( s ,  
3H), 2.30 (s, 3H), 1.91 (d, J =  11.0 Hz, lH), 1.12 (d, 
J z 1 1 . 0  Hz, 1H); "C NMR (CDCI,, 67.8 MHz), d 
143.60 (s), 139.51 (s), 136.93 ( s ) ,  136.61 ( s ) ,  129.23 
(d), 129.14 (d), 124.27 (d), 123.93 (d), 86.35 (s), 
80.40 (d), 78.21 (d), 74.30 (d), 43.41 (d), 34.87 (t), 
21.07 (q), 20.96 (9); MS [ m / z  with relative intensity 
(%) in parentheses], 304 (M+, 0.5), 276 (16), 247 
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(33), 232 (27), 219 (25), 211 (33), 155 (19), 119 
(100). Analysis calculated for C,,H,,N,O, C 78.92, H 
6.62, N 9.20; found, C 78.91, H 6.70, N 9.17%. 


Photolysis. Preparative photolysis of 6 (0.5-0.6 
mmol) was performed in a Pyrex test-tube with 
benzene (10 cm3) as a solvent under bubbling of argon 
with a 450 W high-pressure mercury lamp (Ushio 
UM-452) through an aqueous CuSO, solution filter 
(CuS04.5H20, 250 gl-I, thickness 1 cm)." 


A 'H NMR (270 MHz) study of the photolysis of 6a 
(9.1 x M )  was carried out in an NMR tube with 
benzene-d, as a solvent. Prior to photolysis, the sample 
solution was purged by bubbling argon for 15 min. 
Irradiation was carried out through either glass filters 
(2 = 340-380 nm; Toshiba UV-35 + UV-D36A) or a 
solution filter (K,CrO,, 0.27 g l - '  + Na,CO,, 1.0 g I - ' ,  
thickness 1 cm)". After the irradiation, 'H NMR spectra 
of the resulting reaction mixture was immediately 
recorded and the product ratio was determined on 
integration. 


Therinolyis. Thermolysis of 6 (0.40 mmol) was 
performed in refluxing toluene (20 cm3) for 3.5 h. 
Thermolysis of 7a (0.35 mmol) was carried out in 
benzene (7 cm3) for 5 h at 170 "C in a sealed tube. 


Photolysis and thermolysis products. anti-7,7- 
Diphenyl-6-oxatricycl0[3.2.0.0~~~]heptane (7a); mp. 
86°C (n-hexane-benzene); 'H NMR (CDCI,, 
500 MHz), 6 7.50-7.20 (m, lOH), 4.80 (dd, J = 4 . 1 ,  
2.6 Hz, lH), 3.33 (t, J = 2 . 6  Hz, lH), 2.13 (m), 1.65 
(ddd, J = 5 . 0 ,  2.6, 1.1 Hz, lH), 0.84 (q, J = 5 . 0  Hz, 
lH), 0.45 (dt, J = 5 . 0 ,  1.1 Hz, 1H); I3C NMR (CDCI,, 
100 MHz), 6 146.78 (s), 144.30 (s), 128.26 (d), 
127.83 (d), 126.99 (d), 126.45 (d), 125.39 (d), 125.32 
(d), 89.21 (s), 80.07 (d), 50.57 (d), 22.89 (d), 16.52 
(d), 9.50 (t); MS [ m / z  with relative intensity (%) in 
parentheses], 248 ( M + ,  4), 219 (19), 183 (69), 165 
(21), 115 (21), 105 (44), 91 (54), 66 (100). 
Analysis calculated for C,,H,,O, C 87.06, H 6.50; 
found, C 87.16, H 6.58%. syn-7,7-Diphenyl-6-oxatri- 
cycl0[3.2.0.O~,~]heptane (8a) : 'H NMR (CDCI,, 
400 MHz) spectrum of 8a (except phenyl group) 
deduced from the reaction mixture, 6 4.95 (dt, J = 6.4, 
2.5 Hz, lH), 3.29 (dd, J = 6 . 4 ,  4.2 Hz, lH), 2.22 (m, 
lH), 2.14 (m, lH), 1.74 (dt, J =  5.0, 1.2 Hz, lH), 0.68 
(dt, J =  6.4, 5.0 Hz, 1H). anti-7,7-Bis(4'-chlor- 
ophenyl)-6-oxatricyclo[3.2.0.02~4]heptane (7b): colour- 
less oil; 'H NMR (CDCI,, 500 MHz), 6 7.7-7.28 (m, 


J = 2 . 4  Hz, lH), 2.12 (m, lH), 1.59 (m, lH), 0.86 (q, 
8H), 4.75 (dd, J=4 .4 ,  2.2 Hz, lH), 3.26 (t, 


J z 5 . 5  Hz, lH), 0.45 (d, J = 5 . 5 ,  1.2 Hz, 1H); I3C 
NMR (CDCI,, 125.7 MHz), 6 144.79 (s), 142.42 (s), 
133.12 (s), 132.64 (s), 128.54 (d), 128.16 (d), 126.81 
(d), 88.36 (s), 80.14 (d), 50.34 (d), 22.98 (d), 
16.42 (d), 9.47 (t); HRMS, m / z  calculated for 


C,8Hl,C120 (M') 3 16.0420, found 3 16.0415.cis-2- 
(2' ,2'-Dipheny1)ethenyl- 1-cyclopropanecarbaldehyde 
(cis-9a): colourless oil; IR (CHCI,), 1700 cm-' (C=O) 


lH), 7.41-7.16 (m, lOH), 5.98 (d, J = 9 . 5  Hz, lH), 
'H NMR (CDCI,, 500 MHz), 6 9.51 (d, J = 5 - 9  Hz, 


2.25 (dtd, J y 9 . 5 ,  8.0, 6.0 Hz, lH), 2.16 (tdd, J=8 .0 ,  
6.0, 5.9 Hz, lH), 1.62 (dt, J = 7 . 0 ,  6.0 Hz, lH), 1.45 
(td, 5=8 .0 ,  7.0 Hz, 1H); I3C NMR (CDCl,, 
100 MHz), 6 200.53 (d), 144.43 (s), 141.94 (s), 
139.61 (s), 130.09 (d), 128.35 (d), 128.29 (d), 128.17 
(d), 127.38 (d), 127.34 (d), 125.29 (d), 31.62 (d), 
25.20 (d), 16.85 (t); HRMS [electron impact (EI)], 
calculated for CI8H,,O (M') 248.1200, found 
248.1198. trans-2-(2' ,2'-Dipheny1)ethenyl- l-cyclopro- 
panecarbaldehyde (trans-9a) : colourless oil; IR 
(CHCI,) 1695 cm-l (C=O); 'H NMR (CDCI,, 
500 MHz), 6 9.02 (d, J =  5.3 Hz, lH), 7.41-7.17 (m, 
lOH), 5.46 (d, J z 9 . 7  Hz, lH),  2.23 (dddd, J = 9 . 7 ,  
9.0, 6.3, 3.7 Hz, lH), 2.05 (dddd, J =  8.4, 5.3, 4.9, 
3.7 Hz, lH), 1.58 (dt, J =  9.0, 4.9 Hz, lH), 1.31 (ddd, 
J = 8 . 4 ,  6-3, 4.9 Hz, 1H); HRMS (EI), calculated for 
CI8H,,O (M') 248.1200, found 248.1201. 


REFERENCES 


1. W. Adam and 0. De Lucchi, Angew. Chem., Int. Ed. Engl. 


2. R. D. Little, Chem. Rev. 86, 875 (1986). 
3. P. S. Engel, Chem. Rev. 80, 99 (1980); J. J. Johnston 


and J. C. Scaiano, Chem. Rev. 89, 521 (1989); W. 
Adam, S. Graboski and R. M. Wilson, Acc. Chem. Res. 
23, 165 (1990); D. A. Dougherty, Acc. Chem. Res. 24, 88 
(1991). 


4. P. S. Engel, D. W. Horsey, D. E. Keys, C. J. Nalepa and 
L. R. Soltero, J.Arn..Chem. SOC. 105,7108 (1983). 


5. J. A. Berson and S. S. O h ,  J .  Am. Chem. SOC. 91, 777 
(1969); Y. Liao and J. B. White, Tetrahedron Lett. 31, 
5129 (1989). 


6. L. A. Paquette and L. M. Leichter, J .  Am. Chem. Soc. 93, 
4922 (1971). 


7. U. Joshi, S. Kohmoto, M. Yamamoto, and K. Yamada, 
J .  Chem. SOC., Chem. Commun. 1578 (1989); S. 
Kohmoto, K. Yamada, U. Joshi, T. Kawatsuji, M. 
Yamamoto and K. Yamada, J.Chem. SOL.., Chem. Com- 
mun. 127 (1990). 


8. D. R. Arnold, R. L. Hinman and A. H. Click, Tetrahedron 
Lett. 1425 (1964). 


9. P. G. Gassman and K. T. Mansfield, Org. Synth., Coll. 
Vol. 5,96 (1973). 


10. M. R. Masjedizadeh, I. Dannecker-Doerig and R. D. 
Little, J .  Org. Chem. 55, 2742 (1990). 


11. S. L. Murov, Handbook of Photochemistry, p. 99. Marcel 
Dekker, New York (1973). 


12. P. Scribe, C. Nouet and J. Wiemann, Tetrahedron Lett. 
4375 (1970). 


13. N. J. Turro and G. S. Hammond, J .  Am. Chem. SOC. 84, 
2841 (1962). 


14. M. A. Anderson and C. B. Grissom, J .  Am. Chem. SOC. 
117, 5041 (1995). 


19, 762 (1980). 







804 S. KOHMOTO ETAL. 


15. W. Adam, W. M. Nau and J. Sendelbach, J .  Am. Chem. 


16. W. Adam and M. Don, J .  Am. Chem. SOC. 109, 1240 


17. W. Adam and J. Sendelbach, J.  Org. Chem. 58, 5310 


18. N. Shimizu and S. Nishida, J .  Chem. SOC., Chem. Com- 
SOC. 115, 12571 (1993). (1993). 


(1987). mun. 734 (1979). 








JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 8, 103-107 (1995) 


ARE KEKULENE, CORONENE, AND CORANNULENE TETRAANION 
SUPERAROMATIC? THEORETICAL EXAMINATION USING 


HARDNESS INDICES 


ZHONGXIANG ZHOUt 
Department of Chemistry, University of North Carolina, Chapel Hill, North Carolina 27599-3290, USA 


The superaromaticity concept is examined and developed, taking into account what is known about aromaticity. 
Three new hardness indices are defined, and shown to be excellent parameters for characterizing 
superaromaticity. High superaromaticity indicates significant global annulenoid conjugation relative to local 
benzenoid conjugation in circularly annealed benzenoid molecules. Kekulene, coronene and corannulene 
tetraanion all are predicted to be superaromatic. The prediction for the corannulene tetraanion strongly 
supports the ‘annulene-within-an-annulene’ structure derived from NMR data. 


The topic of global annulenoid conjugation versus local 
benzenoid conjugation has been the focus of several 
recent studies, both theoretical and experimental.’-’ 
Theoretically this has been put into the context of 
superaromaticity. Cioslowski et al.’ calculated the 
superconjugative energy component for kekulene (see 
Figure 1) and reached the conclusion that kekulene is 
slightly superaromatic. Aihara’ concluded from his 
careful graph-theoretical examinations of kekulene that 
superaromaticity is more an artifact than a reality. A 
recent NMR study of corannulene tetraanion strongly 
suggested that an ‘annulene-within-an-annulene’ struc- 
ture exists for the tetraanion.’ Approximately one of the 
four negative charges is distributed among the atoms in 
the inner ring and three among the outer ring. The 
macrocyclic conjugation is important in this system. In 
this paper, we first summarize the common character- 
istics of aromaticity and superaromaticity and address 
the difficulties in quantifying superaromaticity. We then 
examine the concept of superaromaticity by applying 
three hardness indices, which we introduce, to three 
molecules: kekulene, coronene and corannulene tetraan- 
ion (see Figure 1). The three hardness indices differ 
from each other in the way in which their reference 
hardnesses are defined [see equaitons (l), (2) and (3)]. 
We show that the superconjugation effect (annulenoid 
conjugation) is not a negligible effect, at least for 
corannulene tetraanion. 
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Aromaticity arises from cyclic conjugation. Any 
property associated with the cyclic conjugation of 
aromatic molecules can be used as an indicator of 
aromaticity (see, e.g. Ref. 4). Superaromaticity is the 
part of the aromaticity that is associated with the macro- 
cyclic conjugation of circular benzenoid rings.” 
Superaromatic molecules are benzenoid molecules 
annealed in such a way that all benzene units form a 
macrocyclic system. 


Over the years, many successful indices for aromati- 
city have been introduced. Some are based on valence 
bond theory.’-’’ Others are based on molecular orbital 
theory.”.” Although there are some flawed doubts 
towards the n-electron-only indices for aromaticity in 
the literat~re’’.’~ these indices seem to give predictions 
consistent with experimental facts and with each other. 
There is something in common among all the aromaticity 
indices, that is, that contributions from acyclic compo- 
nents are to be taken away. How successful this can be 
done determines how successful an aromatic index is. 
Early aromatic indices using polyene or ethene as 
reference structures were not successful because these 
reference structures could not lead to the correct acyclic 
contributions to physico-chemical properties of 
aromatic molecules. The recent successful definitions of 
aromaticity involved reasonable definitions of reference 
structures.’ -I2 


Investigation of superaromaticity started with 
McWeeny ’s suggestion” that kekulene should provide a 
crucial test for different predictions of the diamagnetic 
anisotropy of aromatic systems from Pauling’s semi- 
empirical methodI6 and from molecular orbital 
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Comneoe 


Corannulene teeaanion 


Figure 1. Kekulene, coronene and corannulene tetraanion 


calculations. The study of superaromaticity has mainly 
been motivated by the general interest of benzenoid 
versus annulenoid aromaticity. The synthesis of 
kekulene made it possible to examine the contributions 
to diatropicity from the global macrocyclic system and 
the local benzenoid subunits via ‘H NMR spectros- 
copy.”-’9 The inner protons are subjected to opposite 
fields caused by the induced ring currents of macrocy- 
cles and of benzenoid rings. However controversy over 
whether kekulene is superaromatic still 
Cioslowski et al.’ calculated superaromatic stabilization 
energy for the kekulene molecule using a 
‘superconjugation-free’ reference energy determined 
from a set of benzenoid hydrocarbons. They concluded 
that kekulene is slightly superaromatic. Later, Aihara 
asserted that kekulene is non-superaromatic from his 
graph-theoretical analyses. The suggestion of the 
annulene-within-an-aulene structure for corannulene 
tetraanion by Ayalon et aL3 makes this topic even more 
controversial. 


To characterize superaromaticity, reference structures 
have to be chosen in such a way that they can account 
for contributions from all components except those 
involving the global conjugation. Cioslowski et al.’s 
way of accomplishing this is to use a so-called additive 
nodal increments model. In this model the 
‘superconjugation-free’ energy is decomposed into 
contributions of localized benzene rings (the nodes).’ 
The calculation was at the Hartree-Fock level, although 


the model itself was derived from studies at the Hiickel 
leve1.20.2’ This definition of reference structure for 
superaromaticity is comparable to Dewar’s definition of 
reference structure for ar~maticity.~ If the same pro- 
cedure is applied to kekulene using energies from 
Hiickel calculations, a problem arises, that is, the fitting 
error to obtain the ‘superconjugation-free’ energy is 
comparable to the superaromatic stabilization energy 
itself (the energy difference between kekulene molecule 
and its s superconjugation-free' reference structure). The 
superaromaticity or superantiaromaticity so obtained 
may result from this numerical fitting error. The same 
problem of fitting error exists when one tries to subtract 
the ‘superconjugation-free’ resonance energy from the 
total kekulene resonance energy. Three parameters as 
defined in Ref. 2 are fitted, by least-squares fitting, to 
the set of all fragment benzenoid molecules of kekulene 
or to a subset of this set. This is done for both 
E(Hiicke1) and “RE. Note that the definition of super- 
aromaticity based on the total energy is different from 
the one based on the resonance energy. Of course, 
introducing more parameters, as Hess and Schaad6 did 
to the aromaticity case may reduce this fitting error. 
Nevertheless, the relative smallness of superaromaticity 
as compared with the benzenoid aromaticity still poses a 
problem. This can be seen from the calculations and 
discussions in Aihara’s paper2 Hence a good super- 
aromaticity index should be sensitive enough to detect 
this small part of the aromaticity. 


We first re-examine the annulenoid aromaticity using 
different indices with different reference structures, in 
order to test the sensitivities of the aromaticity indices. 
The reference structures chosen for this purpose are 
polyene and topologically defined acyclic structure.”* 
The aromaticity indices tested are resonance energy 
(RE) and relative hardness qr,” in four combinations: 
(i) RE with polyene reference structure; (ii) RE with 
acyclic reference structure (“RE); (iii) relative hardness 
with polyene reference structure and (iv) relative 
hardness with acyclic reference structure. All these 
quantities can be calculated analytically. The essential 
conclusions are as follows. RE can be used as an 
aromaticity index only if correct reference structures are 
used. Whereas RE with polyene reference structure 
leads to correct predictions only for (4n + 2) annulenes, 
“RE gives predictions consistent with the (4n+2) 
rule, (4n+2) annulenes being aromatic and 4n 
annulenes being antiaromatic. The relative hardness 
index with either reference structure gives correct 
predictions for all annulenes. Therefore, relative 
hardness as an aromaticity index is less sensitive to 
the reference structure used. That is, deviations caused 
by incorrect reference structures play a lesser role when 
the relative hardness is used. This conclusion turns out 
to be crucial in measuring superaromaticity because of 
its relative smallness compared with total aromaticity. 
This relative independence of reference structure makes 
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the relative hardness a more sensitive index for 
superaromaticity. 


We now proceed to the problem of determining the 
superaromaticity of kekulene, coronene and coran- 
nulene tetraanion using a relative hardness index. The 
reference molecule for kekulene is a benzenoid com- 
pound with the same number of benzene rings, two 
more carbon atoms and no macrocycles. The geometry 
of the reference molecule is chosen in such a way that it 
overlaps with the kekulene molecule completely except 
for the two terminal benzene rings, which overlap with 
each other partially. The reference molecules for 
coronene and corannulene tetraanion are similarly 
defined. A super-relative hardness index is defined as 


& = q,(molecule) - q,(reference structure) (1) 
If a molecule has a greater relative hardness than its 
reference molecule then the molecule is more aromatic 
than its reference molecule. The extra aromaticity is the 
superaromaticity. Hences a positive $, means super- 
aromaticity and a negative & signifies superantiaroma- 
ticity. Values of for kekulene, coronene and 
corannulene tetraanion are 0.08361 /I I , 0.0097 I I and 
0.21961 PI, respectively. Kekulene, coronene and 
corannulene tetraanion are predicted to be super- 
aromatic. Note that the ?& value for corannulene 
tetraanion is fairly large, which signifies the importance 
of annulenoid conjugation in this molecule. The corre- 
sponding differences of TREs per n-electron are 
-0.00091 , 0.0018 I B I and 0.0457 I B I respectively. 
These numbers from TRE values cannot be used to 
predict superaromaticity because the reference struc- 
tures used here have some flaws. That is, they cannot 
represent faithfully the ‘superconjugation-free’ part of 
the molecule. Nevertheless, is expected still to be 
useful because of its relative independence of reference 
structure. 


To do a more satisfactory job, to represent faithfully 
the ‘superconjugation-free’ part of a superaromatic 
molecule, a superaromatic reference structure can be 
defined topologically for the molecule. This reference 
structure is given, as in the general aromaticity case,’.” 
by a secular polynomial derived from the secular 
polynomial of the superaromatic molecule. The differ- 
ence between the two secular polynomials is that the 
reference polynomial, denoted as PL(x) ,  does not 
contain the terms with contributions from macrocycles 
whereas the molecular polynomial does. It is straightfor- 
ward, although tedious, to derive the reference 
polynomial. The reference polynomials for the three 
molecules are given in the Appendix. The roots of the 
polynomial can be found via a combination of net 
search and bisection methods. Unfortunately, the roots 
are not all real (see also Ref. 22). Nevertheless, import- 
ant information can be drawn from these roots. First, 
only a few roots have non-zero imaginary parts and 
these parts are all near zero. This allows considerations 


of either only the real parts or the absolute values of the 
roots. The energy levels can be ordered. Second, the 
eigenvalues corresponding to the HOMO and the 
LUMO obtained are real for both reference poly- 
nomials. Hence the hardnesses are still valid quantities 
to be used in describing superaromaticity, although the 
total energies and the resonance energies are not so 
useful in this case. The hardnesses for the superaromatic 
reference structures of kekulene, coronene and coran- 
nulene tetraanion, & are 0.41061j31, 0.46481 /I1 and 
0.1583 I /?I , respectively. Another super-relative hard- 
ness then can be defined as 


d =  ?- a t  
Again, a positive q:2 signifies superaromaticity and a 
negative t& indicates superantiaromaticity. Values of & 
for kekulene, coronene and corannulene tetraanion are 
0.02661fi1, O.O744I/II and 0.1031 I/II respectively. 
Hence the &, index predicts that all three molecules are 
superaromatic and the superaromaticity increases from 
kekulene to coronene to corannulene tetraanion. This 
prediction agrees with the general chemical intuition. 
One of the macrocycles in corannulene is a cyclopent- 
adienyl anion.’ One of the macrocycles in coronene 
happens to be a benzene ring. Also both species are 
known to contribute significantly to aromaticity. The 
larger annulenoid rings of macrocycles in kekulene are 
expected to contribute much less to aromaticity. 


Compared with the corresponding relative hardness, 
which measures the total aromaticity, super-relative 
hardnesses for kekulene and coronene are seen to be 
small, but nevertheless sensible, numbers. However, the 
value for corannulene tetraanion is large. Again, this 
indicates decisively that annulenoid conjugations 
contribute significantly to aromaticity. Note that the 
confusion caused by the numerical errors like the fitting 
errors disappeared here. The disadvantage is that the 
physical meaning of the reference structures is not that 
clear, an old problem associated with all topological 
definitions of reference 


Another way to assess superaromaticity is to intro- 
duce the hypothetical superantiaromatic counterpart of a 
superaromatic molecule. The superantiaromatic mol- 
ecule is built as follows:* start with the chemical graph26 
of the superaromatic molecule; change bond parameters 
from 1 to -1 (from bonding to antibonding) for two 
chemical bonds which are chosen in such a way that 
they belong to the same benzene ring, and one of them 
is in the inner macrocycle and the other in the outer 
macrocycle. Now, any cyclic path in this new graph 
changes sign twice or not at all if the path is not one of 
the macrocycles, and macrocycles change sign once. 
Therefore, the effects of this sign change are only 
related to those components with macrocyclic contri- 
butions. Other terms are unaffected. Define 


q:3 = q(superaromatic) - v(superantiar0matic) (3) 
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and 
1 AEM,bius = - y [E(seperaramatic) 


- E(superantiaromatic)] (4) 
The subscript Mobius is used since any global cycle in 
superantiaromatic molecule is a Mobius ring. The 
calculated results for the three molecules are as follows: 


AEh16bius d 
kekulene 0.0035 i.3 0.0230 i.3 
coronene 0.09681 0.0216) /3l 
corannulene tetraanion 0.5208 i.3 0.2415 #I 


Hence both AE,,,,, and qi3 predict the three molecules 
to be superaromatic. Superconjugations in corannulene 
tetmnnion are significant, as evidenced by large values 
of both AE,,,, and 7;’. Note that the two energy 
components in the energy index used here have, in 
principle, the same non-superconjugation component 
and opposite superconjugation component. AEM,bius is 
not the superconjugative part of the TRE and hence 
should not be compared with the ”RE. It is easy to see 
that AEMabius is not the same as the TRE from the results 
for annulenes, which again can be derived analytically. 


It is interesting that for the neutral corannulene 
molecule both AEM,bius and qi3 are zero, which implies 
that there are no contributions to aromaticity from the 
global conjugation. This is in agreement with our 
chemical intuition. To make both inner and outer rings a 
(4n+2)e ring, charge separation is needed. For 
example, to obtain a 5C/6e inner ring and 15C/14e 
outer ring one electron has to be moved from the outer 
ring to the inner ring. The strong electrostatic interac- 
tions resulting from this charge separation will favor the 
reverse of the process. Hence, in neutral corannulene 
local benzenoid conjugation dominates. 


In conclusion, hardness indices are more sensitive 
than resonance energy indices and are suitable for the 
prediction of superaromaticity. All three molecules are 
predicted to be superaromatic from the three super- 
relative hardness indices [see equations (l), (2) and (3)] 
introduced here. The unambiguous prediction of the 
corannulene tetraanion to be superaromatic provides 
further theoretical support to the suggestion that there 
exists an ‘annulene-within-an-alene’ structure for 
this tetraanion. The four negative charges make the 
molecule more like a 5C/6e ring within a 15C/18e ring. 
The contributions of the macrocyclic conjugations to 
aromaticity of the molecule are significant. 
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APPENDIX 
The superaromatic reference polynomial for zekulene is 
P ~ ( x )  = x4’ - 6 0 ~ ~ ~  + 1672~- - 2 8 7 9 4 ~ ~ ~  


+ 343843~~’ - 3027630~” + 20405407~’~ 
- 107852224~” + 4 5 4 3 7 8 1 5 7 ~ ~ ~  
- 1542506250~’~ + 4248686872~~’ 
- 9 5 3 0 9 5 6 0 6 4 ~ ~ ~  + 17431940917~~ 
- 25959111788~” + 31356579259~~’ 
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- 30530082182~" + 23743496383~'~ + 101034~' - 5 9 5 0 8 ~ ~  + 2 1 2 7 4 ~ ~  
- 14568993572~'~ -+ 6939154846~'~ - 4 1 1 2 ~ ~  + 320 ('42) 
- 2510929054~'~ + 670534833~' 
- 126827418~~ + 15938692~~ 


The superaromatic reference polynomial for coran- 
nulene tetraanion is 


- 1185048~~ + 39204 (All 
The superaromatic reference polynomial for coronene is 


PE = xZo - 2 5 ~ "  + 2 6 0 ~ ' ~  - 1 4 7 5 ~ ' ~  + 5 0 3 0 ~ ' ~  
- 10704~ '~  + 14265~' - 1 1 6 1 0 ~ ~  + 5 4 3 5 ~ ~  


PE = - 3 0 ~ ~ '  + 3 8 7 ~ ~ '  - 2828~" + 12991~'~  - 1 3 0 0 ~ ~  + 121 (A31 
- 39364~'~ + 80293~'~  - 11 0454~" 
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NUCLEOPHILIC SUBSTITUTION AT NITROGEN-CENTERED 
RADICALS: REACTIONS OF DIPHENYLPHOSPHIDE IONS WITH N,N- 
DIBUTYL-L)-TOLUENESULFONAMIDE BY THE S R N 1  MECHANISM 


GABRIELA s. FORAY, ALICIA B. PE~ERORY'  AND ROBERTO A. ROSSI' 
Departamento de Quiniica Orgbnica, Facultad de Ciencias Quiniicas, Universidad Nacional de Cdrdoba, Sue. 16, c. c. 61,5016, 


Cdrdoba. Argentina 


The photostimulated reaction of N,N-dibutyl-p-toluenesulfonamide with diphenylphosphide ions in liquid 
ammonia leads to the corresponding phosphinic amides after oxidation Inhibition experiments with p -  
dinitrobenzene and 2,2,6,6-tetramethyl-l-piperidinyloxy free radical (TEMPO) and the fact that the reaction is 
retarded in the dark suggest that it proceeds by the SRN1 mechanism. 


1. INTRODUCTION 


The synthetic applications of radical reactions have 
been extensively studied in recent years, especially 
those concerning carbon-centered radicals.'.' Less 
attention has been paid to the mechanism and synthetic 
aspects of the reactions of heterocentered radicals.2-'" 


With regard to nitrogen centered radicals, some 
progress has been made in recent years, including new 
sources of aminium cation' and aminyl,6-x amidyl' and 
iminyl radicals'" and the determination of the 
regiochemistry and rate constants for nitrogen radical 
reactions. 


Radical nucleophilic substitution by the S,,1 
mechanism at a carbon atom (aliphatic or non-activated 
aromatic) is a well known process" and the synthetic 
potential of this mechanism has been widely explored. I 2  


However, no studies involving heterocentered radicals 
have so far been reported. 


The photodetosylation of sulfonamides initiated by 
electron transfer (ET) from excited B-naphthoxide 
anions has been described.8 The radical anion of the 
sulfonamide fragments and leads to the corresponding 
aminyl radical, which is reduced to the amine in the 
presence of sodium borohydnde. 


Therefore, sulfonamides appear to be suitable sub- 
strates for an S,,1 mechanism as a novel source of 
aminyl radicals, and we report here the photostimulated 
reactions of sulfonamides with diphenylphosphide ions 
(2) in liquid ammonia. 


*Authors for correspondence. 


EXPERIMENTAL AND RESULTS 


N,N-Dibutyl-p-toluenesulfonamide (l), synthesized 
from N,N-dibutylamine and p-toluenesulfonyl chlor- 
ide,', reacts with 2 within 7 min under photostimulation 
to give the substitution product N,N-dibutyl-P,P- 
diphenylphosphinous amide (3). This compound was 
isolated in moderate yields (49%) as the oxide (4) by 
column chromatography with diethyl ether as eluent. 'H 


m), 1-51 (4H, m), 2.93 (4H, m), 7.46 (4H, m), 7.84 
(6H, m); I3C NMR (CDCI,), 6 13.67 (CH,), 20.04 


NMR (CDCI,), 6 0.78 (6H, t, J = 7 - 2  Hz), 1-16 (4H, 


(CH,), 30.70 (CH,, Jc_p=3.62 Hz), 45.35 (CH,, 
J f - p =  2.89 Hz), 128.304 (3Jc..p = 12.5 Hz), 131.479 
( Jc-p = 2.65 Hz), 132.296 ('Jc_p = 9.23 Hz), 132.339 
('Jc-p= 128.65 Hz); IR (KBr) (cm-'l), 2959, 2933, 
2874, 1471, 1438, 1378, 1201, 1122, 726, 707 Lit.14 
(Table 1, Expt 1) [equation (l)]. 


hv 
(Bu)~NTs + PhzP- + 


1 2 
[OI 


(Bu)ZNF'Ph, - (Bu)zNP(O)Ph2 (1) 
3 4 


BU = n-ChH9; TS =p-CH,C,H$O, 


This reaction is sluggish in the dark (6% of 4) and is 
inhibited in the presence of p-dinitrobenzene. The 
photostimulated reactions are inhibited by the presence of 
p-dinitrobenzene or 2,2,6,6-tetramethyI-l-piperid- 
inyloxy free radical (TEMPO) (11% and 33% yield of 
4, respectively), well known inhibitors of SRN1 


Received I5 August I994 
Revised 9 January I995 


CCC 0894-32301951050356-03 
0 1995 by John Wiley & Sons, Ltd. 







NUCLEOPHILIC SUBSTITUTION AT NITROGENN-CENTERED RADICALS 357 


reactions" (Table 1, Expts 2-4). These results suggest 
that the reaction proceeds by the SRN1 mechanism, 
outlined in Scheme 1, in which the initiation step is the 
photostimulated ET from 2 to the substrate 1 to yield the 
corresponding radical anion 1 - ' [equation (2)]. The 
radical anion thus formed fragments in the next step to 
give the aminyl radical 5 and the p-toluenesulfinate anion 
[equation (3)]. Fragmentation of the C-S bond was not 
observed, since the are is no evidence for the formation 
of diphenyl-y-tolylphosphine. The aminyl radical 5 can 
give the radical anion of the substitution product 3-'  by 
coupling with 2 [equation (4)], and the reduced product 
N,N-dibutylamine (6) by hydrogen atom abstraction 
from the diethyl ether used to dissolve the substrate 
before addition (similar hydrogen abstraction by nitro- 
gen radicals from tetrahydrofuran has been reported 
previo~sly) '~ [equation (6)] or the disproportionation 
products 6 and N-butylidenebutylamine (7) [equation 
(7)]. Finally, the radical anion of the substitution 
product transfers the odd electron to the substrate to 
give 3 and the radical anion of the substrate, which 
continues the chain reaction [equation (S)]. 


hv 


ET 
(Bu),NTs + Ph,P- - [(Bu),NTs]-' + Ph,P' 


1 2 1-' 
(2) 


[(Bu),NTs]-' -+ (Bu)," + p-CH,C,H,SO; (3) 


1-' 5 


(Bu),N* + Ph,P- -+ [(Bu),NPPh,]-* (4) 
5 2 3-' 


[(Bu),NPPh,]-' + (Bu),NTs -+ 


3-' 1 


(Bu),NPPh, + [(Bu),NTsl-' (5) 
3 1-' 
SH 


(Bu),N' - (Bu),NH (6) 
5 6 


2 (Bu),N* - (Bu),NH + BuN=CHCH,CH,CH, 
5 6 7 


(7) 
(Scheme 1) 


The fact that the mass balance for the reaction is 
between 63 and 85% can be ascribed to the formation 
of 6 and the imine 7 from disproportionation, and/or 
only to 6 from reduction, which could not be trapped 
when the reaction residue was extracted with diethyl 
ether and water, after evaporation of the liquid 


Table 1.  Photostimulated reaction of N.N-dibuty1-p- 
toluenesulfonamide (1) with Ph2P- ions (2) in liquid 


ammonia" 


Products, yield (%)" 


Unreacted 1, 
Expt 2 (mmol) yield (%)h BuzNH BuzNP(0)Ph2 


1 1.01 
2' 1.01 
3' 1.00 
4' 1.02 
5 1.51 
6 2.00 
1 9  2.5 1 


2.51 8 C . C  


4 
19 
64 


3 
8 


<2 
95 


d - 


~ 


49 
6 


1 1  
33 
60 
13 
19 
- 


"Reactions camed out in cu 300 ml of liquid ammonia with 
1.00 mmol of 1 (dissolved in cu 2 ml of diethyl ether) during 7 min 
of irradiation with four 250 W lamps. 
hDetermined by GC using the internal standard method. 
'Dark reaction. 
,I Detected but not quantified (4%). 
'20 mol% of p-dinitrobenzene was added. 
24 mol% of TEMPO was added. 


'The reaction mixture was extracted with diethyl ether without adding 
water, and quantified by GC. 


ammonia. When the extraction was performed only with 
diethyl ether, the amine 6 was recovered and the mass 
balance was 100% (Table 1, Expt 7), showing that 
reaction (7) does not take place. 


The yield of the substitution product 4 can be increased 
with increase in the concentration of nucleophile 2, 
reaching 79% with 2-5 mmol of 2 (Table 1, Expts 5-7). 
There is no reaction in the dark and in the presence of p- 
dinitrobenzene (Table 1, Expt 8). Hence sulfonamides are 
appropriate substrates for an SRN1 mechanism. 


This first example of radical nucleophilic substitution 
by diphenylphosphide ion (2), at a nitrogen atom 
enlarges the scope of this mechanism to aminyl radi- 
cals. Further studies involving other sulfonamides 
(aliphatic and aromatic) and carbanions as nucleophiles 
are in progress. 
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HYDRIDE TRANSFER REACTIONS OF LEUCO METHYLENE BLUE 
AND LEUCO THIONINE WITH SOME y-BENZOQUINONES 


SHUNZO YAMAMOTO,~ YOSHIMICHI FUJIYAMA, MIKI SHIOZAKI, YOSHIMI SUEISHI AND NOFUO 
NISHIMURA 


Department of Chemistry, Faculty of Science, Okayarna University, 3-1 -1, Tsushima-naka, Okayama 700, Japan 


The kinetics of the oxidation of leuco methylene blue and leuco thionine by some p-benzoquinones were 
investigated spectrophotometrically by means of the stopped-flow technique. Leuco methylene blue and leuco 
thionine were produced by photoreductions of methylene blue and thionine with triethylamine in ethanol in the 
drive syringe of the stopped-flow apparatus and their solutions were used as such in the measurement of the 
oxidation rates. The kinetic isotope effect on the oxidation rate was observed. The results can be explained by 
the general mechanism with stepwise electron-proton--electron transfers. 


INTRODUCTION 


There has been considerable interest in the reaction 
mechanism of hydride transfer from various substrates 
to n-acceptors. The key mechanistic question has 
been whether the hydride transfer occurs in a direct one- 
step hydride t r a n ~ f e r ~ - ~  or in stepwise electron-proton- 
electron (EPE) transfers. '"-I3 


Previously, we studied the hydnde-equivalent trans- 
fer reactions of Ieuco crystal ~ io l e t (LCV) ,~~ .~ '  Ieuco 
malachite green (LMG)I6 and leuco Bindschedler's 
green (BGH)" with different p-benzoquinones (Qs) and 
concluded that the reactions can be interpreted in terms 
of the general EPE mechanism. 


Recently, we have studied the hydride transfer 
reactions of Michler's hydride (MH,) with different 
types of n-acceptors." We found that the role of 
cyanomethylenes as an acceptor is essentially different 
from that of p-benzoquinones, and pointed out that 
benzoquinones can successively accept an electron and 
a proton from MH, in the solvent cage, whereas 
cyanomethylenes can accept an electron but not a proton. 
Therefore, n-acceptors can be divided into two groups. 


Since leuco methylene blue (MBH) and leuco thion- 
ine (TH) are known to be easily oxidized with dissolved 
oxygen, kinetic studies on the reactions of these com- 
pounds with n-acceptors have not previously been 
reported. In this study, we have found that the reactions 
between MBH or TH and some Qs can be followed by 
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producing MBH and TH by means of photoreduction 
with triethylamine in a closed system and by mixing a 
solution of MBH (or TH) with those of Qs. This paper 
reports a kinetic study of the reactions of MBH and TH 
with some p-benzoquinones. 


EXPERIMENTAL 


Materials. Methylene blue (MB 'CI -) was pur- 
chased from Wako Pure Chemicals Industries, and 
was used as received. Thionine (T'CI-) was purchased 
from Tokyo Kasei Kogyo and recrystalized from 
ethanol. 2-Methyl-p-benzoquinone (MBQ), 2-methoxy- 
p-benzoquinone (MOBQ), 2,5-dimethyl-p-benzo- 
quinone (2,5-DMBQ), 2,6-dimethyl-p-benzoquinone 
(2,6-DMBQ), 2,5-di-tert-butyl-p-benzoquinone (2,5- 
DBBQ) and tetramethyl-p-benzoquinone (TMBQ) were 
purchased commercially and purified by sublimation. 
Triethylamine was used as received. Ethanol was dried 
over molecular sieves 3A-1/16 and distilled. Ethanol-d 
(99.5%) was purchased from Aldrich and used as 
received. 


Kinetic tneasuretneizts. Ethanolic solution of 
benzoquinones and of MB' (or T') and triethylamine 
were separately charged in drive syringes of the 
stopped-flow apparatus which were thermostatically 
regulated within *O. 1 "C. Two solutions were deaerated 
by bubbling with nitrogen gas before they were charged. 
The solution of MB' was photoreduced by irradiation 
with visible light supplied by a 650 W tungsten projec- 
tion lamp and a solution of leuco methylene blue 
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( 2 )  
r 


I I I 1 . 


(MBH) was produced. The mixing was performed 
within 1 ms by means of nitrogen gas pressure. After 
mixing, the change in the absorbance at 655 nm for 
MB' (605 nm for T') was monitored by using a 
Unisoku USP-5 19 spectrophotometer. The run were 
repeated 10-30 times and curve smoothing was per- 
formed by means of an attached computer. All the runs 
were performed with excess quinone concentrations. 


RESULTS 


Oster and Wotherspoon" reported that MB' and T' are 
photoreduced by visible light in the presence of various 
reducing agents. Obata and Koizumi2" also observed 
the photobleaching of a solution of MB' by tri- 
methylamine and identified the reaction products as the 
leuco dye and amine oxide. Figure 1 shows the spectra 
of MB' taken before and after the photoreduction. 
Figure 2 shows the spectrum of a reaction mixture 
between MBH and 2,6-DMBQ. The findings shown in 
Figures 1 and 2 can be explained by the formation of 
MBH by photoreduction and the re-production of MB' 
by oxidation with benzoquinones. 


A time-dependent curve of the absorption at 655 nm 
after averaging the repeated runs is shown in Figure 3. 
The absorbance at 655 nm increased rapidly after 
mixing of the MBH solution with 2,6-DMBQ solution, 
whereas it did not increase when MBH solution was 
mixed with the deaerated solvent. This shows that the 
oxidation of MBH by oxygen remained in the solvent 
after deaeration and oxygen which was dissolved on 
mixing and during the reaction can be neglected. By 
setting an appropriate time region in the initial stage, the 
curve was analysed by the Damping Gauses-Newton 
method combined with the aid of an attached computer 
program. The apparent first-order rate constants (kobad) 


Wavelengthlnm 


Figure 1. Absorption spectra of MB + taken ( 1 )  before and (2) 
after photoreduction 


wavelengthfnm 


Figure 2. Absorption spectrum of reaction mixture of MBH 
and 2,6-DMBQ 


were estimated with several concentrations of Qs at 
different temperatures. 


Since we used a large excess of TEA as a reducing 
agent, it is necessary to examine the influence of TEA 
on the rate of the hydride transfer reaction. Table 1 
shows the kobsd value obtained with various amounts of 
TEA. As can be seen, kohqd is independent of the conc- 
entration of TEA. The rate constants (kobx,) for the 
reaction of TH and some p-benzoquinones were also 
obtained in a similar manner. 


Since MBH and TH are very unstable, as mentioned 
above, we could obtain for the first time the rate 
constants for the hydride transfer reactions from MBH 
or TH to p-benzoquinones by the method described 
above. 
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Table 1. Dependence of the concentration of TEA on the 
apparent rate constant for the reaction of MBH with 2,6- 


DMBQ 


TEA/mmol dm-3 1.12 2.25 3.37 4.49 5.62 
k,,/s - ' 1.46 1.48 1.51 1.49 1-51 


DISCUSSION 
According to the reaction mechanism widely accepted 
for the hydride-transfer reaction, the reactants MBH 
and Q are in rapid equilibrium with a charge-transfer 
(CT) complex [MBH-Q] which is also in rapid equili- 
brium with the radical ion pair [MBH"-Q-'1 formed 
by the reversible electron transfer from MBH to Q in 
the CT complex [equation (l)]. This reversible electron 
transfer is followed by the irreversible proton transfer 
from MBH" to Q-' in the radical ion pair and the 
subsequent electron transfer to form MB' and QH- 
[equation (2)]. These reactions are followed by a fast 
electron transfer reaction between QH- and Q [equation 
(3)] and the subsequent disproportionation of QH 
[equation (4)]. 


K, K2 
MBH + Q === [MBH-Q] = [MBH"-Q-'1 


kf fast 


(1) 


[MBH"-Q-'1 - [MB'-QH'] - MB' + QH- (2) 


fast 
QH- + Q - QH + Q 


fast 
2QH' - QH2 + Q 


(3) 


(4) 
From the above scheme, the rate of formation of 


MB + is given by 


d[MB'l - kfKIQ1 ([MB'], - [MB']) ( 5 )  
dt 1 +UQ1 


where K = K,K2.  The pseudo-first-order rate constant 
kobrd in the presence of excess Q may be expressed by 


which can be rearranged to 


(7) 


The validity of equation (7) is shown by the plot of 
1/kobx, against l /[Q],  which gives a linear correlation 
(Figure 4). The values of k f  and k,K at several tempera- 
tures can be obtained from the intercepts and the slopes 
in Figure 4. The values of k f  and K for the reaction of 
MBH with other benzoquinones were obtained in a 
similar manner. The plots of l/k,,,, against 1/[Q] for 


1 1 1 1  


k~ kt kt.K [QI 
+-- - 


v1 
\ 


I 
r 


4 
A 
0 x 


I I I 
0 1.0 2 . 0  


2,5-DMBQ1i1 /dm3mol-' 


Figure 4. Plots of Ilkohul vs l/[Qlo for the reaction of MBH 
with 2,5-DMBQ at (0) 34.5, (0) 40.5, (0) 44.0 and 


(W) 50.0 "C 


TH are shown in Figure 5. In this case, the intercepts are 
very small and could not be determined precisely. 
Therefore, for TH only the k f K  values was obtained. 
These values are given in Table 2. From the temperature 
dependences of k,K for MBH and TH, the observed 
activation enthalpy and entropy were determined and 
are given in Table 2. The values of AH* and AS* for 
MBH are very similar to those for TH. Fukuzumi et 
a1.I3 obtained the activation enthalpy and entropy for the 


Figure 5. Plots of ilk,,,,, vs I/[Q],, for the reaction of TH 
with 2,s-DMBQ at (0) 25.0, (0) 35.0, (0) 45.0 and 


(W) 50.0 "C 
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Table 2. Rate data and activation parameters for the reactions of MBH and TH with p-benzoquinones 


Quinones MBH TH 


T / T  k,K/dm3 mol - ' s - ' kJs-1 K/dm3mol-' T/"C kiK/dmZmolV's-' 


2,5-DMBQ 34.5 
40.5 
44.0 
50.0 


2,6-DMBQ 26.5 
31.0 
40.5 
51.0 


2,5-DBBQ 26.0 
30.5 
34.5 
40.0 


679 
846 
916 


1120 
539 
742 
898 


1500 
48.4 
60.9 
65.4 
73.0 


2.59 
4.39 
6.30 


5.31 
8.00 


10.6 


16.8 
36.6 
0.115 
0.221 
0.249 
0.391 


260 
192 
145 
106 
103 
92.8 
53.5 
40.9 


424 
276 
262 
187 


25.0 
35.0 
45.0 
50.0 
25.0 
35 .O 
45 .O 
50.0 
- 


1730 
2110 
3170 
3670 
1430 
2000 
2920 
2920 
- 


AH'/U mol-' AShIIK/J K-'mol-' AH'/U mol -' ASTggK/J K-'mol-' 


2,5-DMBQ 22.9 -124 22.3 - 109 
2,6-DMBQ 27.8 -108 21.6 -112 
2,5-DBBQ 19.4 - I56 - - 


reaction of BNAH with p-chloranil, the mechanism of 
which is very similar to that for the present system. The 
values of AH* and AS* are 11 kJmol-'  and 
-126 J mol- 'K- ' ,  respectively. The values of AS* for 
MBH and TH are very similar to that for BNAH, while 
the values of AH* for MBH and TH are slightly larger 
than that for BNAH. The smaller activation enthalpy for 
BNAH may be responsible for the use of the more 
reactive benzoquinone. 


The k,K values for the hydride equivalent transfer 
from MBH or T H  to a series of p-benzoquinone deriva- 
tives in ethanol at 298 K are plotted against the redox 
potential E"(Q/Q-') in Figure 6. Since the E"(Q/Q-')- 
values for quinones used here in ethanol were not 
available, we used the values in acetonitrile. Smooth 
correlations between In k,K and E"(Q/Q-') are seen. 
Similar relationships have been reported for the hydride 
equivalent transfer from several hydride donors to p- 
benzoquinone derivatives. 1 3 ~ 1 7 * 2 2  Fukuzumi et al. l 3  
showed a smooth correlation between log k,K for the 
hydride equivalent transfer reactions from BNAH to a 
series of p-benzoquinone derivatives and E"(Q/Q-'). 
They pointed out that reasonable agreement of the 
experimental results with the curve drawn by the simu- 
lation based on the reaction mechanism shown above by 
using the free energy relationships for the electron 
transfer and the proton transfer was obtained. Carlson 
and MillerZ2 studied the kinetics of NADH oxidation by 
0- and p-benzoquinones in buffered aqueous solution 
and also found a good correlation between log k 
(second-order rate constant for hydride transfer) and 
E,?- which is the Q/QH- potential at pH 7, calculated 


by using E\ (Q/QH2 potential at pH 0) and pK,. As 
mentioned above, we used E"(Q/Q-')-values in 
acetonitrile instead of those in ethanol. Smooth relation- 
ships are expected between redox potentials in various 
media. Indeed, a smooth relationship can be seen for 
E,?- obtained by Carlson and Miller'' and E"(Q/Q-.) in 
acetonitrile. The correlation seen in Figure 6, therefore, 
shows the general tendency that the rate constants for 


I ( 1  1 
0 


( 2 )  
0 


-0.8 -0.7 -0.6 
E" (Q/Q-' /V 


Figure 6. Correlation between log k,K at 298 K in ethanol and 
the redox potential of p-benzoquinones, E"(Q/Q-') in 
acetonitrile.* (1) MBQ, (2) MOBQ, (3) 2,5-DMBQ; (4) 2,6- 


DMBQ; (5) 2,5-DBBQ; (6) TMBQ. (0) MBH; (0) TH 
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Table 3. Isotope effects on rate constant and equilibrium 
constant for the reaction of MBH and MBD with 2,6-DMBQ 


System k y - I  K"/dm' mol ' 
MBH-2,6-DMBQ 6.71 94.3 
MBD-2,6-DMBQ 3.97 99.6 


the hydride transfer reactions decrease with decrease in 
the redox potentials of  quinones. 


Since a proton is transferred in a rate-determining 
step involving an intermediate in equilibrium with 
reactants in the above mechanism, a kinetic isotope 
effect is expected. We produced leuco methylene blue-d 
(MBD) by using ethanol-d instead to ethanol as solvent 
and measured the rate of the reaction between MBD 
and 2,6-DMBQ. In Table 3,  the rate data for the reac- 
tions of MBH and MBD with 2,6-DMBQ are shown. 
The ratio of is about 1.7, while K H / K D  is nearly 
unity. These results are in agreement with the contention 
that no primary kinetic isotope effect is expected for the 
formation of the radical ion pair ( K ) ,  but for the proton 
transfer from MBH" to Q- '  in the radical ion pair ( k  ) 
a primary isotope effect is expected. Fukuzumi et al. 
observed the isotope effect k , / k D  in the range 1.5-6.2 
and a bell-shaped dependence of the k,/k,-values on 
the E"(Q/Q-')-values for the reactions of BNAH with 
p-benzoquinones. For a strong electron acceptor 
(DDQ), the rate constant k ,  was large and the isotope 
effect observed was small. The isotope effect for kf 
observed is not high but is not negligible. This shows 
that the hydrogen atom which is involved in leuco dye 
comes from the solvent molecule (from the hydroxy 
group of ethanol). The small isotope effect also shows 
that the transition state in the proton transfer in the 
radical ion pair [MBH"-Q-' ] is strongly reactant-like 
or p r ~ d u c t - l i k e . ~ ~  


$3 


CONCLUSIONS 


We obtained the rate constants for hydride transfer 
reactions between MBH or TH and some p-benzo- 
quinones for the first time by means of a combination 
of the formation of MBH and TH by photoreduction 
of methylene blue and thionine and the stopped-flow 
technique. We have demonstrated that the general 


mechanism with stepwise electron-proton-electron 
transfers holds in the present reactions from the results 
of the dependence of  the rate constants on the redox 
potential of benzoquinones and the kinetic isotope 
effect. 
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Titration calorimetric data show a dramatic change from endo- to exothermic deaggregation when 
pentanol-hexadecyltrimethylammonium bromide (CTAB) mixed solutions are injected into an aqueous solution 
containing pentanol. The results are interpreted in terms of a change in the structures of the aggregates in 
solution from simple CTAB micelles to mixed amphiphilic microheterogeneities when pentanol is added. 


INTRODUCTION 
In aqueous solution at 298.2K and ambient pressure, 
the amphipathicl salt hexadecyltrimethylammonium 
bromide (CTAB) forms micelles when the molality of 
CTAB exceeds 1 x mol kg-', the critical micellar 
concentration (CMC).' The associated limiting enthalpy 
of micelle formation (see also below) expressed' in 
terms of 1 mol of CTAB is -9..77kJ mol-I. With 
increase in concentration, new post-micellar phenomena 
are observed according to, for example, differential 
scanning micr~calorimetry.~ These phenomena are not 
examined here because we confine attention to solutions 
where the concentration of CTAB is around the cmc. An 
interesting and important feature of these systems is 
their ability to solubilize large amounts of organic 
compounds which otherwise have low solubility in 
water. Moreover, the solubilization can be very efficient, 
as shown4 by the molar ratio at saturation of 5 : 1 for n- 
pentanol to alkyltrimethylammonium bromide sur- 
factants and the incorporation, of 70 butanol molecules 
per micelle by CTAB. The enthalpy of transfer of n- 
pentanol from aqueous solution into CTAB micelles is 
endothermic, 6.42 kJ mol-I as expressed for 1 mol of 
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pentanol. Several models have been discussed for the 
solubilization.6 One approach' places the adsorbed 
alcohols in the palisade layer rather than in the hydro- 
phobic core. Another model stresses the role of surface 
sites.8 A more dramatic change in micelle structure. is 
envisaged in another description developing the concept 
of a mixed mi~e l l e .~ . '~  Thus, as more alcohol is added, 
the micelles lose their form, the system moving towards 
different microaggregates of alcohol and surf act ant^.^ 
These different models and explanations impinge on 
another important feature of micellar systems, namely 
micellar catalysis." Thus, CTAB micelles in aqueous 
solution catalyse the alkaline hydrolysis of 2,4- 
dinitrochlorobenzene" (DNCB). However, the catalytic 
action is reduced when monohydric alcohols are 
added.13 


To probe the interaction between pentanol and CTAB, 
we have used a titration microcal~rimeter.~~.'~ In the 
absence of pentanol, the deaggregation process of CTAB 
micelles to simple ions is endothermic (i.e. exothermic 
micelle formation). However, when pentanol was added, 
the endothermicity decreased, switching to an exother- 
mic deaggregation. We also report on the shift in cmc for 
CTAB when pentanol is added. The magnitude of the 
enthalpy changes point to a dramatic change in CTAB 
micellar (microphase)16 organization. 
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Materials. CTAB was used as described.I4 Pentanol 
(99%, Aldrich) was used as supplied. CTAB (Lancaster 
Synthesis) was dried overnight in an oven at <60 "C. 


Titration calorimetry. In an Omega titration 
calorimeter" (MicroCal, MA, USA), a syringe is 
mounted above a sample cell, volume 1.4115 cm , and 
injects small aliquots (typically cm3) of a solution 
into a sample cell. The output from the calorimeter 
(displayed on a VDU) shows a series of pulses which 
characterize the rate of heating required to hold sample 
and reference cells on the same temperature gradient. 
The Origin software integrates each pulse to produce a 
plot showing heat q( t )  at injection number k (see below). 


In the experiments reported here, stock aqueous 
solution was prepared containing a known molality of 
pentanol. Both sample and reference cells were filled 
with this aqueous pentanol solution. The same stock 
solution was used to prepare a CTAB solution of known 
molality, which was placed in the syringe. This protocol 
was the result of many preliminary studies. Originally, 
we had planned to put water into the sample cell and 
inject the CTAB + pentanol solution. The results were 
compared with calorimetric data where an aqueous 
solution of pentanol was injected into the sample cell, 
initially containing water. However, simple dilution of 
aqueous pentanol is strongly exothermic, throwing some 
doubt on the analysis of the data when (CTAB+ 
pentanol), was injected into water. The compromise in 
which reference, initial solution in sample cell and 
solvent for CTAB in the syringe had the same molality 
of pentanol proved satisfactory. 


A typical injection plot for aqueous CTAB in the 
absence of pentanol is shown in Figure 1. At the start of 
the experiment sample cell contains water and the 
syringe contains a solution in which the CTAB concen- 
tration is slightly above the cmc. In the first set of 
injections the micelles deaggregate to form effectively a 
dilute solution of a strong electrolyte, RNMe, '(aq) 
and Br-(aq). For this system the injections produce 
endothermic peaks. With increase in the number of 
injections, the concentration of CTAB in the sample cell 
increases, approaching and then passing the cmc. In the 
latter case, further injections are athermal, the micellar 
solution simply being diluted on passing from syringe to 
sample cell. Two pieces of information emerge from the 
integrated plots, e.g. Figure l(b). The first few peaks 
yield the enthalpy of deaggregation, b c s g g H ,  and the 
cross-over from endothermic to athermal injection 
occurs at the cmc. At least three determinations were 
made on each solution and the reproducibility in the 
cmc was within *3% and that in AdcaggH was within 
f0.5k.J mol-I. 


Each new solution was characterized by a new 
L g g H  and a new cmc. Hence several preliminary 
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Figure 1. Titration calorimetric study using aqueous CTAF3i. 
(a) Injection plot showing rates of heating pulses as a function 
of time: concentration of aqueous CTAB in syringe= 
14.8 x lo-' mol dm-'. (b) Integrated plot showing dependence 
of enthalpy changes associated with each injection as a 


function of injection number 


experiments were required to identify the amounts and 
volumes to be injected. With care it was possible to refill 
the syringe and continue the sequence of injections in a 
given experiment. 


RESULTS 
For aqueous solutions the titration calorimetric data 
(Figure 1) show a clear break in pattern near injection 
number 20, yielding an estimate of the cmc at 
9.99 x mol dm-3. The associated enthalpy change, 
assumed for such dilute solutions to be close to the 
limiting enthalpy change AmicH- for micelle formation, 
is -10.3 kJ mol-I. Both estimates agree with published 
values,2 -9.7 kJ mol-'. When n-pentanol was added to 
both solutions in the syringe and sample cell (see 
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Experimental), the switch from endothermic to almost 
athermal injection occurred at a lower concentration of 
CTAB. Moreover, the dilution of the CTAB solution 
was less endothermic (Figure 2). With increasing 
molality of n-pentanol in the CTAB solution, the initial 
injections became less endothermic, eventually switch- 
ing to exothermic (Figure 3). 


In order to observe the set of exothermic injections in 
Figure 2, the concentration of CTAB in the syringe had 
to be reduced significantly. Athermal injection was only 
recorded after a sequence of endothermic injections. 
Finally, the pulses refer to a series of equilibrium states. 
As shown by the injection pattern in Figure 4 (cf. Figure 
3), a small 'baseline' was recorded between each 
injection. 


[ *-** 
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Figure. 2. Integrated plot showing dependence of enthalpy of 
dilution as a function of injection number for aqueous CTAB 


(0.023 mol dm-') and aqueous npentanol (0.018 mol kg-I) 
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Figure 3. Integrated plot showing dependence of enthalpy of 
dilution as a function of injection number for aqueous CTAB 
(0.004 mol dm-3 and aqueous n-pentanol (0.111 mol kg-I) 


The effect of added n-pentanol on CTAB micelles was 
characterized using two quantities. An effective cmc was 
recorded as the concentration of CTAB in the sample 
cell at which the titration enthalpy was half the titration 
enthalpy (independent of sign) over the first few 
injections (Table 1). In these terms, the cmc decreases 
with increase in n-pentanol concentration, a pattern 
consistent with the generalization that amphiphilic 
solutes such as monohydric alcohols depress the cmc." 
The corresponding enthalpy term expressed in terms of 
1 mol of CTAB monomer was estimated from the 
enthalpy changes accompanying the first few injections 


' I  
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Figure 4. Recorded output from titration microcalorimeter 
showing rate of heating of sample/reference to attain same 
rate of increase in temperature as a function of time during 
which injections are made. The syringe contained aqueous 
CTAB (4 x mol and aqueous n-pentanol 
(0.11 1 mol kg - I ) ;  the sample cell contained aqueous n- 


pentanol (0.111 mol kg-I); total number of injections = 50 
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Figure 5.  Dependence on n-pentanol concentration of the 
enthalpy of aggregation for CTAB in aqueous solutions 


containing n-pentanol 
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Table 1. Effect of added n-pentanol on CTAB micelles in aqueous solution at 298.2 K 


Syringe solution 
~~~~~~ 


[CTAB]/lO-' mol dm-3 [n-pentan~l]/lO-~ rnol dm-' ~ m c / l O - ~  mol dm-' Aff-/kJ mol-' 


2.56 
2.31 
2.05 
1.86 
1.20 
0.71 
0.40 
0.40 


0 
1.82 
4.29 
5.59 
6.73 
9.13 
11.1 
13.1 


9.99 
8.59 
6.89 
5.56 
4.56 
3.57 
2.83 
1.88 


-10.3 
-9.0 
-8.1 
-6.9 


0.5 
4.4 
8.8 


12.3 


(Table 1). These enthalpy quantities showed a gradual 
change from exothermic to endothermic for aggregation 
(micelle formation) of the CTAB monomers, i.e. the 
reverse of the deaggregation accompanying injection 
(Figure 5). 


DISCUSSION 


The key question centres on the nature of the aggregate 
contained in the solution held in the syringe when that 
aqueous solution is prepared using CTAB and n-pent- 
anol. In the last example recorded in Table 1, the 
deaggregation process following injection into water is 
exothermic, 12.3 kJ (mol CTAB)-' (cf. Figure 3). The 
latter characterizes release of free alkylammonium ions, 
bromide ions and n-pentanol from the aggregates into 
an aqueous solution. The first entry in Table 1 shows 
that deaggregation of CTAB micelles is endothermic, 
+10.3 kJ mol-'. In these terms, the release of n-pent- 
anol from the CTAB aggregates is exothermic, 
-22kJ (mol DAB)- ' .  De Lisi et al. quote -6.42k.T 
(mol n-pentanol)-' for the transfer of n-pentanol from 
CTAB micelles into aqueous solution. This exothermi- 
city is consistent with a model which stresses the 
hydrophobic nature of n-pentanol and the interior of the 
CTAB micelles.'' Nevertheless, the arithmetic indicates 
that the aggregate in the syringe has a stoichiometry of 
approximately 3 PeOH-CTAB. If this is the case, a 
model based on incorporation of n-pentanol into a 
slightly modified CTAB micelle is unrealistic. More- 
over, the complexity in the titrations cannot be 
accounted for in these terms, especially the switch from 
exothermic to endothermic to approximately athermal as 
shown in Figure 3. A better description is in terms of the 
model suggested by Quirion and Desnoyers,' which 
treats, for example, both CTAB and n-pentanol as 
amphiphiles. A CTAB + n-pentanol system comprises 
mixed aggregates with a predominance of CTAB or n- 
pentanol microstructures depending on the CTABIn- 
pentanol molar ratio. The term comicellizes is used by 
Perron et al." in a comparable case to describe the 


interaction between the two components. We then 
attribute the complex patterns in the titration calorimetry 
to a sequence of microstructures (microheterogeneous 
clusters) as the titration proceeds. The switch from exo- 
to endothermic deaggregation signals a switch from 
deaggregation dominated by n-pentanol release to 
deaggregation dominated by CTAB. Gradually, how- 
ever, the structures in the syringe and sample cell must 
become identical because in the limit of an infinite 
number of injections the solutions have the same 
composition. We also note that within the time-scale of 
the experiment the information obtained refers to a 
series of equilibrium states. 
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DIOXETANE DECOMPOSITION REVISITED: A SEMI-EMPIRICAL 
STUDY OF THE POTENTIAL ENERGY SURFACE 
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Department of Molecular and Cellular Biology, Harvard University, Cambridge, Massacliusetts 02138, U.S.A. 


AND 


ARTHUR M. HALPERN 
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The potential energy surface describing the unimolecular thermolysis of 1,2-dioxetane into two formaldehydes 
is explored via semi-empirical calculations using the PM3 Hamiltonian with multi-electron configuration 
interaction. An active space of the four highest occupied orbitals and the two lowest virtual orbitals is used. 
Several reaction coordinates were examined, and the in-plane 0-0 distance was used most extensively. The 
results indicate that the activation barrier to fission is on the ground state surface and is about 18 kcalmol-', in 
good agreement with experimental results. Furthermore, calculations of the vertical triplet-state energies show 
that the ground and triplet states are nearly degenerate for 0-0 distances beyond that correspondirbg to the 
18 kcal mol-' barrier, until the molecule abruptly dissociates into two formaldehydes (at ca 2.55 A). This 
picture is indicative of a diradical pathway, where the activation energy is associated with motion of the system 
on the ground-state surface, not the triplet surface, but where generation of a triplet product can be expected. 
Similar results were obtained for dimethyl- and tetramethyldioxetanes, which require higher E ,  for 
dissociation, and for dimethyldioxetanone. Thermochemical calculations pertaining to these reactions and to the 
formation of triplet products are also presented. 


INTRODUCTION 


The unimolecular diabatic decomposition of 1,2-diox- 
etanes (D) into two carbonyl products has long attracted 
attention,' largely because the high exothermicity of the 
reaction [62 *7 kcalmol-' (1 kcal=4.184 kJ), depend- 
ing on alkyl substitution] is quite efficiently channeled 
into electronic excitation energy of one of the fragments. 
Indeed, with one or more alkyl substituents, from 6 to 
40% of one carbonyl compound is generated in its TI 
state, compared with <0.1% in its S, state.' Adding to the 
interest of four-membered ring peroxides, the less stable 
dioxetanone moiety is the energy-rich precursor of the 
bioluminescence of several organisms, such as that of 
fireflies.' 


9-9 P-9 
U 


Dioxetane Dioxetanone 


A point which is critical to the understanding of 
dioxetane chemistry, but not always appreciated, is that 
there exists no 'dark' (i.e. adiabatic) pathway of low 
activation energy for decomposition on the ground-state 
surface. The activation energy, E,, of D thermolysis 
can be determined in two ways:' (a) by measuring the 
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slope of the Arrhenius plot of reaction rates (the decay 
rate of either D concentration or of light intensity, or 
the rate of product formation), or (b) by taking direct 
advantage of the chemiluminescence emission and 
measuring the intensities of light emission from the 
same solution at two or more temperatures, provided 
that these temperatures are low enough that the concen- 
tration of dioxetane can be considered to be constant 
during the measurements. The first method gives a value 
of E ,  which reflects the decomposition of the dioxetane 
by all pathways, light or dark. The E, value obtained by 
the second method is attached only to the light-emitting 
process. In the case of dioxetanes, these two activation 
energies have repeatedly been shown to be equal (unless 
impurities catalyze a dark pathway). Therefore, diox- 
etanes do not decompose rapidly to form ground-state 
products. In fact, even though they may explode, they 
are surprisingly stable peroxides considering the ring 
strain. 


When methyl-substituted dioxetanes were first 
synthesized, they caused some surprise and posed a 
challenge to theorists, not only because of their unex- 
pected stability, but also their capacity to generate high 
yields of excited-state products. Various semi-empirical 
(SE)3 and ah initio (AI)4 methods were applied to the 
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problem. Qualitatively, the consensus was that inter- 
system crossing from the singlet ground-state surface to 
a triplet surface had to be an integral part of the dis- 
sociation process, and that the cross-over point should 
determine the value of the activation energy. Today, 
however, even the parent compound is still barely 
accessible to truly rigorous A1  method^,^ since the 
problem requires the evaluation of spin-orbit coupling 
at the intersecting regions of the potential surfaces. 


Because reliable experimental information is avail- 
able on the thermodynamic properties of many alkyl- 
substituted dioxetanes and their yields of excited-state 
products,' it seemed worthwhile to test the ability of 
contemporary semi-empirical calculations to 'second 
guess' these data, and in the process possibly to throw 
some light on the mechanism of these diabatic reac- 
tions. The objective of this paper is to report the results 
of such SE calculations. We show in our conclusion 
that if, 30 years ago, a chemist with no preconceived 
idea had drawn the structure of the then hypothetical 
dioxetane ring, and used an SE method such as AM1 or 
PM3 to calculate its molecular structure and explore its 
fate upon elongation of the 0-0 or C-C bond, he or 
she would have concluded that dioxetanes should be 
stable enough to be synthesized. Furthermore, there 
would have been reason to expect the formation of 
excited triplet-state products. 


COMPUTATIONAL METHODS 
All work was performed on an IBM RS/6000 Model 
320 with 32 MB RAM and 2.7 GB of mass storage. Ah 
initio calculations were camed out on dioxetane (D) 
using the Gaussian 92 (Revision A) suite of programs."" 
AM1 and PM3 calculations6b with the multi-electron 
configuration interaction (MECI) utility were run using 
MOPAC 93.& 


We utilized the PM3 Hamiltonian with multi-electron 
configuration interaction and chose as the active space 
the four highest-filled MOs and the two lowest virtual 
MOs; thus, there are eight active electrons populating 
six active orbitals (8/6). These levels correspond, in 
increasing energy, to la2,  Sa,, 2b,, 2a2, 4h2 and 5h2 
MOs in dioxetane. Calculations spanning the same 
space without the lowest energy filled MO (la,) (i.e. 
6/5) gave nearly identical results. 


SE calculatiop give 0-0 distances (1.60 A from 
PM3 and 1.34 A from AM11 in keeping with available 
x-ray d$a (average 1.5 A), and with the result 
(1.521 A) of an ah initio calculation using 
MP2/6-31G*, known to give geometries in good 
agreement with experimental structural data in the case 
of dioxirane.' 


We compared the energies of ground state D 
obtained from both SE and A1 methods (see Table 1). 
As a reference point, we used the result of an A1 
calculation using the MP2 method at the 6-31G" 
level, which is -228.2503 147 h. Single-point 
MP2/6-31G* calculations were performed on the 
optimized D structures obtained from PM3 and AM1.6 
The results show that the optimized PM3 and AM1 
structures are higher only by 3.11 and 
12.93 kcal mol-I, respectively. The closeness in 
energy between the PM3 structure and the fully 
optimized MP2/6-31G* geometry, and also the more 
realistic 0-0 bond length obtained with PM3, lend a 
degree of confidence to the use of PM3/MECI for 
exploring the reaction surface for the thermolysis of D 
into two formaldehydes (F). 


The potential energy surface of ground-state D was 
scanned by incrementing a chosen coordinate while 
optimizing all other coordinates at each point. We 
explored several possibilities for the independent 
variable and found that the coordinate that appears to 


Table 1. Structural and energetic properties of 1,2-dioxetane 


Parameter AM1 PM3 AI/MP2 Ref. 5 Expt l a  


roo14 1-339 1.599 1.521 1.74 1.47-1.58 
rcci4 1.541 1.526 1.509 1.54 1.49-1.58 
rc0l.p 1.48 1.436 1.459 1.47 1.44- 1.49 
Torsion angler 0.064 0.296 19.22 15.8' 0-22 
E(diox)/kcal mol-' 12.93h 3.11h O W d  
E(form)/kcal mol-' 0.0717b 0.537b 0.0' 
-AH,'/kcal mol-' 78.2 62.8 53.4 57.1 


'Ranges for substituted dioxetanes from x-ray data; see Ref. 1 b. 
bSingle-point calculation (kcal mol- ' )  at MP2/6-31G' level; energies are relative to those of the 
fully-optimized MP2/6-31G' values. 
'MP2/6-31G' optimized energy is -228.2503147 h. The energy reported by Reguero er ul.' for 
D (MC-SCF/4-31G) is -227.3771 h, which is  substantially higher. 
'The planar structure is higher by 0.68 kcal mol-l. 
' MP2/6-31G' optimized energy is - 114.1677476 h. 


8The planar structure is only 0.1 kcal mol - I  higher. 
Defined here as E(diox) - ZE(form) obtained from the respective methods. 
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provide the most realistic picture of the reaction surface 
is the (in-plane) stretching of the 0-0 bond. 


RESULTS 


Unsubstituted dioxetane 
Both AM1 and PM3 calculations (with MECI) indicate 
that when the 0-0 bond is eloggated (to ca 1.7 A in 
the case of AMl/MECI and 2.0 A for PM3/MECI), the 
dioxetane ring is ready to come apart very abruptly on 
the ground-state surface, with very little extra activation 
energy beyond that point. However, to obtain this bond 
length, considerable energy has to be spent, about 
17-20 kcal mol-I, in fair agreement with the experi- 
mental value of E,.X 


A scan of the globally relaxed potential energy 
surface shows that whep the 0-0 bond distance is 
between 2.55 and 2-60 A, the C-C bond breaks, and 
two F molecules are produced. A plot of the 
PM3/MECI (8/6) energy vs 0-0 distance is shown in 
Figure 1. T)ere is a monotonic increase in energy up to 
about 2.0 A, after which the energy fluctuates some- 
what until the s y s t p  dissociates when the 0-0 
distance is ca 2.55 A. In view of the fact that triplet 
formaldehyde is bent, its generation from activated 
dioxetane is presumably facilitated by increased 
Franck-Condon factors (see Figure 1). 


We also calculated the vertical energies of the lowest 
triplet state of the system corresponding to each struc- 
ture along the 0-0 dissociation coordinate. Figure 1 
shows that the triplet-state and the thermally 'activated' 
ground-state surfaces coipcide for 0-0 distances 
between 2.00 and 2.55 A, at which point cleavage 
abruptly occurs. However, the point to be emphasized 
here is that the cu 18 kcal mol-l activation barrier to the 
dissociation process is associated with the ground-state 
surface, in keeping with experiment (see Introduction). 


This result is at odds with the conclusion of a recent 
A1 analysis,5 which reported that there is only a very 
small energy barrier (ca 2 kcalmol-') to dioxetane 
decomposition on the ground state surface, calculated to 
intersect a triplet (TI) surface at very low excess 
energy. Unrealistically efficient intersystem crossing at 
that cross-over point is then assumed to cause the 
system to move on to the triplet surface, where a 
calculated barrier of ca 25 kcal mol-' is met to com- 
plete the dioxetane cleavage. This conclusion, which 
may be the consequence of a quptionable ground-state 
starting geometry (with a 1.74 A 0-0 bond length), 
is simply not tenable. 


Our calculations show that, consistent with tbe 
sudden drop in energy at an 0-0 distance of 2.55 A, 
the C-g distance, as expected, suddenly increases (to 
2.7-3.0 A), indicating the rupture of this bond; like- 
wise, the C-Q bond length decrFases (from an initial 
value of 1.44 A for D to 1.22 A) as the carbonyl is 


formed in the F product. The calculation also reveals 
changes in the 0-C-C-0 torsional angle, d, as the 
0-0 bond is elongated. This angle increases from 
0.33" in the <quilibrium configuration to about 12" (at 
0-0 = 2.2 A), and th$n fluctuates until dissociation 
occurs at C-C=2.55 A, at which point d = 9 "  . The 
fully optimized lowest triplet-state structure of D [using 
PM3/MECI (8/6)] has a calculated 0-0 distance of 
1.94 A and an energy of 19-0 kcalmol-I. This structure 
is close to the point along the 0-0 coordinate where 
the singlet and triplet surfaces first intersect. 


An often debated question is whether dioxetane 
decomposition is a concerted, semi-concerted (an 
unclear concept) or stepwise process, via the 
intermediacy of a diradical. The PM3 surfaces of 
Figure 1 suggest the last process, since the abrupt 
rupture of the C-C bond occurs only after consider- 
able elongation of the 0-0 bond. For the sake of 
completeness, we also explored the potential energy 
surface for the concerted cleavage of D using 
PM3/MECI (8/6). The 0-0 and C,C bonds were 
stretched in equal increments of 0.01 A; thus the two 
OCH, fragments were separated from each other while 
keeping the C-0 axes parallel. The activation barrier 
in this calculation is 35 kcalmol-I, gnd occurs at an 
0-0 (C-C) distance of ca 1.9 A; the dioxetane 
cleaves abruptly at that point. 


Figure 1 shows that ground and lowest triplet states 
are isoenergetic over a wide range of (relaxed) 0-0 
distances. In this region of degeneracy, favorable 
conditions for intersystem crossin should obtain, as 
proposed by Turro and Devaquet,' resulting in triplet 
formaldehyde. We also calculated the overall ther- 
mochemistry of the fission reaction D + 2F. These 
exothermicities, -AH,,  may be compared with the 
thermochemical estimate" and with the adiabatic (i.e. 
0-0) excitation energy, E,, of the lowest triplet state of 
F (Table 1). Using SE and A1 methods, we find E,  from 
PM3/MECI and CIS/6-31G* to be 54.4 and 
79.4 kcal mol-', respectively, which bracket the experi- 
mental value of 72-0 kcalmol-'. It is known that 
excitation energies are systematically underestimated by 
SE methods." In any case, the sum - A H , +  E,  is 
sufficient to allow the thermal generation of triplet 
formaldehyde. 


Methyl derivatives 
SE methods remain easily applicable to the case of 
methyl-substituted dioxetanes. We applied the 
PM3/MECI method and the approach described above 
to the calculations of the potential energy surfaces of 
four dioxetane derivatives: 3,3-dimethyldioxetane 
(33DMD), cis-3,4-dimethyldioxetane (CDMD), 
trans-3 ,4-dimethyldioxetane (TDMD) and 3,3,4,4- 
tetramethyldioxetane (TMD). In each case, we 
employed the 0-0 distance as the reaction 
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' 0  -0' I I I I I I  


1.6 1.8 2.0 2.2 2.4 2.6 2.8 


0-0 DISTANCE, A 
Figure 1. Potential energy surface o(PM3/MECI) for dioxetane thermolysis. For the ground-state surface (m), the in-plane 0-0 
distance was incrernented in 0.05 A steps, the geometry was reoptimized at each point, and the potential energy recalculated. (0) 
Corresponding yenical triplet-state energy values. The triplet and singlet surfaces are nearly isoenergetic in the region between 
ca 2.0 and 2.5 A where the energy artefactuaJly fluctuates. The detailed characteristics of the PE surface, e.g. the energy values and 
cleavage point, for 0-0 distances ;+2.0A depend on the active space used and the 0-0 step size, but in this region the 


qualitative picture remains basically unchanged 


coordinate, and found that the C-C bond abruptly 
ruptures yhen the 0-0 separation is between 2.3 
and 2 . 4 A ,  depending on the compound. Also as in 
the case of D, the vertical triplet state energies of the 
species along this reaction path became nearly degen- 
erate with the ground state for an appreciable distance 
after an energy barrier is passed on the ground-state 
surface. Thus the energies of the ground and (lowest) 
triplet state as a function of 0-0 distance resem- 
bled the data shown in Figure 1 for D. Table 2 
summarizes the results for substituted dioxetanes. The 
activation barriers of dimethyldioxetanes are calcu- 
lated to be between those of D and TMD, but very 
close to each other, in accord with the trend observed 
experimentally (see Table 2). lb.8*'4  However, the 
range of calculated values (14 kcal mol - I  from D to 


TMD) exceeds the experimental range of ca 
8 kcal mol-'. Likewise, the AHr values calculated for 
the dimethyldioxetanes are intermediate between 
those for D and TMD. 


Dimethyldioxetanone 
PM3/MECI calculations performed on dimethyldiox- 
etanone give a simila; picture. When the 0-0 
separation is ca 2.1 A,  an energy plateau about 
19 kcal mol -I  above the ground state is reached, where 
the energy of the vertical triplet state and that of the 
ground state converge. Cleavage into acetone acd C 0 2  
occurs at an 0-0 separation of ca 2.9 A. The 
exothermicity of this process is calculated to be 
86 kcal mol - I .  
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Table 2. Structural and energetic properties of methyl- 
substituted dioxetanes and dimethyldioxetanone obtained with 


PM3/MECI 


Compounda E, (kcal mol - I ) h  -AHr (kcal mol-I)‘ 
~~ 


33DMD 26 (24 i 1) 66 (61) 
CDMD 27 (24.4 i 0.5) 68 (63) 
TDMD 26 (23.8 f 0.5) 67 (62) 
TMD 33 (27 i 1) 74 (81) 
DMDO 19 (21 f 1) 86 (81)d 


‘Abbreviations: 33DMD = 3,3-dimethyldioxetane; CDMD = cis-3.4- 
dimethyldioxetane; TDMD = rrons-3,4-dimethyldioxetane; TMD = 
tetramethyldioxetane; DMDO = dimethyldioxetanone. 


parentheses, experimental values (Refs lb,  8,  12). 
‘In parentheses, thennochemical estimates o f  -AH, by Benson’s 
method for the same compounds (Ref. 10). Calorimetric measurements 
for TMD give 65 f 1 kcalmol-l. see Ref. 13. 
dAn ab iriitio calculation at the HF/6-31G* level gave 
-AH,=82.3 kcalmol-’. TheTMDenergy is -383.7932466 h. 


CONCLUSIONS 
Our results indicate that SE methods such as AM1 and 
PM3, readily available to chemists, are capable of  
providing a description of  the potential surfaces perti- 
nent to dioxetane decomposition; perhaps surprisingly, 
this description is consistent with experimental data. 
Until an appropriately high level o f  theory can be 
successfully applied to this problem, SE methods can 
serve as useful tools. 
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An approach to the quantitative evaluation of XOH acidity in the gas phase and in dimethyl sulphoxide solution 
is described. It is based on one-parameter correlations between the acidities of XOH family members and the 
electron affinities of the XO' radicals or highest occupied molecular orbitals (HOMO) energies of the 
corresponding XO- anions. The approach is based on Koopmans' theorem and provides familial correlations 
for the acidities of alcohols, carboxylic acids, phenols and mineral acids with calculated (MNDO, AM1 or PM3) 
HOMO energies of their anions. 


INTRODUCTION 


During the last 10-15 years, the dramatic increase in 
experimental data for OH acidities, both in the gas 
phase'-5 and in dimethyl sulphoxide (DMSO),"" has 
given rise to efforts towards their quantitative descrip- 
tion. The deprotonation energy (the difference between 
total energy of XO- anion and that of initial XOH 
acid) has been used for the quantitative a yriori  estima- 
tion of XOH acidity. The calculated deprotonation 
enthalpies agree fairly well with corresponding experi- 
mental values in the gas phase.l5-l9 However, the 
calculations are time consuming and, therefore, justified 
only for the prediction of acidities that are difficult to 
determine by direct  measurement^.'^ 


Recently, a quantitative description of OH acidity in 
the gas phase and DMSO of XOH compounds by 
means of a three-parameter equation, which includes 
parameters for X-substituent polarizability, 
inductive/field and resonance effects was proposed.2*2n*2' 
Another approach to quantitative estimation of XOH 
acidity, AGL, = AH,",L1 - TAS;, is based on the ther- 
modynamic cycle of a proton transfer rea~t ion:~  


AH:ci, = BDE(X0-H) - EA (XO') + IE(H') (1) 


CCC 0894-3230/95/050364-07 
0 1995 by John Wiley & Sons, Ltd. 


where BDE(X0-H) is the energy of the homolytic 
dissociation of the OH bond in XOH and E A ( X 0 ' )  is 
the electron affinity of the XO' radical. Therefore, 
equation (1) can be applied, with allowance for the 
constancy of the hydrogen atom ionization energy 
IE(H.)=313.6 kcalmol-' (1 kcal=4.184 kJ) and of 
the entropy term TASfCid, as follows: 


AG;~~~, = BDE(XO-H) - EA (xo') + a 


a = IE(H') - TAS:cicl = constant 


(2) 


(3) 


where 


Equation (2) can be transformed2n,2' into a one- 
parameter relationship (5) on assumption of either a 
proportional change in the dissociation energy of the 
XO-H bond and the electron affinity of the XO' 
radicals: 


BDE(X0-H) = BEA(X0') + y (4) 
where B and y are constants, and/or constant 
BDE(X0-H) values: 


(5 )  
where the slope a = B -  1 and intercept h = a + y are 
constants which are characteristic for a given family of 
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AG:cid = aEA (XO') + b 
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XOH compounds. In the general case, the coefficient a 
before E A ( X ' )  is not expected to be equal to -1 as in 
eauations (1) and (2). One can see that a =  -1  only on 


range of AHfcid for alcohols, henols, carboxylic and 
mineral acids have been made. UP 


RESULTS AND DISCUSSION 
This work was aimed at the description of OH acidity in 


cdndition that @ ='O and BDE(X0-H) = y = con&nt. 
The dependence of the enthalpy on E A ( X 0 ' )  for 
six aliphatic alcohols has been observed*" over a fairly 
narrow range of values and attempts to determine 
the dependence of AH:, on E A ( X 0 ' )  over a wider 


the gas phase and in DMSO in ;he framework of -the 
one-parameter equation (5). It is based on the large 


Table 1. Gas-phase acidity (AG:cid),l acidity in DMSO (pKJ6 of OH-acids XOH, homolytic dissociation energy of the XO-H 
bond (BDE) ,  electron affinity o f  radicals XO' (EA)'  and HOMO energies of XO- (E,,,,), calculated by the MNDO, AM1 and 


PM3 methods in this work 


-EHOMO (eV) 
Compound AGfC,, PK, BDE EA (XO') 


No. XOH (kcal mol-I) (DMSO) (kcal mol-I) (eV) MNDO AM1 PM3 


AIcohols 
1 H,O 


2 CH,OH 


3 C2H50H 


4 C,H,OH 
5 i-C,H,OH 


6 t-CaHyOH 


7 s-C,HyOH 
8 CH,OCH,CH,OH 
9 PhCH,OH 


10 CH,FCH,OH 
11 CHFzCH20H 
12 CF,CH,OH 
13 CF,CH(CH,)OH 
14 CF,CF2CH20H 
15 CF,OH 
16 (CF,),CHOH 
17 (CF,),COH 
18 CH,=CHOH 


Phenols 
19 PhOH 
20 4-CHjOC6H4OH 


21 4-CH,C,H,OH 
22 4-FC6HaOH 
23 S-FC,H,OH 
24 4-CICbH4OH 


25 3-CIChH4OH 
26 3-CF3ChH4OH 


27 4-CF&H,OH 


28 3-NOZCbH4OH 
29 3,4,5-CI'C,H,OH 
30 3,5-(CF,)&H,OH 
31 4-N0$6H,OH 
32 C6FSOH 


384.5 


374.4 
375.1' 
37 1 .O 
372.05 
369.9 
369.1 
370.1 ' 
368.4 
369.3' 
367.9 
367.2 
363.6 
363.9 
359.6 
354.5 
353.7 
349.0 
341.0, 
338.5 
324.4 
350.0' 


342.6 
343.8 


343.4 
340.2 
337.1 
336.6 


335.4 
332.8 


330.4 


327.6 
323.9 
323.2 
321.3 
320.8' 


31.4 


29.0 


29.8 


- 


30.3 


32.2 


- 
- 
- 
- 
- 


23.5 
- 
- 
- 


16.0'" 
10.7 
- 


18.0'" 
19.17' 


18.97" 


15.97h 
16.8'" 


15.8'" 
14.9' 
15.67" 
15.2'" 


14.47" 
12.77" 
13.1' 
10.87J 
8.9 l 4  


- 


117.9' 
1 19.OZ2 


104.4'' 
104.3' 
103.3" 
103.2,' 
104.9' 
102.7 " 
105.2' 
102.12' 
105.522 


104.1~ 


- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 


90.024 
84.6'" 
78.1,' 
88.77" 
- 
- 


84.4,' 
90.3'" 
91.8'" 
93.8'" 


87.2= 
95.37" 
94.37" 
93.17" 


94.7" 
- 


- 


1.83' 


1.57' 


1.73' 


1.795 
1.84' 


1.915 


1.95 
1.90 
2.14 
2.10 
2.23 
2.42 
2.54 
2.70 


3.19 
3.77 
1.82 


- 


2.20 
2.15 


2.16 
2.3 1 
2.45 
2.47 


2.52 
2.64 


2.74 


2.85 
3.00 
3.05 
3.5526 
3.06 


0.47 


2.4 1 


2.47 


- 


- 


2.63 


- 
- 
- 


2.93 


4.20 
- 


- 
- 


4.95 
5.5 1 
6.57 
1.68 


2.52" 
2.75 


2.67 
- 
- 
- 


3.02 
3.22 


- 


2.66 
3.81 
3.89 
3.86" 
4.08 


0.87 


2.05 


2.13 


2.24 
2.33 


2.57 


2.36 
2.47 
2.82 
2.58 
3.06 
3.72 
3.45 
3.82 
4.98 
4.99 
6.01 
1.91 


2.69'' 
2.89 


2.7 1 
2.87 
3.05 
3.04 


3.04 
3.34 


3.59 


2.79 
3.66 
3.94 
4.14'' 
3.87 


1.01 


1.79 


1.92 


2.03 
2.20 


2.54 


2.14 
1.21 
2.59 
2.40 
2.90 
3.97 
3.97 
4.09 
5.05 
4.98 
5.98 
1.86 


2.69 
2.84 


2.69 
2.92 
3.05 
2.99 


2.99 
3.31 


3.58 


2.78 
3.54 
3.90 
4.24 
4.00 
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Table 1. Continued 


-EHoMo (ev) 
Compound AGfcid P K  BDE EA (XO') 


No. XOH (kcal mol-') (DMSO) (kcal mol-I) (eV) MNDO AM1 PM3 


33 4-CF'SO&,H,OH 
34 2,4,6- (N02)jC,H2OH 
35 2-C$,H 
36 l-CIuH7OH 


37 1,4-(NO2)2C&,OH 
38 1-OH-anthraquinone 
39 l-OH4-NO2-anthraquinone 
Carboxylic acid.7 
40 HCOOH 
41 CH,COOH 
42 PhCOOH 
43 FCH,COOH 
44 CICH,COOH 
45 F,CHCOOH 
46 NCCH,COOH 
47 C1,CHCOOH 
48 CF,COOH 
49 C,F,COOH 
50 CC1,COOH 
Mineral acids 
51 HOF 
52 HOCl 
53 HNO, 
54 HNO, 


56 HPO, 
57 H2SO4 


55 CH,SO,H 


58 FSO,H 
59 CF,SO,H 


60 HClO4 


315.7 
302.3 
336.8 
- 


- 
- 
- 


338.4 
341.5 
33 1.7 
331.3 
328.8 
323.8 
323.7 
320.9 
316.4 
316.6' 
3 12.8 


362.0, 
348.0' 
330.5 
317.8 
315.0, 
303.327 
302.227 
299.8,' 
299.027 


285.0 


- 


17.1'" 
16.2'" 
15.412 
8.9'' 


14.0" 
10.0" 


10.4'' 
12.4"' 
11.0"' 


8.9"' 
6.2 'I' 
8.2 I' 
6.3 I' 
3.6" 


- 


- 
- 


- 
- 


7.5 


1.6 
- 


- 
- 
- 


0.3 


- 


3.36 
- 
- 


- 


- 
- 
- 


3.26 
3.01 
3.39 
3.70 
3.61 
3.85 
3.87 
3.96 
4.20 
- 
- 


2.05 
2.17 
2.35 
3.70 


5.2OZ7 
4.50 
4.8OZ7 
4.90 
5.40' 
5.82 


- 


5.34 
6.00 
2.89 
2.80 


3.94 
3.60 
4.61 


3.74 


4.29 
- 


- 
- 
- 


4.80 
- 
- 


4.35 
5.14 


1.60 
2.54 
3.06 
5.41 
5.73 


6.34 
6.82 
6.93 


6.83 


- 


4.70 
6.05 
3.03 
2.93 


4.19 
3.84 
4.8 1 


3.66 
3.96 
4.68 
4.26 
4.46 
4.64 
4.92 
4.9 1 
5.28 
4.67 
5.33 


1.73 
2.69 
3.00 
5.81 
6.4 1 


7.28 
7.24 
6.33 


7.23 


- 


4.2 1 
6.21 
3.02 
2.93 


- 
3.72 
4.82 


3.56 
3.93 
4.46 
4.32 
4.40 
4.70 


4.78 
5.25 
4.45 
5.07 


- 


2.58 
2.50 
2 3  1 
5.72 
5.45 


6.00 
6.22 
6.39 


- 


- 


collection of experimental values of AG.:ci,,, 
pK,(DMSO), BDE(X0-H)  and E A ( X 0 ' )  that have 
been obtained to date. 


Table 1 presents literature data on the gas-phase 
acidities (AG$J, acidities in DMSO (pK,), dissociation 
energies of XO-H bonds (BDE) and experimental 
electron affinities of XO' radicals for families of 
alcohols, phenols, carboxylic and mineral acids. In 
addition, the HOMO energies of X O -  anions calculated 
in this work by MNDO, AM1 and PM3 methods are 
given. Selected series of compounds cover the maxi- 
mum range of acidity: 90 kcalmol-' in the gas phase 
and ca 30 pK, units in DMSO solution. 


The BDE values for alcohols ROH and carboxylic 
acids are known to be centred within the limits of 
104 f 2 kcal mol-' and 106 f 2 kcal mol-', respect- 
ively,*, which is consistent with a negligible 
contribution of resonance to the stabilization of the 
heteroallyl radical, O=C(R)-0 ' ,  and also the alkoxyl 


radical R0'.2X Therefore, the changes in the experimen- 
tal values of BDE and EA for alcohols and carboxylic 
acids are symbiotic (Figure 1). The dependence of BDE 
values on EA for phenols is more sensitive to the 
phenoxyl radical structure (Figure l).7a 


Three separate relationships have been obtained 
between the gas-phase acidity AGzcicl and E A ( X 0 ' )  for 
alcohols and carboxylic acids [Figure 2, line I; equation 
(1) in Table 21, phenols [Figure 2, line II; equation (2) 
in Table 21 and mineral acids [Figure 2, line HI; equa- 
tion (3) in Table 21. It should be emphasized that the 
point for vinyl alcohol (Table 1, No. 18) fits line I1 for 
phenols (Fig. 2) because of the significant resonance 
effect of the CH,=CH-O. radical'" and in the 
CH,=CH-0- anion." Point No. 1 for H,O deviates 
from line 1 (Figure 2) owing to the extremely high 
BDE(H0-H) value and, consequently, the high value 
of AG,O,,. Points 51 and 52, for HOF and HOCI, deviate 
from line 111 (Figure 2) for mineral acids because of 
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Figure 1. Dependencies of BDE values on the EA(X0') values 
for the series of compounds: alcohols (0), carboxylic acids 
(A), and phenols (0). Numbering of points is given according 


toTable 1 


anion destabilization which results from the repulsion 
between lone pairs of electrons on the halogens and 
those of an anionic centre (a-effect).* Therefore, a 
quantitative description of the OH acidity of XOH 
compounds in the gas phase in the framework of the 
one-parameter dependence of AG$d on EA (XO') values 
proves to be useful, since it divides all XOH com- 


I I i i 


1 2 3 L 5 6 7  
EA(XO').eV 


L"" 


Figure 2. Dependencies of the acidity (AG:cid) values of series 
of acids XOH in gas phase on the EA values of radicals XO in 
gas phase (the numbering of points corresponds to the data of 
Table 1, equations (1)-(3) in Table 2; 0, A, line I for alcohols 
and carboxylic acids; 0, line II for phenols; 0, line III for 


mineral acids) 


Table 2. Correlation equations relating gas-phase acidities ( -AGfcid, kcal mol-'), acidities in DMSO (pK) of acids 
XOH, electron affinities of XO' (EA, eV) and HOMO energies of XO- (E,,,,, eV) calculated by MNDO, AM1 and 


PM3 methodsa 


Parameter Equation No. Compound No. a b r n 


AGfci,, = aEA,,,(XO ) + b (Figure 2) 1 


2 
3 
4 


5 


EA,,,(XO') = aEHoMo(XO~, AM1) + b (Figure 3) 6 
7 
8 
9 


10 
11 
12 
13 


A&, = aEHoMo(AM1) + b (Figure 4) 


p K  = aEHoM0(AM1) + b (Figure 5 )  14 
15 


2-14, 16, 17, 
40-48 
18-30,32,33 
53,54,56-60 
1.36, 38-45, 
47-55,57-59 
(PM3) 
1-3, 6, 10, 12, 
15.21,25,26, 
28-40,42,46, 
49-55,57-60 
(MNDO) 
2-14, 16, 17 
18-27.29-33 
40,43-48 
51-54,57,58 
1-17 
18-27,29-35 
40,43-38,50 
53-55,57,58 


19-21,23-27 
29-31,34-38, 


2,3, 12, 16, 17 


41,44-48 


- 22.64 


-23.05 
-12.5 


0.9 1 


0.96 


-0.52 
-0.67 
-0.55 
-0.5 1 
1 1.60 
12.68 
14.60 
6.7 
4.74 
5.55 


410.98 


393.17 
361.5 


0.26 


0.12 


0.63 
0.4 1 
1.28 
0.92 


395.86 
375.24 
392.92 
352.9 
39.73 
33.73 


0.998 


0.998 
0.970 
0.976 


0.977 


0.99 1 
0.960 
0.970 
0.990 
0.994 
0.975 
0.982 
0.942 
0.994 
0.979 


24 


15 
7 


56 


41 


15 
15 
7 
6 


17 
17 
8 
5 
5 


22 


"The numbering of points corresponds to Table 1 
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pounds into three groups that are distinguished by their 
charge delocalization in the XO- anion. 


In a one-parameter relationship AG$,, versus 
EA(XO'), the HOMO energy of the XO-  anion can be 
used on the basis of Koopmans' theorem, E A =  
-EHOMO, for radical and anion,29 instead of  experimen- 
tal values EA(X0').  For the calculations of vertical 
ionization energies of XO- anions or the electron 
affinity of XO' radicals (EA) in the present work, the 
semi-empirical methods MNDO, AM1 and PM3 were 
used.'" These methods provide results (Table 1) that are 
comparable with respect to each other [equations (4) and 
(5) in Table 21. Therefore, further correlation equations 
include only the calculated E,,,, values which are 
obtained by means of the AM1 method (cf. Ref. 30). 
The dependences of the experimental values EA(X0' )  
on the calculated values E,,,, (AM1) are presented in 
Figure 3. Any single class of compounds forms its own 
linear relationship with a unique slope [equations 
(6)-(9) in Table 21. Since all slopes are less than unity, 
the EHOMo values for XO- anions are overestimated with 
respect to the experimental values of electron affinity 
EA(X0' )  (cf. Ref. 30). The largest overestimation is 
characteristic of anions of mineral acids and the small- 
est overestimation of the calculated E,,,, values 
belongs to aryloxy anions [equations (7) and (9) in 
Table 21. A number of points deviate from lines I-IV 
(Figure 3). Thus, the point for the hydroxide ion (No. 1) 
falls above line I, that for the 3-nitrophenoxide ion (No. 
28) falls above line 11, the points for acetate ion (No. 41) 
and benzoate ion (No. 42) fall below line 111 and those 
for triflate ion (No. 59) and perchlorate ion (No. 60) fall 
above line IV. E,,,, values for anions 1 ,  28, 59 and 60 


underestimate the experimental values, while the calcu- 
lated EHOMO values for anions 41 and 42 overestimate the 
experimental values. 


Since the relationships between experimental values 
EA(X0 ' )  and calculated values EHOMO (AM1) for XO-  
anions in the framework of Koopmans' theorem 
describe only families of compounds, the dependences 
of AG:cid on EHOMO (AM1) [equations (10)-(13) in 
Table 2, Figure 41 separately describe the gas-phase 
acidity of alcohols, phenols, carboxylic and mineral 
acids. Point No. 28 deviates from line I1 (Figure 4), 
points 41,42 and 49 deviate from line III and points 5 1 ,  
52, 59 and 60 deviate from line IV, for the reasons 
mentioned above (Figures 2 and 3). It is possible that 
the OVGF (AM1) method for the estimation of EHOMO 
values of anions, which is based on a modification of 
AM1 method,'" can provide more precise convergence 
of experimental and calculated data. If this is verified, 
the XOH acidity could be described with a single 
equation: 


Actcid = cBDE(X0-H) + dEHo,, + constant (6) 
where c and d are constants. 


One might expect that the approach which is based on 
the quantitative description of gas-phase XOH acidity 
for some classes of compounds would be relevant also 
for the acidity of XOH acids in DMSO solution 
because it follows from the linear relationships between 
the XOH acidities in the gas phase and in DMSO 
s o l ~ t i o n . ~ ~ ' ~ ~ ' '  Both Table 2 [equations (14) and (15)] 
and Figure 5 present the dependences of the pK, values 
of hydroxy acids in DMSO on E,,,, of XO-  anions. 
The acidity of phenols and carboxylic acids corresponds 


I I ,  I , I 


- E H O M ~  (AM 1) .eV 


Figure 3. Dependencies of electron affinity values of radicals 
X O  (EA) on the HOMO energies of the corresponding XO- 
anions (E,,,,) (the numbering of points corresponds to the 
data of Table 1, equations (6)-(9) in Table 2; 0, line I for 
alcohols; 0, line II for phenols; A, line III for carboxylic acids; 


V, line IV for mineral acids) 


I I I ,  I I 


-EHOMO(AMl).eV 
0 1 2 3 r C 5 6 7 0 2  


Figure 4. Gas-phase acidities of XOH acid series (ACp,,,) 
versus HOMO energies of the corresponding XO- anions 
(E,,,,) calculated by AM1 method (the numbering of points 
corresponds toTable 1, equations (10)-(13) in Table 2; 0, line 
I for alcohols; 0, line I1 for phenols; A, line I11 for carboxylic 


acids; H, line IV for mineral acids) 
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0 1 2 3 4 5 6 7 8 9  
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Figure 5. pK;'values of XOH acid series versus the HOMO 
energies of the corresponding XO- anions (EHOMO) calculated 
by AM1 method (the numbering of points corresponds to 
Table 1, equations (14), (15) in Table 2; 0, line I for alcohols; 
0, A, line I1 for phenols and carboxylic acids; a, line III for 


mineral acids) 


to the same relationship [equation (15) in Table 2; 
Figure 5, line II]. Nevertheless, some deviations from 
these equations (points 1,5  and 6 from line I and points 
28, 32, 39, 40 and 42 from line 11 in Figure 5) are 
referred to the calculated values EHoM0 for these 
compounds. 


on the estimation of the acidity 
of substituted phenols in DMSO, the oxidation poten- 
tials of phenoxide ions in DMSO were used. On this 
occasion, para  substituents, being strong electron 
acceptors and donors, deviate from E,,(A-) versus pK, 
plots owing to additional stabilization of the phenoxyl 
radicals in solution.7a There are no such deviations from 
the dependence of pK, values on EHoMo for phenols 
(Figure 5, line 11) owing to the absence of this effect 
when using the calculated ionization energies for 
phenoxide ions. 


For the mineral hydroxy acids, the acidity changes in 
DMSO are only slightly dependent on the EHOMO values 
of their XO- anions because of a lack of experimental 
data on pK, (dashed line III in Figure 5). 


Taking into account the wide structural variety of 
hydroxy acids, the application of the calculated EHOMO 
values for the estimation of pK, values for hydroxy 
acids of different classes in DMSO provides satisfac- 
tory results. 


In a previous study 
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AMINES AS LEAVING GROUPS IN NUCLEOPHILIC AROMATIC 
SUBSTITUTION REACTIONS. III.* HYDROLYSIS OF l-AMINO-2,4- 


DINITROBENZENES 


ELBA B U J b  DE VARGAS,? M. VIRGINIA REMEDI AND RITA H. DE ROSSI? 
Instituto de Investigaciones en Fisicoquimica de Cdrdoba, INFIQC. Departamento de Quimica Orgdnica, Facultad de Ciencias 


Quimicas, Universidad Nacional de Cdrdoba. C.C. 61, SUC. 16,5016 Cdrdoba, Argentina 


The kinetic study of the reaction of l-pyrrolidino-2,4-dinitrobenzene, l-piperidino-2,4-dinitrobenzene and 1- 
morpholino-2,4-dinitrobenzene with NaOH in the presence and absence of the amine leaving group was carried 
out in aqueous solutions at 25"C, giving 2,4-dinitrophenol as the only product. A mechanism involving the 
formation of u complexes by addition of HO- or the amine to the unsubstituted positions of the aromatic ring is 
proposed. These complexes were found to react faster than the original substrates. 


INTRODUCTION 


Although aromatic amines with general structure 1 are 
fairly resistant to elimination of the amino group, we 
have reported some special cases where the substitution 
of the amino group by a nucleophile is It 
seems that a low interaction of the nitrogen lone pair of 
electrons with the x system is necessary so that substitu- 
tion of the amino group occurs. 


1 


There are also several reports that deal with easy 
amine-amine exchange in 1-amino derivatives of 
2,4-dinitronaphthalene, 2,4,6-trinitrobenzene and 2,4- 
dinitrobenzene in dimethyl sulphhoxide (DMS0).4 


We have previously found that the addition of 
a nucleophile (HO- or an amine) to C-3 of 1- 
piperidino-2,4-dinitrobenzene (2) or l-morphohno-2,4- 
dinitrobenzene (3),' and the addition of one and 
two HO- groups to C-3 and C-5 of 1-piperidino-2,4,6- 
hinitrobenzene (4) or l-morpholino-2,4,6-trinitrobenzene 
(S),' activate the substitution of the amine by HO-. 


'For Part II, see Ref. 2. 
t Authors for correspondence. 


CCC 0894-3230/95/020113-08 
0 1995 by John Wiley & Sons, Ltd. 


We report here our results regarding the reaction of 1- 
pyrrolidino-2,4-dinitrobenzene (6) with NaOH in water 
at 25 "C together with new results from the reactions of 
2 and 3. 


RESULTS 


l-Pyrrolidino-2,4-dinitrobenzene ( 6 )  


The reaction of 6 in water containing 2% dioxane at 
HO- concentrations up to 1 M in the presence and 
absence of pyrrolidine leads quantitatively to the 
formation of 2,4-dinitrophenol, as evidenced by com- 
parison of the product with a mock solution of 2,4- 
dinitrophenol. A good isosbestic point is obtained when 
the spectra of the solution are taken at different reaction 
times (Figure 1). 


The observed rate constant, kobs, was determined by 
measuring the disappearance of 6 at 387nm and the 
values obtained can be fitted to an equation of third- 
order in [HO-] (Table 1, Figure 2): 


/cobs= k,[HO-]+kz[HO-]2+k3[HO-]3 (1) 


In the presence of 0.2 M pyrrolidine, kob increases by as 
much as two orders of magnitude, showing the same 
dependence with [HO-] (Table 2, Figure 3) but with 
higher values of kz and k3 (Table 3). At constant HO- 
concentration, the reaction is linearly dependent on 
pyrrolidine concentration (Table 2). 
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Figure 1. Absorbance of 6 in the presence of 0.81 M NaOH at 
different reaction times. [6], =4 x lo-' M. First cycle (a), 


1 min. Total reaction time, 11 h 


Table 1. Observed rate constants for the hydrolysis of 
l-pyrrolidino-2,4dinitrobenzene (a), l-piperidino-2,4-dinitro- 
benzene (2) and l-morpholino-2,4di~trobenzene (3) in water 


at 25 "C and dependence on hydroxide ion concentration 


Substrate [NaOHI (M) 105k,,, ( s - ~ )  


6 0.100 0.042 
0.200 0.146 
0.300 0.255 
0.391 0.410 
0.500 0.570 
0.601 0.770 
0.701 1.26 
0.794 1.74 
0.897 2.40 
0.939 2.56 
0.999 3.10 


2 


3 


0.505 
0.697 
0.779 
0.902 
0.984 


0.574 
0.697 
0.779 
0.820 
0.861 
0.902 
0.984 


2.49 
5.10 
6.30 
8.90 
11.1 


4.00 
5.90 
7.70 
8.80 
9.80 
11.0 
13.0 


I 1 1 1 1 


0.0 0.2 0.4 0.6 0.8 1.0 1.2 


HO-, M 


Figure 2. Plot of kob, vs [HO-] for the formation of 2.4- 
dinitrophenol from 6 in the absence of pyrrolidine at 25 "C. 


Solvent, 2% dioxane-water 


Table 2. Observed rate constants for the hydrolysis of 1- 
pyrrolidmo-2,4d~troknzene (6), 1 -piperidin0-2,4d~tro- 
benzene (2) and l-marpholin0-2,4dinitrobenzene (3) in water at 
25 O C  and dependence on hydroxide ion and amine conmtdonsa 


Substrate [NaOH] (M) [Amhe] (M) 104k,, (s-l) 


6 0.214 
0.197 
0.197 
0.197 
0.299 
0.384 
0.427 
0.598 
0.683 
0.810 
0.980 


2 


3 


0.197 
0.197 
0.197 
0.197 
0.197 
0.400 
0.492 
0.656 
0.820 
0.980 


0.197 
0.197 
0.197 
0.197 
0.197 
0.197 
0.492 
0.738 
0.902 
0.984 


0.216 1.01 
0.473 1.56 
0.709 2.20 
0.946 2.94 
0.216 1.80 
0.216 3.20 
0.216 5.00 
0.216 8.40 
0.216 12.0 
0.216 17.1 
0.216 31.0 


0.242 0.94 
0.324 1.42 
0.404 1.70 
0.485 1.74 
0.607 2.40 
0.240 3.34 
0.240 5.60 
0.240 11.4 
0.240 16.6 
0.240 29.4 


0.228 2.40 
0.320 1.90 
0.411 2.40 
0.457 3.25 
0.823 5.40 
1.03 6.45 
0.228 7.00 
0.228 16.0 
0.228 31.0 
0.228 36.0 


'Solvent contained 2% dioxane; ionic strength p= 1 M (NaCI); 
[substrate],=4x 10-'M. 'Solvent contained 2% dioxane; p= 1 M (NaCI); [substrate], = 


4 X lo-' M. 
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Table 3. Calculated values of the third-order coefficient of equation (1) for the reactions of compounds 2.3 and 6 


Coefficient 6 2 3 


/c3 (in the presence of amine) (1.9f0.2) x ( 1 . 9 f 0 . 3 ) ~  lo-' ( 2 . 6 f 0 . 4 ) ~  
k3 (without amine) (2.3 f 0.3) x (6.1 f0.8) x (5.2f0.8) x lo-' 


4 


0.0 0.2 0.4 0.0 0.8 1.0 


HO'. M 


Figure 3. Plot of /cobs vs [HO-] for the formation of 2,4- 
dinitrophenol from 6 in the presence of 0.22 M pyrrolidine at 


25 "C. Solvent, 2% dioxane-water 


l-Piperidino-2,4-dinitrobenzene (2) and 
l-morpholino-2,4-dinitrobenzene (3) 
In order to compare the results for the hydrolysis of 6 
with those of 2 and 3, which were previously studied 
under the same conditions but at lower HO- concentra- 
tion (0.01-0.4 M), the reactions of these two substrates 
were studied at HO- concentrations up to 1 M (Tables 1 
and 2). The whole set of data can also be fitted by an 
equation of the form of (1). 


DISCUSSION 


We have previously suggested the mechanism in 
Scheme 1 for the hydrolysis of substrates 2 and 3.' This 
mechanism takes account of the possibility of substitu- 
tion of the amine (Am) within the 3-hydroxy u complex 
7 and the 3-amine u complex 8. Kinetic evidence for 
the substitution of other leaving groups (NO,, Me0 and 
C1) within 1,3-u complexes has been rep~rted.'.~ 


The observed rate constant for this mechanism is in 
agreement with the experimentally determined rate law, 
provided that K ,  [HO-] + KIA [HO-] [Am] c 1, and we 


estimated that this was the case under the reaction 
conditions used. At the concentrations of HO- used in 
this study, a term third order in HO- is found. The 
coefficient of this term [k3 in equation (I)] is different 
in the presence and absence of the amine, as can be 
seen in Table 3. There are two orders of magnitude 
difference between the values under the two sets of 
conditions. 


The third-order term in equation (1) could be 
accounted for by the formation of either complex 9 or 
10. The ionization of Meisenheimer complexes at high 
base concentration is k n ~ w n , ~ - ~  and based on those 
results we estimated that the equilibrium constant for 
reaction (2) should be 4 0  M-'. 


Am 


7 + no- 


NO, 


10 


On the other hand, the equilibrium constant for the 
formation of 9 can be estimated to be 1 M-'. This value 
is obtained considering the equilibrium constant for 
the addition of two HO- groups to 4 namely 
7-5 x 10' M-',' and taking into account the decrease in 
stability expected for a compound with one less nitro 
group as indicated below. Therefore, both compounds 
are expected to have similar stability and might be 
present under our reaction conditions. However, if 9 
and 10 were fully responsible for the third-order 
coefficient in the rate law, it should be independent 
of the amine concentration, which is not the case. 
We therefore suggest the mechanism indicated in 
Scheme 2. 


The formation of intermediate 11 requires one amine 
molecule and two HO- and can account for the amine 
dependence of the k3 term in equation (1). 
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A02 
8 


I 


NO2 
7 


NO2 


Scheme 1 


11 


Scheme 2 


Addition of HO- to the substrate may occur also at 
position 5 ,  but formation of the product from this 
intermediate is expected to be less favourable than for 
7 or 8 because in the pathway to the products, 
intermediate 12 would form instead of 13. 


(OH or Am) (OHorAm) 


12 13 


Another alternative which could explain the third- 
order term is shown in Scheme 3. The mechanisms in 
Schemes 2 and 3 are kinetically equivalent and the 
differences are that for Scheme 3 the third-order depen- 
dence is due to ionization of the OH group in the 1 : 2 (J 


complexes and that the rate-determining step is the 
leaving of the amine, whereas in Scheme 2 the amines 
may or may not be rate determining (see below). 


Available data do not allow an easy differentiation of 
the two mechanisms, but we prefer that in Scheme 2 on 
the grounds that with substrates 4 and 5 we did not find 
evidence for the reaction pathway shown in Scheme 3. 
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NO; 


NOz 


I 


OH 


Scheme 3 


Further, the second- and third-order rate coefficients are 
similar for the three substrates and, if the leaving of the 
amines were rate determining, larger differences would 
be expected for these rate constants. 


The observed rate constant for the mechanism shown 
in Scheme 2 is given by equation (3), provided that all 
the intermediates are present in very low concentration. 


It was very difficult to fit the rate data and obtain 
good values for the coefficients of first, second and 
third order in HO- concentration, because in most of 
the range studied the third-order term predominated, 
especially when amine was present. Therefore, we used 
the data at concentrations lower than 0.3 M to calculate 
k, from the intercept of a plot of k,,/[HO-] vs [HO-1, 
and with this value and using a non-linear least-squares 
fit (calculations were carried out using the curve-fitting 
procedure of Sigmaplot") we calculated the second- 
and third-order coefficients. The data without amine 
present provides the values of k , K , ,  and K1K2k3, 
whereas the data in the presence of amine combined 
with those just mentioned provide the values of K I A  k,, 
and KIA KzA k3,, which are given in Table 4. 


The values of the ratio k I A K I A / K 1 k ,  are 909, 124 and 
117 and those of KIAK2Ak3A/K1K2k3 are 500, 152 and 
176 for the reactions of 6, 2 and 3, respectively. The 
ratio K , , / K ,  represents the stability ratio of the 1 : 1 u 
complexes of the amine and HO- with the substrate. 
The equilibrium constants for the addition of pyr- 
rolidine and piperidine to hinitrobenzene have been 
measured" and also those for the addition of HO- to the 
same compound." The ratio of these equilibrium 
constants is 342 and 136 for pyrrolidine and piperidine, 
respectively, which are very similar to the values of the 
rate ratios k,,K,, /K,k,  and KIAKzAk3A/KlK2k3 for the 
catalysis by morpholine and piperidine, respectively, 
indicating that the reactivity of the intermediate 1,3-u 
complexes is independent of the nucleophile bonded to 
C-3 as found previously.'*' The catalysis by the amine is 
relatively more efficient in the reactions of 6 than in 
those of 2 and 3. 


The ratios k , K , / k ,  are 1-29, 9.43 and 4.17 for 6, 2 
and 3, respectively. The value of K ,  < 3 x lo-' can be 
estimated, considering the values of the equilibrium 
constant for the addition of HO- to picryl piperidine, 
which is 19.6,' and the effect of removing one nitro 
group from the aromatic ring. This effect can 
be estimated from the values of K for equations (4) 
and (3.'' 
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Table 4. Calculated rate constants for the hydrolysis of l-pyrrolidino-2,4-diitro- 
benzene (6 ) ,  1 -piperidino-2,4-dinitrobenzene (2) and l-morpholino-2,4-dinitrobenzene 


(3) in water at 25 "C 


Parameter 6 2 3 


k, x lo6 (M-'  s - ' ) ~  3.4f0.4 5.3 f 0.5 12.7 f 0 . 6  
k, K ,  x lo5 (M-* s - ' ) ~  0.44 f 0.3 5.0 f 0.7 5.3 f 0.6 
k , ,K , ,  x lo' (M-' s-')' 4 + 1  6.2 f 0.2 6.2 +0.5 
K,,K,,k3, x lo3 (M-4 s-')E 11.5 f0.9 9.2 f 1.4 13f0 .2  
K ,  K ,  k, x lo5 (M-3 s - ' ) ~  2.3 f0.3 6.0 f 0.8 7.4 f 0.7 


"Calculated from data of k,,/HO- vs [HO-] with data at HO- concentrations lower than 0.25 M. 
Calculated from data of k* vs HO-. 
Calculated from data of kob, vs [HO-] in the presence of 0.2 M amine. 


NO, NO, 


(in 60% DMSO-water) K = 1.3 x M-' 


The value of K, (Scheme 2) is expected to be lower 
than the estimated value because the equilibrium con- 
stant for equation (5) has been determined in 60% 
DMSO-water and it is known that DMSO greatly 
stabilizes u complexes.7z88" 


Considering the estimated value for K,, it follows 
that the 1 : 1 u complex is more than 300 times more 
reactive than the substrate itself. Similar results has 
been reported previously.2.'2 


We previously suggested that the increase in the rate 
of addition of HO- to the 1,3-a complex compared 
with the rate of addition of HO- to the substrate may be 
due to the fact that in complexes 7 and 8 the nitrogen of 
the amino group is rotated out-of-plane in order to 
favour the planarity of the two nitro groups with the 
cyclohexadienyl ring.'-3 To support this proposal, we 
carried out semi-empirical calculations using the AM1 
method to determine the more stable conformation of 
substrates and intermediates. 


The calculations indicated that for substrate 6, the 
dihedral angle formed by the two rings of the molecule 
is 87.4". The o-nitro group is also rotated out of the 
plane of the aromatic ring with an angle of 56.2". 


Owing to limited computer capacity we could not 
perform calculations of the structure of intermediates 
7, 9 and 10; therefore, we used model compounds 14 


and 15 and compared them with 2,4-dinitroaniline 
(16). 


14 15 


We found that the electronic density of C-1 decreases 
slightly in 14 compared with 16, and the C-1-N 
distance is greater in 14 and 15 than in 16. A decrease in 
the electronic density of C-1 in 7 compared with the 
substrate would facilitate the attack of a HO- group in 
this position,in spite of the fact that complex 7 already 
has a negative charge. Besides, an increase in C-1-N 
bond length on formation of complexes 7, 9 or 10 
(or 11) would favour the departure of the amine. 


It should be noted that all the rate constants are quite 
similar for the three substrates; only k,K, is approxi- 
mately ten times smaller for 6 than for the other 
substrates. All the steps that lead to the product in 
Scheme 2 must involve the attack of HO- to the carbon 
bearing the amine substituent and therefore the forma- 
tion of intermediates 13, 17 and 18. Depending on the 
rate of bond rupture for C-N and C-0 in 
intermediates 13, 17 and 18, the formation or decom- 
position of the intermediate should be rate determining. 


An 


17 18 


The reaction of 2,4-dinitrophenylphenyl ether with 
piperidine in 10% dioxane is catalysed by HO-,I4 
whereas the same reaction with pyrrolidine is not;" (6)  
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these reactivity differences were attributed to much 
higher ratios of the rate constants for leaving group 
expulsion from the u complex intermediate for the 
reaction of pyrrolidine than for the piperidine deriva- 
tive. The reactions to be compared in our system are 
shown in equation (6), and k-,lk-,  should be much 
higher for pyrrolidine than for piperidine or morpholine 
and therefore formation of the intermediate might be 
rate determining for the last two compounds and not for 
the former, and consequently the lower values of k, and 
K , k ,  found for 6 could be explained on this basis. 
However, all the other rates are similar for the three 
compounds and then the relative values of k- ,  and k-oH 
should be strongly dependent on whether the starting 
compound is 1 : 1 u complex or the other highly charged 
intermediates. 


A in 


CONCLUSIONS 
The amines can be replaced by nucleophiles in the 
aromatic ring. The addition of a nucleophile to an 
unsubstituted position of the aromatic ring favours the 
displacement due to rotation of the amine group from 
the mean ring plane, which decreases the interaction of 
the nitrogen electron lone pair with the JC system of the 
aromatic ring and so it increases the C-N bond 
length. 


Higher concentrations of nucleophiles lead to highly 
charged u complex intermediates by addition of 
nucleophiles to unsubstituted ring positions, which also 
react faster than the substrate itself. 


EXPERIMENTAL 
Materials. l-Pyrrolidino-2,4-dinitrobenzene, m.p. 


93-94 "C (lit.4b m.p. 101.5-102.5 "C), l-piperidmo- 
2,4-dinitrobenzene, m.p. 92-93 "C (lit.14 m.p. 92-93 "C) 
and l-morpholino-2,4-dinitrobenzene, m.p. 117- 11 8 "C 
(lit.16 m.p: 118 "C) were prepared by the method 
used prev~ously." The identity of 1 -pyrrolidino-2,4- 
dinitrobenzene was confirmed by 'H NMR (200 MHz, 
CCl,), 6 2.058 (t, 4H), 3.344 (t, 4H), 6.900 (d, lH), 
8.188 (dd, lH), 8.658 (d, lH), and by "C NMR 


(200 MHz, CDC13), 6 25.57, 51.03, 115.46, 123.88, 
127.56, 135.50, 143.53. 


Dioxane was purified as described previo~sly.~" 
Pyrrolidine was dried over KOH, refluxed for 24 h over 
sodium and distilled. Piperidine and morpholine were 
purified as before.' 


Water purified in a Millipore Milli-Q apparatus was 
used throughout. 


All of the inorganic reagents were of analytical- 
reagent grade and were used without further purification. 


UV spectra were recorded on a Shimadzu UV-260 
spectrophotometer and the change in absorbance during 
a kinetic run was measured on the same instrument and 
on a Beckman 24 spectrophotometer. NMR spectra were 
recorded on a Brucker ACE 200 instrument. 


Kinetic procedures. Reactions were initiated by 
adding the substrate dissolved in dioxane to a solution 
containing all the other constituents. The total dioxane 
concentration was 2% in all reactions, the temperature 
was 25 "C and the ionic strength was 1 M. NaCl was 
used as compensating electrolyte. 


All kinetic runs were carried out under pseudo-first- 
order conditions, with substrate concentrations of about 


In all cases the reactions were followed up to 90% 
conversion and good pseudo-first-order plots were 
obtained. Aliquots of the reaction mixture were taken at 
different times and made acidic with 3.7 M H,S04 in 
50% ethanol-water. The concentration of the substrate 
was then determined by reading the absorbance at the 
wavelength maximum of the particular substrate, that is, 
387 nm for 1 -pyrrolidino-2,4-dinitrobenzene, 400 nm 
for l-piperidino-2,4-dinitrobenzene and 378 nm for 1- 
morpholino-2,4-dinitrobenzene. 


The pseudo-first-order coefficient for the disappear- 
ance of the substrate, kob, was obtained from the slope 
of the plot of In A, vs time. 


4~ 1 0 - 5 ~ .  
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KINETIC AND SPECTROSCOPIC STUDIES OF THE HYDROLYSIS OF 
BIS (2,4-DINITROPHENYL ETHER)S OF POLY (ETHYLENE GLYCOL) 


JULIAN M. DUST* AND MARY D. SECORD 
Department of Chemistry, Sir Wilfred Grenfell College, Corner Brook, Newfoundland, A2H 6P9, Canada 


Bis(2,4-dinitrophenyI ether)s of the water-soluble polymer poly(ethy1ene glycol) (PEG) are  low-loading models 
for time-release herbicide systems and may potentially hydrolyse in basic aqueous media according to a 
mechanistic menu that includes elimination, aliphatic and/or aromatic displacement, as well as anchimerically 
assisted displacement involving 0-6 of the polyether backbone. This paper study reports kinetic (second-order 
rate constants, k,, and activation parameters) and 'H (400 MHz) NMR results (monitoring of the reaction in 
DMSO-d, and D,O) for the alkaline hydrolysis of a series of these ethers (DNPEGs). DNPEGs with varying 
average molecular weights (MW) of the polymer backbone (DNPEG-59, -1900 and -3200, where the numbers 
refer to the PEG MW) were studied, as were DNPEGs that differed only in the degree of end-group 
substitution, namely DNPEG-1900-59 and -81 (where the final numbers refer to the percentage substitution). 
The 'H NMR studies show significant aryl ring hydrogen-deuterium exchange in the hydroxide-DMSO-d, and 
hydroxide-D,O systems examined, as well as a poly(ethy1ene glycol) alkoxide (PEG-0-)  C-1 adduct in DMSO- 
d,; the PEG-0-  is displaced in an SNAr fashion from DNPEG as a result of initial hydroxide attack a t  C-1 of 
DNPEG. The kinetic and spectroscopic results are discussed in the context of previous kinetic studies of 
alkaline hydrolysis of alkyl 2,4-dinitrophenyl ethers, recent 'H NMR spectroscopic studies o f  electron-deficient 
aryl ethers and the mechanism of hydrolysis in the DNPEG systems. The possible significance of these results 
for the development of time-release herbicide systems is considered briefly. 


INTRODUCTION 


Polymers form the backbone of time-release delivery 
systems for a variety of bioactive agents including 
pesticides, drugs,' herbicides' and  perfume^.^,^ In 
general, two approaches have been taken to the incor- 
poration of these agents into polymers: covalent 
attachment, usually via hydrolytically labile  bond^,^-^ 
and entrapment in the polymer matrix either during 
copolymerization or ~ r o s s - l i n k i n g , ~ ~ ~  or in post- 
polymerization processing.' Entrapment can be further 
divided into those systems in which the bioactive agent 
is temporarily immobilized in a stable matrix, but can 
diffuse and those that release the agent as the 
polymer decomposes, as from bioerosion.'*'" 


In the present study, a model polymeric herbicide 
was prepared and the kinetics of release were 
studied, under aqueous alkaline conditions, namely the 
bis(2,4-dinitrophenyl ether) of poly(ethy1ene glycol) 
(hereafter DNPEG,l). In a naive sense one could 
dissect this model compound into its component 


* Author for correspondence. 


herbicide, 2,4-dinitrophenol, and the camer polymer, 
poly(ethy1ene glycol), i.e. PEG. 


NO2 


1 


2,4-Dinitrophenol is a well known herbicide that acts 
by uncoupling the oxidative chain and so interferes 
with the formation of adenosine triphosphate (ATP), 
although the exact mechanism of the uncoupling has 
not been completely elucidated. ' I  As a model bioactive 
agent, 2,4-dinitrophenol should be viewed as a herbi- 
cide that belongs to the broader class of nitroaromatics 
and nitroheteroaromatics. Compounds that contain the 
electron-withdrawing nitro group constitute a large 
class of drugs and bioactive agents as reviewed by 
Straws. I' 
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In examining the other part of the model polymeric 
herbicide, it should be noted that PEGS are poly- 
(oxyethylenes) that have average molecular weights of 
less than 20 000 and also relatively narrow molecular 
weight distributions (i.e. the polymer approaches 
monodispersity and MW = M ,  = M J  PEGS are linear, 
water-soluble polymers that are biocompatible and non- 
t o x i ~ . ' ~ . ' ~  These properties, as well as their solubility in 
solvents ranging from dichloromethane and benzene to 
water and ethanol, account for the wide use of PEGS in 
chemical and biotechnical applications. A partial list of 
uses of PEGS and their derivatives includes their use: 
(1) as affinity ligands in aqueous two-phase partition- 
ing,I5.I6 (2) in the preparation of surfaces that reject 
proteins (e.g. for use in capillary electroph~resis),~~ (3) 
in peptide syntheses, as soluble supports,1x (4) as 
recoverable phase-transfer agents," (5 )  in drug 
modification, to improve water-solubility , for example- 


ation.22 Preparation of many of these PEG derivatives 
has been reviewed by Harris and co-workers2' and the 
literature on the use of these and other derivatives as 
phase-transfer catalysts and solvents for organic reac- 
tions is the subject of a review by Totten and Clinton.24 


In the present case, we recognize the limitations of 
our model. First, even with full derivatization of the 
PEG, the degree of 'loading' of the bioactive agent is 
low. As a water-soluble polymer, any study of hydrol- 
ysis is facilitated. However, it could be argued that a 
biodegradable solid would be a preferable method of 
delivery, since problems associated with application of 
the herbicide, such as spray-drift, would be minimized. 


, 2.20.21 and (6) for protein (eg. enzyme) immobiliz- 


Nonetheless, the current study extends our work in the 
area of reactions of electron-deficient aromatic deriva- 
tives of  polymer^.*^*^^ Moreover, the insights gleaned 
from the body of work will permit the design, prepara- 
tion and study of more complex and realistic polymeric 
herbicide systems. 


To probe the effect of the molecular weight of the 
polymer backbone, the current mechanistic study includes 
a range of DNPEGs (MW = 59, 1900 and 3200, namely, 
DNPEG-59, -1900 and -3200). Two different degrees of 
substitution were also examined for DNPEG-1900 (81% 
and 59%, hereafter, DNPEG-1900-81 and DNPEG-1900- 
59, respectively). The kinetic and 400 MHz 'H Nh4R 
studies of the alkaline hydrolysis of these derivatives 
will be presented and discussed on the basis of compari- 
son to suitable nonpolymeric systems and to the 2,4,6- 
trinitrophenyl (picryl) derivatives of PEGz5 and 
cellulosez6 that we have examined previously. 


RESULTS 


Kinetics 
Aqueous alkaline solutions of substrates ([DNPEG] ca 
5 x mol 1 - I  in end groups) were prepared with 
excess standardized hydroxide in deionized, distilled 
water. These solutions were monitored spectrophotome- 
trically at 420 nm, where 2,4-dinitrophenoxide ion 
(DNPO-) absorbs free from overlap with the 
absorbance due to the substrates. Plots of In(A, - A,) 
against time showed good linearity ( r  2 0.995) under 
these conditions at 60°C (e.g. Figure 1, where 


-3 t ................................................... I 
I 


I 
3.5 ............................................................................ 


I 


-4 
2000 4000 6000 8000 10000 12000 14000 


- 1 ; ; ; : ; : ; ; ; : : ; ;  
0 


Time (seconds) 


Figure 1. Sample pseudo-first order plot of natural logarithm of absorbance versus time is shown for the reaction of DNPEG-1900- 
81 with sodium hydroxide at 60°C. Concentration of DNPEG, ca 4.7 x 10.' mol I - '  in end-groups; concentration of NaOH, 


2.7 x mol I- ' .  In this example, kob = 2.2 x s - '  and the linear regression line has a correlation coefficient r of 0.9998 
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0.0007 


O.W(j 


0.0005 -. 


0.0004 
La 11s 


0.0003 


0.0002 


Table 1. Variation of pseudo-first-order rate constant (koh) 
with hydroxide concentration for DNPEG-1900-81 at 60 "C 


A 


................................................................ 


................................................................................. 


_. .................................................................................. 
A 


.................................................................................... 


A ........................................................................ 


[OH-] (mol 


8.157 x 6.77 (lt0.48) x W4 
6.327 x 10.' 5.00 (lt0.07) x 


2.708 x 10.' 2.16 (i0.03) x 
9.324 x 7.13 (*0.14)x 


4.577 x 10-2 3.75 (lt0.20) x 


1800-200-fold excess of  [OH-] over [DNPEG-1900-81]. 
"The standard deviation in k., is given in parentheses after each value; 
this was obtained from at least three separate runs. 


[NaOH] = 600 x [DNPEG]). The pseudo-first order rate 
constants, k,, (Table l), obtained over a range of OH- 
concentrations (200- 1800-fold excess of OH-), for 
DNPEG- 1900-8 1 were plotted against the OH- concen- 
trations to yield a straight line ( r  = 0.999) that passed 
through the origin within the error of the line. The 
significance of this final observation will be discussed 
below. 


Therefore, the results indicate that the rate law for 
release of 2,4-dinitrophenoxide ion, DNPO - is first 
order with respect to both the polymer and hydroxide 
concentration; thus, 


d[DNPO-]/dt = k ,  [DNPEG-1900-81 ][OH-] (1) 
The slope of the kobs versus [OH-] line (Figure 2) is 
equal to the value of the second order rate constant, k,. 


Based on the rate law found for DNPEG-1900-81 all 
other values for the second order rate constants herein 
presented were calculated from the pseudo-first-order 
rate constants, i.e. k2 = kobS/[OH-] (Table 2). 


The form of the rate law [equation ( l ) ]  is consistent 
with a number of mechanisms that include a bimolecu- 
lar rate-determining step. The mechanistic menu 
includes SNAr dis lacement2' (Path A, Scheme 1) and 
SN2 displacemen?' (Path B) as well as elimination 
routes that have been omitted from Scheme 1 for sake 
of clarity. Path C involves anchimerically assisted 
formation of a cyclic oxonium ion concurrent with 
release of DNPO- in a unimolecular step that may be 
rate determining. Subsequently, if Path C1 is followed, 
1,4-dioxane is formed as a co-product of the hydrolysis. 
It is therefore germane to the discussion to consider the 
results of a control experiment in which a sample of 
DNPEG-1900-81 was brought to reflux in pH 12.0 
buffer. After 1 week the solution was extracted thor- 
oughly but parsimoniously with diethyl ether. An 
aliquot of the ethereal extract was analyzed by gas 
chromatography. Neither the ether insoluble PEG 
derivative nor the equally insoluble DNPO- would be 
expected to chromatograph and neither did but, more 
importantly, the only peak found in the GC trace 
corresponded to diethyl ether; no peak was seen that 
could represent 1,4-dioxane. 


An Arrhenius treatment of the temperature depen- 
dence of the observed rate constants, kobs, for DNPEG- 
1900-81 (over the temperature range 25.0-81.0 "C, 


0.0001 ................................................................................. I .  
0 4  I I 


I I 


0 0.02 0.04 0.06 0.08 0.1 


[OH-] mom 
Figure 2. A typical plot of the pseudo-first order rate constant, kohs versus hydroxide concentrations at 60OC. (data taken 
from Table 1) .  The slope of the line represents the second order rate constant, k ,  (i.e. 8.28 x I rno1-l s-I), and the 
intercept ( - 8 . 0 ~  s - ' ) .  The linear regression line has a s - ' )  falls within the statistical error in the intercept (k1.l x 


correlation coefficient r = 0.992 
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Table 2. Summary of second order rate constants ( k , )  for 
aqueous alkaline hydrolysis at 60 "C 


Substrate k ,  (1 mo1-l s - ' )  


1.31 x lo-*" '1"3 


DNPEG-1900-81 8.05 (*0.47) x 


DNPEG-3200-100 6.49 (i0.26) x 
DNPEG-1900-59 7.67 (k0.22) x 10.' 


*Extrapolated from the activation data of Murto and M ~ r t o . ~ ~  
hErrors are given in parentheses for the present work and represent the 
standard deviation of at least three runs. 


Table 3) yielded activation parameters (E ,  = 86.1 W mol-, 
In A = 26.1) that are comparable to those reported by 
Murto and M ~ r t o * ~  for aqueous alkaline hydrolysis of a 
series of 2,4-dinitrophenyl alkyl ethers (Table 4) that 
were shown to react via the S,Ar mechani~rn.~' 


The second-order rate constants obtained from the 
study of two DNPEGs that differ only in degree of 
substitution (DNPEG-1900-59 and DNPEG-1900-81), 
as well as the data for the hydrolysis of a range of  2,4- 
dinitrophenyl ethers that have PEG backbones of 
different lengths (including DNPEG-59, DNPEG-1900 
and DNPEG-3200), are listed in Table 2. 


Table 3. Temperature dependence" of the second order rate 
constant ( k  ) for DNPEG-1900-81 ([OH-] =6.33 x 


10-'mol 1-'; CLI 800x [DNPEG-1900-811) 


Temperature ("C) k ,  (1 mol-' s - ' ) ~  


81.0 3.96 (iO.11) x lo-, 
70.5 1.74 (rt0.03) x lo-, 
60.0 7.91 (iO.11) x 10" 


40.5 1.30 (i0.54) x lo-' 
51.0 3.65 (*O. 15) x 


25.0 1.79 (k0.74) x 


*Regression equation: g = - 1.035 x lo4\- + 26.11 ( r  = 0.9946). 
bCaiculated from: k,,/[OH-] [equation ( I ) ] .  


Table 4. Summary of activation parameters for alkaline 
hydrolysis of 2,4-dinitrophenyl ethers 


Substrate 


DNPEG-1900-81 (1) 86.1 26.1 


k0, 
OCH(CH& 
I 


85.7 26.6" 


85.7 25.9" 


84.9 24.9" 


'H NMR studies 
The reactions of DNPEG-1900-8 1 with hydroxide 
[(CH,),NOH (aq.)] and methoxide (KOCH, in MeOH) 
were examined by 400 MHz 'H NMR spectroscopy with 
a view to detection of the anionic a-bonded (Meisen- 
heimer) c~mplexes .~ '  Such complexes are intermediates 
(or models for the rate-determining transition state) in 
the S,Ar mechanism for reaction of 2,4-dinitrophenyl 


Since it is well-recognized that dimethyl 


From Ref. 29. 


sulfoxide (DMSO) is a solvent that enhances the 
magnitudes of the equilibrium constants for Meisen- 
heimer complex these studies were 
undertaken primarily using DMSO-d, as solvent. 


All chemical shifts are reported in parts per million 
(ppm relative to TMS or CHD,SOCD, found in the 
DMSO-d, solvent or in a lock capillary where D,O was 
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N@ 


Scheme 1 


used as reaction solvent); coupling constants ( J )  are 
given in hertz. 


Prior to injection of the nucleophile, the spectra of 
the substrates were scanned to assure purity. Thus, the 
spectrum of DNPEG-1900-81 in DMSO-d, displayed 
the following features, in common with DNPEG-1900- 
59 and DNPEG-3200-100: 3.50 (s, -CH2-CH2- 
0-, backbone), 3.80 (t, J = 4.4, DNP-0-CH2- 
CH,-0-PEG, B-methylene, where DNP = 2,4- 
dinitrophenyl), 4.47 (t, J = 4 . 4  Hz, DNP-O- 
CH2-CH,-0-PEG, a-methylene), 7.62 (d, 
J =  9.4 Hz, H, of dinitrophenyl ring), 8.49, 8.51 (d,d, 
J =  9.4, 2.8, H, of DNP) and 8.76 (d, J = 2.8, H, of 
DNP). Small extraneous peaks were found in some of 
the systems, notably a triplet at ca. 4.56, attributable to 
the terminal OH groups of unmodified PEG. This peak 
has been used previously in NMR end-group analysis to 


assign the degree of substitution for PEG deriva- 
tives. 25.34.35 Thus, comparison of the integral ratio for 
the 4.56 ppm triplet to the H, doublet of the 
dinitrophenyl ring of the attached end-group provides a 
check on the degree of substitution; in common with 
other systems in which this method was used, the degree 
of substitution values determined by NMR were lower 
than those obtained by complete hydrolysis of the 
derivatives (and subsequent analysis by UV-visible 
spectroscopy). 


More importantly, some samples (of DNPEG-1900 
or -3200) contained peaks at 3.96 (centre of a d,d, 
J =  13.5, 1.8 Hz), 4.18 (centre of a d,d, J =  14.3, 1.8) 
and 6.50 (centre of a d,d, J =  14.3, 13.5 Hz), 
which form an AMX system typical of vinyl gro~ps . '~  
These peaks can be assigned to a small amount of 
PEG bis(viny1 ether), presumably formed during the 
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preparation of the DNPEG samples. Pertinent to the 
assignment is the fact that the vinylic protons of com- 
mercial triethylene glycol bis(viny1 ether) appear at 
virtually the same chemical shifts as those assigned to 
the PEG bis(viny1 ethers) found in these systems. The 
integrals for these protons show that the bis(viny1 ether) 
makes up less than 3% of the original DNPEG samples. 


Reaction of DNPEG-1900-81 with OH- in DMSO-d, 
Injection of one equivalent of OH- into a sample of 
DNPEG-1900-81 in DMSO-d, results in immediate loss 
of the signals for DNPEG. Resonances ascribed to the 
bis(viny1 ether) remain unchanged in the spectrum. 
These peaks are joined by two sets of new and some- 
what broad signals in the downfield region (4.50-9.00 
ppm) at 5.09 (d, J =  10.0 Hz) and 7.10 (d, J =  10.0 Hz) 
and 6-32 (d, J =  9.8 Hz), 7.78 (d, J = 9 . 8  Hz, with 
further unresolved coupling) and 8.58 ppm (ill-resolved 
doublet, J =  3 Hz). 


The larger of the new sets of signals has chemical 
shifts that correspond to the 2,4-dinitrophenoxide 
ion, based on comparison with authentic 2,4- 
dinitrophenoxide, with two significant differences. The 
signal at 8.58 ppm, which corresponds to H, of 
DNPO-, should be more intense and the resonance at 
7.78, which represents H, of DNPO-, should appear as 
a doublet of doublets in which the observed ortho 
coupling (9.8 Hz) is joined by rneta coupling (typically 
1-3 Hz). These observations can be understood in the 
context of hydrogen-deuterium exchange involving the 
added hydroxide, the DNPEG substrate and DMSO-d, 
solvent (see Discussion, Section 2). 


Further support for the observation of H-D exchange 
in this system comes from analysis of the other smaller 
set of peaks, the 5.09, 7.10 set of doubets. These peaks 
could be assigned to a Meisenheimer adduct, but only if 
one signal is either obscured or otherwise missing from 
the spectrum. Simply put, whether the adduct is formed 
from attack at C-1, C-3 or C-5 (2, 3 and 4, respectively, 
where Nu = OH, OPEG or nucleophile, generally), 
three distinct signals for the adduct should be seen in 
the downfield region (i.e. for H,, H, and H,) but in the 
present system only two sets of signals attributable to 
an adduct are seen. Again, if H, had completely 
exchanged then its signals would not appear in the 


PEG-0, Nu 
/ 


spectrum. It is noteworthy that while only partial 
exchange is evident in the spectrum of the 2,4- 
dinitrophenoxide ion, the ultimate product of base 
hydrolysis of DNPEG, complete H-D exchange is 
apparent in the Meisenheimer adduct. 


Assignment of the Meisenheimer adduct is not 
straightforward. As alluded to above, adducts formed 
from attack at C-1 , C-3 and C-5 have been postulated in 
various l-X-2,4-dinitrobenzene Further, 
if the C-3 position has undergone almost complete 
exchange with deuterium, then C-1 and C-3 adducts will 
appear similar. Only the H, and H, signals will be 
present in the spectrum and whether the adduct is a C-1 
adduct or a C-3 adduct these signals will be expected to 
appear as doublets in similar positions in the spectrum. 
Therefore, the assignment of these signals to the C-1 
adduct formed by attack of poly(ethy1ene glycol) 
alkoxide (PEG-0-) at C-1 of DNPEG rests on careful 
comparison of the chemical shifts of this adduct with 
suitable model systems, as well a control experiment 
involving reaction of DNPEG with methoxide ion. 
It is generally accepted that all alkoxides display 
similar re ioselectivity in Meisenheimer complex 
formation. ' b 3  3 


On the other hand, several possibilities for the 
identity of the Meisenheimer adduct may be ruled out. 
First, the chemical shifts of the corresponding protons 
of related C-5 adducts are significantly different from 
the positions found for the adduct in this study. For 
example, it has been reported39 that the C-5 hydroxide 
adduct of 2,4-dinitrochlorobenzene has peaks at 5.64 
(J = 6 Hz; H5) and 5.32 (J  = 6 Hz; H6); the H, signal 
was absent in a DMSO-d,-D,O medium, also as a 
consequence of H-D exchange, but was observed in 
DMSO-d,-H,O (with solvent suppression) at 8.52 ppm. 
This assignment is consistent with NMR data reported 
in a study anent sulfite complexes of l-chloro-2,4- 
dinitrobenzene." On these grounds, it is unlikely that 
the Meisenheimer complex detected in the present study 
arises from attack at the C-5 position. While a C-3 
adduct is another candidate for the identity of the 
signals found in the DNPEG-OH- reaction system, 
evidence has been accumulating that C-3 0-centred 
adducts are less stable than their C-5 (or C-1) counter- 
p a r t ~ . ~ ~ . ~  Since, in our system, the first definitive 
spectrum was acquired only within 20 min of mixing, it 


ONpEG I 
/PEG 


0 
I 


2 3 4 
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would seem reasonable to assume that if a C-3 adduct 
had formed it would have decayed prior to our first 
observation. Note, again, that in the reaction of 2,4- 
dinitrochlorobenzene with hydroxide under similar 
conditions only the C-5 adduct was observed.39 


Furthermore, Gold et aL4' reported the ring chemical 
shifts of the C-3 hydride adduct of 2,4-dinitroanisole as 
3.74 (H,s), 7.42 (H,) and 5.01 (H,). The chemical shift 
of the H, signal would be expected to be sensitive to 
the electronic nature of the group attached at the C-3 
p~sit ion.~'  Therefore, any comparison should concen- 
trate on the signals that correspond to H, and H,. Thus, 
it should be noted that the C-3 acetonate adduct of 
methyl 2,4-dinitrobenzoate has peaks at 5.06 (H,), 5.08 
(H,) and 7.43 ppm (H,).42aThe C-3 acetonate adduct of 
2,2',4,4'-tetranitrodiphenyl sulfide has been reported to 
have resonances at 4.78 (H,), 5.24 (H,) and 7.25 
(H,).42b Clearly, the NMR signal for H, of C-3 adducts 
of l-X-2,4-dinitrobenzenes appears between 7.2 and 
7.5 ppm. No such signal appears in this region of the 
NMR spectra recorded in the DNPEG-OH- reaction 
system in DMSO-d,. For these reasons, the signals of 
the Meisenheimer adduct found in the DNPEG-OH- 
system cannot represent a C-3 adduct. 


Finally, if a C-1 adduct is the only likely candidate 
for the adduct observed in the DNPEG-OH- system, it 
should be pointed out that a C-1 hydroxide adduct is 
unlikely. Even in systems in which the electrophile is 
more highly substituted with electron-withdrawing 
groups that stabilize a resultant Meisenheimer complex, 
C-1 hydroxide adducts are not observed so long as the 
C-1 position is also substituted by a reasonable leaving 
group. Thus, in the reaction of 2,4,6-trinitroanisole 
(TNA) with methoxide or phenoxide ions, hydroxide is 
generated as a result of equilibration of adventitious 
water in the DMSO-d, solvent with the nucleophiles/ 
bases, and this OH- reacts with TNA to yield an obser- 
vable well-characterized C-3 adduct. No C-1 adduct was 
observed, although the displacement product that could 
arise from a C-1 adduct, picrate anion (PicO-) was 
seen. Even when TNA was allowed to react with OH- 
and monitored at lower temperature [0 "C, acetonitrile 
d,-glyme-d,, (1:1)] only a C-3 adduct was observed.43 
The inability to observe a C-1 OH- adduct of TNA, in 
which the negative charge in the adduct is dispersed 
over three stabilizing electron-withdrawing groups, 
appears to lie in the ease of decomposition of the 
adduct to other products, to MeOH and PicO- in the 
case of the C-1 TNA.OH- adduct.441n any case, if a C- 
1 OH- adduct of a trinitroaromatic cannot be observed 
by NMR, it seems unlikely that the C-1 DNPEG.OH-' 
adduct would be observable under the present condi- 
tions which are even less favourable than the lower 
temperature regime cited. 


At long times (1 day), the spectrum was found to 
contain signals for DNPO-, 2,4-dinitrophenol and PEG. 
All signals assignable to a Meisenheimer adduct were 


absent. Moreover, the peaks assigned to the PEG 
bis(viny1 ether) had not changed in position or intensity 
over the course of the reaction and remained unchanged 
in the final spectrum. 


In a separate experiment, trifluoroacetic acid was 
injected into the NMR tube shortly after the first 
spectrum was recorded. The spectrum of the acidified 
sample included peaks for 2,4- dinitrophenol and for 
PEG; there were no signals attributable to a Meisen- 
heimer adduct. This behaviour is typical of 0-centred 
Meisenheimer a d d ~ c t s . , ' . ~ ~  


Definitive assignment of the Meisenheimer adduct 
formed in the DNPEG-OH- system required the 
following control experiment. 


Reaction of DNPEG-1900-81 with MeO- in DMSO-d, 


Reaction of 1 equiv. of MeO- (as KOCH, in MeOH) 
with DNPEG-1900-81 in DMSO-d, led to the observa- 
tion of the diminishment of the signals for the sub- 
strate and the appearance of new resonances 
attributable to a C-1 methoxide adduct of DNPEG (C-1 
DNPEG.OMe-). The spectrum acquired 5 min after 
mixing contains sharp, well resolved peaks for DNPEG- 
1900-81, in addition to the following intense signals 
ascribable to the C-1 DNPEG.OMe- adduct: 5.05 (d, 
J =  10.1 Hz; H,), 7.15 (centre of a d,d, J =  10.1, 2.7 
Hz; H,) and 8.63 pprn (d, J = 2 . 7  Hz; H,). 
Significantly, in this initial spectrum the H, signal is 
clearly visible and has its appropriate intensity. Unlike 
the DNPEG-OH- reaction system, this spectrum lacks 
signals for DNPO-, but in common with that reaction 
system small signals for the bis(viny1 ether) are visible; 
these do not change over the course of the reaction. 


Comparison can be made with literature values for 
the NMR chemical shifts assigned to the protons of the 
C-1 methoxide adduct of 2,4-dinitroanisole (i.e. C-1 
DNA.OMe-). These appear at 5.05 (d, J =  10.1 Hz; 
Hh), 7.15 (centre of d,d, J =  10.1, 2.4 Hz; H,) and 8.62 
ppm (d, J = 2 . 4  Hz; H3).45.46 Note the similarity to the 
signals found in the DNPEG-MeO- reaction system 
(above). Further, consider the similarity between the 
chemical shifts and coupling constants for the signals 
of these two C-1 adducts of 2,4-dinitrophenyl alkyl 
ethers and the signals found in the DNPEG-OH- 
system, that is: 5.09 (d, J =  10.0 Hz) and 7.10 ppm (d, 
J =  10.0 Hz). Hence the signals found in the 
DNPEG-OH- system are assigned to H, and H,, 
respectively, of a C-1 DNPEG.OPEG- adduct. The H, 
signal of the C-1 DNPEG.OPEG- adduct expected to 
appear at about 8.62 ppm is not observed and not 
apparently obscured by other signals, but is absent 
because of efficient H-D exchange with the solvent that 
occurs in the DMSO-d,-OH- medium but does not 
apparently occur in the methoxide reaction system. 


Again, the C-1 complex proved to be acid labile. 
Addition of TFA to the NMR tube resulted in the 
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disappearance of the signals ascribed to the C-1 
DNPEG.OMe - adduct. 


In the initial spectrum, the comparative integrals 
permit an estimate of the extent of conversion of the 
DNPEG into the C-1 DNPEG.OMe0- adduct, viz 66%. 


As the system is monitored small peaks that can be 
identified as DNPO-, again with the H, signal clearly 
visible, appear (8 min after mixing), and grow with 
time until they rival the intensity of the peaks assigned 
to residual DNPEG (2 h) and, finally, (at 3.5 days) the 
spectrum consists only of unmodified DNPEG, DNPO- 
and the small resonances of unchanged PEG bis(viny1 
ether). 


Reaction of DNPEG-I 900-81 with OH- iri D 2 0  
In order to draw direct comparisons between the kinetic 
studies that had been done in aqueous NaOH and the 
NMR studies, the reaction of DNPEG-1900-81 with 
KOH in D,O was also followed by 400 MHz ’H NMR 
spectroscopy. 


The preliminary spectrum taken of the water-soluble 
DNPEG in D,O (DMSO-d, capillary as a lock and 
chemical shift standard) included the following 
resonances: 3.18 (centre of a broad band from 3.29 to 
3.11 ppm, CH2-CH20- backbone), 3-47 (ill- 
resolved triplet, DNP-0-CH,-CH,-0-PEG, 
/?-methylene), 3.99 (ill-resolved triplet, DNP-O- 
CH,-CH,-0-PEG, a-methylene), 6.99 (d, J = 9.2 
Hz, H, of DNP ring), 8.02 (d,d, J =  9.2, 2.4, H, of 
DNP ring) and 8.35 ppm (d, J = 2.4 Hz, H, of DNP). 
The spectrum also contained signals attributable to the 
PEG bis(viny1 ether); the peaks were shifted upfield in 
this solvent system to 3.69 (centre of a d,d, J =  13.2, 
1-7), 3.88 (centre of a d,d, J =  14.1,1.7) and 5.98 ppm 
(centre of a d,d, J = 14.1, 13-2 Hz). Other peaks of the 
bis(viny1 ether) are obscured or overlap with those of 
the PEG backbone, as found previously in DMSO-d,. 


There is no detectable change upon mixing of 1 
equiv. of KOH (in H,O) with the D,O sample of 
DNPEG-1900-81 or in spectra acquired within the first 
13 min of mixing. However, in the spectrum recorded 
at 64 min small peaks can be detected at ca 6.17 (d, 
J =  9.2 Hz), ca 7.53 (ill-resolved, broad doublet) and at 
about 8.32 ppm (ill-resolved d)  that are assignable to 
DNPO- in this medium. Over the course of 3 weeks 
(during which spectra were recorded at intervals of 1 
day) the signals for the aryloxide grew and those of the 
starting material decreased until at 3 weeks only DNPO- 
remained in the system along with PEG and PEG 
bis(viny1 ether). 


Although no signals for any Meisenheimer complex 
were detected during this NMR experiment, the final 
spectrum of the 2,4-dinitrophenoxide shows that 
exchange has occurred at the 3-position. The signal for 
H, in the final spectrum (a sharp doublet at 8.34 ppm, 
J = 2.2 Hz) has an integral that is about half the value 


of that found for the signals corresponding to H, (d,d, 
7.54 ppm, J = 9 . 6 ,  2.2 Hz) or to H, (d, 6.20 ppm, 
J =  9.6 Hz). In this system the degree of H-D exchange 
is about 50%. 


DISCUSSION 


Reaction pathways 
Scheme 1 details some of the potential pathways 
whereby the bis(2,4-dinitrophenyI ether) of poly- 
(ethylene glycol) (DNPEG, 1) could hydrolyse under 
aqueous alkaline conditions. Assuming hydroxide acts 
as the nucleophile, reaction could occur by S,Ar 
d i ~ p l a c e m e n t , ~ ~  where OH- attacks C-1 of the 2,4- 
dinitrophenyl ring (Path A). A C-1 DNPEG.OH- adduct 
or a transition state modelled on this putative adduct 
would then collapse to product by expulsion of the 
DNPO- leaving group. Alternatively, hydroxide could 
attack the a-methylene and displace DNPO- in a 
concerted SN2-type reaction (Path B).” In fact, this 
direct displacement involving attack of a nucleophile on 
an alkyl carbon can compete with S,Ar displace- 
ment.2*b.47 The proposal has also been made that alkyl 
2,4-dinitrophenyl ethers, wherein the spi-hybridized C 
of the ether is also tertiary, could be useful substrates 
for S,l-type soIvoIyses, particularly a c e t o i y ~ e s . ~ ~  


Finally, Scheme 1 shows two possible anchimerically 
assisted pathways involving initial internal attack of the 
oxygen at the 6 position (0-6) to give a cyclic oxonium 
ion intermediate (Path C )  with concomitant displace- 
ment of the 2,4-dinitrophenoxide ion. Subsequent 
attack of OH- on the ring methylene a to the oxonium 
ion centre (Path C2) leads to formation of the same 
product as those formed by Path A or B. However, OH- 
attack at the PEG a-methylene would result in displace- 
ment of 1,4-dioxane (Path C1) and formation of a new 
lower molecular weight PEG. A control experiment 
outlined above (see Results) eliminates Path C1 from 
further consideration; 1,4- dioxane was not detected in a 
separate larger scale alkaline hydrolysis of DNPEG. 


Although, on the face of it, Path C2 would appear to 
be uncompetitive relative to Paths A or B in a basic 
medium where the relatively high concentration of 
nucleophilic OH- would favour bimolecular reaction 
routes, Path C2 could still make a contribution to the 
overall rate of hydrolysis, perhaps as an auxilliary term 
in a two-term rate law. In neutral or slightly acidic 
solution Path C could become the dominant pathway. In 
this context, it should be noted that participation from 
0 - 3  has been shown to be unlikely. Thus, sulfonates of 
2-methoxyethanol, models for PEG derivatives that do 
not hydrolyse by the S,Ar route (Path A, Scheme l ) ,  
have been investigated by McManus and co-workers, 
who demonstrated that 0 - 3  anchimeric assistance was 
not significant for hydrolysis of the tosylate and mesy- 
late in aqueous ethanol, but rather that the reaction 
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proceeded with nucleophilic assistance from 
However, with 2-(2-methoxyethoxy)ethyl tosylate 
neutral hydrolysis was shown to proceed by competing 
pathways corresponding to S,2 with solvent assistance 
and neighbouring grour participation of the oxygen at 
the 6 position (0-6).4 PEG tosylate also undergoes 
neutral hydrolysis by competitive direct displacement 
and anchimerically assisted 0 - 6  routes." Hence, 
anchimerically-assisted pathways (Path C2) involving 
participation by 0 - 6  could play a role in the present 
systems. 


Scheme 1 omits possible elimination pathways from 
consideration, consistent with the NMR results which 
show that the PEG bis(viny1 ether) product initially found 
in all systems does not increase in concentration with 
time. Elimination pathways will not be discussed further. 


We shall now consider the evidence, kinetic and 
spectroscopic, for the preferred mechanism of alkaline 
hydrolysis in these polymeric systems. 


Kinetic evidence 
The form of the rate law [equation ( l ) ]  determined 
for the alkaline hydrolysis of DNPEG-1900-81 is 
consistent with a mechanism involving a bimolecular 
rate-determining step as found in SN2 or SNAr 
displacements. Significantly, the kobn versus [OH-] line 
that defines equation (1) (Figure 2) passes within 
experimental uncertainty through the origin. Clearly, no 
other process competes with the second-order displace- 
ment term, such as hydrolysis involving water as 
n~cleophi le~" .~ '  or anchimerically assisted displacement 
involving 0-6. 


With regard to hydrolysis where water acts as the 
nucleophile, an estimate can be made of the pseudo- 
first-order rate coefficient, k(H,O), if the following 
assumptions hold. First, attack of OH- or H 2 0  is 
assumed to follow the same (S,Ar) mechanism. Sec- 
ondly, rate coefficient ratios must remain approximately 
constant between 2,4-dinitrophenyl ethers and picryl 
ethers that have the same attached alkoxyl groups. From 
the data of Murto and Murto2"'" the values of k ,  for 
aqueous alkaline hydrolysis of alkyl 2,4-dinitrophenyl 
ethers (25 "C) are 26 000-14 000 times smaller than 
those for their picryl analogues.52 Comparison of the 
second-order rate constants (60 "C) for base hydrolysis 
of the picryl ether of methoxypoly(ethy1ene glycol) 
(M-PEG-OPic, where average MW of the M-PEG is 
1900)2' with that for DNPEG-1900-81 yields a similar 
reactivity ratio [i .e. k ,  (DNPEG- 1900-8 1)/k2 (M-PEG- 
OPic) = 3.2 x lo-')). Therefore, multiplication of an 
average k ( H , O )  value (1.6 x lo-, s - ' )~ '  by the average 
reactivity factor (2.3 x lo-') provides an estimated 
k ( H , O )  value for DNPEG-1900-81 (and, by extension, 
other DNPEGs) of 3 .6  x lo-"' s-'. This value is smaller 
than the uncertainty in the intercept of the kobs versus 
[OH-] plot (Figure 2) determined at 60°C. Note also 


that the estimated half-life for neutral aqueous 
hydrolysis of DNPEG is about 61 years. 


Although anchimeric assistance of neutral hydrolysis 
via 0-6 is a competitive process for PEG tosylate,w it 
appears unimportant in the hydrolysis of the DNPEG 
derivatives. It is apparent from Table 2 that the values 
of k ,  (and from Table 4 that the activation parameters) 
are similar for all of the alkyl 2,4-dinitrophenyl ether 
systems. Thus, 2,4-dinitroanisole, which cannot hydro- 
lyse with participation of oxygen, has a rate constant, 
k, ,  almost identical2' with that found for 1-(2'-methox- 
yethoxy)-2,4-dinitrobenzene (DNPEG-59-loo), which 
may hydrolyse with 0 - 3  assistance, as well as by SNAr 
and SN2 routes. In turn, k2 for DNFEG-1900-81 is also 
the same as the k,  values reported for the other 
dinitrophenyl ethers, even though DNPEG-1900-81 may 
hydrolyse by all of the available pathways illustrated in 
Scheme 1 plus elimination pathways. These results 
suggest that hydrolysis proceeds (1) without a contribu- 
tion from anchimeric assistance and (2) via either the 
S,Ar route or the SN2 route, but not by some combina- 
tion of competitive reactions. 


In a previous comparison of the alkaline hydrolysis 
of  methoxy [poly (ethylene glycol)] picryl ether (M- 
PEG-OPic) with the hydrolysis of the picryl ether of 
cellulose,2s~26 we argued that the significantly faster rate 
of hydrolysis of picryl cellulose (initially in neutral 
aqueous solution) could be accounted for by invoking 
differential polymer  effect^'^.'^ or a self-catal tic 
process in the unbuffered picryl cellulose system." In 
this context it is notable that the k ,  values for alkaline 
hydrolysis of two DNPEGs that differ only in degree of 
substitution (DNPEG- 1900-59 and -8 1) are identical 
within experimental error. Increasing the polymer chain 
results in a slight decrease in the value of k ,  for 
DNPEG-3200-100 as compared with DNPEG-1900-81 
or DNPEG-59-100 (Table 2). Thus, the results suggest 
only a small polymer effect for these PEG systems. It 
follows that the rate enhancement for the picryl cellu- 
lose system relative to the picryl PEG system must arise 
from a large polymer effect for the cellulose system, 
perhaps indicative of efficient anchimeric assistance in 
this case, although self-catalysis cannot be ignored. 


'H NMR studies iri DMSO arid water 
The tentative conclusions concerning the mechanism of 
alkaline hydrolysis are further refined by consideration 
of the results of the NMR studies. Thus, reaction of 
hydroxide with DNPEG-1900 in DMSO-d, led to 
formation of a C-1 DNPEG.OPEG- adduct, along with 
2,4-dinitrophenoxide ion, DNPO-. These results are 
consistent with the following reaction sequence in 
DMSO: attack of hydroxide at C-1 (perhaps following 
attack at C-3/C-5 positions and rearrangement to the 
more stable C-1 adduct)3x-w leading to displacement of 
PEG-0-, formation of DNPO- and, in turn, attack of 







HYDROLYSIS OF PEG ETHERS 819 


PEG-alkoxide on the C-1 position of unmodified 
DNPEG to give the C-1 DNPEG.OPEG- adduct that is 
observed. 


It is not surprising that the putative C-1 hydroxide 
adduct (C-1 DNPEG.OH-) is unobserved. Such hydrox- 
ide adducts that are substituted at the C-1 position by 
acceptable leaving groups are generally t r a n ~ i e n t ~ ' . ~ ~  and 
may decompose via a process of internal proton transfer 
to give the electron-deficient phenoxide and correspond- 
ing alkanol as has been suggested for C-1 OH- adducts 
of picryl ethers.@ However, C-1 dialkoxy adducts are 
generally the thermodynamically preferred adducts 
relative to regioisomeric C-3 (or C-5) adducts, at least 
partly as a result of stereoelectronic ~ t a b i l i z a t i o n , ~ ~ . ~ ~  
and these C-1 adducts lack this facile proton transfer 
decomposition pathway. 


Nonetheless, the results indicate that Meisenheimer 
complex formation that arises from attack on the 
electron-deficient aromatic ring is feasible in the 
DNPEG-OH- systems. Detection of the C-1 
DNPEG.OH- adduct that is the central intermediate 
along the reaction pathway (Scheme 1, Path A) was not 
possible but the C-1 DNPEG-OPEG- adduct that was 
observed plausibly arises from initial S,Ar displace- 
ment of PEG-0- by OH- (DMSO-d,), followed by 
attack of PEG-0- on DNPEG at C-1. In D 2 0  no 
adducts were detected; DNPEG reacted slowly over 
time to give DNPO- and PEG. This is in accord with the 
well-known ability of DMSO to enhance the equili- 
brium constant for formation of Meisenheimer 
complexes relative to water or other hydroxylic 
solvents. 3 3  


Observation of the displacement product DNPO- in 
the DNPEG-MeO- DMSO-d, control experiment, 
where S,Ar displacement is not possible, suggests that 
an S,2 mechanism is competitive in this 
although DNPO- could arise from S,Ar displacement 
involving very low equilibrium concentrations of OH- 
formed by equilibration between adventitious water 
(generally found in commercial DMSO-d,) and MeO- 
The latter alternative is consistent with behaviour 
documented in NMR spectroscopic studies of related 
~ysterns.~' 


Hydrogen-deuterium exchange 
In the reaction of DNPEG-1900-81 with OH-, as 
monitored by 'H NMR spectroscopy in either DMSO-d, 
or D,O, extensive aryl ring hydrogen-deuterium 
exchange occurred. In fact, assignment of the C-1 
DNPEG.OPEG- adduct was hampered by the lack of a 
signal for H, in the DMSO-d, system. The absence of 
this signal is indicative of efficient H-D exchange in 
this case. However, the assignment could be made by 
comparison of the spectroscopic characteristics of the 
C-1 DNPEG.OPEG- adduct to those of the C-1 
DNPEGSOMe- adduct identified in DMSO-d,-MeO- 


MeOH, as well as to analogous C-1 a d d ~ c t s . ~ ' . ~ ~ . ~ '  
Interestingly, in the DMSO-d,-MeO- MeOH system 
no H-D exchange was detected. 


It is well known that exchange of  ring H for D can be 
competitive with Meisenheimer complex f ~ r m a t i o n . ~ ~ . ~ ~  
In general, such exchange occurs preferentially at a 
position ortho to two nitro groups, i.e. at C-3 in a 1-X- 
2,bdinitroben~ene.~'.~~.~~ Meisenheimer complexes do 
not undergo exchange thernselve~,~ '  and nor do poly- 
nitroaryloxides (e.g. DNPO-).59 Exchange occurs in 
solutions that are relatively dilute in base, but exchange 
is greatly enhanced in solvents that contain appeciable 
amounts of aprotic dipolar solvents, including DMSO 
and acetonitrile. Thus, our observation of aryl H-D 
exchange in the current DNPEG systems agrees with the 
general understanding of related reaction systems. 


More recently, Bunton and ~ o - w o r k e r s ~ ~ ~ ~ ~ ~ ~  have 
proposed a unified scheme of reaction in which initial 
single electron transfer (SET) from OH- to the poly- 
nitroaromatic substrate gives rise to a hydroxyl 
radical-nitroaromatic anion radical pair. This central 
intermediate may undergo aryl H-D exchange or may 
collapse to give a productive (i.e., C-1) Meisenheimer 
complex, that leads to displacement products, or to give 
unproductive (C-3 and/or, depending on structure, C-5) 
Meisenheimer complexes. The proposal has been a 
controversial one, although consistent with the reinter- 
pretation of many formal two-electron (spin-paired) 
reaction mechanisms in terms of SET,6' or transition 
states involving varying degrees of radical character.h2 
For example, Crampton et u Z . ~ * '  were unable to detect 
the radical-anion radical pair, and other studies aimed 
at trapping the intermediate aryl anion radical via 
intermolecular cyclization have failed to do 


Clearly, the current study was not designed to probe 
this controversy, but it is significant to re-emphasize 
that while aryl H-D exchange occurs with OH- in 
DMSO-d,-D20 solvent as well as in D,O, no such H-D 
exchange was observed with methoxide in the DMSO- 
d,-MeOH medium. This is puzzling since alkoxides are 
effective bases and exchange between an aryl anion, 
formed from free DNPEG, and solvent should be 
favourable. On the other hand, if the reaction proceeded 
by the SET pathway, it could be argued that the 
methoxyl radical-DNPEG anion radical pair collapses 
to a Meisenheimer complex product so much more 
rapidly than the corresponding hydroxyl radical- 
DNPEG anion radical pair that H-D exchange does not 
occur. A definitive answer to the mechanism of H-D 
exchange in this and related systems will require further 
study. 


Conclusions and implications for time-release 
herbicide systems 
In this work, we have shown that a range of bis(2,4- 
dinitrophenyl ether)s of poly(ethy1ene glycol) (DNPEGs) 
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undergo alkaline hydrolysis by a second-order overall 
rate law consistent with the S,Ar displacement mech- 
anism. No evidence was found for competitive 
anchimerically assisted displacement or for elimination 
pathways in the release of 2,4-dinitrophenoxide from 
the DNPEGs. The kinetic and activation data are similar 
to those found for other low molecular weight alkyl2,4- 
dinitrophenyl ethers and indicate that any polymer effect 
for DNPEGs, if present, is small. NMR studies show 
that while Meisenheimer complexes could be detected, 
these were either non-productive complexes or com- 
plexes formed after the initial displacement occurred, 
e.g. the C-1 DNPEG.OPEG- adduct formed by attack 
of the PEG-0- alkoxide on residual DNPEG; the PEG- 
alkoxide itself arises from an initial S,Ar displacement 
involving OH- and the starting DNPEG. Efficent aryl 
H-D exchange was observed in the DNPEG-OH-- 
DMSO-d, reaction system and in D,O solvent, but 
not in the control DNPEG-MeO--DMSO-d, system. 
This result may indicate very rapid collapse of an 
intermediate methoxyl radical-DNPEG anion radical 
pair relative to the corresponding hydroxyl radical case. 


Finally, our results show that DNPEG can act as a 
model of a time-release herbicide, albeit one that carries 
and could deliver only a low dose of model herbicide. 
The relatively clean kinetics and the similarity in 
behavior found between the DNPEG systems and lower 
molecular weight compounds suggest that rate constants 
for release of herbicide from lower molecular weight 
systems can be extrapolated to the polymeric systems. 
However, an estimate of the first order rate constant for 
release of 2,4-dinitrophenol from DNPEG in neutral 
water [k(H,O)] is 3.6 x lo-"' s-', which yields a 
pseudo-first-order half-life for DNPEG of about 61 
years at 60 "C. Clearly, at more typical temperatures of 
application and release (15-20°C) in the presence of 
natural water that would be expected to have a pH value 
of 5.6 (but ranging to as low as 3.9)," the rate of 
release would be impractically slow. Obviously, our 
model system is a preliminary one, differentiated from 
more realistic systems by the low loading of herbicide 
available for release and by the impractically slow rate 
of release under natural conditions. Further research 
will proceed to systems that are more realistic, using 
low molecular weight models as guides. 


EXPERIMENTAL 


Poly(ethylene glycols). Poly(ethy1ene glycols) (PEGS) 
of nominal molecular weights 3400, 2000, 1450 and 
1000 were either purchased from Aldrich or were 
provided as a gift from Union Carbide Canada. These 
samples were analyszd by size exclusion high-perfor- 
mance liquid chromatography (SEHPLC) using a Bio- 
Rad LC system fitted with either a TSK 2000 (Toya 
Soda) or SOTAPhase (Rainen) SE column (0.5% 
aqueous NaN, eluent, flow rate 1.0 ml min-I, refractive 


index detector). The SE columns were calibrated with 
molecular weight (MW) standards (Polyscience or 
Polymer Laboratories) that covered the MW range 
586-23 000; column efficiencies were found to be 
58 000-70 000 theoretical plates based on ethylene 
glycol. From this analysis (performed by Dr M. R. 
Sedaghat-Herati, Southwest Missouri State University), 
the polymers of nominal MW 3400 and 2000, used in 
the present study, were assigned MW of 3200 and 
1900, respectively. These average M W  values were 
used in all mole calculations. 


Preparation of the bis(2,4-dinitrophenyl ether) of 
poly(ethy1ene glycol) (DNPEGs). 2,4-Dinitrofluoro- 
benzene, triphenylmethane and n-butyllithium (nomi- 
nally 1 . 6 ~  in hexanes) were obtained from Aldrich 
and were used without further purification. Solvents 
(benzene, dichloromethane and diethyl ether) were 
purchased from BDH or Caledon. Benzene was stored 
over 4A molecular sieves for a minimum of 24 h prior 
to use. All PEG samples used in the preparation of 
DNPEGs were dried by azeotropic distillation with 
benzene before reaction. The DNPEGs were prepared 
by the method of Cooke et  al.,65 in which the dry PEG 
(in benzene) was first titrated with n-butyllithium to a 
triphenylmethane end-point; the resultant lithium PEG 
alkoxide was then added to an excess of 2,4- 
dinitrofluorobenzene in benzene. Purification of the 
polymer involved initial filtration followed by repeti- 
tive dissolution in dichloromethane and precipitation 
from copious amounts of cold diethyl ether. To pro- 
duce DNPEGs with varying degrees of substitution 
the preparation was carried out with 2.2 or 6 equiv. of 
2,4-dinitrofluorobenzene; the former conditions pro- 
duced the material labelled DNPEG-1900-59 (59% 
substituted) and the latter the material labelled 
DNPEG-1900-81 (81% substituted). Similarly, 
DNPEG-3200-100 was prepared using 10 equiv. of 
2,4-dinitrofluorobenzene. 


Preparation of 1 - (2'-ethoxyethoxy)-2,4-dinitroben- 
zene (DNPEG-59-100). 1-(-2',-Methoxyethoxy)-2,4- 
dinitrobenzene was prepared according to the method of 
Whalley h6 by reaction of l-fluoro-2,4-dinitrobenzene 
with excess 2-ethoxyethanol and five drops of tri- 
ethylamine. The initial product was a yelllow oil that 
was then dissolved in warm methanol and water was 
added until the solution turned cloudy. The product 
oiled out several times and each time the supernatant 
was decanted and the residue was dissolved in 
methanol-water. A pale yellow solid was isolated the 
third time; yield 33%. m.p. 37-38°C (lit.,, 38°C).  
'H NMR (6, ppm, DMSO-d,): 3.45 (s, CH,O-), 
3.86 (t, J = 4 . 4 8  Hz) and 4.44 (t, J = 4 . 4 8  Hz, 


DNP ring), 8.45, 8.43 (d,d, J = 9 . 2 5 ,  2.78 Hz, H, of 
DNP ring) and 8.72 (d, J =  2.78 Hz, H, of DNP ring). 


O-CH,-CH,-O), 7.38 (d, J = 9 . 2 5  Hz, H, Of 
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' H  NMR experirnerits. 'H NMR data were obtained 
using a Bruker AM-400 NMR spectrometer operating at 
400.1 MHz (Queen's University at Kingston). Deuter- 
ated dimethyl sulfoxde (DMSO-d,; Merck) was treated 
sequentially three times with 4A molecular sieves prior 
to use. Wilmad PP-507 NMR tubes were typically used 
for all NMR experiments; chemical shifts are reported 
relative to the DMSO-d,H signal at 2.500 ppm in the 
solvent or, in the case of the experiments in D,O, the 
DMSO-d,H signal from a capillary of DMSO-d, used 
as the lock standard; coupling constants are given in 
Hertz as obtained from computer printouts. 


(a) Characterization of PEG derivatives. Generally, 
'H NMR spectra (DMSO-d,) of all of the DNPEGs, 
regardless of the molecular weight of the PEG 
backbone, were the same: 3.50 [broad s, 
- (CH,-CH,-O),, polymer backbone], 3.80 (t, 


ethylene), 4.47 (t, J = 4-38 Hz, DNP-O-CH2- 
CH,-0--, a- methylene, 7.62 (d, J=9.38 Hz, H, 
of the DNP ring), 8.49, 8.51 (d,d, J=9.38,  2.84 Hz, 
H, of the DNP ring) and 8.76 (d, J = 2.84 Hz, H, of 
the DNP ring). All samples were free of 2,4- 
dinitrophenol peaks. The degree of substitution, based 
on the integral for any residual OH signal (t, 4.56),25,34 
for each DNPEG was 28% for DNPEG-1900-59, 97% 
for -1900-81 and 100% for -3200-100. 


J z 4 . 3 8  Hz, DNP-O-CH,-CH,-O--, B- 


( h )  A representative NMR experiment. A solution of 
DNPEG-1900-81 (0.020 rnol I - ' )  was prepared from a 
weighed quantity of the DNPEG (23 mg; 1.6 x lo-, 
moles of end-groups; 1.0 x lo-.' mol) dissolved in 
0-500 ml of dry DMSO-d, in a septum-capped vial that 
had been swept with N, just prior to preparation of the 
solution. This solution was transferred into a septum- 
capped NMR tube with a syringe. An initial NMR 
spectrum was obtained to ascertain the purity of the 
sample. To initiate the reaction, 1 equiv. of tetra- 
methylammonium hydroxide (2.7 rnol I - '  in H,O; 6 ml; 
1.6 x lo-,  rnol of OH-) was injected into the sample 
tube. The first spectrum, consisting of 16 scans per 
FID, was acquired within 4 min of mixing, but con- 
tained broad signals that could not be completely 
analyzed. The first clean spectrum was recorded within 
13 min of mixing. Spectra were then recorded at 
various intervals up to 1 day from the time of mixing. 


In a separate experiment, trifluoroacetic acid (5  pl) 
was injected into the tube shortly after the first clean 
spectrum was recorded. After mixing, a new spectrum 
was acquired; it showed the disappearance of signals 
attributed to the C-1 DNPEG.OPEG- adduct and the 
re-appearance of well resolved signals for starting 
DNPEG. 


Kinetic experirnenfs. Ultraviolet-visible spectra were 
recorded on a Beckman DU-65 spectrophotometer, 


thermostated with a circulating water bath. The tempera- 
ture of the bath was adjusted so that a thermocouple 
placed in a blank UV cell registered the desired tem- 
perature with a fluctuation of *0.5 "C. 


(a) Characterization of PEG derivatives. All of the 
DNPEGs had similar spectroscopic characteristics. For 
example, the spectrum (H,O) of DNPEG-3200-100 (ca 
5 x lo-, rnol I - '  in end-groups), scanned from 280 to 
550 nm, displayed UV-visible peaks at 300 nm (log 
~ = 4 . 2 3 )  and 438 nm (log E =  3.02). The region 
between 400 and 426 nm defines a minimum in the 
DNPEG spectrum. 2,4-Dinitrophenoxide (2,4- 
dinitrophenol dissolved in pH 12.0 buffer) has absorp- 
tion maxima at 358 (log ~ = 4 . 1 4 )  and 395 nm (log 
~ = 4 . 0 4 ) .  Therefore, 420 nm was chosen at the 
wavelength for monitoring the reaction, a wavelength 
close to one of the maxima for 2,4-dinitrophenoxide 
ion but falling within the region of a DNPEG 
minimum. 


The degree of substitution of the DNPEGs was 
determined in the following way. A weighed sample of 
the DNPEG (28.8 mg in the case of DNPEG-1900-81) 
was dissolved in 25.0 ml of pH 12.0 buffer in a 50 ml 
round bottomed flask, fitted with reflux condenser. The 
solution was boiled (one week). At the end of the week 
an aliquot was removed and the absorbance at 358 and 
395 nm measured. The percentage substitution was 
determined from the ratio of the intensity found to 
the intensity calculated for total release of 2,4- 
dinitrophenoxide from a 100% substituted sample, 
using the absorption maxima previously found for 2,4- 
dinitrophenoxide ion in pH 12.0 buffer. The same 
procedure yielded degrees of substitution for DNPEG- 
1900 of 59% and 81% and for DNPEG-3200 of 100%. 


(h )  Kinetics. In a typical experiment, a DNPEG- 
1900-81 (or other DNPEG) stock solution was prepared 
by dissolution of ca 0.10 g of the DNPEG in 100.0 ml 
of distilled, deionized water. This solution was stored in 
the refrigerator at ca 10°C. Stock solutions of NaOH 
of approximate concentrations of 0.090, 0.070, 0.050, 
0.030 and 0.010 rnol I - '  were similarly prepared. The 
exact NaOH concentrations were determined by titration 
with standard acid, which, in turn, had been standard- 
ized by titration using potassium hydrogen phthalate as 
the primary standard. 


Reaction samples of DNPEG were prepared by 
pipetting 1.0 ml of the substrate stock solution into a 
10.0 ml volumetric flask; the solution was then made 
up to the mark with the NaOH solution of interest. 
The final concentration of DNPEG was ca 
5.0 x lov5  moll- '  in DNPEG (ca 1.0 x rnol I - '  in 
end-groups) and the hydroxide concentration varied 
from 200- to 1800-fold excess relative to DNPEG. At 
least three reaction samples were prepared at the same 
time. An initial (time = zero) measurement ( A t ,  t = 0) 
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was recorded at 420 nm and then the stoppered 
volumetrics were immersed in the thermostated bath 
(60 kO.5 "C). Readings were taken at 20 min intervals 
for the first 2 h and thereafter at 1 h and then 5 h 
intervals. All reactions were monitored for at least five 
half-lives, at which point the final absorbance (A,) was 
constant. 


The data yielded good linear pseudo-first-order and k,, 
vs [OH-] plots (cf. Figs 1 and 2). Once the form of the 
rate law was established for DNPEG-1900-81, values of 
kubs for the other DNPEG systems were determined as 
outlined and second-order rate constants, k,, were calcu- 
lated from kubs. Arrhenius parameters were obtained by 
measurement of k,, at various temperatures for DNPEG- 
1900-81 and the data treated as usual. 


Gas chromatographic control experiment: the search 
f o r  1 ,.l-dioxane. A control experiment was undertaken to 
determine whether 1,4-dioxane was produced as a co- 
product in the hydrolysis of DIWEG. A Hewlett-Packard 
Model 5280 gas chromatograph with thermal conductiv- 
ity detector was used in the analysis. The G C  was fitted 
with a 10 m x 0.53 mm i.d. glass capillary column (5% 
phenylmethylsilicone, 2.65 pm film thickness). Under the 
following conditions dioxane was readily detectable (to a 
lower limit of 200 ppm in a sample of diethyl ether and 
dioxane; retention time 0.368 min) and well separated 
from the intense peak representing diethyl ether: oven 
temperature, 70 "C (isothermal); inlet temperature, 
115 "C; detector temperature, 200 "C; detector attenua- 
tion, 0; chart speed, 6 cmmin-',  camer gas, UHP 
helium; injection volume, 3.0 pl). 


A sample of DNPEG-1900-81 (0.979 g) was dis- 
solved in 20.0 ml of pH 12.0 buffer. The sample was 
boiled for 1 week and after it had cooled to room 
temperature it was extracted thoroughly but with a 
minimum volume of diethyl ether. Repetitive 3.0 pl 
injections of the ether extract on the column failed to 
show any signal for 1,4-dioxane. 
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COMPENSATION EFFECTS IN THE COMPLEXATION REACTIONS OF 
a- AND P-CYCLODEXTRIN 


ROBERT I. GELB AND JOSEPH S .  ALPER 
Department of Chemistry, University of Massachusetts-Boston, Boston, Massachusetts 02125, USA 


Analysis of temperature dependent equilibrium constant data for the complexation of a-cyclodextrin with 
approximately 70 different substrates demonstrates the existence of a general compensation effect. Enthalpies 
(kJ mol-I) and entropies (J K-’mol-’)  of complexation are related by AH= -5-70(i0.05) + [421.1(*1.2)]AS. 
A few substrates deviate from the general effect, possibly owing to reorganization of internal hydrogen bonding 
interactions. Complexation reactions involving /3-cyclodextrin are found to divide into two groups. Eleven small 
molecule or ion substrates undergo isoentropic complexations with AS = -5.7*0.2 J K - ’  mol-I. Fourteen larger 
substrate species exhibit a compensation effect with AH = -23.5(i0.2) + [634(i26)]AS. The compensation 
behavior of the two cyclodextrins is discussed in terms of bonding mechanisms and cavity size. 


INTRODUCTION 


In recent years, complexation reactions of a-cyclodex- 
mn (cyclohexaamylose, here abbreviated as 6-Cy) and 
B-cyclodextrin (cycloheptaamylose, abbreviated as 7- 
Cy) have been widely studied. These compounds form 
inclusion complexes with numerous inorganic and 
organic anions, cations and molecular species. Binding 
in these complexes has been explained in terms of 
hydrophobic forces, expulsion of ‘high energy water’ 
from the cyclodextrin cavity, van der Waals forces, 
dispersion forces, hydrogen bonding, polar interactions 
or some combinations of these effects.’-6 There is some 
evidence that many 1: 1 complexation reactions involv- 
ing 6-Cy share a common binding mechanism based on 
a ‘compensation effect’ found in these reactions.’-’ 
The existence of this effect for both 6-Cy and 7-Cy 
complexation reactions and its role in elucidating the 
nature of similarities and differences among these 
various reactions are the subjects of this paper. The 
analysis shows that none of the effects previously 
proposed to explain the binding in these complexes is 
satisfactory. 


THE COMPENSATION EFFECT 


A van’t Hoff plot of R In K vs. - l /T ,  where K is the 
equilibrium constant at temperature T for a given 
chemical reaction, gives rise to a straight line with 
slope AH and intercept AS, assuming that both AH and 
AS are essentially independent of temperature. If van’t 
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Hoff plots are generated for a series of related chemi- 
cal reactions and the resulting AH values are plotted 
against the corresponding AS values, this graph is often 
also a straight line. This linear relationship is called a 
compensation effect. The slope b, which has the 
dimensions of temperature, is termed the compensa- 
tion temperature. This effect was first described by 
Leffler and Grunwald.“’ Since that time, com- 
pensation phenomena have been observed in a wide 
range of chemical processes. In a review, Linert” 
cited examples in catalysis, vaporization, thermal 
dissociation, electron diffusion in organic semiconduc- 
tors, electrode kinetics and numerous biochemical 
systems. 


An observed linear relationship between AH and AS 
for a series of chemical reactions may reflect an under- 
lying commonality in the reactions. However, in many 
cases, the relationship may be no more than a statistical 
artifact arising from large uncertainties in the values of 
the equilibrium constants. We refer to this linear corre- 
lation induced by experimental errors as the ‘pseudo- 
compensation effect’ and to the effect of chemical 
origin simply as the compensation effect. 


The nature of the pseudo-compensation effect was 
first described by Exner.’* The effect arises because the 
slope and intercept (AH and AS) for each van’t Hoff 
plot are statistically correlated. However, as Exner 
noted, the sets of values of R In K and -1/T are 
uncorrelated with one another since they are obtained 
from separate experiments. His key insight into the 
problem was to recognize that if a true compensation 
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effect exists and if all the van’t Hoff lines are plotted on 
a single R In K vs -1/T plane, then these lines will 
intersect in a single point whose abscissa is the recipro- 
cal of the true compensation temperature. 


Exner’s work led to several methods for distinguish- 
ing compensation from pseudo-compensation phenom- 
ena and for estimating this true compensation 
temperature. Linert13 compared the sum of the squares 
of the deviations of the experimental points from their 
van’t Hoff lines obtained in two ways: first, the van’t 
Hoff lines are constrained to pass through a single point; 
and second, the van’t Hoff lines are not so constrained. 
If the ratio of these two sum-of-squares is sufficiently 
close to 1 as indicated by the appropriate Fisher- 
Pearson F-statistic, then the existence of a true compen- 
sation phenomenon can be inferred. In an alternative 
approach, Krug et ~ 1 . ’ ~  applied paramemc statistical 
methods to the linear compensation relationship 
between AG and AH in order to determine the compen- 
sation temperature and its uncertainty. 


Before continuing, we note one important assumption 
common to the previous analyses of the compensation 
model and the analysis conducted here. It is assumed 
that AH is essentially independent of temperature over 
the temperature range under investigation. According to 
thermodynamics, the difference between values of AH 
at two different temperatures is equal to AC,, dT,  
where AC,, = CJproducts) - C,(reactants). The assump- 
tion that AH is independent of temperature is thus 
equivalent to assuming that AC,, is small. 


Earlier workI5 suggested that AC,, may be appreciable 
in some cyclodextrin complexations. This does not seem 
to be the case in the present study. First, appreciable 
temperature dependences in AH would necessarily lead 
to curved van’t Hoff plots. We detected no such curva- 
ture in the numerous systems studied here. The data 
points are almost invariably randomly scattered about 
the van’t Hoff regression lines. Second, as will be 
discussed below, the compensation model based on the 
assumption that the values of AH are independent of 
temperature provides an acceptable fit to the experimen- 
tal data. 


CALCULATION OF COMPENSATION 
TEMPERATURES AND THEIR UNCERTAINTIES 


In a recent paper, we presented a systematic method for 
determining the existence of the compensation effect 
and the value and uncertainty of the compensation 
temperature, when it exists.I6 Given N reactions, 
labeled by the index i, and 12; temperatures for 
reaction i, labeled by j ,  the thermodynamic relation 
AC= AH -TAS for the ith reaction carried out at 
temperature j can be expressed in terms of the equili- 
brium constant for that reaction: 


(1) R In Kij = AHi( - l/Tjj) + ASi 


The existence of a compensation effect is indicated by a 
linear relationship between the entropies and enthalpies 
of the reactions: 


AHl = u + BASi (2) 
where @ is the compensation temperature. Combining 
equations (1) and (2), we have 


R I n  Kl ,=(a+BAS, ) ( - l /T , , )+AS,  (3) 


Equation (3) represents a set of &I, equations with 
n + 2 parameters: a ,  @ and N values of AS,. The values 
of the parameters are adjusted to best fit the model 
represented by equation (3). 


The model equations are non-linear functions of the 
parameter values. Consequently, a non-linear least- 
squares procedure is required to determine the optim- 
ized values of the parameters. We employed the 
simplex method as implemented by Press et ul.” to 
minimize 


(4) 2 
ff ‘ I  


where y,l are the values of R In K,, calculated from 
equation (3), Y,, are the corresponding measured 
quantities and uII are the experimental uncertainties 
in the Y,,. The required initial estimates of AS, are 
obtained from the van’t Hoff plots; those for u and @ 
are obtained from the intercept and slope of the plot of 
AH vs AS. 


The determination of u,, requires some discussion. 
Although these quantities can be obtained from the 
observed scatter of  R In K,, for each reaction about 
its van’t Hoff straight line, this approach does not 
take account of systematic errors in K,,. The 
equilibrium constants used in this study are derived 
from a variety of experimental procedures, each of 
which is subject to its own types of systematic 
errors. For example, consider the complexation 
constants of  6-Cy with CIO;, I - ,  and S C N -  at 25’C.’’ 
Estimates obtained from conductimetric experiments 
are 51k8, 32+ 12 and 41k 10, respectively. A pH 
perturbation method provided corresponding values 
of  45.8k0.9, 19.0k0.3 and 34.61t0.4. In both 
methods, the uncertainties are standard error estimates 
based on assumed random fluctuations in the conducti- 
metric or pH data. While the conductimetric and 
potentiometric values are consistent in these 
experiments, the latter methodology provides syste- 
matically lower estimates. Numerous other examples 
are available. Consequently, although these systematic 
errors may not appear as random scatter about the 
van’t Hoff lines, they may result in incorrect slopes or 
intercepts. In order to incorporate these errors into 
the analysis, we use the following expression to 
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estimate uii: 


This procedure uses the observed scatter of  R In K,l 
about each of the N van’t Hoff lines to estimate (T,~ 


and, in addition, incorporates the effect of systematic 
errors that alone may amount to 0.15R. Using this 
procedure, the relative uncertainty in the equilibrium 
constants is approximately +15%, a value consistent 
with our experience in measuring complexation con- 
stants employing a variety of experimental techniques. 


Assuming that our estimate of C I , ~  is a reasonable 
approximation to the correct value, substitution of the 
optimized values of the parameters into equation (4) 
provides a value of X 2  which can be interpreted as a 
goodness-of-fit statistic. If the data are well described 
by the model, X 2  will be approximately equal to the 
number of degrees of freedom En, - ( n  + 2); if not, X 2  
is expected to be significantly larger. 


In analyzing the experimental uncertainties and the 
goodness-of-fit of the model, it is important to compare 
the value of 0..15R with the range of equilibrium 
constant values to be analyzed, both from reaction to 
reaction and from temperature to temperature for a 
given reaction. The 6-Cy formation constants vary from 
about 2 to 5000, corresponding to a variation in R In K, 
from about 6 to 71. An experimental uncertainty of 
0.15R is just 2% of this range. Variation of R In K,l 
values for a single reaction depends on the value of the 
equilibrium constant itself as well as the temperature 
range. The weakest complexes encountered here have 
essentially temperature-independent formation con- 
stants. For these complexes, the range of R In K,l is 
approximately zero. For example, complexation con- 
stants for ethanol are 4.6, 4.1, 4.8, 4.3 and 4.0 at 15, 
25, 25, 35 and 45”C,  respectively.” The duplicate 
values at 25 “C (representing repeated measurements 
using the same experimental method) differ by 17%, 
which seems consistent with the error estimate of 
+15%. In these cases, deviations from the compensation 
model will be difficult to detect. For the strongest 
complexes, the range of  values of R In K,l for a given 
reaction as a function of temperature is as large as 
18-20, about 15 times the value of 0.15R. In these 
reactions, any significant deviation from the compensa- 
tion model here will result in a large contribution to Xz 
and an unacceptable goodness-of-fit. 


COMPENSATION EFFECTS IN 6-CY 
COMPLEXATION REACTIONS 


The majority of the temperature-dependent thermo- 
dynamic complexation constants required for this study 


are given in Refs 7 and 18-26. The hydroxide ion 
complexation constants are derived from the acidity 
constant data2’ and the well known temperature- 
dependent values of pK,, the autoprotolysis constant of 
water. Complexation constants for 6-Cy with p -  
aminobenzoic acid and p-methyl-aminobenzoic acid and 
their anionic and cationic species are given in Table l.27 
These results were obtained previously 27 using methods 
described in Ref. 26. 


6-Cy complexes with species of methyl orange, 
characterized in Ref. 22, are not included in this study 
for the following reason. The protonated (neutral) form 
of methyl orange is capable of acid-base tautomerism 
and both species may exist in either the cis or trans 
isomeric forms. Assuming that an aqueous solution of 
methyl orange contains the various tautomeric and 
isomeric forms, Cy complexation is likely to affect 
differentially the equilibrium concentrations of these 
forms. These displacements in concentration would, in 
turn, alter the overall formation constants and thus 
result in deviations from a compensation effect. Dis- 
placement of the tautomeric or isomeric equilibria in 
the complexation of methyl orange with 6-Cy is 
confirmed by spectroscopic data. Upon complexation, 
the intensely colored protonated neutral form 
( E  = 4.0 x lo4 1 mol-’ cm at 530 nm) becomes 
essentially colorless in the entire visible region 
( E  = 0.01 x lo4 Imol-’ cm-’  at 530 nm). 


We also exclude from this study several other com- 
plexes of 6-Cy whose formation constants are given in 
the previously cited references. Complexes of 6-Cy with 
p-hydroxybenzoic acid and its monoanion are excluded 
because of an incorrect analysis of the data given in Ref. 
7. The mixture of p-hydroxybenzoic acid and its conju- 
gate base was treated as a simple monoprotic acid buffer. 
Unfortunately, the difference between p K ,  and pK, for 
this acid is too small to justify this approximation. 


Complexes with hexanoic and decanoic acids and 
their anionic species are excluded because the fit of 
experimental to calculated pH data in these cases is poor 
compared with that for numerous other experimental 
systems. Finally, we exclude extremely weak com- 
plexes, such as the complex of 6-Cy with adamantane 
carboxylate, whose existence is questionable. 


The remaining 74 substrate species are listed in Table 
2. Of these, 68 form binary complexes [(6-Cy). S]  and 
six form ternary complexes [(6-Cy),. S]. 


The ternary complexation reactions require further 
analysis. Although values of the stepwise equilibrium 
constants, K, and K,, for the reactions 


and 
6-Cy + S = 6-Cy. S 


6-Cy * S + 6-Cy = (6-Cy)Z. S 


( 6 4  


(6b) 
respectively, show significant variation from one 
determination to another, the product K , K 2  is more 
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Table 1. Temperature-dependent complexation constants of p-aminobenzoic and p-methylaminobenzoic acid species with 6-Cy and 
7-cv 


Acid Cyclodextrin Temperature ("C) K(H,NC,H4CO;)a K(H,NC,H,CO,H) K(H,NC,H,CO,H +) 


y -Aminobenzoic 6-Cy 20 3.4 * 0.5 1941f50 936 f 30 
30 5.7f 1.4 1054 * 20 578 f 15 
40 3.8 f 0.2 570f 5 3385 6 


2G9f 8 50 2.9 f 0.3 325i  9 
55 3.1 50.4 245* 7 1 7 0 i  6 


7-cy 20 2 2 f 2  854 f 40 281 f 2 0  
30 21 f 2  646 f 25 237 i 14 
40 1 7 f l  483 f 16 196 f 10 
50 1 5 f 1  365 f 12 170f 8 
55 14f 1 314i  9 164f 7 


Acid Cyclodextrin Temperature ("C) K(H,NC,C,H,CO;) K(CH,NH,C,H,CO,H) K(CH,NH,C,H,CO,H') 


p-Methylaminobenzoic 6-Cy 20 10.7 f 1.4 
30 8.5 i 1.6 
40 8.1 f 1.4 
50 7.0 f 0.7 


7-cy 20 7452 
30 7 2 f l  
40 57 f 2  
50 49 f 2  


1925 f 80 
1034 f 80 
564 * 15 
323f 13 


1598 i 20 
1216f 9 
863 f 10 
651 f 10 


1061 f 60 
608 f 60 
345i11 
216 f 20 
586 f 10 
487 i 10 
382f 8 
312f 8 


* Equilibrium constants are thermodynamic formation constants for the complexation reactions of Cy with the substrate species listed in parentheses. 


Observed rms deviations of calculated vs observed pH values were less than 0.001 pH and typically about half that value. 
Uncertainties are standard error estimates derived from propagation-of-variance calculations based on an estimated rms deviation of * 0-001 pH. 


reproducible. Consequently, we use the overall reaction 
2(6-Cy) + S = (6-Cy)Z. S (7) 


with formation constant K, K,. 
Having chosen this form of the reaction, it is neces- 


sary to determine the equilibrium constant appropriate 
for the compensation model of equation (3). AH and 
AS for the overall reaction are the sums of the corre- 
sponding enthalpies and entropies for the stepwise 
reactions. Suppose that each of the stepwise complexa- 
tions conforms to equation (2). Adding the appropriate 
forms of equation (2) for each of  the stepwise reac- 
tions and then dividing by 2,  we obtain 


AH12 = a + PAS12 (8) 
where AH and AS refer to the overall reaction. Thus, 
to include a ternary complexation reaction in the com- 
pensation model [equations (2) and (3)], the enthalpy 
and entropy are each set equal to half the enthalpy 
and entropy of the overall reaction. This enthalpy and 
entropy are the values for the overall reaction 


The equilibrium constant for this reaction is ( K , K 2 ) ' / 2 .  
In analyzing these reactions, we first assumed that all 


74 could be interpreted using a single compensation 
temperature. For these 74 reactions, there were 313 data 
points ( - l /T i j ,  R In Kij) and a total of 76 adjustable 


6-Cy + f S = (6-Cy)Z. S (9) 


parameters. The number of degrees of freedom in the 
model is the difference between the number of data 
points and the number of adjustable parameters, in this 
case, 237. We calculated X2 [equation (4)] and each of 
the summands constituting X2. X 2  divided by the num- 
ber of degrees of freedom was about 1.3, indicating an 
acceptable fit of the model to the data. However, 
examination of the summands indicated that the follow- 
ing reactions were outliers: the binary complexation 
reactions of adamantane carboxylate, iodide, thiocy- 
anate and a few of the dicarboxylic acid species, viz. 
malonic acid, monohydrogenmalonate, monohydrogen- 
succinate and monohydrogenglutarate. 


After eliminating these reactions, 67 remained, 
comprising 284 data points. There were now 69 adjust- 
able parameters and thus 215 degrees of freedom. 
Typically, the data for a given reaction consisted of 
four equilibrium constants obtained at  temperatures 
ranging from 20 to 50°C. Substrate species, listed in 
Table 2 ,  include cations, monoanions, dianions and 
neutral molecules with widely differing chemical 
properties. For this data set, X2/degrees-of-freedom is 
about 0.7. 


The observed value of X2/degrees-of-freedom is less 
than 1.0. This result suggests that our estimate of ui, 
was too conservative. Repeating the calculation using 
0-12R for the minimum value of uij (corresponding to 
rtO.05pK units or a *12% uncertainty in the value of 
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K,) led to a value of  X2/degrees-of-freedom equal to 
1.1. 


The two calculations, based on different estimates of  
the uncertainty in R In K,, gave essentially identical 
values of the compensation parameters, a and ,!I 


Table 2. Substrates for 6-Cy complexation reactions 


Binary complexes: 6-Cy + S = (6-Cy) . S 


Acetic acid 
Acetonitrile 
1-Aminoadamantane, 1 -ammoniumadamantane 
1-Adamantane carboxylic acid (1-adamantane carboxylate)a 
Adipic acid, monohydrogenadipate 
p-Aminobenzoic acid, p-ammoniumbenzoic acid, 


p-aminobenzoate 
Benzoic acid, benzoate 
Butyric acid, butyrate 
Cyclohexanol 
m-Cyanophenol, m-cyanophenolate 
p-Cyanophenol, p-cyanophenolate 
Dioxane 
Ethanol 
Formic acid 
Fumaric acid, monohydrogenfumarate 
Glutaric acid (monohydrogenglutarate) 
Hydroxide 
m-Hydroxybenzoic acid 
(Iodide) 
Maleic acid, monohydrogenmaleate 
(Malonic acid) (monohydrogenmalonate) 
p-Methylaminobenzoic acid, p-methylammoniumbenzoic 


2-Methyl-2-propanol 
Muconic acid, monohydrogenmuconate, muconate 
m-nitrobenzoic acid, m-nitrobenzoate 
p-nitrobenzoic acid, p-nitrobenzoate 
m-nitrophenol, m-nitrophenolate 
y-nitrophenol, p-nitrophenolate 
Octanoic acid, Octanoate 
Oxalic acid, monohydrogenoxalate 
Perchlorate 
Phenol 
Pimelic acid, monohydrogenpimelate 
Propanol 
Propionic acid 
Suberic acid, monohydrogensuberate, suberate 
Succinic acid (monohydrogensuccinate) 
(Thiocyanate ) 
Valeric acid, valerate 


acid, p-methy laminobenzoate 


Ternary complexes: 6-Cy + 1/2S = 1/2(6-Cy),. S 


1- Aminoadamantane 
I-Adamantane carboxylic acid 
Octanoic acid, Octanoate 
Suberic acid 
Trimethylacetic acid 


The complexation behavior of the species in parentheses deviates 
significantly from the compensation model. 


(the Compensation temperature): 5.70 kJ-l mol-' and 
421 K,  respectively. Optimized values of ASt ranged 
from -107 to +28 J K - l m o l - '  and were also 
unaffected by the choice of  uIl. Approximately half of 
the values of  AS, were within &lo-15 JK- 'mol - l  of 
the van't Hoff estimates, a range consistent with the 
standard error of the van't Hoff intercepts based on the 
uncertainties in R In K,]. 


We also examined the point-by-point deviations of 
the optimized values of  R In K,) from the corresponding 
experimental ones. Using a minimum value of 
0,) = 0-12R, we found that approximately 75% of the 
284 optimized values were within (T,, of  the correspond- 
ing experimental values and approximately 4% showed 
differences larger than 20,. Moreover, the deviations 
appear to be randomly distributed among all the reac- 
tions, irrespective of the values of  R In K,). Thus, the 
errors in this study appear to be at least approximately 
normally distributed. Finally, as mentioned above, the 
differences between the optimized and experimental 
values of  R In K,) showed no evidence of  curvature in 
the regression lines. These results indicate that AC,, 
effects are small and that the compensation model 
equations provide a good fit to the experimental data. 


The values of the pseudo-compensation parameters, 
the intercept and slope of  the plot of van't Hoff 
enthalpy vs entropy, are equal to -6.60 kJmol-'  and 
399.7 K, respectively. This pseudo-compensation tem- 
perature is sufficiently far from the harmonic mean of 
the measurement temperatures (approximately 3 10 K)  
to preclude a chance correlation between AH, and AS,.I4 
This result supports our conclusion that the complexa- 
tion reactions of 6-Cy with the 67 substrate species 
listed in Table 2 conforms to the compensation model. 


Why do the seven excluded substrates fail to conform 
to the compensation model? In the case of adamantane 
carboxylate, we note that the formation constant data 
are obtained from conductometric measurements. l9 The 
derivation of these equilibrium constants from the 
experimental data relied on numerous assumptions and 
corrections that may have resulted in large systematic 
errors. Since binary and ternary complexes of adaman- 
tane carboxylic acid conform to the compensation 
model, as do the related substrates adamantanamine and 
adamantaneammonium ion, it is reasonable to conclude 
that the deviation of adamantane carboxylate from the 
model is due to experimental difficulties rather than to 
chemical phenomena. 


Similar arguments apply to iodide and thiocyanate. 
The formation constant data are based on a pH perturba- 
tion techniqueiX involving complex mixtures of a dilute 
benzoic acid-benzoate buffer and high concentrations 
of 6-Cy and iodide or thiocyanate sats. Even small 
amounts of impurities present in the salts could have led 
to significant systematic errors in formation constant 
values. Thus, we regard the formation constant data for 
adamantane carboxylate, iodide and thiocyanate ions as 
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suspect rather than attributing their behavior to a chemi- 
cal deviation from the compensation model. 


The deviations of malonic acid (H0,CCH2C02H), its 
monoanion, monohydrogensuccinate [HO,C(CH,),CO; ] 
and monohydrogenglutarate [HO,C(CH,),CO; ] from the 
compensation model, on the other hand, may result from 
their chemistry. Each of these species is characterized by 
significant internal hydrogen bonding that might be 
affected by complexation. These changes in the internal 
interactions would result in contributions to the overall 
equilibrium ConstantS and thus result in deviations from 
the compensation model. Although we are currently 
unable to confirm experimentally this explanation, it 
seems consistent with the fact that the molecular forms 
of both glutaric and succinic acids conform to the 
compensation model. In these molecular acids, internal 
hydrogen bonding is presumably much weaker than in 
their monoanions, so that disruption of these interactions 
upon complexation would have little or no effect on the 
overall complexation equilibria. 


The uncertainties in the compensation parameters, a 
and B, were estimated using a Monte Carlo procedure.28 
To each experimental value of R In K, is added a 
normally distributed random variate with mean zero and 
standard deviation equal to its uncertainty. The resulting 
set of data is analyzed using the simplex algorithm, 
providing new values of a and @. This procedure is 
repeated 200 times. Examination of the numerically 
ordered set of the 200 values of each parameter values 
provided 68% confidence intervals. Confidence intervals 
for a and p were found to be k0.05 kJmol-'  and 
k1.2 K,  respectively. 


To summarize this section, the Compensation effect 
observed here represents a common property of the 
complexation behavior of 6-Cy with a large variety of 
substrate species. Of the 68 binary and six ternary 
complexations of 6-Cy investigated here, 61 of the 
binary reactions and all six of the ternary complexations 
conform to the compensation model, assuming 
12-15% systematic errors in the values of the complex- 
ation constants. The compensation parameters are 
a=5.70*0.05  kJmol- '  and @=421.2+1.2 K. Seven 
binary complexations do not conform to the model. The 
deviations in three of the seven complexation reactions 
probably arise from systematic errors in deriving the 
complexation constants; deviations in the remaining 
four may result from differences in the internal interac- 
tions in the complexed and uncomplexed substrate 
species. 


COMPENSATION EFFECTS IN 7-Cy 
COMPLEXATION REACTIONS 


The equilibrium constants for the complexation reac- 
tions of 7-Cy with various substrates are tabulated in 
Refs 20, 23, 25 and 29 and in Table 1 of this paper. 
Equilibrium constants for complexation with the 


hydroxide ion are derived from the acidity constants 
listed in Ref. 21 and the temperature-dependent pK, 
values. As was the case with complexes of 6-Cy, we 
exclude complexes involving the various species of  
methyl orange and those few substrates that form weak 
complexes with poorly defined formation constants. The 
resulting data set consists of binary complexation 
reactions of 7-Cy with the 25 substrate species listed 
in Table 3 and contains 119 data points of the form 
(-l /T, R In K ) .  As discussed in the previous section, 
the minimum value of u,, was set at 0.15R. 


The fit of this data set to the compensation model 
results in an unsatisfactory value of  3.7 for X,/degrees- 
of-freedom. Examination of the data showed that the 
substrates could be divided into the two distinct groups 
shown in Table 3. The first group, consisting of 14 
reactions and a total of 70 data points, results in a value 
of  0-36 for X,/degrees-of-freedom. Since this value 
suggests that the estimate of aij=0.15R is overly 
conservative, we repeated the calculation using a 
minimum value of uij equal to 0.12R and obtained 0.6 
for X2/degrees-of-freedom. 


The optimized values of the compensation par- 
ameters a and @, -23.5 kJ mol-' and 633.7 K, 
respectively, and the set of values of  ASi were essen- 
tially identical in these two calculations. The 68% 
confidence intervals calculated using Monte Carlo 
simulations with ui, = 0.12R are 0.2 kJmol-'  and 
25.7 K ,  respectively. Optimized values of AS ranged 
from -16 to +40 JK-lmo1-l. Most of these values 
were within 10 JK- lmol- '  of the corresponding van't 
Hoff estimates. 


Table 3. Substrates for 7-Cy complexation reactions 


Grow 1: comDensation model 


1-Adamantane acetate 
1-Aminoadamantane, 1-ammoniumadamantane 
2-Ammoniumadamantane 
1-Adamantane carboxylate 
1-Adamantane methylammonium 
Cyclohexane carboxylic acid, cyclohexane carboxylate 
Decanoic acid, decanoate 
Hexanoic acid, hexanoate 
Octanoic acid, octanoate 


Group 2: isoentropic model 


p-Aminobenzoic acid, p-ammoniumbenzoic acid, 
p-aminobenzoate 


Benzoic acid, benzoate 
Butyric acid 
Hydroxide ion 
y-Methylaminobenzoic acid, y-methylammonium benzoic 


Valeric acid 
acid, y-methylaminebenzoate 
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The second group, consisting of 11 complexation 
reactions of 7-Cy with 49 data points, could not be 
adequately fitted with either the general compensation 
model or a with model corresponding to the special 
case of isoenthalpic reactions. This lack of fit was 
indicated by the fact that calculations using the two 
different minimum values of uij resulted in different 
compensation parameters. This type of result might be 
due to degeneracy, i.e., differences between values of 
R In Kij  are small compared with uij However, in this 
case, the values of R In Kij are well distributed over a 
range of about 4.8R and the uncertainty of 0-15R is 
only 3% of this range. In addition, the range of 
R In K ,  for individual reactions varied from approxi- 
mately 0-7R to 1.1R. Again, this range is large 
compared with the uncertainty of 0.15R. Thus, the 
range of data is adequate to determine compensation 
parameters if they exist. Apparently, there is no 
compensation effect. 


The 49 data points for this group of 11 complexa- 
tion reactions could be fitted to an isoentropic model. 
We assume that the reactions are characterized by 
a single value of AS. The enthalpies for the 11 reac- 
tions are independent and can be determined from the 
model 


R In K,=AHi(-l/T)+AS (10) 
The fitting procedure proceeds as before. There are 12 
adjustable parameters, namely the 11 values of AHi 
and the single AS. For this fit, again setting the 
minimum uij = 0.15R, X2 = 7.9 with 37 degrees-of- 
freedom. AS = -5.7 f 0 . 2  JK- '  mol-', where the 
uncertainly is the 68% confidence interval derived 
from a Monte Carlo simulation. The values of AHi 
ranged from -19.5 to -9.2 kJmol-I. We repeated 
these calculations with uij = 0.12R and obtained 
virtually identical values of AS and AHi. These 
results indicate that the group of 11 complexation 
reactions of 7-Cy conforms to a model of isoentropic 
reactions. 


In interpreting these results, we note that the substrate 
species in these 11 reactions are smaller than the sub- 
strates in the first group of 14 reactions where a 
compensation effect was observed. This dichotomy is 
very sharp. For example, valeric acid, which is only 
slightly smaller than hexanoic acid, clearly fits the set 
of isoentropic reactions, while the latter acid fits the 
compensation model. Attempts to switch assignments 
yielded patently unsatisfactory results. 


In addition, it is noteworthy that the value of 
AS obtained for the series of isoentropic reactions 
is strikingly similar to the value of -R In 2 = 
-5.76 JK-Imo1-l expected for a simple association 
reaction. This value is derived from a theoretical treat- 
ment of a reaction A + B = A .  B that neglects solvent 
effects and internal degrees of freedom in the A, B and 
A-B.  


DISCUSSION 


The Compensation parameters a and /3 for the complex- 
ation reactions of substrates with 6-Cy are significantly 
different from the corresponding parameters for the 
reactions involving 7-Cy that fit the compensation 
model. For reactions involving 6-Cy we find 
a=5.70+0.05  kJmol-' and /3=421.2*1.2K, 
while for 7-Cy, the corresponding values are 
-23.5 f 0.2 kJ mol-' and 634 -t 26 K. We note here that 
the 6-Cy and 7-Cy complexations involve many of the 
same substrates, for example, species of octanoic acid 
and 1-adamantanamine. The reactions of 7-Cy with 
these substrates result in a compensation effect charac- 
terized by Parameters a and /3. The reactions of 6-Cy 
with these substrates are characterized by a different 
set of compensation parameters. We believe that the 
compensation parameters refiect properties of the host- 
guest interaction. The present results indicate that the 
interactions involving 7-Cy are noticeably different 
from those of 6-Cy. Hence it is not the case, as has 
often been assumed, that the bonding interactions of all 
cycloamylose complexation reactions are essentially 
identical, with complexation constants differing only as 
a result of the size of the cavity of the cycloamylose 
host. 


The compensation behavior detailed here suggests 
that certain chemical phenomena are common to all the 
complexation reactions involving a given cycloamylose 
with the various substrates that exhibit a compensation 
effect. These phenomena could involve common proper- 
ties shared by the substrates, similarities in the solvation 
process or a pattern in the cycloamylose-substrate 
interactions. 


It seems unlikely that the compensation phenomena 
can be explained on the basis of similarities among the 
substrates. The different substrates, which include the 
hydroxide and perchlorate ions, polar molecules such as 
formic, acetic and p-aminobenzoic acid and non-polar 
species such as 1-aminoadamantane, almost certainly 
engage in different types of bonding interactions with 
the cycloamylose and the solvent. Consider, for 
example, ternary complexations such as that of 6-Cy 
with adamantane carboxylic acid, which fit the compen- 
sation model. While the carboxylic acid group may 
interact with one 6-Cy molecule by means of hydrogen 
bonding or polar attraction, the interaction of the 
hydrocarbon adamantanyl group with the second 6-Cy 
complexon cannot employ these mechanisms. 


The two distinctly different compensation effects 
characterizing complexes with 6-Cy and 7-Cy and also 
the existence of isoentropic complexation reactions 
with 7-Cy seem to eliminate the possibility that a 
hydrophobic effect, the solvent effect most often 
invoked to explain the relationship among these reac- 
tions, is involved. A hydrophobic effect presumably 
involves the expulsion of hydrocarbons and other 
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poorly solvated species from the aqueous environment 
and results in the complexation of these species by 
the cycloamyloses. However, the same substrates are 
removed from the same aqueous media in very different 
ways by 6-Cy and 7-Cy. In addition, there seems to be 
little or no connection between the solvation properties 
of the substrate and either its complexation equilibrium 
constant, enthalpy or entropy. 


The third possible source of the compensation 
phenomena lies in the interactions between the 
cycloamylose and substrate. The fact that A H  and AS 
for the complexation reactions of 6-Cy are linearly 
related implies that a more negative A H ,  i.e. increased 
bonding interaction, results in a more negative bonding 
entropy. Thus, an increased attractive force between the 
substrate and a labile 6-Cy molecule results in con- 
straints on the internal motion of 6-Cy and a resulting 
net decrease in system entropy. The source of the 
bonding interaction, whether hydrogen bonding, polar 
interaction or van der Waals attractions, seems 
immaterial. 


The complexation reactions involving 7-Cy that 
exhibit compensation behavior follow the same pattern 
as those with 6-Cy. Reactions involving 7-Cy are 
characterized by a different compensation temperature 
than those with 6-Cy because of differences in the 
internal bonding and vibrational structure of the two 
cycloamylose molecules. 


The existence of a set of isoentropic complexation 
reactions involving 7-Cy suggests that the small sub- 
strate species which exhibit this effect are able to enter 
and bind to the 7-Cy cavity without affecting the inter- 
nal motions of the molecule. The value of AS for these 
reactions is essentially identical with the theoretical 
value for a simple association reaction. The possibility 
that this result may be simply a remarkable coincidence 
does not affect the interpretation offered here. 


The compensation effects described in this paper 
suggest that certain theoretical descriptions of 
cycloamylose complexation reactions and the presum- 
ably related complexation reactions involving enzymes 
and other biochemicals may not be appropriate. Quanti- 
tative models of the reactions have invariably 
employed rigid cycloamylose structures with properties 
derived from x-ray crystallographic results. Such 
models make no allowance for the interplay between 
the binding of the substrate and the cycloamylose 
internal degrees of freedom. These models cannot 
account for the compensation effects observed here 
because changes in both enthalpy and entropy are 
important. Thus, we would expect that more sophisti- 
cated models will be needed to interpret the 
complexation reactions of the cycloamlyloses and, by 
extension, of the more complex biologically active 
molecules. 
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SOLUTION ELECTRON AFFINITY CHANGES VIA THE 
DEUTERIATION OF THE METHYL GROUPS OF y-XYLENE 
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EPR techniques, including spectral double integration, were utilized to measure the equilibrium constants in 
dimethoxyethane at 195 K for electron transfer between perdeuteriated p-xylene and xylene, a-d,-p-xylene and 
a,a'-d,-p-xylene. The results, coupled with the law of Hess, yield all the relative solution electron affinities 
(EA). It was found that methyl deuteriation lowers the solution EA by 160 Jlmol- '  per deuterium, whereas 
ring deuteriation in these systems lowers the solution EA by about 370 Jlmol- '  per deuterium, which is about 
the same effect as is observed in the benzene system. The results are discussed in terms of hyperconjugative, 
inductive and solvation effects. 


INTRODUCTION 


It has been known for over 100 years that electrophilic 
attack of methyl-substituted benzenes in solution is 
controlled by the ring-activating and ortho-puru- 
directing nature of this substituent.' This effect is 
currently understood in terms of the net electron- 
donating nature of the methyl group, which is the net 
result of three factors: electron-releasing inductive 
interactions, hyperconjugative interactions and steric 
inhibition to ion-solvent interactions. The net electron- 
donating nature of the methyl substituent is perhaps 
most simply demonstrated by the decreased solution 
electron affinity (EA)  of methyl substituted benzenes 
relative to benzene.' When mixtures of p-xylene and 
benzene were partially reduced with alkali metal in a 
solvent mixture of dimethoxyethane (DME) and 
tetrahydrofuran (THF), the EPR analysis of the result- 
ing relative anion radical concentrations proved reaction 
(1) to have a positive AGO. It was suggested that the 
endothermic (AGO = AH", ASo = 0) nature of this 
reaction should persist into the gas phase.' 


AGO = +3200 J mol - I  in solution 
AGO = -7700 J mol-' in gas phase 


This prediction did not hold up, however, and the 
exothermicity of the electron transfer was demonstrated 
in the gas phase,, which can only mean that steric 
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inhibitions to ion-solvent interactions play an important 
role in controlling the solution-phase electron transfer. 
Without the presence of the solvent and counter ion, the 
methyl groups are intrinsically electron attracting in 
nature. Thus, the hyperconjugative effect is dominant in 
the gas phase. That is, the gas-phase equilibrium is 
biased in favor of the molecule with the most delocaliz- 
ation, and the two methyl groups allow the negative 
charge to be delocalized into six additional atomic 
centers. 


The solution-phase EPR spectra of the anion radical of 
both p-xylene (CH,C,H4CH,) and a,a'-d,- p-xylene 
(CD,C,H,CD,) reveal a splitting associated with the 
lifting of the degeneracy of the two antibonding MOs 
into which the extra electron is added. However, to a first- 
order approximation the presence of two methyl groups 
should not cause a deviation of the gas-phase free energy 
change for reaction (1) from zero (Figure 1, top). The 
simple HMO model predicts that the two CH, groups do 
increase the energy of the symmetric orbital given by 
Ys = 1/d12)(2Yl - Yz - Y3 + 2Y4 - Y5 - Y,), but the 
electron would be expected to add into the antisymmetric 
orbital given by Ya= (1/2)(Y2-Y3+Y5-Y,), which is 
not perturbed by the CH, groups. This ordering of the 
two MOs is confirmed by solution-phase EPR s t ~ d i e s , ~  
but it is unclear if this ordering persists in the gas phase.' 


EPR studies show that the anion radicals of a-d,-p- 
xylene (CD,C,H,CH;') and a,a'-d,-p-xylene 
(CD,C,H,CD;') exhibit hyperfine coupling constants 
for the ring protons that are 12 and 23 mG larger than 
those of the p-xylene anion radical itself.' This has 
been attributed to a further lifting of the degeneracy of 
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Figure I. Top: The electron transfer reaction between benzene and p-xylene showing the molecular orbitals into which the extra 
electron is being added. The methyl groups are shown splitting the degeneracy (raising) of the two antibonding MOs, but this cannot 
account for the endothermic nature of this reaction in solution. A second order effect (which is not shown) resulting in the lifting of 
Y, must also result from the presence of the methyl groups. Bottom: The electron transfer reaction between p-xylene and a,a'-d,-p- 
xylene showing the molecular orbitals into which the extra electron is being added. The inductive lifting of the antisymmetric orbital 


by the two deuteriated methyl groups accounts for the endothermic nature of this reaction 







h


the antibonding molecular orbitals due to the replace- 
ment of the protons with deuteriums to an extent of 
about 29 Jmol-' per deuterium. These results seem to 
support the conclusion that the hyperconjugative effect 
is a result of the interaction between the methyl anti- 
bonding orbital and the ring, and i t  lowers the energy of 
Ys in xylene and toluene., Thus, hyperconjugation 
itself seems to stabilize Ys relative to 'Pa, and consider- 
ation of the inductive effect, which is augmented by 
deuteriation, is necessary for the proper ordering of Ys 
and 'Pa. It should be noted that manifestations of 
deuterium perturbations upon hyperconjugation have 
also been noted via NMR studies.' 


Within the confines of the Born-Oppenheimer 
approximation, methyl group deuteriation should lower 
the magnitude of the hyperconjugative effect. This is 
the case since methyl group deuteriation lowers the zero 
point energies of the methyl C-H bonds and, in turn, 
attenuates contributions from the methyl-ring interac- 
tion (valence bond structure I contributes to a greater 
degree than does structure 11). This diminishes the 
hyperconjugative effect of lowering of Y, relative to Ya 
and leads to an increase in the relative contribution from 
the inductive effect, hence the observed isotopic 
increase in the splitting of the two antibonding MOs 
(AE) due to deuteriation. 


H. I). 


I I1 


What would be the effect upon the solution electron 
affinity of replacing the methyl protons with deuter- 
iums? The replacement of the para-hydrogens in 
benzene with CH, groups amplifies the EPR observed 
splitting and simultaneously reduces the solution elec- 
tron affinity. The replacement of the CH, groups with 
CD, groups further amplifies the EPR observed 
splitting. Thus, by analogy, we might expect a simul- 
taneous decrease in the solution EA. However, it is a 
solvation effect (steric inhibition to solvation) that 
renders the solution EA of xylene less than that of 
benzene. A change in solvation should take place upon 
replacement of the methyl groups with CD, groups in 
the xylene anion radical because the C-D bond is 
shorter than the C-H bond [for naphthalene, x-ray 
crystallography reveals a reduction of the C-L (L = H 
or D) b p d  length from 1.085 (C-H) to 1.073 
(C-D) A'], and slightly less steric inhibition to 
solvation from the CD,s is expected. From this (solva- 
tion effect) point of view, the solution EA of the a- 
deuteriated xylenes should be just very slightly larger 
than that of xylene. In support of this prediction, it has 
been observed that the very small changes in steric 
requirements due to D for H substitution can lead to 


large alterations in macroscopic physical properties.' On 
the other hand, the general bond weakening that takes 
place upon electron attachment should be more exten- 
sive in the deuteriated compound and render its EA 
lower than that of the perprotiated compound. It is this 
general bond weakening that renders the solution EA of 
perdeuteriated benzene less than that of benzene. '"." 


RESULTS 
The EPR technique could not be used to directly com- 
pare the solution EAs of CD3C,H,CD3, CH,C,H,CH,, 
and CD,C,H4CH3 because the EPR spectra of each of 
the resulting pairs of anion radicals are too similar. 
Rather, the competitive electron transfer equilibria of 
those species with CD,C,D4CD3 were studied. 


When a solution of 100 mg of perdeuteriated p- 
xylene (CD3C,D4CD3) in approximately 4 ml of 
dimethoxyethane (DME) and a very deficient molar 
amount of 18-crown-6 is exposed to a freshly distilled 
potassium metal mirror under high vacuum at -78 "C, a 
solution of the anion radical of CD,C6D4CD, is 
formed. Dilution of this sample with more DME yields 
a solution whose EPR analysis at 195 K indicates that 
the anion radical exists in two different states of ion 
association, both with observable metal hyperfine 
splittings. The ratio of concentrations of the two ion 
pairs is 1 : 1, and aK = 0.0725 and 0.142 G, respectively. 
These metal splittings were expected and are just 
slightly larger than those reported for the p-xylene 
anion radical under identical  condition^.^ 


The reduction of 22.3 mg (0.21 mmol) of p-xylene 
and 152.0 mg (1.31 mmol) of perdeuteriated p-xylene 
in approximately 4 rnl of DME containing a deficient 
molar amount of 18-crown-6 by a very molar deficient 
amount of potassium metal yields a solution of the 
anion radicals of p-xylene and perdeuteriated p-xylene. 
The EPR spectrum of the anion radicals is best simu- 
lated by assuming an anion radical mixture correspond- 
ing to [CD,C,D,CD;']/[CH,C,H,CH;'] = 1.33 (Figure 
2). Thus, the equilibrium constant for reaction (2) that 
best fits this experiment is 1.33 x (0.21/1.31) =0.21. 
Several such experiments reveal that Kcq for reaction (2) 
is 0.22 f 0.02 at 195 K. 


$343 FH3 fD3 


AG" = 2.45 kJ mol-' 


Similar experiments were carried out using mixtures 
of CD,C,D4CD, with CD,C6H4CH, and with 
CD,C6H4CD,. The law of Hess was utilized to obtain 
the equilibrium constants for the electron transfer 
reactions for the systems not containing CD,C,D,CD, 
(Table 1). 
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Table 1. Equilibrium constants and free energy changes in J mol-' for the electron 
transfer from the anion radical (columns) to the neutral molecule (rows) at 195 K in DME 


CH,C,H,CH;' 1 .00 0.79 i 0.11 0.55 i 0.07 


CD,C,H,CH;-' 1.27" 1 .oo 0.70 i 0.10 
0.00 390 f 230 970 f 220 


-390 0.00 580 i 230 


-970 -580 0.00 


-2450 -2060 - 1480 


CD,C,H4CD;' 1.8 1.43" 1 .00 


CD,C,D,CD;' 4.5 3.6 2.5 


0.22 f 0.02 
2450 f 150 
0.28 i 0.03 
2060 i 170 
0.40 i 0.04 
1480i 160 
1.00 
0.00 


" A  third significant figure was retained in these Ke,, values in order that calculated AGO values for the 
forward and reverse reactions agree appropnately. 


Figure 2. EPR spectrum at 195 K resulting from the partial (about 5 % )  potassium reduction of a mixture of p-xylene and 
perdeuteriated p-xylene ( [CH,C6H,CH,]/[CD,C,D,CD,] = 0.160) in DME containing 18-crown-6. The computer simulation 
(bottom) was generated using a ratio of anion radicals [CH,C,H,CH;']/[CD,C,D,CD;'] =0.75. The ring and methyl proton 
splittings used in the simulation are 5.386 and 0.100 G, respectively. For the analogous deuteriums, the 0,s are 04365 and 0.013 G. 


Four of the five widely spaced packets of hyperfine 
components from the ring-protiated xylene anion radicals 
lie outside of the field covered by the spectrum of 
CD,C,D,CD;'. This situation provides us with the 
opportunity to utilize double integration of the spectra to 


obtain Kq. The extremities of the doubly integrated 
spectrum account for 10/16ths of the ring protiated anion 
radical concentration, while the central portion accounts 
for 6/16ths of this concentration and all of the CD,C,D,- 
CD;' concentration. The double integration technique 
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5.39G 


Figure 3. EPR spectrum at 195 K resulting from the partial (about 5 % )  potassium reduction of a mixture of a,a'-d,-y-xylene and 
perdeuteriated y-xylene ( [CD,C,H,CD,]/[CD,C,D4CD3] = 0.1 12) in DME containing 18-crown-6. The computer simulation 
(bottom) was generated using a ratio of anion radicals [CD,C,H,CD;']/[CD,C,D,CD;'] = 0.270. These results yield an equilibrium 
constant of 0, 41 for the electron transfer: CD,C,H,CD;' + CD,C,D,CD, = CD,C,H,CD, + CD,C,D,CD;'. The double integration 
of the real spectrum (shown superimposed) allows unambiguous accounting for the outer four lines or 10/16ths of the 
CD,C,H,CD;' concentration. The central up slope of the double integration accounts for all of the CD,C,D,D;' concentration and 
the central component or 6/16ths of the light anion radical concentration. The ratio of anion radical concentrations obtained from 


this double integration is [CD,C,H,CD;~]/[CD,C,D,CD;'] = 0.252 


(Figure 3) yields equilibrium constants similar to those 
obtained from the use of computer simulations. 


CONCLUSIONS 
The replacement of the methyl hydrogens with deuter- 
iums has the same qualitative effect upon the solution EA 
as does the substitution of the ring protons: it lowers the 
solution EA. This is consistent with an increased electron- 
donating inductive effect upon CH, replacement with CD, 
and a reduction of the hyperconjugative effect. The 
quantitative effect of deuteriation of the methyl groups 
upon solution EA amounts to about 160 Jlmol- l  per 
deuterium, while that for deuteriation of the ring posi- 
tions in p-xylene is about 370 Jlmol-I  per deuterium. 
This latter value is very close to the value reported for the 
replacement of ring hydrogens with deuterium in 
benzene (380 JI mol-' per deuterium)." 


The slightly diminished steric inhibition to solvation 
that would be expected upon replacement of the methyl 
groups with CD,s is overwhelmed by the intramolecular 
inductive and hyperconjugative contributions to the 
solution EA. Based upon the previously observed 
increase in the ring proton coupling constant, this 
isotopic substitution diminishes the hyperconjugative 
effect of  lowering Y,, leading to an increase in AE.' In 
order to account for the simultaneous decrease in 
solution EA, the presence of the methyl deuteriums 
must also inductively raise the energy of the molecular 
orbital to which the electron is added ('Pa in Figure 1, 
bottom). 


EXPERIMENTAL 
In a typical electron competition experiment, 15 mg of y- 
xylene and 149.1 mg of d,,-p-xylene were sealed in a 
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capillary tube and placed in an apparatus along with one 
tenth the molar equivalent of 18-crown-6. Approximately 
4 ml of DME were distilled from an evacuated bulb 
containing NaK2 into the evacuated apparatus, which was 
then sealed from the vacuum line and agitated so as to 
break the capillary tube. The resulting solution was then 
briefly exposed to a freshly distilled potassium mirror and 
the resulting anion radical solution poured into an 
attached 4 mm tube. 


All the EPR spectra were recorded with a Bruker ER- 
200 EPR spectrometer equipped with an IBM variable- 
temperature unit connected to the back cavity of a dual- 
cavity system at 195 K. The spectra were saved on disk 
with EPRWare data collection software. Simulations 
were carried out using the software described 
previously. '2b,c 


a,a'-d,- p-Xylene and d,,,-p-xylene were purchased 
from MSD Isotopes. a-d,-p-Xylene was not commer- 
cially available and was synthesized using a variation of 
the procedure reported for p - ~ y l e n e . ' ~  


A 40 ml volume of dry light petroleum (b.p. 
30-60°C) and 3.44 g of cut sodium spheres were 
placed in a 100 ml three-necked round-bottomed flask 
under a stream of nitrogen. p-Chlorotoluene (9.50 g) 
was introduced from a dropping funnel with vigorous 
stirring. Stirring continued at 30°C for 3 hours, after 
which 9.81 g of perdeuteriated dimethyl sulfate in 
3.75 ml of  freshly distilled benzene were introduced 
over the span of 1 hour with the temperature main- 
tained at 30°C. Water was then slowly added to the 
colorless reaction mixture, and the organic layer was 
separated. The lighter materials were distilled from 
the organic mixture at 90°C.  The remaining crude 
xylene was then steam distilled in the presence of  
0.1 M potassium hydroxide. The organic layer was 
separated from the distillate and dried over mag- 
nesium sulfate. This mixture was distilled, and the a- 
d,-p-xylene was collected at 137-138 "C. This ad , -  
p-xylene was further purified via preparative gas 
chromatography. 
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EFFICIENT AND/OR SELECTIVE METHYLATION BY 
DIAZOMETHANE OF ALCOHOLS, HALO ALCOHOLS, GLYCOLS, 


AMINO ALCOHOLS AND MERCAPTO ALCOHOLS WITH THE USE OF 


BIFUNCTIONAL CATALYST 
A PROTON-EXCHANGED X-TYPE ZEOLITE AS AN ACID-BASE 
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Reactions of diazomethane with butanol, allyl alcohol and fl- and y-halo alcohols led to efficient methylation 
(giving the corresponding methyl ethers) with the use of a proton-exchanged X-type zeolite compared with 
H,SO,. The reactions with propylene and isobutylene glycols using the zeolite provided regioselective 
methylation of the primary OH rather than the secondary or tertiary OH, whereas regioselectivity was not 
observed in the reactions using H,SO,. The reactions with 2-aminwthanol and 2-mercaptoethanol showed high 
chemoselective S-methylation and N-monomethylation, respectively, in the presence of the zeolite instead of 
H,SO,. The mechanism for the reactions is proposed to involve acid-base bifunctional catalysis of the zeolite in 
which the acidic site reacts with diazomethane to form its conjugate acid, and the nucleophilicity of OH and SH 
groups is enhanced by the interaction of the basic site with the proton of the groups. 


INTRODUCTION 
The use of zeolites as catalysts for organic synthesis has 
attracted considerable attention recently.'-7 The excel- 
lent catalytic activity of zeolites can be attributed to the 
large surface area, the acidic sites present on the sur- 
face, the intracrystalline pore structure, etc. Copper- 
exchanged X- and Y-types zeolites are known as active 
catalysts for the transformation of diazo compounds 
into carbenoid intermediates, which lead to cis alkenes 
stereoselectively owing to the selective ability of the 
zeolites.* 


We recently reported on a novel acid-base bifunc- 
tional catalysis of a proton-exchanged X-type zeolite 
(H+-zeolite X) for the ring-opening reaction of 2-alkyl- 
substituted epoxides by alcohols, thiols and amines.' In 
this paper, we describe the regio- and chemo-selective 
methylations by diazomethane of glycols and amino 
and mercapto alcohols together with the efficient 
methylation" of alcohols and halo alcohols, and the 


* Author for correspondence 


mechanism for the methylations is explained by 
acid-base bifunctional catalysis of H +-zeolite X. Such 
bifunctional cataly~is,~*l '- '~ resembling enzyme catalysis 
is of great interest in mechanistic and synthetic fields. 


RESULTS AND DISCUSSION 
The reactions of diazomethane (1) with the butanols 
2a-d were carried out using H+-zeolite X or HZSO4 as a 
catalyst in benzene, and gave the corresponding butyl 
methyl ethers (3a-d) after filtration of the zeolite or 
neutralization of H2S04 (Table 1). The reaction of 1 
with allyl alcohol (2e) and propylene-3-thiol (2f) 
produced allyl methyl ether (3e) and sulphide (3f) 
when H+-zeolite X was employed (Table 1). The 
reaction of 1 with the halo alcohols 2g-j also yielded 
haloalkyl methyl ethers (3g-j) (Table 1). The reaction 
of propylene and isobutylene glycols (2k and I)  
preferentially gave 1-methoxypropan-2-01 (3k) and 
l-methoxy-2-methylpropan-2-ol (31) compared with 
2-methoxypropan- 1-01 (4k) and 2-methoxy-2- 
methylpropan-1-01 (41) with the use of H+-zeolite X 
rather than H$04 (Table 2). In the reaction of styrene 
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Table 1. Reactions of diazomethane (1) (4.85 mmol) with nucleophiles (9.7 mmol) such as 
butanols 2a-d, ally1 nucleophiles 2e and f and halo alcohols 2g-j in benzene (7.5 cm') at 25 "C 


for 0.5 h 


2 Catalyst Catalyst (mg) Yield" (100%) of 3 (%) 


a; n-BuOH 
a; n-BuOH 
Noneb 
a; n-BuOH 
a; n-BuOH 
b; iso-BuOH 
c; sec-BuOH 
d; terr-BuOH 
e; CH+HCH,OH 
f; CH+XCH,SH 
g; Br(CHA0H 
h; CI-..OH 
i; Cl...OH 
j; CI...OH 


H'-zeolite X 
H+-zeolite X 
H+-zeolite X 
Na'-zeolite X' 
H+-zeolite A-3 
H+-zeolite X 
H'-zeolite X 
H'-zeolite X 
H+-zeolite X 
H'-zeolite X 
H'-zeolite X 
H+-zeolite X 
H'-zeolite X 
H+-zeolite X 


200 
350 
350 
200 
200 
350 
350 
350 
200 
350 
200 
350 
350 
350 


90 (24) 
95 
- 
0 
0 


45 (20) 
64 (36) 
7 ( 5 )  


80 (0) 
31 (0) 
89 (19) 
85 (33) 
56 (13) 
13 (10) 


'The yields are based on 1 used, and the values in parentheses are yields in the reactions using H,SO, (200 mg). 
Diazomethane did not decompose in the absence of alcohol or thiol. 


'Diazomethane did not decompose in the presence of Na'-zeolite X. 


Table 2. Reactions' of diazomethane (1) (5.0 mmol) with 
nucleophiles (10mmol) such as propylene, isobutylene and 
styrene glycols (2k-m), 2 - a m h e t h a n O l  (2n) and 2-mercaP- 
toethanol (20) with the use of H+-zeolite x (200 mg) Or 


H,S04 (200 mg) at 25 "C for 0.5 h 


(30) and 2-methoxyethanethiol (40); the selectivities 
3n/3n' and 30/40 were higher in the presence of H+- 
zeolite X than H,SO, (Table 2). The yields of the 
products and the ratios 3/4 and 3/3' are summarized in 
Tables 1 and 2. 


~ 


Ratio 
Yieldb (%) of yields 


2 Catalyst 3 3' 4 5 314 313' 


2k H+-zeoliteX 51 33 
H7.S04 37 38 


21 H+-zeoliteX 58 24 
H*SO, 31 29 


2m H+-zeolite X 49 26 0 


2n H'-zeoliteX 52 15 0 
H2S04 27 12 0 


H7.S04 9.4 4.9 59 


20 H+-zeoliteX 78 2.8 
HZSO.3 33 6.5 


1.5 
0.95 
2.4 
1 . 1  
1.9 
1.9 


3.7 
2.3 


28 
5.1 


'The solvent for the reactions of 2k, 21 and 20 was benzene (10 cm'), 
that for 2m was benzene (50cm3), and that for 2n 1.2-dimethoxy- 
ethane ( loan3).  
The yields are based on 1 used. 


glycol (2m), 2-methoxy-1 -phenylethanol (3m), 2- 
methoxy-2-phenylethanol (4m) and phenylacetaldehyde 
(5) were formed using H,S04 whereas 5 was not 
obtained using H+-zeolite X (Table 2). The reaction 
of 2-minoethanol (2n) or 2-mercaptoethanol (20) pro- 
duced 2-(N-methylamino) ethanol (3n) and 2-(N,N- 
dimethy1amino)ethanol (3n') or 2-methylthioethanol 


Acidic property of H +-zeolite X and the pore reaction 
Diazomethane (1) did not decompose in the presence of 
Na+-zeolite X instead of H+-zeolite X, so that a conu- 
gate acid of 1 may be formed by reaction of 1 with the 
acidic site (i.e. proton) of H+-zeolite X. The decomposi- 
tion using H+-zeolite X took place in the presence of a 
nucleophile such as an alcohol, mercapto alcohol or 
amino alcohol, but did not occur in the absence of the 
nucleophile. This implies that the conugate acid under- 
goes an induced decompositiong by the nucleophile to 
give the products (Scheme 1). 


No catalytic activity of H'-zeolite A-3, which has 
smaller pores (minimum pore diameter 3 A) than H'- 
zeolite X (minimum pore diameter 10 A) (see Table l), 
indicates that the reaction using H+-zeolite X occurs not 
on the surface but in the pore. 


Basic property of H'-zeolite X 
The efficient methylation leading to high yields of 3 and 
4 with the use of H'-zeolite X rather than H,S04 
(Tables 1 and 2) can be rationalized as follows. The 
nucleophilicity (i.e. the negative charge) of the OH, SH 
or NH, group of 2 is increased by an interaction of the 
hydrogen atom of the group with the basic site of the 
ze01ite.~ The conjugate acid of 1 is subject to induced 
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decompostion by the nucleophile with increased reac- 
tivity to give efficient methylation (Scheme 1). Further, 
the induced decomposition might be facilitated by a 
proximity effect'" on the reactive positions (i.e. the 
carbon of the conjugate acid given by the acidic interac- 
tion with the zeolite and the atom of the nucleophile 
interacting with its basic site) (Scheme 1). The increase 
in the nucleophilicity is well supported by the reaction 
of halo alcohols 2g-j, by the regioselective reaction of 
2k-m and by the chemoselective reactions of 2n and 
20, as shown below. 


In the H,SO,-catalyted reactions, the ~o l l apse '~* '~  of 
the ion pair (MeN; -OSO,H) without reacting with the 
nucleophile such as an alcohol or thiol cannot be 
avoided, and no increase in the nucleophilicity can 
occur. Thus, the reactions in the use of H,SO, lead to 
the less methylation. 


X-ray fluorescence analysis showed that H'-zeolite X 
used in the reactions still contains ca 20% unexchanged 
Na'. We infer that the basic nature of H'-zeolite X 
results from the unexchanged sites; the effective nega- 
tive charge on lattice oxygen around the Na' is greater 
than that around the H', and seems to result in a basic 
character. However, we cannot exclude the possibility 
that the lattice oxygen neighbouring the acid site of the 
zeolite operates as the basic site. We are therefore now 
investigating the basic position. 


Preservation of allylic double bond 


The reaction of ally1 alcohol (2e) and propylene-3-thiol 
(2f) afforded 3e and 3f using H'-zeolite X, whereas the 
reaction using H2S04 did not give 3e and 3f but pro- 
duced only a polymer (Table 1). This interesting result 
with the formation of products possessing allylic double 
bonds means that the proton of H'-zeolite X chemose- 
lectively catalyses the decomposition of 1, not the 
polymerization of 2e and 2f. The low yield of 3f 
probably arises from the side-reaction; in fact many 
peaks were observed in the gas chromatographic (GC) 
analysis of the reaction mixture from 2f. 


Effect of intramolecular hydrogen bonding of halo 
alcohols 
The yield of 3g-j for the reaction of the halo alcohols 
2g-j depended on the structure of 2: 3g > 3h > 3i > 3j 
(Table 1). The yields of 3g-j are high and very sensitive 
to the structure using H'-zeolite X compared with 
H,SO, (Table 1). Considering the molecular models of 
the halo alcohols and the different electronegativities of 
the halogen atoms, these alcohols may form intramolec- 
ular hydrogen bonds with the halogen atom in the order 
2g c 2h < 2i < 2j. Stronger intramolecular hydrogen 
bonding depresses more the intermolecular interaction 
between the alcoholic OH and the basic site of the 
zeolite to give a lower yield of methylation. This result 
suggests that the alcoholic proton interacts with the 
basic site of the zeolite, and that the proton of H'- 
zeolite X selectively interacts with 1, not the halogen 
atom of 2g-j. 


The one-step preparation of the haloalkyl methyl 
ethers 3g-j is useful from the synthetic point of view 
because these compounds cannot be produced in 
high yields by Williamson syntheses from X(CH,),O- 
and MeX or X(CH,),X and MeO- since we cannot 
avoid the formation of X(CH,),O(CH,),O- or 
Me0 (CH, ),OMe. 


Regioselective reactions of glycols 


Employing H'=-zeolite X compared with H,SO,, the 
yield of 3a-d decreased more markedly with an 
increase in the bulkiness around the OH group of 
butanols; the order of the yields was 3a > 3c > 3b > 3d 
(Table 1). This suggests the idea that greater bulkiness 
around OH hinders the basic interaction of the zeolite 
with the OH group to decrease the yield of 3. This idea 
was applied to the regioselective methylation for the 
primary OH of glycols relative to the secondary or 
tertiary OH groups. In fact, the ratios 3/4 (1.5 and 2.4) 
in the reaction of glycols 2k and 21 using H'-zeolite X 
were greater than those (0.97 and 1.1) using H,SO, 
(Table 1 and Scheme 2). The regioselective result with 
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the use of the zeolite supports well the above basic 
interaction. 


In the reaction of glycol 2m, the yields of 3m and 4m 
were extremely low using H2S04, and the 3m/4m ratio 
was the same in the uses of H'-zeolite X and H,S04 
(Table 2). The low yields of 3m and 4m are due to the 
conversion of starting material 2m into 5 by dehydra- 
tion in the presence of H,S04. However, we cannot 
explain the reason for the unexpectedly high 3m/4m 
ratio with the use of H,S04. 


Chemoselective reactions of 2-amino- and 
2-mercaptoethanol 
The reaction of 2-aminoethanol (2n) yielded only N-  
attacking products 3n and 3n' in the presence of H'- 
zeolite X or H,S04 (Table 2 and Scheme 2). The high 
nucleophilicity of the amine compared with the alcohol 
results in this high chemoselectivity. The 3n/3n' ratio 
(the Occurrence of N-methylation relative to N,N- 
dimethylation) (3.7) in the presence of the zeolite 
was higher than that (2.3) in the presence of H2S04 
(Table 2). This is well interpreted by the idea that it is 
more difficult for the secondary than the primary amino 
group to interact with the basic site of the zeolite 
because the former group is bulkier than the latter, 
leading to chemoselective N-monomethylation. The 
result is similar to that of the regioselective reaction of 


2-Mercaptoethanol (20) was chemoselectively con- 
verted into the S-attacking product 30 rather than the 0- 
attacking product 40, and the chemoselectivity (i.e. 
30/40 = 28) in the presence of H'-zeolite X was much 
higher than that (5.1) in the presence of H2S04 (Table 2 
and Scheme 2). This high chemoselective S-methylation 
with the use of H'-zeolite X is of a great interest 
mechanistically and synthetically. The result well 
supports the idea' that the nucleophilicity of the SH 
group is more enhanced by the interaction with H'- 
zeolite X than that of the OH group since the interaction 
can polarize S-H bonds more than 0-H bonds as 
the former bonds are weaker than the latter. Thus, the 


glycols. 


S-attack takes place preferentially in the presence of 
H'-zeolite, resulting in the high ratio 30/40. 


Exclusion of the other mechanisms 
We considered the possibility of simple acid surface 
catalysis in which a nucleophile such as OH, SH or 
NH, interacts with the only acidic site of the zeolite. 
However, this is less likely from the fact that the 
chemoselective N-methylation of 2n occurs in the 
presence of H'-zeolite X; the acid surface reaction 
should not give rise to N-methylation chemoselectively 
because the highly basic amino group preferentially 
undergoes protonaton, resulting in no nucleophilicity. 


The shape selectivity of H'-zeolite X for the normal 
halo alcohols 2g-j would be very small because the 
ring-opening reactiong of epoxides by alcohols was 
almost independent of the molecular size of the alcohols 
(the size was increased from ethanol to hexanol). 


EXPERIMENTAL 
IR spectra were obtained a Horiba FT-210 Fourier 
transform infrared spectrometer. NMR spectra ('H and 
13C) were taken with a Nippondenshi JNM-FX-60Q 
Nh4R instrument. Mass spectra were recorded with a 
Hitachi M-80B spectrometer. GC was performed with a 
Shimazu GCdA gas chromatograph using a glass 
column (1 m x 3 mm i.d.) packed with 10% poly- 
ethylene glycol 20M on 60-80 mesh Chromosorb WAW 
DMCS. In two synthetic runs the yields of the products, 
agreed within f2%, as determined by replicate GC 
analyses. The products were isolated by column 
chromatography using silica gel (Wakogel C-300) (1) 
and dichloromethane and diethyl ether as eluents. 


Benzene, the butanols and 1 ,Zdimethoxyethane were 
purified by standard methods before use. Diazomethane 
(1) was synthesized b the action of aqueous KOH on 
N-nitrosomethylurea. lY Isobutylene glycol (21)16 and 
styrene glycol (2m)I7 were prepared by the methods 
described in the literature. Sulphuric acid (98%), ally1 
alcohol (2e), propylene-3-thiol (2f), halo alcohols 
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2g-j, propylene glycol (2k), 2-aminoethanol (2n), 2- 
mercaptoethanol (20) and phenylacetaldehyde (5 )  were 
of reagent grade (Wako) and used without further 
purification. 


H'-zeolite X and A-3 were prepared by the calcina- 
tion (350°C, 1 h) of NH,'-exchanged zeolites formed 
from TByB SBda synthetic powdered Na'-zeolite F-9 
(i.e. X) an4 A-3 which have minimum pore diameters of 
10 and 3 A, respectively. Na'-zeolite X or A-3 (8 g) 
was treated three times with 200 cm3 of aqueous NH,Cl 
(0.5 mol drn-,), washed four times with 500 cm3 water, 
dried in air and calcined. The H'-zeolite X could be 
recycled via the above calcination. 


Reactions of diazomethane ( I )  with butanols 
(2a-d), ally nucleophiles (2e and f), halo alcohols 
(2g-j), glycols (2k-m), 2-aminoethanol (2n)  and 2- 
mercaptoethanol (20 )  in the use of H'-Zeolite X or  
HJO,. The reactions of 1 with 2a-0 were canied out 
in the presence of H'-zeolite X or H,SO, under the 
conditions described in Tables 1 and 2. After filtration 
of H'-zeolite X or neutralization of HzS04 by 
powdered N%C03, the yields of the products were 
determined by GC and are given in Tables 1 and 2. The 
yield of the products and the 314 and 313' ratios did not 
vary when a mixture of 3 and 4 (or 3') was treated 
under the reaction conditions with the use of H'-zeolite 
X or the reactions using H,S04 were performed for 1 h 
rather than 0.5 h. The results suggest that the products 
were stable under the reaction conditions, and the ratios 
reflect the selectivity for the reactions. 


The methyl ethers 3a-f and phenylacetaldehyde (5) 
were identified by a comparison of their IR and 'H and 
I3C NMR spectra with those of authentic samples. Butyl 
methyl ethers 3a-d, allyl methyl ether (3e) and allyl 
methyl sulphide (3f) were synthesized from methyl 
iodide and the corresponding sodium alkoxides or 
thiolate. The identities of the following compounds 
were confirmed from their spectroscopic data rather 
than by individual preparation. 


I-Bromo-3-methoxypropane (3g)." Liquid, 
&(CDCl,-CCl,) 1-8-2.3 (2H, m, BrCH,CH,, 3.4 
(3H, s, OMe) and 3.25-3-8 (4H, m, BrCH, and 


(BrCH,), 58.3 (OMe) and 69.6 (OCH,); GC-MS @I), 
m / z  154, 152 (M+), 122, 120, 73, 71, 45, 43, 39, 29, 
27 and 15; (CI), m/z 155 and 153 (M'+ 1). 


OCH,); 6,(CDCI,-CCl4) 29.6 (BrCHZCH,, 32.7 


I-Chloro-2-methoxyethane (3h).19 Liquid, 
&(CDCl,-CCl,) 3.4 (3H, s, OMe) and 3.4-4.2 (4H, 
m, ClCH, and OCH,); d,(CDCl,-CC,) 41.7 (CICH,), 
58.5 (OMe) and 72.4 (OCH,). 


I -Chloro-3 -methoxypropane (3i). 2o Liquid, 


(3H, s, OMe) and 3.3-4.0 (4H, m, CICH, and OCH,); 
~ H ( C D ~ J - C C I ~ )  1.7-2.4 (2H, m, CICHZCH,), 3.4 


&(CDCI3-CCI,) 32-6 (ClCH,CH,), 41.3 (CICH,), 
58.4 (OMe) and 68.7 (OCH,); GC-MS (EI), m/z  108 
(M+), 76, 71, 49, 45, 41, 39, 32, 29, 28, 27, 18, 15 
and 14. 


I-Chloro-4-methoxybutane (3j)." Liquid. This 
compounds was not isolated, but the structure was 
confirmed as follows. GC-MS (EI), m/z 122 (M+), 90 
(M'-MeOH), 55 (C,H;), 45 (MeOCH,), 41, 39, 29, 
28.27 and 15. 


I -Methoxypropan-2-01 (3k)." Liquid, 
dH(CDC1,-CCI4) 1.15 (3H, d, Me), 2.0-2.6 (lH, br, 
OH), 3.1-3.6 (2H, m, OCH,), 3.45 (3H, s, OMe) and 
3-7-4.3 (lH, m, OCH); 6c(CDCI,-CCl,) 18.5 (Me), 
58.7 (OMe), 66.1 (OCH) and 78.2 (OCH,). GC 
showed that the secondary alcohol 3k had a shorter 
retention time than that of the corresponding primery 
alcohol 4k.9 


2 Methoxypropan - I -01 (4k).,' Liquid, 
dH(CDC1,-CC1,) 1.1 (3H, d, Me), 2.3-2.7 (lH, br, 
OH), 3.45 (3H, s, OMe) and 3.2-4.8 (3H, br, OCH, 
and OCH); 6c(CDC13-CC1,) 15.1 (Me), 56.1 (OMe), 
68.5 (OCH) and 77.3 (OCH,). 


I-Methoxy-2-rnethylpropan-2-ol (31).23 Liquid, 
6,(CDCI3-CC1,) 1.2 (6H, s, Me), 2.4-2.7 (lH, br, 
OH), 3.3 (3H, s, OMe) and 3.45 (2H, s, OCH,); 
dc(CDC13-CC1,) 21.1 (Me), 49.0 (OMe), 69.0 
(OCH,) and 74-8 (COH); GC-MS (EI), m / z  104 
(M'), 89, 71, 59 (M'- CH,OMe), 57,45,43,41, 39, 
32, 31,29,28,27 and 15; (CI), m / z  105 (M' + 1). 


2-Methoxy-2-methylpropan-l -ol (41).23 Liquid, 
GC-MS @I), m / z  88 (M' -Me), 73 (M' - CH,OH), 
57, 43, 32, 28 and 15; (CI), m / z  105 (M'+l). The 
product was not isolated, but the observation of m / z  73, 
not m / z  59, suggests the structure to be 41. 


2-Methoxy-1 -phenylethanol (3m).% Liquid, v,, 
(neat) 3430, 3086, 3062,3030 2983,2825, 1605, 1493, 
1354, 1329, 1313, 1157, 1028, 970, 931, 906, 866, 
827, 636, 609, 559, 548, 461, 419 and 405cm-'; 
dH(CDC13-CC14) 2.5-2.9 (1H, br, OH), 3.2-4.0 (2H, 
m, OCH,), 3.55 (3H, s, OMe), 5.0 (lH, t, OCH) and 
7.3-7.8 (5H, m, Ph); 6, (CDC1,-CCI,) 58.6 (OMe), 


127.9 (C-2, -1, -4 and -3 of phenyl group); 
GC-MS (EI), m / z  152 (M'), 107 (M'-CH,OMe), 
79,32,28 and 14. 


72.2 (OCH,), 78.3 (OCH), 125.8, 126.6, 125.8 and 


2-Methoxy-2-phenylethanol (4m).= Liquid, GC-MS 
(EI), m / z  152 (M+), 121 (M'-CH,OH), 105, 91, 77, 
40, 32, 28, 16 and 14. The appearance of mlz 121 
rather than m/z 107 supports this structure. 
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I-(N-Methy1amino)ethanol ( ~ I I ) . ' ~  Liquid, 
6,(CDCl,-CCl,) 2.6 (3H, s, NMe), 2.9 (2H, t, 


OH); GC-MS (EI), m/z 75 (M+), 44 (M+- CH,OH), 
30,28 and 18. 


NCH,), 3.9 (2H, t, OCH,) and 4.7 (2H, S ,  NH and 


2-(N,N-Dimethylamino)ethanol ( ~ ' I I ) . ~ ~  Liquid, 
h(CDC1,) 2.35 (6H, s, NMe,), 2.8 (2H, t, NCH,), 3.8 
(2H, t, OCH,) and 4.4-5.4 (lH, br, OH); GC-MS @I), 
m/z 89 (M'), 58 (M+- CH,OH), 44,42,30 and 15. 


2-Methylthioethanol (30).'* Liquid, 


Me), 2.8 (2H, t, SCH,) and 3.9 (2H, t, OCH,); 6, 
(CDC1,-CCl,) 14.4 (SMe), 37.2 (SCH,) and 59.2 
(OCH,); GC-MS @I), mlz  92 (M+), 75 (M' -OH), 
63,49,35 and 15. 


2-Methoxyethanethiol ( 4 0 ) . ~ ~  Liquid. The isolation 
of this compound was not caried out, but the character- 
ization of the structure was performed as mentioned 
below. GC-MS @I), m/z 92 (M+), 78 (M+ - CH,), 60 
(M' - MeOH), 45 (MeOCH,), 32,28 and 14. We could 
not detect mlz  75, but m/z 78, 60 and 45; this finding 
indicates the structure to be 40. 


dH(CDC13-CCld)-CC14) 2.1 (lH, S, OH), 2.2 (3H, S, 
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COMPLEXATION OF TROPYLIUM IONS WITH CROWN ETHERS AND 
ACYCLIC POLYETHERS EXAMINED BY FAST ATOM 


BOMBARDMENT MASS SPECTROMETRY 


MARKKU LAMSA, TOIVO KUOKKANEN, JORMA JALONEN AND OLAVI VIRTANEN 
Department of Chemistry, University of Oulu, FIN-90570 Oulu. Finland 


The molecular complex formation of six macrocyclic and six acyclic polyethers with tropylium and 4- 
methoxyphenyltropylium tetrafluoroborates was observed and characterized in the gas phase by fast atom 
bombardment mass spectrometry (FABMS), to obtain information on intrinsic molecular interactions in the 
absence of the complicating effect of solvation. The stoichiometry of the complexes was assessed on the basis of 
corresponding peaks in FAB mass spectra. In addition to the expected 1 : 1 complexes between polyether and 
tropylium ion, some 2 : 1 complexes were also formed. The stability order of selected complexes was studied in 
competition experiments. The complexation equilibrium constant and thermodynamic parameters for the 
interaction of dibenzo-18-crown-6 with tropylium ion were determined in l,2-dichloroethane solution by UV- 
visible spectrophotometry. Complexation of polyethers with tropylium salts has not been reported previously. 


INTRODUCTION 


Since their discovery by Pedersenl.’ in 1967, crown 
ethers have generated a tremendous amount of interest 
because of their ability to selectively bind alkali and 
alkaline earth metal ions. In complexation3 with appro- 
priately sized metal cations, the basic oxygen atoms of 
crown ether surround the cation, each engaging in an 
apparently similar electrostatic interaction with it. The 
ability of these ethers to act as hosts towards a variety 
of hydrogen-donating molecules such as ammonium 
cations has also been in~estigated.~ Crown ethers are 
also capable of interacting with organic g ~ e s t s . ~  The 
forces that govern the interaction of two molecules in a 
given geometry arise from dipole-dipole, 
dipole-induced dipole, and other long-range electro- 
static effects. Another general type of complexation 
exists, which most properly may be termed molecular 
inclusion.6 In these complexes the macrocycles pack in 
the lattice with the voids filled by smaller molecular 
species. 


Numerous experimental techniques, including calori- 
~ ~ ~ e t r y , ~ . *  potenti~metry,~*’*’~ conductometry , I ’  


absorption spectrometry, I 2 . l 3  NMR spectrometry l4 and 
kinetic  method^,'^.'^ have been employed to determine 
the complexation behaviour in solution. Fast atom 
bombardment mass spectrometry (FAB) is unique in 
offering a rapid method for examining the complexation 


CCC 0894-323Ol951050377-08 
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between crown ethers and, for example, alkali metal 
cations or aromatic diazonium ions in the gas 
We have recently16 observed and characterized by 
FABMS the 1 : 1 complexes between 18-crown-6 and 
benzenediazonium ion and between pentaglyme and 
benzenediazonium ion in the gas phase. Investigations 
of host-guest chemistry have shown that the intrinsic 
nature of binding interactions and the size selectivity of 
complexation can be clarified in these solvent-free 
 condition^.^^ Maleknia and Br~dbe l t*~  reported that the 
trends observed between crown ethers and alkali metal 
ions in the gas phase closely parallel those seen in non- 
polar solvent environments. 


The studies of Doering and Knox2’ in the 1950s 
aroused interest in the tropylium ions and their aromatic 
character. In our laboratory, Virtanen and co-workers” 
intensively studied tropylium ions and their stability and 
reactivity in solution. The ring expansion of toluene and 
related aromatic compounds to form tropylium ion is a 
much studied reaction in mass ~pectrometry.~~ The 
tropylium ion represents an aromatic system where the 
relative stability is due to resonance resulting from the 
presence of six n-electrons in the conjugated unsaturated 
seven-mernbered ring.% The C,H7+ cyclic cation is a 
planar regular heptagon with D,, symmetry possessing 
considerable resonance energy.*’*”’ The ion is assumed to 
have the symmetry of a cylinder with a radius of the 
carbon ring of 0.165 nm (C-C bond 0.141 r~m) .~’  
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n = 1 (1) 
n = 2 (2) 


n = 3 (3) 


n = 1 (4) 


n = 2 (5) 


n = 2 (8 )  


n = 3 (10) 


1-l = 2 (7) 


n = 3 ( 9 )  


n = 4 (11) 
n = 5 (12) 


Figure 1. Structures of the compounds studied 


Tropylium ion forms 1 : 1 charge-transfer complexes with 
a variety of aromatic  hydrocarbon^.^^ It is an effective n- 
acceptor with full positive charge, and as the donor 
capacity is usually dependent on electron density and the 
acceptor capacity on electron deficiency, tropylium ions 
together with polyethers offer a new model system for the 
study of complexation of stable organic cations. 


Continuing with our earlier studies on the interaction 
between polyethers and stable organic cations, such as 
aryldiazonium ions, we report here on the complexation 
of cyclic and acyclic polyethers with tropylium or 
cycloheptatrienylium and 4-methoxyphenyltropylium 
tetrafluoroborates in the gas phase under FAB 
conditioas. 


The cyclic and acyclic ether compounds 1-12 and 
donor compounds 13 and 14 used in this study are 
shown in Figure 1. 


EXPERIMENTAL 


FAB mass spectra were obtained on a Kratos MS 80 
mass spectrometer operating with a DART data system. 
The atom gun was operated at 8 keV and argon was 
employed as the bombarding gas with pressures of 
about 1 x Torr (1 Torr= 133.3 Pa) in the collision 
region. The liquid matrix for FAB studies has recently 
been optimized and 3-nitrobenzyl alcohol (NBA) 
proved to be the best solvent for our experiments 
owning to its electron-scavenging n a t ~ r e . ~ ~ . ~ ~  'The 
stainless steel tip of the FAB probe was coated with a 
thin layer of the matrix solution, after which a solution 
of an ether and a tropylium fluoroborate salt in 1,2- 
dichloroethane (DCE) was carefully added to NBA and 
the probe introduced into the ion source. 


The competition experiments were carried out by 
mixing equimolar concentrations of two polyethers in 
DCE, each in excess of  the tropylium tetrafluoroborate 
concentration. The mixture was added to the NBA 
matrix and the resulting spectra of the two crown 
complexes formed were observed. The relative complex 
stabilities were estimated from the ion intensities. 


Materials. The following chemicals were obtained 
from the indicated suppliers: 15-crown-5 (1) (Fluka), 
18-crown-6 (2) (Fluka), 21-crown-7 (3) (Pfaltz & 
Bauer), 1-aza-15-crown-5 (4) (Aldrich-Chemie), l-aza- 
18-crown-6 ( 5 )  (Fluka), dibenzo-18-crown4 (6) 
(Parish Chemical Co), diethylene glycol dimethyl ether 
(diglyme) (7) (Fluka), triethylene glycol (triglycol) (8) 
(Fluka), triethylene glycol dimethyl ether (triglyme) (9) 
(Fluka), tetraethylene glycol (tetraglycol) (10) (Fluka), 
tetraethylene glycol dimethyl ether (tetraglyme) (11) 
(Fluka) and pentaethylene glycol dimethyl ether (penta- 
glyme) (12) (Riedel-de Haen). The ethers were used as 
received. 


Tropylium tetrafluoroborate (13) (EGA-Chemie) was 
purified by dissolving it in a minimum amount of 
acetonitrile, followed by precipitation with the addition 
of ethyl acetate. 


4-Methoxyphenyltropylium fluoroborate (14) was 
synthesized by converting tropylium fluoroborate into 
7-methoxytropylidene, which was used for syntheses 
of substituted phenyltropylidines by the method of 
Jutz and Voithenleitner. 34 These were converted to 
tropylium ions with trityl fluoroborate. 4-Methoxy- 
phenyltropylidene was treated in acetonitrile with 
excess of trityl fluoroborate and the mixture was 
refluxed for 45 rnin on a steam bath. After cooling, 4- 
methoxyphenyltropylium tetrafluoroborate was precipi- 
tated three times from mixtures of acetonitrile and 
ethyl acetate: m.p. 159-160°C, A,,,, = 459 nm 
( E  = 2.54 x lo4 1 mol-' cm-I), A,,,, = 240 nm 
( E  = 2.74 x lo4 1 mol-l cm-I), in DCE. 


1,2-DichIoroethane (Fluka) was purified, dried and 
distilled. 3-Nitrobenzyl alcohol (Aldrich-Chemie) was 
used without further purification. 


and 


RESULTS AND DISCUSSION 


Crown ethers 
Figure 2 presents the positive-ion FAB mass spectrum 
of tropylium ion in the presence of 18-crown-6 (18C6) 
in NBA matrix. The spectrum includes a base peak at 
m / z  265 and peaks at rn/z 354 and 356 assigned to 
complexation between tropylium cation (Tr +) and 
18C6. In addition, there are ions at rn/z 133, 131, 117, 
115, 91, 89, 87, 77 and 45, indicating the fragmentation 
of both crown ether and tropylium ion. For all crown 
ethers, the fragmentation pattern consists of a series of 
losses of protonated (C2H40), structural units. Thus, 







s9 


COMPLEXATION OF TROPYLIUM IONS 


-x'0- 


379 


I 


11 8-crown-6+HJ4 


'i' 
136 


0 100 150 200 250 


(18-crown-6 - Trl+ I 374 


Figure 2. Mass spectrum of tropylium tetrafluoroborate in the presence of an excess of 18-crown-6 recorded by the FAB technique 
in NBA as matrix 


the fragmentation ions consistently observed include 
rn/z 45, 89, 133, 177, ..., depending on the size of the 
initial parent ion. The peaks at m / z  154, 136 and 107 are 
due to the fragmentation of 3-nitrobenzyl alcohol 
matrix. 


Possible fragmentation pathways for 18-crown-6 and 
tropylium tetrafluoroborate are proposed in Scheme 1. 
Since fragmentation mechanisms furnished with struc- 
tural formulae have been presented in the l i t e ra t~re ,~ ' -~*  
suggested structures are given without mechanistic 
interpretation. Other peaks at m / z  287 and 303 indicate 
that alkali metal cations Na' and K' compete effec- 
tively in complex formation with tropylium cation. The 
mass peak at m / z  282 is suggested to be [ l8C6 + H,O] ' 
ion. 


The effect on the complexation of  a substituent of 
the tropylium ring was studied with H- and 4- 
methoxyphenyl-substituted tropylium ion. 4-Methoxy- 
phenyltropylium fluoroborate is one of the most stable 
tropylium ions used in our studies.,' The larger substitu- 
ent did not cause any marked change in the intensity of 
the complex peak, which means that it did not have 
much effect on the strength of the complexation 
between crown ethers and tropylium ions in the gas 
phase. This is in accordance with our earlier observa- 
tions in the complexation of polyethers with 


aryldiazonium ions, where the sensitivity to changes in 
the character of the substituent in the benzene ring 
decreased with decreasing value of the complexation 
equilibrium constant K in solution.'6 


Cluster ions are also seen in the mass spectra. For 
example, ions corresponding to (Tr '),BF,- ( m / z  269) 
and (TrPhOMe+),BF,- ( m / z  354) clusters are observed 
in the positive-ion FAB mass spectra of tropylium ions 
in the presence of 15-crown-5 (15C5). The mass 
spectra of tropylium ions in the presence of different 
crown ethers are compiled in Table 1, with data for the 
main peaks being shown. 


All the crown ethers studied exhibited clearly detect- 
able [crown + H ]  + species. For 15-crown-5, 18-crown- 
6, 2 1 -crown-7, 1 -A- 18-crown-6 and 2B- 18-crown-6, 
1 : 1 complexes between the crown ether and tropylium 
ions were observed. In the spectra of 1-A-15-crown-5 
and tropylium, a peak at  m / z  527 was observed instead 
of the peak indicating 1 : 1 complex. Evidently reaction 
with a second ligand occurred to form 2 : 1 complexes, 
corresponding to the ion [(lA-l5C5),-Tr - 2H] +. In the 
case of  1-A-15C5 with TrPhOMe+, no ions correspond- 
ing to a 2 : 1 complex were observed. This suggests that 
the bulkiness of the side group affects the steric inter- 
ference between 1-A-15C5 and substituted tropylium 
cation, and 1:1 complex formation is preferred. 
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Table 1. Partial positive-jon FAB mass spectra of tropylium ions in the presence of cyclic polyethen 


Tropylium Crown 
ion ether Ion ( m / z )  with relative abundance (%) in parentheses 


Tr + 


TrPhOMe + 


Tr + 


TrPhOMe 


Tr + 


TrPhOMe + 


Tr + 


TrPhOMe + 


Tr + 


TrPhOMe + 


Tr + 


TrPhOMe + 


15C5 


15C5 


18C6 


18C6 


21C7 
21C7 


2B-18C6 
2B-18C6 


1-A-15C5 
1-A- 15C5 
1 -A- 18C6 


1-A- 18C6 


45 (100.0) C2H,0+, 91 (25.4) Tr', 221 (4.8) [15C5 +HI', 269 (0.6) (Tr+)2BF4-r 311 (0.6) 
[15C5-Tr]' 
45 (100~0)C2H,0',91 ( l . l )T r+ ,  197 (41.9)TrPhOMe', 221 (23.9) [15C5+H]+,418 (0.5) 
[lSCS-TrPhOMe] +, 482 (0.8) (TrPhOMe+),BF,- 
45 (100~O)C2H,0+, 91 (89.0)Tr', 265 (5.1) 18C6+H]', 269 (0.1) (Tr+),BF,-, 354 (1.3) 
[18C6-Tr-H]', 356 (1.1) [18C6-Tr+H]' 


45 (78.0) C2HSOC, 91 (2.8) Tr', 197(100.0) TrPhOMe', 265 (8.9) [18C6 + HI', 462 (0.3) 
[18C6-TrPhOMe + HI', 482 (3.1) (TrPhOMe'),BF,- 
45 (100.0) C2H,0+, 91 (71.1) Tr', 399 (0.7) [21C7-Tr]' 
45 (100.0) C2H,0+, 91 (1.5)Tr', 197 (47.8)TrPhOMe', 310 (4.8) [21C7+2H]', 482 (1.2) 
(TrPhOMe+),BF,-, 506 (0.2) 21C7-TrPhOMe' 
91 (95.4) Tr', 269 (1.3) (Tr+)*BF.,-, 360 (2.2) [2B-l8C6]', 451 (0.9) 2B-18C6-Tr' 
91 (4.5)Tr', 197 (lOO.O)TrPhOMe', 361 (0.9) [2B-l8C6+H]', 482 (1.6) (TrPhOMe),BF,-, 558 
(0.1) [2B-18C6-TrPhOMe +HI + 


91 (17.9)Tr',220 (100.0) [l-A-l5C5+H]',527 (1.2) [(lA-l5C5),-Tr -2Hl' 
197 (6.0)TrPhOMe', 220 (100.0) [l-A-l5C5 +HI', 417 (0.4) [I-A-15C5-TrPhOMe]' 
91 (100.0)Tr'. 264 (30.5) [1-A-18C6+HIf, 269 (0.6) (Tr+),BF,-, 352 (1.1) 
[l-A-18C6-Tr- 2H]+ 


91 (6.3)Tr', 197 (28.4) TrPhOMe', 264 (100.0) (l-A-18C6 + HI', 459 (0.1) 
[l-A-lSC6-TrPhOMe - 2H]+ 


mlz 01 
[18C6-Tt - / +  HI+ 


mh 354 
mh 358 


N a + . Y  


[lec6-Nal+, [18C6-K1+ 
mlz 287 mlz 303 


[lac6 + HI+ 
m/z 265 


+ 


tm 
q0"q n 
n = 0, m/z89 
n = 1, mlz 133 
n=2,m/z177 


mlz 117 


Scheme 1 


Acyclic pol yethers indicates that the complex between the tropylium cation 
and PEG is stable in the gas phase. The FAB mass 
spectra of  polyglycols have shown that the glycols 
dissociate into several ions separated by 44 u, to pro- 
tonated ions at m l z  45, 89, 133, 177, ... etc., depending 


With both structural and electronic similarities, glycols 
and glymes serve as important acyclic analogues of the 
crown ethers. The formation of the ion at  rn/z 357 
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on the size of the polyglycol molecule.39 Partial FAB 
mass spectra of tropylium ions in the presence of 
acyclic polyethers are shown in Table 2. No [complex] + 


ions at all were observed for diglyme, which suggests 
that the chain of diethylene glycol is too short and rigid 
to interact readily with a tropylium ion. In other words, 
the oxygen atoms of  diglyme cannot form strong 
interactions with tropylium ion, and no complex is 
observed in the gas phase. In contrast to diglyme, the 
other acyclic polyethers, triglycol (TriG), triglyme 
(TrEG), tetraglycol (TeEG), tetraglyme (TEG) and 
pentaglyme (PEG), show detectable complex peaks 
with tropylium ion. In the case of 4-methoxy- 
phenyltropylium ion, a tiny complex peak at m / z  420 is 
observed with TEG but not with PEG. The peaks at m / z  
269 and 389 in the spectrum of tetraglycol-tropylium 
indicate the formation of cluster ions, here correspond- 
ing to (Tr+),BF; or (TrBF,)Tr+ and [(TeEG), + HI + 


clusters. Likewise, the spectrum of 4-methoxy- 
phenyltropylium ion with TEG shows the cluster ion 
(TrPhOMe+),BF,- at i n / z  482. 


Acyclic ethers 7-12 have several oxygen atoms, 
which provide multiple binding sites for tropylium ions. 
Although the glycols and glymes possess different 
terminal groups (hydroxy/hydroxy or methoxy/ 
methoxy), all are flexible molecules in which either the 
terminal or internal oxygen atoms may interact with the 
guest molecule in complexation. For example, the larger 
ethers in our study have three to five internal oxygen 
atoms which may participate in binding, thereby stabil- 
izing the complexes. 


Type of complexation and stability 
The insertion complex has generally been assumed to be 
the only type of complexation between crown ethers 
and arenediazonium ions (I)  in solution. We have 
recently studied the FAB mass spectra of crown ethers 


in the presence of these ions. As the spectrum of 15- 
crown-5 with arenediazonium tetrafluoroborate in NBA 
matrix in Figure 3 shows, the complex is stable under 
FAB conditions. In addition, we have demonstrated, 
through several approaches (UV spectra, stabilizing 
effect of complexation against the thermal decomposi- 
tion, activation parameters AH', AS', AV', product 
analyses), that in DCE, arenediazonium ions form weak 
charge-transfer complexes with 15-crown-5, the cavity 
of which is too small for insertion-type complexation.4' 


In all FAB mass spectra recorded in this study, the 
peaks of complexes were small with relative abundance 
less than 1.5%, indicating that the complexation was 
weak. Evidently no insertion complex ions are formed 
with these large tropylium cations. The hole sizes of 
crown ethers, ranging from 0.17 nm to 0.32 nm,3" are 
simply too small to allow the insertion of tropylium 
ions. Some other kind of  stable complex, e.g. 11, must 
be involved. It is difficult to say what effect ring size has 
on the stabilization of the complexes since the com- 
plexes with all the ethers were weak. In addition, the 
small quantities of alkali metal impurities with 15- 
crown-5, 18-crown-6 and dibenzo-18-crown-6 produced 
strong alkali ion adduct peaks at m / z  243 (15C5-Na'), 
259 (15C5-K'), 287 (18C6-Na+), 303 (18C6-K') 
and 383 (2B-18C6-Na'), and these may be interpreted 
to mean that complexation between crown ethers and 
acyclic polyethers with tropylium ions is relatively 
weak. Since complexes were observed in the presence 
of crown ethers and acyclic polyethers (except 
diglyme) in every case in this study, the steric require- 
ment for complex formation must be far less important 
in the gas phase than in solution, and all this suggests 
that ion-dipole interaction is the preferred complexa- 
tion mode. 


In competition reactions the intensities of complex 
peaks closely parallel the relative complex stability. In 
this study we determined the stability order of 18C6, 


Table 2. Partial positive-ion FAB mass spectra of tropylium ions in the presence of acyclic polyethers 


Tropylium 
ion Ether Ion ( m / z )  with relative abundance (%) in parentheses 


Tr + Diglyme 91 (100.0) Tr', 269 (8.4) (Tr'),BF,- 
Tr + Triglycol 45 (100.0) C,H,O', 91 (35.4) Tr', 151 (73.6) [TriG +HI', 241 (0.7) [TriG-Tr]', 269 (0.9) 


(TriG) (Tr+),BF,-, 301 (3.2) [(TriG),+ HI' 
Tr' Triglyme 59 (100.0) C,H,O', 91 (35.4) Tr', 179 (5.2) [ TrEG +HI +, 269 (2.8) TrEG-Tr', and 


(TrEG) (Tr'),BF,- 
Tr + Tetraglycol 45 (100.0) C,H,O+, 91 27.1)Tr', 195 (85.1) [TeEG + HI', 269 (0.9) (Tr+),BF4-, 285 (0.7) 


(TeEG) TeEG-Tr', 389 (0.7) [(TeEG), + HI' 
TrPhOMe' Tetraglyme 91 (0.4) Tr', 197 (5.3) TrPhOMe', 224 (7.4) [TEG + 2H] +, 420 (0.1) TEG-TrPhOMe', 482 (0.1) 


(TEG ) (TrPhOMe'),BF,- 
Tr + Pentaglyme 91 (6.7) Tr', 267 (8.8) [PEG + HI', 357 (0.6) PEG-Tr' 


PEG 
TrPhOMe' Pentaglyme 91 (1.9) Tr', 197 (65.3) TrPhOMe', 268 (3.7) [PEG + 2H]+ ,  482 (0.5) (TrPhOMe+),BF; 


(PEG) 
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Figure 3. Mass spectrum of benzenediazonium tetrafluorobrate in the presence of an excess of 15-crown-5 recorded by the FAB 
technique in NBA as matrix 


N 


11) 111) 


2B-18C6 and PEG towards the tropylium cation under 
FAB conditions. Equimolar mixtures of  18C6 and 
another polyether with six oxygen atoms were dissolved 
with tropylium cation in DCE solution and the stability 
order of complexation was determined on the basis of 
the relative intensities of complex ions in mass spectra. 
We found that 2B-18C6 formed the most stable com- 
plex with tropylium, and complexation decreased in the 
order dibenzo-18-crown-6 > 18-crown-6 > pentaglyme. 
The competition measurements provide further support 
for the charge-transfer binding mode, in which the 


number of n-n and n-n interactions play an important 
role. In addition, for the interactions with tropylium to 
be strong enough, the acyclic PEG chain must be 
appropriately preorganized, and this is probably 
achieved by template effect. 


Interesting results were obtained in studies of 
18C6-tropylium and 2B-18C6-tropylium systems in 
1,2-dichIoroethane solutions. The complex of 2B-18C6 
was orange, which suggests n-n interaction between 
the tropylium ion and the benzene ring, but no such 
colour was observed for the complex between 18C6 and 
tropylium ion. To study the colour formation reaction 
further, complexation was investigated in DCE solu- 
tions in which the tropylium concentration was held 
constant at 4.0 x M, while the concentration of the 
2B-18C6 was varied from 5 . 0 ~  to 0-05 M. Both 
2B-18C6 and Tr' have negligible absorbance in the 
visible region and the appearance of a new band for the 
ether-Tr+ solutions indicates complex formation 
between the components. The broad band with a maxi- 
mum at 430 nm (Figure 4) is characteristic of charge- 
transfer spectra. The formation constant K for the 
reaction between 2B-18C6 and T r +  was determined by 
use of the Ketelaar e q ~ a t i o n . ~ '  The plots are linear, 
suggesting that the only major species in solution is the 
1 : 1 complex. The values obtained are given in Table 3. 
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Table 3. Measured properties of dibenzo-18-crown-6 are aware, complexation of crown ethers with 
tropylium salts has not been reported previously. We interaction with tropylium ion in DCE 
shall be extending our complexation studies to solution 


Temperature K EC AH" in the near future. 
("C) (I mo1-l) ( I  mo1-lcm-l) (kl moI-') 
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THEORETICAL STUDIES ON THE ACID-CATALYSED 
AROMATIZATION OF BENZENE-cis- 1,2-D1HYDRODIOLS* 


CHANG KON KIM, DONG SO0 CHUNG, KYOO HYUN CHUNG, BON-SU LEE AND IKCHOON LEEt 
Department of Chemistry, Inha University, Inchon 402-751, Korea 


Theoretical studies on the acid-catalysed dehydration of 15-substituted dihydrodiols were carried out using 
the AM1 method. In agreement with the experimental results, the rate-limiting step is dehydration of 
the protonated diols, R', and the o-phenol-forming pathway (path 1) is favoured both kinetically and 
thermodynamically over rn-phenol product formation. The transition state for path 1 (TS 1) is found to be at an 
early position (ca 23% progress) along the reaction coordinate and a better correlation of the rate constant is 
obtained with d. Three resonance forms can exist for the benzenonium intermediate but the contribution of 
one form is dominant in the later TS, which resembles the cationic intermediate. The contribution of the other 
two, however, weakens the u* effect of +M subsituents. The 6, correlation of the rate constant in acid solution 
is therefore suggestive of a later TS resembling the cationic intermediate which is stabilized by solution. 


INTRODUCTION intermediate, I+ ,  from the protonated diols, R' 
[equations (1) and (2)]. Rate measurements and product 
analysis in aqueous HClO, at 25 "C resulted in most 
cases in the predominant formation of the o-phenol 
(path 1).* For this process, a Hammett plot with 
p =  -8.2 was obtained with up rather than CI+ for +M 
resonance substituents such as Me and MeO. This was 
rationalized as a reaction proceeding via a benzenonium 


In the presence of acids, arene dihydrodiols undergo 
dehydration and aromatization to form phenols. Boyd et 
a1.* have reported rate constants for the aromatization of 
a number of benzenedihydrodiols (R) in aqueous acid. 
They suggested that the rate-determining step in the 
dehydration reaction is generation of a carbocation 


* Determination of Reactivity by MO Theory, Part 92. For Part 91, see Reference 1. 
t author for correspondence. 
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ion-like intermediate3 with a marked imbalance between 
resonance and inductive stabilization of the transition 
state (TS)." 


In order to shed more li ht on the mechanism 
involved, we carried out AM1 calculations on R, R-, 
TS and I +  forms with 15 Xs for paths 1 and 2, and offer 
correct interpretations of the experimental results 
obtained by Boyd et al.' 


gs 


CALCULATIONS 
The AM1 method was used thro~ghout.'~ All geometries 
were fully optimized and stationary point species 
including TS were confirmed by vibrational frequency 
calculations.6 


RESULTS AND DISCUSSION 
The heats of formation obtained are summarized in 
Table 1. We note that in agreement with the experimen- 
tal results, path 1 is favoured over path 2 in all cases 
expect for X = CF,.' The o-phenol-forming pathway 
(path 1) is preferred not only kinetically (lower AH*) 
but also thermodynamically (lower AH'). The barrier to 
the dehydration process is lower and the cationic 
intermediate, I+,  is more stable for path 1 than path 2. 


Bond lengths and their changes involved in the 
activation process for the C-OH2+ and C-3-X 
bonds, i.e. d(C-OH,+) and d(C-3-X) in R+ and 
Ad* = d(TS) - d(R+), are summarized in Table 2. The 
data reveal that d(C-OH,+) in R+ is longer but 


Ad*(C-OH,+) is smaller, especially with +M substi- 
tuents, for path 1. This is consistent with the Kirby's 
rule' that in the S,l process the bond length of the 
cleaving bond is already longer in the reactant with an 
electron-donating substituent, e.g. +M substituent, so 
that a smaller extent of bond stretching is required in the 
TS and hence a lower barrier to dehydration is observed. 
In fact, for path 1, a good linear correlation ( r  = 0-967) 
exists between AH* and d(CTOH,+) with a negative 
slope (ca -167.2 kcal mol-I A-I). The AH* value can 
also be correlated ( r= 0.923) with Ad*($-OH2+) with 
a positive slope (ca 10.8 kcalmol-I A'-'). In accor- 
dance with the Bell-Evans-Polanyi (BEP) principle,' a 
straight-line relationship (r= 0.920) is also found for 
path 1 between AH* and AH': 


6 AH* = ad AH' 
The slope obtained (a=0.23) is significantly low, 
indicating that the TS is reached in the early part (ca 
23% progress) of the reaction c~ordinate.~ This means 
that the TS resembles closely the starting species, R', in 
dehydration process (1). In agreement with this, d(C- 
3-X) is shorter in R+ and further contraction in the 
activation process, Ad*(C-3-X), is small (Table 2); 
significant bond contraction, Ad* < 0, however, occurs 
for +M substituents. 


In contrast to the ex rimentally observed correlation 
between log k and crp,'we now obtain a better straight- 
line plot for AH*/2-3RT versus (T+ (rather than versus 
crp) with a slope of -2.4 (r=0.93), which is smaller 
than the corresponding value of -3.0 for the gas-phase 


(3) 


Table 1. AM1 heats of formation, AH,, of R + ,  TS and I+,  and enthalpies of activation AH*, and reaction, AHo (in kcal mol-'; 1 
kcid= 4.184 kl) 


EtO -0.82 
Me0 -0.78 
MeS -0.60 
PhS -0.45 
Me -0.31 
Et -0.30 
Ph -0.18 
CH,==CH - 
F -0.07 
H 0.0 
cl 0.11 
Br 0.15 
HCEC 0.18 
PhSO 0-50 
a, 0.43' 


57-27 
63.80 


103.06 
134.19 
97.98 
91.79 


129.95 
121.69 
64.82 


106.93 
102.64 
115.52 
161.08 
102.67 
-41.71 


62.16 
68.82 


106.94 
138.43 
98.76 
92.55 


132.94 
122.79 
68.08 


104.13 
116.01 
162.10 
98.29 


-40.48 


- 


58.39 
65.13 


104.52 
135.15 
100.89 
94.58 


132.27 
124.26 
68.01 


110.86 
106.43 
120.00 
164.12 
108.16 
-34.53 


68.86 
75.22 


110.55 
140.95 
102.60 
96.22 


135.45 
126.93 
74.20 


109.13 
120.75 
166.52 
107.37 
-35.19 


- 


54.29 
62.14 
94.89 


123.71 
101.51 
95.72 


129.19 
122.19 
70.25 


114.54 
109.33 
124.34 
165.27 
111.94 
-27.19 


71.91 
78.69 


113.54 
142.28 
105.39 
99.12 


137.22 
129.60 
78.05 


112.85 
124.59 
169.30 
1 12.49 
-30.20 


- 


1.12 6.70 -2.98 9.75 
1.33 6.40 -1.66 9.87 
1.46 3.61 -8.17 6.60 
0.96 2.52 -10.48 3.85 
2.91 3.84 3.53 6.63 
2.79 3.67 3.93 6.57 
2.32 2.51 -0.76 4.28 
2.57 4.14 0.50 6.81 
3.19 6.12 5.43 9.97 
3.93 - 7.61 - 
3.79 5.00 6.69 8.72 
4.48 4.74 8.82 8.58 
3.04 4.42 4.19 7.20 
5.49 9.08 9.27 14.20 
7.18 5.29 14.52 10.28 


'Heats of formation for I' + H 2 0  (-59.24 kcal mol-I). 
(1) and (2) denotes reaction paths 1 and 2, respectively. 
' om Value. 







ACID-CATALYSED AROMATEATION OF DMYDRODIOLS 129 


Table 2. Bond lengths ( d )  in R+ and their changes in the activation process, Ad*(= d* - dR +) (in A) 


X Path d(C-OH;) d(X-c-3) Ad* (C-OH:) Ad*(X-C-3) 


EtO 


Me0 


MeS 


PhS 


Me 


Et 


Ph 


F 


H 
a 
Br 


HC=C 


PhSO 


a 3  


1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
192 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 


1.514 
1.509 
1.571 
1.509 
1.563 
1.539 
1.570 
1.537 
1.558 
1.555 
1.560 
1-556 
1.562 
1.549 
1.558 
1.553 
1.555 
1.538 
1.553 
1.551 
1.548 
1.548 
1.552 
1.557 
1.550 
1.545 
1.508 
1.538 
1.538 


1.360 
1.375 
1.363 
1.378 
1.671 
1.690 
1.672 
1.697 
1.479 
1.48 1 
1.488 
1.490 
1.458 
1.462 
1.451 
1 *453 
1.347 
1.352 
1.103 
1.687 
1.689 
1.866 
1.865 
1.404 
1-404 
1.745 
1.726 
1.533 
1.528 


0.218 
0.532 
0.229 
0.540 
0.236 
0.504 
0.196 
0.463 
0.347 
0.412 
0.343 
0.401 
0.307 
0.410 
0.319 
0.423 
0.349 
0.493 
0.416 
0.393 
0.460 
0.438 
0.457 
0.351 
0.435 
0.388 
0.519 
0,811 
0.432 


-0.009 
-0.002 
-0.009 
-0.001 
-0.016 
-0.004 
-0.016 
-0.008 
-0.004 


0.003 
-0.003 


0.003 
-0.005 


0.000 
-0.005 


0.004 
-0.007 


0.002 
0.001 


-0.010 
0.000 


-0.006 
0.001 


-0.004 
0.001 
0.013 
0.027 
0.006 
0.006 


S,l processes of protonated benzyl compounds with a 
neutral leaving group:" 


slow d +  d +  
YC6H4CH2FH+ __+ YC,H4CH2 1 . 0  FH 


where Y =para substituents. 
By analogy, the correlation with u+ can be fractional- 


ized as follows. In the R + and TS partial positive charge 
develops at C- 1 : 


R1' TS 1 11' 


which act as an electron-deficient centre attached to C-6; 
thus the resemblance of the two TS structures is obvious 
(Scheme 1). In TS 1 a direct conjugation between +M 
substituents (X) and an electron-deficient centre bonded 
to the para-position (C-6) is possible (Table 3), so that 


the u+ effect prevails. The lower slope obtained (-2.4) 
than the corresponding slope for the benzylic system 
(-3-0) can easily be accounted for by a single n route 
of conjugation available for TS 1 in contrast to double 
n routes in the benzylic system. The direct conjugation 
afforded between X and C-1 in fact causes the C- 
1-+OH, bond in R , +  to stretch a longer C-1-+OH, 
bond permits a greater positive charge, i.e. a stronger 
electron-deficient centre, to be developed on C-1 , 
leading to a greater resonance stabilization of R, +. The 


bauylic system ( el. 4 ) TS 1 (eg. 5 1 


Scheme 1 
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Table 3. Representative atomic charges, q, and their changes, A9 (= q(Z) - 9(R) where Z=R', TS or I+), for reaction path 1 (in 
electronic charge units) 


4 Aq 


X c- 1 c-2 c-3 C-6 AdC- 1) AdC-3) AdC-6) 


Me0 R 0.077 0.045 0.015 -0.170 
R' 0.125 0.018 0.063 -0.315 0.048 0.048 -0.145 
TS 0.190 0.013 0.105 -0.313 0.113 0.090 -0.143 
I' -0.106 O.Oo0 0.253 -0.161 -0.183 0.238 0.154 


R' 0.105 0.009 -0.175 -0.270 0.077 0.019 -0.132 
TS 0.213 -0.008 -0.100 -0.266 0.185 0.094 -0.128 
I+  0.028 -0.021 0.028 -0.216 O.Oo0 0.222 -0.078 


R' 0.115 -0.009 0.055 -0.283 0.041 0.045 -0.135 
TS 0,208 -0.017 0.120 -0.281 0.134 0.110 -0.133 
I +  -0.024 -0.014 0.274 -0.198 -0.098 0.264 -0.050 
R 0.062 0.050 -0.253 -0.136 
R +  0.094 0.034 -0.225 -0.241 0.032 0.028 -0.105 
TS 0.203 0.011 -0.090 -0.235 0.141 0.163 -0.099 
I +  0.073 -0.003 -0.057 -0.218 0.011 0.196 -0.082 


H R 0.028 0.025 -0.194 -0.138 


F R 0.074 0.018 0.010 -0.148 


CF.3 


stronger the +M effect of X, the longer is the C- 
1-+OH2 bond in R, + and the smaller will become the 
bond stretching required in the TS 1' (Table 2). In the 
R2+ and TS 2 structures [equation (2)], the cleaving 
H,O is bonded to C-2, which in turn is attached to C-3 
so that such direct conjugation of +M substituents with 
C-6 through n bonds is not possible. 


Representative changes in the formal charge of some 
relevant atoms are shown in Table 3. the charge shift is 
seen to become stronger with the +M substituent 
(X=MeO) and decreases in the order X = M e O > F >  
H>CF,. All other substituents studied in this work 
exhibited similar trend in the charge shift with the +M 
effect. We note that X = F acts as a weak n-donor (for F, 
up + = -0.07, indicating that F has a weak +M effect). 


An interesting change to be noted is that in the 
benzenonium intermediate negative charge shifts from 
C-6 toward C-1 and substantial positive charge develops 
at the C-3 position. This suggests a significant contribu- 
tion of resonance form I,+ to the benzenonium 
intermediate, especially for the strong +M substituent 
(Scheme 2). Resonance structure I,+ (and also I,+) 
counteracts the efficient resonance delocalization of +M 
substituents to the para-position, C-6; hence in the 
cationic intermediate the u + effect will be much reduced 
(to ca one-third of 1,') owing to the contribution of 
resonance structures I, + and I, +. 


The two resonance structures, I ,+ and I,+, of the 
benzenonium cation proposed by Boyd et ~ 1 . ~  are incor- 
rect. In fact, three resonance structures are possible 
(Scheme 2) and usually these three resonance structures 
are represented by a single f o m ,  Id+,  in which the 
positive charge is delocalized over the entire ring 


excluding the C-2 atom, i.e. a a-complex" formed by 
H+ attack on C-2. Hence the substituent X is really at an 
ortho-position relative to this sp3 centre formed by an 
electrophilic attack on C-2 by a cationic electrophile 
(H+ in this case). Therefore, there seems to be no 
justification for using either a+ or ap constant in their 
argument based on the resonance structures I, + and I3 '.' 


If the TS were structurally more similar to the 
benzenonium intermediate, i.e. if the TS occurred at a 
later position dong the reaction the rate 
constant cannot be correlated with o+ owing to some 
contributions of the opposing resonance structures, I, + 


and I,+, for +M substituents, but may be correlated 
with ap since the contribution of the I, '-like structure 


X X x 


Is' 


1 


b' 


Scheme 2 
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will be stronger than that of the two opposing I,+- and 
I, +-like structures in the TS. In other words, in the TS 
the benzenonium intermediate is not fully developed yet 
and the contribution of the I,+-like structure will be 
dominant. 


We conclude that in the gas phase (as theoretically 
found) the TS is located at an earlier position along the 
reaction coordinate (ca 23% progress of the reaction 
from R+ to I + ) ,  which is remote from the cationic 
intermediate, and the contributions of resonance struc- 
tures I, + and I, + are insignificant so that the u + effect 
prevails in correlating the rate constants [or, approxi- 
mately, correlating the -AH'/2.3RT values (since 
6 log k =  -6AG'/2.3RT, by using -6AH'/2.3RT we 
are neglecting entropy effects)]. However for the 
reactions in aqueous acid solution, the TS may become 
shifted to a much later position along the reaction 
coordinate that the TS becomes more similar to the 
cationic intermediate, Id+ ,  as a result of an efficient 
stabilization of the cationic intermediate by solvation 
(in aqueous solution, fully developed cationic charge in 
the benzenonium intermediate is expected to be more 
stabilized by solvation than the TS in which the positive 
charge is only partially developed on C-1 and shared 
between C-1 and the leaving group H'O). The rate 
constant then can not be correlated by o+ but can still be 
correlated by up because of the dominant contribution 
of I, +-like structure over the 13+- and I, +-like structures 
in the TS. 


In acid-catalysed ring-opening of 4-substituted 
benzene oxides (BO) to form para-substituted 
phenols:" 


X X 


'0 I 
OH 


( BO ) 


direct conjugation of +M substituents, X, is allowed 
to the para-position so that the rate constant can be 
correlated by u+. 


We do not think, therefore, that the low resonance 
effect found experimentally' is due to an imbalance in 
the development of resonance and inductive effects4 It 
is merely due to the benzenonium-like (late) TS, which 
is a resonance hybrid, I d + ,  but is dominated by I, +, in 
which an electron-deficient centre at C-1 is bonded to 
the para-position (C-6) relative to +M substituents. 
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CORRECTION 


V. Maloney and M. S. Platz, J. Phys. Org. Chern., 3, 135-138 (1990). 


The assignment of the D and E values of the EPR spectra of the syri and anti and isomers of triplet 2-naphthylphenyl- 
carbene is incorrect and should be reversed. The model used considered total spin density only. More sophisticated 
calculations by Parisel, Berthier and Migirdicyan (Can J. Chem., submitted) have demonstrated that the previous model 
used was too simplistic. This point has been made previously by Roth and Hutton (Tetrahedron, 41, 1567 (1985)). 
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SEVERAL MECHANISMS IN THE ELIMINATION KINETICS OF 
U-CHLOROCARBOXYLIC ACIDS IN THE GAS PHASE 


GABRIEL CHUCHANI, IGNACIO MARTIN, ALEXANDRA ROTINOV, ROSA M. DOMINGUEZ AND 
MILAGROS PEREZ I. 


Centro de Quimica, Instituto Venezolano de Investigaciones Cient@as ( N I C ) .  Apartado 21827, Caracas 1020-A, Venezuela 


The kinetics of the gas-phase pyrolysis of o-chlorocarboxylic acids were examined in a seasoned static reaction 
vessel and in the presence of at least twice the amount of the free radical inhibitor cyclohexene or toluene. In  
conformity with the available experimental data on rate determination, these reactions proved to be 
unimolecular and obeyed a first-order rate law. The presence of the primary chlorine leaving group in 
Cl(CH,).COOH ( n  = 1-4) showed a change in mechanism from intramolecular displacement of the CI leaving 
group by the acidic hydrogen of the COOH to anchimeric assistance of the carbonyl COOH to the C-CI bond 
polarization in the transition state. This mechanistic consideration is nearly the same for the series of 2-, 3-, 
and 4-chlorobutyric acids. The chlorine atom at  the 2-position of acetic, propionic and butyric acids is 
dehydrochlorinated through a prevailing reaction path involving a polar five-membered cyclic transition state. 


INTRODUCTION 


An interesting elimination-cyclization process of an 
organic molecule in the gas phase occurs in the homo- 
geneous, unimolecular pyrolysis of 4-chlorobutyric 
acid.’ This reaction was described in terms of an inti- 
mate ion pair-type of mechanism through neighbouring 
group participation of the COOH group and by 
intramolecular solvation or autosolvation of the chloride 
ion [equation (l)]. 


When the chlorine leaving group is adjacent to the 
COOH group, such as in 2-chloropropionic acid, a 
different mechanism takes place.’ The hydrogen atom 
of the COOH group was considered to assist readily 
the leaving chloride ion (intramolecular displace- 
ment) in the transition state in terms of a polar five- 
membered cyclic transition state as described in 
equation (2). 


t 
cu + Cll3CllO 


It is interesting to note that prior to the above- 
mentioned studies, the pyrolysis kinetics of ethyl 


haloacetates’-’ (XCH,COOCH,CH3, X = F, C1, Br) 
showed that the corresponding halocarboxylic acid 
product decomposed further to formaldehyde and 
hydrogen halide and little towards the formation of 
CH,X and CO, [equation (3)]. 


XCHzCOCKt12CII< - SC1l2C(X)H + CH: =CH: 


H.--.-m 


[ XCHZOH] + CO CHIY t COr (3) 
t 


CHI0 + HX 


In view of the different reaction paths described 
above,’-’ in this study we examined the mechanisms of 
pyrolyses occurring when the chlorine leaving group is 
at different positions along the carbon chain of aliphatic 
carboxylic acids. The substrates examined were 
Cl(CH,),COOH ( n  = 1-4); 2-, 3-, 4-chlorobutyric acids 
and RCHClCOOH (R = H, CH,, CH3CH,). 


RESULTS 


Chloroacetic acid 


The pyrolytic elimination of chloroacetic acid, in the 
presence of at least twice the amount of the free-radical 
suppressor cyclohexene, obeys a first-order rate law to 
about 40% decomposition. The reaction products are 
described in equation (4). 


ClCH,COOH -) CH,O + CO + HCI (4) 
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Table 1. Temperature dependence of the rate coefficient for 
the decomposition of ClCH,COOH 


Temperature ("C) 389.1 401.0 409.6 420.0 
104k, (s-1) 2.10 3.45 5.39 9.54 


The kinetic data are given in Table 1 and the 
resulting Arrhenius parameters are log A = 11.21 s-' 
and E, = 189.2 kJ mol-'. These values are within the 
range expected for unimolecular five-membered cyclic 
transition-state mechanism. 


The rate coefficients are calculated from the pressure 
increase, which beyond 40% reaction tends to decrease 
owing to polymerization of the product formaldehyde. 
The ratio of the final pressure, P,, to the initial pres- 
sure, Po, with the stoichiometry of equation (4) should 
be 3. However, the experimental results at ten half-lives 
of P,/P, is 2.52. This result seems to derive, as 
described above, from the observation that in formalde- 
hyde, under the same experimental conditions of 
pyrolysis, that is, in the presence of HCl gas and 
cyclohexene inhibitor, the pressure decreases owing to 
polymerization. 


Apparently, and in association with the mechanism 
described for a-halopropionic acid pyrolyses,1.6 the 
acidic hydrogen of the COOH group assists the leaving 
C1 substituent and the process undergoes a polar five- 
centered transition state as shown in equation (5). 


The overall rate coefficient was estimated by 
titration of HC1 gas with 0-05 N NaOH solution. The 
major product acrylic acid (68%) suggested the 
normal dehydrochlorination process through a four- 
membered transition state. However, the yield of 
ethylene (32%) resulted from decomposition of the 
unstable B-propiolactone. This consideration is 
supported by the fact that working with pure acrylic 
acid in the presence of HCl gas at 340.5"C, gave 
only traces of CH2=CH2. In addition, the gas-phase 
pyrolysis of B-propiolactone between 215 and 255 "C 
and 262 and 322 "C has been found to be a first-order 
reaction, yielding ethylene and carbon dioxide as the 
only products.',* 


Table 2 indicates that as the percentage decomposi- 
tion of 3-chloropropionic acid in the reaction increased, 
the amount of product acrylic acid decreased and that of 
ethylene increased. In spite of our limited kinetic data 
and according to the above observations, the dehy- 
drohalogenation mechanism proceeds in terms of a 
polar four-membered cyclic transition state for acrylic 
acid formation, whereas a very polar six-membered 
transition state leads to B-propiolactones which decom- 
poses rapidly to ethylene and carbon dioxide [equation 
(7) 1. 


C1I2O + co 


3-Chloropropionic acid 
This substrate was found to be difficult for complete 
kinetic work. At 340.5 "C it showed a first-order parallel 
elimination [equation (6)] with an approximately 
overall rate k=4.70 x s-' (Table 2). 


t 6U% 


CICH+ZHICOOH - CII:=CHCOOH + HCI 


(6) CHa=CH> + COh + HCI 


12% 


C H z = C H >  + COI 


It is interesting that the primary chloride of 3-chloro- 
propionic acid eliminates HC1 gas at much lower 
temperatures than do primary alkyl chlorides.' 


2-Chlorobutyric acid 


Acceptable first-order kinetics for this compound were 
difficult to obtain, but the dependence of the overall rate 
coefficient on temperature is given in Table 3. 


Table 2. Rate coefficient for the pyrolysis of ClCH,CH,COOH at 340.5 "C' 


Time (min) Reaction (%) 104kH" (b) (s-l) 1o4k, (s-l) 104k, ( s - ~ )  


5 15 5.10 1.38 3.72 
10 25 4.72 1.49 3.23 
14 32 4.62 1.15 3.42 
20 40 4.34 1.84 2.96 


~ 


a k,, = k ,  =overall rate; k. = rate towards ethylene formation; k, = rate towards acrylic acid formation. 
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Table 3. Variation of the rate coefficient with temperature for 
CH,CH,CHClCOOH 


Temperature ("C) 319.5 329.0 340.1 351.0 
104k, (s-11 1.62 3.32 5.18 9.87 


The Arrhenius parameters derived from Table 3 of 
log A = 11-25 s-I and E, = 170.4 kJ mol-' are very 
approximate values. The product decomposition of the 
chloroacid substrate is described by equation (8). 


CHICHgHCICOOH CHJCHaCHO + C O  + HCI 
no%, 
1 3  


CHCH, t CO 


(8) 
I2 


CH,CH=CHCOOH + HCI Y' 
15% 


1' 
CHI = CHCH2 C(X)H --% C H d H  = c l l i  + CO, 


-1%. 


The overall rate (path 1 +path 2) was estimated by the 
quantitative titration of HC1 gas with a solution of 
0.05~ NaOH. Ethane (path 3) and propene (path 5) 
were quantitatively estimated by GLC (column: Porapak 
Q, 80-100 mesh). The major product propionaldehyde 
appears to be produced because aldehydes are formed 
from pyrolysis of a-halo-acids in the gas phase2S6 
through the unstable intermediate a-butyrolactone. This 
aldehyde under the present pyrolytic conditions gave a 
small amount of ethane (5%) and carbon monoxide. 
The 15% yield of but-2-enoic acid must evidently occur 
through the normal four-membered HC1 elimination of 
alkyl halides. 


On the basis of these results, two mechanistic path- 
ways appear to take place during the pyrolytic 
elimination of 2-chlorobutyric acid. Path I seems to 
proceed through a polar five-membered cyclic transition 
state as pictured in equation (9). However, path 2 must 
occur via the normal four-membered transition state for 
dehydrochlonnation of alkyl chlorides. The very small 
amounts of propene and carbon dioxide arise from the 
isomerization of but-2-enoic acid to but-3-enoic acid, 
which then decomposes through a six-centred transition 
state as reported. lo 


b6' 


c 
ClllCH=CHCOO)H + HCI 


1, 
CHI = CHCHKOOH -.-.C CHa= CHCHi t COt 


CHjCHzCHO + CO 


4 (9) 
CHlCH, + C O  


3-Chlorobutyric acid 
The elimination of this substrate, with up to 60% 
decomposition, behaved well kinetically within a 
temperature range of 30°C (Table 4), and the overall 
rate coefficients obey a first-order rate law. The 
Arrhenius parameters were log A = 14.48 s-l and 
E, = 206.0 kJ mol-'. The reaction products are 
described in equation (10). 


CH,CHClCH,COOH+ CH,CH=CHCOOH 
27.5% 


+ CH,CHCH,COOH 


+ CH,CH=CH, + CO, + HC1 


(10) 
Titration of the HC1 gas with 0.05 N AgNO, solution 


was employed for the overall rate determination. But-2- 
enoic acid (yield 27.5%) and but-3-enoic acid (yield 
9.2%) are obtained through the four-centred dehydro- 
chlorination process of the substrate. The high yield of 
propene (63.3%) apparently may arise both through a 
six-centred transition state decomposition of but-3-enoic 


and from the decomposition of the unstable 
intermediate /I-butyrolactone, This lactone was reported 
to pyrolyse (209-250 "C) with a first-order rate law to 
give only propene and carbon dioxide.I2 


Pure but-2-enoic acid in the presence of HCl gas does 
not isomerize or decompose. However, pure but-3-enoic 
acid in HCl gas, under similar pyrolysis conditions, 
gave a 17.5% yield of but-2-enoic acid and 50% yield 
of propene. Consequently, it appears that 14.2% of 
propene may be produced by decomposition of but-3- 
enoic acid and 49.1% may apparently be obtained 
through the unstable B-butyrolactone intermediate. 
According to this rationalization, a parallel pyrolytic 
elimination occurs whereby a polar four-membered 
cyclic transition state gives the corresponding unsatu- 
rated carboxylic acids and a very polar six-membered 
cyclic transition state forms the unstable j3-butyrolac- 
tone, which rapidly decomposes to propene and carbon 
dioxide [equation (1 l)]. 


9.2% 


63.3% 
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Table 4. Temperature dependence of the rate coefficient for 
pyrolysis of CH,CHCICH,COOH 


Temperature ("C) 350.1 360.3 370.0 
1o4kI (s-11 16.40 30.10 55.24 


5-Chlorovaleric acid 
Only at 349.5 "C was it possible to obtain good first- 


order kinetics up to 45% reaction with this substrate. 
The products of this elimination are 8-valerolactone and 
HC1 gas [equation (12)]. 


CHI 


I I  (12) 
CICH~CH~CHZCH~COOH C b 6  'Clh + HCI 


Clh",C=O 


This decomposition process, beyond 50% reaction 
and up to ten half-lives, showed some polymerization 
of the valerolactone and the formation of very small 
amounts of butadiene. The stoichiometry [equation 
(12)] was verified, up to 45% reaction, by comparing 
pressure measurements with titrimetric determination of 
HCl with a solution of 0-05 N NaOH (Table 5). Repro- 
ducible k-values were obtained whether by determina- 
tion of the pressure increase or by quantitative titration 
of the HC1 product (Table 6). 


In association with the quantitative formation of y- 
butyrolactone from the gas phase pyrolysis of 4-chlor- 
obutyric acid,' the mechanism of this elimination was 


Table 5. Stoichiometry of 5-chlorovaleric acid 
pyrolysis at 349.5 'C 


Time Reaction HCI (%) 
(min) (%) (pressure) (titration) 


18.1 17.2 
25.3 24.7 
29.9 28.7 
39.2 38.8 
42.4 44.3 


Table 6.  Rate coefficient for pyrolysis of 
CICH, CH, CH,CH, COOH 


Reaction 104k, ( s - i )  104k, 
(%) (pressure) (HCI titration) 


17.2 15.95 15.77 
24.7 16.14 15.77 
38.8 15.58 16.38 
44.3 16.13 16.25 


Av. 15.95 Av. 16.04 


thought to require the participation of the neighbouring 
COOH group and the intramolecular solvation of the 
leaving chloride ion [equation (13)]. 


This result appears to confirm that cyclic product 
formation in the gas-phase reaction proceeds through an 
intimate ion-pair type of intermediate. 


DISCUSSION 


With most of the chlorocarboxylic acids examined in 
this work it was very difficult to carry out quantitative 
analyses for kinetic determinations in the gas phase. 
First, there was a lack of volatility of the halo acids 
and several reaction products. Moreover, quantitative 
titration of the HCl was interfered with by the presence 
of the COOH group of the unreacted substrate or by 
CO and CO, products. In addition to these effects, 
the unsaturated acids and lactone obtained in these 
eliminations tended to polymerize. In spite of these 
limitations, the available experimental data may lead to 
a reasonably comparative picture of the rate of the 
dehydrochlorination of w-chlorocarboxylic acids in the 
gas phase. In the pyrolytic kinetic determination of 
each substrate, the k values are reproducible within a 
relative standard deviation of not greater than f5% at a 
given temperature. The data, with the exception of 
those for 3-chloropropionic and 5-chlorovaleric acids, 
were fitted to the Arrhenius equations, where 90% 
confidence limits from a least-squares procedure are 
quoted. 


The data in Table 7 suggest several types of mechan- 
isms which change from intramolecular displacement of 
the chlorine leaving group by the acidic hydrogen of the 
COOH (chloroacetic acid and 3-chloropropionic acid) 
to the anchimeric assistance of the carbonyl COOH 
group to the C-Cl bond polarization of 4-chlorobuty- 
ric acid and 5-chlorovaleric acid. The five-membered 
conformation for chlorine displacement by the H of 
the COOH group for dehydrochlorination of chloro- 
acetic acid [equation (5)] is less favourable than the 
six-membered conformation of 3-chloropropionic acid 
[equation (7)]. However, the five-membered confor- 
mation of neighbouring group participation in 4- 
chlorobutyric acid is more favoured in the rate of HCl 
elimination than the six-membered conformation in 5-  
chlorovaleric acid [equation (13)]. 


Consequently, the stabilization of the C-C1 bond 
polarization through anchimeric assistance of the 
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Table 7. Arrhenius parameters and comparative rates at 340.0 "C 


Substrate 
1044 Relative rate of lactone Ea Log A 
(s-l) formation (kT mol-I) ( s -9  Ref. 


ClCH,COOH 0.12 1.0 CH,C=O" 189.2 11.21 This work 
\/ 
0 


CICH,CH,COOH 1.47 12.3 CH,C=O" - __ This work 
I I  


CH,O 
CICH,CH,CH,COOH~ 19.05 158.8 CH,CH,C = 0 176.5 12.32 1 


I I 
CH,-O 


I 
70.2 CH,CH C - 0 


- 
ClCH,CH,CH,CH,COOH 8.42' 


CH,CH,O 


This work 


'Unstable intermediate. 


'This k-value was estimated from Table 6, from the fact that 4-chlorobutyric acid increases or decreases the rates by a factor of 1'8-2.0 for every 
10 "C change in temperature. 


The Arrhenius parameters were recalculated from Ref. 1 and corrected. 


carbonyl group enhances the elimination rate of HCl 
more than intramolecular displacement by the acidic 
hydrogen. This consideration seems to be supported by 
the comparative results of the leaving chlorine from 
position 2 to position 4 in o-chlorobutyric acids (Table 
8). The neighbouring group of 4-chlorobutyric 
acid' assists better the leaving C1 atom than direct 
participation of the acidic hydrogen of chloroacetic and 
3-chloropropionic acids. 


In the case of the leaving chlorine atom at the 2- 
position of several carboxylic acids (Table 9), it is 
evident that a secondary C-Cl bond is more readily 
displaced than a primary C-Cl bond. Consequently, 
both 2-chloropropionic and 2-chlorobutyric acids give a 
faster rate of elimination than chloroacetic acid. 


In comparing the intramolecular displacement of the 
leaving chlorine by hydrogen, it appears that the normal 
four-centred transition state for HCl elimination is more 
favoured than the six-centered transition state as shown 
by the results of 3-chloropropionic acid and 3-chlorobu- 
tyric acid pyrolyses. Otherwise, the five-centred 
transition state is more facile in a dehydrochlorination 
process than the four-centred transition state described 
in the gas phase pyrolysis of 2-chlorobutyric acid 
[equation (9)]. 


In conclusion, it appears that the stabilization of the 
carbon containing a leaving group gives a faster rate 
of elimination than by intramolecular displacement of 
that group. In the present work, participation of the 
C k O  of the COOH assisted the HCl elimination better 


Table 8. Arrhenius parameters and comparative rates at 350.0 "C 


Substrate Lactone 
E, Log A 


(kT mol-I) (s-') Ref. 


CH,CH,CHCICOOH 9.12 7.75 CH,CH,CHC = 0 170.4 11.25 This work 
\ /  
0 


\ /  
CH,CHCICH,COOH 16.22 7.95 CH3CHCH2C = 0 206.0 14.48 This work 


CICH,CH,CH,COOH 33.11 33.11 176.5 12.32 1 


a = herall rate. k, =rate towards lactone formation. 
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Table 9. Arrhenius parameters and comparative rates at 370 "C 


Substrate 
1044 ( s - l ) a  4 


104k ( ~ - y  (a-lactone) (kT mol-') Log A (s-') Ref. 


CICH,COOH 0.69 0.69 189.2 11.21 This work 


CH, CH, CHClCOOH 25.70 21.85 170.4 11.25 This work 


a kT = Overall rate; k, =rate towards the intermediate lactone formation. 


CHgCHCICOOH 22.39 22.39 186.9 12.53 2 


than intramolecular displacement by the acidic hydrogen 
of the COOH group. 


EXPERIMENTAL 


Chloroacetic acid. Chloroacetic acid of 99% purity 
was bought from Merck and the HC1 gas was analysed 
with a solution of 0.05 N NaOH. 


3-Chloropropionic acid. This substrate was prepared 
from ethyl 3-chloropropionate (Aldrich) as rep~rted '~ 
and distilled until 99.7% purity [GLC: 10% SP- 
1200-1% H,PO, on Chromosorb W AW (80-100 
mesh)]. Acrylic acid (Merck) was analysed on the same 
column of 10% SP-1200, while ethylene (Matheson) 
was analysed on a column of Porapak Q (80-100 
mesh). The HCl gas was determined quantitatively by 
titration with 0.05 N NaOH solution. 


2-Chlorobutyric acid. This compound (Fluka) was 
distilled to 99.1% purity as determined by GLC [lo% 
SP-1200-1% H,PO, on Chromosorb W AW (80-100 
mesh)]. The pyrolysis products propionaldehyde 
(Aldrich), propene (Matheson), and ethane (Matheson) 
were analysed using a column of Porapak Q (80-100 
mesh) and but-2-enoic acid (Sigma) was analysed using 
the 10% SP-1200 column. The HC1 gas was determined 
quantitatively by titration of 0.05 N NaOH solution. 


3-Chlorobutyric acid. 3-Chlorobutyric acid (Pfaltz & 
Bauer) was distilled several times and the fraction over 
97.1% purity [GLC: 10% SP-1200-1% H,PO, on 
Chromosorb W AW (80-100 mesh)] was used. But-2- 
enoic acid (Sigma) and but-3-enoic acid (Koch-Light) 
were analysed on the 10% SP-1200 column, whereas 
propene (Matheson) was determined in a column of 
Porapak Q (80-100 mesh). The HC1 gas analysis was 
determined by neutralizing the solution with calcium 
carbonate and then was titrated with a solution of 
0.05 N AgNO, using fluorescein as indicator. 


5-Chlorovaleric acid. After several distillations, the 
chlorovaleric acid was 98.0% pure [GLC: 10% SP- 
1200-1% H3P0, on Chromosorb W AW (80-100 
mesh)]. The columns used for quantitative analyses 
were Carbowax 20M-15% Chromosorb W AW DMCS 


(80-100 mesh) for 8-valerolactone (Aldrich) and 20% 
bis(2-methoxyethy1)adipate-Chromosorb P (80-100 
mesh) for butadiene (Matheson). The HCl gas was 
determined quantitatively by titration with 0.05 N 
NaOH solution. 


Kinetics. The pyrolysis experiments were carried out 
in a static reaction vessel, seasoned with ally1 bromide 
and in the presence of at least twice the amount of 
cyclohexene or toluene inhibitors. The rate coefficients 
were determined by measurement of the pressure 
increase and/or by HCl titration with 0.05 N NaOH or 
AgNO, solution. The temperature was controlled by a 
Shinko DIC-PS 25RT resistance thermometer controller 
maintained within 0.02"C and measured with a cali- 
brated platinum-platinum- 13 % rhodium thermocouple. 
The reaction vessel showed no temperature gradient and 
the substrates were injected directly into the vessel 
through a silicone rubber septum. 
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AQUEOUS SOLVATION EFFECT ON THE PROTOTROPIC 
TAUTOMERISM OF 2-THIOCYTOSINE 


J. GUILLERMO CONTRERAS' AND JOEL B. ALDERETE 
Facultad de Ciencias Quimicas, Universidad de Concepcion, Casilla 3-C. Concepcion, Chile 


Free energies of solvation were calculated for the four most stable gas-phase tautomeric forms of 2-thiocytosine 
(TC) using a local field SCF procedure with the solvation model SM2. The calculated changes in the free 
energies for each pair of tautomers reveal that all six possible equilibria tend to produce the thione-amino 
TC(1,8,8) and TC(3,8,8) species. This is in agreement with UV and ionization constant data. 


INTRODUCTION 


2-Thiocytosine is a minor component of tRNA and 
possesses important biological implications. In fact, 
the replacement of the major nucleic acid base cytosine 
by thiocytosine may produce significant changes in the 
DNA structure as a result of perturbation in the base- 
pairing process. Hence it is of interest to study the 
prototropic tautomerism since thiocytosine can exist in 
any of several tautomeric forms that may play an 
important role in the replication process and in spon- 
taneous mutations. 


2-Thiocytosine can give rise to six tautomeric forms as 
a result of the thiol thione and amino imino equilibria. In 
fact, the above equilibria can produce two thione-amino 
species, one thione-imino, one thiol-amino and two 
thiol-imino forms. These tautomeric forms are named 
TC(i, j ,  k), where i, j ,  k represent the numbers of atoms 
to which tropic hydrogens are attached. 


In a previous investigation,' we studied the pro- 
totropic tautomerism of 2-thiocytosine in the gas phase 
using the MNDO method. In an attempt to learn more 
about the predominant species, we calculated the 
thermodynamic properties in the range 100-500 K and 
found that the tautomers TC(7,8,8) and TC(1,8,8) 
predominate at low and room temperature, whereas 
TC(1,7,8) could become important at higher tempera- 
tures. However, in the light of the present results, these 
conclusions are doubtful. In general, the semi-empirical 
methods do not provide a good description of the 
atomic charge distributions and energies. This is particu- 
larly true for the AM1 method when applied to sulphur- 
containing molecules, since the sulphur parameters were 


'Author for correspondence. 


developed from few experimental data.' On the other 
hand, ah initio calculations at high HF levels have 
shown that AM1 produces poor relative gas-phase 
energies for hetero~ycles.~-" 


Based on the above conclusions and in an attempt to 
place the prototropic tautomerism on a more reliable 
basis, we have carried out calculations on this thiobase 
in both the gas phase and aqueous solution. The calcula- 
tion of the gas-phase free energies of the six tautomeric 
forms of 2-thiocytosine were performed at the ah initio 
level using the 6-31G' basis set. To account for the 
solvent effect, the SM2 solvation model was 


Although for some tautomeric forms the 
relative energies are greater than 10 kcal mol - I  


(1 kcal=4.184 kJ) above the most stable species, we 
included them in the solvation calculations as their high 
dipole moments can lead to great stabilization in polar 
solvents. The standard free energy of a species in 
solution (G&) is obtained by adding the free energy of 
solvation to the relative $as-phase free energy obtained 
at the HF/6-3 1G' level. I 


CALCULATIONS 


Gas-phase calculations 
We used the program package MOPAC 5.0'' updated 
with sulphur parametersx The ah iriitio MO calculations 
were performed using the Gaussian 92 series of pro- 
grams. l6 The geometry optimization of all tautomeric 
forms was camed out with a 6-31G' basis set at the HF 
level. Frequency calculations at the equilibrium geome- 
tries yielded all real frequencies and hence all structures 
correspond to local minima. The energy calculations 
were performed using the 6-31G' basis set. To obtain 
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the true energy, a zero point energy (unscaled) correc- 
tion was added to the total energy for each tautomer. In 
fact, a scaling of ZPE by 0.9, as usual, produces no 
effect on the conclusions of this study. 


Solvation model 
To calculate the aqueous solvation free energies, the 
program AMSOL 3.0,” which contains the SMl, SM2 
and SM3 solvation models, was used. The local field 
SM2 model calculates the polarization effects (Gp) and 
cavitation-dispersion-structure changes of the solvent 
(G“,,,) contributions to the free energy in aqueous 
solution. The polarization effects are calculated using a 
form of the generalized Born eq~at ion’”’~  included in 
the Fock operator during the SCF calculation. The 
contributions to the free energy due to G& are based 
on the superficial accessible area of the solventa*” and 
the semi-empirical parameters of atomic solvation. I 3 * l 9  


The free energy of the solute in aqueous solution is 
G t , ,  = G;b,, + AG:, where G:,,, is the free energy of the 
solute in solution, G& is the free energy of the solute in 
the gas phase and AGY is the aqueous free energy of 
solvation. AG: can be partitioned as follows: 


AGY = EEN(aq) + GP(rq) + G&S(aq) - 
where E,, is the nuclear and electronic energy and 
AG: = AGENp + G&(aqy For the tautomeric equilibria 
A B, the difference AGO,I, = G:o,n(B) - G”,,,,,, gives an 
indication of the stabilization of B with respect to A. 
For each tautomeric form, both the geomeay and 
wavefunction were optimized in solution to produce the 
‘relaxed’ solvation free energy. ’2m 


RESULTS AND DISCUSSION 
Figure 1 gives the general labelling of the atoms of 2- 
thiocytosine and the optimized geometries of all six 
tautomers. Table 1 gives the ah iriitio gas-phase calcula- 
tions and the AM1 heats of formations and dipole 
moments for all tautomeric forms of 2-thiocytosine. 
The enthalpy changes were obtained by adding A(ZPE) 
and thermal corrections A ( H - H , )  to AE at the 
HFj6-31G’ level. The free energy changes were 
calculated from AG = AH - T AS. The calculated gas- 
phase free energies are referred to the most stable 
tautomer, i.e. TC(7,8,8). From comparison of the ah 
iriitio and AM1 relative energies, it can be seen that the 
stability orders given by these two quantum mechanical 
methods are almost the same, with the exception that the 
tautomeric form TC(1,3,8) (a thione-imino species) is 
stabilized by ca 6 kcal mol-’ over the TC(3,8,8) at the 
HF/6-31G level, whereas in the AM1 calculation the 
TC(3,8,8) tautomer is stabilized by ca 2 kcal mol-’ 
over TC(1,3,8). When comparing the calculated 
relative energy values, the situation is different. In fact, 
the AM1 energy values are unreliable for the reasons 


H12 


TC ( 3,7,8 1 


Figure 1. Optimized geometries and general labelling of 
atoms in 2-thiocytosine (TC) 


given before. Figure 2, drawn with the data given in 
Table 1 and those in Ref. 7, shows the relative energies 
of the various tautomers calculated by different quan- 
tum mechanical methods. From Table 1 and Figure 2, it 
can be inferred that the stability order calculated by the 
MNDO method is different from that obtained by the 
AM1 and ah iriitio methods. In conclusion, the ah iriitio 
method predicts that the automeric forms TC(7,8,8), 
TC(1,8,8), TC(1,3,8) and TC(3,8,8) are the most 
stable. The thiol-amino TC(7,8,8) form has a clear 
predominance over the other three. 


In a solution of high dielectric constant, such as 
water, one can expect a greater stabilization of the 
TC(3,8,8) tautomer owing to its larger dipole moment, 
but the cost of the reorganization of electronic distri- 
bution and nuclear relaxation (see below) make the 
TC(1,8,8) species the most stable in solution. 


In this work we studied the polarization effect of 
thiocytosine in aqueous solution in order to calculate 
thefree energy of solvation of the four most stable gas- 
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Table 1. Calculated energies'.b and dipole moments (p )  of the six tautomers of 2-thiocytosine (TC) in the gas phase 


Parameter TC(7,8,8) TC(1,8,8) TC(3,8,8) TC(1,3,8) TC(3,7,8) TC1,7,8) 


E" -7 15-25 13 1 -7 15.248 12 -7 15.23605 -7 15.24634 -7 15.22045 - 7 15.20270 
ZPE 63.10 65.27 65-08 66.15 63.46 62.96 
H - H ,  4.21 4.20 4.13 3.91 4.23 4.50 
S 81.73 82.26 81.55 80.60 82.61 85.12 


Pd 3.77 7.64 8.08 2.90 2,34 4.05 
AH," 46.49 55.37 56.77 5899 60.74 64.52 


PC 4.79 9.30 10.10 6.43 0.44 7.74 


Relurive values (kcal mol-') 
A E ~  0.00 8.88 10.28 12.50 14.25 18.03 
A F  0.00 200 9.58 3.12 19.36 30.50 
A(ZPE)' 0.00 2.17 1.98 3.05 0.36 -0.14 
A ( H - H o )  0.00 -0.01 -0.08 -0.30 0.02 0.29 
AH 0.00 4.16 11.48 5.87 19.74 30.65 
TAS 0.00 0.15 -0.05 -0.34 0.26 1.01 
A G f  0.00 4.01 11.53 6.21 19.48 29.64 


"Calculations based on HF/6-31G8//6-31G*. 
bE in hanree; ZPE, H-H,, A E ,  Af/, TAS and A C  in kcal mol-I; S in cal mol-' K-I .  
'HF/6-31G' values, in debye. 
d ~ ~ l  vdues. 


Unscaled values. 
Based on AE calculated at the HF/6-31G' level, 


phase tautomers, using the SM2 solvation model. Table 
2 gives the solvation energies for all six tautomeric 
forms of 2-thiocytosine in aqueous solution. 


From Table 2, it can be inferred that the tautomer 
TC( 1,8,8) is the most important species in solution, 
whereas the TC(7,8,8), TC(3,8,8) and TC(1,3,8) 
tautomers are ca 8 kcalmol-' above TC(1,8,8) in 
aqueous solution. In fact, the latter three species possess 
roughly the same importance. This implies that in 
aqueous solution the thione-amino TC( 1,8,8) is the 
predominant species, whereas the TC(3,8,8) and the 
TC(7,8,8) and the thione-imino TC(1,3,8) tautomers 
are present to a lesser extent. 


For the equilibria given in Table 3, we also calculated 
the changes in the standard free energies in solution, 
AG& It is found that in solution all the less important 
species produce the most stable (TC(l,8,8). It is likely 


Table 2. Solvation energies (kcal mol-') for the six 
tautomeric forms of 2-thiocytosine 


Tautomer AE,," G ,  G",, AG: Go,lnh 


TC(7,8,8) 5.08 -14.38 -7.04 -16.34 -16.34 
TC(1,8,8) 19.16 -37.49 -10.38 -28.72 -24.71 
TC(3,8,8) 22.71 -40.23 -10.28 -27.81 -16.28 
TC(1,3,8) 10.90 -22.64 -10.71 -22.45 -16.24 
TC(3,7,8) 5.61 -13.26 -7.34 -14.99 4.49 
TC(1,7,8) 10.93 -22.79 -7.45 -19.31 10.33 


Table 3. Prototropic tautomerization free 
energy changes for the various e uilibria in 2-thiocytosine (kcal mol- 9 ) 


Equilibrium AG"," 


TC(7,8,8) # TC(1,8,8) -8.37 
TC(7,8,8) # TC(3,8,8) 0.06 
TC(7,8,8) # TC(1,3,8) 0.10 
TC(1,8,8) # TC(1,3,8) 8.47 
TC(3,8,8) # TC(1,3,8) 0.04 
TC(3,8,8) # TC(1,8,8) -8.43 


Table 4. Aqueous net atomic charges and dipole moments (D) 
for the more stable tautomen of 2-thiocytosine 


Atom TC(7,8.8) TC(1,8,8) TC(3,8,8) TC(1,3,8) 


-0.264 -0.319 -0.245 N-1 -0.345 
c-2 -0.140 0.172 0.159 0.242 
N-3 -0.313 -0.330 -0.252 -0.306 
c-4 0.172 0.227 0.282 0.143 
C-5 -0.364 -0.298 -0.325 -0.208 
C-6 -0.011 0.07 1 0.049 0.021 
s-7 0.456 -0647 0.638 -0.606 
N-8 -0.335 -0.278 -0.297 -0.285 
H-9 0.260 0.272 0.287 0.166 
H-10 0.253 0.293 0.306 0.27 1 
H-11 0.175 0.216 0.214 0.210 
H-12 0.203 0-246 0.228 0.246 
H-13 -0.010 0.320 0.307 0.35 1 


2.578 14.685 16.437 7.034 


Table 3. Prototropic tautomerization free 
energy changes for the various e uilibria in 2-thiocytosine (kcal mol- 4 ) 
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that both TC(7,8,8) and TC(3,8,8) are also formed, 
but according to Table 3 the equilibria relating these 
species are largely displaced to TC( 1.8.8) formation. 
The above results agree well with the UV data and 
ionization constants derived from 2-thiocytosine in 
aqueous solution. In fact, Brown and Teitei2’ found that 
the tautomeric forms TC(1,8,8) and TC(3,8,8) exist 
as a mixture in aqueous solution with a clear predomi- 
nance of the former. In addition, although no direct 
comparison can be made, it is worth nothing that 2- 
thiocytosine in the solid state shows simultaneous 
intermolecular hydrogen bonding at both N-1 and N-323 
and that the calculated gas-phase proton affinities (PA) 
for these two atoms show that they are the preferred 


sites of protonation. The difference in the calculated PA 
is just 1.4 kcal mol-I. 


For all four important species in solution, the atomic 
charges and dipole moments for the ‘relaxed’ gas-phase 
molecular structure and the reorganized solute nuclear 
and electronic structure for TC(1,8,8) are given in 
Table 4. The large changes in the dipole moment on 
electronic relaxation come from the migration of the 
negative charge from the entire molecule to the C=S 
bond region. For the TC(7,8,8), TC(3,8,8) and 
TC( 1,3,8), the SM2 solvation model predicts 
values of -9.3, -17.52 and -11.74 kcalmol- , 
respectively. The reorganizations of the atomic charges 
cost 19.16 kcalmol-l for TC(1,8,8), 22.71 kcalmol-’ 


E 


lol) 


5 9  


L TC(7.8.8) 


T C (3.7.8 


TC(L3.8 1 
TC (3.8.8 1 


TC(1.3.8 1 


T C ( 1,8,8 1 


MNDO AM1 6-31G * 
Figure 2. Relative energies of 2-thiocytosine tautomers in the gas phase calculated by different methods 
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for TC(3,8,8) and 10.90 kcalmol-' for TC(1,3,8), 
yielding GP values of -37.49, -40.23 and 
-22-64 kcal mol - I ,  respectively. The polarizable nature 
of these species allows the reorganization costs to be 
overcome by the large GP values obtained. This can also 
explain the large variation of the dipole moment on 
going from the gas phase to the related structure case. 


Finally, it is worth noting that the results on the 
tautomerism of 2-thiocytosine in aqueous solution 
just obtained do not necessarily apply to 2-thiocy- 
tosine in tRNA, where a number of other effects can 
operate. 
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KINETIC STUDIES ON THE PYRAMIDAL INVERSION OF OPTICALLY 
ACTIVE SELENONIUM IMIDES 


NOBUMASA KAMIGATA,' HIDE0 TAKA, AYUMI MATSUHISA AND TOSHIO SHIMIZU 
Department of Chemistry, Faculty of Science, Tokyo Metropolitan University, Minami-ohsawa, Hachioji, Tokyo 192-03, Japan 


Kinetic studies were carried out on the thermal epimerization by pyramidal inversion of optically active (S)- 
(-)se- and (R)-(+)s~-4-[(-)-menthyloxycarbonyl]phenyl(2',4',6'-triisopropylphenyl)selenonium-N-toluene-4''- 
sulphonimides (1). The first-order rate constants for the pyramidal inversion of (S)-(-)se-l and (R) - (+ ) se - l  
were determined and the activation enthalpies and entropies were calculated. A fairly large difference was found 
in the activation parameters between optically active (S)-(-)se-l and (R)-(+)se-l, i.e. a large negative activation 
entropy was obtained in the case of (R)-(+)se-l. 


INTRODUCTION 
A number of optically active tricoordinate tetravalent 
sulphur compounds such as sulphonium salts, sul- 
phoxides, sulphonium imides and sulphonium ylides 
have been ~ynthesized,'-~ and kinetic studies on 
racemization by pyramidal inversion have been 
p e r f ~ r m e d . ~ . ~  Tricoordinate tetravalent selenium 
compounds are also expected to be isolated in 
optically active form since selenium is homologous 
with sulphur; however, little work has been reported 
on the synthesis and stereochemistry of optically 
active selenium Recently, we 
isolated some optically pure tricoordinate tetravalent 
selenium compounds such as selenonium salts," 
s e l e n ~ x i d e s ' ~ ~ ~ ~  and selenonium ylides,I4 and have 
clarified their stereochemistry, reactivities and physi- 
cal properties. 


Selenonium imides are also tricoordinate tetravalent 
compounds and are expected to be isolated in optically 
active form. Only one paper has been appeared on the 
synthesis of o tically active selenonium imide, by 
Krasnov et a,.! but the optical purity was low and 
the absolute configuration was not determined. We 


Solononium Salt Selenoxide Selenonium Ylide Selenonium lmide 


Author for correspondence. 


succeeded in isolating optically active selenonium 
imides b r  optical resolution of diastereoisomeric 
mixtures.' In this work, we studied the kinetics of 
the thermal epimerization by pyramidal inversion of 
optically active selenonium imides. 


RESULTS AND DISCUSSION 


Diastereoisomeric 4- [ (- )-menthyloxycarbonyl Iphenyl 
(2' ,4' ,6' -triisopropylphenyl)selenonium-N-toluene-4" - 
sulphonimides (dia.-1) were synthesized by the follow- 
ing scheme. (-)-Menthy1 4-(2' ,4' ,6'-triisopropylphenyl- 
seleninyl)benzoate, prepared by the oxidation of (-)- 
menthyl4- (2' ,4' ,6' -triisopropylphenyl-selanyl)benzoate, 
was treated with toluene-p-sulphonamide in the pre- 
sence of acetic anhydride gave a 1 : 1 diastereoisomeric 
mixture of 4-[(-)-menthyloxycarbonyl]phenyl(2',4',6'- 
triisopropylphenyl) selenonium-N-toluene-4" - 
sulphopimides (dia.-1). Optically pure (S)-(-)se-l was 
isolated as stable crystals by fractional recrystallizations 
of dia.-1 from methanol. Another diastereoisomer, (R)- 
( +)se-l [40% diastereomeric excess (d.e.)], was 
obtained from the mother liquid.I5 


The rate of epimerization by pyramidal inversion of 
the optically active selenonium imide was studied by 
heating a toluene solution of the diastereomeric excess 
selenonium imide (S)-(-)se-l in a sealed tube. The 
decrease in the optical purity calculated from the 


dia-1 
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(s)-(-)s*-1 (FI)-(+)se-l 


R = (-)-menthy1 
Ar = 2,4,6-triisopropylphenyl 


specific rotation showed a good linear relationship for 
the first-order rate plots at 120-140°C. No difference 
was found in the 'H Nh4R spectra of selenonium imide 
(S)-( -)sc-l before and after the kinetic studies, and the 
results indicate that the decrease in the specific rotation 
depends solely on the epimerization by pyramidal 
inversion and there is no thermal decomposition or 
hydrolysis during the kinetic studies. Similarly, the 
rates of epimerization of (R) - (  +),-1 was also studied. 
The first-order rate constants for the epimerization of 
(S)-(-)sc-l and (R) - (+ ) se - l  are summarized in Table 1 
together with those of sulphonium imides5 such as 
(-)-4- (chlorophenyl)methylsulphonium-N-toluene-4' - 
sulphonimide[ (-)-21 and (-)-2-(methoxyphenyl)phenyl- 
N-toluene-4' -sulphonimide [(- 1-31. 


The epimerization by pyramidal inversion was 
observed at 120-140°C whereas the racemization of 
the sulphonium imides (-)-2 and (-)-3 was observed at 
lower temperatures (75-100 "C). The results show that 
the selenonium imides are more stable than the sulpho- 
nium imides toward the epimerization by pyramidal 
inversion and this result can be qualitatively interpreted 
as follows. The valence shell electron-pair repulsion in 
the selenonium imides is smaller than that in sulpho- 
nium imides since the carbon-selenium bond length is 
longer than the carbon-sulphur bond length and/or the 
selenium atom is less electronegative than the sulphur 
atom and therefore the electrons in the C-Se bond lie 
at a greater distance from selenium than they do from 
the sulphur in a C-S bond. Accordingly, a higher 
reaction temperature or an activation energy is required 
for the pyramidal inversion of the selenonium imide. 


2.40 2.45 2.50 2.55 
l K x  lo3 


Figure 1. Arrhenius plots for the thermal epimerization of 
(0) (S)-(-)se-l and (0) (R)- (+)se- l  


Figure 1 shows the Arrhenius plots of the rate 
constants given in Table 1, and the values of the acti- 
vation enthalpies and the activation entropies were 
calculated from the rate constants. The activation 
enthalpy and the activation entropy for the epimeriz- 
ation by pyramidal inversion from (S)-(-)sc-l to (R) -  
( + b - 1  were 30.9 kcal mol-' and -7.4 cal K-' mol-I, 
respectively, and the free energy of activation, AG,', 
was calculated to be 34.0 kcalmol-' (1 kcal= 
4.184 H). On the other hand, the activation enthalpy 
and the activation entropy for the epimerization from 
(R)-(+)se-l  to (S)-(-)sc-l were 23.2 kcal mol-' and 
-26.8 cal K-' mol-I, respectively, and the free 
energy of activation, AG2*, was calculated to be 
34.3 kcal mol-I. Thus, the difference in free energy of 
activation (AGO) for the pyramidal inversion between 
from (S)-(-)sc-l to (R)-(+)se-l  and from (R)-(+)se- l  
to (S)-(-)sc-l was calculated to be 0.3 kcal mol-I. This 


Table 1. First-order rate constants and activation parameters for the pyramidal inversion of (S)-(-)%-l and ( R ) - ( + ) % - l  


Temperature k x  10' A P  AS* AG* 
Compound Solvent ("C) (s-l) (kcal mol-I) (cal K-l  mol-I) (kcal mol - I )  


Toluene 
Toluene 
Toluene 
Toluene 
Toluene 
Toluene 
Toluene 
Benzene 
Chloroform 


120 
130 
135 
140 
130 
135 
140 
100 
75 


1.49 
2.96 
6.88 


3.12 
4.49 
644 23.2 -26.8 34.3 
5.30 27.9 -3.6 
3.72 


10.1 30.9 -7.4 34.0 
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: 2. Energy relationship in the epimerization of ( 
(-)%-l and (R) - (+ ) s - l  


means that the diastereoisomer (S)-(-)se-l is 
0.3 kcalmol-' higher in energy than the other 
diastereoisomer ( R ) - (  +)Sc-l, since it is considered that 
the transition state in the epimerization by pyramidal 
inversion from (S)-(-)se-l to (R)-(+)se-l and from 
(R)-(+)se-l to (S)-(-)se-l is the same. These energy 
relationships are shown in Figure 2. 


Interestingly, a fairly large difference was found in 
the activation parameters for the epimerization of (S)- 
(-)se-l and (R)-(+)se-l. In the epimerization of (S) -  
(-)se-l, the reaction is mainly controlled by the enth- 
alpy. On the other hand, in the case of (R)-(  +)Se-lr the 
reaction is considerably affected by the entropy. These 
differences in the activation parameters between (S)- 
(-)se-l and (R)-(+)se-l are not unexpected since these 
two compounds are diastereomeric isomers, although it 
is not obvious how the (-)-menthy1 moiety affected the 
activation parameters in the epimerization of (S)-( -)se- 


1 and (R)-(+)se-l in spite of the (-)-menthy1 moiety 
present at a fairly large distance from the reaction 
centre. 


EXPERIMENTAL 


A mixture of (-)-menthy1 4-(2',4',6'-triisopropyl- 
phenylseleniny1)benzoate (0.56 g, 1 .O mmol) and acetic 
anhydride (0.13 g, 1.3 mmol) in chloroform (10 cm') 
was stirred at 50 "C for 17 h. After confirmation that 
the starting selenoxide and toluene-p-sulphonamide 
had been completely consumed (TLC), the solvent 
was removed under reduced pressure and then the 
residue was subjected to silica gel chromatography 
using chloroform-methanol (20: 1) as the eluent to 


give a diastereoisomeric mixture of 4-[(-)- 
menthyloxycarbonyl]pheny1(2',4 ' , 6 '  - triisopropyl- 
phenyl)selenonium-N-toluene-4" -sulphonimide, dia.-1 
(0-65 g, 92%); m.p. 82-86 "C; v,,(KBr)/cm-' 2950, 
1715 and 910 (Se-N); S, (CDCI,) 0.77(3H, d, 
J=6.8Hz),  0.85 (2H, br s), 0.89-0.94 (7H, m), 
1.07-1.26 (18H, m), 1-52-1.57 (2H, m), 1.72-1.75 
(2H, m), 1.84-1.91 (lH, m), 2.10-2.13 (lH, m), 2.33 
(3H, s), 2.90 (IH, sept., J = 6 . 8  Hz), 3.42 (2H, sept., 
J=6 .8  Hz), 4-92 (lH, td, J =  10.7 and 4.4 Hz), 7.06 
(2H, s), 7.13 and 7-78 (4H, ABq, J =  8.3 Hz) and 7.68 
and 8.10 (4H, ABq, J=8 .3  Hz); 6, (CDC1,) 16.6, 
20.7, 21.3, 22.0, 23.2, 23.7, 25.2, 26.7, 31.4, 31.6, 
34.2, 34.3, 40.8, 47.2, 75.8, 124.4, 126.1, 127.4, 
129.0, 130.1, 130.8, 133.4, 140.6, 141.0, 142.9, 
152-2, 154.6, and 164.8; [a], -24.7(~, 1.04, CHCl,); 
m/z  711 (M', 80Se), 542 and 404.The diastereoisomeric 
mixture dia.-1 (3.42g) was optically resolved by 
fractional recrystallization from methanol, and optically 
pure (S)-(-)se-l (600 mg) was isolated after seven 
fractional recrystallizations. The optically active diaster- 
eoisomer (R)-(+)se-l (40% d.e.) was obtained from the 
mother liquid. 


The physical and spectral data for (S)-(-)se-l were 
as follows: m.p. 189-4-190.7 " C  v,,(KBr)/cm-' 
2960, 1710, and 910 (Se-N); 6, (CDCI,) 0.73-2-13 
(12H, m), 0.90 (6H, d, J=6 .8  Hz), 0.93 (6H, d, 


J = 7 . 3  Hz), 2.33 (3H, s), 2.90 ( lH,  sept., J = 6 . 8  Hz), 
3.42 (2H, sept., J=6 .8  Hz), 4.92 (lH, td, J =  10.7 and 


J z 6 . 4  Hz), 1.23 (6H, d, J=6 .8  Hz), 1.25 (6H, d, 


4-4 Hz), 7-06 (2H, s), 7.13 and 7.78 (4H, ABq, J =  8.3 
Hz), and 7-68 and 8.10 (4H, ABq, J z 8 . 3  Hz); 6c 
(CDCI,) 16.6,20-7, 21.3, 22.0, 23.1, 23.6, 25.2, 26.6, 
31.4, 31.6, 34.2, 34.3, 40.8, 47.1, 75.8, 124.3, 126.1, 
127.4, 129.0, 130.1, 130.7, 133.4, 140.5, 141.0, 
142.9, 152.2, 154.6 and 164.7; -118.5 (c, 0.960, 
CHCI,); m/z 711 (M', "Se), 542 and 404; 
(MeOH)/nm 243 ( E  = 2.7 x lo4); circular dichroism 
spectrum (MeOH)/nm 220 ([ 01 + 7.74 x lo3), 252 ([ 01 
-8.36x103), and 292 ([el - 3 . 5 5 ~  lo3); found C 
65.66, H 7.59, N 1.80; calculated for C,,H,,NO,SSe, C 
65.89, H 7.51, N 1.97%. The physical and spectral 
data for (R)-(+)se-l were as follows: m.p. 
62-2-64.0 "C; v,,,(KBr)/cm-' 2960, 1715, 1235 and 
910 (Se-N); 6, (CDC1,) 0.76-2.13 (12H, m), 0.90 
(6H, d, J = 6 - 8  Hz), 0.93 (6H, d, J z 6 . 4  Hz), 1.23 
(6H, d, J = 6 - 8  Hz), 1.25 (6H, d, J = 7 . 3  Hz), 2.33 
(3H, s), 2-90 (lH, sept., J=6 .8  Hz), 3.42 (2H, sept., 
J =  6.4 Hz), 4 . 8 8 4 9 5  (lH, m), 7.06 (2H, s), 7.13 and 
7.78 (4H, ABq, J =  8.3 Hz), 7.67 and 8.10 (4H, ABq, 
J z 7 . 8  Hz); 6, (CDCI,) 16.7, 20.7, 21.4, 22.0, 23.2, 
23.7, 25.3, 26.7, 31.4, 31.6, 34.2, 34.4, 40.9, 47.2, 
75.8, 124.5, 126.1, 126.5, 127-5, 129.1, 130.8, 133.4, 
140.6, 141.1, 142.9, 152.3, 154.6, and 164.8; 
[ a ] D +  1.4 (C, 1.870, CHCl,); m/z 711 (M', **Se), 542 
and 404 [found, m/z 542.2708 (M'-NTs, "Se); 
calculated for C32H4,0,80Se, m/z 542,26631. 
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Measurements of the rate for epimerization by 
pyramidal inversion of selenonium imides (S)-( - h - 1  
and (R)-(+)se-l. A solution containing (S)-( -)&-l 
{ 100mg; [a], -78.4 (c 1.00, toluene)} in toluene 
(10 cm3) was heated at 120, 130, 135 and 140 "C. The 
specific rotation was measured at suitable time intervals, 
and the rates for the epimerization by pyramidal inver- 
sion were plotted to the first-order rate equation. The 
activation parameters were calculated by Arrhenius and 
Eyring absolute kinetic equations. The 'H NMR spectra 
of (S)-(-)se-l and (R)-(+)se-l were the same before 
and after the kinetic studies, which indicates that only 
pyramidal inversion is occumng under the reaction 
conditions. 


1. 


2. 


3. 


4. 


5. 
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KINETIC STUDY OF PROTON/DEUTERON TRANSFER REACTIONS 
OF 2,4,6-TRINITROTOLUENE AND ITS DERIVATIVES WITH 


TERTIARY AMINES 


YOSHIMI SUEISHI', TAKANORI FUJIMOTO, TOHRU YOSHIDA, TAKEHARU KURITA, SHUNZO 
YAMAMOTO AND NORIO NISHIMURA 


Department of Chemistry, Faculty of Science, Okayama University, Tshushinia, Okayama 700, Japan 


The rate of proton/deuteron transfer reactions of 2,4,6-trinitrotoluene (TNT), 2,2',4,4',6,6'-hexanitrobibenzyl 
(HNBB) and 2,4,6-trinitrobenzyl chlorides (TNB) with tertiary amines was followed spectrophotometrically. 
The rate constants obtained under various conditions were interpreted in terms o f  isotope, solvent and steric 
effects. The Arrhenius plots curved upward at low temperatures for TNT and TNB, indicating clearly the 
intervention of tunnelling. The tunnelling parameters were calculated semi-empirically on the basis of Bell's 
theory. The observed rate constants at low temperatures agreed well with the predicted values. In the present 
systems, some side and consecutive reactions involving the formation of 2,2',4,4',6,6'-hexanitrostilbene took 
place, and in some cases interrupted the rate measurements in the proton/deuteron transfer steps. 


INTRODUCTION 
Reactions involving hydrogen (H,  H', H-) transfers 
are among the most basic types. The kinetic isotope 
effects for hydrogen transfer reactions are especially 
interesting, since the involvement of quantum mech- 
anical tunnelling has been invoked to explain the 
isotopic effect ( k H / k D )  on many occasions. The most 
extensive work in this field has been carried out on 
proton/deuteron transfer reactions between general acids 
and bases. For example, in reactions of 4-nitrophenyl- 
nitromethane with tetra- and pentamethylguanidines and 
1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), large kinetic 
isotope effects have been reported.'-4 In the proton 
transfer reactions of 2,4,6-trinitrotoluent m) with 
DBU and other bases, large kinetic isotope effects were 
also observed.'-' For intramolecular hydrogen atom 
transfer intervention of quantum-mechani- 
cal tunnelling has also been put forward. From the 
pressure effects of the isotropic ratio ( k H / k D ) ,  the 
quantum-mechanical tunnelling effect for h dride trans- 
fer reactions was invoked by Isaacs et al. for the first 
time, although a single-ste hydride transfer mechanism 


I L L Y  


has been questioned by us. I? 


Author for correspondence. 


It has been accepted that the isotope effect 
k H / k D  > 10 at ambient temperature, the activation 
energy difference (E: - E:) = 4.6-5.7 kJ mol-' and the 
ratio of the pre-exponential factor ADfAH = 1.4-2.0 
could be regarded as criteria of substantial tunnell- 
ing. 1.7.14 Sugimoto and co-worker~~-~  examined 
pressure, solvent and substituent effects on the 
proton/deuteron transfer reaction between TNT and 
bases (Scheme 1). They examined the kinetic isotope 
effect for the forward reaction at various temperatures 
and pressures. On the basis of the theory developed by 
Bell, l 4  they calculated the tunnelling correction factor 
Q, defined as 


Q = k f  k, t 1) 
where k is the actual (observed) rate constant and k, the 
semi-classical rate constant that would be observed in 
the absence of tunnelling. They calculated Q and other 
factors for tunnelling so that these factors reproduce the 
experimental data well. In this sense, the method could 
be said to be semi-empirical. Bell's theory predicts that 
the tunnel effect becomes pronounced as the tempera- 
ture is lowered and the Arrhenius plot will deviate 
upwards. 


In spite of the prediction of the deviation of the 
Arrhenius plot, most work has been limited to the 
linear region of the Arrhenius plot, and very few 
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kinetic studies of the isotope effects in hydrogenx-'" 
and proton transfer  reaction^"'^ over a wide range of 
temperatures have been made so far. Indeed, it is 
difficult to obtain reliable kinetic data at low tempera- 
tures and a specially designed cryostat for kinetic 
measurements is required. 


Crampton ef aZ.', studied extensively the reaction of 
2,2',4,4',6,6'-hexanitrobibenzyl (HNBB) with various 
amines. According to them, if tertiary amines are used, 
hexanitrostilbene (HNS) dianion forms in dimethyl 
sulphoxide (DMSO) in two steps (Scheme 2). 


In spite of the interest in relation to TNT, the isotope 
effect for HNBB-amine system seems not to have been 
studied yet. This situation motivated us to study the 
proton transfer reactions of TNT and its derivatives 
including HNBB with some tertiary amines, in order to 
promote better understanding for proton/deuteron 
transfer reactions.', It is of interest to 'see' directly a 
real deviation of the Arrhenius plot in a low-tempera- 
ture range, which affords direct evidence for the 
intervention of tunnelling. 


EXPERIMENTAL 


Materials. TNT was obtained by nitration of p -  
nitrotoluene in the usual manner and recrystallized three 
times from ethanol, m.p. 81.5-82.5 "C. TNT-d, was 
prepared according to the literature." By repeating the 
deuteration process three times, TNT-d, with better than 
98% isotopic purity in the methyl group was obtained, 
as determined from its NMR signal. HNBB was prep- 
ared by the method of Blatt and Rytina,18 m.p. 
219-221 "C (lit. 218-220°C); 'H NMR (60 MHz, 
acetone-d,), b 3.64 (4H, s ) ,  9.03 (4H, s). HNBB-d, 
was synthesized from HNBB via three steps by methods 
similar to the synthesis of TNT-d, and recrystallized 
from acetone, m.p. 219-220 "C; 'H NMR (acetone-d,), 
6 9.03 (4H, s) .  Hexanitrostilbene (HNS) was prepared 
by oxidizing HNBB with p-benzoquinone in the pre- 


sence of pipendine in dimethylf~rmamide;'~ 'H NMR 
(DMSO-d,), 6 9-07 (4H, s), 7.10 (2H, s) in the ratio of 
2 : 1. 1,3,5-Trinitrobenzyl chloride (TNB) was synthes- 
ized from TNT'' and recrystallized from 
benzene-hexane, m.p. 85.0-85.5 "C; 'H NMR 
(CDCI,), 6 5.08, 8.88. Reagent-grade 1,s- 
diazabicyclo[5.4.0]undec-7-ene (DBU), 1,4- 
diazabicyclo[2.2.2]octane (DABCO), N,N'-dimethyl- 
piperadine (DMP) and N-methylpipendine (NMP) were 
purified by crystallization or distillation under reduced 
pressure. Reagent-grade dimethyl sulfoxide (DMSO) 
was dried by allowing it to stand on molecular sieves 4A 
1/16 and then distilled under reduced pressure. Dichlor- 
omethane (DCM) was dried in the same manner and 
distilled under atmospheric pressure. Solutions were 
freshly prepared every day. 


Kinetic measurernents. All the runs were performed 
with excess concentrations of amines over acids (more 
than 25-fold) and the changes in absorbance at I,,, in 
the visible region (530, 500 and 620 nm for depro- 
tonated TNT, TNB and HNBB anions, respectively) 
were followed spectrophotometrically , and the data 
were analysed according to pseudo-first-order kinetics, 
i.e. 


In[(Ae-A)/AeI = -kobwIt  (2) 
where A and A, denote the absorbances of the anions at 
time t and at equilibrium, respectively. The value of A, 
was adjusted by a computer program until the 
In[(A,-A)/A,] vs t plot gave a straight line with a 
correlation coefficient r better than 0.9999. 


For the TNB/DBU system, a Union stopped-flow 
apparatus combined with a Hitachi Model 3200 spectro- 
photometer was used. For measurements at low 
temperatures, a specially designed cryostat (Figure 1) 
was used. The temperature in the reaction cell was 
controlled within k0.5 "C. 


The reactant solutions were prepared at 25 "C and 
the concentrations at other temperatures were cali- 
brated using the thermal expansion coefficients of the 
solvents. The solutions were mixed with the help of a 
syringe. The observed first-order rate constants kobrd 
are the means of two to five separate runs, the 
accuracy being better than 5%. Since the rate was not 
affected by oxygen as reported,16 no care was paid to 
it. 


ESR measurements. In order to examine the exist- 
ence of paramagnetic species which might be formed 
during the reaction, a JEOL JES-FE3XG spectrometer 
equipped with a 100 kHz field modulator was used for 
ESR measurements. Appropriate amounts of HNBB and 
DABCO in DMSO were mixed in air and placed in the 
cavity at 25 "C. ESR signals were recorded on the 
spectrometer. 
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Figure 1. Schematic diagram of spectrophotometric measurement at low temperatures 


RESULTS 


The plots of the observed first-order rate constant kOM 
against the base concentration for TNT and TNB gave 
straight lines when the base was in large excess. The 
following general equation has been proposed:"'." 


k,, = k,[basel+ k-,  (3) 
where k, and k-,  denote the forward and backward rate 
constants of single proton/deuteron transfer reactions 
(cf. Scheme 1). Representative plots are shown in 
Figures 2 and 3. Judging from these figures, the estima- 
tion of k - ,  at each temperature is critical, since values of 
k - ,  at lower temperatures are too small to be reliable 
and are not recorded. Sugimoto et ul. reported '3'' that in 
some cases the estimation of k-,  is difficult. From 
figures in their reports, the enthalpy of reaction M was 
estimated to be ca. -20 kJ mol-l for TNT/1-phenylpipe- 
ridine in acetonitrile, and -56 kJ mol-' for TNT/DBU 
in 1,2-dichloroethane (DCE). The value 
M = 3 1  kJ mol-' for TNT/DBU in DCM was obtained 
when we tentatively used only the data at -10 and 
-20°C. It could be said therefore that proton-transfer 
reactions to form ion pairs are certainly exothermic as 
expected by enhanced solvation. 


For the HNBB-DABCO system, the absorption band 
at cu630 nm assigned to the corresponding HNS 
dianion16 appeared in DMSO and other polar solvents 
(Scheme 2). The formation of the dianion is inferred 
according to Scheme 2. In this scheme, the rate-determin- 
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Figure 3. Plots of k,, against [DBU],, for the reaction of 
TNB with DBU at various temperatures in DCM; 


105[TNB],= 1.40-7.12 mol dm-3. 
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Figure 4. Plots of ko,[DBU], against [DBUIifor the reaction 
of HNBB with DBU at various temperatures according to 


equation (5) ;  ld[HNBB],-2.44-8.36 mol dm'. 


Table 2. Rate constants 1O2kI/dm3 mol-' s- '  for the reactions 
of HNBB and HNBB-d, with cyclic tertiary amines in DMSO 


Temperature/oC DMP MP DABCO DBUa 


25 H 1.51 2.94 114' 1820 
D 0.117 14.3 121 


35 H 2.38 4.58 140 


45 H 4.14 6.67 
D 0.214 17.8 


a In DCM (see Table 1). 
' Reported value is 1 


ing step is involved in the first proton transfer step, 
followed by the very fast second proton transfer.I6 There- 
fore, a steady-state assumption can be made for the 
monoanion. The apparent pseudo first-order rate constant 
kobsd for the formation of the ion pair can be given by 


kobd  = k ,  [base], + k..,k-,/k,[basel, (4) 
For the sake of a convenient plot, this equation can be 
rearranged as follows: 


kobs,[baselo = k,[baseli + k - ,  kJk, (5) 
According to this equation, the plots of kOb,,[base], 
against [base]; should give a straight line at each 
temperature, which was confirmed by the experimental 
results. Some examples are shown in Figure 4. 


From the slopes, the rate constants for the first 
forward step were estimated. In Table 1, the k ,  values in 
DCM at various temperatures are given, and in Table 2 
the k ,  values for the HNBB-amine system in DMSO 
are given. 


Sugimoto and coworkers" have already studied the 
proton transfer reaction for the TNT/DBU system in the 
temperature range 5-30°C. They reported that 


Table 1. Second-order rate constants (k,/dm' mol-l s - ' )  for the reactions of 
TNT, HNBB and TNB with DBU in DCM 


TemperaturePC TNT TNT-d, HNBB HNBB-d, TNB 
~ 


25 
20 
10 
5 
0 


- 10 
-20 
- 30 
-40 
-50 
-60 
-70 
- 80 


52.0 
27.9 
14.8 
6.85 
3.42 
1.89 
0.874 
0.426 


18.2 1.21 
0.772 


7.29 0.4 1 3 
0.283 


4.26 
1.91 2.21 
0.888 0.955 
0.372 
0.137 


2980 


1120 


452 


135 
73.0 
47.5 
32.6 
28.9 
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k,(dm3 mol-' s-I) at 2 5 O c  was 204 in acetonitrile, 565 in 
DCE, and 41.8 in DCM. Although we have carried out 
our kinetic study over a much lower temperature range, 
their data in DCM are considerably smaller than those 
expected from our Arrhenius plot. Possible reasons for it 
may arise from different source of the solvent DCM and 
its degree of purity. It is known that cholorocomponds 
are photosensitive leading to contamination. Indeed, it 
would be very difficult to explain their kinetic data 
simply in terms of solvent polarity. Freshly distilled 
solvents DCM and DMSO were used in every run, 
otherwise the kinetic reproducibility was poor. 


DISCUSSION 


Kwart2' pointed out that it is dangerous to deduce a 
mechanistic conclusion from a single temperature 
measurement of kH/kD, and that whether an isotope 
effect is large, small, or intermediate is devoid of 
significance until its temperature dependence is also 
known. However, simultaneous measurements of kH and 
kD over a wide range of temperatures are very difficult. 
Although, because of experimental limitations, the rate 
data for H and D are not complete over the full tempera- 
ture ranges in Tables 1 and 2 ,  we wish to discuss the 
significance of the primary isoto e effect from the 
temperature dependence of k r  and k, . E 


Calculation of tunnelling parameters 
The Arrhenius expression for the actual rate constant k 
is given by 


k = Qk, = WAS exp( - E / R T )  (6) 
where E is the height of the barrier and A, is the pre- 
exponential factor that would be found in the absence 
of tunnelling. The expression derived by Be11I4 for a 
symmetric parabolic barrier is 


(7) 


where a = E / R T ,  u = hv/k,T and v = (E/2M)"*/nh; h 
is the half-width of the barrier at the base and v is the 
frequency of oscillation of a particle of mass M reduced 
to 1 mol in a parabolic potential. On the reasonable 
assumption that A, is the same for H and D, the ratio 
kH/kD can be calculated by using the equation 


(kHlkD),,icd = ( Q  D ) e x ~ [ ( E D  - E H ) / R T 1  (8) 
The calculation was made in the following manner. (1) It 
was assumed that a bare H or D moves, so that MH = 1 g 
mol-' and MD = 2 g mol-'. (2)  We chose a set of values 
for E H ,  ED and bH with the restriction of 


(ED- EH) d 5.7 kJ mol-'; h D  is automatically deter- 
mined by the relationship h = h H(E D/EH)In,  since the 
force constant should be the same for H and D. It is not 
reasonable to assume that b is the same for H and D,'s5-' 
since the assumption leads to a change in the force 
constant and hence curvature at the top of the barrier. 
(3) The higher order terms of n > 4 in equation (7) were 
neglected. (4)  A set of these values was vaned with the 
he1 of a computer until we obtained values of 


( kH/kD),h, values. 
In the liquid phase, the particle being transferred 


might be coupled with solvent molecules, which gives 
rise to an increase in the effective mass and, therefore, 
the probability of tunnelling will be decreased. How- 
ever, according to recent work,'' solvent polarity does 
not exert serious effects on tunnelling. Therefore, the 
above assumption of the effective mass for H and D 
would not lead a serious mistake, as evidenced by the 
results mentioned below. 


( k  P /kD)cdccl that best reproduced the experimental 


Tunnelling phenomena at low temperatures 
In the case of the TNT(H and D)-DBU system, the rate 
data over the temperature range -10 to -4OOC were 
used for the calculation of tunnelling parameters, and 
these were used for the prediction of the rate constants 
at lower temperatures. 


The calculated rate constants and the tunnelling 
correction factors are given in Table 3,  together with the 
Arrhenius parameters. It is noted that the values for k ,  
and Q at lower temperatures were calculated using the 
data above -40 "C. The kH/kD value at 25 "C predicted 
from the Arrhenius parameters is 15.7, which consider- 
ably exceeds the semi-classical limit. Figure 5 shows the 
Arrhenius plot for H and D transfers. The dashed lines 
are those calculated semi-empirically using the pro- 
cedures stated above. We see that the experimental 
points for H transfer in the lower temperature region 
fall on the predicted line. Although the Q values for D 
are indicative of the involvement of tunnelling, the 
Arrhenius plot is apparently almost linear over the 
temperature range - 10 to -80 "C for D transfer. The 
above findings unambiguously show that there is a 


Table 3. Arrhenius parameters for TNT, HNBB and TNB 
calculated by using the data in Table 1 


Parameter TNT HNBB TNB 


EY/W mol-' 34.3 f 0.4 0.4 f 0.7 27.5 f 0.3 
EP/W mol-' 44.8 f 0.5 48.6 & 1.7 
LnAH 19.7 k 0.2 19.2 * 0.3 19.1 +. 0.1 
LnAD 21.1 * 0.3 19.7 * 0.7 
EP- EY 10.5 8.2 
A d A H  4.1 1.7 
kr lkp  39.7 (243 K) 15.8 (298 K) 
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significant contribution of tunnelling in this system. The 
Arrhenius plots for the reactions of HNBB, HNBB-d., 
and TNB with DBU are shown in Figure 6. The plots 
were limited within a comparatively narrow range of 
temperatures for the HNBB-DBU system, since a side 
reaction was substantiated at lower temperatures, as 
exemplified by the appearance of absorptions in the 
vicinity of 460 and 520 nm, and this made the exact 
estimation of the rate of formation of the dianion 
impossible. Similar bands were also observed for the 
HNBB-d,-MP in DMSO system; this will be discussed 
later. Although each Arrhenius plot is apparently linear 
over this temperature range, the calculated tunnelling 
parameters in Table 3 clearly show the intervention of 
tunnelling in this system also. 


4 !-I-. , Y  I 


Unfortunately, we were unsuccessful in synthesizing 
TNB-d,. However, the Arrhenius plot for TNB (Figure 
6) clearly shows substantial tunnelling at low tempera- 
tures. It could be concluded that the tunnelling is 
embodied unambiguously in all the above systems. 


Effects of steric hindrance, solvent polarity and 
basicity of amines on the rate of reaction 
If we inspect the data in Tables 1-3, the following 
points can be noted. The rate for HNBB is considerably 
smaller than that for TNT. A severer steric hindrance of 
HNBB compared with TNT would prevent the approach 
of the nitrogen base centre and increase the bamer 
height and width (Table 4). Indeed, the experimental 
value of the activation energy for HNBB is greater than 
that for TNT. 


Similar steric arguments could be made for the 
structure of amines in the HNBB.-amine system. In the 
cases of DMP and MP, the rates are much smaller than 
those for DABCO and DBU. The nitrogen atoms in 
DABCO and DBU are fixed within molecules and inner 
rotations around the nitrogens are forbidden. Mean- 
while, methyl group(s) can rotate around the nitrogens 
in MP and DMP, and this would disfavour the access of 
HNBB molecules. In spite of the lower basicity of 
DABCO (pK, = 8-8 in H,O) compared with that of MP 
(pK, = 11.2 in H,O), the rate is much greater for the 
former than the latter. Therefore, the steric effects must 
overwhelm the effects of basicity. In this respect, it is 
worth noting that 1,8-dimethylarninonaphthalene 
('proton sponge,' pK, = 12.3 in H,O) did not react with 
HNBB at all, in spite of its high basicity, since the 
amino nitrogens are presumed to be highly blocked. 


In Table 2, we see that the rate for the HNBB-DBU 
system in DCM is much greater than that in DMSO. 
From the viewpoint of a general solvation concept, the 
opposite results may be expected, since charge separa- 
tion occurs on going from the ground to the transition 
state, and this will give rise to a greater free energy 
depression due to solvation in DMSO than in DCM. In 
fact, this is not the case. According to our view, a 
special solvation such as hydrogen bonding 
between the acidic methylene hydrogens and the oxygen 


,03i-! ,K-l  


Figure 5. Arrhenius plots for the reactions of TNT and TNT- 
dz with DBU in DCM. Dashed lines are those predicted from 


the theory of the tunnel effect 


Table 4. Tunnelling parameters 


HNBB-dr. 
I I 


3.5 4.0 4.5 5.0 5.5 
103 T-'/ K-' 


Figure 6. Arrhenius plots for the reactions of HNBB, HNBB- 
d4 and TNB with DBU in DCM 


Parameter TNT HNBB 


EH/M mol-' 41.7 


hH/nm 5.72 
bD/nm 6.10 


ED/kJ mol-' 47.4 


vH/cm-l 847 


QH (-20 "C) 3.60 
QD (-20 "C) 1.72 


vD/cm - I 599 


45.8 
51.5 
6.04 
6.40 


843 
595 


3.50 
1.70 
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on DMSO is operating, and this prohibits the access of 
DBU to the reaction centre. 


The rate for TNB is much greater than that for TNT 
at each temperature. This could certainly be attributed to 
the more electronegative nature of the chlorine atom, 
which gives rise to enhanced deprotonation. It is noted 
that a statistical correction for the number of hydrogens 
being abstracted should be made for exact arguments, 
although this was not done in this work. 


Success and side reactions for the HNBB-amine 
systems 
When the amines are present in great excess over 
HNBB, the maximum concentration of DA2- during the 
reaction could be approximated as the initial concentra- 
tion of HNBB, since the colour fading is not so rapid. 
From this approximation, the molar absorptivity of 
DA2- was presumed to be 44000 k 300 dm' mol-' 
cm-I, which agreed well with the reported value 
(42 000 dm3 mol-' ~ m - ' ) . ~ ~  


Strickly speaking, the HNBB-Amine system involves 
side and successive reactions. When the reaction tem- 
perature is lowered below -20°C for the HNBB-DBU 
system, new peaks appeared at ca. 460 and 520 nm 
besides the peak due to the dianion in the initial stage of 
reaction and in this case the first-order plot was unsuc- 
cessful. In the case of the HNBB-d&lP system in 
DMSO, these new peaks appeared from the beginnig 
and this made the estimation of the concentration of 
dianion impossible. In other cases, where peaks 
appeared their intensities were negligibly small in the 
early stage of reaction, and did not disturb the first-order 
kinetic treatment. 


Figure 7 shows that the coloured dianion fades slowly 
after its absorbance at 650 nm has reached a maximum, 
and simultaneously a new absorption band appears at 
525 nm (sh), 493 nm and 390 nm with a different rate. 
The final spectrum agreed roughly with that of an 
HNS-DABCO reaction mixture, as shown in Figure 8. 
Russel and Janzen26 suggested that the dianions reacts 
with dissolved oxygen to yield HNS and Oi-: 


D A ~ -  + o2 + HNS + 0;- 


In the Experimental section, it was shown that HNS was 
prepared by the base-catalysed oxidation of HNBB by y- 
benzoquinone. Taking these situations into account, it is 
very plausible that the HNS is formed from the dianion and 
it reacts further with DABCO to form a final product(s): 


HNS + DABCO + final product(s) 
The overall reaction scheme is complicated by the 


appearance of ESR signals during the reaction and an 
unidentified spectrum appeared at low temperatures in 
some cases. It has been reported that for the 
HNBB-amine systems no ESR signal was detected.I6 
However, we observed ESR signals for the present 
systems, and examples are shown in Figure 9. Figure 


I 
U I  


I I 
60C 8 00 0 '  a 


400 
h l n m  


Figure 7. Time dependence of the absorption spectra for the 
reaction of HNBB with DABCO in DMSO at 25OC. 
[HNBB],, = 9.91 x mol dm-'; [DABCO], = 2.28 x lo-* 
mol dm-'. Time from top to bottom: 4.5, 5.5, 7.5, 9.5, 11.5, 


9(a) shows that the signal consists of two components, 
one a triplet of doublets and the other poorly resolved. 
The former signal clearly indicates that one nitrogen 
and one hydrogen (u,=0-45 and ~ , = 0 - 1 6  mT) are 
contributing to the signal. Figure 9(b) is attributable to 
other species and Figure 9(c) could be regarded as the 
same kind of species as that in Figure 9(a). The disap- 
pearance of the doublet could be ascribed to the reduced 
hyperfine coupling constant for D, as expected from the 
Fenni theory (uH/uo = 6.5). However, the assignments 
of these signals are very difficult, since the uN value is 
extremely small and there have been no comparable data 
for presuming the observed radical structure. What can 
be said is that these signals are surely responsible for 
species which came from HNBB and not from the 
amines used. 


According to the report of Crampton and coworkers,I6 
primary and secondary amines react with HNBB to form 
a-adducts (A,,,, 450, and 515 nm) followed by conver- 
sion into the HNBB dianion. Although they reported 


13.5 h 


0 . 1 5  


v c 
9 D 


C 


C 
2 - 


0 


A I n c  


Figure 8. Final spectra of HNBB-DABCO (dashed line) and 
HNS-DABCO (solid line) mixtures in DMSO 
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that tertiary amines react with HNBB to form the 
HBNN dianion directly without forming a-adducts, we 
tentatively assign the bands observed in the vicinity of 
460 and 520 nm at low temperatures to the zwitterionic 
species such as that shown. 


In this connection, the work of Buncel and Menon*' 
is worth noting. They studied the reactions of  y-nitro- 
toluene with bases and showed that a sequence of 
consecutive events involving proton and electron 
transfer processes takes place. In the light of  their 
results, together with the above findings, the present 
reaction is exceedingly complicated by the intervention 
of some side and consecutive reactions and in some 
cases this made the exact determination of the rate 
constants in the proton transfer step impossible. 


- 
1 mT 


Figure 9. (a) ESR signals appeared in the initial stage of 
reaction for the HNBB-DABCO system. (b) ESR signal 
appearing after the first signal had disappeared. (c) ESR signal 
appearing in the initial stage of reaction for the HNBB- 


d,-DABCO system 


In spite of such situations it may be concluded that 
quantum mechanical tunnelling is surely involved in the 
main reactions in the initial proton/deuteron transfer 
steps in our systems. 
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FIRST SUCCESSFUL CORRELATION OF THE UV SPECTRA OF 


SUBSTITUENT CONSTANTS d 
THREE KINDS OF STYRENES WITH SPIN-DELOCALIZATION 


XI-KUI JIANG,' GUO-ZEN JI AND DANIEL ZE-RONG WANG 
Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences, 354 Feng-Lin Lu, Shanghai 200032, China 


UV spectra of 17 para-Y-substituted styrenes, 8 Fa-Y-substituted a-methylstyrenes and 20 para-Y-substituted 
a,B,B-trifluorostyrenes were measured and correlated against spin-delocalization substituent constants (6') 
with confidence levels above 99.9%. 


INTRODUCTION 


Even though correlation analysis of UV data of aromatic 
compounds has remained a difficult task for many years 
and achievements are limited (see comments by 
Shorter'), the subject is still of interest to many 
chemists.' Of special interest to us is the substituent effect 
on the K-band of para-Y-substituted styrenes in which 
the substituent Y is directly conjugated with the doublt 
bond, and is thus expected to directly affect the n-n 
tmn~ition.~*''*'g*~ We are particularly intrigued by the 
possibility of applying the spin-delocalization substituent 
constants a' to the correlation of K-band data because 
the singlet excited state has two half-occupied molecular 
orbitals and may thus be diradicaloid in nature,' and 
because to our knowledge a successful correlation of UV 
data of simple benzenoid compounds with a' has never 
been reported.' Therefore, we prepared 17 para-Y- 
substituted styrenes (Y-STs), 8 para-Y-substituted a- 
methylstyrenes (Y-MSTs) and 20 para-Y-substituted 
a,B,B-trifluorostyrenes (Y-TFSs), and measured the K- 
band 1,- values of their UV absorption spectra, from 
which the corresponding wavenumbers (Y,) were 
calculated. These 2, values, together with their corre- 
sponding absorption coefficients ( E )  and wave numbers 
( Y-), are summarized in Table 1. 


The wavenumbers (vmU), which are direct measures of 
the excitation energy absorbed, were correlated against 
the polar parameter pXaX of equation (I), or against the 
spin-delocalization parameter p'o' of equation (2) or by 


*Author for correspondence. 


the dual-parameter equation (3) (pXaX + p'a'). Represen- 
tative Hammett-type unresolved polar substituent 
constants (aX) were used, i.e. up,& o+ 6a and am,,.6b The 
most recent ax scale, a,,,, is derived from a system 
(substituted a$,j3-trifluorostyrenes) in which the substi- 
tuent interacts electronically with a double bond. It has 
already been successfully applied to spectral data and 
kinetic data based on a rigorous methodology for some 
styrene sy~ tems .~ -~g  Similarly, representative spin- 
delocalization substituent constants, i.e. am',7a a& % and 
a,, were used as a' values in equations (2) and (3). The 
all. scale is derived from 'v Nh4R and dimerization-rate 
data at five different temperatures for substituted a,B,B- 
trifluorostyrenes, and is the most cross-checked and self- 
consistent a. scale now available. Recently, in conjunc- 
tion with a ax, it has been very successful1 applied to 


. 4 b  


dual-parameter correlations [equation (3)].4d- r 
Vmax = pxax + c 
Y,, = p'a' + c 


v,, = pxax + p'a' + c 


(1) 


(2) 
(3) 


DISCUSSION 
Results of correlation analysis by equations (1)-(3) are 
summarized in Tables 2, 3 and 4 for Y-STs, Y-MSTs 
and Y-TFSs, respectively. All Y-substituents are repre- 
sented by the numbers given in bold in Table 1 and the 
identity of the substituents used in each entry is indi- 
cated by these numbers in the footnotes to Tables 2-4. 


At this juncture, a caveat is in order. As a number of 
the a values for some particular substituents are not 
available, it is not possible to use the same number (cf. 
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Table 1. Wavenumbers (v-, cm-'), 1,- (nm)' and E,, values of Y-ST, Y-TFS and Y-MSTs 


Y-STS Y-TFSS Y-MSTs 


Y v m  A,,, 1 0 - ~  "rn, ~ m a x  v, A,, E x ~ o - ~  


40650 246.0 1.35 42070 237.7 1.14 41288 242.2 1.02 
40453 247.2 1.49 41719 239.7 1-43 41237 242.5 1.04 


F (1) 
H (2) 
Me(C0)O (3) 40161 249.0 1.62 41186 242.8 
SiMe, (4) 40000 250.0 1.30 40584 246.4 1.20 
Me ( 5 )  39841 251.0 1.27 41152 243.0 1.92 40306 248.1 1.30 
t-Bu (6 )  39841 251.0 1.45 41152 243.0 1.52 
CJ (7) 39683 252.0 1.30 40519 246.8 1.90 40048 249.7 1.28 
Br (8) 39277 254.6 1.56 40177 248.9 1.52 
MeSO, (9) 38911 257.0 2.0 1 39200 255.1 1.81 
OCH, (10) 38685 258.5 1.81 39984 250.1 1.99 


1.40 


I ( 1 l j .  ' 


co*cH, (13) 
(14) 


MeSO (12) 


COMe (15) 
SMe (16) 
N(CH,), (17) 
CF, (18) 
c-propanyl (19) 
COOH (20) 
CONH, (21) 
Ph (22) 


38462 260.0 1.59 
38314 261.0 1.86 38432 
38008 263.1 1.90 37736 
37951 263.5 2.25 38241 
36430 274.5 153 36697 


34014 294.0 2.01 3093 1 
41305 
4oooo 
38670 
38447 
36969 


35461 282.0 1.36 


260.2 
265.0 
261.5 
272.5 


323.3 
242.1 
250.0 
258.6 
260.1 
270.5 


1.88 
2.0 37327 267.9 1.74 
2.09 
3.04 36010 277.7 1.55 


36140 276.7 1.33 
2.04 
1.50 40420 247.4 0.954 
1.37 
2.06 
1.45 
2.47 


'Uncertainty: 20.3 nm. 


n column in the tables) of identical substituents for each 
entry. Further, it is well known that some complicating 
factors may affect the exact positions of the UV absorp- 
tion peaks.' Therefore, in each table, exact comparison 
of the r ,  q j  and F values of entries with each other are 
unjustified. In other words, relatively small differences 
in the aforesaid values should not be taken seriously. On 
the other hand, we also note that the r ,  q!~ and F values 
are still roughly comparable because most of the substi- 
tuents used are the same in the different entries. In short, 
the results of our correlation analysis are meaningful, 


In general, correlations with the n value (number of 
well distributed substituents) falling in the range ca 5-8 
may be considered meaningful only when the r value is 
greater than 0.95 (cf. Ref. 8). However, the r value 
does not take into account the value of n. A more 
reliable criterion of the meaningfulness of a certain 
correlation is the confidence level (CL) based on the F 
values, which takes into account the value of n (see 
footnotes to the  table^).^.^ A CL of >99.9% (based on 
Fm,) may be considered good and the corresponding 
correlation meaningful, even though the r (or R )  value 
is smaller than 0.95. 


TWO interesting observations stand out from the 
results of the correlation analysis of our UV data: (1) 
none of the polar substituent constants ux (uX = up, u+ 
and umb, cf. Refs 4 and 6) can correlate the data by 
equation (1); and (2)  good correlations have been 


obtained for all the three styrene systems by using the u' 
constants (a' = u ~ ' ,  a,' and ~ j j ' )  according to equation 
(2), and correlation is not much improved by appli- 
cation of the dual-parameter equation (3 ) .  


For instance, inspection of Table 2 for the Y-STs 
immediately leads to two conspicuous observations which 
are not predicted by the conventional wisdom based on 
previous reports.'*2 First, the data cannot be correlated with 
any of the polar substituent constants ux (n = 14-17) by 
equation (1). Second, the Y, values can be correlated with 
any one of the three u. scales, i.e. urn', a,' and u,,, all with 
F values which correspond to confidence levels greater 
than 99.9%.9 Third, when the dual-parameter equation (3 )  
is applied, most of the ux + u' combinations do not seem to 
improve the correlation significantly. For example, even 
though the u+ + ua' combination shows the best R and qj  
values, the fact that its n value of eleven is the smallest 
among all 0. and ox + o' entries (n = 14-16 in most cases) 
may be a cause for concern. In view of the above-men- 
tioned arguments concerning the complicating factors, we 
prefer not to take this 'improvement' too seriously. 


The correlation results for Y-MSTs (Table 3 )  are 
comparable to those for Y-STs, except that the r (or R )  
and values look even better,especially for the up + ua' 
pair. However, the number of substituents used is much 
smaller than those used for Y-STs and Y-TFSs. In fact, 
three entries in Table 3 (u+ + uJI', o + + ua and up + u,') 
have confidence levels of >99.0% instead of >99.9%. 
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Table 2. Correlation results for Y-STs 


ux or u' or P X  P' S2 


ux + u. ( x  (x 1 0 3  ( x  r o r R  F' n 


U +  


UJJ 
om 
a,' 


urn, + 10u; 


(I+ + (IJJ' 


u+ + 10u; 
(I+ + uc 
up + ~ J J '  
up + 100; 
0" + 0,' 


urnb + uJJ' 


+ uC 


0.580 
1.89 
1.05 


0.142 
0.103 
0.256 
0.168 
0.681 
0.453 
0,265 


-0.532 
-0.0873 


-6.92 
- 6.24 
-7.28 
-6.89 
- 6.3 1 
-7.15 
-6.72 
-6.63 
-6.79 
-6.84 
-6.06 
-7.33 


1.93 
1.64 
1.84 


0.815 
0.575 
0.705 
0.843 
0.598 
0.724 
0.857 
0.438 
0.722 
0.838 
0.571 
0.736 


0.149 
0.572 
0.223 
0.909 
0.933 
0.933 
0.909 
0.934 
0.935 
0.920 
0.967 
0.948 
0.910 
0.940 
0.933 


1.06 
0.886 
1.04 
0,447 
0.388 
0.389 
0.462 
0.404 
0.399 
0446 
0.300 
0.369 
0.459 
0.386 
0.405 


0.319 
5.837 
0.783 


66.22 
80.86 
80.72 
3 1.03 
37.3 1 
38.46 
27.7 1 
57.19 
39.54 
31.41 
41.56 
37.10 


1 6b 
14" 
17' 
16b 
14' 
14' 
16b 
14" 
14' 
13g 
llh 
12' 
16b 
14' 
14' 


'Critical F values: Fml(15, 1)= 16.59. Fm,(14,1)=17.14, Fml(12,1)=18.64, Fml(13,2)= 12.31, 
Fml(11,2) = 1341, Fml(l0.2) = 14.91, Fml(9, 2) = 16.39, F,,(8,2) = 18.49. 
Substituents: 1-10.12-17. 
1-8.10,11.13,14,16,17. 
1-17. 


1,2,4-10.12-14,16,17. 
1-8,10,13.14,16,17. 


1-7,9,10,12-16. 


h 1-7, 10, 13.14.16. 
' 1, 2.4-8,10,13.14, 16.17. 


Table 3. Correlation results for Y-MSTs 


ux or (I' or P X  P' S2 
ax+ u. ( x  (x  lo-') (x r o r R  q F" n 


Ornb -2.52 2.22 0.396 1.06 1-112 8b 
U +  1.10 2.13 0.234 1.15 0.289 7' 


-2.93 2.26 0.353 1.08 0.852 8b 
-8.57 0.678 0.960 0.325 69.92 8" 4 1  
-7.26 0.558 0.973 0.267 106.0 8b 
- 10.7 0.406 0.983 0.219 140.8 7' 


ua 


UC 
+ u J l  - 1.40 -8.19 0.473 0.984 0.227 75.35 8b 


umb + 100,' -1.06 -6.95 0.436 0.986 0.209 89.38 8b 
urnb + uC' 0.365 -10.9 0.431 0.984 0.233 62.69 7' 
u + + UJJ' -1.29 -9.22 0,524 0.977 0.283 41.77 7' 
U +  + 1 0 ~ ~ '  -0.895 -7.54 0.504 0.979 0.272 45.30 7' 
(I+ + uc 0.253 -10.6 0.435 0.984 0.235 6144 7' 
up + ~ J J '  -1.80 -8.29 0.480 0.983 0.230 73.40 8" 
up + 1 0 ~ ~ .  -1.65 -7.02 0.324 0.992 0,155 163.9 8b 
a, + u& 0.134 -10.8 0.452 0.983 0.244 56.82 7' 


up. 


'Critical F values: F0,(4,2)= 18Q0, Fm,(6, 1)=35.51, F,,(5, 1)=47.18, Fm,(5,2)=37.12, 


bSubstituents: 1,2,5,7, 13,15, 16,18. 
'1,2,5,7,13,16,18. 


Fml(4, 2)= 61.25. 
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Table 4. Correlation results for Y-TFSs 


ax or a' or P X  P' S2 
ax + a. (x (x 1 0 3  (x r or R * F" n 


urn b 
U +  


UP 
UJJ 
0, 


U C  
urnb + aJI 
umb+ 10a, 


a+  + a,, 
u+ + 100, 
u+ + ac 


up + 10a, 


(Irnb + uC 


up + 


+ U C  


0.800 
2.45 
1.60 


0.0541 
-0.981 


0.163 
-0.0472 
-0.603 


0.422 
0.341 


-1.85 
-0.140 


-10.2 


-11.2 
-10.2 


-11.1 
-10.6 


-10.8 
-10.1 


-11.3 


-7.21 


-6.30 


-6.76 


-6.38 


2.56 
2.41 
2.5 1 
0.991 
0.778 
0.793 
1.02 
0.690 
0.819 
1.10 
0.464 
0.67 1 
1.01 
0.484 
0.821 


0.144 
0.520 
0.245 
0.924 
0.893 
0.959 
0.924 
0.924 
0.959 
0.927 
0.953 
0.977 
0.925 
0.963 
0.959 


1.04 
0.9 13 
1.02 


0.404 
0.486 
0.304 
0.415 
0.43 1 
0.314 
0.416 
0.354 
0.242 
0.412 
0.302 
0.315 


0-379 
5.201 
1.147 


104.7 


159.2 
47.19 


49.48 
32.1 1 
74.71 
39.80 
39.92 


50.50 
71.1 1 
74.29 


114.4 


20b 
16' 
20b 
20b 
14' 
16' 
20b 
14' 
16' 
16' 
11' 
148 
20b 
14' 
16' 


"Critical F values: F,,(18,1)= 15.38, F,,(14, 1)= 17.14, Fm,(12, I ) =  18.64, F,,(17,2)= 10.66, 
Fwl(13,2) = 12.3 1 ,  Fwl (1 1,2) = 13.81. Fwl (8.2) = 18.49. 


Substituents: 1-10. 12-15.17-22. 
' 1-8,10,13,14,17-20,22. 


1-7,9,10, 12-15.18. 
1,2,4-10,12-14,17-19.22. 


f1-7,10,13,14, 18. 
' 1, 2.4-8, 10, 13, 14. 17-19, 22. 


For the Y-TFSs, the maximum number of substitu- 
ents used is increased to 20 (for the an' entries). Again, 
with the exception of the first three ox entries in 
Table 4, all others have confidence levels greater than 
99.9%. Evidently, as a whole the results are similar to 
those discussed previously for Y-STs and Y-MSTs. As 
an illustration, we chose to use correlations with the 
highest number of substituents for a comparison of the 
correlation results of equation (1) (u,J with those of 
equation (2) ( ~ j j ' ) ,  as shown in Figure 1. It clearly 
shows that there is no correlation of v,, with the polar 
urn,, scale (similar results were obtained with up and 
u+) ,  and that there is a good correlation with the spin- 
delocalization UjJ' scale (similar results were obtained 
with uo' and uc'). 


In conclusion, we propose that the v,, values of the 
UV K-bands of styrenes are affected mainly by the spin- 
delocalization effect, although polar effects are probably 
not non-existent (most of the Ipx/p'I values are small, 
cf. Refs 4e and 4f). Evidently, the negativity of all p' 
values shows that the energy of the upper half-occupied 
orbital is lowered by the spin-delocalization effect of 
substituents. We hope that some theoreticians and 
spectroscopists will be interested in these results and 
provide theoretical interpretations. 


EXPERIMENTAL 
All UV spectra were taken at room temperature in 95% 
EtOH on a Perkin-Elmer Lambda 2 instrument with a 


wavelength accuracy of k0.3 nm and a reproducibility 
of kO.1 nm. 'H NMR spectra were obtained at 60 MHz 
on a Varian EM-360A or at 90 MHz on a FX-90Q 
spectrometer with TMS as the external standard. Mass 
spectrometric data were measured on a Hewlett-Packard 
Model 5989A spectrometer. IR spectra were obtained on 
Bio-Rad FTS-45 spectrometer. 


All the Y-substituted styrene substrates, i.e., para-Y- 
substituted styrenes (Y-STs), para-Y-substituted 
a,/3,B-trifluorostyrenes (Y-TFSs) and para-Y-substi- 
tuted a-methylstyrenes (Y-MSTs), are known 
compounds and were prepared according to the liter- 
ature,4b.4d,4~.10 as described below. 


Some Y-STs were prepared according to the refer- 
ences cited, namely for Y = MeS, I, ~ - B u , " ~ - ' ~  for 
Y = MeSO, MeSO,'" and for Y = AcO, NMe,.Lk-'of All 
the substrates mentioned were purified by column 
chromatography, and their identity was further 
confirmed by the following data: for Y =MeS,ib-'Oc ' H 
NMR (90 MHz, CDCI,), 6 7.36 (d, 2H, J =  8.9 Hz), 
7.17 (d, 2H, J=8 .9  Hz), 6.66 (d-d, lH, J =  11.5 Hz, 
17.8 Hz), 5.69 (d, IH, J =  17.8 Hz), 5.13 (d, lH, 
J =  11.5 Hz), 2.46 (s, 3H); JR, 3072.5, 3017.6, 2965.3, 


NMR (90 MHz, CDCl,), 67.62 (s, 4H), 6.78 (d-d, 
lH, J =  11.5 Hz, 17.8 Hz), 5.88 (d, lH, J =  17.8 Hz), 


2866.9, 1596.8, 816.0 cm-'. For Y =MeSO,'" 'H 


5.30 (d, lH,  J =  11.5 Hz), 2.72 (s, 3H); MS, m / z  
(relative intensity, %), 166 (62.3, M+),  151 (loo), 119 


1492.4, 1416.0, 1058.2, 838-8 cm-'. For Y = MeSO,,'" 
(21.2), 102 (13.0), 91 (14.5), 77 (31.8); IR, 2995.0, 







CORRELATION OF UV SPECTRA OF STYRENES 147 


j \ 


0 0 


O f .  0 I 
0 s .i 3 8 4  
X 


X : 3411 


Oo0 \O  


\ I  


324 0 


\ I  


-1.50 -1.00 -0.50 0.00 0.50 1.00 


Ornb Or 0,; 
Figure 1. Plot of v,, (cm-') vs urn,, (0) or a,, (A) 


'H NMR (90 MHz, CDCl,), 67.85 (d, 2H, 


J =  17.8 Hz, 11.5 Hz), 6.96 (d, lH, J =  17.8 Hz), 5.41 
J=8.9 Hz), 7.65 (d, 2H, J =  8.9 Hz), 6.83 (d-d, lH, 


(d, lH, J =  11.5 Hz), 3.09 (s, 3H); MS, m / z  (relative 
intensity, %), 182 (64.9, M+), 167 (60.6), 119 (77.2), 


1144.2, 845.3 cm-I. For Y =I,'Oa-'Oc MS, m / z  (relative 
intensity, %), 230 (78.69, M+), 217 (43.97), 206 


103 (loo), 77 (57.1); IR, 2926.0, 1594.0, 1302.2, 


(86.84), 204 (23.66), 202 (30.77), 191 (loo), 127 
(9.42), 104 (30.35), 89 (35.74); IR, 3082.9, 2961.7, 
1583.4, 1481.9, 1454.7, 987.1, 910.4, 824.8 cm-I. For 
y = AcO, 1h-10f 1 H NMR (90 MHz, CDCI,), 67.35, 
6.99 (AB, J = 8 . 2  Hz, 4H), 6.64 (d-d, J =  18.0 Hz, 
11.6 Hz, lH), 5.62 (d, J =  18.0 Hz, 1H),5.17 
(d, J =  11.6 Hz, lH), 2.24 (s, 3H); MS, m / z  (relative 
intensity, %), 162 (18.44, M+) ,  120 (loo), 91 (26.56); 


1011.7, 990.4, 907.2, 849.7 cm-I. For Y =NMe,,'&*-'O' 
MS, m / z  (relative intensity, %), 147 (100, M+), 131 


IR, 1758.4, 1601.5, 1504.3, 1203.0, 1188.9, 1163.3, 


(20.01), 130 (16.48), 103 (11-38); IR, 3083.0, 1608.2, 
1518.9, 1443.5, 1349.4, 1221.6, 1185.3, 988.6, 885.2, 
816.2 cm-'. For Y = t-Bu,'Oa-'Oc MS, m / z  (relative 
intensity, %), 160 (45.77, M+), 145 (loo), 129 (12.20), 
117 (41.07), 105 (13.02); IR, 3085.2, 2960.6, 2869.4, 
1604.8, 1512.2, 1479.4, 1462.1, 1398.1, 1268.6, 
1199.5, 1126.1,990-3, 904.9, 834-1 cm-I. 


Other substrates, i.e. all Y-TFSs, all Y-MSTs and 
some Y-STs (Y=F,  SiME,, Me, C1, Br, OCH,, 


CO,CH,, CN, COMe) were prepared in this laboratory 
and identified as reported previously, namely for Y- 
TFSs according to Ref. 4b and references cited therein, 
for Y-STs according to Ref. 4d and for Y-MSTs 
according to Ref. 4e. 
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1,3-HYDRON TRANSFER IN SOME 5- AND 7-SUBSTITUTED 
1 -METHYLINDENES. ENANTIOSELECTIVITIES AND 


ENANTIOMER-DEPENDENT KINETIC ISOTOPE EFFECTS 


MARIE AUNE, GORAN BERGSON AND OLLE MATSSON' 
Institute of Chemistry, Uppsola University, P.O. Box 531, ,5751 21 Uppsala, Sweden 


Base-catalysed substrate-enantioselective 1,3-hydron transfer (kinetic resolution) was studied in the indene 
system. A series o f  1-methylindenes substituted in the aromatic r ing [5-methoxy- (2), 5-fluoro- (3), 5-nitro- (4) 
and 7-nitro (5)] and 1-methylindene (1) were employed as substrates. The rate constants, the enantioselectivities 
and the kinetic isotope effects (KIEs) for the enantioselective reactions [(kH/kD)' and (kH/kD)-] were 
determined at 20 "C using (+)-(8R,  9S)-dihydroquinidine as chiral catalyst in the solvent o-dichlorobenzene. 
The rate constants vary according to the electronic effects o f  the substituents. The primary deuterium KIE, 
ranging from 4.73 [for (+)-(9-21 to 11.3 [for (-)-(R)-S], is correlated with the rate constants as expected on 
the basis o f  the Melander-Westheimer postulate. The introduction o f  a substituent i n  the aromatic r ing 
decreases the enantioselectivity. All compounds except 5 show the same sense o f  the enantioselectivity 
[ k + / k - > l ;  all substrates used are (+)-(S)/(-)-(R)]. The enantiomer dependence o f  the KIE i s  most 
pronounced for 1 [(kH/kD) + = 5.71 and (kH/kD)- = 6.461 and vanishes for the most acidic substrates (4 and 5). 


INTRODUCTION 


Asymmetric synthesis is extensively 
enantiomerically pure or enriched 


utilized to obtain 
materials and is 


one of the most active areas of research in organic 
chemistry today.' However, there is a paucity of 
detailed quantitative information concerning the 
mechanism of enantioselection, i.e. how the sense 
and degree of enantioselection can be understood in 
terms of molecular structure and what structural 
differences between the two activated complexes 
may be involved in an enantioselective process. 


The base-catal ysed 1,3-prototropic rearrangement 
in the indene system (Scheme 1) has been used 
extensively since the early 1960s by several workers 
as a model reaction for investigations of,  e:g., 
stereo~pecificity,~.~ enantioselectivity ,4 corn eting 
elimination reactions,' kinetic methodology c*4a*4d*h 


and different aspects of kinetic isotope effects.' 
Using racemic 1-methylindene as substrate and the 


chiral base catalyst quinine, enantioselective rearrange- 
ment was observed by Ohlsson et aLJb in 1966. A more 
systematic investigation of enantioselectivity using a 
series of cinchona and ephedra alkaloids was later 
performed by Meurling.& That investigation included 
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Scheme 1 


the use of some different solvents and variation of the 
I-alkyl group in the substrate. 


The two activated complexes for the pair of the 
enantioselective reactions are diastereomeric and 
therefore afford the possibility of different kinetic 
isotope effects (KIEs). Such a difference in KIEs was 
for the first time dem~nstrated'~ for the rearrangement 
of I-methylindene using dihydroquinidine in o-dichlor- 
obenzene at 30°C. This difference in KIE is a yriori 
dependent on the different structures of the diastereom- 
eric activated complexes and the study of enantiomer- 
dependent KIEs therefore offers an interesting opportun- 
ity to obtain detailed information about the asymmetric 
induction (Figure 1). The variation of the enantioselec- 
tivity and primary deuterium isotope effects for this 
system when changing solvent has recently been 
studied.' 


To aid further understanding of enantioselectivity 
and isotope effects for this reaction system, we decided 
to investigate how these phenomena are affected by 
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Figure 2. The amine catalyst ( + ) - ( 8 R ,  9S)-dihydroquinidine 
and the substrates 1-methylindene (l), 5-methoxy-l- 
methylindene (2), 5-fluoro-1-methylindene (3), l-methyl-5- 


nitroindene (4) and 1-methyl-7-nitroindene (5) 


substitution in the aromatic part of  the indene molecule. 
The indenes used in this work were 1-methylindene (l), 
5-methoxy-1-methylindene (2), 5-fluoro-1-methylindene 
(3), 1-methyl-5-nitroindene (4) and I-methyl-7-nitroin- 
dene (5) (Figure 2). The rearrangements in this study 
were catalysed by the tertiary amine ( + ) - ( 8 R ,  9S)- 
dihydroquinidine (Figure 2). In a parallel investigation 
of rates and isotope effects for these substituted 
indenes, we used the achiral amine DABCO.' 


RESULTS 


The kinetic experiments were run under pseudo-first- 
order conditions with racemic substrates (normal or 
isotopically labelled) at time zero. Assuming a linear 
relationship between optical rotation and concentration, 
the integrated rate equations yield equation (1) for the 
time dependence of the optical rotation a. Here, k' and 
k -  are the phenomenological pseudo-first-order rate 
constants for the enantiomers of the substrates. The pre- 
exponential factor a was determined from the specific 
optical rotation of the enantiomerically pure forms of 
each substrate [equation (2)]. If an isotopically impure 
substrate is used, due corrections have to be made. The 
constant term a,, i.e. the optical rotation at time zero in 
equation (I), corresponds to the optical rotation of the 
catalysing base. 


+ a,, (1) a ( t )  = ae-t+ - ae-p-' 


where a, = optical rotation of the base catalyst, 
[a ]  = specific optical rotation for the dextrorotatory 
enantiomer and [A], = substrate concentration in 
g mI-'. 


The optical rotation of the reaction mixture as a 
function of time was observed by polarimetry. The 
parameters k ' ,  k -  and an in equation (1) were esti- 
mated from the experimentally determined sets ( a ,  t ) .  
This was done either by least-squares fitting or from the 
maximum (or minimum) of  a( t ) ,  i.e. a,, and t,, in 
equations (3)-(5) (cf. Figure 3 and Refs 4a, c and d). 


to,= (k+-k- ) - ' ( In  S) (3) 


"I + a0 (4) 


s = k ' / k -  (5) 


a = ass / ( l - s )  + asl/(l-s) 


As in the earlier investigations," the deuteriated 
substrate was isotopically substituted in the 3-position in 
addition to the reactive 1-position to avoid a contribu- 
tion to the optical rotation of  the reaction mixture from 
an isotopically chiral product. Although the reactions 
are practically irreversible, a small amount of reverse 
reaction could introduce protium in the 1-position, but 
this is prevented by the presence of  deuterium in the 3- 
position. The remote secondary isotope effect from this 
deuterium is expected to be negligible. 


-25 r 


10 P 33 40 50 m 


Figure 3. Optical rotation (degrees) as a function of time (h) 
for the rearrangement of 1-methylindene (1) catalysed by 


dihydroquinidine in o-dichlorobenzene at 20 "C 
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Table 1. Second-order rate constants for the dihydroquinidine-catalysed rearrangement of some 1-methylindenes and their 
deuterated analogues in o-dichlorobenzene at 20 "C 


Substrate' 


5-Methoxy- 1-methylindene (2) 22 0.497 (7) 0.15 1 (3) 0.105 (2) 0.028 1 ( 5 )  


1-Methylindene (1) 5.8 4.66(7) 1.13 (2) 0.816( 14) 0.175 (4) 
5-Fluoro-1-methylindene (3) 6.0 5.42(7) 2.05 (3) 0.896(12) 0.304(5) 
1-Methyl-7-nitroindene (5) 0.68 141 (2) 196(2) 12.6(2) 17.4(2) 
1-Methyl-5-nitroindene (4) 0.15 2100(50) 1770(40) 195 ( 5 )  164(4) 


5-Methoxy-1-methylindene (2) 6.1 0.721(11) 0.187(4) __  _ _  


'The substrate concentration was 0.3-0.4 M. Correction for the protium content was made in the calculation of the rate constants (and ratios) for the 
deuterated substrates. 
bError limits, given in parentheses. were obtained by estimation of the maximum experimental errors involved. The rate constants were obtained by 
least-squares fitting of the kinetic model equation to the complete data set and are within error limits equal to those obtained by use of equations (3) 
and (4). 


Table 2. Enantioselectivities and enantiomer-dependent kinetic isotope effects for the dihydroquinidine- 
catalysed rearrangement of some 1-methylindenes in o-dichlorobenzene solution at 20 "C 


Substrate 


5-Methoxy-1-methylindene (2) 22 3.28(6) 3.74(8) 4-73(16) 5.39(19) 
5-Methoxy- 1-methylindene (2) 6.1 3.83(8) -- 
1-Methylindene (1) 5.8 4.11(7) 4.66(11) 5-71(19) 6.46(24) 
5-Fh1OrO-l-methylindene (3) 6.0 2.64(3) 2.95(5) 6.05(16) 6.74(22) 
1-Methyl-7-nitroindene ( 5 )  0.68 0.720(2) 0.723(3) 11-2(3) 11.3(2) 
1-Methyl-5-nitroindene (4) 0.15 1.18(1) 1*19(1) 10-8(9) 10.8(9) 


'The substrate concentration was 0.3-0.4 M. Correction for the protium content was made in the calculation of the 
constants (and ratios) for the deuterated substrates. 
bError limits, given in parentheses, were obtained by estimation of the maximum experimental errors involved. 


Table 3. Concentration-dependent enantioselectivities for the dihydroquinidine- 
catalysed rearrangement of 1 -methylindene (1 ) and 5-fluoro- 1-methylindene 13) 


in o-dichlorobenzene at 20 "C 


Substrate" 
kL/ [base]' 


[Base](lO-' M) M - l s - ' )  k ; / k i b  


1-Methylindene (1) 14 3.85 ( 5 )  3-88(6) 
8.5 4.35 (7) 3.96(9) 
5.8 4.66(7) 4.1 l(7) 
2.5 4.82(8) 4.22(7) 
1.2 5.84(12) 4.26(7) 


29 3.27 (4) 2.22(3) 
14 4.24 ( 5 )  2.45 (3) 
8.3 5.02 (6) 2-60(3) 
6.0 5.42 (7) 2-64(3) 


5-Fluoro- 1-methylindene (3) 52 2.18 (3) 2.04(2) 


"The substrate concentration was 0.3-0.4 M. 
hError limits, given in parentheses, were obtained by estimation of the maximum 
experimental errors involved. The rate constants were obtained by least-squares fitting of the 
kinetic model equation to the complete data set and are within error limits equal to those 
obtained by use of equations (3) and (4). 
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For all substrates used, the S-configuration is dextro- 
rotatory at the wavelength (546 nm) used in the kinetic 
measurements. 


According to ‘H NMR spectra of the equilibrated 
kinetic solutions, the only product formed in the kinetic 
experiments was the 3-isomer of the substrates, and no 
remaining reactant isomer was detected. Further details 
concerning the kinetic experiments and the syntheses 
are reported elsewhere.’ 


Table 1 shows the second-order rate constants (calcu- 
lated by dividing the measured pseudo-first-order rate 
constants by the base concentration) for the base-cata- 
lysed rearrangement of the different 1-methylindenes and 
their deuteriated analogues. The enantioselectivities and 
the primary enantiomer-dependent KIEs, calculated from 
the second-order rate constants in Table 1, are given in 
Table 2. [Note that we have the mathematical identity 
(kA/kA)/ (kH/k;) = (kA/k-J(  kL/k;). ] The second-order 
rate constants and enantioselectivities are, to some extent, 
dependent on the catalyst concentration. Table 3 shows 
this concentration dependence for the substrates 1- 
methylindene (1) and 5-fluoro-1-methylindene (3). Both 
1 and 3 show a slightly increasing enantioselectivity with 
decreasing catalyst concentration. The concentration 
dependence is further discussed in Ref. 8. With the 
exception of the reactive nitro substrates 4 and 5,  the 
results presented in Tables 1 and 2 were obtained from 
experiments run at comparable concentrations. 


DISCUSSION 


According to the current mechanistic view7b*“’ (Scheme 
2), the 1,3-proton transfer in indene and its alkyl- 
substituted analogues is believed to occur via ion-pair 
intermediates. The suggested intermediates are tightly 
hydrogen-bonded complexes between the protonated 
amine and the carbanion.”.I2 The rearrangement of 1- 
isomer to 3-isomer may be regarded as irreversible.” 


The observed KIE ( k H / k D )  is related to the KIE for 
the rate-determining ionization step and the ion- 
pair collapse ratios uL = k k , / e ,  L = H or D according to 
equation (6) (derived under the assumption of fast ion- 
pair equilibration, i.e. kzl 5> k-2).7C This equation also 
contains the ion-pair equilibrium constant xL = kZl/kI2. 


The magnitude of the observed primary deuterium KIEs 
strongly suggest rate-determining hydron abstraction 
and the following discussion is based on the assumption 
k H / k D =  kr /hf .  This is true in two situations: (i) when 
internal ion-pair return is negligible, i.e. u e  1 and 
x G 1, and (ii) when u and x are isotopically insensi- 
tive.7~.12 Experiments intended to shed light on the rate 
of ion-pair equilibration compared with ion-pair col- 
lapse are in progress.1oJ4 


The conformational behaviour of a number of 
cinchona alkaloids has been the subject of investiga- 
tions using NMR ~ p e c t r o s c o p y . ~ ~ ~ ~  These studies have 
demonstrated the existence of two dominating confor- 
mers in solution, open or closed, which differ in the 
relative orientations of the quinoline and the 
quinuclidine units. Studies of dihydroquinidine in o- 
dichlorobenzeneu show a predominance of the open 
conformer (60 : 40 open : closed). This implies that the 
observed rate constants k’ and k -  for the enantiomeric 
substrate molecules may in fact be sums of rate con- 
stants for the reactions catalysed by the two conformers 
of the base. The following discussion, however, is 
based on the variation of the observed rate constants, 
since the intrinsic rate constants corresponding to 
catalysis by the respective conformers are not experi- 
mentally known. 


The reaction rates vary qualitatively as predicted on the 
basis of the electronic effect exerted by the substituents, 
i.e. a large increase in reaction rate is observed for the 
nitro-substituted indenes (4 and 5 )  as compared with the 
unsubstituted compound (1). The fluoroindene (3) shows 
a small increase of rate whereas the methoxyindene (2) 
reacts slower than the unsubstituted 1-methylindene (1). 
The main effect of a nitro substituent should be the 
resonance stabilization of the carbanion moiety of the 
ion-pair intermediate formed in the rate-determining step. 
According to the Hammond postulate, a corresponding 
stabilization of the intermediate-like activated complex 
occurs. The resulting increased acidity of the substrate is 
illustrated by the increase in reaction rate for 4 and 5 as 
compared with the unsubstituted compound. In Table 1 it 
is thus seen that for, e.g., the reaction of (+)-(S)-4 a 
450-fold increase of the second-order rate constant is 
observed. For (+)-(S)-5 only a 30-fold increase in rate 
constant was observed, which might be attributed to a 
larger amount of steric hindrance to approach of the 
catalysing base for this compound. Further, the nitro 
group in the 7-position is fairly close to the 1-methyl 


Scheme 2 
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substituent, which could force the nitro group to be 
twisted out of the indene ring plane. This would to some 
extent prevent delocalization of the negative charge into 
the nitro group in the transition state (TS) of the proton 
abstraction step causing a less pronounced rate increase. 
For the 5-substituted substrates, including 1-methylindene 
(l), the logarithmic rate constant ratios, log(kx/k,), were 
found to correlate with the Hammett a-values'6 for the 
substituents (correlation coefficient = 0.998; for the nitro 
substituent the tabulated 0- value was used). The magni- 
tude of the Hammett reaction parameter, p = 2.18, 
supports the idea of a late ion-pair-like TS for the rate- 
limiting step. A value of p = 2.84 was recently deter- 
mined for the DABCO-catalysed reaction of these 5- 
substituted substrates. 


Let us consider the variation of enantioselectivity 
( k ' l k - )  as caused by a purely electronic effect. The 
rate-determining step is the endoergic formation of an 
ion-pair intermediate. According to the Hammond 
postulate, this step has an ion-pair like TS. A late TS is 
confirmed by the Bransted value of 0-79 determined by 
Meurlingl' for the rearrangement of 1-methylindene (1) 
using a series of azaadamantanes and structurally related 
catalysts including DABCO. The electron-withdrawing 
nitro group stabilizes the ion-pair intermediate, making 
the rate-determining step less endoergic, which is 
predicted to move the TS towards an earlier position 
along reaction coordinate. The difference in activation 
energy (6AG') for the enantiomeric substrate molecules 
may be assumed to be proportional to the difference in 
reaction free energy (6AG) for formation of the 
diastereomeric intermediates with a coefficient franging 
from 0 for infinitely reactant-like TS to 1 for an 
infinitely ion-pair-like TS (6AG' = f x 6AG).lX The 
conclusion based on these assumptions is that the 
enantioselectivity should decrease for substrates with 
increasing ion-pair stabilization. This is what we 
observe in the series 2, 3 and 4 (Table 2). The introduc- 
tion of a nitro group substantially lowers the enantio- 
selectivity. For 1-methyl-5-nitroindene (4), the enantio- 
selectivity is as small as 1.18 (Table 2). It is interesting 
that the sense of the enantioselectivity is reversed when 
the nitro substituent is moved from the 5- to the 7- 
position. The magnitude of the enantioselectivity is, 
however, very small (0.720) also for l-methyl-7- 
nitroindene (5). It is clear from Tables 1 and 2 that the 
enantioselectivity for 5-substituted substrates follows a 
reactivity-selectivity relationship as discussed above. 
The unsubstituted compound 1 deviates from this 
behaviour, showing a larger enantioselectivity than the 
other substrates. Possibly this could be due to the 
smaller size of the 5-H as compared with the substitu- 
ents. This would permit a closer interaction between the 
base catalyst and the enantiomeric indene moieties, thus 
increasing the chiral discrimination. More specific non- 
steric interactions between the substrate and the catalyst 
molecules may also take place. One possibility would be 


a hydrogen bonding interaction between the substituent 
of the substrate and the hydroxyl group of the dihydro- 
quinidine. Such an interaction between the hydroxyl 
group and a solvent molecule has been invoked to 
explain the preference for the closed conformer of the 
base in the solvent dimethyl sulphoxide.' However, in 
the present case, where there is a 10-60-fold excess of 
substrate over base catalyst, one would not expect to see 
the catalyst concentration dependence for both 1- 
methylindene (1) and 5-fluoro-I-methylindene (3) if 
the hydrogen-bonding interaction between substrate and 
catalyst were of importance for 3. 


According to the Melander-Westheimer postu- 
the maximum primary KIE for the proton- 


abstraction step is expected for the most symmetric 
activated complex, i.e. when the proton is bound with 
equal strength to donor and acceptor. This should occur 
when the pK, of the carbon acid equals that of the 
conjugate acid of the base catalyst (ApK, = O).21 For 1- 
methylindene [pK, = 19.8 (estimated, in DMSO")] and 
dihydroquinidine [pK, = 10-8 (estimated from the pK, 
of 10.0 for quinidine)], the ApK, is approximately 9, 
corresponding to a strongly asymmetric activated 
complex if this interpretation is valid. Despite this, the 
observed KIEs are high (Table 2) .  Earlier, a case of 
very small variation of the primary deuterium KIE over 
a wide ran e of ApK had been reported by Bordwell 
and Boy leg for deprotonation of nitroalkanes. The 
more acidic nitro and fluoro substrates are expected to 
display even stronger KIEs than 1-methylindene, since 
the ApK, value is diminished. The ApK, for the reaction 
of 1-methyl-5-nitroindene (4) can be estimated to be 
2.6 or less (1-methyl-5-nitroindene should be more 
acidic than 3-methyl-6-nitroindene, for which the pK, is 
13.424). The results given in Table 2 show that for both 
nitro compounds the KIEs are very high, e.g. 10.8 and 
11-2 for the reaction of (+)-4 and (+)-5, respectively. 
This appears to be at, or slightly above, the semi- 
classical limit, i.e. the highest possible value if  account 
is taken of loss of isotropic sensitivity for both stretch- 
ing and bending de rees of vibrational freedom in the 
activation process,g but without the invocation of 
tunnelling. It may be surprising that the much slower 
reacting (+)-5 [or (-)-51 shows an even stronger KIE 
than (+)-4 [or (-)-41. However, this may be explained 
by a different amount of tunnelling in  the reactions of 
the two nitro substrates. Increased steric hindrance 
between the reactant molecules, which is a likely cause 
for the lower reaction rate of (+)-5, has often been 
associated with a larger contribution of tunnelling, 
increasing the KIE. High primary KIEs have frequently 
been observed for proton abstraction from nitro com- 
pounds.26 The fluoro compound 3 exhibits a small 
increase of the KIEs in accordance with the small rate 
increase observed. The slower reacting methoxyindene 
2 shows weaker KIEs as expected on basis of the 
Melander-Westheimer postulate. 
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Different isotope effects for reactions proceeding via 
diastereomeric transition states have been observed in a 
few cases where the starting material possesses diaster- 
eotopic protons. Baldwin and c o - ~ o r k e r s ~ '  reported 
diastereotopically distinct secondary KIEs for some 
thermal isomerization reactions. In another case a 
diastereotopic difference in primary deuterium KIE for a 
base-catalysed H-D exchange reaction was reported by 
Fraser and Champagne,2x and it was interpreted as being 
due to intrusion of a second pathway for one of the 
diastereotopic hydrons. In neither of these other cases 
are the diastereomeric activated complexes formed in a 
reaction of enantiotopic atoms or groups with a chiral 
molecule. 


The KIEs for the enantiomers do not differ 
significantly for any of the two nitro substrates. This is 
expected, since the enantioselectivities are much lower 
than for the unsubstituted compound, i.e. the structural 
difference between the diastereomeric activated com- 
plexes is much smaller for a nitro-substituted substrate 
than the unsubstituted substrate. 


For the other substrates used, small but significant 
differences of  the primary deuterium KIEs are observed 
for the reactions of the enantiomers. This enantiomer 
dependence of the KIEs is, however, hardly inter- 
pretable at the present stage of knowledge. One 
obvious complication, which prevents a more detailed 
analysis, is the presence of two potentially catalytically 
active conformers of the base. Theoretical modelling 
using, e.g., molecular mechanics calculations of  the 
diastereomeric transition structures" might prove 
helpful for a better understanding of the 
enantioselectivity . 


EXPERIMENTAL 
The kinetic runs were performed with a Perkin-Elmer 
Model 241 photoelectric polarimeter equipped with an 
automatic data acquisition system consisting of a PC 
connected to the printer output of the polarimeter. The 
water-jacketed polarimetric cell (optical path length 
10 cm, volume 0.9 cm3) was connected to a HETO 02 
PI' 623 proportional regulating thermostat. A calibrated 
mercury thermometer, with an absolute accuracy of 
0-02"C, was used to measure the temperature at the 
outlet of the cell. The temperature did not deviate more 
than 0.05 "C from the average value during the runs and 
was thus 20 k 0.07 "C. 


'H and 13C NMR spectra were obtained with a Varian 
XL 300 at 20°C or a Varian Unity 400 spectrometer at 
25 "C. [ZH]Chloroform (>99.5 atom% 'H; Dr Glaser 
AG, Basel, Switzerland) was used as solvent. 


The substrates, racemic 1-meth~lindene,~" 1- 
methyl[l ,3-2H,]indene7a and their 5- and 7-substituted 
derivatives' were prepared in the same way as the 
corresponding optically active compounds described 
elsewhere. The isotopic purities of the deuterated 


compounds were calculated from 'H NMR data. The 
preparation and purification of dihydroquinidine and the 
purification of the solvent have been described else- 
where.* All handling of the purified amine was carried 
out in a glove-box, in which the atmpsphere was circu- 
lated through molecular sieves (5 A). The glove-box 
was flushed with nitrogen before use. The flasks con- 
taining the stock solutions of the amine were stored in 
larger bottles filled with dry nitrogen and containing 
silica gel together with KOH pellets. 


The kinetic procedure has been described in detail in 
an earlier paper.7b 
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NATURE OF THE HIGHEST OCCUPIED MOLECULAR ORBITALS OF 
TRANS- AND CIS-BICYCLO [4.1 .O]HEPT-3-ENES 
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HAN CHEN 
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AND 


DAVID A. DIXONSt 
DuPont Central Science and Engineering, Experimental Station, Wilmington. Delaware 19880-0328, USA 


Photoelectron spectra of trans-bicyclo[4.1.0]hept-3-ene and two methyl derivatives, 1-3, and cis- 
bicyclo[4.1.0]hept-3-ene and three of its derivatives, 4-7, were measured. Ab initio molecular orbital (MO) and 
density functional theory (DFT) calculations were performed on these compounds. By combining the results of 
the experimental and computational trends, it was established that the highest occupied molecular orbitals 
(HOMOs) of 1-3 are the ‘twist’ bent u bond at the fusion between the two rings whereas for 4-7 the HOMOs 
are the II orbital in the six-membered ring. The DFT ordering is the same as that suggested by the photoelectron 
spectra whereas a t  the MO level the HOMO always corresponds to the II orbital. The intensities of the 
photoelectron spectra were calculated a t  the D m  level and good qualitative agreement with experiment was 
found. 


INTRODUCTION 
The chemical and thermal reactivities of derivatives of 
truns-bicyclo[4.1.0]hept-3-ene (1-3) have been shown 
to be dramatically different from those of the corre- 
sponding derivatives of cis-bicyclo[4.1 .O]hept-3-ene 
(4-7).’ These major changes in reactivity have been 
attributed to the increased strain energy in 1-3 which 
results from the trans-ring fusion which leads to a 
‘twist’ bent C(l)-C(6) u Whereas chemical 
evidence from electrochemical oxidation and thermal 
rearrangement studies indicates that the highest occu- 
pied molecular orbital (HOMO) of the trans- 
bicyclo[4.1 .O]hept-3-enes is associated with the 
C(l)-C(6) bond and the HOMO of the cis- 
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t Authors for correspondence. 
$ Contribution No. 6844. 


bicyclo[4.1.0]hept-3-enes is associated with the n bond, 
we desired more substantial support of this 
hypothesis. We now report that a combination of 
photoelectron spectroscopic studies and ab initio 
molecular orbital4 (MO) and density functional theory’ 
(DFT) calculations establishes that the HOMOs of 1-3 
are associated with the C(l)-C(6) ‘twist’ bent u bonds 
whereas the HOMOs of 4-7 are associated with the 
C(3)-C(4) n bonds. 
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2 H  


1 R,=R,=H 4 R,=R,=H 
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RESULTS 


The He(1) photoelectron (PE) spectra of cyclohex- 
ene,6 bicycl0[4.1.0]heptane~~’ (8) and 4-7 below 
11.5 eV are shown in Figure 1 and the lowest energy 
ionization energies are given in Table 1. A schematic 
diagram of the ionization energies is shown in Figure 
l(b). Cyclohexene exhibits a band at 9.11 eV with 
characteristic vibrational fine structure. cis- 
Bicyclo[4.1.0]hept-3-ene (4) has a PE band with 
similar characteristic vibrational fine structure at 
9.05 eV, and additionally two new broad band 
systems at 9.85 and 10.40 eV. These two additional 
bands were assigned to the cyclopropyl moiety of 4. 
Addition of a methyl group to the 7-position of 4 in 
the ex0 stereochemistry gave 5 and in the endo ster- 
eochemistry gave 6. For 5 ,  the maximum of the 
lowest energy band system is shifted to 9.0 eV and 
the vibrational fine structure had partially disap- 
peared. The two bands assigned to ionization from the 
cyclopropyl ring are shifted 0.3-0.4 eV to lower 
energy, which brought them in close proximity to the 
ionization associated with the n bond. Thus, the 
methyl group at C(7) shifted the two bands which 
appeared at 9.85 and 10.40 eV for 4 to 9-55 and 
10.05 eV for 5 ,  but gave only an 0.05 eV shift for 
the lowest energy system. Since methyl substitution is 
directly on the cyclopropyl moiety, it is reasonable 
that a larger shift to lower energy should occur for 
those PE bands assigned to the cyclopropyl group, but 
that only a small shift to lower energy should occur 
for the PE band system assigned to the n bond. The 
shifts observed in comparing the PE spectra of 6 and 
4 were similar to those noted for 5. Maxima for the 
two broad bands assigned to the cyclopropyl ring 
were shifted 0.3 eV to 9.55 and 10.10 eV, whereas 
the maximum for the n bond associated ionization is 
approximately the same, 9.0 * 0.05 eV. For 7,7- 
dimethyl-cis-bicyclo[4.1.0]hept-3-ene (7), the second 
methyl group resulted in additional shifts of the two 
broad bands assigned to the cyclopropyl ring of 
0.3 eV to 9.30 and 9.85 eV. The maximum for the n 
bond related band is essentially unshifted at 8.95 eV. 
It is apparent from the PE spectral data that the 
HOMOS of 4-7 are associated with the n bonds of 
4-7, whereas the NHOMOs of 4-7 are associated 
with the cyclopropyl (I bonds. It is instructive to 
compare the PE spectrum of 8 with that of 4.’ The PE 
spectrum of 8 exhibits two broad bands at 9.45 and 
10.0 eV. These bands are both shifted to lower 
energy by 0.4 eV relative to 4.’ 


Figure 2 shows the He(1) PE spectra of 1-3. The 
ionization energies are summarized in Table 1 and a 
schematic diagram of the energies is given in Figure 
2(b). Examination of the PE spectrum of trans- 
bicyclo[4.1.O]hept-3-ene (1) shows a band with the 
same vibrational fine structure that was observed in the 


first bands of the PE spectra of cyclohexene and 4-7 
which were assigned to the n MO of each. However, 
for 1, this band with vibrational fine structure overlaps 
the low-energy broad band associated with the cyclo- 
propyl ring. The band with the characteristic 
vibrational fine structure has a maximum at 9.30 eV 
for 1. This is not the lowest energy band for 1. Hence 
the HOMO of 1 is not associated with the n bond. The 
lowest energy PE band found is a broad band with a 
maximum at 9.0 eV, which we assign to a localized 
molecular orbital associated with the C(l)-C(6) 
‘twist’ bent (I bond of 1. A second, clearly defined, 
broad band occurred at 10.50 eV in the spectrum of 1. 
We believe that this band can be associated with the 
C(l)-C(7) and C(6)-C(7) (I bonds of 1. For 2, the 
added methyl group at C(7) resulted in the broad bands 
being significantly shifted to lower energy (as they 
were in the spectra of 4-7) with relatively little shift 
of the n bond ionization energy. Thus, the broad bands 
at 9.0 and 10.50 eV of 1 were shifted by 0.30 and 
0.45 eV respectively, to 8.70 and 10.05 eV, respect- 
ively, in the PE spectrum of 2. By comparison, the n 
bond associated ionization energy shifts by only 
0.10 eV, from 9-30 eV for 1 to 9.20 eV for 2. Addi- 
tion of the second methyl to give 3 resulted in 
additional shifts of 0-10 and 0.35 eV in the ionization 
energies of the broad bands associated with the cyclo- 
propyl moiety of 3 relative to 2, to give maxima at 8.60 
and 9.70 eV, respectively. The shift in the n bond 
maximum was 0.02 eV to a value of 9.17 eV for 3. 


Koopmans’ theorem” was used to calculate the 
ionization energies at the MO level. At the DFT level, 
the relationship between the eigenvalue ci and the total 
energy E,,, is given by the Janak relation, ‘I  E~ = dE,,,/dn,. 
In order to apply an approximate version of Koopmans’ 
theorem at the DFT level, one has to assume that E ,  is 
independent of the occupation number n,. Actually, one 
does not really need ci to be independent of n, as long 
as ci changes by the same amount for all of the eigen- 
values in the region of interest when n, changes. This 
constraint is alleviated at the non-local DFT level used 
here (as opposed to the local DFT level) because the 
correction to the exchange potential” that we used 
accounts for part of the self-interaction term missing at 
the local 1e~e l . I~  It is the self-interaction term that leads 
to the dependence of si on n,. Hence we can reasonably 
approximate the Kohn-Sham eigenvalues as ionization 
potentials. 


The DFT and MO methods predict different results 
for the molecular ionization potential as shown in Table 
1. The MO methods always predict the HOMO to be the 
n bond. The DFT results, on the other hand, show a 
clear difference with the cis isomers having the HOMO 
localized in the n bond and the trans isomers with the 
HOMO localized in the ‘twist’ bent CJ bond. At both the 
DFT and MO levels, the HOMO n bond in the cis 
isomers shows little dependence on methylation. 
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Similarly for the trans isomers, methylation does not 
strongly affect the SHOMO n bond at the D f l  level or 
the HOMO n bond at the MO level. The HOMO 
corresponding to the ‘twist’ bent u bond in the trans 
isomers at the DFT level shows a larger dependence on 
methylation, as would be expected, although the differ- 
ences are smaller than observed experimentally. A 
similar result is found for the SHOMO of the trans 
isomers at the MO level which corresponds to the 
‘twist’ bent u bond. The SHOMO of the cis isomers 
which is localized in the cyclopropane moiety shows the 
largest effect due to methylation. Although the MO 
calculations do not give the correct ordering of the u 
and n orbitals, they do predict the correct magnitudes 
and directions of the shifts in ionization energies on 
methylation. In fact, the magnitude of the shifts is 
treated better at the MO level as compared with the D l T  
calculations. 


In order to understand better the effect of methylation 
on the cyclopropyl energetics, we calculated the proper- 
ties of cyclopropane, cyclohexene and the saturated cis 
structure. The HOMO of cyclopropane is a degenerate 
orbital corresponding to the Walsh-type u 0rbita1s.l~ 


0 1  0 2  


The energies of these two u orbitals will split if the 
threefold degeneracy is lifted. The way in which these 
orbitals split will determine the influence of methyl 
substitution and we employ the DFT values in the 
following discussion. In the saturated cis isomer 8, the 
HOMO and SHOMO clearly have to be localized in the 
cyclopropane ring and we find that the orbitals do split 
with the u1 orbital being less stable than the u2 orbital 
by 0.35 eV. Removal of the two hydrogens to generate 
the unsaturated cis compound 4 leads to the two orbitals 
being essentially degenerate. The methyl group should 
interact more strongly with the u2 orbital as compared 
with the ul orbital because the u2 orbital has more 
electron density adjacent to the carbon at which the Me 
is substituted. Indeed, the u2 orbital is the NHOMO for 
the methyl and dimethyl derivatives and shows a 
significant decrease on methylation from 0.36-0.40 eV 
for a single methyl group with an additional decrease of 
0.23-0.27 eV for a second methyl group. The u1 is not 
as strongly affected, with its energy decreasing by about 
0.1 eV per methyl that is added. 


For the trans isomers, the u, orbital becomes the 
‘twist’ bent u bond and localizes away from the site of 
methylation (see Figure 3). Thus the effect of methyl 
substitution should be smaller and indeed it is, with a 


decrease of 0.07 eV for the first methyl group that is 
added and a decrease of 0.08 eV for addition of the 
second methyl group. The u2 orbital shows a much 
larger effect on methylation, decreasing by 0.34 eV for 
addition of the first methyl and 0.23 eV for addition of 
the second, just as found for the cis isomers. The MO 
calculations on the cis and trans isomers show similar 
but smaller effects. 


In order to provide more insight into the effect of 
methylation, we show in Table 2 the u and n bond 
distances as compared with the values in the simplest 
model compounds. For a given series of methyl deriva- 
tives, there is very little effect on the n bond distance 
due to methylation. The cis isomers have a n bond 
distance similar to that of cyclohexene and @e bond 
distances in the trans isomers are 0.012-0.014 A longer. 
As might be expected, there is a small effect of methyla- 
tion of the u bond leading to a slight increase in the 
bond length on methylation. The value in the parent 
trans compound 1 is closer to the value in cyclopropane 
and 8 than is that for the parent cis compound 4. 


The changes in bond length for the u bond in the 
trans series as compared with the cis series as well as 
the plots of the ‘twist’ bent u bond provide some insight 
into the difference in the DFT and MO predictions of 
the ordering of the u and n orbitals. The MO calcula- 
tions were done at the closed-shell Hartree-Fock level 
and, as such, diradical character, if present, cannot be 
introduced into any orbitals. DFT, on the other hand, is 
based on the density and diradical Character can be 
incorporated into the final density. The form of the 
‘twist’ bent u bond (Figure 3) together with the modest 
lengthening of the C-C ‘twist’ bent u bond associated 
with the trans structures suggests that there may be a 
small amount of diradical character in this bond. The 
incorporation of such diradical character would desta- 
bilize the bond, leading to a lower energy ionization 
potential. Because the Hartree-Fock method does not 
account for such character, the ionization energy for the 
‘twist’ bent u bond is not lowered below that of the n 
orbital. However, the DFT method can account for such 


Table 2. Bridgehead u and n bond lengths (A) calculated at 
the DFT level 


Molecule r(n) 


1 
2 
3 
4 
5 
6 
7 
8 
C-C~H, 
Cyclohexene 


1.516 
1.517 
1.522 
1.521 
1.520 
1.523 
1.524 
1.513 
1.513 


1.354 
1.355 
1.354 
1.342 
1.343 
1.34 1 
1.34 1 


1.343 
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Figure 3. Two views of the HOMO for 1 at the DFT level showing the ‘twist’ bent u bond. (a) View onto the cyclopropyl plane 
showing the bent nature; (b) view perpendicular to the cyclopropyl ring showing the ‘twist’ nature 
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Figure 4. DR-calculated PE spectra [HE(I) radiation] for 4-7, 
8 and cyclohexene 


character and thus it can predict that the 'twist' bent u 
bond is less stable than the z bond. 


The calculated photoelectron spectra at the DFT 
level with a line broadening of 0.20 eV are shown in 
Figures 4 and 5 .  The calculated inten~ities'~ are in 
reasonable agreement with the experimental spectra 
after accounting for the fact that there is no vibra- 
tional motion in our calculation and no structural 
relaxation. 


CONCLUSIONS 


The combination of the experimental and theoretical 
results clearly shows that the HOMO of the trans- 
bicyclo[4.1.O]hept-3-enes is localized in the region of 
the 'twist' bent (J bond whereas for the cis- 
bicyclo[4.1.O]hept-3-enes the HOMO is localized in 
the region of the n bond of the six-membered ring. 
This is in accord with the chemical reactivities of these 
species that have previously been observed. We note 
that the DFT method predicts ionization energies that 
are too low based on our approximate use of Koop- 
mans' theorem by 3.0-3.2 eV. However, this scaling 
factor based on the difference of the experimental and 
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Figure 5. DFT-calculated PE spectra [HE(I) radiation] for 1-3 


DFT HOMO energies can be used for the other higher 
energy ionizations with some reliability in agreement 
with work on other systems with very different chemi- 
cal str~ctures. '~ The ability at the DFT level to predict 
the qualitative intensities of the photoelectron spectrum 
is an added feature that is useful in analyzing the 
experimental spectrum. 


EXPERIMENTAL 


Synthesis. Derivatives of trans- and cis- 
bicyclo[4.1 .O]hept-3-enes were prepared according to 
the published procedure.' The epimeric exo-7-methyl- 
cis-bicyclo[4.1 .O]hept-3-ene (5) and endo-7-methyl- 
cis-bicyclo[4.1.0]hept-3-ene ( 6 )  were obtained by 
cyclopropanation of cyclohexa-l,4-diene according to 
the procedure of Nishimura ef ~ 1 . ' ~  Cyclopropanation of 
cyclohexa-l,4-diene with l,l-dii~doethane'~ gave 5 and 
6 in the ratio 1 : 2.5. The isomers separated by prepara- 
tive GLC (SE-30, 110 "C). 


Photoelectron spectra. He(1) photoelectron spectra 
were recorded on a Vacuum Generators Model UVG3 
instrument at a resolution of 30 meV with xenon gas as 
a calibrant. 
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Calculations. All calculations were done on Cray 
XMP and YMP computer systems using the program 
GRADSCF'* for the ab initio molecular orbital (MO) 
calculations and the program DGauss" for the density 
functional calculations. The geometries were gradient 
optimized at both levels,19b~'9'~20~21 and these structures 
were shown to be minima by force field calculations.*' 
The basis set for the ab initio MO calculations is of 
double-zeta quality with a set of d polarization func- 
tions on the carbon atoms (9~5pld/4~)/[3~2pld/2s].*~ 


The density functional theory calculations were done 
with the program DGauss," which employs Gaussian 
basis sets. The basis sets for C and N are triple zeta in 
the valence space augmented with a set of polarization 
functions with the form (7111/411/1).u For H, a 
polarized triple-zeta valence basis set was used with 
the form (311/1). The calculations were done at the 
self-consistent gradient-corrected (non-local) level 
(NLDFT) with the non-local exchange potential of 
Becke" together with the non-local correlation func- 
tional of PerdewZ5 (BP). The local potential of Vosko et 
~ 1 . ' ~  was used. The photoelectron spectra from the DFT 
wavefunction were calculated by standard first-order 
time-dependent perturbation theory as described 
elsewhere. l5 
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AB ZNZTZO MOLECULAR ORBITAL STUDY OF THE 0 + C,H,O 
REACTION 


M. C. LIN AND A. M. MEBEL 
Department of Chemistry, Emory University, Atlanta, Georgia 30322, U.S.A. 


An ab initio molecular orbital study of the potential energy surface of the C,H,O + 0 reaction was performed 
at the PUMP3/6-31G*//UHF/6-31G* + ZPE(UHF/6-31G*) level of theory. Various reaction channels were 
considered. The most favorable mechanisms, la and Ib, start from the attachment of the oxygen atom to the 
carbon atom of the C6 ring in the ortho- or para position with respect to CO, taking place without activation 
energy. Then, either hydrogen elimination by mechanism la or 1,2-H shift from the C(H)(O) group takes place; 
the latter process leads to the formation of the very stable C,H,(O)(OH) radical, which can also eliminate H by 
mechanism Ib. Thus, the main products of the C6Hs0 ('Bl) + O('P) reaction are o/p-benzoquinones and the 
hydrogen atom. At low temperatures, however, the system may be trapped in the potential well of the 
C,H,(O)(OH) intermediate. At high temperatures, the reaction may proceed by the formation and 
decomposition of o/p-benzoquinones. Because of their higher activation energies, the reaction mechanisms 
giving rise to other products - the attachment of the oxygen atom to the bridging position to form an epoxy 
intermediate, followed by insertion of 0 into the CC bond and dissociation to give CSHs and C 0 2  (channel Ilc), 
in addition to the attachment of oxygen to the terminal 0 atom of C6H,0 followed by elimination of O2 
(channel 111)-cannot compete with channel la or Ib. RRKM calculation was carried out for the total and 
individual rate constants for channels la and Ib. The three-parameter expression for the total rate constant, 
fitted by the least-yuares method for the temperature range of 300-3000 K, is given as k,@, = 5.52 x lo-'' TI'" 
e + i m / ~  cm3mol-'s . 


INTRODUCTION 
The phenoxy radical is an important reactive 
intermediate in the oxidation of small aromatic hydro- 
carbons, key additives to lead-free gasoline.'.* The 
C,H,O radical may be produced by several processes, 
for example 


C,H, + O2 + C,H,O + 0 
0 + C,H,CH, + C,H,O + CH, 


C,H, + OH + C,H,OH + H + C,H,O + 2H 
On account of the relatively high stability of the C,H,O 
radical in comparison with those of alkoxy radicals, it 
may undergo extensive bimolecular reactions with 
reactive combustion species such as 0 atoms, in addi- 
tion to its well known unimolecular fragmentation 
process: 2-5 


C,H,O + C,H, + CO 
The bimolecular 0 + C,H,O association reaction is not 
only very exothermic but also is expected to be fast 
because it is a radical-radical association process. On 
account of the presence of resonance structures in 


CCC 0894-32301951060407- 14 
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C6H,0, viz. 


the O+C,H,O reaction may take place via several 
pathways. In order to elucidate the mechanism of this 
important reaction, we have carried out a detailed 
calculation using various ah initio molecular orbital 
techniques for the intermediates and also the transition 
states of major reaction paths associated with the 
0 + C,H,O and C,H,OO systems. 


In this paper, the energetics and structures of the 
major intermediates and transition states derived from 
the association process are presented. The rate constants 
for some of the reaction steps were calculated on the 
basis of the Rl2KM theory. 


As discussed in the following section, we used the 
UHF approach for geometry optimization and perturba- 
tion theory methods for the refinement of energies. 
However, for several structures considered, particularly 
the transition states, the wavefunctions might not have a 
single dominant configuration in the CI expansion. 
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Thus, for these structures, the perturbation theory 
methods which take into account only dynamic electron 
correlation and do not include non-dynamic correlation, 
are not expected to be accurate enough and the results 
should be considered with caution. More sophisticated 
techniques, such as CASPTN or MRCI, would provide 
better geometries and energetics, but these methods are 
extremely expensive for systems of such size as 
C6H,0+0. The approach we used is the only one 
feasible now. Although our calculations provide only 
semi-quantitative energetics for various transition states 
and intermediates, they offer a valuable guide for the 
C,H,O + 0 reaction potential energy surface and 
possible reaction mechanisms. In order to obtain quanti- 
tative data, more extensive calculations at higher levels 
of theory would be necessary. 


CALCULATION PROCEDURE 


We employed the same calculation methods as we used 
before in the study of various geometric isomers of 
C,H,02.6 The geometries of different intermediates and 
transition states were optimized at the UHF/6-3lG* 
level. Vibrational frequencies have been calculated at 
the same level of theory for characterization of the 
nature of stationary points, for zero-point energy 
corrections and to obtain vibrational frequencies. All the 
calculated transition states have one and the 
intermediates have zero imaginary frequencies. We 
expect the geometric parameters obtained at the UHF 
level to be of semi-quantitative accuracy, and more 
accurate geometries may be achieved with the use of 
the methods which take electron correlation into 
account. The UHF wavefunction can be subject to 
serious spin contamination (see ( S 2 )  values before 
projection in Table 1), which may lead to artificially low 
relative energies for the structures having large devia- 
tions of (S’) from the correct value (0.75 for doublets). 
More reliable energies of various structures have been 
obtained by the UMP4(SDQ)/6-31GX method at the 
UHF optimized geometries. The spin-projected PUMP2 
and PUMP3 energies are expected to be more accurate 
than the energies by the regular UMP2, UMP3 and 
UMP4 (SDQ) methods. Hence, we consider the 


(UHF/6-31G*) level of calculation as the highest one 
in the present study. The calculated ZPE were scaled by 
0.893 to account for anharmonicity.’ The calculations 
were performed by using the GAUSSIAN 92 program.x 


PUMP3/6-3 1G *//UHF/6-3 1G * + ZPE 


RESULTS AND DISCUSSION 


We consider the following potential reaction 
mechanisms: 


(i) Oxygen atom attacks a carbon atom of the ring to 
form a C,H,O(O)(H) isomer of the C6H,0, radical. It 
was shown earlier6 that ortho and para configurations 


of C,H,O(O)(H) can exist. Accordingly, the attack of 
0 can occur at either the ortho or para position with 
respect to the W group of the phenoxy radical. On 
the other hand, 0- and y-C,H,O(O)(H) radicals have 
similar electronic structures and energies. Therefore, we 
expect potential energy surfaces for the 
C,H,O + 0 + o-C,H,O(O)(H) + . . . and C6H,0 + 0 + 
p-C,H,O(O)H + .. . reaction mechanisms to resemble 
each other. Therefore, we performed the calculations 
only for one of these channels involving the formation 


(ii) Oxygen approaches the C atom connected to the 
0 atom in C6H,0. 


(iii) The 0 atom attacks the terminal oxygen of the 
phenoxy radical to form a phenyl peroxy radical, 
C,H,OO. 


The structures of reactants, products, intermediates 
and transition states for the reaction are shown in Figure 
1 and their energies at different levels of theory are 
presented in Table 1. Various reaction mechanisms are 
illustrated in Figures 2-7, and the overall potential 
energy surface is drawn in Figure 8. 


of o-C6H4O (0) (H). 


Mechanism Ia: hydrogen atom elimination after 
oxygen atom addition 
The transition state for oxygen addition to a carbon in 
the ortho-position relative to W is the structure 1. 
The barrier, calculated at the UHF/6-31G* + ZPE 
level, is 12.7 kcal mol -’ (1 kcal = 4.184 kJ). However, 
taking electron correlation into account significantly 
reduces the energy of the transition structure ( T S )  1. At 
our best PUMP3/6-31G*+ZPE level, 1 is 
8.7 kcal mol-’ lower than the reactants. Obviously, the 
UHF/6-3 1G* optimized geometry of the transition 
state is not accurate enough. The wavefunction for TS 1 
probably has a multi-reference character which is 
indicated by the high spin contamination (see (S2) value 
in Table 1). In order to obtain a more accurate barrier 
height, the use of a multi-configuration rnethod for 
geometry optimization and the use of the MRCI or the 
restricted open-shell coupled cluster methods for the 
energy calculation would be necessary. On the basis of 
our PUMP3//UHF/6-3 1G* calculations, we conclude 
here that the barrier for oxygen addition is very low, if 
it exists. 


The addition of the 0 atom to C,H,O gives the o- 
C,H,O(O)(H) radical 2, which lies 33.2 kcalmol-’ 
below the reactants at the PUMP3//UHF/6-31GW + ZPE 
level. The geometry of 2 was discussed earlier., Let it 
only be mentioned here that the carbon ring in 2 contains 
two single CC bonds, C’Cz and C2C3 (1.51-1.23A), 
two double bonds, C3C4 and CsC6 (1.36-1.38 A) %nd 
two CC bonds of an intermediate IFngth, (1-44-1.46 A). 
The C:O bond is double (1.21 A), the C 2 0  is single 
(1.39 A), and the un aired electron is located on the 
oxygen atom of the C (H)(O) fragment. In the reactant, P 
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Table 1. Total and relative energies of various intermediates and transition states of the C6HS0 + 0 reaction 


E' 


Species (Sz)" ZPEh HF UMP4 (SJ3Q) PUMP3 


1.39 53.6 (0) 
0.0 51.6 (0) 
0.0 51.6 (0) 
1.43 53.6 (0) 
2.19 54.1 (1) 
1.57 55.9 (0) 
2.06 53.8 (1) 
1.67 52.6 (1) 
1.00 54.0 (1) 
1.31 56.8 (0) 
2.28 49.6 (1) 
2.08 50.1 (1) 
2.27 53.8 (1) 
0.78 57.8 (0) 
1.90 54.4 (1) 
2.23 54.4 (0) 
1.21 55.7 (0) 
1.59 54.8 (1) 
1.37 55.3 (1) 
1.25 56.5 (0) 
1.68 54.5 (1) 
0.77 57.7 (0) 
0.76 57.7 (1) 
1.38 54.8 (1) 


-379.75897 [O.O] 
-379.71959 [22.7] 
-379.73380 [13.8] 
-379.68298 [47.7] 
-379.73955 [12.7] 
-379.76972 [-4.4] 
-379.72723 [20.1] 
-379.7 1585 [26.1] 
-379.69832 [38.5] 
-379.83541 [-44.8] 
-379.70191 (31.81 
-379.73340 [12.5] 
-379.71328 [28.9] 
-379.73012 (22.31 
-379.71373 [29.2] 
-379.72488 (22.21 
-379.68706 [47.2] 
-379.72917 [19.9] 
-379.70457 [35.9] 
-379.80828 [-28.0] 
-379.70688 [33.6] 
-379.71539 [31.4] 
-379.71299 [33.0] 
-379.67244 [55.5] 


-380.77683 [O.O] 
-380.84514 [-44.9] 
-380.85673 [-52.1] 
-380.74558 [19.6] 
-380.78308 (-3.41 
-380.83645 [-35.1] 
-380.78969 [-7.9] 
-380.80542 [-18.9] 
-380.82207 [-28-0] 
-380.92820 [-91.81 
-380.75694 [83]  
-380.79588 [-15.5] 
-380.75384 [14.6] 
-380.84657 [-39.6] 
-380.78338 [-3.3] 
-380.76499 [8.2] 
-380.798 13 [ - 1 1.31 
-380.81926 (-25.41 
-380.79921 [-12.2] 
-380.90205 [ -75.71 
-380.78380 [-3.5] 
-380.83436 [ -32.01 
-380.83063 [-29.7] 
-380.77884 [2.5] 


-380.78366 [0.0] 
-380.82604 [ -28.61 
-380.83824 [ -36.21 
-380.74920 [21.6] 
-380.79829 [-8.7] 
-380.84017 [-33.2] 
-380.80300 [-11.9] 
-380.81433 [-20.2] 
-380.81547 [-19.6] 
-380.93107 [-89.31 
-380.76600 [7.0] 
-380431 140 [ -20.91 
-380.75836 [16.1] 
-380.83398 [-27.4] 
-380.79303 [-5-1] 
-380.77050 [9.0] 
-380.79623 [ -5.81 
-380.82557 [-25.1] 
-380.79951 [-8.3] 
-380.90015 [-70.2] 
-380.79260 [-4.7] 
-380.82109 [ - 19.41 
-380.81727 [-17.0] 
-380.78354 [1*3] 


'(S') value before projection. Values after projection are 0.75 for doublets. 
hZPE are calculated at the UHF/6-31G' level and scaled by 0.893. In parentheses: number o f  imaginary frequencies. 


the phenoxy radical, the single electron is situated in the 
n electronic system of the ring and is distributed amon 
all carbon atoms and theo terminal oxygen atom. The C'C 
and C'C6 bonds, 1.44 A, are longer than the other CC 
bonds. The CO bond in C6H,0 is slightly elongated with 
respect to a regular CkO. According to the geometry, 1 
is an ear5 TS. The CO distance for the forming bond in 1 
is 0.45 A longer than that in 1. Geometric parameters of 
the ring for 1 are intermediate between those for C,H50 
and 2, but somewhat closer to the geometry of the 
reactant. The early character of the transition state 1 is in 
accord with exothermicity of the oxygen addition. 
Because electron correlation increases the exothermicity, 
we expect that reoptimization at the UMP2/6-31G* level 
would render the TS 1 earlier and looser, with a longer 
C20  distance. The activation energy calculated at the 
PUMR//UHF/6-3 1G* level is negative because the 
UHF geometry of 1 is closer to that of the product 2 than 
the geometry corresponding to the transition state at the 
correlation level. 


The C,H,O(O)(H) radical 2 can eliminate the hydro- 
gen atom connected to C2 via transition state 3. The 
bamer is calculated to be 21.3 kcalmol-' relative to 2, 
and 3 lies 11.9 kcalmol-' below the reactants at the 


PUMP3//UHF/6-3 1G" + ZPE level. The hydrogen 
elimination leads to o-benzoquinone, C,H,02. The 
products, C6H402 + H, are 4.6 kcal mol-' higher than 2 
and 28.6 kcalmol-' lower than the reactants. It is 
difficult to characterize the transition state 3 as early or 
late, because geometric parameters of the ring in 3 are 
not exactly between those in 2 and C6HJ02, although the 
deviations are small. The C2H distance in 3 for the 
breaking bond is 0.62 A longer than \hat in 2, the C 2 0  
distance in the transition state is 0.11 A shorter than that 
in 3, but 0-09 A longer than C 2 0  double bond length in 
benzoquinone. We expect that reoptimization at the 
UMP2 level should render the C2H distance in 3 shorter 
and make the TS earlier because of smaller endothermi- 
city of the process when electron correlation is taken 
into account. Note that the barrier for the reverse 
reaction of hydrogen atom addition to o-benzoquinone 
is calculated to be 16.7 kcal mol-'. 


The reaction channel C6H,0 + 0 + 1 + 2 + 3 + 
o-C6H402 + H is exothermic and, at high temperatures, 
may be followed by the unimolecular decomposition of o- 
benzoquinone. Therefore, the mechanism of this decom- 
position is worth studying by ah iriitio methods in the 
future. 
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(3), TS for H elimination, C1 


/ 
C6H402 (ortho, C2v*'A1) 
+H E =  -28.6 


Figure 2. Mechanism Ia of the C6H,0 + 0 reaction 


Mechanism Ib: hydrogen migration after oxygen 
addition 


After the intermediate 2 is formed, the migration of the 
hydrogen atom attached to the C2 atom can take place. It 
has been shown that the o-hydroxylphenoxy, 
C,H,O(OH), is the most stable isomer of the C,H,O, 
species.6 In principle, o-C,H,O(OH) (6) can be formed 
by either 1,2- or 1,3-hydrogen shift in C,H,O(O)(H) 
(2). Therefore, we have performed the optimization of 
transition states for two different kinds of hydrogen 
migration. The structure 4 is the transition state for the 
1,2-H shift from C2 to the oxygen atom connected with 
C2. The three atoms, C2, H and 0, in 4 form a three, 
membered ring; C2H is elongated only by 0.15 A 
relativoe to that in 2, while the OH distance in  4 is 
0-34 A longer than that in 6. In this case, 4 is an early 
transition state, in accord with high exothermicity of the 
process (56.1 kcalmol-'). The barrier for the 1,2-H 
shift is not high, 13 kcalmol-' at the 
PUMP3/6-31G0 + ZPE level, and the transition state 4 
lies 20.2 kcal mol -' below the reactants. 


We also tried to find the transition state for the 1,3- 
hydrogen migration from C2 to the oxygen atom con- 
nected with C'. The hydrogen shift is a sigmatropic 
reaction in which a a-bonded entity, the atom H, 


migrates from one terminus of a x-system to the other. 
While the 1,2-H shift is an allowed sigmatropic 
rearrangement for suprafacial geometr the 1,3-hydro- 
gen migration is symmetry forbidden.xi0 This explains 
why we were unable to locate the transition state for the 
1,3-H shift. In the initial geometry, which we used to 
start the transition state search, the migrating H atom 
was located at a similar clistance between C2 and the 0- 
atom connected to C'. However, the optimization 
converged to the structure 5, where the hydrogen atom 
is connected with C2 and C' and occupies a bridging 
position between them; 5 is actually a transition state for 
the 1,2-H shift from one carbon atom to the other and 
corresponds to the degenerated 2 + 2 rearrangement. 
Thus, our ah  irzitio calculations confirm the validity of 
simple selection rules based on the orbital symmetry 
consideration. However, the 1,3-H shift can occur in a 
stepwise manner, 1,2(C,C)-H shift followed by 
1,2(C,O) shift leading to the 1,3(C,O)-H migration. 
The transition state 5 lies 19-6 kcalmol-' below 
C,H,O +0, only 0.6 kcalmol-' higher than 4. The 
barrier for the 2 +2 reorganization is 13.6 kcal mol-' 
with respect to 2. Structure 5 has C, symmetry with the 
mirror plane containing the critical H atom and per- 
pendicular to the plane of thc ring. The bridged CC 
distance is lengthened to 1.54 A. Also, in the ring there 
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a E = -20.2 


(1). TS for 0 addition, C1 


4 
(9, TS for 1,2(C,C)-H shift. CSr 


P 


1 E = -89.3 
(77, TS for H elimination, C1 


I 


Figure 3. Mechanism Ib of the C6H,0 + 0 reaction. 


are three single C c  bonds (1.46-1.47 A) and two 
double bonds (1.33 A). 


After the formation of the stable isomer 6 by hydro- 
gen migration in 2, the system can, in principle, 
eliminate the hydrogen atom of the hydroxyl group, 
creating 0-C,H,O,. This dissociation reaction is 
endothermic by 60.7 kcal mol - I  We have located two 
separate transition states for the hydrogen elimination. 
The TS 7 is planar, and the corresponding barrier is 
high, 96-3 kcal mol-' relative to 6 and 7-0 kcal mol-' 
above the reactants. The reverse process, a hydrogen 
atom addition to the o-benzoquinone then requires 
35-6 kcalmol-l. The origin of this high barrier is that 
during the 0-C6H4O2 + C,H,O(OH) reaction, the n 
C20 bond has to be broken, and the (J OH bond is 
formed. Therefore, the planar geometry is not advan- 
tageous for the transition state. Indeed, optimization 


without symmetry constraints gives another transition 
state, 7', with much lower energy. The barrier for 
hydrogen elimination from 6 through TS 7' is 
68-4 kcal mol-I, 20.9 kcal mol-' below the reactants. 
The reverse barrier is only 7.7 kcalmol-', 9 kcalmol-' 
lower than the barrier for the o- 
C,H,O,+H -+3+C,H,O(O)(H) (2) reaction. Also, 
the barrier 7' is very close to the barrier for the reverse 
hydrogen migration, 6 -+4 -+ 2. Moreover, the transi- 
tion state 7' is much looser than 4, and the entropy 
factor makes the reverse hydrogen migration less 
probable than the hydrogen elimination to form benzo- 
quinone, as will be discussed later. TS 7' is an earlier 
transition state than 7 relative to the r eapn t  6; it hps a 
significantly shorter OH distance, 1.66 A vs. 2.05 A in 
7. Whereas the C6H4O2 fragment remains planar in 7', 
the breaking OH bond is perpendicular to this plane. 
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E = -27.4 


E = 9.0 &+4 
(11). C&S(O)(O). 


('A], 2B1)-crossing 
E =29.0 


doublet, C1 


C6H5 (C2V?A~) + 0 2  $=" - E= 21.6 


(12). c&5(02). CzV. 'Bi 


Figure 4. Mechanism IIa of the C6H,0 + 0 reaction. 


It is necessary to mention here that at the 
UHF/6-31G* level the energies of the transition states 
7' and 3 are lower than the energy of the o-C6H,02 + H 
product (see Table 1). This means that some association 
complex, C,H02.H. exists at this level of theory. 
However, the existence of the complex is not relevant 
for the reaction kinetics and may be artifact of the UHF 
approximation, because at higher levels, with electron 
correlation taken into account, 7' and 3 lie higher than 
o-C6H402 + H. 


Mechanism IIa: Oxygen addition to a bridging 
position, migration and O2 elimination 
At the beginning, our calculations were targeted to 
locate a transition state for oxygen atom addition to the 
C'  atom forming the C,H,(O)(O) isomer. Hence we 


E = -27.4 


P 


C6H402 (ortho, C2V.lAl) 
+H E = -28.6 


Figure 5 .  Mechanism IIb of the C6H,0 + 0 reaction. 


started the saddle point search from the geometry close 
to that of 11, but with an elongated critical CO distance. 
The optimization coyerged to the structure 8. The C'O 
distange in 8, 2.65 A, is longer than the C 2 0  distance, 
2.01 A. Therefore, it is more favorable for the oxygen 
atom to attack C,H,O from the C' side than from the C' 
side. The transition structure 8 connects C,H,O + 0 with 
the ortho epoxyisomer 9, but not with 11. The barrier at 
the transition state 8 is 16.1 kcal mol-' with respect to 
the reactants. The C,H,O + 0 +S + 9 reaction is 
exothermic by 27.4 kcal mol-'. 


The epoxy isomer 9 formed after the oxygen addition 
can be transformed in three different ways: oxygen 
migration to the left or right and oxygen insertion into 
the C'C' bond. Mechanism IIa involves the migration 
of the 0 atom from the bridging position to C'. The 
structure C6HJ(0)0 (11) is formed as a result of this 
oxygen shift; 11 lies 9.0 kcalmol-' above the 
C6H,0 + 0 system, and the endothermicity of the 
9+ 11 isomerization is 36.4 kcal mol -'. The transition 
state search between 9 and 11, carried out at the 
UHF/6-31G* level, led to the structure 10. 


In the UHF/6-31G* approximation, 10 is 
7 kcalmol-' higher than 11 and has one imaginary 
frequency corresponding to the oxygen migration. 
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pJ."̂ ' (8), TS for 0 addition, C1 


(IS). C ~ O H ~ O .  c,, 2 A  


Figure 6. Mechanism IIc of the CfiHjO + 0 reaction. 


However, at the higher PUMF'3/6-31G* + ZPE level 
theory, the transition state 10 becomes lower than the 
isomer 11 by 14.1 kcalmol-I. This means that the 
geometry of 10 would significantly change if a higher 
level of theory such as MP2/6-31G* were employed 
for optimization. According to the increase of the 
9+11 endothermicity from 3.3 kcalmol-I at the 
UHF/6-31G to 36.4 kcalmol-' at the 
PUMF'3/6-31G* + ZPE level, the geometry of 10 
would become much closer to that of 11 with the 
electron correlation taken into account, increasing the 
late character of the TS. The conclusion is that the 
isomer 11, if it exists, is separated by a small bamer 
from 9. 


The structure 11 can rearrange to the n-complex 
C6H,(02) (12). The n-complex has C2,. symmetry with 
two 0 atoms and the C-atom C'. forming an almost 
equilateral triangle perpendicular to the C6 plane. The 
ground electronic state of 12 is ' B , ,  and the unpaired 
electron is spread out between the C atoms and involved 
in the n electronic system of the ring. Although the 
C,H,(O)O structure 11 has no symmetry, it is very 
close by geometry and energy to the symmetric C2,. 
structure with *Al electronic state. We attempted to 
locate a barrier between 11 and 12. searching for a 
transition state without symmetry constraints, but could 
not locate the saddle point at the UHF level. The reason 
may be that the wavefunction in the transition-state 


(16). TS for 0 addition, 
C,, 'A" 


1.3 


b 


(12). C6H5(aZ)* C2vv 2Bl 
c6Hs (C2V?Al) + 0 2  


E= 21.6 


Figure 7. Mechanism 111 of the C6H,0 + 0 reaction. 


vicinity has a multi-reference character, including 
contributions of the electronic states of ' B ,  and ' A ,  
origin in the C2,. symmetry, and it (wavefunction) 
cannot be described properly by the single reference HF 
method. In order to estimate the upper limit of the 
barrier between 11 and 12, we have calculated the seam 
of crossing between ' A ,  and ' B ,  potential energy 
surfaces within the Czl symmetry. Geometries of the C6 
rings and the CO bond lengths in 11 and 12 are very 
similar; the greatest pifference in the interatomic dis- 
tances is only 0-02 A. The only geometric parameter 
changing in the transformation is the OCO angle, 112" 
in 11 and 63" in 12. Therefore, we looked for the 
crossing point by varying this angle, while for other 
geometric parameters we took the values' average 
between 11 and 12 and did not change them. The 
calculations of energy of the 2A, and -Bl electronic 
states at different values of OCO were carried out at the 
PUMP3/6-31* level of theory. We located the crossing 
point at the OCO angle value of 94.266", and the 
energy difference between the two states, which charac- 
terizes the accuracy of our calculations, is only 
0-038 kcal mol - I .  The real seam of crossing might lie 
slightly lower, but the difference is expected to be 
negligible because of the small geometric difference 
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Figure 8. Overall profile of potential energy surface for the C6H,0 + 0 reaction, calculated at the PUMP3/6-3lGX//UHF/ 
6-31GX + ZPE (UHF/6-31G*) level. 


between 11 and 12. The crossing point is 
20.0 kcal mol-' higher than 11 and 29.0 kcal mol-' 
higher than the reactants at the PUMP3/6-31G* + ZPE 
level, if we use the zero-point energy of 11 as an 
estimate of ZPE for the crossing point structure. The 
C,H, (0)O C,H,(02) transformation can occur via 
conical intersection with a breaking of the Czl sym- 
metry. Therefore, the activation energy for the process 
is expected to be lower than 29.0 kcal mol-' relative to 
C,H,O + 0. 


The final step of this mechanism is the elimination of 
molecular oxygen from the n-complex 12. It occurs 
without any barrier leading to C6H,+02, and the 
endothermicity of this step is 27.4 kcalmol-I. The 
overall endothermicity of the C,H,O + 0 + C,H, + O2 
reaction at the PUMP3//UHF/6-31G* level is 
21.6 kcal mol - I .  The calculations significantly overesti- 
mate the experimental value of 8 kcalmol-I.'' The 
C,H,(O)O + C,H,(O,) transformation is the rate-con- 
trolling step for the mechanism Ha, and the calculated 
energy is high. Hence this mechanism is not expected to 
compete effectively with the mechanisms Ia and Ib. 


Mechanism IIb: oxygen addition to a bridging 
position, migration and H elimination 


The branching of the mechanism I1 starts from the 
epoxy isomer C,H,O(O),, (9). The (b) subchannel 
involves the oxygen migration from the bridging 
position in the right-hand direction to form the o- 
C,H,O(O)(H) isomer 2. A transition state between 9 
and 2 is the structure 13. The barrier for the oxygen 
shift is not high, only 2.3 kcalmol-' relative to 9, and 
13 lies 25-1 kcalmol-' lower than the reactants. In the 
TS, the oxygen atom is shifted sligbtly closer to C2, the 
C 2 0  distance is shortened by 0.03 A with respect bo that 
in 9 and the C'O distance is elongated by 0.22 A. The 
geometry and bonding character in the carbon ring do 
not change much during the transformations. The 
9 + 13 + 2 reaction step is exothermic by 
5.8 kcalmol-', and the transition state 13 is early. 


From the structure 2, mechanism IIb merges with 
mechanism I, and the reaction proceeds either by hydro- 
gen atom elimination or the formation of C,H,O(OH). 
The rate-determining step for IIb is oxygen addition to 
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the bridging position, with the transition state structure 8 
and an activation energy of 16.1 kcal mol-I. Therefore, 
this mechanism is less favorable than Ia or Ib but is 
significantly more favorable than IIa. 


Mechanism IIc: oxygen atom insertion into CC bond 
The third option for the system transformation starting 
from the structure 9 is insemon of the bridging oxygen 
into the C'C2 bond. As a result, the seven-membered ring 
isomer, C,O(H),O (15) is formed 15 is 42-8 kcalmol-' 
more stable than 2 and lies 70.2 kcal mol-' below 
C,H,O+O. C,O(H),O has a planar geometry and 2A' 
ground electronic state. The unpaired electron is distributed 
between the carbon atoms of the ring, excluding C', at the 
IC MO. The CO bond? in the ring have a single bond 
character (1.35-1.36 A), whereas t)e out-of-ring CO 
bond is a regular double bond (1.19 A). The structure 14 
corresponds to a transition state betwee9 9 and 15. The 
breaking C'C2 bond length in 14 is 0.30 A longer than that 
in 9, while the bridging C'O and C20 distances remain 
nearly unchanged. The banier for the oxygen insertion is 
high enough, 19.1 kcal mol-' relative to 9, but the transi- 
tion structure 14 is still 8.3 kcalmol-' lower than the 
reactants. Similarly to IIb, the rate-controlling step for 
mechanism IIc is the initial oxygen addition with the 
banier of 16-1 kcal mol-I. Recently, Carpenter'* sug- 
gested, on the basis of semi-empirical PM3 calculations, 
that the seven-membered ring structure 15 is an important 
intermediate for the reaction of phenyl radical with 
molecular oxygen. However, according to our data, that is 
not the case. Once the 0-epoxy intermediate 9 is formed, 
oxygen migration to C2 producing 2 with a banier of 
2.3 kcal mol-' is much more favorable than insertion into 
the CC bond (the barrier is 19.1 kcal mol-I). Carpenter', 
has shown that C,O(H),O (15) can decompose, giving the 
cyclopentadienyl radical C6H, and COP We do not con- 
sider this channel in the present paper, but it deserves to be 
studied in the future. Note that for the C,H,O + 0 reaction, 
mechanism IIc is not competitive with Ia and Ib, or even 
with IIb. 


Mechanism 111: oxygen atom addition to the 
terminal oxygen of the phenoxy radical and 
elimination of O2 
At the first step of the mechanism 111, the 0 atom 
attaches the terminal oxygen of C,H,O, forming the 
phenylperoxy radical, C,H,OO (17). The latter is shown 
to be the initial intermediate of the C,H, + o2 reaction. 
As we discuss;ed earlier,, the ground electronic state of 
the C,H,O+O system is 2A' if the oxygen atom at 
infinite distance remains in the molecule plane, while 
the electronic state of C,H,OO is 2A". Therefore, the 
C,H,O + 0 + C,H,OO association reaction occurs with 
a break of symmetry, via a non-planar transition state, 
if the latter exists. The saddle-point search without 


symmetry constraints leads to the TS 16, which has a 
plane of symmetry perpendicular to the C, ring plane 
and containing the forming COO group. The otransition 
state is late p d  tight; the 00 distance, 1-51 A, is only 
about 0.2 A longer than that in the C,H,OO 
intermediate. During the association process, the CO 
double bond is broken and a new 00 single bond is 
formed. The barrier at the UHF level is high. However, 
at the PUMP3/6-31G* + ZPE level the energy of TS 
16 is 4-7 kcalmol-' lower than the energy of 
C6H,0 + 0. Owing to the reaction exothermicity at the 
correlated levels, we expect that the structure of 16 
becomes looser with reoptimization at the MPn level of 
theory. The association barrier, if it exists, is expected 
to be low. Meanwhile, the energy of TS 16 is notice- 
ably higher than the energy of TS 1, and the structure 
of 16 is significantly tighter than that of 1. Hence the 
addition of the oxygen atom to the ring is preferable to 
the addition to the terminal oxygen of C,H,O. 


C,H,OO (17) has a planar geometry, and the struc- 
ture 17' with the COO plane perpendicular to the C, 
plane has one imaginary frequency and corresponds to 
the transition state of 00 rotation around the CO single 
bond. The geometric parameters of 17' are close to 
those of 17, and the rotational barrier is low, 
2.4 kcalmol-' at the PUMP3/6-31G* + ZPE level. The 
process of C,H,O and 0 association, therefore, 
involves the approach of the oxygen atom in the plane 
perpendicular to the ring and then the rotation of the 
00 bond after clearing of a bifurcation point, when the 
00 distance decreases. 


The phenylperoxy radical can directly eliminate the 
0, molecule without any barrier, with a calculated 
endoergicity of 41.0 kcalmol-', which is in good 
agreement with the experimental estimate of 
37 k~a lmol - ' . ' ~  On the other hand, 17 can be trans- 
formed into the n-complex 12, which is 
13.6 kcal mol-' higher in energy. Structure 18 is the 
transition state for this rearrangement. The barrier is 
20.7 kcal mol-' relative to 17, and 18 lies 
1.3 kcalmol-' higher than C,H,O+O. The 17+12 
reaction is endothermic, and the transition state 18 has a 
late character with geometry close to that of the n- 
complex. The 0, fragment is moved from the plane of 
the C, ring on the perpendicular one. The symmetry of 
18 is C,s, as is that of 17, but the mirror plane is per- 
pendicular to the ring. The COO angle changes from 
114.5" in 17 to 74.1' in 18 and 58.2 in 12. The 00 
distance in the transition statejs 0.11 A longer than that 
in C,H,OO and only 0.03 A shorter than this bond 
length in n-C,H,(O,). 


The n-complex 12 can also dissociate to C6H, + 02. 
On the other hand, it can be transformed into C H (0)O 
(11) via the conical intersection of the (2A, ,  B , )  seam 
of crossing, and then to the o-epoxy intermediate 9. 
This branch of the present channel merges with the 
mechanism II. 


26 
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Hence, the mechanism III, C,H,O + 0 + C6H,00 + 
C,H, + O,, has the elimination of molecular oxygen as 
the rate-controlling step. This channel of the reaction 
seems to be too endothermic to compete effectively with 
mechanisms Ia and Ib. 


RRKM calculation for the main channels of the 
reaction 
RRKM calculation was carried out for the total and 
individual rate constants for the channels Ia and Ib 
shown by the bold curves in Figure 8. For the individual 
channel rate constants we used our earlier e q ~ a t i o n s ' ~ - ' ~  
and a multi-channel computer program previously 
written for the CH, + 0, reaction.', 


For a multi-channel reaction A + B which occurs via a 
long-lived intermediate AB: 


a C 
A +  B-AB'-C + D 


b 
d 


+ E + F  
e 


[MI 
d AB 


the rate constants for the disappearance of the 
reactant A or B into various products, including the 
stabilization process (e), can be evaluated as 
follows:'6 


where i = b, c and d and I ,  is the reaction path degen- 
eracy for the formation of AB', the chemically 
activated vibrationally excited intermediate, via step 
(a); Q A  and Qe are total partition functions of A and 
B, respectively; Q: and Q: are the translational and 
rotational partition functions of the transition state 
AB' for step (a), which has an energy barrier E,  at 
0 K. In the integrals, o is the effective collision 
frequency for the deactivation of AB' by step (e), 
calculated on the basis of Troe's weak collision 
treatment, and 


kgi = ci C P~(E:) )~w(E)  (3) 


are the specific rate constants for the decomposition of 
AB' by steps (b), (c) and (d). In equation (3), Ci is the 
product of statistical factor and the ratio of the overall 
rotational partition function of the transition state and 


the AB adduct for the unimolecular reaction step ( i ) ;  
P,(E:) is the sum of states of the transition state for 


step (i) with energy E:; N ( E )  is the density of states of 
AB' having a total energy E i =  b, c and d. In the case 
of the C,H,O + 0 reaction, A is C,H,O and B is the 0 
atom, AB is the o-C,H,O(o)(H) intermediate 2, C + D 
is o-C,H,02+H, and E + F  is C6H,0(OH) 6. The 
transition state for step (a) or reverse step (b) is 1; the 
transition states for steps (c) and (d) are TS 3 and 4, 
respectively. The total rate constant for the disappear- 
ance of C,H,O is: 


k,,, = k,+ k,  + k, 


The molecular parameters of various active species 
involved in mechanisms Ia and Ib, including the 
transition states, are summarized in Table 2 .  The 
activation energy for the initial reaction step, 
C,H,O+O+C,H,O(O)(H) (2), is assumed to be 
zero, while the other energetic parameters were taken 
from the PMP3 relative energies (Table 1). The 
Arrhenius plots of the rate constants calculated at 
760 Torr Argon pressure (1 Torr = 133.3 Pa) in the 
temperature range 300-3000 K are shown in 
Figure 9. 


One can see that channel Ib, C,H,O+O+o- 
C,H,O(OH) (6 )  (kd) dominates the reaction at the 
temperatures up to 2500 K, when it becomes competi- 
tive with channel Ia, C,H,O + 0 + o-C,H,O, + H ( k c ) .  
The rate constant k, for the stabilization process, 
C,H,O + O+C,H,O(O)(H) (2), is always lower than 
k, because TS 4 lies much lower than the reactants and 
most of the excited adduct molecules pass through this 
barrier rather than be stabilized to the intermediate 2. k, 
decreases rapidly with rising temperature and becomes 
lower than k, at T>700 K. The total reaction rate 
constant exhibits a positive temperature dependence 
because it is controlled by channel Ib, having an acti- 
vation energy of 13.0 kcalmol-', but not by the 
recombination process. 


The three-parameter expressions for the total rate 
constant, k,,,, and k,, fitted by the least-squares method 
for the temperature range 300-3000 K,  can be given in 
cm3mol-'s-I units by 


k,,, = 5.52 x 10-"T' 3Xe'JX'T 
k,=4.30x ~ O - I J ~ J ~ ~ - W T  


CONCLUSIONS 
Several different channels have been studied for the 
reaction of C,H,O ('BI) with 0 ('P). The most favor- 
able mechanisms, Ia and Ib, start from the attachment 
of the oxygen atom to the carbon C' in the ortho 
position with respect to the CO bond of C,H,O. The 
association takes place without activation energy. Then, 
either hydrogen elimination (mechanism Ia) or 1,2-H 
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Table 2. Molecular and transition-state parameters used in the RRKM calculations 


Species or Ii 
transition state i (10-"gcm2) v j  (cm-') 


TS 1 


A 
B 
C 


A 
B 


TS 3 


TS 4 


1524 
302.2 
455.0 


293.0 
370.5 
556-9 
272.5 
348.0 
581.2 


259.9 
356.7 
603.9 
258.0 
361.9 
615.0 


191,350,427,449,485, 
558,607,715,744,765 
831,894,909,922,945, 
1013, 1087, 1106, 1247, 1262, 
1276, 1392, 1399,1458, 1464, 
3000,301 1,3020,3030,3032 
97, 181 (2). 348,481(4), 
873 (12), 1353 (7), 
3020 (S), 545 
43, 194,261,378,439,449, 
501,535,642,690,717,785, 
871,900,905,917,966,1056 
1081, 1120, 1196,1271,1310, 
1369,1394, 1413, 1495,2855, 
3004,3015,3026,3034 
108,231,322,461 (S), 
753 (10). 1263 (10) 
3024 (4), 9221 
115,270 (2). 533 (a), 
952 (6), 1261 (10). 2027, 
3022 (4), 2050i 


/ 
I 


I 
I 


1 0 ' 7  4 
0 0.5 1 1.5 2 2.5 3 3.5 


1 ooorr 
Figure 9. Arrhenius plots of rate constants from the RRKM calculation for the processes of C6H,0 + 0 + o-C6H,0 + H (kc,  
channel Ia), C$I,O+ O+o-C,H,O(OH) (k,,, channel Ib), and C6H,0 +O+o-C,H,O(O)(H) ( k c ,  stabilization of 2), at 760 Torr 
pressure; k ,  = k, + kd + k.. The molecular parameters used in the RRKM calculation are presented in Table 2. The activation energy 
for formation of 2 from CIHSO and 0 via TS 1 is assumed to be zero; the other energetic parameters were taken from the relative 
energies at the PUMP3 level (Table 1). The average step size used in the calculation with Tme's weak-collision approximation" is 


-(A@ = 1 kcalmol-'. 
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shift from the C2(H)(0) group take place; the latter 
process leads to the formation of the very stable 
C,H,O(OH) radical 6 ,  which can eliminate H by 
mechanism Ib. Both mechanisms produce o-benzo- 
quinone and a hydrogen atom. Of other reaction 
mechanisms, only IIb is expected to be possible at high 
temperatures. It is initiated by oxygen addition to the 
bridging position with the formation of the o-epoxy 
intermediate 9, proceeds by the 0-atom migration to C2 
and is completed by the hydrogen atom elimination. The 
rate-determining step is the initial step with an acti- 
vation energy of 16.1 kcal mol-’. Channel IIc involving 
oxygen insertion into the CC bond with formation of 
the seven-membered nng intermediate 14 cannot 
compete with IIb because the insertion barrier is much 
higher than the barrier for 0 shift. Mechanisms IIa and 
III producing C,H,+02 cannot compete with other 
channels owing to their high activation energies. 


We also expect that the channel with oxygen addition 
to the p-C atom of the ring to form p-C,H,O(O)(H) 
would have the energetics and other parameters similar 
to those of mechanism Ia. Thus, the main products of 
the C,H,O ( * B , )  + O(’P) reaction are o/p-benzo- 
quinones and hydrogen atoms. At low temperatures, the 
system may be trapped in the potential well of the very 
stable C,H,(O)(OH) intermediate 6. At high tempera- 
tures, the reaction would proceed by the formation and 
decomposition of the o/p-benzoquinones. 
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DICARBOXIMIDE-BASED CLATHRATE DESIGN. HOST SYNTHESIS, 
INCLUSION FORMATION AND X-RAY CRYSTAL STRUCTURES OF A 


FREE HOST AND OF INCLUSION COMPOUNDS WITH 2- AND 3- 
METHYLCYCLOHEXANONE, 3-METHYLCYCLOPENTANONE, 
BUTYRONITRILE, PROPAN- 1 -0L and (- )-FENCHONE GUESTS 


EDWIN WBER'  AND CHRISTIANE REUTEL 
Institut fur Organische Chemie der Technischen Universitat Bergakademie Freiberg, Leipziger Str. 29 ,049596  FreiberglSachs, 


Germany 


AND 


CONCEPCION FOCES-FOCES' AND ANTONIO L. LLAMAS-SAIZ 
Departamento de Cristalografia, Instituto de Quimica-Fisica 'Rocasolano' , CSIC, Serrano 11 9 ,  E.28006 Madrid, Spain 


Crystalline host compounds consisting of a roof-shaped dicarboximide framework and pendant diarylethanol 
analogous subunits were synthesized and shown to form inclusion complexes with small organic molecules such 
as alcohols, amines, ketones or polar and apolar organic solvents. Clathrate efficiency and selectivity depend on 
the particular host structure. The crystal and molecular structures of a free host compound (2a) and inclusion 
compounds [2a3-methylcyclohexanone (1 : l), la3-methylcyclopentanone (1 : l), la.2-methylcyclohexanone 
(1 : l), 1b.butyronitrile (1 : l), 1b.propan-1-01 (2: 1) and lb(-)-fenchone (1 : l)] were determined by x-ray 
diffraction analysis. In all the structures, the hydroxyl group is involved in intramolecular hydrogen bonds and 
the host and guest molecules are held by lattice forces only. The channels and cavities left in the host matrix are 
large enough to allow disorder or high thermal displacement parameters of the guest molecules. The local 
packing coefficients for all guests are 042  on average. 


INTRODUCTION 
Host compounds capable of forming crystalline inclu- 
sions (clathrates)' are a great challenge owing to 
potential uses such as in enantiomer separation,* chemi- 
cal sensing' and topochemical rea~tivity.~ Families of 
clathrate hosts involving designed structural 
modifications have attracted particular attention since 
tuning of inclusion properties is feasible. Specific host 
structures feature a long molecular axle with bulky 
groups at both ends,5 a spider type of molecule,6 a 
molecular analogue of a pair of scissors' or a roof.' 
Among these geometric approaches, the molecular roof 
mimic has roved to have broad use either as an individ- 
ual hostsg or in a modular building block 
('clathratogenic group') fashion." Previously we 
transferred the natural and racemic amino acid alanine 


* Corresponding authors. 


along this line into a corresponding crystalline host. 
This was done via modification of the amino acid with a 
roof-shaped dicarboximide clathratogenic group to yield 
l a  and lb." We have studied their inclusion properties 
in detail and did part of the structural work, which 
raised further questions." 


We report here on new potential host molecules of 
this type having additional substituents at the para- 
position of the phenyls (2-4) or being derived from the 
amino acids phenylglycine (5 )  and phenylalanine ( 6 )  
instead of alanine. This work involved the synthesis, 
consideration of inclusion properties and x-ray struc- 
tures of the free host 2a (I) and of six inclusion 
compounds [I1 = 2a3-methylcyclohexanone (1 : l), 
I11 = la3-methylcyclopentanone (1 : l), IV = l a 2 -  
methylcyclohexanone (1 : l), V = 1b.butyronitrile 
(1 : 1), VI = lbspropan-1-01 (2 : 1) and VII= lb.(-)- 
fenchone (1 : l)], thus making possible a correlation of 
the present and the previous clathrate properties and 
structures. 
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RESULTS AND DISCUSSION Inclusion properties 


Synthesis 
Potential host compounds 1-6 (a, b) (see p. 165 for 
structures) were synthesized in three steps from the 
respective amino acids by converting them into the 
corresponding ethyl ester hydrochlorides 7-9, 
followed by a Grignard reaction with the respective 
bromoaryls to give 2-amino alcohols 10-15, and 
reaction with anhydride 16. The crystalline inclusion 
compounds were obtained by single recrystallization 
of the host compound from the respective guest 
solvent, isolation of the crystals and drying under 
standard conditions (see Experimental). 


Previously, host compounds l a  and lb  were subjected 
to a variety of potential guest solvents, and it was found 
that l a  and l b  yielded no less than 56 different crystal 
inclusions (la, 21; lb, 3 3 . "  In order to make possible 
an obvious comparison, the compounds, i.e. modified 
structures 2a-6a, and 3b, were tested with the same 
collection of solvents including alcohols, amines, 
ketones and examples of other compound classes with 
molecules of various shapes and sizes. More strictly 
speaking, the list of solvents shown in Table 1 in Ref. 
11 applies, and crystalline inclusion compounds of the 
present hosts are specified in Table 1 in this paper. A gen- 
eral statement based on Table 1 in Ref. 11 is as follows. 


Table 1. Crystalline inclusion compounds 


Host compound 


Guest solvent 2a 3a 3b 4a 5a 


i-BuOH 
c-PentOH 
c-HexOH 
2-Me-c-HexOH 
3-Me-c-HexOH 
1 -PrNH2 
i-BuNH2 
s-BuNH, 
t-BuNH2 
c-PentNH, 
c-HexNH, 
2-Me-c-HexNH2 
Piperidine 
2-Methylpiperidine 
3-Methylpiperidine 
Pyrrolidine 
Morpholine 
F'yridine 
2-Picoline 
4-Picoline 
Acetone 
Cyclopentanone 
3-Methylcyclopentanone 
Cy clohexanone 
2-Methylcyclohexanone 
3-Methylcyclohexanone 
4-Meth ylcyclohexanone 
Cycloheptanone 
Acetic acid 
Dimethylformamide 
Butyronitrile 
Te trahydrofuran 
1,4-Dioxane 
Benzene 
Toluene 


- 
- 
1:l  
- 
- 
1:l 
2: 1 
2: 1 


2: 1 
1 : l  


1 : l  
2 :  1 


- 


- 


- 
- 
- 
- 
- 
- 
- 
1: l  
1 : l  
1 : l  
1 : l  
1 : l  
1 : l  
1 : l  
- 
- 
- 
- 


2: 1 
- 
- 


- 
2: 1 
1: l  
- 


- 
2:  1 
2: 3 
2: 1 


2: 1 
- 


- 


- 
2:  1 


1:2 


1 : l  


- 
- 
- 


2 :  1 
2 :  1 
1 : l  
3 :  1 
3: 1 


1 : l  
- 


- 
- 
- 


1 : l  
1 : l  
1 : l  


1 : l  
1 : l  
1 : l  
1 : l  
1 : l  
2 :  1 
2 :  l ( 1 :  1) 
1 : l  
1 : l  
1 : l  
1 : l  


2:  1 
1 : l  


2 :  1 


1 : l  
1 : l  
2 :  1 
2 :  1 


- 


- 


- 


- 


"Host: guest stoichiometric ratio. 
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Host compound 2a, in many respects, is similar to 
la , "  but there are also differences. Unlike la,  host 2a 
yields inclusion compounds with small amine solvents, 
whereas 2a is less efficient with pyridines and other 
aprotic or apolar solvents. Moreover, a 2 : 1 host : guest 
stoichiometric ratio is fairly frequent in the case of 2a, 
unlike la. Compound 3a, and in particular 4a, are 
relatively poor inclusion hosts, the latter giving only 
three crystalline inclusion under the experimental 
conditions, and each having different stoichiometric 
ratio. In comparison, 3a (optically resolved species) is 
more efficient than 3b (racemic species), a finding that 
is in clear contrast to the behaviour of la  and l b ,  where 
l b  provides a higher number of inclusion compounds." 


By far the most efficient host of the new com ounds 
series is 5a, although it is still inferior to lb."Com- 
pound 6a failed totally to undergo inclusion formation. 


A reasoned explanation for the individual results is 
difficult, but the following directions can be outlined. With 
reference to the alanine-derived hosts, on going from the 
less bulky 1 via 2 to more bulkily substituted 3, the ability to 
form inclusion compounds gradually diminishes. Replace- 
ment of apolar by polar groups of comparable size, such as 
chloro in 4a instead of methyl substituents in 3a, seems to 


hamper inclusion formation, at least in this particular case 
of substihition pattern. On the other hand, increasing the 
bulk at C(2) of the host framework shows a pronounced 
effect in favour or disfavour of the host efficiency, depend- 
ing on the nature of the substituent. Thus, compared with 
parent host compound la (alanine-derived host)," the 
phenylglycine analogue 5a is definitely superior whereas the 
phenylalanine analogue 6a gave no inclusion compounds at 
all under the experimental conditions. Clearly this suggests 
conformational, interactive and size effects participating in 
the lattice build-up and governing the packing structures. 


In order to elucidate these parameters, we studied the 
crystal structures of free host compound 2a, its inclusion 
compound with 3-methylcyclohexanone (1 : 1) and five 
relevant inclusion compounds of la  and lb ,  i.e. l a 3 -  
methylcyclopentanone (1 : l), la2-methylcyclohexanone 
(1 : l), lb-(-)-fenchone (I : I), 1b.butyronitrile (1 : 1) 
and 1b.propan-1-01 (2 : 1). The last two solvents are not 
accommodated by any host lattice of compounds 2-5. 


Structural studies 
Bond lengths and angles (Tables 2 and 3) show good 
agreement with those found for the previously reported 


Table 2. Selected geometrical parameters and hydrogen bond interactions (A, ") for I-Iv' 


Bond 


I I1 111 I V  


Mol. 1 Mol. 2 Mol. 1 Mol. 2 


C( 1 )--c(2) 1.558(4) 1.545(13) 1.544(11) 1.580(10) 1.563(11) 1.550(12) 
N(5)-C(31) 1.382(3) 1.370(13) 1-379(7) 1.343(10) 1.367(9) 1.382(11) 
N(5)-C(35) 1.396(3) 1.407 (1 2) 1-430(8) 1.419(9) 1.4 12(9) 1.426( 1 1) 
C(31)-O(32) 1.223 (4) 1.21 8 (1 8) 1.2 12( 10) 1.24 1 (1 1) 1 .I 98 (10) 1.203 (1 2) 
C(35)-O(36) 1.206(3) 1.205(16) 1.186(10) 1.205(11) 1.181(11) 1.195(11) 
C(2)-N(5)-C(31) 126.3(2) 127.0(8) 127.9 (4) 127.7 (6) 125.9 (5) 128.3(7) 
C(2)-N(5)-C(35) 121.2(2) 120.6(7) 120-4(4) 1 19.9(6) 119.5(5) 118.6(7) 
o(4) - c (1 )-- C(2)- c (3) 45.2(3) 52.0(11) 50.1 (8) 47.0(8) 53.3(9) 45.9( 10) 
0(4)-C(l)-C(2)-N(5) -8 1.3(2) -76.0(9) -73.9(7) -79.6(7) -74.1 (8) -78.8(8) 
C(ll)-C(l)-C(2)-N(5) 41.6(3) 46.6(11) 49.7(8) 44.8(8) 49.6(9) 46.2(9) 
C(21)-C(l)-C(2)-N(5) 164.5(2) 170.2(7) 169.6(5) 166.1 (6) 170.2(6) 165.3 (7) 
C(3)-C(2)-N(5)-C(31) -69.0(3) -66.7 (1 2) -63.8 (8) -67.7 (9) -58.8(9) -72.0(11) 
C(3)-C(2)-N(5)-C(35) 100.3(3) 98.2(10) 107.1(6) 100.0(8) 107.1 (8) 96.4 (9) 
C(l)-C(2)-N(5)-C(31) 60.3(3) 63.1(11) 63.0(7) 60.6(9) 69.6(9) 54.1 (1 1) 
Intramolecular contact 
0(4)...0(32) 2.7 1 O(3) 2.661 (9) 2.68 l(7) 2.664(8) 2.697 (8) 2.663 (9) 


0(4)-HH(4) 0.79(3) 0.94( 10) 0.84( 10) 0.77110) 0.93(-) 0,87(10) 
H(4)...0(32) 1.94(3) 1.77(10) 1.84(9) 1.93(9) 1.85(-) 1.9 1 (1 0) 


0(4)-H(4)...0(32) 166(3) 157(11) 172(9) 158( 10) 150(-) ~ 9 )  
Intermolecular contact 


Compound X-H..centroid X-H X.-Y H...Y X-H-Y Symmetry 


111 C(24l)-H(241)~~~C(11-16)M01.1 0.87(12) 3.636(16) 2.89(12) 145 (10) x ,  y. 2 


'C(11-16) stands for the centroid of the corresponding phenyl group. I = 2a; I1 = 2a3-methylcyclohexanone (1 : 1); 111 = la3-methylcyclopentanone 
(1 : 1); IV = la2-methylcyclohexanone (1 : 1). 
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Table 3. Selected geometrical parameters and hydrogen bond interactions (A, ") for V-VII' 


V VI VII 


Bond Mol. 1 Mol. 2 


1.466 (9) 1.563(4) 1.527 (6) 1.552(7) 
1.386(6) 1.393(5) 1.384(5) 1.383(6) 


C(1)-C(2) 


1.391 (6) 
N(5)-(3 1) 


1.406(6) 1.389(5) 
C(31)-0(32) 1.212(6) 1.214(5) 1.209(7) 1.212(6) 
N(5tC(35) 


C(35)-0(36) 1.216(6) 1.216(6) 1.206(5) 1.21 3 (6) 
C(2)-N(5)-C(31) 123.3(4) 126.3 (3) 125.5(4) 126.0(4) 
C(2)-N(5+C(35) 123.2(4) 120.8(3) 121.5 (4) 122.0 (4) 


68.0(7) -48.5(4) 53.7(6) 40.8(6) 
-86.1 (5) 


0(4)-c(1 t c  (2F-C (3) 
-73.3(6) 77.8(4) -78.2(5) 


C(l l)--C(l)-C(2)-N(5) 49.8(7) -46.2(4) 43.5(5) 37.0(6) 
O(4)-C( 1 t c  ( 2 t N ( 5 )  


167.8(4) - 166.1 (3) 162.9(4) 1575(4) 
C(3)--C(2>-N(5)-C(31) -69.8(6) 61.9(5) -62.8 (5) -70.5(6) 
C(21t-c(1)--C(2)-N(5) 


93.5(5) - 104.1 (4) 109.4 (5) 106.6(5) 
C(l)-C(2&N(5+C(31) 75.7 (6) -66.3(5) 72.0(5) 58.1(6) 


1.486(6) 


C(3>-C(2tNW-C(35) 


Intramolecular contact 
0(4)...0(32) 
H(4)...0(32) 


0(4)-H(4)...0(32) 
0(4)-H(4) 


Intermolecular contact 


2.662(6) 2.762(4) 2.807(5) 2.733 (5) 
1.71 (-) 1.94 (6) 2.01 ( 13) 1.65(-) 
1.00(-) 0.86(7) 0.88(11) 1.10(-) 


157(-) 159(5) 150( 13) 167(-) 


X-H.-.Y Symmetry Compound X-H-centroid X-H X.-Y H...Y 


VI C(14O)-H(14O).C(ll-16) Mol. 1 0.86(6) 3.566(5) 2.76(6) 158(5) --x. -y, 1 - z 
VI C(213)-H(213)..C(21-26) Mol. 1 1.18(7) 3.876(6) 2.77(6) 156(4) x ,  Y. 
VI C(133)-H(133)..C(38-43) Mol. 1 0.86(6) 3.566(5) 2.76(6) 159(4) --x, -y, 1 - 2 


VII C(48)-H(48)...C(21-26) 0.97(-) 3.864(7) 2.95(-) 158(-) --x, -y, 1 - z 


aC(11-16), C(21-26), C(38-43) stand for the centroid of the corresponding phenyl group. V=lb.butyronitrile ( 1  : 1); VI=lb.propan-l-ol (2:  1); 
VII=lb,(-)-fenchone (1 : 1).  


structures." The shortening of the C(l)-C(2) bond in 
lb-butyronihile could be due to the disorder presented 
by the host [Figure l(a)], in such a way that both 
enantiomers are present at the same position sharing the 
tetracyclic rigid group (the values retained in Table 3 
correspond to the most populated enantiomer). All host 
molecules have as a common feature the OH-O=C 
intramolecular hydrogen bond (Figure l), analogously 
to that previously studied." For the compounds ip this 
work, the O...O weighted distance is 2.721(2) A and 
they present values in the 2.661 (9)-2.807(5) A range. 
The strength of the interaction presented here appears to 
be stronger than the only intramolecular hydrogen pond 
reported so far, for the succinimide ring (2.826 A).'* 
Besides, although this ring forms part of 134 crystal 
structures (data retrieved from the Cambridge Structural 
Databa~e), '~ just seven C=O-HO intepolecular 
interactions occur'o~14-20 (mean 24326 A, range 
2.632-2.946 A). There are also 2< corresponding to 
C=O.-HN hydrogen bonds (2.914 A on average). All 


of them are linear, showing 0-HO angles in the range 
149-177" for the intermolecular interactions and 160' 
for the intramolecular interactions, analogous to those 
reported in the present paper. 


No intermolecular interactions other than van der 
Waals forces (Tables 2 and 3) were observed between 
host and guest, so that this fact and the large voids left 
in the host matrix could be responsible for disorder 
(Figure 2) and for the large thermal displacement 
parameters dis layed by the guest. The local packing 
coefficients (C!= Vwst/VhOlc) for all complexes are 0.42 
on average. Both ends of the range in Cj (0.35-0.53) 
correspond to the guest molecules in 2a3-methylcy- 
clohexanone. The fenchone complex also lies in the 
lowest end of the range (Ci=O-36). The lower the Ci 
value, the greater is the disorder presented by the guest. 


The structures of some compounds are illustrated in 
Figures 3-5. In the host 2a, the replacement of the H 
atoms at the para-position in the phenyl rings of la by Me 
groups seems to significantly affect the crystal packing. In 







P 


Figure 1. (a) An Ortep” view of the molecular structure of the lb-butyronitrile complex showing the. configurational disorder. The 
dotted line represents the intramolecular hydrogen bond. Ellipsoids are drawn at the 30% probability level. (b) Same for the optically 


resolved free host 2a 


U 


c2 


Figure 2. (a) Guest 1 and (b) guest 2 in 2a~3-methylcyclohexanone, showing the disorder around the twofold axis. (c) Guest 1 in 
la3-methylcyclopentanone, displaying the configurational disorder 
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Figure 3. Crystal packing of compound 2a as projected along 
the c-axis 


la,'' the crystallographic unit cell (P2, symmetry) contains 
two independent hosts almost related by an inversion 
centre, whereas in 2a the four molecules in the unit cell 
(P2,2,2, symmetry) are related to each other by a twofold 
screw axis (Figure 3). It is worth noting that la  always 
crystallizes with two independent formula units, be it host 
or host-guest complexes, in the asymmetry unit. The l a  
complexes have the same host matrix which includes the 
cyclohexanone guests without distinction between enanti- 
omen or where the substitution of the Me p u p  took 
place, i.e. 3-methyl or 2-methylcyclohexanone [Figures 
4(a) and (b), respectively]. The corresponding volumes 
and surface area? of these guest molecules similar pn 
average, 110.4 A', 135.6 A2 and 109.6 A', 136.1 A', 


Figure 5. Crystal packing of 1b.butyronitrile down the b-axis 


respec+ely; those for the pentanone are 97.3 A', 
133.3 A*. The relative dispositions of both cyclohexanones 
in their pseudo-isomorphic structures (la host matrix) has 
been obtained with reference to their eigensystem2' com- 
puted without the Me groups in order to make both 
molecules alike. Their centroids are almost coincident but 
guests 1 and 2 are twisted by approximately 52" and 62" 
around the eigenvector that gives the minimum eigenvalue, 
that is, the shortest molecular dimension. The shapes of 
these guest molecules have been analysed by means of the 


Figure 4. Crystal packing of compounds (a) la3-methylcyclohexanone" (for comparison purposes, see text) and (b) la.2- 
methylcyclohexanone down the c-axis 
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ratios of the specific inertial moments of volume to those 
of surface ma.zo Although the 3-methylcyclohexanone 
and 3-methylcyclopentanone molecules depart somewhat 
from rotational symmetry, they seem to be similar and 
appear to have oblate shapes. The guest molecules are 
included in cavities (la3-methylcyclopentanone, 
lb-butyronihile and 2a3-methylcyclohexanone) and 
channels [la2-methylcyclohexanone, 1b.propan-1-01 and 
lb(-)-fenchone]. 


EXPERIMENTAL 
Synthesis. cis-9,10-Dihydro-9,lO-ethanoantracene- 


11,12-dicarbocylic acid anhydride (16) was obtained 
according to the literature.', 


Amino acid ethyl ester hydrochlorides 7-9 were 
prepared from the res ctive amino acids by a modified 
literature procedureZFas described previously." 7a: 
Colourless crystals (93%), m.p. 78 "C (lit.,,, 76 "C); 
[a]: +2.8" ( ~ 7 . 3 7  in H,O) [lit.,,, +3.1" (c2.5 in 
H,O]. 7b: Colourless crystals (97%), m.p. 84-85 "C 
(lit.,2d 86.5-87 "C). 8a: Colourless crystals (98%), m.p. 
196-199 "C (lit.," 197-198 "C); [a]? +91.0" (c 1.93 
in H,O) [lit.,26 +90.7 (c 5.07 in H,O)]. 9a: Colourless 
crystals (65%), m.p. 153-154 "C (lit.,27 154 "C); [a]? 
-7.5" (c 1.71 in H,O) [lit.,27 -7.7 (c 4 in H20)]. 


2-Amino alcohols 10-15 were synthesized via 
Grignard reactions as described for 10a and 15a.28 
However, in all cases, only a fivefold excess of 
Grignard reagent was used instead of an eightfold 
excess, and 13a was prepared in EGO instead of THF to 
prevent the formation of phenylmagnesium chloride. 


10a: From 7a and bromobenzene; colourless powder 
(57%), m.p. 100-102 "C (lit.,,' 101.5-102.5 "C); [a]? 
-85.9" (c 2.77 in CHCI,) [lit.,,' -82.4" ( ~ 0 . 8 1 4  in 
CHCI,)]. 


1laHCI: from 7a and 4-methylbromobenzene; 
synthesis yielded the corresponding hydro~hloride;~~ 
colourless powder (36%), m.p. 235-238 "C; [a]: 
+47.8 "C (c4.28 in MeOH) [lit.,,' +40.7" (c 2.02 in 
EtOH)]. 


12a: From 7a and 4- tert-butylbromobenzene; colour- 
less crystals (36%), m.p. 217-218°C (from EtOH) 
(found, C 81.10, H 9.90, N 4.23; C,,H,,NO requires 
C81.37, H9.80, N4.13%); [a]: -47.1" (c3.03 in 


Me), 1.25 (9H, s, r-Bu), 1-27 (9H, s, t-Bu), 4.06 (lH, 
q, J6.3 Hz, NCH), 7.22-7.57 (8H, m, ArH); m/z 
(FAB; m-NBA) 340.5 (M + H). 


12b: From 7b and 4-tert-butylbromobenzene; colour- 
less powder (43%), m.p. 208-212 "C; spectroscopic 
data correspond to 12a. 


13a: From 7a and 4-chlorobromobenzene; colourless 
powder (37%), m.p. 106-109 "C (found, C 60.53, 
H 5.15, N 4.87; Cl5HI5Cl,NO requires C 60.83, H 5.10, 
N4.73%); [a]: -81.9" ( ~ 3 . 0 1  in CHCI,); 6, 
(250 MHz; CDCI,) 0.92 (3H, d, J6.3 Hz, Me), 1.22 


CHCl3); S, (250 MHz; CDCI,) 0.92 (3H, d, J6.3 Hz, 


(2H, br, s, NH,), 4.04 (lH, q, J6.3 Hz, NCH), 4.36 
(lH, br, s, OH), 7.16-7.42 (6H, m, ArH), 7.46-7.57 
(2H, m, ArH); m/z (FAB, rn-NBA) 296.2 (M + H). 


14a: From 8a and bromobenzene; colourless powder 
(22%), m.p. 128-130 "C (found, C 82.87, H 6.29, 
N 5.00; C20H,&10 requires C 83.01, H 6.62, N 4.84%); 
[a]; -241.3" ( ~ 2 . 4 2  in CHCI,); S, (250 MHz; 
CDCl,) 1-59 (2H, br, s, NH,), 4.66 (lH, br, s, OH), 
5.00 (lH, s, NCH), 6.97-7.20 (9H, m, ArH), 7.26 (2H, 
m, ArH), 7.41 (2H, m, ArH), 7.74 (2H, m, ArH); m/z 


15a: From 9a and bromobenzene; colourless powder 
(26%), m.p. 140-143 "C (lit.,,' 144-145 "C); [a]: 
-82.9" (c 3.07 in CHCI,) [lit.,,' -88.50" (c 0.604 in 
CHCI,)]. 


Dicarboximido alcohols 1-6 were prepared by the 
procedure described for la." For 2a, the hydrochloride 
l laHC1 was used instead of free lla. The synthesis of 
6a gave rise to two atropodiastereomers (6a and 6a'). 


R' 


(FAB, rn-NBA) 290.2 (M + H). 


1 R'= CH3. R'= H 
2 R'= CH3.R2= CH3 
3 R'- CH3. R'= t-BU 
4 R'- CH3. R'= CI 
5 R'= Ph. R2= H 
6 R'= CHzPh. R'= H 


b (2R9 


7 R ' -  CH3 
8 R ' =  Ph 


9 R ' =  CHZPh 11 R'= CH3. R'= CH3 
10 R ' =  CH3. R2= H 


12 R ' =  CH3. R'= t-Bu 


14 R'= Ph. R2= H 


15 R ' =  CHZPh, R 2 =  H 


13 R'= C H ~ .  R'= CI 


&- 
16 


60 6a+ 
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la: From 10a and 16; colourless crystals (61%), m.p. 
206-208 "C (from EtOH)." 


2a: From l l a  and 16; colourless crystals (57%), m.p. 
178-182 "C (from MeOH) (found, C 81.88, H 6.27, 
N 2.91; C35H,,N03 requires C 81.85, H 6.08, N 2.73%); 
[a]: -44.9" (c 4.02 in CHC1,); 6, (500 MHz, CDC1,) 
0.41 (3H, d, J6.9 Hz, Me), 2.19 (3H, s, Me), 2.27 
(3H, s, Me), 2.86, 3.06 (2H, dd, J8.3 and 3.5 Hz, 
CH), 4.71, 4.79 (2H, d, J3.5 Hz, CH), 4.98 (lH, q, 
J6.9 Hz, NCH), 5.85 (lH, S, OH), 6'95-7.43 (16H, 
m, ArH); m/z (FAB; m-NBA) 514.2 (M+H). 


3a: From 12a and 16; colourless powder (64%), m.p. 
322-323 "C (from acetone) (found, C 82.17, H 7.27, 
N 2.14; C4,H4,N0, requires C 82.38, H 7.25, N 2.34%); 
[a]? -44.4" (c 2.51 in CHCl,); 6, (250 MHz; CDCl,) 
0.33 (3H, d, J7.1 Hz, Me), 1.17 (9H, s, t-Bu), 1.22 
(9H, S ,  t-Bu), 2.77, 2.98 (2H, dd, J8.1 and 3.2 Hz, 


J7.1 Hz, NCH), 5.77 (lH, S, OH), 7.08-7.45 (16H, 
CH), 4.65, 4.74 (2H, d, J 3 . 2  Hz, CH), 4.92 (lH, q, 


m, ArH); m/z (FAB; m-NBA+NaOAc) 580.3 
(M - OH), 620.3 (M + Na). 


3b: From 12b and 16; colourless powder (86%), m.p. 
298-300 "C (from EtOH) (found, C 82.23, H 7.24, 
N 2.07; C4,H4,N03 requires C 82.38, H 7-25, N 2.34%); 
spectroscopic data correspond to 3a. 


4a: From 13a and 16; colourless powder (66%), m.p. 
172-176 "C (from EtOH) (found, C 71.67, H 4.45, 
N 2.70; C3,H2&!12N03 requires C 71.49, H 4.54, 
N 2.52%); [ale -53.1" (c 5.485 in CHCl,); 6, 
(250 MHz; CDCl,) 0-30 (3H, d, J6 .8  Hz, Me), 2.84, 
3.06 (2H, dd, J 8.3 and 3.4 Hz, CH), 4.66, 4.75 (2H, d, 
J3.4 Hz, CH), 4.86 (lH, q, J6.8 Hz, NCH), 5.98 


NBA) 554.2 (M + H). 


276-278 "C (found, C 83.33, H 5.28, N 2.69; 


(lH, s, OH), 7.02-7.51 (16H, m, ArH); m/z (FAB; m- 


5a: From 14a and 16; colourless powder (72%), m.p. 


C38H2P03 requires C 83.34, H 5-34, N 2.56%); [a]: 
-108.7" (C 2.275 in CHCI,); 6, (250 MHz; CDCl,) 
2.74, 3.00 (2H, dd, J8 .8  and 3.4 Hz, CH), 4.63, 4.66 
(2H, d, J 3.4 Hz, CH), 5.92 (lH, S ,  NCH), 6.09 (lH, 
s, OH), 6.31 (2H, d, ArH), 6.75-7.35 (19H, m, ArH), 
7.44 (2H, d, ArH); mlz (FAB, m-NBA+NaOAc) 
548.2 (M + H), 507.2 (M + Na). 


6a and 6a': From 15a and 16; colourless crystals 
(61%) (found, C 83.43, H 5.73, N 2.75; C,9H,,N03 
requires C 83.40, H 5.56, N 2.49%); m/z (FAB; m- 
NBA + NaOAc) 562.2 (M + H), 584.1 (M + Na). 6a: S, 
(400 MHz; CDCl,) 2.03 (lH, dd, CH,), 2.64, 2.80 
(2H, dd, CH), 3.06 (lH, dd, CHJ, 4.65, 4.68 (2H, dd, 
CH), 5.31 (lH, dd, NCH), 5.86 (lH, S ,  OH), 


2.43 (lH, dd, CH), 2.60 (lH, dd, CHI), 2.88 (lH, dd, 
CH), 3.17 (lH, dd, CHJ, 444, 4.54 (2H, dd, CH), 
5.34 (lH, dd, NCH), 6.04 (lH, S,  OH), 6.41-7.62 


6.41-7.62 (23H, m, ArH). 6a': 6, (400 MHz; CDCl,) 


(23H, m, ArH). 


Crystalline inclusion compounds. These were 


obtained by recrystallization of the corresponding host 
compound from a minimum amount of the respective 
guest solvent. The crystals formed were collected by 
suction filtration, washed with an inert solvent (MeOH) 
and dried [ l  h, 15 Torr (1 TOK= 133.3 Pa), room 
tem erature]. Host-guest stoichiometry was determined 


given in Table 1. 
Sample preparation. Host-guest crystals of l a  and 


2a suitable for x-ray analysis were obtained by slow 
cooling of a solution of the corresponding host com- 
pound in the guest solvent (3-methylcyclopentanone, 2- 
or 3-methylcyclohexanone, propan- 1-01, butyronihile 
and (-)-fenchone). Single crystals of the free host 2a 
were grown from MeOH solution. 


X-ray structure determination. Single crystals were 
sealed in Lindemann glass capillaries. Crystal data and 
refinement parameters are given in Table 4 and 5. The 
structures were solved by direct and refined 
by least-squares p roced~res .~~  When solving the struc- 
ture of the 1b.butyronitrile complex, disorder of the 
host molecule around the asymmetric C(2) carbon atom 
was observed and in this case a new set of data at 225 K 
was collected and a disorder model established. The 
population parameter refined to 0.68(2), 0.38(2) for the 
thick and thin lines in Figure l(a). Hydrogen atoms 
were located in Fourier difference maps except some of 
the guest molecules. In spite of the high atomic dis- 
placement parameters displayed by the guest molecules, 
and the lack of interactions between host and guest (see 
Discussion), we were not able to collect new sets of 
data at low temperature. However, a disorder model 
could be obtained for the complexes mentioned below 
and their population parameters refined. For 2a3- 
methylcyclohexanone, the Me group of two out of four 
guest molecules in the unit cell was modelled by two 
sites related by a crystallographic twofold axis at 
(O,O, 1h) [atoms C(1), C(4) and O(7) lie on the axis, 
Figure 2(a)]. The same happens to the other two guest 
molecules, but now the oxygen atom is also disordered 
around a twofold axis at (O,O, 0) [C(3) and C(6) on the 
twofold axis, Figure 2(b)]. In la3-methylcyclopent- 
anone, the two independent guests are disordered in 
such a way that both enantiomers are present in the 
same host-lattice void sharing all atoms except the 
asymmetric carbon [Figure 2(c)]. The site occupancies 
refined to 0.49(3), 0.51(3) for guest 1 and 0.53(2), 
0.47(2) for guest 2 correspond to SIR and RIS enanti- 
omers, respectively. Nevertheless, in la2-methylcy- 
clohexanone, in spite of the high thermal displacement 
parameters displayed by guest 1 (two independent 
guests in the asymmetric unit), no disorder model could 
be obtained. The crystal structure of the complex l a 2 -  
methylcyclohexanone is pseudo-isomorphous with that 
of la3-methylcyclohexanone reported previously." 
The pseudocisomorphism was checked by half normal 


by P H NMR integration. Data for each compound are 
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Table 5. Crystal analysis parameters for V-VII' 


V VI VII 


Crystal data 
Formula 
Crystal habit 
Crystal size (mm) 
Symmetry 
Unit cell determination 


Unit cell dimensions (A, ") 


Packing: V (A'), Z 
D, (g cm-'), M, F(000) 
p (cm-l) 


T (K) 


Experimental data 
Technique 


0,- 
Scan width 


Decay 
No. of reflections: 


Independent 
Observed 


Solution and refinement 
Solution 
hast-squares on F,  
Final shiftlerror 
Weighting scheme 
Final A F  peaks 
Final R and R, 


C33H*,NO3.C,H,N 
Colourless prism 


Monoclinic, P2Jn 
Least-squares fit from 58 


reflections (0 < 45") 


0.33 x 0.17 x 0.17 


(I = 20.5022(24) 
b= 12.1211(13) 
C =  12.1110(14) 
90 
104,463 (1 1) 
90 
2914.3(6), 4 
1.264, 554.69, 1076 
5.97 
225 


2(C33H27N03'C3H80 


0.47 x 0.30 x 0.20 
Colourless prism 


Triclinic, P1 
Least-squares fit from 81 


reflections (0 < 45") 
a =  14.4623(15) 
b= 19.1712(34) 
c = 10.5326(7) 
104.797(9) 
94.736(4) 
102.150(11) 
2371-3(6), 2 
1.196, 983.26, 1044 
5.38 
295 


0.40 x 0.33 x 0.33 
Monoclinic, P2Jc 
Least-squares fit from 81 


reflections (0 < 45") 
a = 11.5238(5) 
b = 12498(5) 
c = 24.5534(16) 
90 
92.060(4) 
90 
3520.4(3), 4 
1.203, 637.82, 620 
5.66 
295 


Four-circle diffractometer: Philips PW 1100. Bisecting geometry, w/20 scans 
Graphite oriented monochromator: Cu Ka.  Detector apertures 1 x 1" 


65" 60" 60" 


1 minlreflection 1 min/reflection % minlreflection 
1.4" 1.5" 1.6" 


Two standard reflections monitored every 90 min 
1.1% 1 .O% 5.0% 


4879 8130 5161 
3424 [30(I) criterion] 6129 [30(I) criterion] 3499 [3a(I) criterion] 


Direct methods Direct methods Direct methods 
2 blocks 5 blocks Full matrix 


Empirical as to give no trends in (wA2F) vs (~FObs~)  and (sin @/A) 
0.27 e-3 0.83 e-3 0.46 e-3 


0.14 0.13 0.24 


0.089,0.092 0.082,0.088 0.093, 0.1 11 


"V=lb.butyronitrile (1 : 1); VI=lb.propan-l-ol (2:  1); VII=lb.(-)-fenchone (1 : 1). 


probability plots.35 A fairly linear plot was obtained 
when the fractional coordinates of the non-hydrogen 
atoms of the host molecules were compared (correlation 
coefficient p = 0.996). The main differences are due to 
the orientation of the guest molecules (see Discussion). 
All the calculations were performed on a VAX6410 
computer. Most of them were carried out using the 
XRAY8O system.% The atomic scattering factors were 
taken from the 


CONCLUSIONS 
All the crystalline inclusion compounds reported here 
can be considered of 'true clathrate type' since none 


presents any kind of interaction between host and guest 
other than derived from van der Waals forces. This lack 
of directional interaction seems to be responsible for 
crystallographic disorder of the guests. Besides, the host 
disorder observed in the 1b.butyronitrile complex 
indicates that these molecules may give rise to problems 
when being used as chiral selectors since in this particu- 
lar case they are unable to recognize their own chirality. 
On the other hand, the presence of a methyl group in the 
para-position on the phenyl rings as in 2 led to a drastic 
change in the crystal packing modes. 


In summary, the present host molecules seem to be 
already in a satisfied bonding state with the hydroxyl 
group being involved in a fairly strong intramolecular 
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hydrogen bond. Breaking of this bond is therefore a 
critical point for obtaining new host molecules of this 
type that show chiral recognition properties. 


SUPPLEMENTARY MATERIAL 


Lists of the structure factors, atomic coordinates and 
thermal components for the non-hydrogen atoms, 
hydrogen atom parameters and bond distances and 
angles are available from C.F.-F. on request. 
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PREDICTION OF HYDROGEN BOND BASICITY IN NITRILES FROM 
DIPOLE MOMENTS, MESOMERIC EFFECTS AND ELECTROSTATIC 


POTENTIALS 


MARTINE HERAIL, MICHEL BERTHELOT AND ALAIN PROUTIERE' 
Laboratoire de Spectrochimie, Facultt des Sciences et des Techniques, Universitt de Nantes, 2 Rue de la HoussiniPre, 44072 Nantes 


Cedex 03, France 


Measured molecular dipole moments and theoretical percentages of mesomeric zwitterionic forms were used to 
calculate the attractive electrostatic potentials at short, V(s ) ,  medium, V(m), and long, V(I), distances. Values 
of an attraction power function @(H) = A + BV(s)V(m)V(I) was then deduced for 18 nitriles and cyanamide 
vinylogues or iminologues along the C IN direction. The satisfactory agreement observed between b(H) and the 
hydrogen bond basicity scale pK,, indicates that the method can be a useful tool for the prediction of hydrogen 
bonding, needing only simple calculations and allowing easy interpretation. 


INTRODUCTION 
The hydrogen bonding basicity of a large set of 
ordinary and super-basic nitriles has recently been 
measured by IR spectroscopy. The basicity is 
expressed in terms of the logarithm of the formation 
constant, K,,, of the 1:  1 complex between 4- 
fluorophenol and the nitrile XCN in CCI, at 298 K: 


pK,, = logI,[(complex)/(4-fluorophenol)(XCN)] 


(1) 
A good correlation was observed between the ther- 


modynamic hydrogen bond basicity scale, pK,,, and a 
spectroscopic scale Av(0H)  (the IR frequency shift of 
the OH peak of methanol upon association). Although 
the latter allows good basicity prediction, it does not 
give any information on the electrostatic phenomena 
which are known to be the basis of such specific effects. 
Electrostatic studies in relation to the basicity scales 
have emerged from the past three decades,3-'" in order 
to interpret and obtain a theoretical prediction of the 
hydrogen bonding (ability) of molecules. 


The method of Gramstad is related to the analysis of 
experimental dipole moments: comparison between the 
value of the molecule acceptor (pA) and the value of 
the acceptor-donor complex (pDA).4-6 In general, he 
obtained no smooth correlations between p and Avo, 


Author for correspondence. 


and the detailed analysis is not straightforward. Politzer 
and co-workers7-' used electrostatic potentials in the 
quantitative description of hydrogen bonding. The local 
minimum potential (V,,,,,) is calculated from an ah initio 
self-consistent field molecular orbital (SCF-MO) 
wavefunction. He showed that Vmin within several 
different families of solvents, treated separately, 
correlates well with the correspondin jl values, linearly 
connected to pKHW Recently, Kenny " made an advance 
in this method, particularly by considering the electric 
field F ( r ) ,  in addition to the electrostatic potential V ( r ) ,  
at specified distances r from the acceptor atom. He also 
used quantum mechanical calculations and succeeded in 
obtaining suitable correlations between V ( r ) ,  F ( r )  and 
the hydrogen bond basicity pK, (directly related to 
pK,,) in a set of heterocycles with nitrogen acceptors. 


In this paper, we propose a practical way of combin- 
ing the main advantages of these methods. We consider 
the attractive electrostatic potential V ( r )  of the acceptor 
molecule, following the Politzer and co-workers' and 
Kenny's general points of view. We perform simple 
classical V ( r )  calculations based on the measured dipole 
moments of the acceptor molecule (pA) ,  which is a 
realistic and suitable basis. In fact, a recent dipolmetric 
study '',I2 suggested the present work to us. 


We present a general calculation method for the 
vector p of charged mesomeric forms, which allows 
one to obtain values of the mesomeric form percentages 
and of the vector p orientations for each molecule. 
Also, in the study on the basicity of nitriles, mentioned 
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previously, we noticed that the more basic nitriles, 
cyanamides and iminologues, present two resonance 
structures (or mesomeric forms) which could explain 
their strong hydrogen-bonding ability. I For these 
reasons, we thought that our improved calculation 
method of mesomeric effects in dipolmetry I ’  could be a 
useful tool for the prediction of pKH, for such 
molecules. We therefore decided to study in this way 
seven cyanamides and cyanamide vinylogues or 
iminologues together with eleven nitriles without 
resonance effects, to embrace a larger structural field of 
about 1.6 pK,, units from acrylonitrile to a cyanamide 
iminologue. In the following sections experimental 
dipole moments are presented, dipole moment calcula- 
tions are detailed with a preliminary analysis, then our 
calculations of the molecular attraction power @(H) are 
described and finally the correlation between @(H) and 
pK,, is discussed. 


EXPERIMENTAL 
Materials. Spectroscopic-grade carbon tetrachloride 


and benzene were dried over molecular sieves. Cyana- 
mides were purified commercial compounds. The 
synthesis of Me2NCH=NCrN and Me,NC(Me)= 
NC =N have been described. ‘ ‘ . I 3  


Dipole rnornent measurements. Refractive indices, t i ,  
were measured on an Abbe refractometer from Zeiss, 
densities, d, on a DMA 48 densimeter from Anton Paar 


and dielectric constants, E ,  on a DMOl dipolmeter from 
WTW. Solutions were made up in benzene and in 
carbon tetrachloride in the concentration range (weight 
fraction W) 0.0005-0.01. The experimental dipole 
moment value was deduced from the classical equations 
of Guggenheim and Smith (also called Hedestrand’s 
equation)I4 [equation (2)] and of Halverstadt and 
Kumler” [equation (3)l. 


pi= (Eo27 k T M 2 / N A ( & ,  +2)2 d l ) [ ~ ( & ) - U ( l Z 2 ) )  (2) 


(3) /.$= (E, ,  27 kT M J N , ( & ,  + 2)2 ~ , ) [ u ( E )  - Y] 
with 


Y =  [(el + 21/31 
~ “ , d i ( & ,  + 2 ) W  ~ 2 ~ 0 - ( ~ 1 - 1 ) ( 1 - ~ ( d ) / d i ) l  


and a ( x ) =  (dx/dW),  for x =  E ,  n2 or d. The s u b  
script 1 denotes a solvent property and subscript 2 a 
solute property, the other quantities being related to 
solutions. M is the molecular weight, T the temperature 
(in K), k the Boltzmann constant, NA Avogadro’s 
number and E ~ ,  the permittivity of vacuum. The mean 
molecular polarizability ci, deduced from the additivity 
of atomic polarizabilities using Vogel’s system. ‘6*17 In 
all cases we neglected atomic polarizabilities, which is 
legitimate considering the high measured p values. l 6  


Moreover, equations (2) and (3) led to the same p 
values, within experimental uncertainties. Measure- 
ments and related dipole moments studied in solutions 
are presented in Table 1, together with literature data. 


Table 1. Experimental dipole moments ( p )  and related measured slopes a(E),  a(tz2) and a(d )  (g cm-3) at 293 K and 1 atm 


No. Compound 


In carbon tetrachloride In benzene 


a ( & )  a ( n 2 )  a(d )  p (D)* a ( & )  a(n2) n ( d )  p (D)’ (Lit.)h 


1 
2 
3 
4 
5 
6 
7 
8 
9 


10 
11 
12 
13 
14 
15 
16 
17 
18 


Acrylonitrile 
Benzonitrile 
Benzylcy anide 
o-Toluonitrile 
Trimethylacetonitrile 
Butyronitrile 
Acetonitrile 
Propionitrile 
Isobutyronitrile 
Cyclopropyl cyanide 
4-Dimethylamino benzonitrile 
Cyanamide 
Dimethylcyanamide 
I-Piperidine carbonitrile 
Diethylcy anamide 
trans-3-Dimethylaminoacryloni trile 
N I ,N’-Dimethyl-N’-cyanoformamidine 
N ’ ,N1-Dimethyl-N’-cyanoacetamidine 


30.61 -0.55 -0.90 3.98 17.43 


50.75 -0.27 -1.10 3.40 32.97 


55.83 0.36 -0.78 6.39 33.31 


48.96 -0.30 -1.08 4.17 29.92 
38.31 0.0 -0.85 4.61 22.47 
43.30 0.24 -1.27 4.63 22.89 


44.85 
50.18 
49.91 


0.0 0.12 


0.0 -0.10 


0.40 0.15 


-0.23 0.04 
-0.10 0.12 
-047 0.0 
0.92 0-90 
0.32 0.19 
0.0 0.19 


3.3 
4.01 4.05 


3.59 
3.81 
3.61 
3.60 


3-49 3-47 
3.69 
3.62 
3.78 


6.57 6.60 
4.30 


4.35 4.36 
4.71 
4.52 
6.12 
6.59 
7.04 


‘Our experimental uncertainties Ap are from 0.03 D (for p = 3.40 D) to 0.08 D (for p = 7.04 D). 
hLit.: Literature data from Ref. 18. 
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Experimental p values of most compounds were 
taken from Ref. 18. In Table 1, the data on the five last 
compounds are original, the corresponding p values not 
being available in the literature. In order to ensure the 
validity of the experimental data, we first decided to 
perform a comparison between our results in carbon 
tetrachloride and in benzene and the literature data for 
nine compounds. Except for the three last compounds, 
no significant deviations occur in the various p values. 
For the three last compounds in Table 1 ,  we observed in 
carbon tetrachloride solutions a strong decrease of the 
measured p valuewith concentration, indicating the 
presence of specific associations (such as dimers). In 
fact, extrapolation to W = O  gives p values similar to 
those in benzene, but the values so extrapolated in 
carbon tetrachloride are inaccurate and hence are not 
given in Table 1. We therefore selected the data 
obtained in benzene for the calculations, because they 
are homogeneous, and literature data in the other 
compounds. 


CALCULATION OF DIPOLE MOMENT VECTORS 


General calculation equation 
Our method, described in detail earlier," is a simple 
combination of the additivity of covalent bond 
moments and of intramolecular electrostatic calcula- 
tions. It leads to the following expression for the 
calculated molecular moment (in chemical 
notation): 


I 


x /I + 1 a,[N-X,/(N-XJ3 - N'X,/(N'Xj)3]\ (4) 
I i  I 


where ,u is in D, distances ip A and the mean polariz- 
ability, bj,  of atom Xj  in A3. c i p i ( 0 )  is the sum of 
covalent bond moments. The three other terms must 
be considered for molecular forms containing the 
charged atoms N' and N-  (zwitterionic forms 
denoted 2 in Figure 1); 4.8031 is the moment of the 
real charges +!el and -[el  on N+  and N- ,  respect- 
ively ( I  =N'N-). The third and the fourth terms 
comprise the sums of the moments induced by the 
charges -1el and + /e l  on all the other atoms of the 
molecule. 


Details of calculation parameters 
Geometric parameters (bond lengths and angles) and 
structures used in our calculations are reported in Table 
2 and Figure 1 (for simplification and consistency 
reasons we adopted ideal mean values). For the zwitter- 
ionic forms (2) all those parameters are needed but for 


the uncharged forms (l), only the bond angles are 
necessary because peal, = X p i ( 0 ) .  Electro-optic para- 
meters are given in Table 3. As already commented 
upon,"." we adopted values for charged atoms N' and 
N- similar to those observed in ions, i.e. 
a(") =0.494d(N) and d(N-)  = 1.256(N) from 
comparison between the species NH; and NH, and 
between anions and atoms F, CI, Br and I.17 Moreover, 
because molecular d value must be constant, we 
reported differences a(N) - a(") = +6 and 
6(N)-6(N-)=  -6 on bonded atoms (with an equal 
part for each single bond for + 6). 


Results of calculations 


The x ,  y,  z components of the vectors p(1) and p(2) of 
the two canonical structures calculated through equation 
(4) are given in Table 4 together with their correspond- 
ing percentages y ,  , p 2 .  The experimental values peXp are 
also reported in Table 4. pexp can be determined by a 
statistical averaging of the two limiting forms as 
follows: 


1OOPexp=P,P(l) + ~ 2 ~ ( 2 )  (2) 


Thus, from components p(l) ,  p(2) and from pexp, y ,  
and y 2  are calculated using the expression 


(1OO~exJZ= [ ~ l ~ u , ( l )  +p2pu,(2)12 
+ [PIPJl) +P2P,(2)I2 + [PIPAl)  + P2P2(2)I2 (5 )  


with 1 0 0  = y ,  + pz. 
The p components are 


Pr =PlP,(l) +y2/41(2); P ,  =y,p,(1) +p2,u,(2); 
P: = P I P A 1 )  + P 2 P m  (6) 


pKHB values'.2 are also reported in Table 4 for the 
following preliminary analysis. Comparison of peXp and 
y, with pK,, shows a global consistency between the 
two electrostatic properties and the basicity. High values 
of pexp and p 2  are generally related to a strong basicity 
but the correlation is not smooth. For instance, in spite 
of a higher pe,, value, benzonitrile is less basic than 
acetonitrile. For 4-dimethylamino benzonitrile a strong 
value of peXp and a medium value of y, correspond to a 
relatively low value of pK,,. This inadequate correla- 
tion in the details corroborates previous 
and is not surprising. Indeed, peTp and y,  describe well 
the electrostatic state of a molecule but not its ability to 
attract protons along specific directions and at various 
distances. The effective attraction criterion is evidently 
the electrostatic potential V ,  as claimed by Politzer and 
co-workers7-' and detailed in the next section. In fact, 
the theoretical expressions for Vat a distance r from the 
molecular acceptor are as follows: for a dipole, 


v = p cos 8/4n&r2 (7) 







Table 2. Structural parameters used in the calculations 


( a )  Bond lengths 
C-H(CH,) C-H(CH2) Car-H C-C Car-C,, Car-C C-C(=C) 
1.10 1.07 1.08 1.54 1.40 1.50 1.51 


/‘\ C-C(=N) C=C CIN C=N C-N N-H 
c-c 


1.56 1.46 1.33 1.16 1.34 1.47 1.01 


(b)  Bond angles (“)ly.n’ 


x - Y - z  X = Y - z  x = y = z  x=y-z 
109.46 120 180 180 


X, Y,  Z =  C, Nor H 


Table 3. Electro-optic parameters used in the calculations 
~ 


( a )  Atomic mean po1ari:abilities 6, (AJ)‘’ 
H C C,i, f N  -N= >k =rrJ 


0.408 1.027 1.322 1.088 1.400 0.692 1.750 


(b )  Bond moments p, (D)‘h.Z1-23 
H-C,, H-C,,, C-N C=N C=N H-N m (ar/C=N)” 
0 0.30 0.45 1.80 3.19 1.31 0.82 


‘The mesomeric moment ~n (along C s N )  is deduced from comparison between 
benzonitrile and acetonitrile pcxp values. This /n value is adopted in benzonitrile, 
o-toluonitrile and 4-(dimethylamino)benzonitrile. 


Table 4. Calculated dipole moment components [p(1) for uncharged form, ,142) for zwitterionic form], 
experimental values p,,, and percentages pI and p z  of mesomeric forms ( p  in D) 


ComPund ~ t ( 1 )  ~,(l)  PA^) ~ ~ ( 2 )  ~ , ( 2 )  ~ ~ ( 2 )  P,,, pi pz ~ K n s l . ~  


1 3.19 
2 4.01 
3 3.39 
4 3.86 
5 3.49 
6 3.49 
I 3.49 
8 3.49 
9 3.49 


10 3.63 
11 4.07 
12 3.62 
13 3.25 
14 3.47 


15 ; 3.25 


16 3.25 


17 3.70 


18 ; 3.55 


0.0 
0.0 


-0.28 
0.26 
0.0 
0.0 
0.0 
0.0 
0.0 
0.26 
0.0 
0.0 
0.0 
0.0 


0.0 


0.0 


- 1.56 


- 1.82 


0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 


- 0.7 1 
- 1.23 
-0.71 
-0.60 


-0.71 


-0.71 


-0.71 


-0.71 


22.45 
9.28 
8.83 


10.50 


7.40 
8.86 


17.94 


16.09 
12.18 


14.79 
12.8 1 


0.0 
0.0 
0.0 
0.0 


0.0 
0.2 1 


-5.28 


-5.51 
1.37 


-5.94 
0.56 


0.0 
0.0 
0.0 


-0.99 


0.0 
0.0 
0.0 


0.0 
- 1.19 


0.0 
-1.19 


3.30 
4.01 
3.59 
3.81 
3.61 
3.60 
3.49 
3.69 
3.62 
3.78 
6.57 
4.30 
4.35 
4.71 


4.52 


6.12 


6.59 


7.04 


100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
87 
91 
81 
83 


70 
78 
81 


80 
67 


75 
64 


0 0.70 
0 0.80 
0 0.83 
0 0.83 
0 0.89 
0 0.89 
0 0.91 
0 0.96 
0 1.00 
0 1.03 


13 1.23 
9 1.49’ 


19 1.56 
17 1.58 


30 1.63 
22 
19 1.70 


2o 2.09 
33 


25 2.24 
36 


’ Roughly estimated from compounds 13 and 15: pKH,(13) - pKH,(12) = pK,,(15) - pKH,(13). 
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Figure 1. Molecular geometries and structures (only informa- 
tion complementary to Table 2 is given; x, y and z are the 


Cartesian axes of reference 


and for a real charge, 


where 8 is the angle p, r and E ,  the permittivity, can be 
considered as a constant for the studied series. Hence it is 
clear that in addition t o p  and y2, the factors cos 8/r2 and 


v =  q/4nEr (8) 


l / r  must be analysed. Examination of cos 8/r2 in Table 5 
(detailed in the next section) gives a consistent interpreta- 
tion of the two discrepancy examples already mentioned. 
The lower pKHB of benzonitrile is due to a lower cos 8/r2 
value, 2-85 x instead of 6.19 x for acetonitrile. 
The relatively low pKHB of 4-dimethylamino benzo- 
nimle is due to a very low cos 8/r2 value: 1.98 x 
(arbitrary units). 


CALCULATION OF THE MOLECULAR 
ATTRACTION POWER @(H) 


Electrostatic attraction potentials V at characteristic 
distances 


The calculation of the attraction potential V in each 
point of the space around the molecule is complicated 
and not practical for easy interpretation. Consequently, 
we decided to calculate V in the direction of the C=N 
bond and at three significant distances. The choice of 
the C=N direction is logical because pKHB values 
correspond to the related N atom and to the more 
statistical1 probable orientation for the hydrogen 
bonding.'] Moreover, Kenny "I already adopted an 
equivalent orientation in heterocycles with nitrogen as 
bond acceptor, along the lone pair axis of N. We 
adopted the centre of mass G for the interacting site of 
the molecule at medium and long distances because it is 
the mean position of both the positive and negative total 
electric charges centres.2h At short distance we consid- 
ered only the end part of the molecule acceptor (C EN 
or C=N-), which induces almost the whole potential. 
For theo medium and short gositions we adopted a point 
at 2.7 A and a point at 1-5 A from the N atom along the 
C =N direction, respectively. These distances are 
characteristic of the yan der Waals radii of the atoms N 
(1-5p) and H (1-2 A)m implied in the hydrogen bond, 
2.7 A being the sum. In his stydy, Kenny noticed that 
similar distances, 1-4 and 2.5 A, led to optimal fits for 
electrostatic potential and field, respectively. I" This 
coincidence can be considered as an independent 
justification. Below we detail our V expressions, based 
on equations (7) and (8) applied to the two canonical 
forms. These V expressions are relative, particularly 
because we assumed that 4n.5 is constant in the whole 
series. Unspecified arbitrary units for V are used, our 
aim being a comparative study. 


Electrostatic potential V ( s )  at short distance 
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p(C=N) and p(C=N) are the moments of the CIN and 
C=N bonds; I, and l , ,  the interacting distances of bond 
moments, are the sum of the Van der Waals radius of 
N, rN, and of the half bond length; q(N-) is the 
electrostatic charge, lei, on atom N in the zwitterionic 
form 2. In practical calculations, .pI and p a  are 
expressed ino%, p in D, 1, and 1, in A, r N =  1-5 A and 
q = 4.803 D A-I. From the parameters in Tables 2-4 we 
deduced the V(s) values reported in Table 5. 


Electrostatic potential V(m) at medium distance 


f 


G, and G2 are the molecule centres of mass and H the attracted 
atom. 


where p(1) and p(2) are the molecular dipole vector 
intensities of forms 1 and 2; ri is thoe interacting 
vector GiH = GIN + NH, with NH = 2.5 A along C =N 
or C=N; O i  is the angle pi, Ti. With the units already 
noted and from parameters in Tables 2-4 and Figure 
1, we deduced the V(m) values reported in Table 5. It 
may be noted that the scheme of global molecular 
moments is an approximation, suitable for simple 
calculations. 


Table 5. Electrostatic attraction potentials V of molecules (1 =a t  long distance, m =at  medium distance, s = at short distance), 
proton attraction power @(H) [= 0.52 + 0.929V(s)V(m)V(l)] and comparison with pKHBl 


1 
2 
3 
4 
5 
6 
7 
8 
9 


10 
11 
12 
13 
14 


15 ; 


4.86 
2.85 
2.83 
2,94 
4.07 
3.79 
6.19 
4.80 
4.39 
4.61 
1.98 
6.10 
4.36 
3.62 
4.16 
3.85 


3.30 
4.01 
3.59 
3.8 1 
3.61 
3.60 
3.49 
3.69 
3.62 
3.78 


1.96 6.54 
5.89 4.15 
4.23 4.31 
3.35 4.66 


0.160 
0.112 
0.101 
0.112 
0.147 
0.136 
0.222 
0.177 
0.159 
0.174 
0.130 
0.250 
0.190 
0.171 


0.737 
0.737 
0.737 
0.737 
0.737 
0.737 
0.737 
0.737 
0.737 
0.737 
1.107 
0.993 
1.278 
1.22 1 


0.38 
0.33 
0.27 
0.32 
0.39 
0.36 
0.57 
0-48 
0.42 
0.49 
0-94 
1-03 
1.05 
0.97 


1.16 4.05 4.49 0.187 1.592 
3.75 4.49 0.162 1.364 


0.87 0.70 
0.83 0.80 
0.77 0.81 
0.82 0.83 
0.88 0.89 
0.85 0.89 
1.05 0.9 1 
0.97 0.96 
0.9 1 1 .oo 
0.98 1.03 
1.40 1-23 
I .50 1.49' 
1.50 1-56 
1.42 1.58 


I .60 1.63 


16 2.61 2.55 6.01 0.160 1.278 1-23 1.65 1.70 


17 


18 ; 
2.62 


2.65 


1.63 2.48 6.14 0.170 1.307 
2.53 6.5 1 0.174 1.677 


1.449 2.59 6.36 0.183 
2.40 6.92 0.181 1.763 


1.96 


2.03 2.09 


2.34 2.24 


'All  values are in arbitrary units with p in D, q in D A - '  and r in A (see text). For compounds 15,17 and 18, V(s)V(m)V(I) and O(H) values are the 
mean values of a and b. For compounds 1, 3-6 and 8-10, we adopted the pCxr values. more realistic than the calculated p( I )  values. 
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Electrostatic potential V(I) at long distance 
When the interacting distance r is large in relation to the 
molecular size, r is the same for all molecules and must 
be regarded as constant. Then equation (10) becomes 


ioov(1) p(i)cos el +p2p(2)c0s e2 (11) 


The V(1) values so obtained are reported in Table 5. 
The comparison of V(l), V(m) and V(s) with pK,, 


indicates a regulate qualitative correlation: low values 
of the three potentials always correspond to low pK,, 
values and high values lead to high pKHB values. Hence 
the qualitative consistency of the method seems 
unambiguous. 


MOLECULAR ATTRACTION POWER @ ( H )  AND 


From the Maxwell-Boltzmann statistical d i~ t r ibu t ion ,~~ 
the number of H + d  (of the molecule donor) attracted at 
short, medium and long distances are 


N ( i )  = b(i)exp[a(i)V (i)/kTl 
where i = s  (short), m (medium) or 1 (long). h ( i )  is 
assumed to be constant in the homogeneous series 
studied and a ( i )  is a factor related to the attraction 
energy. Then, from the general probability rules, the 
total number of attracted H +' can be expressed as the 
product N =N(s)N(m)N(l). We expressed the molecu- 
lar attraction power with the function 


CORRELATION WITH pKH, 


@ ( H )  = log N (12) 


(13) @ ( H )  = A + xu'(i)V(i) 


where i = s ,  m or 1 and a'( i )=a(i) /kT; 
A = log[h(s)b(m)h(l)] is a constant. Indeed, 
b( i )  = N ( i )  for V(i) = 0 in the statistical distribution; 
this indicates that A depends mainly on the concentra- 
tion and on the solvent properties, which must not vary 
for similar compounds studied under the same 
conditions. 


In fact, because V(s), V(m) and V(1) are three values 
of the same molecular attraction potential, the limiting 
conditions lead to a'(s)V(s) = a'(m)V(m) = a'(l)V(I). 
The general solutions of these equalities are 
a'(s) = (B/3)V(m)V(I), a'(m) = (B/3)V(s)V(I) and 
~ ' ( 1 )  = (B/3)V(s)V(m). Finally, we obtain 


@ ( H )  = A  + BV(s)V(m)V(l) (14) 
In the general case, B is a function of a'( i)  and V(i). 
Because it is not possible to obtain this function prec- 
isely from our simple model and in order to simplify 
our analysis, we arbitrarily decided to take B as a 
constant in the studied series. 


The values of the characteristic product 
V(s)V(m)V(l) are given in Table 5. The agreement 
between its variation for the studied nitriles and the 


pKHB scale is satisfactory, as expected from two proper- 
ties representing the logarithm of the complex (or 
associated protons) number. The V(s)V(m)V(I) values 
are systematically lower, which indicates that the 
constants A and B are theoretically consistent and must 
be taken into account for a suitable practical analysis. 
Because our measurements in benzene (see Table 1) 
gave a homogeneous system, we fitted the results on 
benzonitrile (2), acetonitrile (7) and seven cyanamides 
(11, 13-18) and obtained A = 0-485 and B = 0.953 with 
the correlation IZ = 9, r = 0.97 and s = 0.1 1. The correla- 
tion parameters obtained in the whole series were 
A = 0.52, B = 0.929 with n = 18, r = 0.98 and s = 0.08. 
The values of @ ( H )  = 0.929V(I)V(m)V(s) + 0.52 thus 
deduced are given in Table 5. With regard to the uncer- 
tainty in the @ ( H )  values, which is not easy to evaluate 
and which is of the same order of magnitude as the 
mean quadratic deviation, the agreement is good. Most 
of the remaining deviations between @ ( H )  and pK,, 
can be explained either by doubtful pexp values for the 
compounds not measured in this work, by the use of 
assumed geometries or by the lack of knowledge of the 
exact conformation percentages (see compound 18). 


Finally, by means of a simple practical method we 
succeeded in obtaining reasonable agreement between 
observed and calculated values of the basicity parame- 
ters pK,, in a homogeneous series of nitriles. Our 
model is more elaborate than that based on dipole 
moment analysis ~ n l y , ~ - ~  but is more empirical than 
those from quantum mechanical calculations7-"' in its 
basic principle. Nevertheless, the starting point of the 
calculations, the observed dipole moments, offers the 
advantage of being a realistic representation of the 
molecular electrostatic state. Our method of taking into 
account conjugation effects allows us to introduce 
crucial improvements into the dipole vector model. In 
spite of the necessary assumptions and simplifications, 
our derivation of the electrostatic attraction power 
@ ( H )  is consistent with accepted electrostatic and 
statistical theoretical expressions. In conclusion, these 
first results are very encouraging for the elaboration of 
a more general method allowing basicity predictions, 
the model being easily perfectable because of its 
relative simplicity. Indeed, we envisage an extension to 
other series together with various improvements, such 
as taking into account more than three representative 
potentials, more than one attraction direction and also 
by considering more carefully the short distance state, 
introducing, for instance, induced effects on polarizable 
atoms. 
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THE QUESTION OF PENTAPHENYLETHYL: AN AM1 STUDY 


WILLIAM B. SMITH 
Department of Chemistry, Texas Christian University, Fort Worth, Texas 76129, USA 


Semi-empirical AM1 theoretical calculations were carried out on the pentaphenylethyl and 9-tritylfluorenyl free 
radicals, related radicals and their precursor hydrocarbons. Previous reports of the preparation of the former 
radical have been questioned, although the existence of the second is on secure ground. Based on simple energy 
considerations, it is concluded that pentaphenylethyl should be as readily prepared. However, the acidity of the 
precursor hydrocarbon is considerably less than that of 9-tritylfluorene, and possible radical decomposition via 
dissociation to triphenylmethyl and diphenylcarbene is calculated to be more facile than the corresponding 
decomposition of 9-tritylfluorenyl. A previous postulation of a rapid phenyl equilibration of the 
pentaphenylethyl radical is shown to be untenable. 


INTRODUCTION 


The pentaphenylethyl'" (I) and 9-tritylfl~orenyl'~ (11) 
free radicals were first reported as isolable solid free 
radicals by Schlenk and Mark in 1922. The initial 
preparation of I was subsequently questioned by 
Dorfman,* who failed in attempts to prepare the 
radical. Several years ago, attempts were made to 
characterize both of these pentaarylethyl radicals by 
means of ESR spectro~copy.~ Neither of the prepara- 
tions of Schlenk and Mark produced a radical 
attributable to pentaphenylethyl. The reaction of 
h-itylsodium with the dichlorofluorene did give the 9- 
tritylfluorenyl radical, not as the initially reported 
purple solid, but rather as the brown matrix in which 
a non-ESR-active purple solid was deposited. A more 
reliable preparation of 9-tritylfluorenyl was via the 
anion of the corresponding hydrocarbon and oxidation 
with dibromotetramethylethane (the Ziegler m e t h ~ d ) . ~  
Application of the Ziegler method with pentapheny- 
lethane under a wide variety of conditions usually 
gave the ESR spectrum of the trityl radical. On two 
occasions a much more complex spectrum was 
observed which required the postulation of a rapidly 
equilibrating pentaphenylethyl system for explana- 
tion. In contrast, the radicals generated from 1, l -  
bis (4- tert-butylphenyl)-2,2,2-triphenylethane and 
pentakis(4-tert-butylpheny1)ethane were both readily 
prepared and characterized by ESR spectroscopy as 
substituted benzhydryl radical analogs. The ESR 
spectrum of the 9-tritylfluorenyl indicated no delo- 
calization into the trityl group. Dilution of the initial 
preparation produced a complex series of spectral 


changes yielding the ESR spectrum of the trityl 
radical. Fluorenone was isolated in one case from the 
reaction mixture. It was presumed that a decomposi- 
tion of I1 into trityl and fluorenylidene was occurring. 
The photolysis of diazofluorene in the presence of 
trityl radical was demonstrated to form 9- 
tritylfluorenyl. 


Over the years, many attempts at preparing substi- 
tuted derivatives of pentaphenylethane have been 
r e p ~ r t e d . ~  Invariably, these have been shown to lead 
to products of attack on the aromatic rings or to 
cleavage of the central carbon-carbon bond. The 
preparation of pentaphenylethyl may pose some 
inherently more difficult steps compared with the 
preparation of 9-tritylfluorenyl, or possibly I may 
possess inherently greater chemical reactivity than 
11. 


Powerful tools for theoretical calculations are now 
commonly available, and it seemed reasonable to turn to 
these methods in searching for answers to the questions 
above. Given the size of these molecules, ab initio 
calculations were judged impractical, and semi- 
empirical methods were chosen as the most reasonable 
line of attack. 


COMPUTATIONAL METHODS 
Heats of formation of arylalkanes and their corre- 
sponding radicals were calculated by MOPAC version 
6 using the AM1 Hamil t~nian.~.~ The radicals and 
carbenes were calculated by the half-electron method 
of Dewar et d8 These results are given in Table 1. The 
choice of the AM1 vs PM39 Hamiltonian was dictated 
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by the fact that when applied to six alkyl free radicals 
for which experimental heats of formation are avail- 
able, AM1 gave an average deviation of k6.0 kcal 
mol-' vs k7-4 kcal mol-' for PM3 (1 kcal=4.184 kJ). 
Further, Lluch et al." have provided convincing 
arguments that the RHF AM1 half-electron method 
provides meaningful results in free radical calculations. 
The AM1 results for toluene, benzyl radical and the 
singlet and triplet states of diphenylcarbene and 
fluorenylidene have been published previously,'' and 
the results in Table 1 are in excellent agreement with 
these values. 


The reaction pathway for phenyl migration in the 2- 
phenylethyl and pentaphenylethyl radicals was 
explored by saddle calculations using the method of 
Dewar et al." The calculated transition structures were 
refined by the eigenvector following routine of 
Baker." A force calculation on the transition structure 
for the 2-phenylethyl radical gave one negative root for 
the force matrix and one negative frequency. As a 
confirmation of this result, the migration of phenyl in 
the 2-phenylethyl radical was carried out by a linear 
synchronous transitI4 at the level of UMP2/6-31G* 
using Gaussian 92 for Windows." Again, the transition 
structure was refined by the optimization routine 
embedded in the program. The transition structures 
from these studies were all so closely related that only 
the geometry for the 2-phenylethyl radical is shown in 
Figure 1 along with the energies of interest. A referee 
suggested that the semi-empirical study might profit by 
using the MNDO Hamiltonian since this method gives 


morc accurate results for three-membered rings than 
the AM1 Hamiltonian. In fact, the enthalpy of 
activation for the phenyl migration was reduced by 
only 1.5 kcal mol-'. 


RESULTS AND DISCUSSION 
The heats of formation for a series of arylalkyl radicals 
and their precursor hydrocarbons are given in Table 1, 
as are the bond dissociation energies (BDE). These 
results meet the intuitively reasonable expectation that 
increasing phenyl substitution provides increasing 
radical stabilization. 


According to the data in Table 1, pentaphenylethyl is 
stabilized by about 8 kcal mol-' over the 9- 
tritylfluorenyl radical when referred to their hydrocar- 
bon precursors. In a similar fashion, diphenylmethyl is 
thermochemically more stable than fluorenyl. On the 
basis of radical energetics alone there would appear to 
be no reason for the preparation of pentaphenylethyl to 
have proven so elusive. 


In contrast to the preparation of pentaphenylethyl, 
both l,l-bis(4-tert-butylphenyl)-2,2,2-triphenylethyl 
and pentakis(4-tert-buty1phenyl)ethyl were readily 
~ repa red .~  Pearson and Martin" had reported the 
photobromination of p-tert-butyltoluene to be twice as 
fast as toluent itself and suggested that the tert-butyl 
group helped stabilize the benzyl radical. However, 
calculations on the l,l-bis(4-tert-butylphenyl)-2,2,2- 
triphenylethyl radical and its hydrocarbon precursor 
(Table 1) indicate no enhanced stabilization effect. 


Q 


- R - A H F +  mSymm 
-H 33.28 23.25 
-Ph 35.51 24.89 


Figure 1.  Energy plot for the migration of phenyl for the 2-phenylethyl radical (R = H )  and pentaphenylethyl (R = Ph). Heats of 
formation are in kcal mol-' 
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Table 1. Heats of formation (kcal mol-') of various 
polyphenylated species 


PhCH, 
PhCHi 
Ph,CH, 
Ph,CH' 
Ph,C 


Singlet 
Triplet 


Bis(4- terf-butylpheny1)methane 
Bis(4-terr-butylpheny1)methyl 
Ph,CH 
Ph,C' 
Ph,CCHPh, 
Ph,CCPh, 
Ph$CH (CcJWJb 12 


PhCC (C&C&)z 
Fluorene 
Fluorenyl 
Fluorenylidene 


Singlet 
Triplet 


9-Trity lfluorene 
9-Tritylfluorenyl 
Diphenyl-(9'-phenylfluorenyl)methyl 


14.42 
52.03b 
42.17 
73.46 


31.56 
19.19 
5.26 


36.48 
7490 


100.24 
1.5586 
177.05 
119.61 
140.87 
54.36 
89.15 


153.51 
153.07 
157.24 
186.80 
179.32 


- 
37.61 


31.29 
- 


- 
- 
- 


31.22 


25.34 


21.19 


21.26 


34.79 


- 


- 


- 


- 


- 
- 
- 


29.56 
22.08 


'The bond dissociation energy (BDE) equals the difference in energy 
(kcal mol-') of the radical and its precursor hydrocarbon. 
bExperimental value 47.8 kcal mol-' from Ref. 21. 


Two alternative possibilities offer themselves as 
explanations for the failure to generate pentaphenyl- 
ethyl. First, in Ziegler and Schell's procedure4 the 
amount of radical produced will depend on the ease 
of anion production and the stability of the anion 
prior to oxidation. A comparison of pKa versus the 
energy differencesI6 between anion and hydrocarbon 
(AHF(anion.m)) for the series toluene, diphenylmethane 
and triphenylmethane allows an estimation of the pKa 
differences between 9-tritylfluorene and pentaphenyl- 
ethane with the former being more acidic by ca. lo3. 
When solutions of pentaphenylethane were allowed to 
stand with tert-butyl lithium and then quenched with 
D,O only small amounts of deuterium incorporation 
were noted implying a very small concentration of the 
pentaphenylethyl anion. Furthermore, Bachman and 
Osbom" had established that pentaphenylethane was 
readily cleaved to smaller fragments by sodium- 
potassium alloy. 


Another possible explanation for the failure to detect 
pentaphenylethyl is the rapid decomposition of the 
radical once it has been formed. Photochemical halo- 
genation of pentaphenylethane with either chlorine or 
bromine leads only to cleavage Further- 
more, 9-tritylfluorenyl was found to decompose with 
traces of oxygen either via a peroxide intermediate or by 
a prior dissociation to triphenylmethyl and 


fl~orenylidene.~ The latter process was shown to be a 
distinct possibility by virtue ofthe observation that 
triphenylmethyl and diazofluorene formed the radical 
upon photolysis. The heats of formation both triplet and 
singlet diphenylcarbene and fluorenylidene are given in 
Table 1. These values are in excellent agreement with 
the previously published values of Dannenberg et al." 
Comparison of the lower energies of the triplet carbenes 
indicates the dissociation of pentaphenylethyl is ca 
24kcal mo1-* less endothermic than that of 9- 
tritylfluorenyl. One may assume that this difference is 
reflected to some extent in the activation energies for 
the dissociation process (Hammond's postulate). Hence 
it is possible that pentaphenylethyl is considerably more 
sensitive to photochemical or thermal dissociation than 
the 9-tritylfluorenyl radical. 


A final point may be raised in consideration of the 
pentaphenylethyl radical. The structure of the radical is 
amenable to dimerization in the sense analogous to the 
Jacobson dime?' now accepted as the triphenylmethyl 
dimer. This cannot be the case when the para positions 
are blocked by tert-butyl groups. There may be not 
enough radical present in the pentaphenylethyl case to 
allow detection. 


Lastly, the question of a rapidly equilibrating phenyl 
radical system is addressed. A careful search of the 
literature failed to reveal any calculations of energy 
barriers or intermediates for the phenyl migration 
process. The energy surface for phenyl migration was 
explored following a saddle calculation. For both the 2- 
phenylethyl radical and the pentaphenylethyl radical 
symmetrical intermediates were found which were 
formed via unsymmetrically bridged transition struc- 
tures (Figure 1). The relevant energies are also given 
there. The geometries for the two transitions structures 
were essentially the same. The same statement applies 
to the result of a linear strategic transit search carried 
out at the UMP2/6-31G' level on the 2-phenylethyl 
system. The calculated barriers were of sufficient height 
to preclude the earlier postulation of a rapid phenyl 
flipping p roce~s .~  This contention is supported by the 
fact that while the phenyl migration in the 9- 
tritylfluorenyl system is exergonic, no evidence of such 
a migration was observed in the study of 9- 
tritylfluorenyl. 


The following conclusions follow from this study. 
Based on energy considerations, there is no obvious 
reason why pentaphenylethyl cannot be prepared. How- 
ever, rapid phenyl group equilibration is not a reasonable 
mechanism for radical stabilization. It may be presumed 
the radical observed in our earlier study3 was some 
artifact of the preparation. The addition of p-tert-butyl 
groups to the conjugated phenyls enhances the stability of 
these radicals only in the sense that it inhibits dimeriz- 
ation or other reactions involving these para positions. At 
this time, the best evidence is that an unsubstituted 
pentaphenylethyl radical has not been prepared. 
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(ARYLTHI0)ACETIC ACIDS BY PYRIDINIUM HYDROBROMIDE 
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Oxidation of several monosubstituted (pheny1thio)acetic acids (PTAA) by pyridinium hydrobromide 
perbromide (PHPB) was studied in aqueous acetic acid. The reaction is first order with respect to PHPB. 
Michaelis-Menten type kinetics are observed with respect to (ary1thio)acetic acid. The effect of solvent 
composition indicates that the transition state is more polar than the reactants. The formation constants of the 
intermediate substrate-PHPB complexes and the rates of their decomposition were determined at  different 
temperatures. The rates of oxidation of para and rneta-substituted (pheny1thio)acetic acids were correlated 
with Hammett’s substituent constants. The p value is -1.60 at 35 “C. The rates of oxidation of ortho substituted 
compounds are correlated with Charton’s triparametric equation. A mechanism involving the decomposition of 
the intermediate complex in the slow rate-determining step affording a sulphonium ion which hydrolyses in a 
subsequent fast step to the sulphoxide is proposed. 


INTRODUCTION 
Pyridinium hydrobromide perbromide (PHPB) has been 
extensively used in synthetic organic chemistry as a 
brominating reagent and as an oxidant.’.2 There are not 
many reports on the mechanistic aspects of reactions of 
PHPB.3-5 Recently, Lee and Chen6 reported the kinetics 
of the oxidation of some (ary1thio)acetic acids and 
attempted a correlation of reactivity with Hammett’s 
substituent constant, u. However, they did not correlate 
the ortlzo-substituted compounds with a triparametric 
equation involving Taft’s u, and uR and Charton’s steric 
parameter, 21, in its absence the correlation analysis is 
of doubtful significance. We have been interested in the 
study of the kinetics and mechanism of oxidations by 
oxidants containing halogens. In this paper, we report 
the kinetics of oxidation of seventeen (ary1thio)acetic 
acids in aqueous acetic acid. Attempts have been made 
to correlate structure and reactivity in the reaction. 
Mechanistic aspects are discussed. 


Author for correspondence. 


EXPERIMENTAL 


Materials. (Ary1thio)acetic acids were prepared by 
the method of Lee and Chen.6 PHPB was prepared by 
the reported method’ and its purity checked by an 
iodometric method. Acetic acid was refluxed with 
chromic oxide and acetic anhydride for 3 h and then 
fractionated. All other reagents were commercial 
products and were purified by the usual methods.’ 


Kinetic nieasurernerits. Reactions were carried out 
under pseudo-first-order conditions by keeping an 
excess (x10 or greater) of the substrate over PHPB. 
The solvent was 9:l (v/v) acetic acid-water, unless 
stated otherwise. All reactions were carried out in flasks 
blackened on the outside to prevent any photochemical 
reactions. The reactions were followed up to 70% 
reaction by monitoring the decrease in PHPB concentra- 
tion at 358 nm. In the case of nitro-substituted 
compounds the reaction was followed by estimating the 
unchanged PHPB by standard iodometric procedures. 
The pseudo-first-order rate constant, kohq, was computed 
from the linear least-squares plot of log[PHPB ] versus 


Received 29 Noveriiber I994 
Revised 25 February 1995 


CCC 0894-3230/95/060429-06 
0 1995 by John Wiley & Sons, Ltd. 







430 K. KARUNAKARAN 


time. Duplicate runs showed that the rate constants were 
reproducible to within +3%. 


Stoichiornetry. The stoichiometry of the reaction was 
determined by allowing the excess of PHPB to react 
with (pheny1thio)acetic acid under the reaction condi- 
tions. Estimation of untreated PHPB after the 
completion of the reaction revealed that the 
stoichiometry was 1:l. 


Product analysis. The organic product of this reac- 
tion, (phenylsulphiny1)acetic acid, was analysed as 
follows. In a typical experiment, (pheny1thio)acetic acid 
(0.05 mol) and PHPB (0-055 mol) were made up to 
50 ml in 9:l (v/v) acetic acid-water and kept in the 
dark for 10 h to ensure completion of the reaction. The 
solvent was removed under reduced pressure and the 
residue was treated with dilute sodium hydrogencar- 
bonate solution. The insoluble materials were removed, 
and, on acidifying the filtrate, some solid was obtained. 
Extraction with 4 x  50 ml of diethyl ether, followed by 
drying of the extracts over anhydrous MgSO, and 
evaporation of the solvent, gave a white solid (8.1 g, 
88%), m.p. 112-1 14 "C (lit. 113-1 14 "C). The solid 
was analysed by IR spectroscopy. The spectrum was 
identical with that of (phenylsu1phinyl)acetic acid ( Y ~ , ~  
at 1048 cm-'). The product analysis was done in the 


resence of H20 and D 2 0  using the proton decoupled 
y3C NMR spectrum. In both the cases it gave a triplet 
(48 ppm) for methylene carbon. 


RESULTS AND DISCUSSION 


The rate data and other experimental data were obtained 
for all the (ary1thio)acetic acids. Since the results are 
similar, only representative data are presented here. 


The reactions are of first order with respect to PHPB, 
as proved by the linearity of log[PHPB] versus time 
plots over 70% of the reaction. Further, the values of 
k,, are independent of the initial concentration of 
PHPB. The reaction rate increases with increase in the 
concentration of the (pheny1thio)acetic acid but not 
linearly (Table 1). A plot of l/kOb, against 
l/[(phenylthio)acetic acid] is linear ( r =  0.999) with an 
intercept on the rate ordinate. Thus Michaelis-Menten 
type kinetics are observed with respect to the 
(pheny1thio)acetic acid. This leads to the postulation of 
the following overall mechanism [equations (1) and 
(2)] and rate law [equation (3)]. 


K 
(ary1thio)acetic acid + PHPB == complex (1) 


k2 


complex - products (2) 
k&[(arylthio)acetic acid] [PHPB] 


rate = (3) 1 + K[(arylthio)acetic acid] 


Table 1. Rate constants for the oxidation of 
(pheny1thio)acetic acid by PHPB at 308 K 


10'[PHPB] 10 [PTAA ] 104k,, 
(mol dm-') (mol dm-') ( S - 7  


1 .o 
1 .o 
1 .o 
1 .o 
1 .o 
1 .o 
1 .o 
0.5 
1.5 
2.0 
3.0 
4.0 
1 .o 
1 .o 


0.10 
0.20 
0.30 
0.40 
0.50 
0.75 
1 .oo 
0.30 
0.30 
0.30 
0.30 
0.30 
0-30" 
0.30h 


9.3 
12.0 
13.3 
14.3 
15.2 
15.8 
16.2 
13.4 
13.8 
13.1 
13.3 
13.3 
13.2 
13.5 


"'Contained 0.02. and 0.05 M pyridinium bromide, 
respectively. 


Solvent effect 
The rates of oxidation of (ary1thio)acetic acids were 
determined in solvents containing different amounts of 
water and acetic acid. The value of kobr increases as the 
water content of the solvent increases. 


To determine whether the changes in solvent com- 
position affect the formation constant, K ,  and/or the rate 
of decomposition, k2 ,  the dependence on (ary- 
1thio)acetic acid concentration was studied in solvents 
of different composition. The results showed that the 
effect of solvent is primarily on the rate constant for 
decomposition of the complex, k2. The formation 
constant, K, is virtually independent of solvent com- 
position (Table 2). The increase in the value of k2 with 
increase in the polarity of the medium suggests that, in 
the rate-determining step, the transition state is more 


Table 2. Dependence of kllh, on (pheny1thio)acetic acid 
concentration in solvents of different composition" 


104k,,, [at.% AcOH (v/v)] 
10 [PTAAI 
(moldm-.) 92.5 93.8 95.0 95.0h 96.4 97.5 


0.10 46.3 20.4 9.3 9.3 3.2 1.2 
0.30 66.2 29.1 13.3 13.4 4.6 1.7 
0.50 75.6 33.3 15-2 15.3 5.4 2.0 
0.75 78.7 34.5 15.8 15.7 5.6 2.1 
1 .oo 80.7 35.6 16.2 16.2 5.7 2.1 
10K 11.0 11.1 11.0 11.1 10.4 10.8 
104k2 87.9 38.7 17.6 17.7 6.3 2.3 


' [PHPB] = 0@01 rnol dm-?; T= 308 K; solvent = AcOH-H,O. 
bSolvent = AcOH-D,O. 
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polar than the reactant. A plot of log k2 against the 
inverse of relative permittivity is non-linear. 
The solvent effect was analysed using the 
Grunwald-Winstein" equation: 


(4) 


where Y is an empirical parameter characteristic of the 
given solvent which will provide some measure of the 
ability of the solvent to separate ions. The plot of log k2 
against Y was linear (r=O-999) with in=2-31. The 
positive value of tn points to a transition state which is 
more polar than the reactant. Thus charge separation 
takes place in the transition state of the decomposition 
of the PHPB-substrate complex. 


log k2 = log ko + mY 


Effect of D,O 
To ascertain the importance of the rate-determining 
step, the oxidation in 9: 1 (v/v) acetic acid-deuterated 
water was studied. The results showed that the forma- 
tion constants of the complexes and the rate of the 
decomposition of the complexes in ordinary and deuter- 
ated water have similar values (Table 2). 


Effect of pyridinium bromide 


Addition of pyridinium bromide has no effect on the 
rate of oxidation (Table 1). In solution, PHPB may 
undergo the following reactions: 


PyH'Br; + Br, + PyH'Br- (5 )  
PyH'Br; + Br; + PyH+ 


The possible oxidizing species in a solution of PHPB 
are, therefore, PHPB itself, tribromide ion and molecu- 
lar bromine. However, strict first order dependence on 
PHPB and the absence of any effect of pyridinium 
bromide rule out both bromine and tribromide ion as the 
reactive oxidizing species. Hence PHPB itself must be 
the reactive oxidizing species in this reaction. 


Correlation analysis and reactivity 


The dependence of k,, on the (ary1thio)acetic acid 
concentration was studied at different temperatures and 
the values of K and k, were evaluated from the double 
reciprocal plots. The thermodynamic parameters of the 
complex formation and activation parameters of the 
decomposition of the complexes were calculated from 
the values of K and k,, respectively, at different temper- 
atures (Tables 3 and 4). 


The data in Table 3 reveal that the formation con- 
stants of the substrate-PHPB complexes are not very 
sensitive to the nature of the substituent in the 
(pheny1thio)acetic acid molecule. Similar observations 
have been recorded previously in the oxidation of 
benzyl alcohols" and mandelic acids', by ammonium 
cerium(1V) nitrate and of aliphatic alcohols by 
pyridinium hydrobromide perbromide' and pyridinium 
fluoro~hromate.'~ The rates of decomposition of the 
complexes (Table 4), however, showed considerable 
variation. 


Examination of the rates of decomposition of the 
complexes reveals that the electron-releasing substitu- 
ents increase the rate of the reaction whereas electron- 


Table 3. Formation constants of the PHPB-ArSCH,COOH complexes and 
thermodynamic parameters 


10 K(dm' mol-I) 
-AH -AS 


Substituent 293 K 303 K 308 K 318 K (W mol-I) (J mol- 'K- l )  


H 14.6 12.9 11.1 9.2 17.3 262.3 
p-OMe 13.2 11.0 9.2 8.4 17.1 262.8 
p-Me 13.9 12.1 10.5 8.9 16.7 260.7 
P-F 13.7 11.7 10.8 9.2 15.0 255.0 
p-c1 14.5 13.2 11.6 8.8 18.2 264.8 
p-Br 14.3 12.5 10.9 8.6 18.4 266-0 
P-NO, 15.8 13.5 12.3 9.8 17.3 261.7 
m-OMe 14.8 13.1 10.2 8.1 22.1 278.2 
m-Me 14.0 12-5 11.6 9.1 15.7 257.1 
m-Cl 14.4 12.7 9.9 8.2 20.6 273.6 
m-Br 14.5 12.0 11.3 9.1 16.7 260.3 
o-OMe 13.5 11.5 9.8 8.0 19.0 268.9 
o-Me 13.1 11.6 10.1 8.4 16.7 261.0 
0-F 14.1 12.4 10.4 8.3 19.5 269.9 
0-c1 13.8 12.1 10.3 8.7 17.3 262.9 
o-Br 14.3 12.7 11-4 9.0 16.8 260,8 
o-NO, 14.8 12.8 11.3 9.7 15.8 257.3 
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Table 4. Rate constants for the decomposition of PHPB-ArSCH,COOH complexes and 
activation parameters 


104 k , ( s - l )  
AH* -AS* 


Substituent 293 K 303 K 308 K 318 K (kl mol-I) (J mol-I K-I)  


H 6.2 11.2 17.6 33.4 49.9 136.0 
p-OMe 28.3 49.8 64.9 113.6 40.4 155.7 


P-F 6.0 11.6 17.0 32.3 49.9 136.5 
p-CI 2.9 5.9 9.2 18.3 54.3 127.2 
p-B r 2.8 5.6 8.8 17.9 55.5 123.8 
p-NO2 0.3 0.7 1.2 2.5 62.5 118.1 
rn-OMe 5.1 10.0 15.2 29-6 52.3 129.6 
m-Me 8.3 15.7 22.7 42.8 48.5 138-4 
m-CI 1.7 3.4 5.5 11.5 58.0 119.7 
m-Br 1.5 3.2 5.2 10.8 58.6 118.4 
o-OMe 27.4 48.1 63.2 110.7 40.7 155.2 
o-Me 11.8 34.2 47.4 87.1 45.7 141.3 
0-F 7.0 13.8 1943 37.6 49.7 135.7 
0-CI 2.7 5.6 8.7 17.8 55.8 122.9 
o-Br 2.7 5.6 8.7 17.7 56.3 121-5 
o-NO~ 0.3 0.6 1 .o 21.3 62-2 120-4 


y-Me 15.7 28.6 40.0 73.3 45.3 144.0 


withdrawing substituents decrease it. A linear correla- 
tion ( r  = 0.999) was observed between log k, values at 
35 and 45°C for the oxidation of 17 (ary1thio)acetic 
acids. This suggests that all the (ary1thio)acetic acids are 
oxidized by same me~hanism.'~ The value of the 
isokinetic temperature is 534 K. 


Correlation analyses were carried out on para- and 
meta-substituted (pheny1thio)acetic acids. They correlate 
well with the Hammett substituent constants yielding 
negative reaction constants (Table 5). A negative reaction 
constant indicates an electron-deficient centre in the 
transition state of the ratedetermining step. The magni- 
tude of the reaction constant is higher than those 
observed in the oxidation of (ary1thio)acetic acids by 
permanganate ion.6 The value of p for the formation of 
the intermediate between (ary1thio)acetic acid and 
permanganate is - 1.25. For para-substituted compounds 
the reactivity pattern is brought out by two different 


Table 5. Correlation of the rates of oxidation of 
meta- and para-substituted (pheny1thio)acetic acids 


in the Hammett equation" 


7°K) P r S.D. 


293 -1.78 0.997 0446 
303 -1.71 0-997 0.042 
308 -1.60 0.997 0.038 
318 -1.51 0.997 0.038 


'No. of data points = 11, including the unsubstituted 
compound. 


correlations at 35 "C, one of log k2 with a values and the 
other of log k2 with a; - a; values. Since sulphur can act 
as either an electron donor or an electron acceptor 
depending on the nature of the substituent para to the 
(thio)acetic acid group,15 both a; and a; values have 
been employed simultaneously in several reactions's-1x 
involving a sulphur centre in a single Hammett plot so as 
to obtain a better correlation. An excellent correlation is 
obtained with the Hammett values (r=O.999), but the 
correlation with a; - a; values is poor ( r  = 0.985). This 
clearly indicates that the rate constants of substrates 
having - K ( N 0 2 )  and +K(OCH,) substituents in the 
para position correlate better with Hammett a values. 
For the rneta position a+ ando- are not used, in case 
there is a relayed resonance effect." 


The rate constants of the oxidation of ortlzo-substi- 
tuted (pheny1thio)acetic acids failed to yield any 
significant correlation with Taft's polar or steric substi- 
tuent The rates were therefore analysed by 
Charton's'' equations (7) and (8). In equations (7) and 
(8), aI, uR and v represent field, resonance and steric 
substituent constants, respectively; the values used were 
those compiled by Aslem et al. 22 


log k = a a [ + @ , + h  (7) 


log k = a a , + p a , + @ U + h  (8) 
log k2= -1.685~1 -1.7930, -2.703 (9) 


R = 0.995; S.D. = 0.058; ti  = 7; temperature = 35 "C 


In multiple linear regression using equation (7), the 
coefficient of multiple correlation (R) is excellent and 
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Table 6. Correlation of the rates of oxidation of orrho-substituted (pheny1thio)acetic acids by 
Charton's methoda 


TW) a B 4 R S.D. ty f PS PR 


293 -1.966 -2,073 0.098 0.995 0.064 0.008 0.03 2.37 51.67 
303 -1.862 -1.994 0.081 0.994 0.068 0.009 0.04 2.06 52.03 
308 -1.749 -1.845 0.057 0.994 0.064 0.009 0.04 1.56 51.55 
318 -1.652 -1.745 0.048 0.993 0.065 0.011 0.06 1.39 51.56 


'No. of data points = 7, including the unsubstituted compound; f= S.D./root mean square; 
v, = [n(l - R)*/( , l  - m)]"? 


the standard deviation (S.D) is low [equation (9)]. The 
correlation in terms of eauation (8) is also excellent: 


measures of goodness of fit.*'. The results indicate that 
as in the case of (arv1thio)acetic acids. in the oxidation . ,  
of ortho-substitu&dcompounds the field and resonance 
effects are predominant. Steric effect play a minor role. log k 2 =  -1.749u1 -1*845uR+0-057v -2.724 (lo) 


R = 0.994; S.D. = 0.064; I I  = 7; temperature 35 "C 


MECHANISM The reaction constants and the statistical data for the 
ortho-substituted (pheny1thio)acetic acids are given in 
Table 6. The contribution of the resonance effect to the On the basis of the foregoing kinetic picture, a polar 
polar effects, PR, and that of steric effect to the total mechanism may be proposed for the oxidation of 
effect of the orfho groups, P, ,  were calculated by (ary1thio)acetic acid by PHPB. From the rate law 
Charton's We used the coefficient of multi- [equation (3)], it is apparent that an intermediate 
ple correlation (R), standard deviation (S.D), Exner's complex is formed in a rapid pre-equilibrium (Scheme 1). 
statistical parameter23 (q) and the parameter f as Similar intermediate complexes have been postulated 


x 


K 
WSCHaCOOH + Br3-PyH+ 


Br.. - -  BrPyH 
Br 


Ar-S-CH2-COOH 


ArS+CH2COOH + PyH'Br- + Br- 
I 
Br 


0 
fast II 


ArS+CH2COOH + H20 I ArSCH2COOH + 2H+ + Br- 
I 
Br 


Scheme 1 


ArSCH2COOH + Br3-PyH+ [complex] 


Complex ___) PhSC'HCOOH + HBr + Br- + PyH+ Br- 


0 
II 


PhSC+HCOOH + HaO 7 PhSCH2COOH + H+ 


Scheme 2 
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in the reaction of alkenes* and alcohols5 with PHPB. 
The formation of a moderately stable intermediate is 
supported by the observed values of thermodynamic 
parameters (Table 4). The complex formation is 
favoured by the enthalpy term but there is a loss of 
entropy indicating the formation of a rigid structure. 


The correlation analysis of the substituent effect 
indicated the presence of highly electron-deficient 
sulphur centre in the transition state. Therefore, 
formation of sulphonium ion in the rate-determining step 
is postulated (Scheme 1). A moderate degree of charge 
separation in the transition state of the rate-determining 
step is supported by the observed value of in. The 
observed negative entropy of activation also supports a 
polar transition state. As the charge separation takes 
place, the two charged ends become highly solvated. This 
results in immobilization of a large number of solvent 
molecules, reflected in the loss of entropy. 


An alternative explanation is based on the possibility 
that the sulphur in (ary1thio)acetic acids would be 
activated by loss of a proton from the methylene group 
(Scheme 2), as previously suggested for alcohols.’ 


If the mechanism follows a hydride ion transfer from 
the (ary1thio)acetic acid, a highly electron-deficient 
carbon centre in the slow step is postulated. In such a 
case, attack of deuterated water on the electron- 
deficient carbon centre occurs, yielding 
ArS (0)CHDCOOH as product. However, the product 
analysis in the presence of deuterated water supports 
the formation of a sulphonium ion in the rate- 
determining step (Scheme 1) rather than transfer of  a 
hydride ion from the (ary1thio)acetic acid to the oxidant 
(scheme 2). 
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KINETICS AND MECHANISM OF REACTION OF ACRIDINE ORANGE 
WITH BROMATE ION AT LOW pH 


P. SAWUNYAMA 
Department of Chemistry, Universiry of Zimbabwe, BOX MP 167, Mt .  Pleasant, Harare, Zimbabwe 


AND 


s. B. JONNALAGADDA' 
Department of Chemistry, University of Durban-Westville, Private Bag X 54001, Durban 4000, South Africa 


The reaction between acridine orange hydrochloride [3,6-bis(dimethylamino)acridine hydrochloride] and 
potassium bromate in dilute sulphuric acid was studied by monitoring the absorbance change at 492 nm. The 
reaction exhibited complex kinetic behaviour. In excess bromate the reaction had an induction period with slow 
depletion of acridine orange (AC) followed by a fast depletion step. The initial reaction step was found to be 
first order with respect to both AC and bromate and second order with respect to H'. The stoichiometric ratio 
of AC to bromate was 3 : 2. At the end of the induction period, the redox potential of the reaction mixture has 
shown a distinct rise, while the Br- concentration dropped sharply. The dual role of bromide ion both as an 
inhibitor and autocatalyst is discussed. A 16-step reaction mechanism is proposed and the simulated curves 
agreed well with the kinetic curves. 


INTRODUCTION 


The exhibition of oscillatory behaviour in closed 
chemical systems has generated considerable curiosity 
and interest among chemists and biochemists, as evi- 
denced by numerous publications in the last few 
decades. A number of chemical reactions are now 
known to exhibit non-linear temporal behaviour in both 
closed and open systems.'.' More often than not, 
reactions involving bromate in acidic media involve 
complex mechanisms, in which various oxy-bromo 
intermediates are generated in the system. In the past 
two decades, considerable work has been done on the 
elucidation of mechanisms of reaction of certain 
organic substrates with bromate which exhibit linear and 
non-linear kinetics. As a result, most of the reactive 
species that are generated from bromate in acidic 
solution have been identified.'-7 Apart from being of 
academic interest, the reactions of bromate with various 
organic and inorganic substrates in acidic media have 
been successfully used for the determination of transi- 
tion metal ions at levels down to parts per billion.'-" 
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Acndine orange (AC) and related acridine dyes 
possess mutagenic activity, and hence the nature of their 
physical interaction with nucleic acids is of great 
interest. The chemistry of various acridine compounds 
has been reviewed by Acheson.'* AC, which is a 3,6- 
bis(dimethy1)-substituted acridine, exhibits meta- 
chromatic behaviour, i.e. the change of the colour with 
a change in the colour of the viewing light, and slow 
fluorescence." AC is extensively used for staining 
tissue sections in fluorescence analysis and as a micro- 
scopic staining agent in biological studies.I4 


A literature survey showed that no kinetic studies 
have been made on the reactions of AC with any 
oxidizing agents in aqueous solutions. However, there 
has been a report on the photo-oxidation of AC in 
heparin-AC complexes in nitrogen and oxygen satu- 
rated aqueous solution.'' 


AC is non-toxic and non-carcinogenic in nature. It is 
readily soluble in water and has a sharp absorption peak 
in the visible region with no shift due to [H'] variation. 
Its absorption coefficient at A,,,,, 492 nm at pH below 2 
is found to be E = 3.2 x lo4 dm' mol-' cm-I. the reac- 
tion between AC and bromate is studied with two 
objectives, first to investigate its scope as a catalytic 
indicator reaction with selective response to cations and 
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second to elucidate its reaction mechanism by a kinetic 
approach. The reaction kinetics are found to be sensitive 
to the presence of vanadium(V) ion. Exploiting the 
catalytic efficiency of the vanadium ion on the title 
reaction, a kinetic-catalytic method for its determina- 
tion has been reported.I6 In this paper, we report the 
results obtained from a kinetic study of the oxidation of 
acridine orange hydrochloride with bromate in acidic 
medium and propose a plausible mechanism for the 
reaction. 


EXPERIMENTAL 


Reagents. A stock standard solution of acridine 
orange  lo-'^) was freshly prepared by dissolving 
acridine orange hydrochloride hydrate (Aldrich, high- 
purity grade free from zinc) in distilled water. All other 
reagents were either of AnalaR grade or high-purity 
chemicals. 


Kinetic measurements. All the experiments were 
camed out at 25 "C. The reaction was monitored 
spectrophotometrically on a Perkin-Elmer Lambda 
2 UV-visible spectrophotometer interfaced with Digital 
DEC PC 433dxLP computer and PECSS software 
package for data storage and processing. The depletion 
kinetics of AC were monitored by following the change 
in absorbance at 492 nm. In selected experiments the 
absorbance was monitored at 390 nm to follow the 
production of bromine. The reaction between aqueous 
bromine and acridine orange hydrochloride was fol- 
lowed at 492 nm on a Hi-Tech Scientific SF-61AF 
stopped-flow spectrophotometer. The signal from the 
spectrophotometer was amplified and digitized on an 
Omega Engineering DAS-50/1 16-bit A/D board and 
interfaced to a Tandon 386SX computer for storage and 
analysis. 


Emf measurements. The overall electrochemical poten- 
tial of the reaction mixture was measured by employing 
an Orion Research digital pH/millivolt meter (Model 
61 1) with a chart recorder and using a platinum electrode 
and saturated calomel electrode as reference. The 
bromide ion concentration was monitored using an ion- 
selective electrode (Fisher Scientific) coupled with a 
double-junction reference electrode (Orion Model 90-02). 


Determination of (BrO; + HOBr) concentra- 
tions. The total oxidizing strength of the mixture was 
determined iodimetrically, by adding an excess of 
acidified iodide to an aliquot of the reaction m i ~ t u r e . ~  
After incubation for about 30 min, the liberated iodine 
was titrated with standard sodium thiosulphate using 
starch as an indicator. 


Stoichiometry and product analysis. The 
stoichiometry of the reaction was determined using a 


1 : 1, 1 : 2 and 2 : 1 molar ratios of AC and bromate in 
the 0.01 molar range of reactants and with an excess of 
[H']. After about 14 h of reaction, the concentration of 
AC was determined by measuring the absorbance at 
492 nm and residual bromate was estimated iodimetri- 
cally. A correction for blank reagent was made in the 
titre values. The stoichiometric ratio was found to be 
3 : 2 for AC : BrO;, i.e. an overall four-electron oxida- 
tion of acridine orange. With a 1 : 10 AC to bromate 
ratio a slightly higher stoichiometric ratio was observed. 
The higher consumption of bromate could be due either 
to further bromination of acridine derivatives or to the 
oxidation of the reaction product, formaldehyde, to 
formic acid and the oxidation of bromide to bromine. 


For the product analysis, AC (1 x M) and 
bromate (0 .005~)  were mixed and after reaction 
overnight the mixture was neutralized by adding conc- 
entrated ammonia solution. The organic compounds 
were extracted into ethyl acetate. After drying, the 
solvent was removed under reduced pressure using a 
rotary evaporator. The yields of the products could not 
be established. The sample was analysed by mass 
spectrometry (Micromass 7035) and the major oxidation 
product of the reaction was observed to be a compound 
giving a parent peak at m/z (relative intensity, %) 267 
(loo), 238 (53), 237 (24), 44 (15), 28 (75) and is 
formulated as the N-demethylated-9-acridone derivative 
(P).17 The mass spectral profile also indicated the 
formation of brominated acridones as other products. 
The formation of the acridone derivative is also sup- 
ported by the IR spectra of the oxidized sample in Nujol 
(Shimadzu IR-460 IR spectrophotometer), showing a 
distinct carbonyl stretching at 6 pm." One demethylated 
9-acridone derivative (P) has been suggested as the 
reaction product of photo-oxidation of acridine orange 
by Menter et a1.l5 Oxidation of 9-phenylacridine with 
perbenzoic acid or aqueous hydrogen peroxide give 10- 
oxides (N-oxides). Such acridine N-oxides and 
acridones have been reported to undergo rapid bromina- 
tion at the 2- and 7-positions. Although the 9-position of 
the acridine ring system is usually susceptible to 
nucleo hilic agents, it is known to undergo electrophilic 
attack! Studies are in progress for the characterization 
of the products and their yields. 


RESULTS AND DISCUSSION 


The stoichiometric equation of the AC-bromate reaction 
is 


3 AC+2  BrO; = 3 P + 2  Br- + 3 HCHO 


With excess bromate, bromide is oxidized to bromine. 
Preliminary experiments were conducted with excess 


initial concentrations of 11' and bromate and low AC 
concentration to monitor the reaction profiles. The 
reaction between AC and bromate had an induction 
period during which the reductant was consumed 
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Acndiw Orange (AC) 


slowly. After the induction time, the reaction had a 
rapid depletion rate. The detailed kinetics of the reaction 
were investigated by monitoring the absorbance changes 
20 s after the starting time at 492 nm. Studies were also 
conducted in a continuously stirred tank reactor (CSTR) 
to monitor the changes in redox potential and in the 
concentrations of bromide, acridine orange and 
bromine. 


Effect of bromate 
Figure 1 illustrates the profiles of typical absorbance 
versus time plots which show the effect of bromate 
concentration on the reaction dynamics. Considering the 
complexity of the reaction dynamics, the kinetic data 
were analysed with a three-pronged approach, i.e. by 
estimating the initial rates, pseudo-first-order rate 
constants and the induction times. The initial rates ( r )  
were estimated taking the gradient of the data from 30 
to 50 s in all the kinetic runs. The pseudo-first-order rate 
constants (k) were determined by an integration method 
with log (absorbance)-time data over a wide range and 
the slopes obtained had standard error coefficients of 
less than 1% and rz values not less than 0.09. Induction 
times ( I , )  for each curve were estimated from the 
intersection point of the tangents drawn to enlarged 
segments of the sloping curves. Initial rate and pseudo- 
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Figure 1. Effect of bromate on the AC bromate reaction: 
typical absorbance versus time plots at 492 nm. [H+] 2.0 M 
and [AC] 3 x lo-' M. [Bromate]: (a) 0.001; (b) 0002; 


(c) 0.0025; (d) 0.003; (e) 04)04; (f)  0.005 M 


Product 


first-order rate constants were found to be directly 
proportional to [bromate], and both the linear graphs 
passed through the origin, confirming the first-order 
dependence of the reaction on bromate in the slow 
phase. The induction time was found to be inversely 
proportional to [bromate] (Figure 2), which suggests 
that the rate-limiting reaction of the autocatalytic step 
has a first-order dependence on [bromate]. Further, the 
x-intercept, when the induction period would approach 
infinity, indicated that for the chosen conditions of H' 
and AC, with initial [bromate] less than OQO16 M, the 
kinetic curve should experience no rapid depletion. The 
kinetic curve with 0.001 M bromate had no rapid 
depletion of AC [Figure l(a)]. 


Effect of acid 
The variation of hydrogen ion concentration had large 
effect on the reaction parameters. The kinetic curves 
shown in Figure 3 illustrate the effect of H' on the 
reaction in excess bromate. An increase in acid concentra- 
tion significantly increased the r and k values, while 
reducing the induction period. Although the reaction was 
studied at a considerably high ionic strength, the effect of 
hydrogen ion concentration on the depletion kinetics of 
AC was studied at fixed ionic strength and at two different 
initial concentrations of bromate ion. The results obtained 
from two series of experiments are summarized in Table 
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Figure 2. Reaction order with respect to bromate: reciprocal 
induction time versus [bromate] plot. [H'] 2.0 M and [AC] 
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Figure 3. Effect of H' on the reaction. [Bromate] 0.005 M 
and [AC] 3 x lo-' M. [H']: (a) 0 6 ;  (b) 0.7; (c) 0.8; (d) 0.9; 


(e) 1.0 M 


1. At constant ionic strength, over an [H'] range of 
0.6-2.0 M, the log (initial rate) versus log[H'] plot gave 
a gradient of 1.98 (standard error coefficient 0.03). The 
log kversus log[H'] plot was also linear with a slope of 
2.01 (standard error coefficient 0.02), confirming the 
second-order dependence of the slow phase of the 
reaction on H' concentration. Within the limits of 
experimental error, the plot of log (reciprocal induction 
period) versus log[H'] gave a linear graph with a gradi- 
ent of 1.99 (standard error coefficient 0.06) (Figure 4). 
The gradient of 1.99 obtained suggests that the rate of the 
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Figure 4. Dependence of reaction order on acid concentration: 
log (reciprocal induction period) versus log [H +] plot. 


[Bromate] 0.005 M and [AC] 3 x lo-' M 


rapid reaction phase has a second-order dependence on 
the H' concentration. 


Effect of ionic strength 
The acid variation experiments at 0.005 M bromate 
and 3-0 x M AC were also repeated with added 
neutral salt (sodium sulphate) to maintain the ionic 
strength. Under otherwise identical conditions, the 
kinetic runs with lower ionic strength (with no added 
salt) had relatively lower initial rates, lower k values 
and shorter induction times (data not presented). The 


Table 1. Effect of hydrogen ion concentration at constant ionic strength on the initial rate ( r ) ,  pseudo-first-order 
rate constant (k) and induction time ( I , )  


Conditions [H'IIM r/lO-* M s-' k/10-4 s-'  I , ls  k,C/IO-* M-'s-' 


A" 0.6 0.15 0.45 810 3.13 
0.8 0.25 0432 440 3.20 
1 .o 0.38 1.24 250 3.10 
1.2 0.55 1.88 180 3.26 
1.4 0.74 2.50 133 3.19 
1.6 1.03 3.15 108 3.08 
1.8 1.22 4.13 91 3.19 
2.0 1.63 5.13 71 3.21 


Mean: 3.25 * 0.1 1 
Bb 0.6 1.63 0.57 499 3.14 


0.7 2.38 0.76 379 3.10 
0.8 3.03 1.02 297 3.19 
0.9 3.84 1.30 234 3.21 
1.0 4.66 1.60 180 3.20 


Mean: 3.13 * 0.07 


a [BromatelO-004 M and [AC] 3.0 x 10'' M and constant ionic strength p = 3.004. 


' k6= k/lH']'[bromate]. 
[Bromate] OGO5 M and [AC] 3.0 x lo-' M and ionic strength p = 3.004. 
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positive salt effect for the initial phase of the reaction 
suggests that the rate-limiting step involves species of 
opposite charge, while the decrease in induction 
period with low ionic strength, i.e. the negative salt 
effect on the rapid phase of the reaction, indicates that 
the rate-controlling step in involves like-charged 
species. 


Effect of bromide ion 
Bromide ion had a profound effect on the profiles of the 
depletion of AC. Figure 5 illustrates selected kinetic curves 
in the absence and presence of added bromide ion under 
otherwise identical conditions of [H'] 1.0 M, [bromate] 
0.005 M and [AC] 3.0 x lo-' M. With the added bromide 
ion, the initial rates and k values of the slow phase of the 
reaction increased proportionally to [Br-1. However, at 
low added bromide (2.0 x -2.0 x lo-' M) the 
induction periods were prolonged and at high bromide 
(>5.0 x M) the induction times were reduced, 
illustrating the dual nature of bromide ion as an inhibitor 
and autocatalyst in the reaction, depending on its concen- 
tration. Similar observations with low and high 
concentrations of bromide ion were also reported pre- 
viously during the oxidation of methyl orange with 
aqueous bromine" and in a number of reactions involv- 
ing bromate as an oxidizing species, such as the oxidation 
of indigo carmine,,' methylene blue2, and o-diani~idine.~' 


Dependence of reaction dynamics on acridine orange 
With excess concentrations of bromate and acid, AC 
followed first-order kinetics, but the variation of the 
initial concentration of AC over a fivefold range gave 
interesting insight into the reaction behaviour (Table 2 
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Figure 5. Kinetic curves in the absence and presence of added 
bromide. [H'] 1.0 M, [bromate] 0.005 M, [AC] 3.0 x lo-' M 
and [Br-I: (a) 0, (b) 5 x M (c) 5 x 10.' and (d) 1 x 


and Figure 6). The pseudo-first-order rate constants 
remained unaltered and the initial rate increased propor- 
tionally to [AC], with the intercept passing through the 
origin [Figure 7(a)]. The fairly constant k values and 
the increase in the initial rate proportional to [AC] 
confirm that the slow phase of the reaction is first order 
with respect to AC. However, the induction time 
increased with increasing concentration of acridine 
orange. A plot of reciprocal of induction time versus 
[AC] gave a good linear graph with negative slope 
(R2 = 0.98) [Figure 7(b)]. The increase in the induction 
time indicates that AC competes with bromide, the 
autocatalytic species, which is responsible for the rapid 
kinetics. 


Reaction mechanism 
The Belousov-Zhabotinskii-type temporal behaviour is 
exhibited by many chemical systems which involve 
bromate ion in strongly acidic medium, The chemistry 
of bromate in acidic solutions has been extensively 
studied and the important reaction steps involving the 
bromo and oxy-bromo species can be represented as 
follows:4~"~2' 


2 H' + Br- + BrO; + HOBr + HBrO, (1) 


H'+Br-+HBr02+2HOBr (2) 
2 HBrO, + H' + HOBr + BrO; (3) 
H' + Br- + HOBr +Br, + H,O (4) 


H + + BrO; + HBrO, 2 BrO; + H,O (5) 
In closed systems such as continuously stirred or 
unstirred tank reactors, there exists an induction time 
for the build-up of reactive intermediates HOBr, 


--___--- 
I 


0 100 7.00 300 400 
Timelseconds 


Figure 6. Effect of variation of acridine orange. [H+]  2.0 M 
and [bromate] 0.003 M. [AC]: (a) 2.5 x lo-'; (b) 4.0 x lo-'; 


(c) 5.0 x M 
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Figure 7. Effect of AC on the reaction kinetics: (a) initial rate 
versus [AC] plot; (b) reciprocal induction time versus [AC] 


plot. [H+] 2.0 M and [bromate] 0.003 M 


HBrO, and Br,. In most systems of 
Belousov-Zhabotinskii chemical oscillatory reactions 
involving different organic species, the basic feature is 
the role of bromide as the control intermediate which 
can switch between high or low concentration condi- 
tions. A switch from the high [Br-] to low [Br-] 
occurs when the concentration of bromide ion is driven 
below a critical value by reaction with HBrO, and 
bromate. However, in an oscillatory chemical system 
the reactive oxy-bromo species lead to the production 
of bromide which eventually switches the system back 
to high bromide concentration. The regeneration of 
bromide ion, the control intermediate and also the 
autocatalyst intimately depend upon the rates and 
nature of the reactions of the reducing substrate and its 
intermediates with reactive oxy-bromo and bromo 
species, which ultimately decide the linear or non- 
linear behaviour of the system.26 When the bromide 
concentration is sufficiently high in the reaction 
system, reactions (1) and (2) are sufficiently rapid to 
increase the concentrations of HOBr. Further, HBrO, 
disproportionates to give bromate and HOBr through 
equation (3). The concentrations of HOBr, Br, and Br- 
are related through equilibrium reaction (4). WHen the 
concentration of bromine is high and that of hypobro- 
mous acid is low, the associated bromide levels could 
inhibit the reaction of reducing organic substrate with 
bromate ion.3 


Similarly, a high concentration of reducing substrate 
which competes with bromide for oxidizing species 
such as bromate also slows down the reaction of 
bromide with bromate and HOBr, thus delaying the 
regeneration of HOBr, leading to prolonged induction 
times prior to bromide-induced autocatalysed consump- 
tion of the reducing substrate by oxy-bromo and bromo 
species. 


In the present studies, with no initial Br- in the 
initial slow phase of the reaction, the first-order 
dependence of the reaction rate on the concentrations 
of AC and bromate and the second-order dependence 
on [H'] as reflected by the corresponding initial rates 
and k values suggest that the rate-limiting step 
involves one molecule of AC, one bromate ion and 


Table 2. Effect of acid on the reaction between acridine orange and brornate with [HI]  2.0 M 
and [bromate] 4.0 x M 


~~ 


[AC]/10-5M r/10-' M s-' k/10-4 s-'  I , / s  k6/10-* M - 3  S - '  


1 .o 0.39 3.72 80 3.25 
2.0 0.77 3.82 94 3.19 
2.5 1.01 3.75 105 3.35 
3.0 1.19 3.81 120 3.32 
4.0 1.46 3.80 235 3.05 
5.0 1.97 3.85 3 90 3.28 


Mean: 3.24 k 0.10 
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two H' ions, i.e. AC acts as the reducing substrate. 
Considering the profile of the kinetic curve of AC, 
one can safely speculate that the rate-limiting step 
involves either the disruption of the conjugate double 
bond or the formation of an intermediate which 
absorbs at the same wavelength as the AC. Based on 
the literature'' and a preliminary analysis of the 
oxidation products, the intermediate is possibly the 9- 
acridone derivative (I): 


slow 
2 H++ AC + B Q - - + I H + +  H B Q  (6) 


The reaction step (6) { k6= k/([bromate][H'I2)} is the 
rate-controlling step in the slow phase of the reaction 
and the intermediate would be cationic owing to the 
low pH conditions. With no bromide present in the 
initial stages of the reaction, HBrO, will dispro or 


give HOBr, which would compete with bromate for 
AC in a fast reaction step to give IH' or through the 
reaction of AC with bromine generated through reac- 
tion (4). The other possibility one can speculate is the 
reaction of AC with BrO; radical generated in equation 
(5 ) ,  in sequence, and the attack of HOBr on IH', 
possibly resulting in demethylation. The reaction 
product remains protonated owing to the low pH 
condition. 


AC + HOBr + IH' + Br- 


IH' + HOBr+ PH' + Br- + HCHO + H' (8) 
Bromine generated in the system could possibly 


attack the reducing substrate, AC and the intermediate 
in competitive reactions. Various possibilities exist and 
the steps could either be single electron abstractions or 
two-electron oxidation steps as shown in the following 
equations: 


(9) 


tionate rapidly [equation (3), k3 =4.0 x lo3 M-' s- P -  ] to 


(7) 


AC + Br, + H,O + IH' + 2 Br- + H' 


or 


AC + Br, + H,O + ACOH + Br- + H' + Br' (9a) 
ACOH + Br' + IH+ + Br- (9b) 


IH' + Br, + H,O + PH' + HCHO + 2 Br- + H' (10) 
It is reasonable to assume that equations (7)-(lo), 
involving reactions of AC and other intermediates 
with the highly reactive oxidative intermediates, 
hypobromous acid and bromine would be faster than 
step (6) involving bromate ion. Other equations to 


consider are the reactions of BrO; radical, which 
would react in sequence with the reductant yielding 
the intermediate (I), and also the direct reaction 
between bromate and the one-electron abstracted 
organic species. 


AC + BrO; + H20 + ACOH + HBrO, (1 1) 
ACOH + BrO; + I + HBrO, (12) 


ACOH +B~o;+H+-+I+B~o;+H,o (13) 


I + H' + IH' (14) 
Acridones are also known to be brominated in the 


presence of bromine,'' so the further possible reaction 
products include the mono- and dibrominated (at the 2- 
and 7-positions) acridone derivatives: 


IH ' + Br, + IHBr ' + Br- + H' 


IHBr' + Br, -+ IHBr; + Br - + H ' 
(15) 


(16) 
Experiments were conducted monitoring the absor- 


bance changes at 492 and 390 nm corresponding to the 
absorption maxima of AC and Br,, respectively (Figure 
8) in different runs under otherwise similar conditions. A 
perusal of the kinetic curves clearly indicates that there is 
a slow build-up of bromine in the slow phase and 
bromine forms rapidly in the later stages, synchronizing 
with the induction time, i.e. the fast depletion of AC. 


Hence the reaction between bromine and AC was 


I--- -I 
0.8 "- - -3 


! \ 


0 20 40 60 80 100 


Ttmelseconds 


Figure 8. Kinetic curves: absorbance changes at (a)492 nm 
(AC) and (b) 390 nm (Br2). [H'] 2.0 M, [bromate] 0.005 M 


and [AC] 4.0 x lo-' M 


0 0 


Acndtre Orarge (AC) hiemediate (9 
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Figure. 9. Reaction between aqueous bromine and AC. [BrJ 
3.8 x M. [AC]: (a) 2 x and (b) 3 x M 


studied under neutral conditions, using excess aqueous 
bromine and monitoring the AC depletion kinetics and 
employing the stopped-flow technique. Figure 9 illustrates 
the typical kinetic curves with excess of bromine 
(3.8 x M) and at different initial concentration of AC 
( 2 ~ 1 O - ~  and 3 ~ 1 O - ~  M). The kinetic curves were 
analysed from 0.005 to 0.02 s and were observed to follow 
pseudo-first-order kinetics. The rate coefficients had less 
than a 0.1% standard error and the mean value of the 
pseudo-first-order rate constant was 78 f 2 s-I [Figure 
9(b)]. The pseudo-first-order rate constant increased 
proportionally with the increase in initial aqueous bromine 
concentration, indicating that the reaction is first order with 
respect to AC and bromine. From the experiments, we 
estimated the rate constant for the reaction under neutral 
conditions to be 2 x lo4 M-'  s-I. In acidic solutions the 
reactions were observed to be much faster and could not be 
monitored by the stopped-flow technique. Attempts to 
study the reaction with an excess of AC and monitoring the 
bromine concentration at 390 nm were not fruitful owing 
to the formation of Br; which absorbs at the same 
wavelength as bromine but with a higher absorption 
coefficient. These kinetic m s  confirm the role of bromine 
as the active oxidizing species in the reaction between AC 
and bromate. 


Selected experiments were repeated in CSTR systems 
by simultaneously monitoring the absorbance at 492 nm 
and the reaction potential using platinum and reference 
calomel electrodes [Figure 10(a) and (b)]. The stirred 
systems had shorter induction times than the unstirred 
systems, which is obviously a result of agitation of the 
solution. With [H'] 2.0 M, [bromate] 2.5 x M and 
[AC] 2 . 0 ~  lo- '  M, the stirred system had 
I,= 155 * 10 s, compared with 190 s in the absence of 
stirring. The redox potential increased continuously with 
the progress of the reaction and a sudden increase in 
emf was observed synchronizing with the fast consump- 


tion of the AC, indicating the formation of bromine and 
oxidation of the residual bromide. 


In a separate experiment, under identical conditions, 
the change in the concentration of Br- was also moni- 
tored using an ion-selective electrode [Figure lO(c)]. 
The results show that bromide experiences an initial 
drop in concentration, followed by a slow increase, 
reaching a maximum. It then depletes rapidly, synchron- 
izing with the rapid depletion of AC. The continuous 
increase in redox potential in the initial stages could be 
due to the increasing levels of Br, and or HOBr. The 
redox potential of BrO;/HOBr is -1.58 V.27 The boost 
in the emf matching the rapid depletion of AC is 
obviously due to the formation of bromine, which is 
also observed experimentally.28 The suggested mechan- 
ism is also supported by evidence from photo-oxidation 
studies of AC, in which the cationic form of AC 
undergoes bimolecular electron transfer, unlike the 
neutral AC, which is readily demeth~1ated.I~ 


Rate expression 
The rate of consumption of AC can be represented by 
the following equation: 


rate= (-k6[H+l2[BrO;] - k,[Br,])[AC] 
Under initial reaction conditions, with [Br,] = 
[HOBr] = 0, the above equation reduces to 


rate = -k,[H + 12[BrO; I [ACI 


When the concentration of acid and bromate are in 
excess, then the equation reduces to 


rate = -k[AC] 


where the pseudo-first-order rate constant k = 
k6[H'l2[BrO;]. 


The above rate expression agrees well with the 
reaction orders estimated using both initial rate and 
pseudo-first-order rate constants. With the progress of 
the reaction and with increase in the concentrations of 
IH' and HBrO,, reactive intermediates, HOBr and Br, 
slowly build up. When the bromide ion concentration 
increases beyond a certain limit, the concentrations of 
bromine and possibly HOBr increase exponentially, 
resulting in rapid depletion of AC, which in turn gener- 
ates more bromide through equations (9) and (10). 


Computer simulations 
Computer simulations using the proposed mechanism 
were done using 16 equations representing the reaction 
steps (1)- (16). The semi-implicate Runge-Kutta 
method in PASCAL language (TURBO PASCAL 7.0 
version), which solves autonomous ordinary differential 
equation systems, devised by Kaps and R e n t d r ~ p ~ ~  was 
implemented. Tyson-Field-Foersterling's set of data25 
were used for the 10 rate coefficients of equations 
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(c) 
Figure 10. Continuously stirred tank reactor (CSTR) system: (a) kinetic curve for depletion of AC (492 nm); (b) redox potential 
versus time (platinum and reference calomel electrode); (c) bromide concentration versus time plot. [H'] 2.0 M, [bromate] 


2.5 x lo-' M and [AC] 2 x lo-' M 


(1)-(5). The rate constants evaluated in the present 
studies was used for equations (6)  (k6 )  and (9) ( k 9 ) .  
Reactions (6)-( 16) were made essentially irreversible. 
Estimated values were used for equations (7)-(8) and 
(10)-(16). Table 3 summarizes the equations and rate 
coefficients used in the simulations. 


The simulations were found to be very sensitive to 
the values of k6, k7 and k9. The values of k8 and k,, were 
always kept greater than k7 and k9 respectively. After 
setting the experimental value for k6, the values of k7 
and k9 were varied. With low values of $, simulations 
showed an exponential decay and had no induction time 
for the reaction. The values of k, and k9 were adjusted 
until the simulated curves had the same profiles and 
reaction duration as the experimental curves. The 


simulations were less sensitive to the values of k, , ,  k, ,  
and kI3. The protonation of the intermediate, k,,, was 
made a very rapid reaction. The rate constants kI5 and 
kI6 influenced the reaction behaviour owing to their 
effect on the rate of regeneration of bromide ion. The 
profiles of the simulated curves were in good agreement 
with the experimental curves. Figure l l ( a )  shows the 
profiles of the experimental kinetic curve for AC and 
the simulated curves for AC, IH ' and PH'. The profiles 
of the simulated curves for bromine, hypobromus acid 
and bromide for the same conditions of H', bromate 
and acridine orange are shown in Figure ll(b). The 
effect of H' and bromate concentrations in the simu- 
lated curves were similar to the experimental results. 
The simulations were insensitive to the presence of 
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Table 3. Simulations: rate equations and constants 


2 H' + Br- + BrO; + HOBr + HBrO, 


H +  + Br- + HBrO, f 2 HOBr 


2 HBrO, + H+ + HOBr + BrO; 


H' + Br- +HOBr +Br, + H,O 


H' + BrO; + HBrO, + 2 BrO; + H,O 


2H+ + AC + BrO; + IH+ + HBrO, 


AC + HOBr + IH+ + Br- 


IH+ + HOBr + PH+ + Br- + HCHO + H +  
k, = 2.0 x lo3 M-' s-' 


AC + Br, +H,O + IH+ + 2 Br- + H +  


IH+ +Br,+ H,O + PH+ + HCHO + 2 Br- + H +  


AC + BrO; + H,O + ACOH + HBrO, 


ACOH + BrO; + I  + HBrO, 


ACOH +BB; + H +  + I + B~o;+ H,O 


k1=2.5M-'s-'; k_,=3.2M-'s-' 


k z = 3 ~ 0 ~ 1 0 6 M - 2 s ~ 1 ; k ~ 2 = 2 ~ 5 X 1 0 - 5 M - ' s ~ 1  


k,=3.0~lO'M-'S-~; k-,=1.0X10-8M-2S-1 


k4=8.0x 109~- ' s - ' ;  k_,=1.1 x102s-' 


k5=4.2X 10' M-2~-1; k _ , = 4 . 2 ~  1O'M-I s-' 


ks = 3.2 X lo-' M-' s - '  


k, = 2.0 X 10' M S - '  


= 2 . 0 ~  lo4 M - ,  S - l  


k,, = 9.0 x lo6 M-! s-'  


k , , = l ~ O ~ l O ~ ~ - ~ s - l  


kI,=2.0x 1 0 4 ~ - ' s - '  


k,, = 1.OX lo4 M-* s-'  
I + H + - + I H +  


IH' + Br, + IHBr+ + Br- +H' 


IHBr+ + Br, + IHBr, + Br- + H +  


k,, = 1.0 X 109M-' S - '  


k,, = 1.0 x 10, M-' s- '  


k,, = 1.0 x 10, M-' s-l 
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Figure 11. Simulations: (a) curve a, experimental curve for AC; curve b, AC (simulation); curve c, PHf (simulation); (b) simulated 
concentration profiles of (curve d) hypobromus acid, (curve e) bromide (curve f )  bromine. [H'] 2.0 M, [bromate] 04IO4 M and 


[AC] 3 x lo-, M 
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bromide at very low [Br-1, i.e. below M. No 
inhibitory effect could be observed, but with 
[Br-] P lo-’ M an autocatalytic effect was observed as 
in the experimental kinetic curves. 


The fair agreement between the simulated and 
experimental curves is a necessary condition to be 
satisfied for the plausibility of the proposed mechanism, 
although it may not be sufficient evidence that the 
proposed scheme is correct. Considering the large 
number of equations, to achieve good accuracy in the 
magnitudes of all the estimated coefficients is difficult 
and similar agreements between the experimental and 
simulated curves could also be obtained using the same 
mechanistic scheme and a different set of estimated rate 
constants. Therefore, although attempts were made to 
estimate the rate constants based on sound and plausible 
assumptions, there is still great scope for improvement 
in the mechanism and the simulated curves, either by 
further refining the values of the estimated rate 
coefficients or by including the reactions of HBrO, with 
organic species. However, the consistency in the charac- 
teristics of the experimental and simulated curves for 
acridine orange, bromine and bromide further support 
the proposed mechanism as a plausible scheme for the 
reaction between acridine orange and bromate ion at low 
PH. 
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UNUSUALLY LARGE KINETIC DEUTERIUM ISOTOPE EFFECTS ON 


CATALYSED PERMANGANATE OXIDATION OF PhCD (CF,)OH AND 
PhCD(CH,)OH IN WATER* 


OXIDATION REACTIONS. 1. THE MECHANISM OF HYDROXIDE- 


ALF THIBBLIN 
Institute of Chemistry, University of Uppsala, P .O.  Box 531, S-75121 Uppsala, Sweden 


The oxidation of l-phenyl-2,2,2-trifluoroethanol (ROH) with potassium pennanganate in 0.2 M aqueous sodium 
hydroxide solution at 25 "C provides 2,2,2-trifluoroacetophenone as the sole product. The reaction rate 
constant, which was measured under pseudo-first order conditions by following the decrease in substrate 
concentration as a function of time, was found to be substantially smaller than previously reported. The 
primary kinetic deuterium isotope effect was measured as kF/kF = 14.7 * 1.0. A hydrogen-transfer mechanism 
involving significant tunnelling is proposed. The oxidation of 1-phenylethanol under similar reaction conditions 
yields acetophenone as the initial product. The kinetic deuterium isotope effect was found to be k;/kF = 5.2 k 0 8 .  


INTRODUCTION 


Oxidation reactions constitute a large group of reactions 
with an extensive mechanistic spectrum.' Studies of 
oxidation reaction mechanisms frequently include 
measurements of kinetic deuterium isotope effects. In 
principle, there are three plausible rate-limiting transfers 
which can result in a primary kinetic deuterium isotope 
effect in these reactions, namely hydride transfer, hydro- 
gen transfer and hydron transfer accompanied by electron 
transfer. Some of the kinetic deuterium isotope effects 
reported in the literature for oxidation reactions are 
unusually large, i.e. they are larger than predicted by 
'classical' theory. A large tunnel correction or some type 
of branched reaction mechanism is required to explain 
these unusually large kinetic deuterium isotope effects. 


For example, the type of branched mechanism shown 
schematically in the equation 


ox ox 


RD, - RD'- product (1) 
-D I -D 


.1 
byproduct 


may result in extreme kinetic deuterium isotope effects2 
Thus, a normal, substantial kinetic isotope effect on the 


first oxidation step to give the intermediate RD', 
followed by branching to product and byproduct having 
different isotope effects, can give rise to an unusually 
large kinetic deuterium isotope effect on the overall rate 
of product formation. Moreover, an unusually small 
kinetic isotope effect on the overall rate of formation of 
the byproduct is observed under these conditions.* Also, 
other types of branching may give rise to extreme 
isotope effects2 


The present study was initiated with the intention of 
thoroughly investigating the mechanisms of selected 
oxidation reactions which have been reported to exhibit 
unusually large kinetic deuterium isotope effects. Are 
the unusually large isotope effects due to more complex 
reaction mechanisms such as branching or are they 
caused by extensive tunnelling? If the cause is tunnell- 
ing, what are the factors which favour tunnelling in 
these cases? It is hoped that these studies will provide 
new insight into the complex mechanisms of oxidation 
reactions. 


The present paper is the first report from this study. It 
is a re-examination of the hydroxide-catalysed oxida- 
tion of l-phenyl-2,2,2-trifluoroethanol (ROH) by 
permanganate ion in water. In previous ~ t u d i e s , ~ . ~  the 
reaction was followed by measuring the decrease in 
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oxidant concentration with time. A different technique 
was utilized in the present investigation which allows 
both the changes in substrate concentration and the 
product concentration to be monitored during the course 
of reaction. The same technique has also been used to 
study the hydroxide-catalysed oxidation of l-phenylet- 
hanol; no previous kinetic study of this reaction seems 
to have been reported. The mechanistic implications of 
the results are discussed. 


RESULTS 
The reaction of l-phenyl-2,2,2-trifluoroethanol (ROH) 
with potassium permanganate in 0.2 M aqueous sodium 
hydroxide solution at 25 "C provides 2,2,2- 
trifluoroacetophenone as the sole product [equation 
(211: 


OH 0 
I II 


Ph H(D) + 2Mn04- + 2HO- -+ PhC + 2Mn0;- + 2Hz0 'i I 
a 3  


ROH 


(2) 
In water, this product is rapidly converted to the 
hydrated form PhC(CF3) (OH),.' The kinetics of the 
reaction were studied by a sampling-quench, high- 
performance liquid chromatography procedure. Thus, 
the decrease in concentration of substrate ROH 
(actually the sum of [ROH] and [RO-1) and the 
increase in product concentration were followed as 
functions of time. The reaction was of pseudo-first 
order type since the concentration of permanganate 
ion was much larger than the concentration of sub- 
strate, [MnO;], > 20 x [ROH],. The reaction requires 
2 mol of permanganate per mole of product [equation 
(211.~ 


The reaction follows the rate law of equation (3): 
Rate 
= k,,([ROH] + [RO-])= k2[MnOi]([ROH] + [RO-I) 
= k3[HO-][MnOi]([ROH] + P O - ] )  (3) 


The rate constant kobs was measured at constant pH. The 
results are presented in Table 1 and confirm that the 
reaction is first order in oxidant. The reaction is also first 
order in substrate. This was checked by using a much 
higher concentration of deuteriated substrate (Table 1). 


Stewart and van der Linden4 have studied the effect 
of hydroxide concentration on the observed rate con- 
stants. In dilute hydroxide ion solution, the observed 
pseudo-second-order rate constant (k,) for the oxidation 
of the alcohol increases in an approximately linear 
manner with increasing hydroxide ion concentration. In 
more concentrated solutions of hydroxide ion, the rate- 
constant increase levels off to a nearly constant value. 


This can be attributed to the conversion of the alcohol 
to the alkoxide anion with the dissociation constant K,; 
the latter undergoes oxidation: 


OH 0- 0 


PhCH(D) + HO- - PhCH(D) - PhCCF, 
I KJR; I W n O T l  11 (4) 


I I 
I 


CF3 CF3 
l / k = l / k {  (1 + (Ka/Kw)[Ho-I)/(K,/Kw)J1/[HO-l 


( 5 )  
A plot of l/k2 against l/[HO-] according to equation 


(9, employing previously published data,4 gives the 
second-order rate constant for oxidation of the alkoxide 
anion, k =  8.7 M-' s-', from the ordinate intercept and 
Kw/(K,k)= l /k3 as the slope (Figure l), which gives 
k, FJ 580 M-* s-' and pKa = 12.2 based on Kw = 
The same treatment of the data for the deuteriated 
substrate ,(Figure 2) gives @ = 30 M-'s - ' ,  
k D = 0 - 5 2 ~ -  s -  andpe=12.2.Avalueof  pKa=ll .9  
has been measured by spectrophot~metry.~ 


The oxidation of the alkoxide anion follows the rate 
laws 
Rate 


= k[MnOi][RO-] + k(Ka/Kw)[HO-][MnO~][ROH] 
= kI (Ka/Kw)/(l+ (Ka/Kw)[HO-I)J 


x[HO-][MnO;]([ROH] + [RO-1) (6) 


k2= k((Kn/Kw)/(l+ (Ka/Kw)[HO-l)J[HO-l (7) 


k3= k(  (Ka/Kw)/(l+ (Ka/Kw)[HO-I)l (8) 


ThUS kobs= k,[f ioi]  and 


Addition of sodium acetate has no effect on the 
reaction rate (Table 1). 


- n  
, i 'J 


G 1c. 20 30 4c. 3 


l/[HO'] 


Figure 1. Dependence of the pseudo second-order rate 
constant for reaction of PhCH(CF3)OH on the hydroxide ion 


concentration. Data from Ref. 4 
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4.3 


3.3 


3 .O 


2.5 
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Table 1. Rate constants and isotope effects for the oxidation of l-phenyl-2,2,2-trifluoroethanol (ROH)a and 
1-phenylethanol' by KMnO, in aqueous sodium hydroxideb at 25 "C 


Compound 


l-Pheny1-2,2,2-trifluoroethanol 504 1583 108.0 3.14 0-214 14.7 f 1.0" 
3030 643 0.212 
4040 874 0.216 
4040 886' 0.213' 
4040 887' 
1020' 7.5' 0.47' 16.0' 


1410 28 1 0.199 
2020 -61' 0.03' 


1-Phenylethanol 1410 1461 1 04 5.2 f 0.8' 


'Substrate concentration 26 pM. 


' Substrate concentration 204 pM. 


' Data of Stewart and van der Linden,' obtained under pseudo-second-order rate conditions at 25.2 "C by following the decrease 
in oxidant bv iodometric titration: substrate concentration was 510 pM. 


[NaOH] = 0.2 M. 
Maximum error including maximum systematic errors and random errors. 


Sodium acetate added, [NaOAc] = 0.2 M. 


I Without &ition of sodium hydroxide. 


2 .2  
0 50 


Figure 2. Dependence of the pseudo second-order rate 
constant for reaction of PhCD(CF,)OH on the hydroxide ion 


concentration. Data from Ref. 4 


The reaction of I-phenylethanol with potassium 
permanganate in 0.2M aqueous sodium hydroxide 
solution at 25 "C provides acetophenone as the initial 
product. This reaction is analogous to that of ROH 
[equation (2)]. However, the acetophenone is not stable 
under these conditions but is rapidly oxidized further to 
benzoylformic acid in basic solution,' which requires 
six more equivalents of permanganate ion: 


HO- Mn0; 
PhCCH, - PhC=CHz - PhCCOO- 


II (9) 
0 


I 
-0 


II 
0 


For this reason, the reaction solution was made more 
concentrated in KMnO, to maintain pseudo-first-order 
behaviour. A maximum concentration of a few per cent 


of acetophenone is achieved after a short reaction time. 
The reaction was studied by the same method as 
described above for the trifluoro analogue. The reaction 
conditions and rate data are presented in Table 1. The 
reaction in neutral solution is about 30 times slower. The 
acetophenone product is stable under these conditions. 


DISCUSSION 
The measured rate constants for the trifluoro alcohol ROH 
are lower than those reported under second-order condi- 
tions by Stewart and van der Linden:4 2.4 times for 
and 2.2 times faster for k$' (Table 1). The explanation of 
these differences, which are much larger than expected 
from the temperature difference of 0.2 OC (Table 1), is 
not known but is probably attributable to differing experi- 
mental techniques. Kinetic studies under second-order 
conditions using an iodometric procedure require knowl- 
edge of the exact stoichiometry of the reactions involved, 
which can be a source of error. A larger, but presumably 
not significantly larger, kinetic deuterium isotope effect 
was measured previously: g / e  = 16.0, compared with 
14.7 f 1.0 measured in this study. The large isotope effect 
is presumably not caused by a type of reaction branch- 
ing,' since the reaction does not yield a detectable amount 
of byproduct. 


The rate constant k2 is a product of the rate constant k 
for the oxidation step and a factor ( f )  which is a function 
of the acidity of the substrate and the hydroxide concen- 
tration [equation (7)]. However, the pK, of the protium 
substrate ROH is, within experimental error, the same as 
the pK, of the deuterium substrate." Accordingly, the 
isotope effect ratio f "IfD should be very close to unity at 
[HO-] = 0.2 M, inferring that the measured isotope effect 
on is equal to the isotope effect on the oxidation rate 
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constant k for the alkoxide ion, i.e. kF/kt = kH/kD. A 
difference in pKa of pKf-pKy=O.l corresponds to 
f f = 1.02, i.e. kt/ky is 2% lar er than kH/kD. 


The isotope effect ratio f f is presumably larger 
for the 1-phenylethanol reaction owing to a larger pK 


and to a presumably larger difference in pK, of labelled 
and unlabelled alcohol than for the trifluoro analogues. 
The assumption of a pK, difference for 1- henylethanol 


0.2 M hydroxide concentration, i.e. the measured isotope 
effect of kF/kt=5.2 is 26% larger than the oxidation 


effect kH/kD. Accordingly, the isotope effect FK or the oxidation of the anion of 1-phenylethanol 
could be as small as about 4. 


The difference between the pKa value of 12.2 and the 
estimated pKa of 15-5 for 1-phenylethano16 indicates 
that the three fluoro substituents in the methyl group 
stabilize the alkoxide anion by ca 3.2 pK, units, i.e. 
about 4.4 kcal mol-' (1 kcal = 4.184 M). 


The large isotope effects measured for the two alcohols 
show that the rate-limiting steps must involve transfer of 
hydrogen, either as a hydron, a hydrogen atom or a hydride 
anion. The experimental results also clearly show that the 
alkoxide ion RO-, and not the alcohol ROH, is the species 
which undergoes oxidation [Figure 1 and equation (4)]. 
Thus, the termolecular processes discussed p v i o ~ s l y ~ ~  
such as a mechanism involving concerted abstraction of 
the hydron by hydroxide ion and electron transfer to 
permanganate ion or a mechanism in which hydroxide ion 
attacks the central carbon as a nucleophile coupled with 
hydride transfer to the permanganate ion, can be ruled out. 


The simplest oxidation mechanism consistent with the 
results of Table 1 is a direct hydride transfer from the 
alkoxide anion to the oxidant in a single-step process 
[equation (lo)]. An alternative is a two-step mechanism 
[equation (1 l)]  in which hydrogen transfer occurs in 
the first step to give the radical anion. In the subsequent 
step, an electron is rapidly transferred to a second 
permanganate ion. The mechanisms require two moles 
of permanganate ion for the oxidation process. 


E 
of 1-phenylethanol (which could be estimated as 15.5) t 


of pKF-pK:=O.I corresponds to f B /fD=1.26 at 


k 


fast 
HoNnOi- + hhOi + HO- __t 2Mn02- + H,O 


-? n ? 
PhC-H + CMn0;- PhF= + HOMnO; 


k 


Ivho; P - Phy 
R 


fast 


k 


Different sensitivities to ring substituents are expected 
for the two mechanistic alternatives. Electron-donating 
groups should accelerate the reaction if the hydride- 
transfer mechanism prevails, but hydrogen transfer 
should show relatively small substituent effects. Stewart 
and van der Linden4 measured very small rate effects of 
substituents in the aromatic ring of ArCH(CF,)OH and 
the results should therefore exclude the hydride-transfer 
mechanism for ROH. Thus, the reaction should follow 
the hydrogen-transfer mechanism shown in equation 
(1 1). 


It has been suggested that the oxidation of alcohols 
may follow both mechanisms.* Easily oxidized com- 
pounds may react by the hydride transfer mechanism 
[equation (lo)] but more unreactive substrates may 
undergo hydrogen transfer [equation (1 I)]. However, 
no supporting indications seem to have been reported. 


Why is an unusually large isotope effect measured for 
ROH? A maximum loss of zero-point energy of 
stretching and bending vibrations in the transition state 
may account, at most, for an isotope effect of about 12.' 
Hence, the result of the present study should require 
tunnelling. Substantial tunnelling seems reasonable 
owing to the following. An electron-withdrawing group 
such as trifluoromethyl retards the oxidation of alkoxide 
anions.' The oxidations of PhCH(CH,)OH and 
(Ph),CHOH are slower and exhibit normal isotope 
effects of kH/kD = 5.2 (Table 1) and k H / k D  = 6.6," 
respectively. This rise in the potential energy barrier 
owing to the decreased reactivity of the alkoxide ion 
may facilitate tunnelling. Similarly, the kinetic deuter- 
ium isotope effect for Crm oxidation of substituted 
2,2,2-trifluoroethanols in a HClO,-HOAc mixture, 
which is mechanistically of another type, has been 
found to increase with decreasing reactivity of the 
substrate.'' Accordingly, the isotope effect for the 
oxidation of ROH was measured as kH/kD = 8.5, but the 
3,s-dinitro-substituted compound shows an unusually 
large isotope effect of 13 at 25 "C. 


The previously measured activation parameters for 
ROH,~  AH: - A H ; =  2.2 kcal mol-' and 
AS$-AS:= 1.9 cal mol-'K-', support the conclusion 
that tunnelling is significant in the oxidation of ROH by 
permanganate. However, anomalous activation energy 
dependences are not alone conclusive evidence for 
tunnelling, since complex reactions can, under certain 
conditions, show anomalous temperature dependences 
in addition to extreme kinetic deuterium isotope 
effects.'.'' 


Lewis and Robinson" measured a tritium isotope 
effect of kH/kT = 57 for the oxidation of ROH using an 
insufficient amount of permanganate. This is in fair 
agreement with the measured kinetic deuterium isoto 


yields kH/kT = 14-714' = 48. 
In summary, a hydrogen-transfer mechanism 


[equation ( l l ) ]  is suggested for the oxidation of ROH. 


effect since the Swain equation, kH/kT= (PIP)' . 4 r  ', 
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The unusually large deuterium isotope effect is consist- 
ent with a substantial amount of tunnelling, and it does 
not seem possible to rationalize the results with a more 
complex reaction mechanism such as reaction 
branching. 


EXPERIMENTAL 


General. The 'H NMR analyses were performed 
with a Varian XL 300 spectrometer. The high-perfor- 
mance liquid chromatography (HPLC) analyses were 
carried out with a Hewlett-Packard 1090 liquid chroma- 
tograph equipped with a diode-array detector on a C8 or 
a ClS (100x3 mm i.d.) reversed-phase column. The 
mobile phase was a solution of acetonitrile in water. 
The reactions were studied at constant temperature in a 
HETO 01 PT 623 thermostat bath. 


Materials. Acetonitrile (Riedel-de Haen) was of 
HPLC grade and was used without further purification. 
1 -Phenyl-2,2,2-trifluoroethanol (ROH ) and 2,2,2- 
trifluoroacetophenone, purchased from Aldrich, and 
acetophenone (Fluka, p.a.) were used without further 
purification. The substrate 1-phenylethanol (EGA, 
97-100%) was purified by distillation. The deuteriated 
substrates were prepared from 2,2,2- 
trifluoroacetophenone and acetophenone, respectively, 
by reduction with LiAlD, (Ciba, 99% 'H) by a standard 
method and purified by distillation. The deuterium 
content in the 1-position was found to be 98.8 f 1.0 
atom% 'H and 99-1 f 1.0 atom% 'H, respectively, as 
measured by 'H NMR. 


Kinetics and product studies. The reactions were run 
in a V-shaped reaction vessel. Substrate and sodium 
hydroxide solutions were placed in one of the shanks 
and potassium permanganate solution in the other. After 
thermostating for 30 min, the reaction was initiated by 
fast mixing of the two solutions. At appropriate inter- 
vals, aliquots were quenched by mixing with a small 
amount of 1 M HC1 and analysed on the HPLC 
apparatus. The rate constants for the disappearance of 


the substrate were calculated from plots of area of 
substrate peak versus time by means of a non-linear 
least-squares regression computer program. Very good 
pseudo-first-order behaviour was seen for all of the 
reactions studied. The alkoxide anion was found to be. 
stable in 0-2 M NaOH for at least 1 week. 


The estimated errors are considered as maximum 
errors derived from maximum systematic errors and 
random errors. 
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ADDITIVITY OF PROTON AFFINITIES: THEORETICAL STUDIES OF 
FLUORINE- AND METHYL-SUBSTITUTED BENZENES 


M. ECKERT-MAKSI~,* M. KLESSINGER AND z. B. MAKSIC",? 
Organisch-Chemisches Institut, Westfalische Wilhelms- Universitat Miinster, Corrensstrasse 40,0-48149 Miinster, Germany 


Ring proton affinities (PAS)  in fluorobenzene and toluene were examined by the MP2(fc)/6-31G"// 
HF/6-31GW + ZPE(HFI6-31G') model. The calculated PAS are in good accordance with the available 
experimental evidence, their order being PA(p)  > PA(o)  > PA(m)  > PA(& where p ,  0, rn and i stand for paru, 
ortho, meta and ips0 positions, respectively. The relative values of the proton affinities can be interpreted in 
terms of the ground-state charge distribution (initial state effect) and the characteristic mbond fixation 
produced by protonation (final state effect). The influence of the latter is either concerted with the initial charge 
distribution leading to higher PAS (orfho and para positions) or disconcerted as in mefa protonation, which has 
a lower PA value. Finally, it is shown that PAS in difluorobenzenes and fluorotoluenes are additive and can be 
reduced to the characteristic PAS of fluorobenzene and toluene with good accuracy. 


INTRODUCTION 


Notwithstanding its size, the proton occupies one of the 
dominant positions in playing an import- 
ant role in proton transfer reactions, catalysis, solvation 
and nucleation phenomena in solutions, in charge and 
mass transport processes in membranes, in determining 
acidity and basicity, etc. Additionally, the intrinsic or 
'dilute gas-phase' proton affinities ( P A S )  serve as very 
useful probes of the electronic structure of the parent 
(aromatic) bases and their substituted derivatives 
inasmuch as they are intimately related to the corre- 
sponding substituent constants and the linear free 
energy  relationship^.^ PAS might also be useful in 
studying electrophilic substitution reactivity in 
aromatics5 and in discussing effects caused by the 
fusion of small strained rings to aromatic nuclei.6 
Consequently, it is of great importance to gather as 
much knowledge about PAS as possible. Several experi- 
mental techniques have been developed for this 
purpose.' Unfortunately, measured PAS usually refer to 
the most stable protonated species and therefore yield 
little or no information about alternative sites of 
protonation. 


Modern computational methods of quantum 
chemistry provide a very useful complementary 
approach, particularly since they treat all protonated 


forms at the same footing. A serious bottleneck is given 
by the size of the molecules under study, since a high 
level of theory is usually required for quantitative a 
priori estimates o f  proton affinities. Concomitantly, 
they are confined to small molecules. It is gratifying that 
a relatively simple model denoted by MF'2(fc)/ 
6-31G**//HF/6-31G* + ZPE(HF/6-3 1G*) seems to 
give satisfactory PAS in substituted benzenes.' Hence it 
is of some interest to apply it in calculations of PAS in 
fluorobenzenes and fluorotoluenes. The motivation for 
this work was the scarcity of experimental and theoreti- 
cal data on protonation in this important family of 
molecules. 


Recently, HruSak et al."' reported results of a 
combined ah initio and experimental study of pro- 
tonated fluorobenzene, but their attention was focused 
on the proton 'ring-walk' mechanism and the problem 
of the unimolecular loss of the HF molecule. Further, a 
PA value of 181.8 kcalmol-l (1 kcal=4.184 kJ) has 
been ascribed to the ortko ring position by collisionally 
induced decomposition mass spectrometric measure- 
ments. "." Consequently, the question arises of whether 
this site is thermodynamically also the most favourable 
one. 


Finally, we address the question of additivity of PAS 
in difluorobenzenes and fluorotoluenes. Such a 'rule of 
thumb' would be of great help in estimating PAS of 
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plysubstituted benzenes, which are not easily treated 
theoretically because of the large number of electrons. 
An additivity rule can serve also as a useful guide in 
experimental investigations. 


energies (ZPEs). The resulting ZPEs are multiplied by 
the empirical scaling factor of 0.89 as usual.' Inclusion 
of the ZPE is crucial for a quantitative description of 
the absolute values of PAS since the protonated forms 
have one more atom and an additional chemical bond. 


METHOD OF COMPUTATION 
The theoretical model should be feasible, economical 
and reliable. In order to keep the computational efforts 
at a minimum, all geometries are optimized by the 
HF/6-31G9 model. The latter is employed for the 
vibrational analysis calculations of the zero point 


X = F  1 l o  l m  
X-CHj  2 20 2m 


X = F  
X = CH3 


1P 11 
2P 21 


Scheme 1 


X = F  3 3a 
X I CH3 6 6a 


X - F  
X CHI 


X = F  
X = CHI 


4 4a 
7 7a 


b F 


5 
8 


Since benzene is an aromatic moiety, electron correla- 
tion should be explicitly taken into account. This is 
achieved at least partially by single-point 
MF'2(fc)/6-31Gg*//HF/6-31G* calculations. Again, 
the lowest order MP calculations are carried out for 
economical reasons. Frozen (1s)' electron cores (fc) are 
assumed in order to increase efficiency. However, a 
larger 6-31G" basis set is employed in the MP2(fc) 
single-point procedure since a detailed description of 
the densities at the hydrogen atoms is a prerequisite for 
a good performance of the model. Some alternative 
basis sets and the MP2(fu) procedure, which implies 
that all electrons are included in the correlation energy 
calculation, are used too for the sake of comparison. 
All computations are performed by using the Gaussian 
92 program package.I3 


RESULTS AND DISCUSSION 


Proton aflnity irz fluorohenzeiie and toluene 
The examined systems are presented in Schemes 1 and 
2. Proton affinities are calculated using the equation 


PA(n,) = E(n) + ZPE(n)-[E(n,) + ZPE(n,)] (1) 


3b 
6b 6c 


3i 
6d 


4b 4d 41 
7b 7c 7d 


&. +;H 6 
F F F 


5a 51 
0a 8b 


Scheme 2 
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where ni  refers to the protonated species under study 
and n without a subscript stands for the unprotonated 
form. E is the total molecular energy. It should be 
noted that the PA is defined as a positive entity. We 
commence the discussion with the protonated fluoro- 
benzenes lo-li. Several theoretical models are 
examined: HF/6-3 lG", MP2(fu)/6-3 1G'// 
HF/ 6-3 1G *, and 
MP2(fc)/6-3lG**//HF/6-3lG* (Table l), all of which 
indicate that the para position is most susceptible to 
the electrophilic attack as evidenced by the largest PA 
value. This is in accord with some experimental 
results yielding PA(1p) = 182.9 kcalmol-I.''' In 
comparing our results with experiment one should keep 


MP2 (fu)/6-3 1 1 G *//HF/6-3 1 G' 


in mind that the theoretical PA values refer to 0 K. No 
attempt is made to estimate the influence of the tem- 
perature at 300 or 600 K, the latter being used in the 
actual measurements by Lau and Kebarle.''' The point is 
that the experimental PAS are accurate only to within a 
couple of kcal mol-'.' Second, all comparisons will be 
made within the adopted theoretical model only. 


Nevertheless, the experimental data may serve as a 
useful benchmark in selecting the most appropriate 
theoretical model. First we note that explicit inclusion 
of the core electrons in the MP2(fu) procedure has only 
a minor effect on the calculated PAS, and a negligible 
effect on the relative values APA, the largest difference 
between MP2(fc) and MP2(fu) values calculated with 


Table 1. Total molecular energies E (in au), ring proton affinities PA (in kcal mol-I)" and zero point energies ZPE (in kcal m01-l)~ 
of fluorobenzene (1) and toluene (2) as calculated by different models 


Molecule Parameter HF/6-3 IG' MP2(fu)/6-3 IG'//HF/6-3 1G' MP2(fu)/6-31 IG'//HF/6-31G' MP2(fc)6-3lG"//HF/6-3 1G' 


1P 


l i  


2 


20 


2m 


1 E 


l o  E 
ZPE 


ZPE 
PA 
APA 


ZPE 
PA 
APA 
E 
ZPE 
PA 
APA 
E 
ZPE 
PA 
APA 
E 
ZPE 
E 
ZPE 
PA 
APA 
E 
ZPE 
PA 
APA 


Im E 


2P E 
ZPE 
PA 
APA 


ZPE 
PA 
APA 


2i E 


- 329.55467 
55.4 


61.9 
187.7 
-2.9 


-329.86419 


-329.84986 
61.4 


179.2 
-11.4 


-329.86872 
61.9 


190.6 
0 


62.0 
168.6 
-22.0 


76.5 


82.8 
196.2 
-1.8 


82.8 
191.4 
-6.6 


-329.83395 


-269,740 16 


-270.06300 


-270,05532 


-260.06559 
82.7 


198.0 
0 


83.4 
187.0 
-11.0 


-270.04935 


- 330.50758 
55.4 


61.9 
175.8 
-2.2 


61.4 
169.1 
-8.9 


-330.79808 


-330.78667 


-330.80167 
61.9 


178.0 
0 


62.0 
152.7 
-25.3 


-330.76143 


- 
- 
- 
- 
- 
- 
- 
- 


- 
- 


- 


- 
- 
- 
- 
- 
- 
- 


- 330.74423 
55.4 


61.9 
172.0 
-2.4 


-331.02868 


-331.01711 
61.4 


165.2 
-9.2 


61.9 
174.4 


0 


62.0 
148.6 
-25.8 


-331.03248 


-330,991 57 


- 
- 
- 
- 
- 
- 
- 
- 
- 
- 


- 
- 
- 
- 
- 
- 
- 
- 


-330.5 I478 
55.4 


61.9 
179.4 
-2.2 


61.4 
172.5 
-9.1 


61.9 
181.6 


0 


62.0 
156.7 
-24.9 


76.5 


82.2 
186.2 
-1.1 


82.8 
182.9 
-4.4 


-330.81101 


-330.79931 


-330.81460 


- 330.77497 


-270.69134 


-270.998 15 


-270.99292 


-270.99975 
82.7 


187.3 
0 


83.4 
179.9 
-7.4 


-270.98593 


"Relative changes in the proton affinities, APA, are calculated by taking the most stable poru-protonated form as a standard. 
bZPE values are estimated at the HF/6-31G' level utilizing a common scaling factor of 0.89 
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the same basis set being 0.2 kcalmol-I. Perusal of the 
data in Table 1 reveals that PA(1p) estimated by the 
Hartree-Fock model is overestimated by 7 kcal mol-I, 
whereas MP2 single-point calculations without polariz- 
ation functions at the hydrogens (MP2/6-3 lG"*//HF/ 
6-3 1G' and MP2/6-3 1 lG*//HF/6-3 1G") significantly 
underestimate the proton affinity. The best 
accordance with experiment is achieved by the 
MP2(fc)/6-31G*"//HF/6-31G" model, which shows 
that both the correlation effect and polarization of the 
hydrogen atoms should be explicitly taken into account. 
Although the ZPE is important in determining the 
absolute value of PAS, its variation AZPE is negligible, 
implying that it can be safely neglected in discussing the 
relative values of the proton affinities APA. Surpris- 
ingly, it appears that relative values APA are fairly well 
reproduced by all models employed, in spite of the 
errors in absolute values of PAS (see above). It should 
be noted, however, that HF relative proton affinities are 
sometimes off by several kcal mol-' from all MP2 
values, which in turn are in very good mutual 
agreement. 


It appears that ortho protonation is energetically less 
favourable than para protonation. E ~ p e r i m e n t " . ~ ~ , ' ~  
shows that PA(1p) - PA(1o) is 1.1 kcalmol-', which 
should be compared with theoretical estimates of ca 
2 kcal mol-'. This is satisfactory in view of the errors 
involved both in experimental techniques and theoretical 
procedures. Further, the ineta position is less favourable 
for protonation by ca 10 kcal mol -I, whilst the ips0 site 
is least favourable, as revealed by APA = 
-25 kcal mol-I. Similar conclusions may be drawn 
from the results for the protonated toluenes 20-2i. 
Again, the PA value is largest for the para position. The 
MP2 value PA(2p) = 187.3 kcal mol-' is smaller than 
the experimental value of 190.0 kcalmol-l from Lau 
and Kebarle,14 but is in good agreement with a more 
recent experimental value of 189.1 kcal m ~ l - ' . ' ~  The 
PAS of the ortho, ineta and ips0 positions are smaller 
than that of the para position by 1, 4 and 7 kcal mol I, 


respectively. In summary, it seems that the 
MP2(  f c )/6-3 lG"// HF// 6-3 1G* + ZPE(HF/6-3 1G') 
model is indeed a useful tool for studying PAS in 
fluorinated benzenes. Since the same conclusion holds 
for protonated phenols,' it is likely that this model will 
perform very well for all other aromatic systems involv- 
ing first row substituent atoms. 


Our next task is the interpretation of the theoretical 
results. This can be easily done at the qualitative level 
by considering n-electron resonance structures describ- 
ing n-back-donation of the fluorine lone pair to the 
aromatic ring.16 It is also of some importance to include 
polarization resonance structures reflecting induced 
charge alternation resulting from n-back donation. The 
charge distribution in fluorobenzene is illustrated by I in 
Scheme 3. 


I II 111 IV V 


Scheme 3 


Analogously, one can easily deduce the charge 
distribution in the benzenium ion (I1 in Scheme 3). 
Superposition of these two charge patterns for para and 
ortho protonation yields concerted overall density 
distributions as shown in Scheme 3 (111 and IV). Hence 
we conclude that protonation at para and ortho sites are 
favourable for two reasons: (i) since the atoms in these 
sites possess negative charge, implying that the interac- 
tion with the proton is electrostatically profitable, and 
(ii) charge redistributions caused by fluorination and 
protonation are compatible and synactive. The import- 
ance of  the latter effect was stressed in an earlier study 
of protonation in benzocycloalkenes.6 In contrast, 
bonding patterns I and I1 (Scheme 3) are antagonistic 
for rneta protonation indicating that this position is not 
energetically favourable (V in Scheme 3). Additionally, 
formally positively charged ineta carbon atoms are not 
suitable for accommodation of the positive proton. It 
should be pointed out that the charge distributions 
discussed so far at the qualitative level are substantiated 
by the HF/6-31G* atomic charges deduced by using 
Mulliken population analysis. We note in passing that 
the very low PA(1i)  value is easily rationalized by 
the a-inductive effect o f  the fluorine atom, which 
is most pronounced at  the site of  substitution. I t  
follows that the ordering of  proton affinities 
PA(1p)  = PA(1o)  > PA(1m) > PA(1i)  is  compatible 
with the simple intuitive picture just described, in 
agreement with the results discussed above and given in 
Table 1. The same analysis applies to the protonation of 
toluene, although the differences APA are considerably 
smaller owing to the different a-inductive effect of the 
methyl group and the fact that the formal charge of the 
rneta position is not positive but rather less negative 
than that of the ortho and para positions. 


Additivity of proton affinities in polysubstituted 
benzenes 


Since the MP2(fc)/6-3 1G'*//HF/6-31Ga + ZPE(HF/ 
6-31G') model is capable of providing quantitative 
information about PAS in fluorobenzene we used it 
also to calculate PAS of difluorobenzenes and 
fluorotoluenes. The results are given in Table 2. 
Experimental data on these compounds are scarce. 
For in-difluorobenzene Yamdagni and Kebarle 
give PA = 181.6 kcal mol-I, which compares very 
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Table 2. Total molecular energies E (in au) and zero point 
energies ZPE (in kcal mol-I) of difluorobenzenes 3-5 and 


fluorotoluenes 6-8 


Molecule E (HF)a ZPEh E (MP2)' 


Benzene - 230.703 14 60.2 -231.50460 
Prot. benzene -231.01468 66.3 -231.80103 
3 -428.39819 50.6 -429.51749 
3a -428.69143 57.0 -429.80190 
3b -428.69773 57,O -429.80658 
3i -428.681 17 57.6 -429.78362 
4 -428.39819 50.6 -429.52376 
4a -428.71640 57.3 -429.82300 
4b -428.68355 56.4 -429.79697 
4d -428.71093 57.3 -429.81854 
4i -428.66747 57.1 -429.77145 
5 -428.40370 50.6 -429.52292 
5a -428.69866 57.0 -429.80786 
5i -428.68910 57.7 -429-79043 
6 -368.59274 71.9 -369.70327 
6a -368.89946 77.7 -369,99892 
6b -368.91 105 78.4 -370.00853 
6c -368.90330 77.9 -370.00071 
6d - 368.90574 78.3 -370.00460 
7 -368.59227 71.7 -369.70174 
7a -368.9 1727 78.3 -370.01186 
7b -368-891 19 77.8 -369.99207 
7c -368.91546 78.2 -370.01005 
7d -368-91215 78.3 -370.00787 
8 - 368.59 128 71.7 -369.70131 
8a -368.89900 77.8 -369.99659 
8b -368.905 11 78.3 -37040260 


'Calculated with the HF/6-31G' model. 
'Estimated at the HF/6-31G' level using a common scaling factor of 


'Calculated with the M P ~ ( ~ c ) / ~ - ~ I G " / / H F / ~ - ~ I G '  model. 
0.89. 


favourably with our computed value 
PA(4a) = 181-1 kcal mol-I. 


Utilizing the concept of homodesmic chemical 
 reaction^^^.'^ in a modified form, the PA values of 
polysubstituted benzenes may be decomposed into 
elementary components which are related to the mono- 
substituted species. This will be demonstrated for the 
ortho protonation in 1,2-difluorobenzene. The negative 
value of PA(2a) can be written as 


Equation (2) describes protonation as if it occurred in 
two steps. In the first step, the perturbation by F(l) is 
neglected and the protonation energy is given by the 
first brackets on the right-hand side. In the second 
stage, the perturbation exerted by atom F(l) is included 
and its influence on the protonation site is determined 
by the terms in braces. If the processes of 
difluorination and protonation were perfectly isolated 
and independent, then the interference A would be 
exactly zero. In that case PA(3a) would be given as a 
sum of three contributions which can be identified as 
PAS of the ortho and rneta positions in fluorobenzene, 
PA(1o) = 179.4 kcalmol-' and PA(1m) = 172.5 kcal 
mol-I, whereas the third term is PA(benzene)= 
179.9 kcalmol-I. It is obvious that equation (2) is 


invariant with respect to the choice of the perturbing F 
atom. In reality A # 0, but it is intuitively expected that 
its absolute value is small. 


Ab iriitio results for the difluorobenzenes 3-5 and 
fluorotoluenes 6-8 presented in Table 3 show that 
additivity works very well for both the HF/6-31G* 
and the single-point MR(fc)/6-3 lG**//HF/6-3 1G' 
models. The deviations A are lower in the latter case. In 
general, the additivity rule offers PA values with errors 
which are close to the experimental uncertainties. There 
are two exceptions, however, which are noteworthy. 
Both correspond to ips0 protonated forms (3i and Si), 
which should be kept in mind in future applications. We 
mention in passing that the protonated difluorobenzenes 
3a and 3b have been observed in superacid solution at 
-50°C with the 3b form being preferred,2" in accor- 
dance with PAS obtained by additivity and full ah iriitio 
calculations. 


The performance of the additivity rule is encouraging 
and thus offers a new way of studying PAS in multiply 
substituted aromatic molecules since the generalization 
to more complex systems is obvious. It requires the 
application of equation (2) in several consecutive steps. 
Thus, in analogy with equation (2), the PA of 1,3,5- 
trifluorobenzene (9) may be written either as 
PA (9) = 


[2PA(lo) - PA(benzene)] - [PA(lp) - PA(benzene)] 


or, if PA values for disubstituted benzenes are avail- 
able, as 


PA(9) = PA(4a) - [PA(lo) - PA(benzene)] (4) 


PA(9) = PA(4d) - [PA(lp) - PA(benzene)]. (5) 
Using calculated PA values from Table 3, both equa- 
tions (3) and (4) yield PA(9)= 180.6 kcalmol-l, while 
equation (5) gives PA(9) = 180.0 kcalmol-I, in very 
good agreement with the experimental value of 
PA = 181.0 kcal mol-' for 1,3,5-trifluorobenzene." 


(3) 


or 
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Table 3. Additivity of the proton affinity in difluorobenzenes and fluorotoluenes (in kcal mol-') 
~ ~ ~~ ~ ~~~~ ~~~ ~ ~~~~~ 


H F/6-3 IG' MP2(f~)/6-3 lG**//HF/6-31G' 


Molecule PA(calc.) PA(add.) A' PA(calc.) PA(add.) k 


3a 177.7 177.4 0.3 172.2 172.0 0.2 
3b 181.6 180.3 1.3 175.0 174.1 0.9 
3i 170.7 166.8 3.9 160.0 156-1 3.9 
4a 188.5 188.9 -0.4 181.1 181.1 0.0 
4b 168.8 168.9 -0.1 165.6 165.0 0.6 
4d 185.0 186.0 -1.0 178.3 178.9 -0.6 
4i 158.0 158.2 -0.2 148.9 149.1 -0-2 
5a 178.7 177.0 1.7 172.4 171.5 0.9 
5i 172.0 169.7 2.3 160.8 158.3 2.5 
6a 186.7 186.0 0.7 179.7 178.8 0.9 
6b 193.2 192.6 0.6 185.1 184.6 0.5 
6c 188.9 187.8 1.1 189.6 179.9 0.7 
6d 190.1 189.7 0.4 182.7 182.4 0.3 
7a 197.3 197.4 -0.1 188.0 187.5 0.5 
7b 181.5 181.2 0.3 176.1 175.5 0.6 
7c 196.3 196.3 0.0 187.0 186.8 0.2 
7d 194.1 194.5 -0.4 185.5 185.7 -0.2 
8a 187.0 186.0 1 .o 179.2 178-8 0-4 
8b 190.3 189.7 0.6 182.5 182.4 0.1 


*A is defined as A = PA(ca1c.) - PA(add.). 


CONCLUSION 


The present results show convincingly that the 
MP2(fc)/6-3 lG**//HF/6-31G*" + ZPE(HF/(6-3 IG") 
model provides a suitable approach for studying pro- 
tonation in substituted benzenes. The ordering of ring 
proton affinities is PA(lp)>PA(lo) > PA(1m) > 
PA(1i). Agreement with measured PAS for para and 
ortho positions is good in a quantitative sense. Indirect 
evidence that the para position is the most active site 
comes from the experimental data obtained by elec- 
trophilic substitution reactions. More specifically, 
sulphonation and bromination of fluorobenzenes give 
almost exclusively para derivatives." Nitration yields a 
ratio 91.3 : 8.7 for para vs ortho isomers,22 whereas the 
corresponding ratio for benzylationZ3 is 85.1 : 14.7. 
Hence it appears that experiment and theory are in ful l  
harmony. 


Ring proton affinities in fluorobenzene and toluene 
are affected by two essentially different features. The 
first is the initial ground-state effect determined by 
simple electrostatics and the lowest energy electron 
density distribution. The second is more subtle and 
involves matching of the n-electron localization pat- 
terns of both the ground state and the protonated 
benzene (final state effect). If this matching is better, 
then the PAS are higher as exemplified by ortho and 
para protonations. Both mechanisms reflect a 'memory 
effect'. A molecule 'remembers' very well the initial 
ground-state electron density distribution. 


Finally, it is found that PAS in polysubstituted 
benzenes follow a simple additivity rule of thumb, 
which makes possible their estimation from the corre- 
sponding proton affinities of less highly substituted 
benzenes. The performance of the additivity model is 
satisfactory with one notable exception: ips0 positions 
sometimes exhibit larger deviations from the full ah 
iriitio calculation, the error being 3-4 kcal mol-'. 
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THE SEARCH FOR THE ETHYNYL CATION: NITROSATION OF N,N-  
BIS (TRIMETHY LSILYL )Y NAMINES 
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Tiibingen, Germany 


The reaction of bis-silylated ynamines with different nitrosyl reagents affords products derived from an 
electrophilic attack at the Pcarbon atom and not the expected alkynyldiazonium salts. 


INTRODUCTION 


Ethynyl cation 2 was generated for the first time in 1988 
by the #?-decay of a tritium substituted alkyne 1 
(Scheme l).' 


r r l  + 


R- e C - C - ' I '  


Scheme 1 


Ethynyl cations have eluded generation by solvolytic 
procedures.2 Other potential precursors for the generation 
of ethynyl cations are ethynyldiazonium salts. However, 
theoretical calculations have shown that the unimolecular, 
thermal dediazoniation of the parent ethynyldiazonium 
ion is greatly endothermic and kinetically hindered.' 
Ethynyldiazonium salts are not easy to prepare because 
they are unstable even in non-nucleophilic solvents? The 
first reported example of a stable diazonium function 
attached to a sp-hybridized carbon atom was the synthesis 
of a cyclopropeniumdiazonium salt.' 


The diazotization of N-silylated amines, imines and 
enamines is a new method for the generation of alkyl,6 
ary16 and vinylcations' via their corresponding diazo- 
nium salts. 


RESULTS AND DISCUSSION 
We have investigated the reaction of the bis-silylated 
ynamines 3 with different nitrosyl salts (NO'X-, 
x=BF,,  SbC16, c1, OTf) at -78 "C in different solv- 
ents (CH2C1,, C,H6) (Schemes 2 and 3). Tetraethylam- 
monium bromide was used as the trapping reagent when 
the solvent could not act as the nucleophile itself. 
Caesium fluoride was used as a catalyst in order to 
promote the fission of the nitrogen-silicon bond. 


The nitrosation of N,N-bis(trimethylsilyl)-4-methox- 
yphenylynamine (3b) affords a complicated mixture 
which could not be resolved. The products of the 
nitrosation of 3a could be identified and are summar- 
ized in Table 1. 


Only in two cases did we detect compounds (15 and 
16) which may be formulated as follow-up products 
from an ethynyl cation. A plausible reaction pathway 
for the formation of 15 and 16 via an ethynyl cation is 
given in Scheme 4. However, these compounds are 
formed only in trace amounts, and therefore this 
mechanism plays either a minor or no role. 


Phenylacetonitrile (6) is obtained in significant 
amounts in all reactions. This compound is the pro- 
totropic form of the phenylynamine which is the 
product of the hydrolysis of 3a, that took place despite 
efforts to exclude moisture in the reaction medium. This 
was confirmed independently by hydrolysis of 3a. Other 
main products detected are a-hydroxylaminophenylace- 
tonitrile (7) and a-0-trimethylsilylhydroxylamino- 


Permanent address: Roberto Martinez Alvarez, Departamento de Quimica Orggnica, Facultad de Ciencias Quimicas, Universidad 
Complutense, E-28040 Madrid, Spain. 


CCC 0894-3230/95/030191-04 
0 1995 by John Wiley & Sons, Ltd. 


Received 11 July I994 
Revised 15 December 1994 







192 R. M. ALVAREZ ETAL.. 


,SiMe3 


SMe, 
R-C=C-N, + NO'X - R-CEC-N;, X- + (CH~)3SiOSi(C€l~)~ 


3 4 


a R =  C ~ H S  
b R = 4-MeOC6H, 
X = BF4. SbCk,, CL OTf 


Scheme 2 


R-c-c-N;,~' - R-CGC + E ~ N B K  - R-CEC-BK 


4 2 5 


Scheme 3 


H i 0  


+ 


-N2 


EhNBr 
Ph-CIC--OII - PhCH2COOH - PhCI12CODr 


15 


Ph-C=C t A- 
Ph-CZC-Ph 


2a 


16 


Scheme 4 


phenylacetonitrile (14), formed by attack of the nitrosyl 
ion at the B-carbon atom of the ynamine 3a (Scheme 5). 


The proposed mechanism is supported by the 
identification of 14, which was detected in the reaction 
mixture. This follows the pattern reported previously in 
which silylated ynamines were treated with aldehydes' 
or with thionyl ~hlor ide .~  In accordance with these 
reports, our results show that the p-carbon atom and not 
the nitrogen atom is the nucleophilic centre. 


Comparing the results summarized in the Table 1 for 
the reaction of 3a with nitrosyl tetrafluoroborate in 


methylene chloride and benzene, neither the solvent nor 
the presence of tetraethylammonium bromide appears to 
influence the distribution of products significantly. This 
would be expected from the proposed mechanism in 
Scheme 5, because the formation of the nitrile 6 and the 
oxime 7 would not be affected by the presence of 
nucleophiles. 


On the other hand, a change in the anion of the 
nitrosyl salt plays a major role in the product distribu- 
tions. Thus, nitrosyl chloride promotes the formation of 
phenylacetonitrile (6 ) ,  a-hydroxylaminophenylacetoni- 


Table 1. Nitrosation reaction of the bis-silylated ynamine 3a (main products, %)a 


PhC-CN 


PhCN 


II PhC-CN N 
PhC-CSiMe, CN 


II 
Reaction conditions PhCH,CN 'OH 0 


(6 1 (7 1 (8 1 (9 1 (10) (11) 


NOBF,, CH,Cl,, Et,NBr 6-52 10-63 2-15 5-14 1-5 3 


NOSbCl,, C6H6 1.4-10.9 11.7-18.4 1.5-5.2 1.4 1.1-1.3 1.8 


NOTfO, CH,Cl, 50-60 16.7-22.1 - - 


NOBF,, C,H, 22-82 5-45 0.3-5.3 1-3 0.3-2.2 2.5-3.2 


NOCI, CH,CI, 5-69 15.5-3 1 - 5.5 7.8 - 
- - 


'The products were identified by GC-MS and by comparison of their properties with those of commercial samples or with samples prepared 
according to literature methods. 
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14 


Scheme 5 


7 


A) 


Ph--C=C-Nl + ,C=C=N2 - Ph>CH-CN 
Ph Ph 


4a 17 


Ph-C-CN - Ph-C-CN ___) iL>CH--CN - Y -NOH 
I*, 
OH 19 


7 


Scheme 6 


17 


1 3-9 1.5 0.3 - - - 
2-19.9 1-4 0.7 - 0.4 - - 


12.5-12.6 - 18.1-55 - - 22.4 5.2-1 1.4 
- - - - 12.9 3.8 41.6 
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trile (7) and its silylated precursor 14, whereas 14 is not 
detected in the reaction with nitrosyl triflate. The 
adventitious moisture present in the reaction could 
hydrolyse nitrosyl triflate with the formation of a trace 
amount of the strong triflic acid, which would catalyse 
the transformation of 14 into 7. 


An explanation for the formation of diphenylacetonitrile 
(17) is more speculative. Possible intermediates are a 
ethynyldiazonium ion 4a [Scheme 6 (A)] or the carbene 19 
formed in the homolyhc cleavage of 7 [Scheme 6 (B)]. 
The nitrile (17) is formed only with nitrosyl hexachlor- 
oantimonate at the expense of 6 and 7, in agreement with 
the proposed mechanism [Scheme 6 (B)]. 


On the other hand, a-chlorophenylacetonitrile (18) is 
detected only in the reaction of 3a with nitrosyl hexa- 
chloroantimonate. The formation of 18 can be 
explained by the reaction of the carbene 19 with the 
nitrosyl salt in accordance with the proposed mechanism 
in Scheme 6 (B). 


Benzoyl cyanide (8) was formed by hydrolysis of 7. 
Trimethylsilylphenylacetylene (9) is a byproduct 
formed in the synthesis of the starting material 3a. 
Dicyanostilbene (10) could be formed from 19 via a 
dimerization process (see Scheme 6). 


We have no satisfactory explanation for the forma- 
tion of benzonitrile (11) and l -cyano-2-phenylethene 
(13). 


CONCLUSION 


The more nucleophilic centre in the bis-silylated yna- 
nines is the B-carbon atom. This is supported by the 
products formed in the reaction with nitrosyl ion. This 
reaction does not lead to the expected attack at the 
nitrogen atom with the formation of ethynyldiazonium 
ion. 


EXPERIMENTAL 


The bis-silylated ynamines 3a and 3b were prepared 
according to reported methods." Nitrosyl 
tetrafluoroborate (Merck) was used without purification. 
Nitrosyl chloride, nitrosyl hexachloroantimonate and 


nitrosyl triflate were prepared according to the 
literature. " 


Nitrosation reaction; general procedure .  To a 
suspension of the appropriate nitrosyl salt (1.2 mmol) 
in the corresponding anhydrous solvent (5 ml) (see 
Table 1) at -78 "C was added dropwise the silylated 
ynamine 3a (1.2 mmol) in the same solvent (5 ml) 
under a nitrogen atmosphere. The mixture was stirred 
for 1 h and 1.2 mmol of Et,NBr in the same solvent 
(4ml) was added. When the reaction mixture had 
reached the room temperature, the reaction mixture was 
analysed directly by GC-MS (Table 1). 
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SHORT COMMUNICATION 


MULTIPLE STRUCTURE-REACTIVITY RELATIONSHIPS FOR NUCLEOPHILIC 
SUBSTITUTION REACTION 


SOO-DONG YOH' AND DUK-YOUNG CHEONG 
Departnienr of Cheniistry Education, Kyungpook National University, Taegu 702-701, Korea 


Novel mechanistic criteria for S, reactions were proposed on the relative magnitudes of p, and interaction 
terms, pu or P, values. The mechanistic change by the sign of the product of pus or Pus was also proposed. 
These criteria were applied to the reaction between substituted phenyl benzoates and amines and indicated that 
the sign of pz is positive and the interaction term P,, is larger than Pyz ,  hence these reactions proceed via an 
S,N mechanism and a change in the substituent of the substrate leads to a change in the substituent of the 
substrate leads to a change in the transition state towards the Hammond effect. 


The sizes of the Hammett and Bronsted coefficients, p 
and B, are commonly believed to give an indication of 
the extent of charge development at the reaction site 
which is directly involved in the bond-making and - 
breaking processes in the transition state (TS).',2 How- 
ever, it has been suggested that the p and B values 
cannot be used as a measure of TS structure, since the 
efficiency of char e transmission for different reaction 


In this work, we present such an example showing the 
failure of p and /3 values as a direct measure of the 
degree of bond forming and breaking in the TS; we 
propose instead the use of the absolute value of the 
interaction term p,, as a semi-quantitative measure of 
tightness in the TS. 


In a previous paper,4 we showed that the magnitude 
of the interaction term p,, between substituents i and j 
is expressed by 


(1) 
Equation (1) can be applied to Bronsted-type interac- 
tions [equation (2)] and mixed Hammett-Bronsted-type 
interactions' [equation (3)) 


log(k,Y/k,,,) = BxAPKx + BYAPKY + BXAPKXAPKY (2) 
where X and Y are substituents of the leaving moiety 
and nucleophile, respectively; 


series may differ. i f  


log(k,,/k,,,) = P P ,  + p p ,  + P,,U,U, 


l o ~ ( ~ l f / ~ m )  = pla ,  + B, APK, + P,,o, ApK, (3) 


*Author for correspondence. 


The pi  value is the reaction constant of the substrate 
with Z and B, is the Bronsted coefficient of the 
nucleophile with Y or leaving moiety with X. 


The interaction terms, pi,, Bxy and P,,, described by 
second derivatives, involve a change in the 
structure-reactivity (SR) parameter that applies to one 
reaction group when the structure of a different reaction 
group is changed.6 


The TS for the S, reaction can be represented as 
composed of three fragments, i.e. nucleophile with Y, 
substrate with Z and leaving moiety with X, attached to 
each reaction centre, as shown in Scheme 1. 


25 "C, MeCN 
(Z)-C,H,CQC,H,-(X) + amine - (4) 


amine = piperidine, diethylamine, triethylamine 


Scheme I 
The interaction between substituents, being a second- 


order effect, will become significant as an interaction 
term p j j  or P ,  only when the mutual interaction is 
involved in an activation process with substantial 
changes in the distance between the two substants i and 
j ,  since the sensitivity of the reaction to the mutual 
substituent interaction will be manifested in changes in 
the distances between fragments and C, i.e., d ,  and dL 
in Scheme 1. This means that at least one of the two 
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Table 1. Hammett, Bronsted and mixed Hammett-Bronsted-type coefficients for reaction (4) 


Z PI ,  B N U  Y P z  pxz X Pz P Y Z  
~~ 


p-Me0 -1.95 4.64 Pipendine 0.79 0.71 p-Me0 2.92 -0.41 
H -1.52 4.60 Diethylamine 0.92 - H 2.89 - 
p-CI -1.41 4.51 Triethylamine 1.72 - p-CI 2.24 - 
p-NO2 -1.14 4.23 - - - m-NO, 1.18 - 
- - - - - - p-NO2 0.79 - 


fragments with interacting substituents should be 
involved in a bond-forming and/or bond-breaking 
process in the TS. Since the polar and resonance effects 
of the substituents are transmitted through the reaction 
centre, the magnitude of interaction will be inversely 
proportional to an appropriate distance,' dN or d,. 


Determination of P ,  values for reaction (4) by 
multiple regression led to the partial list given in Table 
1. Reference to Table 1 reveals that (i) the sign of pz is 
positive, hence the charge of the central atom is nega- 
tive, (ii) the value of pz increases with decreases in the 
pK, of amine hence the C-N bond becomes tighter, 
(iii) the magnitude of the absolute BNu value is twice as 


large as B, ,  for each substituent of the substrates in 
Table 1, and the TS moves from * towards *' when the 
substituent of the substrate changes from p-Me0 to 
p-NO, (Figure l), (iv) the magnitude of the interaction 
term P,, is larger than P,,, which means that reaction 
(4) proceeds by an addition-elimination pathway and 
(v) the sign of the product of P,, and P,, is negative, 
hence the TS moves towards the bottom right or top left 
(comparison between /IIg, BNu and substituent with Z 
and Figure l), i.e. if pxzpvz < 0 (or PxzPyz < 0) then 
the TS changes by the Hammond effect, and if 
pxzpyz>O (or P,,P,, > 0) then the TS changes by the 
anti-Hammond effect. 


Table 2. Mechanistic criteria and examples of SN reactions of neutral substances 


Result 


PYZ P x z  
No. Reaction example Pz BNu BI, (Pyz) ( P x z )  Mechanism Criteriah Ref. 


(Z)C,H,CH,OSO,C,H,(X) + -0.85 
(Y)C,HJ'J(CH,)2, 
35 "C. MeCN 


(Z)C,H,CH,OSO,C,H,(X) + -0.84 
(Y)C,H,NH2, 35 "C, MeOH 


(Y)C,H4NH2, 65 "C, MeOH 


(Y)C,H,N, 60 "C, MeCN 


(Y)C,H,NH2, 45 "C, MeOH 


( Z)C,H4CH2CH2OSOZC6H4 (X) + - 0. I5 


(Z)C,H4CH2CH20S02C,H,(X) + -0.15 


(Z)C,H4COCH20S02C,H4(X) + 0.66 


(Z)C6H4C02CH2C,H4(X) +OH- 2.25 
34 "C, 80% (v/v) aq. acetone 


-0.50 -0.73 Z=p-Me-H -0.06 Z=p-Me-H 
0 S N 1  


Z = H-P-NO, -0.06 Z = H-p-NO, 
-0.5 diss-SN2 


0.28 0.43 -0.62 0.11 Diss-SN2 


0.44 -0.35 -0.12 0.07 Concen-S,2 


0.26 - -0.26 - Concert-S,2 


0.72 -0.41 0.11 -0.66 Ass-SN~ 
(-0.076) (0.33) 


- -0.68 - -0.22 Ass-S,~ 
(0.16) 


(Z)C6H4CO2C6H,(X) + amine, (Y = pip., 4.6 -1.5 - 1.57 SAN pz>O, This 
25 "C, MeCN X = p-NOz) (-0.41) (0.70) p Y Z # O ,  work 


0.79 Pxz' 1 


'The pus are magnitudes of absolute values of the interaction term and the values in parentheses are mixed Hammett-Bmnsted-type interaction 
terms, P,J. 
'The same comparisons apply for the corresponding P,, except Ass-S,?, P, c 0.5, and S,N, P ,  > 0.5. 
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Figure 1. Energy diagram based on SR coefficient for reaction 
(4). The energy contours are not shown. The transition state * 
moves towards *' with lowering of the energy of the inter- 
mediate when the substituent of the substrate changes from p -  


Me0 to y-NO, 


These results show that reaction (4) proceeds via an 
S,N mechanism and a change in the substituent of the 
substrate leads to a change in the TS towards the 
Harnmond effect. 


Similar reasoning will lead to mechanistic criteria for 


other S, types of mechanism. Table 2 lists the criteria 
with some examples. 


Full details of this work will be reported elsewhere. 
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KINETIC ISOTOPE EFFECT PROBE FOR THE n-FACIAL 
STEREOSELECTIVITY IN NUCLEOPHILIC ADDITIONS TO 


CYCLOHEXANONE: A THEORETICAL STUDY 


HIROSHI YAMATAKA 
Institute f o r  Fundamental Research of Organic Chemistry, Kyushu University, Hakozaki, Higashi-ku, Fukuoka 812, Japan 


The origin of the =facial selectivity in nucleophilic additions to cyclohexanone was analysed by means of ub 
initio MO calculations (MP2/6-3lG*//HF/6-31G*). The calculations showed that BH, attacks at the axial side 
whereas MeLi attacks at the equatorial side. Calculated kinetic and equilibrium deuterium isotope effects and 
the structures of the transition states (TSs) demonstrated that four factors, stabilization of the axial TS by 
antiperiplanar allylic bonds, destabilization of the equatorial TS by torsional strain, destabilization of the axial 
TS by steric hindrance between a nucleophile and the 3,s-axial hydrogens and destabilization due to the 
conformational deformation of the ring in both the equatorial and axial TSs, operate in the same direction and 
can bring about the apparent selectivity changeover. The magnitudes of anti-D KIEs for the MeLi and the EtLi 
additions to acetone were consistent with the Anh-Eisenstein model rather than the Cieplak model. 


INTRODUCTION 
The n-facial selectivity of nucleophilic additions to 
cyclohexanone is known to vary with nucleophiles; one 
class of nucleophiles afford equatorial alcohol selec- 
tively whereas the others give axial alcohol. Several 
concepts have been presented to rationalize such n- 
facial selectivity. These include product development 
control, I torsional strain at the equatorial transition state 
(TS),' carbonyl A and n' orbital distortion3-' and 
stabilization by the antiperiplanar allylic bonds at the 
axial TK6s7 Recent theoretical8-" and 
studies have been devoted to interpreting the n-facial 
selectivity in terms of various TS models, which 
include the Felkin-AnhZ*7.''.16 and Cieplak6 hypotheses, 
and the investigations are still continuing. 


In this study, we carried out molecular orbital (MO) 
calculations of the reactions of cyclohexanone with a 
pair of nucleophiles, and determined kinetic and 
equilibrium isotope effects (KIE and EIE) for these 
reactions; these IEs can be used as a measure of poss- 
ible TS structural variations of the reactions. 
Specifically, two nucleophiles are chosen such that one 
reacts selectively at the axial position and the other at 
the equatorial position. The investigation was focused 
on the origin of the overall stereochemical changeover: 
why does one nucleophile gives more equatorial alcohol 
(axial attack) and the other more axial alcohol (equa- 
torial attack)? 


COMPUTATIONS AND RESULTS 
Both equatorial and axial TSs and product alcohols were 
fully optimized for the reactions of BH, and MeLi with 
cyclohexanone. The reactions of BH,, MeLi, EtLi, 
B2H6 and MeLi dimer with acetone were also consid- 
ered for comparison purposes. The following 
abbreviations are used: MeLi.ax.ts, MeLi.eq.ts, 
BH,.ax.ts, and BH,.eq.ts for the TSs of MeLi addition 
at the axial side, MeLi addition at the equatorial side, 
BH, addition at the axial side and BH, addition at the 
equatorial side, respectively, to cyclohexanone, and 
Ac.MeLi.ts, Ac.BH,.ts and Ac.EtLi.ts for the TSs of 
MeLi, BH, and EtLi addition to acetone. All calcula- 
tions were carried out with the Gaussian 92 program," 
and geometries were optimized, unless noted otherwise, 
at the HF/6-31G* levelL8 by using gradient procedures. 
Calculated geometries are shown in Figures 1 and 2 and 
important geometrical parameters of the TSs and the 
products are summarized in Table 1. 


Vibrational analyses were performed in order to 
characterize stationary points as minima or saddle 
points, and the geometries were further used to calculate 
energies at the second-order Meller-Plesset perturba- 
tion (MP2) level." Zero-point correction was made 
after scaling by 0-9 for overestimation of the HF 
frequencies. In Table 2 are listed the relative (axial vs 
equatorial) barrier heights and energies for the reactions 
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6 1.088 


1.086 
6 1.088 


Figure 1. Geometries of transition states of the reactions of acetone with (a) MeLi (reaction-coordinate frequency, 335i cm-'; 
NuC,CPHmti dihedral angle = 170.9'), (b) BH3 (704i cm-'; 178.0"), (c) MeLi dimer (146i cm-'; 161.2' and Id) B,H, (716i cm-'; 


179.0°), calculated at the HF/3-21G level. All angles are in degrees and bond distances in A 


of cyclohexanone with the two nucleophiles. Kinetic 
and equilibrium IEs were computed from the scaled HF 
vibrational frequencies by using Bigeleisen's equation 
[equation (l)], where u stands for hv/kT and vL' is the 
reaction coordinate frequency.*' The calculated IEs are 
summarized in Table 3. 


DISCUSSION 


The first step is to find a pair of nucleophiles which 
exhibit different a-facial selectivities. It was found that 
BH, and MeLi fit this requirement. Table 2 shows that 


BH,.ax.ts is 1.2 kcalmol-' (1 kcal=4.184 kJ) lower in 
energy than BH,.eq.ts, while MeLi.ax.ts is higher than 
MeLi.eq.ts by 1.7 kcalmol-'; hence the two 
nucleophiles have different selectivities. It is interesting 
that, for the BH, addition, the axial alcohol (equatorial 
attack) is more stable than the equatorial alcohol by 
2-4 kcal mol - I .  This indicates that there is some addi- 
tional stabilization at the axial TS relative to the 
equatorial TS. In contrast, for the MeLi addition, the 
axial alcohol (equatorial attack) is more stable only by 
1.4 kcal mol than the equatorial alcohol. Hence the 
equatorial preference is larger in the TS than in the 
product, which indicates that there are some factors that 
destabilize the axial TS relative to the equatorial TS for 
the MeLi addition reaction. 


It is noteworthy that the calculated trend agrees with 
the experimental selectivities. Thus, the reactions of 
MeLi with 4-tert-butylcyclohexanone and 3 , 3 5 6  
methylcyclohexanone are known to proceed selectively 
via the equatorial attack to give axial : equatorial alcohol 
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Figure 2. Geometries of cyclohexanone and the transition states: (a) cyclohexanone, (b) Ac.BH,.ts (reaction-coordinate frequency, 
561i cm-I), (c) Ac.MeLi.ts (353icm-'), (d) Ac.EtLi.ts (2621' cm-'), (e) BH,.ax.ts (5241' cm-'), (f) BH,.eq.ts (531i cm-I), (g) 
MeLi.ax.ts (3561' cm-l) and (h) MeLi.eq.ts (3361 cm-l), calculated at the HF/6-3loG* level. For abbreviations, see text. All angles are 


in degrees and bond distances in A 
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Table 1. Selected geometric parameters of the transition states, products and cyclohexanone' 


Dihedral angle Dihedral angle Dihedral angle 
Speciesb NuCCH,, OCCH, Angle NuCO C6C,C2C, (6) Angle 9' 


Cyclohexanone 
BH,.ax.ts 
BH,.ax.add 
BH,.eq.ts 
BH,.eq.add 
MeLi . ax.ts 
MeLi.ax.add 
MeLi.eq.ts 
MeLi.eq.add 


Ac.BH,.ts 
Ac.BH,.add 
Ac.MeLi.ts 
Ac.MeLi.add 
Ac.MeLi.add 
Ac.EtLi.ts 
Ac.EtLi.add 


176.2 
176.4 
47.4 
54.2 


171.4 
169.0 
43.4 
53.3 


7.6 
33.9 
55.0 
25.3 
56.7 
52.2 
64.9 
35.0 
57.0 


91.6 
104.3 
92.0 


108.5 
104.0 
108.4 
105.7 
109.5 


49.0 
394 
56.0 
61.2 
53.5 
32.6 
51.3 
61.6 
55.7 


Dihedral angle 
NuCCH on,i 


Dihedral angle 
NuCCHinside 


Dihedral angle 
OCCHinide Angle NuCO 


44 
35 
52 
56 
49 
30 
44 
57 
49 


178.2 64.2 32.9 92.4 
178.5 60.9 53.0 104.2 
173.0 69.6 41.6 106.0 
179.7 60.9 41.6 106.0 
179.7 60.9 59.3 109.6 
171.3 71.2 38.2 104.8 
175.2 57.0 61.6 107.9 


*Angles in degree. 
bFor abbreviations, see text; subscript add refers to addition products. 
'An angle between two planes, C,C,C,C, vs C,C,C, for cyclohexanone. 


Table 2. Relative reaction energies and barrier heights for 
BH, and MeLi additions to cyclohexanone 


Reagent SAE' BLSE,b 


BH3 2.4 -1.2 
MeLi 1.4 1.7 


a 6AE = AE(axia1) - AE(equatoria1). kcal rnol - I .  


ME,  = AE,(axial) - AE,(equatorial), kcal rnol-'. 


ratios of 65 : 35 and 100 : 0, respectively, in diethyl 
ether.2' On the other hand, an analogous reaction of 
BH, with 2-methylcyclohexanone in THF gives the 
equatorial alcohol (via the axial attack) as the major 
product (26:74).22 The fact that the model reactions 
considered here with monomeric nucleophiles exhibited 
the same selectivities with experiments in which the 
nucleophiles are believed to react as dimers or tetramers 
is interesting and may be rationalized by the observation 
that the TSs have similar characteristics for the mon- 
omer pair and the dimer reaction pair as shown in Figure 
1. In particular, the C-0 bond is longer and the 
NuCmCBHa,,, dihedral angle is longer for BH, than 
MeLi; the same is true for the B,H, and MeLi dimer 
pair. 


Here we consider four factors that may control the R- 
facial selectivity, (1) stabilization of the axial TS by 
antiperiplanar allylic bonds, (2) destabilization of the 


equatorial TS by torsional strain, (3) destabilization of 
the axial TS by steric hindrance between a nucleophile 
and the 3,5-axial hydrogens and (4) destabilization due 
to the conformational deformation of the ring at both 
the equatorial and axial TSs, and consider which factors 
are responsible for the experimental selectivity. 


A secondary deuterium isotope effect is a sensitive 
tool for examining the conformational and bonding 
changes at the labelled hydrogen. It would be normal 
(larger than unity) if the C-H(D) bond is weakened on 
going from the initial state to the TS. Whereas it would 
be inverse (smaller than unity) if the bond is 
strengthened at the TS,23 hence the presence of the 
antiperiplanar effect can be monitored by the deuterium 
KIE of the B-H, (cyclohexanone) or B-Henri (acetone). 
It is also known that steric compression at the C-H(D) 
bond at the TS makes a D KIE inverse.23 Therefore, D 
KIEs can be a good probe for the presence of steric 
effects. 


Stabilization by antiperiplanar allylic bonds 
In the Cieplak model,6 electron donation from the anti- 
periplanar (I orbitals to the (I** orbital, the low-lying 
vacant orbital of the forming bond, is assumed to stabil- 
ize the axial TS, while the Anh-Eisenstein model7 
considers the interaction between the u* orbital of the 
allylic bonds and the CJ+ orbital of the forming bond 
through the R ~ = ~ *  orbital. In either case, conformation 
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Table 3. Deuterium and carbon-13 kinetic and equilibrium isotope effects for carbonyl additionsa 


Speciesb a-DW B-D., B-DW 


BH,.ax.ts 


BH,.ax.add 
BH,.eq.ts 


BH,.eq.add 
MeLi.ax.ts 


MeLi.ax.add 
MeLi.eq. ts 


MeLi.eq.add 


1.020 
(1.004) 
0.875 
0.870 
(1 002) 
0.898 
0.973 
(1.008) 
0.916 
0.842 
(1.003) 
0.911 


0.966 
( 1.002) 
1.010 
0.952 
( 1 .OW) 
1.018 
1.025 


( 1.003) 
1.072 
1.010 


( 1 .OW) 
1.062 


0.97 1 
(1.ooo) 
1.021 
0.977 
( 1.002) 
0.962 
0.938 
( 1.003) 
1.019 
0.972 
( 1 .OW) 
1.014 


0.990 
(1.000) 
1.012 
0.999 
( 1 a00) 
1.005 
1 404 
(1.003) 
1.050 
1.019 


( 1 .000) 
1.041 


1.036 
( 1.012) 
1.016 
1.039 
(1.011) 
1-014 
1.039 


( 1 .O 14) 
1.016 
1.036 
(1.009) 
1.011 


l3c=o 


Ac.BH,.ts 1.028 0.963 
(1.005) (1.ooo) 


Ac.BH3.add 0.882 1.012 
Ac.MeLi.ts 1.010 1.018 


(1.009) ( 1.003) 
Ac.MeLi.add 0.937 1.066 
Ac.EtLi.ts 1.022 1.014 


(1.008) ( 1 .OW) 
Ac.EtLi.add 0.929 1.079 


0.87 1 
( 1.002) 
0.9 14 
0.847 
( 1.003) 
0.933 
0.843 
( 1 .om) 
0.91 1 


1.031 
(1.013) 
1.015 
1.033 


( 1.014) 
1 004 
1.032 


1.006 


"D KlEs are per D,. Numbers in parentheses are the contributions from the reaction coordinate frequencies. 
bFor abbreviations, see text; subscript add refers to addition products. 


closer to the antiperiplanar alignment of an incoming 
nucleophile and the C,-Ha, bond of cyclohexanone is 
expected to have a larger stabilizing effect at the axial TS. 


The KIEs for additions to acetone are informative 
(Table 3). For the BH, addition, the anti-D KIE is 
normal (1.028) but KIEs of the inside D (0.963) and the 
outside D (0.871) are inverse. Although the Danri KIE of 
1.028 appears to be small, the antiperiplanar effect is in 
fact sizable when compared with the magnitude of the 
EIE of 0.882. If there is no special effect in the TS, the 
magnitude of the secondary KIE should be somewhere 
between 1.0 and an EIE; thus, the comparison of Donri 
KIE with Danri EIE suggests that there is an additional 
factor that leads the KIE to be positive. Assuming that 
the TS lays half way between the initial state and the 
product state, the additional factor that makes KIE 
larger may be estimated as 1.095 [= 1.028/(0.882)1'2]. 
This effect apparently arises from the C-Hanri bond 
weakening. The C-Ho,,i bond is longer for Ac.BH,.ts 
(1.089) than those for acetone (1-086) and Ac.BH,.add 
(1.085), reflecting the bond weakening. The IE of 1.095 
is not small as a secondary DIE, if one compares it with 
the @-D effect in tert-BuC1 solvolysis, where the D, KIE 
was reported to be 2.33, corresponding to 1.10 per Dl.24 
The inverse KIEs for the inside and outside hydrogens 
imply that there is steric compression at these positions 
in the TS. 


The magnitude of the Dand KIE is smaller for the 
MeLi addition to acetone compared with the BH, case, 
which indicates that the antiperiplanar effect is smaller 
for MeLi. It is interesting that the Donti KIE is larger for 
the EtLi addition than the MeLi addition. This is in 
accord with the Anh-Eisenstein model, that considers 
the electron donation from the incipient u+ orbital to the 
u* orbital of the allylic bonds, but is inconsistent with 
the Cieplak model. 


The a-Dax KIE for the BH, addition to cyclohex- 
anone (BH,.ax.ts) is 1.020, slightly smaller than the 
Danri KIE for the BH, addition to acetone. This may be 
due to slightly less favourable NuCCH, alignment for 
cyclohexanone (NuCCH,, dihedral angle = 176.2") than 
for acetone (NuCCH,,,, dihedral angle = 178.2"). On the 
other hand, the NuCCH,, dihedral angle of MeLi.ax.ts 
was calculated to be smaller (171.4") and that a-Dax 
KIE was inverse (0.973). The results indicate that the 
antiperiplanar effect is much smaller for the MeLi 
addition to cyclohexanone. 


The other D KIEs for the addition reactions of 
cyclohexanone are similar to the corresponding KIEs 
for the reactions of acetone at each position. The a-D,, 
KIE for the axial and equatorial attacks at 0.966 and 
0.952 for the BH, addition and 1.025 and 1.010 for the 
MeLi addition, which are comparable to the inside D 
KIEs for the additions to acetone of corresponding 
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nucleophiles. The a-D, KIEs for the BH, and MeLi 
equatorial attack to cyclohexanone at 0.870 and 0.842, 
respectively, which are similar in magnitude to the 
outside D KIEs for the reactions with acetone. 


Torsional strain 
The equatorial TS is considered to suffer torsional strain 
between incoming nucleophile and axial hydrogens 
(l),' and this can be monitored by the NuC,C,H, 
dihedral angle. These angles were calculated to be 
relatively large for both MeLi.ts.eq (43.4") and 
BH,.ts.eq (47.4"), hence this effect may not be very 
important. On the other hand, as is seen in Table 2, the 
OCCH, dihedral angle at the equatorial TS is small, 
25.3" at BH,.ts.eq and 35.0" at MeLi.ts.eq. This dihedral 
angle is larger for the axial attack than for the equatorial 
attack, consistent with earlier calc~lations.~*~ It is 
noteworthy that the dihedral angle for the additions to 
acetone lies between those in the axial and the equa- 
torial TSs of the additions to cyclohexanone; this 
indicates larger torsional strain at the equatorial TS and 
smaller torsional strain at the axial TS than at the TS of 
the reference reaction, addition to acetone. Since the 
size of the OCCH, dihedral angle is smaller for BH, 
than for MeLi in all cases, the destabilizing effect of the 
torsional strain at the equatorial TS should be smaller 
for the MeLi addition than for the BH, addition. 


1 


Diaxial steric effect 
The axial TSs become less stable when steric repulsion 
between an incoming nucleophile and the 3,Sdiaxial 


hydrogens becomes larger. The D, KIEs at the B- 
position of cyclohexanone would be a good probe to 
detect the presence of steric compression. Table 3 
shows that the magnitudes of the B-D IEs vary with the 
nucleophile and the mode of addition. For the axial 
attack, the product EIEs are small and normal for both 
BH, (1.021) and MeLi (1.019). By contrast, the B-D, 
KIE for the BH, attack (BH,.ax.ts) is slightly inverse 
(0-97 1), reflecting the presence of steric compression 
for the B-hydrogens at the TS. Further, a much greater 
inverse B-D,, KIE (0-938) was observed for MeLi.ax.ts; 
thus the steric compression is much larger at MeLi.ax.ts. 
The steric repulsion should make the axial TS less 
favourable than the equatorial TS for the MeLi addition. 
Two reasons may be suggested for the larger steric 
hindrance for the MeLi addition: (1) a Me group is 
bulkier than hydrogen and (2) the trajectory of the 
nucleophilic attack lies closer to the 3,Sdiaxial hydro- 
gens for the MeLi attack (LNuCO = 104.0" for MeLi 
and 91.6" for BH,). 


Deformation of the ring 
Deformation of the six-membered ring on nucleophilic 
additions to cyclohexanone would make the TS less 
stable, and may be measured by the change of dihedral 
angle ( 6 )  C,C,C2C3 (Chart 1). The sizes of 6 of 
cyclohexanone, the four TSs and of the four products 
are given in Table 1. It can be seen that the d value 
increases in the products for both equatorial and axial 
additions and in the equatorial TSs, but decreases in the 
axial TSs. The excess deformation at the TSs (AdTs) is 
given by the equation 


MTS = $ (6RT 6ADD) - 6,s (2) 


AdTs is zero when the d,, value lies half way between 
dRT and d,,,. The AdTs value was calculated to be 14.5" 
and 12.3" for MeLi.ax.ts and BH,.ax.ts, respectively, 
whereas it was 10.3" and 10.8" for MeLi.eq.ts and 
BH,.eq.ts, respectively. Hence, the TSs of the axial 
attack, especially of MeLi, suffer larger deformation. 


Figure 3. 
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Another way of looking at the extent of deformation at 
the TSs is to see the angle (@) between the two planes 
defined by C2C3C,C, and C,C,C2 (Figure 3, Table 2). 
Here again, the angle becomes small for the axial 
attack, especially by MeLi. 


These ring deformations are clearly related to the 
steric hindrance between the incoming nucleophiles and 
the 3,5-diaxial hydrogens at the axial TSs. Since Me is 
much larger than H, there should be greater steric 
repulsion at MeLi.ax.ts than BH,.ax.ts, and hence the 
angle 6 at MeLi.ax.ts becomes smaller to avoid the 
steric repulsion. This should make MeLi.ax.ts energeti- 
cally less favourable. Furthermore, B-DaX KIEs have 
indicated that there still remains large steric congestion 
at MeLi.ax.ts. Overall, the effects of diaxial steric 
repulsion and ring deformation are closely related to 
each other and both tend to make the axial TS less 
favourable for the MeLi addition. 


CONCLUSION 


We have analysed four factors (hyperconjugation of 
allylic bonds, torsional strain, diaxial steric repulsion 
and ring deformation) by means of ab initio MO 
calculations in order to see whether they can explain 
the different n-facial stereoselectivities in nucleophilic 
additions of BH, and MeLi to cyclohexanone. The 
calculated overall selectivities, the preferential axial 
addition by BH, and the equatorial addition by MeLi 
were analysed and were found to be rationalized in 
terms of these factors. The hyperconjugative stabiliz- 
ation as monitored by a - D ,  KIE shows that the 
stabilization for MeLi.ax.ts is smaller than that for 
BH,.ax.ts. The effect of torsional strain monitored by 
the OCCH,, dihedral angle at the TSs indicates that the 
strain is smaller for MeLi.eq.ts than for BH,.eq:ts. 
Both the 3,5-diaxial steric repulsion and the ring 
deformation tend to destabilize MeLi.ax.ts more than 
BH,.ax.ts. The four factors operate in the same direc- 
tion and give rise to the overall selectivity. Finally, the 
magnitudes of anti-D KIEs for the MeLi and the EtLi 
additions to acetone were found to be consistent with 
the Anh-Eisenstein model rather than the Cieplak 
model. 
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MECHANISTIC ASPECTS OF ‘LIGATED’ ANIONIC LIVING 
POLYMERIZATION (LAP): THE CASE OF (METH)ACRYLIC ESTER 


MONOMERS 
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4000 Liege, Belgium 


The recently developed ‘ligated’ technique has proved to be very successful in promoting living anionic 
polymerization of (meth)acrylic ester monomers. The efficient ligands discovered to date include p ,  u and p-u 
dual types. The roles of these ligands in the control of livingness and stereoregularity of anionic polymerization 
of (meth)acrylates are discussed in detail. There is convincing evidences that both ligation thermodynamics 
(electron density redistribution and steric hindrance in the formed active complex) and kinetics (how fast and 
in which way ligation occurs) are very critical in promoting the livingness. Moreover, steric hindrance appears 
to be a determining factor maintaining the process ‘living’ under more demanding conditions. 


INTRODUCTION 


Until roughly 15 years ago, perfectly controlled polym- 
erization of alkyl acrylates and methacrylates had been 
a permanent, but poorly answered challenge in polymer 
science. And yet, the incentives were important and 
many: increasing availability of the corresponding 
monomers (production nowadays approaching 5 x lo6 
tons per year); versatility of the obtained materials, 
including plastics, adhesives and elastomers, which may 
contain a number of different reactive functions; and 
access to higher use temperature, e.g. by increasing T, 
to 130°C or higher for poly(methy1 methacrylate) 
(PMMA) having a syndiotactic content of at least 80%. 


Several (partially) successful strategies were fol- 
lowed in order to gain control over the polymerization 
process in terms of molecular weight ( M W )  and MW 
distribution (MWD), stereochemistry and process 
‘livingness’ (necessary for the implementation of 
‘tailored’ molecular engineering of (meth)acrylate con- 
taining materials). They may be categorized as follows: 


(i) grou transfer polymerization as proposed by Du 


(ii) use of all-or anic large and delocalized ion pairs 
Pont I)- (Webster et al., Sogah et al.); 


(Reetz et al., P .  Sivaram et d3); 


(iii) insertion mechanisms based on coordination 
complexes (Collins and Ward,4 Inoue et ~ l . , ~  
Yasuda et ~ 1 . ~ ) ;  


(iv) more recently and still not thoroughly clarified, so- 
called ‘living’ radical mechanisms (Mardare and 
Matyjaszewski7 ); 


(v) ‘ligated’ anionic systems: although a time- 
honoured approach, studied since the 1950s, these 
attempts did not give practical answers until 
1980s, because of a vast underestimation of the 
selectivity of the matching requirements between 
active centres and added ligands (Hatada et al.,’ 
MR,; Lochmann and co-workers,’ MOR: and 
TeyssiC and co-workers, LiCl,” hindered crown 
ethers“ and LiOEnR’*). 


If one now considers the goals of a general, precise and 
practical macromolecular engineering, it should meet a 
number of important requirements, such as ‘living’, 
high M W  homo- and copolymerization processes; 
compatible with ‘classical’ monomers such as styrenes, 
dienes, vinyls, oxiranes; stereoselective, particularly for 
PMMA (over 80% syndiotacticity); and in different 
solvents, preferably in hydrocarbons ( and possibly 
avoiding THF). 


If one rightly wishes to implement (co)polymeri- 
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zation processes where these goals would be achieved 
all together, one has to admit that despite their real 
merits, none of the first four strategies mentioned above 
meets that demanding challenge. That is the reason why 
the last aspect, which in principle appeared to be able to 
be answered, has been thoroughly revisited, in depth, 
and significantly improved to a point where the above 
described prospects have mostly been implemented. 


The basic idea of a ligand-modified or ‘ligated’ anionic 
polymerization (LAP) is to use suitable ligand (or 
ligands) to interact coordinatively with a very active 
metal containing (usually alkali metals) initiating and/or 
propagating ion pairs; in that situation, these ligands fulfil 
a variety of functions: (i) modulation of the electron 
density at metal enolate ion pair and, therefore, of its 
stability and reactivity; (ii) provision of a steric basic 
barrier blocking a large enough space area around the 
metal-containing ion pairs, thus possibly minimizing the 
extent of secondary reactions; and (iii) promotion of new 
complexation equilibria displacing classical equilibria 
between different ion pairs and/or aggregates, hopefully 
leading to the existence of a unique active species. 


The really efficient ligands discovered to date may be 
classified into three groups: 


(i) p-type ligands: 
-metal alkoxides in Lochmann’s initiator;’ 
-aluminium alkyls in Hatada’s initiators;’ 
-inorganic salts, i.e. LiCl, in Teyssit’s 
initators; lo 


(ii) a-type ligands: 
. -crown ethers in Teyssit’s initiators;” 


(iii) p/a-type dual ligands: 
-polyether metal alkoxides in TeyssiC’s initia- 
tors,” where a lithium ethoxide moiety may 
function as a p-type of coordination site and a 
polyether component as a a-type. 


RESULTS AND DISCUSSION 


Roles of ligands in the control of anionic living 
polymerization of (meth)acrylates 


It is noteworthy that this ligated anionic living polymer- 
ization has already been very successful in producing 
various precisely controlled poly (meth)acrylate-based 
prod~cts,’~ a difficult challenge in polymer synthesis 
over decades.I4 However, the underlying mechanism 
was still not completely clear, although anionic polym- 
erization of (meth)acrylates, ligated or not, has been 
investigated from the kinetic point of view mainly by 
Miiller.15316 Direct investigation of the active species has 
only been occasionally considered, l7 owing to the 
problem of the unstability of living chains in solution 
and the complexity of UV, IR and NMR spectra for 
active species associated with polymer chains. 


In order to overcome these difficulties, we have 


recently set up systematic investigations on model 
systems by means of multinuclear NMR spectroscopy.1s 
Although it is difficult to perform a direct N M R  spectros- 
copic investigation on ‘real’ ‘ligated’ polymerization 
systems (see above), the use of models has been found to 
be very helpful. Accordingly, three types of complexes, 
i.e. a p-type of mixed c o m p l e ~ , ’ ~ ~ ’ ~  a a-type of cation- 
binding complex” and a p/a-type of dual mixed cation- 
binding complex,” have already been studied. The main 
conclusions can briefly be summarized as follows. 


(1) Metal ester enolates display a delocalized charac- 
ter with a strong 0-Mt b ~ n d , ’ ~ * ’ ~  while the strength of 
such an associative bond decreases with increasing size 
of the counter cation, leading to a more carbanionic 
chara~ter.’~ These results are fairly consistent with IR 
studies on the same systems reviously carried out by 
Lochmann and co-workers.%.’ Moreover, these metal 
enolates (particularly lithium-containing enolates) tend 
to form aggregated species,’7s23 and the exchange rate 
among differently aggregated species was generally 
found to be slow on the NMR time-~cale.’~ 


(2) The p-type of complexation between lithium 
enolate and LiCl (or LiOtBu) benefits from strong 
spontaneous electrostatic interactions, all cations in the 
system being associated with enolate oxygen (and 
probably carbanion as well) while also in close contact 
with the ligand Accordingly, the self-associa- 
tive 0-Li bond in lithium ester enolates can be 
completely perturbed, resulting in a rearranged tight and 
highly charged delocalized p -comple~ . ’~~’~  


(3) Because of the presence of a relatively strong 
0-Li bond in lithium ester en~lates,’~ the various a- 
type of lithium cation-binding ligands studied (i.e. 
DME, Glyme-3, HMPA, 12CE4 and K211) cannot 
induce successful a-coordination in THF, except for 
K211; that situation probably leads to a coexistence of 
ligand-free and -added species.” 
(4) A first NMR spectroscopic characterization” of 


complexation between a lithium ester enolate, i.e. 
methyl a-lithioisobutyrate (MIBLi, l a ) ,  and a lithium- 
containing p / a  dual ligand, i.e. lithium 2-(2-methox- 
yethoxy)ethoxide (LiOE,M), indicated that such a p / a  
dual ligand is exceptionally effective in reacting with 
highly aggregated lithium enolate through a ‘p- 
mixed/a-binding’ pathway, with formation of a bulky 
and relatively large charge-separated p / a  complex.” 


a R= CH,, 
b R= C(CH,), 


(1) 
Again, it is also important to stress here that, although 
there appear to be some differences between models and 
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real living systems, documented examples have already 
confirmed the value of these models for a deeper 
understanding and a rational discussion of ion pair 
behaviour and polymerization process 
 characteristic^.'^-^' 


In the following sections, we shall focus on the 
various roles of ligands in controlling the anionic living 
polymerization of (meth)acrylates. It is essential to 
know how various ligands affect the electronic structure 
and dynamics of the metal ester enolate ion pairs in 
relation to that polymerization process. 


Monomer structural factors controlling the living 
process 


It has been found that even small variations in the 
monomer structure (and thus in the corresponding active 
centre) exert a profound influence on the polymerization 
process.'s*'6*26 In order to obtain a better insight into the 
'ligation' roles, it is accordingly important first to 
discuss these structural factors in relation to the living 
polymerization process characteristics. 


Ester substituent: electronic and steric factors 
are both crucial. There are some indications from 
kinetics that steric factors in the ester substituent are 
less important than the electronic factors in affecting the 
propagation rate constants ( kp)15316 (Table 1). MiillerI6 
has accordingly attributed the observed distinctly low 
rate constant of tBuMA polymerization to two sets of 
electronic influences.I6 First, the electron-donating tert- 
butyl group decreases the polarization of the monomer 
and hence its reactivity. Second although this tert-butyl 
group may conversely increase the charge density on the 
carbanion and thus its reactivity, the latter effect is 
partially cancelled by ion-pairing effects: the increase in 
charge density leads to a smaller interionic distance, 
which again decreases the rate constants. 


Table 2 shows the I3C chemical shifts of two model 
compounds ( la  and b), which may structurally mimic 
the living ends of poly(methy1 methacrylate) and 
poly ( tert-butyl methacrylate), respectively, together 
with Taft's u* ~arameter, '~ which measures the 
electron-donating effect of the substituent. In complete 
contradiction to Miiller's speculation, these data clearly 


Table 1. Rate constants and activation parameters for the 
anionic polymerization of MMA and tBuMA in THF" 


Compound u * ~  Parameter Li + Na + 


MMA 0.00 Log A 
100 800 


kP 6 56 
tBuMA -0.32 Log A 8.2 8.7 


kP 


'SeeRef. 16. 
bTaft's u* parameter, see Ref. 27. 


indicate that an increase in electron-donating effect from 
the ester substituent (from methyl to tert-butyl), and 
whatever the counter cation, leads to a considerable 
decrease in the charge density at carbanion carbon but to 
a slight increase at the carbonyl group, as evidenced by 
a large downfield shift (3-7 ppm) at the a-carbon and, 
although small, a still detectable upfield shift 
(1-3 ppm) at the C(0)  carbon. This might be reason- 
ably interpreted as resulting in more charge localization 
at electron-rich oxyanion atom, when increasing the 
electron-donating effect of ester substituent, so leading 
to a tighter 0-Li bond and subsequently to a less ionic 
interaction between carbanion (i.e., C-a) and lithium 
cation. As rightly pointed out by Muller,I6 the electronic 
effects of the ester substituent on kinetics are very 
complex and difficult to predict. Nevertheless, a con- 
siderable modification of electron density distribution 
around an enolate type of active centre, due to the 
presence of tert-butyl group, at least in part accounts 
for the special kinetic behaviour in tBuMA polymeriz- 
ation (cf. Table 1). 


Although it is also difficult at this point to generate a 
valuable correlation between the charge distribution 
around the active centre and the livingness of the 
polymerization, the fact that lowering the charge 
density at carbanion carbon may accordingly reduce the 
nucleophilicity of the enolate species and consequently 
enhance its stability might reasonably suggest that the 
presence of a highly electron-donating group (i.e. tert- 
butyl) should in principle minimize the extent of 
secondary attacks of the active centre on the monomers 
and/or in the so-called back-biting reactions ocumng on 
the growing macromolecule. 


Nevertheless, the steric hindrance of the ester substi- 
tuent in a methacrylic monomer and/or monomeric units 
in the chain apparently represents a determining para- 
meter preventing undesirable attacks, as substantially 
supported by the following pertinent observations: 


(i) When alkyl methacrylates were anionically polym- 
erized in THF using LiC1-complexed simple 
organolithium compounds (e.g. sBuLi) as initiator 
(except for the tBuMA polymerization, which 
proceeds in a controlled manner up to at least 
0 "C), terminating attack of carbonyl group by 
highly nucleophilic and little hindered LiC1-added 
sBuLi always unavoidably occurs even at -78 "C, 
resulting in very limited conversion and broad 
multimodal MWD.28 


(ii) In sharp contrast to the 'living' process 
observed in the copolymerization of tBuMA-tBuA 
or tBuMA-MMA mixtures in THF using a LiCl- 
complexed init iat~r, '~ MMA-tBuA mixtures 
conversely ive very poor results in terms of yield 
and MWD.' This has been well accounted for by 
the selective attack of a penultimate small MMA 
methoxy group in the copolymer chain by the less 
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Table 2. Carbon-13 chemical shifts" (6, ppm) of 0.5 M metal isobutyrate salts in THF-d, at -60°C 


Compound 


(30) C-a 


Li' Na K Li" Na K 


Methyl a-lithioisobutyrate (la) 0.00 158.9 162.4 161.6 65.4 66.7 63.3 
rerrButy1 a-lithioisobutyrate ( lb)  -0.32 157.9 159.2 158.9 72.9 69.6 70.0 


'Relative to high field resonance of THF-d,, 25.3 ppm. 
bTaft's u* parameter for ester substituent, see Ref. 27. 


Only dimeric species have been taken into account. 


hindered LiC1-complexed PtBuA ion pair (i.e. a 
crossover back-biting termination reaction (see 
Scheme l)).30 


a -Substituent: steric factor versus electronic 
factor. Except for tBuA in THF at very low tempera- 
tures, when no ligands are used, the anionic 
polymerization of acrylate monomers always gives rise 
to considerable side-reactions, whichever experimental 
conditions used (another proof of the importance of 
tert-butyl group in promoting living polymerization). 
By contrast, in anionic polymerization of most alkyl 
methacrylates, various termination reactions can be 
limited to the point where a living process prevails, 
when certain suitable experimental conditions are 
accommodated. 16*26,31 


It might then at first sight seem reasonable that the 
presence of a a-acidic hydrogen be responsible for 
these ill-defined anionic polymerizations of acrylic 
esters. However, 'H labelling experiments performed 
by Lochmann et gave no evidence to support 
such a speculation. Conversely, it was found that the 
so-called back-biting reaction dominates the tBuA 
polymerization at 25 "C only after longer reaction 
time.33 


Actually, the data summarized in Table 3 convinc- 
ingly demonstrate that the a-hydrogen atom does not 
significantly perturb the living polymerization of tBuA 
in THF at -78 "C, even when highly nucleophilic LiC1- 
complexed sBuLi was used as initiator. In contrast, a 
completely ill-defined MMA polymerization is observed 
under the same experimental conditions. Up to this 
point, one may immediately conclude that the a-acidic 
hydrogen is much less important than the ester subtsitu- 
ent in the control of the living (meth)acrylate 
polymerization process. 


Scheme 1 


Moreover, a further insight into the characteristic 
data for MMA-tBuMA and MMA-tBuA copolymeriz- 
ation processes (Table 4) obviously reveals that the 
steric hindrance at the a-position is much more 
influential than the electronic situation, in affecting both 
the reactivity of the active center towards the monomer 
and the livingness of the copolymerization (i.e. suppres- 
sion of the so-called back biting  reaction^).'^ 


Thermodynamics as controlled by different ligands 


Coordination strength of a-chelating ligands tow- 
ards the metal-ester enolate ion pair: a key parameter 
in a-ligated systems. It is well known that 12-crown-4 
(12CE4) is one of the most specific a-coordinating 
ligands for the lithium cation.%. However, 13C and 'Li 
NMR investigations on model systems indicated that2' 
such a a-ligand is still not powerful enough to destroy 
the self-aggregation of lithium ester enolates, nor does 
it have a significant influence on the charge distribution 
over THF-solvated lithium ester enolate: that is pro- 
bably due to the presence of relatively strong 0-Li 
associative bonds in that compound. Similar results 
were also obtained by Jackmann and co-workers35 and 
House et a1.36 in the complexation of lithium phenolates 
and lithium enolates with various crown ethers in polar 
solvents, respectively. 


The lack of a sufficient coordination strength of 12CE4 
and other crown ethers towards lithium ester enolates is 
directly reflected in their very low efficiency in promoting 
the anionic living polymerization of (meth)acrylates, as 
shown by the data reported in Table 5. 


Nevertheless, the substitution of a lithium cation by a 
sodium cation in several crown ethers-Mt' complexed 
initiator pairs greatly improves the situation; a perfectly 
living polymerization of MMA can be indeed achieved 
even at 5 "C in toluene,'' as long as the CEs are steri- 
cally hindered. Along the same lines, the K21 l-Li+ pair 
was also found to work efficiently in inducing an 
extremely low polydispersity of living PMMA in THF 
at -78°C.'' These results paved the way for two 
promising approaches to a successful a-ligation in 
relation to the process livingness: either enhancing the 
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Table 3. Anionic polymerization of MMA and tBuA in THF at -78 "C, using a lOLiCl/sBuLi 
initiator system 


Polymerization Yield 
Monomer time (min) (wt%) M,.," M", MwIMnb f' 


- - - - MMA 90 Trace 
tBuA 60 100 1 OOOO 10500 1.03 0.95 


'MW = weight of monomer (g)/concentration of initiator (mol). 
bBased on a poly(rnethy1 methacrylate) calibration. 
'Initiator efficiency f = MW/Mwx.  


Table 4. Characterization data for the anionic 'random' plymerization of alkyl 
(meth)acrylates in THF at -78 'CZ9- 


Commoner pair 
(W-M,) Counter ion Living character MI M* 


MMA-tBuMA Lit Yes 35b 0.43b 
Na + Yes 8.2" 0.17' 


lOLiCl-Li+ Yes 
MMA-tBuA Li + No 0.02 9.5 


Na+ No 0.07 7.2 
1OLiCl-Li No 


'Monomer reactivity ratio. 
r Values taken from Ref. 16; polymerization was carried out at -75 "C; 
' r Values taken from Ref. 16; polymerization was carried out at -69 "C. 


Table 5. Anionic polymerization of alkyl (meth)acrylates initiated with (diphenylmethy1)lithium in the presence of various crown 
ethers' 


~~~ 


Crown THF : toluene Temperature Time Yield M,+ Initiator 
Monomer (a) CE : (v/v) ("C) (min) (wt%) (xlo-') Mw/Mn efficiency 


c - MMA 12-Crown4 2 : 1 5:95 -78 30 72 
12-Crown4 2 : 1 1oo:o -20 60 85 64.0 1.20 0.38 
12-Crown4 2 : 1 5:95 -20 30 60 - 
15-Crown-5 2 : 1 1oo:o - 20 5 95 23.0 4.50 0.55 
18-Crown-6 2 : 1 1m:o - 20 5 90 14.0 3.50 0.45 


tBuA 12-Crown4 1 : 1 10:90 - 20 60 100 162.5 3.50 0.14 
nBuA 12-Crown4 2 : 1 5:95 -78 120 12 


'Initiator concentration 4 x 
bMolar ratio of crown to initiator. 
'Multimodal MWD. 


e 


- 


mol I-'. 


coordination strength of the complexing agent versus 
lithium cation by using an even more powerful ligand 
(e.g. K21 l), or reducing the associative strength of the 
0-Mt bond in the metal enolate by increasing the size 
of the associated cations: it must be remembered, 
however, that the use of Na' or K' ion is detrimental 
for the aimed-at high syndiotacticity of PMMA. 


It is also interesting to find that (Table 6), when n- 
butyl acrylate is anionically polymerized at -78°C in 
the presence of various types of cryptands, all resulting 


characteristics (yield, efficiency and MWD) support the 
same conclusion: termination reactions occur to a 
considerable extent during the polymerization, in sharp 
contrast to the situation observed in the presence of 
L i 0 t B ~ ~ ~  or LiOE,M,'2b where a partially living or 
perfectly living nBuA anionic polymerization was 
achieved, respectively. Since cryptands (the most 
powerful cation-binding ligands discovered to date) 
often induce more charge separation between com- 
plexed cation and enolate anion, possibly with the 
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Table 6. Anionic polymerization of n-butyl acrylate (nBuA) at -78 "C using cryptand- 
complexed initiator system' 


Cryptand Yield wkxp Initiator 
Initiator (molar equiv.) Solvent (wt%) (xi03 MJM, efficiency 


~ 


- - - - Ph,CHLi K211 (2) THF 
- - - K211 (2) Toluene 16 


Ph2CHNa K222 (2) THF 21 35.0 1.9 0.45 
K222 (2) Toluene 21 23.0 1.9 0.93 


Ph2CHK K222 (2) THF 81 51.5 2.3 0.85 
K222 (2) Toluene 84 36.5 2.0 0.92 


'Initiator concentration: 2.0 x mol I-' .  


formation of cryptand-separated ion pairs or even free 
ions," the present results presumably suggest that these 
cryptand-separated or free. polyacrylate type of active 
species might be less stable and some of them spontane- 
ously terminate during the propagation, yielding poorer 
results. 


Therefore, it seems most likely that the coordination 
strength of a a-ligand towards the metal ester enolate 
ion pairs may strongly affect the degree of ion pair 
association, i.e. negative charge distribution around the 
a-ligated complex, which in turn plays an important role 
in the control of the anionic polymerization of 
(meth)acrylates; a subtle optimization is therefore 
needed here. 


Steric hindrance around the active complex: a 
determining factor for maintaining the process living- 
ness under more demanding conditions. As noted in 
preceding sections, unlike the complexation between 
crown ethers and lithium ester enolates, p-type ligands 
exhibit a high pro nsity to coordinate with lithium 


charge delocalized mixed complex. Undoubtedly, this is 
an important feature in stabilizing the formed active 
complex," at the origin of living polymerizations as 


enolate ion pairs,' F **' resulting in a tight and highly 


_ _  . 
promoted by LiX (X =halogen, OtBu) and simple R3A1 
linand~.~"~~-' '  
I 


Despite a strong dependence of the complexation 
efficiency on the electron-withdrawing power of the 
ligand anion, 13b the previously reported p-ligated 
 control^^'*^^'^ are usually limited to narrow experimental 
conditions. Typically, the use of a low polymerization 
temperature still appears essential to ensure the living 
anionic polymerization of most methacrylates and bulky 
a ~ r y l a t e s . ' ~ . ~ ~  


Moreover, whenever the steric factor becomes critical 
for the control of the living process, p-type ligated 
systems discovered to date were found not to work 
really well, even at low temperatures. As a typical 
example illustrating this important point, it has been 
found that, although LiCl is very effective in promoting 
the perfectly living homo- and block (two directional) 
(co)polymerization of MMA and tBuA in THF at 


-78 OC,"-'.39 the anionic copolymerization of 
MMA-tBuA mixtures under the same conditions 
always leads to very poor  result^.^' In other words, the 
C1 ligand is not bulky enough to block a given space 
area around the p-type complex in order to avoid the 
attack of the very active complex on the small methoxy 
group of the MMA antipenultimate unit in the polymer 
chain (also see above). 


The same arguments are valid for explaining the 
inefficiency of simple inorganic salts in the anionic 
polymerization of acrylates other than ~BUA. '~ .~ '  


An increase in the steric hindrance around the formed 
stable complex, whatever its origin, brings about a 
significant improvement of the livingness of the polym- 
erization, as strongly supported by numerous examples. 


Hatada et al. first demonstrated that t-BuLi affords a 
highly syndiotactic PMMA (rr>90%) having a narrow 
MWD (4.2)'" when the polymerization is carried out in 
toluene at -78 "C in the presence of trialkylaluminium. 
However, that ligated system is effective only at low 
temperatures and requires a long reaction time.38 In this 
respect, Ballard et al. has recently replaced trial- 
kylaluminium by dialkylaluminium compounds bearing 
a phenolate It was found that a controlled 
polymerization of MMA can be achieved at tempera- 
tures as high as 0°C using these bulky aluminium 
phenolate-complexed initiators. Recently, we have 
demonstrated that some very bulky disubstituted mono- 
alkyl aluminium phenolates (2) are still more effective 
in promoting controlled anionic polymerization of 
MMA even at 40OC." Clearly, these results provide 
unequivocal proof for the important steric influence on 
the living process of a bulky phenoxy in an 
alkylaluminium based p-type of ligand. 


2 
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Along similar lines, a comparison of the effects of 
two crown ethers, i.e. dibenzo-18-crown-6 (DB18CE6) 
and 18-crown-6 (1 8CE6) on the MMA anionic polymer- 
ization associated with an Na' cation reveals that (Table 
7) ,4' although the electron-delocalizing effect of the 
benzo groups reduces the electron donor ability of the 
oxygen atoms [resulting in a relatively weaker Na+- 
ligand interaction; see log Kf (Table 7)], DB18CE6 
surprisingly gives rise to much better results than to 
18CE6 (Table 7), again supporting the critical role of 
steric hindrance, as promoted by the former ligand in 
the immediate vicinity of the active species." 


In addition, as noted in Table 8, the importance of 
steric factors in 'ligated' active sites also clearly appears 
in the control of anionic living polymerization of 
primary acrylates, e.g. 2-ethylhexyl acrylate (2EtHA). 
Since there is convincing evidence from NMR spectros- 
copy that the ligands listed in Table 8 are all very 
effective in coordinating to lithium ester enolates with 
the formation of stable complexes, 19-22 the living 
character of 2EtHA polymerization under given condi- 
tions dramatically decreases in the sequence LiOE2M 
(perfectly living) >LiOtBu (partially living) > LiCl (not 
living), perfectly parallel to a decreasing steric bamer 
of the X moiety around the formed LiX-LiR complex, 
inthe same orderh4E20->tBuO->C1-.'8 


It is also worth noting that, although LiOtBu can 
induce a partially living polymerization of 2EtHA 
owing to both the relatively higher steric hindrance of 
the OtBu group around the formed LiOtBu-complexed 
active species and that of the 0-2EtH group in the 
monomer and polymer chain, this ligand, similarly to 
LiCl, does not afford any beneficial influence on the 


Table 7. Effect of macrocyclic crown ethers (CE, 1 mol 
equiv.) on MMA anionic polymerization in THF at -20°C 


using (diphenylmethyl) sodium as initiator" 


Yield Mn,cxp M J M ,  Initiator 
(B ;F (wt%> (SEC) (SEC) efficiency 


18CE6 5.59 100 13.0 3.00 0.6 
DB18CE6 4.60 100 8.0 1.05 0.97 


'Ref. 11. 


living statistical copolymerization of MMA-tBuA at 
-78OC in THF (Table 9). Most likely, such a more 
sensitive 'living' random copolymerization requires an 
even much bulkier environment around PtBuA-based 
active species in order to avoid their vigourous 
nucleophilic attack towards the very sensitive small 
OCH, group (Scheme 1). Importantly, and also con- 
sistently, two sterically more hindered ligated systems, 
i.e. DB18CE6-Na' and LiOE2M-Li', are signifi- 
cantly those which were found for the first time to 
efficiently prevent the aforementioned back-biting 
attacks (Scheme l), resulting in well defined monodis- 
persed statistical P(MMA-co-tBuA) copolymers (Table 
9). Obviously, this again emphasizes the critical import- 
ance of two essential structural characteristics of both 
DBl8CE6 and LiOE2M, giving them the capability 
simultaneously to coordinate with active species with 
the formation of single stable complexes, on the one 
hand, and more critically surround them with a steric 
banier blocking a large enough space area, on the other 
(Scheme 2). 


Kinetics as controlled by different ligands 


From the above discussion, it is obvious that structural 
thermodynamics as controlled by ligands definitely 
governs the living polymerization process. However, in 
order to produce precisely defined polymers, of great 
importance is not only the ligation thermodynamics but 
also its kinetics, i.e. complex dynamics as promoted by 
those different ligands. 


Association-ligation equilibria. Although the anionic 
polymerization of (meth)acrylates is often disturbed by 
side termination reactions, polymerization of some 
(meth)acrylates such as MMA and tBuA has proved to 
be free of side-reactions and q~ant i ta t ive . '~**~*~~ This 
happens when a carefully purified monomer (i.e. on an 
aluminium alkyl) is polymerized with a highly delocal- 
ized and bulky initiator (e.g. diphenylhexyllithium, 
DPHLi) in a polar solvent (e.g. THF) at low tempera- 
ture (e.g. <-60°C). 


Compared, however, with the 'ideal' living polymer- 
ization of non-polar monomers, such as styrene, the 
polydispersity of resulting PMMA (M, /M, , )  usually 


Table 8. Anionic polymerization of 2-ethylhexyl acrylate in 9 : 1 (v/v) toluene-THF using LiX-RLi initiator system 


Steric barrierb Temperature Time Yield Living 
LiX/RLi (mol/mol)a of x ("C) (min) (wt%) Mw", Mnq, M,/M,, character 


LiCl/DPMLi (5 : 1) 
LiOtBu/tBIBLi (3 : 1)' 
LiOEEM/DPMLI (10 : 1) 


-78 60 25 5000 17500 2.50 No 
- 60 2 100 9200 16600 1.09 Partial A -78 1 100 15000 16100 1.05 Yes 


' LiOEEM = lithium 2-(2-rnethoxyethoxy)ethoxide: LiOtBu = lithium tert-butoxide; DPMLi = diphenylmethyllithium; tBIBLi = tert-butyl a-lithioisobutyrate. 
bSeeRef. 18. 
'alue taken from P. Vleck et ul., Mukromol. Chem., Rupid Commun. 13, 163 (1992). 
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Table 9. Anionic 'random' copolymerization of MMA-tBuA mixture" in THF at -78 "C using 
(diphenylmethy1)lithium as an initiator and in the presence of various ligands 


Time Yield tBuA Living 
Ligandb (min) (wt%) in polymer (mol%) M,,JM,, M J M ,  character 


~~~~~~~ ~ ~ ~~~~ 


- 60 6.8 87.1 0.64 2.5 No 
12-CE-4 60 25.0 99.0 0.19 2.1 No 
LiCl 60 18.2 95.0 0.33 2.0 No 
LiOtBu 60 45.0 95.0 0.41 2.1 No 
LiOEEM 3 100 42 0.91 1.15 Yes 
DB18CE6' 10 100 42.5 0.96 1.07 Yes 


'Molar ratio in the feed: MMA : tBuA = 58 : 42. 
10 mol equiv. of ligand relative to initiator. 
' (Diphenylmethy1)sodium was used as initiator with 2 mol equiv. of DB 18CE6. 


.( H COOtBu 


Q = DB18CE6/Na+ or LiOE*M/Li+ 


Scheme 2 


remains Moreover, a multimodal MWD may 
result in tBuA polymerization.'0b~13"~42 


Conversely, on addition of LiCl, the situation 
changes profoundly. As illustrated in Figure 1, the 
effect of LiCl on the MWD of PMMA and PtBuA is 
very pronounced. The polydispersity index, M,/ M,, 
drops asymptotically (owing to complex formation) 
from ca 1.15 to 1.02 and from 3.50 to 1.04 for PMMA 
and PtBuA, respectively, when over 5 mol equiv. of 
LiCl with respect to the initiator are added into the 
system. Similar results have also been reported by 
Miiller and c o - ~ o r k e r s . ~ ' , ~ ~  According to these authors, 
addition of LiCl modifies to some extent the propaga- 
tion rate of the alkyl(meth)acrylate polymerization, but 
not the termination rate.42 


All these experimental data reasonably agree with a 
signiificant effect of LiCl on the initiation and ropaga- 
tion steps rather than on the termination step. 


Recently, Miiller and co-workers have focused on the 
kinetics of the related polymerization systems and 
proposed that association-complexation equilibria 
dominate the anionic polymerization of MMA and 
~ B U A . ~ ' . ~ ~  An equilibrium between dimeric and monom- 
eric living PMMA-Li' or PtBuA-Li' chains in THF 
should occur. However, complexation of the active 
centres by LiCl competes with the association of living 
PMMA-Li' or PtBuA-Li', and strongly affects 
kinetics and polydispersity of the living chains. 


NMR investigations on model systems also support the 
key effect of these association-complexation equilibria in 


19,4? 


the anionic polymerization of MMA in THF, at low 
temperature. As shown previo~sly,'~ there is an aggrega- 
tion equilibrium bemeen tetramer and h e r  in MIBLi 
solutions in THF, in the absence of LiCl, and the occur- 
rence of a slow exchange between these two species. Such 
dynamics are comparable to the proposal by Miiller and co- 
workers of a slow equilibrium between dimeric and 
monomeric PMMA-Li' in THF at low temperahu~.~~ Fast 
addition of monomer to living chains must then lead to a 
large po1yciisperity."*+' In contrast, the mixed complexation 
by LiCl does shift this aggregation equilibrium towards the 
formation of a sin le mixed species at LiClMIBLi = 1, 2 
(and maybe > 3)," which can thus give rise to a living 
polymer of a very low polydispersity, i.e. close to 1. 


The aforementioned role of association-ligation 
equilibria is further confirmed and extended by com- 
parison of SEC data for PtBuA prepared in the presence 
of various types of ligands and Nh4R results regarding 
the dynamics of a complexed model compound, i.e. 
methyl a-lithioisobutyrate (MIBLi) combined with 
various ligands (Table 10). 


From Table 10, it becomes clear that there is a 
remarkable correlation between polydispersity of the 
resulting polymer and dynamics of the ligated ion pairs. 
LiOEEM- and LiC1-complexed initiators lead to a very 
narrow MWD, due to a single active c o m p l e ~ . ' ~ * ~ ~  
Although LiOtBu is very efficient in complexing enolate 
species with the formation of various mixed com- 
plexes," a slow exchange process still occurs among 
these species. If they are active in propagating chains, 
they should be responsible for a broad MWD. More- 
over, it has been demonstrated that the presence of 12- 
CE-4 is not powerful enough to destroy the aggregated 
MIBLi species, and an aggregation equilibrium still 
dominates in the complexed system." That situation 
must also lead to a broad MWD, as already demon- 
strated in the ligand-free polymerization system. 


Solvation-ligation equilibria. Recently, it has been 
observed by that the anionic polymerization of 
tert-butyl methacrylate (tBuMA) proceeds in a living 
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Table 10. Comparison of SEC data for PtBuA prepared in the presence of various 
ligandsa,b and dynamics of MIl3Li (la) complexed with these ligands 


Ligand (mol equiv.) M J M ,  (SEW Complexed MIBLid 


- 3.50 (bimodal) Slow aggregation equilibrium 
12-CE-4 (10) 2.63 (bimodal) Slow aggregation equilibrium 
LiOtBu (10) 1.35 Slow mixed aggregation equilibrium 
LiCl 1.04 A single mixed complex 
LiOEEM (10) 1.05 A single complexed species 


'Conditions for polymerization: temperature, -78 "C; solvent, THF; initiator, diphenylhexyllithium. 
bYield 100%. 


dNMR results (Refs 19-23). 
Calibration with a polystyrene standard. 
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Figure 1. Polydispersity of (A) PMMA and (B) PtBuA as a 
function of LiCl to initiator ratio. Initiator, (diphenylmethyl) 
lithium (DPMLi); solvent, THF, temperature, -78 "C; Yield, 


100% 


fashion and induces a narrow and unimodal MWD in 
either pure THF or pure toluene at -78°C in the 
presence of a lithium counter ion. However, in 
THF-toluene mixtures, keeping other conditions 
unchanged, surprisingly broad bi- and even multi- 
modal MWDs were obtained. Moreover, increasing 


polymerization temperature from -78 "C to 0 "C 
promotes a narrower MWD, atypical of termination 
reactions; indeed at O"C, a very narrow unimodal 
MWD is again obtained. These results have been 
satisfactorily interpreted in terms of a solvation 
equilibria m e c h a n i ~ m : ~ ~  there coexist (several) THF- 
solvated and non-solvated active species, exchanging 
slowly at -78 "C but fast at 0°C compared with the 
monomer addition rate, thus resulting in a multimodal 
MWD in the former case and a narrow one in the 
latter. 


As expected, various types of ligands affect these 
slowly exchanging solvation equilibria in different ways 
characteristic of different ligation dynamics, and 
consequently affect also the MWD of the final poly- 
mers, as for example in the case of tBuMA anionic 
polymerization in a 70 : 30 toluene-THF mixture at 
-78°C (Table 11). Similarly to the effect of these 
ligands on the MWD of PtBuA from anionic polymer- 
ization (see above), the results shown in Table 11 might 
we be accounted for by another multi-state equilibria 
mechanism, i.e., a solvation-ligation equilibria mechan- 
ism:45 in comparison with 12CE4 and LiOtBu, ligands 
such as LiOE,M, K211 and LiCl give rise to much 
narrower MWDs ( M , / M ,  down to <1.05), in fair 
consistency with their high propensity to coordinate 
with lithium ester enolates, and to induce a fast 
exchanging ligation equilibrium and a single type of 
active c ~ m p l e x . ' ~ ~ ~ ' ~ ~ ~ .  However, it is necessary to point 
out that, unlike the 12-CE-4-added system, where a 
broad MWD might be the consequence of a coexistence 
of 12-CE-4-complexed and -free active species,", a 
lack of effectiveness of LiOtBu in promoting a narrow 
MWD is most likely due to the involvement of several 
slowly exchanging LiOtBu-complexed active 
species. 20*45 


Role of ligation dynamics in the control of 
MWD. From above-described results, it is interesting to 
see that each ligand studied here has a similar effect on 
association equilibria as on solvation equilibria, in 
relation to the MWD of the formed polymer, suggesting 
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Table 11. Anionic polymerization of tBuMA in a 7 : 3 toluene-THF mixture at 
-78 'C, using (diphenylmethy1)lithum initiator and in the presence of various types 


of ligands" 


Ligand L/Ib Time (min) Yield (wt%) M,, ,  M,, M,/M,  


- - 240 100 8000 9900 2.00 
LiCl 10/1 360 100 8000 8200 1.04 
LiOtBu 10/1 360 100 6500 12000 2.15 
12cE4 10/1 150 100 8000 9500 1.35 
K211 2/1 60 100 8000 8900 1.05 
LiOEEM 10/1 30 100 8500 8700 1.03 


'Initiator concentration 5 x moll-'. 
bMolar ratio of ligand to initiator. 


that the same original influence is at play. How the 
dynamics of the ligation process, whatever its origin, 
may affect the living anionic polymerization of 
(meth)acrylates is illustrated in Scheme 3. Note that the 
general behaviour explaining the dependence of the 
MWD of the resulting polymer by the dynamic equili- 
bria between various propa ating species has already 
been described by Szwarc! The present work gives 
additional support to that general role in the control of 
our currently developed 'ligated' anionic living polym- 
erizations of (meth )acrylates . 


Stereochemistry as controlled by different Iigands 


Recently, much effort has also been devoted to simul- 
taneously controlling the stereoregularity of anionic 
(meth)acrylate polymerization, hopefully by means of 
the same 'ligated' This also requires a 
better understanding of the effects of various types of 
ligands on the stereochemistry of these polymerizations. 
Although a sizable body of literature has resulted from 
such  investigation^,^' the determining factors in the 
control of that stereoregularity are not yet fully 
understood.& 


Stereochemistry of the 'ligated' anionic polymeriz- 
ation of MMA as controlled by Coleman-Fox multi- 


state mechanism. A long time ago, Coleman and Fox5' 
made the assumption that the stereochemistry of a 
polymerization might be controlled by a multi-state 
dynamic equilibria mechanism in which the active 
living chains exist in two (or more) states being able to 
interconvert. On the basis of experimental observations, 
we recently proved that the ligation dynamics as illus- 
trated in Scheme 3, typical of a Coleman-Fox model, 
apparently control both the livingness and the ster- 
eochemistry of MMA anionic  polymerization^.^^*^^ 


Indeed, there is substantial evidence that 
association-ligation equilibria govern the stereoregular- 
ity of such polymerizations in THF-toluene 
mixtures.47349 The following conclusions have been 
reached: (i) The associated and non-associated species 
selectively produce the meso and racemic placements, 
re~pectively.~~ (ii) Complexation of active species by 
lithium cation-binding ligands, such as 12-CE-4 and 
K211, simply shifts the association equilibrium towards 
the formation of non-associated species (of course, 
depending on the coordinatioon power of the ligand), 
resulting in syndiotactic placements; (iii) The effect of a 
p-type ligand strongly depends on the aggregation 
degree of the living polymer chains in the formed active 
complex. In a 9:  1 toluene-THF mixture, LiCl or 
LiOtBu gives rise to syndiotactic or isotactic stereoregu- 
lation, matching the situation observed in pure THF or 


slow process: broad and even multi-modal MWD 


Scheme 3 
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pure toluene, respectively; this is probably due to the 
fact that associated living chains are involved in 
LiOtBu-com lexed species, but not in LiC1-complexed 
s p e ~ i e s . l ~ ~ ~ ~ - ~ '  (iv) Since a dual p-CJ lithium alkoxide, 
LiOE,M, i.e. a very strong ligand, promotes the forma- 
tion of the same type of non-associated p-CJ looser 
complex, whichever the solvent, a highly syndiotactic 
PMMA results in all cases.49 


It is important to point out that the dynamic ligation 
equilibria model only describes the overall distribution 
of stereoisomers as promoted by various stereoselective 
active complexes. The stereochemistry of each individ- 
ual propagating species, i.e. the really determining 
factor in the stereoregulation of the polymerization, 
may possibly be controlled by another type of 
m e ~ h a n i s m . ~ ~ . ~ ~  


This conclusion is interestingly supported by results 
pertaining to the effect of LiCl on the stereochemistry 
of tBuMA anionic polymerization in the presence of a 
lithium cation. A previous study demonstrated that the 
solvation equilibria dominate the stereochemistry of 
tBuMA anionic polymerization in THF-toluene mix- 
t u r e ~ . ~ ~  Conversely, as illustrated in Figure 2(B), 
addition of LiCl now leads to a progressive increase in 
isotactic content when tBuMA is anionically polymer- 
ized in a 9 : 1 toluene-THF mixture at -78 "C. This can 
be easily understood if solvation-ligation equilibria are 
at play. In contrast, as already demonstrated else- 
where,47 under the same experimental conditions 
(temperature, polarity of the medium, and counter 
cation), LiCl affects the stereochemistry of MMA 
anionic polymerization in an opposite way [also see 
Figure 2(A)]. This provides a very clear indication that 
PMMAZi + and PtBuMAZi +, although both complexed 
by the same ligand, i.e. LiC1, obviously display different 
stereoselective characters. The same phenomenon also 
emerges from a comparison of the effect of LiCl on the 
stereochemistry of MMA and tBuMA polymerization in 
pure THF at -78 "C. Although LiCl has no influence on 
the stereoregularity of the MMA polymerization, it does 
significantly affect that of the tBuMA polymerization, 
where the isotactic content increases in parallel with the 
LiCl to initiator molar ratio. Similar results have also 
been reported by Varshney et al.52 


Chain-end E-Z stereoisomerism and main chain 
stereoregularity in the ligated anionic polymerization of 
MMA. Recently, Miiller and co-workers have proposed 
that the stereochemistry of MMA anionic polymeriz- 
ation is mainly controlled b the E-Z stereoisomerism 
of the living chain In comparison with the 
frequently used 'penultimate' me~hanism,'~ this E-Z 
interpretation seems to offer a still preliminary but very 
valuable approach to the evaluation of factors controll- 
ing the behaviour of various stereoselective species. 


In order to gain a better understanding of the ster- 
eochemistry of the ligated process, the chain-end E-Z 
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Figure 2. Effect of LiCl to initiator molar ratio on the diad 
fraction of (A) PMMA and (B) PtBuMA anionically prepared 
in a 9 : 1 toluene-THF mixture at -78 "C in the presence of a 


lithium counter ion 


ratio and the main chain tacticity of living PMMA 
anionically prepared in the resence of various ligands, 
were determined from NMR spectroscopy of 
silylated PMMA, the resulting data being given in Table 
12. For comparison purposes, similar data for MMA 
anionic polymerization associated with ligand free-Li + 


and -K' and K222-complexed K +  species are also 
included in that Table. 


From table 12, one can immediately rank the ligands 
studied here into three groups: (1) ligands which do not 
affect the chain-end Z /E  ratio nor main-chain tacticity, 
i.e. 12CE4 (Li'), HMPA (Li+), and LiOtBu (Li+): (2) 
ligands which affect chain-end Z /E  ratio but not main- 
chain tacticity, i.e. LiCl (Li') and LiOE,M (Li+); and 
(3) ligands which simultaneously affect the chain-end 
Z /E  ratio and main-chain tacticity, i.e. K211 (Li') and 
K222 (K+). 


Although a lack of influence of 12CE4 and HMPA 
on both the chain-end Z /E  ratio and main-chain tacticity 
may be accounted for by a poor coordination power 
towards lithium ester enolates," it is still very striking 
that the K211-Li' and K222-K' systems afford a 
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Table 12. Main-chain tacticity and chain-end E/Z  ratio of MMA anionic polymerization in 
THF at -78 “C in the presence of various ligands” 


Ligand 
Counter ion (mol equiv.) 


Main-chain 


rr mr mm 
Chain-end EIZ ratio: 


z 
__ Li + 


HMPA (4) 
LiOtBu(5) 
LiCl (3) 


LiOEEM ( 5 )  
1 2 m  ( 5 )  
K211 (2) 


K222 (3) 
K + b  - 


0.81 0.18 0.01 
0.80 0.19 0.01 
0.80 0.19 0.01 
0.79 0.20 0.01 
0.82 0.16 0.01 
0.77 0.21 0.01 
0.65 0.33 0.02 
0.38 0.56 0.05 
0.67 0.31 0.02 


100 
100 
100 
88.5 
88.0 
100 
10 
60 
10 


‘Polymerization conditions: initiator. diphenylmethyllithium; concentration, 7 x lo-’ mol I-’;  monomer 
concentration, 0.2 mol I-’. 
bRef. 53. 


living PMMA having the same chain-end E / Z  ratio and 
the same main-chain tacticity, suggestive of the inde- 
pendence of the stereochemistry (both chain-end Z/ E 
ratio and main-chain tacticity) on the counter cation 
associated in two different cryptated systems. This 
appears obviously inconsistent with a simple E-Z 
model such as described by Miiller and H~gen-Esch,’~ 
saying that for E-Z ends the probabilities of producing 
meso/racemic placements are monotonous functions of 
the radius of counter ion. Since K211 and K222 are the 
stron est cation-binding ligands specific for Li’ and 
K+,3Frespectively, it is highly possible that they involve 
the same type and degree of ion association in 
K211-Li‘ and K222-K’ chain ends in MMA anionic 
polymerization. Support for this conclusion is the fact 
that cryptand ligands can promote the formation of a 
complex in which the cation is completely encapsulated 
by cryptand,” i.e. possible formation of cryptand- 
separated ion pairs or even of free ions. In this regard, 
the present results might provide the first evidence for 
the important role of the ion-pairing structure rather 
than of cation size in the control of the stereochemistry 
(both chain-end Z / E  ratio and main-chain tacticity) in 
MMA anionic polymerization, in the presence of 
K21 I-Li+ or K222-K’. Actually, as already mentioned 
above and clearly demonstrated el~ewhere,’~.’~ the 
nature of the counter cation may strongly affect the ion- 
pairing behaviour. In other words, the monotonous 
functions describing the probabilities of producing 
meso/racemic placements versus the counter cation 
radius as observed by Miiller and co-workersS3 might 
also be inherently strongly connected with the ion 
pairing structure as promoted by different counter 
cations. 


However, the effects of other three ligands, i.e. 
LiOtBu, LiCl and LiOE,M, on the stereochemistry are 
even more complex. Although LiCl and LiOE,M 


display very different complexing behaviours versus 
lithium ester enola te~ , ’~~”  both ligands have the same 
influence on the stereochemistry (Z/E ratio and main 
chain tacticity) of MMA anionic polymerization (Table 
12), a fact for which no satisfactory explanation has 
been found. On the other hand, LiOtBu, proved to be a 
strong ligand, has no significant effect. A further in- 
depth analysis of this theoretically and practically 
important problem is obviously and urgently needed. 


CONCLUSIONS 


The significance and consequences of results and 
concepts presented above are rather obvious, but 
important enough to be highlighted here. 


First, the efficiency of the ‘ligated active site’ appro- 
ach is more than convincingly established. It allows a 
very fine tuningup of the reactivity of the active 
species, its stability and to some extent its stereoselec- 
tivity, these being the key parameters to be controlled 
with a view to developing a sufficiently broad and 
versatile macromolecular engineering. 


These potentialities have been illustrated by the 
practical, straightforward synthesis, under convenient 
solvent and temperature conditions, of a wealth of 
promising new products: monodisperse homo-PMMA, 
polyacrylates and polyacrylic acid,13 monodisperse 
random copolymers, diblock copolymers with styrenes 
and dienes useful as emulsifiers and compat ib i l i~ers , ’~~~~ 
triblock6’*62 and star diblock  copolymer^^^ with good 
thermo lastic elastomer characteristics, macromon- 
omers,’ t e l e~he l i c s~~  and halatotelechelics with 
unexpected mesomorphic-type phase organization.66 


Undoubtedly the same approach can also be applied, 
when necessary, to other monomers susceptible to 
nucleophilic initiation and attacks, i.e. styrenes, dienes, 
vinylpyridines, oxirane and cyclosiloxanes, in 
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combination or not with (meth)acrylates. In a still more 
exploratory vein, other exciting extrapolations might 
also be envisioned, e.g. in small molecules organic 
synthesis involving delicate nucleophilic mechanisms. 
Above all, the achievements summarized here may 
definitely give more confidence in the belief that 
coordination chemistry principles might really offer 
golden tools for tailoring active sites in polymerization 
processes, whatever their basic mechanism: coordina- 
tive, of course, but also ionic, radical or even stepwise 
pr~pagation.~’ 
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1,3-Dipolar cycloadditions of N-(phenylmethy1ene)benzenesulphonamide with mesoionic N-methyl-1,3- 
oxazolium-5-olates give 2,s-disubstituted imidazole derivatives with high regioselectivity. The intermolecular 
interactions underlying this regioselectivity were investigated. The conformational and electronic properties of 
the reagents were characterized separately. The approach in the early stages of the reactions was then modelled 
by considering the steric and electrostatic molecular interactions. The interaction energies related to different 
reaction paths were calculated by perturbation molecular orbital (PMO) treatment and compared. 


INTRODUCTION 
The reactions between N-phenylsulphonylimines and 
mesoionic N-methyl-1 ,3-oxazoliurn-5-olatest or 
miinchnones,'** provide the first examples of 1,3- 
dipolar cycloadditions of miinchnones with an acyclic 
C=N double bond3 to afford imidazole derivatives. The 
reactions between N-(arylmethy1ene)-benzenesulpho- 
namides and unsymmetrically substituted miinchnones 
proceed with very high regioselectivity. I 


In this study, we carefully re-examined the 1,3-dipoiar 
cycloadditions of N-(phenylmethylene)benzenesulpho- 
namide (1) to the miinchnones 2a-c. As shown in 
Scheme 1, two different paths, A and B, provide two 
regioisomeric imidazole derivatives 3 and 4. The initially 
formed cycloadducts undergo cycloreversion to carbon 
dioxide and cyclic azomethine ylides, which, on losing 
benzenesulphinic acid, lead to the corresponding 
imidazoles. 


Imidazole 3 is the largely preferred regioisomer or 
even the only one in the reactions of 1 with 2b and c 


*Authors for correspondence. 


(Table 1). The reactions proceed with high selectivity 
through the same regiochemical path, independent of 
the substitution patterns, which are opposite in 2b and c. 
These results are different from those reported in 1,3- 
dipolar cycloadditions of 2b and c to ethyl propiolate, 
where a cu 1 : 1 mixture of regioisomeric pyrroles was 
obtained.4s5 


The regioselectivity seems to depend on the nature of 
the substituent attached to the dipolarophiles, as shown 
by the results reported for benzoylacetylene and 
phenylacetylene, on reaction with 2b and c . ~  


The unexpected results obtained with imine 1 
prompted us to investigate the molecular interactions 
determining the regioselectivity. 


The regiochemical behaviour of these reactions has 
not been thoroughly studied from a theoretical point of 
view. Some  report^^-^ interpreted the regioselectivity of 
1,3-dipolar cycloadditions of ethylenes or acetylenes 
with unsymmetrically substituted miinchnones in terms 
of a qualitative frontier molecular orbital (FMO) 
analysis. Some of them pointed out4r6 that this approach 
was not adequate to predict regioselectivity because 
long-range contributions, such as electrostatic or 
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polarization forces, may be important when compounds 
with high local charge densities are involved. Therefore, 
a less approximate perturbation treatment was pro- 


taking electrostatic interactions between the 
reaction centres into account in addition to the develop- 
ing covalent interactions between the FMOs. 


To tackle the problem directly, the full potential 
energy surface (PES) must be analysed and the transi- 
tion states (TSs) located and characterized. However, 
the proper treatment of both the synchronous and non- 
synchronous paths possibly involved in the cycloaddi- 
tion reaction mechanism requires computational 


methods which describe diradicaloid and closed-shell 
species with the same degree of accuracy.*-1o In our 
case molecular dimensions do not allow for calculations 
of the PES at this computational level; Hamee-Fock 
TSs, according to recent literature," represent the 
maximum level achieved for such large systems. 
Moreover, no assumption can be made concerning the 
TS geometries or the mechanisms of these reactions, 
since no test calculations on prototype cycloadditions 
are available. However, it has been widely 
demonstrated12 that a good estimate of the energy 
sequence in the cycloaddition reaction TS can be 
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Table 1. Experimental results 
~ ~~ 


Regioisomer ratiob 
Reaction Yield (%)' 3 : 4  


c - 1+2a 64 
1+2b 46 100 : 0 
1 +2c 49 92:8 


'Relative to isolated compounds. 
bThe regioisomer ratio was determined by 'H NMR analysis of the 
crude reaction mixture, within an experimental error of 1%. 
'Regioisomers are not distinguishable because R' = R2. 


obtained by assessing the relative stabilities of the 
adducts formed in the early stages. We therefore 
decided on PMO treatment of the interaction at these 
stages as the most suitable approach for rationalizing 
selectivities in the reactions examined. 


A model based on the PMO treatment of Salem and 
Devaq~et , '~  which we previously p r o p o ~ e d ' ~ ~ ' ~ ~ ' ~  for the 
rationalization of regio-, site- and stereoselectivity of 
cycloaddition reactions seemed particularly suitable for 
our purposes. In fact, the structures of the perturbed 
states, usually fixed arbitrarily at an early point along a 
hypothetical reaction coordinate, are unbiasedly defined 
in our model; the van der Waals minima for the alterna- 
tive reaction paths are assumed as model structures for 
the corresponding perturbed states. They are located by 
considering both the non-bonding and the electrostatic 
contributions to the long-range intermolecular interac- 
tion energy. 


The method we developed gives a physically mean- 
ingful definition of the perturbed state structures even 
in reactions such as those of 1 with 2a-c, where bulky 
reactants are involved and contributions of non-interact- 
ing atoms prevail in the long-range interaction. The 
procedure for locating the perturbed states was carefully 
re-examined in order to assess; this aspect. 


COMPUTATIONi4L METHODS 
Conformational analysis of the two isolated reactants 
was done with molecular mechanics calculations, using 
the Tri 0s force field implemented in the Sybyl program 
"5.4. The electronic properties of the molecular 
mechanics minimum energy conformations were 
calculated with the semi-empirical MNDO method" 
using the MOPAC 5-0 program.'* To investigate the 
influence of the computational method on the molecular 
properties, ab initio calculations were also carried out 
on imine 1 with a 3-21G' basis set, using the Gaussian 
90 program. 


The weakly interacting complexes formed in the early 
stages of the reaction, i.e. the perturbed states, were 
modelled by the corresponding van der Waals 


12.14.15 To locate these minima in the intermolec- 
ular energy hypersurface, a computer program had 


already been developed,m in which the non-bonded 
interactions between all the pairs of atoms of the two 
molecules were described with a Lennard-Jones (6-12) 
potential function. 


The Lennard-Jones parameters for the H, C, N and 0 
atoms were taken from Scott and Scheraga.21 We 
calculated parameters for the S atom by the procedure 
that they adopted (the calculated parameters (i j j  and eij 
in the 6-12 potential2' for the S . - . S  interaction wqe  
d = 271 000 kcal mol - I  A'' and e = 249 kcal mol A6; 
for the mixed interactions, parameters were determined 
by the combining rules commonly used for this 
purpose"). To improve the description of electrostatic 
contributions to the interaction energy, an explicit 
coulombic term was added to the (6-12) function. The 
resulting potential, usually 22 referred to as (6-12-1), is 


Uij=dijrj;lz  - e..r?+ Q,Q.r:' I I /  
' I  'I 


where Qi and Qj are the net atomic charges. Mulliken 
atomic charges determined by the MNDO method were 
used. Geometric parameters employed as intermolecular 
variables in searching the minima were reported 
p r e v i o ~ s I y . ' ~ * ~ ~  


We previously proposedI5 that whenever contri- 
butions of atoms other than the reaction centres prevail 
in determining the van der Waals minima, the adducts 
have to be constrained in the region of the non-bonding 
energy (En,,) hypersurface where the 2pn orbitals 
involved in the new bond formation overlap 
significantly. We developed three constrained pro- 
cedures to find the most suitable method in searching 
for the perturbed state. The PMO overlap energy 
between interacting orbitals must assume negative 
values during the En, minimization (CO procedure); the 
overlap integrals between the reaction centres must 
assume only values falling within specific ranges: 
Scc 2 0.007, SCN 2 0.005 in the C1 procedure; 
Scc20.014, S , . , ~ O ~ O l O  in the C2 procedure. These 
ranges were defined on the basis of the corresponding 
interatomic distances, smaller than 1.1 times and 1.2 
times the van der Waals equilibrium distances in the C1 
and C2 procedure, respectively. Results with the non- 
constrained procedure (NC) were compared with those 
from the constrained procedures. 


Finally, the interaction energies for the perturbed 
states identified in the different reaction paths were 
obtained within the framework of the second-order 
perturbation theory by the intermolecular orbital 
(IMO) treatment of Salem and Devaquet.l3 The 
interaction energy (Eint) expression includes a term 
(E,J which depends on the overlap between the 
interacting orbitals and a term (Ep , )  which takes 
polar effects into account: 


Eint = Eon + Epl 
As indicated previously, E,,, is the sum of repulsive 
and attractive terms [E,, and Em, in equations (2) and 
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(3) in Reference 14) and E,, is defined as the summa- 
tion of coulombic interactions between net atomic 
charges on all the atoms [equation (4) in Rf. 14)]. 


RESULTS AND DISCUSSION 


Con formational analysis 
Four minimum energy conformations were obtained for 
the imine 1: two more stable E conformations with 
regard to the C=N double bond and two Z conforma- 
tions with energies about 20 Wmol-l higher. Both E 
conformations are characterized by the planarity of the 
Ph -C=N- S moiety and by tetrahedral angles around 
the sulphur atom. This latter conformational character- 
istic prevents the phenylsulphonyl group from 
participating in the n system, which thus involves only 
the benzylideneimine residue. The spatial disposition of 
the phenyl ring bonded to the sulphur atom distinguishes 
the two E conformations. In one of these, the C, atom 
lies in the same plane as the Ph-C=N-S moiety and the 
C(7)-C(4)-S(3)-N(2) torsional angle is 43" (see 
Figure 1 for the atom numbering). A preliminary 
analysis of the interaction between the miinchnone 2a 
and 1, taken in this conformation, showed that steric 
hindrance due to the rotated phenyl ring inhibits their 


fi 
5 C-N 


1 


approach: in the resulting van der Waals minima the 
intermolecular distance was 4.5-5.0 A. 


In the light of these results, in the subsequent analy- 
sis we considered the other E conformation of 1, in 
which the phenyl ring and an oxygen atom point out of 
the plane with torsional angles C(4)-S (3)-N(2)- C(l) 
and 0(5)-S(3)-N(2)-C(l) of 60.5" and -54.2", 
respectively. The electronic properties were calculated 
for this conformation. 


Mulliken population analysis by the MNDO method 
indicated (Table 2) a strong polarization of the C=N 
double bond towards the nitrogen atom and a high 
positive charge on the sulphur atom, balanced by 
negative charges on all the atoms bonded to it. This 
behaviour was confirmed by a single-point calculation 
performed ab initio with a 3-21G' basis set (Table 2). 


On the basis of the geometry optimization on 2a-c, a 
unique conformational minimum for each molecule was 
achieved. This minimum was characterized by a planar 
five-membered ring with phenyl substituents twisted 
about 40-45" with respect to it, as indicated by x-ray 
data.23 The partial rotation does not inhibit pn orbital 
overlap and allows the phenyl rings to participate in R 
conjugation with the five-membered ring. 


Among the resonance structures proposed for 
miinchnones, 24*25 the double-bond character we obtained 


2b 


Figure 1. System for atom numbering 
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Table 2. N-(Phenylmethy1ene)benzene- 
sulphonamide (1): atomic Mulliken charges 
with hydrogens summed into heavy atoms 


Atom' MNDO 3-21G' 


N(2), O(4) and O(6) and the most positive are C(5), 
C(3) and the methyl groups (see Figure 1 for the atom 
numbering). 


Perturbed states 
0.327 


-0.580 
1.798 


-0.502 
-0.750 
-0.694 


0.121 
-om5 


0464 
-0.005 


0.148 
-0.130 


0.057 
-0.007 


0.049 
-0.007 


0.117 


0.512 
-0.749 


1.668 
-0.501 
-0.612 
-0.575 


0-073 
0-017 
0.033 
0.017 
0.083 


-0.177 
0443 
0.012 
0-034 
0.013 
0-109 


'See Figure 1 for the atom numbering. 


for the C-N bonds and the exocyclic C-0 bond, and 
also the values of the JZ orbital charges (Q, in Table 3), 
indicate that the mesoionic system of 2a-c is well 
represented by the formula shown in Scheme 1. 


The Mulliken total atomic charges (Q in Table 3) 
indicate that the most electron-rich centres are C(1), 


To rationalize the regioselectivity of the reported 
reactions through PMO analysis, we needed to define all 
the possible interaction pathways leading to the different 
stereo- and regio-adducts. The imine can approach 
either the upper face of the miinchnone, leading to four 
adducts, denoted Up, or the lower face giving four 
Down adducts (see Figure 2 for the miinchnone 
orientations). For both approaches, the A and B adducts 
reflect the two different regiochemical pathways which 
lead to the 3 and 4 regioisomers (see Scheme 1). The 
endo and ex0 adducts indicate the stereochemistry of 
the reaction with respect to the reciprocal position of 
the oxygen atoms in the two molecules. The predictions 
of facial and stereoselectivity are not experimentally 
verifiable as the primary cyclo-adducts evolve toward 
aromatic compounds. 


A preliminary analysis of the eight hypothetical 
adducts for each reaction showed that the electrostatic 
interaction term is definitely superior to the overlap 
contribution in determining the interaction energy and 
that Ein, is very attractive for the ex0 adducts and very 
repulsive for the endo adducts. We concluded that in 
the early stages of the interaction the electrostatic 
forces guide the molecules towards an ex0 approach, 


Table 3. Miinchnones: atomic Mulliken charges with hydrogens summed into 
heavy atoms (Q) and JT orbital charges (Q,) 


2a 2b 2c 


Atom' Q Q n  Q Q ,  Q Q n  


-0.248 
-0.15; 


0.100 
-0.209 


0.405 
-0.368 


0.303 
-0.035 


0.072 
0.008 
0-027 
0.007 
0.016 
0.041 


-0.024 
O.Oo0 


-0.030 
0.007 
0.052 


-0.384 
0.587 


-0.121 
0.203 
0.192 


-0.447 
0.060 
O.Oo0 
0.057 
0.031 
0.055 
0.030 
0.044 
0.030 
0.023 
0.026 
0.032 
0.030 
0.044 


-0.245 
-0.142 


0.004 
-0.203 


0.402 
-0.365 


0.305 
0.167 
0.036 


-0.021 
-0400 
-0.Oo0 


0,006 
0.057 


-0.377 
0.601 


-0.149 
0.190 
0.195 


-0.436 
0.061 
0.054 
0.033 
0.035 
0.028 
0.038 
0.032 
0.045 


-0.315 
-0.129 


0.058 
-0.202 


0.400 
-0.368 


0.304 
-0.027 


0.072 
0.007 
0.023 
0.006 
0.008 
0.162 


-0.385 
0.610 


-0.152 
0.175 
0.200 


-0.432 
0.059 


-0.002 
0.053 
0.027 
0.049 
0.026 
0.042 
0.103 


'See Figure 1 for the atom numbering. 
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Figure 2. Interaction pathways leading to the different adducts 


and omitted the endo adducts in the subsequent 
analysis. 


According to our model, we were interested in 
finding the van der Waals minima in the intermolecular 
energy surface for the adducts of each reaction. To 
illustrate the developments in the method proposed to 
minimize the non-bonding energy we refer to the results 
for the ‘model’ reaction of 2a with 1, summarized in 
Table 4 and Figure 3. 


For the Down A adduct [Figure 3(a)] the non- 
constrained minimum geometry is determined not so 
much by the interactions between atoms directly 
involved in the new bond formation as by the steric and 
electrostatic repulsions between their substituents. In 


particular, the munchnone phenyl rings seem to avoid 
both the phenyl group and the oxygen atoms of the 
imine because of steric hindrance. This leads the C k N  
bond and the munchnone C(l)-C(3) axes to assume 
cross-shaped arrangement in which the interacting 2pn 
orbitals overlap to a lesser extent than in the parallel 
orientation. In this spatial disposition, similar to all the 
adducts in the NC minima, the overlap energy is almost 
null or even repulsive (Table 4). 


Hence, to have proper models for the perturbed 
states, the adducts must be constrained in the region of 
the non-bonding hypersurface where the 2pa  orbitals on 
the reaction centres overlap significantly. The minimum 
geometries obtained by the CO minimization procedure 
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Table 4. Energy contributions in the non-bonding energy minima obtained with different 
minimization procedures" for the ex0 adducts of the reaction 1 + 2a 


Minimization 9 E,, E,", Eint E " b  
Adduct procedure (A) (kl mol-I) (kJ mol-') (kl mol-') (kl mol-') 


NC 
co 
c 1  
c 2  


UP B NC 
co 
c 1  
c 2  


UP A 


Down A NC 
co 
c 1  
c 2  


Down B NC 
co 
c 1  
c 2  


3.71 - 12.27 
3.71 - 12.27 
3.71 - 12.27 
3.53 - 13.57 
3.63 -2.31 
3.75 -3.99 
3.66 -6.77 
3-49 -3.84 
3.85 - 19.48 
3.94 -16.31 
3.82 -18.61 
3.50 -21.24 
3.95 - 17-08 
4.08 -15.13 
3.83 - 14.27 
3.5 1 - 13.47 


-0.09 - 12.36 
-0.09 -12.36 
-0.09 - 12.36 
-0.19 -13.75 


0.06 -2.24 
-0.01 -4.00 
-0.05 -6.83 
-0.07 -3.91 


0.08 -19.40 
-0.00 -16.31 
-0.05 - 18.66 
-0.21 -21.45 


0.03 - 17.05 
-0.00 -15.13 
-0.05 - 14.32 
-0.15 -13.62 


-56.18 
-56.18 
-56-18 
-50.88 
-57.31 
-54.42 
-57.61 
-40.31 
- 66.29 
-64.40 
-30.41 
>lo0 


-63.86 
-60.23 
-32-15 


19.27 


'See Computational Methods section. 


more clearly describe the molecules' approach in the 
early stages of the reaction. Although the imine C=N 
bond remains shifted toward the methyl group, the C=N 
and C(l)-C(3) axes become virtually parallel and C(3) 
and N come closer [Figure 3(b)]. Accordingly, the E,,, 
values in Table 4 become more attractive. 


The CO minima indicate that these bulky reactants 
lead to perturbed states where the reaction centres are 
far apart. As a consequence:, the overlap energy has 
little influence on the interaction energy which is almost 
entirely determined by the electrostatic term. 


To verify whether this result depended on the method 
used to seek the van der Waals minima, the more 
restrictive minimization procedures C1 and C2 were 
tested. Figure 3 and the E,,, values in Table 4 indicate 
that these minima are characterized by more incipient 
bond formation between the reaction centres than in the 
CO minima. Whereas the E,, values in the CO minima 
are almost unaffected in relation to the non-constrained 
values, they increase with the constraint and, for the 
Down adducts obtained by the C2 procedure, En, is 
actually positive. This means that, at the distances 
imposed in the Cl or C2 procedures, geometrical 
deformations of the reactants occur. As they cannot be 
included in the model without going against the PMO 
theory assumptions, the minima obtained are not 
satisfactory models for the weakly interacting 
complexes in the early stages of the reaction. 


Therefore, the discussion below of the regio- and 
stereoselectivities of all the reactions examined refers 
to the En, minima obtained by constraining the reactants 
in the intermolecular region with attractive overlap 
energy (CO procedure). 


PMO analysis 


Energy contributions in the En, minima, already 
reported in Table 4 for reaction 1 +2a, are shown in 
Table 5 for the reactions 1 + 2b and 1 + 2c. In all the 
minima the electrostatic term plays a decisive role. The 
polar interactions between the substituents and those 
between the reaction centres contribute to this term to a 
similar extent. 


In the reaction of 1 with the symmetrically 
substituted munchnone 2a, the electrostatic interactions 
definitely lead toward a Down facial selectivity. 
Although there is no marked discrimination between the 
A and B regioadducts, the first is more stable. 


This preference can be explained on the basis of 
electrostatic interactions between the two reagents in the 
minimum geometries depicted for the most stable A and 
B regioadducts in Figure 4(a). In the A adduct 
interaction between the charged zones of the interacting 
partners is more favourable. On the one hand, the imine 
electron-rich nitrogen and oxygen atoms interact with 
the miinchnone electron-poor environment generated by 
the C(3), the methyl group and the aromatic hydrogens 
pointing at the sulphonyl group. On the other, the imine 
C(l) approaches the negatively charged region of the 
mesoionic system. The low regioselectivity cav be 
related to the long intermolecular di.stance (D = 4 A for 
both the Down adducts) to which the reagents are 
confined by the phenyl steric hindrance. 


In the reaction 1 + 2c the minimum geometries are 
similar to those for 1 +2a [compare Figure 4(a) with 
4(c)]. The slight increase in A selectivity (see E i ,  
values in Table 5) can be explained on the basis of two 
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6 


Figure 3. Enb minimum geometries for the Down A ex0 adduct of the reaction 1 + 2a, obtained with different minimization 
procedures: (a) Non-constrained, NC; (b) constrained CO; (c) constrained C1; (d) constrained C2 


Table 5. Energy contributions in the non-bonding energy minima obtained with the CO 
minimization procedure" for the ex0 adducts of the reaction 1 + 2b and 1 + 2c 


rb EPI E,", Eint E", 
Reaction Adduct (A) (kJ mol-') (kJ mol-') (kJ mol-I) (kJ mol-') 


1+2b UpA 3.65 - 16.95 -0.15 - 17.10 -55.85 
3.61 -1.91 -0.00 -1.91 -50.43 


-18.72 -0.14 -18.86 -68.77 
DownB 3.99 -12.11 -0.00 -12.11 -54.69 


1+2c UpA 3.61 -4.86 -0-03 -4.89 -65.84 
3.75 -12.14 -0.01 -12.15 -61.48 


-15.36 -0.00 -15.36 -59.61 DownA 3.89 
DownB 3.60 - 10.40 -0.08 - 10.48 -58.40 


UP B 
DownA 3.39 


UP B 


'See Computational Methods section. 
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a) 


Figure 4. En, minimum geometries obtained with the CO minimization procedure for the most stable A and B adducts of the 
reactions: (a) 1 + 2a, (b) 1 + 2b and (c) 1 + 2c. Left side, A adducts; right side, B adducts 
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observations. First, a less hindered approach leads to 
shorter distances between the molecules in the En, 
minima (see the D values in Table 5). Moreover, the 
miinchnone C( l )  centre, which is made electron richer 
by the methyl group bonded to it, gives a stronger 
electrostatic interaction with the positive imine C( 1) 
counterpart in the A adduct. 


Inspection of the E,,, sequence in Table 5 shows that 
in the 1 + 2b reaction the A adducts, both Down and 
Up, are strongly favoured with respect to the B adducts. 
As shown in Figure 4(b), there is a striking difference in 
the most stable A adduct geometry in comparison with 
all the other A minima. The less hindered approach to 
the miinchnone C(3) position explains the shorter 
intermolecular distance (Table 5) and a disposition of 
the imine negative centres which makes for more 
significant electrostatic matching with the miinchnone 
positive environment. 


On the basis of these theoretical results, it can be 
inferred that the reactions examined will mostly follow 
a regiochemical path A leading to the regioisomer 3. 
The reaction 1 + 2 a  does not lend itself to any 
experimental check because of the symmetrically 
substituted miinchnone used, but for the others the 
experimental results are well verified (Table 1). 


An increase of the regioselectivity can be expected 
on going from the reactions 1 + 2a and 1 + 2c to 1 + 2b. 
This agrees with the experimentally obtained 
regioisomer ratio (Table 1). 


CONCLUSIONS 
Theoretical study of the 1,3-dipolar cycloadditions of 1 
with 2a-c leads to a satisfying rationalization of the 
high regioselectivity obtained experimentally. 


This result further confirms the validity of our PMO 
model in rationalizing selectivities in cycloaddition 
reactions. On this basis, we can infer that the 
electrostatic, in addition to steric factors, must be 
considered to define the adduct geometries in the early 
stages of the reaction, particularly when reactants with 
high local charge densities are involved. Moreover, 
when lateral substituents make a significant contribution 
to the long-range interactions, the perturbed state 
geometries must be obtained by constraining the 
reactants in the intermolecular region where there is 
attractive orbital overlap energy. This procedure 
provides models for the perturbed states which fulfil the 
PMO theory assumptions. 


The energy analysis of the perturbed states obtained 
shows that electrostatic interactions between the whole 
molecular charge distributions guide the reagents toward 
the imidazole derivatives 3. In the first stage of the A 
pathway, the interacting molecules assume mutual 
orientations with higher electrostatic complementarity 
than in the B path. Reaction 1 +2b, where the 
electrostatic matching is enhanced by the most 


favourable A adduct geometry, shows the highest 
regioselectivity. 


On the basis of these considerations and previous 
results,26 we can infer that the phenylsulphonyl group 
plays a decisive role in affecting regioselectivity before 
it is eliminated. It causes strong polarization of the C=N 
double bond and helps to create a well defined 
negatively charged portion in the imine molecule. 
Consequently, the best electrostatic matching is 
achieved when the imine negative pole is balanced by 
the miinchnone positive counterpart, which remains 
substantially unaltered in 2b and 2c apart from the 
nature of the C( l )  and C(3) substituents. 


EXPERIMENTAL 
Melting points were measured on a Biichi apparatus 
and are uncorrected. 'H NMR spectra were recorded 
on a Bruker AC 300 spectrometer; all chemical shifts 
are given in ppm from tetramethylsilane as the 
reference. Positive-ion fast atom bombardment 
(FAB) mass spectra spectra were determined on a VG 
Analytical 7070 EQ mass spectrometer with an 
attached VG Analytical 11/250 data system. 
Compounds 1 ,,' N-methyl-N-benzoylphenylglycine,28 
N-methyl-N-benzoylalanine" and N-methyl-N- 
a~etylphenylglycine~~ were prepared following the 
methods reported in literature. 


General procedure for the reaction of 1 with 
2a-c. ' A solution of dicyclohexylcarbodiimide 
(2.6 g, 12.6 mmol) in toluene (20 cm3) was added to a 
suspension of 1 (8-1 mmol) and the appropriate N-acyl- 
a-amino acid (10.6 mmol) in toluene (40 cm3). The 
reaction mixture was stirred at room temperature under 
a nitrogen atmosphere for 12h until the starting 
materials had totally disappeared. The suspension was 
filtered and the solvent was evaporated at reduced 
pressure. The residue was taken up in CH,CI, (50 cm3) 
and the solution was washed with 10% NaHCO, 
(2 x 30 cm3) and water. The organic phase was dried 
(Na,SO,) and the solvent removed under vacuum. The 
mixture was separated by silica gel chromatography 
using toluene-ethyl acetate (7 : 3) as eluent. In addition 
to the isolated imidazoles, these reactions gave tar and 
complex mixtures of side-products which were 
impossible to separate and identify. 


Compound 5 was also isolated from the reaction 
between 1 and 2b: yield 6%, m.p. 102-104°C 
(from diisopropyl ether). Found C 70.65, H 5.5, N 
7.2; C23H,,N,02S requires C 70-75, H 5.7, N 7-2; 
'H NMR, 6, (90 MHz; CDCI,) 2.3 (3H, s,  2-Me), 
3.3 (3H, s ,  N-Me), 6.9 ( lH ,  s ,  CH=), 7.05-7.55 
(13H, m, aromatic), 7.85-8.05 (2H, m, aromatic); 
FAB mass spectrum, m / z  391 (M+); electron 
impact mass spectrum, tn / z  249 (M' - C$&S), 
208 (M' - C,H,NO,S). The formation of 5 can be 







462 L. BONATI R. FERRACCIOLI AND G. MORO 


Ph 


1 + 2 b + +  
Me 


I I 
Me Me 


5 


Scheme 2 


explained by r e a m n g e m e n t  of the cycl ic  13. (a) L. Salem, J. Am. Chem. SOC. 90, 543 (1968); (b) L. 
azomethine yl ide intermediate  according t o  a pa th  Salem, J. Am. Chem. SOC. 90, 553 (1968); (c) G. Klop 
involving breaking of the  C-N bond,30 as man and R. F. Hudson, Theor. Chim. Acta 8, 165 (1967); 
indicated in  Scheme  2. (d) A. Devaquet and L. Salem, J. Am. Chem. SOC. 91, 


3793 (1969); (e) A. Devaquet, Mol. Phys. 18,233 (1970). 
14. D. Pitea, M. Gastaldi, F. Orsini, F. Pelizzoni, A. Mugnoli 
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INTRODUCTION TO LIVING POLYMERIZATION. LIVING AND/OR 
CONTROLLED POLYMERIZATION 


IUUYSZTOF MATYJASZEWSKI 
Department of Chemistry, Carnegie Mellon University, 4400 Fifth Avenue, Pittsburgh, Pennsylvania 15213, U.S.A. 


The effects of various imperfections such as slow initiation, termination, transfer and slow exchange on 
kinetics, molecular weights and polydispersities in chain growth polymerizations are simulated. The simulations 
demonstrate that well defined polymers can be prepared in systems with chain-breaking reactions. Thus, under 
carefully selected conditions, non-living polymerizations may provide controlled polymers. On the other hand, 
polymers with unpredictable molecular weights and broad and even polymodal molecular weight distributions 
can be formed in living systems without irreversible transfer and termination. In some living systems molecular 
weights may stay constant or even decrease with conversion. Therefore, a clear distinction should be made 
between living and controlled polymerizations. 


INTRODUCTION 


The term living polymerization was initially used to 
describe a chain polymerization in which chain-breaking 
reactions were absent.'.' In such an ideal system, after 
initiation is completed, chains only propagate and do 
not undergo transfer or termination. Thus, in the ideal 
living polymerization each chain should retain its ability 
to react with monomer infinitely. However, transfer and 
termination often occur in real systems. 


The number of papers describing living polymers, 
living catalysts (?) and living polymerizations is grow- 
ing exponentially. Some of these processes will be 
discussed in other papers in this issue; some have been 
summarized in a recent review3 and will not be covered 
in this paper. Moreover, new terms such as quasi-living, 
semi-living, truly living, perfectly living, pseudo-living, 
apparently living and immortal have been used, often 
without defining the terms. Recently, some effort has 
been made4-' to classify these systems and to establish 
criteria for living polymerizations. These criteria can be 
generally separated into kinetic and synthetic. 


The intention of this paper is not to review existing 
and proclaimed living systems but to discuss the essence 
of a living polymerizations and to demonstrate that 
polymer properties are influenced by deviations from an 
ideal system. The importance of kinetics is stressed here 
and the effect of chain-breaking reactions and of slow 
initiation and slow exchange between species of differ- 
ent reactivities and lifetimes on rates, molecular weights 
and polydispersities is described quantitatively. These 
calculations show that well defined polymers can be 
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prepared in the presence of chain-breaking reactions. 
Thus, living polymerizations (no chain-breaking reac- 
tions) and controlled polymerization (formation of well 
defined polymers) are two separate and not necessarily 
overlapping terms which should be distinguished and 
should not be confused. (Scheme 1) 


A controlled polymerization is defined here as a 
synthetic method for preparing polymers with predeter- 
mined molecular weights (DP,  = A[M]/[I],), low 
polydispersity and controlled functionality, and also 
block copolymers. Transfer and termination are allowed 
in a controlled polymerization if their contribution is 
sufficiently reduced by the proper choice of the reaction 
conditions such that polymer structure is not affected. 


On the other hand, a living polymerization is defined 
as a chain polymerization without irreversible transfer 
and termination. Living polymerizations will lead to 
well defined polymers only if the following additional 
prerequisites are fulfilled: initiation is fast in compari- 
son with propagation; exchange between species of 
different reactivities is fast in comparison with propaga- 
tion; the rate of depropagation is low in comparison 
with propagation and the system is sufficiently homo- 
geneous, in the sense of the availability of active 
centers and mixing. If these specifications are not met, 
living polymerizations will produce polymers with 
broader polydispersities and degrees of polymerization 
much higher than the A[M]/[I], ratio. 


The proportion of chains affected by transfer and 
termination increases with the chain length. As dis- 
cussed later, this may not cause much deviation from 
ideal behavior (linear increase in M, with conversion, 
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Living Polymerization (LP) 


Controlled Polymerization (CP) 
vs 


Controlled Polymerization: 


I&&d chiin breaking pwildr. 
f h t  initidion 
fort rrrhmer 


very narrow polydispersities) if the chains are 
sufficiently short. Such systems have often been called 
living. However, if attempts at preparing higher mol- 
ecular weight polymers under otherwise identical 
conditions (initiator, additive, solvent, temperature, 
etc.) are unsuccessful, and if chain-breaking reactions 
are indicated by a non-linear evolution of molecular 
weights with conversion, and by variation of polydis- 
persities and polymerization kinetics, then such a 
system should not be called living. The terms apparently 
living or 'living' polymerization have been used pre- 
viously to name systems which produced well defined 
polymers of relatively low molecular weight but in 
which either transfer or termination is unambiguously 
present.'*' The term controlled polymerization is a more 
accurate description of these systems. 


It has been proposed that the rate constants of trans- 
fer and termination or their ratios to that of propagation 
should be determined for polymerization systems which 
produce well defined polymers.' This will allow repro- 
ducible syntheses in which the limits for the preparation 
of well defined high polymers are set. The 
transfer/termination rate constants may be detectable 
only by working under 'difficult' reaction conditions 
which prevent preparation of well defined polymers 
(higher temperatures, lower [110, longer chains, etc.). 
These results can then be extrapolated to the 'usual 
living' conditions. 


Systems with reversible transfer or reversible termina- 
tion deserve special comment, since they have often been 
called pseudo-living or quasi-living. The first living 
systems were anionic polymerizations of non-polar 
monomers such as styrene and dienes in some hydrocar- 
bon solvents. They showed perfectly living behavior, 
producing very high molecular weight polymers 
( M .  % 100,000) with low polydispersities ( M J M ,  < 1.1) 
providing that initiation and mixing were fast 


enough.2,10-12 Polymerization resumes with the same rate 
after addition of a new portion of monomer with a linear 
increase in molecular weight with conversion. In addi- 
tion, block copolymers form by consecutive 
polymerization of two comonomers. In these systems 
various active species coexist, including ions, ion pairs of 
various structures and reactivities and their aggregates. 
Reactivities of ions are sometimes much higher than 
those of ions pairs (k,-/$* EJ lo5 in polymerization of 
styrene with Li' counter ion in dioxane at 20°C),2-10-'2 
and in some cases ionic aggregates are much less reactive 
than ion pairs. Nevertheless, polymers with degrees of 
polymerization determined by the ratio of the concentra- 
tion of reacted monomer to the overall concentration of 
active species or of introduced initiator 
(DP,=A[M]/[I],) have been prepared with a narrow 
molecular weight distribution (MWD). This observation 
indicates that growing species with different reactivities 
exchange rapidly enough to give the same probability of 
growth for all chains. This also implies that the temporary 
decrease in activity (or temporary deactivation) does not 
interfere with the concept of a living polymerization. 
Thus, temporary deactivation is not considered as termi- 
nation. The same reasoning can be applied to reversible 
transfer and it has been suggested that both systems can 
be simply called living6 The dynamics of the exchange 
reactions and the chain lengths are very important in both 
cases as discussed later. 


DEVIATIONS FROM IDEAL SYSTEM 
A general kinetic scheme for a typical chain polymeriz- 
ation is shown in Scheme 2. Initiation (1) usually 
proceeds by reaction of initiator (I) with monomer (M) 
to produce the first growing species (Pi). This species 
propagates (2A) with a rate constant which may be 
different from that of the macromolecular species (2B). 
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k 
I + M-P; 


$1 
P; + M-Pi 


kM 
Pi + M-P, + P; 


k A  
P: + A-P, + A' 


rc, 
P: + T-P,,-T 


ktc  
P: + P: - P,-P, 


ktd 
P.' + P:-P" + P; (4D) 


k" 


k' ' 
P.' =P." 


kP' * 
P: + M-P,,, 


Scheme 2. Kinetic scheme for chain polymerization 


Reaction of the growing species with monomer may 
also lead to transfer to monomer to generate new chains 
(3A). Transfer (3B) may also occur with a transfer 
agent (A). If the new species (A') have a similar or 
higher reactivity than the growing species, there will be 
no effect on the kinetics. If the reactivity of A' is lower 
than P', then degradative transfer occurs with retarda- 
tion of the polymerization. 


Growing species may lose reactivity by spontaneous 
unimolecular termination (4A) or by bimolecular 
termination (4B) with a terminating agent (T). In 
radical polymerization bimolecular termination occurs 
by coupling (4C) or by disproportionation (4D). Grow- 
ing species (P') may be in equilibrium (5A) with 
species P# of different reactivity, which is also capable 
of reacting with monomer (5B). The last reaction (5C) 


is a degenerative transfer in which both the total number 
of chains capable of growth (P:+P,-A) and the 
concentration of active chains stay constant (Pi). This 
thermodynamically neutral process (K= 1) may lead to 
polymers with a narrow molecular weight distribution. 


The simplest system which is both living and con- 
trolled involves only reaction (2); reactions (3)-(5) 
should be absent. As shown later, well defined polymers 
still can be formed if the contribution of these reactions 
is small and the degree of polymerization is limited. 
However, living polymerization which involve slow 
initiation (1) will increase polydispersities and produce 
polymers of 'too high' molecular weights. If initiation 
is faster or comparable to propagation, then reaction (1) 
[and (2A)] can be omitted. Multiplicity of growing 
species with various reactivities and various lifetimes 
may produce polymers with broad and even polymodal 
molecular weight distributions. However, Poisson 
distributions result if exchange reactions (5A) are fast. 


In the following sections, the quantitative deviations 
of the kinetics, molecular weights and polydispersities 
from those of ideal systems caused by reactions (l), 
(3), (4) and (5) will be presented. The magnitude of 
only one deviation will be varied at a time to demon- 
strate clearly the effect of slow initiation, termination, 
transfer and slow exchange on polymerization rates and 
properties of the produced polymers. 


Slow initiation 
The effect of slow initiation on kinetics is shown in 
Figure 1 for a hypothetical system in which only reac- 
tions (1) and (2B) (Scheme 2) participate and with the 
conditions [MI,= 1 moll-', [II0= 0.01 mol -' and 
k,= 1 mo1-ls-l. 


The kinetics is first order in monomer and should 
provide a straight line in semilogarithmic coordinates if 
the concentration of active sites is constant (instan- 
taneous initiation). The time-scale is defined by the 
product of the concentration of the propagating species 
and the rate constant of propagation, but the shape of 
the plot depends on the ratio of the rate constants of 
propagation to that of initiation. For the particular ratio 
[M],/[I],= 100, no detectable deviation from the ideal 
law is found for Ri = kp/ki = 1. If Ri = 10, the initiator is 
nearly consumed at approximately 40% monomer 
conversion. On the other hand, at R = 30 and 100, the 
unreacted initiator remains even at complete monomer 
consumption. Thus, continuous acceleration in the 
semilogarithmic coordinates is observed. 


It is even easier to notice the effect of slow initiation 
by analyzing the evolution of molecular weight with 
conversion in Figures 2 and 3. The small increase in the 
polymerization degree relative to the ideal case disap- 
pears at approximately 40% conversion when R, = 10. 
However, it is necessary to add subsequent portions of 
monomer (conversions >loo%) for ratios R,  = 30 and 
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Figure 1. Effect of various ratios Ri = ki./h on kinetics for 
slow initiation 
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Figure. 2. Dependence of DP, on conversion for various ratios 
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Figure 3. Dependence of DP, on conversion for various ratios 
Ri = $14 during four consecutive monomer additions for slow 


initiation 


100 to approach asymptotically ideal M, values as 
shown in Figure 3. 


Polydispersities in systems with slow initiation 
depend on the ratio [M],/[I], and Ri, and are very 
narrow for Ri= 1 and 10 (Mw/Mn< 1.02) but approach 
M,/M,= 1.15 for the ratio R i =  100. The highest poly- 
dispersity due to slow initiation is MW/Mn=1.3.". The 
effect of slow initiation on kinetics, molecular weights 
and polydispersities has been discussed before in detail 


for general s  stern^^*'^-'^ and for carbocationic 
polymerization. 1; 


Termination 
The effect of termination was studied for a hypothetical 
system in which only reactions (2B) and (4A) (Scheme 
2) participate. Termination has no effect on the final 
number average molecular weights because it does not 
change the total number of chains. Of course, termina- 
tion may lead to incomplete polymerization if the 
initiator concentration is too low. If termination is 
unimolecular the final monomer conversion ([MI,) is 
set by 


h([Mlo/[Ml,) = [IIo(kp/kt) (6) 
Thus, the effect of termination is mostly kinetic, as 
shown in Figure 4. 


Figure 4 depicts the semilogarithmic plots for various 
ratios R,= kp/kt, taking arbitrary values of 
kp= 1 mol-'ls-', [MI,= 1 moll-', [1],=0.001 mol-' 
and assuming instantaneous initiation. 


For the ratios R,= 100,000 and 10,000 nearly no 
deviation from the ideal behavior is observed and 
complete conversions, predicted molecular weights and 
polydispersities lower than Mw/M,< 1.03 are calculated. 
On the other hand, if R,=  1000, 63% conversion is 
expected at infinite time. Calculations predict DP, = 630 
and Mw/M,=  1.45 for the final product. The effect of 
termination on molecular weight distribution has been 
discussed thoroughly. l7 -I9  Bimolecular termination with 
a terminating agent T obeys pseudo-first-order kinetics 
if [TI * [P']. 


Termination in radical polymerization 
The growing species in radical polymerization terminate 
by either disproportionation or coupling. Most radical 
polymerization systems involve slow initiation and a 
very low stationary concentration of radicals in order to 
prepare polymers of sufficiently high molecular 


R; 100.WO 


0 5  


0 ~~- - -  
0 500 1000 1500 2000 


time, s 
Figure 4. Effect of various ratios R, = $14 on kinetics 
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weights. Therefore, in most systems only a small 
fraction of the initiator is used, and the rate of initiation 
is approximately constant (decomposition of the 
initiator by light, heat or a redox process is usually the 
rate determining step, ri = k,[I],). The number-average 
degree of polymerization depends on the ratio of the 
rate of propagation to that of the initiation and termina- 
tion. Both the propagation rate and the polymerization 
degree decrease with conversion as shown in Figure 5. 
The arbitrarily chosen conditions ([MI, = 10 moll-', 
ri= lo-' mol-'ls-', kp= 10' mol-'ls-' and 
k,= lo7 mol-'l s-') are close to those for the bulk 
polymerization of styrene at 60°C initiated by azo- 
bisisobutyronitrile (AIBN). 


The polydispersity increase with conversion from the 
value MJM, = 1.5 for termination by coupling to 
Mw/M,=2 .5  at 95% conversion. This is due to the 
change in the ratio of the rate of propagation to that of 
initiation, according t 0 I 7  


2(MO - [Milk, 
M M I O / [ M I ) ( ~ G ~ ~ ) " *  


DP, = 


(7) 
~([MIo + [MI)k, DP, = 


2(2Gky2 


A similar dependence is predicted for termination by 
disproportionation, although the initial polydispersities 
are higher (Mw/Mn = 2). 


Transfer 
Ideally, transfer has no effect on kinetics, but does have 
a pronounced effect on molecular weights and polydis- 
persit ie~. '~- '**~~ Figure 6 shows the effect of transfer to 
monomer on the polymerization degree for various 
ratios R,, = kp/k,,, using arbitrary concentrations 
[MI, = 1 m611-', [I], = 0-01 moll-', and assuming that 
initiation is instantaneous and termination is absent. 
Instead of the predicted final DP, = 100, smaller values 
are computed ( D P  = 91, 75 and 50) when R,= 1000, 


I I i I ,  
0 0.2 0.4 06 0 8 1 


conversion 


Figures. Dependence of DP., DP, and DPJDP, on 
conversion for termination by coupling in a radical 


polymerization with constant initiation rate 


DP" 


0 0.2 0.4 0.0 0.8 1 


CONVERSION 


Figure 6. Dependence of DP, on conversion for various ratios 
R ,  = kP/lq," for transfer to monomer 


300 and 100, respectively. Note that the deviation from 
A[M]/[I] is smaller at lower D P  and increases at higher 
DP range for each R,, value. 


As shown in Figure 7, this deviation depends not only 
on R, but also on the ratio of the concentration of the 
monomer to that of the initiator, which can be 
expressed by the parameter a = (kwM/kp) [M],/[I],: 


The ratio of the degree of polymerization in the pre- 
sence of transfer to that predicted for the ideal system 
without transfer (DPid = A[M]/[I],) decreases with 
con~ersion.~ 


For the initial conditions [MI,= 1 moll-', 
[II0 = 0.01 moll-' and R, = k,/k,, = 1OO0, a 10% 
deviation from ideal behavior is expected (case when 
a = O  1). At complete conversion a decrease in the 
initiator concentration to [I], = O W 1  mol I-' ( a  = 1) 
leads to a DP that is half of the ideally predicted value, 
whereas [I], = 0.0001 moll ( a  = 10) leads to one tenth 
of that value. However, nearly ideal behavior can be 
reached with [I]O=O.l moll-'. This shows that in 
systems dominated by transfer it is possible to improve 
polymerization control by simply manipulating (increas- 
ing) the initiator concentration. 


DP/DPid=  1/(1+ ( k ~ / k p )  [Mlo/tI lo~l  (8) 


L10.01 FI a-0.1 


1-10 


.-.._ -. -... ._ . -_  


0 0 2  0.4 0.6 0 8  1 


Conversion 


Figure 7. Effect of parameter a =  (kM/l$)(h[M]/[I]o) on 
deviation from ideal behavior for transfer to monomer 
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Figure 8 depicts the predicted effect of the parame- 
ter a on the polydispersities.*' Using [MI, = 1 moll-' 
and [I],= 0.01 moll-', a polydispersity of 
M b / M , s  1.06 is expected for the ratio kp/ktrM = 1000. 
Decreasing the initiator concentration to 
[I],=O.OOl moll-' leads to Mw/Mn-1.5, whereas 
increasing [I], to 0.1 moll-' should provide polymers 
with narrower polydispersities. 


Figure 9 is similar to Figure 7, but it takes into 
account deviations caused by unimolecular transfer (e.g. 
transfer to counter ion). The plots in Figure 9 were 
calculated using the following equation:21 


D P / D P ' ~ =  1 +In[l/( l  (9) 
for various values of parameters b = (k,/kp)/[I],. 


Because the rate of transfer to counter ion is 
independent of monomer concentration, whereas the 
rate of propagation decreases with conversion, lower 
molecular weights and large increases in polydispers- 
ity are expected at high conversion.8822 This explains 
the pronounced deviation at the end of the polymeriz- 
ation. However, this is often experimentally 
undetected if the precipitated polymer is analyzed 


Figure 8. Dependence of h4WD on various ratios (I for 
transfer to monomer 


0 0 2  0 4  0 6  0 8  1 


Conversion 


Figure 9. Effect of parameter b = (k,/k,)/[I], on deviation 
from ideal behavior for unimolecular transfer (e.g. to counter 


ion) 


rather than the entire reaction mixture, which includes 
oligomeric products. 


Slow exchange 
Exchange between ions and ion pairs of different 
reactivities has been carefully analyzed in anionic 
systems and small broadening of polydispersities was 
used for the evaluation of the dynamics of the 
e~change. '~**~ When exchange becomes slower, as in the 
case of aggregation of ion pairs, then polydispersities 
are higher and the distribution may become bimodal." 
Slow exchange is also one of the reasons for the high 
polydispersities obtained in coordination polymeriz- 
ations, especially heterogeneous systems. 


Figure 10 presents the results of Monte Car10 simula- 
tions for a binary system consisting of dynamically 
exchanging active (Pa) and dormant (Pd) species 
described by Scheme 3. Dormant species cannot react 
directly with monomer (kp" = 0) and they are resent in a 
1000-fold excess over active species (K = 10 ). 


Figure 10 shows the effect of the dynamics of 
exchange on molecular weights and molecular weight 
distributions (the signal of the unreacted initiator was 
deleted from the simulated traces). Values of the 
equilibrium and rate constants were assumed to be equal 
for the initiator and macromolecular species. If the rate 
of conversion of active to dormant species is higher 
than or comparable to that of ro agation [Figure 
(10(A), kPg= lo' M-ls - ' ,  kad= lo's-'; Figure 10(B), 
kPg = lo5 M - l s - ' ,  kad= 10' s-'I, then narrow MWD and 
degrees of polymerization defined by the ratio of the 
reacted monomer to that of the introduced initiator are 
obtained. using [MI, = 1 moll-' and 
[I], = 0.01 moll-', DP, = 10, 50 and 90 are predicted at 
10, 50 and 90% conversion, respectively. These values 
are indeed observed in Figure 10(A) and (B). Polydis- 
persities are slightly broader. For example, 
M,/M,= 1-12, 1.02 and 1.01 in Figure 10(A) and 1.30, 
1.05 and 1.025 in Figure 10(B) at 10, 50 and 90% 
conversion, respectively. 
On the other hand, if the temporary deactivation of the 


growing species becomes slower than propagation Figure 
IO(C), kpa = lo' M-' s-I, kd = lo3 s-'; Figure 10(D), 
kpa = lo5 M-' s-', kd = 10' s-I), the molecular weights are 
higher than predicted (owing to incomplete initiation) and 


P 


K=k&& 
t- PI" 


+h' kl: +hrj /kk, , ' '  I I 


l'd,,+l c* P1,,+, 
Scheme 3. Polymerization in systems with active and dormant 


species 
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Figure 10. Effect of the dynamics of exchange between active 
and dormant species on the evolution of M W  and MWD with 
conversion; [MI, = 1 M, [I& = 0.01 M; k,'= lo5 M - l s - ' ,  


k,= lo's-', k,= lo5 s-I; (C) kds= 1 s-I, kd= lo3 s-'; (D) 
k , , d = o ~ - l S - l ;  ~ = 1 0 - 3 .  (A) k,=104s- l ,  k,=107 s-l; (B) 


k,=lO-'s-',  k,=1O2s-l 


This demonstrates the surprising result that molecular 
weights can decrease with conversion in a living polym- 
erization! That is, no irreversible transfer or termination 
is present, and even the rate of initiation was considered 
equal to that of propagation. This strange and unex- 
pected result is due to the slow reversible deactivation 
of the active species. 


Figures 1 1  and 12 show the variation of MWD with 
conversion and as a function of the final polymeriz- 
ation degree for a system with exchanging active and 
dormant species. This could happen in cationic, 
anionic, radical, coordination and other polymerization 
systems. The MWD is unimodal but its breadth 
depends on the ratio of the rate constants of propaga- 
tion and deactivation of active to dormant species 


Polydispersities continuously decrease with conver- 
sion and with increasing chain length, in contrast to 
systems dominated by transfer. At faster exchange 
(lower value of k,"/k,,) there is a higher number of 
exchange events during chain growth, leading to a more 
uniform distribution. Similarly, at lower concentration 
of growing species ( [110 - [I]), longer chains with more 
narrow MWD are formed, according to 


(k,"/k&i). 


DP,/DP, = 1 + l/DP, + ~ ( 2  - p ) / p  (10) 
where c = ([I],, - [I]) (k,"/k,). 


Figure 12 demonstrates how the polymerization 
degree affects polydispersity at complete conversion 
according to 


DP,/DP, = 1 + 1/DP,  + d / D P ,  ( 1 1 )  
where d =  [MI, (k;/kd).  For example, high polydis- 
persity (DP, /DP,=3)  is predicted for a system with 
d = 20 at DP = 10, but is reduced to DP,/DP, = 1.2 at 
DP = 100. This demonstrates that in order to obtain 
lower polydispersities, longer chain lengths must be 
reached in systems with slow deactivation. Of course, 
transfer may become significant at such high molecular 
weights and polydispersity may increase after its initial 


the polydispersities are also much broader. In Figure 


and 2.04 were calculated for 10, 50 and 90% conversion, 
whereas in Figure 10(D), DP,= 1040, 820 and 480 and 
Mw/M,=2.00, 2.08 and 2.73 were calculated for 10, 50 
and 90% conversion, respectively. 


lO(C), DP,= 110, 108 and 104 and M,/M,= 1.99, 2.00 


I I , I ' I  DPJDP. . ODPa=l +([lI..[l]) (kP~h.JWP)/P 


-... L L - - -  
02 0 4  0 8  08 I 


Conversion 


0 I - L L d I y - L l  . . , 1 , 


Figure 11. Effect of parameter c=([I],- [I])(k,"/k,)  on 
evolution of polydispersities with conversion 
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Figure 12. Effect of parameter d =  [M],(V/k,) on evolution 


of polydispersities with chain length at complete conversion 


decrease. A typical feature of systems with slow 
exchange is that polydispersities decrease with conver- 
sion and with chain length in contrast to systems 
dominated by transfer. 


Slow exchange in carbocationic systems 
Slow exchange, in addition to transfer, is the most 
important parameter affecting polydispersity in carbo- 
cationic p01ymerizations.~~*~ It is the main reason for 
polymodal MWD. It is intuitively easy to imagine a 
bimodal MWD when two species of different reactivi- 
ties do not exchange or exchange slowly in comparison 
with propagation, as clearly demonstrated for anionic 
systems. Kinetic studies of model and macromolecular 
systems show that the reactivities of ions and ion pairs 
are similar in carbocationic polymerization and dormant 
species are inactive."-30 The question remains, how- 
ever, of whether or not a bimodal MWD is possible for 
two species with the same reactivities. The answer is 
'yes', if their lifetimes are different.31p32 


Figure 13 shows the evolution of molecular weights 
with conversion for a hypothetical system (Scheme 4), in 
which ions and ion pairs have the same reactivities 
(kp+ = k:= lo5 mol-ll s-'), covalent species are inactive (v=O), the ionization equilibrium constant is 
K,= mol-ll and the dissociation constant is 
KD = moll-'. KI is defined by the ratio of the rate 
constant of ionization of covalent species by Lewis acid 
to that of recombination of ion pair (K,= ki/k). KD is 
defined by the ratio of the rate constant of dissociation 
of ion pair to that of association of free ions 
(KD= k d i s / k a s ) .  


K I  KII 
N( + LA= R',L4X' -==- R+ t LAX 


Scheme 4. Equilibria in carbocationic polymerizations 


The initial conditions are [MI,= 1 moll-', 
[1],=0.01 moll-' and [LA],=0.1 moll-'. These condi- 
tions, which are typical of the polymerization of styrene 
and some other aIkene~,"-~' should lead to average values 
of DP,= 10, 50 and 90 at conversions 10, 5 ,  and 90%, 
respectively, p v i d e d  that initiation is quantitative. 


Figure 13 clearly demonstrates that although ions and 
ion pairs have the same reactivities, bimodal MWD is 
obtained when no common anion [Figure 13(A)] or 
when only a very small amount of the anion is added 
[1W6M; Figure 13(B)]. The low molecular weight 
(LMW) peak increases progressively with conversion. 
The number-average degree of polymerization of the 
LMW peak increases for the case (A) from 1.5 to 4.6 


I I I 


C 


~ 9096 


LC96 d 1096 


0 


90% 


5096 


I I 
I I I 
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A 
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1 10 10 * 103  10 4 
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Figure 13. MWD in carbocationic polymerization as a 
function of conversion in the presence of common anion; 
[MI,= 1 M, [1],3=0.01 M, [LA],=O.l M; 
k p t = k f = 1 O S ~ - ' ~ - ' ;  K , , z ~ O - ~ M ;  K I -  - 1 0 - 5 ~ - 1 ;  
k, = lO'M-'S-'; b =  lo' s-'. (A) No salt; (B) [A-],= 


(c) [A-], = lo-' M 
M: 
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and to 9.8 and for case (B) from 5-1 to 25.8 and to 49.8 
with conversion (10, 50 and 90%, respectively). The 
polydispersity of the LMW peak stays fairly narrow 
[Mw/M,=1.26, 1.21 and 1.09 for (A) and 1.20, 1.05 
and 1.04 for (B)]. 


The high molecular weight (HMW) peak varies much 
less than the LMW peak and its number average degree 
of polymerization decreases for case (A) from 1020 to 
750 and to 460 and for case (B) it increases with 
conversion from 120 to 130 and 140. [The determina- 
tion of DP, for case (B) is less precise owing to peak 
overlap.] Polydispersities of the HMW peak increase 
for case (A) from Mw/M,, = 2.2 and 2.1 to 2.54, but 
decrease for case (B) from Mw/M,,= 1.74 and 1.43 to 
1.32, respectively. 


The overall number average degree of polymerization 
increases with conversion from 17 for (A) [ l l  for(B)] 
to 50 and 90 as expected for nearly complete initiation. 
The overall polydispersities decrease for case (A) from 
Mw/M,,= 120 to 30 and to 12 and for case (B) from 
Mw/M,, = 11 to 2.5 and to 1.6, respectively. 


On the other hand, when the concentration of the 
common anion is increased tenfold to the concentration 
[A-] = lo-' moll-', a nearly perfectly behaved system 
is found. This leads to degrees of polymerization 
corresponding exactly to those for the quantitative 
initiation (10, 50 and 90 at 10, 50 and 90% conversion, 
respectively). The polydispersities are also low: 
Mw/Mn= 1.2, 1-05 and 1.02, respectively. 


The dramatic effect of adding a common ion shown in 
Figure 13 is caused mainly by the reduction of the 
lifetime of free ions, since the rate of unimolecular 
deactivation of ion pairs is fast enough in this case 
(k= lo7 s - ' )  compared to propagation ( k ,  = lo5 M-'  s-'). 
On the other hand, deactivation of free carbocations is 
bimolecular and depends on the concentration of the 
anion. Under the conditions simulated in Figure 13(A), 
the stationary concentration of ion pairs is 
[pi] EJ lo-' moll-' and the stationary concentration of 
free ions [p'] = [A-] = moll-'. Thus, roviding that 
association is diffusion controlled ( k , , ~  10 moll I ) ,  the 
lifetime of free cation is defined by 


(12) 
During that time a free carbocation can propagate 1000 
times and form high molecular weight polymer: 


B -  


r +  = l/(k,[A-])= low2 s 


DPH= kp+[M]r+= lo3 (13) 


i/(k,)= 1 0 - ~  s (14) 


The lifetime of an ion pair is much shorter: 


with less than one propagation step possible during one 
ionization period at [MI = 1 moll-'. Hence the popula- 
tion of ion pairs grows steadily and continuously, 
providing a polymer with narrow MWD. 


Figure 14 shows the effect of both ionization and 
dissociation equilibria on the MWD of polymers 


I I I I I i 


1 10 1 0 2  103 i 0 4  1 0 5  


Degree of polymerization 


Figure 1 4 .  MWD in carbocationic polymerization as a 
function of the dissociation and ionization equilibrium 
constants; [M],=l M, [ l ]O=O.O1 M, [LA],=O.l M; 
k p * = k p f = i ~ ~ ~ - ~ ~ - l ;  k , = 1 0 7 s - ' .  (I)  K , = ~ o - ~ M ,  
Kl = lo-' M-'; (2) K,= M, Kl = lo-' M-';  ( 3 )  K ,  = 10- 
S M ,  K , = ~ O - ~ M - I ;  (4) K , = ~ o - ~ M ,  K , = ~ o - ' M - ' ;  


K,= M, K,= M-'; (6)  K,= lo-' M, K , =  M -  


without added salts with common anions at 90% conver- 
sion with a standard recombination rate constant 
k, = lo7 mol-' 1-' s-I. The bottom three traces and top 
three traces depict the change in KD from to 


moll-' for two different ionization equilibrium 
constants, KI = mol-' 1 (bottom) and mol-' 1 
(top), respectively. 


When ionization is weak, a clear bimodal MWD is 
observed. The concentration of ion pairs is 
[C'] = lo-* moll-', whereas the concentration of free 
ions changes from [C'] =0.3 x to 1 x and to 
3 x moll-'. This means that the proportion of 
monomer consumed by ions increases from cu 76 to 90 
and to 97%, respectively. This is seen in the relative 
proportions of HMW and LMW peaks. 


For the stronger ionization ( K ,  = mol-' I ) ,  the 
concentration of ion pairs is [C'] = mol I - ' ,  and the 
concentration of free ions varies from [C'] = 0.3 x 
to 1 x and to 3 x moll-'. This means that the 
contribution of free ions increases from approximately 
25 to 50 and then to 75%, respectively. In trace 4, the 
25% contribution of free ions can hardly be seen without 
magnification (broad MWD). In trace 5, nearly equal 
proportions of both peaks are seen, whereas in trace 6, 
free ions dominate but differences between polymeriz- 
ation degrees are so small that peaks cannot be separated. 


The fraction of the LMW peak is determined by the 
proportion of ion pairs among all carbocations. How- 
ever, if they exchange very rapidly with covalent 
species, they cannot be distinguished from dormant 
species and the average DP, of LMW is in that case 
defined by the ratio of concentrations of the monomer 
reacted with growing ion pairs to the concentration of 
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Table 1. Effects of k,. kt ,  k, and k,, on kinetics and molecular weights in comparison with an ideal living 
system (ILS) 


Rate Mw MWD 
~~~ ~ 


Slow initiation Slower than ILS Initially higher, <1.3 
(but with acceleration) 


(with deceleration) (limited conversion) 


but approaches ILS 
Termination Slower than ILS No effect Broader than ILS 


Transfer No effect Lower than ILS Broader than ILS 
Slow exchange No effect ? (may be polymodal) Very broad, 


may be polymodal 


covalent species (approximately equal to that of the 
initiator, provided that initiation is complete). Thus, 
DP, of LMW is determined by 


DpnL=NMI/([I1,- [I]){ [C'l/([C'l+ [C'l)} (15) 
The molecular weight of this fraction grows progres- 


sively with conversion and MWD is rather narrow 
(Mw/M,,<1.2), but depends on the dynamics of 
exchange as discussed previously. 


DP, of the HMW fraction is more difficult to esti- 
mate. DP formed during one activation period depends 
on the relative rates of propagation and deactivation of 
free ions (the association process) 


Dp,H=R,/R,,,~[C+I/([C+l+ [C'l)) 
= k,[Ml/~,,[C+I~ [C+l / ( [C+l+ [C'l)) (16) 
= k,[MI/~k,,([C'l + [C'l)) 


Surprisingly, the DP, of the HMW peak does not 
depend on the concentration of ions rather than on the 
total amount of ionic species, as shown clearly in 
Figure 14. The decrease in DPnH in traces 1, 2 and 3 is 
due to increasing total concentration of carbocations 
from 4 x  lo-' to 1.1 x and to 3.3 x lo-' moll-'. 
The values of DPnH in traces 1, 2 and 3 in Figure 14 
agree well with those predicted from equation (16), 
assuming a single activation process for this fraction: 
DPnH= 1200, 500 and 200. On the other hand, the 
values of DPnH in traces 4, 5 and 6 are in the range 
100-200 and are much higher than those predicted for a 
single activation process for this population: DPnH = 80, 
20 and 12, respectively. This indicates that this popula- 
tion must grow with conversion, in contrast to the 
changes shown in traces 1, 2 and 3. The repetitive 
activation processes also lead to a narrower MWD for 
this fraction which in traces 6 is M,/M, = 1.30 for both 
free ions (75%) and ion pairs (25%). 


CONCLUSIONS 
Table 1 summarizes the effects of various imperfections 
such as slow initiation, termination, transfer and slow 


exchange on kinetics, molecular weights and 
polydispersities. 


The simulations presented in this paper demonstrate 
that well defined polymers can be prepared in systems 
with chain breaking reactions present. Thus, non-living 
polymerizations may provide controlled polymers under 
carefully selected conditions. On the other hand, poly- 
mers with unpredictable molecular weights and broad or 
even polymodal molecular weight distributions may 
form in living systems without irreversible transfer and 
termination. As shown in Figure 10, the molecular 
weights may stay constant or even decrease with con- 
version in some living systems. Therefore, the 
differences between living and controlled polymeriz- 
ation outlined in Scheme 1 must be stressed. 
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MULTINUCLEAR, VARIABLE-TEMPERATURE NMR STUDY OF 
HYDROGEN BONDING IN TWO ORTHO-MANNICH BASES 
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'H and "C NMR data for 2-diethylaminomethyl-3,4,6-tri- and -tetrachlorophenols in CH,CI, solutions at a 
variety of temperatures are reported. The results are consistent with intramolecular hydrogen bonding and 
proton transfer as shown in the structure 3. Concentration dependence of the NMR data for the perchloro 
corn und shows an additional hydrogen bonding process attributed to the solute self-association. The 'H, "C 
and 'N NMR data support the proposed proton transfer structure. 


INTRODUCTION 
It is well known that many biological processes involve 
proton transfers' which usually occur with the participa- 
tion of solvent molecules. Previously we have studied' 
proton transfer in 0H.e.N hydrogen bonded orfho- 
Mannich bases from the ApK, dependence of 'H NMR 
data at room temperature and from 'H NMR spectra at 
temperatures between room and -60°C for 2- 
diethylaminomethylphenol and its methylated ana- 
logue.' It was found that for the hydrogen-bonded 
bridge protons, the effects of pK, on the 'H NMR 
results are essentially the same for both inter- and 
intramolecular hydrogen bonding,' whereas for 2- 
diethylaminomethyl-3,4,6-trichlorophenol (l), the 
variable-temperature 'H NMR data showed splitting of 
the signals related to the -CH,- protons of the ethyl 
groups below -3O"C, which is attributed to hindered 
nitrogen inversion corresponding to a breaking of the 
intramolecular hydrogen bond. 


In this paper, we report the I3C NMR spectra of 1 
taken at temperatures between 22 and -lOO°C and 
the 'H spectra over a similar temperature range in 
CH'CI, as a solvent. We also report results from 
analogous measurements on the corresponding 


*Author for correspondence. 


61 
1 


61 
2 


3,4,5,6-tetrachloro compound 2, together with some 
'$N NMR results. 


RESULTS AND DISCUSSION 


The 13C NMR chemical shifts for a 0.2 M solution of 1 
in CH'Cl, are given in Table 1 as a function of tem- 
perature between room temperature and -102 "C. In 
general, a small sensitivity to temperature variation is 
noted. Exceptions are the results for C(1) and C(6). The 
shielding for C( l )  decreases by 1 ppm as the tempera- 
ture is lowered from 22 to -102°C whereas the 
shieldings for all other carbons increase over the same 
range, the largest effect, of 2.28 ppm, being observed 
for C(6). 
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Table 1. Variable-temperature "C NMR chemical shifts (6, ppm) for 1 taken on a solution in CH,CI, of concentration 0.2 M 


c (4) 


22 
-6 
- 28 
- 40 
-51 
-62 
- 85 
-102 


155.21 121.31 
155.21 120.99 
155.26 120.76 
155.30 120.64 
155.37 120.5 1 
155.47 120.37 
155.78 120.09 
155.21 119.92 


129.20 
129.08 
129.01 
128.98 
128.95 
128.92 
128.88 
128.93 


119.64 
119.40 
119.25 
1 19.19 
119.13 
119.09 
119.05 
119.19 


128.83 
128.63 
128.50 
128.43 
128.37 
128.31 
128.20 
128.19 


120.95 
120.56 
120.25 
120.09 
119.91 
119.70 
119.21 
118.67 


(37) C(8) C(9) 


54.69 46.49 10.52 
54.47 46.35 10.43 
54.33 46.10 10.35 
54.28 45.99 10.31 
54.22 45.86 10.27 
54.14 45.73 10.22 
54.10 45-48 10.10 
54.08 45.34 9.99 


wax -1.00 1.39 0.32 0.59 0.64 2.28 0.61 1.35 0.53 


C I  


3 


These data are consistent with an increase in the 
contribution of structure 3 at low temperatures. This 
indicates the enhanced probability of intramolecular 
proton transfer at lower temperatures, which is consist- 
ent with the results from the limited temperature range 
of 'H NMR data observed previo~sly.~ 


Figure 1 shows the half-width of the NMR signal for 
the bridging proton as a function of temperature. As the 
temperature decreases, the line width increases at 
temperatures between room temperature and about 
-60 "C. Following this, the line width decreases until 
the temperature reaches -85°C and then it increases 
again. Hence it appears that a significant change occurs 
in the environment of this proton at about -60 "C. Such 
a change could be the proton transfer from the oxygen 
to the nitrogen atom. In agreement with this interpreta- 
tion, the shielding of this proton continues to decrease 
monotonically at temperatures between 0 and - 100 "C 
(Figure 1). 


The temperature dependence of the -CH,- proton 
NMR signals of the N-ethyl groups are shown in Figure 
2. The signal shape changes from a sharp singlet at 
30 "C to an approximate AB quartet at -60 "C and to a 
stronger coupled AB quartet at - 105 "C. These changes 
are observed with a 500 MHz NMR spectrometer and 
they differ at a given temperature from those observed 
on a 200 MHz instrument.' Therefore, we suggest the 
involvement of a dynamic process as the temperature is 


A 


A 
A 


A 


150 


120 


90 


A 
m 


A 


Figure 1. Plot of the chemical shift (m), a,,, and one half- 
width (A), Av,,,, of the bridging proton of the 1 in CH,CI, 


solution 
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-80° 


-W0 


JL -l05* 


, - , - I  


Ru 1.8 1.4 


Figure 2. NMR signals of the methylene protons of the N-Et 
groups of 1 in a 0.2 M CHFI, solution as a function of 


temperature 


varied related to a change in equilibrium between three 
non-equivalent pairs of structures arising from 
intramolecular hydrogen bonding. 
In the case of the tetrachloro compound 2 more 


extensive NMR data, including 'H and I3C measure- 
ments taken on solutions in CH,CI, both as function 
of temperature and concentration, can be obtained. 
A5 shown in Table 2, the temperature dependences of 
the I3C NMR signals for C(l)  and C(6) are similar to 
those found for 1 and differ from those shown by the 
other carbon atoms. The larger changes shown by 
C(l)  and C(6) for 2 compared with those found for 
the analogous carbon nuclei of 1 indicate that the 
proton transfer structure 3 is more important for 2 
than for 1 in the same temperature range. This is 


consistent with the acidity of 2 being greater than that 
of 1, the pK, values being 3.04 and 2.72, 
respectively. 


Figure 3 shows the variation of the chemical shift 
and linewidth for the bridging proton of 2 as a func- 
tion of temperature. A critical change occurs in these 
plots at about -50 "C. This critical temperature is close 
to that of -60°C for 1. A 100 MHz NMR study of 2 
has shown that about -60 "C is the significant tempera- 
ture for such changes to occur.2 This perhaps suggests 
that the observed process is frequency dependent, 
which is consistent with results from vibrational 
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8 
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13.0 0 


temperature 
-10045 -70 -55 -40 -25 -10 5 20 35 


14.49 
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Figure 3. Plot of the chemical shift (a) d,, and one half- 
width (A), A Y , , ~  of the bridging proton of 2 in CH,CI, 


solution 
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Table 2. Variable-temperature I3C NMR chemical shifts (6, ppm) for 2 taken on a solution in CH,CI, of concentration 0.2 M 


30 
-6 
- 28 
-40 
-5 1 - 62 
- 74 
- 85 
-97 


Adm.= 


156.32 
156.5 1 
156.78 
156.88 
157.33 
157.78 
158.40 
159.37 
160.25 
-3.93 


11 8.98 
118.57 
118.29 
118.21 
117.95 
117.83 
117.79 
117.86 
1 18.05 


130.03 
129.89 
129.84 
129.83 
129.81 
129.83 
129.91 
130.08 
130.28 


119.90 
119.68 
119.61 
119.60 
119.62 
119.72 
119.92 
120.26 
120.61 


131.38 
131.09 
130.95 
130.91 
13040 
130.76 
130.77 
130.81 
130.86 


120.27 
119.66 
119.19 
119.04 
11 8.37 
117.76 
116.95 
115.66 
114.43 


5.84 


54.71 
54.47 
54.35 
54.31 
54.18 
54.15 
53.97 
53.80 
53.64 


1 -07 
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45.49 
4547 


1-21 


10.37 
10.21 
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9-48 
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8.72 
1-65 
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Figure 4. NMR signals of the methylene protons of the N-Et groups of 2 in a CH,CI, solution as a function of temperature and 
concentration 
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spectroscopy .4 Further support is provided by the shape 
of the chemical shift plot given in Figure 3. The 
increase in the 'H linewidth below about -60°C 
corresponds to the transfer of the bridging proton to 
the nitrogen atom, where it is subject to line broaden- 
ing produced by scalar relaxation of the second kind 
due to the I4N nucleus. 


Figure 4 shows the dependence of the NMR signals 
of methylene protons of the N-Et groups as a func- 
tion both of temperature and concentration in CH,CI,. 
The changes in lineshape of these signals as the 
temperature decreases are comparable to those 
observed for the analogous protons of 1 and may be 
attributed to a similar source, namely a change in 
equilibrium between three non-equivalent pairs of 
structures due to intramolecular hydrogen bonding. 
The effect of the change in concentration suggests 
that a different process may be taking place, and we 
suggest that this is due to a self-association followed 
by the reopening of the intramolecular hydrogen 
bonds and possible intermolecular proton transfer.'S6. 
For each solution studied the shielding of the 
methylene protons decreases as the temperature 
decreases. In comparison with this, at temperatures 
below -7O"C, the 'H shielding decreases as the 
concentration decreases, by about 0.05 ppm on going 
from 0.2 M to 0.002 M. Hence both decreasing 
temperature at a given concentration and decreasing 
concentration at a given temperature have comparable 
effects on the NMR signals of the methylene protons. 
This suggests that the observations are probably due 
to intra- and intermolecular hydrogen bonding and a 
self-association process, res ectively. 


Finally, we mention that ' N Nh4R measurements on 
0.2 M solutions of 2 in CH,CI, as a function of tem- 
perature reveal a sharp line at temperatures above 
-40 "C; below this temperature line broadening is 


P 


observed. We have taken a spectrum at -88 "C, and did 
not observe "N signals. This suggests that on the NMR 
time-scale one or more dynamic averaging processes 
occur in this temperature range. 


EXPERIMENTAL 
All NMR measurements were made on a Bruker AM 
500 spectrometer. A standard variable-temperature unit 
was employed. An external TMS standard in acetone-d, 
was used together with CH,CI, as solvent. The 'H 
measurements on the N-Et group were performed with 
irradiation of the CH, protons and saturation of the 
solvent signal. For the INEPT I5N measurements using 
long-range spin-spin couplings the delays used were 
taken from studies an a closely related model com- 
pound,: N,N-diethylbenzylamide. 


Compounds 1 and 2 were prepared by previously 
published  procedure^.^ 
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COMPETITIVE PRODUCT INHIBITION IN A CLAY-CATALYSED 
DIELS-ALDER REACTION 


CHRISTINE COLLET AND PIERRE LASZLO’ 
UniversitP de Liege, Laboraioire de Chimie Fine aux Interfaces, Institut de Chimie 86, Sort-Tilman, 4000 Liege, Belgium and 


Dipartement de Chimie, Ecole Polytechnique, 91128 Palaiseau, France 


The normal electron-demand Diels-Alder cycloaddition between cyclopentadiene and methyl vinyl ketone is 
inhibited by the cycloadduct, when catalyzed by kaolinite-supported zinc chloride. This inhibition stems from 
occupation of the catalytic sites by both the cycloadduct and methyl vinyl ketone. Catalysis occurs in this case 
exclusively by a decrease in the enthalpy of activation. 


INTRODUCTION 
Earlier work from this laboratory has shown the great 
promise of clay microreactors. Such catalytic systems 
are inexpensive, regenerable and ‘user friendly’ in 
their simplicity of operation, such as set-up and work- 
up. Further, they show turnovers and catalytic accelera- 
tions of such magnitudes as to make possible reactions 
under mild conditions, at ambient pressure and tem- 
perature. Clay microreactors are ‘environment 
friendly’, in contrast to noble metal catalysts. Also, 
they are capable of enzyme-like selectivities, such as 
between closely related reactants. A case at hand is 
discrimination by ‘clayzic’ between benzene and 
toluene’.’ 


Our continuing investigation of kaolinites (china 
clays) and of modified kaolinites as catalysts for 
organic reactions led us to test such catalysts in the 
Diels-Alder reaction. Kaolinites* are 1 : 1 clays 
associating one octahedral alumina layer and one 
tetrahedral silica layer. Individual platelets stack 
owing to a strong hydrogen-bonding network 
between alanol groups as hydrogen-bond donors and 
silyloxy groups as hydrogen-bond acceptors on 
neighbouring platelets. The hydrogen-bond network 
can also stabilize highly polar molecules, such as 
formamide or dimethyl sulphoxide, as intercalates3 
between the clay platelets. Such a utility, we sur- 
mised, might be turned to advantage in stabilising 
also the transition state of a Diels-Alder reaction: 
some Diels-Alder cycloadditions have a strong 


*Author for correspondence. 
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zwitterionic component, according to theoretical 
a n a l y ~ e s . ~  


OBSERVATION OF PRODUCT INHIBITION 
We elected to study the cycloaddition between cyclop- 
entadiene and methyl vinyl ketone (MVK). We chose it 
as a model Diels-Alder reaction of the normal electron- 
demand type: the reaction partners are an electron-rich 
(or activated) diene and an electron-poor dienophile. 
Our choice of experimental conditions was motivated to 
a large extent by environmental criteria, to which we 
shall return later. Thus, we chose n-hexane as solvent. 


endo + exo 


We studied the uncatalysed reaction in the temperature 
range 273-309.2 K and obtained the results given in Table 
1. As expected, the uncatalysed reaction is sluggish, with a 
half-life of hours at room temperature, and unselective, 
with an endo preference of a mere factor 3. Although the 
endo and ex0 transition states differ in their (negative) 
volumes of activation (6AV *= 0.5 cm3 mol-I),’ a solvent 
with a low internal pressure does not discriminate between 
these two transition states, and cannot serve as a reaction 
accelerator. 


When the same reaction is catalysed by ‘kaozic’ 
(kaolinite-supported zinc chloride) (Table 2), the 
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Table 1.  Rates and product distribution for the uncatalysed 
reaction 


T (K) k (1 mol-I s-') endolexo 
(i0.5) (*9 x lo-') (*O* 1) 


275,2 0.99 x 3.7 
289.1 3.50 x 3.5 
290.6 4.60 x 1 0 - ~  3.4 
298.5 7.48 10-5 3.4 
305.5 12.1 3.3 


kinetics become markedly different (Figure 1). The 
pseudo-first-order treatment shows a large discre- 
pancy. between the calculated curve and the 
experimental points. Another striking observation is 
an anomalously low apparent log A value (in the 
Arrhenius formalism) of about 4, instead of the 
expected value of about 6. 


The simplest way to account for the slowdown of the 
kinetics as the reaction proceeds is competitive inhibition by 
the reaction products, endo- and exo-2-acetyl-5-norbomene. 
Indeed, to a first approximation, one may consider the endo 
stereoisomer as the lone product since in this catalysed 
reaction the endo preference is about a factor of 20. 


Table 2. Rates and product distribution for the catalysed 
reaction 


~~ ~~ 


T (K) k (1 mol-I s- ' )  endolexo 
(+0.5) (i0.05) (i0.3) 


248.7 
253.2 
263.2 
273.2 
289.2 
291.4 
298.5 
305.9 


3.32 
3.97 
6.63 


10.80 
17.81 
19.30 
25.03 
3 1 .50 


37.0 
32.5 
27.3 
22.1 
17.1 
16.5 
14.7 
12.7 


I 
36 48 60 12 


t (105) 


Figure 1 .  Time evolution of the product yield (%) for the 
catalysed Diels-Alder reaction at 290.6 K 


THEORETICAL MODELS 


We treat the adsorbed phase as a two-dimensional fluid. 
Let us denote by 6 the fraction of the clay surface 
occupied by a monomolecular layer of adsorbed 
molecules. This parameter is defined as 6 =  nln,,, 
where n is the number of adsorbed molecules and nmx 
is the number of molecules corresponding to complete 
coverage of the surface; 8 is given by 


(1) 
a[MVKl - - A[MVK] e =  


b + a[MVK] 1 + I[MVK] 


where I = a/b  is a parameter characteristic of each 
adsorbed chemical species. For the reaction studied, the 
two polar components are methyl vinyl ketone (1) and 
endo-2-acetyl-5-norbornene (2), and this equation can 
be rewritten as 


In order to obtain reaction rates, we apply Rideal's 
model.' The reaction is assumed to take place between 
one molecule in the fluid phase, cyclopentadiene, and 
one molecule in the adsorbed phase, methyl vinyl 
ketone. Since 


(3) 


or 


Cyclopentadiene (Cp) is used in large excess with 
respect to methyl vinyl ketone so that its concentra- 
tion remains invariant throughout the reaction. The 
concentration of catalytic sites, [sites],, is defined 
by 


S [sites], = - 
vs (5) 


where S is the specific surface area of the catalyst 
accessible to reactant molecules, s is the surface 
associated with an individual site and V is the total 
volume of the solution. 


In order to bypass the difficulties in the determination 
of the two unknowns S and s (for instance, the BET 
specific surface area depends on the choice of the probe 
molecule,' dinitrogen or argon), we used a direct method. 
We determined by UV spectrophotometry the number of 
MVK molecules (A,,,, = 294 nm) adsorbed on the surface 
of the catalyst, as [sites],, = 1.6 x 1 O - j  molg-'. The 2- 
acetyl-5-norbomene product led to the same result. 
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QUANTITATIVE ANALYSIS 


In a first series of experiments, we established separa- 
tely adsorption isotherms for methyl vinyl ketone and 
endo-2-acetyl-5-norbmene (Figure 2) on kaozic at 


various temperatures. The thermodynamic values were 
AHa= -4.36*0.5 and -9 .550 .6  kJmol-' and 
ASo = 49.1 f 3 and 39 f 1-8 J mol-' K-I, respectively. 


In the temperature range studied (253-307 K),  
the reaction product adsorbs more strongly than the 
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Figure 2. Adsorption isotherm of 2-acetyl-5-norbornene at 32.8 "C. The curve is n(ads) = l[ketone]/(l + l[ketone]) and the 
straight line l / n  = l/nmax + (l/nmx I)(l/[ketone]) 
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Figure 3. Plot of the reaction rate, measured by the disappearance of the methyl vinyl ketone reactant (ordinate), versus the Rideal 
0, parameter 
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polar (Lewis basic) reactant methyl vinyl ketone: 
A2 > A' .  Introducing these experimentally deter- 
mined values of A i  ( i  = 1,2)  in equation (4) allows 
the determination of the rate constant k. This leads 
to excellent agreement between the calculated curve 
and the data points (Figure 3). The Arrhenius and 
Eyring parameters for the catalysed Diels-Alder 
reaction were as follows: log A = 5.78 k 1.2; 
E ,  = 25 + 0.6 kJ mol-I; AH* = 22.8 f 0.9 kJ mol-I; 
and AS'= -142*3 Jmol- 'K- ' .  


DISCUSSION 
As regards the uncatalysed reaction, we were able to 
calibrate our results against an independent determi- 
nation of the kinetic parameters for the same 
r e a ~ t i o n . ~  The Arrhenius and Eyring parameters for 
the uncatalysed reaction were as follows: 
logA=6.0+1.5 ;  E a = 5 8 k 9  kJmol-I; AH*=61+ 
12 kJmol-' (54 kJmol-' in isooctane solvent'); and 
AS*= -117+50 Jmol- 'K- '  (-160 Jrno1-IK-l in 
osppctane solvent'). 


The applicability of the Rideal model to the present 
set of data is clear from the outstanding fit between the 
calculated and observed values. Such agreement sup- 
ports a mechanism with the methyl vinyl ketone reactant 
adsorbed on the solid surface, in close proximity to 
nearby catalytic sites, and with cyclopentadiene 
molecules, the reactant used in large excess, in the 
adjoining solution. 


The thermodynamic parameters descriptive of 
adsorption on the solid catalyst by the methyl vinyl 
ketone reactant and by the endo-2-acetyl-5-norbmene 
product include negative enthalpies of adsorption, as 
one would expect. The adsorption entropies are large 
and positive, in consonance with release of solvation 
molecules. For instance, when methyl vinyl ketone 
binds to the kaozic catalyst, n-hexane solvent molecules 
are released in the bulk. 


Turning now to the activation parameters, the 
strongly negative entropy of activation is about the 
same for the catalysed and uncatalysed reactions. This 
finding is at variance with other observations from this 
laboratory on a Wittig reaction that derived its catalytic 
acceleration exclusively from the reduction of the 
activation entropy. In the present reaction, the catalysis 
stems exclusively from reduction, by a factor of about 
3, of the enthalpy of activation. 


Solvent molecules that had been solvating both 
methyl vinyl ketone and the binding sites of attachment 
on the catalyst gain translational degrees of freedom. 
One may assert that for each molecule of methyl vinyl 
ketone (or 2-acetyl-5-norbornene) that binds to the 
catalyst, at least two solvent molecules are released. 


The next point is more puzzling. The zinc chloride 
loading that leads to the best results (acceleration and 
stereoselectivity), when compared with the measured 


specific surface of the china clay (ca 10 m2g-'), points 
t,o an average number of one zinc catalytic centre per 
A'. Comparison with the number of UV-determined 
adsorption sites indicates that a minute fraction (ca 
0.7%) of the impregnated zinc is catalytically active, at 
least when compared with the adsorption equilibrium 
determination. A variety of factors may be responsible. 
It may well be that during calcination, when zinc 
chloride species shed their ether solvation, only a 
fraction of these attain sufficient coordinative unsatura- 
tion to offer adequate binding sites to substrate 
molecules. These most active sites may be also the most 
exposed catalytic sites, on the edges of platelets, or on 
the periphery of mesopores within tactoid aggregates of 
the clay platelets. Another consideration to be kept in 
mind is that the surface element associated with each 
site may differ significantly from the above roughly 
calculated figure if calcination produces a highly 
divided powder with a fractal dimension significantly 
exceeding 2-0. 


These clear results obtain, as will be recalled, for a 
reaction run in n-hexane solution. Since such an 
environmentally friendly solvent (also with no leach- 
ing) is likely to gain in use, especially for industrial 
applications, and because of the central importance to 
organic synthesis of the Diels-Alder reaction, we deem 
the present quantitative study important for future 
reference. 


EXPERIMENTAL 
A 2.2 M solution of zinc 


chloride etherate in dichloromethane (10 ml) is mixed 
with kaolin (10 g). The solvent is evaporated with a 
Rotavapor and then in a vacuum oven (12 h, 120°C, 
10 mmHg). 


Preparation of kaozic. 


Determination of adsorption constants and number 
of sites. Kaozic (1.2 g) is mixed with solutions of 
ketone in n-hexane (4 x 5 x 6 x 
1 x M; 25 ml). The concentrations of 
ketone in the solution at equilibrium are measured by 
gas chromatography (GC) and UV spectrophotometry 
(Amu = 294 nm) at several temperatures. 


Methyl vinyl ketone (5 mmol) 
and kaozic (1-2 g) are mixed in n-hexane (100 ml) at 
the temperature of the reaction. Cyclopentadiene (4 g) 
is added and the reaction is followed by UV spectropho- 
tometry (AMVK = 294 nm) and GC (2-acetyl-5- 
norbornene). 


Control without kaozic. The kinetic and ther- 
modynamic parameters are given with their 
experimental uncertainties, assuming that the systematic 
error is not greater than three times the standard devia- 
tion, i.e. +3s. 


and 2 x 


Kinetic studies. 
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THEORETICAL STUDIES OF THE IDENTITY ALLYL TRANSFER 
REACTIONS* 


IKCHOON LEE,1. CHANG KON KIM AND BON-SU LEE 
Department of Chemistry, Inha University, Inchon 402-751, Korea 


Ab initw studies on the SN2 identity exchange reactions RCH,X + X - +X - + RCH,X for R = CH,CH with 
X - = H, NH,, OH, F, PH,, SH and CI, and for R = CH, and CH& with X - = CI were carried out at the HF 
and MP2 levels using the 6-31+ +G” basis sets. The activation barriers, AE’, and major structural changes, 
Ad’(C-X), in the activation process are closely related to the electronegativity of the R and X groups. The effect 
of electronegativity is twofold: a stronger electronegativity of R and/or X leads to a lesser electronic as well as 
structural reorganization required in the activation and to a greater correlation energy in the transition state. 
The former effect lowers the energy barriers at both the HF and MP2 levels whereas the latter lowers only the 
correlated (MP2) activation energies. Results with R = CH,CH, as a model for R = C,H,, indicate that ‘benzylic 
effect’ arises mainly from the relatively stronger electron acceptor ability of the phenyl group. 


INTRODUCTION 
Bimolecular nucleophilic substitution reactions at 
carbon have been extensively studied experimentally 
and theoretically. Recently, much work has focused on 
the gas-phase reactions in order to clarify intrinsic 
features of SN2 processes. In this respect, gas-phase 
identity exchange reactions, in which the nucleophile 
and leaving group are the same, have attracted consider- 
able attention from experimentalists’ and theoreticians. 


Theoretical studies of gas-phase identity exchange 
reactions have played an essential role in providing 
evidence for a double-well potential energy surface 
(PES) and in establishing usefulness of the Marcus 
equation4 by showing remarkably good agreement 
between intrinsic barriers calculated MO theoretically 
and those derived from the Marcus e q ~ a t i o n . ~ ~ - ~ . ”  


Most of these theoretical studies have, however, 
involved methyl transfer reactions, R = H in the equa- 
tion (1) 


(1) 


In a series of theoretical studies on methyl transfer 
reactions, Shi and stressed the importance of 
including diffuse functions in the basis set and incorpor- 
ating electron correlation effects in the calculation. They 
showed that the intrinsic barrier is related to the elec- 
tronegativity of the leaving group, X- ;  as the 


*Determination of Reactivity by MO Theory, Part 85. For Part 
84, see Ref. 1. 
t Author for correspondence. 


X - + RCH’X + XCH’R + X - 
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electronegativity of the leaving group increases, the 
intrinsic barrier decreases. Recently, Wladkowski et 
d3’ reported a comprehensive study on the sN2 identity 
exchange reaction involving acetonitrile group transfer, 
R = CN in equation (1). They concluded that the effect 
of CN substitution on the stability of the SN2 transition 
state (TS) does not arise from ‘resonance’ effects in the 
TS . 


Delocalization of n or lone-pair electrons of the 
nucleophile into the substrate benzene ring in the SN2 
reactions of the benzyl derivatives is known to stabilize 
the TS, I, and results in a rate enhan~ement.~ This 
‘benzylic effect’ causes bond contraction of the Ca-C8 
bond. 


Nu co X 
I: 


I 
To extend our understanding of the factors that are 


important in controlling the intrinsic reactivities, we have 
carried out ab initio MO calculations on the identity ally1 
transfer reactions, R = CH,CH in equation (l), with X = H, 
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NH,, OH, F, PH,, SH and CI. We have also investigated 
the effect of a-substitution on the reactivity by including 
R = CH, and HC=C in equation (1) for X = CI. 


COMPUTATIONAL METHOD 
The 6-31G extended basis sets with diffuse functions and 
polarization functions (6-31 + +G")' were used through- 
out. To account for the electron correlation, second-order 
Mller-Plesset perturbation theory (MP2) was adopted. 
The MP2 calculations are known to give size-consistent 
results, which is an important requirement for the study of 
chemical reactivity. We kept the same level of computa- 
tion in the energy calculation as that used in geometry 
optimization. Unless noted otherwise, two types of results 
are reported: HF (HF/6-31+ +G**//HF/6-31+ +G") and 
MP2 (Mp2/6-31+ +G"//ME/6-31+ +G").7 In order to 
examine the effects of diffuse and po!arization functions 
on the calculated geometries, 6-31 +G (and 6-31 + +G') 
level' computations were also performed for X = H, F and 
CI. 


Geometries were optimized using analytical energy 
gradient methods at the HF and MP2 levels. The geome- 
tries of reactants and TSs were fully optimized with C, 
symmetry constraint for the latter, and all positive and 
only one negative eigenvalues, respectively, in the 
Hessian matrix were identified to confirm the equilibrium 
and transition states' in all the HF level calculations. For 
X = F ,  an additional very low negative frequency 
(57.0i cm-') was obtained but this was found to reduce 
further at the MP2 level (24.91 cm-I). The transition 
vector for this low imaginary frequency was found to 
correspond to a weak bending mode. As Wu and Houkg 
have pointed out, low imaginary frequencies can occur 
due to bending in addition to rotation on very flat poten- 
tial surfaces. (We have calculated the TS structure under 
CI symmetry constraint with full geometry optimization 
and arrived at a structure in which C'C2C3F, heavy atoms 
are coplanar with two hydrogens on C3 perpendicular to 
this plane. This TS structure had only one negative 
eigenvalue (640.5 cm-I), 1.8 kcalmol-I lower at the HF 
level but higher by 0.3 kcalmol-' at the MP2 level than 
the energies at the corresponding levels under C, sym- 
metry constraint, indicating that the potential is very flat 
around the TS.) Population analyses were performed by 
natural bond orbitals (NBO) method." Geometries of 
reactant (ion-molecule) complexes corresponding to 
backside attack were fully optimized. All calculations 
were carried out using the Gaussian 90 and 92 program.'' 


RESULTS AND :DISCUSSION 


Geometries 


Optimized geometries of substrates (S), ion-molecule 
complexes (C) and transition states (TS) at the HF and 
MP2 levels are summarized in Table 1. The data reveal 


that in general the HF results give shorter bond dis- 
tances in the substrate molecule than the MP2 results. 
For X = H, however, both the HF and MP2 results give 
bond lengths which are v&ry close to the experimental 
results (within k0.003 A), except for d(C'-C2)I2 
[experimental bong lengths are d(C'OC2) = 1.318 and 
d(C20C3) = 1.50! A]; the MP2 level overestimates this 
length by 0-02A. In all cases, bond length changes 
along reaction coordinate (S -+ C -+ TS) are si nificant 


d(C3-H4.5) is lengthened in the ion-molecule complex 
whereas it is shortened again in the TS. The important 
bond length changes are, however, those of d(CZ-C3) 
and d(C3-X6.7) involved in the activation, i.e. 
Ad'(S-+TS) values. The basis set dependence of these 
two bond lengths is summarized in Table 2 for X = H, F 
and CI. Examination of Table 2 indicates that the most 
significant structural change in the activation process is 
the extension of C3-X since the decrease in the C2-C3 
distance [Adf(C2-C3)] is very small compared with the 
increase in the C3-X6 distance [Adf(C3-X6)]. The 
extension of the double bond, Adf(C'-C2), is less than 
1% in all cases and hence is negligible. Inclusion of 
electron correlation generally shortens further the 
distances of the two bonds. Additions of polarization 
and diffuse functions lead very small changes in the HF 
level bond lengths. By far the greater changes are 
accompanied by inclusion of the electron correlation 
effect; nearly a 10% bond length decrease is effected by 
the inclusion of electron correlation with the 
6-31 + +G" basis set. For heavy-atom Xs (X = F and 
Cl), the percentage changes in Ad'(C3-X6) value are 
smaller than those for X = H  and also the effects of 
adding polarization and diffuse functions in addition to 
including electron correlation are much smaller than 
those for X = H. 


The angle a(C1C2C3) deviates slightly from 120" in 
all three structures, S, C and TS, with the MP2 result 
giving the nearest value to 120". Angles a(C2C3X6) and 
D(C'C2C3X6) approach 90" at the TS, but here again 
the MP2 values are the nearest to 90". Since a C, 
symmetry constraint is applied to the TS, the angle 
D(C'C2C3H4) is 0". 


for d(C2-C3), d(C3-X6.') and d(C B -H4.5); 


Energy barriers 
Two types of energy barriers, the activation energy, 
AE', and the intrinsic barrier, E,f, in Figure 1, were 
determined and summarized in Table 3. We note that 
inclusion of electron correlation tends to reduce both 
the activation barrier and the intrinsic barrier. The 
energy bamers, AE' and EO+, for the identity exchange 
reactions separate into three groups depending on the 
row of the Periodic Table; X = H alone belongs to the 
first group, X=NH,, OH and F to the second and 
X=PH,, SH and CI to the third. Similar classification 
of X into separate groups were reported for the AE; 
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Table 1. Optimized geometries of substrates (S), ion-molecule complexes (C) and transition state (TS) at the HF and MP2 levels 


€t 
/ 


rc 
' C k  e-c?-p + a')- 


Ho' 


Bond lengths (A) Bond angles (") Dihedral angles (") 


X Species Level d(Cz-C3) d(C3-X6) d(C3-H4) a(CZC3X6) a(CZC3)H4) D(C'C2C3X6) D(C'CZC3H4) 


H 


NH* 


OH 


F 


PHZ 


SH 


CI 


S 


C 


TS 


S 


C 


TS 


S 


C 


TS 


S 


C 


TS 


S 


C 


TS 


S 


C 


TS 


S 


C 


TS 


HF 
MP2 
HF 
MP2 
HF 
MP2 
HF 
MP2 
HF 
MP2 
HF 
MP2 
HF 
MP2 
HF 
MP2 
HF 
MP2 
HF 
MP2 
HF 
MP2 
HF 
MP2 
HF 
MP2 
HF 
MP2 
HF 
MP2 
HF 
MP2 
HF 
MP2 
HF 
MP2 
HF 
MP2 
HF 
MP2 
HF 
MP2 


1.5025 
1.4989 
13002 
1.3982 
1.4811 
1.4781 
1.5039 
1.4988 
1.5069 
1.5001 
1.4767 
1.4638 
1.499 1 
1.4934 
1.5 114 
1.505 1 
1.4779 
1.4661 
1.4959 
1,4903 
1.4957 
1.4880 
1-4798 
1.4710 
1.5029 
1.4970 
1.5011 
1.4933 
1.4702 
1.4579 
1.5007 
1.4952 
1.4996 
1.4950 
1.4693 
1.4633 
1.4954 
1.4902 
1.4928 
1.4869 
1.4618 
1.4604 


1.0869 
1.0914 
1.0858 
1.0916 
1,6702 
1.5712 
1.4578 
1.4710 
1.449 1 
1.4636 
2.0422 
2.0181 
1.4066 
1.4369 
1.426 1 
1.4568 
1.9556 
1.9425 
1.3797 
1.4170 
1.4052 
1.4447 
1.8605 
1.8467 
1.8752 
1.8759 
1.8725 
1.8727 
2.6079 
2.5099 
14338 
1.8314 
1.8347 
1.8309 
2.5349 
2.41 11 
1.8045 
1.7971 
1.8282 
1.8123 
2.499 1 
2.3625 


1.0845 
1.0899 
1.0876 
1.0930 
1.0630 
1.074 1 
1.0842 
1.0912 
1.0838 
1.0912 
1,0632 
1.0783 
1.0871 
1.0946 
1.0814 
1,0888 
1.0611 
1,0736 
1.0819 
1.0899 
1.0843 
1.0923 
1.0619 
1.0739 
1.0797 
1.0917 
1.0866 
1.0934 
1.0638 
1.0760 
1.0814 
1.0895 
1.0783 
1.0865 
1.0625 
1.0729 
1.0787 
1.0878 
1.0782 
1.0884 
1.0642 
1.0733 


110.76 
110.99 
109.95 
110.20 
92.31 
89.98 


110.78 
110.13 
111.81 
11 1.62 
92.07 
91.11 


108.29 
107.46 
11 1.26 
111.14 
92.41 
91.36 


10964 
109.45 
107.67 
107.51 
93.91 
93.11 


111.64 
110.52 
11 1.41 
109.92 
94.83 
91.28 


109.61 
108.89 
111.72 
1 12.35 
95.75 
92.86 


11 1.25 
11 1.15 
110.15 
110.23 
98.89 
96.05 


111.42 
110.93 
111.96 
111.81 
121.12 
121.36 
109.43 
109.26 
109.65 
109.60 
119.86 
119.59 
110.13 
109.95 
111.12 
11 1.32 
119.79 
119.65 
11 1.68 
11 1.57 
11 1.05 
1 10.93 
119.88 
119.59 
110.18 
109.75 
110.66 
110.52 
121.09 
121.15 
110.71 
1 10.08 
11 1.92 
111.13 
120.54 
120.22 
11 1.84 
1 10.92 
112.11 
111.18 
120.59 
120.00 


120.62 
120.46 
121.63 
121.46 
91.88 
91.30 


124.75 
1 20.7 1 
131.09 
123.58 
94.20 
94.1 1 


128.24 
122.82 
186.57 
191.36 
91.31 
90.75 


125.53 
120.80 
121.32 
120.42 
91.79 
91.46 


110.1 1 
108.90 
105.01 
106.44 
91.38 
90.76 


115.76 
113.70 
134.40 
137.43 
91.94 
91.99 


119.74 
117.62 
112.57 
111.95 
92.43 
92.65 


0.00 
0.00 
0.05 
0.07 
0.00 
0.00 
5.50 
2.40 


10.92 
4.33 
0.00 
0.00 
6.74 
1.99 


48.62 
42.82 
0.00 
0.00 
6.21 
2.27 
5.41 
5.40 
0.00 
0.00 


-9.00 
-9.80 
- 14.38 
-13.17 


0.00 
0.00 


-5.25 
-7.37 


9.21 
12.94 
0.00 
0.00 


-0.50 
-1.81 
-4.65 
-5.89 


0.00 
0.00 


values of identity methyl transfer reactions by Shi and of the two corresponding first- and second-row ele- 
Boyd." They attributed this grouping to the type of ments differ uniformly by ca 20 kcalmol-' 
hybridization and the electronic structure of the TS. No (1 kcal = 4.184 kJ)." Within each group, the A,??' and 
doubt periodicity of homonuclear single covalent bond A,??: values, at both the HF and M I 2  levels, vary 
energies of the heavy-atom elements in X plays an linearly with electronegativity ( x )  (the theoretical 
important role for this grouping, since the bond energies values are generally in good agreement with those for X 
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Table 2. Basis set dependence of bond lengths (A) 


X Basis set Species d ( C ' - C 2 )  d(C2-C') d ( C 3 - X )  


H HF/6-31+G' 


MP2/(5-31 +G* 


HF/6-31+ +G** 


MP2/f5-31 +G'" 


F HF/6--31 +G* 


MP2/6-31 +G* 


HF/6--31+ +G** 


MP2/6-31+ +G** 


C1 HF/6--31 +G* 


HF/6--31+ +G** 


MP2/6-31+ +G"' 


GS 
TS 
Ad' 
GS 
TS 
Ad' 
GS 
TS 
Ad' 
GS 
TS 
Ad' 
GS 
TS 
Ad' 
GS 
TS 
Ad' 
GS 
TS 
Ad' 
GS 
TS 
Ad' 
GS 
TS 
Ad' 
GS 
TS 
Ad' 
GS 
TS 
Ad' 


1.3223 
1.3277 


+0.0054 
1.3400 
1.3461 


+ 0.006 1 
1.3222 
1.3263 


+ 0.004 1 
1.3396 
1.3435 


+0.0039 
1.3208 
1.3197 


-0.0011 
1.3398 
1.3419 


+ 0.002 1 
1.3207 
1.3196 


-0.0011 
1.3391 
1.3412 


+ 0.002 1 
1.3210 
1.3214 


+ 0.0004 
1.3208 
1.3214 


+ 0@006 
1.3391 
1.3430 


+0.0039 


1.5029 
1.4775 


1.4989 
1.4689 


-0.0254 ( -  1.7y 


-0.0300 (-2.0) 
1.5025 
1.4811 


1.497 1 
1.4763 


1.4962 
1.4802 


1.489 1 
1.4699 


1.4959 
1.4798 


1.4886 
1.4689 


1.4957 
1.4623 


1.4954 
1.4618 


1.4887 
1.4585 


-0.0214 ( -  1.4) 


-0.0208 ( -  1.4) 


-0.0160 (-1.1) 


-0.0192 ( -  1.3) 


-0.0161 (-1.1) 


-0.0197 (-1.3) 


-0.0334 (-2.2) 


-0.0336 (-2.3) 


-0.0302 (-2.0) 


1.0868 
1.6898 


1.0954 
1.6367 


1.0869 
1.6702 


1.0902 
1.5707 


1.3789 
1.8589 


1.4178 
1.8497 


+06030 ( +55.5)a 


+0.5413 (+49.4) 


+0.5833 (+53.7) 


+0.4805 (+44.1) 


+0.4800 (+344) 


+0.4319 (+30.5) 
1.3797 
143605 


1.4156 
1.8457 


1.8040 
2.4966 


1.8045 
2.499 1 


1.7-91 -952 


+0.4808 (+34.8) 


+0.4301 (+30.4) 


+0.6926 (+38.4) 


+0.6946 (+38.5) 


2.3600 
+0.5648 (+315) 


'Values in parentheses are percentage changes: (Ad'/$') x 100. 


E 


I C 


R : Reactants, Sub- ( R C W .  and X-. 
c : b n - m  complu. OC- RCEWO. 
Ts : Transition State, ( IC - Rctk - Xl-. 


Figure 1. Two types of energy bamers, the activation energy, AE', and the intrinsic barrier, AE;,  of the gas-phase identity 
exchange reaction in equation (1) 
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Table 3. Energies (kcal mol-') calculated at the HF and MP2 
levels for reactions CH,CHCH,X + X - 


HF MP2 


X M,z AE+a AE;, AE+ Xb 


H 67.07 61.83 55.13 49.90 - 
NH, 56.66 40.04 43.34 24-79 6.16 
OH (40.11)' 28.58 (27.88)' 14.66 6.95 
F 22.96 8.82 14.98 -0.29 10.01 
PH, 44.87 38.63 33.26 22.54 5.05 
SH (30.11)' 23.52 (24.92)' 14.78 5.69 
CI 16.82 8.30 18.80 8.11 7.65 


"Corrected for zero-point energies. 
bGroup electronegativities calculated at the CI(SD) level." 


X -  
Ion-molecule complex energy under backside attacking constraint for 


 radical^'^) of the X group (Figures 2 and 3). The 
activation barrier, AE', and intrinsic barrier, AE:, are 
lowered by increasing the electronegativity or alterna- 
tively the electron affinity of X in each group. A similar 
trend was noted by Shi and Boyd3' for the intrinsic 
bamer, AE,f in the identity exchange reactions involving 
methyl transfer [R = H in equation (l)]. Inspection of 
Table 3 indicates that for the ally1 transfer reactions an 


approximate linearity holds between the two types of 
energy barriers, AE' and AE:, within each group. 


Table 4 gives the changes involved in the activation 
process, i.e. S +TS, in bond distances for d(C2-C3) 
and d(C3-X)  at both the HF and MP2 levels and 
atomic charges for C 3  and X at the MP2 level. There 
are systematic changes within each group: the ercen- 


d(C3-X)  become smaller with increasing electrone- 
gativity. This means that within each group or within 
a row of the Periodic Table, the stronger the elec- 
tronegativity of X ,  the smaller is the extent of 
structural changes involved in the activation process, 
and the smaller is the activation barrier. This is 
consistent with the results of Mitchell et a1.,I5 who 
defined the percentage change as the distortion index 
(DI) and showed that DI reflects 'tightness' or 
'looseness' of the TS and AE:, for identity methyl 
transfer increases as DI increases or as the electrone- 
gativity of X decreases. The intrinsic barriers are 
found to be linearly correlated with the total defor- 
mation energies, which in turn are dominated by the 
C-X stretching, i.e. DI, and are related to the experi- 
mental C-X bond dissociation energies. 


Again, within each group, the stronger the electrone- 
gativity of X ,  the smaller is the amount of charge 
mansferred to the reaction centre carbon from the 


tage changes ( A d ' / & x  100) in d(C2-C P ) and 


. . . . -. . 30- 


20- 


10 - 


0- 
I 8 I I I 1 


5 6 7 r(.u3 10 11 


30- 


20- 


10 - 


0- 
I 8 I I I 1 


5 6 7 10 11 


Figure 2. Plots of activation energy ( A P )  versus electronegativity ( x )  
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Figure 3. Plots of intrinsic barrier (AG) versus electronegativity ( x )  


nucleophiie X - [Aq'(C3)] and to the leaving group X 


The correlation part of the electronic energy in the 
S,2 process is known to change significantly when 
going along the reaction path from reactants to TS 
owing to substantial electronic charge redistribution and 
the formation of a formally penta-coordinated reaction 
centre carbon atom.3g According to the valence bond 
configuration mixing (VBCM) model of Ross and co- 
workers, the TS occurs approximately at the cross- 
ing point of the reactant (structure 111) and product VB 
structures (not shown), and the confidence is affected by 
contributions from other VB structures, e.g.IV and V. 
For a more electronegative X, the contribution of 
valence bond c~nfiguration~'. '~-'  IV to the TS can be 
greater since a smaller extent of structural and elec- 
tronic charge reorganization is required. 


[ A q W I .  


X u x x- .c' -:X 
m 


x.- 'cs - :X 


Comparison of energy barriers for X = F and C1 indi- 
cates that the electron correlation effect is especially large 
for X = F. The two barriers, AE' and AE;, are higher for 
X = F  at the HF level, but in contrast they are lower for 
X = F than for X = CI at the MP2 level. These reversals in 
the order of activation baniers for X = F and CI with lower 
correlated barriers for X = F are also found for the identity 
methyl (R = H) transfer reactions (Table 5) ,  which is in 
agreement with the experimental activation barriers, 
AE:2g.3g This trend is mainly due to a great lowering of the 
correlated baniers for X = F  by inclusion of electron 
correlation; for X = F, AE; and AE' are lowered by ca 8 
and 10 kcal mol-I, respectively, whereas for X = C1, AE: 
is raised by 2 kcalmol-' and AE' is lowered by only less 
than 1 kcalmol-l by inclusion of electron correlation. 
Similar trends have been reported for the identity methyl" 
and acetonitrile gr0up3J transfers. Table 5 compares the 
electron correlation effect on the energy baniers for the two 
identity exchange reactions. It can be seen that in the 
methyl transfer reactions, energy barriers are lowered for 
X = F but they are raised for X = C1 by including electron 
correlation. In contrast, however, the energy barriers are 
lowered for X=CI in the acetonimle group transfer 
reaction. Hence the effect of electron correlation on the 
energy barriers depends on the nature of both the R and X 
groups. One common feature to the methyl and ally1 
transfer reactions is that the electron correlation effect is 
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Table 4. Changes (S +TS) in bond length [Ad‘(%) = (Ad’/#) x 1001 and changes (Aq’ in electronic units)’ for reactions 
CH,CHCH,X + X - 


HF MP2 


X Ad‘(C2-C’) (%) Ad4(C’-X) (a) Ad4(CZ-C’) (%) Ad4(C3-X) (%) Aq’(X) Aq (C’) 


H +1.4 
- 1.8 
- 1.4 


N H 2  
OH 
F -1 .1  
PH2 -2.2 
SH -2.1 
c1 -1.5 


+53.7 -1.4 
+40.1 -2.3 
+39.0 -1.9 
+344 -1.3 
+ 39.1 -2.6 
+38.2 -2.1 
+383 -2.0 


+44.1 -0.605 -0.61 1 
+37.2 -0.468 -0.367 
+35.2 -0.394 -0.286 
+ 30.4 -0.319 -0.227 
+33.7 -0.79 1 -0.486 
+31.6 -0.701 -0.385 
+31.5 -0.619 -0.279 


Table 5. Electron correlation (EC) effects on energy bamers 
(kcal mol-I) for identity exchange reactions of RCHzX + X 


with R = H and CN 


AE: AE‘ 


R X HF HF+(EC) HF HF+(EC) 


H F 20.0 17.1 7.4 (5.7) 3.8 ( - 1 . O ) b  
C1 15.7 18.1 6.3 (6.6) 8.9 (7.7)b 


CN C1 22.1 11.4‘ 5.8 -5.7 


‘Valence-shell double 5‘ (DZ) with diffuse functions (D) on X and 
polarization functions (P) on all atoms (DZDP). Electron correlation 
was accounted for by the CI(SD) appr~ach. ’~  
bAt the MF’2/6-31+ +Go* level for the values in par en these^.'^ 
At the MP2/6-311 +G(2d,2p)//MP2/6-31 +G(d,p) level.)’ 


stronger for X = F than for C1. As a result, the correlated 
energy baniers for F become smaller than those of C1. 


In order to examine the effects of the group R [in 
equation (l)]  and of the electron correlation, relevant 
results are compared in Table 6 for the identity 
exchange reactions involving RCH,Cl + Ci - with 
various R. Some interesting effects of the group R 
(mostly unsaturated) emerge. (1) As the group elec- 
tronegativity ( x ) ’ ,  or electron-withdrawing power (as 
represented by Taft’s polar substituent constants, u*, in 
aliphatic systems)” of R increases, the activation 
bamer, AEf, at the MP2 level decreases. A few gas- 
phase experimental rate constants reported’* which are 
directly comparable to the results in Table 6 (for R = H, 
CH, and CN) are consistent with the trend in the acti- 
vation barrier (AEFOL,), except that there is an 
uncertainty in the reported rate constant for R=CH,. 
However, experimental results for soft nucleophiles 
(X=HS- and C1-) are in good agreement with our 
results for X=C1- with R = H ,  CH,, CH,CH and CN. 
(2) The HF energy barriers are lower than the MP2 
bamers (AEFO&<AEFOhp) for substrates with a 
weakly electronegative R, but this order of energy 


bamer reverses to AEFO& >AEFOf,, for substrates 
with a strongly electronegative R. (3) The percentage 
extension of d(C3-X) in the activation process tends to 
increase as the electronegativity of R decreases. 


Now, if we compare the valence bond configurations 
IV and V with the reactant configuration, 111, IV is 
certainly a more electron-localized structure with a 
greater hardness and V a more delocalized structure 
with less hardness than III.” This means that electron 
correlation is greater in IV whereas it is smaller in V 
than in HI.” Hence a greater contribution of structure 
IV to the TS should result in a larger magnitude of 
electron correlation energy in the TS than in the 
reactant; in contrast, a greater contribution of structure 
V to the TS will result in a smaller magnitude of 
electron correlation energy in the TS than in the reactant 
substrate. The effects will be. stronger the greater is the 
contribution of IV and V to the TS. 


If the electron correlation energy in the TS is greater 
than that in the ground state (substrate), AE:oorr>O, a net 
reduction of correlated energy barriers, AE;,, 
will result; AE:p=(E&F- E2m)-(E&F- E20m) =AE&- 
AE:om(<AE:F) (Figure 4). As the electronegativity of 
X -  and/or R increases, the contribution of the ionic 
valence bond configuration, IV, to the TS increases, and 
leads to the lowering of the correlated energy barriers, 


Figure 4. The SCF and correlation energy levels in the ground 
state (GS) and transition state (TS) 
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AELp, as a result of the increased E,',,, relative to E,O,,, 
i.e., AE:o,>O. 


On the other hand, the HF and MF"2 bond distance 
changes, Ad', in Table 4 reveal that within each group, 
the Ad' value is smaller for X with a greater electrone- 
gativity; the greater the electronegativity of X, the less 
is the structural reorganization at both the HF and MP2 
levels in the activation process. This is also true for the 
changes in atomic charges; the electronic reorganization 
or charge transfer is smaller for the X with a greater 
electronegativity. We therefore conclude that there are 
two effects of electronegativity of X and/or R: an 
increase in electronegativity (i) reduces the electronic 
and structural reorganizations required in the activation 
process leading to HF (AEA!) as well as correlated 
energy baniers (AELp), and (11) increases the electron 
correlation energy of the TS lowering the AELp value 
only. 


As we have noted above, the main structural reor- 
ganization involved in the activation process for the 
identity exchange reactions, equation (l) ,  is the exten- 
sion of C3-X. The structural changes are determined 
solely by the requirement to assist charge transfer to the 
maximum extent.m According to the principles of the 
inter-frontier level gap (A% FMO = % LUMO - %HOMO) 


narrowing and frontier electron density growing of 
Fukui and Fujimoto," the LUMO, u * ( ~ - ~ , ,  is lowered 
and frontier electron density grows as a reaction pro- 
ceeds along the reaction coordinate until the TS is 
reached in order to attain the facile charge transfer 
required in the TS by providing sufficient charge trans- 
fer stabilization, Ec,; a lower aLUMO and a greater 
frontier electron density lead to a greater charge transfer 
stabilization energy, E,,, by reducing the inter-frontier 
level gap, and increasing Hi,, respectively, in 
the equation 


H,:. 
E,, 3 - (2) 


A % M O  


Therefore, if a;UMO is low already in the initial statet 
(reactant substrate) due to a strong electronegativity of 
X and/or R, further assistance required to attain the 
maximum charge transfer by proceeding along the 
reaction coordinate, i.e., by expanding the C3-X bond, 
until the TS is reached can be small, and the TS will be 
reached by a small extension of C3-X. 


Our HF/6-31+ +G**//HF/6-31+ +G** level calcula- 
tions on I and I1 with Nu = X = H reveal that the effects 
of R = C,H, in I is similar to those of R = CH,CH in 11; 
the AE' values are 61.22 kcalmol-l for I and 


63.62 kcalmol-l for 11, and do(Ca-C9= 1.5117 A 
contracts by 1.7% and do(C-X) = 1.0859 A expands by 
53.1% in the activation process for I ,  which compare 
well with the corresponding changes of -1.4% from 
do(C3-C2) = 1.50250A and +53.7% from 
do(C-X) = 1.0869 A for 11. The two R groups in fact 
have very similar group electronegativities (the x values 
reported are 5.20 and 4.85 for C6H, and CH,=CH 
respectively 14) and Taft's polar substituent constant, a* 
(= 0.60 for R = C6H, and 0.56 for R = CH,CH).'7b We 
therefore think that the ally1 system, 11, can provide a 
satisfactory model for the benzyl system, I. 


In this respect, the benzylic effect of structure 14.' 
seems to depend on the electronegativity effect of 
benzene ring and a smaller extent of bond contraction 
of the Ca-C1 bond is in fact more conducive to a rate 
enhancement, i.e. a lower activation energy, owing to a 
lesser extent of structural and electronic reorganization 
required in the TS. This is in contrast to the common 
conception that a greater benzylic effect is associated 
with a greater bond contraction of C2-C3 in I1 or 
Ca-C1 in I ,  leading to a greater lowering of the acti- 
vation energy. 


As a result of the n orbital overlap, electronic charge 
actually flows out of the R group into the C3-X bonds 
[n(R,+ u * ( ~ - ~ ) ] .  If, the charge were accepted by the R 
group [ac,-,, 7 n (R)] resonance delocalization of the 
C3-X orbitals into the n* orbitals of the R group should 
result in a greater contraction of the C3-C2 bond for a 
stronger C3-X bond, i.e. a greater decrease in 
Adf(C3-C2) should result from a smaller increase in 
Ad'(C3-X), which is contrary to our findings in Tables 
4 and 6. This is especially true for the changes in these 
bond distances with variation of R (Table 6). The 
electronegativity of R is greater for CH=C than for 
CH,=CH, so that we would have expected the extent of 
resonance electron delocalization to be greater in 
CH=CCH,Cl if the electronic charge were to flow into 
the R group from the C3-X orbitals because of the 
stronger electronegativity of CH =C. The results (Table 
6) are, however, the opposite to this expectation, 
indicating again that the charge is donated from n(R) to 


This is supported by the lower inter-frontier 
level gaps A%, = n(,) - a*(,-,,, than A%, = (J(~-,~) - n*(Rl 
(Table 6), since charge-transfer stabilization, E,, 
[equation (2)], will 5 favoured by a smaller energy 
gap, A%,, i.e. J C ( ~ ,  - u (c..x) interaction. 


The activation barriers shown in Table 6 demonstrate 
that even though the methyl transfer reaction (R = H) 
does not involve any benzylic effect in the TS, the 
correlated activation barrier, AEL,, is lower than that 


?In line with the well known trend of the lower u " ( ~ - ~ ,  LUMO level for a substrate with a more electron-withdrawing (or a more 
electronegative) substituent (X and/or R), the LUMO [u*~,_,,] level is successively lowered as the electronegativity of the X and/or 
R groups increases. the HF levels for CH,CHCH,X are 0.6188 (X = NH,), 0.5462 (OH), 0.4633 (F), 0.3822 (PH,), 0.3649 
(SH) and 0.3316 (Cl); for X = CI, see Table 6. 
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for the allyl transfer reaction which does involve a 
benzylic type effect. Steric effects can contribute to the 
elevation of the activation barrier for the allyl transfer. 


Wolfe et al." have shown by perturbational molecu- 
lar orbital (PMO) analyses that the availability of 
acceptor orbitals on R introduces a stabilizing contribu- 
tion due to the orbital interactions forming the HOMOS, 
especiably of type A for TS (X-CRH,-X)-, where the 
Xs have non-bonding orbitals. The decreasing AEf, ,  
values with the increasing acceptor*ability as measured 
by the increasing positive Taft's (I constant or by the 
increasing electronegativity in Table 6 are consistent 
with the results of such analyses. On the other hand, 
according to the state correlation diagram (SCD) 
approach of Shaik et al.,'6d*23 the barrier height of an 
S,2 process can be given by a fraction ( f )  of the 
energy gap between the ionization potential of the 
nucleophile ( I w )  and the electron affinity of the sub- 
strate (ARX), I,: - Am less the avoided crossing B. This 
approach predicts that n-acceptor a-carbon substituents 
such as CH,CH, CHCH, CN and C,H, improve the 
substrate acceptor ability markedly without greater 
delocalizing the C3-X - bond. Hence these substituents 
will enhance reactivity towards powerful nucleophiles. 
Our results for AE;, in Table 6 indeed show lower 
barriers for a-substitution of CHCH and CN. The small 
barrier height difference ( M E : ,  = 0.44 kcal mol-') 
obtained for substitution of CH2CH has been ascribed 
to the opposing effects on f and the energy gap brought 
about by the a-vinyl group. A similar explanation has 
been advanced by Shaik e t  al. for the small reactivity 
difference due to a-phenyl substitution. 


X X 
A 


In these two approaches, PMO and SCD, the 
increased in acceptor ability arising from the a-substitu- 
tion of R plays an important role in the rate 
enhancement observed. 


SUPPLEMENTARY MATERIALS 
Detailed geometries of all structures and energies 
studied are available. 
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EFFECTS OF THE RING SIZE AND SOLVENT POLARITY ON THE 
STABILITY OF THE CYCLIC INTRAMOLECULAR EXCIMER OF 


SATURATED DIAMINES 


OMAR AHMED AND SHUNZO YAMAMOTO* 
Department of Chemistry, Faculty of Science, Okayama University, 3-1 -I, Tsushima-naka. Okayama 700, Japan 


The fluorescence of some aliphatic diamines was studied in the gas phase and in some solvents at several 
temperatures. It was found that N,N,Nf,N'-tetramethylpropane-1,3-diamine (TMPD) and N , N , N , N -  
tetramethylbutane-l,4-diamine (TMBD) have two emission bands in the gas phase. TMBD also shows two 
bands in solution. These bands were assigned previously to an excited monomer and an intramolecular excimer. 
From the temperature dependence of the intensity ratio of the two bands, the enthalpy changes for the excimer 
formation were evaluated. The stability of the cyclic excimer is discussed in terms of the ring size effect and the 
solvent effect on the band positions. 


INTRODUCTION 
Hirayama' measured fluorescence spectra for a variety 
of diphenyl- and triphenylalkanes, and observed the 
emissions from intramolecular excimers only for 
compounds in which phenyl groups are separated by 
exactly three carbon atoms. He called this phenomenon 
the ' n  = 3 rule.' The n = 3 rule generally seems to work 
well. Intramolecular excimers have been observed for 
various 1,3-bis-substituted propanes, e.g. phenyl-, a- 
and @-naphthyl-,' N-~arbazoyl-~ and dime thy lam in^.^ 
Zachariasse and Kuhnle5 have shown that intramolecu- 
lar excimer formation occurs in the a,w- 
bis(pyrenyl)alkanes, Py(CH,),Py, not only for n = 3 
but also for n=4-6, 9-16 and 22. They pointed out 
that the larger binding energy of the pyrene excimer 
relative to the benzene system is one of the mitigating 
factors in causing the intramolecular excimer formation 
in alkane chains having n>3. Later, Halpern et aL6 
examined the fluorescence properties of members of 
the series (CH,),N(CH,),(CH,), (n = 1-13, 16, 18 and 
20) and observed emission from both monomer and 
excimer for n = 3  and 4.6 Recently, we have studied 
the ~admium(5~P,)-sensitized luminescence of some 
aliphatic diamines, R,N(CH,),NR, (R = H or CH,, 
n = 1-6).' It was found that the diamines with n = 2-5 
have two emission bands, whereas those with n = 1 and 
6 have only a short-wavelength band. These two bands 
were assigned to two kinds of 1 : 1 exciplex (cyclic and 
acyclic for long- and short-wavelength bands, respect- 
ively) between an excited cadmium atom and a diamine 


*Author for correspondence. 


molecule. It was observed that the equilibrium constant 
(K = [cyclic exciplex]/[acyclic exciplex]) is largest for 
a five-membered chelate ring and an increase in the size 
of the chelate ring leads to a decrease in the stability of 
the cyclic exciplex. It was concluded that the decrease in 
K associated with an increase in the ring size is not due 
to the enthalpy effect, but to the entropy effect. 


In this study, the fluorescence of some diamines was 
investigated in the gas phase and in some solvents and 
the effect of the ring size of the intramolecular 
excimers on their stability was examined by comparing 
the results with those for cadmium-sensitized luminesc- 
ence of diamines. Since it is known that the emission 
spectra of some tertiary amines show dramatic red 
shifts with increase in the solvent polarity,'.' the effect 
of solvent polarity on the stability of cyclic excimers is 
of interest. We examined the solvent effects on the band 
positions for monomer and excimer emission and on the 
enthalpy change for the formation of the cyclic 
excimer. 


EXPERIMENTAL 
Triethylamine (TEA), N, N,N' ,N'-tetramethylmethan- 
ediamine (TMMD), N,N,N',N'-tetramethylethane-1,2- 
diamine (TMED), N,N,N',N'-tetramethylpropane-1,3- 
diamine (TMPD), N,N ,N' ,"-tetramethy Ibutane- 1,4- 
diamine (TMBD) and N,N,N' ,N-tetramethylhexane- 
1,6-diamine FMHD) were obtained commercially 
(G.R. grade). These amines were used after drying with 
potassium hydroxide and repeated trap-to-trap distilla- 
tion. The solvents used were of spectroscopic grade and 
distilled whenever needed. 
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The experimental apparatus and procedures for the 
measurements of the fluorescence in the gas phase 
were similar to those used previously for the 
cadmium-sensitized luminescence of amines and 
d i a m i n e ~ , ~ ~ ' ~  except for a light source. A low-pressure 
mercury lamp (germicidal lamp) was used. Radiation 
at 253.7 nm from the lamp excited the substrates in a 
cylindrical quartz cell placed in a furnace whose 
temperature was varied from 303 to 458 K. Fluoresc- 
ence was monitored with a Hitachi Model 135 
spectrophotometer. The wavelength dependence of 
the sensitivity of the detection system was deter- 
mined using standard fluorescence solutions of 
phenol," quinine sulphate and N,N-dimethylccm- 
nitroaniline. The fluorescence in the liquid phase 
was measured with a Shimadzu Rf-1500 
spectrofluorimeter. Excitation was effected at 250 nm 
in each case in order to prevent any decomposition of 
the substrates. The concentrations of the amine and 
diamines were kept around M. The temperature 
of the cell was varied from 285 to 333 K by circulat- 
ing water around the cell from a thermostat whose 
temperature was maintained within k0.1 K. 


RESULTS 
Figure 1 shows the corrected fluorescence spectra of 
TEA, TMMD, TMED and TMHD obtained in the gas 
phase. These compounds show one emission band and 
their spectra are independent of temperature. The peak 
wavelengths for TEA and TMHD are about 295 nm, 
whereas those for TMMD and TMED are slightly red 
shifted. Figure 2 shows the emission spectra of TMBD 
vapour obtained at several temperatures between 303 


WavelengtWnm 


Figure 1. Sensitivity-corrected fluorescence spectra of (0) 
TEA, (A)  TMMD, (V) TMED and ( 0 )  TMHD at 303 K in the 


gas phase 


9 
31 I A  t 


Wavelengthhm 


Figure 2. Sensitivity-corrected fluorescence spectra of TMBD 
at (0) 303, (A) 333, (0) 363, (A) 393 and ( 0 )  423 K in the gas 


phase 


and 423 K and at constant pressure (133 Pa). These 
spectra were corrected for the wavelength dependence 
of the sensitivity of the detection system. As shown in 
Figure 2, the emission spectra are much broader and 
two bands are evident (the dashed lines show the 
separation of the two bands for the spectrum at 
303 K). The spectra obtained at 303,333, 363, 393 and 
423 K were adjusted to the same total intensity. The 
profiles have an isosbestic point at 327 nm. The inten- 
sity of the short-wavelength band (band I) increases 
and that of the long-wavelength band (band 11) 
decreases with increasing temperature. These findings 
show that the two bands can be ascribed to two differ- 
ent emitters, monomer and intramolecular excimer 
ascribable to bands I and 11,4 and that the equilibrium 
between the monomer and the excimer shifts from the 
excimer to the monomer with increase in temperature. 
Similar fluorescence spectra and temperature depen- 
dence were observed for TMPD. The shapes of the 
spectra for TMPD and TMBD were independent of the 
pressures of the diamines. 


Similar fluorescence spectra to those in the gas phase 
were obtained for TEA, TMMD, TMED and TMHD in 
several solvents with large shifts of the peak position 
of the band in THF. Table 1 shows the wavelengths at 
the peaks of the emission bands obtained in the gas 
phase and in different solvents. Analogously to the gas 
phase, two distinct bands were observed for TMBD in 
all solvents and at all temperatures examined. The 
emission intensity of the excimer band for TMPD, 
however, was so high that the monomer band could not 
be separated in any solvent at the temperatures 
examined. Table 2 shows the ratio of the intensity of 
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Table 1. Wavelengths at the peak of the emission bands 


Compound Vapour Hexane Cyclohexane DEE' IPE' THF" 


TEA 
TMMD 
TMED 
TMPD (band I) 
TMPD (band 11) 
TMBD (band I) 
TMBD (band 11) 
TMHD 


293 285 
305 300 
312 308 
3 10 - 
350 360 
300 293 
350 359 
297 290 


285 
300 
310 


363 
293 
356 
29 1 


- 


308 
325 
327 


377 
310 
379 
306 


- 


302 
314 
325 


374 
305 
374 
304 


- 


337 
354 
361 


43 1 
345 
425 
339 


- 


'DEE = diethyl ether, IPE = diisopmpyl ether; THF = tetrahydrofuran. 


Table 2. Intensity ratio of the two bands at 298 K for TMBD monomer and excimer emissions: 
and enthalpy change for excimer formation 


Z(band II) AHo 
Solvent Z(band I) (kJ mo1- I )  


Vapour 
Hexane 


0.46" 
1.14 


-9.4 
- 10.6 


Cyclohexane 1.35 - 13.4 where I(band I) and I(bandII) are the integrated 
IPE 1.42 -11.1 intensities of bands I and II and K is the equilibrium 
THF 0.98 -11.3 constant expressed as K =  [E']/[A*]. The ratio of the 


'At 303 K. 
intensities of bands I and 11 is expressed by 


(3) I(band n) = K 5 
I/(band I) kl 


In Figure 3, the values of ln[I(band II)/I(band I)] 
are plotted against 1/T for TMPD and TMBD. Since 
k , / k ,  is the ratio of the rate constants for similar radia- 


the excimer band to that of the monomer band for 
TMBD at 303 K in the gas phase and at 298 K in 
different solvents. 


DISCUSSION 


Efect of ring size on the stability of the cyclic excimer 


The well known reaction scheme for the intramolecular 
excimer formation is as follows: 


A + hv  - A' 


A'- A + hv,  k ,  
A*-A k2 
A* e E* k3,k-3 
E'-A + hv2 k4 
E*-A k,  


I0 


where A' and E' are an excited monomer and an 
intramolecular excimer, respectively. The emission 
from A* and E* gives bands I and 11, respectively. A 
steady-state treatment based on the assumption that a 
fast equilibrium between A' and E' is attained leads to 
the following equations for the intensities of the 


.. . 
tive processes, it was assumed that the value was 
independent of the temperature as a first approximation. 
The values of AHo for the equilibrium between A' and 
E' can be obtained from the slopes of the straight lines 
in Figure 3, and are listed in Table 2. These values agree 
with those reported by Halpern and c o - ~ o r k e r s . ~ . ~  


In Figure 4, the intensity ratio of bands I and II is 
plotted against the ring size on the cyclic excimer. 
Figure 4 also shows the ratio of the intensity of band B 
(assigned to a cyclic exciplex) to that of band A 
(assigned to an acyclic exciplex) in the cadmium- 
sensitized reaction of diamines for comparison (the 
values were taken from Ref. 8). As Figure 4 shows, the 
ratio is a maximum for a five-membered ring. An 
increase in the size of the ring leads to a decrease in the 
stability of the cyclic excimer. This tendency is consist- 
ent with the result of a decrease in exciplex stability 
with increase in the size of the chelate ring in the 
cadmium-sensitized reaction, which was explained in 
terms of entropy effects associated with the larger 
connecting links between ligand donor atoms caused by 
an increase in the chelate ring size.' 
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Figure 3. Plots of In[l(band II)/l(band I)] against l /T  for 
(0) TMPD and (A) TMBD fluorescence in the gas phase 


As mentioned above, the stability of the cyclic 
excimer is largest for a five-membered ring and 
decreases with an increase in the ring size. In contrast to 
the cadmium-sensitized luminescence of diamines, no 
emission from cyclic excimers larger than a seven- 
membered ring was observed in the fluorescence of 
diamines. The larger binding ener y of the cadmium- 
sensitized reaction (31-41 kJmol- ) compared with the 
present case (9.4-12.2 klmol-I) seems to be one of the 
factors resulting in the emission of the cyclic exciplex 
with ring sizes with n>7. A similar tendency was 
observed with a, w-bis(pyreny1)alkanes and a, w- 
bis (pheny1)alkanes. The pyrene excimer has a larger 
binding energy (39 kJmol-') than the benzene system 
(21 kJmol-I), and in the former the emission of 
intramolecular excimers with ring sizes with n > 6 was 


K 


~bserved .~  The larger exothermicity of the pyrene 
excimer (and of the cadmium exciplex) can compensate 
for the non-bonded interactions which represent a large 
barrier to the formation of medium-sized rings. 


A similar tendency of a decrease in complex stability 
with an increase in ring size was also observed for 
chelate compounds for metal ions in aqueous solution, 
which was originally e~p la ined '~  in terms of entropy 
effects. However, Hancock and MartellL4 pointed out 
that in complexes involving polyamines with five- or 
six-membered chelate ring, a decrease in complex 
stability is associated with an increase in the ring size 
owing to the greater difficulty of bringing together 
dipoles and charges on donor atoms as the chelate ring 
size increases, and also owing to steric strain. They 
further pointed out'that the changes in strain energy 
calculated with molecular mechanics for the ligand plus 
metal ion on complex formation correspond very 
closely to the difference in the enthalpy change of 
complex formation with an increase in ring size from 
five- to six-membered. This shows that the decrease in 
complex stability is largely due to steric strain. 


As shown in Table 2, the value of AHo for TMPD is 
smaller (more negative) than that for TMBD. This 
increase in AHo for TMBD compared with TMPD can 
partly explain the decrease in the excimer stability. 


From equation (3), the following equation can be 
obtained: 


(4) 


where R denotes the Z(band II)/l(band I) ratio and 
subscripts 1 and 2 represent TMPD and TMBD, respect- 
ively. If we employ the values of kl  and k4 for TMPD 
and TMBD obtained by Halpern et ~ 1 . ~  ( k , / k 4 =  1 for 


I 0 


Ring size 


Figure 4. Effect of ring size of excimer on intensity ratios of two bands for (0 )  diamine fluorescence and ( 0 )  cadmium-sensitized 
luminescence of diamines. The value for a ring size of 7 for diamine fluorescence was taken from Ref. 6 
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TMPD and 0.08 for TMPD), the following relationship 
can be obtained: 


= 0.08 exp(-AAH/RT)exp(AAS/R) 


By using the values of 10.9 for RJR, obtained at 
303 K and M H  = AH: -AH: = -2800 Jmol- ' ,  we 
estimated a value of M S  (the difference in the entropy 
changes for the equilibrium between A* and E' for 
TMPD and TMBD) of 32 JK-lmol- ' .  This value 
seems to be too large. Here, we used a small value of 
(k,/k4)2/(k,/k4)1, resulting in overestimation of M S .  
However, it must be true that the decrease in entropy 
from the monomer to the excimer is larger for TMBD 
than for TMPD. This is consistent with the general 
tendency. 


In conclusion, the decrease in the equilibrium con- 
stant from TMPD to TMBD is partly due to the 
enthalpy effect and mostly due to the entropy effect. 


Solvent efects on the fluorescence spectra of diamines 
and on the enthalpy changes for the equilibrium 
between A' and E' 
Muto et aL8 observed a large solvent shift of the 
fluorescence spectra of some aliphatic amines and 
explained this in terms of the large solvation energy for 
the Rydberg excited state of  the amines. Halpern' also 
observed a large red shift of the fluorescence of some 
saturated amines. It was pointed out that since the shift 
in the fluorescence spectrum occurs continuously as the 
amount of THF in THF-hexane mixed solvent is 
increased and an intramolecular exciplex by N*-0 
association is not formed in dimethyl aminoalkyl ethers, 
the large shift from hexane to THF is due to the uni- 
versal interaction between the excited amine and the 
solvent, and this universal interaction is accounted for 
by the original view presented by Muto et aL8 The shift 
for diamines shown in Table 1 is explained in the same 
manner. 


As mentioned above, two distinct bands were 
observed for TMBD in some solvents at temperatures 
between 283 and 323 K. In Figure 5, the value of 
In[l(band II)/l(band I)] is plotted against 1/T.  In 
hexane and cyclohexane straight-line plots were 
obtained, and the AH" values can be estimated from the 
slopes of the lines. In IPE and THF, however, the 
points at the lowest temperatures deviate downwards 
from the straight lines. This abnormal behaviour was 
also observed by Halpern and Chan4 for TMPD in 
methylcyclohexane-2-methylbutane mixture at low 
temperatures. They offered the explanation that at low 
temperatures the excimer-monomer equilibrium is not 
attained within their lifetimes. The values of AHo in 
IPE and THF were estimated roughly from the slopes 


10,  Kfr 


Figure 5. Plots of In[l(band II)/l(band I)] against 1/T for 
TMBD fluorescence in (0) hexane, (A) cyclohexane, (A) IPE 


and (0) THF 


of the lines obtained at high temperatures. The values 
of AH" in different solvents are listed in Table 2. 


Although bands I and I[ show large red shifts on 
going from hexane to THF (Table l), the value of AHo 
in hexane is very similar to that in THF. Figure 6 shows 
the relationship between the wavenumbers of the peaks 
of bands I and I1 and the solvent polarity (ET).  These 
bands show large red shifts, but these shifts are parallel 
to each other. Figure 6 also shows the solvent effects on 
the difference in the wavenumbers of two bands and the 
value of AH". If the energies of  the ground-state 
monomer and excimer configurations d o  not depend on 
the solvent polarity, the solvent effect of the difference 


341 w . I 


Figure 6. Relationships between wavenumbers at peak of (0) 
band I and (a) band 11, (0) their difference and ( 0 )  AHo and 
solvent polarity (ET). Solvent: (1) hexane; (2) cyclohexane; 


(3) IPE (4) diethyl ether, (5) THF 
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in the wavenumbers is a measure of the difference in 
the stability energies induced by the solvent between A' 
and E'. As can be seen in Figure 6, the difference in the 
wavenumbers is almost independent of the solvent 
polarity, which is consistent with the fact that the value 
of AH" is also independent of the solvent polarity. 


From the parallel solvent shifts of the monomer and 
excimer bands, it is concluded that the monomer and the 
excimer are stabilized almost equally by polar solvents 
and both the AH" value and the equilibrium constant are 
independent of solvent polarity. 
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SOLVENT DEPENDENT DIFFERENCE IN pKm + BEHAVIOUR IN 
N-METHYLANILINE AND N-PHENYLHYDROXYLAMINE 


K. R. FOUNTAIN,* AARON J. CASSELY, DALLAS G. NEW, ROBERT D. WHITE AND YU-BO XU 
Northeast Missouri State University, Kirksville, Missouri 63501, USA 


The pK,,+ values of the conjugate acids of N-phenylhydroxylamines change drastically when the pK,H* values 
are determined in dimethyl sulfoxide (DMSO) rather than methanol. The Hammett p values change from -5.69 
to -1.20 on going from methanol to DMSO for protonated N-phenylhydroxylamines, in contrast to a shift of 
-4.70 to -4.83 for protonated N-methylanilines in the same two solvents. This large change in susceptibility 
indicates that the species from which the proton departs is not the same for protonated N- 
phenylhydroxylamines in the two solvents. Experimental and computational evidence supports ionization of the 
H + from the 0 atom for the protonated N-phenylhydroxylamines in DMSO. 


INTRODUCTION 
Equilibrium acidities are valuable for assessing elec- 
tronic and steric effects due to structural variations in 
organic acids.' The quantitative expressions of acidities 
are pKHB+ values for amines and amine-like compounds. 
These values are solvent dependent, reflecting the 
ability of the solvent to solvate the proton, the conju- 
gate base and the undissociated acid in equation (l), the 
formal definition of acid dissociation for such 
compounds. 


RNH2X+ NHXR + H + (1) 
pKHB+ values also serve as indicators of reactivity 


when used to relate rate constants to the acidities of 
nucleophiles in Bransted plots.* Such use has modeled 
transition state behavior in important questions related 
to methyl group t ran~fer .~  A recent example uses the 
change of pKHB+ for an a-nucleophile as a function of 
water-dimethyl sulfoxide (DMSO) mole percentage to 
construct Bransted  plot^^.^ for modeling transition 
states. Such a usage depends on regular behavior of 
acidity in the solvent mixture, which we show in this 
paper is not true of N-phenylhydroxylamines in 
methanol-DMSO mixtures. 


The purpose of this paper is to report on and discuss 
the non-regular behavior of the a-nucleophiles N- 
phenylhydroxylamines, 1, in going from pure methanol 
to pure DMSO compared with the regular behavior of 
N-methylanilines. The finding is validated by theoretical 
and experimental methods. 


'Author for correspondence. 


CCC 0894-3230195 1070490-06 
0 1995 by John Wiley & Sons, Ltd. 


EXPERIMENTAL AND RESULTS 
Most of the pKHB+ values for the N-methylanilines and 
N-phenylhydroxylamines were determined in DMSO by 
the glass electrode method,6 as modified by Beniot et 
~ 1 . ~  In their research they found that end-points were not 
sharp so they determined the H' concentration by 
measurements of voltages of mixtures containing 
weighed amount of the salts and the free bases. In our 
method we took note of these experimental difficulties, 
and applied an equivalent method wherein the voltage 
was determined in DMSO and DMSO-methanol 
mixtures when exactly 0-5 equiv. of the standard 
solution of trifluoromethanesulfonic acid (TflH) had 
been added to a carefully weighed amount of the amine 
or N-phenylhydroxylamine. The contents of an Aldrich 
AglAgC1 combination pH electrode (No. 211316-6) 
were replaced with a solution of 0.01 M Me,NBF, in 
DMSO from a freshly opened bottle. The electrode was 
then soaked for 24-48 h in a solution of 0.01 M 
Me,NBF, in dry DMSO. The calibration of the elec- 
trode was accomplished through serial dilution of a 
standard solution of TflH in DMSO. This calibration 
gave a slope of 63.3 f 0.2 mV between [H '1 = 1.0 and 


M (intercept = 527.4 f 0.1 mv,  r = 0.9993, in 
excellent agreement with Benoit et aL7 


The pKHB+ values in DMSO were determined with 
the calibrated electrode by adding 0.5 equiv. of TflH in 
DMSO at 25.0 f 0.1 "C to weighed samples of the free 
bases that were freshly prepared in each case of N- 
phenylhydroxylamines. These species were recovered in 
quantitative or nearly quantitative yield from the reac- 
tion mixtures by partitioning the solutions between 6 M 
hydrochloric acid and methylene chloride to remove the 
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DMSO, then neutralizing the aqueous acid solution with 
sodium hydrogencarbonate and extracting with dichlor- 
omethane. Temperature control was effected using a 
water-jacketed cell and a circulating thermostated water- 
bath. The voltage was read from a standard Jenco 
Model 671P pH meter. Using the standardization curve 
the pH values at half neutralization were obtained. 


The acidities of 4-nitro-N-methylaniline and 4-nitro- 
N-phenylhydroxylamine were special cases where the 
acidity was outside the limits (0.6 pH) of calibration 
for our electrode. 4-Nitro-N-methylaniline was deter- 
mined by 'H NMR chemical shifts as reported for 2,6- 
lutidine.' The essence of this method is that the chemi- 
cal shift in the A2B; spectrum of the aromatic protons 
is a function of the pH of the solution. The position of 
these signals depends on the [free base]/[acid form] 
ratio due to exchange of the protons between the two 
forms at the N atom. All that is necessary is to find the 
6 value where full protonation is present, then where 
there is no protonation present (pure DMSO). The 
position of these signals along this defined Ad scale 
determines the ratio of free base to acid form. This 
method gave pK,,+ of -0.99k0.09 for 4-nitro-N- 
methylaniline. This point is plotted against u in the 
Hammett plot (Figure 1). 


The acidity of the conjugate acid of 4-nitro-N- 
phenylhydroxylamine was determined spectroscopically 
by the following method. The absorptions of free base 
and protonated forms of 4-nitro-N-phenylhydrox- 
ylamine were determined using a Beckman DU70 
spectrophotometer at 25 "C. Various pH solutions of the 
compound in DMSO were measured and the concentra- 
tions of the free base and the protonated form were 
determined. The pKHB+ was determined by plotting the 
term log([free base]/[acid form]) vs pH. Where the log 
term became zero, the pK,,+ equals the pH on the plot. 


7.00 


5.56 


+ 4.12 
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Table 1. pK,,+ values for GC,H,NHX 
in DMSO and MeOH at 25 "C 


G X DMSO" MeOH 


H 
4-Me 
4-Me0 


4-CI 
4-NOZ 
H 
4-Me 
4-Me0 
4-Br 


3-CI 


4-NOZ 
4-CF3 


Me 263  5.79 
Me 3.79 6.43 
Me 4.22 - 


Me 1.48 3.75 
Me 1.77 - 
Me -0.99 -0.018 
OH 2.17 5.05 
OH 2.48 6.59 
OH 2.54 6.88 
OH 1.80 - 
OH 1.32 0.96 
OH 1.35 2.08 


"Average deviation iO.14 units. 


This method gave a pKH,+ value of 1-32, that plotted vs 
u rather than u-. 


The pK,,+ data are collected in Table 1 and plotted in 
Figures 1 and 2 for methanol and DMSO, respectively. 
The pK,,+ values of these compounds in methanol 
have all been reported.3b The compounds were prepared 
by the known route3" by reducing an aromatic nitro 
compound with zinc dust and ammonium chloride. 


The computations for the gas-phase proton affinities 
( P A )  were performed by MOPAC 6.0, mounted on a 
UNIX based coprocessor board (AEON Technologies) 
on a 286 IBM clone using an AM1 Hamiltonian, or 
using Hyper~hem.~ The main problem with semi- 
empirical methods is that they have trouble treating the 
pyramidalization of the N atom." The problem is not 


+ \\ rho=-4.700 


-0.30 0.06 0.42 0.78 1.14 1 S O  


SIQMA 


Figure 1. Hammen plots for the pKHB+ values of N-methylanilines and N-phenylhydroxylamines in methanol. (+) GPhNHOH; ( A )  
GPhNHMe; (0) 4-NO2PhNHMe vs u- 
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Figure 2. Hammett plots for the. pK,,+ values of N-methylanilines and N-phenylhydroxylamines in pure dimethyl sulfoxide. (+) 
GPhNHMe; ( A ) GPhNHOH 


severe in amines such as methylamine, but seems to 
require the highest basis set with polarization functions 
with aromatic amines. This problem has recently been 
discussed with reference to aromatic amines. ' I  All 
geometries were tested for minimization by FORCE 
calculations wherein no negative eigenvalues were 
found for diagonalization of the Hessian matrix. The ab 
initio computations on NH,OH and NH,O were per- 
formed using G92W (Gaussian 92 for Windows) 
loaded into a Gateway 2000 486DX2 66 MHz computer 
or with Spartan, using an SGI Indy, for the solvated 
species. The potential energy surface was optimized 
using the EF keyword that causesthe program to optim- 
ize geometries by following the eigenvalues of the 
Hessian matrix. No signal from the program that nega- 
tive eigenvalues were present means that the states 
obtained were minima. Simulations of 'H NMR spectra 
were performed using HYPER NMR, a product of 
Hypercube (Waterloo, Ontario, Canada). Computation 
of infrared spectra of compounds is a standard feature 
of the HyperChem 4.0 that was used in this study. 


DISCUSSION 
The striking feature between the two solvent systems is 
the behavior of the GC,H,NHOH molecular system. This 
system in pure MeOH has a more negative p value 
(-5.69) than N-methylaniline derivatives, but the change 
in this parameter in the MeOH-DMSO transfer is 474% 
toward more positive values. Such a large change corre- 
sponds to ca 4.5 powers of ten per unit u. The change in 
p value for the C,H,NHMe system is a mere 2.9%. 


A similar change in p value occurs in carboxylic 
acids when the point of the ionizing species is separated 
further from the substituent by an insulating CH, 
group." Similar results occur in a series of benzohy- 
droxamic acids ( p =  l.O,I3 but ~ ~ 0 . 6  for the N- 
methylbenzohydroxamic acids',). This change in p 
value therefore perhaps indicates a change in the site of 
ionization from the imine NH to the OH. 


These literature data indicate that the probable cause 
of the large change in p for the GC,H,N,HOH+ system 
is ionization of the OH rather than the NH in pure 
DMSO: 
GC6HzNH+-OH=S(CH3)z 


1 
GC6H4NH+z-O-+(CH&7=OH (2) 


2 
The theoretical possibility that a zwitterionic form of 
hydroxylamine would be more stabilized in DMSO was 
explored in two ways. The first study used an ab initio 
calculation at the 6-31G" level of theory for both 
hydroxylamine (3) and its zwitterion (4). The HF 
energies at this level were 3 = -130.9917 and 
4 = - 130.9440 hartrees mol-I. This result indicate that 
there is a difference between the forms of free base for 
the hydroxylamine isomers in the gas phase of ca 
125 kJmol-I. The second study used 3-21G level 
computations for various degrees of solvation by 
DMSO for each form of the hydroxylamine. The best 
method for doing these studies would be an ab initio 
series at about the same level of theory as for the study 
of 3 and 4. These studies with individual solvent 
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molecules would be very expensive in computer time, 
so the simpler level of theory was selected. 


0' 


NH2OH 
I 


H'. ..,KH 
3 4 


The solvated geometries involve three DMSO 
molecules for the NH20H form (5 )  and four molecules 
of DMSO in the zwitterion form (6) .  The 3-21G HF 
energies for DMSO and hydroxylamine were 
5 = -1776.8889 and 6 = -2325.7239 hartrees mol-I. 
The hydroxylamine solvated by three DMSO molecules 
has an optimized geometry at -0.5952 hartrees, which 
is -1562.6 kJmol-' lower than for the components. 
The zwitterionic form, 4, had an HF energy of 
-130.2153 hartrees mol-' and the solvation geometry 
with four DMSO molecules had an energy 0.7922 
hartree lower than the components, which is 
2077.8 kJmol-' lower than for the components. The 
trend supports the conclusion we have drawn on the 
basis of the change in p values. 


The gas-phase proton affinities of the N-phenylhy- 
droxylamines were also computed by the AM1 
Hamiltonian in HyperChem. Although PM3 proton 
affinities are useful for many gas-phase acidities, the 
average unsigned error for nitrogen acids is smaller for 
AM1.I' The Hammett plots for the PA are presented in 
Figure 3. It is evident that the effect of substituents is 
nearly the same no matter where ionization occurs, from 
NH or OH. The slopes of the lines are similar. Ioniz- 
ation in the gas phase from the OH bond produces 
energies that are much higher than for the NH ioniz- 
ation. One can conclude from this that specific solvation 
by the DMSO molecules makes the ionization site more 
stable by interacting in a unique way with it. Such an 
ion-dipole interaction is possible as in 6 with a fourth 
DMSO molecule, but not in 5. Such an interaction has 
recently been cited as affecting the ability of the NO2 
group to stabilize negative charge in a substituent 
solvation-assisted resonance (SSAR) effect. Such an 
interaction in the present case is shown in 7. 
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Experimental support for the OH ionization hypothesis 
came from IR and NMR studies. The IR studies were 
performed on a Nicolet 205 FTIR instrument using 
freshly polished NaCl plates and a demountable cell 
holder. In media such as Nujol, where intermolecular 
hydrogen bonding should be at a maximum, the N- 
phenylhydroxylamines all showed clearly two bands in 
the 3300-3400 cm-' region, although they overlapped. 
These were due to OH and NH stretching. Computed 
spectra, via AM1 calculations in HyperChem, also 
supported two bands in this region. In dilute (1%) DMSO 
or DMSO-d, solution only one band at 3300 cm-' was 
observed. Experiments with substituted anilines always 
showed two bands for symmetric and asymmetric stretch- 
ing in this region in DMSO or DMSO-d,. In a single 
experiment, using DMSO specially dried over CaH,, 4- 
methyl-N-phenylhydroxylamine showed two sharp bands 
in the 3300-3400 cm-' region. When this sample was 
allowed to age for 20 min the two bands became one 
band at cu 3300 cm-l. This experiment was very hard to 
repeat, but it is indicative of what may be a rearrange- 
ment of a normal form of an N-phenylhydroxylamine to 
a form similar to 7. Further evidence for this possibility 
comes from the 'H NMR study below. 
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Figure 3.  
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Hammett plots of AM1 gas-phase proton affinities. (+) PhNHOH; ( A )  PhNHMe; (0) 


An interesting point comes from the consideration of 
what the IR spectrum of a species such as 7 should 
exhibit. Normally, two bands of NH stretching, one due 
to symmetric and one due to asymmetric stretching 
modes, should be observed. In DMSO or DMSO-d, 
only one band is apparently present. Computing the IR 
spectrum with the AM1 Hamiltonian of HyperChem 
predicted only one vibrational mode for the zwitterionic 
species 7. The same kinds of computations for aniline 
showed clearly the two expected fundamental modes of 
vibration of twin NH bonds. We do not have a good 
explanation for why the theoretical spectrum should be 
so, but the fact corroborates the experimental IR 
spectrum in DMSO. 


’H NMR spectroscopy of N-phenylhydroxylamine 
corroborated the existence of 7 as a dominant species in 
that medium. In deuterochloroform the aromatic region 
of the spectrum of N-phenylhydroxylamine, 
6.2-7.5 ppm, is similar to that of N-methylaniline or 
phenylhydrazine, although shifted downfield from that 
of phenylhydrazine by ca 0.15 ppm. The multiplets 
were centered at 6.8 pprn (3H) and 7.2 (2H) ppm. Two 
signals for each of the protons attached to the heteroa- 
toms N and 0 were distinctly separated at 6.1 and 
1.8 ppm. Two such signals are also present in phenylhy- 
droxylamine in deuterochloroform. Simulation of this 
spectrum with HYPER NMR reproduced the shape of 
the aromatic signals nearly exactly. Two sets of much 
less intensive signals appeared at 8.2 and 7.55 pprn as 
broad, faint multiplets in the experimental spectrum. In 
DMSO-d, a dramatic shift occurred that placed the 
aromatic region signals at 8.2 pprn (2H), 7.2 ppm 
(1.3H), and 6.8 ppm (34H) with a single signal repre- 
senting 2H at 3.35 ppm. Incremental addition of 
deuterochloroform to the DMSO-d, sample produced a 
dramatic shift of the DMSO-d, signals toward 8 ppm at 
10% CDCI, content. At 30% CDCI, this sample slowly 


PhNH,O 


reverted from the signals at 10% CDCI, to a spectrum 
having the characteristics of the CDCI, sample plus 
broad signals at 7.95 and 7.4 ppm. When DMSO-d, was 
incrementally added to the CDCI, sample (5%),  the set 
of signals at ca 8 ppm increased in intensity, as did the 
signal at 7.5 ppm. At 30% DMSO-d, the signal at 
6.8 ppm was much diminished, but the intensity of the 
signal at 8.10 ppm increased. Overlapping both regions 
was a broad signal without much fine structure. The 
signals due to protons associated with the heteroatoms 
appeared at 4.5 pprn as a broad singlet. The conclusion 
from this study was that two species were present in 
each solvent, and they were interconverted by dilution 
of one solution with the other solvent. In the spectrum 
measured in 30% CDCI,-DMSO-d,, both species are 
simultaneously present. 


These studies support the hypothesis that a species 
with a formal positive charge, such as 7, occurs in 
DMSO-d,. This conclusion was demonstrated by 
synthesizing N,N-dimethylaniline N-oxide and deter- 
mining the ‘H NMR spectrum in CDCI,. The synthesis 
was carried out with m-chloroperbenzoic acid in 
methanol.” The ’H NMR spectrum in CDCI, showed 
aromatic signals at 6.8 ppm (2H), 7-3 ppm (3.4H) and 
7 6  ppm (1.6H), similar to the signals of N-phenylhy- 
droxylamine in DMSO-d,. When DMSO-d, was added 
to this sample (30%), a new set of signals appeared, in 
addition to those already described, at 6-95 ppm. This 
set of observations indicates consistency with the 
hypothesis that 7 is a dominant species in DMSO. 


CONCLUSIONS 
The change in the slopes of the Hammett plots for 
solvent effects between methanol and DMSO are minor 
for the series of substituted N-methylanilines, but major 
for comparable N-phenylhydroxylamines. The greater 
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change in slope can be attributed to ionization of the H +  
from the 0 atom in the hydroxylamine portion in 
DMSO, which is not found in methanol. In methanol, 
the similarity of the slopes of Hammett plots indicates 
ionization of the H +  from the N atoms in the two types 
of molecules. 
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STRUCTURE-REACTIVITY CORRELATIONS FOR AZA-ARENES, 
PROTON AFFINITIES, pKa VALUES, HYDROGEN-DEUTERIUM 


EXCHANGE RATES AND RADICAL-INDUCED 13C SHIFTS 


JENS SPANGET-LARSEN 
Department of Life Sciences and Chemistry, Roskilde University, P.O. Box 260, DK-4000 Roskilde, Denmark 


Molecular reactivity parameters based on the concept of an effective electronic potential and defined as a simple 
function of the molecular charge distribution were applied in a study of various aspects of the chemical 
reactivity of azabenzenes and azanaphthalenes. Excellent linear correlations were obtained for proton affinities, 
pK, values, H-D exchange rate exponents and ''C shifts induced by the paramagnetic shift reagent TEMPO. In 
the last case, the predictions for quinazoline prompted a reinvestigation of the I3C NMR spectrum of this 
compound, resulting in a reassignment of the spectrum relative to the assignment assumed by Grant and co- 
workers. 


INTRODUCTION 


Interpretation of the chemical reactivity associated with 
the n-systems of conjugated compounds in terms of 
electronic parameters derived from n-electron theory 
has a long and strong tradition,' but the derivation of 
first-order 'reactivity indices' for reactions involving 
primarily the a-electron skeletons seems more proble- 
matic. In this work, a simple reactivity parameter based 
on the concept of an effective electronic potential was 
applied to various aspects of the chemical reactivity of 
aza-arenes (Scheme 1). Effective potentials have been 
shown to be successful in the prediction of relative pK, 
values for ground and excited states of aza-ar~mat ics ;~~~ 
in the following, the approach is refined and extended to 
aspects of the reactivity related to the CH acidity of 
these compounds. 


EFFECTIVE ATOMIC POTENTIALS W 
The electron distribution in a molecule is generally 
different from that of the corresponding superposition 
of formally isolated atoms. The effective atomic orbital 
(AO) energies W for an atom in a molecule can be 
approximated by a simple analytical function of the 
molecular charge d is t r ib~t ion .~ ,~ ,~  We shall assume that 
the energy W of a valence A 0  can be written as 


(1) 
where -W@) is an effective valence state ionization 
potential for the isolated neutral atom6 and Wfl)  and 
W"' are one- and two-centre molecular correction terms 


w= W'O' + w'l) + w'2' 


depending on the gross atomic valence populations Q. 
The functional form of the total one-centre contribution 
W'O) + W ( ' )  is chosen as the one suggested by Linder- 
berg and Ohm' on the basis of a study of differential 
ionization potentials, 


W'O) + W(I)= - (a  + B dQ)3'2 (2) 
where SQ is the formal net atomic charge, 
dQ = (ZcaK - Q ) / l  e 1, a is determined from 
a3/2 = - W'O) and /? is optimized4 within a least-squares 
criterion to reproduce the valence-state ionization 
potentials for the positive and negative atomic ions6 (the 
ionization potential for the positive ion is not defined 
for atomic hydrogen; two alternative parameterizations 
have been suggested for this atom4). The two-centre 
term W f )  for a valence A 0  on a centre A is taken as 


(3) 
B +  A 


where yAB represents the Coulomb repulsion between a 
valence electron on atom A and a valence electron on 
atom B. yAB is approximated by the expression' 


where rAB is the interatomic distance and the atomic 
parameters yA and ye are effective valence-shell electron 
repulsion terms derived from empirical atomic data.' 
Ordinary atomic parameters W"', a, B and y for the 
valence AOs of H, C, N, 0 and Fare given in Table 1. 


The effective atomic potentials described above were 
introduced more than 20 years ago4.' and have been 
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Hls 
c2s 


N2s 


02s 


F 2 S  


C2P 


N2P 


02P 


F2P 


- 13.595 
- 19.42 
- 10.93 
-25.58 
- 13.94 
-32.30 
-14.61 
-39.39 
-18.11 


a= 


5.6962120 
7.2249162 
4.9250817 
8,68161 18 
5.7921773 


10.1422664 
5.9763150 


11.5768566 
6.8962389 


B 
~ 


Y 


4.870730 
2.936921 
3.559590 
3.009212 
3.852758 
3.234959 
4.536384 
3.385321 
4.153235 


12.848 
10.333 
10.333 
11.308 
11.308 
13.907 
13.907 
15.233 
15.233 


4 


1 2 3 


10 11 


NW 
16 17 


22 23 


4 5 6 7 8 9 


12 


Na 
(0 


18 


24 


13 14 15 


25 


Scheme 1 


applied in a number of investigations, particularly of the 
ionization energies of aza-aromat ic~ .~ .~~~ As previously 
pointed the negative of the atomic potential W can 
be considered as an approximate local ionization energy, 
estimating the ease of partly removing a valence electton 


from the centre in question and thereby serving as an 
indicator of the local nucleophilicity. In this respect, the 
effective potenti!l W is conceptually related to the mol- 
ecular property I(r) introduced in 1990 by Politzer and 
co-workers.”.” i(r) can be interpreted as the average 
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energy needed to ionize an electron at any particular point 
r in the space of the molecule and is rigorously defined 
within the framework of closed-shell- Hartree-Fock 
theory. Average local ionization energies Z(r) on molecu- 
lar surfaces have been shown to be useful guides to the 
chemical reactivity for a variety of compounds, includ- 
ing the azines."." However, computijtion and mapping 
of the three-dimensional function I(r) on a suitable 
molecular surface is complicated, and analysis of the 
results in terms of intramolecular contributions is not 
straightforward. The less sophisticated, semiempirical 
parameter W have the advantage of great computational 
simplicity, and they are readily analysed in terms of 
atomic contributions, facilitating discussions of the 
origin of the predicted trends.2 Moreover, their definition 
is not restricted to closed-shell systems; for example, W 
values for excited states have been shown to be of great 
predictive value.3 Further evidence for the predictive 
power of this approach is provided by the results of the 
ensuing study. 


In the present application to the aza-arenes, the net 
atomic charges SQ are computed by a charge-iterative 
version of the energy weighted maximum overlap 
(EWMO) method. I2 - l4  Details of the calculation 
procedure were given in previous  publication^,^.^.^ 
where also references to the molecular geometries used 
in the calculations can be found.2 The computed shifts 
of the effective A 0  energies, 


are treated as chemical reactivity indices; the shift SW, 
for an atom A other than hydrogen shall be taken as 
dWMP (SWA2, and SWA2,, are essentially identical for 
A = C or N). Positive SW corresponds to an increased 


( 5 )  dW = w - W'O' = w(1) + W'2' 


Table 2. Calculated 6W, values (ev), predicted and observed 
proton affinities (kcal mol") and pK, values for the 
azabenzenes 2-9; values in italics are predicted on the basis of 


the calculated 6W, values 


Compound 6W, PAa PAb PA' pK,d pK,' 


2 1.95 
3 1.73 
4 1.63 
5 1.49 
6 N-1 1.34 


N-2 1.36 
7 N-1 1.26 


N-2 1.39 
N-4 1.15 


8 1.24 
9 0.84 


235.8 
229.5 
224.2 
219.9 
214.2 
216.4 
212.5 
216.8 
205.5 
211.6 
196.4 


223.2 222.0 
217.3 218.3 
2146 215.5 
210.8 210.8 
206.7 
207.3 
2046 
208.1 
201 6 
204.0 203.3 
193.2 


4.72 5.17 
2.67 2.30 
1.74 1.23 
0.44 0.67 


-0.96 
-0.77 
-1.71 
-0.50 
-2.73 
-1-89 -1.7' 
-562 


*Proton affinities calculated by ab inifio Hamee-Fock theory at the 
3-21 +G//3-21G level." 


'Observed proton affinities.' The values in Ref. 17 are 1-2 kcalmol-' 
smaller. 


Proton affinities predicted b equation (7). Y 


pK, predicted b e uation (9). 


pK, for s-mazine estimated by extrapolation from observed data for 
'Observed pK.. 'P 


methyl derivatives.I9 


electronic potential (relative to the isolated atom). In 
general, the more positive i s  dW, the higher basic and 
nucleophilic character should be associated with the 
corresponding region of the molecule. SW, for the aza 
centres in a series of aza-arenes thus tend to correlate 
with the pK, values of  the corn pound^^-^ (see below). 
On the other hand, the more negative is dW, the more 
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acidic and electrophilic should be the corresponding 
part of the molecule. For example, as we shall show, 
dW, and dW, values for CH bonds serve as a basis for 
the definition of reactivity indices for the CH acidity of 
the aza-arenes. 


PROTON AFFINITIES 


One of the most important chemical properties of aza- 
arenes such as pyridine and quinoline (Scheme 1) is 
their ability to act as proton acceptors, e.g. 


The gas-phase proton affinity, PA, is defined as the 
negative of the enthalpy change AH' associated with 
this reaction. PAS for several azabenzenes calculated by 
ab initio Hartree-Fock theoryI5 are given in Table 2 ,  
together with the computed dWN values. An excellent 
linear correlation exists between the two sets of theor- 
etical data, as shown in Figure 1. There is also a very 
convincing correlation with the experimental PAS 
reported by Meot-NerI6 (Table 2); the observed PAS are 
reproduced to an accuracy of about 0.5% by the 
expression 


PA/kcal mol--' = 170.54 + 27.01221 dWN/eV (7) 
(SD= 1.15 kcalmol-I, R=0.991) (1 kcal=4.184 kJ). 
The correlation of the observed PAS with 6W, is 
superior to the corresponding correlation with local 
surface ionization energies IS,min computed within ab 
initio Hartree-Fock theory by Politzer and co-workers" 
(SD = 1.74 kcalmol-I, R = 0.978). 
PAS for 1,2,3-triazine (6) ,  1,2,4-triazine (7) and s- 


tetrazine (9) estimated on the basis of equation (7) are 
given in Table 2. Tentative PA predictions for 
azanaphthalenes are given in Table 3. Tentative PA 
predictions for azanaphthalenes are given in Table 3. 
Only a few experimental values are available to test 
these results, but the predicted increase in the PA by 
about 7 kcalmol-' on annelation of a benzene ring to 
pyridine (2), pyridazine (3) and pyrazine ( 5 )  is in 
keeping with the experimental evidenceI6 (Table 3). 


The success of the 6W approach is remarkable. For 
example, the 6W,, values adequately account for the 
relative PAS of the diazines pyridazine (3), pyrimidine 
(4) and pyrazine (9, where sophisticated procedures 
such as MNDO and AM1 fail." Previous analysis has 
demonstrated that the Coulombic two-centre terms Wg)  
are essential for reproduction of the experimental 
trend, indicating that the nitrogen basicity of aza- 
heteroc cles is sensitive to electronic long-range 
effects. This result is consistent with previous observa- 
tions that the base strengths of nitrogen heterocycles 
do not correlate with calculated nitrogen gross 
charges. 2o 


Y .  


Table 3. Calculated dW, values (eV), predicted and observed 
proton affinities (kcal mol-l) and pK, values for the 
azanaphthalenes 11-25; values in italics are predicted on the 


basis of the calculated SW, values 


Compound 6WN PA" PAb pK,' P K d  


11 2.20 
12 2.18 
13 N-1 1.92 


N-2 1.91 
14 N-1 1.97 


N-3 1.90 
15 1.80 
16 1.97 
17 N-1 1.92 


N-6 1.98 
18 N-1 1.89 


N-7 1.98 
19 2.06 
20 2 a  
21 1.87 
22 1.90 
23 N-1 1.57 


N-4 1.67 
N-5 1.84 


24 N-1 1.52 
N-3 1.43 
N-5 1.14 
N-8 1.29 


25 1.44 


230.0 227.6 
229.4 227.5 
222,4 224.3 
222.1 
223.8 
221.9 
219.2 217.1 
223.8 
222.4 
224.0 
221 6 
224.0 
226.2 
2256 
221 .I 
221.9 
212.9 
215.7 
220.2 
2116 
209.2 
201.3 
205.4 
209.4 


4.94 4.90 
5.43 5.40 
2.01 
2.61 2.37 
2-53 2.01' 
2.50 
0.75 0.56 
2.53 2.84 
2-01 
3.34 3.76 
I .70 
3.34 3.61 
3.48 3.36 
3,97 3.47 
2.19 
2-50 


- I  6 6  
-061 


1-17 1.2 
-2.18 -2.5' 
-2.42 
-6.16 
-4.58 
-3.02 -3.0' 


"Proton affinities predicted by equation (7). 
bobserved gas-phase proton affinities.I6 
' pK. predicted b equations (10) and ( 1  1). 
d o h e w e d  PK..~' 


'Estimated pK. for ~ t e r i d i n e . ~ ~  
pK, for quinazoline determined by fast reaction techniques.26 


Average of estimated pK,s for pyrazin0[2,3-b]pyrazine.~~.~' 


pK, VALUES 
While calculation of gas-phase PAS seems to be rela- 
tively straightforward, prediction from first principles 
of the corresponding pK, values in solution is very 
difficult. The pK, value for an aza-arene in aqueous 
solution refers to a thermodynamic equilibrium, e.g. 


@'H + H,O ON: + H,O+ (8) 
Ka c 


The equilibrium constant K, depends on entropy 
changes and solvent effects that are not easily calculated 
theoretically.21 However, the pK, values of nitrogen 
heterocycles are important in biological 
structure-activity work, and considerable interest has 
been devoted to the problem of establishing effective 
empirical or semi-empirical procedures for pK, 


In aqueous solution, the solvent attenuation of the 
basicity is essentially different for azabenzenes and 
azanaphthalenes, and for the latter the attenuation is 







5 0 0  J. SPANGET-LARSEN 


different for aza centres in a- and p-positions; the differ- 
ences have been discussed in terms of steric inhibition of 
solvation.16 It is thus preferable to estimate pKa values by 
treating independently the three types of nitro en posi- 
tions. For azabenzenes we apply the relationship F 


pKa = - 13.436 + 9.30964 6 W,/eV (9) 
(SD=0.48 pH units, R=0.986) (in the applications 
reported in this paper, 6W was not weighted by statis- 
tical factors for compounds with two or more equivalent 
reaction centres; it is sometimes unclear if experimental 
data in the literature have already been corrected for 
‘statistical effects’). For nitrogen atoms in naphthalene 
a-positions, we refer to the linear regression for the 
series quinoline ( l l ) ,  quinoxaline (15), 1,5- 
naphthyridine (16), 1,8-naphthyridine (19), pyrido[2,3- 
blpyrazine (23) and pyrazino[2,3-b]pyrazine (25):2 


pK, = -18.098 + 10.47277 GW,/eV (a-nitrogen) 


(10) 
(SD = 0-19 pH units, R = 0-998). Insufficient empirical 
data are available for the calibration of a similar rela- 
tion for p-positions; we shall apply equation (10) also 
for /?-positions, but add 0.7 pH units to the predicted 
pK, to obtain agreement with the observed pK, for 
isoquinoline (12), i.e. 


pK, = -17.398 + 10.47277 dW,/eV (@-nitrogen) 


(1 1) 
The resulting correlation between observed and esti- 
mated pKa values for 5 azabenzenes and 13 
azanaphthalenes is shown in Figure 2. The standard 
deviation (SD) is 0.3 pH units. This is probably an 
indication of the kind of accuracy that may be expected 


in carefully calibrated predictions based on 6WN values 
within series of aza-arenes. In general, the relationship 


pKa = c + 10 6WN/eV (12) 
may be useful for rough estimates of relative pK, 
values.’ This relationship was applied in studies of 
aminopyrimidines and aminoquinoxalines,’ where 6 WN 
was computed on the basis of net charges predicted by 
INDOIS calculations. In particular, the 6WN values so 
obtained were used to estimate protonation site and 
relative pK, values for ground and excited states of 
several aminoquinoxalines; the results were consistent 
with the experimental evidence.’ 


Predicted pKa values for several azabenzenes and 
azanaphthalenes are given in Tables 2 and 3. The pKa 
value for 1,2,3-mazine (6) is predicted to be cu -1. Inthe 
case of 1,2,4-triazine (7), the 2-position is clearly 
predicted as the most basic site. This is consistent with the 
recent results of Politzer and co-workers; ” however, 
their prediction of a pK, value of -1-8 is at variance 
with the result of the present procedure, yielding a pKa 
value of cu -0.5.’ The pKa value for s-tetrazine (9) is 
estimated to be cu -6. It is difficult to judge the 
significance of this much extrapolated value, but it is 
probably more realistic than the value of - 1.5 estimated 
by Brogli et al.24 The pK, values for the p,B- 
naphthyridines 21 and 22 are, surprisingly, predicted to 
be appreciably smaller than that reported for phthalazine 
(20). In the a,p-diaza derivatives 13, 17 and 18, the p- 
nitrogen is predicted to be more basic than the a-nitrogen, 
but in quinazoline (14) similar pKa values are predicted 
for the two nitrogen positions. In pteridine (24), the 1- 
position is predicted to be slightly more basic than the 3- 
po~ition;~ the predicted pKa value of -2.2 is consistent 
with the value of -2.5 estimated by Pemn et al.” 


-4 -2 0 2 4 6 8 


PK, (est.) 


Figure 2. Correlation of observed and estimated pK, values for azabenzenes and azanaphthalenes (SD = 0.32 pH units) 
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HYDROGEN-DEUTERIUM EXCHANGE RATES 


Replacement of a CH unit in an aromatic hydrocarbon 
by a nitrogen atom introduces a basic centre. At the 
same time, the introduction of an electronegative 
heteroatom in the ring may be expected to increase the 
acidity of the remaining CH groups by means of an 
inductive effect, thereby facilitating the formation of 
carbanions. Zoltewicz et aLzs investigated this 
hypothesis by measuring the rates of H-D exchange of 
pyridine and the diazines in CH,ONa-CH,OD, e.g. 


.-@ - .-@ (13) 


The rate-determining step can be considered to be 
deprotonation by strong base to give an H-bonded 
~arbanion,'~ e.g. 


CH,O-/CH,OD 


However, contrary to expectation, it was found that 
nitrogen does not facilitate anion formation at adjacent 
positions to the degree that it facilitates anion formation 
at more removed centres. For pyridine (2), it was found 
that exchange of the meta- and para-hydrogens pro- 
ceeded about 10 times as fast as exchange of the ortho- 
hydrogens. 


The transition state of the deprotonation reaction 
must correspond to a situation where the CH bond is 
largely broken. We tentatively define a simple 'bond 
potential' dWcH for the CH bond: 


dW,, =; (dW, + dW,) (15) 


dWcH may be thought of as a qualitative measure of 
the effective electronic potential in the CH bond region. 
The lower is dWcH, the more thermodynamically stable 
should be the CH bond but, at the same time, the more 
electrophilic should be the bond, and the faster should 
it react with base to form a carbanion, corresponding to 
larger k H D  (smaller pkHD). The computed dW,, values 
for the ortho, tneta and para positions in pyridine (2) 
are +0.20, +0.04 and -0.04 eV, respectively, in 
agreement with the relative ordering of the observed 


3.8 x lo-' 1 mol-ls-'. The unusual relative exchange 
rates discussed by Zoltewicz et al.*' are thus easily 
explained by the relative CH bond potentials. The 
relative reactivities cannot be explained by the local net 
charges; the calculated charge distribution for 2 sug- 
gests that the positively charged ortho positions should 
be far more electrophilic and acidic than the meta and 
para positions, as expected on the basis of an induc- 
tive effect. However, consideration of two-centre 
Coulombic interaction terms leads to a large increase in 
the effective atomic potentials in the ortho positions, 
and thereby to agreement with the observed trend. It is 
interesting that the relative CH bond lengths in 229 
show the opposite ordering to the exchange rates kHD; 
this is probably a reflection of the expected inversal of 
the ordering of thermodynamic and kinetic stabilities. 


dW,, values computed for benzene and several 
azabenzenes (using the 'hydrogen-corrected' parameters 
defined in Ref. 4) are given in Table 4 to ether with the 
pkHD values reported by zoltewicz et a].' As shown in 
Figure 3, a convincing linear correlation is observed 
between the two sets of data, thereby supporting the 


k H D  VaheS 3 . 2 ~  3 . 0 ~  and 


Table 4. Calculated 6W,, and 6W, values (eV), predicted and observed 
hydrogen-deuterium exchange rate exponents pk,, and radical-induced "C shifts Adf 
(ppm) for benzene (1) and the azabenzenes 2-9; values in italics are predicted on the 


basis of the calculated SW,, or 6W, values 


Compound 6WcH pkHDa pkHDb 6WH ABf' A6,d 


1 +0.450 
2 H-2 +0.196 


H-3 + o w 1  
H-4 -0.040 


3 H-3 -0.259 
H-4 -0.513 


4 H-2 -0.136 
H-4 -0.336 
H-5 -0.414 


5 -0.242 
8 -0.694 
9 - 1.064 


6.85 6.88 
5.55 5.50 
4.75 4.52 
4,34 4.42 
3.21 2.85 
1.91 1.69 
3.84 3.94 
2.82 3.41 
2.42 2.26 
3.30 3.52 
0.98 


-0.91 


-0.240 
-0.362 
-0.630 
-0.677 
-0.809 
- 1.128 
-0.520 
-0.830 
- 1.059 
-0.780 
-0.995 
- 1.386 


5.07 
6.19 
8.67 
9.10 


10.32 
13.28 


7.65 
10.52 
12.63 
10.06 
12.04 
15.66 


5.64 
6.9 1 
8.13 
8.55 


10.91 
13.86 
7.55 


12.68-13.99' 
14.16-15.79' 
11.02 
14.93 


pk,, predicted b the regression equation in Figure 3. 
bobserved pk,,. 2 l  


'Adi predicted by the regression equation in Figure 4. 
dObserved Adi induced by the shift reagent TEMPO.'" 
'Adi dependent on the concentration of the shift reagent.'" 
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Figure 3. Linear regression of observed H-D exchange rate exponents pkHDZS) on 6WcH values for benzene (l), pyridine (2) and the 
diazines (3-5). The regression equation is pkHD = 4.542 + 5.128128WCH/eV (SD = 0.29, R = 0.984) 


assumption that the relative exchange rates can be 
explained in terms of the bond potentials. On the basis 
of the present results, s-tetrazine (9) is predicted to 
exchange hydrogen about 80 times faster than s-triazine 
(8) and almost 10' times faster than benzene (1). 


RADICAL-INDUCED 13C SHIFT'S 
In 1984 Grant and co-workers published an investigation 
of the NMR I3C shifts induced by the free radical TEMPO 
(2,2,6,6-tetramethyIpiperidinyl- 1 -oxy) for several nitrogen 
heterocyclic  compound^.^^ The induced shifts Adf were 
larger than those observed for the corresponding aromatic 
 hydrocarbon^,^' indicating a stronger interaction between 
the nitrogen heterocycles and the shift reagent TEMPO. 
However, it was found that for aza-aromatics, the stronger 
interaction is not at the adjacent positions to the nitrogen 
atoms. For pyridine, for example, the induced shifts Adf 
for the ortho, ineta and para positions are 6.91, 8.13 and 
8.85 ppm, respectively (compared with 5-64 pprn for 
benzene). Grant and co-workers showed that for pyridine 
(2), pyridazine (3), pyrazine (5) and scmazine (8), the 
Adf values increase in an additive manner with increasing 
number of nitrogen atoms in the ring, but that pyrimidine 
(4) forms a striking exception. The interactions between 
pyrimidine and TEMPO appear to be stronger, consistent 
with the observation that the induced shifts in pyrimidine 
exhibit a much larger concentration dependence than in the 
other nitrogen heterocycles investigated (Table 4). Also, 
the results for quinazoline (14) were found to be proble- 
matic, with apparent inversion of the order of the induced 
shifts for C-2 and C 4  as compared with pyrimidinem (see 
below). 


The order of the induced shifts for pyridine is similar 


to that of the CH acidities discussed in the preceding 
section, indicating that the relative strengths of the 
contact interactions may be somehow related to the 
relative acidities. We have found that an approximate 
linear correlation exists between observed Adf values and 
calculated dW, parameters, except for compounds with 
aza centres in a 1,3-arrangement (e.g. 4, 8 and 14). 
Figure 4 shows the linear regression for 23 methine 
positions in benzene (l), pyridine (2), pyridazine (3), 
pyrazine (9, naphthalene (lo), quinoline (11) and 
isoquinoline (12); the standard deviation is 0.6 ppm. A 
number of trends are well accounted for by the computed 
dWH values (Tables 4 and 5). For example, the large 
spread of the Adf values for quinoline (11) relative to 
that for isoquinoline (12) is well reproduced. The largest 
and smallest shifts for 11 are correctly predicted in the 4- 
and 8-positions. The unusually small shift in the 8- 
position of 11 is correctly predicted to be even smaller 
than the shifts in naphthalene; this shift is apparently an 
exception to the general rule that the introduction of aza- 
nitrogen into an aromatic hydrocarbon causes an increase 
of the induced shifts. 


Taken at its face value, the correlation in Figure 4 
indicates that the induced shifts in these compounds are 
influenced by the electrophilicity of the exposed H 
atoms, which probably determines the relative strengths 
of the temporary contact interactions with TEMPO, e.g. $ ..... H@ (16) 


On the other hand, compounds such as 4, 8 and 14 do 
not fit well into the correlation in Figure 4. In the case 
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Figure 4. Linear regression of observed radical-induced ''C chemical shifts on 6WH values for benzene (l), pyridine (2), 
pyridazine (3), pyrazine (S), naphthalene (lo), quinoline (11) and isoquinoline (12). The regression equation is 


AbJppm = 2.848 - 9.240386WH/eV (SD = 0.61 ppm, R = 0.915) 


Table 5. Calculated dWH values (eV), predicted and 
observed radical-induced "C shifts Adf (ppm) for 
naphthalene (10) and the azanaphthalenes 11, 12 and 
14; values in italics are predicted on the basis of the 


calculated bW, values 


Compound SWH Abf" Abib 


10 H-1 -0.298 5.60 5.70 
H-2 -0.294 5-56 5.71 


11 H-2 -0.415 6.68 7.25 
H-3 -0.649 8.85 8.5 1 
H-4 -0.689 9.21 9.56 
H-5 -0.561 8.03 8.04 
H-6 -0.505 7.5 I 6.72 
H-7 -0.483 7.31 6.52 
H-8 -0.212 4.81 4-49 


12 H-1 - 0.446 6.97 7-84 
H-3 -0.350 6.08 6.65 
H-4 -0.616 8.54 8.00 
H-5 -0.606 8.45 8.24 
H-6 -0.608 8.4 7 7.61 
H-7 -0.589 8.29 7.64 
H-8 -0.626 8.63 8.19 


14 H-2 - 0.49 1 7.39 6.80' 
H-4 -0.814 10.37 16.21' 
H-5 -0.886 11.04 12.92 
H-6 - 0.80 1 10.25 9.91 
H-7 -0.796 10.20 9.5 1 
H-8 -0.522 7.67 6.23 


'Ad, predicted by the regression equation in Figure 4. 
bobserved Ad, induced by the shift reagent TEMPO.W 
'Ad, corresponding to a reassignment (dC-2 = 155.21, 
bc-4 = 160.10 ppm) of the I3C spectrum of quinazoline (see 
text) 


of quinazoline (14), the agreement between the 
predicted shifts and those published by Grant and co- 
workersM is particularly poor, with deviations as large 
as 9 ppm; the predicted Adf values for the C-2 and C-4 
are 7.4 and 10.4 ppm (Table 5), in striking disagree- 
ment with the observed shifts 16.2 and 6.8 ~ p m . ~ '  
However, the reported shifts for 14 are problematic; 
they are consistent only with a complete reversal of the 
general trend that induced shifts in positions adjacent 
to aza-nitrogen tend to be small. 


The published assignments for C-2 and C-4 of 
quinazoline (14) d i~e rge .~*- '~  In view of the situation 
indicated above, we have reinvestigated the I3C NMR 
spectrum of 14 in DCCI, using the COLOC tech- 
n i q ~ e . ~ ~  The observation of a cross peak due to a long- 
range coupling (delay optimized for a long-range 
coupling of 5 Hz) between C-4 and C-5 unambigu- 
ously confirms the assignment in Ref. 34 and thus 
reverses the assignment published in Refs 32 and 33 
and assumed by Grant and co-~orkers.~'  In Table 5 ,  
the induced shifts reported for the 2- and 4-positions in 
14 have thus been reassigned, resulting in 
Ad, = 6.80 ppm for C-2 and 16.21 ppm for C-4. The 
reassignment leads to consistency with the induced 
shifts observed for 4 and to improved agreement with 
the predicted shifts (Table 5). 


Figure 5 shows the correlation between observed Adf 
values and computed dW, parameters, with inclusion 
of results for the problematic '1,3-aza compounds' 4, 8 
and 14. It is apparent that the relatively small shifts 
(6-10 ppm) in the 2-position of 4 and the 2-, 6-, 7- and 
8-positions of 14 are reasonably well predicted, but 
the large shifts (13-16 ppm) observed for 8 and for the 
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P '  Figure 5. Same as Figure 4, but with inclusion of results for yrimidine (4), s-triazine (8) and quinazoline (14), indicated by 
triangles. The points for 14 correspond to a reassignment of the 'C shifts relative to that of Grant and co-~orkers '~  (see text). The 


regression line is that from Figure 4 


4- and 5-positions in 4 and 14 are all underestimated. 
The induced shifts for these positions are apparently 
increased by some factors that are not represented by 
the atomic potentials 6WH. The largest deviation is for 
14, where the very large shift in the 4-position is 
underestimated by 6 ppm. It is possibly significant that 
fused pyrimidines such as 14 (and 24) are considerably 
more chemically reactive than most other aza-aromatics; 
for example, they tend to undergo fast covalent hydra- 
tion across the 3,4-bond in aqueous acidic media.22.36 


CONCLUSION 
The results for aza-heterocycles presented in this paper 
indicate that a promising approach towards the predic- 
tion of chemical reactivities may be based on a 
definition of effective atomic potentials as a simple 
function of atomic charges and interatomic distances, 
quantities that are easily estimated by standard molecu- 
lar modelling procedures. The conceptual and 
computational simplicity of the procedure is appealing 
and facilitates analysis of the results in terms of atomic 
contributions.* Results relating to pK, values for ground 
and excited states of aza-aromatics have been discussed 


but the approach seems valid also for 
very strong interactions, such as in H-D exchange 
reactions involving rupture of a covalent CH bond, and 
for very weak interactions, as with the free radical 
TEMPO. 
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REVIEW COMMENTARY 


STRAIN AND STRUCTURAL EFFECTS ON RATES OF FORMATION 
AND STABILITY OF TERTIARY CARBENIUM IONS IN THE LIGHT OF 


MOLECULAR MECHANICS CALCULATIONS 


PAUL MULLER, JIM MAREDA AND DIDIER MILIN 
De'partement de Chimie Organique, Universite' de GenPve, 121 I Geneva 4 ,  Switrerland 


An empirical MM2 force-field was developed for the calculation of steric or strain energies of carbenium ions, 
and applied to the rationalization of the rates of solvolysis of bridgehead derivatives. The latter constitute a 
homogeneous series of model compounds for solvolysis, spanning a rate range of ca 20 log units. Their rate 
constants correlate with the calculated steric energy differences between bridgehead bromides and the 
corresponding carbenium ions. The rate constants of tertiary derivatives of general structure may similarly be 
rationalized in terms of strain changes, although the correlation exhibits more scatter than that for the 
bridgehead derivatives alone. In the bridgehead series, the relative free energies of activation for solvolysis 
correlate with the heterolytic bond dissociation energies D"(R + - Br-)  in the gas phase. However, this 
correlation breaks down when simple mono- and acyclic substrates are included. This is attributed in part to the 
proximity of the leaving group in the transition state of solvolysis, which stabilizes the developing positive 
charge at the cationic centre in comparison with the charge of the free ion. The significance of the force-field 
calculations with respect to the structure of bridgehead carbenium ions was tested by comparison of structural 
data obtained from ab initio calculations. The structures of cations suffering strong distortions owing to C-C 
hyperconjugation are poorly reproduced by the molecular mechanics calculations, the parameters of which are 
based on solvolytic reactivity and not on carbenium ions. 


INTRODUCTION 
The classical approach to the understanding of the 
factors governing chemical reactivity consists in the 
application of linear free energy relationships 
(LFERs).' These use the assumption that one can 
separate the reacting molecule in two parts, namely a 
reactive centre and a substituent. The latter does not 
participate directly in the reaction. Using appropriate 
reference reactions, it is possible to derive constants 
which are characteristic for the substituents, and these 
constants may be used to characterize other reactions 
with respect to their sensitivity towards substituent 
effects. LFERs play a prominent role in mechanistic 
chemistry, particularly for the interpretation of elec- 
tronic effects. They are also used for steric effects, and 
substituent constants expressing the steric requirements 
of various groups have been developed, for example by 
Taft2 and Charton.' 


CCC 0894-3230/95/080507-22 
0 1995 by John Wiley & Sons, Ltd. 


The applicability of steric substituent constants is 
limited, however, to situations where the molecules 
under consideration do not undergo conformational 
changes during the reaction, since this could violate the 
assumption of absence of direct interactions between 
the reactive centre and the substituent. Unfortunately, 
this condition is often not satisfied. For example, in the 
homologous series of monocyclic compounds undergo- 
ing sp2-sp3 interconversions at one reactive centre, the 
overall strain changes are almost exclusively determined 
by ring strain (I-~train),~ and the influence of the 
substituents is almost negligible, as long as their steric 
requirements remain within reasonable limits. Indeed, a 
variety of reactions involving rate and equilibrium 
constants of monocyclic compounds may be interpreted 
in terms of the I-strain hypothesis, which was formu- 
lated over 40 years ago and has since been verified 
re~eatedly.~ 


An alternative approach, initially proposed by Ivanoff 
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and Magat6 and further developed by Becker,' consists 
in evaluating the energies of the reactants and the 
respective transition states, and relating the resulting 
energy differences to the rates of reaction. The recent 
development of efficient and reliable empirical and 
theoretical computational procedures has greatly facili- 
tated this approach and has substantially improved our 
understanding of steric effects.x 


STRAIN EFFECTS ON BRIDGEHEAD 
SOLVOLYTIC REACTIVITY 


The solvolytic reactivity of bridgehead derivatives has 
been the subject of many investigations in the past, 
mainly by Schleyer and his school, and much of  our 
current knowledge on solvolytic processes is derived 
from these studies. Bridgehead derivatives are particu- 
larly appropriate for such investigations. They are 
mechanistically homogeneous; for structural reasons, 
the rear of the reacting centre is shielded from inter- 
ventions by solvent molecules, so that the reaction 
mechanism may not involve solvent participation ( k ,  
contributions). The solvolysis of bridgehead derivatives 
occurs usually with preservation of the molecular 
structure; rearrangements are rare and easily detect- 
able when they occur, and non-classical effects are 
largely absent. In addition, the range of reactivity 
of bridgehead derivatives is enormous, and this makes 
the series particularly attractive for quantitative 
structure-reactivity correlations. This latter advantage, 
however, is compensated by a major inconvenience: the 
rates of solvolysis must be determined with different 
leaving groups in order to cover the whole range of 
reactivities, and conversions from different solvents 
and/or leaving groups are required. In addition, the rate 
constants available in the literature often refer to 
different temperatures, so that extrapolations are 
required in order to establish a reactivity scale covering 
the full range. 


The F-strain problem 


Schleyer and his school developed a molecular 
mechanics model in order to express the solvolytic 
reactivities of bridgehead derivatives in terms of strain 
changes owing to hybridizatian changes from sp3 to sp2 
at the reacting centre.' Irrespective of the leaving group 
used in the rate studies, the strain of  all the compounds 
under investigation was assumed to be that of the 
appropriate bridgehead hydrocarbon. The structure of 
the transition state of solvolysis, in turn, was approxi- 
mated by that of the corresponding carbenium ion (l) ,  
and a force-field parametrization for the latter was 
derived. 


R3C-H -+ R3C" (1) 
Satisfactory plots were obtained when the log k for 


the rates of solvolysis of chlorides, bromides, p -  
toluenesulphonates and trifluoromethanesulphonates 
were correlated with the calculated changes in steric 
energies between the bridgehead hydrocarbons and 
carbenium ions but, surprisingly, the slopes of the 
straight lines changed from 3.12 (chlorides), to 2.44 
(bromides), 1.1 1 (p-toluenesulphonates) and 0.94 
(trifluoromethanesulphonates). This change in slope 
was attributed to the inadequacy of the computational 
model. I f  F-strain,'"." i.e. strain between the leaving 
group and the molecular skeleton, was present in some 
of the compounds investigated, the computational 
model, which uses hydrogen as a surrogate for the 
leaving group, would not have accounted for it. Since 
F-strain expectedly varies in function of the bulk of 
the leaving group, the systematic neglect of F-strain 
was held responsible for the changing slopes for the 
different leaving groups in the strain-reactivity 
correlations. 


Subsequent studies showed, however, that the chang- 
ing slopes are not attributable to F-strain, but rather to 
inadequate parametrization of the early force fields: 
Schleyer's force-field for carbenium ions, adequately 
adjusted,I2 was incorporated into Allinger's molecular 
mechanics program (MM2),13 which is parametrized for 
some functional groups, although not sulphonate esters. 
The steric requirements for a variety of leaving group 
models were tested for a representative series of bridge- 
head compounds. Figure 1 shows a plot of the steric 
energy* difference AEs, between bridgehead carbenium 
ions (R,C') (calculated with the UNICAT 1 
parametrization'*) and bridgehead derivatives (R,CX) 


Figure l (a )  combines the data for the small leaving 
group models CI, OH and CH,. A series of straight 
lines with almost identical slopes are produced (the 
lines are displaced for clarity by +10 (CH,) and +20 
(OH) kcal mol - I ,  respectively). No systematic devia- 
tions occur. The compounds most susceptible to F-strain 
are the perhydrophenalene derivatives 33 and 42, which 
show slight deviations even for a leaving group as small 
as CH,. The results for the bulkier substituents OEt, Ot- 
Bu and t-Bu are summarized in Figure l(b). Here, the 
compounds with small bridges, such as 1-norbornyl (59) 
or l-bicyclo[2.2.2]octy1 (SO), still behave fairly well, 
and only those with the largest bridges, particularly the 


vs AE,,(R,C+ - R3CH).I4 


'It should be noted that the early publications in the field used 
the term 'strain energy' for what is now called 'steric energy'. 
The steric energy is the sum of contributions due to bond- 
length and bond angle deformations and torsional and non- 
bonding interactions. In order to convert steric energies into 
strain energies, a strainless reference compound must be 
selected. Enthalpies of formation and strain energies are 
calculated from steric energies by means of appropriate 
increments. In this paper only steric energies will be used. 
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Figure 1. (a) Plot of AE,,(R' - RX) vs AE,,(R' - RH) for bridgehead derivatives. Data for X = CH, and X =OH are displaced by 
+10 and +20 kcalmol-'. For numbering and structure, see Scheme 2. (b) Plot of AE,,(R' - RX) vs AE,,(R' - RH) for X = OEt 


(displaced by +10 kcalmol-I), r-Bu and Or-Bu (displaced by -5 kcalmol-') 
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42 Log k Strain R-X AESt 33 Log k Strain R-X A€,t 


C I  0.84 10.20 -1.34 CI 2.08 13.13 -1.77 


OPNB 4.91 17.98 -9.12 OPNB 1.62 12.65 -1.29 
a 


phenalene derivatives 33 and 42, which are particularly 
prone to F-strain,” show very severe deviations. 
Fortunately, this has no practical consequences: the 
compounds most susceptible to F-strain are also the 
most reactive of the series; their rates of solvolysis 
were measured with chloride as the leaving group. 
Hydrogen is an adequate surrogate for chloride. The 
strain changes that occur on replacement of H by CI are 
relatively small, and in no case exceed 3.5 kcalmol-’ 
(1 kcal=4.184 kJ). On the other hand, the solvolytic 
studies carried out with p-toluenesulphonates or 
trifluoromethanesulphonates concern structures which 
are insensitive to F-strain. It follows that the change in 
slope in function of the leaving group in the original 
strain-reactivity correlations must be attributed to other 
causes. 


It should be noted that these considerations apply 
only to the particular series of bridgehead compounds 
included in this discussion. They are not meant to 
invalidate the concept of F-strain as such. The latter 
has been unambiguously demonstrated for the perhy- 
drophenalene derivatives 33 and 42:” the p-nitro- 
benzoate of the t,t,t-isomer (42) solvolyses ca lo4 
times faster (after leaving group correction) than the 
corresponding chloride. This has been attributed to the 
enhanced strain of the OPBN group which suffers 1,3- 
interactions with the coaxial hydrogens of the skeleton. 
The steric requirements of the OPNB group may be 
approximately expressed by those of an acetate for 
molecular mechanics calculations. I 6  In both 33-OAc and 
42-OAc, the carbonyl group interacts with the molecular 
skeleton, while the CH, group is directed away from it, 
and the same is expected for OPNB. According to the 
calculations, the OPNB strain exceeds that of the 


chloride by ca 7.5 kcal mol-’ in the case of 42, and this 
difference accounts well for the experimental rate 
enhancement. In the case of the corresponding c,c,t- 
isomer 33, the OPNB derivative is not only slightly less 
reactive than the chloride but, according to the calcula- 
tions, it is also slightly less strained. Takeuchi’s group” 
has recently described further examples of solvolytic 
rate enhancements owing to F-strain for (2)-2- 
ethylidene-l-adamantyl and bicyclo[2.2.2]octyl 
derivatives. 


Rates of solvolysis 


A strain-reactivity correlation covering the full range 
of solvolytic bridgehead reactivities requires the exist- 
ence of a standardized reactivity scale, to which data 
for different leaving groups and solvents may be con- 
verted. Bentley and co-workers’* proposed solvolysis of 
p-toluenesulphonates in 80% EtOH at 70 “C as a refer- 
ence system. It was found that relative rates of 
bridgehead derivatives are independent of the leaving 
group and of the solvent systems used, so that conver- 
sions from one system to the other are possible by 
means of appropriate conversion factors. At the same 
time, they repeated parts of the early kinetic studies and 
corrected some of the older rate data in the literature 
which had been obtained by extrapolation from very 
high temperatures. Their reactivity scale removes some 
of the inconsistencies of the previous determinations 
which had led to the different slopes for different 
leaving groups in Schleyer’s original strain-reactivity 
correlations, and provides independent and experimental 
support for the absence of differential F-strain effects in 
bridgehead solvolysis. 


I 


& 
42 33 
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Strain effects in bridgehead solvolysis 
The bridgehead derivatives constitute a mechanistically 
homogeneous model system, against which the solvol- 
ysis of other derivatives may be tested. In order to 
establish a well defined reference system, we select 24 
compounds evenly distributed over the full rate range 
for the strain calculations. The selection includes some 
compounds which do not really have bridgehead struc- 
ture, such as 2-alkyl-2-adamantyl and 9-alkyl-9- 
bicyclo[3.3. llnonyl derivatives, but at least they are 
rigid. Their backside is sterically crowded and they are 
believed to react by k, pathways. As a common leaving 
group model for all of the compounds, we propose the 
bromo substituent. Other leaving grou models have 
been used in the past, in particular OH,” but bromides, 
owing to their symmetry, are easier to treat than OH 
groups. In addition, the calculations relate directly to the 
measurements of carbenium ion stabilities in the gas 
phase, which are discussed below. The plot of log k vs 
AE,,(R+ -RBr)” (Figure 2, Table 1) is an excellent 


straight line with 


(2) 
log k = -0.394AES,(R+ - RBr) + 1.074 


r = 0.990; a(log k )  = 0.844 
The correlation covers a rate range of ca 19 log units, 


and the existence of straight line behaviour over this 
large rate range is not self-evident. According to the 
Hammond2’ postulate, the less reactive compounds 
should have later transition states than the more reactive 
compounds, but the calculations assume identical 
positions of the transition states on the reaction 
coordinate for all compounds. A variable position of 
the transition states would lead to a curved plot rather 
than to a straight line in our treatment. We have consid- 
ered the possibility that the observation of straight-line 
behaviour could be due to an artefact. An unfortunate 
choice of the force-field parameters for the carbenium 
ions could compensate for a change in transition-state 
structure and deform the true curve into an artificial 
straight line. This eventuality was tested by using 
different force fields for the carbenium ions.12 However, 


w 
aESt(R+ - RBr) 


I I I I I I 1 
-30  0 30 


Figure 2. Plot of log k for solvolysis of bridgehead derivatives vs AE,,(R’ - RBr). UMCAT 4 parametrization.” Data from Table 1 
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Table 1. Rate constants and strain calculations for solvolysis of tertiary substrates 


R x  Structure of R' E., (RBrIb E,, (R + ) AE,,(R' - RBr)" Lon k' 


1* 
2a 
3a 
4 
5 
6 
7a 
8 
9 


10" 
11 
12 
13 
14 
IS" 
16 
17 
18a 
19 
20 
21 
22 
23a 
24 
25 * 
26d 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37d 
38 
39 
40 
41 
42 
43 
44" 
45 
46" 
47 * 
48 
49 
50" 
51 
52d 
53" 
54 
55 
56 
57 
58 
59* 
60a 
61 
62 


2-t-Amyl-2-adamantyl 
2- (t-Butyl)-2-adamantyl 
9- (t-Butyl)-9-bicyclo[3.3.1 Inonyl 
2- (r-Butyl)-3,3-dimethyl-endo-norbornyl 
Tri (t-buty1)methyl 
1- (t-Butyl)-1-cycloheptyl 
l-Bicyclo[3.3.3]undecyl 
1- (t-Butyl)-1-cyclopentyl 
l-truns-Bicyclo[3.3.O]octyl 
2-Neopentyl-2-adamantyl 
1- (t-Butyl)-1-cyclohexyl 
2-Methyl-2-bicyclo[2.2.2]octyl 
2-Methyl-2-exo-norbomyl 
2- (t-Butyl)-2- endo-norbomyl 
2-Isobutyl-2-adamantyl 
2,7,7-Trimethyl-2- endo-norbornyl 
l-rruns-Bicyclo[4.3.O]nonyl 
2-Ethyl-2-adamantyl 
1-Methyl-1-cycloheptyl 
Di (r-butyl)(methyl)methyl 
l-cis-Bicyclo[4.3.0]nonyl 
1-Methyl-1-cyclopentyl 
9-Methyl-9-bicyclo[3.3.1 Inonyl 
(Diethyl)(methyl)methyl 
2-Methyl-2-adamantyl 
1 -Bicycle [3.3.2]decyl 
Ethyl (dimethy1)methyl 
1 -Bic yclo [3.1.1 Iheptyl 
2,3,3-Trimethyl-2-endo-norbornyl 
2-Methyl-2-endo-norbomyl 
(r-Butyl) (dimethy1)methyl 
t-Butyl 
c,  c ,  t -  13-Tricyclo [7.3.1 .05~13]tridecanyl 
l-cis-Bicyclo[4.4.0]decyl 
1 -Methyl- 1-cyclohex yl 
1-tmnscBicvclo 14.4.0 ldecvl 


t-Butyl 
c,  c ,  t -  13-Tricyclo [7.3.1 .05~13]tridecanyl 
l-cis-Bic~clol4.4.0ldec~l 
l-Methyl:l-cjcloh&xyI 
1-tmnscBicvclo 14.4.0 ldecvl < <  


3-Homoadamantyl 
7-( t-Butyl)-7-norbornyl 
l-Tricycl0[3.3.2.0~~~]decyl 
1-Methyl- 1-cyclobutyl 
l-cis-Bicycl0[3.3.0]octy~,~~ 
t , r , r -  13-Tricyclo[7.3.1.0 Itridecanyl 
r ,  t, t- 1 -Tricycle [7.3.1 .Os."]tridecanyl 
l-Bicyclo[3.3.1 Inonyl 
6-Protoadamanty l 
l-Bicyclo[3.2.2]nonyI 
1 -Homoadamantyl 
1 -Adamantyl 
7-Methyl-7-norborny l 
l-Bicyclo[2.2.2]octyI 
1-Bicyclo[3.2.1 Ioctyl 
1 -Noradamantyl 
lO-Tricyclo[5.2. 1.04.'0]de~yl 
4-Homocuby l 
3-Noradamantyl 
1 Cubyl 
I-Methyl-4-tricycl0[2.2.2.O~~~]octyl 
7-Methyl-3-noradamantyl 
1-Norbomyl 
7,7-Dimethyl-1 -norbomyl 
1,7,7-Trimethyl-4-tricycIo[2.2. 1.02~6]heptyl 
4-Tricyclo[2.2.1 .02.']heptyl 


47.66 
43.89 
45.40 
59.00 
62.37 
28.41 
43.25 
21.02 
29.59 
35.82 
18.84 
25.34 
28.32 
40.39 
34.46 
40.83 
20.38 
26.3 1 
15.17 
30.04 
20.43 
13.04 
25.37 
8.55 


23.79 
34.14 
6.1 1 


42.07 
39.65 
29.14 
12.12 
3.36 


23.88 
17.18 
9.08 


15.05 
30.9 1 
40.71 
41.78 
31.94 
23.59 
2 1.06 
19.16 
20.08 
30.3 1 
27.08 
29.44 
18.24 
29.18 
20.97 
21.21 
29.10 
3 1.54 


133.24 
31.19 


18035 
27.08 
32.97 
24.76 
30.70 
37.21 
32.48 


28.88 
25.02 
26.49 
38.88 
47.44 
19.33 
29.27 
19.05 
30.12 
23.28 
15.22 
2 1.06 
30.06 
32.53 
22.78 
34.77 
20.02 
20.60 
18.39 
21.93 
20.02 
16.08 
21.75 
7.56 


20.32 
28.19 
5.86 


61.99 
32.3 1 
30.06 
10.20 
5.32 


21.21 
14.27 
9.67 


14.27 
28.46 
45.33 
4 1.07 
34.05 
30.12 
18.56 
18.57 
23.36 
36.37 
30.25 
33.13 
25.68 
39.74 
34.9 1 
37.10 
48.36 
46.96 


156.54 
53.68 


201.53 
48.57 
52.83 
52.16 
57.1 1 
74.01 
70.2 1 


-18.78 
- 18.87 
- 18.91 
-20.12 
- 14.93 


-9.08 
- 13.98 
- 1.97 
0-53 


- 12.54 
-3.62 
-4-28 


1.74 
-7.86 


-11.68 
- 6.06 
-0.38 
-5.71 


3.22 
-8.11 
-0.41 


3.04 
-3.62 
-0.99 
-3.47 
-5.95 
-0.25 
19.92 
-6.34 


0.92 
- 1.92 


1.96 
-2.67 
-2.91 


0.59 
-0.78 
- 2.45 


4.62 
-0.71 


2.11 
6.53 


-2.50 
-0.59 


3.28 
6.06 
3.17 
3.69 
7.44 


10.56 
13.94 
15.89 
19.26 
15.42 
23.30 
22.49 
20.98 
2 1.49 
19.86 
27.40 
26.4 1 
36.80 
37.73 


8.76 
8.40 
8.18 
8.1 1 
6.8 1 
6.13 
6.44 
5.43 
5.30d 
4.75 
4.32 
4.58 
4.58d 
4 .49 
4.35 
4.27 
4.26 
3.77 
3.77 
3.48 
3.38 
3.25 
3.23 
3.17 
3.10 
3.08 
2.96 
2.88d 
2.60 
2.49 
2.45 
2.38 
2.08 
2.57 
2.05 
1.83 
1.91 
1.83 
1.72 
1.23 
0.93 
0.80 
1.49 
0.5 1 


- 0.09 
-0.13 
-0.20 
-0.41 
-2.50 
-4.00 
-5.17 
-5.28 
-6.16 
- 6-5 8 
-7.28 
-7.39 
-7.59 
-7.96 


- 10.45 
- 10.49 
- 15.16 
- 15.99 


*Reference compounds used in correlation (2). 


'Standard conditions: 80% EtOH, 70°C, OTs leaving group (data from Ref. 20). 
Energies in kcal mol -'. 
Not included in correlation. 
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when the parameters were changed, the plots deterior- 
ated, but no curvature became apparent. 


The quality of the plot shown in Figure 2 is below 
that reported previously. This is ascribed to our inclu- 
sion of more compounds in order to define the straight 
line. The standard deviation of ca 0.85 on log k is 
acceptable considering the rate range of 19 log units; 
however, inverse reactivity predictions might occur if 
compounds of similar reactivities were involved. The 
scatter in the plot is within the expected limitations of 
the method: rate constants extrapolated from different 
sources to standard conditions agree usually within ca 
0.5 log units. The different substitution patterns at the p- 
position and the orientation of p-C,C and C,H bonds 
suggest that some inductive or hyperconjugative correc- 
tions should be applied,22 but these have been neglected. 
Similarly, entropy effects are not considered. MM2 
calculations for hydrocarbons reproduce the experimen- 
tal enthalpies of formation with a standard deviation of 
ca 0.4 kcal m ~ l - ' . ' ~  For functionalized compounds, the 
uncertainties are higher, and this undoubtedly also 
applies to carbenium ions. Even if there is some cancel- 
lation of computational errors in the AEst values, it is 
probably unrealistic to expect a better fit. 


The strain-reactivity plot in Figure 2 shows clearly 
the analogy between the bridgehead solvolysis and the 
sp2-sp3 interconversions in the series of monocyclic 
derivatives: in both series, the reactivity is determined 
by strain changes associated with changes in hybridiz- 
ation at the reacting centre, while steric effects of 
substituents are negligible. 


Bridgehead structures requiriiig special parameters 
The carbenium ion force field used for Figure 2 has 
some limitations. It is inadequate for the tertiary 
cyclobutyl, 7-norbornyl and 1-nortricyclyl cations. 
Since MM2 uses special parameters for all cyclobutyl 
derivatives, special parameters must also be employed 
for the tertiary cyclobutyl cations. Both high-level ah 
initio calculations and IR measurements indicate that the 
bicyclobutonium cation is an energy minimum, while 
the planar cyclobutyl cation is a transition state on the 
C,H; potential energy ~urface ;"~ '~  Magic angle spin- 
ning NMR experiments26 confirmed these results. For 
the methylcyclobutyl cation, recent theoretical and 
experimental investigations by Cecchi et al." indicate 
that the geometry of the four-membered ring is compar- 
able to that of the parent bicyclobutonium cation. This 
is in agreement with earlier experimental evidence for 
the non-planarity of the meth 1 cyclobutyl cation, 
provided by several laboratories.' .'' Parametrization for 
cyclobutyl derivatives in the framework of molecular 
mechanics is therefore a delicate task. In practice, 
parameters have been derived by trial and error.'" Such 
parameters include some compensation for non-classical 
stabilization, although the MM2-optimized geometry is 


J 


clearly different from that obtained by ah initio 
methods. Remarkably, these force-field parameters can 
accommodate the solvolysis of not only the l-methylcy- 
clobutyl (40), but also the cubyl (56) and 4-homocubyl 
(54) derivatives. The cubyl system has been calculated 
with the early force field of Schleyer and co-workers,' 
and the solvolysis of cubyl derivatives was predi~ ted '~  
to proceed at extremely slow rates. The discovery that 
cubyl derivatives in fact solvolyse faster than the 1- 
norbornyl analogues was most ~urprising.~" It is there- 
fore remarkable to see that the empirical cyclobutyl 
parameters also apply to this skeleton, in addition to the 
homocubyl so lv~lys is .~ '  The cyclobutyl parameters may 
also be used for the tertiary 7-norbornyl cations, which 
are not treated adequately with the normal set of para- 
meters. The calculated C (  l)-C(7)-C(4) bond angle 
(standard parameters, UNICAT 4) at the cationic center 
of the 7-methyl-7-norbornyl cation is much higher than 
that predicted by MIND0/3 and STO-3G calcula- 
tions.'9,2" This results in an overestimation of the strain 
energy of the ion and, consequently, the compound 
deviates significantly from the strain-reactivity plot. 
Since the bond angles at the cationic centre of the 
cyclobutyl and the 7-norbomyl cation are of the same 
order of magnitude, the cyclobutyl parameters have 
also been applied to the latter, and they afforded accep- 
table agreement with respect to the solvolytic reactivity 
of the tertiary 7-norbornyl derivatives (38 and 49). No 
attempt was made, however, to derive specific parame- 
ters for these ions. In the preceding discussion, the 
tertiary 7-norbornyl cations are assumed to have a 
classical structure of C, symmetry. This view is sup- 
ported by semi-empirical and ah irzitio calculations. l9  


However, on the grounds of both theoretical and 
spectroscopic evidence, Sieber et al.3' recently reported 
that the global minimum for the parent 7-norbornyl 
cation corresponds to a o-bridged ion. This prediction 
was corroborated by the study of Friedel-Crafts 
alkylations of aromatics with 7-chloronorbornane and 
investigation of the effect of bridgehead substitution on 
the solvolytic reactivity of 7-norbornyl The 
cyclobutyl parameters have also been applied to the 1- 
bicyclo[3.1.1 Jheptyl cation (28'), which also contains a 
cyclobutyl fragment. However, we found it impossible 
to find parameters that would reproduce at the same 
time the reactivity of the cyclobutyl, cubyl and the 1- 
bicyclo[3.l.l]heptyl derivatives 28 (see below).*" 


A third class of compounds requiring special treat- 
ment is constituted by the 1-tricyclyl derivatives. 343 
The corresponding cations are rejected by MM2, 
because the program uses special parameters for cyclo- 
propanes which are part of the tricyclane structure. The 
ideal bond angle of the C-atoms bonded to the cyclo- 
propane is slightly increased, which makes it possible to 
reproduce the experimental enthalpies of formation of 
the parent nortricyclane. For consistency, the same 
adjustments are required for the calculation of the 







5 14 


10 


0 -  


-10 


-20 


P. MULLER, J. MAREDA AND D. MILIN 


- 


- 


- 


logk 


-20 0 20  40 


Figure 3. Plot of log k vs AE,,(R' - RBr) for solvolysis of bridgehead (open squares), cyclobutyl and tncyclyl (filled squares) 
derivatives. Data from Table 1 


tricyclyl cations. The tricyclyl derivatives (39, 57, 61 
and 62) are of special interest in the context of this 
study, since some of them solvolyse at even lower rates 
than the 1-norbornyl derivatives. Their inclusion allows 
the extension of the experimental rate range of the 
strain-reactivity correlation by 4 log units. The plot 
combining the bridgehead with the cyclobutyl, 7- 
norbornyl and I-tricyclyl derivatives according to 
equation (3)" is shown in Figure 3. 


(3) 
log k = -0.408AES,(R' - RBr) + 1.220 


r = 0.988; u(log k )  = 1.022 


The fit is only marginally worse than that for the 
bridgehead derivatives alone, but it must be stressed 
that, since the parametrization for these special classes 
of compounds has been derived empirically, the 
significance of the result is questionable, except for the 
fact that within a given class of compounds the same 
parameters are valid. 


SOLVOLYSIS OF NON-BRIDGEHEAD TERTIARY 
DERIVATIVES 


Strain-reactivity correlation 


Once the correlation for bridgehead derivatives has been 
established, the solvolytic behaviour of other tertiary 


derivatives may be tested against this mechanistic 
model. Unfortunately, the experimental rate range for 
non-bridgehead compounds is only about half of that 
of the bridgehead derivatives, so that the relative 
experimental and computational uncertainties 
i n c r e a ~ e . ' ~ . ~ ~  Much of the rate constants have been 
determined with OPNB derivatives. These data may be 
converted into rate constants for chloride solvolysis by 
means of linear free energy correlations.16 The rate 
constants for chloride solvolysis are converted to 
standard conditions using Bentley's conversion factors. 
Factors for direct conversion of rate constants of 
OPNB derivatives to those of sulphonate esters are now 
also available. The strain-reactivity correlation for the 
non-bridgehead derivatives alone is similar to that 
obtained in the bridgehead series (slope -0.27, inter- 
cept 264). However, the quality of the fit deteriorates 
( r  = 0.895; u = 1.05). Some monocyclic tert-butyl 
derivatives (6, 8, 11) exhibit severe upward deviation 
from the plot for which, at present, no satisfactory 
explanation may be provided. When the data for the 
non-bridgehead derivatives are combined with those of 
the bridgehead compounds, a remarkably consistent plot 
results [equation (4), Figure 41. 


log k = -0.408AEs1(R' - RBr) + 1.661 
r = 0.971; a(log k )  = 1.34 


The fit of the combined plot is below that for the 


(4) 
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Figure 4. Plot of log k for solvolysis of bridgehead (triangles) and tertiary non-bridgehead derivatives (squares) vs 
AE,,(R' - RBr). Data from Table 1 


bridgehead compounds alone, the standard deviation 
increasing to 1.34 log units, while the slope of the 
correlation line is practically unchanged in comparison 
with that in Figure 3. The intercept increases only 
slightly to 1.69. It appears justified, therefore, to con- 
clude that in both series of compounds, strain effects 
are predominant for the solvolytic reactivity. 


The deviation of the acyclic tertiary derivatives from 
the overall plot is of some interest in the context of the 
subsequent discussion. We find upward deviations from 
the plot for 24 (1.3 units), 27 (1-3), 31 (0-2) and 32 
(1.5), whereas 5 (-0.8) and 20 (-0.7) deviate down- 
wards. Since the bridgehead and rigid tertiary 
derivatives which define the correlation line may not 
profit from nucleophilic solvent assistance36 and/or 
backside solvation of the incipient carbenium ion, we 
estimate that k,  pathways should not contribute by more 
than a factor of 1 0 0  to the reactivity of acyclic deriva- 
tives. The possibility that inductive stabilization of the 
transition state by alkyl substituents might be compen- 
sated by decreased k, contributions (or solvation) owing 
to steric hindrance may not be ruled out, however. 


Exceptions 
The force-field calculations, in their present form, apply 
only to compounds which solvolyse with retention of 
their structure via classical carbenium ions. Thus, 
molecules solvolysing with anchimeric assistance, 
owing to the presence of double bonds3' or cyclopro- 
pane rings, are deliberately excluded from these studies, 
since no provision for such effects is made in the force 
field. This restriction also applies to a-participation. In 
the series of tertiary derivatives, a-participation occurs 
with the (tertiary) 2-exo-2-norbornyl compounds. They 
consistently solvolyse faster than expected on the 
grounds of the strain-reactivity correlation, while the 
eizdo epimers appear to be normal." Based on 
experimentalz6 and computational data for the parent 2- 
norbornyl cation, the symmetrically bridged structure 
was established as the energy minimum, while the 
classical 2-norbornyl cation is a transition state3'-@. The 
observation of enhanced exoleiido rate ratios is particu- 
larly typical for the solvolysis of secondary norbornyl 
derivatives, and has led to a long contr~versy.~' In the 
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tertiary series, the effect is less important, but neverthe- 
less appears clearly. The phenomenon of o- 
participation is of some interest in the context of force- 
field calculations, because it points at a deficiency of 
the transition-state model used. It is assumed to be close 
to the intermediate carbenium ion with respect to 
structure and energy. Accordingly, the exolelido rate 
ratio for solvolysis of epimeric derivatives should 
reflect their relative stabilities, but this is not the case. 
X-ray studies and theoretical ~ a l c u l a t i o n s ~ ~ ~ ~ ~  have 
established an unsymmetrically bridged structure of the 
tertiary 2-norbornyl cation. This bridging stabilizes the 
transition state of the exo derivatives, such as 13, but 
not that of its erzdo epimer 30. The absence of bridging 
in the transition state of 30 implies different transition 
states for ex0 and erido derivatives, while the model 
assumes identical transition states for both epimers. 
Since the force field makes no provision for bridging, 
the transition-state model is inadequate for the exo 
derivative, while the erido isomer appears to be ade- 
quately treated (see Figure 4). If the occurrence of 
epimeric transition states for solvolysis of epimers is a 
general phenomenon, this implies that the transition 
state for solvolysis is less advanced on the reaction 
coordinate than the model assumes. The possibility that 
the same phenomenon might occur in other compounds 
of the series, and remained undetected, cannot be ruled 
out. 


A drastic example for an anchimerically accelerated 
bridgehead derivative is the 1-bicyclo[3.1.1 Iheptyl 
system (28), which solvolyses via the 1- 
bicyclo[3.l.l]heptyl cation (28') with preservation of 
its structure.44 Its rate of solvolysis is enhanced by ca 
eight orders of magnitude over the reactivity expected 
on the grounds of the strain calculations, even if the 
cyclobutyl parameters are used. Experimental evidence 
for anchimeric participation on solvolysis of the com- 
pound has been reported. Preliminary theoretical 


show that the classical ion (28') is not an 
energy minimum. Similarly, the unexpected high rate of 
solvolysis of 1-halobicyclo[l.l.l Jpentanes, which was 
originally attributed to ring-opening concerted with 
departure of the leaving group," is now ascribed to 
hyperconjugative stabilization of the 1- 
bicyclo[l.l.l]pentyl  ati ion.^' Preliminary evidence 
suggests that even the l-bicyclo[2.1.1 Jhexyl derivatives 
may solvolyse at least with partial retention of struc- 
t ~ r e , ~ ~  so that their high rate of solvolysis, reported ca 
20 years ago,4' may not be due to release of  ring strain 
in the transition state as originally suggested, but rather 
to the inherent stability of the ion. 


o-Bridging and hyperconjugation are not the only 
reasons which can lead to energetically different transi- 
tion states for epimeric derivatives. The rates of 
solvolysis of the isomeric cis- and trans-decalin (34 
and 36), -hydrindane (17 and 21) and - 
bicyclo[3.3.0]octane derivatives (9 and 41) have been 


determined, and it was found that the difference in 
ground-state energy between the epimers was only in 
part reflected in their relative solvolytic reactivity. 
Epimeric transition states were therefore proposed for 
these  compound^.^^^^' The hypothesis has not been 
extensively tested, however. The occurrence of epim- 
eric rather than identical transition states on solvolysis 
of epimeric transition states is in contradiction to the 
computational model, and might be responsible for 
some of the scatter in the correlations. 


In addition, a conceptual problem exists with confor- 
mationally flexible molecules. The treatment assumes 
carbenium ions in the most stable conformation as 
transition states, but whether the transition states reach 
indeed minimum steric energies depends on the rate of 
reaction relative to that of conformational ~ h a n g e . ~  For 
example, conformational analysis of the l-tert-butylcy- 
cloheptyl cation (6 ') using molecular mechanics and 
the CHEM-X packages2 reveals the existence of nine 
different stable conformations in a relatively small 
energy range, and it is impossible to attribute one of 
them to the transition state of the reaction.45 For- 
tunately, the problem has only minor practical 
consequences in the context of  solvolysis. In the series 
of rigid bridgehead compounds there is no evidence for 
secondary minima, and in the conformationally flexible 
systems investigated so far, the energy differences 
between the various conformations involved are modest. 
Therefore, the systematics errors introduced by the 
computational model may not be visible in the 
strain-reactivity plot owing to the scatter in the data. 


RATES OF SOLVOLYSIS AND GAS-PHASE 
STABILITIES OF CARBENIUM IONS 


Bridgehead derivatives 


The force-field parameters used for carbenium ions in 
the context of solvolysis reactions have been derived 
and adjusted so as to reproduce rates of solvolysis. 
They therefore refer, more precisely, to transition states 
rather than to carbenium ions. We have discussed above 
several situations where the structural and energetic 
equivalence between transition state of solvolysis and 
carbenium ion intermediate is questionable, and this 
view is supported by other investigations. According to 
Abraham's ana ly~is , '~  the transition state for solvolysis 
of tert-butyl chloride in water is structurally close to the 
contact ion pair, with 70-80% charge ~eparat ion. '~  Ah 
iriitio calculations, combined with Monte Carlo simula- 
tions, predict the occurrence of  a contact ion pair at a 
C-CI distance of 2.9 pm and a solvent-separated ion 
pair near 5.5 pm. An energy barrier of 2 kcal mol - '  
(1 kcal = 4184 kJ) separates the contact from the 
separated ion pair, the latter being more stable by 
4 kcal mol - I .  The region around the transition state was 
not i n v e ~ t i g a t e d , ~ ~  however, and an uncertainty remains 
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with respect to the detailed transition-state structure. 
The slope of the strain-reactivity correlations (Figures 
2-4), when converted into units of energies of acti- 
vation, is 0.64, which indicates that ca 65% of the 
steric energy difference between the transition state 
model and the bridgehead derivative is expressed in the 
rates of solvolysis. This is in reasonable agreement with 
a transition state having developed substantial car- 
benium ion character and, at least with respect to strain, 
the computational model is satisfactory. 


The stability of some bridgehead or tertiary rigid 
carbenium ions has been determined recently by ICR 
techniques using equilibrium constants for bromide 
exchange between carbenium ions and basicity measure- 
ments of ole fin^.^^ By combining the experimental 
enthalpies of formation of the carbenium ions with the 
MM2-calculated enthalpies of formation of the corre- 
sponding alkyl bromides, it is possible to obtain the 
heterolytic bond dissociation energy Do (R + - Br -) of 
the respective bromides or the enthalpy change 
AH(R' - RBr) in the gas phase (Table 2). 


A plot of the rates of solvolysis(log k )  vs 
Do(R' - Br-)  for bridgehead and rigid tertiary 
derivatives is shown in Figure 5 [log k =  
-0.588D0(R' - Br-) + 81.7; r = 0.595; u = 1.481. The rate 
range for this plot spans cu 12 log units, which is about 
half of that covered by the strain-reactivity plot. An 
extension to include more stable and still less stable 
carbenium ions to cover the full range of solvolytic 
reactivity is near 


As Figure 5 shows, there is a linear correlation 
between solvolytic reactivity (in solution) and the 
heterolytic bond dissociation energy (in the gas phase) 
for the bridgehead derivatives. If log k for solvolysis is 
converted into units of free energy of activation, the 
slope of the correlation becomes 0.92, which corre- 
sponds to a ca 90% energetic equivalence between 
solvolytic reactivity and gas-phase equilibrium. This is 
higher than expected from the strain-reactivity plot 
(Figure 2), which revealed a ca 65% energetic equiva- 
lence between solvolysis and strain changes. The 
reasons for these discrepancies are not yet clear, and 
discussion is deferred until the final correlation based on 
the full rate range is available. 


Despite these shortcomings, it appears justified to 
conclude that bridgehead solvolysis in solution and the 
corresponding gas-phase equilibria are governed by the 
same factors, and the strain-reactivity calculations 
show that the dominant factor consists in the strain 
changes. 


In our initial study, the cation derived from l-brom- 
onorbornane was off the correlation line of Figure 5. 
This was tentatively attributed to rearrangement of the 
1-norbornyl cation in the ICR spectrometer. More 
recently, Abboud and Miillerj' found conditions under 
which the gas-phase stability of the 1-norbornyl and 
other, even more strained cations can be measured. So 
far, all of the bridgehead and rigid polycyclic cations 
investigated fit the correlation of log k for solvolysis vs 
Do(R+ -Br+) .  


Table 2. Heats of formation of carbenium ions and rate constants of solvolysis of tertiary derivatives (kcal mol- ')  


No. Substrate Log k AH,(R')(exp) AH,(R')(MM2) AH(R' - RBr) D"(R' - Br)d 


12 
13 
22 
24 
25 
27 
30 
31 
32 
35 
40 
48 
49 
50 
53 
55 
56 
61 


2-Methyl-2-bicyclo[2.2.2]octyl 
2-Methyl-2- exo-norbomyl 
1 -Methyl-I-cyclopentyl 
(Diethyl) (methy1)methyl 
2-Methyl-2-adamantyl 
Ethyl (dimethy1)methyl 
2-Methyl-2- endo-norbomyl 
(2-Butyl) (dimethy1)methyl 


I-Methyl-I-cyclohexyl 
1 -Methyl- 1 -cyclobutyl 
I-Adamantyl 
7-Methyl-7-norborny l 
l-Bicycl0[2.2.2]octyl 
1 O-Tricyclo[5.2.1 .O4."']decyl 
3-Noradamantyl 


6-Tricyclo[3.1.1 .O',h]heptyl 


t-Butyl 


I-Cubyl 


4.58 
4.57 
3.25 
3.17 
3.10 
2.96 
2.49 
2.45 
2.38 
2.05 
1.23 


-0.41 
-2.50 
-4.00 
-6.16 
-7.28 
-1.39 
- 


1553" 
169.4h 
167.0' 
157.0h 
149.5' 
158.0b 
171.0h 
144.5' 
165.8' 
156.9' 
193.0h 
160.7' 
179.9" 
177.8" 
182.9' 
189.1' 
358.1' 
261.5' 


158.3 
172.8 
167.1 
152.2 
149.8 
158.5 
172.8 
143.4 
165.8 
155.4 
193.5 
161.7 
183.4 
178.6 
179.7 
195.9 
360.2 
262.4 


180.9 
187.0 
192.0 
190.9 
182.7 
192.9 
186.1 
190.0 
197.1 
192.3 
192.6 
1916 
195.0 
199.7 
200.5 
200.6 
200.7 
200.6 


129.9 
136.0 
14 1 .O 
139.9 
131.7 
141.9 
135.1 
139.0 
146.1 
141.3 
141.6 
140.6 
144.0 
148.7h 
149.5 ' 
149.6' 
149.7h 
149.6h 


'From proton affinity, Ref. 56. 
bRef. 59. 
'From bromide transfer, Ref. 56. 
'Calc. from AH,(R+)  (exp) and AH,(R- Br) (MM2). 
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Figure 5 .  Plot log k for solvolysis vs heterolytic bond dissociation energies D"(R' - Br-)  in the gas phase. Data from Table 2 


Figure 5 exhibits one disturbing exception. The exo- 
2-norbornyl derivative 13 solvolyses more rapidly than 
would be predicted on the grounds of the bond dissocia- 
tion energy. This is unexpected, since any extra 
stabilization of the tertiary 2-norbornyl cation, due to 
b~ idg ing ,~ ' .~~  must be accounted for in the heterolytic 
bond dissociation energy of the corresponding bromide. 
If this stabilization is expressed in the rate of solvolysis 
of the exo-bromide 13, the compound will fit the 
correlation normally. The endo-isomer 30, in contrast, 
should lie below the regression line, because, according 
to current belief, the extra stability of the free ion is not 
expressed in the transition state for solvolysis. The 
deviation should be appreciated in the light of experi- 
mental error. The reported values for the enthalpy of 
the 2-methyl-2-norbornylcation in the gas phase 
vary considerably ranging from 171.3 to 
168 kcal m ~ l - ' . ~ '  The value of 171.0 kcalmol-l used in 
the plot is that recommended in the compilation of 
Lias et aLS9 It had been obtained by measuring 
the proton affinity ( P A )  of methylenenorbornane 
(207 kcal mol - I ) .  The enthalpy of formation of the 
neutral compound (12 kcalmol-I) was derived by an 
estimate using group increments." We have repeated 
these measurements in collaboration with A b b o ~ d , ~ '  and 
found the PA of methylenenorbornane to amount to 
206.0 kcal mol - I ,  taking a value of 204.5 kcal mol - '  
for PA(NH,). The enthalpy of formation of 
methylenenorbornane, as calculated by MM2, is 


9.52 kcal mol-' (MM3:60 8-49 kcal mol-I), while that 
of 2-methylnorbornene, which is also present in the 
equilibrium, is 10.07 kcalmol-I. With these data, the 
enthalpy of formation of the 2-methyl-2-norbornyl 
cation drops to 169.4 kcalmol-I, and the data points for 
the exo- and endo-bromides 13 and 14, respectively, 
move to the positions indicated by circles in Figure 5 .  
Using these revised values, the original irregularity in 
Figure 5 falls within the experimental error. 


Nori- bridgehead derivatives 


When the plot relating rates of solvolysis and gas-phase 
stabilities is extended to include simple acyclic and 
monocyclic derivatives, the correlation breaks down 
[Figure 6(a)]. All these compounds soivolyse consider- 
ably faster than predicted on the grounds of their 
heterolytic bond dissociation energy in the gas phase. In 
particular, the rate of solvolysis of tert-butyl bromide 
(32-Br) appears accelerated by almost 7 log units. 


The tert-butyl cation 32 + is the least strained tertiary 
carbenium ion but, in spite of this, it is very unstable in 
the gas phase. In contrast, the 1-adamantyl cation 
(48+), although significantly strained, is more stable in 
the gas phase than 32 +, because it profits from inductive 
stabilization owing to alkyl substituents in the p-pos- 
ition. Such stabilization due to B-branching is evaluated 
to be 1.5 kcalmol-' per substituent." Both cations 
benefit from hyperconjugative stabilization, C,C- 







STRAIN IN TERTIARY CARBENIUM IONS 519 


logk 
8 


4 i  
-8 -:i 


32 


0 


22 


a 
-12 1 


Do@+ - Br- 
128 136 144 152 


8 


4 


0 


-4 


-8 


-12 


logk 


AEst(R+ - RBr) 
I I 1 I I 


-20 0 20 40 


Figure 6. (a) Plot of log k for solvolysis of acyclic and monocyclic tertiary derivatives vs gas-phase equilibrium, D"(R' - Br-). 
Data from Table 2. The straight line is that determined by the bridgehead derivatives in Figure 5. (b) Plot of log k vs 


AE,,(R' - RBr) for the acyclic and monocyclic derivatives shown in (a). The straight line is defined by the bridgehead derivatives 
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hyperconjugation in the case of the adamantyl cation 
(48 +),62-64 and C,H-hyperconjugation for the tert-butyl 
cation (32 +) .65 ,66  The equilibrium for hydride transfer 
between the tert-butyl and I-adamantyl cations lies on 
the side of the adamantyl ion (48') in the gas phase 
(AG = -4 kcal mol-'), but in solution the free energy 
of the equilibrium varies from - 1 to +9  kcal mol 
depending on the solvent-electrophile combination 
used.67 The change has been attributed to changes in 
solvation, although other effects, such as ion pairing, 
may also intervene. 


The caged carbenium ions may only be solvated from 
one face, whereas in the simple acyclic ions the cationic 
centre is accessible to solvation from both faces. The 
tert-butylll-adamantyl rate ratio for solvolysis (in 
EtOH) leads to a difference in free energies of acti- 
vation of ca 4 kcal mol-' in favour of tert-butyL6' This 
corresponds to the trend predicted for more efficient 
solvation of the tert-butyl cation in the condensed 
phase, which, in turn, is reflected by nucleophilic 
assistance in the reaction rates. It appears therefore, that 
the rate constants of the acyclic and monocyclic tertiary 
derivatives should be determined as much by 
nucleophilic assistance as by the intrinsic gas-phase 
stability of the corresponding carbenium ions. 


The hypothesis of nucleophilic assistance in the 
solvolysis of tertiary non-bridgehead derivatives 
follows from the observation that the relative rate ratio 
(1-adamantyl/tert-butyl) changes from ca 1:3000 in 
ethanol to ca 1:3 in 97% aqueous hexafluoropropan-2- 
01.'' In the less nucleophilic solvent (hexafluoropropan- 
2-01), ten-butyl derivatives react at a lower rate, 
because nucleophilic assistance vanishes. This interpre- 
tation has been contested, however, on the grounds of 
considerations of strain, and the phenomenon of the 
changing 1-adamantylltert-butyl rate ratio was also 
ascribed to electrophilic assistance in the solvents 
capable of forming strong hydrogen bonds.7" It was 
argued that the caged compounds should show stronger 
sensitivity towards electrophilic solvent assistance than 
the tert-butyl derivative, but experimental evidence 
contrary to this has been presented." Kevill and 
Anderson-" investigated the 1-adamantyl/tert-butyl rate 
ratio for dimethylsulphonium salts in different solvents 
and found variations from 12.6 (97% HFIP, 70.4 "C) to 
1:8.85 (50% HFIP, 70.4"C) and 1:210 (EtOH, 
50.5 "C). This trend is inconsistent with electrophilic 
solvent assistance, since no such effect is to be expected 
with a neutral leaving group. An independent argument 
in favour of enhanced electrophilic assistance in 
adamantyl over tert-butyl solvolysis has been 
advanced.72 Despite this criticism, the occurrence of 
nucleophilic assistance in solvolysis of tert-butyl and 
similar derivatives is generally accepted. 


This interpretation, however, is not satisfactory. If 
the scatter in Figure 6(a) were due to mechanistic 
differences between bridgehead and monocyclic or 


acyclic substrates, such as nucleophilic assistance and/ 
or eliminations, which may not occur in the bridgehead 
series, then the same deviations should appear in the 
strain-reactivity plot. This is not the case, Figure 6(b) 
shows the original regression line for the 
strain-reactivity correlation for the bridgehead deriva- 
tives (Figure 2) to which the monocyclic and acyclic 
compounds in Figure 6(a)  are added. Clearly, the scatter 
in the strain-reactivity correlation [Figure 6(b)] for the 
same compounds is considerably less than that in Figure 
6(a). For example, the tert-butyl derivative is acceler- 
ated only by 1.7 log units with respect to the regression 
line in Figure 6(b) but by 6.5 log units in Figure 6(a). If 
the former value is entirely ascribed to nucleophilic 
assistance, a rate enhancement factor of ca 10000 has 
to be accounted for by some other cause. Nucleophilic 
assistance must be absent in the cage compounds for 
structural reasons. It cannot be the key factor determin- 
ing reactivity of the tertiary 2-adamantyl derivatives, 
since even the secondary 2-adamantyl derivatives are 
believed to solvolyse via the k, me~hanism.~ '  Since the 
terr-butyl derivative 32, which among the tertiary 
subsirates must be the most sensitive to nucleophilic 
assistance, shows only modest rate enhancement in the 
strain-reactivity plot, nucleophilic assistance alone 
cannot be responsible for the breakdown of the correla- 
tion between rates of  solvolysis and gas-phase 
stabilities of acyclic and monocyclic compounds. 


The gas-phase stability of ions is determined not only 
by strain, but also by the number of atoms on which 
charge may be delocalized. The sequence for the bond 
dissociation energies D"(R' -Br-) of 32 (146.1), 27 
(141.9), 24 (139.9) and 31 (139.0 kcalmol-I) is illus- 
trative. We propose that the absence of correlation 
between the rates of solvolysis and the gas-phase 
D"(R' - Br-)  values of the acyclic and monocyclic 
derivatives should be ascribed to the fact that in the 
transition state for solvolysis the positive charge at the 
reacting centre is not fully developed. As suggested by 
the analysis of A b r a h a m ~ , ' ~  charge separation in the 
transition state has progressed to only 70-80%. In 
addition, the proximity of the leaving group may reduce 
the electron deficiency of the reacting centre, and 
therefore reduce the demand of the transition state for 
inductive and hyperconjugative charge stabilization in 
comparison with that in free ions. The solvolytic reac- 
tivity is mainly determined by strain changes, and 
charge effects play a minor role. However, in the gas 
phase, charge effects and strain may be equally import- 
ant in determining the stability of the ions. The 
bridgehead ions exhibit significant structural similarity. 
The number of atoms is high, and the P-substitution 
pattern rather uniform. Charge may be efficiently 
stabilized over the molecular skeleton so that the bond 
dissociation energies D"(R+ - Br-)  are dominated by 
strain effects, and the correlation between log k and 
Do (R+ - Br -) holds. The small ions such as tert-butyl 
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are unstable in the gas phase, because they may not 
stabilize charge in the way the bridgehead ions do. Their 
enhanced rates of solvolysis may be ascribed to the 
lower demand for charge stabilization of the solvolysis 
transition state in comparison with that in free ions. In 
more ionizing and less nucleophilic solvents the 
development of charge at the reaction centre increases. 
The capacity of the bridgehead compounds to stabilize 
charge becomes predominant, and their reactivity 
increases over that of tert-butyl. At the extreme, the 1- 
adamantylltert-butyl ratio would express the relative 
stability of the free ions. 


COMPARISON OF MM2 AND AB INITIO 
CALCULATIONS FOR BRIDGEHEAD 


CARBOCATIONS 


When force-field parameters for bridgehead carbo- 
cations were developed, rate constants for solvolysis of 
bridgehead derivatives were the only data available, and 
practically no reliable structural or energetic informa- 
tion on carbocations existed except that derived from 
solvolysis data. As discussed in the preceding para- 
graphs, there is only limited correspondence between 
solvolytic reactivity and the heterolytic bond dissocia- 
tion energy of tertiary derivatives, and it follows, 
therefore, that the validity of the force-field calcula- 
tions with respect to structure and energy of carbenium 
ions is open to question. 


Experimental techniques such as x-ray ,42,43,64,66.74 
NMR26.75-82 and IRx3,x4 methods recently provided direct 
insight in the structures of carbocations. Of particular 
interest in the field was the contribution of Schleyer and 
co-workers, who used ah iriitio methods based on 
individual gau e for localized orbitals (IGLO)x5-*x to 
calculate the ' C NMR shifts for carbocations. As the 
NMR shifts thus obtained are very sensitive to the 
changes in geometry, a good agreement between theor- 
etical and experimental shifts provides very valuable 
information on the geometries of carbocations.x' 


The theoretical calculations are the most widely used 
methods to study the structures and the properties of 
carbocations. In particular, in the field of short-lived 
reaction intermediates, an increasing amount of struc- 
tural data has, over recent years, been determined 
through ah irzitio calculations. It has been shown that 
ah irzitio methods using polarized basis sets, when 
possible including explicit consideration of electron 
correlation, are useful for the accurate prediction of 
structures and energies of carbocations.3*~.h5~X'~x2~X4~XX 
These high-level ah irzitio calculations were shown to be 
particularly important in the case of non-classical 
carbocations. 32,3y9-y2 The MM2 method, in contrast, is 
not intended for the geometry optimization of such ions 
since, in its present state of sophistication, it is not 
adapted to deal with phenomena such as charge delo- 
calization or partial bridging of carbocations. 


! 


Geometry optimization using high-level ab iriitio 
calculations has been performed for only two of the 
bridgehead cations investigated by the MM2 method. 
Hrovat and Bordeny3 examined the hyperconjugative 
stabilization of l-bicyclo[2.2.2]octy1 cation (SO') by 
means of RHF/6-31GV and MF'2/6-31GX calcula- 
tions. Interestingly, both methods show the presence of 
hyperconjugative interactions, as demonstrated by the 
substantial lengthening of the bond distance between 
C(2) and C(3) (Table 3). This important structural 
deformation is accompanied by the shortening of the 
C(l)-C(2) and C(3)-C(4) bonds. Nevertheless, the 
inclusion of  electron correlation is necessary to reveal 
the double hyperconjugation in 50 +, as evidenced by 
shorter C(3)-C(4) and longer C(4)-H bond distances 
(Table 3). With the exception of C(l)-C(2) bond 
shortening, none of these structural modifications is 
reflected in the MM2-optimized geometry: neither the 
C(2)-C(3) and C(4)-H bond elongations nor the 
C(3)-C(4) bond shortening are observed. 


Schiesser and c o - w ~ r k e r s ~ ~ , ~ ~  recently optimized the 
geometry of cubyl cation at the correlated MP2/ 
6-3 lG** level. Their results indicated that the positive 
charge is substantially delocalized to the a- and y- 
positions of the cage-type structure. The stability of 
cubyl cation had previously been rationalized in similar 
terms, at the Hartree-Fock level.% Again, the MM2 
structure compares poorly with ah initio results. This is 
particularly the case for the key parameter: the MM2- 
calculated cross-ring distance C(l)-C(3) is far too short 
compared with the ah initio-optimized structure. For 
cubyl cation, such discrepancies are not surprising in the 
light of the fact that MM2 computations are based on 
trial cyclobutyl parameters. As mentioned earlier, within 
the MM2 model, a specific set of parameters is required 
for structures containing a four-membered ring. 


The geometries of both carbocations SO+ and 56' 
present special features which are consequences of their 
strained polycyclic structures. These features are 
revealed by the ah irzitio method, especially when 
electron correlation is included, whereas the MM2 
computations yield inaccurate geometries for both ions. 
However, the comparison between the two methods 
should not be confined to these two special cases where 
severe discrepancies may be expected. 


For the purpose of evaluating in more detail the 
quality of MM2-optimized geometries of bridgehead 
carbocations, comparisons were made between MM2 
results and ah iriitio molecular orbital theory computa- 
tions at the Hartree-Fock level, obtained with the 
Gaussian set of programs." The six bridgehead carbo- 
cations selected for this comparison were chosen 
because non-classical types of stabilization do not 
predominate in these structures. The choice was limited 
to relatively rigid polycyclic bridgehead cations with 
low conformational flexibility. As the six carbocations 
are classical, the absence of explicit consideration of 
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Table 3. Selected geometric parameters for l-bicyclo[2.2.2]octy1 cation and 1-cubyl cation 


50+ 


4 'a: 3 


56+ 


5 0  56' 


Paramete? MM2 HF/6-31Gh MP2/6-31G*h Parameter" MM2 MP2/6-31G**' 


c 1 -c2 
C2-C3 
c3-c4 
C 1 -C4 
Cl-C2-C3 
c2-c3-c4 
C2-C 1 -C6 
c3-c4-c5 
c2-c3-c4-c5 
C6-C 1 -C2-C3 


1.486 
1.545 
1.556 
2.369 


102.2 
109.1 
115.9 
109.4 
-59.5 


70.5 


1.464 
1.608 
1.538 
2.350 


98.6 
109.9 
117.8 
109.1 
-59.6 


75.5 


1.449 
1.626 
1.5 27 
2.354 


98.4 
109.8 
118-0 
109.1 
-59.5 


76.0 


c 1 -c2 
C2-C3 
c3-c4 
Cl-C3 
Cl-C4 
Cl-C2-C3 
C2-C 1 -C6 
c2-c3-c4 
C2-C3-C8 
Cl-C2-C3-C4 
C6-C1 -C2-C3 
c2-c3-c4-c7 


1.500 
1.561 
1.596 
1.877 
2,200 


75.6 
106.9 
85.9 


101.4 
-78.1 
106.8 
97.1 


1.497 
1.575 
1.563 
2.034 
2.442 


82.9 
100.2 
88.1 
93.6 


-83.6 
97.1 
92.7 


a Bond lengths in hgstroms and angles in degrees 
'Ref. 93. 
'Refs 94 and 95. 


electron correlation is less critical for such species. 
Indeed, even with the use of the recent computer 
technology, calculations incorporating electron correla- 
tion, in particular the characterization of stationary 
points by vibrational frequency analysis at such a high 
level, are difficult to carry out for carbocations with up 
to eleven carbon atoms such as the 1-manxyl cation 7' 


The HF/6-31G"9R-1"" polarized basis set, which has 
been shown in the past to reproduce the properties of 
the classical carbocations in a satisfactory manner, was 
used to optimize the geometries for the six selected 
carbocations. It was assumed that the optimized 
geometry parameters are adequately reproduced with the 
HF/6-31G" basis set, at least for the purpose of this 
comparison. Although limitations to its use have 
recently been found,'"' it has successfully revealed 
hyperconjugative interactions in carbocations. '"2.'"3 


In polycyclic bridgehead carbocations, these interac- 
tions may play a more or less important role, depending 
on the particular structure of the ion. Three carbocations 
with weak hyperconjugative interactions were investi- 


(CI'H;,,). 


gated in this series. The three remaining ions were 
selected because they display more pronounced degrees 
of C-C and/or C-H hyperconjugative stabilization. 


Catioru exhibiting moderate hypercoiijugative 
interactions 


Careful investigation of the potential energy surface of 
perhydrotriquinacenyl cation 53 +, using the a h  iriitio 
method, revealed the presence of several stationarx 
points. Vibrational frequency analysis at the 6-31G ' 


level shows cation 53' of C, symmetry as being the 
lowest minimum, whereas the C32, isomer is a higher 
order stationary product. I"* Molecular mechanics 
calculations that identify only one minimum of C3 
symmetry are consistent with a h  iriitio results. The 
6-31GX computations show a weak threefold C-C 
hyperconjugation enabled by the propeller-like arrange- 
ment of the three rings of ion 53'. This hyperconjuga- 
tive interaction is reflected in the a h  initio-optimized 
structure by the slight lengthening of E n d s  C (  l)-C(2), 
C(4)-C(5) and C(7)-C(8) to 1.569 A,  compared with 
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1.545 .& for C(l)-C(9), C(3)-C(4) and C(6)-C(7) 
(Table 4). The lengthened bonds are associated with the 
smaller C'-C-C bond angles, as C(lO)-C(l)-C(2) 
and its two symmetry-related angles are decreased to 
98.5", whereas C(lO)-C(l)-C(9) amounts to 102.4". 
Apart from these small structural deformations due to 
hyperconjugative interactions, the MM2 calculations 
reproduce the ah initio-optimized geometries reasonably 
well. In Table 4, the MM2 optimized geometries for the 
other two carbocations 7' and 9', which display weak 
to moderate hyperconjugative interactions, also come 
relatively close to those optimized by ab initio calcula- 
tions. The case of the l-bicyclo[3.3.0]octy1 cation 9' is 


particularly interesting since both methods, MM2 and 
ah initio, predict the existence of two minima, the 
lower one having C, symmetry and the higher one C, 
symmetry. In the ah initio-optimized geometry of the 
more stable isomer, the C-C hyperconjugation remains 
weak, whereas the C-H hyperconjugation is clearly 
present. Indeed, the C(2)-H, and especially C(5)-H 
bond distances at the a-position are longer, at 1.094 and 
1.104 A, respectively, than those cgmputed for the /3- 
position where C(3)-HC is 1.081 A. In addition, the 
C'-C-H bond angles are smaller (105.4" and 101.4"), 
as compared, for example, with C(2)-C(3)-HC, which 
amounts to 11 1.9". Again, these geometry distortions 


Table 4. Optimized structures" of the series of bridgehead carbocations with moderate C-C hyperconjugation with key geometric 
parameters' 


P 


P P 


~~ 


7' 9' 53' 


Parameterh MM2 6-31G" Parameter' MM2 6-31G" Parameterh MM26-31G" 


c1-c2 
C2-C3 
c3-c4 
Cl-C2-C3 
c2-c3-c4 
C2-Cl-C8 
Cl-C2-C3-C4 
C3-C2-Cl-C8 
0 


1.488 
1.533 
1.538 


111.9 
115.0 
119.9 
56.8 
61.2 


1.6 


1.473 
1.557 
1.534 


110.0 
116.6 
119.9 
58.9 
60.7 
0.4 


Cl-C2 
Cl-C5 
C2-C3 
c4-c5 
C2-H, 
C2-Hh 
C3-H, 
C5-H 
Cl-C2-C3 
C2-CI-C5 
c3-c4-c5 
C1-C2-Ha 
C 1-C2-H, 
C2-C3-HC 
C1-C5-H 
Cl-C2-C3-C4 
C5-Cl-C2-C3 
0 


1.480 
1.475 
1.549 
1.5 39 
1.1 15 
1.1 15 
1.1 16 
1.1 16 


98.8 
117.7 
102.8 
110.1 
112.2 
112.6 
109.4 
24.8 
- 0.3 


2.4 


1.474 
1.460 
1.548 
1.540 
1.094 
1.085 
1.081 
1.104 


103.9 
112.2 
102.4 
105.4 
1 13.0 
11 1.9 
101.4 
246 
-3.9 


2.5 


CI-C2 
Cl-C9 
c1-c10 
C2-C3 
Cl-C2-C3 
Cl-ClO-C4 
c2-c 1 -c 10 
C3-C4-C10 
c3-c2-c1 -c10 
c2-c1-c1o-c4 
0 


1.541 
1.541 
1.475 
1.553 


104.4 
117.9 
97.6 
99.9 


-35.1 
26.4 


8.4 


1.569 
1.545 
1.468 
1.546 


105.2 
117.1 
98.5 


102.5 
-33.3 


22.2 
9.9 


Perspective drawings of the 6-31G* optimized structures. 
'Bond lengths in Bngstrorns, angles in degrees and mean value 0 of the out-of-plane bending angles in degrees 
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stemming from C-H hyperconjugation are absent in the 
MM2-optimized geometries. Incidentally, the C-H 
bond lengths generated by MM2 are systematically 
longer than those obtained with the a h  iriitio method. 


Catioris exhibiting pronounced hyperconjugative 
interactions 


The comparison of geometries generated by both 
methods is especially instructive for ions where a h  
initio calculations predict strong hyperconjugative 
interactions. This is the case for 3-noradamantyl 55 ' ,  1- 
noradamantyl 52' and l-bicyclo[3.2.l]octy1 51' 
carbocations. The a h  initio-optimized geometry of the 
3-noradamantyl cation 55 + is particularly affected by 
C-C hyperconjugation:o the C(1)-C(2) and C(6)-C(8) 
distances attain 1.606 A ,  in comparison with 1.547 A 


for C(4)-C(9) and C(4)-C(5), and the bond angles 
C (  l)-C(2)-C(3) and C(3)-C(S)-C(6) (89.7") are 
clearly smaller than angle C(3)-C(4)-C(9) (99.4"). 
The absence of these hyperconjugative deformations in 
the MM2-optimized geometries of the three ions in 
Table 5 increases markedly the divergences between the 
geometry parameters generated by molecular mechanics 
and by a h  iriitio calculations. 


The differences between the geometries optimized by 
MM2 and by a h  iriitio methods may also be evaluated 
by calculating the average of the absolute values of the 
differences in geometry parameters listed in Tables 4 
and 5.  For cations 7', 9' and 53', the gifference in 
bond length ranges from 0.012 to 0.015 A, while the 
average of the absoluteo values of the differences for 
bond distances is 0.013 A. The difference in bond angles 
lies between 1.17" and 3.6" with an average of 2.01". In 


Table 5. Optimized structures" of the series of bridgehead carbocations with pronounced C-C hyperconjugation with keygeometric 
parameters' 


51 + 52' 55 + 


Parameterh MM2 6-31G* Parameterh MM2 6-31G* Parameter' MM2 6-31G* 


c1-c2 
C1-C7 
C1-C8 
C2-C3 
C5-C8 
C6-C7 
c 1  -c2-c3 
CI-C7-C6 
CI-C8-C5 
C2-Cl-C7 
C2-Cl-C8 
CI-C2-C3-C4 
C3-C2-C1 -C8 
C3-C2-CI -c7 
0 


1.488 
1,483 
1.480 
1.541 
1.545 
1.554 


105.2 
96.4 
90.8 


117.9 
116.5 
-39.3 


70.5 
-68.2 


12.1 


1.455 
1.488 
1.460 
1.601 
1.589 
1.572 


99.0 
97.1 
89.6 


122.4 
119.1 
-41.5 


75.8 
-70.0 


9.5 


c1-c2 
C1-C7 
C2-C3 
c3-c4 
C6-C7 
CI-C2-C3 
C1 -C7-C6 
C2-C1 -C8 
c2-c3-c4 
C7-Cl-C8 
CI-C2-C3-C4 
C2-Cl-C8-C4 
c3-c2-c1 -c7 
0 


1.481 
1.495 
1.552 
1.588 
1.553 


91.4 
104.7 
111.4 
105.9 
115.5 
30.1 
58.5 


-75.6 
14.4 


1.463 
1.478 
1.589 
1.607 
1.600 


87.9 
101.6 
111.5 
104.8 
119.0 
32.4 
66.4 


-78.1 
10.9 


c1-c2 
Cl-C7 
C2-C3 
c3-c4 
c4-c9 
c l-C2-c3 
C2-CI-C7 
c2-c3-c4 
C2-C3-C8 
c3-c4-c9 
CI-C2-C3-C4 
c3-c2-c 1 -c7 
C4-C9-CI-C7 
0 


1.546 
1.5 60 
1.484 
1.49 1 
1.545 


92.2 
109.3 
112.9 
115.5 
100.3 
42.3 
58.8 


-62.2 
14.7 


1.606 
1.548 
1.451 
1,535 
1.547 


89.7 
109.9 
113.2 
119.7 
99.4 
45.1 
57.8 


-61.6 
12.6 


Perspective drawings of the 6-31G" optimized structures. 
bBond lengths in ingstroms, angles in degrees and mean value 0 of the out-of-plane bending angles in degrees 
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the case of ions Sl' ,  52' and 55' ,  the larger average 
differences are observed for both bond distances 
(0.030 A), and bond angles (2.33'). It is interesting that 
in general there is less difference between MM2- and 
6-3 lG*-optimized parameters than between those 
generated by MM2 and 3-21G methods. 


The pyramidalization at the cationic centre is another 
structural characteristic of bridgehead cations and its 
extent depends on the particular arrangement of the 
polycyclic framework. In an optimized geometry, this 
pyramidalization can be expressed as the average angle 
0, of the out-of-plane bending angles w i  of the central 
C' atom, relative to the plane defined by the three 
neighbouring carbons. In the MM2 program, the 
pyramidalization at the cationic centre is mainly con- 
trolled by the out-of-plane constant, for which the value 
of 0.9 was suggested. In the series of bridgehead 
carbocations listed in Table 4, ab irzitio-determined 
pyramidalization evaluated as the average angle 0 is 
well reproduced by MM2. However, for ions where 
pyramidalization is more pronounced, such as 51 +, 52' 
and 55 ', MM2 tends to overestimate this out-of-plane 
deformation of the cationic centre (Table 5). 


The MM2-computed steric energies of  the carbo- 
cations may be converted into enthalpies of formation 
by means of bond increments,Io4 which are based on the 
165.8 kcal mol-' experimental value for the tert-butyl 
cation. These data are given in Table 2 together with the 
experimental values available in the literature. The 
MM2 calculations also use increments for the inductive 
stabilization of the cationic centre by /3-alkyl substitu- 
ents. A value of 1.5 kcal mol-' per substituent has been 
recommended and is used in MM2 calculations with the 
assumption that the effects are additive. 


The comparison appears to be satisfactory: the 
experimental enthalpies of simple acyclic and mono- 
cyclic ions are well approximated by MM2. The 
agreement observed for the cubyl cation is remarkable, 
considering that the cubyl parameters were adjusted on 
the grounds of solvolysis data for cubyl- and methylcy- 
clobutyl bromide. 


For several other ions, the agreement is less satisfac- 
tory, however. The largest discrepancy between 
experimental and MM2-computed heats of formation is 
found for the 3-noradamantyl cation 55' where the 
deviation reaches 6.8 kcal mol-'. As discussed above, 
the ah irzitio method revealed a strong C-C hyperconju- 
gative stabilization, which is not reflected in the MM2- 
computed value. For the perhydrotriquinacenyl cation 
53', where ab irzitio calculations showed a weaker 
hyperconjugative interaction, the difference between the 
two values drops to 3.2 kcalmol-'. In another case, the 
poor agreement of MM2-computed values with experi- 
mental results can also be a consequence of other 
factors which stabilize carbocations. For example, the 
heat of formation calculated by MM2 for 2-methyl-2- 
norbornyl cation is 3.4 kcal mol - '  higher than that 


measured experimentally, which may be attributed to 
the uns mmetrical bridging of tertiary 2-norbornyl 


At this stage, no attempt was made to compare MM2- 
computed heats of formation with energiez obtained by 
ab irzitio calculations using the 6-3 1G ' basis sets. 
Indeed, ab irzitio computations at correlated level are 
needed to appreciate satisfactorily the energetic conse- 
quences of  the hyperconjugative stabilization. Such 
calculations are in progress. 


The comparison of the MM2-calculated energies 
and structures with the experimental and ah initio 
results reveals appreciable deficiencies in the mole- 
cular mechanics treatment. These are principally due to 
the neglect of hyperconjugation and partial bridging 
in the carbocation force field. Clearly, the MM2 
calculations perform much better for solvolysis, where 
such effects are less important than in the case of free 
ions. 


cations. 2 . 4 3  


CONCLUSION 


The application of molecular mechanics calculations to 
steric effects in bridgehead solvolysis was developed in 
the early 1970s, when molecular mechanics was in its 
infancy. It is remarkable to find that some 20 years later 
the basic approach has stood the test of time. It may be 
applied safely not only to bridgehead derivatives, but 
also to tertiary derivatives of general structure, albeit 
less reliably. From this viewpoint, the solvolysis of 
tertiary derivatives appears remarkably simple and 
mechanistically homogeneous. Once the anchimerically 
assisted compounds have been recognized and removed, 
there are very few serious deviations from the 
strain-reactivity plot. It is thus possible, by this type of 
correlation analysis, to determine 'normal' behaviour 
and to quantify the deviation from this norm. On the 
other hand, the calculations, in their present form, 
provide only limited insight into the structures of 
carbocations, in particular when they are distorted. 
Although in simple cases there may be agreement 
between the experimental or ah irzitio- and the force 
field-calculated structures, this agreement should be 
considered with caution until a more advanced version 
of molecular mechanics, specifically parametrized for 
carbenium ions, is developed. 
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ACIDITIES AND HOMOLYTIC BOND DISSOCIATION ENTHALPIES 
OF 4-SUB STITUTED-2,6-D1- TERT-BUTYLPHENOLS 


F. G. BOWWELL' AND XIAN-MAN ZHANG 
Department of Chemistry, Northwestern University, 2145 Sheridan Road, Evanston, Illinois 60208-31 13, USA 


Equilibrium acidities and estimates of homolytic bond dissociation enthalpies (BDEs) in DMSO of the 0 - H  
bonds for a-tocopherol, 2,6-di-tert-butylphenol, six 4-substituted-2,6-di-teri-butylphenols, and ten related 
phenols are reported. The presence of a 2,6-di-tert-butyl group in a phenol increases its acidity and makes 
substituent effects on the acidity caused by a para electron-withdrawing group larger. The BDEs of the 0 - H  
bonds in 2,4,6-tri-tert-butylphenol, 4-methoxy-2,6-di-tertt-butylphenol, 4-methyl-2,6-di-teri-butylphenol and a- 
tocopherol, estimated by combining their pK,, values with the oxidation potentials of the conjugate anions, 
Eox(A-), according to the equation BDE = 1.37pKH, + 23.1EO,(A - )  + C have been found to agree to within 
2 kcalmol-' with literature values (1 kcal=4.184 kJ). Introduction of 2,6-di-tert-butyl groups into phenol and 
six 4-substituted phenols weakens the 0 - H  bonds by amounts ranging from 3.6 to 10.3 kcal mol-'. These effects 
are attributed to increases in ground-state energies which introduce strains that are relieved when homolytic 
cleavage of the 0 - H  bond forms an oxygen-centered radical where the odd electron can be delocalized into the 
benzene ring. 


INTRODUCTION 


We have developed a simple method of estimating 
homolytic bond dissociation enthalpies (BDEs) of weak 
organic acids by combining the pKH, values of their 
acidic H-A bonds with the oxidation potentials of their 
conjugate anions, Eox(A-), both measured in DMSO 
solution: 


BDE = 1.37pK~, + 23.1E0,(A-) + C (1) 
The BDEs for the acidic C-H bonds in 14 hydrocar- 
bons and for 12 hydrocarbons containing one or more 
heteroatoms using this method have been shown to give 
BDEs that agree with literature values to k3 kcal mol-' 
(1 kcal= 4.184 kJ) or better.' Although the method has 
been used to estimate BDEs for the 0-H bonds in 38 
phenols' and 37 o x i m e ~ , ~  the paucity of BDE literature 
values for 0-H bonds has limited comparisons with the 
BDEs obtained by other methods. The BDE estimated 
for the 0-H bond for phenol (90 kcal mol-I) agrees 
well with a value of 88 kcal mol-' obtained by a similar 
method in aqueous s o l ~ t i o n , ~  but is 3-5 kcalmol-' 
higher than the best gas-phase value 
(85 f 1 k ~ a l m o l - ' ) . ~  (Henceforth kcal mol-' will be 
abbreviated as kcal). The relative effects of substituents 
on BDEs of phenols obtained by equation (1) agree 


*Author for correspondence. 


remarkably well, however, with those obtained in four 
other investigations.* 


It was of  interest to extend our acidity and BDE 
studies to  2,6-di-tert-butylphenols and related 
compounds, for  several reasons. First, although 
2,6-dimethyl and 4-tert-butyl groups cause a small 
decrease in the acidity of phenol, 2,6-di-tert- 
butylphenol and 2,4,6-tri-tert-butylphenol are 
slightly more acidic than phenol in DMSO. It was 
therefore of interest to carry out additional acidity 
studies. Second, there has been considerable inter- 
est in 2,6-dialkylphenols because of their 
antioxidant properties, and the BDEs of the 0 - H  
bonds in  2,4,6-tri-tert-butylphenol and a-toco- 
pherol have been shown to be about 10 kcal lower 
than that of phenol. It was desirable to check these 
values by our method and to extend the studies to 
additional examples. 


RESULTS AND DISCUSSION 


The acidity and BDE data for 4-substituted 2,6-di-tert- 
butylphenols and related phenols are summarized in 
Table 1. 


Equilibrium acidities 


Examination of entries 1-4 in Table 1 shows that the 
presence of 4-Me, 2,6-diMe, or 4-t-Bu groups in phenols 
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Table 1. Acidities and BDEs of the 0-H bonds in  4-substituted 2,6-di-rert-butyl- and related phenols 
~~ 


Phenol p K H A a  ApKHA E,,(A IL B D E ~  ABDE 


C,H,OH 18.0h (0.0) -0.325 89.9 (0.0) 
4-MeC,H40H 18.9' -0.9 -0.428 88.7 1.2 
2,6-MeZC,H,OH 18.5h -0.5 -0.492 87.3 2.6 
4-r-BuC,H40H 19.05 ' -1.0 -0.435 89.3 0.6 
2,6- t-BuzChH ,OH 17.3' 0.7 -0.619 82.7 7.2 
4-Me-2,6-t-Bu,C,H20H 17.73 0.3 - 0.755 80.1 9.8 
2,4,6-r-Bu,C,H,OH 17.8h 0.2 -0.665R 82.3 7.6 
4-Et-2,6-r-Bu2C,H,OH 17.71 0.3 -0.758R 80.0 9.8 


4-Me0-2,6-t-Bu,C,H20H 18.2 -0.2 -0.806R 79.6 10.3 
4-PhC,H40H 17.1' 0.9 -0.370 88.2 1.7 
2,4,6-Ph,C6H,0H 14.1 3.9 0.334R 84.9 5.0 
4-PhCOC,H,OH 13.4' 4.6 0.062 93.1 -3.2 
4-MeOCO-2,6- r-Bu,C,H ,OH 11.90 6.1 -0.229R 84.3 5.6 


4-MeOC6H,OH 19.1' -1.1 -0.618 85.2 4.7 


4-NO$,H,OH 10.8' 7.2 0.314 95.3 -5.4 
4-N0,-2,6-Me2C,H,0H 9.95 8.0 0.147 96.3 -0.4 
4-NO2-2,6-t-Bu2C,H,OH 7.3 10.7 0.127R 86.2 3.6 
a-Tocopherol 20.2 -2.2 -0.870 80.9 9.0 


In pK,, units, equilibrium acidities measured in DMSO solution. 
'Ref. 2. 
'Measured by cyclic voltammetry using the method previously described,' and referenced to the 
ferrocene/ferroceniurn couple (0.875 V on our instrument). The cyclic voltammograms labeled with a superscript R 
are reversible at ordinary scan rates (100 mV s- ' ) .  
In kcal mol -I, estimated using equation ( I ) .  The values are 0.6 kcal mol - I ,  higher than those in Ref. 2 because 
C = 73.3' instead of 72.7 kcal mol-' has been used. 


causes small decreases in acidity, but the introduction of 
2,6-di-t-Bu leads to small increases in acidities. The 
introduction of the 2,6-di-tert-butyl groups into these 
phenols must lead to a large steric inhibition of solvation 
in the 2,6-di-tert-butylphenoxide ions. Ordinarily, one 
would expect inhibition of solvation of the anion to 
cause a sizable decrease in acidity. Evidently, introduc- 
tion of the 2,6-di-tert-butyl groups into phenol must lead 
to a large acid-strengthening effect that overshadows the 
acid-weakening effect of desolvation. We believe that the 
acid-strengthening effect is due primarily to a sizable 
increase in the ground-state energies (GSEs) of these 
phenols relative to that of phenol. 


The introduction of 2,6-di-tert-butyl groups into 4- 
methoxyphenol also causes an increase in acidity for the 
same reason (entries 9 and 10). 


The introduction of 2,6-diphenyl groups into 4- 
phenylphenol (entries 11 and 12) also causes an 
increase in acidity, which we believe to be due, at least 
in part, to increases in GSEs. 


4-Phenylcarbonylphenol is 4.6 pK,, units more 
acidic than phenol (entry 13). We do not have data 
for 4-phenylcarbonyl-2,6-di-tert-butylphenol, but the 
data for 4-methoxycarbonyl-2,6-di-terr-butylphenol 
(entry 14) can serve as  an approximate model. Here 
we see that the acidity is increased by 1.5 units 
relative to that of 4-phenylcarbonylphenol (the 
effect would be expected to be larger relative to 
4-methoxycarbonylphenol). 


The acidity of phenol is increased by 7.2 pK,, units 
by the introduction of a 4-nitro group (entry 15). 
Introduction of 2,6-dimethyl groups into 4-nitrophenol 
increases the acidity by only an additional 0.8 unit, but 
introduction of 2,6-di-tert-butyl groups causes a 3.5 
pK,, unit increase in acidity (entry 17). Here too we 
believe that the increases in acidities are due to 
increases in GSEs. 


(entry 18). This difference is expected from a summation 
of the acid-weakening effects of two o-Me (0.5), two m-R 
(0.4) and one RO (cu 1.1) = 2.0 pK,, units. 


a-Tocopherol (1) is 2.2 pK,, units less acidic than phenol 


Me 


Me 


1 


A comparison of the slope of a Hammett-type plot 
of pK,, values versus 0- for 4-substituted-2,6-di-tert- 
butylphenols (Figure 1) with that of a similar plot for 
comparable 4-substituted phenols (Figure 2) serves to 
illustrate the enhancing effects that the 2,6-di-tert-butyl 
groups have on the acidifying effects of 4-substituents. 
The steeper slope in Figure 1 is understandable in terms 
of a large steric inhibition of solvation of the 
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Figure 1. Hammett plot of the equilibrium acidities of 4-substituted-2,6-di-terr-butylphenols versus u- constants 
pKm = 18.0 - 5.40 0- R2 = 0.990 
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Figure 2. Hammett plot of the equilibrium acidities of 4-substituted phenols versus u- constants 


phenoxide ion by the 2,6-di-tert-butyl groups, which 
causes an increased negative charge to be transferred 
from the phenoxide ion to the benzene ring. Note, for 
example, that the nitro group in 4-nitro-2,6-di-tert- 
butylphenol increases the acidity of 2,6-di-tert-butyl- 
phenol by 10 pKHA units (13.7 kcal), whereas the nitro 
group in 4-nitrophenol increases the acidity of phenol 
by only 7.2 pKHA units (9.86 kcal). 


Comparisons of homolytic BDEs of 0 - H  bonds 
with literature values 


The BDE values for 4-substituted-2,6-di-tert-butyI- and 
related phenols are summarized in Table 1. The BDEs 
relative to that of phenol itself, i.e. ABDEs, given in the 
last column are believed to provide estimates of the 
relative radical stabilization energies (RSEs) of the 
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corresponding phenoxyl radicals, following the usual 
practice. 


A direct calorimetric method has been developed for 
measuring the BDEs of 0-H bonds in weak acids forming 
oxygencentered radicals on homolytic cleavage that are 
stable for many hours in concentrated solutions at room 
temperature and undergo clean, rapid, exothermic and 
reversible reactions with a suitable hydrogen atom donor.7a 
The method has been applied successfully to measure the 
BDEs for several 0-H bonds, including those in 2,4,6-tri- 
rerr-butylphenol, di-tert-butyl ketoxime and rerr-butyl-l- 
adamantyl k e t ~ x i m e . ~ ~  We have recently shown that the 
BDEs obtained using equation (1) for these two ketoximes 
in DMSO are in good agreement with those obtained using 
the direct calorimetric method in benzene.’ The BDE of 
the 0-H bond for 2,4,6-tri-rert-butylphenol in DMSO 
using equation (1) is 82.3 kcal (Table l), which is also in 
good agreement with that obtained in benzene by the direct 
calorimetric method (81.2 k~al ) . ’~  The BDE of the 0-H 
bond in a-tocopherol (1) has been estimated by kinetic 
measurements combined with a Polanyi-type correlation to 
be 80.4 kcal.’ The BDE of the 0-H bond in a-tocopherol 
in DMSO estimated using equation (1) is 80.9 kcal, which 
is in excellent agreement with that obtained earlier.’ 


Effects of 4-substituents and 2,6-di-tert-butyl 
substituents on BDEs of phenols 
Earlier work has shown that the BDEs of the 0-H bonds 
in phenols are sensitive to the effects of substituents in 
the benzene ring.’ 4-Donor substituents decrease the BDE 
of the 0-H bond in phenol in the following order (kcal 
in parentheses): t-Bu (0.6) < Me (1.2) < Ph (1.7) < Me0 
(4.7) < HO (7.7) < Me,N (9.0) < H,N (12) < 0-  (16). 4- 
Acceptor substituents increase the BDEs in the order Br 
(0.3) < PhCO (2.0) < MeCO (2.3) < CN (3.8) < NO, 
(4.2) < MeSO, (4.6) < 4-CF, (4.9).’ The bond-weakening 
effect of 4-donors has been associated with their ability to 
stabilize the corresponding radicals by delocalization.’ A 
recent analysis suggests that the bond-strengthening 
effects of 4-acceptors is associated with their undergoing 
dipole-dipole stabilizing interactions with the OH group 
(e.g. 2a CJ 2b) that decrease the ground-state energy of 
the undissociated phenol and thereby lead to strengthen- 
ing of the 0-H bond.“’ This rationalization follows that 
of Clark and Wayner” for the effect of 4-acceptors in 
strengthening the C-Br bonds in benzyl bromides. 


x+ 


A 
/+\ 


-0 Q 


2a 2b 


A plot of the BDEs of in- and p-acceptor substitu- 
ents vs Hammett u constants for 3-COMe, 4-COMe, 3- 
CN, 4-CN, 3-N02 and 4-N02 (Figure 3) is linear with a 
slope of 6.1. The points for hydrogen and the weak 
donor substituents 4-Me, 4-t-Bu and 4-Br also fit the 
plot (Figure 3). Stronger p-donors (4-0-, 4-NH2, 4- 
HO, 4-Me0 and 4-Ph) have weak electron-withdrawing 
abilities, but strong radical-stabilizing abilities, and tend 
to form a separate line with a much steeper slope.“’ 


It is noteworthy that, whereas the Hammett pK,, 
plots (Figures 1 and 2) involving phenols require 0- 
constants for strong electron-withdrawing groups, such 
as 4-N02, the Hammett BDE plot involving radicals 
(Figure 3) accommodates an ordinary up for NO, 
because the 4-N02C6H,0‘ radical is poorly solvated. 


Effects of 2,6-di-tert-butyl groups on the BDEs of 
phenols 
The weakness of the 0-H bond in 2,4,6-ni-tert-butyl- 
phenol relative to that in phenol itself (ABDE = 7.2 kcal) 
has long been known7‘ It seems certain that steric conges- 
tion around the hydroxyl group is in some way responsible 
for this decrease, and a calculation of the heat of the 
isodesmic reaction of 2,4,6-tri-tert-butylphenol (3) with 
benzene to give 1,3,5-tri-tert-butylbenzene and phenol 
(Scheme 1) as being AHo = -8.2 kca17” shows that relief 
of this steric strain is indeed exothermic. Also, the rotation 
of the hydroxyl group in 3 has been shown to be severely 
hindered,” but the ?err-butyl group in the corresponding 
phenoxyl radical is freely rotating. l 3  Nevertheless, the 
radical is clearly sterically hindered since it has a long 
enough lifetime on the electrode to allow reversal of the 
cyclic voltammetric sweep, and this is true also for the 
other 4-substituted 2,6-di-?ert-butylphenoxyl radicals, 
including the radical derived from 3. 


Functional groups weaken bonds by increasing the 
electron density in the bond and strengthen the bond by 
decreasing the electron density. These effects are reflected 
in the effects of functions on the corresponding radicals. 
Thus, donor groups such as R,N, RO or Ph stabilize 
radicals by delocalizing the odd electron and Me,N+ 
groups destabilize radicals. Groups with both donor and 
acceptor properties such as pyridinium and nitro have dual 
effects on radicals. Donor functions increase the electron 
densities (basicities) of remote or proximate anions and 
thereby cause cathodic (negative) shifts in their E,,(A-) 
values. A structural change that causes a cathodic shift in 
E,,(A-) values is therefore indicative of an increase in the 
electron density of the anion and a weakening of the 
precursor H-A bond. Examination of Table 1 shows that 
introduction of a 2,6-di-tert-butyl group into phenol 
increases the E,,(A-) of the corresponding anion by 
0.294 V or 6.8 kcal (entry 5). We suggest that this effect 
arises because the phenoxide ion loses solvation when the 
2,6-di-tert-butyl groups are introduced, and its effective 
electron density is thereby increased. (Note, for example, 
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Figure 3. Hammett plot of the BDEs of the 0-H bonds in phenols bearing 3- and 4-acceptor substituents vs u 
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the increased electron density on the nitro group in 4-nitro- 
2,6di-tert-butylphenol vs 4-nitrophenol.) The presence of 
the donor groups 4-Me, 4-t-Bu, 4-Et and 4-Me0 increased 
the cathodic shifts by an additional 3.1, 1.1, 3.2 and 
4.3 kcal, respectively. This leads to total bond-weakening 
(ABDE) effects for the 0-H bonds of 9.8, 7.6, 9.8 and 
10.3 kcal, respectively, in these 4-substituted-2,6-di-tert- 
butylphenols (Table 1). 


In addition, delocalization of the odd electron by 
conjugation into the benzene ring shortens the C-0 
bond, and converts the oxygen-centered radical into a 
(more stable) hybrid oxygen-carbon-centered radical. 


(Examination of the ESR spectrum of hybrid radicals 
of this type has shown that the spin density of the odd 
electron resides principally on carbon. 14) 


The BDEs of the 0-H bonds in 4-methyl-2,6-di- 
tert-butylphenol, 4-methoxy-2,6-di-tert-butylphenol 
and a-tocopherol of 80.1, 79.6 and 80.9 kcal, respect- 
ively (Table l), are in good agreement with the recently 
reported values of 80.7, 7 7 6  and 78.9 kcal, respect- 
ively, obtained by equilibrations with 2,4,6-tri-tert- 
butylphenol, BDE = 81.2 kcal, as a ~tandard. '~ 


Examination of Table 1 shows that a-tocopherol is 
less acidic than 4-methoxy-2,6-di-tert-butylphenol by 
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2 pK,, units, and is evidently less subject to steric 
inhibition of solvation. Nevertheless, the cathodic 
shift of the oxidation potential of its anion is only 
70 mV less and its 0-H bond is only 1.3 kcal stron- 
ger. As Burton et al.9 have pointed out, the orientation 
of the para oxygen atom dictated by the ring struc- 
ture in a-tocopherol (1) ensures favorable orbital 
overlap with the phenoxyl radical formed. 


The powerful electron-withdrawing (acceptor) effect 
of the p-nitro group in p-nitrophenol, together with a 
favorable dipole-dipole interaction between the OH and 
NOp groups, decreases the ground-state energy and 
causes a strengthening of the 0-H bond (entry 15 in 
Table 1). The introduction of (donor) 2,6-di-tert-butyl 
groups raises the ground-state energy and reverses this 
trend. The net result is a 3.6 kcal weakening of the 
0-H bond (entry 17). The introduction of 2,6-di-tert- 
butyl groups into 4-methoxycarbonylphenol and of 2,6- 
diphenyl groups into 4-phenylphenol has similar effects. 


The overall effects of these structural changes on 
BDEs conform to a general empirical rule that we have 
used as a working hypothesis which states that structural 
changes in weak organic acids that cause increases in 
ground-state energies will lead to decreases in the BDEs 
of the acidic H-A bonds and vice versa. l 6  


In a recent related study, the BDEs of the 0-H 
bonds in the ketoximes RR'C=NOH have been 
observed to decrease progressively over a 14 kcal range 
as the size of the R and R' groups increases from 
Me,C=NOH to t-Bu(1-Ad)C=NOH. Here too the 
electron densities on the anions increase progressively, 


as evidenced by a progressive cathodic shift in the 
E,,(A-) values, and the 0-H bonds are weakened by a 
combination of increases in ground-state energies of 
the weak acid and delocalization of the odd electrons in 
the corresponding radicals.* 


CONCLUSION 


The introduction of 2,6-di-tert-butyl groups into phenol, 4- 
tert-butylphenol, 4-methylpheno1, 4-ethylphenol and 4- 
methoxyphenol has been observed to cause decreases in the 
BDEs (ABDE) of the 0-H bonds of 7.2-10.3 kcal. The 
electron densities on the corresponding anions increase by 
a 4.3 kcal over this range, as shown by overall cathodic 
shifts of 0.187 V in the E,,(A-) potentials. The weakening 
of these 0-H bonds is attributed to increases in the 
ground-state energies together with stabilization of the 
corresponding radicals by delocalization of the odd 
electrons. A similar rationale is used to account for the 3.6 
and 5.6 kcal ABDEs of 4-methoxycarbonyl- and 4-nitro- 
2,6di-tert-butylphenols, respectively, the 5.0 kcal ABDE 
of 2,4,6-tiphenylphenoI and the 9 kcal ABDE of a- 
tocopherol. The agreement to within *2 kcal with literature 
values for three 4-substituted 2,6di-tert-butylphenols and 
a-tocopherol adds credence to our simple method of 
estimating BDEs by using equation (1). 


EXPERIMENTAL 
All of the research samples were commercially avail- 
able from Aldrich or Lancaster Synthesis. They were 


Table 2. Equilibrium acidities of phenols determined by the overlapping indicator method" 


Compound 
No. of 


pK,, Indicator pK,,' SDk runs PKHA 


2,4,6-TriphenylphenoI 14.45 HZFh 14.95 0.04 2 14.4 


4-MeO-2,6-r-Bu2-phenol 18.12 PFHd 17.9 0.01 2 18.2 


4-Me-2,6-t-Bu2-phenol 17.73 PFH 17.9 0.02 2 17.7 


4-MeOCO-2,6-t-Bu2-phenol 11.90 HZF02" 12.95 0.01 2 11.9 


4-Et-2,6-t-Bu2-phenoI 17.71 PFH 17.9 0.005 1 17.7 


Vitamin E 20.16 CNAHh 18.9 0.03 1 20.1 


14.5 HZFF'2' 14.15 0.05 2 


18.25 FMY30' 18.1 0.01 1 


17.8 FMY30 18.1 0.02 1 


11.89 HZF02Pg 11.98 0.01 1 


17.85 FMY30 18.1 0.012 1 


20.11 2NPANH' 20.6 0.02 1 


"Ref. 17. 
"9-Fluorenone. phenylhydrazone. 
9-Fluorenone, 4-chlorophenylhydrazone. 
9-Phenylfluorene. 
' 2-Phenylsulfonylfl uorene. 
' 9-Fluorenone, 2-chlorophenylhydrazone. 
9-Fluorenone, 2,4-dichlorophenylhydrazone. 
4-Chloro-2-nitroaniline. 


' 2-Naphthylacetonitrile. 
J pK,, values of the indicators used. 
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checked for purity by 'H NMR spectroscopy and by 
their physical properties. Equilibrium acidities in 
DMSO and oxidation potentials of the conjugate anions 
in DMSO were determined by the methods described 
previously.'" Details of the acidity measurements are 
summarized in Table 2. 
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STRUCTURES AND PROPERTIES OF 


AND 1,2-DITHIOLYLIUM-4-THIOLATE: AN MO STUDY AT THE 
1,2-DITHIOLYLIUM-4-METHIDE, 1,2-DITHIOLYLIUM-4-0LATE 


HF AND POST-HF LEVELS 


MATTHIAS MANN AND JURGEN FABIAN* 
Institut f u r  Organische Chemie der Technischen Universitat Dresden, 0-01062 Dresden, Germany 


The molecular and electronic structures of the cyclic 1,2-dithiolium ylides (2) and their acyclic dithiocarbonyl 
valence isomers (4) were studied by ab initio methods. All molecular structures were fully optimized a t  the 
R(U)HF/6-31G* and R(U)MP2/6-31G* levels of theory. The results of the restricted and unrestricted 
Hartree-Fock (HF) calculations are less reliable since the RHF wavefunctions of the cyclic compounds proved 
to be singlet/triplet unstable. A marked ground-state energy depression occurs on passing from restricted to 
unrestricted HF  methods. The title compounds are of diradicaloid nature and belong to the non-classical class 
of structures. The heterocycles are planar and display C,, symmetry, while the cisoid open-chain dithiocarbonyl 
isomers are slightly distorted (C, symmetry). According to the calculated bond lengths and charge distributions, 
the title compounds are in fact more or  less zwitterionic. The thiolate is the most polar compound of this series. 
According to RMP2 calculations, the thiolate (2, X = S) and olate (2, X = 0) should exist in the single ground 
rather than in the triplet state. However, in these cases the isomeric acyclic compounds are predicted to be 
almost isoenergetic with the cyclic compounds. Since the cyclic ylides have higher dipole moments than the 
acyclic dithiocarbonyls, the ylides will gain stability in polar solvents. However, the continuum quantum 
chemical model used in estimating the solvent effect does not favour the ring compounds sufficiently to exclude 
valence isomerization between the ring-closed and ring-open compounds. 


INTRODUCTION 


In recent theoretical studies,’.* we examined the mol- 
ecular and electronic structures of l ,2-dithiin (1) and 
derivatives and the stability of these compounds relative 
to their open-chain dithiocarbonyl valence isomers. 
These heterocycles are non-planar unsaturated disul- 
phides consisting of a slightly distorted butadiene 
fragment and a disulphide bridge with one of the 
sulphur atoms positioned above and the other below the 
fictive plane (C, symmetry). 


The molecular electronic structure of the cyclic 
disulphide is expected to alter greatly on passing from 
1,2-dithiin (1) to the isomeric 4-methylene-l,2-dithiole 
(2a, X = CH,). The cisoid butadiene C,-subunit of 1 is 
now replaced by the cross-conjugated tri- 
methylenemethane fragment. In contrast to 1, this 


Author for correspondence. 


isomer cannot be satisfactorily written using a classical 
electrically neutral valence bond structure employing 
atoms in their normal valences. Moreover, if 2 
(X=CH,)  is regarded as a derivative of tri- 
methylenemethane [2-methylene-l,3-propanediyl (3, 
X =  CH,)],3,4 this compound should be of diradical 
nature, such as indicated by formula 2a. The same 
problem occurs with the heteroanalogues of this series 
(2, X = S ,  0). These heterocycles contain substructures 
corresponding to the diradical oxyallyl [2-oxypropenyl 
(3, X = O ) ]  and thiooxyallyl [2-thiopropenyl (3, 
X = S)], respectively. Both elusive diradical parent 
compounds have been extensively studied 
the~retically.’-~ 


These ‘non-classical’ molecules can alternatively be 
represented by a hypervalent structure or by a resonance 
hybrid of several dipolar structures. The latter represen- 
tation is involved in the delocalized ylid structure 2b 
that is mostly used for convenience in organic chem- 
istry. Zwitterionic formulae suggest that heteroatomic 
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1 


K X 


a b 
2 


(X = CH2, S ,  0) 


4 


substitution of the exocyclic methylene group by more 
electronegative elements may stabilize the charge 
separated structure. The resulting compounds 1,2- 
dithiolylium-4-thiolate (2, X = S) and 1,2-dithioIylium- 
4-olate (2, X = 0) belong, in principle, to the so-called 
mesoionic class of structures.' In contrast to compounds 
2 with exocyclic CHI and S groups, various derivatives 
of 2 (X=O) are experimentally known and well 
characterized. "J' The cyclic structure of some 33- 
substituted derivatives has been confirmed by x-ray 
diffraction However, spectroscopic studies 
of 3,5-donor-substituted compounds suggest that these 
compounds exist either in the closed-ring 
(R = methylthio) or in the isomeric open-chain structure 
(R = morpholino)." 


Attempts have been made to reveal the main struc- 
tural features of these non-classical title compounds 
and their open-chain isomers at the semi-empirical 
PPP14 and MNDO levels.15 According to the MNDO 
calculations, the heterocyclic parent compound (2, 
X = CH,) is less stable than the open-chain isomer, but 
the relative stability of the ring compound increased on 
passing from the methide to the olate and thiolate 
structures. In the case of the 1,2-dithiolylium-4-0late, 
the ring has virtually the same energy as the isomeric 
dithiocarbonyl compound. However, MNDO theory 
favours the triplet states of the ring structures as the 
molecular ground state in all three cases. A reliable 
estimate of the singlet/triplet (S/T) splitting, however, 
suffers from the fact that the heterocycles display 
diradicaloid behaviour. The SCF energies of the non- 
classical structures were appreciably lowered on passing 
from SCF to minimum CI calculations (2 x 2 or 3 x 3). 
A considerable decrease in energy was also observed on 


5 


(X = CH2, S ,  0) 


Y X 


3 


passing from restricted to unrestricted semi-empirical 
Hartree-Fock calculations. Without doubt, the semi- 
empirical approach is unable to cope with the diradi- 
caloid electronic structure. In order to treat this problem 
more adequately, ab initio calculations appeared highly 
applicable. The rapid progress in computer techniques 
has it made possible to tackle this problem at the post- 
Hartree-Fock ab initio quantum chemical level. 


The purpose of this work was to predict the molecu- 


II 


6 


X -  li 
7 


(X = s, 0) 


X-  X 


a 
9 


(X = s, 0) 


b 


X rf 
8 
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lar geometries and relative energies of the parent 
compounds 2 and 4 in their lowest energy singlet states 
and the S/T splitting energies of the cyclic compounds. 
In order to check the zwitterionic character, the charge 
distribution of the ring compounds are considered based 
on Mulliken's population analysis. In order to interpret 
the degree of the charge separation, some related 
compounds are also considered, namely 1,2-dithio- 
lylium ion (6 ) ,  thioenolate (7, X =  S), enolate (7, 
X = 0), thioacrolein (8, X = S) and acrolein (8, X = 0). 
Further, the heterocycles 2 (X = 0, S) are compared 
with the iso-n-electronic compounds thiotropone (9b, 
X = S )  and tropone (9b, X = O ) ,  which might be 
considered as tropylium olate (9a, X = O )  and 
tropylium thiolate (9a, X = S). The last-mentioned 
compounds are well known experimentally. 


If 2 (X = 0, S) is actually ylidic, the solvent effect 
will affect the isomerization energies. The solvatation 
energy is estimated for both the 1,2-dithiolylium-4- 
thiolate and the 1,2-dithiolylium-4-olate. 


COMPUTATIONAL 


The compounds were investigated by the ah initio 
electronic structure methodology l 6  using the Gaussian 
90 and Gaussian 92 series of programs." Optimization 
of fully relaxed molecular geometries were first carried 
out at the closed- or open-shell R(U)HF/6-31Ge level 
of theory [R(U)HF/6-3 1 +G* for anions]. Although 
not required by the explicit imposition of symmetry in 
the calculation, all of the stationary points of the 
energy hypersurface display a higher symmetry (C,,, or 
C,). In order to obtain information about the diradi- 
caloid nature, the electronic system the RHF solutions 
was subjected to the RHF/UHF instability test. The test 
was positive for cyclic ylides. Since the UHF wave- 
functions are strongly spin contaminated, the results of 
these calculations should be considered with caution. 
This outcome indicates the intrinsic deficiency of the 
single determinant approach in that case. 


Electron correlation was considered via 
Moiler-Plesset perturbation theory of the second order 
without constraints [R(U)MF'2(fuII)]. Unless stated 
otherwise, relative energies of geometry-optimized 
structures quoted in the text refer to data obtained at this 
level and do not include vibrational zero-point energy 
correction. In order to evaluate additional effects of 
electron correlation, closed-shell quadratic single and 
double CI including triple contribution [RQCISD(T)] 
single-coint calculations were also performed at the 
6-31G ' basis set level. The optimum geometries of the 
triplet molecules were calculated at the R(U)MP2/ 
6-31G" level. S/T splitting energy were calculated 
based on R(U)MP2 energies after spin projection. Since 
the energies are calculated from total energies of the 
respective molecular species, the S /T splitting energies 
correspond to adiabatic energy gap. 


The Hessian matrix was calculated to verify the 
optimum geometries as minima on the energy hypersur- 
face. As indicated in the tables, in a few cases a small 
negative eigenvalue in the Hessian remained, in spite of 
presuming C,  symmetry. Harmonic frequencies were 
obtained by diagonalization of the mass-weighed 
Cartesian force constants matrix, calculated from the 
analytical second derivative of the total energy. Unless 
stated otherwise, the frequencies are unscaled. They 
also served for calculating zero-point vibrational 
energies and thermodynamic data. 


In order to elucidate the zwitterionic vs diradical 
character, attention was paid both to Mulliken net 
charges and to n-charges calculated therefrom. The n- 
population was extracted from the global population 
analysis assuming core changes of 1 and 2 for carbon 
and sulphur, respectively. 


The solvent effect was estimated by the self-consist- 
ent reaction field (SCRF) method developed by Wong 
et a2." This continuum quantum mechanical solvent 
method defines a spherical cavity. The dielectric con- 
stant of acetonitrile was taken to simulate the effect of a 
polar solvent ( E  = 35.9). 


RESULTS AND DISCUSSION 


Molecular geometry and electron distribution 
Structural data for the heterocyclic disulphides and of 
ring-opened dithiocarbonyls are given in Tables 1-3. 
The C-S pnd S-S bond lengths of 2 (X = CH,) (1.69 
and 2.03 A) are definitely shorter than those of 1,2- 
dithieLe (1.76 and 2.11 A) and 1,2-dithiin 1 (1.76 and 
2.07 A),, investigated in previous studies (RMP2/ 
6-3 lGK level of theory). Another comparison offer? 
the 1,2-dithiolyli?m ion 6 with corresponding of 1.68 A 
(C-S) and 2.03 A (S-S). This may be considered as an 
argument for the dithiolylium structure of 2. On the 
other hand, there is not much change in the C=C bond 
length? when the corresponding bonGs of 2 (X = CH,) 
(1.35 A )  and of butadiene (1.34 A) are compared. 
Thus, neither formula a nor b reflects the molecular 
geometry adequately. 


The heteroanalogues of 2 (X = CH,) are intriguing 
structures with exocyclic S and 0 rather than CH,. 
Whereas th;. exocyclic bond of olate 2 (X=O,  
R,=, = 1-23 A) is comEarable in length to the C=O bond 
in acroleino (1.23 A), the thiolate 2 ( X =  S, 
R,=, = 1-68 A) exhibits a much longer bond than 
thioacrolein 8 (X = 0) (1.63 A) (cf. Table 4). The C=S 
bond in thiolatg is even longer than in thiotropone 9 
(X = S) (1.66 A). The calculated molecular geometry 
suggests an extremely high zwitterionic nature of 2 
(X = S). The zwitterionic character, however, is not 
always reflected in the bond length. As discussed by 
Lim et aZ.,' the strong polarization of the CO bond of 3 
(X = 0) keeps the bond short because of the Coulomb 







Ta
bl


e 
1.


 H
F/


6-
31


G
k 


an
d 


M
P2


/6
-3


1G
k 


op
tim


iz
ed


 g
eo


m
et


ry
 p


ar
am


et
er


s 
(b


on
d 


le
ng


th
s 


in
 A


, a
ng


le
s i


n 
de


gr
ee


s)
, t


ot
al


 e
ne


rg
ie


s E
,<


,, (a
.u


.) 
an


d 
ze


ro
-p


oi
nt


 v
ib


ra
tio


na
l 


en
er


gi
es


 
ZP


E
 (


a.
u.


) o
f 


1,
2-


di
th


io
ly


liu
m


-4
-m


et
hi


de
 a


nd
 it


s 
va


le
nc


e 
is


om
er


s i
n 


th
e 


lo
w


es
t e


ne
rg


y 
si


ng
le


t (
s)


 a
nd


 tr
ip


le
t 


(t
) s


ta
te


s;
 re


la
tiv


e 
en


er
gi


es
 (


A
E


, A
H


, A
G


) a
re


 r
ef


er
re


d 
to


 2
 a


nd
 


ar
e 


gi
ve


n 
in


 k
ca


l m
ol


 -’ 
an


d 
th


e 
di


po
le


 is
 g


iv
en


 in
 d


eb
ye


 


d‘ 
H


9/
 
h
1
0
 


2 
(X


 =
 C


H
,, 


8
)


 
2 


(X
 =


 C
H


,, 
t)


 
4 


(X
 =


 C
H


,, 
S


) 
5 


(X
 =


 C
H


,, 
S


) 
4
 s 


C2
Cl


 
1.


36
0 


1.
33


3 
1.


35
4 


1.
36


8 
1.


41
 1 


14
0.


5 
1.


33
4 


1.
35


4 
1.


33
5 


1.
34


9 
% 2 2 E 


RH
F 


R
M


P2
d 


rn
 


R
H


F*
 


U
H


Fh
 


RM
P2


‘ 
U


M
P2


 
U


H
F 


U
M


P2
 


RH
F 


RM
P2


 


c3
c2


 
1.


43
6 


1.
46


0 
1.


46
3 


1,
43


8 
1.


41
3 


1.
40


2 
1.


48
0 


1 4
72


 
1.


47
7 


1.
47


8 
S


K
I 


1.
67


9 
1.


73
9 


1.
68


7 
1.


71
1 


1.
75


3 
1,


73
0 


1~
60


4 
1.


62
4 


1.
61


2 
1.


62
4 


H
K


i 
1.


07
3 


1,
07


2 
1.


08
6 


1.
08


3 
1.


07
2 


1.
08


2 
1.


08
0 


1.
09


5 
1.


08
0 


1.
09


4 
cl
 c 


W
I 


1.
07


3 
1,


07
4 


1.
08


2 
1,


08
4 


1.
07


3 
1.


08
2 


1.
07


5 
1,


08
6 


1.
07


3 
1.


08
5 


0
 


CI
SZ


CI
 


12
6.


7 
12


4.
0 


12
6.


2 
12


4.
2 


12
2.


6 
12


2.
5 


11
7.


4 
1 1


7.
7 


12
1.


9 
12


2.
1 


w
 


S,
C


lC
, 


12
1.


5 
1 1


8.
5 


12
0.


4 
I 1


9.
2 


11
7.


8 
11


8.
1 


12
9.


0 
12


7.
6 


12
8.


4 
12


7.
5 


Y
 


C
,C


,C
, 


10
6.


5 
I 1


2.
0 


10
7.


7 
11


 1.
7 


1 1
4.


9 
1 1


5.
0 


12
5.


2 
12


4.
6 


11
6.


2 
11


5.
7 


H
,C


G
 


12
3.


1 
12


4.
0 


12
3.


9 
12


4.
2 


12
4.


9 
12


5.
0 


11
2.


4 
11


3.
5 


11
3.


8 
11


4.
3 


S,
C


lC
F,


 
18


0.
0 


17
9.


9 
18


0.
0 


18
0.


0 
17


9.
9 


18
0.


0 
15


3.
6 


15
5.


0 
-0


.5
 


-0
.4


 
H 


7C
3C


2C
 I 


0.
0 


0.
0 


0.
0 


0.
0 


-0
.1


 
0.


0 
-2


1.
8 


-2
1.


6 
17


94
 


17
9.


5 
H


&
 i C


zC
i 


0.
0 


0.
0 


-0
. 


I 
0.


0 
0.


0 
0.


0 
4.


0 
3.


3 
0.


0 
0.


1 
cs


sc
 


0.
0 


0.
0 


0.
0 


0.
0 


0.
0 


0.
0 


ss
 


1.
99


7 
2.


08
6 


2.
02


7 
2.


08
3 


2.
09


3 
2.


09
9 


3.
56


6 
3.


45
4 


5.
54


4 
5.


54
8 


E,
,, 


(H
F/


6-
3l


G
*)


 
-9


48
.6


58
98


8 
-9


48
.7


25
 1


33
 


-9
48


.6
56


68
0 


-9
48


.7
22


09
3 


-9
48


.7
60


28
5 


-9
48


.7
59


23
7 


-9
48


.7
49


62
5 


-9
48


,7
47


50
2 


-9
48


.7
56


39
2 


-9
48


,7
55


33
0 


ZP
E 


0.
06


98
3 


0,
07


04
0 


0,
06


54
0 


0.
06


87
8 


0.
06


75
8 


0.
06


54
5 


0.
07


20
8 


0.
06


74
6 


0.
07


 1
99


 
0.


06
75


0 


H
J


iG
 


12
0.


9 
12


1.
4 


12
1.


1 
12


1.
1 


12
1.


0 
12


1.
1 


12
1.


8 
12


1.
6 


12
0.


8 
12


0.
6 


8 C
 z .c z 


E,
,,,


 (M
P2


/6
-3


lG
*)


 
-9


49
,4


93
28


4 
-9


49
.4


81
76


7 
-9


49
.4


91
 2


47
 


-9
49


.5
42


54
4 


-9
49


.5
45


23
8 


v
)
 


W
2 


0.
0 


1 .o
 


0.
0 


1 .o
 


2.
2 


2.
2 


0.
0 


0.
0 


0.
0 


0.
0 


-
 


-
 


-
 


-
 


AE
,,,


 (H
Fa


nd
 M


P2
, r


es
p.


) 
0.


0 
-4


1.
5 


0.
0 


+7
.2


 
-6


3.
6 


+ 1
.3


 
-5


6.
9 


-3
0.


9 
-6


1.
1 


-3
2.


6 
AZ


PE
 


0.
0 


+0
.4


 
0.


0 
+2


.1
 


- 
1.


4 
0.


0 
+1


.4
 


+1
.3


 
+1


.4
 


+1
.3


 
AH


29
8 


IS
 


0.
0 


+0
.2


 
0.


0 
+3


.1
 


-1
.2


 
+0


.9
 


+1
.7


 
+2


.3
 


+ 1
.7 


+ 1
.9


 
G


Y
”


 15
 


0.
0 


+o
.s 


0.
0 


+0
.8


 
-2


.1
 


- 
1.


5 
+


0.
5 


-0
.5


 
+o


. 1 
+O


.I 


it
 


3.
7 


1.
5 


3.
4 


1.
2 


2.
4 


2.
3 


5.
0 


5.
1 


0.
3 


0.
3 


RH
F-


t 
U


H
F 


in
st


ab
ili


ty
. 


’O
ne


 im
ag


in
ai


y 
fr


eq
ue


nc
y:


 -4
8.


4 
cm


-I
. 


‘T
w


o 
im


ag
in


ar
y 


fr
eq


ue
nc


ie
s:


 -
 1


32
.3


. -
56


.7
 c


m
-’


. 
“O


ne
 im


ag
in


ar
y 


fr
eq


ue
nc


y:
 -


24
.3


 c
rn


-l
. 


VI
 


w
 


\o
 







v
, 


Ta
bl


e 
2. 


H
F/


6-
31


G
* 


an
d 


M
P2


/6
-3


1G
* 


op
tim


iz
ed


 g
eo


m
et


ry
 p


ar
am


et
er


s 
(b


on
d 


le
ng


th
s 


in
 A


, a
ng


le
s 


in
 d


eg
re


es
), 


to
ta


l e
ne


rg
ie


s 
E


,,,
 (a


.u
.) 


an
d 


ze
ro


-p
oi


nt
 v


ib
ra


tio
na


l 
en


er
gi


es
 Z


PE
 (


a.
u.


) 
of


 1
,2


-d
ith


io
ly


liu
m


-4
-o


la
te


 a
nd


 i
ts


 v
al


en
ce


 i
so


m
er


 in
 t


he
 l


ow
es


t e
ne


rg
y 


si
ng


le
t 


(s
) a


nd
 t


rip
le


t 
(t


) 
st


at
es


; 
re


la
tiv


e 
en


er
gi


es
 (


A
E


, A
H


, A
G


) a
re


 
re


fe
rr


ed
 t


o 
2 


an
d 


ar
e 


gi
ve


n 
in


 k
ca


l m
ol


-’
 a


nd
 th


e 
di


po
le


 is
 g


iv
en


 in
 d


eb
ye


 


8 


H,’ 
c


o
 


“C1
0 


OC
3,
 


Hi
 


II ‘6 


2 
(X


=
O


, s
) 


2 
(X


=
O


, t
) 


4
(X


=
O


,s
) 


R
H


F”
 


U
H


F 
R
M


nh
 


U
M


P2
 


U
H


F 
U


M
W


 
RH


F 
RM


P2
 


CI
CZ


 
1.


43
0 


1.
46


3 
1.


46
4 


14
45


 
1.


42
7 


1.
45


5 
1.


50
6 


1.
49


7 
$
 


s4
c3


 
1.


68
0 


1.
71


8 
1.


67
8 


1.
67


8 
1.


74
3 


1.
70


7 
1.


59
5 


1.
62


 1 
06


CI
 


1.
22


6 
1.


19
9 


1.
23


4 
1.


25
0 


1.
25


7 
1.


21
9 


1.
19


0 
1.


23
3 


P 
H


7C
.l 


1.
07


3 
1.


07
2 


1.
08


6 
I ,


08
4 


1 $
07


 1 
1.


08
 1 


1.
07


8 
I .


09
2 


C.
lC


IC
Z 


10
7.


6 
1 1


0.
7 


10
7.


9 
10


8.
9 


11
5.


5 
11


2.
9 


12
2.


3 
12


2.
0 


S
F


C
I 


12
1.


2 
11


9.
2 


12
0.


5 
12


0.
5 


11
7.


2 
11


8.
6 


12
5.


1 
12


4.
5 


z 
06


CI
C3


 


s4
c3


cl
c2


 
0.


0 
0.


0 
0.


0 
0.


0 
0.


0 
0.


0 
-4


2.
5 


-3
7.


9 


9
 


12
6.


2 
12


4.
7 


12
6.


1 
12


5.
5 


12
2.


2 
12


3.
5 


11
8.


9 
11


9.
0 


U
 + 


H
7C


G
 


12
1.


9 
12


2.
2 


12
2.


3 
12


2.
3 


12
3.


6 
12


2.
2 


11
2,


7 
11


3.
4 


06
CI


C3
S4


 
18


0.
0 


18
0.


0 
18


0.
0 


18
0.


0 
18


0.
0 


18
0.


0 
13


7.
5 


14
2.


1 
H


7C
3C


 
I c


Z 
18


0.
0 


18
0.


0 
18


0.
0 


18
0.


0 
18


0.
0 


18
0.


0 
14


4.
4 


14
9.


4 
cs


sc
 


0.
0 


0.
0 


0.
0 


0.
0 


0.
0 


0.
0 


51
.6


 
47


.2
 


ss
 


2.
01


3 
2.


08
0 


2.
04


 1
 


2.
05


5 
2.


10
8 


2.
13


4 
3.


75
5 


3.
59


9 
E


,,
 (H


F/
6-


3 
IG


*)
 


-9
84


.5
49


65
5 


-9
84


.5
81


27
1 


-9
84


.5
46


93
1 


-9
84


.5
75


03
4 


-9
84


.5
89


46
2 


-9
48


.5
86


25
4 


-9
84


.5
82


35
 


-9
84


.5
77


37
7 


E
,,(


M
P2


/6
-3


 1
G


*)
 


-9
85


.4
2 


16
1 7


 
-9


85
.3


9 
12


29
 


-9
85


.3
58


07
5 


-9
85


.4
20


57
5 


ZP
E 


0.
04


7 1
4 


0.
04


50
7 


0.
04


4 
18


 
0.


04
48


2 
0.


04
36


1 
O


Q
41


78
 


0.
04


63
9 


0.
04


28
4 


E s z 


0.
0 


0-
9 


0.
0 


0.
8 


2.2
 


2.2
 


0.
0 


0.
0 


-9
85


.4
05


36
3 


-9
85


.4
22


39
0 


E,
,, 


W
R


F
) 


-9
84


.5
56


43
3 


-9
85


.4
26


50
5 


-9
84


.5
82


33
9 


-9
85


.4
20


58
3 


AE
,,,


, (
H


F 
an


d 
M


P2
, r


es
p.


) 
0.


0 
- 


19
.8


 
0.


0 
+ 1


9.
1 


-2
5.


0 
+3


9.
9 


-2
0.


5 
+ 0


.7
 


AE
,,,


 (Q
C


IS
D


) 
0.


0 
- 1


0.
7 


AZ
PE


 
0.


0 
-1


.3
 


0.
0 


+0
.4


 
-2


.2
 


-1
.5


 
-0


.5
 


-0
.8


 


AG
21


)l(
.1


5 
0.


0 
- 


1.
7 


0.
0 


+
0


3
 


-3
.5


 
-2


. I
 


-2
.3


 
-2


.6
 


(S
Y


 
E,


,,, 
(Q


C
IS


D
/6


-3
1G


*)
 


AE
,,,


, W
R


F
) 


0.
0 


0.
0 


- 
16


.3
 


+ 3
.7


 


A 
H


2Y
l+


 I
5 


0.
0 


-0
.9


 
0.


0 
+0


.4
 


- 1
.7 


-1
.6


 
+0


.4
 


-0
.1


 


P 
5.


6 
2.


6 
5.


6 
3.
5 


0.
5 


0.
8 


0.
1 


0.
 I 


“R
H


F+
 U
HF


 in
sta


bi
lit


y.
 


hT
he


 co
rre


sp
on


di
ng


 fir
st


 th
re


e 
bo


nd
 le


ng
th


s o
f 
3.
5-
di
ph
en
yl
-l
,2
-d
it
hi
ol
iu
m-
4-
ol
at
e ar


e 
1,


44
8,


 1
.6


98
 a


nd
 1
,2
50
 i
.
”
 


‘O
ne


 im
ag


in
ar


y 
fre


qu
en


cy
: -


26
.1


 c
m


-I
. 







Ta
bl


e 
3.


 H
F/


6-
31


G
* 


an
d 


M
P2


/6
-3


1G
* 


op
tim


iz
ed


 g
eo


m
et


ry
 p


ar
am


et
er


s 
(b


on
d 


le
ng


th
s i


n 
A,


 an
gl


es
 in


 d
eg


re
es


), 
to


ta
l e


ne
rg


ie
s 


E
,,


 (a
m


.) 
an


d 
ze


ro
-p


oi
nt


 v
ib


ra
tio


na
l 


en
er


gi
es


 Z
PE


 (
am


) o
f 


1,
2-


di
th


io
ly


liu
m


-4
-th


io
la


te
 an


d 
its


 v
al


en
ce


 is
om


er
 in


 t
he


 lo
w


es
t e


ne
rg


y 
sin


gl
et


 (
s)


 an
d 


tr
ip


le
t (


t)
 st


at
es


; r
el


at
iv


e e
ne


rg
ie


s 
(A


E
, A


H
, A


G
) a


re
 


re
fe


rr
ed


 to
 2


 an
d 


ar
e g


iv
en


 in
 k


ca
l m


ol
 -I


 an
d 


th
e d


ip
ol


e 
is


 g
iv


en
 in


 d
eb


ye
 


2 
(X
 = 


s,
 s)


 
2 


(X
=


S
, t


) 
4 
(X
 = 


s,
 s)


 


RH
F"


 
U


H
F"


 
R


M
F2


 
U


M
P2


 
U


H
F 


U
M


P2
 


R
H


F 
R


M
F2


 


C
tC


2 
1.


39
7 


1.
42


7 
1.


43
0 


1.
40


6 
1.


40
6 


1.
39


5 
1.


48
8 


1-
47


7 
s4
c2


 
1.


68
8 


1.
71


5 
1.


68
5 


1.
67


8 
1.


75
1 


1.
72


6 
1.


60
 1 


1.
62


7 
S


S
I 


1.
72


8 
1.


66
6 


1.
67


8 
1.


71
1 


1.
71


6 
1.


70
8 


1.
61


6 
1.


64
4 


H
,C


, 
1.


07
3 


1.
07


2 
1.


08
6 


1 9
08


6 
1.


07
1 


1.
08


2 
1.


07
7 


1.
09


2 
c,


c,
c2


 
10


9.
7 


11
 1.
2 


10
8.


9 
10


9.
6 


11
6.


0 
11


6.
1 


12
1.


7 
12


1.
6 


s4
c3


cI
 


12
0.


7 
11


9.
5 


12
0.


4 
12


0.
5 


11
7.


3 
11


7.
6 


12
5.


3 
12


5.
1 


S6
CI


C3
 


12
5.


2 
12


4.
4 


12
5.


5 
12


5.
2 


12
2.


0 
12


2.
0 


11
9.


2 
11


9.
2 


H
G


C
I 


12
2.


6 
12


2.
8 


12
3.


0 
12


3.
2 


12
4.


6 
12


4.
6 


11
3.


5-
 


11
4.


2 
s4


c3
c1


c2
 


0.
0 


0.
0 


0.
0 


-0
.1


 
0.


0 
-0


.1
 


-4
0.


6 
-3


5.
2 


S6
CC


,C
,S4


 
18


0.
0 


18
0.


0 
18


0.
0 


-1
80


.1
 


18
0.


0 
18


0.
0 


13
9.


4 
14


4.
8 


18
0.


0 
18


0.
0 


18
0.


0 
18


0.
0 


18
0.


0 
17


9.
9 


14
5.


7 
15


0.
7 


H
,C


,C
,C


2 
cs


sc
 


0.
0 


0.
0 


0.
0 


0.0
 


0.
0 


0.
0 


ss
 


2.
02


0 
2.


06
2 


2.
02


6 
2.


02
5 


2.
09


7 
2.


10
7 


3.
66


6 
3.


50
8 


E
,, 


(H
F/


6-
31


G
*)


 
-1


30
7.


21
48


3 
-1


30
7.


22
81


7 
-1


30
7.


21
19


5 
-1


30
7.


22
46


2 
-1


30
7.


25
22


6 
-1


30
7.


25
11


7 
-1


30
7.


22
07


9 
-1


30
7.


21
82


1 
E,


, 
(M


P2
/6


-3
1G


*)
 


- 
13


08
.0


25
76


 
- 1


30
84


X
I4


93
 


- 1
30


7.
98


75
7 


- 
13


08
.0


22
02


 
ZP


E 
0.


04
54


3 
0.


04
20


3 
0.


04
25


 1 
0.


04
36


9 
0.


04
24


5 
0.


04
 13


4 
0.


04
41


3 
0.


04
 10


7 


- 
13


08
.0


14
71


 
- 


13
08


.0
22


28
 


E,
, 


(Q
C


IS
D


/6
-3


lG
*)


 
E,


*%
 (S


C
W


 
- 


13
07


.2
30


08
 


- 
13


08
.0


37
55


 
- 


13
07


.2
20


96
 


- 
13


08
.0


22
15


 


A
E


, 
(H


F 
an


d 
M


P2
, r


es
p.


) 
0.


0 
- 


8.
4 


0.
0 


+1
3.


1 
-2


3.
5 


+2
4.


0 
-3


.7
 


+2
.3


 
A


E
U


N
 (Q


cI
sD


) 
0.


0 
-4


.8
 


(S
C


R
F)


 
0.


0 
0.


0 
+5


.7
 


+9
.7


 
AZ


PE
 


0.
0 


-2
.1


 
0.


0 
+0


.7
 


- 
1.


9 
-0


.7
 


-0
.8


 
-0


.9
 


AH
Zv


u.l
S 


0.
0 


-2
.2


 
0.


0 
+0


.7
 


- 1
.5


 
-0


.5
 


-0
.1


 
-0


.2
 


AG
2v


u.I
S 


0.
0 


-2
.2


 
0.


0 
+0


.8
 


-3
.0


 
-1


.5
 


-2
.5


 
-2


.7
 


fl
 


8.
5 


4.
6 


8.
1 


5.
8 


0.
2 


0.
1 


1 .o
 


1 .o
 


-
 


-
 


0.
0 


0.
8 


0.
0 


0.
6 


2.
2 


2.2
 


0.
0 


0.
0 


(9
' 


a 
R


H
F-


t 
U


H
F 


in
su


bi
lit


y.
 


"O
ne


 im
ag


in
ar


y 
fx


qu
en


cy
: -


13
0.


4 
er


n-
'. 


ul
 


P
 


Y
 







542 M. MANN AND J. FABIAN 


Table 4. Bond lengths rcx (A), force constantsfcx (mdyn k') and scaled stretching frequencies vcx (cm-I)' of CO and CS bonds 
and total ( q x )  and n-charges ( 4 ; )  of the exocyclic oxygen and sulphur atom, respectively, calculated for the singlet molecules at the 


MP2/6-31G* geometry 


x = o  x = s  
Parameter 2 7 7h 8 9 2 7' 8' 9' 


~~~ ~ 


rcx 1.234 1.275 1.284 1.226 1.245 1.678 1.732 1.628'' 1.664' 


qxi -0.70 -0.81 -0.81 -0.52 -0.62 -0.42 -0.87 -0.12 -0.26 
q ;  -0.64 -0.69 -0.69 -0.37 -0.45 -0.78 -0.86 -0.30 -0.47 


vcx 1679.3 1652.0 1553 1685.8 1581.8 1632.4 908.5 1310.0 723 1076 1112 


a In order to take into account the anharmonicity of the vibration, calculated frequencies are scaled by 0.95 at the MP2/6-31G* level. 
b6-31 +G* basis set. 
'Ref. 23. 
dMicrowave study, 1.62 a.24 
'X-ray diffraction study, 1.675 A." 
SCF densities, calculated at MP2/6-3 1G* optimum geometries. 


attraction between carbon and oxygen. At any rate, pure 
enolate structures of the anions 7 exhibit considerably 
longer C-S and C-0 bonds than the cyclic thiolate and 
olate structures (see Table 4). 


The ylidic structure in the thiolate and olate structures 
is supported by the electron distribution and the dipole 
moments. According to the data in Table 4 ,  electron 
charge is shifted from the ring to the exocyclic group or 
atoms. Within the n-electron system, the intramolecular 
electron transfer in the thiolate structure 2 amounts to 
-0-78e (cf. thiotropone, -0.47e) and in the olate 
structure -0.64e (cf. tropone, -0.45e). Thus, the ylidic 
formula of 2 ( X = S )  appears as to be a fairly good 
representation of the actual electron distribution. The 
total charge at the heteroatom is mainly determined by 
the electronegativity, which is larger for oxygen than 
for sulphur. Mesomeric formulae of conjugated com- 
pounds represent the n-electron distribution rather than 
the total electron distribution. Although dipole moments 
are defined by the whole electron system, the calculated 
dipole moments support the greater zwitterionic charac- 
ter of the thiolate (cf. Tables 2 and 3). The dipole 
moment of 8.1 D of the thiolate greatly exceeds that of 
the olate (5.6 D). 


The geometries of the isomeric compounds of 
classical structure in series 4 are more conventional. The 
only peculiarity is the slight distortion of the s-cis,s-cis 
structures (C, symmetry) while the s-rruns,s-tram 
structures are planar (C,,, syommetry). The C=C bond 
length in 4 (X = CH,, 1;35 A )  corresponds closely to 
that of butadiene (b.36 A), and the same holds for the 
C=S bonds (1.62 A )  when compared with theo corre- 
sponding bonds of trans-dithioglyoxal (1.63 A )  and 
thioacrolein (1.63 A). 


Vibrational frequencies 
In order to ensure that geometry-optimized structures 
have actually been calculated, the Hessian was checked 


for the presence of exclusively positive eigenvalues. At 
the RMP2 level, this condition was fulfilled in all cases 
except for 2 and 5 (X=CH,). Knowledge of the 
vibrational spectra may be of use for the experimental 
detection of the title compounds (or their isomers) by 
means of the matrix isolation technique. For this 
purpose, line spectra of  2 (X = 0, S) are depicted in 
Figure 1. The most intense absorptions expected in the 
infrared absorption spectrum belong to out-of-plane 
vibrational modes. We refrain from discussing normal 
modes in detail and restrict ourselves rather to the 
consideration of the exocyclic CS and CO stretching 
vibrations of the thiolate and olate (see Table 4). The 
CO stretch of the 1,2-dithiolyIium-4-olate is higher than 
that of the pure enolate of 7 (X = 0) and it appears at 
similar wavenumbers to those calculated for acrolein (8, 
X = 0). Tropone is less suited for comparison. 


Experimental l 9  and theoretical'" vibrational analysis 
of the spectrum of tropone revealed that the CO bond is 
involved in coupled vibrations. The same problem 
occurs with thione and thiolate compounds. Whereas the 
calculated CS stretch of thiotropone is unequivocally 
positioned at 1112 cm-' (scaled by 0.95; experimental*' 
1087 cm-'), the unknown thiolate should exhibit two 
frequencies rather than one. 


Valence isomerization and singlet/triplet splitting 
Introduction of the disulphide bridge into the 
dimethylenemethane parent structure (3, X = CH,) 
stabilizes the singlet state relative to the triplet state. In 
the case of  the 1,2-dithiolylium methide (2, X = CH,), 
the singlet and triplet states are nearly degenerate. The 
singlet molecule is favoured by only 1.3 kcalmol-' 
(1 kcal=4.184 kJ) over the triplet molecule at the MP2 
level of theory (cf. Table 1). The small S/T gap raises 
the question of whether higher levels of theory might 
reverse the favoured state. Fortunately, from the chemi- 
cal point of view this question is minor interest: the 
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Figure 1 .  RMP2/6-31Gh normal-mode vibrational fre- 
quencies Y (cm-') and intensities (km rnol-') of the title 
compounds presented as line spectra (top, 2, X = 0; bottom, 


2 , X = S )  


isomeric open-chain dithiocarbonyls 4 and 5 (X = CH,) 
are more than 30 kcal mol-l lower in energy and thus 
clearly more stable than the cyclic 1,2-dithiolyIium-4- 
methide structure (2, X = CH,). 


According to the relative energies given in the lower 
parts of Tables 2 and 3, the cyclic structures are stabil- 
ized on passing from the methide to the thiolate or olate 
structure. The heterocycles in the latter cases are now 
nearly isoenergetic with the dithiocarbonyls. Dithiocar- 
bonyls should exist in rotamers. As demonstrated with 4 
(X=CH,)  and 5 (X=CH,)  the last-mentioned com- 
pound is more stable by 4 kcal mol-'. Isomerizations of 
rotamers should occur at room temperature. 


In order to check the reliability of the small differ- 
ence in energy between the ring-closed and ring-opened 
isomers, the energies of the isolated molecules were 
recalculated at a higher level of theory [RQCISD(T)/ 
6-31G*//RMP2/6-3 1G" calculations]. In addition, 
ZPE and thermodynamic corrections were performed to 
define heats of isomerization, and the self-consistent 


reaction field was employed to simulate the solvent 
effect (both at the MP2/6-3 1G" level). 


At the higher level of theory, surprisingly, the 
dithiocarbonyls are stabilized by 5 and 10 kcal mol-l 
relative to the (diradicaloid) thiolate and olate com- 
pounds, respectively. However, as expected, 
zwitterionic structures are stabilized in polar solvents. 
The gain in energy amounts to about 7 kcalmol-l for 
thiolate and about 3 kcal mol-' for olate in acetonitrile 
as solvent. Finally, ZPE and thermodynamic correction 
favour slightly the open-chain structure by about 
3 kcalmol-l at room temperature. In total, 1,2- 
dithiolylium-4-olate is predicted to be slightly favoured 
as an open-chain isomer whereas in the case of the 
sulphur compounds both the ring-closed and the ring- 
opened isomers may equilibrate in case of a low barrier 
of isomerization. 


Both the thiolate and olate singlet molecules are 
diradicaloid, as indicated by the RHF/UHF instability 
of the RHF solution. Accordingly, the S/T gap is small 
about 20 kcalmol-'. The energy of the RHF/6-31GK 
calculation at optimum geometry is depressed by 
8.4 kcal mol -I for the thiolate and 20 kcal mol for the 
olate by geometry optimization within the UHF/ 
6-31GK procedure (cf. Tables 2 and 3). The diradical 
character may be of significance in the 
chemical reactivity at the ring carbon atoms. It is 
known that the 3,5-substituted compounds 2 undergo 
thermal [4 + 3lcycloaddition reactions with 2,3- 
dimethylb~ta-l,3-diene,*~ as is known for many reactive 
1,3-dipoles. 


CONCLUSION 


Although the title compounds are closely related in their 
topology and their diradicaloid nature, they differ in 
their molecular structures and their electronic properties. 
1,2-DithiolyIium-4-thiolate and 1,2-dithiolylium-4-0late 
are clearly related to the iso-n-electronic compounds 
thiotropone (tropylium thiolate) and tropone (tropylium 
olate), respectively. The first-mentioned compound 
approaches the zwitterionic structure most. 


The heterocycles differ from the related troponoid 
compounds in that the S-S bond may open, resulting in 
dithiocarbonyls. Owing to energetically favoured ring 
opening, 1,2-dithiolyIium-4-methide should be pre- 
ferred as the open-chain valence isomer. In the case of 
the heteroanalogues, the valence isomers are, however, 
nearly equal in energy. Owing to the pronounced 
solvent effect expected for the strongly polar 1,2- 
dithiolylium-4-thiolate, this heterocycle may display 
both isomers in equilibrium in solution. 
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ATOMIC FORCE MICROSCOPY AND SOLID-STATE 
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The solid-solid chemical reaction of benzopinacol (1) with p-toluenesulphonic acid monohydrate (2) to give a 
quantitatively proton-catalysed pinacol rearrangement with formation of triphenylacetophenone (3) in the 
absence of a solvent was studied preparatively and mechanistically using atomic force microscopy (AFM) 
measurements and known crystal structure data. The reaction rate is dramatically enhanced if the water of 
reaction is continuously removed. AFM reveals that no reaction occurs on (001) of 1 whereas (100) exhibits 
distance dependent craters and volcano-like mounds over areas extending to 1.5 mm from the contact edge of 
the crystals with 1 undergoing phase rebuilding while reacting. A mechanism resembling the formation of 
membrane potentials is seen for the first time in crystals. Thus it appears that catalytic protons migrate without 
their counterions from one molecular compartment to the next by proton consumption at its inside and proton 
liberation at its outside, which is the inside of the next compartment. The uppermost molecular layer 
determines reactivity or non-reactivity. On (001) of 1 the hydroxyl groups occur with their hydrogens up. Hence 
no AFM features are found and crystals of 2 do not become adhered to 1. However, on (100) the hydroxyl 
hydrogens point down (free electron pair up). Protonation is possible, chemical reaction is indicated by the 
formation of the AFM features and crystals of 2 adhere firmly to the surface of 1 after reaction. 


INTRODUCTION 


Solid-solid reactions are unusual. New solids form just 
by mixing of ground reactive solids (sometimes with 
moderate heating) and the yields are usually high. In 
genuine cases there are no intervening liquid or gaseous 
phases. Numerous organic reactions of this type have 
been found recently,' but almost nothing is known 
about their mechanisms. The recent success in elucida- 
tions of gas-solid reaction mechanisms with atomic 
force microscopy (AFM) measurements* prompted 
investigations of solid-solid reactions using this 
technique. We report here on our basic findings with a 
new example of acid-catalysed solid-solid pinacol 
rearrangement (further examples are given in Reference 
3). The data provide numerous hints for future develop- 
ments of  related synthetic techniques of the new 
generation which largely avoid waste formation in any 
form. 


* Author for correspondence. 


RESULTS AND DISCUSSION 
In crystal-crystal reactions any anisotropies of molecu- 
lar transports are most convincingly detected by AFM 
measurements if the area of  solid-solid contact is well 
delineated and defined with respect to the crystallo- 
graphic face of the reactant under consideration. Thus, 
even more detailed mechanistic answers are possible 
than in the field of gas-solid reactions. 


I f  a tiny crystal of p-toluenesulphonic acid monohy- 
drate (2) is laid down on the most prominent (001) 
surface of a single crystal of benzopinacol (l), that 
face can be conveniently probed with the 4 pm wide 
AFM tip next to the solid proton source closer than 
0.1 mm or further apart. In this instance no change in 
surface features could be detected with the AFM within 
less than 1 nm height for reaction times of up to 3 days 
at room temperature or 12 h at 50°C. However, if the 
(100) face was probed correspondingly, the distance- 
dependent features in Figure 1 were obtained reproduc- 
ibly after heating at 50°C for 12 h. With shorter 
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Figure 1. AFM surfaces of 1 on (100) showing distance-dependent phase rebuilding in its solid-solid pinacol rearrangement: (a) ca 
0.5 mm beside a tiny crystal of 2 shortly after placing it; (b) and (c) at 0.5 mm distance and (d) at 0.1 mm distance after 12 h of 


reaction at 50.0 "C 


reaction times (e.g. 2 h), features similar to those in 
Figure l ( c )  were detected close to the solid proton 
source 2. Surprisingly, no lateral anisotropic behaviour 
was found on the reactive face (100). The features 
along the crystallographic b-axis were also detected in 
directions of about 90", 60" or 45" with respect to the 
b-axis from the onlying crystal of 2, although it is hard 
to say if the spread of reaction was perfectly concentric 
or slightly elliptic. It can be seen in Figure 1 (b) that the 
gross terrace structure in Figure 1 (a) is retained at large 
distances. Apparently only a few molecular layers have 
reacted. The stability of the pictures even after ten and 
more AFM scans proves that no liquid is formed on the 
s ~ r f a c e . ~ , ~  The features are clearly distance dependent 
(Figure 1). The 1.5 pm scans show the situation at 
0.5 mm [Figure l ( c ) ]  and at 0.1 mm from the edge of 
the crystal 2 [Figure l (d)] .  The craters are regularly 
shaped with depths of up to 5 nm (slope 5") and widths 
of 150 nm and some upward transport of solid material 
at 0.5 mm is seen. However, very close to the solid- 
solid contact edge, the original surface has completely 


changed. At 0.1 mm the craters are 11 nm deep (slope 
7") and walls and volcano-like mounds of considerable 
height (e.g. 4 nm) have formed. Thus, considerable 
molecular transport has occurred perpendicular to (100). 
Interestingly, the lateral spread of reaction is much 
more efficient than the vertical spread. At a distance of 
1 mm, smaller craters of roughly the same frequency as 
at 0.5 mm but only one third as deep as those in Figure 
1 (c) could be detected. However, at 2 mm distance only 
images similar to Figure 1 (a) were recorded. 


In the preparative run with ground materials, product 
isolation shows conversion into triphenylacetophenone 
(3). There can be no doubt that the features formed in 


s o l i d  s o l i d  solid 
1 2 3 
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Figure 1 are the result of the 'pinacol rearrangement' 
([l, 2,3]-elimination of ~ a t e r ) . ~  The water of reaction 
is released into the gas phase and if it is condensed out 
a dramatic increase in reaction rate and a 100% yield are 
observed. 


The anisotropies and well directed molecular trans- 
ports require an interpretation on the basis of x-ray 
structural data. The crystal structure of the pinacol 1' 
indicates infinite ribbons of hydrogen bonded 
molecules. In Figure 2 (and Figure 5)  are depicted only 
one sort of  disordered molecules. Polar 'channels' of 
OH-OH bridges though interrupted by C-1 and C-2 are 
seen. They run parallel to (100) or (001) in the [010]- 
direction. The differences in these faces are clearly seen 
in the three-dimensional wire diagrams in Figure 2. 
Thus, on the reactive (100) face the long axis of the 
molecules lies roughly in the surface plane along [ O O l ]  
with one phenyl group of each benzhydryl-C of the 
pinacol 1 pointing out of the face with interplanar 


angles of 42.5" and 79" (Figure 2). On the other hand, 
on the non-reactive (001) face the long molecular axis 
is roughly perpendicular to the surface plane (again 
along [OOl]) with both phenyl groups of only one 
benzhydryl-C of 1 pointing out of that face at angles of 
33" and 54". According to Figure 3, the space demand 
within the layers of flatly lying molecules is not so large 
as in the case of the steeply standing molecules in 
Figure 4. 


While this reasoning might be helpful in realizing the 
difference in reactivity on the different faces, it should 
also be realized that much more space demanding 
processes have been found already in other reactions of 
crystals and successfully handled with the new principle 
of phase rebuilding (see Refs 2 ,  4 and 6; this culmi- 
nates in solid-state cis-trans isomeri~ations~). 
Therefore, more direct explanations of face-selective 
reactivities are required and these are found in the 
detailed shape of the crystal surfaces. 


40101- 


t 
I0011 


I 


Figure 2. Stereoscopic wire model of the molecular packing of 1 showing 11 molecules. Top, view on the reactive face (100); 
bottom, view on the non-reactive face (001) 
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Figure 3. Space-filling transparent stereorepresentation of molecular shapes showing the flat-lying type of orientation as in the 
layers of the crystals of 1 under its reactive surface (100). Top, 3, PM3 data; bottom, 1, x-ray data for the H-bridged geometry5 


Figure 5 shows space-filling surface models. It is seen 
that the phenyl groups which are pointing out of the 
surfaces are effectively shielding the polar groups in 
both cases; however, closer inspection of the stereo- 
drawings reveals important differences. For a reaction 
of diol 1 to occur, a catalytic proton has to be attached 
to one of the OH groups. As can be seen from Figure 5 ,  
this will be virtually impossible on (001) because the 
oxygen atoms are extremely shielded and the hydrogens 
bound to them are pointing outwards. Thus, a proton 
from the contacting solid acid 2 may not approach and 
start the reaction on (001). However, on (100) the 
shielding may be less efficient, even though the phenyl 
groups stand steeper (see above), and the hydrogens 
attached to the oxygen atoms are underneath or on the 
same level. Therefore, protonation is possible on (100) 
and the reaction can start. 


For the lateral and vertical spreading of the reaction 
up to 1.5 mm and at least 20 nm catalytic quantities of 


protons have to move along the polar ‘channels’ but also 
between them while producing some charge separation. 
The shortest distances between an 0-bound H from one 
side ofa the molecule to the other side are 4.290 and 
4.550 A. Tbe shortest distances +tween the ‘channels’ 
are 8.524 A in [OOI] and 9.134 A in the [loo] direc- 
tion. As the proton regenerates on the other side of the 
molecule 1 to where the water is formed with an elimi- 
nation rearrangement, it can attack the next molecule of 
1 and enforce the reaction further and further away, 
leaving behind the water formed and the solid proton 
source with the counterion. This is most easily compre- 
hended within the polar ‘channel’. However, for the 
concentric and vertical spreading (i.e. perpendicular to 
the [OIO] direction), interchannel movement of the 
proton is required. This event needs the opening of 
links to the neighbouring polar ‘channels’ which should 
be facilitated by the phase rebuilding2,6 which is 
manifest in the features formed in Figure 1. Thus, the 
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Figure 4. Space-filling transparent stereorepresentation of molecular shapes showing the steeply standing type of orientation as in 
the layers of the crystals of 1 under its non-reactive surface (001). Top, 3, PM3 data; bottom, 1, x-ray data for the H-bridged 


geometry’ 


product molecules 3 will initially have to accommodate 
the lattice of 1 and in doing so they will make the 
necessary turns, moves and molecular transports which 
lead to the features of Figure 1. Only at high conver- 
sions (very close to the edge) might a switch to the 
lattice of  product 3 have occurred. Upward transport 
while leaving craters [Figure l (c )  and (d)] is a fre- 
quently observed phase rebuilding 


The crystal-crystal reaction found clearly leads to 
interesting proton migrations via continuous consump- 
tion and spatially distant reproduction over the 
remarkably large distance of 1-5 mm. Only a few 
catalytic protons will do the job because the anions left 
behind cannot build up to a high concentration at the site 
of the solid 2. There appears to be no concomitant 
movement of anions over the surface: the solid proton 
source 2 adheres firmly to the initial crystal of diol 1. 
On breaking it off, a very sharp borderline is seen, but 
no spreading to any side. 


Although we cannot assess the depth of reaction 
underneath the solid catalyst, it is seen that beside it 
only a few molecular layers have reacted at 0.1, 0.5 and 
1 mm lateral distances. Thus, for preparative runs the 
process requires over-stoichiometric amounts of solid 
acid 2 and grinding of the materials. However, under 
these conditions the front ends of the polar ‘channels’ 
will also be accessible. The ‘channels’ are precisely 
perpendicular under (OlO), a face which does not 
naturally occur on our single crystals [the skew (110) 
face under which the polar ‘channels’ run diagonal 
could not be measured with the AFM]. It will be easiest 
to inject protons into such surfaces (no steric hind- 
rance); however, the charge separation limits their 
number, again for energetic reasons. Finally, it should 
be pointed out that AFM does not indicate the com- 
pound ratio 1:3  on the various features in Figure 1. 
However, good prospects exist for the settlement of 
such questions when scanning near-field optical micro- 
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Figure 5 .  Space-filling stereorepresentation of the crystal surfaces of 1 showing the hydrogen bridging and the shielding of the 
polar groups by the phenyl residues. Top, view of the reactive (100) face; bottom, view of the non-reactive (001) face (black 


circles, 0; dotted circles, 0-bound H) 


scopes with high dynamics in the Z-direction become 
commercially available.9 As no side products are 
formed in the preparative runs, chemical change in 
the surface region must not differ from giving water 
and rearranged product 3. There is no reasonable basis 
to assume a different chemical process only at the 
surface. 


CONCLUSIONS 


The experimental data presented here are the result of  
the first AFM investigation of a solid-solid reaction. 
They show that unprecedented molecular mechanisms 
can be derived although the formation of surface 
features is similar to gas-solid reactions2.' or to solid- 
state photo reaction^.^.' Charge separation by consuming 
catalytic protons and releasing new ones in separated 
compartments is obvious. That mechanism is clearly 


indicated by the crystal structure. Reactivity or non- 
reactivity is determined by the up or down orientation 
of the 0-bound hydrogens in the uppermost layer. 
These mechanistic views are strongly supported by the 
fact that the reacting crystals of 2 adhere firmly to the 
reactive (100) surface of the pinacol 1, whereas con- 
tacting crystals of acid 2 do not adhere to the non- 
reactive (001) surface of pinacol 1 after 12 h of 
heating at 50 "C. Equally precise mechanistic details are 
expected from probing other types of solid-solid 
reactions with the AFM. Clearly, we now have a 
good basis to proceed with ionic, non-ionic and non- 
catalytic solid-solid reactions which run on a prepara- 
tive scale.' This endeavour is of major importance 
because virtually nothing is known yet about the 
mechanisms of organic solid-solid reactions and these 
will have to be put on a reasonable extrapolation basis 
for further development in the field of future reaction 
techniques. 
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EXPERIMENTAL 


The pinacol rearrangement was performed on a prepara- 
tive scale by mixing 1 (3.66 g, 10 mmol, m.p. 186°C) 
and 2 (5.71 g, 30 mmol, m.p. 106°C). After grinding in 
a mortar, the mixture was heated in a flask under 
vacuum at 50°C for 1 h. The water of reaction was 
condensed out in a second flask, which was connected 
to the reaction flask on a vacuum line and cooled to 
77 K. After thorough washings of the reaction mixture 
with excess 2 M NaOH to remove all acid, a quantitative 
yield of pure 3 (m.p. 184°C) was found but no tetra- 
phenyloxirane.'" If the water of reaction was not 
condensed out, the reaction mixture remained solid for 
24 h, because at least 1.7% (by weight) of water can be 
taken up by crystalline 2 at 50°C without liquefying 
(TGA; after uptake of 3.5% water, 2 becomes partly 
liquid). However, the yield dropped to only 42% at 
24 h, when the water of reaction was not efficiently 
removed. Strong peaks of 2 in the IR regions of interest 
prevented direct IR analysis. In this run the acid-free 
product mixture was analysed by HPLC [RP-18 
column; elution with CH,OH-H,O (80: 20, v/v)] and 
the product isolated by column chromatography on 
neutral silica (silica gel S, 0.063-0.10 mm; Riedel-de 
Haen) with toluene-cyclohexane (1 : 1, v/v). The first 
fraction was 3 (1.46 g, 42%) and the second unchanged 
1 (1.98 g, 54%). 


For AFM techniques, see Refs 2 , 4 ,  6 and 8. 
Thermogravimetric analyses (TGA) were camed out 


with a Perkin-Elmer TGA 7 instrument at 20 "C min-'. 
Crystals of p-toluenesulphonic acid monohydrate 2 


(99%, Aldrich) were dried for 12 h at room temperature 
under vacuum and had the theoretical composition after 
that treatment, according to TGA. They were slightly 
hygroscopic and assumed a weight increase of 0.3% on 
TGA measurements when kept at 75°C in air of 60% 
ambient relative humidity. 


A tiny crystal (about 1 mm) of 2 was laid down on 
the fresh surface of a single crystal of 1 (about 8 mm 
wide, grown from benzene-cyclohexane by slow 
evaporation), which was previously mounted on a sticky 
conductive tab (Plano) on the AFM support (iron disc) 
with the desired crystallographic face on top. AFM 
scans were taken at distances of about 2 ,  1, 0.5 and 
0.1 mm from the edge of contact of the two crystals, as 
judged by microscopic inspection. The AFM scans were 
repeated at various time intervals. The experiments at 
50°C under vacuum were performed by removing the 
whole support with the sample immediately after the 
initial measurements and placing it o n  a flat, tightly 
covered tray, which was heated at 50.0"C for 2-12 h. 


Thereafter the support was mounted on the AFM and 
measurements were undertaken as close as possible to 
the original sites in the ambient atmosphere. The crystal 
of 2 firmly adhering to that of 1 on (100) after 12 h at 
50°C could be broken off by applying manual force 
using tweezers, thus leaving a shallow glassy surface at 
the previous contact region with a very sharp borderline, 
as judged microscopically at 100-fold magnification. On 
the other hand, crystals of 2 on (001) of diol 1 did not 
adhere and fell on turning the larger crystal without 
leaving observable traces of interaction. PM3 calcula- 
tions according to Stewart'' with Spartan version 2.0 
from Wavefunction (Irvine, CA, USA) and crystal or 
molecule modelling with Schakal 92 (E. Keller, 
Universitat Freiburg, Germany) were performed on an 
IBM RS 6000 32H AIX-UNIX Workstation. 
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ACID-CATALYZED HYDROLYSIS OF PHENYLDIAZOACETIC ACID. 
EFFECT OF AN a-DIAZO GROUP ON CARBOXYLIC ACID ACIDITY 


A. J. KRESGE,* L. MATHEW AND v. v. POPIK 
Department of Chemistry, University of Toronto, Toronto, Ontario M5S 1A1,  Canada 


Rates of acid-catalysed hydrolysis of phenyldiazoacetic acid were measured in aqueous solution at 25 "C across 
the entire acidity range pCH+ = 1-13. The reaction was found to occur through both the non-ionized and ionized 
forms of the substrate, with the ionized form reacting faster by a factor of 650. Appreciable solvent isotope 
effects in the normal direction (k , /kD> 1) and the occurrence of general acid analysis show that hydrolysis 
occurs by rate-determining proton transfer to the diazocarbon atom of the substrate. Analysis of the rate 
profile for the reaction provides an estimate of the acidity constant of phenyldiazoacetic acid, pK, = 3.70, which 
i s  apparently the first determination of the acid strength of an a-diazocarboxylic acid. Comparison of this 
result with the pK, of phenylacetic acid shows the diazo group to have a mild ( 4 x )  acid-strengthening effect, 
whose modest magnitude is attributed to opposing resonance and polar effects. 


INTRODUCTION 
The acid-catalyzed hydrolysis of aliphatic diazo com- 
pounds is a much-studied reaction that has figured 
prominently in the development of modern ideas on 
acid-base catalysis. I A recent report from this 
laboratory provided rate constants for the acid-cata- 
lyzed hydrolysis of methyl phenyldiazoacetate 
[equation (l)]. We have now 


followed up that investigation with a detailed study of 
the acid-catalyzed hydrolysis of phenyldiazoacetic acid 
itself. This substrate undergoes reaction through both its 
non-ionized carboxylic acid and its ionized carboxylate 
ion forms [equation (2)], and 


*Author for correspondence. 


analysis of the rate data has produced an estimate of the 
acidity constant of the acid. a-Diazocarboxylic acids 
generally undergo hydrolysis very readily at acidities 
where their acidity constants can be determined, and 
this lability appears to have precluded any previous 
measurement of the acidity constant of such a 
substance. 


EXPERIMENTAL 


Materials. Methyl phenyldiazoacetate was 
prepared by lead tetraacetate oxidation of the hydrazone 
of methyl phenylgly~xylate.~ This substance was 
converted into the potassium salt of phenyldiazoacetic 
acid by saponification in 2 M KOH. A mixture of 1 g of 
the ester and 5 mL of 2 M aqueous KOH, protected 
against light, was stirred for 3 days until the initially 
two-phase system became homogeneous. The resulting 
solution was then extracted with diethyl ether to remove 
unreacted ester and the water layer was evaporated to 
dryness under vacuum at room temperature. The residue 
so obtained contained unreacted KOH in addition to the 
desired potassium phenyldiazoacetate. These two 
substances were separated by extracting this residue 
with acetone, evaporating the solvent from the acetone 
solution, extracting the new residue with acetonitrile 
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and evaporating the solvent from the acetonitrile sol- 
ution. This gave the product as yellow-red crystals. 
Stock solutions for use in the kinetic measurements 
were made by dissolving this salt in acetonitrile. 


Kinetic measurements were also carried out using 
stock solutions in which saponification had been carried 
out directly without isolating the carboxylate salt. It was 
found that saponification of methyl phenyldiazoacetate 
is complete after 40 h in aqueous 0.1 id NaOH at room 
temperature. Although phenyldiazoacetic acid is hydro- 
lyzed rapidly in acid solutions, it is stable in base and 
these aqueous stock solutions could be kept for several 
days. 


All other materials were of the best available com- 
mercial grades. 


Kinetics. Rates of hydrolysis of phenyldiazo- 
acetic acid were determined spectroscopically by 
monitoring the decrease in strong absorbance of the 
diazo acid at 280 nm. Measurements were made with 
Cary 118 and 2200 spectrometers whose cell compart- 


ments were thermostated at 25.0 * 0.05 "C. The rate 
data fitted the first-order rate law well, and observed 
first-order rate constants were obtained by non-linear 
least-squares fitting of an exponential function. 


RESULTS 
The hydrolysis of phenyldiazoacetic acid is expected to 
give the corresponding hydroxy compound, mandelic 
acid, as the reaction product. This was confirmed in the 
present study by the observation that the UV spectra of 
spent reaction mixtures were identical with those of 
authentic samples of mandelic acid measured under the 
same conditions. 


Rates of hydrolysis of phenyldiazoacetic acid were 
determined in aqueous solutions of perchloric acid, 
hydrochloric acid and sodium hydroxide, and aqueous 
buffer solutions of formic acid, acetic acid, cacodylic 
acid, biphosphate ion and tris(hydroxymethy1)methyl- 
ammonium ion. The data are summarized in Tables 1 
and 2. 


Table 1. Rate data for the hydrolysis of phenyldiazoacetic acid in aqueous 
perchloric acid solutions at 25 "C" 


H*O DZO 


[Acid]/lO-' M k,,/10 -'s ' [Acid]/ 10 -' M k,,,/ 10 ' s ' 
0.0120 2.10, 1.81, 2.10 0~0100' 0.356,0.349 
0.0144 2.03,2.06 0.0300' 0.4881,0.486 
0.0254 3.20,3.03 0.0600 0.603,0.606 
0.0323 3.57 0.180 0.768, 0.773 
0.0464 4.26,4.18, 4.04 0.600' 0.898,0.863 
0.0674 4.83,4.74 0.980 0.889,0.888 
0.0800 5.30,5.16, 6.12 3.90 1.32, 1.16 
0.194 5.74,5.82 5.98 1.30, 1.30 
0.404 6.34,6.54, 6.60 7.98 1.58, 1.56 
0.614 6.78,6.81 9.98 1.89, 1.88 
0.824 6.39, 6.35, 6.28 20.0' 3.04, 2.91 


1.04 6.63, 6.47, 6.57 
2.08 7.24,7.12 
4.18 7.89,7.82 
6.28 8.62, 8.55 
8.38 9.16, 9.16 


1 .oo 8.00, 8.24 41.3' 5.47,5.55 


10.0 10.7,10.6 
10.5 9.89 
20.4 13.6, 13.3 
30.6 16.9, 16.7 
40.8 21.4, 21.8, 22.2 
51.0 24.3, 24.6 
0.1Ooh 0.000189 
5.00h 0.000186 


10.0Ob 0.000187 


'Ionic strength=0.10 M (NaCIO,), except at [acid]>O.lO M where ionic 
strength = [acid]. 
'NaOH solutions; concentrations are [NaOH]. 
DCI solutions 
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Table 2. Rate data for the hydrolysis of phenyldiazoacetic acid in aqueous buffer solutions at 25 "C" 


H 2 0  D 2 0  


[Buffer]/lO-* M k,,,/  10 -' s ' [B~ffer] / lO-~ M k,bs/10-2s-' 


HC02H; [HA]/[A-] = 1.00; [H'] = 2 . 8 0 ~  
4.00 8.78,8.54, 8.41, 8.57 4.00 1.72, 1.56, 1.63 
6.00 12.3, 11.8 8.00 2.64,2.82 
8-00 14.4, 13.8, 13.1, 14.0,13.9 12.0 3.54, 3.55, 3,91 
1.20 19.1, 19.1,25.5, 25.7 16.0 5.19,5.14,5.19 


M: HCO,D;[DA]/[A-] = 1.00; [D'] =9.82 x lo-' M: 


k,,/s-' = (344i0.31)  x (1.38iO.O3)[buffer] k,&' = (4.14 k1.39) x +(2.89 i 0.12)xlO-' [buffer] 
CH,C02H; [HA]/[A-] = 3.00; [H'] = 8.16 x lo-' M: 
0.800 2.18,2.22,2.22 1.00 0.216 0.199 
1.60 3.07,3.05,3.10 1.50 0.271,0.265 


2.50 0.387,0.383 4.00 5.07,5.26,5.51 
8.00 8.64,9.00,9.36 5.00 0.688,0.686 


0.964,0.964 
CH,CO,H; [HA]/[A-] = 1.00; [H'] =2.72x M: 12.0 1.44, 1.43 
1 .00 1.20,1.19 16.0 1.82, 1.84 


2.00 1-68, 1.68 
4.0 3.22,2.99 
8.00 5.64,5.89 
12.0 8.62,8.54 
16.0 10.6, 10.9 


CH3C02D; [DA]/[A-] = 1.00; [D'] =8.32 x M: 


kobr/s-' = (1.52i0.09) x ~ O - ~ +  (9.37k0.20) x lO-'[buffer] 
7.50 


1.50 1.54, 1.53 kobr/s-' = (1.19 iO.10) x 1.09 iO.Ol)~lO-~[buffer] 


kobs/s-' = (5.19i0.70) x (6.51 k0.08) x lO-'[buffer] 
CH,CO,H; [HA]/[A-] = 0.333; [H'] = 9.06 x 
0.500 0.431 


M: 


1 .00 0.633 
2.00 1 .09 
3.50 1.82 
5.00 2.56 
k,,/s-' = (1.66k0.19) x lo- ,  + (4.78i0.07) x lO-'[buffer] 
(CH,),AsO2H [HA]/[A-] =4.00; [H'] = 3.28 x lomh M: 
2.00 0.543, 0.586 
4.00 1.04,1.09 
6.00 1.55,1.54, 1.57 
kobS/s- '  = (7.13i2.24) x lo-,+ (2.47k0.05) x lO-l[buffer] 
H2P0,-; [HA-]/[A'] = 1.00; [H'] = 1.66 x lo-' M: 
0.250 0.0247,0.0245 
0.500 0.0443,0.0446 
0.700 0.0619,0.0623 
1 .00 0.0861,0.0859 
1.20 0~105,0~0106 
1.50 0.121, 0.124 
k0&' = (5.61 k 1.55) x + (7.97 i0.15) x 10-2[buffer] 
(CH20H),CNH3'; [HA']/[A] = 1.00; [H'] = 8.20 x lo-' M: 
2.00 0.00130 
3.00 040167 
4.00 0~00224,0~00221 
8.00 0~00382,0~00394 
k,,,/s-' = (4.50k0.62) x lo-'+ (4.31 k0.12) x 10-4[buffer] 


"Ionic strength = 0.10 M (NaCIO,). 
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The measurements in buffers were performed using 
series of solutions of constant buffer ratio but varying 
buffer concentration, with ionic strength maintained at 
0.10 M; this served to hold hydrogen ion concentrations 
constant throughout a given solution series. As is 
illustrated in Figure 1, observed first-order rate con- 
stants increased linearly with increasing buffer 
concentration, in accord with the rate law shown as 
equation (3). 


k,, = a + k,,,[buffer] (3) 
Linear least-squares analysis produced values of 
intercepts at zero buffer concentration, a, and buffer 
catalytic coefficients, k,,,; these are also listed in 
Table 2. 
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Figure 1. Relationship between buffer concentration and 
observed first-order rate constants for the hydrolysis of 
phenyldiazoacetic acid in aqueous formic acid buffer solutions 
at 25 "C. (0), H,O; (A), DzO; buffer ratio = 1.00 in each case 
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Figure 2. Rate profiles for the hydrolysis of phenyldiazoacetic 
acid in aqueous solution at 25°C; (0), H,O, (A), D20. L' 


represents either H + or D + 


These intercepts, together with rate constants 
measured in perchloric acid, hydrochloric acid and 
sodium hydroxide solutions were used to construct the 
rate profiles shown in Figure 2. Hydrogen ion concen- 
trations of the buffer solutions needed for this purpose 
were calculated using literature pK, values for for mi^,^ 
acetic5 and cacodylic6 acids and biphosphate' and 
tris(hydroxymethyl)methylammonium* ions, plus 
isotope effects on the ionization of formic' and acetic'" 
acids, together with activity coefficients recommended 
by Bates." All of the rate constants used in this profile 
refer to an ionic strength of 0.10 M, except for those at 
pC, + > 0.1, for which ionic strength = acid concentra- 
tion (0.2-0.5 M). 


DISCUSSION 


Rate Profiles 
The rate profiles for hydrolysis of phenyldiazoacetic 
acid shown in Figure 2 consist of linear portions 
situated either diagonally with unit slope or horizontally 
with zero slope. These linear portions are connected to 
one another by curved regions that may be classified as 
either upward bends or downward bends, depending on 
the direction the profile takes in going from a horizontal 
to the adjacent diagonal portion. The profile for hydrol- 
ysis in H,O solution shown in Figure 2 then has, starting 
at the high acidity end, an upward bend followed by a 
downward bend followed by another upward bend, 
while the less extensive profile for hydrolysis in D,O 
solution has an upward bend and a downward bend that 
are the analogs of the first two bends of the H,O 
profile. Upward bends generally signify changes in 
reaction mechanism, i.e. changes in the species under- 
going reaction, while a common cause of downward 
bends is changes in the state of ionization of acidic or 
basic groups on the substrate while it undergoes reaction 
by the same mechanism.'2 


These generalizations may be applied to the present 
case by postulating the following reaction scheme. The 
first diagonal portion of the rate profile of Figure 2 for 
hydrolysis in H,O at high acidity represents simple 
reaction of H + with non-ionized phenyldiazoacetic acid 
through protonation on its diazo carbon atom. As the 
acidity is lowered, this mechanism gives way to C- 
protonation of the substrate in its more reactive carbox- 
ylate ion form. This change in mechanism occurs at 
acidities where phenyldiazoacetic acid is still largely 
non-ionized, and reaction must therefore take place by 
rapid ionization of the substrate producing the carboxy- 
late ion plus a proton followed by slower C-protonation 
of the ion. Since a proton is first produced and is then 
used up in this scheme, the overall reaction is indepen- 
dent of proton concentration, and that gives rise to a 
horizontal portion of the rate profile and an upward- 
bending connection between this portion and the preced- 
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ing diagonal part. At still lower acidities, the equili- 
brium between phenyldiazoacetic acid and the 
phenyldiazoacetate ion shifts to the side of the ion; the 
ion then becomes the form of  the substrate in the initial 
state of the reaction by this mechanism, and the rate 
once more becomes proportional to hydrogen ion 
concentration. This generates another diagonal part of 
the rate profile and gives a downward bending connec- 
tion with the previous horizontal part. Eventually, 
however, the hydrogen ion concentration becomes too 
low to maintain reaction by this mechanism at a faster 
rate than that for C-protonation of the ion by solvent 
water, and the latter new mechanism then takes over. 
This produces another horizontal portion of the rate 
profile with an upward bending connection to the 
previous diagonal part. The rate profile for hydrolysis in 
D,O solution may be interpreted in a corresponding 
way, with omission of the final section involving 
protonation by solvent water made necessary by the 
more limited extent of the data. 


The rate law that corresponds to this reaction scheme 
is shown in equation (4): 


where L denotes either isotope of  hydrogen, i.e., H or 
D, and kL+ is the rate constant for reaction of  
phenyldiazoacetic acid with the hydrogen ion, kL+ and 
k', are the rate constants for reaction of phenyldiazoace- 
tate ion with the hydrogen ion and with water, 
respectively, and Q, is the acidity constant of phenyl- 
diazoacetic acid (Q, is a concentration ratio appropriate 
to the ionic strength, y = 0.10 M ,  at which it was deter- 
mined). Non-linear least squares fitting of this expres- 
sion to the experimental data gave the following results: 


k H +  = (3.45 rtO.14) X lo- '  M - I S - ' ,  


k H +  = (2.26+0.06) X 102M-'s- ' ,  
(k;))HZ0= (1.92+0.08) x 10-6~- ' ,  


= (2.98 +o. 11) x 1 0 - ~  M (PQ, = 3.53 + 0.02), 
kH+/kD+ ~2.97rtO.22, k k + l k b +  =2.28*0.34 


(Qa)HZoI(Qa)D20= 4.26 *0.78. 


The lines shown in Figure 2 were drawn using these 
parameters; it may be seen that they reproduce the data 
well. 


This good fit supports the reaction scheme on which 
this analysis was based. Additional evidence comes 
from the isotope effect on the acidity constant (Qa)H20/ 
(Q,)o,o = 4.3 rt0.8: values of this ma nitude are typical 
for the ionization of carboxylic acids. % 


Reaction mechanism 
The acid-catalyzed hydrolysis of aliphatic diazo com- 
pounds can occur either by rate-determining protonation 


of  the diazo carbon atom or by rapid and reversible 
diazo carbon protonation followed by a subsequent slow 
step. Hydronium ion isotope effects can distinguish 
between these two mechanisms: for rate-determining 
protonation this isotope effect is usually in the normal 
direction (kH+/kD+ > 1) whereas for rapidly reversible 
protonation it is commonly the inverse (kH+/k,+ < l).I4 
The fairly strong normal isotope effects observed here 
for the hydrolysis of both undissociated phenyldiazo- 
acetic acid and the phenyldiazoacetate ion, k H + l  
k,+ = 3.0 and k,+/k,+ = 2,3, respectively, argue for a 
rate-determining proton-transfer mechanism in both 
cases. 


Rate-determning proton-transfer reactions should also 
show general acid rather than specific hydrogen ion 
catalysis, and the strong increase in reaction rate with 
increasing buffer concentration found for the hydrolysis 
of  phenyldiazoacetic acid in all of the buffers studied 
here and illustrated in Figure 3 suggests that this is the 
case. This dependence of rate on buffer concentration, 
however, could also signify general base catalysis, and 
to distinguish this from general acid catalysis it is 
necessary to measure reaction rates at more than one 
buffer ratio. This was done for acetic acid buffers: 
measurements were made at [HOAc]/[OAc-] = 113, 1 
and 3 (see Table 1). In these solutions hydrolysis occurs 
through the carboxylate form of phenyldiazoacetic 
acid, with the substrate largely but not completely in 
this form. Operational catalytic coefficients obtained 
as slopes of  buffer dilution plots, Ak,,/A[buffer], 
were therefore corrected for  incomplete substrate 
ionization by multiplying by Q,/(Q,  + [H']), where 
[H'] is  the hydrogen on concentration o f  the buffer. 
Analysis of  the relationship between true catalytic 
coefficients obtained in this way and the fraction of 
buffer present as  acid, fA (=[HA]/{ [HA] + [ A - I } ) ,  
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Figure 3. Relationship between fraction of buffer present in 
acid form and catalytic coefficients for the hydrolysis of 
phenyldiazoacetic acid in aqueous acetic acid buffer solution at 


25 "C 







HYDROLYSIS OF PHENYLDIAZOACETIC ACID 557 


illustrated in Figure 3, then showed the buffer catal- 
ysis to be wholly of the general acid type: least 
squares fitting of the expression shown in equation 
(5) to the data gave kHA=1.50*0.17 M - l s - '  and 
kB=0-099*0.166 M - ' s - ' .  


The different slopes of the buffer dilution plots 
shown in Figure 1 indicate that there is an isotope 
effect on the buffer catalyzed reaction. Evaluation of 
this isotope effect requires correction of operational 
catalytic coefficients for incomplete substrate ioniz- 
ation and conversion of the results into general acid 
catalytic coefficients. When this 'is done, the isotope 
effect YHA/KDA= 3.86* 1.02 is obtained for catalysis by 
formic acid and YHA/YDA= 6.16* 1.71 for catalysis by 
acetic acid. The normal direction and appreciable 
magnitude of these isotope effects confirm assignment 
of a rate-determining proton transfer mechanism to this 
reaction. 


The catalytic coefficients for formic and acetic acids 
also provide a two-point Bransted plot whose slope is 
a = 0.55 +0.05. This is a reasonable value for a fairly 
facile reaction such as the present one. 


Relative reactivities 


The rate constants determined here for diazo carbon 
protonation of phenyldiazoacetic acid and phenyldiazo- 
acetate ion by the hydrogen ion, combined with that for 
the corresponding methyl ester reported before,' pro- 
vide the relative rates given in Scheme 1. The results 
show that the reactivities of the acid and ester are 
similar but that of the ion is considerably greater. This 
appears to be the first comparison of reactivities of a 
diazo acid or ester with that of the corresponding 
carboxylate ion. The rate of hydrogen ion-catalyzed 
hydrolysis of ethyl diazoacetate (l)I5 is known to be 
lo5 times less than that of the diazoacetate ion (2)16 
but the mechanisms of these two reactions are differ- 
ent: whereas the hydrolysis of diazoacetate ion occurs 
by rate-determining protonation of diazo carbon, 
carbon protonation of ethyl diazoacetate is rapid and 
reversible and a subsequent step is rate determining; 
the rate constants of these two reactions conse- 
quently provide no information about the relative rates 
of carbon protonation of the ester and the carboxylate 
ion. 


1 2 


The markedly greater rate of carbon protonation of a 
diazo carboxylate ion over that of the corresponding 
acid or ester may be understood by considering the 
resonance structures 3-5, in which R can be either H, 


Relative rate: 0.41 1 .@I 6-50 


Scheme 1 


CH, or a negative charge. The rate of carbon protona- 
tion will be governed by the negative charge density at 
the diazo carbon atom, and this will rise in proportion to 
the contribution to the overall resonance hybrid made by 
structure 4, which puts electron density on this carbon, 
but it will be diminished by the contributions made by 
structures 3 and 5, which take electron density away 
from this carbon. Since in the case of the ion structure 5 
puts a negative charge on a group that is already nega- 
tively charged, this structure will contribute less here 
than in the case of the acid and the ester; structure 4 
will consequently contribute more, and the rate of diazo 
carbon protonation of the ion will be faster than that of 
the acid or ester. 


N -  
N4. 


! 
N+ 
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N+ 
Ph ph+ F'h* 


n I1 0 0- 
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Diazo group substituent effect 


The unusual lability of the diazo group has impeded 
assessment of its effect as a substituent on the reactivity 
of other functional groups. The present determination 
of the acid dissociation constant of phenyldiazoacetic 
acid, for example, appears to be the first estimate of the 
acidity of an a-diazocarboxcylic acid. 


The acidity constant determined here is a concentra- 
tion quotient expressed in terms of concentrations rather 
than activities, but this quantity may be converted into a 
thermodynamic acidity constant by applying appropriate 
activity coefficients. Use of values recommended by 
Bates," with PhC0,- as a surrogate for PhCN,CO,-, 
gives pK, = 3.70. Comparison of this result with 
pK, = 4.32 for phenylacetic acid,'* the unsubstituted 
analog of phenyldiazoacetic acid, shows the diazo 
group to be acid strengthening by a factor of 4. 


This weak substituent effect can be understood as the 
combined influence of opposing resonance and polar 
effects. As pointed out in the section above, resonance 
structure 5 will make a stronger contribution to the 
hybrid structure of the acid than to that of the carboxy- 
late ion, and this will stabilize the acid relative to the 
ion, thereby reducing its acid strength. The diazo 
substituent, on the other hand, is a dipolar group with 
the positive end of its dipole near the point of attach- 
ment; this will have an acid-strengthening effect. 
Evidently the polar effect is stronger than the resonance 
effect, for the result is a mild increase in acidity. 
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MECHANISM OF ELECTROPHILIC AROMATIC SUBSTITUTIONS: 
COMMENTS ON A RECENT CRITICISM CONCERNING THE USE OF 
THE MESITYLENE/DURENE REACTIVITY RATIO AS A PROBE TO 


DISTINGUISH BETWEEN IONIC AND ET PATHWAYS 


ENRICO BACIOCCHI AND CARL0 GALL1 
Dipartimento di Chimica and Centro CNR Meccanisrni di Readone. Universita ‘La Sapienza’, P .  le A .  Moro 5,00185 Rome, Italy 


As a rebuttal to recent criticisms aimed at the mechanistic significance of the determination of the mesitylene/ 
durene relative reactivity, it is argued that this ratio does provide reliable information about the structure of 
the transition state of many S,Ar reactions, supporting the operation of the ‘conventional’ ionic mechanism, as 
opposed to the ET mechanism. Not even in the case of competitive experiments does it appear that the criticisms 
are justified. 


The debate about the mechanism of electrophilic 
aromatic substitution reactions has continued in the 
recent literature. The ‘conventional’ ionic route of 
substitution via rate-limiting a-complex formation 
(Scheme 1)’ is challenged by another formulation, 
characterized by the transfer of an electron within the 
n-complex, which gives rise (km)  to a radical pair; 
collapse ( k , )  to the a-complex follows (Scheme 2). 


Although both mechanistic schemes involve the u- 
complex as a key intermediate en route to products, 
they present substantial differences with respect to the 
structure of the transition state (TS) of the rate-deter- 
mining step, which is similar to the a-complex in 
Scheme 1 and to the radical pair in Scheme 2. A clear 
distinction between these two possibilities is not easy, 


a-complex 


Scheme 1 


x-wmplex radical pair uamplex 


Scheme 2 


since in most cases the energy of the two transition 
states (both positively charged) responds in a similar 
way to structural effects. 


Recently, however, it has been suggested that import- 
ant information in this respect can be provided by the 
determination of the mesitylene-to-durene (MES/DUR) 
reactivity ratio.3 This pair of compounds presents a 
significant feature. In fact, since the a-basicity of 
mesitylene is higher than that of durene, the former 
should be more reactive than the latter in an elec- 
trophilic aromatic substitution, if the structure of the 
TS resembles that of the a-complex. Conversely, since 
the oxidation potential of durene is 0.28 V lower than 
that of mesitylene, a MES/DUR reactivity ratio of <1 
is expected if the TS of the electrophilic aromatic 
substitution is structurally close to a radical pair. 


When this probe was first applied to some of the 
most often studied electrophilic aromatic substitutions 
(chlorination, br~mination),~ it was observed that these 
reactions exhibit MES/DUR reactivity ratios 
significantly >1, which supports a structure similar to a 
a-complex for their TSs, and consequently endorses the 
mechanistic pathway of Scheme 1. By contrast, MES/ 
DUR ratios lower than one were found in reactions 
occurring by an ET mechanism3s4 (clearly, when sub- 
strates more easily oxidizable than the polyalkyl- 
benzenes are employed, the electrophilic substitution 
pathway of Scheme 2 may take over5). Later, the same 
mechanistic criterion was applied to aromatic 
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i ~ d i n a t i o n ~ , ~  and acetylation* reactions, the latter being 
studied both in solution and in the gas phase, which 
again gave MES/DUR ratios >l; consistently, the 
operation of the mechanism of Scheme 1 has been 
implied. 


However, in a recent paper by Bockman and Kochi,' 
the mechanistic conclusions deriving from the use of 
the MES/DUR probe were considered generally 
invalid. This is simply because the MES/DUR ratios, 
when obtained in competitive experiments, could be 
affected by a fast transfer of the electrophile from the 
more rapidly formed (but unstable) ipso-substituted 
durenium ion to mesitylene [equation (l)]. Thus, the 
MES/DUR reactivity ratios obtained would come out 
>1 only as the consequence of this artifact. 


This criticism was presented in such a way that it led 
the reader to believe that: (i) all the mechanistic conclu- 
sions previously reached are based on MES/DUR ratios 
obtained from competitive experiments; and (ii) the 
equilibrium shown in equation (1) plays an important 
role in all electrophilic aromatic substitutions. Conse- 
quently, in no case could the MES/DUR probe have 
provided a reliable mechanistic insight. We therefore 
feel that a rebuttal is necessary, especially in view of 
the relevance of the problem under discussion; accord- 
ingly, in this paper we present a number of arguments 
which clearly show that neither point (i) nor (ii) above 
holds, and that the criticism to the application of the 
MES/DUR probe derives from inadequate considera- 
tion of the experimental data. 


(a) First, and most important, there are four electro- 
philic aromatic substitution reactions (~hlor inat ion,~ 
br~minat ion ,~  thallation'" and mercuration") where the 
MES/DUR reactivity ratios have been obtained by 
absolute rate measurements and riot in cornpetitive 
kinetic experiments; the latter two studies actually 
originate from Kochi's laboratory. For these data, no 
interference from the equilibration process in equation 
(1) can be envisaged, since the two substrates were not 
present together in the kinetic experiments. In addition, 
any significant contribution from ips0 attack to the 
measured reactivity of durene can be excluded. In fact, 
the methyl-substituted positions of durene exhibit a 
reactivity towards electrophilic attack either lower than 
(halogens) or, at most, comparable (mercuration) with 
that of the unsubstituted positions; more in general, it 
has been shown that a methyl group exerts a rate- 
retarding effect (with respect to hydrogen) when the 
electrophile reacts at the ips0 position of a polymethyl- 
benzene." Summing up, the MES/DUR ratios for the 
above four electrophilic reactions all being >1, the 
conclusion that the substrate endowed with the higher 


a-basicity (i.e. MES) reacts faster, in agreement with 
the mechanistic formulation of Scheme 1, is accurate 
and cannot be questioned. 


(b) Determination of the MES/DUR relative reac- 
tivity for the bromination, thallation and mercuration 
reactions has also been achieved in competition experi- 
m e n k 6  The ratios obtained (i.e. 57, 4.6 and 12) are in 
very good agreement with those above from the direct 
kinetic determinations (i.e. 66, 4.4 and 7.3),'.'' when 
allowance is made for the slightly different medium 
composition employed in the competitive experimenh6 
Hence it appears that the equilibration in equation (1) 
exerts no major influence, if any, on the measured 
MES/DUR reactivity ratios. On the other hand, this 
conclusion could easily have been anticipated, in 
contrast to what has been suggested,' on the basis of the 
directive effect of the substituents: electrophilic attack 
at the ips0 positions of durene is less favoured (one 
ortho, one rneta and one para-methyl groups) than that 
at the unsubstituted positions of mesitylene (two ortho- 
and one para-methyl groups). 


(c) For the iodination reactions, the MES/DUR 
reactivity ratios have been obtained only in competitive 
 experiment^.^'^ However, even in this case a significant 
role of equation (1) appears highly unlikely. First, no 
variation of the MES/DUR ratio has been observed on 
changing the reactants concentration,6 contrary to the 
expectation that, if the equilibration process of equa- 
tion (1) (a bimolecular process) plays a role, changes in 
the MES/DUR ratio would occur. Second, no traces of  
side-chain iodinated products have been o b s e ~ e d , ~  
whereas side-chain functionalization is the typical 
outcome of an ips0 electrophilic attack on polymethyl- 
benzenes.12 Hence the o b ~ e r v e d ~ . ~  MES/DUR reactivity 
ratios of 50+2 can be taken as a strong indication that 
Scheme 1 applies also to aromatic i~dina t ion .~  


(d) Recently, and following the same criterion, 
another substrate pair (mesitylene and naphthalene) was 
taken into consideration as a mechanistic probe6 Here 
again, the a-basicity of mesitylene is (much) higher 
than that of naphthalene,6 while the latter is more easily 
oxidized. Hence a mesitylene-to-naphthalene (MES/ 
NAPHT) reactivity ratio >1 is expected if the pathway 
of Scheme 1 holds, the reverse being expected if the 
reaction takes place according to Scheme 2. When this 
new probe was applied to the iodination case under 
competition conditions, a MES/NAPHT ratio of 2000 
resulted, fully supporting the mechanistic conclusions 
based on the MES/DUR Of course, in this case 
no role of the equilibration in equation (1) is possible, 
since naphthalene is structurally unsuited to an ipso- 
adduct formation. 


The above considerations clearly show that for a 
large number of electrophilic aromatic substitutions the 
determined MES/DUR ratios, even those obtained in 
competitive experiments, represents a genuine and 
reliable measure of the actual relative reactivity of the 
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two substrates. Based on these ratios, the conclusion 
that the mechanism of  Scheme 1 is the most likely for 
these reactions appears unquestionable. 


Of course, the possibility cannot be excluded that the 
equilibrium in equation (1) may represent a problem in 
other reactions. This is certainly the case in aromatic 
nitration, where ips0 attack is often the major reaction 
path with several polymethylbenzenes, including 
d~rene.’ . ’~ Indeed, nitration has its own peculiarities, 
and even appears as a possible example of an aromatic 
substitution occumng according to Scheme 2 ,  l 4  owing 
to the strong oxidizing properties of NO;. This possibil- 
ity, however, is strongly disputed in the 1iterat~re.l~ 
When the MES/NAPHT probe was applied to the 
nitration reaction, MES was 20 times more reactive than 
naphthalene,6 in agreement with the a-basicity trend; 
even though this result endorses the ‘conventional’ 
mechanism, one has to consider the additional compli- 
cation that the nitration reactions occur close to the 
encounter limit, l 3  thus decreasing the reliability of 
intermolecular selectivity determinations in this case. 
Thus, extrapolations and generalizations from the 
behaviour of the nitration reaction to other electrophilic 
aromatic substitutions require caution and unambiguous 
experimental evidence. 


Summing up, it seems fair to conclude that the study 
of intermolecular selectivity with selected pairs of 
substrates, determined whenever possible by absolute 
rate measurements, represents a good mechanistic tool, 
through which information on the TS structure of 
electrophilic aromatic substitutions can be obtained, and 
has to be regarded without undue prejudice. 
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PROTONATION OF FULLY AROMATIC BETACARBOLINES IN 
HIGHLY CONCENTRATED SULPHURIC ACID MEDIA 


CARMEN CARMONA, M A R h  A. MUROZ, PILAR GUARDADO AND MANUEL BALON* 
Departamento de Quimica Fisica, Facultad de Farmacia, Universidad de Sevilla, 41012 Seville, Spain 


The monocation-dication equilibria of 6-nitro and 6-sulphonic acid derivatives of betacarboline (9H- 
pyrido[3,4-b]indole) were investigated mostly by UV-visible absorption spectroscopy. Dications are formed in 
very highly concentrated sulphuric acid solutions (>15 M). Ionization constants, p!$ values and solvation 
parameters obtained from the excess acidity method are reported. The unusually high m* parameters are 
discussed and compared with other related data. 


INTRODUCTION 
Betacarboline (9H-pyrido[3,4-b]indole) is the parent 
compound of an important class of heterocycles that 
are the basic structural unit of some indole alkaloids 
possessing potent and varied biological activity.' In 
addition to their biological importance, betacarbolines 
offer challenging thermodynamic and structural prob- 
lems in relation to their different acid and basic sites. In 
recent years, we have undertaken a series of experimen- 
tal and theoretical studies on the acid-base equilibria of 
these c o m p o ~ n d s . ~ ~ ~  


In the context of these studies, it was observed that 
the piperidinic monoprotonated cations of the less 
aromatic members of the series, 1,2,3,4-tetrahy- 
drobetacarbolines, protonated in highly concentrated 
H,S04 solution as typical indoles, yielding 


indoleninium dications (Scheme 1).* However, dehydro 
and fully aromatic monoprotonated cations ( betacarbo- 
lines are protonated on the N-2 pyridine atom in diluted 
acidic media3) experience sulphonation on the C-6 
atom of the benzene ring in these media, which hinders 
the study of their aromatic ring protonation proce~ses.~ 


Since the basicity and protonation site of the 
aromatic betacarboline ring in highly concentrated 
sulphuric acid media are problems of theoretical and 
practical interest mainly in connection with aromaticity 
and basicity in heterocyclic systems, we decided to 
extend our previous work to study the second protona- 
tion equilibria of fully aromatic betacarboline ring. To 
do this, we investigated the influence of increasing 
sulphuric acid concentration on the absorption spectra 
of the betacarboline derivatives 1-4. The presence of 
the electron-withdrawing sulphonic and nitro groups in 


(1) R = -SO 3 H 
A 


( 2 )  R1= H R = -SO H 2 3 
(3) R = CH R = -SG9H -8 


1 3 2  2 ( 4 )  R = -NO 
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H H 
Scheme 1 


these compounds makes them little prone to sulphona- 
tion reactions and renders stable their solutions in highly 
concentrated H2S04 media. 


EXPERIMENTAL 


Compounds 1 and 4 and the sulphate salts of 2 and 3 
were prepared as previously described. 3.4 Stock solu- 
tions of about 1 x M were prepared in methanol 
and further diluted with appropriate sulphuric acid 
solutions to contain finally 5% v/v of methanol. Sul- 
phuric acid solutions employed as solvents were 
prepared from 98% (w/w) reagent analysis grade 
sulphuric acid (Merck) by dilution with distilled water 
and were standardized against appropriate standard 
potassium hydroxide solutions. 


Ionization data I (I = [acid ]/[base]) at 25 k0.1 "C 
were obtained spectrophotometrically as in previous 


For the sake of brevity these data are only 
reported in mathematical form (Table 1). Analysis of 
the ionization data was performed using equations (1) 
and (2), which are derived from the Hammett acidity 
function (HAF) and excess acidity (EA) methods: 


log I =  - d f + p K ,  (1) 


(2) 
where H represents the acidity function and X the 
excess acidity function. These parameters were taken 
from the literature.'-' 


I3C-NMR spectra were measured at 50.2 MHz on a 
Varian XL-200 spectrometer. The I3C chemical shifts 
were measured relative to benzene as an external 
standard (coaxial tube) and converted to the Me,Si 


log I - log CH+ = m*X + pK, 


scale. Proton decoupled spectra were recorded to assist 
signal assignments. 


RESULTS AND DISCUSSION 
The spectra shown in Figure 1 and the data in Table 2 
illustrate the modifications produced in the absorption 
spectra of the betacarbolines 1-4 by increasing the 
H,S04 concentration. In 0.1 M H,SO, the spectra are 
those of the pyridinic monoprotonated cations3 These 
spectra do not show any appreciable change with 
increasing H,SO4 concentration up to ca 14 M HISO,. 
In more concentrated H2S04 solutions the absorption 
bands of the monocations undergo a hyperchromic shift 
with a slight change in position, and a new absorption 
band emerges around 300-320 nm. These spectral 
modifications are fairly stable and reversible. 


The plots of the absorbances measured at the 
wavelength of maximum absorption at 300-320 nm 
against sulphuric acid concentration were sigmoid 
curves indicative of prototropic equilibria involving the 
formation of diprotonated cations. Full protonation of 
the monocations is reached at cu 16-17 M, therefore 
these compounds are expected to have extremely low 
basicities. In fact, we have tested several other deriva- 
tives of 1 possessing halogen and methoxy substituents 
and they showed none or incomplete protonation in 
these media. 


To obtain information concerning the basicity of the 
fully aromatic betacarboline ring with respect to this 
second protonation process, we selected 1 and 4 as 
model compounds. Bearing in mind the structural 
relation of betacarboline with indole and carbazole. the 


Table 1. Ionization data analysis for monocation-dication equilibria of 1 and 4 at 298 K" 


HAF EA 


HC H ,  


Compound dlog I/d[H,SO,I [H2S0,1,12h in PK4 in PK, in* PKA 


1 2.1 i 0.1 (0.999) 15.3 3.5k0.1 (0.998) -29*2 3.0*0.1 (0.999) -31 i 2  3.3*0.1 (0.999) -24* 1 
4 1.1 i 0.1 (0.997) 14.6 1.8*0.2 (0.997) -13.6i 1 1.5rt0.1 (0.997) 14.9*0.2 1.7i0.2 (0.997) -12i 1 


Figures in parentheses are correlation coefficients, 
bSulphuric acid concentration corresponding to half protonation 
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Figure 1. Absorption spectra of 1 in 0.1 M (solid line) and 
18 M (dotted line) sulphuric acid solutions 


ionization data for these dications were first analysed by 
the HAF method by using the H ,  and H ,  acidity func- 
tions, which are known to correlate the protonation 
equilibria of carbazolesR and indoles,6 respectively. 
However, since our bases did not show adherence to 
these acidity functions (the slopes of log I vs H plots 
are markedly different from unity), the ionization data 
were subsequently analysed by using the EA method. 


The results of these analyses are summarized in Table 
1. As can be seen, the X excess acidity function corre- 
lates satisfactorily the ionization data for 1 and 4 


Our revious studies on the protonation equilibria of 
indole$,"' and b e t a c a r b ~ l i n e s ~ , ~  demonstrated that the 
EA method consistently provides better results than the 
HAF method. On the other hand, the EA method also 
affords a more rational insight into the structural and 
solvent factors influencing the acid-base behaviour. 
Hence it is nowadays well established that the acid-base 
behaviour of weak acids or bases in non-ideal aqueous 
media must be described by at least two parameters. 
These parameters reflect the internal and external 
stabilizations of the acid-base conjugated pair as a 
consequence of the molecular structure itself and 
solvation. Hence the EA method gives the pK, value, 
which is referred to the stan2ard state, usually infinite 
dilution in water, and an in' parameter related to the 
stabilization of the acid-base conjugate pair by 
sohation.' 


The substantially higher in* value for protonation of 
1 than for protonation of  4 is indicative of a weaker 
solvation of the former dications. Particularly, the 
exceptionally high inx value obtained for 1 strongly 
suggests the possibility of the positive charge of its 
dication being almost completely delocalized into the 
aromatic system and, therefore, solvation through 
hydrogen bonding as negligible. 


Also, the differences between these pK, and in" 
values are interesting, since they imply an inversion of 
the basicity of 1 and 4 on going from dilute to concen- 
trated acidic aqueous solutions. In dilute acidic aqueous 
solutions the monocation of 4 is a stronger base than 
that of 1 but above 16 M sulphuric acid the reverse is 
true. Similar inversions of basicities for other com- 
pounds have been reported previously ', ' I  


On the other hand, the unusually high in" values 
obtained for 1 and 4 protonations seem distant from 
those of typical nitrogen bases, being more closely 
related to those of carbon bases such as indoles. In fact, 
the pK, and in" values for 4 are comparable to those of 
-14 and 2, respectively, obtained previously for the 


(r>0.99). 


Table 2. UV-visible absopnion spectra of compounds 1-4 in 0.1 and 18 M H,SO, 


1 0.1 366 (3.56), 298 (4.11), 244 (4.32) 
364 (3.58), 324 (3.62), 299 (4.13), 248(-4.60) 


2 0.1 364 (3.48). 302 (4.08), 248 (4.29) 
361 (3.50), 320 (3.60), 300 (3.59), 251 (-4.56) 


3 0.1 362 (3.47), 303 (4.10), 250 (4.30) 
360 (3.50), 319 (3.59), 301 (3.58), 252 (-4.55) 


4 0.1 350 (3.70), 280 (4.17), 236 (4.20) 
358 (3.76), 306 (4.16), 282 (4.18) 


18 


18 


18 


18 
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indoleninic dications of l-methyl-6-nitro-l,2,3,4- 
tetrahydrobetacarboline.’ Similarly, the m* value of 1 
is comparable to that of 3.11 for the protonation of 1- 
methyl-2-phenylindole. 


However, in relation to the protonation site, we have 
shown in a previous paperI3 that the formation of the 
indoleninic dications of the tetrahydrobetacarboline 
derivatives is accompanied by significant and diagnosti- 
cally useful shifts in their 13C N M R  spectra. In 
particular, in 18 M sulphunc acid, the signal of the C-4a 
atom, the protonation site, changes its multiplicity and it 
is shielded by about 50 ppm. 


Conversely, the results of similar I3C N M R  experi- 
ments carried out with 1-3 show that, on increasing the 
sulphuric acid concentration from 0.1 to 18 M, the 
multiplicities of the 13C NMR signals of 1-3 remain 
unchanged. Further, most of these signals experience 
only slight downfield shifts (ca 2-3 ppm), except those 
of the methyl groups in 2 and 3, which are shifted by 
about 7-8 ppm. Although these results indicate N-9 
protonation, we cannot on this basis establish 
unambiguously the structure of the dications. Hence, as 
suggested by one of the referees, it is possible that 
these extremely weak bases could not attain the slow 
exchange conditions required on the N M R  time-scale. 
Therefore, the determination of the structure of the 
fully aromatic betacarboline dications requires more 
extensive experimental work, which will be the subject 
of future research. 
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