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AB r.rTro STUDIES OF THE REACTION BETWEEN DIAZONIUM 
IONS AND WATER 


ANNE-MARIE SAPSE 
City University of New York, Graduate Center, and John Jay College, 445 West 59 Street, New York, New York 10019 and 


Rockefelier University, New York, New York 10021, U.S.A. 


AND 


DULI C. JAIN 
York College of the City University of New York. Jamaica, New York 11451, U.S.A. 


A b  initio calculations, using the 6-31G* basis set, were performed in order to study the energetics of the electrophilic 
attack on water by such diazonium ions as methyl-, ethyl- and fluoroethyldiazonium. For the first case, an indication 
of a transition state appears at the Hartree-Fock level, whereas for the other two, the energy is continuous11 
decreasing from reactants to products. When correlation energy was taken into account via single-point MP2/6-31G 
calculations, a deep ion-dipole energy minimum was observed for the methyldiazonium ion followed by a low 
transition state, whereas the other two did not change their energy pattern. On performing the MP2/6-31G* 
optimization for the methyl species, the Hartree-Fock results were confirmed, with a slight displacement of the 
transition state toward a shorter CO distance. 


INTRODUCTION 


It has been established that nitrosoureas, which show 
mutagenic, carcinogenic and anti-tumor activity, 
decompose spontaneously under physiological con- 
ditions, producing electrophiles which alkylate the 
DNA bases, leading eventually to interstrand cross- 
linking, which is a lethal event for the cell. ' It has been 
shown that nucleophilic sites alkylated by nitro- 
soureas include the 0 - 6  site on guanine, in addition to 
the N-7 site. Apparently, the 0-6 alkylation leads to 
interstrand cross-linking, whereas the N-7 alkylation is 
less cytotoxic. Since the ability to repair the alkylation 
at 0 -6  before cross-linking can occur seems to be 
lacking in tumor cell lines, the nitrosoureas are expected 
to show selective toxicity and, therefore, the determi- 
nation of the site of attack by their products of 
decomposition becomes a crucial issue with respect to 
their anti-tumor activity. These products of decompo- 
sition are believed to be the highly reactive diazonium 
ions or their kinetically equivalent diazohydroxides. 


The methyl- and ethyldiazonium ions attack both the 
N-7 and the 0-6 sites on guanine, but experiments have 
shown that the latter reacts more extensively with the 
0-6 relative to N-7 than the f ~ r m e r . ~  


Many studies have been carried out in order to try to 
explain this fact. Sapse et ~ l . ~  attempted an interpre- 
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tation of the observed base selectivity via the utilization 
of hard and soft acid-base theory. That study used 
ab initio calculations to obtain information about fron- 
tier orbitals and it was concluded that 0-6 is a softer 
nucleophilic site than N-7. It was also found that the 
ethyl species are more prone to attack via a soft 
mechanism than their methyl counterpart. 


Ford and Scribner 6a performed MNDO calculations 
in which guanine was modeled by a series of small mol- 
ecules, including water. They reported the presence of 
transition states and ion-dipole energy minima for 
these reactions. This work was followed by an MNDO 
study of the alkylation of the DNA bases by alkane- 
diazonium ions. 6b The goal of that study was to gather 
information about hard versus soft electrophilicity of 
the diazonium ions by measuring the energies of the 
transition states in their attack on nucleophiles such as 
water. 


In this work, ab initio calculations were used in order 
to follow the energetics of the alkylation reaction of 
water by methyl-, ethyl- and fluoroethyldiazonium ions 
and to compare the results with those obtained by Ford 
and Scribner via MNDO calculations and the with the 
ab initio calculations of Raghavachari et al.7 for a 
similar reaction. The fluoro species was included 
because haloethylnitrosoureas are known to exhibit 
strong anti-tumor activity.* This was done in order to 
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establish whether transition-state calculations can 
indeed provide information about the hard versus soft 
electrophilic character of these species. 


METHOD AND RESULTS 


The geometries of the CH,N;, CzHsN: and FC2-N; 
molecules were optimized using the 6-31G* Gaussian 
basis set, as implemented by the Gaussian-86 computer 
p r ~ g r a m . ~  The structures thus obtained are shown in 
Figures I(a) (b) and (c). 


One water molecule approaches the ions at C1. 
The path of the reaction is followed by assigning dif- 
ferent values of the CO distance, keeping it fixed and 
optimizing all the other parameters of the complex, for 
each CO distance. Figures 2(a), (b) and (c) show the 
complexes thus defined. Figures 3(a), (b) and (c) show 
the products formed by the departure of the neutral Nz 
molecule and the bonding of the oxygen of water to the 
carbon. The calculations performed at the 6-31G* level 
were augmented by MP2/6-31G* calculations, in order 
to examine the effects of the correlation energy on the 


H1 


H i  


Figure 1 .  Methyl-, ethyl- and fluoroethyldiazonium ions 


energetics of the reaction. Since the reaction proceeds 
via the transfer of an electron pair and not by bond 
breaking, only the singlets were considered. 


The MP2 calculations for the ethylated and 
fluoroethylated species were performed using the 
MP2/6-31G*//6-31G* method. For the methylated 
species, geometry optimization using the MP2/6-31G* 
term was performed. The transition state for the 
methylated species attack on water was characterized by 
a transition state optimization using the 6-3 1G* basis 
set, optimizing all parameters of the system. It was also 
calculated at the MP2/6-31G* level via geometry 
optimization. 


Table 1 shows the energies of the reactions and those 
of the products. Table 2 shows the energies of the com- 
plexes for different CO distances between 4 and 1.8 A. 


Table 3 shows the CO and CN distances and the ener- 
gies for the transition state and for the optimized 
complex of the methylated species. 


H i  


H i  


Figure2. Complexes formed by the diazonium ions with a 
water molecule 
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Figures 4(a), (b) and (c) show the profile of the energy 
dependence on the CO distance, including the reactants 
and the products. The optimized geometry of the reac- 
tants and products at the HF/6-31G* calculation level 
is shown in Table 4. 


Table 5 shows the differences in energies between the 
reactants, ion-dipole energy minima (for the methyl 


H1 


Figure 3. Hydrated CH;, C2H; and FC2H: groups: the pro- 
ducts of reaction 


Table 1 .  Energies (au) of reactants and products 


Species HF/6-31G* MP2/6-3 1 G* 


- 76.0108 
- 148 * 2160 
- 187.2638 
-286.0914 
- 108 -9439 
- 1 15.3390 
- 154 * 3866 
-253.2207 


~~ 


- 76.1992 
- 148.6661 
- 187.8484 
- 286.85 19 
-1 09.261 6 
- 1 15 -6530 
-154.8358 
- 253.83 18 


species), transition state (also for the methyl species) 
and the products. 


In order to examine the superposition approximation 
error, +the optimum energies of CH3N:, H2O and 
CH3N2 ...H20 were also calculated using the 6-311G** 
basis set, which is a triple zeta set with d-polarization 
functions on non-hydrogen atoms and p-polarization 
functions on hydrogen atoms. 


DISCUSSION 
The reaction 


RN: + H2O -+ RH20+ + N2 


is exothermic, as shown from the energies reported in 
Table 1. 


The geometries of the reactants, as seen from Table 
4, feature a very short NH bond, as previously observed 
by Vincent and Radom," and in agreement with the 
results of Ford,6 who has previously studied the 
geometries of the CH3N: and C2HsN; ions, using 
large basis sets such as 6-31G** and including the cor- 
relation energy via MP3/6-31G** calculations. That 
study also reported dissociation energies for these ions 
in good agreement with the experimental results. 


Th? products feature a CO bo?d in the vicinity of 
1 * 5 A and an OCH angle of 107 for the methylated 
species and smaller for the others. In the 
methyldiazonium-H20 complex the watero molecule i: 
tilted, the hydrogen forming angles of 66 and -66 
with the OCH plane, showing that the two hydrogens of 
water, the oxygen and carbon are not coplanar. It is 
observed that twisting and bending the HOH plane 
around the CO bond does not change significantly the 
energg for some foints. For instance, when the angles 
of 660 and -66 are replaced by angles of 54" and 
-172 , the energy is higher by only lo-' au. 


As seen from Table 2 and Figure 4, the attack of the 
ethyldiazonium and fluoroethyldiazonium ions on 
water proceeds without a transition state or an 
ion-dipole interaction minimum, both at the Hartree- 
Fock level and when the correlation energy is taken into 
account via the MP2/6-3 1G* single-point calculations. 
The reaction of the methyldiazonium ion is described at 
the Hartree-Fock level as proceeding via a shallow 
ion-dipole well, followed by a slight rise on the energy 
curv?, the maximum being located at a CO distance of 
2.4 A and lower in energy than the sum of the energies 
of reactants by 12 kcal mol-' (1 kcal= 4.184 kJ). The 
optimization of a complex to a transition state, varying 
all the parameters, leads to an ene{gy of - 224.2463 au 
for a CO bond lepgth of 2.350 A and a CN-1 bond 
length of 1 a823 A. There is a negative eigenvalue 
whose main components are CO and CN-1. When 
MP2/6-31G* calculations are performed, the well 
deepens and apparently the transition state is present, 
although staying lower in energy than the sum of the 
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energies of the reactants by 7.1 kcal mol-'. This result 
is similar to the calculations of Raghavachari et al. on 
the CHsOHi + H20 system, where the transition state 
is also lower in energy than the sum of the energy of the 
reactants for the methyl species. At the MP2/6-31G* 
calculational level, using complete geometry optimiza- 
tion of the methyl complexes to the transition state, t t e  
transitioq state moves from a CO bond length of 2.4 A 
to 2-08 A and features an ene:gy of -224.8766 au and 
a CN-1 bond length of 1.764 A .  This point features, as 
expected, a negative eigenvalue whose main compo- 


nents are CO and CN-1. After the transition state, that 
is, toward the product, there is a small minimum of 
3 kcal mol-' at both the HF and MP2 calculational 
levels. This is explained by the fact that the non-polar 
NZ molecule and the CHsH20+ species exhibit a small 
ion-dipole interaction, much weaker than the 
ion-dipole interaction of the diazonium ion and the 
polar water molecule. 


The profile of the energy versus the reaction coor- 
dinate, calculated via point-by-point optimization of 
the parameters of the complex for different frozen 


Table 2. Energies (au) of complexes 


Species CO(A) CN(A)(HF) HF/6-31Gt MP2/6-31G8 MP2 optimized 


1.517 3.173 
1.8 2-91 
2 -0  2.70 
2.1 2.58 
2.2 2.47 
2.3 2.34 
2.4 1-62 
2.5 1 *57 
2.6 1.55 
2.7 1.54 
2-8 1.53 
3.0 1.52 
4.0 1.50 
1.8 3.21 
2.0 3.04 
2.2 2.92 
2.3 2-87 
2.4 2.83 
2.5 2.80 
2.6 2.77 
2.7 2.75 
3.0 2.70 
3.5 2.55 
4.0 2.56 
4.5 2.52 
5.0 1.57 
1.8 3-19 
2.0 2.99 
2.3 2.81 
2.6 2.70 
3-0 2-63 


- 224.2862 
- 224.2730 
- 224.26 12 
- 224.2564 
- 224.2523 
- 224.2489 
- 224.2472 
- 224.2483 
- 224.2488 
- 224.2488 
- 224.2484 
- 224.2470 
- 224.2465 
- 263.3252 
- 263.3172 
- 263 '31 19 
- 263.3096 
- 263 '3073 
- 263.3050 
- 263 ' 3029 
- 263.3008 
-263.2953 
- 263.2922 
- 263 '2903 
- 263 '2878 
- 263.2847 
- 362. I561 
-362.1476 
-362.1365 
- 362.1280 
-362.1190 


- 264.063 1 
- 2644485 
-264.0398 
- 264.0362 
- 264.0329 
-264.0300 
- 264.0272 
- 264.0247 
-264.0182 


- 363.0594 
- 363.0442 
- 363.0280 
- 363.0168 
-363.0064 


- 224-9196" 
- 224.9047 
- 224.8885 
-224.8816 
- 224.8820 
- 224.8855 
- 224.8878 
- 224.8890 
- 224-8895 
- 224.8893 
- 224.8884 
- 224.8871 
- 224.8775 


'At the MP2 level, CO= 1.527 A and CN= 2.985 A .  


Table 3. Minimum and transition-state calculations of CHIN;...H~O 


Energy (au) co ( A )  CN ( A )  


Calculation HF MP2 HF MP2 HF MP2 


Minimum - 224.2862 -224.9196 1.517 1.523 3.173 2.985 
Transition-state - 224.2463 - 224.8766 2.349 2.082 1.823 1.764 
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Figure 4. Profile of the energy dependence on the CO distance 
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Figure 4. Continued 
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Table 4. Optimized parameters (bond lengths in angstroms, angles in degrees) 


NN 1 -0728 
CN, ClN 1-5096 
cc, CCl 1.5241 
CH 1.0782 
CF 
ClHl 
CClN 
HCN, HlClN 104.98 
HCCl 
FCCl 
HlClCH, HlClCF 


1 a0732 
1.5571 
1.5403 
1.0821 


1.0778 
107.2 
102-5 
110.0 


60.00 


1 *0733 
1.5259 


1 .0804 
1.3406 
1 a0789 


108.4 
104.0 
111.1 
103.9 
65-0 


co, c 1 0  
cc 1 
CH 
CF 
ClHl 
OH2 
OCH, OCHl 
CClO 
COH2, C10H2 
ClCH 
ClCFl 
CClHl 
H20H2 
CClOH2 
CC 1 OH2' 
HlClCH (HlClCF) 


1.511 1.5446 
1.5058 


1.075 1.0834 


1.0763 
0.962 0-9613 


107.7 103.4 
106.6 


116.4 115.8 
110.3 


115.0 
110.4 
- 52.0 
162.7 
55.5 


1.5231 
1 -5079 
1.0824 
1 -3507 
1.0766 
0.9618 


104.5 
106.5 
117.8 
110.0 
108.3 
113.8 
111.4 
- 50.6 
167-2 


5 5 . 5  
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Table 5. Energy differences (kcal mol-') 
~ 


Methylateda Ethylated' Fluoroethylated" 


Species (a) (b) (a) (b) (a) (b) 


Reactants 0 0 0 0 0 0 
Ion-dipole energy minimum -13.8 -15.2 
Transition state +12.1 - 7 . 1  - 
Products -33.7 -30 .9  -35.6 -31.1 -39.2 -26.5 


- - - - 
- - - 


%) HF/6-31Gt; (b) MP2/6-31G*. 


values of CO, agrees with the results obtained by 
transition-state optimization. 


When the values of CN bond lengths are examined at 
different fixed CO distances, as seen from Table 1, it 
becomes clear that the Nz molecule starts leaving the 
CH; entity between CO = 2 .4  and 2 .5  A .  However, 
the ethyl system exhibits a different behavior. As soon 
as th? water approaches, namely between CO = 5.0 and 
4 .5  A ,  the N2 molecule starts to leave. The CN bond 
elongates until the products are formed. Therefore, this 
reaction does not proceed via an s N 2  mechanism bu,t 
rather by an initial dissociation of C2HsN; into C2H5 
and N2. These facts might contribute to the presence of 
a transition state in the methylated species and the lack 
of it in the other two reactions. 


Examining Table 5 ,  one can see that the exother- 
rnicity of the reaction increases in the order 


CH3N: < C2HsN; < FCZH~H; 


at the HF level, whereas at the MP2/6-31G* level, the 
methyl and ethyl species are equal and the fluoroethyl 
species is less exothermic. 


The binding energy of CH~N;.-.HZO, calculated as 


was determined using both the 6-31G* and the larger 
6-311G** basis sets. The two energies are within 
0.005 au of each other, with the second larger than the 
first. It can thus be assumed that the superposition error 
introduced in the 6-3 1G* calculations is negligible. No 
conclusion about the hard versus soft electrophilicity of 
the species can be derived from the calculations, since, 
in addition to charge effects, there are steric effects, 
covalent effects and, even though water is a hard 
nucleophile, it is difficult to estimate the contribution of 
all these effects. It is clears though, that the ion-dipole 
energy minimum is present for CH3N; and not for the 
others. The energy of the LUMO is the lowest for the 
fluoroethyldiazonium ion, followed by the methyl- 
diazonium ion, and the ethyldiazonium ion has the 
highest energy LUMO. Therefore, it is difficult to 
estimate the hard versus soft nature of these 
electrophiles. 


A clearer picture emerges, however, from the 


E(CH3N;...HzO) - [E(CH3N:) + E(H20)] 


transition-state optimization; whereas the methyl 
species features a transition state, the ethyl and 
fluoroethyl species do not and, as such, it is difficult to 
draw conclusions about the hardness or softness of 
these species based on transition-state energies. 


Given the fact that the methyl species attacks the N-7 
site in guanine preferentially to the 0-6  site while the 
ethyl species also attacks preferentially the N-7 site but 
at a lower N-710-6 ratio, and given the fact that the 0 -6  
site is a softer nucleophile as compared with the N-7 
site,5 it might be inferred that the attacking agents are 
the diazohydroxides where it has been calculated that 
the ethyldiazohydroxide is a softer electrophile than the 
methyldiazohydroxide, rather than the diazonium ions 
which do  not present a clear difference in this respect. 


ACKNOWLEDGMENTS 


We thank Dr R. Osman and Dr K. Raghavachari for 
useful discussions. We also thank the City University of 
New York for computer time and for Grant No. 
668161. 


REFERENCES 
1. (a) J. W. Lown, L. W. McLaughlin and Y. M. Chang, 


Bioorg. Chem. 7 ,  47 (1978), (b) K .  M. Kohn, Cancer Res. 
37, 1450 (1977). 


2. (a) K. A. Stacey, M. Cobb, S .  F. Cousens and P. Alex- 
ander, Ann. N.Y. Acad. Sci. 68, 682 (1958); (b) P. D. 
Lawley, D. J. Orr and M. Jarman, Biochem. J.  145, 73 
( 1975). 


3. K. W. Kohn, L. C. Erickson, G .  Laurent, J. Ducore, 
N. Sharkey and K. A. Ewig, Nitrosoureas: Current Status 
and New Developments, Academic Press, New York 
(1981). 


4. (a) B. Singer, Nature (London) 264, 333 (1976); (b) B. 
Singer, J.  Natl. Cancer Inst. 62,  1329 (1979). 


5.  A. M. Sapse, E. B. Allen and J. W. Lown, J. Am. Chem. 
SOC. 110, 5671 (1988). 


6. (a) G. P. Ford and J .  D. Scribner, J.  Am. Chem. SOC. 
105, 349 (1983); (b) G. P. Ford and J. D. Scribner, Chem. 
Rex Toxicol. 3 ,  219 (1990); (c) G. P. Ford and C. T. 
Smith, J. Comput. Chem. 10, 568 (1989). 


7. K. Raghavachari, J .  Chandrasekhar and R. C. Burnier, 
J.  Am. Chem. SOC. 106, 3124 (1984). 







250 A.-M. SAPSE AND D. C. JAIN 


8. D. B. Ludlum, in Mechanism of Action of 2- D. J. DeFrees, R. A. Seegar, R. A. Whiteside, D. J. Fox, 
E. M. Fleuder and J. A. Pople, Gaussian-86 Carnegie- 
Mellon Quantum Chemistry Publishing Unit, Pittsburgh, 


10. M. A. Vincent and L. Radom, J. Am. Chem. SOC. 100, 


Haloethylnitrosoureas, edited by F. F. Becker, Vol. 5 .  
Plenum Press, New York (1975). 


K. Raghavachari, C. F. Melius, R. L. Martin, J. P. 
Stewart, F. W. Bobrowicz, C. M. Rohlfing, L. R. Kahn, 


9. M. J.  Frisch, J. S. Binkley, H. B. Schlegel, PA, (1984). 


3306 (1978). 












JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 6, 29-43 (1993) 


EFFECTS CONTROLLING THE CONFORMATIONAL 
SELECTIVITY AND ASSOCIATION PARAMETERS OF H-BONDED 


ASSEMBLIES BETWEEN DI- AND TRIAMINOTRIAZINES AND 
BEMEGRIDE 


ITAMAR WILLNER,* JACQUELINE ROSENGAUS AND YOAV EICHEN 
Institute of Chemistry, Hebrew University of Jerusalem, Jerusalem 91904, Israel 


2,4,6-Tris(aminocyclohexyl)triazine ( I )  and 2,4-bis(aminocyclohexyl)-6-methoxytriazine (2) are present in solution in 
two and three equilibrating conformations, respectively. The activation barrier for interconversion of the conformers 
l a  z I b  is  14.55 ? 0-2 kcal mol-'  ( I  kcal = 4.184 kJ) and the activation barrier for interconversion of the 
conformers 2a 2b 2 2c is 14-2 k 0-2 kcal mol-' .  The conformational analyses of 1 and 2 were also followed by 
molecular mechanics calculations. Compounds 1 and 2 form H-bonded intermolecular complexes with bemegride (3). 
Association of 3 proceeds by selection of a specific conformation of 1 and 2, i.e. l b  and 2a, respectively. The 
association constants of 3-lb and 3-Za are to K. = 915 and 450 I mol-' ,  respectively. Molecular mechanics 
calculations for the H-bonded intermolecular assemblies support the experimental observations of the selective 
conformational association. 


INTRODUCTION 
Conformational selectivity plays an important role in 
the association of compounds to biomaterials. ' Exten- 
sive research activity is directed towards the design of 
supramolecular host-guest assemblies originating from 
complementary H-bonded interactions. 2 9 3  Both 
experimental4 and theoretical studies' have revealed the 
roles of structural features of the two molecular com- 
ponents on the stability of the resulting H-bonded in- 
tramolecular assembly. The characterization of such in- 
tramolecular interactions provides model systems for 
biological materials, e.g. DNA, and allows the design of 
intramolecular compositions of crystalline materials. In 
addition, such supramolecular assemblies allow their 
further development into catalytic moieties mimicking 
the functions of enzymes. Selective association of an 
energetically unfavoured guest conformation to a host 
molecule has recently been highlighted by Vincent et 
al. In that study the terphthaloyl receptor was found to 
associate selectively with the S-cis rotamer of 
succinamide diacid, being the less favoured rotamer of 
&he host compound. 


Several recent studies have applied aminotriazines 
and diazines as building sites for the construction of 


*Author for correspondence. 


multi-dimensional H-bonded networks. ' Also, H- 
bonded assemblies utilizing diaminotriazine as a host 
molecule were recently characterized at a water-air 
interface. In this paper we describe the conformational 
properties of 2,6-bis(aminocyclohexyl)-4-methoxy- 
triazine (1) and 2,4,6-tris(aminocyclohexyl)triazine (2) 
and reveal the selective discrimination of specific con- 
formations of this triazine compound in the formation 
of H-bonded assemblies. The experimental results are 
supported by molecular mechanics calculations. 


EXPERIMENTAL 


Genera/. 'H and I3C NMR spectra were obtained on 
a Bruker AMX/400 instrument. All chemicals were pur- 
chased from Aldrich. Association constants were 
calculated using the Benesi-Hildebrand equation. 
CDCI3 was dried over calcium chloride and used as the 
solvent in all NMR studies. 


2,4,-Bis(aminocyclohexyl)-6-chlorotriazine. 2,4-Bis 
(aminocyclohexyl)-6-chlorotriazine was prepared using 
the general procedure described by Thurston and co- 
workers. lo A solution of 10 g (54-34 mmol) of cyanuric 
chloride i! 50 ml of hot dioxane was added to 50 ml of 
cold (0-5 C ) ,  well stirred water, giving a white slurry. 
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A 16.15 g (163 mmol) amount of cyclohexylamine was 
added dropwise to the cold slurry, the mixture was 
allowed to warm to room temperature and 17.27 g of 
sodium carbonate were added slowly. The reaction mix- 
ture was then heated overnight at 80 C with constant 
stirring. The resulting precipitate was filtered and waosh- 
ed with water to yield the product, m.p. 228-229 C. 
Analysis: calculated for C I S H ~ ~ N ~ C I ,  C 58.15, H 7.81, 
N 22.60, C1, 11 -44; found, C 57.93, H 7-78, N 22.54, 
c1 11*10%. 


2,4,6-Tris(aminocyclohexyl)triazine (1). A 1 g (3.2 
mmol) amount of 2,4-bis(aminocyclohexyl)-6- 
chlorotriazine was dissolved in 15 ml of hot dioxaae. 
The hot solution was added to 15 ml of cold (0-5 C) 
water while stirring. A 5 ml volume (43.7 mmol) of 
cyclohexylamine was added slowly and the mixture was 
heated at 80 OC for 48 h with stirring. The resulting pre- 
cipitate was filtered and the white p2wder obtained was 
washed with water, m.p. 215-217 C. Analysis: calcu- 


found, C 67-40, H 9.45, N 22.30%. 
lated for C21H36N6Cll c 67-70, H 9.74, N 22.56; 


2,4- Bis(amin ocy clo hexyl)-6-methoxytriazine (2). A 
mixture of l o g  (55.5 mmol) of 2,4-dichloro-6- 
methoxytriazinel' and 150 ml of water was stirred 
vigorously at 0-10°C while 21.78 g (220mmol) of 
cyclohexylamine were added dropwise during 30 mins. 
The reaction was exothermic and a creamy yellow 
solution was obtained. An 11.7 g amount of sodium 
carbonate was added after the reaction mixture had 
been allowed to warm to room temperature;, The resul- 
ting mixture was stirred and heated at 80 C for 2 h. 
The creamy solution solidified and the product was 
filtered and washed with water. Two consecutive 
recrystallizations from heptane and methanol gave a 
white powder, m.p. 145-147 "C. Analysis: calculated 
for C ~ ~ H ~ ~ N S O ,  C 62.91, H 8.92, N 22.94; found, c 
62.94, H 8.70, N 22.78%. 


2-Aminocyclohexyl-4,6-dichlorotriazine. A slurry of 
5 g (27 mmol) of cyanuric chloride, 25 ml of dioxane 
and 20 ml water was prepared as described earlier, then 
2-70 g (27 mmol) of cyclohexylamine were added drop- 
wise while the mixture was kept below 5 "C. A 2.28 g 
amount of sodium hydrogencarbonate was added and 
the cooled solution was stirred for 1 h. The mixture was 
filtered and the resulting solid was washed with water. 
The product (3.4 g) was used without further purifica- 
tion in the preparation of 2-aminocyclohexyl-4,6- 
dimethoxytriazine (7). 


2-Aminocyclohexyl-4,6-dimethoxytriazine (7). A 
1.1 g amount of sodium hydroxide was dissolved in 
50 ml of methanol, 3.4 g (13.8 mmol) 2-amino- 
cyclohexyl-4,6-dichlorotriazine were added and the mix- 


ture was heated at 40 "C for 30 min and then at 75 "C 
overnight. On addition of water to the cooled solution, 
a white precipitate was obtained (2.45 g)."The product 
was recrystallized from ethanol, m.p. 119 C. Analysis: 
calculated for C I I H I ~ N ~ O Z ,  C 55.45, H 7-61, N 23.51; 
found, C 54-89, H 7.75, N 22.43%. 


Titrations. Typically, five to seven samples were 
prepared by introducing 0.033 mmol of host into each 
of the 4 mm NMR tubes. The guest was introduced into 
the tubes in different molar ratios, e.g. in the range 
0-00825-0.0495 mmol. Approximately 400 pl of dry 
CDCI3 were transferred into each of the tubes by a 
vacuum system and the tubes were then sealed with a 
flame. The volume of the solution was measured and 
host-guest concentrations were calculated. 


RESULTS AND DISCUSSION 


Conformational analysis of di- and triaminotriazines 
2,4,6-Tris(aminocyclohexyl)triazine (1) is present in 
solution in two different conformations, l a  and lb.  At 
room temperature rapid exchange between the 
conformers occurs: 


Important parts of the 'H and I3C NMR spectra of 1 
at room temperature (295 K) are shown in Figures l(a) 
and 2(a), respectively. The 'H NMR spectrum of 1 
shows a broad-shouldered non-resolved signal at 6 
4-65-4-90 ppm, corresponding to the different amine 
protons. The "C NMR spectrum reveals a singlet at 
6 65-65 ppm for all aromatic carbons and a broad 
singlet at 6 49.13 ppm for the cyclohexyl carbon atoms 
adjacent to the amino groups. On cooling the CDCl3 
solution of 1, slow exchange between the conformations 
is observed at 270 K, and the two conformations la  and 
l b  are detectable in the 'H and I3C NMR spectra, 
Figures l(b) and 2(b), respectively. 


The 'H NMR spectrum of 1 at 270K reveals three 
doublets for the amine protons at 6 5 - 0 6 ,  4-99 and 
4.92 ppm with an integration ratio corresponding to 
1 : 1 : 4. In the I3C NMR spectrum of 1 at 270 K the 
aromatic carbon atoms appear as four signals at 6 
165-15, 164.82, 164.72 and 164.60ppm and the 
cyclohexyl carbon atoms adjacent to amino triazine 
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Figure 1. 'H NMR spectrum of the amino protons of host t in CDCl3 at (a) room temperature (295 K)  and (b) 270 K 
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Figure 2. "C NMR spectrum of host 1 in CDCI3 at (a) 295 K and (b) 270 K 


groups appear at 6 49-66,49.33,48.88 and 48.50 ppm. 
As conformation l a  exhibits 4 symmetry whereas no 
symmetry element is present in conformation lb, we 
would expect that all amino protons and aromatic a- 
aminocyclohexyl carbons would reveal equivalency for 
conformation la, whereas all amino protons and the 
respective carbon atoms should be non-equivalent in 


conformation lb. This would result in four distinct 
signals for the amino protons and aromatic and a- 
aminocyclohexyl carbon atoms on slow exchange bet- 
ween the conformations. Whereas the 13C NMR spec- 
trum at 270 K is consistent with this analysis, the 'H 
NMR spectrum reveals only three doublets for the 
amino protons. As the theoretical integration ratio is 
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3 : 1 : 1 : 1 for conformations l a  and lb ,  respectively, we 
realize that the integration ratio of the three doublets is 
1 : 1 : 4, suggesting that two amino groups are 
isochronous. Within the temperature range examined, 
the cyclohexyl substituents are rapidly dynamically 
equilibrated and the a-aminocyclohexyl protons and 
carbons are averaged signals corresponding to axial and 
equatorial conformations. 


We found that the coalescence temperature for the 
amine protons is TE = 280 K. Hence the low limit ex- 
change rate constant between the two conformations is 
k ,  = 24 s - ' ,  and the derived energy barrier for the con- 
formational exchange corresponds to AG* = 
14-55 +- 0.2 kcalmol-' (1 kcal=4.184 k3). 


Dynamic conformational analysis of a second triazine 
host, 2,6-bis(aminocyclohexyl)-4-methoxytriazine, (2), 
was similarly examined. At room temperature (295 K), 
2 exists in three rapidly equilibrating conformations: 


b 


- - 
Figure 3. 'H NMR spectrum of the amino protons of host 2 at 


(a) 295 K and (b) 270 K 


The 'H NMR spectrum (CDCI,) of the amino protons 
is shown in Figure 3(a). It consists of a broad- 
shouldered signal in the region 6 4.85-5-03 ppm. Im- 
portant bands in the 13C NMR spectrum of 2 at 295 K 
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Figure 4. "C NMR spectrum of host 2 at (a) 295 K and (b) 270 K 
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[Figure4(a)] include two bands at 6 166.24 and 
171.63 ppm for the NH-linked aromatic carbons and 
CH3O-linked aromatic carbons, respectively. The 
methoxy carbons of conformations 2a-c appear as a 
single band at 6 53.43 ppm. Thus, at room temperature, 
rapid dynamic exchange between the three con- 
formations takes place. On cooling the solution of 2 to 
270 K ,  three distinct conformations, 22142, are observ- 
ed, implying that slow exchange among the 
conformations occurs. The 'H NMR spectrum 
[Figure 3(b)] and I3C bands [Figure 4(b)] reveal the ex- 
istence of these three distinct conformations. The 'H 
NMR bands of the amino protons appear as four 
separated doublets. As conformations 2a and 2c are 
symmetric whereas 2b is asymmetric, four doublets are 
expected for the different conformations. The I3C NMR 
bands confirm the existence of the three distinct confor- 
mations. The aromatic carbons are resolved into seven 
bands, where three bands of aromatic carbons adjacent 
to the methoxy group appear at 6 170.47, 170-77 and 
171.78 ppm and four additional bands corresponding 
to the aromatic carbons linked to amino groups in the 
different conformations appear at 6 165.58, 165.89, 
166.05 and 166.40ppm. The methoxy carbon atoms 
are resolved into three bands at 6 53-50, 53-68 and 
53.81 ppm. It should be noted that dynamic exchange 
of the methoxy group between syn and anti conforma- 
tions and chair-chair cyclohexyl interconversion are 
still rapid at this temperature, and average 
conformations are observed for these processes. 


The coalescence temperature for the dynamic ex- 
change of conformations 2a-c was followed for 
coalescence of the amino proton bands ( T, = 290 K) and 
for coalescence of the methoxy carbon atoms 
(T, = 285 K). The derived energy barrier for the confor- 
mational exchange has been derived from the two 
coalescence temperatures to be AG# = 14.2 +- 0-2  and 
14.5 f 0.2 kcalmol-', respectively. As the amino pro- 
ton also undergoes broadening on heating, the observed 
coalescence temperatures might be lower than the real 
values. Hence the derived energy barriers should be con- 
sidered as low-limit values. 


Conformational energy maps 
Molecular mechanics (MM) calculations were per- 
formed on both compounds 1 and 2 using the MMX 
force-field method based on MM2 and MMPI programs 
developed by Allinger. IZb Energy minimization of the 
molecules 1 and 2 results in structures in which all the 
nitrogen atoms of the amino groups are coplanar. This 
structure is in accordance with the previous x-ray single- 
crystal structure of 2,4,6-triamino-1,3,5-triazine. l 3  The 
planarity of the amino groups in MM calculations arises 
from the effective conjugation of the amino nitrogen 
atoms with the a backbone. In contrast to aniline, 
where the amino nitrogen atoms show weak conjugation 


to the a system and thus only a poor correlation bet- 
ween MM calculations and experiments exists, here the 
nitrogen atoms exhibit a substantial aromatic 
characterI4 and thus can be considered as a atoms. 
Therefore, MM calculations are expected to be a useful 
tool in predicting structural parameters of 
aminotriazine components. 


Conformational energy maps of 1 and 2 were obtain- 
ed byorotating the two dihedral angles 0 and C#I (Figure 5) 
in 10 increments and calculating the minimum poten- 
tial energy for each set of angles. The conformational 
energy maps of 1 and 2 are shown in Figures 6 and 7, 
respectively. 


For host 1, only two minima are found [equation 
(l)] , both having the same potential energy, implying 
that the two conformers are equally populated. The 
minima were found at 8 = 0, (b = 0 (symmetric confor- 
mation) and 8 = 180, C#I = 0 (asymmetric conformation). 
The activation energy, E,, for interconversion between 
these two stable conformations, was found to be 
16 kcalmol-'. These results are in accordance with 
dynamic NMR studies of host 1 that give a 1 : 1 ratio 


Y 
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Figure 5 .  Schematic representation of the dihedral angles, 8 
and @, in compounds 1 and 2 
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Figure 6. Potential energy profile of host 1 as a function of the 
torsional angle 8 
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e 
Figure 7. Conformational energy map of host 2 as a function 


of the torsional angles 8 and 4 


between the two conformers with an energy barrier of 
14-55 kcalmol-'. 


For compound 2, three minima are found [equation 
( 2 ) ] .  The minima were found at B = O ,  q5=0 (2a; 
symmetric conformation), 0 = 180, q5 = 0 (2b; 
asymmetric conformation) and 0 = 180,d = 180 (2c; an- 
tisymmetric conformation). The calculated 2a : 2b : 2c 
conformational ratio is 1 : 1-75 : 2.43. The activation 
energies for isomerization, &(Zn-Zb) and Ea(Zb-Zc), 
were found to be 16.88 and 17.26 kcalmol-', respec- 
tively. NMR studies of host 2 indicated a 1 : 1 : 3 popula- 
tion ratio of the three conformers. We assume that the 
most stable conformer is 2c, as found in the MMX 
calculations. 


Design of H-bonded host-guest interactions between 
1 or 2 and 1,Iketo functionalities - a molecular 
mechanics approach 
Hydrogen-bonded assemblies" involve the participa- 
tion of at least three types of interaction mechanisms, 
that is, electrostatic, dispersive and charge-transfer in- 
teractions. In the last few years, the dominant role of 
coulombic interactions (electrostatic interactions) has 
become apparent through quantum-chemical calcula- 
tions. As MM calculations treat H-bonds as electrostatic 
interactions, l2 we applied the MM method for predic- 
ting and designing H-bonded assemblies between 1 and 
2 simulation of host-guest assemblies. 


The binding ability of hosts 1 and 2 towards 
1,3-diketones, i.e. bemegride (3), was studied using the 
MMX program. For 2,4,6-tris(aminocyclohexyl)tri~~ne 
(1) each of the stable conformers (la and lb )  was in- 
teracted with 3 and the energy of the resulting 
bimolecular assembly was minimized. In fact, for the 
purpose of calculations, the 1 ,fdiketone 3 was forced 


to short distance (cu 2.5 A) from the conformations l a  
and l b  [see equation (3)]. The energy of the resulting 
assembly was minimized until a structure of minimum 
potential energy was obtained. 


For the symmetric conformation l b  a stable three H- 
bonded assembly is formed. The calculated structural 
parameters of this assembly and its bimolecular 
configuration are shown in Figure 8. The calculated en- 
thalpy change associated with the formation of this 
assembly corresponds to A H =  - 16-21 kcalmol-'. On 
the other hand, where a similar computational analysis 
is performed for the asymmetric conformation la, the 
two components separate from one another and no 
bimolecular H-bonded assembly of minimum potential 
energy is formed. 


When both components are placed in an orthogonal 
position with respect to one another and minimization 
is performed, the complex dissociates and thus the 
linear configuration of the assembly represents a global 
minimum on the potential energy surface of the 
complex. 


The same procedure was applied for association of 
the three stable conformations of 2 with 3. Here we find 
that conformation 2a yields a stable three H-bonded 
assembly of minimum potential energy 2a-3, exhibiting 
the calculated structural parameters shown in Figure 9. 
The other two conformations (2b and 2c) separate from 


Figure 8. Calculated minimum energy structure of the com- 
plex lb-3 
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@ 
Figure 9. Calculated minimum energy structure of the complex 2a-3 


3 within the energy minimization process, implying 
that the latter conformations are not stabilized by 
complementary H-bonded interactions. The enthalpy 
change associated with the formation of 2a-3 is 
A H =  - 15.93 kcalmol-'. 


Figure 10. Calculated minimum energy structure of the com- 
plex 2a-4 


Molecular mechanics calculations were also perform- 
ed on the association of 3-ethyl-3-methylglutaric 
anhydride (4) with 2. With 4 only two complementary 
H-bonds to 2 are possible. Simulation of the association 
process yields a stable H-bonded assembly between 4 
and conformation 2a of the triazine component. In- 
terestingly, the anhydride moiety is not coplanar with 
the triazine complementary unit and the oxygoen atom 
comprising the anhydride ring is tilted by cu 22 relative 
to the triazine plane (Figure 10). This non-planar struc- 
ture might be attributed to eIectrostatic repulsive in- 
teractions between the triazine sp2 nitrogen atom and 
the anhydride oxygen atom. The calculated enthalpy 
change associated with the formation of 2a-4 cor- 
responds to A H =  -8 .6  kcalmol-'. Hence the lower 
value of the enthalpy change in the assembly 2a-4 as 
compared with the value of 2a-3 suggests a lower 
association constant for the structure 2a-4. This lower 
association constant might be attributed to the stabiliz- 
ing effect of two H-bonds only and the destabilization 
effect of intermolecular repulsive electrostatic 
interactions. 


H-bonded assemblies using aminotriazine hosts 
According to the calculations, we find that the associ- 
ation of bemegride (3) with 1 and 2 proceeds by dis- 
crimination of the theoretically predicted conformation 
of the triazine molecules. The complexation processes 
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were studied and followed by means of NMR. Figure 11 
shows the spectral changes in the 'H NMR spectrum of 
1 that occur on increasing the concentration of 3. It is 
evident that the amino protons of 1 appearing as a 
broad signal at S 4-65-4.90ppm are split into two 
bands on addition of 3. One band, corresponding to Ha 
and Ha' in conformation lb-3 [see equation (3)] is 
shifted downfield as the concentration of 3 is increased, 
whereas the second amino band, corresponding to Hb 
and all amino groups in both free conformations l a  and 
lb,  is not shifted. The integration ratio of the shifted 
band and fixed band is, however, affected by the con- 
centration of 3, and the shifted band increases progress- 
ively in its intensity relative to the fixed band on 
addition of 3. At high concentrations of 3, the inte- 
gration ratio between the shifted band and fixed NMR 
amino signal corresponds to 2 : 1. These results suggest 
that association of 3 with 1 proceeds by complementary 
H-bonded interactions: the amino protons being shifted 
downfield participate in intermolecular H-bond for- 
mation whereas the amino proton in the fixed position 
is free from such interactions. The integration ratio of 
the two bands at high concentrations of 3 implies the 
two amino protons participate in the H-bond interac- 
tions whereas the third amino group is non-interactive. 
These results are consistent with the formation of a 
three-site H-bonded assembly between bemegride and 
conformation l b  [equation (3)], that is, only confor- 
mation l b  is capable of generating three anchoring sites 
for H-bonds with 3: 


The 13C NMR spectrum of the resulting H-bonded 
assembly is consistent with the intermolecular structure 
lb-3. Figure 12 shows important I3C NMR bands of 
the resulting assembly in a sample consisting of 1 and 3 
in a 1 : 1 ratio (295 K). Only three I3C NMR bands for 
the triazine aromatic carbon are detectable at 6 164.50, 
164-67 and 164.83 ppm and two a-aminocyclohexyl 
carbon atoms at S 48.64 and 49.41 ppm. Any two-site 
association of 3 with l a  or a non-selective association of 
3 with the conformers l a  and l b  would result in a more 
complex I3C NMR spectrum. 


Further support for the formation of the intermolec- 
ular complex lb-3 is obtained from NOE NMR studies. 
Figure 13 shows the 'H NMR NOESY spectrum of a 
solution consisting of 1 and 3 in a molar ratio of 1 : 1. 
Three cross-peaks are observed: one is obtained between 
the H-bonded protons Ha, Hat and the free amino pro- 
ton Hb, the second between Ha,Ha, and H, and the 
third between Hb and H,. The ID-ROESY spectrum us- 
ing a shaped pulse to excite H, yields through-space cor- 
relations (negative) with Ha and Ha' only. Hence the 
correlation of H, with Hb and of Ha, Ha' to Hb observ- 
ed in the 2D-NOESY spectrum probably 
arises from spin diffusion or exchange. Of particular in- 
terest are the correlations between Ha, Ha' and H, 
observed in the NOESY and ROESY spectra. This im- 
plies that the respective amino protons of the two 
counter-components 1 and 3 are in close spatial arrange- 
ment, exhibiting mutual magnetic through-space in- 
teractions, as ascribed in structure lb-3. 


H 


OYNYO 


R Ha Ha 


yhl 


On addition of 3, only conformation l b  is recognized by 
3 to form the intermolecular complex (lb-3). As a 
result, the conformation equilibrium between l a  and l b  
is affected by added 3, and is constantly shifted towards 
the conformation stabilized in the complex structure. At 
high concentrations of 3, the triazine host is almost en- 
tirely in the complex structure and exhibits the confor- 
mation lb.  Under these conditions the integration ratio 
of bound and free amino protons indeed corresponds to 
2 :  1. 


H3c u c2H5 


From the downfield shifts of the amino protons of 1 
at different concentrations of 3 the association constant 
for formation of the H-bonded assembly is found to be 
Ka = 915 1mol-'. 


Another aspect to consider is the effect of formation 
of the H-bonded assembly lb-3 on the conformational 
equilibrium between l a  and lb.  As discussed earlier, 
conformations l a  and l b  are rapidly equilibrating at 
room temperature, although the coalescence 
temperature is close to room temperature. On addition 
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Figure 1 1 .  'H NMR spectra of 1, 0.074 M in CDCI3, in the presence of 3. Concentrations of 3: (a) 0; (b) 0.02; (c) 0.047; (d) 
0.074 M 


of 3 (at low concentration) to a solution of 1 
[Figure 1 l(b)] , formation of the intermolecular H- 
bonded assembly lb-3 decreases the population of free 
conformers l a  and lb.  As a result, the l a  G l b  confor- 
mational exchange rate is slower and the amine protons 
of the two conformations are resolved at 315 K (imply- 
ing slow exchange). To effect rapid exchange between l a  
and l b  in the presence of added 3, slight heating of the 


sample is required. Accordingly, the barrier for rapid 
l a  S l b  interconversion will depend on the concen- 
tration of added 3. Indeed, we find that a host-guest 
molar ratio of 2:  1 and 1 : 1 results in slow exchange 
between conformers la and l b  at room temperature, 
and the low-limit energy barrier for rapid la  C l b  inter- 
conversion corresponds to AG* = 14.77 and 
15 *03 kcal mol-' at these two ratios, respectively. 


b 
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Figure 12. "C NMR spectra of a CDCI, solution of 1 and 3 in a 1 :  1 molar ratio at 295 K.  (a) Aromatic carbons; (b) 
a-aminocyclohexyl carbons 
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Similarly, association of 2 with bemegride (3) in- 
volves selective recognition of conformation 2a for for- 
mation of the H-bonded intermolecular assembly 2a-3: 


OCH, I 


The conformational selectivity is predicted by molecular 
mechanics calculations. 


Addition of 3 to a dry CDCl3 solution of 2 results in 
the 'H NMR spectra shown in Figure 14. The amine 
protons of 2, appearing as a broad band at 6 
4-99-5-15 ppm in the absence of 3, are split into three 
bands on addition of 3. One band, corresponding to 
protons Ha and Hal in conformation 2a-3 [equation 
(4)], is shifted downfield on increasing the concentra- 
tion of 3, whereas the other two bands which represent 
the amino protons in conformations 2b and 2c appear 
at constant chemical shifts, 6 5-11 and 4.94 ppm. The 
intensities of the bands later decrease on addition of 3 
and at high 3 concentrations (0.17 M) the two bands 
almost disappear [Figure 14(d)] . The downfield-shifted 
protons appear at a constant chemical shift. S 
6-95 ppm, at high concentrations of 3. 


Figure 15 shows the titration curve corresponding to 
the NMR shifts of 2 on addition of 3 (at 270K). 
Evidently, only one set of amino-protons (Ha and Ha,) 


are shifted and reach a saturation value on complete 
complexation. Hence the 'H NMR spectra reveal that 
on addition of 3 slow exchange between the conformers 
is induced and the amino proton bands of conformers 
2a-c are resolved. In addition, amino protons of one 
conformer (Ha and Ha') participate in the generation of 
an H-bonded assembly and these protons are shifted 
downfield, whereas the other two conformations do not 
participate in such intermolecular association. Further, 
stabilization of the specific conformer in the form of an 
H-bonded assembly shifts the conformational 
equilibrium, on addition of 3, to the favoured 
conformer recognized by 3. Insight into the selected 
conformation recognized by 3 and the structure of the 
resulting H-bonded intermolecular complex is obtained 
from I3C and 'H NMR NOE measurements. 13C NMR 
studies were performed on a sample including 2 and 3 
in a 1 : 1 molar ratio. Under these conditions 2 is almost 
entirely in the H-bonded associated assembly. 
Important I3C bands of the resulting complex are 
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Figure 13. NOESY spectrum of a CDCla spectrum of 1 and 3 in a 1 : 1 molar ratio at 250 K 
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Figure 14. IH NMR spectra of 2, 0.082 M, in the presence of 
3. Concentrations of 3: (a) 0; (b) 0.024; (c) 0.049; (d) 0.017 M 


2.5 I 


1.75 
% a a - 


X I  
Go 
d 


0.25 


-0.5 ! I 
0 0.05 0. 'I 0.15 0.2 


[Bemegridel (M) 


Figure IS. Titration curve of host 2 on addition of 3 at 270 K 
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Figure 16. "C NMR spectrum of the complex 2-3 at 270 K 


shown in Figure 16 (270 K). It is evident that only one amino groups, 6 165.64 ppm. This simple I3C NMR 
carbon band of the -0CH3 group is observed at spectrum formed in the presence of 3 (270K), when 
53.64 ppm and two carbon bands are observed in the compared with the previously discussed I3C NMR spec- 
aromatic region. The later bands correspond to the aro- trum of 2 [Figure 4(b)], consisting of the three resolved 
matic carbon adjacent to the methoxy group, 6 conformations 2a-c, reconfirms that at a 1:  1 molar 
170.69 ppm, and the aromatic carbon linked to the ratio of 2 and 3 an intermolecular H-bonded complex 


Figure 17. NOESY spectrum of a CDClj solution containing 2 and 3 in a I : 1 molar ratio at 220 K 
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is formed with a favoured conformation of 2. The sta- 
bility of this complex pulls the equilibrium of the con- 
formers to the selected conformational structure 
generating the H-bonded assembly. As the I3C NMR 
spectrum of the complex reveals CzV symmetry of the 
assembly (equivalence of carbon atoms linked to amine 
groups), conformation 2b can be excluded as the 
selected recognized conformation. Similarly, the mol- 
ecular mechanics calculations discussed earlier implied 
that the hydrogen atoms in 2c are too far apart to gen- 
erate complementary H-bonds with 3, whereas confor- 
mation 2a exhibits the proper structure for such a 
‘three-point’ interaction. We therefore conclude that 3 
recognizes and selects conformation 2a in assembling 
the intermolecular H-bonded complex 2a-3 [equation 
(4)]. Further support for the formation of this complex 
is obtained from ‘H NMR NOE experiments 
(Figure 17). It is evident that a cross-peak between the 
amino protons of 2a, Ha (6 7*28), and the amine 
proton of 3, H, (6 13.05 ppm), is obtained, implying 
that intermolecular magnetic interactions are operative 
as a result of close association. 


From the downfield shifts of amino protons of 1 at 
different concentrations of 3, the association constant 
for the complex 2a-3 is derived and exhibits the value 
K ,  = 450 Imol-I. 


A further aspect to discuss involves the relative 
association constants of the assemblies lb-3 and 2a-3, 
which include three complementary H-bonded interac- 
tions and a comparison of the association constant of 
our systems with those of other ‘three-point’ H-bonded 
assemblies. We realize that the association constant of 
lb-3 is higher than that of 2a-3 by a factor of two. This 
might be attributed to an entropic effect associated with 
the selective binding of 3 to the amino triazines: 


R 


N’ A N  


whereas 1 is present in two conformations [equation 
(3)], the host molecule 2 is present in three conforma- 
tions, [equation (4)]. Hence discrimination of the con- 
former 2a for selective association of 3 is accompanied 
by a larger entropic loss as compared with the discrimi- 
nation of l b  out of two conformations. This is reflected 
in the lower association constant of 2a-3. 


Comparison of the association constants of lb-3 and 
2c-3 with other ‘three-point’ H-bonded assemblies is 
also interesting. Scheme 1 shows the association modes 
of two ‘three-point’ H-bonded assemblies including the 
system in this study. We realize that the association con- 
stants of the assemblies studied here are lower by almost 
two orders of magnitude than those of the 
guanine-cytosine base pair (5-6).16 In a recent 
theoretical account by Pranata et al., the factors con- 
trolling the association properties of ‘three-point’ H- 
bonded assemblies were considered. It was emphasized 
that not only is the stability of these assemblies controll- 
ed by the primary H-bond interactions, but also secon- 
dary electrostatic interaction of adjacent H-bonding 
sites play important roles in the bimolecular association 
process. As the H atom and electronegative atom par- 
ticipating in the bond formation can be considered as an 
electron-donor and -acceptor site, respectively, three 
different association patterns of three H-bonded 
assemblies are feasible (Scheme 2). In configuration (a) 
three repulsive and two attractive electrostatic interac- 
tions are present. In configuration (c) all primary H- 
bonds are accompanied by four secondary attractive in- 
teractions and these assemblies represent the most stable 
three H-bonded assemblies. The complexes lb-3 and 
2a-3 represent H-bonded assemblies where electron- 
donor and -acceptor sites alternate in both components 
of the assembly (Scheme 2) [analogous to configuration 


H 
I 


W-(61, K= 1 0 ‘ - 1 0 ~ ~ - ~  


Scheme 1 .  Proposed secondary interactions in ‘three-point’ H-bonded assemblies 
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(b) 


(C) 


- x- 
- x: 
+ # -  :xr 


Scheme 2. Schematic representation of the association 
patterns of a ‘three-point’ H-bonded assembly 


(a)] . Our molecular mechanics calculations revealed 
that the distances between the electrostatic-sites of adja- 
cent H-bonds are in the range 2.4-3.6 A. Hence the 
mutual repulsive interactions destabilize the inter- 
molecular complex. On the other hand, the base pair 
5-6 represents configuration (b), where the repulsive in- 
teractions are compensated by a pair of attractive in- 
teractions. As a result, this complex exhibits higher 
stabilization than lb-3 and 2a-3, as reflected by its 
association constant. 


In this respect, it should be noted that 
2-aminocyclohexyl-4,6-dimethoxytriazine (7) exhibits 
very weak association with 3, K a =  16 Imol-’. This 
weak association constant might be attributed to the 
presence of only two anchoring sites in 7 and to the 
destabilization of the complex by electrostatic repulsion 
between the carbonyl oxygen and the methoxy group. 
Similarly, we find that the association constant of 
3-ethyl-3-rnethylglutaric anhydride (4) with 2 exhibits 
an association constant of Ka = 10 Imol-I. This 
assembly includes only ‘two-point’ H-bonds but 
destabilizing electrostatic repulsions between the 
anhydride oxygen interactions were reflected in the 
molecular mechanics calculations by distortion $f the 
anhydride ring from the triazine plane by ca 22 (see 
above). Hence the low value of the association constant 
of 2a-4 originates from lower intermolecular H-bonds 
and intermolecular electrostatic repulsive interactions. 


CONCLUSIONS 
We have studied the conformational behaviour of 
diamino- and triaminotriazines and correlated 
molecular mechanics calculations with the experimental 
conformational dynamics of these compounds. We have 
also followed the formation of H-bonded assemblies 


between 1, 2 and the complementary host molecular 
bemegride (3). We find that the formation of the ‘three- 
point’ H-bonded intermolecular complexes proceeds by 
selection of a discrete conformation of the triazine hosts 
to form lb-3 and 2a-3 H-bonded complexes. The inter- 
molecular association process is controlled by primary 
intermolecular H-bonds and influenced by secondary 
electrostatic repulsive interactions of adjacent H- 
bonding sites. 
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NUCLEOPHILIC CATALYSIS IN DEOXYMERCURATION: THE BETA 
EFFECT OF MERCURY 


JOSEPH B. LAMBERT* AND ROBERT w. EMBLIDGE 
Department of Chemistry, North western University, Evanston, Illinois 60208, U.S.A. 


Deoxymercuration was examined in the antiperiplanar stereochemistry of trans-2-acetoxycyclohexylmercury(II) 
acetate (6). The presence of the mercury group accelerates the departure of the beta leaving group by a factor of about 
10". This beta effect is larger than that of silicon and comparable to that of germanium. In contrast to these latter 
cases, the rate for 6 was found to increase with the nucleophilicity of the solvent. It is concluded that a molecule of 
solvent is coordinated with mercury in the transition state. This nucleophilic assistance raises the polarizability and 
nucleophilicity of the mercury group, enhancing its ability to stabilize the developing positive charge or to form a 
bridged intermediate. 


INTRODUCTION 


The deoxymercuration reaction [equation (l)] has long 
been studied' and illustrates many of the major 
mechanistic principles from the last half century: acid 
catalysis, intermediate vs transition state, cis vs trans 
addition, bridged vs open intermediate, extent of 
charge development, change in hybridization. The early 
work by Wright and co-workersig2 on the mechanism of 
oxymercuration suggested by the principle of micro- 
scopic reversibility that deoxymercuration occurs by a 
cis addition. Most of the elements of the currently 
accepted mechanism were developed by Kreevoy and 
co-workers in a series of papers. 3-5 The elimination of 
the elements of XHg-OR is attended by an enormous 
rate enhancement compared with the elimination of 
H-OR, a factor of 10" by one e~t imat ion .~  Thus 
mercury very effectively fulfils some sort of transition- 
state-stabilizing role. Nonetheless, acid catalysis is 
required to improve the leaving group ability of OR. 
Kreevoy and Eisen' found that the trans (anti) relation- 
ship between nucleofuge (OMe in their study) and elec- 
trofuge (HgI) lowers the enthalpy of activation by 
8 .4  kcalmol-' (1 kcal= 4.184 kJ) compared with the 
cis (skew) stereochemistry. This observation supports 
closure to a bridged mercuronium ion that occurs most 
facilely from the antiperiplanar geometry available to a 
trans isomer. Alternatively, the faster rate for the fruns 
isomer could be explained by an entirely concerted, 
n - l ike  mechanism, whose microscopic reverse would 
be a termolecular addition (AdE3) to the double bond. 


*Author for correspondence. 


I 1  \ /  


I I  / \  
XHg-C-C-OR+ C=C + XHgOR ( I )  


The Hammett p value497 and the secondary deuterium 
isotope effects,' however, are more in agreement with 
the hybridization and charge development of the 
mercuronium ion. Scheme 1 illustrates the overall 
mechanism for the cyclohexyl framework. 


a",:' at llow @I + HOMO 


Scheme 1 


There is considerable latitude for mechanistic dis- 
cussion of the slow step in Scheme 1. If c-0 bond 
breaking is well advanced in the transition state without 
appreciable movement of the mercury atom toward the 
bridged position (vertical stabilization), then the stabil- 
izing effect of mercury can best be described in terms of 
hyperconjugation in a carbocation (1). Closure to the 
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mercuronium ion then follows formation of 1, and the 
cisltrans rate difference for coyclohexyl is explained 
because the skew geometry (60 dihedral angle) of the 
cis system does not permit effective orbital overlap. On 
the other hand, if movement of mercury occurs simul- 
taneously with C-0 bond breaking (non-vertical stabi- 
lization, analogous to traditional neighboring group 
participation or anchimeric assistance), the transition 
state resembles the bridged mercuronium ion of 
Scheme 1 and stabilization derives entirely from the 
nucleophilicity of the mercury group. Backside dis- 
placement is effective in the trans but not the cis cyclo- 
hexyl geometry. Kreevoy and Eisen' found an a 
secondary deuterium isotope effect of 1 - 12 for 
PhMeOCH(D)CHzHgI, which supports some build-up 
of positive charge in the transition state and requires 
some C-0 bond breaking prior to the transition state. 
The p value4.' of about - 2 . 8  is consistent with partial 
positive charge on the a carbon, either in a very early 
transition state with only partial C-0 cleavage or in a 
transition state with partial mercury bridging, which is 
intermediate between the carbocation 1 and the mer- 
curonium ion in Scheme 1. These matters of timing 
have not been clarified to date. 


The mechanism of Scheme 1 is unclear about the 
nature of the mercury electrofuge. The attachment of 
the second group to mercury (Y in Scheme 1) can occur 
at several different times. The questions are analogous 
to the situation with silicon (Me3Si replacing HgI in 
Scheme 1). In this case the electrofuge is a silyl cation 
Me3Si+, which is destroyed by reaction with solvent or 
another nucleophile, although the matter of timing 
again has never been clarified. For the case of tin, 
several workers have suggested that attack of the 
nucleophile occurs prior to C-Sn cleavage and in fact 
is instrumental in bringing about the rate acceleration. 


Eaborn and Pande's studyg of protiodemetalation in 
C6HsMR3 found approximate relative rates for 
M = Si, Ge, Sn, Pb of 1 : 36 : lo5 : lo8. They suggested 
that the sigma intermediate resembles 2 for Si and Ge 
but 3 for Sn and Pb in order to rationalize the much 
stronger accelerating effect of the latter pair of 
elements, although there was no direct evidence for 
transition state hydration. Baekelmans et al. lo used this 
precedent to explain stereochemistry and solvent effects 
in iododemetalation. Davis and Gray" found that the 
rates of deoxystannylation and of deoxyplumbylation 
(R3M-C-C-OH .+ C=C + R3M-OH formally) 


2 3 


increased more rapidly with water concentration than 
was predicted by Ho and concluded that water was 
present in a transition state such as 4, which is remi- 
niscent of the discredited E2-iike transition state of 
Bentham et ~ 1 . ~  The study of Davis and Gray, ' I  how- 
ever, did not demonstrate that HO was an appropriate 
acidity function for these substrates, so there is some 
question about the validity of the approach. 


SnMe, 


cd, 
5 


In a solvent effect study" we found that cis-2- 
(trimethylstanny1)cyclohexyl acetate (5) reacted in 
aqueous ethanol and trifluoroethanol to form cyclo- 
hexene without an appreciable dependence on solvent 
nucleophilicity. The rate acceleration of this cis 
substrate (10" compared with cyclohexyl) is much less 
than that of the transsubstrate (at least 1014), for which 
the effect of solvent nucleophilicity could not be 
explored. These observations were more in line with 
vertical assistance, analogous to 1, with neither solvent 
assistance nor movement of tin. These studies, how- 
ever, were preliminary and remain to be confirmed, 
particularly by kinetic studies of a fully anti 
stereochemistry. The role of water in the transition state 
('nucleophiliation') and its effect on the kinetic acceler- 
ation for tin therefore remain largely uncertain, and the 
situation for lead has been even less studied. In con- 
trast, the case of silicon now seems relatively clear, as 
the rate shows no sensitivity to solvent nucleophilicity 
(no transition state hydration)I3 and the rate is strongly 
dependent on solvent ionizing power (C-OR bond 
breaking). The secondary isotope effect of 1.17 is 
indicative of almost full charge development (vertical 
stabilization with a carbocation rather than non-vertical 
stabilization leading to a siliconium ion). l4 


To bring our understanding of transition state 
nucleophiliation of mercury up to the level of the 
Group IV (14) elements, we carried out a study of the 
dependence of the rate of deoxymercuration on the 
ionizing power and nucleophilicity of the solvent. We 
found a strong dependence on solvent nucleophilicity 
that requires transition state nucleophiliation not 
observed for silicon. 


RESULTS 
The trans-l,2 relationship between mercury and the 
nucleofuge within the cyclohexyl framework corre- 
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HgOAc I - 6 


OAc 


sponds to the antiperiplanar relationship in the diaxial 
conformation 6. We were able to prepare this material 
from cyclohexene by reaction with one equivalent of 
mercury(I1) acetate in dry tetrahydrofuran containing 
1-3 equivalents of acetic acid. Use of alternative acids 
yielded analogous structures with other nucleofuges. 
We found that the compounds with tosyloxy, 
trifluoroacetoxy or dichloroacetoxy (in place of acetoxy 
on carbon in 6 )  were either too reactive or unstable; p- 
nitrobenzoyloxy was stable but poorly soluble. trans-2- 
Acetoxycyclohexylmercury(I1) acetate (6)  was stable 
and reacted at convenient rates for kinetic 
measurements. 


The A value of AcOHg may be unique in being 
negative, which is indicative of an axial preference in 
cyclohexane." Moreover, trans-2-methoxycyclohexyl- 
mercury(I1) chloride (analogous to 6 but with C1 in 
place of AcO on Hg and Me0 in place of AcO on $1 
exists to a large extent in the diaxial conformation. 
The similarity of the NMR parameters of this material 
to those of 6 suggests that the latter also has substantial 
contributions from the illustrated diaxial conformation. 
Hence there is no appreciable thermodynamic impedi- 
ment to reaction of 6 from the antiperiplanar geometry. 


Rate constants were obtained by monitoring the 
increase and decrease, respectively, of product and 
starting material 'H NMR resonances. The average rate 
constants from triplictte runs are presented in Table 1 
for six solvents at 50 C .  Additional rate constants in 
97% trifluoroethanol at 42.2 and 35 C yielded an 
Arrhenius plot (r = 0.96) from which activation par- 


Table 1 .  Rate constants for 6 


Solvent" Temperature ('C) k ( s - ' )  


80% ethanol 50 
70% ethanol 50 
60% ethanol 50 
97% TFE 25 


35 
42.2 
50 


80% TFE 50 
60% TFE 50 


5.45 x 
1.37 x 1 0 - ~  
2-24 x lo-' 
1 .75  x 
5 . 0 4  x 1 0 - ~  
7.02 x 1 0 - ~  
1 . 8 8  x 
3.21 x 1 0 - ~  
1 . 6 0 ~  I O - ~  


~~~ ~ 


"Percentages are v/v for ethanol and w/w for TFE 
bExtrapolated from the other values. 


ameters were calculated: E, = 17.4 kcalmol-I, 
log A = 8.0, AZ-f = 16.8 kcalmol-I, A S ' =  -24 cal 
K -  mol - I .  


Product studies were carried out in 80% ethanol and 
97% trifluoroethanol (TFE), which are the least and 
most ionizing, respectively, of the solvents used. In 
ethanol, cyclohexene (45070), cyclohexyl ethyl ether 
(5%), 2-hydroxycyclohexylmercury(II) hydroxide 
(1 O%), 2-ethoxycyclohexylmercury( 11) hydroxide 
(28%), cyclohexanone (trace) and cyclohexene oxide 
(5%) were found. In TFE, cyclohexene (72Vo), cyclo- 
hexyl trifluoroethyl ether (trace), 2-hydroxycyclo- 
hexylmercury(I1) hydroxide (14%), 2-(trifluoroethoxy)- 
cyclohexylmercury(I1) hydroxide (5%) ,  cyclohexanone 
(1 070) and cyclohexene oxide (6%) were found. 


DISCUSSION 


The extreme rapidity of the deoxymercuration reaction 
was recognized by Kreevoy and Eisen' and earlier 
workers. The present data permit the rate acceleration 
to be placed on a common basis with other beta acce- 
lerating groups. The widely used point of comparison is 
cyclohexyl, in which only hydrogen is beta to the 
leaving group, reacting in 97% trifluoroethanol at 
25°C. This substrate solvolyzes by a ks mechanism 
(solvent participation), so that comparisons are not 
necessarily apt if the substituted cyclohexyl system 
solvolyzes by a different mechanism. For the same trans 
stereochemistry as found in 6 ,  we previously 
determined for the trifluoroacetate leaving group that 
neighboring Me&, Me3Ge and MeSn provide acceler- 
ations of 5.7 x lo9, 1.0 x 10" and > respect- 
ively. For this basis, we need a conversion factor 
between the acetate leaving group used in the current 
study and the trifluoroacetate leaving group used pre- 
viously. We determined" this value to be at least 
1 a5 x lo6, on which basis the rate constant at 25 "C in 
97% TFE in Table 1 becomes at least 26.3, a value that 
is 3.7 x loLo times faster than that of cyclohexyl 
trifluoroacetate under the same conditions. A similar 
calculation for the tosylate leaving group, using the 
conversion factor from acetate to tosylate of 
2-64 x 10 lo measured by Noyce and Virgilio, l 7  gives an 
acceleration of 2.7 x 10" compared with cyclohexyl. 
These comparisons indicate that mercury provides a 
larger beta effect acceleration than silicon, a compar- 
able acceleration to germanium and a smaller acceler- 
ation than tin. These results provide a quantitative 
assessment of the already well known ability of mercury 
to provide a beta acceleration. 


Such simple comparisons are not entirely useful 
unless there is a good understanding of the mechanism. 
The data in Table 1 include variation of the rate with 
both solvent ionizing power (which would enhance a 
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carbocation or k, mechanism) and solvent nucleophil- 
icity (which would enhance solvent assistance or ks).  
The aqueous ethanol mixtures vary the solvent ionizing 
power while keeping the nucleophilicity relatively con- 
stant, whereas the aqueous TFE mixtures vary the 
nucleophilicity while keeping the ionizing power 
relatively constant. Raber, Harris and their co- 
workers suggested that plotting solvolytic kinetic data 
in these solvents against the rate of a known k, 
substrate, 1-adamantyl bromide, in the same solvents 
produces a visual distinction between ks and k,. A 
substrate with a k, mechanism produces a single 
straight line, as both x and y axes are responding to the 
same phenomena. In such plots the TFE points show 
little variation with water content (little dependence on 
nucleophilicity) and tend to bunch in the upper right- 
hand corner of the plot. When the substrate along the 
y axis reacts by a ks mechanism, however, the two sol- 
vents produce distinct, non-parallel lines. 


The data for 6 are plotted in Figure 1, which has the 
classic two-line form for a ks reaction. The triangles are 


21 


2.5 ! 


7 6.5 6 5.5 5 4.5 4 3s 3 
-log(k), 1-Adamantyl bmmldr 


Figure 1. Rate for frans-2-acetoxycyclohexylmercury(Il) 
acetate ( 6 )  vs that for 1-adamantyl bromide in aqueousomix- 


tures of ( ) ethanol and ( A ) trifluoroethanol at 50 C 


the points for TFE. There is little variation along the x 
axis, as 1-adamantyl bromide is not responsive to 
solvent nucleophilicity in its k, reaction. There is, how- 
ever, variation of about an order of magnitude along 
the y axis, as 6 exhibits considerable sensitivity to 
solvent nucleophilicity. In turn, the ethanol points show 
more variation for 1-adamantyl than for 6 .  We can con- 
clude from Figure 1 that 6 reacts with solvent partici- 
pation, in contrast to the analogous trans silicon l 3  and 
germanium" substrates (plots of this type were not 
constructed l2 for the trans tin compound because of its 
extremely rapid rate). The large, negative entropy of 
activation of 6 (- 24 cal K -  mol-') also is similar to 
that for cyclohexyl trifluoroacetate (- 27 cal K - '  mol-') 
(a ks substrate) and different from those measured for 
the trans silicon dinitrobenzoate (-1 calK-' m ~ l - ' ) ' ~  
and the germanium dinitrobenzoate (-12 cal K- ' 
mol-I). l2 The larger negative value for 6 is consistent 
with the greater order expected by the addition of 
solvent to the transition state. 


These results indicate that under the current con- 
ditions the mechanism of Scheme 1 must be modified. 
We did not explore acid catalysis, as earlier workers had 
examined this aspect thoroughly. 3 - 5  The nucleophile 
that comprises the second ligand to mercury, repre- 
sented by Y- in Scheme 1, however, must be introduced 
prior to or in the rate-determining step. We cannot 
define the exact point, but one such scenario is given in 
Scheme 2.  This mechanism takes into account the pre- 
vious work 3 - 5 * 7  that indicated C-0 bond breaking 
and partial positive charge build-up from the p value 
and the secondary (Y deuterium isotope effect. Since the 
transition state resembles a carbocation, closure of the 
mercuronium ring has not been completed. Hence 
much of the strong kinetic acceleration could derive 
from the ability of the C-Hg bond to hyperconjugate 
in the transition state when the 0-C-C-Hg 
geometry is antiperiplanar. The presence of the solvent 
molecule on mercury must increase the polarizability of 
the C-Hg bond and increase the nucleophilicity of 
mercury. Both factors would lead to an enhanced beta 
effect. The data do not define whether the transition 
state more closely resembles an open carbocation (ver- 
tical participation) or the closed mercuronium ion (non- 
vertical participation). 


The mechanism of Scheme 2 explains about 90% of 


Scheme 2 
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the product in TFE and 85% of the product in ethanol, 
i.e. cyclohexene, 2-hydroxycyclohexylmercury(II) 
hydroxide (R = H in Scheme 2), 2-ethoxycyclohexyl- 
mercury(I1) hydroxide (R = Et), and 2-(trifluoroethoxy)- 
cyclohexylmercury(I1) hydroxide (R = CF3CH2). The 
remaining, unexpected products were demercurated in 
some way. The ethers may be explained by protonolysis 
of the C-Hg bond in the expected ether products of 
Scheme 2 (R = C2Hs or CF3CH2). Mercury(I1) oxide, 
which would form in such protonolysis reactions, was 
observed qualitatively by its yellow color. The alcohol 
product (R = H) of Scheme 2 could produce cyclohex- 
anone and cyclohexene oxide by the mechanism of 
Scheme 3. These are minor products that are not central 
to the mechanistic questions. 


- 013 + Hg + ROH 
""* Hg OR 


Scheme 3 


CONCLUSIONS 


A mercury(I1) acetate group in the trans geometry 
within the cyclohexyl framework greatly accelerates the 
departure of a beta nucleofuge, about 10" for 
trifluoroacetate or 10" for tosylate. These values are 
similar to those for beta silicon, germanium, and tin, 
and place mercury among the strongest beta effect 
atoms known. In contrast to the cases of silicon and 
germanium, the beta effect reaction of mercury is 
subject to acceleration by increased nucleophilicity of 
the solvent and hence qualifies as a ks mechanism. The 
solvent (HOR in Scheme2) serves to heighten the 
polarizability and nucleophilicity of mercury, thereby 
improving its ability to stabilize the developing positive 
charge in the transition state and eventually to form the 
three-membered ring. Although solvent nucleophilic 
catalysis of the deoxymercuration reaction has not pre- 
viously been documented, similar phenomena have 
been reported in analogous reactions of tin.9-" 
Ichikawa et a1.' always included an extra chloride ion 
on mercury in their mechanisms, which would fulfil the 
same role as RO- in Scheme2, and Kreevoy and 
Turner l9 observed catalysis by iodide ion. 


EXPERIMENTAL 
NMR kinetic experiments. Each of 24 oven-dried, 


5 mm NMR tubes was charged with approximately 
50 mg of 6. To each tube was added sufficient solvent 
to yield a solution 0.08 M in substrate. The mixture 
was sonicated in a Bransonic 220 ultrasonic bath for a 
few seconds to aid in the dissolution of the substrate. 
The tube was sealed at room temperature and imme- 
diately inserted into the NMR probe for analysis. 
Reactions were followed by observing the decrease in 
intensity of the aliphatic resonances (CHOAc or 
CHHg) and, when possible, the increase in the alkenic 
resonance of cyclohexene. The integral ratios were used 
to determine the extent of the reaction. Points were col- 
lected at various elapsed times. A point was defined as 
a 16 transient spectrum taken with an acquisition time 
of 2.675 s and a pulse delay of 2 s. The initial time zero 
was defined as the point at which the NMR probe had 
returned to thermal equilibrium after a new sample was 
inserted. Points were collected without removing the 
sample from the probe for at least two half-lives. 
Kinetic data were analyzed with the LOTUS 123 
package, and graphical presentations were prepared via 
the transmission of that data to the LOTUS 
FREELANCE PLUS program. The actual temperature 
in the NMR probe was determined and calibrated by 
means of the methanol calibration graph. The soft- 
ware of the Varian XLA-400 includes a program, 
TEMCAL(M), which determines the temperature from 
the frequency difference between the two peaks of a 
neat sample of methanol. By running several tempera- 
tures, a calibration graph can be generated. In practice, 
however, it was simpler to use the graph only as a guide 
and to determine the actual temperature each day with 
the methanol sample. 


General procedure for the mercuration of cycio- 
hexene. A dried, nitrogen-flushed, 10 ml, round- 
bottomed flask fitted with a magnetic stirring bar, a gas 
inlet adapter with a stopcock and a rubber septum was 
charged with cyclohexene (0.51 ml, 5.0 mmol), dry 
tetrahydrofuran (5  * O  ml) and mercury(I1) acetate 
(1 -67 g, 5.25 mmol). To this rapidly stirred suspension 
was added the appropriate acid such as acetic acid 
(5 .0 mmol). In some early model reactions, 3 equiv. of 
the acid were used with no change in the yield of pro- 
duct. The reaction was stirred until all of the 
mercury(I1) acetate had dissolved, and the volatiles 
were removed at 0.2mmHg to produce the crude 
material as a colored semi-solid (6 when the acid was 
acetic acid). Specific yields and purifications are 
detailed below. 
trans-2-(Tosyloxy)cyclohexylmercury(II) acetate was 


recrystallized from chloroform-hexane in 67% yield: 
'H NMR (CDCh), 6 1.05-1.90 (m,8H), 2.08 (s, 3H), 


(m, JHH~ = 128 Hz, IH), 7.26 (d, 2H), 7.82 (d,2H). 
2.40 ( s , ~ H ) ,  2.81 (m,JHHg= 192 HZ, 1H), 4.85 







560 J. B. LAMBERT AND R. W. EMBLIDGE 


truns-2-( p-Nitrobenzoyloxy)cyclohexylmercur y(II) 
acetate was triturated with hexane to yield a small 
amount of white sticky solid: 'H NMR (CDC13), 6 
1.28-1.95 (m,6H), 2.11 (s,3H), 2.21 (m,2H), 2.93 
(m, JHHg = 190 HZ, IH), 4-99 (m, JHHg = 11 1 HZ, IH), 
8.17 (d, 2H), 8.26 (d, 2H); 13C NMR (CDCh), 6 21 -4, 
24.3, 28.2, 31.1, 34.2, 49.4, 76.1, 124.0, 131.7, 
141.5, 150.7, 169.5, 170.5. 


acetate was triturated with hexane to yield 78% of a 
gummy pink solid: 'H NMR (CDC13), 6 1.22-1.95 
(m,6H), 2.09 (s,3H), 2-22 (m,2H), 2.78 (m, J H H g =  


186 Hz, lH), 4.93 (m, = 116 Hz, lH), 5.99 
6, W. 
trun~2-Acetoxycyclohexylmercury(II) acetate (6)  was 


triturated with hexane to yield a glfssy solid that 
decomposed on heating above 100 C: 'H NMR 
(CDCI3), 6 1-30 (m, lH), 1-45 (m,2H), 1.66 (m, lH), 
1-82 (m, 2H), 2.02 (s, 3H), 2.08 (s, 3H), 2.17 (m, 2H), 


truns-2-(Dichloroacetoxy)cyclohexylmercury(II) 


2.61 (m, JHHg = 182 Hz, lH), 4.92 (m, JHHg = 
104Hz,lH); 13C NMR (CDCh), 6 21.5 
( J c ~ ~ = 1 7 0 H ~ ) ,  23.4, 23.7, 27.5 ( J c ~ ~ = 2 1 8 H z ) ,  
30.9 (JcHg=80 HZ), 33.8 ( h g =  163 HZ), 50.1 
(&g = 1699 HZ), 75.9 ( JCH% = 42 HZ), 170.9, 177.4; 
MS (EI), m/z  403 (1%) ([M + 11 +), 342 (9, 321 (lo), 
303 ( 5 ) ,  279 (4), 261 (7), 217 (3), 202 (lo), 141 (25), 99 
(19), 81 (92), 67 (37), 54 (28), 43 (100); HRMS 
[(M + 1)+], calculated 403.0833, observed 403.0851. 
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SOLVENT EFFECTS ON INITIAL AND TRANSITION STATES IN 


MERCURIC CHLORIDE IN METHANOL AND 
THE REACTION OF m-FLUOROPHENYLTRIETHYLTIN WITH 


METHANOL-WATER MIXTURES 


M. REZA SEDAGHAT-HERATI* AND BOBBY ENKVETCHAKUL 
Department of Chemistry, South west Missouri State University, Springfeld, Missouri 65804, U.S.A. 


We have investigated solvent effects on the aromatic electrophilic substitution reaction of rn-Ruorophenyltriethyltin, 
1, with mercuric chloride in order to obtain information about the polarity of the transition state. Second-order rate 
constants have been determined for the reaction of 1 with mercuric chloride in methanol and methanol-water mixtures 
at 25-OoC, allowing determination of 6AG'. Molar standard free energies of transfer (Am for the same solvent 
mixtures have also been determined for 1 at 25*OoC. Combination of our 6AG' and A@ values with literature data 
for AG! of HgC12 yield values of AG!tTS), the standard free energy of transfer of the corresponding transition state 
(TS) in the reaction from methanol to aqueous methanol. It is shown that the reduction in activation energy 
accompanying replacement of methanol by water is due to initial state destabilization and not to TS stabilization. In 
fact, the TS is destabilized as methanol is replaced by water. Further analysis permits dissection of the free energies 
of transfer of the TS into electrostatic and non-electrostatic components. Comparison of these electrostatic 
components for the 1/HgCIz system with some model reactions shows that charge development in TS of 1/HgC12 is 
approximately 0-5 units of electronic charge. 


INTRODUCTION 


Mercuridestannylation reactions have been shown to be 
suitable for studies of salt and solvent effects.' From 
the effects of temperature, salts and solvents, we have 
proposedzs3 that the SEZ reaction of phenyltriethyltin 
by mercuric salts, reaction (1) (Y = H and X = C1, I), 
proceeds via the rate-determining step which involves 
reaction of a *-complex. 


We have recently reported4 the effects of substituents 
on reaction (1) in tetrahydrofuran, where it was found 
that the substituent effects could be correlated only in 
terms of Hammett u constants; correlations were very 
poor with Brown u+ constants. Consistent with the 
results from other studies,2s3 it was suggested that the 
rate-determining step involves the participation of a T- 


complex intermediate. Substituent effect studies on the 
reaction of aryltriethyltin compounds by mercuric 
acetate in tetrahydrofuran, mercuridesilylation of 
aryltrimethylsilanes by mercuric acetate in acetic acid, 


* Author for correspondence. 
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and the cleavage of aryl-tin bonds by iodine in carbon 
tetrachloride,' have also led to similar conclusions 
regarding the nature of the transition state in the 
reactions. 


Solvent effects have proved to be of importance in 
elucidation of the mechanism of organic 
reactions. 's ' - '~  Two main methods have been devel- 
oped for the examination of solvent effects on rates. In 
the first method, rate constants, either as log k or ACT,  
are correlated with some solvent parameter(s). Of the 
various equations d e v e l ~ p e d , ~ - ' ~  one of the most 
general is the solvatochromic equation formulated by 
Abraham, Kamlet, Taft and their  coworker^,^-^^: 


log P = b g  PO+s*:+acY1+bP1+h6H2/100 (2) 
in which P is some property (e.g. rate constant), T *  is 
a measure of solvent polarity, the hydrogen-bond 
acidity, 01 the hydrogen-bond basicity, and 6 ~ 2  the 
solvent cohesive energy density. Equation (2) has been 
applied successfully to kinetics and equilibria. l2 Unfor- 
tunately, it cannot be applied to the present work 
because the various solvent parameters are only known 
for pure solvents. 


Relevant to our work is the second method, 1,'o.1z*16 
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also developed by Abraham, which dissects solvent 
effects on log k or AGf into contributions from the 
initial state (IS) and the transition state (TS) contri- 
butions through equation (3): 


AGf(TS) = AGY(HgCl2) + AG?(I) + 6AG' (3) 
where AGf(X) denotes the standard free energy of 
transfer from the reference solvent 1 to solvent 2 of 
species X, 6AGr = AGS - A c t ,  and TS represents the 
transition state in reaction (I) .  Abraham's method also 
allows further separation of solvent effects on AGP(TS) 
into electrostatic (A G:) and non-electrostatic (AGE) 
contributions by equation (4): 


(4) 
where AG! may be evaluated using an empirical 
relationship (equation (8)) published by Abraham and 
Johnston. I' Comparison of the electrostatic contribu- 
tion with those for various model reactions permits 
evaluation of the extent of charge separation in the TS. 
The present work deals with such evaluation of solvent 
influences on an aromatic electrophilic substitution. As 
far as we are aware no such studies have been reported 
for an aromatic electrophilic substitution reaction, and 
we report now our studies on the dissection of solvent 
effects on reaction (1) (Y = m-F and X = Cl) into IS and 
TS effects, and we use this dissection to characterize the 
TS according to the method of Abraham.' We chose 
this reaction because: (a) the rates of the reaction in a 
series of methanol-water mixtures could be followed 
conveniently; (b) the relevant thermodynamic data on 
mercuric chloride in a series of methanol-water mix- 
tures are available; l6 and (c) there was interest in poss- 
ible comparisons with related mercury-for-tin exchange 
in the aliphatic series. 1316,17 


In order to apply equation (3), we have obtained per- 
tinent 6AGt values from the determination of rate con- 
stants, and AGf(1) by gas chromatographic head space 
analysis according to the method of Abraham. l6 
AGf(HgC12) for each of the solvent mixtures have 
previously been reported by Abraham. l6 


A G P  = A G O ,  + AG," 


RESULTS AND DISCUSSION 


Kinetic studies 
The rates of reaction (1) (Y =m-F and X=C1) in 
methanol and methanol-water mixtures were deter- 
mined as described before. In each kinetic run, which 
was monitored for up to at least 60% completion of the 
reaction, the second-order rate equation was obeyed. 
Valueos of k2 (averaged over two or three runs) at 
25 .O C in methanol and methanol-water mixtures are 
given in Table 1. 


Our previous studies concerning the effects of substi- 
tuents on reaction (1) in tetrahydrof~ran~ did not 
include rate data for the 1-HgC12 system, the reaction 


Table 1 .  Second-order rate constants for the reaction of 1 with 
HgCh in methanol-water mixtures at 25 "C 


Solvent 
x(MeOH) 


I 
0.914 
0.800 
0.716 
0.640 
0.510 


Initial concentrations 


lo4 [l] lo4 [HgCl~l 
(MI (M) 


5-85 2.96 
5.80 2.68 
3.95 2.06 
1 . 5 3  1 a01 
1.66 0.81 
1.24 0.94 


kZ(1 mol- I s- I )" 


6.39 4 0.04 
8.74 4 0.11 


19.54 ? 0.41 
27.96 4 1.63 
47.66 4 3 .13  
87.80 4 6.44 


'Errors shown are average deviations. 


chosen for the present studies, and y e  have determined 
the rate of the reaction at 25.0 C as k2=0-0441 
mol-'s-'. It was of interest to see whether or not the 
data point for the 1-HgC12 system could be included in 
the Hammett plot of log k/ko versus a constants: 


log k/ko = pa ( 5 )  


where k and ko are the rate constants for the substituted 
and unsubstituted compounds, respectively, and a is the 
substituent constant characteristic of the substituents 
and p is the reaction constant indicating the relative 
need of the reaction for electron withdrawal or electron 
release. It was found that the rate data can be corre- 
lated with the substituent constants, u (rate data for the 
unsubstituted compound and six substituted com- 
pounds were determined in previous work4), and a 
value of p = -2.60 -+ 0.36 is obtained for the reaction 
constant (correlation coefficient = 0.96), close to that 
without the point for the 1-HgC12 system 
( p  = - 2.91 2 0.36, correlation coefficient = 0.97). As 
before4 there was no correlation between log k/ko 
values and Brown a+ constants, therefore our previous 
concl~s ion ,~  that the transition state of the rate- 
determining step for reaction (1) is not particularly 
polar, remains the same. 


Standard free energies of transfer from methanol to 
methanol-water of 1 


Free energies of transfer of 1 from methanol to 
methanol-water, AGy(I), were determined through gas 
chromatographic head space measurement of the ratio 
of Henry's law constants, a/*: 


AGP = RT l n ( a / a )  (6) 
The relative values could be obtained through gas chro- 
matographic measurements of the concentrations of 1 
in methanol (solvent 1) and aqueous methanol (solvent 
2)  via equation (7): 


(7) a/* = (02/ C2 )/ @ I /  CI 1 
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where CI and C2 denote molar concentrations of 1 in 
solvents 1 (methanol) and 2 (methanol-water), and D is 
the gas chromatography detector response for a sample 
of the vapour above the dilute solution of concentration 
C (assumed to approach infinite dilution). The values of 
AGP thus obtained are on the molar scale. Equation (7) 
is valid provided that the values of D/C have been 
extrapolated (if necessary) to zero concentration. 
AbrahamI6 has shown for Et4Sn that, within exper- 
imental error, the observed value of D/C may be taken 
as the limiting value provided that C is less than about 
0.04 moll-'. In the present work, the actual values of 
concentration of 1 used in experiments to determine 
AGP ranged from 0.035 moll-' (solvent methanol) to 
0.002 moll-' (aqueous methanol), so that extrapol- 
ation of the observed values of DIC to C = 0 was not 
necessary. Values of AGY(1) averaged over at least two 
runs, along with some known values of AGP for tetra- 
alkyltins, and for PhSnEt3 are given in Table 2. From 
Table2, the sequence among the values of AG? is: 
PrPSn > PhSnEt3 > Et4Sn, which reflects theo size of 
the solutes [molar volume values at 25 C are: 
V(Pr2Sn) = 266, V(PhSnEt3) = 227 and V(Et4Sn) = 
119mlmol-'. However, A e P  values for 1 (molar 
volume = 232 mlmol-' at 25 C) are lower than those 
of PhSnEt3 and PrSSn and are closer to the values of 
Et4Sn, indicating the interactions of 1 with solvent 
through hydrogen bonding to the fluorine of 1. On the 
other hand, when such interactions are not possible, as 
in the case of PhSnEt3, the value of AGP increases with 
the size of the solute. I' 


As can be seen from Table2, the values of AG? 
increase as methanol is replaced by water, indicating the 
destabilization of the solute in more aqueous systems. 
In contrast, the AGP values for PhSnEt3, (Table 3) 
decrease significantly on going from methanol to 
acetone and ethyl acetate, indicating the stabilization of 
the system in these solvents. I' 


Table 2. Free energies of transfer (on the molar scale) of 1, 
Et4Sn, P r S n  and PhSnEt, from methanol to methanol-water 


mixtures at 25 "C 


A G P  (calmol-') 
Solvent 
x(MeOH) la  Et& Pr4"Sn PhSnEtJ' 


1 0 0 0 0 
0.914 250 2 40 310 390 440 
0.800 980 ? 14 810 1010 
0.716 13OOk 80 1220 1580 
0.640 1750k 30 1650 2150 
0.510 26002 70 2450 3200 


~ ~ ~~~ 


'This work; errors shown are average deviations. 
'From ref. 16. 
'From ref. I8 after correcting from the mole fraction scale to the molar 
scale. 


Table 3. Free energies of transfer 
(on the molar scale)a from 
methanol to acetone and ethyl 


acetate of PhSnEt3 at 25 "C 


Solvent AG? (calmol-') 


MeOH 0 
Me2CO -1  120 
EtOAc -1310 


aFrom ref. 18 after correcting from 
the mole fraction scale to the molar 
scale. 


Calculation of free energies of transfer from 
methanol to methanol-water mixtures of 1-HgClt 
transition state 
Combination of the values of AGP for 1 and HgC12 
(given in Table 2) and SAG' (calculated from data in 
Table l), through equation (3) yields the values of 
AG:(TS) shown in Table4. Examination of the 
AGP(1S) and AGP(TS) values (Table 4) reveals that the 
reduction in AGx as methanol is replaced by aqueous 
methanol is the result of IS destabilization rather than 
TS stabilization. Indeed, the TS is destabilized as the 
solvent is changed from methanol to aqueous 
methanol. These results are consistent with a transition 
state which overall is not particularly polar. 


Comparisor, of AGP(TS) values for [l-HgC12] 
with those of the corresponding aliphatic reactions, i.e. 
[%Sn-HgClz] (R = Et and n-Pr) in methanol-water 
mixtures, l6 should yield information regarding the 
polarity of the transition state; the relevant data are in 
Table 5 .  It is seen that the values of AGP (TS) for the 
aromatic reaction are much larger than the values for 
[EkSn-HgCI2lf and are comparable to those of 
[PrBSn-HgClz] ', indicating that the transition state 
involving tetraethyltin is more polar than the aromatic 


Table 4. Free energies of transfer (on the molar scale) from 
methanol to methanol-water of 1, HgCI2, and [I-HgCIl] at 


25 "C 


A G P  (calrnol-') 
Solvent 
x(Me0H) 6AGta 1 HgCIz' [l-HgC12]t 


1 0 0 0 0 
0.914 -186 250 73 140 
0.800 -662 980 187 5 10 
0.716 -874 1300 294 7 20 
0.640 -1190 1750 412 970 
0.510 -1552 2600 619 1670 


'Calculated from data in Table 1 .  
bFrom Table 2. 
'From ref. 16. 
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Table 5 .  Calculation of values of AGX for the transfer from methanol to methanol-water of transition statesa in cal mol-'  at 25 'C 


[Pra"Sn-HgCl~] AG," 
AGOn 
A G X  
2' 


[I-HgCIz] '' A G," 
AGO, 
A GX 
Z' 


0.914 
10 
3 80(420) 


- 370( -410) 
0-66(0.73) 


110 
450(460) 


- 340(- 350) 
0.60(0* 62) 


140 
420(450) 


-280(-310) 
0.49(0.55) 


0.800 
150 
990( 1080) 


- 840( - 930) 
0.64(0*7 1) 


420 
1170(1200) 
- 750(- 780) 


0.57(0* 59) 
510 


1 lOO(1160) 
- 590(- 650) 


0 * 45(0 * 49) 


0-716 
330 


1540( 1670) - 1210( - 1340) 
0.63(0.70) 


790 
1810( 1850) 


- 1020(- 1060) 
0- 53(0* 5 5 )  


720 
17OO( 1 800) 
- 980(-1080) 


0.5 l(0- 56) 


0 * 640 
600 


2090(2270) 
- 1490( - 1670) 


0.6 l(0.68) 
1220 
2450(2500) 


-1230(- 1280) 
0.50(0- 52) 


970 
2300(2430) 


- 1330(- 1460) 
0*54(0*59) 


0.510 
1100 
3 1 OO(3370) 


- 2000( - 2270) 
0.58(0.66) 


2010 
3660(3770) 


-1640(-1760) 
0.47(0.5 1) 


1670 
3420(3620) 


- 1750(-1950) 
0-51(0-56) 


~~~~ ~~ ~ 


'The values of AGl! and AG: calculated for V =  62 mlmol-l (ref. 23) and 90 mlmol-l (ref. 24) (in parentheses) for HgCl2 


'From ref. 17. 
dThis work; the values of AGO. and AG: have been calculated from equation (4) using AG? (TS) values from Table4. 


For transfer from methanol to methanol-water of the specified mole fraction. 


counterpart. On the other hand, it has been shown that 
the increase in solvolysis rate of t-butyl chloride 1916*19 


(SN~ model) or 2-chloroethylmethyl sulphide" (ka 
model) as the solvent is changed from methanol to 
aqueous methanol is due both to an increase in the free 
energy of the reactants and to a reduction in the free 
energy of the corresponding TS. Recently, Goncalves et 
~ 1 . ~ ~  have reported on the dissection of solvent effects 
on AGf into contributions from IS and TS for t-butyl 
halides in monoalcohols and dialcohols. Consistent 
with the polar nature of transition states, it was found 
that the solvation of the TS is more important than that 
of the IS, the effect being larger for dialcohols than for 
monoalcohols. In contrast, the increase in solvolysis 
rate of n-butyl bromide on addition of water to 
methanol is due almost entirely to destabilization of the 
IS. These different patterns result because of greater 
charge development for the S N ~  and ka processes as 
compared to the S N ~  and S E ~  processes. Non- 
electrostatic factors dominate for all of the initial 
states, although electrostatic factors dominate for the 
SNi and ka transition states. 


Calculation of the electrostatic contribution in 
transfer from methanol to methanol-water mixtures 


Dissection of AG!(TS) into electrostatic and non- 
electrostatic contributions can be accomplished through 
equation (4) by first calculating the non-electrostatic 
term with an empirical formula of Abraham and 
J ~ h n s t o n ' ~  describing the dependence of this term on 
molar volume: 


AG: = a0 + al v " ~  + u2 P3 + u3 v + a4 v4l3 + a5 v5'3 
(8) 


where Vis the molar volume of the solute under investi- 
gation and uo to a5 are empirical constants. Abraham 


and J ~ h n s t o n ' ~  determined these constants for different 
methanol-water mixtures by fitting AG: values for 
non-polar non-electrolytes into a binomial expression 
of the form of equation (8). In assigning a molar 
volume to the [l-HgC12] *, we have followed Abraham 
and Johnston, l7 and where the transition state 
volume decreases by 8 mlmol-I (as in the case of S E ~  
and S" transition states); this gives a molar volume 
of 286mlmol-' [based on the reported2' value of 
V(HgC12) = 62 mlmol-'1 for [I-HgCIz] or 
314 mlmol-' [based on the reportedz4 value of 
V(HgC12) = 90 ml mol-'I. Insertion of these values into 
equation (8) gives the required values of AGO, which are 
given in Table 5 along with the values of AG!. 


Abraham and Johnston '' have suggested that the 
value of AG: for an electrically neutral transition state 
can be taken as a measure of charge separation in 
the transition state. By comparing the value of 
AG![t-BuCl]* = -6.32 kcalmol-I, for transfer from 
methanol to water with those of alkylammonium 
ions ' , 1 7  (as a reference state with one unit of fully devel- 
oped charge separation), the charge separation in the 
transition state was calculated as z = 0.85. Further, it 
was assumed that the value of z for [t-BuCI] remains 
constant in transfer to other methanol-water mixtures. 
Comparison of AG! values for [l-HgC12]', 
[Et4Sn-HgClz] and [Pr/Sn-HgClz] with those of 
[t-BuCI] * in the same solvents results in z values in all 
the solvents studied, as shown in Table 5 .  


From Table 5, the average value of z of about 0.5 for 
the [l-HgCIz] * indicates that the transition state for 
the aromatic reaction is less polar that those of the 
aliphatic counterparts. We have already shown for 
the reaction of PhSnEt3 with HgC12 in methanol2 that 
the reactive electrophile is mainly HgC12, and that 
HgCI' has little contribution as the effective elec- 
trophile. Thus, the above value of z represents the 







SOLVENT EFFECTS ON INITIAL AND TRANSITION STATES 565 


approximate polarity of the transition state of the rate- 
determining step for reaction (1). It is suggested that the 
value of z is consistent with the results of previous 
studies (i.e. substituent  effect^,^ salt effects,' solvent 
effects, and t e m p e r a t ~ r e ~ . ~ ) ,  and the transition state for 
reaction (1) is far removed from highly polar 6- 
complex, and is nearer to a *-complex. The value of z 
for reaction (1) is higher than those of solvolytic 
reactions' for a variety of primary alkyl halides 
(ranging from 0.27 to 0-40) but close to the values of 
z for the Menschutkin reaction of trimethylamine with 
methyl iodide' (z = 0.42) and Pr'Br solvolysis' 
(Z = 0.51). 


EXPERIMENTAL 


Chemicals. 1-Bromo-3-fluorobenzene and triethyltin 
bromide were obtained from Aldrich Chemical Co. and 
were used without further purification. Methanol from 
Aldrich was distilled from magnesium. Solutions of 
methanol-water mixtures were made by weight using 
deionized, distilled water. Mercuric chloride was treated 
as described previously, and m-fluorophenyltriethyltin 
(1) was prepared by the action of m-fluorophenyl- 
magnesium bromide on triethyltin bromide. 25 The 
product was distilled at 74-76 0C/0-2-0-3 mmHg, and 
both the proton NMR and GLC analyses were consis- 
tent with m-florophenyltriethyltin as the only observ- 
able species present. 


Kinetics. Rates were determined spectrophoto- 
metrically by following the concentration of mercuric 
chloride at different intervals, as described previously. ' 
Mercuric chloride concentrations were calculated as 
described by Abraham and Johnston. 26 In this method 
the absorbance ( D )  of a methanol solution at 315 nm 
using 1 cm cells is related to the mercuric chloride 
concentration by the equation: D = 10124.0 
[HgClz] + 0.036. This calibration equation was deter- 
mined previouslyz6 for the substitution reactions of 
tetra-alkyltins with mercuric salts in methanol as the 
reaction solvent. However, since the concentrations 
employed for reaction (1) were much lower than those 
of the aliphatic reactions, for each kinetic run the value 
of the intercept was adjusted using a known concen- 
tration of mercuric chloride. The new intercept was 
then used in the calculation of mercuric chloride 
concentrations at different time intervals. 


Chromatographic studies. Chromatographic ana- 
lyses to determine AGf(1)  were carried out as described 
by Abraham16 using a Hewlett Packard 5830A gas 
chromatograph with a flame ionization detector. The 
column used was a 3 m  column of 0.5% Carbowax 
20M/3.5% SE30 on Anakrom ABS 80-100 mesh 
support. The concentration of 1 ranged from 0.035 M 


for solvent methanol to 0 . 0 0 2 ~  for solvent 
methanol/water of mole fraction methanol 0.51. Flasks 
of 150-200 ml capacity containing the solute solution 
(normally 10 ml) were sealed with septa and maintained 
by thermostat at 25.0 k 0.1 C to equilibrate; tests 
showed that equilibration was rapid, but about 1 h was 
allowed to lapse before measurements were made. The 
pressure inside each flask was maintained at atmos- 
pheric pressure by piercing the septum with a narrow 
hypodermic needle. To prevent condensation of the 
solvent on the inside of the septum caps, the flasks were 
covered with a thin plastic sheet so that the sheet lay on 
top of the septum caps. Vapour samples (1.5 ml) were 
withdrawn, expanded (to 2ml) and then chromato- 
graphed. Each set of analyses usually consisted of three 
solutions of which one was a fresh solution of the solute 
in methanol. 
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GENERATION OF VINYL CATIONS BY NITROSATION OF 
N-SILYLATED IMINES AND ENAMINES* 


ROBERTO MARTiNEZ ALVAREZ,t MICHAEL HANACKS AND L. R. SUBRAMANIAN 
Instirut fur Organische Chemie der Universitat Tubingen. Lehrstuhl fur Organische Chemie II, Auf der Morgenstelle 18, 


0-7400 Tubingen, Germany 


The reaction of monosilylated imines and a disilylnted enamine with nitrosyl salts in dichloromethane at - 78 O C  is 
shown to proceed via intermediate vinyl diazonium salts and vinyl cations. 


INTRODUCTION 


Vinyl cations are an important class of carbocations 
occurring as intermediates in many organic reactions. '*' 
Vinyl cations are generated preferably via solvolytic dis- 
placement of vinyl perfluoroalkanesulphonates, by elec- 
trophilic addition to alkynes and allenes and photolysis 
of vinyl halides. Sporadic examples of the generation 
of vinyl cations via vinyl diazonium compounds have 
been reported in the earlier literature. 3-9 


Recently, the diazotization of mono- and bis-silylated 
alkyl- and arylamines has been shown to proceed with 
the formation of the corresponding diazonium salts. lo 


The methyldiazonium salts lose nitrogen easily with the 
formation of derivatives by nucleophilic substitution. 
This represents a new procedure for diazotation in non- 
aqueous media under mild conditions. 


When this method was applied for the preparation of 
vinyldiazonium salts, however, the results indicated a 
complicated reaction mixture and no diazonium com- 
pounds were detected." Infrared spectra of the 
reaction mixture did not reveal any absorption due to a 
diazo group and nitrogen evolution during the reaction 
was not observed. It was suggested" that the reaction 
involved a direct attack of nitrosyl cation on the double 
bond of the substrate giving products through an 
unknown mechanism. 


RESULTS AND DISCUSSION 


We have now investigated the reaction of the silylated 


imines 1 and 2 and the enamine 3 with different nitrosyl 
salts. N-(Trimethylsily1)-1-phenylethanimine (1) and N- 
(trimethylsily1)-1-phenylpentanimine (2) were reacted 
with nitrosyl salts, NO'X- (X-  = BFY, SbClF, 
OTf - ) at - 78 "C in dichloromethane to give a mixture 
of products (Table 1). The formation of phenylacety- 
lene from 1 and 1-phenylpent-1-yne from 2 and 3 
strongly supports the intermediacy of vinyl cations via 
the corresponding vinyldiazonium salt. The products 14 
and 15 are obtained as a consequence of the addition of 
halogen (originating from the respective nitrosyl salts 
and tetrabutylammonium bromide used) to the triple 
bond of alkynes formed during the diazotation 
reaction. The reaction mixtures from 1-3 were hydro- 
lysed under neutral conditions [CHzC12-H20 (1 : l), 1 
day, room temperature] to give the products shown in 
Table 1. The ketones 8 and 13 are formed via a sec- 
ondary reaction during the work-up, in which moisture 
could not be excluded. 


The product composition was found to be dependent 
on the nitrosyl reagent. The highest alkyne percentage 
was obtained with nitrosyl tetrafluoroborate. The for- 
mation of side-products is favoured with nitrosyl 
hexachloroantimonate and nitrosyl triflate. The for- 
mation of phenylacetylene (7) and 1-phenylpent-1-yne 
(12) can be best explained as involving a vinyl 
diazonium salt, which affords a vinyl cation after loss 
of nitrogen. There are two logical ways for further 
reaction of this vinyl cation: proton elimination 
yielding the corresponding alkynes and addition of 
nucleophiles. The former route affords compounds 7 
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Table 1. Nitrosation of N-silylated imines 1 and 2 and enamine 3 a  


Starting material Nitrosyl salt Products 


N, SiMe, 


Ph CH, 
1 


NO'BFI 
4 


NO'SbClt 
5 


NO' OTf- 
6 


4 


NXSiMe3 


Ph CH2CH2CH2CH3 
2 


N(SiMe,), 


Ph CHCH,CH&H, 
3 


5 


PhCOCN 
7 (14%) 8 (70%) 9 ( 1  0%) 10 (6%) 


P h C r C H  PhCOCHi PhC=N 


Y 8 (70%) 10 (6%) 


7 (34%) 8 (22%) 11 (24%) I (8%) 
Ph 


PhCeCCHzCHzCHz P ~ C O C H ~ C H ~ C H Z C H ~  
12 (13%) 13 (18%) 9 (14%) 
PhC(Br)=C(Br)CHzCHzCHl 


14 (34%) 
PhC(CI)=C(CI)CHzCHzCHi 


12 (5%) 13 (15vo) 15 (10%) 
I2 (13%) 13 (18%) 2 (2%) 


9 (47%) 12 (33%) 13 (7070) 14 (7%) 
9 (76%) 
9 (45%) 12 (28%) 


~ ~ ~~ 


"Nitrosation reactions were carried out in CHzCIz at -78'C. warmed up to room temperature ;itid quciidicd nit11 ;I saturated solution of 
Et,NBr-CHKlr. Product compositions were determined by GC-MS and the products were identified h! coi i ip i i r iwi i  01 ilicir properties with those 
ol' commercial samples or with samples prepared according to the literature methods. The imine/enamiiic iiiiio \\it\ dciciiiiiiied by NMR and GC: 


N H S i M e , PeS 
NHSiMe, 


/SiMe3 


Ph Ph A Ph A CH&H$HZCH, - ph+cHchcH, 


H 
I la 2 2a 


I/la = 94: 6; ' l / l a  = 80: 20 (freshly distilled sample, determined by 'HNMR); l / l n  = 50 : 50 (2-week-old sample, determined by 'HNMR); 
2/2a(z)/2a(E) = 52 : I8  : 30;' 2/2a(z)/2a(E) = 28 : 60: I2 ( 'HNMR); 2/2a(z)/2a(E) = 28: 54 : 18 (GC). 
"Only the Eisomer is present in the enamine 3. 


+ 
* R'-C=CH-R' - R'-C=CH-R2 - Products (Table 1) - R'OSiMe, I - Nz 


+NGN 


17 18 


Scheme 1 


R' = Ph 


R2 = H. C,H, 
R' = H. SiMe, 


Z = EF,. TfO. SbCI, 
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and 12, whereas the latter gives products 11, 14 and 15. 
The detection of phenylvinyl triflate (11) (in the case of 
nitrosyl triflate as the nitrosyl agent) demonstrates the 
existence of an intermediate vinyl cation 18 (Scheme I). 


The presence of ketones 8 and 13 in a high ratio is not 
due to the hydrolysis of the starting silylated imines 1, 
2 and enamine 3. As mentioned above, compounds 1-3 
are not hydrolysed under the reaction conditions, but 
only in the presence of an acidic medium. Moreover, 
the nitrosyl salts used are very hygroscopic and easily 
hydrolysable substances. The adventitious moisture 
present in the reaction medium hinders the diazotiz- 
ation reaction. 


We have no satisfactory explanation for the for- 
mation of benzonitrile (9 )  and benzoyl cyanide (10). 
However, they could have originated as a consequence 
of fragmentation of the intermediate 16, formed by the 
electrophilic addition of nitrosodium cation to the 
nitrogen atom. 


A general mechanism for the nitrosation of N- 
silylenamines is proposed in Scheme 1. While an equi- 
librium exists between imine and enamine, as shown by 
NMR and GC data (see footnote a, Table l), the pro- 
posed mechanism is also valid for N-silylated imines. In 
the first step an N-nitrosoammonium salt (16) was 
formed, which through two concerted rearrangements 
afford the diazonium salt 17. This salt loses nitrogen 
easily, yielding the vinyl cation 18. 


CONCLUSIONS 
The reaction of monosilylated imines and bis-silylated 
enamine with nitrosyl salts in aprotic and non-solvolytic 
media under mild conditions affords products derived 
from vinyl cations. Further work to generalize the gen- 
eration of vinyl cations by this method is in progress. 


EXPERIMENTAL 
Monosilylated imines 1 and 2 and bis-silylated enamine 
3 were prepared according to the literature. 11012  


Nitrosyl tetrafluoroborate (Merck) was used without 
purification. Nitrosyl hexachloroantimonate and 
nitrosyl triflate were prepared according to the 
literature. l 3  


Nitrosation reaction; general procedure. To a sus- 
pension of the appropriate nitrosyl salt (1 mmol) in 
anhydrous CHZCIZ (5ml) under an atmosphere of 


nitrogen at -78’C was added dropwise the 
corresponding silylated amine (1 mmol) in anhydrous 
CH2512 (5  ml). The mixture was stirred for 1 h at 
-78 C and then brought to room temperature. A 
saturated solution of tetraethylammonium bromide in 
CH2C12 or trifluoroethanol (5 ml) was added and the 
resulting mixture was stirred for 2 h at room 
temperature. The solvent was evaporated and the 
residue was extracted several times with diethyl ether. 
After filtration, the diethyl ether was removed and the 
residue was purified by bulb-to-bulb distillation at room 
temperature (lo-’ mbar) into a receiver cooled with 
liquid nitrogen. The distillate was analysed by GC-MS 
(Table 1). 
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SHORT COMMUNICATION 


CALORIMETRIC STUDY OF HUMAN SERUM ALBUMIN IN 
WATER-DIOXANE MIXTURES 


MIKHAIL D. BORISOVER,* VLADIMIR A. SIROTKIN AND BORIS N. SOLOMONOV 
Department of Chemistry, Kazan State University, Kazan. 420008, Russia 


The calorimetric isotherm of water sorption by solid human serum albumin (HSA) was measured in water-dioxane 
mixtures. This isotherm has been successfully described at low water contents in the solvent within the framework of 
the presented model. The adsorption equilibrium constant and the monolayer formation energy were estimated from 
this model. The interaction enthalpies of solid HSA with the solvent in water-rich mixtures do not differ essentially 
from the solution enthalpy of HSA in water. This means that the solvent water content may be sufficient for the 
intermolecular interactions of HSA suspended in a water-organic mixture to be similar to those in aqueous protein 
solution. 


INTRODUCTION 
The study of proteins suspended in organic solvents is 
of prime importance especially in order to understand 
the factors governing the state and stability of proteins 
in various unusual conditions. In addition, there is 
growing interest in enzymatic catalysis in organic sol- 
vents. ' - 3  Hence the analysis of the thermodynamic 
aspects of the intermolecular interactions that occur 
when proteins are placed in organic liquids appears 
necessary. Evaluation of the interaction energies in such 
systems might prove of great interest. 


An attempt at such an evaluation has been proposed 
earlier. It involved the measurement of enthalpies cor- 
responding to placing human serum albumin (HSA) in 
organic solvents and to the isothermal formation of het- 
erogeneous systems. Intermolecular (or intramolecular) 
interactions that occur on introducing HSA into 
organic liquids lead to considerable heat effects, essen- 
tially depending on the nature of the solvent. 


In this work, based on thermochemistry, we 
attempted to examine the nature of the interactions that 
occur on placing HSA in organic liquids. It has been 
shown5-' that in similar suspensions water adsorption 
can take place. Therefore, in this work the formation 
enthalpies of such suspensions were studied for HSA in 
dioxane and water-dioxane mixtures. 


* Author for correspondence. 
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EXPERIMENTAL 


Human serum albumin was obtained from Sigma (pro- 
duct No. A1887). A sample of protein was found to 
contain 8 . 5 %  of water. This value was determined 
from the weight loss of the protein sample in the pres- 
ence of phosphorus pentoxide. Dioxane as the solvent 
was purified and dried by refluxing over sodium 
according to the recommended method. 


Measurement of the heat effects was performed at 
298K on a SETARAM BT-215 calorimeter. The 
calorimeter was calibrated using the Joule effect. In 
addition, the solution enthalpy of potassium chloride in 
water was determined to check the accuracy of the 
calorimeter. The solution enthalpy measured at a salt 
concentration of 0.0347 moll-' corresponded to the 
recommended value. 


To measure the heat effects of suspension formation, 
a sample of HSA (2-8 mg) was placed in a metallic con- 
tainer with two PTFE washers which served as bottoms. 
A hermetically closed container was placed inside the 
calorimetric cell filled with the solvent (4.0 ml). After 
the cells had been thermostated, the PTFE washers 
were pricked with a needle 2 mm in diameter. As a 
result, the solvent came into contact with the sample of 
HSA. 


For the general measured heat effect, a correction 
taking into account the heat effect of a blank test 
(pricking of the washers in an empty container) was 
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introduced. The interaction enthalpy of HSA with a 
solvent was calculated as the ratio between the 'pure' 
heat effect of heterogeneous system formation and the 
weight of the dry protein. 


The equilibrium concentration of water in the liquid 
phase containing no more than 1 moll-' of water was 
determined after carrying out a calorimetric experiment 
by the volumetric method." A known volume of the 
liquid phase was treated with calcium hydride and the 
volume of the hydrogen released was measured. No 
noticeable amounts of gas-generating impurities were 
observed in the calcium hydride, which was tested by 
measuring the water concentration in solutions with 
precisely added amounts of water. The equilibrium 
water content of the solutions containing water 
exceeding 1 moll-' was considered to be the sum of the 
water concentration in the initial dioxane and of the 
added amount of water. 


The lack of solubility of HSA in water-dioxane mix- 
tures was confirmed by measurement on a Specord 
M-40 spectrophotometer at 280 nm. No significant vari- 
ation in the absorbance of the liquid phase was 
observed after keeping the protein in water-dioxane 
mixtures. 


RESULTS AND DISCUSSION 


Measured interaction enthalpies, AHEf", correspond- 
ing to the formation of a protein-solvent hetero- 
geneous system are plotted vs water concentration in 
the solvent in Figure 1.  It can be seen that the obtained 
dependence consists of two parts. The beginning of the 
dependence corresponds to a rapid decrease in enthalpy 
at water concentrations in the range 0.03-2 moll-'. A 
second decrease in the interaction enthalpy is observed 
at water concentrations above 2 mol I-'. Such changes 
in AH::" values indicate that the processes of 
water desorption and adsorption can contribute sig- 
nificantly to the interaction enthalpy. 


The dependence in Figure 1 may be considered as a 
calorimetric isotherm of water sorption by the protein 
in an organic medium. We attempted a quantitative 
analysis of the data presented in Figure 1 .  


The adsorption of water by the protein can be 
assumed to occur at the initial stage according a simple 
equilibrium similar to the Langmuir isotherm: 


sorption site + water sorption complex (1) 


The interaction enthalpy of the protein obeys the 
following expression: 


AHE:A = Ah [- KcG - 001 (2) 1 + KcC, 
where A is the number of sorption sites taking part in 
equilibrium (I), corresponding to 1 g of dry protein, h 
is the energy of water adsorption by the solid protein 
from the medium (kJ mol-I), equal to the enthalpy of 


-^1, , ::: : ., : 
-40 0 


. -- 
0 2 4 6 55.5 


cw , W E / L  


Figure 1 .  Dependence of HSA interaction enthalpies, AH:?. 
on the equilibrium water concentration, C,, in water-dioxane 
mixtures (m ) (298 K). The C, range is 0.03-7.0 moll-'. The 
point marked corresponds to the solution enthalpy of the 


HSA in water 


reaction (l), K, is the equilibrium adsorption constant 
(1 mol-'), C, is the equilibrium concentration of water 
in the solvent and 00 is the fraction of the sorption sites 
occupied by water molecules in the initial HSA 
preparation. 


In conformity with this model, a low water content in 
the initial solvent (CO) must result in the desorption of 
water from the protein [00 > KCCo/ (1 + KCCo)] and in 
positive values of the interaction enthalpies. An 
increase in the water concentration in the water-or- 
ganic mixture must involve the replacement of water 
desorption by water adsorption from the environment 
to the solid [00 c KCCo/(1 + KCCo)] and a reversal of 
sign of the interaction enthalpies. This reversal can be 
observed in Figure 1. 


For quantitative verification of equation (2), the 
transfer enthalpies were calculated as the difference 
between the interaction enthalpy of the HSA ( A H g f A )  
in a mixture and the interaction enthalpy (AHEFA*) in a, 
mixture where the equilibrium water concentration C ,  
is 0.03 mol I-'. Further, equation (2) may be converted 
into 


Graphical treatment of the experimental data in accor- 
dance with equation (3) is shown in Figure 2. In Figure 
2 the AHgFA values estimated at the low water concen- 
trations in the solvent are seen to yield a satisfactory 
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0 1 
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0 1 2 


C, , WE/L 


Figure 2. Graphical treatment of data according to equation 
(3): 


A H ! ~ ~ - A H , , , ,  
c: - c, 


HsA* = (0.0060 f 0.0011) 


+ (0.0138 f 0.0009)Cw 


Number of points n = 13; correlation coefficient r = 0.995; 
standard deviation u = 0.0010 


linear dependence. From this linearity it can be con- 
cluded that the isotherm observed at the low water 
contents in the solvent is superficially similar to the 
Langmuir isotherm for monolayer adsorption. In our 
opinion, it is of interest that such a simple effect is 
usually manifested for adsorption by solids which, as 
distinct from proteins, cannot undergo inter- and intra- 
molecular transformations. 


The adsorption equilibrium constant 
K,  = 2 - 3  f 0.7 1 rno1-I and the energy of monolayer 
formation Ah = -77 .4  f 8 . 4  J g-' were evaluated 
within the framework of the model [equations 1-31 
from the intercept and the slope of the line in Figure 2. 
Subsequently a) value 00 = 0.75 k 0.17 was obtained. 
The curve plotted according to equation (2) on the basis 


of the evaluated K,, Ah and 00 values is shown as a 
solid line in Figure 1. The calculated curve in Figure 1 
is in good agreement with the experimental dependence 
of the AHg:A values at low water content. 


Let us consider the dependence in Figure 1 at water 
concentrations above 2 mol I-'. The interaction 
enthalpies of the HSA vary in the concentration range 
2-3 moll- '. Further, the interaction enthalpies depend 
on the water content very slightly and are close to the 
measured solution enthalpy of HSA in water, which is 
- 43-5 f 3 . 8  J g-' (298 K) at an HSA concentration of 
1 mg ml-'. In spite of this similarity, the protein 
sample does not dissolve in the water-dioxane mixtures 
investigated. At present it is difficult to interpret these 
results clearly. However, it can be assumed that the 
solvent water content may be sufficient for the inter- 
molecular interactions of HSA suspended in a 
water-organic mixture to be similar to those in aqueous 
protein solution. 


One can expect that a more detailed calorimetric 
study would provide some new information concerning 
the intermolecular interactions of proteins suspended in 
water-organic mixtures of various water contents. 
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SHORT COMMUNICATION 


PHOTOCHEMICAL AND RADIOLYTIC CLEAVAGE OF 
10-METHYLACRIDINE DIMER IN SOLUTIONS AND CRYOGENIC GLASSES 


JAN ADAMUS, JACEK ROGOWSKI, JACEK MICHALAK, PIOTR PANETH AND JERZY GEBICKI* 
Institute of Applied Radiation Chemistry, Technical University, 90-924 Lodz, Poland 


AND 


ANDRZEJ MARCINEKT AND MATTHEW S. PLATZ* 
Department of Chemistry, Ohio State University, Columbus, Ohio 43210, USA 


10-Methylacridine dimer [(AcrH)Z) ] dissociates into a pair of 10-methylacridyl radicals (AcrH' ) on laser excitation 
(308 nm) in solvents of various polarities. Exposure of (AcrH)2 in methylcyclohexane glass at 77 K to y-rays of coCo 
generates the radical cation (AcrH)f '. Thermal annealing of the matrix to 90 K results in dissociation of (AcrH)? ' 
into AcrH' and 10-methylacridinium cation (AcrH + ). 


It has recently been shown that photolysis of 10-methyl- 
acridane (AcrH2) in acetonitrile results in the formation 
of 10-methylacridane radical cation (AcrH: .). lV2 The 
subsequent deprotonation of AcrH: ' generates 
10-methylacridyl radical (AcrH' ), which is oxidized in 
the presence of molecular oxygen to give the 10-methyl- 
acridinium cation (AcrH' ). Much less information 
is available concerning 10-methylacrldine dimer 
KAcr H h  1 . 


It was previously discovered that (AcrH)2 may act as 
a unique net two-electron donor in the stepwise one- 
electron reduction of triphenylmethyl cation. The 
10-methylacridine dimer radical cation (AcrH) * 


formed in the first step of this oxidation process was 
found to be dissociative [reaction ( l ) ]  and its lifetime 
was estimated to be shorter than 10 ms. 


(1) 
In this paper we describe the homolysis of the central 
C-C bond of the dimer (AcrH)2 on exposure to UV or 
ionizing radiation. The elusive behavior of excited or 
ionized (AcrH)2 will be compared with that observed 
for AcrH2. 


Laser excitation (308 nm)4 of a deaerated solution of 
(AcrH)2 in solvents of various polarity (pentane, 


(AcrH): * + AcrH' + AcrH' 


*Authors for correspondence. 


& N 


I 
CH3 kH3 


AcrH, AaH," 


I 
cH3 


AcrH' AcrH' 
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3-methylpentane, dichloromethane. 2-methyltetra- 
hydrofuran, methanol, acetonitrile, acetonitrile-water 
(5  : 1) and dimethyl sulfoxide) generates species that 
absorb at 360 and 510 nm (Figure 1). Both of these 
absorption bands decayed in all solvents at the same 
rate and are therefore probably due to a common 
species which is assigned to the 10-methylacridyl radical 
(AcrH'). AcrH' has been observed previously and it is 
characterized by its long-wavelength absorption 
band,596 whose shape and wavelength at the absorption 
maximum match our observations well. The yield of 
AcrH' formation decreased sharply when the tempera- 
ture was lowered. Radical AcrH' was also generated on 
laser flash photolysis of AcrHz in pentane. 


h 


n p1 o 400 


II 


Wavelength 
Figure 1 .  Transient absorption spectrum measured 0.5 f is 
after 308 nm laser excitation of (AcrH)z in pentane at room 


temperature 


In contrast to AcrHz, where AcrH: ' was effectively 
generated in polar solvents by laser excitation, we were 
not able to detect (AcrH): * under similar conditions. 
Further, the addition of an electron scavenger (CHZCIZ 
or CHZBrz) to polar solvents did not result in appreci- 
able formation of (AcrH): * on UV excitation. Elec- 
tron transfer sensitization with anthraquinone again led 
to 10-methylacridyl radical (AcrH') and not to 
(AcrH): * as desired. Apparently the dissociation of 
excited (AcrH)2 into a pair of AcrH' radicals is a much 
more rapid process than the generation of (AcrH): * 


by electron transfer. This observation is not surprising 
as PM3 (MOPAC version 5.01) calculations7 predict 
that the heat of formation of a pair of AcrH' radicals 
is only 28.3 kcal mol-' higher in energy than that of 
(AcrH)2 but that (AcrH): ' lies 172.7 kcal mol-' 
above (AcrH)z in the gas phase (1 kcal = 4.184 kJ). 


Exposure of (AcrH)z in methylcyclohexane glass at 
77 K (containing n-butyl chloride as an electron 
scavenger) to '%o y-rays leads to the formation of 
(AcrH):' with absorption maxima at 346, 393 and 
675 nm (Figure 2). Under these conditions AcrH: . 
can also be generated (336, 384 and 690nm). The 
spectra of both ions were also recorded in pure n-butyl 
chloride at 77 K following y-radiolysis and were similar 
to the spectra observed in methylcyclohexane. 


It has been found that on thermal relaxation of the 
matrix to 9 0 K  (AcrH):' dissociates to form AcrH' 
(356, 398, 420 and 448 nm) and AcrH' (480 nm; note 
that the short-wavelength transition is masked by the 
absorption of AcrH') . As translational diffusion in 
methylcyclohexane glass occurs above 100 K, * we 
believe that the dissociation products are in close prox- 


- 
- 
- 
- 
- 
- 
- 


- 
- 


0.000 I I I I 


300 400 500 600 700 800 nm 


Wavelength 
Figure 2. Absorption spectrum of y-irradiated (%o) (AcrH)z (04015 M) in a glassy matrix of methylcyclohexane containing 
n-butyl chloride (1 M) at 77 K (solid line). The sample was 2 mm thick and received a radiation dose of lo4 Gy. The spectrum was 


obtained after the irradiated sample had been warmed to 90 K (2 min) and cooled back to 77 K (dashed line) 
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imity and are locked together in a solvent cage. Since 
the isolated radical AcrH' absorbs at 518nm in 
methylcylohexane glass, the shift of its absorption 
maximum to 480nm when AcrH' is generated from 
(AcrH) 2 ' points toward specific interactions between 
AcrH' and AcrH'. 


It was found that the dissociation reaction of 
(AcrH): ' takes place abruptly when the matrix is 
heated to 82 K. We believe that the stabilization of 
(AcrH): ' is mostly due to the rigidity of the matrix at 
77 K. At temperatures above 82 K, rotational diffusion 
is possible, thereby facilitating dissociation of 
(AcrH) ' . The intrinsic dissociation of (AcrH) z+ ' 


may even take place at temperatures lower than 82 K, 
as PM3 calculations predict that the dissociation of 
(AcrH): ' is slightly exothermic (0.7 kcal mol-') with 
an activation barrier of only 2 kcal mo1-I. If these pre- 
dictions are correct, the dissociation process should 
take place even at 77 K in the absence of matrix 
friction. 


The spectroscopy and kinetics of radicals and radical 
cations and their dimeric forms generated from other 
NADH analogues are currently under investigation. 
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PRECIPITATION OF STRONG UNCHARGED ORGANIC ACIDS 
WITH VARIOUS CROWN ETHERS OR WITH ACYCLIC 


POLYETHERS FROM AQUEOUS MEDIUM. CHARACTERIZATION 
OF ADDUCTS IN THE SOLID STATE 


IZAAK M. KOLTHOFF AND M. K. CHANTOONI, JR* 
Department of Chemistry, University of Minnesota, Kolthoff and Smith Halls, 207 Pleasant St. S.  E. ,  Minneapolis, Minnesota 


5.5455-0431. U.S.A. 


It was found that substituted picric acids form slightly soluble 1 : 2 : 2 adducts with several simple crown ethers or with 
lri-, tetra-, or pentaethylene glycol dimethyl ether (glymes 4, 5 and 6) in water, whereas 2,4,6-trinitrobenzenesulfonic 
acid forms a 1 : 1 : 1 adduct with dicyclohexano-18-crown4 (cis-syn-cis). The ability of a crown ether to precipitate 
a given acid follows the order dicyclohexano-18-crown4 (cis-syn-cis) > benzo-15-crown-5 > dicyclohexano-24-crown- 
8 > 18-crown-6 > 21-crown-7, 15-crown-5 12-crown-4, roughly in the order of its base strength. Precipitation can 
occur even when the concentration(s) of one or more of the components are < M. The solubility products of the 
18-crown-6 complexes with dichloro- or dimethylpicric acids were estimated. In the solid state the 1 : 2 : 2 
dicyclohexano-18-crown-6 (cis-anti-cis)-dichloropicric acid-water complex, which reportedly has two 
pseudohydronium ions lacking symmetry of &0+, exhibits an IR spectrum in the OH stretching region 
characteristic of an aqua complex. 


INTRODUCTION 


Many weak uncharged organic acids, HX, that are 
good hydrogen bond donors, such as substituted 
phenols or aliphatic carboxylic acids,4 can form 
1 : 1 : 1 or 1 : 2: 2 (crown: HX: HzO) adducts with 
macrocyclic polyethers, e.g. 18-crown-6. The water 
molecule(s) function as a hydrogen bond donor to the 
crown ether oxygens and a hydrogen bond acceptor 
toward the acid functional group. An excellent review 
on this subject has appeared.' Generally, the above 
adducts have been crystallized from a low- or medium- 
polarity solvent containing water, such as tetrahydro- 
furan or toluene, but not from water itself. When the 
organic acid is sufficiently strong (pKa < 0), complexes 
can form with a crown ether binding a hydronium or 
one or two pseudohydronium ion(s) (see below). An 
example of a hydronium ion complex is 18-crown- 
6.H30+CF3SO; ,6 which was characterized from its IR 
and Raman spectra. 


In order to obtain further information as to the 
nature of the bound water, the conformation of the 
polyether ring and the polarity of the hydronium and 


*Author  for correspondence. 


pseudohydronium ion adducts, IR, differential scan- 
ning calorimetric (DSC), DzO-HzO vapor exchange 
and melting point experiments were performed in this 
study. The complexes investigated were 18-crown- 
6 H3O+ * dichloropicrate (l),' dicyclohexano-18- 
crown-6 (cis-anti-cis) (H3O+ * dich1oropicrate)z (4)' and 
dicyclohexano-18-crown-6 H3O+ - picrylsulfonate, the 
last two being slightly water soluble. 


It was concluded from single-crystal x-ray diffraction 
studies that 18-crown-6(dichloropicric acid H z 0 ) ~  (q9 
is non-ionic whereas 4 is ionic.' 


In addition, a survey was conducted to ascertain 
which strong uncharged acids (i.e. nitrophenols, nitro- 
benzenesulfonic and nitrobenzoic acids) are precipi- 
tated from water by simple water-soluble crown ethers 
or acyclic polyethers. The solubility products in water 
of 2, 18-crown-6(HPiMez* HzO)z (2a) and glyme- 
6(HPiC12 * H 2 0 ) ~  were also determined. The following 
abbreviations are used in this paper: 18-crown-6 = 18C- 
6, dicyclohexano-18-crown-6 = DCC-18C-6, benzo-15- 
crown-5 = B-15C-5, dichloropicric acid = HPiC12, 
dimethylpicric acid = HPiMe2, picrylsulfonic acid = 
HPiSA and DCE = dichloroethane. 


Knowledge of formation of the above water-insoluble 
adducts could aid in designing liquid membrane carrier 
systems for exchange of X- (e.g. picrate) with OH-. 
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R - 0  
H 


1 


3 


I 
11 


4 
6 -  
I I 


1,2,3,4 R = 2.4,6-(N02h - 3.5 Cl2 - phenyl 


The water-immiscible phase can contain DCC-18C-6 
and the aqueous phases picric acid and Mg(0H)z 
separately. A monesin Na+-H+ liquid exchange rnern- 
brane has been described by Cussler and Evans. lo 
Precipitation from aqueous medium as crown ether 
adducts can effect separations of trinitro-aromatic 
sulfonic or aromatic hydroxy compounds from their 
mono- or dinitro analogues. Conversely, water-soluble 
crown ethers can be separated from their mixtures by 
precipitation with substituted picric acids. 


RESULTS 


Precipitation from water of aquo complexes of 
crown ethers and uncharged acids 


Results of a preliminary survey of the precipitation of 
phenols and sulfonic and benzoic acids (pK. < 4) from 


aqueous medium with six water-soluble crown ethers 
are summarized in Table 1. It was found that glymed, 
glyme-5 and glyme-4 (this work) form slightly soluble 
1:2:2 adducts with HPiClt. Neither 0-05 M HPiCl2 
nor 0.005 M HPiMez is precipitated by 1 M 12-crown- 
4. The ability of a crown ether to precipitate a given 
acid generally follows the order DCC-18C-6 (isomer 


12C-4. This is approximately the order of decreasing 
base strength of the crown ether toward the solvated 
proton in acetonitrile, DCC-18C-6 (isomer A) > 18C- 
6 > 21C-7,15C-5 * 12C-4, and that of decreasing 
lipophilicity of the crown ether, B-15C-5 > 192-5, 12C- 
4 > 18C-6. The relative lipophilicity of the crown ethers 
had been deduced from partitioning of the crown ether 
between benzene and water.I3 It is of interest that, in 
spite of the presence of a hydrophobic tail in n-octyl- 
phosphonic and bis(2-ethylhexy1)phosphoric acids, pre- 
cipitation does not occur from a 0.01 M aqueous 
solution of these acids in the presence of 0.01 M DCC- 
18C-6 (isomer A). This is attributed to the strong 
hydration of the phosphonate group (see Discussion). 


Chloranilic acid, Ca(OH)z(=O)tClt, is a strong 
lipophilic acid in water (pKl= 0.7, pK2 = 2-5)149" 
whose monoanion, and particularly the dianion, bear a 
delocalized charge. In 0-005 M solution (purple) this 
acid is not precipitated by 0.02 M DCC-18C-6 (isomer 
A), presumably as a result of a lack of a strong electro- 
static interaction of DCC-18C-6 * H3O+ with the 
monoanion. 


A) > B-15C-5, DCC-24C-8 > 18C-6 > 21C-7,15C-5 


Solubility product of L(HX * H20)2 


Table 2 gives the concentrations of the ligand (L), X- 
and H +  in saturated aqueous solutions of 2 (both poly- 
morphs), 2a, 15C-5(HPHiMez.H20)~ and glyme- 
6(HX H 2 0 ) ~  (square plates) along with the 
corresponding solubility product. In addition, [L] , 
[X-] and [H+]  were obained in saturated solutions of 
2 with 0*008-0-03 M added 18C-6, 0-0049-0.035 M 
LiX, 0.006-0.017 M added HX and 0-012-0.053 M 
HCI. Data are available on request from the authors. In 
the presence of added L or HCl it was found that 
[L] = [X-]/2 + CL (added), whereas in the presence of 
LiX, [X-] = 2[L] + C(X-)added. The electrolytes 
L(HPiC12.H20)2, LiPiClz, LiPiMe2 and HPiClz were 
considered to be completely dissociated, whereas associ- 
ation of HPiMez (pKa = 1 *5716) was taken into 
account. Complexation of 18C-6 by Li+ or H+  in water 
(log KLH+ = 1.46,'7a -0-40'7b) can be considered to 
be negligible here. Using the solubility product expres- 
sion for a 1 : 2 : 2 adduct: 


Ksp= [L]aZ(H+)[X-] ' J J~ (X- )  (1) 
where, [L]=uL the average values KIP found were 
(4-18 f 1.01) x lo-" mo15 1F5 for 2 and (1.53 f 0.24) 
x mol' l-' for 2a. For calculation of the solution 
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Table 1. Occurrence of precipitation of uncharged acids with crown ethers from aqueous solutiona 


Acid and concentration 


Ligandb and concentration' 
P K ~  


(H20) 15C-5 B-15C-5 18C-6 DCC-18C-6(A) 21C-7 DCC-24C-8 


2,4-Dinitrophenol, 0.0026 M (satd) 


2,6-Dinitrophenol, 0.0071 M (satd) 


2,4,6-Trinitrophenol, 0.058 M (satd) 


2,4,6-Trinitro-3,5-dirnethylphenol, 


2,4,6-Trinitro-3,5-dichlorophenol, - 


2,4,6-Trinitrobenzenesulfonic acid, 


2,4,6-Trinitrobenzoic acid, 0.015 M 


0.0066 M (satd) 


0.02 M 


0.04 M 


(satd) 


" ( + ) Denotes precipitation, ( - )  denotes no precipitation and no symbol denotes not investigated. 


21C-7 = 21-crown-7; DCC-24C-8 = dicyclohexano-24-crown-8. 
' Concentration of ligand taken. 
"Ref .  1 1 .  
' Ref. 16. 
'Slow precipitation (12 h). 


Abbreviations: 15C-5 = 15-crown-5; B-15C-5 = benzo-15-crown-5; 18C-6 = 18-crown-6; DCC-l8C-6(A) = dicyclohexano-18-crown-6 (cis-syn-cis); 


Table 2. Solubility of 1 : 2 : 2 adducts in water at 25 'C 


Solubility 


Adduct 


~ ~ 


lHfl  
[L] (M X lo3) [x-] (M X lo') (M X lo2) paHa K'P 


2 (polymorph 11) 5.43 1.08 1.15 2.11 5 . 7 x  


2 (polymorph I l ) b  57.Ib l l . 8 b  - - - 
3.1 x 


2 (polyrnorph 1) 5.40 1.06 1.13 2.17 5.3 x IO-" '  


2a 1.89 0.339 0.341 2.54 1.3 x lo-"' 


I S C - ~ ( H P ~ M ~ ~ * H Z O ) Z  - 0.499 - - 6 . 8 ~  
Glyme-6(HPiCl~.H~0)2 - 5.05 


2.3 x 


1.3 x 10-133 


- - - 


' Potentiometric value, using the glass electrode. 
Recrystallized from CHCI,; solubility in CHCI,. 
' From alkalimetric titration of saturated solution. 
'Calculated assuming [L] = [X-l/2.  


activity coefficient, y ,  in water, the Debye-Hiickel 
expression - log y = 0.5 15 p "'I (1 + 0.329bp 1'2) was 
used, taking b = 9  and 7 for H+  and PiC12- (or 
PiMe2-), respectively. When the solubility data in the 
presence of excess of L, X- or HC1 are introduced into 
the solubility product expression for a 1 : 1 : 1 adduct, 


(2) 


a large increase in values of KSP'  with increasing 
[ L1 a(H+ 1 [X - I Y  (X- 1 KSP' = 


amount of L is encountered, whereas those in presence 
of LiX or HX are constant. This attests to a 1 : 2  
crown : acid stoichiometry in 2, consistent with the 
x-ray crystallographic structure and assay of the solid. 
Solubility data in a solution saturated both with 2 and 
with 18C-6 KPiClz are presented in the Appendix. 


Addition of organic cosolvents to water results in a 
marked increase in the solubility of 2, which is 
0.0108 M in pure water (Table 2). 0.0159 and 0.0438 M 
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in the presence of 0.030 and 0.0787 mole fraction, X, 
of acetonitrile, respectively, and 0.0171, 0.0178 and 
0.0310 M when X = 0.0293, 0.0357 and 0.0740, 
respectively, of dimethyl sulfoxide. 


Characterization of adducts in the solid state 


IR spectra from 3800 to 1600 cm-* of 4 and DCC-18C- 
6 HsO'PiSA- are compared in Figure 1 with those of 
1 and 2, reported previously.' Characteristic Y I / Y J  (OH 
stretching), 2 v 2  (symm. OH bending) and v4 (asymm. 
OH bending) bands of H30+  occur in DCC-18C- 
6eH3O'PiSA- at 2300-3200, 2137 and 1715 cm-', 
respectively (Figure 1). They resemble those found in 
18C-6-H3O+BF4-" or in 18C-6-H30+CF3S0c.6 Fur- 
ther, the bands at 1544, 1358, 1249, 1119, 1070, 1033, 
897, 750, 721 and 634 cm-' (not shown) match those of 
picrylsulfonic acid trihydrate. l9 Adducts containing the 
pseudohydronium ion, however, display OH v1/ v3 
bands of water and phenolic OH (these occur at 3358 
and 1722 cm-', respectively in 4; see Discussion). 


Owing to the ionic nature of 1, 4 and DCC-18C- 
6 - H3O+PiSA-, the pseudohydronium (or hydronium) 
entity does not exchange with DzO vapor. These 
adducts tend to be brightly colored, have relatively high 
melting points and lack a DSC endotherm before fusion 
(see Table 3). 


DISCUSSION 


Polyether-hydronium complexes 


Formation of the crown-hydronium-anion complex, 
L - H30+X- ,  in solution (as an ion pair) or in the solid 
state requires (i) transfer of the proton from HX to 
water to produce HsO+, (ii) virtually complete desolva- 
tion of solvated H3O+ (in aqueous solution the crown 
ether and bulk water compete for H30+l7=), 
(iii) subsequent binding of H@+ to the polyether'2*18 
and (iv) strong electrostatic interaction between 
L * H3O+ and X- (which can be minimized when X- is 
strongly solvated). 


An example of factor (i) is that 4-nitro- and 2,6- 
dinitrophenol are too weak to precipitate any of the 
crown ethers in Table 1 from water, whereas HPiSA is 
precipitated by DCC-18C-6 (isomer A). In methyl 
isobutyl ketone (MIBK) the pK, values are 21.2," 
17.62' and 5*55,21 respectively. Although CFsSO3H 
(pKa = 4.68 in MIBK)22 and HPiSA are of comparable 
acid strength, CF3SOsH is too hydrophilic to allow pre- 
cipitation of the 18C-6 adduct from water. To illustrate 
factor (ii), precipitation of 18C-6 * H30+C106 occurs 
from tetrahydrofuran (THF) containing diethyl ether, '' 
but not from water. The difference in the enthalpy of 
solvation of H,O+ by bulk water and bulk acetonitrile 
(AN) was estimated by Benoit and Lamz3 to be 
- 16.8 kJ mol-'. The basic strength of AN and the 


r - - -  


I 1  1 1 1 1  I l l 1  I I I I  1 1 1 1  


3500 3000 2500 2000 


FREQUENCY cm-' 


Figure 1. Fourier transform IR spectra of adducts in the 
region 3800-1600 cm-' (Nujol mull, NaCl discs). Dashed 


lines, 1; solid lines, 2; 0, 4; and 0, 18C-6 * HIOfPiSA- 


THF-Et20 mixtures should be comparable. Factor 
(iii) is exemplified by precipitation of glyme-4 - H3O+ 
[Mo(O)Br4(HzO)] - in 1,2-di~hloroethane,~~ facilitated 
by the flexible polyether adapting a favorable confor- 
mation in the complex (despite an unfavorable entropy 
effect). Factor (iv) is borne out by the fact that although 
naked CI- has a high charge density, the electrostatic 
interaction between the hydrated chloride ion and 18C- 
6.H30' is attenuated to such an extent that 18C- 
6-H3O+CI- does not precipitate, even from wet THF. 
On the other hand, the BFI  adduct readily does,'' as 
BFI  is likely to be poorly hydrated. The above 
accounts, at least in part, for the failure of the 
alkylphosphoric acids to precipitate from water with 
DCC-18C-6. 


Polyether-pseudohydronium ion complexes 
The 1 : 2 : 1 adduct, probably 18C-6. H3O+ 
[H(PiC12)21- (3),0 had been prepared previously7 by 
heating 2 to 117 C. It is proposed that the charge 
density on the homoconjugate anion H(PiC12)r is suf- 
ficiently low that the homoconjugate acts as a very poor 
H-bond acceptor toward the complexed hydronium ion, 
18C-6 - H3O+. Coulombic interaction between the 
cation and anion is minimized [e.g. the association con- 
stants of Et4NPiCIz and of Et4NH(PiC12)2 are 
3.8 x lo3 and 4.5 x loz, respectively, in DCE saturated 
with water2']. On the other hand, a pseudohydronium 
ionz6 could bridge a simple phenoxide ion (with its high 
charge density) with two alternate oxygens of the crown 
ether. Disruption of the D3d symmetry of the crown is 
minimal; this was found in the crystal structure of 4 by 
Wang et a1.' and is inferred in 1,' whose crystal struc- 
ture has not been determined. High-frequency IR 
spectra of both 1 and 4 in Figure 1 possess Y I / Y 3  stret- 
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Table 3. Characteristics of crown-acid-water adducts 


IR spectrum 


Crown HzO 
OH conformation, exchange 


stretching or C-0-C with D20 Y.P. State of water 
Adduct a bending stretching vapor ( C) DSCb Color in complex 


2 c . J  


4 ~ . e  


I '  


3 f . g  


DCC-18C- 
6(A). H3O'Pi 
SA- 
L . H30'BFih 


U l l U 3  Very slightly 


U l l U 3  Slightly split, 


U l / V 3  Not split, 


Split, -D3d 


- D3d 


- D3d 


2y2, v4 Split 


2 v 2 ,  v4 Split 


2v2, u4 


Exchanges 


No 
exchange 


Hygroscopic 


No 
exchange 


No 
exchange 


(DCC-IIC- 
6 * H3O'CIOT) 


That of 3 -+ Light 
yellow 


70-73 Bright 
yellow 


98-99 - Bright 
yellow 


123-124 - Bright 
yellow 


144-145 - Light 
(decom .) yellow 


141 - Colorless 


H2O 


Pseudo- 


Postulated 
pseudo- 


Postulated 
H 3 0 C  


H3O' 


H30' 


H3O' 


H3O' 


L = 18-crown-6. 
+ Denotes endotherm due to release of HzO; - denotes endoetherm absent. 


'Crystal structure determined by single-crystal x-ray diffraction. 
Ref. 9. 


'Ref. 8. 
' Postulated ionic form. 


18C-6. H j 0 +  [H(PiCl~)zl -; Ref. 7. 
Ref. 27. 


ching OH frequencies of phenol to water and water to 
crown as in 2. It is concluded that the pseudohy- 
dronium ion, lacking C3" symmetry (in the total 
hydrogen-bonded environment) of the pyramidal H3O+ 
species, has essentially the same spectrum in the high- 
frequency IR region as incorporated, uncharged H20. 
The phenolic OH-water and water-crown vibrations 
are decoupled. 


Characteristics of the various crown-acid-water 
adducts are summarized in Table 3. 


Precipitation of polyether-water-acid complexes 


Even though two different adducts conceivably could 
precipitate from the same crown-acid-water solution, 
the concentrations of the constituents favoring both, 
only one adduct may precipitate. This is the case of 
crystallization of 2, and not 3, from 1,2-dichloroethane 
saturated with water, DCE(W),. Uncharged species in 
solution would be expected to precipitate as 2 and 
charged forms as 3. In DCE(W)fS when 
C(HPiCl2) = C(l8C-6) = 2.97 x M; [HPiClzI = 


= [Pic12 J = 3-86 x M, [LH3OPiC12J = 4.35 x 


x M. We can assess qualitatively the factors con- 


2-86 X M, [LH3OPiClzJ = 4.35 X M, [LH@+] 


M, [H(PiClz)iJ = 9.32 X M and [L] = 1.22 


tributing to the lattice free energy of 2 in the solid state. 
One factor involves binding of H20 to the crown ether. 
Ranghino et ~ 1 . ~ ~  deduced from Monte Carlo calcu- 
lations on 18C-6 surrounded by a cluster of 100 water 
molecules that the crown ether adopts primarily the D3d 
conformation. The crown ether then has a good 
solvent-accessible surface, while the water molecules 
display extensive cooperativity. Indeed, they attributed 
the stability of 18C-6(4-nitrophenol- H z 0 ) ~  in the solid 
state to the above features. Another factor is the 
packing in the crystal lattice. Not mentioned in a pre- 
vious paper,7 but a factor which can contribute to the 
stability of 2, is the relatively short N-0 distance 
between an ortho-nitro *group nitrogen and water 
oxygen, 2-90 and 2.88 A ,  in polymorphs I1 and I, 
respectively. 


Precipitation of 2 from aqueous solution occurs 
despite the extensive dissociation of HPiCl2 (cu 97% in 
0.01 M solution). Protonation of the crown and 
H(PiC12)T formation are negligible. 


EXPERIMENTAL 


Chemicals. Dichloropi~r ic~~ and picric3' acids were 
products used previously and dimethylpicric acid was a 







52 1. M. KOLTHOFF AND M. K. CHANTOONI, JR 


gift from Marion McLean Davis, National Institute of 
Standards and Technology (Gaithersburg, MD, USA). 
2,4-Dinitrophenol, 2,ddinitrophenol and 2,4.6- 
trinitrobenzenesulfonic acid trihydrate were obtained 
from Aldrich (Milwaukee, Wl, USA) and used as 
received. Ligands 12-crown-4, 15-crown-5, 18-crown-6, 
dicyclohexano-18-crown-6 (cis-syn-cis), glyme-4, 
glyme-5 and glyme-6 were used previously; 29 benzo-15- 
crown-5 and dicyclohexano-24 crown-8 were purchased 
from Parish (Orem, UT, USA) and used as received. 
The adducts cited below generally were prepared from 
aqueous solution by mixing the polyether and 0.02 M 
HPiC12 or 0.003 M HPiMez in a 1 : 2  mole ratio. The 
suspension was stirred overnight, filtered and recrystal- 
lized from water by slow evaporation at room tempera- 
ture. They were dried over CaC12 or dry N2 at room 
temperature and atmospheric pressure. Adducts glyme- 
4(HPiCIz * H20)2 (m.p. 103-104 "C) and glyme- 
S ( H P ~ C ~ Y H ~ O ) Z  (m.p. 66-5-67.5 "C) were assayed 
in the same way as the corresponding glyme-6 
adduct;' assay 1:2*09:2*26 and 1:2.14: 1-69 
(L : HPiClz : HlO), respectively. 


Employing a 'H NMR procedure in CDCl3 that uti- 
lizes the CH3 signal of HPiMe2 at 2-34-2.37 ppm, the 
dimethylpicric acid adducts containing 15-crown-5 or 
18-crown-6 were found to have a mole ratio of 
1 : 1 *92 : 1.49 and 1 : 1.97 : 1-41, respectively. Appar- 
ently, some water is lost in the latter two on drying. It 
is noteworthy that the 15-crown-5 ring is sufficiently 
large that its oxygens function as H-bond acceptors 
toward two water molecules. Other adducts grepared 
were B-15C-5 -nHPiClz-mH20 (m.p. $9-52 C) and 
18C-6 * H3O - picrylsulfonate [m.p. 144 C (decamp.)] . 
Assay by 'H NMR in CDCI3: 1 :0-85:0.863 
(L : H3O+ : PiSA-). 


Aqueous solutions 0.03 M in lithium dichloropicrate 
or dimethylpicrate were prepared by neutralizing the 
acid with LiOH (Alpha-Ventron). The latter was 
recrystallized from water to remove traces of alkali 
metal impurities. 


Solubility determination. A suspension of ca 100 mg 
of adduct was made in 1 ml of aqueous solution of 
ligand, HCl, LiPiCl2 or LiPiMez, stirred for 5 min and 
then decanted. Then 15-20 ml of fresh solutio! were 
introduced and the suspension was stirred at 25 C for 
24 h. The filtrate was analyzed spectrophotometrically 
for PiClr7 in 0.001 M aqueous NaOH as described 
previously at Amax 380nm ( ~ = 4 - 1 8  x lo3) or for 
PiMer at X,,, 383 nm (E  = 4.85 x lo3). The content of 
18C-6 in the saturated solutions of the dichloropicrate 
adducts was found by exhaustive extraction with 
KPiCl2 into C H Z C I ~ , ~ , ~ '  while KPiMe2 was used in the 
extraction of solutions of the dimethylpicrate adduct 
[A,,, 404 nm (c = 5.71 x lo3)]. Alkalimetric titrations 
and pH measurements were performed using an Orion 
Model 701A potentiometer with a Fisher combination 


pH glass electrode. The presence of 0.085 M LiPiClz 
introduced a negligible Li+ ion error since the paH of 
a 2.91 X M HC104-0-035 M EhNC104 mixture 
was 2-53, compared with 2-56 in 2-91 x 1 0 - 3 ~  
HC104-0-035 M LiPiCIz solution. 


Instrumentation. 'H NMR, Fourier transform IR, 
differential scanning calorimetry, capillary melting 
point equipment and techniques have been described 
previously. 
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APPENDIX 
When water is saturated both with respect to  2 and 
18C-6.KPiC12, PiClr (X-)  functions as the common 
ion. Therefore, 


(3) 


K(LK+) = [LK+ly(LK+)/[Ll [K+Iy(K+) (4) 


[LK'] + [K+] + [H'] = [ X - ]  


Substituting the equations 


and 


KSP(LKX)= [LK+] [X-]y(LK+)y(X-)  (5) 


and equation (1) into equation (3) gives 


KSP(LKX) = 1 1  + y(LK+)/K(LK+)[L]y(K+)] 
+ KsPl/Z [L(HX. H20)2l~(LK+)/  [Ll 'I2 


y ( H + )  = [X-I 2 ~ ( L K ' ) ~ ( X - )  (6) 
Using values of K(LK+ = 1 0 ~ . ~ ~ , ~ ~  K'P(LKX) = 
1 . 4 4 ~  10-7,29KSp[L(HX-H20)2] = 4 - 1 8  x lo- ' '  (this 
work) and the experimental value of [L], 
5 .29 x M, in equation (6), [X-IFalc. = 0.0104 M, 
compared with the experimental value of 0-0106 M. To 
a good approximation, [L] is the concentration of free 
ligand, calculated to  be 5.27 x M. From the 
above, it is concluded that mixed complexes 
L K +  (HX H20)2X- and LK+ (HX * H*O)HX2- are 
essentially absent, both in solution and in the solid 
state. 
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STUDIES ON THE THERMAL DECARBOXYLATION OF 
1 -ALKOXYCARBONYLBENZOTRIAZOLES 


ALAN R. KATRITZKY,* GUI-FEN ZHANG, WEI-QIANG FAN, JING WU AND JULIUSZ PERNAK 
Department of Chemistry, University of Florida, Gainesville, Florida 3261 1-2046, U. S. A. 


1-Alkoxycarbonylbenzotriazoles on thermolysis lose carbon dioxide; the decarboxylntion is accompanied by the 
formation of a mixture of 1- and 2-alkylbenzotriazoles, with the N-1 isomer predominating over the N-2 isomer in 
all cases. A cross-over experiment, in which heating equimolar amounts of 1-benzyloxycarbonylbenzotrinzole and 144- 
methylbenzyloxycarbonyl)-5,6dimethylbenzotriazo~e gave almost all the cross-over products, supports the proposed 
intermolecular mechanism for this decarboxylation and the formation of 1- and 2-alkylbenzotriazoles. No 
decarboxylation was observed for 1-phenoxycarbonylbenzotriazole. 


INTRODUCTION 
Many 1-substituted benzotriazoles undergo thermally 
induced reversible isomerization to N-2 isomers. The 
interconversions of N- [a-(N‘, N’-dialkylamino)alkyl]-, 
N [a-(alkoxy)alkyl]- and N- [a-(alkylthio)alkyl]-benzo- 
triazoles have been extensively studied. The thermo- 
lyses of N-benzyl-, N-diarylmethyl- and N-trityl-benzo- 
triazoles in the absence of solvent have also been 
investigated. In all these isomerizations, a heterocyclic 
N-C bond breaks to form, as intermediates, the ben- 
zotriazole anion and the corresponding carbocations 
which are stabilized by an a-heteroatom (N, S or 0) or 
by a conjugated *-system. The recombination of the 
intermediate ion pairs gives mixtures of the 1- and 2- 
substituted isomers. We also reported a mechanistic 
study of the rearrangement of l-benzoyloxybenzo- 
triazole to 3-benzoylbenzotriazole 1 -oxide in which the 
benzotriazole 1-oxide and RCO+ intermediates were 
formed. A cross-over experiment demonstrated an 
intermolecular process. 


We have now studied the thermolysis of l-alkoxy- 
carbonylbenzotriazoles. Our primary results show that 
1-alkoxycarbonylbenzotriazoles on thermolysis lose 
carbon dioxide. This decarboxylation is accompanied 
by the formation of a mixture of 1- and 2-alkylbenzo- 
triazoles. No isomerization to give 2-alkoxycarbonyl- 
benzotriazoles was detected. The present study was 
undertaken because the chemistry of N-acylated benzo- 
triazole derivatives in general and of N-alkoxycarbonyl- 
benzotriazoles in particular is little known. Almost no 
synthetic applications as well as theoretical studies of 
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N-alkoxycarbonylbenzotriazoles have been reported. 
The only known example is that l-alkoxycarbonyl- 
benzotriazoles react with secondary amines to give 
N,N-dialkyl carbamates. By contrast, the 0-acyl 
derivatives of 1-hydroxybenzotriazole are of consider- 
able importance in organic synthesis, especially in 
peptide chemistry, and many relevant mechanistic 
studies have been reported. 7*10~11 


RESULTS AND DISCUSSION 


Preparation of 1-alkoxycarbonylbenzotriazoles 
1-Alkoxycarbonylbenzotriazoles have been prepared 
previously from benzotriazol-1-ylcarboxylic acid 
chloride and alcohols. 8*12 1-Alkoxycarbonylbenzo- 
triazoles are also available in 11-22070 yield from the 
reaction of benzotriazole and chloroformic acid 
esters.” We now report a novel access to this type of 
compound by using 1,l’ -carbonyldibenzotriazole. 


Although 1,l ‘carbonyldiimidazole is a valuable syn- 
thetic reagent with applications in the synthesis of 
esters, amides, amino acids, hydrazides and 
anhydrides, 14*15 most carbonyl transfer reactions using 
1,l’  -carbonyldibenzotriazole remain to be explored. 
1 , l ’  -Carbonyldibenzotriazole has previously been 
applied in the synthesis of adenosine 5’-diphosphate, l6 
and of nucleoside and polyprenylpyrophosphate 
sugars. 17*18 The kinetics of the hydrolysis and methano- 
lysis of N,N’-carbonyldibenzotriazole have also been 
studied. l9 We recently found that 1,l’  -carbonyl- 
dibenzotriazole is a versatile dehydrating agent useful in 
the synthesis of nitriles. 2o 
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We have now discovered that 1,l '-carbonyldibenzo- 
triazole (3a), prepared from 1-(trimethylsily1)- 
benzotriazole (2a) and phosgene, reacted with various 
alcohols at room temperature to give l-alkoxycarbonyl- 
benzotriazoles 4a-g (Scheme 1). Aliphatic, aromatic 
and allylic alcohols all reacted cleanly to give high yields 
of 4a-g (Table 1). However, the reaction of 
1,l '-carbonyldibenzotriazole (3a) with 4-nitrophenol 
gave only benzotriazolium 4-nitrophenolate in 85 070 
yield. Compounds 4a-g were characterized by their 'H 
and I3C NMR spectra and elemental analyses (Tables 
1-3). All the N-alkoxycarbonylbenzotriazoles prepared 
from 1, l  '-carbonyldibenzotriazole (3a) were obtained 
solely in the N-1 isomeric form, and no 2-alkoxy- 
carbonylbenzotriazoles were detected in the 'H NMR 
spectra, indicating no isomerization of l-alkoxy- 
carbonylbenzotriazoles into their 2-isomers. In the I3C 
NMR spectra of 4a-g, the carbonyl carbon signals 
appear between 148.5 and 150-1 ppm. 


Similarly, l-alkoxycarbonyl-5,6-dimethylbenzotriaz- 
oies 4h-j were prepared in good yields from 1,l- 


carbonyldi(5,6-dimethylbenzotriazole) (3b), available 
from the reaction of 1-(trimethylsily1)-5,Cdimethyl- 
benzotriazole (2b) and phosgene, and the appropriate 
alcohols (Scheme 1). Thus, 1-benzyloxycarbonyl- (4h), 
1 -(4-methylbenzyloxycarbonyl)- (4i) and 1 -crotyloxy- 
carbonyl-5,6-dimethyl-benzotriazoIe (4j) were each 
synthesized and characterized by their 'H and I3C 
NMR spectra and analyses (Tables 1-3). 


Decarboxylation 
1-Alkoxycarbonylbenzotriazoles are readily decarboxy- 
lated to give the correspounding N-alkylbenzotriazoles 
in good yields. All the decarboxylations were carried 
out by heating the neat 1-alkoxycarbonylbenzotriazoles 
(without solvent) under an inert atmosphere at appro- 
priate temperatures (Table 4). Even at elevated tem- 
perature, the decarboxylation is a slow process for 
many of the compounds studied, whereas all these com- 
pounds are stable at room temperature. All com- 
pounds, except 1 -phenoxycarbonyl-benzotriazole (4d), 


1 
2a: X = H  
2 b  X = M e  


N 


co - 
c w  


X 
4a - 4j  


3a: X = H  
3b: X = M e  


5 
Scheme 1 


6 







DECARBOXYLATION OF 1 -ALKOXYCARBONYLBENZOTRIAZOLES 569 


Table 1. Preparation of 1-Alkoxycarbonylbenzotriazoles (4) 


Calculated (%) Found (To) 


No. R X Yield (Yo) M.p. ("C) Formula C H N  C H N  


4a Me H 90 69-7Ia CaH7N30z 54.24 3.98 23.12 54.60 4.07 24.24 
4b Et H 96 70-72b C9H9N302 56.54 4.74 21.98 56.70 4.73 22.14 
4c n-Bu H 95 Oil CllH13N302 219.1008c 219.1010' 
4d Ph H 79 108-110d C13HgN302 55.59 3.50 16.21 55.27 3-41 16.07 
4e PhCHz H 95 98-1Wd C14HiiN30z 66.40 4.38 16.59 66.72 4.41 16.91 
4f 4-MeC6H4CHz H 67 85-86 C ~ ~ H I ~ N ~ O Z  67.41 4.90 15.72 67.30 4.88 15.45 
40 CHz=CHCHz H 61 Oil C I O H ~ N ~ O Z  203.0695' 203 -0520' 
4h PhCHz Me 94 109-110 C I ~ H I ~ N ~ O Z  68.31 5.37 14.44 68.04 5.35 14.16 
4i 4-MeCsHKHz Me 72 138-139 C I ~ H ~ ~ N ~ O Z  69.14 5.80 14.23 68.77 5.83 13.93 
4j CHsCH=CHCHz Me 93 74-76 C I ~ H I ~ N ~ O Z  63.66 6.16 17.13 63.46 6.20 17.10 


'This compound was reported previously without n ~ . p . * ~  
bLit.s m.p. 71-73OC. 
' High-resolution mass spectrum. 
dLit .8 m.p. 108-lIO°C. 


Table 2. 'H NMR spectral data for 1-alkoxycarbonylbenzotriazoles (4) 


4-H 5-H 6-H 7-H 
No. (d) ( 0  (t) (d) 5-Me 6-Me R 


4a 8.13 7.65 7.49 
4b 8.14 7.65 7.49 
4c 8.13 7.66 7-49 
4d 8.18 7.52 7.48 
4e 8.11 
4f 8.10 7.61 7.46 
4g 8.01 7.53 7.37 


4h 7.85 - - 
4i 7.83 
4j 7.84 


a a 


- - 
- - 


8.10 
8-11 
8-11 
8-14 
8.08 
8.07 
7.97 


4.24 (s, 3H) 
4.70 (q,J=6.9,2H), 1.58 ( t , J=6 .9 ,3H)  
4.64 (t, lH), 1-93 (m,2H), 1-55 (m,2H), 1.02 (t. 3H) 
7.48 (t, lH), 7.35 (m,2H), 7-27 (d,2H) 
7.65 - 7.53 (m, 2H), 7.48 - 7.37 (m, 3H), 5.63 (s, 2H) 
7.45 (d, 2H), 7.22 (d, 2H), 5.58 (d, 2H), 2.36 (s, 3H) 
6.04 (m. IH), 5.47 (d, J =  17.21H), 5.33 
(d, J =  10.41H). 5 . 0 0  (d, J=6 .1 ,2H)  
7.54 (d, 2H), 7-42 (m, 3H), 5.61 (s, 2H) 
7.45 (d, 2H), 7-22 (d, 2H), 5.57 (s,2H), 2-36 (s, 3H) 
6.05 (m, lH), 5.85 (m, lH), 5-02 (d, 2H), 1.80 (d, 3H) 


7.83 
7.81 
7.81 


2.42 
2.42 
2.44 


2.40 
2.39 
2.41 


a Overlapping signals. 


Table 3. I3C NMR spectral data for 1-alkoxycarbonylbenzotriazoles (4) 


Benzotriazole moiety 


No. C=O C-4 C-5 C-6 C-7 C-3a C-7a 5-Me, 6-Me R 


4a 24 


4b 
4c 
4d 
4e 
4f 


149.2 
149.0 
148.7 
150.0 
148.8 
149-3 


120.3 
120.3 
120.0 
120.6 
120.3 
120-2 


125.7 
125.6 
125.5 
126.0 
125.7 
125.6 


130.2 
130.1 
129.9 
129.8 
130.1 
130-1 


113.3 
113.4 
113.2 
113.5 
113.4 
113.2 


113.2 
113.0 
113-0 


112.9 


145.8 
145.8 
145.6 
146.0 
145.8 
146-2 


131.7 
132.2 
131.5 
130.5 
131.7 
130-9 


55.2 
65.1, 14.2 
68,7, 30.3, 18.7, 13.4 


127.0, 126.2, 121.1, 120.8 
133.8, 129-1, 128.8, 120.4, 70.3 
139.1, 129-5, 129.1, 129.0, 70.4, 


130.2, 120.2, 69.1 
134.1, 129.0, 128.8, 128.2, 70.1 
139.0, 129.4, 128.8, 128.7, 70-1, 


134.3, 123.4, 79.2, 17.7 


21.2 


21.2 


4g 
4h 
4i 


148.5 
149.3 
149.4 


149.2 


120.2 
119.5 
119.5 


119.4 


125.6 
130.6 
131.1 


131.9 


130-0 
135.5 
135-4 


135.3 


145.7 
145.0 
145.7 


144.8 


131.5 
140.7 
140.7 


140.6 


- 
20.9, 20.3 
20.9, 20.3 


20.8, 19.1 4j 
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where no change could be detected, underwent clean 
decarboxylation to afford mixtures of 1-(5) and 2- 
alkybenzotriazoles (6) at cu 120 "C for 12-24 h. 


The mixtures of 1 - and 2-alkylbenzotriazoles formed 
from the decarboxylation of 4a, b and c (R = Me, Et 
and n-Bu) were not separated, and their characteriz- 
ations were achieved by comparisons of their 'H and 
I3C NMR spectra (Tables 6 and 7) with those of auth- 
entic specimens*' and from spectra obtained by gas 
chromatography-mass spectrometry (GC-MS). All 
other mixtures of 1-alkyl- and 2-alkylbenzotriazoles, 
were separated by column chromatography and each 
was characterized by 'H and 13C NMR spectra (Tables 
6 and 7) and elemental analyses (Table 5) .  


We have recently reported that N-diarylmethyl- and 
N-tritylbenzotriazole undergo thermal isomerizations 


with the N-1 isomers predominating over the N-2 
isomers. However, no isomerization could be detected 
for N-benzylbenzotriazoles and N-alkylbenzotriazoles 
even after heating at 250°C for 5 h.6 Our current 
results show that 1-alkoxycarbonylbenzotriazoles did 
not isomerize to their 2-isomers even at elevated tem- 
peratures as no 2-alkoxycarbonylbenzotriazoles were 
found when compounds 4 were heated for a short time. 
Further, when 4d (R = Ph), which did not decarbox- 
ylate at all, was heated at 120 OC for 24 h, only starting 
material was obtained and no isomerization to its 
2-isomer was detected. 


Cross-over experiment 


To help determine the decarboxylation mechanism, a 


Table 4. Decarboxylations of 1 -alkoxycarbonylbenzotriazoles (4)' 


Products ratiob 
~ ~~ 


Compound R X Temperature ("C) N-1 (5) (To) N-2 (6) (%) 


4a 
4b 
4e 
4d 
4e 
4f 
4g 
4h 
4i 
4j 


Me 
Et 
n-Bu 
Ph 


4-MeC6kbCHz 
PhCHz 


CHz=CHCHz 
PhCHz 


CHpCH=CHCHz 
4-MeCaH4CHz 


H 
H 
H 
H 
H 
H 
H 


Me 
Me 
Me 


I20 
120 
120 
120 
120 
118 
140 
120 
118 
115 


71 
73 
78 
0 


82 
74 
71 
76 
74 
73 


29 
27 
22 
0 


18 
26 
29 
24 
26 
27 


a I-Alkoxycarbonylbenzotriazoles were heated for 12-24 h at the temperatures indicated. 
bRatios were obtained from the relative intensities of the integration signals of 'H NMR N-1 = I-alkylbenzotriazole and 
N-2 = 2-alkylbenzotriazole. 


Table 5.  Characterization of N-alkylbenzotriazoles (5 and 6) 


Calculated (%) Found (Vo) 
Lit. m.p. 


H N  No. R X M.p. ("C) or b.p. ("C) C H N  C 


5e 
6e 
5f 
6f 
5g 
61 
5h 
6h 
5i 
6i 
5j 
6j 


PhCHz 
PhCHz 
4-MeCaH4cH~ 
4-MeCsHdCHz 
CHz=CHCHz 
CHz=CHzCHz 
PhCHz 
PhCHz 


4-MeC6H4CH~ 
CHsCH=CHCHz 
CH$H=CHCHz 


4-MeCsH4CHz 


H 
H 
H 
H 
H 
H 


Me 
Me 
Me 
Me 
Me 
Me 


113-115 
Oil 


Oil 
Oil 
Oil 


Oil 


126- 127 


165-166 


142- 144 
102- 103 
61-62 
46-47 


114-1 16" 
Oil2* 


106- 10726 
Oil 26 


161/15 mmHgZ7 
127/15 mmHgZ7 


- 


- 
209.0953' 
75.34 
- 


1 59.0796' 
159-0796' 
75.92 
75-92 
76.46 
76.46 
71.61 
71.61 


- 
5-83 


6.37 
6.37 
6.82 
6.82 
7.51 
7.51 


18.83 


17.71 
17.71 
16.72 
16.72 
20-88 
20.88 


- 
209.0937' 
75-13 - 


159.0781 a 


159.0780' 
75.84 
75.94 
76.29 
76.47 
71.71 
71.49 


- 


5.89 


6.65 
6.66 
6.87 
6.84 
7.58 
7.54 


18.98 


17-78 
17-79 
16-74 
16.77 
21.13 
20.88 


* High-resolution mass spectrum. 







DECARBOXYLATION OF 1-ALKOXYCARBONYLBENZOTRIAZOLES 57 1 


Table 6. 'H NMR spectral data for N-alkylbenzotriazoles (5 and 6) 
~~ 


NO. H-4 H-5 H-6 H-7 5-Me, 6-Me R 


5a 7.53 (d) 7.38 ( t )  a 8.06 (d) - 4.30 (s) 
6a 7-85 (m) 7.38 (m) 7-38 7.85 - 4.52 (s) 
5b 7.54 (d) 7.40 (t) 7.58 (t) 8.07 (d) - 4.70 (q, CHz), 1.64 (t. CH3) 
6b 7.86 (m) 7.35 (m) 7-35 7.86 - 4.79 (q, CHz), 1.72 (t, CH3) 
5c 7.50(d) 7.38 (t) a 8.06 (d) - 4.64 (t), 1.99 (m), 1.41 (m), 0.96 (t) 
6c 7.86 (m) 7-38 (m) 7-38 7-86 - 4-73 (t), 2.10 (m), 1-41 (m), 0.96 (t) 
5e a 8.05 (d) - 7.35 - 7.16 (m), 5.76 (s, 2H, CHz) 
6e 7.81 (m) a 7-81 - 7.10 (m), 5.64 (s, CH4) 


6f 7.86 (m) 7.35 (m) 7.36 7.86 - 7.22 (m, 4H), 5.82 (s, 2H), 2.30 (s, 3H) 
5g 7.51 (d) 7.36 (t) 7.44 (t) 8.04 (d) - 6.05 (m, IH,CH=), 5.35 (m,2H, =CHz), 5.25 (d,CHz) 
6g 7.87 (m) 7.35 (m) 7.35 7.87 - 6.20 (m, lH,CH=) ,  5.39 (d, IH), 5.33 (m,3H) 
5b 7.10 (s) - - 7.58 (s) 2.36, 2.33 7.32-7.24 (m,5H), 5.77 (s,2H,CHz) 
6h 7.58 (s) - - 7.58 (s) 2.36 (s,6H) 7.34-7.29 (m,5H), 5.81 (s,2H,CH2) 
5i 7.10 (s) - - 7-77 (s) 2.35, 2.33 7-20 - 7.10 (m,4H), 5.72 (s, 2H, CHI), 2.30 (s, 3H, CHI) 


5j 7-24 (s) - - 7-74 (s) 2.39, 2-36 5-76-5.69 (m,2H,CH=CH), 5.12 (d,2H), 1.72 (d,3H, CH3) 
6j 7.58 (s) - - 7.58 (s) 2.38 (s.6H) 5-85 (m,2H,CH=CH), 5.20 (d,CHZ), 1.75 (d,3H,CH3) 


'Overlapping signals. 


a a 


a 


5f 7.40 (d) 7.32 (t) 7.10 (t) 8.06 (d) - 7.40 (d,2H), 7.09 (d,2H),5.79 ( s ,CH~) ,  2.29 ( s , C H ~ )  


6i 7.49 (s) - - 7.49 (s) 2.29 ( s , ~ H )  7.19 (d,2H), 7.05 (d,2H), 5.69 (s,CHZ), 2.22 ( s , ~ H )  


Table 7. "C NMR spectra data for N-alkylbenzotriazoles (5 and 6) 


Benzotriazole moiety 


NO. C-4 c -5  C-6 C-7 C-3a C-7a 5-Me, 6-Me R 


5a 
6a 
5b 
6b 
5c 
6c 
5e 
6e 
5f 
6f 
5g 
6g 
5h 
6h 
5i 
6i 
5j  
6j 


119.8 
117.7 
119.9 
117-8 
119.9 
117.8 
120.0 
118.0 
119.9 
118.0 
119.5 
117.8 
119.0 
116.5 
119.0 
116.5 
118.6 
116.4 


123.8 
126.2 
123.8 
126.1 
123.9 
125.8 
123.8 
125.8 
123.8 
125.3 
123.6 
126.2 
131.8 
136.7 
132.0 
136.6 
131.6 
136.6 


127-2 


127.1 


127.0 


127-3 


127.3 


126-9 


133.7 


133.6 


133 


- 


- 


- 


- 


- 


- 


- 
- 


- 


109.1 


109.2 


109.2 


109.7 


109.7 


109.5 


109.0 


109.1 


108.9 


- 


- 
- 


- 
- 


- 


- 


- 


- 


144.2 
144.2 
144.4 
144.3 
144.2 
144.2 
146.3 
145.5 
144.7 
144.5 
146.0 
144.3 
145.7 
144.0 
145.6 
144.3 
145.2 
143-8 


133.1 


133.0 


133.0 


132.8 


134.6 


132.6 


137.7 


138.0 


137.2 


- 


- 


- 


- 


- 


- 


- 


- 


- 


- 
20.9, 20.3 
20.8 
20-6, 20.3 
20.8 
20.7, 20.1 
20.8 


~ ~ ~~ 


34.1 
42.3 
43.2, 14.9 
52.0, 15.0 
47.8, 31.6, 19.7, 13.4 
56.2, 31.9, 19.9, 13.4 


134.7, 128.9, 128.4, 127.5, 52.2 
135.0, 128.8, 128.5, 128.2, 60.1 
129.2, 128.8, 128.2, 124.6, 52.2, 21.3 
134.5, 129.3, 128.9, 126.2, 60.3, 21.2 
130.9, 118.9, 50.4 
130.9, 119.9, 51.2 
135.0, 128.8, 128.2, 127.4, 51.9 
135.0, 128.7, 128.3, 128.1 
137.6, 129.5, 127.5, 127-3, 51-8, 21.0 
138.2, 129.4, 128.8, 128.1, 59.8, 21.1 
130.5, 124.2, 49.9, 17.4 
131.7, 124.3, 58.2, 17.7 


cross-over experiment was performed by heating 
equimolar amounts of l-benzyloxycarbonylbenzo- 
triazole (4e) and 1-(4-methylbenzyloxycarbonyl)-5,6- 
dimethylbenzotriazole (4i), at 120 "C for 2 h. GC-MS 
of the mixture of the products unambiguously revealed 
the formation of the cross-over products. Seven of the 
eight possible decarboxylation products were detected 
by GC-MS. The molecular ions of N-benzylbenzo- 
triazole (M' = 209), N-(4-methylbenzyl)benzotriazole 


(M+ = 223), N-benzyl-5,6-dimethylbenzotriazole 
(M' = 237) and N-(4-methylbenzyl)-5,6-dimethylbenzo- 
triazole (M' = 251) were observed in the mass spectrum 
of the mixture. The NMR spectra were too complex to 
be assigned, and no attempt was made to separate the 
mixture. From this cross-over experiment, it is clear 
that the decarboxylation proceeds via an intermolecular 
process. 
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Mechanism 
It has been clearly demonstrated by recent work22 that 
benzotriazole can be alkylated effectively by alkyl 
halides in refluxing benzene in the absence of any added 
base. We therefore suggest the mechanism outlined in 
Scheme 2. 


An alkyl group is transferred from one molecule of 
4 to the nitrogen of another 4 with the loss of C02 and 
formation of the N-3-alkylated benzotriazole cation 7 
and benzotriazole anion 8. The ambient anion 8 then 
reacts with 7 to give a mixture of the correspounding 1- 
alkylbenzotriazole 5 and 2-alkylbenzotriazole 6. 


to 1-(trimethylsily1)benzotriazole (2a) (19.1 g, 8- 1 mol) 
at 0 "C in CHzCl2 (30 ml). The mixture was stirred at 
room temperature for 1 h. The precipitate was filtered 
and washed with dried methylene chloride. Recrystal- 
lization from benzene gave 1,l '  -carbonyldibenzo- 
triazole as needles (3a) (50%); m,p. 183-185 "C (lit.23 
m.p. 182-183 "C). 'H NMR: 6 8.25 (d, J =  8.3 Hz, 
lHz, 8.21 (d, J = 8 . 3  Hz, lH), 7.78 ( t , 5 = 8 - 1  Hz, 
lH), 7.62 (t, J = 8 . 1  Hz, 1H). I3C NMR: 6 145.5, 
132.3, 130.6, 126.5, 120.6, 113.2. Analysis Calculated 
for C&&O, c 59.09, H 3.05, N 31.80; found, C 
58.87, H 2.99, N 32.25%. 


4 I 8 


R 
I 


8 7 5 


Scheme 2 


6 


EXPERIMENTAL 
Melting points were determined with a Thomas- 
Hoover melting point apparatus and are uncorrected. 
The 'H (300MHz) and I3C (75 MHz) NMR spectra 
were taken on a VXR-300 spectrometer in CDCl3 or 
DMSO-da with tetramethylsilane as the internal stan- 
dard. Mass spectra were obtained on an AEI MS 30 


I ,  1 '-Carbonyldi(5,6-dimethylbenzotriazole) (3b). 
This compound was prepared in 40% yield from 5,6- 
dimethylbenzotriazole by the above procedure. 'H 
NMR: 6 7.93 (s, 4H), 2.49 (s, 6H), 2.46 (s, 6H). "C 
NMR: 144.8, 141.4, 136.5, 131.4, 120.0, 113-1,21*0, 
20.4. Analysis calculated for Cl+I,aN&, c 63.74, H 
5.03, N 26.23; found, C 63.53, H 5.02, N 26.39%. 


General procedure for the preparation of I-(alkoxy- 


triazole (20 mmol) was stirred with the appropriate 


mass spectrometer. Elemental analyses were performed 


triazole was prepared as reported previously. 21 
at the University of l-(TrimethYlsilYl)benzo- ~ a r b o n ~ ~ b ~ ~ z o , ~ j a z ~ ~ e ~  (4a-j). I , ]  I -carbonyldjbenzo- 


alcohol (15 ml) at room temperature until the solid had 
1.1 '-Carbonyldibenzotriazole (3a). Phosgene completely dissolved. The excess alcohol was evapor- 


ated and the residue dissolved in methylene chloride, (0.05 mol, 25 ml of 20% solution in toluene) was added 
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washed with KOH (3%, 15 ml) and dried over MgS04 
( log) .  The solvent was evaporated and the residue 
recrystallized from the appropriate solvent and 
characterized (see Tables 1-3). 


Benzotriazolium 4-nitrophenolate. This is the only 
product (85% yield) from the above procedure with 4- 
nitrophenol; m.p. 77-78 "C (AcOEt-hexane). 'H 


(m, 2H, BtH), 7.48 (m, 2H, BtH), 6-97 (d, J =  9.2 Hz, 
2H). I3C NMR: 6 163-9, 139.6, 126.3, 126.1, 125.4, 
115.9, 106.6. Analysis calculated for Cl~H10N403, C 
55.81, H 3.88, N 21-71; found, C 56.30, H 4-04, 
21 -79%. 


NMR (DMSO-&): 6 8.14 (d, 5 = 9 * 2  Hz, 2H), 7.95 


Decarboxylation. All the decarboxylations of 1- 
alkoxycarbonylbenzotriazoles were carried out with 
dry, pure samples under an argon atmosphere. Each 
sample (50-100mg) of compounds 4a-j was heated 
alone at  the specified temperature for 12-24 h. The pro- 
ducts were cooled rapidly, dissolved in CDCl3 and their 
spectra recorded. The mixtures of 1- and 2- 
alkylbenzotriazoles 5a-6a (R = Me), 5b-6b (R = Et) 
and 5c-6c (R = Bu) were characterized without separ- 
ation by their 'H and I3C NMR spectra, which were 
consistent with those previously reported. Other mix- 
tures were separated by column chromatography (silica 
gel, CDCl3-hexane) and characterized (Tables 5-7). 


Cross-over experiment. Finely powdered pure 
samples of compounds 4e and i(0-50 mmol each) were 
mixed well and heated at 120 C for 2 h. The sample 
was then cooled and subjected to  NMR spectrometry 
and GC-MS. 
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ESTIMATION OF THE HAMMETT SUBSTITUENT CONSTANT 


N-NITRO-N-METHYL-p-NITROANILINE: ANALYSIS OF 


FOR THE N-METHYLNITRAMINO GROUP 


ROMANA ANULEWICZ AND TADEUSZ MAREK KRYGOWSKI 
Department of Chemistry, University of Warsaw, Pasteura I .  02-093 Warsaw, Poland 


AND 
RYSZARD GAWINECKI AND DANUTA RASALA 


Institute of Chemistry, Pedagogical University, Ch&ska 5, 25-020 Kielce, Poland 


The crystal and molecular structure of N-nitro-N-methyl-p-nit~aniline was solved with good precision: R = 0.058 and 
average estimated standard deviation for bond lengths = 0.W3 A. Analysis of the geometry reveals that the NO1 
attached to the N atom is strongly conjugated. Application of the HOSE model to its geometry and to geometries 
of 12 other pura-substituted nitrobenzenes yields good liaerr regressions between canonical structure weights and 
Hammett u values. by interpolation, u for the N(Me)N02 group is estimated to 0-36. 


INTRODUCTION 
The N-methylnitramino group is a complex substituent 
for which substituent parameters such as u constants 
or group ele~tronegativity~’~ are either not well estab- 
lished or not known. Undoubtedly the nitro group sub- 
stituted at the nitrogen atom of the amino group 
increases its eletronegativity. In addition, it should be 
taken into account that the lone pair at the amino group 
may be involved in cooperative interactions with the x- 
electron system of the nitro group. These kinds of inter- 
actions are usually reflected in the geometry of the 
molecule or that part of it involved in them4 


The aim of this work was to anaiyse similarities and 
dissimilarities in the geometry of the title system in 
comparison with the series of para-substituted deriva- 
tives of nitrobenzene and a few examples of 
para-substituted derivatives of aniline or its N. N- 
dialkyl derivatives. 


EXPERIMENTAL 
N-Nitro-N-methyl-p-nitroaniline (NMNA) was synthe- 
sized according to the literature procedure’ by nitration 
of N-methyl-p-nitroaniline with fuming nitric acid 


0894-3230/93/050257-04$07.00 
0 1993 by John Wiley & Sons, Ltd. 


(d= 1-53 in acetic anhydride in 83% yield, m.p. 
139-140 C (from EtOH). 


A crystal of dimensions 0.35 x 0.3 x 0-3 mm was 
used for data collection. KM4 KUMA-Diffraction (a 
Polish diffractometer) was used with graphite mono- 
chromated Cu Ka radiation. Unit cell parameters were 
obtained by a least-squares fit of th: setting angles of 25 
reflections in 8 range 11  Q 8 Q 22 . The intensities of 
1919 reflections were measured, with o - 28 scans, iqdex 
range h < 10, k < 18, -20 < I <  20, sin 8/X 6 0.64 A-’. 
The data were corrected for Lorentz and polarization 
effects but not for absorption. Three reflection (121, 
321 and 332) were monitored every 100 reflections. 
No significant variation was detected (the variation 
of the intensity control reflections was ~ 5 % ) .  Of 
1919 measured reflections, 1382 with FO 2 3u(F0) were 
used in the calculations. The structure was solved by 
direct methods. Full-matrix least-squares refined 
minimizing C w(l FO I - IF, I)’ with weights w = 
[ ~ ’ ( F o )  + O-oOool(F~)~] - I  was employed. Final 
R = 0-0582, WR = 0.0617, S= 5.2235 for 1382 reflec- 
tions and 146 parameters. The final difference Fourier 
map showed Apmu = +0.21, Apmin = -0.23 e A-’ and 
average A l p  = 0.0008. The computer programs 
SHELXS-866 and SHELX-76’ were used. The final 
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geometrical calculations were performed with the CSU 
program. ' The molecular illustrations were drawn 
using PLUTO. Atomic scattering factors were taken 
from published tables. lo 


RESULTS AND DISCUSSION 
The crystal data for NMNA are given in Table 1, final 
atomic parameters for heavy atoms are given in Table 2 
and the molecular geometry and atom numbering are 
shown in Figure 1. 


N(Me)NOZ is alm$st perpendicular to the plane of 
the ring ((p= -72-3  ) whereas the other nitro group is 
almost coplanar with the ring ((p = 2.5"). 


Table 1. Crystal data 


Molecular formula 
Molecular weight 
Space group 
Cell dimensions (A) 


Cell volume (A') 
Molecular multiplicity 
Calculated density (g cm-') 
Radiation, X(Cu K,) (A) 
Linear absorption coefficient (cm- 
Reflections F > 3o(F) 
R 
WR 


C~H7N304 
197.15 
Pcab 
a=7.249(1) 
b = 14*157(3) 
c = 16*445(5) 
V =  1687.7 
z = 4  
1.552 
1 * 540562 


- ' I  10.73 
1382 
0.0582 
0.0617 


Table 2. Non-hydrogen fractional atonic coordinates, iso- 
tropic/equivalent temperature factors ( A  **2) with estimated 


standard deviations in parentheses 


N- 1 
0- 1 
0 -2  
N-2 
N-3 
0-3 
0-4 
c- 1 
c-2 
c-3 
c-4 
c-5 
C-6 
c-7 


2372(3) 
1958(3) 
2708( 3) 
2991 (3) 
15 19(3) 
1823(3) 


2446(3) 
2990(4) 
3113(4) 
2693(3) 
21 12(4) 
1993(4) 
4819(4) 


-31(3) 


83%(1) 
8791(1) 
8819(1) 
4442( 1 ) 
3864(1) 
3013(1) 
4230(1) 
7357(1) 
69 14(2) 
5935(2) 
5441(1) 
5893(2) 
6871(2) 
4036(2) 


~ ~ ~~ 


6239(1) 
5607(1) 
6869(1) 
6256( 1) 
6226(1) 
6232( 1) 
6202(1) 
6251(2) 
6957(1) 
6958( 1) 
6261 ( 1) 
556l(l) 
5552( 1) 
63 16(2) 


a V., is calculated as" (U1 l*(astar*a)**2 + U22*(bstar*b)**Z 
+ U33*(lcs~ar*c)**2 + 2(U12*astar*bstar*a*b*cos gamma + U13lastar 
*cstar*a c cos beta + U23*b~tar*cstar*b*c*cos alpha))/3. where astar, 
bstar and cstar are reciprocal a, b and c, respectively, and thermal par- 
ameters for anisotropic vibrations defined by Cruickshank '* as T= 
exp(-Z'pi**2(Ull*(h*astar) **2 + ... + 2*U12*h*k*astar*bstar + ...)). 


In order to determine the character of N(Me)N02 as 
a substituent, the appropriate bond lengths in NMNA, 
p-dinitrobenzene, l3  N,N,N',N'-tetramethyl-p-phenyl- 
enediamine14 and N,N-diethyl-p-nitroaniline l5 are 
compared in Table 3. Analysis of the differences in the 
lengths of the appropriate bonds leads to the conclusion 
that there is a strong similarity between NMNA and 
p-dinitrobenzene: no difference in the appropriate bond 
length in the ring exceeds 0.4pm and the difference 
between the lengths of ClNl is only 0 - 6  pm. This means 
that the nitro group interacts with the ring in NMNA 
almost as strongly as if it was linked directly to the ring. 
As the dihedral anogle between the N(Me)NOz group 
and the ring is 72.3 , the interactions seem to be almost 
entirely a field/inductive effect. 


03 
m 


Figure 1. Values of bond lengths, bond angles and dihedral 
angles between the best ring planes 
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Table3. Comparison of bond lengths in NMNA, p- 
dinitrobenzene, N,N,N',N'-tetramethyl-phenylenediamine 


and N, N diethyl-p-nitroaniline 


Bond length (A) 
Compound Ref. C4N C4C3 c3c2 CZCI C I N  


OZN, ,Me 
N 
I 


14 1.407 1.401 1.390 1.401 1.407 
(xj 


Another problem is how the N(Me)N02 group in 
NMNA affects the ring bond lengths in comparison 
with other p-nitro-substituted benzene derivatives. I t  
has already been shownL6 that weights of the canonical 
structures in p-nitro-substituted derivatives of benzene 
follow the Hammett rule well. Here we applied the 
HOSE model" to the geometry of NMNA and 12 
para-substituted nitrobenzenes, taking into account the 
canonical structures presented in Figure 2. Values of 
the canonical structure weights are given in Table4. 
Table 5 gives regression and correlation coefficients of 
the linear dependences 


(1) 


where u(X) represents Hammett substituent constants 
up for electron-accepting substituents and cr; for 
electron-donating substituents (all the cr values used in 
this analysis were taken from Ref. 1, with the following 
values for u: NEt2 and NMe2 -1 -67. NH; 0-57, NO2 
0.81, NH2 -1.47, NHMe -1.57; mean value between 
cr+ for NMez and NHz, COOH 0.44, COO- - 0.05, Ph 
-0.21, -0- -2.3,  OH -0.91, OMe -0.79); p ( i )  is 
the slope of equation (l) ,  being a measure of the sen- 
sitivity of the weight of the ith canonical structure, C(i), 
on the electron acceptingldonating property of the 
substituent X. 


%C(i) = p( i ) c r (X)  + constant 


I Application of the appropriate canonical structure 
weights (i= I + 11, V and VI) and those calculated for 
NMNA from experimental bond lengths in equation (1) 
gives, by interpolation, an average value of cr = 0.36. In 
view of the above discussion it follows that 


1.3a ].420 ].354 cr,(NMeNOz)= crind(NMeN0z). Charton" gives a 
value of 0.39 for qnd, which is in good agreement with 


NMe, 


($ 
NO2 our up valve. 


Table 4. Canonical structure weights of p-nitro derivatives of benzene" 


X I + 11 111 + IV v VI v11 + VlII IX Ref. 


20 19 11 10 10 5 9 8 8 
13 13 14 14 16 9 7 7 8 
2 1 2 1  9 9 9 5 9 9 9 
21 21 9 9 a 5 9 0.1 9 
10 11 14 16 17 11 6 6 9 
I2 I 1  14 14 16 11 7 6 9 
12 12 14 14 16 10 7 7 9 
12 13 13 15  15 10 7 6 8 
15 17 10 12 13 7 8 8 10 
17 17 11 10 1 1  7 9 9 9 
17 16 11 10 1 1  7 9 8 10 
9 10 I5 15 17 12 6 6 9 


13 18 13 12 13 7 7 8 9 
17 18 11 11 I1  6 8 9 9 
18 18 11 12 10 5 8 8 8 
17 18 12 12 11 6 8 8 8 


This work 
14 
18 
13 
15 


19 
20 
21 
22 
23 
24 
25 
26 


27 


- 


- 


- ~~ ~~ ~ 


'Precision of the weights estimate is - I %  or less. 
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w1 Vlll IX I I t  111 N V w 
Figure 2. Canonical structures describing para-substituted nitrobenzenes 


Table 5 .  Regression and correlation coefficients for 
equation (1) 


~ ~~ 


I + I1 3*3(3) 17 -6(4) 0.891 
Ill  + 1v -1.q2) 11 * l(3) -0.773 
V -2*9(3) 10- 9(4) - 0.925 
VI -2.4(2) 6*0(3) - 0.948 
VII + VIII 0.83(1) 8 * 2(2) 0.723 
IX - 0*057(19) 8*8(3) -0.01 


ACKNOWLEDGEMENT 


Financial support by KBN-BSTAT-412/24/92 is grate- 
fully acknowledged. 


REFERENCES 


I .  0. Exner, in Correlation Analysis in Chemistry-Recent 
Advances, edited by N. B. Chapman and J. Shorter, 
p. 439, Plenum Press, New York (1978). 


2. J. E. Huheey, J.  Phys. Chem. 69, 3284 (1%5). 
3. J. E. Huheey, J. Phys. Chem. 70, 2086 (1966). 
4. T. M. Krygowski, Prog. Phys. Org. Chem. 17,239 (1990). 
5 .  E. D. Hughes and G. T. Jones, J. Chem. Soc. 2678 


6. G. Sheldrick, Acta Crystallogr ., Sect. A 46, 467 (1990). 
7. G. Sheldrick, SHELX-76, Program for Crystal Structure 


Determination. University of Cambridge, Cambridge 
(1976). 


(1950). 


8. 1. Vickovic, J .  Appl. Crystallogr. 21, 987 (1988). 
9. W. D. S. Motherwell and W. Clegg, PLUTO, Program 


for Plotting Molecular and Crystal Structures. University 
of Cambridge, Cambridge (1978). 


10. International Tables for X-Ray Crystallography, Vol. 1V. 
(1974) Kynoch Press. Birmingham, England. 


11. A. W. Wilis and B. T. M. Pryor, Thermal Vibrations in 
Crystallography, pp. 101-102. (1975) Cambridge Univer- 
sity Press, England. 


12. D. W. J. Cruickshank, Acta Crystallogr. 9, 747 (1956). 
13. T. di Rienzo, A. Domenicano and L. Riva di Sanseverino, 


14. I. Ikemoto, Acta Crystallogr., Sect B 35, 2264 (1979). 
15. J. Maurin and T. M. Krygowski, J. Mol. Struct. 172,413 


(1988). 
16. T. M. Krygowski and I. Turowska-Tyrk, Collect. Czech. 


Chem. Commun. 55. 165 (1990). 
17. T. M. Krygowski, R. Anulewicz and J. Kruszewski, Acta 


Crystallogr., Sect. B 39, 732 (1983). 
18. G. Ploug-Sorensen and E .  Krogh Andersen, Acta Crystal- 


logr., Sect. B 38, 671 (1982). 
19. M. Colapietro, A. Domenicano, C. Marciante and 


G. Portalone, 2. Naturforsch., Teil B 37, 1309 (1982). 
20. T. W. Panunto, Z. Urbanczyk-Lipkowska, R. Johnson 


and M. C. E. Etter, J. Am. Chem. Soc. 109,7786 (1987). 
21. H. J. Talberg, Acta Chem. Scand., Ser. A 32, 373 (1978). 
22. P. Coppens and C. M. Schmidt, Acta Crystallogr. 18, 62 


(1965). 
23. P. Coppens and C. M. Schmidt, Acta Crystallogr. 18, 654 


(1%5). 
24. T. M. Krygowski and I. Turowska-Tyrk, Collect. Czech. 


Chem. Commun. 55, 165 (1990). 
25. G. Casalone, A. Gavezzotti and M. Simonetta, J. Chem. 


Soc., Perkin Trans. 2, 3426 (1973). 
26. 1. Turowska-Tyrk, T. M. Krygowski, M. Gdaniec, 


G. Hafelinger and G. Titter, J. Mol. Struct. 172, 401 
(1988). 


27. M. Colapietro and A. Domenicano, Acta Crystallogr. 
Sect. B 36, 671 (1982). 


28. M. Charton, Prog. Phys. Org. Chem. 13, 119 (1981). 


Acta Crystallogr., Sect. B 36, 586 (1980). 












JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 6, 54-58 (1993) 


ELIMINATION KINETICS AND MECHANISM OF PRIMARY, 


IN THE GAS PHASE 
SECONDARY AND TERTIARY a-HYDROXYCARBOXYLIC ACIDS 


GABRIEL CHUCHANI,* IGNACIO MARTIN, ALEXANDRA ROTINOV AND ROSA M. DOMINGUEZ 
Centro de Quimica, Institute Venezolano de Investigaciones Cientijicas (IVIC) Apartado 21827, Caracas I020-A, Venezuela 


The rates of elimination of primary, secondary and tertiary a-hydroxycarboxylic acids were determined in a seasoned, 
static reaction vessel over the temperature range 280-390 OC and the pressure range 30-201 Tom. The reactions, in the 
presence of a free radical inhibitor, are homogeneous, unimolecular and follow a first-order rate law. The rate coefficients 
are given b the following equations: for Flycolic acid, log k1 (s-') = (14.03 It 0.24) - (209.3 4 1.5) kJmol- '  
(2.30387')-'; for lactic acid, lo k~ (s- ) = (12.24 It 0.11) - (182.8 It 1.3) kJmol- '  (2*30317')-'; and for 


ease with which the hydroxy group i s  removed from primary to tertiary a-hydroxycarboxylk acids are reflected in rate 
enhancement. The mechanism of these eliminations appears to proceed through a semi-polar Bve-membered cyclic 
transition state. 


2-hydroxyisobutyric acid, log k~ (s- k ) = (12-91 -C 0-13) - (174.7 f 1.5) W mol-' (2*303R7')-'. The basicity and the 


INTRODUCTION 


The OH group of aliphatic alcohols has been found to 
be difficult and complicated as a leaving group in pyro- 
lytic eliminations in the gas phase.' Because of this, 
very few alcohols have been pyrolysed since these 
reactions may undergo a radical chain to a molecular 
mechanism on changing from a primary to a tertiary 
structure. I However, intermolecular participation of 
acidic hydrogen occurs in the catalysed dehydration 
process with HCl and HBr, the molecular elimination 


is carried out at much lower temperatures and the 
activation energy is reduced by more than 
100 k J  mol-I. 1-3  In contrast to the intermolecular 
acid catalysis of alcohols, the intramolecular acidic 
hydrogen assistance may well be an interesting dehydra- 
tion process. This line of thought is associated 
with recent results on the dehydrohalogenation of 
or-halocarboxylic acids by pyrolysis in the gas phase, 4,5 


where the proton in the COOH group assists the leaving 
halogen atom in a polar five-membered cyclic transition 
state, as described in the equation 


* Author for correspondence. 
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In order to assess the effect of the acidic hydrogen 
of the COOH group in the elimination of OH, this 
work was aimed at determining the gas-phase elimina- 
tion kinetics of primary, secondary and tertiary 
a-hydroxycarboxylic acids, i.e. glycolic, lactic and 
2-hydroxyisobutyric acid. 


RESULTS AND DISCUSSION 
The unimolecular elimination of the a-hydroxy- 
carboxylic acids, in a seasoned static reaction vessel 
and in the presence of a free radical inhibito:, was 
examined in the temperature range 280.4-389.4 C and 
pressure range 30.5-201-6 Torr (1 Torr = 133.3 Pa). 
The stoichiometry of the equation 


RR'C-COOH - R R ' C Z O  + CO + H 2 0  (2) 
I 
OH 


(i) R , R ' = H  
(ii) R=H, R'=CH, 


(iii) R, R '  =CHI 


requires Pf=3Po, where Pi and PO are the final and 
initial pressure, respectively. The average experimental 
Pf/Po values measured after ten half-lives and at four 
different temperatures were 2-71 for glycolic acid, 2.88 
for lactic acid and 2.93 for 2-hydroxyisobutyric acid. 
Only a small departure from the required stoichiometry 
was found with glycolic and lactic acids owing to the 
slight polymerization of the corresponding aldehyde. A 
further verification of the above stoichiometry, up to 
50-60% decomposition, is that the acetaldehyde and 
acetone produced are equivalent to the pressure 
increase. However, the primary product CH2O from 
glycolic acid could not be determined quantitatively 
owing to polymerization when collected out of the static 
system (Table 1). 


The yields of pyrolysis products within the range of 
rate determination were as follows: glycolic acid gave 
up to 50% reaction, formaldehyde, CO and HzO; lactic 


acid gave up to 60% reaction, acetaldehyde, CO, and 
HzO; and 2-hydroxyisobutyric acid gave up to 50% 
decomposition, acetone, CO and HzO and a very small 
amount of methacrylic acid (< 5%). 


The homogeneity of these pyrolytic eliminations was 
examined using reaction vessels with different surface- 
to-volume ratios (i.e. the packed vessel had a 6.0 times 
greater surface-to-volume ratio than the unpacked 
vessel). The packed and unpacked clean Pyrex vessels 
resulted in a marked heterogeneous effect. However, 
when the packed and unpacked vessels were seasoned 
with the product of decomposition of ally1 bromide, no 
differences in the rate coefficients were obtained from 
these hydroxy acid substrates (Table 2). These com- 
pounds were always pyrolysed in seasoned vessels and 
in the presence of at least a threefold excess of the free 
chain radical inhibitor, propene, cyclohexene or toluene 
(Table 3). No induction period was observed and the 
rates were reproducible with a standard deviation not 
greater than 5% at a given temperature. 


The first-order rate coefficients of these hydroxy- 
carboxylic acids calculated from kl = 
(2 - 303/t)log [2P,/ (3 Po - Pl) ]  were independent of the 
initial pressure (Table 4). A plot of log(3P0 - P,) 
against time t gave a good straight line up to 50-60% 
decomposition. The temperature dependence of the rate 
coefficients is given in Table 5 .  The data were fitted to 
the Arrhenius equation shown where 90% confidence 
coefficients from a least-squares procedure are quoted. 


It is evident from the data in Table 6 that the greater 
the basicity of the OH group of alcohols in the gas 
phase [6] the faster is its elimination through the 
assistance of the acidic hydrogen of the COOH group. 
Consequently, the sequence of rates increases from 
primary to tertiary a-hydroxycarboxylic acids. 
According to the product formation described in 
equation (2) and the results shown in Table 6, it is 
reasonable to consider the mechanism of elimination of 
lactic acid, as an example, in terms of a semi-polar five- 
membered cyclic transition state, where the C-OH 
bond polarization, in the direction of C'+ ... OH6- is 


Table I .  Stoichiometry of the reaction" 


Substrate 
Temperature 


("C) Parameter Values 


Lactic acid 360-0 Time (min) 2 .5  5 10 I5 
Reaction (Vo) (pressure) 20.5 34.5 54.1 62.8 
Decomposition (Vo) (chromatography) 19.0 34.0 53.9 59.8 


Reaction (Vo) (pressure) 24.6 31.3 41.5 48.5 
Decomposition (To) (chromatography) 26.0 32.0 44.0 52.5 


2-Hydroxyisobutyric acid 300.0 Time (min) 5 7 10 12 


'The product CHzO from glycolic acid was difficult to determine owing to polymerization when collected out of the static system. 
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Substrate 
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Table 2. Homogeneity of the reaction 
~ ~ ~ 


Temperature 
Substrate (OC) S/V(cm-')  104kl (s-i)a 104kl ( s - ' ) ~  


Glycolic acid 371.0 1 25.40' 11.44 
6 27.35' 11-93 


Lactic acid 360.0 1 50.12' 14.46 
55.92' 14.45 


9.67 
6 


9.62 6 
d 


d 
- 2-Hydroxyisobutyric acid 300.0 1 
- 


Clean Pyrex vessel. 
Seasoned with ally1 bromide. 


' Average k value. 
dStarts with high k-value and then decreases rapidly. 


Table 3. Effect of inhibitor on rates 


Temperature 
(OC) Ps Inhibitor Pi (Torr)a Pi/Ps 104k1 (s-') 


~ ~ ~ 


Glycolic acid 371.0 47 
58.2 
53.3 
51.1 
33.8 
33.7 


Lactic acid 360.0 122.4 
153.9 
201 * 6  
162 
49.5 
83.2 


2-Hydroxyisobutyric acid 300.0 103-5 
84.5 
43.5 
5 5 - 5  
50 


~ 


Toluene - 


127 
163 
136-5 
158.5 


128.5 
243.5 
266 
127.5 
358 


Cyclohexene - 


94.5 


Propene - 


63.5 
82.5 


139.5 
154.5 


- 
1.6 
2.4 
3.1 
4.0 
5.2 


0.8 
1.2 
1 -6  
2.6 
4.3 


0.8  
1.9 
2.5 
3.1 


- 


- 


~ ~~ 


9.48 
10.21 
11.24 
11.44 
11.35 
11.28 
14.38 
14.74 
14.57 
14-20 
14.42 
14.84 
9.41 
9.58 
9.65 
9.62 
9.71 


I' f, = pressure of substrate; Pi = pressure of the inhibitor. 


Table 4. Invariability of rate coefficient with initial pressure 
~ ~~ ~ ~ 


Temperature 
Substrate ("C) Parameter Values 


Lactic acid 371.0 PO (Torr) 30.5 47.0 58.2 80.3 


Glycolic acid 360.0 Po (Torr) 49.5 67.0 83.2 117.0 152.1 162.0 201.6 


2-Hydroxyisobutyric acid 300.0 Po (Torr) 33.0 43.5 59.0 69.5 84.5 104-0 


104ki (s - ' )  10.91 11.24 11.24 11.26 


104k, ( 5 - ' )  14.42 14-32 14.84 14.47 14.28 14.20 14.57 


104kl ( s - ' )  9.66 9.65 9.60 9.62 9.58 9.89 
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In order to assess the effect of the acidic hydrogen 
of the COOH group in the elimination of OH, this 
work was aimed at determining the gas-phase elimina- 
tion kinetics of primary, secondary and tertiary 
a-hydroxycarboxylic acids, i.e. glycolic, lactic and 
2-hydroxyisobutyric acid. 


RESULTS AND DISCUSSION 


The unimolecular elimination of the a-hydroxy- 
carboxylic acids, in a seasoned static reaction vessel 
and in the presence of a free radical inhibito:, was 
examined in the temperature range 280.4-389-4 C and 
pressure range 30.5-201-6 Torr (1 Torr = 133.3 Pa). 
The stoichiometry of the equation 


RR'C-COOH - RR'C=:O + CO + H 2 0  (2) 
I 
OH 


(i) R , R ' = H  
(ii) R=H, R'=CH3 


(iii) R, R' =CH3 


requires Pf=3Po, where Pf and PO are the final and 
initial pressure, respectively. The average experimental 
Pf/Po values measured after ten half-lives and at four 
different temperatures were 2-71 for glycolic acid, 2.88 
for lactic acid and 2.93 for 2-hydroxyisobutyric acid. 
Only a small departure from the required stoichiometry 
was found with glycolic and lactic acids owing to the 
slight polymerization of the corresponding aldehyde. A 
further verification of the above stoichiometry, up to 
50-60% decomposition, is that the acetaldehyde and 
acetone produced are equivalent to the pressure 
increase. However, the primary product CH2O from 
glycolic acid could not be determined quantitatively 
owing to polymerization when collected out of the static 
system (Table 1). 


The yields of pyrolysis products within the range of 
rate determination were as follows: glycolic acid gave 
up to 50% reaction, formaldehyde, CO and H20; lactic 


acid gave up to 60% reaction, acetaldehyde, CO, and 
H2O; and 2-hydroxyisobutyric acid gave up to 50% 
decomposition, acetone, CO and HzO and a very small 
amount of methacrylic acid (< 5%). 


The homogeneity of these pyrolytic eliminations was 
examined using reaction vessels with different surface- 
to-volume ratios (i.e. the packed vessel had a 6.0 times 
greater surface-to-volume ratio than the unpacked 
vessel). The packed and unpacked clean Pyrex vessels 
resulted in a marked heterogeneous effect. However, 
when the packed and unpacked vessels were seasoned 
with the product of decomposition of ally1 bromide, no 
differences in the rate coefficients were obtained from 
these hydroxy acid substrates (Table 2). These com- 
pounds were always pyrolysed in seasoned vessels and 
in the presence of at least a threefold excess of the free 
chain radical inhibitor, propene, cyclohexene or toluene 
(Table 3). No induction period was observed and the 
rates were reproducible with a standard deviation not 
greater than 5% at a given temperature. 


The first-order rate coefficients of these hydroxy- 
carboxylic acids calculated from kl = 
(2.303/t)log[2P0/(3P, - P,)] were independent of the 
initial pressure (Table 4). A plot of log(3Po - P,)  
against time t gave a good straight line up to 50-60% 
decomposition. The temperature dependence of the rate 
coefficients is given in Table 5. The data were fitted to 
the Arrhenius equation shown where 90% confidence 
coefficients from a least-squares procedure are quoted. 


It is evident from the data in Table 6 that the greater 
the basicity of the OH group of alcohols in the gas 
phase [6] the faster is its elimination through the 
assistance of the acidic hydrogen of the COOH group. 
Consequently, the sequence of rates increases from 
primary to tertiary a-hydroxycarboxylic acids. 
According to the product formation described in 
equation (2) and the results shown in Table 6, it is 
reasonable to consider the mechanism of elimination of 
lactic acid, as an example, in terms of a semi-polar five- 
membered cyclic transition state, where the C-OH 
bond polarization, in the direction of C6+ ---OH*- is 


Table 1. Stoichiometry of the reactiona 


Substrate 
Temperature 


(OC) Parameter Values 
~ ~~ 


Lactic acid 360.0 Time (min) 2 .5  5 10 15 
Reaction (Vo) (pressure) 20.5 34.5 54.1 62.8 
Decomposition (9'0) (chromatography) 19.0 34.0 53.9 59.8 


Reaction (Vo) (pressure) 24.6 31.3 41.5 48.5 
Decomposition (S) (chromatography) 26.0 32.0 44 .0  52.5 


2-Hydroxyisobutyric acid 300.0 Time (min) 5 I 10 12 


'The product CHzO from glycolic acid was difficult to determine owing to polymerization when collected out of the static system 
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pressor (propene, cyclohexene or toluene). The reaction 
vessels were seasoned with the products of decompo- 
sition of ally1 bromide. The rate coefficients were deter- 
mined manometrically. The temperature was controlled 
by a resistance thermometer temperature controller type 
RT 5/R MK2 of AEI or Shinko DIC-PS maintained 
within + 0 - 2 " C  and measured with a calibrated 
platinum-platinum-l3% rhodium thermocouple. 
No temperature gradient along the reaction vessel 
was found. The substrates glycolic acid and 
2-hydroxyisobuyric acid, both dissolved in tetrahydro- 
furan, and pure lactic acid were injected directly into 
the reaction vessel with a syringe through a silicone- 
rubber septum. 


REFERENCES 


1. F. L. Failes, J .  S. Shapiro and V. R. Stimson, in The 
Chemistry of Ethers, Crown Ethers, Hydroxyl Groups and 
Their Sulphur Analogues, edited by S .  Patai, Vol. 1, 
pp. 449-468. Wiley, Chichester (1980). 


2. A. Maccoll and V. R. Stimson, J. Chem. SOC. 2836 (1960). 
3 .  G. Chuchani, R. M. Dominguez, A. Rotinov and 1. 


Martin, React. Kinet. Catal. Lett. 45, 291 (1991). 
4. G. Chuchani and R. M. Dominguez, Int. J. Chem. Kinet. 


21, 367 (1989). 
5. G. Chuchani, R. M. Dominguez and A. Rotinov, Int. J. 


Chem. Kinet, 23, 719 (1991). 
6. T. H. Lowry and K .  S. Richardson, Mechanism and 


Theory in Organic Chemistry, Chapt. 3 ,  p. 162. Harper 
and Row, New York (1976). 


7. A. Vogel, A Textbook of Practical Organic Chemistry, 4th 
ed. Longman, New York (1978). 












JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 6, 574-582 (1993) 


USE OF THE MULTIFUNCTIONAL AUTOCORRELATION 
METHOD TO ESTIMATE MOLAR VOLUMES OF ALKANES AND 


OXYGENATED COMPOUNDS. COMPARISON BETWEEN 
COMPONENTS OF AUTOCORRELATION VECTORS AND 


TOPOLOGICAL INDICES 


DRISS ZAKARYA 
Laboratoire de Chimie Organique. FacultP des Sciences, UniversitP My Ismail, MeknPs, Morocco 


FATHALLAH TIYAL 
Laboratoire de Chimie Organique, FacultP des Sciences, UniversitP My Ismail, Meknes, Morocco, and Laboratoire de Chimie 
Organique Physique, URA 463, UniversitP Claude Bernard, 43 Boulevard du I I Novembre 1918, 69622 Villeurbanne Cedex. 


France 


AND 
MAURICE CHASTRETTE 


Laboratoire de Chimie Organique Physique, URA 463, UniversitP Claude Bernard, 43 Boulevard du 11 Novembre 1918, 69622 
Villeurbanne Cedex, France 


The Multifunctional Autocorrelation Method (MAM) derived from the autocorrelation method of Moreau el al. was 
used to calculate molar volumes for 300 linear or branched alkanes from c6 to C11 and 104 oxygenated compounds 
including 40 alcohols, 30 ethers and 34 ketones. Components Ci of a MAM connectivity vector were compared with 
several topological descriptors. MAM descriptors were generally more efficient than topological descriptors but good 
regressions were obtained for alkanes only when more than two components Ci were used. An excellent regression 
was obtained with four components (Co to C4): 


Vm = 4.4920 + 6.44C1- 3.33C2 + 0.46C4 + 52.9 (n = 300, r = 0.999, s = 0.81) 


Models obtained using descriptors based on connectivity were good enough for many practical purposes. However, 
to derive models adapted to estimate molar volumes for alkanes, an autocorrelation vector Y based on Van der Waals 
volumes (as given by Bondi) was considered. The best equation obtained again includes three components: 


V~=1~750Y0-0~123Y~-0~037Y~+17~97 (n=300, r=0*999, ~ = 0 * 8 5 )  


To extend the use of MAM to compounds containing heteroatoms, a set of alcohols, ketones and ethers, where each 
functional group represents a different interaction type, was considered. Chemical families were first studied 
individually, then the total set was considered. The components of an autocorrelation vector Y based on Van der 
Waals volumes were used as molecular descriptors. Oxygenated compounds are correctly described by only one 
component Yo. The correlation coefficient is 0.993 for all the chemical families studied, and the standard error of the 
estimate is low (s=2*56). Comparison of standard errors of the estimate for Wiener’s indices (s=17*38) and 
autocorrelation components (s = 3*95), for all chemical families, shows that components of MAM are more efficient 
as molecular descriptors. The quality of regression equations was not significantly changed when 104 oxygenated 
compounds and 141 alkanes were studied in a global set. 


particularly in drug design, in environmental toxicity 
problems and in the estimation of solubilities and parti- 
tion coefficients. Estimation of molecular and molar 
volumes from chemical structure is therefore of great 
interest. Molecular volumes are estimated from bond 


INTRODUCTION 
Molecular volume is an important parameter in quanti- 
tative structure-activity relationship (QSAR) and quan- 
titative structure-property relationship (QSPR) studies, 
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lengths and Van der Waals radii in Bondi’s’ and 
M e y e r ’ ~ ~ ’ ~  methods. In other methods, a molecule is 
put in a grid and its volume calculated. Molar volumes 
can be estimated from other physical properties such as 
the parachor4 or from characteristic constants. In 
other approaches, molar volumes are estimated from 
topological indices or other molecular descriptors. 


A very important step when establishing QSPR is a 
correct description of molecular structures. Among the 
methods used to describe molecular structures, many 
are based on topological information contained in mol- 
ecular graphs, usually hydrogen-depleted graphs, which 
may be seen according to different points of view. 


In approaches based on topological indices (Tls), the 
structural information contained in the distance 
matrices and connectivity matrices is condensed into 
descriptors, called topologkal indices, accounting for 
the topology and the connectivity of the molecule. 
Numerous topological indices have been proposed (for 
reviews, see Refs 6 and 7) and many used successfully 
in QSAR and QSPR studies.’ 


Some topological indices are only based on distances 
in the graph. The Wiener numbers Wand P were intro- 
duced in 1947.’ W is the number of bonds between 
every pair of atoms in an acyclic molecule. Variants of 
the Wiener index such as W, (reduced Wiener index)g 
and Wexp (expanded Wiener index)’ were also intro- 
duced. P was defined as the number of unique paths of 
three bonds lengths in the molecule and later associated 
with steric crowding. The Balaban index J was intro- 
duced later. losll 


Other indices are based on distances and connec- 
tivities. The highly successful Randic connectivity index 
x (also called the molecular connectivity index)” is 
defined as an additive quantity based on the connec- 
tivities of all non-hydrogen atoms in a molecule. Mol- 
ecular connectivity indices of order h ( h ~ )  have been 
proposed as extensions of the x index. 


These last two types of indices were found to be 
limited when electron distribution or hydrogen bonding 
interactions must be considered in QSPR. To improve 
the efficiency of topological indices, Kier and Hall13 
introduced the valence connectivity indices, including 
information not present in the graph such as the 
number of electrons and valence electrons in an atom. 
Balaban proposed l4 local vertex invariants (LOVI) 
based on the adjacency or distance matrices. 


In the DARC system,I5 a molecular graph is con- 
sidered as a structural environment around a focus 
which can be an atom, a group of atoms or a bond. In 
addition to this topological description, the DARC 
system introduces a progressive chromatic description 
of the molecule by considering several atomic proper- 
ties. More recently a local description of the graph 
based on the same concept was introduced by elabor- 
ating FREL descriptors. l6 


With the autocorrelation method (AM), Moreau and 


Broto introduced into the field of structure-activity 
relationships the mathematical autocorrelation function 
F(0) of a function f(x), defined as 


Fw = C .mim + X) d x  (1) 


where 0 is a distance eventually determining periodicity. 
Considering the hydrogen-depleted graph of the mol- 


ecule as a topological space where a discrete autocor- 
relation function can be defined, the analogue of the 
distance 0 is the topological distance k between two 
atoms i and j ,  taken as the smallest number of bonds 
connecting them. The analogue of the product 
f(xlf(0 + x) is the product f(i)f(j), where i and j rep- 
resent the nodes of the graph (atoms of the molecule) 
and f ( i )  and f(j) represent contributions or properties 
of the atoms i and j .  


The sum calculated for all pairs of atoms in the graph 
separated by a distance d of k bonds is considered as 
the component of order k (Pk) of an autocorrelation 
vector P corresponding to the specific property 
described by f ( i )  and defined as 


AB 


p k  = f ( i l f ( i )  d =  k (2) 
j > i  


An autocorrelation vector can be calculated for every 
type of atomic pro erty. Moreau et al. used Pauling’s 
electronegativity, I Van der Waals volume, zo connec- 
tivity (number of non-hydrogen neighbours or vertex 
degree of the atom i ) ,  r functionality, hydrogen 
bonding acceptor and donor ability. More recently, the 
octanol-water partition coefficient was also success- 
fully used.21 In several recent QSAR ~ t u d i e s ~ ” - ’ ~  the 
components of autocorrelation vectors were used as 
molecular descriptors. 


However, it is very difficult to give a satisfactory 
physical interpretation of the components. For 
example, estimation of roughly additive molecular pro- 
perties is difficult because the component zero of the 
autocorrelation vector is not the sum of atomic contri- 
butions. To reduce these drawbacks, Chastrette and 
Tiyal” modified the autocorrelation method in several 
important respects (see description and example under 
Experimental) to obtain the multifunctional autocor- 
relation method (o-sMAM). 


In this paper, the most widely used topological 
indices (excluding the DARC descriptors) are compared 
with autocorrelation descriptors for the estimation of 
molar volumes. 


r 


EXPERIMENTAL 


Materials 


Molar volumes at 25°C were obtained from the API 
projectz6 for a set including all alkanes from c6 to CII ,  
except 2,2,3,3-tetramethylbutane, which is a solid at 
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25 "C. This set of 300 alkanes is called set 1. All values 
were consistent with those of a set of 69 alkanes from 
CS to CS (called set 2), used by Needham et al." in a 
comparison of different descriptors in structure-pro- 
perty correlations. Volumes of 36 linear alkanes from 
C5 to C40 (set 3) were taken from the API project.26 
Molar volumes of 104 oxygenated compounds including 
40 alcohols, 30 ethers and 34 ketones were calculated 
from data in the Handbook of Chemistry and 
Physics. 28 


Methods 
All equations relating molecular descriptors and molar 
volumes were established using a linear regression 
analysis program included in STATITCF software. 29 


Components Ci of autocorrelation connectivity vectors 
and components Vi of a MAM volume vector were used 
as molecular descriptors. 


Multifunctional Autocorrelation Method (MAM). 
The autocorrelation method AM was modified as 
follows: 


(i) The notion of expanded atoms was introduced, as 
the hydrogen-suppressed graph where all carbon atoms 
are considered as equivalent was not suitable for pro- 
perties such as molar volume. Using MAM, carbon 
atoms are coded as C, CH, CHZ or CH3 to take into 
account hydrogen atoms in the description of the mol- 
ecule. Oxygen atoms are coded into several types 
depending on environment and hybridization state. 


(ii) As it was very difficult to find correct atomic pro- 
perties for atoms included in specific groups, such as 
oxygen or nitrogen in nitro group, some groups of 
atoms were considered as pseudo-atoms (Figure 1). In 
this study the only pseudo-atom is the carbonyl group. 


(iii) The components Pk of the autocorrelation 
vectors are calculated as 


Pk= C f ( P i ) f @ j )  d = k  (3) 
,2 t  


where f ( p i )  is a function of the property pi of the atom 
or group i. Any function of any property can be used 


and several known TIs can be calculated as particular 
cases of components of a vector P .  In the particular 
case where f@i )=(p i ) '" ,  different versions of the 
MAM method will be denoted mMAM. 


To give a physical meaning to the vector components, 
f b i )  was taken as (pi)'". In this way, the first compo- 
nent PO is the sum of atomic properties. For a roughly 
additive molecular property, PO can be considered as a 
first approximation and the other components Pi as 
measures of interactions between atoms and pseudo- 
atoms in the molecule. This corresponds to O'jMAM. 
For the sake of comparison, another version of MAM 
called 'MAM in which the function f ( i )  was the prop- 
erty itself as in the classical Moreau autocorrelation 
method was also used to study the influence of the 
function. 


In this study, six components Ci ( i  = 0-5) of a con- 
nectivity vector C were calculated using classical con- 
nectivity. Six components Vi (i=O-5) of a volume 
vector V were calculated using Bondi's contributions ' 
for four types of expanded carbon atoms, two types of 
sp3 oxygen atoms and the pseudo-atom carbonyl group. 
No attempt was made to optimize atomic or group 
contributions. 


Example. 2-Methylhexanol (Figure 2)  was chosen to 
illustrate the calculation of components of autocorre- 
lation vectors, using the MAM method. The properties 
of the different groups present in the molecule (i.e. 
CH3, CH2, CH and OH) are given in Table 1. Some 
components of the autocorrelation vectors, calculated 
using equation (3). are shown in Table 2. 


2-hZelhyl hexaiiot corl-espontiing graph 


Figure 2. Structural formula and graph of 2-methyl hexanol 


Classical graph Siiiiptified graph 


Figure 1. Classical and simplified graphs of 3-nitro benzonitrile 
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Table 1. Contributions of the atoms and groups to some molecular properties 


No. of atom or expanded atom 


Property 1 2 3 4 5 6 7 8 
~ ~~~ 


Connectivity, Ca 1 2 3 2 2 2 1 1 
Van der Waals volume, V (cm3 m01-I)~ 6-99  10.23 6.78 10.23 10.23 10.23 13.67 13.67 
Van der Waalssurface, S (x109cm2mol - ’ ‘  1.46 1.35 0.57 1.35 1-35 1-35 2.12 2.12 


‘Number of non-hydrogen neighbours of the atom or expanded atom 
b.CValue~ taken or estimated from Bondi’s work’. 


Example: calculation of VO for 2-methylhexanol: 


Vo= E ~ ( L J , ) ~ ( u , )  = E (LJ, )”~(LJ,)”*  = E LJ,. 


VO = LJI + LJZ + ... + ug = 6.99 + 10.23 + ... + 13.67 = 82.03 cm’mol-’. 


Table 2. Some components of three MAM vectors for 2-methylhexanol 


Components Pi 


Property Po PI Ps P6 


Connectivity, C 14 13.46 3.83 1 
Van der Waals volume, V (cm3 mol-’) 82.03 67.03 33.95 9 - 7 8  
Van der Waals surface, S ( x  109cm2mol-’) 11.67 8-65 5.22 1.76 


RESULTS AND DISCUSSION 


Estimation of the molar volume of alkanes 
Needham et al.” compared several structural par- 
ameters used in the molecular modelling of physical 
properties, including molar volumes for 69 alkanes. 
Here the components of o’5MAM and ‘MAM vectors 
based on the same structural parameters are compared 
using Needham’s et al. sample (set 2) and the larger set 
1. 


Structural in formation limited to connectivities and 
topological distances 
To compare MAM components with molecular descrip- 
tors discussed by Needham et components of 
autocorrelation vectors were calculated using only con- 
nectivity. To assess the performance of different 
descriptors, results are discussed first for separate sets 
of isomers and then for both sets 1 and 2. 


Regressions for isomers 
When isomers were considered separately, good 
regressions using one descriptor were obtained with the 
Wiener number p and component C3 (connectivity 
vector). Both descriptors account for interactions 
between atoms (or groups) separated by three bonds 


When two descriptors were used, all regressions were 
good except those using ad hoc descriptors (Table 3). 


Regressions on set 1 


Comparison between o’5MAM and ‘MAM. Regres- 
sions obtained with set 1 (300 alkanes) using one par- 
ameter [Table 4(a)l, two parameters [Table 4(b)] and 
more than two parameters [Table 4(c)] are compared 
for components Ci of the autocorrelation connectivity 
vectors calculated with both O”MAM and ‘MAM 
methods. 


These results show that the components Ci of the 
o’SMAM connectivity vector are successful in the esti- 
mation of the molar volume of this set of alkanes and 
present clear advantages over components of the 
IMAM vector. 


Comparison between MAM descriptors and other 
descriptors. Regressions obtained with sets 1 (300 
alkanes) and 2 (69 alkanes) using Wiener indices, 
valence connectivity indices, ad hoc descriptors and 
components Ci of the MAM autocorrelation connec- 
tivity vector were then compared (Table 5 ) .  


All regressions using one or two descriptors were 
significantly worse with sets 1 and 2 than with separate 
sets of isomers. o’5MAM descriptors were often more 
efficient than Wiener indices but good regressions were 
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Table 3. Comparison of correlation coefficients ( r )  and standard errors of the estimates (s) 
obtained in the estimation of molar volume of alkanes using MAM connectivity vector and 


volume vector components, topological indices and ud hoc descriptors 


Descriptor 


Ad hoc: X :  Wiener: MAM: Ci MAM: Vi 
Alkane T,, T3,' Nb O X ,  I x ~  Xr W, W,, p e  ( i  = 0-4)' ( i  = 0-4)' 


c6 
(n = 5) 
c7 
(n = 9) 
c s  
(n = 18) 


c 9  
(n = 35) 


ClO 
(n = 75) 


c11 
(n = 159) 


Not signif. 


Not signif. 


T3 
0.740 (1.81) 


T3 
0.640 (2.54) 


T3 
0.695 (2.80) 


Tm T3 
0-653 (3.30) 


Not signif. w, P 


O x 9  I x  w, P 


O x ,  I X  w, P 


0,993 (0.23) 


0.887 (1.07) 0.994 (0.25) 


0.923 (1.07) 0-995 (0.28) 


l x ,  xt P 
0.971 (0.80) 0.979 (0-68) 


I X .  XI 
0.949 (1-23) 


P 
0.976 (0.84) 


O x ,  I X  w, P 
0.904 (1.87) 0.980 (0.86) 


0.960 (1.22) 
O x ,  I X 9  XI 


Not signif. 


Not signif. 


c3, c4 
0.949 (0.88) 
c3, c4, cs 


0.995 (0.30) 
CY, c4 


0.978 (0.70) 
CI, c3. c4 


0.982 (0.64) 
c1, cz 


0.961 (1.09) 
CI, c2, c4 


0.980 (0-79) 
CI, c2 


0.966 (1.12) 
CI, c2, c4 


0.981 (0-85) 


v2, v3 
0.997 (0.14) 


v2, v3 
0.991 (0-30) 


VZ, VY 
0.987 (0.45) 


v3. v4 
0.980 (0.66) 


v3, v4 
0.976 (0.86) 


vl- v4 
0.983 (0.81) 


a T,,, is the number of terminal methyl groups and T3 is the number of terminal methyl groups separated by 
three bonds. 
N, is the number of carbon atoms of the compound. 
Values given are correlation coefficient and (in parentheses) standard error of the estimate in the regression 


(cm3 mot-') (the best standard errors of the estimates are indicated in bold type). 


obtained only when more than two components Ci were 
used. An excellent regression (n = 300, r = 0.999, 
s = 0.81) was obtained with four components (CO-c4). 


All regressions were improved by introducing 
descriptors such as C3, p or T3 that account for butane- 
type interactions. With set 1 the contributions of CO and 


Table 4. Quality of regressions using a single 
parameter (a), two parameters (b) or more than two 
parameters (c) in the estimation of the molar volume of 


300 alkanes from the MAM connectivity vector C 


Method 


Parameters 0 , 5 ~ ~ ~  IMAM 


(a) One descriptor CO co 


(b) two descriptors CO, C3 CO, c3 
ma 0.976 (3.92) 0.814 (10.56) 


ma 0.995 (1.86) 0.862 (9.22) 


ma 0.999 (0.81) 0-979 (3.74) 
(c) > 2 descriptors CO-c4 C0-G 


a r = Correlation coefficient; s = Standard error of the estimate. 


C3 calculated according to Gore3' are 78% and 22070, 
respectively. CO contributes positively and C3 nega- 
tively, as expected for a rough measure of branching. 
Working on a more restricted sample, Needham et at. *' 
obtained very significant models (r = 0.988, s = 2.73) 
by using ad hoc descriptors (Nc, Tm). Actually, N, is 
well correlated with C3 (r = 0.929, s = 1.41). 


Autocorrelation descriptors based on 
volumes. Generally, models obtained using descriptors 
based on connectivity are good enough for practical 
purposes. However, to derive more significant models 
to estimate molar volumes, it seemed logical to consider 
components of an autocorrelation vector based on Van 
der Wads volumes. In the following, we compare 
OV5MAM or 'MAM descriptors and topological 
indices, first on Needham's et al. set of 69 alkanes and 
then on set 1 (300 alkanes). Results are reported in 
Tables 6 and 7. 


Vo (o'sMAM and IMAM) as a first approximation of 
molar volume 


Linear alkanes (set 3 ) .  For a set of 36 linear alkanes 
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Table 5. Comparison of correlation coefficients ( r )  and (in parentheses) standard errors of the 
estimates (s) (cm3 mol-I) obtained in the estimation of molar volume of alkanes in sets 1 and 


2 using MAM connectivity vector components and some topological descriptors 


No. of Ad hoc: X: Wiener: MAM: Cib 
Set descriptors T,, T3, Nc Ox. Ix, XI w, wr, P (i = 0-4) 


1 N c  a X w" co 


1 T3, N c a  Ox, I X B  w, P a  co, c3 


2 1 Nc X Wb co 


2 2 T3, N c b  Ox. 'Xb w, P b  c o ,  c3 


(n = 300) 
2 T m ,  T3, N C b  Ox. Ix, Xtb co, CI, c2 


O a  


crc9 1 0.987 (2.81) 0.961 (4.80) 0-972 (4.08) 0.987 (2.81) 
(n = 69) 


CrC9 2 0.988 (2.73) 0.982 (3.33) 0.976 (3.78) 0.996 (1.57) 
(n = 69) 


O b  


CS-CI I 0.976 (3.92) 0.962 (4.80) 0.962 (4.80) 0.987 (2-81) 
(n = 300) 


CS-CI I 0.986 (3.05) 0.973 (4.17) 0.977 (3.92) 0.995 (1.86) 


CS-CI 1 0.998 (1 *07) 


0.999 (0.81) 
(n = 300) 2 3  0-987 (2.99) 0.975 (4.04) CO-c4 


"Results from Ref. 27. 
bThis work. 


(CS-C~O) an excellent correlation was obtained3' 
between the molar volume and component VO of the 
MAM. 


Volume vector: 


Vm=1~605Vo+20.911 
(n = 36, r = 0.999, s = 0.53) (4) 


Analysis of the distribution of residuals suggested the 
introduction of a zariable Dmp, defined as Dmp = melt- 
ing point -25 ( C). A two-variable equation was 
obtained: 


V m =  1*615V0~0*0230mp+ 19.003 
(n=36, r=0.9999, s=0.14) ( 5 )  


This excellent equation shows that even in the very 
simple case of linear alkanes other molecular proper- 
ties, not accounted for by descriptors, can play a role 
in the determination of molar volumes and limit the 
quality to be expected in simple QSPR. 


hug gin^'^ calculated the molar volume of n-alkanes 
(C5-c20) using a two-variable equation including Nc 
and l/Nc. On our set 3 a similar equation gave good 
results (n  = 36, r=0.9999, s =  0.06) but no clear 
physico-chemical interpretation could be given to l/Nc. 


Sets I and 2. The following equations were obtained: 


'"MAM: Vm = 1 *467 Vo + 31.765 
(n = 300, r = 0.977, s = 3.910) (6) 


'MAM: Vm = 0 * 1 17 Vo + 41 * 196 
(n = 300, r = 0.910, s = 7.325) (7) 


'"MAM: Vm= 1*444Vo+33.011 
(n = 69, r = 0.987, s = 2.81 1 )  (8) 


'MAM: ~ ~ = 0 ~ 1 2 0 ~ ~ + 3 4 . i ~ 8  
(n=69, r=0-951, s=5-368) (9) 


Equations using '. 5MAM volume descriptors are 
very similar to those obtained using connectivity 
descriptors because of the high correlation between cor- 
responding components. As o'SMAM vectors are 
clearly superior to 'MAM vectors in both sets, the latter 
will not be considered in the following discussion. 


Comparison of MAM (using several Vi) and 
topological indices 
To obtain better regressions it was necessary to consider 
several components of a volume vector V. Results are 
presented first for separate families and then for mixed 
sets. 


Regressions on isomers. Results in Table 6 show that 
MAM components and Wiener's indices led to compar- 
able regressions while connectivity indices and ad hoc 
descriptors were less adequate. 


Regression on set 2 (Table 6) .  When higher compo- 
nents of the MAM vector were introduced to account 
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Table 6. Comparison of correlation coefficients ( r )  and (in parentheses) 
standard errors of the estimates (s) (cm’ mol-I) obtained in the estimation of 
molar volume using MAM volume vector components or topological indices 


Descriptors 


Ad hoe: X :  Wiener MAM: 
O x .  IX, Xt W ,  W,, p V ,  (i=0-4)= Alkanes Tm, T39 Nc 


cs-c9 T39 Nc Ox, IX w, P vo, v3 


C6-C I I w, P vo, v3 
(n = 69)” 0.988 (2.73) 0.982 (3.33) 0.976 (3.78) 0.998 (0.97) 


(n = 300) 0.977 (3.92) 0.998 (1.23) 


0.987 (2.99) 0.975 (4.04) 0.942 (6.09) 0.999 (0.85) 
Tm, T3, Nc O x ,  ‘x. xi wr, P vo v3, v4 


‘The best standard errors of the estimates are indicated in bold type. 


for molecular branching, the best equation obtained 
with set 2 was 


Vm = 1 a724 VO - 0.12 V3 - 0.038 V4 + 19.305 
(n  = 69, r = 0.999, s = 0.764) (10) 


The contribution of each variable was estimated 
using Gore’s method.3o Molar volume appears as an 
approximately additive property, largely determined by 
VO (which has a contribution of 81%). However, the 
contributions of V3 and V4 were 15% and 4%, respect- 
ively, suggesting that branching plays a role, especially 
for atoms separated by three or four bonds. This corre- 
sponds to the well known butane and pentane interac- 
t i o n ~ . ~ ~  For this set other descriptors (including 
Wiener’s indices) were clearly inferior in dual par- 
ameter regressions. 


Regression on set I (Table 6). The best equation 
obtained includes three components: 


Vm = 1 *75oVo - 0.123 V3 - 0.037 V4 + 17 -97 
(n = 300, r = 0.999, s = 0.85)  (11) 


MAM vector components based on only four dif- 
ferent contributions of atoms or expanded atoms 
describing microscopic properties enabled us to corre- 
late a macroscopic property such as the molar volume. 
This means that somehow the higher components of V 
account for both molecular shapes and interactions in 
the liquid phase. Van der Waals volume, which is a spe- 
cific atomic property, is more appropriate than connec- 
tivity (a non-specific atomic property) to derive 
molecular descriptors useful in the estimation of molar 
volumes. 


Estimation of molar volumes of oxygenated 
compounds 
To extend the comparison between MAM and other 


approaches to compounds containing heteroatoms, we 
have considered34 a set of 104 oxygenated compounds 
including 40 alcohols, 34 ketones and 30 ethers, where 
each functional group represents a different interaction 
type. Chemical families were first studied separately, 
then the total set was considered. Only the components 
of an autocorrelation vector based on Van der Waals 
volume were used as molecular descriptors. A summary 
of results obtained when comparing MAM descriptors 
with other topological descriptors is given in Table 7. 


Alcohols 


A population of 40 alcohols (linear or branched) was 
used to establish a structure-volume relationship. For 
this set an excellent regression [Equation (12)] was 
obtained between the molar volume and components of 
the volume vector V. The contributions of components 
calculated according to Gore3’ were 88%, 7% and 5% 
for VO, Vl and V3, respectively. 


Vm = 1.86Vo - 9-14V1 - 0.097V3 + 3.67 
(n  = 40, r = 0.999, s = 0.40) (12) 


Ethers 


A population of 30 ethers (linear or branched) was 
used. For this set higher components of the volume 
vector V were not significant. The contributions calcu- 
lated according to Gore3’ were 73%, 20% and 7% for 
VO, VI and VZ, respectively. 


V m  = 2.52 VO - 0.64 VI - 0.26 VZ + 2.95 
( n = 3 0 ,  r=0*999, s =  1.51) (13) 


Ketones 


For this population of 34 ketones (linear or branched) 
an excellent regression was obtained using the same 
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Table 7. Comparison of correlation coefficients ( r )  and (in parentheses) standard errors of the 
estimates (s) (cm3 mol-') obtained in the estimation of molar volume of oxygenated compounds using 


MAM components or topological indices 


No. of xu: X: Wiener: MAM: Vi 
Compounds descriptors x 9  I x Ox. IX w, wr, P ( i  = 0-4)a 


Alcohols 
(n = 40) 


Ketones 
(n = 34) 


Ethers 
(n = 30) 


Alcohols 
+ ketones 
(n = 74) 


Alkanes 
+ alcohols 
+ ketones 
+ ethers 
(n = 245) 


1 


> I  


1 


> 1  


1 


> 1  


1 


> I  


1 


2 


I U  X 
0.994 (3.88) 


o u  I U  x ,  x 
0.999 (1.59) 


I U  X 
0.990 (4.85) 


o u  I U  x ,  x 
0.999 (1 ~ 4 3 )  


I U  X 
0.996 (4-19) 


O U  I U  x .  x 
0.999 (1.05) 


I U  X 
0.990 (5.20) 


o u  I U  
x 9  x 


0.998 (2.14) 


1 u  
X 


0.980 (6.67) 
o u  1 u  x ,  x 


0.992 (4.26) 


O X  


Ox. Ix 
0-994 (3.99) 


0-999 (1.44) 


OX 


Ox, 'x 


OX 


Ox. Ix 


0-994 (3.84) 


0.999 (1.17) 


0.997 (3.30) 


0.999, ( 1  * 59) 
X 


0.994 (4.11) 


0.999 (1.46) 
Ox, Ix 


OX 


Ox7 IX 
0-963 (9.02) 


0-968 (8.49) 


W 
0.907 (14.97 


0-970 (8.81) 
w9 P 


W 
0.953 (10.56) 


w* P 
0.976 (7.75) 


P 
0.995 (4.55) 


w, P 
W non-signif. 


W 
0.921 (14.46) 


w9 P 
0-967 (9.53) 


W 
0-766 (21.59) 


0.856 (17.38) 
w, P 


vo 
0.999 (1.05) 


vo, v3 
0.999 (0.74) 
vo, VI, v3 


0.999 (0.40) 
vo 


0.999 (1.06) 
vo, vs 


0.999 (0.98) 
vo 


0-999 (1.61) 
vo, VI, v2 


0.999 (1.52) 
vo 


0.993 (1.49) 
vo, VI, v2, v3 
0.999 (1.12) 


vo 
0.991 (4.49) 


vo, v3 
0.993 (3.95) 


aThe best standard errors of the estimate are indicated in bold type. 


three components of the volume vector. The contri- 
butions calculated according to Gore3' were 75%, 15% 
and 10% for VO. VI and V2, respectively. 


V m =  1.22Vo-O.24V1 -O*14V2+ 17.22 
(n = 34, r = 0.9996, s = 0.99) (14) 


Alkanes and oxygenated compounds 
A set of 245 compounds including 141 alkanes 
(C6-C10), 40 alcohols, 30 ethers and 34 ketones (linear 
and branched) was finally used to establish a struc- 
ture-volume relationship. A good correlation was 
obtained as above between the molar vofume and com- 
ponents of the volume vector. Contributions of compo- 
nents Vi calculated using Gore's method3' were 60%, 
20'70, 13% and 7% for VO, VI, V2 and V3, respectively. 


V m  = 3.77 Vo - 1 *36V1- 0.55 1 V2 - O'24V3 - 22.81 1 
( n  = 245, r = 0.997, s = 2.56) (15) 


The results in Table 7 demonstrate that MAM com- 
ponent VO is sufficient to describe oxygenated com- 
pounds. Indeed, the correlation coefficient is higher 
than 0.993 for all chemical families and in addition the 
standard error is very low. The quality of the equation 


did not change when oxygenated compounds and 
alkanes were grouped into a global set. 


Comparison of standard errors of the estimate for 
Wiener's indices (s = 17.38) and autocorrelation com- 
ponents (s = 3.95) for all chemical families shows that 
the components of MAM are more adequate as mol- 
ecular descriptors. Connectivity indices appear as good 
descriptors, especially in the case of ethers. This could 
be ascribed to a good description of the polarity of the 
molecule b the atomic property used in the calcu- 
lation of xu. However, further study is needed to 
understand why these indices do not work so well with 
alcohols and ketones. 


K 


CONCLUSION 
On the whole, good results were obtained using MAM 
to estimate molar volumes of alkanes and oxygenated 
compounds. 


Wiener indices (W,p) and their variants ( W,) turned 
out to be more efficient than MAM components when 
sets of isomeric alkanes were considered, while connec- 
tivity indices and ad hoc descriptors were less useful. 
However, for ethers (Table 7) MAM descriptors clearly 
became more adequate when alkanes were considered in 
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sets 1 and 2. For example, with set 2 the standard devi- 
ation was 0.77 using MAM and 3.92 using Wiener 
indices. 


It seems that the success of MAM is related to the 
amount of information brought by each component. 
Thus VO, for example, was found to be highly corre- 
lated with the size of the molecule, whereas V3 and C3 
(or V4 and C4) take into account interactions between 
atoms or groups separated by three (or four) bonds. 


1. 
2. 


3. 
4. 


5 .  


6. 


7. 


8. 
9. 


10. 


11. 
12. 


13. 


14. 
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~ 1 -  VERSUS 0-CARBON NUCLEOPHILIC ATTACK IN VINYLIC 
SUBSTITUTION 


B. A. SHAINYAN* 
Irkutsk Institute of Organic Chemistry, Siberian Branch of the Academy of Sciences of Russia, 664033 Irkutsk-33, Russia 


The mechanism of substitution of the bromine atom in (a-a-bromo-B-arylthiovinyl phenyl sulphones, 
PhS02CBr=CHSAr, with arylthiolates, Ar’ S- was studied. The same mixture of the four possible products, 
PhS02C(SAr’)=CHSAr (Ar, Ar’ = p-Tol,p-CIC6H4), was formed in both cross-experiments (Ar # Ar ’). A 
mechanism involving 1,2-intramolecular migration of the arylthio group is suggested. 


INTRODUCTION 
Nucleophilic vinylic substitution reactions have been 
investigated mainly for substrates containing the 
leaving group at the @-position to the activating 
electron-withdrawing group. I There are far fewer 
examples of nucleophilic substitution reactions in vinyl 
halides which contain activating and leaving groups at 
one carbon atom,’ and only in a few studies have these 
reactions been investigated for systems containing 
leaving groups at both the a- and @-positions. 


In a series of earlier papers, the substitution of 
a,@-dihalovinyl aryl sulphones was shown to lead to the 
substitution of only the halogen atom at the 
@-position. 3c*d However, later it was found that 
a,@-dihalovinyl phenyl sulphones 1 react with sodium 
p-thiocresolate with substitution of both halogen 
atoms, that in the @-position occurring first. 3c Both 
mono- (2) and disubstituted products were isolated for 
X = Y = Br, and the retention of configuration on both 
stages was proved by NMR and x-ray analysis. 3c 


1 


PhSO /B 
&C=C 


x/  ‘Sol 
2 


X = Br, I; 
Y = C1, Br, I 


Vinylic substitution with soft bases such as thiolates 
is interpreted mostly in terms of an addition-elimina- 
tion mechanism which includes a nucleophilic attack on 
the carbon atom bearing the leaving group. Although 


this reasoning is undoubtedly correct for substitution of 
the halogen atom at the 8-position, it was questioned by 
us for the substitution at the less activated a-position. 3c 
The reason was that the substitution at the a-position 
proceeds with thiolates but not with alkoxides as 
nucleophiles, and an alternative mechanism has been 
suggested.3e The aim of this work was to distinguish 
between different possible mechanisms of vinylic substi- 
tution at the less activated a-position, which are shown 
in Scheme 1. 


In path A (a-addition-elimination) the only product 
formed must be 8. In path B (@-addition with 1,2- 
migration of the ArS or Ar’S group) both isomers 8 
and 9 should be formed in a ratio which is dependent 
on the relative migration ability of the corresponding 
arylthio group. Finally, in path C (with pre-equilibrium 
@-addition-elimination) one would expect the for- 
mation of all possible combinations: two heterosubsti- 
tuted products 8 and 9 and two homosubstituted 
products 10 and 11 owing to the presence of both 
nucleophiles ArS- and Ar’S- in the reaction mixture. 
An ArSIAr’S exchange in the final products should also 
be taken into account since it can mask the origin of 
these species. The use of different nucleophiles, i.e. 
ArS- # Ar’S-, can also provide an information on the 
reversibility of the addition step, because the reversi- 
bility is the limiting case of the exchange when the 
nucleophile and the nucleofuge become very similar, up 
to their identity, but still distinguishable. To discrimi- 
nate between the mechanisms represented in Scheme 1, 
the reactions of 1 ( X = Y  =Br) with two similar 
nucleophiles p-TolSNa and p-ClC6H4SNa in a different 
sequence were studied. 
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31 path C 
2 / 


1,P-SAr'migration 
1,2-SAr migration path A 


PhSO2 
\ -/H 


ArS-c-G + 


1- 
\ - H  


PhSO2 
\ -/H 


Ar ' S-C-C ArS-C-C' 
/ \sAr / \SAr' / \sAr 


Br - 6  Br 
4 5 


PhSO2 
\ -/H + 4 + 5 + Ar'S-c-C 
/ 'SAr' I - -  Br 


8 9 J 


8 + 9 +  PhS*2\,_,/H + 


Ars/ \sAr 
10 


RESULTS AND DISCUSSION 


Monosubstitution products 2 (a, Ar = p-Tol; b, Ar = 
p-ClCaH4) were prepared from 1 by its reaction with 
p-TolSNa and p-C1C&&Na, respectively, in 
methanol. When an equimolar ratio of the substrate 
and the nucleophile was used virtually pure 2a was 
obtained, whereas 2b turned out to be contaminated 
with the disubstitution product 11 (hereafter Ar = 
p-To]; Ar' = p-ClCaH4). This implies that the prefer- 
ability of the @- vs a-substitution is less pronounced 
for a weaker base. 


Cross-experiments, i.e. 2a + Ar'S- and 2b + A S - ,  
were also run. The composition of the reaction mixtures 
was determined by 'H NMR spectrometry using the 
vinylic proton signals at 8.3-8.7 ppm and the methyl 
protons signals of the ArS group (Table 1). 


The reaction of the monosubstitution products 2a 
and 2b with sodium arylthiolates in methanol was 
carried out by warming the mixture at 50 "C until disso- 
lution took place (5-10 min) and leaving it overnight. 
Increasing the reaction time or temperature was shown 
to have no effect on the composition of the reaction 
mixtures in the cross-experiments. The reaction of 2a 


11 
Scheme I 


with p-ClC,&SNa and that of 2b with p-TolSNa gave 
mixtures of the four products 8-11 which differed only 
slightly in their composition. 


The 8:  9:  10: 11 ratios were 70: 4: 12: 14 for the 
reaction of 2a with p-ClC6H4S- and 66: 3 : 13 : 18 for 
the reaction of 2b with p-TolS-. The larger proportion 


Table I .  Vinylic and methyl proton signals in 1 ( 6 ~ ~ s  in 
DMSO-d6) 


Br Br 8.33 - 
Br p-TolS 8.36 2.35 (2.34") 
Br p-CIC6HaS 8.45 - 


p-CIC6HaS p-ClC6HaS 8.71 - 


p-TOIS p-CIC6HjS 8.62 - 


P-TolS p-TolS 8.55 2.34, 2-23 (2.38, 2.28") 


p-CIC6HaS p-TOlS 8-65 2.355 


.' Literature data."' 
"Coincides with the Me signal of the (3-tolyl group in 10. 







NUCLEOPHILIC ATTACK IN VlNYLlC SUBSTITUTION 61 


of 11 in the latter case is probably due to its presence 
as an impurity in the starting 2b. The Ho signals at 8.55  
and 8.71 ppm in the reaction mixture were assigned to 
products 10 and 11, respectively, according to their pos- 
itions in the independently obtained pure samples. 
Assignment of the Ho signals at 8.65 and 8.62 ppm to 
isomers 8 and 9, respectively, was made according to 
the position and intensity of the methyl protons signals 
in these species. The most intense signal is that at 
2.355 ppm and it belongs to the methyl group of the 
P-tolylthio group, as it has been shown earlier that the 
p-tolylthio group at the @-position is characterized by a 
downfield signal of the methyl group compared with 
that at the a-position.3e As the most intense signal of 
a vinylic proton is that at 8-65 ppm, it has been attrib- 
uted to product 8. 


To prove the ArS/Ar'S exchange, the reaction of 2b 
with p-TolSNa was stopped several minutes after 
mixing, the organic materials were extracted by 
water-diethyl ether treatment and the water layer was 
then acidified and extracted with diethyl ether again. 
Both thiofs, p-TolSH and p-ClC6&SH, were detected 
in the extract by mass spectrometry. The ArS/Ar'S 
exchange at the 0-position also takes place in the final 
products 10 and 11. Thus, when 11 is kept with an 
equimolar amount of p-TolSNa it gives 8, and the 8 : 11 
ratio is 88 : 12, whereas 10 with p-ClC,j&SNa under the 
same conditions gives 9 and the 9 : 10 ratio is 16 : 84. It 
is noteworthy that no exchange of the ArS group at the 
a-position occurred. 


An RSIR'S exchange in vinylic systems has been 
recently in~estigated,~ but both p r e p a r a t i ~ e ~ ~  and 


experiments were run with a large excess of a 
nucleophile in order to obtain complete conversion4' or 
with the aim of searching for the intermediate in these 
reactions4b rather than investigating the equilibrium 
between the RS and R'S derivatives. 


In order to account for the observed ratios of the 
products the kinetic model of the process (Scheme 2) 
was analysed. 


8 
ArS- , k5 - 11 


Ar'S-, k -5 


ArS-, K 


+Ar ' S-/ k4 


7 2b 2a P 


I &'IS- I 
+Ars- I % tArs- I k2 


V 
9 


Scheme 2 


From the model, the following system of equations 
can be derived: 


d [8l/dt = kl [2al [Ar'S-1 + ks [ll] [ArS-] 
- k-s[81 [Ar'S-I (1) 


d[9l/dt= kz[2b] [ArS-I + ka[lO] [Ar'S-] 
- k-6[9] [ArS-] (2) 


d[lOI/dt = k3 [2al [ArS-I + k-6[91 [ArS-] 
- k6[10] [Ar'S-I (3) 


d [ I l l / d t=  k4[2b] [Ar'S-I + k-5[81 [Ar'S-] 
- kS [I l l  [ArS-J (4) 


The ratio of the a-ArS to the a-Ar'S derivatives 
(9 + l0)/(8 + 11) is then expressed by the equation 


(9 + lo)/ (8 + 11) = (kz [2bl + k3 [2al) [ArS-I / (kl Pa l  
( 5 )  


The [ArS-]/[Ar'S-] ratio can be taken from the 
8 11 and 10 G 9 exchange experiments, which give a 
value of 0.16 2 0.01. The relationships between the 
rate constants kI-k4 seem to be different in terms of the 
mechanisms A and C on the one hand and mechanism 
B on the other. For mechanisms A and C the rate- 
determining step is the addition of the nucleophile 
to the double bond. For reactions with different 
dihalovinyl aryl sulphones the p-thiocresolate ion was 
shown to be cu twice as reactive as the p-chlorothio- 
phenolate Consequently, we can set k3 = 2kl 
and kz = 2k4. Therefore, for mechanisms A and C the 
ratio expressed by equation ( 5 )  becomes 


(6) 


+ k4 [Zb]) [Ar 'S-I 


(9 + lo)/ (8 + 11) = 0.32 


which is substantially different from the experiment 
value of 0.19. 


On the other hand, for mechanism B the rate- 
determining step is probably the 1,2-migration of the 
ArS or Ar'S group. This requires participation of 
d-orbitals of the sulphur atom in delocalization of the 
negative charge in the transition state: 


Ar 
I 


c-c 
phSo2, /s\ /H 


E d  ' S A P  


and, therefore, the lower reactivity of the p-chlorothio- 
phenolate ion in its addition to the double bond can be 
compensated for by its higher migration ability in the 
intermediate carbanion 3 (Scheme 1). Hence, to a first 
approximation, one can assume kl = k2 = ks = k4, 


which yields (9 + lO)/(S + 11) = 0.16 or 
(9 + 10) : (8 + 11) = 14 : 86. This almost coincides with 
the experimental ratio of 16 : 84. 


For equal initial concentrations of the reagents, i.e. 
[2a + 2bIo = [ArS- + Ar'S-10 = CO, one has 


(7) 
(8) 


[Za] = [Ar'S-] =Co/(l +K'/') 
[2b] = [ArS-1 = C&l'z/(l + K1/') 
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We can assume that the rate constants for the equilibria 
in Scheme 2 which involve nucleophilic attack at the Cp 
atom are much higher than the rate constants k1-k4 for 
the formation of 8-11 by nucleophilic attack at the C, 
atom. This allows us to apply a steady-state approxi- 
mation and to simplify equations (1)-(4) to 


d [8l/dt = kl [2al [Ar'S-I (9) 
d [9l/dt = kz [2bl [ArS-I (10) 


d 1101 /dt = k3 [2al [AS-I (1 1) 
d [ l l l / d t =  k4[2bl [Ar'S-I (12) 


Combining with equations (7) and (8) we obtain the 
following equation for the ratio of the products: 


(13) 8: 9 :  10: 11 = kl : k&: k&K"2: kqK1" 


Accepting the above approximation of 
kl = k2 = k3 = k4 and assuming K = 0.16' = 0-026, we 
obtain the ratio 


8 :9 :10 :11=74 :2 :  12: 12 (14) 
in excellent agreement with the experimental ratio of 
70 : 4 : 12 : 14 for the reaction of 2a with p-ClC6&S-. 


Consequently, the experimental data are in better 
agreement with mechanism B (Scheme 1) which 
involves an intramolecular 1 ,Zmigration of the ArS or 
Ar'S group in the intermediate carbanion. This is also 
proved by the fact that no ArS/Ar'S exchange occurred 
at the a-position, otherwise the attack of a thiolate ion 
at the C ,  atom would give rise to the carbanion 


Ar S 
\ -  


PhSO -C-CHSAr 
2 /  


Ar'S 


from which both ArS- and Ar'S- could be eliminated. 
As this mechanism has been suggested" based on the 


fact that the substitution at the a-position in 1 takes 
place with ArS- but not with MeO-, it was of interest 
to study also the reaction of 2 with sodium methoxide. 
The only product isolated from the reaction of 2a with 
MeO- in methanol turned out to be 10 rather than 
PhSOzC(OMe)=CHSTol-p. This is probably the result 
of exchange of the ArS group at the @-position and the 
attack of the p-TOIS- released at the C, atom of 2a. 
This is consistent with the fact that 1,Zmigration of the 
Me0 group is impossible as it requires expansion of the 
electron shell of the oxygen atom above an 


The idea of 1,2-migration of the nucleophilic group 
during vinylic substitution has also been proposed by 
Russell and co-workers for reactions of thiolates and 
some other soft nucleophiles with l,l-diphenyl-2,2- 
dinitroethylene6 or 1,l-diphenyl-2-nitroethylene' and 
by Benedetti et a/.8 to account for the formation 
of P-mtehcxystyrene from the carbanion 
PhCH(OMe)CHS02R (although in the last case, in our 


opinion, the migration of the phenyl rather than the 
methoxy group should be considered). 


The possible preference of the intramolecular 
mechanism B over the intermolecular mechanism C is 
probably due to an entropy effect similar to that 
responsible for the higher r-nucleophilicity. Carba- 
nions 4 and 5, although obviously less stable than 3, 
have the lone pair on the @-carbon as an 'internal 
nucleophile' in a close proximity to the C, reaction 
centre. This allows the entropy losses to be avoided and 
also diminishes the energy barrier for the bromide 
expulsion owing to smaller changes in the interelec- 
tronic repulsion9 on going from 3 to the transition 
state. 


EXPERIMENTAL 


Melting points are uncorrected. NMR spectra were 
taken on Bruker WR 200SY and Bruker AMX 400 
instruments in DMSO-d6. Mass spectra were recorded 
with a Varian MAT 311 instrument at 70eV. 
a,@-Dibromovinyl phenyl sulphone (l), l o  a-bromoQ- 
(p-toly1thio)vinyl phenyl sulphone and a,P-bis(p- 
to1ylthio)vinyl phenyl sulphone were prepared 
earlier. a-Bromo-&(p-chloropheny1thio)vinyl phenyl 
sulphone (2b) was prepared similarly to 2a, 3e 


m.p. 118-119 C. 'H NMR, 6: 8.45s (IH,=CH), 
7.98 d (2H, o-H in Ph), 7-70 m (3H,m,p-H in Ph), 
7.71 d (2H,m-H in CIC6H4S), 7.57 d (2H,o-H in 


134.25, 133.02, 132.88, 129.73, 129.71, 129.59, 
128.30. MS, m/z (relative intensity, Vo), (ion): 388, 390, 
392 (43,65,22) (M); 309, 31 1 (5.6,2-6) (M-Br); 247, 


(M - PhSO2-Br); 167, 169 (44,20) (M - PhSO2 - HBr); 


(PhSO); 109 (8) (PhS); 77 (59) (Ph). Analysis: calcu- 
lated for C14H10BrC102S~, C 43.15, H 2.59, S 16.45; 
found, C 43-42, H 2.80, S 16.61%. a$-Bis(p-chloro- 
pheny1thio)vinyl phenyl sulphone (11) was prepared 
similarly to m.p. 138-139 "C. 'H NMR, 6: 8.72 s 
( lH,  =CH), 7.94 d (2H, 0-H in Ph), 7.70 d (2H, m-H 
in @-CIC6H4S), 7.68m (1H,p-H in Ph), 7.58m 
(2H, m-H in Ph), 7.58 d (2H,o-H in @-CIC6H4S), 
7.31 d (2H,m-H in a-C1C6HsS), 7-13 d (2H,o-H in 


132.54, 130.20, 129.88, 129.68, 129.48, 129.28, 
129.12, 129.05, 128.85, 128.27. MS, m / t  (070) (ion): 
452, 454, 456 (30, 26, 8) (M); 309, 311 (8,3*5) 


CIC6HsS). "C NMR, 6: 145.81, 137.13, 134.38, 


249, 251 (79, 100, 28) (M - PhSO2); 168, 170 (47, 17) 


143, 145 (37,17) (ClC6H4S); 141 (9) (PhSOz); 125 (20) 


a-CIC.&S). "C NMR, S: 134.21, 133.84, 132.86, 


(M - ClC6H4S); 199, 201 (100,41) (M - PhS02H - 
C6H4Cl); 143, 145 (65,23) (CICaH4S); 141 (11) 
(PhS02); 125 (21) (PhSO); 109 (16) (PhS); 77 (51) (Ph). 
Analysis: calculated for CzoH14ClzOzS,, C 52.98, H 
3.11, CI 15.64, S 21-21; found, C 53.11, H 3-18, C1 
15.39, S 21.08('10. Compounds 8 and 9 were not iso- 
lated but analysed in a mixture with 10 and 11 and are 
characterized by 'H NMR spectra (Table 1). 
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HYDROGEN BONDING OF AROMATIC AMINES IN 
HYDROXYLIC SOLVENTS. PART 1. ABSORPTION 


SPECTROSCOPY OF SUBSTITUTED ANILINES AND HYDROGEN 
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AND 
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The longest wavelength absorption band of substituted anilines containing electron-accepting groups is characterized 
as an intramolecular charge-transfer (ICT) transition. Dual absorption peaks observed for the ICT transition of some 
para-substituted anilines in a strongly hydrogen-bonding solvent, hexaluoropropan-2-01 (HFP) can be attributed to 
two inequivalently hydrogen-bonded species with differently hybridized aniline nitrogens in HFP. The hydrogen bond- 
induced rehybridization causes appreciable changes in the ICT absorption spectra of highly polar aromatic amines. 
Rehybridization of aromatic amino nitrogens depends on the OH acidity in the solvent molecule and the basicity of 
the substituted anilines. The geometry of trivalent nitrogens in aryl amines is critically dependent upon the ionization 
potential of the amino group, the electron amnity of the electron-accepting substituent and the substitution site of 
the electron-withdrawing group with respect to the amino moiety. 


INTRODUCTION 


The electronic structure of conjugated systems con- 
sisting of an electron-donor and an electron-acceptor 
moiety have been extensively studied from the view- 
point of intramolecular charge-transfer (ICT) interac- 
tions. The concept of ICT excitation, originally 
proposed by Nagakura, Tanaka and co-workers, has 
been applied to the interpretation of absorption spectra 
for substituted benzenes and many related phenomena. 
For example, the photochemical reactivity of amino- 
substituted benzophenones can be rationalized in terms 
of ICT.’ The formation of a twisted intramolecular 
charge-transfer (TICT) state has been widely postulated 
in the explanation of dual fluorescence of p-N, N- 
dimethylaminobenzonitrile and related 
which can be regarded as one of the most important 
extensions of the ICT concept. Shake-up satellites of 
the ICT nature have been identified in nitro-N 1s core 


electron spectra observed for p-nitroanilines and 
derivatives.” The concept of ICT also plays an 
important role in designing luminescent substances (e.g. 
laser dyes”) and organic crystals for second harmonic 
generation. l3  


The stereochemistry of trivalent nitrogen atoms in 
the aromatic amines has been of great interest for a 
long time. 14-30 A variety of spectroscopic techniques 
have been applied to investigate the properties of 
aniline and derivatives: ro ta t i~na l , ’~~’~  vibrational, ”*” 
electronic absorption, 14-” f luores~ence~~ and VUV 
photoele~tron’~ spectroscopy. In addition, measure- 
ments of dipole moment, 31.32 p~lar izabi l i ty~~ and x-ray 
diffraction of crystals34 have been employed for struc- 
tural analysis. These studies provide indirect or direct 
evidence for the non-planarity of aniline in the 
vapour, 2 5 ~ 2 6  and ~ r y s t a l l i n e ~ ~  phases. Aniline 
is a non-planar molecule whose dihedral angle between 
the plane of the amino group and the aromatic ring is 
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ca 40'. The energy barrier to inversion has been evalu- 
ated from analysis of the vibrational" and fluores- 
cencez9 spectra. A number of papers have reported 
molecular orbital calculations for the molecular struc- 
ture and the inversion barrier of aniline and deriva- 
t i v e ~ . ~ ~ - ~ '  The calculated results are in qualitative and 
sometimes quantitative agreement with the exper- 
imental observations. 


The planarity of aniline is increased on the introduc- 
tion of an electron-withdrawing substituent into the 
para position with regard to the amino group and is 
further increased by strengthening the electron- 
accepting ability of the para substituent. 22*24*33*35-36*38 


Alkylation of the amino nitrogen is another way of 
increasing the planarity. 40,42 As determined by x-ray 
analysis, p -n i t r~an i l ine ,~~  p-N-rnethylnitr~aniline'~ 
and p-N,N-dimethylnitroanilineU are non-planar in 
the crystalline phase, although they are nearly planar. 
In all cases the amino moiety is rotate: out of the 
aromatic plan:. The twist angles are 10-6 for g-nitro- 
aniline,43 2 -0 for p-N-methylnitr~aniline'~ and 7 * 3" 
for p-N,N-dimethylnitroaniline." In contrast, the 
nitro group is almost completely coplanar with the 
phenyl ring. 


It has been indicated that the nitrogen atom in 
N-methylindoline (N-methyl-2,3-dihydroindole) may be 
either hybridized like sp' (planar) or like sp3 
(pyramidal). 'O Maier and Turner 30 pointed out that the 
geometry around the N atom is pyramidal in the case of 
indoline. It has been suggested that two structurally ine- 
quivalent species exist at equilibrium in the ground state 
of 5-cyano-N-methylindoline (5CMI). 24 One of the two 
interpretations given in Ref. 24 is based on the hybri- 
dization of the amino nitrogen. The aromatic amines 
studied in this work are more or less closely related to 
5CMI. 


It is well known that the geometry of aromatic 
amines is determined by a variety of factors affecting 
the potential energy of the aryl amines.2'*35*36*38 The 
optimum configuration is a compromise between the 
intrinsic tendency of trivalent nitrogens to be pyramidal 
and the expected tendency in conjugated systems to 
assume a planar configuration in order to maximize the 
resonance interaction with the aromatic nucleus. There- 
fore, the amino moiety is pyramidal or coplanar with 
respect to the aromatic plane, depending on the nature 
of the ligands on the nitrogen atom and substituents 
bonded to the aromatic ring. Several papers have 
described the correlation between the physico-chemical 
properties of p-nitroanilines and hybridization of the 
amino nitrogen. '2,45-49 


Hydrogen-bonding (HB) effects on the electronic 
spectra of aniline and derivatives have been studied by 
many workers. 31*46-56 On changing the solvent from 
methanol or ethanol to water, anomalous blue shifts of 
absorption maxima have been observed for ani- 
line, 51p53*56 N,N-dimethylaniline,50 m-aminoaceto- 


phenone, 56 p-aminoa~etophenone~'*~~ and 
m-nitroaniline. 56 This paper is mainly concerned with 
the anomalous behaviour of the ICT bands of highly 
polar anilines in a strongly hydrogen-bonding solvent, 
hexafluoropropan-2-01 (HFP). " 


EXPERIMENTAL 
The compounds studied included 15 para-disubstituted 
benzenes, p-D-C&-A, where D = NH2, NCH3 and 
N(CH3)z and A = CN, COOH, COCH3, COC6H5 and 
NO'). Other related species are indoline-5-carboxylic 
acid (5CI), p-aminopropiophenone (D = NH2 and 
A = COCIH~), 5-acetylindoline (5AI), 4-nitro-2- 
methylaniline (pNoT) and 5-nitroindoline (5NI). Me&- 
substituted aniline and related species examined were 
m-D-C6H4-A, where D=NH2 and N(CH3)2 and 
A = COOH, COCH3 and NO2, and 6-nitroindoline. 
The structures of some sample molecules are shown in 
Chart 1. 


Most of the chemicals studied were commercially 
available. N-Methylamino-substituted derivatives were 
synthesized by the photo-oxidative demethylation of the 
corresponding N ,  N-dimethylamino compounds. 58 SAI 
was obtained by the photo-Fries rearrangement of N- 
acetylindoline in acetone.59 5CI was prepared via the 
haloform reaction of N-acetyl-5AI. Electronic absorp- 
tion spectra were measured on a Hitachi U-3200 spec- 
trophotometer. The concentration of the aromatic 
solute was changed from ca 2 x lo-' to M and 
that of cyclodextrin (CDx) was ca lO-'M. a-Cyclo- 
dextrin was added to aqueous solutions of p-amino- 
substituted benzenes and 0-CDx to other aqueous 
solutions. Vibrational spectra were recorded on a Shi- 
madzu IR-460 spectrophotometer. 


COCH, COCH, COCH, 
p-MAAP 5 A I  p-AAP 


Chart 1 
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RESULTS AND DISCUSSION 


Absorption properties of para-substituted anilines 


Absorption spectral data for a series of para- 
substituted anilines are summarized in Tables 1-3. 
From Table 1 it can be seen that a red shift of the ICT 
band is observed with an increase in the ICT interaction 
(e.g. methylation of the amino group or substitution of 
the electron-accepting group with a higher electron 
affinity). Para-substituted anilines in propan-2-01 (IP) 
undergo gradual red shifts of the absorption maxima 
and intensification of the ICT bands on methylation of 
the amino group. However, the spectral behaviour in 
polyfluorinated alcohols [trifluoroethanol (TFE) and 
HFP] is complicated. From Table 1 ,  a distinctly dif- 
ferent behaviour for the amino and N,N-dialkylamino 
compounds can be seen. The absorption maxima of the 
ICT transition for the NH2 derivatives are dependent 
on the solvents and decrease in the following order: 
IP > HFP-IP ( l : l ,  v/v, mixture of HFP and 
IP) > TFE > HFP. On the other hand, those for the 


N(CH3)2 derivatives increase in the opposite order: 
IP < HFP-IP (1 : 1 )  < TFE < HFP. The spectral 
changes observed on changing the solvent from IP to 
HFP can be summarized as follows: ( 1 )  conspicuous 
blue shifts of absorption maxima with deformation of 
band shape for the NH2 compounds with A = C N ,  
COOH, COCH3 COCzHs or COCd&; (2) appearance 
of an anomalously broadened peak or double peaks for 
p-nitroaniline, pNoT, the NHCH3 compounds with 
A = COOH, COCH3 or COCsHs and indoline deriva- 
tives ( X I ,  5AI and 5NI); and (3) large red shifts of the 
absorption maxima with a normal or slightly deformed 
band shape for the N(CH3)2 compounds (see Table 1 
and Figures 1 and 2). 


Absorption spectra of p-nitroaniline and related 
species in HFP are shown in Figure 2. p-Nitroaniline is 
an exception, since it is the only NH2 compound whose 
absorption band is abnormally broadened. The absorp- 
tion band of 5NI is similar to that of p-nitroaniline 
in that they are abnormally broadended or double 
peaked. On the other hand, the corresponding 
N-methylated or N, N-dimethylated nitroanilines 


Table 1. Absorption maxima and molar extinction coefficients for para-substituted anilines [ p-(H3C),NH2-xC6H.tA] 
and related compounds" 


Corn p o u n d X IP HFP-IP TFE HFP Shift 


Benzonitrile (A = CN) 0 
1 
2 
0 
1 


2 
5C1 
Acetophenone (A = COCH,) 0 


1 


Benzoic acid (A = COOH) 


2 
5AI 


Propiophenone (A = COC2Hs) 0 
Benzophenone (A = COC6Hs) 0 


1 
2 


1 
2 


Nitrobenzene (A = NOz) 0 


5NI 


pNoT 


276.6 (2.13) 
284.2 (2.56) 
291.4 (2.65) 
288.8 (1.62) 
301.6 (2.24) 


305.0 (2.24) 
305.6 (1.57) 
317.0 (2.03) 
329.6 (2.52) 


332.0 (2.53) 
336-6 (2.21) 


316.4 (2.25) 
335.2 (1.80) 
348.0 (2.09) 
350-6 (2.27) 
376.2 (1.69) 
386-0 (1.82) 
386.0 (1.94) 
400.6 (1.60) 


378.0 (1.55) 


269.0 (1.99) 
281.6 (2.48) 
298.0 (2.93) 
279.2 (1.56) 
303.2 (2.14) 


313.0 (1.93) 


309.4 (1.57) 
330.2 (2.71) 


341.2 (2.71) 
334-6 (1.46) 


305.0 (1.37) 
327.4 (1.46) 
350.2 (2.21) 
362.6 (2.52) 
370.0 (1.46) 
394.0 (1.83) 
407.6 (2.18) 
411.2 (1.54) 


263.0 (1.75) 
280.6 (2.23) 
298.8 (2.89) 
269.2 (1.32) 
301.8 (1,77) 


314-8 (2.21) 
288.8 (1.14) 
297.8 (1.41) 
331.8 (2.67) 


344.6 (2.82) 
313.8 (1.13) 


294.2 (1.15) 
318.0 (1.39) 
353.0 (2.02) 
366.8 (2.38) 
367.4 (1.15) 
396-6 (1.76) 
413-8 (2.28) 
414-2 (1.33) 


251.0 (1.73) 
276.4 (1.53) 
300.4 (2.39) 
261.0 (1.49) 
308.0 (1.04) 
280.0 (1.18) 
324.0 (1.31) 
270.8 (1.05) 
282.2 (1.45) 
337,2 (1.38) 
301.5 (0.98) 
355.2 (2.17) 
303.4 (1.28) 


Sh. 360 (0.30) 
277.8 (1.36) 
296.6 (1.44) 
362.4 (1.57) 
381.0 (2.53) 
362.6 (0.88) 
409.6 (2.05) 
431.6 (2.32) 
431.6 (1.02) 
362.2 (0.65) 
381.2 (0.95) 


Sh. 350 (0.88) 


B 
B 
R 
B 


AN 
AN 
R 
B 
B 


AN 
AN 
R 


AN 
AN 


B 
B 


AN 
R 


AN 
R 
R 


AN 
AN 
AN 
AN 


'Absorption maxima are given in nm. The numbers in parentheses are the molar extinction coefficients (lo4 I mol- '  cm-') .  The 
number of methyl groups on the anilino nitrogen is indicated by x, i.e. NHI (0). NHCHJ ( I )  and N(CH3)l (2). IP propanol-2-01; 
HFP-IP = 1: I (v/v) mixed solvent; HFP = hexatluoropropan-2-01; 5CI = indoline-5-carboxylic acid; 5AI = 5-acetylindoline; SNI = 5 -  
nitroinodoline; pNoT = 2-methyl-4-nitroaniline. Sh. means a shoulder on a stronger band. Shift: spectral shift on going from IP to 
HFP. B (blue shift): the pyramidal form is dominant in HFP (See text). AN: anomalously broadened peak or double peaks in HFP. 
A comparable amount of each species co-exists at equilibrium in HFP. R (red shift): the planar form is dominant in HFP. 
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Table 2. Spectral data in water for para-substituted anilines, P-ACsHeD, 
and corresponding indoline derivatives' 


~~ 


A D max. c FWHM Shift 


270.0 
283.8 
296.9 
276 * 7 
295.8 
304-4 
311.2 
332.2 
345.8 
329-6 
332-0 
353.4 
368.4 
380-0 
407-2 
423-8 
420.8 


1 -98 5240 
4960 
4760 


1 -40 6360 
6360 
6550 


1.65 5840 
4920 
4280 


1.44 6010 
4230 
4810 
4200 


1.30 6160 
4840 
4410 


1-24 6080 


B 
B 
R 
B 
B 
R 
B 
R 
R 
B 
R 
R 
R 
R 
R 
R 
R 


"FWHM = full width at half maximum in (cm-I); E = molar extinction 
coefficient in (lo4 1 mol-' cm-'); Max. =absorption maxima (nm). Shift: 
spectral shifts observed on going from IP to water; B = blue shift and 
R = red shift. 


exhibit normal band shapes. These findings can be cor- 
related with the aniline ba~icity.~' From the fact that 
p-nitroaniline (p-NA) is a stronger base than 
p-N-methylnitroaniline (p-MNA) and p-N,N-dimethyl- 
nitroaniline (P-DMANA),~~ p-NA is much more sensi- 
tive to a strong proton donor such as HFP. A simple 
single band observed for the N-methylated p-nitro- 
anilines suggests that there is only one dominant species 
in HFP. Since N-methylated p-nitroanilines are almost 
planar in the crystalline phase,13s44 they may take a 
nearly planar structure in alcoholic solvents. In con- 
trast, it can be inferred that there are two different 


Table3. Effects of CDx on the spectral behaviour of 
p-DC6H4A and 5-substituted indolines" 


D/A CDx FWHM Max. 


NH2/CN 
N(CHp)z/CN 
NHJCOOH 
NHCHs/COOH 
N(CHp)2/COOH 
NH~/COCHI 
5A1 
NHz/NO2 
5NI 


a- 
P -  


P- 
P- 


P- 


P- 


a- 


a- 


ff- 


5140 
4560 
5970 
5770 
5170 
5790 
5700 
4650 
4770 


273.8 
300-1 
281.9 
298.2 
311-8 
312.6 
331.8 
398.0 
428-2 


'FWHM = full width at half maximum (cm-I); Max. =absorption 
maxima (nm). 


species at equilibrium for 5NI in HFP. The rotation 
about the C(aromatic ring)-N bond is impossible for 
the indoline derivative owing to the intramolecular 
bridge formation. Thus the anomalous dual peaks 
cannot be explained in terms of the presence of a planar 
spkcies and a twisted form. Instead, it is plausible to 
assume a shallow pyramid and a nearly planar form. 


Absorption spectra of p-amino-substituted aceto- 
phenones (NHz, p-AAP; NHCH3, p-MAAP; and 
N(CH3)2, p-DMAAP) are more or less closely related 
to that of 5-acetylindoline (5AI). Distinct double peaks 
are observed for both p-MAAP and 5AI. The long- 
wavelength component in the doublet is intensified in 
the order p-AAP < 5AI < p-MAAP < p-DMAAP. It 
is interesting that the spectral shape observed for 5AI 
is more similar to that of p-AAP than to that of 
p-MAAP. It can be concluded that 5AI also exists in 
two forms, one a shallow pyramid and the other a 
nearly planar structure. 


Absorption spectra of p-aminobenzoic acids are also 
related to those of p-aminoacetophenones. Indoline-5- 
carboxylic acid (5CI) in HFP exhibits a spectral behav- 
iour similar to that of p-aminobenzoic acid. Distinct 
double peaks are observed for p-N-methylaminoben- 
zoic acid in HFP. The short-wavelength component in 
the doublet for p-N-methylaminobenzoic acid is more 
intense than that for the corresponding p-N-methyl- 
aminoacetophenone. This difference can be attributed 
to the differing electron affinity of the puru substituent. 


Negligibly small spectral differences are noticeable 
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among the spectra observed in methanol, ethanol and 
propan-2-01. The ICT band shapes in non-fluorinated 
alcohols are essentially the same, whereas those in the 
fluorinated alcohols largely depend on the number of 
trifluoromethyl groups. The absorption spectra change 
drastically on going from TFE to HFP in some cases. 


It is noteworthy that anomalous dual peaks are clearly 
observed only in neat HFP. In the 1:l mixture of IP 
and HFP, only a single absorption peak is observed for 
the NHCHp compounds which exhibit dual absorption 
bands in pure HFP. The absorption spectra in TFE are 
very close to those observed in the 1 : 1 mixture of IP 


-. 
5 2.0 , z '[A] 
.\ A B C 


I I I I 


W A V E N U M B E R  / lo'cm-' 


Figure 1 .  Absorption spectra in IP. (A) p-N-methylnitroaniline; (B) 5-nitroindoline; (C) p-nitroaniline 
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Figure 2. Absorption spectra in HFP. (A) p-N-methylnitroaniline; (B) 5-nitroindoline; (C) p-nitroaniline 
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and HFP. It is also noted that the integrated absorption 
intensity of the ICT band is approximately constant for 
all solvents regardless of the absorption band shapes. 


In order to understand the unusual dual peaks, the 
occurrence of the following should be clarified: (1) an 
intramolecular phenomenon (e.g. the presence of stable 
conformers), (2) a solute-solute interaction (e.g. dimer 
formation in the ground state) or (3) a solute-solvent 
interaction. Dimer formation in the ground state can be 
ruled out because the absorption spectra are indepen- 
dent of the solute concentration. Therefore, it is con- 
cluded that the doublet structure in the absorption 
spectra arises from structurally inequivalent species. 
Some specific solute-solvent interactions will be con- 
sidered in terms of correlations between solvent proper- 
ties and spectral behaviour in the following section. 


Properties of solvent molecules and hydrogen- 
bonding (HB) effects on absorption spectra 


The PKa values increase in the order60v61 HFP 
(9.3) < TFE (12.3) < IP  (18) and the dielectric con- 
stants decrease in the TFE (26.7) > IP 
(19.92) > HFP (16.7). The first ionization energies 
increase in the ordera IP < TFE < HFP. The increased 
ionization potential of the oxygen non-bonding elec- 
trons means weakening of the oxygen basicity. Because 
the self-association of alcohols in pure liquids is depen- 
dent on the basicity of the oxygen atom, the fluorinated 
alcohols are more unlikely to self-associate than the 
corresponding hydrocarbon alcohols. 65 The pKa values 
indicate that HFP can serve as a strong proton donor, 
whereas HFP and TFE may not act as proton 
acceptors. 48 


The band width of ICT transitions is critically depen- 
dent on the number of trifluoromethyl groups in the 
solvent molecule or pKa. This indicates that the 
abnormal behaviour is closely related to the HB ability 
of alcohols. The dielectric constants of methanol, 
ethanol, propan-2-01, TFE and HFP do not show any 
significant correlation with the observed spectral shifts. 
The spectral features for highly polar aromatic amines 
in polyfluorinated alcohols can be mainly due to the HB 
interactions rather than to dipole-dipole interactions or 
the electronic polarization effect of solvents. 


Since the electrostatic and charge-transfer interac- 
tions are of major importance in hydrogen-bond for- 
mation, 66-72 these interactions should be taken into 
account to explain the observed spectral features. It has 
been reported that there are three different types of HB 
for p-aminoacetophenone in alcoholic media. 55 These 
three modes of HB are described in Scheme 1. The con- 
figuration of the solvent molecules relative to the solute 
molecule should remain unchanged in the Franck- 
Condon excited state.” In this excited state the 
hydrogen bonds of types (a) and (c) are considered to 
be stabilized compared with the ground state and hence 


Scheme 1 


to cause a red shift, whereas the type (b) HB causes a 
blue shift because it is more destabilized than in the 
ground state. ’’ The strongly hydrogen-bonding solvent 
HFP exerts a specific influence on the amino group 
through the type (b) HB, reducing its electron-donating 
ability (i.e. increasing the effective ionization potential 
of the amine moiety) and thereby reducing the magni- 
tude of the ICT interaction within the solute molecule. 
In HFP type (c) HB may play no important role in com- 
parison with type (a) or (b) HB. By analogy with the 
results obtained for the indoline derivatives, the double 
peaks observed for p-N-methylaminoacetophenone in 
HFP are explained in terms of the equilibrium between 
the less coplanar form and the nearly planar structure 
with regard to the amino moiety and the phenyl ring. 
The former corresponds to the blue-shifted component 
in the doublet and the latter to the red-shifted 
component. 


Hydrogen bonding at the carbonyl moiety may be 
identified by measuring the vibrational spectrum of 
p-MAAP in the C=O stretching frequency region. 
Broadening and intensification of the carbonyl band 
around l O c m - ’  was observed on going from IP to 
HFP. Intensification in the lower frequency side 
suggests the formation of a hydrogen bond involving 
the C=O group. Similar spectral changes were also 
detected in the case of 5AI on going from IP to HFP. 
However, the observed spectral changes are much more 
drastic for 5AI than for p-MAAP. This indicates that 
the hydrogen bonding with HFP is stronger in 5AI than 
in p-MAAP. 


On going from IP to HFP, p-N-methylnitroaniline 
(p-MNA) undergoes a red shift, whereas p-MAAP 
exhibits double peaks in HFP. This spectral difference 
can be explained in terms of the hydrogen bonding 
ability of the electron-accepting group (NO2 or C=O) 
and the amino moiety. Although HB between the nitro 
group and OH moiety has been detected in alcohol sol- 
u t i o n ~ , ~ ’  this HB interaction is generally smaller than 
the interaction between a carbonyl substituent and OH 
group because of low hydrogen-accepting ability of the 
nitro group. 66b The conjugation between the anilino 
group and the acceptor substituent is stronger in 
p-MNA than in p-MAAP. Consequently, p-MNA is a 
weaker base than p-MAAP. Both the amino and the 
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electron-acceptor group of p-MNA are weaker in 
hydrogen-bonding ability than those of p-MAAP. 


Scheme 1 is only a simplified description because the 
hydrogen bonds are formed among the solute molecule 
and a cluster of solvent molecules. The type (b) HB may 
be strengthened by the cooperative interaction among 
the alcohol molecules in the hydrogen-bonding 
chain.47B53 In connection with this scheme, it should be 
noted that HFP is a rather exotic solvent. The nature of 
mixed solvents consisting of IP and HFP is mainly 
governed by the IP content (see later). 


It is possible to estimate the magnitude of energies 
associated with the 1 : 1 complex formation involving a 
strong OH...N hydrogen bond. Enthalpy changes due 
to the hydrogen-bond formation between HFP and 
nitrogen lone-pair donors are evaluated to be 
9.7 2 1 . 5  kcal/mol-' (1 kcal= 4.184 kJ) (an average 
obtained from seven values reported in Ref. 74). This 
value is about twice as large as the enthalpy change 
commonly observed for OH-.-N hydrogen bonds. " 
The energy of the internal hydrogen bond of OH..-F in 
TFE is evaluated to be 3 . 3  kcal m 0 1 - I . ~ ~  Therefore, as 
far as the 1:l complex is concerned, the enthalpy 
change is estimated to be cu. 6 kcal mol-' for the for- 
mation of an HFP-..N lone pair hydrogen bond. On the 
other hand, the energy change due to the rehybridiza- 
tion of nitrogen from pyramidal to planar is 1.5-1.6 
kcal mol- ' for aniline28*29 and the resonance energy of 
aniline is considered to be about 6 kcal mol-'. l7 There- 
fore, the destabilization associated with the structural 
change may be smaller than 8 kcal mol-' in view of the 
minor change from the shallow pyramid to the planar 
form. Taking these values into account, it is reasonable 
to assume that the energy change associated with the 
rehybridization on the formation of a strong hydrogen 
bond is of the order of 1 kcal mol-'. which is comuar- 


Methylation of the amino group counteracts the HB 
effect of HFP, which causes a blue shift. In fact, on 
going from p-N-methylaminoacetopheone to p-N, N- 
dimethylaminoacetophenone, the long-wavelength 
component is intensified and the short-wavelength peak 
is weakened to become a tailing. This phenomenon can 
be interpreted in terms of the increase in the population 
of the nearly planar hydrogen-bonded species and the 
decrease in the population of the slightly pyramidal 
hydrogen-bonded species. The increase in population of 
the planar hydrogen-bonded species may be related to 
the increased dipole moment in the ground state caused 
by further N-methylation. The literature values of the 
dipole moment in the ground state are 4.45 D for p- 
aminoacetophenone and 5 *09 D for p-N, N-dimethyl- 
aminoacetophenone. 77 The augmentation of the dipole 
moment enhances the electron density at the carbonyl 
oxygen and thereby strengthens the type (a) HB. Spec- 
tral changes observed for p-aminobenzoic acids and 
p-aminobenzophenones are similar to those observed 
for p-aminoacetophenones and can be explained in the 
same manner as described above. The spectral behav- 
iour of other species listed in Table 2 can also be inter- 
preted in terms of the equilibrium between the 
pyramidal and the planar forms. 


As far as the anomaly observed for the indoline 
derivatives is concerned, the nonplanarity caused by the 
rotation about C(pheny1 ring)-N bond is negligible. On 
the other hand in the case of non-rigidized anilines, 
after a small angle twisting the N atom may achieve 
further stabilization by becoming more pyramidal in 
strongly hydrogen-bonding media. A similar hydrogen- 
bond induced twisting of the amino group has been sug- 
gested by Dearden and Forbesslb on the basis of steric 
effects. 


Comparison of the absorption spectral properties of 
para isomers with those of meta isomers 


able to the thermal energy at room temperature: In 
other words, it is reasonable to assume two structurally 
inequivalent hydrogen-bonded species in the ground 
statk of the para-substituted anilines in HFP. It is interesting to note the spectral difference between 


Table 4. Absorption maxima (nm) for the meta isomer, m-DCsHdA, and 6-nitroindoline (6NOa 


D A Max. (H20) Shift Max. (IP) Max. (HFP) 


NH2 COOH 305.8 B 319.8 299.2 
N(CH3)2 COOH 311.0 B 339.0 (no CT band) 
NH2 COCHi 327-0 B 341.4 310.0 
N(CH3)2 COCH3 340.0 B 361.6 310.4 
NHz NO2 358.4 B 374.6 331.6 
N(CH3)2 NOz 387.6 B 398.8 ca 350b 


ca 450b 
6NI 377.0 B 394.0 346.8 


'6N1= 6-nitroindoline; Max. =absorption maxima (nm). Shift: spectral shift observed on changing the solvent from IP to water; 
B = (blue shift). 
b T ~ o  shoulders overlapped to the stronger band on the shorter wavelength side. 
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the para and the meta isomers. It is generally concluded 
that the meta isomer is less polar than the corre- 
sponding para series from the theoretical consideration 
that the mutual conjugation is very much larger in the 
para series than in the meta isomer. l 6  The decrease in 
the ICT interaction corresponds to the increase in the 
amine basicity. Therefore, it is expected that the meta 
isomer undergoes a blue shift on going from IP to water 
or HFP. The observed results summarized in Table 4 
are in accordance with this expectation. 


The spectral properties observed for m- and p N , N -  
dimethylaminoacetophenone can be compared with the 
molecular orbital calculations obtained by a simple 
composite-molecule method. The contribution of 
charge-transfer configurations in the ground state is 
larger for the para isomer than for the meta isomer.6 
The theoretical calculations are consistent with the 
present findings, especially with the blue shift for less 
polar species. 
m-N,N-Dimethylnitroaniline (m-DMANA) is not 


planar in the crystalline state, the amino group being 
rotated from the phenyl ring by 8 . 5 O . ”  It exhibits 
double absorption peaks in HFP, whereas a simple 
single band is observed for N,N-dimethylated p-nitro- 
aniline (p-DMANA). This different behaviour can be 
ascribed to the base strength of substituted anilines con- 
taining electron-accepting groups. It is well known that 
m-nitroaniline is a stronger base than the corresponding 
para isomer.79 The spectral anomaly is observed for 
bases stronger than p-DMANA, namely for 
p-nitroaniline and m-DMANA. 


The ICT band intensity of m-N,N-dimethyl- 
aminobenzoic acid (m-DMABA) is considerably 
diminished in pure HFP owing to protonation of the 
amino moiety, because the absorption spectrum of 
m-DMABA in HFP is very close to that of benzoic acid 
in the same solvent. It is noteworthy that the corre- 
sponding para isomer exhibits a slightly deformed 
absorption band with a red-shifted maximum in HFP. 
p-N, N-Dimethylaminobenzoic acid (p-DMABA) is a 
weaker base than m-DMABA. HFP acts as an acid 
toward m-DMABA, whereas it acts as a highly polar 


alcohol toward p-DMABA. This considerably different 
basicity may be due to differing hybridization on the 
amino nitrogens. Protonation of the amino moiety in 
m-DMABA clearly shows that the complete rehybri- 
dization takes place from the shallow pyramid to the 
sp3 hybridized configuration. This finding also supports 
our view on the HB effects on electronic spectra. In 
addition, the normal ICT band with an absorption 
maximum at 342.2 nm was observed for m-DMABA in 
the HFP-IP (1 : 1) mixed solvent. Dilution of pure HFP 
by IP prevents the protonation of the anilino nitrogen 
in m-DMABA. 


Spectral comparison of 5-substituted indolines and 
para-substituted N-methylanilines 
The photoelectron spectra of N-alkylated anilines and 
indoline are very similar. 30 The first ionization energies 
are almost the same: 7.65 eV for N-methylaniline and 
7.67 eV for indoline.30 Therefore, it is expected that 
there may be similarity in absorption properties for the 
para-substituted N-methylanilines and the corre- 
sponding indolines. This is the case for the spectra in IP 
solutions. However, the absorption behaviour of the 
5-substituted indolines ( X I ,  5AI and 5NI) in HFP is 
more closely related to that of the poru-substituted 
aniline than that of the corresponding N-methylanilines 
(p-N-methylaminobenzoic acid, pN-methylamino- 
acetophenone and pN-methylnitroaniline). The indo- 
line derivatives exhibit dual absorption peaks on going 
from IP to HFP. The observed absorption changes 
from IP  to HFP are larger for the indolines than for the 
N-methylanilines. This can be explained in terms of the 
pK. difference between the two series. The pK. values 
for indoline and N-methylaniline are 4-97 and 4.39, 
respectively.” Replacement of p-H by an appropriate 
electron-withdrawing group makes the aromatic amines 
less basic. The decrease in basicity is mainly due to elec- 
tronic effects (extended delocalization) and partly to the 
rehybridization of the nitrogen atoms in the 5-sub- 
stituted indolines and the N-methylanilines. The steric 
constraint is greater in the former than in the latter. 


Table 5.  pK. values of anilinium ions’ 


AID p-NHz p-NHCH3 p-N(CH3)z m-NHz m-N(CHdz 


CN 1-71 1811 1 -78 [82] 2.73 1811 2-97[82] 
1 74 [82] 2.75 [82] 


COOH 2.36 [83] 3 a 0 8  [83] 
2.54 [84] 3*17[84] 


COCH3 2-19[811 3.56[81] 
2-29 1841 


N0z 0.96 [81] 0.55 [45] 0.61 [82] 2.45 [81] 2 63 [82] 
0.97 [45] 0.65 [45] 2.47 [82] 


“Numbers in brackets are literature references. 
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Therefore, the pKa difference is enhanced on introduc- 
tion of an electron-accepting substituent. This is consis- 
tent with the conclusion derived from the analysis of the 
NH stretching vibrational frequency. 23 Butt and 
T ~ p s o m ~ ~  pointed out that hybridization at the 
nitrogen atom in 5-substituted indolines is different 
from that in the corresponding para-substituted N- 
methylanilines from the correlation between the NH 
stretching frequency and the Hammett substituent con- 
stant. The data on basicity may support the interpreta- 
tion based on the inequivalent hybridization. 


Absorption spectra in aqueous media 
Spectral data observed for aqueous solutions are listed 
in Tables 2-4. A decrease in molar extinction coeffi- 
cients has frequently been observed for para- 
substituted anilines in waters1 (compare the data in 
Tables 1 and 2). The large band widths in aqueous 
media are attributable to an ensemble of solute-solvent 
adducts. The decreased absorption coefficient is inti- 
mately associated with the increase in the band width 
(full width at half maximum) for the ICT transitions, 
thereby resulting in approximate constancy of the inte- 
grated absorption intensity. Addition of cyclodextrins 
to the aqueous solutions causes a decrease in the band 
width. This results from the decreased population of 
fully hydrogen-bonded species in water. 


A similar decrease in the molar extinction coefficient 
has been reported for N-( p-nitropheny1)aziridine in 
water.46 In addition, a 3 nm hypsochromic shift of the 
absorption maximum has been observed for the aziri- 
dine in TFE relative to that in cy~ lohexane .~~  These 
observations may be characteristic of the aniline 
nitrogen, which is nearly sp3 hybridized. The present 
findings for para-substituted anilines in water and the 
polyfluorinated alcohols are similar to those observed 
for N- (p-nitropheny1)methylenimines. 46 Therefore, it 
can be generally concluded that when the aromatic 
amino nitrogen takes a pyramidal structure, a hypso- 
chromic shift is expected together with a decrease in the 
extinction coefficient on going from the hydrocarbon 
alcohols to the polyfluorinated alcohols or water. 
Although the spectral band widths are increased in 
aqueous solutions, distinct double peaks have not so far 
been observed. This different behaviour from that in 
HFP is attributable to a lower acidity of the water OH 
group in comparison with the HFP hydroxyl group. It 
should be noted that, apart from this difference, the 
spectral shift observed on going from IP  to water is 
similar to that on going from IP to HFP, namely the 
blue shift observed for the para-substituted anilines is 
switched to a red shift on further methylation of the 
nitrogen atom, e.g. on methylation of p-AAP to 
p-MAAP. 


For the NHz and NHCH3 compounds the NH stret- 
ching vibrational frequency can be used as a measure 


for pKa values of the corresponding conjugate acids.22 
In addition, it has been pointed out that there is a good 
correlation between the NH stretching force constant 
and the s character in the hybridization state of the 
amino nitrogen atom. 22 This study has elucidated that 
the molecular planarity is one of the critical factors 
determining the spectral behaviour in HFP. In other 
words, the spectral behaviour may be correlated with 
the amine basicity (pKas of the corresponding anilinium 
ions) or hydrogen-bonding ability. Some pK, values 
taken from the literature are given in Table 5 .  Table 5 
shows that the mefa isomer is more basic than the corre- 
sponding para isomer. Since enhanced basicity corre- 
sponds to an increased s character in the amino 
nitrogen, the para isomer is more planar than the metn 
isomer. This means that the planar nitrogen is weaker 
in hydrogen-accepting ability. Red shifts in water are 
observed for the less basic para-substituted anilines 
(e.g. p-nitroaniline), whereas blue shifts in water are 
observed for the meta-substituted anilines (e.g. m- 
nitroaniline). This suggests that the blue shift is caused 
by stronger HB effects which give rise to a larger 
pyramidalization and that the observed red shifts are 
attributable to the solvent effects due to the high dielec- 
tric constant of water, which overrides the hydrogen- 
bonding effects. 


Proton transfer and hydrogen bonding in binary and 
ternary systems 
It was found that protonation takes place at the amino 
group of N, N-dimethylaniline (pKa = 5 * 07 82) in HFP 
because its absorption spectrum contains a vibrational 
structure similar to that observed in the lowest energy 
transition of benzene or toluene. This is an example of 
extremely strong hydrogen bonds. In this case protona- 
tion is impeded on dilution of HFP by IP. In the 1 : 1 
mixed solvent, the absorption maxima of DMA are 
more blue shifted than in methanol: 242.4 and 284 nm 
(shoulder) in HFP-IP (1 : 1) and 251 -0  and 298.0 nm in 
methanol. 21,50 Ion-pair formation similar to the present 
observation has been reported for 2,4,6-trinitrophenol 
(H-donor) and aniline in dioxane.” The pKa value for 
2,4,6-trinitrophenol is 0 ~ 4 , ~ ’  whereas that of HFP is 
9 ~ 3 . ~  This shows that the proton transfer is very much 
facilitated in a more polar solvent. 


It has been a standard procedure to investigate the 
hydrogen bonding between an H-donor and an H- 
acceptor in an inert solvent. 31 The equilibrium constant 
for 1 : 1 complex formation can be obtained by analysis 
of spectral changes induced by HB. In contrast, binary 
systems were studied in this work. The concentration of 
an H-donor is a maximum because the pure liquid is 
used as the H-donor and the solvent. The highest solute 
concentration for p-NA is 5 x loe4 M and the concen- 
tration of pure liquid HFP is 9.5 M. Therefore, in this 
case one solute molecule is surrounded by at least lo4 
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solvent molecules. The nature of HFP-IP mixed sol- 
vents is very sensitive to the IP mole fraction, because 
HFP is a strong H-donor and a very weak H-acceptor 
and mutual association takes place very efficiently on 
addition of a small amount of IP, which results in 
destruction of the liquid structure proper of pure HFP. 
Hence both the solute-solvent binary system and the 
standard ternary system can be used for elucidating the 
liquid structure of hydrogen-bonding solvents by 
probing the spectral properties of H-donor or H- 
acceptor solute molecules. 


Relevance to TICT phenomena 


The TICT model has been proposed for the dual emis- 
sion of p-N,N-dimethylaminobenzonitrile and related 
species. Neither p-aminobenzonitrile nor p-N-methyl- 
aminobenzonitrile exhibits this kind of dual emission. 86 


Although the TICT model can be applied to a wide 
variety of organic molecules, 9910 the HB-induced rehy- 
bridization may be observed for any type of aromatic 
amines. The degree of rehybridization depends on the 
hydrogen-bonding ability of the solute and the solvent. 


There have been no reports on light absorption due 
to the transition from the ground state to the TICT 
state. The present observation of dual peaks cannot be 
interpreted by the TICT model. The model of different 
hybridization may be applied to the explanation of the 
dual fluorescence of 5-substituted indoline. 86*87 Since 
the indoline derivatives can be regarded as rigidized 
anilines, they have been used as reference compounds 
which may not form the TICT state. Pure sp2 hybri- 
dization is very unlikely for the indoline nitrogen, 
because the compounds are not completely planar. The 
HB-induced rehybridization may be of some import- 
ance in determining the stable structure in the ground 
state and the relaxation pathway from the Fran- 
ck-Condon excited state of the indoline derivatives in 
hydroxylic solvents. 


From the estimated equilibrium constant (less than 
0.03) at 298 K for 5-cyano-N-methylindoline (5CMI),24 
we can evaluate the energy difference between the domi- 
nant species and the high-energy form. The energy dif- 
ference is calculated to be more than 2.1 kcal mol-'. 
This value is comparable to the energy change associ- 
ated with the formation of N(lone pair)...HO(HFP) 
hydrogen bond. From this assessment, double peaks or 
anomalously broadened peaks are expected to appear in 
the absorption spectrum of 5CMI in HFP. 


CONCLUSION 


Aromatic amines dissolved in HFP show characteristic 
absorbtion bands depending on the basicity. The behav- 
iour of substituted anilines in HFP can be divided into 
the following four categories: (1) anilinium ion for- 
mation for m-DMABA and DMA; (2) conspicuously 


blue-shifted species for p-AAP; (3) co-existence of the 
pyramidal and the planar species for p-MAAP and 
p-NA; and (4) considerably red-shifted species for 
p-DMANA. Changes from (1) to (4) are observed on 
decreasing the base strength. The observed results can 
be characterized as an acid-base equilibrium and 
strong and weak hydrogen bonding. In addition, very 
weak HB can be formed by weak H-donors such as CH 
groups" or weak bases such as n-electron systems.89 A 
more rigorous classification of HB should be made on 
the basis of a physical quantity such as the van der 
Waals radius. The criteria for classifying hydrogen 
bonds as weak or strong have been summarized in Ref. 
72. The present qualitative description may serve as a 
first-order crude approximation. 


HB-induced rehybridization of aromatic amino nitro- 
gens is a general phenomenon in strongly hydrogen- 
bonding media. It can account for the spectral 
properties of a wide variety of aromatic amines. The 
analysis employed in this study postulates a correlation 
between the spectral behaviour and the molecular struc- 
ture or the m i n e  basicity. If this approach is generally 
valid, it should be possible to investigate the geometry 
of nitrogen atoms for aromatic amines by means of 
absorption spectroscopy in water or HFP. 


It is of interest that the molecular structure of aniline 
in the crystalline state34 is very close to that in the gas 
phase, 29 although NH.--N hydrogen bonding is present 
in the former and absent in the latter. Similar structures 
have been observed for p-nitroaniline in the gas, 


and crystalline states.43 In spite of the fact 
that the N(amino)H--.OzN(nitro) hydrogen bonding in 
the crystal is not strong, it is one of important factors 
which determine the molecular packing of nitroaniline 
compounds in the crystalline state. l3  If appreciable 
crystal field effects are absent, the molecular structure 
in the crystal state may be close to that in the solution 
phase. However, if a strong HB interaction is present 
between the solute and the solvent, the geometry in the 
solution may be far from similar to that in the crystal- 
line phase. The extreme case is a complete proton 
transfer from the H-donor to the H-acceptor. 
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STEREOCHEMICAL STRUCTURES OF (8,8-ETHYLENEDIOXY-2- 
0x0-)- AND (8,8-ETHYLENEDIOXY-2-HYDROXY-)-6- 
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Cyclopentannulation of 4-tert-butyldimethylsilyloxy-2syclopenten-l-one from a &metallaled dioxolane-type 
orthoester affords 4-tert-butyldimethylsilyloxy-8,%ethylen~ioxy~phenylsulphonyl-2~xobicyclo [3 3 01 octanes as a 
mixture of two diastereoisomers. Their stereochemical structures were established by NMR and x-ray analysis. The 
minor product possesses a cis ring fusion, the sulphonyl and the te~-butyldimethylsilyloxy groups being endo and s o ,  
respectively. The major isomer also has a cis ring fusion but an ex0 position for both dimethylsilyloxy and sulphonyl 
groups. Both cyclopentannulation products result from an anti addition with respect to the 4-tert- 
butyldimethylsilyloxy group on the enone. 


ti' 0 3  b + moz+& 


&i.jl 
I 


@ +  


INTRODUCTION 
Cyclopentannulation of 4-terf-butyldimethylsilyloxy-2- 
cyclopenten- 1-one from the P-metallated dioxolane 
type orthoester 1 according to the previously reported' 
procedure affords 4-ferf-butyldimethylsilyloxy-8,8- 
ethylenedioxy-6-phenylsulphonyI-2- 
oxobicyclo [3-3.0]octanes as a mixture of a major 
diastereoisomer 2 and a minor diastereoisomer 3 
[Scheme 1, equation (a)]. These two diquinanes have 


r-RuM@iO 1 


1. HMPAITHPI-78.C 


3. Me,SIoTI (10%) I CII&Iz/ -78T 
(qn.  a) 2 Me,SlCI 


r - B u w i O  been isolated by recrystallization and flash chromatog- r-BuMesiO raphy followed by recrystallization, respectively. SOZPh s0,Ph 


Ketone diisobutylaluminum hydride reduction of 2 1 3 
gives a single diastereoisomer 4 [Scheme 1, equation 
@)I. 


In order to determine the stereochemical course of 
the reaction, we have undertaken high-field NMR and 


(i  -BuhAIH 


x-ray diffraction analysis of the resulting products. (qn.b)L -18.C f-BuM@iO w 
SolW 


4 
Scheme 1 
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RESULTS AND DISCUSSION 


NMR study of compounds 2 and 3 


Products 2 and 3 are characterized by the ’J(H,H) 
coupling constants reported in Figure 1. In particular 
we can determine without ambiguity that ring fusion 
3J(H,H) values of 10.0 and 8.2 Hz correspond to a 
synclinal relationship between the protons, implying a 
cis configuration. On the other hand, comparison 
between other typical 3J(H,H) values for 2 and 3 
cannot give stereochemical information; this is 
exemplified by the fact that ’J(H,H) values between the 


protons adjacent to t-BuMezSiO and PhS02 and the 
vicinal proton at the fusion are nearly identical. A 
striking difference exists between the chemical shift SH, 
of the proton adjacent to the silyloxy group for each 
diastereoisomer. Compared with 2, the Ha proton in 3 
is deshielded by 0 .7  ppm in deuterochloroform. This is 
due to the important anisotropic effect of the sulphonyl 
group. It is likely that product 3 possesses proton Ha 
located close to this group. In contrast, this effect is 
absent for the major diastereoisomer 2; the proton con- 
cerned resonates at the usual field. The I3C chemical 
shifts do not differ by more than k 3 ppm between the 
two compounds. More information concerning the 
stereochemistry was obtained by x-ray analysis. 


J2 J l  


Figure 1. Coupling constants in 2 and 3 


Table 1. Atomic coordinates ( x lo4) of 3 and eqrivalent tem- 
perature factors u,, = (1/3)~i~,~i,ai*aj*aia, ( A ~ ) (  x 1 0 ’ )  


X-ray analysis of compounds 3 and 4 
The atomic parameters of 3 and 4 are given in Tables 
1 and 2, respectively. Bond distances and bond angles 
are compared in Tables 3 and 4. Figures 2 and 3 are 
stereoscopic views of the molecules showing the num- 
bering of the atoms; Figures 4 and 5 show the unit cell 
content for each structure (PLUTO program’).? 


Table 2. Atomic coordinates ( x lo4) of 4 and eqpivalent tem- 
perature factors u., = (1/3)~i~,~i~a:cli+aia, ( A ~ ) (  x 109 


Atom X Y Z ue, Atom X Y Z u e ,  
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c1 
c 2  
c 3  
c 4  
c 5  
C6 
c 7  
C8 
0 9  
c10 
c11 
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013 
Si14 
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C17 
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c20 
s2 1 
022 
023 
C24 
C25 
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C28 
C29 
030 
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4 163(3) 
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26 13(3) 
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2033(2) 
1991(2) 
817(2) 


3075(2) 
2289(1) 
3002(1) 
992(1) 


2958(1) 
2236(2) 
2790(2) 
4048(2) 
4757(2) 
42 17( 1) 
2934(1) 
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As shown in Figure 2, the minor product 3 possesses 
a cis ring fusion. The sulphonyl and the tert- 
butyldimethylsilyloxy groups are located endo and ex0 
respectively. The stereochemical structure of the major 
product 2 is deduced a posteriori from that of the 
alcohol 4. The latter molecule has five stereocentres; it 
is characterized by a cis ring fusion, 3s4 an ex0 position 
of the tert-butyldimethylsilyloxy and sulphonyl substi- 
tuents, as for 2, and by an endo position of the alco- 
holic function (Figure 3). With regard of the ex0 
position of the tert-butyldimethylsilyloxy group, we 
can assume that cis ring junction ’ cyclopentannulation 
products 2 and 3 both result from an anti addition to 
4-tert-butyldirnethylsilyloxy group on the enone. 


It is worth making some brief comments about the 
conformations of compounds 3 and 4. They are 
different, as shown by the comparison of the endocyclic 
torsion angles listed in Table 5 .  In molecule 3, the 
cyclopentanone is a half-chair with the diad axis 


Table 3. Bond distances (A) 


Bond 3 4 


c2-c 1 
C5-Cl 
C8-C1 
C3-C2 
030-C2 
c4-c3 
c5-c4 
013-C4 
C6-C5 
C7-C6 
S21-C6 
C8-C7 
09-C8 
012-C8 
c10-09 
Cll-ClO 
012-Cll 
Si 14-0 13 
C l  5-Si 14 
C16-Si14 
C17-Si 14 
C 18-C17 
C19-Cl7 
C20-Cl7 
022-s2 1 
023-S21 
C24-S21 
C25-C24 
C29-C24 
C26-C25 
C27-C26 
C28-C27 
C29-C28 


1.525(4) 
1 .545(4) 
1.553(3) 
1.503(6) 
1.198(4) 
1.498(5) 
1 .550(3) 
1 .434(3) 
1.555(3) 
1.523(3) 
1.778(2) 
1 .509(3) 
1*411(3) 
1.399(3) 
1.416(3) 
1.469(5) 
1.404(4) 
1.642(2) 
1.865(4) 
1 .848(4) 
1.863(3) 
1 -516(5) 
1 .542(5) 
1 * 503(5) 
1.435(2) 
1.440(2) 
1 .762(3) 
1 .390(4) 
1 * 382(4) 
1 -382(5) 
1 .372(5) 
1.382(5) 
1.373(5) 


1 .534(2) 
1 *543(2) 
1 .540(2) 
1.506(2) 
1.420(2) 
1 .506(2) 
1 *539(2) 
1.417(2) 
1 *533(2) 


* 5 14(2) 
*775(1) 
.536(2) 
-435(2) 
-395(2) 
.430(2) 
* 48 l(2) 
* 403(2) 
.633(1) 


1 -855(1) 
1 .849(2) 
1 .887(2) 
1 .540(2) 
1 .518(2) 
1.521(3) 
1-432(1) 
1 -43 1( 1) 
1 *763(1) 
1 .367(2) 
1 .380(2) 
1 .392(2) 
1.377(2) 
1 -366(2) 
1 -377(2) 


Table 4. Bond angles ( O )  


Bonds 3 4 


C5-Cl-C2 
C8-Cl-C2 
C8-Cl-C5 
c3-c2-c1 
030-C2-C I 
030-C2-C3 
c4-c3-c2 
c5-c4-c3 
013-C4-C3 
013-C4-C5 
c4-c5-c 1 
C6-C5-C 1 
C6-C5-C4 
C7-C6-C5 
S21-C6-C5 
S21-C6-C7 
C8-C7-C6 
C7-C8-C1 
09-C8-C1 
09-C8-C7 
012-C8-C 1 
012-C8-C7 
012-C8-09 
C 10-09-C8 
Cll-C12-C8 
012-c 1 1-c10 
c11-c10-09 
Si14-013-C4 
C15-Si14-013 
C16-Si 14-013 
C16-Si14-Cl5 
C17-Si 14-0 13 
Cl7-Si 14-C15 
C 17-Si 14-C 16 
C 18-C 17-Si14 
C19-Cl7-Si 14 


C20-Cl7-Si14 
C20-Cl7-Cl8 
c2o-c17-c 19 
022-S21-C6 
023-S21-C6 
023-S21-022 
C24-S21 -C6 
C24-S2 1-022 
C24-S21-023 
c25-c24-s21 
c29-c24-s2 1 
c29-c24-c25 
C26-C25-C24 
C27-C26-C25 
C28-C27-C26 
C29-C28-C27 
C28-C29-C24 


C19-Cl7-Cl8 


105 * l(2) 
112*3(2) 
106.1(2) 
108.3(3) 
125-0(4) 
126.7(4) 
104 * O( 3) 
105-0(2) 
107 -9(3) 
106.2(2) 
105.2(2) 
103.9(2) 
118.5(2) 
106.3(2) 
1 15.4(2) 
114*2(2) 
101.8(2) 
104.2(2) 
109.0(2) 
110*0(2) 


112.2(2) 
114.1(2) 


107.3(2) 
107.1(2) 
107.7(2) 
107.0( 3) 
105 -6(3) 
123.2(2) 
109.6(1) 
108.9(2) 
110.1(3) 
104.9( 1) 
111.2(2) 
1 12.1(2) 
110.5(2) 
109*3(2) 
108.2(3) 
110.0(2) 
108.0(4) 
110*9(4) 
109*6( 1) 
106.9(1) 
119.0(1) 
103 - 5 (  1) 
108 ‘4( 1) 
108 ‘4( 1) 
119.0(2) 
119.9(2) 
121-0(3) 
1 18.4(3) 
120.3(3) 
121.4(3) 
118.8(3) 
120.1(3) 


104.7(1) 
117-2(1) 
106-5(1) 
104 O( 1 ) 
116.3(1) 
1 15 ‘2( 1) 
102.3(1) 
103.3(1) 
107 * 6( 1) 


105 6( 1) 
104-3(1) 
113 *9( 1) 
104-5(1) 
112.3(1) 
114.3(1) 
101 *4(1) 
103.7( 1) 
112.8(1) 
108.9( 1) 


1 14.6( 1) 
105.9(1) 
107 * 3( 1) 
107.3( 1) 
105.3( 1) 
105-5(1) 
129- 5( 1) 
111 .q1)  
108 ‘4( 1) 
108.3(1) 
103*3(1) 


113.5( 1) 
108*7(1) 


109.2( 1) 


111.2(1) 


112.2(1) 


110.0(1) 
11 1 *2(1) 
109.1 ( 1) 
108 - 1 ( 1) 
109*7(2) 
107.6( I) 
109.6(1) 
118*7(1) 
102-8(1) 
108*7(1) 
108*3(1) 
119*9(1) 
1 18.6( 1) 
121.4(1) 
119*1(1) 
1 19.41 1 ) 
120*9(1) 
120*2( 1) 
119*0(1) 
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through C1 (AC2 = lo),  the cxclopentane an envelope 
with C7 at the flap (ACs = 5 . 8  ) and the dioxoloane ring 
an envelope with C8 at the flap (ACs = 5 . 1  ) . 6  For 
compound 4, both cyclopentane rings adopt envelope 
conformations; that with the hydroxyl substituent has 
C3 at the flap (ACs = 0") and the other has C7 at t,he 
flap, i.e. the same conformation as in 3 (ACs = 6.3 ). 


Curiously, the dioxolane ring here adopts a different 
envelope conformatio? as it is now atom 012 which is 
at the flap (ACs = 4 * 5  ). 


There is an intramolecular hydrogen bond in mol- 
ecule 4, between the hydroxyl hydrogen and 0 9  of tQe 
dioxolane ring; the eeometry is 030...09 = 2*760(2)A, 
H30*.-09 = 2*32(4)A and O-H-..O = 135(2)". 


Figure 2. Stereoscopic view of 3 


Figure 3. Stereoscopic view of 4 
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Figure 4. View of the packing in the structure of 3 


Table 5. Endocyclic torsion angles ( O )  (a = lo) EXPERIMENTAL 
Bonds 


c5-c1-c2-c3 
c1-c2-c3-c4 
c2-c3-c4-c5 
c3-c4-c5-c1 
c2-c1-c5-c4 
C8-C I -C5-C6 
Cl--C5-C6-C7 
C5-C6-C7-C8 
C6-C7-C8-C1 
C5-CI-C8-C7 
012-C8-09-C 10 
c8-09-c10-c11 
09-CIO-CI 1-012 
CIO-CI 1 -012-C8 
09-C8-012-C10 


3 4 


1 1  26 
- 30 - 43 


36 43 
- 29 - 26 


10 0 
4 4 


21 - 30 
- 39 44 


41 - 40 
- 29 22 
- 23 - 20 


17 3 
4 14 


-10 - 28 
21 30 


All NMR spectra were acquired with a Bruker AMSOO 
spectrometer ('H at 500.13 MHz, I3C at 125-77 MHz). 
Assignments of the 13C NMR resonances were obtained 
by using two-dimensional 'H- I3C NMR shift correla- 
tion spectroscopy (HCCORR). Two-dimensional 
double-quantum filtered correlation spectroscopy 
(DQF-COSY)' gave all the 'H- 'H connectivities. 
DQF-COSY spectra were measured using the time- 
proportional phase incrementation method (TPPI) and 
transformed in the phase-sensitive mode. 7 , 8  Chloro- 
form was chosen as an external reference. 


Suitable crystals were obtained by slow evaporation 
at room temperature of a solution in methyl acetate for 
3 and a solution in diethyl ether for 4. The crystal data, 
the data collection and the refinement parameters are 
summarized in Table 6 .  The lattice parameters were 
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Figure 5 .  View of the packing in the structure of 4 


refined using 16 reflections for 3 and 22 for 4 in the 
range 20' < 28 < 60'. A Huber four-circle diffrac- 
tometer equipped with monochromatized Cu Ka radi- 
ation was used for both data collections. One standard 
reflection was checked every 50 measurements; no sig- 
nificant intensity decrease was observed. Both struc- 
tures were solved by direct methods using the 
SHELXS86 program' and refined with SHELX76" 
using F values. All the H atoms-were computed ridhg 
on their C atoms (C-H = 1 .OSA, H-C-H = 109.5 ) 


except the H of the hydroxyl in 4 and those which are 
not methyl in 3 which were located from Fourier differ- 
ence synthesis. The H atoms were included in the refine- 
ment with common refined isotropic temperature factor 
( U=0.12A2 for 3 and 0.10A2 for 4). The full list of 
atomic coordinates including H atoms and the aniso- 
tropic thermal parameters have been deposited as sup- 
plementary material. Atomic scattering factors were 
taken from the International Tables. " 
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Table 6. Data collection and refinement parameters 


Parameter 3 4 


Indices of standard reflections 
No. of measured reflections 
No. of observed reflections [I 2 2.5(1)1 
No. of parameters 
R =  
WR = 


S 
w = I / ( d  + gF2): g = 


( N o )  
P(max,rnin) (e A-’) 


C22H3206SSi 
0.32 x 0.20 x 0.20 


452.64 
Triclinic 


P -  1 
9.820( 1) 


11 *563(1) 
12.439(2) 


106.25(2) 
79*77(2) 
69. 18(1) 


1205 * 6(2) 
1.25 
2 
1 *54178 


484 
19.0 


C22H3406SSi 
0-20 x 0.28 X 0.40 


454.66 
Triclinic 


P -  1 
9.852(3) 


11 -547(3) 
13.224(3) 
62- 14(3) 
63 * 77(3) 
75*56(3) 


1191 *3(5) 
1.27 
2 
1,54178 


488 
19.3 


0.60 
-11 < h < 11 
-13 < k <  12 


O < I <  14 
1 5  -3  


4338 
3587 
311 


0.049 
0.064 
0.00626 
1.03 
0.47 


0.29, -0.34 


0.60 
-10 < h < 11 
- 1 2 < k <  13 


0 < 1 < 1 5  
-3 2 1 


4284 
4004 
275 


0.053 
0-082 
0.03212 
0.69 
0-22 


0.36, -0.52 
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PHOSPHONIC SYSTEMS. PART 8. SOLUTION AND SOLID-STATE 
CONFORMATION OF DIASTEREOMERIC ADDUCTS OF 


DIETHYL PROP-2-ENYLPHOSPHONATE TO 
p-NITROBENZALDEHYDE 


ELMAR L. MULLER, H. MARITA ROOS AND TOMASZ A. MODRO* 
Department of Chemistry, University of Pretoria, Pretoria 0002, South Africa 


A mixture of diastereomeric adducts of lithiated diethyl prop-2-enylphosphonate to p-nitrobenzaldehyde was 
separated and the solution and the solid-state structures of the individual stereoisomers were studied. Conformational 
analysis demonstrated that in solution the most populated rotamer involves in both cases trans orientation of the 
P0,Et2 and 02NC6H4 groups and a gauche relationship of the phosphoryl and hydroxyl groups. In the solid state the 
crystal structure determination demonstrated that the molecules exist in the same conformation as in solution, 
although the P=O *.* H-0 hydrogen bonding changed from intramolecular to intermolecular (dimeric) interactions. 


INTRODUCTION 


Conjugated dienes can be prepared via the Wittig- 
Horner reaction using relatively unreactive substrates 
such as diethyl arylmethanephosphonates or their viny- 
logues. ' Although lithiated allylic phosphonates react 
with aldehydes to  yield a-adducts as kinetic products, in 
the absence of other functional groups stabilising the 
incipient diene these 2-hydroxyalkylphosphonates 
cannot always serve as effective precursors for the diene 
products. On deprotonation, the kinetic a-adducts 
often isomerize instead to the corresponding y-deriv- 
atives via reversal of the addition step. Since the 
addition of an allylphosphonate to  an aldehyde gener- 
ates a pair of diastereomeric products, we were 
interested in the relationship between the relative con- 
figurations of the two chiral centres in the cy-adduct and 
the conformation of the compound, and also the reac- 


tivity of the individual diastereomers in the diene- 
forming and in the retro addition steps. 


In this work we carried out structural (solution and 
solid-state) studies of the diastereomeric products of the 
nucleophilic addition of diethyl prop-2-enylphos- 
phonate (1) to  p-nitrobenzaldehyde. It was known3 
that this reaction yields a crystalline product, hence we 
hoped that the individual diastereomers could be separ- 
ated and their structures couid be studied indepen- 
dently, in solution and in the solid-state, by means of 
x-ray diffraction. 


RESULTS AND DISCUSSION 


The reaction of lithiated 1 with p-nitrobenzaldehyde 
(PNPCHO) at - 7 8 ° C  results in an equilibrium 
mixture which, after aqueous work-up, gives the 
products shown in equation (1).* 


1 


* Author for correspondence. 


0894-3230/ 93/0 10064-07$08.50 
0 1993 by John Wiley & Sons, Ltd. 


2 3 


20% 49 % 31 % 


(i) BuLi, THF,  -78 "C 
(ii) PNPCHO, -78 " C  to 


(iii) aq NH4C1, -78 to  +2O"c 


Received 30 June 1992 
Revised 6 August 1992 
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The cr-adduct 2, consisting of two diastereomers (2a 
and 2b) in a ca 1:l ratio, was isolated from the crude 
product containing the y-adduct 3 and the unreacted 1 
by column chromatography, and separated into pure 
stereoisomers by means of preparative TLC. The indi- 
vidual diastereomers were examined by NMR spectro- 
scopy (Table 1) and the relative configurations (fhreo, 
erythro) were assigned using the observed values of the 
3./AB (vicinal) coupling constants in the 'H NMR 
spectra. The assignment was based on the previously 
observed4 attractive interactions between the 
phosphoryl group and the 2-hydroxy substituent and 
the preferred trans location of the PO3R2 and the 2-aryl 
groups. A similar trend in the JAB values (7 vs 1 Hz) 
was reported for the two diastereomers of diphenyl(2- 
hydroxyalky1)phosphine oxides. For each stereoisomer 
three stable staggered conformations exist with respect 
to the rotation about the C,-C@ bond (Figure 1). 


The observed vicinal coupling constants 3 5 1 \ B  
(Table 1) are related to the populations (XI, x2, x3) 
and the calculated vicinal coupling constants of the 


PNP 


20 (threo) 


Table 1. Selected data for the diastereomers of diethyl 1- 
[(hydroxy)(p-nitropheny1)meth yl] prop-2-enylphosphonate 


Parameter 2a (fhreo) 2b (eryrhro) 


116.2 


27.3 
2.78 
5.12 
5.82 


22.0 
10.0 
2.2 


50.78 
70.84 


136.1 


125.8 


27.7 
2-81 
5.00 
5-51  


18.5 
9 . 5  
9.5 


51.67 
72.62 


133.6 


individual rotamers ('J8 and 'Jf) in the following way: 


3 J A B =  X~'J~(X~) + ~ ~ ~ ~ ~ r ( x ~ )  + x ~ ~ J ~ ( x J )  
By applying the approach of Haasnoot et at. and using 


2b (erythro) 


2b XI Xl x3 


Figure 1. Staggered conformations of fhreo- and erythro-diethyl 1- [(hydroxy)(p-nitropheny1)methyll prop-2-enylphosphonate 







66 E. L. MULLER, M. ROOS AND T. A. MODRO 


the available' group electronegativities, the theoretical 
vicinal proton-proton coupling constants ( Jg and J r )  
could be calculated. Since the molecules of 2 contain 
only one pair of vicinal hydrogen atoms at the Car, Cp 
carbons, we had to simplify the equation by combining 
for each diastereomer the rotamers involving the 
gauche orientation of the HA, HB hydrogens and 
averaging the calculated 'Jg value for these two 
rotamers: 


JAB = (XI + xz l3 Jg(av) + x3 Jr ( ~ 3 )  for 2a 3 


3JAB = XI 'Jt(X1) + ( X Z  X3)3Jg(av) for 2b 
where 


3 ~ g ( a v )  = 0.5 [ ' J ~ ( X ~ )  + 3 ~ g f ( ~ 2 ) 1  for 2a 
and 


3Jg(av) = 0*5[3Jg(Xz) + 3Jg'(X3)] for 2b 


The results are given in Table2. Irrespective of the 
accuracy of the treatment, the conformational pre- 
ferences are obvious. The major factors determining 
the distribution of rotamers are the repulsive interac- 
tions between the PO3Et2 and PNP groups and the 
attractive interactions between the former group and 
the 2-hydroxy function. As a consequence, although for 
2a the combined population of the two rotamers 
(XI,X2) was calculated to be quantitative, we believe 
that the first rotamer (XI) represents the almost exclu- 
sive form of the compound in CDC13 solution. This 
conclusion is supported by the results obtained for 2b, 
which exists in chloroform solely as rotamer XI (the 
only one which involves trans orientation of 
PO3Etz/PNP groups and gauche orientation of 
PO3Etz/OH groups). Since the dilution of the solutions 
of 2 in CC14 had no effect on the IR spectra of these 
compounds, we interpret the attraction between the 
phosphonate and the 2-hydroxy group as indicative of 
the intramolecular P=O ... H-0  hydrogen bonding, 
demonstrated before4 for other 2-hydroxyalkyl- 
phosphonate esters. When the substrate was moved 
from chloroform-d to methanol-& the population of 
the rotamer XI  (or XI + X2 for 2a) decreased sig- 


nificantly (disruption of the intramolecular hydrogen 
bonding), although these conformations still prevailed 
in the solution. 


The x-ray structures of both diastereomers were then 
determined; the perspective (Ortep') views of the mol- 
ecules are given in Figure 2 and selected molecular par- 
ameters are listed in Table 3. The first conclusion is that 
for both compounds the crystal structure corresponds 
exactly to that representing the most stable confor- 
mation in solution (XI). The analysis of the torsion 
angles reveals almost ideal staggered conformation with 
the trans orientation of the P03Et2/PNP groups, and 
the gauche relationship between the phosphoryl and the 
hydroxyl groups. This leads to the torsion angles 
between the vicinal hydrogens [H(9)-C(9)-C(l2)- 
H(k2)l achieving aLmost ideal values for the gauche 
(57 ) or trans (175 ) relationships; substituting these 
values into the Karplus equation' one arrives at vicinal 
coupling constants of 2.2 and 9 - 2  Hz, respectively, 
almost identical with the observed values. It must there- 
fore be concluded that in chloroform both 
stereoisomers exist mostly as structures directly 
'transferred' from the crystalline state. It should be 
additionally noted that the torsion angle between the 
phosphorus atom and the hydroxyl oxygen 
[P-C(9)-C(12)-0(22)] is in both cases smaller than 
60" (ca 56"), indicating strong attraction between these 
two centres. The non-bonding distances between the P 
and the O(22) atoms (3-00,2*95 A) are both well below 
the sum of the corresponding van der Waals radii 
(3.30 A). However, contrary to expectation, the 
observed strong attraction between the PO3Et2 and the 
OH groups is not a result of intramolecular hydrogen 
bonding. The intramolecular O(2)-O(22) and 
0(2)-H(22) distances are in both cases significantly 
greater than 3 A, thus giving evidence for the absence 
of hydrogen bonding. The corresponding intermole- 
cular distances (2.649 and 2.708 A), on the other hand, 
correspond closely to the average oxygen- oxygen dis- 
tance (2.671 A) determined for various 
P-0-H-0-C hydrogen bonding systems. lo 


This type of interaction leads to the arrangement of 


Table 2. Calculated vicinal coupling constants and the populations of rotamers X for phosphonates 2a and 2b 


2a 


2b 


~ 


1 . 5 1  3.34 9.52 CDCl3 103 - 3  
CD3OD 88 12 


XI x2 + x3 
(OJO) (ole) 


9.52 3.00 1.86 CDCli 99 1 
CDiOD 14 26 
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c5 


Table 3. Selected molecular parameters of the diastereomers 
of diethyl I-[(hydroxy)(p-nitrophenyl)methyl]prop-2-enyl- 


phosphonate 


02 1 


020 


Parameter 


Bond distances (A): 
P=0(2) 
P - C(9) 
C(9)-C(12) 
C(9)-C( 10) 
C(IO)-C(Il) 
C(12)-C(13) 
C(12)-0(22) 


Torsion angles ('): 
P-C(9)-C( 12)-C( 13) 
P -C(9)-C( 12)-O(22) 
P-C(9)-C( 12)- H( 12) 
c(lo)-c(9)-c(l2)-c(l3) 
C( 10) - C(9)- C( 12)- O(22) 
C( 10) - C(9) - C( 12)- H( 1 2) 
H(9)- C(9) - C( 12)- C( 1 3) 
H(9) -C(9)- C( 1 2) -0(22) 
H(9) - C(9)- C( 12) - H( 12) 


O(2) - O(22) intramolecular 
O(2)-O(22) intermolecular 
0(2)-H(22) intramolecular 
0(2)-H(22) intermolecular 
O(22)-P intramolecular 


Non-bonded distances (A): 


020 


(b) 


Figure 2. Perspective views with atomic numbering of (a) 2a 
and (b) 2b 


2a 


1.474(6) 
I . n w n )  
1*539(10) 
I .  4n9(11) 
1 .324( 12) 
1 .509( 1 1) 
1.397(9) 


177(1) 
W1) 


-64(1) 
54(1) 


- 67( 1) 
174( 1) 
- 62( 1) 
176(1) 
57( 1 ) 


3.230 
2.649 
3.452 
1.820 
3.005 


2b 


1 *466(5) 
I a n24(7) 
1.580(9) 
1.535(10) 
1.328(10) 
1*513(9) 
I .  377(n) 


179(1) 
56U) 


-63(1) 
- 65(1) 
173(1) 
54( 1 ) 
56(1) 


-66(1) 
175(1) 


2.708 
3.179 


3.540 
1.934 
2.953 


the molecules of 2 into the centrosymmetric, dimeric 
structures held by the pairs of the intermolecular 
hydrogen bonds (Figure 3). Our results demonstrate, 
therefore, that when the molecules of 2 form crystals, 
the requirements of the packing forces change the 
involvement of the P=O and 0 - H  functional groups 
in the hydrogen bonding from intra- to intermolecular, 
still preserving the rigorous gauche orientation of these 
two groups in a single molecule. It is interesting that the 
pattern of the P=O... H-0-C hydrogen bonding in 
the solid state can change from system to system. For 
some tertiary 2-hydroxyalkylphosphine oxides Warren 
and co-workers observed both intramolecular and 
intermolecular ' I  interactions; in both cases the gauche 
relationship between the C,-P and Co-OH bonds 
was preserved. In the latter case'' the intermolecular 
hydrogen bonding gave rise to a ribbon-like structure of 
a chain of molecules, each bonded to  two others. 


In the phosphonate system 2 we observe yet another 
type of hydrogen bond arrangement (dimeric struc- 
tures), but the conformation of the molecule itself 
remains as in X I ,  irrespective of the intermolecular 
relations. We propose to explain this conformational 
preference by postulating the presence of an additional 
(independent of the hydrogen bonding) stabilising 
effect, namely the n ( p ) + d  donation of the non- 
bonding electrons of the hydroxyl oxygen to the vacant 
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n 


'Q 


A 


03, u 
(b) 


Figure 3 Dimeric structures of (a) 21 and (b) 2b. Hydrogen 
bonding is indicated by dotted lines 


d orbitals of phosphorus. A similar effect was suggested 
in the conformational analysis of 2-hydroxyalkyl 
sulphoxidesl' and also in our work on 2- 
alkoxyalkylphosphonates.4 In conclusion, we believe 
that the phosphoryl function is capable of interacting 
with other functional groups via more than one 
mechanism, and should therefore be expected to play a 
significant role in determining the preferred confor- 
mation of an organophosphorus molecule, both in 
solution and in the solid state. 


EXPERIMENTAL 


The preparation and isolation of substrates 2a and 2b 
have been described elsewhere. ' Both compounds gave 
NMR ('H, I3C and 31P) and mass spectra in full agree- 
ment with the expected structure. NMR spectra were 
recorded on a Bruker AC 300 MHz spectrometer at a 
probe temperature of 30 "C. Chemical shifts are given 
in 6 (ppm) relative to tetramethylsilane as an internal 
standard ('H, "C) or 85% H3P04 as an external stan- 
dard (3'P). The solvents used for the analysis of the 
NMR spectra were chloroform-d (Uvasol, Merck) and 
methanol-d4 (Uvasol, Merck), both dried over mol- 
ecular sieves. The concentration of the substrates was 
0-20 M. 


Crystal structure determination. Colourless crystals 
of 2a and 2b were obtained by slow evaporation of sol- 
utions in hexane. Both compounds crystallized in the 
space group P21/c, with slightly different cell dimen- 
sions (Table 4). All diffraction measurements were per- 
formed at room temperature and the data were 
collected with an Enraf-Nonius CAD4 diffractometer 
using monochromated Mo Ka(X = 0.7107 A) radiation. 
The lattice constants were obtained from a leoast-square: 
fit of 25 centred reflections in the ranges 10 < 8 < 14 
and 6"8 < 11' for 2a and 2b, respectively. Data were 
corrected for Lorentz and polarisation effects. Absorp- 
tion corrections were applied for 2b. Intensity checks 
were carried out every hour and an orientation control 
every 200 reflections. Three standard reflections were 
used to check the orientation and crystal stability at 
regular intervals, and the decays during data collection 
were 0.6% and 2.9% (not corrected) for 2a and 2b, 
respectively. 


The structures were solved by direct methods and 
refined anisotropically using a full matrix method 
(l/a2F- weights) using SHELX76. I 3  All hydrogen 
atoms, except the experimentally located and refined 
hydroxyl hydrogen [H(22)] were placed in calculated 
positions and were included in the refinement with a 
common isotropic temperature factor that converged to 
U = 0-308(9) A2 and U = 0.370(8) A' for 2a and 2b, 
respectively. The 0-C and C-C bond distances of the 
PO3Et2 groups were refined in a fixed mode by con- 
straining the 0-C bond distances to 1 -420(1) A and 
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Table 4. Crystallographic data acquisition and refinement details of compounds 
La and 2b 


-~ ~ - 


Data 2a 2b 


Empirical formula 
Molecular weight 
Crystal dimensions (mm) 
Space group 
Cell dimensions: 


a(+) 


c (fy 
8( 1 


Volume (A') 
D(caIc.) (g 
a(cm- ' )  
T('C) 
F W 0 )  
Scan type (W : 2s) 
Scan range (e " )  
hkl-indices: 


Z 


h 
k 
I 


Maximum2can speed 
(variable, min-I) 
Maximum scan time (5) 
Scan angle (W + 0.34 tans) (') 
Aperture size (mm) 
Reflections collected 
EAC correction factor: 


Maximum 
Minimum 
Average 


Unique reflections used 


Parameters refined 
Max. positional shiftlesd 
Residual electron density 
(e  .A3): 


Rint 


Maximum 
Minimum 


R 
RW 


C14HzoN06P C I ~ H Z O N ~ ~ P  
329 329 


0.28 x 0.13 x 0.15 0.20 x 0.24 X 0.48 
P211c p211c 


1 1 * 990(3) 
17.054(3) 
8.902(3) 
105.25(2) 


4 
1756.1 
1.245 
1.41 
25 


696 
1 : l  


3 g e g 2 7  


11.632(3) 
17.967(6) 
8.401(4) 
102. oo(2) 


4 
1717.4 
1.272 
1.44 
24 
696 
1:1 


3 ~ ~ ~ 2 7  


0:  11 0:  10 
0:21 0:22 


Max. 3.30 Max. 3.30 
- 15: 15 - 14 : 14 


60 60 
0.55 0.62 


4203 41 10 
1.3 x 4.0 1 .3X4-0  


none 0.999 
none 0.866 
- 0.946 


1539 [>3a(I)] 1824 [> lo(l)] 
0.0216 0.0143 


209 209 
0.135 0.127 


0.41 0.57 


0.1047 0.1409 
0.0612 0.0547 


- 0.36 - 0-40 


the C-C bond distances to 1.530(1)A. This was 
necessary because the very high thermal motions of 
these atoms resulted in unrealistically short bonds. 


ACKNOWLEDGEMENTS 


Financial assistance from the University of Pretoria 
and the Foundation for Research Development is 
gratefully acknowledged. 


REFERENCES 


1. C.  Piechucki, Synthesis, 187 (1976). 
2. E. L. Miiller and T. A. Modro, submitted to Bull. Soc. 


Chim. France. 


3. C. Juan, J .  Yao and S. Li, Phosphorus, Sulfur Silicon, 


4. M. P. Belciug, A.  M. Modro, T.  A. Modro and P .  L. 


5 .  A. D. Buss, W. C. Cruse, 0. Kennard and S. Warren, 


6. C .  A. Haasnoot, F. A.  A. M. de Leeuw and C. Altona, 


7. N. Inamoto and S. Masuda, Chem. Lett., 1003 (1982). 
8. C .  K. Johnson, ORTEP, Report ORNL-3794. Oak Ridge 


National Laboratory, Oak Ridge, TN (1965). 
9. D. H .  Williams and I.  Fleming, Spectroscopic Methods in 


Organic Chemistry, p. 101. McGraw-Hill, London (1973). 
10. D. E. C. Corbridge, The Structural Chemistry of 


Phosphorus, p. 251. Elsevier, Amsterdam (1974). 


53, 21 (1990). 


Wessels, J. Phys. Org. Chem. 5 ,  787-794 (1992). 


J.  Chem. Soc., Perkin Trans. 1 ,  243 (1984). 


Tetrahedron, 36, 2783 (1980). 







70 E. L. MOLLER, M. ROOS AND T. A. MODRO 


1 1 .  F. Allen, 0. Kennard, L. Nassimbeni, R. Shepherd and F. Alcudia, 1. Fernandez. J. M. Llera, M. Trujillol and F. 
S. Warren, J. Chem. Soc., Perkin Trans. 2, 1530 (1974). Zorilla, J. Mol. Slruct. (Theochem.) 186, 211 (1989). 


12. E. Brunt, J .  L. G .  Ruano, M. C. Martinez, J .  H.  13. G. M. Sheldrick, SHELX76, Program for Crystal Struc- 
Rodriguez and F. Alcudia, Tetruhedron, 40, 2023 (1984); lure Determinution. University of Cambridge, Cambridge 


( 1976). 












JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 6, 273-280 (1993) 


DETERMINATION OF THE EXISTENCE, VALUE AND 
UNCERTAINTY OF THE COMPENSATION OR ISOKINETIC 


TEMPERATURE 


JOSEPH S. ALPER AND ROBERT I .  GELB 
Department of Chemistry, University of Massachusetts-Boston, Harbor Campus, Boston, Massachusetts 02125-3393, U. S.A . 


The demonstration of the existence of a compensation effect, the linear dependence of the enthalpy on the entropy 
for a series of chemical reactions, is often complicated by an apparent linear dependence arising solely from 
experimental errors. A non-linear least squares method has been developed for establishing the existence or non- 
existence of a compensation effect and for determining the value of the compensation temperature if the effect exists. 
The uncertainty in the value of the compensation temperature can be determined by means of a Monte Carlo 
procedure. If a compensation effect does not exist, three cases can be distinguished: (1) the relationship between the 
enthalpy and entropy is linear, but the compensation temperature is OK: (2) the various reactions cannot be 
distinguished from each other because of experimental errors; and (3) the reactions do differ, but the relationship (if 
one exists) between the enthalpy and entropy is not linear. The method is illustrated using both hypothetical and 
experimental examples. 


INTRODUCTION 


A van’t. Hoff plot of R In K vs -1/T, where K is the 
equilibrium constant for a chemical reaction at tem- 
perature T and R is the gas constant, gives rise to a 
straight line whose slope is AH and intercept is AS, 
assuming that both A H  and AS are independent of tem- 
perature. Similarly, an Arrhenius plot of R In k vs 
-l/T, where k is the rate constant, also results in a 
straight line. The slope and intercept of this line are the 
activation energy and the logarithm of the pre- 
exponential factor, respectively, which are related to 
the enthalpy and entropy of activation for the reaction. 
In this treatment we make the customary assumption 
that the pre-exponential factor is independent of 
temperature. 


If either Arrhenius or van’t Hoff plots are generated 
for a series of related chemical reactions and the (acti- 
vation) enthalpies are plotted against the (activation) 
entropies, the result is often a straight line. This linear 
relationship is called a compensation effect or, in the 
case of kinetic data, an isokinetic effect. The slope, 
which has dimensions of temperature, is called the com- 
pensation or isokinetic temperature. This effect was first 
described by Leffler in his seminal 1955 paper.’ 


Compensation effects are widespread in chemistry. In 
a review, Linert2 cites a large variety of studies in such 


areas as catalysis, vaporization, solid-state interdiffu- 
sion, thermal dissociation, electron diffusion in organic 
semiconductors, pharmaceutical and biochemical 
systems, electrode kinetics, chemical adsorption and the 
viscosity of liquids. 


Although a linear relationship between the enthalpy 
and entropy in a series of reactions can be due to the 
underlying chemistry of the reactions, it is often simply 
an artifact of the experimental uncertainties in 
measuring the equilibrium or rate constants. To dif- 
ferentiate between these two effects, we shall refer to 
the linear correlation induced by experimental errors as 
the pseudo-compensation effect and to a real relation- 
ship as simply a compensation effect. 


The nature of the pseudo-compensation problem was 
first elucidated by Exner. ’ The pseudo-compensation 
effect arises because the slope and intercept for each 
van’t Hoff or Arrhenius plot are correlated. The values 
of R In K ( R  In k )  and 1/T, on the other hand, are stat- 
istically independent because their values are obtained 
from separate independent experiments. Exner’s key 
insight into this problem was the realization that if a 
true compensation effect exists, and if all the van’t Hoff 
or Arrhenius lines are plotted on a single R In K 
( R  In k )  vs 1/T plane, then these lines will intersect in 
a single point whose abscissa is the reciprocal of the 
true compensation temperature. In essence, Exner rec- 
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ognized that the linear (compensation) relationship 
between A H  and AS, whose uncertainties are corre- 
lated, can be reformulated as a non-linear relationship 
between R In K (R In k ) ,  whose uncertainties are 
uncorrelated, and 1/T, whose values can be assumed to 
have zero uncertainty. 


The work based on these ideas analyzes the various 
linear relationships obtained by plotting all the data on 
a single Ink  vs 1/T plane. For example, Linert4 
examined the following sums of squares of deviations: 
first, the experimental points for each reaction from the 
straight line ‘constrained’ by the hypothesis of the exist- 
ence of a real isokinetic effect to pass through the point 
of intersection of all the Arrhenius lines; and second, 
the experimental points for each reaction from the orig- 
inal Arrhenius line unconstrained by this hypothesis. 
The abscissa of the point that minimizes the first sum 
of squares is the candidate for the isokinetic tempera- 
ture. The existence of the isokinetic effect and hence of 
this temperature is validated by examining whether the 
ratio of the two sums of squares is small as measured 
by the Fisher-Pearson F-test. Note that this statistical 
test, a parametric one, is used only to determine the 
existence of a compensation effect; it does not provide 
an estimate of the uncertainty in the value of the com- 
pensation temperature. Other methods, such as that of 
Krug,’ also use parametric statistical methods to 
analyze linear relationships (in this case a AG vs A H  
relationship). Krug’s method, unlike Linert’s, does 
provide estimates of confidence intervals for the com- 
pensation temperature. 


In this paper, we show that the problem of deter- 
mining the existence of, the value of and the uncertainty 
in a real compensation temperature is fundamentally a 
non-linear problem. We present a systematic method 
for determining a compensation or isokinetic tempera- 
ture (if it exists) and its error. Because the problem is 
a non-linear one, parametric methods for estimating the 
uncertainty in the compensation temperature are not 
reliable. However, confidence intervals for the compen- 
sation temperature can be obtained using Monte Carlo 
methods. In addition, our method distinguishes among 
the various circumstances that result in the absence of 
a compensation effect. 


THE PSEUDO-COMPENSATION EFFECT 


Before presenting our method, we give a discussion of 
the origin of the pseudo-compensation effect. The 
purpose of this discussion is to delineate the cir- 
cumstances for which the pseudo effect becomes a 
problem. Our examples, given later in this paper, will 
be based on these situations. 


If a set of N data points (x i ,  yi) is fitted to a straight 
line by means of a least-squares analysis, the intercept, 
a, and the slope, b, are not independent parameters. If 
ui is the uncertainty in yi (xi is assumed to be error- 


free), the covariance ff:b is given by6 


0 3 6  = - &/A 
where 


A = SSxx - (Sx)’ (2a) 


s= c 11.’ (2b) 


and 
N 


i = l  


N 


sx= c Xi/.’ (2c) 


sxx= c .flu’ (2d) 


i = l  


N 


i = l  


For the case of a van’t Hoff plot for a single chemical 
reaction, we have Xi = -1/Ti, yi = R In Ki,  a = A S  and 
b = AH. 


The correlation coefficient, rub, between the uncer- 
tainty in a and the uncertainty in b is given by6 


(3 1 
where a; and at?, the variances in the estimates of a and 
b, respectively, are equal to 


rub = o : b / J Z 2  = - sx/Jssxx 


a i = S x x / A  and ut?=S/A (4) 


The correlation coefficient takes values between -1 
and 1. A correlation of 1 or -1 implies a perfect linear 
relationship between b and a; a correlation of 0 implies 
that these two parameters are uncorrelated, i.e. their 
covariance is zero. 


Consider the experiment in which several, say n, 
reactions are analyzed. Assume that the set of tempera- 
tures used for generating the van’t Hoff plot for each 
reaction is the same. Now suppose that for each tem- 
perature the errors in the measured quantity R In K are 
large, i.e. of the same order of magnitude as the differ- 
ence among the values of R In K for the different 
reactions. For this situation, the n data sets for the n 
reactions can be considered to be replicates of each 
other. Consequently, the standard deviation of the n 
values of a (which we denote by a )  obtained from the 
n reactions is approximately equal to .a, the uncertainty 
in a obtained from any one of the reactions using 
equation (4). Similarly, the standard deviation of the n 
values of b (Qb) is approximately equal to f fb,  and the 
covariance between the n values of a and the n values 
of b (Q:b)  is approximately equal to d b ,  obtained from 
equation (1). 


Now plot the n values of b (i.e. the values of A H )  
versus the corresponding n values of a (the values of 
AS), assume a linear relationship and calculate the cor- 
relation, r, and the slope of the line, P ,  using standard 
linear regression techniques: 


r = Q h / Q a Q b  and P = rQ,,/Qb ( 5 )  
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Since the Qs are approximately equal to the corre- 
sponding as, r = r a b ,  and we can make use of 
equation (3) to find 


= rubUb/aa = - s x / s x x  (6) 


This slope is equal to the pseudo-compensation tem- 
perature. From equations (6) and (2), we see that the 
actual measured values of R In K do not appear in the 
expression for the pseudo-compensation temperature, a 
result also found by Krug et a1.’ The slope depends 
only on the xi (-1/Ti) and on the ui, the errors in the 
values of R In K. Any linear relationship between AH 
and AS arises because the errors in the measured values 
of R In K are large enough to allow the n data sets from 
the n van’t Hoff plots to be considered replicates of 
each other. As first noted by Exner,’ the existence of a 
pseudo-compensation effect and temperature is com- 
pletely independent of the possibility of the existence or 
absence of a real chemical relationship between AH and 
AS for a series of reactions. 


How well do the plotted points (AH vs AS)  fit the 
regression line whose slope is p? If for the sake of 
simplicity we choose uj to be a constant for all i, 
equation (6) becomes 


5 l /T i  
i = l  


(7) P =  N c 1/TiZ 
i = l  


This equation shows that as the range of the exper- 
imental temperatures decreases, all the temperatures 
approach some common value, and the value of (3, the 
pseudo-compensation temperature, approaches this 
common value. Further, from equations 3 and 2, we see 
that as the range of temperatures decreases, the correla- 
tion coefficient increases and reaches its maximum value 
of 1 in the limit of a single experimental temperature. 
In this limiting case, all n points in the plot of AH vs 
AS lie precisely on the line with slope 0. 


It should now be evident from this discussion and the 
equations given above why the pseudo-compensation 
effect is such a problem for equilibrium and kinetic 
studies. The temperatures are all positive, the range of 
temperatures is usually small and the errors in the 
measurement of the equilibrium or rate constants are 
often large. For example, in a very careful van’t Hoff 
experiment, seven temperatures 283, 293, ..., 343 K 
might be chosen. If the errors in measuring the equi- 
librium constants are large, the compensation tempera- 
ture derived from equation (7) is 310 K and the 
correlation coefficient is 0.998. Since the fit of the plot 
of the enthalpies vs the entropies to a straight line is so 
good in this case, it is extremely difficult to distinguish 
a ‘real’ thermodynamic or isokinetic effect from the 
pseudo-effect. 


DETERMINATION OF THE COMPENSATION 
TEMPERATURE AND ITS UNCERTAINTY 


The pseudo-compensation temperature arises because 
the AH and AS determined from a van’t Hoff or 
Arrhenius plot are correlated as a result of the exper- 
imental errors in measuring R In K or R Ink. When 
AH is plotted against A S  in order to determine a com- 
pensation temperature, this pseudo-correlation inter- 
feres with the determination of the presence or absence 
of a correlation arising from a chemical cause. In order 
to overcome this problem we analyze all the R In K vs 
-1/T data obtained from all the reactions 
simultaneously. 


For each reaction i, where i ranges from 1 to n,  and 
for each temperature Ti,, where j ranges from 1 to N ; ,  
the number of data points for the ith reaction, the van’t 
Hoff relationship yields 


R In Kij=  (AHi ) ( - l /T i j )  + ASi 


with a similar relationship for the iskinetic effect. Note 
that the number of temperatures and their values need 
not be the same for each reaction. 


The existence of a compensation temperature (3 
implies that 


A H i = a +  /3 ASi (9) 
Substituting equation 9 into equation 8, we obtain 


R I n K i , = ( a + p  A S i ) ( - l / T , , ) + A S ;  (10) 


We now have a set of CiNi equations with n + 2 par- 
ameters (a, P and the n values of A S i ) .  The values of 
these parameters are to be adjusted in order to best fit 
the model represented by equation (10). Although these 
equations are still linear in - l /T , j ,  they are not linear 
in the parameters. Consequently, a non-linear least- 
squares procedure must be used to determine the 
optimized values of the parameters. We used the 
Levenberg-Marquardt algorithm as implemented by 
Press et a/. to solve the non-linear regression problem. 


The Levenberg-Marquardt algorithm determines the 
optimized values of adjustable parameters by mini- 
mizing x 2 ,  


n N ,  
X’ = C C (y i j  - yij)*/u?j (11) 


the weighted sum of the squares of the deviations of the 
measured values, R In Kij [yij in equation (1 l)] , from 
the values calculated using equation 10 [Y;, in 
equation ( 1  l ) ]  . The calculation of Y,, requires initial 
estimates of ASi, 01 and 0. Initial estimates of ASi  are 
obtained from the van’t Hoff plots and those of 01 and 
(3 from the intercept and slope of the plot of AH vs AS. 


When the optimized values of the parameters are sub- 
stituted into equation ( 1  l ) ,  xz becomes the goodness- 
of-fit statistic, providing a measure of the degree to 
which the data are fitted by the model equations. If the 


i = l  j = l  
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data are well described by the model, the value of x 2  
will be approximately equal to the number of degrees of 
freedom, CiNi - (n + 2); if not, x 2  would be expected 
to be significantly larger than this number of degrees of 
freedom. 


In order to apply the Levenberg-Marquardt algor- 
ithm, it is necessary to obtain an estimate of aij, the 
uncertainty in each measured value of R In Kij. If a 
priori estimates of the measurement errors are available 
then these, of course, would be used. If they are not 
available, we assume that the uncertainty in each of the 
measured values in the ith van’t Hoff or Arrhenius plot 
is the same (aij = ai, for all j ) .  The uncertainty in each 
measured value used in this ith plot can then be esti- 
mated by means of the equation 


The divisor Ni - 2 is used rather than Ni in order to 
make a: unbiased. 


Since f i  is calculated simultaneously with the ASi ,  the 
pseudo-correlation between the enthalpy and entropy 
does not affect the value of f i .  However, although the 
Levenberg-Marquardt algorithm provides a value of p, 
we still must determine whether this value corresponds 
to a compensation temperature. 


The absence of a compensation effect means that 
there is no correlation between the ‘true’ values of A H  
and A S .  Equation (6) shows that r = 0 implies p = 0. 
Thus, if the Levenberg-Marquardt algorithm returns a 
value of 0 for f i ,  or if for fi  # 0 the uncertainty in fi  is 
sufficiently large that the appropriate confidence 
interval about p encompasses 0, then we could conclude 
that there is no compensation effect. Moreover, if xz 
were much larger than the number of degrees of 
freedom, we could conclude that the data do not fit the 
mathematical model implied by the existence of a 
compensation effect. 


Because the model equation is not linear in its par- 
ameters, standard methods using parametric statistics 
for estimating the uncertainty in p or the other par- 
ameters cannot be used. In linear least-squares ana- 
lyses, the diagonal elements of the covariance matrix 
give the variances of the adjustable parameters. Con- 
fidence intervals for these parameters can then be 
obtained using the Student t-statistic. For non-linear 
problems, this is not the case. Although the diagonal 
elements of the covariance matrix still provides the vari- 
ances, the t-statistic cannot be used to derive confidence 
intervals because the distribution of the parameters is 
not Gaussian (normal). To overcome this difficulty, a 
Monte Carlo method can be used to obtain accurate 
estimates of the uncertainties of the parameters. * A 
parametric (Student t )  estimate of the confidence inter- 
vals often differs from the Monte Carlo estimate by a 
factor of >2-39.’0 and in some cases by a factor of 
10. lo  


DISCUSSlON 


We believe that the non-linear regression method for 
determining compensation temperatures has several 
advantages over previous methods. First, the method is 
conceptually obvious; it simply implements the defini- 
tion of the compensation effect in such a manner as to 
eliminate spurious correlations between the enthalpy 
and entropy. Second, and perhaps of greater import- 
ance, the method is able to categorize families of 
reactions more precisely than merely dividing them into 
those families that exhibit a true compensation effect 
and those that do not. 


The classification divides families of reactions into 
two primary categories: first, those for which the 
goodness-of-fit statistic, x 2 .  is approximately equal to 
the number of degrees of freedom, and second, those 
for which x z  is much larger than the number of degrees 
of freedom. The first category can, in turn, be separ- 
ated into three subcategories: (a) if p [defined in 
equations (9) and (lo)] is not equal to 0, a compensa- 
tion effect exists and the compensation temperature is 
equal to f i ;  (b) if f i  = 0, the data are consistent with a 
simpler model in which the reactions are isoenthalpic; 
the apparent differences in the values of A H  obtained 
from the van’t Hoff or Arrhenius plots are due entirely 
to experimental error; and (c) if the value of @ is not 
well determined by the data, i.e. any arbitrarily chosen 
p results in an acceptable x z ,  we cannot distinguish the 
data from the situation in which all the reactions are 
replicates of each other. The various values of A S  and 
A H  represent randomly scattered data from a single 
hypothetical true AS,  A H  point. The slope of a line 
passing through this one point is not determined, and 
thus any value of the slope will fit the data. This is the 
case with the pseudo-compensation effect discussed 
above. 


A family of reactions for which the non-linear 
regression analysis gives a large xz falls into the second 
primary category. A large x 2  means that the data do not 
fit the model. The reactions are indeed different but 
there is no linear compensation effect. Either reactions 
with the same AS have different values of A H  or the 
relationship between A H  and A S  is not linear. These 
various categories and subcategories described in this 
and the preceding paragraphs are illustrated in the 
examples in the following sections. 


In certain respects, the non-linear regression method 
is similar to the method described by L i ~ ~ e r t . ~  Both 
methods use the R In k vs 1/T data directly to deter- 
mine compensation temperatures, thus avoiding the 
spurious correlations induced by experimental errors. 
However, unlike the Linert method, the present treat- 
ment does not rely on the artificial constraint that the 
van’t Hoff or Arrhenius lines all pass through a single 
point. In addition, it provides the x 2  statistic and, fur- 
ther, permits the calculation of confidence intervals for 
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the compensation temperature. The Linert method 
yields only the probability that an isokinetic effect 
exists. 


Hypothetical examples 
In order to illustrate the non-linear least-squares 
method, we have constructed examples using hypo- 
thetical data sets. These examples show that the method 
can establish the existence or non-existence of a com- 
pensation temperature and, if it exists, determine its 
value and uncertainty. 


We generated data for eight hypothetical reactions. 
We chose eight values for AS (-60, -70, -80, -87, 
-96, -104, -116 and -125 J mol-' K-') ,  chose 
A H =  -12.10 kJ mol-' for the first reaction, assumed 
a value of the compensation temperature (either 0 or 
200 K) and then calculated the value of A H  corre- 
sponding to the remaining seven values of AS. For each 
reaction, we constructed an exact data set of R In K vs 
-1/T using equation (8), where T took the values 283, 
293, 303, ..., 343 K for each reaction. Finally, we 
simulated errors in R In K by adding to each value of 
R In K a random number equal to an estimate of the 
uncertainty in R In K times a randomly chosen Gaus- 
sian deviate, i.e. a normally distributed random vari- 
able with a mean of 0 and a variance of 1. In a given 
example, we chose a single value for the uncertainty in 
R In K irrespective of the temperature or the reaction. 
In order to simplify the analysis further while retaining 
the important features, the data sets in these examples 
differ only in the choice of compensation temperature 
and in the choice of the single value of the uncertainty 
in R In K .  


For each reaction, we used a linear least-squares pro- 
cedure to generate the van't Hoff plot and obtained 
values of A H  and AS. Another linear least-squares cal- 
culation using the eight sets of enthalpies and entropies 
provided the slope and intercept and their uncertainties. 
The calculation of these uncertainties included the con- 
tributions from the uncertainties in both A H  and AS 
and from their covariance. Recall that the slope of this 
plot is the pseudo-compensation temperature. 


We analysed the R In K vs -1/T data for the eight 
reactions using the non-linear least-squares method. We 
note at this point that if we were analysing a real exper- 
iment, the uncertainty in each of the measured values of 
R In Ki, could be used in equation (1 1). If these uncer- 
tainties were not available, a single uncertainty for each 
of the values of R In K obtained for a given reaction 
could be derived from the deviations of the exper- 
imental points from the van't Hoff line for that 
reaction. In each of the hypothetical examples 
described below, we used a single value of aij to obtain 
values of the compensation temperature. Confidence 
intervals for the compensation temperature were 
obtained using a Monte Carlo simulation procedure 


described elsewhere. 8 7 9  In order to ensure accurate con- 
fidence intervals, 400 simulations were performed for 
each of the examples described below. 


Compensation efleet is present 
As discussed above, in the limit in which the exper- 
imental errors are so large that the data for the different 
reactions are simply replicates, the pseudo- 
compensation temperature will equal 310 K. In order to 
distinguish this temperature from a real compensation 
temperature, we chose a compensation temperature of 
200 K.  We performed calculations using two values of 
the uncertainty in R In K ,  namely 0.1 R and 0.5R. The 
smaller absolute uncertainty corresponds to relative 
uncertainties of approximately 5% for the smallest 
values of R In K and 1.6% for the largest values. More 
important, the uncertainty of 0.1 R in R In K represents 
1.3% of the range of the values of AS. The relative 
uncertainties and percentage of the range of AS corre- 
sponding to the absolute uncertainty of 0.5R are of 
course five times larger. The results of the calculations 
of the compensation and pseudo-compensation tem- 
peratures and their uncertainties are given in Table 1 .  


When the experimental error is small (0-lR),  the 
regression of enthalpy vs entropy gives a slope of 
205 k 9 K. The uncertainty is the standard error. The 
non-linear regression calculation of the compensation 
temperature gave a value of 203 k 9 K. This uncer- 
tainty corresponds to the Monte Carlo 68.3% con- 


Table 1 .  Analysis of the hypothetical equilibrium data 


Compensation temperaturea*b 


200 200 0 0 


Error in In Ka 
Calculated 
pseudo-compensation 
temperature 
Standard error 
in calculated 
pseudo-compensation 
temperature 
xz from non-linear 
regression analysis 
Degrees of freedom 
Calculated 
compensation 
temperature 
Half-width of 68.3% 
confidence interval 
Half-width of 90% 
confidence interval 


0.1 


205 


9 


43 
46 


203 


9 


15 


0.5 0.1 0.5 


274 - 8  200 


12 28 36 


43 39 31 
46 46 46 


206 -20 - 7  


30 29 20 


62 43 70 


'Values used in constructing the example. 
All temperatures are in K .  
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fidence interval. The values of the compensation and 
pseudo-compensation temperatures agree with each 
other and with the value of 200K used to generate 
the data set. Finally, x 2  = 43, a value in good agreement 
with the number of degrees of freedom, namely 


When the experimental error is five times larger, cor- 
responding to 6.4% of the range of AS, the apparent 
compensation temperature is 274 2 12 K, a spurious 
value which approaches the pseudo-compensation tem- 
perature of 310 K calculated using equation (7). The 
non-linear regression calculation gives an essentially 
correct value of 206 f 30 K. The difference between 
these two temperatures is statistically significant with 
99% confidence. As was the case for the previous 
example, the value of x 2  found by the non-linear 
regression, in this case 43, is in agreement with the 
number of degrees of freedom. 


(8 x 7) - (8 + 2) = 46. 


Compensation effect is absent 
We now examine the results using data sets with the 
same temperatures and the same values of entropies, 
but with the compensation temperature set at OK.  
Recall that a compensation temperature of 0 K means 
that the enthalpies and entropies are not correlated. As 
in the examples of non-zero compensation tempera- 
tures, we perform calculations first with a small (0.1 R )  
and then with a larger (0.5R) estimate of the uncer- 
tainty in R In K .  The results of these calculations are 
also given in Table 1. The results are totally analogous 
to those for the case where the compensation tempera- 
ture was 200 K. 


When the experimental error is small (0.1 R ) ,  the plot 
of enthalpy vs entropy shows a pseudo-compensation 
temperature of - 8 ? 28 K, whereas the non-linear 
regression analysis gives a value of - 20 2 29 K. When 
the error is larger (0.5 R), the pseudo-compensation 
temperature found from the enthalpy-entropy plot is 
significantly different from the true compensation tem- 
perature. The pseudo-compensation temperature was 
found to be 200 2 36 K. The non-linear regression gave 
a compensation temperature - 7 +- 20 K, a value con- 
sistent with the hypothesis that no compensation effect 
is present, i.e. that AH does not depend on AS. 


In order to illustrate the case in which all the 
reactions are replicates of each other, we fixed AS at 
-60 J mol-' K - '  and AH at -12.10 kJ mol-' for 
each of the eight reactions. The values of R In K were 
scattered using an uncertainty of 0.1 R .  Even though 
the uncertainty in R In K is small, the plot of AH vs AS 
gave a pseudo-compensation temperature of 3 15 2 9 K. 
To show that any value of a compensation temperature 
would fit the data in the non-linear regression, we per- 
formed six different non-linear regressions. In each 
regression 6 was fixed at one of the values 0, 100, 200, 
..., 500 K. The six different values of x 2  all lay between 


42-4 and 44.1, indicating that any one of these com- 
pensation temperatures fits the data. In view of our 
earlier discussion, these results are entirely expected. 
The R In K vs -1/T data do not determine a unique 
value of and the different reactions share common 
values of AS and AH. 


Real examples 


Three calculations were performed with real data sets 
involving the dependence of the rate constant on tem- 
perature for a series of reactions: (1) the hydrolysis of 
ethyl benzoate in various solvents, ' I  (2) the oximation 
of thymyl ketones l2 and (3) the thermal rearrangement 
of triarylmethyl azides. l3  Since no experimental uncer- 
tainties were given for the data in the first two studies, 
the errors in the rate constants were derived from the 
scatter of the data about each Arrhenius plot using 
equation (12). The results of the calculations are given 
in Table 2. 


The ethyl benzoate study showed clear evidence of a 
compensation effect. Rates for twelve reactions at four 
temperatures were measured. The slope of the 
enthalpy-entropy plot was 438 2 8 K, whereas the non- 
linear regression gave a value of 444 K. The half-widths 
of the 68.3% and 95% Monte Carlo confidence inter- 
vals were 9 and 18 K, respectively. The value of x 2  for 
the non-linear regression was 36, in agreement with the 
number of degrees of freedom, (12 x 4) - 14 = 34. 


The oximation study, on the other hand, showed the 
absence of a compensation effect. In this study, rates 
for seven reactions at only three temperatures were 
measured. The slope- of the enthalpy-entropy plot was 
316 2 4 K whereas the non-linear regression value was 
-16 2 9 K. The 95% Monte Carlo confidence interval 
is -16 2 27 K and includes 0 K. Recall that a slope of 
0 K implies that there is no correlation between 
enthalpy and entropy, and thus no compensation effect. 
The value of x 2  and the number of degrees of freedom, 
14 and 12, respectively, were again in appropriate 
agreement. The near-zero value for the compensation 
temperature and the goodness-of-fit imply that a 
simpler model in which the activation energies for the 
various reactions are equal to a constant would fit the 
data. In this model [see equation (9)], 6 = 0. Fixing the 
value of /3 at zero in the non-linear regression, the value 
of x2 was 14, in agreement with the 13 degrees of 
freedom in the system. 


The set of azide rearrangement reactions provides an 
example of the case where the data do not fit the model 
of a compensation effect. Rates for three temperatures 
were measured for eight different reactions. Exper- 
imental uncertainties associated with these measured 
rate constants are given in Ref. 13. However, these 
uncertainties appear to underestimate severely the size 
of the errors; using them resulted in values of x 2  in the 
Arrhenius plots that were orders of magnitude too 
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Table 2. Analysis of the experimental kinetic data 


Hydrolysis Oximation Rearrangement 
of ethyl of thymyl of triarylmethyl 


benzoate' ketonesb =idesC 


Calculated 
pseudo-compensation 
temperatured,' 
Error in calculated 
pseudo-compensation 
temperature' 
x 7  from non-linear 
regression analysis' 
Degrees of freedom' 
Calculated 
compensation 
temperature' 
Half-width of 68.3% 
confidence interval' 
Half-width of 95% 
confidence interval' 
Krug et d.3 value of 
compensation temperature' 
Krug et d . ' s  95% confidence 
interval for the 
compensation temperature' 


438 


8 


36 
34 


444 


9 


18 


422 


401- 
43 1 


316 486 


4 9 


14 65 
12 14 


-16 48 1 


9 5 


21 I 1  


416 


471- 
486 


'Data from Ref. 11. 
bData from Ref. 12. 
'Data from Ref. 13. 


'This work. 
'Ref. 14. No compensation effect found for oximations. See text. 


All temperatures are in K. 


large. We therefore used the scatter of R In k about the 
Arrhenius lines as described earlier t o  estimate the 
uncertainties of R In k for each of the eight reactions. 


Although the best value of the compensation tem- 
perature given by the non-linear regression is 481 K, in 
good agreement with the value of 477 K found by plot- 
ting A H  vs AS, the value of x 2  is 65, considerably larger 
than the number of degrees of freedom, 14. A table of 
the distribution of x 2  indicates that the probability that 
x 2  is this large simply due to  chance is much less than 
0.001. The unacceptably large value of x2 might be due 
t o  chemical effects or to  the presence of one or two 
outlier values of AS. We compared the Arrhenius AS 
estimates with those obtained from the non-linear 
regression. The differences appear to  be randomly dis- 
tributed, that is, the large value of x 2  is not due to  one 
or two severe outliers. Instead, the set of differences 
y . . -  ,J 


bution. We thus conclude that the family of azide 
reactions are not characterized by a compensation tem- 
perature; there is no linear relationship between AH 
and AS. Moreover, the deviations of the R In k vs -1/T 
data from the model represent systematic deviations 
which are not explained by the random experimental 
uncertainties. These systematic deviations may be due 


y.. ,J appear to  be characterized by a normal distri- 


to  either chemical phenomena or to  systematic measure- 
ment errors. 


The interpretation of the x 2  statistic in terms of 
probabilities relies on the assumption that the values of 
R In k are normally distributed. Even though this 
assumption may appear to  be reasonable, we require 
only that the value of x 2  be accurate as an order-of- 
magnitude estimate. For example, we interpret the 
result that the probability of x2 being equal to  65 for a 
system with 14 degrees of freedom is much less than 
0.001 to  mean that it is unlikely that the observed value 
of xz is a result arising from random error alone. Even 
if the actual value of x 2  were such that the probability 
were ten times larger, we would still conclude that it is 
legitimate to  reject the hypothesis that a compensation 
effect exists. 


Our results for the first two studies are consistent 
with the corresponding analyses of Krug et al., 's14 who 
found a compensation effect in the first but not in the 
second study. However, they were not able to determine 
that the absence of a compensation effect was due to  a 
compensation temperature of 0 K, i.e. that the oxima- 
tion reactions are isoenthalpic, as was readily apparent 
from the non-linear regression analysis. 


Krug et d . 1 4  did find a compensation temperature 
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for the azide rearrangement reactions in the range 
470-7-485-6 K, where this range represents the 95% 
confidence interval. Although the non-linear regression 
algorithm found a best fit of the data at a temperature 
of 481 K, lying well within that interval, we believe that 
the goodness-of-fit as characterized by x 2  is too poor t o  
enable us to  accept the hypothesis that a compensation 
temperature exists. 


CONCLUSIONS 


The non-linear least squares method for determining 
compensation temperatures together with the Monte 
Carlo method for estimating confidence intervals for 
these temperatures provide a systematic means of estab- 
lishing the existence, value and uncertainty of a com- 
pensation temperature. Once the uncertainty in the 
measured values of R In K or R In k has been deter- 
mined, either from an a priori estimate or  from the 
deviations of the experimental points from the appro- 
priate van’t Hoff or Arrhenius lines, the value of xz, the 
magnitude of the calculated compensation temperature 
and its associated confidence interval provide an indi- 
cation of whether a true compensation effect exists. If 
no compensation effect exists, the analysis provides a 
means of determining whether the various reactions are 
(1) isoenthalpic or (2) replicates of each other with 
common values of A S  and of A H  (xz is approximately 
equal to the number of degrees of freedom) or (3) 


whether the reactions are intrinsically different but that 
any possible relationship between the enthalpy and 
entropy is not linear (xz is large). 
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ATTRACTIVE INTERACTIONS BETWEEN NEGATIVE CHARGES 
AND POLARIZABLE ARYL PARTS OF HOST-GUEST SYSTEMS* 


HANS-JORG SCHNEIDER 7, FRANK WERNER AND THOMAS BLATTER 
FR Organische Chemie der Universitat des Saarlandes, D 66041 Saarbriicken 1 I ,  Germany 


N M R  measurements of associations between simple organic host and guest molecules bearing alternatively negatively 
charged groups and electroneutral r-moieties show in aqueous solutions weak but distinct attractions reaching 
approximately 2 kJ mol-’ and X-larene unit. A similar value is observed for the complex between a calixarene with 
4-sulfonato groups and toluene, for which the NMR shifts indicate an orientation with the guest methyl substituent 
upwards. The conformational fit of the selected complexes is checked by molecular mechanics simulations. 


The orientation of charged groups above the plane of 
an aromatic moiety is a frequently occurring structural 
motif in synthetic host-guest systems as well as in 
biopolymers. In particular, the presence of positively 
charged nitrogen leads to stabilization of such arrange- 
ments which is visible in solid state protein structures 
showing NHZ groups of basic amino acids oriented 
towards aromatic side chains,’ or recently in the 
binding site of cholinesterase with phenyl groups 
around the NMef unit of choline.’ Several studies of 
synthetic host-guest complexes have indicated that 
such a stabilization occurs in solution,’ and they have 
provided a v a l ~ e ~ ~ . ~  of approximately 2 k J  mol-’ and 
N+/arene unit in water as the extremely unpolarizable 
solvent. If it is correct to conclude that this attraction 
is primarily due to a dipole induced in the arene,3 one 
should expect a similar Van der Waals attraction if the 
positive charge is replaced by a negative one. To the 
best of our knowledge, this has not been investigated 
experimentally until now. Measurements of synthetic 
host-guest equilibria have the advantage of providing 
not only structural evidence without intervening 
packing forces in crystals but in particular also associ- 
ation energies. 


Ideally, one would like to use conformationally res- 
trained complexes in rather rigid cavities of hosts 
bearing negative charges close to the aromatic moiety of 
the guest as models. In contrast to their positively 
charged counterparts, however, suitable cyclophanes4 


are unknown to date. The only exception are some 
calixarenes, ’ which, however, lack the very close 
contact between charge and aromatic cloud that is 
characteristic of complexes with positively charged 
cyclophanes. 


We first chose a number of host and guest systems 
(Hl/GZ; HZ/C2; H3/G3) which have a negative charge 
as much as possible in perpendicular contact with the 
?r-surface. These conformational conditions were 
secured by computer-aided simulations of the corre- 
sponding complexes (Figure 1) with the help of 
CHARMm6 energy minimizations. The simulations aim 
only at controlling the possible geometric fit of the 
selected systems. Explicit calculations of the thermo- 
dynamic cycle involved in the complexation are virtu- 
ally impossible, because of the lack of the Van der 
Waals potentials for induced dipoles in available force 
fields; just these interactions are the ones dominating in 
the complexes studied here. Aggregates formed in the 
absence of cavities play an important role in many 
‘stacking’ type complexes; ’ they have been investigated 
earlier, mostly without the help of NMR data which 
now can shed light on their structure. 


The necessarily weak ’** interactions require the use 
of high concentrations of one component, which 
together with solubility problems makes it difficult to 
carry out NMR titrations as usual with solvents con- 
taining the necessary amount of water; occasionally, 
overlapping signals generate additional problems. 
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(C) (el 


Figure 1. Plots from CHARMmlQUANTA simulations for the complexes: (a) Hl/Gl;  (b, c) H2/G2; (d, e) H3/G3. 
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Table 1. Association constants K and complexation induced shift (CIS) valuesa 
~ ~~ 


ROH (Yo) H. Hb HC Kav AG 


Hl(X='NMel) + G1 5 0.21 0.39 0.40 
17.3 16.2 17.0 7.0 


- 8.4  5.3 
b 0.09' 


K 17.4 
Hl(X=SO:)+Gl 20 0.24 - 


K 8.0 - 
60 0.095 0.11 


K 
Hl(X=SOY) + CHA 20 0.63 
H2(X=0-) + Gt(Y=CHr) 75 0*31d 


G2(Y=CHz) + HZ(X=COT) 95 - 


Hl(X=NMe:) + GZ(Y=CH2) 95 - 
H2(X=0-) + GZ(Y=CHNH2) 75 0.11 
HJ(X=SOI) + G3(R=H) 5 1.73 


K 1.7  
H4 + G3(R=CHa) 20 0.11 


K 10 


K 2.4 


K - 
f 


- 
b - 


- 
0-29 
I *3 
0.lld 
- b  
- 
- 


CHI: 
5 


3.0d 2 . 7  
1,o 0.0 


- 2.4 2.2 
0.31 
I .3 b 1.3 0.4 


- 
b - 


- 
b - 


- 
- 1.3 0.65 


0.17 
7.0 4 - 8  


'From NMR titrations at 300 2 2 K. K i n  rnol I- ' ;  CIS (on guest G) in ppm (positive sign indicates upfield CIS); AG 
in kJ mol-', with CD,OD as solvent ROH as indicated. Average error in K = 10%. in CIS 6 = 0.002 ppm unless noted 
otherwise. 
bSignal masked during entire titration. 


complexation. 
dMaximal obtained shift value, not CIS. 
'K calculated by comparison of experimental shifts with CIS values of known complexes. 
'No fitting possible due to low solubility. 
'Protons other than H, could not be measured due to overlapping (Hb at 6 = 7.307 ppm, H, and H. at 6 = 7.260 before 
complexation) and poor signal/noise ratios. 


Signal masked during several titration steps; CIS obtained from single measurements at known degrees of 


Nevertheless, the results (Table 1) generally confirm the 
postulated attraction between *-systems and negative 
charges, and give values for this interaction in the range 
of approximately 2 kJ mol-'. A related value has also 
been deduced indirectly from earlier studies of aromatic 
ion pairs.' 


The diphenylmethane systems Hl/Gl actually exhibit 
an association constant for X = SO; similar to that for 
X = NMef ,  which is also shown for comparison in 
Table 1. Noticeably, the complex induced shift (CIS) 
value observed with positive charge is particularly large 
for the p-proton H, (Table l ) ,  which is to be expected 
for a complex geometry with all p-carbon and the CHI 
or N H  atoms of both host and guest in one plane 
(Figure 2a). The opposite situation, with a very small 
CIS at  the p-position H,, is found for the complex with 
X = SO:, indicating a mutual displacement of the aryl 
rings (Figure 2b) with a subsequently diminished ring 
current anisotropy effect on H,: such a slight displace- 
ment will replace repulsions between permanent nega- 
tive charges of the ?r-cloud and of the substituent X by 
attractions, as the *-cloud can still be polarized by the 
X- charge even if the charge is not exactly above the 
arene centre. The small CIS values for Ha in both com- 
plexes are a consequence of these protons being located 
further outside the shielding cone; besides, one has to 


bear in mind that in particular Hb and H, are strongly 
influenced by electric field effects lo stemming from the 
charges a t  X. 


The dibenzylbenzene-diphenylethane combination 
H2 and G2 again can show an ideal geometric match 
(see Figure 2b,c). Unfortunately, all derivatives as well 
as the extended systems H3/G3 were sparingly soluble 
in water; however, the equilibrium constants derived 
even in high percentage alcohol/water solvents support 
the order of magnitude generally observed for 
X-/arene interactions (Table 1). Thus, the attenuation 
effect in going from 20% t o  60% CDsOD was deter- 
mined for H1+ G1 t o  be about 50% in AG of the com- 
plexation; if one applies a corresponding factor to the 
AG observed with H2+G2 or H1 +G2 one arrives 
again at 1-2 kJ mol-' for each charge/arene attraction 
increment. Even diiodomethane is complexed by H1 
with X = SO: in a similar way as with X = NH; due to 
the relatively high polarizability of iodine, although the 
decreased match as well as the simultaneous action of 
the charges on  two udjucent (C-I-) bonds in this case 
lowers the constant. 


The calixarene system H4 with toluene as guest was 
investigated as it offered a unique opportunity to 
measure a cyclic host with negative charges. The 
tetrasulfonato calixarene ' H4, studied first by Shinkai 
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et al.,"a is known to adopt a cone conformation, 
which is also seen in the CHARMm simulations of the 
complex (Figure lc, d). The gas-phase minimizations 
showed a negligibIe strain involved if the host aryl 
groups seek a close contact to  the toluene host; the 
orientation of the G3-methyl group inside the calix- 
ayene cavity (not shown in Figure lc ,d)  instead of the 
methyl group up is predicted by these simplified calcu- 
lations (relying only on dispersive interactions) to  be 
less favourable by at least 20 kJ mol-'. The observed 
CIS value on the CH3 protons (Table 1) indeed is in 
better agreement with the orientation shown in 
Figure lc, d. The complexation free energy observed is 
again in the order of the other values, although in this 
case the attraction by the dipoles induced by the two 
sulfonato groups on the guest phenyl rings in contact 
may be helped by an attraction between the negative 
host charges and the positively charged protons at  the 
toluene guest molecule. We believe this to  be the first 
evidence of the inclusion of the electroneutral guest 
toluene in a calixarene in solution. '' 


Finally, we address the question of the degree to  
which the observed binding could be the consequence of 
dispersive or  solvent-driven attraction between electro- 
neutral lipophilic surfaces of host and guest. A direct 
answer could be provided if corresponding totally 
uncharged systems were amenable to  equilibrium 
measurements. Unfortunately, all attempts to  prepare 
monodisperse homogeneous solutions of such elec- 
troneutral systems with the high concentrations 
required in aqueous solutions failed. However, we can 
draw conclusions from the observation that a 
cyclophane with negative charges (for the sake of solu- 
bility) far outside of a contact with naphthalene as guest 
showed a AG decrease from 17 to  13 kJ mol-' 3d com- 
pared with the value observed for the host with a posi- 
tively charged N +  in contact with the arene guest. 
Second, if lipophilic interactions were the dominating 
factor in the observed associations, one should expect a 
higher constant tor the H2 + G2 combination, in con- 
trast to the experimental finding of considerably larger 
constants for H1 + G1. Third, the weak binding in the 
complex H3/G3 even in water with only 5% methanol 
is in line with the guest surface being restricted essen- 
tially to the contact with the electroneutral centre of the 
extended host surface. 
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INTERACTION OF DICHLOROCARBENE WITH IMINES 


R. R. KOSTIKOV,* A. F. KHLEBNIKOV* AND v. Ya. BESPALOV 
Department of Chemistry, St. Petersburg University, Universitetskaya nab. 719, 199034 St. Petersburg, Russia 


The interaction of dichlorocarbene with imines and ketene imines was studied by means of the MNDO method. The 
results indicate that the lack of ylide cyclization products in the reactions of dichlorocarbene with ketene imines is 
due to a high reactivity of ketene imine ylides in intermolecular reactions, rather than stereoelectronic factors 
preventing cyclization. It was shown that the dichlorocarbene reaction with N-benzylideneaniline resulting in gem- 
dichloraziridine proceeds through transient formation of ylide. 


Dichlorocarbene reacts with aryl azomethines to form 
gem-dichloroaziridines. ' However, the reaction of 
dichlorocarbene with ketene imines affords no products 
of cyclization of intermediate ketene imine (alkyli- 
deneazomethine) ylides. 2-7  


In connection with this problem, in this work the 
interaction of dichlorocarbene with methyleneamine 
(la), (2)- and (E)-1-azabutadiene (lb, c), ketene imine 
(ld), l-azapenta-l,2,4-triene (le) and benzylidene- 
amine (If) was investigated by the MNDO method. 
Calculations have shown that dichlorocarbene, with a 
small activation barrier, adds to the lone pair of the 
nitrogen atom of imine with the formation of ylides. 


C=N :CC12 - 
R2/ 


la-f 


/" 


/ \  
c1 c 1  


2a-f 3a-f 


a, R' = R2 = H; 


e, R' + RZ = HzC=CH--CH=; f ,  R' = H, R2 = Ph. 


The computed enthalpies of formation of ylides 2, of 
aziridines 3, of transition states for the reaction 2 --* 3 


b, R' = HzC=CH-, RZ = H; 
C, R' = H, R2 = HzC=CH-; d, R '  + R2 = HzC=; 


and activation barriers for cyclization of ylides are 
listed in Table 1. The following observation can be 
made: (a) the ylides 2a-f are thermodynamically less 
stable than the aziridines 3a-f; (b) the activation bar- 
riers to cyclization of the ylides 2a-f are close to 
20 kcal/mol-', (1 kcal = 4-  184 kJ); (c) the ylide 2c, in 
contrast to the stereoisomer 2b, has an optimum bent 
conformation, and in the optimum conformation of the 
ylide 2f the phenyl ring plane is perpendicular to the 
C-N-CClz plane of the ylide. This suggests that 
the lack of ylide cyclization products in the reactions of 
dichlorocarbene with ketene imines results from a high 
reactivity of ketene imine ylides towards dipolarophiles 
and nucleophilesZ-' rather than from stereoelectronic 
factors which prevent cyclization of the ylides 2d and e 
to aziridines. On the other hand, the 1,3-dipolar 
cycloaddition reactions of phenyl-substituted ylides are 
hindered as a consequence of a bent conformation of 
these ylides and the major path of ylide stabilization 
becomes cyclization to aziridine. 


According to these conclusions, we now have shown 
that the reaction of dichlorocarbene with the N- 
benzylideneaniline l g  leading to the aziridine 3g also 
proceeds through the transient formation of an ylide 
(2g), which could be trapped by dimethyl acetylene- 
dicarboxylate (4). 


When dipolarophile 4 was added to the reaction 
mixture containing imine l g  and a source of :CClz 
(sodium trichloroacetate and phase-transfer catalyst) 
along with aziridine 3g, the derivative of pyrrole 5 (ca 
2%) was obtained. On decreasing the ratio of imine to 
dipolarophile from 1: 1.5 to 1:5, the ratio of the 
reaction products 3g to 5 changed from 1 : 0.03 to 
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Table 1. Computed geometrical parameters for ylides, enthalpies of formation of ylides. of aziridines (M) and of transition states 
for the reaction 2 -, 3 (AH*) and activation barriers for cyclization of ylides (Ea) 


Bond length 
(pm) 


C-N-C (ylide) 
Ylide C=N- =&-cCl, angle (") (kcal mol-') 


2a 133.8 135.2 129.0 36-6 
2b 135.0 135.1 128.3 47.4 
2c" 134.6 135.0 132.6 50.7 
2d 129.4 135.6 127.1 71.8 
2e 129.3 135.6 127.2 86.0 


61.0 2P - - - 


e 
AH* Ea (aziridine) 


(kcal mol-I) (kcal mol-') (kcal mol-I) 
~~ 


60-2 23.6 13.3 
70-6 23.2 31.5 
73-3 22.6 31.1 
91.8 20.0 39.1 
105-3 19.3 53.0 
81.4 20.4 39.8 


~~ ~ 


a In ylides Zc and f the Rz groups are twisted relative to the CNCClz plane of the ylide by 120" (Zc) and 90" (Zf). 


PhCH=MPh + :CC12 --.) 


2Y 


+ 
PhCZNPh + Ph-CH-N-Ph 


I 


- C c l 2  
\ /  


C 
c1' 'c1 


I 


P h  
5 


1 : 0.06. By a control experiment, it was shown that 
under the above-mentioned reaction conditions pyrrole 
5 was not formed in the presence of dimethyl acetylene- 
dicarboxylate from aziridine 3g. which could be a 
source of ylides 2g, as follows from the work of De 
Kimpe et al.* 


EXPERIMENTAL 


Calculations were carried out by the MNDO method. 
Gas chromatography was performed on an LCM-80 


gas chromatograph using an 1800 x 2 mm i.d. stainless- 
steel column with 3% SE-30 on Chromaton-N-Super 
and a flame ionization detector. 


IR spectra were obtained on a UR-20 spectrometer. 


Reaction of dichlorocarbene with N-benzylidene- 
aniline lg in the presence of dimethyl acetylenedicar- 
boxylate. A mixture of imine l g  (0.18 g), dimethyl 
acetylenedicarboxylate (0.7 1 g), sodium trichloracetate 
(0- 8 g) and triethylbenzylammonium chloride (0.07 g) 


in purified chlorooform (14 ml) was vigorously stirred 
under argon at 65 C (bath temperature) and monitored 
periodically by GC and TLC. After 5 h, the reaction 
mixture was cooled and filtered and the solvent was 
removed with a rotary evaporator. The residue was 
chromatographed on Silperl silica gel plates with 33% 
diethyl ether in hexane as eluent, giving 0.15 g (57%) 
of 2,Zdichloro- 1,3-diphenylaziridine (3g) (m. p. 
98-99 'C1'), 0.031 g 612%) of 2-chloro-2- 
phenylacetanilide (m.p. 146 C'O) and 7 mg (1.9%) of 
dimethyl 2-chloro- 1,5-diphenylpyrrole-3 ,Cdicarboxyl- 
ate (5) [m.p. 125-127 "C (from hexane-diethyl ether) 
(lit.' m.p., 124"C)I; IR spectrum (2% solution in 


1730, 2955 cm-'. 'H NMR and IR spectra of pyrrole 5 
were identical with those of an authentic sample, which 
was prepared according to the reported method. ' 


CHCls): 1080, 1120, 1280, 1337, 1445, 1500, 1610, 
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THE MARCUS CROSS RELATION FOR HYDROGEN-TRANSFER 
REACTIONS 


JURGEN SUHNEL 
Institute of Molecular Biotechnology, Beutenbergstr. 11, D(0)-6900 Jena, Germany 


The Marcus cross relation provides a tool to calculate cross rates from the corresponding identity rates and the 
equilibrium constant. Assumptions made in deriving the Marcus cross relation and conclusions which can be drawn 
from agreement or disagreement between experimental and calculated cross rates are discussed. For a small variation 
in identity rate constants, agreement between experimental and calculated cross rates simply means that the rate 
constant of a hypothetical thermoneutral cross reaction has a value within the range covered by the identity rates. 
Whether or not this value corresponds to the mean value of logarithmic identity rate constants can only be checked for 
a large variation in identity rates. Therefore, a newly defined index M i s  used to relate the difference in experimental 
and calculated logarithmic rate constants to the variation in the logarithmic identity rates. Provided that the Marcus 
cross relation is not obeyed, this indicates non-additivity of kinetic parameters. Applying this analysis to proton- 
transfer reactions between different transition metal acids and between 9-alkylfluorenes and (9-alkylfluorenyl)lithium 
shows that claims about agreement or disagreement of experimental rate constants with the rate constants calculated 
by means of the Marcus cross relation have to be revised in part. 


INTRODUCTION 


Marcus rate theory' continues to be a very useful tool 
for analysing electron- and hydrogen-transfer reactions 
and also other reaction types as  ell.^-^ It is now clear 
that this theoretical approach to chemical reactivity 
constitutes a classical approximation to a more general 
quantum rate theory. 2*3s5s6 This seems to be generally 
recognized in the field of electron-transfer reactions but 
not to the same extent as far as hydrogen-transfer reac- 
tions are concerned. In many cases, however, given that 
quantum effects are of no importance, the simple 
Marcus model is still the method of choice. 


The Marcus cross relation is one minor part of this 
theory which predicts that the rate constant of a cross 
reaction, ~ A B ,  can be calculated from the corresponding 
exchange or identity rates ( ~ A A ,  ~ B B )  and the equili- 
brium constant, KAB, by means of the equation 


log ~ A B  = (1/2)(10g kAA + log ~ B B  + log KAB) ( 1 )  


Recently, Kristjansdottir and Norton7 reported on 
proton-transfer cross and identity reaction rates 
between transition metal acids of Cr, Mo and W. They 
thus directly compare the rate constants measured 
experimentally and calculated from equation (1). The 
differences found were not very pronounced and there- 
fore they concluded that their experimental data obeyed 
the Marcus cross relation ( 1 ) .  Their further claim was 


0894-3230/93/050281-06$08.00 
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that in this manner 'Marcus theory passes the first real 
test of its applicability to proton-transfer reactions.' 
This statement and the discussion on the Marcus cross 
relation in other  paper^^*^*^ seem to indicate that the 
real meaning of this relation remains to be clarified. 


MARCUS CROSS RELATION 


According to Marcus and Sutin, ' the rate expression 
for a cross reaction is given by 


log kAB = log ZAB - (1 /2*3RT)  
{w:" + XAB/4 + (AG6)AB/2 + [ (AG6)AB] 2/4XAB) ( 2 )  


where Z is the pre-exponential factor, w, and wp are the 
work terms, X/4 is the intrinsic barrier and AGd is given 
by 


( 3 )  
where AGO is the reaction free energy. 


On the other hand, for an identity reaction, AGd = 0 
holds by definition and therefore the corresponding rate 
expression is given by 


log kAA = log Z" - (1 /2*3RT)  [w:" + XAA/4) (4) 


In order to derive equation ( 1 )  from equations (2) - (4) ,  
one has to neglect the quadratic term in equation (2) 
and to assume that w:" - wp" = 0 holds. Further, the 
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AG6 = W, - W, + AGO 
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hypothetical logarithmic rate constant of a thermo- 
neutral cross reaction [equation (2) with AG6 = 01 is 
assumed to correspond to the mean value of the cor- 
responding logarithmic identity reaction rate constants. 
Neglecting the quadratic term in deriving the Marcus 
cross relation is certainly justified provided that the 
equilibrium constants are not too large. In this case the 
relationship between logarithmic rate and equilibrium 
constants can be assumed to be linear. The assumption 
w:’ - wpB = 0 is also very likely to be obeyed. There- 
fore, in the following any discussion on the correctness 
of the Marcus cross relation refers to the remaining 
kinetic parameters. Kinetic parameters are all 
parameters in the Marcus rate expression affecting the 
rate constant except for the reaction free energy. Note 
that averaging of the kinetic parameters includes not 
only the intrinsic barrier, but also wr and the pre- 
exponential factor. The latter quantity is assumed to be 
constant in the classical Marcus approach. On the other 
hand, it is one of the results of quantum-statistical rate 
theory that the value of the pre-exponential factor may 
vary, for example, for a varying intermolecular interac- 
tion, owing to, say, steric hindrance.6910s11 The assump- 
tion of a constant pre-exponential factor is also 
responsible for the fact that the classical Marcus 
approach cannot account for a non-Arrhenius 
behaviour of rate constants. 


What is the real meaning of the Marcus cross 
relation? At first glance one realizes that it does not 
constitute a general test of the Marcus theory as claimed 
by Kristjansdbttir and N ~ r t o n . ~  Whether or not an 
experimental system fulfils equation (1) simply depends 
on whether certain relationships between kinetic par- 
ameters involved in the Marcus rate expressions for 


cross and identity rates are obeyed. This does not refer 
at all to the roots from which Marcus theory was deve- 
loped. Disagreement is simply a hint that the parameter 
relationships assumed to hold in deriving equation (1) 
are not obeyed. 


The next question is what conclusions can be drawn 
if experimental cross rates agree or disagree with the 
rates calculated according to equation (1). One of the 
most useful ideas introduced by the Marcus model into 
the discussion on chemical reactivity is the quantitative 
separation of thermodynamic and kinetic effects on rate 
constants [see equation ( 2 ) ] .  In answering the question 
raised it proves useful to make this separation. 


Imagine a diagram in which rate constants are plotted 
against equilibrium constants such as those shown in 
Figures 1 and 2.  The calculation of cross rates accor- 
ding to the Marcus cross relation can be viewed as con- 
sisting of two steps. In the first the mean value of the 
logarithmic identity rates is calculated. This step is 
related to the kinetic parameters in the Marcus rate 
expression. It fixes a point on the ordinate of the 
diagram (log KAB = 0), which represents the rate cons- 
tant of a hypothetical ‘thermoneutral’ cross reaction 
k i B .  Then this point is used as a reference for taking 
into account the effect of the equilibrium constant, the 
thermodynamic effect, in a second step. This latter step, 
however, is not a peculiarity of Marcus rate theory. It 
simply follows from microscopic reversibility [see equa- 
tion ( 5 ) ] .  The quantity k g A  is the rate constant of the 
back reaction. 


log KAB = log k A B  - log k B A  ( 5 )  


The condition of microscopic reversibility is, of course, 
always fulfilled by definition. In other words, whether 


Figure 1 .  Experimental endergonic and exergonic cross rate constants (0) and identity rate constants ( A  , Cr; 0 ,  W) for the proton- 
transfer reaction between transition metal acids of Cr and W after Ref. 7 ,  and endergonic and exergonic cross rate constants ( o ) 


calculated according to the Marcus cross relation, equation ( 1 )  
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Figure 2. Experimental endergonic and exergonic cross rate constants (0) and identity rate constants ( A  , H; 0, f-Bu) for the proton- 
transfer reaction between 9-alkylfluorenes and (9-alkylfluoreny1)lithium (H, t-Bu) after Ref. 8, and endergonic and exergonic cross 


rate constants ( 0) calculated according to the Marcus cross relation, equation (1) 


or not the Marcus cross relation is obeyed this is in any 
case a statement on kinetic parameters. Note that a 
‘Brernsted plot’ of forward and backward reaction rates 
of a single equilibrium has always a slope a = 0.5 .  If 
equation ( 5 )  is introduced into equation (l), one arrives 
at 


(6) 
log kOAB = (1/2)(10g k A B  + log ~ B A )  


= (1/2)(10g ~ A A  + log ~ B B )  


According to equation (6), the mean value of the 
logarithmic identity rate constants should be identical 
with the mean value of the logarithmic cross rate cons- 
tants. This is the basic assumption of the Marcus cross 
relation. Note that the left-hand side of equation (6) 
corresponds to the logarithmic rate constant of the 
hypothetical thermoneutral cross reaction log k : ~ .  On 
a log k versus log K diagram it corresponds to the 
crossing point of a straight line connecting the exer- 
gonic and endergonic cross rate constants with the 
ordinate axis at log K = 0. If equation (6)  is fulfilled 
then the calculated and observed cross rates are also 
identical. If there is a difference between the two sides 
of equation (6) the value of this difference is identical 
with the difference between the calculated and observed 
cross rates. It is recommended to use equation (6) for 
deciding whether or not the Marcus cross relation is 
obeyed, because this equation directs attention to the 
basic assumption of the cross relation referring to the 
kinetic parameters. It leaves out the thermodynamic 
effect, whose contribution is not questionable. This is, 
of course, only correct for the analysis of the Marcus 
cross relation and not for the Marcus rate theory in 
general. 


The usual criterion for comparing calculated and 


observed values is the ratio of rate constants or the 
difference in logarithmic rate constants, see Ref. 7 and 
Tables 1 and 2. This measure is identical for the com- 
parison of cross rates and for the deviation between the 
mean value of logarithmic identity rate constants and 
log k ; ~ .  Even though it cannot be claimed, in general, 
it is certainly very likely that the value of log k x ~  is 
within the range covered by the identity rates. In this 
case, however, the possible deviation between 
calculated and experimental rates decreases with 
decreasing difference in the identity rates. This does not 
indicate a better agreement between experimental and 
calculated values but is rather an outcome of the more 
stringent restraint on the possible variation in k ; ~ .  In 
order to take this effect into account it is therefore 
useful to define a measures which relates the difference 
in calculated and experimental logarithmic rate cons- 
tants to the difference in the logarithmic identity rate 
constants. This is done by the index M defined as 


M =  (log k i p  - log kGp)/(Iog k A A  - log ~ B B )  (7) 
where ~ A A  represents the faster identity reaction. Note 
that log kr# can also be written as 


(8) 


Inserting equations (1) and (8) into equation (7) leads to 


log k . 3  = (1/2)(10g ~ A B  + log ~ B A  + log KAB) 
= log ~ O A B  + (1/2)10g KAB 


From equation (7), one can see that M =  0 provided 
that the calculated and experimental rate constants are 
identical. If one assumes that the maximum and 
minimum values of log kOAB are log k A A  and log k B B ,  
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Table 1 .  Experimental and calculated exergonic cross rates ( k W  and k i p ) ,  equilibrium constants (KAB), identity rates 
( ~ A A ,  ~ B B )  and criterion M for proton transfer between transition metal acids of Cr, Mo and W7 


AIB Log krf Log k i p a * b  Log KAB Log k i p  - log kYkb Log k A A  - log ~ B B ‘  M 


Cr/Mo 4-22 4 -  125 0-60  - 0.095 0.85 -0.11 
Mol W 3.93 4-205 2-20 0.275 0.59 0.46 
CrlW 4.49 4-93 2.80 0.44 1.44 0 .30  


“Even though we used exactly the same identity rates and equilibrium constants we could not exactly reproduce the calculated rate 
constants reported by Kristjansdottir and Norton.’ The general trend, however, is the same and therefore this discrepancy does not 
affect the conclusions drawn. All rate constants are given in I mo1-l s - ’ .  


The corresponding logarithmic endergonic rate constants can simply be calculated from the exergonic rate constants by subtracting 
log KAe.  The difference between calculated and experimental values is the same for exergonic and endergonic rates. 


Identity rates: log kcr = 4.25, log kMo = 3.40,  log k, = 2.81. 


Table 2. Experimental and calculated endergonic cross rates ( k B  and k i p ) ,  equilibrium constants 
( K A B ) ,  identity rates (AAA, ~ B B )  and criterion M for proton transfer between 9-alkylfluorenes and (9-alkylfluoreny1)- 


lithium’ 


A/ B Log kyf Log k g  Log K A B ~  Log k i p  - log krk Log k A A  - log ~ B B ~  M 


Hlt-Bu -6.587 -7.721 -1.728 -1.134 
Melt-Bu - 7 ’ 293 -8.180 -1.878 - 0.887 
Etlt-Bu -8.086 -8.276 -1.260 -0.190 
i-Prlt-Bu - 8.300 -8.456 -0.594 -0.156 


~ 


4.286 -0.26 
3.518 -0.25 
2.708 - 0.07 
1.682 - 0.09 


~ ~ ~~~~ ~~ 


a The equilibrium constants KAB were calculated by the ratio of the statistically corrected endergonic and exergonic cross reactions given 
in Table V in Ref. 8. They are slightly different from the equilibrium constants given in the same table. 
bLogarithmic identity rates: log k ~ =  -4.714, log ku.= -5.482, log k ~ , =  -6.292, log k , - p r =  -7.318, log k,-su= -9.OOO. 


then the following inequality can be derived from 
equation (9): 


(10) 
This means that M may vary between -1/2 and +1/2. 
Mvalues smaller than -1/2 or larger than +1/2 would 
indicate that k ! ~  is not within the range covered by the 
identity rates. M scales the difference in calculated and 
experimental logarithmic rate constants by the differ- 
ence in the logarithmic exchange rates. Positive M 
values are obtained if the calculated rate constants are 
larger than the experimental values. The calculation of 
M is not possible if two different identity reactions have 
equal rate constants by chance. A further problem in 
applying M as a criterion for the Marcus cross relation 
is related to the statistical significance of small rate con- 
stant changes. In general, the error limits of the rate 
constants should be used for M .  Nevertheless, being 
aware of these possible pitfalls, the index M may be 
useful in evaluating rate constants in view of their 
agreement with the Marcus cross relation. 


-1/2 < M < 1/2 


RELATION TO EXPERIMENTAL DATA 
Tables 1 and 2 and Figures 1 and 2 show the rate data 
for proton-transfer between transition metal acids of 
Cr, Mo and W reported by Kristjansdbttir and Norton’ 


and for proton-transfer between 9-alkylfluorenes and 
(9-alkylfluoreny1)lithium reported by Murdoch et al. * 
As already noted, KristjBnsd6ttir and Norton claimed 
that their data should obey the Marcus cross relation. 
On the other hand, both Kristjansdottir and Norton 
and Murdoch et al. pointed out that the fluorene data 
do not obey the Marcus cross relation. In this case the 
mean value of the logarithmic identity rate constants is 
approximately equal to the logarithmic endergonic rate 
constant. 


At first glance, one realizes that by adopting the dif- 
ference in calculated and observed logarithmic rate con- 
stants as a criterion the pattern mentioned above is 
found. The calculated difference decreases with 
decreasing variation in identity rates. It is not surprising 
that there may be exceptions to this rule as for the 
MolW and for the Cr/Mo cases. Adopting the differ- 
ence in the calculated and experimental logarithmic rate 
constants as criterion, it turns out that there is no clear 
difference between the transition metal acid and the 
fluorene data as claimed by the authors. For example, 
if a difference in the logarithmic rate constants within 
a range of 50.3 is assumed to indicate agreement, both 
the Cr/W combination of transition metal acids and the 
H/t-Bu and Melt-Bu combinations of the fluorenes do 
not obey the Marcus cross relation, whereas the 
remaining combinations do. This result is confirmed 
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and slightly modified if the quantity M is used as a cri- 
terion. Let as assume that M values within a range of 
f 0.15 indicate agreement with the Marcus cross 
relation (the cut-off values f0.3 for the logarithmic 
rate constant and +O* 15 for M are only a first guess; 
more reliable values can be obtained from a combi- 
nation of statistical techniques and further experience 
in applying M ) .  In this case neither the Combinations 
Mo/W and Cr/W of the transition metal acids nor the 
combinations H/t-Bu and Melt-Bu obey the Marcus 
cross relation. The largest deviations by the M criterion 
are found for the combinations Mo/W and Cr/W of the 
transition metal acids. Note, however, that in the 
Mo/W case the variation in the identity rate constants 
is only 0.59 logarithmic units. It is certainly very likely 
that the rate constant of a hypothetical thermoneutral 
cross rate has a value within the range covered by the 
identity rates. On the other hand, it is by no means 
certain that this rate constant corresponds exactly to the 
mean value. If, however, the variation in the identity 
rates is small it does not play any role if the logarithmic 
hypothetical thermoneutral cross rate is exactly ident- 
ical with the mean value of the corresponding identity 
rates. In this case equation (1) is always obeyed. This 
simply means that the rate constant kiB is not outside 
the range covered by the identity rate constants. A full 
test of the Marcus cross relation thus requires exper- 
imental systems for which the variation in identity rates 
is not too small. Let us assume that a difference in the 
logarithmic identity rate constants of 1 is a minimum 
value. In this case only the Cr/W combination of the 
transition metal acids and all examples of the fluorenes 
given in Table 2 are appropriate. If further a value of 
M within the range of k O . 1 5  is assumed to indicate 
agreement, then the Cr/W combination and the H/t-Bu 
and Melt-Bu combinations of the fluorenes do not obey 
the Marcus cross relation, whereas the Et/t-Bu and i- 
Pr/t-Bu combinations do. Contrary to the pattern dis- 
played by the difference in experimental and calculated 
logarithmic rate constants, the index M shows that the 
largest deviation is found for the Cr/W combination of 
transition metal acids (see also Figures 1 and 2). 


Therefore, the conclusions drawn in Refs 7 and 8 on 
agreement or disagreement of the experimental rate 
data with data calculated by means of the Marcus cross 
relation have to be revised in part. If the Marcus cross 
relation is not obeyed, the question arises of why the 
calculated rate constants are larger (Figure 1) or smaller 
(Figure 2) than the experimental values. 


For reaction series of 9-alkylfluorenes with one alkyl 
substituent kept fixed and the alkyl groups in the other 
reagent varying from H through Me, Et, i-Pr and t-Bu, 
anomalous Brensted coefficients between 0.7 and 1 - 8  
were obtained.’ Even though it seemed tempting to 
attribute this anomaly to steric effects, the authors 
excluded this possibility and proposed a two-step 
mechanism. On the other hand, an alternative interpre- 


tation claimed that the anomalous Br~nsted coefficients 
can be understood by non-additive steric effects. ” 
According to this interpretation, increasing kinetic 
deuterium isotope effects were predicted for the identity 
reactions in passing from H/H to t-Bult-Bu (increasing 
steric hindrance). So far, however, only a value of 
kH/kD=9-5 for the H/H case is known. Hence, the 
question of which of these interpretations is correct is 
open to discussion. 


As can be seen from Figures 1 and 2, the reason for 
not obeying the Marcus cross relation is non-additivity 
of kinetic parameters. Non-additive in this sense means 
for the fluorenes that the effect on the kinetic 
parameters in passing from H/H to H/t-Bu by replace- 
ment of H by t-Bu is different from the effect exerted 
by the replacement of the other hydrogen by the second 
t-Bu group in passing from H/t-Bu to t-Bult-Bu. Intro- 
duction of the first t-Bu has a smaller effect than intro- 
duction of the second t-Bu group. In other words, the 
effect of a substituent in one of the reactants is depen- 
dent on the substituent in the other one. In Ref. 12 an 
explanation of this non-additivity was given in terms of 
steric effects. For the transition metal acids studied by 
Kristjansdottir and Norton’ there is a different situa- 
tion (see Figure 1). In this case, passing from Cr/Cr to 
Cr/W has a larger effect than passing from Cr/W to 
W/W. An explanation for this effect remains to be 
given, even though steric effects are probably the origin 
of this pattern. 


Another example which refers, however, to methyl 
transfer provides further support for our analysis of the 
Marcus cross relation. Lewis and Hu9 reported an 
almost perfect agreement between cross rates calculated 
according to this relation and observed experimentally 
for methyl transfer between arenesulphonates. This is 
not surprising if one realizes that the variation in 
logarithmic rate constants of identity reactions is only 
0.61 (see Table 1 in Ref. 9; 55°C). Hence this 
experimental example simply confirms the fact that k% 
is within the range covered by the identity rate cons- 
tants. It is not possible to check in this case whether or 
not it corresponds to the mean value of logarithmic 
identity rate constants. 


CONCLUSION 


An analysis of the Marcus cross relation leads to the 
following results. For a small variation in identity rate 
constants, agreement between experimental and calcu- 
lated cross rates simply means that the rate constant of 
a hypothetical thermoneutral cross reaction has a value 
within the range covered by the identity rates. Whether 
or not this value corresponds to the mean value of 
logarithmic identity rate constants can only be checked 
for a large variation in identity rates. Therefore, an 
index M is proposed, which relates the difference in 
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experimental and calculated logarithmic rate constants 
to the variation in the logarithmic identity rates. Pro- 
vided that the Marcus cross relation is not obeyed, this 
indicates non-additivity of kinetic parameters. 
Applying this analysis to the proton-transfer reaction 
between different transition metal acids and between 9- 
alkylfluorenes and (9-alkylfluoreny1)lithium shows that 
claims on agreement or disagreement of experimental 
rate constants with the rate constants calculated by 
means of the Marcus cross relation have to be revised 
in part. This work has shown further that the Marcus 
cross relation continues to be a useful tool in analyzing 
hydrogen-transfer reactions. 
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STUDY OF INITIAL STATE AND TRANSITION STATE 
SOLVATION IN THE MENSCHUTKIN REACTION OF 


TRIETHYLAMINE WITH ETHYL IODIDE IN ALCOHOLS FROM 
INFINITE DILUTION ACTIVITY COEFFICIENTS 
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AND 
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Laboratorio de Processos de Separaccio e Reacpio, Faculdade de Engenharia do Porto, Rua dos Bragas, 4099 Porto Codex, 


Portugal 


The Gibbs energies of activation of the Menschutkin reactions of triethylamine with ethyl iodide in 10 monoalcohols 
and nine dialcohols, were dissected into contributions from the initial state and transition state. To perform this study, 
the infinite dilution activity coefficient values of the solutes in the solvents, TO, were determined by the UNIFAC 
group-contribution method, using the modified Flory-Huggins equation in the combinatorial term. For triethylamine, 
the 7- values were calculated using group-interaction parameters from the VLE Parameter Table, due to the non- 
availability of specific 7- UNIFAC interaction parameters for the relevant groups. For ethyl iodide, the 7- values 
were calculated using the group-interaction parameters from the specific 7- UNIFAC Parameter Table, except for the 
solvents diethylene glycol and triethylene glycol, where VLE parameters were used for the same reasons as explained 
above for the triethylamine. The results were compared with those obtained for the unimolecular decomposition of 
tert-butyl halides. For the Menschutkin reaction, we conclude that solvent disruption and reorganization to a state 
appropriate to solvating the molecular species is a dominant interaction mechanisim. 


INTRODUCTION 
A variety of methods has been used in the investigation 
of reaction mechanisms, including not only the determi- 
nation of reaction rates and orders but also the changes 
in these rates with changing conditions. One of the most 
powerful means for influencing reaction rates is 
through solvent variation. 


Two main approaches for the examination of solvent 
effects on the rate constant, k, or on the Gibbs energy 
of activation, A'G, have been developed. In one of 
them, the kinetic data are correlated with solvent par- 
ameters using a multiple linear regression procedure, 
according to a consistent physico-chemical model. 
In the other method, solvent effects on the kinetic 
values are dissected into contributions from the initial 


* Author for correspondence. 
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state and the transition state, from changes in the acti- 
vation property and the corresponding change for the 
initial-state property. '-' 


According to the second method, we need to calcu- 
late the transfer Gibbs energy of activation, 6A'G, the 
transfer Gibbs energy of the reactants, 6Gi, and the 
transfer Gibbs energy of the activated complex, 6Gt. 
The three types of transfer Gibbs energies under study 
are related through the equation: 


&GI= 6Gi + A'Gj - A*Gr = 6Gi + 6A'G (1) 


where A'Gj refers to the reaction in the solvent j and 
A'Gr in the reference solvent r. 


Values for 6 A'G are determined from k values by 
making use of the transition state theory. Values for 6Gi 
can be calculated using the following equation: 


6Gi = RT ln(-yT/yy) (2) 
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where y r  and 7;  are the infinite dilution activity 
coefficients of the solute in the solvent j and in a refer- 
ence solvent r, respectively. 


In a preceding paper, solvent effects on the Gibbs 
energies of transfer from ethanol for the initial state 
and transition state of the first-order unimolecular 
solvolysis of tert-butyl halides in mono- and dialcohols 
were analysed in terms of the contributions to the 
transfer Gibbs energy of the activated p r o c e ~ s . ~  


In the present study, we continue our analysis of 
solvent influences on the Gibbs functions of transfer for 
the second-order bimolecular Menschutkin reaction of 
triethylamine (EtsN) with ethyl iodide (EtI), using 
mono- and dialcohols as solvents. A similar study has 
been carried out before, using some polar and aprotic 
solvents. lo However, we are now in a position to extend 
this study to a larger variety of hydroxylic solvents, on 
account of the recently published k values, at 


To perform this analysis, we calculated the infinite 
dilution activity coefficients of iriethylamine and of 
ethyl iodide in the alcohols, at 25 C ,  using a predictive 
method: the UNIFAC group-contribution model. l3,I4 
The combinatorial activity coefficients were calculated 
using the modified Flory-Huggins equation in the 
Staverman-Guggenheim combinatorial expression, as 
suggested by Kikik et al.” 


The group-interaction parameters from the ym Par- 
ameter TableI6 and from the VLE Parameter 
Table”-” were used in the calculations carried out in 
this work. 


We also focused our attention on solvent effects 
arising from the change of a first-order unimolecular 
reaction (the solvolysis of tert-butyl halides) to a 
second-order bimolecular reaction (the Menschutkin 
reaction of Et3N with EtI). 


25 “c. 11,12 


RESULTS AND DISCUSSION 


In Table 1 are shown the Gibbs energies of activation 
for the reaction of Ft3N with EtI in the various hydrox- 
ylic solvents, at 25 C. These values were obtained from 
k data previously reported, ‘lV1’ by using the thermo- 
dynamic equations associated with the transition state 
theory. 


In Table 2 are summarized the yrn values for the 
substrates Et3N and EtI in alcohols, at the same tem- 
perature. (Some values of ym for the solvents under 
study have already been published.” However, we 
prefer to use only our ym data in order to obtain a more 
coherent list.) In this work, the UNIFAC group- 
contribution was used. The model has 
already been used in a previous paper,’ where a brief 
description and a presentation of the main equations is 
given. 


In the present work, for the combinatorial term we 
need the modified Flory-Huggins equation in the 


Table 1. Gibbs energies of activation for the Menschutkin 
reaction of triethylamine with ethyl iodide in alcohols, at 25 OC 


(kJ mol-’)a 


No. Solvent A ‘G 


1 
2 
3 
4 
5 
6 
7 
8 
9 


10 
11 
12 
13 
14 
15 
16 
17 
18 
19 


Methanol 
Ethanol 
Propan-1-01 
Propan-2-01 
Butan-1-01 
Butan-2-01 
Pentan-1-01 
2-Methylbutan- 1-01 
3-Methylbutan- 1-01 
Hexan-1-01 
Ethane-] ,2-diol 
Propane-1.2-diol 
Propane-] ,3-diol 
Butane-] ,2-diol 
Butane-1.3-diol 
Butane-2,3-diol 
Pentane-I ,5-diol 
Diethylene glycol 
Triethylene glycol 


95.85 
97.50 
99.11 
98.07 
99.88 
98.65 


100.97 
101.45 
100.67 
102.06 
94.28 
93.97 
91.88 
95.58 
94.58 
95.72 
95-35 
91.61 
92.10 


“Values calculated from data in refs (1 1) and (12). 


Table 2. Infinite dilution 
activity coefficients for 
triethylamine and ethyl iodide 


in alcohols at 25 ‘C 


No.” EtiN EtI 


1 4.05 - 
2 3.00 5.42 
3 1.94 3.91 
4 1.94 3.90 
5 1 -48 3-14 
6 1.48 3.14 
7 1.24 2.68 
8 1.24 2.68 
9 1.24 2.68 


10 1 -08 2-37 
11 13.21 13-26 
12 6.56 8.21 
13 6.56 8.21 
14 4.08 5.88 
15 4.08 5-88 
16 4.09 5.88 
17 2.90 4-59 
18 - 4.21 
19 - 2.69 


‘Numbering of solvents as in 
Table I .  
bValues for alcohols 1 to 5 and 9, 
obtained from experiment, are 
available in ref. 22. 
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Staverman-Guggenheim expression. l5 For the residual 
term we used group-interaction parameters from the 
UNIFAC-y" Parameter TableI6 for EtI, except for the 
solvents diethylene glycol and triethylene glycol. For 
EtI in these two solvents and for Et3N we used 
UNIFAC-VLE 17-21 parameters, because no ym par- 
ameters were availiable foi the relevant interactions. l6 


We were not able to calculate y" for Et3N in diethy- 
lene glycol and in triethylene glycol because there are no 
available parameters. Regarding the y" values of the 
two solutes in ethane-I,Zdiol, we used the interaction 
parameters for the alcohol group (OH), instead of con- 
sidering this solvent as a single group, as is usually 
advised, l 7 9 l 9  because relevant parameters for the diol 
group are not available. 


Table 3 gives the calculated Gibbs energies of transfer 
f9r the activation process, 6 A'G, the initial state, 6Gi, 
and the transition state, 6Gt, based on ethanol as the 
reference solvent. Equations (1) and (2) were used to 
obtain these results, taking into account that 
6Gi = 6Gi(Et3N) + 6Gi(EtI). Values for 6Gi(Et3N) in 
solvents diethylene glycol and triethylene glycol and for 
6Gi(EtI) in methanol (Table 3, in parentheses) were 
obtained by the following linear correlation analysis: 


hGi(Et3N) = 0.35224 + 1.4964 6Gi(EtI) 
(N= 16, r =  0.997, u = 0.16) 


where N is the number of pairs of points, r the correla- 
tion coefficient and u the standard deviation of the fit. 


Tabfe3. Gibbs energy of transfer from ethanol to other 
solvents of the Et3N with EtI reaction in alcohols at 25 "C (kJ 


mo1-l) 


No.= 6A'G 


1 -1.65 
2 0 
3 1.61 
4 0.57 
5 2.38 
6 1.15 
7 3-47 
8 3.95 
9 3.17 


10 4.56 
11 -3.22 
12 -3.53 
13 -5.62 
14 -1.92 
15 -2.92 
16 - 1.78 
17 -2.15 
18 -5.89 
19 -5.40 


6Gi(Et,N) 


0.75 
0 


-1.08 
-1.09 
-1.75 
-1.75 
- 2.20 
- 2-20 
- 2-20 
-2.53 


3.67 
1-94 
1.94 
0.76 
0.76 
0.76 


(- 0.58) 
(- 2.25) 


-0.09 


6Gi(EtI) 


(0.26) 
0 


-0.81 
-0.81 
-1.35 
-1.35 
-1.74 
-1.74 
-1.74 
-2.05 


2.22 
1.03 
1.03 
0.20 
0.20 
0.20 


-0.41 
-0.62 
-1.74 


6Gi 6Gt 


(1.00) (-0.64) 
0 0 


-1.90 -0.29 
-1.90 -1.33 
-3.10 -0.72 
-3.10 -1.95 
-3.94 -0.47 
-3.94 0.01 
-3.94 -0.77 
-4.57 -0.01 


5.89 2.67 
2.97 -0.56 
2.97 -2.66 
0.96 -0.96 
0.96 -1.96 
0.97 -0.82 


-0.50 -2.65 
(-1.21) (-7.10) 
(-3.99) (-9.39) 


'Numbering of solvents as in Table 1. 


and GGi(Et1). 
Estimated value from linear regression analysis between GGi(Et3N) 


It is generally accepted that alcohols are self- 
associated structures, stabilized by hydrogen bonds 
consisting of linear and/or cyclic polymers. Along the 
set of normal alcohols, the aliphatic group size 
increases and the concentration associated with linear 
hydrogen-bonded chain polymers over the alcohol gross 
concentration also increases. This structural nature of 
the alcohols is consistent with the 6 A'G increase. 


Also, the chain branching and the position and the 
number of OH groups in the solvent molecule play an 
important role. For instance, in monoalcohols, when 
the hydroxyl group moves from the end to the middle 
of the carbon chain, the formation of linear multimers 
decreases and consequently 6 A *G decreases. 


The results, shown in the two last columns in Table 
3, suggest that, in general, solvent initial state effects 
are usually greater than transition state effects, when 
ethanol is used as reference solvent. We can point out 
four exceptions: butane-l,3-diol, pentane-1 J-diol, 
diethylene glycol and triethylene glycol. 


If mono- and dialcohols are considered separately, 
we may say that, for solvent changes from ethanol, 
there is a decrease (negative values) of the Gibbs energy 
of the initial state for monoalcohols, except for 
methanol, and, conversely, the Gibbs energy of the 
initial state for dialcohols 11 to 17 shows an increase 
(positive values), except for pentane-l,Sdiol. The men- 
tioned stabilization for monoalcohols, as well as the 
destabilization for dialcohols, can be explained in terms 
of the disruption of hydrogen bonding in the solvents, 
which is quite relevant for the highly structured 
alcohols (methanol and dialcohols). 


As to the Gibbs energy of the activated complex, 
mono- and dialcohols show a similar behaviour: in both 
cases, the Gibbs energy of the activated complex shows 
negative values. The only exception is ethane-1 ,2-diol 
(6Gt value for solvent 2-methylbutan-1-01 is too small to 
deserve special mention). The behaviour of diethylene 
glycol and triethylene glycol, solvents 18 and 19 in 
Table 3, is somewhat different. Compared with the 
other dialcohols, 6Gi and especially 6Gt are strongly 
negative. 


Comparison with rerf-butyl halide solvolysis 


Despite the great number of experimental and interpre- 
tative studies of nucleophilic displacement reactions, 
published after the landmark study of Menschutkin 
about solvent effects,23 only in recent years have the 
deep mechanistic implications received considerable 
attention. 24-27 For the Menschutkin reaction of 
triethylamine with ethyl iodide, which can be seen as a 
creation of two charges of opposite sign from 
uncharged reactants followed by their subsequent sep- 
aration, there is no doubt that the reaction is favoured 
by the presence of polar solvents. The same is also true 
for the unimolecular decomposition of tert-butyl hal- 
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ides, for which the dominant step is the formation of 
an intermediate with a significant charge separ- 
ation. 3,9*25,28-30 There are good reasons to believe that 
the high charge separation of the transition state and 
the tendency of the transition state to interact with 
hydrogen-bond donor solvents, cause the electrostric- 
tion of the surrounding solvent. Accordingly, the polar- 
ization effect of the substrate molecules, the disruption 
of hydrogen bonding in the solvent and the interaction 
of solvent with the ion-pair-like structures of the acti- 
vated complexes may be expected to play the active 
role. Therefore, solvent effects can be quite different 
when the contributions from the initial state and from 
the transition state are compared. 


In our preceding study of the initial and transition 
state solvation of the solvolysis of rerr-butyl halides in 
16 mono- and dialcohols, also based on ethanol as the 
reference solvent, we reached the following main con- 
clusions: (i) values of 6Gi are small and negative for 
mono-alcohols (except for methanol) and small and 
positive for dialcohols; (ii) values of 6Gt for monoalco- 
hols tend to be small and positive but for dialcohols are 
always high and negative (the solvation of the activated 
complex in dialcohols is much more important than the 
solvation of the substrate); (iii) for dialcohols, the 
solvent structure and its particular interaction with the 
substrate and with the activated complex dominate over 
the polarization effect of these molecular species and, 
conversely, for monoalcohols the effect of the substrate 
and activated complex polarization have a marked 
influence on the solvent-solvent-solute interaction 
mechanisms. 


The similar investigation of the initial and transition 
state contributions to the solvent effects on the reaction 
of Et3N with EtI in almost the same set of alcohols led 
to different conclusions: (i) although 6Gi shows negative 
values for monoalcohols (except for methanol) and 
tends to be positive for dialcohols, solvent effects in the 
initial state always dominate over solvent effects in the 
transition state; (ii) 6Gt is almost always negative and, 
consequently, no difference can be ascribed to the 
behaviour of mono- and dialcohols. 


From these results, it seems that the participation of 
solvent in the Menschutkin reaction comes ‘earlier’ 
than in the solvolytic reaction. SolA er af.,26 from ab 
initio studies in the gas phase and in solution stated that 
‘whereas solvent reorganization may be considered to 
follow the chemical process, the opposite view may be 
also considered: the chemical process can be induced by 
solvent fluctuations’. This is what Hwang et af. 31 call a 
solvent-driven process. In this way, the reorganization 
of the solvent to a state appropriate to solvating the 
molecular species in the reaction of triethylamine with 
ethyl iodide, which takes place before the charge distri- 
butions on the reactants begin to change, is a dominant 
influence on the solvent-solvent-solute interaction 
mechanisms. 


Another feature corroborates this interpretation. In 


(3) 
is applied to the transfer Gibbs energy of activation and 
of the initial state, the statistically preferred equations 
are: 


6 A*G = 13.59OO - 18*0091~*- 3-93347 x lO-’C 
( N =  19,r=0*933,a= 1.27) 


6Gi = -13.2122 + 4*92428r* + 14.7531 x 10-3C 
( N =  19,f=0.910,a= 1.29) 


These equations show that the specific solute-solvent 
interactions, represented by the parameters a (acidity) 
and fi (basicity), are not relevant. Conversely, not only 
the non-specific solute-solvent interactions, repre- 
sented by r * (polarityfpolarizability), but also the 
solvent-solvent interactions, denoted by C (disrup- 
tionlreorganization), are the dominant interaction 
mechanisms. (The same treatment applied to 6Gt gives 
poor correlations that do not allow us to obtain reliable 
quantitative information. However, from a qualitative 
point of view, we observe that parameter C is not 
relevant.) 


fact, if correlation analysis through equation (3), 


XYZ = XYZO + a,** + a2a + a3p + a4c 
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MOLECULAR REARRANGEMENTS IN HOMOGENEOUS 


OF ALKYL METHANESULPHONATES 
GAS-PHASE ELIMINATION REACTIONS. PYROLYSIS KINETICS 


GABRIEL CHUCHANI,* IGNACIO MARTIN, ROSA M. DOMINGUEZ, ALEXANDRA ROTINOV, 
SARA PEKERAR AND MATILDE GOMEZ 


Centro de Quimica, Instituto Venezolano de Investigaciones Cientijicas (IVIC), Apartado 21827, Caracas 1020-A, Venezuela 


The rates of elimination of several alkyl methanesulphonates were determined in a seasoned, static reaction vessel over 
the temperature range 300-420 OC and the pressure range 28-163 Torr. The reactions are homogeneous, unimolecular 
and follow a first-order rate law. The overall rate coefficients are given by the following equations: for isobutyl 
methanesulphonate, log kl (s-') = (12.51 2 0.38) - (177-0 22.1)  kJmol-' (2.303RW'; for 2-phenyl-1-propyl 
methanesulphonate, log kl(s- ' )  = (12-62 f 0-04) - (176.2 k 0.5) kJ mol-' (2*303RT)-'; for neopentyl methane- 
sulphonate, log k&') = (13.35 ? 0.42) - (198.2 ? 5.2) kJmol-' (2.303RW'; and for 3-chloro-2,2-dimethyl-l- 
propyl methanesulphonate, log kl (s - ' )  = (13.87 k 0.42) - (218.2 5 5.4) Wmol-' (2-303RW'. Rearrangements in 
these methanesulphonate pyrolyses may proceed via an intimate ion-pair type of mechanism. Consequently, the results 
appear to confirm that intramolecular migration through autosolvation is possible in gas-phase elimination reactions 
of certain types of organic molecules. 


INTRODUCTION 


The homogeneous, unimolecular gas-phase pyrolysis or 
elimination kinetics of carboxylic esters are found to 
produce the corresponding olefins and carboxylic acid: 
For molecular elimination, the presence of a p- 
hydrogen at the alkyl side of the ester 1 is necessary. 


RCOOCH2CH2R' - RCOOH + CH2 = CHR' (1) 
1 


In 1938, Hurd and Blanck' suggested that the elimin- 
ation of esters proceeds through a concerted six- 
membered cyclic transition state in which the oxygen of 
the carbonyl and the &hydrogen are oriented in such a 
way that a cis elimination occurs 2 .  Since then, the 
mechanism for the gas-phase pyrolysis of 1 has been 
frequently described in terms of a semi-polar six- 
membered cyclic transition state 3, '-' rather than con- 
certed 2, ' the intimate ion pair 4, 899  semi-ion pair 5 '' 
or concerted heterolysis 6. 


Consideration of these mechanisms suggests that the 
transition states 2, 3, 5 and 6 would be limited to cis 
elimination, whereas the intimate ion-pair type of inter- 
mediate 4 would permit both cis and trans elimination. 


~ ~~ 


* Author for correspondence. 


0894-3230/93/020085-10$10.00 
0 1993 by Sohn Wiley & Sons, Ltd. 


2 3 4 


5 6 


With this in mind, when we started to study the gas- 
phase elimination of organic molecules, our aim was to 
establish whether the intimate ion-pair mechanism is 
possible in the pyrolysis of carboxylic esters 1 and of 
organic alkyl halides. This type of mechanism was 
believed to be possible if the said molecules could be 
stabilized through neighouring group participation 
involving an intramolecular solvation or autosolvation, 
trans elimination and probably intramolecular 
migration or rearrangement. 


Benzenesulphonates, tosylates and brosylates, known 
to be excellent leaving groups in nucleophilic substitu- 
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tion and elimination reactions in solution, are expected 
to be difficult to pyrolyse in the gas phase, owing to a 
lack of volatatility. They are generally heavy oils or 
solids. If the aryl part of the sulphonate is replaced with 
the small methyl group to give methanesulphonates, it 
is possible to expect volatile liquid substrates and, as 
already proposed, '* interesting reaction mechanisms in 
the gas phase. Because of the greater stability of the 
negatively charged oxygen atom towards sulphur, the 
transition state must be very polar. Therefore, trans 
elimination, rearrangements and faster elimination 
rates are to be expected in comparison with the pyro- 
lyses of carboxylic esters 1. 


The above considerations led to the successful use 
of a structure-reactivit relationship when plotting 
log k/ko versus Taft u values of alkyl and polar 
2-substituted ethyl methanesulphonate pyrolyses in the 
gas phase. l3  According to the results, the mechanism 
was suggested to be heterolytic in nature, in the sense 
that the C-0 bond polarization, C6+.-.06-, is rate 
determining, with the process occurring via an intimate 
ion-pair intermediate. 


Further work on the gas-phase pyrolyses of w-phenyl- 
alkyl methanesulphonates l4 showed that the C6H5 
substituent at the 2- and 4-positions with respect to the 
C-0 bond of the methanesulphonate assisted in the 
rate of elimination. The spiro five-membered confor- 
mation, a favourable structure for neighbouring group 
participation, yielded through rearrangement a small 
but significant amount of a cyclic product, tetralin. 
Anchimeric assistance of the C6H5 at the 3-position was 
found to be absent. 


According to these observations, an intimate ion-pair 
mechanism for methanesulphonate pyrolyses in the gas 
phase must be considered if molecular rearrangements 
take place under such conditions. Consequently, this 
work was aimed at examining the gas-phase elimination 
kinetics of several alkyl methanesulphonates, with or 
without the presence of a @-hydrogen in the alkyl group 
of the sulphonate ester, thereby forcing migration in the 
latter case. 


P 


RESULTS 


Isobutyl methanesulphonate 


The gas-phase pyrolysis of isobutyl methanesulphonate 
in a vessel seasoned with allyl bromide and in the pres- 
ence of propene inhibitor gives isobutene, very small 
amounts of but-1-ene and cis,trans-but-2-ene and 
CH3SO3H [equation (2)l. 


The stoichiometry based on equation (2) suggests that 
at long reaction time Pf = 2P0, where Pf and PO are the 
final and initial pressures, respectively. The average 
experimental Pf/ PO ratio at four different temperatures 
and ten half-lives was 1-90. The departure of Pf/PO 
from 2 is due to a small extent of polymerization of 
isobutene. However, the above stoichiometry was 
verified by comparing, up to 70% reaction, the percen- 
tage decomposition of the substrate from pressure 
measurements with those obtained by the sum of 
chromatographic analysis of the olefin products. 


This methanesulphonate substrate yielded largely 
isobutene. However, the very small formation of but-l- 
ene and cis,trans-but-Zene (ca 5%)  suggested a 
rearrangement process from the isobutyl methane- 
sulphonate. Tables 1 and 2 show almost no variation of 
products with increasing percentage decomposition at 
one temperature and at different temperatures. 


Table 1. Yields (0700) of isobutyl methanesulphonate products 
at 330.0"C' 


~~ ~ 


Reaction (%) Isobutene But- 1-ene cis,fruns-But-2-ene 


17.8 95.6 2.0 2.4 
35.9 95.3 2.3 2.4 
47.8 96.1, 2.1, 1 *8, 
59.7 95.2 2.6 2.1 
66.7 95.2 2.7 2.2 


a Vessel seasoned with allyl bromide and in the presence of the inhibitor 
propene. 


+ 
C H S C H - C H C H ~  
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Table 2. Yields (070)  of isobutyl methanesulphonate products 
at different temperaturesa 


Temperature ("C) Isobutene But-1-ene cis,frans-But-2-ene 


310 95-1 2.1 2-1  
320 95.1 2.5 2.3 
330 95.5, 2.5, 2.0, 
340 94.8 2.3 2.1 
350 95.1 2.2 2.1 


aReaction up to 70% decomposition. Vessel seasoned with allyl 
bromide and in the presence of the inhibitor propene. 


2-Phenyl-1-propyl methanesulphonate 


The pyrolysis products of 2-phenyl-1-propyl methane- 
sulphonate, in a vessel seasoned with allyl bromide, 
were four isomers, a-methylstyrene, cis-/3-methyl- 
styrene, trans-P-methylstyrene and allylbenzene, and 
CH3SO3H. The stoichiometry as represented in 
equation ( 3 )  requires Pf = 2Po. The average exper- 
imental Pf/Po values at five different temperatures and 
ten half-lives was 1.6. The departure from P f =  2P0 
results from the polymerization of the corresponding 
styrene products. However, the stoichiometry of 
equation (3) was confirmed; up to 65% reaction, the 


CH3 
I 


CgHg C H - C H 2 0 S 0 2 C H 3  


percentage decomposition of the methanesulphonate 
from pressure measurements agreed with those 
obtained from chromatographic analysis of the 
unsaturated aromatic hydrocarbons. 


The analyses of the pyrolysis products of 
phenylpropyl methanesulphonate in a seasoned vessel 
and in the presence of cyclohexene inhibitor are given 
in Table 3. 


The olefin formation does not seems to change, 
within the experimental error, as the reaction progresses 
at a given temperature. In addition, the invariability of 
the yields of the unsaturated aromatic hydrocarbons 
with temperature is shown in Table 4. 


The pure authentic samples of the olefin products 
were examined for isomerization, under similar reaction 
conditions of pyrolysis, that is, in the presenceo of 
CH3SO3H and cyclohexene inhibitor and at 350.0 C. 
Only traces of isomerization were detected. 


Neopentyl methanesulphonate 


The stoichiometry based on neopentyl methane- 
sulphonate pyrolysis, [equation (4)] , implies that for 
long reaction times Pf = 2Po. The average experimental 
P$Po ratio at four different temperatures and ten 
half-lives was 1.95. Further confirmation of the 
stoichiometry was made by comparing, up to 50% 
decomposition, the percentage reaction of the substrate 
from pressure measurements with those obtained from 
the chromatographic analysis of the olefin products. 


The analyses of the products of decomposition of 
neopentyl methanesulphonate as a function of reaction 


Table 3. Yields (070) of 2-phenyl-1-propyl methanesulphonate products at 320.0 'Ca 
~ 


Reaction ( 0 7 0 )  a-Methylstyrene cis-0-Methylstyrene frans-0-Methylstyrene Allylbenzene 


25.0 39.0 9.8 30.2 20.5 
49.1 32.3 11.4 30-2 25.4 
59.6 36,9 10.0 28.4 24.4 
65.0 38.9 10.4 28.1 24.2 


aVessel seasoned with allyl bromide and in the presence of a fourfold excess of the inhibitor cyclohexene. Traces of 
isopropylbenzene were detected. 


Table 4. Yields (070)  of 2-phenyl-I-propyl methanesulphonate products at different temperaturesa 


Temperature (070)  a-Methylstyrene cis-b-Methylstyrene trans-0-Methylstyrene Allylbenzene 


310 
320 
330 
340 
350 


32.1 12.5 
38.9 10.4 
40.7, 9.3, 
37.6 9 -2  
40.6 9.6 


26.1 28.3 
26.0 24.2 
26.3, 23.2, 
25.2 26.5 
24.5 22.8 


~~ 


'Vessel seasoned with allyl bromide and in the presence of a fourfold excess of the inhibitor cyclohexene. Traces of 
isopropylbenzene were detected. 
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percentages at one temperature and at different working gests isomerization in the presence of CH3S03H until 
temperatures are reported in Tables 5 and 6. an equilibrium mixture is reached. Further, the analysis 


According to these results, the olefin formation does of the pure olefins 2-methylbut-2-ene and 2-methylbut- 
not seem to change, within the experimental error, with 1-ene (Table 7), when subjected to similar conditions of 
temperature. However, the gradual variation of the the experimental reaction and in the presence of 
yields of the products as the reaction progresses sug- CHpSO3H, yielded about the same product distribution 


Table 5 .  Yields (%) of neopentyl methanesulphonate products at 350-5 'Ca 


Reaction (Yo) 2-Methylbut-2-ene 2-Methylbut-1-ene 3-Methylbut-1-ene 


17 
32 
53 
65 


45.1 
59.7 
69-3 
71.9 


52.0 
38.5 
29-2 
27-1 


2.9 
1.8 
1-5 
1.0 


'Vessel seasoned with ally bromide and in the presence of the inhibitor propene. 


Table 6. Yields (Vo) of neopentyl methanesulphonate products at different 
temperaturesa 


Temperature ("C) 2-Methylbut-2-ene 2-Methylbut-1-ene 3-Methylbut-1-ene 


340.8 72-2 27.2 0.6 
350-5 71.9 27.1 1.0 
360-8 73-4 26.0 0.6 
370.8 71.9 27.5 0.6 
379.5 72.6 27.1 0.3 


~ _ _ _ _  ~ 


'Reaction up to 65% decomposition. Vessel seasoned with ally1 bromide and in the presence of the 
inhibitor propene. 


Table 7. Isomerization (070) of the pure olefin products' 


Olefin Temperature ('C) 2-Methylbut-2-ene 2-Methylbut-1-ene 3-Methylbut-1-ene 


2-Methylbut-2-ene 350.5 70.4 27.6 2.0 


2-Methylbut- 1 -ene 350.5 70.9 26.9 2-2 
379.5 72.5 27.1 0.4 


379.5 68-0 31.3 0.7 
3-Methylbut- 1 -ene 350.5 21.9 7.9 70.2 


379.5 3.2 0.7 96.1 


'Seasoned vessel, in the presence of CHaSO3H and propene inhibitor and at 50% reaction. 
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as in the pyrolysis of neopentyl methanesulphonate. In 
the case of the pure 3-methylbut-l-ene, it gives very 
little isomerization at higher temperatures. 


The results in Tables 5-7 indicate that the presence of 
CHpSOsH product appears to be responsible for the 
isomerization process. 


3-Chloro-2,2-dimethyI-l-propyl methanesulphonate 
The stoichiometry of this elimination reaction 
[equation (S ) ]  was difficult to assess, because the 
rearranged product 4-chloro-2-methylbut-1 -ene decom- 
poses partially to 2-methylbuta- 1,3-diene [equation 
(6)]. The former compound was reported to dehydro- 
chlorinate in the gas phase through olefinic double bond 
participation. Is 


In view of the previous results, the ratio of the final 
pressure, Pf, to the initial pressure, PO, should be > 2 
and < 3. The average experimental Pr/Po at four 
different temperatures and ten half-lives was 2.75. An 
additional verification of the above stoichiometry by 
comparing the chromatographic analyses of the amount 


of substrate reacted with those of olefin formation was 
also difficult, because the methanesulphonate reagent 
could not be trapped quantitatively from the static 
system. However, several runs at a given temperature 
gave reproducible k values to about 50% decompo- 
sition from the analyses of olefin products. 


The quantitative chromatographic analyses of the 
pyrolysis products of this methanesulphonate in vessels 
seasoned with ally1 bromide and in the presence of the 
free radical suppressor propene are reported in Tables 8 
and 9. 


The results in Table 8 suggest that only the yield of 
4-chloro-3-methylbut-2-ene decreases slightly, whereas 
that of 2-methylbuta-l,3-diene increases as the reaction 
progresses with time. To rationalize these observations, 
it appears that the former product chloromethylbutene 
may be isomerizing to an unstable intermediate 4- 
chloro-3-methylbut-1-ene [equation (7)], which rapidly 
decomposes to the butadiene and HCl [equation (8)l . 


However, the data in Table 9 show that 4-chloro-3- 
methylbut-2-ene tends to increase whereas 2- 
methylbuta-l,3-diene decreases slightly as the 


+ 


+ + CHsSOSH 


t 


CH2=bCH2 CH2CI * CH2=CCH=CH2 + HCI 


FH3 YH3 
CICH2C=CHCHj * CICH,CHCH=CH2 


y 3  y 3  
C I C Hg C H C H= C H2 ,CHsCCH=CHz + HCI 
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Table 8. Yields (Vo) of 3-chloro-2,2-dimethyI-l-propyl methanesulphonate products at 390.0 "C" 


4-Chloro- 4-Chloro- 4-Chloro- 3-Chloro- 
Time Reaction 2-methyl- 2-methyl- 3-methyl- 2-ethyl- 2-Methyl- 
(min) (VO) but-1-ene but-2-ene but-2-ene prop-1-ene buta-1,3-diene 


10 24,6 11.5 2.5 36.8 5 .3  32.9 
15 35.6 9 .6  9 .5  28.2 3 -0  49.1 
20 41.8 11.2 9 .9  29.2 3.3 45.7 
30 51.5 12.8 8.2 24.4 3 .9  49.9 


aVessel seasoned with allyl bromide and in the presence of the inhibitor propene. 
The percentages of reaction are an approximate estimation. 


Table 9. Yields (To) of 3-chloro-2,2-dimethyl-l-propyl methanesulphonate products at 
different temperaturesa 


~~ 


4-Chloro- 4-Chloro- 4-Chloro- 3-Chloro- 
Temperature 2-methyl- 2-methyl- 3-methyl- 2-ethyl- 2-Methyl- 


(OC) but-I-ene but-2-ene but-2-ene prop-1-ene buta-1,3-diene 


370.1 10.8 12.6 23.7 4 - 0  48.2 
390.0 11.2 9 .9  29.2 3.3 45.7 
410.0 12.5 9.1 32.6 3.5 42.0 


aReaction up to 50% decomposition. Vessels seasoned with allyl bromide and in the presence of the 
inhibitor propene. 


temperature increases. Apparently, the former com- 
pound isomerizes less to 4-chloro-2-methylbut-l-ene, 
which consequently lowers the yield of methylbutadiene 
according to equation (8). 


The homogeneity of these eliminations was studied 
by using a vessel with a surface-to-volume ratio of 6.0  
relative to the normal vessels (1.0). The rates of 
decomposition of the methanesulphonate substrates 
were similar in the packed and unpacked seasoned 
vessels, whereas some surface effect was observed in the 
clean packed and unpacked Pyrex vessels. The lack of 
a free radical reaction was demonstrated by performing 
several runs in the presence of different proportions of 
an inhibitor such as propene andfor cyclohexene. No 
induction period was observed. 


The rate coefficients for the pyrolytic eliminations of 
the methanesulphonate substrates were found to be 
independent of their initial pressures. The first-order 
plots gave good straight lines up to 70% decomposition 
for isobutyl methanesulphonate, 65% decomposition 
for 2-phenyl-1-propyl methanesulphonate and 50% 
decomposition for both neopentyl and 3-chloro-2,2- 
dimethyl-1-propyl methanesulphonate. The variation of 
the rate coefficients with temperature in a seasoned 
vessel and in the presence of propene and/or cyclo- 
hexene is shown in Table 10. The data were fitted to the 
Arrhenius equations shown, where 90% confidence 
coefficients from a least-squares procedure are quoted. 


DISCUSSION 


The elimination kinetics of isobutyl methanesulphonate 
yielded, in addition to the formation of isobutene, very 
small amounts of but-I-ene and cis,truns-but-2-ene 
(Tables 1 and 2). This observation suggested that some 
rearrangement by a 1 ,2-methyl migration had occurred 
owing to the highly polar nature of methanesulphonate 
pyrolyses in the gas phase.'3*'4 In this respect, the 
mechanism for the process may be explained in terms of 
an intimate ion-pair intermediate as described in 
equation (9), where the C-0 bond polarization, in the 
C"+...06- direction, is the limiting factor. 


In view of the previous results, the phenyl ring, which 
is a better migrating group than the methyl group, 
prompted the examination of 2-phenyl-1-propyl 
methanesulphonate. The elimination kinetics of this 
substrate showed, through neighbouring group partici- 
pation of the aromatic nuclei, an appreciable amount of 
molecular migration of the phenyl substituent (Tables 3 
and 4). Consequently, according to the product for- 
mation, the mechanism of the process appears to 
proceed through a common highly polar intermediate 
[equation (lo)] . 


Table 11 lists the Arrhenius parameters and compar- 
ative overall rates for isobutyl methanesulphonate and 
2-phenyl-1-propyl methanesulphonate. Because the 
phenyl group assists anchimerically through a spiro 
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C H 3 - C - C H 2  OSO2CH3 + CH2 - C H - C H - C H 3  OSO2CH; [ :"' ]+ [ H  H 1' 
CH2=CHCH2CH3 CH3CH = CHCH3 + CH3S03H 


Table 11. Comparative kinetic parameters at 340.0 OC 


104k, (s-') 1 0 4 k ~  (s-')' E, (kJ mol- I )  log A (s- ' )  Compound 
~~ 


(CH~)~CHCHZOSO~CH~ 26.92 13-46 177.0 & 2.1 12-51 f 0.38 
CH~CHP~CHZOSO~CH~ 40.74 20.37 176.2 f 0.5 12.62 f 0.04 
(CH~)~CCHZOSO~CHJ 2.88 2.88 198.2 f 5.2 13-35 f 0.42 
(CH~)~C(CHZCI)CHZOSO~CHI 0.19 0.19 218.2 f 5.4 13.87 ? 0.42 


akH = rate per @-hydrogen. 


three-membered conformation to give greater stabiliza- 
tion of the positive carbon reaction centre, the rate 
coefficient of this substrate has to be, and is, faster than 
that of isobutyl methanesulphonate. 


In spite of the presence of a @-hydrogen in the gas- 
phase elimination of the two previous methane- 
sulphonate substrates, the 1 ,Zmethyl and -phenyl shifts 
obliged us to examine neopentyl methanesulphonate. 


The gas-phase pyrolysis of this compound, without a 
@-hydrogen and up to 65% reaction, gave mainly 
rearranged olefin products (Tables 6 and 7). Conse- 
quently, the molecular migration of the methyl group 
must occur via an intimate ion-pair type of mechanism 
to yield the methylbutenes shown in equation (11). 


Among the substrates without a @-hydrogen for mol- 
ecular rearrangement, the elimination kinetics of 3- 
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chloro-2,2-dimethyl-l-propyl methanesulphonate were 
studied. The reaction in the gas phase was found to be 
homogeneous and unimolecular , yielding the olefin pro- 
ducts described in Tables 8 and 9. As mentioned before, 
the yields of some of the oleofin products varied in the 
temperature range 370-420 C and at the same time 
they isomerized as the reaction progressed with tem- 
perature. CH3SO3H appears to be responsible for this 
isomerization until an equilibrium mixture is reached. 
The molecular rearrangement in this elimination 
reaction may also be explained in terms of an intimate 
ion-pair type of mechanism, as represented in equation 
(12). 


CONCLUSION 


The observations described in this paper suggest that 
intramolecular migration through autosolvation is poss- 


C H 3  


ible in the gas-phase elimination of certain types of 
organic molecules, where the reaction centre has to be 
stabilized through participation within the molecule. In 
this respect, the rearrangement phenomenon found in 
these methanesulphonate pyroiyses must occur via a 
highly polar transition state, where the C-0 bond 
polarization, in the sense of the C*+...O*- direction, is 
rate determining, and may be rationalized in terms of 
an intimate ion-pair intermediate. 


EXPERIMENTAL 


Isobutyl methanesulphonate. Isobutyl alcohol 
(Baker) in pyridine and dimethyl ether was treated with 
CH3S02CI as described16 [b.p. 75°C at 1.0 Torr (1 
Torr = 133.3 Pa)]. The product was distilled to 98.8% 
as determined by GLC [3% OV-17 on Gas Chromosorb 
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QII (80-100 mesh)]. The pyrolysis products isobutene, 
but-1-ene and cis,trans-but-2-ene were acquired from 
Matheson and analysed on a 19% picric acid on a 
Carbopack C (80-100 mesh) column. 


2-Phenyl-I -propyl methanesulphonate. Treatment of 
2-phenylpropan- 1-01 (Aldrich) with CH3S02CI in 
pyridine and diethyl ether yielded 2-phenyl-1 -propyl 
methanesulphonate. l6 This compound decomposes on 
distillation and analysis with GLC. However, it was 
possible to purify it in a high-vacuum system. The 
purity was found to be better than 95% as determined 
by NMR. The unsaturated olefins allylbenzene, a- 
methylstyrene and cis, trans-P-methylstyrene (Aldrich) 
were analysed on a 10 ft column of 10% SP-2100 on 
Supelcoport (100-120 mesh). 


Neopentyl methanesulphonate. CH3SOzCl was 
added to neopentyl alcohol (Aldrich) as reported16 
(b.p. 76°C at 1.0 Torr). Several distillations of the 
reaction product gave a purity of 99.8% [GLC with 
5070 diisodecyl phthalate on Chromosorb G AW DMCS 
(60-80 mesh)]. The olefins 2-methylbut-2-ene (K & K 
Laboratories), 2-methylbut-1-ene (K & K Laboratories) 
and 3-methylbut-1-ene (Janssen) were analysed using 
the same diisodecyl phthalate column. 


3-Chloro-2,2-dimethyl-I-propyl methanesulphonate. 
The alcohol (Aldrich) was reacted with CH$302Cl as 
described l6 (b.p. 91 -0 "C at 1 Torr). After several dis- 
tillations of the products, the fraction of 98.9% purity 
was used [GLC on loolo Gas Chromosorb QII on 
OV-101 (80-100 mesh)]. The corresponding pyrolysis 
products were quantitatively analysed in the OV-101 
column. 


The identities- of the substrates and products were 
additionally verified by mass, infrared and NMR 
spectrometry. 


The pyrolysis reactions were carried out in a static 
system with the vessel seasoned by the decomposition 
products of ally1 bromide, and in the presence of the 
free radical inhibitor propane and/or cyclohexene. The 
rate coefficients were determined by pressure increase or 


by quantitative analyses of the products. The tempera- 
ture was controlled by a resistance thermometer con- 
troller type RT 5/R MK2 of AEI and Shinko DIC-PS 
maintained within +0-2"C and measured with a 
calibrated platinum-platinum-1 3vo rhodium thermo- 
couple. No temperature gradient along the reaction 
vessel was observed. 


ACKNOWLEDGEMENTS 


This research was partially supported by the Fundation 
Polar. 


1. 


2. 


3. 


4. 
5. 


6. 


7. 


8. 


9. 


10. 


11. 


12. 


13. 


14, 


15. 


16. 


REFERENCES 


C. D. Hurd and F. H. Blanck, J. Am. Chem. SOC., 60, 
2419 (1938). 
G. G. Smith and F. W, Kelly, Prog. React. Kinet., 8 ,  75 
(1971). 
D. J. Kramer and G .  G .  Smith, Int J. Chem. Kinet., 6 ,  
849 (1974). 
R. Taylor, J. Chem. Soc., Perkin Trans. 2,  165 (1972). 
H. B. Amin and R. Taylor, J. Chem. Soc., Perkin Trans 
2,  1090 (1978). 
A. Cuenca and G. Chuchani, In?, J. Chem. Kinet., 9, 379 
(1977). 
E. V. Ludeiia, M. K. Eloiza de Machi and G .  Chuchani, 
Acta Cient. Venez., 28, 202 (1977). 
A. Maccoll and P. J. Thomas, Prog. Reacf. Kinet., 4, 119 
(1 967). 
J .  C. Scheer, E. C. Kooyman and F. L. J. Sixma, Reel. 
Trav. Chim. Pays-Bas, 82, 1123 (1963). 
H. E. O'Neal and S. W. Benson, J.  Phys. Chem., 71, 
2903 (1967). 
A. Tinkelenberg, E. C. Kooyman and R. Louw, Red. 
Trav. Chim. Pays-Bas, 91, 3 (1972). 
G. Chuchani, S. Pekerar, R. M. Dominguez, A. Rotinov 
and I. Martin, J. Phys. Chem., 93, 201 (1989). 
G. Chuchani, J. Alvarez G. and I. Martin, J. Phys. Org. 
Chem., 4, 399 (1991). 
G. Chuchani, R. M. Dominguez, A. Rotinov, I .  Martin 
and J. Alvarez G.,  J .  Phys. Chem., 94, 3341 (1990). 
G. Chuchani, J. A. Hernandez and I. Martin, In?. J .  
Chem. Kinet., 11, 1279 (1979). 
W. C. Ross and W. Davis, J. Chem. Soc., 2420 (1957). 












JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 6, 287-292 (1993) 


ACID-CATALYSED SOLVOLYSIS OF OPTICALLY ACTIVE 
1-PHENYL-1-METHOXYETHANE. THE ROLE OF 


ION-MOLECULE PAIR INTERMEDIATES 


ALF THIBBLIN 
Institute of Chemistry, University of Uppsala, P.O. Box 531, S-751 21 Uppsala, Sweden 


The acid-catalysed solvolysis of (R)-1-phenyl-1-methoxyethane was studied in mixtures of dilute aqueous perchloric 
acid and acetonitrile at 50°C. The rate of loss of optical activity (k,) was found to be the same as the rate of 
solvolysis (k,lv) at both low and high water contents of the solvent. These results are not in accord with literature 
data on racemization and oxygen exchange of 1-phenylethanol in water, which has been discussed in terms of 
interconversion of chiral ion-dipole pair intermediates. The mechanistic implications of the results are discussed. 


INTRODUCTION 
Recent studies of some acid-catalysed solvolysis 
reactions of ethers have revealed that the initially 
formed carbocationic intermediates are ion-molecule 
pairs having significant lifetimes. ‘ - 3  These species are 
analogous to the contact ion pairs of solvolysis 
reactions of substrates with negatively charged leaving 
groups. For example, it has been concluded that the 
acid-catalysed hydrolysis of an allylic methyl ether pro- 
ceeds via ion-molecule pair intermediates since the pro- 
duction of allylic alcohols was accompanied by the 
formation of a rearranged allylic ether.’ The latter is 
produced by an intramolecular rearrangement of the 
initially formed localized ion-molecule pair. Another 
example is the solvolysis of the anthranyl ether A-OMe 
(Scheme l).’ The alcohol A-OH is formed nine times 
faster than the rearranged anthracene product B-OH. 
Thus, it was concluded that the localized ion-molecule 
pair is trapped much faster by solvent water than it dis- 
sociates to the ‘free’ diffusionally-equilibrated deloca- 
lized anthracene carbonation. 


This paper describes a study of the acid-catalysed 
solvolysis of 1-phenyl-1-methoxyethane (l), employing 
racemization of the optically active ether as a potential 
probe of internal return. The possibility of detecting 
internal return by comparing the rates of solvolysis and 
loss of optical activity was considered to be good since 
the oxygen exchange of the corresponding alcohol in 
dilute aqueous acid has been shown to be slower than 
racemization. Moreover, using modern separation and 
analytical methods, the inversion without oxygen 
exchange of the alcohol was recently found to be 


0 1993 by John Wiley & Sons, Ltd. 
0894-3230/93/050287-06$08.00 


relatively fast.’ However, this work shows that the rate 
of loss of optical activity accompanying the solvolysis 
of 1 is the same as the rate of solvolysis. The 
mechanistic implications of the results are discussed. 


RESULTS 
The acid-catalysed solvolysis of l-phenyl-l- 
methoxyethane (1) in acetonitrile-water mixtures pro- 
vides quantitatively 1-phenylethanol (2) and a trace of 
styrene (3) [equation (l)]  . The kinetics of the reactions 
were studied by a sampling-quench high-performance 
liquid chromatographic (HPLC) procedure. The loss of 
optical activity (k,) which accompanies the solvolysis 
of the ether (R)-1-phenyl-1-methoxyethane was fol- 
lowed by polarimetry [equation (2)]. The measured rate 
constants and reaction conditions are recorded in Table 
1. The racemization of (R)-1-phenylethanol was found 
to be about eleven times faster than the solvolysis of 1, 
kr,,=214x 10-6s-1 in 0.75 M HC104 in 25 vol. 
acetonitrile-water at 49.95 OC. 


H+  + PhCH(Me)OMe k,* PhCH(Me)OH 
1 2 


+ PhCH=CHZ 
3 


H +  + (R)-PhCH(Me)OMe k, 
(R. 5’)-PhCH(Me)OMe + (R, S)-PhCH(Me)OH 


+ PhCH = CH2 


The racemization of optically active 1 has not been 
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studied separately, e.g. by analysing partially reacted 
(R)-1 for optical purity. Such an experiment should not 
give any further information because of the similar 
polarimetric and solvolytic reaction rates (Table 1). 


wise carbocation mechanism (&I). The classical SN 1 
mechanism involving a racemic ‘free’ carbocation is 
expected to yield ku/krolv = 1. In contrast, a concerted 
one-step mechanism (SN2) with inversion at the central 
carbon corresponds to a ratio k,/k,,l,= 2. A 
mechanism in which the initially formed chiral 
ion-molecule pair undergoes internal return with 
partial or complete racemization is expected to yield a 
ratio larger than unity, i.e. k,/ksoIv > 1. The results are 


DISCUSSION 


The measured ratio ko,/ksolv = 0.99 at both low and high 
water contents of the solvent (Table 1) indicates a step- 


- 
H20 1 MeCN 
HCIO,. 25 OC 


A-OMe 


Ph Ph 


B-OH B-OMe 


Proposed mechanism: 


H 
I 


H+ + 
I 


H K, 
A-OMe A-OMe - c-- 


A-OH 


A H Ph 
Scheme 1 
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Table 1. Rate constants and reaction conditions for the acid- 
catalysed solvolysis of 1 in acetonitrile-water 


~~~~ ~ 


Temperature 106kSo~va k./ksolv 
Solvent ("C) (s-l) (s-1) 


25 vol.% MeCNC 25.00 0.3 
49.95 19-8 19.7 0.99 
60.00 80 


90.9 vol.% MeCNd 49.95 1.00 0.99 0.99 


'The rate constant for the disappearance of 1 to 2 and 3 [equation (I)]. 
The maximum error in ksogv at 50 and 60'C is estimated to be 24%. 
bThe polarimetric rate constant. The maximum error in k. is estimated 
to be 24%. 


* [HCIOd] = 0.091 M. 
[HCIOd] = 0.75 M. 


surprising in the light of results obtained from a 
number of studies of solvolysis of substituted and 
unsubstituted I-phenylethyl derivatives. Thus, scram- 
bling of l 8 0  in unreacted ring-substituted 1-phenylethyl 
4-nitrobenzoates has been reported, and a significant 
amount of return has been estimated for the 1-(4- 
methylpheny1)carbocation pentafluorobenzoate ion pair 
in 50% aqueous trifluoroethanol. ' Partial racemization 
of unreacted 1-phenylethyl chloride has also been 
reported. 


However, more surprising is the comparison of the 
present results with "0 exchange and racemization 
studies of 1-phenylethanol in water at 64.5 0C.4v5 Thus, 
Grunwald et d4 reported a ratio of racemization to 
exchange of optically active alcohol of k,,/k,, = 1-22. 
A recent study of the same system under comparable 
reaction conditions gave krac/kex = 1 * 19 and it was 
reported that the labelled alcohol undergoes inversion 
without oxygen exchange with a rate comparable to the 
rates of oxygen exchange with inversion and oxygen 


exchange without inversion. Moreover, oxygen- 
exchange studies of a number of secondary and tertiary 
alcohols suggest that the water leaving group is associ- 
ated with the carbocation as a short-lived complex.' 
However, some of the studied substrates yield less 
stable secondary carbocations, which may not have a 
significant lifetime in the presence of water. Dietze and 
Jencks lo suggested that the acid-catalysed reactions of 
butan-2-01 and propane- 1,2-diol are concerted. 


The results of this work are consistent with the 
mechanism shown in Scheme 2. The hydronated ether 
ionizes (kl) to a chiral ion-molecule pair, which under- 
goes separation ( k - d )  to a racemic diffusionally- 
equilibrated carbocation much faster than it undergoes 
inversion (kin") of the configuration of the ion-mole- 
cule pair. The internal return (k-I) is presumably fast 
since methanol is more nucleophilic than water and the 
intermediate formed from the alcohol has been found 
to collapse quickly to covalent material. 4 ~ 5  Accord- 
ingly, the difference between the solvolysis mechanisms 
of the ether and the alcohol is that the inversion of the 
ion-molecule pair formed from the ether is slow 
whereas the corresponding process for the intermediate 
formed from the alcohol is relatively fast. The reason 
for this difference is not known but solvation differ- 
ences of the leaving groups of the ion-molecule pairs 
should be of importance. Thus, the apparently different 
behaviours of the ether and the alcohol may be due to 
an intrinsic difference between the solvation of the 
leaving groups OH2 and ORH. The difference in sol- 
vent, 25 vol. To acetonitrile and pure water, is less likely 
to be the cause. The reorganization (kin") to the inverted 
ion-molecule pair may be the result either of movement 
of the leaving group or of rotation of the carbocation 
itself. 


An alternative variant of the Scheme 2 mechanism 
that is also able to accommodate the experimental data 


+ &  


H 


MeO-C- 1. (S)-1 + H+ 
I \  Ka 


1 
ROH 


Scheme 2 
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is slow internal return ( k - I ) .  The inversion process 
(kin") may then be fast. However, as discussed above, 
slow internal return is not very likely since the return 
of the ion-molecule pair formed from the alcohol is 
fast and the ion-methanol pair is expected to collapse 
even faster because of the higher nucleophilicity 
of methanol. It has been found that the diffusionally- 
equilibrated 1.1-diphenylethyl carbocation reacts 6-7 
times faster with a methanol molecule than with a water 
molecule in aqueous solution. Moreover, the assump- 
tion that the dissociation of the ion-molecule pair is 
relatively slow is supported by the conclusion that other 
methyl ethers, which form more stable carbocations, 
react through this type of intermediate. ' -3  


The acid catalysis of the formation of the ion-mole- 
cule pair is presumably of specific type owing to the 
relative instability of the carbocation inter- 
mediate. 3*12913 A progressive increase in the Bronsted 
coefficient a is the result of decreasing carbocation sta- 
bility. l l  Accordingly, general base catalysis has been 
detected for the reaction of the 4-methoxy-substituted 
carbocation with alcohols in aqueous solution but has 
not been detected for the 4-methyl-substituted 
carbocation. l2 


A small amount of alcohol formation by a concerted 


reaction, sN2 or 'SN2ip', is plausible [equation (3)]. 
Moreover, a slight enatiomeric excess of (S)-2 may be 
the result of a stepwise mechanism by shielding the 
front side of the carbocation by the leaving group. Of 
course, this case is kinetically indistinguishable from 
the sN2 mechanism. However, according to the kinetic 
results, such a direct nucleophilic attack on the chiral 
ion-molecule pair or protonated ether to give product 
alcohol with inversion of configuration, i.e. (S)-2 from 
(R)-1, cannot be a major reaction route. 


(3) 


This is illustrated in Figure 1 for the case when kAB = 0 
and for ~ A B  = kAc, and employing the measure rate con- 
stants given in Table 1 and the exact integrated rate- 
constant expression of equation (3). The experimental 
kinetic data for the loss of optical activity of (R)-1 
agrees with curve 1 without any detectable deviation 
from a pseudo-first-order behaviour. Curve 2, on the 


100 


80 


60 


a9 


E 
- 
0 


40 


20 


0 
YO reaction 


Figure 1 .  Time dependence of reaction of (R)-1 to (S)-2 and (R,S)-2 in 25 ~01.070 acetonitrile in aqueous perchloric acid at 49.95 "C. 
The curves shown were computer simulated employing the exact integrated rate-constant expressions of equation (3) and assuming 
~ A B  + kAc = 19.8 x 10-6s-'. Curve 1,  which shows the decrease in (R)-1 with time for any ratio of ~ A B / ~ A C  or, equivalently, the 
decrease in optical activity for the case that ~ A B  = 0, agrees without any significant deviation from the experimental polarimetric 
data. Curve 2 [equal to curve 1 -the (S)-2 curve] shows the corresponding decrease in optical activity (ka) that accompanies the 
reaction of (R)-1 if k ~ a  = k ~ c .  The experimentally measured decrease in optical rotation of the reaction of (R)- l ,  recalculated to 


mol%, is plotted as dots (see Experimental) 
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other hand, is not consistent with the experimental 
data. Thus, a plausible concerted, or stepwise, route 
with inversion has to be considerably slower than the 
route through the unshielded carbocation intermediate. 
[A referee suggested analysis of the hydrolysis and 
stereochemical processes by employing the following 
reaction scheme: 


/CAB (R)-1 - (S)-2 


However, this simulation is analogous to that in 
equation (3) and Figure 1 and does not provide a more 
precise estimate of the amount of inversion.] 


EXPERIMENTAL 


General procedures. NMR analyses were performed 
with a Varian XL 300 spectrometer. HPLC analyses 
were carried out with a Hewlett-Packard 10WM liquid 
chromatograph equipped with an H P  1050 variable- 
wavelength detector and a c8 reversed-phase column 
(100 x 2.1 mm i.d.). The mobile phase was a solution 
of acetonitrile in water. Polarimetric measurements 
were carried out with a Perkin-Elmer Model 241 
polarimeter thermostated with water from a Heto 01 
PT 623 thermostat. The accuracy of the temperature 
was higher than +O.lO"C. 


Materials. 1-Phenylethanol (2) (Aldrich) was used 
for the synthesis of the racemic ether and for cali- 
bration purposes. The optically active alcohol (R)-1- 
phenylethanol, which was used for the preparation of 
the optically active ether, was purchased from Sigma. 
Styrene (3) (Aldrich) was used for calibration purposes. 
Acetonitrile and methanol were of spectroscopic quality 
and were used as solvents without further purification. 


I-Phenyl-I-methoxyethanol (1). This was synthe- 
sized from the alcohol by two methods, HC1-catalysed 
solvolysis in refluxing methanol or methylation with 
refluxing methyl iodide in the presence of freshly pre- 
pared silver oxide as catalyst. l4 The latter method was 
the only method used for preparation of (R)-1-phenyl- 
1-methoxyethane. Neither of the methods gave com- 
plete methylation. The desired product was separated 
from unreacted starting material and styrene by means 
of semipreparative HPLC on a c8 reversed-phase 
column using methanol-water as eluent followed by 
microdistillation. The pure (R)-1-phenyl-1- 
methoxyethane had a specific rotation of 
O.lO[a] 65 = 8-38 (neat). 


Kinetics and product studies. The reaction solutions 
were prepared by mixing the acetonitrile with the cosol- 
vent at room temperature, ca 22 C. The reaction vessel 
was either a thermostated 10-cm polarimeter microcell 
of quartz with a volume of 1 ml or a 2-ml HPLC flask, 
sealed with a gas-tight PTFE septum, which was placed 
in an aluminium block in the water thermostat. The 
reactions were initiated by fast addition of the substrate 
to the thermostated reaction solution by means of a syr- 
inge. The decrease in optical rotation of the reactions at 
436 nm was followed for at least three half-lives. The 
rate constants (k,) were calculated by means of a non- 
linear regression computer program. Very good pseudo- 
first-order behaviour was observed. Not even the initial 
part of the reaction showed a deviation from a simple 
first-order behaviour. 


The kinetics of the solvolysis reactions were derived 
by a sampling technique. An aliquot of the acidic 
reaction solution was neutralized with a mixture of 
sodium hydroxide and sodium acetate in water-ace- 
tonitrile followed by analysis of reactants and products 
by HPLC. The concentration of each component of the 
reaction mixture (mol%) was calculated from the areas 
and the relative response factors. The rate constant of 
the disappearance of the substrate was obtained from 
slopes of ln(mol% 1) versus time. The estimated errors 
are considered as maximum errors derived from 
maximum systematic errors and random errors. 


The curves in Figure 1 for the reactions of equation 
(3) were obtained by computer simulation by employing 
the following integrated rate-constant expressions: 


mol% (R)-1 = a exp(-mlt) + (100 - a)exp(- m2l) 


mol% ( S ) - 2  = b exp(- mlt) - b exp(-mzt) 
mol% (R,S)-2 = 100 - mol% (R)-1 - mol% ( 9 - 2  


where 


a = 1 0 0 ( k ~ ~  + kAC - mz)/(ml- mz) 
b =  100k~~/(1112 - m l )  


m1 = [(kAB + kAC + kBA + kec)2/4 - kABkBc 
- (kBA + kBC )kAC 1 
+ ( ~ A B  + kAc + ~ B A  + ~ B C  112 


m2 = - [(kAB + kAC + kBA + kBc 12/4 - ~ A B ~ B C  


- (kBA + kBC)kACl 
+ (kAB + kAC + kBA + kBC)/2 


The measured angles in a kinetic run with (R)-1 were 
converted into mol% by the relation (mol%)r = 
100(angle)r/(angle)r=o and are plotted in Figure 1. 
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A REINVESTIGATION OF THE REACTIONS BETWEEN 
DIAZOMETHANE AND 1 -PHENYLURAZOLE 


M. J. BAUSCH* AND L.-H. WANG 
Department of Chemistry and Biochemistry, Southern Illinois University at Carbondale, Carbondale, Illinois 62901-4409, USA 


Exhaustive methylation of 1-phenylurazole (11, using ethereal diazomethane as the methylating agent, results in the 
formation of three products: l-phenyl-3,5-dimethoxy-1,2,4-triazole (2). l-phenyl-3-methoxy-4-methyl-Az-l,2,4- 
triazoline-5-one (3) and l-phenyl-2,4-dimethylurazole (4). Based on the amounts of 2-4 isolated, the overall yields in 
these reactions are typically >90%. When 1 and diazomethane were allowed to react in a fashion that resulted in the 
formation of monomethylated analogues of 1, 1-phenyl-3-methoxy-A2-1,2,4-tri~oline-5-one (5) and l-phenyl-2- 
methylurazole (6) were formed. In separate experiments, the monomethylated species 5 and 6 were allowed to react 
with diazomethane in efforts to develop a sequence of reactions that reasonably accounts for the formation of 2-4. 
Whereas N- and 0-methylated products were obtained when 5 was treated with ethereal diazomethane, the reaction 
of 6 and diazomethane produced only the N-alkylated product l-phenyl-2,4-dimethylurazole (in quantitative yield). 
The outcomes of these experiments are consistent with a sequence of reactions in which the treatment of 1 with 
diazomethane results, initially, in the formation of the monomethylated species 5 and 6. In the presence of sumcient 
diazomethane, 5 and 6 then undergo further methylation, forming the dimethylated species 2-4. 


INTRODUCTION 
In the course of carrying out research aimed at evalu- 
ating and understanding various aspects of the proton, 
electron, and hydrogen atom transfer chemistry of 
urazole and substituted urazoles’T2 such as 1- 
phenylurazole (1 -phenyl- 1,2,4-triazolidine-2,4-dione) 
(l), we found it necessary to synthesize 0-methylated 
heterocycles such as l-phenyl-3,5-dimethoxy-l,2,4- 
triazole (2) and 1-phenyl-3-methoxy-4-methyl-A’-1,2,4- 
triazoline-5-one (3). Published literature as well as our 
own experience suggested that treatment of 1 with elec- 
trophiles such as dimethyl sulfate3 and methyl iodide4 
would not result in the transformation of 1 into 2 
and/or 3, since these reagents, when allowed to react 
with substituted urazoles, have been shown to generally 
result in the formation of N-methylated analogues of 1. 
However, it has been demonstrated that treatment of 


‘N N A  T”’ 
,,AfN 


4 
0 OCHl 


1 2 


*Author for correspondence. 


N= _(oc, 
Ph’ %N-cH3 0 


3 


variously substituted urazoles with diazomethane 
results in the 0-methylation of the urazole 
substrates. 


For example, in a recent summary, it was stated that 
the reaction of 1-phenylurazole (1) and diazomethane 
‘gives l-phenyl-3-methoxy-4-methylurazole (i.e. 1- 
phenyl-3-methoxy-4-methyl-A2-1,2,4-triazoline-5-one)’ 
(3).’ An older review also stated that the reaction of 1 
and diazomethane results in the formation of 3, but 
also noted that other N- and 0-methylated compounds 
were formed.’ Both of these reviews are based (in part) 
on experiments carried out by Acree in 1907, who also 
stated that ‘traces of other dimethyl derivatives” are 
formed in these reactions. 


In our laboratories, we allowed 1-phenylurazole (and 
also other variously substituted urazoles) to react with 
diazomethane, under various reaction conditions. Our 
results are significant in that some of the products 
isolated after diazomethane had been allowed to react 
with the urazoles differ in certain respects from those 
reported previously. 39596~8  In this paper, we describe the 
composition of the products isolated in these reactions 
and propose a likely path for their formation. 


RESULTS 
In our laboratory, we find that 1-phenylurazole (l), 
when exhaustively methylated with diazomethane under 
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0 
or Ph' 


0 MeOH OCH, 
1 2 3 


any of four different reaction conditions (protocols A, 
B, C and D), forms (di-0-methylated) 1-phenyl-33- 
dimethoxy-l,2,4-triazole (2), in addition to l-phenyl-3- 
methoxy-4-methyl-A 2- 1,2,4-triazoline-S-one (3) and 
(di-N-methylated) l-phenyl-2,4-dimethylurazole (4). As 
shown in equation (l), 2-4 were isolated in combined 
yields generally greater than 90%, for reactions carried 
out four different ways (protocol A, solid 1- 
phenylurazole was added to ethereal diazomethane; 
protocol B, an ethereal solution of diazomethane was 
added in portions to a suspension of ethereal 1- 
phenylurazole; protocol C, a methanolic solution of 1- 
phenylurazole was added to an ethereal solution of 
diazomethane; and protocol D, an ethereal solution of 
diazomethane was added slowly to a methanolic sol- 
ution of 1-phenylurazole). Inspection of the yields listed 
below equation (1) reveals that greater than 50% of the 
products isolated after 1 had been allowed to react with 
diazomethane (i.e. 2 and 4) are different to the species 
previously identified as the primary reaction product 
(i.e. 3). 


Production isolation and identification 
Chromatographic and spectroscopic techniques not 
available to earlier chemists were utilized in our efforts 
to isolate and identify 2-4. Separation of 2-4 from the 
crude reaction mixture is easily accomplished with the 
aid of preparative chromatography, using silica gel as 
the adsorbent and ethyl acetate-hexane as the eluent. 
NMR evidence aided in the characterization of 2-4. 
That 3 possesses one -NCH3 and one -0CH3 moiety 
is supported by 'H NMR signals at 3.09 and 4.03 ppm, 
signals assignable to the methyl protons present in 
-NCH3 and -0CH3, respectively. By analogy, signals 
in the proton spectrum of 2 (at 3.89 and 4.10 ppm) are 
assignable to the -0CH3 protons in 2, while signals 
present in the proton spectrum of 4 (at 2.99 and 
3.02 ppm) are assignable to the -NCH3 protons in 4. 
I3C NMR also provides evidence for these structural 
assignments, since the spectra for 2, 3 and 4 possess 
signals at 56.4 and 59.4; 56.4 and 25.8; and 33.9 and 


4 


v v  
28 86 
46 98 
46 99 


v v  
28 86 
46 98 
46 99 


25.4 ppm, respectively. In addition, the IR spectrum 
for l-phenyl-3,5-dimethoxy-l,2,4-triazole (2) possesses 
absorption bands consistent with the presence of 
triazolyl C=N bonds (1560 and 1580cm-'). Con- 
spicuous by their absence in the IR spectrum of 2 are 
any absorptions in the 1700-1800 cm-' region indica- 
tive of C=O bonds. On the other hand, evident in the 
IR spectra for 3 and 4 (both of which contain C=O 
moieties) are absorptions at 1722cm-' (3) and 1722 
and 1786cm-' (4). 


DISCUSSION 
Our results differ substantially from those reported by 
Acree3 in 1907, and referred to in subsequent years 
by Gompper6 and Katritzky.* Without access to 
preparative-scale chromatographic techniques, it is easy 
to understand that Acree was unable to isolate a low- 
melting solid such as, I-phenyl-3,5-dimethoxy-l,2,4- 
triazole (2, m.p. 43-44 C) from a reaction mixture that 
in all likelihood contained substantial amounts of two 
additional isometric products (3 and 4). 


Nevertheless in efforts to compare our results with 
those published previously, we felt it was necessary 
to vary the conditions of the diazomethane-l- 
phenylurazole reactions, in the light of the 
regiochemical outcome of reactions in which 
diazomethane was allowed to react with ambient 
substrates. For example, when an ethereal solution of 
saccharin was added to an ethereal solution of 
diazomethane, 10% of the 0-alkylated product (0- 
methylsaccharin) was formed in addition to the N- 
methyl derivative. However, if the order of addition is 
reversed (i.e. the diazomethane solution was added to a 
saturated ethereal solution of saccharin), the propor- 
tion of 0-alkylated product increases to 24'70.~ In other 
words, selected amides 'are methylated principally on 
nitrogen if the amide is introduced into excess ethereal 
diazomethane, but principally on oxygen if the 
diazomethane is gradually dropped into the ethereal 
amide solution (or suspension).' lo 


Examination of the yield data for the reaction shown 
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in equation (1) reveals that 2-4 were isolated, in sub- 
stantial amounts, regardless of whether 1-phenylurazole 
was added to ethereal diazomethane (protocols A 
and C), or ethereal diazomethane was added to 1- 
phenylurazole (protocols B and D). It is unlikely that 
the differences between the products isolated in this 
work and those isolated by Acree (using protocol B) are 
the result of differences in reaction conditions. 


Monomethylated 1-phenylurazoles 


It was therefore incumbent upon us to outline a 
reaction pathway that reasonably accounts for the for- 
mation of dimethylated species 2, 3 and 4 resulting 
from diazomethane-induced exhaustive methylation of 
1. Crucial to a complete analysis of the reaction 
pathway is an understanding of the regiochemistry of 
the initial diazomethane-induced monomethylation of 
1 -phenylurazole. 


Five monomethylated analogues of 1-phenylurazole 
are shown (5-9). Described in Ref. 3 are results from 


5 


an experiment in 
added to excess 


0 0 


6 7 


0 


8 9 


which ethereal diazomethane was 
1-phenylurazole. In this reaction, 


1-phenyl-3-methoxy-A2-1,2,4-triazoline-S-one (5) was 
thought to be the chief product [along with a small 
amount of 1 -phenyl-2-methylurazole (6)] . The 
monomethylated species 1-phenyl-4-methylurazole (7), 
1-phenyl-3-methoxy-A3-1,2,4-triazolin-5-one (8)* and 
1-phenyl-5-methoxy-A4- 1,2,4-triazolin-3-one (9) were 


* A  referee has pointed out that 5 and 8 are tautomers and are 
therefore difficult to separate and/or distinguish from one 
another. Evidence presented in this paper (TLC results, 
synthetic procedures, and comparisons of pK, values) suggests 
that 5 and 6 are the sole monomethylaled intermediates 
formed when 1 is allowed to react with excess diazomethane. 
However, we cannot completely rule out the possibility that a 
small fraction of 8 exists in equilibrium with 5. 


not isolated in this r e a ~ t i o n , ~  nor have 7-9 ever been 
observed, 1-7*9b either as intermediates or products, in 
any reaction in which 1-phenylurazole has been allowed 
to react with diazomethane. 


investigated the monomethylated analogues of 1 
formed when 1 is allowed to react with diazomethane. 
The first of these was patterned after a procedure pub- 
lished by Gordon et a[.’ in a synthesis of 5 (using 
diazomethane) from 1. In this experiment an ethereal 
solution of diazomethane was rapidly drawn, in small 
portions, through a filter funnel that contained 1- 
phenylurazole. Any unreacted diazomethane decom- 
poses immediately on contact with acetic acid present in 
the filter flask. Thin-later chromatographic (TLC) data, 
by comparison with authentic samples, suggest that 5 
and 6 are the sole monomethylated 1-phenylurazole 
analogues present in the reaction product. The TLC 
data are supported by the isolation of reaction products 
(see Experimental) and by results from ‘H NMR exper- 
iments which indicate that the monomethylated species 
5 and 6 are the sole monomethylated 1-phenylurazoles 
formed. 


The other investigation of the diazomethane- 1- 
phenylurazole monomethylation regiochemistry was 
carried out using homogeneous reaction conditions. 
Unlike the reactions in protocol D (in which an excess 
of ethereal diazomethane was allowed to react with 1 
dissolved in methanol), in this reaction ca 1 equiv. of 
ethereal diazomethane was added (in portions) to a 
methanolic solution of 1. In addition to unreacted 
starting material (isolated in 76% yield), five products 
were isolated from this reaction: the monomethylated 
species 5 (90’10) and 6 (SYo), and the dimethylated species 
2 (ca lVo), 3 (ca 1%) and 4 (6070). From a qualitative 
standpoint, the outcome of this experiment is therefore 
consistent with other experiments described in this 
paper and previously published work. 


It remained for us to rationalize the absence of 7-9 
as products for the reactions in which other 
monomethylated analogues of 1 were formed (i.e. 5 and 
6 ) .  There is substantial evidence for the hypothesis that 
the initial bond-making/bond-breaking reaction 
between diazomethane and a suitable ‘electrophile’ 
results in the transfer of a proton from the electrophile 
to d ia~omethane .~  


While the reaction of diazomethane and the hydrazyl 
proton present in 1 results in the formation of 5 and 6,  
reaction of diazomethane and the imide proton present 
in 1 would result in the formation of 7-9. It therefore 
seems reasonable to attempt to rationalize the presence 
of 5 and 6 ,  and the absence of 7-9, based on the ther- 
modynamic acidities of the hydrazyl (#  2N) and imide 
(#4N) protons present in 1. In both DMSO and 
aqueous solution, the hydrazyl proton in 1- 
phenylurazole (1; pK, = 9.94b in DMSO, 4-8’ in H20)  
is more acidic than the imide proton in the same species 


We have completed two experiments in which we I 
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(pK, I: 11 * 1* in DMSO, 7 t  in HzO). It is likely that the 
aqueous acidity data provide a more accurate basis for 
comparison of the reactivities of the imide and hydrazyl 
protons for the homogeneous methanolic reactions 
carried out in protocols C and D. We believe that the 
2 2  pKa unit difference in aqueous acidities between the 
hydrazyl and imide protons in 1 is more than sufficient 
to account for the presence of the monomethylated 
species 5 and 6 (and the absence of 7-9) in these 
reactions. 


Reaction pathway 
The results summarized in this paper suggest that 2-4 
are the sole products when 1-phenylurazole (1) is 
allowed to react with excess diazomethane. Also 
described in this paper are experiments in which 1- 
phenylurazole was allowed to react with diazomethane 
in reactions that resulted in the formation of 
monomethylated 1-phenylurazole analogues 5 and 6. A 


*The DMSO pKa of the imide proton in urazole has been 
estimated to be about 13.4b The experimentally derived DMSO 
pK. for 1,2-dimethylurazole (12.254b) therefore suggests that 
each hydrazyl CH3 group acidifies the imide NH proton in 
urazole by 0-3-0-4 pK. units. Since the pKa of l-phenyl-2- 
methylurazole is 10.8,'' the estimated DMSO pKa for the 
imide proton in I-phenylurazole (1) is therefore ca 11.1-1 1 *2. 
t The aqueous pK, for the imide proton in I-phenylurazole (1) 
was estimated in the following way. In water, the pKa values 
for hydantoin and 1-methylhydantoin are nearly equal (9.0 
and 9.1,  respe~tively~~).  Since the aqueous pKa for l-phenyl- 
2-methylurazole is 6.97,8 we estimate the aqueous pKa for the 
imide proton in 1-phenylurazole is also ca 7. 


H*N 4 
PhO -$N-H 


0 
1 


i - 


i - 


reaction pathway consistent with these results is shown 
in Scheme 1. 


Owing to the heterogeneous nature of the reactions 
carried out using protocol A [in which a given urazole 
was added (in its solid state) to an excess of ethereal 
diazomethane] and also protocol B (in which an eth- 
ereal solution of diazomethane was added in portions to 
a suspension of ethereal 1 -phenylurazole), neither pro- 
tocol A nor B is particularly well suited to speculation 
regarding the pathway(s) responsible for the production 
of 2, 3 and 4. On the other hand, protocols C and D 
(in which ethereal solutions of diazomethane and 
methanolic solutions of 1-phenylurazole were allowed 
to react) do not suffer from the ambiguity that results 
from solution heterogeneity, since the medium is homo- 
geneous throughout the entire course of both sets 
of reactions. We therefore propose the sequence of 
reactions shown in Scheme 1 to account for the pro- 
ducts observed in the homogeneous reactions in which 
I-phenylurazole was dissolved in methanol. Since 2, 3 
and 4 are isolated in significant amounts when using 
any of the four protocols (A, B, C and D), it is likely 
that the general features of the reaction sequence in 
Scheme 1 also apply to the heterogeneous reactions 
carried out in diethyl ether. 


Evidence for our postulate that 5 and 6 are formed as 
the primary monomethylated intermediates in the 
diazomethane-induced dimethylation of 1 (steps i and ii 
in Scheme 1) was presented earlier. Steps iii-v in 
Scheme 1 are plausible in the light of related exper- 
iments. In results consistent with those described in this 
paper for the diazomethane-induced dimethylation of 
1-phenylurazole (l), in our laboratory, when l-phenyl- 


0 
H3c.N4 


0 


bCH3 


2 


3 
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6 
Scheme 1 
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3-methoxy-A2-1 ,2,4- triazoline-5-one (5) was allowed to 
react with diazomethane (under various reaction con- 
ditions), 2 (as in step iii) and 3 (as in step iv) were 
formed in a ratio of ca 1:1.5-2*2. Step v, the conver- 
sion of 1 -phenyl-2-methylurazole (6) into l-phenyl-2,4- 
dimethylurazole (4), has been carried out previously, 
using diazomethane as the methylating agent. 3 ~ 5  We 
have duplicated these results; in our hands the reaction 
proceeds in quantitative yield. It therefore seems likely 
that 2, 3 and 4 result from the sequence of reactions 
shown in Scheme 1. 


Other urazoles 
Finally, we summarize our investigations of the 
reactions of diazomethane and two other urazoles. 
As in the reactions between diazomethane and 
1-phenylurazole, diazomethane-induced methylation of 
1 -phenyl-4-methylurazole (7) and 1,4-diphenylurazole 
(10) results in the formation of products different from 
those described previously. 


In our hands, the diazomethane-induced methyla- 
tions of 7 and 10 proceed as shown in equation (2). In 


1,2,4-triazoline-5-0ne (3) and 1-phenyl-2,4- 
dimethylurazole (4). Compounds 2-4 are formed in 
substantial amounts regardless of the order of addition 
of the reagents, and regardless of whether 1- 
phenylurazole is present as a solid (in diethyl ether) or 
dissolved in methanol. 


The nature of the monomethylated I-phenylurazoles 
formed when 1 is allowed to react with diazomethane 
has been probed by allowing 1 to react with less than 2 
e uiv. of diazomethane. Whereas 1-phenyl-3-methoxy- 


methylurazole (6) were shown to be formed in these 
reactions, 1-phenyl-4-methylurazole (7) and l-phenyl-3- 
methoxy-A3-1 ,2,4-triazolin-5-one (8) and l-phenyl-5- 
methoxy-A4-1 ,2,4-triazolin-3-one (9 )  were never 
observed. The relative thermodynamic protonic aci- 
dities of the imide and hydrazyl protons in 1- 
phenylurazole were cited as likely reasons for these 
observations. Based on these and other facts, a 
sequence of reactions has been proposed that accounts 
for the formation of the products (2-4) that result 
when 1 is allowed to react with excess diazomethane. 


Diazomethane-induced methylations of l-phenyl-3- 


A 9 -1,2,4-triazoline-5-one (5) and l-phenyl-2- 


0 


.. 


0 


ether 
Ph PhOA< 


m!x!d 
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7: R=CH3 A 


A 
B 


both cases, using both protocols A and B, substantial 
quantities of N- and 0-alkylated products were iso- 
lated. An earlier report stated that 7 was methylated 
only on oxygen, whereas 10 was thought to undergo 
methylation only on nitrogen. The chemistry depicted 
in equation (2) is consistent with other results described 
in this paper, and provide additional evidence for the 
ambient nature of I-phenyl-4-substituted urazoles, 
when allowed to react with diazomethane. 


CONCLUSION 
In conclusion, we find that three products are formed 
(in greater than 90% overall yield) when 1- 
phenylurazole is allowed to react with diazomethane 
under conditions that result in its exhaustive methyla- 
tion: l-phenyl-3,5-dimethoxy-l,2,4-triazole (2), (the 
previously observed) l-phenyl-3-methoxy-4-methyl-A'- 


0 0 


%lkkI ~~ 
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52 
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methoxy-A'-1,2,4-triazoline-5-one (5), l-phenyl-4- 
methylurazole (7) and 1,4-diphenylurazole (10) are 
similar in that N- and 0-alkylated products are 
observed in these reactions also. 


EXPERIMENTAL 


Materials. The syntheses of 1 -phenyl-4- 
methylurazole (7) and 1,4-diphenylurazole (8) were 
described previously. 4b A Thomas-Hoover UniMelt 
melting point apparatus was utilized in the collection of 
the uncorrected melting point data. 


Preparation of diazomethane. As described 
previously, " potassium hydroxide (20 ml; 40% 
aqueous solution) was added to diethyl ether (65 ml) 
and the mixture was cooled to 5 "C. With continuous 
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cooling and shaking, finely powdered nitrosomethyl- 
urea (6.5g) was added in small portions. The deep 
yellow ether layer was then decanted and dried over 
magnesium sulfate. Solutions pre ared in this way 
contain ca 1.8 g of diazomethane; " the diazomethane 
concentrations are ca 0.65 M. Ethereal diazomethane 
synthesized in this fashion was allowed to react with 
1-phenylurazole and additional urazoles by the pro- 
cedures below, including protocols A, B, C, and D. 


I-Phenylurazole (1). A mixture of biuret (5.15 g, 
50 mmol), phenylhydrazine (5.4 g, 500mmol) and 
mineral spirits (40ml) was heated at 160 C in an oil- 
bath. After the ammonia was driven off, the mixture 
was cooled to room temperature and the solvent was 
poured off. The residue was then dissolved in aqueous 
ammonia, forming a light red solution. Filtration and 
treatment with concentrated HCI gave 1-phenylurazole 
(7-6 g, 8 6 F  yield); m.p. 259-260 C (from EtOH; lit2 
m.p. 268 C). 


Exhaustive methyalation of 1 using diazomethane. 
Protocol A. 1-Phenylurazole (1.70 g, 9.6 mmol) was 
added to ethereal diazomethane (60m1, ca 39mmol 
CH2Nz). The reaction was monitored by TLC and by 
observing the evolution of nitrogen from the light 
yellow solution. The solution was allowed to stand for 
1 h after cessation of the nitrogen evolution. The ether 
was then evaporated. Thin-layer chromatography 
indicated the presence of three different products. 
Separation via column chromatography [silica gel 
adsorbent and ethyl acetate-hexane (40 : 60) eluent1 
afforded three compounds. Isolated were l-phenyl- 
3,5-dimethoxy-l,2,4-triazole [2, 0.48 g (24%); m.p. 
43-44°C (from pentane); 'H NMR (DMSO-d6) 6 
7.767-7.28 (m, 5H, CbHs), 4.01 (s, 3H, OCH3) 3.89 


136-6, 129.7, 126.7, 120.7, 59.4, 56-41; l-phenyl-3- 
methoxy-4-methyl-Ao~-l ,2,4-triazoline-5-one [3, 0.66 g 
(34%); m.p. 95-96 C (from hexane; lit.7 m.p. 95°C); 


(s, 3H, OCH3); "C NMR (DMSO-dj) 6 164.6, 157.5, 


'H NMR (DMSO-dj), 6 7.88-7.15 (m, 5H, CsHs), 
4.03 (s, 3H, OCHs), 3.09 (s, 3H, NCHs); 13C NMR 
(DMSO-db), 6 152.0, 150.1, 138.0, 128.9, 124.0, 
117.3, 56.4, 25-81; and l-pheny~-2,4-dimethylurazole 
[4, 0.75 g (38070); m.p. 94-95 C (from ethyl ace- 
tate-pentane; lit.' m.p. 95 "C); 'H NMR (DMSO-da), 
6 7-54-7.31 (m, 5H, C6H5), 3.02 (s, 3H, NCHs), 2.99 


135.5, 129.2, 126.6, 122.5, 33.9, 25.41. Elemental 
analyses (Atlantic Microlab, Norcross, GA, USA) were 
performed for the isomeric species 2, 3 and 4. Calcu- 
lated for CloHllN302 (i.e. 2, 3 and 4 ) ,  C 58-52, H 
5.40, N 20.48, found, for 2, C 58-50, H 5.42, N 
20.50%; for 3, C 58.45, H 5-41, N 20.38%; for 4 ,  
C 58.57, H 5.41, N 20.57%. 


(s, 3H, NCH3); I3C NMR (DMSO-d6), 6 155.6, 152.4, 


Protocol B. Ethereal diazomethane (ca 15 ml, 


9.8 mmol CH2N2) was added in portions to a suspen- 
sion of 1-phenylurazole (0.260 g, 1-47 mmol) in diethyl 
ether (100 ml). The solution was allowed to stand for 
2 h. After removal of solvent, the residue was separated 
by column chromatography yielding 2 [0.075 g (25%)], 
3 [O-100 g (33Vo)I and 4 [0.085 g (28Vo)I. 


Protocol C. 1Phenylurazole (0.35 g,  2.0 mmol) was 
dissolved in methanol (100 ml). This solution was 
added to an ethereal solution of diazomethane 
(15-20 ml, ca 10-13 mmol CHzN2). The solution was 
allowed to stand for 2 h. After removal of solvent, the 
residue was separated by column chromatography 
yielding 2 [0.08 g (20%)], 3 [O. 18 g (32Vo)] and 4 
[0*19 g (46Vo)I. 


Protocol D. 1-Phenylurazole (0.104 g, 0.58 mmol) 
was dissolved in methanol (100ml). To this, ethereal 
diazomethane (ca 5 ml, 3.2 mmol CHzN2) was added 
slowly. The solution was allowed to stand for 2 h. After 
removal of solvent, the residue was separated by 
column chromatography yielding 2 [0.017 g (18%)], 3 
[0.042 g 35%)] and 4 [0.055 g (460/0)]. 


Reaction of 1 and ca I equiv. of diazomethane. 
1-Phenylurazole (0.89 g, 5.03 mmol) was dissolved in 
methanol (200 ml). To this solution, ethereal 
diazomethane (ca 8 ml, 5 . 1  mmol CH2N2) was added 
slowly, in portions. The solution was allowed to stand 
for 2 h. After removal of solvent, the resulting solid 
was extracted several times with hot CHCl3. The 
substrate (i.e. 1-phenylurazole) was found to be 
insoluble in hot CHCl3. Therefore, hot filtration of the 
CHCI3 suspension was carried out; substantial 
unreacted 1-phenylurazole (0.68 g, 76%) was isolated 
in this fashion. TLC analyses of the combined CHC13 
extracts indicated the presence of five products. The 
combined CHCI3 extracts were concentrated to dryness. 
The solid residue was separated by column chromatog- 
raphy yielding 2 [ca 0.01 g (ca. I%)],  3 [ca 0.01 g, (ca 
lVo)], 4 [0.06 g (~VO)], 5 [0*09 g (9Vo)I and 6 l0.05 g 
(5%)]. The isolated yields for 2-6 suggest that some of 
the diazomethane decomposed prior to reaction with 1. 


Reaction of 1 (present in a filter fume[) and 
diazomethane: synthesis of I-phenyl-3-methoxy-A2- 
1,2,4-triazoline-5-one (5). Ethereal diazomethane (ca 
120m1, 78mmol CHzNz) was drawn through a 
Buchner funnel that contained 1-phenylurazole (6-0 g, 
34mmol), into an aqueous solution of acetic acid 
(20 ml, 20%). The diethyl ether was evaporated off and 
the residue dissolved in EtOH (5 ml), and basified with 
dilute KOH. Water was added and the precipitated 
dimethyl derivatives were separated and a further 
amount removed by diethyl ether extraction. 
Acidification with dilute HzS04 resulted in l-phenyl-3- 
methoxy-A2-1,2,4-triazoline-5-one (0.93 g, 4.9 mmol, 
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15% conversion) as white needles (froom aqueous 
EtOH); m.p. 196-198 "C (lit.' m.p. 197 C). 


In an additional experiment carried out using the 
same protocol, the same reagents were allowed to react. 
In this case a smaller amount of 1-phenylurazole (3.0 g, 
16 mmol) was employed. Treatment of the crude 
reaction product with dilute KOH (as described above) 
allowed the separation and isolation of a mixture 
of monomethylated derivatives (i.e. 5 + 6 ,  0.86 g, 
4.2 mmol, 26% conversion) from the dimethylated 
derivatives. Crystallization of the mixture of 5 and 6 
(from aqueous EtOH) afforded pure 5 (0*40g, 
1-9  mmol, 12% conversion). The material that did not 
crystallize (0.46 g after evaporation of the aqueous 
EtOH) was shown, via 'H NMR, to consist of a 1 : 1 
mixture of 5 and 6. No 'H NMR signals other than 
those attributable to 5 and 6 were observed. 


Reaction of 5 and excess diazomethane. Protocol A .  
1-Phenyl-3-methoxy-A2-1 ,2,4-triazoline-5-one (0.112 g, 
0.586 mmol) was allowed to react with ethereal 
diazomethane (ca 4 ml, 2.6 mmol CH2N2). Separation 
of the products via column chromatography afforded 1- 
phenyl-3,5-dimethoxy-l,2,4-triazole [2, 0- 035 g (29%)] 
and l-phenyl-3-methoxy-4-methyl-A22-l,2,4-triazoline- 
5-one [3, 0-080 g (66Vo)l. 


Protocol B. 1-Phenyl-3-methoxy-A2- 1,2,4-triazoline- 
5-one (0.087 g, 0.455 mmol) was allowed to react with 
ethereal diazomethane (ca 4 mi, 2.6 mmol CH2N2). 
Separation of the products via column chromatography 
afforded 2 [0.029 g (31070)] and 3 [0-064 g (68%)]. 


1-Phenyl-2-rnethylurazole (6). 1-Phenylurazole 
(1.77 g, 10 mmol) was dissolved in water (15 mi) which 
contained 1 .O equiv. of potassium hydroxide (0.64 g, 
10 mmol). Ethanol (10 ml) was added to the mixture. 
After cooling in a water-bath, methyl iodide (1.77 g, 
12.5 mmol) was added dropwise. The mixture was then 
stirred overnight. After removal of the solvents, hot 
ethyl acetate (3 x 15 ml) was added to extract the 
residue. The solution was filtered and ethyl acetate was 
evaporated, yielding 1-phenyl-2-mettylurazole as a 
white crystalline solid, m.p. 183-184 C (from EtOH; 
lit.' m.p. 183 "C). 


Reaction of 6 and excess diazomethane. Protocol 
A .  1-Phenyl-2-methylurazole (0-200 g, 1 *05 mmol) 
was allowed to react with ethereal diazomethane (ca 
6 ml, 3.9 mmol CH2N2). After removal of the solvent, 
l-phenyl-2,4-dimethylurazole [4, 0.214 g (999ro)l was 
isolated. 


Reactions of 1-phenyl-4-methylurazole (7) and excess 
diazornethane. Protocol A .  1-Phenyl-4-methylurazole 
(0.114 g, 0.596 mmol) was allowed to react with eth- 


ereal diazomethane (ca 4 ml, 2.6 mmol CH~NZ) .  Separ- 
ation of the products via column chromatography 
afforded 1-phenyl-3-methoxy-4-methyl-A2-1 ,2,4- 
triazoline-5-one [3, 0-056 g (46070)l and l-phenyl-2,4- 
dimethylurazole [4, 0.063 g (52Vo)I. 


Protocol B. I-Phenyl-4-methylurazole (0 * 120 g, 
0.628 mmol) was allowed to react with ethereal 
diazomethane (ca 4 ml, 2.6 mmol CH2N2). Separation 
of the products via column chromatography afforded 3 
[0.071 g (55Vo)I and 4 [0-055 g (43Vo)I. 


Reactions of 1,l-diphenylurazole (10) and excess 
diazomethane. Protocol A .  1,4-Diphenylurazole 
(0.155 g, 0.607 mmol) was allowed to react with eth- 
ereal diazomethane (ca 5 ml, 3.2 mmol CHZN~) .  After 
removal of the solvent, separation of the products via 
column chromatography afforded 1,4-diphenyl-3- 
methoxy-A2-1 ,2;4,triazoline-5-one [0.085 g (52%); 
m.p. 106-108 C (from ethyl acetate-hexane); 'H 
NMR (DMSO-d6), 6 7.92-7-19 (m, lOH, C6H5), 4.04 
(s, 3H, OCH3); I3C NMR (DMSO-ds), 6 150.8, 149.1, 
137.8, 131.1, 129.1, 129.0, 128.5, 126-6, 124.4, 
1 17 - 6, 56 61 and 1,4-diphenyl-2-methylurazole 
r0.074 g (46%); m.p. 130-5-132 "C (from ethyl 
acetate-hexane); 'H NMR (DMSO-d6), 6 7.65-7.35 
(m, 10H, C&), 3-12 (s, 3H, NCH3); I3C NMR 
(DMSO-da), 6 154.0, 150.9, 135.2, 131.4, 129.2, 
128.8, 128.2, 127.0, 126.5, 123.1, 33-91. 


Protocol B. 1,4-Diphenylurazole (0.10 g, 0-39 
mmol), suspended in diethyl ether (ca 70 ml), was 
allowed to react with ethereal diazomethane (ca 5 ml, 
3.2mmol CH2N2). Separation of the products via 
column chromatography afforded 1,4-diphenyl-3- 
methoxy-A2-1,2,4-triazoline-5-one [0*063 g (60070)] and 
1,4-dipheny1-2-methylurazole [0*037 g (36Vo)I. 


ZR data. Infrared spectra were measured on a 
Perkin-Elmer Model 1420 ratio recording infrared 
spectrophotometer. All samples were prepared as 
10% solutions in DMSO. 


NMR data. A Variant VXR-300 MHz spectrometer 
was used to collect NMR data. In DMSO, the urazoles 
were present in concentrations of 0.1 M; TMS was 
used as the internal standard. 
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STEREOCHEMICAL FEATURES OF THE (2 + 2) CYCLOADDITION 
REACTIONS OF CHIRAL ALLENES. V. CYCLOADDITION OF 


1-TERT-BUTYL-3-METHYLALLENE WITH 
l,l-DICHLORO-2,2-DIFLUOROETHENE 


DANIEL J. PASTO* AND JOHN BROPHY 
Department of Chemistry and Biochemistry, University of Notre Dame, Notre Dame, Indiana, 46556, WS,A 


The (2 + 2) cycloaddtion reactions of 1-terl-butyl-3-methylallene (lBMA) with radicophiles were investigated. The 
attempted cycloaddition reactions with N-phenylmaleimide, acrylonitrile and methyl acrylate produce only (4 + 2) 
cycloadducts of l-tert-butyl-l,3-butadiene which is formed by the more rapid [ 1.3 ]hydrogen sigmatropic 
rearrangement of the tBMA. The (2 x 2) cycloaddition of tBMA with l,l-dichloro-2,2-difluoroethene (1122) occurs 
more rapidly than does the sigmatropic rearrangement, and produces a mixture of the four cycloadducts 1-4. The 
cycloaddition of 1122 with enantioenriched tBMA produces one cycloadduct (3) in which ca 91% of the enantiomeric 
excess (ee) of the tBMA is transferred to the cycloadduct. The other three cycloadducts are formed retaining much 
less of the ee of the starting tBMA. The results are interpreted on the basis of molecular modeling calculations carried 
out on the 1122-1,3-dimethylallene system reported previously. It is suggested that cycloadduct 3 is formed by 
essentially only one continuous minimum-energy reaction pathway, while cycloadducts 2 and 4 are formed by two 
competitive minimum-energy reaction pathways which result in the formation of cycloadducts possessing opposite 
absolute configurations. The combined contributions of the two competitive pathways result in much lower overall 
degrees of transfer of the ee of the tBMA to the diradical intermediates and cycloadducts. 


INTRODUCTION 
A detailed discussion of the stereochemical features 
of the two-step, diradical-intermediate cycloaddition 
reactions of chiral allenes with 1,2- and 1,l-di- and 
monosubstituted radicophiles was presented in the first 
paper in this series,' and the results of the 
stereochemical studies on the [2 + 21 cycloaddition 
reactions of enantioenriched 1,3-dimethylallene with 
monosubstitutedl and 1 ,2-2 and l,l-disubstituted3 radi- 
cophilic alkenes have been described. In these cyclo- 
addition processes considerable transfer of the 
enantiomeric excess (ee) of the 1,3-dimethylalIene to the 
diradical intermediates and on to the cycloadducts is 
observed. In this paper, the results of a study of the 
[2 + 21 cycloaddition reactions of l-rert-butyl-3- 
methylallene (tBMA) with various radicophiles are 
described. 


The reactions of tBMA with N-phenylmaleimide, 
acrylonitrile, methyl acrylate and l,l-dichloro-2,2- 
difluoroethene (1122) were investigated. With the first 


three radicophiles the [ 1.31 hydrogen sigmatropic 
rearrangement of tBMA to 1-tert-butyl-1 ,3-butadiene4 
occurs more rapidly than does diradical intermediate 
formation resulting in (2 + 2) cycloadduct formation. 
The resulting 1 -tert-butyl-l,3-butadiene undergoes 
(4 + 2) cycloaddition with the dienophilic alkenes. The 
greater reactivity of 1122 toward diradical intermediate 
formation compared to the other radicophiles allowed 
for the predominant formation of (2 + 2) cycloaddition 
products with tBMA, and a stereochemical study of the 
cycloaddition of 1122 with enantioenriched (I?)-tBMA 
was undertaken. 


RESULTS 
The reaction of tBMA with 1122 yas carried out in 
sealed tubes with excess 1122 at 160 C for 48 h cleanly 
producing a mixture of the five products 1-5. The aver- 
aged relative yields are given in parentheses below the 
structures. The mixture of products was cleanly separ- 
ated by preparative GLC. The 'H NMR chemical shift 
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c I I 
F&CC12 F2C- /XI, 
3 (26%) 4 (27%) 


1Bu 


Fzb-bCI, 
5 (4%) 


and coupling constant assignments of the cycloadducts, 
derived from extensive decoupling experiments, are 
given in Table 1. 


Cycloadducts 1 and 3 were readily distinguishable 
from 2 and 4 by the appearance of the vinyl proton 
resonances which indicated vicinal coupling to a methyl 
group in 2 and 4 and only long-range allylic coupling to 
H1, and F-1 and F-2, in 1 and 3. The stereochemistry 
of the four (2 + 2) cycloadducts 1-4 was assigned on 
the basis of previously observed trends in long-range 
shielding effects, and long-range H-H and H-F coup- 


Table 1. NMR chemical shifts and coupling constants of 1-4' 


Chemical shifts 


1 2 3 4 


tert-Butyl 1.13 1.11 1-14 1.15 
CH3 1-27 1 a40 1 *93 1.82 
H- 1 3.28 3.53 3.25 3.31 
H-2 5-65 6.09 5.93 6.34 
F- 1 51.8 57.0 57.3 57.2 
F-2 45.6 50.7 56.7 57.1 


Coupling constants (Hz) 


1 2 3 4 


CHI-H-1 
CH3-H-2 
CH3-F-1 
CHI-F-2 
H-I-H-2 
H- 1 -F- 1 
H-1-F-2 
H-2-F-1 
H-2-F-2 
F- 1 -F-2 


7.38 2.85 1 *93 
- - 7.18 1.28 
6*!3 


0.93 0.98 2.80 3.03 
0.79 1 *60 2.80 3.03 
2.66 2.14 2.98 2.81 
2-50 1.57 3.58 0.91 
- 1-75 1 a07 4.10 
1.02 4.03 1.50 2-80 
0.84 1 ~ 9 8  1.50 2.80 


203 192 169 93 
~~ 


'Atom specifications are indicated in the conformations of 1-4. 
bLess than 0.3 Hz. 


ling constants observed in other substituted allene-1122 
cycloadducts. 33  Distinction between 1 and 3 and 
between 2 and 4, is based on the general trend that vinyl 
and allylic protons appear at lower field when syn to the 
CFZ group (ca 0.4 and 0-1-0.2 ppm respectively) in 
1122 cycloadducts. ' These stereochemical assignments 
are supported by the relative magnitudes by the long- 
range coupling constants between H-1 and H-2 and 
between H-1 and the vinyl-methyl group, the cis-allylic 
coupling constants being larger than the trans-allylic 
coupling constants and the trans-homoallylic coupling 
constants being larger than the cis-homoallylic coupling 
constants.6 


The structure of 5 was immediately apparent from 
the appearance of two vinyl protons in the NMR spec- 
trum. The trans stereochemistry is assigned on the basis 
of the large vicinal coupling constant of 15.58 Hz. 
Cycloadduct 5 is formed by the (2 + 2) cycloaddition of 
1122 to l-tert-butyl-l,3-butadiene formed by the com- 
petitive [ 1.31 hydrogen sigmatropic rearrangement of 
tBMA.4 The (2+ 2) cycloaddition of 1122 to substi- 
tuted 1,3-butadienes in this manner is a well known 
process. '** 


2 8 
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Table 2. Enantiomeric excesses (Vo) of starting tBMA and the 
hydroboration products 6-9 derived from cycloadducts 1-4 


Structure Alcohol Run 1 Run 2 


- 47.1 47.1 
16.5 


fBMA 
1 6 
2 8 9.2 8.7 
3 7 41.4 44-2 
4 8,9 13-7 12-0 


a - 


‘Could not be measured owing to the small amount of material 
available. 


The ee values of the cycloadducts 1-4 derived from 
enantioenriched (R)-fBMA could not be determined 
directly by the use of any available chiral NMR 
chemical shift reagent. Similarly to the procedures 
required in our earlier stereochemical studies on the 
cycloaddition reaction of 1122 with enantioenriched 
1,3-dimethylallene (13DMA), treatment of each of the 
individual cycloadducts with a large excess of 
borane-THF followed by oxidation resulted in the for- 
mation of stereoisomerically related tertiary alcohols. 
Cycloadducts 1-3 produced single pure alcohols 
assigned structures 6-8, while cycloadduct 4 produced 
a mixture of the alcohols assigned structures 8 and 9. 
The stereochemistry of the stereoisomeric alcohols has 
been assigned on the basis of the approach of the 
borane to the ex0 face of the double bond of the lowest 
energy conformation of the alkylidenecyclobutane as 
indicated by the results of molecular mechanics and ab 
initio calculations on 2-methylmethylenecyclobutane 
and the (E) -  and (Z)-isomers of 2-methylethylidene- 
cyclobutane. ’ On the basis of the prior calculations the 
predominant, lowest energy conformations of 1-3 are 
those shown which on ex0 attack of borane followed by 
oxidation results in the formation of the single 
stereoisomers shown in structures 6-8. (Absolute con- 
figurations are not implied in the conformations of 1-4 
and the structures 6-8 as shown.) In cycloadduct 4 the 
severe steric interaction between the vinyl methyl and 
ferf-butyl group when the latter is in the pseudo- 
equatorial orientation must result in a considerable 
population of the pseudo-axial fert-butyl conformation 
leading to the formation of alcohol 9. The ee values of 
the alcohols 6-9 could be readily determined by the use 
of a chiral NMR shift reagent (see Experimental). The 
results of two runs are given in Table 2. 


DISCUSSION 
The formation of four stereoisomeric cycloadducts was 
unexpected. It was anticipated that the approach of 
1122 to the fBMA would occur essentially only to the 
face of the methyl-substituted double bond of the allene 
chromophore opposite the bulky terf-butyl group as 


illustrated in 10 (approach a) with the rotation of the 
methyl group toward the approaching 1122 to produce 
11 predominating over the rotation of the methyl group 
away from the approaching 1122 to produce 12. 
Rotation of the methyl group toward the approaching 
1122 is slightly favored in the (2 + 2) cycloaddtion 
reaction of 1122 with 1,3-dimethylallene, and should 
be even more favored in the reaction of 1122 with 
fBMA because of the very severe steric congestion 
between the methyl and ferf-butyl groups in 12. The 
ring closure of 11 can only produce cycloadducts having 
the E stereochemistry about the ferf butyl-substituted 
exocyclic double bond and the Z stereochemistry about 
the methyl-substituted double bond in the cycloadducts. 
The formation of 1 having the Z stereochemistry at the 
fert-butyl-substituted double bond requires the interme- 
diacy of diradical intermediate 13 and/or 14. Inter- 
mediate 13 can be formed either by approach of the 
1122 to the more sterically hindered face of the methyl- 
substituted double bond (approach c), or by approach 
of the 1122 to the more sterically hindered face of the 
fert-butyl-substituted double bond (approach d) with 
rotation of the fert-butyl group toward the approaching 
1122. Neither of these two approaches seem to be 
sterically feasible. Intermediate 14 can be formed by 
approach of the 1122 to the least sterically hindered 
face of the ferf-butyl-substituted double bond (ap- 
proach b) with rotation of the ferf-butyl group toward 
the approaching 1122. Based on the stereochemical 


10 


11 12 


kF2 
/ 


.CCl, 
f F 2  


‘CCI, 


13 1 4  
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results of the earlier studies this process would appear 
to be the most feasible for the ultimate formation of 1. 
Molecular modeling calculations have not been carried 
out on tert-butyl-containing model systems, and no 
further discussion of the details involved in the for- 
mation of 1 will be given. Below we shall discuss the 
stereochemical details involved in the formation of the 
diradical intermediates, the conformations of the di- 
radical intermediates and mode of ring closure, the 
absolute configurations of the cycloadducts, and the 
relative magnitudes of the ee of the cycloadducts 2-4. 


Molecular modeling calculations were carried out on 
model systems to determine the lowest energy pathways 
for the formation of the anti,anti and anti,syn dira- 
dical intermediates in the cycloaddition reaction of 1122 
with (S)-13DMA, and on the conformational energy 
surface of the anti,anti and anti,syn d i rad i~a ls .~  The 
results of these molecular mechanics calculations would 
be equally applicable to the 1122-(R)-tBMA system. 
(The presence of the anti-tert-butyl group in place of an 
anti-methyl group should have little effect on the calcu- 
lated energy surfaces.) Based on the results of the 
earlier  calculation^,^ the lowest energy approach of the 
1122 to (R)-tBMA is that shown in 15 in Scheme 1. The 
continuation of this approach with rotation of the 
methyl group toward the approaching 1122 leads 
directly to the anti,syn-diradical intermediate 16, one 
of the minimum energy conformations of 11. The least- 
motion ring closure results in the formation of (S)-2. A 
slight clockwise rotation of the 1122 during the 
approach to the tBMA results in the formation of the 
anti,syn diradical intermediate 17, another minimum- 
energy conformation of 11. The least-motion ring 
closure of 17 results in the formation of (S)-3.  Based on 
the interpretation of the results derived from the 
stereochemical studies on the cycloaddition reaction of 
1122 with enantioenriched 13DMA,3 the formation of 
the anti,syn stereochemistry in the diradical intermedi- 
ates is expected to dominate. As will become evident 
later in this discussion, this is the only reasonable 
pathway for the formation of 3. 


The second lowest energy approach of the two reac- 
tants is shown in 18, which upon rotation of the methyl 
group toward the approaching 1122 leads directly to the 
minimum-energy conformation of 11 having structure 
19. The direct least-motion ring closure of 19 results in 
the formation of 2 having the R configuration. Hence 
there are two competitive pathways for the formation 
of 2, one via approach 15 and diradical intermediate 16 
producing the S configuration, and one via approach 18 
and diradical intermediate 19 producing the R con- 
figuration. The operation of these two pathways for the 
formation of 11 will result in a lower overall degree of 
transfer of the ee of the starting tBMA to cycloadduct 
2. Because the pathway via 15 and 16 is calculated to be 
lower in energy, it is predicted that the predominant 
enantiomer of cycloadduct 2 will possess the S con- 


figuration. (The results of molecular modeling calcu- 
lations on the acrylonitrile- 1,3-dimethylalIene system 
have correctly predicted the absolute configurations 
observed in the cycloadducts.)' 


The rotation of the methyl group away from the 
approaching 1122 in 15 directly produces the minimum- 
energy conformation of the anti, anti-diradical inter- 
mediate 20. This same approach, by a slight rotation 
of the 1122, can also lead to the formation of the 
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minimum-energy conformation of the anti, anti dira- 
dical intermediate 21. The least-motion ring closure of 
20 results in the formation of 4 having the S configura- 
tion. The least-motion ring closure of 21 would result in 
the formation of 3 having the R configuration. How- 
ever, this mode of ring closure is not a favorable 
process. The results of earlier studies on the (2+ 2) 
cycloaddition of 1 122 with monoalkyl-substituted 
allenes showed that the tendency for ring closure to the 
alkyl-substituted end of the allyl radical portion of the 
diradical intermediates increases with increasing size of 
the alkyl group.9 This was attributed to the greater 
relief in steric strain when the alkyl group ended up 
attached to the C-C single bond compared to when 
attached to the C-C double bond.9 During the ring 
closure of 21 to form ( R ) - 3  the C-C bond of the allyl 
radical bearing the tert-butyl group undergoes a 
shortening with an increase in steric strain in the for- 
mation of cycloadduct 3. In contrast, the ring closure of 
28 to ( 9 - 4  results in a lengthening of the C-C bond of 
the allyl radical bearing the tert-butyl group resulting in 
a decrease in steric congestion in forming cycloadduct 
(S)-4. It is suggested that the higher energy barrier for 
the ring closure of 21 to (R)-3  allows for the com- 
petitive conformational isomerization of 21 to 20, 
which then undergoes ring closure to (S)-4. A similar 
conformational isomerization of 17 to 16 is not 
expected to be competitive with ring closure owing to 
the higher energy barrier for rotation of one of the flu- 
orine atoms or the dichloromethyl radical center past 
the syn methyl group. Thus, the pathway via approach 
15 and diradical intermediate 17 appears to be the only 
reasonable pathway for the formation of cycloadduct 3 
possessing a predominant S configuration. Cycloadduct 
3 is formed with a very high net degree of transfer of 
the ee (ca 91%) of the starting tBMA to the diradical 
intermediate 17 and on to cycloadduct 3. 


Cycloadduct 4 can also be formed via the lower 
energy approach 18 and diradical intermediate 22. 
However, in this case it is formed having the R con- 
figuration. The considerably lower degree of retention 
of the ee in 4 (26%) than that observed in the formation 
of cycloadduct 3,  suggests that both pathways via 15 
and 20 which produce (S)-4 and the pathways via 
approach 18 and 22 to produce (R)-4 contribute to the 
formation of cycloadduct 4. As the pathway via 15 to 
20 is calculated to be of lower energy than that via 18 
to 22 in the 1122-13DMA system, the predominant 
enantiomer of 4 is expected to possess the S configura- 
tion. 


CONCLUSION 
The results derived from this study have provided for a 
much more detailed understanding of the various 
reaction pathways operative in product formation in 
the (2 + 2) cycloadditon of 1122 with 1,3-disubstituted 
allenes. The most impressive result is the extremely high 


degree of transfer of the ee of the starting tBMA to 
cycloadduct 3.  This could only be observed because of 
the formation of 3 by essentially only one reaction 
pathway. The other two major cycloadducts, 2 and 4, 
however, can be formed via two different reaction path- 
ways which produce cycloadducts having opposite 
absolute configurations. In view of the net degree of 
transfer of ee to 2 and 4 (33 and 27% respectively), the 
degree of transfer of the ee of the starting tBMA via the 
individual pathways must be substantially higher, and 
may be of the order of that observed in the formation 
of 3 via approach 15 and diradical intermediate 17. 


The degree of transfer of ee of the starting tBMA to 
the diradical intermediates and on to the cycloadducts 
is much higher than that observed in the (2+2) 
cycloaddition of 1122 with 13DMA.3 In our initial 
analysis of the stereochemical aspects of the formation 
of the diradical intermediates with chiral allenes it was 
suggested that the higher intrinsic asymmetries of the 
diradical intermediates formed from unsymmetrically 
1,3-disubstituted allenes should result in a greater 
degree of transfer of the ee of the starting allene to the 
intermediates. The present results indicate that this is 
indeed true. However, it must be admitted that in the 
1 122- 13DMA system the various minimum-energy 
pathways producing cycloadducts having different 
absolute configurations might be more competitive 
owing to lesser long-range steric interactions in the dira- 
dical intermediates and on ring closure. Further studies 
are being undertaken to evaluate this aspect of the 
problem. 


EXPERIMENTAL 


Preparation of (S)-3-butyn-2-01. (S)-3-Butyn-2-01 
was prepared by the reduction of 3-butyn-2-one with 
‘Alpineborane’ by the procedure of Brown and Pai. lo 
The ee of the product was determined by the use of the 
chiral NMR shift reagent tris [3-(trifluoromethyl- 
hydroxymethy1ene)-( + )-camphorat01 europium(II1) in 
CDCl3 solution, indicating an ee of 52.7%. 


Preparation of (R)-l-tert-butyl-3-methylallene. The 
preparation of (R)-l-tert-butyl-3-methylallene (tBMA) 
was carried out on the mesylate of (S)-3-butyn-2-01 by 
the procedure of Elsevier and Vermeer. ‘I  The ee of the 
tBMA was determined by the use of a 1 : 3 mixture of 
the NMR shift reagents (6,6,7,7,8,8,8-heptafluoro-2,2- 
dimethyl-3,5-octane-dionato)silver [Ag(fod)] and chiral 
tris [ 3-(heptafluoro-propylhydroxymethylene-( + )-cam- 
phorato] ytterbium (111) [Yb(hfc)3] in CDCl3 sol- 
ution. ’’ Aliquots of the Ag(fod)-Yb(hfc)3 solution 
were added until baseline resolution of the terr-butyl 
resonances in the diastereomerically related complexes 
was achieved. Integration of the resulting NMR spec- 
trum indicated an ee of the tBMA of 47.1%. 







100 D. J. PAST0 AND J.  BROPHY 


Reaction of (R)-TBMA with I, I-dichloro-2,2- 
dijuoroethene (1122). In a thick-walled Pyrex tube 
were placed 100 pl(0-64 mmol) of tBMA. The tube was 
cooled in a dry-ice-acetone slurry and about 1 ml of 
1122 was condensed into the tube. The tube was triply 
freeze degassed under reduced pressure, sealed and 
placed in a sand-bath at 160 OC for 2 days. The tube 
was opened and the excess of 1122 was allowed to evap- 
orate. The NMR spectrum of the residue showed the 
presence of five cycloadducts. The cycloadducts were 
isolated via preparative GC on an 18 ft x 1/4 in i.d. 
column of diethylene glycol adipate on Chromosorb P 
at 160°C. The 'H 300mHz and 19F (external 
BF3-etherate) 500 mHz NMR spectral data are given in 
Table 1. I3C NMR (300mHz, CDC13): 1, 6 145.06, 
77.20, 50.94, 33.72, 30-90, 29.61, 24.23, 14.21; 2, 6 
143.83, 65.85, 52.05, 37.39, 33-86, 29.55, 17.78, 
15.26; 3, 6 130.10, 115.61, 83.28, 66.50, 34.55, 
29.48, 27.62, 14.50; 4, 6 130.27, 115.78, 83.40, 
68.40,36.09,28.65,27-79,15.45 ppm. No parent ions 
could be detected by electron impact (EI) or chemical 
ionization (CI) mass spectrometry (MS). EI-MS: frag- 
ment ions at m/z 227 (-CH3), 207 (-Cl), 191, 143, 
115. 


5: NMR (300 mHz, CDCls), 6 1.05 (s, 9H), 2-54 
(dddd, J =  19.36, 13-03, 9.84, 9*52Hz, lH), 2.78 
(dddd, J =  17.25, 13-03, 9.28, 4*20Hz, lH), 3-23 
(dddd, J =  9.52, 7.34, 4.20, 1-01 Hz, lH), 5.39 (dd, 
J =  15-58,7*34 Hz, 1H) 5-67 (dd, J =  15.58, 1.01 Hz, 
1H) ppm. 19F NMR (relative to external BF3-etherate), 
6 8.1 (ddd, J =  184, 19.36, 17.25 Hz) and 16.1 (ddd, 
J =  184, 9.84, 9.28 Hz) ppm. EI-MS: no parent peak 
could be observed. 


Hydroboration of the cycloadducts. To 15 p1 
(0.10 mmol) of each cycloadduct were added 5 ml of 
dry THF. While stirring under a nitrogen atmosphere, 
210 mg (5.57 mmol) of sodium tetrahydroborate were 
added and stirred until completely dissolved. The 
mixture was cooled to 0 "C and 733 pl (7.42 mmol) of 
BF3-etherate were slowly added. Stirring was cfn- 
tinued for 24 h at room temperature and then at 0 C. 
1.5 ml of 5% sodium hydroxide was slowly added fol- 
lowed by 1.5 ml of 30% hydrogen peroxide. After stir- 
ring for 30 min the reaction mixture was extracted with 
methylene chloride. The extract was washed several 
times with water and dried (MgS04). The solvent was 
removed and the alcohols were purified by rotating disc 
thin-layer chromatography on silica gel using methylene 
chloride-hexane (50 : 50) as eluent. The NMR spectra 
of the reaction products indicated the formation of 
single alcohols 6, 7 and 8 from cycloadducts 1-3, and 
a 1 : 2 mixture of 8 and 9 from 4. 


'H NMR (300 mHz, CDCL): 6, d 0.98 (s, 9H), 1 - 14 
(dd, J=7*56 ,  1.55 Hz, 3H), 1.80-2.00 (m, 2H), 


3.00-3-10 (m, lH), 4-80 (d, J =  5 - 6 0  Hz, 1H); 7, d 
0.97 (d, J =  0.70 Hz, 9H), 1.30 (d, J =  6.91 Hz, 3H), 
1-76 (dt, J=18.77, 1.89Hz, lH), 1.78 (d, 
J =  18.77 Hz, lH), 2.38 (qt, J =  6.91, 2-18 Hz, lH), 
4.85 ( d , J = 5 . 6 8  Hz, 1H); 8, d 1.09 (dt, J=7.30 ,  
1*10Hz, 3H), 1-22 (s, 9H), 2.05 (m, lH), 2.16 (m, 
lH), 2.43 (dd, J=2*24,  1.50 Hz, lH), 2-59 (dd, 
J=4.83 ,  3-53 Hz, 1H); 9, d 0.98 (t, J=7.37 ,  Hz, 
3H), 1 * 18 (s, 9H), 1 *75 (m, lH), 2.06 (m, lH), 2.42 (t, 
J=2*50Hz ,  lH), 5.05 (d, J=5-58Hz ,  1H). NO 
parent ion could be detected by EI-MS or CI-MS. 
EI-MS: fragment ions at m/z 209, 193, 173, 157. 


Determination of the enantiomeric excesses of 
Alcohols 6-9. Aliquots of a solution of SOmg 
(0.056 mmol) of tris [3-(trifluoromethylhydroxy- 
methy1ene)-( + )-camphorat01 europium(II1) [Eu(tfc),] 
dissolved in 500pl of CDCl3 were added to the NMR 
solutions of the alcohols until near baseline resolution 
of either the methyl or tert-butyl resonances was 
achieved. The enantiomeric excesses were calculated 
(rt 10% error) by the peak simulation program 
GENCAP on a GE NMR Data Station. The ee values 
are listed in Table 2. 
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STERIC DEUTERIUM ISOTOPE EFFECT IN THE SOLVOLYSIS OF 
(2)- [METHYL-D3] -2-ETHYLIDENE-1-ADAMANTYL IODIDE 


ACCELERATED BY F-STRAIN 


YASUSHI OHGA AND KEN'ICHI TAKEUCHI* 
Department of Hydrocarbon Chemistry, Faculty of Engineering, Kyoto University, Sakyo-ku, Kyoto 606-01, Japan 


The deuterium isotope effect in the solvolysis of (Z)- and (0- [methyl-Q ] -2-ethylidene-1-adamantyl mesylates 
[(Z)- and (Ebld-OMs] and iodides [(Z)- and (E)-ld-I] was studied in 2,2,2-tritluoroethanol at 25.0'C for 
mesylates and at 50-0'C for iodides. For the mesylates, which show a relatively smdl F-strain effect, the (ZIE),, 
rate ratio (117 k 1) is essentially identical with the (Z/E)Drate ratio (116 2 1) at 25.0 'C. On the other hand, for the 
iodides, which showon larger F-strain effect, the (Z/E)H rate ratio (5413 k 57) is greater than the ( Z / E ) o  rate ratio 
(5040 k 58) at 50.0 C. This indicates that (Z)-lh-I has greater F-strain than (Z)-ld-l in the ground state. These 
results again confirm that the F-strain effect in the (Z)-2-ethylidene-l-adamantyl derivatives exists between the 
(Z)-methyl group and the leaving group atom directly attached to the reactlon centre. 


INTRODUCTION 


Deuterium substitution in organic compounds at the 6 
or more distant positions with respect to the reaction 
centre exerts isotope effects on their reactivity in three 
different ways, viz., hyperconjugative, inductive and 
steric effects. The steric effect was proposed by Bartell' 
more than three decades ago, ' and many pieces of sup- 
porting evidence have been reported. ' According to this 
proposal, protium atoms behave as if they were larger 
than deuterium atoms as a consequence of the greater 
amplitude of vibration of their bonds. ' Therefore, if a 
reaction proceeds with relief of ground-state strain, the 
protium derivatives should react at a faster rate than the 
corresponding deuterium derivatives. 


This theory has been applied to solvolysis to support 
the importance of steric acceleration of ionization. 3-5 
However, the difference in hyperconjugative and induc- 
tive effects between protium and deuterium always had 
to be taken into account.' To the authors' knowledge, 
only three examples relate to kinetic steric isotope 
effects in solvolysis. Karabatsos and co-workers 
studied the solvolysis of [8-(methyl-d3)1-l-naphthoyl 
chloride where the hyperconjugative effect is not 
transmitted to the cationic centre. The isotope effect, 
kH/kD = 1 -029, was interpreted to show non-bonded 
interaction in the ground state.3 Fry and Badger4 
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examined the solvolysis of [2-(tert-butyl-d9)] -2- 
adamantyl p-nitrobenzoate, and the isotope effect, 
kH/ko = 1 * 1072, was explained similarly. Creary et al. 
studied the solvolysis of 3-methyl-em-tricyclo- 
[3.2.1 .OZp4] oct-exo-3-yl tosylate and the methy[-d3 
analogue. The isotope effect, kH/kD = 1-33 at 50.0 c, 
was interpreted in terms of non-bonded interaction 
between the 3-methyl group and the C-8 hydrogen.' In 
these three studies, however, the intramolecular non- 
bonded interaction examined was mainly the back-side 
strain (B-strain) or, most probably, a combination of 
both the back-side and front-side (F-strain) effects. 


Recently, we reported that (Z)-2-ethylidenebicyclo- 
[2.2.2] oct-1-yl and (Z)-2-ethylidene-l-adamantyl 
derivatives are typical examples showing the F-strain 
effect caused by the leaving group atom which is 
directly attached to the reaction centre. We succeeded 
also in a quantitative treatment of solvolysis rate 
enhancement by using MM2 steric energies. 6d This 
paper reports further supporting evidence for the 
F-strain effect in the solvolyses of (Z)-2-ethylidene-l- 
adamantyl derivatives. The rates of solvolysis in 2,2,2- 
trifluoroethanol (TFE) were studied for the mesylates 
and iodides of the (2)- and (E)-[methyl-d3]-2- 
ethylidene-1-adamantyl and the corresponding methyl- 
do systems. The results for the iodizes provide the first 
example in which the kinetic steric isotope effect has 
been observed in the F-strain effect in solvolysis. 
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L L 


R = CH3 (2)-1 h-L (Q1h-L 


R = CD3 (2)-ld-L (4-ld-L 


(L = OMS, I) 


RESULTS 


Isotopic purity 


For introducing the methyl-d3 group, [mefhyf-d3]ethyl- 
idenetriphenylphosphorane containing 99 atom% 
deuterium was used. No evidence for isotope scram- 
bling was found in the final products by NMR and mass 
spectral analyses. 


Synthesis of mesylates 


The mesylates were derived from I-hydroxy-2- 
adamantanone (2), which was prepared from 
noradamantane-3-carbaldehyde via acylative ring 
expansion (Scheme 1). The fert-butyldimethylsilyl 
(TBDMS) ether (3) of 2 was subjected to the Wittig 
ethylidenation by using ethylidenetriphenyl- 


phosphorane in THF to give a mixture of ( Z ) -  and 
(E)-Ih-OTBDMS in a ratio of 10: 1 as estimated by I3C 
NMR. After desilylation of the mixture with n-Bu.,NF, 
the Z alcohol was isolated chromatographically and 
then converted into (Z)-lh-OMS. The labelled mesylate 
[(Z)-ld-OMS] was prepared by using [rnethyl- 
&] ethylidenetriphenylphosphorane at the Wittig ethyl- 
idenation step. 


The unlabelled E mesylate [(E)-lh-OMS] was syn- 
thesized via a different route. The silyl ether 3 was 
treated with ethyllithium, and the resulting alcohol 4 
was dehydrated by treatment with thionyl chloride in 
benzene at reflux in the presence of excess of pyridine 
to give essentially pure (E)-lh-OTBDMS, which was 
then converted into (E)-lh-OMS. 


For the preparation of (E)-ld-OMS, the olefin inver- 
sion of (Z)-1d-OTBDMS was employed. Treatment of 
a 1 O : l  mixture of (2)- and (E)-ld-OTBDMS with 
0.01 M triflic acid (TfOH) in CHzCl2 at - 78 "C gave a 
7:3 mixture of (2)- and (E)-ld-OTBDMS, which was 
then desilylated and the E alcohol [(El-11-OH] was 
separated chromatographically. The corresponding 
mesylate (E)-ld-OMs was prepared in the usual 
manner. 


Synthesis of iodides 


Attempts to iodinate the bridgehead hydroxyl group 
with P21d9 or MesSiI" to form ( Z ) -  and (E)-lh-I 


(2)-1 h-OH ( 0 - 1  h-OH (Z)-lh-OTBDMS (€)-lh-OTBDMS 2 3 


OTBDMS : OSi(Me)pf-Bu 


C2H5Li H5cB SoCl2, pyridine- HB pBu4N+F-> 


benzene benzene THF 
OTBDMS OTBDMS OH 


4 (E)-lh-OTBDMS ( 0 - 1  h-OH 


H CD3 


D3c@ HB - TfOH Z : E = 7 : 3  *Bu4N+F-- D3cB Ha 
THF CH2C12 THF 


OTBDMS OTBDMS -78% OH OH 


(2)-1 d-OTBDMS (4-1 d-OTBDMS (2)-ld-OH (0 -1  d-OH 


10 1 


Scheme 1 
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5 6 7 


oB Ph3P:y- @ - H  TfOH 
H3C CHpCIp 


I 1 0% I 


8 (2)-lh-I (0 -1  h-l 


Scheme 2 


failed; therefore, a new route was developed (Scheme 
2). Acylative ring expansion of noradamantane-3- 
carbaldehyde (5) with benzoyl triflate followed by treat- 
ment with n-BuNI gave 1 -iodo-2-adamantyl benzoate 
(6).  Reduction of 6 with L i A I b  followed by oxidation 
with pyridinium chlorochromate afforded 1 -iodo-2- 
adamantanone (8). The Wittig ethylidenation of 8 by 
using ethylidenetriphenylphosphorane (or [methyl- 
&] ethylidenetriphenylphosphorane) gave a mixture of 
(2)- and (E)-lh-I [or (2)- and (E)-Id-I] in a ratio of 
95:5 as estimated by 13C NMR. Treatment of this 
mixture with 0.01 M TfOH in CHzC12 at 0°C gave 
essentially pure (E)-lh-I [or (E)-ld-I] . 


Solvolysis studies 


been purified by medium-pressure liquid chromatog- 
raphy (MPLC) at -40°C or recrystallization were 
used. Accurate determination of rates at 25-0°C was 
feasible for the mesylates owing to the relatively small 
Z/E rate ratio (117 f 1 for unlabelled mesylates), but it 
was difficult for the iodides because of the very slow 
rates for the E isomers. Therefore, the isotope effect 
for the mesylates wfs evaluated at 25.0 "C and that for 
the iodides at 50.0 C. The solvolysis was conducted in 
anhydrous TFE in the presence of an excess of 2,6- 
lutidine and the rates were determined conducti- 
metrically or titrimetrically. In the former method, the 
concentration of hydrogen iodide showed a linear cor- 
relation with conductivity over an [HI] range of 
0-3-24 x M in the presence of 9.52 X lo-' M 2,6- 
lutidine in TFE at 50.0"C. In contrast. methane- 


In all the solvolysis experiments, substrates which had sulphonic acid (MsOH) showed a slightly curved plot 


Table 1. Solvolysis rates, CDJCH3 rate ratios and Z/ E rate ratios for 2-ethylidene-1-adamantyl derivatives in 
2,2,2-trifluoroethanoI 


Derivative 


(E)-lh-OMS 
(E)-ld-OMS 
( Z  )-1 h-OMS 
( Z  )-ld-OMS 
(E)-lh-I 
(E)-ld-I 
( Z  )-lh-I 
(Z)-ld-I 


25.0 
25-0 
25.0 
25.0 
50-0 
50.0 
50.0 
50.0 


k (s-') 


(3.961 f 0.023) x 
(3.998 f 0.018) x 
(4.646 f 0.022) x 10-2b,d 
(4.624 f 0-023) x 
(2.507 f 0.019) x 
(2.597 k 0.021) x lo-" 
(1.357 f 0.004) x lo-'* 
(1.322 f 0.004) x 


CDdCH, rate ratio" 


1 


1 


1 


1 


1.009 f 0.010 


0-995 f 0.013 


1.036 f 0.016 


0.974 f 0.008 


Z/  E rate ratio" 


For CD3 For CH3 


1 
I 


117k 1 
1162 1 


1 
I 


5413 f 5 1  
5090 2 58 


a The ratios are at 25.0 'C for mesylates and at 50-0 'C for iodides. 
'Determined conductimetrically for 04CW74 M substrate in the presence of 0.001 19 M 2.6-lutudine. Error is expressed as average 
deviation for three runs (r > 0.9998). 
'The reported value which was determined for 0.00020 M substrate in the presence of 0~00119 M 2.6-lutidine is 3 . 5 1  x lo-* s - ' ;  see 
Ref. 6b. 
dThe reported value which was determined for 0.00020 M substrate in the presence of 0.00119 M 2,6-lutidine is 4.41 x s - I ;  see 
Ref. 6b. 
'Determined titrimetrically by a single run for 0.020 M substrate in the presence of 0.025 M 2.6-lutidine ( r  > 0.9998). Error is 
expressed as a standard deviation at the 95% confidence limit (n = 24). 
'A reported value is 2.48 x 10-6 s - '  under the same conditions; see Ref. 6d. 
'Determined conductimetrically for 0.00491 M substrate in the presence of 0.00952 M 2,6-lutidine. Error is expressed as average 
deviation for three runs (r > 0-9999). 
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over an [MsOH] range of 0-7.11 x M in the 
presence of 1.19 x M 2,dlutidine in TFE at 
25 a 0  OC, although the first-order plot obtained by 
conductivity measurements was satisfactorily linear. 
Consequently, for the solvolysis of mesylates the con- 
ductivity was converted into concentration and used for 
rate calculations. Because of this modification, the rate 
data for the unlabelled mesylates are 5-10'70 smaller 
than previously reported. The rate constants fbtained 
from three runs for the mesylates at 25.0 C were 
accurate to within +0.6%. 


The rates for (E)-lh-I and (E)-!d-I were too slow, 
with a half-life of ca 3 days at 50.0 C. Therefore, their 
solvolysis was followed titrimetrically , and the rates 
were calculated for a single run by using 24 points with 
an estimated error of +0.6% at a 95% confidence 
limit. The rates for (Z)-lh-I and (Z)-ld-I were 
determined conductimetrically at 50.0 C. The rates 
obtained from three runs were accurate to within 
20.3%. All the rate data are summarized in Table 1. 
All the substrates used in this study gave the corre- 
sponding bridgehead trifluoroethyl ether as the sole 
product (> 99% by GLC) in trifluoroethanolysis. 


DISCUSSION 


F-strain effect in the Z substrates 


Previously, we reported that the Z / E  rate ratio in the 
solvolysis of (Z)- and (E)-lh-L increases with increase 
in the size of the leaving group L, i.e., 117 k 1 
(L = OMS) (the ratio determined in this work; a pre- 
viously reported value is 126 + 3), 1020 f 60 (L = Cl), 
2230 k 90 (L = Br) and 9680 f 400 (L = I) in TFE at 
25-0°C.6d A plot of 1.36 x log(kz/kE) values against 
MM2 steric energy differences between the Z and E 
isomers gives a good linear correlation with a slope of 
0.83. 6d Consequently, it was concluded that the origin 
of the large Z/ E rate ratios arises principally from the 
relief of the strain between the (2)-methyl group and 
the leaving group atom directly attached to the reaction 
centre on ionization.6d The F-strain effect in the (2)-2- 
ethylidene-1-adamantyl system (Z)-lh-L is in contrast 
to that in trans, trans, trans-perhydro-9b-phenalyl p-  
nitrobenzoate (9), ' I  where the F-strain has been found 


(3 - lh-L  (€)-lh-L 9 


to exist between the axial hydrogen and the carbonyl 
oxygen atom (and/or the aryl group). 


Kinetic isotope effects in the E substrates 
Obviously, there is no steric interaction between the 
(E)-methyl and the leaving group. Therefore, should a 
kinetic isotope effect be observed, it would to a first 
approximation be ascribed to electronic effects. Partial 
relief of steric repulsion between the (E)-methyl and 
the hydrogen at the 3-position is expected on ionization 
owing to flattening of the reaction centre. However, it 
would be slight. If such a back-strain (B-strain) effect 
were operative, it would work to decelerate the rate of 
solvolysis of (E)-methyl-Q derivatives because of the 
smaller steric requirement of deuterium than protium. 
In fact, we observed kD/kH ratios greater than unity: 
1.009 2 0.010 for (E)-1-OMs at 25-0°C and 
1.036 f 0.016 for (E)-1-1 at 50.0 "C. 


It has been well recognized that protium is hypercon- 
jugatively more electron donating but inductively less 
so than deuterium. l2  Therefore, the kD/kH ratios 
greater than unity for the E substrates would most 
probably be attributed to the inductive effect. The 
greater kdkH ratio of the E iodides than that of the E 
mesylates would be rationalized by assuming a later 
transition state (more progressed ionization) for the 
iodides because of their lower reactivity. The more pro- 
gressed ionization in the transition state would be more 
susceptible to inductive effects to give a greater kD/kH 
ratio. 


Kinetic isotope effects in the Z substrates 


In contrast to the E substrates, both the Z mesylates 
and 2 iodides gave kD/kH ratios smaller than unity: 
0.995k 0.013 for (Z)-1-OMs at 25.0"C and 
0.974 + 0.008 for (Z)-1-1 at 50.O"C. In the present 
adamantyl system, hyperconjugative effects are pre- 
cluded, since allylic conjugation in the transition state 
is prohibited for geometric reasons. l 3  As stated above, 
an inductive effect would have resulted in kD/kH being 
greater than unity. Only steric reasons based on the 
smaller steric requirement of deuterium than protium 
can account for the results. The slower rates of the 
deuterium than those of protium compounds provide 
strong evidence for the presence of F-strain in the 
ground state of the Z substrates and its relief on 
ionization. 


Kinetic isotope effects on the Z / E  rate ratios 


The Z/ E rate ratio presumably includes various factors, 
such as steric, electronic and solvation effects. How- 
ever, it would be reasonable to assume that the change 
of the stability of carbocations on replacement of CH3 
with CD3 would be of similar magnitude for the 2 and 
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E carbocations. Solvation of carbocations would be 
assumed to be essentially constant even on replacing 
CH3 with CD3. These premises may be supported by the 
fact that the mesylates, which show a relatively small F- 
strain effect, exhibit essentially identical Z/E rate ratios 
for protium and deuterium derivatives (117 2 1 and 
116 ? 1, respectively). Hence the difference between the 
( Z / E ) H  and ( Z / E ) D  rate ratios would be a good 
measure of the difference in the F-strain effect between 
CH3 and CD3. In contrast to the mesylates, for the 
iodides where the F-strain effect is enormous, the 
( Z / E ) H  rate ratio is greater than the (Z /E)D rate ratio 
by a factor of 1.063 ? 0-024 (5413 k 57 vs 5090 k 58). 
This indicates that (Z)-lh-I has greater F-strain than 
(Z)-ld-I by as much as 0.04 ?0.02kcal mol-' 
(1 kcal= 4-184 kJ). 


Previously, we have shown from solvolysis rates and 
MM2 calculations that the net F-strain in (Z)-lh-I of 
ca 4 -5  kcal mol-' decreases to ca 1.5 kcal mo1-' in 
(2)-lh-OMS. 6d Since the steric isotope effect would 
decrease similarly, (2)-lh-OMs is expected to have 
greater F-strain than (2)-ld-OMs by ca 0.013 kcal 
mol-I. This predicts that the ( Z / E ) H  rate ratio is 
greater than the ( Z / E ) D  ratio by 1070, in good agree- 
ment with the rate ratios of 117 ? 1 and 116 2 1 for 
( ~ / E ) H  and ( ~ / E ) D ,  respectively. 


On the basis of Bartell's procedure, ' we estimated the 
non-bonded isotope effect in (2)-2-ethylidene- 1 - 
adamantyl derivatives. From lack of the parameters for 
H.a.1 interaction, the calculations were performed for 
H.a.0, H...CI and H.-.Br interactions for the two 
methyl-hydrogen atoms in the close positions (the inter- 
action between the furthest methyl-hydrogen and the 
bridgehead heteroatom was negligibly small) by using 
the potential function of Scott and ScheragaI4 and the 
geometries which were obtained by MM2(87) calcu- 
lations [the MM2(87) program was obtained from 
QCPE]. The calculated non-bonded isotope effects, 
0-007, 0-008 and 0.011 kcal mol-' for (Z)-l-OH [in 
place of (Z)-l-OMs], (Z)-l-CI and (Z)-l-Br, respect- 
ively, are in line with the observed value for (2)-1-1 of 
0-04 ? 0.02 kcal mol-I. MM2(87) calculations also 
showed reasonable values of 0-012, 0-017, 0.020 and 
0.023 kcal mol-' for (Z)-l-OH, (Z)-143, (Z)-l-Br 
and (2)-1-1, respectively. Hence both Bartell's theory 
and MM2 appear to give reasonable estimates of steric 
deuterium isotope effects in solvolysis. 


CONCLUSION 


The notion that the relief of F-strain between the 
leaving group atom directly attached to the reaction 
centre and the (2)-methyl group in (2)-2-ethylidene-l- 
adamantyl derivatives has again been supported by 
applying steric kinetic isotope effects. The results also 
represent the first example of the demonstration of the 


deuterium kinetic isotope effect on F-strain in 
solvolysis. 


EXPERIMENTAL 


Melting points are uncorrected. IR spectra were rec- 
orded on a Perkin-Elmer Model 1640 spectropho- 
tometer. 'H NMR spectra were recorded on a Hitachi 
R24 (60 MHz) or JEOL FX90A (89.55 MHz) spec- 
trometer with TMS as internal standard. I3C NMR 
spectra were obtained on a JEOL FX90A (22.5 MHz) 
spectrometer with the 6 values being calculated on the 
basis of the central line of the chloroform-d triplet 
(77.00 ppm). Mass spectra were recorded on a Hitachi 
M-80 gas chromatograph-mass spectrometer equipped 
with a Hitachi M-003 data processor. TFE was stored 
over 5A molecular sieves and distilled. The other 
solvents used for syntheses were dried by standard 
methods. Elemental analyses were performed by the 
Microanalytical Centre, Kyoto University. 


2-0x0-I-adamantyl tert-butyldimethylsilyl ether 
(3). To a solution of 1-hydroxy-2-adamantanone (2) 
(3-25 g, 19.0 mmol) and 2,6-lutidine (5.5 ml) in 
CH2C12 (21 ml) was added tert-butyldimethylsilyl 
triflate ( 5 -  1 ml, 23.1 mmol) at  0 OC over 9 min. After 
being stirred for 1 h, the reaction mixture was diluted 
with CH2C12 (40ml), washed with water ( 2 ~ 4 0 m l ) ,  
10% aqueous HCI (2 x 40 ml), saturated aqueous 
NaHCO3 (2 X 40 ml) and saturated aqueous NaCl 
(2 x 40 ml), and dried (MgS04). Evaporation of sol- 
vent, followed by MPLC [Si02, hexane-diethyl ether 
(95:5)] afforded 3 (3-94g, 74%), m.p. 57.O-58.O0C, 
IR( CC4): 2929, 2857, 1730, 1472, 1348, 1248, 1173, 
1127, 1056, 990, 920 cm-I. 'H NMR (89.55 MHz, 
CDC13): 6 0.13 (s, 6 H), 0.87 (s, 9 H), 1.66-2-34 (m, 
12 H), 2.69 (br s, 1 H). I3C NMR (22-5 MHz, CDCI3): 
6 18.3, 79.0 (C), 30.0, 47.6 (CH), 35.0, 38.5, 48.0 
(CHz), -2.4, 25.9 (CH3), 213.5 (CEO). 


(2)- and (E)-2-ethylidene-l-adamantyl tert-butyl- 
dimethylsilyl ether [(2)- and (E)-lh-OTBDMS]. To a 
suspension of ethyltriphenylphosphonium bromide 
(1 3 -46 g, 36.3 mmol) in THF (90 ml) was added drop- 
wise 1 - 6  M n-BuLi in hexane (22.7 ml) at room tem- 
perature under nitrogen. After stirring for 30min, a 
solution of 3 (3.39 g, 12.1 mmol) in THF (25 ml) was 
added. The mixture was stirred at room temperature for 
19 h and then at reflux for 2 h. The reaction mixture 
was poured into ice-water (90 ml) and extracted with 
diethyl ether (3 x 70 ml). The combined extracts were 
washed with water (2 x 85 ml) and 10% aqueous NaCl 
(2 x 85 ml) and dried (MgS04). Evaporation of solvent 
followed by MPLC (SiO2, hexane) afforded a mixture 
of (Z)-lh-OTBDMS and (E)-lh-OTBDMS (2.28 g, 
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65%) in an approximate ratio of 1O:l. (2)-lh-OTB- 


0.91 (s, 9 H), 1-26-1-94 (m, 13 H), 2.12 (br s, 2 H), 
2.41 (br s, 1 H), 5.13 (4, 1 H,  J = 7 . 1  Hz). I3C NMR 


36.0, 38-8, 44.6, 47.7, 77.9, 113-1 147-1. 


DMS: 'H NMR (89.55 MHz, CDC13): 6 0.15 (s, 6 H), 


(22.5 MHz, CDCls): 6 -1.1, 14.3, 18.4, 26.4, 31.0, 


( Z ) -  and (E)-2-ethylidene-l-adamantanol [(2)- and 
( E ) - l h - O H ] .  To a 1O:l mixture of (2)- and (E)-lh- 
OTBDMS (2.28 g, 7.8mmol) in THF (35ml) was 
added a 1-0 M solution of n-Bu4NF in THF (15.6 ml) 
and the resulting solution was retluxed for 17 h under 
nitrogen. The reaction mixture was stirred with 4% 
aqueous NH4C1(40 ml) and extracted with diethyl ether 
(3 X 60 ml). The combined extracts were washed with 
water (2 x 60 ml) and 10% aqueous NaCl (2 x 60 ml) 
and dried (MgS04). Evaporation of solvent followed by 
MPLC [SiOz, hexane-diethyl ether (9: l ) ]  afforded 
(Z)-lh-OH (1.24 g, 89%) and (E)-lh-OH (0.13 g, 
9%) in that sequence. (Z)-lh-OH: m.p. 
104.5-105.0 "C (from hexane). IR (CC14): 3612, 2919, 
2852, 1446, 1343, 1212, 1177, 1118, 1092, 966, 
937 cm-'. 'H NMR (89.55 MHz, CDC13): 6 1.57-2.29 
(m, 13 H), 1.89 (d, 3 H, J =  7.3 Hz), 2.43 (br s, 1 H), 
5.15 (q, 1 H,  J = 7 * 2 H z ) .  l3C NMR (22.5 MHz, 


35.6, 38-6, 47.4 (CHz), 13.4 (CH3). Analytical data 
were unsatisfactory, probably owing to its hygroscopic 
nature. Analysis: calculated for C12H180, C 80.85, H 
10.18; found, C 80.43, H 9.92%. (E)-1h-OH: m.p. 
77-0-77-5 "C (from pentane). IR (CC4): 3601, 2923, 
2852, 1550, 1451, 1341, 1220, 1178, 1121, 1091, 1007, 
936 cm-'. 'H NMR (89.55 MHz, CDCl3): 6 
1.66-2.29 (m, 13 H), 1.60 (d, 3 H, J =  6.7 Hz), 3.03 
(br s, 1 H), 5-34 (q, 1 H, J = 6 - 8  Hz). I3C NMR 


108-0 (CH), 35.7,37.7, 47*2(CHz), 11-9 (CH3). Ana- 
lytical data were unsatisfactory, probably owing to its 
hygroscopic nature. Analysis: calculated for C12Hl80, 
C 80-85,  H 10.18; found, C 80.26, H 10*09%. 


CDCl3): 6 74.8, 146.8 (C), 30.6, 43.8, 112.4 (CH), 


(22.5 MHz, CDCl3): 6 71.8, 148.4 (C), 30.5, 32.9, 


(Z)-2-Ethylidene-I-adamantyl mesylate [( 2)-Zh- 
OMS]. To a solution of (2)-lh-OH (0-300g, 
1-68 mmol) in THF (3 ml) was addedodropwise 1.6 M 
n-BuLi in hexane (1.05 ml) at -40 C over 2 min. 
After stirring at -40 "C for 50 min, methanesulphonyl 
chloride (0.193 g, 1 a68 mmol) in THF (3 ml) was added 
and stirring continuedDfor 4 h, then the solution allowed 
to warm slowly to 10 C over 1-5  h. After most of the 
solvent had been removed with a rotary evaporator, 
hexane was added. An insoluble white precipitate was 
removed by filtration. Evaporation of solvent followed 
by MPLC at -40°C [SiOz, hexane-diethyl ether 
(9:1)] afforded pure (2)-lh-OMs (0.206 g, 48%) and 
a mixture of (Z)-lh-OMS and (Z)- lh-OF (0- 117 g) in 
sequence. (2)-lh-OMS: m.p. 61.0-61.5 C (from pen- 
tane). IR (CC14): 2925, 2855, 1550, 1452, 1362, 1345, 


1177, 1051, 1040, 970, 938, 899, 879cm-'. 'H NMR 
(89.55 MHz, CDCl3): 6 1.11-2.91 (m, 13 H), 1-80 (d, 
3 H ,  3 = 7 * 1  Hz), 3-04 (s, 3 H), 5-25 (q, 1 H, 
J = 7 * 0 H z ) .  I3C NMR (22.5 MHz, CDC13): 6 94.1, 
142.5 (C), 31.1, 44.7, 113.6, (CH), 34.8, 37.9, 43.8 
(CHz), 13.3, 41-0 (CH3). Analysis: calculated for 
C13H2003S, C 60-91, H 7.86; found, C 60.71, H 
8.07%. 


( E  )-2-Ethylidene-l-adamantanol [(E)-Zh-OH] by 
using ethyllithium. To a 0.45 M solution of C2H5Li in 
pentane (15.5 ml), which was generated from Li shots 
and ethyl bromide in pentane, was added a solution of 
3 (1*49g, 5.32 mmol) in benzene (15 ml) at 0 ° C  over 
23 min. After the solution had been stirred for 10 min 
at room temperature and then at reflux for 1 h water 
(25 ml) was added. The reaction mixture was extracted 
with diethyl ether (3 x 30 ml). The combined extracts 
were washed with 10% aqueous NaCl (3 x 35 ml) and 
dried (MgS04). Evaporation of solvent with a rotary 
evaporator afforded l-tert-butyldimethylsilyloxy-2- 
ethyl-2-adamantanol (4) (1.88 g, 100%) as a pale 
yellow oil. 'H NMR (60 MHz, CC4): 6 0.10 (s, 6 H), 
0.72-0-90 (m, 12 H), 1.37-2.48 (m, 16 H) ''C NMR 
(89.55 MHz, CDCl3): 6 18.1, 76.3, 77.4 (C), 30.2 
33.1, 33.7 (CH), 25.2, 30.6, 31.5, 37.2, 41.5, 41.7 
(CH2), -2.0, -1.9, 6.4, 25.8 (CH3). 


TO SOCl2 (0-816g, 6.85 mmol) in benzene (21 ml) 
was added a solution of 4 (1*652g, 6.04mmol) and 
pyridine (1-467 g, 18.5 mmol) in benzene (10.5 ml) at 
0 "C over 17 min. The resulting mixture was stirred for 
another 25 min at 0 'C, then for 45 min at room tem- 
perature, and heated at reflux for 30 min. The reaction 
mixture was poured into ice-water (70 g) and extracted 
with diethyl ether (3 x 40 ml). The combined extracts 
were washed with 10% HCI (3 x 30 ml) and saturated 
aqueous NaCl(3 x 30 ml) and dried (MgSO4). Evapor- 
ation of solvent followed by MPLC (SiOz, hexane) 
afforded essentially pure (E)-1h-OTBDMS (1,400 g, 
90% based on 3) as a colourless oil. 'H NMR (60 MHz, 
CDC13): 6 0.10 (s, 6 H), 0.92 (s, 9 H), 1.30-1.93 (m, 
10 H), 1.55 (d, 3 H,  J =  6.6 Hz), 2.07 (br s, 2 H), 3.02 
(br s, 1 H), 5-47 (q, 1 H, J = 7 - 0  Hz). I3C NMR (89.55 


36.1, 37.8, 47.9, 74.5, 108.9, 148.2. 
(E)-1h-OTBDMS (1.400 g, 4-79 mmol) was 


desilylated as described for the preparation of (2) - lh-  
OH by refluxing with n-Bu4NF (9.8 mmol) in THF for 
24h  under nitrogen. The usual work-up followed by 
MPLC [SiOZ, hexane-diethyl ether (9: l ) ]  afforded 


MHz, CDC13): 6 -1.5, 12.0, 18.4, 26.0, 30.8, 32.9, 


(E)-lh-OH (0.627 g, 75%). 


(E)-2-Ethylidene-I-adamantyl mesylate [( E)-lh- 
OMS]. The procedure described for the preparation of 
(Z)-lh-OMS was followed. A solution of (E)-1h-OH 
(0.200 g, 1.12 mmol) in THF (3 ml) was treated with 
1.6 M n-BuLi in hexane (0.7 ml) and then with MsCl 
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(0*129g, 1-12mmol) at -040°C for 4 h. Work-up 
followed by MPLC at -30 C [SiOz, hexane-diethyl 
ether (9: l ) ]  afforded (E)-lh-OMs (0- 163 g, 57%) and 
(E)-lh-OH (0.073 g, 37q0) in this sequence. (E)-lh- 
OMS: m.p. 61.5-62.0 C (from pentane). IR (CCL): 
2923, 2855, 1550, 1451, 1341, 1178, 1044, 1O00, 971, 
935, 897 cm-I. 'H NMR (89.55 MHz, CDCl3): 6 
1-31-2.73 (m, 13 H), 1.62 (d, 3 H, J = 6 . 8  Hz), 3.06 
(s, 3 H), 5.45 (4, 1 H, 5 = 6 * 8  Hz); I3C NMR 
(22*5MHz, CDCI3) S 92.7, 143.0 (C) 31.2, 33.9, 
110.8 (CH), 35.2, 37.1, 44.5 (CHz), 12.0, 40.9 
(CH3). Analysis: calculated for C ~ ~ H Z O O ~ S ,  C 60.91, H 
7-86; found, C 60-83, H 8*OO%. 


(2)- and ( E ) -  [methyl-d3] -2-ethylidene-I-adamantyl 
mesylate [(Z)- and (E)-ld-OMs]. Ethyl-2,2,2-d3-tri- 
phenylphosphonium bromide was prepared following a 
literature procedure". A mixture of ethyl-2,2,2-d3 
bromide (12.3 g, 0-  11 mol), which was prepared from 
ethyl-2,2,2-d3 alcohol (Aldrich, 99 atom%) and PBr3, 
and triphenylphosphine (28- 1 g, 0.11 mol) in benzene 
(27 ml) was heated at 135 "C in an autoclave for 21 h. 
The resulting crude solid was recrystallized from water 
and dried to give ethyl-2,2,2-d3-triphenylphosphonium 
bromide (39.8 g, 99%). 'H NMR analysis showed no 
signal at 6 1.40 due to unlabelled ethyltriphenyl- 
phosphonium bromide within a detection limit (2%). 


Following the procedure described for the prep- 
aration of (2)-lh-OMS, 3 (2*90g, 10.3 mol) was 
treated in THF (36 ml) with [methyl-d3]ethylidene- 
triphenylphosphorane, which was generated in THF 
(46 ml) from ethyl-2,2,2-d3-triphenylphosphonium 
bromide (7*45g, 20.0mol) and 1 . 6 ~  n-BuLi in 
hexane (15 ml). Usual work-up followed by MPLC 
(Si02, hexane) afforded a 1O:l mixture of ( Z ) -  and 


To the above mixture (0.600 g, 2-06 mmol) of ( Z ) -  
and (E)-1d-OTBDMS ?as added 0.01 M TfOH in 
CHZCL (20 ml) at - 78 C, and the resulting solution 
was stirred for 1 h. The reaction mixture was diluted 
with diethyl ether (40 ml), washed with saturated 
aqueous NaHC03 (20 ml) and saturated aqueous NaCl 
(20 ml) and dried (MgS04). Evaporation of the solvent 
with a rotary evaporator afforded a mixture of (2)- and 
(E)-1d-OTBDMS in an approximate ratio of 68:32 as 
estimated by 'H NMR. The cleavage of the mixture 
(1416g, 3.91 mol) of (2)- and (E)-1d-OTBDMS by 
treatment with n-BuNF ( 1 . 0 ~  in THF, 8,Oml) 
afforded (2)-ld-OH (0.497 g, 70%) and (E)-Id-OH 
(0.113 g, 16%). Separation of the isomeric alcohols 
was conducted as described for the preparation of (2)- 
and (E)-1h-OH. Mass spectra for the labelled alcohol 
gave a molecular ion peak at m/z 181 which is greater 
than the molecular ion peak for the unlabelled alcohol 
by 3 mu. Analysis of the peak intensities of m/z 181 and 
178 for the labelled alcohol indicated that the isotopic 
purity was greater than 99%. 


(E)-ld-OTBDMS (1 -32 g, 43%). 


A solution of (Z)-ld-OH (0+15Og, 0.83 mrnol) in 
THF (1.5 ml) was treated with 1.6 M n-BuLi in hexane 
(0.530ml) and then with MsCl (0.096 g, 0.83 rnrnol) at 
-50 C for 4.5 h. The usual work-up followed ,by 
MPLC [SiOz, hexane-diethyl ether (9:1)] at -40 C 
afforded (2)-ld-OMs (0.092 g, 43%) and unreacted 


(E)-ld-OMs was also synthesized in a similar way 
from (E)-1d-OH (0- 104 g, 0.57 mmol) and 1.6 M 
n-BuLi in hexane (0.36 ml) and MsCl (0.065 g, 
0-57 mmol). Separation of the crude product by MPLC 
at - 40 "C [SiOz, hexane-diethyl ether (9: 1) ] gave 
(E)-ld-OMs (0.081 g, 54%) and (E)-ld-OH (0.048 g, 
46%). 


(Z)-ld-OH (0.057 g, 38%). 


I-Iodo-2-adamantyl benzoate (6). To a solution of 
benzoyl triflate (5.74 g, 22.6 mmol) in CHzClz (23 rnl) 
was added a solution of 1-noradarnantanecarbaldehyde 
(5) (2.83 g, 18.8 mmol) in CH2C12 (19 ml) over 15 rnin 
under nitrogen, yhile the temperature of the solution 
was kept below 6 C in an ice-water bath. After stirring 
for 5 min, n-BUN1 (10.44 g, 28.3 mmol) was added. 
The mixture was stirred at 0 "C for 6 h and then at 
room temperature for 14 h. The reaction mixture was 
poured into ice-water (6011-11) and extracted with 
diethyl ether (3 x 120 ml). The combined extracts were 
washed with 10% aqueous Na2S203 (2 x 120 ml) and 
saturated aqueous NaCl (2 x 120 ml) and dried 
(MgS04). Evaporation followed by MPLC [SiOz, 
hexane-diethyl ether (95 : 5) ] afforded 6 (5 .OO g, 70%), 
m.p. 118.5-119.0 "C (from hexane). IR (CCL): 3071, 
2933, 2860, 1725, 1603, 1451, 1341, 1273, 1176, 1111, 
1070, 1027, 708, 689, 654cm-'. 'H NMR (60 MHz, 
CDCI3): 6 1.42-3.17 (m, 13 H), 5.37 (d, 1 H, 
J =  3.0 Hz), 7-18-7.62 (m, 3 H), 7.94-8-30 (rn, 2 H) 
"C NMR (22.5 MHz, CDCI,): 6 49.5, 130.4, 165.1 
(C), 31.7, 32.1, 34.9, 81.6, 128-3, 129.7, 132.9(CH), 
30.0, 35-4, 46-7, 51.3 (CH2). Analysis: calculated for 
C17H19102, C 53.42, H 5.01,133-20; found, C 53.62, 
H 4.93, 132.94%. 


i-Iodo-2-adamantanol (7). A solution of 6 (4.75 g, 
12.4 mmol) in diethyl ether (50 ml) was added dropwise 
to L i A l h  (0.566 g, 14.9 mmol) in diethyl ether (40 rnl) 
at room temperature. The reaction mixture was stirred 
for another 40min and then worked up in usual 
manner. Separation by MPLC [SiOz, hexane-diethyl 
ether (9:1)] gave pure 7 (2.76g, 8O%), m.p. 
58.5-59.0 C (from pentane). IR (CC4): 3563, 2917, 
2858, 1451, 1350, 1287, 1225, 1107, 1070, 1057, 1020, 
960, 940, 689, 650cm-'. 'H NMR (89*55MHz, 
CDC13): 6 1.23-3.06 (m, 13 H), 2.43 (s, 1 H), 4.04 (d, 
1 H,  J = 2 * 3  Hz); I3C NMR (22.5 MHz, CDCI3): 6 
63.3 (C), 32.3, 32.9, 36.1, 80.1 (CH), 29.1, 35.6, 
36.0, 45.6, 51 1 (CH2). Analysis: calculated for 
C ~ O H ~ ~ I O ,  C 43.18, H 5-44, 145.63; found, C 43.22, 
H 5.53, 145.40%. 
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I-lodo-2-adamantanone (8). To a suspension of 
pyridinium chlorochromate (2.93 g, 13-6 mol) in 
CHzC12 (24 ml) was added a solution of 7 (2.51 g, 
9.0 mmol) in CHzClz (34 ml) and the resulting mixture 
was stirred under nitrogen at room temperature for 
20 h. Diethyl ether (30 ml) was added to the reaction 
mixture, then the solution was passed through a column 
of Florisil (40g). Evaporation followed by MPLC 
[SiOz, hexane-diethyl ether (9: l ) ]  afforded 8 (2.18 g, 
87%), m.p. 116.0-1 17.0 "C (from hexane-benzene). 


994, 876, 630 cm-I; 'H NMR (89.55 MHz, CDCl3): 6 
1.71-2.36 (m, 8 H), 2.54-3.10 (m, 5 H) 13C NMR 


(CH), 34.2, 38-3, 53.4 (CH2). Analysis: calculated for 
C I ~ H I ~ I O ,  C 43.50, H 4.75, 145.96; found, C 43-49, 


IR (CCl4): 2933, 2859, 1729, 1452, 1285, 1050, 1024, 


(22-5MH2, CDC13): 6 57.1, 206.7 (C), 31.3, 46.8 


H 4.61, 145.75%. 


(2)-2-Ethyfidene-l-iodoadamantane [(Z)-Zh-I]. To 
a suspension of ethyltriphenylphosphonium bromide 
(3.62 g, 10.1 mmol) in THF (23 ml) was added drop- 
wise 1 . 6 ~  n-BuLi in hexane (6.3 ml) at room tem- 
perature under nitrogen. After stirring for 30min, a 
solution of 8 (1 -40 g, 5.1 mmol) in THF (18 ml) was 
added. The resulting mixture was stirred for another 
15 min, poured into ice-water (80 ml) and extracted 
with diethyl ether (3 x 90 ml). The combined extracts 
were washed with water (2 x 90 ml) and 10% aqueous 
NaCl (2 x 90 ml) and dried (MgS04). Evaporation of 
solvent followed by MPLC (Si02, hex$ne) afforded 
(Z)-lh-I (1.17 g, 8O%), m.p. 25.0-26-0 C (from pen- 
tane). IR (cc14): 2926, 2854, 1654, 1448, 1294, 1203, 
1034, 1014, 982, 946, 873, 708, 648cm-I. 'H NMR 
(89.55 MHz, CDC13): 6 1.88 (br s, 8 H), 2.05 (d, 3 H,  
J =  7 . 5  Hz), 2.46 (br s, 1 H), 2.78 (br s, 3 H), 5.41 (4, 
1 H, J =  7.5 Hz). I3C NMR (22.5 MHz, CDC13): 6 
48.7, 144.7 (C), 33-2, 47.7, 116.5 (CH), 35-4, 38.6, 
56.7 (CH2), 14.1 (CH3). Analysis: calculated for 
C12H171, C 50.02, H 5.95, 144.04; found, C 49.93, H 
5.92, 144.07%. 


( E )  -2-ethylidene-I-iodoadamantane [( E)-lh-I]. A 
solution of (Z)-lh-I (0.682 g, 2.37 mmol) in 0.01 M 
TfOH in CH2C12 (24 ml) was stirred at 0 "C for 1 h. 
The reaction mixture was diluted with diethyl ether 
(20 ml), washed with saturated aqueous NaHCO3 
(2 x 20 ml) and saturated aqueous NaCl(2 x 20 ml) and 
dried (MgS04). Evaporation of solvent with a rotary 
evaporator afforded esse$tially pure (E)-lh-I (0.670 g, 
98%), m.p. 24.0-25.0 C. IR (CC4): 2942, 2855, 
1666, 1448, 1285, 1215, 1107, 1024, 943, 879, 658, 
607 cm-'. 'H NMR (89.55 MHz, CDCI3): 6 1.63 (d, 
3 H, J =  6.7 Hz), 1-69-2.07 (m, 8 H), 2-46-3.23 (m, 
5 H), 5-76 (q, 1 H, J =  6.7 Hz). I3C NMR (22.5 MHz, 
CDCl3): 6 61.8, 146.3 (C), 33.3, 34.4, 120.4 (CH), 
35.3, 37.5, 55.3 (CHz), 12.9 (CH3). Analysis: calcu- 


lated for C12H171, C 50.02, H 5.95, I 44.04; found, 
C 50.26, H 5-95, 144.12%. 


(2)- and (E)- [methyl-dg] -2-ethylidene-1-iodoada- 
mantane [( 2)- and (E)-Zd-I]. Following the procedure 
described for the preparation of ( Z ) -  and (E)-lh-I, 8 
(1.40 g, 5.07 mol) was treated in THF (18 ml) with 
[methyl-ds] -ethylidenetriphenylphosphorane which was 
generated from ethyl-2,2,2-d3-triphenylphosphonium 
bromide (3-65 g, 9.75 mmol) and 1.6 M n-BuLi in 
hexane (6- 1 ml) in THF (23 ml). The usual work-up fol- 
lowed by MPLC (Si02, hexane) afforded (Z)-ld-I 
(0.950 g, 64(rlo). Treatment of (Z)-ld-I (0.63 g, 
2;16 mmol) with 0.01 M TfOH in CHzCl2 (22 ml) at 
0 C followed by the usual work-up afforded essentially 
pure (E)-ld-I (0.594 g, 94%). 


Product of solvolysis of (Z)-Zh-OMs in TFE. A sol- 
ution of (2)-lh-OMs (0.080 g, 0.31 mmol) in 0.050 M 
2,dlutidine in TFE (7.8 ml) was stirred at 25 "C for 
5 min (20 half-lives). GLC analysis (PEG 20 M column, 
2 m x 3 mm i.d.) of the reaction mixture exhibited the 
formation of a single product. After most of solvent 
had been removed with a rotary evaporator, the residue 
was diluted with diethyl ether (20 ml) and the ether sol- 
ution was washed with water (15 ml), 10% HCI (15 ml), 
saturated aqueous NaHCO3 (2 x 15 ml) and water 
(15 ml) and dried (MgS04). Evaporation of the solvent 
afforded l-trifluoroethoxy-(Z)-2-ethylideneadaman- 
tane (0*080g, 99'70) as a pale yellow oil. IR (CCL): 
2927, 2854, 1700, 1539, 1448, 1280, 1163, 1127, 1101, 
972 cm-'. 'H NMR (89-55 MHz, CDCl3): 6 1.25-2.47 
(m, 13 H), 1.82 (d, 3 H, J =  7.4 Hz), 3.84 (q, 2 H, 
J = 8 * 6  Hz), 5.20 (q, 1 H, J =  7.3 Hz). "C NMR 
(22*5MHz, CDCI3): 6 80.0, 144.1 (C), 30.6, 44.2, 
114.3 (CH), 35.7, 38*7,41*8 (CH2), 13.5 (CH,), 59.2 
(4, J = 3 4 H z ,  -OCH2CF3), 124-5 (q, J=278  Hz, 
CF3). 


Product of solvofysis of (E)-lh-OMS in TFE. From 
(E)-lh-OMS (0.071 g, 0.28 mTol) in 0.050 M 2,6- 
lutidine in TFE (6 * 9 ml) at 25 - 0 C for 5 - 5 h (1 1 half- 
lives) was obtained l-trifluoroethoxy-(E)-2-ethylidene- 
adamantane (0.075 g, 100%) as a pale yellow oil. IR 
(CC4): 2923, 2854, 1671, 1448, 1418, 1380, 1276, 1219, 
1158, 1101, 1087, 1005, 974, 854 cm-'. 'H NMR 
(89.55 MHz, CDCI3): 6 1.41-1.91 (m, 10 H), 1-60 (d, 
3 H,  J =  6.8 Hz), 2.22 (br s, 2H), 3-06 (br s, 1 H), 
3.89 (q, 2 H, J =  8.6 Hz), 5.37 (q, 1 H, J =  6.8 Hz). 
13C NMR (22.5 MHz, CDCl3): 6 77.3, 144.4 (C), 
30.4, 33.0, 109.9 (CH), 35.8, 37.6, 43.0 (CHz), 11.9 


J =  277.3 Hz, CF3). 
(CH3), 60.0 (4, J =  34.2 Hz, -Om2CF3), 124.4 (q, 


Product of sofvofysis of (Z)-Zh-I in TFE. From (Z)- 
lh-I (0-055 g, 0.19 mmol) in 0.050 M 2,641tidine in 
TFE (4.8 ml) at 40 "C for 30 min (13-6 half-lives) was 
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obtained l-trifluoroethoxy-(Z)-2-ethylideneadaman- 
tane (0.044 g, 88%) as a pale yellow oil. 


Product of solvolysis of (E)- lh-Zin TFE. From (E) -  
lh-I (0.048 g, 0.17 mmol) in 0.050 M 2,6-lutidine in 
TFE (4.2 ml) at 100°C for 3.5 h (7.7 half-lives) was 
obtained l-trifluoroethoxy-(E)-2-ethylideneadaman- 
tane (0.035 g, 82%) as a pale yellow oil. 


Kinetic methods. For the titrimetric method, the 
solvolysis was conducted in the presence of 0.025 M 
2,6-lutidine with 0.020 M substrate concentration in 
TFE. The developed acid was titrated with 0.01 M 
KOH-ethanol by using bromcresol green-methyl red 
as indicator after an aliquot in an ampoule (1 *OOO ml) 
had been quenched in 10 ml of cold acetone. Good first- 
order kinetics were obtained over three half-lives. 


For the conductimetric method, a conductivity cell 
(cell constant 0.1005) was filled with TFE solution 
(20 ml) containing 0-001 19 M 2,dlutidine (for mesylate 
solvolysis) or 0.00952 M 2,6-lutidine (for iodide solvo- 
lysis) and the system was thermally equilibrated. A 20 pl 
volume of THF solution containing a substrate at a 
concentration of 25-60’4’0 was injected under magnetic 
stirring and the specific conductance (x) of the reaction 
mixture was recorded against reaction time. 


Treatment of conductance data. The specific conduc- 
tance (x) of methanesulphonic acid (MsOH) in TFE in 
the presence of 0.001 19 M 2,6- lutidine was measured 
in the concentration range of MsOH from 0 to 
7.11 x M. The plot of x vs concentration of 
MsOH (C)  was nodinear. The conductance data were 
fitted by the least-squares method to the equation 
x = a + pC+ yC’”, giving a = 4.23, 6 = 4.73 X 10’ 
and = -1.71 x lo3. The Ccalc. values calculated from 
measured x values by using this equation gave good 
first-order kinetics. For hydrogen iodide, the plot of 
x vs C was linear within the concentration ranges of this 
work, Therefore, first-order rate constants were deter- 
mined by using measured x values. 
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OXIDATION KINETICS OF p-AMINODIPHENYLAMINE WITH 
PEROXYDISULPHATE 


M. Y. EL-SHEIKH, M. A. SALEM, A. A. ISMAIL AND A. B. ZAKI 
Department of Chemistry, Faculty of Science, Tanta University, Tanta, Egypt 


The kinetics of oxidation of p-aminodiphenylamine with the peroxydisulphate ion were investigated 
spectrophotometrically. The oxidation was accompanied by the appearance of a wine-red colour, which changed to 
become colourless. The reaction rate was measured by the stoppeddow technique with a UV spectrophotometer. The 
reactions proceeded with second-order kinetics, hrst-order for each individual reactant. Cationic micelles 
(cetyltrimethyl ammonium bromide) caused an enhancement in the reaction rate followed by inhibition at higher 
concentrations. Anionic micelles (sodium dodecyl sulphate), on the other hand, had a slightly retarding effect. The 
effects of radical scavenger, pH and ionic strength on the fast oxidation rate were examined. A mechanism consistent 
with the observations is discussed. 


INTRODUCTION 


The peroxydisulphate ion is a strong oxidizing agent 
with a standard oxidation-reduction potential of 
2.01 V.'  It decomposes in aqueous media with the for- 
mation of either one sulphate radical ion or two sul- 
phate radical species. It can oxidize a large number of 
organic substrates, including aromatic secondary and 
tertiary a m i n e ~ . ~ . ~  In the majority of these oxidations, 
the oxidation rate follows first-order kinetics in amine 
and also in peroxydisulphate. Moreover, the oxidation 
process is slow unless a suitable catalyst is present. The 
standard catalysts are the Ag(1) and Cu(I1) ions. 


The rates of reactions catalysed by these ions are 
almost independent of the reducer concentration, but 
depend upon the peroxydisulphate and catalyst concen- 
trations. Electron-donating substituents of aromatic 
amines enhance the reaction rate and electron-attracting 
substituents slow it In this laboratory, the 
oxidation kinetics of p-nitrodiphenylamine (p-NO2- 
DPA) have recently been investigated. The data 
obtained showed a quite slow rate. The reaction was 
accelerated substantially when Ag(1) ions were present. 
We report here the oxidation kinetics of another substi- 
tuted diphenylamine derivative, p-aminodiphenylamine 
(p-NH2-DPA), with the same oxidant, both in homo- 
geneous medium and in the presence of aggregates of 
ionic surfactants. 


EXPERIMENTAL 


Materials. Potassium peroxydisulphate (Merck) was 
used after recrystallization from distilled water and 


0 1993 by John Wiley & Sons, Ltd. 
0894-3230/93/ 110609-06$08.00 


drying at room temperature under vacuum. Its stock 
solution was always prepared daily to ensure constant 
concentration for each kinetic run and was tested 
iodometrically. Sodium dodecyl sulphate (SDS; BDH) 
was recrystallized from ethanol. Cetyltrimethyl 
ammonium bromide (CTAB; BDH), was recrystallized 
from a methanol-water mixture. p-NH2-DPA 
(Aldrich) was used as received. Its solution was pre- 
pared in aqueous ethanol (7% v/v) and was protected 
from light by a dark cover in order to avoid the possible 
self-oxidation. 


Kinetic measurements. The fast reaction rate was 
measured with a HI-TECH, SF-3L stopped-flow spec- 
trophotometer, interfaced with an Apple IIe computer 
for data collection as changes in signal voltage or absor- 
bance with time. 


The measurements were performed under pseudo- 
first-order conditions, i.e. the SzO;-/substrate concen- 
tration ratio was 1400. The slow part of the reaction 
was followed with a Shimadzu 2100-S UV/vis. 
recording spectrophotometer operated with a Shimadzu 
data acquisition system. The reaction temperature was 
adjusted by a Shimadzu electro$c temperature control 
unit with an accuracy of 50.1 C. 


RESULTS 


All oxidations were carried out under first-order con- 
ditions, with a large excess of the S20:- ion. The 
absorbance of p-NH2-DPA in the presence of S20:- 
changed with time as shown in Figure 1. 
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Y L 


190 


Figure 1 .  The decrease in absorbance of p-aminodiphenylamine in the presence of S2082- with time. b-NH2-DPA] = 
1 *66 X M; [SZO:-I = 0.2329 M; T =  30 "C 


EOCH DIVISION IS 4 SECONDS 


Stopped-flow measurements with the spectropho- 
tometer were carried out by mixing equal volumes of 
the substrate with the oxidant. Typical reaction curves 
are shown in Figure2a, where the directions of the 
signal after mixing both samples indicate an increase of 
the absorbance. A semilogarithmic plot of the typical 
reaction curve in exponential function is shown in 
Figure 2b, calculated directly by computer program 
connected to the stopped-flow instrument. 


Figure 2. (a) Typical reaction curve observed by using 
stopped-flow method with spectrophotometer in the oxidation 
of p-aminodiphenylamine with S 2 0 k .  [pNHpDPA] = 
1.66 X M; [Szoi-] = 0.2329 M; T =  3OoC. (b) Semiloga- 


rithmic plot of the typical curve 


Dependence on [SzOi-] 


The order of reaction for the oxidant concentration was 
determined following vant-Hoff's method. At constant 
substrate concentration the reaction was first order with 
respect to [SzOi-], as revealed by the linear variation 
of the pseudo-first-order rate constant with [SzO82-Ir 
and ko/ [ SzOi-1 values were constant (Figure 3). The 
slope of the line is considered as the second-order rate 
constant, which equals 2.85 M-' s - *  at 30°C. 
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Figure 4. First-order plot at various temperatures for the 
oxidation process. [pNHz-DPA] = 1.66 x M; [S2082-1 
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Figure 3. Variation of the rate constant as a function of 
S208- concentration. [p-NHz-DPA] = 5 x M; T =  30 "C = 0.2329 M 


Rate law 
Taking into account that the reaction rate follows first- 
order kinetics for both the substrate and oxidant con- 
centrations, the rate law is therefore: 


-d Ip-NHz-DPA]/dt = k Ip-NHz-DPA] [SzOsZ-] (1) 


Effect of temperature 


The effect of temperature on the reaction rate has been 
investigated under comparable conditions. The 
measurements were carried out in the range 25-45 C, 
and it is safe to infer that the spontaneous decompo- 
sition of the peroxydisulphate within this range was 
undetectable. Figure 4 exhibits the first order plot at 
different temperatures for the oxidation reaction. The 
activation parameters determined from employing an 


Arrhenius plot and Eyring's equation are summarized 
in Table 1. 


Effect of micelles 


The critical micelle concentration (C.M.C.) of SDS and 
CTAB was determined in pure water as well as in a 
medium containing alcohol and peroxydisulphate ion in 
the same proportions as the reacting medium. The 
C.M.C. was found to be almost the same in both pure 
water and in the reaction medium, i.e. 8 x M for 
SDS and 9 x 


The role of SDS, as anionic micelles, in varying the 
fast oxidation rate is shown in Table 2. Inspection of 
the data shows a slight decrease in the observed rate 
constant with an increase in SDS concentration. With 


M for CTAB.' 


Table 1. Activation parameters for the oxidation of p-NH2-DPA with S 2 0 : - .  


[Substrate] = 1-66 X M; [SzO82-] = 0.2329 M 


Temp. 102xko 102k E A H #  AG# A S #  
("C) (s-') (M-'s - ' )  (kJ mol-') (kJ mol-') (kJ mol-') (J mol-' K - I )  


25 10.9 


30 14.9 


35 19-5 
(2) 


40 26.9 
(3) 


45 34.6 
(3 * 9) 


(0.9) 


(1.3) 


46.8 
(3.9) 
63.9 
(5.6) 
83.7 45.8 43.2 76 - 110 
(8.6) (59.5) (57) (81.9) ( - 90) 


115.4 
(12.9) 
148.5 
(16.7) 


Values in parentheses correspond to the UV measurements, k = ko/ [!%OH-]. 
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Table 2. Observed rate constant dependence 
on the SDS concentration. b-NHz-DPA] = 
1.66 x M; [ S ~ O S ~ - L  = 3.33 x 10-3 M. 


T=30 C 
~ ~~~ 


10' [ SDS] lo2 x ko 
(M) (S-') 


0 2.53 
2.5 2 .4  
5 2.31 


10 2.28 
15 2.25 


c 


'v) 


Y 
x 
-. -0 


0 h 8 12 
t$(CTABI M 


Figureo 5. Variation of rate constant with CTAB concentration 
at 30 C.  [p-NH2-DpA] = 5 X M; [S20;-] = 2 X M 


CTAB as cationic micelles, an enhancement was 
observed in the reaction rate followed by an inhibition 
through a maximum value at CTAB concentration of 
around 5 x M (Figure 5). 


pH Dependence 
Universal buffer was utilized to study the effect of pH 
variation on the reaction rate. The variation of the 
observed rate constant with pH is given in Figure 6. The 
figure demonstrates a sharp increase in the rate constant 
as the pH rises from 4.2 to 6.5. Below and above this 
range a slow increase was observed. Retardation of the 
reaction rate in media with a pH of 4 may be attributed 
to the formation of unreactive protonated substrate 
species. Similar pH dependence has been observed in 
the peroxydisulphate oxidation of several organic 
reductants. 8 9 9  


Effect of radical scavenger 
Ally1 acetate as a free-radical-sensitive monomer inhi- 
bited the reaction rate when added to the reaction mix- 
ture. (Table 3). The rate constant of the reaction in the 


0.8 


I 
v) 


Y 


0.L 


0 L 8 12 


PH 
Figure 6. Effect of pH on the rate of oxidation. [p-NHzDPA] 


= 1 a66 X M; [S20:-] = 0.05 M; T= 30 "C 


Table 3. Effect of allyl acetate on the observed rate 
constant, ko, for the oxidation reaction of p-NH2- 
DPA with Sz082-. (p-NHz-DPA] = 1 . 6 6 ~  M; 


IS2082-1 = 0.05 M. T =  30 "C 


0 
0.37 
0.14 
0.92 
1.11 
1.48 
1.85 
5.55 
9-21 


19.6 
18.14 
17.9 
17.4 
16.9 
16.3 
15.9 
15.6 
15.4 


absence of allyl acetate was 19.6 s- ' and in the presence 
of scavenger the rate constant decreased with increasing 
concentration of allyl acetate, i.e. it reached 15.4 s - '  
when the concentration of scavenger was 9.2 x lo-' M. 
This indicates the in situ formation of free radicals or 
radical ions that are involved in the reaction 
mechanism. 


Effect of ionic strength 
Variable amounts of KzS04 were used to study the 
reaction at different ionic strengths. The reaction rate 
was found to decrease slightly with increasing ionic 
strength. The plot of In ko versus &(I + dp) (Figure 7) 
is linear with a slope of 0.625. The product ZAZB thus 
equals -0.267, which is nearly approaching zero. This 
is in accordance with the theoretical value (Z.ZB = 0), 
which thereby confirms that the reaction proceeds 
between an anion and a neutral molecule. The rate 
constant at infinite dilution obtained from Figure 7 is 
0-167 s-'. 
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Figure 7.  Correlation between In k and @ 1 + 6 at varying 
ionic strengths maintained by K2S04 at 30 C. [p-NHz-DPA] 


= 1.66 X M; [szoi-] = 0.05 M 


Effect of solvent 


The reaction was studied in different aquo-organic mix- 
tures in order to explore the role of solvent in the 
current ion-dipole interaction. The organic component 
was methanol, ethanol, 1-propanol, 2-propanol and 
ethylene glycol; it was always present in 33% v/v. The 
variation of the rate constant with the dielectric con- 
stant is linear for some of the reaction mixtures 
(Figure 8). The dielectric constant dependence of In k 
should obey the equation: lo 


In k = In k, + 1/41rD0(ZepiV/RTr~)l/D (2) 
where k and k, are the rate constants in media with 
dielectric constant D and dielectric constant of infinite 
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Figure 8. Correlation between In k and 1/D in different aquo- 
organic solvent mixtures at 30 "C. (p-NHz-DPA] = 


1 *66 x M; [S20$-] = 0-05 M 


magnitude. N is the Avogadro constant, Ze is the ionic 
charge of the ion and p is the dipole moment of the 
neutral molecule. DO is the dielectric constant of 
vacuum, and r is the distance between the reacting 
species. Since the slope of the plot is negative, then Ze 
must be negative. This conforms with the rate- 
determining step lying between that of the negatively 
charged S2Ok ion and the dipolar substrate. 


DISCUSSION 


In the present system, the oxidation of p-NH2-DPA 
with peroxydisulphate is accompanied by the appear- 
ance of a wine-red colour which changes to become 
colourless. 


The thermal decomposition of the peroxydisulphate 
is characterized by an activation energy in the range 
110-120 kJ mol-',I1 which is nearly twice the value of 
the activation energy obtained in the present work, 
(Table I). This suggests a substantial contribution by 
the amine-induced oxidation mechanism rather than the 
initial thermal decomposition of the peroxydisulphate 
ion. Furthermore, the entropies of activation deter- 
mined for the present reactions are strongly negative 
compared with that reported" for the SzOi- dis- 
sociation (104.6 J mol-' K-'). These facts therefore 
made it safe to infer that the rate-determining step is 
based on a bimolecular interaction between the 
substrate and the oxidant. An overall mechanism 
accounting for the kinetic findings may thus be sug- 
gested (Scheme 1). The results from measurements of 
the rate constant, the activation parameters and the 
effect of radical scavenger clearly support the outlined 
mechanism. 


slow 
Ph-NH-Ph-NHZ + SzO82- -* 


Ph-N-Ph-NH2 + HSOT +SO$ 


Ph-N-Ph-NH2 + SO, 2 Ph-N-Ph-NH2 
I 
oso y 


Ph -+ N -+ Ph -+ NHz + H2O 5' Ph -, N -+ Ph -+ NH2 
I t +HSOT 
oso p OH 


Scheme 1. 


This mechanism is consistent with the fact that the 
reactions are first-order dependent on the concentration 
of the substrate and the oxidant, and consistent with the 
mechanism shown in Ref. 6. 


With SDS there is a general inhibition in the oxida- 
tion rate (Table2). If the inhibition is due to the 
formation of micellar aggregates, which squeeze the 
substrate molecules and protect them from electrophilic 
attack by peroxydisulphate, then the SDS concentration 
employed to show such effect should be similar to or 
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greater than its c.m.c. (8 x M). This is not our 
finding; the maximum amount of SDS utilized was 
1 .5  x M (Table 2), which is about five times less 
than the corresponding c.m.c. The observed decrease in 
the reaction rate in the presence of this surfactant may 
therefore be attributed to unfavourable electrostatic 
interactions l 2  between the negatively charged head 
groups of SDS and S2082-. 


The dependence of the rate constant on the cationic 
surfactant concentration (Figure 5 )  shows a maximum 
at a CTAB concentration of 5 x M, before the 
c.m.c. A maximum at a CTAB concentration of 
1.2 x M was also found in the rate constant-sur- 
factant concentration profile of the hydroxide ion- 
catalysed hydrolysis of benzylidine acetophenone. l3  


The catalysing property of CTAB, which exists, not 
unexpectedly, in the case of anion-molecule reactions 
may be interpreted in Figure 5 in terms of electrostatic 
interactions. l 3  The observed retardation of reaction 
rate (Figure 5 )  associated with the increased CTAB con- 
centration may be attributed to a low level of molecular 
aggregation at concentrations well below its c.m.c., 
during which dimers, tetramers and other ‘premicellar’ 
aggregates are formed. l4 Such aggregates may interact 
electrostatically with S2082- in the bulk solution leading 
to a decrease in the oxidant mobility and also a conse- 
quent decrease in the reaction rate. At the c.m.c. 
(9 x M) and above, the inhibition is due to the for- 
mation of micellar aggregates which squeeze the 
substrate molecules and protect them from electrophilic 
attack by peroxydisulphate. 
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HYDROGEN-BOND BASICITY OF NITRILES 


MICHEL BERTHELOT, MARYVONNE HELBERT, CHRISTIAN LAURENCE* AND 


Laborafoire de Spectrochimie, Faculte des Sciences et des Techniques, Universitd de Nantes, 44072 Nantes, France 
JEAN-YVES LE QUESTEL 


A thermodynamic hydrogen-bond basicity scale, ~KHs,  and a spectroscopic hydrogen-bond basicity scale, Av(0H). 
were measured which permitted the construction of the solute hydrogen-bond basicity scale, @p, for 71 nitriles 
embracing a wide range of structures from trichloroacetonitrile to cyanamides. Field, resonance, and polarizability 
contributions of the X substituents to the hydrogen-bond basicity of XCN compounds were established. Steric effects 
do not contribute to the hydrogen-bond basicity of nitriles. 


INTRODUCTION 


Literature thermodynamic data on the hydrogen-bond 
basicity of cyanides refer to various solvents, tempera- 
tures and hydrogen-bond donors '-' and have generally 
been obtained for a limited number of compounds and 
on infrared spectrometers of unsatisfactory photo- 
metric accuracy. These insufficiently homogeneous, 
numerous and accurate data have not allowed the intro- 
duction of a sufficient population of cyanides into the 
statistical scale of solute hydrogen-bond basicity built 
by Abraham et ~ 1 . ~  for use in solution chemistry, 
nor have they permitted a study of hydrogen-bond 
basicity-structure relationships. The same limitations 
occur for the solute hydrogen-bond acceptor scale for 
use in drug design.? 


The correlational evaluations of polarizability, field, 
resonance and steric effects on hydrogen-bond basicity 
are important, however, to achieve a correct under- 
standing of various basicity scales. In the nitrile family, 
Allerhand and Schleyer have shown only qualitatively 
the contribution of field and resonance effects. No 
steric effects are expected if the geometry of dimers 
XCN---HA is linear (n c ~ m p l e x ) , ~  but they are to be 
considered if the geometry is T-shaped (T c ~ m p l e x ) . ~  
Polarizability effects have been indicated 103'1 to influ- 
ence hydrogen-bond formation in the alcohol series. 
However, in the nitrile XCN series the hydrogen-bond 
acceptor atom is further from the X substituent than in 
the XOH series. This raises the question of whether 
polarizability effects can be identified. 


As in previous papers ' ' - I 3  on hydrogen-bond 
basicity, we chose to measure the hydrogen-bond 


* Author for correspondence. 


basicity of nitriles as solutes by ~ K H B ,  the logarithm of 
the formation constant KHB of the 1:  1 complex 
between 4-fluorophenol and XCN in CCL at 298 K, or, 
for use in linear solvation energy relationships, l4 by its 
linear transform Pp = ( ~ K H B  + 1 * 1)/4.636. The 
value permits a quantitative estimate of the value of 
PKHB for the hydrogen-bonded complex with any 
hydrogen-bond donor of known hydrogen-bond acidity 
aF value.'' 


We also measured the lowering of the v(0H) fre- 
quencies of 4-fluorophenol and of methanol, Avl (OH) 
and Avz(OH), on going from the free to the hydrogen- 
bonded OH group. These quantities are generally 
considered as spectroscopic scales of hydrogen-bond 
basicity. Within a family of bases, the thermodynamic 
and spectroscopic scales are often well correlated. l6 


We use the following correlation equation for the 
effects of substituents X on the hydrogen-bond basicity 
of XCN compounds: 


PKHB (or PzH or Av) = p K L  (or OfH or 
(1) 


where PKLB (or p!H or A v o )  refers to HCN, the substi- 
tuent parameters u,, CTF and a; measure the polariz- 
ability, field and resonance effects of X substituents, 
respectively, and the regression coefficients par PF and 
PR measure the sensitivity of hydrogen-bond basicity to 
these effects. 


A valid statistical analysis by equation (1) requires a 
great number of diversified substituents and low col- 
inearity between the three sets of independent u vari- 
ables. In this work we measured ~ K H B  by means of a 
Fourier transform IR spectrometer of high photometric 
and wavenumber accuracy for 26 nitriles. If we add our 
values for six cyanamides and cyanamide vinylogues or 
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iminologues, published previously, '* and four carefully 
selected literature values for benzonitriles l9 and 
trimethylsily cyanide,' we have at hand a set of 36 
primary PKHB (or /3?) values. Because of the ease and 
accuracy of Au(OH) measurements, and the need for a 
very large set of /3? values in linear solvation energy 
relationships, we measured Av2(OH) for 35 new nitriles 
(mainly ring-substituted benzonitriles and phenyl- 
acetonitriles), and established a correlation between the 
thermodynamic and spectroscopic scales which allowed 
the calculation of secondary /3? values. The final set of 
71 primary and secondary /3? values embraces a large 
structural field of 2.5 PKHB units from CCl3CN to a 
cyanamide iminologue. 


EXPERIMENTAL 


Materials. Spectroscopic-grade carbon tetrachloride 
and methanol were dried over 4 and 3 A molecular 
sieves, respectively. 4-Fluorophenol was sublimed over 
P205. Cyanoacetylene was prepared by dehydration of 
HC= CCONH2. Commercially available cyanides were 
purified by fractional distillation or recrystallizations 
from solvents. 


Infrared measurements. These were carried out with 
a Bruker IFS 45 WHR spectrometer with 1 cm-' resol- 
ution and 256 scans. The photometric accuracy was 
20.005 absorbance unit. The temperature of the 
quartz cell was maintained at 25 ? 0.1 "C by a thermo- 
electric device. The 1 cm path length permitted the 4- 
fluorophenol concentration (ca 4 x M) to be kept 
under the limit of self-association. The solutions were 
prepared and the cell was filled inside a dry-box. 


The equilibrium constant is defined by KHB= 


c b  and C a  are the equilibrium concentrations of 
complex, nitrile (base) and 4-fluorophenol (acid), 
respectively, and Cp and Cob are the initial 
concentrations. Cp and C! are known by weighing and 
C a  is determined from the absorbance of the free OH 
band of 4-fluorophenol at 3614cm-I (molar 
absorptivity = 235 1 mol-' cm-'). The equilibrium 
constants are taken as the mean of five values obtained 
from five nitrile concentrations. These concentrations 
range from 0-1-1 M (CCI3CN) to 0.003-0.03 M 
(cyanamides). KHB is estimated to be accurate to within 
5-10% and consequently PKHB to within +0.02-0.05 
unit. 


The frequency shifts of the OH bands of methanol at 
3644 cm-I and 4-fluorophenol at 3614 cm-' are defined 
as Avz = 3644 - vz(OH...) and Avl = 3614 - vl(OH...), 
respectively. They are strongly dependent on nitrile 
concentration and correspond to the very low nitrile 
concentrations attained by spectra accumulation. They 
are believed to be accurate to within ? 1-5 cm-'. 


c c / ( c a c b )  = (c! - C a ) /  [Ca(C! - cp -t Ca)] where c,, 


RESULTS 


The PKHB and frequency shifts are reported for the 
pimary set in Table 1. The calculation of secondary 
PKHB or /3? values from spectroscopic shifts needs a 
relationship of high precision between PKHB and 
Av(0H) and accurate values of spectroscopic shifts 
Av(0H). 


The correlation coefficient r and the standard devi- 
ation s show excellent correlations between ~ K H B  and 
A v l  or Avz: 


~ K H B  = 0.0167 Av2(OH) - 0.42 
n = 35; r = 0.9951; s = 0.046 (2) 


n = 35; r = 0.9953; s = 0.045 (3) 


CCI3CN was excluded from these correlations because 
it deviates by about three times the standard deviation. 
This deviation probably originates from the high con- 
centrations of this weakly basic and polar compound 
(the dielectric constant is 7 a74) necessary to displace the 
equilibrium towards complex formation. We are then 
too far removed of the conditions of determination of 
thermodynamic equilibrium constants. 


In the excellent correlation between the frequency 
shifts Avz of methanol-nitrile complexes and Aul of 
p-fluorophenol-nitrile complexes: 


~ K H B  = 0.0102 Avl(0H) - 0.79 


Avl(0H) = 1.634 Avz(0H) + 35 
n = 36; r = 0.9986; s = 2.5 cm-' (4) 


Avl and A v ~  mutually support themselves as good can- 
didates for the calculation of secondary PKHB (or @?) 
values. We preferred to select Avz(0H) for technical 
reasons. 


Hence equation 2 can be safely used for calculating 
secondary PKHB (or /3?) values for those nitriles for 
which only Avz has been measured. The experimental 
Av2 and calculated PKHB and @? values are reported in 
Table 2. 


DISCUSSION 


Hydrogen bonding site 


A number of cyanides involved in this work possess, in 
addition to the N(sp) atom of the nitrile group, various 
heteroatoms available for hydrogen-bond formation 
(e.g. sulphur in MeSCN, oxygen in PhOCN or nitrogen 
in MezNCN). Vibrational spectroscopy allows one to 
establish precisely that the interaction site is the nitrile 
group. When 4-fluorophenol is hydrogen bonded to 
cyanides in Tables 1 and 2, one new enlarged u(0H) 
band is observed at lower frequencies [the shifts vary 
from 70cm-I for CCI3CN to 300cm-' for 
MezNC(Me)=NCN] and one new v(C=N) band is 
observed at higher frequencies (upwards shifts of about 
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Table 1. Frequency shifts (cm-I) Avl (0H)  of p-fluorophenol and Avz(0H)  of 
methanol, and primary PKHB and S? values for nitriles 


Trichloroacetonitrile 
Dibromoacetonitrile 
Cyanogen bromide 
Chloroacetonitrile 
cu,cu,cu-Trifluoro-p-tolunitrile 
cu,cu,cr-Trifluoro-m-tolunitrile 
2-Fluorobenzonitrile 
a-Bromo-o-tolunitrile 
2-Bromobenzonitrile 
2-Chlorobenzonitrile 
Acrylonitrile 
Methyl thiocyanate 
4-Fluorobenzonitrile 
Phenyl cyanate 
Benzonitrilea 
Benzyl cyanide 
o-Tolunitrile 
Acetonitrile 
Acetonitrile-& 
Propionitrile 
Butyronitrile 
Trimethylsilyl cyanideb 
lsobutyronitrile 
2-Methoxybenzonitrile 
Hexanenitrile 
Trimethylacetonitrile 
4-Methoxybenzonitrilea 
Cyclopropyl cyanide 
I-Adamantanecarbonitrile 
4-(Dimethylamino)benzonitrilea 
Dimethylcyanamide' 
1 -Piperidinecarbonitrile' 
Diethylcyanamide' 
trans-3-Dimethylaminoacrylonitrile' 
N' ,N'-Dimethyl-N*-cyanoforrnamidine' 
N' , NI-Dimethyl-N2-cyanoacetamidine' 


23 
39 
44 
48.5 
59 
60 
62 
64 
65 
66 
67 
69 
70 
70 
72.5 
73 
75 
75.5 
75.5 
79 
79 
80 
81 
82 
83 
83 
83.5 
86 
87 


100 
117-5 
122 
124 
129 
149.5 
161 


71 -0.26 
98 0.19 


103 0.19 
118 0.39 
133 0.54 
133 0-53 
141 0.64 
I45 0.69 
143 0.71 
143 0.67 
146 0.70 
148 0-73 
149 0.72 
150 0.77 
157 0.80 
152 0.81 
162 0.83 
I57 0-91 
157 0.87 
164 0-96 
166 0.89 
165 0.93 
169 1.00 
173 1.06 
168 0.89 
172 0.89 
176 0.97 
171 1 *03 
180 1.00 
203 1.23 
226 1.56 
234 1.58 
238 1.63 
246 1.70 
280 2.09 
298.5 2.24 


0.18 
0.28 
0.28 
0.32 
0.35 
0-35 
0.38 
0.39 
0.39 
0.38 
0.39 
0.39 
0.39 
0.40 
0.41 
0.41 
0.42 
0.43 
0.42 
0.44 
0.43 
0.44 
0.45 
0.47 
0-43 
0.43 
0-45 
0.46 
0.45 
0.50 
0.57 
0.58 
0-59 
0.60 
0.69 
0.72 


'Ref. 19. 
bRef. 5 .  
'Ref. It?. 


10cm-'). The presence of one OH hydrogen-bonded 
band suggests that one complex is formed and the shift 
of v(C=N) to higher frequencies indicates' that this is 
a nitrile complex. 


Another piece of evidence is the relationship between 
PKHB and Av(0H) [equations (2) and (3)J. It shows 
that there is no marked difference between the hetero- 
substituted nitriles and the others. This strongly sug- 
gests that the preferred hydrogen-bonding site is the 
same in all cases. 


Steric effects of substituents on the hydrogen-bond 
basicity of nitriles 


Steric effects can be analysed in the RC=N series where 


R are alkyl groups of various steric sizes, and in the 
series of ortho-substituted benzonitriles. 


In the RC=N series one observes that both the 
lengthening and the branching of the alkyl R chain 
increases the spectroscopic shifts of nitriles. We observe 
the regular sequences n-Pen > n-Bu > n-Pr > Et > Me 
for lengthening and 1-Adam > t-Bu > i-Pr > Et > Me 
for branching. If steric effects had operated, the reverse 
sequences would have been observed. The sequences of 
~ K H B  values are less regular. This may arise from 
greater uncertainty in thermodynamic than in spectro- 
scopic determinations, but nevertheless the greatest 
PKHB is also found for adamantyl, the most vol- 
uminous substituent. 


In the series of ortho-substituted benzonitriles, we 
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Table 2. Experimental frequency shifts (cm-') Avz(OH), of 
methanol and secondary calculated PKHB and values for 


nitriles 


Compound Avz ~ K H B  P? 


Ethynyl cyanide 43 0.30 0.30 
4-Nitrobenzonitrile 46 0.35 0.31 
2-Chloroacrylonitrile 47 0.36 0.32 
I ,2-Dicyanobenzene 48 0.38 0.32 
3-Nitrobenzonitrile 51 0.43 0.33 
1,3-Dicyanobenzene 54 0.48 0.34 
3,5-Dichlorobenzonitrile 56 0-52 0.35 
a,a,a-Trifluoro-o-tolunitrile 59 0.57 0.36 
Bromoacetonitrile 59 0.57 0-36 
3-Chlorobenzonitrile 64 0.65 0.38 
3-Bromobenzonitrile 64 0.65 0.38 
Iodoacetonitrile 65 0.67 0.38 
a-Bromo-rn-tolunitrile 67 0.70 0.39 
3-(Trifluoromethyl)phenylacetonitrile 67 0.70 0.39 
4-Chlorobenzonitrile 68 0.72 0.39 
4-Bromophenylacetonitrile 68 0.72 0.39 
3-Chloropropionitrile 69 0.73 0-40 
4-Bromobenzonitrile 69 0.73 0.40 
3-Chlorophen ylacetonitrile 69.5 0.74 0.40 
a-Bromo-p-tolunitrile 70 0.75 0.40 
(Methy1thio)acetonitrile 71 0.77 0-40 
4-Fluorophenylacetonitrile 71 0.77 0-40 
3,5-Dimethoxybenzonitrile 72 0.78 0.41 
3-Methoxybenzonitrile 73 0.80 0.41 
4-Chlorophenylacetonitrile 74 0-82 0.41 
4-Chlorobutyronitrile 75 0.83 0.42 
4-Biphenylcarbonitrile 75 0.83 0-42 
4-Methylbenzyl cyanide 75.5 0.84 0.42 
m-Tolunitrile 76 0.85 0.42 
5-Chlorovaleronitrile 17 0.87 0-42 
3-Methylbenzyl cyanide 77 0-87 0.42 
(4-Methoxypheny1)acetonitrile 77 0-87 0.42 
p-Tolunitrile 78 0.88 0.43 
Valeronitrile 80.5 0.92 0.44 
Cyclohexyl cyanide 83 0.97 0.45 


have nine substituents (in order of increasing steric size 
H, F, OMe, CN, Me, C1, CHzBr, Br and CF3) which 
may alter the hydrogen-bond basicity by electrical 
and/or steric effects. However, the correlations of 
Avz(OH) and of PKHB with the steric substituent par- 
ameter uZo and the electrical substituent parameters o,, 
OF and o:" do not show any dependence on the steric 
parameter. In fact, the field substituent parameter OF 


and the resonance parameter a; are sufficient to explain 
92% of the variances of Avz(0H) and of PKHB. The 
correlations are 


A ~ z ( O H ) = 7 2 - 3 6 . 3 0 ~ - 4 2 * 4 0 $  
n = 9 ;  r=0.9614; s = 3 c m - '  ( 5 )  


n = 9; r = 0.9598; s = 0.06 (6) 
~ K H B  = 0.79 - 0.630O~ - 0*910O$ 


This absence of steric effects of ortho substituents in 
hydrogen-bonded benzonitriles and of bulky alkyl 
substituents in hydrogen-bonded aliphatic nitriles is not 
in favour of T T-shaped p-fluorophenol-nitrile com- 
plexes suggested in a dipole moment s t ~ d y . ~  They 
rather support the rotational spectroscopic results9 
on the dimers XC=N-.-HA and the ab initio calcula- 
tions on the dimers MeC=N...HOHz2 and 
MeC=N-.-HOMeZ3 which show that the hydrogen 
bond occurs quasi-linearly at the sp lone pair of the 
nitrogen. 


Electrical effects of substituents on the hydrogen- 
bond basicity of nitriles 


Equation (1) was applied to analyse Av2(OH) and PKHB 
of 20 XC=N compounds of Tables 1 and 2. The X 
substituents are, cc13, Br, CICHz, MeS, CICHzCHz, 
PhCHz, CI(CH2)3, Me, Et, n-Pr, n-Bu, SiMe3, i-Pr, 
n-Pen, c-Hex, t-Bu, c-Pr, 1-Adam, NMez and NEtz. 
The value of PKHB (but not of AVZ) for CCls in Table 1 
was excluded owing to the larger uncertainty for this 
weak base (see above). The data set does not include 
X = Ph, OPh or CH=CH2. The 06 values for these 
latter conjugated substituents seem to be appropriate 
only for proton transfer or similar reactions. 24 The col- 
inearity of the independent parameters for this data set 
is very weak: r(u, vs OF) = 0.01, r(ua vs a ; )  = 0.31 and 
 OF vs o ; )  = 0.10. Making use of this data set, the 
following equations are obtained: 


A ~ 2 ( 0 H ) = 6 4 -  18.20,- 112*20~-89*80; 
n = 20; r = 0-9934; s = 2-7 cm-' (7) 


PKHB = 0.37 - 0.1700, - 1.9780~ - 1 *46702 
n = 19; r =  0-9940; s =  0.04 (8) 


Equations (7) and (8) have excellent statistics and 
allow the prediction of the hydrogen-bond basicity of 
numerous nitriles and, particularly, of the parent HCN, 
a gaseous cyanide difficult to handle. The predicted 
Avq(OH) value is 64 cm-'. The value of 64 cm-' agrees 
fairly well with a value of 52 cm-' calculated from a 
linear correlation [equation (9)] between Avz(0H) in 
the XCN and XCOOEt series: 


Avz(XCN) = 1.03 Avz(XC0OEt) - 7.3 
n = IS; r = 0.9880; s = 3 cm-' (9) 


and from AVZ (HCOOEt) = 58 cm-'. It is noteworthy 
that if we do not take into account the O, term in 
equation (7), the intercept Av!(OH) increases to 
75 cm-', a seemingly worse value. 


For CCl3CN (a, = -0.70, OF = 0.44 and art = O-OO), 
the above equations give ~ K H B  = -0.02, in excellent 
agreement with the value (- 0-04) that is calculated 
from Avz(OH) [equation (2)]. 


Examination of the sensitivity coefficients pa, PF and 
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p~ in equations (7) and (8) shows that resonance effects 
are important but that field effects play the leading part 
[ P R / P F = 0 ’ 8 0  for equation (7) and 0-74 for 
equation (8)]. The polarizability effects are much less 
important [ P o l / p ~  = 0.16 for equation (7) and 0.09 for 
equation (S)] , than generally found for gas-phase 
basicities. This is expected for proton sharing (instead 
of proton transfer) in solution (instead of the gas 
phase). Nevertheless, the p n  regression coefficients seem 
significant: the probabilities that pa does not differ sig- 
nificantly from zero are only 0.3% for equation (7) and 
3% for equation (9). 


In ring-substituted benzonitriles, the larger distances 
between the substituent and the hydrogen-bonding 
centre indicate that polarizability effects are not signifi- 
cant. The dual substituent parameter equation gives 
excellent correlations [equations (lo)-( 13)] : 


meta-substituted benzonitriles: 


AQ(OH) = 73.5 - 3 2 . 0 ~ ~  - 21 .Oar: 
n = 9; r = 0.9901; s = 1 *4  cm-’ (10) 


n = 9 ;  r=0.9875; s=O-03 (11)  
PKHB = 0.81 - 0.554UF - 0*377U$ 


para-substituted benzonitriles: 


A~2(OH)=73*1 - 3 5 . 8 U ~ - 4 6 . 9 ~ $  
n = 10; r = 0.9833; s =  2.9 cm-’ (12) 


n = 10; r=0.9839; s=O.O5 (13) 


If we compare ortho- meta- and para-substituent 
effects [equations (6), (11) and (13)], we find that 
p 3 p ! (  = 1-44) > p g / p i (  = 1 *22) * pRm/pF( =0-68). 
The latter inequality is a generalized behaviour for 
proton-transfer equilibria. 


PKHB = 0.81 - 0.6170~ - 0’754U2 
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CONFORMATIONAL PROPERTIES OF DISULPHIDE BRIDGES. 1. 
C-S ROTATIONAL POTENTIAL IN ETHYL HYDRODISULPHIDE 


CARL HENRIK GORBITZ 
Department of Chemistry, University of Oslo, N-0315 Oslo, Norway 


The potential for C-S rotation in ethyl hydrodisulphide, CHsCHzSSH, has been studied with ab initio methods. All 
stationary point structures were fully optimized at the HF/6-31G* and MP2/6-31G* levels. MP2/6-31G* molecular 
geometries were used in subsequent single-point energy calculations with several basis sets and including various 
amounts of electron correlation up to the MP4SDQ/6-311+ G(Zd,p) level of theory. Zero-point vibrational energies 
and thermal corrections were calculated and used to obtain relative values for AH0 and AHz98. The stability order 
for the three energy minima is gauche - 2 gauche + > trans (positive disulphide chirality, C-S-S-H torsion = 89'). 
The results have implications for force field calculations on disulphide bridge conformations in peptides and proteins. 


INTRODUCTION 


Disulphide bridges constitute an important structural 
element in extracellular proteins and in several biolo- 
gically active peptides. These covalent links have also 
been used in synthetic peptides in order to limit confor- 
mational flexibility. In particular, studies of cyclic 
enkephalin analogs2 and formation of &turn/P-sheets 
conformations are well documented. 3*4 Knowledge of 
the preferred geometries for disulphide bridges is 
important for the overall understanding of peptide and 
protein structures. 


In the rare event that one can grow a high quality 
peptide crystal and carry out an X-ray diffraction study, 
relevant and very valuable structural data can be 
derived. Usually, however, the structural properties of 
peptides are experimentally elusive, making the field 
ideally suited for theoretical studies. Although fairly 
large peptide fragments have now been studied with ab 
initio methods, ' molecular mechanics and molecular 
dynamics studies take the lion's share of these efforts. 
It is essential to realize that the results from such calcu- 
lations are critically dependent on an accurate parame- 
trization of the applied force field. Thus, 
conformational studies of peptides with disulphide 
bridges require reliable data for the C-S and S-S 
rotations in the Ca-CH2-S-S-CH2-C" fragment. 


The S-S rotation has been extensively studied in 
numerous experiments (including microwave 
spectroscopy6 and electron diffraction7) and high-level 
ab initio calculations, primarily using dimethyl di- 
sulphide as a model molecule. Two equivalent minima 
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were found, with C-S-S-C torsion angles of about 
+ 8 5 " .  The C-S rotation has attracted less attention, 
but has been studied in different groups of molecules. 
Ethanethiol experimental microwave datag and high- 
level ab initio calculations lo show unambiguously that 
the gauche isomers are lower in energy than trans. The 
available data for C-S rotation in ethyl methyl sulphide 
are less clear-cut, but the energy difference between the 
minima appears to be rather small both for the liquid 
and in the gas phase." The importance of including 
electron correlation effects in theoretical calculations 
has been pointed out. l2 


The potentially more relevant studies of C-S rotation 
in C-CH2-S-S fragments have mainly used ethyl 
methyl disulphide as a model molecule. Early data from 
vibrational spectroscopy l 3  led to the recognition of two 
isomers, the more stable being the extended trans form. 
Later it was reported that with P-chirality for the 
C-S-S-C torsion, gauche+ was the most stable 
rotamer (and the only one present in the solid state), 
with the trans isomer next.I4 The gauche- C-S con- 
formers were expected to have higher energy due to 
steric repulsion and were not considered in these investi- 
gations. These assumptions were seriously questioned in 
a restudy of the Raman spectra for both compounds, l5 
accompanied by electron diffraction data for methyl 
ethyl disulphide. I6 The latter experiments were consis- 
tent with the presence of three C-S rotamers at room 
temperature, and suggested the stability order 
gauche + > trans > gauche - . A b  initio calculations 
with medium-sized basis sets reproduced this sequence 
at the HF-level, but the introduction of electron cor- 
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relation reversed the order between trans and 
gauche - . I' Accordingly, the stability order for the 
three energy minima remains a matter of controversy, 
and rotational barrier heights have been poorly 
determined. 


Considering the importance of the (C-)C-S(-S) 
rotation, it is surprising that the prototype molecule 
CH~-CHZ-S-S-H, ethyl hydrodisulphide (ethyl per- 
sulphide), apparently has not been studied either exper- 
imentally or theoretically. The intention of the work 
presented here is to provide high-level ab initio data for 
the C-S rotation in this molecule, including energy 
potentials and complete molecular geometries for 
various conformations. The results should be useful for 
refinement of molecular mechanics force field 
parameters. 


EXPERIMENTAL 


All ab initio calculations were performed with the 
Gaus~ian90'~ and Gaussian92" molecular orbital 
program systems, and were run on Convex, Cray and 
IBM computers. Optimizations of fully relaxed mol- 
ecular geometries were carried out for all six stationary 
points for C-S rotation in ethyl hydrodisulphide. The 
rotational barriers were obtained by the command 
'opt = (ts, calcfc)', requesting a transition state 
optimization with the default Berny algorithm and 
computation of force constants at the first point. HF/6- 
3 1G(d) (5 HF/6-3 1G*) optimizations were succeeded 
by single-point MP2/6-3 1G(d) energy calculations. 
MP2/6-3 1 G(d) optimized geometries were used to cal- 
culate zero-point vibrational frequencies at the MP2/6- 
31G(d) level. The frequencies were scaled by the 
empirical factor 0.9 and used to calculate zero-point 
vibrational energies (ZPVEs)." The corrected frequen- 
cies were also used to calculate thermal corrections for 


a temperature shift from 0 to 298.15 K. Further single- 
point energy calculations employed a range of larger 
basis sets, starting with the triple zeta valence 6- 
311G(d). This basis set was then expanded in three 
different ways by adding: (a) diffuse functions on heavy 
atoms, 6-311+G(d); (b) p functions on H,  6-311G(d,p); 
(c) a second set of d functions on the heavy atoms, 


Ultimately, the combined effect of all three expan- 
sions was studied with the large basis set 6- 
31 1 +G(2d, p). Full electron correlation effects were 
included at the MP2, MP3 and MP4SDQ levels. 
Regular MP4 (MP4SDTQ) calculations were too large 
for this molecule, a test with the 6-31G* basis set 
indicated an eight-fold increase in CPU-time over 
MP4SDQ as well as a substantial increase in disk space 
demands. For butane, the omitted triple substitutions 
have been shown to change the relative energies only 


The MP4SDQ = fu11/6-311 +G(2d, p) 
single-point calculations were indeed quite large, each 
requiring about 6 h of CPU-time on an IBM RS/6000 
computer. 


6-31 lG(2d). 


RESULTS 
The C-S-S-H torsion is close to 89" in all structures 
(positive disulphide chirality). Optimized heavy atom 
geometry parameters for the gauche minima G and G', 
the trans minimum T, the skew barriers S and S ' ,  and 
the cis barrier C are given in Table 1. The relative con- 
formational energies are summarized in Table 2, while 
the absolute energies for the G' minimum are given in 
Table 3. The MP4SDQ/6-311 +G(2d, p)//MP2/6- 
31G(d) energies from Table 2 also appear in Table 4 
together with calculated ab initio values for AH0 and 
AH298. 


Table 1 .  Selected geometry parameters for HF/6-31G* (Roman typeface) and MP2/6-31G8 (italic 
typeface) ethyl hydrodisiilphide stationary points 


CTC 
Conformation (A) 


G 


T 


G' 


C 


S 


S' 


1.523 
1.519 
1.526 
1.523 
1 * 523 
1-518 
1.522 
1.518 
1.525 
1.521 
1 *525 
1.521 


CTS 
(A) 


1.825 
I .819 
1 - 826 
1.819 
1.824 
I a818 
1.846 
I a843 
1.836 
I .830 
1.836 
1.830 


STS 
(A) 


2.060 
2.063 
2.058 
2.062 
2.059 
2.063 
2.056 
2 * 058 
2.058 
2.062 
2.048 
2.062 


c-c-s 
(deg) 


114.75 
114.12 
109.24 
108.64 
114.89 
114.28 
117.67 
116.78 
111.96 
111.46 
111.77 
111.18 


c-s-s 
(deg) 


103.65 
102.45 
102.81 
102.12 
103.53 
102.29 
107 * 97 
107.12 
104.35 
103.57 
104.40 
103.68 


c-c-s-s 
(deg) 


68.71 
65 71 


176.12 
175.15 
- 71.90 
-69.43 
-2 .64  
-3.48 
118.82 
117.62 


-126.05 
-126-35 
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Table 2. Relative energies (kJ mol-') for ethyl hydrodisulphide stationary points (G' = 0.00) 
~ ~ ~ ~~~~~ 


Level of theory 


Basis set Nbf  a Conf. H F ~  MP2b HF' MP2' MP3 MP4SDQC 


6-3 1G(d) 80 G 
T 
C 
S 
S' 


6-3 1 1G(d) 106 G 
T 
C 
S 
S' 


6-3 1 1 + G(d) I22 


6-3 1 IG(d, p) 124 


6-31 lG(2d) 126 


6-3 1 1 + G(2d, p) 160 


G 
T 
C 
S 
S' 


G 
T 
C 
S 
S' 


G 
T 
C 
S 
S' 


G 
T 
C 
S 
S' 


0.33 0.40 0.39 
0.28 1-84 - 0.01 


17.20 17.02 17.11 
7.92 8.99 7.69 
8.53 9.68 8.28 


0.14 
- 0.43 
17.31 
7.49 
8.08 


0.33 
0.28 


17-97 
7.84 
8.47 


0.14 
-0.18 
17.50 
7.47 
8.05 


0.30 
0.15 


16-19 
7-74 
8.27 


0.25 
0.12 


16.69 
7.53 
8-07 


0.34 
2.07 


17.08 
9.17 
9.88 


0.05 
2.05 


17.82 
9.45 


10.29 


0.31 
3.86 


19.14 
9.90 


10.42 


0-18 
2.28 


18-09 
9.86 


10.51 


0.11 
2.45 


15.27 
9.61 


10.36 


0.20 
2.90 


15.64 
9.69 


10.28 


0.39 0.36 
2.01 1.83 


16.82 16.86 
8.78 8.65 
9.41 9.29 


0.13 0-09 
1.94 I .73 


17.41 17.43 
8.95 8.81 
9.71 9.57 


0.40 0.37 
3.69 3.42 


18-74 18.72 
9.43 9.29 
9.90 9.78 


0.27 0.21 
2.11 1.89 


17.64 17.66 
9.28 9.11 
9.87 9.71 


0.22 0.17 
2.19 2.04 


15.03 15-20 
8.87 8.85 
9.51 9.51 


0.31 0.26 
2.53 2.34 


15.38 15.56 
8-91 8.87 
9.40 9.38 


*Number of basis functions. 
Obtained with HF/6-31G* optimized geometries. 
Obtained with MP2/6-31G* optimized geometries. 


Table 3. Total energies (hartrees) for the ethyl hydrodisulphide minimum G' 


Level of theory 


Basis set 


6-3 1G(d) 
6-311G(d) 
6-311+G(d) 
6-311G(d,p) 
6-31 lG(2d) 
6-31 1 +G(2d, p) 


HFa MP2a HF 


-874.247279 -874.781231 -874.246639 
- 874.305494 
- 874.308648 
- 874.318280 
- 874.3 16324 
- 874.333267 


MP2b 


-874.781827 
- 875,115511 
-875.121619 
-875.169288 
-875.199821 
- 875.255238 


MP3 


-874.826816 
-875.159741 
- 875.166092 
-875.216745 
- 815.242498 
- 875.301367 


~~~ 


MP4SDQb 


-874.830770 
-875.162892 
- 875 * 1691 34 
-875.218560 
- 875 '243133 
-875.300774 


'Obtained with HF/631G* optimized geometries. 
Obtained with MP2/6-31Gb optimized geometries. 
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Table 4. Best values for relative energies 
during C-S rotation in ethyl hydrodisulphide 


(kJmol-') 


Conformation AE"  AH,,^  AH^^^^ 


G 0.26 0.17 0.21 
T 2.34 2-17 2.59 
G' 0.00 0.00 0.00 
C 15.56 15.56 13.47 
S 8.87 8.35 6.41 
S' 9.38 8.81 6.91 


'MP4SDQ16-311 +G(2d, p)//MP2/6-3 1G(d) ab inilio 
values. 
b A E +  difference in ZPVE relative to G'. 
' AH0 + difference in H298 - HO relative to G' .  


DISCUSSION 


Molecular geometry 
The data in Table 1 show that C-C and S-S bond 
length variations upon C-S rotation are almost negli- 
gible. Even the C-S bond lengih is confined to a rather 
small interval, 1.819-1 -843 A at theoMP2/6-31G(d) 
level. The C-S-S bond angle is 107-12 forJhe C bar- 
rier, but fairly uniform around 102.3-103-7 for other 
structures. The amplitude forothe C-C-S bFnd angle 
variation is larger, from 108.6 (T)  to 116.8 (C). The 
C-C-S-S torsion angles in G, Tand G' energy minima 
display noticetble deviations from ideally staggered 
positio!s at 60 , 180" ando- 60°, and similar deviations 
from 0 , 120° and -120 for the C, S and S' energy 
barriers. The mean geometry of the -CHz-S-S-H 
fragment is in excellent agreement with the exper- 
imental geometry for methyl hydrodisulphide obtained 
with microwave spec t ro~copy ,~~  except for the S-S 
bond length which is invariably overestimated in theor- 
etical studies (MW value 2-038 A). 


Geometry parameters from HF/6-3 1G(d) optimiza- 
tions (Table 1) generally show small and rather predict- 
able deviations from the corresponding MP2/6-31 lG(d) 
values. The most significant changes occur for the 
C-C-S-S torsion angle in the two guuche ?hima, 
with ocalculate$ values of 65.71 /-69*43 and 
68-71 1-71-90 for MP2 and HF structures, respect- 
ively. No similar shift was observed for t h t  gauche 
C-C-C-C torsion angle in butane (65.21 at the 
MP2/6-3 1G(d) level, 65.49" at the HF/6-3 1G(d) 
level).25 The HF/6-31G(d) geometry of the 
-S-CH2-CH3 fragment is virtually identical to the 
HF/6-31G(d) geometry of ethanethio:, lo the only sig- 
nificant difference being a minor 0.5 increase for the 
C-C-S bond angle in corresponding ethyl hydro- 
disulphide structures. 


Basis sets and electron correlation 
The energy differences between the two gauche energy 


minima are uniformly small (0.05-0-40 kJ mol-', 
Table 2), but always with G' as the more stable of the 
two. This condition is not significantly affected by 
either basis set size or electron correlation effects. The 
energy for the T minimum, on the other hand, varies 
considerably, from -0.43 ( T  is global minimum for 
some basis sets at the HF level) to 3.86 kJmol-'. The 
large shift results from the introduction of electron cor- 
relation in the calculations and the addition of diffuse 
functions to the basis set, both factors contributing to 
a sizeable rise in the relative energy for T. 


The C barrier is also very variable, between 15.03 
and 19- 14 kJ mol-'. At the HF level the introduction 
of diffuse functions gives a small increase for the 
barrier height, but the second set of d-functions lowers 
the barrier. It is interesting that the introduction of elec- 
tron correlation amplifies these shifts in opposite direc- 
tions. A rather similar and substantial effect of extra 
d-functions for the cis barrier height has previously 
been observed for several pairs of basis sets in a study 
of the C-C rotation in butane.23 


Relative energies for the S and S' barriers display 
little variation on basis set character or size, but are sen- 
sitive to electron correlation effects which significantly 
increase peak heights. As for the T minimum, changes 
compared to the HF level are overestimated by the MP2 
calculations (1.5-2.5 kJ mol-I), but are more 
moderate and appear to be well converged at the 
MP4SDQ level. The magnitude of the relative destabi- 
lization of S and S' with the largest basis set is about 
1.3 kJmol-', while the effect is still larger for the T 
minimum, 2.22 kJ mol-'. 


The 6-3 1 1 + G(2d, p) basis set gives relative energies 
that reflect the observations made for the smaller sets, 
but the changes relative to the 6-31 1G(d) basis set are 
neither additive nor simple or weighed averages of the 
isolated effects from the three expansions considered. 
One example is the extra set of d-functions described 
above, which determines the decrease in the C barrier 
height. The MP4SDQ/6-311 +G(2d, p)//MP2/6-31G(d) 
values in Table 2 represent the best estimates for rela- 
tive energies, AE's, that can currently be achieved with 
a reasonable expenditure of computer resources. 


Relative stability of energy minima 
The values for AE, AH0 and AH298 in Table 4 give the 
same stability order for the three energy minima: 
G' > G > T, a hitherto unpredicted sequence. The fact 
that G'  is lower in energy than G (albeit marginally) for 
C-S rotation in the absence of appreciable steric inter- 
actions is new and unexpected, and the significantly 
higher energy for the T minimum is also somewhat sur- 
prising. The value for T, 2.59 kJmol-', rep- 
resents a small increase compared to the AE and AH0 
values. It is still modest by most standards, but is essen- 
tial when the relative stabilities of various disulphide 
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bridge conformations are considered. Molecular 
mechanics calculations, whose results are best com- 
pared to the ab initio AH298 values,23 will rarely repro- 
duce the stability order given above and will apparently 
always underestimate the AH298 21638 kJ mol-' 
(0.57 kcalmol-') G-T energy difference. 


Rotational potentials 


The A E  and AH298 potentials for C-S rotation in ethyl 
hydrodisulphide are depicted in Figure 1. Although the 
curves at first say look quite symmetric around 
C-C-S-S = 180 , a closer inspection reveals the asym- 
metric nature of the rotation. 


The rotational barriers in ethyl hydrosulphide are 
quite low. Thus, the calculated A E  (or rather AE') 
values are 15.56 kJmol-' for C, 8.87 kJmo1-' for S 
and 9.38 kJ mol for S', which may be compared to the 
ab inifio 22.0 kJ mol-' cis barrier and 13-9 kJ mol-' 
skew barriers for C-C rotation in butane.23 The two 
barriers for S-S rotation are even higher, with current 
ab initio estimates of 47.7 kJmol-' and 26.2 kJ mol-' 
for cis and trans in dimethyl disulphide, respectively. 8a 


The AH0 rotational potential (not shown) is quite 
similar to the one obtained for AE,  but with slightly 
lower S and S' barriers. The AH298 potential, on the 
other hand, deviates rather more. In particular, the 
barrier heights are lower by about 2 - 0  kJmol-', a 
result of the transition state structures having one 
degree of freedom less than the equilibrium minimum 
structures. 


CONCLUDING REMARKS 
The sterically unhindered C-S rotation in ethyl hydro- 
disulphide has three energy minima and three maxima. 


E (kl mol-') 


20 


- 


0 60 120 180 -120 -60 0 


c-c-s-s (0 )  


Figure 1 .  Relative energy for rotation about the C-S bond 
in ethyl hydrodisulphide. Curves for AE and AH298 have 
been plotted, and also a curve for the potential at the 


HF/6-31G(d)//HF/6-31G(d) level, for comparison 


The relative energies for these six stationary points are 
unevenly affected by changes to the basis sets and elec- 
tron correlation. Diffuse functions serve mainly to raise 
the energy of the trans minimum, while a second set of 
d polarization functions reduces the height of the cis 
barrier. p-Functions on H atoms have only minor 
effects. Electron correlation effects give higher relative 
energies for the trans minimum and the two skew bar- 
riers. The best ab initio estimates for AE obtained here 
at the MP4SDQ/6-311 +G(2d, p)//MP2/6-3 1G(d) level 
have been corrected for zero-point vibrations and the 
shift in temperature from 0 to 298.15 K to allow direct 
comparison with future experimental data and results 
from molecular mechanics calculations. The relative 
stability order for the three energy minima is 
gauche- > gauche > trans, with AH298 = 0.00, 0-21 
and 2.59 kJmol-', respectively. 


The second paper in this series will deal with C-S and 
S-S rotational potentials in diethyl disulphide. 27 In 
this connection, it is useful to point out two addi- 
tional observations from Table 3. First, the calculated 
MP2/6-31G(d)//HF/6-31G(d) energies are all reason- 
ably close to the estimated AE values, except 
for the cis C barrier which is overestimated, but 
not seriously, by the lower level calculations. 
Second, the MP2/6-311G(d, p)//MP2/6-31G(d) and 
MP2/6-31 IG(2d)//MP2/6-31G(d) energies for the 
minima are close to the A E  values, which suggests these 
two levels of theory as suitable alternatives for systems 
whose size prohibit the highest level calculations carried 
out for ethyl hydrodisulphide in this paper. 


Supplementary material 


Table 5 giving complete molecular geometry, Table 6 
giving unscaled harmonic vibrational frequencies, and 
listings of the archive files from all ab initio calculations 
are available from the author on request, also by e-mail 
from 'c.h.gorbitz@kjemi.uio.no'. 
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AMBIDENT REACTIVITY OF ARYLOXIDE IONS TOWARDS 
1,3,5-TRINITROBENZENE, LOW-TEMPERATURE 


CHARACTERIZATION OF THE ELUSIVE OXYGEN-BONDED 
a-COMPLEXES BY 'H AND 13C NMR SPECTROSCOPY 


ERWIN BUNCEL* AND RICHARD A. MANDERVILLE 
Deportment of Chemistry, Queen's University, Kingston, Ontorio, K7L 3N6, Canada 


The ambident reactivity of phenoxide ion towards 1,3,5-trinitrobenzene (TNB) was reexamined by means of a novel 
reaction system (CDjCN-glyme-dlo) which allows the investigation of species formed at low temperatures (- 40 "C), 
contrasting with previous studies in dimethyl sulfoxide (DMSO) at ambient temperature. The new method coupled with 
400 MHz NMR spectroscopy has allowed the definitive observation of both 0- and C-bonded phenoxide u-complex 
adducts for the first time, confirming the formation of the former through kinetic control and of the latter through 
thermodynamic control. The corresponding 0-bonded u-adduct in the TNB-mesitoxide system (where C-bonded 
u-adduct formation is not possible but where there is competing nitro group displacement) has also been characterized 
by 'H and I3C NMR. Another 0-bonded aryloxide adduct characterized is that from the reaction of TNB with 
3,5-di-tert-butylphenoxide; in this system there is also competing NO2 displacement. Stereoelectronic factors in the 
0-bonded u-adducts and aryl ethers are discussed. 


INTRODUCTION 
The discovery' that phenoxide ion can act as a carbon 
nucleophile in u-complex formation with 
1,3,5trinitrobenzene (TNB) has led to intensive ex- 
plorations of the ambident reactivity of other 
nucleophilic species, including aniline' and indole, 
towards electron-deficient aromatic and heteroaromatic 
compounds. Surprisingly, perhaps, in view of the large 
number of alkoxide adducts of TNB which have been 
characterized, definitive evidence for the phenoxy 
oxygen-bonded adduct 1 has been lacking, possibly 
because of its fleeting nature, whereas the carbon- 
bonded adduct 2 has lent itself more readily to structure 
determination. While the supposition that in Scheme 1 
the 0-bonded adduct is kinetically favored and the 
C-bonded adduct is formed under thermodynamic con- 
trol is plausible, it nevertheless requires experimental 
substantiation through observation of both adducts in a 
given system, and the conversion of one species into the 
other with time. 


Previous work on the 0-bonded phenoxide adduct 
was conducted in dimethyl sulfoxide (DMSO) as the 


* Author for correspondence. 
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- 
Scheme 1 


reaction medium since equilibrium constants for 
a-complex formation are known to be greatly enhanced 
in DMSO relative to hydroxylic media. However, the 
presence of adventitious water in DMSO-da in such 
NMR studies, coupled with the known thermodynamic 
stability of the TNB-hydroxide o-complex, pose the 
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problem that the competing TNB * OH- adduct forma- 
tion could mask the presence of the TNB-OPh- ad- 
duct. In fact, the 'H NMR spectral characteristics 
reported in studies by Shein and co-workers6 for 
TNB - OPh- at 60 MHz appear to be indistinguishable 
from those of the known TNB-OH- adduct. Subse- 
quent 13C and "N NMR results by Machacek et ul. on 
the 0-bonded TNB-phenoxide adduct need also be re- 
examined in this light as well as our own studies" on the 
TNB-2,4,6-trimethylphenoxide 0-bonded adduct. 


In a search for solvent systems alternative to the well 
studied DMSO system, we have found that aceto- 
nitrile-1 ,Zdimethoxyethane (CD3CN-glyme-dl0, 1 : 1 
v/v) provides the advantage of solubilizing mfny 
a-complexes even at temperatures as low as -50 C. 
This system could thus provide a better opportunity for 
unambiguous observation and identification of species 
that might be transient and perhaps not observable at cu 
25 "C to which DMSO is limited. This work in the novel 
low-temperature solvent system has, indeed, provided 
definitive evidence for the formation of 0-bonded aryl- 
oxide adducts. The structural elucidations reported in 
this study have been greatly aided through the avail- 
ability of 400 MHz NMR instrumentation, contrasting 
with the 60 M H Z ' , ~ , ~  and 100 MHz7 instrumentation 
available in the previous studies. 


In a previous study' aimed at obtaining evidence for 
0-bonded phenoxide adducts, we examined the reaction 
of 2,4,6-trimethylphenoxide (mesitoxide) ion with TNB, 
on the expectation that carbon-adduct formation would 
be precluded and that 0-adduct formation would re- 
main as the only feasible process. The study showed, 
however, that a competing nitro group displacement oc- 
curred readily in conjunction with a-complex formation 


and that the diary1 ether 4 was the only eventual product 
observed (Scheme 2). The structure of the a-complex 
formed in this system was hence assigned as the ex- 
pected 0-bonded mesitoxide adduct (3). We have re- 
examined this system with our present low-temperature 
technique and we have now been able to identify the 
authentic adduct 3 and report its 'H and 
''C NMR characteristics. Further confirmation of the 
structure of 0-bonded aryloxide complexes has been 
derived from study of the interaction of TNB with 
3,5-di-tert-butylphenoxide ion in which C-adduct for- 
mation is prevented by the bulky tert-butyl groups. The 
NMR parameters for the 0-bonded a-adducts and for 
the aryl ethers obtained following nucleophilic displace- 
ment have revealed some interesting facets which are 
discussed on the basis of stereoelectronic factors. 


RESULTS 


Reaction of TNB with equimolar PhOK in DMSO 
A 400 MHz 'H NMR study yields the following obser- 
vations (6 relative to DMSO-&H in ppm, J i n  Hz). Ad- 
dition of 1 -0 equiv of PhOK in DMSO-d6 to a DMSO- 
d6 solution of TNB (final concentrations 0.1 M) pro- 
duces a dark red solution. In Figure 1 is shown a spec- 
trum of the reaction mixture acquired cu 3 min after 
mixing the reagents. Apparent in the spectrum are peaks 
representing three distinct a-adducts. The sp '-bound 
protons of the trinitrocyclohexadienate moiety, HI, of 
these adducts are observed at 6 6-81 (30@7'0), 6.19 (2OVo) 
and 5 - 5 1 (40%), while the corresponding ring protons, 
H3.5, are found at 6 8-29, 8.34 and 8.31, respectively. 
The peaks at 6 8.31 (2H, s) and 5.51 (lH, s) can be at- 
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Figure 1 .  400 MHz 'H NMR spectrum in the 5 . 5 - 8 . 5  pprn region of TNB-PhOK (1:l) in DMSO& taken after 3 min reaction 
time at ambient temperature. Present in the spectrum are signals due to the para-carbon bonded adduct 2 and also TNB-OH- 
adduct 5, the aryl either 6 and PhOH/PHO- (H,, and H,,). Tentative assignment of peaks due to the 0-bonded adduct 1 (1-H3,5 


and l -H,)  is also shown. DBB represents 1,4-dibromobenzene 


tributed to the para-carbon-bonded TNB * PhO- ad- 
duct 2. The requisite A3(2 splitting pattern of the at- 
tached phenoxy moiety is observed at 6 7.03 and 6.62 
(J= 8.4). The resonances at 6 8.34 and 6.19 are due to 
the TNB - OH- adduct 5, which is produced as a result 
of equilibration between PhO- and adventitious H2O in 
the solvent. However, the OH resonance of 5 is not 
observed and its state of ionization is hence uncertain. 
Further evidence for this assignment was obtained 
through control experiments involving tetramethylam- 
monium hydroxide (Me4NOH) with TNB (see below). 
Assignment of the third adduct (6 6.81,8.29) is given 
subsequently. 


Also present in Figure 1 are absorbances at 6 8.56 
( l H , t , J =  1.9)and8*13(2H,d.J= 1*9).Thesesignals 
correspond to the diaryl ether 6 resulting from NO2 
displacement. The ortho- and para-phenoxy protons of 
6 are observed at 6 7.26 (2H, m) and 7.35 (IH, m); the 
meta-protons are obscured by the singlet for 
1,Cdibromobenzene (DBB, 6 7.52), which served as an 
integration standard. 


On further monitoring of the solution at ambient 
temperature, the absorbances at S 8.29 and 6.81 
decreased in intensity whereas those due to 2,5 and 6 in- 
creased. After 30 min the peaks at 6 8.29 and 6.81 were 
no longer visible and 2 made up 60% of the remaining 
signals. Also present was a singlet at 6 5.88 ppm, which 
can be assigned as HI  of the ortho-carbon-bonded 
TNB PhOH- adduct 7. lb  This species and 6 accounted 


for 10% of the reaction mixture. The remaining 30% 
consisted of resonances of 5 and phenoxy resonances at 
6 7.13 (m) and 6-73 (m). 


Subsequent monitoring of the reaction over a 5 h 
period revealed a gradual decline in the resonances due 
to 5 whereas the signals attributed to 2,6 and 7 increas- 
ed in intensity. Eventually the only complexes in solu- 
tion were the carbon-bonded species 2 and 7 along with 
the diaryl ether 6. The complete structural assignment 
of 6 was obtained from a separately prepared sample 
(see Experimental). 
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Figure 2a. 400 MHz 'H NMR spectrum in the 6.0-8.5 ppm region of TNB-PhOK (1:l) in CD3CN-glyme-dlo taken after 3 min 
reaction time at -4OOC. Apparent are signal due to the 0-bonded TNB-OPh- adduct 1 
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Figure Zb. 400 MHz 'H NMR spectrum in the 6.0-8.5 ppm region of TNB-PhOK (1:l) in CDKN-glyme-dlo taken after 30 min 
reaction time at - 30 "C. Apparent are signals due to the 0-bonded TNB * OPh- adduct 1 in addition to TNB * OH- adduct 5 and 


phenoxy peaks (H,., H,, and H,.) 
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In another experiment, 5 pl of trifluoroacetic acid 
(TFA) was added to the reaction mixture after an initial 
spectrum was acquired. On acidification the signals due 
to 5 at 6 8-34 and 6 -  19 and also those at 6 8.29 and 6-81 
disappeared. Following acidification signals due to TNB 
(9.16, s) reappeared and 2, 6 and 7 remained unchang- 
ed. Acid lability is characteristic of O-bonded adducts' 
so that the labile signals are attributable to O-adducts 
formed by TNB. 


Since one of the two acid-labile complexes is shown 
to be 5, it is reasonable to assign the peaks at 6 8.29 and 
6-81 to the TNB. OPh- adduct 1. The transient nature 
of this species is consistent with previous reports in- 
dicating that the equilibrium constant for its formation 
should be small. lo The present solvent system, however, 
did not allow assignment of the phenolic portion of the 
proposed adduct due to overlap with peaks due to free 
phenol [6 7.13 (m) and 6.73 (m)] and hence the reaction 
was repeated in the novel CD3CN-glyme-dl0 (1 : 1 v/v) 
solvent medium, which has the advantage of observa- 
tion of species at reduced temperatures. 


Reaction of TNB with equimolar PhOK in 
MeCN-glyme 
To a solution $f TNB in CD3CN-glyme-dlo (1 : 1 v/v), 
cooled to - 40 C, was added a similarly cooled solution 
of PhOK in CD3CN-glyme-d10 (final concentrations cu 
0.1 M). Figure 2(a) shows the dnitial spectrum of the 
reaction mixture taken at -40 C. The resonances can 
be assigned to a single complex, the oxygen-bonded 
TNBaOPh- adduct, 1 (Scheme 1). Peaks in the 
phenolic region are well resolved at this temperature and 
consequently the full assignment of 1 in this low- 
temperature solvent system can be made: 
88-34  (2H,d, J =  1.1,Ha.s); 6*96(2H,m,Hmet.); 6.86 
( l H , t , J =  1.1,Hl); 6.66 (2H,m,HOlthO); 6-46 
(1H,p,HparG). The 13C NMR parameters of 1 at 
-40 C were also obtained. 


On subsequent monitoring of the reaction, by 
gradually allowing the temperature to rise, it was found 
that the signals that represent 1 decreased in intensity 
whereas new resonances at 6 8.45 (s,H3,5) and 6.31 
@ , H I )  due to the hydroxide adduct 5 increased. In 
Figure 2(b) is shown a spectrum of the reaction mixture 
at - 30 'C, in which peaks of both 1 and 5 are cleaorly 
shown. On allowing the solution to warm to 0 C, 
resonances attributed to 1 were no longer visible and, in 
addition to signals for 5, peaks ascribed to 2 were ap- 
parent. On further warming to ambient temperature, 
and at longer times (>5  h), the only species remaining 
in solution were found to be 2, 6, and a trace of 7 ,  as 
in the DMSO experiment. 


Reaction of TNB with equimolar Me4NOH 


Reaction of TNB in 70 mol% DMSO-d6-30 mol% 
H20/D20 with equimolar MQNOH (25 wt% stock 


solution in H20, 11 pl for 1 equiv., made up with DzO) 
at ambient temperature leads to the immediate forma- 
tion of signals assignable to the TNB - OH- adduct 5 at 
6 8.34 (2H,d,J= 1.0) and 6.19 ( l H , t , J =  1.0). 
Again, a resonance for the hydroxy proton was not 
observed. The I3C NMR parameters of 5 were acquired 
to characterize this adduct fully. 


Addition of equimolar MQNOH (25 wt% in H20) to 
a CD3CN-glyme-dlo (95 mol%) solution of TNB and 
subsequent monitoring at room temperature showed 
peaks assignable to 5 and solvent. In this solvent system 
the signals due to 5 occur at S 8.45 (2H, d, J =  1.0) and 
6.31 (lH,t ,  J =  1.0). The small downfield shift of the 
parameters, compared with those in DMSO-da, may 
reflect differences in hydrogen-bonding properties, etc., 
of the two solvent systems. 'I  


Reaction of TNB with 2,4,64rirnethylphenoxide ion 
The interaction of TNB with 2,4,6-trimethylphenoxide 
ion (MesO-) was re-examined in an effort to establish 
the structure of oxygen-bonded u-complexes. In the 
mesitoxide system attachment via the ortho and puru 
carbons of the phenoxide is precluded and u-complex 
formation can only occur by O-attack. 


Analogous to the TNB-PhO- system, the complete 
structural assignment of the TNB * OMes- adoduct 3 
became possible in CD3CN-glyme-dlo at -40 C. As 
the temperature of the system was allowed to rise 3 was 
observed to break down in favor of 5. The eventual 
stable product in the system is the diary1 ether 4, result- 
ing from competing NO2 displacement (Scheme 2). * Ex- 
periments carried out in the DMSO-d6 solvent system 
gave similar results overall, although the transient 
nature of 3 at room temperature and problems of peak 
overlap made assignments less definitive. 


Reaction of TNB with 3,s-di-tert-butylphenoxide ion 


To investigate further the characteristics of the 
TNB-aryloxide system, 3,s-di-tert-butylphenoxide ion 
(DTBP-) was reacted with TNB. In this system 
C-adduct formation by the ortho- or pura-carbons of 
the phenoxy moiety is blocked by the bulky meta-tert- 
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butyl groups. Accordingly, 0-attack to produce the 
TNB - DTBP- adduct 8 was observed and the adduct 
was characterized at - 40 "C in CD3CN-glyme-dlo. As 
the temperature of the system was raised to ambient, the 
diaryl ether 9 became the final product observed. 


Summary of observations 


NMR parameters of the relevant species are summarized 
in Tables 1-3. In Table 1 are given the 'H NMR 


Table 1. 'H NMR spectral characteristicsa of the u-adducts of 
TNB in DMSOb and MeCN-glyme (1 : 1)' 


Adduct HI H3,H5 Other 


Table 2. 'H NMR parameters' for the aryl ethers in DMSOb 
and MeCN-glyme (1 : 1)' 


Ether Hz,Hs H4 


gbmd 8-13, d, 
J =  1.9 


4b 7.87, d, 
J =  1-9  


4= 7.86, d, 
J =  1.9 


gbVd 8.09, d, 
J =  1.9 


lob 8.13, d, 
J =  1.9 


8.56, t, 
J =  1.9 
8.48, t, 
J =  1-9  
8.53, t, 
J =  1.9 
8-53, t, 
J =  1.9 


8-41, t, 
J =  1.9 


Other 


Ho 7.26, m; H, 7.54, m; 
Hp 7.35, m 
H3,,5, 7.06, s; o-Me 2.05, s; 
p M e  2.30, s 
Hy,5- 7.07, s; o-Me 2.07, s; 
p M e  2.31, s 
Hz, ,~ ,  7.07, d, J =  1.5 
H4' 7-35, t, J =  1.5; 


OMe 4-00, s 
t-Bu 1 *29, s 


"Chemical shifts are given in ppm measured at 400 MHz; coupling 6.86, t, 8.34, d, H, 6-66, m; H, 6.96, m; constants are in Hz. 
J =  1.1 J =  1 .1  HI, 6-46, m DMSO-d6 at ambient temperature. 


J =  1.1 J =  1.1 p M e  2.05, s dObtained from a prepared sample. 


1 c . d  


3c3d 6-89, t, 8-37, d, H3~,58 6-54, s; o-Me 2.02, s; 'CDJCN-glyme-dlo (1 : 1 v/v) at ambient temperature. 


SCzd 6.85, t, 
J =  1.2 


2b.c 5.51, s 
2 C . C  5.44, s 
5 b . c  6.19, t, 


J =  1-1 
5 C S  6.31, t, 


J =  1.0 
7 b  5 . 8 8 ,  s 


8.32, d, 
J =  1.2 t-Bu 1.15, s 
8.31, s 
8.34, s 
8.34, d, 
J =  1.1 
8.45, d, 
J =  1-0 


H20.6, 6.61, S; H4, 6.63, S; 


A2X2 7.03, 6.62; J =  8.4 
A2X2 6-87, 6.48; J =  8.6 


~~ ~ 


'Chemical shifts are given in ppm measured at 400MHz; coupling 
constants are in Hz. 


DMSO-d6 at ambient temperature. 
CCDtCN-glyme-dlg (1 : 1 V/V). 
dObtained at -40 C. 


Hydroxyl proton not observed. 


parameters of the TNB a-adducts. The parameters for 
the aryl 0-adducts (1,3 and 8) are given for the systems 
monitored in MeCN-glyme where coFplete structural 
assignment was only possible at - 40 C. Table 2 con- 
tains the 'H NMR signals obtained for the diaryl ethers. 
The ''C NMR resonances of the species are listed in 
Table 3. The ips0 position, C7, of the attached aryl ring 
in the aryloxide a-adducts was not fully resolved. For 
comparison with the diaryl ethers, the spectral 
parameters of 3,5-dinitroanisole (10) in DMSO-da are 
also given. 


Table 3. I3C NMR spectral characteristicsa of the a-adducts and aryl ethers in DMSOb and MeCN-glyme (1 : 1)' 


Compound 


1 c . d  
3c.d 
Sc,d 
2 b , c  


2' 
5 b  


5 C . f  


4b 
4c 


100 


5 b , f  


6 b . e  


9b.e 


CI 


67.9 
67.8 
67.9 
40.3 
42.6 
59.2 
59.0 
61.4 


158.4 
158-3 
160.6 
158.7 
160.3 


135.1 
135.1 
135.1 
136.1 
137.4 
134.8 
134.7 
135.4 
117.9 
115.0 
116-5 
117.3 
114.9 


c3.5 


125.8 
125.8 
125.8 
125.9 
126.2 
124.5 
124.5 
126.0 
149.0 
149.2 
151.0 
148.9 
148.8 


c4 


122.6 
122.6 
122.6 
120.3 
120.9 
120.5 
120.5 
121.2 
112.5 
111.6 
112.9 
112.1 
110.3 


Cl C8.12 


132.0 
128.5 


154.3 
147.1 
149.0 
153.7 
57.0 


115-0 
125.0 
111.5 
129.2 
131.5 


120.0 
129.9 
131.7 
114.3 


c9.11 


129-0 
129.8 
152.2 
114.9 
116-9 


130.7 
130.1 
131.6 
153.3 


c 10 c13 c14 


117.3 
125.0 20.8 17.3 
112.0 35.6 32.1 
156-6 
163.5 


125.8 
135.7 20.3 15.6 
137.8 21.4 16.6 
119.2 34.8 31.0 


'Chemical shifts are given in ppm measured at 100 MHz. 


'CDsCN-glyme-dlg (1 : 1 v/v). 
dObtained at -40 C. 
*Obtained from a prepared sample. 


g3,5-Dinitroanisole in DMSO-d6. 


DMSO-db at ambient temperature. 


Obtained from control experiment using Me4NOH. 
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Inspection of Table 1 shows that the 'H NMR spec- 
tral characteristics (HI and H3,s) of the aryloxide 
0-adducts (1,3,8) are very similar but, importantly, HI  
is markedly shifted from that of the hydroxide analog, 
5.4s'2 In fact it now appears general that the proton at- 
tached to the sp3-hybridized carbon, HI,  of 
TNB-aryloxide 0-adducts is found 0.5-0.8 ppm 
downfield from the comparable proton of 
TNB-alkoxide or hydroxide adducts, in contrast to 
previous reports. 6s8 This new assignment, however, is in 
agreement with expectations based on the observed ef- 
fect of a phenyl group on NMR parameters in other 
systems. For example, the chemical shift of the 
methylene protons of phenetole, PhOCH2CH3, are 
observed at 6 3.97 in DMSO-ds, which is ca 0.6 ppm 
downfield from the corresponding protons of diethyl 
ether (EtOCH2CH3; 6 3-38 in DMSO-d6). 


Recalling briefly the evidence concerning TNB- 
aryloxide a-complexes, Shein and co-workers 
first reported that the reaction of TNB with phenoxide 
ion in DMSO produces the 0-adduct 1 with 'H 
NMR resonances at 6 8.35 (d,J=2*0,2H), 6-22 
(t, J =  2.0,lH) and 6.5-7.4 (m, 2H). However, Buncel 
and co-workers ' only observed the C-bonded phenoxide 
adduct 2 in this system. Machacek et al. then obtained 
13C and "N NMR data for the purported 0-adduct 
formed in DMSO at ambient temperature, with the C1 
resonance found at 6 59.6ppm. From the data in 
Table 3 it is seen that this value corresponds to the 
TNB-OH- adduct. For the simpler, in principle, 
system consisting of TNB reacting with mesitoxide ion, 
Buncel et a/.* found for the supposed 0-bonded 
mesitoxide adduct 3 a signal at 6 6.20 for the sp3-bound 
proton, HI,  but it is now apparent that this species was 
also the TNB * OH- adduct. 


In this work, using 400 MHz NMR spectroscopy and 
by means of the introduction of a new low-temperature 
solvent system, we have obtained definitive evidence for 
the structures of several TNB-aryloxide a-adducts. 
Previously reported 'H and 13C NMR characteristics 
ascribed to 0-bonded phenoxide adducts, in fact, cor- 
respond to the TNB - OH- adduct with phenol (mesitol) 
generated (or present in excess) in these systems gen- 
erally obscuring the important 6 6 -8  region where the 
sp3-attached proton of the aryloxide a-adducts 
appear. 


DISCUSSION 


Reaction pathways; kinetic versus thermodynamic 
control 


The 1,3,5-trinitrobenzene-phenoxide system 
Based on the spectral observations in this study, it is 
clear that 0-attack by PhO- at the unsubstituted posi- 
tion of TNB, to produce the TNB - OPh- adduct 1, is 


the kinetically preferred interaction, as previously 
proposed. This adduct is relatively unstable and is 
rapidly replaced by the hydroxide adduct 5. l2 The latter 
species is generated through the facile reaction of TNB 
with OH-, formed in small amounts by a ther- 
modynamically unfavorable equilibrium between PhO - 
and H2O present in the DMSO solvent system 
[pKa(PhOH) = 18.0; pKa(H20) = 32.0 in pure 
DMSO 13] . Kinetically, this reaction is preferred over 
the irreversible processes (C-adduct and diaryl ether for- 
mation) between TNB and PhO-. 


The irreversible processes involve, respectively, a- 
adduct formation through attack at the unsubstituted 
position of TNB by the ortho- and para-carbon centers 
of PhO-, and nucleophilic nitrite displacement through 
0-attack at the carbon positions bearing NO2 groups. 
C-Attack is envisioned to involve rate-determining for- 
mation of a quinoidal a-complex which is rapidly 
rearomatized to form 2 (Scheme 1). The quinoidal com- 
plex is not detected, nor have related intermediates been 
observed in similar reactions. Nucleophilic displace- 
ment of the NO2 group to produce the diaryl ether 6 is 
rationalized in terms of an addition-elimination 
mechanism. l4 The proposed intermediate (Scheme 2) is 
not observed due to facile expulsion of the NO2 
group. l4 


From the product distribution found in the DMs0-d.~ 
study and the sequence of events in CD3CN-glyme-dlo, 
it is apparent that C-attack via the para-carbon posi- 
tion, to produce 2, is kinetically more favorable than 
formation of the ortho-carbon adduct 7 or the diaryl 
ether 6. Apparently, formation of the quinoidal u- 
complex (Scheme 1) is favored over the putative SNAr 
intermediate (Scheme 2) leading to ether formation. 
This result may not have been intuitively expected since 
C-attack would require extensive structural reorganiza- 
tion because the aromaticity of the phenoxyl ring is 
disrupted. However, in the quinoidal complex leading 
to C-adduct formation (Scheme l), the negative charge 
is stabilized by the ortho- and para-NO2 groups, 
whereas in diaryl ether formation the negative charge in 
the proposed intermediate (Scheme 2) cannot be 
stabilized through resonance since the NO2 groups are 
meta to the position of attack. 


Insight into the kinetic preference for para-carbon at- 
tack over ortho-carbon attack can be obtained from 
consideration of the 13C NMR resonances of the 
phenoxy ring carbon positions displayed in Table 4. The 
C4 resonance (para position) of PhOK occurs at 
6 106.4, whereas the resonance for the ortho-carbons 
(C2,6) is observed at 119- 1 ppm in DMSO-da. This ap- 
parent shielding of the para position (higher electron 
density) relative to the ortho position may account for 
the kinetic preference for para attack, although a steric 
factor may also contribute. In this regard, it is in- 
teresting to note that C-attack by PhO- at the 'super- 
eiectrophilic' centers of 2-N-(2' ,4'dinitrophenyl)- and 
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Table 4. Comparison of "C NMR parameters of the phenoxy 
and mesitoxy ring positions of the u-adducts, aryl ethers and 


parent phenoWb 


Compound c1 c2.6 c3,s c4 
PhOK 
PhOH 
PhOMe 
1 
6 
MesOK 
MesOH 
MesOMe' 
3 
4 


172-4 
157.5 
159-2 


154.3 
167.1 
151.1 
154.4 


147.1 


119.1 
115.4 
113.8 
115.0 
120.0 
122.7 
124.0 
129.5 
125.0 
129.7 


128.8 
129.5 
129.4 
129.0 
130.7 
127.8 
128.6 
129-0 
129.8 
130.1 


106.4 
118.9 
120.4 
117.3 
125.8 
111.5 
127.0 
132.1 
125.0 
135.7 


'Chemical shifts are given in ppm measured at 100 MHz. 


obtained in MeCN-glyme at - 40 'C. 
'Taken from Ref. 18, measured in DMSO-&. 


Parameters are measured in DMSO-&, except for 1 and 3, which were 


2-N-(4 ' -nitrophenyl)-4,6-dinitrobenzotriazole 1 -oxides9' 
was less selective and produced the C-adducts in a 
statistical ratio (2 : 1 favoring ortho attack). 


The 1,3,5-trinitrobenzene-mesitoxide system 
Analogous to the TNB-PhO- system, attack by MesO- 
at the unsubstituted position of TNB to form the u- 
adduct 3 was the oinitial process observed in 
MeCN-glyme at -40 C, which was followed by for- 
mation of 5 and MesOH as the temperature was slowly 
raised. As the reaction was allowed to proceed at room 
temperature, 5 and MesOH were observed to slowly give 
way to the aryl ether 4. Although in this system forma- 
tion of a a-adduct through C-attack is precluded, the 
competing NO2 displacement results in the 0-adduct be- 
ing a metastable species. 


The 1,3,5-trinitrobenzene-3,5-di-tert-butylphenoxide 
system 
As predicted, the presence of the meta-tert-butyl groups 
effectively blocked Gattack by the para- and ortho- 
aryloxy sites. The reactivity pattern observed for this 
system mimicked the TNB-MesO- system. Thus, pro- 
duction of the 0-bonded aryloxide a-adduct 8 is follow- 
ed by formation of the diaryl ether 9. The hydroxide ad- 
duct 5 is also formed as a side-product in this system. 


Stereoelectronic factors in the aryloxide a-complexes 
and the aryl ethers 
It has been well documented that in the absence of steric 
hindrance, substituents with lone pairs attached to 
aromatic rings, such as methoxy, prefer lanar confor- 
mations over gauche or perpendicular. ''In the planar 
conformation, conjugation of the p-type lone-pair 


or-bital of the heteroatom with the aromatic system is 
maximized. When this type of resonance is operative 
the ortho and para positions of the aromatic ring are 
shielded relative to the meta position. 


Using 13C NMR chemical shift data, Dhami and 
Stothers l6 found that in substituted anisole derivatives 
the ortho- and para-carbon shieldings reflect the degree 
of orbital overlap and how this is influenced by steric in- 
teractions. Using this approach, Buchanan et al. l7 
evaluated conformational preferences in aryl ethers and 
found that the para-carbon shifts could be used to 
predict the average twist angle of the phenyl rings from 
a reference plane. More recently, Fujita et al." 
measured the effect of 0-methylation on 13C NMR 
signals of ortho-disubstituted phenols in DMSO-d,j and 
found that, in general, the ortho-carbons are shifted 
5.2 ppm and the para-carbon 4.6 ppm downfield from 
the corresponding resonances of the parent phenol. This 
result was interpreted as consistent with steric inhibition 
of resonance between the methoxy group and the 
aromatic ring when the methoxy group is perpendicular 
to the r-system. Thus the 13C NMR chemical shifts of 
the ortho and para positions of an attached aryloxy 
moiety can be used as an indicator of conjugative 
stabilization. 17,1* 


In order to explore such interactions in the present 
systems, we compared the 13C NMR shift parameters of 
the phenoxy and mesitoxy moiety in the aryloxide u- 
adducts (1 and 3) and in the diaryl ethers (4 and 6 )  to 
the corresponding positions of the parent phenol and 
mesitol (Table 4). The data were recorded in DMSO-da, 
except for the u-adducts,o which were obtained in 
CD3CN-gIyme-dlo at -40 C. As discussed above, the 
relative positions of the ortho- and para- carbons serve 
as a measure of conjugative stabilization and can be us- 
ed to predict the conformational preferences of the u- 
adducts and the diaryl ethers. The arguments and trends 
for the phenoxy derivatives also apply to the di-tert- 
butyl derivatives 8 and 9, which do not possess ortho 
substituents. 


Phenoxy derivatives 1 and 6 
Considering phenol as the standard, inspection of 
Table4 shows that the chemical shifts of the ortho 
(115.4) and pura (118.9) positions of PhOH are 
shielded relative to the meta position (129- S), consistent 
with a conformation where the hydroxy group is in the 
plane of the aromatic ring allowing overlap between the 
lone pair on the oxygen and the benzenoid r-system. 
On 0-methylation to produce anisole, the ortho- 
carbons (113.8) are shifted 1.6ppm upfield and the 
para-carbon (120.4) 1.5 ppm downfield from PhOH, 
whereas the meta carbons remain in virtually the same 
position. These observations are once again in agree- 
ment with a conformation for PhOMe where the methyl 
group is approximately in the plane of the aromatic 
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ring. While this maximizes steric interactions with the 
ortho-hydrogens, it allows for the aforementioned 
conjugative interaction to occur. 


For the u-adduct 1, the ortho- (115.0) and para- 
carbon (1 17 * 3) resonances occur slightly upfield from 
those of PhOH. This indicates that the p-orbital overlap 
in this structure dominates over steric influences, 
analogous to that found for PhOMe. The conformation 
of 1 which fits this description is shown by la. In this 
conformer the sp3-bound proton of the attached TNB- 
moiety is almost in the plane of the phenoxy ring 
whereas the ortho-NO2 groups are perpendicular; this 
conformation allows for maximum overlap in the 
phenoxy moiety and possesses only moderate steric 
interactions. 


.. 


02" 


l a  


In the diary1 ether 6 the ortho- and para-carbon 
resonances of the phenoxy moiety are shifted 4 -6  and 
6.9ppm downfield from those of PhOH, consistent 
with reduced conjugative overlap. For diphenyl ether 
itself, a variety of experimental and theoretical ap- 
proaches suggest that the molecule adopts a helical con- 
formation in which the twist angle lies in the vicinity of 
25-50'. However, evidence has been adduced show- 
ing that the electron-withdrawing NO2 group is able to 
effect a conformational preference in diaryl ethers by 
enhancing through-conjugation. 17*20 Comparison of 
the chemical shifts in the 3,5-dinitrophenyl ring of 6 
with the corresponding ring of 3,5-dinitroanisole (10) 
reveals only slight differences (Table 3). In 
3,5-dinitroanisole it is reasonable to presume that the 
methoxy group is coplanar with the n-system (no ortho 
substituents) and the upfield resonances of the ortho 
(114.9) and para (110.3) positions are consistent with 
this deduction. It may therefore be concluded that in 6 
the conjugative overlap is with the 3,5-dinitrophenyl 
ring and not with the attached phenoxy group, in accord 
with the greater electron-withdrawing capability of the 
3,5-dinitrophenyl ring. The NO2 groups are not envi- 
sioned to exert an unfavorable steric influence in such a 
conformation. 


Mesitoxy derivatives 3 and 4 
For the parent mesitol (MesOH) in DMSO-da the ortho- 
and para- carbon resonances are observed at 6 124.0 
and 127 * O  ppm (Table 4). On 0-methylation, these sites 
are shifted downfield by 5 - 5  and 5 - 1 ppm, respectively, 
which indicates that the methoxy group 


in MesOMe deviates from planarity. For 
2,6-dimethylanisole, Buchanan et a/. predicted on the 
basis of 13C NMR data that the angle of deviation is 
44', whereas evidence obtained from photoelectron 
spectroscopy2' leads to the conclusion that the OMe 
group in 2,ddimethylanisole assumes a perpendicular 
arrangement with respect to the benzene ring. Hence the 
preferred conformer of MesOMe appears to be one with 
perpendicular OMe, in which steric interactions between 
the OMe group and the aromatic ortho-methyls are 
minimized, and overlap between the oxygen p-orbital 
and the aromatic ring is correspondingly greatly 
diminished. 


In the aryloxide a-adduct 3, the ortho- and para- 
carbon resonances occur at 6 125.0 ppm, differing only 
slightly (1 and 2 ppm, respectively) from those of 
MesOH, which points to a planar geometry for 3 with 
maximum p-n overlap. Inspection of molecular models 
(CPK and Darling) suggests that a planar configuration 
of 3 (i.e. 3a) does not possess appreciable additional 
steric hindrance over planar MesOMe. In 3a the 
sp3-bound proton of the TNB- group is almost in the 
plane of the mesitoxy moiety, whereas the NO2 groups 
are perpendicular. However, in contrast to MesOMe, 
which has been shown to adopt a perpendicular confor- 
mation to alleviate steric interactions, a perpendicular 
conformation for 3 (i.e. 3b) exhibits highly unfavorable 
steric interactions. Also, if in 3b the TNB- moiety is 
rotated, there will be unfavorable interactions between 
one of the nitro groups and the aromatic ring. Since a 
perpendicular geometry (3b) does not relieve steric hin- 
drance in the a-adduct, a planar configuration is 
adopted which can benefit from orbital overlap. 


3a 


3b 


In the diaryl ether 4, the ortho- and para-carbon 
resonances occur 5.7 and 8.7 ppm, respectively, 
downfield relative to MesOH (Table 4). Analogous to 
the situation for 6 ,  the preferred conformer places the 
mesitoxy moiety in the plane of the 3,5-dinitrophenyl 
ring, resulting in orbital overlap with the latter moiety. 
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The least sterically hindered rotamer directs the ortho- 
hydrogens of the 3,s-dinitrophenyl ring into the 
mesitoxy r-system and away from the ortho-methyls. 
This rotamer, previously called the ‘H-inside’ 
conformer,’ was also proposed as the preferred confor- 
mation of 4 in our ‘H NMR studies of this system. 


CONCLUSIONS 
The results of these studies on the course of the 
reactions of 1,3,5trinitrobenzene (TNB) with an ambi- 
dent nucleophile, phenoxide ion, and with mesitoxide 
(MesO- ) and 3,s-di-tert-butylphenoxide (DTBP- ), 
permit us to draw the following conclusions. 


The 0-bonded TNB-OAr- u-adducts 1,3 and 8 are 
kinetically favored and are observed first in the NMR 
spectra at -30°C in MeCN-glyme as the solvent 
system. Results in DMSO are similar but less definitive. 


From the ‘H NMR spectral characteristics, the 
sensitive HI sp3-bound proton of the TNB-OAr- u - 
adducts is markedly different from those of alkoxide 
and hydroxide analogs. This proton appears 
0.5-0.8 ppm downfield from the comparable proton of 
alkoxide or hydroxide adducts. 


As the temperature of the reaction system is increas- 
ed, the TNB OAr- a-adducts are observed to give way 
to the TNB - OH- adduct 5 as a result of reaction of 
OH- from adventitious H20 in the MeCN-glyme or 
DMSO media. 


The final products in these systems are the diaryl 
ethers 4, 6 and 9 and the C-bonded adducts 2 and 7. In 
the PhO- system, C-attack is favored over NO2 
displacement. The irreversible formation of these 
species renders them the ultimate products of ther- 
modynamic control. 


From the I3C NMR parameters it was concluded that 
the a-adducts 1,3 and 8 adopt a planar configuration in 
which conjugation of the p-type lone-pair orbital of the 
oxygen with the aromatic r-electron system is maximiz- 
ed. In the diaryl ethers 4.6 and 9, the orbital overlap oc- 
curs preferentially with the 3,s-dinitrophenyl moiety. 


EXPERIMENTAL 


Materials and methods. 1,3,5-Trinitrobenzene TNB 
was prepared by nitrating 1 ,3-dinitrob$nzene2’ an! 
recrystallized from ethanol, m.p. 121 C. CDsCN, 
DMSO-da an! glyme-dlo (Merck) were dried by treat- 
ment with 3 A molecular sieves. 18-Crown-6 (Aldrich) 
was recrystallized from acetonitrile, then dried under 
vacuum [ < 1 Torr (133.3 pa)] before use. Trifluoro- 
acetic acid (TFA) and tetramethylammonium hydroxide 
(MedNOH, 25 wt% solution in water) (Aldrich) were us- 
ed without further purification. 1 ,4-Dibromobenzene 
(Eastman) was recrystallized $om ethanol and dried in 
vacuo (<1  Torr), m.p. 89 C. Potassium ethoxide 


(EtOK) solutions were prepared from freshly cut 
potassium metal and dry EtOH (distilled from mag- 
nesium turnings23) under nitrogen and standardized 
with potassium hydrogen phthalate. Phenol (BDH) was 
distilled under vacuum and stored and handled in 
an argon-filled dry-box. 1,3,5-Trimethylphenol 
(mesitol, MesOH) and 3,5-di-tert-butylphenol (DTBP) 
(Aldrich) were purified by recrystallization from light 
petroleum. 


Following the method described by Kornblum and 
Laurie” for the preparation of phenoxide ion, 
potassium 3,s-di-tert-butylphenoxide (DTBP- ) was 
prepared from the phenol and EtOK-EtOH as a col- 
orless powder. Its ‘H NMR spectrum in DMSO-da 
showed the following resonances: 6 5-90 
(lH,t ,  J =  1.7), 5.86 (2H,d, J =  1.7) and 1.16 
(18H, s). PhOK and MesOK were prepared in a similar 
fashion. 


The NMR experiments were carried out on a Bruker 
AM-400 spectrometer (‘H, 400 MHz, ”C, 100 MHz) in 
CD3CN-glyme-dlo (1 : 1 v/v) and in DMSO-da. In the 
mixed solvent system, CDzHCN served as reference 
(‘H, 1-93) and lock signal, while spectra recorded in 
DMSO were referenced to the DMSO-dsH peak (2.50). 
Chemical shifts are given in parts per million (ppm), 
coupling constants in Hz. For I3C NMR experiments, 
spectra were ac uired using the J-modulated (JMOD) 
pulse sequence!’ The spectra were recorded with the 
CH and CH3 signals displayed in the positive direction 
and quaternary carbon and CH2 signals in the negative 
direction. Wilmad PP-507 NMR tubes (5 mm) were us- 
ed in all experiments. All stock solutions and the NMR 
tubes were capped with rubber septa and swept out with 
nitrogen prior to injection of the reactants. 


A representative experiment in DMSO. A TNB stock 
solution (0-513 M) was prepared by dissolving 54.7 mg 
of the substrate in 500 pl of DMSO-d6. An initial sam- 
ple was prepared by injecting the substrate solution 
(100 p l )  into an NMR tube containing solvent (285 pl) 
and DBB (5 pl of a 1 M stock solution). DBB function- 
ed as the internal integration standard. Injection of the 
relevant quantity of PhOK (1 10 pl for 1 equiv.) initiated 
the reaction. Spectra were recorded at various intervals 
as the reaction proceeded. 


In a separate experiment, 1 equiv. of PhOK was add- 
ed to the NMR tube containing the TNB solution. After 
acquisition of an initial spectrum (ca 3 min after mix- 
ing), TFA (5 pl) was added and the spectrum again 
recorded. 


The reaction of TNB with MesOK and with DTBPK 
in DMSO-da were carried out in an analogous fashion. 


Low-temperature NMR experiments in MeCN-glyme 
(I : I). Typically, 1 equiv. of PhOK was dissolved in a 
1 : 1 (v/v) mixture of CDJCN and glyme-dlo. This solu- 
tion (300~1) was injected into an NMR tube and the 
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solution frozen by immersion in liquid nitrogen. To the 
frozen solution was added 1 equiv. of TNB (200 pl; final 
concentrations 0.1 M). The resulting mixture wfs plac- 
ed in a dry-ice-acetone bath maintained a t  - 50 C. The 
contents of the tube were slowly allowed to  mix and the 
tube was again immersed in liquid nitrogen. The2ample 
was transferred to the spectrometer probe (- 40 C) and 
spectra were recorded at various intervals, a standard 
sequence being 3,5,7,  and 9 min and then as warranted 
by the observed changes. At the same time the 
temperature of the probe would gradually be raised. 


In separate experiments the 'H NMR spectral 
characteristics of the 0-bonde! aryloxide a-adducts 
were quickly obtained at -40 C, and then the 13C 
NMR parameters were obtained at this temperature. 
The I3C NMR parameters of the para-carbon-bonded 
adduct 2, the hydroxide adduct 5 and the diaryl ethers 
4, 6 and 9 were obtained at room temperature. 


For the reaction of TNB with DTBPK in 
CD3CN-glyme-dlo (1 : 1 v/v), the stock solution of 
nucleophile contained 18-crown-6 (final concentration 
0.1 M). 


3J-Dinitrophenyl phenyl ether (6). TNB (1 -02 g) 
was dissolved in 10ml  of dry DMSO (distilled over 
CaH2). To this stirred solution was added 15 ml of a 
DMSO solution of PhOK (1 equiv.) and the resulting 
dark-red solution was stirred for 24 h. The mixture was 
then acidified (1 ml of TFA) and DMSO removed under 
vacuum. The resulting red slurry was extracted with 
light petroleum and the extracts were combined and 
concentrated to  give 0.095 g (7.6%) of crude 6. 
Recrystallization irom ethanol afforded the pure diaryl 
ether, m.p. 118 C. 'H NMR (DMSO-da), 6 8.56 
(H4, t, J =  1 -9), 8 * 13 (H2.6, d ,  J =  lag), 7 -54 (Hmetu, m), 
7 -35 (Hparu, m), 7.26 (Horfho, m). Analysis: calculated 
for C12H805N2, C 55.39, H 3.10, N 10.77; found, C 
53.65, H 3.20, N 10.32%. 


3,5-Dinitrophenyl 3,5-di-tert-butylphenyl ether (9). 
In a similar fashion to the preparation of 6, the diaryl 
ether 9 was obtained in 80% yield, m.p. 137 C (from 
ethanol). 'H NMR (DMSO-da), S 8 .53  (H4,t, J =  1-9), 
8.09 (H2,6,d, J =  1.9), 7.35 (H49,t, J =  1.5), 7.07 
(H2~,6',  d, J =  1.5),  1.29 (t-Bu, s). Analysis: calculated 
for CZOHUOJNZ, C 64-50, H 6-50, N 7.52; found, C 
64.14, H 6.31, N 7.41%. 
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A COMPARISON OF THE RELATIVE MAGNITUDES OF THE 
INTERACTION ENERGIES BETWEEN FUNCTIONAL GROUPS 


WITH ZERO, ONE AND TWO INTERVENING 2p AOs ON 
CARBON, AND SUBSTITUENT EFFECTS ON THE RELATIVE 


GROUND-STATE ENERGIES OF E-l,2-DISUBSTITUTED ETHENES 


DANIEL J. PAST0 
Department of Chemistry and Biochemistry, ffniversity of Notre Dame, Notre Dame, Indiana, 46566, (I. S. A 


Ab initio theoretical calculations have been carried out on directly bonded donor-acceptor (X-Y) species and on 
variously substituted E-1,Zdisubstituted ethanes, and r interaction energies have been estimated. In conjunction with 
the previously calculated radical stabilization energies of mono- and disubstituted methyl radicals, a comparison is 
made of the relative magnitudes of the T interaction energies between groups with zero, one and two intervening 2p 
AOs on carbon atoms. It is concluded that the stabilizing effect of the T interaction between directly bonded donor 
X and acceptor Y groups (zero intervening 2p AOs) is approximately 2.1 times that in the disubstituted methyl radicals 
(one intervening 2p AO), while in the E-1,2-disubstituted ethenes (two intervening 2p AOs) the stabilizing effect is - 0.7 of that calculated for the disubstituted methyl radicals for both acceptor-donor and acceptor-acceptor 
disubstituted systems. No correlation is observed with the T stabilization energies of the ‘cross-conjugated’ 1,l-  
disubstituted ethenes. 


INTRODUCTION 


Organic chemists have long been interested in the effects 
of the interactions between functional groups, and the 
transmission of such effects through ?r systems. Prior 
theoretical studies by the author have focused on the 
effect of various substituents on the relative stability of 
mono-’ and disubstituted’ methyl radicals, and 1,l- 
disubstituted ethenes. Except for the extremely elec- 
tronegative groups such as R3N+-, R2S+-, R3P’- and 
fluorine substituents, all other functional groups, both 
electron donating and electron withdrawing, stabilize a 
radical center relative to the hydrogen atom. The cal- 
culated radical stabilization energies (RSEs) of substi- 
tuted methyl radicals are in very good agreement with 
the results of various experimental studies carried out 
by Bordwell and  coworker^.^ The results of the calcu- 
lations on the disubstituted methyl radicals strongly 
suggest that the ‘captodative effect’ concept is not 
universally valid; some acceptor-donor (AD) combi- 
nations provide an extra stabilization over the sum of 
the stabilizations provided by the individual substi- 
tuents, while other AD combinations result in net desta- 
bilization. ’ Furthermore, the results of the calculations 
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indicate that certain diacceptor (AA) disubstituted 
methyl radicals derive net extra stabilization, in con- 
trast to the suggestion of the captodative effect 
concept. Didonor @D) disubstituted methyl radicals 
suffer substantial net destabilization.’ The more recent 
calculations on 1, I-disubstituted ethenes indicate that 
AD and AA 1,l-disubstitution results in significant 
ground state destabilization (and enhanced reactivity 
toward radical addition), while the effect of DD 1, l -  
disubstitution varied considerably, from providing a 
high degree of ground state stabilization to a high 
degree of ground state destabilization. A reasonably 
good linear correlation between the rates of addition of 
free radicals with the ELUMO of substituted alkenes was 
observed. In the present article are reported the resu!) 
of theoretical calculations on directly bonded donor (X) 
and acceptor (Y) groups and on variously substituted 
1,2-disubstituted ethenes, which allows for a com- 
parison to be made of the relative magnitudes of the ?r 


interaction energies between X and Y groups with zero, 
one and two intervening 2p AOs on carbon. 


The present calculations have been carried out at the 
4-31G basis-set level with full geometry optimization 
using the GAUSSIAN86 package of programs. 
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Although it must be recognized that, ideally, polariz- 
ation functions should be included in the basis set for 
these heteroatom-containing systems, the 4-3 1G basis 
set was chosen for this study in order to be able to make 
comparisons with the results of the earlier theoretical 
studies',' carried out at the 4-31G level. The 4-31G 
basis set was originally dictated (1984) by the large 
number of species ultimately included in those studies 
(a total of 209 mono- and disubstituted methyl radicals 
and disubstituted methanes) and the computing capa- 
bilities available at the initiation of the studies. 
Although one may question the accuracy of the results, 
qualitative trends are readily apparent, and the com- 
parison of the calculated radical stabilization energies 
with experimental values is e~ce l len t .~  It would not be 
realistic to try to carry out calculations at a higher 
basis-set level on all of the species required for the 
analysis presented in this article. 


DIRECTLY BONDED X AND Y GROUPS 


In this article we will consider only the interactions 
between the donor groups HO- and HzN-(X) and the 
acceptor groups H2B-and-CHO (Y) in the directly 
bonded systems (X-Y) for reasons that will become 
apparent later. For the evaluation of the a interactions 
between X and Y groups structures 1-4 were selected 
for study. (The various conformations of 1-4 have 
been the subject of prior theoretical studies which will 
not be documented here.) In 1 and 2 the major 
resonance contributing structures are shown in 
equation ( l ) ,  in which structure 6 is the major con- 
tributor to the a interaction between the two groups. 
The contribution of 6 to the resonance hybrid of 1 and 
2 cqntributes to the 'double bond character' between 
the X and Y groups and the a charge density on the X 
and Y groups as indicated by the ?r Mulliken popula- 
tions and charges. In 3 and 4 the resonance interaction 
illustrated in structure 8 [equation (2)] sjmilarly 
imparts 'double bond character' between the X and Y 
groups. 


The resonance delocalization between the X and Y 
groups illustrated in resonance structures 6 and 8 can 
only.be present when the local planes of symmetry in 
the X and Y groups are coincident, and will not be 
present when the internal planes are perpendicular. 
(This precludes the inclusion of the -C=N and 
-C=C-R groups in this study because of the presence 
of two equivalent orthogonal a systems.) Ab initio 
calculations have been carried out on the all-planar 
conformations of 1-4 and on the perpendicular confor- 
mations maintaining the bond distances and bond 
angles the same as in the optimized all-planar confor- 
mations, and also with full geometry optimization. In 
the case of 1 and 3, calculations have been carried out 
maintaining the nitrogen atom planar and also allowing 
for pyramidalization. The total energies of all of the 


structures of 1-4 are given in Table 1, and the ?r 


charges and Mulliken populations of the planar species 
1-4 are given in Table 2. The a Mulliken populations 
and a charges calculated for 1 and 2 jndicate an exten- 
sive 'double-bond character' to the X-Y bond (the a 
Mulliken population of ethene is -0.26).  


HzN-BHz HO-BH2 HzN-CHO HO-CHO 
1 2 3 4 


+ -  x - y w x = y  (1) 
5 6 


A critical question that must be answered is, how 
does one quantitatively assess the stabilization afforded 
a species by the functional group interactions implied in 
the resonance contributing structures 6 and 8? It is, in 
fact, strictly not possible to do. Calculations have been 
carried out on the all-planar and perpendicular struc- 
tures of 1-4; the perpendicular structures not allowing 


Table 1 .  Total energies for the planar 
and perpendicular conformations of 


structures 1-4 


Structure Eta, (au) 


HzN-BHz -81.37858 
HzN-BHz (pno)" - 81 '32048 
HzN-BHz ( P ) ~  - 81 * 32492 
HzN-BHz (npp)' - 8 1.32492 
HO-BHz - 10 1 * 17676 
HO-BHz (pno)" -101 '15541 
HO-BHz ( ~ 0 ) ~  - 101 * 15902 
HzN-CHO - 168 * 681 59 
H2N-CHO (pno)" - 168.64383 
HzN-CHO ( ~ 0 ) ~  -168 '64730 
HzN-CHO (npp)' - 168 '64978 
HO-CHOe - 188.47562 
HO - CHO' - 188.45633 
HO-CHO (pno)" -188.45474 
HO-CHO ( ~ 0 ) ~  - 188.45633 


'Perpendicular, non-optimized structure 
having the bond distances and angles the same 
as in the planar, optimized structure. 
'Perpendicular, optimized structure with 
planar nitrogen. 


Perpendicular, optimized structure with para- 
madilized nitrogen. 


Perpendicular optimized structure. 
' Z-anti-conformation. 
E-anti-conformation. 
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Table 2. Total T charges and A Mulliken populations for the 
planar structures of 1-4 


?r Chargea 


Structure X Y a Mulliken population 


H2N-BH2 ( 1 )  +0.240 -0.240 0.130 


H2N-CHO (3) +0.186 +0.279b 0.051 
HO-CHO‘ (4) +0.133 +0*291b 0.039 


HO-BH2 (2) +0*183 -0.183 0. loo 


‘Based on gross orbital populations. 
bFor the carbon atom of the CHO group. 
For the lowest-energy Z-onri-conformation. 


for the n delocalization implied in structures 6 and 8. In 
going from the all-planar to the perpendicular struc- 
tures, the R overlap between the X and Y groups is des- 
troyed. However, the lower-lying u MOs have also 
undergone a significant decrease in delocalization, i.e. 
the u MOs of the planar structures are more delocalized 
than in the perpendicular structures. While the non- 
bonding pairs of electrons on the X groups are delocal- 
ized by interaction with the vacant 2p A 0  on the boron 
atom or the C=O A bond in the all-planar species, in 
the perpendicular structures the non-bonded pairs of 
electrons are delocalized by mixing with the n-type u 
group orbitals, resulting in a stabilizing effect. In the 
present analysis it will be assumed that the various u 
effects cancel, and that the energy difference between 
the all-planar and perpendicular structures will closely 
represent the n interaction energy, AE,. The values of 
the calculated A E d  are given in Table 3. The magni- 


Table 3. AE,s for structures 1-4 


Structure AE, (kcal mol-’) 


la 
l b  


lC 
2a 
2b 
3a 
3 b  


3c 
4a.d 
4b 


36.46 
33.67 
33.67 
13,40 
11.13 
23.69 
21.52 
19.96 
13.10 
12.10 


‘Based on perpendicular, non- 
optimized structure with planar 
nitrogen. 


Based on perpendicular, optimized 
structure with planar nitrogen. 
’ Based on perpendicular, optimized 
structure with non-planar nitrogen. 


Based on the Z-onti-conformation of 
the planar structure. 


tudes of the A E a  vary considerably, decreasing with 
increasing electronegativity of the donor X group, and 
decreasing with increased charge separation. 


1 ,ZDISUBSTITUTED ETHENES 


Calculations have also been carried out on a number of 
AD, AA and DD E-1,Zdisubstituted ethenes. (Calcu- 
lations have not been carried out on the Z-1,2- 
disubstituted ethenes in ..order to avoid long-range 
interactions between the X and Y groups which might 
contribute to the total energies of the systems and make 
it more difficult to determine the a stabilization ener- 
gies. Calculations were carried out only on the anti con- 
formations of the HO-containing systems and the 
s-trans conformation of the CHO-containing systems.) 
The Etots, ~EHOMOS,  ~ELUMOS and the CIS at C1 and C2 
in the R HOMOs and LUMOs are given in Table 4. The 
corresponding data for the monosubstituted ethenes 
appears in reference 3. The AE12s for the overall change 
in total energy for the isodesmic reaction shown in 
equation (3) are given in Table 5 .  The AElzs are taken 
as a measure of the n interaction energy between the X 
and Y groups that is transmitted through the C=C x 
system. 


H Y H  H 
\ / \ / 


/ \ / \ 


X H H  H 


c=c + c=c -+ 


H H H  Y 
\ / \ / 


/ \ / \ 


X H H  H 


c=c + c=c (3) 


An analysis of the data in Table 5 reveals a significant 
difference between the AD 1,2-disubstituted 
(‘push-pull’) systems and the AA and DD 1,2- 
disubstituted systems. The AD systems all enjoy signifi- 
cant ground-state stabilization (positive AEl2s). The 
extent of the stabilization is quite dependent on the rela- 
tive electronegativity of the acceptor and donor groups, 
decreasing with increased electronegativity of the donor 
group and increasing with increased electronegativity of 
the acceptor group, In contrast, both the AA and DD 
disubstituted systems suffer significant ground-state 
destabilization (negative AElzs). 


An analysis of the data appearing in Table 4 shows 
that the R HOMOs become lower in energy in the 
sequence DD < AD < AA, while the x LUMOs become 
higher in energy in the sequence AA < AD < DD. The 
HOMO-LUMO energy gaps (AEHOMO - LUMO) are 
similar in the AD and AA systems (11-9-13.2 and 
11-6-12.2 eV), and are considerably less than in the 
DD systems (13-6-14.6 eV). In the previous theoretical 
study on the 1,l-disubstituted ethenes, a reasonably 
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Table 4. EI~IS, ~EHOMOS, UELUMOS, AE(HOMO-LUMO) and u coefficientsa for 1,2-disubstituted ethenes 


System X Y R o t  (au) EHOMO (eV) ELUMO (eV) EHOMO-LUMO Cl c2 
~~ 


AD NH2 


OH 


NH2 


OH 


NH2 


OH 


AA BH2 


BHz 


BHz 


CN 


CN 


CHO 


DD NHz 


OH 


OH 


BH2 


BH2 


CN 


CN 


CHO 


CHO 


BH2 


CN 


CHO 


CN 


CHO 


CHO 


NH2 


NHz 


OH 


- 158.1 1047 


- 177 * 89580 


-224.47737 


-244.26314 


- 245.44249 


- 265 * 22677 


-1 28.35705 


-194.73385 


-215.69725 


- 261.10196 


- 282.06772 


- 303.03293 


- 187.81 125 


-207.61025 


-227.40579 


-8.6467 


- 9.7732 


- 8.8769 


- 9.9892 


- 8.8679 


-10.0036 


-10.7310 


-10.9816 


-1 1.0403 


-11.2322 


-11.2477 


-1 1 -2703 


-6.6163 


-7.6029 


- 8.7014 


+3*3008 


+2*6295 


+3.9027 


+ 3 * 2292 


+ 3.4099 


+2.7906 


+0.9107 


- 0.8598 


+ 0-8375 


+0*9853 


+ 0.8835 
+ 0.8443 


+ 7.0024 


+ 6.4748 


+5.8776 


1 1 *9475 


12 *4027 


12.7796 


13.21 84 


12.2778 


12.7942 


11 -6417 


11-8414 


11.8778 


12-2175 


12.1312 


1 2.1 146 


13.61 87 


14.0777 


14.5790 


0.583 0.309 
0.120 0.675 
0.566 0.411 
0.173 0.637 
0.581 0.332 
0.541 0-902 
0.502 0.407 
0.585 0.855 
0.576 0.325 
0.322 0-762 
0.549 0.421 
0.375 0-722 


0-513 0.513 
0.362 0.362 
0.461 0.480 
0.546 0-364 
0-486 0.509 
0.474 0.359 
0.449 0.449 
0.641 0.641 
0-460 0.465 
0.522 0.588 
0.485 0-485 
0.491 0.491 


0.475 0.475 
0.977 0.977 
0.424 0.543 
1-003 0-917 
0.508 0.508 
0.944 0.944 


~~ ~ 


'Top row of coefficients are for the HOMO, second row are for the LUMO 


Table 5 .  AEtoIs for the isodesmic reaction shown in 
equation (3) 


System X Y AE,, (kcal mol-') 


BHz 
BH2 
CN 
CN 
CHO 
CHO 


BH2 
CN 
CHO 


+9.69 
+5*45 
+5*27 
+1*30 
+6.04 
+1.13 


-2.97 
-1.18 
-1.49 


good linear correlation between the relative rates of 
alkyl-free radical addition versus ELUMO of the com- 
bined AD and AA disubstituted ethenes was observed. 
With the 1,2-disubstituted ethenes there is insufficient 
experimental data with which to carry out such a com- 
parison. However, one would anticipate that the AA 
and DD disubstituted systems would be more reactive 
than the AD disubstituted systems toward free-radical 
addition. 


COMPARISON OF ?r INTERACTION ENERGIES 
BETWEEN GROUPS SEPARATED BY ZERO, 


CN CN -4-84 ONE AND TWO INTERVENING 2p AOs 


CHO CHO -2.85 The discussion of the relative magnitudes of the ?r inter- 
action energies between the various functional groups 
will use as a reference point the radical stabilization DD NHz NH2 


energies (RSEs) of the disubstituted methyl radicals, OH NH2 


the RSEs being defined as the overall change in total 


CN CHO -3.68 


-10.67 
-6.34 


OH OH -4.19 
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I I 


10 20 30 40  
10 


RSE (kcal mole-1) 


Figure 1. Plot of AEx for the AD X - Y  species versus the 
radical stabilization energies (RSEs) of disubstituted methyl 


radical 


energy of the species in equation (4): 


x-CH-Y + C H ~  + X-CH'-Y + C H ~  (4) 
The use of the RSEs as a focus for the comparison of 
the T delocalization energies has been made on the basis 
of the greater number of disubstituted methyl radicals 
and 1,l- and 1,2-disubstituted ethenes for which 
calculational results are available. 


Figure 1 displays the plot of AE, versus RSE for 
structures 1-4. The vertical ranges in AE, represent the 
extremes for the values of AEm for each structure given 
in Table 3. The horizontal ranges of the RSEs represent 
the extreme values of the RSEs calculated for the 
different conformations possible relating the kinetic 
and thermodynamic relationships between the confor- 
mations of the disubstituted methyl radicals and the 
disubstituted methanes.' The slope of the plot is -2.1, 
indicating that the A interaction in the directly bonded 
X-Y species is roughly twice that in the disubstituted 
methyl radicals. Figure 2 displays the plot of the RSEs 
versus the AElzs. Again, the horizontal bars indicate 
the range of the RSEs as indicated above. (There are no 
ranges for the AE12s.) Interestingly, this plot shows 
very reasonable linearity including both AD and AA 
disubstituted systems. The slope of this plot is - 1.6, 
indicating that the effect of the A interaction in the 
disubstituted methyl radicals is - 1 a 6  times more effec- 


0 10 20 30 
RSE (kcal mole-') 


1 


Figure 2. Plot of the radical stabilization energies (RSEs) of 
disubstituted methyl radicals versus A E I Z  of E-l ,2-  


disubstituted ethenes 


0 10 20 30 4 0  


RSE (kcal mole-I) 
Figure 3. Plot of the radical stabilization energies (RSEs) of 
disubstituted methyl radicals versus AElls for 1, l -  


disubstituted ethenes 
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tive than in the E-1,2-disubstituted ethenes, and that in 
the directly bonded species the ?r delocalization is -2.7 
times more effective. This attenuation in the ?r interac- 
tions must arise from a decrease in the extent of the 
contribution of the dipolar resonance contributing 
structures due to the increase in work expended to sep- 
arate the charges in the bipolar structures. Figure 3 
shows the plot of the RSEs versus the A E I ~ s  (the overall 
change in energy for the isodesmic reaction relating 1,l- 
disubstituted ethenes and ethene versus the monosubsti- 
tuted ethenes). There is obviously no correlation 
between the two systems. This is not at all surprising, 
because the ?r systems in the directly bonded X-Ys, di- 
substituted methyl radicals and the E-l,2-disubstituted 
ethenes are ‘through conjugated’ systems, whereas the 
1,l-disubstituted ethenes are ‘cross conjugated’ 
systems. 
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ACIDITY CONSTANTS OF BENZAMIDE AND SOME 
ORTHO-SUBSTITUTED DERIVATIVES 


BEGOI;IA GARCIA,* ROSA M. CASADO, JULIO CASTILLO, SATURNINO IBEAS, 
INMACULADA DOMINGO AND JOSG M. LEAL* 


Universidad de Valladolid, Departamento de Quimica Fisica, Colegio Universitario Integrado, 09001 Burgos, Spain 


Acidity constants of benzamide and seven ortho-substituted derivatives were determined. Except for o-nitro- 
benzamide, all the amides exhibit medium effects. The data were treated by vector analysis. o-Aminobenzamide 
displays two protonation equilibria. The second acidity constant was determined by vector analysis and by the excess 
acidity function, since the acid strength provided by perchloric acid is insufficient for complete protonation. Different 
acidity functions and the ortho substituent effect on ionization of the amide group are eompared. 


INTRODUCTION 
We have previously obtained"' the acidity constants of 
weak bases from UV-visible measurements: the spec- 
tral curves recorded as a function of acidity showed well 
defined isosbestic points. Measurements of ionization 
ratios I= CBH+/CB from the absorbance readings and 
derivation of the corresponding acidity constants fol- 
lowed. However, unreliable ionization ratios may arise 
from direct measurements for bases with spectral curves 
distorted by medium effects, such as benzamide and 
some ortho-substituted derivatives. Several corrections 
for medium effects on spectral curves have been pro- 
posed. According to factor a n a l y ~ i s , ~ , ~  the absorbance 
of many carbonyl compounds is expressed as an 
average absorbance, A, corrected by two characteristic 
vectors, u1 and u2: 


(1) 


In this work, the weighing factors CI and cz 
were determined for the absorbances of benzamide, 
o-ethoxybenzamide, salicylamide, o-chlorobenzamide, 
o-bromobenzamide, o-toluamide, o-nitrobenzamide, 
o-aminobenzamide and o-fluorobenzamide. The sets of 
spectral curves for these bases, averaged curves and first 
characteristic vectors were obtained. Using the resulting 
sets of c1 values, ionization ratios were measured for 
each perchloric acid concentration, and applied to the 
calculation of ~ K B H +  values. Only o-nitrobenzamide 
exhibited no medium effects; its ionization ratios were 
measured using direct readings of absorbances. Only 
o-aminobenzamide displayed two protonation equi- 
libria; protonation of the amine group, which occurred 


0 1993 by John Wiley & Sons, Ltd. 


A = A  + C l V l  + czu2 


0894-3230/93/02010 1 -06$08 .OO 


within the pH range 1-1-5-6, showed no medium 
effects and its ~ K B H +  value was obtained as described 
previously. 2*697 The acid strength of perchloric acid is 
insufficient for completion of the second protonation. 
Hence, direct calculation of the absorbances and c1 


factors is impossible; however, they can be determined 
by a simple procedure. Acidity constants of equilibria 
occurring at high acidity levels were calculated by 
means of Hammett-Deyrup', Cox-Yatesg and 
Marziano et al. lo equations. 


RESULTS AND DISCUSSION 


Medium effects were displayed by all the amides investi- 
gated except o-nitrobenzamide. o-Aminobenzamide 
undergoes two acid-base equilibria; the first acidity 
constant stems from absorbance readings at 208 nm6 
(Figure 1). Figure 2 shows the spectral curves corre- 
sponding to the second equilibrium. Figure 3 shows the 
results of vector analysis of the same spectral curves. 
Table 1 gives ionization ratios for o-nitrobenzamide, 
together with the c1 factors at different acidities for the 
other amides, from which ionization ratios were 
measured. Acidity constants were calculated from the 
following equations: 


Hammett-Deyrup: ' 
Corrected Hammett-Deyrup: 


Cox-~ates: '*lo 


log I =  - m H .  + pKBH+ 


log I =  - mHA + mpKBH+ 


(2) 


(3) 


(4) log I - log GI+ = m *X + ~ K B H +  
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Marziano and co-workers: 11,12 


log 1- log c H +  = - n ~ h f c  4- PKBH+ ( 5 )  


where CH+ is the molar concentration of solvated pro- 
tons, X i s  the excess acidity function, m, m* and nB are 
the slope parameters and KBH+ is the dissociation con- 
stant of the conjugated acid of base B. The acidity 
function HA was used as defined for amides and calcu- 
lated by Attiga and R~ches te r ’~  and Yates et The 
pK2 value for o-aminobenzamide was also estimated 
with unsatisfactory results using the acidity function H+ 
defined by Lowell et af.” for cationic amides. The 


acidity constants calculated by means of equation (3) 
using HA are in close agreement with those calculated 
by means of equations (4) and (9, regardless of which 
acidity function is used (Table 2). 


According to Levi et al.’s assumption of solvation, l6 
m = 1 for bases with the same solvation requirements as 
Hammett’s protonated indicators: rn > 1 if solvation of 
the first indicator is higher, and rn < 1 in the opposite 
case. Table 2 reveals that rn < 1 using HA only for ben- 
zamide, indicating that benzamide is more solvated 
than the ortho-substituted derivatives; values of rn < 1 
have also been reported for amides other than ortho- 
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Figure 1 .  Ultraviolet absorption spectra of o-aminobenzamide as a function of medium acidity between pH 5.59 and 1.08 (from 
top to bottom) between 200 and 340 nm 
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Figure 2. Experimental absorbances of o-aminobenzamide as 
a function of medium acidity: from bottom to top on the 
right, 1.00, 3.02, 5.03,  6.04, 7.05, 8.06, 9.06, 9.57,  9-82, 


10.07, 10.32 and 10.57 M HC104 


substituded benzamides. Also listed in Table 2 are 
the average values of ~ K B H +  calculated with HA and 
the excess functions X ,  XO and M,. The value of 
~ K B H +  = - 1.65 reported for benzamide in sulphuric 
acid5 is in good agreement with the value of - 1.60 in 
perchloric acid calculated in this work. 


Introduction of the ionization ratios calculated by 
vector analysis for o-aminobenzamide into equations 
(2)-(5) did not give a linear relationship, because full 
protonation was not achieved at 10.67 M HC104: hence 
the value for c1 calculated at this acid molarity is not 
reliable for the measurements of ionization ratios. In 
fact, plots of A vs HA should give sigmoid curves;" 
however, only a single curve was obtained, which 
lacked the highest acidity value; this effect was observed 
only with o-aminobenzamide (Figure 4). This difficulty 
was recently overcome by Zalewski and Geribaldi, l9 
who used principal component analysis (PCA) for the 
correction of the medium effects. Accordingly, 
absorbances at a wavelength X for the nth spectrum 
may be represented as: 


Ang= Cl.pLn,l + ct,pLn,t (6) 


1.07 
I 


W 
0.57 
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a3 iz 
0 
cn 
m 
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Figure 3. Reconstituted absorbances of o-aminobenzamide. 
For details, see Figure 2 


where c represents the principal components for wave- 
length p and L the loading for the nth spectrum. Hence 
the values for c calculated in this work by means of 
equation ( 1 )  are independent of the wavelength chosen, 
depend on the medium acidity only and have a more 
distinct meaning than c as defined by equation (6). 


A simpler method is suggested here for determining 
the coefficients c1 and/or the experimentally inaccessible 
absorbances of the protonated bases. The protonation 
of the base B may be represented by 


B + H + e B H +  (7) 
We introduce the additivity of absorbances of the base 
B and the conjugate acid BH+ at a wavelength X: 


A = A B  + ABH+ 


Ct = CB + QH+ 


(8)  


(9) 


KBH+ = (CB&+CBH+) X (10) 


and define the total concentration Ct as the sum 


Rearrangement of equation (4) in the form 


Leads to the straight-line equations 
1/A = l/AB + ( ~ / A & B H + )  [CH+(A - ABH+) 


x 10m*x/A] ( 1 1 )  
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Figure4. Variation of absorbances as a function of perchloric acid acidity, - H A :  (a) o-aminobenzamide at 240nm and 
(b) o-ethoxybenzamide at 248 nm 


Table 2. Values of acidity constants calculated with different acidity functions reported for HC104 


Hi' Hbp 


Amide m - pKa - pKb m - pKa - pKb 


Benzamide 0.90 1.45 f 0.03 1.61 2 0.03 0.88 I .48 f 0.05 1.68 f 0.04 
o-Toluamide 1.11 1 a45 f 0.03 1.61 f 0.03 1.12 1.88 f 0.04 1.68 f 0.04 
Salicylamide 1.10 1.85 f 0.03 1-68 f 0.03 1.12 1.89 f 0.01 1 -69 f 0.02 
o-Chlorobenzamide 1.08 2.16 f 0.04 2.00 f 0.03 1.10 2.27 f 0-03 2.06 -+ 0.03 
o-Bromobenzamide 1.01 2.28 f 0.05 2.26 f 0.04 1.11 2.53 f 0.08 2.28 f 0.08 


1.85 f 0.06 1.16 2.16 f 0.09 1.86 f 0.08 o-Nitrobenzamide 1 -08 2.00 f 0.06 
1.34 k 0.02 1-18 1.64 -+ 0.03 1.39 f 0.04 o-Ethoxybenzamide 1-28 1.72 f 0.03 


o-Aminobenzamidedl.09 3.00 f 0.05 2.76 f 0.04 1.11 3.18 f 0.19 2.86 f 0.10 
o-Fluorobenzamide 1.00 2.05 f 0.07 2.05 f 0.09 1 *01 2.13 f 0.10 2.13 f 0.09 


X with equation (4) XO with equation (4) - M, with equation ( 5 )  


m* - PK m* - PK nB - PK -* 
Benzamide 0.45 
o-Toluamide 0-46 
Salicylamide 0.48 
o-Chlorobenzamide 0.43 
o-Bromobenzamide 0.47 
o-Nitrobenzamide 0.49 
o-Ethoxybenzamide 0.58 
o-AminobenzamidedO * 30 
o-Fluorobenzamide 0.37 


1.57 f 0.01 
1.64 f 0.03 
1.66 f 0.01 
2.11 ? 0.01 
2.26 f 0.04 
1 -90 2 0.06 
1.32 f 0.02 
2.65 f 0.01 
1.98 f 0.05 


0.51 1.55 f 0.02 
0.51 1.60 f 0.02 
0.50 1.58 f 0.02 
0.43 1.98 f 0.02 
0.46 2.11 ? 0.02 
0.50 1-79 f 0-04 
0.70 1.36 f 0.03 
0.40 2-68 f 0-08 
0.35 1.83 f 0.06 


0.31 
0.31 
0.32 
0.28 
0.30 
0-32 
0.41 
0.15 
0.24 


1.59 f 0.01 
1.67 f 0.02 
1.68 f 0.01 
2.09 f 0.02 
2.23 f 0.03 
1.90 f 0-05 
1.40 f 0.02 
2-65 f 0.02 
1.95 f 0.05 


~~ 


1.60 f 0-02 
1 *65 f 0.03 
1.66 f 0.02 
2.05 f 0.02 
2.23 f 0.04 
1.86 f 0.06 
1.36 f 0.03 
2.72 f 0.05 
1-99 f 0.07 


'pK calculated with equation (2). 
pK calculated with equation (4). 


'Calculated with average HA. X, XO and - M,. 
dpK=pK2. 
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and 
1/A = ~ / A B H +  + (KBH+/ABH+)(A - AB)/ 


where the absorbances AB and ABH+ may be replaced 
by absorptivities EB and EBH+, provided that Beer's law 
is obeyed. An iterative procedure permits the determi- 
nation of the unknown ABH+ by introducing an initial 
value of m* into equation (12); the intercept of the 
straight-line plot of 1/A vs (A - A B ) / ( C ~ + A  x ZOm*X) 
provides ABH+, which, in turn, is introduced into 
equation (1 l), leading to a straight line of intercept 
~ /AB.  If this value does not match the experimental AB, 
the process is iterated, this time introducing another m* 
until convergence is achieved; m*, ABH+ and KBH+ 
must be self-consistent. This procedure is reliable 
assuming that the acidity function used is valid; never- 
theless, the validity of the excess acidity functions used 
here has been widely recognized in the study of both 
thermodynamic and kinetic processes at high acidity 
levels. For bases susceptible to medium effects, it is 
advisable to replace the experimental absorbances by 
corrected absorbances (Ac  = A + clul);  this allows the 
ionization ratios to be obtained starting from the Ac 
values provided by the method. 


As CI is independent of the wavelength chosen, a 
more convenient modified procedure consists in deter- 
mining c1 for BH', which yields similar results. Table 1 
gives the CI values of total9 protonated o- 
aminobenzamide; the results for m and ~ K B H +  deter- 
mined with equations (11) and (12) and those in Table 2 
calculated with the excess acidity X are in good agree- 
ment. Cox and Stewart" suggested that a variation in 
m* of 20 .1  units is needed between the bases for a 
series of compounds to form a suitable acidity function 
set; they reportedz1 a value of m*=0.51  2 0.07 
for amides in perchloric acid, and calculated the 
~ K B H +  values with equation (4) assuming that 
-HA - log CH+ = m*X. The m* values reported in this 
work fall within the 2 0.1 interval, except for o-amino- 
benzamide. 


EXPERIMENTAL 
All the benzamides investigated were commercially 
available in high purity (Aldrich, Merck and Fluka), 
and were further purified by sublimation in a vacuum 
line; melting points were in agreement with literature 
values. Doubly distilled, deionized water was used as 
the solvent throughout, over which nitrogen was 
bubbled before use. Freshly prepared solutions were 
always used. Spectral curves were recorded with a 
Milton Roy 3000 diode-array spectrophotometer; this 
permits standard and multiple expansion scales for both 
absorbances (k 0.001) and wavelengths (k 0.1) and 
also differential modes for measurements; it is fur- 
nished with a temperature cell holder adapter for l nm 
cells, electrically regulated and controlled by computer. 
The absorbance-wavelength data pairs provided by the 
equipment were stored in ASCII files, and used directly 


(&+A x 1 0 q  (12) 


for vector analysis. Twenty-five wavelengths were intro- 
duced for all the matrix analyses carried out and the 
number of absorbances was never less than twelve. 


Stock solutions were prepared in perchloric acid of 
acidity between the limits within which ionizations 
occur, and with a sufficient amide concentration that 
the final solutions give a suitable acidity and adequate 
absorbances. Volumetric manipulations were made 
with solutions thermostated at 25 k 0-01 "C with a 
Grant LTD 6 circulator. The reference cell contained 
the same solvent as the sample under measurement, and 
control of ionic strength was not necessary since this 
factor is included in the excess acidity function method, 
pH readings ( 2  0.01) were made with a Crison 501 pH 
meter. The stability of the solutions utilized and the 
absence of hydrolysis of benzamides during the time 
needed for the experiments was assessed. A table with 
the variations of absorptivities of the benzamides with 
medium acidity is stored in a supplemental data 
registry. 
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SUBSTITUENT EFFECTS IN CARBON-13 NMR SPECTRA OF 
AMINOPY RIDINES 


DANUTA RASALA 
Institute of Chemistry, Pedagogical University, Chgciriska 5, Kielce PL-25-020, Poland 


"C NMR spectra of 45 vicinally substituted 2-, 3- and 4-aminopyridines were investigated. The substituent effects are 
evidently sensitive to the position of both the substituent and the fixed amino group. In thepuru position with respect 
to the substituent, long-range electronic effects are expressed by the dual substituent parameter treatment (DSP), and 
the resonance contribution is more important than the inductive contribution. Correlation results for the @so and 
ortho carbon atoms using the more sophisticated extended DSP equation suggest nonelectronic effects of unknown 
origin. 


INTRODUCTION 


A fundamental understanding of linear free energy 
relationships (LFER) in heteroaromatic compounds is 
of central importance in chemistry and biochemistry. ',* 
Our recent studies3 on the protonation reaction of 
vicinally substituted 2-, 3- and 4-aminopyridines 
showed that localized (inductive/ field) and deiocalized 
(resonance) effects are apparently sensitive to the vari- 
ation of the substituent position in the ring. Thus, the 
interaction of the substituent in positions 2 and 3 is 
mainly of inductive character, whereas the substituent 
in position 4 influences through its resonance effect. 


Multinuclear magnetic resonance spectroscopy has 
been found to be efficient for the investigation of 
vicinally substituted pyridines from many different 
points of  vie^.^-^ The 13C NMR chemical shifts are 
more sensitive to substituent effects than are reactivity 
parameters,' and allow the simultaneous study of the 
substituent effect at more than one site in the molecule. 
It seemed worthwhile to rationalize the substituent 
chemical shifts (SCSs) of vicinally substituted 2-, 3- and 
4-aminopyridines in terms of single and multiple substi- 
tuent parameter correlation analysis. 


EXPERIMENTAL 


13C NMR proton-coupled and -decoupled spectra were 
recorded on a Varian XL-200 spectrometer for approxi- 
mately 0 - 2  M solutions in dimethyl sulphoxide-CDCI3 
(1 : 5 )  with tetramethylsilane as an internal standard, as 
described previously. Two-dimensional (2D) C-H cor- 


0894-3230/93/050307-09$09.50 
0 1993 by John Wiley & Sons, Ltd. 


related spectra were obtained on a Bruker AM-500 
spectrometer as before. ' 


The assignments were established as previous- 
ly. 6a,c9d.7,9 The calculated data were obtained by 
addition of the pyridine substituent increments to the 
carbon chemical shifts of pyridine. 6a97,10 


The 2-, 3- and 4-aminopyridines, 2,3- and 3,4- 
diaminopyridines and 3-amino-2-chloropyridine were 
commercial samples and were purified before use. 
Other compounds were obtained according to literature 
procedures. 3 p ' '  The purity of all pyridines was checked 
by thin-layer chromatography. 


RESULTS AND DISCUSSION 


The experimental 13C chemical shifts for carbon atoms 
of 2-substituted 3-aminopyridines (Series l), 4- 
substituted 3-aminopyridines (Series 2), 3-substituted 
2-aminopyridines (Series 3) and 3-substituted 4- 
aminopyridines (Series 4) are summarized in Tables 


Deviations from additivity, A = A,,, - Acalc., for all 
ring carbons were calculated and are given in Tables 
1-4 in parentheses. The examination of such data is of 
interest because the possible interactions between the 
substituent and the fixed amino group and/or ring 
nitrogen atom can be identified. 


Some interesting trends are observed within the A 
values for halogens. Thus, for the ips0 carbon 3 in 
Series 4 (Table 4), the A values appropriate to R = F, C1 
and Br increase in the order F > C1 > Br. This shows 
that deviations are inductive dependent rather than 
attributable to the atomic size. In contrast, an 
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R 


1 2 


3 4 


interesting reversed effect is observed for the orfho 
carbon 3 (Table 1) and for the orfho carbon 4 (Table 4) 
indicative of the anisotropy effect. This may be caused 
by the proximity of the ring nitrogen atom. 


In general, electron-donor and -acceptor groups 
produce a downfield shift for all ips0 carbon atoms. 


Less pronounced upfield shifts are sometimes observed 
for R = CN, CONHz, COZEt, CN, C1 and Br. As seen 
from Tables 1-4, the ranges of the substituent chemical 
shifts, ASCSs, of ips0 carbons are the largest. Their 
narrower range for Series 1 can probably be attributed 
to the adjacent ring nitrogen atom. Inspection of the 
SCSs indicates that the substituent exerts an upfield 
shift on all ortho carbon atoms 2, 3 and 4. NMe2, 
CONHz and C02Et groups cause an opposite effect in 
Series 1, 2 and 4. The para carbon atoms with respect 
to electron-donor groups absorb at higher field than 
those in 2-, 3- and 4-aminopyridines. Electron- 
withdrawing substituents other than halogens produce a 
downfield shift. The observed irregularity suggests that 
the SCSs cannot be rationalized on the basis of the elec- 
tronic properties of the particular group alone. 


A reasonably good cross-correlation of the chemical 
shifts in Series 4 vs those in Series 3 was obtained for 
the ips0 carbon 3 [slope A = 0.93 (?0*07), correlation 
coefficient r = 0.982, standard deviation s = 1.3841 and 
for para carbon 6 [A  =0-58 ( f0*06) ,  R=0-964, 


Table 1. "C NMR chemical shifts (experimental and calculated)a (6, ppm) of 2-substituted 3-aminopyridines 


R c -2  c -3  c - 4  c -5  C-6 Others 


H 


Me 


F 


c1 


Br 


OMeb 


NHz 


NHMe 


NHPhC 


NMez 


COOEt 


CONHz 


CN 
NO2 
ASCS' 


136.77 


143.22 


150.18 
(-2.12) 
136.53 
(-3.22) 
129.32 
(-1.11) 
152-69 


(0.45) 
150.80 


(1.60) 
151.20 


(2.40) 
148.49 
(- 4.14) 
152.00 


(4.55) 
140-50 


(4.25) 
133-10 
(- 4.51) 
128.85 


(6.70) 


23 * 84 


(0.84) 


(-3.26) 


142-99 
(- 2.23) 
140.43 
(- 4.28) 
133.48 


139-86 


141.43 


130.82 


127.12 


131.24 
(2.24) 


130.13 
(-4.39) 
135.18 


(7.78) 
150.92 


(4.27) 
144.77 


(0.82) 
146-32 


(1.48) 


(-6.15) 


(- 8.36) 


(-1.65) 


(- 3.28) 


(-3.49) 


19.20 


121.19 
(-0.55) 
121.74 
(- 0.28) 
128.21 


123.21 
(-I ~ 2 9 )  
123.54 
(-0.72) 
120.78 


(-3.52) 
122.84 
(-1.16) 
120.09 
(-3.19) 
120.41 
(-2.23) 
121.08 
(- 1 * 79) 
123.48 


(0.75) 
122.67 
(-0.44) 
124-39 


(1.60) 
See ref. 6 


8.12 


(2.61) 


123.52 


120.67 


121.37 


122.24 


121.83 


117.03 


110.23 


114.47 
(1.12) 


114.11 
(-0.01) 
118.81 


(6.50) 
126-40 
(-1.45) 
125.36 


(-2.02) 
127.21 


(-0.56) 


23-34 


(-1.10) 


(-0.91) 


(-1.63) 


(- 0.92) 


(-1.67) 


(-0.51) 


(- 3.67) 


138.77 
(-2.26) 
138.47 


(0.13) 
136.94 


(-0.56) 
137.92 
(-1.11) 
138.73 


(-0.75) 
134.67 
(-1.40) 
136.84 
(-1 '86) 
135.00 
(- 2.72) 
133.39 


(-6.54) 
136.94 


(-0.13) 
136.85 
(-2.17) 
133.77 
(-3.74) 
135.51 
(-4.84) 


5.38 


19.41 


50.62 


29.45 


140.69 126.69 
118.65 116.69 
40.01 


165.94 59-22 
12.99 


168.56 


107 * 25 


a Differences between observed and calculated chemical shifts are given in in parentheses. 


'Benzene substituent increments were used for the calculations of chemical shifts. 


'Range of SCSs. 


Assignment was ascertained from ZD C-H correlated spectra. 


Increments for the COOMe group were used for the calculations of chemical shifts. 
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s = 1 a2701 for ten points, i.e. R = H, Me, C1, Br, OMe, decreases the substituent effect at position 3 much more 
NH2, NHMe, NO2, C02Et and CONH2. This means than the ring aza atom. 
that the chemical shifts of the para carbons in Series 4 The relationships of chemical shifts for 2-substituted 
are less sensitive to the substituent effect. Moreover, it 3-aminopyridines vs those for 2-substituted 3- 
shows that the strong conjugation of the 4-amino group nitropyridines,' indicated by the slope ( A  < 0.9), show 


Table 2. I3C NMR chemical shifts (experimental and calculated)a (6, ppm) of 4-substituted 3-aminopyridines 
~~ 


R c-2  c -3  c -4  c -5  C-6 Others 


H 


Me 


OMe 


NHz 


NHMe 


NHPhb*' 


NMez 


COOEt 


C O N H ~ ~  


NOz 
A SCS ' 


136.42 
(2.05) 


135.83 
(- 3.15) 
135.36 


(-3.47) 
132.46 
(- 5.94) 
136.68 
(-2. 15) 
136.97 
(- 0-76) 
136.52 
(-2.34) 
138.24 
(- 3.99) 
134.52 
(- 2.11) 


5-76 


141.41 
(-4.70) 
132.74 


(1 *25) 
130.92 
(- 0.50) 
128.68 
(-0.62) 
133-67 
(- 0.85) 
136.38 


(8.26) 
144.69 


(0.69) 
142.84 


(-4400) 
139.79 
(-2.43) 


16.01 


See Table 1 
129.93 


152.40 
(1.49) 


141.65 
(0.31) 


141.25 


136.17 


146.54 
(6.50) 


115.50 
(6.91) 


127.07 


132.82 
(6-98) 
36.90 


(-2.55) 


(- 0.25) 


(- 0.27) 


(-4.02) 


124.72 
(-0.79) 
105-11 
(- 5-78) 
108.65 
(- 2.17) 
109.41 


(0.71) 
108-86 
(- 5-06) 
112-70 


(5.18) 
122.71 
(- 0.69) 
122.86 


(-3.38) 
116.04 
(-5.58) 


19-61 


139-48 
(- 2.1 1) 
140.69 
(-0.61) 
139.63 
(- 0.30) 
138.76 
(- 0.74) 
138.93 
(-1.00) 
140.68 


(1.85) 
140.52 


(0.54) 
141.60 
(-1.73) 
144.66 


(6.93) 
6.03 


13.18 


54.77 


27.31 


141.71 129.18 
121.30 119.03 
41.96 


166.86 60.88 
14.04 


170.32 


'-'See Table 1. 


Table 3. "C NMR chemical shifts (experimental and calculated)a (6, ppm) of 3-substituted 2-aminopyridines 


R c -2  c -3  c -4  c -5  C-6 Others 


H 


Me 


CI 


Br 


OEt b,c 


NH2 


NHMe 


COOEtd 


159.84 
(1.62) 


156.97 
(-2.55) 
155.08 
(-2.84) 
155.69 


(-4.63) 
150.22 


(4.35) 


147 * 66 
(3.07) 


159.59 
(1.23) 


156.01 
(-4.91) 


12.18 


108.15 
(- 0.40) 
116.26 
( -1  -29) 
114.78 
(-1.97) 
104.31 
(-1 -64) 
141.42 


(1.17) 


131.85 


106.24 


113.90 


(0.22) 


(- 4.12) 


(- 0.65) 


35.68 


137.05 
(-0.68) 
137.18 


(-0.75) 
136.67 
(-0.86) 
140.14 


(-0.49) 
115.59 


(3.54) 
See Table 1 


113.62 


139.91 
(1.38) 


137.94 


See Ref. 6 
26.52 


(-5.87) 


(-1 '09) 


111.97 
(-2.05) 
113.39 


(0.17) 
114.17 
(-0.55) 
114.57 


(-0.75) 
113.12 
(-1.21) 


112.29 
(-1.31) 
112.21 
(-1.92) 
113.76 
(-1.56) 


4.34 


147.72 
(- 0.44) 
144.59 16.43 
(-1 -27) 
145.99 
(- 0.77) 
146.73 


(-0.53) 
138.29 63.29 14.49 
(-1.68) 


133.62 29.37 


153.33 166.84 60.56 
(1.36) 14.11 


154.13 165.94 


(-2.61) 


(7.47) 


21.43 


a.b.d.c See Table I .  
'Increments for OMe were used for the calculations of chemical shifts 
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that the 3-amino group reduces the sensitivity of all 
carbon atoms to the 2-substituent relative to the 3-nitro 
group. The best linear dependence was found for the 
para carbon 5 [A=0.86  (+0.07), r=0*987, 
s = 1 * 1341 for 11 points, i.e. R = H, Me, F, CL, Br, 
OMe, NHMe, CONH2, COZEt, CN and N02. A similar 
analysis of the SCSs for aminopyridines (Series 3) vs 
those of the corresponding nitro derivatives shows that 
chemical shifts of the ipso carbon 3 are sensitive to the 
same extent to both nitro and amino moieties. The 
regression results are as follows: A = 1.02 (+0.04), 
r = 0.985, s = 1.556 for n = 10 (see above). 


the pyridine ring is considered to be 
a *-deficient system Electron-donor groups, such as 
amino, should noticeably influence such a property. 
Moreover, the various posibilities of conjugation of the 
2-, 3- and 4-amino moieties may differentiate the with- 
drawing character of the ring nitrogen atom. A quanti- 
tative measure, =A, l2 for expressing the *-deficiency 
and *-excess of the compounds investigated can be 
developed on the basis of correlations of the chemical 
shifts for substituted aminopyridines vs those for 
monosubstituted benzenes, lo i.e. Lynch's approach. l 3  


Such a regression shows by its slope (Table 5 )  for the 


As described, 


ips0 carbon that Series 1 can be considered as 
*-deficient (=A = 0*54), whereas Series 2-4 as weakly 
s-excess ("A = 1.09, 1.12 and 1.14 for Series 2, 3 and 
4, respectively). It seems that the *-excess of Series 2 is 
attributable either to a strong through-resonance effect 
of the substituent in position 4 or to conjugation of the 
3-amino group. In Series 3 and 4 the ring nitrogen 
atom, which is located quasi-meta to the ips0 carbon 3, 
does not strongly transmit its electron-withdrawing 
effect and the s-excess in both cases can be attributed 
to a strong conjugation of the amino group in positions 
2 and 4.3 


These considerations can be supported by the net 
electronic charges of the ring aza atom, q N ( I ) ,  l4 which 
indicates that amino groups occupying positions 2 and 
4 are more strongly conjugated with the ring than that 
in position 3. However, the net electronic charges are 
not adequate to predict the relative basicities, since the 
qN(1)  sequence is different to the pK, values of 2-, 3- and 
4-aminopyridines. 3*14 Considering the thermodynamic 
equilibrium of the protonation and STO-3G a6 initio 
calculations, it was suggested l4 that the ring nitrogen 
atom is the first protonation site of aminopyridines no 
matter where the amino group is positioned. It was 


Table 4. "C NMR chemical shifts (experimental and calculated)a (6 ppm) of 3-substituted 4-aminopyridones 


R c -2  c -3  c -4  c-5 C-6 Others 


H 


Me 


Etb 


F 


CI 


Br 


OMe 
NH2 


NHMe 


NHPhbac 


NMez 


COOEtb.d 


C O N H ~  
NO2 
ASCS' 


148 * 84 


148-53 


148.52 


140.95 


148.26 


152.07 


140-15 


(-1.89) 


(-3.50) 


(-1 -81) 


(-1.75) 


(- 2.17) 


( -1  -76) 


(1.77) 


132.53 
(-4.57) 
146.10 


(5.07) 
140.56 


(4.95) 
149-78 
(-1.09) 
147.84 
(- 5.66) 


18-54 


108.49 
(-1.43) 
113.46 
(- 3.46) 
122.08 
(-3.34) 
141-32 
(-4.68) 
116.34 
(-1.78) 
106.73 


(-0.59) 
143-23 


(1.61) 


130.17 
(-2.83) 
123-16 
(-1.46) 
135.72 


(3.44) 
109.15 
(- 2.58) 
114.47 
(-1.43) 


36.50 


153-84 
(-1.70) 
151.22 
(- 4.52) 
151.01 
(-3.93) 
138.84 
(- 3.46) 
149-58 


(-5.76) 
150.35 


(-8.09) 
136-75 


(-3.11) 
See Table 2 


141.89 
(4.59) 


148.65 
(3.81) 


147.81 
(9.85) 


154.17 
(-2.17) 
155.04 
(- 1 '56) 


See Ref. 6 
18.29 


108.49 148.84 
(-1.43) (- 1 *89) 
107.61 146.48 
(-1.51) ( - 1  -95) 
109-08 147.54 
(-0.44) (-0.49) 
108.15 148.47 


(-2.55) (1.67) 
109.58 147.43 


109.74 148.19 


108-75 145.11 


(-1.04) (- 1 '90) 


(-1.38) (- 1 *64) 


(1.48) (2.57) 


107.69 139.38 
(-2.81) (0.59) 
108.64 145.21 
(- 2.18) (4.98) 
108.69 145.13 
(-0.79) (7.13) 
109.90 151.20 


109.77 151.54 
(-0.13) (-3.32) 


(-0.33) (2.34) 


5.13 12.01 


12.96 


21.22 12.46 


48.34 


30.07 


144.79 128.19 
117.65 113.58 
43.03 


164.20 58.74 
13.98 


163.45 


a-'See Table 1. 
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Table 5. Correlationsa between the I3C NMR chemical shifts for substituted aminopyridines 
and those for monosubstituted benzenes 


~~ 


Chemical shift 
(6, ppm), R = H 


Series Carbon A Exp. Calc. n r S 
~~~ 


1 c - 2  
c-3 
c-5 


2 c-3 
c - 4  
c-5 


3 c -2  
c-3 
c-4 
C-6 


4 c -2  
c-3 
c-4  
C-6 


0.54 
0.79 
0.87 
0.87 
1.09 
0.88 
0.50 
1.12 
1 . 3 5  
1.22 
0.71 
1 * 14 
0-65 
0-56 


136.77 
142.99 
123.52 
142.99 
121.19 
123.52 
159.84 
108.15 
137.05 
147.72 
148.84 
108.49 
153.84 
148-84 


136.25 
142.61 
123-86 
142.92 
120.71 
122.14 
157.28 
108.11 
137.51 
148.05 
148 * 96 
109.49 
151.71 
148-78 


14 
14 
14b 
9‘ 


10 
10 
10 
10 
10 
10 
14d 
14 
14 
14 


0.928 2.386 
0.864 3.660 
0.916 2.541 
0.987 1 -072 
0.937 2.154 
0.938 2.091 
0-899 1.872 
0.987 1.231 
0.980 1.691 
0.9% 0.759 
0.909 2.503 
0.980 1.524 
0.810 3.588 
0.918 1-580 


‘ A .  slope; n ,  number of points; r,  correlation coefficient; s, standard deviation. 
bWhen NHr, NMe2 and NO1 are rejected, A = 0.78, r =  0.988, s =  0.741, n = 11 
When NMel is included, r = 0.736, s = 4.079, n = 10. 
When NHz and NMez are omitted, A = 0.54, r = 0.987, s = I .025, n = 12. 


pointed out that neither basicity nor reactivity is related 
to the charge densities on nitrogens since those of the 
amino moieties bear greater negative charge than that 
pyridine ring. Hence one would consider that the n- 
orbital localization is a determining factor since the 
lone pair of the ring nitrogen is much more localized 
than that of the amino function which is conjugated 
with the x system. The most localized lone pair at the 
ring nitrogen corresponds to the most basic aminopyri- 
dine. The basicity of derivatives in Series 4 was also 
observed to be greater than that of those in Series 1-3. 


Although the linear relationships (the Lynch correla- 
tion) of the chemical shifts for the compounds studied 
vs those for monosubstituted benzenes and pyri- 
dines7*10 (Tables 5 and 6) are far from perfect represen- 
tations, they make it possible to conclude that the SCSs 
are controlled by factors other than substituent elec- 
tronic effects. The proximity effect occurring between 
the substituent and/or the ring nitrogen atom is strongly 


and groups such as NH2, NMez and NO2 
do not follow the correlation lines. The main reasons 
for their deviations have been discussed previously. 3 v 7 - 9  


Since short-range forces prevail, classical field/inductive 
and resonance contributions can be considered only for 
a narrow set of substituents. The similar slopes of both 
types of correlations for Series 3 and 4 (compare Tables 
5 and 6) indicate that the influence of the ring nitrogen 
atom is not as important when the substitutent occupies 
position 3 and the amino group position 2 or 4. One 
could assume that the ring nitrogen atom (repulsion of 
its lone pair) strongly affects the SCSs of ips0 carbon 2 


in Series 1. Moreover, the breakdown of the Lynch cor- 
relations observed for the chemical shifts of carbon 
atoms attached to the fixed amino group supports a 
strong conjugation of its lone electron pair with the 
pyridine system. 


Correlations of reasonable quality were obtained for 
the chemical shifts of para carbons to the substituent 
with UP’ parameters” when the same points as in 
Lynch’ s analysis were omitted. For carbon 5 (Series 1) 
the results were A = 5.93 (?0-59), intercept 
C =  122.50 (+0.41), r=0.986, S =  1.014 (n= 11; 
N02, NH2, and NMe2 were omitted) and for carbon 6 
the results were A =8-68  (+0.81), C =  147.50 
(+0.66), r = 0-976, s = 1.280 (n = 10) for Series 3 and 
A =4-79  (+0.45), C =  148.40 (+0*39), r=0*959,  
s = 1 -303 (n = 14, NMe2 was excluded) for Series 4. The 
slopes of the correlations suggest that different substi- 
tuent effects are operating in the particular series, and 
that both the variable position of the ring nitrogen atom 
and the fixed amino group have important effects. 


In general, the dual substituent parameter (DSP) 
treatment2’16 allows one to understand SCSs and their 
relation to electron densities better and also to predict 
unknown SCSs values and to determine new substituent 
parameters. As seen in Table 7, the chemical shifts of 
the para positions to the substituent are well fitted to 
the DSP approach. It is possible to verify that this 
equation explains more than 95% of the observed vari- 
ation in the chemical shifts. Thus, they are mainly con- 
trolled by electronic (inductivelfield and resonance) 
effects. The better correlations against a i  than u i  con- 
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stants confirm the importance of conjugation of the 
fixed amino group in positions 2 and 4 (Series 3 and 4). 
Although the results of the DSP analysis are not statisti- 
cally more significant than those obtained by the single 
substituent parameter treatment (see above), some 
interesting conclusions result from such data. 


The data in Table 7 show markedly that the chemical 
shifts in Series 1 are less sensitive to resonance effects 
than those in Series 3 and 4. Moreover, the DSP 
analysis for Series 1 indicates a smaller dependence on 
the delocalized effect than in monosubstituted benzenes 
(PI  = 4.54 and p i  = 21.5)," although the ratio 
X = PI/& is changed. l6 For other series such a direct 
comparison is of little value as different scales UR were 
used. However, the order 1 < 3 < 4 < PhR, which 
express the X value, reflects a strong increase in the 
relevance of resonance interactions in monosubstituted 


benzenes. Nevertheless, we would suggest that in the 
series under study, the variable substituent is not a 
strongly cross-interacting group and its effect is 
modified by both the ring nitrogen atom and the actual 
position of the fixed amino group. There is also an 
implication that non-additivity is caused. 


It should be mentioned that combinations of the 
substituent parameters used in the DSP analysis are the 
same as those for the 'H NMR chemical shifts of the 
appropriate para hydrogen atoms. 3c It means that both 
carbon and proton chemical shifts may be controlled by 
similar effects. The sensitivity of proton and carbon 
chemical shifts to the influences of the substituents and 
the ring nitrogen atom are comparable but not equiva- 
lent, since the distances of a proton and a carbon atom 
at the same ring position from the reaction 'probe' are 
different. 


Table 6. Correlations" between the I3C NMR chemical shifts for substituted aminopyridines and 
those for monosubstituted pyridines 


~ 


Chemical shift 
(6, ppm), R = H 


Series" Carbon A Exp. Calc. n r S 


1 vs 2-R c-2 
c-3 
c-5 


2 vs 4-R c-3 
c-4 
c-5 


3 vs 3-R c-2 
c-3 
c-4 
C-6 


4 vs 3-R c-2 
c -3  
c -4  
C-6 


0.90 
0.70 
0.92 
0.70 
1.09 
0.93 
0.54 
1-16 
1 -24 
1.22 
0.18 
1.12 
0.62 
0.60 


136.11 
142.99 
123.52 
142.99 
121.19 
123.52 
159.84 
108.15 
137.05 
147.72 
148.84 
108.49 
153.84 
148.84 


~ 


138.55 
142-33 
123.07 
142.73 
120.60 
122.51 
156-51 
107.85 
137.17 
148.36 
148.43 
108.98 
151.45 
150.17 


~ 


13 
13 
13b 
10' 
10 
10 
10 
10 
10 
10 
13 
13 
13 
13d 


0.907 
0.852 
0.917 
0.886 
0.927 
0.954 
0.874 
0.979 
0.984 
0.991 
0.890 
0.983 
0.936 
0.898 


3.849 
3.776 
1 -753 
2.798 
2.377 
2.053 
2.071 
1.420 
1,897 
1.038 
2.848 
1.434 
2.064 
1.808 


*See Table 5 ;  2-, 3- and 4-R mean 2-, 3- and 4-substituted pyridines, respectively. 
'When NHz, NMez and NO2 are rejected, A = 0.85, r=0 .992,  s=O.555,  n = 10. 
'When NMe2 is not included, A = 0 . 8 6 ,  r=0 .966.  s= 1.654, n=9. 


When NMe2 is omitted, A = 0.71, r = 0.976, s = I .058, n = 12. 


Table 7. DSP correlations" of the chemical shifts for the para carbon atoms in substituted 
aminopyridines 


Series Carbon Parametersb PI(F) PR C X r  s F n  


1 c-5 01, u i  8.12 17.27 122.20 2.1 0.973 1.256 159 11' 
3 C-6 U F . U R  7.36 19.37 148.11 2.6 0.992 0.918 486 10 
4 C-6 01, 0 i  2.93 10.33 149.04 3.5 0.978 0.924 193 12d 


' p l , ~ ,  and p~ are the correlation parameters. 
bul, U F ,  u i  and uR were taken from Refs IS and 26. C ,  intercept; F, test for significance of correlation; for 
r,  s and n,  see Table 5 .  


d N M e ~  and NHz excluded. 
NMez and NHz omitted, NHPh not included ( u i  not available). 
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It seems that the substituent effect for the ips0 SCSs 
is evidently neither electronic nor steric in character. 
Thus, almost equal SCSs for R = F ,  OR, NHX and 
NMe2 are observed. Moreover, the NO2 moiety exerts 
a large downfield shift in Series 3 and 4, although the 
effect attributed to the hydrogen bonding is expected to 
be the same in all ~ e r i e s . ~  Thus, extensive statistical 
investigations were carried out on the chemical shifts of 
ips0 carbon atoms using different models and 
including electronegativities. *’ Although the result of 
correlations depends strongly on the choice of substi- 
tuent parameters, in general correlations of poor 
quality were obtained. As assumed, there is no relation- 
ship to steric effects, either alone or combined with 
DSP. 2,16,20 The only satisfactory results appeared with 
the extended DSP equation including Reynolds’ so- 
called non-electronic short-range factor for the ips0 
position, 17s9921 (see Table 8). Moreover, they prove 
that the same fieldlinductive and resonance parameters 
can estimate the contributions of both localized and 
delocalized effects in the ips0 and para positions (com- 
pare Tables 7 and 8). According to Ehrenson et a1.,22 
the set of substituents H, Me, F, C1, Br, OMe, NH2, 
NMe2, NO2 and COzEt for Series 1 and 4 (in Series 1 
CN is also included) should give satisfactory statistical 
evidence. However, the large standard deviations seem 
to indicate non-electronic competitions other than pre- 
dicted by Reynolds’ factors. 


The sensitivity of the ortho carbon atoms to the influ- 
ence of substituents is not completely clear either. 
Although the chemical shifts of both ortho carbons in 
Series 3 correlate reasonably well with the DSP 
including Reynolds’ factor for the ortho position, 
0, 799*21 it seems that correlations are overparametrized 
and UI constants for carbon 4 and ux for carbon 2 
appear superfluous (see Table 8). 23*24 Unfortunately, 
the two-parameter approach produces much worse 
results. Moreover, it should be mentioned that the 
ortho carbon chemical shifts in Series 1 and 4 do not fit 


such an extended DSP approach (r < 0-80) and, fur- 
ther, inexplicable deviations appear for particular 
substituents. On the other hand, it is not easy to con- 
clude why only the ortho SCSs in Series 3 follow such 
an analysis. Moreover, the question remains of whether 
the reasonably good fits for the chemical shifts of the 
ortho carbon atoms in the case of ortho-substituted 
nitrobenzenes’ and 2-substituted 3-nitropyridines’ to 
the extended DSP equation including Reynolds’ factors 
are of accidental character or are due to properties of 
the aromatic system with the nitro group present. 24 The 
above analysis for Series 2 was limited to only six points 
and the results are not considered here. 


More satisfactory correlation results, based on the r 
value, for the ortho carbon chemical shifts were 
obtained using Charton’s LDS equation (the steric term 
u is included, Table 9).2s16,20 The best fits were found 
when the a< constants as UD parameters were used. In 
the case of planar a-bonded groups, i.e. R=C02Et,  
CONH2 and N02, both the u< and u values were for 
their planar conformation. 2,3.16,20 Variable signs and 
magnitudes of the regression coefficients in the LDS 
approach, i.e. L ,  D and S, seem to express substituent 
and fixed amino group effects due to their different 
positions in the ring. Deviations are observed for 
similar groups as in the Lynch analysis. The largest 
values were found for OMe, NH2, NHPh, NMe2, NO2 
and halogens. A comparison of the experimental 
chemical shifts and those calculated from the 
appropriate regression shows that, in general, those 
calculated for R = NO2, NH2 and OMe are much higher 
than the experimental values and those for halogens 
and NMe2 are much lower. This supports the 
conclusion that the main reasons for the deviations 
observed in the correlation analysis of reactivity 
parameters3 and 13C NMR chemical shifts are similar. 


The correlation results for the chemical shifts of meta 
positions with regard to Lynch plots and multiple 
substituent parameter treatments were of poor quality 


Table8. DSP extended correlationsa of the chemical shifts for ips0 and ortho carbon atoms in substituted 
aminopyridines 


Series Carbon Parametersb PIW) PR P X  C r S F n  


lC c - 2  01, a:, I -6 .28  -21.93 0.47 140.21 0.973 2.284 71 1 1  
3 d  c - 3  b F y U k t 1  18.88 -35.49 1.08 105.96 0.988 2.467 105 8 
3‘ c - 2  U l , U i , O  -6 .87 11.07 0.31 159.10 0.996 1.069 138 8 
3‘ c-4 GI, OK, 0 - 0.50 25.57 1.18 137.14 0.980 2.212 60 8 
4’ c - 3  01, u i ,  1 10.96 -35.75 0.82 108’62 0.987 2.084 129 10 


‘For ~ I ( F ) .  P R ,  C, r ,  s and n ,  see Tables 5 and 7 ;  px is regression parameter. 
bFor UI. UF, uk and u i ,  see Table7: I and 0 are Reynolds’ factors for ips0 and ortho positions, respectively (from Ref. 21) 
‘DSP: r=0 .749,  s=6.056 and F =  12 ( n =  11). 
dDSP: r=0.603,  s=9.897 and F = 5  ( n = 8 ) .  
‘DSP: r = 0 . 8 7 7 ,  s =  1.885 and F = 2 0  ( n = 8 ) .  
‘DSP: r = 0 . 7 3 4 ,  s=6.521 and F = 7  ( n = 8 ) .  
‘DSP: r=0 .768,  s=9.525 and F =  12 (n= 10). 
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Table 9. LDS correlationsa of the chemical shifts of the ortho carbon atoms in substituted aminopyridines 


Series Carbon L D S C r F S n 


1 c-3 - 3.52 13.61 1.35 142.58 0.967 43 1.733 l o b  
2 c-3 - 9.48 12.48 1.28 142.29 0.953 39 1.851 10 


c-5 - 3.76 22.50 - 4.85 128.74 0.924 21 3.118 10 
3 c-2 - 3.87 11.65 - 7.55 158.82 0.962 48 1.407 10 


c-4 4.66 29.13 -5.94 140.08 0.926 27 3.067 10 
4 c-2 13.99 17.97 - 4.66 149.87 0.975 70 1.520 12c 


c-4 - 8.99 13.87 1.23 153.66 0.964 57 1.827 12d 


' L ,  D and S are coefficients of the LDS equation for UI, urT and Y constants, respectively; Y parameters are as those in Ref. 3: for 
C, r ,  s, F and n ,  see Tables 5 and 7. 
'Br, NOz, NHPh and NMez are omitted. 
'NHPh, NHI and NO2 are excluded. 
dOMe, NMe2 and NHPh are rejected. 


( r  < 0.7), probably because of the relatively small 
range of SCSs. 


The above analysis indicates that the observed 
chemical shifts are non-additive, and are influenced by 
a number of factors, the contributions of which are 
difficult to estimate. The substituent effect is evidently 
sensitive to the variable positions of both substituent 
and fixed amino groups. No significant influence of the 
ring nitrogen atom is observed when the substituent 
occupies position 3 and the fixed amino group position 
2 or 4. The SCSs in ipso, ortho and para positions to 
the substituent are controlled by different factors. The 
influence of a given substituent extends to atoms whose 
position is far away from it. In the para position the 
Iong-range electronic effects as expressed by the DSP 
are decisive and the resonance component is most 
important. Correlations for the ips0 and ortho 13C' 
chemical shifts with a more sophisticated variant rep- 
resent some improvement but there is a question about 
the reliability of additional substituent factors. The 
high standard deviations still suggest the possibility of 
some other effects of a non-electronic nature control- 
ling the SCSs. However, one would concede that 
common parameters can estimate the contributions of 
both localized and delocalized effects in the ips0 and 
para positions for Series 1, 3 and 4. It seems that the 
proximity of the fixed amino group and the ring 
nitrogen atom cannot reduce the accidental correlations 
attributable to either environmental effects or insuffi- 
cient variation in the substituent electronic effect. 
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SHORT COMMUNICATION 


HOMOAROMATICITY OF DECAMETHYL [5]  PERICYCLYNE 


L. J. SCHAAD AND B. A. HESS, JR 
Department of Chemistry, Vanderbilt University, Nashville, Tennessee 37235, USA 


AND 


L. T. SCOTT 
Department of Chemistry, University of Nevada, Reno, Nevada 89557, USA 


It is shown that a theoretical computation of the Dewar resonance energy of decamethyl [ 5 ] pericyclyne should give 
the same value for the homoaromaticity of this compound as that calculated earlier from heat of hydrogenation 
measurements. Both methods show this quantity to he small, but the accuracy of the methods appears insufficient for 
more exact agreement. 


In 1988 Scott et al.' found that the heat of 
hydrogenation in the series of acyclic alkynes (1, 
R=CH3) decreases linearly with n from n = 2  to 5 
with a least-squares slope of -69-8 kcalmol-' 
(1 kcal = 4.184 kJ) per triple bond. The difference 
between five times this quantity (- 349.0 kcalmol-') 
and the heat of hydrogenation (- 340.7 kcal mol-') of 
decamethyl[5] pericyclyne (2, R = CH3) was corrected 
for 2 kcalmol-' of extra strain in the cyclic 
hydrogenation product to give a remainder of 
6 kcal mol-', which was taken to be the homoaromatic 
stabilization of 2 (R = CH3). However, changes in heats 
of hydrogenation did vary in the series 1 (R = CHs) and 
using, for example, - 68 kcalmol-' , the change from 
n = 4 to 5, instead of the average slope would make 2 
(R = CH3) anti-homoaromatic by 3 kcal moi- ' . 


This uncertainty and recent discussions of homoaro- 
maticity in triquinacene2-6 led us to a theoretical 
reinvestigation of the homoaromaticity of 2. To shorten 
computations by avoiding an extreme number of 
rotomers, R in 1 and 2 was made hydrogen. This is 
assumed to have no significant effect on the energy 
differences calculated. We computed the resonance 
energy of 2 (R = H) using a Dewar energy reference. 7 - 9  


The program CADPAC 4.0" was used to optimize 
the structures of 1 (R = H) in RHF/3-21G calculations 


R R 
2 


on the completely antiperiplanar conformations for 
n = 2 to 5 .  Optimum structures have Czv symmetry for 
even n and C2h for odd n. The cyclic alkyne 2 (R = H) 
was optimized in Djh symmetry. Harmonic frequencies 
were calculated for this best D5h structure, and all were 
found to be real. This shows two things. First, 
CADPAC, like most such programs, does not search 
directly for a structure of minimum energy but rather 
for a structure of zero-energy derivative with respect to 
all geometry parameters. Transition structures and 
maxima and also minima all have this property, but 
only for minima are all eigenvalues of the force con- 
stant positive and hence all frequencies real. Second, 
the force constant matrix tests distortions that destroy 
in addition to those that preserve the symmetry 
assumed in the optimization. Since all frequencies are 
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real, the minimum energy D 5 h  structure is minimum 
even relative to non-Dsh structures. All optimum (i.e. 
zero-gradient) structures reported below were similarly 
tested. The frequencies and geometries of the optimum 
structures were then used to calculate partition func- 
tions and gas-phase enthalpies at 298 K relative to sep- 
arated electrons and nuclei at rest in the rigid-rotor, 
harmonic-oscillator approximation. These are collected 
in Table 1 .  


The homoaromaticity of 2 will be seen to depend on 
fairly small energy differences. Because of this, it would 
be desirable to use a basis larger than 3-21G and also 
to test the accuracy of our assumption that these energy 
differences are not affected by the replacement of 
hydrogen by methyl. Unfortunately, even with these 
simplifications the SCS 40 computer whose vector speed 
is 35-40 MFLOPs required about 72 h of running time 
for the computation of the frequencies of 2, so that 
more complete computations are not possible. 


The Dewar model for aromaticity is applied by first 
making a least-squares fit to the enthalpies of the open- 
chain compounds in Table 1. This gives a slope of 
-114.028733 a.u. per -C E C-CHz- unit and a 
standard deviation of the points of 
2-1 x lo-' a.u. =0*01 kcalmol-' (the current value" 


Table 1 .  RHF/3-21G energies of the conjugated alkynes 1 
and 2 ( R = H )  


Compound E (a.u.)a H298 (a.u.)b 


Heptadiyne (1, n = 2) -268.127856 -267.984662 
Decatriyne (1, n = 3) -382'202043 - 382.013432 
Tridecatetrayne (1, n = 4) -496.276176 -496442149 
Hexadecapentayne (1, n = 5) -610.350308 -610.070865 
[5] Pericyclyne -570.367116 -570.142193 


a Energy of minimum on potential energy surface. 
Gas-phase enthalpies relative to separated electrons and nuclei at rest. 


of 1 a.u. of energy = 627050955 kcalmol-' is used). 
Compound 2 (R = H), [5]  pericyclyne, consists of 
five such units and, in the absence of special 
stability, should have an enthalpy of 5(-114-028733) = 
- 570.143665 a.u. The actual enthalpy is computed to 
be higher by 1.472 x a.u. = 1 kcalmol-'. Hence 
these RHF/3-21G calculations predict [ 5 ]  pericyclyne 
to be antihomoaromatic by 1 kcalmol-' (the use 
instead of the uncorrected potential energy minima pre- 
dicts an antiaromaticity of 2.3 kcal mol-'). 


To see that the homoaromaticity calculated in this 
way should agree with that determined by Scott et a/. 
from heats of hydrogenation, consider Figure 1. Let Hi 
be the enthalpy of the alkyne 1 ( n = i )  and S, the 
enthalpy of the corresponding alkane. These depend on 
R, but it will be assumed that the enthalpy differences 
in Figure 1 are independent of whether R is H or CH3. 
The data in Table 1 show that AHi = ( H i + l -  H i )  is 
independent of i .  Call this difference A H .  Experiment' 
shows that (AH!:! - AHihyd) = A(AHhyd)  is constant. 
It follows that A S j  = ( & + I  - S i )  = A H +  A(AHhyd)  
is also constant. Call this A S .  Scott et a/. ' define the 
homoaromatic stabilization energy of 2, AH?', a 
positive quantity, by 


AHfes =AH,hyd-  5 A ( A H h y d ) - 2  (1) 


where AH,hyd is the heat of hydrogenation of 2. With a 
Dewar reference homoaromatic stabilization AHYs  is 
defined instead: 


A H P s  = 5 A H  - H(cyc1ic alkyne 2) (2) 
However, A H =  A S -  A(AHhyd) ,  and the quantity 
5 A S  is the enthalpy of the unstrained hydrogenation 
product of 2, which is taken to be 2 kcalmol-* lower 
than the actual strained product, so that 


A H Y  = H(cyc1ic alkane) 
- H(cyc1ic alkyne) - 5 A ( A H h y d )  - 2 ( 3 )  


ALKANES 


Figure 1. Relative enthalpies. Hi is the enthalpy of 1 (n = i )  and Hi is that of the corresponding product of hydrogenation 
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The first two terms in equation (3) are just the heat of 
hydrogenation of 2 so that AH?' = A H F  and 
equations (1) and (2) are equivalent. 


The disagreement between the 6 kcalmol-' exper- 
imental value and the -1 kcalmol-' theoretical value 
for the homoaromaticity of 2 moves us to conclude that 
the magnitude of the homoaromaticity, whether posi- 
tive or negative, is probably not large, and that the 
accuracy of the methods used, either theoretical or 
experimental or both, is insufficient to fix the quantity 
more accurately. 
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A molecular mechanics scheme developed for bridged ferrocene derivatives was applied to study the conformational 
energy surface of [l.l]ferrocenophane (1). The mechanism of the intramolecular interconversion of 1 is shown to be 
different from the mechanism of the syn-syn exchange proposed earlier for this ‘molecular acrobat.’ 


INTRODUCTION 
In [ 1.11 Ferrocenophane (l), two methylene bridges 
connect a pair of quasi-coplanar cyclopentadienyl rings 
of two different ferrocene units. Intuitively, such a 
system may exist in two forms: syn (la) and anri (la). 
Conformational features of 1 have been investigated by 
means of NMR spectroscopy’*’ and, owing to its high 
flexibility on the NMR time scale, 1 was called a ‘mol- 
ecular gymnast’.’ This flexibility was attributed to the 
low energy barrier of syn-syn exchange. A mechanism 
for this interconversion process between two syn con- 
formations has been proposed by Mueller-Westerhoff’ 
and it will be reviewed here, in terms of molecular 
mechanics calculations. 


X-ray crystallographic studies of 1 revealed that the 
molecule exists in a syn conformation in the ~ r y s t a l . ~  
The ferrocene units are skewed by about 13 to alleviate 
the steric repulsion. The space group is P21/c with two 
enantiomorphous forms in the centrosymmetric lattice. 
The conformation in the crystal has nearly CZ sym- 
metry. These crystallographic facts and the NMR 
observations would indicate that the molecule exists 
practically as a syn C2 enantiomeric pair, and that the 
anti conformer is higher in energy than the syn form. 


In the course of our computational investigation 
of [4] superferrocenophane, ’ we have presented a 
molecular mechanics model which allows the com- 


[ 1.11 Ferrocenophane (1) 


putational interpretation of stereodynamics in some 
mononuclear ferrocenophanes. In this paper, we 
describe the application of this model to binuclear 
[l.l]ferrocenophane (1) in order to gain more insight 
into its conformational behaviour. 


COMPUTATIONAL TECHNIQUE 
Calculations were performed with the program 
BIGSTRN3,’ incor orating changes due to the 
modified force field. The technique and methodology 
used to locate, correlate and describe critical points on 
the potential energy surface have been described. 


F 


CONFORMATIONAL ENERGY SURFACE 
A search for stationary points on the MM2” confor- 
mational energy surface of 1 located three energy 
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0.0 


minima, which could be correlated by means of three 
saddle points to form a closed circle. The surface is 
represented pictorially in Figure 1. ORTEP drawings of 
the conformations corresponding to unique stationary 
points on this energy surface are given in Figure 2, 
wherein structures are arranged in non-alphabetic order 
in order to help visualize structural changes between 
neighbouring stationary points on the surface. Struc- 
tural and energetic features of the stationary points are 
summarized in Tables 1 and 2, respectively. 


The global energy minimum (syn form) possesses C2 
symmetry and it appears as an enantiomeric pair, l a  
and la’.  The structure resembles that observed in the 
crystal, but there are some discrepancies (Table 1). Thf 
relative skew angle of two ferroceneounits in l a  is 34-4 
whereas in the crystal it is only 13 -3  . The relative twist 
angles of the cyclopentatienyl rings are also different: 
25.7’ calculated versus 9 observed, as these two struc- 
tural parameters are interdependent. The calculated 
relative tilt angle of CyclFpentadienyl planes within fer- 
rocene moiety in l a  (3 - 4  ) is close to the observed value 


~ 


3.1 
4.0 - 


la‘, c, lc’. c, 


la ,  CZ 
Figure 1. Conformational interconversion of [ 1 . 1 1  ferro- 
cenophane (1). Squares and circles denote minima and saddle 
points, respectively. Relative potential energies (top) and free 
energies (bottom) of corresponding conformations are given 
inside squares and circles (compare with Table 1).  The bottom 
graph represents a reduced surface wherein enantiomers are 


treated as indistinguishable species 


(2.7”). The calculated iron-iron distance in l a  is 
smaller than that observed in the crystal by 0.17 A. One 
would be tempted to attribute these discrepancies to the 
drawbacks in the force field applied, in particular to the 
iron-iron non-bonded parameters, since the force field 
was designed for mononuclear complexes and iron- 
iron distances were not included in the parameterization 
of the force field. It seems more likely, however, that 
the conformation of 1 in the crystal indeed differs to 
some extent from the conformation of an isolated mol- 
ecule due to the packing force. When l a  was re- 
optimized with the dihedral angles along the bridges 
fixed at their x-ray values, the relative skew, twist and 
tilt angles and the intramolecular distances were repro- 
duced almost exactly (Table 1). In this fixed conforma- 
tion the iron-iron distance differs from the crystal 
value only by 0.04 A. 


The C2 enantiomers, l a  and l a ’ ,  interconvert into 
each other via a CzV transition state lb,  which is 
6-29 kcal mol-’ (1 kcal= 4.184 kJ) higher in potential 
energy than the global minima (Figure 1). In this pro- 
cess, the ‘inner’ and ‘outer’ protons of the methylene 
bridges remain ‘inner’ and ‘outer’, respectively. The 
interconversion, in which the ‘inner’ protons become 
‘outer’ and vice versa, is the path involving the anti 
intermediate conformer Id. The transition state l c  con- 
necting la  and Id minima possesses C1 symmetry and 
is 10.81 kcal mol-’ higher in potential energy than la.  
Conformer l c  resembles that proposed by Mueller- 
Westerhoff’ as a transition state for the syn-syn 
exchange. Nevertheless, in l c  only one bridge under- 
goes flipping, whereas in the process proposed by 
Mueller-Westerhoff both bridges flip simultanoeously. 
The skew angle of ferrocene units in l c  is 62.8 (cross 
angle of two arrows in Figure 3). 


The top part of Figure 1 might appear sufficient to 
represent the energy surface of 1, where enantiomers 
are distinguishable species and homomeric forms of any 
stationary point are shown by single points. Although 
such a scheme is sufficient to understand conforma- 
tional changes of a molecule, it does not always reflect 
the complexity of a surface. The surface of 1 is such a 
case. Thus, the same surface in the form of a ‘full 
graph’, where all enantiomeric and homomeric forms 
of each stationary point are indicated as distinguishable 
species, is shown in Figure 4. This detailed graph shows 
how labyrinthine and degenerate the conformational 
interconversion processes can be for a molecular system 
such as 1. 


There are two extra points, l e  and le‘ ,  in Figure 4, 
which did not appear in Figure 1. These 9 enan- 
tiomeric forms are two-dimensional partial maxima 
corresponding to the would-be transition state of 
syn-syn exchange proposed by Mueller-Westerhoff. ’ 
The dashed line correlating two l a  points via l e  shows 
the would-be process in which both methylene bridges 
flip simultaneously, the ‘inner’ protons becoming 
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'outer' and vice versa. In such a process, however, l a  
would interconvert into itself. Strictly, it would be a 
reaction path between permutational isomers of 'the l a  
conformer. The fact that the earlier proposed process2 
involves the structure which appears on MM2' energy 
surface as two-dimensional partial maximum, much 
higher in energy than the saddle points lb, l c  and lc' ,  
makes the Mueller-Westerhoff mechanism unlikely for 
the syn-syn exchange. 


The bottom part of Figure 1 shows the reduced 
energy surface wherein even enantiomers appear as 


indistinguishable species. The free energies appearing 
therein are the final energies, which can be compared 
with the observed values. 


The unri form (Id) is nearly 4 kcal mol-' higher in 
energy than the syn form (la and la'). Hence, in the 
equilibrium at room temperature, 1 should exist practi- 
cally in the syn form, as a racemic mixture of the two 
chiral species. The relative free energy of l c  is only 
2 kcal mol-' higher than that of lb. On the potential 
energy scale, l c  is only 4.5 kcal mol-' higher than lb. 
However, the absolute values for barrier heights 


0 0 
la 


Figure 2. ORTEP drawings of conformations corresponding to the stationary points on the MM2' energy surface of 1. On the left- 
hand side drawings hydrogen atoms are omitted and on the right-hand side Fe--C bonds are omitted for clarity 







Table 1. Salient MM2' -calculated and observed structural features of [l. 1) ferrocenophane' 


l b  l a  X-rayb lac  l c  Id l e  


Point group 
Skew' 
Twist 
Tilt 
Bridge l h  


Bridge 2 


c,- c m -  cr 
D' 
c,-c,' 
Cr-cm 


Fe-Fek 


C2" 
0.0 
0.0 
3.2 
9.4 


- 9.4 
- 9.4 


9.4 
123.7 


3.295 
1.431 
1.502 


4.849 


cz 
34.4 


-25.7 
3.4 


34.0 
3.9 
3.9 


34.0 
120.1 


3.287 
1-431 
1.500 
1.501 
4.645 


c1 
13.3 
- 9.0' 


2.7' 
23.1 


-7.2 
-8.9 
24.2 


121.5' 
3-283' 
1 ~430 
1.494 
1.509 
4.815 


c1 
16.2 


- 12.0' 
3.9' 


23-1 
-7.2 
- 8.9 
24.2 


122.7' 
3.290' 
1-431 
1.500 
1.501 
4.778 


c1 
62-8 


(-73.0, -37.5) ( 
(6.8,lS.S) 


123.5 
- 69.4 
- 17.1 


75.5 
(125.0,120*7) 
(3*2%, 3.338) 


(1*4%,1-498) 
(1-490,1*503) 


1.429 


4.3% 


C2h 
0.0 


-46*2,46*2) 
0.8 


178-4 
- 178.4 


-2.8 
2.8 


123.8 
3.279 
1 *432 
1.501 


4.898 


D2 
65.5 


- 58.5 
11.9 


123.5 
-67.1 
-67.1 
123.5 
125.0 


3.309 
1.429 
1.497 


4.386 
~ ~ ~- 


'Distances in A, angles in degrees. 
bRef. 4. 
'Optimized with fixed dihedral angles along the bridges at x-ray values. 
dNearly CZ symmetry. 
'Relative skew angle of two ferrocene units. 
'Twist angle between cyclopentadienyl rings in ferrocene units. 
'Average of two values. 


' Inter-ring distances in ferrocene units. 
'Average C-C distance within cyclopentadienyl rings. ' Iron-iron distance. 


Dihedral angles along the bridges. 


Table 2. Total steric energy and other energetic features of MM2'-calculated conformations of [l .l] ferro- 
cenophane' 


lb la  lab  lc  Id l e  


14.38 19-17 25.19 18.12 26.94 
12-56 


Total steric energy 20.67 
3.74 10.81 SE 6-29 040 47.0i (C, )  23.0 (C2) 43.8i (Cz) 


48.73 (Cz) 52.8 (Cz) V d  


122.4 (Cs) 40.2 (Cl) 19.9i (CZ) 
78.4 (Dz) 
14.50 3.98 10.35 A G e  8.30 0.00 


~~ ~~ 


"Energies in kcal mol-'. 


' Relative steric energy. 


Symmetries of modes are given in parentheses. 


Optimized with fixed dihedral angles along the bridges at x-ray values. 


Imaginary (i) (saddle points and partial maxima only) and lowest real vibrational frequency (cm-I). 


Relative free energies at 298 K. Compare with conformational energy surfaces in Figure 1. 


Figure 3. Side view of lc. The relative skew angle of the two 
ferrocene units is 62.8" 







Figure 4. Graphs of conformational interconversion of 1. Squares, circles, and double circles denote minima, saddle points and two- 
dimensional partial maxima, respectively. Enantiomers and all permutational isomers of each stationary point are treated as 
distinguishable species. Entries inside squares and circles in the top and bottom graphs denote stationary points (compare with 


Figure 1) and molecular symmetries, respectively 


-1 C' 


L 


lc I> Id 


Skew angle 


Figure 5 .  Conformational energy surface of 1 where the relative skew angle of the two ferrocene units was chosen as a reaction 
coordinate 
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(8-3 kcal mol-’ for l b  and 10.35 kcal mol-’ for l c )  
are higher than those expected from NMR studies. 


The conformational energy surface of 1 can also be 
illustrated in another form wherein the relative skew 
angle of two ferrocene units serves as the reaction coor- 
dinate. Figure 5 shows such a surface which allows 
changes in energy with changes in the skew angle to be 
traced. This illustration shows how well the molecule 
deserves to be named a ‘molecular a ~ r o b a t . ’ ~  
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STRUCTURE-ODOUR RELATIONS FOR BITTER ALMOND 
ODORANTS 


DRISS ZAKARYA, a,h,* MOHAMED YAHIAOUI AND SOUAD FKIH-TETOUANI 
a Dkpartement de Chimie, Facultk des Sciences, UniversitP My Ismall, MeknPs, Morocco, and 


Laboratoire de Chimie des Plantes et de Synthese Organique et Bioorganique, FacultP des Sciences, Universite Mohammed V, 
Rabat, Morocco 


Structure-bitter almond odour relations are established for a set of 65 organic compounds (40 having the bitter 
almond character) belonging to benzene, pyrrole, thiophene, acyclic and cyclic compounds. Compounds are described 
using components of autocorrelation method, and the odour is described with a binary variable. Data were analysed 
using principal component analysis followed by a linear discriminant analysis. The obtained model gives satisfactory 
classification and prediction of the training set and the test set, respectively. In addition, obtained structure-odour 
relations were translated to structural elements (and rules) necessary for a stimulus to have bitter almond character. 


INTRODUCTION 


The conception and synthesis of odorant compounds 
are very useful to the perfumery and aromatic indus- 
tries. Design of new active molecules can be based on 
the structural similarities between them and an existing 
leader. Nevertheless, this approach is generally very 
limited by the number of possibilities offered to the 
chemist. New molecules can also be designed on the 
basis of knowledge of their specific receptors. In fact, 
the existing information is not sufficient to allow the 
establishment of a general theory about olfactory 
mechanisms. Until more biochemical and biological 
information is available, it is possible to design new 
molecules by using structure-odour relations, which 
also allow an understanding of the mechanisms that 
govern the studied odour. Thus it was possible to state 
that ambergris, and s a n d a l ~ o o d ~ - ~  fra- 
grances were due to the presence in the chemical struc- 
ture of well defined substructures. 


In this paper, we present a simple model to predict 
correctly the bitter almond fragrance for organic com- 
pounds. This was possible by using the components of 
autocorrelation vectors as molecular descriptors. 
Starting from this model, we show that it is possible to 
derive a supplementary structural element that can be 
added to the well known ones,’** in order to improve 
understanding of structure-bitteralmond relations and 
then certain aspects of the olfactory mechanisms. 


* Author for correspondence. 
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MATERIAL AND METHODS 


Data set and odour coding. We have considered a set 
of 65 organic compounds (Table 1) derived from 
different chemical structures (acyclic, benzenic, etc.). 
Forty of them are bitter almond (BA) odorants. 


The studied sample was divided into a training set (40 
compounds, 20BA) and a test set (25 compounds, 
20 BA). The bitter almond odour (BAexp.) was 
described using a dichotomous variable (1 for BA and 
-1 for non-BA (nBA)). BAcalc. is a discriminant func- 
tion representing the bitter almond odour, calculated 
using the obtained model. This function is taken as 
equal to 1 when its calculated value is positive, and 
equal to -1  when its calculated value is negative. 


Description of the chemical structure and data analy- 
sis. Each molecule was described using components of 
the modified autocorrelation vectors l 3  based on the 
Van der Waals volume ( V )  and surface (S) .  I 3 , l 4  These 
vectors account for the size and the shape of the mol- 
ecule, and electronegativity ( E )  ls (using the classical 
autocorrelation method la )  in order to take into account 
the electronic aspect. The general relation used to calcu- 
late the autocorrelation components is: 


ck = C [f(i)-f(j)l (1) 
k 


j 2 i  


x is equal to 0.5 in the case of the modified autocorre- 
lation method and equal to 1 in the case of the classical 
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Table 1. Chemical structures of the studied compounds and their odours 
~ ~~ 


No. Compound BAexp. Ref. BAcalc. 


Training set 
1 Benzaldehyde 
2 2-Methylbenzaldehyde 
3 3-Methylbenzaldehyde 
4 2-Ethylbenzaldehyde 
5 3-Ethylbenzaldehyde 
6 2-Chlorobenzaldehyde 
7 2-Fluorobenzaldehyde 
8 2,4-Dimethylbenzaldehyde 
9 4-Methylbenzaldehyde 


10 Furfural 
11 5-Methylfurfural 
12 Thiophene-2-carboxaldehyde 
13 2-Nitropyrrole 
14 Pyridine-3-carboxaldehyde 
IS 3-Chlorobenzaldehyde 
16 2-Methylbut-2-en-l-aI 
17 2-Ethylbut-2-en- I -a1 
18 2-Ethylpent-2-en-l-al 
19 2-Methyl-3-cyclopropylprop-2-en-I-al 
20 I-Cyclooct-1-ene carboxaldehyde 
21 4-Isopropylbenzaldehyde 
22 4-Nitrobenzaldehyde 
23 4-Methoxybenzaldehyde 
24 4-Chlorobenzaldehyde 
25 3-Phenylprop-2-en-I-a1 
26 4-Methylbenzonitrile 
27 4-Bromobenzonitrile 
28 3-Bromonitrobenzene 
29 4-Nitrobenzonitrile 
30 4-Ethoxybenzaldehyde 
3 1 4-Ethoxyacetophenone 
32 4-Methylacetophenone 
33 4-Methoxy-3-methylbenzaldehyde 
34 2-Methoxybenzaldehyde 
35 2-Methylprop-2-en-I-a1 
36 But-2-en-1-a1 
37 Hexa-2,4-dien-1-a1 
38 Hexa-2-en-1-a1 
39 4-Isopropenyl-I-carboxaldehyde 


1-Cyclohexene 
40 2,6,6-Trimethyl-l-carboxaldehyde 


Cyclohexa-l,3-dien 


Test 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51  
52 
53 


set 
Nitrobenzene 
Benzonitrile 
2-Methylnitrobenzene 
3-Methylnitrobenzene 
Acetophenone 
2-Meth ylbenzonitrile 
3-Methylbenzonitrile 
2-Fluorobenzonitrile 
3-Methylfurfural 
4-Methylfurfural 
2-Nitrofurane 
2-Cyanofurane 
2-Nitrothiophene 


1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
I 
1 
1 
1 
1 
1 
1 
1 


-1  
-1  
-1  
-1 
-1 
-1 
-1 
-1 
-1 
-1  
-1 
-1 
-1 
-1  
-1 
-1  
-1 
-1 


-1  


- 1  


1 
1 
1 
1 
1 
1 
1 
1 
1 
I 
1 
1 
1 


7 1 (0-92) 
7 1 (0.94) 
7 1 (0.40) 
7 1 (0.76) 


7 1 (0.86) 
8 I (0.90) 


7 -1 (-0.30) 


8 -1 (-0.42) 
9 1 (0-03) 
7 1 (0.85) 
7 1 (0.50) 
7 1 (1-32) 
8 1 (0.80) 
9 1 (0.60) 
7 1 (0.28) 
7 1 (0.11) 
7 1 (0.93) 
7 1 (0-95) 


10 1 (1.17) 
7 l(1-22) 


12 -1 (-0.50) 
11 -1  (-0.02) 


11 -1 (-0.06) 


11 - 1  (-0.51) 


7 -1 (-0.71) 
11 -1 (-1.18) 


7 -1  (-1.26) 


11 -1  (-0.13) 


11 -1 (-1.28) 
9 -1  (-0.69) 
9 -1  (-1.25) 
9 -1 (-1.34) 
9 - 1  (-1.27) 


12 -1 (-0.76) 
7 -1  (-0.47) 
7 -1  (-0.66) 


9 1 (0.33) 


7 -1  (-0.21) 


12 -1  (-0.61) 


12 - I  (-0.22) 


7 1 
7 1 
8 1 
8 -1  
7 1 
8 1 
8 1 
8 1 
7 1 
7 1 
7 1 
8 1 
8 1 


continued 
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Table 1. (Continued) 


No. Compound BAexp. Ref. BAcalc. 


54 3-Nitrothiophene 1 8 1 
55  N-Methyl-2-nitropyrrole 1 8 1 
56 2-Methylpent-2-en- 1-a1 1 7 1 
57 Cyclohex-1-en-1-carboxaldehyde 1 7 1 
58 Cyclopent-1-en-1-carboxaldehyde 1 7 1 
59 Cyclohept-1-en-1-carboxaldehyde 1 7 1 
60 Naphtalene-1-carboxaldehyde 1 8 1 
6 1 4-Chlorobenzonitrile -1  11 -1 
62 4-Methylnitrobenzene -1 11 -1  
63 4-Chloronitrobenzene -1 11 -1 
64 4-Bromonitrobenzene -1 11 -1 
65 4-Methoxynitrobenzene -1 11 -1 


method. c k  is the autocorrelation component corre- 
sponding to the topological distance k (smallest number 
of bonds) between atoms i and j. f(i) and f( j) are the 
contributions of atoms i and j to the considered prop- 
erty (volume, electronegativity, etc). 


Eight components were calculated (k = 0 to 7) for 
each autocorrelation vector (V, S and E). Thus, each 
molecule was described by 24 (8 x 3) molecular 
descriptors. 


Statistical analyses were conducted by means of prin- 
cipal component analysis (PCA), followed by a dis- 
criminant analysis (DA). PCA gave a general view of 
the data set while DA allowed selection of the most sig- 
nificant variables for discriminating between BA and 
nBA compounds. PCA was conducted using 
STATITCF software,” and DA using a simple 
program. 


RESULTS AND DISCUSSIONS 


Principal component analysis 
The training sample, initially represented by a set of 
points in a 24-dimensional space, can be represented in 
two-dimensional space Fl-F2. In the present study, F1 
and F2 components account for 49.8% and 23*2%, 
respectively, representing a correct percentage (73%) of 
the total variance. 


The projection of the cloud of points on the plane 
Fl-F2 shows that the separation of the classes of active 
and inactive compounds is satisfying. We noted that the 
points representing standard BA compounds, such as 
benzaldehyde and furfural, are situated in a region on 
the right of the plane without points representing nBA 
compounds. (Figure 1). 


To test the validity of the PCA classification, we 
plotted the points representing the tested molecules on 
Fl-F2 plane, after calculation of their coordinates 
using the prediction procedure of the PCA program. 
We noted that BA and nBA compounds of the test set 


were correctly classified into their corresponding 
categories. 


PCA classification is interesting, and can be used as 
a model for the prediction of bitter almond fragrance 
for unknown structures. However, it is probable that 
only few variables, among the 24 used, are responsible 
for the obtained classification. This suggests the use of 
a method such as DA, which allows the classification of 
active and inactive compounds using the statistically 
significant variables only. 


Discriminant analysis 


The statistical discrimination between active and inac- 
tive compounds of the training set was performed by 
means of a linear discriminant analysis leading to the 
following model. 


Bacalc. =0.112~1+0*607S3-0.095V3 -0’578s6 
- O‘O47E5 - 4.31 (2) 


V1 and V3 are components of the autocorrelation vector 
V corresponding to k = 1 and k = 3; S3 and s6 are com- 
ponents of the autocorrelation vector S corresponding 
to k = 3 and k = 6; Es is a component of the auto- 
correlation vector E corresponding to k = 5 .  


All the coefficients associated with the variables were 
statistically significant (p c 0.03). Table 2 shows the 
percentages of good classification and good prediction 
using the above model. These results show that the 
obtained model is good for predicting the bitter almond 


Table 2. Percentages of good classification (training set) and 
good prediction (test set) 


Bitter almond Non-bitter almond 


Training set 90 
Test set 95 


95 
100 
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Figure 1 .  Projection of the cloud of points (compounds) on the Fl-F2 plane. A , BA (training set); v , BA (test set); , nBA 
(training set); , nBA (test set) 
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character for unknown molecules having a chemical 
structure similar to the studied ones. 


In the next step, we attempt translation of the mol- 
ecular information provided by the model to structural 
information easily understood by the chemist. 


Despite the general difficulty in obtaining a satisfac- 
tory interpretation of the autocorrelation components, 
it has been shown recently” that the components with 
a small index are essentially correlated to the size of the 
molecule while those with a higher index account for 
the molecular branching. Obviously, when the studied 
molecules have similar chemical structures, the compo- 
nents of higher index also take into account the size of 
the molecule. Here, the obtained model comprises VI, 
which is well correlated with the size of the molecule 
(which is represented by the number of atoms, Natoms): 


(3) 
VI = 7 * 632Natoms - 3.27 1 


n = 4 0  r=0.939 s = 4 . 7 4  


Considering its associated coefficient ( K I  = 0*112), 
the increase of V1, then the size of the molecule, 
favours the presence of bitter almond character; how- 
ever, VI has a minor contribution (12’70, calculated 
using Gore’s methodz1). 


For better simplification, the components S3 and V3 
are considered in the term K2s3 - K3V3 (Kz = 0.607 and 
K3 = -0.095) because they account for the same aspect 
of the molecule. Their contributions were 52% and 
22.8%, respectively, with a total of 74.8%. As the 
studied molecules have similar chemical structures, the 
K2S3 - K3V3 term is also correlated with the size, as 
shown by equation (4). 


K2S3 - K3V3 = -0.439Natoms + 2.563 
(4) n = 40 r = 0.882 s = 0-397 


Finally, the K2& - K3V3 term accounts for the size 
and the shape of the molecule, and considering its high 
contribution (74-8%), it seems sufficient alone to 
explain the origin of the bitter almond fragrance. 


Components E5 and s6 have minor contributions 
(5 -6% and 6-770, respectively); their decrease slightly 
favours the bitter almond odour. This means that 
chemical structures, including a lot of atoms pair com- 
pared to the leader one (benzaldehyde) with a topolo- 
gical distance of about five to six bonds, have a slightly 
diminished bitter almond odour. This is probably 
because compounds 5 and 8 were calculated by the 
model as nBA odorants and compound 9 had a dis- 
criminant function (BAcalc.) almost equal to zero. 


Considering the Es contribution, it seems surprising 
that the electronic aspect of the molecule is not taken 
into account sufficiently by the obtained model. This is 
because all the studied compounds have relatively 
similar chemical structures. In addition, some compo- 
nents of the electronegativity vector were well corre- 
lated with components of the Van der Waals volume or 


surface. This is due to the chemical constitution of the 
studied set. Thus, we have obtained a model closely 
similar to equation (2) including only electronegativity 
components. This model was less efficient than equation 
(2) (95% and 75% of good classification of BA and 
nBA, respectively). The model essentially includes com- 
ponents related to the volume and surface properties of 
the molecule (with a total contribution of 94.4%), 
expressing the size and the shape. Thus, compound 34 
was incorrectly classified as a BA compound. Its 
chemical structure can he derived from those of com- 
pound 4 (BA) by substituting a -CH2 group by an ether 
function (-0-). 


It is well known that the bitter almond fragrance is 
due to the presence of a hydrogen-bonding acceptor 
(HBA) functional group (CHO, NOz, CN, . . .) in con- 
jugation with a double b ~ n d ’ ~ ~ ~  (pattern 1 ,  Figure 2). 
All the studied compounds possess pattern 1 (or equiva- 
lent), then the obtained model is a function between the 
structural environment of this pattern and the bitter 
almond odour. Recently it has been shownz2 that this 
environment can be considered as the third structural 
element necessary for the presence of bitter almond fra- 
grance, as shown in Figure 3. Figure 3 shows that the 
optimum size of the environment corresponds to that of 
the benzaldehyde molecule. Indeed, this molecule is 
considered as the strongest bitter almond odorant. Note 
that a size outside certain limits destroys the odour, 
despite the presence of pattern 1. 


As has been mentioned, our model expresses essen- 
tially the size and the shape of the studied molecules. 
Since all these include pattern 1 (or equivalent), then the 
model accounts for the influence of the size and the 
shape of the environment on the bitter almond odour, 
as shown by Figure4. Thus, we note that molecules 
with a small number of atoms (size) have a negative dis- 
criminant function, as well as those having a high 
number of atoms. Benzaldehyde (strong bitter almond) 
is located in the optimum region of the cloud of points. 
This is clearly shown when we consider a set of similar 
chemical structures (Figure 5) .  


According to the cited observations, it seems that the 
presence of the bitter almond fragrance requires a 
substructure such as pattern 1 in conjunction with an 
environment having a size between a minimum and a 
maximum value that can be determined from the mol- 
ecules cited in Figures 4 and 5.  The optimum size is 
close to that of the benzaldehyde. All the obtained 
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Figure 2. Structure of pattern 1 
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-.4 


-. 6 
-.a 


1,s 


0 


-1.5 


HO; 
,.*. 


t BAcalc. 


0 '!, }." ............ " ---......... " .... ".i" ................. "."..." .... ""&..." .............. I ........................... "d7....... 


0 
': 0 


A 


.)... o_ 0 0 0 
I "  
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Figure 5. Variation of BAcalc. with K2s3 - K3V3 for a set of molecules 
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Figure 6. Dependence of bitter almond intensity on the 


number of double bonds 


results suggest the establishment of more efficient rules 
for the prediction of the bitter almond odour for 
organic compounds similar to those studied. These 
rules are cited below. 


1. The chemical structure must include an HBA group 
such as CHO, N02, CN or equivalent. 


2. There must be a double bond, conjugated with the 
HBA group. Intensity of the bitter almond fragrance 
seems to be increased by the introduction of sup- 
plementary double bonds’ (Figure 6) .  


3. There must be a substructure linked to the double 
bond, having a size close to that of benzaldehyde, 
with minimum and maximum limits. 


The conditions required for the development of bitter 
almond fragrance can be translated into an interaction 
model. However, this is possible only by investigation 
of supplementary structural information (molecular 
orbitals, atomic charges, conformational study, . . .). 


In conclusion, we have shown in this work that it is 
possible to establish a significant relation between bitter 
almond fragrance and chemical structure of organic 
compounds. This result is in good agreement with pre- 
vious s t ~ d i e s ~ ~ ~ ~  showing that bitter almond seems to 
be a well defined odour for the human olfactory system. 


Structure-odour relations were translated to struc- 
tural information about the structural elements (rules) 
that a given stimulus is required to develop bitter 
almond fragrance. For more information, a molecular 
mechanics study of the cited compounds is now in 
progress. 
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THEORETICAL SOLUTE PARAMETERS AND CORRELATIONS 
OF LOG P AND pKa. A COMMENT ON A RECENT 
DEVELOPMENT AND STATISTICAL PROTOCOL 


WILLIAM C. HERNDON 
Department of Chemistry, University of Texas at El Paso, El Paso, Texas 79968, U.S.A. 


Physical-chemical properties can be correlated and predicted using linear free energy or linear solvation energy 
relationships (LSER). Procedures to obtain theoretical parameters from calculated molecular structures that can be 
used in LSER have recently been evaluated [C R. Famini, C. A. Penski and L. Y. Wilson, J. Phys. Org. Chetn. 5, 
395-408 (1992)] . Among other applications, these procedures were applied to correlate octanol-water partition 
coefficients and pK. values for two groups of structurally diverse solutes with very good reported results. In this 
paper, the statistical results of those studies are re-examined. The corrected statistical parameters do not provide 
tenability for the appropriateness of the methodology in these applications. However, valid multilinear relationships 
of the theoretical LSER parameters with the experimental properties are found which do substantiate the original 
conclusions of Famini et al. 


Partition coefficients and acidities are key parameters 
for assessing biological activities, toxicity and per- 
sistence of chemicals in the environment. In this regard, 
the octanol-water partition coefficient (Kow or 
log KO, = log P )  is the most widely used descriptor of 
partitioning behavior, and the Bronsted-Lowry pKa is 
the common measure of acidity. Procedures to corre- 
late and/ or predict these properties based on molecular 
structure or on physical-chemical principles are, there- 
fore, of substantial interest. Practical procedures for 
estimating such properties and reviews of the vol- 
uminous literature can be found in several recent 
publications. Of particular relevance to this paper, 
Taft and co-workers4 have demonstrated that solva- 
tochromic parameters used in linear solvation energy 
relationships (LSER) provide useful rectifications of 
acidity data and of partitioning behavior in a variety of 
solvents for a large number of solute structural types. 


Famini et af .5  have recently outlined an important 
development in the LSER area, viz. the use of computa- 
tionally derived independent variables rather than the 
experimentally based set of solvatochromic parameters. 
In principle, the theoretical LSER (TLSER) descriptors 
permit a priori prediction of solvatochromic properties 
based solely on the (calculated) molecular structure. 
There are numerous examples of the use of theoretical 
(quantum mechanical) molecular descriptors in 
structure-activity and structure-property studies. The 
theoretical descriptors reported by Famini et al. are 


0894-32301931 1 10634-03$06.50 
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obtained using an additive procedure to estimate mol- 
ecular volumes’ ( Vmc) and MNDO semi-empirical 
calculations’ to obtain electronic terms. The electronic 
parameters are comprised of T I  (polarizability term), 
hydrogen bond acidity terms and q+ and hydrogen 
bond basicity terms a, and q-. The original paper’ 
should be consulted for the definitions of each term and 
explanations. The TLSER parameters are used to corre- 
late several properties, among which are 67 log P values 
for diverse structures and 42 pKa values for a variety of 
weak acids. The reported linear regression results for 
log P and pKa are summarized in Table 1 ,  entries 1-3. 


During an attempt to fit non-linear models to the 
log P and pKa data, the opportunity arose to examine 
plots of both sets of Famini et al.’s experimental and 
calculated values. The scatter of the points in these 
graphs was substantial, and it seemed unlikely that 
these plots could have correlation coefficients ( R )  as 
high as 0.971 and 0.942. Indeed, after reanalysis, the 
actual R values for equations (1) and (2) (Table 1) turn 
out to be 0.929 and 0.794, respectively. These values 
are confirmed by simple first-order linear regressions of 
Famini et al.’s calculated log P and pKa values with the 
experimental values. In addition, it should be noted 
that the regression coefficient for the independent vari- 
able q+ in equation (2) is presumably the result of a 
typographical error in Famini et al.’s paper’ and 
should be replaced by the value - 48 * 1. 


On the basis of the actual value of R, the quality of 
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Table 1. TLSER correlations of  log P and pKa data from ref. 5 


Equation Property 


1 
2 pKa= 127~ , -41* lq+  
3 0  
4 log P=3.20Vmc-5*72q- -1*60q+ 
5 
6 pKa= 17.6- 1'2OVmc- 1 7 3 . 7 ~ + 2 0 9 * 9 ~ a - 4 0 . 6 q +  


log P =  3.14vmc - 5.92q- 


p K a =  29.4 - 1 5 5 a  - 7'33q- + 5 5 . 4 s  - 14.2q+ 


log P=0*871 + 3'25Vmc-5.83q- -2.239, - 7 . 4 4 ~ 1  


Equation (4) (coefficient t-statistics, 29, 15, 1.9; f-ratio, 214.7) 


Regression coefficients 
(parameters) 


N R SD" 


67 0.974b 0.45 
42 0.941' 2.82 
39d 0.950 1.06 
67 0.933 0.44 
67 0.941 0.42 
42 0.923 1.85  


Equation (5 )  (coefficient /-statistics, 2.6,  18, 15, 2 .7 ,  2.9; f-ratio, 120.4) 
Equation (6) (coefficient !-statistics, 2.9, 2.2,  5.3,  12, 8.4: f-ratio, 53.5) 


a Standard deviation. 
bCorrected R = 0.929. 
'Corrected R = 0.794. 
'Stated to be for 39 compounds with pK, < 13. The data in ref. 5 are listed for 36 compounds ol this type Equation 
(3)  was not re-examined because 0 1  this discrepancy. 


the regression model for equation (1) can be 
characterized as passable, but the R for equation (2) is 
low enough to be considered worthless for use in 
support of a physical-chemical argument. Hence the 
results do not sustain an optimistic view' of the appro- 
priateness of TLSER descriptors in applications of this 
type. However, standardized stepwise regression ana- 
lyses of the log P and pKa data showed that there do 
exist several statistically acceptable, multilinear 
relationships with the TLSER parameters which were 
not identified by Famini et al. Examples are given in 
equations (4)-(6) in Table 1 .  


Equations (4) and (5) are fair to good rectifications of 
the log P data, moderately better than equation (1 )  with 
its corrected R = 0-929. The larger number of degrees 
of freedom in the statistical analysis accounts for the 
increased goodness of fit. The t-statistics for individual 
regression coeficients and the f-ratios satisfy criteria 
for valid multilinear regression equations (the values of 
the statistical options controlling inclusion of indepen- 
dent variables are those recommended on the basis of 
Monte Carlo studies'), and there is no statistical reason 
to exclude a constant term from the optimum equation 
for correlation of the experimental data. A constant 
term is also included in the best correlation of the pKa 
data [equation (6)] . The relevant statistical results, 
summarized in Table 1, denote a fair correlation of all 
42 PKa values, much better than the fit of the data 
according to equation (2), with its corrected R = 0.794. 


The reasons for the discrepancies in the calculated R 
values may be due to statistical protocols, discussed in 
detail in the operating manual of one of the commercial 
statistical computer programs chosen by Famini ef al. 
to analyze their data. lo In that program, correct statis- 


tical significance-of-fit parameters ( R ,  R 2  and f-ratio) 
for linear regressions without a constant term can only 
be derived by using an optional procedure for analysis, 
referred to in the manual as the mixture model. Other- 
wise, inappropriately high values are calculated unless 
the data are centred around the origin of the data coor- 
dinate system. In general, it is not necessary to consider 
adjustments of this type to obtain correct regression 
statistics in other available statistical packages. 


In the final analysis, the corrections and the results of 
the re-examination of the log P and pKa data actually 
lend support to the original contentions of Famini 
et al.' It does appear to be possible to use the compu- 
tationally based TLSER parameters in the same way as 
the experimentally based LSER descriptors, and reason- 
able results have now been obtained for all properties 
examined so far. However, Famini et al.' pointed out 
that the LSER solvatochromic parameters generally 
give better correlations where common properties have 
been studied. This could indicate a need for more 
accurate or, possibly, different theoretical descriptors. 
In any event, additional investigations of this promising 
approach to the LSER type of analysis should be 
encouraged. 
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CATALYTIC ACTIVITY OF POLYPODANDS AND GLYMES 


CONDITIONS. A MOLECULAR MECHANICS STUDY 
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A molecular mechanics study of cyclophosphazenic polypodands and of glymes, of their complexes with ion pairs (IPS) 
M + I -  (M+ = Li+,Na+,K+,Rb+)  and IP aggregates (M+I-). was carried out to investigate the catalytic activity of 
these ligands in solid-liquid phase-transfer reactions. This activity is explained by their ability to bind IP aggregates 
effectively and to activate the anion by increasing the interionic distance in the single IP. 


INTRODUCTION 
Polypodands are acyclic molecules that contain a 
number of polyether chains, linked to the same mol- 
ecular fragment. They are known as effective complexa- 
tion agents for alkali and alkaline earth metal salts, 
even in low-polarity media, and hence they can be used 
as catalysts in phase-transfer processes. lS2 Recently, we 
showed3 that cyclophosphazenic polypodands la-c 
behave as efficient catalysts in a number of anion- 
promoted reactions under solid-liquid phase-transfer 
catalysis (SL-PTC) conditions and that their catalytic 
activity is much higher than that exhibited by the simple 
glyme 2 and the tris(polyoxaalky1)amine 'TRIDENT' 


In particular, the study of the extent of complexation 
of 1-3 and of their catalytic efficiency in a typical 
nucleophilic substitution reaction: 


(3). 3b 


n-CsH170S02CH3 + (M+Y-)solid 
Li&at) 


C6H,C,, 6 o o c )  n-CsH17Y + (cHsSOPM+)so~id (1) 


where Lig = la-c, 2,3, M+ = Li', Na', K+, Rb+ and 
Y- = SCN-, I-, Br-, under SL-PTC conditions evi- 


denced the following specific features. (i) The number 
of moles of complexed salt n per mole of ligand in the 
Ligand-(M *Y -)" complex decreases according to the 
sequence l c  2 l b  > l a  > 3 > 2, and depends strongly 
on the nature both of the cation and the anion. Thus in 
the complexes of l c  with alkali metal iodides n is equal 
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to 17, 4, 1 and 0.6 for Li+, NaC, K+ and Rb+ respect- 
ively. The cation being the same, the n value decreases 
in the order SCN- > I- * Br- > C1-. (ii) The catalytic 
activity in reaction (1) is largely determined by the 
complexing ability of these ligands, i.e. 
lc  2 lb > l a  > 3 > 2. 


The mechanism of nucleophilic substitution reactions 
catalysed by neutral phase-transfer agents under 
SL-PTC conditions, as in reaction (l), has not so far 
been as well defined as that of similar reactions in 
liquid-liquid two-phase systems. In particular, the 
data concerning ligands 1-3 are rationalized with some 
difficulty. 


Reasonable hypotheses can be formulated on the 
basis of the data obtained by Yufit and Esikova4 in 
Finkelstein solid-liquid reactions promoted by quater- 
nary ammonium halides. They showed4 that vigorous 
stirring of the heterogeneous mixture leads to the for- 
mation of subcolloidal particles of the solid phase of 
small size (for example, the side at the equivalent cubic 
block for KCI is less than 24 nm), so allowing the 
reaction to proceed. 


In addition to the increase in the solid-phase surface, 
the mechanical activation of the SL system generates a 
number of defects in the crystals. This is assumed to 
facilitate the transfer of salt fragments into solution, 
according to the equilibrium 


(M+Y-)solid [(M+Y-)nIso~v (2) 
Owing to the low solvation ability of the solvent 


used, aggregates (M'Y-). should be localized near 
the solid-phase surface. In agreement with this assump- 
tion, IR spectroscopic studies evidenced the presence 
of ion pairs (IPS) and IP  aggregates with n = 2-8 for 
thiocyanates, perchlorates and nitrates of Li, Na and K 
in solvents with low dielectric constant such as ethyl 
acetoacetate, tributyl phosphate and tetrahydrofuran 
( E  = 6-8); ti the extent of IP aggregation decreases in the 
order Li+ > Na+ > K+ . 


Analogously, we can assume that also in chloro- 
benzene ( E  = 5 * 68) the mechanical activation of 
reaction (1) promoted by the ligands 1-3 leads to the 
formation of subcolloidal particles (M+Y * )solid and 
aggregates (M+Y-),. In this case polypodands or 
glymes can interact with the IP aggregates, activating 
the anion. 


In order to investigate these processes, the method of 
molecular mechanics was used to study the structural 
and energy properties of the complexes of some glymes 
and podands with ion pairs M*I- and their aggregates 
(M'I-),. The following compounds were chosen as 
models in the present investigation: a molecule similar 
to lc, but with R = Ph(P0D); three glymes with 4 to 6 
oxygen atoms, i.e. EtO(C2&0)3Et (GLYME4). 
MeO(C2&0)4Et (GLYMES) and MeO(CzH40)sPh 
(GLYME6); and the ion pair M+I- and its aggregate 
(M'I-), simulating a salt fragment. 


EXPERIMENTAL 
Conformational calculations on polypodands, glymes 
and their complexes with IPS and IP  aggregates were 
performed by the molecular mechanics method using 
the MM2I program. This package computes the intra- 
molecular interactions by the Allinger force field. ' 
Some previously unknown parameters, required for the 
description of the POD molecule, were determined in 
such a way as to reproduce the experimental geometries 
of cyclotriphosphazenic derivatives obtained by x-ray' 
and electron diffraction methods" (see Table 1). 


The MMZI program evaluates ion-molecule and 
intermolecular interactions by a modified force 
field11B12 which represents the intermolecular interac- 
tion energy as a sum of electrostatic, polarization and 
van der Waals terms. 


The electrostatic term is calculated in the point- 
charge approximation, the atomic charges Qi being 
determined in such a way as to reproduce the molecular 
electrostatic potential distribution (PD charges 13)  on 
the Connolly surfaces, l4 computed by the MNDO 
method using the MOPAC-5 package. l5 The charges 
were multiplied by the factor 1-42, which scales the 
MNDO PD charges to the aB initio (6-3IG*) values. l6 


Our molecules are not suitable for a direct calculation 
of PD charges, owing to. the close dependence of Qi 


values on the molecular geometry; l7 we therefore used 
by-fragment calculations I' with further averaging of 
Qi. PD charges for N (-1.2) and P (1.8) were 
obtained in calculations on the hexamethoxycyclo- 
triphosphazene. The averaged values for the atoms of 
the polyether chains CZH~O(CZ&O)~CZHS, n = 1-3, 
are -0.6 (0), 0.3 (C) and 0.0 (H)." For the phenyl 
group, which is connected to the polyether chain, the 
PD charges are 0.5, -0.4, -0-1, -0.2, -0.4, -0.1 
for the carbons, starting from the carbon bonded to the 
oxygen, and 0.2 for the hydrogens. 


The polarization term is computed" using data on 
bond polarizabilities. 2o 


The van der Waals interaction energy is calculated by 
the equation 


Evaw = 2 kij 
i j  


Table 1. Geometrical data for cyclotriphosphazenic deriva- 
tives 


Bond length (A) Bond angle (") 


P=N P-0 P-N-P P-0-C 


Calc. 1.58 1.58-1.59 119-122 117-119 
 EX^.^''' 1.56-1.60 1.56-1-59 120-123 120-131 
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Table 2. Geometrical and energy data for alkali metal iodides 


Bond length 
(A) in 


single IP 


Cation Calc Exp." 


Li' 2.448 2-392 
Na' 2.718 2.711 
K' 3 - 0 4  3.048 
Rb' 3.175 3-177 


Bond length 
(A) in 
crystal 


Calc.'  EX^.'^ 
3.08 3.006 
3.35 3.239 
3.56 3.533 
3.63 3-670 


Lattice energy 
per IP 


(k cal mol- *) 


Calc.'  EX^.'^ 
103.5 101-3 
96.3 94.4 
89.2 87.6 
87.2 85.3 


'Averaged value. 
Using the Madelung constant k = 1,7476. 


where Zij is the scaled interatomic distance, Ni the 
number of valence electrons of the atom i and A, 
Bo and a are fixed parameters. '' For the interactions of 
C, H, 0, N and P with MC we used standard kij 
values, 12919*21 while for the interaction with I- the con- 
stants were set equal to 1.0. The ki, values for the 
M+-I- interactions were fitted both to the bond lengths 
in the gas phase and to the interionic distances and the 
lattice energy in the crystal, the two systems being mod- 
elled by a single IP and a three-dimensional cluster 
(M+I-)u, respectively. The results in Table 2 show that 
the parameters reproduce reliably the structural and 
energetic properties of the models. 


This force field combination allows complicated 
systems to be modelled, including several interacting 
partners, namely ligands, cations, anions and a few 
solvent molecules, and takes into account non- 
additivity effects. Its reliability was confirmed by the 
results on the geometry and the energy of crown ethers 
and organophosphorus podands and of their complexes 
with alkali metal cations and ion pairs. 19s2' 


RESULTS AND DISCUSSION 


Glymes 
The starting conformations of glymes were generated 
by setting the COCC torsion angles to their optimum 
value of 180" and the OCCO angles to 180 or +60". 
All the possible conformations were analysed, con- 
sidering all the C-0  bonds in trans (T TT...) and 
gauche (GG-G . . .), and combinations of trans and 
gauche angles ( lTG ..., TGT ..., G-TG ...). 


The optimized geometries of the glyme complexes 
with IPS and with their aggregates show the following 
general features. (i) The least effective interaction with 
IPS occurs for all trans (TTT ...) conformations, when 
each cation coordinates one oxygen atom only. (ii) The 
interaction with one IP of a chain with gauche torsion 
angles produces a cooperative effect. If there is an alter- 
nation of trans and gauche angles in the chain 


(GTG- ..., GTG ..., etc.), the oxygens, in gauche pos- 
itions to each other, can interact simultaneously with 
the same cation, that is, they form a chelating bonding 
site (BS). Chains with a consecutive arrangement of 
gauche ( + ) and gauche ( - ) angles (GG-GG- . . .) form 
BSs including up to six oxygens (conformation 
GG-GG-G, GLYME6). (iii) When IPS and their aggre- 
gates interact with chains containing chelating BSs, the 
OCCO torsion angles fall to 30-40°, that is, the 
planarity of a chain fragment increases. A chelating BS 
coordinates only one cation, so, if the number of IPS 
is larger than the number of BSs, the excess IPS are 
bound to those already coordinated. Aggregates 
(M+I-)2, (M+I-)4, (M+I-)6 interact with chelating BSs 
through one of the cations. 


More complex structures are shown by GLYMES 
(GG-GG-) and GLYME6 (GG-GG-G) complexes. 


The molecule GLYMES (GG-GG- ) binds effectively 
two IPS. Each cation of the lithium iodide complex 
[Figure l(a)] coordinates four oxygens; three of them, 
lying in a plane perpendicular to the line connecting the 
Li+ atoms, are near to the cation, whereas the last one 
is far apart. The distance between the cations is small 
(2.68 A), but the repulsion between IPS is compensated 
for by their interaction with the ligand. Such a coordi- 
nation of IPS is energetically more favourable than the 
complex (TGTG- ), where each cation coordinates the 
oxygen atoms of its own chelating BS [Figure I@)], the 
total energies being - 376.2 and - 316.8 kcalmol-', 
respectively, (1 kcal = 4.184 kJ). 


The molecule GLYME6 interacts with IPS more 
effectively in its GG-GG-G conformation. In the 
complex with Li'I- and Na+I- the BS is formed by all 
six oxygens of the chain (pseudo-cavity conformation). 
The cation coordination polyhedron is a trigonal prism 
with cation-oxygen distgnces equal to 1.96-2.06 A 
(Li'I-) and 2.22-2.34 A (Na+I-). In the complexes 
with K+I- and Rb'I-, the cation coordinates five 
oxygens with M+...O distances equal to 2-73-2-78 A 


0-d 
0 


ce) C b )  


Figure 1 .  Complexes of Li+I- with the (a) (GG-GG-) and 
(b) (TGTG-) conformers of GLYME5 
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(K'I-) and 3.00-3-08 A (Rb'I-), whil? the distances 
of the sixth oxygen are larger [4.71 A (K'I-) and 
4.87 A (Rb'l-)]. Specific features of these 
GLYME6-M'I- complexes are not only the strong 
cation-ligand interaction, but also the expulsion of the 
anion from the pseudo-cavity following the increase in 
the cation-anion distance (Table 3). This effect is 
present in the complex with Li'I- [Figure 2(a)l and 
Na+ I-, where the @ion-anion distances are increased 
by 3-28 and 2.61 A, respectively, whereas it is negli- 
gible In K'I- (0.24A) [Figure2(b)] and Rb'I- 
(0.18 A). 


It it noteworthy that other conformations do not 
show large variations of IP bond lengths. 


Polypodands 
The number of possible conformers of the polypodands 
with long polyether chains is so large that we could not 
afford a systematic scanning of the whole conforma- 
tional space. Therefore, the simulation was carried out 
by selecting sequences of BSs for the polyether chains 
bound to the cyclotriphosphazenic (CTP) fragment and 
by optimizing the geometry. 


Table 3. Cation-ligand, EL...M+, anion-ligand, EL-,I-,  and 
cation-anion, E M + - - ,  interaction energies (kcal mol-I) and 
cation-anion distances, RM+, , , I -  (A), in the complexes of 
GLYME6 (pseudo-cavity conformation) with alkali metal 


iodide ion pairs 


Li + -207.9 -7.9 -58.0 5.73 (2.45)' 
Na' - 153.2 -9 .7  -62.3 5.33 (2.72)" 
K +  - 87.8 10.0 -95.3 3.28 (3.04)" 
Rb+ -73.1 10.3 -92.4 3.36 (3.18)' 


~~ 


'Values in parentheses: in the isolated IP. 


u 


(a) Cb) 
Figure2. Complexes of (a) Li'I- and (b) K'I- with 


GLYME6 


The polypodand conformation is described assigning 
to each conformer a 'conformation type,' according to 
the classification n1(Xm,)n2(Ym,), ..., ni(Zmd), ..., 
where ni is the number of polyether chains of X type; 
X is the BS type, defined by the number of oxygen 
atoms (NO) forming it: 
No 1 2 3 4  5 6 
X M  B T Te P H 


(Mono) (Bi) (Tri) (Tetra) (Penta) (Hexa) 
and mi is the number of BSs in the chain. 


The sequence of OCCO torsion angles in the 
polyether chains, the conformation type and the steric 
energy (Est) are reported in Table4. The most stable 
conformer is 6P1 [Figure 3(a)], in which each chain 
forms a BS including five oxygen atoms. Attempts to 
simulate the 6H1 conformer, with six donor atoms in a 
BS, failed owing to the high steric tension of the mol- 
ecule, and any substitution of the pentadentate BS with 
a set of smaller BSs increases the steric energy. The ESt 
value is determined not only by the position of the BS 
in the chain, but also by the sign of corresponding 
OCCO torsion angle: a comparison of the data of five 
conformers of 6B2 type (see Table4) shows that a 
change from G to G- induces a very small variation of 
Est in the complexes with chelating BSs formed by the 
3-4 and 5-6 oxygens, but if the BSs are moved to the 
2-3 and 4-5 oxygens, the steric energy not only 
increases, but also becomes significantly dependent on 
the substitution of G by G-. The more deeply the IP is 
bound inside the cavity formed by the chains, the 
stronger is the deformation of the molecule and the less 
flexible it is. On the whole, the results confirm the well 
known factZS that the gauche conformation of OCCO 
fragment is more stable than the cram conformation. 


The polypodands are 'octopus-like' molecules, dif- 
ferent orientations and bendings of the 'octopus ten- 
tacles' corresponding to different conformers. All the 
possible conformations can be grouped according to 
their ability to bind IP  aggregates. Some conformers, 


Table 4. POD conformations and steric energies (kcalmol-') 


Chain Conformational 
conformation type BS positions E,t 


GTGTG 
TGTGT 
TGTG-T 
TG-TGT 
TTGTG 
TTG-TG 
TTTTT 
TGG-GG- 
Z(TGG-GG-) 
4(TGTGT) 


1-2.3-4,5-6 99.2 
2-3,4-5 148.3 
2-3,4-5 135.7 
2-3.4-5 129.8 
3-4,5-6 121.7 
3-4,5-6 120.6 


129.6 
2-3-4-5-6 73.5 


110.9 
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such as 6Ms [Figure 3(b)], have 'tentacles' almost par- 
allel to the CTP plane, and so are too open to enclose 
an IP aggregate. In other conformers, e.g. 6Bz 
(TG-TGT) [Figure 3(c)], the polyether chains stretch 
out of the CTP plane, marking the boundaries of a 
cavity, where the IP aggregates can enter, but the 
tentacles can also become twisted, closing the cavity 
completely. 


The conformers with polyether chains of the P1 type 
are different from the others, as the twisted tentacles 
form pseudo-cavities oriented at an angle to the CTP 
plane, similar to the blades of a propeller, an example 
being the above-mentioned 6P1 [Figure 3(a)]. Other 
conformers such as 2P1 and 4Bz, with two pseudo- 
cavities occupy an intermediate position, having some 
tentacles stretched and others twisted. 


a) 


Figure 3. Plots of representative POD conformers: (a) 6Pl; 
@) 6M6; (c) 6B2 (see text) 


Polypodands and aggregates of ion pairs 
In order to understand the general features of the com- 
plexation of IP aggregates by polypodands, we per- 
formed calculations on (Li+I-)4 complexes with POD 
(6Bz. TTG-TG conformation) starting from two 
different conformations. In the first the IP aggregate is 
inserted between two chains attached to the same 
phosphorus, the (Li'1-k symmetry axis and the 
bisector of OPO angle being coincident; this model 
describes the approach to the CTP ring in its plane. The 
second conformation corresponds to the arrangement 
of (Li+I-)4 among three chains bound to different P 
atoms, the axis of symmetry of the IP  aggregate and the 
C3 axis of the CTP fragment being coincident; this 
model describes the perpendicular approach to the CTP 
ring. The second complex is more stable by 
41 - 5  kcal mol-', because the chains on the same side of 
the CTP fragment give a cooperative contribution, 
while those on opposite sides act independently. As a 
consequence, it is possible to simulate the interaction of 
POD with ion pairs taking as a model its truncated ana- 
logue (T-POD), with three polyether chains on the side 
of the CTP fragment replaced with methoxy groups. 


The conformers must provide the largest possible 
number of oxygen in order to bind IPS, and the mol- 
ecules Bz meet this requirement with the exception of 
TTG-TG conformations. Free space is enclosed among 
the chains, so large aggregates (M'I-),, can enter this 
volume. The distances betweep 0 4  atoms of different 
chains are in the range 12-19 A, ?nd those between 0 6  
atoms are in the range 16-23 A. The sizes of the 
(M+I-)a-(M+I-)s aggregates are 6-10 A and tke 
lengths of the M+.-.I- coordination bonds are 2-3 A, 
so these conformers on the one hand have enough free 
space to capture IP aggregates and on the other allow 
effective interactions of IPS with the oxygen of three 
chains. The 6M1 and 6B2 (TTG-TG) conformers do not 
meet these requirements, because the distances between 
the chains are too large, whereas for 6B3 they are too 
short. The conformers with chains of PI types can 
interact only with one IP, and not with IP aggregates. 


To analyse the formation of the complexes of poly- 
podands with I P  aggregates, the interaction of a 
T-POD molecule (TGTG-T conformation) with 
(M+I-)4 was modelled. The initial position of the 
(M+I-)4 aggregate was set at the level of the 0 3 - 0 4  
atoms, a face of the IP cube and the plane of the CTP 
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fragment being parallel and their axes of symmetry 
being coincident. 


During the optimization, the (M + I - )4 
(M' = Li', Na+) aggregates move to the region of the 
0 4 - 0 5  chelating BSs of two chains. The interaction 
with the ligand transforms the three-dimensional 
structure into a two-dimensional non-planar network 
[Figure 4(a)] ; the cations of two IPS interact with the 
0 4 - 0 5  chelating BSs of two chains, whereas the other 
two IPS bridge the gap between them. 


The interaction of the ligand with (M+I-)4 
(M+ = K', Rb') is insufficient to induce large changes 
in the geometry of the aggregate; the cubic structure of 
(K'1-k is only slightly deformed [Figure 4@)] by the 
interaction with the 0 4 - 0 5  chelating BSs of two chains, 
while the geometry of (Rb'I-)4 remains unchanged. 


Now let us consider the energetic aspects of the inter- 
action of T-POD with (M+I-)4 aggregates. Assuming 


a) 


w 


Figure 4. T-POD complexes with (a) (Li+I-)4 and (b) (K+I-)4 


that the solvation effects in chlorobenzene can be 
neglected, the complexation energy Ec0, can be repre- 
sented as 


Ecomp = A E ( w I - ~  -C AEst + A E L - ( M + I - ~  (4) 
where AE(M+I-)~ and AESt are the variations of the IP 
aggregate energy and of the ligand steric energy during 
the complexation process, and A E L . . . ( M + I - ~  is the 
ligand-IP aggregate interaction energy. The results, 
reported in Table 5, show that the absolute value of 
the complexation energy decreases in the series 
Li+ > Na' > K +  > Rb', the differences in I Ecomp I 
being 27.5, 8.0 and 2.7 kcalmol-'; these results might 
account for the dependence of n on M' in L-(M+I-)". 
It should be remembered that the experimental data 
obtained by titration3 reveal not only the actual stoichi- 
ometry of the complexes in solution, but also their 
stability. 


The effect of the transformation of the three- 
dimensional spatial structure of an IP  aggregate into a 
two-dimensional non-planar network is also observed 
during the interaction of T-POD with (Li+I-)6. The 
calculations were started locating the IP aggregate, 
parallelepiped in different positions. In a first model, 
(Li'I-)6 shaped, was placed at the level of the 0 4 - 0 5  


atoms of the ligand chains, the largest face being par- 
allel to the CTP plane. Under the influence of the ligand 
field, the parallelepiped 'melts' into a two-dimensional 
structure, which binds rigidly three 0 4 - 0 5  chelating 
BSs of three chains [Figure 5(a)]. 


In a second model, (Li+I-)6 was placed at the level 
of the 0 2 - 0 3  atoms, with the smallest face of the 
parallelepiped parallel to a CTP-fragment plane. The 
three-dimensional structure of the IP  aggregate is also 
destroyed, but a curved line of IPS connects the 0 2 - 0 3  
atoms of a chain with the 0 4 - 0 5  atoms of two other 
chains [Figure 5@)]. The first complex is more stable 
by 9.1 kcalmol-', as a result of an interaction energy 
lower by 14.6 kcalmol-', balanced by a steric energy 
lower by 23.8 kcalmol-'. These results show that 
0 4 - 0 5  atoms play the most important role as far 
as binding of IP aggregates is concerned; they allow 
effective interactions with IP  aggregates without large 
changes in the ligand steric energy. 


The space among the chains in the 6B2 conformers 


Table 5. Contributions to the complexation energy 
(kcalmol-') of T-POD with (M'1-k 


Li + 4.0 19.5 -90.2 - 66.7 
Na+ 13.5 16.5 -69.2 - 39.2 
K+ 8.5 14.9 - 54.6 -31.2 
Rb+ 1.1 13-8 -43.4 - 28.5 
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(a) (b) 
Figure 5. T-POD complexes with (Li+I-)6 (see text) 


(see Figures 4 and 5 )  is large enough for capturing 
(Li'I-)" aggregates with n > 6. This fact and the 
strength of the lithium iodide-ligand interaction 
explain the fairly high values of n in L-(Li+I-)n.3 


Polypodands and single ion pairs 


It is generally accepted that in low-polarity media the 
activation of the anion in complexes of macrocyclic 
ligands and of similar compounds is mainly due to the 
increased cation-anion separation in the ion pair. 2c,23 


In the complexes of T-POD with IP aggregates, the 
cation-anion distance differs slightly from that typical 
of an isolated IP, so that the anion cannot be assumed 
to be activated, and other polypodand conformers, 
responsible for the activation, must be found. From the 
results for the glymes complexed with IPS it follows that 
only GLYME6 in the pseudo-cavity conformation 
(GG-GG-G) is able to interact so strongly with the 
cation of an IP to increase the distance between the 
counterions (Table 3). Similarly, one can assume that 
those POD conformers which include the maximum 
possible number of oxygens in a BS might show the 
same behaviour. The 6P1 conformer might be an 


Table 6. Total enereies, Elot (kcalmol-'), and cation-anion 
distances, RM+...I-  (A), of the complexes of POD (pseudo- 


cavity conformation) with alkali metal iodide ion pairs 


Contact IP Separated IP 


Cation Etot RM....I- Etm RM*...l- 


Li + - 148.6 6.32 - 128.9 13.5 
Na' -99.3 4.08 -69.6 14.4 
K+ -86.1 3.51 -53.3 14.2 
Rb' - 86.5 3.82 -47.0 14.2 


example, because its BS is formed by five oxygens 
[Figure 3(a)]. 


Calculations were therefore performed on the com- 
plexes of a POD (6P1) both with contact and ligand- 
separated IPS. In the former case, the starting distance 
M+...I- was set equal to the value of an isolated IP; iv 
the latter, the anion was placed at a distance of 14 A 
from the cation. The complexes with contact ion pairs 
L(M+I-) are more stable than those with ligand- 
separated ion pairs (M+L)I- (see Table a), the relative 
stabilities being due to the different contributions to the 
interaction energy reported in Table 7. A cation separ- 
ated from the anion by a large distance interacts with 
the ligand more effectively; however, the difference of 
the cation-anion interaction energy in L(M+I-) and 
(M+L)I- complexes is the main factor, so that the total 
effect is in favour of L(M+I-). 


In POD complexes with contact IPS, the interactions 
of the cations with their chains are weaker than with the 
pseudo-cavity of GLYME6. Li', Na' and K+ cations 
interact efficiently with four oxygens of the chain and 
Rb' with five oxygens, whereas the other donor atoms 
are separated from M+ by larger distances: 4-11 and 
6.51 A (Li'), 4:28 and 6.42 A (Na'), 4.31 and 6.21 A 
(K') and 5.07 A (Rb+). Simultaneously, some oxygens 
of other chains take part in the coordination, the corre- 
spondjng M+--O distances being 3.74, 6-56 A (Li+) 
4-55 A (Nai), 6.2914 (K+) and 3.8, 5.6 A (Rb+), 
respectively. These additional interactions contribute to 
increase the absolute value of the interaction energy of 
K+ and Rb' with POD with respect to GLYME6. The 
interactions of Li+ and Na+ with a chain in POD com- 
plexes are less effective than in GLYME6 complexes, 
causing the decrease of I EM+...L I on passing from 
glymes to polypodands (see Tables 3 and 7). 


The interaction energy E[LM+] ... I- of the anion with 
the complexed cation [LM'] , the sum of the EM+...I- 
and &...I- energies, should be a measure of the degree 
of anion activation by the ligand in the L(M+I-) or 
(LM+)I- complexes. The corresponding values for 
M+I- complexes with POD and GLYME6 are reported 
in Table 8, together with their equilibrium cation- 
anion distances. Only in the case of lithium iodide is the 


Table 7. Cation-ligand, EL...M+. anion-ligand, EL-I- ,  and 
cation-anion, E M + - - ,  interaction energies (kcal mol-') in the 
complexes of POD (6P1) with alkali metal iodide ion pairs 


Contact IP Separated IP 


Cation EL...M+ EL...I- EM+...,- EL...M+ EL...,- EM+...I- 


Li+ -189.4 -7.5 -52-5 -202.5 -5.8 -24.5 
Na' -122.3 -13.6 -93-1 -130.4 -6-7 -23.0 
K+ -103.2 -11.0 -91.7 -106.0 -7.3 -23.3 
Rb' -96.5 -8.3 -87.7 -98.0 -7.2 -24.2 
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Table 8. Anion-complex interaction energies, .EIL~l+-.l- 
(kcal mol-I), and cation-anion distances, RM*...I- (A), in the 
complexes of GLYME6 (pseudo-cavity conformation) and of 


POD (6P1) with M+I- 


E ~ L M ~  +,..I- RM* ...,- 


Cation GLYME6 POD GLYME6 POD 


Li + -65 .9  -60.0 5.73 6.32 
Na+ -72 .0  - 106.7 5.33 4.08 
K+ -85 .3  - 102.7 3.28 3.51 
Rb' -82.1 -96 .0  3.36 3.82 


activation of the anion by a polypodand slightly higher 
than that by a glyme, whereas for Na, K and Rb iodides 
the opposite effect is observed. Such a difference should 
be ascribed to the different interactions among the com- 
ponents of the complex. Whereas in Li and Na com- 
plexes the corresponding changes in E[LM+] ... I- are 
determined by the differences in the cation-anion inter- 
action energy &+.. .I- ,  in K and Rb complexes the 
differences in the I--1igand interaction energies are of 
primary importance. This is the reason why E[LM+]...I- 
correlates with &+. . . I -  in Li'I- and Na'I- com- 
plexes, whereas such a correlation is absent in K'I- and 
Rb'I- complexes. 


Mechanism and catalytic activity of neutral ligands 
under SL-PTC conditions 
Overall, the present results show that, in the series of 
alkali metal iodides M'I- (M+ = Li', Na', K', Rb'), 
the degree of anion activation by polypodands 
(expressed as the reciprocal value of I E[LM+].-I- 1) 
decreases in the order Li' * Rb' > K' > Na' 
(Table 8). This sequence is different from that pre- 
viously found for the catalytic activity of la-c in 
reaction (1) (Li+ * Na' > K+ > Rb').3 This discrep- 
ancy can be easily explained considering that the cata- 
lytic activity depends also on the complexing ability of 
the ligand. Indeed, the predicted complexation extents 
are in the same order as their complexation energies 
calculated for complexes T-POD with (M'1-h 
(Li' * Na+ > K' > Rb+) (Table 5) .  


Our results allow reasonable hypotheses to be formu- 
lated about the possible mechanism of the catalytic 
activity of polypodands la-lc and GLYME6 under 
SL-PTC conditions (reaction 1). 


The catalyst, in a conformation L suitable for 
binding IP aggregates, initially interacts with (M+I-)n, 
which is in dynamic equilibrium with the solid phase, 
giving the corresponding complex according to the 
equilibrium 


(5) (M+I-)n + L * [L(M+I-)d 


This complex, through a conformational change (L') of 
the polyether chains, rearranges in pseudocavities that 
can bind single ion pairs and hence activate the anion 
according to the equilibrium 


(It is well known26 that ion-pair aggregates are less reac- 
tive than single ion pairs in S N ~  reactions between 
anions and neutral molecules.) 


Single ion pairs (experimental results confirm that the 
reactivity of M'I- complexes of la-c is comparable to 
that of analogous complexes of cyclic ligands (crown 
ethers), where the eventual presence of aggregates can 
be certainly excluded2') are the active species pro- 
moting reaction (1) in a relatively slow step of the 
overall process. According to our calculations, the con- 
former of the polypodand most suitable for binding IP  
aggregates (L) is 6B2, whereas conformers containing 
chains of PI type (L') are responsible for the anion 
activation. 


The rearrangement L-L '  (equilibrium 6) is ener- 
getically favoured, as shown by the comparison of the 
interaction energies in the complex of POD (6Pl) with 
Li'I- both in the case of four ion pairs (about 
4 x 250 kcalmol-') (Table 7) and of the aggregate 
(Li+I-)4 (about 600 kcalmol-') (Table 6). The steric 
energy of ligand with PI chains is also considerably 
lower than that of B2 conformers (Table 4) (similar con- 
clusions could apply also to complexes of polypodands 
la-c with the other alkali metal iodides). These conclu- 
sions allow the prediction of the requirements to be met 
by neutral ligands in catalysing SL two-phase reactions: 
(i) polyether chains sufficiently long to effectively bind 
IP aggregates; and (ii) a high tendency to interact with 
the cation, thus activating the corresponding anion in 
the ion pair. 


In this respect the polypodands l b  and l c  exhibit the 
best catalytic activity, as found experimentally. The 
lower efficiency of GLYME6, in spite of its better anion 
activation (Table 8), is essentially due to the low tend- 
ency of this ligand to interact with IP  aggregates. The 
decreased reactivity and the different stoichiometry 
L-(M'Y-)n observed on passing from the alkali 
metal iodides to the corresponding bromides is prob- 
ably due to both the smaller number of (M'Br-)n 
aggregates near the solid-phase surface and the higher 
binding energy in ion pairs. Therefore, the process of 
formation of L-(M'Br-)n complexes and of anion 
activation becomes energetically less favoured in this 
case. 


[L(M'I-)n] * [L'(M'I-)(M'I-)n-iI (6) 
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It has been established that the product of the reaction of N-pentatluorophenylcarbonimidoyl dichloride (1) with 
dibenzylamine, viz. M-pentafluorophenyl-N’, N’-dibenzylchloroformamidine (4a) is a 2-isomer, whereas according 
to the concept of stereoelectronic control one might have expected a product with E-configuration. The heat of 
formation and the geometry of Z- and E-isomer of N*-pentatluorophenyl-N’, N’-diethylchloroformamidine (4b) (the 
latter is a product of the reaction of 1 with diethylamine) were calculated with the semi-empirical MNDO method. 
The calculated geometry of (Z)-4b was found to be in a good agreement with the experimentally determined structure 
of  4a. The formation of  (Z)-4b i s  more preferable energetically than that o f  (E)-4b; the calculated difference in the 
heats of formation i s  2.8 kcal mol- I .  Thermodynamic control of the reaction stereochemistry i s  proposed. 


INTRODUCTION being actively studied. Research has shown the for- 
mation of either mono- or disubstituted products, 
cyclizations, etc., 1 - 3 depending On the properties of the 
amine and the reaction conditions. However, the 
mechanism of the aminolysis of carbonimidoyl dichlor- 
ides has not been studied in detai1.3-7 earlier 


N-substituted carbonimidoyl dichlorides containing an 
-N=CCh group are important Precursors in the Wn- 
thesis of various organic compounds. ’” lkm a sYn- 
thetic point of view, their reactions with amines are 
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papers, 3*6 we have given arguments supporting the fact 
that the reaction of polyfluorophenylcarbonimidoyl 
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chlorides (1) with secondary amines (2) in acetonitrile yields the Z-isomers of the corresponding imidates. A 
yields chlorosmidines (4) and proceeds by an treatment may follow in the course of which those 
addition-elimination mechanism via a tetrahedral Z-isomers can be converted into thermodynamically 
intermediate (3): more stable (El-imidates. Similar results were obtained 


slow 
1 2 


The nucleophilic attack on the N=C bond (k2 > k- 
by the amine is considered to be the slow stage of the 
process. In order to penetrate deeper into the reaction 
mechanism, we must know its stereochemistry. It 
should be noted that the stereochemistry of bimolecular 
nucleophilic substitution at the C=N bond has not 
been studied thoroughly. One of the reasons may be the 
fact that the structures of the educts and products were 
not studied by direct structural methods but the indirect 
methods which are not reliable enough and can lead to 
errors. 8 9 9  A few structural studies of compounds 
RC(CI)=NRi found in the literature mainly deal 
with the derivatives of oximes (R' = OR)9-" and 
hydrazones. *'-I4 These compounds have Z-configur- 
ations with respect to the C=N bond: 


c1  R' 
\ I  


/C=N 
R 


c1 


C=N 
\ 


R / \R. 


Z E 


A similar configuration was found when studying 
the structure of N-benzenesulphonylbenzimidoyl 
chloride. l 5  The data enable us to draw conclusions in 
favour of the Z-configuration of imidoyl halides, since 
there is an E-configurational analogue in relation to 
the -N=C(Hal) bond, i.e. 1,4-dichloro-l-(4-chloro- 
phenyl)-4-dimethylamino-2,3-diazabutadiene. l 6  Of the 
compounds of this class that have been studied, only 
0-methylbenzhydroxymoyl chlorides are known to 
have both Z-9 and E-configurations," the Z- 
configuration being energetically preferable. N-Aryl- 
and N-alkyl-substituted imidoyl halides cannot be con- 
sidered stereochemically rigid. '' 


As a rule, in the case of nucleophilic substitution at 
the C=N bond proceeding by an addition-elimination 
mechanism, the configuration does not change. Thus, 
the methanolysis of Z-isomers of O-methylbenz- 
hydroxymoyl chloride l9 and N2-methyl-N2-(2,4-dini- 
tropheny1)benzhydrazonoyl chloride" prevailingly 


c1 fast 


3 4 


in the aminolysis of "-methyl- N2-(2,4-dinitrophenyl)- 
benzhydrazonoyl chloride by pyrrolidine and 
butylamine in acetonitrile: " the first products are 
(Z)-amidines, which either spontaneously or on heating 
convert into the E-isomers. 


Traditionally, such a behaviour has been explained l 9  


from the point of view of stereoelectronic control: a 
nucleofuge is rapidly eliminated from the intermediate 
conformation in which it is antiperiplanar to a lone 
nitrogen electron pair: 


slow fast 


The Z-isomer of the initial imidoyl chloride yields an 
intermediate whose conformation favours a rapid elim- 
ination of the leaving group. The product is in a confor- 
mation coinciding with that of the initial substrate. 
Kinetic studies of the methanolysis 19*20 and amino- 
lysis2' of benzhydroxymoyl and benzhydrazonoyl 
derivatives confirm the supposition that in these 
reactions nucleophilic attack on the C=N bond func- 
tions as a slow step, while the intermediate decomposes 
rapidly. In the arylaminolysis of N-benzenesulphonyl- 
benzimidoyl chloride, the slow step of which is assumed 
to be the decomposition of the intermediate product, 22 


full inversion of the configuration from the (Z)-imidoyl 
chloride to the (E)-amidine was observed. This 
stereochemical result may be caused by thermodynamic 
control of the reaction. The conclusion about a thermo- 
dynamic preference for the E-configuration of amidines 
has been supported by numerous structural 
studies. 22-24 


This work was aimed at the investigation of the 
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stereochemistry of the reaction of N-pentafluoro- 
phenylcarbonimidoyl dichloride (1) with dibenzylamine 
(2a). In this reaction, in the configuration of inter- 
mediate 3 one of chlorine atoms is antiperiplanar to one 
of the lone electron pairs of the N-anionic centre: 


I 


.I. 


As, according to the kinetic data, 3,6 the intermediate 
product decomposes rapidly (kz B k - l ) ,  it would be 
reasonable to expect stereoelectronic control and the 
formation of the chloroforamidine 4a in the E- 
configuration. In order to prove the composition of 4a, 
we used x-ray methods. 


RESULTS AND DISCUSSION 


The general structure of the molecule 4a is shown in 
Figure 1 and the coordinates of the atoms and valence 
angles are given in Tables 1 and 2. The bond lengths of 


C(1) =N( 1) [ 1 *269(5) A] agree with those published for 
other derivatives with a Cl(C)=N- fragment,'-I6 
whereas the C( 1)-N(2) bond is much longer. The struc- 
ture of only one compound having an N-C(Cl)=N 
group, i.e. 4-chloro-3- [chloro( I-pirrolidiny1)methyl- 
ene] aminocyclobut-3-ene-1 ,2-dione (9, has been 
reportedz4; the lengths of C=N double bond 
[ 1 *307(7)A~ and C-N single bond [1*301(7)A J have 
levelled out owing to strong delocalization of the 
*-electrons in the molecule 5. In the molecule of 
0,O-di-ethyl- 1 -(A''-trifluoromethylfluoroformamidino) 
-1 -methylethylphosphonate (a), a compound with an 
-NC(F)=N- fragment, the lengths of both the 
double avd single bonds are different: 1-248(3) and 
1 322(2) A ,  re~pectively'~. In the molecule 4a, a series 
of brief intramolecular contacts with the participation 
of a chlorine atom are observed: Cl...C(2) 2.992(5), 


3.207(5) A. Steric hindrance promoted the formation of 
larger N( I)C(2)C(3) and C( I)N(2)C(15) valence angles; 
the molecule twists around the C( 1) =N( 1) double bond 
[the ClC(I)N(I)C(2) torsion angle is 13*$)(4)"], the 
Cl-C(1) distance increases up 1 -770(4)A ip com- 
parison with reported values of 1 .71-1 -76A.9910'25 
Four central atoms, ClC(I)N(l)N(2), make up a plane 
within 0*003(4b A. The pentafluorophenyl ring A forms 
an angle of 66 with this plane and the phenyl rings B 
and C form angles of 70 and 74", respectively. It is 


CI...C(3) 3*265(5), CI*.*C(15) 2*963(5), Cl...F(l) 


18 


F3 


12 


Figure 1. General view of N2-pentafluorophenyl-N1 ,N'-dibenzylchloroformamidine (4a) 
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worth mentioning that the planes of rings A, B and C 
are almost parallel; the dihedral anogles forme: in planes 
A and B, B and C, A and C are 6 , 7" and 8 , respect- 
ively. As in most of the imidoyl halides whose struc- 
tures have been studied previously, the molecule 4a has 
a Z-configuration relative to the C(l)=N(l) bond. 
Thus, configurational predictions from the point of 
view of stereoelectronic control are wrong [see equation 
(3)) I . 


Table 1. Atom positional parameters ( x  lo4; for H x 
and anisotropic (isotropic for H) thermal parameters B ( A  ') 


for structure 4a 


Atom X Y Z B 


1733(1) 
3995(2) 
3969(3) 
2277(3) 
603(3) 
616(3) 


2341(3) 
2541(3) 
2258(4) 
2272(4) 
3112(4) 
3116(4) 
2258(5) 
1430(4) 
1440(4) 
3048(4) 
2076(4) 
1120(4) 
242(5) 
288(5) 


1208(6) 
2 106( 5 )  
2360(4) 
3559(4) 
3835(5) 
491 l(7) 
5638(6) 
5413(6) 
4358(5) 


369(4) 
337(4) 
1 16(4) 
- 36(4) 
- 23(4) 
126(3) 
272(3) 
204(3) 
177(4) 
329(3) 
486(3) 
625(3) 
595(3) 
420(4) 


4889(0) 
4236(1) 
316011) 
2665( 1 ) 
3269( 1) 
4343(1) 
4882(1) 
5687(1) 
5165(2) 
4327(2) 
4003(2) 
3455(2) 
3206(2) 
35 13(2) 
4060(2) 
5945(2) 
6283(2) 
6038(2) 
6346(2) 
689 l(2) 
7 141 (2) 
6834(2) 
6042(2) 
6171(2) 
6685(2) 
6798(3) 
6396(3) 
5887(3) 
5769(2) 
616(1) 
565(1) 
566( 1) 
616(1) 
709(2) 
757(2) 


636(1) 
589(1) 
697(1) 
716(1) 
645( 1 ) 
561(1) 
539(1) 


7 0 0 ~ )  


1772(2) 
3950(4) 
4226(4) 
601 6(5) 
7543(4) 
7247(4) 
5538(5) 
4052(4) 
4047(6) 
5518(6) 
4788(6) 
4948(6) 
5854(7) 
6615(6) 
6462(6) 
5876(6) 
661 5(6) 
7362(6) 
8053(6) 
8007(7) 
7229(8) 
6548(7) 
2396(6) 
1688(6) 
1264(8) 
48 1 (10) 
170(8) 
566(8) 


1330(7) 
566(5) 
682(5) 
747(5) 
874(5) 
860(5) 
715(5) 
603(5) 
277(5) 
135(5) 
160(5) 
44(5) 


- 39(5) 
535) 


164(5) 


4.74(3) 
5.44(9) 
6.7(1) 
7.4(1) 
7.2(1) 
6.06(9) 
4.1(1) 
3.62(9) 
3.6(1) 
3-8(1) 
4*0(1) 
4.6(1) 
4.9(1) 
4.8(1) 
4.2(1) 
4.0(1) 
3.7(1) 
4*2(1) 
5 . O( 2) 
5.7(2) 
6.2(2) 
5.5(2) 
4.3(1) 
4.4(1) 
7.1(2) 
9.4(2) 
9'2(2) 
7.3(2) 
5.7(2) 
4.2(9) 
3.7(9) 
4.4(9) 
5*7(9) 
6.5(9) 
7.1(9) 
5.0(9) 
4*0(9) 
5 . O(9) 
6.9(9) 
7 3(9) 
6.3(9) 
6.8(9) 
7.2(9) 


Table 2. Bond angles w ( O )  for the molecule 4a 


Angle W Angle W 


123.3(4) 
118.5(3) 
125.8(3) 
115.7(3) 
121.6(3) 
114.8(3) 
123.6(4) 
123.2(4) 
120.7(4) 
115.6(4) 
118.914) 
118.3(4) 
122.8(4) 
120.0(4) 
120.2(4) 
119.8(4) 
119.3(4) 
121.6(4) 
119.0(4) 
119.1(4) 
120.2(4) 
120.7(4) 


119.6(4) 
118.4(4) 
122.0(4) 
11 1.9(3) 
120.4(4) 
1 2 1 .3(4) 
1 1 8.3(4) 
120.3(4) 


119.6(5) 
119.8(5) 
120.9(5) 
113.3(4) 
120.7(4) 
121.0(4) 
118.1(5) 
120.3(5) 
118.7(6) 
123.3(7) 
118.7(6) 
120.8( 5 )  


121 .0(4) 


Table 3. Calculated atomic coordinates ( x  lo4) for the 
structure (Z)-4b 


Atom X 


2162 
3686 
6343 
7542 
3401 
6060 
2076 


0 
I393 
3469 
4243 
5637 
626 I 
5489 
4096 
- 742 
- 859 
- 744 
- 616 


-1770 
- 275 


-1824 
- 422 
- 1464 


I25 
- I366 
-1280 


415 
-919 


Y 


- 1604 
1287 
1923 
221 I 
1232 
1861 
1096 


0 
0 


1241 
I424 
1756 
1906 
1724 
I394 
1063 
784 


- 868 
- 473 
1140 
2063 
- 854 


-1931 
1589 
768 


-180 
- 1  123 
- 601 


578 


Z 


- 28 
2280 
21 10 


-351 
- 2485 
- 2647 


0 
0 
0 


- 98 
1091 
1008 
- 272 
- 1466 
-1374 
- 721 
- 2229 


939 
2419 
- 289 
- 552 


652 
808 


- 2696 
- 2736 
- 2434 


3026 
2804 
2601 
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A possible explanation of the formation of 4a may be 
thermodynamic control. Only one isomer appeared 
in reaction (1); our attempts to prepare a possible 
E-isomer were unsuccessful. Therefore we undertook 
quantum chemical calculations by the semi-empirical 
MNDO* method26327 for the 2- and E-isomers of a 
close analogue of 4a, Nz-pentafluorophenyl-N', N'-  
diethylchloroformamidine (4b; R = C2H5). The struc- 
tures of the isomers were calculated using full 
optimization, varying all possible bond lengths and 
valence and torsion angles. Tables 3 and 4 give the 
coordinates of the atoms of the Z- and E-isomers of 4b 
and in Tables 5 and 6 the bond lengths and the valence 
and certain torsion angles in the molecules of 4a and 
(2)- and (E)-4b are compared. 


In general, the calculations. reproduce the structure 
which is common for both the 4a and (2)-4b fragments 
of a molecule. The bond lengths of the car- 
bon-nitrogen framework and the C( l)-C1 bond 
appear to be overstated, whereas the C-F bond lengths 
in the pentafluorophenyl ring are low. The twisting 
angle of the pentafluorophenyl ring relativeo to thz 
CIC( 1)N( 1)N(2) plane has been raised from 66 to 80 
compared with the experiment for 4a. As a result, the 
interatomic distances Cl-..C(3) an$ Cl...F( 1) sharply 
increased (up to 3.854 and 3-922 A, respectively) and 
twisting of the molecule relative to the C(l) =N(1) 
double bond became smaller: in the Z-isomer of 4b, the 
torsion angle of ClC( l)N(l)C(2) is - 5 -4". The valence 
angles for 4a coincide with the experimental values 
within their limit of error. 26*27 The amidine nitrogen 
atom retains a flat configuration of ligand C(1), C(8) 
and C(15). The C(l)N(2)C(l5) and C(l)N(2)C(8) angles 
have become levelled out. The methylene groups con- 
nected to N(2) are twisted by 34" relative to 
CIC(I)N(l)N(Z) plane (in the experiment for 4a by 78" 
on average), and at the same time.the distance between 
C1 and C(15) is stretched to 3.137A. In general, the free 
(Z)-4b molecule is sterically less hindered than the 
molecule of 4a in the crystal form. 


The close coincidence of the calculated structure with 
the experimentally determined data confirms the vali- 
dity of the application of semi-empirical calculation 
methods for studying the structures and energetics of 
the molecules belonging to type 4b. The E-isomer of 4b 
contains prevailingly valence and torsion angles, if 
compared with the Z-isomer (see Tables 5 and 6) .  The 
pentafluorophenyl ring is almost perpendicular to the 
CIC(l)N(l)N(2) plane. In the case of N(2), the methy- 
lene groups are twisted as much as possible relative 
to this plane, the C(8)N(2)C( 1)N( 1) and 
C( 15)N(2)C( 1)N( 1) angles being equal to 108 2" and 
109.7", respectively. The amidine nitrogen atom N(2) 
becomes reloatively non-planar (the sum of the angles 
being 348.1 ). If we take into consideration !he length- 
ening of the C(l)-N(2) bond by 0.021 A and the 
shortening of the C(l)=N(l) bond by 0.009 A, we can 


Table 4. Calculated atomic coordinates ( x lo4) for the 
structure (E)-4b 


Atom X Y z 


2247 
1525 
1239 
1493 
2335 
2048 
2219 


0 
1421 
1909 
1640 
1495 
1630 
1916 
2061 
- 624 
- 1877 
-640 
- 1367 


118 
- 883 
- 1367 


122 
-2168 
- 2738 
-1701 
-1830 
- 679 


-2175 


- I565 
246 1 
5171 
6569 
2498 
5204 
1003 


0 
0 


2374 
3104 
453 1 
5257 
4548 
3124 
- 455 


3 50 
-418 


740 
- 354 
- 1543 
- 1248 
- 835 


69 
125 


1443 
358 


1561 
I170 


-17.6 
- 2330 
-2310 


56 
2361 
2391 


0 
0 
0 


17 
-1180 
-1186 


39 
1255 
1229 


-1269 
-1648 


1275 
1976 


- 2099 
- 1220 


1091 
1980 


- 2682 
- 987 


-1625 
2910 
2257 
1354 


Table 5 .  Bond lengths (A) and some interatomic distances 
( A  ) for the molecules 4a and b 


Experimental 
for 4n 


1 269( 5 )  
1.334(5) 
1 .770(4) 
I .383(5) 
1 * 385(6) 
1 *366(6) 
1*371(7) 
I *348(5) 
1 * 353(7) 
1 .350(5) 
1 * 474(5) 
1.515(6) 
I -463(5) 
1*513(7) 
2-992(5) 
3.265(5) 
2 * 963(5) 
3.207 
3.207 


Calculated 
for (Z)-4b 


Calculated 
for (E)-4b 


1.291 
1.393 
1.779 
1.404 
1.430 
1.435 
1.433 
1.320 
1.319 
1.319 
1.483 
1-537 
I a480 
1,537 
3-132 
3.841 
3.151 
3.951 
3 - 424 


1.282 
1.421 
1.770 
1.406 
1.427 
1.434 
1.429 
1.323 
1.319 
1.319 
1 -486 
1.537 
I .487 
1.537 
3.954 
4.850 
3.365 
4.698 
3.390 
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conclude that in the transition from the Z- to  the E- 
isomer of 4b, in the amidine fragment the conjugation 
becomes weaker. Probably, for the same reason, the 
(calculated) value of the heat of formation of the E- Experimental Calculated Calculated 
isomer of 4b is smaller 1-189.75 kcalmol-I) for 4a for (Z)-4b for (E)-4b 


Table6. Bond angles(O) and some dihedral anglesf) for the 
molecules 4-a, b 


(1 kcal = 4.184 kJ) 1 than the calculated heat of for: 
mation of (Z)-4b (-192.51 kcalmol-'). A non- 
empirical calculation on  fluoromethyleneimine 
(CHF=NH) in the 6-31G basis set yields a 
2.0 kcal mol-' difference2' in the energies of more 
stable Z-and E-isomers. A similar experimentally 
obtained29 value for 0-methylbenzhydroxymoyl 
chloride [C6HsC(Cl) =NOCH3] is 3 kcalmol-I. Hence 
our estimated value of 2.8 kcalmol-I appears to be 
realistic. 


The results of calculations indicate that not stereo- 
electronic control but thermodynamic one is realised in 
reaction (1). A thermodynamically more stable isomer 
is formed. Such an explanation of a stereochemical 
result implies potential internal rotation of intermediate 
3 (the rotation rate exceeds the rate of decomposition 
into either initial compounds or final products): 


123.3(4) 
118*5(3) 
125.8(3) 
121*6(3) 
123 *6(4) 
120- 7(4) 
115-6(4) 
118.9(4) 
122 * 8(4) 
121.6(4) 
119.1(4) 
120.7(4) 
119.6(4) 
122.0(4) 
1 1  1.9(4) 
13.0(4) 


114.0 


127-8 
120.0 
120.2 
122.4 
121.9 
119.5 
119.4 
120.4 
120.5 
120.0 
120.1 
119.8 
120.4 
120.5 
112.6 


97.8 
- 4.0 


128.7 
114.9 
115.5 
113.7 
128.5 
122.0 
117.5 
119.9 
121.6 
120.4 
120.3 
119.5 
119.8 
122.1 
113.1 
179.7 
85.8 


-I. 


F5C6 qcl 120° 5 6&2+ 


C1 .I. NHR2 


I 
' boo I 


C1 


Possible mechanisms of stereomutation of inter- 
mediate 3 are either a 120" clockwise :urn round the 
C-N bond or the combination of a 60 counterclock- 
wise turn (a configuration is obtained in which both 
potential nucleofuges are synperiplanar to  both 
nitrogen atom lone pairs), followed by inversion of the 
N-anionic centre. Another route for substitution at the 
C=C bond 30 has also been suggested theoretically. 
Both of these routes yield a configuration of inter- 
mediate 3 such that the separation of a chlorine anion 
gives the final product in the Z-configuration. 


The data obtained d o  not yet permit the exclusion of 
the possibility of further isomerization of chloroform- 
amidine 4, originally formed in the E-configuration. 
However, we should not overlook the fact that even 
with the simplest molecules2' the calculated isomeriza- 


c 1  


tion barriers of imidoyl halides exceed 20 kcal mol- I ,  


whereas those found experimentally for O-methylbenz- 
hydroxymoyl chloride are higher than 30 kcal mol- I .  29 


The Arrhenius activation energies for the reaction of 
the imidoyl chloride 1 with dibenzylamine and diethyl- 
amine are 6 - 0  and 2.5 kcalmol-I, respectively (in ace- 
tonitrile). Hence it seems doubtful that under these 
conditions post-isomerization can proceed fast enough. 


If our explanation of the stereochemical results of 
reaction (1) is correct, this will make the general 
applicability of stereoelectronic control in the reactions 
of nucleophilic substitution at the C = N  bond rather 
problematic. Probably in those cases when the differ- 
ences in the heats of formation of isomers are substan- 
tial enough, thermodynamic control starts t o  prevail. 
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EXPERIMENTAL 
N2-Pentafluorophenyl-N' , Nl-dibenzylchloroformam- 
idine (4a) was prepared by addition of N-pentafluoro- 
phenylcarbonimidoyl dichloride to a solution of a 
twofold excess of diben~ylamine.~ Crystals of 4a were 
grown from heptane solution. 


The crystals of 4a, C Z ~ H I ~ C ~ F S N ~ ,  are monoclinic; at 


p = 99.84(1) , Z =  4, space groupe P2t/c. 
A four-circle Hilger and Watts diffractometer 


equipped with a graphite monochromator was used 
( X M ~ K ~ ,  8/28 scan, 0 < 28"). A total of 2400 reflections 
were measured, of which 1480 with 1 3  24Z)  were used 
in the solution and refinement of the structure. The 
structure was solved by direct methods and refined by 
the full-matrix least-squares method with anisotropic 
thermal parameters for all non-hydrogen atoms. All H 
atoms were found from a difference Fourier map and 
refined isotropically. Final values were R = 0.049 and 
R, = 0-049. All calculations were carried out on an 
Eclipse S/200 computer using INEXTL programs. 3 1  


20°C u = 1!*876(1), b = 24.862(2), C =  7*159(1)A, 


1 .  


2. 


3. 


4. 


5. 


6. 


7. 


8. 


9. 
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CATIONIC AND ANIONIC HALOCHROMISM 


SANDRA P. ZANOTTO, MARIVANIA SCREMIN, CLODOALDO MACHADO AND MARCOS CAROL1 


Departamento de Quimica, Universidade Federal de S. Catarina, Floriandpolis, SC 88040970, Brazil 
REZENDE* 


The spectral changes of organic solutions of N,N,N’,N’ -tetramethylenediaminoacetylacetonatocopper(II) perchlorate 
and a merocyanine dye in the presence of NaI or LiCIOI provide examples of anionic and cationic halochromism, 
respectively. The observed changes are interpreted as arising from all possible interactions in the three-component 
system of the dye, the salt and the solvent. 


INTRODUCTION 


The introduction of solvatochromic dyes as solvent 
polarity indicators more than 30 years ago represented 
a breakthrough in the study of solvent effects. The ease 
and sensitivity of the method prompted the use of a 
variety of dyes for the measurement of medium 
polarities. Following reports of their utilization in the 
determination of the polarity of pure solvents or solvent 
mixtures, we had the idea of measuring in this way the 
polarity of electrolyte solution. Our idea ultimately 
proved naive because it overlooked the specific interac- 
tions between the dye and the electrolyte that are 
responsible for the solvatochromic shifts observed in 
these systems. Ignoring these interactions may lead to 
completely misleading interpretations and values of the 
‘polarity’ of salt solutions. In fact, as we show in this 
paper, depending on these interactions, contradictory 
‘polarity’ values may be derived from the same salt 
solution. 


In the systematic study of these salt-dye interactions 
in solution, responsible for the halochromic properties 
of the dye,* we have drawn a parallel between solva- 
tochromism and halochromism, basing our analysis on 
the interplay of three components, the dye, the salt and 
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the solvent. We now compare two extreme behaviours 
of these dyes, which we define as cationic and anionic 
halochromism, according to the ionic fragment which 
determines the spectral shifts in electrolyte solutions. A 
sharp distinction may be drawn between dyes which 
exhibit cationic and anionic halochromism. In order to 
illustrate this, we have chosen two well known solva- 
tochromic dyes, compounds 1 and 2, which typify these 
distinct behaviours. 


Dye 1, N, N, N ’ ,  N’-tetramethylethylenediaminoacetyl- 
acetonatocopper(I1) perchlorate, was introduced by 
Fukuda and Sone4 nearly 20 years ago. It exhibits posi- 
tive solvatochromism and the energies of its longest 
wavelength band in various solvents correlate well with 
the corresponding donor numbers DN. Migron and 
Marcus5 have recently emphasized its potential as an 
exclusive p-sensitive probe, /3 values being defined from 
Taft and Kamlet’s multiparameter equation6 as a 
measure of the donicity of the solvent. In addition, the 
position of its longest wavelength band in a given 
solvent is also sensitive to the nature of the counter 
anion present. 4,7 


The merocyanine dye 2 is a classic example of a com- 
pound which exhibits reverse solvatochromism: it 
changes from a positive solvatochromic behaviour in 


2 
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solvents of low polarity to negative solvatochromism in 
more polar media. This property is shared with other 
azo merocyanines' and has been rationalized in terms 
of semi-empirical MO calculations. Compound 2 may 
be classed among a large group of solvatochromic 
dyes which include Reichardt's widely used pyri- 
diniophenoxide betaines, 2a all of which possess a phen- 
oxide group as the donor moiety in the molecule. The 
charge-transfer band energies of these compounds tend 
to correlate with the acceptor properties of the medium. 
The halochromic behaviour of dye 2 in aqueous salt sol- 
utions was studied by Davidson and Jencks," who 
rationalized the observed spectral shifts in terms of 
equilibria between the free dye and 1 :  1 dye-salt 
complexes. 


This paper reports a comparison of the halochromic 
properties of these compounds in organic solutions of 
two different electrolytes and presents an interpretation 
of the trends observed for each system. 


RESULTS AND DISCUSSION 
The visible spectra of salt solutions containing dye 1 or 
2 were recorded at 25 "C for different electrolyte con- 
centrations. We employed solutions of sodium iodide 
or lithium perchlorate in acetone, acetonitrile, benzo- 
nitrile and dimethylformamide (DMF). For such sol- 
vents, dye 1 exhibits a positive halochromic behaviour 
(shift of the longest wavelength band to longer A values 
with the addition of a salt), whereas dye 2 behaves as 
a negative halochromic indicator. The relative trends 
may be compared by plotting the band energy shifts, 
AE, for each system against the salt concentration. 
These plots are shown in Figures 1 and 2 for the copper 
dye 1 and in Figures 3 and 4 for the merocyanine dye 2. 


The relative trends observed for the two salts in a 
given solvent, in the presence of dyes 1 and 2, may be 
compared in Figures 1 and 3. For the copper dye 1, 
addition of sodium iodide to all solvents always caused 
greater halochromic shifts than lithium perchlorate. 
This situation was reversed when the probe was the 
merocyanine dye 2. If one retains the notion that the 
position of the charge-transfer maximum of these dyes 
is a measure of the polarity of the medium, one is led 
to a contradictory conclusion, namely that for the same 
salt concentration in a given solvent, a sodium iodide 
solution is more 'polar' than a lithium perchlorate sol- 
ution when dye 1 is the probe and is less 'polar' when 
dye 2 is used as the polarity indicator. In fact, this 
apparent contradiction disappears if one regards 1 as an 
example of a dye which exhibits anionic halochromism, 
complementary to the cationic halochromic behaviour 
of dye 2. 


The halochromism of the copper complex 1 stems 
from a transition from a square-planar structure to an 
octahedral form where the solvated anion acts as a 
more or less bound axial ligand.'.' As more salt is 


added to the medium, a competition is established 
between the solvent molecules loosely bound to the 
planar copper complex and the solvated anions. The 
greater 'polarity' of the sodium iodide solutions reflects 
the greater ligand strength of the iodide anions com- 
pared with C10;. 


In contrast, the halochromic behaviour of the mero- 
cyanine dye 2 is governed by the nature of the added 
cation. We have carried out detailed studies of this 
behaviour for the related pyridiniophenoxide dyes and 
have shown that it is the association between the 
solvated cation and the phenoxide moiety of the mol- 
ecule which determines the halochromic shifts in sol- 
ution. The charge density of the cation is of paramount 
importance here, smaller, harder species being more 
tightly bound to the negatively charged oxygen 
atom. 3,11 It follows that, according to the cation- 
governed halochromic dye 2, lithium perchlorate sol- 
utions are more 'polar' than sodium iodide solutions. 


( A 1  
BENZONITRLE 


(81 
ACETONITRILE 


-4 


1 I I I 1 
5 10 15 20 


Figure 1 .  Differences A E  in the absorption energy of the 
longest wavelength band from the spectra of dye 1 in various 
solvents, in the presence of NaI or LiC104, as a function of the 


molar salt concentration, c 
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Figure 2. Halochromic shifts of dye 1 in various solvents, in 


the presence of NaI 
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Figure3. Differences A E  in the absorption energy of the 
longest wavelength band from the spectra of dye 2 in various 
solvents, in the presence of NaI or LiC104, as a function of the 


molar salt concentration, c 


IOec,M 


Figure 4. Halochromic shifts of dye 2 in various solvents, in 
the presence of Nal 


The same salt-dye pair may show different 
halochromic behaviour depending on the solvent 
employed. This is seen in Figures 2 and 4, where trends 
are compared for sodium iodide solutions of dyes 1 and 
2 respectively, in different solvents. These trends may 
be understood by a n  analysis based on all possible inter.. 
actions which arise in the three-component system of 
the dye, the dominant ionic species and the solvent. 


In the case of dye 1, a competition is established 
between the solvated anion, which acts as a 'co- 
solvent', and the solvent molecules, for axial associ- 
ations with the copper(I1) complex. This situation is 
analogous to  the solvatochromic shifts observed for the 
same dye in binary solvent mixtures, when the propor- 
tion of the more 'polar' co-solvent is increased. For the 
variations of the position of the longest wavelength 
band of the copper complex 1 in nitromethane-DMF 
mixtures, '* a plot (not shown) of A E  against the molar 
DMF concentration can be drawn which resembles 
closely the plots depicted in Figures 1 and 2. We 
observed a similar behaviour in acetone-methanol and 
acetonitrile-ethanol mixtures: addition of an alcohol to 
solutions of 1 in either acetone or acetonitrile was 
accompanied by positive solvatochromic shifts. These 
shifts were initially large, for dilute solutions of the 
more 'polar' co-solvent, attaining plateau values when 
the concentration of the alcohol was high enough t o  dis- 
place completely the weaker donor component from the 
axial positions. 


For a given anion, the degree of halochromism of 
the system is then a function of the donicity of the 
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solvent. In DMF [DN = 26.6 kcal mol-’ (1 kcal= 
4.184 kJ)l31, a strong donor solvent, no halochromic 
shifts are observed on the addition of sodium iodide up 
to a concentration of 0 . 2 ~  (Figure 2). In contrast, 
in acetone (DN = 17.0 kcal mol-I), acetonitrile 
(14.1 kcal mol-I) and benzonitrile (11.9 kcal mol-’), 
the halochromic behaviour of dye 1 is much more pro- 
nounced. The above assertion does not seem to hold, 
however, when acetone as a solvent is compared with 
either of the two nitriles. The latter act as stronger 
donor solvents than acetone, in spite of having smaller 
donor numbers. This may be due to the soft nature of 
the copper(I1) complex, which favours complexation 
with nitrogen ligands because of stronger K interaction 
with the CN group. A similar situation, again involving 
acetone and acetonitrile, was in fact observed for the 
related solvatochromic dye N, N, N’N’-tetramethyl- 
ethylenediaminoacetylacetonatonickel(I1) perchlorate. l4 


The cationic halochromism exhibited by dye 2 paral- 
lels the behaviour of pyridiniophenoxide dyes, analysed 
in detail previously.3 Figure 4 illustrates the fact that 
here it is the acceptor strength of the solvent which 
determines the degree of cationic halochromism of the 
merocyanine-NaI system. Since solvent acceptivities 
correlate fairly well with E ~ ( 3 0 )  values, it is not sur- 
prising that the degree of halochromism for these 
systems decreases in the order benzonitrile [&(30) 
= 41.5 kcal mol-’1 >acetone (42.2 kcal mol-I) > aceto- 
nitrile (45.6 kcal mol-I). The relative insensitivity of 
dye 2 in DMF to the addition of sodium iodide seems 
to contradict the above assertion, as the E ~ ( 3 0 )  value of 
DMF (43 - 8  kcal mol-’) is smaller than that of acetoni- 
trile. One should bear in mind, however, that the 
sodium cation is always solvated in solution. The 
reduced halochromism of sodium iodide solutions of 2 
in DMF does not stem from a more effective association 
of the solvent with the phenoxide moiety of the dye, as 
compared with the acetonitrile molecules. It is rather 
caused by the more effective solvation of the sodium 
cation by DMF, thereby reducing the acceptivity of this 
solvated ionic species. In terms of the phenoxide probe, 
this solvation renders the Na+ ‘co-solvent’ less ‘polar’, 
and consequently less capable of inducing perturbations 
in solution. 


In the above discussions, we have emphasized the 
role of the dominant ionic species, ignoring all possible 
contributions to the halochromic behaviour of dyes 1 
and 2. This somewhat crude model is obviously open to 
criticism. One may wonder, for instance, about the 
eventual contribution of aggregation phenomena to the 
observed spectral changes in solution. Dye aggregation 
may in fact be accompanied by substantial spectral 
changes in the visible region. It is promoted in sol- 
vents where the dye is scarcely soluble, such as water, 
being prevented in solvents of medium polarity. 


In order to test this possibility, we recorded the 
spectra of dyes 1 and 2 at various concentrations in all 
the solvents employed in this study, and did not observe 


‘ 


any shifts of their maxima. This was taken as an indi- 
cation that either self-aggregation of the dye was negli- 
gible in these media, or that an eventual dye 
aggregation led to no spectral changes and, therefore, 
could not contribute to the observed halochromic 
shifts. 


A second question pertains the role played by the 
anion in the presence of a cation-dominated 
halochromic dye. There are some pieces of evidence 
that justify our approach, which tends to regard such 
contributions as negligible. Davidson and Jencks’s 
findings” of a 1 : 1 association between dye 2 and a salt 
in aqueous solutions led to the interpretation that only 
one ionic species was responsible for the observed 
halochromism. In our systematic study on the 
halochromic behaviour of Reichardt’s E~(30) dye in 
alcoholic solutions, Ib we also found that, in a series of 
salts with a common cation, the nature of the anion was 
only of minor importance. The small differences 
observed when comparing two salts MX and MY were 
ascribed to their different degrees of dissociation in sol- 
ution. The more a salt is dissociated, the higher is the 
average electron density on the dominant ionic species 
M+ which perturbs the dye. Thus, for the E ~ ( 3 0 )  
betaine in an alcohol in the presence of different lithium 
salts, the induced halochromic shifts increased in the 
order LiCl < LiBr < LiI c LiC104. Ib This order also 
shows that we may safely neglect anionic contributions 
arising from a direct interaction between the anion and 
the pyridinium acceptor moiety of pyridiniophenoxide 
betaines or dye 2. In fact, had it been otherwise, the 
soft, charge-transferring I-  anion would be responsible 
for a larger halochromic shift than the hard, non- 
associating Clod species. Our studies in alcoholic 
solutions I b  and the results in non-protic solvents pre- 
sented here show that this is not observed. All minor 
contributions to the halochromism of dye 2 to the 
counter anion may be ascribed to indirect effects, such 
as ionic associations in solution, and not to direct inter- 
actions with the dye. 


In conclusion, the comparative study presented in 
this paper distinguishes two kinds of halochromic dyes. 
In addition to the distinction between positive and 
negative halochromism, which is ultimately determined 
by the relative polarities of ground and excited states, 
we bring attention here to the cation- and the anion- 
dominated forms of halochromism. Dyes exhibiting 
cationic and anionic halochromism are in a way comp- 
lementary, an observation which echoes the distinction, 
as applied to solvents, made between a- and /3-sensitive 
dyes. ’ This parallel classification may help to extend 
these studies to other dyes and confirm our suggestion 
put forward in this preliminary communication. To our 
knowledge, detailed studies of anionic halochromism 
have not been reported previously. the existing 
examples of halochromism generally applying to cation- 
induced processes. 
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EXPERIMENTAL 


Spectra were recorded on a Beckman DU-65 
UV-visible spectrophotometer equipped with ther- 
mostated cells. 


Analytically pure sodium iodide (Merck) and lithium 
perchlorate (Fluka) were dried under v!cuum 
(0- 1 mmHg) in an Abderhalden apparatus at 100 C for 
1 h. Solvents were stored over molecular sieves after 
distillation. 


The copper complex 1 was prepared following a 
reported p r o c e d ~ r e . ~  Compound 2 was obtained from 
the corresponding protonated pyridinium iodide by 
treatment with sodium hydroxide. l6 


The dye concentration in all investigated solutions 
was 2 X lo-' M for 1 and 2 X M for 2. Varying 
these concentrations had no effect on the position of the 
charge-transfer bands. 


The charge-transfer energies were calculated from the 
absorption maxima of the longest wavelength in the 
visible spectra by means of the relationship E (kcal 
mol-') = 28 590/X,,,. Ib For a given salt concentration 
c, AE is the difference between the absorption energies 
of the longest wavelength band in the presence and 
absence of the salt. 
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SHORT COMMUNICATION 


NUCLEOPHILIC SOLVENT INTERVENTION IN THE SOLVOLYSIS OF 


ADVANTAGE OF USING THE YBncl SCALE IN CORRELATION ANALYSIS 
2-ARYL-2-CHLOROPROPANES. AN EXAMPLE TO DEMONSTRATE THE 


KWANG-TING LIU,* PANG-SHAO CHEN, CHIA-RUE1 HU AND HUNG-CHAN SHEU 
Department of Chemktry, National Taiwan University, Taipei, Taiwan 107, Republic of China 


The advantage of using the YS.CI scale over the YCI scale in Grunwald-Winstein-type correlation analysis was 
demonstrated by the kinetic evidence of a significant nucleophilic solvent intervention in the solvolysis of 2-aryl-2- 
chloropropanes. A depression of log k values measured in ethanol-tritluoroethanol mixtures and a positive azide salt 
effect were observed. 


Correlation analyses with the Grunwald-Winstein 
equation (1)' or (2)' are generally employed to the 
study of solvolytic mechanisms, and in which the 
solvent ionizing power Y is the empirical solvent 
polarity scale' for measuring solvent effects. New Y B ~ X  
scales have been found to be superior to YX scales4 for 
benzylic bromides, ' chlorides, p-nitrobenzoates' and 
tosylates. 


log(k/ko) = rn Y (1) 
(2) log(k/ko) = rn Y + IN 


The deviation of log k values measured in iso- 
ethanol-trifluoroethanol mixtures from 


linear plots had been observed for several tert-cumyl 
derivatives, 'A' and nucleophilic assistance by solvents 
was thus considered to be involved. A recent paper by 
Kevill and D'Souza '' suggesting the general preference 
of YX scales prompted us to present our definite evi- 
dence which could demonstrate the advantage of using 
the new YB,X scales. In this paper, the kinetic evidence 
for the nucleophilic solvent intervention in the solvo- 
lysis of 2-aryl-2-chloropropanes (tert-cumyl chlorides; 
Scheme 1) is reported. 


Solvolytic rates for a series of 2-aryl-2-chloro- 
propanes, la-e, were monitored conductimetrically or 
titrimetrically. Good agreement of rate constants with 
literature data '' or between those obtained by different 


* Author for correspondence. 


la : X = 4 ' 4 %  
lb : X 4'-F CHa 


I 
X- C,,H,-C-Cl lc:X=H 


id : X = 3'41 1 - -  


le : X = 4'-CF, CHa 


Scheme 1 


methods were observed. Pertinent rate constants are 
listed in Table 1. Correlation analyses were carried out 
Using equation (1) with YBnCl values6b and with Ycl 
 value^,^.'^ and using equation (2) with Ycl and NT 
values. l4 The results are given in Tables 2 and 3. The 
log k versus YBnCl plots for la,  c and d are shown in 
Figure 1. 


Comparison of Tables 2 and 3 clearly indicates that 
the correlation with Ycl is poor" (R = 0.83-0.91) and 
random for all five substrates, whereas the variations of 
both rn and R are in reasonable agreement from the 
correlation with YBnC1. The excellent linear 
correlation'5 (R =0*995) with ~ ( Y B ~ c I )  of 0.907 
observed in the case of the p-methyl derivative l a  sug- 
gests that a limiting S N ~  process is involved in the solvo- 
lysis. The rn value decreases and the correlation changes 
to satisfactory (R = 0.98) and less satisfactory 
(R = 0.97) as the substituent becomes less electron- 
donating (lb) or more electron-withdrawing (Id and 
le). Moreover, the depression of the data points 
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Table 1. Solvolytic rate constants for chlorides la-ea 


k(s-’)’ 
Solvent l a  l b  led Id l e  


lOOE 
90E 
80E 


IOOM 
90A 
80A 
70A 
60A 


i-PrOH 
IOOT 
80T-20E 
60T-40E 
40T-60E 


1.06 x 10-2 
0.108 
0-245‘ 
0.128 


4.72 x 
3.22 x 10-3 


9.99 x 1 0 - ~  


4.32‘ 
0.575‘ 


7.89 x 1 0 - ~  
8.42 x 10-3 
4-09 x 10-2 
1.04 x 10-2 
2-05 x 1 0 - ~  
2.86 x 10-3 


1.03 x 1 0 - ~  


2-63 x 
0.130 


0.135 
1.89 x lo-’ 


3.80 x 1 0 - ~  
3-91 x 10-3 
1-73 x 10-2 
5-22 x 10-3 
1.24 x 1 0 - ~  
1-79 x 1 0 - ~  


5.14 x 10-58 


5.49 x 10-2 
8.60 x 1 0 - ~  


1 . 1 9 ~  


0-451‘ 


6-68 X 
6.38 x 1 0 - ~  
1 . 0 9 ~  10-3 


2.52 x 1 0 - ~  
1.60 x 10-4 


8.00 X lo-’ 
1 a94 X 


8 .64  x loW4 


1 . 8 2 ~  
3-08 x 10-3h 
4-18 x 


6-50 x 


3.08 x 1 0 - ~  
7-33 x 10-6‘ 
1-67 x 


1.39x 1 0 - ~  


6.76 X 


2.15 X 


1-38 X lo-’ 
1-81 X 
3.68 x 10-5 


? 3 % .  
bAbbreviations of solvents: A = acetone; E = ethanol; i-PrOH=2-propanol; M = methanol; 
T = Z,Z,Z-trifluoroethanoI. The numbers denote the volume percent of the specific solvent in the solvent 
mixture. 
‘At 25 ‘C unless stated otherwise. 


Literature data, Ref. 20. 
Literature data, Ref. 6a, unless stated otherwise. 


‘Calculated from data obtained at other temperature. 
’Literature data, Ref. 12. 
hThis work. 


Table 2. Correlation analyses for la-e against YBKI 


Substrate rn (all) a*b rn(NU)b*‘ rn (TE)d*‘ 


l a  0.907 0.893 0.939 


l b  0.872 0-967 0.797 


l c  0.772 0.943 0-766 


Id 0.649 0.935 0.665 


l e  0.616 0-941 0.635 


(R = 0.995, n = 9) (R = 0.992, n = 7) (R = 1.O00, n = 3) 


(R=0.982, n =  11) (R=0.993, n = 9 )  ( R =  1.O00, n = 3 )  


(R = 0.986, n = 11) (R = 0.997, n = 8) (R = 1 ‘O00, n = 4) 


(R=0.972, n = l l )  (R=0*993, n = 8 )  (R=1-000, n = 4 )  


(R = 0.972, n = 10) (R = 0.988, n = 7) (R = 0.999, n = 4) 


“All solvents. 
bSD = 0.03-0.06. 


dTFE-EtOH. 
Nucleophilic solvents, including aqueous acetone, ethanol, 2-propanol and methanol. 


‘SD = 0.01-0.02. 


measured in iso-dielectric and low nucieophilic solvents 
could be estimated from the difference in slopes (m 
value) of the lines defined by those measured in 
nucleophilic solvents (mNU) and in 
ethanol-trifluoroethanol (EtOH-TFE) ( ~ T E ) .  Essen- 
tially no deviation (Am c 0-  10) could be observed for 
la, and the deviation increases from l b  (Am = 0.17) to 
l e  (Am = 0.31). The different extent of the deviation 
can also be seen in Figure 1. These results could be 
interpreted by the nucleophilic solvent intervention, and 
the significance of acceleration diminishes as the 


cationic transition state becomes more stable. This is in 
agreement with what. has been observed for 2-aryl-2- 
propyl p-nitrobenzoates. l6 


In addition, Table4 indicates a positive azide salt 
effect” in 90% acetone. The difference between these 
and the results obtained by Richard el al. is probably 
due to the solvent employed, as has been shown for 
p-methoxybenzyl derivatives. l9 The disagreement 
between the amount of the azide product observed and 
that calculated from an sN2 suggests the 
solvent intervention is not of purely sN2 type. The 
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Table 3. Correlation analyses for la-e against YCI and NT 


YCl YCI and NT 


Substrate m (all) a 


la  0.652 


lb 0.565 


lc 0.624 


Id 0-552 


le 0-502 


(R = 0.829, n = 6) 


( R  = 0.865, n = 8) 


(R = 0.894, n = 8) 


(R = 0.914, n = 9) 


(R = 0.882, n = 8) 


m (NU) 


0-402 


0.517 


0.430 


0.482 


0.406 


(R = 0.763, n = 5 )  


(R = 0.857, n = 7) 


(R = 0.761, n = 6) 


(R = 0.860, n = 7) 


( R  = 0.744, n = 6) 


m i 


0.387 -0.742 
(R = 0.854, n = 5 )  
0.640 0.138 
(R = 0.874, n = 6) 


(R = 0-91 1, n = 6) 
0.586 -0.031 
(R = 0.925, n = 7) 
0.654 0.252 
(R = 0.901, = 6) 


0.587 -0.140 


'All solvents; SD = 0.10-0.22. 
Nucleophilic solvents, including aqueous acetone, ethanol and methanol; 
SD=0.13-0.20. 


0 


0 
8T4E 


A 


0 


A 
m2E 


0 


m 
0 


0 
-6 t 
-7 4 


-4 -3 -2 -1 0 1 2 3 4 


Figure 1. Correlations of logarithms of rate constants for (0) la, ( A ) lc and ( 0 )  Id against YB.~, 


Table 4. Azide salt effect in the solvolysis of lc in 90% acetonea 


0.00 
0.04 
0.08 


1.24 x 10-4 1.24 x 1 0 - ~  
1-79 x 1 0 - ~  1.35 x 1 0 - ~  14.8 13.9 24.6 
1-90 x 1 0 - ~  1.39 x 1 0 - ~  26.6 26-9 32-1 


'At 25 'C .  


'By titration. 
dCalculated. "' 


By GC analysis on Carbowax 20M. 
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solvation of cationic transition st‘ites by nucleophilic 
solvents is likely to be significant.” Further studies are 
in progress. 


On the other hand, the multiple regression analysis 
[equation (2)] of log k against YCI and NT values14 
could not improve the correlation (Table 3). Moreover, 
the observed irregular trend from l a  to e and the nega- 
tive I values found for la and c clearly indicate that the 
use of equation (2) with the N T ~ ~ ~ ~ ~  scale will not be a 
suitable choice for correlating the solvolytic reactivities 
of la-e. Despite the statement that ‘one should be 
reluctant to undertake the development of further 
scales,”’ it is obvious that in line with the recently pro- 
posed ‘similarity modelyz1 a better understanding of the 
solvolytic mechanism for ferf-cumyl chlorides can only 
be achieved by using the newly developed YBnCl scale6 
and not the Ycl scale. 
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CONFORMATIONAL ANALYSIS OF SUBSTITUTED 


BY NMR SPECTROSCOPY 
PERHYDRO-l,2-OXAZOLO [3,2-~] [ 1,410XAZINES 


MOHAMED I. M. WAZEER,* HASAN A. AL-MUALLEM AND SK. ASROF ALI 
Chemistry Department, King Fahd University of Petroleum and Minerals, Dhahran 3 1261, Saudi Arabia 


The "C NMR spectra of most of the substituted perhydro-1.2-oxazolo[3,2-c] [ 1,4]oxazines (3) at low temperature 
showed the presence of two isomers of unequal populations. The major isomer is shown to be the cis isomer (except 
in 2-hydroxymethyl-2-methylperhydro-1,2-oxazolo [3,2-c] [ 1,4] oxazine (30)). which i s  in equilibrium with the minor 
isomer (trans conformer) by a relatively slow nitrogen inversion. Intramolecular hydrogen bonding in oxazines, having 
2-hydroxymethyl substituents, i s  shown to be an important factor in determining the population ratio of the two 
isomers. The barrier to nitrogen inversion was determined by detailed band-shape analysis of proton and carbon N M R  
spectra and were in the range 46.3-72.9 kJmol-'. The chair inversion had been slowed down, in one case, 
truns-dirnethylperhydro-1,2-oxazol[3,2-c] [ 1,4] oxazine-2,3-dicarboxylate (3j). to show the presence of the two forms 
of the cis isomers. The barrier to chair inversion i s  41-5 kJmol- '  as determined by proton N M R  band-shape 
analysis of 3j. 


INTRODUCTION 


fused-ring systems, we prepared' a series of substituted 
perhydro-l,2-oxazolo [3,2-c] [ 1,4]oxazines (3) by 1,3- 
dipolar cycloaddition reaction of the heterocyclic 


alkenes (2). The cycloadducts (3) can, in principle, exist 
in three different conformations, the trans conformer 
3-A and the cis-pair 3-B and 3-C. While the cis pair is 
in rapid equilibrium by chair inversion (Ci), one of the 
cis conformers (3-B) is converted into the trans con- 0% Ni 'd& =qH 
former by a relatively slow nitrogen inversion process. 


lacks an oxygen atom in the ring skeleton of the six- 


for the trans conformer. The orientation of the lone 
pair of electrons on nitrogen holds the key for the selec- 
tion of the regiochemical course in the peracid-induced 
ring opening of nitrone cycloaddition products 4 to gen- 
erate new nitrones (5 and 6). Conformation analysis of 
the cycloadducts 3 is thus of both theoretical and prac- 
tical importance. Hence we undertook a systematic 
study to determine the cis S trans equilibrium constant 
( K )  and nitrogen inversion barrier for several of the (4) (5 )  (6) 


In our continuing study of cis-trans isomerism in 6-5 R3 


nitrone 5,6-dihydro-1 ,4-oxazine 4-oxide (1) with (1) (2) (3) 


tl 


L N - 0  - b - - N  
Our study' on the cycloaddition products 4, which o\ 


3-0 S-(: membered ring, indicated an overwhelming preference 3-A 


R4 
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Table 1. Compounds 3 studied 


R4 


3 


a 
b 


d 
e 
f 
g 
h 
i 


k 


- 


C 


j 


R' 


H 
CHzOH 


H 
H 


CHzOH 
CHzOCOCH, 


COzCHi 
H 
H 
H 
H 


RZ 


Ph 
H 


CHzOH 
CHzOCOCH3 


CH3 
CH3 
CH3 
Ph 


CH3 
COzCHi 
COzCHp 


R3 R 4  


H 
H 
H 
H 
H 
H 
H 


COzCH3 
COzCH3 
COzCH3 


H 


H 
H 
H 
H 
H 
H 
H 
H 
H 
H 


COzCH3 


cycloadducts 3 by NMR spectroscopy. The compounds 
studied are shown in Table 1. 


RESULTS AND DISCUSSION 


The "C NMR spectra of all the compounds investi- 
gated, except 3c, showed broad peaks above ambient 
temperature. On lowering the temperature, the spectral 
lines sharpened and showed the presence of two distinct 
isomers. This is the first report of the presence of 
distinct isomers in these compounds. The I3C NMR 
chemical shifts of compounds 3 were assigned on the 
basis of the data' on isoxazolidines 4, general chemical 
shift arguments and consideration of substituent 
effects, and are given in Table 2. 


The 13C chemical shifts of the C-2, C-3, C-4 and C-8 
of isomers of 3 are similar t o  those of the isomers of 4 
with corresponding substituents. However, the major 
isomer of 3 showed similar chemical shifts to  that of the 
minor isomer of 4, and the minor isomer of 3 showed 
similar chemical shifts to  that of the major isomer of 4. 
The major isomer of 4 was shown to be the trans isomer 
from x-ray diffraction4 and chemical shift data. Hence 
it follows that the major isomer of 3 should have the cis 
conformation 3-B and 3-C, whereas the minor isomer 
should have the trans conformation 3-A. This assign- 
ment is further supported by low-temperature 'H NMR 
studies (see below). The chemical shifts are given in 
Table 2. 


In any one compound, the carbons of the cis isomer 
are more shielded than the corresponding carbons of 
the trans isomer, except for C-2, which is less shielded 
in the cis isomer. The axial oxygen substituent of the 
morpholine ring in the cis conformer 3-B will have 
y-gauche interactions with C-5 and C-7, whereas the 
axial CH2 substituent of the cis conformer 3-C will have 


y-gauche interaction with C-8, leading to  shielding. 
This provides further evidence that the major isomer is 
indeed the cis pair. 


Where we observe only one isomer throughout the 
temperature range -50 to + 5 0 ° C  as in 3c, the ring 
carbon shifts match those of the cis (major) isomer. We 
therefore conclude that 3c exists almost 100% in the cis 
conformation, since the cis is generally preferred over 
the trans conformation in these systems. The additional 
stability rendered by the intramolecular N:...H-O 
hydrogen bonding, possible only in the cis conforma- 
tion of 3c, completely precludes the presence of any 
trans conformer for this compound. The importance of 
the intramolecular hydrogen bonding is further demon- 
strated in 3e, where the major isomer is found to  be the 
trans isomer from the chemical shift data. The intra- 
molecular hydrogen bonding in 3e is possible only in the 
trans conformation and hence this conformer predomi- 
nates. The corresponding compound of 3e in the isox- 
azolidine series 4 exists in solution exclusively as the 


1-1 H 


trans conformer, whereas the corresponding compound 
of 3c in the series 4 showed the presence of two isomers. 
Whereas the adduct 3c remains exclusively in the cis 
form because of the stabilizing N: 9 . .  H-0 bonding, the 
corresponding acetyl derivative 3d does not enjoy such 
stabillzation, as such the trans form of 3d exists to  some 
extent. Changing the adduct 3e into its acetyl derivative 
3f, the cisltrans ratio is changed from 18 : 82 to 50 : 50. 
The N:...H-O bonding which is possible only in the 
trans form of 3e allows this adduct to  be the predomi- 
nant conformer. 


All this evidence supports the view that the cis con- 
formation of the adducts, 3, with the exception of 3e, 
is thermodynamically more stable than the trans con- 
formation, whereas in the adducts 4 the preferred 
isomer is trans. Even though the trans isomer (e,e) of 
4 or its carbocyclic counterpart bicyclo [4.3.0]onane 
(hydrindane) is more stable than the cis isomer (e, a), 
this preference is considerably less than the corre- 
sponding preference for the 1,2-dimethylcyclohexanes. ' 
This is attributed to  the fact that trans-hydrindane, with 
a torsional angle of 72" of the trans-1,2 bond in the 
five-membered ring being larger than the normal tor- 
sional angle of  60 In a six-membered ring, is appre- 
ciably strained. The torsional strain results from the 
increased puckering of the chair against a steep poten- 
tial barrier. Any change in the ring skeleton that would 
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introduce more attractive (or less repulsive) interactions 
in the cis than in the trans conformers may even cause 
reversal in the order of stability of the isomers. 


To pinpoint the origin of the difference between the 
conformational preference of the compounds 3 and 4, 
undoubtedly one has to consider the presence of an 
additional oxygen in the ring skeleton of 3. The lone 
pairs on oxygen in the six-membered ring of 3 have 
smaller steric demand6 than the C(6)-H bonds in 4, 
and as such the axial substituent in the cis conformer 
3-C would experience smaller 1,3-diaxial interactions 
and should enjoy a smaller repulsive interaction in com- 
parison with the corresponding cis conformer of 4. The 
six-membered ring in cis-hydrindane5 is considerably 
flattened towards the flexible form against a soft poten- 
tial barrier to accommodate the bond angle require- 
ments of the half-chair or envelope form of the 
five-membered ring. The presence of oxygen would 
facilitate such ring flattening to a greater extent in 3 
than in 4 since bond eclipsing, which accompanies the 
ring flattening, is less extensive with oxygen in the ring 
skeleton.' The axial substituents in the cis conformers 
of 3 would thus experience (as in any flattened ring) 
smaller 1,3-diaxial interactions than in the cis con- 
former of 4. Consideration of all these factors may, 
presumably, explain the difference in the conforma- 
tional preference of 3 and 4. 


Nitrogen inversion 


C NMR spectra show well separated signals for the 
two isomoers; the trans conformer and the cis pair down 
to -50 C. Integration of relevant peaks gives the 
population trends in these systems. In the 'H NMR 
spectrum, the C-2 proton shows distinct peaks for the 
two isomers at low temperatures. Equilibrium constants 
for the cis trans isomerization were calculated from 
the integration of 'H NMR and I3C NMR peaks and 
the values are reported along with the corresponding 
AGO values at 298 K in Table 3. 


To measure the barrier to nitrogen inversion, the 
coalescence temperature method could not be used as 
the populations for the two exchanging sites are widely 
different. Hence, a complete band-shape analysis, cor- 
responding to a non-coupled two-site exchange with 
unequal populations was employed (see Experimental). 
The C(2)-H protons offered convenient signals to study 
the band shapes with variable temperatures, as these 
signals are away from any overlapping signals and show 
only first-order couplings. The adduct 3g does not have 
C-2 protons, but the methyl protons at C-2 were singlets 
and the band shapes of these were used in the analysis. 
Compound 3e also does not have protons at C-2 and 
these were no well separated methyl proton signals for 
the two isomers. In order to overcome this difficulty, 
the band shape of the ring carbon resonances of 3e were 
utilized. For this purpose, three ring carbon signals 


13 


Table 3. Free energies of activation for nitrogen inversion, 
equilibrium constants and standard free energy changes for 


cis * truns Isomerization of 3 at 298 K in CDCll 


Compound 3 AG' (kJmol-') K AGO (kJmol-') 


a 


d 
e 
f 
g 
h 
i 


k 


C 


j 


68.6 


NDa 
66.3 
NDa 
69.5 
66.6 
66.4 
70.2 
72,9 


- 0.25 
0.0 
0.11 
4 - 5  
1.0 
0.11 
0-53 
0.53 
0.20 
0.11 


+ 3.4 


+ 5.4 
-3.8 
0.0 


+ 5.4 
+1.5  
+ 1 * 5  
+3.9 
+5.4  


- 


a Not determined. 


were used at each temperature and the rate constants 
obtained are an average of three calculated values. 


Obtaining accurate exchange rate constants by fitting 
NMR band shapes is well known to be fraught with 
difficulties, and considerable errors in thermodynamic 
parameters A f f f  and AS' if Eyring plots are used.8 
In fact, many of the errors are systematic in nature, and 
those resulting for AH' and AS* are often mutually 
compensatory so that A G f  is better defined near the 
coalescence temperature. Although AHf and AS' 
were obtained, we ascribe little significance to them for 
the reasons stated above, and they are 5ot reported 
here. The AG' values calculated for +25 C (near the 
coalescence temperature) are reported in Table 3. (In 
making use of Eyring plots it was assumed that the 
transmission coefficient was unity.) To the best of our 
knowledge, this is the first report on a nitrogen inver- 
sion barrier in any morpholine system. 


The nitrogen inversion barrier is expected to be high 
when an oxygen atom is directly attached to the 
nitrogen as in isoxaz~lidines.~ A high inversion barrier 
of 65.3 kJmol-'  has been reported" for 


I 


CHzCHzCH20N(Me) 


in deuterochloroform. For the compounds in series 4, 
the nitrogen inversion barriers are in the range 
65.2-69.0 kJ mol-'. The nitrogen inversion barriers 
determined in this study are in the range 66.3-72.9 k- 
J mol-'. The data indicate a slight increase in barrier in 
going from 4 to 3. The structural change of introducing 
an oxygen atom in the six-membered ring may lead to 
an increase in the barrier. The similarity in the range of 
values further confirms that we are indeed measuring 
the nitrogen inversion barrier rather than the chair 
inversion barrier, as the morpholine ring inversion 
barrier is much lower than that of piperidine. I '  
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Chair inversion 
The efforts to slow down the chair inversion in the 
series 4 had b5en unsuccessful even at temperatures 
down to -110 C. This is also true for all compounds 
studied here except 3j. The major isomer signals of 3j 
starte? to broaden as the temperature was taken below 
-60 C. Further lowering of the temperature resulted 
in further broadening of the signal and then it reap- 
peared as two sets of peaks of unequal intensity corre- 
sponding to the two cis isomers. The signals of the trans 
isomer remained sharp throughout the low temperature 
range (Figure 1). This is the first case where all three 
isomers have been observed in a 6-5 fused system with 
nitrogen at the fused positio:. The two cis isomers were 
in a ratio 1.6: 1 ,at -95 C in CDzC12 whereas in 
toluene-& at -95 C the ratio was 4 - 2 :  1. 


Detailed band-shape analysis of C-2 proton signals of 
the two cis isomers !as carried out over the temperature 
range -80 to -30 C. Using the Eyring plot, the free 
energy of activation for the ring inversion from the 
major cis isomer to the mino: cis isomer was calculated 
to be 42.7 kJmol-I at -60 C. If we assume that the 
chair inversion passes through an intermediate twist- 
boat form, then a transmission coefficient of 0.5 should 
be used in the Eyring equation. If we use a coefficient 
of 0 ~ 5 ,  then AG* has a value of 41.5 kJmol-'  at 
- 60 C. The chair inversion barrier for morpholine has 
been determined I '  from the coalescence temperature 
(- 70 "C) to be 41 - 2  kJ mol-'. This further proves that 
the lower barrier is for the chair inversion and the 
higher barrier is for the nitrogen inversion. 


In most systems studied here and in the isoxazolidine 
series 4, chair inversion could not be slowed at the tem- 
peratures accessible in the NMR probe with common 
solvents. This may be due to the chemical shifts of the 
two cis isomers being not sufficiently far apart and/or 
the amount of one of the cis isomers being exceedingly 
small. Since ',he rate of nitrogen inversion is relatively 
slow at -100 C, we carried out a study at this tempera- 
ture using crystals of 3a, to investigate the nature of the 
conformation in the solid state. A few ocrystals of 3a 
were added to a pre-cooled sample (-150 C) of CDzClz 
in an NMR tube. The NMR tube was thzn quickly 
transferred to the probe maintained at - 95 C and the 
spectra were recorded at intervals of 2 min. Up to about 
10 min, the spectra showed the presence of only one 
isomer, a broad quartet at S 5.46 corresponding to the 
major (cis) isomer, with no peaks at 6 5.04 for the 
minor isomer. After 10 min, the sample was wpmed to 
room temperature and then returned to -95 C in the 
probe. The spectrum recorded showed clearly the pres- 
ence of the minor isomer (cu 20%). This experiment 
shows clearly that 3a acrystallizes solely in the cis confor- 
mation and at -95 C the rate of interconversion to 
trans is extremely slow owing to the high nitrogen inver- 
sion barrier. Since only one quartet was evident around 


6 5.46 for 2-H, it is possible that only one form of the 
cis isomers is present for 3a or the other form is found 
only in trace amounts. This may also explain the inabi- 
lity to slow the chair inversion with many of the com- 
pounds studied here. We feel that the major of the cis 
isomer has the conformation 3-B as an oxygen substi- 
tuent is better tolerated in the axial position than an 
alkyl substituent. An x-ray diffraction study of 3a crys- 
tals is in progress to confirm the geometry in the solid 
state. 


+90°c 


* *  
- JL -- J 


-- I .-. /q * *  


-_ I LA- 
5.2 4 . 0  


~ /PPm 


-c__j 
--A-L ------L-- 


5 . 6  


Figure 1 .  C(2)H signals of dimethyl fumarate adduct 31 in 
toluene-& at three temperatures. At - 90 "C, all three isomers 
show distinct peaks; at +25 "C, averaged cis isomers and the 
trans isomer; at +90°C, all three isomers are averaged out. 


*Peaks due to impurities 


+2SoC 


-9OOC 
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EXPERIMENTAL 


The variable-temperature I3C NMR spectra were rec- 
orded on Varian XL-200 NMR spectrometer, operating 
in the Fourier transform mode, with a digital resolution 
of 0.31 Hz at 50.3 MHz. The oxazines 3 were studied 
as 50 mg ml-' solutions in CDCl3 with 
tetramethylsilane (TMS) as internal standard. The 
spectra were obtained in the usual way with wide-band 
proton decoupling and off-resonance decoupling to 
determine multiplicities of signals. Temperature control 
was achieved using the XL-200 temperature controller 
and calibrated using standard chemical shifts of 


methanol and glycol for low and high temperatures sel- 
ectively. The temperatures were accurate to 20 .5  " C .  
'H NMR spectra were recorded at 200.05 MHz on the 
same instrument. 


Simulations of exchange-affected 13C NMR spectra 
were carried out using a computer program, AXEX, l 2  


corresponding to a two non-coupled sites exchange with 
unequal populations. At least three ring carbon 
resonances were utilized at each temperature, and 
matching of simulated and experimental spectra was 
carried out by eye (by superposing calculated spectra 
over the experimental spectra). The rate constant 
obtained at each temperature was an average of three 


Figure 2. Experimental and calculated band shapes of the C(2)H signals of 3a at different temperatures. The temperatures and the 
corresponding lifetimes of the major species are indicated on the experimental and the calculated spectra, respectively 
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calculated values. Simulation of exchange-affected 'H 
NMR spectra was carried out by modifying the library 
two-site exchange program used above. The first-order 
coupling of the protons was simply assumed as giving 
overlapping two-site exchanges with same population 
ratio and equal rates of exchange. The intensity at each 
point was calculated applying the Hahn-Maxwell l3  and 
McConnell (HMM) equations l4 for two-site exchange, 
for each of the overlapping cases, which were displaced 
from one another by certain frequencies corresponding 
to the coupling constant, and then the intensities were 
summed to give the band shape at that point. For cases 
of coupling to two and three equivalent protons, appro- 
priate intensity ratios were also taken into account. 
Experimental and calculated spectra for 3a are shown in 
Figure 2. 


All the cycloadducts except 3d and 3f were prepared 
as described. The acetates 3d and 3f were prepared by 
heating a sample (1 mmol) ofok and 3e, respectively, in 
acetic anhydride (2 ml) at 60 C for 12 h. After removal 
of excess of acetic anhydride the residue was purified by 
silica gel chromatography using ethyl acetate-hexane 
(1 : 1) as the eluant to give the acetates (90%). 


For most of the compounds, the ratio of the con- 
formers was determined by integration of 'H NMR 
signals of the C-2 protons or methyl protons attached 
to C-2. Integration of I3C NMR signals was used to 
determine the ratio of conformers in 3d, 3e and 3f since 
they do not have well separated proton signals for the 
two isomers in each case. The intensities of completely 
proton-decoupled I3C signals may not be correlated rig- 
orously with the abundances of the isomers because 
they are perturbed by the irradiation. However, the I3C 
integration will not differ much between isomers, since 
we are measuring ratios under identical irradiation con- 
ditions. Strictly, the geometric differences could cause a 
difference in the nuclear Overhauser effect, which in 
our case should be very small. Indeed, for most of the 
compounds the ratio determined by 'H integration 
matches that of I3C within experimental error. 


2-Acetoxyrnethylperhydro- I,2-oxazoIo [3,2-c] [ I,4] 
oxuzine ( 3 4 .  Colourless liquid (found, C 53.54, H 
7.40,  N 6.85; C9H15N04 requires C 53.72, H 7-51, N 
6.96%); IR, vmax. (neat) 2975, 2920, 2864, 1741, 1453, 


1371, 1237, 1124, 1045, 974, and 849 cm-I; NMR, 6~ 
(CDC13 at 35 "C) 1.85 (2H, m), 2.11 (3H, s), 2.80-4.00 
(7H, m), 4 -  15 (2H, m) and 4-60 (lH, m). 


2-Acetoxymethyl-2-methyIperhydro-l,2-oxazolo 
[3,2-c] [ 1,4] oxazine (3f). Colourless liquid (found, C, 
55.65, H 7.83, N 6-37; CloH17N04 requires C 55.80, 
H 7-96, N 6.51%); IR, vmax. (neat) 2995, 2883, 1743, 
1456, 1374, 1238, 1089, 1043, 902, and 851 cm-I; 
NMR, 6~ (CDCl3 at 35 "C) 1.32 (3H, s), 1.88 (2H, m), 
2.10 (3H, s) and 3-05-4.25 (9H, m). 
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INTRAMOLECULAR PHOTOINDUCED ELECTRON TRANSFER 
(PET) BOND CLEAVAGE IN SOME SULFONIUM SALT 


DERIVATIVES. EFFECT OF DISTANCE AND 
THERMODYNAMICS ON PET RATE 


FRANKLIN D. SAEVA,* PETER A. MARTIC AND EDWIN GARCIA 
Corporate Research Laboratories, Eastman Kodak Company, Rochester, New York 14650-2110, US. A. 


The rate of intramolecular photoinduced electron transfer (PET) between a naphthacene electron donor (D) and a 
sulfonium electron acceptor (A) was found to be dependent on the thermodynamics for PET and distance between 
D and A. The slopes of In k L ~  vs through-bond and through-space distance plots was found to be -0.60 and -0.91 
A-’, respectively. The product distribution obtained from the phololysis of regioisomeric naphthacenyl sulfonium 
salt derivatives was found to be independent of distance. Photolysis of three regioisomeric naphthacenyl 
phenylmethyl-p-cyanobenzylsulfonium salts produced unsubstituted thiomethylphenylnaphthacene and mono-, di- 
and tri-p-cyanobenzyl-substituted thiomethylphenylnaphthncene. The appearance of the out-of-cage di- and 
trisubstituted photoproducts suggests that secondary photochemistry and intermolecular electron transfer bond- 
cleavage reactions are occurring when the concentration of the sulfonium salt in acetonitrile i s  lo-’ and M and 
the degree of conversion is high. The primary photoproduct i s  the mono-substituted naphthacene derivative. 


INTRODUCTION 


Bransted ‘photoacids’ are of interest both scientifically 
and technologically as they relate to photoinduced bond 
cleavage reactions ’ and their use in acid-catalyzed 
chemistry for photocuring’ and photoresist 
applications. We have recently presented a scheme that 
utilizes intramolecular photoinduced electron transfer 
(PET) bond cleavage4 to produce single-component, 
long wavelength light-activated Bransted ‘photoacids.’ 
Photoacids based on this concept contain an electron- 
rich chromophore connected to an electron-deficient 
sulfonium group through a linking group as shown for 
the phenylanthracene sulfonium salt derivative 1. 


The light-absorbing anthracene chromophore, in this 
case, is separated from the sulfonium moiety by a 
benzyl group twisted out of the plane of the anthracene 
ring system. The electronic absorption spectrum of 1 is 
virtually identical with that of 9-phenylanthracene 
between 350 and 400nm, indicating the lack of a 
charge-transfer interaction between the donor and 
acceptor moieties. The photoexcited anthracene chro- 
mophore can transfer an electron either through- 


or through-space to the o* lowest unoccupied 


Chromopliore - - - - - 
I 


molecular orbital (LUMO) localized on the sulfonium 
moiety. The LUMO of the molecule must be D* and 
localized on the sulfonium group for this concept to be 
viable. The key intermediate produced after PET and 
bond cleavage, we believe, is a singlet cation- 
radical-radical pair.4 The intermediacy of the singlet 
pair is consistent with in-cage radical coupling products 
in addition to out-of-cage products resulting from elec- 
tron transfer from the radical to the cation-radicals4 


The ability to produce PET bond cleavage in these 
systems is dependent on the rate of PET being faster 
than or competitive with the rate of energy decay path- 
ways such as fluorescence, intersystem crossing (ISC) 
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and non-radiative decay. In addition, bond cleavage 
must be faster than back electron transfer. With this in 
mind, two series of naphthacenyl sulfonium salts were 
synthesized. The major difference between the two 
series is the electron-accepting ability of the sulfonium 
group. Within a series the sulfonium group is posi- 
tioned at different distances from the chromophore. 
The rate of PET, fluorescence lifetime, fluorescence 
quantum yield, free energy change for PET and 
quantum yield for acid formation were investigated as 
a function of distance between the light-absorbing 
electron-donor chromophore (D) and the site of bond 
cleavage on the electron-accepting sulfonium moiety 
(A) within each series. This information will provide a 
more detailed understanding of the mechanistic aspects 
of PET bond-cleavage processes. 


RESULTS 


The first naphthacenyl sulfonium salt series contains the 
dimethylsulfonium group on the ortho (2), metu (3) 
and para (4) positions on the phenyl ring of 5-  
phenylnaphthacene. The distance between the naphtha- 
cene ring and sulfonium group was systematically 
altered to provide mechanistic insight into the PET 
bond-cleavage process. The singlet lifetime (TS~), 
quantum yield for fluorescence (&), quantum yield for 
acid formation ( 4 ~ + ) ,  free energy change for PET 


I Comoound 


4 - - -  - -  --- C F 3s 0 3 -  


(A GET), and electronic absorption behavior were 
measured for compounds 2-4 in acetonitrile and are 
presented in Table 1. 


The free energy change for PET was obtained from 
the redox behavior (see Table 2) and the energy of the 
longest wavelength electronic transition for 2-4 using 
the Weller equation.' The oxidation and reduction 
potentials for the naphthacene moiety are reversible 
and are thermodynamic values. The reduction potential 
for the sulfonium group, on the other hand, is irrevers- 
ible at all scan rates owing to the apparent concerted 
nature of the electrochemical reductive cleavage pro- 
cess. The Ep value for the electrochemical reduction of 
the sulfonium moiety was obtained by measuring Ep as 
a function of scan rate and extrapolating to zero scan 
rate. The concerted nature, on the electrochemical time 
scale, of the electrochemical reductive cleavage of the 
sulfonium group is critically important for the PET 
bond-cleavage process. Although the Ep values are not 
thermodynamic potentials, they provide a good esti- 
mate of the energy of the o*  LUMO level.' 


In the second series, compounds 5, 6 and 7 possess a 
p-cyanobenzyl group in place of a methyl on sulfur to 
produce a more electron-deficient sulfonium group. 


Table 1 .  Singlet lifetime (rs , ) ,  fluorescence quantum yield 
(40, quantum yield for acid formation ( 4 ~ * ) ,  wavelength of 
lowest energy electronic transition (Amax) and free energy 
change for PET (AGET) for compounds 2-7 in acetonitrile 


7s I X m m  AGL 
Compound (ns) ~$f  @ H +  (nm) (kcal mold ' )  


2 12.9 0.47 -0.01 486 - -1.8 
3 5.5 0.27 <0.01 481 -2.5 
4 5-9  0.34 <0-01 481 - -3.5 
5 0.80 0.042 0-06 486 --11.4 
6 5.5 0.052 0-14 482 --10.8 
7 8.4 0.042 0-12 482 - -9.6 


Table 2. Electrochemical oxidation and reduction potentials for some naphthacenyl sulfonium 
salts vs. SCE in acetonitrile 


Compound E%(V) E P  (V) a E$& (V) 


2 +1*03 (- 1 '44) -1.67 
3 +0.97 (- 1.46) -1.53 
4 +0*97 (-1 '51) -1.62 
5 +1.053 (-1.01) -1.53 
6 t0 .985  (-1.12) -1'573 
1 +0*98 (-1' 18) -1.523 
5-(2-Thiomethylphenyl-l -napththacene) (+ 0 * 840)a -1.735 
5-(3-ThiomethylphenyI)naphthacene +0.822 -1.633 
5-(4-ThiomethylphenyI)naphthacene + 0.932 -1.579 


' E P  values were obtained from a plot of log[scan rate (mV s - l ) ]  vs. measured formal potential (V vs SCE) 
and extrapolating to zero scan rate. 
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The p-cyanobenzyl group alters the Ep for the reductive 
cleavage of the sulfonium group by approximately 0.4 
eV to less cathodic values (see Table 2). The singlet life- 
time, quantum yields for fluorescence (acid formation) 
and free energy change for PET are also presented in 
Table 1. 


Photoproduct studies of 5, 6 and 7 


Photochemical irradiation of 5-7 in acetonitrile solvent 
produces four photoproducts with a similar product 
distribution as shown. 


A more detailed analysis of the photoproducts is pre- 
sented in the Discussion section. 


DISCUSSION 


The singlet lifetime for the regioisomers 2-4 varies 
from 12.9 to 5 . 5  ns. The singlet lifetime for each of the 
salts is considerably longer than the 3.7 ns lifetime 


.. . 
* 


CH,CN 


I 


A m/e = 350 


5 - 1.0 


6 - 1.0 


7 - 1.0 


observed for 5-phenylnaphthacene itself in acetonitrile. 
The fluorescence quantum yield for 2-4 varies from 47 
to 27%. Again, these values are higher than that 
obtained for 5-phenylanthracene (& = 0.18) in the 
same solvent. For each of the members in this series 
C$H+ is less than 0.01. Since PET is necessary for bond 
cleavage and Brernsted acid production, it is clear that 
within the dimethylsulfonium salt series the rate of PET 
is not competitive with the radiative rate and other 
decay modes for SI .  The radiative rate for the 
Sphenylnaphthacene chromophore is 4.9 x lo7 s- '  in 
air-saturated acetonitrile. The thermodynamic driving 
force for PET in 2, 3 and 4 is modestly exothermic and 
the average rate of PET is cu 5.6 x lo6 s - ' .  


The variation in 7 ~ ,  and & between compounds 2-4 
and 5-phenylnaphthacene is attributed to the effect of 
the electron-withdrawing sulfonium group on the rela- 
tive positions of the SI  and T2 energy  state^.^ The 
primary deactivation pathway for the SI  state of 5 -  
phenylnaphthacene in benzene solution has been found 
to be ISC with +ISC = 0*65.9 The rate of ISC from S I  
to T I  through TZ appears to decrease in the order 
2 < 4 < 3 5-phenylnaphthacene. The rationale for 
the presumed change in the rate of ISC as indicated 
involves the lowering of the energy of the SI  state 
in 2-4 relative to the energy of the T2 state. In 
5-phenylnaphthacene ISC is the major pathway for 
deactivation of the SI  because TZ is slightly below SI in 
energy. This results in rapid ISC owing to good vibra- 
tional overlap between the singlet and triplet manifold. 


CN 


/ \  - 
c 
\ \ \ \  


/ 


D m/e=695 B m/e=465 c m/e=58o 


5 - 1.88 


6 - 2.22 


7 - 1.91 


5 - 0.67 


6 - 1.05 


7 - 1.27 


5 - 0.13 


6 - ~ . 3 a  


7 - 0.43 
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The effect of the electron-withdrawing sulfonium group 
on phenyl appears to provide a lowering of SI relative 
to Tz so that SI  now lies below TZ in energy. This 
energy-level restructuring appears to lower the rate of 
ISC and is consistent with singlet lifetimes and fluores- 
cence quantum yields presented in Table 1. 


The maximum transmission of the inductive effect of 
the sulfonium substituent on the naphthacene ring 
system occurs in 2 and 5 owing to the close proximity 
of the D and A groups. This is clearly evident in the 
effect on the redox behavior and electronic absorption 
spectrum. In 2 and 5 the phenyl ring is expected to be 
nearly orthogonal to the plane of the naphthacene ring 
system. AM1 lo  molecular orbital calculations indicate 
the dihedral angle between theghenyl $nd the naphtha- 
cene ring system to be 88". 72 and 64 for 2, 3 and 4, 
respectively. 


The effect of increasing the thermodynamic driving 
force for PET by replacing methyl on sulfur with 
p-cyanobenzyl is dramatic. The p-cyanobenzyl radical 
is clearly more stable than the methyl radical and the 
electrochemical reductive cleavage process for the 
methyl-p-cyanobenzyl sulfonium moiety occurs at con- 
siderably less negative potential than is observed for the 
dimethyl sulfonium group (see Table 2). 


The 7sl value for 5 is 0.80 ns, which is shortened 
considerably from 12.911s for 2. In 6, TS, is compar- 
able to that observed for 3, whereas 7s,  for 7 is actually 
longer than the SI  lifetime for 4. The fluorescence 
quantum yield for 5, 6 and 7, which ranges between 4 
and 5070, is considerably lower than the values for 2-4. 
Correspondingly, the quantum yield for acid formation 
for 5, 6 and 7 is significantly larger than for 2, 3 and 
4 owing to an increase in driving force and rate for PET 
(see Table 1). The free energy change for PET ranges 
between ca -9.6 and ca -11.4 kcal mol-' 
(1 kcal=4.184 kJ) for compounds 5, 6 and 7 depen- 
ding on the position of substitution. The average rate of 
PET for 5, 6 and 7 is cu 4 x lo7 s-I ,  comparable to the 
rate of fluorescence. 


Photoexcitation of the naphthacene a electrons to a 
a* state is the lowest energy electronic transition. The 
photoexcited a* electron must reach the lower energy 
sulfonium c* level (LUMO) for bond cleavage and 
chemistry to occur. The electron transfer process from 
a a* to a U* state can take place either thr~ugh-bond'.~ 
or through-space, as previously mentioned. Once the 
photoexcited electron has reached the u* molecular 
orbital, bond cleavage occurs, we believe, with a rate 
of ca 101'-10'* s-', i.e. similar to the rate of a single 
molecular vibration. Electrochemical evidence indicates 
that one-electron reductive cleavage of sulfonium salts 
appears to be a concerted process in which electron 
acceptance is concomitant with bond cleavage. ' How- 
ever, we realize that photoinduced electron transfer 
bond cleavage is uniquely different from the electro- 
chemical experiment in that the absence of an electron 


in the HOMO offers the opportunity for facile back 
electron transfer. Visualization of the coefficients of the 
wavefunction, from AM1 molecular orbital calcu- 
lations, for the a highest occupied molecular orbital 
(HOMO), r* photo excited state, and the o* LUMO for 
5 show the u and u* orbitals to be localized on the 
naphthacene ring, as expected, while the u* molecular 
orbital is localized predominantly on the sulfur benzylic 
carbon bond lo  (AM 1 molecular orbital calculations 
were performed on a Tektronic Model CASSR stereo 
high-performance CAChe system). 


Although, the PET process within compounds 5-7 is 
not precisely iswnergetic, in a thermodynamic sense, 
one can attempt to measure the effect of distance on the 
rate of PET, albeit with three points. First, it is 
assumed that every PET produces bond cleavage and 
subsequently a proton. The rate of PET, i.e. kET,  is 
determined from the quantum yields for acid formation 
and the fluorescent lifetime, by the relationship k E T  = 
4 ~ + / 7 ~ , .  The assumption that every PET produces 
bond cleavage is reasonable in view of the fact that the 
electrochemical reductive cleavage process appears to 
be concerted electron acceptance and bond cleavage, 
especially in those cases where stabilized radicals are 
produced.' A plot of In k E T  vs through-bond distance 
in ingstroms for 5, 6 and 7 is shown in Figure 1. The 
distance between D and A was taken as the sum of the 
bond lengths (taken from Refs 11 and 12) between the 
naphthacene ring and sulfur. 


The phenyl linking group between the naphthacene 
ring system and the sulfur moiety will influence electron 
transfer between the D and A functionalities by mixing 
its electronic states with that of D and A. 


Empirically, the distance dependence of the electron 
transfer rate constant is given by 


(1) 


where ko is the highest rate constant for electron 
transfer at contact between D and A, r is the D-A dis- 
tance, ro is the distance at van der Waals contact, at 
which the largest rate occurs, and a is a constant.13 


The correlation coefficient for the plot of through- 
bond distance vs In k E T  shown in Figure 1 is 0-97 with 


In k E T  = oL(f - ro )  -!- In ko 


'CN 
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19.0 


y = 20.864 - 0.59541~ R"2 = 0.971 


16.04 


Distance (Angstroms) 


Figure 1 .  Effect of through-bond distance on electron transfer rate for 5, 6 and 7 


a slope of a = -0.60. The constayt cr has been shown 
generally to vary between 1 and 2 A- ' ,  although lower 
values have been reported.I3 A plot of In ~ E T  vs 
through-space distance taken from the center of the 
naphthacene ring to the center of the S-CH2 bond 
being cleaved in AM1 calculated structures provides a 
plot with a correlation coefficient of 0.85 and 
a =  -0.91. 


Although, the through-bond distance plot provides a 
better correlation, it is not possible to eliminate the con- 
tribution from through-space PET, especially in 5, and 
to account for the changes in dihedral angle between the 
phenyl bridging group and the naphthacene ring system 
which will effect electronic coupling. 


4.97 A" 


CN 
\ 
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Photoproduct studies 


The distribution of photoproducts from the photolysis 
of 5-7 is essentially independent of distance. The ratio 
of monosubstituted naphthacene (B) to unsubstituted 
naphthacene (A) is ca 2 for the three regioisomeric 
sulfonium salts 5,  6 and 7. In addition to a monosubsti- 
tuted photoproduct (B), di- (C) and trisubstituted (D) 
photoproducts were also observed. The existence of the 
out-of-cage di- and trisubstituted products suggests 
either the presence of p-cyanobenzyl carbocation and 
indiscriminate electrophilic reaction with the naphtha- 
cene or the thiomethylphenyl ring systems or the 
involvement of secondary photochemistry. The benzylic 
carbocation intermediate produced by one-electron 
oxidation of the benzyl radical could possibly react with 
acetonitrile solvent to produce a stabilized electrophilic 
species. In the absence of nucleophiles such as water, 
the formation of the acetonitrile adduct is reversible. 


The primary photoproduct, we believe, is the mono- 
substituted naphthacene derivative B which is formed in 
the highest yield. In and M solutions of 5-7, 
irradiation of B can provide A and C by an intermole- 
cular electron transfer reaction. Irradiation of C in the 
presence of 5-7 can provide D and A in a similar 
manner. In an attempt to differentiate between the two 
mechanisms, a trap for the benzyl carbocation was 
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added to  the acetonitrile solutions which were then 
irradiated at  wavelengths greater than 400 nm. Phenol 
(lo-' M) was added to  an acetonitrile solution con- 
taining 7 M) to trap the benzyl carbocation in an 
intermolecular reaction. No phenol-benzyl carbocation 
adducts were observed. We conclude that that the 
experimental observations are consistent with com- 
pounds A,  C and D being formed by secondary photo 
chemistry. 


In summary, the rate of intramolecular photoinduced 
electron transfer between a naphthacene electron donor 
and a sulfonium electron acceptor was found to  be 
dependent on  the free energy change for electron 
transfer, the stability of the radical and the distance 
between D and A. The slope of In ~ E T  vs through-bond 
and thrpugh-space distance plots are -0 .60 and 
- 0 - 9 1 A - , respectively. 


The primary photoproduct obtained from the photo- 
lysis of the regioisomeric 5, 6 and 7 was found to  be the 
monosubstituted naphthacene derivative B and that 
photoproducts A, C and D arise from secondary 
photochemistry. 


EXPERIMENTAL 


Equipment and quantum yield determinations. 
Absorption spectrometry, fluorescence excitation and 
emission spectrometry, photochemistry I s  and mass 
spectrometry were performed using equipment 
described p r e v i ~ u s l y . ~  The quantum yields for acid for- 
mation were determined by the following general pro- 
cedure. A 0.1 M acetonitrile solution of the sulfonium 
salt (4.0 ml) was irradiated for 10 min through an 
Ealing 488.0 nm interference filter and the entire 
sample was poured into 10ml  of deionized argon- 
purged water. The p H  of this solution was measured 
using a Corning Model 125 pH meter equipped with a 
Corning combination electrode containing saturated 
KCI solution. Control experiments on  solutions kept in 
the dark indicated that acid was not formed in the dark 
during the experimental procedure. The degree of con- 
version was ca 1070. From the solution pH the number 
of molecules of acid formed was obtained and com- 
pared with the number of photons absorbed to provide 
the quantum yield for acid formation. 


Singlet lifetimes were determined by the time- 
correlated single-photon counting technique using a 
PRA System 3000 (Photochemistry Research Associ- 
ates, London, Ontario, Canada). Electrochemical 
measurements were made with a BAS lOOa Electro- 
chemical Analyzer with a Faraday cage and PA1 
preamplifier (Bioanalytical Systems, West Lafayette, 


IN, USA). Conventional (area ca 0.01-0.03 cm2) and 
ultramicroelectrodes (UMEs) l6 were used for all fast 
cyclic and Osteryoung square-wave voltammetric '' 
investigations (BAS). All short-time-scale voltammetry 
was performed with platinum and carbon 10 and 
2 pm UMEs. Typical scan rates range from 5 mVs- '  to  
500 V s- I .  Tetra-n-butylammonium hexafluoro- 
phosphate (TBAPF6) was purchased from South- 
western Analytical Chemicals (Austin, TX, USA) and 
recrystallized three times from hot ethyl acetate. 
Diethyl ether was added (10070, v/v) after salt dissolu- 
tion to  improve recovery. The isolated salt was dried 
under vacuum at  12OoC for 72 h (m.p. 247-249°C) 
Before each experiment a sufficient amount of suppor- 
ting electrolyte was added to  the cell to yield a concen- 
tration of 0.15 M Voltammetric experiments were 
carried out in a single-compartment cell. All potentials 
are reported versus a saturated calomel electrode 
(SCE), which was separated from the test solution via 
an isolation compartment containing solvent and sup- 
porting electrolyte. In addition, potentials were refer- 
enced t o  the ferrocene [Fecpz/Fecpz+] couple. The 
compound t o  be studied was weighed and placed in the 
cell. Using a volumetric pipet, 10 ml of acetonitrile were 
transferred into the cell. Acetonitrile (high-purity, 
Burdick & Jackson, Muskegon, MI, USA) was perco- 
lated through a glass column packed with Woelm 
B-super 1 alumina (Woelm Pharma) before use. All 
solutions were deaerated before use with ultrapure 
nitrogen (Air Products, Allentown, PA,  USA). 


The working electrodes were successively polished 
with 6, 3 ,  1 and 0-25  pm diamond paste (Buehler, Lake 
Bluff, IL, USA). All cyclic voltammetric waves were 
corrected for the solvent background and charging 
current and for later waves the currents were measured 
from the estimated decaying faradaic current of  the 
preceding wave following usual practice. 


Materials. 5( 12 H)-Naphthacenone and S-phenyl- 
naphthacene were synthesized as described 
previously. 


5-(2-Thiornethylphenyl)naphthacene. 2-Bromo- 
thioanisole (Aldrich) (5.0 g, 24.6 rnmol) was refluxed 
in anhydrous tetrahydrofuran (THF) with magnesium 
(0.60g, 24.6rnrnol) for 4 h to produce the corre- 
sponding Grignard compound. 5-Naphthacenone 
(6.0 g, 24.6 mmol) was oadded to the Grignard com- 
pound as a soh! at -76 C. The reaction mixture was 
stirred at -76 C for 45 min and heated at reflux for 
1 h. Concentrated HCI (10ml) was then added to the 
reaction mixture and heated at reflux for 15 min. The 
reaction mixture was cooled to room temperature and 
flash evaporated to  remove the THF.  Water (200ml) 
was added t o  the reaction mixture and the mixture 
extracted with three 100 ml portions of methylene 
chloride. The combined methylene chloride extracts 
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Table 3.  Physical characterization of the sulfonium salt derivatives (m.p., 'H NMR, m / z )  


'H NMR (CD3CN) 
Compound Yield (V0)M.P. ('C) (6, ppm) m/za 


2 61 103d 3.30 (s, 6 H) 365 


3 83 172d 3.30 (s, 6 H) 365 


4 85 250d 3.30 (s, 6 H) 365 


5 58 120d 3 . 0 0  (d, 3H) 466 


7.30-8.90 (m, 15 H) 


7.30-8.90 (m, I5 H) 


7.30-8.90 (m, 15 H) 


4.60 (q. 2 H) 
6.50-9.00 (m, 19 H) 


4.94 (q, 2 H) 
7.08-8.90 (m, 19 H) 


5.02 (q, 2H) 
7.05-8.90 (m, 19 H) 


6 74 113d 3.30 (d, 3 H) 466 


7 61 I42d 3.38 (s, 3 H) 466 


a By field desorption mass spectrometry. 


were dried over MgS04, filtered and flash evaporated. 
The crude product was purified by dissolving in hot 
CCl, and passing the solution through a pad of silica 
gel. An alternative purification procedure is to  dissolve 
the reaction mixture in a minimum amount of dry 
diethyl ether and cool the mixture in an ice-bath to  
crystallize the crude product. Recrystallization from 
CH3N02 provided 3.34 g (40% yield) of purified pro- 
duct, m.p. 196-198°C; 'H NMR (CDCI3), 6 ca 
7.2-8.8 (m, 15 H), ca 2.22 (s, 3H); MS, m/z 350. 


5-(3-Thiomethylphenyl)naphthacene. This com- 
pound was synthesized by a procedure identical with 
that for 5-(2-thiomethylphenyI)naphthacene in 81 @lo 
yield, m.p. 156-158°C; 'H NMR (CDCI3), 6 ca 
7.2-8.8 (m, 15 H), ca 2.26 (s, 3 H); MS, m/z 350. 


5-(4-Thiomethylphenyl)naphthacene. This com- 
pound was synthesized by a procedure identical with 
that for the 5-(2-thiomethylphen~l)naphthacene deriva- 
tive in 48% yield, m.p. 178-179 C; 'H NMR (CDClJ), 
6 ca 7.2-8.8 (m, 15 H), ca 2.62 (s, 3 H); MS m/z 350. 


All the sulfonium trifluorornethanesulfonate salts 
were synthesized following the procedure described 
below. 


Equal molar amounts of the napththacene sulfide, 
methyl iodide or substituted benzyl bromide were dis- 
solved in benzene in a single-necked round-bottomed 
flask wrapped in aluminium foil. Silver trifluoro- 
methanesulfonate (triflate) complexed with two equiva- 
lents of dioxane was then added as a solid in the dark. 
The reaction mixture was stirred for 15 h and flash 
evaporated. Acetonitrile previously dried over CaH2 
(50 ml) was added to the reaction mixture and filtered 
to  remove the AgBr. The volume of acetonitrile was 


reduced and the solution added dropwise to ten times 
the volume of anhydrous diethyl ether in the dark. The 
purified product, which precipitated from the ether sol- 
ution, was collected by suction filtration and dried over 
PzOs in a vacuum oven at room temperature. The 
product was purified by three repeated precipitations 
from diethyl ether. Table 3 gives product yields, 
melting points and mass spectrometric and 'H NMR 
characterization for the sulfonium salts described. 


Photolysis of 5 and characterization of photopro- 
ducts. Compound 5 (62 mg) was dissolved in 50 ml of 
dry acetonitrile previously distilled from CaHz and 
placed in a Pyrex glass vessel. The solution was 
irradiated with an Oriel 200 W Hg-Xe lamp using a 
Corning 0-52 cut-off filter, i.e., hv > 340 nm for 1 h 
after being purged with argon for 1 h.  The solution was 
continuously purged with argon while being irradiated. 


The acetonitrile solution was diluted with 400 rnl of 
dry methylene chloride and poured through a pad (5 g) 
of silica gel. The ionic starting material adsorbed on the 
silica gel and the non-ionic photoproducts were eluted 
with methylene chloride (200 ml). The photoproducts 
were characterized by 'H NMR and mass spectrometry. 
The ratio of unsubstituted thiornethylphenylnaphtha- 
cene (m/z 350) to the mono- (mlz 465), bis- (mlz 580) 
and tri- (m/z 695) p-cyanobenzyl-substituted thio- 
methylphenylnaphthacene was determined by field 
desorption mass spectrometry and represents an 
average of three photochemical experiments for each 
regioisomer. The distribution of photoproducts for 5 ,  
i.e. A : B : C : D ,  was found to  be 
1.0: 1.88:0.67:0.13. Washing the silica gel with ace- 
tonitrile (100 ml) eluted the polar compounds, which 
proved to be only the starting sulfonium salt. 
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Photolysis of 6 and characterization of photopro- 
ducts. Compound 6 (62 mg) was dissolved in 50 ml of 
dry acetonitrile and photolysed as described previously. 
The distribution of photo products for 6 ,  i.e. 
A :B:C:D,  was found to be 1.0:2*22: 1-05:0.38. 
Washing the silica gel with acetonitrile (100 ml) eluted 
the polar compounds, which proved to be only the 
starting sulfonium salt. 


Photolysis of 7 and characterization of photopro- 
ducts. Compound 7 (62 mg) was dissolved in 50 ml of 
dry acetonitrile and photolysed as described previously. 
The distribution of photoproducts for 7, i.e. 
A :B:C:D,  was found to be 1.0:1-91:1.27:0.43. 
Washing the silica gel with acetonitrile (100 ml) eluted 
the polar compounds, which proved to be only the 
starting sulfonium salt. 
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SHORT COMMUNICATION 


CARBON AND HYDRIDE MIGRATIONS OF CYCLOBUTYLHALOCARBENES 


ROBERT A. MOSS* AND GUO-JIE HO 
Department of Chemistry, Rutgers, The State University of New Jersey, New Brunswick, New Jersey 08903, USA 


The photolysis of cyclobutylchlorodiazirine affords chlorocyclopentene and chloromethylenecyclobutane by direct 
rearrangements from the diazirine’s excited state (65%) and by competitive formation and subsequent rearrangement 
of cyclobutylchlorocarbene. The involvement of excited diazirine in the analogous cyclobutylluorodiazirine photolysis 
is much reduced (12%). 


We recently reported’ that the photolysis of cyclo- 
butylchlorodiazirine (1-Cl) afforded chlorocyclopentene 
(3-C1) and chloromethylenecyclobutane (4-C1) by com- 
petitive 1,2-C and 1,2-H shifts that were attributed to 
the intermediate cyclobutylchlorocarbene, 2-C1: 


4 - x  (1) I - X  2-x 3-x 


The 3-C1/4-C1 product ratio of 2.17 at 21 ‘C, coupled 
with a laser flash photolysis study led to assignments of 
absolute rate constants of 4.6 x lo7 s-l (-C) and 
2.1 x lo7 s-’ (-H) to the competitive processes. A 
parallel examination of cyclobutylfluorocarbene (2-F) 
gave the 3-F/4-F product ratio as 3 . 4  (23OC), with 
kc = 1.8 x lo6 s-l and kH = 5 . 3  x 10’ 


However, strong kinetic evidence has accumulated 
that the 1,2-H shifts frequently observed in the 
reactions of alkyl- and alkylhalocarbenes are composite 
processes that include hydride shifts of both the carbene 
and a second transient. 3 - 5  Moreover, the trappable 
yields of several alkylchlorocarbenes, formed on photo- 
lysis of alkylchlorodiazirine precursors, correlate with 
the a-CH bond dissociation energies (BDE) of the alkyl 
groups.’ Thus, a high BDE (e.g. R = M e  in 
Me-C-Cl) leads to more carbene, as measured by the 
optical yield of the ylide formed when the carbene is 
captured by pyridine, but a low BDE ( R =  i-Pr in 


* Author for correspondence. 


0 1993 by John Wiley & Sons, Ltd. 
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i-Pr-C-C1) results in much less carbene and ylide, 
even though the yield of - H  product is substantial. 
Much of this latter process is attributed to a hydride 
shift, concerted with nitrogen loss, that occurs in the 
excited state of the diazirine precursor, in direct com- 
petition with the simple nitrogen loss that affords the 
carbene. 


When there is no a-H in the carbene’s alkyl group 
(R = t-Bu), or the a-H BDE is very high (R = cyclo- 
propyl), almost all of the excited-state precursor affords 
the carbene; a high yield of carbene-pyridinium ylide is 
observed, and there is little competitive 
rearrangement. Finally, White and Platz’ observed 
‘no evidence for carbon migration in the excited states 
of alkylchlorodiazirines.’ This process was judged less 
efficient than -H,  at least with ‘simple’ alkylchloro- 
diazirines. 


Here we describe a further investigation of the cyclo- 
butylchlorodiazirine/cyclobutylchlorocarbene system’ 
(not examined by White and Platz’) that reveals 
extensive excited-state diazirine contributions to both 
-C  and - H  products. Olefinic interception of the 
carbene permits us to dissect the intramolecular 
reaction into excited-state and carbene components. 
Additionally, we find the excited-state diazirine 
pathway to be much more important in the alkylchloro 
system, l-Cl/Z-CI, than in the corresponding fluoro 
case, 1-F/2-F. 


RESULTS 
We photolyzed pentane solutions of 1-C11a6 (20 ‘C, 
A345 = l-O), together with various amounts of 
tetramethylethylene or trimethylethylene, using a 
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200 W focused Osram XE UV lamp (X > 320 nm) until 
the diazirine had been destroyed. Capillary gas 
chromatographic (GC) analysis on a dimethyl- 
polysiloxane column revealed the presence of the 
known196 - C and - H rearrangement products, 3-C1 
and 4-C1, in addition to the previously synthesized6 
intermolecular addition products, 5 or 6, from 
tetramethylethylene or trimethylethylene, respectively. 
The identities of the addition products were further 
substantiated by GC-mass spectrometry (MS). 
Normalized product distributions are shown in Tables 1 
and 2 as a function of alkene concentrations. 


Parallel experiments were carried out with cyclobutyl- 
fluorodiazirine, 1-F.2 Photolysis as above of 1-F, in the 
presence of various amounts of 2-methylbut-l-ene, gave 
mixtures of the known* intramolecular -C  and -H  


5 6 7 


products, 3-F and 4-F, in addition to the isomeric inter- 
molecular addition products, 7. The latter were 
characterized by 'H and '9 NMR and GC-MS (M' ). 
These product distributions are presented graphically in 
Figure 2 and will be discussed below. 


DISCUSSION 
In the cyclobutylchloro system, the ratio of addition 
(Ad) to rearrangement (Re) product yields increases 
with either alkene trap, tetramethylethylene (Table 1 
and Figure 1A) or trimethylethylene (Table 2 and 
Figure 1C). However, both of these correlations are 
strongly curved, behavior that is inconsistent with a 
simple competitive mechanism in which a single reactive 
intermediate (e.g. carbene 2-C1) partitions between 
addition to the alkene and intramolecular rearrange- 
ment. Such a mechanism would exhibit a linear 
dependence of Ad/Re on [alkene] . 3*4 


In contrast, we find the inverse correlations of Re/Ad 
vs I/ [ aIkene] to be linear with either alkene (see Tables 
1 and 2 and Figures 1B and 1D). These relationships are 
in accord with the mechanistic scheme outlined in 


Table 1. Photolysis of cyclobutylchlorodiazirine in tetramethylethylene-pentane 
~~ ~~~~ ~~ ~~~ 


[MetC=CMezI (M) Rearr. ('70)' 5 ('7') 3-C1/4-C1 1/ [Me2C=CMezI 5/rearr." Rearr./Sa 


0 
0.084 
0.168 
0.335 
0.670 
1.34 
2.35 
3.35 
5.03 
6.67 


100 
98-3 
97.1 
94.7 
90.5 
85.3 
78.6 
74.8 
71.3 
68.5 


0 
1.7 
2.9 
5.3 
9.5 


14.7 
21.4 
25.2 
28.7 
31.5 


2.23 
2.17 
2.13 
2.09 
2.04 
1.94 
1.82 
1-76 
1.70 
1.63 


- 
11.9 
5-95 
2-99 
1.49 
0.746 
0.426 
0.298 
0.198 
0-150 


0 
0.0173 
0-0299 
0.0560 
0.105 
0.172 
0.272 
0-337 
0-403 
0.460 


- 
57.8 
33.5 
17.9 
9.53 
5.80 
3.67 
2-97 
2-48 
2.17 


'Rearr. refers to the sum of 3-CI and 4-CI. 


Table 2. Photolysis of cyclobutylchlorodiazirine in trimethylethylene-pentane 


[MezC=CHMe2] (M) Rearr. (To)' 


0 
0.094 
0.189 
0.378 
0.755 
1.51 
2.64 
3.78 
5 . 6 6  
7.55 


100 
98.3 
96.8 
93-9 
89.8 
83.8 
78.4 
74.6 
71.6 
67.6 


6 ('70) 


0 
1.7 
3.2 
6.1 


10.2 
16-2 
21.6 
25-4 
28-4 
32.4 


3-C1/4-C1 I /  [MezC=CHMez] 


2.23 - 
2.18 10.6 
2.13 5.29 
2.08 2-65 
2.02 1.32 
1-90 0-662 
1.80 0.378 
1.71 0.264 
1.64 0.176 
1-57 0.132 


6Irearr. a 


0 
0-0173 
0.0330 
0.0650 
0.114 
0.193 
0.276 
0-340 
0-400 
0.479 


Rearr./6' 


- 
57.8 
30.3 
15.4 
8.80 
5.17 
3.63 
2.94 
2.52 
2.09 


'Rearr. refers to the sum of 3-CI and 4-CI. 
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Figure 1. (A) Addition to rearrangement product ratio, [5]/ [3-C1+ 4-C1], vs [alkene] for the photolysis of 1-C1 
in tetramethylethylene (cf. Table 1). (B) Rearrangement to addition product ratio, [3-C1+ 4-C1]/ [5], vs 1/ [alkene] for the 
photolysis of 1 4  in tetramethylethylene (cf. Table 1). (C) Addition to rearrangement product ratio, 
[6]/ [3-CI + 4-C1], vs [alkene] for the photolysis of 1-C1 in trimethylethylene (cf. Table 2). (D) Rearrangement to addition product 


ratio, [3-C1+ 4-C1]/ [6], vs 1/ [alkene] for the photolysis of 1-C1 in trimethylethylene (cf. Table 2) 
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equation (2),4 where we introduce a second product- 
forming intermediate, the excited diazirine (1-C1)*. The 
key feature of this mechanism is that the excited 
diazirine not only gives the carbene (kl) but also 
directly affords the 1.2 - C and 1,2 - H products (k3). 
The carbene either rearranges to the intramolecular 
products (ki), or adds to the alkene (k2). 


In fact, any second product-forming intermediate 
could satisfy the kinetic observations; a carbene-alkene 
complex397 or an excited carbene* are also candidates. 
At present, however, in accord with the recent work of 
White and Platz,' we prefer the excited diazirine 
mechanism for reasons of economy. 


The analytical expression corresponding to the 
mechanism of equation (2) is given in equation (3) 
where Re represents the intramolecular rearrangement 
products, 3-C1 and 4-C1, and Ad is the intermolecular 
cyclopropane adduct. 


Re/Ad = k3/kl + [ki(kl+ k3)1/klk~[alkene] (3) 
According to equation (3), the Y-intercepts of the 
correlations in Figures 1B and 1D represent the ratio of 
rate constants (k3/kl) for the direct rearrangements 
(with nitrogen loss) of (1-C1)* to 3-C1 or 4-C1 (where k3 
is the sum of k, and k ~ ) ,  relative to the simple nitrogen- 
loss conversion of (1-C1)* into carbene 2-C1, from 
which the rearrangement products also arise. 


The observed Y-intercepts are 2.18 2 0.57 for tetra- 
methylethylene (r = 0.997, Figure 1B) and 1.61 f 8-  12 
for trimethylethylene (r = 1.00, Figure 1D). Although 
the agreement is not particularly good, the differences 
are within the combined standard errors, and the 
implication of a second reactive intermediate to 
products 3-C1 and 4-C1 is secure. Indeed, the 
experimental kl/ks ratios translate into 68% excited 
diazirine incursion (Figure 1B) or 62% excited diazirine 
(Figure lD), leading to an 'average' value of 65070 of 
excited diazirine and 35% of carbene parentage for 3-C1 
and 4-C1. 


Note that at the highest employed concentrations of 
tetramethylethylene (6.67 M, Table 1) or trimethyl- 
ethylene (7.55 M, Table 2), where the carbene should 
be very largely diverted to adduct 5 or 6,  and the rear- 
rangement products should stem almost exclusively 
from excited diazirine, the observed ratio of rearrange- 
ment to addition products is cu 68 : 32, very similar to 
the 'average' partition derived from the Y-intercepts of 
Figures 1B and 1D. This provides good evidence for the 
validity of the kinetic analysis. 


Moreover, it seems an inescapable conclusion that 
much of the -C and - H  products, formed on 
photolysis of diazirine 143, comes not from carbene 
2-C1, but rather in the Goodman-Platz formulation,4s5 
from the excited diazirine. In this light, we can refine 
the absolute rate constants that were previously offered 
for the -C  and - H  reactions of the carbene.' 


The overall rate constant for carbene rearrangement, 


6.8 2 0-5  x lo7 s-'  (21 OC),' was derived from a laser 
flash photolysis study of the kinetics of ylide 
formation' between carbene 2-C1 and pyridine; it is 
independent of excited diazirine intervention. From 
Tables 1 and 2 at the highest alkene concentration, we 
take 1 -60 k 0.03 as the 3-C1/4-C1(- C/ - H) ratio due 
only to excited diazirine rearrangement. On the other 
hand, at [alkene] = 0, the observed 3-C1/4-C1 ratio of 
2 - 23 represents a 65 : 35 blend of excited diazirine and 
carbene rearrangements (see above). A 3-C1/4-C1 or 
-C/ -H ratio of cu 4.8 for the rearrangements of 
carbene 2-C1 satisfies these constraints. 


With the latter product ratio, and the absolute rate 
constant (k, + k ~ )  = 6.8 x lo7 s-'  for total carbene 
rearrangement, we obtain k, = 5.6 x lo7 s- '  and 
k ~ =  1 . 2 ~  lo7 s- '  for the individual -C and -H 
rearrangements of carbene 2-C1. We estimate 2 10% 
errors in these values. They can be compared with 
k, = 4.6 X 10' s- '  and kH = 2.1 X lo7 s-', the previ- 
ously offered' rate constants that were derived without 
consideration of the excited diazirine contribution to 
these rearrangements. It is perhaps amusing that despite 
the extensive contribution of the excited-state pathway, 
the revised rate constants are not very different from 
the earlier values. It is likely that the differential 
activation parameters for 1.2-C and 1,2-H shifts of 
carbene 2-C1, previously obtained from the variation of 
3-C1/4-C1 with temperature, require little revision. 


Why is the - C process important in the chemistry of 
the excited cyclobutylchlorodiazirine (l-Cl)* but 
seemingly unimportant with excited cyclopropylchloro- 
diazirine?' Platz" suggests that at least part of the 
difference can be found in the comparative relief of ring 
strain that attends each - C process. The conversion of 
cyclopropylchlorodiazirine into chlorocyclobutene ' ' 
would increase ring strain by cu 2 kcal mol-' 
(1 kcal = 4.184 kJ), whereas the conversion of 1-C1 into 
chlorocyclopentene would decrease this component by 
cu 20 kcal mol-'. I2 Thus, excited cyclopropylchloro- 
diazirine eschews ring expansion/nitrogen loss in favor 
of simple nitrogen loss to the carbene, which is more 
exothermic. With excited diazirine (1-Cl)*, however, 
ring expansionlnitrogen loss should be more exothermic 
than carbene-forming nitrogen loss alone owing to the 
added strain energy release. Accordingly, the ensuing 
kinetic competition favors the ring expansion by 
cu 2 : 1. Although this argument appears plausible, it 
seems incomplete. For example, it does not account for 
the - H shift of (l-CI)* to 4-C1, which does not relieve 
strain, but still competes effectively with the -C  
process (see above). 


To save space, our results with cyclobutyl- 
fluorocarbene, 2-F, are presented in graphical form 
only. We again correlated the GC-determined product 
distributions as a function of added alkene. The data 
are presented as correlations of Ad/Re vs [alkene] in 
Figure 2A and as Re/Ad vs 1/ [alkene] in Figure 2B. 
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Figure 2. (A) Addition to rearrangement product ratio, [7]/ [3-F + 4-F], vs [alkene] for the photolysis of 1-F in 2-methylbut-1-ene. 
(B) Rearrangement to addition product ratio, [3-F + 4-F]/ [71, vs I /  [alkene] for the photolysis of 1-F in 2-methylbut-l-ene 


As we observed with l-Cl/ 2-C1, so too with the 
1-F/2-F system, the Ad/Re vs [alkene] correlation is 
strongly curved. However, the inverse correlation 
(Figure 2B) is linear ( r=  0.998), with a Y-intercept of 
0.14 f 0.04 that corresponds to a 12% incursion of 
excited diazirine (l-F)* in the formation of products 3-F 
and 4-F. The previously offered2 -C/ -H ratio of 3.4, 
attributed solely to carbene 2-F, would increase only to 
4.2 upon algebraic 'removal' of the excited diazirine 
contribution. This small correction leads to 
insignificant changes in the published2 k, and kH rate 
constants for the rearrangements of carbene 2-F. 


What is noteworthy, however, is the much lower 
incursion of excited diazirine rearrangements in the 1-F 
photolysis (12%) compared with the I-C1 photolysis 
(65%). An attractive rationalization is that carbene 2-F 
is more stable than 2-C1 because of the greater 
resonance electron donation available from its fluorine 
substituent. Therefore, the corresponding excited 
diazirines will partition more toward carbene 
formation, and away from direct rearrangement, in the 
case of (1-F)*. 


This behavior may be general; similar phenomena 
were observed in the course of an isotope effect study 
of the neopentylhalodiazirines. Thus, photolysis of 
neopentylfluorodiazirine led to cu 94% of product 
formation from the carbene, accompanied by cu 6% of 
direct - H rearrangement from the excited diazirine, l3 
whereas in the photolysis of neopentylchlorodiazirine, 
carbene formation fell to cu 60% while product 
formation from the excited diazirine rose to cu 40%. l4 


CONCLUSIONS 
The photolysis of cyclobutylchlorodiazirine (1-Cl) 
affords chlorocyclopentene (3-C1) and chloro- 
methylenecyclobutane (4-C1) by competing pathways. 
The major route (65%) most likely involves direct 
rearrangement, coupled with loss of nitrogen, from 
excited diazirine (l-Cl)*. The minor product-forming 
pathway (35%) involves nitrogen loss from (1-Cl)*, 
affording cyclobutylchlorocarbene (2-C1), which subse- 
quently undergoes - C and - H rearrangements to 3-C1 
and 4-C1, respectively. The absolute rate constants for 
the latter reactions are k c = 5 . 7 x  107s-' and 
kH = 1 - 1 x lo7 s-'. Photolysis of the corresponding 
cyclobutylfluorodiazirine (1-F), in contrast, involves 
much less direct product formation from the excited 
diazirine (12070); products 3-F and 4-F are very largely 
derived (88Yo) from carbene 2-F. 
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NUCLEOPHILIC PARTICIPATION IN THE SOLVOLYSES OF 
2-ARYL-2-HALOPROPANES AND THE PREVIOUSLY CLAIMED 


ADVANTAGE OF USING YB~X SCALES 


DENNIS N. KEVILL 
Department of Chemistry, Northern Illinois University, DeKalb, Illinois 601 15, U.S.A. 


AND 


MALCOLM J. D'SOUZA 
Department of Chemistry, Ball State University, Muncie, Indiana 47306, U.S.A. 


Contrary to a recent report, the specific rates of solvolyses of five 2-aryl-2-chloropropanes give only marginally (not 
significantly) better correlations with use of the YBncl scale rather than the Yc, scale. With the use of the extended 
(two-term) Grunwald-Winstein equation, some evidence for a weak nucleophilic solvation is obtained, but at a low 
confidence level. The specific rates of 2-bromo-2(p-triPuoromethylphenyl)propane solvolysis are significantly better 
correlated using YE. (rather than Y B ~  values and, indeed, the use of NT values in conjunction with YE, values leads 
lo an I value of 0.17 -t 0.06 and evidence for a weak nucleophilic participation at a 98.7% confidence level. 


Recently, we demonstrated' that, provided a sufficiently 
large set of specific rates measurements in a wide variety 
of solvent types was available, only modest improve- 
ments result from use of the YBnCt scale2v3 [based on 
solvolysis of 2-chloro-2-(3 ' -chlorophenyl)adamantane] 
rather than the Ycl ~ c a l e ~ - ~  (based on solvolysis of 
1-chloroadamantane) within the Grunwald-Winstein 
equation: 6,' 


(1) 
where k and ko are the specific rates of solvolysis of the 
substrate in a given solvent and in 80% ethanol, m is 
the sensitivity of the solvolysis of the substrate to 
changes in solvent ionizing power ( Y )  and c is the inter- 
cept. Indeed, for 20 solvents, it was found' that the 
YBnCl scale correlates reasonably well with the YCI scale: 
m = 1 a01 2 0.07, c =  0-22 +- 0.52 and correlation 
coefficient ( r )  = 0.956. Accordingly, we were very sur- 
prised to see, in a recent short communication,' a claim 
of considerably better correlations for a series of 2-aryl- 
2-chloropropanes (tert-cumyl chlorides) using Y B ~ c ~  
values rather than Ycl values in equation (1). 


Also, since we had demonstrated ' good correlations 
using the two-term (extended) Grunwald-Winstein 


log(k/ko) = m Y + c 


0894-3230/93/ 1 10642-03$06.50 
0 1993 by John Wiley & Sons, Ltd. 


equation: 
log(k/ko) = IN + rn Y + c (2) 


for the solvolysis of tert-cumyl p-nitrobenzoate, using 
NT values5s9 in conjunction with either Y0=s6 or 
YB,,OPNB" values, we were unable at first sight to 
understand the extremely poor correlations using 
equation (2) (with NT and Yct values).' In equation (2), 
the additional term involves the sensitivity ([) of the 
solvolysis to changes in solvent nucleophilicity ( N ) .  


Inspection of the solvents used to study* the solvo- 
lyses of XC,&C(CH3)2CI compounds: 


CH3 la: X=4' -CH3 
I lb: X=4' -F 


I Id: X=3' -C1 
CH3 le: X=4' -CF3 


X-c6H4-c-cI 1C: X=H 


showed them to be small in number (6-11 used in the 
overall correlations) and not particularly well chosen as 
regards variation in solvent type. Indeed, the fluctu- 
ations described as 'random' can, at least in part, be 
related to different solvents being used in the corre- 
lation for different substrates. Nonetheless, to account 
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for the considerably better correlations with YB~CI  than 
with YCI, a particularly ill-chosen set of solvents 
(outliers on the YBnCI-Yc] correlation) would have had 
to be selected. In attempting to duplicate the reported 
correlations, we find we can accurately reproduce the 
correlations against Y B ~ c ~  (Table 2 in Ref. 8) but not 
the correlations when YCJ is incorporated into either 
equation (1) or (2), as presented in Table 3 in Ref. 8. In 
the latter case we obtain higher (more positive) values 
for both 1 and m and considerably larger correlation 


Table 1. Correlation of the specific rates of solvolysis of com- 
pounds la-e against solvent ionizing power values using the 


Grunwald-Winstein equation (1) 


Correlationa 


la, YCI 
la ,  YBK~ 
lb ,  Yci 
lb,  Y B ~ C I  
IC, YCl 


Id, Yci 
Id, Y B ~ C I  


IC, YBnCl 


le,  YCI 
l e ,  YB"c~ 


nb 


9 
9 


11 
11 
12 
12 
12 
12 
10 
10 


- 
mc 


0.95 2 0.08 
0.92 f 0.03 
0.80 f 0.06 
0.80 f 0.05 
0.77 f 0.05 
0.74 2 0.04 
0.68 2 0.05 
0.66% 0.06 
0-65 2 0.06 
0.62 L 0.05 


CC 


0.57 f 0.39 
0.16 f 0.12 


-0.06 f 0.30 
-0.27 f 0.23 
-0.01 f 0.24 
-0.24 f 0.22 
-0.13 2 0.25 
-0.27 f 0.30 
-0.28 ? 0.31 


0.49 f 0.28 


rd 


0.973 
0-997 
0,974 
0.985 
0.983 
0.985 
0-977 
0.966 
0.967 
0.972 


- 


'Correlation of log(k/ko) for solvolysis of the indicated substrate 
against YCI (Refs 4-6) or YB,,CI (Refs 2 and 3) solvent ionizing power 
scales. 
bNumber of solvents, identical solvents for correlations with YCI or 
YB"CI and from Table 1 in Ref. 8, but omitting (no YCI value available) 
propan-2-01 and adding 100% TFE for la-c and 70% ethanol for l c  
and d (see text). 
'From equation (I)  and with associated standard error. 


Correlation coefficient. 


coefficients. For example, where the correlation using 
equation (1) with Y c ~  is reported* as poor ( r =  0.83 - 
0.91), we obtain r values in the range 0.91 - 0.97 for 
the five correlations. We find that we can come very 
close to duplicating all of the data reported in Table 3 
in Ref. 8 if a YCI value of -0.08 (rather than the 
accepted4s6 value of -0-8) is used for 80% acetone. 


We choose not to report our corrected values corre- 
sponding to the previous analyses but, instead, we 
report, in Tables 1 and 2, the correlations obtained 
using equations (1) and (2), respectively, and incorpor- 
ating either YBnCl or YCI after maximizing the number 
of solvents. For l c  and Id, specific rates available in 
70% ethanol are incorporated and for la-c specific 
rates in 100% 2,2,2-trifluoroethanol (TFE) were 
obtained by extrapolation of the excellent 
Grunwald-Winstein plots for TFE-ethanol mixtures 
against YB"c~ values' (log k/ko values of 3 - 5 0  for la, 
2 . 3 8  for l b  and 2 - 3 0  for lc) .  For Id, the original 
specific rate' in 80% ethanol was used and the more 
recently reported value' (claimed to correspond to the 
original) was assumed to be erroneous. A listing of 
errata has recently been published. l2 Values replacing 
those originally in Table 3 in Ref. 8 are now consistent 
with those which we had previously calculated using the 
identical solvents. However, within the listing of errata, 
no changes were made to the conclusions reached in 
Ref. 8, and our comments concerning major problems 
introduced by a not particularly well chosen set of 
solvents remain valid. For example, as regards the 
change made to p. 125 of Ref. 8 (last of the errata), we 
must point out that the new negative I value -0 .37,  
which is quoted for solvolysis of la ,  is associated with 
a standard error of &O-89 and a probability that the IN 
term is not statistically significant of 0.71! Indeed, even 


Table 2. Correlation of the specific rates of solvolysis of compounds la-e against a 
combination of solvent nucleophilicity values and solvent ionizing power using the 


extended (two-term) Grunwald-Winstein equation (2) 


Correlationa 


la,  YCI 
la, Y B ~ C I  
Ib, Yci 
Ib, Y B ~ C I  
l c ,  YCl  


Id, Yci 
Id, Y B ~ c ~  
l e ,  YCI 
l e ,  YBnCl 


IC, YBnCI 


[b,c 


-0 .172  0.20 (0.44) 
-0.10 f 0.05 (0.12) 
-0.03 f 0.14 (0.86) 


0 . 1 4 f  0.11 (0.22) 
0.01 f. 0.01 (0.96) 
0.13 4 0.10 (0.24) 
0-08 f. 0.10 (0.47) 
0.24 f 0.12 (0.08) 
0.12 f 0.15 (0.44) 
0.19 f. 0.14 (0.20) 


m b  Cb 


0.84 t 0.17 
0.86 f 0.04 
0.782 0.11 
0.89 2 0.08 
0.77 2 0.08 
0.82 2 0-07 
0.72 k 0.08 
0.80 f 0.09 
0.73 f. 0.11 
0.73 f 0.10 


0.41 f 0.40 
0.09 f 0.11 


-0.08 f 0.32 
- 0.19 f 0.22 
0.00 f 0.25 


- 0.17 f 0.22 
-0.08 f 0.25 
- 0.14 f 0.27 
-0.17 f 0.31 
-0.36 f 0.27 


rd 


0.976 
0.998 
0.974 
0.987 
0.983 
0.987 
0.979 
0.976 
0.970 
0.978 


~~ ~~ ~ ~~~~ 


'Correlation of log(k/kof for solvolysis of the indicated substrate against NT and either YCI or 
Y B ~ C I  values, in the same solvents as used in Table 1 (see footnote b to Table 1). 
bFrom equation (2) and with associated standard error. 
'Values in parentheses represent the probability that the IN term is not statistically significant. 


Correlation coefficient. 
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the accompanying Ycl value of 0.61 is associated with 
a standard error of 2 0.39. Obviously, these values 
cannot be considered to indicate anything clearly, other 
than that the choice of five similar solvents (EtOH, 
80% EtOH, MeOH, 80% acetone and 60% TFE-40% 
EtOH) is totally inadequate for carrying out an 
extended Grunwald-Winstein treatment. For the 
corresponding analyses (six solvents) of the solvolyses 
of l c  and le,  our multiple linear regression program 
(ABSTAT; Anderson-Bell, Arvada, CO, U.S.A.) 
issued a warning: ‘Results may be spurious due to a 
high degree of multicollinearity.’ 


In Table 1, the values for Id in 12 solvents are very 
similar to those reported previously’ for this compound 
in 10 solvents, indicating the data to be reasonably 
robust. For Id, the correlation coefficient is slightly 
higher when Ycl values are used but the reverse is the 
situation for the other four substrates. With the mar- 
ginal exception of la, no considerable improvement 
results from use of YBnCl rather than Ycl values, in con- 
trast to the claim8 of ‘definite evidence which could 
demonstrate the advantage of using the new Y B I , ~  
scales’ (average correlation coefficients for the correla- 
tions of the five substrates of 0.975 k 0.006 with use of 
Ycl and of 0.981 2 0.012 with use of YB~CI, range of 
values of 0-969 - 0.983 with use of YCI and of 0.966 


The improvements in the correlation coefficient on 
incorporating the IN term [in equation (2)] are 
extremely small and, coupled with relatively high pro- 
babilities that the IN term is not statistically significant 
(Table 2), one can conclude that, if present at all, the 
nucleophilic solvation of the developing carbocation 
must be weak. Further, as pointed out previously, dis- 
persion effects are frequently observed in one-term 
[equation ( l ) ]  treatments, and care must be taken not 
to misassign them as effects due to nucleophilic partici- 
pation by the solvent. The best evidence favoring a 
weak nucleophilic solvation is the trend for an increased 
sensitivity towards changes in solvent nucleophilicity as 
one goes from substituents which internally stabilize the 
incipient carbocation to those which will destabilize it; 
the trends are, however, only just outside the ranges 
accommodated by the associated standard errors. 


Recently, a Y B ~ B ~  scale has been developed13 and 
compared with Y B ~  values436 (including additional 
values l 3  for TFE-ethanol mixtures). Although specific 
rates for the solvolysis of p-trifluoromethylcumyl 
bromide (le with bromine replacing chlorine) were 
reported and correlated graphically with Y B ~  and YBnBr 
values, no numerical analyses were reported. We find 


- 0.997 with Use Of YJjnCl). 


considerably better correlations with the use of Y B ~  than 
with the use of YBnBr for the 12 solvents (%-6o% 
ethanol-water, 80-50% acetone-water, 100-40% 
TFE-ethanol). Using equation ( l ) ,  with YB,, values of 
m=0.63  +-0-05 and c =  -0.20+-0-19 (r=0-965) 
and, with YBnBr, vahes of m = 0.59 2 0.11 and 
c = - 0.09 +- 0.35 ( r  = 0.870) are obtained. Using 
equation (2), with NT and Ye,, values of I=  0.17 2 
0.06, m = 0.76 2 0.06 and c = -0.15 2 0.14 (r = 0.983) 
and, with NT and YBnBr, values of 1=0*21 2 0.15, 
m = 0 * 7 8  k 0.17, c =  -0.01 2 0.33 (r=0*894) are 
obtained. The reasons for the much better correlations 
with YB, than with Y B ~ B ,  are not clear, but this 
observation is certainly contrary to the claim* that 
benzylic substrates are better correlated using Y e a  
scales. The I value obtained using Ye, and NT values is 
associated with a 98.7% confidence level that the IN 
term is statistically significant; when YBnBr values are 
substituted, this value falls to 80%. 
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INTERACTION OF 3,4-DIPHENYL- 1,2,5-THIADIAZOLE 
1,l-DIOXIDE WITH PROTON DONOR SOLVENTS 


M. V. MIRIFICO, J. A. CARAM, E. J.  VASINI* AND J. E. SICRE 
Insiituto de Invesiigaciones Fisicoquimicas Teoricas y Aplicadas-INIFTA, Universidad Nacional de La Plata, Casilla de 


Correo 16, SUC. 4, (1900) La Plata, Argen iina 


The UV spectra of 3,4-diphenyl-1,2,5-thiadiazole 1,l-dioxide (I) and that of its thiadiazoline and thiadiazolidine 
derivatives were measured in several aprotic and protic solvents. Strong specific interactions of I with protic solvents 
are observed and the formation of stable carbinolamine type derivatives of I with methanol or ethanol is proposed. 
Spectroscopic data (UV, 'H and I3C NMR) and electrochemical evidence for their formation are given and a new 
thiadiazoline derivative of I (3-ethoxy-2-methyl-3,4-diphenyl-1,2,5-thiadiazoline 1,l-dioxide) was synthesized. The 
equilibrium constant for the reaction of I with ethanol is reported. 


INTRODUCTION 


In the context of the considerable general interest in the 
chemistry of 1,2,5-thiadiazole derivatives, owing to 
their pharmacological applications, the 1,l-dioxide 
derivatives are remarkable molecules of which 'only an 
heterogeneous series of generally unrelated reactions 
are know." 


We have recently studied the voltammetric electro- 
reduction of 3,4-diphenyl-l,2,5-thiadiazole 1 , )  -dioxide 
(I)  in acetonitrile (ACN), including the effects of added 
acids,2 and the kinetics of the hydrolysis of I in aqueous 
solution over a wide pH range.3 


In the course of both studies, UV spectra of I in 
ethanol and ACN solutions were measured and found 
to be very different. This fact, together with the conclu- 
sion that I possesses basic proper tie^,'.^ suggested spe- 
cific interactions of I with the solvents and prompted us 
to study them. 


In the course of this work, some selected chemical, 
spectroscopic and electrochemical properties of I and 
related compounds were studied and compared. The 
related compounds used were 3,4-diphenyl- 1,2,5- 
thiadiazoline 1 ,I-dioxide (IIa) and 3,4-diphenyl-1,2,5- 
thiadiazolidine 1,l-dioxide (111), and also the new 
compound 3-ethoxy-2-methyl-3,4-diphenyl-l,2,5- 
thiadiazoline 1 ,]-dioxide (IIc). Its synthesis is also 
reported as part of this work. 


In the case of solutions of I in ethanol, a stable but 
nonisolable thiadiazoline appears to form, namely 


Ph Ph Ph Ph Ph Ph 


N N  N N-R2 H-N N - H  


'S/ 
0 2  0 2  0 2  


I RtR2:H IIa III 
Rl:OCH,Cf-& ,R2 H IIb 
Rl:OCHzCH, ;RZ CHI IIc 


3-ethoxy-3,4-diphenyl-l,2,5-thiadiazoline 1, I-dioxide 
(Ilb).  Chemical, spectroscopic (UV, 'H and "C NMR) 
and electrochemical evidence for its structure is 
presented. 


EXPERIMENTAL 


Compounds I ,  Ila and I11 were synthesized according to 
reported methods.' The procedure for the synthesis of 
IIc is given below. 


All compounds were purified by recrystallization to 
constant melting point. Their purity was checked by 
thin-layer chromatography. 


Reagent-grade ACN, absolute ethanol and other sol- 
vents used were purified by standard 


UV spectral measurements were made with a Zeiss- 
PMQ3 spectrophotometer equipped with a thermo- 
stated cell holder. Teflon-stoppered quartz cells of 1 cm 
optical path length were used. 


*Author for correspondence. 
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The standard electrochemical equipment for cyclic 
voltammetry has been described. 'H and 13C NMR 
spectra were measured with a Bruker 200MHz 
instrument. 


Synthesis of ZZc. Sodium (1 - 7  mmol) was added t o  
3 . 3 3  x lo-' mol of absolute ethanol contained in a 
stoppered vessel in a dry glove-box at  room tempera- 
ture. After all the Na had reacted, 1 mmol of solid I 
was added; it dissolved immediately to form a light- 
yellow solution to which 3.6 mmol of methyl iodide 
were added. The reaction vessel was left overnight with 
magnetic stirring. A white solid separated on cooling 
the solution in a refrigerator. Another portion of solid 
product was recovered by adding water (1 - 5  ml) to  the 
reaction solution. The product was filtped, recrystal- 
lized twice from ethanol a!d dried at 40 C in a vacuum 
oven, m.p. 110*5-111.0 C ,  yield 73%. 'H and I3C 
NMR evidence for its structure is presented later. 


The purified ACN and ethanol for equilibrium 
measurements were kept in a dry glove-box and sol- 
utions of I in ethanol-ACN mixtures were prepared by 
adding the required amount of a stock solution of I in 
ACN to the previously thermostated solvent mixture. 
No clouding or precipitation was observed when fol- 
lowing this procedure. 


The absorbance of the thermostated solution was 
measured as a function of time at several wavelengths 
until a stable spectrum was obtained. The equilibration 
times depend on temperature and ethanol concen- 
tration, but are relativelydlow, requiring, for example, 
as long as 3 d$ys at 25 C with 2 v01.-To ethanol or 
20 min at 59.6 C with 98 vol.-Vo ethanol. 


RESULTS AND DISCUSSION 


UV spectra of I and related compounds 


The spectral parameters A,,,,, and cmax of I ,  IIa, 111 and 
IIc, measured in several solvents, are given in Table 1 .  


The spectra of I in polar aprotic solvents present 
a relatively intense band at  cu 325 nm 
( E  = lo4 lmol-' cm-I). Its Xmax shifts with the solvent. 
Although this shift is poorly correlated with the inverse 
of solvent dielectric constant, it increases smoothly with 
the acceptor number' of the polar aprotic solvents, sug- 
gesting specific interactions of I with the solvents. 


An interesting phenomenon is observed when proton- 
donor solvents are used, since a large shift to  lower 
wavelength occurs, causing Xmax of  I in alcohols and 


Figure 1 .  UV spectra of I in ethanol-ACN at different times 
and in the pure solvents. [ I ]  = 5.2 x lo-' \ I  for all spectra 
and [EtOH] = 1.67 hi and [ACN] = 17.2 \ I  for the time- 
dependent spectra. (0) f = 0 (the spectrum is coincident with 
that of I in pure ACN); ( * )  f = 1020 min; ( A ) f = 7200 min; 


( A  ) spectrum of I i n  pure ethanol 


Table 1. U V  spectroscopic parameters of I ,  Ila, 111 and Ilc in different solvents at 25 'C 


I Ila 111 I l C  


C yclohexane 
Dioxane 
Dimethylformamide 
Acetonitrile 
Chloroform 
Ethanol 
Methanol 
Water 


317 
322 
325 
328 
333 
267 
267 
269 


- 
985 I 


8861 260 15874 259 35 I 272 17333 
10038 
16417 268 16102 259 360 272 13980 
15500 262 12367 
15632 


- 
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water to  be placed in the same spectral region of IIa, I11 
and IIc absorptions, which d o  not exhibit this shift. 


When a stock solution of I in ACN is added to  a 
mixed ethanol-ACN solvent, the UV spectrum changes 
with time. A gradual decrease in the 328 nm band and 
a corresponding increase in the 267 nm band take place 
(Fig. 1) around an isosbestic point at cu 290nm. The 
rate of change increases with increasing ethanol concen- 
tration and an equilibrium spectrum is obtained in all 
cases. The same isosbestic point is observed in the equi- 
librium spectra obtained with different ethanol to  ACN 
molar ratios, and the equilibrium relative intensity of 
the 267 vs the 328 nm band increases with increasing 
ethanol content. These equilibrated spectra are tem- 
perature dependent, as the 328 nm band is favoured by 
an increase in temperature. 


Further, when solutions of I in ACN are evaporated 
at ambient temperature and reduced pressure and the 
residual solid is dissolved in ethanol, evaporated by the 
same procedure and the residue dissolved in ACN, the 
initial and final spectra in ACN are identical. The spec- 
trum in ethanol is also identical with that of a sample 
of I directly dissolved in ethanol. 


We have already reported that the UV spectrum of I 
in aqueous solution is independent of the pH of the 
solution.3 This was also found to  hold for the solvents 
ACN and ethanol. 


Interpretation of UV spectroscopic observations 


Since the heterocyclic ring in these 1 ,I-dioxide deriva- 
tives behaves similarly to  a strong acyl function for C-3 
and C-4 substituents' and the reported spectral data for 
related compounds indicate that the heterocycle shows 
only a terminal absorption beyond 220 nm,' it must be 
concluded that the observed UV peaks are mainly 
caused by the acyl-like substituted phenyl rings. 


Thus, on going from I11 to IIa and I in, for example, 
ACN, the shift to  higher wavelength and the increase in 
intensity should correspond to  increasingly efficient 
transmission of the sulfonyl group inductive effect and 
perhaps t o  some conjugation, although this is con- 
sidered to  be slight owing to strong steric hindrance to 
coplanarity. 


The change in the spectrum of I when proton-donor 
solvents are used, the isosbestic point observed in 
ethanol-ACN solvent mixtures and the temperature 
dependence of the spectrum indicate a reaction with the 
solvent. The resulting product should bear some 
similarity to a thiadiazoline, as suggested by their 
spectra. 


Clearly, the formation of the postulated compound, 
IIb, explains the observed facts. 


The baming independence of the spectrum of I of 
pH,  especially considering that protonated species are 
postulated in both aqueous solution kinetic3 and ACN 
solution electrochemical* experiments, is also explained 


by the above model: since the spectrum of I is deter- 
mined by the acyl-like substituted phenyl rings, pro- 
tonation (in ACN) at the N lone pair should not change 
the spectrum drastically. In proton-donor solvents a 
very important spectral change is brought about, even 
without protonation, by the formation of the thiadiazo- 
line adduct, which modifies the heterocycle. 


Nuclear magnetic resonance results 


The 'H NMR spectrum of IIc in ACN-& presents a 
complex signal (10 H), corresponding to  the phenyl 
rings at cu 8 ppm (TMS), an ABX3 system at 3.4 and 
3 .8ppm (1 H each), corresponding to  the non- 
equivalent methylenic protons, an N-CH3 peak (3 H) at  
2.6 ppm and a triplet (3 H) at 1 .6  ppm which is 
assigned to the CH3-C-0 equally coupled to each 
methylenic proton. 


The 13C NMR spectrum of IIc has two methyl carbon 
signals at 14.5 and 24.4ppm, a methylene carbon 
signal at 60.6 ppm and seven aromatic carbon signals 
between 126 and 136ppm. The heterocyclic ring 
carbons are observed at  99 ppm (sp3 C-3) and 177 ppm 
(sp2C-4). Both NMR spectra confirm the proposed 
structure. 


The "C NMR spectrum of a solution of I in THF-ds 
presents four signals between 130 and 135 ppm, corre- 
sponding to  the equivalent phenyl rings, and one signal 
at 168 ppm, corresponding to  the equivalent sp2 C-3 
and C-4 heterocyclic carbon atoms; however, when 
methanol-& is added to  the solution, the "C NMR 
spectrum changes slowly. The phenyl resonance region 
becomes more complex and similar in appearance to the 
corresponding signals in the spectrum of IIc and the 
signal at 168 ppm (C-3, C-4) disappears and is replaced 
by resonances at 100.5 (C-3) and 176.7 ppm (C-4). 
These are the expected results for the postulated for- 
mation of a thiadiazoline adduct; the methoxy substi- 
tuent itself could not be observed as it is obscured by 
the methanol solvent resonance. 


Electrochemical results 


The cyclic voltammetric electroreduction signal of I in 
ACN, which is observed at -0.8 V vs Ag+/Ag,' 
decreases with time after addition of ethanol while an 
electroreduction peak at CQ -1 .8 V increases simul- 
taneously. Since HaZ and 1Ic are reduced voltam- 
metrically at -1-75 V ,  the observed change parallels 
the spectral observations and is in agreement with the 
formation of a thiadiazoline-type adduct. Further work 
on the electrochemical properties of I, IIa and IIc in 
ACN and mixed ACN-EtOH solvents is in progress. 


Spectrophotometric evaluation of K 


Solutions of I ,  ranging in initial concentration ( l o )  from 
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1.97 to 11 -6  x lo-' M, in mixed ethanol-ACN sol- 
vents in which the ethanol content (Eto) was varied 
from 0.328 to 11 * 16 M, were measured spectrophoto- 
metrically at 267, 280, 300 and 328 nm until constant 
absorbance values were obtained. The measurements 
were made at 25.0, 49.0 and 59.6 "C. 


Since K = [IIbl/ [I] [EtOH], [I] = l o  - [IIbl, AX = 
tiIb [ID] + t i  [I] and A 328 = c:" [I], a Benesi-Hilde- 
brand-type equation can be readily obtained: 


[EtOH] X lo/&= 1/(K&) + [EtoH]/&~~b (1) 


where A: = AX - ct [I] is the absorbance of IIb at the 
chosen wavelength. The equilibrium concentration 
of I in the expression for A :  is replaced by the 


equivalent spectral measurement: A 328/t ,?28 (E:28 = 
8861 lmol-' cm-I). 


The experimental measurements used for the calcu- 
lation of K and tlIb at X = 267 nm are given in Table 2. 
The linear behaviour of equation (1) (correlation coeffi- 
cient r > 0.998) is observed at all temperatures and 
wavelengths used. It should also be noted that, since 
[EtOH] K = [IIb]/ [I], the ethanol concentrations used 
imply suitable concentration ratios of the molecular 
species of I for the measurement of K. lo 


Mean values of the calculated equilibrium constant 
are given in Table 3, along with the calculated molar 
absorptivities for all experimental temperatures and 
wavelengths. These are compared with the experimen- 
tally measured &lIb in ethanol solutions of I. 


Table 2. Spectroscopic measurements of I in ACN-ethanol for K and cit'determination 
~~~ ~ ~~ ~ 


Equilibrium absorbance 
at 


Temperature ("C)  WOHI (M) [I] (M x lo5) 267 nrn 328 nm 


25.0 


49-0 


59.6 


0.328 
0.529 
0.848 
1.355 
1.503 
1.716 
2.789 
3.346 
3-413 
0.529 
0.848 
1.716 
3.413 
6.603 


11.155 
0.529 
0.848 
1.716 
3.413 


1.969 
10.167 
10.904 
10.697 
5.959 


10.167 
11.619 
11.619 
10.167 
10.167 
10.904 
10.167 
10.167 
10.450 
11.475 
10.167 
10.904 
10.167 
10.167 


0.179 
1 -227 
1.525 
1.597 
0.927 
1,523 
1-870 
1.593 
1.850 
0.898 
1.203 
1.222 
1.392 
1-613 
1.733 
0.802 
1.082 
1.063 
1.273 


0.087 
0.277 
0.337 
0.223 
0.117 
0.164 
0-150 
0.082 
0.163 
0.514 
0.612 
0.346 
0.201 
0.132 
0.074 
0.587 
0.804 
0.429 
0.264 


Table 3. Calculated [equation (l)] values of K and Ilb molar absorptivities (f)" 


280 nm 300 nm K (I m o l - ' )  Temperature (OC) 267 nm 


25.0 16.8 f 0.3 13.2 t 0.3 3.1 f 0.2 3.3 f 0-2 


e(mean) 15-3 12.6 3.5 
c(meas.) 16.4 f 0.8 13.0 k 0.6 3.5 f 0.2 


49.0 15.1 f 0.3 13.0 f 0.4 3.6 2 0.2 0.9 f 0.2 
59.6 14 k 1 11.7 f 0.8 3.3 f 0.3 0 . 6 t 0 . 1  


a Reported uncertainties are (I from least-squares adjustments; €(meas.) are the experimentally 
measured values for I in ethanol solution at 25 "C, and their reported uncertainties are deviations from 
the means of five determinations. 
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The agreement is reasonable and it can be also 
observed that the calculated &Ilb values do not depend 
(within the experimental error) on temperature. This 
supports the 1 : 1 stoichiometry for the reaction. 


The dependence of In K on the inverse of absolute 
temperature (r = 0.999) allows the estimation of 
AH" = -41 kJ mol-' and ASo = -127 JK-'mol- ' .  


Kinetic measurements 


In following the time evolution of the absorbance at 267 
and 328nm (i.e. A,,, for I in ethanol and ACN, 
respectively) to determine the attainment of equi- 
librium, kinetic measurements were made for I sol- 
utions in ethanol-ACN solvent mixtures of molar 
concentration ratio R = [EtOH] / [ ACN] ranging from 
0.02 to 40 and at 25-0, 49-0 and 59.6"C. 


Linear plots of In(A: - A?,) as a function of time 
were obtained and the observed pseudo-first-order rate 
constant (/robs) was independent of wavelength and of I 
concentration in the experimental range used 
(2 x 10-~-12 x lo-' M). 


For the simple equilibrium reaction mechanism, 


IIb k I +  EtOH . kl . 
kobs = kf[EtOH] + kb. However, the experimental 
dependence of kobs is more c$mplex, as exemplified in 
Table4 for the data at 25-0 C ,  where it can be seen 
that kobs remains almost constant up to 
[EtOH] -- 1.5 M ,  increasing linearly (regression 
coefficient = 0.998) for higher ethanol concentrations. 


Of course, an unknown part of the change in kobs on 


Table 4. kobs at 25.OoC for different concentrations of I and 
ethanol 


1.619 
4.904 
12.67 
10.17 
6.33 


10.90 
6.13 


10.70 
5.96 


10.17 
5.70 


11.62 
11.62 
10.17 
11-40 
11.40 
6.54 


11-43 


0.328 
0.328 
0.328 
0.529 
0.539 
0.857 
1.045 
1.355 
1.503 
1.716 
2.185 
2.789 
3.346 
3.416 
7.219 


11-76 
15.369 
16.730 


0-043 
0.046 
0.041 
0.026 
0.026 
0.048 
0.034 
0.042 
0.036 
0.172 
0.099 
0.155 
0.167 


1.14 
2-18 
3.23 
3.37 


- 


going from almost pure ACN to almost pure ethanol 
solvent must be due to medium effects. Nevertheless, 
these are expected to be small, since the dielectric con- 
stants and empirical polar properties of ACN and 
ethanol are not very different and the reaction involves 
neutral bipolar molecules. 


This was confirmed in an experiment performed at 
25 "C with R = 7.47 ([EtOH] = 10.23; [ACN] = 
1.37 M) in a medium in which cyclohexane had been 
added up to 3-03 M concentration. Under these con- 
ditions /robs = 1-37 h-'. A very similar value 
(kobs = 1 a80 h-') was measured for the same ethanol 
concentrations but without added cyclohexane. 


A qualitative mechanistic interpretation of the 
dependence of kobs on ethanol concentration (neglecting 
the unknown effect of medium change) can be given if 
it is considered that I interacts with polar solvents, as 
indicated by the spectral measurements and also as 
suggested by the basic properties of I. 


It therefore seems reasonable to assume that I inter- 
acts strongly with polar ACN molecules and the 
replacement of ACN by ethanol at the reactive centre of 
I to form a molecular complex might be a necessary 
previous step. This can be represented as 


I-(ACN), + EtOH I*(ACN).-..EtOH + xACN 
The 1. (ACN),-,. EtOH molecular complex will prob- 
ably not be distinguished from I in our spectral 
measurements. Its build-up will depend on the statis- 
tical availability of EtOH to replace exchanging ACN 
molecules of I-(ACN),. At higher ethanol concen- 
tration the rate of formation of the ethanol molecular 
complex will increase and its rearrangement to form IIb 
will become the rate-determining step. 


CONCLUSIONS 


The equilibrium reported here represents the formation 
of a species which is usually postulated as an inter- 
mediate in condensation and hydrolysis reactions 
involving carbon-nitrogen double bonds. The same 
type of equilibrium should be operative in other protic 
solvents, such as water (in which I hydrolyses to 
sulfamide and benzil), where the reactive species must 
therefore be identified with the carbinolamine itself 
rather than with I ,3  and in the mixed water-ethanol 
solvent system, in which the hydrolysis reaction of I is 
currently being studied. 
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(T-T ENERGY DIAGRAMS FOR SUBSTITUTED RINGS 


KARL JUG, MARTA MATUSCHEWSKI AND ANDREAS M. KOSTER 
Theoretische Chemie, Universitat Hannover, A m  Kleinen Felde 30, 30167 Hannover, Germany 


The recently developed u-T energy separation technique was applied to substituted monocyclic ring systems. Modified 
correlation diagrams are presented which allow the influence of the substituent on the u and T energies to be assessed. 
The slopes of the u and T electron energy curves can be used to classify aromatic, non-aromatic and anti-aromatic 
compounds. A two-dimensional resonance coordinate representation shows a clustering of compounds of the three 
classes in distinctly different regions of this plane. 


INTRODUCTION 


The concept of aromaticity has been both widespread 
and fruitful in organic chemistry.’ Much time and 
effort have been spent on establishing similarities of 
organic compounds with benzene, the prototype of aro- 
matic compounds. The properties of benzene are attrib- 
uted to the delocalized x electron system. From the 
many properties which were considered in the past,2 
four major categories of aromaticity criteria have 
emerged: geometric, energetic, magnetic and reactive 
criteria. A discussion of aromaticity as a multi- 
dimensional p h e n ~ m e n o n ~ - ~  and its consequences for 
the analysis of compounds has contributed to a 
clarification of this complex topic. In this paper we 
shall only be concerned with the aspects of energetic cri- 
teria. x electron theories such as the Hiickel method 
dwelt on the assumption that the delocalization of the 
T electron system has a stabilizing effect on the struc- 
ture and is the reason for the &# symmetry of benzene. 
There were several indications in the past that the 
assumption of a stabilization effect of x electron 
delocalization may not be reconcilable with observed 
facts. These included large systems,6 infrared spectra’ 
and heats of formation.’ However, only recently was 
the idea of delocalization stabilization of x electrons 
seriously challenged by Shaik et a1.9 on the basis of 
model ab initio calculations for benzene. They showed 
that the driving force for the structure of benzene are 
the u electrons and that the x electrons would prefer the 
localized bonding of the Kekule structures. We could 
generalize the idea of driving forces by a different u-x 
electron energy separation technique. lo  This new defini- 
tion of u and x electron energy included a u-x separ- 
ation of nuclear repulsion and in consequence allowed 
arbitrary distortions. It was applied to a variety of com- 


0894-3230/93/ 120645-06$08 .OO 
0 1993 by John Wiley & Sons, Ltd. 


pounds including six-, five-, four- and three-membered 
rings and open-chain systems. Nitrogen and oxygen 
were included as heteroatoms in the ring. In this paper 
we present the results of outer substitution in such ring 
systems on the u and x electron energy curves. This 
should give some evidence of the modification of the 
aromatic properties of these rings under substitution. 


U-T ENERGY SEPARATION 


We first determine how many u and x electrons each 
atom contributes to the molecule. This can be done by 
an analysis of an SCF calculation for the ground state 
of the considered system. For a closed-shell system the, 
total wave function can be written as 


The molecular orbital (MOs) $ i  are usually approxi- 
mated as a linear combination of atomic orbitals 
(LCAO). In the following we refer to an expansion in 
symmetrically orthogonalized atomic orbitals (OAOs) 
A,: 


P 


The total electronic density matrix P is then defined as 
occ 


P,” = 2 c c,:c,i 
I 


(3) 


where the ci are column vectors of the occupied mol- 
ecular orbitals. In order to achieve a u-x separation of 
the total energy we must subdivide the total density 
matrix into u and x parts: 


(4) 
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P,” = Pi” + P;” 
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Pzv and P:" are obtained as similar sums analogous to 
equation (3) over occupied u and a MOs, respectively. 
The total energy of the system can then be formulated 
as 


Etotal= E,Core + E T r e  + Eaa + Err + Eaw + ENN (5) 
The first two terms are the core attraction energy and 


the next three terms the repulsion energy of the elec- 
trons. The last term contains the nuclear repulsion 
energy 


The nuclear repulsion energy is now separated into a 
u and a a part in the following way. In neutral mol- 
ecules the number nu of u electrons plus the number n" 
of a electrons equals the nuclear charge 2: 


(nk + n;)(n% + n5) 
E N N =  C 


A < 5  RAB 


(7) 
Here we have also used the fact that the effect of the u 
electrons on the T electrons is the same as that of the 
a electrons on the u electrons. In the same way, the fifth 
term on the right-hand side of equation (5) is parti- 
tioned into two equal parts for the u and a electron 
energies. We finally obtain 


Eto,a1= E" + E" 


with 
E" = ECO'e 


(8) 


This procedure allows more general distortions of the 
structure than the energy separation by Shaik et a1.9 
and can be used to generate u and a electron potential 
curves. The merits of the new procedure are apparent 
from a comprehensive set of calculations already 
published. lo 


a + Eaa + ;Ear + E%N 
E n  = EFre + E,, + 4 Ear + E ~ N  


CORRELATION DIAGRAMS 
In the following we present energy correlation diagrams 
between the fully optimized structure (M) and the so- 
called localized structure (L) or delocalized structure 
(D). The localized structure is obtained from the 
minimum structure by replacing the ring bond lengths 


by single and double bond lengths and by keeping the 
inner bond angles and the rest of the framework 
concerning hydrogens and substituents fixed. The 
delocalized structure is the average structure of several 
localized structures. In the case of benzene, M and D 
are the same. In cyclobutadiene, D is a square structure 
with averaged single and double lengths. A resonance 
coordinate is now defined as 


atoms atoms 


i I 


r =  l r i - r i ( M ) l =  IAriI  


atoms 
= ( A X :  + A y :  + A.Z?)~'* (9) 


i 


where ri is the position vector of atom i and the origin 
of the coordinate system is in the centre of mass; 
r = r ( M )  is zero for the minimum structure M, r = r ( L )  
is larger than zero for the localized structure L and 
r = r (D)  is larger or equal to zero for the delocalized 
structure D. The changes from M to L or D are 
expected to cause the least necessary motion. We use 
the resonance coordinate rL for linear interpolation 
between M and L and r D  for linear interpolation 
between M and D. In a previous paper'' we used posi- 
tive and negative values for the resonance coordinate to 
indicate the two different directions of change in the 
benzene ring to the two KekulC structures. In this paper 
we shall use only the positive resonance coordinates. 
This is half of the symmetric picture" and the least 
motion pathway in cases of asymmetry. 


Substituted benzene 


We first investigated monosubstituted benzenes by full 
structure optimization and subsequent distortion of a 
Kekule resonance structure L along a resonance coor- 
dinate rL. All calculations were performed with the 
SINDOl method.I2 In Figure 1 the u and a electron 
energies of benzene are plotted together with two 
representative substituted benzenes, nitrobenzene and 
phenol. The energy ELI is plotted relative to the 
minimum structure M and the energy E",I relative to the 
localized structure L: 


(10) 
E L  = E" - E"(M) 
EZ1 = E n  - E*(L) 


The minimum structure M coincides with the delocal- 
ized structure D in benzene and is very close to D in 
substituted benzene. Therefore, D is not considered in 
this case. We see that NO2 substitution decreases and 
OH substitution increases the slope of the curves with 
respect to benzene. Several other substituted benzenes 
were tried and gave curvatures in between these two. 
The sequence of curvatures for E t  is NO2 < CN = 
BF2 c NC -= NH2 = H < BHz = Li < OH and for EEI 
it NOz € BF2 < CN < H < NC < NHz < BHI < 
Li < OH. The two important observations from these 


is 
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potential curves (kcaVmol) 
EZ4 


1 CsHs-H 


2 1 C~HS-NO~ 


M 0.05 0.10 L 0.20 


resonance coordinate - E 4  -I- EZl 


Figure 1. Dependence of u and T parts of the total energy of 
benzene, nitrobenzene and phenol on the resonance coordinate 


rL (A) for the localized structure L 


sequences are that a donors have on average larger cur- 
vatures than a acceptors and that an increase in the u 
energy curvature is accompanied by an increase in the 
T energy curvature. 


We then investigated polysubstituted benzenes, with 
fluorine as a representative substituent. The whole 
series of mono-, di-, tri-, tetra-, penta- and hexafluoro- 
benzenes was fully optimized. Since fluorine is a a 
donor, all the curves are on the same side as phenol 
compared to  benzene. No systematic trend from mono- 
to hexafluorobenzene was found in the u and a electron 
energy curves. However, if the total energies are con- 
sidered, the energy difference in kcal mol- ' between L 
and M increases systematically in the sequence H 
(16.3) < F (17.5) < 2 F (18.7) < 3 F (20.1) < 4 F 
(20.7) < 5 F (23.2) < 6 F (23.8) (1 kcal= 4.184 kJ). 
Here 1,4-difluorobenzene, 1,2,3-trifluorobenzene and 
1,2,4,5-tetrafluorobenzene are included. It is also poss- 
ible to  consider distortions of 1,2-difluorobenzene or 
1,2,3,4-tetrafluorobenzene, but the two Kekulk struc- 
tures are no longer equivalent. In these cases distortion 
plots with positive and negative resonance coordinates 
must be included and the energy curves show minima 
for u curves and maxima for a curves shifted from the 
r =  0 value to positive and negative r values, 
respectively. 


Substituted cyclobutadiene 
It is now interesting to  see how substitution affects a 
typical antiaromatic system such as cyclobutadiene. 
Here we have to  distinguish the minimum structure M 
from the localized structure L and the delocalized 


structure D: 


We now compare the u and T energy curves of cyclo- 
butadiene with two typical substituted cyclobutadienes, 
cyclobutadienylborondifluoride and aminocyclobuta- 
diene. The former has a T acceptor and the latter a a 
donor substituent. Organic chemists have used such 
properties to  stabilize cyclobutadiene with sets of 
push-pull substituents. This stabilization is 
accompanied by an increased HOMO-LUMO distance 
in cyclobutadiene. l 3  


The energy curves along the two resonance coor- 
dinates rL and r D  are plotted in the same diagram. 
Starting from M in Figure 2, we see that the u energy 
curves show a negative slope and the a energy curves a 
positive slope for cyclobutadiene. The BF2-substituted 
molecule shows essentially the same behaviour for small 
changes in the resonance coordinate. For NH2 substitu- 
tion, the pathway along r D  to the delocalized structure 
is again similar to  that in cyclobutadiene, but an inver- 
sion of slopes is observed along r L .  In addition to these 
two substituents, substitution by F, CHO and CFO was 
studied. The result is that the dominance of the a elec- 
tron system is decreased with increasing positive or 
negative mesomeric effect l4 o f  the substituent. This 
means that the more pronounced the donor or acceptor 
quality of the a system of the substituent, the less 
antiaromatic is the substituted ring system. We find for 
the a electron system the sequence F < NH2 for the 
positive mesomeric effect and CHO < CFO < BFz for 
the negative mesomeric effect along the resonance coor- 
dinate r ~ .  The first two are a donors and the other three 
are a acceptors. 


Since the dominance of the a system is characteristic 
for the antiaromaticity of  cyclobutadiene, consider- 
ation of the bond orders of the ring bonds of the differ- 
ently substituted systems was suggested. Bond orders '* 
for single and double bonds of the ring are listed in 
Table 1. The data show an increase in u bonding and a 
decrease in localized a bonding in all substituted 
systems. The most pronounced effect is for NHz. 


Another criterion could be the energy difference 
between structures D and M. Here the sequence in 
kcalmol-l is found to be NH2 (19) < BF2 (28) < F 
(29) < CFO = CHO (32) < H (33). 


Substituted trimethylencyclopropane 
Trimethylencyclopropane, C ~ ( C H Z ) ~ ,  is a radialene of 
non-aromatic character. The derivative with fluorine 
substitution C3(CF2)3 was considered for comparison. 
The relevant structures are shown in Figure 3. The u 
and a potential curves are plotted in Figure 4. E L  and 
E:,I are defined as in equation (1 1). These non-aromatic 
compounds show characteristics of both aromatic and 
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anti-aromatic compounds. Distortions from M to L 
correspond to the curves of aromatic compounds, 
whereas distortions from M to D resemble the curves 
found for anti-aromatic compounds. Fluorine 
substitution of the radialene causes a decrease in the 
slope with the ?r electron system dominating. For the 
substituted system the delocalized structure is closer to 
the minimum structure than for the unsubstituted 
structure. 


Cyclobutadiene 
potential curves (Wmol) 


E O  


, 0.0 


0 .o 
-30.7 


M 0.05L 0.10 0.15 D OM 
resonance coordinate 


C4H3BF2 
potential curves (kcal/mol) 


- E a - +  E a -  Em1 


€3 


48.3 


. -- 
M 0.05 0.10 L 0.15 D 


resonance coordinate 
* €  9 +€a - E d  


c 4  H 3 N H 2  
potential curves (kcal/mol) €9 E $1 


1 8 j E  


-50.2 0.0 
M 0.05 L 0.10 0.15 D 0.20 -4'4 


resonance coordinate 
- € % + E 3 -  Ed 


Figure 2. Dependence of u and T parts of the total energy of 
cyclobutadiene, cyclobutadienylborondifluoride and amino- 
cyclobutadiene on the resonance coordinates rL and rD (A) for 


the localized structure L and the delocalized structure D 


...ia&"' A ^';pcx2 
cx2 X2CO OCX2 K2C 


D 
Figure 3. Minimum (M), localized (L) and delocalized struc- 


ture (D) of substituted trimethylenec,yclopropanes 


C3(CH2)3 
potential curves (kcal/mol) €3 E 3 


! 1  


27.6 E. , , i"i 
I ,  I ,  


0.0 


-43.3 -25.1 


0.0 
I ,  


M 0.02 L D  0.06 0.(18 0.10 


resonance coordinate 
* €a €3- E,d 


C3(CF2)3 
potential curves (kcallmol) 


3 2 . 0 k  , , b37'6 
0.0 0.0 


-20.1 -232 
M L D 0.06 0.OU 0.10 


resonance coordinate - E s +  €3- EM 


Figure 4. Dependence of u and ?F parts of the total energy of 
trimethylenecyclopropane and perfluorotrimethyjenecyclo- 
propane on the resonance coordinates rL an-l r D  (A) for the 


localized structure L and the delocalized structure D 
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Table 1. Average single (Pc -c )  
and double (Pc=c)  ring bond 


orders in cyclobutadienes 


Substituent Pc-c p c = c  


H 0.980 2.040 
CFO 0.979 2.017 
CHO 0.980 2.015 
BF2 0.993 1.998 
F 0.992 2.010 
NHz 1.028 1.947 


0"51 0.10 


P 
0.00 my 


0.00 0.05 0.10 r(L) 0.15 020 0.25 


Figure 5 .  Grouping of aromatic, non-aromatic and anti- 
aromatic compounds in the r(L)r(D) plane of localized (L) 


and delocalized (D) structure 


CLASSIFICATION CHARACTERISTICS 


From the three previous subsections, the following 
trends became apparent. Distortions from the minimum 
structure M are either to a localized structure L or to 
both localized structure L and delocalized structure D. 
The slopes of u and A electron energy curves are charac- 
teristic for aromatic, non-aromatic and anti-aromatic 
systems. Table 2 shows these features. The minima of 
these curves are different for the three different classes. 


The total energy curve can be dominated by the a or the 
A electrons, or a balance between these two opposing 
effects can be found. 


For aromatic systems the minimum structure M 
coincides with or is very close to the delocalized struc- 
ture D. The localized structure is distinctly different. 
For anti-aromatic systems a localized structure L and a 
delocalized structure D are distinctly different from 
minimum structure M. Here M is closer to L than to D. 
For non-aromatic structures the localized and delocal- 
ized structure are very close to each other. This suggests 
a clustering of the different classes in different regions 
of the r(L)r(D) plane. We present these results in 
Figure 5 ,  which shows that substitution affects the geo- 
metric properties of both aromatic and anti-aromatic 
compounds. 


ACKNOWLEDGEMENT 


The calculations were performed on a CYBER 180-995 
computer at Universitat Hannover. 


1.  
2. 


3. 
4. 


5 .  


6. 


7. 
8. 


9. 


10. 


11. 
12. 


REFERENCES 


P. J .  Garrett, Aromaticity, Wiley, New York (1986). 
E. D. Bergmann and J .  B. Pullman, Aromaticity, Pseudo- 
Aromaticity, Anti-Aromaticity. Israel Academy of Sci- 
ences and Humanities, Jerusalem (1971). 
K. Jug, J .  Org. Chem. 48, 1344 (1983). 
A. R. Katritzky, P. Barczynski, G. Musamarra, D. Pisano 
and M. Szafran, J.  Am. Chem. SOC. 111, 7 (1989). 
K. Jug and A. M. Koster, J. Phys. Org. Chem. 4, 163 
(1 99 1). 
H. C. Longuet-Higgins and L. Salem, Proc. R. SOC. 
London 251, 172 (1959). 
S. R. Berry, J. Chem. Phys. 35, 29, 2253 (1961). 
N. D. Epiotis, Nouv. J. Chim. 8, 1 1  (1984); LectureNotes 
in Chemistry, Vol. 34, pp. 358ff, Springer, Berlin (1983). 
S. S. Shaik, P. C. Hiberty, J .  M. Lefour and G.  
Ohanessian, J. Am. Chem. SOC. 109, 363 (1987). 
K. Jug, A. M. Koster, J.  Am. Chem. Soc. 112, 6772 
(1 990). 
P. 0. Lowdin, J .  Chem. Phys. 18, 365 (1950). 
D. N. Nanda and K. Jug, Theor. Chim. Acta 57, 95 
(1980); K. Jug and D. N. Nanda, Theor. Chim. Acta 57, 
107, 131 (1980). 


Table 2. Aromaticity characteristics from U-T energy diagrams 
~~~~~~~ ~~ ~ ~ ~ ~ 


Characteristic Aromatic Non-aromatic Anti-aromatic 


Distortion M-L M-L M-D M-L M-D 
a slope Positive Positive Negative Negative Negative 
?r slope Negative Negative Positive Positive Positive 
u minimum M M D L D 
?r minimum L L M M M 
Dominance U none ?r none 7f 







650 K .  JUG, M. MATUSCHEWSKI AND A. M. KGSTER 


13. R. Gompper and G Seybold, in Aromaticity, Pseudo- 14. P .  Sykes, A Guidebook to Mechmism in Organic 
Chemistry, 4th ed., pp. 22ff. Longma?, London (1975). 


15. K .  Jug, J.  Am.  Chem. SOC. 99,7800(1977); Theor. Chim 
Acta 51, 331 (1979). 


Aromaticity, Anti-Aromaticity, edited by E. D. Bergmann 
and B. Pullman, p. 215. Israel Academy of Sciences and 
Humanities, Jerusalem (1971); R. Gompper and H . 4 .  
Wagner, Angew. Chem. 100, 1492 (1988). 








JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 6,  347-356 (1993) 


METAL IONS THAT PROMOTE THE HYDROLYSIS OF 
NUCLEOSIDE PHOSPHOESTERS DO NOT ENHANCE 


INTRAMOLECULAR PHOSPHATE MIGRATION 


SATU KUUSELA AND HARRI LONNBERG* 
Department of Chemistry, University of Turku, SF-20500 Turku, Finland 


The effects of several metal ions and metal ion complexes on the hydrolysis and interconversion of 
uridylyl(2',5')uridine and its 3',5'-isomer were studied as a function of pH and metal ion concentration. The 
hydrolysis was shown to be markedly accelerated by Zn2+,  Cd" and trivalent lanthanide ions and by tri- and 
tetraaza complexes of Zn2+. In contrast, none of these species appreciably promotes the interconversion of the 
2 ' 3 ' -  and 3',5'-isomers, in spite of the fact that this reaction proceeds through the same pentacoordinated 
intermediate as the hydrolysis. Lanthanide ions also promote the hydrolytic dephosphorylation of uridine 2 ' - and 
3' -monophosphates, but have a barely noticeable effect on their interconversion. The mechanisms of the metal 
ion-promoted reactions are discussed. 


INTRODUCTION 


The metal ion-promoted hydrolysis of phosphoesters 
has recently attracted considerable interest for two 
reasons: (i) several enzymes catalysing the transfer of 
the phosphate group require metal ions as cofactors' 
and (ii) metal-based catalysts offer a versatile tool to  
hydrolyse the phosphodiester bonds of nucleic acids. 
Since ribonucleic acids (RNA) are hydrolytically much 
less stable than deoxyribonucleic acids (DNA), most of 
the latest studies have been focused on  reactions of 
RNA.4 The model compounds used to  elucidate the 
mechanism of metal ion action include 4-nitrophenyl 
1 -(2-hydroxypropyl)phosphateI dinucleoside mono- 
s 3 7 9 8  and diphosphates, 9 -  ' ' trinucleoside di- and 
t r i p h o s p h a t e ~ ' ~ ' ~ * ' ~  and oligoribonucleotides.4~'3 
Furthermore, the metal ion-promoted hydrolysis of 
nucleoside 2' ,3 ' -cyclic monophosphates, appearing as 
intermediates of RNA hydrolysis, has been studied. l4 
Among various metal species, the aquo ions and/or aza 
complexes of C u 2 + ,  Zn2+,  Pb2+ and fanthanide ions 
have been shown to cleave RNA and its model com- 
pounds most e f f e ~ t i v e l y . ~ - ' ~  


The metal ion-promoted hydrolysis of inter- 
nucleosidic phosphodiester bonds of RNA proceeds 
by the intermediate formation of a 2',3'-cycIic 
monophosphate, indicating that the neighbouring 
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2 '  -hydroxyl function acts as an intramolecular 
nucleophile. 9*''*'2 Two alternative mechanisms, consis- 
tent with this reaction pathway, have been proposed to 
explain the rate-accelerating effect of metal ions. 
Butzow and Eichhorn' suggested that binding of a 
metal ion to  the negatively charged phosphodiester 
group electrostatically facilitates the attack of the 
2'-hydroxyl function. More recently, a bifunctional 
mechanism has been preferred: a hydroxo ligand of the 
phosphate bound metal ion is assumed to act as a 
general base, deprotonating the 2'  -hydroxyl group 
concerted with its nucleophilic attack on 
phosphorus. 5*6*8s'3 


Whereas the metal ion-promoted hydrolysis of the 
internucleosidic phosphodiester bond has been exten- 
sively studied, virtually no attention has been paid to 
the isomerization of  the 3 ' 3 ' - b o n d  to  the 2 ' ,5 ' -bond.  
However, the latter reaction competes with the 
phosphoester hydrolysis under acidic conditions and is 
even the predominant reaction in neutral solutions. I 5 , l 6  
Since the phosphodiester hydrolysis and 3 ' ,5 ' --t 2 '  ,5 ' 
migration proceed via a common pentacoordinated 
intermediate, quantitative data on the effects that metal 
ions have on the phosphate migration would undoubt- 
edly further the understanding of the action of metal 
ions on  the solvolytic reactions of nucleoside 
phosphoesters. For this purpose, we report here on the 
effect of metal ions and metal ion complexes on the 
following reactions: (i) hydrolysis of uridylyl-(2 ' ,5 ')- 
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and -(3',5')-uridine (2',5'- and 3'3 '-UpU) to uridine 
2',3'-cyclic monophosphate (2',3'-cUMP) and 
uridine, (ii) interconversion of 2 ' ,5 '-  and 3',5'-UpU, 
(iii) hydrolytic dephosphorylation of uridine 2' - and 
3'-monophosphates (2'- and 3'-UMP) and (iv) inter- 
conversion of 2'- and 3'-UMP. 


2 '3 ' -UpU and 3 '3 ' -UpU were selected as model 
compounds in spite of the fact that metal ions are 
known to accelerate the hydrolysis of dinucleoside 
diphosphates, such as uridylyL(3 ' ,5 ' )-uridine 
3 ' -monophosphate, much more efficiently than that of 
dinucleoside monophosphates. 9," However, RNA mol- 
ecules do not bear a 3 '-terminal monophosphate func- 
tion, and hence dinucleoside monophosphates appear 
to be more appropriate model compounds. Metal ions 
have been suggested to undergo in RNA a monodentate 
binding to phosphodiester bonds, whereas in 
dinucleoside diphosphates bidentate coordination to the 
3'-monophosphate group and the adjacent 3 ' ,5 '-  
phosphodiester bond takes place. lo Moreover, compar- 
ative kinetic studies with short homooligomers have 
indicated that a dinucleoside monophosphate is already 
a sufficient model of oligoribonucleotides; the increased 
hydrolytic instability of oligomers compared with 
dinucleoside monophosphates may simply be attributed 
to the increased number of phosphodiester bonds.' 
Interconversion of nucleoside monophosphates was 
included in this study to elucidate the susceptibility of 
the final hydrolysis products of UpUs to the presence of 
metal ions and to establish whether the mechanistic 
conclusions drawn using mutual isomerization of 
phosphodiesters may be extended to the isomerization 
of the corresponding monoesters. 


RESULTS AND DISCUSSION 


Effect of divalent metal ions on hydrolysis and 
interconversion of 2 ' 3 ' -  and 3',5'-UpU 
Table 1 shows the effect of various divalent metal ions 
on the hydrolysis of 2',5'-UpU (1) and 3 '3 ' -UpU (2) 
to uridine (6) and a mixture of 2'-UMP (4) and 
3'-UMP (5) (Scheme 1). As suggested 
the reaction undoubtedly proceeds via a 2' ,3'-cyclic 
monophosphate (3); high-performance liquid chroma- 
tographic (HPLC) analyses show an intermediate 
appearance of 3, and 4 and 5 are produced in exactly 
the same ratio as in the hydrolysis of 3. l4 Of the metal 
ions studied, Zn2+ promotes the hydrolysis UpUs most 
effectively, resulting in an 80- and 140-fold acceleration 
( [M2+] = 5 x mol dm-3) on the hydrolysis of 1 
and 2, respectively. With the other metal ions the rate 
enhancement ranges from 2- to 40-fold. The effects of 
the latter cations on hydrolysis of the 2 ' 3 ' -  and 3 ' 3 ' -  
isomers must be almost equal, since the disappearance 
of 1 + 2 strictly obeyed first-order kinetics (as in the 
absence of metal ions16), in spite of the fact that the 
starting material underwent isomerization concurrent 
with hydrolysis. 


The rate-accelerating effects observed are parallel but 
smaller than those obtained with 4-nitrophenyl 1-(2- 
hydroxypropy1)phosphate (7). 5 s 6  The Zn2+-promoted 
reaction of the latter compound, for example, is 150 
times faster than the uncatalysed reaction at 
[Zn"] = 5 x rnol dm-3 and pH 7, whereas with 
UpUs a tenfold higher metal ion concentration is 
needed to result in a comparable rate enhance- 
ment. Similarly, Mg2+ at a concentration of 


Table 1. Effect of divalent metal ions (5 x lo-' mol dm-') on the inter- 
conversionand hydrolysisof2',5'-UpU (1)and3' ,5 '-UpU (2)at  pH 5.6and 


363.2 Ka 


M" kI110-6 s-I k-l/10-6 s-1 k2p0-6 s-I k3/10-6 S - I  


None 0.73 0.65 0.052 t 0.001 d 


Mg" 0.73 0.65 0.104 t 0-008 
Mn2+ '  0-79 0.76 0.650 t 0.017 d 


co2+ 0-74 0.68 0.455 t 0.009 
0-74 0.66 0.181 t 0.011 N i 2 +  c 


d 


Zn2+ 0.46 0.81 4.25 t 0.04 7.22 t 0.17 
Cd2+ 0.35 2.00 t 0.01 


aObtained in a HEPES buffer ([HA]/ [A-] = O.l/O.Ol mol dm-'; the pKa 
value of HEPES extrapolated to 363.2 K is 6.6 (Ref. 17)). The ionic strength 
was adjusted to 0.1 mol dm-' with NaC104. For the rate constants see 
Scheme 1. 
bAdded as nitrate. 


dThe disappearance of 1 + 2 strictly obeyed first-order kinetics, in spite of the 
fact that [1]/( [l] + [2] ) changed from 1 *00 to less than 0.50 during a kinetic 
run. Accordingly, k2 must be approximately equal to k3. 


d 


d 


Added as perchlorate. 
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Scheme 1.  


5 x low4 mol dm-3 accelerates the hydrolysis of 7 by a 
factor of 46,' but a tenfold higher Mg2+ concentration 
has a barely noticeable effect on the hydrolysis of 
UpUs. In the absence of metal ions both the UpUs and 
7 may be expected to hydrolyse through a pentacoor- 
dinated phosphorane intermediate obtained by an intra- 
molecular attack of the neighbouring hydroxyl group 
on phosphorus, ',1s,18 as depicted in Scheme 2. With 7 
the rate-limiting step is undoubtedly the formation of 
the phosphorane intermediate, since the 4-nitro- 
phenoxide ion is such a good leaving group that its 
departure is always faster than the reverse of the for- 
mation step.' The observed metal ion catalysis may 
thus simply be attributed to enhanced formation of the 


phosphorane intermediate. With UpUs both the for- 
mation and breakdown of the phosphorane inter- 
mediate contribute to the observed hydrolysis rate. In 
the absence of metal ions the interconversion of 1 and 
2 is considerably faster than their hydrolysis to 3, sug- 
gesting that the reverse of the formation step is faster 
than the departure of the 5'-nucieoside. Accordingly, 
the decomposition of the phosphorane intermediate is 
rate limiting under these conditions, and hence the 
observed rate-accelerating effect of metal ions does not 
result entirely from the enhanced formation of the 
phosphorane intermediate, but may also contain a con- 
tribution of the breakdown of this species. Anyway, the 
hydrolysis of UpUs is considerably less susceptible to 
the precence of metal ions than the hydrolysis of 7. Evi- 
dently the use of aryl esters as model compounds may 
give an overestimated picture of the potential of metal 
ions as catalysts of RNA hydrolysis. 


As seen from Figure 1, the Zn*+-promoted reaction 
is first order in metal ion concentration at 
[Zn2'] < 5 x mol dm-3. At higher concentrations 
the reaction order is diminished, probably owing to 
saturation of the starting material with the metal ion. 
Accordingly, it appears clear that only one metal ion 
participates in the hydrolysis reaction before the tran- 
sition state. Another mechanistically relevant finding is 
that although metal ions markedly accelerate the hydro- 
lysis of UpUs, they do not enhance the interconversion 
of 1 and 2 (Table 1). Since both reactions occur through 
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0 OH 
I 


o=p-0- 
I 


0% \ 
4 0  I 
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- 0"' I 
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Figure 1 .  Effect of Zn2+ ion concentration on hydrolysis of 
(0) 2'3 ' -UpU (1) and ( 0 )  3'3'-UpU (2) at pH 5 .6  (adjusted 
with HEPES buffer) and 363.2 K ( I =  0 -  1 mol dm-3, adjusted 


with NaC104) 


a common phosphorane intermediate, '5, '*  this means 
that metal ions steer the breakdown of this intermediate 
to hydrolysis products. In other words, the cleavage of 
the P-0-5' bond is favoured over that of the P-0-2' 
bond, whereas the situation is opposite in the absence 
of metal ions. Analogously to hydrolysis of 7, 5*6 metal 
ions undoubtedly accelerate the formation of 
phosphorane intermediate from UpUs. However, they 


t 


Scheme 2. 


HO 0 
I 


o=p-0- 
I 


03 


also must affect the breakdown of this intermediate, 
since they result in a change in the product distribution. 


All these observations may be accounted for by the 
mechanism depicted in Scheme 3 for 2 '3 ' -UpU (1). 
This mechanism is consistent with the bifunctional 
mechanism suggested earlier for the metal ion 


A rapid initial coordination of the metal 
ion to the phosphodiester monoanion facilitate the for- 
mation of phosphorane intermediate by lowering the 
electron density on phosphorus. Simultaneously, a 
hydroxo ligand of the phosphate bound metal ion acts 
as a general base deprotonating the attacking 
3'-hydroxyl group concerted with formation of the 
P-0-3' bond. According to the rules of 
Westheimer, the entering nucleophile ( 0 - 3  ') adopts 
an apical position in the phosphorane intermediate. 
Hence 0 - 2  must be equatorial, since it belongs to the 
same five-membered ring as 0-3 ' .  The two unsubsti- 
tuted oxygen ligands become negatively charged. As 
strongly electropositive groups they take equatorial pos- 
itions, leaving 0 - 5 '  apical. Accordingly, the P-0-5 ' 
bond may cleave (groups may leave from apical pos- 
itions only). An aquo ligand of the phosphate bound 
metal ion facilitates the cleavage by protonating the 
developing alkoxide ion. This is consistent with the 
principle of microscopic reversibility. 


The formation of the phosphorane intermediate is 
assumed to be facilitated by general base catalysis, and 
hence its breakdown must be susceptible to general acid 
catalysis. Cleavage of the P-0-2' bond, which would 


action. 5.6.8.13 
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lead to phosphate migration, is possible only after 
pseudo-rotation of the phosphorane intermediate. Since 
metal ions do not promote migration, it appears evident 
that the metal ion binding to the phosphorane inter- 
mediate retards the pseudo-rotation. A prerequisite for 
pseudo-roration is that one of the originally equatorial 
unsubstituted oxygen ligands may take an apical pos- 
ition. This is probably possible only if one of them 
becomes protonated. In all likelihood, metal ions 
prevent this by competing with proton for the nega- 
tively charged oxygen ligands. For comparison, in 
aqueous alkali the phosphorane intermediate remains in 
the dianionic form, and no migration, only hydrolysis, 
takes place. 


One should bear in mind that mechanisms in which 
one metal ion coordinates to the phosphodiester group 


and a second one acts as an intermolecular general 
acid-base catalyst may be rejected on the basis of 
formal kinetics; the reaction is first order in metal ion 
concentration. Mechanisms involving metal aquo ions 
as mere intermolecular general acid-base catalysts 
without initial coordination to the starting material also 
appear unlikely. Organic bases (HEPES- , triethan- 
olamine, glycine-), the basicity of which is comparable 
to that of the hydroxo form of metal aquo ions (pKa 
7-9), do not enhance the hydrolysis of UpUs under the 
experimental conditions employed in studies with metal 
ions (Table 2). One may also argue that metal ions act 
simply as electrophiles without participation in intra- 
complex proton transfer. Although this mechanism is 
difficult to exclude definitely, we prefer the bifunctional 
alternative for the following reasons. First, the rate of 


Table 2. Effect of organic bases on uncatalysed and Zn2+-promoted hydrolysis of 3' ,5'-UpU (2) at pH 5 .6  and 
363.2 K a  


[ZnZ+]/mol dm-' [HEPES]/mol dm-' [HEPES-]/mol dm-' [Base]/mol dm-' k ~ / 1 0 - ~  s - '  


- 0.050 0.005 0.050 (TEA)b 0.088 k 0.008 
- 0.050 0.005 0.050 (Gly-)' 0.19 f 0.01 


0.005 0.020 0.002 - 9 - 6  2 0 . 1  
0.005 0.050 0.005 - 7.8 5 0 . 1  
0.005 0.100 0.010 - 7.1 f0.1 
0.005 0.200 0.020 - 6 . 0  k0.3  


'The ionic strength was adjusted to 0.1 rnol drn-' with NaCIOd. 
TEA = triethanolamine. 
Gly = glycine. 
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Figure 2. Effect of pH on the ZnZ’(1,5,9- 
triazacyclododecane) (8; [8] = 0.01 mol dm-’)-promoted 
hydrolysis of 3’,5’-UpU (2) at 363.2 K. The pH was adjusted 
with HEPES buffer and the ionic strength was maintained at 


0.1 mol dm-’ with NaC104 


- 


- 


Zn2+ (1,5,9-triazacyclododecane) (8)-promoted hydro- 
lysis initially increases with increasing pH and levels off 
to a constant value under conditions where the hydroxo 
form of the aquo complex becomes the predominant 
species (Figure 2; pKa of 8 is 7-51 at 298.2 K and 
I =  0.1 mol dm-3). l9 This kind of behaviour may be 
accounted for by intracomplex general acid-base cata- 
lysis; general base and general acid catalysis in consecu- 
tive steps result in a bell-shaped pH-rate profile when 
the total concentration of the acid and base catalysts 
remains constant. Mere electrostatic facilitation of the 
attack of a 2‘-oxyanion would, in turn, result in a 
linear dependence of log(kz/s-’) on pH. Second, the 
rate-enhancing effects obtained with various macro- 
cyclic aza complexes of Zn2+ (8-11) at a fixed pH cor- 
relate with the pK, values of their aquo ions (Figure 3). 


8 ;  M=Zn2+ 9:  M=Zn2+ 


$5 
HUH 


10: k Z n 2 +  1 1 ;  M=Zn2+, Ni2+* 


8 9 10 


PKa 


Figure 3. Logarithmic first-order rate constants for the Zn2+ 
complex-promoted hydrolysis of 3’,5‘-UpU (2) at pH 6.1 and 
363.2 K plotted against the pKa values of the aquated 
complexes (kinetics refer to [complex] = 0.01 mol dm-’, 
I = 0.1 mol dm-’ with NaC104; pK, refer to 


298.2 K) 


Increasing acidity increases the mole fraction of 
intracomplex general base catalyst at pH < PKa, and 
simultaneously the proton-donating ability of the intra- 
complex general acid catalyst is enforced. Third, the 
effects of various metal ions and metal complexes on 


-6 - 5  -4 
log[ h31 s-’f 


Figure4. Comparison of the rates of metal ion-promoted 
hydrolysis of 3’,5‘-UpU (2) and 2’,3’-cUMP (3) at pH 5-6, 
298.2 K and I(NaC104) = 0.1 mol dm-j. The data for 3 refer 


to Ref. 14 
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PH 


Figure 5. Effect of pH on the Zn2+ promoted hydrolysis of 
3‘,5’-UpU ( 2 )  ([Zn2’] = 5 x lo-’ mol dm-’) at 363.2 K. The 
pH was adjusted with HEPES buffer and the ionic strength 


was maintained at 0.1 mol dm-’ with NaC104 


the hydrolysis of 3‘3’ -UpU are very similar to those 
that the same species have on the hydrolysis of 2’ ,3‘ -  
cUMPI4 (Figure 4). The latter reaction has been estab- 
lished to proceed by intracomplex participation of the 
aquo ligand of the phosphate-bound metal ion. Finally, 
the rate of Zn *+-promoted hydrolysis increases with 
increasing pH (Figure 5 ) ,  consistent with both of the 
mechanistic alternatives. Either the mole fraction of 
intracomplex general base, i.e. the hydroxo form of the 
phosphate-bound metal ion, or the mole fraction of the 
2‘-oxyanion is proportional to the concentration of 
hydroxide ion. 


Effect of lanthanide ions on hydrolysis and 
interconversion of 2’ 


It has been reported recently that lanthanide ions are 
extremely efficient catalysts of the hydrolysis of 
dinucleoside monophosphates. 5 9 8  The experimental 
data available are, however, limited to measurements at 
one pH only. In order to understand the chemical basis 
of the action of lanthanide ions, we carried out more 
extensive studies on the hydrolysis and interconversion 
of UpUs. The results indicate that in several respects the 
effect of lanthanide ions resemble that of ZnZ+,  but 
seems to be mechanistically more complicated. As with 
divalent metal ions, the phosphate migration is accel- 
erated to a much lesser extent than the hydrolysis. In 
fact, the migration can only be detected at low lan- 
thanide ion concentrations, i.e. under conditions where 
the hydrolysis is only moderately accelerated. 


Figure6 shows the effect of pH on the Gd3+- 
promoted hydrolysis of 3’,5 ‘-UpU (2). All the points 
refer to HEPES buffers, the buffer concentration being 
always less than 0.1 mol d ~ r - ~ .  Under these conditions 


’ - and 3 ’ 15 ’ -UpU 


I I 


4.8 10 5.2 5.4 
P H  


Figure 6. Effect of pH on the Gd”-promoted hydrolysis of 
3’,5’-UpU ( 2 )  at 363-2 K. The pH was adjusted with HEPE: 
buffer and the ionic strength was maintained at 0. I mol dm- 


with NaCIOr 


the hydrolysis rate was observed to be independent of 
the buffer concentration. As can be seen, the pH-rate 
profile is non-linear, the reaction order in hydroxide ion 
concentration gradually increasing with increasing pH. 
Similarly, the dependence of the hydrolysis rate on 


lGd3+l /103mol dm3 


Figure 7. Effect of Gd” ion concentration on hydrolysis of 
3’,5’-UpU ( 2 )  at pH 5.3 (adjusted with HEPES buffer). 


Temperature = 363.2 K and I(NaC104) = 0.1 mol dm-’ 
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Gd3+ concentration shows an upward curvature 
(Figure 7). These findings suggest that the catalytically 
active species is a polynuclear structure formed on 
approaching the concentration limits where precipi- 
tation takes place. In fact, the observation that 
lanthanum hydroxide gel catalyses the hydrolysis of 
phosphoesters was made many years ago. '' It is worth 
noting however, that La3+ ion has recently been 
reported to retain a considerable part of its catalytic 
activity on binding to a neutral aromatic hexaaza 
ligand,4p23 and this type of chelate may therefore be 
applicable in developing artificial catalysts for 
sequence-specific strand cleavage of RNA. 


interconversion of 4 and 5 at pH 4.7 or 5.6. Trivalent 
lanthanide ions (and Y3+), in turn, markedly promote 
the dephosphorylation of 4 and 5 at pH 5.6, whereas at 
pH 4.7 no rate acceleration is detected. As with UpUs 
(1 and 2), the effect of lanthanide ions on the phosphate 
migration, i.e. interconversion of 4 and 5, is barely 
noticeable. 


Figure 8 shows the effect of Gd3+ ion concentration 
on the dephosphorylation of 3 ' -UMP (5) at pH 5 a3 
and Figure9 shows the dependence of the reaction 
rate on pH. At low metal ion concentrations 
([Gd'+] < 5 x mol dm-') the dephosphorylation 
is first order in [Gd'+], but at higher concentrations the 
reaction order is gradually decreased. The dependence 
of dephosphorylation rate on pH exhibits a marked 
upward curvature, the reaction order in [OH-] falling 
between 2 and 3 on approaching the limit of precipi- 
tation of Gd3+ ion as a hydroxide. The concentration 


Effect of metal ions on interconversion and 
hydrolytic dephosphorylation of 2'-  and 3'- UMP 
Table 3 summarizes the effects of a number of metal 
ions on the interconversion and hydrolytic of HEPES buffers used to adjust the pH had virtually 
dephosphorylation of 2'-UMP (4) and 3'-UMP (5). As no effect on the dephosphorylation rate. 
can be seen, none of the divalent metal ions studied The observed dependence of rate on pH strongly sug- 
appreciably accelerates either the dephosphorylation or gests that Gd3+ does not simply act as an electrophile, 


Table 3. Effect of metal ions ( 5  x lo-' mol dm-') on the interconversion and 
dephosphorylation of 2 ' -  and 3'-UMP at 363.2 K a  


M" 


None 


Mg2+ 


MnZf c0z+ c 


N i 2 +  c 


CU2+ E 


Z n 2 +  c 


Cd2" 


PbZ'b 
y3+ b 


t a 3 +  


Eu" 


Gd3' 


Tb3+d  


pH k4/10-' 5 - l  


4.7 7.5 2 0.1 
5.6 5 . 1  2 0 . 1  
4.7 7 . 2 2 0 . 1  
5.6 5 . 5 2 0 . 1  
4.7 7 . 4 5 0 . 1  
4.7 7.2 2 0.1 
5.6 4.5 2 0 . 1  
4.7 7 . 0 2  0.1 
5.6 4 . 2 2 0 . 1  
4.7 7 . 0 f  0.1 
4.7 7 . 4 2 0 . 1  
5.6 4 . 7 2 0 . 1  
4.7 7.5 2 0.1 
5.6 3 . 0 2 0 . 1  
4.7 7 . 9 2 0 . 1  
4.7 5 . 6 2 0 . 1  
5.7 7 2 1  
4.7 5-7 2 0 - 2  
5.7 7 2 1  
4.7 5.3 f 0 . 2  
5.7 7 2 1  
4.7 6.1 f O . 1  
5.7 6 2  1 
4.7 5.7 f 0.2 


k-4/10-' 5-l 


4.3 f 0.1 
3.0 f 0. I 
3 . 7 f  0.1 
3 . 0 2 0 . 1  
4.7 f 0.1 
4.8 2 0.1 
2.7 f 0.1 
3.0 f 0.1 
2.2 f 0.1 
5.7 2 0.1 
4.9 f 0. I 
2.9 f 0.1 
5 . 2 2  0.1 
1 . 3 2 0 . 1  
2.7 2 0. I 
3 . 5 2  0.1 


6 2  1 
4.0 2 0- 1 


5 2 1  
4.1 2 0.2 


8 f l  
3.8 2 0. I 


7 2 1  
3 . 5 2 0 . 1  


ks110-6 5-1 k6/ 10-6 s- ' 
12.9 f 0.1 
8-7 t 0.2 


12.1 f 0.2 
9.2 f 0.2 


11.0 t 0.1 
12.4 f 0.1 
6.5 f 0.1 


13.1 f 0.1 
6.9 t 0.1 


10.7 f 0.2 
11.6 f 0.2 
6.9 f 0.2 


11.2 f 0.1 
4.9 2 0.1 


14.6 f 0.8 
6.6 2 0.1 
167 f 6 
9 -3  f 0.3 


73 f 6 
8.3 f 0.3 
1802 9 
5.7 f 0.1 
156 f 6 
7.8 f 0.2 


c 


6.4 2 0. I 
c 


L 


c 


e 


4.8 f 0.1 
c 


P 


e 


c 


3.5 f 0.1 
126 f 3 
5 - 7  t 0.1 
53 2 3 


4.8 f 0.2 
84 f 3 


4.6 f 0. I 
85 2 2 


4.1 f 0.1 


a See footnote a in Table I .  
Added as nitrate. 


'Added as perchlorate. 
Added as chloride. 


'The disappearance of 4 + 5 strictly obeyed first-order kinetics, in spite of the fact 
that [4]/([4] + [S]) changed from 1.00 to less than 0.40 during a kinetic run. 
Accordingly, k4 must be approximately equal to ks. 
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P H  


Figure 8. Effect of pH on the Gd’+-promoted dephosphoryla- 
tion of 3’-UMP (5) at 363.2 K ([Cd”] = 2 x lo-’ mot dm-’). 
The pH was adjusted with HEPES buffer and the ionic strength 


was maintained at 0.1 mol dm-’ with NaC104 


but in all likelihood hydroxo ligands of the phosphate- 
bound metal ion participate in the dephosphorylation 
either as an intracomplex nucleophile or a general base 
catalyst, resulting in the formation of a pentacoor- 
dinated intermediate. Accordingly, the lanthanide ion- 
promoted dephosphorylation appears to proceed by an 
associative mechanism, whereas in the absence of metal 


1Gd3+l/10-3 mol dm-3 


Figure 9. Effect of Gd’+ ion concentration on dephosphoryla- 
tion of 3’-UMP (5) at 363.2 K .  The pH was adjusted to 5 - 3  
with HEPES buffer and the ionic strength was maintained at 


0.1 mol dm-’ with NaC104 


ions a dissociative mechanism, i.e. release of a 
metaphosphate ion preassociated with a solvent mol- 
ecule, is followed. 24 However, the detailed mechanism 
of the action of metal ions is far from clear. Most likely 
the catalytically effective species is not a clear-cut 
mononuclear aquo ion, but rather a polynuclear gel-like 
structure. Whatever the composition of this species may 
be, it is important to note that only dephosphorylation, 
not phosphate migration, is enhanced. 


EXPERIMENTAL 


Materials. The nucleoside and dinucleoside 
monophosphates (1-5) and uridine (6) were obtained 
from Sigma. They were used as received after checking 
their purity by HPLC. Ligands 8-11 were obtained 
from Aldrich. The other reagents were of reagent 
grade. 


Kinetic measurements. Kinetic measurements were 
carried out by the HPLC technique described pre- 
viously. 24 The pH values of the reaction solutions were 
measured at 298.2K before and after a kinetic run. 
These two values agreed within 0.1 pH unit. The pH 
values measured at 298-2K were extrapolated to 
363.2 K by using the known temperature dependence of 
the pKa value of HEPES. ” The reaction solutions were 
allowed to stand at least overnight before the initiation 
of kinetic measurements to ensure that the complex for- 
mation equilibrium had settled. Aliquots withdrawn 
from the reaction mixture were immediately cooled in 
an ice-bath and analysed on a Hypersil RP-18 column 
(250 x 4 mm i d . ,  5 Fm). A mixture of acetate buffer 
(0.025 mol dm-3, pH 4.3) and acetonitrile (4% with 
UpUs and 1% with UMPs), containing 0.1 mol dm-3 
NH4C1, was used as the eluent. Before analysis the 
metal ions were removed by shaking the aliquots with 
Chelex 100 resin. 


Calculation of rate constants. In most of the cases 
studied, the hydrolysis was fast compared with 
phosphate migration (kr > kl and k3 > k-  1, or k5 > k4 


and k6 > k4). Accordingly, the reverse reaction of the 
phosphate migration did not appreciably affect the 
kinetics of the disappearance of the starting material 
during the first half-life, and this reaction was observed 
to obey first-order kinetics within the limits of exper- 
imental errors. The rate constant obtained in this 
manner for the disappearance of the starting material 
( k ~  + kz, k -  I + k3, k4 + ks or k-4 + k6) was bisected to 
the rate constants of the two parallel first-order 
reactions (hydrolysis and forward migration) by using 
the concentration ratio observed for the products of the 
hydrolysis and migration during the early stage of the 
reaction. In cases where the rate of phosphate 
migration was comparable to that of hydrolysis, the 
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first-order rate constants were obtained as described 
previously. l6 
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STUDY OF INITIAL- AND TRANSITION-STATE SOLVATION IN 
THE SOLVOLYSIS OF tert-BUTYL HALIDES IN ALCOHOLS 


FROM INFINITE DILUTION ACTIVITY COEFFICIENTS 
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EUGENIA A. MACEDO 
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Portugal 


The Gibbs energies of activation of the solvolytic reactions of tert-butyl halides (chloride, bromide and iodide) in eight 
mono-alcohols and eight di-alcohols were dissected into contributions from the initial state and transition state. The 
unified approach proposed by Abraham was applied and the various factors making up the overall solvent effect in 
both states were identified and compared. To perform this study, the Gihbs energies of transfer of the initial state 
were calculated using the infinite dilution activity coefficient values of the solutes in the solvents, ym. These values 
were determined from the UNIFAC group-contribution method, with the modified Flory-Huggins equation in the 
combinatorial term and with group interaction parameters from the Parameter Table exclusively based on 
experimental yo data reported in the literature. It is concluded that solvent polarizability and polarity-HBD acidity 
and cavity effects during the activated process are mainly due to transition-state contributions. 


INTRODUCTION initial state and the transition state and solvent influ- 


During the past decade, the use of linear solvation 
energy relationships for analysing the physico-chemical 
processes involving tert-butyl halides has become 
commonplace.'-6 It is now clear that the solvolytic 
reactions are dominated by several interaction 
mechanisms, namely the non-specific solvent-solute 
interactions due to the polarizability and polarity of the 
solvent, specific solvent hydrogen bond acidity interac- 
tions and disruption and reorganization of solvent-sol- 
vent interactions in order to accommodate the solute. 3 s 4  


In spite of the significant improvements achieved by 
the use of a rigorous multi-parameter approach on the 
understanding of reaction mechanisms, there is always 
a difficulty related to the fact that the Gibbs energy of 
activation, ASG, is a composite quantity, the difference 
between the Gibbs energy of the transition state and 
that of the initial state. 


In another approach to the study of solvent effects, 
log k or ASG is dissected into contributions from the 


ences are compared and analysed for both states. The 
first systematic studies using this method were per- 
formed by Winstein and Fainberg' and Arnett et 
for the solvolysis of 2-chloro-2-methylpropane (t-BuCl) 
in several binary mixtures. Abraham9 applied this pro- 
cedure to the solvolysis of t-BuC1 in nine pure solvents 
(three mono-alcohols) and later, some dissections were 
carried out using the Gibbs energy of activation for the 
decomposition of tert-butyl chloride and bromide in 
aliphatic aprotic and hydroxylic solvents (water and six 
mono-alcohols). 10311 


For a more detailed analysis of the solvent effect of 
hydroxylic solvents on the solvolysis of tert-butyl hal- 
ides, by means of the initial-state and transition-state 
contributions, more observed rate constant values, k ,  
and Gibbs energies of transfer of the initial state, SGi, 
from a reference solvent to other solvents are needed. 


The aim of this work was to extend the study of the 
solvent influences on the Gibbs functions of transfer for 
the activation process, initial state and transition state 
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of the solvolysis of tert-butyl halides (chloride, bromide 
and iodide) in 16 hydroxylic solvents (eight mono- 
alcohols and eight di-alcohols), for which k values are 
known with adequate prec i~ ion .~  


Values for SGi can be calculated through the 


6Gi = RT In(yy/yF) (1) 
where yj” and y? are the infinite dilution activity coeffi- 
cients of the solute in the solvent j and in a reference 
solvent r ,  respectively. 


The infinite dilution activity coefficients for the dif- 
ferent solutes presented in this work were calculated 
using a predictive method: the UNIFAC group- 
contribution model. I 2 , I 3  According to this model, the 
logarithm of the activity coefficient for a component is 
assumed to be the sum of two contributions: a com- 
binatorial term, essentially due to differences in size and 
shape of the molecules in the mixture, and a residual 
term, essentially due to energy interactions. 


The combinatorial activity coefficients were calcu- 
lated using the modified Flory-Huggins equation in the 
Staverman-Guggenheim combinatorial expression, as 
proposed by Kikic et al.I4 The group interaction par- 
ameters from the ym Parameter Table‘’ were used in 
the calculations carried out in this work. 


As a second aim of this work, the unified approach 
proposed by Abraham” was applied to the several 
Gibbs functions of transfer, making use of a three- 
parameter linear solvation-energy r e l a t i~nsh ip ,~ ,~  in 
order to identify the dominant specific and non-specific 
solute-solvent-solvent interaction mechanisms in the 
initial state and the transition state. 


RESULTS AND DISCUSSION 


The Gibbs energies of activation presented in Table 1 
were calculated from the rate constant data for the 
solvolytic reactions of t-BuC1, t-BuBr and t-BuI pre- 
viously reported in a series of mono- and di-alcohols, 3 s 4  


making use of the transition-state theory. From these 
values it is possible to effect a dissection of solvent 
influences on the solvolytic reactions into initial-state 
and transition-state contributions. In this context, 
infinite dilution activity coefficients play an important 
role. 


Infinite dilution activity coefficients 
The infinite dilution activity coefficients were calculated 
with the UNIVAC group-contribution model. This is a 
reliable and fast method for predicting liquid-phase 
activity coefficients in non-electrolyte, non-polymeric 
mixtures at low to moderate pressures and temperatures 
up to 425 K. The method was originally developed by 
Fredenslund et al. l 2  The basic idea of the solution-of- 
groups method is to utilize existing phase equilibrium 


Table 1. Gibbs energy of activation for the solvolytic reaction 
of tert-butyl halides at 25 ‘C (kJ mol-’) 


No. Solvent 


A%G 


t-BuC1 t-BuBr t-BuI 


1 
2 
3 
4 
5 
6 
7 
8 
9 


10 
11 
12 
13 
14 
15 
16 


Methanol 
Ethanol 
Propan-1-01 
Propan-2-01 
Butan- 1-01 
Butan-2-01 
2-Methylpropan-1-01 
Pentan- 1-01 
Ethane-1.2-diol 
Propane-l,2-diol 
Propane-1.3-diol 
Butane-l,2-diol 
Butane-l,3-diol 
Butane-1 ,4-diol 
Butane-2,3-diol 
Pentane-l,5-diol 


107.62 
113.37 
114.86 
117.54 
115.94 
119.35 
120.40 
115.54 
99.33 


104.47 
103.21 
108.07 
107.55 
107.2 1 
108.46 
109.09 


98-48 
103.61 
104.07 
105-38 
105-04 
106.01 
105.44 
105.21 
90.32 
96.02 
94.20 
99.10 
98.70 
97.39 


100.87 
99.73 


95.34 
99.56 


100.76 
101.84 
101.27 
103.84 
102.64 
103.21 
87.58 
93.34 
89.86 
96,76 
96.14 
94.77 
98.59 
96.94 


data for predicting phase equilibria of systems for 
which no data are available. The method entails the fol- 
lowing: suitable reduction of experimentally obtained 
activity coefficient data to obtain parameters character- 
izing interactions between pairs of structural groups in 
non-electrolyte systems, and the use of these parameters 
to predict activity coefficients for other systems which 
have not been studied experimentally but contain the 
same functional groups. A ‘group’ is a convenient 
structural unit, such as CH3, OH or CC1.13 The mol- 
ecules are built of groups. 


The logarithm of the activity coefficient is the sum of 
two contributions: a combinatorial (In y f ), essentially 
due to differences in size and shape of the molecules in 
the mixture, and a residual (In y?), essentially due to 
energy interactions. The equations of the model are 
given in Table 2.  The first term in the combinatorial 
expression is a Flory-Huggins term and the second 
term is a correction to the Flory-Huggins equation for 
the effect of molecular shape. The Flory-Huggins part 
of the Staverman-Guggenheim combinatorial can be 
modified, as shown in Table 2. The second part is 
unchanged. l4 


Three different types of tables, with group- 
interaction parameters, have been published: the VLE 
(vapour-liquid equilibrium) Parameter Table, 16-20 the 
LLE (liquid-liquid equilibrium) Parameter Table” and 
the ym (infinite dilution activity coefficients) Parameter 
Table, l5 depending on the type of experimental data 
used for the parameter estimation. 


In this work, for the combinatorial term we used the 
modified Flory-Huggins equation in the Staver- 
man-Guggenheim expression, l4 and for the residual 
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term we used group-interaction parameters from the ym 
table. This allows us to predict y m  with a much higher 
accuracy than that obtained with the original athermal 
Flory-Huggins equation and with the interaction par- 
ameters from either the VLE or the LLE Parameter 
Table. 


The typical average error for the families of com- 


Table 2. Equations for the UNIFAC group-contribution 
method 


In yi = In y: +In 7; 


In y : = [In(wi/xi) + 1 - milxi] - ~.Oqi[ln(+i/Oi) + 1 - +i/OiI  


xiri Original term: w,  = + i  = - j = l , N  c XJrj 
j  


o i = , 4 r  X ’  j = I , N  


C xjqj 
j  


xiri2” 
Modified Flory-Huggins term: wi = ~ C x . r 2 / 3  


J J  
j  


j =  1, N 


k = l , N G ;  m , n = 1 , N G  


n 


Defmitions: 
o i  modified molecular volume fraction 
+ ,  molecular volume fraction 
Oi molecular surface area fraction 
xi liquid-phase mole fraction of component i 
ri molecular volume of component i 
qi surface area of component i 
Yki  number of groups of kind k in molecule i 
R k  volume of group k 
Qk surface area of group k 
N total number of components 
NG total number of functional groups 
rk residual activity coefficient of group k in a solution 
I’k residual activity coefficient of group k in a reference 


unm interaction parameter between group n and group m 
8, group surface area fraction 
X, group fraction 


solution containing only molecules of type i 


pounds involved in this work is less than 7.4% with y m  
parameters and around 11 -7% with VLE parameters. 22 


In this work we were not able to calculate the ym 
values for t-BuBr and t-BuI in methanol, because there 
are no available parameters between the groups 
bromide (Br) or iodide (I) and methanol (CH3OH). 
Regarding the y m  of the three solutes in ethane-l,2-diol, 
we used the interaction parameters for the group 
alcohol (OH), instead of considering this solvent as a 
single group, as usually advised. ‘s317 This is because the 
relevant parameters for the diol group are not available. 


Values of ym for the various solutes in the mentioned 
solvents are summarized in Table 3.  


Transfer Gibbs energies 


Table 4 gives the calculated Gibbs energies of transfer 
for the activation process, 6AfG, the initial-state, 6Gi, 
and the transition-state, 6G1, based on ethanol as the 
reference solvent. These values were obtained through 
equations (1) and (2). Equation (2) relates the three 
types of transfer Gibbs energies under study: 


6Gt = 6Gi + A’Gj - AiGr= 6Gi + 6A’G (2) 
From the data in Table 4, it is difficult to conclude that, 
in general, 6AtG values in alcoholic solvents tend to be 
mainly associated with the corresponding functions 
of transfer for the initial state or the transition state. 
However, if mono- and di-alcohols are considered 
separately, we may say that, for solvent changes from 
ethanol, the solvation of the activated complex of the 
solvolytic reactions of tert-butyl halides in di-alcohols is 
much more important than the solvation of the 


Table 3. Infinite dilution activicy coefficients for terf-butyl 
halides in alcohols at 25 “C 


7- 


No. Solvent r-BuC1 t-BuBr t-But 


1 
2 
3 
4 
5 
6 
7 
8 
9 


10 
11 
12 
13 
14 
15 
16 


Methanol 19.93 
Ethanol 3.68 
Propan- 1-01 2.64 
Propan-2-01 2.64 
Butan- 1-01 2.13 
Butan-2-01 2.13 
2-Methylpropan-1-01 2.13 
Pentan-1-01 1.83 
Ethane-] ,2-diol 10.55 
Propane-l,2-diol 6.31 
Propane-1.3-diol 6.30 
Butane- 1,t-diol 4.43 
Butane-] ,3-diol 4.43 


Butane-2,3-diol 4.43 
Butane-] ,4-diol 4.42 


Pentane-l,5-diol 3.41 


- 
7.37 
4.67 
4.67 
3.47 
3.47 
3.37 
2.80 


31.40 
15.82 
15.76 
9-82 
9.82 
9.80 
9.85 
6.90 


- 
8.90 
5.70 
5.68 
4.27 
4.26 
4.26 
3.48 


36.02 
18.37 
18.36 
11.55 
11-55 
11.55 
11.56 
8.22 
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Table 4. Gibbs energy of transfer from ethanol to other solvents of tert-butyl halides solvolysis in alcohols at 25 "C (kJ mol-') 


~ A ' G ~  GGib 6Gt 


 NO.^ t-BuC1 t-BuBr f-BuI 1-BuCI t-BuBr t-BuI t-BuC1 t-BuBr t-BuI 


1 - 5.76 -5.14 -4.22 4.19 - - -- 1.57 - - 
2 0 0 0 0 0 0 0 0 0 
3 1.48 0.46 1.20 -0.82 -1.13 -1 .11  0.66 - 0.67 0.09 


5 2.57 1.43 1.71 - 1.35 -1.87 -1 .82  1.22 -0.44 -0 .11  
6 5.88 2.40 4-28 -1.35 -1.87 -1.83 4.53 0.53 2.46 


4 4.17 1.77 2.28 -0.82 -1.13 -1 .11  3.35 0.64 1.17 


7 7.02 1.83 3.08 -1.35 -1.87 - 1.83 5.67 -0.04 1.26 
8 2.17 1.60 3.65 - 1.73 -2.40 -2.33 0.44 -0 .80  1.32 
9 - 14.04 - 13.30 -11.99 2.61 3.59 3.46 - 11.43 -9.71 -8 .52  


11 - 10.16 -9 .42  -9 .70  1.34 1.88 I .79 -8.82 -7.53 -7.91 
12 - 5.67 -4 .51  -2.80 0.46 0-71  0-64  -5.21 -3 .80  -2.15 
13 -5.82 -4.91 - 3.42 0.46 0.71 0.64 - 5.36 -4 .20  -2.78 
14 - 6.16 -6 .22  -4 .79  0.46 0.71 0.64 -5 .70  -5 .52  -4.15 
15 -4.91 -2.74 -0.97 0-46 0-72 0.65 -4.44 - 2.02 -0.32 
16 - 4.28 -3.88 -2.26 -0.18 -0.16 -0 .20  -4.46 - 4.04 -2.46 


10 -8 .90  -7.59 -6.22 1.34 1.89 1-80 -7.56 -5.70 -4.43 


a Transfer Gibbs energy of activation obtained from data in Ref. 4. 
bTransfer Gibbs energy of initial state. 
'Transfer Gibbs energy of transition state. 


Numbers of solvents as in Table 1. 


substrate. This behaviour confirms previous sugges- 
t i o n ~ ~ ~  that the number of OH groups in the solvent 
molecule is an important factor in order to stabilize the 
transition state. In fact, 6Gr for di-alcohols is always 
high and negative (as happens with 6ASG). Conversely, 
6Gi is generally smaller and positive, no doubt owing to 
the weak hydrogen-bonding interactions between 
solvent and substrate (for pentane-l$diol, 6Gi is nega- 
tive for the three tert-butyl halides; however, the values 
are too small to allow any relevant conclusion). 


The Gibbs energies of transfer for the initial state of 
our reactions in mono-alcohols are negative except for 
methanol. This is in accordance with previous obser- 
vations." As stated before, the solvent effect of 
methanol on the Gibbs energy of the substrate t-BuC1 
is large" and this can be understood in terms of the 
structured molecular behaviour of this solvent. Values 
of 6Gt in mono-alcohols tend to be positive, although 
several exceptions can be pointed out. 


An analysis of substrate effects on the Gibbs energies 
of transfer (Table 4) shows a strong regularity of behav- 
iour when di-alcohols are used as solvents: 6AtG, 6Gi 
and 6Gt increase from t-BuC1 to t-BuBr and from this 
substrate to t-BuI. Some discrepancies are of small 
magnitude and, probably, of the same order as the 
errors affecting the transfer energies. 


A similar analysis involving mono-alcohols leads to a 
different conclusion: 6ASG, 6Gi and 6Gt tend to 
decrease from the chloride to the bromide and to 
increase from the bromide to the iodide. We think that 
for di-alcohols the solvent structure and its particular 


interaction with the substrate and with the activated 
complex dominate over the polarity effect of these 
molecular species, measured by its dipole moment, 
j~ [p(t-BuCl) = 2- 14 D, p(t-BuBr) = 2-21 D and p ( t -  
BuI) = 2.20 D] . Conversely, for mono-alcohols the 
effect of the substrate and activated complex polarity 
have a marked influence on the solvent-solute interac- 
tion mechanisms. 


The unified approach 


Solvent effects on rate constants can be further analysed 
by combining the two main approaches, the dissection 
of solvent effects into contributions from the initial 
state and the transition state and the study of the same 
effects using empirical solvent parameters and multiple 
linear correlations. In this unified approach, proposed 
by Abraham, l1 the Gibbs energies of activation, for 
instance, are first separated into initial-state and 
transition-state values and then 6AzG, 6Gi and 6Gt are 
analysed through a suitable correlation equation. 


With respect to the solvolytic reactions and the 
solution processes of tert-butyl halides in hydroxylic 
solvents, we have shown that the application 
of equation (3) allows us to identify the dominant 
solute-solvent-solvent interactions: 


X= a0 + (I&) + azg(v )  + a3E?+ a4C (3) 
where X is a physico-chemical property dependent on 
the solvent, f ( ~ )  = (E  - 1)/ ( 2 ~  + 1) is the Kirkwood 
function, g(q)  = (v2 - 1)/(v2 + 2), where v represents 
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the refractive index, EF is the normalized Dimroth and 
Reichardt parameter and C is the cohesive energy 
density. 


The results of the application of equation (3) to the 
transfer Gibbs energies of the activation process, initial 
state and transition state show that the a1 coefficient 
has no statistical meaning. Details of the statistically 
preferred regression expressions: 


X =  uo + ~ z g ( 7 )  + u ~ E F +  u ~ C  (4) 


are given in Table 5. The values of the solvent par- 
ameters are listed in Table 2 in Ref. 4. The non- 
collinearity assumption between any two of the chosen 
parameters was tested previously and no relevant linear 
correlations were observed. 


The use of uniparametric relationships relating the 
transfer energies and one of the empirical parameters of 
solvent polarity shown in equation (3) has no relevant 
statistical meaning, except where the use of the EF vari- 
able is concerned. However, even in the most favour- 
able plots (those involving the dependent variable 6Gi), 
the final decision about the best fit, which was achieved 
by reference to the Ehrenson's criterion, 24 was always 
equation (4) at a confidence level 2 96.3%. 


A comparison of correlations A-F with G-J and 
K-N (Table 5 )  shows conclusively that all the various 
factors making up the overall solvent effect [polariz- 
ability, dipolarity-HBD acidity and disruption-reor- 
ganization, measured by g(q) ,  EF and C,  respectively] 
which dominate the activation process are mainly due 
to transition-state contributions. In fact, the coefficients 
affecting each dependent variable in the 6AtG and 6Gt 
correlations show the same sign and are almost of the 
same order of magnitude. Conversely, the coefficients 


ao-a4 for 6AfG and 6Gi correlations always show 
opposite numerical signs. A previous study on t-BuC1 
solvolysis, although in a different set of solvents, led to 
similar conclusions. " However, we must point out that 
this global analysis makes the conclusions about the 
particular, and sometimes opposite, effects of mono- 
and di-alcohols observed in this work ambiguous. 


CONCLUSIONS 
Solvent effects on the Gibbs energies of transfer from 
ethanol for the initial state and transition state of the 
solvolysis of tert-butyl halides in mono- and di-alcohols 
were analysed in terms of the contributions to the 
transfer Gibbs energy of the activated process. It was 
shown that the solvation of the activated complex in di- 
alcohols is more important than that in mono-alcohols 
and is dominant when compared with the solvation of 
the substrate. We must point out that in these media 
there is evidence that the tert-butyl halides undergo SNI 
solvolysis, which means that no significant changes in 
the nature of the transition state should be expected. 


Substrate effects on the Gibbs energies of transfer 
were also analysed and discussed in terms of the dipole 
moment of the terf-butyl halide molecules and the 
solvent structure. 


Considering the application of the unified approach 
to the several Gibbs energies of transfer, we were able 
to perform a meaningful multiple regression analysis. 
The application of this approach shows that, in general, 
the solute-solvent interactions, on account of the 
polarizability and polarity-HBD acidity properties of 
the solvent, and the solvent-solvent interactions, on 
account of the cavity effect, during the activated 
process are mainly due to transition-state effects. 


Table 5 .  Correlations of Gibbs energy of transfer from ethanol to other solvents at 25'C (kJmol-') 


~ = a o + a z g ( 9 ) + a 3 ~ ~ + a 4 ~ 1 0 - ~ ~  


X Substrate Correlation a0 a2 a3 a4 ra ob N C  


6A:G 1-BuC1 


t-BuBr 


6Gi 


6Gt 


t-Bul 


t-BuC1 


t-BuBr 
t-BuI 
t-BuC1 


t-BuBr 
t-Bul 


A 
B 
C 
D 
E 
F 
G 
H 
I 
J 
K 
L 
M 
N 


62.116 
62 * 802 
45.452 
46.409 
43.979 
38.471 
- 5.0993 
- 9.1493 
- 13*100 
- 12.472 


57.013 
53.646 
33.313 
28.623 


- 100-20 
- 105.08 
- 89.823 
-96.637 
- 74.696 
-57.587 
- 23,110 


5.1297 
9.1849 
8.4608 


- 123.30 
-99.323 
- 86.886 
-45.652 


- 55.602 
- 54.564 
-28.002 
-26.551 
-28.921 
-24.306 


14.866 


12.211 
11.821 


- 40.128 
- 45.830 
- 14.338 
- 21 * 479 


8.7289 


- 5.6595 
- 5.8519 
- 12-200 
- 12.469 
- 13.031 
- 16.109 


2.0878 
3.2257 
4.3344 
4.2232 


-3.5768 
-2.6308 
- 8.1301 
- 8.0091 


0-982 
0.982 
0.976 
0.976 
0.974 
0-969 
0.943 
0.951 
0.951 
0.951 
0.980 
0.982 
0.967 
0.958 


1.28 16 
1 . 3 3  15 
1 . 1 3  16 
1.17 15 
1.20 16 
1-36 15 
0.59 16 
0.43 15 
0.60 15 
0.57 15 
1 . 1 1  16 
1.10 15 
0.92 15 
1.07 15 


a Correlation coefficient. 
bStandard deviation of the fit .  
'Number of points used in the regression analysis. 
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CLASSIFICATION OF THE SOLUBILITY BEHAVIOUR OF 
P-CYCLODEXTRIN IN AQUEOUS-CO-SOLVENT MIXTURES 


ANTHONY W. COLEMAN, MARC MUNOZ AND ALEXIS K. CHATJIGAKIS 
CNRS, Centre Pharmaceutique, Universite de Paris-Sud, F-92296 Chatenay-Malabry, France 


AND 


PHILIPPE CARDOT 
Laboratoire de Chimie Analytique, Centre Pharmaceuiique, Universite de Paris-Sud, F-92296 Chatenay-Malabry, France 


The solubility behaviour of 8-cyclodextrin in aqueous mixtures was studied by determining the interactions between 
the co-solvent and water. Three clear classes of co-solvent are evident. In the first, including ethanol, tetrabydrofuran 
and acetone, there is formation of clathrate hydrates by the co-solvent. In these systems the solubilization is a 
maximum at the mole fraction corresponding to the minimum in the partial excess molar volume. The second class, 
including such solvents as dimethyl sulphoxide and pyridine, forms strong molecular complexes with water, and here 
a valley and a plateau region occur in the solubility values. In the third class, including formamide and urea, a steady 
increase in the solubility is observed. For these highly polar solvents no maxima are observed in intrinsic solvent 
properties such as the partial excess molar volume. 


INTRODUCTION 


&Cyclodextrin( p-CD), a cyclic oligosaccharide having 
seven a-l,4-linked glucopyranose units, has been widely 
applied for the inclusion and transport of hydrophobic 
substrates within its cavity.' However, its utility is 
limited by a low intrinsic solubility, 20 g L-', coupled 
with a decrease in solubility on complexation. 
Numerous workers have studied the effects of 
co-s~lu tes*-~  or co-solvents6-" on the solubility of 
0-CD. We have extended this work to cover a wide 
range of solvents and the full range of mole fractions 
from 0 to 100%. As a result of this more comprehensive 
study, three separate classes of solvent may be defined 
in terms of the solubility of p-CD in aqueous mixtures. 
A detailed model of the solubility behaviour requires an 
understanding of the exact structure of water and how 
this structure is modulated by co-solvents. An exact 
model not being currently available, however, the solu- 
bility behaviour may be empirically linked to intrinsic 
solvent properties, such as the partial excess molar 
volume, which effectively measure this modulation of 
the 'normal' structure of water by the co-solvent. This 
allows a 'predictive' approach to the solubilization to 
be used for those solvents for which properties depen- 
dent on the modulation of the water structure have been 
measured (in general, the necessary information may be 
found in Ref. 12). 


The three classes show the following characteristics: 
type A, a maximum in the solubilization for solvents 
forming clathrate hydrate systems; Type B, two regions 
separated by a sharp break (a valley and plateau system) 
for solvents forming strong molecular complexes with 
water; and type C, a simple increase in solubility for 
very polar solvents. The last type of behaviour may also 
be extended to ionic co-solutes in terms of their activity 
constants. l3  


EXPERIMENTAL 


The procedure utilized has been described in detail 
elsewhere.' In general, solutions of the aqueous mix- 
tures are prepared to a set volume, to which @-CD is 
added. The solutions are then stirred in a thermostated 
bath (20 k 0.5 "C) for 48 h to allow maximum dissolu- 
tion to occur. For those systems in which solid @-CD 
remains, it is assumed that saturation has been reached, 
and the solutions are filtered and the concentrations 
determined from measurement of the optical rotation, 
using a Perkin-Elmer Model 241C polarimeter. For sol- 
utions in which the @-CD is completely dissolved, a 
further quantity of solid @-CD is added and the exper- 
iment is repeated until saturation occurs. 


The validity of the use of optical rotation to deter- 
mine the concentration is confirmed by dissolution of 
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known quantities of p-CD in the various solvent mix- 
tures and subsequent measurement of the optical 
rotation. Plots of concentration versus (YD for all 
solvent mixtures aze linear and give values the same as 
that in water, 163 C dm2 g-’. l4 Validation of the solu- 
bility is obtained by taking quantities of p-CD slightly 
above and below the experimentally determined values 
and carrying out the solubility measurement. In 95% of 
cases confirmation was observed and for the remainder 
lower solubilities were observed; repetition of the basic 
experiment twice gave solubilities consistent with the 
validation experiments in all cases. 


In view of the above, we consider the technique used 
to be reliable and accurate, giving solubilities accurate 
to +0-01 g per 100ml. 


RESULTS 
The complete solubility data for @-CD in all the sol- 
vents used are given in Table 1. 


The solubility curves for 0-CD in ethylene glycol 
dimethyl ether (l), dimethylformamide (2) and for- 
mamide (3) aqueous mixtures are presented in Figures 
1, 2 and 3, respectively. It is apparent that the behav- 
iour in each solvent system is different. 


In 1, the solubility rapidly increases from the basal 
(100% aqueous) value of 1.8 per g 100 ml to reach a 
maximum of 3.8g per 100ml at 2 %  mole fraction 1, 
followed by a decrease to give an effective zero solubi- 
lity at 100% 1. For concentrations of 1 above 5vo the 
observed solubility is lower than the basal value. 


In 2 the observed solubility remains constant at the 
basal value until 30% mole fraction 2, there is then an 
increase to 5 g per 100 ml at 35%; between 35 and 40% 
mole fraction 2 the solubility increases dramatically to 
26 g per 100 ml. After this increase there is a plateau 
region of constant solubility to 90% mole fraction, fol- 
lowed by small decline to a 100% mole fraction solubi- 
lity of 24 g per 100 ml. 


For 3, the most polar of these solvents, the solubility 
increases linearly to a value of 7 g per 100 ml at 40% 
mole fraction 3, there is then a second linear increase 
with a steeper slope until the maximum solubility of 
40 g per 100 ml-’ is observed at 100% mole fraction 3. 


Comparison with our previous results using other 
solvent plus the observed values for 
urea-water mixtures’ allow a more general 
classification to be obtained: class A solvents are 
methanol, ethanol, propan- 1-01, propan-2-01, tetra- 
hydrofuran, acetonitrile, ethylene glycol dimethyl 
ether, acetone and dioxane; class 13 solvents are 
dimethyl sulphoxide (DMSO, pyridine a?d dimethylfor- 
mamide (DMF); and class C solvents or solutes are for- 
mamide, urea and ionic salts. l3  


The maximum solubilities of p-CD in the mixtures 
and the co-solvent mole fractions for which maximum 
solubilization occurs are given in Table 2. 


In class A solvents there is a maximurn in the solubi- 
lization effect, which is solvent dependent but generally 
at low mole fractions of co-solvent. In class B solvents 
a valley-plateau system is observed with a break point 
occurring at cu 33% mole fraction for both DMSO and 


‘.-.- 
g”oorn’ 0 L -.-. 


0 20 40 60 a0 100 


X MOLE FRACTION OF ETHYLENE GLYCOC DIMETHYL ETHER 


Figure 1A. Solubility curve for 6-CD as a function of concentration of ethylene glycol dimethyl ether 
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Figure 2. Solubility curve for 8-CD as a function of concentration of dimethylformamide 
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Figure 3. Solubility curve for 8-CD as a function of concentration of formamide 
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Table 2. Maximum solubility of 0-CD in various solvents and mole fraction concen- 
tration for maximum solubilization 


Class Solvent 
Mole fraction 
for maximum (g I--’) 


- 


A 


B 


C 


~ 


Methanol 
Ethanol 
Propan-2-01 
Acetonitrile 
Tetrahydro furan 
Ethylene glycol dimethyl ether 
Acetone 
Dioxane 


Dimethylformamide 
Dimethyl sulphoxide 
Pyridine 


Ethylene glycol 


Formamide 


0 (22)’ 
10 
8 
8 
5 
2 
7 
5 


40 
40 
65 


80b 
100 


18.5 
22 
70 
37 
22 
38 
41 
23 


365 
770 
70 


29 


400 


‘Methanol shows an inflection in the solubility at 22% corresponding to A type. 
Ethylene glycol shows an initially decreasing solubility followed by a plateau-type behaviour. 


DMF and at cu 50% mole fraction for pyridine. In class 
C systems there is a steady increase in solubility with 
increasing co-solvent or co-solute concentration. 


DISCUSSION 
In order to understand better the classification of 
solvent systems, Figures 4(a), 5(a) and 6(a) show the 
solubility plots for propan-2-01, DMSO and DMF, and 
Figures 4(b), 5(b) and 6(b) show the equivalent plots of 
partial excess molar volumes, adapted from Franks. l5 


The correlation between the two types of measure- 
ment is striking, and general for all class A and B sol- 
vents. In class A solvents there appears to be a general 
curve for the decrease in the solubility of 0-CD which 
is overlaid by a solvent-specific effect, the shape and 
size of which are apparently related to thermodynamic 
measures of solvent structure modulation such as the 
partial excess molar volume. In class C formamide 
shows a good correlation with such properties, but for 
ionic salts a similar inherent property, such as activity, 
is a better measure. 


Within class A the alcohols show a maximum in the 
solubility at the mole fractions observed to give rise to 
maxima in the thermodynamic and other data which 
may be related to structural modulation. In the case 
of methanol there is an inflection point in the 
decreasing solubility curve at 22% mole fraction, corre- 
sponding to the maximum mole fraction for changes in 
the thermodynamic functions. Identical effects have 
been observed for a- and y-CDs by Okada ef ai. l6 but 
not correlated with solvent properties. 


For solvents such as acetone, tetrahydrofuran and 
acetonitrile the available thermodynamic data are more 


sparse, but still correlates well. Tetrahydrofuran forms 
a stable clathrate of stoichiometry 15 HzO : 1 THF,” 
giving a mole fraction of 5% and thus fitting with the 
observed maximum value for the solubilization. 
Acetone also forms a clathrate hydrate, and measure- 
ments using infrared spectroscopy on the influence of 
acetone on the hydmgen bonding in water show a 
maximum effect at 25 C for a mole fraction of 7%,19 
again in close agreement with the maximum solubiliza- 
tion. Acetonitrile is generally treated as causing a 
breakdown in the structure of water and does not 
appear to form a clathrate hydrate. The only evidence 
for a structural modification of water by this solvent 
comes from the modification of the absorption energy 
in the ultraviolet spectrum of dilute solutions of KI, 
regarded as a measure of the change in water-water 
interactions; the observed maximum effect occurs at a 
mole fraction of ~ V O , ~ ~  again in agreement with the 
value for maximum solubilization of p-CD. 


The classes may now be related to general types of 
interaction with water. Franks has detained the class 
A solvents as part of the group of ‘solvophobic solutes’ 
which form clathrate hydrates with water. Such for- 
mation leads to a stabilized deformation of the struc- 
ture of water until the point where all the water 
molecules are involved in cavity formation in the 
clathrate hydrate structure. As we have noted pre- 
viously, there is an inherent incompatibilty between the 
dynamic hexagonal structure of water and the sevenfold 
symmetry of 0-CD, hence this restructuring of water 
should lead to more favourable interactions with p-CD 
and hence an increased solubility. 


At concentrations higher than that for the maximum 
in effect on partial excess molar volume, according to 
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Figure 4. Solubility curve for b-CD as a function of concentration of propan-2-01 and the equivalent curve for the partial excess 
molar volume 


Franks water is ‘squeezed’ out of the clathrate and 
relaxes to its normal structure.” This, coupled with a 
low basal solubility of 0-CD in the organic solvents, 
leads to a rapid decrease in the observed solubility. 


In contrast, the class C solvents belong to the group 
of relatively well behaved systems in their interactions 
with water. Here the strong polar forces lead to a 
gradual reorganization of the structure of water about 
the solvent molecule; this reorganization may be treated 
in terms of structure making or structure breaking, ’I 


each of which implies a different restructuring of water; 
urea and the other systems discussed here are structure 
breakers. This effect reduces as a function of co-solvent 
the hexagonal dynamic water structure and hence the 
expected increase in solubility is observed. 


The class B solvents present a very different problem; 
here the systems are typified by the formation of strong 
molecular complexes between the co-solvent and water. 
The stoichiometry of these complexes is determined by 
the hydrogen bond-forming capacity of the molecule; 
pyridine bonds to only one water molecule but DMSO 
and DMF bond to two. Hence the break points in the 


behaviour would be expected to arise at mole fractions 
of SO%, 33% and 33% respectively, as is observed. For 
these solvents the physical and solvation properties are 
best treated in terms of free solvent and a molecular 
complex; in the respective zones in which one solvent is 
present in excess the system behaves as if this solvent 
were pure, hence the plateau. The lack of variation in 
the solubility implies that sufficient free solvent is 
available to solvate the cyclodextrin outside the zone of 
change between valley and plateau; this is reasonable as 
in the case of water the low solubility of 8-CD would 
involve small quantities of water even if large hydration 
numbers are postulated (probably around 25 molecules 
in the first hydration sphere), and in the case of the 
second solvent the higher solubility is probably com- 
pensated for by a much lower solvation and also the 
maxima in the solubilities occur at mole fractions 
(about 5-8070 above the stoichiometry of the solvent- 
water complex) that leave significant quantities of free 
solvent. Similarly, in the ‘H NMR spectra of the system 
for mixtures of DMSO and water, the resonances for 
8-CD behave in the valley and plateau regions as those 
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observed in the pure solvents, and changes between the 
two types of spectra occur only in the region between 30 
and 40% mole fraction, i.e. in the break-point zone. At 
very high mole fractions (> 95%) the solubility behav- 
iour becomes more complex with, for example, the for- 
mation of gels by anhydrous b-CD cyclodextrin in 
rigorously dried pyridine. 21  


Ethylene glycol is considered separately. From evi- 
dence in the literature.” it mobablv belonns to a fourth 


methanol and hence in agreement with the observed 
solubility plot, with a large basal solubility of bCD.The 
large-scale reorganization of the water structure teads 
initially to a decrease in the solubility of 0-CD, and 
above a mole fraction of about 25% there is an increase 
in the solubility which becomes almost constant above 
50%. It is interesting that in general many of the partial 
molar properties of alcohols are very similar to those of 
Dure alcohols for mole fractions > 50%; hence ethylene ” - - -  ~~~-~~ r - - ~  ~ ~~~~~~~ 


- - _ _  - - _ _ _  _.. . .. - _. - - _. - , .. r ~ _  _.._., 
class of solvent combining the structural modulation 
properties of the mollo-Ltlcohols at low mole fractions, 
proposed by Nakanishi et al. 22 to be similar to that of 


glycol behaves in a manner paralleling that of the other 
alcohols but with the above mentioned difference in the 
solubility of 0-CD in the pure solvent. We have chosen 
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not classify this solvent as it is the only example of this 
behaviour that we have so far encountered. 


CONCLUSION 


We have shown that the effect of co-solvent on the solu- 
bility of @-CD in aqueous mixtures may be related to 
the interaction of the co-solvent with water; and that 
this behaviour may be correlated with the intrinsic 
modulation of the water structure by the co-solvent.The 
use of this knowledge allows the prediction of the solu- 
bility of @-CD in solvents for which parameters such as 
partial excess molar volume have been determined. 
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NUCLEOPHILIC SUBSTITUTION REACTIONS OF ISOPROPYL 
BENZENESULPHONATES WITH ANILINES AND 


BENZYLAMINES 


HYUCK KEUN OH AND YOUNG BONG KWON 
Department of Chemistry, Chonbuk National University, Chonju, 560-756, Korea 


AND 


IKCHOON LEE* 
Department of Chemistry, Inha University, Inchon 402-751, Korea 


The nucleophilic substitution reactions of isopropyl arenesulphonates with anilines and benzylamines in acetonitrile 
at 65.0 O C  were investigated. The cross-interaction constants pxz (and Bxz) between substituents in the nucleophile 
(X) and leaving group (2) are positive and relatively small. The transition state (TS) variation is consistent with that 
predicted by the More O'Ferrall-Jencks diagram, as expected from the positive pxz. The small magnitude of pxz 
correctly reflects a relatively loose TS structure, in contrast to the tight TS for ethyl (or methyl) derivatives under 
similar reaction conditions. 


INTRODUCTION 


It is well known that the hydrolyses of the a-methylated 
series of alkyl halides, i.e. methyl, ethyl, isopropyl and 
fert-butyl, show a rate change from a gradual reduction 
for the first three to  a sudden dramatic increase for the 
last due to  a change in mechanism from s N 2  to  SN 1 .  
The isopropyl derivative in this series tends to  have 
some sN1 character within a spectrum of SNI-sN2 
mechanisms.' It has been shown that the isopropyl 
derivatives solvolyse by SN I through a carbocation 
intermediate or by SN2 through nucleophilic solvent 
assistance, depending on the solvent. ' c - e  


We have reported the application of cross-interaction 
constants, pi,: 


(1) 
where i and j denote the substituents in the nucleophile 
(X), substrate (Y) and leaving group ( Z ) ,  i, J = X, Y or 
Z, to the investigation of the mechanisms of organic 
reactions in solution.' We have shown that the intensity 
of interaction between substituents X and Z in the tran- 
sition state (TS), indicated by the magnitude of the 
cross-interaction constants 1 pxz 1 ,  varies inversely with 
the distance between the two reaction centres in the 


log(kij/kHH) = P i U i  f P j U j  f pijaioj 


nucleophile and leaving group, rxz (Scheme 1). I n  
addition, if the sign of pxz, defined by 


is positive a stronger nucleophile (6ux < 0) and a better 
leaving group (6uz > 0) lead to  an earlier TS with a 
lower degree of bond formation (6px > 0) and breaking 
(6pz < 0). Conversely if pxz is negative, a stronger 
nucleophile and a better leaving group lead to  a later 
TS. 


lraving Group 
P X Y  ~ /r P Y Z  


Nuclcophilc 
( @ x u ) ' . ,  ,' ( B Y 3  xy O Y  


Subslralc 


Scheme 1 
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In this paper, we report the results of kinetic studies 
on the nucleophilic substitution reactions of isopropyl 
arenesulphonates (IPA) with anilines (AN) and benzyl- 
amines (BA) in acetonitrile at 65.0 'C: 


MeCN 
2XRNHz + ( C H ~ ) ~ C H O S O Z C ~ H ~ Z  65,0*c+ 


R = C6H4 or CaH4CH2 
X = p-CH30, p-CH3, H or p-CI 
Z = p-CH3, H ,  p-C1 or p-NO2 


We discuss the TS structures based on the sign and 
magnitude of the cross-interaction constants PXZ. 


RESULTS AND DISCUSSION 


The second-order rate constants, k2, for the reactions 
of isopropyl arenesulphonates with anilines and benzyl- 
amines are summarized in Table 1. The rate sequence of 
methyl > ethyl > isopropyl is followed for aniline 
nucleophiles, which is consistent with direct displace- 
ment reactions (sN2) of the simple alkyl systems.' 


For the benzylamine nucleophile, the rates for ethyl 


Table I .  Second-order rate constants, k2 (lo4 lmol-' s-I), for reactions of Z-substituted isopropyl 
benzenesulphonates with X-substituted anilines and benzylamines in acetonitrile at 65 .O C 


Nucleophile X P-CHI H p-CI P-NOZ 


Aniline p-CHjO 0.802 1.13 2.51 9.88 
p-CH3 0.494 0.728 1-60 6-39 


H 0.269 0.41 1 0.902 3.54 
(7.47, 0.676)" 


p-CI 0.136 0.208 0.469 1.92 


Benzylamine p-CH3O 2.71 3.80 7.82 27.8 
P-CHI 1.88 2.74 5.56 20.5 


H 1.24 1.82 3-76 13.7 
(47.3, 1.48)' 


p-c1 0.758 1 . 1 1  2.28 8.45 


"The pairs in parentheses are for methyl and ethyl benzenesulphonates, respectively, under the same reaction 
conditions. 


Table 2. Hammett ( p x  and p ~ ) "  and Brensted ( O X b  and pZ') coeficients 


Nucleophile 2 PX P X  X P;r P/  


Benzylamine 


-1.53 
(0. 995)d 


(0.997) 


(0.996) 


(0.995) 


-1.46 


-1.45 


-1.42 


-1.09 
(0.994) 


(0.996) 


(0.996 


(0.997) 


-1.06 


-1.05 


-1.03 


0.56 
(0.994) 
0.53 


(0.996) 
0.52 


(0.995) 
0.51 


(0 * 994) 


0.98 
(0.998) 
0-97 


(0.998) 
0.96 


(0.999) 
0.96 


(0.998) 


P-CHIO 


P-CHJ 


H 


p-CI 


P-CHIO 


p-C H 1 


H 


p-CI 


1.17 


1.19 
(0.998) 
1.19 


(0.998) 
I .22 


(0.998) 


I .08 
(0.998) 
1-10 


(0.999) 
1 . 1 1  


(0.998) 
1.12 


(0.998) 


(0.997) 
-0.32 
(0.999) 


-0.32 
(0.998) 


(0.997) 


(0.997) 


-0.33 


- 0.33 


- 0.28 


-0.29 
(0.999) 


(0.999) 


(0.999) 


(0.999) 


- 0.29 


-0.29 


'The u values were taken from Ref. 5 .  
bThe pK, values were taken from Refs 6-8. 
'The pK, values are for methyl transfer. 


Correlation coefficients. 







SN FOR ISOPROPYL BENZENESULPHONATES 359 


and isopropyl are similar, the latter being slightly 
greater. This could be an indication that the reaction of 
the isopropyl derivative with benzylamine proceeds with 
some sN1 character. The rates are accelerated by a 
stronger nucleophile (X =p-CH3O) and by a better 
leaving group (Z = p-NOz), as expected from a normal 
s N ~  reaction. l a p b  


The Hammett ( p x  and pz)  and Brmsted coefficients 
(Px and P z )  are given in Table 2 and the cross- 
interaction constants ( p x z )  (and 0x2) in Table 3. I t  is 
noted that pxz and Pxz are positive so that a stronger 
nucleophile (X = p-CH3O) and a better leaving group 
(Z = p-NO2) lead to an earlier TS, i.e. both pz and I px I 
are smaller with a stronger nucleophile and a better 
leaving group, respectively; this is consistent with those 
predicted with a More O'Ferrall-Jencks diagram lo 


(Figure 1). 
Table 3 gives some pxz and PXZ values for com- 


parison. The magnitude of pxz and PXZ for the iso- 
propyl [equation (3)] derivatives is similar to that of the 
corresponding reactions of benzyl benzenesulphonates 
(first entry). This indicates that the reactions of both 
isopropyl and benzyl derivatives proceed via an S N ~  
mechanism with a loose TS in which bond breaking has 
progressed to a much greater extent compared with the 
relatively early stage of bond making. I '  Application of 
the modified Grunwald-Winstein equation: I *  


(4) 
to the solvolysis of isopropyl systems led Schadt er a/. I c  


to 1 values of 0.38-0.49, which is significantly greater 
than value of 0.0 expected for S N ~  reactions,I3 so that 
the solvolysis is considered to proceed by the SN2 
pathway. Since benzylamine is more basic, and hence is 
a stronger nucleophile, than aniline and ~ X Z  and PXZ are 


log(k/ko) = mY + M 


positive, we should expect a lesser degree of bond 
breaking with benzylamine, leading to a tighter TS with 
a greater &. This TS variation is also consistent with 
that predicted with a More O'Ferrall-Jencks diagram lo  


(Fig. 1). 


Keaclant(H) bond rormatim -* (A) 


~c~wIIosoIcdlrz (Clb~CNOS02CJGZ 
I 


I XRNlh XRN'lh 


Figure 1 .  More O'Ferrall-Jencks diagram showing TS vari- 
ations with substituent changes (R = C6H4 or C6H4CH2). A 
stronger nucleophile (0 - B and 0 -, A) and a better leaving 
group (0 -+ B and 0 -t D) lead to decreases in bond cleavage 


(0 -+ C) and bond formation (0 - E), respectively 


Table 3 .  Cross-interaction constants, PXZ and PXZ, for some nucleophilic substitution reactions 


Reaction 


~~ 


Tenyerat ure 
Solvent ( C) OX/ ax, 


MeOH 
MeOH 


MeOH 


30.0 
65.0 


65.0 


MeCN 
MeCN 
MeCN 
MeCN 
MeCN 
MeCN 


65-0 
65-0 
45.0 
45.0 
65.0 
65.0 


~ 


-0.10 
0.30 
(0.32)' 
0.33 
(0.34)' 
0.18 
0.19 
0.37d 
O.4Od 
0- loc 
0.06' 


-0.06 
0.18 


0 . 1 9  


0.26 
U.tsd 
0.21 
0.24d 
0.06' 
0.04' 


(0.20)< 


(0.21)' 


'The u values were taken from Ref. 5 .  
bThe pKa values of BAS were taken from Ref. 6 .  
'The values in parentheses are those in aceronitrile. 
dRef. 16. 
'This work. 







3 60 H. K. OH, Y. B. KWON AND 1. LEE 


The smaller p u  value observed for benzylamines in 
Table 3 is due to a fall-off factor of cu 1/2 by an extra 
intervening CH2 group l4 in the nucleophile, benzyl- 
amine, which is absent in PXZ. The magnitude of pxz 
and 8x2 in Table 2 is about one third of those for the 
S N ~  reactions with a tight TS (entries 2 and 3 in Table 
3), so that in the reaction of isopropyl derivatives the 
TS has a loose structure with significant S N ~  character 
within the spectrum of SNI-SN~ variation. This conclu- 
sion, based on the magnitude of pxz and PXZ, is consist- 
ent with the generally accepted SN mechanism for 
isopropyl derivatives. 


EXPERIMENTAL 


Materials. Analytical-reagent grade chemicals were 
used throughout; the substrates were prepared by the 
well known method I’ with Aldrich isopropyl alcohol 
and benzenesulphonates. The nucleophiles, aniline and 
benzylamines, were purchased from Tokyo Kasei and 
redistilled or recrystallized before use. Acetonitrile 
from Merck was purified by three distillations. 


The NMR spectral data for the synthesized substrates 
were as follows: isopropyl benzenesulphonate, liquid, 6 
1-25 (6H, d,  J = 6 - 3  Hz, 2CH3), 4.75 (IH, m, J = 6 - 3  
Hz, CH), 7.43-7.99 (5H, m, aromatic); isopropyl 
tosylate, liquid, 6 1.23 (6H, d,  J = 6 . 3  Hz, 2CH3), 
2.41 (3H, t, PhCH3), 4.70 ( lH,  m, J =  6.3 Hz, CH), 
7 27-7 * 8 1 (4H, m, aromatic); isopropyl p- 
chlorobenzenesulphonate, liquid, 6 1 a23 (6H, d, 
J = 6 . 3  Hz, 2CH3), 4-71 (lH, m, J = 6 . 3  Hz, CH), 
7.43-7.84 (4H, m, aromatic); ant isopropyl p- 
nitrobenezenesulphonate, m.p. 40-41 C,  6 1.33 (6H, 
d, J =  6.3 Hz, 2CH3), 4.89 (IH, m, J =  6.3 Hz, CH), 
8.06-8.52 (4H, m, aromatic). 


Product analysis. (CH3)2CHOS02C6H4CH3 (0.05 
mol) was reacted with aniline (0 -5  mol) and with ben- 
zylamine (0.5 mol) under the same reaction conditions 
as used in the kinetic measurements. The reaction pro- 
ducts were left for more than 2 days, after which the 
solvent was removed under low pressure. The salts were 
washed with diethyl ether and water and the anilides 
were separated by column chromatography. The 
analytical data were as follows: C&NHCH(CH3)2 
liquid, R ~ = 0 . 4 2 ,  6 1.21 (6H, d,  J =  6.3 Hz, 2CH3), 
3.18 ( lH,  broad, NH), 3.64 (lH, m, J =  6.3 Hz, CH), 
6.56-7.33 (5H, m, aromatic); C ~ H S C H ~ N H C H  
(CH3)2, liquid, RF = 0.43, 6 1.25 (6H, d,  J = 6-3  Hz, 
2CH3), 2.17 (2H, s, CHz), 4.03 ( lH,  broad, NH), 4.61 
( lH,  m, J = 6 . 3  Hz, CH), 6.89-7.63 (5H, m, 
aromatic); CsHsNHf - 0s02 C6H4CH3, m.p. 
226-228 OC, RF = 0*01,6 2.26 (3H, S, CH3), 4.92 (3H, 


broad, NH;), 6-93-7.56 (9H, m, aromatic). and 
C6HsCHtNHf - OS02CaH4CH3, m.p. 202-204 ‘C, 
&=0.02, 6 2.37 (3H, s, CH,), 3-45 (3H, broad, 
NHf), 4-35 (2H. S, CH2), 7.01-7-45 (9H, m, 
aromatic). 


Kinetic procedures. Reaction rates were followed by 
a conductimetric method and the rate constants were 
determined as described previously. l6 
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HYDROGEN BONDING. 31. CONSTRUCTION OF A SCA.LE OF 


BASICITY 
SOLUTE EFFECTIVE OR SUMMATION HYDROGEN-BOND 


MICHAEL H. ABRAHAM 
Department of Chemistry, University College London, 20 Gordon Street, London WClH OAJ, U K  


The f ly  scale of solute hydrogen-bond basicity, formulated from 1 : 1 hydrogen-bond complexation constants in 
tetrachloromethane, has been used to set up a scale of effective or summation hydrogen-bond basicity, appropriate 
for the situation in which a solute is surrounded by solvent molecules. The method is based on  the equation, 


l o g s f  = c + r R ~ + s r ? + a C a ? + b C & + v V x  
where S f  is, in this work, a set of solute water-solvent partition coefficients in a given system. The euplanatory 
variables are solute parameters as follows: Rz is an excess molar refraction, r? is the solute dipolarity/pol:wizability, 
C a y  and &T2 are the effective solute hydrogen-bond acidity and basicity and Vx is McCowan's ch:iracteristic 
volume. Various equations are established using @? in the equation, and then amended B? values are back-calculated 
and new EBB values obtained. It is found that for most solutes, the effective basicity CS? is invariant over the 
systems used to within an experimental error of around 0.03 units. About 350 CSF values obtained from two or 
more experimental l o g f  values are listed, together with values for homologous series and a numbei of singly 
determined values. For some specific solutes, such as  sulphoxides, alkylanilines and alkylpyridines, X& is not 
constant, and an additional solute basicity denoted as C@ is needed in order to  deal with partitions froin water to 
solvents that are partially miscible with water, such as isobutanol and octanol. Values of ESP, and where possible 
C&' also, are listed for 80 additional solutes. 


INTRODUCTION 


Some years ago, Maria, Gal and co-workers' carried 
out an analysis of various kinds of basicity-dependent 
properties (BDPs). They showed that any two given 
BDPs will be linear, i.e. will show family-independent 
characteristics, if the two reference acids used to define 
the BDPs give rise to similar electrostatic-to-covalent 
ratios in the two sets of BDPs. The relative 
electrostatic-to-covalent ratio is given by an angle, 8, 
defined as tan-'(Sz/Sl), where SZ and S1 are the coeffi- 
cients of the base properties FZ and FI in the multiple 
linear regression equation (1). The FZ and FI par- 
ameters that characterize given bases were obtained by 
principal components analysis, and are listed in 
Table 1. 


BDP = BDPo -k SiFi f SZFz (1) 


In the event, different BDPs gave rise to different 8 
values, so that no general scale of basicity can exist. 
Even for a restricted type of basicity, that of solute 
hydrogen-bond basicity, different (3 values were shown 
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Table 1 .  The Maria-Gal F, and I . ;  values 


Compound 


Nitrobenzene 
Acetonitrile 
Diethyl carbonate 
Ethyl acetate 
Propanone 
Cyclohexanone 
Diethyl ether 
Tr imethylphosphate 
Tetrahydrofuran 
2,6-Dimethylpyr id i ne 
2,4,6-Trimethylpyridine 
0 imethyl su 1 fox ide 
Tetramethylurea 
N,N-Dimethylani 1 ine 
Dimethylforrnamide 
Dimethylacetamide 
N-Methylpyrrolidinone 
HMPT 
Pyridine 
4 -Met hy 1 pyr id i ne 
Tr i ethy lami ne 


F1 F2 


-0.89 0 . 0 1  
-0.57 -0.04 
-0.52 -0.02 
-11.44 -0.02 
-0 .37 -0.02 
-0.34 0.01 
-0.29 -0 .11 
-0.08 0.24 
-0.21 -0.04 
11.47 -0 .10  
11.53 -0.07 
0.15 0.20 
0.20 0.11 
0.11 -0.40 
0.05 0.12 
11.18 0.15 
0 .15  0.16 
1.48 0.38 
1.42 -0.08 
3.49 -0.05 
3.85 -0.26 
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to arise from different reference acids, so that no 
completely general scale of solute hydrogen-bond 
basicity can exist.2 Some values of 0 obtained2 by the 
Maria-Gal procedure are given in Tableo2. It seemed 
that within a range of 0 of around 64-73 , however, it 
should be possible to establish a 'reasonably general' 
scale of solute hydrogen-bond basicity based on 1 : 1 
complexation constants in tetrachloromethane, 
equation (2): 


A-H + B * A-H...B (2) 


Such a scale was later established by Abraham et al. 
who showed that lo& values for bases against 34 refer- 
ence acids in tetrachloromethane could be assembled 
as a set of 34 linear equations (3), where LA and DA 
characterize the particular acid and IogK f characterizes 
the various bases: 


10gK = L~logKf  + DA (3) 


Then logKf defines a solute hydrogen-bond basicity 
scale over a range of reference acids giving rise to 6 
values between 64 and 73". This range of 6 could be 


Table 2. Values of 0 for some reference acids in 
tetrachloromethanea 


Reference Acid BP 


Diphenyhiine 


Tric hlorome thane 


5-Fluoroindole 


Methanol 


Maleiniide 


4-Fluorophenol 


Water 


Phenol 


Ethanol 


Butan-1-01 


86 


78 


77 


73 


70 


70 


69 


67 


67 


65 


a From ref.2. 


extended up to at least 86', provided that bases such as 
ethers, aliphatic amines and pyridines were excluded. A 
very significant finding was that all the equations (3) 
intersected at a 'magic point' where logKB = -1.1,  so 
that a natural origin or zero point could be established. 
For convenience, the zero point was shifted to zero, 
rather than -1 * 1, and the scale compressed somewhat, 
by the definition3 of a solute hydrogen-bond basicity 
scale, 


p? = (logKf + 1.1)/4.636 (4) 
scale, derived from 1 : 1 complexation con- 


stants, is the most general solute hydrogen-bond 
basicity scale in current use, especially now that it has 
been extended through the recent work of Laurence and 
c o - ~ o r k e r s ~ - ~  A separate issue, however, is the estab- 
lishment of a pz scale that would reflect the hydrogen- 
bond basicity of a solute when surrounded by a large 
excess of solvent molecules, rather than the basicity of 
a solute towards a single hydrogen-bond acid. Such an 
'effective' or 'overall' hydrogen-bond basicity scale is 
required for use as a solute descriptor in linear solvation 
energy relationships (LSERs) and in quantitative struc- 
ture activity relationships (QSARs). Since the pz" solute 
scale is the most general one in use, it seemed useful to 
start with the simple 02" scale as a basis. 


Two equations that can be used' as LSERs and 
QSARs are equations ( 5 )  and (6), where SP is some 
solute property for a series of solutes in a given system. 
The solute descriptors are R2 an excess molar 
refraction,' ?r? the solute dipolarity/p~larizability,~ 
Ca? the effective solute hydrogen-bond acidity,' Cp? 
the effective solute hydrogen-bond basicity, logL 1 6 ,  


where L l6 is the gas-hexadecane partition coefficient, lo 


and Vx the solute characteristic volume of Abraham 
and McGowan." Equation ( 5 )  is the more useful for 
the correlation of gas-condensed phase processes and 
equation (6) for processes within condensed phases. 


logSP = c + rR2 + slr? + a&? + b C P r  + flogL16 ( 5 )  


logSP = c + rR2 + s?r? + aCa? + bCp? + Vx (6)  
The R2 ,descriptor is obtained from refractive index 


measurements, or can readily be estimated, np and 
logLI6 have been determined for over 1000 solutes and 
Vx can simply be calculated from molecular structure. 
The units of Vx in this paper are (cm3 mol-')/100. For 
the very large number of solutes that have zero 
hydrogen-bond acidity, the only unknown descriptor is 
Cp?, and if we restrict discussion (at present) to solutes 
for which Cay," is zero, or to simple monoacidic solutes 
for which we can use a? as an estimate for Ca?,  then 
equations ( 5 )  and (6) can be used to obtain C p p  values. 
The procedure is to set up equations for various pro- 
cesses using p? as a trial descriptor. Back-calculation 
will yield Cop values that either agree with the original 
trial values or can be used as new estimates. Further 
equations can be set up, and the process repeated until 


This 
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a self-consistent set of equations and ED? values is 
obtained. In the event, it turns out that for a wide 
variety of monofunctional solutes, either CpP is ident- 
ical with p r ,  or differs only marginally from p?. Some 
general values are given in Table 3,  and several hundred 
Cp? values derived from flr can be used t o  construct 
equations ( 5 )  and (6) from which further Cf lp  values 
can be obtained. 


A process to which equation (5) can be applied is that 
of gas-liquid chromatography (GLC). Although com- 
mercial GLC stationary phases are non-acidic (and 
therefore lead to regression equations that d o  not 


include the bp? term at  all), a few acidic phases are 
available. However, little use was made of GLC data on 
such phases, except as a check on the relationship 
between Cfl? and fl? for simple soliites (cf. Table 3). 
The main equations used in this work are, with one 
exception, derived from water-solvent partition coeffi- 
cients. These can be fitted to  equations of type (6), 
where SP is P ,  the water-solvent partition coefficient 
for a series of solutes in a given system. Such equations 
offer considerable advantages over, e.g., equation ( 5 )  as 
applied to GLC data. First, logP values are available 
for a wide variety of solutes in various solvent systems. 


Table 3.  Comparison of Cp," and for some monofunctional bases 


Solute base CPi' Pi' 


Rare gas 


Alkane 


Alk-1-ene 


Di-n-alkyl ether 


n-Alkanal 


Alkan-2-one 


n-Alkyl forniate 


n-Alkyl acetate 


n-Alkyl propanoate 


Alkan-1-01 


Di-n-alkylamine 


D1-n-alkyl sulphide 


Benzene 


n-Alkylbenzene 


Naphthalene 


Anthracene 


Fluorobenzene 


Chlorobenzene 


Bromobenzene 


Benzaldehyde 


Acetophenone 


Thiophene 


Dibenzothiophene 


0.00 


0.00 
0.07 


0.45 


0.45 
0.5 1 


0.38 


0.45 


0.45 


0.48 


0.69 


0.32 
0.14 


0.15 


0.20 


0.26 


0.10 


0.07 
0.09 


0.39 


0.48 


0.15 


0.18 


0.00 
0.00 


0.07 
0.45 


0.40 


0.48 
0.38 


0.45 


0.45 


0.45 
0.70 


0.29 


0.14 


0.15 


0.21 
0.25 


0.10 


0.09 


0.09 


0.42 


0.5 1 


0.16 


0.18 
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Second, since Vx can be calculated from molecular 
structure, equation (6) contains one less descriptor that 
requires experimental determination. Third, there is 
little restriction as to solute type. Finally, the regression 
equations constructed are good enough to back- 
calculate C@F with reasonable accuracy. The only 
exception, above, to the IogP equations, is an 
equation in gas-water partition coefficients, this 
process being selected because, unlike all other gas- 
solvent partition coefficients, regression equation 
(6)  is applicable. 


RESULTS AND DISCUSSION 
Most of the logP values used in this work were from 
the Pomona MedChem project, or from the compi- 
lations of Taylor and co-workers I3,l4 and of Testa 
and co-workers. 15-17 The logP values for water-hex- 
adecane partitions were from Abraham et al.," as 
were also water-olive oil values, the latter at 310 
rather than at 298K. In a number of cases, 
water-solvent partition coefficients for rare gases and 
the lower alkanes were calculated from the corre- 
sponding gas-water and gas-solvent partitions. This 
is an important source of water-solvent partition 
coefficients, for mutually immiscible systems, in that 


the range of solutes studied is considerably increased. 
Gas-water partition coefficients were from a variety 
of compilations. ''-*' 


Details of the regression equations obtained using 
@? or modified @? values as ED? are given in 
Table 4. Although these equations include a reason- 
able number of solutes, they are not to be regarded as 
definitive equations for the correlation and prediction 
of logP values, but only as defining equations for the 
calculation of further Cop values. A more detailed 
analysis of the equations summarized in Table 4 will 
be given elsewhere; suffice it to say that the various 
coefficients all make general chemical sense. Note that 
to aid comparison, the final set of coefficients is for 
transfer from water to the gas phase. Also given in 
Table4 are n, the number of solutes, p,  the correla- 
tion coefficient, and sd, the overall standard devi- 
ation in logP. The last term is useful not only as a 
measure of goodness-of-fit, but also as an aid to esti- 
mation of the probable error in any back-calculated 


value. This error will be given by sd divided by 
the coefficient of the descriptor, i.e. sd/b. Inspection 
of Table4 shows that for most regressions, the value 
of sd/b is around 0.03 units, and this can be taken as 
a generally expected error in any calculated Efi? 
value. As an example of a fuller analysis than those 
given in Table4, details for the water-benzene 


Table 4. Details of regression equations for water-solvent partition coefficients, based on equation (6) 


Solvent No C r S a b V n P sd 


Isobutanol 


octanol 


n-Butyl acetate 


Diethyl ether 


PGDP 


Nimbenzene 


Chlorobenzene 


Benzene 


Toluene 


Olive Oil 


Chloroform 


Tetrachlorornethane 


Cyclohexane 


Alkane 


Hexadecane 


Gas phase 


1 0.249 


2 0.081 


3 -0.468 


4 0.462 


5 0.287 


6 -0.181 


7 0.046 


8 0.017 


9 0.015 


10 -0.086 


11 0.125 


12 0.223 


13 0.124 


14 0.281 


15 0.103 


16 1 .GO3 


0.480 


0.585 


0.7 12 


0.57 1 


0.338 


0.576 


0.259 


0.490 


0.594 


0.575 


0.118 


0.564 


0.844 


0.647 


0.686 


-0.630 


-0.639 


-1.090 


-0.397 


-1.035 


-0.638 


0.003 


-0.466 


-0.604 


-0.781 


-0.861 


-0.372 


-1.151 


-1.800 


-1.687 


- 1.624 


-2.496 


-0.050 


0.033 


0.010 


-0.024 


-0.908 


-2.356 


-3.047 


-3.013 


-2.918 


-1.447 


-3.390 


-3.510 


-3.727 


-3.520 


-3.566 


-3.901 


-2.284 


-3.401 


-3.743 


-5,508 


-5.038 


-4.420 


-4.819 


-4.628 


-4.571 


-4.945 


-3.467 


-4.536 


-4.923 


-4.848 


-4.880 


-4.843 


2.758 


3.810 


3.865 


4.346 


4.093 


4.263 


4.660 


4.587 


4.533 


4.295 


4.521 


4.501 


4.692 


4.326 


4.444 


0.852 


35 


584 


47 


84 


56 


84 


93 


112 


87 


111 


112 


111 


152 


173 


366 


353 


0.9903 


0.9965 


0.9892 


0.9897 


0.9909 


0.99 13 


0.9973 


0.9953 


0.9957 


0.9972 


0.9972 


0.9980 


0.9955 


0.9982 


0.9983 


0.9967 


0.119 


0.133 


0.152 


0.195 


0.175 


0.172 


0.115 


0.119 


0.114 


0.129 


0.112 


0.102 


0.155 


0.120 


0.123 


0.160 
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system are given below, with the standard deviation 
in the coefficients, and also the Fisher F-statistic 
listed: 


logP = (0.017 2 0.036) + (0.490 * 0.047)Rz 
-(0*604 2 0.055)np - (3.013 If: 0.048) 
x Cay - (4.628 ? 0*074)CfiP 
+ (4.587 * 0.074) Vx 


n =  112; p=0.9953; sd=0*119; F=2239 


The correlation matrix for the 112 solutes in this 
regression is 


H Rz *2 cap CPz” 
H K2 0-822 


Cap 0.463 0.498 


vx 0.521 0.627 0.223 0.539 


where the only significant cross-correlation is that 
between R2 and *p ( p  = 0.822, p z  = 0.676). Details for 
the other regressions in Table4 are similar to those 
given above for the water-benzene system. 


It is the difficulty of obtaining sufficiently low sd/b 
values that, so far, has prevented any large-scale use of 
regression equations based on GLC data. Thus, for 
gas-liquid partition coefficients on the acidic phase 
bis(3-allyl-4-hydroxyphenyl)sulphone, 


Cfip 0.005 0.181 - 0.035 


ABRAHAM 


logL(394K)= -0*57-0*51&+ 1 . 3 2 ~ y  
+ 1.27Cap + 1-46Cfip + 0 . W  l0gLl6 (7) 


n = 58; p = 0.9940; sd := 0.069 


+ 0.81E:ap + 1 -29Cfip 
logL(449K)= -0.75 +0.17&+ 1 . 1 6 ~ p  


+ 0.332 logLI6 (8) 
n = 54; p = 0.9738; sd -= 0.134 


Even the better equation (7) leads to an sd/b ratio of 
0.047, significantly larger than the general value of 
0.03 found for the water-solvent partitions. 


Solutes with a constantCB? value 
Before any detailed examination of C a p  values, it is 
important to establish whether or no: the calculated 
Cfi? values are, indeed, constant over tqe systems listed 
in Table4. This is especially relevant since Leahy et 
al.*’ found that for the water-solvent systems, with 
octanol, chloroform, alkane and p *opylene glycol 
dipelargonate (PGDP), there are a number of specific 
solutes for which fi2 seems to vary with system. 
Although the LSER equation used bj Leahy et ~ 1 . ’ ~  
was not the same as equation (6), this is such an 
important finding that it must be rigorously checked. 


In the event, it is found that for a very large variety 


Table 5 .  Examples of the calculation of Coy for various solutes 
~~~ 


System Et,O MeCOMe Et,NH EtOH MeC0,H C,H, PhCHO PhCONH, PhNHCOMe PhOH PhC0,H PhS0,Mc 


lsobutanol 


Ocranol 


n-Bury1 acetate 


Diethyl ether 


PGDP 


Niuobenzenc 


Benzene 


Toluene 


Chloroform 


Tetrachloromethane 


Cyclohexane 


Alkane 


Hexadecane 


Gas phase 


Average: 


sd: 


0.505 0.519 


0.436 0.440 


0.485 


0.458 


0.424 0.507 


0.485 


0.503 0.486 


0.488 


0.432 0.506 


0.443 0.463 


0.457 0.484 


0.037 0.024 


0.707 0.577 


0.647 0.526 


0.685 0.490 


0.487 


0.698 0.477 


0.706 0.500 


0.696 0.464 


0.687 0.472 


0.686 0.446 


0.675 0.508 


0.702 0.500 


0.721 0.498 


0.496 


0.437 


0.421 


0.406 


0.464 


0.414 


0.423 


0.447 


0.434 


0.474 


0.469 


0.442 


0.137 


0.145 


0.166 


0.127 


0.1 18 


0.120 


0.124 


0.139 


0.1 17 


0.692 0.495 0.444 0.133 


0.019 0.033 0.027 0.016 


0.392 0.627 0.641 


0.354 0.710 0.685 


0.383 0.707 0.673 


0.371 0.711 


0.486 0.676 0.666 


0.714 


0.403 0.593 0.61 1 


0.385 0.659 0.700 


0.373 


0.348 0.690 


0.388 0.675 0.667 


0.040 0.045 0.03 1 


0.321 


0.313 


0.311 


0.287 


0.289 


0.272 


0.293 


0.283 


0.331 


0.285 


0.304 


0.323 


0.298 


0.301 


0.018 


0.360 0.745 


0.366 


0.380 


0.414 0.727 


0.458 


0.413 


0.443 0.819 


0.429 


0.436 0.739 


0.392 0.764 


0.775 


0.384 


0.407 0.762 


0.033 0.033 
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of solutes Cpz” is constant over the systems studied; 
some examples are given in Table 5. To within an error 
of around 0-03  units, the Cp? values for solutes 
ranging from diethyl ether to acetanilide and methyl 
phenyl sulphone are independent of the solvent system. 
For the more volatile compounds that can be examined 
by GLC, this is true also for a variety of gas-stationary 
phase processes. It is therefore technically possible to  
use the p p  scale as a basis for the construction of a 
fairly general CpF  scale for the effective hydrogen- 
bond basicity of solutes. It is important t o  note, how- 
ever, that even if Cp? is constant for a set of  solutes in 
various solvent systems, this does not imply that the 
absolute basicity of the solutes remains the same. All 
that can be said is that the relative basicity of the solutes 
in the series remains constant. 


A selection of C o p  values is given in Table 6 ,  
together with the number of systems used to  obtain the 
average CpF value, and the sd in the average value. For 
the 353 solutes for which C o p  is the average of two or 
more determinations, sd averages as exactly 0-03 units, 
again confirming our analysis based on sb/b ratios. For 
many homologous series Cpz” is constant, and rather 
than set out the individual values, the series C p p  value 
is given in Table 7. The only homologous series for 
which results are rather scattered is that of the alk-l- 
ynes, and details of the calculation of Cpz” are given 
separately in Table 8. Further results would be an 
advantage here, especially to check the very disparate 
values for ethyne itself. In addition, results for the alkyl 
formates are consistently different as between solvent 
system 2 and systems 15 and 16, and values for some 
polyaromatic hydrocarbons are very low in the 
water-gas system. Further resuIts are needed here also. 


There has been only one previous calculation of Cp 
values on these lines. Leahy et used the LSER 
equation (9) to  back-calculate Cp values from results in 
four water-solvent systems, viz. 2, 5 ,  11 and 14. 
Because the other descriptors in equation (9) differ from 
those in equation (6), there is no reason why the C p  par- 
ameter of Leahy er d. should correlate with the Cp? 
parameter in equation (6). 


(9) 


where p is the solute dipole moment, Ca is the solute 
hydrogen-bond acidity, C p  is the solute hydrogen-bond 
basicity, n p  is a correction term where n is number of 
lone pairs in the solute after the first and VI is the solute 
intrinsic volume. For 31 common solutes where no < 2, 
there is a reasonable connection between CpF and Cp, 
equation (10). As might be expected, for solutes with a 
large correction term, n p  > 2, then C p  is always smaller 
than calculated from C p F ,  


Cp,” = 0.090 + 0.23OCp 


n = 3 1 ;  p = 0 * 9 6 8 ;  ~ d = 0 * 0 5 6  


logP = c + sp2 + aCa + bCP + n p  + UVI 


(10) 


The Cop  values for the aliphatic compounds in Table 
6 give rise to no great surprises, and as can be seen from 
Table 7 lead to  fairly constant values along homologous 
series. Chain branching in the alkylamines, the 
dialkylarnines, the alkanoic acids and probably also the 
dialkyl sulphides results in an increase in ED?, but the 
effect is not large. Steric effects that might result in a 
decrease in CpF seem either to be largely absent or 
masked by other effects. Thus, along the series diethyl 
ether, di-n-propyl ether and di-n-butyl ether, C o p  is 
constant, and only with diisopropyl ether is there a 
reduction in Cp? from 0.45 to  0.41 units. 


The aromatic compounds are more interesting. For 
monofunctional compounds with deactivating groups, 
CpF is about the same as pz” (see Table 3) or, in the 
case of nitrobenzene and benzonitrile, slightly lower. 
However, for compounds with activating groups, C p p  
is larger than 62, no doubt because the benzene ring 
also acts as a hydrogen-bond site when the solute is sur- 
rounded by an excess of solvent molecules. Some 
examples are given in Table 9. Leahy et u I . ~ ~  noted a 
similar effect in their LSER analysis of IogP values, 
although their analysis suggest a greater ‘ring’ effect 
than is indicated by the values in Table 9. 


It would be very useful to  devise a set of rules for the 
prediction of C p p  for difunctional and polyfunctional 
aromatic compounds, but the situation seems too 
complicated. Some progress can be made by isolating 
groups of substituents. Thus, the simple addition of a 
methyl substituent has virtually no effect on  Cp?, and 
within the experimental error of 0-03 units, all 2-, 3- 
and 4-methyl derivatives have the same Cop value as 
the parent compound. However, this is not necessarily 
SO for dimethyl or polymethyl derivatives (see values for 
the phenols in Table 6). 


For disubstituted compounds in general, it is not 
possible to obtain by simple summation of ‘substi- 
tuent’ values, because the aromatic ring itself can act as 
a substituent in some cases. With two deactivating 
substituents, this is not the case, but even here, as with 
halo derivatives of benzaldehyde, acetophenone, ben- 
zonitrile and nitrobenzene, simple summation is not 
appropriate. In such cases, the halides can deactivate 
the basic substituent group through an inductive effect, 
but can also activate the group via a push-pull 
mechanism (Scheme 1). In the event, 4-halo derivatives 


H, / o  


b CI 


Scheme 1 
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Table 6. Values of ED? for solutes of non-varying relative basicity 


Solute 


Adamantane 
1,3-8utadiene 
2-Methylbuta-lI3-diene 
2,3-Dimethylbuta-lI3-diene 
Cyclohexa-lI3-diene 
Cyclohexa-lI4-diene 
Cycloocta-l15-diene 
Cyclohepta-lI3,5-triene 
Tetrafluoromethane 
Dichloromethane 
Trichloromethane 
Tetrachloromethane 
1,l-Dichloroethane 
1,2-Dichloroethane 
l,l,l,-Trichloroethane 
1,lI2-Trichloroethane 
1,1,2,2-Tetrachloroethane 
1,1,1,2-Tetrachloroethane 
Pentachloroethane 
Hexachloroethane 
1-Chloropropane 
2-Chloropropane 
lI2-Dichloropropane 
lI3-Dichloropropane 
1-Chlorobutane 
1-Chloro-2-methylpropane 
2-Chlorobutane 
2-Chloro-2-methylpropane 
lI4-Dichlorobutane 
1,l-Dichloroethene 
cis-1,2-Dichloroethene 
trans-1,2-Dichloroethene 
Trichloroethene 
Tetrachloroethene 
1-Chloroprop-2-ene 
Bromomethane 
Dibromomethane 
Tribromomethane 
Bromoethane 
lI2-Dibromoethane 
1-Bromopropane 
2-Bromopropane 
1-Bromobutane 
1-Bromo-2-methylpropane 
2-Bromo-2-methylpropane 
Bromocyclohexane 
Diiodomethane 
Iodoethane 
1-Iodopropane 
Halothane 
Te f lurane 
Dimethylether 
Diethyl ether 
Di-n-propylether 


0.667 
0.320 
0.313 
0.352 
0.515 
0.501 
0.603 
0.764 
-0.280 
0.387 
0.425 
0.458 
0.322 
0.416 
0.369 
0.499 
0.595 
0.542 
0.648 
0.680 
0.216 
0.177 
0.371 
0.408 
0.210 
0.191 
0.189 
0.142 
0.413 
0.362 
0.436 
0.425 
0.524 
0.639 
0.327 
0.399 
0.714 
0.974 
0.366 
0.747 
0.366 
0.332 
0.360 
0.337 
0.305 
0.615 
1.453 
0.640 
0.634 
0.102 
-0.070 
0.000 
0.041 
0.008 


0.66 
0.23 
0.23 
0.23 
0.30 
0.35 
0.36 
0.46 
-0.20 
0.57 
0.49 
0.38 
0.49 
0.64 
0.41 
0.68 
0.76 
0.63 
0.66 
0.22 
0.40 
0.35 
0.60 
0.74 
0.40 
0.37 
0.35 
0.25 
0.95 
0.34 
0.61 
0.41 
0.40 
0.28 
0.56 
0.43 
0.67 
0.68 
0.40 
0.76 
0.40 
0.35 
0.40 
0.37 
0.25 
0.54 
0.69 
0.40 
0.40 
0.38 
0.21 
0.27 
0.25 
0.25 


0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.10 
0.15 
0.00 
0.10 
0.10 


0.13 
0.16 
0.10 
0.17 
0.00 
0.00 
0.00 
0.10 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.11 
0.09 
0.08 
0.00 
0.00 
0.00 
0.10 
0.15 
0.00 
0.10 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.05 
0.00 
0.00 
0.15 
0.20 
0.00 
0.00 
0.00 


0.00 


no 


1 
4 
3 
2 
1 
1 
1 
3 
3 
4 
5 
4 
3 
4 
3 
3 
3 
3 
3 
1 
4 
3 
3 
3 
3 
1 
3 
4 
2 
3 
3 
3 
4 
3 
2 
3 
2 
3 
4 
3 
3 
3 
3 
3 
4 
1 
1 
6 
3 
3 
3 
2 
6 
3 


avg 


0.020 
0.085 
0.097 
0.152 
0.137 
0.169 
0.246 
0.192 
0.004 
0.065 
0.040 
0.037 
0.080 
0.129 
0.090 
0.129 
0.143 
0.086 
0.047 
0.107 
0.106 
0.142 
0.127 
0.174 
0 - 096 
0.125 
0.122 
0.071 
0.167 
0.030 
0.021 
0.056 
0.036 
-0.016 
0.080 
0.107 
0.082 
0.063 
0.137 
0.158 
0.139 
0.164 
0.129 
0.133 
0.105 
0.157 
0.231 
0.134 
0.134 
0.047 
0.022 
0.385 
0.457 
0.445 


sd taken 


0.02 
0.025 0.10 
0.021 0.10 
0.022 0.14 


0.14 
0.17 
0.20 


o.oc12 0.20 
0.0615 0.00 
0.0;!2 0.05 
0.012 0.02 
0.043 0.00 
0.025 0.10 
0.028 0.11 
O . O i 0  0.09 
0.054 0.13 
0.024 0.12 
0.032 0.08 
0.048 0.06 


0.06 
0.030 0.10 
0.023 0.12 
0.040 0.11 
0.028 0.17 
0.047 0.10 


0.12 
0.026 0.12 
0.057 0.12 
0.001 0.17 
0.020 0.05 
0.00% 0.05 
0.039 0.05 
0.036 0.03 
0.053 0.00 
0.013 0.05 
0.026 0.10 
0.013 0.10 
0.005 0.06 
0.023 0.12 
0.063 0.17 
0.021) 0.12 
0.021 0.14 
0.033 0.12 
0.030 0.12 
0.063 0.12 


0.16 
0.23 


0.01!1 0.15 
O.OO!) 0.15 
0.025 0.05 
0.041 0.02 
0.0 3'7 0.4 1 
0.03:' 0.45 
0.03:. 0.45 
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Table 6. (Continued) 


667 


Solute 


Di-isopropylether 
Di-n-butylether 
Methoxyflurane 
Isoflurane 
Enf lurane 
Fluroxene 
Tetrahydrofuran 
2-Methyltetrahydrofuran 
2,5-Dimethyltetrahydrofuran 
Tetrahydropyran 
1,4-Dioxane 
Formaldehyde 
Acetaldehyde 
Propionaldehyde 
Butyraldehyde 
Isobutyrafdehyde 
Pentanal 
Crotonal 
trans-Hex-2-en-1-a1 
trans-Oct-2-en-1-a1 
Propanone 
Butanone 
Pentan-2-one 
Hexan-2-one 
Hexan-3-one 
Heptan-2-one 
Cyclopentanone 
Cyclohexanone 
Hex-5-ene-2-one 
y-Butyrolactone 
Methyl formate 
Ethyl formate 
n-Propyl formate 
Isopropyl formate 
Isobutyl formate 
Isopentyl formate 
Methyl acetate 
Ethyl acetate 
n-Propyl acetate 
Isopropyl acetate 
n-Butyl acetate 
n-Pentyl acetate 
Methyl propanoate 
Ethyl propanoate 
Methyl butanoate 
Ethyl butanoate 
Methyl pentanoate 
Ethyl pentanoate 
Methyl hexanoate 
Ethyl hexanoate 
Acetonitrile 
Proprionitrile 
1-Cyanopropane 


0.000 
0.000 
0.109 
-0.240 
-0.230 
0.183 
0.289 
0.241 
0.204 
0.275 
0.329 
0.220 
0.208 
0.196 
0.187 
0.144 
0.163 
0.387 
0.404 
0.441 
0.179 
0.166 
0.143 
0.136 
0.136 
0.123 
0.373 
0.403 
0.280 
0.366 
0.192 
0.146 
0.132 
0.091 
0.095 
0.092 
0.142 
0.106 
0.092 
0.055 
0.071 
0.067 
0.128 
0.087 
0.106 
0.068 
0.108 
0.049 
0.080 
0.043 
0.237 
0.162 
0.188 


0.19 
0.25 
0.67 
0.50 
0.40 
0.30 
0.52 
0.48 
0.38 
0.47 
0.75 
0.70 
0.67 
0.65 
0.65 
0.62 
0.65 
0.80 
0.80 
0.80 
0.70 
0.70 
0.68 
0.68 
0.66 
0.68 
0.86 
0.86 
0.75 
1.74 
0.68 
0.66 
0.63 
0.60 
0.60 
0.60 
0.64 
0.62 
0.60 
0.57 
0.60 
0.60 
0.60 
0.58 
0.60 
0.58 
0.60 
0.58 
0.60 
0.58 
0.90 
0.90 
0.90 


0.00 
0.00 
0.07 
0.10 
0.12 
0.00 
0.00 
0.00 
0 . 0 0  
0 . 0 0  
0 . 0 0  
0 . 0 0  
0 . 0 0  
0 . 0 0  
0 . 0 0  
0 .00  
0 . 0 0  
0.00 
0.00 
0.00 
0.04 
0.00 
0.00 
0.00 
0 . 0 0  
0 . 0 0  
0 . 0 0  
0 . 0 0  
0 . 0 0  
0 . 0 0  
0 . 0 0  
0 . 0 0  
0 . 0 0  
0 . 0 0  
0 . 0 0  
0.00 
0 . 0 0  
0 . 0 0  
0 . 0 0  
0 . 0 0  
0 . 0 0  
0 . 0 0  
0 . 0 0  
0 . 0 0  
0 . 0 0  
0 . 0 0  
0 . 0 0  
0.00 
0.00 
0.00 
0.07 
0.02 
0.00 


2 
3 
4 
3 
2 
4 
3 
2 
3 
3 
4 
2 
2 
2 
2 
2 
2 
2 
1 
1 
10 
9 
8 
8 
1 
8 
4 
3 
1 
1 
3 
3 
3 
3 
3 
2 


11 
12 
9 
3 
9 
9 
8 
3 
3 
3 
8 
3 
8 
2 
6 
3 
3 


0.406 
0.436 
0.136 
0.095 
0.127 
0.272 
0.481 
0.533 
0.578 
0.538 
0.649 
0.305 
0.454 
0.469 
0.459 
0.440 
0.452 
0.500 
0.438 
0.451 
0.484 
0.508 
0.506 
0.504 
0.474 
0.494 
0.512 
0.562 
0.574 
0.451 
0.392 
0.388 
0.399 
0.400 
0.425 
0.398 
0.441 
0.452 
0.455 
0.510 
0.450 
0.456 
0.433 
0.475 
0.470 
0.477 
0.442 
0.487 
0.461 
0.476 
0.319 
0.365 
0.384 


sd taken 


0.054 
0.012 
0.018 
0.060 
0.015 
0.056 
0.053 
0.042 
0.010 
0.039 
0.036 
0.033 
0.024 
0.008 
0.012 
0.021 
0.003 
0.003 


0.024 
0.011 
0.013 
0.008 


0.008 
0.030 
0.040 


0.053 
0,049 
0.037 
0.105 
0.063 
0.012 
0.033 
0.023 
0.024 
0.043 
0.018 
0.020 
0.019 
0.017 
0.003 
0.021 
0.014 
0.006 
0.024 
0.006 
0.028 
0.027 
0.010 


0.41 
0.45 
0.14 
0.10 
0.13 
0.27 
0.48 
0.53 
0.58 
0.55 
0.64 
0.33 
0.45 
0.45 
0.45 
0.45 
0.45 
0.50 
0.45 
0.45 
0.49 
0.51 
0.51 
0.51 
0.51 
0.51 
0.52 
0.56 
0.57 
0.45 
0.38 
0.38 
0.38 
0.40 
0.40 
0.40 
0.45 
0.45 
0.45 
0.47 
0.45 
0.45 
0.45 
0.45 
0.45 
0.45 
0.45 
0.45 
0.45 
0.45 
0.32 
0.36 
0.36 


continued 
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Table 6 .  (Continued) 


Solute 


1-Cyanobutane 
Ammonia 
Methylamine 
Ethylamine 
n-Propylamine 
Isopropylamine 
n-Butylamine 
Isobutylamine 
s-Butylamine 
t-Butylamine 
n-Pentylamine 
n-Hexylamine 
n-Heptylamine 
n-Octylamine 
Cyclohexylamine 
Allylamine 
Dimethylamine 
Diethylamine 
Di-n-propylamine 
Di-isopropylamine 
Di-n-butylamine 
Di-isobutylamine 
Trimethylamine 
Triethylamine 
N-Me-N'-Pr-cyanoguanidine 
Nitromethane 
Nitroethane 
1-Nitropropane 
2-Nitropropane 
1-Nitrobutane 
2-Methyl-2-nitropropane 
1-Nitropentane 
Formamide 
Acetamide 
Propanamide 
Butanamide 
Isobutanamide 
N-Methylformamide 
N-Methylacetamide 
N-Butylacetamide 
N,N-Dimethylformamide 
N,N-Dimethylacetamide 
N,N-Diethylacetamide 
N,N-Dimethylpropionamide 
Formic acid 
Acetic acid 
Propanoic acid 
Butanoic acid 
2-Methylpropanoic acid 
Pentamic acid 
2-Methylbutanoic acid 
3-Methylbutanoic acid 
Hexanoic acid 
2-Methylpentanoic acid 


0.177 
0.139 
0.250 
0.236 
0.225 
0.181 
0.224 
0.198 
0.170 
0.121 
0.211 
0.197 
0.197 
0.187 
0.326 
0.350 
0.189 
0.154 
0.124 
0.053 
0.107 
0.046 
0.140 
0.101 
0.600 
0.313 
0.270 
0.242 
0.216 
0.227 
0.200 
0.212 
0.468 
0.460 
0.440 
0.420 
0.400 
0.405 
0.400 
0.360 
0.367 
0.363 
0.296 
0.340 
0.300 
0.265 
0.233 
0.210 
0.200 
0.205 
0.188 
0.178 
0.174 
0.178 


0.90 
0.35 
0.35 
0.35 
0.35 
0.32 
0.35 
0.32 
0.32 
0.29 
0.35 
0.35 
0.35 
0.35 
0.56 
0.49 
0.30 
0.30 
0.30 
0.24 
0.30 
0.24 
0.20 
0.15 
0.60 
0.95 
0.95 
0.95 
0.92 
0.95 
0.92 
0.95 
1.30 
1.30 
1.30 
1.30 
1.27 
1.30 
1.30 
1.30 
1.31 
1.33 
1.30 
1.30 
0.60 
0.65 
0.65 
0.62 
0.57 
0.60 
0.57 
0.57 
0.60 
0.57 


0.00 
0.14 
0.16 
0.16 
0.16 
0.16 
0.16 
0.16 
0.16 
0.16 
0.16 
0.16 
0.16 
0.16 
0.16 
0.16 
0.08 
0.08 
0.08 
0.08 
0.08 
0.08 
0.00 
0.00 
0.43 
0.06 
0.02 
0.00 
0.00 
0.00 
0.00 
0.00 
0.62 
0.54 
0.55 
0.56 
0.57 
0.40 
0.40 
0.40 
0.00 
0.00 
0.00 
0.00 
0.75 
0.61 
0.60 
0.60 
0.60 
0.60 
0.60 
0.60 
0.60 
0.60 


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


avg 


0.385 
0.623 
0.572 
0.622 
0.606 
0.582 
0.613 
0.626 
0.632 
0.705 
0.598 
0.609 
0.597 
0.625 
0.581 
0.578 
0.656 
0.692 
0.692 
0.727 
0.661 
0.689 
0.671 
0.789 
1.169 
0.305 
0.328 
0.307 
0.348 
0.288 
0.376 
0.288 
0.597 
0.683 
0.688 
0.680 
0.657 
0.542 
0.722 
0.740 
0.737 
0.781 
0.862 
0.804 
0.379 
0.444 
0.445 
0.452 
0.469 
0.455 
0.504 
0.491 
0.449 
0.497 


sd taken 


0.014 0.36 
0,034 0.62 
0,040 0.58 
0.036 0.61 
0.037 0.61 


0.61 
0.043 0.61 
0.031 0.63 
0.049 0.63 
0,010 0.71 
0.060 0.61 
0.063 0.61 
0.065 0.61 
0.066 0.61 
0.044 0.58 


0.58 
0.033 0.66 
0.020 0.69 
0.039 0.69 
0.048 0.73 
0.048 0.69 
0.017 0.69 
0.033 0.67 
0.032 0.79 
0.023 1.17 
0.033 0.31 
0.020 0.33 
0.017 0.31 
0.051 0.33 
0.014 0.29 


0.35 
0.036 0.29 
0.064 0.60 
0.046 0.68 
0.343 0.68 
0.340 0.68 


0.66 
0.55 
0.72 


0.037 0.74 
0.035 0.74 


0.78 
0.080 0.78 
0.075 0.78 
0.036 0.38 
0.027 0.44 
0.013 0.45 
0.016 0.45 
0.013 0.49 
0.017 0.45 


0.49 
0.026 0.49 
0.037 0.45 


0.49 
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Solute 


2-Ethylbutanoic acid 
Heptanoic acid 
Octanoic acid 
2-Ethylhexanoic acid 
2-Propylpentanoic acid 
Decanoic acid 
Tetradecanoic acid 
Hexadecanoic acid 
Octadecanoic acid 
Eicosanoic acid 
Chloroacetic acid 
Dichloroacetic acid 
Trichloroacetic acid 
Methanol 
Ethanol 
Propan-1-01 
Propan-2-a1 
Butan-1-01 
2-Methylpropan-1-01 
Butan-2-01 
2-Methylpropan-2-01 
Pentan-1-01 
Pentan-2-a1 
2-Methylbutan-1-01 
3-Methylbutan-1-01 
2-Methylbutan-2-01 
2,2-Dimethylpropan-l-ol 
Hexan-1-01 
Hexan-2-01 
Heptan-1-01 
Heptan-2-01 
Octan-1-01 
Cyclopentanol 
Cyclohexanol 
Cycloheptanol 
Cyclooctanol 
Adamantan-1-01 
Ally1 alcohol 
Trifluoroethanol 
HFIP 
2-Methoxyethanol 
2-Ethoxyethanol 
Methanethiol 
Ethanethiol 
n-Propanethiol 
n-Butanethiol 
Diethylsulphide 
Di-n-propylsulphide 
Di-isopropylsulphide 
Methylethylsulphide 
Dimethyl disulphide 
Diethy1 disulphide 
Dimethylsulphone 
Sulphur hexafluoride 


0.180 
0.149 
0.150 
0.180 
0,180 
0.124 
0.060 
0.035 
0.015 
0.005 
0.373 
0.481 
0.589 
0.278 
0.246 
0.236 
0.212 
0.224 
0.217 
0.217 
0.180 
0.219 
0.195 
0.219 
0.192 
0.194 
0.220 
0.210 
0.187 
0.211 
0.188 
0 * 199 
0.427 
0.460 
0.513 
0.578 
0.850 
0.342 
0.015 
-0.240 
0.269 
0.237 
0.400 
0.392 
0.385 
0.382 
0.373 
0.358 
0.328 
0.390 
0.695 
0.670 
0.590 
-0.600 


0.57 
0.60 
0.60 
0.57 
0.57 
0.60 
0.60 
0.60 
0.60 
0.60 
1.08 
1.20 
1.33 
0.44 
0.42 
0.42 
0.36 
0.42 
0.39 
0.36 
0.30 
0.42 
0.36 
0.39 
0.39 
0.30 
0.36 
0.42 
0.36 


0.36 


0.54 
0.54 
0.54 
0.54 
1.20 
0.46 
0.60 


0.50 


0.35 


0.35 
0.35 
0.38 


0.42 


0.42 


0.55 


0 . 5 0  


0.35 


0.38 
0.32 
0.38 
0.46 
0.51 
1.70 
-0.20 


0.60 1 
0.60 6 
0.60 1 
0.60 1 
0.60 1 
0.60 2 
0.60 1 
0.60 1 
0.60 1 
0.60 1 
0.74 7 
0.90 6 
0.95 6 
0.43 9 
0.37 12 
0.37 11 
0.33 8 
0.37 11 
0.37 10 
0.33 9 
0.30 9 
0.37 11 
0.33 8 
0.37 4 
0.37 4 
0.30 6 
0.37 2 
0.37 11 
0.33 4 
0.37 11 
0.33 2 
0.37 6 
0.32 3 
0.32 3 
0.32 3 
0.32 1 
0.32 1 
0.38 6 
0.57 4 
0.77 4 
0.30 2 
0.30 7 
0.00 2 
0.00 3 
0.00 3 
0.00 3 
0.00 3 
0.00 3 
0.00 2 
0.00 2 
0.00 2 
0.00 3 
0.00 1 
0.00 3 


avg 


0.532 
0.487 
0.431 
0.565 
0.533 
0.445 
0.465 
0.461 
0.461 
0.463 
0.364 
0.266 
0.276 
0.435 
0.495 
0.542 
0.557 
0.499 
0.498 
0.554 
0.637 
0.490 
0.558 
0.515 
0.518 
0.633 
0.531 
0.479 
0.562 
0.480 
0.573 
0.480 
0.557 
0.573 
0.577 
0.575 
0.564 
0.483 
0.247 
0.113 
0.830 
0.826 
0.251 
0.236 
0.226 
0.247 
0.314 
0.333 
0.397 
0.279 
0.289 
0.271 
0.747 
0.004 


sd taken 


0.49 
0.029 0.45 


0.45 
0.50 
0.50 


0.013 0.45 
0.45 
0.45 
0.45 
0.45 


0.020 0.36 
0.045 0.27 
0.029 0.20 
0.030 0.47 
0.033 0.48 
0.144 0.40 
0.010 0.56 
0.019 0.48 
0.023 0.40 
0.021 0.56 
0.034 0.60 
0.027 0.40 
0.015 0.56 
0.030 0.48 
0.036 0.40 
0.024 0.60 
0.013 0.53 
0.020 0.40 
0.022 0.56 
0.035 0 . 4 0  
0.020 0.56 
0.040 0.48 
0.034 0.56 
0.030 0.57 
0.030 0.58 


0.50 
0.56 


0.012 0.48 
0.040 0.25 
0.063 0.10 
0.037 0.04 
0.041 0 . 0 3  
0.004 0.24 
0.023 0.24 
0.032 0.24 
0.025 0.24 
0.025 0.32 
0.029 0.32 
0.023 0.37 
0.021 0.20 
0.000 0.28 
0.030 0.28 


0.76 
0.006 0.00 


continued 
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Table 6.  (Continued) 


Solute 


Trimethylphosphate 
Triethylphosphate 
Tri-n-propylphosphate 
Tri-n-butylphosphate 
HMPT 
Benzene 
Toluene 
Phenylethyne 
Styrene 
=-Methylstyrene 
Biphenyl 
4-Methylbiphenyl 
Naphthalene 
1-Methylnaphthalene 
lI3-Dimethylnaphthalene 
1,4-Dimethylnaphthalene 
2,3-Dimethylnaphthalene 
2,6-Dimethylnaphthalene 
1-Ethylnaphthalene 
2-Ethylnaphthalene 
Indane 
Acenaphthene 
Fluorene 
1-Methylfluorene 
Azulene 
Anthracene 
9-Methylanthracene 
9,lO-Dimethylanthracene 
Phenanthrene 
1-Methylphenanthrene 
2-Methylphenanthrene 
3-Methylphenanthrene 
Fluoranthene 
Benz[a]fluorene 
Benz[b]fluorene 
Pyrene 
Benz[a]anthracene 
Naphthacene 
Chrysene 
Perylene 
Dibenz(ac1anthracene 
Benz[a]pyrene 
Benz[ghi]perylene 
Fluorobenzene 
Trifluoromethylbenzene 
Chlorobenzene 
1,2-Dichlorobenzene 
1,3-Dichlorobenzene 
1,4-Dichlorobenzene 
1,2,3-Trichlorobenzene 
1,2,4-Trichlorobenzene 
1,3,5-Trichlorobenzene 
1,2,3,4-Tetrachlorobenzene 
1,2,3,5-Tetrachlorobenzene 
1,2,4,5-Tetrachlorobenzene 


0.113 
0.000 
-0.050 
-0.100 
0.368 
0.610 
0.601 
0.679 
0.849 
0.851 
1.360 
1.380 
1.340 
1.344 
1.387 
1.400 
1.431 
1.329 
1.371 
1.331 
0.829 
1.604 
1.588 
1.588 
1.340 
2.290 
2.290 
2.290 
2.055 
2.055 
2.055 
2.055 
2.377 
2.622 
2.622 
2.808 
2.992 
2.847 
3.027 
3.256 
4.000 
3.625 
4.073 
0.477 
0.225 
0.718 
0.872 
0.847 
0.825 
1.030 
0.980 
0.980 
1.180 
1.160 
1.160 


1.10 
1.00 
1.00 
0.90 
0.85 
0.52 
0.52 
0.58 
0.65 
0.64 
0.99 
0.98 
0.92 
0.90 
0.92 
0.91 
0.95 
0.91 
0.88 
0.87 
0.62 
1.05 
1.06 
1.06 
1.17 
1.34 
1.30 
1.30 
1.29 
1.25 
1.25 
1.25 
1.53 
1.59 
1.57 
1.72 
1.70 
1.70 
1.73 
1.76 
1.93 
1.98 
1.90 
0.57 
0.48 
0.65 
0.78 
0.73 
0.75 
0.86 
0.81 
0.73 
0.92 
0.85 
0.86 


0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.12 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 


no 


6 
5 
5 
4 
2 
9 
8 
1 
4 
3 
4 
1 
6 
3 
3 
3 
3 
3 
3 
1 
3 
3 
3 
1 
1 
4 
1 
1 
3 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
4 
4 
7 
4 
4 
4 
4 
4 
4 
3 
3 
4 


a w  


1.001 
1.060 
1.151 
1.208 
1.594 
0.133 
0.144 
0.232 
0.167 
0.191 
0.214 
0.226 
0.187 
0.175 
0.193 
0.231 
0.219 
0.227 
0.222 
0.210 
0.169 
0.184 
0.223 
0.194 
0.158 
0.262 
0.296 
0.272 
0.214 
0.270 
0.223 
0.264 
0.197 
0.229 
0.209 
0.298 
0.334 
0.319 
0.347 
0.496 
0.432 
0.445 
0.496 
0.097 
0.109 
0.075 
0.042 
0.017 
0.018 
0.020 
-0.009 
-0,018 
-0.018 
0 -053 
-0.007 


scl taken 


0.018 1.00 
0.052 1.06 
0.027 1.15 
0.043 1.21 
0.224 1.60 
0.016 0.14 
0.016 0.14 


0.24 
0.037 0.16 
0.039 0.19 
0.041 0.22 


0.23 
0.050 0.20 
0.030 0.20 
0.023 0.20 
0.032 0.20 
0.037 0.20 
0.024 0.20 
0.024 0.20 


0.20 
0.027 0.17 
0.0:,4 0.20 
0.0213 0.20 


0.20 
0.16 


O.OU6 0.26 
0.26 
0.26 


0.068 0.26 
0.26 
0.26 
0.26 
0.20 
0.20 
0.20 
0.29 
0.33 
0.33 
0.33 
0.40 
0.44 
0.44 
0.46 


0.026 0.10 
0.049 0.10 
0.022 0.07 
0.038 0.04 
0.032 0.02 
0.027 0.02 
0.056 0.00 
0.033 0.00 
0.031 0.00 
0.057 0.00 
0.031 0.00 
0.041 0.00 
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Solute 


Pentachlorobenzene 
Hexachlorobenzene 
2-Chlorotoluene 
3-Chlorotoluene 
4-Chlorotoluene 
Benzyl chloride 
Bromobenzene 
l12-Dibromobenzene 
1,3-Dibromobenzene 
1,4-Dibromobenzene 
2-Bromotoluene 
3-Bromotoluene 
4-Bromotoluene 
Benzyl bromide 
Iodobenzene 
Anisole 
Ethylphenyl ether 
n-Propylphenyl ether 
2-Methylanisole 
3-Methylanisole 
4-Methylanisole 
2,6-Dimethylanisole 
4-Chloroanisole 
Diphenyl ether 
lI3-Dimethoxybenzene 
1,4-Dimethoxybenzene 
Benzaldehyde 
2-Methylbenzaldehyde 
3-Methylbenzaldehyde 
4-Methylbenzaldehyde 
4-Chlorobenzaldehyde 
Acetophenone 
3-Methylacetophenone 
4-Methylacetophenone 
4-Fluoroacetophenone 
3-Chloroacetophenone 
4-Chloroacetophenone 
Ethylphenylketone 
Benzophenone 
Methyl benzoate 
Ethyl benzoate 
n-Propyl benzoate 
Isopropyl benzoate 
n-Butyl benzoate 
Methyl 2-methylbenzoate 
Phenyl acetate 
2-Methylphenyl acetate 
3-Methylphenyl acetate 
4-Methylphenyl acetate 
Benzyl acetate 
Methyl phenylacetate 
Ethyl phenylacetate 
Dimethylphthalate 


1.330 
1.490 
0.762 
0.736 
0.705 
0.821 
0.882 
1.190 
1.170 
1.150 
0.923 
0.896 
0.879 
1.014 
1.188 
0.708 
0.681 
0.676 
0.725 
0.709 
0.699 
0.674 
0.838 
1.216 
0.816 
0.806 
0.820 
0.870 
0.840 
0.862 
0.930 
0.818 
0.806 
0.842 
0.690 
0.924 
0.955 
0.804 
1.447 
0.733 
0.689 
0.675 
0.660 
0.668 
0.772 
0.661 
0.680 
0.660 
0.660 
0.798 
0.703 
0.660 
0.780 


0.96 
0.99 
0.65 
0.67 
0.67 
0.82 
0.73 
0.96 
0.88 
0.86 
0.72 
0.75 
0.74 
0.98 
0.82 
0.75 
0.70 
0.70 
0.74 
0.78 
0.77 
0.78 
0.86 
1.08 
1.01 
1.00 
1.00 
0.96 
0.97 
1.00 
1.08 
1.01 
1.00 
1.00 
1.02 
1.07 
1.09 
0.95 
1.50 
0.85 
0.85 
0.80 
0.76 
0 . 8 0  
0.87 
1.13 
1.04 
1.13 
1.01 
1.06 
1.13 
1.01 
1.41 


0 . 0 0  
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0 . 0 0  
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 


2 
2 
3 
1 
1 
1 
6 
1 
1 
2 
1 
1 
3 
1 
6 
8 
5 
1 
1 
1 
1 
1 
1 
1 
1 
1 
9 
2 
1 
3 
3 
9 
1 
3 
2 
2 
2 
2 
2 
8 
3 
1 
2 
1 
1 
2 
1 
1 
1 
1 
1 
2 
1 


avg 


-0.029 
0.007 
0.090 
0.070 
0.050 
0.326 
0.088 
0.047 
0.036 
0.048 
0.079 
0.065 
0.089 
0.186 
0.122 
0.286 
0.319 
0.323 
0.291 
0.300 
0.300 
0.345 
0.240 
0.201 
0.445 
0.500 
0.388 
0.402 
0.415 
0.422 
0.358 
0.484 
0.490 
0.513 
0.469 
0.396 
0.439 
0.509 
0.495 
0.460 
0.437 
0.473 
0.464 
0.474 
0.432 
0.532 
0.626 
0.569 
0.561 
0.648 
0.582 
0.572 
0.858 


sd taken 


0.083 0.00 
0.022 0.00 
0.044 0.07 


0.07 
0.07 
0.33 


0.015 0.09 
0.04 
0.04 


0.030 0.04 
0.09 
0.09 


0.020 0.09 
0.20 


0.039 0.12 
0.017 0.29 
0.032 0.32 


0.32 
0.30 
0.30 
0.30 
0.34 
0.24 
0.20 
0.45 
0.50 


0.041 0.39 
0.015 0.40 


0.42 
0.016 0.42 
0.016 0.36 
0.020 0.48 


0.49 
0.015 0.51 
0.004 0.47 
0.022 0.40 
0.005 0.44 
0.004 0.51 
0.038 0.50 
0.037 0.46 
0.019 0.46 


0.46 
0.019 0.48 


0.46 
0.43 


0.020 0.54 
0.62 
0.57 
0.56 
0.65 
0.58 


0.002 0.57 
0.88 


continued 
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Table 6. (Continued) 


Solute 


Diethylphthalate 
Benzonitrile 
2-Methylbenzonitrile 
3-Fluorobenzonitrile 
Phenylacetonitrile 
2-Nitroaniline 
3-Nitroaniline 
4-Nitroaniline 
1-Aminonaphthalene 
2-hinonaphthalene 
9-Aminophenanthrene 
Benzylamine 
N,N-Dimethylbenzylamine 
Nitrobenzene 
2-Nitrotoluene 
3-Nitrotoluene 
4-Nitrotoluene 
1-Chloro-4-nitrobenzene 
1-Iodo-4-nitrobenzene 
Ben zamide 
3-Methylbenzamide 
N-Methylbenzamide 
N,N-Dimethylbenzamide 
N,N-Diethylbenzamide 
Formanilide 
4-Methylformanilide 
Acetanilide 
2-Methylacetanilide 
3-Methylacetanilide 
4-Methylacetanilide 
Benzoic acid 
2-Methylbenzoic acid 
3-Methylbenzoic acid 
4-Methylbenzoic acid 
4-Ethylbenzoic acid 
3-Chlorobenzoic acid 
4-Chlorobenzoic acid 
3-Nitrobenzoic acid 
4-Nitrobenzoic acid 
Phenol 
o-Cresol 
m-Cresol 
p-Cresol 
2,3-Dimethylphenol 
2,4-Dimethylphenol 
2,5-Dimethylphenol 
2,6-Dimethylphenol 
3,4-Dimethylphenol 
3,5-Dimethylphenol 
2,3,5-Trimethylphenol 
2,3,6-Trimethylphenol 
2,4,5-Trirnethylphenol 
2,4,6-Trimethylphenol 
3,4,5-Trimethylpheno1 


0.729 
0.742 
0.780 
0.642 
0.751 
1.180 
1.200 
1.220 
1.670 
1.670 
2.400 
0.829 
0.668 
0.871 
0.866 
0.874 
0.870 
0.980 
1.450 
0.990 
0.990 
0.950 
0.950 
0.950 
0.970 
0.970 
0.870 
0.870 
0.870 
0.870 
0.730 
0.730 
0.730 
0.730 
0.730 
0.840 
0.840 
0.990 
0.990 
0.805 
0.840 
0.822 
0.820 
0.850 
0.843 
0.840 
0.860 
0.830 
0.820 
0.860 
0.870 
0.850 
0.860 


1.40 0.00 
1.11 0.00 
1.06 0.00 
1.09 0.00 
1.15 0.00 


1.71 0.40 
1.91 0.42 
1.26 0.20 
1.28 0.22 
1.74 0.26 
0.88 0.10 
0.80 0.00 
1.11 0.00 
1.11 0.00 
1.10 0.00 
1.11 0.00 
1.17 0.00 


1.50 0.49 
1.50 0.49 
1.44 0.35 
1.40 0.00 
1.40 0.00 
1.40 0.50 
1.40 0.50 
1.40 0.50 
1.40 0.50 
1.40 0.50 
1.40 0.50 
0.90 0.59 
0.90 0.60 
0.90 0.59 
0.90 0.60 
0.90 0.59 
0.95 0.65 
0.97 0.63 
1.41 0.70 
1.43 0.68 
0.89 0.60 
0.86 0.52 
0.88 0.57 
0.87 0.57 
0.81 0.53 
0.80 0.53 
0.79 0.54 
0.79 0.39 
0.86 0.56 
0.84 0.57 
0.84 0.52 
0.81 0.37 
0.79 0.52 
0.78 0.37 


1-37 0.30 


1.35 0.00 


no 


1 
5 
1 
2 
2 
10 
8 
8 
7 
7 
1 
8 
2 
8 
3 
2 
1 
1 
1 
8 
1 
4 
3 
1 
1 
1 
7 
1 
1 
2 
11 
1 
1 
2 
1 
2 
3 
3 
3 
13 
11 
10 
11 
5 
9 
9 
9 
8 
9 
1 
1 
1 
2 


avg sd taken 


0.898 
0.334 
0.308 
0.348 
0.450 
0.361 
0.349 
0.380 
0.556 
0.535 
0.586 
0.717 
0.688 
0.278 
0.265 
0.251 
0.283 
0.253 
0.269 
0.675 
0.626 
0.727 
0.976 
1.100 
0.504 
0.525 
0.667 
0.696 
0.646 
0.670 
0.407 
0.344 
0.371 
0.377 
0.364 
0.298 
0.267 
0.438 
0.437 
0.301 
0.304 
0.342 
0.309 
0.362 
0.394 
0.369 
0.390 
0.386 
0.360 
0.417 
0.473 
0.439 
0.439 


0.88 
0.023 0.33 


0.31 
0.012 0.35 
0.025 0.45 
0.021 0.36 
0.023 0.35 
0.023 0.38 
0.023 0.57 
0.023 0.55 


0.59 
0.044 0.72 
0.004 0.69 
0.013 0.28 
0.033 0.27 
0.030 0.25 


0.28 
0.25 
0.27 


0.045 0.67 
0.63 


0.047 0.73 
0.016 0.98 


1.10 
0.50 
0.52 


0.0?1 0.67 
0.70 
0.66 


0.042 0.67 
0.0:3 0.40 


0.34 
0.38 


0.033 0.38 
0.37 


0.052 0.30 
0.046 0.27 
0.0L1 0.44 
0.OL0 0.44 
0.018 0.30 


0.026 0.34 
0.027 0.31 
0.0)39 0.36 
0.022 0.39 
0.019 0.37 
0.029 0.39 
0.018 0.39 
0.016 0.36 


0.42 
0.47 
0.44 


0.020 0.30 


0.066 0.44 
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Table 6. (Continued) 


673 


Solute 


2-Ethylphenol 
3-Ethylphenol 
4-Ethylphenol 
2-n-Propylphenol 
3-n-Propylphenol 
4-n-Propylphenol 
2-Isopropylphenol 
4-Isopropylphenol 
4-n-Butylphenol 
2-s-Butylphenol 
2-t-Butylphenol 
4-t-Butylphenol 
2-Isopropyl-5-methylphenol 
4-t-Pentylphenol 
2-Phenylphenol 
3-Phenylphenol 
4-Phenylphenol 
2-Fluorophenol 
3-Fluorophenol 
4-Fluorophenol 
2-Chlorophenol 
3-Chlorophenol 
4-Chlorophenol 
4-Chloro-2-methylphenol 
4-Chloro-3-methylphenol 
2-Bromophenol 
3-Bromophenol 
4-Bromophenol 
2-Iodophenol 
3-Iodophenol 
4-Iodophenol 
3,4-Dichlorophenol 
3,5-Dichlorophenol 
2-Methoxyphenol 
3-Methoxyphenol 
4-Methoxyphenol 
2-Hydroxybenzaldehyde 
3-Hydroxybenzaldehyde 
4-Hydroxybenzaldehyde 
2-Cyanophenol 
3-Cyanophenol 
4-Cyanophenol 
2-hinophenol 
3-Aminophenol 
4-hinophenol 
2-Nitrophenol 
3-Nitrophenol 
4-Nitrophenol 
Catechol 
Resorcinol 
Hydroquinone 
Methyl p-hydroxybenzoate 
Ethyl p-hydroxybenzoate 


0.831 
0.810 
0.800 
0.822 
0.789 
0.793 
0.842 
0.791 
0.796 
0.819 
0.823 
0.810 
0.822 
0.810 
1.550 
1.560 
1.560 
0.660 
0.667 
0.670 
0.853 
0.909 
0.915 
0.890 
0.920 
1.037 
1.060 
1.080 
1.360 
1.370 
1.380 
1.020 
1.020 
0.837 
0.879 
0.900 
0.962 
0.990 
1.010 
0.920 
0.930 
0.940 
1.110 
1.130 
1.150 
1.015 
1.050 
1.070 
0.970 
0.980 
1.000 
0.900 
0.860 


0.84 
0.91 
0.90 
0.86 
0.90 
0.88 
0.89 
0.89 
0.88 
0.91 
0.92 
0.89 
0.79 
0.89 
1.40 
1.41 
1.41 
0.69 
0.98 
0.97 
0.88 
1.06 
1.08 
0.91 
1.02 
0.90 
1.15 
1.17 
1.00 
1.20 
1.22 
1.20 
1.17 
0.91 
1.17 
1.17 
1.15 
1.38 
1.40 
1.33 
1.55 
1.63 
1.10 
1.15 
1.20 
1.05 
1.57 
1.72 
1.07 
1.00 
1.00 
1.37 
1.35 


0.52 4 
0.55 3 
0.55 9 
0.52 2 
0.55 1 
0.55 3 
0.52 2 
0.55 2 
0.55 3 
0.52 1 
0.52 1 
0.56 2 
0.52 1 
0.56 1 
0.56 1 
0.59 1 
0.59 2 
0.61 9 
0.68 4 


0.32 9 
0.69 10 
0.67 13 
0.63 1 
0.65 3 
0.35 8 
0.70 2 
0.67 11 
0.40 9 
0.70 1 
0.68 9 
0.74 1 
0.77 1 
0.22 10 
0.59 10 
0.57 10 
0.11 9 
0.74 5 
0.77 6 
0.74 1 
0.77 3 
0.79 4 
0.60 7 
0.65 5 
0.65 4 
0.05 14 
0.79 13 


0.85 6 
1.10 6 
1.16 7 
0.69 7 
0.69 1 


0.63 8 


0.82 14 


avg 


0.369 
0.372 
0.357 
0.367 
0.388 
0.351 
0.381 
0.386 
0.392 
0.414 
0.400 
0.419 
0.443 
0.412 
0.488 
0.446 
0.452 
0.259 
0.165 
0.230 
0.311 
0.148 
0.198 
0.234 
0.191 
0.308 
0.155 
0.197 
0.349 
0.176 
0.198 
-0.014 
-0.089 
0.517 
0.385 
0.474 
0.312 
0.400 
0.441 
0.334 
0.281 
0.292 
0.662 


0.826 
0.367 
0.230 
0.260 
0.515 
0.577 
0.605 
0.434 
0.442 


0.798 


sd taken 


0.039 0.37 
0.025 0.37 
0.023 0.36 
0.009 0.37 


0.37 
0.004 0.37 
0.005 0.38 
0.025 0.38 
0.077 0.37 


0.41 
0.40 


0.44 
0.41 
0.49 
0.45 


0.004 0.45 
0.024 0.26 
0.010 0.17 
0.026 0.23 
0.040 0.31 
0.015 0.15 
0.049 0.20 


0.22 
0.071 0.22 


0.028 0.16 
0.033 0.20 
0.031 0.35 


0.18 
0.028 0.20 


0.00 
0.00 


0.028 0.52 
0.051 0.39 
0.072 0.48 
0.024 0.31 
0.016 0.40 
0.033 0.44 


0.33 
0.034 0.28 
0.030 0.29 
0.025 0.66 
0.011 0.79 
0.011 0.83 
0.043 0.37 
0.019 0.23 
0.035 0.26 
0.034 0.52 
0.050 0.58 
0.060 0.60 


0.45 


continued 


0.015 0.41 


0.044 0.31 


0.031 0.45 
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Solute 


n-Butyl p-hydroxybenzoate 
1-Naphthol 
2-Naphthol 
Benzyl alcohol 
3-Methylbenzyl alcohol 
4-Methylbenzyl alcohol 
1-Phenylethanol 
2-Phenylethanol 
3-Phenylpropanol 
Thiophenol 
Methylphenylsulphone 
Diphenylsulphone 
Benzenesulphonamide 
N-Methylbenzenesulphonamide 
N,N-Dimethylbenzenesulphonamide 
3-Methylbenzenesulphonamide 
4-Methylbenzenesulphona1nide 
3-Isopropylbenzenesulphonamide 
4-Isopropylbenzenesulphonamide 
Furan 
2-Methylfuran 
Benzofuran 
Benzodioxan 
Paraldehyde 
2-Fluoropyridine 
3-Fluoropyridine 
2,6-Difluoropyridine 
2-Chloropyridine 
3-Chloropyridine 
4-Chloropyridine 
3-Bromopyridine 
4-Bromopyridine 
2-Methoxypyridine 
4-Methoxypyridine 
2-Cyanopyridine 
3-Cyanopyridine 
4-Cyanopyridine 
Piperidine 
N-Methylpiperidine 
N-Ethylpiperidhe 
Pyrrole 
N-Methylpyrrole 
N-Acetylpyrrolidine 
Acridine 
Pyra z ine 
2-Methylpyrazine 
2,5-Dimethylpyrazine 
2-Ethylpyrazine 
Quinoxaline 
Pyrimidine 
Quinazoline 
Pyridazine 
Cinnoline 
Oxazole 


0.860 
1.520 
1.520 
0.803 
0.815 
0.810 
0.784 
0.811 
0.821 
1.000 
1.080 
1.570 
1.130 
1.100 
1.100 
1.100 
1.100 
1.090 
1.090 
0.369 
0.372 
0.888 
0.874 
0.136 
0.489 
0.504 
0.375 
0.738 
0.732 
0.740 
0.905 
0.900 
0.641 
0.680 
0.734 
0.750 
0.750 
0.422 
0.318 
0.300 
0.613 
0.559 
0.550 
2.356 
0.629 
0.629 
0.626 
0.629 
1.300 
0.606 
0.930 
0.670 
1.280 
9.418 


1.35 
1.05 
1.08 
0.87 
0.90 
0.89 
0.83 
0.91 
0.90 
0.80 
1.85 
2.15 
1.55 
1.50 
1.50 
1.55 
1.55 
1.55 
1.55 
0.53 
0.50 
0.83 
1.07 
0.68 
0.89 
0.74 
0.94 
1.03 
0.83 
0.85 
0.90 
0.93 
0.76 
0.93 
1.44 
1.26 
1.21 
0.46 
0.39 
0.32 
0.73 
0.79 
1.63 
1.32 
0.95 
0.90 
0.90 
0.90 
1.20 
1.00 
1.15 
0.85 
1.00 
0.70 


0.69 
0.61 
0.61 
0.33 
0.33 
0.33 
0.30 
0.30 
0.30 
0.09 
0.00 
0.00 
0.55 
0.30 
0.00 
0.55 
0.55 
0.55 
0.55 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.10 
0.00 
0.00 
0.41 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 


2 
8 
9 
7 
1 
1 
1 
7 
3 
3 
6 
1 
5 
3 
3 
2 
2 
2 
2 
2 
1 
2 
1 
4 
1 
1 
2 
5 
4 
1 
1 
1 
1 
1 
1 
3 
3 
5 
3 
1 
2 
2 
2 
2 
2 
2 
1 
1 
2 
2 
2 
2 
2 
2 


avg 


0.469 
0.368 
0.399 
0.557 
0.593 
0.605 
0.662 
0.642 
0.670 
0.160 
0.762 
0.697 
0.795 
0.824 
0.861 
0.850 
0.872 
0.918 
0.906 
0.133 
0.143 
0.145 
0.374 
0.678 
0.358 
0.426 
0.241 
0.367 
0.402 
0.399 
0.376 
0.383 
0.473 
0.534 
0.512 
0.623 
0.585 
0.686 
0.693 
0.634 
0.291 
0.311 
0.922 
0.504 
0.621 
0.641 
0.688 
0.648 
0.586 
0.646 
0.649 
0.810 
0.775 
0.416 


sd taken 


0.049 0.45 
0.031 0.37 
0.034 0.40 
0.033 0.56 


0.59 
0.60 
0.66 


0.026 0.64 
0.012 0.67 
0.026 0.16 
0.033 0.76 


0.70 
0.062 0.80 
0.351 0.82 
0.386 0.86 
0.308 0.85 
0.302 0.87 
0.108 0.92 
0.1304 0.91 
O.tl11 0.13 


0.14 
0.006 0.15 


0.35 
0.1176 0.68 


0.36 
0.43 


0.008 0.24 
0.013 0.37 
0.020 0.40 


0.40 
0.38 
0.38 
0.47 
0.53 
0.51 


0.008 0.62 
0.018 0.59 
0.063 0.69 
0.059 0.69 


0.63 
0.047 0.29 
0.012 0.31 
0.039 0.92 
0.C101 0.58 
O.ClO2 0.62 
0.C11 0.64 


0.69 
0.65 


0.C24 0.59 
O.CO2 0.65 
O.CO1 0.65 
0.C25 0.81 
0.001 0.78 
0.C31 0.42 
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Solute 


Benzoxazole 
Isoxazole 
1,2-Benzisoxazole 
2,l-Benzisoxazole 
Morpholine 
N-Methylmorpholine 
Thiophene 
2-Methylthiophene 
Benzo[b]thiophene 
Thiazole 
Benzothiazole 


R2 no 


0.900 1.00 0.00 2 0.375 
0.395 0.70 0.00 2 0.383 
0.877 1.00 0.00 2 0.329 
0.971 1.10 0.00 2 0.362 
0.434 0.79 0.06 2 0.908 
0.333 0.74 0.00 2 0.900 
0.687 0.56 0.00 5 0.144 
0.688 0.56 0.00 4 0.165 
1.323 0.88 0.00 2 0.200 
0.800 0.80 0.00 2 0.450 
1.330 1.10 0.00 2 0.402 


sd taken 


0.017 
0.028 
0.026 
0.004 
0.001 
0,011 
0.005 
0.009 
0.023 
0.001 
0.010 


0.38 
0.38 
0.33 
0.36 
0.91 
0.90 
0.15 
0.16 
0.20 
0.45 
0.40 


of the above four benzenes have Cf lp  almost the same 
as for the parent compound. 


With 3-halo and 4-halo derivatives of activating 
groups such as anisole and phenol, the effect shown in 
Scheme 1 seems smaller, and the overall effect is rather 
deactivating. Of course, 2-halophenols are a special 
case, and there is no doubt that the intramolecular 
hydrogen bond (Scheme 2) plays some part. 


0’7 


&’ 
Scheme 2 


Such an intramolecular bond will lower the overall 
acidity but will increase the effective hydrogen-bond 
basicity of the oxygen atom. A 2-nitro group is even 
more effective in reducing Car (see Table 10 where 
Cap and CpF values for 0-, m- and p-substituted 
phenols are given). A rough measure of the effect of 
hydrogen-bonding is SCaF and SCfi?, the differences 
between values for the 0- and p-substituents. This 
assumes that electronic effects cancel out. as between 


reduces the effective acidity nearly to zero. Thus the 
intramolecular hydrogen bonding aids transfer from 
water to a hydrocarbon phase through the loss of aci- 
dity, but actually reduces transfer from water through 
the gain in hydrogen-bond basicity. In addition, the 
internally hydrogen-bonded species is less dipolar than 
the open-chain species, and this will aid transfer of the 
former. These affects are analysed for the typical case 
of transfer of chlorophenols and nitrophenols from 
water to cyclohexane (Table 11). 


For the restricted case of 3- and 4-substituents, where 
the substituent itself is not a basic group, some progress 
can be made through correlations of C p p  against the 
substituent constants (TI and OR (compare previous cor- 
relations with fly i t ~ e l f ) . ~  Of course, the 3- or 4- 
substituent will affect two basic sites: that of the first 
substituent, and the benzene ring itself. There are more 
data on substituted phenols than for any other system, 
and for the (non-basic) substituents alkyl, halide, and 


CP?(m-phenols) = 0.311 - 0.48201 - 0 . 2 7 5 ~  


n = 9; p = 0.9924; sd = 0.016; F = 194.0 


Cpp(m-phenols) = 0.327 - 0 . 4 8 6 0 ~  
n = 9 ;  p=0.9859; sd=0*020;  F=242.1  


CF3: 


(1 1) 


(12) 


the 0- and p-positions. Judging from other compounds, 
this is not an unreasonable assumption, for example 
Cfip is 0-36 and 0.38 for 0- and p-nitroaniline, 


CP?(p-phenols) = 0-308 - 0.421~1-  0.3350~ (13) 
n =  11; p=0.9719; ~ d = 0 * 0 2 6 ;  F = 6 8 * 1  


respectively. CB?(D-Dhenols) = 0.294 - 0.4080~ (14) . - . ~  - . ,  
The 0- and p-differences show that the 2-fluoro and 


the 2-cyan0 substituents behave normally, and that the 
= 1; = o.9639; ’ sd = o.028; i= 18.0 


other 2-halo substituents and the 2-methoxy substituent In these equations, all values of a, UR, UM and up are 
form intramolecular hydrogen bonds. However, the those given by C h a r t ~ n . ’ ~  Equations (13) and (14) are 
2-nitro substituent affects 6 C a p  even more, and rather poor, but if 4-methylphenol is left out, the fit is 
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greatly improved; dict, However, equation (11) yields values of 0.36 for 
COT for both m-isopropylphenol arid m-tert-butyl- 
,-henole C@p(p-phenols) = 0.318 - 0.449~1 - 0 . 3 5 1 ~ ~  (15) 
r - - - -  


n = 10; p = 0.9921; sd= 0.015; F =  217.6 There are too few data points for otk er series to  con- 
Cp~(p-phenols)= 0.301 - 0 . 4 3 2 ~ ~  (16) struct reliable equations in W/UR or in UM or  a,, but 


some extra C@p values could be estimated using such 
'= lo; p=o'9817; sd=o*021; F=213'0 eauations, especially since the variations in Cap are - -  


Equations ( l l) ,  (12), (15) and (16) reproduce the C p p  
values to  around 0.02 units, which is about the 
expected experimental error. Since is available for 
all the m- and p-substituted halophenols and for the m- 
and p- trifluromethylphenols, there is little left to  pre- 


small. However, it has not yet been pos!iible to  establish 
rules for the estimation of C p p  values for disubstituted 
benzenes with two basic groups from values for the 
monosubstituted benzenes. Work is in progress on this 
problem. 


Table 7. Values of Cp? for homologous series 


Alkane 


Alk-I-ene 


Cycloalkeiie 


I-Fluoroalkane 


Chlorornethane 


I-Ch loroal kane 


Bromomethane 
1-Bromoalkane 
lodomethane 


I-lodoalkane 
Dimethyl ether 


Di-n-alkyl ether 


1.2-Alkylene oxide 


Formaldehyde 


n- Alkanal 


Propanone 


Al kanone 


n-Alkyl forninte 


n-Alkyl n-alkanoate 


n-Alkyl acrylate 
11- Alkyl methacrylate 


Acetonitrile 


C yanoal kane 


Methylamine 


n- Al kylamine 


O.(N 


0.07 


0.10 


0.10 


0.08 
0.10 


0.10 
0.12 


0.13 
0. I5 


0.4 1 


0.45 


0.45 


0.33 


0.45 


0.49 


0.5 1 


0.38 


0.45 
0.42 


0.45 


0.32 


0.36 


0.58 


0.61 


Dimethylamine 


Di-n-alkylaniine 


Nitromethane 


Ni troethane 


I-Nitropropane 


I-Nitroalkane 


Formamide 
n- Al kylamide 
Dimeth ylfomamide 


Di-n-alkylforiii:ciiiide 


Formic acid 


Acetic acid 


11- Al kanoic acid 


Water 


Methiiiiol 


n-Alkanol 


S-A I kanol 


t-Alkanol 


Alkane thiol 


Dimethyl sulfide 


Di-n-alkyl sulfide 


Di-n-alkyl disulfide 
Di-n-alkyl sulfone 


Benzene 


Toluene 


n-Alkyl benzene 


n-Alkyl benzoate 


n-Alkyl 4-hydroxybenzoate 


0.66 


0.69 


0.3 1 


0.33 


0.3 1 


0.29 


0.60 


0.68 
0.74 


0.76 


0.38 


0.44 


0.45 


0.35 


0.47 


0.48 


0.56 


0.60 


0.24 


0.29 
0.32 


0.28 


0.77 


0.14 


0.14 


0.15 


0.46 


0.45 
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Table 8. calculation of COP for alkynes 


Alkyne RZ lt2" xu: ZP," 
2* 15' 16' Taken 


Ethyne 
Prop-I- yne 
But-I- yne 
Pent-I-yne 
Hex-I- yne 
Hept-I-yne 
Oct-I-yne 


But-2-yne 


0.140 0.25 0.21 0.21 


0.183 0.25 0.13 0.20 


0.178 0.23 0.12 0.21 


0.172 0.23 0.12 0.21 


0.166 0.23 0.12 0.15 


0.160 0.23 0.12 0.13b 


0.155 0.23 0.12 O . l l b  


0.261 0.30 0.00 0.20 


-0.06 0.15 


0.13 0.10 0.15 


0.13 0.10 0.15 


0.12 0.09 0.12 


0.11 0.08 0.10 


0.09 0.06 0.10 


0 . 0  0.07 0.10 


0.15 


'System in Table 4. 


respectively. 
extrapolated values of logP (water-octanol) of 3.32 and 3.42 


Table 9. Comparison of CP? and P? for activated aromatics 


ZP:' Pi' 


Anisole 


Ethylphenyl ether 


Phenol 
0-Cresol 


ni-Cresol 


p-Cresol 


4-Fluorophenol 


Benzyl alcohol 


2-Phen ylethanol 


0.29 


0.32 


0.30 


0.30 


0.34 


0.31 


0.23 


0.56 


0.64 


0.26 


0.27 


0.22 


0.24 


0.24 


0.21 


0.42 


0.45 


Solutes with a non-constant C82 value 
As mentioned above, Leahy et 0 1 . ~ ~  noted the possi- 
bility that the solute (3 value might vary with solvent 
system. In particular, they identified S=O and P=O 
bases that in terms of the LSER equation (9) had a vari- 
able (3 value. However, not all such bases behaved in 
this way: PhS02Me and PhS02NH2 had a constant p 
value, but PhSOMe and Ph3PO had variable p values. 


In the present analysis, solutes with a non-constant 
Cp2 value have also been identified. Of the particular 
solutes mentioned by Leahy et al,23 PhSOzMe and 
PhS02NH2 have again a constant Cp2 value (see 
Table 6) ,  but sulphoxides, both aliphatic and aromatic, 
have variable C& values. Not enough sound data was 
available to  examine Ph3PO in detail, but phosphate 
esters certainly have a constant EpP value (Table 6) .  


Two very important classes of bases, not discussed by 
Leahy et were also found to have non-constant 
Cp2 values. These are the alkylanilines and alkylpyri- 
dines, although the nitroanilines and functionally 
substituted pyridines seem to behave normally (see 
Table 6) .  Examples of the calculated Cp2 values for 
some anilines, and pyridine itself, are given in Table 12, 
where the solvent systems are arranged in order of 
decreasing water content in the organic layer. Bearing 
in mind the expected error of 0.02-0.03 units in Cp2, 
the anilines definitely have larger Cp2 values in systems 
2 and 3 than in systems 5-16, whereas pyridine has 
smaller C(32 values in systems 1-3 than in systems 5-16. 


Before investigating the origin of these effects, con- 
sideration must be given t o  the large set of logP values 
in systems 2, 11, 12, 14 and IS for the 4-n-alkylpyri- 
dines up to  n-nonylpyridine. 25 These l o g P  values lead 
to  very large differences between C(32, calculated from 
set 2 (water-octanol) and from the other sets. How- 
ever, the logP values refer to distributions between 
1 mol dm-3 aqueous sodium chloride, and as Yeh and 
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Higuchi25 pointed out, probably include some salting- 
out effect. They estimated that such an effect might 
contribute about 0.05 log units to logP per methylene 
group. In Table 13 are given the original25 logP values 
and the corrected values for salting-out effects as 
suggested by Yeh and Higuchi. 25 Only the lower 
n-alkylpyridines are considered, because the corrections 
become very large for the longer chain compounds. In 
Table 14 are given calculated Cp2 values for the 4- 


methyl, 4-ethyl and 4-n-propyl compounds, using both 
the corrected Yeh and Higuchi logP values and other 
literature values. There is reasonable agreement with, 
again, a marked division into two sets of C& values. 


The C& values arising from sets 5-16 are denoted as 
Cop, because these seem to be the 'normal' C@Z values, 
in that they can be used in regression equations covering 
a wide range of processes, including GLC studies on 
acidic stationary phases. The C& values from sets 1-4 


Table 10. Effect of intramolecular hydrogen-bonding in phenolsa 


Substituent wH ZP:' swH W,H 


None 


2-F 


3-F 


4-F 


2-CI 


3-CI 


4-CI 


2-Br 


3-Br 


4-Br 


2-1 


3-1 


4-1 
2-OMe 


3-OMe 


4-OMe 


2-CN 


3-CN 


4-CN 


2-NO2 


3-NO2 


4-NOZ 


2-OH 


3-OH 


4-OH 


0.60 


0.61 


0.68 


0.63 


0.32 


0.69 


0.67 


0.35 


0.70 


0.67 


0.40 


0.70 


0.68 


0.22 


0.59 


0.57 


0.74 


0.77 


0.79 


0.05 


0.79 


0.82 


0.85 


1.10 


1.16 


0.30 


0.26 


0.17 


0.23 


0.31 


0.15 


0.20 


0.31 


0.16 


0.20 


0.35 


0.18 


0.20 


0.52 


0.39 


0.48 


0.33 


0.28 


0.29 


0.37 


0.23 


0.26 


0.52 


0.58 


0.60 


-0.02 


-0.35 


-0.22 


-0.28 


-0.35 


0.05 


-0.77 


-0.31 


0.03 


0.11 


0.11 


0.15 


0.04 


0.04 


0.11 


-0.08 


"6Ca:' and 8Zpi' are for the 2-substituent less the 4-substituent. 
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are denoted as COP, because the important water-oc- 
tanol system, set 2, requires this basicity parameter. It 
should be noted that the equations summarized in 
Table 4 specifically exclude all compounds with a vari- 
able ED2 value, and have been constructed only through 
Cflp values. In Table 15 are summarized the C@? and 


C@P values obtained for solutes that exhibit variable 
C@2 values. 


These different CO2 values do not arise through 
different Maria-Gal B values. The F1 and Fz par- 
ameters in Table 1 can be applied to 18 solutes for 
which C@? and CPP values are available and lead to 8 


Table 1 I .  Effect of hydrogen-bonding on logP(water-cyclophexane) 


- logP - 
Solute c rR SR: a%!' bZP;' vV, calc obs 


2-Chiorophenol 0.12 0.72 -1.44 -1.99 -1.62 4.21 0.80 0.87 


4-Chiorophenol 0.12 0.77 -1.94 -2.50 -1.03 4.21 -0.37 -0.35 


2-Nitrophenol 0.12 0.87 -1.89 -0.19 -1.82 4.45 1.54 1.45 


4-Nitrophenol 0.12 0.90 -3.10 -3.05 -1.27 4.45 -1.95 -2.05 


Table 12. Examples of solutes with non-constant 0 2  values 


System Aniline p-Toluidine N,N-Dimethyl-aniline Pyridine 


1 


2 


3 
4 


5 


8 


9 


11  


12 


13 


14 


15 


16 


Average 1-3 


Average 5-16 


0.53 


0.46 


0.49 


0.43 


0.40 


0.41 


0.41 


0.40 


0.4 1 


0.40 


0.50 


0.41fo.01 


0.55 


0.50 


0.47 


0.47 


0.43 


0.44 


0.46 


0.46 


0.45 


0.43 


0.52 


0.45k0.02 


0.41 


0.4 1 


0.39 


0.45 


0.43 


0.40 


0.42 


0.37 


0.47 


0.4139.03 


0.44 


0.43 


0.48 


0.51 


0.52 


0.54 


0.55 


0.47 


0.53 


0.53 


0.52 


0.53 


0.52 


0.45 


0.52M.02 
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values of 73’ and 74’, resgectively, that is of the 
general order of P? itself, 68 . The origin of this vari- 
able PZ is thus not obvious. What can be deduced is that 
if C@Z changes, so that the relative basicity is less in sol- 
vents such as octanol than it is in water, then the calcu- 
lated CPZ value from partition coefficients will appear 
to be too large. This is the situation with the anilines, 
where CPP > CP?. On the other hand, if the relative 
basicity is more in solvents such as octanol than it is in 


water, the calculated C ~ Z  value will appear to be too 
small. This is the case with pyridines, where 
CPP < CP?. One possibility is some type of preferen- 
tial solvation that could involve the aromatic rings, in 
solvents where there is a high concentrattion of water at 
saturation. This might explain why the substituted com- 
pounds with deactivated aromatic rings either show this 
effect to a less extent, or even not at all. However, the 
different behaviour of anilines and pyr idines must lead 


Table 13. Corrected IogP values used in the calculationsa for 4-n-alkylpyridines 


Set 4-Me 4-Et 4-n-Pr 
- 


11 1.77 (1.82) 2.35 (2.45) 2.93 (3.08) 


12 0.79 (0.84) 1.40 ( 1  .SO) 2.00 (2.15) 


14 0.16 (0.21) 0.73 (0.w 


Parenthesised values from ref 25, unparentliesised vnlues corrected for salting-out IS described in 


the text. 


Table 14. Calculations of @Z for pyridines 


Set 4-Methyl 4-Ethyl 4-n-Ropy1 


2 0.425 0.46V 0.488 


n 
9 


10 


11 


12 


13 


14 


15 


16 


0.521 


0.584 


0.521 
0.523’ 0.542’ 0.558’ 


0.55gb 0.570‘ 0.s77b 


0.568 
0.552b 0.555b 0.565 


0.549 0.574 0.588 


0.57 1 0.57 I 0.587 


Average 8- 16: 0.550 0,562 0.575 


S d  0.023 0.014 0.013 


a Using an es~iniated value of 1.66 for logP. Using the corrected logP values in  Table 13. 
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Table 15. Values of E:P2 for solutes of variable relative basicity 


Solute 


Dimethylsulfoxide 
Methylphenylsulfoxide 
Diphenylsulfoxide 
Ani 1 ine 
o-Toluidine 
m-Toluidine 
p-Toluidine 
2-Ethylaniline 
4-Ethylaniline 
2,4-Dimethylaniline 
2,6-Dimethylaniline 
N-Methylani 1 ine 
2 -Met hy 1 - N-me thy lan i 1 i ne 
4 -Met hy 1 - N -me t hy 1 an i 1 i ne 
N-Ethylaniline 
N,N-Dimethylaniline 
2-Methyl-N,N-dimethylaniline 
4 -Met hy 1 - N , N -d imet hylan i 1 i ne 
N,N-Diethylaniline 
4 -Ami no methyl benzoate 
4-Amino ethyl benzoate 
4-Amino propyl benzoate 
4-Amino butyl benzoate 
3-Amino acetophenone 
4-Amino propiophenone 
3-Aminobiphenyl 
4-Aminobiphenyl 
2-Fluoroaniline 
3-Fluoroaniline 
4-Fluoroaniline 
2-Chloroaniline 
3-Chloroani 1 ine 
4-Chloroaniline 
2-Bromoan i 1 ine 
3-Bromoan i 1 i ne 
4-Bromoaniline 
2 - Iodoani 1 i ne 
4-Iodoaniline 
3-Cyanoaniline 
2-Methoxyaniline 
3-Methoxyaniline 
4-Methoxyan i 1 ine 
Pyr idi ne 
2 -Methy lpyr idi ne 
3 -Met hy lpyr id i ne 
4 -Met hy 1 pyr i d i ne 
2,3-Dimethylpyrid ine 
2,4 -Dimet hy 1 pyr i d i ne 
2,5 -Dimethylpyrid ine 
2,6-D ime thy1 pyr i d i ne 
3,4-Dimethylpyr idine 
3,5-Dimethylpyridine 
2,4,6-Trimethylpyridine 
2-Ethylpyr idi ne 
3-Ethylpyridine 
4-Ethylpyridine 
4-n-Propylpyridine 
3-Formy lpyr idine 


R2 


0.522 
1.104 
1.500 
0.955 
0.966 
0.946 
0.923 
0.962 
0.942 
0.950 
0.972 
0.948 
0.959 
0.916 
0.945 
0.957 
1.090 
0.940 
0.953 
1.078 
1.040 
1.030 
1.020 
1.230 
1.170 
1.560 
1.565 
0.744 
0.749 
0.760 
1.033 
1.053 
1.060 
1.070 
1.128 
1.190 
1.290 
1.414 
1.077 
0.988 
1.027 
1.050 
0.631 
0.598 
0.631 
0.630 
0.657 
0.634 
0.633 
0.607 
0.676 
0.659 
0.634 
0.613 
0.640 
0.634 
0.627 
0.817 


1.74 
1.80 
2.15 
0.96 
0.92 
0.95 
0.95 
0.92 
0.91 
0.95 
0.89 
0.90 
0.98 
0.98 
0.85 
0.84 
0.65 
0.83 
0.80 
1.52 
1.52 
1.50 
1.47 
1.35 
1.39 
1.51 
1.48 
0.88 
1.08 
1.09 
0.92 
1.10 
1.13 
0.98 
1.19 
1.19 
1.00 
1.28 
1.59 
1.00 
1.10 
1.10 
0.84 
0.75 
0.81 
0.82 
0.77 
0.76 
0.74 
0.70 
0.85 
0.79 
0.69 
0.71 
0.79 
0.80 
0.80 
1.16 


0.00 
0.00 
0.00 
0.26 
0.23 
0.23 
0.23 
0.23 
0.23 
0.20 
0.20 
0.17 
0.17 
0.17 
0.17 
0.00 
0.00 
0.00 
0.00 
0.32 
0.32 
0.32 
0.32 
0.30 
0.32 
0.26 
0.26 
0.28 
0.30 
0.28 
0.25 
0.30 
0.30 
0.31 
0.31 
0.31 
0.31 
0.31 
0.38 
0.23 
0.25 
0.23 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 


0.75 
0.75 
0.72 
0.50 
0.59 
0.55 
0.52 
0.61 
0.55 
0.62 
0.59 
0.48 
0.47 
0.47 
0.51 
0.47 
0.55 
0.48 
0.50 
0.64 
0.64 
0.64 
0.64 


0.81 
0.58 
0.58 
0.44 
0.37 
0.41 
0.40 
0.36 
0.35 
0.39 
0.34 
0.35 
0.45 
0.40 
0.48 
0.67 
0.72 
0.72 
0.47 
0.48 
0.44 
0.43 
0.50 
0.49 
0.49 
0.49 
0.48 
0.44 
0.60 
0.49 
0.47 
0.47 
0.48 
0.69 


0.88 
0.91 


0.41 
0.45 
0.45 
0.45 


0.46 
0.43 


0.41 


0.59 
0.59 
0.59 
0.59 
0.60 
0.65 
0.48 
0.48 


0.31 
0.30 
0.31 


0.50 
0.59 
0.65 
0.52 
0.58 
0.54 
0.55 
0.62 
0.63 
0.62 
0.63 
0.62 
0.60 


0.59 
0.57 
0.57 
0.57 
0.76 


continued 
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Table IS. (Continued) 


Solute 


4 -Formy lpyr id ine 
3-Ace ty 1 pyr id i ne 
4-Acetylpyridine 
4 -Ami nopyr id ine 
4 -Dime thy tami nopyr id i ne 
Qu ino 1 i ne 
2-Methylquinoline 
6 -Met hy lqu i no 1 i ne 
7-Methylquinoline 
8-Methylqu in01 ine 
Isoquinoline 
Benzo[h]quinoline 
Indole 
2 -Met hy 1 i ndole 
3-Methyl indole 
5-Methyl indole 
N-Met hy 1 i ndo le 
Carbazole 
Imidazole 
N- Methy 1 imidazo 1 e 
Benzimidazole 
Pyrazole 
N-Methylpyrazole 
I ndazo le 
2-Aminothiazole 


R2 


0.796 
0.795 
0.771 
0.980 
0.980 
1.268 
1.287 
1.309 
1.305 
1.313 
1 .211  
1.878 
1.200 
1.200 
1.200 
1.200 
1.206 
1.787 
0.710 
0.589 
1.270 
0.620 
0.540 
1.180 
1.150 


1 . 1 2  
1 .17 
1.13 
1.10 
1-00 
0.97 
0.88 
0 .95  
0.95 
0.87 
1 .00  
1.22 
1 . 1 2  
1 . 0 5  
1.06 
1 .08  
0.92 
1.42 
0.85 
0.95 
1.10 
1.00 
0.95 
1 .35  
1.24 


0.00 
0.00 
0.00 
0 .41  
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0 . 4 4  
0.44 
0.44 
0.44 
0.00 
0.47 
0.42 
0.00 
0.42 
0.54 
0.00 
0.54 
0.40 


0.61 
0.76 
0.75 
0.64 
0.67 
0.51 
0.53 
0.52 
0.54 
0.53 
0.47 
0.50 
0.31 
0.37 
0.35 
0.32 
0.36 
0.26 
0.50 
0.60 
0.52 
0.34 
0.51 
0 .30  
0.50 


0.70 
0.90 
0.84 
0.77 


0.54 


0.54 


0.22 


0.31 


0.78 
0.83 
0.76 
0.45 


0.34 


to the conclusion that the anilines are preferentially 
solvated by the weakly acidic organic component in the 
organic layer, and the pyridines are preferentially 
solvated by the strongly acidic water component. In any 
event, the differences in C@,” and C o p  are not very 
large. Thus, for aniline itself, with values of 0.41 and 
0.50, respectively, the difference in a calculated logP 
value when the constant b is, say, - 3.40 will be 0.31 
log units, that is, just over two standard deviations in 
the water-octanol regression equation. However, it 
seems useful to be able to take this into account. 


Only for the anilines is it possible to construct 
equations for substituent effects, as follows: 


(15) Cpp(m-anilines) = 0.503 - 0 . 4 5 9 ~ 1 -  0 .2440~  
n = 5 ;  p=0*9968; Sd=O.Oll; F=153*7  


C@p(rn-anilines) = 0.512 - 0 . 4 5 5 0 ~  (16) 
n = 5 ;  p = 0.9867; ~ d =  0.018; F =  110.2 


Cpp(p-anilines) = 0.497 - 0.40401 - 0 . 2 4 7 ~ ~  (17) 
n = 7; p = 0.9735; s d =  0.023; F =  36.2 


C@p(p-anilines) = 0.466 - 0 . 4 4 0 ~ ~  (18) 
n = 7; p = 0.9355; sd = 0.032; F =  35.1 


Equation (15) can be used to estimate C/3p values for 
3-ethylaniline (0.54) and 3-iodoaniline (0.36), so that 


Cpp is known or estimated for all the eight rn- and 
p-substituted haloanilines. 


Although Leahy et a[.” are the only previous 
workers to attempt to extract C@z value!, directly from 
LSER equations that relate to IogP va ues, El Tayar 
et al. have developed an indirect method for 
obtaining Caz and C ~ Z  values. They define polar 
interactive parameters through the equa ions 


where u is the calculated solute van der ’Waals volume. 
Then, knowing logPoci, IogPalk and u, the polar par- 
ameters A,,, and balk can be obtained. El Tayar et al. ’’ 
then showed that A,,, and Aalk can be related to par- 
ameters such as TZ, Ca2 and CPz. It ma:! turn out that 
quantities such as A,,, and Aalk are useful in the inter- 
pretation of effects of solutes in solution, but the 
indirect method is not very suitable for the deterrni- 
nation of Ca2 or C@Z values through back-calculations. 


Finally, it should be pointed out that the C(32 values 
obtained in this work are suitable for use in regression 
equations (5) and (6). They should not be used in com- 
bination with any descriptors other than those in these 
equations. 
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CONCLUSION 18. J .  Hine and P .  K. Mookerjee, J. Org. Chem. 40, 292 


An analysis of partition coefficients, as logP values, of 
solutes between water and 16 phases (including the gas 
phase) has shown that for the majority of solutes it is 
possible to define a hydrogen-bond basicity descriptor, 
Cpy,”, the value of which remains constant over all the 
phases. For certain solutes, transfers between water and 
phases that are considerably aqueous (e.g. isobutanol, 
octanol and n-butyl acetate) require another basicity 
parameter denoted as Cop. This finding is in agreement 
with previous work by Leahy et 
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APPENDIX 


Calculation of descriptors 


The general equations ( 5 )  and (6) are easy to handle for 
solutes with only one descriptor (usually ED?) missing. 
However, if enough logP values are available, for 
different solvent systems, it is possible to obtain reason- 
able estimates of two or more missing descriptors. 
Indeed, for complicated solutes, such as drug mol- 
ecules, this is one of the few practical methods of deter- 
mining descriptors. As an example of the determination 
of two descriptors, trimethyl phosphate can be cited. 
Both R2 (0.113) and Vx (0.9707) are available, but 
neither ~ T F  nor E@z” is known. Fortunately, 1ogPvaIues 
are available in seven systems, and both a? and Cpy,” 
can be obtained by trial and error. One method is to  
calculate and then average COT for a range of a? 
values, and then select the CP? average with the 
smallest standard deviation. With trimethyl phosphate, 
this was found at ay,” = 1 10 units, giving rise to the cal- 
culated Cp? values listed in Table 16. Also given are 
the logP values that can be regenerated using 
a? = 1 * 10 and ED? as 1 -00, the average of the seven 
values. Of course, the observed and calculated logP 
values must be in reasonable agreement, but this is a 
useful check on the calculated ZDy,” value. 


A more lengthy procedure is needed to  calculate the 
three missing descriptors a?, Ca?  and Cp?, although 
a value of Cap can often be deduced (as an initial 
value) from the 1 : 1 a? values. In any case, both *? 
and Cay,” have to be varied until the average Cp? value 
shows the lowest sd value. For 4-hydroxy methyl ben- 
zoate, or methyl paraben, Rz = 0.900 and Vx = 1 * 1320; 
then with the ‘best’ values for a? of 1 a37 and Cay,” of 
0.69, an average Cpy,” value of 0.434 may be calcu- 
lated, as above. Comparison with other alkyl parabens 
leads to a general COP of 0.45 units, and in Table 17 
the calculated and observed logP values are given. They 
show that the designated solute descriptors can repro- 
duce the logP values with an average deviation of 0.15 
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log units, i 
equations 
show how 


.e. not much more than the sd in the defining how l o g P  values that are very difficult 10 measure can 
(Table 4). However, the calculations also be estimated; as an example, the water-gas-phase 
outlying logP values can be identified and partition coefficient is given in Table 17. 


Table 16. The calculation of lrz" and for trimethyl phosphate 


System logP zpi'(ca1c)' logP(calc)b 


Octanol -0.78 1.007 -0.75 


Benzene -0.70 0.985 -0.77 


Chlorofomi 0.76 0.969 0.65 


Tetrach1o~ometh;Ine - 1.07 0.983 -1.15 


Cyclohexane -2.22 i s m  -2.13 


Alkane -2.22 1.014 -2.15 


avg: 0.996 


sd: 0.020 
.- 


a 


and Zp:' = 1.00 units. 


With R, = 0.113 and Vx = 0.9707, and with the 'best' value of 1 . 1 0  for xl'. busing xi' = 1.10 


Table 17. Calculated and observed logP values for 4-hydroxymethyl benzoate 


System logP(obs) logP(calc)" 


Octanol 1.96 1.92 


n-Bury1 acetate 2.40 2.33 


Niuobenzene 1.53 1.55 


Benzene 0.79 0.66 


Toluene 0.77 0.54 


Olive oil 0.38 0.64 


Chlorofonn 1.23 0.94 


Tetrochlorome thane 0.56 -0.21 
Cyclohexane -1.24 to 0.40 - 1.06 


Alkane -0.93 to -0.13 -1.16 


Gas phnse -6.89 


a using R = 0.900. xi' = 1.37, Ed' = 0.69, ED:' = 0.45 and Vx = 1.1320 
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MULTINUCLEAR NMR AND AB ZNZTZO MO STUDIES OF 


COMPOUNDS 
7-METHYL-7H-PYRROLO [2,3-b] PYRIDINE AND RELATED 


SATOSHl MINAKATA, SHINOBU ITOH, MITSUO KOMATSU AND YOSHIKI OHSHlRO* 
Department of Applied Chemistry, Faculty of Engineering, Osaka University, Yamadaoka 2-I ,  Suita, Osaka 56.7, Japan 


AND 


YASUNORI YOKOMICHI 
Advanced Technology Centre, Osaka Gas Ltd, Torishima 5-11-61, Konohanaku, Osaka 554, Japan 


The contribution of the polarized resonance structures to 7-methyl-7H-pyrrolo [2,3,-b] pyridine and 4-methyl-4H- 
pyrrolo [3,2-b] pyridine, which have recently attracted much attention in physico-chemical studies, was considered 
based on multinuclear ('H, I3C and I5N) NMR spectroscopy and MO calculation. Comparison of the chemical shifts 
of the compounds with those of other relevant compounds and the effects of concentration and solvents observed by 
multinuclear NMR suggested that the contribution of the non-polarized structures to both compounds predominates 
over that of the polarized structures. This result was also supported by ub initio MO calculations using the 6-31G 
basis set. 


INTRODUCTION 


1H-Pyrrolo [2,3-b] pyridine (7-azaindole; 1) and its 
derivatives are currently attracting much interest in bio- 
chemical and physico-chemical studies owing to their 
characteristic condensed ring system, consisting of pyri- 
dine and pyrrole rings which have opposite ?r-electron 
densities. I Thus studies on the biological activity of 7- 
azaindole derivatives have been expanded significantly 
in recent years,' since they are aza analogues of indoles 
whose skeleton is often found in natural alkaloids and 
in synthetic pharmaceuticals. We have recently 
reported the facile direct introduction of a halogen 
atom on to the 6-position of 7-azaindole via its N- 
oxide4 and the functionalization of 7-azaindole directed 
toward agrochemicals using haloazaindoles. ' Further, 
the existence of a basic nitrogen atom on the pyridine 
ring and an acidic hydrogen atom on the pyrrole ring in 
7-azaindole is of interest to physico-chemists. While 
7-azaindole readily forms various binuclear complexes 
with metals,6 its two nitrogen atoms are favourably 
located so that it interacts with an alcohol (1 : 1 adduct 
formation) or itself (dimerization) through hydrogen 


 bond^.'^' It is known that these types of 7-azaindole 
complexes undergo a unique photoinducted double 
proton transfer reaction to form tautomers.' This 
behaviour was widely investigated by El-Bayoumi and 
co-workers, who employed 7-methyl-7H-pyrrolo [2,3- 
blpyridine (3) as the model compound of the 
tautomers. Since other physico-chemical properties of 3 
are also of great interest, its structure, charge distri- 
bution, dipole moment and basicity were studied using 
molecular orbital (MO) calculations by comparison 
with those of its isomer, 1-methyl-7-azaindole (13).9 
Among them, the contribution of the polarized struc- 
ture 3b to 3 is one of the most important subjects, but 
the problem has only been discussed from the stand- 
points of absorption spectra" and 'H and I3C NMR 
spectra. Further, detailed conclusions have not been 
established. 


With this in mind, we report here studies of the 
contribution of the polarized structure to 3 and of the 
corresponding polar structure to 4-methyl-4H-pyrrolo 
[3,2-b] pyridine (6) on the basis of multinuclear mag- 
netic resonance ('H, "C and "N) and ab initio MO 
calculations using the 6-31G basis set. I' 
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RESULTS AND DISCUSSION 


7-Azaindole (1) or 4-azaindole (4) readily forms the 
quaternary derivative, 7-methyl-7-azaindolium iodide 
(2) or 4-methyl-4-azaindolium iodide (5), when stirred 
with excess of iodomethane. On treatment with alkali, 
these salts yield yellow basic substances (3 and 6), 


which can be readily extracted with diethyl ether or 
dichloromethane, respectively (see Scheme 1). lo 


To obtain a better insight into molecular structures, 
"N NMR spectra in DMSO-da were measured on these 
six compounds I 3  and their chemical shifts are shown in 
Figure 1 together with those of relevant heterocyclic 
compounds 7-12. On quaternization of 1 to 2, the 


1 2 3a 3b 
3 


H 
4 6a 6b 


6 
Scheme 1. Synthesis of compounds 2, 3, 4 and 6 


270.1 Me - 
(228.1)' 3b 'in CDCI, 3 a  (161.2)' 1 2 


Me Me Me 
176.4 


- 
6b 


248.4 
5 6a 4 H'131.5 


cf. 246.2 
/ 245.0 


Me 
1 2  


153.2 257.2 161.5 
174.5 Me 232.4 


7 8 9 10 11 


Figure 1. I5N NMR chemical shifts (ppm from anhydrous liquid NH3) of compounds 1-6 in DMSO-6'6 
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Table 1. 'H and "C NMR chemical shifts of compounds 1-6 


'H NMR chemical shift' 'k NMR chemical shift" 


Compound H-2 H-3 H-4 H-5 H-6 H-7 C-2 C-3 C-4 C-5 ' C-6 c-7 


l b  7.37d 6.50 7.95 7.10 8.32 - 125.4 100.4 129.0 115.6 142.1 - 
2c 7.99 7.00 8.74 7.65 8.76 - 129.7 103.5 136.8 116.0 137.4 - 


3 b  7.89 6.66 8.08 6.79 7.52 - 145.4 101.4 130.5 108.8 129.6 - 


4 b  7.50 6.70 - 8.49 7.12 7.70 128.7 102.3 - 


6b 8.27 6.39 - 7.50 6.87 8.11 152.6 91.7 - 


142.6 116.5 119.0 
5' 8.33 7.06 - 8.76 7.68 8.58 123.9 92.8 - 134.9 113.4 132.2 


130.0 109.6 127.5 


a In ppm from TMS. 
In CDC1,. 


Values in italics showed remarkable shifts upon transformation from 1 to 3, or 4 to 6. 
' In DMSO-d6. 


6 QJ2 (m) - 


he 
3b 


3a he 


tie 13 


8.2 
h 


!% 


7.41 I 
13 (H-2) - - 


7.2 
0.00 0.10 0.20 


Conc. (M in CCI4) 


Me 


6a 


I 


14 Me 


6b 


0.0 I 


8.4 


z h . . t - = - = = -  6 (H-2) 


7.4L--- 14 (H-2) I 


7.2 1 
0.00 0.05 0.10 


Conc. (M in CC14) 


Figure 2. Effect of concentration on 'H NMR chemical shifts 
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signal of the pyrrole nitrogen did not show any signifi- 
cant shift. The upfield shift of the pyridine nitrogen by 
about 100 ppm well agreed with the change of the 15N 
chemical shift from pyridine (7) to the pyridinium salt 
(8). l4 In the deprotonation step of the pyrrole hydrogen 
from 2 to 3, a considerable downfield shift of the 
pyrrole nitrogen was observed. This change was con- 
sidered to correspond to anion formation of a pyrrole 
having an electron-withdrawing group, such as 10. l5 


This result appears to indicate that the contribution of 
the structure 3b to 3 is larger than that of the structure 
3a. On the other hand, the chemical shifts of the 
two nitrogens of 3 were similar to those of N- 
methylimidazoles 11 and 12,14 and were not shifted in 
either a polar solvent (DMSO-ds) or a non-polar 
solvent (CDCl3). This result was not in accord with the 
above assumption that the contribution of the structure 
3b is predominant. A similar tendency of chemical shift 
changes was also observed for 4-azaindole derivatives. 
On the basis of these experimental results we could not 
confirm whether the major contributing structure is the 
non-polarized 3a or the polarized 3b. 


In addition to the above 15N NMR results, the contri- 
bution of the polarized structure to 3 was examined by 
means of 'H and 13C NMR spectra. The 'H and I3C 
chemical shifts of 1-6 are given in Table 1. For the 'H 
NMR chemical shifts, marked changes were observed 
when the azaindole 1 was compared with the 7-methyl 
derivative 3, with downfield shift of H-2 on the pyrrole 
ring and upfield shifts of H-5 and H-6 on the pyridine 
ring. If the contribution of the pyridinium salt 3b is 
larger than that of 3a, the a-hydrogen on the pyridine 
ring (H-6) would not show an upfield shift. In 13C 
NMR measurements, the relationship between the 
chemical shifts of C-2 and C-6 was reversed when 1 was 
converted into 3. This result suggested that the elec- 
tronic natures of the pyrrole ring and the pyridine ring 
of the 7-azaindole skeleton were exchanged. Hence the 
contribution of 3a becomes larger than that of 3b. The 
4-azaindole derivatives 4-6 also showed similar changes 
in chemical shifts, which seems to indicate a major 
contribution of the resonance structure 6a. 


Further, changes in chemical shifts depending on 
concentration were studied for azaindoles 3 and 6, since 
it has been reported that the signals of H-2 and H-6 of 
1 shift downfield with increasing concentration in CC4, 
which is due to formation of a dimer through hydrogen 
bonds. ' As reference samples 1-methyl-7-azaindole (13) 
and 1 -methyl-4-azaindole (14) were employed, to which 
a contribution of polarized resonance structures is 
unlikely. The effects of concentration on the chemical 
shifts of H-2, H-6 and H-5 of these four compounds (3, 
13, 6 and 14) are shown in Figure 2. The signal for 3, 
which was methylated at the 7-position, was shifted 
upfield to some extent with increasing concentration. If 
the slope of this variation due to intermolecular interac- 
tion is large, we may postulate that the betaine structure 


3b is the major contributing form. However, the slope 
of the variation for 3 was not very different from that 
for 13, which does not dimerize. The 4-azaindole 
derivatives 6 and 14 also showed a similar tendency. 
Therefore, it is reasonable to conclude that the non- 
polarized resonance structure 3a or 6a contributes 
predominantly to 3 or 6, respectively. 


Catalan et a[.'' studied the gas-phase basicity of 
heterobicyclic compounds including 7-azaindole deriva- 
tives using both experimental measurements and 
ab initio calculations at the STO-3G and 4-31G levels. 
In order to clarify the contribution of the polarized 
structure 3a or 6a to 3 or 6 respectively, more precisely, 
we carried out MO calculations for 1, 3, 4 and,6 using 
the abinitio 6-31G method. So far as we know, no 
report on MO calculations on 4-azaindole derivatives 
has appeared. The calculated bond lengths of these 
compounds are shown in Figure 3. It was found that the 
Nl-C7a, C-3a-C-4 and C-5-C-6 bonds in 3 are 
shorter than the corresponding bonds in 1. In the case 
of the 4-azaindole derivatives, the N-1 -C-2. C-5-C-6 
and C-7-C-7a bonds in 6 are shorter than those in 4. 
As one of the characteristics of these azaindoles, the 
bridged bonds (C-3a-C-7a) in 3 and 6 were longer than 
those in 1 and 4. These results imply that the structures 
3 and 6 resemble 3a and 6a, respectively. 


Figure4 shows the total atomic charges and the 
dipole moments of 1,3,4 and 6. Comparison of the cal- 
culated atomic charges of 3 and 6 with those of the 
azaindoles 1 and 4 indicated that some atomic charge 
migrates from the pyrrole ring to the pyridine ring. 
These atomic charges on carbons explain well the fea- 
tures of the aforementioned chemical shifts in 13C 
NMR spectra of 3 and 6. The remarkable changes in the 


1 40 


\ 
H 


1 


137 


I 


3 


H 
4 


Me 
I 


6 


Figure 3.  Bond lengths of compounds 1, 3, 4 and 6 calculated 
by the ab initio 6-31G method 
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Figure 4. Dipole moments and total atomic charges of com- 
pounds 1, 3, 4 and 6 calculated by the ab initio 6-31C method 


direction of the dipole moments also supported the 
charge migration. Thus, in 1 and 4 the dipole moments 
were directed toward the pyrrole ring from the pyridine 
ring, but the directions were reversed in 3 and 6. 


The results of the calculation suggested that the 
anions on N-1 of the betaine structures 3b and 6b 
migrated to the pyridine ring to form the non-polarized 
structures 3a and 6a. As a consequence, the electronic 
natures of the pyrrole ring and the pyridine ring of the 
azaindole skeleton were exchanged. It is concluded 
from both the experimental and calculated results that 
the contribution of the non-polarized structure 3a or 6a 
to the azaindole 3 or 6 is greater than that of the 
polarized structure 3b or 6b. 


EXPERIMENTAL AND CALCULATION 


The 'H and I3C NMR spectra were recorded on a 
JEOL JNM-EX270 spectrometer with tetramethylsilane 
as an internal standard. The ''N NMR spectra in 
DMSO-ds or CDCl3 solutions at a concentration of 
1.0 M were recorded on a JEOL JNM-GSX400 spec- 
trometer with formamide as an external standard and 
chemical shifts are given in ppm from anhydrous liquid 
ammonia. IR spectra were measured on a Hitachi 
270-30 infrared spectrometer. Melting points were 
obtained with a Yanagimoto micro melting point 
apparatus or a Yamato melting point apparatus (Model 
MP-21) and are uncorrected. The molecular orbital cal- 
culations by the ab  initio method at the 6-31G level 
were carried out using the GAUSSIAN 90 program 
system. 


1H-Pyrrolo [2,3-b] pyridine (l), purchased from 


Aldrich Chemical, was used after recrystallization from 
hexane-benzene and 1H-pyrrolo [3,2-b] pyridine (4) 
was prepared as described previously. '' 


7-Methyl-7-azaindolium iodide (2).  To a solution of 
7-azaindole (1) (590 mg, 5 mmol) in anhydrous acetone 
(10 ml) was added iodomethane (7.1 g, 50 mmol) under 
a nitrogen atmosphere at room temperature. After stir- 
ring for 24 h at the same temperature, the precipitated 
solid was filtered and washed with diethyl ether. The 
crude product was subjected to recrystallization from 
methanol-diethyl ether to give 2 (1.28 g, 99%) as 
colourless plates; m.p. 153-154 "C (lit." m.p., 
154-155 "C). IR (KBr), 3392 cm-' (NH). 'H NMR 
(DMSO-d6), 6 (ppm) = 4.45 (3H, s, Me), 7.00 (lH, d, 
J =  3.4 HZ, H-3), 7.65 (lH, dd, J =  6.5,7*7 Hz, H-5), 
7.99 (lH, d,  J = 3 . 4 H z ,  H-2), 8.74 (lH, d, 
J =  7.7 Hz, H-4), 8.76 (lH, d, J =  6.5 Hz, H-6). I3C 
NMR (DMSO-d6), 6 (ppm) = 42.5 (Me), 103.5 (C-3), 
116.0 (C-5), 125.6 (C-3a), 129.7 (C-2), 136-8 (C-4), 
137.4 (C-6), 139-5 (C-7a). MS (EI), m/z (relative inten- 
sity, To)= 133 (M', 12), 132 (M+ - H ,  100), 118 
(M' -Me, 3). 


7-Methyl-7H-pyrrolo [2,3-b] pyridine (3) .  To a sol- 
ution of 7-methyl-7-azaindolium iodide (2) (780 mg, 
3 .O mmol) in water (15 ml) was added gradually solid 
K2CO3 (15 g) at room temperature. After stirring for 
24 h at the same temperature, the solution was 
extracted with diethyl ether (5  x 30 ml), dried (K2CO3) 
and concentrated in vacuo. The residue was stored in a 
refrigerator to afford a yellow solid, which was 
recrystallized from hexane to give 3 (425 mg, 100%) as 
yellow plates; m.p. 42 O C  (lit." m.p., 44°C). IR 
(NaCl), 1622, 1564cm-'. 'H NMR (CDCl3), 6 
(ppm)=4.26 (3H, s, Me), 6-66 (IH, d, J = 2 . 5 H z ,  
H-3), 6.79 (IH, dd, J =  6.1, 7.6 Hz, H-5), 7-52 (lH, 
d , J = 6 * 1  Hz, H-6), 7.89 (lH, d, J = 2 . 5  Hz, H-2), 
8.08 (IH, d, 5 ~ 7 . 6  Hz, H-4). 13C NMR (CDCI3), 6 
(pprn) = 40.1 (Me), 101.4 (C-3), 108.8 (C-5), 129.6 
(C-6), 130.3 (C-7a), 130.5 (C-4), 145.4 (C-2), 149-1 
(C-3a). MS (EI), m/z  (relative intensity, 070) = 132 (M', 
loo), 131 (MC - H, 80), 104 (Mf - H - HCN, 21). 


4-Methyl-4-azaindolium iodide (5). Following the 
procedure for the preparation of 2 , 4  (118 mg, 1 mmol) 
was treated with iodomethane (1 -42 g, 10 mmol) in 
acetone (2 ml) to afford 5 (213 mg, 82%) as colourless 
plates; m.p. 180-181 "C (deccomp.). IR (KBr), 3116 


4.42 (3H, s, Me), 7.06 (lH, d, J =  2.6 Hz, H-3), 7-68 
(NH), 1596cm-I. 'H NMR (DMSO-ds), 6 (ppm)= 


(lH, dd, J = 6 * 0 ,  8.6Hz, H-6), 8.33 (lH, 
d, J = 2 * 6  Hz, H-2), 8 . 5 8  (lH, d, J =  8.6 Hz, H-7), 
8.76 (lH, d, J =  6.0 Hz, H-5). I3C NMR (DMSO-ds), 
6 (ppm)=40.3 (Me), 92.8 (C-3), 113.4 (C-6), 123.7 
(C-2), 128.6 (C-7a), 133.2 (C-7), 134.9 (C-5), 134.3 
(C-3a). MS (EI), m/z (relative intensity, Yo) = 133 (M+,  
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lo), 132 (M' - H, loo), 118 (M' -Me, 41). Found, 
m/ t  132.0678; calculated for CsHsN2, 132.0687 
(M' - H). 


I-Methyl-r(H-pyrrolo[3,2-b]pyridine (6). Following 
the procedure for the preparation of 3, 5 (260mg, 
1 mmol) was treated with K2CO3 (5  g) in water ( 5  ml) to 
afford 6 (131 mg, 100%) as yellow plates from :he 
ethereal extract on storage in a refrigerator; m.p. 40 C. 
IR (NaCl), 1620, 1574cm-'. 'H NMR (CDCh), S 
(ppm) = 4.06 (3H, s, Me), 6-39 (lH, d, J =  1.7 Hz, 
H-3), 6.87 (lH, dd, 5 ~ 6 . 1 ,  7.6 Hz, H-6), 7.50 (lH, 
d , J = 6 . 1  Hz, H-5), 8.11 J = 7 * 6 H z ,  H-7), ( lH, d, 
8.27 (lH, d, J =  1.7 Hz, H-2). 13C NMR (CDCI3), S 
(ppm)=42.8 (Me), 91.7 (C-3), 109.6 (C-6). 127.5 
(C-7), 130.0 (C-5), 141 -2  (C-7a), 144-8 (C-3a), 152.6 
(C-2). MS (EI), m/z (relative intensity, VO) = 132 (M', 
loo), 105 (M' - HCN, 11). Found, m/z 132.0677; cal- 
culated for CEHENZ, 132.0687. 


Supplementary material is available on request from 
the authors [calculated bond lengths and angles for 1, 
3, 4 and 6 (6-31G)l. 
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KINETIC SOLVENT ISOTOPE EFFECT STUDIES ON THE 
METHANOLYSIS OF 1-PHENYLETHYL CHLORIDES 


IKCHOON LEE,* WON HEUI LEE AND HA1 WHANG LEE 
Department of Chemistry, lnha University, lnchon, 402-751, Korea 


The negative slope (Apv+ < 0) of the Hammett-type plot using kinetic solvent isotope effect, log k s o ~ / k ~ ~ ~  versus u’, 
for methanolysis of 1-(Y-pheny1)ethyl chlorides is rationalized by an ion-pair mechanism in which a solvent molecule 
attacks the relatively stable carbocation formed in the pre-equilibrium. 


INTRODUCTION 


Solvolyses of 1-phenylethyl derivatives have attracted 
considerable attention in view of the possible involve- 
ment of an ion-pair mechanism as an alternative to the 
normal s N 2  mechanism. ‘ Most reactions that involve 
the addition of water and alcohol (SOH) are subject to 
general base catalysis: 


S 


This type of catalysis has been observed for reactions in 
which carbocations (R+) are formed or react, including 
the addition of weakly basic alcohols to 1-phenylethyl 
carbocations of moderate stability. 2 * 3  


Application of various mechanistic criteria to the 
nucleophilic substitution reactions of arenesulphonyl 
halides have led different investigators to propose 
mainly two types of mechanisms, S N ~ ~  and addi- 
tion-elimination (SAN). Analysis involving rate-rate 
profiles of solvent effects in aqueous binary mixtures on 
the solvolysis of 2,4,6-trimethylbenzenesulphonyl 
chloride indicated that &2 character is favoured in 
more polar media whereas a general base-catalysed 
and/or SAN pathway is favoured in less polar media.6 


Recently, it has been shown that the effect of ring 
substitution on kinetic solvent isotope effect (KSIE) 
values, ~ S O H / ~ S O D ,  for the solvolysis of aromatic 
substrates can be a promising mechanistic tool for iden- 
tifying different reaction channels. ’ The plots of 


log KSIE vs Hammett’s u for the solvolyses of arene- 
sulphonyl chlorides (YC6H4SOzCl) gave straight lines 
with two distinctly different slopes, 0.15 and 0.05, in 
methanol and water, respectively, indicating different 
mechanisms, general base-catalysed and/or SAN and 
SN~.’ The slopes of such plots, Apy in the equation 


(2) 


represent the change in PY due to the change in 
nucleophile (also solvent) from SOH to SOD. In this 
work, this quantity, Apy, is used to show the involve- 
ment of an ion-pair mechanism in the solvolysis 
of 1-phenylethyl chlorides IYCaH4CH (CH)3C1] in 
methanol. 


A log KSIE 
A ~ Y  


= APY 


RESULTS AND DISCUSSION 
It has been shown both theoretically and experimentally 
that DzO is both a weaker base and a stronger acid than 
Ht0.’ In a recent theoretical study of KSIE on the SN2 
reaction of C H X l  with CI-(HzO),, Zhao et ~ 1 . ~  
showed that the water-water and water-chloride 
hydrogen bonds are stronger in DzO rather than in 
HzO. Hence a desolvation process is energetically more 
difficult in DzO, resulting in a rate retardation with 
KSIE > 1.0, whereas, in contrast, electrophilic solvent 
assistance in the leaving group (LG) elimination and 
deuteron (proton) transfer (KSIE < 1 -0) are facilitated 
in D20. This suggests that deuterated water and 
alcohols (SOD) are less nucleophilic but more ionizing 
than the corresponding non-deuterated solvents (SOH) 
in general. 
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A 


- .-..c_\___i___________ pn = 0.34 


The magnitude of A p y  can be related to that of pxy ,  
the cross-interaction constant between substituents in 
the nucleophile ( a x )  and substrate ( u y ) :  lo 


log (kxY/kHH)  = pxax + PYUY + PXYUXUY (3) 
where 


(4) 


Since the nucleophilicity of the two solvent 
nucleophiles, SOH and SOD, differ very little, the 
hypothetical difference in the substituent ux values, 
AUX = (oxH - a x D )  should be small, which in turn means 
that the magnitude of pxy is large [equation (4)]. The 
magnitude of pxy is known to be inversely related to the 
distance between the two reaction centres on the 
nucleophile (X) and substrate (Y), r x y ;  a greater I ~ X Y  I 
therefore implies a shorter rxy  and hence a greater 
degree of bond formation. In this work, Aax was a con- 
stant quantity so that there will be a direct proportion- 
ality between 1 pxy I and I A p y  I [equation (4)]. 


The A p y  ( = p s o ~  - p s o ~ )  value in equation (2) is pos- 
tulated to be a positive quantity [for SN2 and addi- 
tion-elimination (SAN) reactions] or zero' (for S N ~  
reactions). (i) If py is positive ( p y  > 0). the reaction 
centre becomes more negative in the transition state 
(TS) and bond formation is normally ahead of bond 
cleavage in sN2 reactions." Since SOH is more 


a' log k x y  - apY APY 
aaxuy - aux (- AJ 


PXY = 


- 4 . 2  


I 


-3. a 


I 0gks-H 
or 


I o d w  


-4 


- 4 . 2  


-4 .4  


Rk 


nucleophilic than SOD, a greater degree of charge 
transfer is expected with SOH in the TS so that PSOH 


should be greater than  SOD,  SOH > PSOD [this state- 
ment is actually true when ~ X Y  (= a p y / a a x )  < 0,  since a 
stronger nucleophile (6ax < 0) should result in a more 
positive py (6py > 0) for pxy < 0;'' in most s N ~  
reactions, ~ X Y  is negative"); thus APY > 0.' (ii) If py is 
negative ( p y  < 0). bond breaking is ahead of bond 
making in the sN2 TS with positive charge development 
at the reaction centre. lo Since bond cleavage is more 
facilitated in SOD,  SOD should have a greater negative 
value, I  SOD I > I  SOH 1, so that A p y  is again positive. 


Examples of these two cases, i.e. py > 0 and py < 0 
with A p y  > 0, are given in Figure 1 for methanolysis of 
arenesulphonyl chlorides. ' Similar plots have also been 
obtained for the hydrolysis of arenesulphonyl chlorides 
at lS0C1' and 25OC.' The two-point lines in these 
figures are admittedly of low accuracy, but the trends 
are found to be identical in all three cases. In S N ~  
reactions, the rate is independent of the nucleophile, 
SOH or SOD, and the KSIE of near unity (1-1-1.2)' 
(the KSIE value itself appears to have little or no clear- 
cut mechanistic ~ignificance,~~ but the slope, A p ,  for 
the plot of log KSIE vs a can be used as a mechanistic 
tool) varies very little with substituents, indicating that 
A p y  is approximately zero,' and hence pxy = 0. lo 


The rate and KSIE for methanolysis of 1-phenylethyl 
chlorides are summarized in Table 1, and the plot of 


A in  MeOH 


A in  MeOD 


1 onk 


.3. a 


-4  


I I I I I I I I I I J -4.4 
- 0 . 3 - 0 . 2 - 0 . 1  o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 


sigma value 


Figure 1. Hammett plot for solvolysis of para-substituted sulphonyl chlorides in ( A  ) MeOH and ( A ) MeOD 
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Table 1. First-order rate constants (kl x lo's-')  for the 
solvolyses of I-phenylethyl chlorides in methanol and 


deuterated methanol at 65.0 "C 


Standard deviation from more than three determinations. 
bStandard error ( = l / k ~ [ ( A k ~  )' + (k~/k~)' X (Aka)'] "'. 


log KSIE versus u+ is presented in Figure 2. The KSIE 
value is seen to decrease from 1 *21 (Y =p-CH3) to 0.53 
(Y = m-Cl), whereas the slopes of the two straight lines 
in Figure 2 are both negative, Apy' < 0. The negative 
A p  y+ value is obviously inconsistent with any of the SN 
mechanisms discussed above; since both p y +  and Apy' 
are negative, we expect a greater negative p y +  value in 
SOH, i.e. 1  SOD I < 1 ~ S O H +  I ,  which is opposite to the 
trends found in normal SN reactions. This negative 


Apy' value can only be rationalized by postulating an 
ion-pair mechanism: 


k, ISOH1 RC1 A R'CI- - products ( 5 )  
k -  I 


in which a solvent molecule attacks the carbocation, 
R', formed in a pre-equilibrium.'2.'3 A highly sugges- 
tive feature for this mechanism is the common ion 
(C1- ) rate depression observed with the p-terf-butyl 
derivative (6.47 f 0.09, 6.67 and 6.84 f 0.13 x 
10-3s-1 with 0.01, 0.03 and 0 . 0 4 ~  KCI added, 
respectively, compared with 6-84 k 0.01 x s-'  
with no KCI)14 in the methanolysis at 65eO"C. This 
mass law effect was absent, however, with the unsubsti- 
tuted compound, for which a normal salt (ionic 
strength) effect with b = 14-5 ink: = k,(l + b[salt]) was 
observed. l4 These findings are similar to those for ben- 
zhydryl and I-adamantyl dimethylsulphonium ion 
solvolysis; the mass law effect was absent in the latter 
whereas it was observed in the former. Is 


The fact that SOH is a stronger n u ~ l e o p h i l e ~ ~ ~  is tan- 
tamount to the relationship axH < oxD, since a more 
electron-donating substituent (EDS) with a more nega- 
tive ux leads to a stronger nucleophile. This means that 


a'  


Figure 2. Hammett-type plot using kinetic solvent isotope effects, log KSIE vs u+, for solvolysis of I-phenylethyl chlorides in MeOH 
and MeOD 
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~ X Y  values [equation (4)] for SN2 and SAN reactions are 
negative, since APY is positive and AUX (= oxH - axD) is 
negative: 


APY (+) pxy =- =- < 0 
Aux (-) 


For most of SN reactions, the observed pxy values were 
actually negative" (see earlier comment). If the sign of 
Apy is negative, as in this work, pxy reverses to 
positive: 


APY (-1 pxy =- = - > 0 
Aux (-1 


In relatively rare examples of positive pxy, the TS was 
tight (with relatively large negative charge development 
at the reaction centre"), which is similar to the TS 
structure proposed in the nucleophilic substitution 
reactions of 1-phenylethyl chlorides in MeOH. l4 It is 
difficult, however, to compare the present results with 
these examples since ~ X Y  may be a complex quantity, as 
discussed below for p y + .  


The ion-pair mechanism [equation (5)] has also been 
proposed for the solvolyses of 1-arylethyl tosylates with 
the m-Br and derivatives with more electron- 
withdrawing substituents in aqueous ethanol mixtures 
and in other highly ionizing (100 HFIP) and weakly 
nucleophilic (HOAc) solvents. l a  


For this mechanism, the observed solvolysis rate con- 
stant, ks,  and the Hammett's p y +  value are given as 
complex quantities; 


Rate = k, [SOH] [R'Cl-I 
= k,K' [RCI] [SOH] 
= k,K [ RCl] (6)  


where 
K = K' [SOH] = ki /k -  I [SOH] 


Therefore, 


k, = k,K (7) 


PY+ = p c +  +pcq+ (8) 
where p c +  is the susceptibility of charge development at 
C, to the change in substituent Y as the C,-0 bond is 
formed, and pcq+ is for the pre-equilibrium ion-pair 
formation; p e q f  is known to be very large negative (-10 
to -12)Ib and pc+ is expected to be positive since 
transfer of negative charge from the nucleophile (SOH) 
to C, will reduce the positive charge on the carboca- 
tion, R+ ( p c +  > 0 and peq+ 4 0). Since SOH is more 
nudeophilic than SOD, k, will be greater in SOH, which 
will lead to a greater ks in SOH than in SOD if K is also 
greater in SOH (see below) than in SOD or K varies 
little in the two solvents. This is indeed the case for 
electron-donating substitution (Y = EDS) in Table 1 .  In 
contrast, however, the ion pair with localized positive 
charge on C, for electron-withdrawing substituents 


(Y = EWS) will be relatively more stabilized in SOD 
owing to the stronger hydrogen bonding ability to 
anions than in SOH, leading to a greater K ,  and hence 
a greater ks is observed in SOD (Table 1). Considering 
the entire series of substrates, the ion-pair equilibrium 
seems to be relatively more sensitive in SOH than in 
SOD, i.e. I Peq(SOH)+ I > I Pcq(SOD)+ I, which leads to 
I PY(SOH)+ I > I ~ Y ( S O D ) +  I despite the larger positive pc+ 
in SOH due to the greater nucleophilicity of SOH. The 
two values observed are ~ Y ( S O H ) +  = -4.38 (r  = 0-992, 
standard deviation s = 0.24, n = 6) and 
~ Y ( S O D ) +  = - 3.89 ( r =  0.983, s = 0.24, n = 6). These 
p y +  values are comparable to those reported in various 
solvents, ranging from -6 .3  (100% 2,2,2- 
trifluoroethanol (TFE)) to - 3.0 (80% EtOH). l a  


The KSIE originating from k, will be relatively large' 
[kc(sOH)/kc(SoD) 2 2-01 owing to general base catalysis 
in the addition of CH3OH to the relatively stable 
cation, which is reflected in the normal KSIE observed 
for Y = EDS (Table 1). This effect, however, will dim- 
inish as the electron-donating power of Y decreases, 
since a lesser degree of base catalysis is required for the 
less stable cation. 3b Moreover, a relatively greater sta- 
bilization of localized positive charge on C, with 
Y = EWS in SOD should lead to an inverse equilibrium 
solvent isotope effect, K(soH)/K(soD) < 1 SO. As a result, 
for Y = EWS, inverse KSIEs are observed, 
k,(soH)/K,(soD) < 1.0, which is in agreement with the 
results of Richard and Jencks2 that the selectivity (in 
this case KSIE) of carbocations toward alcohols 
decreases as the carbocation becomes less stable. 


Further, the localized cationic species for Y = EWS 
will be more sensitive to solvent ionizing power so that 
the difference in py+,  i.e. 1 A p y +  1, should prove to be 
greater with Y = EWS. Indeed the two linear parts in 
Figure 2 have slopes Apy = - 0-  11 (r = 0.998, s = 0.01, 
n = 3 )  and -0.71 (r=0*995, s = 0 * 1 3 ,  n = 4 )  for 
electron-donating substituents and relatively more 
electron-withdrawing substituents, respectively. 


Now let us elaborate on why there is a break with two 
distinct straight linear parts in the plots of log KSIE vs 
U Y +  in Figure 2. Depending on the electron-donating 
ability of the substituent (Y) two extreme forms of 
cation, I and 11, are conceivable.14 In I, a relatively 
strong electron donor, Y, nearly completely delocalizes 
positive charge, which is stabilized by specific solvation 


I I1 
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to the positively charged Y group, whereas in I1 an elec- 
tron acceptor, Y, gives a localized positive charge on C, 
with virtually no positive charge delocalization. Since 
the C, atom in I has very little positive charge, the 
attacking solvent molecule, SOaH (S = CH3), requires a 
second molecule, SObH, as a general base catalyst 
which deprotonates partially the S0"H in the TS; this 
will result in a decrease in the force constants of the 
H-Oa vibrational modes, leading to a primary kinetic 
isotope effect (KIE), kH/kD > 1.0.' This is, however, 
partially countered and cancelled by the concerted 
process of H-Ob bond making, leading to an inverse 
secondary KIE, kH/kD < 1 -0. Reorganization of the 
delocalized structure, however, lags behind the rapid 
proton transfer so that the TS becomes imbalanced. l4 
This means that susceptibility of C, to the change in the 
electron-donating ability of Y is relatively weak so that 
only a small decrease in the KSIE, i.e. small negative 
A p y + ,  is observed with an increase in u y + .  In contrast, 
in 11, the relatively strong localized positive charge at 
C ,  does not require any base catalysis by a second 
solvent molecule; in this case only desolvation of the 
hydrogen-bonded second solvent molecule (SO bH) 
takes place. Both C,-0  bond-making and H-Ob 
hydrogen bond-breaking processes, however, lead to an 
increase in the force constants of Oa-H vibrational 
modes, resulting in the inverse secondary KIE observed, 
kH/kD < 1-0. This effect will be enhanced as the posi- 
tive charge at the C, atom grows with the increase in 
U Y + .  Since there is no counteracting effect and polar 
effect of uy' is transmitted directly to C, without any 
TS imbalance, and also bond making has progressed to 
a substantial degree, a steep decrease in the KSIE 
with U Y +  will occur and a large negative Apy '  is 
obtained. These interpretations are also consistent with 
the mechanism of aminolysis of 1-phenylethyl chlorides 
in methanol. l4 


In conclusion, the ion-pair mechanism is 
characterized by a negative A p y +  [equation (2)] in con- 
trast to positive A p y  values for normal nucleophilic 
substitution reactions. 


EXPERIMENTAL 


Materials. Merck analytical-reagent grade methanol 
and deuterated methanol were used without further 
purification. In the preparation of substituted l-phenyl- 
ethyl chloride, lC*l6 the corresponding acetophenone was 
reacted with reducing agent (LiAIH4) to produce 1- 
phenylethyl alcohol, which was then converted into 1- 
phenylethyl chloride by reaction with thionyl chloride 
in dry chloroform at room temperature. The products 
were vacuum distilled and separated by column 
chromatography. 


Kinetic products. Reaction rates were measured con- 


ductimetrically at 65.0 2 0-05 "C in methanol and 
deuterated methanol. The conductivity bridge used in 
this work was a laboratory-made computer interface 
automatic AID converter conductivity bridge and the 
conductivity cell was placed in a Pyrex pressure bottle 
with a tightly sealed cap to prevent leak of methanol 
vapour. Substrates were injected with a syringe. The 
vapour pressure inside the bottle is expected to rise with 
a corresponding rise in the boiling point. The rise in the 
external pressure (maximum cu 2 atm), however, is not 
significant enough to affect the observed rates. Pseudo- 
first-order rate constants, k lobs, were determined by the 
Guggenheim method. " No UV peak (A,,, = 282, 
244 nm) corresponding to any alkene formed by an 
elimination reaction was detected. 
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ACID-BASE EQUILIBRIA AND KINETICS BETWEEN 
TRIARYLMETHANE DYE CARBINOLS AND ORGANIC ACIDS IN 
APOLAR APROTIC SOLVENTS: RELATIVE BASICITIES OF DYE 


CARBINOLS IN TOLUENE 


SUSANTA K.  SEN GUPTA AND UDAI ARVIND 
Department of Chemistry, Faculty of Science, Banarus Hindu University, Vuranasi 221 005, India 


Equilibria and kinetics of acid-base reactions in toluene between a carboxylic acid (m-toluic, salicylic acid) and a set 
of carbinol bases (derived from basic triarylmethane dyes) were studied spectrophotometrically. The results for the 
equilibrium and kinetic parameters were critically analysed. The rate constant of the forward step of the acid-carbinol 
base equilbrium was found to provide a suitable scale of basicities in toluene. The basicities of the dye carbinols chosen 
decrease in the order Ethyl Violet- > Crystal Violet- > Methyl Violet- = Victoria Pure Blue BO- * Brilliant 
Green- > Malachite Green-carbinol. This is fairly consistent with the order observed in water. A fairly good 
correlation between base strengths of the carbinols and OR' parameters of their para-alkylamino substituents was 
obtained. 


INTRODUCTION 
The carbinol-carbenium ion equilibrium for basic tri- 
arylmethane dyes is of major significance in studies on 
acid-base reactions in both polar and apolar solvents. 
Crystal Violet in its carbinol form (Id) has been used 
extensively as a reference base for determining the rela- 
tive acid strengths of a series of carboxylic acids both 
aliphatic and aromatic and a series of phenols in 
benzene and similar apolar solvents. '-' In another 
study the carbinol form of Ethyl Violet (le) was used 
for determining the acidities of fluoroalcohols in 
benzene.6 On the other hand, the carbinol forms of 
Malachite Green (la) and Crystal Violet (Id) have been 
utilised to measure the difference in carbon and proton 
basicities of a number of nucleophiles in aqueous 
media."' Further, a number of triarylmethane dye 
cations are well known as solvent extraction-spec- 
trophotometric reagents in the trace determination of 
many elements. ','' In a recent physico-chemical study 
on the selection of reagents for the determination of 
boron, it has been shown that the base strengths of the 
carbinol forms of the dyes in toluene, a typical extrac- 
tion solvent, and in water have key roles in designing 
extraction-spectrophotometric reagents for the 
element. " 


A number of quantitative studies on the carbenium 
ion-carbinol equilibrium and measurements of the base 


strengths of the carbinols in the aqueous phase for 
several basic triarylmethane dyes have been 
reported. 7v8v12 Recently, for triarylcarbenium ions 
having no 4-alkylamino substituent, which are much 
less stable than the dye cations, laser flash photolysis 
has been employed for studying the kinetics of the 
carbenium ion-carbinol equilibrium in water and 
water-acetonitrile media. l 3  However, no systematic 
effort to determine the basicities of dye carbinols or 
other triarylcarbinols in any apolar aprotic solvent has 
been reported. To bridge this gap, a systematic investi- 
gation of the equilibria and kinetics of the reactions 
between a set of selected triarylmethane dye carbinols 
and suitable reference organic acids in toluene was 
undertaken. 


EXPERIMENTAL 


All chemicals were either of analytical-reagent grade or 
highly purified by standard procedures. Toluene was 
chosen as the reference apolar aprotic solvent because 
of its relatively low toxicity. A toluene solution of the 
carbinol form of a basic triarylmethane dye, which is 
colourless, was prepared by the basification of an 
aqueous lo-' M dye solution with 2 M NaOH and sub- 
sequent extraction into toluene, followed by drying 
over sodium wire in accordance with a standard 
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procedure. However, a toluene solution of Malachite 
Green carbinol (la) was prepared by the direct dissolu- 
tion of the carbinol (Sigma). 


Choice of dyes. 4,4' ,4"-Tris- and 4,4' -bis-mono- 
and -dialkylaminotriarylcarbinols are generally basic 
enough to undergo toluene-phase proton transfers with 
many organic acids to a significant extent. Accordingly, 
the triarylmethane dye cations Malachite Green (MG; 
4,4'-bis-NMe2Ph3C+), Brilliant Green (BG; 4,4'-bis- 
NEtzPh3C+), Methyl Violet (MV; 4,4'-bis-NMe2-4"- 
N H M e P h C  ), Crystal Violet (CV; 4,4' ,4"-tris- 
NMezPhS'), Ethyl Violet (EV; 4,4' ,4"-tris- 
NEtzPh3C') and Victoria Pure Blue BO (VB; 4,4'-bis- 
NEt2Ph~-4-NHEt-l-NaphC+), which on nucleophilic 
attack by OH- are converted into the corresponding 
colourless carbinols la,  lb,  lc,  ld, l e  and 2, respect- 
ively, were chosen. 


Q 
R3 


la : R1= R2 :NMe2 R3= H 


l c :  R1= R2=NMe2,R3-NHMe 


Id:  R1 = R2= R3= NMe2 
l e  : R1= Rz=R3=NEt2 


l b :  R1= RpSNEt2 9 Ra=H 


Choice of reference acids. In principle, any acid 
which has sufficient reactivity for the carbinol forms of 
the chosen dyes (la-e, 2) in toluene can be employed as 
a reference acid in determining their relative base 
strengths. However, preliminary results on equilibria 
and kinetics of the toluene-phase acid-dye carbinol 
reactions suggest strongly that salicyclic acid and 
m-toluic acid in combination are the reference acids of 
convenience. 


Procedure. The equilibrium and the kinetics of the 
reaction between the carbinol form of a basic triaryl- 


methane dye, dye-OH (10-6-10-5 M), and a reference 
acid, HA (10-4-10-2 M), in dry toluene which gives 
rise to the coloured ion pair (dye'A-) product, were 
measured with a Shimadzu 160A UV-visible recording 
spectrophotometer at 600nm for lc, 610nm for Id, 
615 nm for le, 630 nm for l a  and 640 nm for lb  and 2 
at 28 ? 0.1 "C. The molar absorptivities of the d je  
cations (dye+) (lo4 1 mol-' cm-') in toluene at 28 C 
were found to be 5.6 for MV, 5.9 for CV, 10-2 for EV, 
8 . 7  for MG, 13.8 for BG and 4.2 for VB. 


Base strengths of dye carbinols in water. To see how 
the toluene-phase relative base strengths of the dye 
carbinols compare with their aqueous-phase relative 
base strengths, the equilibrium constant (&+ ) of the 
reaction 


dye' + HzO dye-OH + H +  (1) 


dHEt 


2 


was determined using the equation 


where A0 and A ,  are the initial and equilibrium absor- 
bances, respectively, of the dye' in a buffer solution of 
suitable pH. The carbenium ion-carbinol equilibrium 
for the dyes chosen here was monitored for the initial 
concentration of a dye, 1.0 x M, and at pH 6.88 
(for MG and BG) and 9.26 (for MV, CV. EV and VB). 
pH was measured with a Beckman $71 pH meter. It 
should be noted that for the dyes considered here, 
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except MG and CV,7'8 no precise value of ~ K R +  have 
been reported previously. 


RESULTS AND DISCUSSION 


The colourless carbinol form (dye-OH) of a triaryl- 
methane dye cation, an aquo-base, l4 reacts with an acid 
(HA) in an apolar aprotic solvent producing the 
coloured ion pair (dye+A-) and HzO: 


dye-OH + HA % dye+A- + HzO (3) 
It is generally argued that the water molecule produced 
in the reaction is hydrogen bonded to one of the species 
present in the equilibrium and that they exist as one 
entity. 


D + HA @ DH+A- (4) 
where D represents the colourless dye carbinol and 
DH+A- the coloured ion pair. The magnitude and the 
kinetics of the equilibrium [equation (4)] would depend 
on both the base strength of D and the acid strength of 
HA. Further, it has been found that the kinetics of a 
number of dye carbinol-organic acid reactions in 
several apolar aprotic solvents are slow enough to be 
monitored easily by conventional spectrophotome- 
try. 1.2.5.11 In this respect, salicylic acid for the carbinol 
of MG (la), BG ( lb)  or CV ( la)  and rn-toluic acid for 
the carbinol of MV (lc), CV (ld), EV (le) or VB (2) 
were found to be the appropriate reference acids in 
toluene. 


The triarylmethane dye carbinol-acid equilibrium 
was found to be described by the equation 


Equation (3) can be rewritten as 


( 5 )  


where n, the acid exponent, was found to be greater 
than unity and non-integral (see Tables 3-3 ,  as pre- 
viously reported for many acid-base reactions in apolar 
aprotic solvents. 1 , 3 * 4 ~ 6 3 1 1 9 1 5  This is commonly attributed 
to the participation of the homoconjugate acid-acid 
anion complex acid, H(A ... HA) along with the free 
monomeric acid, HA; n is generally sensitive to the 
specific HA, temperature and solvent. K ,  the concen- 
tration ratio, is an association constant and obviously 
not a true thermodynamic constant. The values of K 
and n obtained are given in Tables 3-5. Equation ( 5 )  is 
consistent with the equilibrium 


D + fHA @ DH'A- + rHA (6) 
where both the forward step and the reverse step are 
influenced by the acid, HA, and f and r, related by 


f - r = n  (7) 
are the individual acid exponents for the forward and 
the reverse steps, respectively. If kl and k- I denote the 
rate constants for the forward and the reverse steps, 


respectively, 


K = kl/k- I (8) 
The reversible reaction [equation (4)] under the con- 
ditions employed, CHA/&-OH = 10-103 (see Exper- 
imental), was found to follow first-order kinetics: 


(9) 


where k is the overall rate constant and X ,  and Xf are the 
concentrations of DH+A- at equilibrium and at time t ,  
respectively, in terms of its absorbance. It follows that 


(10) 
A combination of equations (7), (8) and (10) leads to 


k =  ki [HA]'+ k-1 [HA] 


a useful relationship: 


The plot of the left hand side of equation (11) against 
log [HA] was found to be linear for each of the dye car- 
binol-acid systems studied. Similar linear plots 
have been reported for the reactions of the carbinol 
of Crystal Violet (Id) with many phenols, carboxylic 
acids and hydrogen spiroborates in benzene and 
toluene. 1 9 2 * 5 * ' 1  The values of log k- and f obtained by 
least-squares analysis of the above log-log linear plots 
[see equation (1 l)] are compiled in Tables 4 and 5 ,  
which include also the values of log kl and r as calcu- 
lated using equations (8) and (7), respectively. The 
results obtained (Tables 1-6) are analysed below. 


Log K scale of basicities 


The values of the association constant ( K )  for the 
reactions of a set of triarylmethane dye carbinols (D) 
with a given reference acid (HA) can be employed to 
determine the relative base strengths of the carbinols in 
toluene strictly when the differences in the n values are 
not sufficiently large [see equation (5)]. The number of 
HA molecules associated with a D molecule at equi- 
librium, n, as already indicated, may be non-integral 
and exceed unity (see Tables 3-5) (it may be noted that 
DH+A- symbolically represents the ion pair irrespec- 
tive of the magnitude of n,  the absorbance of the ion 
pair being insignificantly dependent on n). This can be 
interpreted as being due to the overlapping associations 
of the simple anion A- and the homoconjugate 
complex anions A- HA, A- ... (HA)2, etc., with a 
DH+ in an apolar aprotic The magnitude of 
n has been found to depend on the acid strength of 
HA, Is temperature and the nature of the solvent. The 
results obtained for the reaction of BG-carbinol ( lb)  
with salicylic acid further show that n for an acid is not 
a fixed quantity and increases with increasing concen- 
tration of the acid used in its determination (see data 
for l b  in Tables 3 and 5) .  Hence any factor which can 
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influence anion homoconjugation due to hydrogen toluic acid [see Table 4; owing to the much larger mag- 
bonding, A- ... HA ... HA ... , affects the magnitude of nitude of n, EV-carbinol (le) was not considered in the 
n. Keeping these factors in mind, the toluene-phase comparison], BG-carbinol ( lb) > MG-carbinol (la) 
base strengths of the dye carbinols on the basis of log against salicylic acid (see Table 5 )  and CV-carbinol 
K values were found to follow the order VB-carbinol (la) > BG-carbinol (lb) against salicylic acid (see 
(2) > CV-carbinol (Id) > MV-carbinol (Ic) against m- Table 3). The combined order of basicities in toluene so 


Table 1. Equilibrium and kinetic results of the reactions of various dye carbinols (dye-OH) with 
rn-toluic acid (HA) in toluene at 28 ? 0.1 OC 


Dye-OH 


CV-carbinol (Id) 33.3 0.534 0.39 0.389 -2.31 
(1.25 x lo-' M) 21 *7 0.449 0.17 0.242 -2.57 
(Ba  = 0.750) 16.7 0.405 0.07 0.207 - 2.68 


11.7 0.355 -0.05 0.124 - 2.98 
6-7 0.261 - 0.27 0.086 - 3.27 
5.0 0.215 - 0.40 0-069 -3.45 


MV-carbinol (lc) 41.7 0.478 0.32 0.495 -2.06 
(1.25 x 10-5 M) 33.3 0.425 0.18 0.425 -2.15 
(Ba = 0.705) 21.7 0.352 0.00 0.284 - 2-41 


16.7 0.317 -0.09 0.227 - 2.56 
11.7 0.260 -0.23 0.177 - 2.75 
6.7 0.190 - 0.43 0.132 - 3.03 


EV-carbinol (le) 21.7 0.310 0-50 1.086 - 3.59 
(4-0 x M) 16.7 0.254 0-22 1.075 -3.66 
(Ba = 0.407) 11.7 0-186 - 0.07 0.995 -3.82 


8-3 0.135 - 0.30 0.949 - 4-00 
6.7 0.108 -0.44 0.898 -4.15 


VB-carbinol (2) 21.7 0.452 0.42 0.195 - 2.93 
(1 .S x 10-5 M) 16.7 0.430 0.34 0- 151 - 3.07 
(Ba = 0.625) 11.7 0.381 0.19 0.108 -3.27 


6.7 0.298 -0.04 0.069 -3.58 
3.3 0.185 -0.38 0.046 - 3.93 


' B  = total concentration of the dye carbinol in terms of the absorbance of the completely converted dye cation. 


Table 2. Equilibrium and kinetic results of the reactions of various dye carbinols (dye-OH) with 
salicylic acid (HA) in toluene at 28 k 0.1 "C 


Dye-OH 


k 
K + [HA] -" 


[DH'A-] k 
(min-') 


[Dl ( ? 0.2%) 


MG-carbinol ( la )  
(1 .O x 10-5 M) 
( E n  = 0.865) 


BG-carbinol ( lb)  
(5.33 X M) 
(8" = 0.735) 


33.3 
25.0 
20.0 
13.3 
10.0 


16.7 
13.3 
10.0 
6.7 


0,702 0.63 
0.61 1 0.38 
0.485 0.11 
0-282 -0.31 
0- 165 - 0.63 


0.554 0.49 
0.455 0.21 
0.345 -0.05 
0.179 -0.49 


2 - 077 
1.510 
1.361 
1.158 
1-146 


2.142 
1.690 
1-390 
1-279 


-6.47 
- 6.69 
-6.82 
-7.13 
-7.36 


- 6.98 
-7.16 
-7-38 
-7.70 


a,b See Table I .  
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Table 3. Equilibrium results of the reactions of various dye carbinols (dye-OH) with 
salicylic acid (HA) in toluene at 28 f 0.1 'C 


[HA] x lo4 
Dye-OH (M) X ,  


CV-carbinol (Id) 3.3 0.672 
(1.15 x I O - ~  M) 3.0 0.660 
(Ba = 0.700) 2.7 0.652 


2.3 0.646 


BG-carbinol (lb) 8.3 0-240 
(5.33 X M) 6.7 0-179 
(Ba = 0.735) 5.0 0.118 


3.3 0.060 


[DH+A-] 
Log ~ Log K n 


[Dl ( f 2%) (f 2%) 


1.38 7.87 1.88 
1.22 
1.13 
1.08 


-0.31 5.37 1-85 
- 0.49 
-0.72 
-1.05 


'.bSee Table 1 


Table 4a. Association constants (K),  individual rate constants (k , ,  k -  I )  and acid expo- 
nents (n, f, r )  for the dye carbinol-m-toluic acid reaction in toluene at 28 ? 0.1 "C 


Log K Log ki Log k -  i n f r 
Dye-OH ( 2 2 % )  ( 2 2 % )  (?2%) ( 5 2 % )  ( 5 2 % )  ( 2 2 % )  


CV-carbinol (Id) 1.74 1.46 -0.28 0.93 1.37 0.44 
MV-carbinol ( le )  1.57 1.24 -0.33 0.93 1.25 0.32 


VB-carbinol (2) 2.08 1.22 -0.86 0.98 1.24 0.26 
EV-carbinol (le) 3.50 1.75 - 1.75 1.83 1.09 -0.74 


Corresponding to the data in Table I .  


Table 5 " .  Association constants ( K ) ,  individual rate constants ( k l ,  k -  ,) and acid expo- 
nents (n, f, r )  for the dye carbinol-salicylic acid reaction in toluene at 28 5 0.1 "C 


L o g K  Logki Logk-i n f r 
Dye-OH ( 2 2%) (2  2%) ( 2  2%) (2  2%) ( 2 2%) (f 2%) 


MG-carbinol ( la )  6.71 4.41 -2.30 2.44 1.68 -0.76 
BG-carbinol ( lb )  7.18 5.20 -1.98 2.42 1.80 -0.62 


'Corresponding to the data in Table 2 .  


Table6. Values of 
Q K R .  for various dyes 


at 28 2 0.1 "C 


cv 9.35 
MV 9.35 
EV 9.49 
VB 9.08 
MG 6.97 
BG 7.43 


obtained, VB-carbinol (2) > CV-carbinol (Id) > MV- 
carbinol (lc) S= BG-carbinol (lb) > MG-carbinol ( la)  
[since Alog K(ld - lb)  % Alog K(ld - lc) ,  Tables 3 
and 41, is interestingly similar to that in water (on the 
basis of ~ K R +  values), viz. CV-carbinol ( la)  i5: 


MV-carbinol (lc) > VB-carbinol (2) % BG-carbinol 
( lb)  > MG-carbinol (la) (see Table 6), except for 
inversion of the order between 2 and Id (or lc). 


However, it is worth noting that on reducink the con- 
centrations of HA, not only n but also K is significantly 
lowered [see data for BG-carbinol (lb) in Tables 2, 3 
and 51 .  This can be explained as being due to the 
considerably greater stability of the homoconjugate 
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complex anion A- ... HA over the simple anion A- [ 5 ] .  
Similar reasonings have been put forward to explain the 
S-shaped spectrophotometric titration curves of p-tolyl- 
di-n-propyl Nile Blue base with moderately strong acids 
such as salicylic acid in benzene. Evidently, the 
more extensive the anion homoconjugation, the larger 
is the deviation of the magnitude of n from unity. 
Hence, for given concentrations of an acid (HA), there 
should apparently be no significant variation in the 
magnitude of n with changes in dye carbinol. The pre- 
diction is in good agreement with the results (see Tables 
1 and 4 and Tables 2 and 5) .  However, an obvious 
discrepancy is observed for EV-carbinol (le). When 
EV-carbinol ( le)  is substituted for CV-carbinol ( ld) ,  
MV-carbinol ( lc)  or VB-carbinol (2) in the reaction 
with rn-toluic acid, the magnitude of n undergoes a sig- 
nificant rise from ca 1 to cu 2. It is worth pointing out 
also that EV-carbinol ( le)  in comparison with the other 
carbinols (lc, Id and 2) has a much larger K with m- 
toluic acid (see Table4). Obviously, in the toluene 
phase EV-carbinol ( le)  behaves as a much stronger base 
than the other carbinols (both K and n are larger). 
Thus, in an ion associate (DH+A-) of EV-carbinol ( le)  
the anion A- would not have sufficient affinity for the 
EV-carbenium ion and would prefer homoconjugation 
to HA, leading to a substantial increment in the magni- 
tude of n. Because of the considerable differences in the 
magnitudes of n, the relative base strength between EV- 
carbinol ( le)  and another dye carbinol ( lc ,  Id or 2) on 
the basis of log K values could not be correctly assessed. 
This is also in line with the finding that the difference 
between Alog K and APKR+ is much larger for EV- 
carbinol ( le)  and another dye carbinol (1-0-1.8) than 
for the other pairs of the carbinols (0.0-0.3) (see 
Tables 4-6). In fact, the base strength of a dye carbinol 
in a toluene-like solvent as measured by the extent of its 
conversion to the dye cation at equilibrium in terms of 
log K is due to a complex interplay of at least four par- 
ameters, k], k - ~ ,  f and r [see equations (7) and (8)]. 


Log kl scale of basicities 


Evidently K is not a convenient basis for determining 
toluene-phase basicities of all the dye carbinols. An 
alternative which is found to be of more general 
applicability is kl ,  the rate constant for the forward step 
of the acid-carbinol equilibrium in which the acid, 
HA, reacts as an f-mer with the dye carbinol, D[see 
equation (6)]. Log kl can reliably be used to determine 
the relative base strengths of the carbinols in toluene 
when the f (the acid exponent for the forward reaction 
step) values do not differ substantially [see equations 
(6) and (lo)] . In contrast to the log K scale of basicities, 
which depends on four parameters (k l , k - l ,  f and r ) ,  
the log kl scale would depend only on kl and f. Fur- 
ther, f, which can be interpreted as the mean aggre- 
gation number of HA species [HA, H(A HA), etc.] 


reacting with D in the forward step should be exclu- 
sively a characteristic of the given concentrations of HA 
in toluene. In fact, with reference to given concen- 
trations of an acid, no significant variation in the values 
off could be found among the dye carbinols (see Tables 
4 and 5 ) .  The f value for EV-carbinol (le), unlike its n 
value, does not differ substantially from that for 
another dye carbinol ( l c , l d  or 2). Certainly, kl 
referred to an f value would be a judicious criterion for 
measuring the relative basicities of the dye carbinols in 
toluene. 


On comparing log kl values, the following order of 
basicities in toluene is observed: EV-carbinol 
( le)  > CV-carbinol (Id) > MV-carbinol ( lc)  = VB- 
carbinol (2) (against rn-toluic acid, see Table4) and 
BG-carbinol ( lb)  > MG-carbinol ( la)  (against salicylic 
acid, see Table 5) .  Keeping in view the magnitude of the 
difference in basicities between CV-carbinol (Id) and 
BG-carbinol ( lb)  as measured by their log K values with 
reference to salicylic acid (see Table 3), the order of 
toluene-phase basicities among all the dye carbinols 
examined can be written as EV-carbinol ( le)  > CV- 
carbinol (Id) > MV-carbinol ( lc)  = VB-carbinol 
(2) % BG-carbinol ( lb)  > MG-carbinol ( la) .  Interest- 
ingly, this order is fairly consistent with that in water 
(on the basis of ~ K R + ) :  EV-carbinol ( le)  > CV- 
carbinol ( la)  = MV-carbinol ( lc)  > VB-carbinol 
(2) % BG-carbinol ( lb)  > MG-carbinol ( la)  (see 
Table6). Thus, the approach based on the rate con- 
stants of the forward step (k l )  appears adequate for 
determining the carbinol basicities in toluene. 


It is seen that Alog kl/ApKR+ values are 2.0 and 1.7 
for the pairs Id, l e  and la ,  lb ,  respectively (see Tables 
4-6). The attenuation in the relative basicities of the 
dye carbinols due to the aqueous phase can be attrib- 
uted to the hydration of the dye carbinols and the 
carbenium ions by hydrogen bonding. 


Negative values of r 
The acid exponent of the reverse step, r, which equals 
f - n [see equation (7)] is found to be either positive or 
negative, depending on the substrates reacting (see 
Tables 4 and 5). A positive value of r stands for the 
number of HA molecules released from an f-mer (HA), 
molecule after attaining the equilibrium of its interac- 
tion with a D molecule and is, as expected, very small 
(see Table 4). Negative values of r can be interpreted as 
being due to further homoconjugation of the anion 
fragments of the ion associates (DH+A-, DH'A- ... 
HA, etc.) by HA, which is present in large excess (see 
Experimental). This would obviously be favoured by 
the higher acidity of HA and the lower acidity of DH+. 
This agrees well with the finding that negative values of 
r are obtained only when the carbinol base or the acid 
is sufficiently strong as with EV-carbinol ( le)  or 
salicylic acid (see Tables 4 and 5 ) .  
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Base strengths of dye carbinols and 
through-resonance (a; ) parameters of their 
para .r-electron donor (R) substituents 


A triarylcarbinol to triarylcarbenium ion conversion 
can be considered to pass through a transition state in 
which a vacant p-orbital is developing at the central 
carbon atom contiguous to the aryl rings. For the dye 
carbinols 4,4’ -bis- or 4,4‘ ,4”-tris-alkylaminotriaryI- 
carbinols, n-electron donor (R) alkylamino substituents 
in the 4-position of the aromatic rings thus enter into an 
extra strong direct resonance interaction with the 
developing positive charge at the central carbon atom 
and a decrease in the free energy of the transition state 
(and of the carbenium ion) due to the more effective 
spreading of the positive charge is the result. ” This 
means that greater the ?r-electron donor strength of the 
4-alkylamino substituents as measured by their 
through-resonance parameters o i  (NHMe, - 0.58; 
NMe2, -0.64; NEt2, -0.68) 1181, the higher is the 
basicity of the dye carbinol. This agrees well with the 
order of the base strengths of the triphenylmethane dye 
carbinols (4-X, 4'-X' , 4“-X“ triphenylcarbinols; 
X,X‘ ,X”=alkylamino substituents or hydrogen): 
EV-(X=X’ =X”=NEtz)carbinol ( le)  > CV-(X=X‘ = 
X”=NMe2)carbinol (Id); BG - (X=X‘ =NEt2, X”= 
H)carbinol ( lb)  > MG-(X=X‘=NMe2, X”=H) car- 
binol (la); CV-(X=X‘ =X”=NMez)carbinol 
(Id) > MV-(X=X’ =NMe2, X”=NHMe)carbinol (lc) 
(see Tables 4 and 5) .  In fact, both log kl and p&+ 
show a regularly decreasing trend with increase in Curt 
(i.e. less and less negative) over all the 4-substituents for 
both the sets of triphenylcarbinols: 4,4’ -bis-alkylamino 
(la, lb)  and 4,4‘ ,4”-tris-alkylamino (lc, Id, l e )  (see 
Tables 4-6). Further, the values of Alog kl/ACo& are 
found to be -2.4 and -9 .9 for the sets Id, l e  and la ,  
lb,  respectively, whereas the corresponding values for 
APKR+/ACU~ are -1.2 and -5.8, respectively. The 
attenuation in the sensitivity of the carbinol basicity to 
substituent effects by the aqueous phase (2-0 for Id, l e  
and 1-7  for la ,  lb) ,  i.e. Alog kl/ApKR+, can thus be 
attributed to the reduction of through-resonance in the 
carbenium ions by hydrogen bonding between water 
and the nitrogen lone pair of the 4-substituents. Since 
the UI values of ethyl- and methylamino substituents 
differ little (NEt2, 0- 10; NMe2 0- 10; NHMe, 0*12), ’* 
the reduced relative basicities of the carbinols in the 
aqueous phase are chiefly due to the inhibition of 
resonance in the carbenium ions through hydration of 
its n-electron donating (R) substituents. 


It may be noted that although CV-carbinol (Id) acts 
as a stronger base than MV-carbinol ( lc)  in toluene 
medium, their basicity difference is virtually eliminated 
on transfer to an aqueous medium (see Tables 4 and 6). 
In aqueous medium, specific hydration via hydrogen 
bondipg between water and the hydrogen atom of the 
4-(=NHMe) centre of the MV carbenium ion through 


its transquinoidal resonance affords extra stability to 
the carbenium ion and enhanced basicity to the carbinol 
(lc). Clearly, the other dye carbenium ions (EV, CV, 
BG or MG), which have only dialkylamino (NMe2 or 
NEt2) substituents, would lack such extra stabilization 
due to specific hydration of a hydrogen-bond donor 
substituent through transquinoidal resonance. 


Further, the higher basicities of 4,4’ ,4”-tris- 
dialkylaminotriphenylcarbinols (Id, le )  as compared 
with the 4,4’-bis-dialkylamino analogues (la, l b )  can 
be explained on the basis that owing to the additional 
4-dialkylamino substituent , delocalization of the posi- 
tive charge in the CV- or EV-carbenium ion (and in the 
transition state leading to it) would be more extensive 
and symmetric than in the MG- or BG-carbenium ion. 
In fact, extended HMO and CNDO calculations have 
shown that the positive charge density of the central 
carbon atom is greater in MG than in CV. 19~20  This also 
explains the greater sensitivity of the carbinol basicity 
to substituent effects for 4,4’-bis-dialkyl- 
aminotriphenylcarbinols (la, lb): Alog kl/ACa$ = 
-9.9 and A ~ K R + / A C U ~  = - 5 - 8  as compared with the 
4,4‘ ,4”-tris-dialkylamino analogues (la, le )  with values 
of - 2.4 and - 1.2, respectively. 


However, the parallelism observed between the order 
of the base strengths of the triphenylmethane dye 
carbinols (la-le) and that of the Eog values of their 
4-alkylamino substituents does not hold when a 4- 
alkylaminophenyl group is substituted by a 4- 
alkylamino-1-naphthyl group. VB-carbinol (2), on the 
basis of the C u i  values of its alkylamino substituents 
[assuming near equality of the a t  values of NHEt and 
NHMe on the basis of nearly equal dipole moments 
(1.64 D) of N-methyl- and N-ethylanilines”] and the 
higher resonance effect in a 1-naphthyl ring than in a 
phenyl ring, the conjugating power of a I-naphthyl 
group being 1-6  times that of a phenyl group,22 would 
rank as a base higher than CV-carbinol (ld). The 
observed basicity ranks are, however, just the reverse 
(see Tables 4 and 6). The reason may be the steric strain 
beween the coplaner -NHEt substituent at the 4- 
position and the peri-hydrogen in the 1-naphthyl ring, 
which would cause the -NHEt group to twist out of 
the plane of the naphthyl ring and decrease the through- 
resonance between the positive charge on the central 
carbon atom and the lone pair of electrons on the 
4-NHEt group in the 1-naphthyl ring of VB-carbenium 
ion (and of the transition state leading to it), and thus 
render the carbinol less basic. A similar reasoning based 
on resonance inhibition by the steric effect of a peri- 
proton has been offered to explain why N,N-dimethyl- 
1-naphthylamine is a stronger base than 
N ,  N-dimethyl-2-naphthylamine. 23 


Acid-base reactions in apolar aprotic solvents of low 
dielectric constant ( E  < 6) as compared with those in 
water, although largely free from specific solute-sol- 
vent interactions, are complicated owing to the possi- 
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bilities of self-association of acids, homoconjugation of 
acid anions, formation of hydrogen-bonded acid-base 
complexes without proton transfer, formation of 
proton-transfer complexes leading to ion pairing of 
cations with both simple and homoconjugate anions, 
hydrogen bonding of acid and other suitable molecules 
to ion pairs, self-aggregation of ion-pairs, etc., depend- 
ing on the structure and the concentration of the acids 
and bases. 14,'5,24 However, for acid-dye carbinol base 
reactions in toluene, the observed regularity between 
log kl and C u t  (or C u t  + C U I )  rather than CUR (or 
CUR + CUI) of the para substituents of the dye carbinols 
with negative values of Alog k l / A C ~ i  ( -2 -4  for Id, l e  
and -9 .9  for la,  lb)  favours strongly an electron- 
deficient transition state of the rate-determining step in 
which the developing positive charge centre is in direct 
conjugation with the substituents at the 4-position 
of the aryl rings of a dye carbinol, leading to the 
formation of the corresponding carbenium ion. 


1. 


2. 


3. 


4. 


5. 
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Experimental gas-phase acidities are reported for a series of 4-substituted bicyclo r2.2.21 oct-1-yl carboxylic acids and 
for a limited number of the corresponding bicyclo 12.2.21 oct-2-enyl carboxylic acids. Similar acidities are also reported 
for additional 4-substituted benzoic acids, allowing a comparison of field and resonance effects between the three 
series. Ab  iniiio molecular orbital calculations for these series of acids confirm the conclusion that the aromatic acids 
display direct field and resonance effects, whereas the acidities in the aliphatic series acids are largely determined by 
direct field effects. 


INTRODUCTION 
In recent years, we have reported gas-phase results for 
proton transfer equilibria of various series of molecules 
to establish the inherent substituent effects in the 
absence of a solvent. We have coupled these results with 
the use of ab initio molecular orbital calculations, both 
to establish the utility of such calculations and to use 
them to increase our understanding as to how substi- 
tuent effects are transmitted. To date, we have reported 
such data for substituted methylamines, acetic acids,2 
cyanides,  phenol^,^.' pyridines, 6s’ anilines, 
quinuclidines and bicyclo [2.2.2]oct-l-y1 amines. 


We now report both gas-phase proton transfer ener- 
gies (relative acidities) and ab initio molecular orbital 
calculations (STO-3G basis level) for the important 
series of 4-substituted bicyclo [2.2.2]oct- I-yl carboxylic 
acids [equation (l)] . 


A 


This equilibrium has been much as the basis 
for scales of field effects (UF or the earlier UI desig- 
nation). We also report gas-phase acidities for some 4- 
substituted bicyclo [2.2.2]oct-2-enyl carboxylic acids (I) 
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and additional gas-phase experimental figures and mol- 
ecular orbital calculations to extend the results 
available" for the energies of the proton transfer equi- 
librium for 4-substituted benzoic acids [equation (2)]. 


y02H C02- 
I 


x x 
In solution, the acidities of process (2) are affected" 


by both field and resonance effects and it was earlier 
suggested" that the differences in acidities for corre- 
sponding substituents between series (1) and (2) is a 
measure of the resonance effect of substituents (uR). 
A b  initio molecular orbital calculations have also been 
previously reported l3 for the acidities of some 
4-substituted benzoic acids, but for our purposes we 
wished to have values for the complete series listed, 
using standard geometries. 


EXPERIMENTAL 
Samples were available from previous work on 
bicyclo [2.2.2]oct-2-enyl carboxylic acids l 4  and for most 
of the compounds from work on bicyclo [2.2.2]oct-l-y1 
carboxylic acids.15 The 4-fluoro- and 4- 
chlorobicyclooctyl acids were kindly supplied by Dr W. 
Adcock and the 4-methyl der i~a t ive '~  N as synthesized 
by Dr N. Pirzada. Commercial samples of the benzoic 
acids in Table 3 were used. 


The ion cyclotron resonance (ICR) technique, 
described earlier,4 was used at the University of 
California fo: the determination of the gas-phase aci- 
dities [6AG in kcal mol-' (1 kcal=4*184kJ), at 
100 "C] of the above-mentioned acids. Przliminary data 
have been reported previously. 10*16,17 


The gas-phase acidities of the bicyclo [2.2.2]0ct-l-yl 
carboxylic acids are given in Table 1, of the 
bicyclooctenyl acids in Table 2 and of tht: additional 4- 
substituted benzoic acids measured in 'Table 3. They 
were obtained by the ICR spectroscopic methodsogiven 
in Ref. 18, or cited therein. The values of 6 AG refer 


Table 1. Gas-phase acidities of 4-substituted bicyclo (2.2.2loct-1-yl carboxylic acids 
(X = 4-substituent, AGO values in kcal mol-I, + sign indicates acid weaker than standard) 


X Reference acid 6 AGO AG'sI~ AGaH+ AGoH+(bv) 6x AGO 


+ 0.4 
-1.8 
- 0.6 
-1.3 
- 0.4 
-1.0 
+0.3 
+1*4 
-0.9 
-1.3 
-2.0 
+ 0.2 
-1.6 
+O-6 
+0*3  
+ 0.6 


+ 0.7 
-1.5 


336.8 
339.0 
336.8 
337.5 
335.0 
335.6 
331.3 
330.1 
330.1 
332.4 
332.4 
330.1 
332.4 
330.1 
328.4 
327.9 
330.1 
327.7 


337.2 
337.2 
336.2 
336.2 
334.6 
334.6 
331.6 
331.5 
331-0 
331.1 
330.4 
330.3 
330.8 
330.7 
328,7 
328.5 
328.6 
328.4 


337.2 


336.2 


334.6 


331.6 


331.0 


330.3 


330.7 


328.6 


328.4 


~ 


0.0 


1.0 


2.6 


5.6 


6.2 


6.9 


6.5 


8.6 


8.8 


Table 2. Gas-phase acidities of 4-substituted bicyclo [2.2.2]oct-2-enyl carboxylic acids 
(X = 4-substituent, AGO values in kcal mol-', + sign indicates acid weaker than standard) 


~~~~~~ 


H m-FC6H4OH -1.6 336.7 335.1 
m-CICsH4OH +0.3 335.0 335.3 335.2 (0 * 0) 


COzEt m-CF3CaH40H -0.5 332.4 331.9 331.9 3.3 
Cl p-CFjCsH40H -1.2 330.1 328.9 328.9 6.3 
CFn m-CNC6H40H 0.0 328.9 328.9 328.9 6.3 
CN O-CNCsH4OH -0.5 327.1 326.6 326.6 8.6 
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Table 3. Gas-phase acidities of 4-substituted benzoic acids (X = 4-substituent, AGO values in 
kcal mol-', + sign indicates acid weaker than standard) 


~~ 


X Reference acid 6 A G "  AG'std A G o ~ +  A G 0 ~ + ( b v )  &AGO 


333.0 (0.0) H 
CH3CO CF3CHzCOzH -0.4 327.7 327.3 327.3 5.7 
CHO p-CNCaH40H +0.5 325.3 325.3 325.8 7.2 
CF3 p-CNCabOH 0.0 325.3 325-3 325.3 7.7 
C02Et p-CHOCsHeOH +0*2 325.8 326.0 


3,5-diClCaH3OH -0.9 327.5 326.6 326-3 6.7 


- - - - 


Table 4. Calculated (STO-3G) total electronic energies. ( - E )  for 4-substituted 
benzoic and 4-substituted bicyclo [2.2.2]0ct-l-yl carboxylic acids 


- E (hartree) 


X XCsH4COzH XCsH4C02- XCsH1zCOzH XCsHi2C02- 


H 412.9734 412.2155 492.5599 491.7853 
NHzcpo 467 2865 466 * 5228 546- 8542 546.0795 
NHz(tctr1 467.2946 466- 5343 546.8704 546.0960 
OMe 525- 381 1 524.6209 604-95 5 5 604.1834 
OH 486.8722 486.0544 566.3801 565-6087 
Me 451 *5579 450.7983 531.1328 530.3581 
F 510-4337 509.6789 590-0133 589.2438 
CF3 743.9375 743.1882 823-5241 822-7538 
NOz 61 3 ~6647 612.9268 693.25 15 692.491 1 
CN 503.5252 502.7830 583.1055 582.3427 
CHO 524- I98 1 523 ' 4476 603.7764 603.0062 
COMe 562-7777 562.0267 642.3542 641 a5818 
C02Me 636-6365 635.8863 7 16 * 2108 715.4392 


to the results obtained for the proton transfer equilibria 
with, each of the indicated stanodard acids that have the 
AG H+ value given as AG Std. The two AGIH+ 
columns in Tables 1-3 are the iFdividual AG H +  
values and the best value, F G  H+(bv), obtained 
from them. All values of AG Std were taken from 
Ref. 19. The final ocolumn gives the substituent 
effect values, 6x AG = AGOH - AG x for gas-phase 
acidities relative to the parent unsubstituted acid. 
The uncertainties of the measured quantities are 
within 5 0.1-0.2 kcal mol-'. 


CALCULATIONS 


The theoretical calculations were made at the ab initio 
STO-3G basis level, using the G a u s ~ i a n - 8 2 ~ ~  and 
Gaussian-8621 programs. The geometries were standard 
values.22 Table 5 lists the calculated energies for pro- 
cesses (1) and (2). 


Table 5. Gas-phase relative acidities of &substituted benzoic 
and 4-substituted bicyclo[2.2.2]oct-l-yl carboxylic acids 


(-AGO, - A E  in kcal mol-') 


4-XCsH4COzH 4-XCsHizCOzH 


X - ~ A E  - z i a ~ ' ~ ,  - ~ A E  -saco,, 
H 0.0 0.0 0.00 0.0 
NH2W -3.63 0.06 


-2.3 
NHZ(tetr) -1 -47 0.13 
OMe -1.40 -0.7 1.56 2.6 
OH 0.06 2.02 
Me -1.06 -1.1 -0.04 1.0 
F 1.94 2.9 3.23 5.6 
CF3 5.39 7.7 2.76 6.5 
NO2 12.58 11.7 8.95 8.8 
CN 9.83 10.9 7.45 8.6 
CHO 4.69 7-2 2-79 
COMe 4.41 5.7 1 *41 
COzMe 4-85 6 ~ 7 ~  1.89 


COzEt. 
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DISCUSSION 


Experimental results 
Table 1 lists the experimental gas-phase acidities [as 
- AGo(g)] for a series of eight 4-substituted 
bicyclo [2.2.2]oct-l-y1 carboxylic acids having a rep- 
resentative range of substituent types. An analysis '' can 
be done against field, resonance and polarizability par- 
ameters (electronegativity proves to be of no conse- 
quence in any of the analyses below if this term is 
included) using the equation 


-6 AGo=pFffF + PRUR f paUa c (3) 


The result for the acidities of the bicyclo[2.2.2]oct- 
1-yl carboxylic acids is 


- 6 A G " =  1*8(?0*7)ua 
+ 12.8( f. 0 ' 7 ) f f ~  - 0.03( f. 0.3) (4) 


with a correlation coefficient of 0.992 and a standard 
deviation of 0.5; there is no significant dependence on 
the resonance term, UR. If the polarizability term is 
dropped from the analysis, the equation becomes 


- 6 AG = 13 .q  f 0 . 9 ) ~ ~  + @26( 2 0.4) (5 )  


with a correlation coefficient of 0.984, a standard devi- 
ation of 0.6 and a standard deviation in fit of f0 .47 .  
Thus, an excellent fit is obtained with a small substi- 
tuent polarizability term that is likely to be real for 
these gas-phase results. 


A similar analysis can be done for the 4-substituted 
bicyclo [2.2.2]oct-2-enyl carboxylic acids with results 
available for five compounds. Here we obtain the 
equation 


- 6 A G = 14 * 3( f 0 * 2) ffF - 0 * 06( f. 0 * 8) (6) 
with a correlation coefficient of 0.999 and a standard 
deviation of 0.9. Thus, both series of 
bicyclo [2.2.2]oct-l-y1 carboxylic acids show a strong 
dependence on the field effect of the substituents. It was 
shown earlier * that a dependence on electronegativity 
or electronegativity plus resonance parameters gives a 
much worse fit and previously23 that electronegativity 
and field (inductive) parameters were not linearly 
related. The absence of a statistically significant uu term 
in equation (6) is probably due to the small variation in 
this parameter for this limited data set. This conclusion 
is strongly supported by the fact that the three substi- 
tuents (C1, CF3 and CN) that are common to both this 
and the octane set [from which equation (4) is 
obtained] have the same substituent effects, to within 
experimental error. This results in the pp values of 
equations (4) and (6) being equal within the combined 
uncertainties. 


In spite of the conclusions imposed by equations 
(4)-(6), there have been various suggestions, notably by 
Gasteiger and his workers, 24 that such substituent 


effects are due to electronegativity effects. Gasteiger 
and co-workers derived an electronegativi ty parameter 
by a method involving partial equalization of orbital 
electronegativity. They claimed that this could be mod- 
erately well correlated with the gas-phase proton 
affinities of a number of series of compwnds. How- 
ever, considering the number of intervening bonds, the 
method predicts no substituent effect at a 1 from the 4- 
position of a 4-substituted bicyclooctane! S a ~ h e r ~ ~  sug- 
gested that uF values are linear with electronegativity 
values such as the XG valuesz6 of Mullay or the i values 
of Inamato and M a ~ u d a , ' ~  but the corrt:lation coeffi- 
cients are very low, 0.72-0.73. More recently, Masuda 
et suggested that the parameters UP and i can be 
interrelated if a dipole distance term is included. This 
conclusion fits in with the basic concept of electro- 
negativity differences producing the substituent dipole 
fields that are carried by framework and field to the 
reaction site. lo 


Several aspects of the solvent effects of water, 
aqueous alcohols, dimethyl sulphoxide and others on 
the relative acidities of 2-, 3- or 4-substituted 
bicyclo [2.2.2]octane carboxylic acids, 4-substituted 
bicyclo [2.2.2]octene carboxylic acids, 4-substituted 
cubane carboxylic acids and 2-, 3- or 4-substituted 
adamantane-1 -carboxylic acids have bem considered 
elsewhere. 29930 The conclusion was reached that electro- 
static field effects are dominant, as concluded also by 
Holtz and Stock15 and recently by Masuda et al." 


With the additional results reported in Table 3 for the 
4-substituted benzoic acids, we have results (Table 5) 
for eleven compounds. Analysis according to 
equation (3) leads to the equation 


- S A G " =  15*9(?1'o)ffF 
+ 1 4 . 6 ( ? 1 * 3 ) ~ ~ +  -0.5(?0.4) (7) 


with a correlation coefficient of 0-993 ard a standard 
deviation of 0.7 .  According to Ref. 10, a small term in 
uo is statistically significant for the a-donor substituents 
but not for *-acceptor substituents. 


Clearly in the benzoic acidities the resonance effect is 
an important controlling influence, as expected. The 
coefficient of transmission of ffF also appezrs to increase 
slightly in equation (7) compared with that in 
equation (5) or (6). This is expected because of the 
polarization of the intervening a-systems by the 
charged probe site, the so-called a-induct ve29 or field- 
induced resonance effect. 30 


For condensed-phase equilibria, the difference 
between the relative acidities of the 4-substituted 
benzoic acids and the corresponding 4-substituted 
bicyclo [2.2.2]oct-l-y1 carboxylic acids has been used as 
a measure of the substituent resonance e Tect. 12b Such 
a treatment when applied to the gas-phase acidities 
introduces some relatively small errors due to omission 
of small contributions from substituent dipolar and 
polarizability effects. 
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Comparison of experimental A Go values with 
calculated A E  values 


Table 5 also lists the calculated 6 A E values for pro- 
cesses (1) and (2). The agreement between experiment 
and results calculated at the STO-3G basis level is gen- 
erally good, as found in similar calculations for other 
proton transfer equilibria. This enables us to have 
confidence in using theoretical results, e.g. in 
equilibrium (1) for which gas-phase data are limited. 
Here we have 6 A E  values for thirteen 4-substituted 
bicyclo [2.2.2]oct-l-y1 carboxylic acids and analysis 
using equation (3) leads to the equation 


- 6 A E = 1 2 . 7 ( + 1 . 8 ) ( ~ ~ -  1.2(+0.8) (8) 
with a correlation coefficient of 0.93 and standard devi- 
ation of 0-6. Although the correlation coefficient is not 
high, the dependence on UF is almost identical with that 
for the experimental results; indeed, a correlation of 
experimental versus theoretical values gives a 
dependence of 1 a02 and an intercept of -1-6 (correla- 
tion coefficient 0.92). 


For the 4-substituted benzoic acids, analysis leads to 
the equation 


- 6 A E = 15 * 7( + 1 . ~ ) u F  


+ 13.1(+ 1 . 5 ) ~ ~ .  - 1*3(+0*5) (9) 


with a correlation coefficient of 0.984 and a standard 
deviation of 0.9. Again, the major dependencies in 
equation (9) for the substituent effects are very similar 
to those found [equation (7)] for the experimental 
results. 


1. 


2. 


3. 


4. 


5. 


6. 


7. 


8. 


9. 
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SIMULTANEOUS DETERMINATION OF PRIMARY AND 
SECONDARY THERMODYNAMIC ISOTOPE EFFECTS IN 


TAUTOMERIC EQUILIBRIA 
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Laboratoire de RMN et Reactivite Chimique, URA-CNRS 472, Universite de Nantes, 2 rue de la Houssiniere, 44072 Nontes 


Cedex, France 


NMR determination of site-specific hydrogen isotope ratios at natural deuterium abundance (SNIF-NMR) provides 
the basis for simultaneous access to primary and secondary thermodynamic fractionation factors in exchange reactions 
and avoids the need for selective isotope labelling of the reagents. The method was applied to the measurement of 
fractionation parameters involving OH, CHI, CH, and =CH groups in keto-enol tautomeric equilibria. The 
fractionation factors relating the =CH and OH sites of the enol species are simply derived from 'H NMR spectra 
whereas the determination of isotope parameters which relate keto and enol positions exploits a Combination of IH 
and 'H NMR experiments. Since only monolabelled isotopomers have to be considered at natural abundance, the 
method also offers the advantage of avoiding the occurrence of complex equilibria associated with multi-labelled 
species possibly introduced by deuterium enrichment. The primary equilibrium isotope effects illustrate a preference 
of deuterium for the methylene fragment of the keto form with respect to the ethylenic position of the enol tautomer. 
Since the enol species is itself engaged in a fast tautomeric equilibrium associated with a symmetric or unsymmetric 
double minimum potential, the thermodynamic parameters are averaged over the exchanging partners. It is shown that 
the average thermodynamic fractionation factor relating the OH and =CH hydrogens of the enol are significantly 
influenced by the nature of the substituents at both carbonyl positions of the 8-diketones. Moreover, methyl and 
chlorine substitution increases by a factor of about 1.1  the thermodynamic isotopic fractionation factor relating the 
-COCHCO- position of the keto form to the hydroxyl position of the enol. 


INTRODUCTION 


The thermodynamic isotope effects associated with 
exchange reactions at equilibrium are important sources 
of information for the understanding of chemical and 
biochemical mechanisms. Therefore, a great deal of 
effort has been devoted to the determination of primary 
isotope fractionation factors involving exchangeable 
hydrogens attached to carbon or to electronegative 
atoms. ' - I 2  Secondary isotope effects associated with 
hydrogen situated in the vicinity of the exchanging sites 
have also been widely studied and the results are fre- 
quently discussed in terms of transferable substituent 
effects on isotope fractionation. l3,I4 A n umber of 
experimental and theoretical methods have been devel- 
oped for determining isotope effects on equilibrium 
constants. The experimental methods usually require 
either the previous synthesis of selectively labelled 
substrates or recourse to deuterium-enriched media. 
Under such conditions complex isotopomeric mixtures 


are involved in the presence of equivalent exchanging 
positions and the results cannot then be analysed simply 
in terms of fractionation factors. 


The study of site-specific natural isotope fraction- 
ation by NMR (SNIF-NMR)1'*16 has been shown to 
provide the basis for efficient approaches to the deter- 
mination of kinetic or thermodynamic fractionation 
parameters. In particular, equilibrium liquid-vapour 
isotope effects associated with several isotopic species 
and several molecular sites can be simultaneously com- 
pared. Moreover, the thermodynamic isotope effects 
on chemical exchanges between the hydrogens of water 
and of OH, SH or NH groups, for instance, are 
rendered directly accessible. 


It will be shown here that a whole set of primary and 
secondary thermodynamic hydrogen isotope effects can 
be directly determined in a one-pot experiment and 
without the need for selective deuterium labelling. The 
method was applied to the investigation of the 
keto-enol tautomeric system which enables fraction- 
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ation factors of several carbon- and oxygen-bound 
hydrogens to be directly compared. 


EXPERIMENTAL 


Materials. All the P-diketones were commercial 
analytical-reagent grade reagents which were used 
without further purification. The compounds were care- 
fully dried since traces of water may be the source of 
intermolecular exchanges 20*21 which broaden the 'H 
NMR signal of the hydroxyl group. In cases where the 
keto or enol content is very low (KH > 14 or <0.2), a 
slight deuterium enrichment at the OH, =CH and CHZ 
positions was also performed by chemical exchange 
with a small amount of water characterized by an 
isotopic ratio of about lo00 ppm. The product was then 
carefully dried using molecular sieves. However, only 
the exchanging sites can be compared in such exper- 
iments whereas a more complete set of thermodynamic 
factors are accessible at natural abundance. 


NMR experiments. The 'H NMR spectra were rec- 
orded on Bruker WH 90 and WM 250 spectrometers. In 
order to avoid saturation in 'H NMR, the pure sample 
was introduced into a capillary placed in a 5 mm tube 
which itself contained CDCI3 for field-frequency 
locking. The delay between pulses was longer than 10 s 
in order to ensure complete proton relaxation; 
240-500 scans were accumulated. The 'H NMR spectra 
were recorded on a Bruker AM 400 spectrometer tuned 
to the deuterium resonance frequency (61.4 MHz) and 
equipped with a fluorine held-frequency locking device. 
C6F6 was used as internal locking material. The 
experimental requirements for quantitative 'H NMR 
determinations have been discussed previously. The 
acquisition parameters were as follows: acquisition 
time, 6.8 s; sweep width, 2400 Hz; active memory size, 
32 K; proton broad band decoupling: exponential mul- 
tiplication of the free induction decay associated with 
line broadening of 0.1, 0.5, 1 or 2 Hz; and number of 
scans, 3ooO-26,OOO. Owing to the strong prevalence of 
quadrupolar relaxation, nuclear Overhauser contri- 
butions are negligible. A signal-to-noise ratio higher 
than 100 is a prerequisite for obtaining a suitable preci- 
sion of the quantitative NMR determinations. It has 
been checked in a collaborative experiment 22 that the 
reproducibility on intensity ratios measured by 'H 
NMR can be better than 1 %  under carefully adjusted 
experimental conditions and for suitable samples. 


The 'H and 2H NMR spectra were run at 303 ? 2 K. 
We checked that the effect of small variations of the 
temperature on the equilibrium constants can be 
neglected. 


The signal areas were measured by curve-fitting pro- 
cedures (NMR 1 software, New Methods, Syracuse, 
NY, USA). The assignments of the deuterium signals 


were derived from straightforward analysis of the 
proton spectra. 


PRINCIPLES OF THE METHOD 


At the low natural abundance of deuterium (cu 
150 x only monodeuterated isotopomers have to 
be considered. In the case of acetylacetone, for 
instance, two fully protonated species 1 and 2 and five 
monolabelled species 3-7 are engaged in the keto-enol 
equilibria A I - A ~  


B i  


1 


0 B II 


6 


(Ai 1 H 
5 


o/*-..o 
I II 


Moreover the enol species 2, 4, 5 and 7 undergo 
hydrogen exchanges of type B. 


za 


Whereas the tautomeric equilibria (A) are slow on the 
NMR time scale, the enolic exchanges (B) are fast and 
the 'H and 2H NMR parameters of the enol are means 
over those of the individual species such as 2a and 2b. 
Consequently, only one signal is observed for both 
methyl groups of 2, 4, 5 or 7. 


No intramolecular competition, such as between 
reactions (A2) and (A;) occurs when the keto form is 
substituted in position 3 and therefore no secondary Q 
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isotope effect may intervene. However, if the substi- 
tuent is an alkyl group a secondary 6 equilibrium 
isotope effect is possibly involved since the equilibrium 
constant KRD of reaction (&) may differ from the equi- 
librium constant K H  associated with the corresponding 
fully protonated species. 


4 


Equilibria (Al) on the one hand and (Az)-(A4) on 
the other can be investigated in the same medium by a 
combination of 'H and 'H N M R  experiments. 


Thermodynamic fractionation factors, compare the 
relative affinity of the hydrogen isotopes for a given 
molecular site, i ,  of compound A to  that for another 
site j pertaining either to  the same molecule, A, or t o  
another molecule, B. The relative fractionation par- 
ameter 42 is defined as 


where ( D / H )  denotes the ratio of the numbers of 
deuterium and protium atoms in position i of A and j 
of B (or A). This equation can be rearranged into 


where PA, and PB, are the stochiometric numbers of 
hydrogens at  sites A, and B, and NA and N B  are the 
numbers of moles of compounds A and B. The ratio of 
the numbers of deuterium atoms in sites A, and B,, 
DA,/DB,, is directly accessible from the 'H N M R  
spectrum. 


Water is frequently used as a reference for character- 
izing isotope effects. The isotope fractionation factor of 
site A, with respect to  water, I#IK,, can be measured 
directly or calculated from 42, and from the fraction- 
ation factor of B, with respect to  water: 


In the very dilute isotopic conditions of natural abun- 
dance only monolabelled isotopomers have to  be taken 
into account. Therefore, the method avoids the need 
for separating the roles of differently labelled frag- 
ments, such as -CHD- and -CD2-, which are 
present in enriched systems. In particular, in exchanges 
involving aqueous media at  natural isotopic abundance, 
the results are independent of the isotopic equilibrium 
constant of water, Kw, which is known to differ sig- 


nificantly from the statistical value of 4: 
Kw 


HzO + DzO S 2HOD 


The 'H N M R  method is particularly suited to  com- 
paring the relative affinities of the hydrogen isotopes 
for the exchanging = C H  and OH positions in the enol 
structure (e). The fractionation parameter I#IzE$] is then 
easily accessible from the areas, S ,  of the =CD and OD 
signals in the deuterium spectrum 


Similarly, the primary fractionation parameter 
4z;f$k) which compares the relative hydrogen isotope 
affinity for the -COC(H)CO- fragment in the keto 
(k) form with that for the enol (e) hydroxyl position, is 
directly related t o  the thermodynamic constants of 
equilibria (Al)  and (A;): 


where S:k&H, and S g b  are the areas of the keto 
-CD(H) - and enol OD signals in the deuterium spec- 
trum and a is the equilibrium mole fraction of the enol 
form, which can be derived from the 'H spectrum. It 
should be noted that the coefficient 1/2 disappears when 
the methylene position of the keto tautomer is 
substituted . 


Another fractionation factor may refer the 
-COCHzCO- fragment of the keto tautomer to the 
ethylenic position in the enol [equilibrium (Az)] : 


The secondary thermodynamic isotope parameters 
characterizing partner sites not directly involved in the 
exchange process are defined in the same way. Thus the 
relative affinity of  CH3 and CHzD groups towards the 
ketone, -COCH2, and enol, -C(OH)=CH, moieties 
is expressed as [equilibrium(A~)] 


S C H ~ D  being the area of the methyl signals of the 
enol and ketone tautomers in the 'H N M R  spectrum. 


I t  should be emphasized that the present method 
offers the unique capability of simultaneously com- 
paring the thermodynamic factors associated with all 
diastereotopic positions in the partners of a given equi- 
librium [equations (4)-(7)]. These isotopic effects can 
be directly obtained with an accuracy which is in fact 
that of quantitative N M R  determinations performed in 
relatively favourable conditions for small organic mol- 
ecules, since high signal-to-noise ratios are rapidly 
obtained (1-3 h) for concentrated solutions (short 
longitudinal relaxation times) and discriminating 
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nuclear Overhauser effects may usually be neglected for 
the quadrupolar deuterium nucleus. 


RESULTS AND DISCUSSION 


In spite of more than 20 years of continuing interest, 
the number of experimental determinations of thermo- 
dynamic isotope fractionation factors remains 
small. 1323 Moreover, scattered values are often pub- 
lished for a given equilibrium. This situation is prob- 
ably due to  the limited number of exchanging systems 
accessible to  the existing techniques and to  the difficul- 
ties in implementing reliable procedures. Tautomeric 
equilibria are well suited to  a 'H NMR investigation of 
site-specific isotope fractionation at  equilibrium. As 
discussed in the previous section, it is possible, in 
principle, t o  determine in a single experiment isotope 
fractionation parameters which refer the relative 
deuterium-protium affinity for different sites in the 
keto form to that for associated positions in the enol 
tautomers. Moreover, the method provides simulta- 
neous access t o  the thermodynamic fractionation factor 
which relates the hydroxyl and ethylenic positions in the 
enol structure. It should also be emphasized that at 
natural isotopic abundance, the risk is avoided of per- 
tubations in deuterium contents which may occur in 
enriched media owing to exchange with atmospheric 
water. 


The values of the equilibrium constants and fraction- 
ation parameters obtained in the investigation of 
tautomeric equilibria involving differently substituted 
P-diketones are given in Table 1. 


Owing t o  the sensitivity of the tautomeric equilibria 
t o  medium and temperature effects, 2o literature 
valuesz4 of the thermodynamic constant, K H ,  associ- 
ated with the keto-enol equilibrium of the fully pro- 
tonated species cannot be safely used for the 
determination of the isotope fractionation factors. 
Consequently, K H  was measured by ' H  NMR on the 
investigated samples. 


In principle, the experimental conditions for the 
determination of the 'intramolecular' enol fraction- 
ation factor $,"$,' are specially favourable since the 
signals t o  be compared are obtained in a single spec- 
trum and exhibit similar intensities [equation (4)]. 
However the accuracy of the area determinations may 
be degraded in certain cases as a result of line 
broadening of the hydroxyl signal. In the case of 
keto-enol comparisons [equations (5)-(7)] errors 
occurring in both 'H and *H quantitative determi- 
nations are cumulated. The repeatability and reproduci- 
bility of the method were estimated by performing, for 
a given P-diketone, a number NE of independent series 
of experiments, each series comprising a number NR of 
successive experiments. These series of deuterium and 
proton spectra were run at  different periods using 
different sample tubes. The results are detailed in 


Table 1 for compound 2. The relative standard devi- 
ation of the repeatability of the NMR determinations is 
usually of the order of 2% and that of the reproduc- 
ibility (long-term replications) is slightly less than 
2 .5%.  However, it should be emphasized that the 
accuracy of area determinations is strongly dependent 
on the signal-to-noise ratio and on the shape of the sig- 
nals. Less favourable conditions are encountered in the 
presence of  broad hydroxylic signals and for high or 
low values of KH. In the latter case, possible deviations 
in the isotope contents with respect to  the mean statis- 
tical value mainly affect the small signals of the minor 
species, which are more exposed t o  sensitivity limi- 
tations. Although a reasonable repeatability is reached 
in a given series of experiments, the results corre- 
sponding t o  very diluted enols (Table 1) are more likely 
to  be affected by systematic errors. 


The measured keto-enol fractionation factors relate 
specific hydrogen sites in the keto form to positions 
situated in less well defined environments in the enol. 
Indeed, various investigations of the structure of the 
hydrogen bridge in the enol of acetylacetone and of 
isotope effects in keto-enol equilibria have given rise to  
some controversial results and interpreta- 


It is now recognized that the hydrogen- 
bonded proton of the enol is not located in a single 
potential well but is rapidly transferred between the 
minima of a symmetric double potential well." When 
the RI  and R3 substituents of the P-diketones, 
R I C O C H ( R ~ ) C O R ~ ,  are different the enol species 
evolves in an unsymmetric double minimum potential. 
The fractionation factors (Table 1) then characterize 
environments of the enol positions which correspond to 
weighted averages over the exchanging partners in equi- 
libria of type B. In the case of the keto esters the situ- 
ation is simpler since the enol structures are present 
nearly exclusively in the enol tautomeric form with the 
hydroxyl opposite to  the ester side. 29 In this respect, it 
should be noted that information on the preferential 
direction of enolization can be obtained by measuring 
isotope effects on the I3C chemical shifts of the enol 
species. '03' 


The behaviour of the fractionation factor, $:$:/ 
(Table l ) ,  shows that the relative affinity of the 
hydrogen isotopes for the hydroxyl site and for the 
carbon-bound ethylenic position is significantly 
influenced by a change in the remote R I  and R3 substi- 
tuents. Similarly, the secondary thermodynamic isotope 
effect associated with deuteurium substitution in the RI  
methyl group may be significantly different from unity. 
As illustrated by the values of $E:$L), it is also 
observed that the heavy atom exhibits a higher pre- 
ference for the sp3-hybridized carbon of the keto form 
than for the sp2-hybridized carbon of the enol. 


From a theoretical point of view, the thermodynamic 
fractionation factors can be calculated from the ratio of 
the reduced partition functions, Q,  of the exchanging 


tions. 20,21,25 - 28 
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isotopic partners: 2 3 5 * 3 2  


Kk 
A(H) + B(D) e A(D) + B(H) 


where (QAD/QAH)red and (QBD/QBH)red are the ratios Of 
the partition functions divided by the corresponding 
ratios calculated classically and (SD/SH)A,B are the ratios 
of the symmetry numbers associated with the A and B 
isotopic species. The reduced partition function ratios 
can be expressed as a function of the vibrational 
frequencies of the molecules, either determined experi- 
mentally or derived from quantum-mechanical force 
constants computed with different levels of approxi- 
mation. 5 * 3 3 - 3 5  Detailed analyses of the vibrational fre- 
quencies of the P-diketones would be necessary to 
interpret the fractionation factors quantitatively. How- 
ever, it is observed that the direct isoto e effects illus- 
trated for instance by the 4CH2(k) CH& parameter 
are consistent with a stronger lowering of the vibra- 
tional frequencies associated with the ketone structure, 
as compared with the enol ethylenic moiety, under the 
influence of deuterium substitution. 36*37 This behaviour 
is in qualitative agreement with the existence of higher 
vibrational frequencies in the ketone as compared with 
the enol structure and in particular with the occurrence 
of low out-of-plane bending frequencies in the enol. 38 


Moreover, since the heavier atom exhibits an increasing 
preference for positions where it is bound more stimy, I 


i.e. for positions which correspond to higher zero point 
energy, the fractionation factors involving the enol 
hydroxyl, 4:$] and I$::$:), are also expected to vary 
with the strength of the intramolecular hydrogen bond. 


In another approach, empirical or theoretical substi- 
tuent scales have been derived which enable, for 
example, the fractionation factor of a hydrogen on an 
sp’-hybridized carbon atom in a CHXYZ environment 
to be calculated from the fractionation factor of CH4 
and isotopic substituent effects, 6:7s’3s14s35v39 


(9) 
Several scales of isotopic substituent parameters have 


been proposed. 13914*35 In this approach, it is generally 
considered that isotopic fractionation effects are mainly 
conditioned by the nature of the atom directly bound to 
the carbon. It has been shown that the 6 parameter is 
higher than unity for a methyl substitution and 
increases with increasing electronegativity of the substi- 
tuent. The results given in Table 1 are in satisfactory 
agreement with these latter trends. In particular, the 
increase in the C#I:;$~) factor on going from acetyl- 
acetone (1) to the diketone 2 substituted in position 3 
by a methyl group is consistent with a substituent effect 
of the order of 1.1. 35 Similarly, the replacement of H 
by C1 on C-2 of the ethyl 3-oxobutanoate 4 is 
accompanied by an increase in 4&!${ corresponding to 


a substituent effect of 1 - 16. However, the data also 
illustrate a considerable sensitivity to remote structural 
differences. 
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T-COMPLEXES OF NAPHTHALENE AND ITS DERIVATIVES 
WITH NITROSONIUM CATION 


GENNADY I. BORODKIN,* INNOKENTY R. ELANOV, MAKHMUT M .  SHAKIROV AND 
VYACHESLAV G. SHUBIN 


Institute of Organic Chemistry, Siberian Division of the Russian Academy of Sciences, Novosibirsk 630090, Russia 


'H, "C, and I5N NMR studies, including the use of the ''C NMR deuterium perturbation method, showed that the 
interaction between naphthalene or its methylated derivatives and the nitrosonium cation result in the formation of 
r-complexes. The chemical behaviour of these complexes was investigated; in particular, their ability to be converted 
into binaphthyl derivatives was established. 


INTRODUCTION 


The nitrosonium cation is a powerful oxidant, and its 
interaction with bi- and polynuclear arenes having low 
ionization potentials3 usually leads to  radical cation 
salts or the products of their reactions.2s4 Thus, naph- 
thalene reacts with nitrosonium salts in trifluoroacetic 
acid at room temperature to  form initially a radical 
cation monomer, then a dimer and finally a mixture of 
hydrocarbons, C ~ ~ H ~ - ( C I O H ~ ) , - C I O H ~ .  2,4s One can 
assume that the single electron transfer (SET) between 
the aromatic substrate and NO' is preceded by a-com- 
plex formation.2 However, the ability of bi- and 
polynuclear arenes to  form a-complexes with NO' has 
scarcely been investigated. '.-' However, data on such 
complexes are necessary in order to gain deeper insight 
into the mechanisms of a wide range of electrophilic 
reactions, 9 -  I z  including the widely discussed SET 
mechanism '*"-14 (Scheme 1). 


Scheme 1 


In this work, we studied a-complexes of naphthalene 
and its methylated derivatives with NO+ as a cationic 
electrophile. 


RESULTS AND DISCUSSION 


The complexes la-i were generated by the interaction 
of NO'AlCl; with naphthalene and its methyl- 


* Author for correspondence. 


0894-3230/93/030153-07$08.50 
0 1993 by John Wiley & Sons, Ltd. 


substituted derivatives (2a-i) in SO2 at - 70 to - 80 "C 
(Scheme 2). 


N 0' 


2a-I 1 a-I 


The *-complex character of la-i is indicated by their 
' H  NMR spectra (Table l ) ,  particularly the relatively 
small down-field shifts of the signals of methyl and aro- 
matic protons in comparison with the corresponding 
precursors (2a-i). It should be noted that for u- 
complexes (naphthalenium ions) the shifts are much 
larger." The equivalence of CH3 groups of a-corn- 
plexes If-i observed in the 'H NMR spectra may be 
explained by the fast (on the 'H NMR time scale) inter- 
or intramolecular migration of the NO+ group from 
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Table 1. 'H NMR data for the complexes la-i and the neutral precursors Za-i in SO2 solution 
~ ~ _ _ _  


Chemical shifts (6, ppm) 
Mole ratio, 


Compound Temperature ("C) ArH : NO'AICIT CH3a Ha,,, 


la  


2a 
Ib 


2b 
l c  


2c 
Id 
2d 
le 


2e 
If 
2f 
1g 
2g 
Ih 
2h 
l i  
2i 


- 70 
- 60 
- 20 
- 70 
- 70 
- 70 
- 60 
- 40 
- 20 
- 60 
- 70 


- 70 
- 70 
- 70 
- 60 
- 30 


- 60 
- 60 
- 60 
- 60 
- 60 
- 20 
- 60 
- 60 
- 60 
- 40 


1 : l  
1 : l  
1 : l  
1 : 2  
1 : 5  


1 : l  
1 : l  
1 : l  


1 : 1  


- 


- 


- 


1:1 


1 : l  
1 : l  


- 


2.97 
3.03 
3.07 
2.60 
2.66 


2.47 
2 .58 ,  2 .76  
2.44, 2 .52 
2.59,  2.88 
2.67, 2.98 br 


2.56, 2 .84 
2-36,  2 .56 
3.06 
2-63 
2.78 
2 .64  
3.03 
2 .90  
2.45 
2 .34  


7.7-8.1 m, 8.2-8.5 m 
7.7-8.1 m, 8-2-8-6  m 
7.7-8 .8m,  br 
7.7-8.1 m, 8.1-8.5 m 
7.7-8.1 m, 8.1-8 .4  m 
7.4-7.7 m, 7.8-8.1 m 
7.7-8.7 m 
7.7-8.7 m 
7.7-8.8 m, br 
7.3-8.2 m 
8 - 3 6 d ,  H4'3'; 8 . 1 8 ~ ,  H '  
7 .69d,  H3'4'; 7.7-8.2, H5-H8 
7 . 6 2 s ,  H ' ;  7.3-7.9111, H3-H8 
7.7-8.5 m 
7.3-8.1 m 
7 .66  s, H2'4'; 7.8-8 . 5  m, H4"', 
7 .69  s, br, H2'4'; 7 .8-8.5 m, br 
H4m. HS-H8 


I 5-  


7.57 s, H2'4'; 7 .7-8.4 m, H4'", H5-H8 
7 .22  s, HZt4'; 7 .4-8.1 m, H4'", H5-H8 
7.65 s, HZz3;  7.8-8.3 m, HS-H8 
7-23  s, H2*'; 7.5-8.1 m, H5-H8 
7.6-8.6 m 
7.3-8.1 m 
7.3-8.2 m 
7.2-7.8 m 
8.35 s, 7.7-8.2 m, H5-H8 
7.62 s, 7 .3-7.9 m, H5-H8 


' C H ~  group signals are singlets 


one position of the aromatic system to another. When 
the ArH: NO+AIC14- ratio and the temperature are 
varied, the chemical shifts change only slightly, indi- 
cating a virtually complete shift of the equilibrium 
(Scheme 2) towards the r-complexes 1 (c.f. Ref. 7). 


In order to obtain additional information regarding 
the nature of the complexes 1, we made use of 
"N NMR spectroscopy. When I-methyl-, 1,3-dimethyl- 
or 1,4-dimethyInaphthalene is added to  a solution 
of the labelled salt Na"N02 (mole ratio 
ArH: NaI5N02 = 1 :  1) in FSO3H, the 15N NMR 
spectra no longer show the signal of "NO' 
( b - 7 O o C =  2.6 ppm) (c.f. Ref. 16), but contain the 
signals a t  75.8, 76.6 and 144.3 ppm at lower field from 
external CH3NO2, respectively. Since the literature con- 
tains no "N NMR data for r-complexes of NO' with 
unsaturated systems, 1 7 * L 8  the reliable assignment of 
these signals to  r-complexes is hardly possible. It is 
important, however, that the "N chemical shifts found 
differ greatly from those for the NO group a-bonded 
with the carbon atom in RNO compounds 


(430-600 ppm). 17*18 The difference in "N chemical 
shifts for a-complexes l b ,  e and If  seems to be due to 
difference in the structure of these complexes, i.e., the 
absence of one of CH3 groups in the a-position of 
complexes l b ,  e. 


Additional evidence for the generation of a- 
complexes was obtained by "C NMR experiments 
(Table 2). The signals of carbon atoms C'-CSa were 
assigned on  the basis of their relative intensities and 
multiplicities, taking into account that in aromatic 
systems the spin-spin coupling constants for coupling 
across three bonds ( 3 J ~ ~ )  are usually greater than those 
across two bonds ( ' J C H ) ' ~ , ~ ~  (cf. Refs 21 and 22). It is 
interesting that the spin-spin coupling constant values 
( I & )  are close to the value characteristic of the sp2- 
hybridized carbon atom, L9*20 and consequently the 
naphthalene rings of the complexes are planar. 


It is well known that the chemical shifts of the same 
type of carbon atoms in r-electron systems correlate 
with the r-electron deficiency. The calculated values 
of the total positive r-charge on atoms C1-CSa 
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Table 2. "C NMR data for complexes la-i in SO2 at  ~ 70 'C 


l3C chemical shifts (6, ppm) and coupling constants ( ' J c  Hz) 
AZ(6C'  - 6C')" 


Complex C H ~  c'  C' C )  c4 C' c6 C' c8 caa cXa az(6cc-6c") q:(c1-c8n)A 


~ 0.34 la  ~ 134.2' 132.2' 132.2' 134.2b 134.2' 132.2' 132.2' 134.2b 134.0 134.0 


l b  18.9 151.5 135.6' 1 3 2 3  138.7b 130.7' 131.7' 132.0' 126.1' 133.7d 133.0d __ 44.9 0.40 


25.2 
25.2 


( 124) (168) (169) (166) (164) (165) (165) (164) 16.2 


40.6 
18-6 


~ 0.39 l c  20.2 138.9' 147.5 134.0' 138.5' 131.9' 130.8' 130.8' 132.0' 132.gd 134.Id 


Id 14.4 153.3' 152.2' 134.9 141.2 130.9 132.4' 133.0' 126.2 134.3d 134.5d 60.9 0.54 
~ 


20.4 19.7 


l e  19.4 153.9' 136.0' 148.6' 141.1' 130.4' 132.1' 132.2b 125.8' 132.6d 134.1d 56.2 0.47 
~ 


20.1 16.9 


If 19.0 153.7 135.9 135.9 153.7 126.4' 132.0' 132.0h 126.4' 132.8 132.8 60.8 0.49 __ 
t 12% (164) (164) (164) (164) (164) (164) 15.6 


l g e  18.7 145.5 134.3b 132.1 129.9' 145.5 134.3' 132.1 129.9' 133.5 133.5 36.2 0.49 
~ 


( 127) (164) (163) (163) (164) (163) (163) 36.2 
32.7 __ 


l h '  24.9 147.0 137.6b 131.6 135.5' 135.5b 131.6 137.6b 147.0 135.gd 133.3d 32.7 0.42 


li 18.5 141.4 146.3' 146.3' 141.4 129.3' 131.7' 131.7' 129.3' 133.5" 133.5' 41.2 
16.8 
__ 0.42 


"The values were calculated based on comparison of the chemical shifts of C'  atoms of a-complexes 1 and the corresonding precursor5 2 .  I t  was taken 
to be 160 ppm per unit of ?r-charge. 
h - d T h e  values should possibly be reversed. 
'At  - 75 'C. 
' At - 80 OC. 


[q: (C '--Csa)] in complexes 1 (Table 2) are essentially 
smaller than those for naphthalenium ions l 5  and 
depend slightly on the number and positions of methyl 
groups. A comparison of the total change of chemical 
shifts of methylated and non-methylated ring carbons 
of the a-complexes l b ,  c, d ,  e and i indicates that the 
AC(6Cl - 6C4) values are considerably larger than 
AZ(6C' - 6C8). This may be explained by preferential 
bonding of NO' with methylated aromatic rings. 


We obtained further evidence of a-complex character 
of ions 1 using the I3C NMR isotopic perturbation 
method.23324 Addition of the salt NO+AICL- to a sus- 
pension of l-deuterio-2,3-dimethylnaphthalene in SO2 
resulted in the formation of a complex whose I3C NMR 
spectrum shows a slight isotopic effect of C 1 * 4  signals 
(FS0 C = 0.35 ppm). This excludes the mechanisms of 
fast (on the NMR time scale) interconversion of the cor- 
responding a-complexes, for example, according to 
Scheme 3. l 5  


Thus, the data obtained indicate the a-complex 
nature of the ions formed in the interaction of naphtha- 
lene and its methylated derivatives with nitrosonium 
cation. 


D NQ D 


11 
H No 


11 


Scheme 3 


As mentioned above, at room temperature the NO' 
cation oxidizes naphthalene to the corresponding 
radical cation. 2.4 In the case of methylated naphtha- 
lenes, a similar process might be expected at a lower 
temperature. Indeed, when the temperature was raised 
from - 60 or - 70 "C to - 30 or - 50 "C, the lH NMR 
spectra of complexes la-i showed signal broadening 
(up to  their 'disappearance'), which might be due to the 
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A 3 


I I 
8.5 8 7.5 3 2.5 6. PP” 


Figure 1 .  ‘H NMR spectra of the n-complex le in SO2 solution at different temperatures: ( 1 )  - 70; (2) - 30; (3) - 20 “C 
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1 A 
n,m =0,1,2 


Scheme 4 


single electron transfer between the aromatic moiety of 
complexes and the NO group (Scheme 4). 


On cooling the solutions of 9-complexes 1 the 
starting spectra are almost completely restored. 
Figure 1 shows as an example the 'H NMR spectra of 
the 9-complex l e  at different temperatures. As can be 
seen, the exchange broadening of the signals of the 1- 
and 3-CH3 groups is different, being larger for the 
l-CH3 signal. This may be explained as follows. It is 
known that signal broadening in NMR spectra for SET 
urocesses forming radical ion suecies is described by the 
following equation: 2 5  


a,$') . fa,?)' 


1 +- 
2 [Dl 


where k is the rate constant of electron transfer, a:') 
and ah2) are the hyperfine splitting (HFS) constants for 
nuclei of two types (1 and 2), 1/TJ" and l/TiZ) are the 
exchange broadenings of signals in the ' H  NMR spectra 
of these nuclei and [D] is the concentration of a 
diamagnetic compound. Unfortunately, the literature 
contains no HFS constants for the 1,3- 
dimethylnaphthalene radical cation. It is known, how- 
ever, that the constants for a-CH3 groups are generally 
higher in absolute values than those for P-CH3 groups 
of methylnaphthalene radical cations. 26 This accounts 
for the larger broadening of l-CH3 signal compared 
with 3-CH3 signal in the 'H NMR spectrum of the 


9-complex l e .  A similar picture is observed for the 
9-complex Id. The partially reversible exchange 
broadening in the 'H NMR spectra might be considered 
to be due to partial exit of the radical cation from cell 
A and its further transformations. One of the possible 
routes of transformation is dimerization of radical 
cations according to Scheme 5 (c.f. Ref. 27). 


Indeed, after the solutions of  complexes Ib, d,  e and 
h had been kept for 1-2 h at - 20 to - 30 "C and subse- 
quently treated with water, the reaction mixtures con- 
tained the starting hydrocarbons together with their 
dimers in ca 20% yield, viz. 4,4'-dimethylbinaphthyl, 
3,3' ,4,4'-tetramethylbinaphthyl, 2,2' ,4,4'tetramethyl- 
binaphthyl and 4,4',5,5'-tetramethylbinaphthyl, 
respectively. 


CONCLUSION 


The results of this work suggest *-complexes of type 1 
to be prospective models for investigating the 
mechanism of electrophilic aromatic substitution 
involving single electron transfer from an aromatic 
molecule to  an electrophilic agent (Scheme 1). 


EXPERIMENTAL 


Spectral measurements. The NMR spectra were rec- 
orded on Varian A56/60A ( 'H) and Bruker WP-200-SY 
( 'H,  I3C, "N) spectrometers. As internal standards, 


3 


Scheme 5 
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hexamethyldisiloxane ( IH, 6 0.04 ppm), CH2C12 
( 'H,65-33 ppm) and CD2Cl2 (I3C,652.9 ppm) were 
used. For "N NMR chemical shifts, 1 :  1 (v/v) 
CH3N02-CD2C12 solution (60.0 ppm) was used as an 
external standard. 


Materials. Analytical-grade naphthalene and 1- 
methyl- and 1,4-dimethylnaphthaIene (pure grade) were 
distilled. 1,2-Dimethyl- and 1,5-dimethylnaphthaIene 
(pract. and pure grade, respectively) (Fluka), 1,3- 
dimethyl- and 2,3-dimethylnaphthalene (pure grade) 
(Loba Chemie) and 1,8-dimethylnaphthalene (pure 
grade) (Merck) were used as received. AICI3 (for syn- 
thesis) (Merck) was sublimed. Technical FSO3H was 
distilled twice. NaNO2 was of pure grade. Na"N02 had 
a "N content of 96.8 at.% and concentrated 
deuteriochloric acid had a 'H content of 99 at.%. 


SO2 was prepared by a literature procedure2' and 
purified by passage through concentrated H2S04. 
The salt NO'AIC14-29 and l-bromo-2,3-dimethyl- 
naphthalene3' were obtained according to literature 
procedures. 


l-Deuterio-2,3-dirnethylnaphthalene. Deuteriochloric 
acid (1 ml) was added dropwise to a solution of 2,3- 
dimethyl-1-naphthyllithiurn prepared from 5 - 9  g of 1- 
bromo-2,3-dimethylnaphthalene and 0-38 g of lithium 
in 30 ml of absolute diethyl ether." The reaction 
mixture was poured into 100 ml of water and extracted 
with diethyl ether. The extracts were washed with water 
and dried over MgS04. After the solvent had been dis- 
tilled off, the product was crystallized from methaonol 
and sublimed in vacuum; yield 35%, m.p. 103-105 C. 
The 'H NMR spectrum of 1-deuterio-2,3- 
dimethylnaphthalene is identical with that of compound 
2i but the intensity of its signal is half that of the 
latter. 


Solutions. Solutions of complexes la-i for recording 
the 'H NMR spectra were obtained by adding the 
powder of the respective precursor (2a-i) to an SO2 sol- 
ution of the salt NOfAIC14- at -70°C. The solution 
concentrations were 0.5-0.8 mol I- ' .  Mole ratios of 
ArH : NO'AIC14- are given in Table 1. 


A solution of complex If for recording the I3C NMR 
spectra was obtained by adding NO'AIC14- powder to 
an S02-CDzC) solution (7 : 1, v/v) of the precursor 
(2f) at -70 C. The solution concentration was 
0.4 mol I- ' .  


Solutions of complexes la-e and g-i for recording 
the "C NMR spectra were obtained by adding a sol- 
ution of the corresponding precursor (2a-e and g-i) in 
0.2 ml of CD2C12 to an SO2 solution of NO+AIC14- at 
- 70 to - 80 "C. The CDzClz : SO2 ratio was 1 : 6 or 1 : 9 
(v/v). The solution concentrations were 
0.4-0.7 mol I - ' .  The mole ratio ArH : NO'AICIT was 
1 :  1. 


Solutions of complexes lb ,  e and f for recording the 
"N NMR spectra were obtained by adding the 
powder of the corresponding precursor (2b, e and f )  to 
an FSO3H-SO2-CD2C12 solution (3 : 14 : 2, v/v) 
of Na''N02 at -80°C. The mole ratio 
ArH : Na"N02 : FS03H was 1 : 1.2 : 6. The solution 
concentrations were 0-4-0.5 moll- ' .  


Synthesis of I ,  1-binaphthyl derivatives. The salt 
NO'AIC14- in an equimolar amount with respect to 
ArH was added to an SO2 solution of 2b, d,  e or h (ca. 
1-2 moI I - ' )  ,at - 30°C. The mixture was stirred at 
-30 to -20 C for 1-2 h and poured dropwise into 
ice-water, then extracted with diethyl ether. The 
extracts were washed with water and dried over MgS04. 
After the ether had been distilled off, the resulting oil 
was purified by thin-layer chromatography on alumina 
with hexane as eluent to give the starting hydrocarbons 
(2b, d, e and h) (16, 36, 45 and 40%, respectively) and 
their dimers, which were crystallized from the 
EtOH-CHCI3 mixture. The yields of the dimers, 4,4'- 
dimethylbinaphthyl, 32 3,3 ' ,4,4'-tetramethyl- 
b i n a ~ h t h y l , ~ ~  2,2'-4,4'-tetramethylbinaphthy133 and 
4,4' ,5,5 ' -tetramethylbi~~aphthyI,~~ were 13, 24, 22 and 
23%, respectively. 
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AM1 AND POLARIZED-T FRONTIER MOLECULAR ORBITAL 
(PPFMO) STUDIES OF FACIAL SELECTIVITY IN HYDROGEN 


TRANSFER TO SUBSTITUTED ADAMANTYL RADICALS 


XIAO LING HUANG AND J. J. DANNENBERG* 
Department of Chemistry, City University of New York, Hunter College and the Graduate School, 695 Pirrk Avenue, 


New York, New York IOOZI, U.S.A. 


Fully optimized transition states for hydrogen transfer from methane and propene to substituted 2-adamanryl radicals 
were calculated using the AM1 molecular orbital method. Methane and propene were chosen to provide an early 
(propene) and a late (methane) transition state. For 5-substituted radicals (F, CI, Ph, CHI, CF3) thc enthalpic 
differences between syn and anti reactions was found to be small [ < 0 . 1  kcalmol-' (1 kcal= 4.184 kl) 1. Other 
radicals with nitrogen or boron included directly in the adamantyl fragment showed greater selectivities, with aza 
substitution favoring syn and bora substitution favouring anti attack, as did the 4,9-difluoro derivative. The calculated 
selectivities are all in qualitative agreement with experimental results (where available) on bromine atom transfer. 
PPFMO calculations showed the polarization of the SOMO to be generally in accord with the AM1 results, whereas 
the polarization of the LUMO's was less indicative. The bond orders for the bonds syn and anti to the incipient C-H 
bond in the adamantyl fragments indicated that the anti bonds were always weaker than those syn, in agreement with 
the suggestion by Cieplak that has been used to explain the experimental selectivities. However, the bond lengths of 
the incipient C-H bonds are always shorter for the side of preferred attack, in apparent agreement with the suggestion 
by Anh. 


INTRODUCTION 
Electronic control of facial selectivity has been the 
subject of significant recent interest. Le Noble and co- 
workers'-6 have reported many of the most interesting 
experimental results, generally using substituents on the 
5-position of adamantanone and other adamantane 
derivatives to provide electronic influences with negli- 
gible steric effects on the selectivity. They generally 
interpreted their results as agreeing with the suggestions 
previously made by Cieplak. We have shown that the 
facial selectivities of the reductions of carbonyl groups, 
including all the adamantanone derivatives, could be 
explained* using the recently formulated polarized-r 
frontier molecular orbital theory (PPFMO). 


The Cieplak argument suggests that the dominant 
electronic interaction should be the interaction of the u* 
orbital of the incipient bond with an antiperiplanar 
bond on an adjacent position. The argument requires 
both that the incipient a-bond be polar and the tran- 
sition state be early. In such a situation, the u* orbital 
resembles the LUMO of the n-system. Hence the 


* Author for correspondence. 


0894-3230/93/ 120690-06%08.00 
@ 1993 by John Wiley & Sons, Ltd. 


Cieplak suggestion should work for ea-ly (rather than 
late) transition states. PPFMO, like a 1 FMO formu- 
lations, should also work best for carly transition 
states. In a recent analysis of several models for 
diastereoselectivity, Li and Le Noblt:" came to a 
similar conclusion using a different approach. 


Bodepudi and Le Noble" reported :hat the radical 
hydrobromination of methyleneadamantanes occurs 
with facial selectivities similar to those for the 
reductions of the analogous ketones. The product- 
determining step in this reaction is the transfer of a 
bromine atom from Br2 to a methyladamantyl radical 
[reaction (l)] . This result is surprising because the tran- 
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sition state should not be as early nor the incipient bond 
as polar as in carbonyl reductions. In the hope of clari- 
fying the situation, we report here a detailed study of 
the transition states for radical abstractions by 5- 
substituted adamantyl and other related radicals. 


METHODS 


The transfer of a hydrogen atom between adamantyl 
radicals and another alkyl radical was chosen as a 
model reaction for two reasons. We encountered 
calculational difficulties in attempts to optimize 
reactions involving bromine atom transfer. Previous 
reports of AM 1 calculations on H-transfer reactions 
between carbon-centered radicals. and other AM1 
studies on free radical reactions, I 4 - l 6  have agreed well 
with experimental results. For the latter reason, we 
chose the AM1 molecular orbital method” for the 
optimization of the transition states. In order to 
evaluate the effect of the earliness of the transition 
state, both methyl and allyl were used as the other alkyl 
radical. If one takes the reaction direction as transfer 
from the alkyl radical to the adamantyl radical, the 
transfer from allyl will be early (exothermic), whereas 
that from methyl will be late (endothermic). 


The transition states were completely optimized in all 
internal coordinates using the AMPAC 2.1 program on 
IBM RS/6000 workstations. The force constants for 
each optimized transition state were calculated to verify 
the correct number (1) of negative force constants in 
each case. The half electron methodL8 was used as it is 
known to give better radical energies and has been 
successful in several other AM1 studies of free radical 
reactions. 


The PPFMO calculations were performed on AMl- 
optimized geometries using the STO-3G basis set with 
additional s-functions only on the p-orbital containing 
the unpaired electron. The RS/6000 version of the 
GAUSSIAN 92’’ program was used for this purpose. 
The distances from the nucleus and exponents were 
kept at the values used previously.’ 


RESULTS AND DISCUSSION 


Tables 1 and 2 present the AHfonnation values for the 
optimized transition states for the abstraction from 
methane and propene, respectively. Since the differ- 
ences in the energies of the diastereomeric transition 
states are so small, the AHfonnation values rather than 
AHt values are reported to minimize rounding errors. 
As can be seen from Tables 1 and 2, the differences in 
the AHfomation values are very small [ >O. 1 kcal mol-I 
(1 kcal = 4.184 kJ)] for the 5-substituted adamantyl 
radicals Ia-e. In all cases, the differences are greater for 


1 
a: X=F 


c: X=ph 


e: X=CF3 


b: x=a 
d: X=CHp 


Table 1. AM1-optimized transition states for abstraction from methane (energies in kcal mol- ’, 
distances in A) 


AHr (TS) AHr (TS) C-H-cad C-H-cad 
Compound syn anti A M t  Attack syn anti 


Parent 2.713 2.713 0 1.344-1 -267 1 ’334- 1 ’267 
la -40.318 -40.329 0.01 1 anti 1.341-1-269 1.342-1.267 
Ib -2.898 -2.828 -0.070 syn 1.343-1.267 1.343-1-267 
lc 35.334 35.341 -0.007 syn 1.344-1.267 1.344-1.266 
Id -0.975 -0.980 0.005 anti 1.345-1.267 1.345-1.267 


11 49.184 49.343 -0.159 syn 1-339-1.270 1-337-1.271 
I11 30.318 30.175 0.143 anti 1.344-1.264 1.345-1.264 
1v -17.299 -17.568 0.269 anti 1.352-1.259 1.352-1.259 
Va 98.519 99.485 -0.966 syn 1.338-1.268 1.318-1-283 
Vb 98.102 98.581 -0-479 syn 1.329-1.273 1.320-1.282 
Vc 102.61 2 102-61 0.002 anti 1.319-1.282 1.321-1.280 
VIa 40.705 41.517 -0.812 syn 1.339-1.266 1.321-1-280 
VIb 40.612 40.900 -0.288 syn 1.331-1.272 1.324-1.278 
VIC 44.457 44.147 0.310 anti 1.321-1.281 1.322-1.280 
VII -86.557 -86.211 -0.346 syn 1-342-1.269 1.337-1.272 


Ie -153.186 -153.135 -0.051 syn 1 ’341- 1 -269 1 ‘339- 1 * 272 
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Table 2 AMl-optimized transition states for abstractim from propene (energies in kcal mo - ', 
distances in A) - 


AHr (TS) AHr (TS) C-H-Cad C-H-C ad 


Compound sYn anti A M t  Attack syn anti 


Parent 
la 
Ib 
Ic 
Id 
Ie 
I1 
111 
IV 
Va 
Vb 
v c  
VIa 
VIb 
Vlc 
VII 


16.631 


11-047 
49.157 
12.963 


-139.212 
63.085 
44.080 


-3.533 
112.458 
112.099 
116.554 
54.652 
54.616 
59.291 


- 26.377 


- 72.570 


16.631 


10.999 
49.191 
12.950 


-139.117 
63.288 
44.OOo 


-4.014 
113.602 
112.745 
116-915 
55.888 
55-329 
58.619 


- 26.3 1 1 


-72.218 


0 


0-048 
-0.034 


0.013 
-0.095 
-0.203 


0-080 
0.481 


-0.066 


-1.144 
-0.646 
-0.361 
-1.236 
-0.713 


0.612 
- 0.352 


1.309-1 -332 
1'306-1 a333 
1.304-1 a335 
1.308-1 '333 
1.309-1 ~ 3 3 0  
1.304-1.336 
1.303-1 -337 
1 *306-1.333 
1 '318-1.324 
1 *300-1.336 
1 '291- 1 '344 
1.283-1 ~351 
1 *302-1.334 
1 *292-1.342 
1.286-1 -348 
1 '305-1 '336 


1 *309-1.?32 
1 * 305-1 '235 
1 .304-1.!34 
1 *3O9-1.332 
1 ~308-1.332 
1'304-1 '336 
1 * 301-1 * 337 
1'307-1.332 
1 '3 16- 1 .326 
1 '286-1 -350 
1 '286-1 ~348 
1 '286- 1.348 
1.290-1 *346 
1 *291- 1.345 
1.291-1 '345 
1 -303-1 *338 


the earlier transition state (abstraction from propene). 
It is inadvisable to interpret energy differences of less 
than 0.1 kcal mol-', but one should note that there is 
qualitative agreement with the experimental report and 
the general trend is what might be expected from the 
selectivities of the adamantanone reductions. Neverthe- 
less, the selectivities calculated from these energy differ- 
ences at 298 K are all >0*1 kcalmol-', and therefore 
negligible. 


The differences in the AHf values of the transition 
states are larger for the radicals with a nitrogen or 
boron in the skeleton, 11-IV. The calculations suggest 
that radical I1 be preferentially attacked from the syn 
side. The bora-radical 111, and especially its ammonium 
salt IV, should have the opposite (anti) selectivity. No 
experimental results have been reported for similar 
cases. 


The di- and triazaadamantyl radicaIs Va-c and 
VIa-c are complicated by the possibility that each of 
the N-H bonds can assume two conformations, 
leading to a total of three for each case. The predicted 
selectivities are dependent on the conformations, as 


seen from the tables. Experimental results on similar 
radicals would be difficult to interpret e s  one could not 
know the conformation operative in the transition 
state. For this reason, we studied the difluoro-radical 
VII, which has a selectivity similar to those of Va and 
VIa. 


According to the suggestion made by Cieplak and 
applied to adamantyl systems by Le Noble and co- 
workers, the stabilization of the transition state for the 
favored attack should come from the interaction of the 
antibonding orbital associated with the incipient bond 
with the bonding orbitals of the antiper planar a-bonds 
on the carbons adjacent to the site of at .ack. The result 
of this interaction should be to weaken the bonds anti 
to the attack relative to the correspondiug bonds syn to 
the attack. A similar result would be expected from the 
Anh analysis," as charge would be transferred to the CJ* 


orbitals of the bonds anti to the attack. To test this, we 
examined the bond orders of the a-bonds involving 
these carbons in the optimized transition states. We 
selected transition states for the reactions (both syn and 
anti) of Ia and 111 with both methane and propene, 


IV 
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6 VII 


since Ia shows a low and I11 a high (calculated) 
selectivity and methane and propane allow us to 
examine early and late transition states. The bond 
orders anti were always weaker than those 
corresponding to the equivalent bonds on the side syn 
to the site of attack. The qualitative results were always 
the same whether the attack was syn or anti to the 
substitution. 


Hence the results are in agreement with Cieplak’s and 
Anh’s suggestions (both of which were originally made 
for the reduction of carbonyls, not radical reactions). 
Li and Le Noble” have shown that Cieplak’s sugges- 
tion seems more valid for early and Anh’s for late tran- 
sition states. We have also pointed out * that Cieplak’s 
formulation extrapolates to an FMO argument for early 
transition states, whereas Anh’s extrapolates to a 
similar FMO argument for late transition states. 
Cieplak applied his argument to nucleophilic attacks 
where the transition state is early and the incipient bond 


highly polarized. ’ The observation that the optimized 
transition states have characteristics consistent with 
both Anh’s and Cieplak’s suggestions agrees with both 
Le Noble and co-workers’ and our own analyses. As the 
free radical atom transfer reactions do not have 
particularly early transition states, one might expect 
them to exhibit the characteristics of both interactions. 


Tables 3 and 4 present the PPFMO results for the 
SOMOs and LUMOs of the radicals. The polarizations 
are negligible for the SOMOs (< 0.005) and small for 
the LUMOs (<0.025) of all of the 5-substituted 
radicals Ia-e, in general agreement with the AM1 
transition-state energies. .The SOMO polarizations are 
all in the same direction as the AM1 selectivities except 
for that of Id, where AM1 predicts 0-005 and 
0.013 kcalmol-’ selectivities for the anti attacks in the 
two abstraction reactions, whereas PPFMO predicts 
syn attack. The LUMO selectivities are the same as 
those for the SOMO except that Ic favors anti attack (in 
disagreement with both the SOMO and the AM1 trasi- 
tion sites). For compounds 11, 111, IV and VII. the 
SOMO agree with the AM1 transition states. The polar- 
izations of the LUMOs are all in the same direction 
except for that of III. 


We have previously suggested that the SOMO 
polarizations should be more important than those of 
the LUMO for atom-transfer reactions. The present 
results seem to support this view. The Cieplak argument 
might imply that the LUMO is more important as the 
interaction of this orbital with its corresponding spin 
orbital of the C-H bond will be more polarized as the 
electron is originally on the methane or propene. 
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Table 3. PPFMO results for the SOMOs 


Coefficient on 
s-function Coefficient 


on Predicted 
Compound syn anti P p-orbital ESoMo attack -,7/ESoMo 


la 
Ib 
Ic 
Id 
Ie 
11 
111 
IV 
Va 
Vb 
Vc 
VIa 
VIb 
Vlc 
VII 


~ -~ 


0,24236 
0.239 19 
0.24507 
0.2452 
0-24316 
0-2381 
0.23424 
0.24528 
0.15452 
0.0371 
0.07829 
0.21202 
0.20752 
0.05432 
0.25872 


~~ 


- 0,24235 
-0.24018 
-0.24436 
- 0.24437 
- 0.23818 
- 0.2365 
- 0.24533 
-0.26175 
- 0.16704 
- 0.13701 
- 0.20297 
-0.2165 
- 0.21058 
- 0.201 69 
- 0.22276 


0-ooool 
-0.00099 


0*00071 
0.00083 
0.00498 
0.0016 


-0*01109 
- 0.01647 
- 0.01252 
-0.09991 
- 0.12468 
-0.00448 
-0*00306 
-0.14737 


0.03596 


0-75271 
0.74573 
0.73916 
0.73955 
0.7383 
0-7449 
0.76 I03 
0.74386 
0.5029 
0.55904 
0-73682 
0.72702 
0.6592 
0.70527 
0.7124 


- 0.2824 
-0.288 
- 0.2732 
- 0.2708 
-0.2842 
-0.2999 
-0.2788 
- 0.2379 
- 0.2667 
-0.3134 
-0.3107 
- 0.2849 
-0.2805 
-0.3009 
- 0.2852 


sYn 
anti 
sYn 
sYn 


sYn 
anti 
anti 
anti 
anti 
anti 
anti 
anti 
anti 
sYn 


syn 


O.oo00 
-0.0034 


0.0026 
0.0031 
0.0175 
0-0053 


- 0.0398 
-0.0692 
- 0.0469 
-0.3188 
-0.4013 
-0.0157 
- 0.0109 
- 0.4898 


0.1261 


Table 4. PPFMO results for the LUMOs 
~~ ~ 


Coefficient on 
s-function Coefficient 


on Predicted 
anti P p-orbital ELUMo attack ,DIELUMo Compound SYn 


la 
Ib 
IC 
Id 
Ie 
I1 
111 
1V 
Va 
Vb 
vc 
VIa 
VIb 
VIC 
VII 


0- 67937 
0.66944 
0 * 67666 
0-68814 
0.68829 
0.66303 
0.63362 
0.65263 
0-7393 
0.65352 
0-55769 
0.73 184 
0.65397 
0.53726 
0.71418 


-0.67465 
- 0.6807 1 
- 0.6835 1 


0.67457 
- 0.665 12 
- 0.67883 
- 0.69475 
- 0.72598 
-0.57315 
-0.65079 
-0.72533 
- 0.59232 
-0.65655 
-0.74123 
-0.62762 


0-00472 
- 0.01 127 
-0.00685 


0.01357 
0.02317 


- 0.0158 
- 0.061 13 
-0.07335 


0-16615 
0.00273 


-0.16764 
0.13952 


- 040258 
- 0.20397 


0.08656 


0.44761 
0.44972 
0.44401 
0.44404 
0.44793 
0.45298 
0.44769 
0.4324 
0.43342 
0.45596 
0.47342 
0.43352 
0.45442 
0.46983 
0.44873 


0.17053 
0.16423 
0.17554 
0.17843 
0.1668 
0- 15414 
0.17408 
0 * 20823 
0.15304 
0.16747 
0.17762 
0.16118 
0.1742 
0-18238 
0.16014 


sYn 
anti 
anti 
sYn 
sYn 
anti 
anti 
anti 
sYn 
SYn 
anti 
SYn 
anti 
anti 
sYn 


0.0277 
-0.0686 
- 0.0390 


0-0761 
0.1389 
0.1025 


-0.3512 
- 0.3523 


1 ~0857 
0-0163 


0.8656 
- 0.9438 


-0.0148 
-1.1184 


0-5405 


The calculated selectivities for H-transfer to Ic, the 
compound studied experimentally by Le Noble and co- 
workers, are lower than the experimental observation 
(58:42 at 40°C corresponds to a AAG$ of 
0.2 kcalmol-'). The explanation for the difference is 
difficult to assess with confidence. Among the factors 
that should be considered are (a) the imperfections of 
the calculations; (b) the differences between H-transfer 
and Br-transfer; and (c) the differences between gas- 


phase (modeled) and solution (experimental) reactions. 
Clearly, energetic differences of tenths of a kcal mol-' 
are difficult to model accurately using MO theory. 
Nevertheless, the calculations do make qualitative pre- 
dictions for the selectivities of reactions that can be 
studied in the future. We hope that the selectivities for 
several of the other compounds that we have studied 
here will be measured and compared with the present 
predictions. 
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ION-MOLECULE PAIRS AS INTERMEDIATES IN SOLVOLYSIS. 
CATALYSIS BY THE PYRIDINE LEAVING GROUP ON THE 


ELIMINATION REACTION 


ALF THIBBLIN* AND HARVINDER SIDHU 
Institute of Chemistry, University of Uppsala, P.O. Box 531, S-751 21 Uppsala, Sweden 


Solvolysis of the 1-(1-methyl-1-phenylethy1)pyridinium cation (I-P’) in 25% (v/v) acetonitrile in water at 60 OC 
provides the alcohol 2-hydroxy-2-phenylpropane (1-OH) as the main product along with the alkene 2-phenylpropene 
(3). The formation of the elimination product 3 is  promoted by the leaving pyridine. Thus, eight times more 3 i s  
obtained from 1-Pc than from the protonated ether I - O M e H + .  Hydron abstraction by the leaving pyridine is only 
two times less efficient than with AcO- as leaving group. The results indicate that the ion-molecule pair I + -P has 
a significant lifetime. The elimination product is formed mainly from the ion - molecule pair. The free carbocation 
yields almost exclusively the substitution product. 


The first process in a stepwise solvolysis reaction of a 
substrate with a neutral leaving group is ionization to  a 
carbocation-molecule pair. This complex has generally 
been ignored in discussions of reaction mechanisms. 
The ‘free,’ diffusionally-equilibrated carbocation has 
been considered to  be the only intermediate in these 
reactions. Thus, diffusional separation has been 
assumed to be much faster than reaction (or collapse) of 
the ion-molecule pair. However, there are a few 
reports in the literature that suggest that the ion-mole- 
cule pair is not just an encounter complex but may be 
an intermediate with a significant lifetime. ’-’ For 
example, a 1,3-rearrangement reaction’ and an ‘aro- 
matization’ reaction’ have been employed as probes for 
the intermediacy of ion-molecule pairs. Ion-neutral 
complexes have also been suggested to be common 
intermediates in gas-phase reactions. 


This paper reports results which strongly suggest that 
the elimination of pyridine from the 1-(1-methyl-I- 
phenylethy1)pyridinium cation (1-P + ) involves an 
ion-molecule pair as intermediate. There seems to be 
no previous report on the role of ion-molecule pairs in 
elimination reactions. 


The reactions of 1-X [X = (pyridine)’ or OAc] and 
the acid-catalysed reactions of 1-OMe and 1-OH have 
been followed by a sampling high-performance liquid 
chromatography (HPLC) procedure (Scheme 1). The 


*Author for correspondence. 


P hC (Me),X k12 .PhC(Me),OH 1 -OH 


Phy=CH, 
Me 


3 


X = ”0, OAc, OMe, or OH 


Scheme 1 


reaction conditions and the results are given in Table 1. 
The acid-catalysed reaction of I-OMe is accompanied 
by some conversion of the alcohol 1-OH into the alkene 
2-phenylpropene (3). The rate constants for 1-OMe pre- 
sented in Table 1 are corrected for this conversion by 
the same procedure as has been described previously. ’ 
The solvolysis of 1-P+ is much slower than that of 
1-OAc. The rate of the former reaction, as expected for 
heterolysis of a substrate with an uncharged leaving 
group, is not very sensitive to  solvent 


The results clearly show that the substrates with the 
basic leaving groups pyridine and AcO- yield much 
more elimination than the substrate with the leaving 
group MeOH. Accordingly, the elimination and substi- 
tution reactions do not have a free carbocation as a 
common intermediate. We conclude that the basic 
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Table 1. Rate constants for the reactions of 1-P i. , 1-OAc, 
1-OMe and 1-OH in 25% (v/v) acetonitrile in water at 60 "C 


l - P + a  5.2 0.001 3 0 k  1 
1-OAc 4.8 2.2 5 9 5  1 
1-OMe -2.2 3 2.3 4 4 1  
1-OH -1.7 3 0.01 


a With CIOi as anion; substrate concentration, 3 mM. 
bThe pK. of the protonated leaving group in water at 25 OC. I' 


leaving groups abstract a hydron within an ion-mole- 
cule pair and an ion pair,7 respectively. Elimination 
promoted by the negatively charged leaving group at 
the stage of the contact ion pair has been suggested 
before. 7 * 1 0 9 1 1  For example, it has been concluded that 
reaction via the ion pair is the main route to elimination 
product in solvolysis in highly aqueous media even for 
such a relatively stable carbocation as PhZC(Me)+. I '  


Diffusional separation yields the free carbocation which 
almost exclusively yields the substitution product 
1-OH. The following mechanistic scheme is consistent 
with the data for 1-P + : 


3 


The reaction of the ion-molecuie pair 1 + - P  to 
1-OH, represented by rate constant k ~ ,  occurs presum- 
ably mainly via diffusional separation followed by 
reaction with water and only to a small extent by direct 
attack of solvent water on the ion-molecule pair. 


The leaving acetate anion is twice as efficient at pro- 
moting elimination than pyridine (Table I ) .  Pyridine 
has approximately the same basicity as acetate anion 
and is for this reason expected to yield a similar amount 
of alkene product [pyridine is 0.4 pK, units more basic 
than acetate anion in water, however, pyridine is less 
basic than AcO- in 50% (v/v) acetonitrile in waterI3l. 
The difference in elimination reactivity of 1 + -P and 
1 + -0Ac is presumably due to the negative charge of 
the acetate anion, which may decrease the rate of dis- 
sociation of the ion pair. The solvation change of the 
acetate anion that accompanies the separation should 
cost more in free energy than that of the leaving pyri- 
dine. Another factor which may be of importance is the 
bifunctional nature of acetate anion, which may 
decrease the energy of the elimination transition state. 


A rough Brmsted f i t g  value of 0 -  12 can be estimated 
for the reaction from intermediate to alkene from the 


data of 1-P + and 1-OMe by assuming that the rates of 
formation of 1-OH from 1'-P and l+-OMeH are 
similar. The small value of fi  indicates an early tran- 
sition state for the hydron transfer, i.e. a small degree 
of hydron transfer in the elimination transition state. 
The value is in good agreement with the Bronsted value 
of @ = 0.13 that was measured for the dehydronation 
of the carboocation intermediate formed in solvolysis of 
1-CI at 25 C with substituted acetate anions.' Bunton 
et al. l 3  have found that added anions are efficient in 
promoting elimination from ferrocenyl carbocations in 
50% (v/v) acetonitrile in water. 
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STERN-VOLMER QUENCHING KINETICS FOR USE OF A 
DUALISTIC QUENCHER 


TADASHI HASEGAWA* AND AYUMI MATSUHISA 
Department of Chemistry, Tokyo Gakugei University, Nukuikitamachi, Koganei, Tokyo 184, Japan 


AND 


MICHIKAZU YOSHIOKA 
Department of Chemistry, Saitama University, Shimookubo, Urawa, Saitama 338, Japan 


The Stern-Volmer quenching equation for use of a dualistic quencher, which serves not only as the quencher for an 
excited starting molecule but also as the promoting agent for product formation, was obtained by applying the steady- 
state approximation to the photoreaction system. The equation was applied to the kinetic analysis of the Norrish type 
I1 photoreaction of valerophenone using triethylamine, which serves as the excited-state quencher and as the 
promoting agent for product formation. 


INTRODUCTION 


The lifetime of an excited organic molecule which 
undergoes measurable chemical change can, in prin- 
ciple, be determined by the employment of a suitable 
quencher which interacts with the excited molecule in 
an energy-transfer process. The normal Stern-Volmer 
equation, 4'/4 = 1 + kq.r[Q],  can be applied for life- 
time determination generally using dienes as 
quenchers. The rate of the energy-transfer process is 
usually assumed to be diffusion controlled under given 
reaction conditions. The Stern-Volmer equation is 
derived on the assumptions (i) that the intensity of 
radiation absorbed by the starting molecules is essen- 
tially unchanged, that is, no products are formed which 
act as internal  filter^,^ over the period of reaction, 
(ii) that the quencher does not react and merely inter- 
acts only with the molecule in the reactive excited state 
involved in the product-formation process, and 
(iii) that the product is formed from only one excited 
state, which is the one quenched by a quencher. ' 


Much attention has recently been focused on syn- 
thetic and mechanistic problems related t o  reactions 
involving one-electron transfer from an amine nitrogen 
to an excited ketone carbonyl group to generate a 
radical ion pair . 4 -7  Since amines with appropriately 
low ionization potentials quench triplet states of 
ketones, * they can be used as quenchers for the Norrish 


' Author for correspondence 
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type I1 photoreaction of alkyl aryl ketones. However, 
amines prevent the reverse hydrogen transfer to re- 
produce the starting ketone from 1,4-biradical inter- 
mediates because of intermolecular hydrogen bonding 
and so promote the product formation. l o  This process 
has the opposite effect to the quenching process. There- 
fore, the normal Stern-Vblmer equation cannot be 
applied straightforwardly to  such systems involving an 
amine as a quencher. In order to develop a more 
thorough understanding of the chemical aspects and 
predictive capabilities of a system involving an excited- 
state electron-transfer process, it is necessary to probe 
more deeply the factors which influence the electron- 
transfer efficiency and its rate. We report here on a 
generalized Stern-Volmer equation which is applicable 
to  such a system. 


EXPERIMENTAL 


Chemicals. Valerophenone and triethylamine were 
purified by fractional distillation with a Taika SM-NB 
spinning-band distillation apparatus. Benzene was 
washed with sulphuric acid and then water, dried 
and fractionally distilled over phosphorus pentoxide. 
Pyridine was dried over potassium hydroxide and then 
fractionally distilled. 


Irradiation procedures. Benzene or benzene con- 
taining ca 0.5 mol 1-' of pyridine, solutions of 
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valerophenone (cu 0.05 mol I - ' )  containing a known 
concentration of heptadecane (cu 0-0025 mol I- ')  as a 
calibrant and appropriate concentrations of 
triethylamine were placed in 150 x 15 mm Pyrex culture 
tubes. The tubes were degassed by three 
freeze-pump-thaw cycles and then sealed. Irradiation 
was performed on a 'merry-go-round' apparatus with 
an Ushio 450 W high-pressure mercury lamp. Pot- 
assium chromate filter solution was used to  isolate the 
3 13 nm line. I '  Analyses were performed on a Shimadzu 
GC-8A gas chromatograph equipped with a flame 
ionization detector which was connected to a Shimadzu 
C-R6A Chromatopac integrator, using a 2 m column 
containing 15%' propylene glycol succinate on Uniport 
B. 


RESULTS AND DISCUSSION 


Valerophenone undergoes the Norrish type I1 photo- 
reaction to give acetophenone and 2-methyl-l- 
phenylcyclobutanol. The quantum yields are affected 
by the solvent properties. 9s12 The quantum yields of 
acetophenone formation and for total photoreaction 
increase from 0.33-0-44 and 0.45, respectively, in 
hydrocarbon solvents to 0.90 and 1 - 0  respectively in 
tert-butanol. 9*12 These solvent effects are attributable to 
the prevention of reverse hydrogen transfer to  re- 
produce the starting ketone from a 1,4-biradical inter- 
mediate because of the presence of intermolecular 
hydrogen bonding between the intermediate and the 
alcohol. The photoreaction of valerophenone is 
quenched with dienes or amines.' The Stern-Volmer 
plots using a diene as an energy-transfer quencher are 
straight lines with a slope of 40 in benzene.' However, 
the Stern-Volmer plots using triethylamine as an 


2 


9 O  


@ 
- 


1 


0 
0 0.01 0.02 0.03 


[trlelhylamlne] / mol r' 
Figure I .  Stern-Volmer plots for quenching by triethylamine 
of acetophenone formation from valerophenone: (0) in 
benzene; ( 0 )  in benzene containing 0.5 M pyridine. The 
curved line was obtained from equation (10) by using a = 18, 


b = - 453 and c = 2966 


I ER 


Scheme 1 


electron-transfer quencher did not show a linear 
relationship (Figure 1). It is notable that the +'/+ values 
are lower than unity a t  low quencher concentrations. A 
reaction-prompting process must be occurring when 
triethylamine is used as a quencher. 


The following equations can be written for the 
quenching of valerophenone (1) with triethylamine (Q), 
where BR is the 1,Cbiradical intermediate (see 
Scheme 1): 


(3) 


k ,  
BR - products (6) 


BR- 1 (7) 


(8) 


k,j " 


kx [QI 
BR ---+ (BR+--Q) -+ products 


Equation (5) indicates the quenching process and 
equation (8) shows the reaction-promoting process. The 
later process is absent in the case of quenching with 
dienes. The steady-state approximation gives the 
equation 


= ( l + a [ Q ] )  I+- ( 1 :'c$bl) 
(9) 
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The second term of equation (9) is related to  the pro- 
motion of product formation by the quencher. When 
the promotion process or the reverse hydrogen-transfer 
process is absent (k,  = 0 or kg = 0), equation (9) reduces 
to the normal Stern-Volmer equation and a linear 
relationship between 4'/q5 and the quencher 
concentration must be observed. However, when 
triethylamine was used as the quencher for the type I1 
photoreaction of valerophenone, a plot of d0/q5 vs the 
quencher concentration showed a non-linear relation- 
ship with a minimum below unity, indicating that both 
k, and kh' are not negligible. 


The values for a,  b and c that give the closest agree- 
ment between experimental data and equation (10) were 
determined by curve fitting based on the non-linear 
least-squares method. The curved line in Figure 1 was 
obtained using equation (10) and the variable set of 
a = 18, b = -453 and c = 2966. The value of a indicates 
the value of kq7. The rate constant of the electron- 
transfer quenching by triethylamine for the type I1 
reaction of valerophenone can be calculated to be 
2.3 x lo9  s - '  using the a value and reported 7 value of 
8 x s obtained from the Stern-Volmer quenching 
analysis by 2,5-dimethylhexa-2,4-diene. l 3  


If kz is negligible compared with k,, a linear relation- 
ship between $'/4 and the quencher concentration must 
be observed. Pyridine is known to increase the quantum 
yield of the type I1 reaction of valerophenone, that is, 
increase the rate of product formation, because of 
intermolecular hydrogen bonding with the 1,4-biradical 
intermediate. The value of k; may be negligible in the 
reaction system containing pyridine. When the type I1 
reaction of valerophenone in benzene was conducted in 
the presence of various amounts of triethylamine and 
0-5 M pyridine, linear Stern-Volmer plots was 
obtained (Figure 1). The slope of the line gives a kq7 
value of 191mol-' .  The kq7 value of the type I1 
reaction in benzene is independent of whether pyridine 
is present or The kq7 value obtained from 
quenching by triethylamine in benzene using 
equation (10) was in good agreement with that obtained 
in the same system but containing pyridine. This 
indicates that the curve fitting using equation (10) can 
be generally used for the determination of the rate con- 
stant of quenching by amines or other dualistic 
quenchers. 


A linear relationship may not be observed even in the 
presence of a large amount of pyridine in other cases. 
The appearance of the linear relationship depends on 
the relative magnitude of the values of kh' and the rate 


CONCLUSION 
The normal Stern-Volmer equation cannot be used 
straightforwardly in kinetic analysis of a system 
involving an excited-state quencher which also acts as a 
promoting agent for the reaction, such as an amine in 
the type I1 photoreaction of alkyl aryl ketones. The 
steady-state approximation to a photoreaction system 
involving quenching and reaction-promoting processes 
by the dualistic quencher gave the generalized 
Stern-Volmer quenching equation (9). This equation 
shows that even when a dualistic quencher is used the 
normal Stern-Volmer equation can be applied for the 
analysis of the photoreaction system if kh' is negligible 
compared with k,. The kqr value in the type I1 reaction 
of valerophenone involving electron-transfer quenching 
was determined to be 18 in benzene by curve fitting 
based on the non-linear least-squares method. 
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SHORT COMMUNICATION 


FIRST DETERMINATION OF AN ABSOLUTE RATE CONSTANT FOR A 
1,2-PHENYL MIGRATION TO A CARBENE 


MICHAEL T. H. LIU 
Department of Chemistry, University of Prince Edward Island, Charlottetown, Prince Edward Island, CIA 4P3, Canada 


The first determination of a 1,Zphenyl shift in a,a-dimethylhenzylchlorocarbene was achieved by nanoser ond laser 
flash photolysis, T = 50 ns. 


The absolute rates for the intramolecular 1,2-H, 
1,2-CH3 and 1,2-C1 migrations to a carbene center, 
affording an alkene, have been a subject of intensive 
study by laser flash photolysis (LFP)' and these investi- 
gations have been reviewed recently. Theoretical calcu- 
lations of activation energies for 1,2-H shifts in singlet 
carbenes have been carried out using MP4/6-311G** 
energies calculated on MP2/6-31G* optimized geome- 
tries. There is a general agreement between theory and 
experiment that the rate of migration is a function of 
the substituent on the carbene; the observed activation 
barriers are usually several kcal mol- '. 


The competitive 1 ,2-phenyl, 1 ,2-methyl and 1,2- 
hydrogen migrations in carbenes have been observed by 
product ana ly~ i s .~  The migratory aptitude' is given as 
H > Ph > CHs. However, the absolute rate for a 1,2- 
phenyl shift to a carbene has never been measured 
experimentally. 


We now report the LFP of 3-chloro-3-(a,a- 
dimethylbenzy1)diazirine (1). The results obtained led 
to the first determination of a rate constant for a 1,2- 
phenyl shift in (a,a-dimethylbenzyl) chlorocarbene (2). 
The chemistry of carbene 2 is unique in that the carbene 
undergoes 1,2-phenyl migration exclusively; no 1,2- 
methyl migration was found to occur at room 
temperature. 


The LFP apparatus uses a crossed-beam arrange- 
ment. A mode-locked Nd:YAG laser (cu 10 mJ, pulse 
width 200ps) provided excitation at 355 nm with a 
pulsed xenon lamp as the monitoring source. The 
system has a response time of 2 ns. All data collected 
are signal averaged over ten shots. 


The diazirine 1 was prepared by the oxidation of the 
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a,a-dimethylbenzylamidine according to Graham's 
method6 (yield cu 5 % )  and purified by chromatography 
on silica gel. IR (N=N), 1573 cm-'; UV, A (MeOH) 
340 ( E  = 63), 360 (E = 61); NMR, 6 7-32 (br s, 5H), 1.50 


Photolysis (350 nm) o,f a 0.1 M solution of 1 in 
hexane for 5 h at 25 C produced a-chloro-6, 6- 
dimethylstyrene (3) as the only product (yield 9ovo). 
NMR (CDCl3), 6 1.73 (s,3H), 2-00 (s,3H) and 7.30 
(br s,5H); I3C NMR (CDCls), 6 21.8 22.0, 125.5, 
127.6, 128.1, 129.2, 130.3 and 139.6; MS, m/z 168 
(21), 166 (63), 131 (100). No azine was detected. Cyclo- 
propane was not detected even with a ten-fold excess of 
tetramethylethylene, probably owing :o steric hin- 
drance. LFP of 1 (0.1 M) in isooctane does not 
produce a transient signal owing to the absorption of 
carbene 2. However, LFP of 1 in the presence of pyri- 
dine produces a transient species with an absorption 
band peaking at around 360 nm. This transient is not 
present in the absence of pyridine and i j  attributed to 
pyridinium ylide (4). 


The rate of formation of this ylide allows the deter- 
mination of the absolute rate constan for the 1,2- 
phenyl migration in carbene 2. A plot of, the observed 
pseudo-first-order rate constants (25 C) for the 
increase in absorption at 380nm vs pyridine concen- 
tration is linear (Figure 1). The slope gives the rate con- 
stant for the reaction of carbene with pyridine, 
ky = 4.5 f 0.2 x lo9 Imol-'s-* and the intercept 
(extrapolation to [pyridine] = 0) yields the rate constant 
for the 1,2-phenyl shift, ki = 2.0 f 0.2 :( lo7 s- ' .  


Strictly, the intercept in Figure 1 is equal to kl, the 
rate constant representing the sum of all first-order and 
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(s, 6H). 
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[PYRIDINE] mM 
Figure 1 .  Plot of observed pseudo-first-order rate constants for increase in pyridinium ylide at 380 nm vs pyridine concentration 
at 25 OC. Inset: transient absorption spectrum of ylide 4 produced by LFP of diazirine 1 in isooctane containing 15 mM pyridine 


pseudo-first-order decay pathways of the carbene in the 
absence of pyridine, kl = ki + k,[l]. The quenching 
reaction of benzylchlorocarbene by 3-chloro-3- 
benzyldiazirine to form azine has been measured 
recently7 as k, = 2 x lo8 lmol-'s-'. Under LFP con- 
ditions ([l] = 10-2-10-3 M), the contribution from the 
k,[l] term is negligible compared with ki, and hence the 
intercept can be taken as ki. 


The internal consistency of the kinetics may be 
checked by the following method. The yield for ylide 
formation from carbene is given by 
6ylide = ky [py] /(ki + ky [py]), where [py] = pyridine con- 
centration, and the amount of carbene produced in a 
single pulse is [carbene] = aE, where E is the reading of 
the energy meter monitoring the laser pulse intensity 
and a is a proportionality factor. The ylide absorption 


is A = [ylide] &I, and it follows that 
-=- 1 1  +-X-) ki 1 
A aE (i elky [py] 


The straight line plot of 1/A vs 1/ [ pyridine] at 25 "C 
is given in Figure 2, in which the slope and intercept are 
0.0675 2 0-002 and 13.5 2 1.0, respectively. Hence 
the slopelintercept ratio leads to a value of 
5.0 k 0 . 4 ~  lo-' M for ki/ky, which is in excellent 
agreement with the ki/ky = 4.4 k 0.6 x M 
obtained by the observed pseudo-first-order rate con- 
stants for the increase in the absorption at 380 nm. 


In conclusion, the first determination of a 1 ,2-phenyl 
migration in a carbene has been reported, 
k = 2 . 0 x 1 0 7 s - '  and ~ = 5 0 n s .  If the A-factor is 
taken"*'e to be 10" s-I ,  then the activation energy for 
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Figure 2. Plot of reciprocal of absorbance versus reciprocal of 
pyridine concentration at 25 "C 


1,2-phenyl migration is CCI 5 kcal mol-' 
(1 kcal = 4.184 kJ). The reaction may be viewed as 
intramolecular attack by the carbenic vacant p-orbital 
on the phenyl *-system. The 1,2-H migration in 
(CH3)2CH-C-C18 is at least five times faster than the 
corresponding 1 ,2-phenyl migration in (CH3)zCPh- 
C-CI and it is twenty times faster than 1,2-methyl 
migration in (CH3)3C-C-CI. I d  
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[ 41 METACYCLOPHANE: STO-3G MOLECULAR STRUCTURE, 
STRAIN ENERGY AND CNDO/S-CI ELECTRONIC TRANSITION 


ENERGIES 
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Debye Institute, Department of Physical Organic Chemistry, Utrecht University, Padualaan 8, 3584 CH Utrecht, 


The Netherlands 


The molecular structure of [4]metacyclophane is optimized at the ab inirio STO-3G SCF level and a genuine 
minimum is located. In the STO-3G structure the benzene ring is less bent and geometrically distorted than in the 
previously reported MNDO structure. Although some bond alternation is calculated for the carbon-carbon bond 
lengths of the bent benzene ring, their values still fall in the range of highly delocalized compounds. Despite the fact 
that the STO-3G strain energy [SE(tot.)] is larger than the corresponding MNDO strain energy, the distribution of 
SE(tot.) over the bent benzene ring [SE(bb.)] and the oligomethylene bridge [SE(br.)] is similar. To facilitate the 
hitherto unsuccesful identification of [ 4 ] metacyclophane, its electronic transition energies were calculated with 
CNDO/S-CI using the STO-3G geometry as input geometry. The reliability of the CNDO/S-CI results was assessed 
by a comparison of calculated and experimental electronic transition energies for p-  and, m-xylene, [ 5 ]para- and 
[ 5 ] metacyclophane and [ 4 ] paracyclophane following the same approach. 


INTRODUCTION 


Small [nlcyclophanes are of interest for the investi- 
gation of the occurrence of electron delocalization in 
bent benzenes. Consequently, their synthesis and char- 
acterization have received considerable attention in 
recent years. In the [nlparacyclophane series both 
[5] - 4  and [4] p a r a ~ y c l o p h a n e ~ . ~  have been identified 
spectroscopically and characterised in solution and 
matrix, respectively. In contrast, in the [n] meta- 
cyclophane series, [S] metacyclophane is still the 
smallest unequivocally characterized representative. ' 
Although semi-empirical MNDO' calculations 
indicated that the next lower homologue [4] meta- 
cyclophane is less strained than [4] paracyclophane9-10 
it has hitherto escaped spectroscopic identification. 
Nevertheless, compelhg  evidence for its formation as 
a fleeting intermediate was deduced from the thermo- 
lysis of its Dewar benzene valence isomer tri- 
cycle [6.1.1.0(3,9)] de%a-2,8( 10)-diene in either sealed 
ampoules at 150-200 C or by flash vacuum thermolysis 
at 400-500 " C .  Obviously, the severe thermolysis con- 
ditions used for its generation hamper the isolation and 
identification of the elusive [4] metacyclophane. .- Similar 


observations have been reported previously in 
attempted syntheses of [5] - I 3  and [4] paracycl~phanel~  
by thermal isomerization of the corresponding 1,4- 
bridged Dewar benzene isomers. The available exper- 
imental data suggest that the identification of 
[4] metacyclophane will have to  wait for new synthetic 
approaches. Note that also irradiation at -50°C of 
tricyclo [6.1.1.0(3,9)] deca-2,8(10)-diene gave the cyclo- 
propane edge-bridged prismane derivative which 
rearranged to  a fulvene; no evidence for the formation 
of [4] metacyclophane was found. I s  


With respect to  the theoretical investigation of small 
[n]  cyclophanes, it has recently been shown that the 
minimal ab initio STO-3G l6 basis set gives an improved 
description of the geometries of these strained mol- 
ecules in comparison with semi-empirical MND0911' 
and molecular mechanics results; especially the 
extent of distortion of the benzene ring is better 
described. Although STO-3G results have been pub- 
lished for [n] paracyclophanes with n = 8, 7, 6, 5 and 


and for [S] metacyclophane, 2 5  to  our knowl- 4 10.22 - 24 


edge no data are available for [4]metacyclophane. In 
this paper we report its STO-3G molecular structure, 
strain energy [SE(tot.)] and the distribution of SE(tot.) 
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over the bent benzene ring [SE(bb.)] and the oligo- 
methylene bridge [SE(br.)] . To facilitate the exper- 
imental identification of [4] metacyclophane, which is 
expected to  rely on low-temperature (matrix) 
UV-visible spectroscopy, its electronic transition ener- 
gies were calculated with CNDO/S-C126 using the 
optimized STO-3G structure. The reliability of the 
CNDO/S-CI results was assessed by a comparison of 
calculated electronic transitions with available exper- 
imental data for p- and rn-xylene and [5]para-, 
[S] meta- and [4] paracyclophane following the same 
approach. 


COMPUTATIONAL PROCEDURES 


The ab initio STO-3GL6 minimal basis set as 
implemented in Gaussian 80" was used: the MNDO 
structure of [4]metacyclophane was taken as input 
geometry. No geometrical constraints were imposed 
during the geometry optimization and all final gradients 
were smaller than 1 x hartree bohr-'. The elec- 
tronic transitions of p-  and m-xylene and [5] para-, 
[4] para-, [5] meta- and [4] metacyclophane were calcu- 
lated with CNDOIS-CI 26 using optimised STO-3G 
structures as input geometries. For the CNDO/S-CI 
calculations a limited configuration interaction (4 x 4 
CI) was used taking into account single excited con- 
figurations between HOMO - 1, HOMO, LUMO and 
LOMO + 1. 


RESULTS AND DISCUSSION 


STO-3G molecular structure of [4] metacyclophane 


With STO-3G a genuine minimum was located for 
[4] metacyclophane; all force constants were positive. 28 


Pertinent results of the calculated STO-3G geometry in 
combination with previously reported MNDO resultsg 
are presented in the Tables 1 and 2. A survey of the data 
reveals that, in spite of the qualitative agreement, con- 


siderable quantitative differences are found between the 
optimized MNDO and STO-3G structures. In contrast 
to [5 ]  metacyclophane, which possesses C, sym- 
metr~, ' .~ '  I41 metacyclophane is calculated to  lack any 
molecular symmetry at  both levels of theory. Conse- 
quently, the projected angles a, 0, 7, 6, E and < in 
[4] metacyclophane are defined ambiguously since the 
carbon atoms C-5, C-6, C-8 and C-9 of the bent 
benzene ring d o  not have to lie in the same plane (cf. 
Figure 1 and Table 1, projected angles with subscripts 
1 and 2). However, as shown by the data, the differ- 
ences between the related projected .angles is modest. 
For comparison, average values of the projected angles 
of [4]metacyclophane are included in Table 1. 


As expected, the values of all projected angles 
increase on going from [ 5 ] -  to  [4]metacyclophane at 
the STO-3G and MNDO level of theory. The sum of a 
and 7 ,  which indicates the total bending of the boat 
from the original benzene plane and is a measure of the 
deviation from planarity of the bent benzene ring, 
shows that [4]metacyclophane is less bent in the 
STO-3G structure (aav. + yav., STO-3G 45.2' and 
MNDO 51.6'). A similar observation was made for 
[5]metacyclophane (a + 7,  STO-3G 33.3' MNDO 
41.7'). 9*25 In agreement with available experimental2' 
and theoretical9s25 results for [5 ]  metacyclophanes, ail 
substituents present on the bent benzene ring of 
[4] metacyclophane are predicted to deflect to the 
convex side; they are all located on the same side as 
the oligomethylene bridge (Figure 1). An inspection of 
the sum of valence angles (C) of the carbon atoms of 
the bent benzene ring indicates that substantial 
rehybridization (pyrimidalization) occurs for the 
bridgehead carbon atoms C-5 and C-9, and the carbon 
atom C-10 at the 'bow' of the molecule [Figure 2 and 
Table 2; sfm of valence angles C, STO-3G (MNDO): 


(359.7'), C-8 359.5"(359*6'), C-9 348.6" (354.2') and 
C-10 350.7" (356.4). .It should be noted that for 


C-5 351.3 (354*7'), C-6 359.7" (359*7'), C-7 358.2 


Table 1 .  STO-3G and MNDO calculated projected angles of [ 5 ]  - and [4] metacyclophane" 


STO-3G MNDO 


PIc [519 


41.2 (a1 40.6, a2 41.7) 32.5 
46.0 (8146.1,  0 2  45-8) 43.1 
10.4 (71 12.0, y2 8.8) 9 . 2  
21 .0  (61 23.4, 62 18.6) 7.7 


5 . 5  ( E l  6.5 ,  €2 4.5) 4 . 6  
13.9 17.2 (ti 17.2, rz 17.2) 


.'For the calculation of the projected angles with subscripts 1 and 2 the projection of the carbon atoms C-4, C-5, 
C-6, C-7 and C-10 and of C-I, C-7. C-8, C-9, C-10, respectively, on a plane perpendicular to C-5-C-9 was used 
(Figures 1 and 2). 
hMean value of the projected angles with subscripts 1 and 2 (see text). 


In Ref. 9 only the projected angles with subscript 1 were reported for the MNDO structure of [4lmetacyclophane. 
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.. L 


Table 2. STO-3G and MNDO calculated carbon-carbon bond lengths and valence angles of 
[ 5 ]  - and [4] metacyclophane 


STO-3G MNDO 


Parameter 141 15 1 zs 14i9 I51 


Bond lengths ( A  ) 
C-5-C-6 
C-6-C-7 
C-7-C-8 
C-8-C-9 
C-9-C-10 
C-10-C-5 
C-9-C-1 
c- 1 -c-2 
C-2-C-3 
c-3-c-4 
c-4-c-5 


C-5-C-6-C-7 
C-6-C-7-C-8 
C-7-C-8-C-9 
C-8-C-9-C- 10 
c-9-c-10-c-5 
C-10-C-5-C-6 
C-9-C-1-C-2 
c-1-c-2-c-3 
c-2-c-3-c-4 
c-3-c-4-c-5 


Valence angles ('1 


1.388 
1.398 
1.389 
1.399 
1.379 
1 -390 
1.540 
1 *599 
1.591 
1.594 
1.539 


118.4 
118.8 
118.8 
117.5 
116.5 
118.1 
108.7 
122.3 
122.4 
104.7 


1-390 
1.392 
1.392 
1.390 
1.381 
1.381 
1.527 
- 
- 
- 
1.527 


119.0 
119.9 
119.0 
118.1 
119.7 
118.1 
106.8 
- 
- 


106.8 


1.407 
1.421 
1.412 
1.419 
1.412 
1.424 
1.509 
1.581 
1,581 
1.577 
1.509 


116.8 
118.5 
118.6 
116.9 
109.4 
119.1 
110.4 
124.8 
124.0 
109.8 


1.416 
1.409 
1.409 
1.416 
1.414 
1-414 
1.509 
- 


- 
- 
1.509 


118.1 
118.3 
118.4 
118.4 
111.5 
118.6 
108.9 
- 


- 


108.9 


Figure 1. Theoretical molecular structure of [4] meta- 
cyclophane based on the STO-3G calculation; side view (pro- 
jected on a plane perpendicular to C-5-C-9). Note that the 
Greek letters 1 are only descriptive; for appropriate values, see 


Table 1 and text 


[ 5 ]  metacyclophane the pyramidalization values (C ) 
found in the STO-3G structure were in excellent agree- 
ment with those derived from the x-ray structure of 
8 , l l -  dichloro [5 ]  metacyclophane.25'29 


The calculated carbon-carbon bond lengths of the 


bent benzene ring in the STO-3G structure Of [4] meta- 
cyclophane vary in the range l e379-1.399 A (Figure 2 
and Table 2). In comparison, carbon-carbon bon! 
lengths, in the range 1.381-1-392 and 1-386-1.396 A 
are calculated at the STO-3G level of theory for 
[ 5 ]  metacyclophane and the unstrained reference com- 
pound m-xylene, respectively. 25 Although some bond 
alternation is predicted for the carbon-carbon bond 
lengths of the bent benzene ring of [4] metacyclophane, 
the modest variation indicates that the benzene ring of 
[4] metacyclophane still possesses essentially delocalized 
aromatic carbon-carbon bond lengths; all values fall 
into the range for highly delocalized compounds. 30 


Similar conclusions were previously drawn from 
the results of MNDO calculations (cf. Table 2, aro- 
matic carbqn-carbon lengths; [4] metacyclophane 
1.407-1424 A ,  [5]metacyclophane 1-409-1.416 A 
and m-xylene 1-404-1 ~ 4 1 3  A ,  respectively).' With the 
exception of C-10-C-5-C-6, the valence angles of the 
bent benzene ring in the STO-3G structure of [4] meta- 
cyclophane are generally closer to the reference value of 
120" (Csp2-Csp2-Csp2) than in the MNDO structure 
(Figure 2 and Table 2). The largest difference from the 
reference value is found for the valence angle C-9- 
C-10-C-5; STO-3G 116.5' and MNDO 109.4". 
Although less pronounced, a similar deviation was 
observed for the corresponding valence angle in 
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9 


\ 


Figure 2. Theoretical molecular structure of [4] meta- 
cyclophane based on the STO-3G calculation; top view 


(projected on the plane defined by C-5, C-8 and C-9) 


[5]metacyclophane (STO-3G 119.7" and MNDO 
114.5O). 3*9*2J Obviously, the decrease in the C-9-C- 
10-C-5 angle on going from [5]- to [4]meta- 
cyclophane in the STO-3G and MNDO structures is due 
to the shortening of the oligomethylene bridge. Never- 
theless, the bridge appears to exert less compression on 
the bent benzene ring in the STO-3G structure. This is 
corroborated by the STO-3G non-bonded car- 
bon-$arbon distances C-5-C-9 ? a 3 6  and C-6- C-8 
2.40 A (MNDO 2.32 and 2.44 A ,  respectively') and 
the structural parameters of the oligomethylene bridge 
(Table 2). 


As expected, the sp3-hybridized carbon atoms of the 
bridge will respond more easily to strain by variations 
in bond lengths and valence angles. A comparison 
between the calculated STO-3G and MNDO structure 
of the oligomethylene bridge of 41 metacyclophane 
reveals that large deviations occur of both the bond 
lengths and valence angles frometheir reference valu$s 
(bond lengths Cspz-Crp3 1.50 A ,  Csp3-Crp3 1.54 A 
and valence angle 109.5"). 31 Extraordinary benzylic- 
and non-benzylic carbon-carbon bond lengths are cal- 
culated in the ST0-3G structure (Table j!; benzylic, 
C-9-C-1 1-540A and C-p-C-5 1.539A an4 non- 
benzylic, C-1-C-2 1.599 A ,  C-2-C-3 1.591 A and 
C-3-C-4 1.594 A ). They are considerably longer than 
the corresponding MNDO values, i.e. 1-509, 1-509, 


1.581, 1.568 and 1.577 A ,  respectively (Table 2).' 
Note, however, that for [5] metacyclophane, a com- 
parison of the STO-3G structural parameters of the 
bridge with those obtained from the x-ray structure of 
8,ll-dichloro [5] metacyclophaneZ9 showed that the 
bridge carbon-$arbon bond lengths are overestimated 
by 0.01-0.02 A.z5 In agreement with the available 


and e ~ p e r i m e n t a l ~ ~  data for [5] meta- 
cyclophanes, the valence angles of the oligomethylene 
bridge with the exception of the benzylic ones are 
widened considerably in the STO-3G structure of 
[4] metacyclophane (Table 2). 


STO-3G strain energy of [4] metacyclophane 
An estimate of the total strain energy[SE(tot.)] of 
[4] metacyclophane can be obtained by applying the 
following homodesmotic reaction for which 
A E =  - s E ( t ~ t . ) . ~ '  


[4] metacyclophane + 5CzHs -+ rn-xylene + 4C3H7 


From the STO-3G total energies in Table 3 an SE(tot.) 
of 95-40 kcal mol-' is calculated (1 kcal = 4.184 kJ). 
To gain insight into the distribution of SE(tot.) over the 
bent benzene ring [SE(bb.)] , a single-point 
c a ~ c u ~ a t i ~ n ~ " ~ ~ ~ ~ ~ ~ ~  was performed on benzene frozen 
into the conformation found in [4] metacyclophane. 
The additional hydrogen atoms were placed ato a typical 
carbon-hydrogen distance (STO-3G, 1 a083 A )  in the 
same direction as the carbon atoms of the bridge C-1 
and C-4 (Figure 2). 


The STO-3G energy of the bent benzene ring is 
76.50 kcal mol-I higher than that of planar benzene 
itself; thus, SE(bb.) is 76.50 kcal mol-l (Table 3). 
According to 


SE(tot.) = SE(bb.) + SE(br.) 


an SE(br.) of 18.90 kcal mol-l is calculated for 
[4] metacyclophane. Following similar procedures with 
the MNDO heats of formation (AH?) of [4]meta- 
cyclophane and related compounds SE(tot.), SE(bb.) 
and SE(br.) values of 72.3, 57.9 and 14.4 kcal mol-', 
respectively are calculated (Table 3). These values are in 
reasonable agreement with the previously reported data 
for [4] metacyclophane where SE(tot.) was calculated 
according to SE(tot.) = AHB(MND0) - AHB(group 
increments) [SE(tot.) = 70-1, SE(bb.) = 57.9 and 
SE(br.) = 12.2kcal mol-I] . 9  Although it may be 
argued that, instead of benzene frozen into the confor- 
mation found in [4] metacyclophane, the related m- 
xylene would be a better reference compound for the 
evaluation of SE(bb.), since part of the bond length 
changes in the aromatic moiety are due to alkyl substi- 
tution already present in the equilibrium structure of 
m-xylene compared with benzene, previous MNDO cal- 
culations have shown that SE(bb.) = 63.7 kcal mol-' is 
obtained with m-xylene as the reference compound. 
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Table 3. STO-3G total energies, MNDO heats of formation and strain energy of [4] metacyclophane and related 
compounds 


Compound 


[4] Metacyclophane 
m-Xylene 
Bent benzeneb 
Benzene 
Propane 
Ethane 


E 
(hartree)= 
(STO-3G) 


SE(tot.1 SE(bb.) 
AH? (kcal mol-l) (kcal mol-I) 


(kcal mol-') 
(MNDO) STO-3G MNDO STO-3G MNDO 


SE(br.) 
(kcal m o l - ' )  


STO-3G MNDO 


- 380.922797 
- 305.059968d 
-221.169453 
- 227.891 361 
- 116.886422d 
- 78.306180d 


77.1' 95.40 72.3 76-50 57-9 


79.1' 76.50 57.9 76.50 57.9 
21.2e 


- 24.9' 
- 19.7' 


- - - 5.gc - 
- - - - 
- - - - 
- - - - 


1 hartree = 627.50 kcal mol-' 
See text. 


'Taken  from Ref. 9. 
d T a k e n  from Ref. 25. 
'Taken from Ref. 8. 


This value for SE(bb.) is nearly the same as SE(bb.) = 
57 .9  kcal mol-' obtained with benzene. Moreover, bent 
benzenes are commonly used for the determination of 
SE(bb.) in [n] cyclophanes. 9. '0317,22-25 Despite the fact 
that the STO-3G values are consistently larger, the frac- 
tional destabilizations SE(bb.)/SE(tot.) and 
SE(br)/SE(tot.) are similar at both levels of theory 
[SE(bb.)/SE(tot.), STO-3G 0-802 and MNDO 0.8011. 
This indicates that the distributions of SE(tot.) over the 
bent benzene ring [SE(bb.)] and the oligomethylene 
bridge [SE(br.)] are essentially the same. As expected, 
SE(bb.) comprises the largest part of SE(tot.)9s10s22-25 
and SE(bb.) far exceeds the resonance energy of 
benzene (20-30 kcal mol- I). 30332 Although this is 
sometimes taken as evidence to  reject the aromatic 
character of these bent benzenes, our calculations 
indicate that, despite the severe bending and the occur- 
rence of some bond alternation, the bent benzene ring 
still possesses carbon-carbon bond lengths in the range 
for highly delocalized compounds. 3 0 ~ 3 3  The calculated 
increase of SE(tot.) on going from [ 5 ] -  to [4]meta- 
cyclophane parallels the difficulties encountered in the 
experimental identification " , I z  of the latter [SE(tot.), 
STO-3G (MNDO) [4] metacyclophane 95.40 kcal mol- ' 
(72.3 kcal mol-') and [5]metacyclophane 57.73 kcal 
rno1-I (46-0 kcal m ~ l - ' ) . ~ * ~ ~  


CNDO/S-CI electronic transition energies of 
[4] metacyclophane, [4] paracyclophane and related 
compounds 


It is well established both experimentally I - 4 s 6 3 1 8  and 
theoretically'83z3*z4 that the So --* SI transition in the 
electronic absorption spectrum of [n] cyclophanes 
undergoes a bathochromic shift with decreasing n. This 
indicates that there may be a correlation between the 
degree of out-of-plane distortion of the benzene ring 


and the value of  the SO -+ SI transition. Recently, it has 
been shown that also the phosphorescence transition 
(TI  -+ SO, ethanol solution at - 200 "C) within a series 
of [nlparacyclophanes (n = 7-10) is markedly affected 
by the total degree of out-of-plane distortion of the 
benzene ring, i.e. the total amount of bending at the 
'bow' and 'stern' of the boat-shaped benzene from 
the original benzene plane (sum of OL and y,  Figure 1); '' 
a red shift of the TI + SO transition concomitant with 
decreasing n was found. Moreover, the value of the 
TI SO transition was shown to be linearly related to 
the deviation from planarity of the benzene ring. Since 
it is expected that, owing to  its instability,1i.12v'5 the 
identification of [4] metacyclophane will rely on low- 
temperature optical spectroscopy, we have calculated its 
electronic transition energies with CNDO/S-CI 26 using 
the optimized STO-3G structure as input geometry (cf. 
Computational Procedures). To assess the reliability of 
these results, the electronic transition energies of p -  and 
m-xylene and [5] para-, [4] para- and [5] meta- 
cyclophane were also calculated with CNDO/S-CI 26 


using optimized STO-3G structures and compared with 
available experimental data (Table 4). Note that also 
for [S] meta- and [4] paracyclophane, no calculated 
electronic transition energies have hitherto been 
reported. Although it may be argued that CNDO/S-CI 
is not particularly suited for the calculation of elec- 
tronic transition energies of these strained compounds, 
it should be noted that Schaefer and c o - ~ o r k e r s ~ ~ ~ * ~  
reported DZ SCF calculations of the lowest triplet and 
excited singlet electronic states of [6]- and [Slpara- 
cyclophane. As expected on the basis of their calcu- 
lation of a singly excited configuration built up from 
SCF MOs, considerable additive corrections (SO -+ T I  
1.30eV and S O -  SI 2.28eV) have to be applied in 
order to bring the calculated data into agreement with 
experimental data. In addition, we would like to  stress 
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Table 4. Electronic transition energies, SO * SI, SO * S2 and So + S3, and oscillator strengths calculated with 
CNDO/S-CI using optimized STO-3G geometries of p-  and m-xylene and [ 5 ]  para-, [5] meta-, [4] para- and 


[4] rnetacyclophane as input geometries 


Compound 


Electronic transitions 
Degree of 


STO-3G non-planarity a Calc. Exp.‘ 
structure: reference (7 (nm (ev) [flb1 [nm (ev)l 


p-Xylene 10 


rn-Xylene 25 


[5] Paracyclophane 24 


[5] Metacyclophane 25 


[4] Paracyclophane 10 


[4] Metacyclophane This work 


0 264(4.68 [0*007]) 
2 13(5.80 [ O .  1401) 
184(6* 68 [ 1 .061]) 


0 262(4.72 [ O .  0021) 
211(5-86[0-039]) 
185(6.68[1* 1691) 


44.8 369(3.35 [0-042]) 
3 12(3.96 [ O .  3701) 
226(5.47 [0*606]) 


3 3 . 3  320(3-88 [0*014]) 
251(4*94 [0*006]) 
217(5-71[0*8OO]) 
456(2.7 1 [O * 03 11) 
397(3.11[0.298]) 
256(4.83 [0.469]) 


45.2 399(3.11[0*016]) 


296(4.18[0.009]) 


243(5 .09 [O * 6041) 


56.6 


~~ 


268(4.63) 
ZOS(5.97) 
lS(6.58) 
265(4*68) 
21 l(5.86) 
192(6*46) 
330(3.75) 
280(4.4 1 )  


307(4.03) 
238(5* 19) 


375(3.3 1)‘ 
335(3.70)e 
260(4.77) 
338(3.67)‘ 


284(4.37)‘ 
27 I(4.57): 


d - 


d - 


347(3.57)’ 


- 


aTotal bending of the boat-shaped benzene from the original benzene plane as found in the optimized STO-3G structures (Figure I ,  
sum of OL and y) .  In the case of  [41para-la and [4]metacyclophane the sum of ma”. and yzv is used (see text). 
bOscillator strengths calculated with CNDO/S-CI. 


[4] paracyclophane, ethanol.6 
Solvent: for p-  and m-xylene, heptane”, for [5] paracyclophane, 2-methylb~tane.~ for [5] metacyclophane, cyclohexane,’ for 


Not determined. 
Mean values SO - SI (370-380 nm) and SO + SZ (330-340 nm).6 ’ Estimated from the linear correlation between the degree of out-of-plane deviation and experimental SO - SI and SO -4 Sz electronic 


transition energies (see text). 
’Estimated from the linear correlation between the experimental and calculated values for the electronic transition energies, SO -. SI 
and SO - Sz (see text). 


that it is our objective to elucidate qualitative relation- 
ships which may assist experimental investigations of 
these intriguing molecules. 


A survey of the CNDO/S-CI results shows that both 
the first (SO --t Sl) and second (SO -+ SZ) electronic tran- 
sition energies of the reference molecules p -  and m- 
xylene are in excellent agreement with experiment. 
However, for the small (nlcyclophanes, both the 
SO -+ SI and SO- SZ calculated transitions are red 
shifted in comparison with available experimental 
values (Table 4). Furthermore, the deviation between 
the calculated and experimental data appears to 
increase concomitant with the degree of non-planarity 
of the benzene ring, i.e. the total amount of bending at 
the ‘bow’ and ‘stern’ of the boat-shaped benzenes from 
the original benzene plane (sum of (Y and 7 ,  Figure 1). 
Nevertheless, linear correlations are found between the 
out-of-plane deviation of the boat-shaped benzenes 
from the original benzene plane taken from STO-3G 


optimized structures and the CNDO/S-CI calculated 
SO --t SI, SO -+ S2 and SO -+ S3 electronic transition ener- 
gies, respectively ( y  = A + Bx; x = degree of non- 
planarity, y = calculated electronic transition energies 
in eV:S,-+S!, A=4-75eV,  B =  -0*034eV, corre- 
lation coefficient = - 0.9837; SO -t SZ, A = 5-94 eV, 
B = -0.043 eV, correlation coefficient = -0.9645; and 
SO --+ Sj, A = 6.70 eV, B = -0.032 eV, correlation 
coefficient = - 0.9873). Analogous linear correlations 
are found between the degree of out-of-plane deviation 
and the available experimental electronic transition 
energies (SO + SI and SO -+ S2) in the investigated series 
( y  = A + Bx; x = degree of non-planarity, y = experi- 
mental electronic transition energies in eV:& -+ SI, 
A = 4.68 eV, B = 0.022 eV, correlation coefficient = 
-0.9899; and So-+S2, A=6*OOeV, B =  -0.036eV. 
correlation coefficient = - 0.9674). Unfortunately, 
owing to a lack of experimental data, the assessment of 
a linear correlation between the degree of non-planarity 
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and the experimental SO -+ S3 electronic transition ener- 
gies within the series was thwarted (cf. Table 4). Obvi- 
ously, linear correlations are also found between the 
corresponding calculated and experimental electronic 
transition energies ( y  = A + Bx; x = calculated elec- 
tronic transition energies and y = experimental elec- 
tronic transition energies in eV:So--+ SI, A = 1.47 eV, 
B = 0.675, correlation coefficient = 0.9983; and 
SO-+SZ, A =  1*19eV, B = 0 - 8 1 1 ,  correlation 
coefficient = 0.9983). Although it should be realized 
that the latter results may be affected to a certain extent 
by solvent  effect^,^' they indicate that useful estimates 
for the electronic transition energies of the elusive 
[4] metacyclophane can be obtained. By applying the 
linear correlation between either the degree of out-of- 
plane deviation of the boat-shaped benzenes and the 
experimental SO + SI and So --+ S2 electronic transition 
energies or between the related calculated and exper- 
imental electronic transition energies, the SO --+ SI and 
SO -> SZ transitions for [4] metacyclophane are esti- 
mated to  fall in the range 338-347 nm (3.67-3.57 eV) 
and 271-284 nm (4.57-4.37 eV), respectively. The 
reliability of these qualitative linear correlations is 
further substantiated by the observation that calcu- 
lation of the SO + SI and SO --+ Sz electronic transition 
energies for [8] -, [7] - and [6] paracyclophane using the 
out-of-plane deviation of the boat-shaped benzenes 
derived from reported STO-3G structures yields elec- 
tronic transition energies in reasonable agreement with 
available experimental ( [ 81 paracyclophane, STO-3G 
degree of non-planarity 16.8°,22 SO -+ SI calculated 
288 nm (experimental 275 nm)36 and SO -+ SZ calculated 
230 nm (experimental 225 nm); 36 [7] paracyclophane, 
STO-3G degree of non-planarity 25-4 ,22  SO -+ SI cal- 
culated 301 nm (experimental 283 nm)37 and SO + S2 


calculated 244 nm (experimental 245 nm); 37 and 
[6] paracyclophane, STO-3G degree of non-planarity 
34*4°,23 SO-+ St calculated 317 nm (experimental 
296 nm)38 and SO --+ S2 calculated 261 nm (experimental 
253 nm)38). In passing, it should be noted with respect 
to  the calculated oscillator strengths (f) that, owing to  
a lack of experimental data, we have to refrain from a 
detailed discussion of their values. 


CONCLUSION 


The molecular structure of [4] metacyclophane was 
calculated at the ab initio STO-3G level of theory and 
a genuine minimum was located. In comparison with 
the previously reported MNDO structure, the bent 
benzene ring in the STO-3G structure deviates less from 
planarity and is less geometrically distorted. Despite the 
distortion from planarity and the occurrence of some 
bond alternation, the aromatic carbon-carbon bond 
lengths are in the range for delocalized 
compounds.g.25*30 Although the SE(tot.) of [4]meta- 
cyclophane is larger at the STO-3G than the MNDO 


level of theory, the distribution over the bent benzene 
ring ISE(bb.)] and the oligomethylene bridge [SE(br.)] 
is the same. A considerable increase in SE(tot.) is calcu- 
lated on going from [5] - to  [4] rnetacyclophane, which 
parallels the problems encountered in the character- 
ization of the latter. " * "  Estimates of the electronic 
transition energies, SO -, SI and SO + SZ, of [41 meta- 
cyclophane calculated with CNDO/S-CI using the 
optimized STC-3G structure are obtained, which may 
assist in its experimental identification. 
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SHORT COMMUNICATION 


TUNING INTRAMOLECULAR CARBENIC INSERTIONS 


ROBERT A. MOSS,* WEIGUO LIU AND CHUAN-SHENG GE 
Department of Chemistry, Rutgers, The State University of New Jersey, New Brunswick, New Jersey 08903, U.S.A. 


The 1,2-carbenic hydride shift of neopentylmethoxycarbene was suppressed by the methoxy substituent. Thermally 
activated hydride shifts were observed with phenoxymethylmethoxycarbene and phenoxymethyllrifluoro- 
ethoxycarbene, where appropriate potentiating substituents were introduced at both the migration origin and the 
migration terminus. Similarly, the 1.3-CH insertion reaction of lerl-butylRuorocarbene could be induced by thermal 
activation. 


INTRODUCTION 


The i,2-C-H insertion (1,2-hydride shift) is a funda- 
mental and ubiquitous intramolecular reaction of 
singlet alkylcarbenes I [equation ( i ) ]  : 


bRCH=CHX ( 1 )  
1.2-11 


RCH’-C- x 
1 


Moreover, the 1,2-H rate constant can be adjusted or 
‘tuned’ by appropriate selection of the ‘spectator’ 
substituent, X, in carbene 1: hydride migrates to the 
vacant carbenic p-orbital (cf. transition state 2) so that 
electron donation by X decreases the vacancy (electro- 
philicity) of p, increases the activation energy and slows 
the hydride shift. This theoretical feature of the 
reaction was well delineated by Evenseck and Houk,’ 
who calculated 


6- 
;%. + 


MeXCHz-C-X PhOCH2-C-X 
3-x 4-x 


2 (X = F, C1, OMe) (X = F, Cl, OMe) 


increasing 1,2-H activation energies for CH3-C-X as 
a function of the increasing electron-donating ability 
(OR“) of X (X, E, in kcal mol-I): H, 0.6; CI, 1 1  ‘ 5 ;  F, 
19; trans-OMe, 27 (1 kcal = 4.183 kJ). An implicit pre- 
diction here is that, at ambient temperature, the 1,2-H 
shift of alkylalkoxycarbenes will be kinetically ‘turned 
off’ relative to alternative carbenic reactions. 


* Author for correspondence. 


0894-3230/93/060376-04$07.00 
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The calculations have been at least qualitatively 
mirrored by experiment. For example, the structural 
mutation of CH3-C-CH33 to CH3-C-C14 is 
accompanied by a decrease in k,, (the rate constant for 
the 1,2-H shift) from ca 5 x lo7 to cu 
1 x 106-3 x lo6 s - ’  (hydrocarbon solvent, 22-25 OC; 
the statistically collected rate constant ratio is 8-25 : I ) .  
Similarly, in the neopentylhalocarbene series, 3, 
changing X from C1 to F decreases k,, fro? 1 a4 X lo7 
to 2.6 x lo6 s - ’  (pentane or isooctane, 20 C).’ 


Inspection of the charge distribution in the 1,2-H 
transition state, 2, suggests that the activation energy 
and therefore the rate constant for 1,2-H can be elec- 
tronically tuned by substituents at either the migration 
origin or the migration terminus. The former effect has 
also been ~bse rved ,~ , “  and is well illustrated in the 
phenoxymethylhalocarbene series 4-X. ’ There, electron 
donation by PhO mitigates the partial positive charge 
that develops at the migration origin, accelerating 
1,2-H; k,, increases from 1 x 106-3 x lo6 s - ’  for 
CHj-C-CI“ to cu I x 108s-I  for PhOCH2-C-Cl.’ 


In this paper, we primarily focus on tuning effects 
with alkoxy substituents. We demonstrate that although 
1,2-H migration is indeed shut off by a carbenic alkoxy 
substituent, it can be restored by a combination of elec- 
tronic tuning and thermal activation. We also briefly 
discuss the thermal activation of a substituent-inhibited 
1,3-CH carbenic insertion reaction. 


RESULTS AND DlSCUSSION 


The literature demonstrates the difficulty associated 
with 1.2-H migration in atkylalkoxycarbenes. Thus, 
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CH3-C-OCH3 gave ofly cu 8% of methyl vinyl ether 
of uncertain origin (25 C, pentane)6 and, although a 
glucose-derived glycosylidene carbene was reported to 
afford a 1,2-H product as a major component,7a 
further study limited its formation to ca  TO.'^ 


In keeping with thete observations, photolysis 
( A  2 320 nm, pentane, 0 C) or thermolysis (decalin, 
95 C) of neopentylmethoxydiazirine [A,,, 340 nm, 
pentane; prepared by an exchange reaction of the corre- 
sponding bromodiazirine' with NaOMe in DMF 
(- 30 C, 30 min)] (for examples, see Refs 6 and 8) 
afforded complex product mixtures, presumably via 
neopentylmethoxycarbene, 3-OMe. However, careful 
searches by 'H NMR and GC-MS gave no evidence for 
the formation of the 1,2-H shift product, 5. Thus, 
assuming that alternative carbene reactions are not 
especially stimulated, the series of carbenes 3, 
X = C1, F, OMe, conforms to expectations,' with k,, 
decreasing' until, with X = OMe, the 1,2-H migration 
is no longer competitive (i.e. kr, < 104 s-'; in our 
experience, k,, = 104-105 s- '  leads to significant 
rearrangement product). 


5.67 and 5.79 (AB, J = 3 * 4 H z ,  2H, cis-CH=CH), 
whereas trans-6 exhibited 3.60 (s, 3H, OCH3), 6.37 
and 6.72 (AB, J =  10.4 Hz, 2H, trans-CH=CH). Ph 
multiplets were observed for both isomers at 6 6.9-7 -4. 


Further tuning of carbene 4-OMe was achieved by 
modifying the carbenic methoxy substituent at the 
migration terminus, mitigating its hydride shift- 
inhibiting, electron-donating properties by attaching a 
trifluoromethyl group. Thus, the trifluoroethoxy group 
is a less effective electron donor than the methoxy 
group because of the opposed F3C inductive effect. 
Indeed, on a scale where UR+(MeO)= -0.66, 
UR+ (FJCCH~O) is calculated' as - 0.56. 
3-Phenoxymethyl-3-trifluoroethoxydiazirine [A,., 


(pentane) = 336 nm] was prepared by diazirine 
exchange* of 3-phenoxymethyl-3-bromodiazirine' with 
NaOCHzCF3 (DMF, -10 'C, 1 h). Photolysis (0 ' C ,  
A > 320 nm) or thermolysis (20 "C) of this diazirine 
( A 3 3 6 =  1.0) in pentane gave only azine 7, m.p. 
94-95 O C ,  identified by 'H, ''F and "C NMR, MS and 
elemental analysis; 1,2-H alkene 8 (see below) was 
absent by GC or NMR examination. Again, however, 


8 


, 
Can the 1,2-H migration, turned off by the carbenic 


methoxy substituent, be restored? We first introduced 
the C-H bond-weakening, electron-releasing, hydride 
shift-stimulating phenoxy substituent at the migration 
origin. 394 Photolysis or thermolysis of phenooxy- 
methylmethoxydiazirine (A340 = 1 a 0  in pentane, 20 C, 
prepared in the same manner as neopentyl- 
methoxydiazirine) presumably afforded carbene 
4-OMe, but the 1,2-H shift product, 6, could not be 
detected by NMR or GC-MS in the complex mixture of 
more than 10 products. On the other hand, thoermal 
activation (thermolysis of the diazirine at 95 C in 
isooctane) produced a 17% yield of 6 within the still 
complex product mixture. 


Alkene 6 was identical with an independently pre- 
pared sample: a-chloroacetaldehyde dimethyl acetal 
was converted into a-phenoxyacetaldehyde dimethyl 
acetal (NaOPh, DMF, IOO'C, 24 h, 83%), and the 
latter was heated with basic alumina (150 'C ,  7 h, Nz 
stream) to distil out 8% of 6 (cis/Crans= 1-6). The 
alkenes were purified by GC and characterized by 
appropriate 'H and I3C NMR, GC-MS (M' at m/z 
150), and elemental analysis. The 'H NMR of cis-6 (6, 
CDC13) featured absorptions at 3.71 (s, 3H, OCH3), 


thermal activation by rapid injection of, an isooc- 
tane-diazirine solution into isooctane at 95 C afforded 
52% of the 1,2-H product, cis-8, via phenoxy- 
methyltrifluoroethoxycarbene, 4-OCHzCF3. Also 
formed was 14% of azine 7. Similarlykpyrolysis of the 
diazirine on a hot glass surface at 95 C gave 26% of 
alkene 8 and 37% of azine 7. 


The alkene and azine were separated by column chro- 
matography on silica gel (1 : 8 CHzClz-pentane) and 
the alkene pas further purified by preparative GC 
(SE-30, 110 C). It was characterized by 'H, I9F and 


C NMR, MS (M' at m/z  218) and elemental analysis. 
In particular, the IH NMR of 8 (6, CDCl3) revealed 
absorptions at 4.20 (4, J H F  = 8.4 Hz, 2H, OCH~CFJ),  
5-78 and 5.90 (AB, J =  3.5 Hz, 2H, cis-CH=CH) and 
7-0-7.4 (m, 5H, Ph). The I9F NMR spectrum (CDC13) 
featured the CF3 triplet ( J F H  = 8.4 Hz) 74.8 ppm 
upfield from CFC13. The preferential formation of 
(Z)-alkenes 8 and 6 in these 1,2-H carbene rearrange- 
ments is precedented.'.'' 


Acetonitrile is known to enhance kr,, relative to 
pentane solvent, by stabilizing the charge-polarized 
transition state 2.33'1 Indeed, although 8 was not 
observed when 3-phenoxymethyl-3-trifluoroethoxy- 


I3 
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diazirine was decomposed at 20°C in pentane (see 
above), analogous thermal or photochemical decompo- 
sitions of the diazirine in acetonitrile afforded 10% of 
alkene 8 in addition to 66% of azine 7. 


When similarly decomposed in pure acrylonitrile, the 
diazirine afforded carbene 4-OCHzCF3 which was 
quantitatively captured, affording isomeric cyclo- 
propanes 9. These were isolated by preparative GC in a 
1 -4 : 1 isomer ratio and characterized by appropriate 
'H, I9F NMR, MS and elemental analysis. In contrast, 
with 0.013 M acrylonitrile in acetonitrile solution, the 
intermolecular addition of 4-OCH2CF3 to acrylonitrile 
was competitive with 1,2-H rearrangement; on either 
photochemical or thermal generation of the carbene, we 
observed an addition/rearrangement product ratio (9/8) 
of 2.3. 


Kinetics 


In pentane, where the 1,2-H migration of 4-OCHzCF3 
is not competitive with addition, laser flash pho t~ lys i s ,~  
using the pyridine ylide method of visualization, I' gave 
kad = 6.3 2 0.3 x 10' lmol-Is- '  for the addition of 
4-OCHzCF3 to acrylonitrile ([CHz=CHCN] ranged 
from 0.0120 to 0.147 M, [pyr] = 2 x 1 0 - ~  MI. In ace- 
tonitrile, we could not determine kad because the pyri- 
dine ylide of 4-OCHzCF3 was very unstable. However, 
taking kad (MeCN) as no more than half of k a d  
(pentane), l 3  and recalling that kad/kre = 2.3 with 
0.013 M acrylonitrile in MeCN, we can estimate 
k,, = 2 x 10' s-' for 4-OCHzCF3 in acetonitrile. Fur- 
ther, k,, should be at least an order of magnitude lower 
in the non-polar solvent pentane (i.e. k ,  = lo4 s - I )  
than in acetonitrile, ' I  so that, as observed, rearrange- 
ment becomes non-competitive with alternative 
carbenic reactions at ambient temperature. 


Allowing for the combined stimulating effect of the 
PhO substituent, and the decreased inhibiting ability 
of the OCHzCF3 substituent on k,, for 4-OCHzCF3, we 
speculate that k,, for a fully 'stripped-down' 
alkylalkoxycarbene such as CH3-CoOCH3 could be 
as low as ca lo3 s-' in pentane at 25 C. This estimate 
is based on the lack of rearrangement for 4-OCH2CF3 
at 25 "C (k,, < lo4 s - ' )  and represents a statistically 
corrected 25,000-fold methoxy-induced diminution of 
k,,, relative to the 1,2-H shift of dimethyl~arbene.~ 
Thus, kinetic and product studies support the existence 
of significant activation barriers to 1,2-H rearrange- 
ments in alkylalkoxycarbenes,' and accord with our 
expectation that such barriers can be surmounted by an 
appropriate blend of carbene structural design and 
thermal activation. 


Finally, we note that thermal activation can also be 
effective in 1,3-CH carbene insertion reactions. For 
example, photolysis of 3-chloro-3-tert-butyldiazirine 
(10-C1) in CDCl3 at 20°C gave Me3C-C-CI, which 
mainly afforded the 1,3-insertion product 11-Cl, 
together with some of the 1,2-Me migration product, 


Now, we have prepared diazirine 10-F [A,,,= 
344,362 nm (pentane)] by the diazirine exchange 
reaction5'I5 of bromodiazirine 10-Br with Bu4N+ F- 
(2SoC, DMF, 60 h), where TO-Br was obtained by 
the hypobromite oxidation l6 of ferf-butylamidine 
hydrochloride. Photolysis (A > 320 nm) of 
2.7 x 10-2-5-4 x lo-' M decaneo solutions of 
3-fluoro-3-fert-butyldiazirine at 25 C gave < 1 Yo of 
tert-butylfluorocarbene insertion product 11-F, whereas 
75% of the appropriate azine was obtained. This sug- 
gests that substitution of F for C1 in Me3C-C-X 
raises the activation energy and slows the 1,3-CH inser- 
tion enough to  shut off this reaction channel relative to 
an azine-forming intermolecular carbene-diazirine 
reaction. 


In contrast, thermolysis of 5.4 x lo-' M 10-F in 
decane (145 OC, 6 h, sealed tube) gave 23-25'70 of inser- 
tion product 11-F, together with 63-66% of the azine. 
Authentic 11-F was prepared in 64% yield by the 
Bu3SnH reduction of 1-bromo-l-fluoro-2,2- 
dimethylcyclopropane, with the latter obtained (52%) 
from the phase transfer-catalysed addition of 
bromofluorocarbene to isobutene." Cyclopropane 
1l-F" was characterized by 'H and "F NMR spectros- 
copy and GC-MS. 


As with the 1,2-H shifts of carbenes 4-OMe and 4- 
OCHzCF,, so too with the 1.3-CH insertion reaction of 
Me3C-C-F thermal activation serves to reopen a 
reaction channel that is otherwise suppressed at 
ambient temperature. 


12-c1. l4 


CONCLUSIONS 


Substitution of a methoxy group at the carbenic center 
of an alkylcarbene suppresses the characteristic 1,2-H 
rearrangement. This reaction can be restored by the 
substitution of an electron-donating phenoxy group at 
the migration origin and by mitigating the electron- 
donor properties of the methoxy group at the carbenic 
center (migration terminus) by converting it into a 
trifluoroethoxy substituent. In these latter instances, 
restoration of the 1,2-H reaction still requires thermal 
activation. Similarly, the 1,3-CH insertion reaction of 
tert-butylfluorocarbene, absent at ambient temperature 


Me. .X 


10 1 1  1 2  
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because of resonance electron donation from the flu- 
orine substituent, can also be restored by thermal 
activation. 
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The four studied semi-rigid fluorenol derivatives differ only in the size of the 9-substituents. All four compounds 
crystallize with two molecules per asymmetric unit and with relatively low crystallographic symmetry [ P l  for the 9- 
methyl derivative (1) and P2,/n for the 9-(l-phenyl) (2), 9-(!-naphthyl) (3) and 9-(2-biphenylyl) (4) derivatives I .  
Crystal data: 1, a = 8*779(1), b = 11.570(1), c = 11*747(1)', a = 91.197(5), B = 104.345(4), y = 105.848(6)'; 2, 


b =  92.60(6)'; 4, a = 7-770(6), b = 33*766(10), c = 13-649(4)A, B =  95*30(1)'. Nevertheless, the packing modes are 
different. The 9-methylfluoren-9-01 molecules, forming H-bonded tetramers with full H-bond saturation, give rise to 
the lowest packing coefficient among the four compounds. The crystals of the 9-phenyl derivative are built up of H- 
bonded dimers, whereas those of the bulky 9-naphthyl and 9-diphenylyl derivatives consist of single molecules only. 
The latter two compounds, however, have a denser packing than the two that contain H-bonded aggregates. The 
crystal structures are held together mainly by ordinary Van der Waals forces. In the case of 9-biphenylyfluoren-9-ol, 
the structure seems to be stabilized also by weak H-bond-type interactions from the alcoholic hydroxyl group to the 
r-electron cloud of an aromatic ring in the neighbouring molecule [the O...centroid distances ?re 3*182(3) and 
3*248(4)A, and in the 9-naphthyl derivative the OH groups are involved in some short (-3-3A) intermolecular 
approach, possibly indicating an electrostatically favourable packing for that compound. 


u = 8-425(1), b = 13.819(1), c = 23*902(2)A, f l =  95.87(1) ; 3, u = 15.679(4), b = 8-567(2), c = 23-884(17)& 


INTRODUCTION 


Whether molecules are capable of forming a dense or 
loose crystalline packing, or no stable crystal at all, 
depends on various parameters including the size and 
shape and polarity or the H-bonding capability of the 
molecular species under discussion. A knowledge of 
the principles of aggregate formation is important in 
the engineering of crystals* and in the design of crystal- 
line hosts. In general, molecules which pack only badly 
are inclined to  crystallize with a second component to 
fill the free space; hence they are potential clathrate 
formers. 


* Author for correspondence. 


H-bonds between polar groups, if available in 
reasonable geometries, will determine a crystalline 
structure, but less polar intermolecular interactions 


R OH 


1 R = M e  


2 R = P h  


3 R = 1-Naphthyl 


4 R = 2-Biphenylyl 
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\ 


d 


Figure 1. Perspective views of (a) the H-bonded tetramers of molecule 1, (b) the H-bonded dimers of 2, (c) the single molecule of 
3 and (d) the single molecule of 4, with crystallographic numbering of the atoms. Oxygen atoms are shaded and the solid and dashed 
lines represent covalent and hydrogen bonds, respectively. In the case of 4, only one of the two disorder sites of H(9) is included 
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such as aryl-aryl contacts may also dominate. 6,7  More- 
over, it is known from recent studies8 that O-H...aryl 
hydrogen bonds are also possible as an intermediate of 
the two interaction types, which shows that the crystal 
packing is governed by a delicate interplay of contacts. 


Here we report crystal structures of a series of 
selected compounds [9-methyl- (l), 9-phenyl- (2), 
9-naphthyl- (3) and 9-(2-biphenylyl)fluroen-9-ol (4)], 
which may shed some light on the problem. Earlier 
investigations have shown that 9-aryl-substituted 
fluoren-9-01s and related bridged triarylmethanols are 
efficient clathrate hosts. In this context, the present 
studies may also explain the influence of the substi- 
tuents on the clathrate-forming properties of this com- 
pound family. 


RESULTS AND DISCUSSION 


Perspective views of the H-bonded aggregates of 1 and 
2 and of the single molecules of 3 and 4 are shown in 
Figure l(a)-(d), including the numbering schemes of 
the atoms. Crystal data and selected experimental 
details are given in Table 1 and selected conformational 


( 4  
Figure 1. (Continued) 


Table 1. Crystal data and some selected experimental details for compounds 1-4 (Esds where given, are in parentheses) 


Parameter 1 2 3 4 


Formula 
MW 
Crystal system 
Unit cell dimensions 


a ( A )  
b (A )  
c ($1 
a( 1 
P (1) 
Y ( lo  
Vc ( A 3 )  


Space group 
Z 
D, mg I I - ~ )  


F(000) 
Temperature (K) 
Radiation used (A,  A ) 
P (cm-l) 
No. cf  reflections measured 
ernax( ) 
NIOI (unique, non-zero) 
Nrer [with I/a(I) > 31 
Nvariabler 


R (  = E 1 AFl/E I Fnl) 
WR( = ICw 1 A F I  ’/E w 1 Fn I * J I ”  


Weighting: g in SHEbXb 
Final Aprnax, Aprnin(eA-3) 


C14Hiz0 


Triclinic 
196.25 


8.779(1) 
11.570( 1) 
11*747(1) 
91.197(5) 


105 -848I6) 
104.345(4) 


4 


416 
291 2 1 


Cu Ka (1.54183) 
5.33 
4295 


70 
3753 
2846 
289 


0.071 
0-107 
0~00020 


1.1748(2) 


0.29, -0.26 


c 19H 1 4 0  


258.32 
Monoclinic 


8.425(1) 
13.819(1) 
23.902(2) 
90.0 
95*87(1) 
90.0 


2768.2(3) 
P211n 


8 


1088 
291 -+ 1 


Cu Ka (1.54183) 
5.49 
5969 


70 
4565 
3267 
391 


0.042 
0-059 
0.00020 


1.2397(2) 


0.16, -0.17 


C23H160 
308.38 
Monoclinic 


15 * 679(4) 
8.567(2) 


23.884( 17) 
90.0 
92.60(6) 
90.0 
3205(3) 
P211n 


8 
1.278(1) 


1296 
158+ 1 


MO Ka (0.71069) 
0.71 


6239 
25 


5399 
3477 
435a 


0.043 
0.053 
0.000384 


0.25, -0.22 


~ 


CZSHlEO 
334.42 
Monoclinic 


7.770(6) 
33-766( 10) 
13.649(4) 
90.0 
95.30(4) 
90.0 


3566(5) 
P2lln 


8 
1 .246( 1) 


1408 
296+ 1 


Cu Ka (1.54184) 
5.40 


6534 
65 


5271 
4224 


45 1 
0.076 
0.105 


c - 


0.34, -0.35 


“In the case of 3 the ‘blocked full-matrix least-squares’ refinement technique” had to be used owing to the large number of refined variables; two 
blocks, each with 219 variables, were refined in consecutive cycles. 
bWeights of the structure factors in SHELX” are estimated as w =  [02 (F)  + @ - ‘ .  
‘Weights of the structure factors in the refinement of 4 were estimated as ~ F , I ~ / O ( F O ’ ) ~  (according to the computer software SDP-PLUS”). 
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Table 2. Selected conformational features of compounds 1-4 (Esds are given in parentheses) 


Parameter Molecules 1 2 3 4 


Tbe nine C atoms of the fluorene rings are co-planar within 
( A )  Unprimed 0.085 0.104 0.128 0.060 


fluorene moieties (‘1 Primed 2.9(1) 2.7(1) 1*9(1) 2.0(2) 


Primed 0.090 0.072 0.110 0.065 
Dihedral angle between the two benzene ring planes in the Unprimed 1.9(1) 4.0(1) 2*0(1) 1 *6(2) 


Dihedral angle between the LS planes through the fluorene Unprimed - 94.8(1) 84.20(4) 87*2(1)’ 
moiety and the aryl substitutent (’) Primed - 88.7(1) 85.86(4) 83.8(2)’ 


‘In the case of the biphenylyl substituent in 4, the dihedral angle is calculated between the plane through one phenyl ring of the biphenyly group [which 
is bonded to C(9)l and the fluorene moiety. 


Table 3. Bond lengths ( A )  and bond angles ( O )  in possible H-bond interactions in crystals of 1, 2 and 4 (Esds, where given”, are 
in parentheses) 


Distance 
Angle 


Compound Atoms involved Symmetry O...acceptor 0-H H...acceptor O-H...Acceptor 


1 0(9)-H(9)~~~0(9’)  
O(9 ‘ )-H(9 ’ )...0(9) 


2 0(9’)-H(9‘)..’0(9) 
- 


4 0(9)-H(9a)...centroid 
0(9)-H(9b)...centroid 
0(9’)-H(9‘a)...centroid 
O(9 ’ )-H(9 ‘ b)...centroid 


~ 


x, Y .  z 2.732(3) 


x ,  Y .  2 2.845(2) 
3.182(3) 
3.182(3) 
3’248(4) 
3.248(4) 


X ,  1 - Y ,  1 - z 2.730(4) 


1 + x, Y ,  z 
1 + x, Y ,  z 
1 + x, Y ,  z 
1 + x, Y ,  2 


0.93 1.84 161 
0.98 1.78 162 
0.98 1.88 170 
0.99 2.61 117 
0.95 2.36 I45 
1.04 2.36 I43 
0.96 2.73 115 


“The H positions are derived from difference electron density calculations and are not refined (see text). 
‘Centroid’ means the centre of the C(16)-C(17)-C(18)-C(19)-C(2O)-C(2l) aromatic rings (unprimed and primed) in 4. 


Figure 2. Stereo packing illustration of 1. The carbon-bonded H atoms are omitted for clarity. Thin lines represent H-bonds 
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Figure 3. Stereo packing diagram of crystal 2. The carbon-bonded H atoms are omitted for clarity. Thin lines represent H-bonds 


Figure 4. Stereo illustration of the packing arrangement of 3. The carbon-bonded hydrogens are omitted for clarity 


features and H-bond geometries are presented in Tables to the respective fluorene moiety. The two six- 
2 and 3, respectively. Stereoscopic illustrations of the membered ring planes of, each biphenxlyl group of 4 are 
various packing modes are shown in Figures 2-5. tilted through a 81.4(2) and 83.8(2) in the unprimed 


and primed molecule, respectively. 


Molecular structures 


It is noteworthy that all four structures contain two 
molecules per asymmetric unit. Corresponding bond 
distances and bond angles in the eight crystallo- 
graphically independent molecules presented here gen- 
erally conform to each other and are comparable to 
those previously published for related molecules. The 
conformations are also similar [Figure l(a-d)] I The 
phenyl substituents in 2, the naphthyl groups in 3 and 
also one phenyl ring [which is bonded to C(9)l in each 
biphenylyl moiety of 4 are approximately perpendicular 


Packing relationships 
The 9-substituted fluoren-9-01 derivatives 1-4 are 
bulky, irregularly shaped molecules containing an alco- 
holic OH group that is capable of intermolecular 
H-bond interactions. These features provide them with 
the ability to  form inclusion compounds with a variety 
of different solvents. 9a Nevertheless, they can be 
crystallized also without guests. Kitaigorodsky' has 
demonstrated that molecules without inner symmetry 
elements attain the closest packing in the space groups 
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48. 


6'0 
Figure 5 .  Stereo packing illustration of crystal 4. The carbon- 


bonded H atoms are omitted for clarity 


Pi, P2', P2'/c, Pca, Pna and P212121. Note also that 
in organic chemical crystallography a remarkable pre- 
dominance of space group Rll/c (or P21/n) has been 
observed. In agreement with these observations, the 
four fluoren-9-01 derivatives 1-4 were found t o  crystal- 
lize in space groups Pi (1) and P21/n (2,3 and 4). The 
packing coefficients (i.e. the ratio of the space occupied 
by a molecule to  the space allotted in the unit cell, esti- 
mated according to  the crude method of 
Kitaigorodsky') is 0.69 for 1 ,0 .72 for 2 , 0 - 7 4  for 3 and 
0.73 for 4; these ratios are within the 0-65-0.77 
interval characteristic for normal close-packed organic 
crystals. ' 


The four fluorenol derivatives differ only in the size 
of the 9-substituents. It is notable, however, that mol- 
ecules 3 and 4 with the relatively large naphthyl and 
biphenylyl substituents exhibit denser packing than 
compounds 1 and 2 with the smaller 9-methyl and 9- 
phenyl groups (Figures 2-5). At the same time, inspec- 
tion of the H-bond interactions in the crystals shows 
conspicuous differences between them. In crystals of 
9-methylfluoren-9-01, tetramer aggregates are formed 
around the centre of symmetry via H-bond interactions 
[Figure l(a)] . The optimum close packing of these large 
tetramer units gives rise to  the lowest density among the 
four crystals. We have seen previously in the structure 
of  the 9-phenylfluoren-9-01: benzene (8 : 3) complex9a 
that the 9-phenyl derivative can also form tetramers in 
the same way as the 9-methyl analogue. The guest-free 
crystals of 2, however, contain H-bonded dimers only, 
where the primed OH group functions as a proton 
donor and the unprimed group is a proton acceptor. 
Hence neither the requirement for maximum saturation 
of the hydrogen bonds nor the 'maximum acceptor 


rule,' postulated a few years ago,Jbs1o is fulfilled in this 
structure. Nevertheless, in the 2. benzene (8 : 3) 
complex the benzene guests fill up the voids between the 
huge host tetramers, resulting in a packing coefficient of 
0.69. It seems probable that the H-bonded tetramer 
aggregates of  the 9-phenyl derivative cannot reach close 
packing without guests and, according to  Kitaigorod- 
sky's assumption, ' no crystallization will occur if the 
shape of the molecule (or aggregate) is such that no 
packing can be effected with a packing coefficient above 
0.6. Consequently, the packing mode in crystal 2 is 
determined by a compromise between the potential 
energies of dense packing on the one hand and 
hydrogen bonding on the other. The H-bonded oli- 
gomers of 1 and 2 are held together by weak Van der 
Waals' forces. The packing of the dimers of 2, how- 
ever, seems to  be stabilized also by x-r interactions 
between neighbouring fluorene moieties (cf. Figure 3). 


Similarly to compounds 1 and 2, crystals of both the 
naphthyl and the biphenylyl compounds 3 and 4 
contain two molecules per asymmetric unit. There are, 
however, no O-H-..O interactions at  all in the latter 
crystals, and the two crystallographically independent 
molecules in each compound d o  not differ significantly 
from each other. This is strange, because only rarely 
does more than one molecule occupy a general 
position, ' except when molecules are dimeric owing to  
hydrogen bonds, or when more than one conformer is 
present in the crystal. However, the size and shape of 
molecules 3 and 4 seem to make it impossible for them 
to form H-bonded aggregates which can be arranged 
with acceptable packing density. Accordingly, they 
avoid H-bonds between the molecules and form crystals 
using weaker intermolecular interactions only. The 
intermolecular contact distances are generally in the 
same range as the sum of Van der Waals' radii. There 
are, however, a few exceptions worth mentioning. In 
the case of the diphenylyl derivative, the O H  groups 
seem to be involved in weak H-bond-type interactions 
with the x-electron cloud of the neighbouring aromatic 
ring' [the C(16)...C(21) phenyl ring of the biphenylyl 
moiety in each molecule; cf. Fig. 51. There is ample evi- 
dence from both experimental and theoretical treat- 
ments that lends significance to  attractive interactions 
between x systems and H atoms.8a-d The possibility of 
steric repulsion has also been considered, though, and 
examined by NMR method for fluoren-9-01.'~ The geo- 
metric parameters, observed in the 9-biphenylylfluoren- 
9-01 crystal (Table 3) are comparable to  those earlier 
published for x-electron H-bonding with water as the 
proton donor.8a Moreover, the alcoholic OH groups in 
3 are involved in some short intermolecular contacts 
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possibly indicating an electrostatically favourable 
packing for that compound. 


CONCLUSION 


The structures presented demonstrate the importance of 
close packing in organic crystal structures. The various 
packing modes of 9-substituted fluoren-9-01s are the 
result of simultaneous satisfaction of the requirements 
of maximum packing density and the tendency for 
maximum formation of H-bonds. The presence of 
groups suitable for H-bond interaction does not 
guarantee that such interactions will occur, however. 
H-bonds will arise only if the H-bonded aggregates can 
achieve a packing with acceptable density. 


EXPERIMENTAL 


Sample preparation and data collection. Compounds 
1, 2,9a 39a and 49a were prepared according to litera- 
ture procedures. The crystals for x-ray studies were 
grown from ethanol (l) ,  light petroleum (b.p. 
60-90 "C) (2) and toluene (3 and 4). Single crystals of 
reasonable quality and appropriate size, selected for 
x-ray investigation, were sealed either in glue (1,2,4) or 
in a glass capillary (3). 


Intensity data for 1, 2 and 3 were obtained on an 
STOElAED2 diffractometer, whereas an Enraf-Nonius 
CAD4 instrument was used for 4. Corrections were 
made for background, Lorentz and polarization effects, 
and in the case of 4 an empirical spherical absorption 
correction was also applied (DIFABS). I *  


Structure analysis and refinement. Direct methods 
yielded reasonable preliminary models for all four 
structures, which were then refined by full-matrix least- 
squares procedures. The H atoms, except ten hydrogens 
of 1, were located from difference electron density ( A p )  
maps and were held riding on their parent atoms during 
the subsequent calculations. Ten carbon-bonded H 
atoms in 1 were given geometrically predicted positions 
with C-H = 1 .OOA, recalculated after each cycle of 
the refinement. In 4 the alcoholic H atom is supposed 
to  be disordered in both molecules. It must be noted 
that these H atom positions are only realistic as a 
hypothetical model of a peculiar H-bond interaction. 
Accordingly, two positions, each with 50% site 
occupany, were included for both H(9) and H(9') in the 
structure factor calculation. 


In the final refinements the non-hydrogen atoms were 
allowed to  vibrate anisotropically, and isotropic dis- 
placement parameters were assumed for the hydrogens. 
The carbon-bonded H atom positions in 4 were given 
an augmented Biso of their parent atoms 
[ B i s o ( ~ )  = Biro(c) + 1 .O] . Moreover, in the last refine- 
ment of 3, nine low4 reflections with Fo considerably 


less than F,, probably owing to  extinction effects, were 
excluded. At the same time the final refinements of 1 
and 2 included also an empirical isotropic extinction 
correction factor (x) according to  Sheldrick l3 


[F'  = F(l  - 0.0001xF2/sin e)], which refined to  
0.042(3) and 0.024(1), respectively. The calculations 
for 1, 2 and 3 were carried out with the programs of 
Sheldrick, I 3 * l 4  whereas SDP-PLUS computer soft- 
ware'5 was used for compound 4. Crystal data and 
some details of the refinement calculations together 
with the final R values are given in Table 1. The mol- 
ecular geometries were calculated using the PARST 
program, l6  and the illustrations were drawn with the 
program PLUTO. 


Supplementary data. Lists of fractional atomic coor- 
dinates and equivalent isotropic/isotropic temperature 
factors of the non-hydrogen atoms and of the alcoholic 
hydrogens in 1-4 (Table 4), bond lengths and bond 
angles involving the non-hydrogen atoms (Tables 5 and 
6), fractional atomic coordinates and isotropic vibra- 
tional parameters of the H atoms (Table 7) and covalent 
bond distances and bond angles involving the H atoms 
(Tables 8 and 9) have been deposited as supplementary 
data at the Cambridge Crystallographic Data Centre. 
List of  the anisotropic displacement parameters of the 
non-hydrogen atoms (Table 10) and of the observed 
and calculated structure factors are available directly 
from the authors. 
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MAGNETIC FIELD EFFECTS UPON PHOTOCHEMISTRY OF BIFUNCTIONAL 
CHAIN MOLECULES 


RYOICHI NAKAGAKI* 
Faculty of Pharmaceutical Sciences, Kanazawa University, Takara-machi, Kanazawa 920, Japan 


YOSHIFUMI TANIMOTO 
Faculty of Science, Hiroshima University, Kagamiyama, Higashi-Hiroshima 724, Japan 


AND 


KIYOSHI MUTAI 
College of Arts and Sciences, University of Tokyo, Komaba, Tokyo 153, Japan 


External magnetic field effects are discussed for three typical examples of photoreactions involving biradical 
intermediates: photo-induced intramolecular electron transfer in chain molecules D-(CH*),-A consisting of an 
electron donor (D) and an acceptor (A), intramolecular hydrogen abstraction in bifunctional species 
:X-(CH2).-YH containing a hydrogen donor (YH) and an acceptor (:X in the excited triplet state) and 
photochemical homolytic ring opening of a cyclic ketone which yields a biradical consisting of an acyl and an alkyl 
group. There has been progress in the elucidation of reaction mechanisms through the analysis of magnetic field effects 
on lifetimes of reaction intermediates and product yields in radical reactions involving biradicals. Extremely small 
interactions such as the Zeeman energy and hyperfine interaction may give rise to a large change in the distribution 
of photo-products derived from bifunctional chain molecules. 


INTRODUCTION radical pairs. For example, MFE on reaction yields 


Although there have been a number of reports on mag- 
netic field effects (MFE) on chemical reactions, clear 
experimental evidence of MFE was not obtained until 
recently. ’ Photosensitized decomposition of dibenzoyl 
peroxide is one of the earliest observations of photo- 
chemical MFE in the liquid phase.’ 


Nagakura and co-workers 3*4 have presented the 
general theory for the radical pair model (RPM) in 
interpreting anomalous ESR spectra observed for 
irradiated organic single crystals. It was shown that the 
singlet-triplet mixing can be induced by hyperfine 
coupling and the Zeeman mechanism. This RP model 
has been playing a central role in explaining nuclear and 
electronic spin polarization induced by chemical 
reactions (CIDNP and CIDEP). l a s s  This model also 
provides a theoretical basis for MFE on reaction rates 
and product yields of chemical reactions through 


* Author for correspondence. 


0894-3230/93/070381-12$11 .oo 
0 1993 by John Wiley & Sons, Ltd. 


were analytically formulated for various -cases 
according to the RP modeL6 Sakaguchi et a1.’ pro- 
posed a classification of the external magnetic field 
effects by taking account of the relative importance of 
the hyperfine coupling and the electronic Zeeman 
terms. Hayashi and Nagakura’ studied the external 
magnetic field effects by including explicitly the relax- 
ation of electronic spins. 


The purpose of this review is to show that MFE on 
chemical reactions can provide a useful method for elu- 
cidating reaction mechanisms and techniques for con- 
trolling reaction rates and product yields, and also that 
studies on MFE in the condensed phase are at present 
approaching maturity. 


This paper is concerned with MFE on the dynamic 
behaviour of biradicals produced in photochemical 
reactions of bifunctional chain molecules. The 
emphasis is put on the most recent studies mainly by 
Japanese workers in the late 1980s and 1990s. 
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Pioneering work by Weller and c o - w ~ r k e r s ~ - ' ~  was 
concerned with external magnetic field effects on the 
yield of the molecular triplet state of pyrene through an 
exciplex in the singlet state derived from excited pyrene 
and N,N-dimethylaniline. They extended their studies 
to intramolecular exciplex formation by synthesizing 
bichromophoric chain molecules containing 1-pyrenyl 
and 4-N,N-dimethylaminophenyl groups. 1 2 -  l4 It is also 
possible to identify another type of modification from 
an intermolecular hydrogen abstraction between an 
aromatic carbonyl compound and a hydrogen donor in 
micellar media. l5 Tanimoto and co-workers 16," 
employed polymethylene-linked systems consisting of a 
hydrogen donor and acceptor, e.g. bifunctional chain 
molecules containing xanthone and xanthene moieties, 
which on photolysis can yield a biradical as shown in 
Scheme 1. 


Scheme 1 


Hence the photochemistry of bichromophoric chain 
molecules bridges the gap between photochemistry in 
homogeneous and inhomogeneous solutions. 


Since spin correlation effects in radiolysis has been 
reviewed by Brocklehurst and magnetic field effects in 
chemical kinetics and related phenomena have been 
extensively discussed by Steiner and Ulrich, la basic con- 
cepts and theory will not be repeated here in detail. 


CHAIN LENGTH EFFECTS 


Magnetic properties of biradicals 


Consider a hypothetical biradical 'X-(CH2),-Y' 
which has two spin states, namely singlet and triplet. 
The separation of these states, 2 J ,  depends on the chain 
length, n, because the exchange interaction ( J )  between 
two unpaired electrons within radical sites X and Y 
decreases approximately exponentially with respect to 
the inter-radical distance. On the other hand, the hyper- 
fine interaction between the electronic spin and nuclear 
magnetic moments in the two fragments, X and Y, is 
independent of the chain length n. For example, the 
properties of nitroxide biradicals have been investigated 
by means of ESR spectroscopy. 19,20 Three different 
situations have been observed, J P a, J -- a and J 4 a, 
as shown in Scheme 2. 


Scheme 2 


A spin-motion expression for a radical pair with one 
magnetic nucleus of general spin I [hyperfine coupling 
(hfc) constant a] was obtained in the zero-field by 
Salikov:" 


S p r ( t )  = Z(Z+ l)(a2/RZ)sin2(Rt/2) 


where 
R = I ( Z +  1)a2+(2J+a/2) '  


(The left superscript of the conditional probability 
'pr(t)  denotes the multiplicity in which the radical pair 
was formed at t = 0 and the right subscript denotes the 
multiplicity that is probed at time t . )  From this equation 
it is concluded that singlet-triplet transitions are 
suppressed owing to the factor a2/R2 when the 
magnitude of the exchange interaction exceeds that of 
hyperfine coupling. Therefore, one of the necessary 
conditions for observing MFE is that the separation 
between the singlet and the triplet states (2J) must be 
negligibly small in comparison with the hyperfine 
interaction between the electronic spin and nuclear 
magnetic moments, i.e. 2 5 4  a. Whereas 2 5  is 
dependent on the inter-radical distance, the magnitude 
of a is almost insensitive to the chain length. The 
relationship 2 5  e a may be satisfied at longer chain 
lengths. 


Appearance of large magnetic field effects with 
n 2 10. An empirical rule 


An intramolecular excimer formation is highly efficient 
at the particular chain length of 3 for a series of bifunc- 
tional chain molecules, Ar-(CHZ),-Ar, where Ar 
represents an aromatic chromophore.z2 In a similar 
manner, we have systematically studied the influence of 
the chain length on MFE for several series of biradicals 
produced on p h o t ~ l y s i s . ~ ~ - ~ ~  We can conclude that 
relatively large magnetic field effects appear for long 
chain biradicals with n 2 10. When the linking chain 
contains heteroatoms, the total number of atoms con- 
necting the two radical sites is considered to be the 
chain length. The following are typical examples of the 
chain length dependence of MFE. 
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Nakagaki and ~ o - w o r k e r s ~ ~ - ~ ~  measured magnetic 
field effects on photo-redox reaction yields of chain 
molecules, A--(CHz),-D, where A = 4-nitrophenoxyl 
or 4-nitro-1-naphthoxyl and D = anilino. The escape 
process is identified as a bimolecular reaction, while the 
cage process is characterized as an intramolecular 
photo-redox reaction. In both cases, oxidative dealkyla- 
tion takes place on photolysis, which yields unsubsti- 
tuted aniline (see later, Switching of reaction pathways 
due to magnetic field effects). Large magnetic field 
effects are observed for longer chain species with n 2 8. 
The results obtained for the nitronaphthoxyl series are 
shown in Figure 1. Since the ether oxygen and the 
anilino nitrogen can be regarded as a part of the linking 
chain, the total number of connecting atoms is 2 10. 


Tanimoto et af. l6 studied photo-induced intramole- 
cular hydrogen abstraction for a series of chain species 
containing xanthene and xanthone moieties. They 
found a sharp rise in the chain length dependence of 
MFE at n = 6 (see Figure 2). Because their chain com- 
pounds contain two ester bonds, the total number of 
linking atoms is ten at n = 6. It should be noted that all 
the species shown in Figure 2 have an average distance 
of 2 1 - 2  nm. Another chain molecule studied by 
Tanimoto and c o - ~ o r k e r s ~ ~ ~ ~ ~  consists of phenanthryl 
(Phen) and N,N-dimethylaminophenyl (DMA) 
chromophores. They observed a conspicuous intensity 
enhancement of exciplex fluorescence for tri, 


1.5 


ls0k1 


'" 8 9 10 11 12 
[Chain Length] 


Figure 1. DeDendence of the relative yield. on the 
chain length (n) observed for the photoreaction's of 4- 
~ ~ N C I O I - I ~ - I - O ( C H ~ ) , N H C ~ H ~ .  The escape product ([El) was 
identified as ~ - O ~ N C ~ O H ~ - ~ - O ( C H ~ ) , -  ICHO, which is formed 
by the bimolecular photo-redox reaction of 4-02Nc10H6-1- 
O(CH2),NHC6Hs. On the other hand, the cage product ([Cl) 
was characterized as 4-ONCloH6-1-O(CH2),- ICHO, which is 
produced by the intramolecular photo-redox reaction. The 


error bar represents the standard deviation 


7 /nm 
1.2 1.4 1.6 1.8 


I I I 1 


-/ 


Chain Length (n) 


Figure 2. Dependence of magnetic field effect parameter R 
[ = ~(0.8 T)/r(O T)] on chain length for photochemistry of 
XO-(n)-XH in acetonitrile. The mean inter-radical distance is 


also shown at the top. See also Table 2 


Phen-(CHz),-DMA at n = 10 in the presence of a 
magnetic field (see Figure 3). 


Staerk el reported similar phenomena for 
pyrenyl-(CHz),-DMA. In their case, ten is also a 
'magic number' where the exciplex emission is 
enhanced. 


0 n=10 
~8 


Figure 3. Magnetic field effects on photo-stationary fluores- 
cence intensity at 540 nm of Phen-(CH2)n-DMA 
(n = 3,6,8,10) obtained by photo-excitation at 308 nm. 10 and 
I H  denote the fluorescence intensity in the absence and pres- 


ence of a magnetic field, H 
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Schulten and Bitt131*32 calculated the magnetic field 
dependence of the triplet yield of charge-separated 
biradicals derived from pyrenyl-(CH2),-DMA 
(n = 8-10) by taking account of a stochastic folding 
motion of the methylene chain. A simpler explanation 
will be given below and can be applied to the obser- 
vation of large magnetic field effects when n 2 10. The 
dependence of the exchange interaction J on the inter- 
radical distance r and the distribution of the end-to-end 
distance are calculated according to the equations 
quoted by Bittl and Schulten. " The following equation 
is used for evaluating the exchange interaction J:  


(1) 
Jo = 9.46 x lo8  m T  and a = 21-36 nm-'; r is the inter- 
radical distance. A small variation in r may make a 
great difference to the magnitude of 2 J ,  e.g. 2 J  
( r =  1.0 nm) = 1 - 0  mT, 2 5 ( r =  1.1 nm) = 0.12 mT and 
2 J  (r = 1 a 2  nm) = 0.014 mT. Since the magnitude of 
the hyperfine interaction a is typically of the order of 
1-10 mT, 2 5  <e a can be satisfied in conformational 
isomers with r 2 1 1 nm. The distributions of the end- 


J(r)  = JO exp( - ar )  


0.01c 


L - a 
O.OOE 


0 


0.0: 


L - a 
0.0' 


0 
r / n m  


Figure 4. Distribution of end-to-end distances simulated by 
using equation (2) (top, n = LO; bottom, n = 9). Parameters 
given in ref. 32 were used: rmaX = 11.5, rl = 25, r2 = 5 at n = 9 


and rmax = 12-5, rl = 30, r2 = 6 at n = 10 


to-end distance ( r )  for chain species with n = 9 and 10 
are obtained by using the following equation: 


m ( r ) = r 2 ( r - r m a d 2  expf-  [ ( r - r l ) / r z ~ ~ j  (2) 
This equation was proposed by Bittl and Schulten 32 for 
a smooth fit to  the actual distribution of end-to-end dis- 
tance, in which the hydrogen atoms were not explicitly 
described but only included through an increase in the 
van der Waals radii of the carbon atoms. The results 
obtained for n = 9 and 10 are shown in Figure 4. It can 
be seen that the distribution of nine methylene con- 
formers with r > 1 * 1 nm is very small in comparison 
with the rest of the conformer distribution. On the 
other hand, the abundance of conformers with 
r 2 1.1 nm is fairly high in the case of species with 
n = 10. This difference in the end-to-end distance distri- 
bution can readily account for the appearance of large 
MFE when n > 10. 


Tanimoto et a/. l6 suggested that the exponential 
approximation of the 2 J  function is inadequate, 
because the 2 J values, calculated by averaging all the 
2 J ( r )  values for the distribution, d o  not reproduce the 
observed tendency. The exchange interaction J may not 
be a simple function of the inter-radical distance. In 
other words, the influence of the relative orientation of 
two radical sites on J must be explicitly taken into con- 
sideration for a detailed explanation of the dependence 
of MFE on chain length. 


MAGNETIC FIELD EFFECTS ON REACTION 
RATES AND PRODUCT YIELDS 


Cage and escape processes in radical reactions 


A radical pair produced on photolysis in solution is sur- 
rounded by solvent molecules and still retains the spin 
multiplicity of its precursor at the nascent stage. While 
the singlet radical pair in a solvent cage can readily 
undergo recombination to yield a so-called cage pro- 
duct, the triplet radical pair may not easily recombine 
to  produce a stable species with the singlet spin multi- 
plicity. Therefore, the triplet radical pair undergoes a 
so-called escape process to form an escape product. 
Cage and escape processes are depicted in Figure 5 .  We 
can generally expect that an appreciable change in the 
intersystem crossing rate between the singlet and the 
triplet radical pairs ki,,(ST) can affect the decay kinetics 
of radical pairs and product distributions. 


Since the MFE described in this paper is mainly due 
to the hyperfine coupling (hfc) mechanism, ki,,(ST) 
decreases in the presence of magnetic fields. When the 
hfc mechanism is of dominant importance, the reaction 
yields of cage products derived from the triplet radical 
pair decrease, whereas those derived from the singlet 
pair increase on application of an external magnetic 
field. The opposite relationship is expected for the 
reaction yields of escape products. The yields of escape 
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Chemical Reactions 


Involving Radical Pairs 


'A-B 


Cage Product Escaping Radicals 


A-X B -Y 
Escape Products 


Figure 5 .  Simplified kinetic scheme for a reaction involving 
radical pairs 


products of triplet pair origin increase, whereas those of 
singlet pair origin decrease in the presence of magnetic 
fields. 


Magnetic field effects on reaction rates or product 
yields are observed when &(ST) is of the same order 
of magnitude as that of the escape process. If ki,,(ST) 
is negligibly small in comparison with the escape rate, 
k,,,, detection of MFE on rates or yields may be 
difficult. Some photochemical reactions in micellar 
media have been selected for the study of MFE. The 
role of micellar media is to slow the escape process. A 
methylene chain can act both as a spacer and as a linker 
which prevents the complete diffusion of two radical 
sites, X and Y. 


If kisc(ST) is negligibly small compared with the rate 
for cage product formation, kcage, magnetic field effects 
on the cage product may be small in the reaction of 
singlet pair origin. When the triplet pair is initially gen- 
erated, the cage product cannot be formed directly 
from the triplet pair. Therefore, the cage product is 
formed after intersystem crossing from the triplet to the 
singlet radical pair. Since kist is greatly dependent on 
the field strength, H, the magnetic field effects on cage 
product yields in triplet pair reactions may be larger 
than those in singlet pair reactions. In fact, most MFE 
studies are concerned with photochemical reactions of 
initially prepared triplet pairs. It is interesting that 
Weller and co-workers "- l4 observed magnetic field 
effects on the dynamic behaviour of singlet radical 
pairs, whereas Tanimoto and co-workers I'-" studied 


Switching of reaction pathways due to magnetic field 
effects 
We have observed that the product distribution of 
photo-redox reactions for a homologous series of 
bichromophoric species containing nitronaphthoxyl 
and anilino moieties, 4-02NC 10H6- 1 -O(CHZ),NHC~H~, 
depends on the chain Figure 6 shows that 
several photo-products are formed through cage and 
escape processes. The cage process is an intramolecular 
photo-redox reaction, which yields 4-ONCloH6-l- 
O(CH2),,-lCHO and aniline. The escape process is a 
bimolecular redox reaction which gives 4-ONC ~ H 6 - l -  


and aniline. 
The product distribution of the nitronaphthoxyl 


series was recorded as a function of chain length in the 
absence and presence of an external magnetic field (see 
Table I).  The branching ratio between the cage and 
escape processes, Rb is critically dependent on the chain 
length, n, and the magnetic field strength, H. When 
n = 8, the major process in zero field is the intramole- 
cular photo-redox reaction, whereas the intermolecular 
escape reaction becomes dominant in the presence of a 
high field, 0 -64T  (see Figure 7). For longer chain 
species (n 2 9), the intramolecular cage process always 
predominates in the absence or presence of the mag- 
netic field. 


A prototype of reaction switching due to MFE has 
been reported for the nitronaphthoxyl species with 
n = 12.'' The escapelcage branching ratio depends on 
the time of irradiation when acetonitrile was used as a 
solvent. Addition of y-cyclodextrin also enhances the 
escape product yield (see Table 1). This suggests that 
the inclusion complexation of the donor (D) or the 
acceptor (A) moiety plays an important role in sup- 
pressing the intramolecular cage product formation. 


O(CHz)nNHC6H5, 4-02NC 1oH6-l -O(CHz)n - ICHO 


Unimolecular 


0,N O(CI 8 0 7  
+ 


Birnolecular 
Figure 6.  Cage and escape processes in photochemistry of 4- 
OZNCLOH~-~-O(CHZ) IzNHC~HS. The cage process is identified 
as a unimolecular reaction and the escape process is a bimole- 


triplet radical pairs. cular redox reaction 
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It should be noted that such a small perturbation 
caused by an external magnetic field (0.64 T) can give 
rise to  appreciable changes in product distributions. 


N 


H =0.64T 


6 12 18 2 
RETENTION TIME /min. 


Figure 7. Chromatograms recorded after photolysis of chain 
species ~ - ~ ~ N C I O H ~ - ~ - O ( C H ~ ) ~ N H C ~ H ~  in (A) the absence 
and (B) the presence of an external magnetic field (0.64 T). 
S = starting species; PI = cage product with a nitroso- 
naphthoxyl chromophore; P2 = escape product with a 
nitronaphthoxyl chromophore. Concentration, 1.2 x M 
in benzene solution. Absorbance at 370 nm was monitored. 
Normal-phase column, Cica-Merck LiChrosorb Si 60 (10 pm) 


Table 1 .  Magnetic field effects on 
branching ratio in competitive 
photoreactions of rl-nitro-l-naphth- 
OX~I-(CH~)~-NHC~HS in benzene 


8 0.62 1.74 
9 0.34 0.95 


10 0.18 0.77 
I 1  0.18 0.56 
12 0.18 0.60 
12 0.51d 1.06d 
12 0.62‘ 1.49e 


n = chain length. 
bRb(0) = +(escape product)/+(cage pro- 
duct) in the absence of an external mag- 
netic field. 
‘ R b ( H )  = +(escape product)/+(cage 
product) in the presence of an external 
magnetic field H (0.64 T). 
dData obtained in DMF-water mixed 
solvent (80: 20, v/v). 
‘Data obtained in DMF-water mixed 
solvent (80: 20, v/v) containing 
6.9 x lo-’  M y-cyclodextrin. 


MFE ON PHOTOCHEMICAL REACTIONS VIA 
BIRADICALS 


Mechanistic classification of photochemical biradical 
formation 


Figure 8 illustrates three typical examples of biradical 
photochemistry, i.e. photo-induced homolytic ring 
cleavage, hydrogen abstraction and electron transfer. 
The three kinds of photoreactions are described in the 
following sub-sections. 


Photo-induced electron transfer 


A paper by Weller et al.” on intramolecular exciplex 
formation for pyrenyl-(CHz),-DMA is one of the 
earliest studies of MFE on bichromophoric photo- 
chemistry. The chain length was varied from 6 to  16. 
The higher homologues (n 2 10) exhibit an exciplex flu- 
orescence, the intensity of which is appreciably 
enhanced on application of external magnetic fields. l 3  


Tanimoto and c o - w o r k e r ~ ~ ~ * ~ ~  studied the MFE on 
the exciplex fluorescence of bichromophoric chain mol- 
ecules containing phenanthryl (Phen) and N,N-  
dimethylaminophenyl (DMA) moieties in acetonitrile. 
The methylene chain length was varied from 3 to 10. 
These compounds were investigated by different spec- 
troscopic methods, i.e. time-resolved absorption and 
emission measurements. A singlet biradical formed 
after photo-excitation of the Phen chromophore at 
300 nm is involved in exciplex formation. Since the 
ki,,(H) decreases on application of external magnetic 
fields, the fluorescence intensity of the exciplex derived 
from the singlet biradical is enhanced by a factor of 1 . 5  
for the species with n = 10. 


Tanimoto and co-workers also detected another kind 
of fluorescence due to the excited state of an electron 
donor-acceptor complex, which is formed on UV exci- 
tation of the ground-state complex at  330nm. Two 
kinds of fluorescence could be distinguished by 
measuring emission lifetimes and fluorescence excita- 
tion spectra. The MFE was observed only for the 


Generation of Biradicals 


1 Hornolytic Bond-cleavage 


2 Hydrogen Abstraction 


H X- (CH, JX- i -[CHJ,-+ H 


3 Electron Transfer 
D-(cH,+-A - hu D - ( c H , ) ~ ~  .+ 


Figure 8. A general scheme for photochemical generation of 
biradical intermediate 
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exciplex dynamically generated after excitation of an 
extended conformer of  the methylene-linked species. 


MFE studies on photoelectron transfer in porphyrin 
derivatives containing viologen acceptors have been 
reported by Matsuo’s and Mataga’s groups. 3 3 - 3 7  


Nakamura et al. 33 elucidated MFE on the back electron 
transfer of tetraphenylporphyrins (ZnPC,V, where n 
denotes the number of linking methylene groups) by 
means of laser flash photolysis. The reverse electron 
transfer rate was substantially suppressed by a factor of 
ten for ZnPCgV in the presence of magnetic fields 
2 0 . 1  T. The total number of atoms connecting two 
chromophores in ZnPCsV is 13, because a phenoxyl 
moiety can be regarded as part of a linker. 


Saito et al.34 examined MFE on the lifetime of the 
charge-separated biradical for porphyrin-methyl- 
viologen linked systems, PnMV2+ (n refers to  the 
number of methylene groups), in polar media by using 
nanosecond laser photolysis. A drastic increase in the 
lifetime was observed on application of magnetic fields. 
For example, the biradical lifetime was almost three 
times longer than the zero-field value in the case of 
P I I M V Z +  under a magnetic field of 50mT. They 
showed that the long-lived biradical is formed through 
an intramolecular electron transfer from the porphyrin 
triplet state. Fourteen atoms are involved in the spacer 
part of PI 1MV2+. Matsuo and c o - ~ o r k e r s ~ ~ - ~ ’  studied 
the influence of the media and additives on MFE. They 
investigated the photochemical electron transfer of 
bichromophoric chain molecules D-(CHz),-A, 
where the donor D is zinc porphinate (ZnP) or 
phenothiazine and the acceptor A is a viologen moiety 
(V). 


Usui et al. 35 reported photo-induced electron 
transfer from amphiphilic ZnP in bilayer membranes to  
various V derivatives in the presence of external mag- 
netic fields. Application of magnetic fields appreciably 
retarded the reverse electron transfer when the photo- 
reduced viologen moiety was tightly bound to  the 
oxidized counterpart (ZnP cation radical) by either 
coulombic or amphiphilic interactions. 


observed MFE on photochemical 
electron transfer for phenothiazine-viologen linked 
compounds in the presence of cyclodextrins in aqueous 
solutions. Laser irradiation at  351 nm generated a 
charge-separated biradical. The decay rate of the bira- 
dical was decreased by an order of magnitude on going 
from 0 to 0.3 T. They suggested that an escape process 
is a bimolecular reaction involving the starting species 
and the charge-separated biradical. 


Zinc tetraporphinate-viologen methylene-linked 
pairs have been studied in reversed micelles 
(AOT-isooctane or n-hexane) by laser photolysis at 
351 nm.37 The radical decay rate of the por- 
phyrin-viologen linked compounds was decreased by 
an order of magnitude to reach a plateau region above 
0 . 3  T. The large external magnetic field effects were 


Yonemura et 


explained on the basis of Zeeman splitting of the triplet 
in combination with electron spin relaxation from the 
sublevels. Supporting evidence for this was obtained by 
the use of paramagnetic lanthanide ions. 


Hiramatsu et al. ’* observed MFE on photo-induced 
absorbance change for 4-02NCsH40(CH2) 12-4- 
OC&4P(C&)2 (4NP-TPP). The photo-redox reaction 
of 4NP-TPP is characterized as an intramolecular 
oxygen transfer from the NO2 group to 
triarylphosphine, which yields the nitrosophenoxyl and 
phosphine oxide moieties. They suggested that the 
primary photochemical process is a photo-induced 
electron transfer from triarylphosphine moiety to  the 
nitrophenoxy acceptor in the excited triplet state. 


Bichromophoric species containing a 4-(4- 
pheny1amino)phenoxyl group and benzophenone chro- 
mophore3’ have been studied by laser photolysis in the 
presence of external magnetic field. Both electron 
transfer and hydrogen abstraction reactions are 
involved in the primary process. Biradical lifetimes are 
lengthened by a factor of 15 in the presence of an 
external magnetic field (0-56 T). 


It should be noted that the most commonly employed 
chain length is 8-12 methylene groups, which corre- 
sponds to  more than ten atoms connecting the two 
radical sites. 


Photo-induced hydrogen abstraction 


Photochemical hydrogen (H) abstraction reactions have 
been extensively studied for aromatic carbonyl com- 
pounds. n-Alkyl anthraquinone-2-carboxylate (AQC) is 
a prototype of chain molecules which undergo an intra- 
molecular hydrogen abstraction r e a ~ t i o n . ~ ’  Whereas 
one of the two carbonyl groups in the anthraquinone 
moiety acts as a hydrogen acceptor, the hydrogen donor 
site in the alkyl chain of AQC esters is not well 
established. 


Since a xanthene moiety is known as a good hydrogen 
donor, Tanimoto and co-workers ” studied photo- 
chemical H abstraction by a xanthone moiety from the 
xanthyl hydrogen in a-(xanthone-2-carbonyloxy)-w- 
(xanthene-2-carbonyloxy) alkanes [hereafter abbrevi- 
ated as XO-(n)-XH, n = 2-12, and the structure 
described in Scheme I]. The sites involved in an intra- 
molecular photoreaction were identified by means of 
laser flash photolysis. 


Tanimoto et al. 17a extended their study by replacing 
the xanthone moiety in XO-(n)-XH with anthra- 
quinone, benzophenone and acetophenone chro- 
mophores and keeping the xanthene as an H donor. 
They reported MFE on lifetimes of biradicals formed 
by intramolecular hydrogen abstraction reactions. The 
results are summarized in Table 2. They also examined 
the effects of trivalent lanthanide ions on the lifetimes 
of the methylene-chain-linked triplet biradical shown in 
Scheme 1 on application of external magnetic fields. 17b 
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Table 2. Magnetic field effects on lifetimes of biradicals 
derived from Ar-(CHZ) 12--XHa 


Ar xo xo 
Solvent Acetonitrile Benzene 


Wavelength' (nm) 345 380 345 490 


7 (0 T) (CS) 0-14 0.18 0-13 0-20 
7 (0.8 T) (as) 3.0 4.0 4-2 4.8 
R d  21.4 22.2 32.3 24.0 


Ar AQ BP 


Solvent Benzene Acetonitrile 


Wavelength (nm) 345 490 345 545 


Ar AP 


Solvent Acetonitrile 


Wavelength (nm) 345 


aXH = xanthene-2-carbonyloxy. 
XO = xanthone-2-carbonyloxy. 


'Wavelength at which transient decay curves were observed. 
dR=rat io  of lifetimes observed in the presence and absence of 
0.8 T = ~ ( 0 . 8  T)/T(O T). 


AQ = anthraquinone-2-carbonyloxy. 
BP = 4-benzoylphenoxy. 


'These values are less reliable owing to interference from T-T 
transitions. 


AP = 4-acetylphenoxy. 


Dipole-dipole interactions seem responsible for the 
quenching of the triplet biradical by the lanthanide 
complexes, while the Heisenberg exchange interaction is 
dominant in the quenching by the copper complex. 


The lifetime of the triplet biradical derived from XO- 
(n)-XH decreases to  a minimum (140-170 ns) at 
270-340 K, and then increases slightly (200-210 ns) a t  
350 K. 17' This anomaly may result from the difference 
in the temperature dependence of the rate processes of 
chain motion and end-to-end recombination reaction. 
Thus, kinetic analysis revealed that the biradical life- 
time is determined by a combination of rate constants: 
k, for the collision of two terminal groups, ko for the 
dissociation of terminal groups, kist for the intersystem 
crossing of the biradical and k, for the end-to-end 
recombination. 17' 


Although H abstraction reactions by nitroaromatic 


species have been investigated by many workers, the 
photochemical primary process has not been fully 
understood in comparison with that of aromatic 
carbonyl compounds. Nakagaki et al. 27 studied intra- 
molecular photo-redox reactions of A-(CH2),-D in 
benzene, where A = 4-nitrophenoxyl, D = N- 
benzylanilino and n = 12. They observed magnetic field 
effects on reaction yields for the cage and escape pro- 
cesses. Two different cage and two different escape pro- 
cesses were identified through MFE on the photo-redox 
reaction yield. The major process is hydrogen abstrac- 
tion at  the benzylic position of the N-benzylanilino 
chromophore. Another process is H abstraction at the 
methylene group adjacent to  the anilino nitrogen. Two 
different biradicals were formed in the intramolecular 
reaction, and therefore two kinds of magnetic field 
effects are observed for the redox yields. The branching 
process is shown in Figure 9. Magnetic field effects on 
the cage product formation via BR-1 biradical were 
enhanced on  substitution of  carbon-13 for a normal 
carbon at  the a-position in the benzylic radical.*' 


When the anilino derivatives are irradiated instead of 
the N-benzylanilino compounds, the hydrogen abstrac- 
tion takes place exclusively at the CH2 group adjacent 
to  the aniline nitrogen. One of the most extensively 
studied species is 4-nitro- l-naphthoxyl-(CHz)n- 
NHC6Hs.25*26 Since the cage and the escape processes 
are competitive, the branching ratio of the two different 
reaction pathways is dependent on the applied field 
strength, chain length and solvent properties (see 
Table 1). 


The magnetic field ( H )  dependence of the relative 
yields +"/@o for the species with n = 12 is shown in 
Figure 10. Figure 11 illustrates the reaction scheme and 
kinetic parameters for analysing the observed results. 
The dependence of cage and escape product formation 
on H is described by the following equations: 


These equations were derived from the following three 
assumptions: 


(1) photo-stationary conditions are satisfied, i.e. 
d [ 'BR]/dt = d [ 'BR]/dt = 0; 


(2) the cage product formation is much more rapid 
than other processes occurring from 'BR, eg. 
k i s c  4 k c a g e ;  and 


(3) the external magnetic field has no effect on k,,, or 
k c a g e .  


The second assumption has been usually employed for 
the analysis of radical pair reactions involving tripfet 
precursors. 


From the relative yield values for the cage and escape 
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ON~O(CHJ, ,CHO 


[Product 11 
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Figure 9. (a) Two independent reaction pathways in the photo-redox reaction via hydrogen abstraction for 4- 
OZNC~H~O(CHZ) IzN(C&~)CHZC,&. (b) Formation of two different biradicals, BR-I and BR-2 


products plotted in Figure 10, Q ( H )  = (@"/@')case/ 


(@"/*')cscapr = kiic(H)/kirc(O) was evaluated and is 
given in Figure 12 as a function of the magnetic field 
strength, H. It should be noted that the relative inter- 
system crossing (ISC) rate kisc(H)/kisc(O) may change 
from 1 to ca. 1/3 in the presence of high fields (>0.6 T) 
for the 12-methylene compound. The dependence of the 
ISC rate on the magnetic field strength shows saturation 
in the relatively high field region (>O-  5 T). This sug- 
gests that the relaxation among the triplet manifold 
may play some role in determining the ISC rate. In 
addition, the reduction factor of the intersystem 
crossing rate for the 10-methylene compound is about 
1/4, which can be easily evaluated from Figure 1. This 
finding cannot be accounted for by the equal popula- 
tion among the triplet sublevels at the initial stage of 
photoreaction. 


Photochemical ring opening 
Photochemical ring cleavage of cycloalkanones has 
been extensively studied by a variety of methods 
includin magnetic resonance and magnetic field 
efects. 4'-49 The reaction intermediate formed by the 
Norrish type I cleavage is a biradical consisting of acyl 
and alkyl radicals. Cyclic ketones containing two 


I 


0.8 :::;I 0.8 :::;, 
0.6 - I I I 1 


0 0.25 0.5 0.75 1.0 H/T  


Figure 10. Dependence of magnetic field effect parameter, 
*"/ao, on magnetic field strength for photochemistry of 
~-~ZNC,~H~-I-O(CH~)IZNHC~HS. (A) Escape product 
~-OZNC~OH~-I-O(CHZ)I~CHO and (B) cage product 4- 
ONC~OH~-I-O(CHZ) I ICHO. The error bar represents the stan- 


dard deviation 
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AN-(CH )-Ar-NO, 
j 2 h J  
I 


t. 
AN -(C H, ):( A r- N O,)* 


t 
[A N - eH(C HZ)c Ar- fi Oz HI 3 


AN-H 
t+Kis.W \sc + 


'BR & 0 C-(CH,),iAr-NO, 


AN-H + dHC-(CH,),iAr-NO 


Figure 11. Reaction scheme for photo-redox process. BR rep- 
resents a biradical reaction intermediate. Superscripts 1 and 3 


indicate the spin multiplicity 


I: I 
I I I I 


0'0 0.25 0.50 0.75 1.0 
H /  T 


Figure 12. Dependence of Q ( H )  = kisc(H)/kisc(0) on the field 
strength, H 


phenyl groups a t  the 2-position undergo ring opening in 
the 'n?r* The lifetime of the biradical inter- 
mediate derived from the 13-membered ketone 
O=C-(CH~) , -C(C~H~)Z depends on the magnetic 
field strength, i.e. the lifetime decreases in the presence 
of low fields and then increases on application of high 
fields. The magnetic field effects on biradical lifetimes 
were much smaller for shorter biradicals derived from 
ketones with a small ring size. It is noteworthy that the 
13-membered cycloalkanone yields a biradical with 11 
methylene groups and that an empirical rule of n 2 10 
holds in this case. Sakuragi and co-workers4' observed 
no magnetic field effects on disappearance of the 
starting cycloalkanone by steady-state photolysis. This 
suggests that the triplet biradical intermediate does not 
undergo a product-forming process without intersystem 
crossing into the singlet biradical. 


Doubleday and co-workersP5 described the dynamics 
of flexible triplet biradicals produced from a-alkylated 
and a-phenylated cyclic ketones. They analysed the 
magnetic field effects on biradical lifetimes and the 
dependence of the intersystem crossing rate on tempera- 
ture and concluded that there are two independent 


mechanisms for intersystem crossing, namely hyperfine 
coupling and spin-orbit coupling.45C-' 


Turro ef al.46b reported 13C enrichment studies of 2- 
phenylcyclododecanone in the presence and absence of 
radical scavengers at 20 O C  in the earth's field (0-5 G). 
The competition between cage and escape processes was 
successfully utilized for the separation of magnetic "C 
isotopes from non-magnetic "C isotopes. 


BIRADICALS STUDIED BY CIDEP AND CIDNP 


The time-resolved ESR, CIDEP and CIDNP techniques 
have been applied to the study of biradicals produced 
photochemically in liquid solution. These methods are 
closely related to the magnetic field effects on chemical 
reactions. Biradicals derived from cyclic ketones have 
been extensively studied by means of CIDNP and 
CIDEP. 47-49 Acylalkyl and bisalkyl biradicals have 
been well characterized by numerical simulations of 
observed magnetic resonance spectra. 48749 


The biradical depicted in Scheme 1 is one of the most 
thoroughly examined reaction intermediates by the use 
of CIDEP and CIDNP. Maeda et at. evaluated 
the upper and lower limits of I JI by simulating the 
observed CIDEP spectra obtained for XO-(n)-XH 
(n = 3, 6, 8 and 12). They also detected CIDNP spectra 
for XO-(n)-XH and found that the effective 1 JI value 
measured by the low-field CIDNP method is larger than 
that of spin-correlated CIDEP.52 This means that the 
biradicals which have shorter inter-radical distances are 
observed by means of CIDNP in comparison with 
CIDEP. The effective I JI  values measured by both 
methods increase with increasing temperature and with 
decreasing methylene chain length. 5 1 * 5 2  This tendency is 
in agreement with the results obtained by magnetic field 
effects. It can be concluded that the shortening of the 
inter-radical distance takes place at higher temperature, 
which may cause a temperature effect on I Jeff 1 .  
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KINETICS AND MECHANISM OF ELECTRON TRANSFER 


THALLIUM(II1). REDUCTION OF THALLIUM(II1) AND 


AQUEOUS ACID MEDIUM 


REACTIONS OF AQUO-THALLIUM(II1) AND COORDINATED 


CHLOROTHALLIUM(II1) COMPLEXES BY L-ASCORBIC ACID IN 


A. AGRAWAL, s. NAHAR, s. K. MISHRA AND P. D. SHARMA* 
Departmen f of Chemistry, University of Rajasthan, Jaipur-302004. India 


The stoichiometry of the reaction of TI"' with ascorbic acid (HIA) in the presence and absence of chloride ion 
conforms to 


CI 


TI"' + H i A  + TI' + 2H + + A, 


where A is dehydroascorbic acid. The reaction exhibits complex kinetics and the reactivity of various chlorothallium 
(111) species decreases in the order of [TIOH]'+ > TI'+ > [TICI]'+ > [TICII] + > TIC13 > [TICL] -, The mass 
balance relationship was employed to calculate the equilibrium concentration of the chloride ion for evaluation of the 
rate constants. 


INTRODUCTION 


TI"', being a potential oxidant, has been widely 
exploited as an important synthetic and analytical3 
reagent in aqueous acid medium. The oxidant under- 
goes two-electron reduction in two steps of one electron 
each and the intermediate TI" has been detected4 and 
employed' to reveal useful reaction events of TI"' 
which otherwise escape detection. 


TI"' reactions, in general, occur via an intermediate 
complex as the occupation of the coordination sites by 
oxidizable substrate usually provides a facile pathway. 
A few papers on the reactivity pattern of chloro-TI"' 
complexes have appeared. '** The role of chloride ion as 
an inert ligand is not yet well established, despite the 
known formation constants of chlorothallium(II1) 
species.' The reactions of TI"' with H3P02," 
H3PO3, lo antimony (111) and iron (11) are known to 
be accelerated by chloride ion, whereas reactions of 
As(III), l 3  NzHf, I* NH3OH+, Is H202 l6 and organic 
acids I' are decelerated. However, the reasons for such 
a dual behaviour of chloride ions have not been estab- 
lished. Nevertheless, the decelerating effect of chloride 


* Author for correspondence. 
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ions can be exploited in studying reactions of TI"' 
where conventional techniques fail. The reaction of 
TI"' with ascorbic acid is one such reaction, and the 
deceleration by CI- can be useful in revealing certain 
important features of the reaction. Moreover, any con- 
ventional technique can be employed to ascertain the 
kinetic features in such systems which otherwise require 
a fast technique. These factors prompted us to under- 
take the present study to achieve a better insight into 
the reaction events. 


EXPERIMENTAL 


Muteriuls. Thallium(II1) perchlorate solution was 
prepared by dissolving thallium(II1) oxide (BDH, 
AnalaR) in 70% perchloric acid (Metck) and was stand- 
ardized iodimetrically. '* L-Ascorbic acid (H2A) sol- 
ution was prepared by dissolving the requisite amount 
of the acid in deionized water and was standarized 
iodimetrically. l9 All other reagents were either 'of BDH 
AnalaR or Merck general-reagent quality and used as 
received. 


Doubly distilled water was employed throughout, the 
second distillation being from alkaline permanganate 
solution in an all-glass still. Triply distilled water was 
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also employed in a few reactions, the third distillation 
being from EDTA solution. 


Kinetic procedure. Measured amounts of the 
substrate, perchloric acid, chloride ion and other 
reaction ingredients except TI"' were placed in stop- 
pered Erlenmeyer flasks jmmersed in a water-bath 
thermostated at 10 2 0.1 C unless stated otherwise. 
Reactions were initiated by adding temperature pre- 
equilibrated solutions of either TI"' or ascorbic acid as 
the order of mixing had no effect. Aliquot portions 
(5 cm3) were withdrawn periodically and were dis- 
charged into an ice-cold solution of cerium(1V). Unused 
cerium(1V) was titrated against ammonium iron(I1) sul- 
phate solution employing ferroin as an indicator. How- 
ever, other components of the reaction mixture did not 
interfere in the cerimetric determination of the 


Since a few reactions were also carried out 
in triply distilled water with reproducible results, any 
possibility of trace metal ion catalysis was therefore 
eliminated. 2o 


Treatment of the kinetic data was based on the initial 
rates" computed by the plane mirror method. 
Triplicate rate measurements were reproducible to 
within ? 5 % .  


Stoichiometry. Stoichiometry was determined by 
taking either of the reactants in excess in the reactions 
and were carried out in a thermostated water-bath at 
25 ? 0.1 "C (Table 1). The results in Table 1 
correspond to the stoichiometry of the reaction as 
represented by 


(1) 


Similar stoichiometry has also been reported earlier '' 
for the title reaction. 


Ti"' + H2A + T1' + 2H* + A 


Table 1. Stoichiornetry of the reaction of ascorbic acid and 
thallium(I11) with [Hf ]  = 1.0 mol dm-' 


A [ H A 1  


(mol dm--') (mol dm-') (mol dm-') A [TI"'] 
lo4 [HzA] lo4 [TI"'] 10."c1-j ~ 


2.00 6.00 6.00 1.05 
3.00 6.00 6.00 1.07 
4.00 6.00 6.00 1.01 
6.00 2.00 2.00 1.00 
6.00 3.00 3.00 1.00 
6.00 4.00 4.00 0.98 
2.00 5.00 5.00 1 -02 
3-00 5.00 5.00 1 *03 
4.00 10.00 10.00 1.04 
5.00 2.00 2.00 0.98 
6.00 3.00 3.00 0.96 


10.00 4.00 4.00 0.99 


MISHRA AND P. D. SHARMA 


RESULTS 


Thallium(II1) dependence 


Certain difficulties were encountered in managing the 
kinetics, which restricted wider variations of TI"'. 
However, the chlorothallium(II1) species are formed 
quantitatively and thus help in establishing a procedure 
for the determination of the order with respect to thal- 
lium(II1). Therefore, [TI"'] and [Cl-] were varied at 
R = 2, 3 and 4 (R = [Cl-]/ [TI"']) and fixed concen- 
trations of other reaction components. The plot of the 
initial rate (Ro) versus [TI"'] in all these conditions 
yielded straight lines passing through the origin com- 
mensurate with a first-order reaction with respect to the 
oxidant. Further, [TI"'] was also varied at R > 10 and 
the plot of initial rate (Ro)  versus [TI'"] also yielded a 
straight line passing through the origin. 


Ascorbic acid dependence 


The concentration of ascorbic acid was varied from 
2 . 0 ~  to 8 - O X  mol dm-3 at [TI"'] = 
4.0 x rnol dm-3 and 5.0 x rnol dm-3, 
[HC104] = 1-0 rnol dm-3 and [CI-] = 5-0 x lo-' and 
1 -0  x rnol dm-'. A plot of initial rate (Ro)  versus 
[HZA] yielded a straight line passing through the 
origin, indicating a first-order reaction with respect to 
the organic acid. The second-order rate constants were 
also derived from the second-order plots for compar- 
able and stoichiometric concentrations of thallium(II1) 
and ascorbic acid. However, the second-order rate con- 
stants calculated under these conditions were in agree- 
ment to within 2 5 %  with the second-order rate 
constants calculated from the initial rate (Table 2). 


Hydrogen ion dependence 
The hydrogen ion concentration was varied from 0.2 to 
1.0 mol dm-' at [TI"'] = 5.0 x rnol dm-3, 
[HzA] = 5.0 x rnol dm-3, ionic strength I =  1.0 
rnol dm-3 and three different concentrations of C1-, 
viz. 5.0 x lo-', 1.0 x lo-' and 1 * 5  x lo-' rnol dmT3. 
The rate decreased with increasing [H'] (Table 3). 


Ionic strength dependence 


The ionic strength effect was studied by varying the 
concentration of sodium perchlorate at [HzA] = 
5.0 x rnol dm-3, [Fl"'] = 5.0 x rnol dm-3 
[HC104] = 0.3 rnol dm- [CI-] = 5-0 x lo-' 
moldm-'. The rate was independent of the ionic 
strength even with a fivefold increase in ionic strength. 


and 


Chloride ion dependence 
Sodium chloride was employed for the variation of the 
chloride ion concentration at [HzA] = 5-0 x 







OF COORDINATED AND AQUO-THALLIUM(II1) 181 


Table 2. Second-order rate constants for the reaction of ascorbic acid and thallium(II1) in aqueous acid 
solution with [HC104] = 1 *O rnol dm-' 


lo4 [HzA] lo4 [TI"'] 103 [a-] 106Ro k 
(mol dm-') (mol dm-') (mol dm-3) (mol dm-3 s-')= (dm' mol-' s - ' ) ~  


5.0 
5.0 
5.0 
5.0 
5.0 
5.0 
5.0 
5.0 
5.0  
5-0 
4-0 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
2.0 
3.0 
4.0 
5.0 
6.0 
7.5 
2-0 
3.0 
4.0 
5.0 
6.0 
7.1 
8.1 
3.0 
4.0 
5.0 
6.0 
7.0 
8.0 


2.0 
3.0 
4.0 
5.0 
6.0 
2.0 
3.0 
4.0 
5.0 
6.0 
2.0 
3.0 
4.0 
5.0 
6.0 
7.0 
8.0 
5.0 
5.0 
5.0 
5.0 
5.0 
5.0 
4.0 
4 -0  
4.0 
4.0 
4.0 
4.0 
4.0 
3.0 
4.0 
5.0 
6.0 
7.0 
8.0 


0.6 
0.9 
1.2 
1.5 
1-8 
0.8 
1.2 
1.6 
2.0 
2-4 


10.0 
10.0 
10.0 
10.0 
10.0 
10.0 
10.0 
5.0 
5.0 
5.0 
5.0 
5.0 
5.0 


10.0 
10.0 
10.0 
10.0 
10.0 
10.0 
10.0 
10.0 
10.0 
10.0 
10.0 
10.0 
10.0 


6.0 
9.0 


12.0 
14.5 
18.0 
5.0  
7.5 


10.0 
12.5 
15.0 
1.9 
2.9 
3.8 
4.66 
5-66 
6.66 
7-66 
3.20 
4.20 
5.50 
6.90 
8.30 


10.00 
1 -83 
2.80 
3-83 
4.66 
5.66 
6.66 
7.50 
- 


60.0 
60.0 
60.0 
58.0 
60.0 
50.0 
50.0 
50.0 
50.0 
50.0 
23 *7(23 .O) 
24.2(23 . 0) 
23.9(23 .O) 
23.3(23 .O) 
23.5(24.5) 
23.7(24.3) 
23.9(23.0) 
32.0 
28.0 
27.5 
21.6 
27:6 
26.6 
22 -9(23.0) 
23.3(23*0) 
23.9(22.5) 
23.9(23.4) 
23.6(23.0) 
23.8(24.6) 
23.4(23 * 4) 
23.3' 
23.0' 
23.3' 
23.3' 
24.0' 
24.1' 


* Ro = initial rate. 
bThe values of the rate constants obtained from the second order plots are given in parentheses. 
'Calculated from the stoichiometric plots. 


rnol dm-3, [TI"'] = 5.0 x rnol dm-3, I =  1.0 the possibility of any fast equilibrium involving thal- 
rnol dm-3 and four hydrogen ion concentrations. The lium(1) or proceeding by a rate-limiting step is ruled 
rate increased with increasing [Cl-] . However, chloride out. 
ion concentrations at R < 2 were not employed as the 
kinetics were not manageable by the technique 
employed. DISCUSSION 


Thallium(1) dependence The reactions of the chlorothallium(I1I) complexes 
usually exhibit substrate-dependent reactivity. * -  l6 


The TI' concentration was varied from 1.0 x Woods et u I . ~  determined the-formation constants of 
1.0 x mol dm-3 at [HzA] = 5.0 x four successive chlorothallium(II1) complexes, viz. 
mol dm-3, [Tl(III)] = 5.0 x rnol dm-3, [T1C1]2+ [TIC121 +, TIC13 and [TICL] -, to be 
[HC104] 1.0 mol dm-' and [Cl-] = 5.0 x 5-22 x ld6 ( K I ) ,  1.25 x lo5 (&), 4.82 x 10' (K3) 
rnol dm- . Since the rate is not affected by chloride ion, and 65 * 3  (K4) dm3 mol-', respectively, at 


to 
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10.0 


15.00 


Table 3. Hydrogen ion variation at different concentrations of 
chloride ion in the reaction of thallium(II1) and ascorbic acid, 
with [HIA] = 5-0  x rnol dm-3, [TI"'] = 5.0 x loT4 


moldm-', I =  1-0rnoldm-' and 10°C 


103 [CI - I W'I 1 0 ~ ~ ~ )  
(mol dm-') (mol dm-3) (mol dm-' s-I)  


5 .00  0-20 2.50 
0-25 2.06 
0.30 1.75 
0.40 1.40 
0.60 0.97 
0.70 0.90 
0.80 0.80 
1-00 0.67 
0.20 2.15 
0.30 1.55 
0.40 1.20 
0.60 0.83 
0.80 0.70 
1.00 0.57 
0.20 1.90 
0.25 1.55 
0.30 1-33 
0.40 1-05 
0.60 0.72 
0.80 0.60 
1.00 0.53 


I= 0.5 rnol dm-3 and 25 "C: 


TI3+ + C1- e [TICI] '+ KI (2) 
[TICI] '+ + C1- e [TICIz] + Kz (3) 
[TIC121 + + C1- S TIC13 K3 (4) 


TIC13 + C1- Z [TICL] - K4 ( 5 )  


Higher complexes such as T1C1;- and TICld- have also 
been reported, 23 but their reactivity patterns are not 
well known. The chlorothallium(III)7.8 complexes only 
involve four chlorine atoms coordinated to each thal- 
lium(II1). Therefore, the formation constants of these 
complexes were recalculated at 10°C and 
I=  1.0 rnol dm-3 to be 5.93 x lo6 (KI), 1.39 x lo5 
(Kz), 5.39 x 10' (K3) and 65.3 (K4) dm3 mol-', 
respectively, by employing the mean activity coefficient 
of sodium chloride at I= 1.0 rnol dm-3 and the 
enthalpy value reported by Woods et al.' However, 
Thakuria and Gupta l4 reporte; a variation in the value 
of K4 of only 2% for each 10 C rise in temperature. 


These recalculated equilibrium constants were 
employed to calculate the equilibrium concentrations of 
C1- by the method of successive approximation and 
mass balance relations. 24,25 However, the correlation of 
the rate with the equilibrium concentration of chloride 
ion indicates that the reactivity pattern of the 
chlorothallium(II1) species decreases in the order 


Ascorbic acid is a dibasic acid with pK1 and pKz values 
TI3+ > [TICI] '+ > [TIC121 + > TIC13 > [TIC41 -. 


of ca 4.03 and 12, respectively.26 The concentration of 
A'- species can be neglected in view of the higher 
hydrogen ion concentrations employed in the title 
reaction. Therefore, the reactive species of ascorbic 
acid are HzA and HA-, and the species HA- is more 
reactive. Since the chloride ion concentration employed 
in the reaction is in the range R > 2, the chlorothal- 
lium(II1) species that participate in the reaction should 
be [TICIzI +, TIC13 and [TIC41 -. Therefore, con- 
sidering these reactive species of thallium(II1) and 
ascorbic acid, the following reaction mechanism can be 
envisaged: 


Ki 
[TIC121 + + HzA - [TICIz - HzA] + 


\ 
Kit \ ki 


K ;  \ 


\ u 
[TIC121 + + HA- [TIC12 * HA] 


\ ki 
\ \  


K1 t 
Ki . 


+ HA- - [TIC13 * HA] - TIC13 


K ;  


Hence the loss of thallium (111) leads to the rate law 
Ro = 


[kiKi + kiKiK/ [ H']) + (k'K4K3 [CI-] + kjKjK3K4 
[Cl-] ') + (kX4KK3 [CI-] + kSSK3K4 [CI- ] ')/ 
[H+l  l / l ( 1  +K3[Cl-I +K3K4[CI-12)l 


[TI(III)I [HA1 
(4) 


where [TI"'] and [HzA] are the gross analytical con- 
centrations of chlorothallium(II1) species and ascorbic 
acid, respectively. Since K!, Ki, Kj, K4, Kj and Kd are 
small equilibrium constants, the rate law (4) reduces to 
k = ((ki + kzK/ [ H']) + (k3K3 [CI-] + k5K3K4 [CI-] ') 


+ (k4KK3 [Cl-] + kdK3K4 [CI-] ')/ [ H+] /  
(1 + K3 [CI-] + K3K4 [CI-] ') ( 5 )  


where kl = kiKi, kz = kNi .  k3 = kjK4, k4 = kiKi, 
k5 = kjK4 and k6 = kSd. The value of k was calculated 
to be 23.6 f 0.3 dm' mol-' s- '  at LCI-1 = 1.0 x lo-' 
rnol dm-', I= 1.0 rnol dm-3 and 10 C as the observed 
second-order rate constant. 
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Considering the lower range of CI- concentrations 
(R c 6), [TIC121 ' and TIC13 are the reactive chloroth- 
allium(II1) species and the higher species [TIC141 - can 
be neglected. This reduces the rate law (5 )  to 


k = (ki + kzK/ [ H']) + (k3K3 + k4KK3/[ H']) [ Cl-11 
(1 + K3 [Cl-l) (6) 


A plot of k (1 + K3[C1-]) versus [Cl-1 from 
equation (6) was constructed that yielded a straight line 
with a non-zero intercept. The intercept (Y)  and 
gradient (G) were represented by the following 
equations: 


(7) 
(8) 


Plots of Y versus [H'] -' from equation (7) and G 
versus [H'] -' from equation (8) were constructed 
(Figure 1) and the values of kl, k&, k3K3 and k4KK3 
were calculated (Table 4). 


Since the species TIC13 and [TlCL] - are predominant 
in the higher range of [Cl-] (R > lo), the rate law (5 )  
reduces to 


k = ((k3K3 + k4KK3/ [Hf]) + (kskK4 + k6KK&/ 


Y = kl + kzK/ [ H'] 
G = k3K3 + k4KK3/[ H'] 


t H'I) fC1-1 / (k3 + k K 4  W-1) (9) 
A plot of k(K3 + K3K4[C1-]) versus [Cl-] from 
equation (9) was constructed that also yielded a straight 
line with non-zero intercept. The intercept (Y') and 
gradient (G') were represented by the following 
equations: 


Y' = k3K3 + k&K3/ [ H'] 
G'  = ksK3K4 + k&K3K4/ [ H f ]  


(10) 
(1 1) 


1 2 0 . 0 7  


Plots of Y' versus [H'] -' from equation (10) and G '  
versus [H'] - I  from equation (11) were also con- 
structed and straight lines with non-zero intercepts were 
obtained in both instances. The intercepts and gradients 
of these plots yielded the values of k3K4, k4KK3, k~K3K4 
and k&K3K4 (Table 4). 


Since [H'] was varied only in the range of higher 
C1- concentration (R > lo), a plot of k(K3[CI-] + 
K3K4 [Cl-] 2, versus [H'] - I  from equation (9) also 
yielded a straight line with a non-zero intercept 
(Figure 2). The intercept Y" and gradient (G") calcu- 
lated from Figure 2 can be represented by the following 
equations: 


Y" = k3K3 [Cl-] + ksK& [CI-] (12) 
G" = k&K3[C1-] + k&K&[CI-] (13) 


Plots of Y"/ [ C1-] versus [Cl-1 from equation (12) and 
G"/ [Cl-] versus [Cl-] from equation (13) were con- 


Table 4. Values of different rate constants 
for the reaction of TI"' and HzA in pres- 
ence of chloride ion at 10°C, 


I = 1 -0 mol dm-3 


Rate con- 
stants Value 


30.0 dm' mol-' s - '  
30.0 s - '  
3 . 7  dm' mol-l s - '  
2 .2  s-I 
1.1 dm' mol-' SKI 


0.55  s - '  


2491 
20.01 


[H'jjmol-' dm' [H*];'mol-' dm' 


Figure 1 .  Plots of Y and G versus [H+] - I  
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0.0 1.0 2.0 3 8  4.0' 5.0 
[H*l-~rnol-brn' 


Figure 2. Effect of variation of hydrogen ion concentration. 
[HzA] =5.0x 10-4moldm-3; [TI"'] =S.Ox 10-4moldm-3; 
[ C I - ] t = ( O )  0.36~ 10-3moldm-3, ( A )  8.3 x lO-'mol dm-' 


and ( 0 )  1.3 x lo-' mol d ~ n - ~ ;  temperature = 10 "C 


structed and straight lines with non-zero intercepts were 
obtained in both instances. The values of k3K3, ksK3K4, 
k4K& and k&K3K4 were calculated from these plots 
(Table 4) and these were in agreement with the values of 
these constants calculated earlier with chloride ion vari- 
ation. These values of composite rate constants were 
further substituted in the rate law (5 )  and the values of 
kcal were in agreement with those of kexp to within 
? 12%. Such an agreement between kcal and kexp values 
is more than satisfactory in such a system. 


Since the catalysis by chloride ion of the reactions of 
thallium(II1) is ascribed7 to the stabilization of the 
substrate oxidation products by the chloride ion, no 
such possibility appears in CI--inhibited reactions. 
However, inhibition of TI"' reactions by C1- provides 
indirect evidence for an intermediate complex of thal- 
lium(II1) and the substrate. Obviously, chloride ions 
block coordination sites of TI& and thus inhibit incor- 
poration of the organic acid in the coordination shell of 
the oxidant. The inverse hydrogen ion dependence, the 
reactivity of both the molecular and anionic species of 
ascorbic acid and neither kinetic nor spectral evidence 


for intermediate complexes between chlorothallium(II1) 
species and ascorbic acid are observations which 
account for an outer-sphere mode of electron 
transfer. 27 However, the inhibition of the reaction by 
chloride ions is contrary to an outer-sphere model and 
indirectly supports complexation between the metal ion 
and the substrate. Although the chloride ion inhibition 
could arise from a progressive decrease in the Eo values 
for [TlCl,] '+ complexes as x increases, such a prop- 
osition was abandoned in view of the rapid reaction of 
the lower chlorothallium(II1) species and ascorbic acid. 


Since the hydrolysis of thallium(II1) is significantly 
suppressed by chloride ion, the hydrolysis constant (Kh) 
cannot be neglected for the hydrogen ion concen- 
trations employed in the reaction. Kh had been 
reported" to be 0.073 mol dm-' at I =  3-0 mol dm-' 
and 25°C. and also29 0-086moldm-3 at 
I= 1-5  mol dm-3 and 25 "C. However, 
Kh = 0.073 mol dm-3 was widely employed in the thal- 
lium(II1) reactions. If the enthalpy change3' of hydro- 
lysis (69.4 kJ mol-') is employed, Kh is estimated to 
cu 0.019 mol dm-' at 10 "C. 


Further, as the rate decreases with increasing [H+],  
the species [T1OHl2+ should be more reactive than 
TI:&. [TIOHI2+ has also been considered in other 
reactions of thallium(II1) with Hg22+,31,32 U'" , 33 f ormic 
acid, 34 a-hyroxy acidsI7 and hydroxylamine. I' There- 
fore, the hydrogen ion dependence should be related to 
the oxidant as Kh cannot be neglected under the exper- 
imental conditions. Similarly, MnOH2+ and CoOH" 
were also found to be reactive species in the reactions, 
viz. Mn'"-H2A3' and Co1"-H2A, 36 respectively. 


Although the formation of an intermediate complex 
between thallium(II1) and ascorbic acid is not indicated 
kinetically, the possibility of such a complex in view of 
the ligand properties of the organic acid and the tend- 
ency of Tl& to act as a coordinating centre cannot be 
ruled out. Thus, considering both Tl& and [TIOH] '+ 
to be the reactive species of thallium(II1) and the mol- 
ecular form (HzA) to be that of ascorbic acid, a 
reaction mechanism consistent with the observed 
hydrogen ion dependence can be envisaged as follows: 


TI3+ 


[TIOH 


K h  
TI3+ + H20 Z [TIOH] 2 +  + H +  (14) 


H2A [Tl*H2A] '+ -P TI+ + 2H + + A  (15) 
I(' k '  


K k '' + H2A * [TIOH * H2A] '+ -P TI+ 2 +  


+ H+ + A + HzO (16) 


Since the Cl--inhibited reactions of thallium(II1) 
reportedly occur via an intermediate complex between 
the oxidant and the ~ubs t r a t e ,~ . '~  and fast interaction 
between TI"' and H2A is ascribed to the formation of 
the intermediate complex. An intermediate complex is 
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also supported by the fact that the rate in the presence 
of sulphate ions3 is faster than that observed in the 
presence of chloride and acetate ions. Presumably, the 
faster rate in the presence of sulphate ions can be 
accounted for by the weak sulphatothallium(II1) com- 
plexes. Therefore, the proposed mechanism appears 
reasonable in view of these observations and the loss of 
TI"' leads to the rate law 


kT' = (k'K'  [H+] + k"K"Kh)/ (Kh + [H']) (17) 


or 


kT1=(k:IIH+] + k:]Kh)/(Kh + [H']) (18) 


where k:'= k 'K'  and k:l= k " K  are the composite 
rate constants as the equilibrium constants K' and K" 
are small. 


A plot of kT'(Kt,+ [H*]) versus [H+] from 
equation (18) was constructed that yielded a straight 
line with a non-zero intercept (Figure 3). The values of 
k:'& from the intercept and k:' from the gradient were 
calculated to be 64.0 s-' and 27.0 dm3 mol-'s-', 
respectively, at I =  1-0 mol dm-3 and 10 "C (Table 5) .  


Since no evidence for free radicals was obtained, the 
possibility of the intermediate species TI2+ reacting 
with ascorbate free radical in the solvent cage before 
diffusing out cannot be completely ruled out. The 
higher oxidation potential3' of the T12+/Tl+ couple 
(1.5 V) than that of the T13+/Tl+ couple (1.25 V)39 


E 
E 


[H7,mol dni3 


Figure 3. Plot of kT'(kh + [Hf]) versus [H+] 


Table 5. Second-order rate constants 


1.0 
10ZkT' (dm'mol-'s-' 1.5 1-3  1.04 0.9 
[ H I ]  (mol dm-') 0.5 0.6 0.8 


also accounts for the fast interaction between TI2+ and 
H2A species in the solvent cage. 


Alternatively, the possibility of the TI&,-H2A 
reaction occurring via the activation processes 
(TI" + H2A) and (TI3+ + HA-) was also envisaged, 
particularly in view of the fact that a straight line with 
a non-zero intercept was obtained in a plot of kT1 versus 
[H*] - I .  However, this proposal was abandoned on 
two counts, viz. the hydrolysis constant (Kh) of thal- 
lium(II1) for the hydrogen ion concentration employed 
in the reaction cannot be neglected, and the rate does 
not depend on the ionic strength. Had it not been for 
this situation, the rate would have decreased with 
increasing ionic strength owing to the predominant 
(TI 3+-HA-) pathway. 
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TEMPERATURE DEPENDENCE OF THE DEUTERIUM ISOTOPE 
EFFECT IN THE DEPROTONATION OF SOME NITROALKANES 


BY ANIONIC BASES 


MOHAMMED AMIN* AND WILLIAM H. SAUNDERS, J R t  
Depurtment of Chemistry, University of Rochester, 404 Hutchison Hall, River Campus, Rochester, New York 14627, U.S.A. 


The temperature dependences of rates and deuterium isotope effects were determined for the deprotonation of 1- 
phenyl-I-nitroethane (l), its analogue 1 4 ,  1-phenyl-2-nitropropane (2) and its analogue 2-d by methoxide in methanol, 
ethoxide in ethanol, hydroxide/methoxide in 50% (v/v) methanol-water and hydroxide in water. The isotope effects 
varied little with substrate or solvent-base combination. kH/ko at 3OoC was between 6 .0  and 7 . 1  in all cases. The 
temperature dependences varied considerably [&/AaD = 0.14-1.35 and Ea0 - E a ~  0-95-2.29 kcal mol-’ 
(1 kcal = 4.184 kJ)]. AaH/AaU was lower with 1-phenyl-l-nitroethane than with 1-phenyl-2-nitropropane, but there 
was no consistent variation with solventlbase. 


INTRODUCTION 


We have been interested for some time in the role of 
tunneling in proton transfer processes. The most 
common method of detecting tunneling has been the 
temperature dependence of deuterium and tritium 
isotope effects. In the presence of tunneling the tem- 
perature dependence of the isotope effect is unusually 
steep, leading to low ratios of apparent Arrhenius pre- 
exponential factors, A H / A D  or A H / A T .  In the absence 
of tunneling, these ratios are expected to  be within a 
range of ca 0 . 7 - 1 - 3 . ’  


We have applied this test to  elimination reactions 
proceeding by the E2 mechanism, and have found tun- 
neling to  be ubiquitous. 2 - 4  The observed temperature 
dependences can be fitted to  the Bell equation for tun- 
neling to give an estimate of the tunnel correction, 
Q~H/Q~D or Q~H/Q~T.  The range of tunnel corrections is 
disappointingly narrow, ranging from 1 -0  for no tunnel 
correction up to  2 .1  for the largest correction for 
deuterium transfer and 2 5 for the largest correction 
for tritium transfer. There were no obvious trends with 
reactant structure or solvent-base combination. 


We decided to  seek systems where a wider range of 
tunnel corrections might be observed so as to  obtain a 
clearer picture of structural and environmental effects 
on tunneling. Deprotonation of 4-nitrophenylnitro- 


methane in aprotic solvents was reported some time ago 
to  give unusually large deuterium isotope effects. 6 - 8  


Later investigations revealed that the isotope effects 
were apparently not as large as previously reported, but 
they were still larger than most values in the 
1 i t e r a t ~ r e . ~ -  Likewise, deprotonation of 2- 
nitropropane by 2,6-disubstituted pyridines was found 
to  occur with unusually large deuterium and tritium 
isotope effects. l 3 , l 4  Later work showed that there was 
also an unusually large 2-I4C isotope effect in the 
reaction. l5 Deprotonation of I-aryl-I-nitroethanes and 
1-aryl-2-nitropropanes by a variety of bases was found 
to  be conveGently measurable. 1 6 , ”  Deuterium isotope 
effects at 25 C for the former substrate were not unu- 
sually large but substantial (6-5-10-3).  ’’ We therefore 
concluded that this was a promising area to explore in 
our efforts to elucidate the causes of tunneling. 


RESULTS AND DISCUSSION 


We began our exploration by determining the effect of 
solvent-base combination and temperature on the rates 
of deprotonation of I-phenyl-I-nitroethane (1) and 
1-phenyl-2-nitropropane (2) and also 1-d and 2 4 .  The 
syntheses were straightforward and are described in the 
Experimental section. The rate constants and isotope 
effects are recorded in Tables 1 and 2. The effect of 
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solvent on rate shows similar patterns for 1 and 2, with 
ethanol the fastest and methanol the slowest, although 
the total range at  30 "C is only 10.7 for theoformer and 
14.8 for the latter substrate. Again at 30 C, 1 reacts 
consistently faster than 2, but the 1/2 rate ratio only 
varies between 3 . 1  and 6.8.  The kH/kD values are also 
relatively insensitive to  the solvent-base combination 
and substrate structure, remaining within the range 
6.0-7.1 at 30 "C in all cases. They are higher for 1 than 
for 2. 


The activation parameters (Tables 3 and 4) d o  not 
shed much light on the causes of these variations. A H f  
is high and A S f  least negative in methanol, whereas 
AHf is lowest in ethanol. The consistently negative 
A S f  values could arise simply from the loss of 
vibrational and rotational degrees of freedom of a 
bimolecular reaction, although changes in internal 
structure and in solvation between reactant and 


transition state undoubtedly also contribute. It is 
surprising that the reactivity should be lowest in 
methanol, although the differences between methanol 
on  the one hand and water or methanol-water on the 
other are not large. 


The Arrhenius parameters (Tables 3 and 4) suggest 
significant tunneling in three of four solvents for 1, but 
only in ethanol for 2. Thus our hope that tunneling 
might be sufficiently pronounced for the effects of sol- 
vent-base combination and reactant to become more 
easily interpretable has been disappointed. The only 
generalizations one can draw are that tunneling is insig- 
nificant in methanol for both substrates, and consist- 
ently greater for 1 than for 2. Judging from these 
results, tunneling is less significant for the deprotona- 
tion of aliphatic nitro compounds than it is in E 2  
reactions. 2-4 It would appear that heavy-atom motion 
contributes more to  the reaction coordinate motion in 


Table 1. Rate constants for the deprotonation of PhCL(NOz)CH3" 


Solvent Temperature ("C) kz"(1 mol-' s-I) 


MeOH 0.0 
10.0 
10.0 
20-0 
20.0 
30.0 
30.0 
40.0 
40.0 
50.0 


EtOH 0.0 
10.0 
20.0 
30.0 
40.0 


MeOH-H2Og 0.0 
10.0 
20.0 
30.0 
40.0 


HzO 5.0 
15.0 
25.0 
35.0 
45.0 


0.3545 2 0.0026' 
0.9406 2 0.01 14' 
1.072 f O.Wd 
2.413 2 0.039' 
2.702 2 0*028d 
5.898 2 0.186' 
6.146 2 0.084' 


14.97 f 0.361' 
13.92 f 0.325' 
29.72 2 0.265' 
5.619 2 0.020' 


13.63 20.03'  
30.67 20.50' 
64.16 20.72' 


114-2 2 1.6' 
1-063 ~ 0 * 0 0 5 '  
2.581 f O*01lc 
5.938 ? 0.009' 


12.34 2 0.04' 
25.62 20.15' 


1-556 2 0.006h 
3.519 2 0.030h 
7.789 2 0.O8si 


15-88 20-181 
28.69 f 0.09' 


0.0415 f 0.0009' 
0.1156 2 0.0020' 
0.1280 2 0.0018d 
0.3326 f 0.0040' 
0.4087 2 0*0160d 
0.9963 2 0.0122' 
0.88242 0.0178' 
2.362 f 0.066' 
2.041 k 0.020' 
4.708 2 0.078' 
0.5982 2 0.0081 
1-585 f 0.012' 
3.924 2 0.011' 
9.579 ? 0.073' 
21.18 20.17'  
0.1182 2 0.0007' 
0.3161 2 0.0009' 
0.7992 2 0*0017' 
1.831 2 0.002' 
4-069 2 0.040 
0.1686k O*OO1lh 
0.4447 2 0 ~ 0 0 1 6 ~  
1.029 2 0.017' 
2.406 k 0.027' 
4.950 2 0.043' 


kH/kD 


8.54 
8.14 
8.38 
7.25 
6.61 
5.92 
6.96 
6.34 
6.82 
6.31 
9.39 
8.60 
7.82 
6-70 
5.39 
8.99 
8.16 
7.43 
6.74 
6.29 
9.23 
7.91 
7.58 
6-60 
5.79 


"Each rate constant is the average of five runs; L = H or D; substrate concentration = 0.75 x 
bThe base is the sodium salt of the conjugate base of the solvent (RONa, or in the mixed solvent 
NaOH-MeONa). 


M. 


Base concentration = 0.2225 M. 
Base concentration = 0.166 M. 


'Base concentration = 0.083 M. 


'Base concentration = 0.075 M. 


'50% (v/v). 
Base concentration = 0.3754 M. 


'Base concentration = 0.2252 M. 
'Base concentration = 0.1501 M. 
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Solvent Temperature (OC) kzH(l rno1-l s - ' )  kzD(l mo1-l s - ' )  k H / k D  


MeOH 10.0 
20.0 
30.0 
40.0 
50.0 


EtOH 0.0 
10.0 
20.0 
30.0 
40.0 


MeOH-HzOm 10.0 
20.0 
30.7 
40.0 
50.0 


Hz0 10.0 
20-0 
30.0 
40.0 
50.0 


0.2091 f 0.0036' 
0.5589 f 0.0134' 
1.410 f O.00Sc 
3-254 f 0.051e 
6-521 f 0.318' 
1-772 f 0.007' 
4-351 f 0.052' 
9.813 2 0.215' 


20.80 f 0.20h 
42-46 f O . l g h  
0-4075 f 0.00261 
1.046 2 0.0035' 
2.514 f 0.016' 
4.842 f 0.191' 


0.2909 f 0*0017k 
0.7363 f 0.005Sk 
1.736 f 0.018' 
3.989 f O*OIOk 
8.075 f 0.054' 


10.55 f 0.02' 


0.0268 f 0.0020d 
0.0750 f O.OOIOd 
0.1995 t 0.0037d 
0.4860 f 0.013gd 
1.073 f 0.013ge 
0.2082 f 0.00148 
0.5551 f 0.00368 
1.419 t 0*0468 
3.227 f0 .007h  
6.969 f 0.060h 
0.0554 f O.OO09' 
0.1495 t 0.0036' 
0.3893 f 0.00251 
0.7672 f 0.01 10' 
1-768 fO.006' 
0.0437 f O.OOIOk 
0.1163 f 0.0016' 
0.2904 f 0.0290k 
0.6962 f O.O1lSk 
1.571 f 0.017' 


7.80 
7.45 
7.01 
6.69 
6.08 
8.51 
7.84 
6.91 
6.44 
6.09 
7-36 
7-00 
6.46 
6.31 
5.97 
6.65 
6.33 
5.98 
5.73 
5.14 


*Each rate constant is the average of five runs; L = H or D; substrate concentration = 1.5 x 
bThe base is the sodium salt of the conjugate base of the solvent (RONa, or in the mixed solvent 
NaOH-MeONa). 


Base concentration = 0.2149 M. 
dBase concentration = 0.2315 M. 


'Base concentration = 0- 178 M. 
Base concentration = 0- 167 M. 


gBase concentration = 0.174 M. 
Base concentration = 0.087 M. 


'Base concentration = 0'2595 M. 
Base concentration = 0.1038 M. 


'Base concentration=0.3114M. 
'Base concentration = 0.2955 M. 
"50% (v/v). 


M.  


Table 3. Activation parameters for the deprotonation of PhCL(NOz)CH3a 


Parameter 


Solvent 


MeOH 


10.11 k 0.17 
10.10 -t 0.39 
1.00 f 0.39 


15.55 f 0.10 
16.71 f 0.23 
7.17 


7.17 
- 


14.96 f 0.10 
-5.60 f 0.34 


EtOH 


1.225 f 0.614 
8.489 2 1.153 
0-144 f 0.080 


12.89 f 0.29 
15.18 f 0.08 
7.31 
2.21 20 .28  
3.30 


12.31 2 0 . 2 9  
-9.79 f 1.00 


MeOH-H2O 


0.668 f 0.086 
1.265 f 0.127 
0.528 2 0.028 


13.48 20 .07  
15-02 f 0.06 
7.43 
1.49 20 .03  
4.99 


12.90 f 0.07 
-10.99 f 0.25 


HzO 


0.224 f 0.074 
0.828 f 0.185 
0.270 f 0,081 


12.91 t 0 . 1 9  
14.86 f 0 . 1 3  
7.68 
1.95 20 .18  
3.93 


12.33 5 0.19 
-13.17 20 .66  


~~ ~~~ ~~~ 


a From linear regression fits of experimental rate constants to the Arrhenius equation. 
bkcal mol-I. 
'Calculated from the Arrhenius parameters. 
dError limits calculated from the error in A.H/A.D by standard methods for propagation of error. 
'cal mol-' K - I .  
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Table 4. Activation parameters for the deprotonation of PhCHzCL(NOz)CH," 


Solvent 


Parameter MeOH EtOH MeOH-H20 H20 


3.014 f 1.282 
2.650 f 0.590 


1.137 kO.237 
15.74 2 0 . 2 5  
16.83 2 0 . 1 3  
6.24 


6.24 
- 


15.15 20 .25  
-8.00 f 0.84 


1.076 5 0.105 
1.909 2 0.374 
0.564 5 0.092 


13.46 5 0 . 0 6  
14.94 5 0.11 
7.16 
1.45 t0.11 
4.94 


14.35 rt 0.11 
-10.05 k 0.19 


0.826 5 0.284 
0.613 5 0.245 
1.347 t 0.142 


14.63 5 0 . 2 1  
15.58 k 0.24 
4.93 


4.93 
- 


15.00 f 0.24 
-10.57 20.68 


1.508 2 0-299 
1.61750.117 
0.933 f 0.213 


15.16 f 0 . 1 2  
16.28 5 0 . 0 4  
6.38 
1.07 5 0 - 2 1  
5.96 


15.69 f 0.04 
-9.37 f0.39 


'-'See Table 3. 


these deprotonations than it does in E2 reactions. There 
is considerable evidence that heavy-atom reorganization 
is less advanced than proton transfer in the transition 
states for deprotonation of aliphatic nitro 
compounds. 16-20 The present results suggest that there 
is enough reorganization to increase significantly the 
effective mass along the reaction coordinate and 
thereby attenuate tunneling. The same conclusion was 
reached on the basis of sizable carbon isotope effects at 
the 2-position in the deprotonation of 2-nitropropane 
by pyridine bases. Calculations showed that carbon 
isotope effects of the observed magnitude resulted only 
when motion of the carbon atom was coupled with 
motion of the transferred proton. 


A referee suggested that kinetic complexity might be 
responsible for the mixed results on tunneling. For 
example, Bordwell and Boyle'* proposed that the 
reaction has two steps, the first the deprotonation to a 
pyramidal carbanion and the second a rearrangement to 
a planar carbanion. One can think of other versions of 
kinetic complexity, such as the formation of a complex 
between the reactants followed by deprotonation. In 
any event, partial rate control by each of two successive 
steps could in principle explain the puzzling variation in 
tunnel corrections. We do not consider such an expla- 
nation very likely. Incursion of partial rate control by 
a step insensitive to isotopic substitution should depress 
not only the tunnel correction but also the isotope 
effect. Isotope effects are slightly higher for 1 than for 
2. The comparison that should be made, however, is 
between the semi-classical isotope effects [without tun- 
neling, ( E C H / I C D ) S C  in Tables 3 and 41. Once the tunnel 
correction is factored out, the semi-classical isotope 
effects are larger in cases where there is no tunnel 
correction than in cases .-!here there is. 


EXPERIMENTAL 


Boiling points are uncorrected. NMR spectra were 
measured on a General Electric QE-300 multinuclear 


spectrometer. Ultraviolet absorbances were recorded on 
a Varian DMS 200 UV-visible spectrophotometer. 


Distilled water was redistilled. Dimethylformamide 
was dried over KOH at room temperature for several 
hours, decanted and distilled at reduced pressure. 
Ethanol was refluxed over magnesium and a catalytic 
amount of iodine for several hours and distilled. 
Methanol was dried in the same way. The alkoxide 
bases were obtained by dissolving the clean metal in the 
appropriate alcohol under nitrogen. Alkoxide concen- 
trations were determined by titration with standard 
sulfuric acid to the bromthymol blue end-point. 


I-Phenylnitroethane. This was prepared from 1- 
phenylethyl bromide by the procedure of Kornblum et 
al. 21 except that toluene was used instead of benzene in 
the work-up. A 40% yield resulted of product of b6p. 
51-52°C (0-025 mmHg) [lit.*' b.p. 61-62 C 
(1 mmHg)]; 'H NMR, G(CDCl3) 7.40-7.52 (m, 5H, 
aromatic), 5.63 (q, lH, CH), 1.91 (d, 3H, CH3). 


I-Phenyl-I-d-nitroethane. This was prepared from 1- 
phenylnitroethane by repeated exchanges with 
deuterium oxide in the presence of tetra-n-butyl- 
ammonium bromide and potassium carbonate. The 
mixture containing 1-phenylnitroethane (10- 15 g, 
0.067 mol), D2O (4.0 g, 0.2 mol), potassium carbonate 
(1 -5 g, 0.005 mol) and tetra-n-butylammonium 
bromide ( 1 - 5  g, 0.005 mol) was stirred under nitrogen 
for 10-12 h. It was extracted with methylene chloride 
(3 x 5 ml) and the extract dried over sodium sulfate. 
The solvent was removed first with a Rotovap and 
finally with an oil pump. The 'H NMR spectrum 
indicated ca 50% deuteration at the 1-position. The 
process was repeated 4-5 times with fresh deuterium 
oxide and potassium carbonate (the phase-transfer cata- 
lyst remains in the organic layer and need not be 
replenished). The final product was purified by distil- 
lation. A 65% yield was obtained of material of b.p. 
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51-52°C (0,025 mmHg), containing 1% 'H at the 
1-position by 'H NMR. 


I-Phenylpropan-2-ol. This was prepared from 1- 
phenylacetaldehyde by the procedurz of Smith and 
AminZ2 in a yield of 9570, b.p. 48-50 C (0.27 mmHg) 
[lit.23a b.p. 219-221 "C (760 mmHg)]; 'H NMR, 
6(CDCls) 7.15-7-45 (m, 5H, aromatic), 3.97-4.12 
(m, lH, CH), 2.65-2.85 (m, 2H, CHz), 1.7 (broad s, 
lH, OH), 1.3 (d, 3H, CH3). 


2-Bromo-I-phenylpropane. To 13.6 g (0.1 mol) of 
I-phenylpropan-2-01 were added dropwise with con- 
stant stirring 13.5 g (0.05 mol) of phosphorus tri- 
bromide over 0.5 h, followed by 2 h heating on a 
steam-bath. The resulting mixture was cautiously 
poured over 50 g of ice, the organic layer separated and 
the aqueous layer further extracted with 3 x 25 ml of 
diethylether. The combined extracts were washed with 
3 x 25 ml of 10070 sodium carbonate solution, dried 
over sodium sulfate and the solvent was removed with 
a Rotovap. The residue was distilled under reduced 
pressure to obtain a colorless liquid in 88.5% yie!d, 
b.p. 39-41 "C (0.15 mmHg) [lit.23b b.p. 107-109 C 
(16 mmHg)]; 'H NMR, d(CDCI3) 7.2-7.5 (m, 5H, 
aromatic), 4.25-4.42 (m, lH, CH), 3.05-3.35 (m, 
2H, CHz), 1.75 (d, 3H, CH3). 


2-Nitro-I-phenylpropane. In a 5 0 0  ml three-necked 
flask equipped with a magnetic stirrer were placed 
22.7 g (0.38 mol) of urea (dried, at 110°C) and 16.7 g 
(0.24 mol) of sodium nitrite in 250ml of dimethyl- 
forrnamide under nitrogen. The solution was heated to 
50 "C and 2-bromo-1-phenylpropane (33.2 g, 
0.17 mol) rapidly added to the stirred solution. The 
reaction mixture was protected from light and the stir- 
ring continued for 12 h at 50 "C. It was then poured 
into 600 ml of ice-water and extracted with light petro- 
leum (b.p. 35-60°C) ( 5  x 100ml). A solid which 
formed between the layers was removed by filtration of 
the organic layer. The extracts were combined, dried 
over sodium sulfate and concentrated with a Rotovap 
and an oil pump. The residue (13-15 g) was added to 
50 ml of 20% NaOH solution, heated at 50-55 "C for 
0.5 h and cooled to room temperature. The mixture 
was extracted with light petroleum ( 5  x 50 ml) and the 
aqueous layer neutralized by slow addition of glacial 
acetic acid, followed by extraction with light petroleum 
(5  X 50 ml). The light petroleum extracts were dried 
over sodium sulfate and concentrated with a Rotovap 
and an oil pump. The crude product was purified by 
column chromatography on silica gel (1 : 5 diethyl- 
ether-hexane as eluent) and then distilled under 
reduced pressure. A 20% yield was obtained, b.p. 
71-72 "C (0.4 mmHg) [lit.24 b.p. 103-104 "C 
(4 mmHg)]; 'H NMR, G(CDCl3) 7.1-7.4 (m, 5H, aro- 


matic), 4.7-4.9 (m, lH,  CH), 2.95-3-45 (m, 2H, 
CHz), 1.6 (d, 3H, CH3). 


2-Nitro-2-d-I-phenylpropane. This was prepared 
from 2-nitro-I-phenylpropane by repeated exchanges 
with deuterium oxide in the same way as described for 
I-phenyl-1-d-nitroethane in 68-70% yield. The product 
contained 3.5% 'H at the 2-position by 'H NMR 
analysis. 


Kinetic procedures. The rates of reaction of the 
nitroalkanes with sodium ethoxide in ethanol, sodium 
methoxide in methanol, sodium hydroxide in water and 
sodium hydroxide in 50% (v/v) methanol-water were 
determined spectrophotometrically on a Hi-Tech SF3L 
stopped-flow spectrophotometer interfaced to a Macin- 
tosh I1 computer. The nitronate ions have characteristic 
UV spectra in different solvents with kmaX 280-305 nm 
for 1-phenyl-1-ethanenitronate and 230-240 nm for 1- 
phenyl-2-propanenitronate. In the latter case, a wave- 
length of 245 nm was used for methanol, which 
absorbed significantly in the 230-240 nm region. All 
other reactions were followed at the A,,, of the 
anion. The molar absorptivities of the nitronates 
ranged from 0.84 x lo4 to 1.36 x lo4 1 mol-' cm-' in 
the various solvents. The reactions were carried out 
under pseudo-first-order conditions with nitroalkane 
concentrations of ca 0 . 7 5 ~  ~ o - ~ M  for I- 
phenylnitroethane and 1.5 x M for 2-nitro-l- 
phenylpropane. The bases were used at concentrations 
several hundred times greater than those of the 
nitroalkanes. Data acquisition and treatment used Lab- 
View2 (National Instruments, Austin, TX, USA) and 
Igor (Wave Metrics, Lake Oswego, OR, USA) soft- 
ware. Data through four half lives were used in evalu- 
ation of the rate constants. All reactions were shown to 
be second order by varying the concentration of the 
base at a constant concentration of substrate. No con- 
sistent variation in either rate or isotope effect was 
found (compare entries 2-3, 4-5, 6-7 and 8-9 in 
Table 1, where the rates decrease with increasing base 
concentration in five cases and increase in three others), 
although differences were larger than the error limits 
for runs at a constant concentration. In order to 
minimize any uncertainties from these variations, 
isotope effects were calculated only from kH and kD 
values determined at common concentrations. - 
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RING-OPENING REACTIONS. 6.” ELIMINATIVE RING FISSION 
OF AZIRIDINIUM AND AZETIDINIUM IONS 


GRAZIA GIONTA AND CLAUD10 LILLOCCI t 
Centro CNR di Studio sui Meccanismi di Reazione and Dipartimento di Chimica, Universita di Roma ‘La Sapienza, ’ Piazzale 


AIdo Moro 5, I-00185 Rome, Italy 


The reactivity ratio between the three- and four-membered cyclic ammonium ions in ring-opening elimination 
reactions was measured. The comparison with the analogous ratio obtained in a previous study on ring-opening 
substitution reactions suggests a substantial difference in the effect of the stereochemical factors governing the two 
ring-opening reactions and con6rms the anomalous bebaviour of small rings in the ring-opening substitution reaction. 


INTRODUCTION 


The relative reactivity of three- and four-membered 
rings has often been considered, with attention to the 
controversial role of strain on their behaviour, e.g. in 
the field of synthesis,2 r i n g - c l o ~ u r e ~ ~ ~  and 
ring-openings-8 reactivity and theoretical 
calculations. 9310 That knowledge of this subject is far 
from complete has been well defined in Page et d . ’ s  
statement:’ ‘In fact, it appears to  be an unexplained 
general phenomenon that four-membered rings are 
opened and closed slowly whereas the similarly strained 
three-membered rings open and close readily.’ 
Although the generality of the phenomenon is a matter 
of discussion (a reasonable explanation has been 
offered for the reactivity of the small rings in &2 ring- 
closure and ring-opening ’’ reactions), we consider that 
Page et al.’s statement expresses a widespread opinion 
on this matter. 


The aim of this work was to compare the three- and 
four-membered rings in ring-opening elimination 
reactions. The substrates chosen for this study were 
cyclic ammonium ions. This choice originates from the 
possibility of comparing our results with the consider- 
able body of data obtained in previous studies on the 
ring-opening elimination and substitution reactions of a 
wide range of cyclic ammonium ions.’s’’-’5 Here we 
discuss the reactions of the cis-1 , I  ,2,3-tetramethylazir- 
idinium (1) and cis-1 , I  ,2,4-tetramethylazetidiniurn (4) 
ions with N-ethyldiisopropykamine (Hiinig’s base) in 
anhydrous acetonitrile a t  130 C. Th: reactions of 1 and 
4 with the solvent acetonitrile at 130 C was also investi- 


*For  Part 5, see Ref. 1. 
t Author for correspondence. 


0894-3230/93/030187-06$08.00 
0 1993 by John Wiley & Sons, Ltd. 


gated. For the above-mentioned reactions, product ana- 
lyses and measurements of rate constants were carried 
out. 


RESULTS 


Reaction of 1 triflate with Hiinig’s base (B) in 
acetonitrile 


The reaction at 130°C yielded a ring-expansion 
product, 4,Sdihydro- 1,1,2,4,5-pentamethylimidaz- 
o h m  (2) triflate and an elimination product, N,N- 
dimethyl-3-aminobut-1-ene (3) in the ratio 83 : 17 
[equation ( I ) ] .  The overall yield was virtually 
quantitative. 
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Products of equation 1 resulted from the aziridinium 
ion 1 through two competitive reactions, i.e. a reaction 
with the solvent to yield 2 and a reaction with the base 
to yield 3, as shown in the Discussion [equations (3) 
and (4)]. 


The kinetics of the reaction were followed by 'H 
NMR using 1 M Hiinig's base and 0.1 M aziridinium 
salt in CD3CN. The overall first-order rate constant 
was 1.13 x 10-3s-' and the constants of the 
individual reactions were 9 .8  x 10-4s-1 and 1.5 x 
1 0 - ~  ImoI-'s-', respectively. 


Reaction of 4 perchlorate with Hiinig's base (B) in 
acetonitrile 


The reaction at 130°C yielded quantitatively only the 
elimination product, N,N-dimethyl-4-aminopent-l-ene 
(5) [equation (2)]. The rate constant of this reaction 
was 1-6 x 1 mol-'s-I. 


% 


CH3CN 
I 


4 


CH2=CH -CH2-CH-Me 


I 
N Ma2 


5 


Reaction of 1 triflate with acetonitrile 


Reaction of 1 triflate with CDpCN at 130°C in the 
absence of base yielded quantitatively only the ring- 
expansion product 2. The observed rate constant of this 
reaction, obtained by 'H NMR measurements, was 
4.7 x 1 0 - ~ S - l .  


Reaction of 4 perchlorate with acetonitrile 
Compound 4 was found to be virtually unreactive in 
CD3CN at 13OoC. 


DISCUSSION 
In a previous paper Is we pointed out the opportunity of 
obtaining reactivity data on the elimination reactions of 
small rings and stressed the significance of a com- 
parison between the three- and four-membered rings in 
the sN2 and E2 ring-opening reactions. We also 
reported on our failure to obtain elimination products 
from the reaction of 1 with sodium methoxide in 


methanol; this result was unexpected since the four-, 
five- and six-membered analogues of this ion yielded the 
elimination product as the main or exclusive result of 
the same reaction. l4 


After that experience, we searched for conditions 
under which, despite the disappointing previous results, 
the elimination should have some chance of taking 
place in the reaction of the aziridinium system with 
bases. In this study we tried a hindered non- 
nucleophilic base to depress substitution. This attempt 
was successful and the eliminative cleavage could be 
detected along with an unexpected ring-expansion 
reaction, as shown in equation (1). 


A comparison of the products obtained from the 
reactions of 1 carried out both in the presence and 
absence of the base allowed us to evaluate the reaction 
mixture of equation (1) as due to two competing 
reactions, i.e. a reaction with the solvent to yield the 
imidazolium salt 2 [equation (3)] and an elimination 
reaction promoted by the base to yield the aminoalkene 
3 [equation (4)]. 
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The agreement between the rate constants of the 
reaction of 1 with the solvent as obtained either in the 
direct determination (k = 4.7 x s - I )  or from the 
reaction in the presence of the base (k = 9.8 x s- ')  
can be considered good if the considerable change in the 
medium due to the base is taken into account. 


The reactivity picture emerging from this study can 
be discussed in terms of the reactivity ratio between the 
three- and four-membered rings in the elimination 
reaction and the reactivity of aziridinium and azeti- 
dinium ions towards acetonitrile. 


Reactivity ratio between the three- and four- 
membered rings in the elimination reaction 


The title reactivity ratio obtained from the rate con- 
stants of this study is 9. This reactivity ratio is small if 
compared with the ratio of 4 x lo3 at 50 "C reported 
previously I '  for the substitution ring-opening reaction. 
In that case the comparison was between the 1,l- 
dimethylaziridinium and 1,l-dimethylazetidinium ions 
in the reaction with sodium methoxide in methanol. 
The large difference found in the reactivity ratios sug- 
gests that the influence of ring-size effects, and of strain 
in particular, is different in the two ring-opening 
reactions. Unfortunately, the strain energies of cyclic 
ammonium ions are not known. However, on the basis 
of the strain energy values available in the literature16 
for pairs of three- and four-membered rings, such as 
cyclopropane and cyclobutane, oxirane and oxetane, 
and aziridine and azetidine, the strain difference in 
our case should not exceed 2 kcalmol-' (1 kcal= 
4.184 kJ), a value which corresponds to a reactivity 
ratio of the same order of magnitude as that obtained 
for the elimination reaction in this study. Therefore, the 
present results suggest that the eliminative cleavage of 
small rings is controlled by the strain relief caused by 
the opening of the ring and strengthen our finding 
about the anomalous behaviour of small rings in the 
sN2 reaction. '' 


An inspection of other values of this reactivity ratio 
available in the literature for ring-opening reactions dis- 
closes a clear difference between substitution and elim- 
ination reactions. Indeed, the ratios reported for the 
former reaction range over a narrow interval (regardless 
of the actual substrate chosen), and our value of 4 x lo3 
obtained from the reaction f f  cyclic ammonium ions 
with sodium methoxide at 50 C matches well the values 
of 1 . l  x lo3 found for the reaction of cyclic ethers with 
OH- at 25 "C, '' 1-9 x lo3 for the reaction of cyclic 
ethers with S203'- at 50°C'' and 104-105 for the 
reactions of 2-methylaziridine and 2-methylazetidine 
with aliphatic amines at 120 "C. l9 


In contrast, literature values' for the elimination 
reaction range from lo3 to lo'', at variance with our 
own result of 10. We cannot explain this wide variety of 
results, which probably arises from the possibility of 


the elimination reaction occurring according to several 
mechanisms. 


In our case, the consistency of the reactivity com- 
parison between the two ring-opening reactions is 
assured by the fact that both reactions were studied on 
the same type of substrates, i.e. cyclic ammonium ions. 


The comparison of the reactivity ratios in the two 
ring-opening reactions allows us to explain why aziri- 
dinium ions undergo elimination reactions with extreme 
difficulty: these compounds are so reactive towards the 
substitution reactions that also very weak nucleophiles 
(such as acetonitrile in this study) prevent the elimin- 
ation reaction from prevailing. The reversal of this 
reactivity picture is that aziridinium ions show substitu- 
tion reactions that are unknown for larger rings or 
open-chain analogues. '*'' 


In the similarly strained four-membered ring the sN2 
reaction is less favoured that in the three-membered 
ring, hence the structural changes carried out to make 
the elimination reaction easier are effective, and the 
latter reaction prevails. 


Reactivity of aziridinium and azetidinium ions 
towards acetonitrile 


The reaction of the aziridinium ion 1 with the solvent 
to yield the imidazolium derivative 2 partially nullified 
the advantage of using the hindered base to favour the 
elimination reaction. Nevertheless, the occurrence of 
that unexpected reaction turned out to be useful for 
providing a further measurement of the reactivity ratio 
in an sN2 ring-opening reaction. 


The transformation of aziridinium ions into imidazo- 
lium derivatives such as 2 promoted by acetonitrile has 
been reported by Leonard and Brady.2' We are now 
investigating the mechanism of this reaction with par- 
ticular interest in its stereochemistry. Preliminary 
results2' strongly support an S N ~  ring opening of the 
aziridinium ion promoted by acetonitrile as the 
nucleophile in the first step of the reaction, which is rate 
determining. The S,V~ character of this ring opening 
accounts for the different reactivities of 1 and 4 towards 
acetonitrile: the azetidinium derivative 4 was found to 
be unreactive when subjected to the actual reaction con- 
ditions under which the aziridinium ion 1 yielded 2, 
since its reactivity is presumably three or four orders of 
magnitude lower than that of 1. 


The validity of the above statement can be confirmed 
as follow. An upper limit for the rate of the reaction of 
4 with acetonitrile can be evaluated as lower than 1% 
of the elimination rate constant obtained from the 
reaction with Hiinig's base. The limiting rate constant 
so obtained can be estimated to be no higher than 
1.6 x lO-'s-'. Consequently, the reactivity ratio for 
the reaction with acetonitrile should not be lower than 
lo3, i.e. a limiting value consistent with the values 
found for other sN2 reactions. 
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CONCLUSIONS 


The results of this study allow us to compare the dif- 
ferent sensitivities of the substitution and elimination 
ring-opening reactions of cyclic ammonium ions with 
the ring-size effects: a three-membered ring is more 
reactive than a four-membered ring by a factor of ca 
lo3 in the substitution reaction and of ca 10 in the elim- 
ination reaction. These reactivity ratios explain the 
extreme reluctance of aziridinium ions to undergo an 
elimination reaction, which, nevertheless, was observed 
by making use of a hindered non-nucleophilic base. 


EXPERIMENTAL 


General methods. 'H and 13C NMR spectra were 
taken on Bruker 80 SY and Varian XL300 spec- 
trometers and chemical shifts are reported in parts per 
million (6) from tetramethylsilane. Fast atom bombard- 
ment (FAB) mass spectrometry (MS) was carried out on 
glycerol solutions with a Kratos MS80 mass spectro- 
meter, operating with a xenon beam of 6 keV energy 
and a current of ca 30 pA. Infrared spectra were rec- 
orded on a Nicolet FT 510 instrument in the solvent 
subtraction mode, using 0.1 mm CaF2 cells, and are 
reported in cm- ' . Elemental analyses were performed 
by H. Melissa and G. Reuter Analytische Laboratorien. 
Boiling and melting points are uncorrected. Coupling 
constants ( J )  are given in Hz. 


Gas chromatography (GC). Quantitative GC was 
carried out on a Hewlett-Packard 5830A instrument 
using a 2 m x 2 mm i.d. glass column packed with 10% 
Carbowax 20M-2% KOH on Chromosorb W (80-100 
mesh) (Supelco). Preparative GC was carried out on a 
Carlo Erba Fractovap ATC/F instrument using a 
5 m x 6 mm 0.d. column packed with 20% Carbowax 
20M-2070 KOH on Chromosorb W (40-80 mesh) 
(Carlo Erba). GC-MS experiments were performed on 
a Hewlett-Packard 5970 mass-selective detector 
equipped with a Hewlett-Packard 5890 gas chromato- 
graph using a 15 m capillary column coated with fluid 
methylsilicone. 


Materials. N-Ethyldiisopropylamine (Hiinig's base) 
(Fluka) was purified by refluxing with tosyl chloride and 
distillation, followed by refluxing with sodium and dis- 
tillation. Anhydrous acetonitrile was obtained by 
refluxing with PZOS and distillation, and subsequent 
refluxing with anhydrous potassium carbonate and dis- 
tillation. Deuterated acetonitrile [Fluka (99.8% D) and 
Merck (99.95% D)] was dried on 0-5 nm molecular 
sieves (oMerck), activated by heating in a high vacuum 
at 250 C. 


cis- I ,  1,2,3-Tetramethylaziridiniurn triflate (1) was 
obtained in 15% overall yield starting from cis-but-2- 
ene (Matheson) as described previously. I s  


cis-1 ,1,2,4-TetramethyIazetidinium perchlorate (4) 
was prepared in very low yield starting from 33-  
dimethylisoxazole (Aldrich) as described previously. l4 
Caution: the use of this perchlorate may result in explo- 
sions by heat or shock, although we did not experience 
such an effect. Small amounts (GO-5g) of the dry 
substance were handled in each experiment. 


The following preparations were intended to be inde- 
pendent syntheses of authentic specimens for use in 
product analysis. 


4,5-Dihydro-l, l,2,4,5-pentamethylimidazolium triflate 
(2) was obtained from the reaction of 
cis-1 , 1,2,3-tetramethyIaziridiniup triflate (1) with 
anhydrous acetonitrile at 130 C [equation (3)]. A 
20 ml volume of a 0.1 M solution of 1 in CH3CN was 
heated in sealed ampoules at 130°C for 3 h. The 
content of the ampoules was collected in a flask and the 
solvent removed in a high vacuum at room tempera- 
ture: a white solid residue (0*56g, 97% yield) was 
obtained. An analytical sample of the new compound 2 
was obtained by recrystallization with benzene-ace- 
tone: 
m.p. 135 OC; IR (CHzCIz), 1716 cm-' (C=N); 'H 
NMR (300MHz, CD3CN), 6 4.02-3.90 (1 H, dqq, 
J =  10.1, 6.7, 2*3), 3.48-3.35 (1 H, dq, J =  10.1, 
6*7), 3-17 (3 H, s), 2.90 (3H, s), 2.31 (3H, d, J =  2*3), 
1-46 (3 H, d, J = 6 * 7 ) ,  1.33 (3 H, d, J=6 .7) ;  I3C 


66.67,47.68,42.17, 16-09, 11.65, 8-83; MS, m/z 141, 
corresponding to the cation (FAB). Analysis: calculated 
for C ~ H I ~ F ~ N ~ O ~ S ,  C 37.23, H 5 .90 ,  N 9.65; found, 
C 37.26, H 5-72, N 9.60%. 
N,N-Dimethyl-3-aminobut-l-ene (3) was obtained in 


very low yield from crotyl chloride (Fluka) according to 
a literature procedure. Is An analytical sample was 
obtained from the crude product by preparative GC; 
'H NMR (80MHz, CDC13), 5-4-5.8 (m, 1 H, 
CH=C), 4.8-5.1 (m, 2 H ,  CHz=C), 2.6-2.9 (m, 


MS, mlz 99 (M+), 72 [base peak, 
CH+(CH3)N(CH3)zlf 


N-Ethyldiisopropylammonium triflate, i.e. the 
triflate of the conjugate acid (BH') of the Hiinig's base 
(B) [see equation (4)], was obtained in quantitative 
yield from N-ethyldiisopropylamine (Fluka) and 
trifluoromethanesulphonic acid (Fluka) in anhydrous 
acetonitrile at 0 "C. Recrystallization from 
benzene-acetone yielded white leaflets with m.p. 


(2 H, m), 3.3-3.0 (2 H, q), 1.4-1-1 (15 H, m); MS, 
m/z 144, corresponding to the cation (FAB). 


NMR (75MHz, CDsCN), 6 157.62, 121.05, 75.07, 


1 H, CH), 2.1 (s, 6 H NCH,), 1.0 (d, 3 H, CCH3); 


106-107 OC; 'H NMR (80 MHz, CD3CN), 6 3.9-3.4 


Product anaiysis. The product analysis was carried 
out under kinetic conditions. 


Identijicution. The identification of the reaction 
products was carried out according to the following 
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procedure. The flask containing the reaction mixture 
was connected to a vacuum line and kept at room tem- 
perature in a high vacuum. A volatile fraction was 
recovered in a trap cooled with liquid nitrogen and a 
solid residue was obtained in the reaction flask. The 
volatile fraction and solid residue were analysed 
separately according to their contents of amines and 
ammonium salts, respectively. 


The volatile fraction was acidified with 2 M HCI, the 
solvent was removed under reduced pressure and the 
amines were released from their hydrochlorides by 
treat-ment with concentrated NaOH solution. The mix- 
tures of amines were analysed by GC-MS and NMR. 


The solid residue initially obtained from the separ- 
ation of the volatile fraction was analysed by NMR. 


Hiinig’s base was used in tenfold excess with respect 
to the ammonium salts 1 and 4 (see rate measurements), 
so it was found to be present in the volatile fraction as 
such and, as its conjugate acid, in the solid residue. We 
do not mention it further for the sake of brevity. 


The product analysis resulted as follows. 


Reaction of 1 wifh Hiinig’s base [equation (l)] . The 
reaction product present in the volatile fraction was 
identified as N,N-dimethyl-3-aminobut-l-ene (3) by 
comparison (NMR, GC-MS and GC) with an authentic 
sample of this compound (see relevant section). The 
solid residue was identified as a mixture of 4,Sdihydro- 
1,1,2,4,5-pentamethylimidazoliurn triflate (2) and N- 
ethyldiisopropylammonium triflate (BH’ ), on the basis 
of NMR comparison with authentic samples of the two 
compounds (see relevant sections). 


Reaction of 4 with Hiinig’s base [equation (2)]. The 
only reaction product present in the volatile fraction 
was identified as N,N-dimethyl-4-aminopent-l-ene (5): 
‘H NMR (80 MHz, CD3CN), 6 5.4-6.1 (m, 1 H, 
CH=C), 4.9-5-2 (m, 2 H, CH2=C), the Hiinig’s base 
peaks covering the rest of the spectrums; MS, m/z  113 
(M+), 72 [base peak, CH+(CH3)N(CH3)2]. 


Product composition and yields. The amounts of the 
reaction products were determined by the use of 
internal standards, which enabled us to evaluate the 
relative percentage yields of the reaction products, 
where necessary, and the absolute yields of the 
reactions themselves. 


Reaction of 1 with Hiinig’s base. The amount of 
compound 2 was determined by NMR, by adding a suit- 
able amount of benzene to the reaction mixture. The 
comparison between the peak of the standard (6 7.15) 
with those of the methyl groups (6 3.2 and 2.9) on the 
N+ of the imidazolium derivative 2 enabled us to quan- 
tify the latter as 83% of the aziridinium ion 1. The pro- 
cedure for the determination of 3 was analogous to that 
used for its identification, apart from the addition to 


the reaction mixture, at the end of the reaction, of a 
suitable amount of N,N-dimethyl-5-aminopent-1- 
ene,23 used as the internal standard. A GC comparison 
between the signal of the standard and that of 3 enabled 
us to quantify the latter as 17% of the aziridinium ion 
1. These results show that the overall yield was virtually 
quantitative. 


Reaction of 4 with Hiinig’s base. The yield of the 
aminoalkene 5 was found to be virtually quantitative by 
NMR comparison of the benzene signal with those of 
the vinyl group (6 4.9-6.1) of 5. 


Rate measurements. The reactions were carried out 
in trideuteroacetonitrile (99.8% D) (Fluka) and fol- 
lowed to complete coversion by ‘H NMR. 


Reactions with Hiinig’s base. The reactions of 1 and 
4 with Hunig’s base were carried out under pseudo-first- 
order conditions by using a tenfold excess of Hiinig’s 
base. The reaction mixture was obtained directly in the 
NMR tube by adding with a syringe the base to a sol- 
ution of ammonium salt in CD3CN. The final concen- 
trations were 1.0 M in the base and 0.1 M in the 
ammonium salt. The p b e  was sealed and kept in a ther- 
mostated bath at 130 C for suitable time intervals, with 
spectra recorded accordingly. The progress of the 
reaction was followed by measuring the increase in the 
signals of the vinyl group with time, using benzene as 
the internal standard. The rate constants were calcu- 
lated from the integrated first-order rate equation and 
were reproducible to within 2 5 % .  In the case of 1, the 
rate constants of the two competitive reactions were cal- 
culated from the overall rate constant and the composi- 
tion data. The second-order rate constants for the 
elimination reactions were numerically equal to the 
first-order rate constants, because the Hunig’s base con- 
centration was 1.0 M. Although the appropriate exper- 
iment could not be done without substantially changing 
the reaction medium, the reaction order for the elimin- 
ation reaction may be assumed to be second-order since 
in an experiment performed at a higher base concen- 
tration (cu 2 M) the numerical value for the rate con- 
stant was comparable to that obtained at lower base 
concentrations. 


Reactions with CDsCN. The reactions were carried 
out as described above, but without Hiinig’s base. The 
progress of the reaction of 1 was followed by recording 
the increase in the signals of the methyl groups on the 
N+ (6 3.2 and 2.9) with time, using benzene as the 
internal standard. 
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EVIDENCE FOR THE PRESENCE OF CH-T-INTERACTED 
ap-CONFORMERS OF BENZYL FORMATES 


HIROKO SUEZAWA, AKIYOSHI MORI, MASAYUKI SATO, RITSUKO EHAMA, IKUO AKAI, 
KAZUHISA SAKAKIBARA AND MINORU HIROTA* 
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Yokohama 240, Japan 


AND 


MOTOHIRO NISHIO AND YOSHIO KODAMA 
Central Research Laboratories, Meiji Seika Ltd, Kohoku-ku, Yokohama 222, Japan 


In  order to examine the referred conformations of benzyl, 1-phenylethyl and cumyl formates, lanthanoid-induced 
shifts (LIS) of ‘H and ’ C NMR and difference NOE spectra of these esters were measured. The measurements 
showed that a folded conformer capable of forming intramolecular CH-r interaction are predominant with all three 
series of formate esters. The LIS and other experiments suggested the coexistence of considerable amounts of extended 
conformers, however. As the ester group is enforced to take supposedly unfavourable ap-conformation in the CH-r 
contiguous folded conformer, the predominance of the conformer was a surprise and needed explanation. The NOE 
experiments on a series of paru-substituted benzyl formates, XGH4CH20CH0 (X = CHsO, CH,, H, CI, NO*), 
showed that the enhancement of aromatic proton signals (ortho and rneta) induced by the irradiation of formyl proton 
increases gradually as the substituent becomes more electron donating, whereas the enhancement of benzylic (a) 
proton signal remains constant irrespective of the nature of the substituent. This can be explained by assuming that 
the CH-r contiguous folded conformer is in equilibrium with the extended conformer. The trend of the substituent 
effect supports the hydrogen bond-like nature of the CH-r interaction. A similar trend was also observed with 
substituted 1-phenylethyl formates. Hence the unexpected stability of the ap-conformer of benzyl formates could be 
ascribed to the stabilization due to the CH-r interaction. 


P 


INTRODUCTION 
Since the success of the bulk-repulsive concept, 
organic chemists have been accustomed to think that 
the most stable conformation of a molecule should be 
the least crowded one in which the bulkiest groups 
occupy the positions most remote from each other. 
Thus, an extended conformation is expected to be the 
most stable. However, several examples that apparently 
violate this concept have been discovered in conforma- 
tional studies in recent years. Carter and c o - ~ o r k e r s ~ . ~  
showed that 1,3,5-trineopentylbenzene favourably 
takes a conformation with its three fert-butyl groups on 
the same face of its benzene ring. 


Our previous investigations also showed that the 
alkyl/phenyl synclinal conformer is usually more pre- 
dominant than the alkyl/phenyl antiperiplanar con- 


* Author for correspondence. 


0894-3230/93/070399-08$09.00 
0 1993 by John Wiley & Sons, Ltd. 


former for a series of alkyl 1-phenylethyl compounds 
ArCHMe-X-R (where X = SO,4s’ CHOH6*’ and 
C=08) .  A similar conformational preference has been 
demonstrated with many alkyl benzyl compounds 
ArCH2-X-R. It appears that the folding tendency of 
the chain is general in a wide variety of aralkyl mol- 
ecules. The preference for an alkyl/aryl contiguous (i.e. 
usually synclinal) conformation has been rationalized 
by assuming that an attractive interaction is operating 
between the alkyl group and aromatic *-electrons in 
these compounds. 9-12 Dispersion forces are certain to 
contribute to a large extent to such attractive interac- 
tions. lo However, several experimental facts indicated 
the similarity between CH-?r interactions and hydrogen 
bonding. 5s13,14 In order to elucidate the nature 
of the attractive CH-r interaction, the substituent 
effects on the relative population of the interacted 
conformer and on the energy of interaction have been 
examined with isopropyl 1-phenylethyl ketones, 
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XC,&CHMe-COCDMe2. ' 1.13 The results showed 
that the interaction becomes more favourable as the 
substituent on the aromatic ring becomes more electron 
donating, suggesting that the CH-r interaction might 
be hydrogen bond-like. 


In this paper, we report the preferred conformations 
of several substituted benzyl formates (1-3) and give 


X ~ C H 2 - O - C H 0  X G ? - I - O - C H O  


CH3 
1,: X = H 


1,: X = CH, 


2,: X = H 


2~ X = C H 3  
l b :  X =CH30 


l d :  x = CI 2,: x = CI 


1,: X = NO2 


3 


another further evidence for the hydrogen bond-like 
nature of the CH-?r interaction by examining the elec- 
tronic substituent effect on NOE. 


RESULTS AND DISCUSSION 
The lanthanoid-induced shifts (LIS) Is were determined 
with 0.2  moll-' chloroform solutions of benzyl for- 
mates by the addition of Eu(fod),. The results are given 
in Table 1 for substituted benzyl formates (1) and in 
Table 2 for substituted 1-phenylethyl (2) and a-cumyl 
(3) formates. 


In the LIS experiments, the probable geometry of the 
substrate molecule can be deduced as the one giving the 
minimum value for the agreement factor (AF)  [defined 
.by equation (1)l : l6 


(1) 
where (LISobs)i and (LISCaIC)i refer to the observed and 
the calculated LIS values for ith nucleus, respectively. 
In order to find the smallest AF value, systematic trial- 
and-error calculations were carried out on the test con- 
formations generated by rotating a pivot bond at given 
intervals for the torsional angle (w). 


LISca" was obtained by using the McConnell- 
Robertson equation: '' 


LISCa" =K(3c0s2 Xi - l)$ (2) 
where ri and xi are the distance between the lanthanoid 


Table 1 .  Lanthanoid-induced shifts (A6/c in ppm Imol-') of benzyl formates (1) 


l a  (X = H) l c  (X = p-Me) l b  (X = p-MeO) le  (X = p-NOz) 
~ 


'H Hformy~ 12.0 
(1 .00) 


H, 7-42 
(0 62) 


HO 3.10 
(0.26) 


H m  0.96 
(0-080) 


Hp-~e  - 


10-9 
( 1 . W  
6.84 


(0.68) 
2.80 


(0 * 26) 
1 . 1 5  


(0.10) 
0.52 


(0-047) 


10.8 
(1 .OO) 
6.73 


(0.67) 
2.99 


(0.28) 
1.17 


(0.11) 
0.58 


(0.54) 


3-62 
(1.00) 
2.13 


(0.59) 
0.84 


(0.23) 
0.53 


(0.15) 


I3C Clormyl 19.3 17.3 17.3 5.70 


1 . 8 3  
(1.00) (1.00) (1.00) (1.00) 


CCl 8.37 7-64 7.83 
(0-43) (0.4) (0.45) (0.33) 


Ctpro 3.69 1.73 3.39 P 


(0.19) (0.10) (0.20) 
CO 3.22 2.98 3.25 a 


C, 1.66 1-64 1.85 


Cp-Me - 0-57 0.72 


(0.17) (0.17) (0.19) 


(0.086) 


a 


(0.095) (0.11) 


(0.033) (0.042) 
- 


a Not determined. 
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Table 2. Lanthanoid-induced shifts (A&/c in ppm 1 mol-’) of 1-phenylethyl and cumyl 
formates (2 and 3, respectively) 


2a (X = H) 2b (X = p-Me) 2c (X = p-C1) 3 (X = H) 


16.8 


12.9 
(0.76) 
4.65 
(0.20) 
4.37 


(0.26) 
1.61 


(0.095) 
1.35 


(1.00) 


(0.080) 


(1.00) 


(0.44) 
6.40 


(0.20) 
6.58 


(0.21) 
5.42 


(0.17) 
3.23 


(0.10) 


31.7 


14.1 


- 


17.1 
(1.00) 
13.1 
(0.77) 
5.07 


(0.30) 
4.65 


(0.27) 
1.76 


(0.10) 
1.00 


(0.058) 


21 .o 
(1.00) 
12.4 
(0.45) 
5.49 


(0.20) 
3.22 


(0.12) 
4-70 
(0.18) 
2.76 


(0.10) 
1.00 


(0.037) 


15.6 
(1.00) 
11.7 
(0.75) 
4.38 


(0.28) 
4-14 


(0.27) 
1-45 


(0.093) - 


25.5 
(1.00) 
11.1 
(0.44 
4.90 


(0.19) 
5.16 


(0 * 20) 
4.35 


(0.17) 
2.54 


(0.10) - 


5 . 0 9  
(0.42) 
5 . 0 6  


(0.42) 
4.95 


(0.41) - 


25.4 


11.5 
(0.45) 
5.36 


7.67 
(0.30) 
6.02 


(0.24) 
3.73 


(0.15) 


(1.00) 


(0.21) 


- 


ion ( E L I ” )  and the ith nucleus ( X i )  and the angle 
Ocarbonyl-EU-Xi, respectively. According to the pre- 
vious LIS experiments, we assumed that the lanthanoid 
ion was coordinated on the carbonyl oxygen 
exclusively. l8 


we used the Cipso(Ar)- 
C,-X-CR torsional angle ( w )  as the criterion for the 
presence of the CH-T interacted conformation, i.e. the 
interaction is possible when w is less than 70’. 6-8 The 
AF values calculated as a function of this torsional 
angle w allowed us to find the most probable conforma- 
tion as the one giving the smallest AF value. The most 
(and the second) probable conformations from LIS 
were then examined by this criterion, and the preference 
of a CH-?r-interacted conformer was evaluated. In the 
case of benzyl formates, however, the CH-*-interacted 
conformation can be realized only when the torsional 
angles about both the C,-0 and O-Cfo,,~ bonds are 
properly adjusted so as to take a CH-a contiguous 
conformation. 


Thus, AF values of p-methylbenzyl formate ( lc)  
were plotted two-dimensionally as a function of 
Cipso(A~)-Ca-O-Cformyi and C,-O-Cformy~=O 


As reported 
4 5 


torsional angles ( w ~  in 4 and w2 in 5 ,  respectively) in 
order to find the probable conformations (Figure 1). 
Geometric parameters necessary for the calculations 
were generated by rotating the relevant groups of the 
MM2-optimized extended conformation (D). As the 
number of LIS-observed nuclei is small in this series, 
the AF map from the LIS experiments did not give any 
sharp minimum, but showed steep maxima around the 
sp(w1),sp(w2)-conformation. Conformation A, which 
was predicted to be the most stable by MM2 calcu- 
lations, was rejected because of its high AF value. 
Overall, the conformations B, C and D were compatible 
with the LIS data. 


Our previous studies showed that the most probable 
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conformation agrees with one of the potential energy 
minima from MM2 calculations in almost all cases 
in~estigated.','~ This allows us to use the MM2- 
optimized conformations A-D as the test conforma- 
tions for the AFcalculations on other formates so as to 
avoid the repeated use of the laborious two-dimensional 
trial-and-error calculations on all series of formate 
esters. The PM3 steric energies for the four possible 
conformers of unsubstituted benzyl formate (la) and 
the AF values for those of several typical compounds 
are given in Table 3. The AFvalues for all the formates 
investigated are consistent with the two-dimensional 
AF surface for lc (Figure 1). 


Although the CH/Ph contiguous folded up (anti- 
periplanar) conformers (B) of benzyl and 1-phenylethyl 
formates correspond to the second and the third most 
stable energy minima, respectively, from MM2 calcu- 
lations, the LIS suggested them to be considerably 
populated conformers. Both MM2 and PM3 calcu- 
lations showed that the hydrogen atom of the formyl 
group of conformer B lies just above the aromatic ring 


AF 


0' 


mi 


0 2  


Figure 1. Two-dimensional A F  map of p-methylbenzyl 
formate (lc) as a function of the C,,,,(Ar)-C,-O-Ctoimvl 


(a1 ) and C,-O-C~o,,,t=O ( W Z )  torsional angles 


Table 3. Agreement factors (AF)  and PM3 energies (in kcalmol-I) for the four possible conformers A-D of benzyl formates 
HCO-O-CRIR~-C~H~X~ 


~~ 


HCO-O-CRIRZ-C~H~X Conformer 


No. RI Rz X A B B' C D 


About Cc~o--O-Cm-C,pso (WI) sc sc SP U P  ap 
About O=C-O-C, (WZ) SP at ap SP OP 


Conformation: 


l a  H H H 4.25 
(0.00) 


l b  H H CHI 2.30 
l c  H H CHiO 1.617 


(0.W) 
l e  H H NOz 1.05 
2a H CH3 H 1.89 


(0.00) 
3a CH3 CH3 H 2-04 


(1.90) 


0.31 
(0.91) 
0.28 
0.286 


(0.845) 
0.34 
0.31 


(0.36) 
0.44 


(0.00) 


- 0.32 - 


- 0.26 0.28 
0.285 0.289 0.312 


(0.94) 


(0.891) (2.990) 
- - 0.37 


- 0.88 
(0.24) 


- 0.50 
(1.20) 


- 


- 


~~~ ~~ 


aPM3 energies of the conformers are given in parentheses. 
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and is favourable to have an intramolecular CH-r 
interaction [the Cort~o-C~,~C,-O torsional angle 
( w ~ )  was calculated to be 76.5 in the PM3-optimized 
conformer B of benzyl formate]. The folded ap- 
conformer (B) was computed to be 3.47 kcalmol-' 
(1 kcal = 4.184 kJ) less stable than the most stable 
Ph/C=O contiguous conformer (folded sp, A )  for 
benzyl formate by MM2. This discrepancy is far larger 
than the 0-5 kcalmol-' which is generally accepted as 
the error of the force-field calculations. Therefore, the 
energies of these conformers were estimated by another 
method. 


The PM3 molecular orbital ca lc~la t ion '~  succeeded 
in reducing the discrepancy between the calculated and 
the observed conformational preference (Table 3). The 
calculations on the conformers of benzyl formate (la) 
showed that the folded sp-conformer (A) is still the 
most stable and that the CH-r-interacted ap- 
conformer (B) is 0.91 kcalmol-' less stable than A. 
The CH-r interaction forces it to take the ap-ester 
structure, which is considered to be disadvanta- 
geous 14,20 because of unfavourable intramolecular 
dipole-dipole interaction between carbonyl and alkoxyl 


groups. For this reason, on starting this study we 
expected that the extended conformer (C) should be 
predominant over the CH-r-interacted conformer. The 
LIS experiments, however, showed that the AF value 
for the CH-r contiguous up-conformer (B) is the 
lowest in some cases and as low as for the extended con- 
former C with all three series of compounds 1, 2 and 3. 
The difference in the AF values between the folded up- 
conformer (B) and the extended sp-conformer (C) is 
generally small. This suggests the coexistence of com- 
parable amounts of the two conformers in equilibrium. 
The C=O-r contiguous folded sp-conformation (A) 
seemed improbable from the LIS experiments. 


In order to obtain further information concerning the 
conformations of the formate esters 1-3, 'H NOE 
difference spectra were measured. Here, the NOE 
enhancement of H, induced by the irradiation of the S 
signal will be denoted as ~H,(S). The results are given 
in Table 4 and the calculated interatomic distances d;, 
between various hydrogen atoms in the conformers 
A-D of p-methoxybenzyl formate ( l b )  are given in 
Table 5 .  


NOE enhancement of the proton signals tends to 


Table4. Difference 'H NOE data [enhancement JH,(S) in %I of benzyl, 1-phenylethyl and cumyl formates (1, 2 and 3) with 
CDCL as solvent unless stated otherwisea 


Substituted Benzyl Formates 


l b  (X =p-MeO) lc (X = p-Me) la  (X = H)b Id (X = p -  
C1) le  (X = p-NOz) 


HAr HCHO Observed nucleus  HA^ HCHO  HA^ HCHO  HA^ HCHO HA, HCHO 
Irradiated nucleus: H, 3.7 0 .8  2.5 


Observed nucleus 


0.8 2 .8  0 . 8  2 . 2  0 .6  3 . 0  0 . 4  
( 6 . 3 , l . l )  (4 .4 ,1 .6)  


 HA^ H, HA, H,  HA^ H,  HA^ H, HAt H <I  


In DMSO-d6 5.1 1.7 4 .1  2 .2  3.6 2 .2  3 .3  2 . 1  - - 


In CsD.5 3 .4  1.7 2.3  1 . 5  2 .0  1.6 1.7 0 . 9  - - 


1.9  3.0 1 . 9  2 . 8  1 . 9  2 . 4  1 .9  Irradiated nucleus: HCHO 4.2  1.8 3.4 
(5*2,3.2) (3 .2 ,  1 .6)  


(5.7, 4.4) 


(4.1,2.8) 


Substituted I-phenylethyl and cumyl formates 


2c (X = p a )  2b (X = p-Me) 2a (X = H) 3 (X = H, cumyl) 


Observed nucleus HA* HCHO H , - M ~   HA^ HCHO H a - ~ c   HA^ HCHO H,, M C  


Irradiated nucleus: H, 4.8 0.6 3.7 4.8 1.5  5.7 4 . 0  0 . 9  4 . 3  - - 
Observed nucleus  HA^ Ha H , - M ~  HA, H, H o - ~ c   HA^ H a  H, M C   HA^ H,, ~c 


In DMSO-& 5 . 5  2 .2  3.2 4 .9  2.8 3.7 3 . 7  2 .5  2 .8  - - 
In C6D6 2 .8  0.7 2.1 2 .4  0 . 9  1.9 2.1 0.8 1 . 3  - - 


Observed nucleus  HA^ H, HCHO HA, H, HCHO  HA^ He HCHO Hqr HCHO 
Irradiated nucleus: H * . M ~  1.5 2 . 5  0.6 1.5 2.1 0 . 4  1.3 2 . 0  0 . 3  2 .2  0.6 


1.9 1 . 7  3 . 0  Irradiated nucleus: HCHO 4.2  1 .0  2.7 3.8 1 . 3  2 .2  3 . 2  1 . 5  


~ ~ ~~~~~ ~ ~ ~~~~~~~ 


a In the cases of  Ib and le, the enhancements of  ortho- and mela-protons can be observed separately. The enhancements for o-H and m-H are given 
in this order in parentheses. 
bNOE enhancements ~ H . ( H ~ )  = 2 . 5 ,  J H . ~ , ( H ~ )  = 0.7, fH,(HrHo) = 2 . 3  and ~H, , , (HcHO)  = 1 . 3  were obtained by separating the orrho- and mefa-proton 
signals by adding a shift reagent. 
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Table 5 .  interatomic distances dij (A) in p-methoxybenzyl 
formate (la)" computed from the optimized geometries by 


PM3 calculations 


A B B' C D 
(0)b (0.845)b (0.891) (2-99)b 


HcHo-H, Min. 3.67 2.61 3.35 3.68 3.67 
Max. 3-94 3.65 3.69 3.94 


H~Ho-H, Min. 4.59 3-05 3-16 4-95 4.59 
Max. 4.83 4.26 4,96 4.83 


H~Ho-H,,, Min. 6.42 4.80 4.32 6.95 6.42 
Max. 6-59 5.65 6.96 6-60 


Ha-H, Min. 2-43 2.36 2.50 2.47 2.43 
Max. 3.74 3.78 3.73 3-72 3.74 


H,-H,,, Min. 4.71 4.69 4.76 4.74 4.71 
Max. 5.47 5.54 5 .50  5.51 5.52 


~~ 


'The p-methoxy derivative is the most suitable for the analysis because 
the 'H signals of aromatic protons can be observed separately. 


Relative energy (kcal mol-I). 


decrease very sharply as the distance (di,) between the 
irradiated ( i )  and the observed ( j )  protons increases, 
since it is a very short-range effect proportional to dij6. 
Hence NOE can usually be obseryed only when the 
interatomic distance is less than 5 A. For this reason, 
NOE between aromatic and formyl protons must be 
useful to show critically the presence of the folded 
up-conformer (B) of 1. In the extended conformers (C 
and D) and the folded .sp-conformer (A), the 
HCHO-HA~ distance is 4.59 A at the shortest and the 
HAI are too far to be enhanced considerably by the irra- 
diation on HCHO. In the cases of l b  (X = OCH3) and l e  
(X = NOz), the intensities of ortho- and mefa-protons 
could be measured separately, giving their individual 
enhancement values. As the*calculated HcHo-H~ dis- 
tances are more than 6 A  except for the folded 
ap-conformer (B) capable of a CH--7~ interaction, the 
presence of this conformer can be verified by the fact 
that the enhancement of the meta-hydrogen signal was 
observed by the irradiation of the formyl signal. The 
enhancement of the meta-hydrogen signal 
[ ~ H ~ ( H c H o ) ]  is 70% of the ortho-hydrogen signal 
[ ~ H ~ ( H c H o ) ]  in the case of p-methoxybenzyl formate 
( lb) ,  which can only be accounted for by assuming the 
predominance of the CH--7~ contiguous up-conformer 
(B). 


However, the enhancement of the aromatic proton 
signals [ ~ H ~ ( H c H o )  and ~H,,,(HcHO)] were larger than 
expected from the HcHo-H,, and HcHo-H~ inter- 
atomic distances calculated from the PM3-optimized 
geometry of B. This suggested that the distances 
between the formyl and the aromatic protons are closer 
than calculated. We therefore tried to search for the 
conformation best fitted for the observed NOE by 
rotating the formyl group about the 0-C, bond while 
keeping the ap-conformation of the formate ester 


moiety. In practice, the CCHO--~-C,-C~, torsional 
angle ( ~ 1 )  was driven from -70" to 0" around the 
PM3-optimized value (WI = -50") of conformer B at 
intervals of 5 O  and the conformation giving the least 
square error was searched for. Surprisingly, the 
Arlformyl cis up-conformation (B', ~1 = 0') which is 
symmetrical about the plane bisecting the aromatic 
ring, was shown to be best fitted with the observed NOE 
(Figure 2). The ~H.,,,,(H~) and ~ H ~ ~ , , , , ~ ~ ( H , )  values are in 
accord with this conformation. This conformation (B ') 
is also located in the wide low-AF plateau area in 
Figure 1 and is in accord with the LIS experiments. 
[The NOE measurements on LSR-added solutions of 
some formates suggested that the complex formation 
with LSR disfavours the CH-?r-interacted conformer B 
(or B'). Thus, ~ H A ~ ( H C H O )  of l b  became as low as 
3.6% (4.6% and 2.6% for H, and H,, respectively), 
when a 0.15 mol ratio of Eu(fod)3 was added to the 
chloroform solution. In contrast, ~ H ~ ( H c H O )  remained 
almost constant after the addition of the LSR.] 


The formyl hydrogen is located closest to the aro- 
matic ring in conformation B'. In this conformation, 
the formyl C-H bond orients itself nearly perpen- 
dicular to the aromatic ring (hence 6 in Figure 2 is the 
smallest). These geometric features of the conformation 
B ' surely favour the formation of CH-x interactions. 
As the conformer B was estimated to be the second 
most stable from the PM3 calculation, its unexpected 
predominance can only be rationalized by taking into 
account the stabilization by CH--7~ interactions. Our 


Figure 2. The most probable conformation (B') from NOE 
data. The CH-T interaction becomes most favourable when a 
C-H bond oapproathes from perpendicular to the aromatic 
ring (uj = 90 , 0 = 0 ). The angle 4 is smallest in this confor- 
mation, and the overlap between the aromatic *-orbital and 


the C-H antibonding 0'-orbital becomes maximum 
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previous experiments on intermolecular CH-r  interac- 
tions showed that the enthalpy of formation is ca 
2 kcalmol-' for the CH-a complexes of benzene with 
chloroform and trichloroacetaldehyde. Therefore, the 
intramolecular CH-r interaction between the formyl 
CH and the aromatic r-electrons can reverse the order 
of the conformational energies and contribute t o  stabil- 
izing the distorted folded ap-conformer (B '). 


However, our experiments by no means exclude the 
presence of considerable amounts of other conformers. 
In the series of benzyl formates (la-le), the NOE 
enhancements of [~H.,,(HcHo)I are regularly depen- 
dent on the electronic properties of para-substituents in 
contrast to those of  benzyl protons [~H,(HcHo)]. This 
can be best explained by assuming that conformer B is 
in equilibrium with another conformer, presumably an 
extended one (C). The fH.,~,(HCHO)/fH,(HCHO) ratio 
increases as the substituent becomes more electron 
donating, suggesting that the CH-a contiguous con- 
former B'  should become more favourable in this 
order. This can be additional evidence for the hydrogen 
bond-like nature of the formyl CH-aromatic *-electron 
interaction. A formyl hydrogen is rather a strong C H  
acid, which enabled us to  establish the hydrogen 
bond-like substituent effect clearly. A similar trend of 
substituent effects was observed with substituted 1- 
phenylethyl formates (2), although the number of sub- 
stituted analogues examined is obviously too small to  
draw conclusions on  the trend without a comparison 
with the results for the benzyl formates la-e. 


Our previous investigations on the intramolecular 
CH-a interactions of substituted 1-phenylethyl iso- 
propyl ketones and 1-phenylethyl alkyl ethers, and on 
the intermolecular CH-r  interaction of chloroform 
with several aromatic a-bases, had revealed similar 
trends in the substituent effects that were interpreted in 
terms of hydrogen bond-like interactions. The present 
findings add support on our view that the interaction 
should be a sort of hydrogen bonding of the weakest 
limit. 


EXPERIMENTAL 


Materials. Substituted benzyl and 1-phenylethyl for- 
mates were prepared by reaction of the corresponding 
benzyl alcohols with N-formylimidazole in the presence 
of 1,8-diazabicyclo [5.4.0]undec-7-ene. The formylating 
reagent was prepared from N,N-carbonyldiimidazole 
and formic acid. The raw formates were distilled in 
vucuo and chromatographed on silica gel when 
necessary. Boiling points: lb, 53.8-54.3 "C 
(2-0 mmHgJ; l c ,  93-0-94-0 "C (5-0 mmHg); 2a, 
42.0-43.0 C (1.5 mmHg); 2b 59.0-59.5 "C 
(5 .0  mmHgo); 2c, 50.5-51.3 "C (0.5 mmHg); 3, 
55.5-56.3 C (1 .O mmHg). 


Commercially available Eu(fod)3 was purified by 
sublimation before use. 


Measurements. NOE difference spectra were 
obtained on a JEOL-EX-270 NMR spectrometer at 
30 "C. The NOE enhancements were recorded at three 
different irradiation power, and their averages are given 
in Table 3. 
'H and l3C lanthanoid-induced shift (LIS) measure- 


ments were carried out on  chloroformed-d solutions 
containing cu 0.2 moll- '  of the substrate (a formate) 
using Eu(fod)3 as the lanthanoid shift reagent (LSR). 
The LSR was added successively in five equal portions 
to  the solution; each addition was followed by an NMR 
measurement. The LIS was obtained from the gradient 
of a plot of the chemical shift vs the concentration of 
added Eu(fod)3. The final concentration of the shift 
reagent was kept lower than 0 .2  mol equivalent of the 
substrate so as to  obtain a linear LIS vs concentration 
plot. The plots were exactly linear in this region, giving 
correlation coefficients higher than 0.99 except for the 
13C LIS of p-nitrobenzyl formate (Id). 


Calculations. The LIS for each nucleus was calcu- 
lated by assuming the location of the lanthanoid ion 
(Eu3') and by using the McConnell-Robertson 
equation [equation (2)]. The C=O-Eu angle was fixed 
at  130" throughout the calculation and the 0-Eu dis- 
tance was altered from 3 - 0  to 4.OA at  intervals of 
0 .2  A. The distance ri and the angles x; were calculated 
with all stable conformations of the substrate molecules 
by MM2, which allowed us to  compute the LIS,,I, 
values. 


Molecular mechanics and molecular orbital calcu- 
lations were performed by use of MM222 and PM3 l9 
programs, respectively. 
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MICROWAVE ACTIVATION OF THE MUTAROTATION OF 


EFFECT 
a-D-GLUCOSE: AN EXAMPLE OF AN INTRINSIC MICROWAVE 


M. PAGNOTTA,* c. L. F. POOLEY, B. GURLAND AND M. CHOI 
Department of Chemistry, Barnard College, Columbia University, New York, New York 10027, U.S.A 


The mutarotation. reaction of a-D-glucose in ethanol-water solvent in a modified commercial microwave oven, when 
compared with control reactions carried out at identical temperatures, shows a non-thermal microwave effect, 
evidenced both by a more rapid reaction and by a change in relative amounts of a- and 8-D-glucose over time. 


The efficient generation of high heat by microwaves has 
been utilized to decrease reaction times dramatically for 
many organic reactions. Striking rate accelerations 
have been reported for reactions ranging from those 
involving polar substrates to electrocyclizations with 
relatively non-polar substrates. Accelerated rates have 
been attributed to the ability of microwaves to generate 
elevated temperatures rapidly. 


Only a few reports have questioned whether there 
exist any specific effects on reactivity attributable to 
changes induced on the molecular level by the absorp- 
tion of microwave energy. In one example, Sun et a!. 
noted an increase in the rate of hydrolysis of phospho 
anhydride bonds in triphosphates for samples heated 
with microwaves as compared with samples heated 
conventionally to about the same temperature; the 
observed acceleration was tentatively attributed to spec- 
troscopic heating caused by preferential absorption of 
microwaves by the substrate. However, little if any 
microwave effect was seen in the esterification of pro- 


panoic acid with ethanol. ' Questions concerning tem- 
perature stability and uniformity of heating have cast 
some doubt on the interpretation of these results. For 
the Cu(I1)-catalyzed addition of tetrachloromethane 
and ethyl trichloroacetate to styrene, Adamek and 
Hajek9 reported non-thermal microwave-induced rate 
enhancements ranging from 3- to 21-fold as compared 
with controls heated conventionally to the same tem- 
perature; rate enhancements were solvent dependent 
and were larger in acetonitrile than in dichloroethane. 


The mutarotation reaction of a-D-glucose (1) to @-D- 
glucose (2), because it proceeds best in microwave- 
active polar solvents and because it can be performed 
and monitored easily," is a good model reaction for 
investigating intrinsic microwave effects. The extent of 
reaction can be monitored by changes in specific 
rotation or, alternatively, by 'H NMR analysis of the 
cleanly separated anomeric hydrogens; accurate percen- 
tage compositions of weighed mixtures were easily 
determined using this simple analytical method. 


1 
OH 


D20/EtOH 
HO *??pH OH - 80.5 "C 
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Preliminary investigations were done by comparing 
the decrease in optical rotation of purified a-D-glUCOSe 
as a function of time and by comparison with controls 
carried out at the same temperature. Stock solutions of 
freshly recrystallized 1 were prepared then partitioned 
into two 200 ml portions; one was heated convention- 
ally in a thermostated water-bath at 50°C; the other 
was heated by microwaves by placing it on a designated 
'hot spot' and irradiating at high power. The 
temperature of the microwave-heated reactions was 
regulated by inserting the temperature probe supplied 
by the manufacturer into the solution and setting the 
temperature control to 120 "F (cu 49 "C); the 
temperature of the solutions was also checked with a 
rapid-sensing digital temperature probe immediately 
after irradiation; temperatures of cu 50 2 3 "C were 
maintained for a few hours using this method. Since the 
top of the Erlenmeyer flask does not heat appreciably, 
it acts, in part, as an air-cooled reflux condenser to 
minimize solvent loss during the reaction. Aliquots 
were withdrawn and optical rotations were measured 
immediately. The relative amounts of each epimer were 
then determined from the experimental specific rotation 
and the specific rotations of each pure epimer 
( [ a ] D  = 112 for a-D-glucose and [a]D = 18' for p-D- 
glucose). 


Figure 1 compares the ratio of the amounts of 1 and 
2 over time as a function of solvent composition 
ranging from 100% water to 90% ethanol-water. The 
co5trol reactions, which were heated conventionally to 
50 C, all reached stable equilibria; these are not shown 
for clarity. Interestingly, for the microwave-heated 
reaction in 50% ethanol-water the 1 : 2  ratio, as 
measured by specific rotation and assuming no other 
reactions to have occurred (see below), appears to reach 


1.5 
Y 


0 


0 
0 


Figure 1 .  Ratio of [l] to [2] (a-D-gkICOSe to P-D-glucose) vs 
time (minutes) for microwave-heated reactions in (0 ) 50% 
ethanol-50Vo water, ( m  ) 70% ethanol-30% water, (+) 90% 
ethanol-10% water and (*) 100% water. Relative amounts of 
1 and 2 were determined by measurements of specific rotation 


equilibrium and then to rise with continued irradiation; 
this phenomenon was seen in at least five other runs 
done with different concentrations and volumes. By 
comparison, the other solvent compositions showed 
almost no changes between microwave- and conven- 
tionally heated pairs. Solvent losses, which were moni- 
tored carefully for each reaction, were minimal and 
certainly not appreciable enough to account for the 
results obtained with the 50% ethanol-water run. 
Better temperature controls are needed in order to 
compare rates and to discern more modest changes in 
product ratios as a function of solvent compositions; 
these studies are in progress. 


Because temperatures in microwave-heated 
Erlenmeyer flasks are not easily controlled, there 
remains the possibility that the interesting microwave- 
induced effect seen in 50% ethanol-water might 
perhaps be due to changes in temperature and/or con- 
centration. A prefered method for regulating tempera- 
ture is to run both the control and microwave-heated 
reactions at reflux temperatures. Simple modifications 
of our commercial microwave oven have enabled us to 
run reactions at reflux temperatures, thereby allowing 
much better temperature control and, consequently, 
more meaningful comparisons of rates and product dis- 
tributions with 'classical' reactions heated convention- 
ally." However, the size of the microwave cavity 
restricts reflux set-ups to those whose volumes would be 
too small to be measured by optical rotation; instead, 
for these reactions NMR analyses were used. 


Mutarotation reactions at reflux temperatures were 
performed on 0.13 M stock solutions of recrystallized 1 
in 50% (v/v) ethanol-DzO, which was partitioned into 
two portions, one heated cpventionally to a constant 
reflux temperature of 80.5 C and the other placed in a 
designated 'hot spot' and heated to reflux in a modified 
microwave oven at a power setting of 10 (full power), 
with ice-cold cooling water circulating through the con- 
denser, The microwave reaction rapidly achieved a 
steady reflux rate, which remained constant and vig- 
orous despite the on-off cycling sequence of irradiation 
built into all commercial microwave ovens. Neither 
reaction showed any appreciable solvent loss. A small 
wooden applicator stick was used to moderate the rate 
of reflux in the microwave-heated reactions. Both 
reactions were started simultaneously; aliquots were 
withdrawn from each at staggered intervals and placed 
in 5 mm NMR tubes, which were then capped and 
quenched immediately by immersion in liquid nitrogen. 
The reflux set-up was then placed back in the same pos- 
ition and orientation after each aliquot was removed. 
Each sample was individually thawed and analyzed by 
proton NMR spectroscopy. Control studies showed that 
no significant reaction occurs in the freezing-thawing 
cycles, so we are obtaining a reasonably instantaneous 
'snapshot' of the reaction. 


Figure 2 compares the ratio of the amounts of 1 and 
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Figure 2. Ratio of 111 to [2] (a-D-glucose to @-D-glucose) vs 
time (minutes) for (*) conventionally heated and ( ) 
microwave-heated reactions. Relative amounts of 1 and 2 were 


determined by 'H NMR spectroscopy 


lime 


2 as a function of time for both the microwave- and 
conventionally heated reactions. A least-squares 
analysis of In(% 1) vs time from the first 40 min was 
used t o  estimate a three-fold rate enhancement for the 
microwave-heated reaction. After cu 40 min, the con- 
ventionally heated reaction attains a stable equilibrium 
distribution of 45% 1 to  55% 2; this equilibrium distri- 
bution of a- to fi-D-glUCOSe does not change sig- 
nificantly with time. The microwave-heated run reaches 
nearly the same distribution, 43% 1 to  57% 2, more 
rapidly than the conventionally heated reaction at  the 
identical temperature. The relative amount of 1 in the 
microwave-heated reaction then begins to  increase 
steadily with time, indicating a change in distribution 
induced by microwaves. At least two repeated 
runs of this reaction gave similar results. 


Careful comparisons of the 'H NMR spectra of the 
microwave-heated and a control reaction showed no 
discernible differences: this suggests strongly that the 
wooden applicator stick is not altering the ratio of 1 to 
2, nor are any other products formed during long-term 
irradiation. Other control reactions heated convention- 
ally and by microwaves in ethanol-D20 and in D20 
showed no evidence for the formation of an ethylglyco- 
side, a possible by-product resulting from the reaction 
of glucose with ethanol. 


Although care was taken to  replace the reflux set-up 
in the same position and orientation after each aliquot 
was removed, there still remains the question of 
whether inadvertent repositioning of the apparatus 
might be causing some inconsistencies which could 
account for the observed results. To address this 
problem, the variation of power absorbed as a function 
of distance from the designated 'hot spot' was esti- 
mated by measuring the rise in temperature when 
lo00 ml of water was heated for 60 or  120 s. The power 


absorbed is calculated according to  an accepted 
method: l 3  


A TC,m x 4.184 J cal-' 
A t  


P (W) = 


where AT = change in temperature ( O C ) ,  C, = average 
heat capacity for water = 1 .O cal g - '  K- ' ,  m = mass (g) 
and Af = time(s). 


The power absorbed at the 'hot spot', 567 ? 4 W, 
decreases by less than 5% to 544 ? 14 W at a position 
4 c m  from the 'hot spot' (each value represents the 
average of at least three measurements). These results 
suggest that if our reflux apparatus, the diameter of 
which is 4 cm, is repositioned close to  the 'hot spot' 
each time, then the power absorbed should be constant 
enough so as not to  be the cause of the unexpected 
results seen in 50% ethanol-D20. 


While it remains possible that the observed rate 
enhancement, albeit small, could be due to  localized 
heating of the solvent(s), it is more difficult to  explain 
the observed changes in relative amounts of 1 and 2 
with time. While it is also possible that small changes in 
solvent composition due to  selective solvent loss in the 
microwave-heated reaction might explain the changes 
in the ratio of 1 to  2 with time, this effect was not 
observed with other solvent compositions. An ongoing 
study on  the effect of microwaves on the relative selec- 
tivity in competitive Diels-Alder reactions of cyclo- 
pentadiene for dimethyl maleate and dimethyl fumarate 
as a function of solvent also strongly suggests a 
relationship between microwave effect and solvent 
composition. l4 


Since it is well established that polar functionalities 
lead to  efficient microwave absorption,13 it might be 
expected u priori that hydroxy-rich glucose, in addition 
to  ethanol and water, both polar protic solvents, would 
be efficient absorbers of microwaves. Undoubtedly, a 
complex of glucose solvated by both ethanol and water 
would also be expected to be an efficient absorber. 
Spectroscopic heating of glucose or selective spectro- 
scopic heating of one of the solvents could disrupt the 
solvent cage, resulting in changes in reaction rates and 
equilibrium compositions. If it is assumed that the tem- 
peratures for both the microwave and classical runs are 
nearly identical and constant and that there is no signifi- 
cant solvent loss from either reaction, then a non- 
thermal microwave effect is probably the cause of both 
the discernible rate enhancement and the changes in 
composition with time. In a similar vein, changes in 
equilibrium distributions with continued microwave 
irradiation have been reported in the preparation and 
equilibration of some metal salts. 


It is not known whether microwaves are acting on the 
solvent alone or on the substrate alone, or whether 
microwaves might be altering the delicate balance 
found in substrate-solvent complexes, a possibility that 
cannot be ruled out. In any case, regardless of the 
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underlying cause, the ability of microwaves to promote 
and alter a reaction at the molecular level at a constant 
average temperature has been demonstrated. 


EXPERIMENTAL 


All microwave reactions were run in a General Electric 
microwave oven, Model JE 1034T, operating at a 
frequency of 2450MHz and a maximum power of 
1.2 kW. 'H NMR spectra were recorded on a Varian 
Gemini 200 instrument; chemical shifts are reported in 
ppm against an internal standard of DSS, DSS= 
(3-(trimethylsily1)- 1-propanesulfonic y i d ,  sodium salt). 
Optical rotations were recorded at 25 C with sodium D 
light using an Optical Activity Ltd polarimeter. Melting 
points were obtained using a Thomas-Hoover melting 
point apparatus and are uncorrected. Temperatures 
were measured using a Type K thermocouple attached 
to a Barnant 90 digital thermometer. Data were ana- 
lyzed by the Cricket Graph l .O program, distributed by 
Cricket Software for use on an Apple Macintosh 
personal computer, or by QuattoPro 4.0, distributed by 
Borland, for use on an IBM MS-DOS personal 
computer. 


Materials. Commercial anhydrous ethanol and DzO 
were used without further purification. a-D-Glucose 
was purified by recrystallization from acetic acid f01- 
lowing a publisohed procedure (m.p. = 146-150 C ;  
lit." m.p. = 146 C). 


Optical activity method. Stock solutions were pre- 
pared by placing a weighed amount (ca 9 g) of freshly 
recrystallized a-D-glucose into a 500 ml volumetric 
flask and diluting to the mark with solvent; for mixed 
solvent solvents, the measured volume of water was 
added first to dissolve the glucose and then the flask 
filled to the mark with absolute ethanol and mixed well. 
The solution was partitioned into two 200 ml portions 
in two 500 ml Erlenmeyer flasks. The conventionally 
heated reaction was carried out in a preheated thermo- 
stated bath. To minimize spills and ease handling, the 
microwave-heated reaction flasks were set in a round 
plastic evaporating dish (diameter 16 * 5 cm, height 
10 cm) and surrounded by a small amount of vermicu- 
lite; the dish was placed on a 'hot spot' and heated at 
power 10 with the tempe:ature proobe supplied by the 
manufacturer set at 120 F (ca 49 C). Using a T.D. 
pipette, 20 ml aliquots were withdrawn rapidly and 
used to fill a 2 dm eolarimetric cell. Optical rotations 
were recorded at 25 C. 


Rejuxprocedure.  A 0.605 g (3.36 mmol) amount of 
freshly recrystallized a-D-glucose was placed in a 25 ml 
volumetric flask and dissolved by sonication at room 
temperature in the measured amount of 50% 
ethanol-DzO to make a 0- 13 M stock solution of or-D- 
glucose. An 8 ml volume of the stock solution was 


placed in a 10ml round-bottomed flask attached to a 
condenser and heated in an oil-bath to a constant reflux 
temperature of 80.5 C .  Another 8ml  portion was 
placed in a 10ml round-bottomed flask fitted with a 
small bump flask and a small condenser, placed in a 
designated 'hot spot' ('hot spots' were determined by 
lining the floor of the oven with small marshmallows 
and heating at full power until the onset of charring) in 
a modified GE microwave oven12a and heated at a 
power setting of 10 (full power) with ice-cold cooling 
water circulating through the condenser; a small appli- 
cator stick was used in the microwave reactor in place 
of a boiling stone and a small piece of cotton loosely 
plugged the top of the condenser. Both reactions were 
started simultaneously; 0.4 ml aliquots were withdrawn 
by syringe from each at staggered intervals and placed 
in 5 mm NMR tubes, which were then capped and 
quenched immediately by immersion in liquid nitrogen. 
Each sample was individually thawed and analyzed 
immediately by proton NMR spectroscopy. 


' H  NMR analyses. The region between 4.3 and 
5 .4  ppm was expanded and the relative amount of each 
epimer determined by analysis of the integration of 
each anomeric hydrogen: a-D-glucose, 6 5.217, d, 
J =  3.60 Hz, 1H); P-D-ghCOSe, 6 4.630, d, 
J =  7.93 Hz, 1H. For those spectra in which the large 
water peak at 6 4.75 interfered with the integration, 
relative areas were estimated by triangulation. Com- 
parison of results by triangulation and integration 
showed no differences. 
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NEWSLETTER 


IUPAC COMMISSION OF PHYSICAL ORGANIC CHEMISTRY 


INTRODUCTION 
Physical organic chemistry emerged a few decades ago, 
when organic chemists started to apply the methods and 
theory of physical chemistry to the study of organic 
reactions and their mechanisms. These studies prepared 
the ground for modern organic chemistry. The way 
organic chemists think about their science is very much 
dominated by physical organic concepts, and the 
teaching of elementary organic chemistry without using 
a physical organic approach is almost unthinkable. 


The IUPAC Commission on Physical Organic 
Chemistry (Commission 111.2) was established within 
the Organic Chemistry Division in 1973, when classical 
physical organic chemistry (i.e. mechanisms of 
reactions in solution) was at its height. Owing to the 
rapid development of the field, there was much confu- 
sion at that time with respect to the language of organic 
chemistry, and the Commission’s first effort consisted 
in establishing a glossary which defined the terminology 
to be used in physical organic chemistry. Subsequent 
work of the Commission dealt with typical problems 
related to reaction mechanisms, 2*3 but also with topics 
going beyond the field, such as the development of a 
nomenclature for organic  transformation^^*^ and the 
nomenclature for hydrogen atoms. 


RECENT PUBLICATIONS 


During the past few years, the Commission has dis- 
cussed problems concerning standards of publication. 
These discussions have resulted in the preparation of 
two documents, published in the form of technical 
reports, which recommend guidelines for the publi- 
cation of research in experimental’ and computational 
organic chemistry. These guidelines are intended to 
assist journal editors in establishing sound editorial 
standards, and to encourage authors to meet such 
standards. 


A technical report dealing with the physical prop- 
erties of carbenes and carbene analogues has also 
appeared recently. 


0894-32301 931 030 1 93 -02$06.00 
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CURRENT PROJECTS 


Glossary of terms used in physical organic chemistry, 
revision 1993 (the ‘Glossary’) 


Most of the effort of the Commission during the last 4 
years was spent on this project. The terminology of the 
previous glossary has been updated, revised and con- 
siderably expanded. The document is on the way to 
outside reviewers, and is planned to be finalized at the 
1993 IUPAC General Assembly in Lisbon. 


Glossary of class names for organic compounds and 
reactive intermediates based on structure (joint 
project with Commission 111.1 on organic 
nomenclature) 


This compilation recommends terms to denote classes 
of compounds, substituent groups and reactive inter- 
mediates, as contrasted with individual compounds. 
Such terms are widely in use, but their status of defini- 
tion varies considerably. The document provides defini- 
tions of approved terms, introduces a few new ones and 
recommends discontinuation of a selection of terms 
actually in use. 


Commission 111.2 originally intended to prepare, as 
part of the revision of the ‘Glossary,’ a document on 
class names of reactive intermediates. In parallel, Com- 
mission 111.1 was working on class names of organic 
compounds. As the work progressed, it was realized 
that it was impossible to achieve complete and consis- 
tent documents and to avoid overlap by working in par- 
allel and the projects were merged. The final draft is 
now under external review. 


Basic terminology of stereochemistry (joint project 
with Commissions 11.2, 111.1, and 1V.l)  


This project, initiated by the late Victor Gold, former 
Chairman of Commission 111.2, provides definitions for 
a selection of terms in stereochemistry which are in 
general use (or misuse). The progress of the work was 
greatly delayed owing to the untimely death of its 
initiator. At that time the Divisional Committee 
decided to transfer the responsibility for the project to 
Commission 111.1, and Professor G .  Moss agreed to act 
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as convenor of a working party. There is still much 
controversy on some basic issues in stereochemistry, 
but it is hoped that the working party will come to a 
consensus and publish its final report within a year or  
two. 


Structure-reactivity parameters and relationships 


This is a critical compilation of experimental data used 
in correlation analysis and quantitative 
structure-activity relationships (QSAR), widely applied 
in medicinal chemistry. It will provide researchers with 
a means to obtain with confidence the appropriate 
substituent constants for the analysis of their data and 
the appropriate mathematical tool for correct execution 
and interpretation. The project was initiated in 1989, 
and involves many specialists who are not members of 
the Commission. 


FUTURE PROJECTS 


There has been much discussion on restructuring 
IUPAC to make it more efficient and more responsive 
to the needs of the scientific community and to  the 
needs of  society. Conceivably, the activities of the Div- 
ision of  Organic Chemistry might be reoriented, and so 
will be those of the Commission on Physical Organic 
Chemistry. For the immediate future, in the selection of 
projects, the Commission is trying to keep a reasonable 
balance between the traditional fields of physical 
organic chemistry and the more recent developments; 
such projects often will have strong interdisciplinary 
character and will require participation of experts 
outside of IUPAC. 


Current feasibility studies deal with terminology in 
theoretical chemistry and with modelling. In addition, 
the commission is looking for means to make available 
to a larger audience the projects on terminology which 
have been going on in the Division of Organic Chemis- 
try; publication of a compilation on IUPAC ‘Termin- 
ology in Organic Chemistry’ is envisaged. Other fields 
of interest in the future include solvent parameters, 
steric substituent parameters, language of supramole- 
cular chemistry, physical methods in organic chemistry 
and physical properties of radicals. Readers of this 
newsletter are encouraged to  offer comments on these 
projects, and on others that they think the Commission 
should undertake. Such comments may be addressed to 
the Chairman or  to  the Secretary, whose addresses are 
given below, or to  any member of the Commission. 


MEMBERSHIP O F  THE COMMISSION 


Chairman: Professor P. Miiller, Department of 
Organic Chemistry, University of Geneva, 30 quai 
Ernest Ansermet, CH-1211 Geneva 4, Switzerland. Sec- 
retary: Professor W. Drenth, Ovidiuslaan 4, 3548 AW 


Utrecht, The Netherlands. Titular Members: Professor 
J. M. McBride, Yale University, USA; Professor J. 
Shorter, University of Hull, UK; Professor V. I. 
Minkin, Rostov University, Russian Republic; Pro- 
fessor Z. Rappoport, Hebrew University, Jerusalem, 
Israel; Professor Y. Takeuchi, University of Tokyo, 
Japan. Associate Members: Professor P. N. I .  Ahlberg, 
University of Goteborg, Sweden; Professor P. van 
Brandt, Louvain-la-Neuve, Belgium; Professor E. A. 
Halevi, Technion, Haifa, Israel; Professor 0. M. 
Nefedov, Zelinski Institute of Organic Chemistry, 
Moscow, Russian Republic; Professor C.  L. Perrin, 
University of California, San Diego, USA; Dr. D. J .  
Raber, National Academy of Sciences, Washington, 
USA; Dr. J. Zdysiewicz, Australian Journal of 
Chemistry, Melbourne, Australia. National Represen- 
tatives: Professor J .  J. Humeres Allende, Campus Uni- 
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Jiang, Shanghai Institute of Organic Chemistry, China; 
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MECHANISM OF SYN ADDITION OF MOLECULAR FLUORINE 
TO ETHYLENE. AN AB INITIO MO STUDY* 


TOMOYASU IWAOKAt AND CHIKARA KANEKOS 
Pharmaceutical Institute, Tohoku University, Aobayama, Sendai 980. Japan 


AND 


ATSUSHI SHIGIHARA AND HIROSHI ICHIKAWAf 
Hoshi College of Pharmacy, Shinagawa, Tokyo 142, Japan 


The whole process for the syn addition of molecular Uuorine to ethylene was analysed at the MP2/6-31 + G level with 
IRC calculation. The analysis indicates that Uuorine approaches the C-C double bond vertically to form a 
perpendicular complex as the intermediate, which then reorientates to a rhombic-type complex as the transition state 
to give the final syn addition product. This shows that the square-type complex previously proposed is not involved 
in any stage of the reaction. 


INTRODUCTION 


The addition of molecular fluorine to ethylenes pro- 
ceeds stereoselectively to give the cis adducts and the 
method has now gained potential synthetic utility for 
the preparation of a variety of fluorinated compounds. ’ 


Thus, just as in the fluorination of dioxinones (1) by 
molecular fluorine, 2*3  the same reaction using steroidal 
alkenes (2) as the substrates gave solely the cis 
a d d ~ c t s . ~  In contrast, acenaphthylene (3),’ indene’ and 
cis- and trans-propenylbenzenes6 afforded, in addition 
to the cis addition products, the trans adducts in 
significant amounts (Scheme I ) .  


To the best of the authors’ knowledge, explanations 
for this preference have only been proposed by 
Merritt6” and Rozen and Brand’ in terms of electronic 
theory. In the proposal made by Merritt, a molecular 
adduct (4; square-type complex) is first formed, which 
may continue on to products through two competing 
routes shown in Scheme 2 as paths a and b. A major 
contribution of the complex 4 via path a will favour 
direct cis addition and will predominate in cases where 
the incipient carbonium ion 5 is not extensively stabil- 
ized. The concomitant formation of the trans adducts is 
due to path b, which is favoured by stabilization of the 
carbonium ion 5 by a phenyl group (X or Y = Ph). On 


3 3.2 : 1 


Scheme 1 


* Cycloaddition in Synthesis, Part 64. For Part 63 see Ref. 9. 
t PhD trainee at the Pharmaceutical Institute, Tohoku University, from Chugai Pharmaceutical Co. Ltd. 
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Scheme 2 


the other hand, Rozen and Brand proposed another 
mechanism, in which this addition originates from the 
initial nucleophilic attack of the double bond on one of 
the fluorine atoms of molecular fluorine. The resulting 
tight ion pair (5’) collapses before any rotation around 
the C-C bond in question to give the final cis adducts, 
when there is no leakage to the open carbonium ion 5.  


In the first section of this paper, several complexes, 
including 4, accounting for the stereoselectivity are dis- 
cussed on the basis of HOMO-LUMO theory. In the 
second section, ab initio calculation using ethylene as 
the substrate is carried out in order to gain further 
information on the stereoselectivity of the fluorine 
addition. 


QUALITATIVE CONSIDERATION OF THE 


THEORY AND PRINCIPLE OF MAXIMUM 
OVERLAP 


Previously, we have applied Fukui’s HOMO-LUMO 
theory for the addition reaction. Within the assumption 
that both species should approach in a parallel fashion, 
we found two types of complex (the square type and 
rhombic type), as the possible species which determine 
the observed stereoselectivity. The essence of this 
paper is summarized in Figure 1. Thus, the square-type 


MECHANISM BASED ON HOMO-LUMO 


square-type complex 


complex 4 proposed by Merritt corresponds formally to 
the two interactions A and B. It should be noted, how- 
ever, that one cannot exclude the rhombic-type interac- 
tion (C), whose overlappings not only partly satisfy the 
‘criterion of maximum overlap’ but also, like A, are all 
in-phase. The rhombic-type interaction C can be more 
deformed like D. If one removes the restriction that 
both components (Fz and ethylenes) approach in par- 
allel fashion (A-D), the perpendicular interaction E is 
deduced as a more suitable candidate for attaining 
HOMOC=C-LUMOF, interaction, because E not only 
is topologically equivalent to D, but also lacks the 
unfavourable interaction (I) existing in D. These inter- 
actions (C, D and E) will be mentioned further in the 
second section. In this section, we shall discuss only 
about the square-type. complex (4, interactions A and 
B) . 


Previously, Houk lo reported HOMO and LUMO 
energies of a variety of ethylenes by surveying the 
experimental data. Thus, HOMO energies were 
obtained from a photoelectron spectroscopic study and 
LUMO energies from polarographic reduction poten- 
tials and charge-transfer and electronic spectra. These 
energies, together with HOMO energy of fluorine 
obtained by electron impact experiments, I ’  are shown 
in Figure 2. Frontier orbital energies of ethylenes, 
including 2,2-dimethyl- 1,3-dioxin-4-0ne, and molecular 
fluorine are presented and coefficients of ethylenes cal- 
culated by the AM1 method” are given in parentheses. 


With these data at hand, two possible square-type 
MO interactions (A and B) are examined. The energy 
difference of two MOs for A is cu 16-19 eV. The 
LUMO energy of fluorine has not yet been determined 
on the basis of the experimental data. The LUMO 
energy levels obtained by any SCF method are 
ambiguous in principle, since the SCF procedure 
accounts only for the occupied orbitals. Nevertheless, 
taking the AM1 LUMO energy of fluorine as correct, 
the energy difference for B is ca 10-12eV. At least 
from energy levels, A is preferred for electron-deficient 


rhombic-type complex perpendicular- 
type complex 


Figure 1. HOMO-LUMO interaction in a variety of complexes 
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Figure 2.  Frontier orbital energies and coefficients estimated on the basis of experimental data and on  AM1 calculation (in 
parentheses). C, CH=CHz; W, CHO; D, OR; dioxinone, 2,2-dimethyl-l,3-dioxin-4-one 


ethylenes (C=C-W, W as an electron-withdrawing 
group) and B for electron-rich and conjugated ethylenes 
(C=C-D, D as an electron-donating group, and 
C=C-C, C as a conjugative group). In spite of the 
larger energy difference of the interaction A, one can 
prefer A to B from the viewpoint of satisfaction of the 
‘criterion of maximum overlap.’ The reverse interaction 
(B) for the same square-type complex, on the contrary, 
violates the above criterion. 


The bond distances F-F in the fluorine m ~ l e c u l e ’ ~  
and C-C in ethylene, l4 both obtained- from electron 
diffraction study, are 1.435 and 1.337 A, respectively, 
and therefore interaction A and hence the formation of 
the complex 4 are also supported on geometrical 
grounds. 


When there is no possibility of 4 being converted into 
5, 4 leads to the cis adduct through homolytic F-F 
bond cleavage [the bond strength of fluorine is only 
37 kcal (1 kcal = 4.184 kJ), which is the weakest value 
in diatomic molecules] . Although this process should 
not proceed concertedly (2gs + z r S  cycloaddition is a 
forbidden reaction), both C-F bonds should be 
formed on the same side owing to the close proximity 
of two fluorine radicals. 


QUANTITATIVE CONSIDERATION OF THE 
MECHANISM BY MEANS OF AB INZTIO 


CALCULATION 


In order’to gain further information on the stereoselec- 
tivity of the fluorine addition to ethylenes, ab initio cal- 
culation was carried out using ethylene as the substrate. 
This section describes the results in detail. 


First, an ab initio 6-31 + G level calculation’5 was 
carried out for the square-type complex 4 in order to 
obtain quantitative information on its structural prop- 
ertie!. When the intermolecular distance was fixed at 
1.8 A (note that C-C and F-F bonds are in parallel 


with each other for both square- and rhombic-type com- 
plexes), the net positive charge of a fluorine atom 
increased by 0- 153 owing to the electron shift from flu- 
orine to ethylene. This supports the view that, in such 
a complex, the interaction due to HOMOn and 
LUMOc=c (A) actually plays the major role. 


To confirm the reverse electron flow in the rhombic- 
type complex 6 as suggested by the HOMO-LUMO 
theory, the following calculation was carried out. By 
keeping the vertical distance ( d )  again at 1 * 8  A, the 
variation of total net charges of fluorine with the hori- 
zontal distance (0 between the centres of gravity of 
F-F and C-C bonds is determined and the results are 
depicted in Figure 3. 


Figure 3 indicates that in the rhombic-type complex 
6, the electron shift from ethylene to fluorine increases 
as predicted by the aforementioned HOMO-LUMO 
theory with increasing horizontal distance (I). It should 
be noted, however, that the energy of the complex 
increases (in other words, the complex is destabilized) 
with decreasing horizontal distance (rhombic- 
type + square-type). This means that, if one assumes 
that the vertical distance is 1.8 A, the square-type 
complex is less adequate than the rhombic-type one on 
energetic grounds. 


Next, we examined the possible transition state and 
the reaction path of the addition reaction. When nb 
initio calculation was carried out at the Hartree-Fock 
level with the 6-31 + G basis set, the perpendicular 
complex 7 was deduced to be a suitable transition state. 


Although the geometrical structures of many 
molecules can be deduced within the Hartree-Fock 
framework, it is well known that the method is hardly 
applicable to structures of the transition state. The cal- 
culation using the MP2 (second-order M~ller-Plesset) 
methodI6 may reproduce structural data of the tran- 
sition state more accurately than the Hartree-Fock 
computations. Therefore, the above reaction was 
examined by the MP2 method with the same basis set 
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Figure 3 .  Variation of (*) the potential energies and ( X )  the net fluorine charges of the interacting species with the horizontal 
distance ( I )  


(6-31 + G). As a result, the deformed rhombic-type 
complex 8 was deduced as the transition state. 


In order to elucidate the whole process, the reaction 
path was traced from the transition state 8 to the reac- 
tants (ethylene and molecular fluorine) and to the 
product (1,Zdifluoroethane) by use of the IRC (in- 
trinsic reaction coordinate) algorithm developed by 
Gonzalez and Schlegel. '* The result obtained is shown 
in Figure 4, with essential parameters in Table 1. When 


the distanFe between fluorine and ethylene is approxi- 
mately 4 A, the total energy begins to decrease. Then 
the perpendicular complex 7 is formed as the inter- 
mediate. With progress of the reaction, fluorine 
approaches the C-C double sideways bond to give the 
product through the transition state 8. As the reaction 
proceeds, the C-C and F-F bond lengths become 
longer and the net negative charge of fluorine increases 
owing to the electron shift from ethylene to fluorine. At 


-277.09 


-277.10 


-277.1 1 


-277.12 


-277.13 


-277.14 


-277.28 
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Figure4. Optimized geometries and potential energy profiles (in a.u.)  for the addition of molecular fluorine to ethylene at the 
MP2/6-31 + G level. Only essential parameters are shown in Table 1 







ADDITION OF MOLECULAR FLUORINE TO ETHYLENE 199 


Table 1 .  Essential data for the results shown in Figure 4 


Species E (a.u.) crc2 (A) F3-F4 (A) c27F3 
F3 charge F4 charge (A) 


Reactant -277.12426 1 .355  1.515 4) 0 0 
Intermediate -217.13704 1.393 1.793 2.059 +0.06 -0.35 
TS-2 -277.13693 1.396 1.801 2.172 +0.06 -0.36 
TS-1 -277.13320 1.431 1.829 2.351 + 0-02 -0.48 
TS - 277.09474 1 *463 2.028 1.804 -0.02 -0.88 
TS+l  -277'12924 1-502 2.363 1.563 -0.15 -0.77 
Product - 277.27903 1 . 5 5 1  2.615 1.468 - 0.33 -0.33 


Scheme 3 


the transition state 8, the net negative charge of F4 takes 
the largest value of -0.88. 


In order to support the above view, it is interesting to 
mention the high diastereofacial selectivity observed in 
the addition of fluorine to chiral spirocyclic dioxinones. 
Like the Diels-Alder, photo [2 + 21 cycloaddition and 
related pericyclic reactions, the addition takes place 
from the isopropyl side. Since the transition states of 
the above pericyclic reactions are expected to be similar 
(at least in a stereochemical sense) to 8, the diastereo- 
facial selectivity observed on addition of fluorine to 
dioxinones is also expected to take place from the less 
hindered isopropyl side. Thus, whereas the fluorination 
of the chiral spirocyclic 5-methyl-6-phenyl- 1,3-dioxin-4- 
one [(S)-91 (Scheme 3) afforded the cis- and trans- 
difluorides, the enantiomeric excess of the 0-keto ester 
[ (R)-10]  obtained by the cleavage of the acetal function 
was almost 100%. 2o This observation clearly shows that 
the formation of a C5-F bond is the first step in the 
addition reaction. 


In the case of the rhombic-type complex 
(HOMOdio,i,on,-LUMOF,* = interaction D) derived 
from 2,2-dimethyl-l,3-dioxin-4-one, the formation of a 
C5-F bond may take place prior to that of a C6-F 
bond because of the larger HOMO coefficient at the 
5-position than that of the 6-position (AM1 calculation, 
Figure 5 ) .  If the reverse interaction takes the major role 
as suggested by the interaction (A: HOMOF,- 
LUMOdioxinone), the larger LUMO coefficient at the 
6-position than that of the 5-position indicates C6-F 
bond formation as the first step. Since such a deduction 
does not agree with the experimental result (see above), 


0 0 


-0.46 
e 


0.43 @:Me 0.66 


Me 
HOMO LUMO 


Figure 5 .  HOMO and LUMO coefficients of 2,2-dimethyl-1,3- 
dioxin-4-one obtained by AM1 calculation 


it can be concluded that in the fluorine addition to the 
dioxinone (S)-9 the reverse interaction (A) does not 
play a significant role. 


CONCLUSION 
The results shown in Figure4 indicate the following 
path. First, a vertical approach of fluorine to the middle 
of the C-C bond of ethylene gives rise to the 
perpendicular-type complex 7 as the intermediate. 
Then, within such a complex, fluorine shifts sideways to 
the C-C double bond to give the transition state 8. The 
complex 7 corresponds to interaction E and the latter to 
interaction D. Therefore, it can be concluded that 
addition of fluorine to ethylene and the dioxinones 
should be categorized as an electrophilic reaction, and 
does not proceed via the square-type complex 4 as the 
transition state. The clarification of the mechanism con- 
cerning the addition reaction using electron-deficient 
alkenes (e.g. acrylonitrile and alkyl acrylate) as the 
substrate remains a problem to be solved. 
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ADSORPTION AT THE LIQUID-LIQUID INTERFACE: AN 
IMPORTANT FACTOR IN PHASE-TRANSFER CATALYSIS* 


WOJCIECH LASEK AND MIECZYSLAW MqKOSZAt 
Institute of Organic Chemistry, Polish Academy of Sciences, Kasprzaka 44-52, PL-01224 Warsaw, Poland 


A new rationalization of some phenomena in the phase-transfer catalysed processes promoted by concentrated 
aqueous alkali solutions, such as alkylations and &eliminations, is proposed. It is predicted on the basis of adsorption 
theory and subsequently evidenced experimentally that the size of the interfacial area, controlled by the rate of stirring, 
affects the position of the extraction equilibrium of various anions with quaternary ammonium cations supplied by 
the phase-transfer catalysts. 


INTRODUCTION 


Phase-transfer catalysis (PTC) is a well established 
methodology in organic synthesis and its scope and 
mechanistic features have been the subjects of 
numerous studies and appear to be well recognized and 
understood.’ 


There are, however, some observations which do not 
conform fully with the framework of existing concepts 
and mechanistic interpretations. For example, alkyl- 
ations of carbanions generated from weak CH acids,3 
some base-induced 0-elimination processes4 and 
isomerization reactions’ often proceed more efficiently 
in two-phase systems containing concentrated aqueous 
alkali and a phase-transfer catalyst than one would 
expect on the basis of the ion-exchange equilibria, 
which in the former case is also associated with depro- 
tonation of CH acids, the carbanion precursors. 


Thus, for example, despite low or negligible concen- 
trations of hydroxide or carbanion in the organic phase 
(as determined after separation of the phases), the 
degree of &elimination or the alkylation of weak CH 
acids is often relatively high. For the 0-elimination 
process these observations may be partially explained 
by the presence of minute amounts of alcohols, which 
are able to act as the co-catalysts in the PTC elimin- 
ation. They may exist as impurities in the starting alkyl 
halides or be formed in a competing hydrolysis process. 
Such an explanation is, of course, invalid for the alkyl- 
ation and isomerization processes, in which an alcohol 
is neither introduced nor formed. Further, it appears 
insufficient also for the 6-elimination reaction. 


*Reactions of Organic Anions, Part 200. For Part 199, see Ref. 1 .  
t Author for correspondence. 


0894-3230/93/070412-09$09.50 
0 1993 by John Wiley & Sons, Ltd. 


Since the crucial difference between systems in which 
the concentration of reacting anions can be determined 
and those in which reactions really take place is the size 
of the interfacial area, in this work we have analysed 
thoroughly effect of the stirring rate, which determines 
the size of the interfacial surface, on the concentration 
of reacting anions in the organic phase. 


In many studies of the PTC mechanism, phenomena 
occurring in highly dispersed media, e.g. during vig- 
orous agitation of two-phase systems, are rationalized 
on the basis of data acquired by analysis of the concen- 
trations of the reacting species after complete separ- 
ation of both phases.’ Although in many cases this 
approach appears to be justified and gives a satisfactory 
correlation, the situation in systems being agitated and 
systems subjected to the separation of phases is 
substantially different, provided that these two phases 
are virtually immiscible. In systems in which vigorous 
agitation was followed by separation of the phases, 
which usually requires a few minutes because of the 
slow coalescence process, the interfacial phenomena 
play a marginal role because of the small value of the 
so-called ‘specific area’, measured in m’ m-3, 
expressing the ratio of surface area to volume. In such 
a situation, the position of the exchange equilibrium 
between two phases, determined by the measured con- 
centration of ions in the separated phases, depends pre- 
dominantly on the properties of the bulk phases. Let us 
consider that this is the ‘static’ situation. 


On the other hand, in vigorously stirred two-phase 
systems, the size of the interface in relation to the 
volume of phases, i.e. the specific area, is usually 
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several orders of magnitude greater than in static 
systems. In these cases interfacial phenomena can affect 
substantially the ion-exchange process. 


It is necessary to stress that when in such vigorously 
agitated systems extracted or produced anions are sub- 
jected to a reaction, their concentration in the bulk 
phase differs from that expected on the basis of the 
extraction equilibrium constant, because of the reaction 
proceeding in the interfacial region. Because of the 
large size of the interfacial region in such systems, the 
contribution of the effect of the interfacial reaction can 
be important. Let us consider that such highly dis- 
persed, vigorously stirred systems are ‘dynamic’ 
systems. 


There are many observations which suggest that the 
surface properties of the onium catalyst or reacting 
species play an important role in PTC It 
appears that the rate of stirring, which determines the 
size of the interfacial area, not only influences the rate 
of ion exchange but can also have a more profound 
effect. 


In this paper we direct attention to some physico- 
chemical aspects of the interfacial phenomena that are 
instrumental in the PTC reactions and apply a quanti- 
tative approach to this problem. Let us analyse the 
problem of the extraction of basic anions, such as 
hydroxide anions or carbanions, in the form of ion 
pairs with quaternary ammonium cations ( Q + ) ,  which 
are usually applied as catalysts in PTC reactions, 
carried out in the presence of a concentrated aqueous 
solution of sodium hydroxide. When a small amount 
of tetrabutylammonium bromide (Bu4NBr) was equilib- 
rated between a non-polar solvent and concentrated 
aqueous alkali, analysis of the organic phase in the 
static systems (as defined above) revealed a negligible 
concentration of hydroxide anions. When the tetrabu- 
tylammonium cation (BmNf) was accompanied by the 
more hydrophilic chloride anion, the concentration of 
HO- in the organic phase was somewhat higher, but 
still below 4% of the total concentration of the quater- 
nary ammonium salt. l3  It fell to a negligible value on 
addition of some amount of NaCl or NaBr to the 
system, despite the fact that some reactions effected by 
extracted HO- anions, in course of which halide anions 
are produced, proceeded satisfactorily when such two- 
phase systems were vigorously stirred. The apparent 
controversy between these observations may be clarified 
on the basis of an analysis of the interfacial 
phenomena. There are several ways in which the inter- 
facial phenomena may be responsible for such effects: 
(a) because of the high rate of chemical reactions the 
overall process may be diffusion controlled, so it is 
accelerated by an increase in the rate of ion exchange 
via vigorous stirring; (b) the process proceeds between 
molecules and ions adsorbed at the interface; or (c) the 
ion exchange equilibrium is affected by the size of the 
interface, hence the speed of stirring influences the con- 


centration of the reacting anions in the organic phase. 
The first two are well documented,14-16 but (c) the 
dependence of the ion-exchange equilibrium on the rate 
of stirring, at first glance appears unreasonable and 
needs theoretical justification and experimental verifica- 
tion. 


In order to formulate this idea in a quantitative way, 
it is necessary to express the described phenomena in 
terms of equations and to introduce certain notions. 
First, it is necessary to state that both phases are immis- 
cible. Organic compounds are completely insoluble in 
concentrated aqueous NaOH solution, and there are 
only traces of sodium cations and water in a moderately 
polar organic phase.” Next, it is necessary to assign 
adsorption properties to the interface. This concept is 
frequently used in many electrochemical or physico- 
chemical studies of quaternary ammonium salts or 
long-chain alkyl esters or salts, which adsorb at the 
interface. 15*18919 Thi s may be understood, for instance, 
as a much longer residence time for a certain volume of 
liquid situated at the interface than the residence time 
for a similar volume of liquid chosen anywhere in the 
bulk of the phase (far from the interface). Such a situ- 
ation corresponds to physical adsorption on solids. This 
phenomenon may be enhanced by chemical bonding 
across the interface (e.g. due to deprotonation of weak 
organic CH acids) and in such cases it may be related 
to the idea of chemisorption on solids. For a quanti- 
tative treatment it is possible to apply the formalism 
used for adsorption on solids to adsorption on the 
liquid/liquid interface, keeping in mind its different 
physical sense. 


At the interface there is a typical acid-base equi- 
librium between adsorbed molecules of CH acids and 
the corresponding carbanions $C-, anchored at the 
interface (on one side of the phase boundary) and 
hydroxide anions together with water molecules on the 
other side of it: 


where the subscript i refers to the interface. 


carbanion (C ) formation: 
Hence we may write the equation for the rate of the 


where d[C;]/dt (moles/time) = rate of S C -  formation 
at the interface; kd = rate constant of the deprotonation 
reaction of the CH acid; k, = rate constant of the pro- 
tonation reaction of the S C -  anion; U O H ~  = activity of 
HO- in the aqueous phase at the interface; U H ~ O ~  = ac- 
tivity of HzO in the aqueous phase at the interface; 
SCHi(m2) = area of the interface occupied by the 
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adsorbed CH acid molecules; Sc;(mZ) = area occupied 
bv 3- carbanions adsorbed at the interface. 


we can write 


where S(m2) =total interfacial area; 8c- = fraction of 
a total interfacial area occupied by the S C -  anions; 
0 c ~  = fraction of a total interfacial area occupied by 
CH molecules. 


Because the left-hand side of equation (4) may well 
be related to the thermodynamic acidity constant K, of 
a CH acid, and omitting subscripts i, we obtain finally 


OH20 


Ion exchange takes place at the interface and because 
of the immiscibility condition we may use the same 
formalism to describe the exchange equilibrium: 


$C; + Q+A; y Q+C; +A; K.. 
(6) 


Hence: 


(7) Kex = - 


where 8 Q C  = fraction of a total interfacial area occu- 
pied by the ion pair QC; 8 Q A  = fraction of a total inter- 
facial area occupied by the ion pair QA; aA = activity of 
the catalyst parent anion at the interface. 


8 Q C  aA 
e C - 8 Q A  


Combining equations ( 5 )  and (7), we obtain 


In order to relate interfacial parameters to the par- 
ameters in the bulk phases, it is necessary to assume a 
certain model of the adsorption. We decided to use the 
Langmuir adsorption isotherm, although its applicabil- 
ity to salt systems is still under discussion, 1s.19,20 for the 
sake of simplicity of the mathematical description and 
because of an insufficient general knowledge of adsorp- 
tion processes with highly concentrated salt solutions. 
Moreover, the Langmuir isotherm has a good theor- 
etical explanation and to a first approximation may be 
much more correctly applied than any other semi- 
empirical correlation. Let us assume that molecules of 
CH acid, and also ion pairs QA and QC, adsorb at the 
interface. Hence, according to the Langmuir isotherm, 


(1 1) 


where Kcn, KQC, KQA = constants of adsorption equi- 
librium of CH acid molecules, ion pair QC and ion pair 
QA, respectively; CCH, CQC, CQA = bulk concentrations 
in the organic phase of CH acid, ion pair QC and ion 
pair QA, respectively. 


Substitution of equations (9),(10) and (11) into 
equation (8) gives 


KCHCCH 
1 + KcnCcn + KQCCQC + KQACQA 


eCH = 


KcnKQAX aon 
CQC = KaKe, X ~ 


KQC aAaH20 


(12) 


Finally, it is necessary to make a Q' cation inventory 
in the organic phase. Taking into account the surface 
activity of quaternary ammonium salts, we can write 


where C&(mol dm-') = initial concentration of QA 
salt in the organic phase; Vorg = volume of the organic 
phase; rQA(mo1 m-') = interfacial excess of the ion 
pair QA, i.e. surplus of QA molecules on a plane 
situated close to the interface in comparison with any 
plane lying in the bulk of the organic phase; 
rw(mol m-2) = interfacial excess of the ion pair QC; 
S(m2) = interfacial area; n = number of adsorption 
layers; in general the value of n need not be an integer. 


Combining equations (12) and (13) in order to calcu- 
late the ratio of both ion pairs in the bulk of the organic 
phase, we obtain finally 


CCHCQA 
1 + KcnCcn + K Q C ~ Q C  + KQAKQA 


X 


Vorgc$A = Vorg(CQA + C Q C )  + ( r Q A  + rQC)sn (13) 


CQA KQC + KQA X - 
CQC 


1 +- 
[ C t A  - ( r Q C  + rQA)anl x 


CQA 
CQC 


KCHKQA aon x C C H X -  CQA = KaKex x - x - 
KQC ~ A ~ H ~ O  CQC 


- (1 + KCHCCH) (14) 


where a I S/ Vox(mz m-3) = specific area of a dis- 
persed organic phase. This equation may be rearranged 
in order to obtain the form of a quadratic equation: 


where a, and (I are constants. This equation can easily 
be solved to obtain the ratio CQAJCQC as a physically 
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real single root, the other one bearing a negative sign. 
The form of this solution, however, is complicated and 
hence difficult to discuss. Nevertheless, when the CH 
compound is really a weak CH acid, we can readily 
discuss a special case of the above solution, i.e. 


CQA -* 1 
CQC 


Now we can simplify equation (14), taking into account 
that 


CQA CQA I+-=-  
CQC CQC 


On introduction of the above conditions into 
equation (14), we obtain 


This equation represents a straight-line relationship 
of the kind C Q A / C ~  =st-qba, where s2 and Q, are 
constants, and the specific area a can be related to 
the speed of stirring in the form of numerous 
correlations. ’’ The remaining parameters in 
equation (17) bear the character of physico-chemical 
constants and may be determined experimentally or be 
considered invariable in a given system. 


Now we can clearly see that in the case of a static 
system ( a  -+ 0) ratio of anions CQA/CQC extracted into 
the organic phase is not much affected by interfacial 
parameters r Q A  and rw. On the other hand, in a 
dynamic system, when the area of phase contact (hence 
the value of a )  is large, the ratio CQA/CQC decreases, 
which means that in the bulk of droplets of the organic 
phase the concentration of the -C-  increases. This 
effect exists only when quaternary ammonium ion pairs 
QA and QC show interfacial properties, in other words 
when FQc * 0 and r Q A  s 0; on the other hand, when 
r Q C  = r Q A  = 0, even very large values of the specific 
area a (i.e. a very high agitation speed) cannot influence 
the ratio of anions CQA/CQC, which remains the same as 
in the static system. In such cases stirring only accel- 
erates the extractive equilibrium between the phases. 
On the other hand, in the case of the dynamic system, 
in which reacting species show interfacial properties, 
stirring first creates a large value of the interfacial area, 
where the equilibration in fact takes place, and also, as 
stems from the above equations, influences all inter- 
facial equilibria in the system. This reasoning seems to 


be adequate to explain at least some of the experimental 
observations found earlier. ’* 


It is necessary to stress also that the decrease in the 
ratio CQA/CQC with increasing specific area a is not 
restricted to the aforementioned special case 
[equation (17)] of the genera1 equation (14). This 
dependence still exists in the solution of the general 
equation (14), although it is no longer linear. 


The effect of the rate of stirring on the extraction 
equilibrium between two phases was reported earlier; 
the starting point was a serendipitous observation. For 
rationalization of this phenomenon, the calculations 
were made on the basis of the Gibbs adsorption 
isotherm. 23 In our work, initial theoretical, physico- 
chemical considerations were followed by attempts to 
confirm the conclusions experimentally. 


The main difficulty in the experimental verification of 
the presented reasoning is connected with a lack of 
direct methods of determining concentrations in the 
organic phase of two-phase systems under dynamic 
conditions, i.e. while keeping the agitation vigorous all 
the time. In the above-mentioned case it was possible to 
measure the concentration of extracted species directly 
during stirring.23 In order to overcome this obstacle, it 
was necessary to employ a chemical reaction as the 
internal sensor of a base concentration. Such a reaction 
should fulfil rigorously several requirements: (1) its rate 
should be dependent only on the homogeneous base 
concentration in the organic phase; (2) it should not 
consume the base in order to avoid a shift of the equi- 
librium in the organic phase; (3) substrates and pro- 
ducts of the reaction should not undergo any other 
reactions with species present in the system (hydrolysis, 
addition, oxidation, etc) and (4) the course of the 
reaction should not involve a continuous mass transfer 
between phases, which might be able to impose mass 
transfer effects on a homogeneous reaction kinetics. 


Taking all this into account, we chose the double 
bond migration reaction in substituted allylarenes, 
which apparently meets these criteria. 5,24 Amongst 
allylarenes, neither unsubstituted allylbenzene nor its p -  
methoxy derivative were found to be sufficiently acidic 
compounds to undergo the rearrangement at an accept- 
able rate at room temperature. For availability reasons 
we concentrated on o-allylanisole derivatives, which can 
be readily prepared via allylation of appropriately sub- 
stituted phenols, the Claisen rearrangement and 
methylation of the o-allylphenols produced. However, 
2-allyl-4-bromoanisole (1) also did not undergo the 
rearrangement reaction at room temperature at an 
acceptable rate. On the other hand, introduction of two 
or three halogen atoms into the aromatic ring, as in 2- 
allyl-3,4,6-trichloroanisole (2) or in 2-alIy1-4,6- 
dibromo-anisole (3), increased the rate of the 
rearrangement reaction sufficiently, but the substituted 
propenylbenzenes produced underwent a further 
addition reaction with carbanions present in the system, 
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so they could be used only for the investigation 
of the extraction of hydroxide anions. Finally, 
2-allyl-4-cyanoanisole (4) and 1 -methoxy-2-allyl-4- 
chloronaphthalene (5) were selected as suitable model 
substrates, which covered the full range of the problems 
studied. They rearrange at a sufficient rate under the 
action of either the hydroxide anions extracted as 
Q+HO- into the organic phase or phenylacetonitrile 
carbanion formed at the interface and extracted in the 
form of the ion pair with the Q' cation into the organic 
phase, giving stable products under the reaction 
conditions. Catalysts used in this work included 
tetrabutylammonium bromide (Bu4NBr) (a), 
tetramethylammonium bromide (Me4NBr) (7) and 
tetrabutylammonium hydrogensulphate (Bu4NHS04) 
(8). 


EXPERIMENTAL 


All the quaternary ammonium catalysts were commer- 
cial products of purity more than 95%. Bu4NHS04 (8) 
may occasionally contain some tributylammonium 
hydrogensulphate, which does not interfere with the 
reaction. 1,2-DichIorobenzene was of 99% purity and 
was used without further purification. Commercially 
pure benzyl cyanide was distilled before use and its 
purity was above 99% (GC). Sodium hydroxide was of 
analytical-reagent grade; all its solutions were prepared 
using distilled water and were subjected to prolonged 
sedimentation in order to obtain clear, transparent sol- 
utions without solids. Allylarenes were synthesized 
from the corresponding hydroxyarenes via allylation, 
Claisen rearrangement and methylation reactions. 
Details of the synthesis of these compounds and the 
identification of the isomerization products are 
described elsewhere. ' 


Dynamic experiments were carried out in a three- 
necked, round-bottomed flask, equipped with a mech- 
anical stirrer, consisting of a glass helical ribbon 
impeller (providing coaxial circulation of liquid down 
the impeller, which resulted in good mixing without 
splashing and aeration), a thermometer and a thick 
PTFE sampling tube, attached directly to a 10 ml poly- 
propylene syringe. A solution of organic substrates was 
prepared in a separate, small Erlenmeyer flask: benzyl 
cyanide (2.5 ml, 21.45 mM) and o-dichlorobenzene 
(18 ml) were added to 1 mM of a suitable allylarene 
(1-5). In cases when the extraction of hydroxide was 
investigated, 2.5 ml of o-dichlorobenzene instead of 
benzyl cyanide were applied in order to keep the volume 
of organic phase constant. When Bu4NBr ( 6 )  was used 
as the catalyst, it was dissolved in the organic reagent 
solution. 


The flask was charged with a saturated aqueous 
(19.32 M) sodium hydroxide solution (40 ml), then the 
solution of the organic reagents was carefully poured 
on to it. When Me4NBr (7) or Bu4NHS04 (8) was 


applied as the catalyst, they were added in the form of 
well ground, fine powder directly on to surface of the 
organic phase. 


After loading the flask with reagents, agitation was 
applied at about 1300 rpm at room temperature for the 
times indicated in Tables 1 and 2. After certain time 
intervals small (cu 1.5 ml) aliquots of the mixture were 
drawn off, poured immediately into 10 ml of distilled 
water and shaken well. After the separation, a drop of 
organic phase was sucked off with a pipette, dried via 
filtration through anhydrous Na2S04 and used directly 
for GC analysis. Results of dynamic experiments are 
given in Tables 1 and 2. 


Static experiments were carried out in a similar three- 
necked, round-bottomed flask, equipped with the same 
mechanical stirrer, thermometer and a narrow PTFE 
tube attached to a polypropylene syringe by means of a 
stainless-steel needle. A separately prepared solution of 
Bu4NBr (6) (0.85 mM) and benzyl cyanide (4.9 ml, 
42.45 mM) in 38 ml of o-dichlorobenzene was added 
to a saturated aqueous (19.32 M) sodium hydroxide 
(85 ml). When the extraction of hydroxide was 
examined, o-dichlorobenzene (4.9 ml) instead of benzyl 
cyanide was added in order to keep the volume of the 
organic phase constant. When Bu4NHS04 (8) was used 
as the catalyst it was added in the form of a fine powder 
directly on to the surface of the organic phase 
(0.85 mmol). Vigorous stirring was maintained for 
3 min, then the dispersion was allowed to separate into 
two layers. After 10-30 min of separation, a cu 20 ml 
sample of the organic phase was drawn off and 
additionally subjected to a centrifugal separation for 
3 min. Finally, the well separated organic phase was 
divided into 4-6 parts and each was weighed, mixed 
with 3 ml of distilled water and titrated with 0.01 M 
HCI with o-nitrophenol as the indicator. The basicity 
determined was ascribed to extracted hydroxide anion 
or phenylacetonitrile carbanion and their share in 
binding the quaternary ammonium cation in the case of 
complete separation of phases was calculated. Results 
of these static experiments are summarized in Table 3. 


RESULTS AND DISCUSSION 


The concentration of hydroxide anions in the organic 
phase of the dynamic systems which gave the value of 
the ion-exchange equilibrium: 


Q'BrGg + NaOH,, Q+HO& + NaBraq (18) 
was estimated in the following way. First, the rate of 
isomerization of 1,2,3,4 and 5 in the two-phase system 
[equation (19)], catalysed by Q+Br- (6). was 
measured: 


ArCHZCH=CHZ A ArCH=CHCH, (19) 


Next, a series of analogous experiments were carried 


Q 'Br -/Q'HO- 
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out in which the isomerization reaction (19) was cata- 
lysed by 8. Since 8 is known to be able to exchange 
HSO; anions for HO- completely, the concentration 
of hydroxide anions extracted into the organic phase 
should therefore be equal to the current concentration 
of 8 as the catalyst. 25*26 This behaviour was indepen- 
dently confirmed by separate experiments. Using 8 in an 
amount which ensures a rate of isomerization close to 
that observed for the process catalysed by 6 ,  the con- 
centration (amount) of HO- anions in the organic 
phase of dynamic systems can be estimated with a suffi- 
cient degree of confidence. These results are presented 
in Table 1 .  


Entry 2 gives result of the isomerization of 2 when 6 
was used as the catalyst (1 mmol). Entries 3 and 4 give 
the results of analogous experiments in which 8 was 
applied in amounts ensuring the closest similarity of the 
kinetics of the isomerization to that observed in entry 2. 
From these data, taking into account complete conver- 
sion of 8 into Q+HO-, one can conclude that the con- 
centration of Q'HO- in entry 2 is cu 2-3% of the 
concentration of 6 .  


Similar reasoning applied to the isomerization of 3, 4 
and 5 (data presented in entries 7, 8, 9 for 3, and 10, 
1 1 ,  12 for 4 and 15, 16, 17 for 5) gives variable results, 
but the discrepancies are not substantial. Participation 


of the possible interfacial process in the global outcome 
of the isomerization reaction was excluded by exper- 
iments without any quaternary ammonium catalyst, 
when no isomerization was observed (entries 5,  13 and 
18). Moreover, no isomerization was detected when it 
was attempted in the presence of a much less lipophilic 
quaternary ammonium salt, i.e. tetramethylammonium 
bromide (Me4NBr) (7). This salt accumulates at the 
interface; obviously the process does not proceed at 
such a modified interface. 


In another series of experiments the influence of the 
size of the interfacial area on the concentration of car- 
banions in the form of the ion pairs Q ' C  in the 
organic phase of dynamic systems was studied. Here the 
situation is more complicated, because the observed 
concentration is a result of an acid-base equilibrium at 
the interface (deprotonation process), followed by ion- 
exchange equilibrium between the carbanions adsorbed 
at the interface and the parent catalyst anions. In these 
experiments phenylacetonitrile was used as the model 
carbanion precursor because its acidity is within a 
convienient range and the carbanions formed were 
able to catalyse the isomerization and appeared to be 
sufficiently stable. 


Estimation of the carbanion concentration in the 
organic phase of the dynamic systems was performed in 


Table 1. Dynamic extractability of hydroxide by Bu4NBra 


Catalyst 
Time 


Total interval Conversion after 
Average reaction between 


Amount temperature time sampling 1st 2nd 3rd Last 
Entry Substrateb Type used (mM) ("C) (min) (min) interval interval interval interval 


1 
2 
3 
4 
5 
6 
7 
8 
9 


10 
11 
12 
13 
14 
15 
16 
17 
18 
19 


1 
2 
2 
2 
2 
2 
3 
3 
3 
4 
4 
4 
4 
4 
5 
5 
5 
5 
5 


6 
6 
8 
8 


None 
7 
6 
8 
8 
6 
8 
8 


None 
7 
6 
8 
8 


None 
7 


1 
1 
0.026 
0.017 


1 
1 
0.026 
0.042 
1 
0.085 
0.042 


1 
1 
0.043 
0.017 


1 


- 


- 


- 


19.3 
19.4 
19.9 
19.2 
18.7 
19.5 
17.5 
17.5 
17.6 
21.1 
20.4 
18.8 
23.8 
20.1 
20.6 
19.2 
20.1 
18.7 
19.0 


180 
28 
28 
28 


120 
120 


6 
6 
6 


120 
120 
120 
240 
225 


35 
35 
35 


120 
120 


30 
4 
4 
4 


30 
30 


1 
1 
1 


20 
20 
20 


120 
45 
4 
4 
4 


30 
30 


0.064 
0.093 
0.202 
0.077 
0 
0 
0.138 
0.113 
0.353 
0.437 
0.657 
0.204 
0 
0 
0.175 
0.537 
0-126 
0 
0 


0.258 
0.293 
0.374 
0.119 
0 
0 
0.389 
0.152 
0.437 
0.768 
0.775 
0.280 
0 
0 
0.409 
0.754 
0.240 
0 
0 


0.45 1 
0.453 
0.499 
0.222 
0 
0 
0.622 
0.177 
0.481 
0.905 
0.845 
0.335 
0 
0 
0.585 
0.864 
0.300 
0 
0 


0.783 
0.792 
0.654 
0.359 
0 
0 
0.797 
0.223 
0.560 
1 .om 
0.928 
0.455 
0 
0 
0.905 
0.91 
0.54 
0 
0 


a Kinetic picture of each parent run, recorded with BurNBr as thte catalyst (entries 2, 7, 10 and 15) (amount of Bu4NOH extracted unknown) is 
approximated by the upper (entries 3, 9, 11 and 16) and the lower (entries 4,  8, 12 and 17) limiting kinetic pictures, corresponding to known amounts 
of Bu4NHS04 (full equivalence to BudNOH), which determine the limits of concentration of Bu4NOH extracted by Bu4NBr in the parent run. 


1 = 2-Allyl-4-bromoanisole; 2 = 2-allyl-3,4,6-trichloroanisole; 3 = 2-allyl-4,6-dibromoanisole; 4 = 2-allyl-4-cyanoanisole; 5 = l-methoxy-2-allyl-4- 
chloronaphthalene. 
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a similar manner to that for HO- anions. In this way, 
the isomerization of some allylarenes into propenyl- 
arenes was first catalysed by the system: Bu4NBr 
(6)-PhCHzCN, the latter taken in excess, followed by 
analogous experiments in which Bu4NHS04 (8) instead 
of 6 was used in an amount such as to provide similar 
kinetics of the isomerization reaction. 


For this study, however, not all allylarenes employed 
in the previous series of experiments (i.e. extraction of 
hydroxide) were suitable; some propenylarenes pro- 
duced in the isomerization process reacted further with 
the phenylacetonitrile carbanion according to the 
Michael addition pathway: 


CH3 
/ 


Ph 
H' \ 


/ \ 
ArCH=CHCH, + HC- - ArCHzCH (20) 


NC PhCHCN 


This process was particularly significant for 
allylarenes 2 and 3 and is discussed elsewhere.' 


From the data in Table 2,  the degree of conversion of 
the original Q'Br- into Q'C-, determined on the basis 
of the isomerization reaction of 4 (entries 3-5) and 5 
(entries 7-12), was cu 40% with a small discrepancy. 
The same conversion determined in the static system, as 
shown in Table 3, gives value of cu 27%. Also in this 
series of experiments it was shown that in absence of 
the catalyst no isomerization occurred; hence inter- 
facially located carbanions are unable to promote the 
isomerization. Similarly, no reaction was observed 
when Me4NBr (7) was used as the catalyst. The 
tetramethylammonium cation is insufficiently lipophilic 
to form with phenylacetonitrile carbanion an ion pair 
that is soluble in the organic phase. 


From the results presented we may draw the fol- 
lowing main conclusions. Ion-exchange equilibria 
between two immiscible liquid phases are a function of 
the size of the interfacial area, and therefore they are 
affected by the stirring rate. This is why in all the static 
systems exchange of bromide for hydroxide in Bu4NBr 
(6)  dissolved in the organic phase is negligible, whereas 
in the dynamic systems, during vigorous stirring, it 
attains a value of ca 3 4 %  of the original amount of 6. 


The same situation occurs in the formation of Q'C- 
ion pairs. In the static systems, as defined above, under 
the conditions specified in this paper with phenylace- 
tonitrile as the carbanion precursor, 27% of Bu4+NBr- 
is converted into BwN'C-. whereas in the dynamic 
systems, during vigorous stirring, cu 40% of the 
Bu4NBr applied forms BwN'C- ion pairs. 


The kinetics of the isomerization process over a wide 
time scale was not well behaved. One reason for this 
could be partial decomposition of the tetrabutyl- 
ammonium cations, especially when they were 
accompanied by HO- anions. 27,28 Although the stabi- 
lity of the tetrabutylammonium cation is relatively 
high, estimations based on published data showed that 
at room temperature the decrease in the concentration 
of BwNOH due to its decomposition is negligible only 
for a relatively short reaction time. The results of the 
static experiments (Table 3, entries 5 and 6)  appear to 
confirm that some decomposition indeed takes place. 


In all experiments with 6, the decomposition of the 
catalyst in the form of BUNOH is perhaps continu- 
ously compensated for by the excess of Bu4NBr present 
in the system, whereas when 8 is used, the decompo- 
sition, although slow, results in a continuous decrease 
in the concentration of BbNOH, which affects the 


Table 2. Dynamic extractability of phenylacetonitrile carbanion by Bu4NBr 


Catalyst 
Time 


Total interval Conversion after 
Average reaction between 


Amount temperature time sampling 1st 2nd 3rd Last 
Entry Substrateb Compound (mM) ("C) (min) (min) interval interval interval interval Remarks 


1 
2 
3 
4 
5 
6 
7 
8 
9 


10 
1 1  
12 
13 
14 


2 
3 
4 
4 
4 
4 
5 
5 
5 
5 
5 
5 
5 
5 


~ 


6 
6 
6 
8 
8 
7 
6 
8 
8 
8 
8 
8 


None 
7 


1 22.8 
1 19.0 
1 21.0 
0.34 20.1 
0.40 22.0 
1 20.0 
1 20.9 
0.38 19.3 
0.43 19.1 
0.48 19.5 
0.17 18.0 
0.34 19.8 
- 17.6 


1 18.4 


80 10 
30 6 


210 30 
210 30 
210 30 
180 60 
120 15 
120 15 
120 15 
120 15 
1 20 1s 
120 15 
120 30 
120 30 


0,296 
0.464 
0.188 
0.187 
0.214 
0 
0.283 
0.257 
0.277 
0.304 
0.125 
0.239 
0 
0 


0.413 
0.652 
0-311 
0.302 
0.332 
0 
0.439 
0.417 
0.438 
0-48 
0-213 
0-383 
0 
0 


0.496 
0.746 
0.407 
0.379 
0.409 
0 
0.538 
0-546 
0.557 
0.627 
0-283 
0.497 
0 
0 


0.744 a 
0.815 
0.592 
0.505 
0.528 
0 
0.782 
0.743 
0.777 
0.82 
0.44 
0.719 
0 
0 


a 


* Product is an intermediate species and undergoes further transformations; conversion determined from the substrate consumption. 
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Table 3. Static extractability of basic anions by Bu4N'X- 
~- ~ 


Average 
Basicity Basicity 


temperature Benzyl BmNX Bu4NX 
Entry ("C) X-  Titration cyanide (molVo) (mol%) 


- -  Average 


1 19.7 Br 1 
L 
3 


2 20.5 Br 1 
2 


3 23.6 Br 1 
L 
3 


4 20.2 Br 1 
2 
3 


5 22.9 HS04 I 
L 
3 


6 23.8 HS04 1 
2 


Yes 25-3 
26.0 
23.7 


26'3 } 26.9 28.0 
Yes 


Yes 


31.3 
No 0 


0 
0 


No 92.7 
94.2 194 .1  
95.4 


Yes 89.3 97 ' 193.6 


observed kinetics. For this reason only the first sam- 
pling intervals may provide reliable approximations for 
both catalysts. In the isomerization of 4, the observed 
discrepancies are more pronounced, perhaps because of 
partial hydrolysis of the CN group. 


It appears, however, that these rationalizations of 
observed discrepancies are still insufficient. Perhaps the 
adsorption-extraction picture is more complicated than 
the model presented here. 


Hence the determination of the concentration of 
reacting species in two-phase systems with quaternary 
ammonium halides as catalysts, after separation of the 
phases, often does not reflect the real concentrations of 
these species in the organic phase of these systems 
during agitation (i.e. before separation). 22,29 


Phenomena at the interface undoubtedly play a much 
more important role than was supposed in the course of 
PTC reactions. This situation should be taken into 
account in suggested mechanistic pictures of PTC and 
related processes. 
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3-METHYLCARBOXY-1H-INDAZOLE. THEORETICAL STUDY OF 
ITS FORMATION VIA INTRAMOLECULAR ALIPHATIC 


DIAZONIUM COUPLING AND X-RAY CRYSTAL STRUCTURE 
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AND 


CHARLES L. BARNES* 
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The methyl ester of 1H-indazole-3-carboxylic acid (2-Me) is formed in the diazotization of o-aminophenylacetic acid 
to o-diazoniumphenylacetic acid (1) in an intramolecular aliphatic diazonium coupling. 2-Me was identified and 
characterized by single-crystal x-ray diffraction and found to crystallize as hydrogen-bonded trimers of 
crystallographically independent molecules. The methylcarboxy groups are rotated slightly out of the best plane of the 
trimer resulting in only a pseudo-threefold axis. The crystal structure of 2-Me is compared with other indazoles and 
pyrazole. Regioselective electrophilic diazonium ion addition to the enol tautomer of 1 and subsequent hyrazone-azo 
tautomerization are proposed as a possible mechanism for indazole formation under acidic conditions. The 
tautomerization equilibrium between acetic acid and its enol1,2-dihydroxyethene was studied and the effects of phenyl 
and o-diazoniumphenyl substitution on this equilibrium were explored with semi-empirical quantum mechanical 
methods. The performance of the semi-empirical method was assessed by comparison with ab inirio and/or 
experimental data. It was found that the enol of o-diazoniumphenylacetic acid is stabilized greatly owing to extended 
conjugation and push-pull interactions in the enol form. These results suggest that the enol tautomer might be a viable 
reactive intermediate that warrants considerations in discussions of reaction mechanisms. 


INTRODUCTION a n t i m ~ n a t e ~ ~ ) .  Heterosubstituted diazonium  ion^^*^ 
In contrast to the well known aromatic systems, the 
characterization of aliphatic diazonium ions by physical 
organic techniques is still incomplete since they are 
highly reactive intermediates. ’ We have studied 
diazonium ions with ab inifio theoretical methods 
beginning with the small aliphatic2 and later including 
aromatic systems. Our studies revealed that the formal 
charges in the commonly used Lewis structure 
R-N+=N do not reflect the actual charge distri- 
butions. A new bonding model was proposed that is 
consistent with their electron density distributions and 
applies to all kinds of diazonium ions. We were able to 
establish an important link between theory and exper- 
iment recently with the first x-ray structure determi- 
nations of aliphatic diazonium ions ( P,@-d ie th~xy-~~  
and B,P-dichlorovinyldiazonium hexachloro- 


*Authors for correspondence. 
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(XNN)+ were also studied and compared with exper- 
imental data. Moreover, the bonding model was shown 
to be fully consistent with structural features associated 
with ‘incipient nucleophilic attack’ in diazonium ions. 


Crystal structures of diazonium ions with nucleophi- 
lic neighboring groups exhibit distortions that have 
been interpreted by postulating an ‘incipient nucleophi- 
lic attack’ of the proximate nucleophile on N-a.  This 
explanation relies on the assumption that the charge 
distribution is correctly represented by the Lewis struc- 
ture R-N+=N, an assumption that we have chal- 
lenged. We tested the ability of our bonding model to 
explain the distortions in isomeric systems A, and the 
results fully support the new modeL7 Since all of the 
diazonium ions that we studied have rather common 
features, it seems reasonable to assume that our 
findings would carry over to the larger molecules for 
which experimental data exist and, hence, that the 
explanation for the distortions in the crystal structures 
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R = H, alkyl, o(r) 


requires revision in general. Nevertheless, it would be 
advantageous to carry out the theoretical analysis for  a 
system for which the experimental data also exist. Since 
all of the suitable known diazonium ions are too large 
for our ab initio theoretical analyses, we decided to 
focus on systems B and C. We have already succeeded 
in the determination of the crystal structures of the pre- 
cursor for benzyne formation (2-carboxybenzene- 
diazonium zwitterion hydrate),8a of its conjugate acid 
(2-diazoniumbenzoic acid)8b and of their 1 : 1 com- 
plex,'" and we are now focusing on the homologue C, 
which allows for more flexibility in the approach of the 
carboxy group toward the N2 group. Unexpectedly, we 
have discovered that the title compound 
3-methylcarboxy-lH-indazole (2-Me), is formed in 
small amounts in the synthesis of C (Scheme 1). We 
were able to obtain single crystals of this side product 
and to identify it by x-ray diffraction. Here, we report 
the crystal structure of 2-Me and present results of a 
theoretical study of its formation via intramolecular 
aliphatic diazonium coupling. It is suggested that the 
heterocycle formation might involve the electrophilic 
diazonium ion addition to the enol form, and semi- 
empirical quantum-mechanical calculations were 
carried out and are reported to estimate the lowerings 
in the relative energy of the enol form of O- 
diazoniumphenylacetic acid due to the formation of the 
extended conjugation and to push-pull stabilization in 
the enol form. 


COOMe 


Scheme 1 


EXPERIMENTAL AND THEORETICAL 
METHODS 


Preparation. The preparation of 2-carboxymethyl- 
phenyldiazonium ion described by Baumgarten et al. 
was followed. A 1.OOg (5.5mmol) amount of 2- 
nitrophenylacetic acid (Aldrich) was neutralized with a 
solution of 331.2mg of NaOH in 30ml of MeOH. 
After addition of 10.43 mg of 10% activated Pd(C) to 
the acetate solution, the hydrogenation was carried out 


at room temperature under a hydrogen pressure of 
50 psi (1 psi = 6895 Pa) for ca 3 h. The catalyst was 
removed by filtration through a layer of Celite. The sol- 
ution was cooled to 0°C  and 0.381 g (5.5 mmol) of 
NaNOz was added to the stirred solution. A 4ml 
volume of cooled HCI were added dropwise over a 
7-8min period, causing the color of the solution to 
become light orange. Stirring was continued for 20 min 
after the addition was complete. Under refrigeration, 
diethyl ether was allowed to diffuse into the system over 
a 1-1 - 5  day period to initiate crystallization. 


Inspection of the crystals under a polarizing micro- 
scope clearly revealed the presence of two types of crys- 
tals. Aside from the needle-shaped crystals of the main 
product, which were unfortunately inadequate for x-ray 
diffraction, we found a small amount of clear hexag- 
onal crystals of the side product 3-methylcarboxy-1H- 
indazole. 


X-ray crystal structure determination. Data were 
collected on an Enraf-Nonius CAD4 diffractometer 
with graphife monochromated Cu Ka radiation 
(X = 1 -5418 A) using the w - 28 scan technique. Lattice 
parameters were obtained from least-zquares fit of 25 
reflections in the range 40 < 28 c 50 . The structure 
was solved by direct methods with SHELXS" with 
some difficulty resulting from the strong pseudo- 
symmetry. Omitting several of the highest E values 
from the initial phase, refinement led to a correct sol- 
ution. All non-hydrogen atoms were refined with aniso- 
tropic thermal parameters. All hydrogen atoms were 
included in the model in idealized positions with 
assigned isotropic thermal parameters. Assignment of 
the polarity of the crystal by refinement of the 11 par- 
ameter was not conclusive [q  = 2 ? 21. All calculations 
except as noted were carried out with NRCVAX." 
Experimental details of the x-ray analysis are given in 
Table 1. 


Theoretical studies. The enolization of the phenyl- 
acetic acids was studied with Dewar's semi-empirical 
methods" (the program MOPAC was usedI3) and wit: 
the recent Austin Model 1 (AMl) parameter set. 
Stewart's Parametric Model 3 (PM3) l5 also was used in 
a few calculations. Symmetry was imposed on some of 
the structures as described. All systems were optimized 
structurally with tight convergence criteria and the 
Hessian matrices were then computed to verify the sta- 
tionarity of the located structure and to obtain vibra- 
tional frequencies and zero-point energies. The 
enolization of acetic acid was also studied with ab initio 
techniquesI6 with the program Gaussian 90. Struc- 
tures were optimized and characterized at the 
RHF/3-21G level, structurally refined in optimizations 
at the RHF/6-31G* level and more reliable relative 
energies were then computed with the inclusion of per- 
turbational corrections for electron correlation to third- 
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Table 1. Crystallographic data for 3-methylcarboxy-lH-indazole 


Formula 
Formula weight 
Space group 
a (A) 
c ('$1 
V (A') 
Z 


(g cm-'1 
Crystal size (mm) 
p (Cu KO) (em-') 
T ("C) 


C 9 H 8 N 2 0 z 
176.17 
P61 
14 * 7 17(4) 
21.201(17) 
3789(3) 
18 
1.390 
0~10x0~10x0*10  
7.6 
23(2) 


No. of data measured 
No. of unique data 
No. of data used 
Ri (merging R )  


Range of hkl 
2gm.x ('1 


R a  
Rb 
(Shift/error),., 
Largest peak (e- A-3) 


41 10 
1931 
1574 
0.022 
120 
0 6 h g 1 4  
O G k g 1 3  
OGIG22 
0-052 
0.062 
0-005 
0.17 


order in the frozen core approximation, 
MP3(fc)/6-3lG*//RHF/6-31G*. Heats of formation, 
relative and vibrational zero-point energies and the ab 
initio total energies are summarized in Table 3. 


RESULTS AND DISCUSSION 


Solid-state structure of 3-methylcarboxy-1H-indazole 
Figure 1 is an ORTEPII'' view of the hydrogen-bonded 
trimer formed by the three crystallographically indepen- 
dent molecules. The pseudo-threefold axis relating the 
molecules is approximately parallel to the crystallo- 
graphic sixfold screw axis. The H-0 and H-N dis- 
tances given in Figure 1 suggest probable bifurcated 
hydrogen bonds, although it must be noted that the 
hydrogen atoms were placed at calculated positions. In 
each molecule, the carbonyl is rotated slightly out of the 
plane of the indazole ring sys!em (the torsion angle 
N-2-C-3-C-10-0-1 is -4.6 , - 1.6" and 2.8" for 
molecules A, B and C, respectively). 


Important bond lengths and bond angles of the 1H- 
indazole fragment of 2-Me are listed in Table 2 for mol- 
ecule A and the differences from these values in 
molecules B and C are also given. For comparison with 
the structures of other 1H-indazoles and of pyrazole, 
we selected the crystal structures of the parent 
indazole l9 (3), of 4-nitro-7-phenylsulfonylmethyl 
-lH-indazole" (4), of the indazole frameworks 
A and B in morpholinebis(3,5-dinitroindazole)z' 
(5) and of di-tert-butyl 2-( 1H-indazole-3-y1)amino- 
fumarate22 ( 6 ) .  These systems are shown in Scheme 2 
[others reported with similar characteristics 
include 3-morpholino-6-nitroindazole, 23a 4- 
(6-hydrazino-lH-indazol-3-yl)benzene-l,3-dio123b and 
3-phenyl-5-methyl-lH-indazole23c] . 


The data in Table 2 allow one to study the respon- 
siveness of certain bonds to substitution and/or crystal 
packing. Whereas 3 and 4 contain 3-unsubstituted 1H- 
pyrazoles, 5B is closely related to 2-Me as it contains 


0 


6 & 
Figure 1. ORTEPII drawing of the hydrogen-bonded 
3-methylcarboxy-1H-indazole trimer formed by the three 


crystallographically independent molecules 


the electron-withdrawing NO2 group in the 3-position 
and 6 contains an amino function (formally electron- 
donating) in that position. In 5B, a and d are slightly 
(0.014 A) shorter compared with 2-Me, the pyrazole 
angles differ by less than 2" and the effects of the 
second NO2 group are clearly manifested in the benzene 
ring. Except for b, the bond lengths in the pyrazole ring 
of 6 are similar to those found in 5 and the respective 
values for 4 also are fairly close to the values in 5. 
Hence these A values for the pyrazole rings are not a 
simple consequence of the nature of the 3-substituent. 
Note also that most of these A values are no larger in 
magnitude than are the differences between the values 
determined for the symmetry-independent molecules 
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Table 2. Comparison of selected structural parameters with indazoles and pyrazole”-c 


Indazoles 
Indazole 2-Me Pyrazole 7 


3 4 5 5 6 
A B C (Ref. 19) (Ref. 20) (Ref. 21) (Ref. 21) (Ref. 22) Ref. 24 Ref. 25 Ref. 26 


Parameter (B-A) (C-A) (A) (B) (room T )  (low T) (neutron) 


a 
b 


d 
e 
f 
g 
h 


k 


C 


1 


a1 


012 


a3 
a4 


as 
P I  


P z  
P3 


P 4  


Ps 
P6 


1.375 
1.337 
1.324 
1.424 
1.396 
1.386 
1.421 
1.384 
1.392 
1.398 


113.2 
104.5 
113.0 
103.1 
106.1 
120.3 
118.2 
119.6 
123.6 
114.9 
123.4 


0.01 
-0.024 
- 0.002 
- 0.005 


0.021 
- 0.026 
- 0.040 
-0.025 


0.009 
- 0.01 1 
-1.9 


4.1 
- 4.0 


2-7 
-0.8 
-2.5 


0.1 
4.1 


- 4.8 
4.4 


- 1.4 


- 0.013 
0.013 


-0.014 
0.013 


-0.010 
- 0.008 
-0.006 


0.018 
0.026 
0.015 


-2,2 
1.6 
0.2 


-2.0 
2.4 
0.7 


-0.4 
2.9 


1.6 
- 1.9 


-3.0 


-0.021 
0.044 


-0.036 
- 0.023 
- 0.001 
- 0.033 


0.01 1 
- 0.025 


0.010 
0.008 


-3.1 
1.2 
0.6 
0.7 
1-3 


1.6 
0.7 


-2.3 
2.2 


- 1 - 1  


-2.3 


-0.017 
0.018 


-0*010 
- 0.012 


0.009 
-0.022 


0.019 
-0.005 


0.012 
0.008 


- 1 . 1  
1.2 


- 1.1  
1.0 
0.0 


-3.6 
2.9 
0.8 


- 1 . 8  
1.6 
0.1 


-0.011 
0.005 
0.01 1 


- 0.020 
0.001 


-0.015 
-0.017 
- 0.002 


0-015 
0.009 


-5.0 
3.5 


- 1 . 1  
-1.4 


4.2 
0 -6  


-2.5 
4.8 


-3.5 
2.5 


-1.8 


-0.013 
0.008 


- 0.003 
- 0.015 


0-005 
- 0.028 
-0.022 
-0.015 


0.009 
0.004 


- 1.7 
0.8 
0.1 


-0.6 
1.4 


-0.1 
- 2.2 


4.7 
-3.0 


1.4 
-0.8 


-0.016 
0.039 


-0.004 
-0.019 


0.014 
-0.013 


0.003 
- 0.010 


0.003 
0.013 


-1.2 
0.5 


-0.7 
1 . 5  


-0.2 
-1.2 


0.3 
1.7 


-2.4 
2.5 


-0.8 


-0.076 
0.022 
0.021 


-0.086 


0.020 
-0.8 
- 1.5 


0.7 
0.2 
1.5 


- 0.038 
0.015 
0.004 


-0.035 


- 0.027 
- 0.2 
-0.8 
- 1.2 


2.0 
0.2 


- 0.042 
0.004 
0.006 


-0.106 


-0.022 
-1.3 


0.4 
- 1.4 


1.3 
1.2 


aValues are in b, and degrees. See Scheme 2 for definition of molecules. 
Differences A are given for molecules 3-6 where A = molecule - 2-Me. 
Values for molecule A are given because they deviate the least from the average values for molecules A-C. 


A-C of 2-Me. The parent system 3 is characterized by 
the longest N-N bond (1-381 A) and comparatively 
short bonds a, c and d. 


For pyrazole itself (7) we included entries in Table 2 
for the structures determined by x-ray diffraction at 
roomz4 and low temperature” and by neutron 
diffractionz6 [the values given in Table 2 are averaged 
over two independent molecules; a1 :or one of these 
neutron structures was roeported as 120 ; it appears that 
this value should be 112 as (i) this value agrees with the 
a1 value of the second molecule in a comparable 
fashion as do the other v?lues and (ii) the sum of the 
inner angles becomes 540 , as should be]. Note that 
several of the bond lengths determined in these three 
experiments deviate more from each other than from 
the respective values of the indazole 2-Me. Considering 
these differences in the experimental values, we can con- 
clude only qualitatively that benzo condensation of 
pyrazole lengthens bonds d and a while it shortens 
bonds b and c to a smaller extent. 


Intramolecular aliphatic diazonium coupling 


Diazonium ions are well known to couple with acidic 
C-H bonds of aliphatic compounds in the presence of 


PhSO 


0 t h  


n I 6 
Scheme 2 
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It0 OMe 


Q? “PN ‘,.-en- & 6Me I 


2-Me ’ 
3H-lndazole 1H-lndazole 


Scheme 3 


a moderate base such as aqueous sodium acetate. 27.28 


P-Keto-esters are typical representatives of C-H active 
compounds of the type Z-CH2-Z that undergo 
aliphatic diazonium ion coupling (the Japp- Klinge- 
mann reaction is a special case of the aliphatic 
diazonium coupling, e.g. Ref. 29). In the presence of 
base, the mechanism most likely involves the formation 
of the stabilized carbanion, coupling to yield the azo 
compound, and subsequent tautomerization to the 
more stable hydrazone isomer. This base-catalyzed 
mechanism is outlined in Scheme 3 for the reaction of 
o-diazoniophenylmethylacetate chloride, 1-Me. Since 
our crystals consist of the methyl ester of lH-indazole- 
3-carboxylic acid, 2-Me, we assume that a small amount 
of the acid, 1-H, undergoes esterification under the 
acidic diazotization conditions, but it is possible that 
esterification occurs after the formation of the 1H- 
indazole 3-carboxylic acid, 2-H. 


Base-catalyzed diazonium coupling appears unlikely 
under our reaction conditions. Not only is the indazole 
2 formed in the absence of base but also the methylene 
compound 1 shows comparatively little C-H acidity. 
Typical 1,3-dicarbonyIs exhibit C-H acidities from 9 
(1,3-diketones) to 14 (1,3-diesters), whereas esters have 
PKa values of about 25. The phenyl substituent helps to 
increase the acidity somewhat [cf. toluene (pKa = 37), 
PhzCHz (pKa = 33-35) and Ph3CH (PKa = 28-33)30] 
but the substrate’s pKa is certainly higher than 20. 
According to Parmerter, ** ‘the only phenylacetic acid 
that has been observed to couple [intermolecularly] 
with diazonium salts is 2,4-dinitrophenylacetic acid’ to 
result in formazan derivatives. 


An alternative mechanism for the indazole formation 
may involve the addition of the diazonium ion to the 
enol form. This isometric enol might be formed in 
small amounts under the acidic conditions of diazotiz- 
ation and it might act as the reactive species. The 
respective enol is shown in Scheme 3 and its cyclization 


concomitant with HCI elimination yields the 1H- 
indazole, just like the base-catalyzed path, as the 
primary product which then tautomerizes. We have 
studied the equilibrium between the keto and the enol 
forms of 1-H with quantum-mechanical methods to 
examine the feasibility of this alternative route 
theoretically. For the theoretical study, we select to 
study the acid 1-H. Whether I-H or its methyl ester 
1-Me actually undergo the reaction is not clear (see 
above), but 1-H provides for an excellent model in 
either event. 


Theoretical study of the keto-enol isomerization 


Judging the theoretical method 


In selecting the best parameter set for our theoretical 
study, we reviewed the extensive compilation by 
Stewart.3’ Inspection of the data for aromatic systems 
with and without nitrogen (not including indazole) 
revealed no clear advantage for either AM1 or PM3. 
With our crystal structure of 2-Me, however, we are 
now in a position to compare and judge the perform- 
ance of these parameter sets with regard to our specific 
system of interest. 


We optimized C, symmetric 2-Me with the AM1 and 
PM3 methods and the results are compared with the 
solid-state structure in Figure 2. As can be seen, the 
agreement between both theoretical methods and the 
x-ray data is generally very good. Bond alterations in 
the aromatic rings and trends in angular distortions are 
all manifested in the same fashion in all three data sets. 
There are no obvious systematic differences between 
calculated and measured bond lengths indicating that 
solid-state effects on these ‘hard’ parameters are very 
small or essentially negligible. However, angular defor- 
mations are more susceptible to packing effects as such 
deformations require less energy and for most angular 
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Table 3. Heats of formation, energies and vibrational zero-point energiesa 


Molecule Method AHror E N b  VZPEC AETd AEfOmd 


3-Methylcarboxy-1 H-indazole, 2-Me 
C S  


C1 


CI 
Planar 
c1 
Planar 


Acetic acid isomers 
8a, eclip. OH 


8b, stag. OH 


Trimer of 3-methylcarboxy-lH-indazole, (2-Me)3 


9a, cis-tr 


9b, cis-cis, C, 
9c, tr-tr, C2" 
9d, tr-tr, C2 
9e, tr-tr, C, 


10a, C, 
l l a ,  C, 
lob, CIS Hop, 
l O C ,  c1, cop, 
l l b ,  CI 
l l c ,  c, 
12a, C, 
13a, C, 


2'-Diazonium-phenylacetic acid isomers 


Phenylacetic acid isomers 


12b, C1 
13b, C1 


AM 1 
PM3 
PM3 


AM1 
AM1 
PM3 
PM3 


AM1 
RHF/3-21G 


AM 1 
RHF/3-21G 
RHF/6-31G* 


MP2(fc)/6-3lG* 
MP3(fc)/6-3lG* 


AM1 
RHF/ 3-21 G 
RHF/6-3 1 G* 


MP2(fc)/6-3 1G* 
MP3(fc)/6-3 1G* 


AM1 
AM 1 
AM1 
AM 1 


AM1 
AM 1 
AM1 
AM 1 
AM1 
AM1 


AM1 
AM1 
AM1 
AM 1 


2-36 
- 13.99 
- 14-36 


- 12.87 
- 12.89 
-57.18 
- 57.21 


- 103.02 
- 226.532925 
- 102.99 
- 225.534237 
-227.810648 
- 228.41 5423 
- 228.427686 
-83.02 
- 226.492201 
-227.754194 
- 228.357892 
-228.374773 
-79.35 
- 77-27 
- 80.66 
-78.05 


158-99 
162.27 
151.68 
149.15 
162.17 
157.13 


-71.74 
- 54.18 
-75.47 
- 60.98 


0 
2 
0 


0 
1 
1 
0 


0 
0 


0 
1 
1 
1 


2 
1 
0 
0 
0 
0 


2 
2 
0 
0 


103.60 
98.69 
98.69 


6.65' 


4.70' 


39-00 20.00 20.79 
41.30 
38.91 
41.39 26.38 25.88 


35.42 34-92 
36.10 
33.20 


39-79 
40.84 


39.65 
37.65 
37.96 
37.67 


91.07 3-28 3.34 
91.13 
91-68 
91.72 7.98 
90.65 
91.34 


91.86 17.56 16-38 
90.68 
92.18 14.49 14.13 
91.82 


'Values in kcalmol-I except for ab inifio total energies which are in atomic units. 
Number of imaginary frequencies NIMAG. 
Vibrational zero-point energy. 


Msller-Plesset calculations based on RHF/6-31Gg structures. 


dRelative stability of the keto over the enol form without and with inclusion of vibrational zero-point energy corrections. 
'These values are trimerisation energies for 2-Me in kcalmol-I per indazole unit. 


parameters we find that the sets of calculated par- 
ameters differ less among each other than compared to 
the experimental data. The most noticeable differences 
occur in the C-N-N(H) (012) and C-C-N (013)  
angles of the pyrazole; in the solid stat," the 
N-N-N(H) angle is compressed to 104.5 and 
C-C-N angle is opened to 113-0" whereas the calcu- 
lated values indicate only small devittions from the 
ideal five-membered ring angle of 108 . The angles in 
the pyrazole ring of 2-Me are in excellent agreement 
with the respective values found in crystal structures of 


the indazoles and pyrazole (see above). Since the 
packing effects for 2-Me and the crystals of the other 
indazoles and of pyrazoles are all different, it would 
appear that the deviations in the angles C-C-N and 
C-N-N(H) indicated by the theoretical methods are 
artifacts of the methods. 


The Hessian matrices were calculated for the C, 
structures to assure that the stationary structures are 
minima. The AM1 optimized structure was confirmed 
to be a minimum, but two imaginary frequencies were 
found for the PM3 structure. Both of these imaginary 
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2-Me Fl 
X-Ray b 1.429 


Trimerization of 3-methylcarboxy-IH-indazole 
We optimized (2-Me)s at the semi-empirical levels com- 
pletely and also with the condition that the indazoles all 
lie in the same plane. While the complete optimizations 
resulted in chiral structures of the type found in the 
solid state, the heats of formation (Table 3) suggest no 
intrinsic advantage for asymmetric structures and, 
importantly, they also show that such small distortions 
require very little energy. 


The C,-optimized and de fact0 C3" AM1 structure of 
(2-Me)3 is shown in Figure 3. The crystal structure 
analysis indicates bifurcated H-bonds with the H-0 
bond *being longer than the H-N bond by about 
0.17 A (Figure 1). The PM3 structure exhibits such 
bifuraction and the same preference for shorier H-0 
bonds compared with N-H bonds (by 0-18 A) but all 
H-bond lengths are predicted to be much longer (ca 
0-4A) .  In contrast, the AM1 structure shows a clear 
preference for the 0-acceptor: the H-0 distances are 
2.12 A and agree closely with the x-ray structure but 
the H-0 and H-N distances differ greatly (by 
0.62A). With the AM1 and PM3 parameters, the 
trimerization energies, that is the stability increase for 
each 2-Me upon trimer formation, are 6.7 (AMI) and 
4.7 (PM3) kcal mol-', respectively. 


Figure 2. Selected structural parameters of 
3-methylcarboxy-lH-indazole as  determined with AM1 and 
PM3 compared with values determined in the x-ray diffraction 
study. Values given by italics are the averages of the exper- 


imental values for pyrazole; compare Table 2 


frequencies are a"-symmetric and the associated tran- 
sition vectors indicate pyramidalization at the NH- 
nitrogen (i138cm-I) and a torsion of the 
methylcarboxy group (i25 cm- I ) .  We reoptimized the 
indazole with the PM3 parameters without any con- 
straints and found a chiral minimum that is only 
0.4 kcalmol-' (1 kcal= 4-184 kJ) more stable than the 
planar structure. This chiral structure differs very little 
from the planar structure: only the torsional parameters 
are affected. Specifically, the carboxyl group is rotate: 
significantly with respect to the indazole plane by 47 
and the pyrazole-lN is pyramidalized such that a 
1H-N-N-C dihedral angle of 160" results. [We note 
that the potential energy surfaces along the N-1 inver- 
sion path are rather shallow on the AM1 and on the 
PM3 surfaces. The frequencies of the vibrational modes 
corresponding to pyramidalization (AMl) or N inver- 
sion (PM3) all are a 100 cm-I.] These results suggest 
that PM3 underestimates the degree of electron deloca- 
lization in the pyrazole ring to some extent and AM1 
was therefore used in study of the enolization Enolizations of carbonyls and the keto-enol equi- 
equilibria. librium of acetaldehyde in particular have been studied 


Figure 3.  Selected structural parameters of the Cs symmetric 
hydrogen-bonded trimer of 3-methylcarboxy-1H-indazole as 


determined with AM1 and PM3 


acid eno'ization 
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in detail both t h e ~ r e t i c a l l y ~ ~ - ~ ~  and experimentally, 35 
but there are only a few reports on the corresponding 
process for carboxylic acids (the radical cations of 
acetic acid and its enol forms have been studied in the 
gas and substituent effects were examined 
t h e ~ r e t i c a l l y ~ ~ ~ )  or derivatives (for a recent example, 
see Ref. 37. Enolization is considered to be the key step 
in the conversion of arylacetohydroxamic acids to  sec- 
ondary amides. It is thought that a conjugating group 
at C-2 is needed to  acidify the a-proton or to  increase 
the proportion of the enol form). For acetaldehyde, the 
enol form vinyl alcohol was calculated to  be 
13 kcal mol- ' less stable at levels that employed double- 
{ basis sets and included electron correlations. 


Acetic acid was optimized with the AM1 method with 
the CH3 group either eclipsing (8a) or staggering (8b) 
the HO group. Conformation 8a is the minimum and 
8b is the transition state structure for the nearly free 
CH3 rotation. Several isomers of the enol form 1, l -  
dihydroxyethene (9) were examined (Figure 4). The 
planar structure 9a in which the conformations about 
the C-0 bonds are cis and trans is the most stable one 
for 9. Structure 9b with two C-0 s-cis conformations 


H3C<OH 0 .- H "+to" OH 


also is a minimum 3.7 kcaImol-' higher in energy. 
Three structures with two C - 0  s-trans conformations 
were considered within different symmetry constraints, 
but each one of these exhibits one imaginary frequency 
(Figure 4) and thus they all are transition-state struc- 
tures. With the most stable isomers 8a and 9a, the heat 
of reaction for the enolization reaction is 
20.0 kcal mol-'. Inclusion of the vibrational zero-point 
energy differences increases the endothermicity of this 
equilibrium by about 0.8 kcal mol- '. 


At the RHF/3-21G level, the energy difference 
between 8a and 8b remains small (0.8 kcalmol-') but 
is in favor of 8b. Of the en01 forms, only 9a was con- 
sidered at the ab initio RHF/3-21G level and it was 
confirmed as a minimum. Forms 8b and 9a were re- 
optimized at  RHF/6-31G* (Figure 4) and the effects 
of electron correlation on relative isomer stability 
were estimated with third-order M0l  ler-Plesset 


Figure 4. Enolization of acetic acid. AM1 optimized stationary structures are shown on top together with their symmetries and the 
frequencies of the two lowest vibrations. The ab initio structures are shown in more detail with structural parameters given at the 


levels RHF/3-21G and RHF/6-31G* 
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perturbation theory. At our highest level, 
MP3(fc)/6-31G*//RHF/6-31G*, we find a preference 
of 33.2 kcalmol-' for the keto form 8b of acetic acid 
compared with the enol form 9a. Vibrational zero-point 
energy corrections reduce this preference (after scaling) 
by 0.5 kcalmol-'. The enolization of acetic acid thus 
requires about 20 kcal mol-' more energy compared 
with the formation of vinyl alcohol from acetaldehyde. 
The ab inifio data indicate that the absolute preference 
energies for the acid are underestimated by the semi- 
empirical theory. In reflection of this finding, our dis- 
cussion of the semi-empirical results for the much larger 
systems will focus more on relative lowerings in the pre- 
ference energies than on their absolute values. The 
semi-empirical theory is well known to reproduce such 
relative energy differences much more reliably. 


Enolization of o-diazoniurnphenylacetic acid 


To estimate the effects of the aromatic ring system on 
the enolization equilibrium pertinent to the formation 
of the indazole 2-Me, we considered the cation o- 
diazoniumphenylacetic acid, 10, and its enol form, 11, 
in our AM1 study. The planar structures of 10a and l l a  


H 


H 


were first optimized with the assumed stereochemistries 
shown. Both of these structures either are transition 
states or higher order saddle points. Optimization of 10 
without symmetry constraints resulted in the structure 
lob, shown in Figure 5 ,  in which the hydroxyl 0-atom 
is placed in proximity to the N2 function. Rotamer 1Oc 
in which the carbonyl-0 is close to the N2 group was 
also optimized. Unconstrained reoptimization of l l a  
resulted in the chiral structure l l b  shown in Figure 6 
and the rotamer l l c  also was found as a minimum. As 
with the parent 1 ,l-dihydroxyethene, the cis-trans con- 
formations about the C-0 bonds are preferred; l l c  is 
5.0 kcalmol-' more stable than l l b .  


In lob and lOc, the carboxyl groups are oriented in 
such a fashion as to allow for electrostatically favour- 
able neighboring group interactions with the diazonium 
function. We have discussed the nature of these 
interactions in detail for the smaller system 3- 
diazoniumpropenoic acid' and, recently, we have 
applied our new electrostatic analysis method to 2'- 
diazoniumbenzoic acid and 2 ' -diazoniumbenzoate with 
equal success. 38 This electrostatic model predicts a 
higher stability for the conformation that places the 


more highly charged oxygen in the proximity of the 
diazonium function. As expected, 1Oc with its carbonyl- 
0 close to the N2 function is preferred by 
2.5  kcal mol-' over lob. 


With the most stable structures of the keto form 
(1Oc) and of the enol form ( l lc )  of o- 
diazoniumphenylacetic acid, we find that the enol is 
only 8 -0  kcal mol- ' higher in energy than the acid. The 
o-diazonium phenyl substituent lowers the relative 
energy of the enol form by the substantial amount of 
12 kcalmol-'. Our theoretical results suggest that the 
enol might indeed be a viable intermediate and that it 
might be the reactive species involved in the aliphatic 
diazonium coupling as proposed in Scheme 3. The 
addition of aromatic diazonium ions to activated 
double bonds is well documented. In contrast to the 
well known Widman-Stoermer synthesis 39 of cinno- 
lines via the diazotization of o-aminophenylethenes, the 
addition to the enol form of the ester would undoubt- 
edly prefer the regiochemical route leading to the pyra- 
zole rather than the pyridazine formation. 


Enolization of phenylacetic acid 


The enolization of the parent phenylacetic acid was 
examined to quantitatively estimate the magnitude of 
the diazonium substituent effect on the enolization 
equilibrium. We first optimized the planar structures of 
12a and 13a with the assumed stereochemistries as in 
the case of 10 and 11 and then optimized the chiral 
minima 12b and 13b without symmetry constraints. 
Structures of 12b and 13b are shown in Figure7. 
According to the AM1 heats of formation, the enol 
form 13b is 14.5 kcalmol-' less stable than the keto 
form 12b. 


The assistance of the electron-withdrawing 
diazonium function is clearly important for the enoliz- 
ation of the o-diazoniumphenylacetic acid. The heat of 
reaction for enolization of the diazonium ion system is 
6.5 kcal mol-' less compared to the unsubstituted 
phenylacetic acid. Not only does enolization provide 
the advantage of conjugative stabilization through the 
formation of the phenylvinyl system (mesomeric form 
I)  but, in addition, the highly electron-withdrawing 
N2-substituent causes push-pull electron density shifts 
that stabilize the enol form through partial delocaliza- 
tion of the positive charge on to the dihydroxyvinyl 
substituent as represented formally by the mesomeric 
forms I1 and 111. 


HoYHo Ho+YHo 


I I1 I11 
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Figure 5 .  Rotamers of o-diazoniumphenylacetic acid as optimized with the AM1 model. 10c is preferred over 10b 
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CONCLUSION 
3-Methylcarboxy-1 H-indazole, 2-Me, is formed by 
intramolecular aliphatic diazonium coupling in the 
diazotization of o-aminophenylacetic acid was iden- 
tified and structurally characterized by single-crystal 
x-ray crystallography. Whereas intermolecular aliphatic 
diazonium coupling was reported for the one case of 
2,4-dinitrophenylacetic acid, the intramolecular coup- 
ling to a methylene group of low acidity in the absence 
of base appears unprecedented. 


It is proposed that indazole formation might involve 
the addition of the diazonium function in a regioselec- 
tive fashion to the enol form of the substrate. Additions 
of diazonium ions to activated C=C double bonds are 
precedented and our semi-empirical studies suggest that 
the enol form of o-diazoniumphenylacetic acid is a 
viable species that might be the reactive species. With 
the AM 1 parameters, the semi-empirical calculations 
suggest that the enolization of acetic acid is greatly 
assisted by the o-diazoniumphenyl substituent and that 
the enol is only about 8 kcalmol-' higher in energy 
compared with the acid. Our higher level ab initio cal- 
culations suggest that the AM1 method overestimates 
the stability of the enol somewhat, but the qualitative 
conclusions are expected to remain valid. The compari- 
son with the enolization of phenylacetic acid itself 
shows that both the formation of the extended conju- 
gated system as well as push-pull stabilization are 
equally important for the relative stabilization of the 
enol form. 


The diazotization of o-aminophenylacetonitrile 
under the same conditions yield 3-cyanoindazole in 
good yield4' (note that the acid 1-H is accessible syn- 
thetically by hydrolysis of the product 3- 
cyanoindazole). The mechanism of that reaction has 
not been studied and it remains an open question 
whether an analogous 'enolization' might be involved. 
Substituted o-toluidines form indazoles in good yield4' 
via intramolecular aliphatic diazonium coupling. 
Again, the mechanism of this reaction is not known, 
although it obviously must be different from the one 
discussed here for the phenylacetic acids. 


Supplementary material is available directly from the 
authors and contains structure factors, positional par- 
ameters, an isotropic thermal parameters and intra- and 


NaNOz - 
HCI 


NaNOz 


HAc 
NO2 \ 


H 
OzN'Q=c" - 


intermolecular bond lengths and angles (10 pages) 
together with archive entries of the semi-empirical and 
ab initio calculations (26 pages). Further details of the 
crystal structure investigation are available on request 
from the Director of the Cambridge Crystallographic 
Data Centre, University Chemical Laboratory, 
Lensfield Road, Cambridge CB2 IEW, UK, on quoting 
the full journal citation. 
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SHORT COMMUNICATION 


VIBRATIONAL SPECTRA OF CqH 7’ ISOMERS IN LOW-TEMPERATURE 
ANTIMONY PENTAFLUORIDE MATRICES 


H. VANCIK,* v. GABELICA AND D. E. SUNKO* 
Department of Chemistry, Faculty of Science, University of Zagreb, Strossmayerov trg 14, 41000 Zagreb, Croatia 


AND 


P. BUZEK AND P. v. R. SCHLEYER* 
Institut fur Organische Chemie der Friedrich-Alexander Universitat Erlangen-Nuernberg, Henkestr. 42, 0-8520 Erlangen, 


Germany 


The IR spectra of isomeric bicyclobutonium (l), delocalized cyclopropylcarbinyl(2) and 1-methylally1 (3) cations were 
recorded at 180 K in SbFs matrices. Cations 1 and 2 generated from cyclopropylcarbinyl and cyclobutyl chloride, 
respectively, rearrange to 3 at temperatures above 230 K. The structures 1, 2 and 3 were confirmed by comparison 
of the recorded frequencies with the MP2/6-31G*-calculated values. These results are in accord with prediction that 
ions 1 and 2 are rapidly equilibrating non-classical structures. 


In the word of J. D. Roberts, la the structure of C4H:, 
the very first ‘nonclassical’ carbocation, ‘has truly been 
and still is a chemical chimera.’ He does not agree that 
all the earlier evidence’ and even the advent of high 
level ab initio computations,2 the ability to calculate 
I3C chemical shifts (IGLO) with high accuracy,2b and 
the CP MAS experiments of Myhre and Yannoni 
down to 5K3 establish that two isomers of nearly equal 
energy - the symmetrical bicyclobutonium ion (1) and 
the cyclopropylcarbinyl cation (2) - are in rapid equi- 
librium. Roberts calls for ‘new ways of investigating 
C4H;’, such as infrared spectroscopy. We now answer 
this request. These results, which indicate the presence 
of two isomers of nearly equal energy, the bicyclobu- 
tonium ion (1) and a delocalized cyclopropylcarbinyl 
cation (2), as the most probable structures of the ion 
generated from cyclopropylcarbinyl or cyclobutyl pre- 
cursors, supported the evidence obtained earlier from 
deuterium isotope effects studies by Saunders and 
SiehLzd The computed (IGLO) chemical shifts fit best 
with a mixture of 1 and 2, with the former pre- 
dominating. ’b The cross-polarization magic angle spin- 
ning NMR experiments of Myhre et al. confirmed the 
theoretical calculations and demonstrated that the two 


(1) (2) (3) 


isometric ions are in rapid equilibrium even at 
temperatures as low as 5 K. Theory’ also predicts that 
the thermodynamically most stable isomer is the 
I-methylally1 cation 3. 


Using the recently developed4 matrix isolation tech- 
nique for generating carbocations, we have now 
obtained the Fourier transform spectra of ions pro- 
duced in the reaction of cyclopropylcarbinyl chloride 
and cyclobutyl chloride with SbF5: at 77-200 K in the 
matrix. The procedure started with codeposition of 
each chloride and SbF5 on the cooled CsI window at 
77 K. At this temperature the IR spectra reveal only the 
starting materials [Figures I(a) and 2(a)]. The different 
stages of the ionization of cyclopropylcarbinyl chloride 
are shown in Figure 1. The new signals which appear 
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CYCLOPROPYLCARBINYL CHLORIDE 


n 


IONS 1 AND 2 


n 


I-METHYLALLYL CATION 


0 


Figure 1 .  IR spectra of (a) cyclopropylcarbinyl chloride in SbFs matrix at 77 K; (b) the resulting mixture of 1 and 2 at 200 K; (c) 
3 at 230 K 
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Figure 2. IR spectra of (a) cyclobutyl chloride in SbF5 matrix at 77 K; (b) the resulting mixture of 1 and 2 at 200 K; (c) 3 at 230 K 
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below 180-200 K [Figure l(b)] disappear at 230 K and 
a new spectrum develops [Figure l(c)] . The same exper- 
iment was repeated with cyclobutyl chloride; the spectra 
are presented in Figure 2. 


The main difference between the spectra in Figures 
l(b) and 2(b) is in their relative intensities, whereas the 
spectra in Figures l(c) and 2(c) are identical in every 
respect. The bands which appear at lower temperatures 
Figures l(b) and 2(b)] could be best fitted with the ab 
initio MP2/6-3 1G*-computed frequencies for a combi- 
nation of frequencies for the bicyclobutonium ion (1) 
and the cyclopropylcarbinyl cation (2) by assuming that 
both isomers are present at temperatures below 200 K 
(Table 1). The experimental spectrum is compared with 
the spectrum calculated for the mixture of ions 1 and 2 
in Figure 3. The appearance of both cations 1 and 2 at 
temperatures below 200 K confirms the IGLOZb NMR 
results and also the small theoretical energy difference 
between' these ions. 


The spectrum at higher temperatures is due to the 
1-methylally1 cation' (3) [Figures l(c) and 2(c)]. The 
1 -methylally1 cation was also produced independently 
from crotyl chloride (4) and from homoallyl bromide 
(5) (Figure 4). Attempts to prepare the homoallyl cation 
6 from 5 resulted in the formation of 3, in agreement 
with the theoretical prediction that this cation is not a 
minimum on the MP2/6-31G* potential energy sur- 
face' (Figure 4). 


Cation 3 is the simplest ally1 cation observable in a 
superacid medium. The experimental IR frequencies 


Table 1. Calculated (MP2/6-31G*) and experimental fre- 
quencies of bicyclobutonium (1) and cyclopropylcarbinyl (2) 


cations (scaling factor 0.94) 
~~~~ 


1 + 2  1 2 
(exp.)(cm- ' ) (calc.)(cm-') (calc.)(cm- ' ) 
3138 3169 3170 
3013 3080 3156 
2990 3057 3150 
2947 3053 3128 
2859 3045 3056 


3053 
1572 1489 1570 
1467 1483 1502 
1450 1395 1432 
1432 1392 1384 
1280 1214 1264 
1238 1124 1227 
1203 1088 1094 
1123 
1101 
1022 1034 1078 
97 1 93 1 1037 
945 898 97 5 
905 859 
839 744 


9 


cm-1 
2000 1500 1000 500 


Figure 3. Experimental and calculatedZa (scaling factor 0.94) 
IR spectra of a I :  1 mixture of 1 and 2 
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Figure 4. IR spectra of I-methylallyl cation generated from (a) homoallyl bromide and (b) from crotyl chloride (the signals of 
unknown byproduct are labelled with arrows) 


Table 2. Calculated (MP2/6-3lG*) and experimental fre- 
quencies of  methylallyl cation 3 (scaling factor 0.94) 


Experimental Calculated Experimental Calculated 
(cm-')  (cm-l) (cm-') (cm-') 


3085 2966 1296 1310 
2937 2905 1277 
1581 1604 1244 
1536 1497 1161 
1462 1419 1075 
1371 1399 982 979 


1324 91 1 966 
852 


compare well with the calculated values (Table 2). The 
characteristic group frequency for the ally1 cation is 
asymmetric [ C - = C 4 ]  + stretching vibration at 
1581 cm- (the MP2/6-31G*-calculated frequency is 
1604 cm-I). The 3085 cm-' frequency is assigned to the 
C-H stretching vibration. 


In keeping with the suggestion that 'infrared or 
Raman spectra at 5 K could solve this problem,''a this 
work presents direct spectroscopic evidence that C4H i+ 


is best represented by rapidly equilibrating non-classical 
structures 1 and 2 of nearly identical energy. At higher 
temperatures the mixture of 1 and 2 rearranges to the 
methylallyl cation 3 which is persistent under the 
superacid conditions in the condensed phase. It is grat- 
ifying to see how some of the very early hypothesesliV6 
regarding the structure of these small but elusive 
species, which were first based on indirect, mostly 
solvolytic evidence, are now confirmed by, inter aliu, IR 
spectroscopy. 
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REACTIONS OF CYCLOALKYL CHLORIDES AND BROMIDES 
WITH DIPHENYLPHOSPHIDE IONS IN LIQUID AMMONIA 
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Departamento de Quimica Organica, Facultad de Ciencias Quimicas. Universidad Nacional de Cordoba, SUC. 16, C.C. 61, 


5016 Cordoba, Argentina 


The reactions of cycloalkyl (butyl, pentyl, hexyl and heptyl) chlorides and bromides with diphenylphosphide ions were 
studied in liquid ammonia. Cyclobutyl chloride was unreactive, whereas the bromide reacted giving the substitution 
product cyclobutyldiphenylphosphine (isolated as the oxide) in good yields; this reaction was catalysed by light and 
partially inhibited by p-dinitrobenzene @-DNB). Cyclopentyl, cyclohexyl and cycloheptyl chlorides did not react in 
the dark, but the substitution products were formed under irradiation, and these reactions were inhibited by p-DNB. 
The bromides reacted in the dark or under irradiation, and these reactions were partially inhibited by p-DNB. It can 
be then concluded that the reactivity of cycloalkyl halides depends on the ring size and the nucleofugal group. In 
addition, as the overall reactivity decreases, there is an increase in electron transfer reactions. 


INTRODUCTION 


Nucleophilic substitution reactions of alkyl halides have 
been known for a long time. The available mechanisms 
depend on the aliphatic moiety, the nucleophile, the 
leaving group and the reaction conditions. ' J  


In addition to  the polar mechanisms of nucleophilic 
substitution reactions (&I, SN2 and related 
mechanisms), several alkyl halides react with 
nucleophiles (Nu-) by an electron-transfer (ET) 
reaction [equation (l)] , and then the alkyl radical inter- 
mediate thus formed can react with the Nu' (cage col- 
lapse m e ~ h a n i s m ) ~  [equation (2)], or  it can diffuse and 
reacts with the nucleophile in a chain process 
[equation (3)]. 


ET 
RX+Nu-- (RX)-'Nu' (1 )  


(RX)-' Nu' - [R'X-Nu'] 


+ R N u + X -  (2) 
\-I 


R' 5 (RNu)-' (3) 
diffusion 


The last reaction w-echanism is the radical 
nucleophilic substitution, or S R N ~ , ~  which is a chain 
process that requires an  initiation step. The main steps 
are shown in equations (4)-(6). 


*CEQUIMAP. 
tAuthor for correspondence. 
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Initiation step: 


(4) 
ET 


RX + N u - +  R' + X- + Nu' 


Propagation steps: 


R' + Nu- d (RNu)-' (5 )  


(RNu) -. + RX RNu + R' + X- (6) 


If no spontaneous ET takes place from the 
nucleophile to  the substrate RX [equation (4)], it can 
occur under photostimulation. 


The alkyl halides that react by the S R N ~  mechanism 
are those which have an electron-withdrawing group,' 
perfluoroalkyl or a relatively low reactivity 
toward polar nucleophilic substitution due to  steric, 
electronic or strain  factor^.^ Hence it has been found 
that several bridgehead halides, ' and also neopentyl 
halides' and even tert-butyl  chloride^,^ are able to react 
by the SRNI mechanism. 


The nucleophilic substitution of cycloalkyl halides 
has been studied and different behaviours were found, 
depending on the ring size, the nucleophile, the leaving 
group and the reaction conditions, but in general they 
are less reactive than the non-cyclic substrates. 


Cplopropyl tosylate solvolyses in acetic acid at 
170 C by an S N ~  type of nucleophilic substitution," 
but a disrotatory opening is necessary to  assist the 
departure of the leaving group (electrocyclic process), I '  
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and it has a high activation energy. Nucleophilic substi- 
tution is possible on cyclopropyl halides without ring 
opening with a-sulphide substituents that stabilize the 
positive charge. I' 


On the other hand, it has been reported that cyclo- 
propyl bromides react under irradiation with 
diphenylphosphide and benzenethiolate ions in liquid 
ammonia by the S R N ~  mechanism to give the substitu- 
tion product without ring opening. l3 


gem-Dibromocyclopropanes react under irradiation 
with different nucleophiles in liquid ammoniaI4 and 
dimethyl sulphoxide 13b by the S R N ~  mechanism to give 
mainly the disubstitution products, but in the reaction 
with diphenylphosphide (PhzP- ) ions as nucleophile it 
gives in the dark a bromocyclopropane derivative. 
Hence it has been suggested that gem-dibromocyclo- 
propanes undergo a fast nucleophilic attack on the 
bromine to give the monobromo dehalogenation 
product. However, gem-dichlorocyclopropanes do 
not react in the dark with PhZP-- ions but under irra- 
diation they give good yields of disubstitution product 
by the S R N ~  rnechanism.l3" 


It is known that the poIar substitution reaction of 
bromocyclobutane is accompanied by a ring opening 
and rearrangement leading to cyclopropylcarbinyl and 
butenyl derivatives through an s N 1  mechanism. When 
the cyclobutane has both the leaving group and a sub- 
stituent at the same carbon atom that stabilizes the posi- 
tive charge, such as 1-methyl-1-chlorocyclobutane, it is 
possible to perform a substitution by the SN1 
mechanism without rearrangement. For instance, the 
rate of solvolysis l7 or acetolysis l8 is much slower than 
for the open-chain tertiary chlorides. 


Compounds with five-, six and seven-membered rings 
react with most nucleophiles by an sN2 mechanism 
without rearrangement. ' Five-membered-ring com- 
pounds solvolyse 14 times faster than cyclohexyl deriva- 
tives, and cyclobutyl derivatives are 1 1  times more 
reactive than cyclohexyl derivatives. l9 


It has been reported that cyclohexyl chloride reacts 
with trimethylstannyl sodium in tetrahydrofuran, and 
37% sN2 substitution and 31% ET was proposed 
whereas cyclohexyl bromide reacts with 94% ET and 
4010 halogen-metal exchange. 2o 


In this work, we undertook the study of the reactions 
of cyclobutyl, cyclopentyl, cyclohexyl and cycloheptyl 
chlorides and bromides with PhZP- ions in liquid 
ammonia in order to establish the influence of the ring 
size and nucleofugal groups on the reaction mechanism. 


RESULTS AND DISCUSSION 


Cyclobutyl halides 


There was no reaction, in the dark, nor under irradia- 
tion of cyclobutyl chloride (1-4a) with PhzP- ions in 
liquid ammonia, but the bromide (1-4b) reacted in the 


dark in 15 min to give 42% of the substitution cyclo- 
butyldiphenylphosphine, isolated as the oxide (2-4) 
[equations (7 )  and ( S ) ]  . 
cycloalkyl-X + PhzP - ---+ cycloalkyl-PPh2 + X - 


1-4, C4H7 
1-5, C5H9 (7) 
1-6, C ~ H I  I 


1-7, C7H13 
a, X = Cl; 
b, X = B r  


[OI cycloalkyl-PPhz - cycloalkyl-P(0)Phz (8) 
2-4, C4H7 
2-5, C5H9 
2-6, CaHii 
2-7, C7H13 


This reaction is catalysed by light (83% of product 2-4 
in 15 min, with 1OOqo of bromide ions eliminated), and 
this photostimulated reaction was partially inhibited by 
p-dinitrobenzene (p-DNB), a well known inhibitor of 
S R N ~   reaction^.^ In the latter reaction, the amount of 
product 2-4 obtained (46%) is similar to that obtained 
in the dark. On the other hand, the reaction in the dark 
was not inhibited by p-DNB (Table 1). 


All these reactions were examined for the formation 
of ring-opened products, but only 2-4 was detected. 


The facts that this reaction was catalysed by light and 
that it was partially inhibited by p-DNB suggests that 
the mechanism of the reaction is in part S R N ~ .  On the 
other hand, there was an important thermal (dark) 
reaction that was not inhibited by p-DNB, and no 
cyclopropylcarbinyl and butenyl derivatives were 
found. The facts that the cyclic substitution product 
was obtained and also that the reaction rate was fast at 
low temperature (- 33 'C, b.p. of ammonia) suggest 
that this is not a polar nucleophilic substitution, where 
rearranged products are formed with high activation 
energy. 


Cyclopentyl halides 


Cyclopentyl chloride (1-5a) reacts with PhlP- ions 
under irradiation in 60 min to give the substitution 
product [isolated as the oxide (2-5) in 70qo yield and 
95010 of chloride ions]. However, in the dark there was 
only 4% yield of 2-5 (although there was 22% yield of 
chloride ion eliminated), and the photostimulated 
reaction was almost completely inhibited by p-DNB 
(8% yield of 2-5). 


All these results suggest that substrate 1-5a reacts 
with PhrP- ions mainly by the S R N ~  mechanism. The 
facts that the yield of the substitution product is lower 
than that of the chloride ion eliminated and that no 
other products were found under experimental con- 
ditions used may indicate that a minor reaction such as 
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Table 1. Reactions of halocycloalkanes with PhZP- ions in liquid ammonia" 


Conditions 
Substitution 


Entry Cycloalkyl-X Irradiation Time (min) x- (To) products (To)b 


1 
2 
3 
4d 
5d 
6 
7 
8d 
9 


10d 
11 
12d 
13e 
14e 
15 d.e 


16e 
17' 
18' 
19e 
20d.e 
21d" 
22 
23 
24 
25 
26d 
27 
28d 


hv 
hv 


Dark 
hv 


Dark 
hv 


Dark 
hv 
hv 
hv 


Dark 
Dark 
hv 


Dark 
h v  
hv 


Dark 
hv 


Dark 
hv 


Dark 
hv 


Dark 
hv 
hv 
hv 


Dark 
Dark 


180 
15 
15 
15 
15 
60 
60 
60 
30 
30 
30 
30 


180 
180 
180 
10 
10 
30 
30 
30 
30 


180 
180 
180 


15 
15 
15 
15 


5 
100 
47 
46 
45 
95 
22 
14 


100 
70 


100 
75 
c 


C 


c 


c 


C 


c 


c 


E 


c 


64 
18 
4 


100 
65 


100 
52 


c 


83 
42 
46 
43 
70 
4 
8 


94 
65 
96 
72 
33 
2 
0.5 


30 
4 


93 
21 
25 
21 
56 
0.5 
0.5 


94f 
55 
96 
52 


a Reactions carried out in cu 300 ml of liquid ammonia with 1 mmol of substrate and 1 mmol of nucleophile. 
Determined by GC (internal standard method), unless specified otherwise. 
Not determined. 


dp-Dinitrobenzene (20 mol%) added. 
'From Ref. 21. 
'Isolated product. 


elimination is also occurring, and in this case the cyclo- 
pentene formed could be lost in the work-up. 


On the other hand, cyclopentyl bromide (1-5b) reacts 
almost quantitatively in only 30 rnin with Ph2P- ions in 
the dark or under irradiation. However, both reactions 
were inhibited by p-DNB t o  72% and 65% of 2-5, 
respectively. These results suggest that 1-5b reacts in 
part by a polar nucleophilic substitution reaction and in 
part by the S R N ~  mechanism. 


Cyclohexyl halides2' 


Cyclohexyl chloride (1-6a) gave only 3% of the substi- 
tution product, isolated as the oxide (2-6) in 180 min. 
Under irradiation the yield of 2-6 increased t o  33%, but 
this photostimulated reaction was strongly inhibited by 
p-DNB (less than 0.5% yield), suggesting that substrate 
1-6a reacts exclusively by the S R N ~  mechanism. 


With cyclohexyl bromide (1-6b) there was a fast 
reaction under irradiation. Thus, in only 10 min it gave 
the substitution product, isolated as the oxide (2-6) in 
30% yield, which increased to 93% in 30 min of irradia- 
tion. In the dark the yields of 2-6 were 4% and 21% in 
10 and 30 min, respectively. The photostimulated 
reaction was partially inhibited by p-DNB (from 93% 
to 25% yield in 30min). The dark reaction was not 
inhibited by p-DNB. 


All these results suggest that substrate 1-6b reacts 
mostly by the S R N ~  mechanism under irradiation. The 
dark reaction may be due to  a polar reaction because 
p-DNB did not affect the rate of reaction. 


In order to  establish whether all the reaction occurs 
by the S R N ~  mechanism or partially by a polar 
nucleophilic substitution, the photostimulated reaction 
of the radical probe" 3-bromo-2-tetrahydropyranyl 
ally1 ether (3) with Ph2P- ions in liquid ammonia was 
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studied. This reaction afforded both the substitution 
product 4 and the cyclized substitution product 5 
[equation (9)l .” 


a )  h u  


b )  1 0 1  


t P h 2 P -  - 


- 5 (9) 4 - 


The relative yields of 4 and 5 depend on the concen- 
tration of the nucleophile. Thus, in more concentrated 
solutions (ca 0.080 M) the yield of 4 was 61% and that 
of the cyclized product 5 was 39%, whereas in more 
dilute solutions (ca 0 . 0 0 2 4 ~ )  the yield of 4 was only 
5% with a 93% yield of 5. The fact that up to 93% of 
cyclized product was obtained suggests that free cyclo- 
hexyi radicals were intermediates as the major reaction 
pathway, and that after cyclization the rearranged 
radical reacted with PhzP- ions by the SRN~  
mechanism. 


Cycloheptyl halides 


Cycloheptyl chloride (1-7a) and Ph2P- ions did not 
give substitution products in 180 min, although there 
was a slight elimination of chloride ion, but under irra- 
diation it gave 56% of the substitution product, isolated 
as the oxide (2-7), and the photostimulated reaction 
was completely inhibited byp-DNB (see Table 1). These 
results clearly agree with the S R N ~  mechanism. 


On the other hand, cycloheptyl bromide (1-7b) reacts 
very fast (15 min) in the dark and under irradiation to 
give the substitution product 2-7 in high yields, but both 
reactions are partially inhibited by p-DNB (52% and 
55% of 2-7, respectively), indicating that this substrate 
reacts partially by both polar and S R N ~  reactions. 


CONCLUSIONS 


The main conclusion drawn from these reactions is that 
the reaction mechanism of cycloalkyl halides with 
PhZP- ions in liquid ammonia depends on the ring size 
and the leaving group. 


Thus, cyclobutyl chloride does not react either in the 
dark or under irradiation, whereas with the bromide the 
reaction is catalysed by light and partially inhibited by 
p-DNB, which suggests an S R N ~  mechanism [The 
photolysis of cycloalkyl chlorides and bromides is easily 
discarded because they do not show light absorption 


between 270 and 500nm (Pyrex flasks were used)]. 
However, the dark reaction is neither inhibited by 
p-DNB nor were rearranged substitution products 
observed, which suggests the participation of the 
radicals as intermediates, since an S N ~  reaction is 
unlikely owing to the low temperature of the reaction 
and the steric hindrance of the cyclobutyl system for the 
simultaneous attack of the nucleophile and departure of 
the leaving group. On the other hand, the sN1 
mechanism is not compatible with unrearranged 
products. 


A similar behaviour is found with cyclohexyl halides: 
the chloride occurs only by an S R N ~  reaction and the 
bromide by an S R N ~  reaction accompanied in part 
probably by a polar substitution reaction. 


On the other hand, cyclopentyl and cycloheptyl 
chlorides react exclusively by an S R N ~  reaction, but the 
bromides by a competition between polar nucleophilic 
substitution and an S R N ~  substitution. 


Another important feature of this study concerns the 
possibility of a nucleophilic substitution by ET on 
cyclobutyl bromide without ring opening. This reaction 
opens up an interesting synthetic route to cyclobutyl 
systems. 


EXPERIMENTAL 


General methods. ‘H NMR spectra were recorded on 
a Bruker FT-80 or FT-200 nuclear magnetic resonance 
spectrometer, and all spectra are reported in parts per 
million relative to tetramethylsilane (6) using CIXD as 
the solvent. Mass spectra were measure on a Finnigan 
3300 f-100 mass spectrometer. Gas chromatographic 
(GC) analyses were performed on a Shimadzu GC8A 
gas chromatograph equipped with a Shimadzu CR-3A 
data system or a Spectra-Physics SP-2400 gas chroma- 
tograph equipped with a flame ionization detector or a 
Konik 3000HRGC provided with a flame ionization 
detector and a column packed with 3% OV-17 on Chro- 
mosorb P (1.8 m x 3 mm i.d.). Irradiation was con- 
ducted on a reactor equipped with four 250 W UV 
lamps emitting maximally at 350 nm (Philips, Model 
HPT, water refrigerated). Quantitative analysis was 
done by the internal standard method. The potentiome- 
tric titration of halide ions was performed with a pH 
meter (Seybold, Wien) equipped with an Ag/Ag+ elec- 
trode and AgNO3 standard solution. Melting points 
were measured with a Buchi 510 apparatus and are 
uncorrected. 


Materials. Commercial reagents were used without 
purification. Compounds 1-5a, 1-6a and 1-7a were pre- 
pared by the reaction of the corresponding alcohol and 
concentrated hydrochloric acid, and 1-5b, 1-6b and 
1-7b by reaction of the alcohol with hydrobromic acid 
according to a previous procedure. 23 Cyclobutyl 
chloride and bromide (Aldrich) were used as received. 
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Photostimulated reaction of cyclobutyl bromide with 
diphenylphosphide ions in liquid ammonia. The 
reaction of 1-4b and diphenylphosphide ions is rep- 
resentative. Into a three-necked 500  ml round-bottomed 
flask, equipped with a cold-finger condenser charged 
with C02 and ethanol, a nitrogen inlet and a magnetic 
stirrer, were condensed approximately 300 ml of 
ammonia. To the ammonia 262 mg (1 mmol) of 
triphenylphosphine were added, together with 48 mg (2 
mmol) of sodium metal, and allowed to react until the 
solution became dark orange. Then 0.1 ml of tert- 
butanol was added to neutralize the sodium amide gen- 
erated. Finally 0.090ml (1 mmol) of cyclobutyl 
bromide (1-4b) was added and the resulting solution 
was irradiated for 15 min. Then the reaction was quen- 
ched by the addition of NH4NO3 and the ammonia was 
allowed to evaporate. The residue was partitioned 
between 70 ml of water and 3 x 50 ml portions of 
dichloromethane. The aqueous extract was diluted to 
100 ml and a 1 ml aliquot was titrated with AgNO3 sol- 
ution, showing 100% of bromide release. The organic 
extract was treated with 20ml of 10% hydrogen 
peroxide solution and then was analysed by GC and the 
cyclobutyldiphenylphosphine oxide (2-4) was detected 
and quantified by the internal standard method (83% 
yield), m.p. 155-158 OC (lit.24 m.p., 173-174 "C 
[recrystallized from light petroleum-benzene (ca 
90: lo)]. 'H NMR (CDCl3), 6 2.01-3-50 (broad peak, 
7H), 7.50-7-90 (m, 10 H). I3C NMR (CDCIs), 6 19.92 


6 Hz), 32.62 (d, C1, 'Jc-P = 73 Hz), 132-61 (d, Ci, 
'Jc-p = 97 Hz), 130.79 (d, C,, 2Jc-p = 9 Hz), 128.29 


Mass spectrum, m/z (relative intensity) 256 (33), 255 
(28), 227 (8) ,  202 (IOO), 183 (5*4), 155 (9, 125 (4.04), 
77 (33-6). 


(d, C3, 3 J ~ - ~  = 15 Hz), 21 * 16 (d, C2, C4, 2 J ~ - p  = 


(d,Cm, 3 Jc-P= 12Hz), 131.27 (d,Cp4JC-p=3 Hz). 


Cyclopentyldiphenylphosphine oxide (2-5). M. p. 
120-122 "C [recrystallized from hexane-dichloro- 
methane (ca 90: lo)] (lit.25 m.p. 126-128 "C). 'H 
NMR (CDCI3), 6 1.41-3-13 (broad peak, 9H),  
7-16-7.95 (m, lOH). 13C NMR (CDCl,), S 26.42, 
26-68, 26.86 (d,C3, and s,C2), 37.08 (d,C1, 


131 -38  (d, Cp, 4Jc-p = 3 Hz). Mass spectrum, m/z  
(relative intensity) 270 (20), 269 (30), 229 (loo), 202 
(86), 183 (12), 108 (l), 77 (21). 


'Jc-P = 75 Hz), 133.49 (d, Ci, 'Jc-p = 96 Hz), 130.88 
(d,C,, 2Jc-p = 9 Hz), 128.34 (d, C,, 3 J ~ - p  = 10 Hz), 


Cyclohoexyldiphenylphosphine oxide (2-6). M. p. 
166- 168 C [recrystallized from hexane-dichloro- 
methane (ca 90: lo)] (lit.26 m.p. 168-169 "C). 'H NMR 
(CDCI3), S 1.26-2.43 (broad peak, 11 H), 7.28-7.90 
$m, lOH). I3C NMR (CDC13), 6 24-70, (d,C2, 
Jc-p = 3 Hz) 25.66 (C4), 26.00 (d, C3, 3 J ~ - p  = 24 Hz) 


37.14 (d,Ci, 'Jc-p=73 Hz), 131.89 (d,Cj, 
'Jc-p = 95 Hz), 131 .OO (d, C,, 'Jc-p = 9 Hz), 128.42 


(d,Cm, 3 J ~ - ~ =  11 Hz), 131.30 (d,Cp,4Jc-p=3 Hz). 
Mass spectrum, m/z (relative intensity) 284 (25), 283 
(30), 229 (28), 202 (IOO), 183 (€9, 155 (17), 135 (12), 125 
(11), 77 (a). 
Cycloheptyldiphenylphosphine oxide (2-7). M.p. 


134.5- 135 "C [recrystallized from hexane-dichloro- 
methane (ca 90: lo)]. 'H NMR (CDCI,), 6 1.32-2.52 
(broad peak, 13 H), 7.34-7-89 (m, 10 H). "C NMR 
(CDCI3), 6 26.56 (d,Cz, 'Jc-p = 2 Hz), 27.99 (Cs), 
28.04 (d, C3, 3 J ~ - ~  = 15 Hz), 37.55 (d, Ci, 
'Jc-P = 70 Hz), 132.48 (d, Ci, 'Jc-p = 94 Hz), 130.96 
(d,Co,'JC-p=9Hz), 128.52 (d,Cm, 3 J ~ - p = 1 1  Hz), 
131.37 (d,Cp, 4 J ~ - p  = 3 Hz). Analysis: calculated for 
C I ~ H ~ ~ O P ,  C 76-51, H 7.72; found, C 76.24, H 
8.03%. Mass spectrum, m/z  (relative intensity) 298 
(43), 297 (Il), 229 (20), 202 (loo), 183 (7), 155 (16), 125 
(16), 77 (32). 


Compounds 4 and 5.  These have been reported 
previously. " 
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STRUCTURAL STUDY ON 1-PHENYL- AND 
1 -(2-NAPHTHYL)-8-TROPY LIONAPHTHALENE 
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The molecular structures of I-phenyl- (5) and 1-(2-naphthyl)-8-tropyIionaphthalene (6) hexafluoroantimonates were 
determined by x-ray crystallography and compared with those of I,%-diphenylnaphthalene and related compounds. In 
these compounds, the two aromatic substituents face each other in a nearly parallel conformation with a splayed-out 
arrangement. In the cations 5 and 6, the distance between the facing rings is appreciably shorter than that of other 
1,8-diarylnaphthalenes, suggesting the presence of some attractive force. This attraction is ascribed to an 
intramolecular charge-transfer interaction, and seems to bring about a slight inward bending of the 2-naphthyl 
substituent in the cation 6. AM1 calculations were carried out for these cations and the results are discussed in 
comparison with the results of x-ray crystallography. 


INTRODUCTION 


The nature of 7r-7r interactions between stacked aro- 
matic rings is attracting considerable interest, and both 
theoretical and experimental studies are being carried 
out for its elucidation.' Such interactions can be 
roughly divided into electronic (Coulombic) and van 
der Waals terms. As representative model compounds 
having two phenyl rings which are fixed intramole- 
cularly in close proximity without too much molecular 
strain, a series of peri-substituted naphthalenes, 1,8- 
diphenylnaphthalene (1 ), 1 ,8-diphenylacenaphthene 
(2)3 and 1,4,5,8-tetraphenyInaphthalene (3),4 have been 
synthesized and their structures determined by x-ray 
crystallography. In these compounds the phenyl rings 
are forced to take a stacked arrangement with an essen- 
tially face-to-face conformation. However, both the 
Coulombic and van der Waals interactions operate in a 
repulsive way so that the two benzene rings are splayed 
apart and the junction of the naphthalene moiety is 
slightly distorted out of plane. 


* Authors for correspondence. 


1 2 


8 
0 0  


3 


On the other hand, we have previously reported the 
syntheses and properties of a series of l-aryl-8- 
tropylionaphthalenes (4). In these cations, the intra- 
molecular charge-transfer interaction between a neutral 
aromatic ring (donor) and a cationic tropylium ring (ac- 
ceptor) was found to contribute greatly to the thermo- 
dynamic stabilization of the tropylium ion, whereas 
Cozzi et al." recently reported that a 'through-space 
Coulombic interaction' rather than a charge-transfer 
interaction exists predominantly between the two differ- 
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EXPERIMENTAL 
1,8-Diphenylnaphthalene (1) was prepared by cross- 
coupling of phenylmagnesium iodide with 1 3 -  
diiodonaphthalene catalysed by nickel(I1) 
acetylacetonate. *' 1-Phenyl-8-tropylionaphthalene hex- 
afluoroantimonate (5 * SbF; and 1-(2-naphthyl)-8- 
tropylionaphthalene hexafluoroantimonate (6-SbF; )5b 


were prepared as reported previously. A single crystal 
of 1 was grown from ligroin, whereas those of 5.SbF; 
and 6.SbF; were grown from dichloromethane- 
tetrachloromethane and from dichloromethane, 
respectively. Theoretical calculations were performed 
on FACOM M-780/30 and FACOM VP-400E com- 
puters at the Kyoto University Data Processing Center. 


Crystallography. I-Phenyl- (5 -SbF; ) and I-(2- 
naphthyl)-8-tropylionaphthalene hexajluoroantimon- 
ares (6.SbF;). Diffraction data were measured on a 
Philips PW 1100/20 four-circle computer-controlled 
diffractometer. Mo Ka (A = 0.710 69A) radiation with 
a graphite crystal monochromator in the incident beam 
was used. The unit cell dimensions were obtained by a 
least-squares fit of 24 centred reflections in the range 
10" < 8  < 15" for 5-SbF; and 12" < 8 < 15" for 
6.SbF;. Intensity data were co lp ted  using the w - 28 
technique to a maximum 28 of 50 . The sca? width, Aw, 
for each reflection was (1 *00 + 0.35 tan 0) with a scan 
speed of 3.0" min.-' Background measurements were 
made for a total of 20s at both limits of each scan. 
Three standard reflections were monitored every 
60 min. No systematic variations in intensities were 
found. 


Ar 
I 


4 


ently substituted benzene rings in 1,8-diarylnaph- 
thalenes. The charge-transfer interaction in the 
tropylium ion derivative 4 is expected to exert an attrac- 
tive force for the two facing aromatic rings. Therefore, 
the effects of such interaction on the molecular 
geometry of these rings are of particular interest. 


In this paper, we report the results of x-ray structure 
determination and theoretical calculations on l-phenyl- 
(5) and 1-(2-naphthy1)-8-tropylionaphthalenes ( 6 )  as 
typical examples of the intramolecular charge-transfer 
cation 4. The x-ray crystallography of 1 was also con- 
ducted since the details of the previously determined 
dataZb have not been published or stored in the 
Cambridge Data Base. 


5 6 


Table 1. Crystal data and data collection parameters 


Parameter 5.SbFC 6.SbFC 1 


Empirical formula 
Molecular weight 
Appearance 
Space group 
a (A) 
b (A) 
c (A) 
a (") 
P (3 
Y ( O )  


V (A3)  z 
dealc. (g 
P (cm-') 
Temperature ("C) 
No. of unique reflections 
No. of observed" reflections 
R 
Rw 


CaHi7F6Sb 


Orange, needle 
Monoclinic, n 1 / c  


529.13 


6.732(2) 
29*987(5) 
10.452(2) 
90 


90 
2050.4(8) 


4 
1.71 


14.10 
Ambient 


103.82(4) 


3691 
243 1 


0-084 
0.111 


C27Hi9FsSb 
579.19 


Red-orange, ncedle 
Triclinic, PI 


I1.456(3) 
15*950(4) 
6.672(2) 


95 * 33(2) 
99.41(3) 
72.68(2) 


1149.9(8) 
2 
1.68 


12.68 
Ambient 


4039 
3178 


0.051 
0.068 


C22H16 
280.37 


Colourless, prismatic 
Monoclinic, P21/n 


8.585(2) 
20.025( 2) 
9.649( 1)  


90 
1 15.849( 10) 
90 


3 
1 . 1 5  
4.6 


23 2 1 


1492.9(4) 


2307 
1407 


0.039 
0.051 
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Intensities were corrected for Lorentz and polariza- 
tion effects. All non-hydrogen atoms were found by 
using the results of the SHELXS-86 direct method 
analysis. ' The crystallographic computing for 5. SbF6 
and 6-SbF; was done on a VAX computer at the 
Hebrew University of Jerusalem, using TEXSAN' 
analysis software. After several cycles of refinements 
the positions of the hydrogen atoms were calculated 
and added to the refinement process. Refinement pro- 
ceeded to convergence by minimizing the function 
Cw(( Fo 1 - 1 Fc A final difference Fourier synthesis 
map showed several peaks less than 2 and 1.0 e A-3  for 
5.SbF; and 6-SbF;, respectively, scattered about the 
unit cell without a significant feature. 


Crystal data and data coilection parameters are listed 
in Table 1 .  


I,8-Diphenylnaphthalene (1). A crystal of 1 having 
the approximate dimensions 0.40 x 0-20 x 0-  10 mm 
was mounted on a glass fibre. All measurements were 
made on a Rigaku AFC5R diffractometer with graphite 
monochromated Cu Ka! (A  = 1.541 78A) radiation and 
a 12 kW rotating anode generator. Cell constants and 
an orientation matrix for data collection were obtained 
from a least-squares refinement using the setting angles 
of 25 carefully centred reflections in the range 
54.19O < 28 < 56-97". The data were collected using 
the W ,  20 scan technique to a maximum 20 value of 
120.1 . Omega scans of several intense reflections, 
made prior to data collection, had an average width at 
half-height of 0.19O with aJake-off angle of 6.0".  
Scans of (1 -52 + 0.30 tan 0) were made at a speed 
of 16.0" min-' (in omega). The weak reflections 
[ Z <  lO.Oa(Z)] were rescanned (maximum of one 
rescan) and the counts were accumulated to ensure 
good counting statistics. Stationary background counts 
were recorded on each side of the reflection. The ratio 
of peak counting time to background counting time was 
2 : 1 .  The diameter of the incident beam collimator was 
1 SO mm and the crystal to detector distance was 
258 mm. The intensities of three representative reflec- 
tion were measured after every 150 reflections. No 
decay correction was applied. An empirical absorption 
correction using the program DIFABS9 was applied, 
which resulted in transmission factors ranging from 
0-87 to 1-13 .  The data were corrected for Lorentz and 
polarization effects. A correction for secondary extinc- 
tion was applied (coefficient = 1.392 17 x 


The structure was solved by the direct method' and 
expanded using Fourier techniques. lo The non- 
hydrogen atoms were refined anisotropically. Hydrogen 
atoms were included but not refined. The final cycle of 
full-matrix least-squares refinement was converged with 
unweighted and weighted agreement factors. The 
standard deviation of an observation of unit weight was 
1.23. The weighting scheme was based on counting 
statistics and included a factor ( p  = 0.060) to 


downweight the intense reflections. Plots of 
Cw(l  Fo 1 - IF, 1)' versus 1 Fo 1 ,  reflection order in data 
collection, sin 8/A and various classes of indices showed 
no unusual trends. The maximum and minimum peaks 
on the final difference Fourier map corresponded to 
0.13 and -0 .12eA-3 ,  respectively. 


Neutral atom scattering factors were taken from 
Cromer and Waber. I '  Anomalous dispersion effects 
were included in Fcalc; l2  the values for A f' and Af" 
were those of Creagh and McAuley. l 3  The values for 
the mass attenuation coefficients are those of Creagh 
and Hubble. l4 All calculations were performed using 
the TEXSAN' crystallographic software package. 


Crystal data and data collection parameters are listed 
in Table 1. 


RESULTS AND DISCUSSION 


The determined molecular structures of the cation 5, 
the cation 6 and diphenylnaphthalene (1) are shown in 
Figures 1 ,  2 and 3,  respectively, and the stereoscopic 
views of the unit cells of S-SbF;, 6.SbFg and 1 are 
shown in Figures 4, 5 and 6, respectively. The bond 
lengths and angles for 5, 6 and 1 are given in Tables 2, 
3 and 4, respectively. 


The head-on views (normal to the substituents) and 
the side views (parallel to the substituents) for 5 and 6 


N4 


Figure 1. X-ray crystal structure of I-phenyl-8- 
tropylionaphthalene (5) with the numbering of the atoms. 


Hydrogen atoms are omitted for clarity 
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N6 


N4 N5 
Figure 2. X-ray crystal structure of 1-(2-naphthyl)-8- 
tropylionaphthalene (6) with the numbering of the atoms. 


Hydrogen atoms are omitted for clarity 


P5 


P'6 


N7 


N2 


N3 N6 


N5 N4 


Figure 3. X-ray crystal structure of 1,8-diphenylnaphthalene 
(1) with the numbering of the atoms. Hydrogen atoms are 


omitted for clarity 


A 


B 


0 
P 


B 


0 


Figure4. Stereoscopic view of the unit cell of 5.SbF;. 
Hydrogen atoms are omitted for clarity 


T- 
0 0 


Figure 5 .  Stereoscopic view of the unit cell of 6.SbF;. 
Hydrogen atoms are omitted for clarity 


are shown in Figure 7 together with those of the 1,8- 
diphenyl derivative 1 for comparison. It is clearly seen 
that in both of the cations the two aromatic substituents 
face each other in a nearly parallel arrangement. A 
closer examination of the structure of 6 in Figure 7 
shows that the 2-naphthyl substituent is slightly folded 
inward to the face of the tropylium ring. Hence the 
2-naphthyl group is not planar: the angle between 
the C(N-1)-C(N' -2) bond and the best plane formed 







Figure 6. The stereoscopic view of the unit cell of 1 


Table 2. Bond lengths and bond angles for 5.SbF6 with esd values in parentheses 


Bond 
~ 


Length (A) Bond Angle ( O )  


C(N1)-C(N2) 
C(NI)-C(N8a) 
C(N2)-C(N3) 
C(N3)-C(N4) 
C(N4)-C(N4a) 
C(N4a)-C(N5) 
C(N4a)-C(N8a) 


C(N6)-C(N7) 


C(N8)-C(N8a) 


C(NS)--C(N6) 


C(N7)-C(N8) 


C(N1)-C(P1) 
C(N8)-C(T1) 
C(P 1 )-C(P2) 
C(Pl)-C(P6) 
C(P2)-C(P3) 
C(P3)-C(P4) 
C(P4)-C(P5) 
C(P5)-C(P6) 
C(Tl)-C(T2) 
C(T 1)-C(T7) 
C(T2)-C(T3) 
C(T3)-C(T4) 
C(T4)-C(T5) 
C(T5)-C(T6) 
C(T6)-C(T7) 
Sb-F(1) 
Sb-F(2) 
Sb-F(3) 
Sb-F(4) 
Sb-F(5) 
Sb-F(6) 


1.40(3) 
1.39(3) 
1 .50(6) 
1 *37(8) 
1.25(6) 
1 -48(6) 
1 .50(2) 
1.24(6) 
1 *39(4) 
1.4Cy3) 
1.41(3) 
1 -47(3) 
1.48(3) 
1 *38(2) 
I .38(2) 
1 .40(3) 
1 *53(4) 
1 .49(4) 
I *39(3) 
1.41(2) 
1 .42(2) 
1*39(3) 
1 .30(4) 
1.14(5) 
1 .34(4) 
1.35(3) 
1 * 82( 1) 
1 .85( 1) 
1-88(1) 
1 * 82( 1) 
1 .857(9) 
1.87(1) 


C(NI)-C(N8a)-C(N8) 
C(NI)-C(N8a)-C(N4a) 
C(NS)-C(N8a)-C(N4a) 
C(N2)-C(N I)-C(N8a) 
C(NI)--C(NZ)-C(N3) 
C(N2)-C(N3)-C(N4) 
C(N3)-C(N4)-C(N4a) 
C(N4)-C( N4a)-C(N5) 
C(N4)-C(N4a)-C(N8a) 
C(NS)-C(N4a)-C(N8a) 
C(Nk)-C(NS)-C(N6) 
C(NS)-C(N6)-C(N7) 
C(N6)-C(N7)-C(N8) 
C(N7)-C(NS)-C(NSa) 


C(N8a)-C(N 1)-C(P 1) 


C(N8a)-C(N8)-C(T I) 


C(N2)-C(N1)-C(P1) 


C(N7)-C(N8)-C(TI) 


C(N1)-C(P1)-C(P2) 
C(N1)-C(P 1)-C(P6) 
C(P2)-C(PI)-C(P6) 
C(Pl)-C(P2)-C(P3) 
C(P2)-C(P3)-C(P4) 
C(P3)-C(P4)-C(P5) 
C(P4)-C(PS)-C(P6) 
C(P I)-C(P6)-C(P5) 
C(NB)-C(TI)-C(TZ) 
C(NB)--C(TI)-C(T7) 
C(T2)-C(T 1)-C(T7) 
C(Tl)--C(TZ)-C(T3) 
C(T2)-C(T3)-C(T4) 
C(T3)-C(T4)-C(T5) 
C(T4)-C(T5)-C(T6) 
C(T5)-C(T6)-C(T7) 
C(Tl)-C(T7)-C(T6) 


129(2) 
120(3) 
11 l(3) 
117(2) 
120( 3) 
117(4) 
125(6) 
118(3) 
120(5) 
122(4) 
118(4) 
126(4) 
I17(3) 
125(2) 
1 18(2) 
125(2) 
1 lO(3) 
124(2) 
1 18(2) 
1 19(2) 
123(2) 
122(2) 
117(2) 
117(2) 
119(2) 
121(2) 
122(2) 
119(2) 
119(2) 
128(2) 
132(2) 
131(5) 
129(4) 
130(3) 
130(2) 
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Table 3. Bond lengths and bond angles for 6.SbF6 with esd values in parentheses 


Bond Length 
(A) Bond Angle (") 


C(N1)-C(N2) 


C(N2)-C(N3) 
C(N3)-C(N4) 


C(Nl)-C(N8a) 


C(N4)-C(N4a) 
C(N4a)-C(N5) 
C(N4a)-C(N8a) 
C(NS)--C(N6) 
C(N6)-C(N7) 
C(N7)-C(N8) 


C(N I)-C(N'2) 
C(N8)-C(T 1) 
C(N ' 1)-C(N '2) 


C(N ' 2)-C(N 3) 
C(N ' 3)-C(N '4) 


C(N8)-C(N8a) 


C(N ' I)-C(N ' 8a) 


C(N14)-C(N'4a) 
C(N ' 4a)-C(N ' 5 )  
C(N'4a)-C(N'8a) 
C(N ' 5)-C(N '6) 
C(N '6)-C(N ' 7) 
C(N ' 7)-C(N ' 8) 


C(T1)-C(T2) 
C(T1)-C(T7) 
C(T2)-C(T3) 
C(T3)-C(T4) 
C(T4)-C(T5) 
C(TS)--C(T6) 
C(T6)-C(T7) 
Sb-F(1) 
Sb-F(2) 
Sb-F(3) 
Sb-F(4) 
Sb-F(5) 
Sb-F(6) 


C(N ' 8)-C(N ' 8a) 


1.377(9) 
1.419(9) 
1-41(1) 
1.34(1) 


1.43(1) 
1.432(8) 
1*31(1) 
1.38(1) 
1 *383(9) 
1.446(9) 
1 *484(8) 
1.486(8) 
1.362(7) 
1.412(7) 
I .424(8) 
1.344(9) 
1 -422(9) 
1 *423(9) 
1 429(7) 
1.31(1) 
1.41(1) 
1 *368(9) 
1 -400(8) 
1 .397(8) 
1.400(8) 
1 *363(8) 
1-42(1) 
1-34(1) 
1.37(1) 
1.39(1) 
1 .820(5) 
1 .829(6) 
1 * 862(7) 
1.865(8) 
1.731(6) 
1.753(6) 


1.44(1) 


C(N 1)-C(N8a)-C(N8) 
C(Nl)-C(N8a)-(N4a) 
C(N8)-C(N8a)-C(N4a) 
C(N2)--C(Nl)--C(NSa) 
C(Nl)--C(NZ)-C(N3) 
C(N2)-C(N3)-C(N4) 
C(N3)-C(N4)-C(N4a) 
C(N4)-C(N4a)-C(N5) 
C(N4)-C(N4a)-C(N8a) 
C(NS)-C(N4a)-C(N8a) 
C(N4a)-C(NS)-C(N6) 
C(NS)-C(N6)-C(N7) 
C(N6)-C(N7)-C(N8) 
C(N7)--C(N8)-C(NBa) 


C(N8a)-C(N 1)-C(N ' 2) 


C(N8a)-C(N8)-C(TI) 


C(N2)-C(N I)-C(N '2) 


C(N7)--C(NI)-C(TI) 


C(N1)-C(N ' 2)-C(N 1) 
C(N l)-C(N'2)-C(N'3) 
C(N' I)-C(N'2)-C(N' 3) 


C(N ' 2)-C(N ' 3)-C(N '4) 
C(N ' 2)-C(N ' 1)-C(N ' 8 4  


C(N ' 3)-C(N ' 4)-C(N '4a) 
C(N '4a)-C(N ' 5)-C(N '6) 
C(N ' 5)-C(N ' 6)-C(N 7) 
C(N ' 6)-C(N ' 7)-C(N ' 8) 
C(N'7)-C(N' 8)-C(N'8a) 
C(N ' l)-C(N'8a)-C(N'8) 
C(N ' I)-C(N ' 8a)-C(N '4a) 
C(N ' 8)-C(N ' 8a)-C(N '4a) 
C(Nf4)-C(N'4a)-C(N' 5 )  
C(N ' 4)-C(N '4a)-C(N ' 8a) 
C(N ' 5)-C(N '4a)-C(N ' 8a) 
C(N8)-C(T1)-C(T2) 
C(NI)--C(TI)-C(T7) 
C(TZ)-C(Tl)-C(T7) 
C(Tl)--C(TZ)-C(T3) 
C(TZ)-C(T3)-C(T4) 
C(T3)-C(T4)-C(T5) 
C(T4)-C(TS)-C(T6) 
C(TS)-C(T6)-C(T7) 
C(Tl)-C(T7)-C(T6) 


125.7(5) 
118*1(6) 
116*1(6) 
120.4(6) 


119.7(8) 
121-7(8) 
121.5(8) 
118.7(8) 
119*8(8) 
121-4(8) 
120.9(9) 
121.8(8) 
119.8(6) 
116.1(6) 
123 -4(5) 
114-9(6) 
125.1(5) 


119*2(5) 
1 18.7(5) 
122.5(5) 
121*0(6) 
121.1(5) 
122.1(6) 
121 -7(6) 
118.5(7) 
121 .5(6) 
123.0(5) 
117.8(5) 
119- l(5) 
124.2(6) 
118.7(5) 
1 17.0(6) 
1 18 *9(5) 
117*1(5) 
123.7(6) 
131.7(6) 
128*1(6) 
128.3(7) 
128-1(7) 
130.4(7) 
129- 3(7) 


121.3(9) 


122.1(5) 


bx C(N ' - 1)-CN ' -3)-C(N ' -4)-C(N ' -8a) is about 
7 , and the dihedral angle between the above- 
mentioned plane and the best plane formed by 
C(N ' -4ad)-C(N' -5)-C(N ' -6)-C(N '-7)-C(N ' 8) is 
about 4 . As a result of such a deformation, the dihe- 
dral angle between the tropylium plane and the A-ring 
of the naphthyl substituent is 13" and that for the 
B-ring is 9'. 


The structural characteristics of the cations 5 and 6 
are summarized in Table 5 together with those of the 
related compounds 1. 2, 3 and 1,8-di(2-pyrenyl)- 


naphthalene (7). I5 Although a rigorous discussion 
about the geometry of the cation 5 has to be restricted 
owing to the large R value (see Table 1) originating 
from the low quality of the crystal in spite of carefully 
repeated recrystallizations, a qualitative comparison 
could be safely made based on general tendencies of the 
structural characteristics. Compared with 1 3 -  
diphenylnaphthalene (l), the distances between the two 
facing aromatic rings are generally shorter in the 
cations 5 and 6 ,  suggesting the presence of an attractive 
interaction. In contrast, the longer distances between 
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Table 4. Bond lengths and bond angles for 1 with esd values in parentheses 


Bond Length 
(A) Bond Angle (") 


C(N1)-C(N2) 


C(N2)-C(N3) 
C(N3)-C(N4) 


C(N 1)-C(N8a) 


C(N4)-C(N4a) 
C(N4a)-C(N5) 
C(N4a)-C(N8a) 
C(NS)-C(N6) 
C(N6)-C(N7) 
C(N7)-C(N8) 


C(N1)-C(P1) 
C(N8)-C(P' 1) 
C(PI)-C(P2) 
C(P1)-C(P6) 
C(P2)-C(P3) 
C(P3)-C(P4) 
C(P4)-C(P5) 
C(PS)-C(P6) 
C(P ' I)-C(P ' 2) 
C(P' 1)-C(P'6) 
C(P ' 2)-C(P ' 3) 
C(P ' 3)-C(P ' 4) 
C(P '4)-C(P ' 5 )  


C(N8)-C(N8a) 


C(P ' 5)-C(P 6) 


1 *378(3) 
1.441(3) 
1.396(3) 
1 * 349(3) 
1 -409(3) 
1.408(3) 
1.439(3) 
1.353(3) 
1.398(3) 
1 *371(3) 
I .437(3) 
1 -498(3) 
1 -494(3) 
1-391(3) 
1 *385(3) 
1 .384(3) 
1.378(3) 
1*370(3) 
1.383(3) 
1 394(3) 
1 -390(3) 


1.373(3) 
1.371(3) 
1 .379(3) 


1 -381(3) 


C(NI)-C(N8a)-C(N8) 
C(NI)-C(N8a)-C(N4a) 
C(N8)-C(N8a)-C(N4a) 
C(N2)-C(Nl)-C(N8a) 
C(NI)--C(NZ)-C(N3) 
C(N2)-C(N3)-C(N4) 
C(N3)-C(N4)-C(N4a) 
C(N4)-C(N4a)-C(NS) 
C(N4)-C(N4a)-C(N8a) 
C(NS)--C(N4a)-C(NSa) 
C(N4a)-C(NS)-C(N6) 
C(N5)-C(N6)-C(N7) 
C(N6)-C(N7)-C(N8) 
C(N7)-C(N8)-C(N8a) 


C(N8a)-C(N I)-C(P 1) 


C(NBa)-C(N8)-C(P ' 1) 


C(N2)-C(N1)-C(P 1) 


C(N7)-C(N8)-C(P' 1) 


C(NI)-C(Pl)-C(P2) 
C(N I)-C(P 1 )-C(P6) 
C(PZ)-C(PI)-C(P6) 
C(Pl)-C(P2)-C(P3) 
C(P2)-C(P3)-C(P4) 
C(P3)-C(P4)-C(PS) 
C(P4)-C(PS)-C(P6) 
C(P 1)-C(P6)-C(P5) 
C(NS)-C(P 1)-C(P ' 2) 
C(N8)-C(P ' I)-C(P '6) 
C(P ' 2)-C(P ' 1)-C(P ' 6) 
C(P ' I)-C(P '2)-C(P ' 3) 
C(P '2)-C(P ' 3)-C(P '4) 
C(P ' 3)-C(P '4)-C(P ' 5 )  
C(P '4)-C(P ' 5)-C(P 6) 
C(P ' I)-C(P ' 6)-C(P ' 5 )  


126-2(2) 
116-9(2) 
116.9(2) 
119-5(2) 
122.6(2) 
119.3(2) 
121 -6(2) 
1 19.9(2) 
1 20.2(2) 
1 20.0(2) 
121.7(2) 
119.0(2) 
122.6(2) 
119.8(2) 
114.7(2) 
125.8(2) 
115-8(2) 
124.4(2) 
121.8(2) 
1 19.6(2) 
118.4(2) 
120.4(2) 
120.3(2) 
119.8(2) 


120.8(2) 
119.6(2) 
121.9(2) 
118-5(2) 
120.3(2) 
120.7(2) 
119.3(2) 
121.0(2) 
1 20.2(2) 


120.2(2) 


7 


the facing phenyl rings in 2 and 3 have been attributed 
to steric repulsion, which also causes a considerable dis- 
tortion of the a-framework of the basal naphthalene 


On the other hand, the short distance 
between the facing pyrene rings in 7, which is compar- 
able to those in 5 and 6,  has been interpreted as due 
to the attractive force resulting from the 'excimer-like' 


U-T interaction. l5 The rotation angles (0) for both of 
the aromatic rings with reference to the basal naphtha- 
lene plane are similar (59-62") in the cations 5 and 6. 
Further, the values of the dihedral angle (q) between 
two single bonds connecting the substituents are also 
similar in 5 and 6 suggesting that the basal naphthalene 
moieties in 5 and 6 suffer from a similar u-framework 
distortion. 


In order to make a comparison with the x-ray crystal- 
lographic data, we carried out AM1 calculations (using 
the AMPAC system; QCPE 527)16 on cations 5 and 6,  
with the rotation angles (0) of both of the substituents 
varied by 10" with respect to the naphthalene plane. 
The calculated heat of formation was plotted against 
the rotation angle to give the results shown in Figures 
8 and 9. In both of the cations, the structures with the 
aromatic rings taking the conformation perpendicular 
to the basal naphthalene are calculated to be the local 
maxima in energy due to loss of u-conjugation; this 
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A 


5 6 1 
Figure 7. (a) Head-on views and (b) side views of the struc- 
tures of 5, 6 and 1 determined by x-ray crystallography. 


Hydrogen atoms are omitted for clarity 


structure is calculated to be 1.2 kcal/mol- * 
(1 kcal = 4.184 kJ) less stable than the optimized struc- 
ture for the case of cation 5. The energy minimum is 
located at a roiation angle range 6 = 40-50° for 5. This 
va$e is 10-20 smaller than the experimental value of 
61 (Table 5 ) ,  although the energy difference is only 
about 0 . 1  kcalmol-'. Although small in energy differ- 
ence, the AM1 calculations apparently tend to take 
account of the ?r-conjugation more significantly than 
was observed experimentally. For the cation 6, two 
energy minima are found at 0 = 50" and 140" with a 
ring flipping barrier of cu 1 1 kcal mol- k. The exper- 
imentally determine! structure has 8 = 59 for the tro- 
pylium ring and 62 for the 2-naphthyl group, and is 
fairly close to the calculated structure with 6 = 500, 
which is slightly more stable than that with 6 =  140 . 
The top views of the fully minimized structures calcu- 
lated by AM1 for 5 and 6 are shown in Figure 10 
together with those obtained by x-ray crystallography. 
It should be noted that the neutral aromatic rings are 
more attracted toward the tropylium face than was 
expected from calculations. 


The x-ray structures shown in Figures 7 and 10 
indicate that the van der Waals repulsion between the 


Table 5 .  Structural characteristics of 1 ,8-diarylnaphthalenes 


Some short distances (A) Angles (") 


Single 
Compound peri" A-A' A-B' A-C' B-B' B-C' C-C' Splay, q5b Rotation, 9' bonds, (pd 


10 61 (Ph) 
61 (TI 


9' 59 (T) 


5 2.53 3.23 2.94 3.19 3.00 2-93 3.25 16 


6 2.549 3.145 2.952 3.235 2.941 2.884 3.232 13' 62 (N) 11.4 


1% 2.566 3.283 3.048 3.332 2.996 3.031 3.294 20 67 3.4 
(2.563) (3.289) (3.052) (3.338) (2.993) (3-031) (3.304) (20) (67) (3.4) 


2 h  2.600 3.431 3.041 3.258 3.107 3-039 3.427 25 57 10.0 
3' 2.510 3.376 3.137 3.758 2.945 3.127 3.372 37 58 3 3 . 3  
7j 2.571 3.229 2.964 3.179 2.997 2.922 3.256 15 58 10.2 


'Distance between peri-carbons of the basal naphthalene. 
bSplayed-out angle of the facing aryl rings. 
Rotation angle of the substituent rings against the basal naphthalene plane. Ph = phenyl; N = naphthyl; T = tropylium. 
Dihedral angle between two single bonds which connect aromatic rings. 


'Splayed-out angle between the best planes of tropylium ring and A-ring of the 2-naphthyl group. 
'Splayed-out angle between the best planes of tropylium ring and B-ring of the 2-naphthyl group. 
'Data from Ref. 2b in parentheses. 
hData from Ref. 3. 
'Data from Ref. 4. 
'Data from Ref. 16. 
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Figure 8. Plot of the heat of formation of the cation 5 calcu- 
lated by AM1 versus the rotation angle, 8 
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Figure 9. Plot of the heat of formation of the cation 6 calcu- 
lated by AM1 versus the rotation angle, 8 


P 


5 6 
Figure 10. Top views for the structures of the cations 5 and 6: 
(a) calculated by AMl; (b) determined by x-ray crystallo- 


graphy. Hydrogen atoms are omitted for clarity 


facing rings is considerably diminished by the attractive 
force counteracting between them. This attractive force 
can probably be ascribed to the intramolecular charge- 
transfer interaction, which can be detected by electronic 
spectroscopy5 and was shown to enhance the intrinsic 
thermodynamic stability of the tropylium-ion 
acceptor.' Thus, in conclusion, the results of the x-ray 
structure analysis provided clear evidence that the intra- 
molecular charge-transfer interaction significantly 
affects the molecular structure to an extent that almost 
offsets the effect of van der Waals interaction. 


SUPPLEMENTARY MATERIAL 


Tables of atomic coordinates and thermal parameters 
for 5-SbF;, 6.SbFa and 1 are available from the 
authors on request. 
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STRUCTURE, STABILIZATION ENERGIES AND CHEMICAL 
SHIFTS OF THE CYCLOBUTENYL CATION. DOES IT HAVE 
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The relatively high stability and the structure of the simplest homoaromatic carbocation, the cyclobutenyl cation 1 
was established ab initio by using correlated wave functions at HF 6-31G*, MPZ(fu11)/6-31G*, MP2(f~ll)/6-3llG*~ 
and MP4(SDQ,fu11)/6-31G* geometries. The stability of 1 was estimated using homodesmotic and isodesmic reactions. 
The heat of formation of 1 was estimated to be 244 kcal mol-’ (1 kcal = 4.184 kJ). Chemical shift calculations were 
carried out at correlated levels and are in good agreement with the experimental values. At all levels of theory chemical 
shift calculations confirm the bent structure of 1. The MP~(SDTQ,~C)/~-~~~G**//MP~(~UII~~-~~~G** 
+ ZPE(MPZ/(fu11)6-31G*), QCISD(T,fc)/6-31 + G*//MP2(fu11)/6-31G + ZPE(MP2(fu11)/6-31G ) and 
MP~(SDQ,~~~I)/~-~~C*//MP~(SDQ,~U~I)/~-~~G* + ZPE(MP2(full)/6-31G*) ring inversion energies of 9.1, 9.3 and 
9.0 kcal mol-I, respectively, agree with experiment (8-4 2 0 - 5  kcal mol-I). Triplet electronic states are not 
competitive energetically. The homoaromatic character of the cyclobuttnyl cation is shown by the nearly equal charges 
on C-1, C-2 and (2-3, the considerable 1,3-bond order, the short 1-74 A C-1-C-3 distance and the large stabilization 
energy relative to the ally1 cation. 


INTRODUCTION diene could be identified as an intermediate of the 


In contrast to the detailed information which has long 
been available for bi- and polycyclic hydrocarbons, ’ 
structural data (e.g. bond lengths and bond angles) of 
comparable quality and reliability on the corresponding 
carbocations are only of recent origin.’ The cyclo- 
butenyl cation is of special interest as the smallest 
homoaromatic species. Owing to its homoaromatic sta- 
bilization it can be generated, e.g., from bicyclobutane 
by abstraction of a hydride ion under superacid con- 
ditions. The AlCls complex of tetramethylcyclobuta- 


* Author for correspondence. 


0894-3230/93/080445-20$15.00 
0 1993 by John Wiley & Sons, Ltd. 


trimerisation of but-Zyne in the presence of aluminium 
chloride to yield hexamethyl-Dewar-benzene. Its crystal 
structure4 shows a non-planar homocytlopropenylium 
moiety with a puckering angle of 148.5 and a 1.78 A 
1,3-distance, indicating a significant transannular inter- 
action in agreement with homoaromaticity. 


Homoar~maticity~ as a general concept was intro- 
duced in 1959 by Win~te in .~”  It rationalizes the 
chemical behaviour and the observed unusual stability 
of systems in which a possible aromatic conjugation 
is interrupted by one or more sp3-hybridized carbon 
atoms or other saturated groups. In these systems the 
influence of the insulating group is avoided by 


Received I5 January 1993 
Revised 22 March 1993 







446 S. SIEBER E T A L .  


additional 1,3-orbital interaction, closing the cyclic 
conjugation. According to Winstein a system is homo- 
aromatic when it meets four requirements [other 
definitions were introduced later (cf. Ref. 5 ) ,  but are 
more or less closely related to Winstein's definition]: (a) 
a 1,3-bond exists, closing the cyclic conjugation, (b) the 
1,3-bond order is significantly greater than zero; (c) the 
orbital overlap of the participating p-orbitals at the 
centres involved is between pure T and pure u character; 
and (d) the (4n + 2) r-electrons are fully delocalized 
over the closed cycle which results. These requirements 
may be verified theoretically, e.g by Natural Population 
Analysis (NPA)' and by a topological analysis of the 
MP2(fu11)/6-3 1G* response density. The present 
results on the homocyclopropenylium cation 1, 
calibrated against the neutral bicyclobutane 2, are 
compared with the results for the isoelectronic homo- 
diboriranide anion '' 3 and the homotropylium cation 
4. " 


Olah and co-workers synthesized a series of cyclo- 
butenyl cations and determined an 8.4 2 0 - 5  kcal 
mol-' ring inversion barrier (1 kcal = 4.184 kJ), termed 
the 'homoaromatization energy', l2  for the parent 
species l .3b Because of its relatively small size, 1 has 
often been studied theoretically, ab initi~'~.'~ and at 
lower levels of approximation, e.g. EHT, Is CNDO/2I6 
and MIND0/3. l7 MP2/6-3 1G single-point calcu- 
lations also were performed on the MNDO optimized 
geometry. MNDO, l9 AM1 2o and PM32' are all inad- 
equate as they erroneously give only one stationary 
point for 1 with a planar CzV geometry. Only 
MIND0/322 gives a non-planar minimum. Modern nb 
initio methods using large, flexible basis sets and 
including electron correlation can be expected to give 
reliable results. Although Haddon and R a g h a ~ a c h a r i ~ ~  
carried out Merller-Plesset perturbation calculations up 
to the fourth order (cf. Tables 1 and 2), the computed 
inversion energies of 1 were still too high. Two reasons 
may be responsible: neglect of zero-point energy correc- 
tions and the use of geometries optimized at Har- 
tree-Fock rather than correlated levels. (Haddon and 
Raghavachari also employed geometries, optimized at 
MP2/6-31G*, but only the carbon skeleton was 
optimized. This procedure has now been recognized to 
be unreliable.) An earlier IGLO computation of the 
NMR chemical shifts also suffered from the use of 
unrefined geometries. l4 


METHOD OF CALCULATION 


Most of the calculations were performed with the Gaus- 
sian 80 and 90 systems of programs. 24 CADPAC 4.1 2s 
was used for the MP2(fu11)/6-31G* frequency calcu- 
lations. The singlet states (la and lb)  were calculated at 
restricted Hartree-Fock (RHF) while the triplet (lc) 
was calculated at the unrestricted level (UHF). The 
geometries were taken from Ref. 23 or were optimized 


with 3-21G, 6-31G* and 6-31 1G** standard basis 
sets,le at the Hartree-Fock, MP2 and MP4(SDQ)26 
level. All stationary points were characterized by 
diagonalization of the second-derivative matrix of the 
energy and determination of the number of negative 
eigenvalues at Hartree-Fock and correlated level using 
the 6-31G* basis set. Energies of HF 6-31G*, 
MP2(fu11)/6-31G* and MP2(fu11)/6-311G** optimized 
geometries were improved by Maller-Plesset 
perturbation  calculation^^^ up to fourth order. These 
calculations were performed using frozen core approxi- 
mation (fc, only valence electrons are taken into 
account) and also all electrons (full). In addition to 
MPn, CID(fc)/6-31G*//6-31G* and QCISD(T,fc)/ 
6-3 1 + G*//MP2(fu11)/6-3 1G* single-point calcu- 
lations** were carried out for l a  and lb.  Zero-point 
energies were calculated with the HF 6-31G* and the 
MP2(fu11)/6-31G* frequencies (and geometries); 
scaling factors of 0.89 and 0.94,1e respectively, were 
employed. 


The heat of formation of l a  was estimated using 
several isodesmic and homodesmotic bond separation 
reactions and also the group equivalent approach of 
Ibrahim and Schleyer. 29 However, only HF/6-31G* 
and MP2(fu11)/6-3 1G* group equivalents are available, 
as are the reference structures employed in isodesmic 
and homodesmotic reactions. Hence, most of the 
evaluations were restricted to the HF/6-31G* and 
MP2(fu11)/6-3 1G* levels. 


The semi-empirical calculations were carried out 
using the program VAMP 4.430 with the EF optimiza- 
tion procedure. 31 


NMR chemical shifts were computed with the IGLO 
procedure of Kutzelnigg and Schindler, 32 using the 
standard DZ and I1 basis sets (a comprehensive descrip- 
tion of method, basis sets and a review on recent appli- 
cations of the IGLO method can be found in Ref. 33). 
In addition, for a decisive calculation of NMR chemical 
shifts at a correlated level, the new CIAO-MP2 [or 
GIAO-MBPT(2)l method34 [note that MP2 and 
MBPT(2) mean the same type of perturbation theory] 
as implemented in the ACES !I program system3ss36 
together with DZP and TZP basis sets3' have been 
employed. 


RESULTS AND DISCUSSION 


Structures and energies 


The total energies of the geometries considered are pre- 
sented in Table 1. The three stationary points for the 
cation (singlet l a  and lb ,  triplet l c ) ,  were characterized 
by the number of negative eigenvalues in the force con- 
stant matrix at HF/6-31G* and at MP2(fu11)/6-31Gf. 
While l b  (C,) and l c  (CzU) are minima, one negative 
eigenvalue was found for l a  (&). Structures for la,  
l b  and l c  at HF/6-31G*, MP2(fu11)/6-311G** and 







THE CYCLOBUTENYL CATION: AN AB INITIO STUDY 447 


Table 1. Total energies (-a.u.) and ZPEs (kcal mol-') 


Species 


Computation level l a  ( C d  ZPE l b  (C,)  ZPE lca(C2, triplet) ZPE 


Geometry: 3-21G 
HF/3-21G 
HF/6-3lG* 


Geometry: 6-31G* 
HF/6-31G* 
MP2(fc)/6-3 1 G* 
MP3(fc)/6-3 lG* 
MP4(SDTQ,fc)/6-3lG* 
MP2(fu11)/6-31G* 
MP3(fu11)/6-3 lG* 
MP4(SDTQ,fu11)/6-31G* 
CID(fc)/6-31G* 


Geometry: MP2(fu11)/6-31G* 
MP2(fc)/6-3 1 G* 
MP3(fc)/6-31G* 
MP4(SDTQ,fc)/6-3 lG* 
MP2(fu11)/6-3 IG* 
MP3(fu11)/6-3 1 G* 
MP4(SDTQ,fu11)/6-31G* 
MP2(fc)/6-3 1 G** 
MP3(fc)/6-31G** 
MP4(SDTQ,fc)/6-31 G** 
MP2(fu11)/6-3 1 G** 
MP3(fu11)/6-31G** 
MP4(SDTQ,fu11)/6-31G** 
MP2(fc)/6-31+ G* 
MP3(fc)/6-31+ G* 
MP4(SDQ,fc)/6-31+ G* 
QCISD(fc)/6-31+ G* 
QClSD(T,fc)/6-31+ G* 


Geometry: MP2(full)l$-311G** 
MP2(f~11)/6-3 1 1G 
MP2(fc)/6-311G** 
MP3(fc)/6-311G** 
MP4(SDTQ,fc)/6-311C** 


Geometry: MP4(SDQ)/6-31G* 
MP4(SDQ,fu11)/6-311G** 
MP4(SDTQ,fu11)/6-3 1 lG** 


153.15394 
1 54.03396 


154.03556 
154.50864 
154.53842 
154.56517 
154.52760 
154.5571 8 
154.58406 
154.54286 


154.50964 
154.53926 
154.56672 
154.52848 
154.55791 
154.58549 
154- 54721 
154.57905 
154.60628 
154.56686 
154-5985 1 
154.62586 
154.5 1246' 
154.5421 1' 
154.548 17' 
154.55OoO' 
154.571 19' 


154.66376 
154.58898 
154.6208 1 
154.65 103 


154.56389 
154.58555 


153.15485 
154.03811 


50.13 50.85 
154.04251b 
154.52575 
154.55287 
15437966 
154.54480 
154.57171 
154.59863 
154.55754 


47.85 48.18 
154.52826 
154-55458 
154.58219 
154.54735 
154.57334 
154.60109 
154.56590 
154.59423 
154.621 54 
154.58570 
154.61 38 1 
154.64126 
154-53 133' 
154.55751' 
154.56303' 
154.56484' 
154.58657' 


154.68221 
154.6071 9 
154.63539 
154.66603 


154.57882 
154.601 16 


153.09245 
153.97 177 


153 *97666 
154.41 301 
154.45080 
154.47219 
154.43 170 
154.46935 
154.49082 


47.11 


44-13 
154.41426 
154.45 I69 
154.47361 
154.43295 
154.47024 
154.49224 


BZ electronic state. The spin projected energies are given. a 3  


bTaken from Ref. 23. 
'M. Buhl, unpublished work.  


MP4(SDQ)/6-31G* are shown in Figure 1 and com- 
pared with the structure of bicyclobutane 2. Major 
differences are found between Hartree-Fock and 
correlated geometries, while MP2(fu11)/6-311G**, 
MP2(fu11)/6-31G* (not shown) and MP4(SDQ)/ 
6-3 lG* geometries are nearly identical. The decreased 
1,3-bond length and the increased 1,2-bond length in l b  
reflect the influence of electron correlation on the highly 
delocalized electronic structure. The relative energy of 
l a  and l b ,  the ring inversion barrier (also termed 


homoaromatization energy)I2 is given in Table 2. The 
e ~ p e r i m e n t a l ~ ~  value of 8 - 4  2 0.5 kcalmol-' is repro- 
duced by ab initio calculations for both Hartree-Fock 
and correlated level geometries, provided the energy 
was computed using perturbation theory at least to the 
third order and by taking zero-point energy differences 
into account. MPn inversion barriers oscillate with the 
order, n, of perturbation theory applied: HF (n = 1) 
values are much too low since HF underestimates the 
stability of l b .  MP2 is known to prefer biradical, stret- 
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Table 2. Ring inversion (homoaromatization) energy (Eh) (kcal mol- ' ) of the cyclobutenyl cation 


Computational level Eh Eh including ZPEaVb 


MIND0/3 9.8 
3-21G //3-21G 0 -6  
4-3 1G//4-3 1G 0.7' 


0.F 
6-31G //3-21G 2-6 
6-3 1 G/J 6-3 1 G 


6-3 1G*//6-3 1G* 4.4' 3*7c 
MP2(f~)/6-31G*/i6-31G* 10-7 10.1 
MP2(fu11)/6-31G //6-31G* 10.8 10.2 
MP3(fc)/6-3 1C'/i6-3 1G* 9.1 8.4 
MP3(f~11)/6-31G //6-31G* 9.1 8.4 


MP4(SDTQ,fu11)/6-31G d/6-31G* 9.1 8.4 


MP~(~c)/~-~~G*/~MP~(~uII)/~-~IG* 9.6 9.3 
MP3(fu11)/6-31G //MP2(full)/6-3lG* 9.7 9.4 
MPYSDTQ, fc)/6-3 1 G*/iMP2(full)/6-3 1 G* 9.7 9.4 
MP4(SDTQ.f~ll)l6-31G //MP2(fdl)16-31G1 9.8 9.5 


MP3(fu11)/6-31G //MP2(fu11)/6-3 iG* 9.6 9.3 
MP4(SDTQ,fc)/6-3 lG*7iMP2(ful1)/6-31G* 9.6 9.3 
MP4(SDTQ,fu11)/6-31G //MP2(full)i6-31G* 9.7 9.4 


MP3(fc)/6-31+ G*//MP2(full)/6-31G* 9.7 9.4 


QCISD(T,fc)/6-31+ G*//MP2(fu11)/6-31G* 9.7 9.3 


MP2(f~)/6-31 lG**//MP2(f~11)/6-3 1 1G** 11.4 11.1 
MP3(fc)/6-3 1 IG**//MP2(fu11)/6-3 llG** 9 -2  8.8 


MP4(SDTQ,ful1)/6-31G //MP4(SDTQ,fu11)/6-3 IG* 9.8 9.5 


MP4(SDTQ,fc)/6-3 1G*/i6-3 1G* 9.1 8-4 


CID(fc)/6-3 1 C J/6-3 1 G 9.2 8 . 5  
MP2(fc)/6-31G /~MP2(fu11)/6-31G* 11.7 11.4 
MP2(fu11)/6-31G //MP2(fu11)/6-3 1G* 11.8 11.5 


MP2(fc)/6-31G* JMP2(f~11)/6-31G 11.7 11.4 
MP2(fu11)/6-31G //MP2(fu11)/6-31G* 11.8 11.5 
MP3(fc)/6-3 lG*~~MP2(full)/6-3 1G* 9-5 9.2 


MP2(fc)/6-3 1 + G8//MP2(fu11)/6-3 1 G 11.8 11.5 


MP4(SDQ,fc)/6-3 1 + G*//MP2(f~11)/6-3 lG* 9.3 9.0 
QCISD(fc)/6-31+ G*//MP2(full)/6-31G* 9.3 9 -0  


MP2(fu11)/6-3 1 lG**//MP2(fuli)/6-3 1 1G** 11-6 11.3 


MP4(SDTQ,fc)/6-31 lG**//MP2(fu11)/6-311 G** 9.4 9.1 
MP4(SDQ,fu11)/6-31G*/*(MP4(SDQ,fu11)/6-3 1G* 9.3 9.0 


Experiment (NMR) 8.4 f 0*5d 


'From frequencies calculated at 6-31Gf//6-31G* and scaled by 0.89 ifor geometries at Hartree-Fock level). 
bFrom fequencies calculated at MP2(full)/6-31G*//MP2(full)/6-31G and scaled by 0.94 (for geometries at 
correlated levels). 
'Ref. 23. 
dRef. 3b. 


ched bonds or, in general, non-classical structures 
owing to an exaggeration of pair correlation effects 
(double excitations (D)). As soon as coupling between 
double excitations is included [at the MP3 level or the 
MP4(SDQ) level], the inversion barriers decrease to 
values close to experiment. Inclusion of triple (T) exci- 
tations at MP4 increases the barrier. This results from 
the known overestimation of triple contributions at this 
level of theory. In the same way, QCISD leads to values 
close to MP4(SDQ) while QCISD(T) increases the 
barrier values. 38*39 


Using the larger 6-31 1G** basis set leads to further 
improvement of calculated inversion barriers (Table 2) 


while diffuse functions or frozen core approximation 
have no influence on relative energies. Hence, the best 
description of 1 is achieved with a combination of the 
6-311G** basis set, geometries optimized at the MP2 
or MP4(SDQ) level, MP2 calculated ZPE effects, and a 
correlation method that handles T in a balanced way, 
e.g. CCSD(T). 


Most semi-empirical methods fail completely to 
describe the CdHs' potential energy surface (PES) in 
the vicinity of 1, but with a remarkable exception. 
Whereas MNDO, AM1 and PM3 find the planar struc- 
ture la as the only minimum, MIND0/3 correctly 
reproduces the curvature of the PES and finds a struc- 
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Table 3. Dissociation energy (DE) (kcal mol-') of l b  into acetylene and the vinyl cation' 


Computational level 


6-3 lG*//6-31G* 
MP2(fu11)/6-3 1G*//6-3 1G* 
MP3(f~ll)/6-3lG*//6-3lG* 
MP4(SDTQ,fu11)/6-3 lGIu6-3 1G* 
MP2(fc)/6-3 1G*//6-3 1G 
MP3(fc)/6-31G*//6-31G* 
MP4(SDTQ,fc)/6-3lG*//6-3 lG* 


MP3(fu11)/6-3 1G8//MP2(fu11)/6-3 1G* 


MP2(fc)/6-3 lG*//MP2(full)/6-3 1G* 


MP4(SDTQ,fc)/6-3 1 G*//MP2(fu11)/6-3 1 G* 
MP2(fu11)/6-3 lG**//MP2(fu11)/6-3 1G* 


MP2(f~11)/6-3 lG*//MP2(f~ll)/6-3 1G* 


MP4(SDTQ,f~11)/6-31G*//MP2(f~11)/6-3 1G* 


MP3(fc)/6-3 lG*//MP2(f~ll)/6-3lG* 


MP3(fu11)/6-3 lG**//MP2(fu11)/6-3 1G* 
MP4(SDTQ,f~ll~~6-3lG**//MP2(f~ll~6-3 lG* 
MP2(fc)/6-3 1G //MP2(f~11)/6-3 1G 


MP~(SDTQ,~C)/~-~~G**//MP~(~UI~)/~-~ 1G* 
MP3(fc)/6-31G**//MP2(full)/6-3 lG* 


MP2(fu11)/6-3 1 lG**//MP2(full)/6-3 llG** 
MPZ(fc)/6-3 1 lG**//MP2(ful1)/6-311G** 
MP3(fc)/6-31 lG**//MP2(fu11)/6-3 1 1G** 
MP4(SDTQ,fc)/6-31 lG**//MP2(full)/6-3 1 1G** 


DE DE including ZPEb*' 


90.8 
93.1 
93.7 
91.6 
93-1 
93.7 
91.6 
92.6 
93.9 
90.6 
92.4 
93.7 
90.4 
92.2 
93.9 
90.7 
92.1 
93.1 
90.5 
85-0 
84-6 
86.4 
83.2 


82.5 
84.8 
85.4 
83.3 
84-8 
85.4 
83.3 
83.2 
84-5 
81.2 
83.0 
84.3 
91 -0  
82-8 
84.5 
81.3 
82.1 
84.3 
81.1 
75-6 
75.2 
77.0 
73-8 


"The energy of the non-classical (H-bridged) form was used. At the Hartree-Fock level the classical 
C2" form is more stable by 7.0 kcal mol-'. The bridged form is a transition state at the Hartree-Fock 
level but is the global minimum at all correlated levels. 


level). 


geometries at correlated levels). 


From frequencies calculated at 6-31G1//6-31G* and scaled by 0.89 (for geometries at Hartree-Fock 


From frequencies calculated at MP2(full)/6-3lG*//MP2(full)/6-3lG* and scaled by 0.94 (for 


Table 4. Energy difference (kcal mol-') between the 'A1 singlet state E(s) and 'Bz triplet state E(t) of 
the cyclobutenyl cation 


-~~ ~ 


Computational level E(s)  - E(t)' E(s) - E(t) including ZPEa-' 


3-21GU3-21G 
6-31G //3-21G 
6-3 1G*//6-3 1G* 
MP2(fc)/6-3 1G*//6-3 1G* 


MP4(SDTQ,fc)/6-3 1G*//6-3 lG* 
MP2(fu11)/6-3 1G*//6-3 1G* 


MP4(SDTQ,fu11)/6-3 1 G*//6-3 1G* 
MP2(fc)/6-31Gt//MP2(fu11)/6-31G* 
MP3(fc)/6-31G*//MP2(fu11)/6-3 IG* 


MP2(full)/6-31G*//MP2(fu11)/6-3 lG* 
MP3(full)/6-31G*//MP2(fu11)/6-3lG* 


MP3(fc)/6-3 lG*//6-3 I G* 


MP3(f~11)/6-3 1Gf//6-3 1G* 


MP~(SDTQ,~C)/~-~~G**//MP~(~UI~)/~-~~G* 


MP4(SDTQ,f~11)/6-3lG**//MP2(f~11)/6-3 1G* 


39.2 
43.7 
41.3 
70.7 
64.0 
67-4 
71.0 
64.2 
67.7 
71.7 
64.6 
68.1 
71.8 
64.7 
68.3 


37.6 
74.4 
60.3 
63-7 
67.3 
6 0 . 5  
63.9 
67.9 
60.8 
64.3 
68.0 
60-9 
6 4 . 5  


~ 


a The spin projected energies are used for the triplet. 
bFrequencies calculated at 6-31G* and scaled by 0.89 for 6-31G* geometries. 
'Frequencies calculated at MP2(full)/6-3 lG* and scaled by 0.94 for geometries at correlated levels. 
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ture for l b  which is similar to th? higher level ub initio 
structures (I,3-bond length 1.74 A, fy = 149'). Also, the 
ring inversion barrier of 9-8  kcal mol-' compares with 
the ub initio results. 


Since the experimentally determined ring inversion 
energy is a AG value, an entropy correction for the 
calculated barrier must be made. At the 
MP2(fu11)/6-3 1G* level4' this increases the barrier by 
only 0.20 kcal mol-' (150 K, lo5 Pa). 


The high stability of 1 with respect to dissociation 
into acetylene and vinyl cation has been established at 
various computational levels (Table 3). At the 
highest level [MP4(SDTQ,fc)/6-3 1 lG**//MP2(full)/ 
6-31 1G** + ZPE], the homocyclopropenylium cation is 
stabilized against its dissociation products acetylene and 
the bridged vinyl cation by 73.8 kcal mol-'. A major 
influence of electron correlation is not observed, as 
both sides of the dissociation equation benefit from 
non-classical delocalization. 


We also examined the difference between singlet (lb) 
and triplet (le) electronic states of the cation. When 
UHF/3-21G optimization on l e  was started with a non- 
planar guess the geometry relaxed to a planar CzV 
structure. The corresponding force constant matrix has 
only positive eigenvalues. The UHF/6-3 1G* and 
UMP2(fu11)/6-31G* structures (Czv point group) are 
also minima on the potential energy surface. Of the 
four possible electronic states of the triplet 
(A', A2, B1, B2), only three could be located. The 'Bz 
state was the lowest in energy (and also had the least 
amount of spin contamination). The 'A1 state was not 
located. At UHF/6-31G*, the relative energies are 0, 
32.9 and 41.0 kcal mol-' for the 'B2, 'B1 and 'A2 
state, respectively. Hence, only the 'B2 state was refined 
further to correlated levels (Table 4). The computed 
absolute energies are compared with corresponding 
values of the singlet ground state 'A1 (lb) and the 
energy differences are shown in Table 4. The triplet 
state clearly is higher in energy than the singlet. 


Energetic evaluations 


The hornocyclopropenylium cation l b  is related to two 
neutral hydrocarbons, bicyclo [ 1.1 .O] butane 2 and 
cyclobutene, 4. The energies of several homodesmotic 
and isodesmic bond separation reactions have been cal- 
culated (Table 5 )  in order to compare the strain energy 
of bicyclo [l. 1 .O]butane 2 with the comparably defined 
energy of the homocyclopropenylium cation lb. Such 
evaluations depend highly on the choice of the other 
species in the equations. Homodesmotic reactions are 
preferable since they balance errors in isodesmic treat- 
ments arising from different types of bonds.41 Con- 
sidering l b  as a bicyclo [ 1.1 .O]but-2-y1 like structure and 
using the 2-propyl cation as a reaction product 
[equation (1 a), Table 51, the homocyclopropenylium 
cation l b  is more stable than bicyclobutane 2 [equation 


(lb), Table 51 by more than 18 kcalmol-I. The 
18-3 kcal mol-' Ifrom equations (la) and (lb)] can be 
regarded a cation stabilization energy. The 18-3 kcal 
mol-' derived from equations (la) and (lb) also 
contain strain release due to partial opening of the 
central 1,3 bond on going from bicyclobutane 2 in 
equation (lb) to homocyclopropenylium cation l b  in 
equation (la). Using an artificial homocyclopropenyl- 
ium cation geometry [MP2(fu11)/6-311G** optimized 
with C'C' fixed at the bicyclobutane value, 1-506 A; 
energy evaluated at MP4(SDTQ,fc)/6-3 llG**], an 
energy 13.9 kcal mol-' higher than that for the fully 
optimized l b  is obtained. Employing this value in the 
above procedure the cation stabilization energy is 
reduced to 4.4 kcal mol-'. Treatment of l b  as a cyclo- 
butenyl like structure requires homodesmotic equations 
(lc) and (Id) (Table 5 )  and results in a 5.7 kcal mol-' 
destabilization energy, corresponding to increasing 
strain on going from cyclobutene 4 in equation (Id) to 
homocyclopropenylium cation l b  in equation (lc). 
Some isodesmic evaluations [equations (2)-(4), 
Table 51 are given for comparison. Equation (2) dem- 
onstrates the influence of the choice of reaction pro- 
ducts in isodesmic equations. Both equations (2a) and 
(2b) are balanced for ring strain to a large degree. 
Equation (2a) is less endothermic than (2b) by nearly 
30 kcal mol-' owing to the higher stability of the 
2-propyl cation compared with the cyclopropyl cation. 
An estimate of the relative strain energies of l b  and 2, 
as discussed above using equations (2a) and (2c), results 
in a value (30.3 kcal mol-') which is considerably 
higher than that derived from the homodesmotic 
equations (la) and (lb). Reactions (3) and (4) are even 
less balanced for the different types of bonds involved 
and are roughly thermoneutral with respect to ring 
cleavage. No reasonable estimate for ring strain or 
cation stabilization energies can be made from the latter 
reactions. 


No experimental heat of formation is known for lb ,  
but is available42 for an isomer, the methylcyclo- 
propenyl cation. The energy of the homocyclo- 
propenylium cation l b  is 8-20 kcal mol-' relative to 
the methylcyclopropenyl cation at MP4(SDTQ,fc)/ 
6-31 lG**//MP2(ful1)/6-311G**. The experimental 
value of 237 kcal mol-' for the methylcyclopropenyl 
cation leads to a heat of formation of about 245 kcal 
mol-' for lb .  The heat of formation of lb ,  estimated 
by several other methods, is presented in Table 6. Cali- 
bration is provided by the estimated A H  for 2. The 
atom equivalent method of Ibrahim and Schleyer 29 
gives a value for 2 a few kcal mol-' higher than 
experiment. Using the ZPE-corrected values from the 
bond separation reactions, good agreement with exper- 
iment4* is achieved for 2 and 4. Both the values for l b  
and 2 calculated with the atom equivalent approach are 
nearly the same as the homodesmotic bond separation 
values. Whereas at the Hartree-Fock level both posi- 
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tive and negative deviations are found, the MP2(fulI)/ 


6-31 1G *//MP2(fu11)/6-311G** calculations give 
more consistent results. Most of the values are in 
reasonable agreement with the atom equivalent heat of 
formation estimate. Taking into account the reliability 
of the atom equivalent approach and the experience 
from other strained systems, our best estimate of the 
heat of formation of 1 is about 244 kcalmol-'. 


It is noteworthy that all modern semi-empirical 
quantum chemical methods fail to reproduce the heat 
of formation of the homocyclopropenylium cation. The 
MIND0/3 energy is about 16kcal mol-' too low. 
MNDO, PM3 and AM1 compute energies which are 
6-23 kcalmol-' too high, and also give the wrong 
geometry. These methods find planar l a  to be the only 


6-31G*(/MP2(f~ll)/6-3lG* and MP4(SDTQ,fc)/ 
minimum. Nevertheless, if the results for 1 for all four 
of these methods are corrected for the errors for 2, 
much better agreement is achieved. 


Special attention has been paid to the relative ener- 
gies of the homocyclopropenylium cation 1 and several 
allylic stabilized carbocations, using equations (5)-(8) 
(Scheme 1). 


Whereas 1 is clearly more stable than the parent 
allyl cation 5 [by 17.2 kcal mol-', MP4(SDTQ,fc)/ 
6-31G*//MP2(fu11)/6-31G*, equation (5),  Table 71, 
additional stabilization of the allyl system by a terminal 
methyl group [1-methylallyl cation 6, equation (6)J 
reduces this value to merely 3.0 kcal mol-'. Another 
terminal methyl group in the allyl cation [equation (7)] 
reverses the order of stability. The 1,3-dimethylallyl 
cation 7 is favoured over 1 by 11-2 kcalmol-'. Nearly 


Table 7. Relative stabilities of the homocyclopropenylium cation and allylic systems (kcal mol- ' )" 
Equation HF/6-31G8//(6-31G* MPZ(full)/6-3lG*//MP2(full)/6-3lG* MP~(SDTQ.~C)/~-~~G*//MP~(~~II)/~-~~G* 


5 +13-37 + 18.96 + 17.29 
6 -0.88 +4*51 +2*81 
7 -14.16 -10.27 -11.86 
8 -14.33 -10.59 -12.27 


'Energies are corrected for ZPE (HF/6-31G1, scaled by 0.89). 
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the same value (11.7 kcal mol-') is obtained for the 
cyclic 'disubstituted' allyl cation, the cyclopent-l-en-3- 
yl cation 8 [equation (8)]. Only a small additional stabi- 
lization of 3.0 kcal mol-' of the 'monosubstituted allyl 
cation' 1 can be found in accordance with the fact that 
orbital symmetry precludes effective stabilization by the 
bridging CH2 group. 


Whereas the HOMO can be stabilized by the pdg ing  
CH2 group via interactions with the pseudo-r (CHz) 
MO, a similar stabilization of the pseudo-r (CH2) MO 
by the allyl LUMO is not possible because of symmetry 
(Scheme 2). In addition, two-electron stabilization of 
the allyl ion is reduced by four-electron destabilization 
between allyl HOMO and pseudo-r (CH2) MO, thus 
preventing a higher stability of the homocyclopropenyl- 
ium cation. These MO effects also lead to a reverse of 
the direction of the dipole moment as expected from 
comparison with unsaturated hydrocarbons (cf. com- 
puted charges in Figure 4). In cyclopropene, which has 
the same problem, the reverse of the dipole moment is 
verified experimentally. 43 


Other energetic consequences of aromatic stabiliza- 
tion are provided by proton affinities (PA, 
C,Hm-l + H: + C,H,+) and hydride ion affinities 
(HIA, C,H, + H -  +C,H,,,+I), PA and HZA values 
for several systems are summarized in Table 8. Low 
values for the proton affinity are expected when highly 
stabilized (e.g. aromatic) systems such as benzene by 
protonation are converted into a less stabilized system. 
Thus the PA of benzene t182.1 kcalmol-I 
at MP4(SDTQ,fc)/6-31G*/~MP2(fu11)/6-31G* + ZPE 
(HF/6-31G*)J can be taken as a lower limit for 
those of aromatic systems, where the cyclo- 
octatetraene/homotropylium value (217- 1 kcal mol- ') 
provides a comparison for the conversion of a formally 
antiaromatic species into its homoaromatic counter- 
part. The PA = 230.2 kcal mol-' for the antiaromatic 
cyclobutadiene (to give the homocyclopropenylium 
cation 1) is even higher. The large destabilization 
of cyclobutadiene [cf. equation (9), MP2(full)/ 


6-31G* + ZPE (HF/6-31G*)] as well as the stabiliza- 
tion of 1 contribute to this high PA value. 


Smaller proton affinities are obtained for acyclic 
dienes or other cyclic dienes to give allylic cations with 
no additional (homoaromatic) stabilization (e.g. pro- 
tonation of butadiene to give the methylallyl cation 6, 
192.3 kcal mol-', or protonation of cyclopentadiene to 
give cyclopent-1-en-3-yl cation 8, 200.7 kcal mol-'; cf. 
Table 8). 


The results are similar for hydride ion affinities. 
(Note that the absolute values of the calculated HIAs 
are not very reliable. The 6-31G* basis set, which is 
well suited for carbocations and hydrocarbons, is much 
too small for anions. Especially the lack of diffuse func- 
tions leads to unreliable geometries and energies. Since 
here only the hydride ion is concerned, relative energies 
are still reasonable.) The homocyclopropenylium 
ion HZAs (278.7 kcal mol-', to give cyclobutene; 
289.2 kcal mol-', to give butadiene) are comparable in 
energy to the monosubstituted methylallyl cation 
(281 -6  kcalmol-'). The more highly stabilized 1,3- 
dimethylallyl cation has a lower HZA (266.8 kcal 
mol-') and the parent allyl cation a much higher HZA 
(321 -2  kcal mol- '). Hence the homocyclopropenylium 
ion reveals similar behaviour to a monosubstituted allyl 
cation with only small additional (homo)aromatic 
stabilization. 


NMR chemical shifts 


13C NMR chemical shifts of saturated hydrocarbons 
and aliphatic carbocations can, in general, be estimated 
satisfactorily 14s44,45 using the IGLO procedure of 
Kutzelnigg and Schindler. 32 The performance for 


HOMO (allyl) - pseudo-n* (CH,) interaction LUMO (allyl) - pseudo-n (CH,) interaction 


Scheme 2 
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unsaturated systems is less satisfactory. 33*34 The com- 
puted I3C NMR chemical shifts of carbocations in par- 
ticular are very sensitive to small changes in geometry 
and very accurate structures as obtained from high-level 
quantum chemical calculations are often a prerequisite 
to achieve good agreement between experimental and 
computed 13C NMR data.46 Since gegenion and solvent 
effects play a minor role in carbocation I3C NMR spec- 
troscopy, 47 calculations on isolated species give a 
reasonable model in most cases. 46 


We have applied the IGLO method to the 
HF/6-31G*, MP2(full)/6-3lG*, MP2(fu11)/6-311G** 
and MP4(SDQ)/6-31G geometries of 1 (see Figure I) ,  
using the IGLO basis sets DZ (double zeta) and I1 
(triple zeta plus polarization functions for C and H) in 
addition to the standard 6-31G* basis set. The data are 
summarized in Table 9. 


In 1975 Olah and co-workers' NMI$ experiments 
showed that at temperatures below -100 C a puckered 
(non-planar) homocyclopropenylium cation could )e 
'frozen out'.3 During cooling from -60 to -100 C 
line broadening and splitting of the 6'H (CH2) signal 
indicated the non-equivalence of the methylene protons 
as a consequence of the puckered structure of 1. 


Calculated chemical shifts of l b  verify the non- 
equivalence of the CH2 protons suggesting a shift 
difference of 0-9ppm, which compares well with the 
experimental value of 0.8 ppm. However, contrary to 
experiment, the 6H, - 6Hendo difference is found to be 
negative at all levels of theory, thus confirming 
Schindler's earlier results. l4 The assignments of 'H 
signals in the experimental spectrum may have been 
reversed. Apart from this, the 6H, - 6He,,do shift 
difference shows only a small dependence on the 


puckering angle a or the 1,fdistance over the range 
investigated (see below). Contrary to the homotropyl- 
ium cation (3). the 1,3-distance in 1 seems not to be a 
sensitive indicator of those changes in the electronic 
structure when going from the puckered C, to the 
planar Cz,, structure. Likewise, the magnetic susceptibi- 
lity x only chanqes by 3 units on going from C-1 
C-3 = 1.4 to 1.9 A. Obviously, both A6H and Ax are 
related to the ring size f f  1 and the large value of the 
puckering angle (144.5 ) as compared with that of 3 
(1 11 -7"). I '  


The computed 13C chemical shifts of l b ,  using the 
geometry optimized at the HF/6-31G* level, deviate by 
3-26 ppm from the experimental values. 3b While devi- 
ations of 3 and 7 ppm (for C-2 and CHI) are fairly 
good for geometries at the Hartree-Fock level, the dif- 
ference of 26 ppm (for C-1) is unacceptably large. Use 
of the MP2(fu11)/6-3 1G* structure improves the IGLO 
value by more than 19 ppm for the C-1 position, but for 
C-2 the divergence increases to 16 ppm. The 
MP2(fu11)/6-3 1 1G** geometry results only slight 
additional improvement over the DZ//MPZ(full)/ 
6-31G* values. Both geometries are nearly the same. 
Even IGLO basis 11, which often performs better on 
strained molecules,48 gives nearly the same chemical 
shifts (Table 9); only the C-2 value improves (by cu 
4 ppm), but is still 16 ppm from the experimental value. 


In general, deviations up to 5 ppm are considered to 
be within both experimental and IGLO error. This 
value is still exceeded here at the best level (A6 I3C = 9 
and 16 ppm for C-1 and C-2, respectively). Chemical 
shifts calculated for the Hartree-Fock and MP2 
geometries differ considerably. This indicates that the 
chemical shifts highly depend on the geometry of the 


Table 9. Comparison of calculated and experimental I3C chemical shifts (ppm vs TMS) 


la  (CZJ 1b ( C s )  


Method CHz c- 1 c - 2  CHz c- 1 c - 2  


IGLO/DZ//6-31G* a 35.31 162.56 257.11 47.05 159-71 190.30 
~GLO/DZ//MP~(~UII)/~-~~G* a 36.74 167.00 261.09 49-72 140-85 206-85 
IGLO/II//MP2(full)/6-3 1G* 36.34 160.28 258.75 44.67 134.84 197- I 1  
lGL0/DZ//MP2(f~11)/6-3 1 lG**" 37-28 168.21 262.26 50.41 142.74 207.56 
IGLO/II//MP2(full)/6-311G** 36-81 161.48 259.93 45.47 136.74 197.91 
GlAO-SCF/TZP/DZP//MP2(full)/6-31G* 48.1 136.4 198.6 
GIAO-MP~/TZP/DZP//MP~(~U~~)/~-~~G* 55.6 127.7 191.0 
GIAO-SCF/TZP/DZP//MP2(fu11)/6-3 1 1G**' 49.53 140.36 201.76 
GIAO-MP2/TZP/ DZP//MP2(fu11)/6-31 lG**' 55.88 128.67 191.41 
lGL0/6-3 lG*//MP4(SDQ)/6-3 lG* 44.6 134.9 190.5 
GIAO-SCF/TZP/DZP//MP4(SDQ)/6-3 lG*' 48.9 141.1 195.6 
GIAO-MP2/TZP/DZP//MF4(SDQ)/6-31G*C 56.4 131.1 189.3 
Experimentd 54-0 133.5 187-6 


IGLO/DZ values are vs CHI (correction for TMS is cu 0). 
bIGLO/II values are corrected for TMS by - 5 , 7  ppm. 
'TZPIDZP: polarized (a =0-8) triple zeta basis for carbon (51111/311/1), polarized (a =0-8) double zeta basis for hydrogen (31/1); cf. Ref. 37. 
dRef. 3b. 
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four-membered ring. We first investigated the 
dependence of the 13C chemical shifts on critical 
geometry parameters 11344c,49 [geometries are optimized 
at the MP2(fu11)/6-31G* level with fixed ‘critical par- 
ameters. ’ Small changes in such ‘critical parameters’ 
result in large variations of chemical shifts]. Here we 
investigated the dependence of the homocyclopropenyl- 
ium cation 13C chemical shifts on the half opened 
central C-1-C-3 bond length (Figure2). For a wide 
range of structures round the structure of the fully 
optimized minimum the influence on the chemical shift 
of the CHz carbon is small, large variations are found 
for C-1 and C-2. The trends for the chemical shifts of 
C-1 and C-2 on the alteration of d(C-1-C-3) lead into 


opposite directions. Nevertheless, average errors of the 
shifts calculated for the partially optimized structures 
indicate the C-1-C-3 bond length to be slightly longer. 


A new method GIAO-MP2) which has been devel- 


shifts at correlated levels using the GIAO approach 50 to 
ensure gauge invariance. We have applied this method 
to the MP2(full)/6-3lG*, MP2(fu11)/6-311G** and 
MP4(SDQ,fc)/6-31G* geometries of the homocyclo- 
propenylium cation (cf. Table 9). While the chemical 
shifts computed at the Hartree-Fock level are similar to 
the IGLO values, the correlated MP2 level greatly 
improves the agreement of the chemical shifts with the 
experimental data. At the GIAO-SCF level the average 


oped very recently L allows the calculation of chemical 


h 3  


Figure 2. Differences between experimental and computed ”C chemical shifts of the homocyclopropenylium cation as a function 
of the bond length C-1-C-3. Geometries are optimized at the MP2(fu11)/6-31G* level with fixed C-1-C-3 bond length. Chemical 


shifts are computed using the 6-31G** standard basis set 
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error of 8 . 5  ppm is similar to the ICLO/II average 
error (7.4 ppm). At the correlated CIAO-MP2 level 
this average error decreases significantly to 3 - 5  ppm 
[MP2(fu11)/6-311G** geometry) and to 1.9 ppm 
(MP4(SDQ)/6-31C* geometry]. These results are in the 
range of computational and experimental error. 


Homoaromaticity 


Following Winstein, the requirements for homoaro- 
maticity can be summarized: 5-7 


(a) the system in question should possess a 1,3-bond, 
closing the cyclic conjugation; 


(b) the 1,3 bond order should be significantly greater 
than zero; 


(c) the orbital overlap of the participating p-AOs at the 
centres involved should be between pure u and pure 
?r in character; and 


(d) the (4n + 2) *-electrons are delocalized significantly 
over the closed cycle which results. 


The problem can be considered in the following way 
using structures A, B and C as models. 


A €3 C 


Structure A has a C-1-C-3 bond comparable to the 
CC bonds of cyclopropane or the central CC bond of 
bicyclobutane. Structure C is a 'classical' cyclopolyenyl 
cation with weak through-space interactions between 
centres 1 and 3. Form B represents a homoaromatic 
structure characterized by stronger through-space 1,3- 
interactions. These may or may not lead to l,3-bonding 
in the sense of Winstein's postulate. 


Depending on the energetic relationship between A, 
B and C, one can distinguish among four situations: 


(1) there is a single minimum on the PES which corre- 
sponds to one of the classical structures A or C; 
homoaromaticity is not relevant; 


(2) the single minimum on the PES corresponds to the 
homoaromatic B; structure B should be distin- 
guished clearly from the classical structures A and 
C by unusual electronic and geometrical features; 


(3) there are two minima on the PES corresponding to 
the two classical structures A and C; if so, only the 
transition state between these two minima (e.g. B) 
should possess homoaromatic character; 


(4) if there are three minima on the PES corresponding 
to A, B and C, structure B should be the most stable 
unless other electronic factors overrule homoaro- 
matic stabilization. 


The following points are pertinent. 


(a) the 1,3-distance of lb ,  1.75 A [MP4(SDQ)/ 
6-31C*], is clearly intermediate between the 
C-1-C-3 bond length of- the three-member:d ring 
in bicyclobutane (1.47A) and the 1.98A 1,3- 
separation in the planar form la; 


(b) the stabilization of lb,  between 3 (compared with 
the methylallyl cation) and 8.4 kcal mol-' (the 
barrier to planarity, including strain release), 
is comparable to the estimated homoaromatic 
stabilization of the homotropylium cation (4 kcal 
mol-');I1 


(c) the differences in 13C NMR chemical shifts between 
C-1(C-3) and C-2 become less as the flap angle is 
decreased from 180" or increased from the bicyclo- 
butane value (122.3", Figure 2); 


(d) likewise, in l b  the positive charge is almost uni- 
formly delocalized over the homoaromatic three- 
membered ring (cf. Figure 4). 


Similar 1,3-bond length and charge distribution 
effects have been found in the homotropylium cation 
3. In addition, the CC bonds in the homoaromatic 
seven-membered ring of 3 all have nearly the same 
length (1.400 f 0.005 A)." The calculated bond 
orders (Figure 3), ca. 1 ' 5 ,  also are typical for delocal- 
ized 67r electron systems. For lb ,  the C-1-C-2 bond 
length (1 -387 A) is longer than that in the cyclopro- 
penyl cation (1-363-1.379 A obtained for various sub- 
stituted ions) [from structures at various correlated 
levels (geometries taken from the Erlangen Quantum 
Chemistry Archive)] , but again the calculated bond 
orders, 1.35 and 0.38 for C-1-C-2 and C-1-C-3, 
respectively (Figure 4), are close to the ideal value (one 
third of a *-bond arising from the two *-electrons in 
the three-membered ring). The planar form l a  shows 
similar features as the allyl cation. C-1-C-3 bond 
orders for allyl cation (0.21) and planar homocyclopro- 
penylium cation (0.24, Figure 5) are nearly the same, 
and are much smaller than that in lb.  No additional 
electronic interaction, except for steric reasons (the 1,3- 
distance in l a  is cu 0 .2A shorter than in the allyl 
cation), can be found in la,  compared with the allyl 
cation. 


Cremer and KrakasaSs1 gave two conditions for the 
existence of a covalent bond between two atoms A and 
B, namely (1) that A and B are connected by a path of 
maximum electron density (necessary condition) and (2) 
that the local energy density is negative (stabilizing) at 
the bond critical point 51b,52 (sufficient condition). 
Applying these criteria to the calculated MP2(full)/ 
6-31C* response density' of both the homotropylium 
cation 3 and ion l b  reveals that neither C-1-C-7 nor 
C-1-C-3 are connected by a path of maximum electron 
density. On this basis, the homoaromatic bond as 
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Figure 3. MP2 total response electron densities (given in square brackets), NPA bond orders (Wibers bond index) and NPA charges 
for the homotropylium ion at MP2(fu11)/6-31G*//MP2(full)/6-3 1G 


cs c2v 
Figure 4. MP2 total response electron densities [for MP4(SDQ)/6-31G* geometries given in square brackets], NPA bond orders 


(Wiberg bond index) and NPA charges for the homocyclopropenylium ion at MP2(fu11)/6-3 lG*//MP2(full)/6-3 1G* 


required by Winstein does not exist. However, the 
build-up of electron density in the internuclear region 
of both l b  and 3 is significantly larger than that 
observed for planar 3 or ion la .  Using these density 
values to calculate an interaction index similar to the 
bond orders for conventional bonds, one obtains 0.45 
for l b  and 0.35 for 3 [MP2(fu11)/6-3IG* response den- 
sities]. These compare well with Wiberg bond indices of 
0.38 and 0.41 (see Figures 4 and 3). This density built 
up results from overlapping p-orbitals, shown in 


Figures 5 and 6 as contour plots of the bonding NLMOs 
(natural localized molecular orbital)* in a plane perpen- 
dicular to the ring plane of l b  and to the C-1-C-2-C-6 
-C-7 plane of 3. In both cases, the overlap between the 
p-orbitals is between u and H as suggested by Winstein. 


Similar interaction indices, bond orders and charac- 
teristics of the bonding NLMO are found not only for 
l b  and 3 but also for the isoelectronic homo- 
diboriranide" (Figures 7 and 8). In contrast to the 
usual description with formal charges, the boron atoms 
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Figure 5 .  Contour plot of the 1,3-bonding orbital (NLMO) 
for the hornotropylium ion at MP2(full)/6-31G*//MPf(full)/ 


6-31G* in a plane perpendicular to the C'C2C6C7 plane 


0.23 B 


, '.. --  I - - -_  _ _ _ _ _ _ _ - -  - - -  ,# 


- _  - - _ _ _ _ _ _ _ _ - - - - - -  
Figure 8.  Contour plot of the 1,3-bonding orbital (NLMO) 
for the homodiboriranide ion at HF/6-3lG'//MP2(fuIl)/ 


6-31G* in a plane perpendicular to the B'C B' plane 


-. 


in the homodiboriranide anion are positively charged 
(+0.35 in the NPA). Hence fewer electrons are 
available for the 1,3-BB overlap than in lb. This results 
in a lower bond order (0.23) and a slightly longer 1,3- 
bond length (1 a859 A). 


We conclude that homoaromatic character is a result 
of strong through-space interactions caused by p-p 
overlap between the interacting centres. Its conse- 
quences are delocalization of (4n + 2) *-electrons 
accompanied by an equalization of atomic charges, 
bond lengths and "C chemical shifts. Clearly, l b  is a 
prototype for homoaromatic character. 


Figure 7. NPA bond orders (Wiberg bond index) and NPA charges for the homodiboriranide ion at HF/6-31G*// 
MP2(f~11)/6-3 1 G 
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BASE CATALYSED PHOTOCHEMICALLY INDUCED HYDROGEN 
ISOTOPE EXCHANGE IN 0-METHYLBENZOPHENONE 


JACEK MICHALAK, MARIAN WOLSZCZAK AND JERZY GQBICKI* 
Institute of Applied Radiation Chemistry, Technical University, Zwirki 36, 90-924 Zodz, Poland 


Photochemically induced hydrogen-deuterium and hydrogen-tritium exchange between o-methylbenzophenone and 
labelled methanol is shown to be catalysed by sodium carbonate. Both the ( E )  and (2)-photoenols participate in the 
exchange reaction whereas in absence of the catalyst only the (E)-photoenol is reactive. Analysis of the measured 
quantum yields for hydrogen isotope exchange reaction allowed the determination of the relative population of 
transient photoenols and to its comparison with that obtained from the flash photolysis experiments. Both hydrogen 
kinetic and solvent isotope effects are discussed. 


INTRODUCTION 


Photoenolization of o-alkyl-substituted phenyl ketones 
has been extensively studied and the mechanism of this 
photoreaction is now well established. I-' Of the two 
transient photoenols, the (Z)-en01 is very reactive and 
undergoes a rapid 1,5-sigmatropic hydrogen shift to 
regenerate the staring ketone. In contrast, the (E)-enol 
has a much longer lifetime and can participate in 
various chemical reactions. Even under cryogenic con- 
dition only the (E)-enol could be stabilized and it is 
believed that the (Z)-enol is formed under such con- 
ditions but reketonizes back, probably with an involve- 
ment of quantum-mechanical 


Hydrogen-deuterium lovll and recently also 
hydrogen- tritium l2 exchange have been applied to 
probe transient photoenol formation. These studies 
have shown that only (E)-enols participate in the 
exchange reaction. Addition of base as a catalyst is 
needed in order to induce the hydrogen exchange in the 
(Z)-enol.'1*'3 It is expected that in this case the (Z)- 
enol is quenched by the base to form the enolate anion, 
which actually participates in the exchange process. A 
recent contribution by Scaiano et af.  l4 provided a more 
systematic basis for understanding the effects of basis 
and acids on the quenching of (E)-photoenols. One 
may expect similar effects of bases and acids on the 
quenching of (Z)-photoenols. 


This paper provides quantitative kinetic data for 
sodium carbonate-catalysed hydrogen-deuterium and 
hydrogen-tritium exchange in o-methylbenzophenone. 


*Author for correspondence. 
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These data are supplemented by laser flash photolysis 
measurements. Separation of both kinetic and solvent 
isotope effects allows one to differentiate the contri- 
butions of the two transient photoenols in the hydrogen 
isotope exchange reaction. 


EXPERIMENTAL 


Materials. o-Methylbenzophenone (MBP) (Aldrich) 
was used without further purification. Hydroxy- 
deuterated methanol (CH3OD) (OPIDI, Poland; 
isotopic purity 99.5%) was used without further 
purification. Hydroxy-tritiated methanol (CH303H) 
(49.25 MBq mol-') was prepared by hydrogen-tritium 
exchange with tritium-labelled water ( 3HzO) (OPIDI) 
and was dried by a standard procedure. 


Irradiation and product analysis. An argon- 
saturated solution of MBP (0.3 mol I - ' )  and sodium 
carbonate (Na2COs) in labelled methanol was 
irradiated (A = 300 nm, 5.45 x 10l6 quanta mol-'s-') 
in a Rayonet merry-go-round photochemical reactor. 
After irradiation, the labelled ketone was separated 
from the reaction mixture by thin-layer chromatog- 
raphy (TLC). Incorporation of deuterium into the 
methyl group of MBP was analysed by mass spec- 
trometry (Hewlett-Packard HP-5970 MSD mass spec- 
trometer). The radioactivity of tritium-labelled MBP 
was measured with a liquid scintillation counter (LKB 
Wallac 1219 Rackbeta) using a solution of butyl-PBD 
(Koch-Light) (8 g I-') in dioxane as scintillator. 
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Calculation of quantum yields. In all experiments 
the irradiation time was as short as possible to secure a 
precise determination of labelled MBP. No side- 
products were observed. The amount of deuterium or 
tritium incorporated in MBP was always proportional 
to the irradiation time. Therefore, under the exper- 
imental conditions used, the reverse reaction [equation 
(l), ky] can be ignored. As reaction in the dark was 
not observed in the system studied, the quantum yield 
of the isotope exchange, a,,, can be defined as the ratio 
of the number of ketone molecules exchanging 
hydrogen to the number of light photons absorbed in 
the solution. 


phvo 
kfx 


k y  
+ CH,OH~ === 


MBP 


kfx 


k y  
+ CH,OH~ === 


MBP 


Phvo 
C H ~ H ~  


+ CH,OH (1) 


HL-deuterium or tritium 


The quantum yields for hydrogen-deuterium 
exchange (a:) and hydrogen-tritium exchange (a:,) 
were calculated from equations (2) and (3), respectively: 


CkNX a,",=- 
It  


(3) 


where x = fractional population of deuterated mol- 
ecules (fractions of CHzD, CHDz and CD3 were taken 
into account), ak = molar tritium radioactivity of 
ketone, aO, = initial molar tritium radioactivity of 
methanol, ck = molar concentration of ketone, 
N = Avogadro's number, Z = light intensity and t = ir- 
radiation time. The values x / f  in equation (2) and ak/t 
in equation (3 )  were obtained from the slope of the 
linear relationship between amount of deuterium or 
tritium incorporated in MBP and the irradiation time. 
The error of the quantum yield determination estimated 
from the standard deviation of the slope determined by 
the least-squares method did not exceed 5%.  


Laserjlash photolysis. These studies were carried out 
in a 1 cm quartz cuvette employing the 355 nm third 
harmonic (pulse width 1 ns) from an Nd : YAG laser 
(NL100, Eksma) as excitation source. The output laser 
energy was about 20 mJ. The laser-induced transient 
absorption changes were monitored perpendicular to 


the excitation beam by the light from a Xenon arc lamp 
(Bausch and Lomb) focused and filtered with an inter- 
ference filter (400 nm). The analysing light transmitted 
by the sample was monochromated with high resolution 
and detected with a Hamamatsu R 928 photomultiplier. 
The signal from the photomultiplier was recorded on a 
digitizing oscilloscope (Hewlett-Packard 54510A, 
lGSa/s, two channels) and transferred via an interface 
(HP-IB) to an IBM AT computer where it was stored 
and analysed. The solutions were bubbled with helium 
and kept under a flux of gas. A detailed description of 
laser photolysis setup will be published elsewhere. 


RESULTS AND DISCUSSION 


The quantum yields of photoinduced hydrogen- 
deuterium and hydrogen-tritium exchange between o- 
methylbenzophenone and the correspondingly labelled 
methanol in the presence and absence of sodium car- 
bonate are given in Tables 1 and 2. 


The deuterium-labelling experiments with o- 
methylbenzophenone confirmed the incorporation of 
deuterium into the o-methyl group only. As the tritium- 


Table 1. Quantum yields of photoinduced 
hydrogen-deuterium exchange between 
o-methylbenzophenone and hydroxy- 
deuterated methanol in the absence and 


presence of sodium carbonate 


cNalCO, moll-') 


0 
0.95 
1.56 
3.04 
4.57 
8.52 
9.43 


11.90 


a:: 


0.085 
0.160 
0-173 
0.185 
0.198 
0.231 
0.243 
0-250 


Table 1 .  Quantum yields of photoinduced 
hydrogen-tritium exchange between 
o-rnethylbenzophenone and hydroxy- 
tritiated methanol in the absence and pres- 


ence of sodium carbonate 


0 
0.90 
1.43 
3 . 0 0  
4.72 
8.50 


11.00 


0.019 
0-046 
0.052 
0.060 
0.073 
0.080 
0.081 







HYDROGEN ISOTOPE EXCHANGE IN 0-METHYLBENZOPHENONE 467 


and deuterium-labelling experiments were carried out 
under identical experimental conditions, the assump- 
tion that tritium labelling also occurs in the o-methyl 
group seems to be justified. 


Based on previous studies of photochemically 
induced hydrogen isotope exchange, ''-I2 we can safely 
assume that in the absence of sodium carbonate only 
the (E)-enol participates in the exchange reaction. The 
relatively long lifetime of the (E)-enol (of the order of 
seconds) is sufficient to achieve an equilibrium with 
labelled solvent. In contrast, the lifetime of the ( Z ) -  
enol is too short to exchange hydrogen with sol- 
vent. 1'.12 Conclusive evidence is given later from 
analyses of lifetimes of the (Z)-enol of MBP measured 
in methanol and deuterated methanol. 


Deuterium-labelling experiments were carried out in 
almost pure deuterated methanol (CHsOD, isotopic 
purity 99.5%), in contrast to tritium labelling where the 
methanol used (CH3OH) contained only traces of 
tritiated methanol. For that reason the quantum yields 
measured in deuterium-labelling experiments may 
include both primary kinetic and solvent isotope effects. 
For example, in order to separate kinetic and solvent 
isotope effects from the measured quantum yields of 
isotope exchange for the (E)-enol [CP& = 0.085 
(Table 1) and = 0-019 (Table 2)] we decided to 
study the dependence of the quantum yield for photo- 
induced hydrogen-deuterium exchange as a function of 
CH3OD concentration in CH3OH (Figure 1). The 
extrapolated value = 0.047 to a concentration 
CCH~OD -+ 0 allows one to separate deuterium-tritium 


0.08 @I 
0.04 -I 


0.02 4 
O 4  


0 20 40 60 80 100 


Figure 1 .  Quantum yield of hydrogen-deuterium exchange 
for the (E)-enol of o-methylbenzophenone as a function of 


CH3OD concentration in CH3OH 


primary kinetic isotope effect @ ~ ~ E ) ~ / @ ~ , ( E ) ~  = 2.5 and 
the deuterium solvent isotope effect a&/ 
@ ' e x ( ~ ) o  = 1.8. The value of the deuterium-tritium 
primary kinetic isotope effect of 2.5 is typical for room- 
temperature studies "*" and indicates that hydrogen 
atom transfer occurs as a rate-determining step in the 
exchange reaction studied. The solvent isotope effect 
value of 1 8 may indicate preferential formation of the 
(E)-enol in CH3OD as compared with CH3OH; in fact, 
this observation was confirmed by laser flash photo- 
lysis, and will be discussed later. 


The exchange process in the (E)-enol can be initiated 
by free solvated CH30Hg and CH3O- ions generated 
by autoprotolysis of methanol [reaction (4)] and pro- 
ceeds according to the reaction sequence (5) or (6). 


D 


Le) 2 CH,OH~ CH,OH, 


HO 


+ CH,OH,L" c 
-Slow- 


+ CH,Oe (4) 


HO 


8H2nL 
t 


C H ~ H ~  


CH,H~ CH30HL 


"slow- + cn,oe - 


0 ' Ph 


8 Z H z  


L - 
(6) HL-deuterium or tritium 


The rate-determining step in the reaction sequence ( 5 )  
or (6) is depicted as a 'slow' process and obeys proton 
transfer to a CH2 group (between oxygen and carbon). 
In contrast, proton transfer from an enolic oxygen (be- 
tween oxygen and oxygen) is considered to be a 'fast' 
process. Similar conclusions have been drawn from 
extensive studies on acid- or base-catalysed ketonization 
of enols carried out by Kresge's group. 19s20 


It is not surprising that the addition of sodium 
carbonate catalyses hydrogen exchange in the ( Z ) -  
photoenol, causing an increase in the observed 
quantum yield for the hydrogen isotope exchange. 
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Ph 


- -  
E-enol Z-enol 


MBP 


HL-deuteriurn or tritium 


Scheme 1 


Sodium carbonate can quench photoenols to form the 
corresponding enolate anions, which are expected to 
exchange hydrogens rapidly in hydroxylic solvents. All 
these possibilities are shown in Scheme 1. 


This work, based on a quantitative approach, is 
aimed at the determination of rate constants for cata- 
lysed exchange reactions. Application of steady-state 
kinetics to the mechanism shown in Scheme 1 allows the 
derivation of the equation 


1 
(7) 


where @ex = observed quantum yield of the isotope 
exchange, @ P e x ( ~ )  and   ex(^) = quantum yields of the 
isotope exchange for the (E) and (Z)-enol, respect- 
ively, k, = unimolecular rate constant for reketoniz- 
ation of the (Z)-enol, kb = bimolecular rate constant 
for sodium carbonate-catalysed hydrogen isotope 
exchange of the (Z)-enol and CNa2C03 = concentration 
of sodium carbonate. Linear plots of I/@ex - &(E) 


against ~ / c N ~ ~ c o ~  for hydrogen-deuterium and hydro- 
gen-tritium exchange are shown in Figure 2. From the 
intercept   ex(^) was found to be 0.159 (hydro- 
gen-deuterium) and 0.074 (hydrogen-tritium). 
Assuming similar values of kinetic isotope effects for 
the Z and E isomers, one can easily determine the rela- 
tive fraction of the (E)-enol in the enol mixture to be 
34.8% (hydrogen-deuterium) and 20.4% (hydrogen- 
tritium). 


Photoenol absorption decay curves in both CH3OH 
and CHsOD obtained in the laser flash photolysis 
experiments are presented in Figure 3. Assuming that 
the fast decay corresponds to the (Z)-enol and residual 
absorption which does not clearly decay on this time 


1 kr + =- 
@ex -  ex(^)  ex(^) kbCNazCOJ@ex(E) 


scale (slow decay) corresponds to the (E)-enol and that 
both enols have similar extinction coefficients, one may 
estimate the relative populations of the enols. It was 
found from these measurements that the relative 
population of the (E)-enol is 35.2% in CH3OD and 
22.1% in CH3OH. These values correlate well with 
those obtained from the hydrogen isotope exchange 
experiments. The substantially higher relative popul- 
ation of the (E)-enol in CH3OD may suggest that at the 
biradical stage, prior to spin inversion leading to enol 
formation, the equilibrium is shifted towards biradical 
retaining an anti conformation. '-' The relative energy 
of the hydrogen versus deuterium bonding interactions 
may play a crucial role in such equilibria. 


The measured values of the (2)-enol lifetimes of 
4-48 ps (k," = 2.23 x 10' s - ' )  in CH3OH [Figure 3(A)] 
and 5 - 0 0  ps ( k P = 2 - 0 0 ~  lo's-') in CHsOD [Figure 
3(B)] indicate that the (Z)-enol does not participate 
seriously in the exchange of hydrogen for deuterium, 
otherwise the reketonization rate constant k? should 
have been much lower than observed owing to the sub- 
stantial kinetic isotope effect already evidenced for the 
(Z)-enol reketonization. z'*z2 Assuming that k? = k: 
and applying to equation (7) the data presented in 
Tables 1 and 2 as shown in Figure 2, one can calculate 
the rate constants for sodium carbonate-catalysed 
isotope exchange of the (Z)-enol, which were found to 
be k r =  1 . 7 2 ~  1091mol-'s-' and kE= 1 . 4 5 ~  1091 
mol-'s-'. Since enolate anions participate in the base- 
catalysed hydrogen isotope exchange, the found values 
of kb should, in principle, be comparable to the rate 
constants for the quenching of the (Z)-enol by sodium 
carbonate. Such values are not available in the 
literature. 
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Figure 3 .  Absorption decay curves for transient photoenols of o-methylbenzophenone monitored by laser flash photolysis at 400 nm 
in deoxygenated CHJOH (A) and CH3OD (B) 
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PROTONATION OF 2-(2-THIENYL)PYRROLE AND 
2-(2-THIENYL)-l -VINYLPYRROLES 


MARK v. SIGALOV, ALEXANDER B. TROFIMOV, ELENA YU. SHMIDT AND BORIS A. TROFIMOV* 
Institute of Organic Chemistry, 664033 Irkutsk, Russia 


2-(2-Thienyl)pyrrole and its 3-alkyl-1-vinyl derivatives have been shown ('H NMR) to be protonated by HSO3F. 
CFJCOOH, HCI and HBr at the pyrrole C-5 atom. Reaction with the superacid system HSOjF-SbFs-SOz results in 
the equilibrium between pyrrolium and thiophenium ions. The heats of formation (AH), charges and HOMO partial 
electron densities for 2-(24hienyl)pyrroIe and its protonated forms have been calculated by the MNDO method. The 
calculated AH values of thienylpyrrolium and pyrrolylthiophenium ions are in agreement with the experimentally 
observed ratio. 


INTRODUCTION 


Protonated pyrroles have been studied for more than 30 
years,'.' and their and I3C5 NMR spectra have 
been reported. Studies have dealt with the preferred 
sites of protonation, substituent effects on the pro- 
c ~ s s ' - ~ * ~  and the kinetic proton affinities of various 
positions of the pyrrole ring. ' 


Protonated pyrroles with adjacent heteroaromatic 
moieties are now available owing to the recent develop- 
ment of general methods for their synthesis,899 and are 
attractive models for the investigation of the charge 
redistribution in their extended heteroaromatic systems 
and of their conformational behaviour. lo These goals 
are relevant to the synthesis and properties of 'organic 
metals' of the polypyrrole and polythiophene families, 
which are of rapidly increasing interest. " - I 3  


The reactivity of the simplest five-membered aro- 
matic heterocycles in electrophilic reactions is known to 
decrease in the sequence pyrrole D furan > thio- 
phene. ' ' * '5  Recently we found" that protonation of 
2-(2-furyl)pyrrole and its derivatives with hydrogen 
halides results in the formation of both pyrrolium and 
furanium ions. Quantum chemical (MNDO) calcula- 
tions suggest" similar enthalpies for the most stable 
planar forms of these cations. In this work, we have 
extended the reactivity range of the two interacting 
moieties and have studied by 'H NMR the protonation 
of the 2-(2-thienyl)pyrroles 1-4, using HCl, HBr, 
HSO3F, CF3COOH and the superacid system 
HSO3F-SbF5-SOz. 


* Author for correspondence. 


R'\ R' R' 
H 


2 CH=CHz H 
3CH=CH2 Me 


A2 4 CH=CH2 i-Pr 


Heats of formation were calculated and electron dis- 
tributions were also studied by MNDO for 2-(2- 
thieny1)pyrrole (1) and its a-protonated forms, and for 
2-phenylpyrrole and its pyrrole or phenol ring- 
protonated forms as model systems. 


RESULTS 
At -70°C the only reaction products observed from 
1-4 in acid are the 2-(2-thienyl)pyrrolium ions 5-8 
(Figure 1). independent of the nature of the acid (except 
for the superacid system). 


R'\ R'\ 


I 
R2 


I 
R= 


1-4 5-8 


In contrast to the 2-(2-fu~yl)pyrroles, lo increasing the 
sample temperature to 0 C (in CFJCOOH medium) 
and to 20 "C (in the HSO3F medium) does not result in 
the formation of isometric cations by protonation of 
the other heterocyclic ring. Hence the only reaction pro- 


0894-3230/93/08047 1 -07$08.50 
0 1993 by John Wiley & Sons, Ltd. 
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8 7 6 5 4 PPm 
Figure 1. 'H NMR spectrum of I-vinyl-2-(2-thienyl)pyrrolium chloride (CDzC12, - 70 'C, 100 mHz) 


ducts are pyrrolium ions, although modified by addi- 
tion of HCl or HBr to the vinyl group. 


The reaction of pyrrole 2 with HBr at 0 °C  Jor 
increasing the sample temperature from -70 to 0 C) 
leads to addition of a second HBr molecule to the pro- 
tonated pyrrole ring to yield the 1-( l-bromoethyl)-2-(2- 
thienyl)-4-bromo-4,5-dihydropyrrolium ion (9). Unlike 
2-(2-furyl)pyrroles, no addition to the thienyl ring 
occurs. 


6, I 


9 


The interaction of l-vinyl-2-(2-thienyl)pyrrole (2) 
with the super acid system HSO~F-S~FY-SOZ differs 
sharply from those with the othzr acids. The spectrum 
of the mixture obtained at - 70 C contains the signals 
of three compounds, two being identified reliably as 
dilations 10 and 11 in a 2 :  1 ratio. 


+I + '  CIICH, CHCH, 


10 11 


Heating the sample to -1OOC results in the disap- 
pearance of the signals of the unidentified compound 
(which is probably a kinetically unstable product of 0- 
protonation of the pyrrole ring') and also in the 
reversal of the 10/11 dication ratio to 1 : 2. The structure 
of these ions follow from their 'H NMR spectra 
(Table 1). 


DISCUSSION 


In contrast to the 2-(2-furyl)pyrrolium ions, the 2-(2- 
thieny1)-pyrrolium ions do not isomerize in excess HCI. 
Two plausible reasons for this may be considered. The 
first is the greater stability of the thienylpyrrolium ions 
(12, X = S) compared by the corresponding furylpyrro- 
lium ions (12, X = 0) due to the greater ability of the 
sulphur atom to form the onium state. l6 In such a case 
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Table 1 .  ‘ H  NMR chemical shifts of cations 5-11 


Cation R2 H4 H5 H j  H1 H J  R’ R2 


5 
6 


6 
6 
1 


8 


9 


10 
11 


H 8.03 5.12 8.27 7.50 8.27 7.35 (H) 
CH=CH2 7.93 5-38 8.27 7.63 8.43 7-22  (H) 


CHCICH3 8.06 5-36  8.42 7.62 8.53 7 . 4 0 ( H )  
CHBrCH3 8.13 5.46 8.49 7 .66  8.58 7 . 6 4 ( H )  
CH=CH2 7.70 5.23 8 .30  7.67 8 .30  2*50(Me)  


CHClCH3 7.78 5.24 8 .19  7.60 8.34 3.05 (CH), 1.37, 
1.06 (CH3)2 


5-10  (He) 4.68 (Ha) 8.35 7.63 8.63 5.10 (Hc), 
5.20 (Hb) 4.05 (Hd) 


7-68  8-71 8-23 9-02 5-63 8-45 (H3) 
+CHCH3 8-57 5.77 9.21 8.18 8.81 7.91 (H) 


5.93 (Ha)a, 5-75 (Hb), 
7-49 (H,) 
6.65 (CH), 2 .24  (CH3) 
6 .80  (CH), 2 .46 (CH3) 
5.72 (Ha)a, 5 .49 (Hb), 
7 .43 (H,) 
6-49  (CH), 2.18 (CH3) 


6.80 (CH), 2.28 (CHI) 


9-82  (CH’), 3.46 (CH3) 
10.06 (CH+), 3.58 (CH3) 


it follows from the mesomeric structures that for X = S 
the positive charge is more delocalized than for X = 0. 
This is confirmed by the change in the calculated net 
charges on the 0 and S atoms on pyrrolium ion forma- 
tion: the charge on sulfur increases by 0.9 whereas the 
charge on oxygen increases by only 0.03 (Figures 2 and 


Recently we also found” that the width of the 5-CI-b 
signal in the ‘H NMR spectra can serve as a criterion 
of pyrrolium cation stability. In the intermolecular 
exchange of these protons with the medium this signal 
broadens with increase in temperature. Such 
broadening takes place, for example, in the spectra of 
2-alkyl- and 2-arylpyrrolium ions. ” Withocations 5-8 
an increase in sample temperature of 10 C does not 
alter the width of the 5-CH2 signal in HCI medium. 
showing the stability of these ions. 


3). 


A second reason for the lack of isomerism of the 
thienylpyrrolium ions is the known lower reactivity of 
the thiophene ring towards protonation in comparison 
with the furan ring. ‘‘*1s Both factors evidently contri- 
bute to the observed result. 


The preferred pyrrole ring protonation with the usual 
acids at low temperature is determined, as for the 242- 
furyl)pyrroles, by the HOMO electron densities rather 
than by the atomic charges (it is seen from Figures 2-4 
that the charge on C-5 is minimal). As follows from 
Figure 4, the pz atomic orbital contributions to the 
HOMO from the pyrrole C-5 and C-2 atoms are largest 
(0.52 and 0.5, respectively), the latter not being pro- 
tonated owing to steric hindrance. 


Dication formation is observed for the interaction of 
2-(2-thienyl)-l-vinylpyrrole (2) with HSO,-SbFs-S02, 
in which three reaction products are observed at 


I L 


R’ 


12 x = 0,s 
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Figure 2. Full charge distribution (MNDO) in the 242- 
thieny1)pyrrole molecule and its protonated forms. The r- 


atomic charges are given inside the rings 


- 70 OC, suggesting that charge (kinetic) control acts 
together with the orbital control. The thiophene C-5 
and pyrrole C-4 atoms of 1 have the greatest net 
charges, and are the most likely sites for attack of the 
hard acid. At -10 O C  the unidentified compound disap- 
pears and the dication 11 with a protonated thiophene 
unit increases. This is in good agreement with the 
calculated heats of formation (Table 2), which show 
that the thienylpyrrolium and pyrrolylthiophenium ions 
have almost the same thermodynamic stability. At the 
same time, computation of the model cations formed 
by 2-phenylpyrrole protonation reveals a very large 
difference between the heats of formation of phenyl- 
pyrrolium and pyrrolylbenzenium ions (ca 55 kJ 
mol - ' ). 


Recently we found that 2-phenylpyrroles are pro- 
tonated by all acids studied, including 
HSO3F-SbF5-402, only at the pyrrole ring. '* Hence 


0.21 


0.12 0.13 0.13 ~ ~. 


-0.11 
0% 


0.14 0.w 0.11 0.13 


Figure 3. Full charge distribution (MNDO) in the 2-(2- 
fury1)pyrrole molecule and its protonated forms. The *-atomic 


charges are given inside the rings 


the results obtained reflect the adequacy of the method 
and provide a satisfactory rationalization of the 
observed experimental facts. 


In this work the detailed MNDO calculations with 
full geometry optimization and construction of the 
internal rotation potential curves were carried out for 
2-(2-thienyl)pyrrole and its protonated forms and for 
the model 2-phenylpyrrole and its cations. The most 
important calculated results are listed in the Tables 2 
and 3 and shown in Figures2-4. The similar 
parameters of 2-(2-furyl)pyrrole and its cations are 
given for comparison. 


The question of the relation of internal rotation bar- 
riers in the cations studied may be considered in more 
detail, since their heights can serve as a measure of 
inter-ring conjugation. These heights decrease sub- 
stantially in the sequence fury1 > thienyl > phenyl 
(Table 3). We have proposed" previously that this 
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(0.35) 


0.16 


0.35 


(0.24) 


32 


0.41 


(0.39) 0.25 0.27 0.36 


Figure 4. HOMO structures of 2-(2-furyl)-, 2-O-thienyl)- and 2-phenylpyrrole and their protonated forms. For 2-(2-thienyl)pyrrole, 
the values of pr atomic orbital contributions are given in parentheses 


Table 2. Heats of formation (kJ mol-') by MNDO of the most stable conformers of 2-furyl-, 
2-thienyl- and 2-phenylpyrrolesa 


Neutral 
Compound Conformer molecule N (+) 2-Substituent (+Y 


~~ ~ 


2-(2-Furyl)pyrrole cis 87.32 738.43 740-57 
transd 94-22 745.80 748.60 


transd 249.55 910-84 907 - 24 
2-Phenylpyrrole 224.52 880-70 935.88 


2-(2-Thienyl)pyrrole cisd 249.55 908.21 903.39 


~ ~~ 


'With full geometry optimization. 


' Protonated 2-substituent ring. 
Protonated pyrrole ring. 


Relative to the ring heteroatoms. 
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Table 3. Main parameters characterizing inter-ring conjugation 


Cz-Ci bond Cz-Ci bond Barrier 1nter-ri:g 
Compound Change order a length (A) height (kJ mol-I) VZ (kJ mol-I) angle ( ) 


2-(2-Furyl)pyrrole Neutral 1.02 1 -45 - 2.51 12.7 
N(+) 1.17 1 a43 31.05 34-39 0 


1.38 1 *40 80.84 85.48 0 O(+) 


N(+) 1 * 14 1 *43 15.28 17.12 0 
1 -49 1-38 88.07 86.94 0 


2-Phenylpyrrole Neutral 0.98 1-47 - -8.16 70-8 
S(+) 


N(+) 1 a07 1 *46 2.47 2.93 38.6 
Ph(+) 1 -42 1 -40 63.17 41.61 4.5 


2-(2-Thienyl)pyrrole Neutral 1.01 1-45 - - 2.93 54.8 


'Bond order is defined as the sum of squares of density matrix elements bonding two atoms. 


indicates a decrease in the stabilizing influence of these 
heterocycles toward the pyrrolium ion. In the alter- 
native protonated forms the increase in the pyrrole ring- 
stabilizing effect is clearly seen. Hence the internal 
rotation barrier height in the pyrrolyfuranium ion is 
about 2.5 times larger than that in the furylpyrrolium 
ion. The similar ratio for the pair of thienylpyrrole 
cations is about 6, and for phenylpyrrole it is about 25. 
Previously, the internal rotation barrier height in pro- 
tonated 2,2'-bithienyl was estimated to be 48 kJ mol-' 
dynamic NMR, 2o i.e. the electron density delocalization 
in this cation is higher than that in the thienylpyrrolium 
ion, but lower than in the pyrrolythiophenium ion. 


CONCLUSION 
2-(2-Thienyl)pyrroles 1-4 are protonated by acids at 
C-5 of the pyrrole rings and, in contrast to 2-(2- 
furanyl)pyrroles, no monocations due to protonation 
on the other ring are observed. l-Vinyl-2-(2- 
thieny1)pyrrole (2) in HSO3F-SbF5-SOz gives dications 
involving protonation of the vinyl group and either of 
the heterocyclic rings. The experimental results agree 
with MNDO calculations of the position of protonation 
and the rotational barriers in the cation. 


EXPERIMENTAL 


The 'H NMR spectra were recorded on Tesla BS 567A 
(100 MHz) and Bruker WP-2OOSY (200 MHz) 
spectrometers. 


The reaction of 2-(2-thienyl)pyrroles 1-4 with 
HSOsF and CF3COOH was carried out -70°C by 
adding 0.02g of the pyrrole in an equal (0.21111) 
volume of CDzClz in the NMR tube to a 5-10-fold 
excess of acid. A similar procedure was used in the reac- 
tion of the pyrrole 2 with the superacid system, with 
liquid SO2 (80 vol.%) as solvent. The pyrrole (0.02 g in 
liquid SOz) was introduced into the acid solution. 


The reactions with hydrogen halides were also per- 
formed in the NMR tube, by passing of dry HCl (or 


HBr) through the pyrrole solution in CDzCl2 at - 70 or 
- 30 "C. 


Since the resolution of the spectra was not sufficient 
for the measurement of coupling constants owing to the 
low temperatures and intermolecular proton exchange, 
the signal assignments were confirmed, where 
necessary, from double resonance runs. 


The methods of synthesis of the compounds studied 
have been described previously. 8s9,21 


Quantum chemical (MNDO) calculations were per- 
formed on an EC-1061 computer. 
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KINETIC STUDIES OF SOLVENT AND PRESSURE EFFECTS ON 
THERMAL ISOMERIZATIONS OF N-PHENYL- AND 


N-METHYLRHODAMINELACTAMS 


YOSHIMI SUEISHI,* YUKIE SUGIYAMA, SHUNZO YAMAMOTO AND NOR10 NISHIMURA 
Department of Chemistry, Faculty of Science, Okayama University, Tsushima Naka 3-1-1, Okayama 700, Japan 


Solvent and pressure effects were examined for the isomerization rates of N-phenyl- and N-methylrhodaminelactams 
(RL-Ph and RL-CH3) from their zwitterionic to the spiro forms. From the pressure dependence of the reaction rate, 
the activation volumes were estimated to be about 5 cm3 mol-’ for RL-Ph and 3-10 cm3 mol-’ for RL-CH3. It is 
proposed that there are two rotameric isomers for the coloured zwitterionic forms, and the role of these rotamers in 
the kinetic effects of solvent and pressure is discussed. The results are consistent with a reaction mechanism involving 
heterolytic ring closure on activation. 


INTRODUCTION 


Photo- and thermochromism occur in a wide variety of 
inorganic and organic compounds, and these com- 
pounds have attracted attention for many years. I In the 
case of organic compounds, thermochromic behaviour 
is often associated with the reversible valence isomers. 
The mechanisms for thermochromic processes are 
roughly classified into the following types: (I) hetero- 
lytic bond cleavage and formation; (11) homolytic bond 
cleavage and formation; (111) cis-trans isomerization; 
and (IV) tautomerism. We have previously examined 
the solvent and pressure effects for various types of 
thermal isomerizations: spiropyrans’ (Type I), 
spiro [1,8-a] dihydr~indolizine~ (DI) (Type 11), 
azobenzenes4 (Type 111) and 4-phenylazo-1-naphthol5 


Rhodamine derivatives are extensively used in dye 
lasers. It has been recognized that N-substituted 
rhodaminelactam is converted into a coloured zwit- 
terionic structure (2-form) by photochemically induced 
bond fission. In the dark, the Z-form reverts to the 
spiro form (S-form) as shown in Scheme 1.6 


Similarly, spiropyrans can exist with colourless spiro 
and coloured merocyanine structures. ’ The coloured 
merocyanine takes a planar form with delocalized 
Ir-electrons of the indoline and benzopyran fragments. 
From the kinetic solvent and pressure effects, we have 
established that the solvent-induced dipole through the 


(Type I V .  


~ ~ 


* Author for correspondence. 


S-form Z-form 
Scheme 1 


conjugation of the r-electrons plays an important role 
in some cases. 234 For rhodaminelactam, the conjuga- 
tion of r-electrons between isoindole and xanthene 
fragments in the 2-form is impossible as in the case of 
DI, and Willwohl et al.’ have suggested that there are 
two coloured rotameric isomers for the 2-form. A 
detailed reaction mechanism involving the rotamers of 
the 2-form for the thermal isomerization has not been 
put forward. Therefore, it would be worth investigating 
the kinetic solvent and pressure effects on the isomeriza- 
tion rate and compare them with those for spiropyrans 
and DI. In this paper, the kinetic and thermodynamic 
quantities for the isomerizations of rhodaminelactams 
are presented, and the electronic structure of the tran- 
sition state and the role of the rotamers are discussed. 


EXPERIMENTAL 


3 ‘ ,6 ’ -Bis(diethylamino)-2-phenylspiro [ lti-isoindole- 
1,9’ (9H)xanthene]-3(2H)-one (RL-Ph) and 3 ’ ,6‘-bis- 
(diethylamino)-2-methylspiro [ lH-isoindole-l,9’ (9H) 
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-xanthene]-3(2H)-one (RL-CH3) were prepared by the 
reported method. RL-Ph and RL;CH3 were recrystal- 
lized fro? acetone, m.p. 227-228 C (lit.* 222 "C) and 
223-224 C, respectively. Identification was made by 
melting points and 'H NMR spectra. Solvents of 
reagent grade were stored over molecular sieves and dis- 
tilled before use. 


The instrumentation for the kinetic measurements 
under high pressures has been described el~ewhere.~ A 
sample solution (ca mol dm-') deoxygenated by 
bubbling nitrogen gas was irradiated with a Toshiba 
H400-P mercury lamp through an interference filter 
(Toshiba UV-D33S) to produce the zwitterionic form. 
As far as we examined the electronic spectrum, the 
photo- and thermal isomerizations were quantitatively 
reproducible. The thermal return from the zwitterionic 
to the spiro form was followed by monitoring the 
change in the absorbance at cu 550 nm (the wavelength 
maximum of the band assigned to the absorption of the 
xanthene part") using a Hitachi 139 spectropho- 


tometer. The first-order rate constants, estimated by 
using the Guggenheim method, agreed within a 5% 
error. 


RESULTS 
The time dependence of the absorbance at Am, (ca 
550nm) of the Z-forms of RL-Ph and RL-CH3 was 
monitored in various solvents. The isomerization rate 
was followed at various pressures up to 1200 kgf cm-2 
(1 kgf cm-2 = 0.981 X lo5 Pa) in various solvents and 
the first-order rate constant k was estimated. The acti- 
vation volume (A V*)  at atmospheric pressure was esti- 
mated from the In k vs pressure plot according to the 
following equations, and the values of A V* are given 
in Tables 1 and 2: 


In k = a p + b  (1) 
(2) A V' = - RT(B In k/ap)T 


In Table 3, the rate constants of RL-Ph at several 


Table 1. Rate constants and activation volumes for the thermal isomerization of RL-Ph in various solvents at 40 "C 


Solvent 


Chloroform 550 2.00 1 *87 1.73 1 *61 5.5 20.1 
Chlorobenzene 554 54-5 48.9 45.5 42.7 5.1 10.7 
1 ,Z-Dichloroethane 558 5-42 5-27 4-60 4-53 5.6 14.4 
Acetonitrile 556 3.71 3-19 3.16 3-03 4-7 2-17 


' p  in kgf cm-'. 


Table 2. Rate constants and activation volumes for the thermal isornerization of RL-CH3 in various solvents at 40 "C 


Solvent 


102k(s-') 
A V" 


X,.,(nm) p a =  1 p=300  p=600  p=900 p =  1200 ( ~ m - ~  mot-') 
~ ~~ ~ 


Chloroform 559 14.5 12.6 11.2 9-78 8.66 10.9 
Chlorobenzene 56 1 9.35 8.55 7.93 7.29 6.66 7.0 
1,2-Dichloroethane 556 10.4 9.44 8.56 7.76 6.98 8.4 
Acetonitrile 554 11.1 11.0 10.4 9.89 9.70 3.1 


Table 3. Rate constants and activation parameters for the isomerization of RL-Ph at various temperatures 


Solvent 


103k(s-') 
Ea As313 K* 


20 OC 25 OC 30 "C 40 "C 50 OC (kJ mol-l) (J K-' mol-') 
~ 


Chloroform 0.459 0.724 2.00 5.51 79.5 - 50.8 
Chlorobenzene 29.4 37.9 54.5 64.6 25.2 -198 
1,2-Dichloroethane 1 a78 2.59 5.42 10.5 56.7 -116 
Acetonitrile 0.596 0.925 1.48 3.71 68.7 - 80.9 
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temperatures are given, together with the activation 
parameters. 


0 


- 0 1  
DISCUSSION 


In a previous paper. we pointed out that the absorption 
band position of push-pull azobenzenes and spiro- 
pyrans having delocalized *-electron systems is sensitive 
to solvent polarity. 2.4 For instance, the absorption band 
position of 6-nitro-substituted spiropyran shifts from 
585 nm in chloroform to 555 nm in acetonitrile. In con- 
trast, as shown in Tables 1 and 2, the absorption band 
position of the Z-form of RL-Ph and RL-CH3 is hardly 
sensitive to the solvent polarity, which suggests the 
localization of *-electrons on the xanthene and iso- 
indole fragments. 


Although the isomerization rate in chlorobenzene for 
RL-Ph is much larger than those in the remaining sol- 
vents (Tables 1 and 3), the linear free energy relation- 
ship for the isomerization of RL-Ph may be seen to 
hold (Figure 1). This suggests that a single interaction 
mechanism is involved. ' I  For the isomerization from 
the bipolar Z-form of rhodaminelactam to the less 
polar S-form, large kinetic solvent effects due to a 
drastic change in polarity can be expected. However, as 
can be seen in Tables 1 and 2, significant solvent effects 
on the isomerization rate of RL-Ph and RL-CHs are 
not observed. 


The two coloured rotameric isomers I and II' for the 
Z-form of rhodaminelactam are depicted in Scheme 2. 
The roamers will be in rapid equilibrium, and the dipole 


S-form 


1 


0 1  - 200 -1 00 
AS* ( J  K-'mol-' 1 


Figure 1 .  Relationship between Ea and AS313 K* for the 
thermal isomerization of RL-Ph 


moment of rotamer I must be larger than that of 
rotamer 11. According to Scheme 2, the observed rate 
constant k for the isomerization can be given by 


(3) 
where KR ( =  [rotamer I]/ [rotamer 111) is the equi- 
librium constant between the two rotamers and kI 
denotes the rate constant of the isomerization from the 
rotamer I to the S-form. In acetonitrile, a considerably 
polar solvent, it could reasonably be assumed that 


k = KRki/(l + K R )  


Et Et 


1 l K R  


* Et 
Transi t i  on [ State ] 


Et 


rotarner 11 


2- form 


Scheme 2 
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KR % 1. I t  In this case, equation (3) reduces to 


k = kI (4) 
The rate constant k in the remaining solvents will be 
discussed later. 


The rate constants given in Tables 1 and 2 decrease 
slightly with increasing external pressure. The estimated 
activation volumes are in the range 3-11 cm3 mol-’. It 
is noted that the activation volume estimated in aceto- 
nitrile corresponds to the volume change for the 
isomerization from the rotamer I to the S-form from 
equation (4). These values are 4.7 cm3 mol-’ for 
RL-Ph and 3.1 cm3 mol-’ for RL-CH3 (Tables 1 and 
2), and are similar to the activation volume for DI 
(A V’ = 3-8 cm3 m ~ l - ‘ ) . ~  This suggests that the 
polarity of the Z-form decreases on activation but its 
extent is not as large as in the case of spiropyran.2 
Accordingly, the heterolytic ring closure mechanism 
may be acceptable for the thermal isomerization 
( Z  + S) as shown in Scheme 3. Since the isomerization 
of the rotamer I to the S-form starts from the polar 
Z-form and may proceed via the less polar transition 
state, the rate constant kI decreases with increasing 
solvent polarity. On the other hand, the equilibrium 
constant KR will increase with increasing solvent 
polarity, resulting in an increase in the Kd(l + KR) 
value. Therefore, the insensitive nature of the observed 
rate constant may be due to the compensatory effect. 


The activation volume (A V’) could be convention- 
ally divided into two terms: an intrinsic volume change 
(AVi,,*) and a volume change arising from reorgan- 
ization of solvent molecules around the reactant on 
activation (A ~~~1~ 1: 


(5 )  


By means of the Kirkwood equation, l 3  the solvation 
term A Vsolf can be given by 


A Vs0l’ = -N[01’2/r’3) - (a$r:)lqp (6) 
where qp = [3/(2.f + l)] ( & / a p ) ~  and the other symbols 
have their usual meanings. Using available ~ - p  data, l4 
qp values were estimated. Although this is a simplified 
model in which the pressure dependence of the radius r 
is ignored, it could provide a convenient basis for a 
semi-quantitative comparison of solvent effects. In 
solvent effects on reactions involving dipoles, a linear 


A Vf = A Knt’ + A  Vs0i’ 


relationship between the activation volume and qp has 
been obtained, and the structure of the transition state 
has been discussed. Is 


The activation volume in acetonitrile can be 
expressed from equation (4) as follows: 


A V’ A VI’ = A V1,int’ + A V~.sol’ (7) 


where the subscript I denotes the isomerization of the 
rotamer I to the S-form. In order to estimate A V I , ~ ~ ~ ’ ,  
we tentatively allotted pz(mtamer I) = 15 D for the dipole 
moment of the rotamer I, p’=3*OD and 
rz = r’ = 0.3 nm, based on the dipole moment of the 
merocyanine form of spiropyran ( p  = 13 D) and pre- 
vious studies for the isomerizations of spiropyrans and 
DI. 2 s 3  By substituting the above values into 
equation (6), the A V I . ~ ~ I ’  value was estimated to be 
10.4 cm3 mol-’ in acetonitrile. The positive A V I , ~ ~ I ’ *  
value could be ascribed to the release of electrostricted 
solvent molecules. Using the A V I , ~ ~ ~ ’  and A V’ values 
in acetonitrile, A V1,int’ can be estimated to be 
-7 .3  cm3 mol-’ for RL-CH3 and - 5 . 7  cm3 mol-’ 
for RL-Ph. It may be instructive to compare the 
AV1,int* values with those of similar reactions. For 
example, the Claisen rearrangement has been accepted 
as a typical reaction involving a cyclic transition state. 
Walling and Naiman l6 estimated the activation volumes 
for the Claisen rearrangement in several solvents, and 
found that the values of AV’ are -10 to 
-15 cm3 mol-’ with no obvious solvent dependence. 
They interpreted these results as the intrinsic volume 
change for the ring-closure process on activation. The 
values of I A V1.int’ 1 for RL-Ph and RL-CH3 seem to 
be lower than those for the Claisen rearrangement, 
which may be ascribed to the similarity of conforma- 
tions between the rotamer I and the activated complex. 
Using the above values, the volume profile for RL-Ph 
and RL-CH3 is shown in Figure 2. It can be seen that 
the term A V I , ~ ~ ~ ’  in equation (7) overwhelms A V1,int’, 
resulting in small and positive AY’ values for the 
isomerization. 


For the isomerization in the remaining solvents, the 
pressure effects can be expressed from equation (3) as 
follows: 


A V’ = A VI’ + A VR + RT[a ln(1 + K ~ ) / a p ] r  (8) 


E,‘ M 
Et 


9 


0 


dipolar T. S. 
Scheme 3 


Z-form S -form 
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Figure2. Volume profiles for the isomerization of RL-CH3 
and RL-Ph in acetonitrile 


where A VR( = A h,bt + A V I , ~ ~ I )  is the difference in the 
molar volumes of the two rotamers. The equilibrium 
constant KR may decrease with decreasing solvent 
polarity. In an extreme case for which KR 4 1, 
equation 8 reduces to 


(9) 
The solvation term (A Vr,so~’) of the activation volume 
can be estimated as A V,lf(RL-Ph) = A VsOl’(RL- 
CH3) in a given solvent by substituting the qp value into 
equation (6). Accordingly, the difference between the 
activation volumes of RL-Ph and RL-CHp in a less 
polar solvent such as chloroform can be given from 
equations (5 )  and (9) as 


A V’ = A  v~’ + A  vR 


AA V’ = A V’ (RL-Ph) - A V’ (RL-CH3) 
= AAvI,intz + AAVR.int (10) 


Since the A h, int ’  value is inde endent of solvent 
polarity, AAVR.int is -7.0 cmf)mol-l using the 
A VI,int’ values estimated in acetonitrile and A V’ in 
chloroform for RL-Ph and RL-CH3. A conceivable 
reason for this difference is as follows. In the rotamer 
11, rotation of the CH3 and Ph groups around the C-N 
single bond in the isoindole part is possible at ambient 
temperature, and the environmental situation of the 
CH3 group will not change substantially between the 


rotamers I and 11. However, the free rotation of the Ph 
group in the rotamer I will be restricted, which must 
give rise to a smaller exclusion of solvent molecules. 
This may be responsible for the difference in 
I A VR,int I which is compared with the values reported 
for the isomerization of push-pull azobenzenes. ” 


In conclusion, the above findings suggest that the 
thermal isomerization proceeds via the dipolar tran- 
sition state, and the small solvent effect on the 
isomerization is ascribed to the existence of the two 
rotameric isomers of the Z-form. 
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SHORT COMMUNICATION 


ZERO-FIELD SPLITTING VERSUS INTERELECTRONIC DISTANCE IN 
TRIPLET ELECTRON SPIN RESONANCE SPECTRA OF LOCALIZED 


DINTTRENES 


MASAKI MINATO AND PAUL M. LAHTI* 
Department of Chemistry, University of Massachusetts, Amherst, Massachusetts 01003 USA 


Triplet zero-field splitting parameters were obtained in 2-methyltetrahydrofuran glass at 77 K for phenylene-1,4- 
dinitrene (l), (biphenyl-4,4 ' -dinitrene (2), (@-1,2-bis(4' 4trenophenyl)ethene (3), 1,4-bis(4' -nitrenophenyl)buta-1,3- 
diene (4) and 1,8-bis(4'-nitrenophenyl)octa-1,3,5,7-tetraene (5). The results were (1) 1 D/hc I = 0-169 cm-', 
IE/hc( =0-004cm-', (2)1D/hc1=0.189cm-', IE/hc1=0*00cm-', (3) ID/he1=0.122cm-', IE/hcI =0.00cm-',  
(4) 1 D/hc I = 0.0865 cm- , I E/hc I = 0-00 cm-' and (5) I D/hc I = 0.0442 em-', I E/hc I = 0.00 em-'. All these 
biradicals are ground-state singlets. Based on the observed decrease in triplet signal intensities as temperature 
decreases. The substantial magnitudes of I D/hc I for 3-5, despite the large distance between localized nitrene 
electrons, is much more than can be explained by a simple dipolar interaction between localized electrons, and is 
attributed at least partly to spin polarization effects on the .r-electron clouds of these systems. 


As part of our interest in investigating interelectronic 
exchange interaction in organic open-shell molecules, 
we have studied the triplet biradical electron spin 
resonance (ESR) spectroscopy of quinonoid, localized 
dinitrenes. Examples shown in Scheme 1 are phenylene- 
1 ,Cdinitrene ( l ) ,  biphenyl-4,4'-dinitrene (2), 
1,2-bis(4 ' -nitrenophenyl)ethene (3) 1,4-bis(4 ' -nitreno- 
phenyl)buta-1,3-diene (4) and 1,8-bis(4'-nitreno- 
phenyl)octa-l,3,5,7-tetraene (5). In these systems, 
unlike in conjugated biradicals and polyradicals, there 
is no direct conjugative exchange interaction between 
the unpaired electrons. Exchange is therefore weak, and 
mechanistically due to effects such as spin polarization 
through the ?r-network. We had theoretical reasons for 
believing that interelectronic interaction' in such 
systems would become negligible with extended length 
of the conjugated system. To probe this matter, we 
investigated zero-field splitting (zfs) parameters for the 
triplet ESR spectra of compounds 1-5. 


Diazide precursors 6-10 were synthesized by 
standard chemistry involving reduction of the cor- 
responding dinitro compounds to diamines, double 
diazotization and treatment with sodium aside. Where 
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multiple C=C bonds were present in B dinitro inter- 
mediate, the all-E geometry in the double bonds was 
generated by heating the compound overnight with a 
small amount of iodine in boiling acetone. All the 
diazides were stable for many months storage below 
room temperature in the dark and gave satisfactory 
spectral characteristics as follows. Compound 6: m.p. 
80-81 "C; IR (KBr, cm-I), 2080, 2110 (-N3 str.); 
UV-visible (X,,,/nm [E]): 272 [12 4001; analysis: calcu- 


44.50, H 2.66, N 51.90%. Compound 7: m.p. 
80-81 "C; IR (KBr, cm-'), 2120 (-N3 str.); 
UV-visible (X,,&m [E]), 297 [36 7001; analysis calcu- 
lated for ClzHsNa, C 61.06, H 3.41, N 35.56; found, 
C 61.06, H 3.78, N 33.40%. Compound 8: m.p. 
154-155°C; IR (KBr, cm-I), 2140 (-N3 str.); 960 
(trans-CH=CH); UV-visible (X,,/nm [E]), 341 
[34 4001; analysis calculated for C14HloN6, C 64- 12, H 
3.84, N 32-03; found, C 63-19, H 3.72, N 31.42%. 
Compound 9: m.p. 140 "C (decomp.); IR (KBr, cm-I), 
2130 (-Ns str.); UV-visible (XmaX/nm [E]), 361 
[47 5001, 381 [33 7001, 384 [39 1001; analysis calculated 
for Cl6HlzN6, c 66.66, H 4.20, N 29.14; found, c 
63.43, H 4 ~ 0 1 ,  N 28.83%. Compound 10 decomposes 
above 250 C; IR (KBr, cm-'), 2130 (-N3 str.); 
UV-visible (Xmax/nm [E]), 379 [53 5001, 397 [68 9001, 


lated for Cf&Ntj, c 45.01, H 2.52, N 52.47; found, c 
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423 [60400]; the material was insufficiently stable to 
obtain consistent elemental analysis. 


Dinitrene samples were prepared by dissolution of 
the appropriate diazide in dry 2-methyltetrahydrofuran, 
subjection to three freeze-pump-thaw vacuum 
degassing cycles, freezing at 77 K in a Suprasil liquid 
nitrogen finger Dewar and photolysis for 6 5 min using 
a 1000 W xenon arc lamp with a Pyrex filter. The ESR 
spectra obtained at 9-57-9.58 GHz under these con- 
ditions are shown in Figure 1. All the spectra appear 
indefinitely stable at 77 K and disappear at once on 
thawing of the solvent matrix. 


Strong peaks at about 3400G are observed in all 
cases, due to radical impurities formed under the 
photochemical conditions used. These peaks have been 
omitted from Figure 1 for ease of representation. In the 
region of 5000-7000 G ,  all the spectra show peaks attri- 
butable to mononitrenes. The major mononitrene peak 
moves to progressively lower field in photolyses of 
6-10, showing that the ?r-electron of the mononitrene is 
increasingly delocalized by conjugation. In spectra 
derived from 8-10, small peaks in the region of 
6750-6850 G are also observed, a position consistent 
with non-conjugated aryl mononitrenes. These peaks 
appear to be due to small amounts of terminal aryl 
mononitrenes which are generated in a twisted confor- 
mation that is deconjugated from the rest of the 
molecule, and so at higher field than the dominant, 
conjugated mononitrene peaks. 


271 5 


l213,Ol 4005 


16830 


6720 I 
13630 


I 6790 


Figure 1 .  ESR spectra at 77 K and 9.57-9.58 GHz in 2- 
methyltetrahydrofuran from photolyses of (a) 6, (b) 7, (c) 8, 
(d) 9 and (e) 10. The g = 2 spectral region has strong radical 
impurity peaks in all spectra, and has been omitted for the 
sake of simplicity in presentation. Peak positions are given in 
units of gauss 







SHORT COMMUNICATION 485 


All spectra show the resonances typical of biradical 
triplets in the region of 1000-5000 G ,  including triplet- 
definitive AMs = 2 half-field bands. The spectrum of 
dinitrene 1 has been reported previously. 3s4 and a 
description of 'I E/hc 1 = 0' has been given;4 we 
simulated the I E/hc) value to be about equal to 
0*004cm-'. In addition to work done by us on 2,' 
Yabe and co-workers have studied this species and 
found evidence for a highly twisted isomer of 2 formed 
on extended photolysis of diazide 7,  as is analogous to 
the minor, high-field mononitrene peaks described 
above. All biradical peak positions (including half-field 
band positions) were successfully simulated by the 
method of Kottis and Lefebvre'. (Our simulation 
program was adapted from that described by Jain 
et al. The ESR triplet spectal simulation program 
described in the latter reference includes simulation of 
AM, = 2 transitions, the positions of which move to 
lower magnetic field as I D / h c )  grows larger. A good 
discussion and references can be found in ref. 9.) For 
2-5, I E/hcI is essentially zero, consistent with the 
increasing elongation of the biradicals (assuming an 
extended conformation in 4 and 5). Although many 
conformational isomers of 4 and 5 may be imagined, 
the modest linewidth and simplicity of these triplet 
spectra suggest that only one major ESR-active con- 
former is present. All the biradical spectral intensities 
decrease with increase in temperature, showing that the 
biradicals are ground-state singlets, with the ESR-active 
triplets being low-lying thermally excited states, in 
agreement with valence bond considerations [AM 1 -CI 
and PM3-CI computations using fixed geometries 
optimized with a PM3 OPEN(2,2) C.I. = ( 5 , 2 )  wave- 
function find near-degenerate singlet and triplet states 
for the biradical bis(arylnitenes), typically with a small 
(200-600) calmol-') ( 1  cal = 4.184 J) favoring of the 
singlet states. Calculations were carried out using 
MOPAC 6.0 (J. J.  P. Stewart, QCPE Program 455)l. 


Table 1 summarizes zfs parameters for the triplet bira- 
dical portions of each spectrum, in addition to 1 D/hc 1 
values for mononitrenes' observed due to partial 
photolysis of each diazide. 


As the distance between localized nitrene electrons 
increases in 1-5, the zfs I D/hcl value should decrease. 
This trend is observed (although the 1 D/hc 1 value of 2 
is anomalously large in the series for reasons still 
unclear to us), but the observed 1 D/hc I values are fairly 
large. Large zfs I D/hc I values are often associated with 
small distances between unpaired electrons, a relation- 
ship derived from the simple dipolar model of the 
triplet state Jin the dipolar model, 1 D/hcI = 
1.299 g cm-' A'/&, where ri, is the distance between 
interacting electrons in angstroms and g is the electron 
g-value; see citations in ref. 7). By this model, the zfs 
values of 1-5 should be much smaller than observed, as 
demonstrated by the data in Table 1 comparing 
observed I D/hcI values with values predicted by 
assuming purely bipolar interaction of electrons com- 
pletely localized at the nitrene nitrogen nuclear 
positions for reasonable molecular geometries. 


Spin polarization of the r-electrons of these systems 
by the unpaired triplet electrons at the nitrene nitrogens 
could contribute to the magnitude of the observed zfs 
parameters. The localized u nitrene electrons of 1 can 
polarize the molecular r-spin density in the manner 
qualitatively shown in Scheme 2. The localized u- 
electrons are shown as large arrows to signify 
approximately a full electron spin, and the small polar- 
ized r-spin densities are shown as small arrows, since 
the r-spin density on nitrogen is equivalent to about 2% 
of an electron spin" in 1. Although the total a-spin 
density sums to zero, there can be non-zero spin density 
at each site, provided that sites of negative spin density 
exist. In this model, there could be considerable 
contributions to the zfs by one-center interactions 
between unpaired v- and r-electron spin density at each 


Table 1 


Dipolar 
Precursor Biradical Mononitrene N-N zfs 
photolyzed zfsa zfsb distance' (predictedd) 


6 0.169 (0.004) 0.896 5.5 0.0156 
7 0.189 (0.00) 0.830 9.7 0.0028 


9 0.8865 (0.00) 0.661 (0.92) 14.4 0.0009 
8 0.122 (0.00) 0.738 (0.96) 12.1 0.0015 


10 0.0442 (0-00) 0.631 (0.94) 
~~~ ~ 


* I D/hc I (I E/hc I) in cm-' for biradical dinitrenes produced from each precursor. 
I D/hc I in cm-' for the major mononitrene peak in each spectrum. Numbers in paren- 


theses are for minor additional peaks assigned to less conjugated mononitrene byproducts. 
Distance in A between terminal nitrene nitrogens, based on semi-empirically computed 


planar all-E geometries (see text). 
dZfs 1 D/hc( in cm-l; predictions based on the dipolar approximation (see text) and using 
the computed distance between nitrene nitrogens. 
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nitrene nitrogen. In addition, the triplet *-spin arrange- 
ment in the ring leads to a spin wave function 
mismatch, with sites of the same spin density adjacent 
to one another on the carbons of the phenylene ring, 
and also contributing to the zfs. Ab initio SCF-MO- 
CISD 6-31G* level computations on dinitrene 1 show lo 


polarization of its r-spin density in essentially the 
manner shown in Scheme 2. 


Although the polarized r-spin densities on the 
nitrogen atoms are small in 1, they would contribute 
substantially to the magnitude of I D/hc 1, since they are 
analogous to the one-center interactions that make 
monocarbene and mononitrene zfs so large. Because 
the u-spin density at each nitrogen of the dinitrene is 
small in 1-5, the zfs values are nowhere near as large 
as that of a triplet aryl mononitrene, which has very 
large spin density populations for both the a- and r- 
space. Extension of conjugation in 2-5 causes the 
*-spin density to be increasingly delocalized through 
the extended u-system (as demonstrated by the 
decreasing zfs for the analogous mononitrenes), so the 
*-spin density on each nitrene nitrogen will decrease. 
Since the nitrogen-centered a-spin density of the 
unpaired electron will hardly change in 1-5, the one- 
center interactions between the a- and r-spin density at 
each nitrene nitrogen will decrease in 1-5. The I D/hc 1 
value in the series 1-5 should therefore decrease (as 
observed, with the exception of the anomalous value 
for 2), but much more slowly than expected by a model 
in which only a-spin density interactions are considered. 


Any perturbation to the above model that effects the 
amount of r-spin density on the nitrene nitrogens 
would strongly affect the observed 1 D/hc 1 values. This 


would explain why dinitrene 3 has a zfs of 0.122 cm-', 
whereas the r-isoelectronic structural analog of 3,4,4'- 
azobenzenedinitrene (11). has a zfs of only 
0.067 ~ m - ' . ~  The electronegative azo linkage of 11 will 
withdraw r-spin density from the nitrene nitrogens 
toward the azo moiety, decreasing the one-center inter- 
actions on the nitrene nitrogens relative to the inter- 
actions present in 3, and giving a smaller zfs for 11. It 
is also plausible that some degree of non-planarity6 in 
the nominally flat biphenyl dinitrene 2 forces some 
*-spin density on to the nitrene nitrogens relative to 1, 
increasing the zfs for 2 in the observed anomalous 
fashion. 


Recent ENDOR studies show spin polarization 
effects in quinonoidal dicarbenes" that are similar to 
the effects described above. We are currently 
endeavoring to obtain ENDOR data for quinonoidal 
dinitrenes, to allow us to probe directly the nature and 
degree of spin polarization along the framework of 
1-5. Such studies should shed light on whether the large 
zfs of these molecules is primarily due to spin polariza- 
tion effects, or whether other spin-interactions are also 
important. 
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DIPOLE MOMENTS AND ELECTRONIC STRUCTURE OF 
2,6-BIS(DIALKYLAMINO) DERIVATIVES OF 


4H-PYRAN-4-ONE(THIONE) AND 
4H-THIOPYRAN-4-ONE(THIONE) 


WERNER SCHROTH* AND ROLAND SPITZNER 
Institute of Organic Chemistry, Martin Luther University Halle- Wittenberg, 0-06099 Halle (Saale), Germany 


AND 
VLADIMIR MINKIN* 


Institute of Physical and Organic Chemistry, Rostov University, 344711 Rostov on Don, Russia 


Dipole moments of a series of 2,6-bis(dimethylamino) and 2,6-bis(pyrrolidino) derivatives of 4H-pyran-4-one (2), 4H- 
thiopyran-Cthione (3), 4H-pyran-4-thione (4) and 4H-tbiopyran-4-thione (5) were determined in benzene and dioxane 
solutions at 25°C. High values of the dipole moments (6.44-8-44 D) and mesomeric moments originated from 
delocalization of the nitrogen lone pairs into the r-system of the heterocyclic moieties (1.11-3.08 D) indicate a strong 
polarization of the molecules 2-5 due to a tendency to stabilize pentamethinium and pyrylium (thiopyrylium) ionic 
structures. The MNDO-calculated electronic distribution in 2-5 compared with that for the parent 4H- 
pyran(thiopyran)-4-one(thione)s is in line with this conclusion 


It was found that the introduction of powerful electron- 
releasing substituents into the 2-, 4- and 6-positions of 
pyrylium and thiopyrylium cations 1 drastically 
modifies the electron structures and reactivity of these 
species compared with the unsubstituted cations. '-' 
The changes in reactivity of 2,4,6-tris(dialkylamino)- 
pyrylium salts and their thio analogues are of such an 
extent that these compounds become susceptible to elec- 
trophilic, rather than nucleophilic, substitution 
reactions (nitration and Friedel-Crafts-type reactions) 
under very mild conditions. This chemical behaviour 
implies a compensation of n-deficiency of the cationic 


ring system due to polarization that may be described 
by the resonance of several polar structures (Y = NR2). 


The same kind of polarization is characteristic of 
recently synthesized 2,6-bis(dialkylamino)-4H-pyran-4- 
ones (2), 4H-thiopyran-4-ones (3), 4H-pyran-4-thiones 
(4) and 4H-thiopyran-4-thiones (5), which may be 
viewed as electroneutral analogues of 1 in which 
Y = O -  or S-. 


Compounds 2-5 bearing in the 2- and 6-positions 
dimethylamino or pyrrolidino groups, respectively, 
display significantly enhanced basicity (ca 6 pH units 
higher than their analogues not containing 


Formula 1 
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2 4 5 
Formula 2 


2- and 6-po~itions)~ diluted solutions. Since a linear dependence between dialkylamino substituents in the 
and increased energy barriers to the C-N rotations, 
both effects being caused by a contribution of the type 
la-c (Y = 0-, S - )  polar structures. The electroneutra- 
lity of 2-5 allows us, as distinct from bis(alky1amino)- 
(1, Y = H, R) and tris(alky1amino)pyrylium and 
-thiopyrylium salts (1, Y = NAlkZ), to apply the dipole 
moment measurement technique in order to determine 
the degree of polarization of their molecules, the struc- 
tures of which represent two-sided vinylogous ureas and 
thioureas bonded by the heteroatoms. 


The dipole moments were Cetermined in benzene 
and/or dioxane solutions at 25 C using the heterodyne 
method for the measurement of dielectric permittivities. 
The dielectric permittivities of 4-5 solutions were 
measured starting from the saturated solutions at 
ambient temperature and ending with 15-20-fold 


dielectric permittivities (and densities) of solutions and 
concentrations is necessary (by the equation applied) 
and does in fact exist, it is not important to report exact 
values. The correction for atomic polarization was used 
as 5% of the molecular refraction. The Hedestrand 
equation9 was employed for the extrapolation of the 
polarization to infinite dilution and the electronic polar- 
ization was calculated as a sum of bond refractions. 
The data thus obtained are given in Table 1. 


High values of dipole moments of bis(dialky1amino)- 
4H-pyran-4-one (thione)s and -4H-thiopyran-4-one- 
(thione)s clearly indicate a very strong polarization 
resulting from tendency to stabilize the ionic pen- 
tamethinium ( l b  and c)  and pyrylium (thiopyrylium) 
structures ( la) .  To evaluate the extent of this polariz- 
ation the experimental dipole moments of bis(dimethy1- 


Table 1 .  Molar polarization (P-), electronic polarizations (Pel) and dipole moments 
[p = 0.221(Pm - 1.1 P , I ) ” ~ ]  of type 2-5 compounds 


Structural 2,6-Dialkylamino 
type group M.p. (‘C) Solvent P, (an3) Pel (cm3) f i  (D) 


2 


3 


4 


5 


NMe2 


.3 
NMez 


NMe2 


n 
.WO 
NMez 


159- 160.5 


175-176.5 


194- 195 


208-210 (decomp.) 


230 (decomp.) 


250-253 (decomp.) 


275-276 (decomp.) 


234-235 (decomp.) 
2 10-2 12 (decomp.) 


Dioxane 


Benzene 


Dioxane 
Benzene 
Dioxane 


Dioxane 


Benzene 
Dioxane 


Benzene 


Dioxane 


Benzene 
Benzene 


Dioxane 


1095 


1327 


1324 
910 
987 


1150 


1561 
1668 


1678 


1341 


1286 
1609 


1588 


53.9 7.11 


68.4 7.82 


68 .4  7.81 
56.5 6.44 
56.5 6 . 7 2  


71 .0  7.23 


62.6 8.53 
62.6 8.84 


77.3 8.82 


76.8 7 .80  


65.7 7 .70  
79.9 8.62 


79.9 8.56 
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Table 2. Comparison of additive and experimental dipole 
moment values of bis(dimethy1amino) derivatives of com- 


pounds 2-5 


Structure Padd.(D)a Pexp.(D) p Perp. - gadd.(D)b 


2 5.09 7.11 2.02 
3 5.33 6.44 1 .11  
4 5.45 8.53 3.08 
5 5.78 7.70 1.92 


aThe following values for the parent heterocyclics were used: l o  4H- 
pyran-4-one, 3.72 D; 4H-thiopyran-Cone, 3.96 D; 4H-pyran-Cthione. 
4.08 D; 4H-thiopyran-4-thione, 4.41 D. The dipole moment of the 
dimethylamino group is taken to be equal to 1 . 5 8  D and the angle 
B = 30'. 


to C2" symmetry of all the compounds, the dipole moment 
vectors direct along the X-C-4 axis. The effect of non-polarity of the 
dialkylamino groups is negligible compared with the calculated 
mesomeric effects. Moreover, MNDO calculations with the full 
geometry optimization we described indicate planarity of the 
dimethylamino groups. No free rotation about the C-N bond occurs, 
as also follows from NMR studies.s 


amino) derivatives of 2-5 are compared in Table 2 with 
the values calculated by the vector addition scheme of 
moments of polar fragments and groups, i.e. unsub- 
stituted 4H-pyran-4-one(thione), 4H-thiopyran-4-one- 
(thione) and dimethylamino groups. The additive values 
thus calculated imply, obviously, an absence of 
mesomeric interaction between the chosen molecular 
fragments. Therefore, the difference (Ap) between the 
vectors of experimental and additive dipole moments is 
a characteristic of the above interaction. 


As can be seen from the Ap values in Table 2, the 
mesomeric interaction effected by the inclusion of two 
2,6-positioned dialkylamino groups in the a-system of 
2-5 is fairly large. This conclusion stems from a com- 
parison of A p  values with mesomeric moments in the 
benzene ring, evaluating the degree of a-delocalization 
between electron-donating and electron-withdrawing 
groups in a para position. l 1  In the case of p-dimethyl- 


aminonitrobenzene and p-dimethylaminobenzalde- 
hyde, the mesomeric moments are equal to 1 a48 and 
1 . 5 3  D, respectively. It is worth noting that mesomeric 
moments of A p  arising from the interaction of a- 
systems of dimethylamino groups with 4H-pyran-4- 
one(thione) systems (2 and 4 )  are approximately 1 D 
larger than those with 4H-thiopyran-4-one(thione) 
ones. 


This may be well understood from the perturbation 
MO theory point of view, accounting for the fact that 
according to MNDO calculations l2  C-2 centres in 
4H-pyran-4-one(thione) are positively charged (Scheme 
1). In both heterocyclic systems C-2 centres aquire large 
positive charges on introduction of dimethylamino 
groups into the 2,6-positions. 


MNDO-calculated values of the dipole moments of 
the 2,6-bis(dimethylamino) derivatives 2-5 (Table 3) 
are in reasonable agreement with the experimental 
values. From the charges Aq(3)  accumulated at C-3 
atoms of 4H-pyran-4-one(thione) and 4H-thiopyran-4- 
one(thione) systems on dimethylamino substitution in 
the 2,6-positions, the trend may be traced to the for- 
mation of a charge-alternated pentamethinium system, 
in addition to facilitating electrophilic attack at the 3,5- 
positions. The A q ( = S )  values (4 and 5) are significantly 
larger than the Aq(=O)  ones (2 and 3), which indicates 
a larger contribution of the pyrylium and thiopyrylium 
resonance forms of type l a  in the case of thiones 4 and 
5 than for their cyclic ketone analogues 2 and 3. 


As can be seen from the data in Table 1, the dipole 
moments of the 2,6-bis(pyrrolidino) derivatives 2-5 
are in each case larger than those of the 2,6- 
bis(dimethy1amino) derivatives, which indicates higher 
polarization and, therefore, a larger contribution of the 
zwitterionic resonance forms la-c and greater double- 
bond character of the C-2-N and C-6-N bonds in the 
former compounds. This finding is in line with the 
observation of a significant lowering of the rotational 
barriers about the C-N bonds on replacement of the 
pyrrolidino substituent in 2 and 3 by dimethylamino 
groups. 


Table 3. MNDO-calculated heats of formation ( A H $ ) ,  dipole moments, charges at C-3 
q(3) of exocyclic oxygen q(=O) or sulphur q(=S) atoms for 2,6-bis(dimethylamino) 
derivatives 2-5 and differences between these and charges at the respective positions in 


2,6-unsubstituted 4H-pyran-4-one(thione) and 4H-thiopyran-4-one(thione). 


A H $  
Structure (kcal mol-') p(D) q(3) W(3)  d = O ,  S) A q ( = O ,  S) 


2 115.4 7.21 -0.336 -0.115 -0.356 - 0.049 
3 155.3 6.10 -0.282 -0.147 -0.341 - 0.050 
4 169.2 8.39 -0.277 -0.113 -0.171 -0.116 
5 209.1 6.94 -0.226 -0.145 -0.134 -0.121 
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-0281 - 0.3073 
0 


t 0.1 197 


- 0.1935 


AH:= - 45.1 kcal/mol 
p =  3.34 D 


- 0.0533 
S 


-0.1826 


AH?= 10.4 kcal/mol 
p=3.60D 


- 0.1352 


-0.1770 


t 0.2741 


AH?= - 7.7 kcal/mol 
p = 2.51 D 


-0.0134 
S 


A$= 47.6 kcal/mol 
p = 2.48 D 


- 0.3556 
0 
I I 1.233A - 0.3406 


- 0.4200 


H3C t0.2102 CH3 


AH?= 115.4 kcal/mol 


H3C\ 
- 0.4130 


H36 + 02085 CH3 


A$= 169.2 kcal/mol 


- 0.341 1 
0 


H3C t0.2100 CH3 


AH:= 155.3 kcal/mol 


t 0.0060 


- 0.3985 I + 0.2430 
I CH3 H3C + 02121 


AH: = 209.1 kcal/mol 


Scheme 1 .  MNDO calculations (full geometry optimization) 
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THEORETICAL STUDIES OF THE EFFECTS OF ortho-METHYL 
SUBSTITUTION ON S N ~  and S N ~  PROCESSES AT PRIMARY AND 


SECONDARY BENZYLIC CARBONS* 


IKCHOON LEE,? NAM DO0 KIM AND CHANG KON KIM 
Department of Chemistry, Inha University, Inchon 402-751, Korea 


The effects of o-methyl substitution on the transition-state (TS) structure and reactivity of S N ~  and S N ~  processes 
were investigated for primary and secondary benzyl (a-tert-butyl) derivatives MO theoretically using the AM1 method. 
The o-methyl groups have both stabilizing (by electron donation) and destabilizing (steric) effects on the &2 TS; the 
former prevails for the primary whereas the latter effect becomes dominant for the secondary compounds. In contrast, 
complex interplay of the two effects are operative in the &I TS of both primary and secondary derivatives leading 
to the reactivity order which is consistent with that observed by solvolytic experiments, o,o’-dimethyl < H < 
o-methyl. The bond length-reactivity rule applies only for the primary benzyl SN2 series for which steric effects are 
insignificant. For reactions of benzyl derivatives is general the coplanarity between the carbenium sp2 centre and the 
benzene ring, T-U:-..~, is of the utmost importance in stabilizing TS structure for which other structural requirements 
may be relaxed. 


INTRODUCTION 
Nucleophilic displacement at a benzylic carbon exhibits 
interesting mechanistic variations depending on the 
substrate structure and solvent. Primary benzylic com- 
pounds (I, ArCHZX, where X is a leaving group) tend 
to react with both anionic and neutral nucleophiles in 
solution by a dissociative type of sN2 mechanism with 
positive charge development at the reaction centre in 
the transition state (TS).’ In contrast, secondary and 
tertiary benzylic centres (11, ArCHRX; 111, ArCRR ‘ X 
where R, R’ = CH3 or other alkyl group) have been 
shown to react in solution via an S N ~  mechanism. Gas- 
phase anionic displacement of ring-substituted benzyl 
derivatives carried out under identical SN2 conditions 
with chloride ion, C1- + ArCHzCl-+ ArCHzCl+ C1-, 
however, gave a convex-upward type of Hammett 
plot,4 indicating a change of sign from positive (for 
electron-donating substituents) to negative (for 
electron-withdrawing substituents) charge development 
at the benzylic carbon, when the intrinsic barriers from 
double-well potential energy curves are interpreted in 
terms of rates. On the other hand, MNDO MO theor- 
etical studies’ have shown that such Hammett plots for 
sN2 reactions of chloride ion with para-substituted 


benzyl chlorides lead to a positive p value, i.e. negative 
charge development at the benzylic carbon. 


In the SN 1 solvolysis of a-tert-butyl(or-methy1)benzyl 
chlorides (or to phenyl), delocalization of positive 
charge developing at the or-carbon (benzylic carbon) 
into the ring in the TS is shown to be small owing to 
deviations from the coplanarity between the reaction 
centre and benzene ring. In contrast, however, the loss 
of coplanarity is insignificant and the through- 
conjugation interaction between developing carbenium 
ion and the benzene r-system is fully operative in the 
sN1 solvolyses of or-tert-butylbenzyl tosylates, even 
when the ortho-positions are substituted with methyl 
groups. ’ Fujio et al. * hypothesized that the resonance 
demand is maximum in the solvolyses of a- 
methylbenzyl and 2,2-dimethylindan-l-yl chlorides so 
that they can serve as reference compounds for the 
limiting r,,, value (rmax = 1 * 14). They then proceeded 
to calculate the dihedral angle of twisting out of 
coplanarity (4) in the TS for the solvolysis of or-terf- 
butylbenzyl tosylates (i) and their o-methyl (ii) and 
o,o’-dimethyl analogues (iii) by using this rmax (= 1 * 14) 
value in equation (1)’: 


(1) 
2 I ’ =  rmax COS 4 


*Determination of Reactivity by MO Theory, Part 84. For Part 83, see Ref. I 
t Author for correspondence. 
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where r is the reaction-dependent resonance demand 
parameter of the Yukawa-Tsuno equation (2): lo  


(2) 
They arrived at 4 values of 12", 20" and 20" for i ,  ii and 
iii, respectively, and concluded that increased steric 
congestion around the carbenium ion by o-methyl 
substitution does not cause a significant loss of 
resonance stabilization in the TS. 


In an anatomy of the S N ~  reaction involving crystal 
structure-reactivity correlation for 1-arylethanol 
derivatives [ArCH(CH3)OH], Edwards et al. l1 formu- 
lated a working rule related to the length of bond being 
broken: the longer the bond in a given system, the 
faster it breaks. 


In this work, we investigated s~1  and sN2 reactivities 
of primary and secondary benzylic systems MO 
theoretically using the AM1 method in order to under- 
stand more fully these various factors found to influ- 
ence reactivities of benzyl derivatives in solid-, solution- 
and gas-phase experiments. 


log(k/ko) = p(a0 + ~ A u $ )  


CALCULATION 


The calculations were carried out using the standard 
AM1 procedure'' throughout. The use of ab initio 
methods was precluded since the systems studied are 
large (up to 15 heavy atoms are involved). The geome- 
tries of all reactants were fully optimized without any 
assumption and charaterized by confirming all positive 
eigenvalues in the Hessian (force constant) matrix. l3  


Transition states were located approximately by the 
reaction coordinate method l4 and refined by minimiz- 
ing the gradient norm. l 3  The force constants were used 
to calculate molecular vibration frequencies and hence 
molecular entropies and entropies of activation. l5 The 
TSs were characterized by confirming only one negative 
eigenvalue in the Hessian matrix. l6 


For the SN2 reactions investigated: 


X -  + ArCHRX ArCHRX + X- (3) 
X=C1, Br or OH 
R = H or (CH3)3C 


Ar = CsHs, o-MeC& or o,o'-diMeCsHs 


symmetry conditions for the identity exchange reactions 
were applied. " 


In a search for a model S N ~  reaction, we found that 
gas-phase dissociation of neutral substrates to ion pairs, 
e.g. CH3F -P CH3 + F-, is not suitable since ion-pair 
formation with cut solvent stabilization leads to a con- 
tinuous endoergic process with eventual dissociation of 
two free ions without formation of intermediates (or 
TSs). '* This type of behaviour is encountered even in 
solution for cationic substrates dissociating into loca- 
lized cations, e.g. CH3N; in H20 and in HF. 


In this work, we chose to investigate the dissociation 


of cationic benzyl substrates, which proceeds through 
rate-limiting ion-molecule intermediate forma- 
tion. 3C-e.19 This type of reaction is we11 known in the 
SN 1 solvolytic processes of benzyl derivatives, e.g. 
equation (4) l9 


ArCHRS'Me2 - ArCHR-SMeZ - slow SOH 


ion-molecule complex 
products (4) 


For simplicity, however, we used H2O instead of 
(CH3)zS as the neutral leaving group (LG) and thus the 
&1 reactivity was studied with the gas-phase 
dissociation processes of ArCHROCH2, equation ( 5 )  


ArCHROfH2 - A r c  + HR-OHz - slow 


ion-molecule complex 


ArC'HR + H20 ( 5 )  
dissociated cation and 


molecule 


R = H or (CH3)sC 
Ar = C6H5, O-MeCab or o,of-diMeC6H3 


It has been shown that the charge distribution along the 
dissociative path is similar in the gas phase and in 
solution. 


RESULTS AND DISCUSSION 


We adopt the following notations and numbering 
schemes throughout in the discussion of the results: 


A : Y ' = Y ~ = H  
B : Y ' = H ,  Y2=CH3 


C :  Y1 = Y 2  = CH3 
X=C1, Br, OH or O'H2 


For example, the sN2 process of chloride ion with 
o-Me-a-tert-butylbenzyl chloride will involve the 
IIB + C1 system. The important bonds and angles to 
note are a, b, ab and 4 (= 90 - abd). 
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S32 processes 


The SNZ processes were investigated for the IA-IC and 
IIA-IIC systems with X = C1, Br and OH [equation 
(3)]. The AM1 heats of formation and entropies for the 
reactant (RX) and TS are summarized in Table 1 
together with activation parameters, AH', A S f  and 
AG'. For the primary benzyl system, IA-IC, the reac- 
tivity based on the activation enthalpies, AH', 
increases in the order IA < IB < IC, which reflects that 
o-methyl groups act as electron donors with an insignifi- 
cant steric inhibition effect. This trend is not changed 
even if the entropy terms are accounted for, so that the 
identity exchange reactivity (AG') is in the same 
order. Since electron-donating substituents increase the 
reactivity, the reaction center is positively charged in 
the TS, which becomes stabilized by the electron- 
donating o-methyl groups with small entropy effects. 
The formal charges, q, of benzylic carbon become more 
positive ( A q  > 0) in the TS; for X = C1, Br and OH, A q  
( = q T S - q R X )  and qTS are +0*25 and t0.17, +0.23 
and +0.06, and +0-22 and +0*23, respectively. In 
contrast, A q  and q T s  values for the LG X become more 
negative as expected, with -0.57 and -0 .7 ,  -0.58 
and - 0.63, and - 0.52 and - 0.65 for X = C1, Br and 
OH, respectively. 


The reactivity is seen to increase (Table 1) in the 
order X = OH < C1 < Br, which is exactly the order of 
increasing bond length of the cleaving bond, C-X, in 


the RX in Table2. This is consistent with the bond 
length-reactivity rule of Edwards et al.," which was 
originally formulated for the S N ~  reactivity of the same 
type of bond based on crystal structures. In contrast, 
however, we note that in RX the bond length b 
(CI-C7) is in the reverse order, X = OH > C1 > Br. 
These are also in agreement with the contention that 
more reactive compounds (X = Br) start closer to the 
TS, in both geometry and free energy. Since in the TS 
the benzene ring rotates to improve A overlap with the 
LUMO (a$-x), the bond b (CI-C7) becomes con- 
tracted (benzylic effect)" as the torton angle abd 
( L X C ~ C I C ~  = 90 - 4) approaches 90 (4 = 0). The 
angle ab (= L XC7C1) is not exactly 90 in the TS as 
required from an ideal trigonal bipyramidal five- 
coordinate (TBP-5C) TS structure of the identical SN2 
TS. l7 


For the secondary benzyl systems with an a-tertiary 
group, 11, the reactivity order is reversed to 
IIC < IIB < IIA (Table 1)  owing to steric effect of the 
o-methyl groups overriding their electron-donating sta- 
bilization of the positive charge at the benzylic carbon 
in the TS. The relatively strong steric effect in this 
system is also reflected in the uniformly higher acti- 
vation barriers, AH' and AG', compared with those 
for the primary benzyl systems, I. Here again the 
entropy effects are not large. The formal charges and 
their changes in the activation process on the benzylic 
carbon and the X groups are very similar to those for 


Table 1. Heats of formation, A H f  (kcal mol-'), entropies, S (cal K - '  mol-I) and activtion parameters for systems 
I and 11 with X = C1, Br and OH (1 cal = 4-  184 J) 


Reactant (RX) TS Activation parameter 


X System A H r  SB AHf S A H *  AS' A W b  


C1 IA 
IB 
IC 


Br IA 
IB 
IC 


OH IA 
IB 
IC 


CI IIA 
IIB 
IIC 


Br IIA 
IIB 
11c 


OH IIC 
IIB 
IIA 


- 30.8 121.0 
-37.5 126.6 
-44 .0  131.8 


-1.2 125.5 
- 7 . 9  131.7 


-14.3 138.0 
-45.3 121.4 
-51.1 131.1 
- 57.3 137.2 
-45.4 146.0 
-51.4 150.4 
-51.9 156.6 
-14.5 150.8 
- 20.6 155.7 
-20.8 156.0 
-66.1 159.0 
-64.4 151.2 
- 58.6 146.9 


- 27.6 
-34.4 
-41.1 


- 0 . 1  
- 6 . 9  


-13.4 
-23.8 
- 33.7 
-41.3 
-29.1 
-35.3 
-30.1 


2 .6  
- 2.4 


4.3 
-30.7 
-33 .2  
-28.3 


93.9 
100.8 
110.7 
98.3 


104.5 
112.0 
98-3  
97.5 


102.3 
121.0 
123.4 
127.7 
124.5 
128.5 
132.6 
125.7 
121.6 
114-0 


3 - 2  
3.1 
2 .9  
1.1 
1 . 0  
0 .9  


21.5 
17.4 
16.0 
16.3 
16.1 
21.8 
17.1 
18.2 
25.1 
35.4 
31.2 
30-3 


-27.1 
-25.8 
-21.1 
-27 .2  
-27 .2  
-26 .0  
-23.1 
-33.6 
- 32.9 
-25 .0  
- 27.0 
-28.9 
-26.3 
-27.2 
-23.4 
-33.3 
-29.6 
- 32.9 


11.3 
10.8 
9.2 
9 .2  
9.1 
8.6 


28.4 
27.4 
25.8 
23.8 
24.1 
30.4 
24.9 
26.3 
32.1 
45.3 
40.0 
40.1 


a The absolute molar entropy at 1 atm and 298 K assuming ideal gas behaviour. 23 Standard state of an ideal gas is established at 1 atm. 
'AG' = AH' - TAS' (at T =  298 K). 
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Table 2. Geometric parameters of various compounds for the reactant (RX) and sN2 TS of the primary benzyl systems 


x = c1 X = Br X = O H  


Parameter Species IA IB IC IA IB IC IA IB IC 


Bond length (A) 
a (C7-X) RX 


TS 
b (C7-cI) RX 


TS 


ab ( L X C ~ C I )  RX 
TS 


L XC7CICZ RX 
TS 


Angle (') 


1.761 1.762 1.763 
2.189 2-191 2.193 
1.482 1.483 1.484 
1.469 1.470 1.470 


111.7 111.9 111.9 
96.1 96.2 96.4 
93.5 86-3 89.8 
90.0 90.0 90.0 


1.934 1.935 1.937 
2.278 2.281 2.284 
1.478 1.479 1.480 
1.470 1.471 1.472 


112-8 113.0 113.1 
97.5 97.8 98.0 
88.0 89.6 90.2 
90.0 90.0 90.0 


1.415 
1.841 
1.494 
1.480 


113.4 
92.9 
155.7 
90.0 


1.415 
1.821 
1.497 
1.484 


113.5 
94.4 
69.6 
90.0 


1.417 
1.831 
1-498 
1.486 


113.6 
95.5 


- 50.1 
90.0 


Table 3. Geometric parameters of various compounds for the reactant (RX) and sN2 TS of the a-tert-butylbenzyl 
systems 


x = c1 X = Br X = O H  


Parameter Species IIA IIB IIC IIA IIB 11C IIA IIB IIC 


Bond length (A) 
a (C7-X) RX 1.778 1.781 1.780 1.959 1.963 1.963 1.426 1.427 1.425 


TS 2.292 2.302 2.313 2.401 2.418 2.431 1.895 1.899 1.902 
b (c7-C~)  RX 1.494 1.495 1.500 1.491 1.492 1.497 1-502 1.505 1.509 


TS 1.471 1-472 1.479 1.473 1.473 1.482 1.483 1.485 1.495 
c (cS-c7) RX 1.539 1.539 1.541 1.537 1,537 1.539 1.549 1.550 1.552 


TS 1.521 1.524 1.526 1.526 1.529 1.531 1.531 1.531 1.535 
Angle ( O )  


b c ( ~ C g C 7 C l )  RX 114.0 114.8 116.3 114.0 114.6 116.0 113.3 114.0 115.2 
TS 124.3 124.1 131.4 124.0 123.8 130.7 124.2 124.2 131.2 


ab (LXC,C]) RX 109.8 109.2 111.5 109.8 109.5 111.9 106.9 106.2 108.2 
TS 92.1 92.8 91.8 92.7 93.9 92.3 90.0 89.4 90.1 


L CSC7CIC2 RX 100.1 105-1 77.3 104.0 106.7 76-5 84.8 75.9 79.9 
(=cbd = 0) TS 4.1 -0.3 0.8 0.2 -0.3 -0.2 1.9 1.8 0.3 
LXC7CICZ RX 46-6 51.2 126.8 53.1 55.6 123.0 141.9 133.4 134.5 


TS 109-0 104.3 76.9 106.7 106.1 74.6 85.5 83.7 79.6 
6 = 90- abd 19.0 14.3 13.1 16.7 16-1 15.4 4.5 6-3 10.4 
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the corresponding systems I above. Geometrical par- 
ameters for the identical s N 2  reactions of a-tert- 
butylbenzyl systems, 11, are given in Table 3. Notably 
the lengths of bonds a (C7-X) and b (c1-C~) are uni- 
formly longer than those corresponding value for the 
systems I, probably owing to an a-tert-butyl group 
which is more sterically demanding than a hydrogen 
atom. The rule that a species with a longer bond a (and 
a shorter bond b) (X = Br) reacts faster (than X = C1) 
does not apply for this reaction series 11, in contrast to  
the systems I, again primarily for steric reasons;" 
bulkier Br- has greater activation barriers than C1-, 
albeit the C,-Br bond length is longer than that of 
C,-CI in both the TS and in RX. 


The predominant influence of steric effects on the 
geometries and reactivity is reflected in the angles 4 
(= 90 - abd) and 6 ( = cbd). Table 3 indicates that while 
the a-tert-but11 group almost eclipses with the o-methyl 
group [0 < 1 Yith the one exception of the IIB-OH 
system (0 = 1 - 8  )] , ?r-a&x overlap is not perfect, i.e. 
the deviation from coglanarity, 4, is significant, 
ranging from 4 .5  to  19.0 . Strikingly, the greatest devi- 
ation is exhibited with the unsubstituted (IIA) series, 
for which we would intuitively have expected the least 
deviation. However, close examination of Table 3 
reveals that the steric strain caused by eclipsing the 
a-tert-butyl group with an :-methyl group and by 
keeping the angle a b  near 90 as required by an ideal 
TBP-SC TS structure is accommodaied by an increase 
in the angle bc (LCSC7CI) t o  ca 130 , which is greater 
by 10" than that expected from a trigonal structure at 
C,. The greatest amount of steric strain caused by the 
a-tert-butyl group is relieved by keeping the widest 
angle bc in the o,o'-dimethyl-substituted (IIC) series. 
Here again the greatest deviation from coplanarity is 
found with the bulkiest group, X = B r .  Thus the 
?r--a&x overlap in the TS is less efficient with X = Br 
than with X = C1 and hence the reactivity of X = Br is 


R 


reduced and the order is reversed to  X = C1 > Br (AH' 
and AG* in Table 1). 


S N ~  processes 
In the SNI dissociation of benzylic compounds, the 
structures a t  three equilibrium points, RX, TS and 
ion-molecule pair, along the reaction coordinate are 
most important. In most cases, the conformation of RX 
favoured is that with the C-F bond perpendicular to 
the plane of the ring (0 = 90 ) in order to  minimize 
steric crowding by R. The TS is formed by rotating the 
benzene ring to reduce 4 and thus improve ?r-overlap 
with the LUMO of the cleaving bond (0E-x). In this 
conformation 0 is approximately 30" but steric 
crowding between R and Yz will open up the 0 to  a 
larger angle that 30". Finally, the free cation (I+ or 
II'), is formed with complete breakaway of the LG. 
Ideally in this structure, both 0 and 4 are O", where $ 
is now an angle formed by an empty 2p A 0  at the ben- 
zylic centre replacing the C-X bond. In this conforma- 
tion excessive steric crowding between R and Yz will 
open up the angles 0 (>O") and bc (> 120"). The most 
favoured conformations of the RX, TS and free cation 
(I' or 11' ) for a cationic benzyl substrate with a neutral 
LG (H20) are illustrated in Scheme 1. 


The heats of formation and entropies of the RX, TS 
and ion-molecule complex (IC) are summarized in 
Table 4 together with the activation parameters. 
Complex interplay between electron-donating (AH' 
lowering) and steric effects (AN' elevating) of 
o-methyl groups leads to  the relative order of reactivity 
based on  AH' for primary benzyl systems as 
IA < IC < IB. However, when entropy terms are 
accounted for, the order of reactivity (AC') changes 
t o  IC < IA < IB, which is exactly the order of solvo- 
lytic reactivity found by Fujio et a1.7 for a-tert- 
butylbenzyl tosylates. The relative reactivity orders for 


I 


Y1, Y2 = H or C& 
R = H or C(CI13)3 


GS 


e = 90 
m = 60 


Ts 


e = 30 
o = o  


Scheme 1 


r' or u' 
e - o  
I $ = @  







504 I .  LEE, N. D. KIM AND C .  K .  KIM 


Table 4. Heats of formation, AHr (kcal mol-I) and entropies (cal K - I  mol-I) for the sN1 dissociation reactions of 
benzyl (I) and a-tert-butylbenzyl (11) systems with X = OH2: I-O'H2 and II-O+H2 


Reactant TS ICa Activation parameter - 
System A Hr S AHr S A Hi AH* AS' A G * ~  


IB 143-9 92.5 147.5 91 *4 145.0 3.6 - 1.1 3.9 
IC 136.3 99.0 140.4 95.6 135.9 4.1 - 3.4 5.1 


IIC 121.7 119.9 126.4 123.9 118.4 4.1 4.0 3.5 


IA 151.8 85.5 156.1 83.7 154-2 4.3 - 1.8 4.8 


IIA 131-6 110.1 134.4 113.3 126.5 2.8 3.2 1.8 
IIB 124.2 109.9 127-5 115.5 119.0 3.3 5.6 1.6 


'Ion-molecule complex. 
'AG* = AH' - TAS* (at T =  298 K). 


the primary (I) and secondary (11) benzyl systems are 
the same, suggesting that the a-tert-butyl group in I1 
does not exert an overwhelming effect on the sN1 
reactivity. 


The entropy of activation, AS', seems to favour 
o-methyl derivative, IB, because two equivalent 
eclipsing arrangements or conformations of the two 
benzylic hydrogens with o-methyl substituent become 
available in the TS for this compound, whereas for IA 
and IC there is only one (Scheme 2). 


The relevant geometric parameters for the reaction 
series of I-O'H2 are summarized in Table 5 .  The 
degree of bond cleavage of the C,-LG bond, a, in the 
TS becomes less with successive o-methyl substitution, 
1A-r IC. This indicates that stabilization of the 
developing positive charge at the benzylic carbon by the 
o-methyl groups leads to an earlier TS along the 
reaction coordinate as required by the Hammond 
postulate. Accordingly, the resonance contraction of 
bond b decreases from LA to IC. This must be due to 
electron-donating effect of o-methyl groups stabilizing 
developing positive charge more effectively. However, 
the amount of bond contracted (cu -0.055A) in the 
sN1 reactions, i.e. 1 + O+H2 reactions, is cu four times 
greater than (cu -0.013A) in the corresponding sN2 
reactions, e.g I + Cl reactions, in Table 2. This is, of 


H 


course, because of the greater positive charge develop- 
ment in the sN1 reactions. Greater positive charge 
delocalization into the benzene ring, especially at the 
ortho (C2 and C,) and para (C4) positions, is apparent 
in Table 6 ,  where the formal charges on heavy atoms 
are shown. 


Examination of Table 5 reveals that angular changes 
accompanying the activation process ar: very small. 
The angle ab (LXC~CI)  decreases by 3-4 whereas the 
angle 4 (= 90-abd) increases by 1-2". The angle 4 is 
already near 0" in the RX and hence the ?r-$-y, inter- 
action is optimum in RX so that very little change is 
required in the TS. In order to maximise T-&-x) 
overlap stabilization, the angle ab is sacrificed to relieve 
steric congestion to a value greater by cu 15' than that 
required for the ideal 90". 


The AH' values in Table 4 indicate that steric effect 
for the S N ~  reactions of a-tert-butylbenzyl compounds 
is relatively large, since the activation enthalpies 
increase with o-methyl substitution, and the order of 
reactivity based on AH# is IIC < IIB < IIA. Inclusion 
of activation entropies, which favours IIB, however, 
changes the reactivity order to IIC < IIA < IIB, in 
agreement with the solvolytic reactivity order found by 
Fujio et The favourable entropy for IIB has the 
same origin as that found for IB above (Scheme 2). The 


H H 


'dH2 'OH2 'OH2 


Two equivalent confotmations for IB Y = H @IA) or Cfi (IC) 
one TS conformation for IA or IC 


Scheme 2 
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Table 5 .  Geometric parameters of the reactant (RX), TS and ion-molecule complex (IC) for the SNI dissociation 
reactions of primary benzyl system with X = H2O : I-O'Hz 


Bond length (A) Angle (') 


Compound Species b (C~-CI) a (C7-X) ab (LXC7C1) abd ( L X C ~ C I C ~ )  
~ 


IA 


IB 


1C 


RX 
TS 
IC 
RX 
TS 
IC 
RX 
TS 
IC 


1.460 
1.402 
1.377 
1-460 
1.403 
1.374 
1 ~460  
1 a408 
1.371 


1.553 
2.015 
2.440 
1.554 
1-978 
2.471 
1 -557 
1 -932 
2.525 


108.0 
105-1 
117.6 
108.0 
104.5 
119.2 
107.9 
104.5 
127.5 


90.2 
91.1 
89.9 
89.4 
91.2 
90.6 
89.4 
91.6 
91.1 


Table 6. Formal charge (q) on the heavy atoms in the reactant (RX), TS and Ion-molecule complex (IC) for the sN1 
dissociation reactions of primary benzyl compounds: I-O'Hz (electronic charge unit) 


System Species 


1A RX 
TS 
IC 


Aqa 
IB RX 


TS 
IC 
Ac7 


IC RX 
TS 
IC 
A q  


~~ ~ 


c1 


-0.257 
-0.243 
- 0.210 
+ 0.014 
- 0.261 
-0.248 
- 0.206 
+ 0-013 
- 0.262 
-0.274 
-0.202 
+0*015 


c2 c3 c4 CS c6 c7 X 
~~~ 


-0.071 
- 0.007 
+ 0.032 
+ 0.064 
- 0.072 
-0.017 
+ 0.018 
+ 0.055 
- 0.003 
+ 0.045 
+ 0.109 
+ 0.048 


-0.127 
-0.161 
-0.181 
- 0.034 
- 0.131 
-0.161 
-0.182 
- 0.030 
-0.138 
- 0.168 
-0.200 
- 0.030 


- 0.042 
+ 0-026 
+ 0.070 
+ 0.068 
-0.040 
+0.023 
+0*072 
+0.063 


+0*019 
+0*077 
+ 0.056 


-0.037 


- 0.126 
- 0.161 
- 0.181 
- 0.035 
- 0.133 
-0.170 
-0.198 
-0.037 
-0.137 
- 0.178 
-0.200 
-0.041 


-0.074 
- 0.007 
+0.033 
+ 0-067 
- 0.004 
+ 0.068 
+ 0.123 
+0.072 


+0.064 
+ 0.109 
+ 0.067 


-0.003 


+ 0.068 
+ 0.216 
+0.193 
+ 0,148 
+ 0.068 
+ 0.203 
+ 0.170 
+ 0.135 
+ 0.068 
+ 0.191 
+ 0- 143 
+0*123 


-0.145 
-0.364 
-0.448 
-0.219 
- 0.147 
-0.345 
- 0445 
- 0.198 
-0.148 
- 0.327 
- 0.442 
- 0.179 


solvolysis ra ty  of a-tert-butylbenzyl tosylates in 80% 
acetone at 25 C7 indicate that the o-methyl compound 
(corresonding to IIB) is 2-5 times faster but that the 
o,o'-dimethyl compound (corresponding to IIC) is 
7-25 times slower than the unsubstituted compound; 
the steric retardation of o,o'-dimethyl groups in IIC 
seems to be much greater than the electron-donating 
stabilization and entropic acceleration of the o-methyl 
group in IIB relative to IIA, which is correctly reflected 
in much smaller difference in AG' between IIA and 
IIB in Table 4. 


Geometric parameters for these reactions are sum- 
marized in Table 7.  In RX, the length of bond a that is 


cleaving increases in the order IIC < IIA < IIB, which 
is consistent with the bond length-reactivity rule of 
Edwards et al." This is remarkable, since the rule 
applies despite the large steric effect on the reactivity. 
Bonds a and c stretch further away to avert steric con- 
gestion in IIB and IIC. However, the resonance bond 
contraction (Ab < 0) increases with o-methyl substitu- 
tion (IIA c IIB < IIC), indicating a relatively greater 
degree of charge development with greater bond 
cleavage in the TS. The greater bond stretching (of 
bonds a and c) is accompanied by the greater positive 
charge development at the benzylic carbon, C7; the A q  
values are +0-134, +0*144 and +0.163 for IIA, IIB 
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and IIC, respectively. The trends in other formal 
charges on heavy atoms are similar to those for IA-IC, 
except that delocalization of positive charge into the 
ring is less efficient with the secondary benzyl (11) series 
than that with the primary benzyl (I) series. 


The angle ab ( L X C ~ C I )  is greater than 90" by ca 
10-13" and also the angle 0 (cbd) increases with 
o-methyl substitution in excess ,Of the optimum 30". 
The angle 0 is fairly large (0 = 60 ) for IIC owing to to 
steric congestion between a-tert-butyl and o-methyl 
groups. 


T F  angle + deviates from tha! of the maximum 
T-u C-X overlap (+=O) by 11.4 , 20.3" and 28.9" 
for IIA, IIB and IIC, respectively. Strikingly, however, 
this is in very good agreement with those predicted by 
Fujio et ~ 1 . ~  based on their solvolyses rate results with 
equation (1); one exceptio? is that IIC shows a slightly 
greater deviation (by ca 9 ) than that of Fujio et al. 
This excellent agreement between our AM1 (gas-phase) 
$J values and those of Fujio et ~ 1 . ~  based on solvolysis 
results may not be fortuitous, in view of the fact that 
the maximum r values (= 1 14) of Fujio et al., used as 
the reference compounds, are identical with the values 
for the intrinsic stabilization of benzylic cations in the 
gas phase. 22 In this respect, the conclusion reached 
based on theoretical sN1 studies involving solvent 
effects on the dissociation of CH3F into solvated ion 
pairs by Demontis et aI.'* is relevant: 'the charges on 
the two counter ions are similar in gas phase and in sol- 
ution.' We therefore support the contention that the 
loss of coplanarity by the o-methyl group is relatively 
small and through-conjugation is fully operative 
between the developing carbenium ion and the benzene 
*-system in the sN1 reactions of a-tert-butylbenzyl 
compounds, irrespective of their o-methyl group. Our 
results clearly show that even in the most congested 
derivative, IIC, the resonance demand of the carbenium 
is kept optimum (in fact resonance contraction of bond 
b is the greatest for IIC) by expanding the angles bc, ab 
and 0 instead. Thus for reactions of benzyl derivatives 
in solution,' both in the solid" and in the gas phase, 
the T-U&X interaction is of the utmost importance in 
stabilizing the TS and in order to maximize the T-U;-X 


overlap other structural requirements can be relaxed. 
The ion-molecule complex IC is formed by a loose 


electrostatic interaction between the cation and neutral 
molecule, H20, and the structure is intermediate 
between those for the reactant and cation in all cases, 
as equaton ( 5 )  suggests. The structural changes along 
the reaction coordinate, i.e. GS -+ TS + IC -+ cation, 
are shown for IIB in Table 7.  The changes are gradual 
along the reaction coordinate and the TS geometries, 
especially the two angles bc and cbd, are nearer to those 
of IC, which in turn has a similar structure to the 
cation. 


The geometric parameters for the a-tert-butylbenzyl 
cations IIA-IIC, which are illustrated as an optimum 


Table 9. Energy changes (AHf, kcal mol- ') for the rotation of 
a-tert-butylbenzyl cations 


Angle lo) IIA IIB I1C 


0 0.0 1 . 5  0.0 
45 3.2 5.6 0.5 
90 19- 1 20-2 10-2 


135 3 . 2  9- 1 0.5 
180 0 * O( 194.5) 0 . O( 185.9) 0 * O( 186.9) 


structure I+ or II+ in Scheme 1 ,  are summarized in 
Table 8. The delocalization of the +1 positive charge 
into the ring is fully operative with bond alternation of 
double (b)-single (d)-double (e) bonds in all three 
species. The angles in the ring are almost normal (120"), 
whereas angle: bc and ckd (0) dzviate from the standard 
values of 120 and 180 (or 0 ), respectively, in order 
to alleviate steric congestion. The deviations are, as 
expected, the greatest for IIC and the least for IIA. One 
interesting aspect is that the angle bc opens up further 
whereas cbd decreases nearly to zero in the cations com- 
pared with those in the TS; twisting out of coplanarity 
is reduced as much as possible by opening up the angle 
bc instead. The relatively large deviation of cbd (0) by 
24.4" for IIC, however, does not appear to prevent 
from full delocalization of positive charge on the 2p 
atomic orbital of benzylic carbon into the ring. Results 
of calculation to estimate rotational barriers of these 
cationic species, II+, are given in Table 9. The barriers 
are 19.1, 20.2 and 10.2 kcal mol-' for IIA, IIB and 
IIC, respectively. The small value obtained for o,o'- 
dimethyl compound (IIC) is due to structural relaxation 
in the cationic form in order to accommodate steric 
congestion, as discussed above. Steric repulsion of one 
o-methyl group is calculated to be 7.5 kcal mol-' for 
IIB. 


CONCLUSIONS 


o-Methyl groups have both stabilizing (by electron 
donation) and destabilizing (by steric congestion) 
effects on the TS of nucleophilic substitution reactivities 
of benzylic compounds. For the primary benzylic com- 
pounds, the former prevails whereas for the secondary 
benzyl the latter becomes dominant. 


The bond length-reactivity rule holds for sN2 
reactions of primary benzyl derivatives, in which com- 
plications due to steric congestion do not intervene. 


The S N ~  reactivity orders for both the primary and 
secondary benzyl derivatives agree well with those 
found in solvolytic experiments. 


For the stability of SN1 TS the n-u&x interaction is 
maximized, if necessary, by relaxing other structure 
requierments. 
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The cationic substrate with neutral LG, HzO, pro- 
vides a good MO theoretical model for the SNI 
reactions of both primary and secondary benzyl 
derivatives. 
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EFFICIENT FORMATION OF SOME AMIDINES BY THE 
REACTIONS OF ARYLIMINODIMAGNESIUM WITH WEAKLY 


ELECTRON-ACCEPTING BENZONITRILE, 
N,N-DIMETHYLFORMAMIDE AND RELATED COMPOUNDS. 


FEATURES OF REACTIONS GOVERNED BY a-COMPLEXATION* 


MASAO OKUBO,? KOJI MATSUO, NOBUYUKI TSURUSAKI, KEIJI NIWAKI AND MIKIO TANAKA 
Department of Chemistry, Faculty of Science and Engineering, Saga University, Honjo-machi, Saga 840, Japan 


In many reactions of magnesium reagents, including Grignard and aryliminodimagnesium [ArN(MgBr)2, IDMg 1, 
the formation of abnormal products via reactions such as radical dimerization, hydrogen abstraction and conjugate 
1,4-addition originating from efficient single electron transfer (SET) is not excluded. In IDMg reactions with 
henzonitrile and N,N-dimethylformamide in tetrahydrofuran, however, clean reactions took place affording 
N-arylbenzamidine and N,N' -diarylformamidine via exclusive 1,2-addition and condensation plus replacement, 
respectively. Some alkyl and arylvinyl cyanides gave the corresponding amidines without 1,4-addition or hydrogen 
abstraction. These results are the first observation of such reactions of magnesium reagents, and are attributed to a 
combination of the weak electron-donating ability (EDA) of IDMg with the weak electron-accepting ability (EAA) 
of nitriles. Although ESR is therefore inapplicable, factors governing the product yields were studied on the basis of 
effects caused by the addition of strongly coordinating hexamethylphosphoramide and pyridine to the reagent 
solution, and by addition of nitrobenzenes having a strong EAA. From the results, a large participation of 
a-complexation followed by implicit SET in the inner sphere of the complex is proposed. 


INTRODUCTION 


As shown in Scheme 1, aryliminodimagnesium (IDMg) 
reacts with diary1 ketones [reaction (3)], IC-' nitroso- 
arenes [reaction (4)) 
via condensation, with benzonitrile [reaction (6)] via 
addition, with DMF [reaction (7)] via condensation 
plus replacement and with SN 1-inactive alkyl bromides 
[reaction (S)] via cross-coupling, the reactions having 
been precisely and/or preliminarily reported. 


and nitroarenes [reaction (5 ) ]  D: ArN(MgBr)2 + Ar'NO - Ar-N=N-Ar' (41 


B: ArN(MgBr), + Ar'NO2 - Ar-N=N(O)-Ar' t Ar-N=N-Ar' 


[SI t Ar-N=N-Ar 


C ArN(MgBr), t Ar'CN - Ar-NS-NHz 161 
'42 


171 C ArN(MgBr), t H-CO-NM% - Ar-NH-CH=N-& 


D ArN(MgBr), + RBr - Ar-NHR t Ar-NRz t81 


Scheme 1. Reactions of IDMg and ArMgBr with a variety of 


Ar' ,A? d 


Az' 
B: ArMgBr + k = N  - A~'.&NH& 


I 


Ar substrates 


* Aryliminodimagnesium Reagents, Part XXIII. For Part XXII, see Ref. 1. 
t Author for correspondence. 
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Including the Grignard reactions with ketones (re- 
action (l)] la  and imines [reaction (2)] I b  via addition, 
all types of reactions with magnesium reagents have 
been classified and characterized from a unified view5a 
called the AE approach. The approach depends on the 
AE value derived from the difference between E,, and 
Ered, indicating the ‘single electron transfer (SET) effi- 
ciency’ evaluated from the electron-accepting (EAA) 
and -donating abilities (EDA) of the reactants used. A 
smaller A E  implies more efficient SET (Figure I), the 
reactions being classified alphabetically (B-D; see 
Scheme 1). The relative yields of products formed via 
normal modes (see above) versus those formed via 
abnormal modes [radical dimerization hydrogen (H) 
abstraction] are explained by AE irrespective of the 
difference in normal modes. It was proposed that, as 
AE varies from small (class A) via medium (class B) to 
large (class C) values, participation of the u- 
complexation (via =0-Mg: or >N-MM~<)’~  in the 
initial stage becomes greater. Class D means the combi- 
nation giving no reaction product because no SET takes 
place even by a-complexation. 


On the basis of the larger positive E,, of 
ArN(MgBr)2(IDMg)sa than ArMgBr and the larger 
negative Ered of AriCO than A r l N o ~ , ’ ~  the ‘SET- 
controlled’ characteristics (class B having medium A E )  
common to reactions (1) and (5 )  were reported. The 
‘u-complexation-controlled’ nature of reaction (3) (an 
example of class C) was manifested by comparison with 
features of reaction (1). The result of IDMg treatment 
of benzo-, naphtho- and anthraquinones illustrating the 
comprehensive effects of AE on the modes of reaction 
(including those of classes A, B and C) has been 
separately reported. ’ A novel method for activating the 
mild IDMg to make reaction (8) (class D combination) 
proceed will be reported e l~ewhere .~  


This paper deals with the new class C reactions (6) 
and (7) leading to substituted amidines, and the related 
reaction with acetamides (7‘).’  The effects of added 
hexamethylphosphoramide (HMPA) and/or pyridine 


strong A ~ I N O ~  - ( 8 )  - ArMgBr strong 


Figure 1. Illustration: combination of electron-donating and 
-accepting abilities of reactants: (a) small A E  and highly effi- 
cient SET; (b) medium A E  and fairly efficient SET; (c) large 


A E  and mild SET 


(Py), which strongly coordinate to the Mg of the rea- 
gent’s, on the product yields in reactions (3), ( 5 )  and (6 )  
and the effects of added nitrobenzenes (Adt) having 
small Ered on the yields in reactions (7) and (7’) were 
compared. No radical intermediate was detected by 
ESR owing to the large AE,  but the results compared 
are recognized as indirect evidence clearly consistent 
with the characteristics expected from the proposed 
‘a-complexation and SET in the inner sphere of the 
complex’. 


RESULTS AND DISCUSSION 


Estimation of large &ed of nitriles 
The Ered value of benzonitrile in the tetrahydrofuran 
(THF)-Bu4NC104 system is located far outside its 
potential window, 5c and an approximate value was 
suggested in an indirect manner. The Ered value of 
benzophenone in the N,N-dimethylformamide 
(DMF)-Bu4NC104 system appears at smaller negative 
region (by ca 0.2 V) than the reported value in THF. 5c 


The two values for benzophenone were compared with 
the Ered of p-chlorobenzonitrile (2-6 V) determined in 
DMF, and the Ered of the same nitrile in THF was sug- 
gested to be ca 2-8  V. The much larger value than that 
of the ketone, implying a mild electron-accepting ability 
(EAA), is supported by much smaller uT of the 


reported for the effect of electron-attracting substi- 
tuents. 9a The small value for the CN group, implying its 
weak resonance demand and confirmed by slight stabi- 
lization of the benzonitrile anion rad i~a l , ’~  is consis- 
tent with the Ered value of phenylvinyl cyanide (see 
below). 


Concerning IDMg reactions with nitriles, (i) the 
retarding effect of added HMPA and/or Py  on reaction 
(6) in contrast to the accelerating effect on reaction (9, 
(ii) the normal 1,Zaddition mode of arylvinyl and alkyl 
cyanides in contrast to the abnormal 1,4-addition 
and/or a-H abstraction modes of the corresponding 
carbonyl compounds and (iii) the need for an excess 
molar amount of reagent and its role in obtaining a 
good yield of product in reaction (6) will be described. 
Concerning the reactions with DMF and N,N- 
dimethylacetamide (DMA), (iv) the clear difference in 
the behaviour of DMF in reaction (7) from that of 
DMA in reaction (7’) ,3  and (v) the novel mediation of 
implicitly involved inner-sphere SET by added nitro- 
benzenes (Adt) leading to an improvement in yield will 
be described. 


CN group (No1 > CHO > COCaHj > COCH3 > CN) 


Reaction (6) 


Amidine formation by ZDMg addition to nitriles 
According to the usual IDMg procedure, reaction (6) 
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was examined in THF using para- and ortho- 
substituted IDMg and benzonitriles. Efficient binding 
of the components took place, affording N- 
arylbenzamidines (A) (Table 1). Owing to the exce!ent 
yield of A even under mild conditions (at 55 C), 
reaction (6) is superior to the reaction of the same 
nitriles and anilines with the use of AlCh [reaction (6') 
at 20O0C]." A similar addition [reaction (6")] of 
dialkylaminoniagnesium to benzonitrile (in diethyl 
ether and/or benzene) was reported but not syste- 
matically studied. '* 


k N H Z  + Ar'CN ArN=C-NH, [6'1 
A? 


A 


R,NMgBr + A r k N  - R,N-C=NH [6"1 


Almost independent of substituents on the reactants, 
the yields of A from benzonitriles and a threefold molar 
amount of IDMg are excellent, as shown by runs 1-18 
in Table 1. The poor yields obtained only from 2,6- 
Me2C6HsCN (runs 12, 15 and 18) indicate that reaction 
(6) is much less sterically hindered than reaction (3) by 
crowded reactants. The mode of IDMg addition to 


,&I 


Table 1 .  Yields in the reaction 
ArN(MgBr)z + Ar'CN -, Ar'C(NHZ)=NAra 


Run 
no. 


1 
2 
3 
4 
5 
6 
7 
8 
9 


10 
1 1  
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 


4-Me0 
4-Me 
3-Me 


4-Me0 
4-Me 


4-Me0 
4-Me 


4-Me 
4-Me 
2-Me 
2-Me 
2-Me 
2,6-Me2 
2.6-Mez 
2.6-Mez 
3-Me0 (NH) 
3-MeOb (NH) 
3-Me0 
3-MeOb 


4-Cl 


4-CI 


4-CI 


4-Me0 
4-Me0 
4-Me0 
4-Me0 
4-Me 
4-Me 
4-Me 
4-Cl 
4-Cl 
4-C1 
2-Me 
2,6-Mez 
4-Me 
2-Me 
2,6-Mez 
2-Me 
4-Me0 
2,6-Me~ 
4-Me0 
4-Me0 
4-Me0 
4-Me0 


Yield 
(%o) - 


62 
69 
81 
83 
80 


100 
95 
98 
81 


100 
64 
13 
93 
98 
24 
87 
86 


8 
7 


82 
39 
86 


'Concentration of IDMg = 100 mmol I - ' ;  [IDMg] : [nitrile] = 3 : 1. 
Molar ratio of IDMg (or ArNHMgBr) to nitrile = 6 : 1.  


the CN group in reaction (6) is distinct from that of 
IDMg condensation in reactions (3)' and (5).2*'3 
Similar addition takes place on the alternative 
treatment of p-MeC6H&N with pClC6HdNHMgBr 
(anilinomagnesium) to afford A (92%). 


A greater amount of m-MeO-substituted IDMg and 
ArNHMgBr is required for satisfactory yields of A 
(compare runs 20 and 22 with runs 19 and 21). The yield 
from 2 mol of the IDMg and p-MeC6%CN is also low, 
but is improved considerably by addition of an 
equimolar ayount of pyridine (at room temperature for 
0.5 h; at 70 C for 1 . 5  h, see below). 


Effects of added polar solvents on reactions (6), (3) 
and (5) 


The formation of sym.-azoarenes (ArN=NAr) via 
oxidative coupling of IDMg is an indication of SET 
being involved in the reaction; the formation is fre- 
quently observed in reaction ( 5 ) 2  and rarely in reaction 
(6), reflecting the much milder SET. The difference in 
the nature of reactions (6) and (3) from that of reaction 
( 5 )  is revealed, in a novel way, by comparison of the 
yield variations caused by added HMPA and Py. 


The a-complexation of IDMg with substrates involves 
exchange of solvent ligand. Owing to the strong coordi- 
nating abilities indicated by the relative values of Gut- 
mann's donor numbers (ON) (HMPA 38.8; Py 33.1; 
THF 20*0),'4 four THF molecules (on Mg atoms of 
IDMg similarly to RMgBr") must be replaced with the 
same molar amount of HMPA and Py. Thus the 
product yields in reactions (3), ( 5 )  and (6) with and 
without addition of HMPA and/or Py and (a) at 5 5  "C 
and (b) at 0 C were compared with each other. The 
lower temperature (b) was selected because the 
u-complexation is expected to be retarded by strongly 
bound HMPA or Py, I 3  whereas the higher temperature 
(a) is same with that of previous experiments giving 
products in satisfactory yields. 1*2 


The results are summarized in Figure 2 [reactions (S), 
(3) and (6)]. As preliminarily reported, I 3  the azoxy 
yield in reaction (5 )  is improved by HMPA (largest 
ON). In contrast, the yields of anil in reaction (3)'" and 
those of amidine in reaction (6) are suppressed. With Py 
(smaller DN), the yields are suppressed and/or 
improved to different extents. 


The variation in the yields of the respective reactions 
is attributed to the effects on their essential steps 
affected by the relative EAA of the substrates, the rela- 
tive DN values and the applied temperatures. Figure 2 
indicates notable features of reaction ( 5 )  having a 
smaller AE: (i) at 55 "C and partly at 0 "C using HMPA 
and by Py, the azoxy plus unsymmetrical azo yield 
(condensation efficiency) is improved (see runs 1 --t 3, 
4 4  5 .  7 -+ 8 and lo+ 11); (ii) the azoxy yield is 
improved by HMPA and Py in almost all runs; the 
exceptional suppression in run 12 is greater at 0 than at 
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lb) A t  O ' C  Substitvent 
Yield / ' I ,  Run R R' 


c 1  


C 2 Me0 CI  


Figure 2. Effects of HMPA and Py on the yields of products 
in reactions (3), (5 )  and (6) in THF for 3 h, (a) at 55 "C and 
(b) at O'C. 
Reaction (5): azoxy and azo products based on Ar'N02. 
[IDMg] : [Ar'N02]: [solvent] =4.2:  1.0: 16.8. 
Reaction (3): ketone anils based on A r k 0  and recovery. 
[IDMg] : [ArjCO] : [solvent] = 2.0: 1.0:4.0. 
Reaction (6): N-arylbenzamidines based on Ar 'CN. 


[IDMg]: [Ar'CN]: [solvent]=2.0:1*0:4.0 


addi,,vC l a )  A1 55 'C 
Run held /Y. 


- I 
1.06 


Py. 2 


55 "C; (iii) oxidative coupling of IDMg giving 
ArN=NAr is suppressed by HMPA throughout runs 
1-12. The CI-Me0 combination (run 12) has the 
largest A E  near 3 - O V  and is hybridized with class C 
character, the participation of u-complexation (ligand 
exchange) being prevented by strongly bound HMPA 
or Py. The suppression is exceptional but resembles that 
in reactions (3) and (6) (see below). 


In reaction (3) (Figure 2), product formation is inhi- 
bited by HMPA at both 55 and 0°C. With t t e  less 
strong Py, product formation is suppressed at 0 C but 
improved at 55 "C. The pyduct yield in reaction $6) 
(Figure 2) is improved at 55 C and suppressed at 0 C 
by Py, and is inhibited at both 55 and 0 "C by HMPA. 
Although the CO group of benzophenone, crowded by 
two Ar', is less favourable for o-complexation, the 
results for reactions (3) and (6) are apparently the same 
irrespective of the different reaction modes. By con- 
sidering the smaller A E  of reaction (3) than that of 
reaction (6), reaction (3) could be characterized as 'C 


HMPA 6 


1 HMPA 1 3 [ No Reaction [ 1 


hybridized slightly with B'. The results reflect the 
expected increase in participation of a-complexation 
[reaction (5 )  < (3) < ( 6 ) ] ,  and also the effects of the 
first and second largest DN. The effects of DN values 
on class B and C reactions of uncrowded substrates of 
different EAAs (Figure 3) are recognized as those 
distinguishing their essential steps (Scheme 2). 


Features (i) and (ii) in reaction (5) led us to propose 
that an enhanced reactivity of IDMg is responsible for 
the improvement in condensation efficiency. The 
enhancement of EDA, attributed to elevation of the 
IDMg HOMO level caused by the large DN of HMPA 
(supported by heat evolution on its a d d i t i ~ n ' ~ )  is 
derived, by analogy, from the great elevation of the 
(free) Grignard HOMO level by coordination of two 
EtzO molecules concluded by MO calculation. I 6  The 
concurrent decrease in ArN=NAr yield by HMPA 
[feature (iii)] suggests that the bulky and heavy HMPA 
molecules bound to IDMg retard its self-association; I 3  
supply of the electronic field of the phosphorus 3d orbi- 







[5]-B: ArN(MgBr)* + Ar'N02 - Ar-N=N(O)-Ar' + Ar-N=N-Ar 1 


+ Ar-N=N-Ar 


Ar'N02 


161-C: ArN(MgBr), + Ar'CN - Ar-N=C-NH2 
Arl 


55 OC Improved Efficiency of Condensn. 2.17 


2.99 tYPe iT  Increase 


3 h Increase of Azoxy _ _ _ - - _ _ _ - - - - _ _  _ - - - _ - - - _ - - -  SET 


Increase I I -controlled 4.2 


Reacn. Product Yield affected by addn of 1 I ;v" 1 Class /OMS1 Condtn. I HMPA(38.8) 1 Py(33.1) Substr. -- -- 


Ar'CN 
o-complexn. 5: Decrease Increase 


. . . . . . . . . . . . . . . . . . . . . . . . . . .  > 3.7 -conuollcd 2.0 
YPe Inhibition 0 "C 


3 h  


Figure 3. Summary of effects of polar solvent addition on IDMg reactions ( 5 )  and (6) at 55 and 0 "C 


s v  


A 
nIDMg t + YAr (Y=NO,,CN) 


(o-complexn) (class B) (class C) 
(o-complexn) 


I 
i sv 


Suppressed 
or Inhibited 


(n-1)IDMg. [IDMg -- YAr]"gh' 
t 


(n-1)IDMg. [IDMg*----YAr]lm" 
4 


S V  
+ 


s v  


(SET) l<-ml 
closely to 
ligand sphere 


t g+ 0- 
(n-1)IDMg. [ IDMg4- - - -  YAr] 


A 


(SET) 
inside of 
ligand sphere 


t o +  0- 
(n-1)IDMg. [IDMg-- YAr] 


A 


Radical 
Migration 


i 
normal Product (major) 


abnormal Product (minor) 


Radical 
Migration 


i 
normal Product 


Scheme 2. Illustration: distinction of class B and C reactions. Relative tightness of o-complexation (see the lengths of dotted arrows) 
and principal effects of polar solvent molecules (Sv; see 'boxed arrows') 
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tals feasible for SET and/or radical migration is also 
possible, as indicated by the increase, in contrast, 
caused by Py. 


The manner of the variation in the yield of A in 
reaction (6) by Py is similarly explicable. With four 
combinations of substituents (runs 8, 5 ,  2, and 4 in 
Table 1). the yield in the absence of Py from 2 mol of 
IDMg at 55 "C is poor when AE is larger but is greatly 
improved by Py [see ratios given in Figure2 for 
reaction (6a)I.' The A E  dependence of the yield 
decrease implies 'HOMO-LUMO interaction' of the 
reactants, and the increase results in comparable yields 
because 'more reactive reagent is less selective'. 


The present results also provide guidelines for the 
preparative use of the large DN compounds in calcu- 
lated small amounts: HMPA for azoxy preparation by 
reaction (5 )  and Py for benzamidine preparation by 
reaction (6), avoiding the use of an unnecessarily large 
excess IDMg. The effect of Py and HMPA has been 
studied only concerning the composition of or radical 
generation from Grignard reagents. 17s18 


Exclusive 'normal addition ' to aIkyI and arylvinyI 
cyanides 
On IDMg treatment of phenylacetonitrile and cinna- 
monitrile, the expected amidines are formed only via 
the normal 1,2-addition mode (Table 2; some cases 
favoured by added Py), although the conditions are 
unoptimized. Abnormal 'a-H abstraction or conjugate 
I,4-addition' modes are absent, in contrast to the 


abnormal modes on Grignard treatment of nitriles l9 
and on IDMg treatment of acetophenone (enolized). I b  
With IDMg, some a-benzylideneacetophenones 
undergo 1 ,4-addition2' and P-nitrostyrene reacts vigor- 
ously to give several products, 21 including those of 
C=C bond breaking. The results, observed for the first 
time throughout reactions of C-Mg and N-Mg, 
reflect the EAAs of CaH5CH=CHY (Ere& Y = NO2, 
-1*18V, COC&, -1-59v; CN, -1.72V). The 
value for Y = CN is smaller than that for C&CN by 
more than l . O V ,  and the weak EAA of nitriles is 
attributed to that of cyan0 group itself. 


Remarks on reaction (6) from the un@ed view 
Although no direct evidence for SET in reaction (6) and 
related reactions has been obtained, all the results given 
above are attributed to a combination of the weak EAA 
of the CN group and the weak EDA of IDMg. Two 
comments are made below from the unified view. 


1. The A E  approach is based on the simple relation- 
ship between A E  and the final distribution of the pro- 
ducts in spite of the 'multi-step' nature and the 
difference in reaction modes. For validity of the simpli- 
city, the role of an excess amount of reagent must be 
considered. As concluded from reaction (1)" by a 
detailed ESR study of the long-lived dimeric pair of 
ketyl and reagent radicals generated from a 1 : 1 molar 
ratio and from reaction (5)13 from need for excess of 
IDMg related to the effects of its structure and con- 
centration, an excess of reagent 'assists the radical 


Table 2. Amidine formation from phenylacetonitrile and cinnamonitrilea 


Nitrile R Temperature ("C) Time (h) Py present Yield (To) 
~~~ ~ 


PhCH2CNb Me0 
Me 
CI 
MeO 
Me 
c1 
MeO 
Me 
Me 
Me 
CI 


Me 
c1 
Me0 
Me 
c1 


PhCH=CHCNd MeO 


55 
55 
55 
55 
55 
55 


r.t.' 
r.t. 
r.t. 
r.t. 
r.t. 
55 
55 
55 
55 
55 
55  


3 
3 
3 
3 
3 
3 
16 
8 
8 + reflux 1 
8 
6 
3 
3 
3 
2 + reflux 1 
2+reflux 1 
2+reflux 1 


27 
84 
72 
86 
52 
14 
0 


30 
57 
0 
0 
3 


26 
55 
79 
93  
70 


~ ~ 


'Concentration of IDMg = 100 mmol I - '  in THF. 
[IDMgI/ [nitrile] = 3.0. 
Room temperature. 
[IDMg]/[nitrile] = 2.0. 







EFFICIENT FORMATION OF SOME AMIDINES 


migration' in a later stage. The stage proceeds inside the 
assembly composed of intermediate radicals and 
reagent aggregate. 


In class B, the assembly formation may be favoured 
by association of reagent molecules caused by a 
dynamic 'pre-interaction' with the substrate, owing to 
the smaller AE, responsible for a dimeric type of 
abnormal products. l3 In reaction (6) of class C ,  excess 
of IDMg (see above) may be needed, owing to the larger 
AE,  to assist the 'inner-sphere SET via a-complexation 
in an n : 1 (not 1 : 1) ratio'. The manner of radical gen- 
eration in the initial stage is governed by AE,  whereas 
later stages proceed in a closed environment of the 
assembly. This feature gives a clue to the validity of the 
simple A E  approach. 
2. The different effects of HMPA (or Py) on 


reactions (6) and (5) evokes the different effects of 
2,4,6-trimethylbenzophenone on reactions (3) and (1). '' 
Whereas weak IDMg gives no a-complex with the 
crowded ketone, strong ArMgBr is capable of SET. The 
ketyl radical generated in reaction (1) accumulates to a 
high concentration, because the radical migration in 
later stages is hindered. If the ketone is uncrowded, 
reaction (3) proceeds via fairly tight a-complexation 
and inner-sphere SET, whereas reaction (1) proceeds 
via SET with little assistance from a-complexation. 
Owing to the crowdedness, the a-complexation step in 
reaction (3) is hindered whereas the SET step in reaction 
(1) is not. Among the two initial steps, that essential to 
each class of reaction is affected by both the polar 
solvent and the substrate's crowdedness. 


In the present experiments on reaction (6) with 
Ar'CN, the IDMg concentration was fixed at 
100 mmoll-' in THF. The detailed results of inter- and 
intramolecular competition experiments, the applicabil- 
ity of reaction (6) to alkyl substrates and reagents and 
the effects of concentrations on reaction (6) will be 
reported in future papers. 


Reaction (7) and related reaction (7') 


Diperent condensation modes of DMF and DMA on 
IDMg treatment 
As preliminarily reported, reactions (7) with DMF and 
(7')  with DMA were revealed as an extension of a study 
of the effects of large DN compounds on IDMg 
reaction (5) with Ar "02. l 3  The mode of reaction (7) 
is mutual condensation plus replacement giving 
N,N'-diarylformamidine (B), whereas that of reaction 
(7 ' ) is Claisen-like self-condensation giving 
N,N-dimethylacetoacetamide (CR, R = Me). An 
IDMg : DMF (or DMA) : Adt = 4 : 16 : 1 or 
4.2 : 16.8 : 1 .O was used considering the fact that a 
fourfold molar amount of IDMg is required for effec- 
tive condensation in reaction ( S ) ,  l 1  and for the purpose 
of replacing four THF molecules on Mg atoms. l4 


ArN(MgBr), + HCONMez (+ Ar'N0.J - 
(4 : 16 : 11 


ArNH-CH=NAr 


ArN(MgBr)2 + MeCONR, (+ Ar'NOd - 
L4.2 : 16.8 : 11 


MKSXXzCONR2 
CR 


+ ArN=C-NR2 
Me 


515 


171 


V'I 


R, = MQ, E (CH2)4-. <CHzhO(CHdz- 
Ar'N0, : A f i  (a) 2,4.6.-M3Q.H,. (b) p M e G H 4 ,  (c) p C l q H ,  


A mixture of DMF or DMA with Ar'N02 dissolved 
in THF was added to IDMg solution. The product 
yields in reactions (7) and (7') were compared in the 
absence and presence of Ar'N02 additives (a, b, c) at 0 
and 5 5 O C .  The yields were calculated based on the 
amount of nitro additives, irrespective of their presence 
or absence, for the purpose of evaluating their effects. 


From the fairly weak EAA of DMF (,!?red = -2.1 V) 
resembling that of AriCO and the larger DN values of 
DMA (27.8) and DMF (26.6) than that of THF 
(20*0),14 class C characteristics of reactions (7) and 
(7'), i.e. the a-complexation-controlled nature 
involving exchange of the THF ligand with the amides 
as an essential step (followed by SET in the inner sphere 
of the complex) is proposed. The highest yield of B in 
reaction (7) at 10°C among those at higher and lower 
temperatures (with a rapid treatment with IDMg), 3b 
suggesting an equilibrium between reactants, is consis- 
tent with class C character. The reasons for the differ- 
ences in the reaction modes and the effects caused by 
nitro additives are discussed separately. 


The relative tightness of the a-complex of IDMg with 
the substrate is reflected in the features of class C 
reactions. The crowded CO group in reaction (3) some- 
times leads to benzohydrol' via a ketyl radical leaving 
the a-complex after SET. The least crowded CO of 
DMF responsible for tight a-complexation leads to effi- 
cient formation of B in reaction (7). A lower yield of B 
from N,hr-diethylf~rmamide~~ implies a decreased 
favouring of the bulkier amino group for a- 
complexation. The bulkier acetyl group of DMA is 
responsible in reaction (7 ') for loose a-complexation 
followed by dissociation of radicals and leads to CR via 
self-condensation (see below). 


The tightness of the a-complex proposed for reaction 
(7) is reflected in the yield of B being unaffected by 
Ar'N02. In contrast, the looseness of the a-complex 
proposed for reaction (7') is reflected in the yield of 
CMe being greatly affected by the Ar 'NO2 additive. 
The effect of the additive on reaction (7') was examined 
in detail using N,N-diethylacetamide (DEA) and some 
amides havin different amino groups. The resulting 
yields of C' summarized in Figures4 and 5 are 
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-N 
'Me 


discussed in the following section. The difference in 
azoxy + azo formation via reaction ( 5 )  accompanying 
reactions (7) and (7') is described in footnotes of 
Figure 4. 


, 
0 23 


SET catalysis of reaction (7')  mediated by added 
Ar'NOI 


The possible sequence of steps of reaction (7') is given 
in Scheme 3: initial exchange of THF with DMA, SET 
inside a loose a-complex, dissociation of radical cation 
and anion, leaving of dimethylamide anion, abstraction 
of acetyl hydrogen by arylaminyl radical and final coup- 
ling of acetyl and N N'-dimethylcarbamoylmethyl 
radicals leading to Cke. It is certain that u- 


'Et 


R O I I I M g  t DMA 


- CMe + D O'C or 55  "C, 1 h 


Addit. &-@-NO, 0 -  


b M ~ O ~ N O ~  


0 1197 


Figure4. Effects of nitro additive and temperature on the 
yields of acetoacetamide (CMe; white boxes) and acetamidine 
(D; black boxes) in reaction (7') for 1 h. 
Footnotes: (1) Azoxy (77%) and azo (15%) products (see 
Scheme 3) were obtained only in this case. (2) Except for this 
case, addition of b and c led to overall azoxy + azo yields of 


78-93% 


n - N-0 


complexation with amides precedes the SET to Ar 'NO2 
(strong EAA), even with simultaneous addition, and 
the steps must proceed in the close proximity of the 
ligand sphere. The given sequence explains features i-iii 
of reaction (7 ' ) derived from Figures 4 and 5, as shown 
below. 


Feature i is 'eight- to tenfold improvement of CR 
yield (from 25-30Vo to 200-280%) by Ar'NOz addi- 
tive'. This is attributed to catalysis of implicit SET 
caused by access of Ar 'NO2 to the ligand sphere: 'SET 
mediation' is shown by the dashed arrows in Scheme 3. 
The great improvement in CMe yield at 0 "C by additive 
a [Figure4(b)] indicates that even the crowded a is 
accessible at 0 "C. The improvement by b at 55 OC 
[Figure 4(a)] implies that access of the nitro oxygen to 
Mg is favoured by the p-Me0 group of uncrowded b 
even at 55°C. The CMe yield at 0°C is slightly 
improved by the use of p-Me-IDMg and b (Figure 4). 
The great improvement in CE' yield from DEA by a 
(Figure 5 )  may be due to steric contraction of the DEA 
molecule caused by access of a, or to bond lengthening 
in the DEA anion radical generated via SET mediation. 


Feature ii is 'high yields of CR in the absence of 
Ar'NOz'. The very high CR yield from acetopyrroli- 
dide (Figure 5 )  implies the favouring of the less 
crowded amino nitrogen in the five-membered ring for 
a-complexation. The fair CMe yield obtained with the 
use of p-MeO-IDMg (Figure 4) is also notable. 


- J 3L 


0 1  29 


M e O G l D M g  + 
0 


M ~ - E - N R ~  (+  NO^) 
a - 


* CR 55'C 311 


/Et 1 - 25 


j122 "3 


I I 


I 7 


Figure 5 .  Effects of additive a and structure of amino moiety 
on CR yields in reaction (7') at 55 "C for 1 h 
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Feature iii is ‘limited cases of mutual condensation 
of DMA with IDMg affording N,N-dimethy1-N‘- 
arylacetamidine (D) [in low yield, but similar to 
reaction (7)] by use of p-CI-IDMg combined with b or 
c at 55 “C (Figure 4)’. To the ligand sphere of the tight 
a-complex formed via the ‘strongly positive Mg of weak 
p-C1-IDMg’,’b the uncrowded b or c has access to 
mediate SET leading to D. 


A summary is illustrated in Figure 6 .  For the SET 


catalysis of reaction (7‘), the effect of the nitro additive 
is related to the ‘extent of access of its oxygen to Mg’ 
shown by the lengths of the broken bars; the length is 
arbitrarily given by considering the relative AE in 
reaction ( 5 )  (affected by substituentsSb) and applied 
temperature. The requisite for mediation of SET cata- 
lysis is ‘appropriately close access of nitro oxygen to 
Mg’: insufficient access causes no mediation and too 
close access leads to mutual condensation and/or azoxy 


1 OB ? ..,Me I @,Me 
‘Me 


C H I - C - N , ~ ~  t--j CHI-C=N 


(weak EAA. large DN) 


Ligand Exchange 
Ar-N:?I:: 1 


(weak EDA) ’ 0 


CH3-E-CHz-F-NMez 
0 0  


Scheme 3. Possible sequence of steps of reaction ( 7 ’ )  
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Ar-IDMg t DMA t Ar'-N02 ckIe 


(Ar = p - M e 0  and p-MeC611,) 


Yield of CMC 


decreased.  


increased.  
*,N-Ar' 


/r\ MeO@ (55) 
.. MgiiilO. 


Ar -N: 


Figure 6 .  Summary of effects of structure of Ar'N02 and temperature on efficiency of SET and o-complexation in reaction (7') 


formation. Consistent with the very tight a-complex 
with DMF being unaffected by Ar "02, implicit SET in 
reaction (7) is not revealed. 


Remarks on reactions (7) and (7')  from the unified 
view 


Reaction (7 ' )  leading to CR is also possible by use of 
anilinomagnesium, diisopropylaminomagnesium and 
Grignard reagent, although time and temperature are 
not unified. Very efficient CR formation using RMgBr 
has been reported;22 neither acyl nor amino bulkiness 
retarded the reaction and no possibility other than an 
ionic mechanism (probably ester condensation using 
ethoxide ion) was considered. The absence of a bulki- 
ness effect with the use of strong RMgBr is reasonable 
because a small A E  reaction requires no tight u- 
complexation. The present result is of significance for 
the manifestation of inner-sphere SET based on acceler- 
ation by an Ar'N02 additive. Its early use for the 
manifestation of a similar possibility in SRN reactions 
based on retardationz3 is noted. 


CONCLUSION 


It should be stressed that the proposed characteristics of 
class C reactions of magnesium reagents have been con- 
firmed, in an indirect manner, by (a) the complete 
absence of an 'abnormal mode' in high A E  reactions 
according to 'less reactive, more selective' principle, (b) 
the distinction of essential steps of low and high A E  
reactions by use of large DN compounds and (c) the 


revealing of implicit SET by use of additives having 
strong EAA. 


This study was based on product analysis and not on 
a kinetic treatment, and the term 'essential' is used in 
place of 'rate-determining'. The mechanism of the 
proposed inner-sphere SET, probably depending on 
the relative tightness in a-complexation causing per- 
turbation of the HOMO and LUMO levels of the 
reactants, remains to be studied theoretically. 


EXPERIMENTAL 


Procedures and products. The THF solutions of 
IDMg were prepared according to the reported pro- 
cedure using the corresponding anilines and a twofold 
molar amount of EtMgBr. The reaction mixture was 
stirred at given temperatures for a definite time and 
quenched with aqueous ammonium chloride. The pro- 
ducts were separated chromatographically on silica gel 
(Wako Gel FC-40) and the structures were determined 
from 'H NMR spectra. 


Reaction (6). All the reactions were carried out using 
4.0 mmol of IDMg in 40 ml of THF. The molar ratio 
of reagent, substrate and polar solvents and the 
reaction time and temperature are given in the figure 
captions. Spectra of the products of reactions (3) and 
( 5 )  have been published'*" and those of A, including 
some anomalies, will be reported elsewhere. 


Reaction (7). A 10ml volume of a THF solution 







EFFICIENT FORMATION OF SOME AMIDINES 519 


containing calculated amounts of DMA and Ar'N02 
was added to IDMg solution (4.20 mmol in 35 ml of 
THF) and the mixture was stirred at a definite tempera- 
ture for 1 h. Spectral data for azoxy and azo products 
have been published' and the precise data for B-D will 
be reported elsewhere. 
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PHOTOREACTION OF 2-BENZOYLCYCLOHEXANONES ON A 
SILICA GEL SURFACE: DEVIATION FROM THEIR SOLUTION 
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On irradiation on a dry silica gel surface, 2-benzoylcyclohexanones which have the lowest n, r* state and are devoid 
of methyl substituents on their cyclohexanone rings, undergo an oxidative cleavage to give adipic acid and subsituted 
benzoic acid along with the Norrish Type I1 product. Irradiation of 2-chlorocylohexanone and cyclobexane-1,2-dione 
on silica gel also gives adipic acid. The cyclohexanoyl radical on the surface, which is produced from the a-cleavage 
of the 2-benzoyl group of the 2-benzoylcyclohexanones or the cleavage of the C-Cl bond of 2-chlorocyclohexanone, 
is suggested as the precursor of adipic acid; the radical is probably converted into cyclohexane-l,2-dione, which 
undergoes a secondary photoreaction to give adipic acid on the surface. 


INTRODUCTION 


The photochemistry and spectroscopy of organic mol- 
ecules adsorbed on a silica gel or alumina surface have 
been investigated extensively because of their potential 
use as diagnostic probes of surface-adsorbate inter- 
actions. ’ However, the types of photoreaction observed 
on the surface are fundamentally the same as those seen 
in solution,’ although large differences in the product 
distributions have been observed in soye  cases. We 
have recently reported that the photoreactivity of 2- 
benzoylcycloalkanones in solution is conformationally 
sensitive; 2-benzoylcyclohexanone undergoes an exclu- 
sive Norrish Type I1 cleavage’ while 2-benzoylcyclo- 
octanone undergoes a Type I1 cyclization and 
a-cleavage in competition with the Type I1 cleavage. 
This was attributed to the stereoelectronic requirements 
of the  reactant^.^ We report here that 2-benzoylcyclo- 
hexanones show a different photochemical behaviour 
on a silica gel surface to that observed in solution. 


RESULTS AND DISCUSSION 


Irradiation of 2-benzoylcyclohexanone (la) on dry 


* Author for correspondence. 


silica gel with a 100 W high-pressure mercury lamp gave 
l-phenylhept-6-ene-l,3-dione (2a), adipic acid (3) and 
benzoic acid (4a) (Scheme 1) in 19, 16, and 1 1  070 yields, 
respectively. A trace of cyclohexanone was also 
detected. Formation of 2a can be explained in terms of 
a Type I1 cleavage of la;5 however, the other photopro- 
ducts cannot be derived from a Type I1 cleavage. It is 
improbable that 3 and 4a are produced by a secondary 
photoreaction of 2a because 2a was stable under these 
irradiation conditions. 


The formation of 3 and 4a might be explained in 
terms of a photooxidation of the enol form of l a  on a 
silica gel surface. However, this possibility is excluded 
by the following. Benzoic acid, albeit in low yield, was 
detected in the heterogeneous photoreaction of 2- 
benzoyl-2-methylcyclohexanone ( lb) ,  which has no 
enol form. The main photoproduct from l b  was 4- 
benzoyl-2-methylcyclohexanone (5b), as found in sol- 
ution, which is formed through ring opening of the 
Type I1 cyclization product.6 Formation of 4a can be 
explained in terms of the oxidation of benzaldehyde 
formed by the a-cleavage of la. Indeed, irradiation of 
benzaldehyde on a silica gel surface gave benzoic acid. 
Adipic acid may be derived from the other a-cleavage 
fragment, the cyclohexanonyl radical. The following 
results support this interpretation. 
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Scheme 1 


It is known that cr-halo ketones undergo a cleavage of 
their carbon-halogen bond on irradiation. The photo- 
reaction of 2-chlorocyclohexanone (7), expected to 
produce the cyclohexanoyl radical both on the silica gel 
surface and in solution, was carried out in order to 
determine the behaviour of the cyclohexanoyl radical 
on the silica gel surface. Irradiation of a benzene sol- 
ution of 7 with a 450 W high-pressure mercury lamp 
gave cyclohexanone in 38% yield. This suggested the 
intervention of the cyclohexanoyl radical and its inter- 
molecular hydrogen abstraction. On the other hand, 
irradiation of 7 on dry silica gel gave adipic acid in 25"10 
yield. A trace of cyclohexanone was also detected. 
Cyclohexanone irradiated on the silica gel surface 
could, in principle, be a precursor of adipic acid. How- 
ever, irradiation of cyclohexanone on the surface gave 
no adipic acid and 98% of cyclohexanone was 
recovered, supporting the view that adipic acid is 
derived from the cyclohexanoyl radical itself produced 
from the a-cleavage of l a .  Irradiation of l a  on a silica 
gel surface under degassed conditions also gave adipic 
acid. Therefore, it is probable that the cyclohexanoyl 
radical is trapped by silanol oxygen rather than by an 
oxygen molecule. However, the participation of an 


oxygen molecule could not be completely eliminated 
because perfect degassing of the adsorbed oxygen on 
the surface may not be achieved by usual 
freeze-pump-thaw cycle. The cyclohexanoyl radical 
may be converted into cyclohexane-l,2-dione (9) and 
adipic acid may be formed via a secondary photoreac- 
tion of 9. Then, photoreaction of 9 was carried out in 
order to explore this possibility. When cycloexane-l,2- 
dione was irradiated on a silica gel surface, adipic acid 
could be obtained in 47%. yield. This supports the 
above interpretation although 9 could not be detected in 
the photoreaction of l a .  The formation of adipic acid 
can be explained in terms of an a-cleavage of 9. 


There may be active sites acting as a hydrogen donor 
and a hydroxyl or oxygen donor on a silica gel surface 
and radicals on the surface may receive a hydrogen 
atom or a hydroxyl radical. Stable radicals such as 1,l- 
diphenyl-2-picrylhydrazyl (DPPH) are known to act as 
a hydrogen acceptor from a solid surface. When silica 
gel was kept standing in a benzene solution of the 
radical for 48 h, the presence of a hydrogenated pro- 
duct, I,l-diphenyl-2-picrylhydrazine (DPPHz), was 
observed by ultraviolet spectroscopy' and thin-layer 
chromatograph and could be isolated by thick-layer 







496 T. HASEGAWA, M. IMADA AND M. YOSHIOKA 


chromatography. Under the experimental conditions of 
the isolation the radical was stable and no conversion 
from the radical to the hydrazine was observed. We can 
safely conclude that there is a hydrogen donor centre on 
the silica gel surface and the benzoyl radical acquires 
hydrogen from the centre to form benzaldehyde. If 
there is a hydroxyl donor centre on the surface, 
hydrogen of DPPH2 may be abstracted by the radical 
to form DPPH. However, no evidence for the presence 
of the donor centre was obtained by the experiment 
using DPPHz. 


Since molecules of benzoylcyclohexanone in a greater 
than monomolecular layer would be expected to act as 
a filter for the benzoylcyclohexanone molecules in the 
adsorbed layer,2as5a the coverage could be an important 
factor in the photoreaction. The surface area per gram 
of the silica gel used (Merck Kieselgel 60, Art. 7734) 
was 494 m2. Using Dreiding molecular models the area 
per molecule of l a  can be estimated to be ca 
1 *2  x lo-'* mz, whence monolayer coverage may be 
estimated as cu 0.7 mmolg-', ( A  = 1). When the ratio 
of l a  to silica gel is over 0.7 mmolg-', multiple layers 
must be formed and, indeed, may be formed at lower 
coverages in 'pools.' In the region A > 1 the yield of 
the Type I1 product should increase with increase in the 
coverage, and the conversion yield should reach a 
limiting value which may approximate that in the sol- 
ution photoreaction of l a  when the surface reaction 
becomes negligible because of the internal filter effect 
by molecules that exist in a layer that is more than a 
monomolecular layer. Indeed, the expected effect of the 
variation in coverage on the production of the Type I1 
product 2a was observed (Figure 1). The conversion 


yield of 2a in the reaction on the surface at coverages 
exceeding A = 2 was constant and was consistent with 
that observed in solution ( 8 2 ! 7 0 ) . ~ ~  Adipic acid and 
benzoic acid were not detected at these coverages. 


Irradiation of 2-(rn-methyl)- and 2-(pmethyl)ben- 
zoylcyclohexanone ( le  and If)  on the silica gel surface 
also gave the Type I1 cleavage products 2e and 2f, 
adipic acid and substituted benzoic acids 3e and 3f, 
respectively. The irradiation of 2-(o-methyl)benzoyl- 
cyclohexanone (Id) proceeded differently. Irradiation 
of Id on the silica gel surface gave adipic acid and 
o-toluic acid in 11 and 10% yields, respectively, along 
with 6 (17%). In homogeneous solution intramolecular 
hydrogen abstraction from an o-methyl group is known 
to occur CCZ. 100 times faster than that from an alkyl 
methylene. Indeed, irradiation of Id in methanol has 
been reported to give 6, through y-hydrogen abstrac- 
tion from the o-methyl group, but no photoproducts 
derived from hydrogen abstraction from the cyclo- 
alkanone ring. The process to form adipic acid and o- 
toluic acid apparently competes with the hydrogen 
abstraction from the o-methyl group; the latter may be 
relatively lower on the surface than in solution. 


In the irradiation of p-methoxybenzoylcyclo- 
hexanone (lg), the lowest excited state of which is 
expected to be the ?r, ?r* state, no photoproduct was 
obtained. Therefore, the photoreaction of 1 on the 
surface seems to proceed from the n, a* state. 


Methyl substitution on the benzene ring did not affect 
the yields of 3 and 4, but that on the cyclohexanone ring 
did. Thus 2-methylcyclohexanone ( lb)  gave only a trace 
of benzoic acid, as mentioned above. Irradiation of 
2-benzoyl-4-methylcyclohexanone ( lc )  gave 2c in 13% 


Coverage 


Figure 1. Dependence of the coverage on the extent of disappearance of l a  and production of 2a in the surface photoreaction of 
l a .  A 1 g amount of silica gel was used for all runs. (0) Production of 2a; ( 0 )  disappearance of l a  
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yield. In this case neither benzoic acid nor 3-methyl- 
adipic acid could be detected. These results indicate that 
the manner of adsorption of l b  and lc on a silica gel 
surface is probably different from that of the 2-aroyl- 
cyclohexanones lacking alkanone substituents; the 
difference may be conformational in origin. Conforma- 
tional flexibility has been shown to be an important 
factor in the photoreactivity of 1 in s o l ~ t i o n . ~  The con- 
formational change of 2-aroylcyclohexanones lacking 
an alkanone substituent seems to be more restricted 
than 2-aroylcycloalkanones having an alkyl substitient 
and the restriction decreases the population of con- 
formers suitable for the Type I1 reaction and increases 
the relative rate of a-cleavage. The alkanone substi- 
tuent may reduce surface-adsorbate interactions 
because of a steric effect. 


Since irradiation of benzoylcyclohexane (10) both in 
benzene" and on a silica gel surface gave the Type I1 
cleavage product (ll), in 67 and 59% yields, respect- 
ively, it can be concluded that the presence of the 
secondary carbonyl group on the cyclohexanone ring is 
important for the reaction observed on the silica gel 
surface. The binding may involve chelation by the 
1,3-dicarbonyl group. 


7 8 


Inbenzene 38% 0% 
onSQ trace 25 


9 


10 11 


on Sio, 59 
In benzene 67% 


Scheme 2 


CONCLUSIONS 


When 2-benzoylcyclohexanones which have no methyl 
substituents on their cyclohexanone rings were 
irradiated on a silica gel surface, a new type of photo- 


reaction to give adipic and benzoic acid occurred along 
with the Type I1 reaction. The cyclohexanoyl radical 
formed on the surface is proposed as the precursor of 
the acids. 


EXPERIMENTAL 


Silica gel (Merck Kieselgel 60, Art. 7734) was used as 
received. Benzoylcyclohexanones 1, 5 * 6 3 1 2  2-chlorocyclo- 
hexanone (7), l 3  cyclohexanone-1 ,Zdione (9)14 and ben- 
zoylcyclohexane (10)15 were prepared according to 
literature methods. A Taika 100 W or Ushio 450 W 
high-pressure mercury lamp was used as an irradiation 
source. 


General procedure for  preparative photolyses of 1, 7 ,  
9 and 10 on a dry silica gelsurface. The compound, 1, 
7, 9 or 10 (ca 1 . 5  mmol) in 5 cm' of dichloromethane 
(acetone was used for dissolving 9 because of the insolu- 
bility in dichloromethane) was added to 5 g of silica gel 
in a 100 cm3 round-bottomed flask. The mixture was 
sonicated for 5 min and the solvent was evaporated 
under reduced pressure. 


The coated silica gel was divided into six nearly equal 
portions which were placed in Pyrex tubes (1 8 x x 180 
mm). In the experiments under oxygen-free conditions 
the tubes were degassed by three freeze-pump-thaw 
cycles and sealed. The tubes were rotated and irradiated 
for 48 h with a 100 W high-pressure mercury lamp. The 
irradiated silica gel was collected. Acetonitrile (20 cm ') 
was added to the silica gel for extraction of organic 
components and the mixture was sonicated for 10 min. 
The silica gel was separated by filtration and washed 
with 10 cm3 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). To the residue was 
added 20 cm3 of benzene and the mixture was sonicated 
for 10 min. Undissolved material was collected and 
recrystallized from acetone-hexane to give adipic acid. 
The mother liquid and washings were combined with 
the benzene solution, concentrated under reduced 
pressure and the residue was chromatographed on silica 
gel. Elution with a mixture of acetone-hexane (6: 1, 
v/v) gave unreacted starting ketone and photoproducts. 
The yields are summarized in Table 1 and shown in 
Scheme 2. The structures of the photoproducts 2,53 '2  S6 
and 6'' were determined by direct comparison with 
authentic samples and those of 3 and 4 by comparison 
with commercial samples. 


Photolysis of 2-chlorocyclohexanone (7) in benzene. 
A solution of 7 (40 mg, 0-31 mmol) in 5 cm' of benzene 
containing a known ammount of n-pentadecane as a 
calibrant for GLC analysis was irradiated with a 450 W 
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Table 1. Product yields of photoreaction of 1 on a silica gel surface 


Compound 


la 


lb 
lc 
Id 
le 
If 
1g 


Yield (@lo)" 
Conversion 


R' R* 2 3 4 5 6 of 1 (@lo) 


73 H H 19 16 11 - - 70 
2-Me 0 0 Trace 68 - 71 


H 4-Me 13 0 0 - 68 
H 


o-Me H 0 11 10 - 17 38 
m-Me H 16 15 15 - 70 


71 p-Me H 12 12 15 
3 


- - 
(16)b 


- 
- - - 
- - p-Me0 H 0 0 0 


"Based on converted starting diketone 1. 
Degassed conditions. 


high-pressure mercury lamp under nitrogen through a 
Pyrex filter for 40 h. The mixture was analysed with a 
Shimadzu GC-PA gas chromatograph equipped with a 
flame ionization detector using a 2 m column containing 
5 %  DCQF-1 and lolo EGS on Chromosorb P. 


Photolysis of l a  on a silica gel surface at diflerent 
coverages. An appropriate amount of l a  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 evaporated under reduced pressure. The tubes were 
rotated and irradiated for 48 h with a 100 W high- 
pressure mercury lamp. The adsorbed material was 
sonicated and extracted with acetonitrile. To the ace- 
tonitrile solution was added 1 cm3 of an acetonitrile sol- 
ution containing a known amount of phenanthrene (ca 
0.001 mmol) as a calibrant for HPLC analysis. The 
analyses were performed using a Gasukuro Kogyo 570B 
high-performance liquid chromatograph with a Model 
51 1 fixed-wavelength UV detector (254 nm). An Inertsil 
ODS-2 column was used with acetonitrile-water (1 : 1, 
v/v) as the mobile phase at a flow-rate of 0.9cm3 
min-I. 


Formation of DPPHz from DPPH. A solution of 
DPPH (10 mg, 0.025 mmoll in 30 cm3 of benzene was 
added to 3 g of silica gel in a 50 cm3 round-bottomed 
flask. The mixture was sonicated for 10 min and then 
kept standing for 48 h in the dark. The silica gel was 
filtered off and washed with 10cm3 of benzene. The 
filtrate and washings were combined. The mixture was 
concentrated under reduced pressure. The unreacted 
starting material (4 mg) and DPPH2 (8 mg) were 
isolated by alumina thick-layer chromatography using 
hexane-acetone (10 : 1, v/v) as developing solvent. 


1. 


2. 


3. 


4. 


5 .  


6. 


7. 


8. 


9. 
10. 


11. 


12. 


13. 


14. 


15. 
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lZ5Te, 'H and "C NMR data are presented for a five-membered ring ditellurium derivative. The signals are assigned 
by means of integration and correlation spectroscopy. The NMR data are most consistent with the presence of one 
of the two possible structures. 


INTRODUCTION 


The main aim of this investigation was to attempt to 
distinguish between structures A and B of a five- 
membered ring ditellurium compound. From the stand- 
point of the present NMR studies, structures A and B 
are very similar and it is not easy to distinguish between 
them. As discussed below the accumulated NMR data 
from 'H, 13C and '"Te studies show that the balance 
of the structural evidence favours structure A. 


RESULTS AND DISCUSSION 


The chemical shifts obtained from 'H, I3C and '"Te 
NMR measurements are reported in Table 1. The 'H 
data are assigned as follows. The signals for H-5 and 
H-6 are deshielded with respect to the aromatic signals 
and appear as two separate resonances. The aromatic 


'H signals are found between 7.1 and 7 - 4  ppm. From 
the signal patterns and integration we find that, with 
increasing shielding, the aromatic resonances corre- 
spond to signals from protons 3' ,  2", 3", 4", 4 '  and 2 ' .  


The 'H signal of 8 . 8  ppm is a doublet with a splitting 
of 1 Hz. Following irradiation of the broad signal 
found at 7 . 9  ppm, the doublet splitting of the 8 -8  ppm 
signal collapses, showing the presence of coupling 
between these two 'H signals. Irradiation of the 
7.1  ppm signal causes the broad signal at 7 . 9  ppm to 
split into a 1 Hz doublet, showing coupling between this 
pair of protons. Consequently, the broad signal at 
7 . 9  ppm is assigned to H-6 and the signal at 8.8 ppm 
thus belongs to H-5. 


From the 'H- 'H COSY spectrum, coupling between 
H-5 and H-6 is noted, thus confirming the assignment 
made on the basis of the irradiated 'H spectra. From 
the aromatic region of this COSY sDectrum it is Dossible - 
to distinguish between two sets of signals corresponding 
to the two phenyl rings in the molecule by means of the 
coupling from H-6 to the ortho-protons H-2'. The 
meta and para 'H signals for this ring are assigned 
from the corresponding relative signal intensities and 
correlation data. The remaining aromatic 'H signals are 
assigned to the other phenyl ring and the groups of 
proton are assigned by means of integration. 


Turning to consideration of the I3C NMR data given 
in Table I ,  in the 'H decoupled I3C spectrum 12 signals 
are observed. From the relative signal intensities the 


bCH 


&,, v- 
4" 


A 4" 
B 
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Table 1 .  '25Te, 'H and I3C chemical shifts for a five-membered ring ditellurium derivative 


4 I' 


Chemical shift Chemical shift 
Atom (PPm)" Atom (ppm)" 
~~~ 


Te- 1 
Te-2 
H-5 
H-6 
H-2' 
H-3 ' 
H-4 ' 
H-2" H-3" 
H-4" 


956.7 (~112 = 19 H z ) ~  
1035.5 ( v m  = 40 Hz) 


8.8 
7 .9  


ca 7.1  
ca 7 .4  
ca 7 . 2  
ca 7-35 
ca 7.3  


c -3  
c -4 ,  c - l ' ,  c-1" 


c-5  
C-6 
c -2 '  
c - 3  
c -4 '  
c-2" 
(2-3'' 
c -4" 


92.9 
139.4, 140.5, 141.4 


120.4 
137.0 
125.6 
128.7 
126.7 
127.2 
129.1 
127-7 


Iz5Te chemical shifts are expressed with respect to MelTel in DMSO as standard, for which a chemical shift 


J T ~ T ~  = 469 Hz. 
of 63.0ppm is assumed (MezTe = 0 ppm). 


quaternary carbon signals are distinguished from those 
bearing protons. The proton coupled 13C NMR 
spectrum permits us to determine the number of 
attached protons. The relative signal intensities found 
in this spectrum indicate the numbers of equivalent 13C 
nuclei contributing to each signal. To obtain a complete 
I3C signal assignment "C-'H COSY spectra were 
obtained. Thus the C-5 and C-6 signals are assigned by 
means of their coupling to the previously assigned H-5 
and H-6 protons, respectively. Since the phenyl protons 
have already, been assigned, the directly bonded 
carbons are apparent from their connectivity in the 
I3C- 'H COSY spectrum for large 150 Hz couplings. In 
the corresponding COSY spectrum for small couplings 
(6 Hz), a correlation is found between H-2' and C-3, 
thus permitting the C-3 signal assignment at 92.9 ppm. 
This is further confirmed by a correlation between the 
H-6 and C-3 signals. The three remaining, quaternary, 
carbons C-4, C-1' and C-1" appear within a 2ppm 
range, centred on 140-5 ppm, and are not individually 
assigned. 


However, even such a fully assigned set of proton 
and carbon data cannot distinguish between structures 
A and B. The best tool to do this seems to be '"Te 
NMR. The proton decoupled "'Te spectrum has two 
signals at 6 = 956-7 and 1035.5 ppm. The upfield signal 
is about twice as sharp, v1/2= 19Hz, than the 
downfield signal and has "'Te- '25Te satellite lines with 
a splitting of 469 Hz. This coupling constant is a key 
point for distinguishing between forms A and B. Unfor- 
tunately, in the literature there are very few data con- 


cerning tellurium couplings. For linear systems, 
one-bond '2sTe-'2STe couplings are in the range 
170-270 Hz.' For cyclic compounds ' J  coupling data 
are available only for multicyclic cationic species: 
Te64+, Teb' and Te&3e+2.2,3 These values, depending 
on geometry, are in the range 600- 1100 Hz. In the litera- 
ture there are no data for long-range Te-Te couplings. 
We can only estimate these data from 125Te-'7Se and 
77Se-77Se systems. 2*4 For example, in the SeTef' 
cation,2 ' J T ~ S ~ =  157 Hz, 'Jrcse=96 Hz and 
' J T ~ s ~  = 48 Hz. For couplings dominated by the Fermi 
contact interaction it is to be expected that the ratio 
JTeTelJTcse in analogous situations should be equal to 
- 2. ' Hence, for a Te-Te two-bond coupling we should 
expect a value of about 200 Hz and for 3 J ~ e ~ e  about 100 
Hz. Both of these values are much smaller than the 
observed coupling. Comparing all these data, we can 
conclude that the observed coupling of 496 Hz can only 
be a one-bond coupling and that structure A is the 
correct one for the compound under investigation. 


We can also assign two tellurium chemical shifts. 
Lohner and Praefcke6 and Kalabin et found that 
aromatic substitution in the close neighbourhood of a 
tellurium atom generates a strong deshielding of 12'Te 
signals, so we can assign the signal of 1035.5 ppm to 
the atom in position 2 and the signal at 956.7 ppm to 
the tellurium atom in position 1. 


The analysis and interpretation of the multinuclear 
NMR data presented here demonstrate the ability of 
such investigations to distinguish between closely 
related structures for a given molecule. In this par- 
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ticular case, lz5Te NMR seems to be the most powerful 
method for structural analysis. 


EXPERIMENTAL 
The compound under investigation was prepared from 
tellurium and phenylacetylene in the KOH-HMPA- 
SnClz-HzO system according to the procedure 
described by Potapov et a1.8 


The NMR spectra were measured on a Bruker AM 
500 spectrometer operating at 500 MHz for 'H, 125.76 
MHz for I3C and 157.98 MHz for '"Te. The 'H and 
''C NMR spectra were run in DMSO solution under 
standard conditions with internal TMS as a reference. 
For lz5Te measurements, 10 mm sample tubes with 
external reference (MeZTez in DMSO, 6 = 63 ppm from 
MezTe) were used. Spectral parameters for the I2'Te 
measurements were: spectral width 10' Hz, pulse width 
25 ps, relaxation delay 2 s, number of scans 22800 and 
acquisition time 0.3 s; Waltz decoupling was used. 
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SOLVATION AND METAL ION EFFECTS ON STRUCTURE AND 
REACTIVITY OF PHOSPHORYL COMPOUNDS. 
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NMR spectroscopic and conformation analyses ware carried out for five dimethyl &y-disubstituted 
propylphosphonates, YCH2CHXCH2P03Me2, in five solvents and in acetone containing sodium and magnesium 
ions. Conformational preferences observed for the rotation about the C1-C2 bond are determined by the attractive 
interactions between the oxygen containing substituents X (X = OH, OMe) and the phosphoryl group, and are 
enhanced by the metal ions, presumably via chelation effects. The rotation about the C2-G bond yields statistical 
distribution of the rotamers. For Y = benzoyl, there was no evidence for a competition of the carbonyl group for the 
intramolecular interactions with X or with a metal ion. 


INTRODUCTION 


In the first part of this series’ we reported solvent 
and alkali metal ion (Na+,Mg2+) effects on the 
NMR spectra and conformational preferences for 
@-substituted @-phenylethylphosphonic esters, 
PhCHXCHzPO3Me2 (1, X = OH, OMe, Cl). Confor- 
mational analysis was performed using the observed 


JAC and JBC vicinal coupling between the protons of 
the diastereotopic a-methylene group and the chiral 
group, and the values for the vicinal coupling constants 
of the individual rotamers calculated according to the 
approach of Haasnoot et al.’ The analysis revealed 
strong intramolecular attraction between the 
phosphoryl group and the oxygen-containing substi- 
tuent X; the effects were enhanced by the metal ions, 
indicating some chelating properties of substrates 1 
(X = OH, OMe). Weaker effects were found for the 
analogous carboxylic ester systems (C02Et instead of 
PO3Mez group), suggesting weaker donor properties of 
the carbonyl group than the phosphoryl group of the 
phosphonate function. 


In this work we extended our studies on to two other 
phosphonic systems: dimethyl @substituted y- 
arylpropylphosphonates (2) and dimethyl 2-hydroxy-3- 
benzoylpropylphosphonate (3). Both systems contain 
two pairs of diastereotopic protons (a- and y-methylene 
groups), so the conformational analysis could be 


* Author for correspondence. 
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carried out with respect to the rotation about the 
CI--C2 (more polar section of the molecule) and to the 
c2-c3 (less polar section) bonds. In addition, 
substrate 3 contains the carbonyl and the phosphoryl 
groups in the same molecule, identically located with 
respect to the chiral centre -CHX-, so their relative 
interactions with substituent X, with solvent and with 
metal ions could be directly studied. 


RESULTS AND DISCUSSION 


Substrates 
The five phosphonic esters 2a-d and 3 were synthesized 
and used for the NMR spectroscopic studies. 


2a,AR = Ph; X = O H  
b, Ar=  Ph;X = OMe 
c, Ar = Ph; X = C1 
d, Ar = 3,4-(Me0)2CaH3; X = OH 


3 
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Racemic alcohols 2a and 2d were prepared via 0-keto- 
phosphonates as shown in Scheme I .  


(M&)zP(O)-CH3 
(iii) 


(Ma)zP(O)CHzCu 


(MeO)zP(0)CHzCH(OH)R 


(i) BuLi-THF; -60 'C; (ii) Cul; - 30 "C; 
(iii) RC(0)CI; (iv) NaBH4-EtOH; 0 "C 


Scheme 1 


Methyl ether 2b was prepared by treating 2a with a 
large excess of NaH followed by a large excess of Me1 
in THF-I ,Z-dimethoxyethane. The chloro derivative 
2c was prepared by treating 2a with CCL-PPh3, 
according to Gajda. The synthesis of the ketohydroxy- 
phosphonate 3 is presented in Scheme 2. 


NMR spectra 
In substrates 2 and 3, the protons HA, HB, HD, HE and 
Hc, together with the phosphorus atom, gave rise to 
ABMPRX spin systems in the 'H NMR spectra, with 
protons H ~ H B  corresponding to the AB and protons 
H D / H ~  to the PR part of the system. The 'H chemical 


(iii) 


Ph 


P03Me2 
Ph 


shifts, and the geminal and vicinal proton-proton coup- 
ling constants were obtained from a complete ABM 
(PRM) sub-spectral analysis of the 'H NMR spectra.' 
Protons HA and HB consistently gave rise to 16 line pat- 
terns, except in a few cases where deceptively simple 
spin systems were observed. For the PRMX system, in 
almost all cases 12 lines were observed because a four- 
bond ('H,"P) coupling to only one of the C,H2 
protons is observed. 


Conformational analysis 
The conformational behaviour of phosphonates 2 and 
3 was considered in terms of the rotation about the 
CI-CZ and CZ-C3 bonds. Three stable staggered con- 
formations (XI, XZ, X3, or their enantiomeric forms) 
exist with respect to the former bond (Figure I), and 
three analogous conformations (Xi, Xi ,  Xi)  with 
respect to the rotation about the latter (Figure 2). Using 
the experimentally measured vicinal coupling constants 
( JAC, JBC, Jx, JEC) and applying the same method- 
ology as before,' we determined the populations of the 
individual conformers in different solvents and in the 
presence of metal ions. The values of the calculated 
populations, given in Tables 1 and 2, are significant to 
only ca 5%. The level of the uncertainty is determined 
by the following factors. First, when calculating the 
JHH values acc:rding to "Haasnoot et al.,' dihedral 


angles of only 60 and 180 were assumed. Second, the 


Ph o-doEt 


P o p 2  
Ph 


(i) PhC(0)Cl-aq. NaOH; (ii) HOCHzCHzOH, TsOH-benzene, reflux; 
(iii) DIBAL-CH2Cl2, - 50 'C; (iv) CHsP03Mez BuLilTHF, - 50 'C; 
(v) Pyridinium p-tosylatelacetone 


Scheme 2 
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- - 
HC 


Xl X2 x 3  


CH2Y X 


Figure 1. Staggered conformations with respect to the rotation about the CI-CZ bond. 2a, Y = Ph, X = OH; 
2b, Y = Ph, X = OMe; 2c, Y = Ph, X = C1; 2d, Y = 3,4-(M&)zcsH3, Y = OH; 3, Y = PhC(O), X = OH 


Y Y Y 


X'l X' 2 X'3 


Figure2. Staggered conformations with respect to the rotation about the CZ-C~ bond. 2a, Y =Ph ,  X = O H ;  
2b, Y = Ph, X = OMe; 2c, Y = Ph, X = C1; 2d, Y = 3,4-(MeO)&&, X = OH; 3. Y = PhC(O), X = OH 


Table 1. Solvent effects on the conformational behaviour of phosphonates 2 and 3 


Population of Population of 
rotamers rotamersb 


Substrate (solvent') 'JAC (Hz) 3 J ~ ( 3  (Hz) XI XZ X3 'JDC (Hz) 3 J ~ c  (Hz) X ;  X i  X i  


40 31 
4-4 1.1 54 19 21 6-0 6.6 39 35 
4-8 1.8 54 24 22 6.0 6-9 42 36 
3.9 8-4 62 14 24 6-5' 36 41 
3.3 6.3 38 36 26 4.5 6.5 42 18 
6.0 6.6 43 33 24 5.7 6.2 31 31 
5.6 6.9 44 32 24 6-2' 35 31 
4.8 1 . 8  54 25 21 5.9 6.2 35 34 


6.0' 41 28 31 6.0' 34 34 
5.3 7.1 46 29 25 5.9' ' 33 33 


6.9' 40 44 16 4.7 1.7  52 19 
6.7' 39 41 20 5.2 7.8 52 25 
7.4' 45 50 5 5.7 7.3 46 30 


5.8 6.8 42 31 21 5.0 8.4 58 23 
5.5 8.1 54 30 16 4.1 8.6 61 20 
4.3 8.3 60 19 21 6-1 6.3 36 36 


6.3' 36 38 26 6.1 6.4 31 36 
3.7 8.6 64 13 23 5-9 6.8 41 35 
4.2 8.3 60 18 22 6.1' 34 36 


6.3' 36 38 26 5.6 1.3 41 32 
4.2 1.3 50 16 34 5.9' 33 33 
4.6 7.8 53 22 25 5.7 6.1 41 30 
5.6 7.4 48 32 20 5.2' 29 23 
5.3 7.5 49 29 22 6.1' 31 36 
5.0 1.1 52 26 22 6.2' 35 31 


6.5' 41 31 22 5.6 6.6 29 
26 
22 
23 
40 
32 
28 
31 
32 
34 
29 
23 
24 
19 
19 
28 
21 
24 
30 
21 
34 
29 
48 
33 
28 


' A  = CCL; B = CeD6; C = CDCI,; D = (CD3)zCO; E = (CD3)SO; F = CDICN. 
25%. 
Average value for vicinal coupling constants. 
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Table 2. Effects of metal ions on the conformational behaviour of phosphonates 2 and 3 in acetone-& 


Population of Population of 
rotamersb rotamersb 


Substrate (medium') 'JAC (Hz) 3 J ~ ~  (Hz) XI X2 X3 'JOC (Hz) 3 J ~ ~  (Hz) X;  X; X; 


2a (A) 3.9 8.4 62 12 24 6.5' 36 41 23 
2a (Nab 3.6 9.6 74 14 12 5.9 6.4 37 34 29 
2a (Nak 3.1 9.7 76 8 16 6-0 6.6 39 35 26 
2a (Nab 3.1 9.8 77 8 I5 5.9 6-3 42 35 23 
2a (Mg) 3 - 1  8.4 64 5 31 6.4 6.9 40 41 19 
2b (A) 6.0' 34 35 31 6.0' 34 34 32 
2b (Nab 5.4 7.3 48 21 31 6.0' 36 33 31 
2b (Nab 5.1  7.4 49 23 28 5.8 5.9 35 32 33 
2b (Nab 5 . 0  7.8 46 19 27 6.2 4.5 34 33 33 
Zb (ME) 5.1 7 . 8  64 5 31 6.1 4.5 32 31 31 


5.8 6.8 42 31 27 5.0 8.4 58 23 19 2c (A) 
2c (Nab 5 . 5  8.3 45 29 26 4.7 8.6 65 20 I5 
k (Nab 5.1 8.4 48 25 27 4.8 8 . 7  62 19 19 
k (Nab 4.9 8.6 42 32 26 4.5 8 . 7  62 18 20 
2c (Mg) 4.6 8.6 47 26 27 4.5 8.8 62 14 24 
2d (A) 4-2 8.3 60 18 22 6.1' 34 36 30 
M (Nab 3.8 8.1 60 12 28 6.1 6.3 36 36 28 
2d (Nab 3.5 9.2 70 12 18 6.2 6.4 37 31 26 
2d (Nab 3.3 9.5 74 I0 16 6-1 6.4 37 36 27 
2d (ME) 6-4' 68 8 24 6-5 6.7 39 41 20 
3 (A) 5.3 7.5 49 29 22 6.1' 34 36 30 
3 (Na)l 3.5 7 . 9  56 17 27 5.4 6.8 28 29 43 


4.5 8.2 58 21 21 5.6 7.1 23 31 46 
3 (Nab 4.4 8.4 60 21 19 29 36 30 


4.4 8.5 64 25 11 5.6' 31 29 40 


'A = acetone-& (Na),, (Na)z, (Na)3 = acetone-d6 + NaI, where [NaI]/ [substrate] = 12.3, respectively; (Mg) = acetone- 
d6 + Mg(C104)~. where [Mg(C10&1/ [substrate] = 2. 


3 (Nah 


3 (Mg) 


2 5%. 
Average value for vicinal coupling constants. 


experimentally determined JHH values are accurate 
only to 2 0.1 Hz. Finally, the exact values chosen for 
the group electronegativities will greatly influence the 
calculated J H H  values. 


Solvent effects 
NMR spectra of substrates 2 were recorded in five sol- 
vents of increasing polarity [CCL C6D6, CDCls, 
(CD3)zCO and (CD3)2SO], whereas for 3 CDGN was 
used as the most polar solvent instead of DMSO-d6. 
The effect of solvent's polarity on the 'polar' and 'non- 
polar' sections of the substrate molecule was monitored 
by examining the NMR spectroscopic characteristics of 
the two diastereotopic methylene groups. As expected, 
the group located between the chiral centre and the 
dimethoxyphosphonyl function (a-CHdB) was more 
sensitive to solvent effects than the group located at the 
'periphery' of the molecule (Y-CHDHE). For example, 
the average solvent-induced change in the chemical shift 
(AS = SDMSO - &XI,,) for the a-methylene protons in 2a, 
2b and 2d is 0.11 ppm, and for 3 0.06 ppm, whereas 


the analogous effects on the y-methylene protons are 
0.04 and 0.02 ppm, respectively. The average solvent- 
induced variations in the vicinal coupling constants JAC 
and JBC are 1.8 Hz for 2 and 0.9 Hz for 3; the corre- 
sponding effects on the values of JDC and JEC constants 
are 0.8 and 0.5 Hz, respectively. These results indicate 
that the changes in the medium affect the conforma- 
tional equilibria with respect to the rotation about the 
CI-Cz bond to a significantly greater extent than with 
respect to the c2-c3 section. This, in turn, confirms 
our earlier observation about the intramolecular inter- 
actions between the phosphonyl group POsMez, and 
the oxygen-containing substituent X (X = OH, OMe). 
The P-chloro-substituted phosphonate 2c does not 
show this selectivity, and hence does not give any evi- 
dence for the intramolecular interactions between the 
P03Me~ and C1 groups. 


Solvent effects on substrates 2 and 3 are summarized 
in Table 1, in which the populations of the individual 
rotamers in the different solvents (calculated from the 
observed vicinal coupling constants) are given. 
Substrates 2a, 2b and 2c can be compared directly with 







SOLVATION AND METAL ION EFFECTS IN PHOSPHORYLS 5 27 


1, since they represent the derivatives of the latter, in 
which an additional methylene group has been inserted 
into the CO-Ph bond. For the alcohols and methyl 
ethers (X = OH, OMe), that structural change resulted 
in a considerable decrease in the selectivity with respect 
to the rotamers X. For 2a and 2b, although the rotamer 
XI is still the most populated, its contribution decreased 
to an average value of 47%, compared with 71% 
observed for the corresponding 1.'  The preference for 
the rotamer XI was explained by two factors: the attrac- 
tive interactions between the P03Me2 and the OH 
(OMe) groups, and by the repulsive (steric) 
P03Mez-Ph interactions. The greater contributions of 
rotamers Xz and X3 in 2a and 2b result from some 
release of steric repulsions following replacement of 
phenol by the benzyl substituent. It is known6 that the 
steric requirements of the phenyl group are greater than 
those of benzyl: u, values for Ph and CHzPh are 1.66 
and 0.70, respectively. Still, as for 1, the sum of the 
populations of rotamers XI and X3 for 2a and 2b 
(gauche orientation of the phosphoryl group and the 
P-oxygen) is more than 70070, pointing at the attractive 
oxygen-phosphoryl group interactions in the 
O=P-C-C-OR (R = H ,  Me) system. The distri- 
bution of rotamers for alcohol 2d was almost identical 
with that obtained for 2a, hence substitution of the ring 
with methoxy group did not alter any intramolecular 
interactions affecting the rotation about the two C-C 
bonds. It is interesting that on moving from non- 
hydrogen-bonding to hydrogen-bonding solvents, the 
population of rotamer XI did not decrease noticeably. 
This result may suggest that even in a medium capable 
of breaking the intramolecular P=O-..H-O hydrogen 
bond, the preference for the gauche orientation of the 
PO3Me2 and the OH groups is retained due to the pre- 
viously postulated ' n(p) -+ d donor-acceptor interac- 
tions involving the &OR (R = H, Me) group and the 
phosphoryl centre (Figure 3). 


The P-chloro derivative 2c shows lower selectivity in 
the rotamers' distribution than the analogous 1; no evi- 


I \ -  z-0 I I I I I H/ 
HC 


/ 
Figure 3. Oxygen-phosphoryl interactions in conformation 
XI for 0-hydroxydkylphosphonates in hydrogen bonding 


solvents (Z=C or S) 


dence for any specific interactions between the 
phosphoryl group and chlorine atom was obtained, and 
the populations are in this case probably determined 
solely by the sum of the non-bonded steric repulsions. 


The population of rotamers X' (rotation about 
c2-C~ bond) corresponds for substrates 2 to a statis- 
tical (2b) or almost statistical distribution. That result 
confirmed our expectations that the rotation of the non- 
polar section of the molecule should not be subject to 
any specific intramolecular interactions. 


The most informative results were obtained from the 
conformational analysis of ketohydroxyphosphonate 3. 
Rotation about the Cl-C2 bond yields the distribution 
of rotamers almost identical with that obtained for 
other alcohols (2a, 2d). The keto group seems to have 
no effect on conformational equilibria, hence there is in 
that system a complete regioselectivity in the intramole- 
cular interactions between the 0-OH group and the 
potential acceptor phosphoryl or carbonyl functions, in 
favour of the former. In full agreement with that con- 
clusion, the population of rotamers X' (rotation about 
C2-C3 bond) for 3 follows a statistical distribution, 
without any evidence for an intramolecular carbonyl- 
hydroxyl interaction, expected to increase the popula- 
tion of rotamers X i  and X i .  


Metal ion effects 


The possibility of an enhancement in the conforma- 
tional selectivity in phosphonates 2 and 3 via their com- 
plexation with metal ions was investigated by recording 
the 'H NMR spectra of the substrates in acetone sol- 
utions containing Na+ or Mg2+ ions, and comparing 
them with the results obtained in pure acetone. Confor- 
mational analysis, carried out as in previous cases, 
yielded the distribution of the rotamers (with respect to 
the rotation about the same two C-C bonds) shown in 
Table 2. As before,' addition of metal ions to the sol- 
ution of all substrates with an oxygen-containing substi- 
tuent X resulted in the increase of the selectivity in the 
rotation about the c1-C~ bond in favour of rotamer 
XI. This can be taken as an indication of a chelating 
effect of the O=P-C-C-OR (R = H, Me) fragment 
of substrates 2 and 3 (and also of 1' ) ,  additionally 
stabilizing the gauche orientation of phosphorus and 
0-oxygen. (As one referee pointed out, chelation can 
involve one of the POMe groups instead of the 
phosphoryl group. Our current investigation of the 
metal ion effects on the "0 NMR spectra of substrates 
1-3 indicates the involvement of the P=O group in the 
interaction with metal ions.) The results obtained for 
the 7-benzoyl derivative 3 deserve separate comment. 
First, the population of the rotamer Xi  does not 
increase on addition of metal ions, so no chelating pro- 
perties of the O=C-C-C-OR fragment (relative to 
the analogous ROCCPO moiety) capable of intro- 
ducing corresponding selectivity to the free rotation 
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(0) 


Figure 4. Proposed models for chelation of 


about the c2-c3 bond are indicated. Second, com- 
pared with the closely related 2a, addition of the metal 
ions to solutions of 3 results in some increase in the 
combined population of rotamers X i  and X j  (from 
66% to an average of 12% vs a decrease from 64% to 
an average of 61% for 2a). This increase can be attrib- 
uted to the chelation of a metal ion by the phosphoryl 
and the carbonyl groups in an eight-membered system. 
A similar complex (in that case seven-membered) was 
proposed by Sigel and co-workers' in their discussion 
of the coordinating properties of dihydroxyacetone 
phosphate, with the chelation increasing on the 
addition of dioxane to aqueous solutions of the reac- 
tants. The involvement of the carbonyl and phosphoryl 
groups in substrate-metal ion interactions should 
favour the gauche orientation of benzoyl and 
phosphonomethyl fragments; in consequence, the 
respective rotamers X i  and X i  represent the most 
populated conformations. In conclusion, we propose 
that the interactions between 3 and the metal ions can 
be represented by two major structures shown in 
Figure 4. 


In summary, we have demonstrated that polysubsti- 
tuted alkylphosphonates represent convenient systems 
for conformational studies and for investigation of the 
response of the individual functionalities to environ- 
mental (solvent, metal ions, etc.) changes. We are cur- 
rently attempting to support the conclusions of the first 
two papers of this series by "0 NMR spectroscopic and 
molecular modelling studies. 


EXPERIMENTAL 
General. NMR spectra were recorded on a Bruker 


A S  300 NMR spectrometer at a probe temperature 
30 C. Preparation of the solutions containing the salts 
were carried out in dry atmosphere in a glove-box. The 
following solvents were used for NMR spectra analysis: 
tetrachloromethane (BDH, AnalaR) containing 10% 
(v/v) cyclohexane-dn (Aldrich, 99.5 atom% D), dried 
over molecular sieves; benzene-d6 (Uvasol, Merck); 
chloroform-dl (Uvasol, Merck), dried over molecular 


metal ions 


04 
by 3; (a) rotamer XI; (b) rotamer X; 


sieves; acetone-d6 (Aldrich, 99.5 atom% D), dried over 
molecular sieves; dimethyl-& sulphoxide (Uvasol, 
Merck); and acetonitrile-& (Aldrich, 99.5 atom% D). 
The concentration of substrates was 0.20 M. 


DimethyI 2-0x0-3-phenylpropylpphosphonate. To a 
stirred mixture of BuLi (1.6 M in hexane, 3 5 . 5  ml, 
57myol) and THF (50ml) was added dropwise at 
- 60 C a solution of dimethyl methylphosphonate 
(7.07 g, 57 mmol) in THF (20ml), followed after 
30 min by the addition of copper(1) iodide ( 1  1 .9  g, 
63 mmol). The solutiot was warmed to -3O"C, kept 
for 1 h, cooled to - 40 C and a solution of of phenyla- 
cetyl chloride (9.25 g ,  60 mmol) in THF (30 ml) was 
added dropwise. The mixture was stirred at - 35 "C for 
3 h, left overnight at room temperature, hydrolysed 
with water (50 ml) and filtered twice through a layer of 
Celite. After drying (MgS04) and evaporation of the 
solvent the product was obtained as a yellow oil; 1 1 -7  g 
(85%). IR, Ymax (CC4) (cm-') 2940 (CHz), 1717 
(C=O). 1252 (P=O), 1038 (POCH3); 'H NMR 
(CDCl,), 63.10 (d, 2H, J=22 .6Hz) ,  3.78 (d, 6H, 
J =  11-3 Hz), 3.89 (s,2H), 7-20-7-37 (m,5H); "P 
NMR, 623.0. 


Dimethyl 2-hydroxy-3-phenylpropylphosphonate 
(2a). NaBH4 (5.14 g, 136 mmol) was added to a stirred 
solution of the ketopbosphonate (1 1.35 g, 47 mmol) in 
ethanol (40 ml) at 0 C and the solution was stirred at 
room temperature for 2 h. Dilute HC1 was added, the 
mixture was extracted with chloroform (3 x 25 ml) and 
the combined chloroform solution was washed with 
water (3 x 30 ml), dried (MgS04) and evaporated. 
Compound 2a was obtained as a pale-yellow oil, 1 1  a 0  g 
(96%). IR, vmax (CCL)(cm-') 3370 (OH), 2939 (CH2), 
1249 (P=O), 1039 (POCHs); 'H NMR (CDCh), 61.92 
(ddd, lH,  J =  18.9, 15.2, 4 .8  Hz), 1-97 (ddd, lH,  
J =  16.5, 15.2, 7 - 8 H ~ ) ,  2.80 (dd, lH,  J =  13.5, 
6*9Hz) ,  2.90 (ddd, lH,  J =  13.5, 6 . 0  2.1 Hz), 3.43 
(br s, IH), 3.72 (d, 3H, J =  11.0 Hz), 3-73 (d, 3H, 
J =  10.9 Hz), 4.24 (m, lH), 7-16-7.35 (m, 5H); I3C 
NMR, 631.7 (d, J =  140.8 Hz), 44-5 (d, J =  16.6 Hz), 
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52.3 (d, J = 7 . 8  Hz), 52-5 (d, J z 8 . 1  Hz), 67.5 (d, 
J =  4-6  Hz), 126.6 (s), 128.5 (s), 129.4 (s), 137.5 (S); 
3LP NMR, 632.0; MS, mlz 244 (M', lVo), 226 (29), 153 
(loo), 121 (22), 109 (40), 91 (go), 65 (24). 


Dimethyl 2-methoxy-3-phenylpropylphosphonate 
(2b). To a solution of 2a (1 -54 g, 6.3 mmol) and 
iodomethane (3.15 ml, 50 mmol) in THF (10 ml) and 
DMF (2 ml), NaH (0.32 g, 13.7 mmol) was added and 
the mixture was heated under reflux for 1 h. Ethyl 
acetate (50ml) was added, the excess of NaH was 
decomposed by the addition of water (50 ml), followed 
by saturated aqueous NH&I (20 ml). The organic phase 
was separated, the aqueous phase was extracted with 
ethyl acetate (40ml) and the organic solution was 
washed with water (3 x 15 mi), with saturated aqueous 
NaCl (3 x 15 ml), dried and evaporated under reduced 
pressure. Compound 2b was obtained as a pale-yellow 
oil, 1-Og (61%). IR, urnax (CCh)(cm-') 2940 (CH2) 
2820 (OCH3), 1252 (P=O), 1040 (POCH3); 'H NMR 
(CDCI3), 61.92 (ddd, lH, J = 1 8 * 2 ,  15.7, 4*8Hz) ,  
1.98 (ddd, lH,  J =  18.0, 15.7, 7.8 Hz), 2.86 (dd, lH,  
J =  13.8, 6*2Hz) ,  2.93 (ddd, lH,  J =  13.8, 5.9, 
2.1 Hz), 3.36 (s, 3H), 3-70 (d, 3H, J =  11.1 Hz), 3.72 
(d, 3H, J =  10.8 Hz), 3.80 (m, IH), 7.20-7.29 (m, 
5H); 13C NMR, 630.1 (d, J =  140.2 Hz), 40.8 (d, 
J =  12.1 Hz), 52.0 (d, J = 6 * 6 H z ) ,  52.5 (d, 
J -  6.0 Hz), 57.2 (s), 77.3 (s), 126.5 (s), 128.4 (s), 
129.6 (s), 173.7 (s); "P NMR, 632.5; MS, mlz 258 
(M+, < 10/0), 226 (loo), 167 (87), 153 (8), 135 (14), 109 
(18), 65 (24). 


Dimethyl 2-chloro-3-phenylpropylphosphonate (2c). 
A solution of 2a (2*50g, 10.2mmol) and 
triphenylphosphine (4-03 g, 15.4 mmol) in dry 
tetrachloromethane (60 ml) was heated under reflux for 
20 h. The solvent was evaporated under reduced 
pressure, the semi-solid residue was extracted with 
hexane ( 5  X 40 ml) and the combined extracts were 
filtered and evaporated. The residue was purified by 
column chromatography (silica gel, benzene-ethyl ace- 
tate, 1 : 1) yielding 2c as a pale-yellow oil, 1.20 g (45%). 
IR, urnax (CCL)(cm-') 2940 (CHz), 1252 (P=O), 1040 
(POCH3), 748 (C-CI); 'H NMR (CDCl3), 62.13 (dd, 
2H, J = 1 8 - 3 ,  7*4Hz) ,  3.08 (dd, lH,  J = 1 3 * 9 ,  
7.3 Hz), 3.22 (dd, lH ,  J =  13.9, 5.7 Hz), 3.75 (d, 3H, 
J =  11.0 Hz), 3.77 (d, 3H, J =  11.0 Hz), 4.44 (m, IH), 
7.22-7-35 (m, 5H); I3C NMR, 633.9 (d, 
J =  141*4Hz), 45.3 (d, J = 1 0 * 3 H z ) ,  52.3 (d, 
J = 6 * 3  Hz), 52.7 ( d , J = 5 * 8  Hz), 56.1 (s), 127.1 (s), 
128.5 ( s ) ,  129.5 (s), 136.8 (s); 31P NMR, 629.2; MS, 
mlz 262 (M', < lVo), 226 (76), 117 (loo), 109 (24), 91 
(49 ,  79 (22), 65 (16). 


Dimethyl 2-oxo-3-(3 I ,  4 '-dimethoxypheny1)propyl- 
phosphonate. Prepared from dimethyl methyl- 
phosphonate and 3,4-dimethoxyphenylacetyl chloride 


as described for the phenyl derivative and obtained as 
a pale-yellow oil (90%). IR, Vmax (CCL)(cm-') 2948 
(CHz), 1717 (C=O), 1255 (P=O), 1038 (POCH3); 'H 
NMR (CDCI3), 63.05 (d, 2H, J=22*6  Hz), 3-73 ( 4  
6H, J = 1 1 * 3 H z ) ,  3.77 ( s ,  2H), 3-81 (s, 6W7 
(6.76-6-80 (m, 3H); "P NMR, 6 23.0. 


Dimethyl 2-hydroxy-343 ' ,4 '-dimenthoxyphenyl) 
propylphosphonate (2d). NaBHs (0.90 g, 23 8 mmol) 
was added slowly at 0°C to a stirred solution of the 
ketophosphonate (2.50 g, 8.3 mmol) in ethanol (20 ml) 
and the solution was stirred at room temperature for 
2 h. Dilute HC1 was added, the mixture was extracted 
with CHCl3 (3 x 15 ml) and the organic extract was 
washed with water (3 x 15 ml), dried and evaporated 
under reduced pressure. Compound 4d was obtained as 
a pale-yellow oil, 2.40g (95%) IR, vmax (CCL)(cm-') 
3375 (OH), 2942 (CHz), 1247 (P=O), 1039 (POCH3); 
'H NMR (CDCl3) 61.91 (ddd, lH ,  J = 1 8 * 7 ,  15.3, 
3.7 Hz), 1*99(ddd, lH ,  16-4, 15.3, 8.6 Hz), 2.75 (dd, 
lH ,  J =  13.7, 6*8Hz),  2-84 (ddd, lH, J =  13.7, 
5*9Hz),  3.73 (d, 3H, J =  10.9 Hz), 3.74 (d, 3H, 
J =  10.9 Hz), 3.85 (s, 3H), 3.87 (s, 3H), 6.73-6.80 
(m, 3H); I3C NMR, 631.8 (d, J =  139.1 Hz), 44.1 (d, 
J =  16*3Hz), 52-4 (d, J = 6 - 1  Hz), 52.7 (d, 
J =  6.8 Hz), 55.9 (s), 67.6 (d, J =  4.6 Hz), 111.4 (s), 
112.7 (s), 121 * 5  (s), 130.1 (s), 147.9 (s), 149.0 (s); 3'P 
NMR, 633.3; MS, mlz 304 (M', < 1070), 286 (39 ,  182 
(60), 153 (27), 151 (loo), 137 (26), 109 (36), 107 (48), 65 
(26). 


Ethylene ketal of ethyl 3-0x0-3-phenylpropionate. 
A mixture containing ethyl 3-0x0-3-phenylpropionate 
(10.9 g, 56.6 mmol), ethylene glycol (4.22 g 
67.9 mmol), p-toluenesulphonic acid monohydrate 
(0.15 g) and benzene (250 ml) was heated under reflux 
for 52 h with continuous azeotropic removal of water. 
The cooled mixture was poured into a mixture of 
diethyl ether (250 ml) and aqueous sodium hydrogen- 
carbonate (100 ml), separated and the organic layer was 
washed with brine and dried (K2C03). Evaporation of 
the solvent yielded a mobile yellow oil which was 
purified by distillation to yield t!e ketal as a colourless 
oil, 8 .20g  (81%), b.p. 103-105 ClO.15 Torr. IR, Ymax 


(CCL)(cm-') 2977 (CHZ, CH3), 2875 (OCH2CH20), 
1741 (C=O), 1552 (Ph), 1221 (C-0); 'H NMR 
(CDCh), 61.80 (t, 3H, J = 7 . 1  Hz), 2.89 (s, 2H), 
3.65-4-04 (m, 6H), 7.21-7.48 (m, 5H); MS, mlz 159 
(19), 149 (loo), 105 (86), 87 (lo), 77 (59), 51 (31), 29 
(16). 


Ethylene ketal of 3-0x0-3-phenylpropanal. The 
above ester (8*96g, 38 mmol) was dissolved in dry 
dichloromethane (50 ml) and diisobutylaluminium 
hydridc (DIBAL, 83.6m1, 1-OM i? hexane, 83.6 
mmol) was added with stirring at - 78 C over a period 
of 1 h. After 90 min the mixture was quenched with 
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methanol ( 5  ml), warmed to room temperature and 
diluted with ethyl acetate (200ml). The solution was 
washed with saturated aqueous sodium potassium tar- 
trate (200 ml), the aqueous phase was extracted with 
ethyl acetate (3 x 50 ml) and the combined organic 
extracts were dried (MgSO4) and evaporated under 
reduced pressure. The crude product was purified 
by bulb-to-bulb distillation (oven temperature 
100-120 "C/0*25 Torr), 5.97 g (82qo). IR, urnax 
(CCh)(cm-') 2920 (CHz), 2830 (OCHZCH~), 1880 


62-90 (d, 2H, J = 2 * 9  Hz), 3.79-4-12 (m, 4H), 
7-32-7.50 (m, 5H), 9.76 (t, IH, J =  2.9 Hz); MS, m/z  
149 (go), 115 (27), 105 (90) 77 (loo), 51 (75). 


Ethylene ketal of dimethyl 2-hydroxy-3-0~0-4-phenyl- 
butylphosphonate. BuLi (18.8 ml, 1.6 A4 solution in 
hexane, 20- 1 mmol) was added dropwise with stirring 
at -50 C to a solution dimethyl methylphosphonate 
(3.11 g, 25 * 1 mmol) in dry THF (50 ml). After stirring 
for 1 h at -50°C the aldehyde described above 
(3.21 g, 16.7 mmol) dissolved in THF (50 ml) was 
added doropwise over a period of 2 h. After a further 5 h 
at - 50 C, the mixture was left overnight at room tem- 
perature, hydrolysed with a minimum volume of con- 
centrated aqueous NH4Cl and chloroform (50 m1)was 
added. The mixture was filtered through a layer of 
Celite and the chloroform layer was washed with water 
(3 x25  ml), dried and evaporated under reduced 
pressure. The product was obtained as a pale-yellow oil, 
4.25 g (81%). IR, urn (CCh)(cm-') 3474 (OH), 2953 


(C=O), 1563 (Ph), 1231 (H-CO); 'H NMR (CDCh), 


(CHz), 2893 (OCHzCHzO), 1551 (Ph), 1234 (P=O), 
1045 (POCH3); 'H NMR (CDCls), 61.95 (ddd, lH,  
J =  18.2, 15.4, 5 . 5  Hz), 1.99 (ddd, IH, J=17.9, 
15.4, 7.6 Hz), 2-13 (ddd, lH, J =  18.6, 14.9, 8 . 5  Hz), 
2.18 (ddd, lH,  J =  18.0, 14.9, 3.1 Hz), 3.69 (d, 3H, 
J =  10.8 Hz), 3.71 (d, 3H, J =  10.8 Hz), 3.68-4-06 
(m, 5H), 4.28-4.31 (m, lH), 7.28-7.43 (m, 5H); 13C 
NMR, 633.0 (d, J =  139.5 Hz), 47.2 (d, J =  13.4 Hz), 
52.2 (d, J =  6.1 Hz), 52.5 (d, J =  6.0 Hz), 63.3 (d, 
J = 2 - 8  Hz), 64.1 (s), 6 4 . 5  (s), 125.5 (s), 128.4 (s), 
141.6 (s); "P NMR, 632.4; MS, m/z  153 (15), 149 
(loo), 109 (16), 105 (99), 77 (46), 51 (lo), 43 (13). 


Dimethyl 2-hydroxy-3-benzoylpropylphosphonate 
(3). A solution of the ketal described above (0.52 g, 


1 -6  mmol) and pyridinium p-toluenesulphonate (0.79 
g, 3.1 mmol) in acetone (50 ml) was heated under reflux 
for 80 h and the solvent was evaporated under reduced 
pressure. Aqueous NaHCO3 was added and the mixture 
was extracted with ethyl acetate (2 x IS ml). The 
combined organic extracts were washed with saturated 
aqueous NaC1, dried and evaporated under reduced 
pressure. Compound 3 was obtained as a pale-yellow 
oil, 0.33 g (73vo). IR, vm,,(CC1~)(cm-') 3386 (OH), 
2954 (CHz), 1726 (C=O), 1597 (Ph), 1236 (P=O), 
1045 (POCH3); 'H NMR (CDCls), 62.10 (ddd, lH, 
J =  17.9, 15.3, 7.4 Hz), 2.20 (ddd, lH,  J =  18.3, 
15.3, 5.6 Hz), 3.33 (d, 2H, J =  5 . 2  Hz), 3.76 (d, 3H, 
J =  11.0 Hz), 3.79 (d, 3H, J =  10.9 Hz), 4.62 (dddd, 


13C NMR, 632.0 (d, J =  138.9 Hz), 45.4 (d, J =  11.6 
Hz), 52.5 (d, J =  6.3 Hz), 52.6 (d, J =  6.2 Hz), 63.5 
(s), 128.1 (s), 128.7 (s), 140.2 (s), 198-8 (s); "P NMR, 
632.0; MS, m/ t  167 (20), 153 (62), 149 (67), 124 (44), 
109 (30), 105 (74), 77 (loo), 51 (36). 


lH, J =  12.3, 7.4, 5.6, 5.2 Hz), 7-14-7.31 (m, 5H); 
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CALCULATION OF NON-LINEAR OPTICAL PROPERTIES OF 
PYRIDINIUM CYCLOPENTADIENYLIDES 


JULIANTO PRANATA* AND CHRISTOPHER J .  MURRAY 
Department of Chemistry and Biochemistry, University of Arkansas, Fayetteville, Arkansas 72701, U. S.A. 


Finite field/PM3 calculations of the dipole moments, polarizabilities, hyperpolarizabilities, and second-order 
byperpolarizabilities of pyridinium cyclopentadienylide and some nitro and amino derivatives suggest that these 
compounds are good candidates for non-linear optical materials. 


INTRODUCTION 
There has been a considerable effort directed towards 
the development of materials possessing non-linear 
optical properties, and organic compounds have been 
recognized as excellent candidates for such materials. ' 
The enormous variety of organic molecules, together 
with the achievements of organic synthesis, suggest that 
it may be possible to design materials to fit the desired 
properties. In this process computational studies can 
play an important role in that they can predict the pro- 
perties of new molecules. 


We recently reported the use of derivatives of 
pyridinium cyclopentadienylide (PC) as a probe for 
measuring the dielectric constant of enzyme active 
sites.* This compound exhibits many of the character- 
istics of a molecule with significant non-linear optical 
properties. It has a conjugated *-system, has charge- 
transfer character and its electronic spectrum exhibits 
solvatochromism, indicating a significant difference in 
the dipole moments of the ground and excited states. 


We have investigated the non-linear optical proper- 
ties of PC using the finite field method4 as implemented 
in PM3 serni-ernpirical molecular orbital calculations. ' 
Calculations of this type have been performed by 
Matsuzawa and Dixon for an extensive list of com- 
pounds, and comparisons have been made with exper- 
imental measurements. 6.7 The results show a good 
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correlation between calculated and observed quantities. 
Thus, the finite field/PM3 method is a fast, inexpensive 
and fairly reliable method for calculating non-linear 
optical properties of organic molecules. 


In addition to the parent compound, we have also 
looked at a few mono- and disubstituted derivatives. 
The substituents are nitro and amino groups, to rep- 
resent typical *-electron acceptors and donors, which 
may serve to enhance or diminish the nonlinear optical 
properties. 


Our objective in this study was not to predict accu- 
rately the non-linear optical properties of PC and its 
derivatives. Too many experimental parameters that are 
important in non-linear optics, such as crystal packing 
(if crystals are used), solvent properties (if solutions are 
used) and the wavelength of light used, were not con- 
sidered in the calculations. Rather, our intention was to 
explore the possibility that these unusual molecules 
have significant and perhaps useful non-linear optical 
properties. For this purpose, we believe that the finite- 
field/PM3 method is suitable. 


COMPUTATIONAL METHODS 


The calculations were performed using the MOPAC 
program.' The finite field method involves the calcu- 
lation of the molecular electronic energy in the presence 
of an external electric field F, which can be expressed 
as 


E(F)  = E(0) - c p; F; - (1 /2 )  c a;jF; Fj 
1 ;,i 


-(1/6)c p;jkFiFjFk-(1/24) C YijkiFiFjFkFI- ... 
i . j k  ; , j , k J  


(1) 
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where E(0) is the energy with no field present, F i  are 
the components of the external field, pi are the compo- 
nents of the dipole moment vector, cu;j are the compo- 
nents of the polarizability tensor, @i,k are the 
components of the hyperpolarizability tensor and ~ i j k l  


are the components of the second-order hyperpolariza- 
bility tensor. By computing the energy in several 
different fields, all the tensor components can be 
calculated. 


An alternative method uses the dipole moment 
expansion4 


pi(F) = pi (0)  + C a i j F j  + (1/2) C P i j k F j F k  
J j , k  


+ (1/6) C Y i j k I F j F k F i  + ... (2) 


where pi(0) is a component of the permanent dipole 
moment and other quantities are as defined before. 
Both methods are employed in the MOPAC program. 
The values reported here are those obtained from the 
energy expansion; the dipole expansion gave similar 
values. 


All structures were fully optimized, and the 
optimized structures were subjected to vibrational fre- 
quency calculations to ensure that they correspond to 
local minima. The finite field computations were per- 
formed at the optimized geometries. Except for the fre- 
quency calculations, the PRECISE option in the 
MOPAC program was selected for all calculations. The 
calculations were performed on an HP/Apollo Series 
700 workstation and a Silicon Graphics Indigo R4000 
workstation. 


j .k .1  


RESULTS AND DISCUSSION 


A common feature of molecules possessing non-linear 
optical properties is the presence of a conjugated .rr-elec- 
tron system. Computational studies have demonstrated 
the trend of increasing polarizabilities and hyper- 
polarizabilities with increasing conjugation length. ' For 
PC, maximum conjugation would be achieved in a 
planar structure. 


It is reasonable to expect PC itself to be planar. A 
resonance structure can be drawn where the exocyclic 
C-N bond is a double bond. Although not explicitly 
shown, the resonance structure A is intended to imply 
delocalization of the negative charge in the cyclopenta- 
dienyl ring and the positive charge in the pyridinium 
ring. In the resonance structure B, the negative charge 
is now delocalized in a pentadienyl fragment of the six- 


A B 


membered ring, while the positive charge is localized on 
the nitrogen. PM3 calculations support this idea of 
resonance. The optimized structure is indeed planar, 
and the C-N bond length is 1.36 A, indicating partial 
double bond character; for example, the C-N bond in 
amides (generally accepted to have partial double bond 
character) is about 1.40 A, whereas for N- 
alkylpyridinjums we found the C-N bond length to be 
1 *48-1*50 A. In addition, the barrier for rotation 
around this bond was estimated to be about 
15 kcalmol-' (1 kcal = 4.184 kJ); this was done by cal- 
culating the energy at a geometry where the two rings 
were constrained to be perpendicular. (In fact, we com- 
puted complete torsional profiles for the molecules dis- 
cussed here, by performing a series of constrained 
geometry optimizations with the C-N torsion con- 
strained at 30 intervais. For all of them, the maximum 
energy occurred at 90 .) 


The presence of an electron-donating or -with- 
drawing substituent can alter the situation. An electron- 
withdrawing nitro group on the five-membered ring 
would favor the resonance structure A owing to further 
delocalization of the negative charge present in the five- 
membered ring, and result in reduced double bond 
character in the C-N bond. The opposite effect would 
occur if the nitro group were in the 2-, 4- or 6-(ortho or 
para) position of the six-membered ring; in this case, 
the resonance structure B would be favored. The 3- and 
5-  (meta) positions, however, are out of conjugation, 
and substitutions at these positions are not expected to 
have a large effect. 


An electron-donating amino substituent at the ortho 
and para positions of the six-membered ring would 
favor the resonance structure A; the positive charge can 
be delocalized into the amino group. Once again, 
substituents at the meta positions are out of conjuga- 
tion and would not have a large effect. In the resonance 
structure B the positive charge is localized on nitrogen 
and cannot be delocalized further, whether or not there 
are electron-donating substituents. In addition, there is 
no reasonable resonance structure that places the posi- 
tive charge in the five-membered ring, so amino substi- 
tuents on it would not have a large effect. 


Another issue is steric repulsion. Even in the parent 
compound, the hydrogens at positions 2 and 8 and at 
positions 6 and 11 are spatially close, although not 
enough to cause steric congestion. Replacing any of 
them with larger substituents could have serious steric 
consequences. This effect may be large enough to dis- 
favor the coplanar orientation between the rings. 


We investigated these issues using PM3 calculations 
on PC and monosubstituted derivatives. The results, 
shown in Table 1, are generally consistent with the fore- 
going analysis. The amino group is pyramidal, the same 
situation as observed in arylamines. In most cases, the 
nitro group is coplanar with the ring to which it is 
attached. The exception is when the nitro group is at the 







CALCULATION OF NON-LINEAR OPTICAL PROPERTIES 533 


2-position, where steric factors force a non-planar 
orientation of the nitro group in addition t o  twisting 
around the C-N bond. 


Actually, the issue that most concerns us is not 
whether the rings are coplanar, but rather the size of the 
rotational barriers. When small barriers are involved, 
any calculated property (including non-linear optics) 
would need to  be conformationally averaged. Rather 
than worry about this additional complication, we 
decided to  focus on those derivatives which are 
expected to  prefer strongly a planar structure. The 
derivatives are those listed in Table 2. PM3 calculations 
predict all of them to be planar and to have rotation 
barriers of 15 kcalmol-' or greater. Some other di- 
substituted derivatives, and also some of the mono- 
substituted derivatives shown in Table 1, are also 
predicted by PM3 calculations to  prefer strongly a 
planar or near-planar geometry. Others have such small 
rotation barriers that they can be expected t o  undergo 
free rotation. Still others are in between. We elected to  
be conservative and limit this report to  the derivatives 


Table 1. Conformational results for PC and monosubstituted 
derivatives 


Twist angle C-N bqnd Barrier 
Substituent ( O Y  length (A)' (kcal mol-'fb 


~~ 


None 
2-Amino 
3-Amino 
4-Amino 
8-Amino 
9-Amino 
2-Nitro 
3-Nitro 
4-Nitro 
8-Nitro 
9-Nitro 


0 
I5 
0 
0 
0 
0 


12 
0 
0 


12 
0 


1.36 
1.38 
1.36 
1.37 
1.37 
1.36 
1.35 
1.36 
1.35 
1.41 
1.38 


14.6 
5.4 


14.3 
12.0 
10.9 
15.1 
13.5 
17-9 
21.1 
3.4 
8.3 


aAt  the PM3 optimized geometry. 
bEstimaled by calculating the energy at a geometry where the two rings 
were constrained to be perpendicular. 


in Table 2. This is not to  say that other derivatives are 
unsuitable for non-linear optics; it just means that we 
are less confident that the computational methodology 
employed here would give reliable results for these 
other compounds. 


The calculated dipole moments, polarizabilities, 
hyperpolarizabilities and second-order hyperpolarizabi- 
lities are given in Table 2. In most cases, the dipole 
moment direction is approximately along the long axis 
of the molecule, with the five-membered ring at  the 
negative end. This is consistent with the resonance 
structure A. The exceptions are when there are nitro 
substituents. In these cases, the nitro group is approxi- 
mately at the negative end of the dipole. Consequently, 
the 4-nitro-substituted compounds have a dipole 
moment vector aligned in the opposite direction to  that 
of the parent compound, whereas the 3-nitro- 
substituted compounds have a dipole moment almost 
perpendicular to  the molecule's long axis. 


The value given for a is the isotropic component of 
the polarizability, obtained from the calculated a 
tensor: 


(Y = c 4 3  
i 


(3) 


As shown in Table2, all of the molecules are highly 
polarizable, more than many other non-linear optical 
materials. The presence of substituents does not have 
a large effect on the polarizability; this was also 
observed in other materials. 


The listed value for P is the vector component of the 
hyperpolarizability along the dipole moment, as 
obtained from the calculated P tensor: 


(4) 


The negative sign for some of the entries can be inter- 
preted as indicative of  the change in dipole moments 
between the ground and excited states. In going from 
the ground state t o  the excited state, the electron flow 


Table 2. Results of finite field/PM3 calculations on PCs 


Substituent 


None 
3-Amino 
9 -Amino 
3-Nitro 
4-Nitro 
3-Amino-4-nitro 
3-Amino-5-nitro 
9-Amino-3-nitro 
9-Amino-4-nitro 
10-Amino-3-nitro 


a (lo-*) esu) @ esu) p esu) 


4.19 
5-13 
3-76 
4-25 
4.01 
3.06 
5.57 
4.43 
5-49 
4-41 


3-62 
3.97 
4.19 
4-17 
4.39 
4.73 
4-54 
4.83 
5.14 
4-83 


-12.22 
- 9.47 
- 24.45 
-2-53 
11.06 
10.84 


-0.70 
4.81 


30.12 
-2.76 


- 9-04 
-7.35 


2.35 
-8.33 
- 0.65 


1.11 
-6.24 


8.39 
25.38 


8-06  
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is apparently always from the five- to the six-membered 
ring. For most of the compounds, this is in a direction 
opposite to the ground-state dipole moment, hence the 
negative sign of p. Consistent with this interpretation, 
the dipole moment of PC in the excited state has been 
calculated to be considerably smaller than in the ground 
state. For the 4-nitro-substituted compounds, how- 
ever, the ground-state dipole moment is in the opposite 
direction. The electron flow is still from the five- to the 
six-membered ring, but now this serves to enhance the 
dipole moment, resulting in positive 0 values. For 3(or 
5)-nitro-substituted compounds, the direction of elec- 
tron flow is almost perpendicular to the ground-state 
dipole moment, resulting in much smaller magnitudes 
of p. (Recall that p is the component of the hyper- 
polarizability tensor along the dipole moment direction; 
equations (4) and (S).) 


The listed value for y is the mean value obtained 
from the calculated y tensor: 


The factor of 416 is necessary to allow direct com- 
parison with experimental measurements. 


The calculated values of @ and y for 4-nitroaniline (a 
compound whose non-linear optical properties have 
been extensively studied, both theoretically and exper- 
imentally) are 6 - 3  x lo-’’ and 12.5 x esu, 
respectively (experimental values: 9.2 x lo-’’ and 
15 x 10-36).6 The calculated 0 values for many of the 
PCs are remarkably large in comparison. The calcu- 
lated 7 values are not as remarkable, but still prom- 
ising. A survey of organic materials whose non-linear 
optical properties have been studied in the past reveals 
that most are essentially benzene derivatives. The time 
has come to extend the search for non-linear optical 


materials to include more ‘exotic’ compounds, such as 
the PC derivatives discussed here, or the azulenes and 
sesquifulvalenes suggested by Morley. 


1 
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THEORETICAL STUDIES OF SUBSTITUENT EFFECTS ON 
THERMAL ELIMINATIONS OF ARYL ETHYL CARBONATES 


AND S-ARYL 0-ETHYL THIOCARBONATES* 


CHANG KON KIM, BON-SU LEE AND IKCHOON LEEt 
Department of Chemistry, Inha University, Inchon, 402-751, Korea 


Substituent effects on the thermal elimination reactions of carbonates and thiocarbonates were investigated MO 
theoretically using the AM1 method. For both substrates, an electron-withdrawing group is found to facilitate the 
decomposition. A two-step process is favoured by carbonates, whereas one- and two-step processes can compete in 
the pyrolysis of thiocarbonates. The ability to transmit substituent effect is greater with oxygen (carbonates) than with 
sulphur (thicarbonates) in contrast to the experimental results of Taylor and co-workers. Modelling studies with 
replacement of the phenyl ring with a vinyl group are found to be justified in this type of work. 


INTRODUCTION 


Two reaction pathways, (1) and (2), are proposed for 
gas-phase thermal elimination reactions of carbonates 
producing olefins, alcohols (or phenol) and carbon 
dioxide (if no P-hydrogen atom is present, decompo- 
sition may also occur, but at much higher temperatures 
and the products are often complex'). In the two-step 
mechanism, equation (2), the hydrogen carbonate is 
initially eliminated by a mechanism formally similar to 
that of carboxylic ester pyrolysis.2 The hydrogen car- 
bonate is then assumed to decompose rapidly in a sub- 


\ /  \ /  


/'-? A 
0 H - 
'C-Y 


I I  I 
O R  


sequent step. In contrast, in the one-step mechanism, 
equation (l), all three products are formed simul- 
taneously.3 It has been reported that the one-step 
mechanism cannot be entirely ruled out,4 although 
results of experimental' and theoretical' studies seem to 
favour the two-step pathway as a more plausible 
mechanism. Substituent effect studies on the aryl ethyl 
carbonates (I; Y = 0 and R = c 6 h x )  by Smith et a/.' 
and on the S-aryl 0-ethyl thiocarbonates (11; Y = S and 
R = C6H4X) by Al-Awadi and Taylor * have shown that 
the rates of thermal decomposition of these compounds 
are accelerated by an electron-withdrawing group. 


( where R denotes alkyl- or aryl-group 1 


* Determination of Reactivity by MO Theory. Part 82. 
t Author for correspondence. 
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According to the results of these stuiies, the Hammett 
coefficient p obtained with the Taft u values’ were 0-2  
and 0.3 at 600K for carbonates and thiocarbonates, 
respectively, indicating that sulphur has a relatively 
greater ability than oxygen to transmit electronic effects 
in the gas phase. This is in contrast to the opposite 
trend reported by Marcus et al. lo 


In this work, we set out to shed some light on this 
controversial problem through MO theoretical substi- 
tuent effect studies of aryl ethyl carbonates (I) and 
S-aryl 0-ethyl thiocarbonates (11) with para substi- 
tuents (X=NHz, CH3, H, F and NOz) in the aryl 
group, R,  in pathways (1) and (2). In addition, we 
tested the feasibility of model studies by using a vinyl 
group, XHC=CH-, in the place of aryl groups, 
p-XC6H4-, in both series of compounds. 


CALCULATIONS 


The AM1 procedure” was used throughout. The 
ground states (geometries and energies) were fully 
optimized with respect to all geometrical parameters 
and characterized by all positive eigenvalues in the 
Hessian matrix. l2 Transition states were located by the 
reaction coordinate method, l 3  refined by the gradient 
norm minimization method14 (using the NLLSQ or 
SIGMA option implemented in the AMPAC package), 
and characterized by confirming only one negative 
eigenvalue in the Hessian matrix. l2 


RESULTS AND DISCUSSION 


Aryl ethyl carbonates (I) 
p- XCsH4-0’- C’(=02)- 03- C’Hz- C3H3 


Heats of formation (AHf)  of ground (GS) and tran- 
sition. (TS) states and enthalpies of activation (AHf) 
for thermal eliminations of aryl ethyl carbonates (I) are 
summarized in Table 1 for both pathways (1) and (2). 


The data reveal that the activation barrier is favoured 
(and hence the elimination rate increases) by a more 
electron-withdrawing group (e.g. X = p-NO2) for both 
reaction pathways. This reactivity trend appears con- 
trary to what one would expect from a decrease in pos- 


itional charge density at the carbonyl oxygen, 02, for 
pathway (2) and the ether oxygen, O ’ ,  for pathway (1) 
owing to the - Z effect, i.e. electron-withdrawing induc- 
tive effect, of the para substituent. In fact, however, the 
positional charge densities in Table 2 indicate that the 
negative charge increment in the activation, Aq,  on 0 
as well as on O2 become larger with increase in the 
electron-withdrawing power of the para substituent. 
This increase in the positional charge density in the TS 
with the - Z effect of X may be ascribed to the greater 
contribution of the p-T conjugation” between O3 and 
C1=Oz, as represented by a resonance structure (B) in 
Scheme 1, in the TS compared with that in the GS; 
negative charge build-up in the TS at the oxygen atoms 
for the nucleophilic attack on migrating hydrogen atom 
is thus facilitated by the - Z effect of X. However, the 
degree of bond breaking of the C3-H bond in the TS 
and hence the degree of bond formation between H and 
0’ [path (2)] or 0’ [path (l)] decrease with the 
electron-withdrawing power of X, as shown by the 
bond distance changes in Table 3. Bond distances of the 
C2-C3 and C’-O3 bonds exhibit little variation with 
the substituent X; in contrast, the degree of bond 
breaking of the C2-O3 bond increase with the -Z 
effect of X due to the greater bond-weakening effect 
arising from the greater contribution of resonance 
structure (B) in Scheme 1. 


These bond distance changes indicate that bond scis- 
sion of C2-O3 takes place at an earlier stage of the 
reaction with little effect on the activation barrier; thus 
the important rate-limiting step is the C3-H bond scis- 
sion (or the nucleophilic attack of H by 0’ or 0’) since 
a lesser degree of bond cleavage in the TS for a more 
electron-withdrawing group X should require less 
energy, i.e. a lower activation energy barrier. This con- 


Scheme 1 


Table 1. Heats of formation, AHr, of the GS and TS, and the activation enthalpies, A H * ,  for 
the thermal decompositions of aryl ethyl carbonates ( I )  in kcal mol-’ 


~~ ~~~ 


X GS TS(l)a TS(2)a AHf(l)’  AIY*(Z)~ 


NH2 - 103.5 -32.5(-1876.7)b -46.3(-1685.1) 71.0 57.2 
CHI - 109.5 -38.7(- 1868.9) - 52.5( - 1669.1) 70.8 57.0 
H - 101.8 -31 *1( - 1872.6) - 4 4 . q  - 1667.1) 70.7 57.0 
F - 146.6 -75*9(- 1839.8) -89*7(- 1549.4) 70.7 56.9 
NOz -96.7 -27.8(- 1893.0) -41.5(-  1649‘3) 68.9 56.1 


“The  numbers in parentheses denote the pathway. 
Imaginary vibrational frequency ( u , )  at TS in cm-’  







Table 2. Positional charge densities (4) in the GS and TS for the thermal decompositions for aryl ethyl carbonates 
(1) in electronic charge units 


~~ ~ 


-0.172 
-0.289 
-0'189 
-0.117 
-0.017 
- 0.177 
-0.301 
-0.195 
- 0.123 
-0.018 
-0.178 
-0.303 
- 0.196 
-0.125 
-0.018 
- 0.176 
-0.307 
-0.196 
-0.131 
- 0.020 
- 0.178 
-0.337 
- 0.208 
-0.159 
- 0.030 


+0*395 
+0.433 
+0.436 
+ 0.038 
+0*041 
+0.398 
+0.436 
+0*431 
+ 0.038 
+ 0-033 
+ 0.398 
+0.437 
+ 0.439 
+ 0.039 
+0.041 
+0.398 
+0.438 
+ 0.439 
+ 0.040 
+ 0.043 
+ 0.402 
+ 0.449 
+ 0.440 
+ 0.047 
+ 0-038 


-0.384 
-0.377 
-0.412 
+0.007 
- 0.028 
-0.380 
- 0.375 
-0.410 
+0.005 
- 0.030 
- 0.380 
- 0.375 
-0.412 
+ 0.005 
- 0.032 
-0.379 
- 0.376 
- 0.421 
+ 0.003 
- 0.042 
-0.372 
-0.371 
-0.451 
+0*001 
-0.079 


-0.232 
-0.481 
- 0.394 
- 0.249 
-0.162 
-0.231 
-0.483 
-0.392 
- 0.252 
-0.161 
-0.231 
- 0.483 
-0.392 
-0.252 
-0.161 
- 0.229 
- 0.484 
-0.399 
-0.255 
- 0.170 
-0.224 
- 0.488 
- 0.429 
-0.264 
- 0.205 


- 0.009 
+0.159 
+0*144 
+ 0.168 
+ 0.153 
- 0.009 
+ 0.161 
+ 0.136 
+ 0. I70 
+0.145 
- 0.009 
+ 0.162 
+ 0.145 
+0-171 
+0*154 


+0.166 
+0.150 
+0-175 
+0.159 


+0-179 
+ 0.165 
+0*188 
+0-174 


- 0.009 


-0.009 


- 0.250 
- 0.475 
-0.557 
- 0.225 
-0.307 
-0.250 
-0.469 
- 0.539 
-0.219 
-0.289 
-0.251 
- 0.468 
- 0.554 
-0.217 
- 0.303 
-0-251 
- 0.464 
-0.544 
-0,213 
-0.293 
- 0.252 
-0.448 
-0.492 
- 0.196 
-0,240 


+ 0.099 
+ 0.358 
+0.352 
+ 0.259 
+ 0.253 
+ 0.099 
+0.359 
+0.346 
+0.260 
+ 0.247 
+ 0.099 
+0.360 
+0.351 
+0.261 
+ 0.252 
+ 0-099 
+0*360 
+ 0.352 
+0.261 
+ 0.253 
+ 0.099 
+ 0.363 
+0.351 
+0.265 
+ 0.252 


"The numbers in parentheses denote the pathway. 


Table 3. Selected bond lengths ( d )  in the GS and TS for the thermal decompositions for aryl ethyl carbonates (I) 
in A 


h A 9  = 9(TS) - q(G.5). 


1.363 
1.471 
1.361 


+0.108 
- 0.002 


1.363 
1 a474 
1.361 


+0.111 
- 0.002 


1 -363 
1 *474 
1.362 


+0*111 
- 0.001 


1.365 
1 *478 
1.365 


+0.113 
O.Oo0 
1.368 
1 -494 
1.373 


+ 0.126 
+ 0.005 


1 *228 
1.222 
1 * 287 


-0.006 
+ 0.059 


1.227 
1.222 
1 *285 


+ 0.058 
1.227 
1.221 
1.286 


-0.006 + 0-059 
1.226 
1.221 
1.284 


- 0.005 + 0.058 
1 a226 
1 -220 
1.278 


-0.006 
+0*052 


-0.005 


1 * 356 
1 *262 
1 * 276 


- 0.094 
-0.080 


1-355 
1.261 
1 -275 


- 0-094 
- 0.079 


1.355 
1.260 
1.275 


- 0.095 
- 0.080 


1.354 
1.259 
1.273 


-0.095 
-0.081 


1.352 
1 ~253 
1.267 


- 0.099 
-0.085 


~ ~~ 


1.443 
2.059 
1.845 


+0*616 
+ 0.402 


1.443 
2-076 
1.853 + 0.633 


+0.410 
1.443 
2.080 
1.846 


+ 0.637 
+ 0.403 


1.444 
2-098 
1.869 + 0.654 


+0*452 
1.446 
2.162 
1.982 


+0.716 + 0.536 


~ ~~~ 


1.507 
1.391 
1.404 


-0.116 
-0.103 


1-507 
1.390 
1.404 


-0.117 
-0.103 


1.507 
1.390 
1 -404 


-0.117 
-0.103 


1.507 
1.390 
1.404 


-0.117 
- 0.103 


1.507 
1.389 
1.400 


-0.118 
-0.107 


1.118 
1 -366 
1.394 


+ 0.248 
+ 0.276 


1-118 
1.359 
1 a386 


+0-241 
+ 0.268 


1.118 
1 * 359 
1-389 


+0.241 
+0.271 


1.118 
+ 1.353 


1.376 
+ 0.235 
+0-258 


1.118 
1.332 
1.326 


+0*214 
+ 0.208 


- 
1.299 
1.241 
- 


- 
1.311 
1.252 


- 
- 


1.313 
1 -244 


- 
1.324 
1.261 
- 


- 
1.365 
1.350 


'The numbers in parentheses denote the pathway. 
bd(O'-H) in TS(2) and d(0'-H) in TS(1). 


A d  = d(TS) - d(GS). 
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Table4. Heats of formation, AHf, of the GS and TS, and the activation enthalpies, AH*, for the 
thermal decompositions of P-X-vinyl ethyl carbonates (111) in kcal mol- ' 


X GS TS(l)a TS(2)' AH*(l)' A Hf(2)' 


NH2 -117.6 -47,1(-1844.8)b -60*7(- 1684.5) 70.5 56.9 
CH3 - 123.2 -53*5(- 1880.4) -66*8( - 1671.7) 69.7 56.4 
H - 113.4 -43.7(- 1883.7) -57.1(-1678*6) 69-7 56.3 
F -161.5 -91*5(-1890*0) -105.4(-1627.4) 70.0 56.1 
NO2 - 111.2 - 4 4 . q -  1636.6) -57*2(- 1341.2) 68.2 54.0 


a The numbers in parentheses denote the pathway. 
bImaginary vibrational frequency ( u , )  at TS in cm-'. 


clusion is consistent with our previous results on the 
pyrolysis mechanism of carboxylic esters. l6 


On the other hand, comparison of activation 
enthalpies between the two reaction pathways show that 
for the gas-phase thermal elimination of aryl ethyl car- 
bonates (I) the two-step mechanism [equation (2)], has 
lower activation barrier by ca 14 kcal mol-' 
(1 kcal = 4.184 kJ) than the one-step mechanism 
[equation (l)] . Mechanism (2) is favoured because (i) in 
this mechanism the nucleophile is the carbonyl oxygen, 
0', whereas in mechanism (1) it is the ether oxygen, O' ,  
which is less nucleophilic (Table 2), and (ii) in 
mechanism (2) two a-bonds (03-C2 and C3-H) and 
one *-bond (C'-02) break but in return one a-bond 
(0'-H) and two *-bonds (C1-O3 and C2-C3) are 
newly formed, whereas in mechanism (1) three a-bonds 
(O'-C', 0 3 - C z  and C3-H) break with the same 
number of bond formations as in mechanism (2). This 
means that an additional a-bond cleavage is required, 
which should lead to correspondingly higher activation 
energy in pathway (1). 


The results of modelling by replacing a phenyl group 
(XC&-) with a vinyl group (XCH=CH-) are very 
similar. In comparisons of AHf (Tables 1 and 4) for I 
and 111, for example, both systems reveal that they 
differ very little and show identical trends. The indi- 
vidual values and the trends of changes for positional 
charge densities (4) and bond lengths ( d )  due to substi- 
tuents for P-substituted vinyl ethyl carbonates (111) are 
also very similar and indeed show that the modelling 


study of I using 111 can be deemed a realistic one. This 
success may be attributed to the fact that the phenyl or 
vinyl group does not itself constitute a reaction centre 
but only plays a role of a substituent attached to C' or 
0'. Nevertheless, the results of the present modelling 
studies provide a good basis for such an approximation. 


S-Aryl 0-eth 1 thiocarbonates (11) 


The heats of formation, AHf,  of the GS and TS and the 
enthalpies of activation, AHf, for thermal elimination 
of S-aryl 0-ethyl thiocarbonates (11) are summarized in 
Table 5 .  The activation enthalpies are seen to decrease, 
and hence the reactivity increases, with a more electron- 
withdrawing substituent in the aryl group, e.g. X =  
p-NO2, which is similar to the trend found for I above. 
This is consistent with the experimental results of 
Al-Awadi and Taylor. * Strikingly, however, in the 
reactions of thiocarbonates (11), the two-step process is 
unfavourable by cu 4 kcal mol-' whereas the one-step 
process is more favourable by ca 4-6 kcal mol-' com- 
pared with the corresponding process for carbonates (I) 
(Table 1). 


The former difference in the reactivity for the two- 
step processes of I and I1 arises in fact from the differ- 
ences in polar and resonance effects between 0 and s; 
in the two-step mechanism the Y-aryl group is substi- 
tuent attached to C' and the 0-aryl group should be 
more electron attracting than the S-aryl group since the 


p-XGH4-S P - C'(=02)- 03-CZHz-C3H3 


Table 5 .  Heats of formation, AHf, of the GS and TS, and the activation enthalpies, A H + ,  for the 
thermal decompositions of S-aryl 0-ethyl thiocarbonates (11) in kcal mol- ' 


X GS TS(l)a TS(2)a A H f (  I ) ~  A H  * (2) a 


NHz -53.9 1 I .O( - 1870.5)b 7.1(- 1033.6) 64.9 61 .O 
- 59.3 5 . 5 ( -  1908.1) 1.6( - 1014.6) 64.8 60.9 


60.9 
CH3 
H -51 .5  13.2(- 1914.5) 9.4( - l005.5) 64.7 
F - 96.5 -31.9(- 1936.2) -35.7 (-978.9) 64.6 60.8 
NO2 - 46.8 17.2( - 1956.8) 13.6 ( -  887.2) 64.0 60.4 


'The numbers in parentheses denote the pathway. 
'Imaginary vibrational frequency ( u i )  at TS in cm-I. 
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electronegativity of 0 is greater than that of S (Taft's 
u* = 2.43 and 1 *87 for 0-phenyl and S-phenyl, respect- 
ively)" so that the p-?r conjugation in Scheme 1 should 
play a greater role in the 0-aryl compound. In the one- 
step mechanism, however, the Y atom constitutes an 
integral part of the reaction centre within the six- 
membered cyclic TS; the C'-Y bond cleaves while the 
Y-H bond is formed so that the bond strength of 
the C'-Y bond and the nucleophilicity of Y should 
play an important role in determining the difference 
in reactivity. The bond energy'* of C-0 is 
cu 85-91 kcal mol-' whereas that of C-S is cu 
66kcalmol-' so that the thiocarbonates should be 
more reactive in the one-step mechanism. On the other 
hand, the lone pair orbital (n) on S is higher than that 
on 0 so that the interaction between the n and u* 
orbitals of H-C3 should be more stabilizing 
[AEFMO = &(a*) - &(n) = 20.43 and 20.26 eV for car- 
bonates (X = H) I and 111, respectively, and 14.27 and 
14.24 eV for thiocarbonates (X = H) I1 and IV, respect- 
ively]. Owing to these favourable factors for the one- 
step mechanism, thiocarbonates have lower activation 
barriers than carbonates. Notwithstanding these differ- 
ences, for thiocarbonates also the two-step mechanism 
is more favoured than the one-step mechanism for 


similar reasons to those discussed above for carbonates. 
For the carbonates, however, the differences in acti- 
vation enthalpies between the two mechanisms were 
cu 14 kcal mol-', in contrast to the mere 4 kcalmol-' 
for the thiocarbonates; this suggests that for the 
thiocarbonates the one-step mechanism cannot be 
entirely ruled out and the two mechanisms may well be 
competing in real reaction systems. 


The positional charge densities and selected 
bond lengths for the GS and TS of the pyrolysis of 
thiocarbonates (II) are presented in Tables 6 and 7. 
The data reveal that the general trends in these 
quantities are similar to those for carbonates in Tables 
2 and 3. The results of replacing the aryl group, 
p-C,&-, by a vinyl group, XCH=CH-, to form 
XCH=CH -S-C( = O)-O-CH2CHs (IV) show very 
little differences and trends in AHf, positional charge 
densities and bond lengths from the corresponding 
values for 11, as discussed for I and 111. This again con- 
firms that the modelling of I and I1 can be achieved by 
using a vinyl group, XCH=CH- in place of an aryl 
group, p-XC6H4- (111 and IV, respectively) in the 
studies of the substituent effect on the reactivity of gas- 
phase thermal decomposition. The heats of formation, 
AHf, of the GS and TS and the enthalpies of activation, 


Table6. Positional charge densities (4) in the GS and TS for the thermal decompositions for S-aryl 0-ethyl 
thiocarbonates (11) in electronic charge units 


+0.316 
+0.043 
+ 0.282 
- 0.273 
-0.034 
+0.314 
+ 0.029 
+0.273 
- 0.285 
-0.041 
+0*313 
+ 0.024 
+0.271 
- 0.289 
- 0.042 
+0.319 + 0-019 + 0.272 
-0.300 
-0.047 
+0*330 
-0.025 
+0.262 
- 0.355 
-0.068 


+0-163 
+0*326 
+0.188 
+0-163 
+0.025 
+ 0.165 
+0*331 
+ 0.192 
+0*118 
+ 0.027 + 0.165 
+ 0.332 
+0*193 
+ 0.167 
+ 0.028 
+0*165 
+ 0.336 
+0.195 
+0.171 + 0.030 
+0*168 
+ 0.355 
+0*206 
+0.187 
+ 0.038 


- 0.356 
- 0.356 
- 0.379 
O-OOO 


- 0.023 
-0.354 
-0.351 
- 0.385 
+ 0.003 
- 0.031 
- 0.353 
-0.350 
-0.386 
+0.003 
- 0.033 
-0.353 
-0.350 
-0.394 
+0*003 
-0.041 
- 0.349 
-0.337 
-0.416 
+ 0.012 
-0.067 


-0.257 
-0.471 
-0.371 
-0.214 
-0.114 
- 0.256 
-0.469 
- 0.376 
-0.213 
-0.120 
- 0.255 
-0.469 
- 0.377 
- 0.214 
-0-122 
- 0.254 
-0.467 
-0.382 
-0.213 
-0.128 
-0.250 
- 0.460 
-0.401 
-0.210 
-0.151 


- 0.012 
+ 0 -  I48 
+0*117 
+0.160 
+ 0- 129 
-0.012 
+0.151 
+0*120 
+ 0.163 
+0*132 
- 0.012 
+ 0.153 
+0*120 
+ 0.165 
+On132 
- 0.012 
+0-156 
+ 0.124 
+ 0.168 
+0.136 
- 0-012 
+0*169 
+0*139 
+0-181 
+0*151 


-0.245 
- 0.427 
-0.549 
-0.182 
-0.304 
-0.245 
- 0.426 
-0.537 
-0.181 
-0.292 
-0.246 
-0.426 
-0.535 
-0.180 
-0.289 
-0.246 
- 0.424 
-0.527 
- 0.178 
-0.281 
-0.247 
-0.419 
- 0.498 
-0.172 
- 0.25 1 


+ 0-096 
+0.265 
+ 0.338 
+0.169 
+0.242 
+ 0.096 
+ 0.267 
+0.338 
+0.171 
+0*242 
+ 0.096 
+ 0.268 
+0.338 
+ 0.172 
+0.242 
+ 0.096 
+0.268 
+ 0.339 
+ 0.172 
+0.243 
+0*096 
+0.273 
+ 0-340 
+0.177 
+0.244 


'The numbers in parentheses denote the pathway. 
bAq=q(TS) - d G S )  
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Table 7. Selected bond lengths (d) in the GS and TS for the termal decompositions for S-aryl 0-ethyl thiocarbonates 
(11) in A 


X s'-c' c 1 - 0 2  c 1 - 0 3  0 3 4 2  c2-c 3 C '-H H-0 


1.709 
1.894 
1.710 


+0.185 + 0.001 
1.709 
1.901 
1.712 + 0. I92 


+ 0.003 
1.709 
1.902 
1.713 


+0.193 
+ 0404 


1,710 
1 -907 
1.715 


+0.197 
+ 0.005 


1.712 
1.934 
1 *723 


+0.222 
+ 0.01 1 


1.234 1.363 
1.225 1.261 
1.299 1.288 


- 0.009 - 0.102 
-k 0.065 - 0-075 


1.234 1.363 
1.224 1.260 
1 a297 1 ~286 


- 0.010 - 0.103 
+0.063 - 0.077 


1.234 1.363 
1-224 1.260 
1.297 1.286 


+ 0.063 - 0-077 
1.234 1.361 
1 -224 I *259 
1.295 1.285 


-0.010 -0.102 
+0.061 - 0.076 


1,234 1.360 
1.221 1.255 
1.291 1.279 


-0.010 - 0. I03 


-0.013 - 0.105 
+ 0-057 -0.081 


1 -437 1.508 
2.085 1.395 
1.790 1.406 


+0-648 -0.113 
+0-353 - 0.102 


1.438 1.508 
2.089 1.395 
1-811 1.405 


+0.651 -0.113 
+0.373 - 0.103 


1.438 1.508 
2.089 1.396 
1.814 1.405 


+0.651 -0.112 
+ 0.376 -0.103 


1.438 1.508 
2.094 1-396 
1.834 1 ~405 


+ 0.656 -0.112 
+0.396 - 0.103 


1.440 1.508 
2.106 1.398 
1.904 1.403 + 0.666 -0.110 


+0.464 - 0.105 


1-117 
1.319 
1.422 


+0.202 
+ 0.305 


1.117 
1.316 
1.407 


+0*199 + 0.290 
1.117 
1.314 
1-405 


+ 0.197 
+0.288 


1-117 
1.310 
1.392 


+ 0.193 
+ 0.275 


1.117 
1.294 
1.354 


+0.177 
+ 0-237 


a The numbers in parentheses denote the pathway 
bd(Oz-H) in TS(2) and d(S'-H) in TS(1). 
Ad = d(TS) - d(GS). 


Table 8. Heats of formation, AHf, of the GS and TS, and the activation enthalpies, AHf,  for the 
thermal decompositions of 0-X-S-vinyl 0-ethyl thiocarbonates (IV) in kcal mol- 


X GS TS(1)' TS(2)" AH'(])" AH+(2)a 


NHz -68.3 -3.1(-1882.2)b - 7.6( - 1047.9) 65.2 60.7 
CH3 - 72.3 - 7.0( - 1921 '3) - 12.0(- 1013.2) 65.3 60.3 
H -62.2 3.0(- 1931.5) -1.9 (-999.6) 65.2 60.3 
F -111.5 -46.4(-1958.1) -51-4 (-963.4) 65.1 60.1 
NO2 - 59-9 4.3(- 1884.8) -0-9 (-776.1) 64-2 59-0 


'The numbers in parentheses denote the pathway. 
bImaginary vibrational frequency ( v i )  at TS in cm-l. 


AHf, for thermal elimination of S-vinyl 0-ethyl 
thiocarbonates (IV) are summarized in Table 8. 


Comparison of transmitting ability between 0 and S 


Our AM1 results for substituent effects on thermal 
eliminations of carbonates and thiocarbonates are 
found to agree well with those of the gas-phase exper- 
iments with one exception: Taylor and co-~orkers '*~  
found experimentally that sulphur (Y = S; p = 0.30 at 
600 K) is a better transmitter of the substituent (X) 


effect than oxygen (Y = 0; p = 0.20 at 600 K) in the 
-YCaH4X group, in contrast to our theoretical results 
shown in Table 9. The p values in this table are evalu- 
ated by plotting - A H * / 2 . 3 R T  versus a. We deter- 
mined two types of p values, p o  and p-, by employing 
a', a universal substituent constant, l9 and a- values. *O 


The substituent constant ao is thought to reflect mainly 
transmission of electrons by wpolarization, which is 
neither pure resonance nor a-inductive effects, whereas 
a- reflects strong resonance effect by through conjuga- 
tion (Scheme 2). 
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Table 9. Slopes p of - AH*/2*3RT values a with a' and a-' 


P-NH~ -0.30 -0.66 
p-CH3 - 0.14 -0.17 
H 0.00 0.00 
P--F 0.15 0.02 
P-NOZ 0.81 1.27 
Aryl ethyl (I) Pathway (1) 1.93 (r=0-9153)~ 1.17 (r = 0.968) 


Pathway (2) 0.98 (r = 0-983) 0.59 (r = 0-986) 
S-Aryl 0-ethyl (11) Pathway (1) 0.82 ( r  = 0.997) 0.49 ( r  = 0.985) 


Pathway (2) 0.54 ( r =  0.990) 0.32 ( r =  0.982) 


"Taken from Refs 19 and 20. 
r = Correlation coefficient 


Scheme 2 


Reference Table 9 reveals (i) in all cases the p values 
are greater with Y = 0 rather than Y = S, indicating 
oxygen is the better transmitter; (ii) the p values are 
greater for pathway (1) than for pathway (2), which 
correctly reflects that Y is directly involved in the cyclic 
TS in pathway (1) in contrast to the indirect involve- 
ment in pathway (2); and (iii) for Y = S linearity is 
better with uo whereas for Y = 0 linearity is better with 
u- (Scheme 2), suggesting that oxygen is a much better 
transmitter of the substituent (X) effect in both types of 
mechanisms. 


Since in the gas-phase eliminations of carbonates and 
thiocarbonates the entropy factor should vary little in 
the activation process depending on different substi- 
tuents X, we believe that the use of AHf instead of 
AG* is justified in determining p values. Hence we can 
consider the following probable causes for the discrep- 
ancy between the experimental and theoretical trends in 
p values. First, the experimental p values at 600 K may 
well be on the borderline of experimental uncertainty in 
view of the small difference of 0.1 in p ( p  = 0 .3  for 
Y = S versus 0 - 2  for Y = 0). Second, different thermal 
decomposition mechanisms may apply to carbonates 
and thiocarbonates. We have seen above that for 
thiocarbonates the two mechanisms, one-step and two- 
step, can in fact compete whereas for carbonates the 
two-step mechanism is predominant. Moreover, MO 
theoretically, the overlap and hence the electron trans- 
mission between adjacent carbon and oxygen atoms 
should be greater than that between carbon and sulphur 
atoms, since overlap between two second-row elements 
(C and 0) should be greater than that between second- 
and third-row elements (C and s). (Although the 
diatomic differential overlaps are neglected in the AM 1 


method, the resonance integrals can represent the 
similar concept and quantity in this case.) 


We can summarize our results as follows. Carbonates 
are more reactive than thiocarbonates in the thermal 
decomposition reaction. Carbonates prefer to pyrolyze 
by a two-step mechanism whereas two types of 
mechanisms, one-step and two-step, can compete in 
the pyrolysis of thiocarbonates. An electron- 
withdrawing substituent (X) in the aryl group facilitates 
thermal decomposition of both carbonates and thiocar- 
bonates by stabilizing the negative charge formed in the 
reaction centre by the p-n conjugation effect in the TS. 
The ability to transmit substituent effect is greater with 
Y = 0 than with Y = S. The modelling study by 
replacing a phenyl ring with a vinyl group is justified in 
the present type of theoretical work. 


Supplementary material 


The positional charge densities and selected bond 
lengths for the GS and TS of the pyrolysis of vinyl ethyl 
carbonates (111) and S-vinyl 0-ethyl thiocarbonates 
(IV) and are available from the authors on request. 
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MICELLAR CATALYSIS OF ORGANIC REACTIONS. PART 34. 
NUCLEOPHILIC AROMATIC SUBSTITUTION REACTIONS IN 


MICELLES WITH BULKY HEAD GROUPS 


TREVOR J.  BROXTON, JOHN R. CHRISTIE AND DOROTHY THEODORIDIS 
Chemistry Department, La Trobe University, Bundoora, Victoria, 3083, Australia 


Observed second-order rate constants for the hydroxydechlorination of l-chloro-2,4-dinitrobenzene (2), 2-chIoro-3,5- 
dinitrobenzoate ions (3) and 4-chloro-3,5-dinitrobenzoate ions (4) in micelles of cetyltrialkylammonium bromide 
( C ~ ~ H ~ J N R ~ B ~ ,  where R = Me, Et, n-Pr and n-Bu) are reported. For substrate 2, the observed catalysis increased as 
the size of the micellar head group was increased. This was shown to be primarily due to an increase in the rate of 
reaction in the micellar pseudo-phase (k?). For substrates 3 and 4, the observed catalysis decreased as the size of the 
micellar head group was increased. Much smaller changes in k: were observed in these reactions, which lead to a 
dianionic intermediate which is more sensitive to polarity effects at the micelle surface than is the monoanionic 
intermediate formed from 2. These results support the contention that as the size of the micellar head group is 
increased, water is squeezed away from the micelle surface, resulting in a less polar reaction environment. 


INTRODUCTION 


Recently there has been considerable interest in 
reactions carried out in the presence of micelles 
containing bulky head groups. For example, the effects 
of micelles of cetyltrialkylammonium salts, 
C16H33NR;Br- ( l ) ,  where R = M e  (CTAB) (a), Et 
(CTEAB) (b), n-Pr (CTPAB) (c) and n-Bu (CTBAB) 
(d), on the sN2 reactions”’ of hydroxide ions with 
methylnaphthalene-2-suIphonate, on the unimolecular 
decarboxylation of 6-nitrobenzisoxazole-3-carboxylate 
and on the cyclization of 3-halopropyloxyphenoxide 
ions394 have been studied. It has been concluded that as 
the size of the head group is increased, from the 
trimethyl ( la)  to the triethyl (lb), tripropyl ( lc)  and the 
tributyl ( l a )  derivative, water is squeezed out from the 
micelle surface, creating a reaction medium of lower 
polarity. 


We have previously studied’ the effects of micelles of 
l a  on the SNAr reactions of a number of substrates 
leading to both monoanionic and dianionic intermedi- 
ates. It has been shown that the magnitude of catalysis 
is larger for reactions leading to monoanionic than for 
those leading to dianionic intermediates. This differ- 
ence in the magnitude of catalysis has been explained in 
terms of the differing polarity of the reaction medium 
In water and in the micellar aggregates and the differing 
sensitivity of these reactions to the polarity of the 
environment. Further, we have also shown that the 
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magnitude of catalysis by micelles of l a  is dependent on 
the orientation of the aromatic substrate within the 
micelle.6 We now report kinetic studies of the basic 
hydrolysis of l-chlor0-2,4-dinitrobenzene (2) 2-chloro- 
3,5-dinitrobenzoate ions (3) and 4-chloro-3,s- 
dinitrobenzoate ions (4) in these micelles, to determine 
whether the magnitude of catalysis is affected by an 
increase in the size of the micellar head group. We 
chose these reactions to allow a study of the effects of 
the orientation of the substrate in the micelle and the 
charge developed in the rate-determining transition 
state on the magnitude of catalysis in these micelles. 


RESULTS AND DISCUSSION 


Second-order rate constants for the hydroxydechlorina- 
tion of substrates 2-4 in micelles lb-d are given in 
Tables 1-3. The data for the reactions in micelle l a  are 
available in the literature. 6*7 On the basis of the pseudo- 
phase ion-exchange (PPIE) model of micellar cata- 
lysis, ‘s8- lo the magnitude of observed catalysis is 
dependent on a number of parameters, including the 
binding constant of the substrate to the micelle (&), the 
exchange constant of the nucleophile (hydroxide ion) 
with the micellar counterion (bromide)(KoH’B‘) and the 
actual rate constant for reaction in the micellar pseudo- 
phase (kp). In addition, for the above micelles it has 
been reported that the critical micelle concentration 
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Table 1. Second-order rate constants (103k2) for the hydroxy- 
dechlorination of I-chloro3,4-dinitrobenzene (2) at 30.0 "C 
(0.01 M sodium hydroxide; analytical wavelength 360 nm) 


[CTA] micelle 
(mM) 


R = Et 
(1b) 


0 
0.5 
1.0 
2.0 
3.0 
4.0 
6.0 
8.0 
10.0 
12.0 
16.0 


0.27 
1.35 


11.1 
27.0 
32.9 
37.6 
36.8 
38.1 
33.7 
31.7 
26.6 


0.27 
7.85 
18-2 
35.0 
41.2 
45.2 
47.5 
46.1 


43.1 
39.7 


- 


R = n-Bu 
(Id) 


0.27 
13.3 
24.8 
38.1 
49.1 
55-0 
57.1 
63.7 


54.6 
54.9 


- 


Table 2. Second-order rate constants ( 1 0 2 k ~ )  for the hydroxy- 
dechlorination of 2-chloro-3,5-dinitrobenzoate ions (3) at 
48.0 "C (0.01 M sodium hydroxide; analytical wavelength 


373 nm) 


0 
0-5 
1.0 
2.0 
3-0 
4.0 
6.0 
8.0 
12.0 
16.0 


0.04 
0.664 
2-28 
2.51 
2-72 
2-32 
1 *84 
1 -73 
1 -28 
1-05 


0.04 
1.61 
2.12 
2.21 
1-92 
1.77 
1-57 
1-40 
1-17 
0.99 


0.04 
1.64 
1.96 
1.96 
1-95 
1.71 
1.45 
1.41 
1.23 
1.12 


Table 3. Second-order rate constants (lO'k2) for the hydrox- 
ydechlorination of 4-chloro-3,5-dinitrobenzoate ions (4) at 
48-0 "C (0-01 M sodium hydroxide; analytical wavelength 


442 nm) 


[CTA] micelle 
(mM) 


R = n-Pr 
(lc) 


0 
0.5 
1.0 
2.0 
3.0 
4.0 
6.0 
8.0 
12.0 
16.0 


0.42 
11.6 
17.7 
18.7 
17.5 
16.3 
14.2 
11.2 
9.48 
7.37 


0.42 
13.2 
16.0 
15.2 
13.4 
11.0 
10.2 
9.02 
6.85 
6.00 


R = n-Bu 
(Id) 


0.42 
10.7 
12.2 
11.2 
10.6 
9.27 
7.35 
7.05 
4.30 
5.02 


(crnc) and the fraction of head groups neutralized ( p )  
vary with the size of the head group. Both of these par- 
ameters affect the observed rate of reaction in the pres- 
ence of micelles; in particular, the smaller the value of 
p, the lower is the concentration of ions at the micelle 
surface and hence the lower is the concentration of 
hydroxide ions at the surface. 


Hence it is not sufficient merely to determine the 
magnitude of the observed catalysis of these reactions. 
It is also necessary to estimate the values of the above 
parameters to determine the origin of any variation in 
the magnitude of catalysis. This is usually done by a 
computer simulation of the variation of the observed 
rate constants for a range of detergent concentrations, 
as described previously.'-' In this case we used the (3 
values of these micelles quoted by Bacaloglu et a/. ' and 
optimized the cmc values to obtain the best fit of the 
experimental data. It appears that compared with the 
neutral substrate 2, the anionic substrates 3 and 4 lower 
the cmc of all the micelles, possibly as a result of 
seeding micelle formation. As shown by Bacaloglu et 
al.' the cmc decreased as the size of the head group 
increased. For all of the micelles, the value of 
used for each compound was fixed at that found pre- 
viously6" for the reaction in micelles of l a .  The data 
derived from this treatment are given in Table 4. 


For substrate 2 it can be seen that the observed cata- 
lysis, i.e. the ratio of the optimum rate in the presence 
of the detergent to that in water, increased as the size 
of the head group increased. The rate of reaction in the 
micellar pseudo-phase (k?) is greater than the rate of 
reaction in water for all of the micelles. Also, k p  
increased as the size of the head group was increased. 
The increase in the observed catalysis is due primarily 
to this increase in k?, which may well be explained by 
the increased nucleophilicity of hydroxide ions as water 


Table 4. Derived data for the reactions of substrates 2-4 in 
micelles of surfactants la-d 


~ ~~~~ 


Sub- 
strate Surfactant Cat. @ K, ( M - ' )  104k? Cmc (M) 


2' CTAB (la) 
CTEAB (lb) 
CTPAB (Ic) 
CTBAB (Id) 


CTEAB (lb) 
CTPAB (lc) 
CTBAB (Id) 


CTEAB (lb) 
CTPAB (lc) 
CTBAB (ld) 


3b CTAB (la) 


4' CTAB (la) 


80 0.8 70 9.5 
141 0.7 170 8.4 
176 0.6 87 19.3 
236 0.4 22 118 
70 0.8 1225 2.5 
68 0.7 832 2.0 
55 0.6 1174 1.9 
49 0.4 571 3.6 
48 0.8 2750 13.3 
45 0.7 1546 12.7 
38 0.6 1969 11-2 
29 0.4 1147 15.7 


0.0006 
0.0006 
0.0004 
0~0002 
O.OC03 
0.0003 
0 ' 0002 
0.0001 
0.0003 
0 ' 0003 
0.0002 
0~0001 


'Using KoH/Br = 14; ky = 2.7  x 
KoH/B'= 10; ky=4.Ox 


Using = 10; k: = 4.2 x lo-'. 
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is squeezed out from the micelle surface. The positive 
effect of this increase in kp (six fold from the propyl 
to the butyl micelle) is larger than the unfavourable 
effect of the decrease in @ which results in a decrease in 
the concentration of hydroxide ions at the micelle sur- 
face. The values of K,  are misleading because of the 
variation of the cmc of the different micelles. A 
reduction in the cmc results in a decrease in the K ,  value 
for a given set of data because of the presence of 
micelles at lower concentrations. The raw kinetic data 
in Table 1 show that the optimum rate in micelles lb,  
c and d occurs at similar CTA concentrations 
(6-8 mM) but the lower cmc of micelle Id results in an 
artificially low value of Ks in that micelle Table 4. In all 
cases the substrate is solubilized much better than in 
CTAB (la), for which the optimum rate was found at 
about 20 mM.' 


For the anionic substrates 3 and 4 the observed cata- 
lysis decreased as the size of the micellar head group 
increased. The rate of reaction in the micellar pseudo- 
phase (kp) is less than the rate of reaction in water for 
both compounds in all of the micelles. Hence we con- 
clude that the favourable effect of an increase in the 
nucleophilicity of hydroxide ions as the size of the 
micellar head group is increased is overshadowed in 
these reactions by the unfavourable effect of increased 
repulsions between the two anions. This effect is 
expected to increase as the ion solvating power of the 
medium is decreased, as predicted by the Hughes-In- 
gold solvent effect. I '  Hence it becomes more important 
as the size of the micellar head group is increased and 
water is squeezed out from the micellar surface. The 
decrease in the observed catalysis in these reactions of 
compounds 3 and 4 as the size of the micellar head 
group is increased is also due to the unfavourable effect 
of the decrease in p .  


For compound 3 the k2" value is larger (94%) for 
reaction in the butyl micelle than in the propyl micelle. 
For compound 4 there is less variation (ca 40%) in the 
value of k? in the different micelles. This possibly 
reflects the fact that for this substrate the reaction 
centre is more buried within the micellar interior than 
that for the reaction of either substrate (2 or 3) and 
hence is less sensitive to polarity changes at the micelle 
surface. 


that water is 
squeezed away from the micelle surface as the size of 
the head group is increased, resulting in a decrease in 
the polarity of the reaction medium. 


These results support the contention 


EXPERIMENTAL 


Materials. The detergents were prepared by the 
reaction of the appropriate tertiary amine with cetyl 
bromide in propan-1-01 at reflux. The product was iso- 


lated after removal of the solvent under vacuum. Dry 
diethyl ether was added to the residue and the white 
precipitate was collected and recrystallized first from 
ethyl acetate and then from a mixture ,Of ethanol and 
diethyl ether. For lb,  m.p. 170-171 C (lit." m.p. 
169-171 OC)j l c ,  m.p. 87-88 OC (!t. l2  m.p. 85-87 "C);  
Id, m.p. 74 C (lit. m.p. 70-72 C). The identity and 
purity of the products were confirmed by electrospray 
mass spectrometry using a VG Bio-Q triple quadrupole 
mass spectrometer (VG Bio Tech, Altringham, 
Cheshire, UK) using a mobile phase of methanol-water 
(1 : 1) containing 1% acetic acid. The mass spectra had 
principal ions corresponding to the desired quaternary 
ammonium salts. Under these conditions, the tertiary 
amine reactant was protonated and consequently 
showed up in the mass spectrum. The reaction time was 
adjusted to obtain complete reaction, as indicated by 
the absence of reactant amine in the mass spectra. 


The substrates were all commercially available. Dis- 
tilled water was further purified by a Milli-Q system 
(millipore) to achieve a resistivity of 18 MQcm. 


Kinetics. Stock solutions (0.01 M) of the substrates, 
were prepared in HPLC-grade acetonitrile. Stock sol- 
utions of NaOH (0.5 M) and the detergents (20 mM) 
were prepared in purified water. Rate measurements 
were carried out at the temperatures indicated in the 
tables using a cuvette kept at constant temperature in 
the cell compartment of a Varian 635 UV-visible spec- 
trophotometer. Solutions for kinetic studies were pre- 
pared by mixing appropriate volumes of NaOH and 
detergent, with dilution as required. The mixed sol- 
utions were placed in cuvettes and allowed 30min to 
reach thermal equilibrium in the constant-temperature 
cell holder. The temperature within the cuvette was 
measured with a Jenco Thermistor thermometer. A 
sample of the stock solution of the required substrate 
(20~1) was then added and the contents were mixed 
thoroughly to initiate the reaction. The rate of change 
of absorbance at the desired wavelength (see tables) was 
followed by means of a National V P  6511 A x-f 
recorder. Reactions were followed to infinity (ten half- 
lives) where possible, or alternatively for very slow 
reactions or for consecutive reactions an infinity value 
was calculated by using a computer program designed 
to give the best straight-line fit to data collected over at 
least two half-lives. Rate constants were all obtained in 
duplicate and average results (within 22%) are pre- 
sented in the tables. Good agreement was obtained 
between rate constants and infinity measurements 
obtained by the two methods. 
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KINETICS AND MECHANISM OF THE OXIDATION OF 
SUBSTITUTED BENZALDEHYDES BY ETHYL 


N-CHLOROCARBAMATE 


SEEMA VARSHNEY, SEEMA KOTHARI AND KALYAN K. BANERJI* 
Department of Chemistry, J. N. V. University, Jodhpur 342 005, India 


The kinetics of the oxidation of a number of para- and meta-monosubstituted benzaldehydes by ethyl N-chloro- 
carbamate (ECC) were studied in aqueous acetic acid solution in the presence of  perchloric acid. The main product 
of the oxidation is the corresponding benzoic acid. The reaction is Brst order with respect to the aldehyde, ECC and 
hydrogen ions. The oxidation of benzaldehyde exhibits a substantial primary kinetic isotope effect 
( k ~ / k i ,  = 5.20 2 0.10). Addition of ethyl carbamate has no effect on the rate. [EtOC(OH)NHCI] + is postulated as 
the reactive oxidizing species. The rates of oxidation of para-substituted benzaldehydes exhibit an excellent correlation 
with Taft's (11 and a& values whereas those of  the mefa-substituted compounds correlate best with (11 and 4 values. 
The reaction constants are large and negative. A mechanism involving transfer of a hydride ion from the aldehyde 
to the oxidant, in the rate-determining step, i s  proposed. 


INTRODUCTION 
The use of N-halocarbamates in synthetic organic 
chemistry is well documented. ' We have been interested 
in the elucidation of the mechanism of the oxidation by 
N-halogenated reagents for some time and oxidation of 
alcohols by ethyl N-chlorocarbamate (ECC) has been 
reported previously. 2,3 In this paper we report the 
kinetics of the oxidation of substituted benzaldehydes 
by ECC in aqueous acetic acid solution, in the presence 
of perchloric acid. Attempts have been made to 
correlate structure and reactivity in this reaction. 
Mechanistic aspects are discussed. 


EXPERIMENTAL 


Materials. The details of the preparation and the 
specifications of the benzaldehydes have been described 
earlier.4 ECC was prepared by a reported m e t h ~ d . ~  
[*HI Benzaldehyde (PhCDO) was prepared6 by the 
reduction of benzil by lithium aluminium deuteride 
(Fluka) to give the diol, followed by oxidation of the 
diol with lead tetraacetate. Acetic acid was refluxed 
with CrO3 and acetic anhydride for 6 h and distilled 
before use. 


* Author for correspondence. 
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Product analysis. Freshly distilled benzaldehyde 
(0.03 mol) and ECC (0.01 mol) were made up to 
100 ml in acetic acid-water 11 : 1 (vfv)] in the presence 
of 0.5 m ~ l d m - ~  HC104. The reaction mixture was 
allowed to stand for ca 10 h to ensure completion of the 
reaction. The solution was extracted with diethyl ether 
(3 x 100 ml). The ether solution was extracted with a 
saturated solution of NaHCO3. The NaHC03 extroact 
was concentrated by evaporating the solvent at 80 C. 
The concentrated solution was acidified with concen- 
trated HCI and cooled in ice to furnish the crude acid 
(88%), which was recrystallized froom hot water to 
produce pure benzoic acid (m.p. 124 C). 


Stoichiometry. To determine the stoichiometry, ben- 
zaldehyde was treated with an excess of ECC. When the 
reaction was complete, unreacted ECC was determined 
iodometrically. Several determinations, using substi- 
tuted benzaldehydes, indicated a 1 : 1 stoichiometry. 
The overall reaction may be written as follows: 


PhCHO + EtOOCNHCl + H20 
+ PhCOOH + HCI + EtOOCNH2 (1) 


Kinetic measurements. Pseudo-first-order conditions 
were maintained by keeping a large excess (tenfold or 
greater) of the aldehyde over ECC. The reactions were 
carried out at constant temperatures ( 2  0.1 K) and in 
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flasks blackened on the outside to prevent any photo- 
chemical reaction. The reactions were followed iodimet- 
rically for up to 70% of the reaction. The solvent was 
acetic acid-water [l : 1 (vlv)] , unless specified other- 
wise. The pseudo-first-order rate constant, kobs, was 
calculated from the linear (r > 0.98) plots of log[ECC] 
vs time. Duplicate kinetic runs showed that the rates 
were reproducible to within 2 3 % .  The specific rate 
constant, k, was obtained by the equation 
k = kobs/ [ H+] [aldehyde]. Preliminary experiments 
showed that the reaction is not sensitive to ionic 
strength and hence no attempt was made to keep the 
latter constant during the experiments. 


RESULTS 


The rate laws and other experimental data were 
obtained for all the benzaldehydes investigated. As the 
results were similar, only representative data are given 
here. 


Rate laws 
The reaction was found to be first order with respect to 
ECC. Further, the first-order rate constants do not vary 
with the initial concentration of ECC. The effect of 
variation of the concentration of aldehyde on the 
reaction showed that the reaction is first order with 
respect to the aldehyde also. The reaction rate increases 
linearly with increase in the concentration of hydrogen 
ions (Table 1). Addition of ethyl carbarnate had no 
effect on the rate. 


Table 1. Rate constants for the oxidation of benzaldehyde by 
ECC at 308 K 


[PhCHO] IO’[ECC] W+l  10’ kobs 
(rnoldrn-’) (moldrn-’) (moldm-’) (s-’) 


0.1 
0-2 
0.3 
0.4 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 


5.0 
5-0 
5-0 
5-0 
5.0 
5.0 
2 -0  
3.5 
7-0  


10.0 
15.0 
5.0 
5.0 
5.0 
5.0 
5.0 
5.0 
5.0 


1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
0-3  
0.6 
0-9 
1.5  
1.8 
3.0 
1.0 


4.14 
8-00 


12.4 
16.5 
20.9 
21.0a 
21-0 
20.8 
20.8 
20.9 
20.9 
2.40 
5 - 0 0  
7.25 


12.0 
15.0 
24.1 


7 . 9 0 b  


“Contained 0.5 moldrn-’ acrylonitrile. 
hContained 0.01 rn~ ldrn-~  ethyl carbarnate. 


Kinetic isotope effect 


To ascertain the importance of the cleavage of the alde- 
hydic C-H bond in the rate-determining step, the 
oxidation of r2H] benzaldehyde was studied. The 
specific rate constants for the oxidation of ordinary 
and deuteriated benzaldehydes, at 303 K, are 
105k=41.3 f 0.1 and 7.80 f 0.2drn6mol2s-’, 
respectively. The value of primary kinetic isotope 
effect, kH/ko, is 5-20 2 0-10. 


Effect of substituents 


The oxidation of a number of para- and rneta- 
monosubstituted benzaldehydes was studied at different 
temperatures and the activation parameters, at 303 K, 
were evaluated (Table 2). 


Effect of solvent composition 


The rate of oxidation of benzaldehyde was determined 
in solvents containing different proportions of acetic 
acid and water. The rate increased with increase in the 
proportion of acetic acid in the solvent (Table 3). 


Induced polymerization of acrylonitrile 


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


DISCUSSION 


The activation enthalpies and entropies of the oxidation 
of 22 aldehydes are linearly related ( r =  0.9676). The 
value of the isokinetic temperature is 490 k 54 K. The 
correlation was tested and found to be genuine by 
applying Exner’s criterion. ’ Exner’s plot between log k 
at 303 K and 318 K was linear (r=0.9984, 
slope = 0.8904 ? 0.01 12). The value of the isokinetic 
temperature evaluated from Exner’s plot is 536 2 31 K. 
The linear isokinetic correlation implies that all the 
aldehydes are oxidized by the same mechanism and the 
changes in the rate are governed by changes in both the 
enthalpy and entropy of activation. 


There seems to be no report about the various equi- 
libria and species present in an acidified aqueous sol- 
ution of ECC. However based on the reactions of 
structurally related N-haloarylsulphonamides, * one can 
suggest the following equilibria: 


EtOOCNHCl + HzO e EtOOCNH2 + HOCl 
2EtOOCNHCl e EtOOCNHZ + EtOOCNC12 


(2) 
(3) 


Hence the possible oxidizing species are ECC, 
EtOOCNC12 and HOCl. Ethyl dichlorocarbamate can 
be ruled out as the oxidizing species in view of the strict 
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Table 2. Temperature dependence and activation parameters for the oxidation of monosubstituted benzaldehydes by ECC 


106k (drn6mol-'s-') 
AH* AS* AF' 


Substituent 303 K 308 K 313 K 318 K (kJmol-I) ( Jmol- 'K- ' )  (kJmol-I) 


H 
p-Me 
p-NHCOMe 
p-OMe 
P-F 
p-c1 


P-NOZ 
p-Br 


p-CN 
p-COOMe 
P-CF~  
p-SMe 
in-Me 
in-OMe 
i n - F  


m-Br 
in-NOz 
m-CN 
m-NHCOMe 


in-SMe 


/??-CI 


m-CF3 


187 
810 


9550 
22,400 


1 000 
352 
268 


12.5 
18.3 
36.5 
33.0 


3570 
300 
182 
48.3 
43.0 
41.3 


10.2 


19.3 


6.52 


108 


112 


243 
93 5 


11,800 
28,200 


1250 
470 
37 1 


18.0 
27.5 
55.6 
45.1 


4500 
382 
248 


71.5 
57.6 
62.4 


16.0 


27.4 


9.28 


150 


166 


365 
1360 


16,600 
38,900 


1650 
703 
528 
33-2 
42.2 
82.2 
79.0 


5650 
535 
350 
107 
87.7 
92.4 
17.3 
28.4 


47.1 
232 


225 


570 
2160 


24,000 
57,600 


2230 
1130 
800 


56.8 
79.0 


144 
140 


7480 
809 
552 
185 
163 
164 
36.7 
47.3 


90.4 
380 


367 


57.4 2 1.6 
50.4 2 1.8 
47.1 2 1.0 
47.9 f 1.2 
40.4 f 1.6 
59.9 2 1.1 
55.6 f 1.9 
79.9 f 1.3 
74-5 f 1.4 
69.6 2 1.2 
75-3 2 1.5 
36.6 f 1.1 
50.5 2 1.3 
56.2 ? 0.9 
68.4 f 1.2 
68.1 f 1.5 
70.7 f 1.2 
90.3 2 1.7 
80.3 2 1.1 
64.8 2 1.3 
80.2 2 1.2 
59.3 2 1.2 


- 128 2 3 
- 139 5 4 
- 129 2 2 
- 1 1 9 2 2  
- 1 7 0 f  5 
- 115 2 2 
- 131 2 6 


-76 f 2 
- 9 1 2  3 
- 101 f 3 


- 8 4 2  3 
- 172 2 4 
- 147 f 3 
- 132 2 2 
- 103 2 2 
- 105 2 4 
-992 2 
- 4 8 2  1 
-76 2 2 
- 108 f 3 


- 7 2 2  1 
- 126 2 3 


95.4 ? 2.0 
91.8 2 2.2 
85.5 f 0.8 
83.4 f 1.0 
90.9 _+ 1.3 
9 3 . 9 f  1.5 
94.4 f 1.4 


103 2 2.0 
101 2 2.2 


99.6 2 1.8 
100 2 2.5  


87.7 k 1.0 
94.1 f 1 . 1  
95.4 2 0.9 
98.9 f 1.2 
99.3 2 1.4 
99.3 f I .o 


1 0 4 2  1.7 
103 f 1.0 


96.9 2 1.3 
101 2 1.0 


96-6 2 1.3 


Table 3. Effect of solvent on the oxidation of benzaldehyde by 
ECC at 338 K a  


AcOH ('70, v/v) 


Parameter 30 40 50 60 70 


Dielectric constant 55.6 48.4 41.5 34.4 27.4 
10'k,t,, ( s - I )  7.00 10.1 16.0 27.6 44.5 


[PhCHO] = 0.40moldm-'; [ECC] = 0.005 moldm-'; 
[H' 1 = I.Omoldm-'. 


first-order dependence of the reaction rate on ECC. 
Moreover, the absence of any effect of ethyl carbamate 
on the reaction precludes both HOCl and EtOOCNClz 
as the reactive species. Therefore, the most likely oxidi- 
zing species is EtOOCNHCl. 


The linear increase in the oxidation rate with acidity 
suggests that ethyl chlorocarbamate is protonated to 
give a stronger oxidant and electrophile: 


EtOOCNHCl + H3O' [EtOC(OH)NHCl] + + H20 
(4) 


The observed solvent effect indicates that the tran- 
sition state is less polar than the reactant state. The 
dielectric constants of acetic acid-water mixtures have 
been calculated earlier.' A plot of log kobs  against the 
reciprocal of the dielectric constant of the solvent is 
linear with a positive slope (r = 0.9866), indicating an 


interaction between a positive ion and a dipolar mol- 
ecule in the rate-determining step. lo The variation in 
the reaction rate may, however, be simply explained by 
assuming that if a cationic chlorine species reacts with 
a neutral aldehyde molecule in a rate-determining step, 
the charge will be dispersed over a larger area in the 
transition state. Since the charge density has thus been 
diminished, the transition state requires less solvation. 
Therefore, the reaction should be more rapid in a 
solution of lower dielectric constant. The effect of 
varying solvent composition is thus in accord with the 
suggestion that the active oxidizing species is 
[EtOC(OH)NHCI] + . 


Correlation analysis of reactivity 


Table 2 shows that the rate of oxidation of a puru- 
substituted compound is greater than that of the 
corresponding meta-substituted compound. Similar 
observations have been recorded earlier in the oxidation 
of substituted benzaldehydes by pyridinium fluorochro- 
mate (PFC)" and by N-bromoacetamide (NBA). l2  


The rates of oxidation of the substituted benzal- 
dehydes failed to show satisfactory correlation with any 
single substituent-parameter equation. The rates of 
oxidation of para- and meta-substituted benzaldehydes 
were, therefore, analysed separately using Taft's and 
Swain's dual substituent-parameter (DSP) equations. ' 3 * ' 4  


Both the meta and para series meet the basic require- 
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Table 4. Correlation analysis of the rate constant with DSP equations at 303 K 


Substituent 
Substitution constant PI PR R2 SD f n 


para Q l r  UOR -1.12 -5.04 0.8947 0.39 0.373 12 


01, OtlA -1.26 - 4.07 0.9400 0.29 0.274 12 


UI.OR -0.20 -3.07 0.6277 0.73 0.696 l i a  


Ul ,  all - 1.25 -2.37 0.9999 0-003 0.003 12 


Swain's -0.05 - 1.15 0.9882 0.12 0.115 12 


( k 0-30) ( 2 0.54) 


(20.23) (20.32) 


( 2 0.53) (20.73) 


(20.002) ( 2 0.002) 


(20.05) (20.04) 


( 2 0.005) (20.008) 


(20.03) ( 2  0.05) 


01. 0: -1.98 -1.16 0.9999 0.006 0.008 I I  


-2.00 - 0.90 0.9946 0.042 0.057 11 BA 
Olr OR 


01, O i  - 1.73 -0.80 0.9727 0.093 0.127 10= 


01,Urt - 2-01 -0.50 0.9735 0.091 0- 126 11 


Swain's - 1-08 -0.37 0.9951 0.040 0.054 11 


(20.07) ( 2 0.10) 


(20.08) (20.06) 


(20.02) (2  0.01) 


meta 


' NHCOMe substituent not considered, no uR value available. 


ment of the minimum number of substituents. Is We did 
not use the NHz group, as it was protonated in acidic 
solution and ceased to be an electron-donor group. We 
used the acetylamino group instead. 


The rates of oxidation of para-substituted benzalde- 
hydes showed an excellent correlation with Taft's UI and 
u i  values (Table 4). We used the standard deviation 
(SD), coefficient of multiple correlation (R2) and the 
parameter f as measures of goodness of fit; f has been 


defined13 as SD/root mean square of data (here 
log k/ko). Comparison showed that f is smaller for the 
a; scale than for the other scales by factors of cu 


The rates of oxidation of rneta-substituted com- 
pounds showed an excellent correlation with Taft's a 
and a$, although the discriminating factor for the pre- 
cision of fit with other UR scales or with Swain's scale 
is not as sharp as in the case of para-substituted com- 


38-230. 


Table 5. Temperature dependence of the reaction constants 


Substitution Temperature (K) PI  PR A" R2 SD f 


para 303 -1.25 -2.37 1.89 0.9999 0-003 0.003 


308 -1.19 -2.31 1.91 0.9995 0.021 0.018 
(20.002) ( 2 0.002) 


( 2 0.02) ( 2 0.01) 


(20.02) (20.02) 
313 -1.13 -2.24 1.89 0.9991 0.026 0.020 


318 - 1.06 -2.16 2.03 0.9972 0.047 0.036 


303 -1.98 - 1-16 0.59 0.9999 0.006 0.008 


308 - 1.89 - 1.14 0.60 0.9979 0.025 0.020 


(20.04) (20.03) 


( 2  0-005) (+0*01) 
mefa 


(2  0.02) (20.04) 


( 5 0-01 5 )  ( 2 0.026) 


(20.04) ( 2 0.03 1) 


313 - 1 *79 - 1 *01 0-56 0.9987 0.018 0-013 


318 - 1.65 - 1.00 0.60 0.9968 0.027 0.023 
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0 
I1 6+ 


6+ I 
H 


Ar-C...H..Cl.--N,C(OH)OEt 


pounds. The correlations with uEA and in Swain’s scale 
meet the requirements for a satisfactory fit (f< 0.1). 
This agrees with the observation of Ehrensen et al. l6 


that the correlation of rates of mefa-substituted com- 
pounds is generally best with a: and meta-substituted 
compounds are generally less discriminating. 


The reaction constants and statistical data at dif- 
ferent temperatures are given in Table 5 .  The value of 
A,, (ca 1.9) showed that the oxidation of para- 
substituted benzaldehydes is more susceptible to 
resonance effects than to inductive effects. In the oxida- 
tion of meta-substituted compounds, however, the con- 
tribution of inductive effects is greater than that of 
resonance effects (A,n = 0.60). The magnitude of the 
reaction constants decreases at higher temperatures, 
indicating a decrease in selectivity. In both the meta and 
para series, the decreases in the inductive and resonance 
effects are of similar order, reflected in almost constant 
values of A,, and A,n. 


# - 


Mechanism 


The presence of a substantial primary kinetic isotope 
effect confirmed the cleavage of the aldehydic C-H 
bond in the rate-determining step. In view of the 
absence of any effect on the reaction rate of radical 
scavengers such as acrylonitrile, it is unlikely that a one- 
electron reaction, giving rise to free radicals, is 
operative in this oxidation. 


The large negative reaction constants point to a 
highly electron-deficient carbon centre in the transition 
state. Further, the excellent correlation obtained with 
a ;  values in the oxidation of para-substituted benzalde- 
hydes and the large value of X, showed that there is an 
extensive through-conjugation, in the transition state, 
between a developing positive charge and the paru- 
substituent. In the oxidation of mefa-substituted com- 
pounds the through-conjugation is not possible and the 
resonance effect of the substituent operates indirectly. 
Therefore, the contribution of the inductive effect is 
relatively greater. These facts, coupled with the large 
deuterium isotope effect, showed that the transition 
state approaches a carbocation in character. Hence the 
transfer of a hydride ion in the rate-determining step is 
indicated. A concerted mechanism, involving simulta- 
neous attack by a water molecule, is unlikely for three 
reasons. First, a termolecular reaction is highly improb- 
able. Second, the concerted mechanism is inconsistent 
with the extensive through-conjugation observed in this 
case. Finally, the large value of kinetic isotope effect 
militates against a non-linear transition state implied in 
a concerted reactions. Therefore, the mechanism shown 
in equations (5)-(7) is proposed for the oxidation of 
aldehyde by ECC. 


5 


+ 
Ar-C=O + HCl + NH = C(0H)OEt 


AR-C=O + Hz0 --* ArCOOH + H +  


( 5 )  


(6)  
+ 


HN=C-(0H)OET -, H2N-C-OEt (7) 
I1 
0 


The observed negative entropy of activation also sup- 
ports the above mechanism. When two reacting mol- 
ecules combine to form a single activated complex, the 
restrictions on their movements obviously increase as 
they cannot move independently.” This results in a 
decrease in the entropy. 


It is of interest to compare the results of oxidation of 
substituted benzaldehydes by ECC with those by 
N-bromobenzamide (NBB),4 PFC and NBA. The 
oxidations by NBB and NBA are more susceptible than 
the oxidation by ECC to substituent effects and the 
reaction constants are larger. This difference is more 
pronounced in the case of the inductive effects and the 
values of A, and A,,, are relatively higher in the oxida- 
tion by ECC. The resonance effects are therefore more 
important in the oxidation by ECC than in the oxida- 
tions by NBB and NBA. The rate laws of the three 
reactions are similar. All the three reactions exhibited 
large kinetic isotope effects. Similar mechanisms have 
been postulated for the three reactions. The oxidation 
by PFC, ‘I in dimethyl sulphoxide as solvent, showed a 
different kinetic picture. The reaction exhibited 
Michaelis-Menten-type kinetics with respect to the 
aldehyde. The oxidation of para-substituted benzalde- 
hydes showed excellent correlation with Taft’s UI and 


values. This indicated a weak through-conjugation 
in the transition state. A mechanism involving the rapid 
formation of an initial complex between PFC and the 
aldehyde, followed by its slow decomposition, had been 
postulated. 
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The Hammett type plot of kinetic solvent isotope effect (KSIE = ksoH/ksoo), log(KS1E) vs u, can be a useful 
mechanistic tool for solvolytic reactions. The slopes of  such straight line plots for para-substituted benzenesulphonyl 
chlorides in methanol (0.13, water (0.05) and methanol-water (0.05) are interpreted in terms of different reaction 
channels (general base-catalysed and &2),  in contrast to simple Hammett plots, log ksoH (Or log ksoo) vs u, 
invariably exhibiting non-linear concave curves. 


INTRODUCTION 


From analyses of rate-rate profiles and rate-product 
correlations for solvolytic reactions of various aromatic 
chlorides (1-4) in binary aqueous mixtures, Bentley 
and co-workers’ have recently shown that the phenom- 
enon of ‘dispersion’ in a Grunwald-Winstein plot 
[equation (l)]  : 


log(k/kO)RX = my (1) 


can be interpreted as indicating that the reactions are 
proceeding by different competing channels rather than 
showing variations in transition state (TS) within only 
one mechanism. According to their analyses, the 
p-methoxy substituted benzoyl and benzyl chlorides (la 
and 4a, respectively) solvolyse by an S N ~  mechanism in 
aqueous binary mixtures, leSg whereas the p-nitro com- 
pounds (le and 4e) favour a general-base catalysed or 
possibly an addition-elimination pathway (SAN), 
particularly in less polar media. IC 


The effect of ring substitution on kinetic solvent 
isotope effect (KSIE) values, ksoH/ksoD, for solvolyses 
of aromatic substrates has received little attention. leSza 


Most of the previous work on solvent isotope effects 
has involved HzO and D20.Zbs3b In this work we also 
utilized MeOH and MeOD to show that the KSIE on 
Hammett’s p values can be a promising mechanistic 
tool for identifying different reaction channels in solvo- 
lytic reactions. We determined the KSIE for solvolyses 
of para-substituted (Y) benzenesulphonyl chlorides in 
methanol, water and 50% methanol-water. 


RESULTS AND DISCUSSION 


* Limitation of the Transition State Variation Model, Part 6. 
t Author for correspondence. 


The results are summarized in Tables 1-3. Reference to 
these Tables reveals that the KSIE values for la  and 4a, 
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Table 1. Rate constants and kinetic solvent isotope effects for solvolyses of 
various substituted benzenesulphonyl chlorides 2 and 3 in methanol at 25 "C' 


Substrate 


3a 
3b 
2a 
2b 
2c 
2d 
2e 


CH3OH 


(1.96 2 0.02) x 10-3 
(1.02 f 0.01) x 10-~ 
(1.31 f 0.02) x 10-~ 
(1.06 0.01) x 10-4 


(8.95 f 0.01) x 10-5 
(9.75 f 0.13) x 


(1.71 f 0.05) x 


CHiOD 


(1.24 0.04) x 10-3 
(6.08 2 0-01) x lo-* 
(8.31 0.06) x 10-5 


(5-45 0.14) x 10-5 
(4.73 f 0.04) x 10-5 


(6.16 f 0.08) x lo-' 


(7.29 f 0.04) x 


1.58 f 0 ~ 0 5 ~  
1 -68 2 0.02 
1.58 f 0-03 
1.72 f 0.02 
1.79f0.05 
1.89 f 0-02 
2.31 f 0.07 


Determined conductimetrically " in duplicate; errors shown are average deviations. 
bStandard error [ =  I/~D[(A~H)~+(~H/~D)~X ( A ~ D ) ' ]  '"1. 


Table 2. Rate constants and kinetic solvent isotope effects for solvolyses of 
various substituted benzenesulphonyl chlorides 1, 2, 3 and 4 in water at 25 "C" 


Substrate HzO 


4a 
la 
le 
3a 
3b 
2a 
2b 
2c 
2d 
2e 


(2.86 0.05) x 1 0 - ~  
(1-13 f 0.01)~ lo-' 
(4.29 f 0.04) X lo-' 
(3.11 f 0.10)~ lo-' 
(8.34 f 0.15) X lo-' 
(6.48 f 0.03) x 
(3.75 f 0.03) x 10-3 
(3.17 f 0.02) x 10-3 


(2.74 f 0.02) x 10-3 
(2-03 f 0.05) x lo-' 


(2.35 f 0.05) x 
(9-25 f 0.07) x lo-' 
(1.89 f 0-08) x lo-' 


(6.22 f 0.02) x lo-' 
(2-21 f 0.06) x lo-' 
(4.73 2 0.04) x 1 0 - ~  
(2.52 f 0.01) x lo-' 
(2.00 2 0.02) x lo-' 
(1.23 0.00) x 10-3 
(1-56 2 0.00) x 10-~ 


1.22 f 0.04b 
1.22 f 0-02 
2-27 f 0.10 
1.41 f 0.04 
1-34 f 0.02 
1 -37 f 0.01 
1.49 f 0.01 
1-59 f 0.02 
1.65 f 0.04 
1-76? 0.01 


See Table 1 .  


Table 3. Rate constants and kinetic solvent isotope effects for solvolyses of 
various substituted benzenesulphonyl chlorides 2 in 50% methanol-water at 


25 "Ca 


Substrate 50% CH3OH 50% CH3OD kwon/kmcoD 


2a (2.22 f 0.01) x 1 0 - ~  (1.52 2 0.02) x lo-) 1-46 0.02~ 


242 (1.63 0.01) x 1 0 4  (9.55 0.21) x 10-~ 1.71 0.04 
2b (1.94 f 0.03)x (1.17 f 0.04)x lo-' 1.66 f 0.06 


2d (1.43 f 0.01) x lo-' (8.11 f 0.03) x 1.76 f 0.01 
2e (2.76 f 0.03) X lo-' (1.48 f 0.02) X 1.86 f 0.03 


See Table 1 .  


which are known to solvolyse by an sN1 mechansim, are 
close to unity, being in the range 1 1-1 -2, whereas the 
value for the compound solvolysing by a general-base 
catalysed and/or addition-elimination (SAN) pathway 
(le) is almost twice as large (2.3). Similar low KISE 
values (1 -22 and 1.24) have been reported for the sN1 
solvolyses of chloro- and bromobifluorenyls in MeOH. 
For the general-base catalysed methanolysis of acetic 
anhydride, Gold and Grist5 observed a KISE of 2-82 
which is again comparable to those observed for 


methanolyses of the p-nitro compounds l e  and 2e. The 
transition state formulated by them was actually a 
general-base catalysis type in which deprotonation of 
an attacking nucleophile, methanol, is catalysed by the 
second methanol molecule. For this reaction they sug- 
gested that both the reaction mechanism and the theory 
of the KSIE in methanolysis are closely comparable to 
those applicable to the hydrolysis. This comment may 
be true for reactions reacting by the same mechanism in 
MeOH and H20 as that studied by Gold and Grist. The 
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3.5-dimethylbenzenesulphonyl chlorides (3a and 3b) 
have values of ca 1-6-1 '7, which are in between the 
two cited for Shll and SAN above, and are probably 
consistent with an sN2 mechanism3 or with the two 
competing pathways of S N ~  and SAN. 'g.2a 


The magnitude of the KSIE far the para-substituted 
benzenesulphonyl chlorides (2a-2e) is large in 
methanol, ranging from 1.6 to 2.3, whereas in water 
and 50% methanol-water they are smaller than those in 
methanol, ranging from 1 *4  to 1.8 and from 1.5-1 '9, 
respectively. Although the values in aqueous media 
appear to fall in the range expected for the two com- 
peting channels of sN2 and SAN, we cannot be sure 
what reaction pathway these series actually belong to 
from the magnitude of KSIE alone. Indeed, it has been 
pointed out that the magnitude of the KSIE values for 
halides reacting by the SNl and SN2 mechanisms differ 
very In this work, we are not concerned with 
the individual KSIE value itself but rather its change 
with the substituent in the substrate ring. 


The rate data in Tables 1-3 indicate that simple 
Hammett plots will give non-linear concave-upward 
curves in all cases; we could have accounted for these 
plots by a change in mechanism due to  different elec- 
tron demands. It has been shown that concave-upward 
curves are obtained for the sN2 reactions of benzoy17 
and benzenesulphonyl' derivatives as a result of a 
change in the dominance of the bond-breaking step 
( P Y  < 0) over that of the bond-formation step ( p y  > 0) 
in the TS as the substituents (UY) are varied.798 This 
indicates that the curved Hammet plots have little 
mechanistic significance. 


However, the following analysis shows that a linear 
plot of log(KS1E) vs Hammett's u in each solvent 


medium represents a single reaction pathway and the 
slope of the line is indicative of the mechanism. 


In Figure 1 we present the plots of log(ksOH/kSOD) vs 
Hammett's u for the data in Tables 1-3. We note that 
the slope of the straight line is greater in methanol 
[0.15; r = 0-991, standard deviation (S.D) = 0.06, 
n = 51 than that in water (0.05; r = 0-995, S.D. = 0.02, 
n = 3) [a similar plot with Y = CH3, H, Br and NO2 at 
15 "C gave a slightly greater slope of 0.08 with 
r = 0.995 and S.D. = 0.03 (excepting Y = OCH3, which 
deviates negatively from the good straight-line plot), 
which is still appreciably smaller (cu 1/2) than the slope 
of 0.15 in methanol at 25 oC.2a This is consistent with 
a normal temperature effect on selectivies, 9910 and also 
with the reactivity-selectivity principle (RSP), i.e. at 
lower temperature the selectivity ( A p y  ) increases] and 
in 50% methanol-water (0-05; r = 0.993, S.D. = 0.02, 
n = 4 ) .  Hence the solvolysis of 2 in methanol is 
characterized by a larger slope (about three times the 
value in water) and also by the fact that all compounds 
fall on a single straight line. In contrast, in more polar 
media the slope is lower and the strongly electron- 
donating substituent, p-OCH3 (also p-CH3 in water) 
deviates negatively from the straight line. 2a 


The intensity of interaction between the two reaction 
centres in the nucleophile and substrate has been repre- 
sented by the magnitude of PXY, which is defined by the 
equations l2  


log ( ~ x Y / ~ H H )  = PXUX + PYUY + PXYUXUY (2a) 
(2b) 


where k x y  is the rate constant for dually substituted 
reaction systems with substituents X (UX) and Y (gy) in 


Pxy = aPy/agx = apx /aoy  
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the nucleophile and substrate, respectively, and pi (i = X 
or Y) i s  the Hammett's coefficient for variation of ui. 


It has been shown that the magnitude of pxy is a 
measure of the degree of bond formation; a greater 
1 pxy 1 is related to a closer distance (rxy) between the 
two reaction centres in the nucleophile and substrate. l2 


It may be possible to correlate the magnitudes of the 
slope with I ~ X Y  I, a measure of the degree of bond 
making in the TS, and hence with the different channels 
of the reaction pathway for each separate straight line. 
The plots in Figure 1 can be represented as 


A(kog ksoa/ksoD) = Apy 


where Apy is the change in py due to the change in 
nucleophile (also solvent) from SOH to SOD. If we 
divide this value of Apy by the difference in nucleophili- 
city of the nucleophiles, (expressed by a hypothetical 
substituent constant) Auk, the result is none other than 
the cross-interaction constant pxy defined by equation 
(2b) (for X-substituted aromatic nucleophiles, the 
difference in nucleophiles is expressed by difference in 
ux values, AUX.'* In the present case Aux is not 
applicable, but we can still differentiate the nucleophili- 
cities of SOH in SOH and SOD in SOD, which is arbi- 
trarily represented as Auk = nucleophilicity of SOH in 
SOH- nucleophilicity of SOD in SOD): 


(3) 
A OY 


(4) 
APY 


PkY = __ 
A uk 


Assuming approximately the same A& for MeOH and 
H20, the magnitude of pky is proportional to Apy [ac- 
tually the difference in the nucleophilicity, A u k  for 
MeOH (S = CH3) should be smaller than that for H2O 
(S = H) (i.e. MeOH is more selective than HzO), since 
MeOH is less reactive than H2O (Tables 2 and 3), in 
accordance with the reactivity-selectivity principle 
(RSP)." If Auk is smaller, the selectivity parameter ~ X Y  


becomes greater [equation (311, and the difference in 
the magnitude should diverge to an even greater extent 
than we observed (0.15 vs O.OS)]. Hence the magnitude 
of Apy in equation (3), i.e. the slopes of the straight 
lines in Figure 1, should represent the relative degree of 
bond formation in the TS. Since a single correlation 
between ux and UY, i.e. pxy, is obtained for a single 
mechanism,I2 the linear part (Apy) of the plot can be 
taken as an indication that single mechanism is 
operative, not a concurrent SAN and sN1. Therefore, a 
larger value of Apy, i.e. slope, for methanolysis is con- 
sistent with a general-base catalysed and/or SAN 
pathway, in which extensive bond making has pro- 
gressed in the TS; in contrast, a smaller Apy of ca 0.05 
in more polar media represents a lesser degree of bond- 
making in the TS, indicating that a mechanism of disso- 
ciative type, i.e. sN2, applies in H20 and 50% aqueous 
MeOH. The persistent deviations from these straight 
lines for p-OCH3 (and also p-CH3 in H20) in the more 


polar media could indicate that a different channel, 
which is a more dissociative type of SN mechanism, i.e. 
an sN1 pathway, competes with sN2. Obviously, for 
SNl reactions Apy and hence ~ X Y  should be zero, since 
in sN1 reactions the substrate selectivity, py, is indepen- 
dent of the nucleophilicity (ax) in equation (4). 


We conclude that the straight-line plots of log(KS1E) 
vs UY can be useful in identifying different reaction 
channels; the straight line represents a single reaction 
channel and a particular channel is identifiable by its 
slope. 


EXPERIMENTAL 
Benzenesulphonyl chlorides were commercial samples 
(Aldrich), checked for purity by HPLC analysis of the 
methanolysis products. lg Merck GR-grade methanol 
was used without further purification. CH3OD and 
D20, both of > 99.9% purity, were obtained from 
Aldrich. No corrections were made to KSIEs for incom- 
plete deuteration. Rates were determined conductime- 
trically as in previous work. 
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MICELLE-INDUCED CHANGE IN THE RATE-LIMITING STEP OF 
SUBSTITUTED BENZOATE ESTER THIOLYSIS 
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AND 


IOLANDA MIDEA CUCCOVIA AND HERNAN CHAIMOVICH* 
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SP, Brazil 


The effect of hexadecyltrimethylammonium bromide (CTAB) micelles on the acid dissociation constant of para- 
substituted benzenethiols, a-toluenethiol and n-heptanethiol was determined. The effect of CTAB on the rate of 
thiolysis by the thiols was measured using para-substituted p-nitrophenyl benzoates. The effects of micelles were 
analysed using a pseudophase ion-exchange (PIE) model. The Brensted plot for ester thiolysis showed discontinuity 
at the pK, of the leaving group in water and was linear in micelles. Micelles increased the Hammett p value for 
thiolysis of esters by a-toluenethiol from 2.08 to 2.68. The Hammett plot for the rection of benzenethiol with esters 
in water i s  linear with u- and displays a p value of 0.87, whereas in micelles the plot i s  linear with u and presents 
a p of 2.83. Taken together, these data indicate that micelles produce a change in the rate-limiting step of thiolysis 
of substituted benzoate esters, leading exclusively to mte-limiting thiolate attack. In micelles thiolysis may be concerted 
and the effect of the aggregate on the reaction mechanism can be ascribed to the interaction of the thiolate ions, and 
the transition states. with the head groups as well as a medium effect. 


INTRODUCTION 
In addition to producing a medium effect, micelles can 
also modify the rate of higher molecularity reactions by 
concentrating reagents or maintaining reagents separ- 
ated in solution. ’ For many bimolecular reactions, 
quantitative analysis of rate-surfactant profiles shows 
that the calculated second-order rate constants in the 
micelle are within one order of magnitude of those in 
water.”’ It would then appear that transferring the 
reaction site from water to the micelle produces little 
effect on the energetics of the reaction. Relatively small 
differences in the overall energy distribution at a 
reaction surface, however, can produce major changes 
in mechanism, rate-limiting steps, reaction pathways, 
and product distribution. Several examples of changes 
in reaction mechanisms have been interpreted in terms 
of small energy differences produced by the interactions 
of initial or transition states with the mi~e l l e s .~  


Detailed investigations of mechanistic effects in 
supramolecular aggregate such as micelles, vesicles or 
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microemulsions critically depend on the estimated 
values for rate constants of the reaction occurring in the 
aggregate (k,,,). Both the pseudophase ion-exchange 
(PIE) model and the Poisson-Boltzmann equation 
(PBE) model have been successfully applied for the cal- 
culation of k,,, values.Ib Under conditions where both 
models can be applied, the calculated rate constants 
obtained using PIE or PBE are similar, l b S 4  Mechanistic 
analysis based on calculated k,,, values, rather than in 
overall rate effects, are not widely available. PIE 
analysis of micellar effects on ester hydrolysis has 
recently been carried out.’ The increase in Hammett p 
values in the micellar pseudophase (p,,,)  was ration- 
alized in terms of the low effective dielectric constants 
at the reactions site.’ No change in the rate-limiting 
step occurs in the reaction of OH- ion with esters in 
micelles. ’ 


One particular reaction where micelles and vesicles 
produce remarkable kinetic effects is ester thiolysis. 
Amphiphile aggregates increase the rate up to 106-fold 
in the thiolysis of p-nitrophenyl octanoate. PIE 
analysis of the effect of positively charged vesicles and 
micelles on the reaction revealed that the second-order 
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rate constant in the aggregates (k2,,,) is, at most, 50 
times higher than that in water (k2,). The rate enhance- 
ment is due mainly to reagent concentration at the 
vesicle and surface-induced pK shifts. The mechanism 
of ester thiolysis has been extensively investigated and 
is presented schematically in Scheme 1. 7 , 8  


This paper presents a systematic investigation of the 
effect of hexadecyltrimethylammonium bromide 
(CTAB) micelles on the rate of reaction of thiols with 
substituted benzoate esters. Comparison of Brransted 
plots for the reactions in water versus micelles revealed 
a mechanistic change in the aggregates. The effect of 
micelles on the reaction depended on the nature of the 
thiol. In the region of rate-limiting nucleophilic attack, 
the Hammett p values are higher in micelles. In the 
region of rate-limiting decomposition micelles produce 
a change in the rate-limiting step. Micellar effects were 
related to local medium effects and the interaction of 
the tetraalkylammonium head group with the attacking 
thiolate ion. 


EXPERIMENTAL 


The synthesis and purification of the substituted esters 
and the purification of CTAB have been described.' 
'The following p-nitrophenyl esters were used: benzoate 
(l) ,  p-nitrobenzoate (2), p-methylbenzoate (3); p- 
methoxybenzoate (4) and p-bromobenzoate (5). p- 
Chlorobenzenethiol, p-methylbenzenethiol (Aldrich 
Chemical), n-heptanethiol, benzenethiol, p-methoxy- 
benzenethiol and a-toluenethiol (Connecticut Hard 
Rubber, Chemiocal Division) were purified and main- 
tained at - 15 C under argon. The free sulphydryl 
group contents of the thiols, determined by titration 
with 5 , s  '-dithiobis(2-nitrobenzoic acid),' showed that 
the compounds were pure and in the reduced form. All 
other reagent were of analytical grade and water was 
deionized and doubly glass distilled. 


Kinetic measurements and pKa determinations of the 
thiols were carried out using boiled water that had been 
allowed to cool under oxygen-free argon or nitrogen. 
The free sulphydryl group concentration was deter- 
mined at the end of the pKa determinations and at the 
end of most kinetic runs. The values for free SH were 
within 2% of those expected. Reproducibility of the 
data depends critically on the absence of oxygen since 
CTAB micelles increase the rate of SH oxidation. Ioa 


The pKa values of the thiols in water were determined 
from the effect of pH on the UV spectra. The values 
presented are, within experimental error, identical with 
those in the literature.'ObSc In the presence of 
CTAB, the pKap values were determined, at a fixed 
pH (see Results, Figure l) ,  by measuring the absor- 


bance of the thiolate ions at wavelengths of 250, 
270, 275, 275 and 285 nm for benzene-, a-toluene-, 
p-methoxybenzene-, p-methylbenzene- and p-chloro- 
benzenethiol, respectively. The absorbances of the pro- 
tonated and unprotonated forms were determined in 
0.01 M HCI and NaOH, respectively. 


Reactions were carried out as follows. A 5 p L  aliquot 
of the ester in acetonitrile (esters 1, 3, 4 and 5)  or 
methanol (ester 2) were added (final ester concentration 
1 x 10-6-3 x M) t: 1 *5-3.0 ml of a temperature- 
equilibrated (30 ? 0.1 C) reaction mixture. Reaction 
was started by adding a 5-10 jd aliquot of a stock sol- 
ution of the thiol in acetonitrile to yield a final thiol 
concentration cu ten times higher than that of the ester. 
Rate of ester decomposition were followed in a 
Beckman M-25 spectrophotometer at 405 nm, the wave- 
length of maximum absorption of the p-nitrophenolate 
ion. First-order rate constants were calculated from 
linearized absorbance vs time plots. Reactions followed 
first-order kinetics for at least four half-lives; the 
reported values are the averages of at least three 
separate runs with a maximum deviation of 5%. 


RESULTS 
The reactive species in the reaction of thiols with acti- 
vated esters is the dissociated thiolate ion. Second- 
order rate constants for the reaction of thiolate ions 
with benzoate esters in water (k2,) were calculated from 
the concentration dependence of the first-order rate 
constant (k+)  obtained with excess thiol. Since the ben- 
zoate esters also react with OH- at pH values where a 
sufficiently high proportion of the thiol is dissociated, 
k+ was corrected for the hydrolytic path by subtracting 
the rate constant for the reaction of the ester with OH- 
ion at the same pH  OH). Representative data are 
shown in Figure 1. 


The second-order rate constant for the reaction was 
calculated from 


where [S] represents the analytical concentration of the 
thiolate ion calculated from the pH and the pKa of the 
thiol. The values of kzW are presented in Table 1. 


When analysing the effect of micelles in equilibria or 
rates we used the PIE model, which can be applied 
under all conditions described here. Ib*'' Results were 
analysed as described in detail elsewhere, '*'lb and there- 
fore only the fundamental equations will be presented. 


The effect of CTAB on the PKa of a thiol was deter- 
mined at a fixed pH by varying the detergent concentra- 
tion. 6av11 Representative data are shown in Figure 2.  
The function relating the apparent PKa in the presence 
of micelles (PKap) with increase in [CTAB] is''a 
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Figure I .  Effect of thiol concentration on the rate of 
decomposition of substituted benzoate esters. Calculated 
second-order rate constants for ester thiolysis in water are 
presented in Table 1. (A) p-Nitrophenyl benzoate was used as 
substrate, borate buffer (0-02 M), pH as indicated. Thiols: 
( rn ) p-chlorobenzenethiol, pH 8.60; ( ) benzenethiol, pH 
8.5; ( A ) p-methylbenzenethiol, pH 8.70; ( A  ) p-methoxy- 
benzenethiol, pH 10.04; ( 0 )  n-heptanethiol, pH 9.5; (0) 
a-toluenethiol, pH 10.04. (B) Thiolysis by benzenethiol. 
Borate buffer (0-02 M). pH 8.5.  Esters: ( A ) 1; (0) 2;  ( A ) 3; 
( ) 4; ( 0 )  5 (C) Thiolysis by a-toluenethiol. Borate buffer 


(0.02 M), pH 9.50. Esters as in (B) 


Table 1. Second-order rate constants (kzW) for the reactions of 
mercaptide ions with substituted p-nitrophenyl benzoate esters 


( ~ - X - C ~ H ~ - C O Z - C ~ H ~ - N O ~ - ~ )  


I A 1 


n 
0 
Y 
n 6.0 


6.2 
0 25 5 0  7 5  100 


CTAB l m Y l  


Figure 2. Effect of CTAB concentration on the apparent pK., 
values of thiols. (A) (0) a-toluenethiol ( 5  x lo-' M); borate 
buffer (0.02 M), pH 9.1. All other experiments in 0.02 hi 
imidazole.HBr buffer. ( 0 )  Benzenethiol (3.63 x lo-' M), pH 
6.6; ( A  ) p-chlorobenzenethiol ( I  .47 x lo-' M) pH 6.8. (B) 
( 0 )  p-rnethylbenzenethiol (1.03 x hi), pH 6.7; (0) p -  


rnethoxybenzenethiol (0.93 x lo--' M), pH 6.7 
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Table 2. Association constants (KsH), intrinsic acid dis- 
sociation constants (K.,,,) of the thiols and ion selectivity 
coefficients for the mercaptide-bromide exchange (Ks/B~) in 
micelles of CTAB calculated from the effect of [CTAB] on the 


apparent pKa of the thiol 


p-CI-C6H&H 6-20 6.91 180 12.0 
CsHsSH 6-50 7.01 120 10.0 
p-CH3-CeH4SH 6.83 7.38 130 10.0 
p-CHaO-C6H4SH 7.00 7.60 110 7.5 
CsHsCHzSH 9.43 10.60 150 2.75 
CHJ (CHz)e-SH 10-70 11.80 3700 75.0 


where K s / B ~  is the thiolate-bromide ion-exchange selec- 
tivity coefficient and KSH the association constant of the 
undissociated thiol with the micelle; KSH is expressed in 
inverse molar units and it interpreted as an association 
constant. The subscripts b and f represent the species 
bound to the micelle and free in the intermicellar 
aqueous phase, respectively. CD is the concentration of 
micellized detergent that is equal to the total detergent 
concentration (CT) minus the critical micelle concen- 
tration (CMC) (i.e. CD = CT - CMC). The ratio 
(Brb/Brf) was calculated from CT, CMC and ion com- 
position as described previously. I '  


Equation (2) was fitted to the experimental data using 
a multiparametric computer program using K S H  and 
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Figure 3.  Effect of CTAB on the thiolysis of esters. Curves are calculated (see text). (A) Thiolysis of esters 1-5 with a-toluenethiol 
(BzSH), Tris-HBr buffer (0.02 M in Tris). The ester used, BzSH concentration, added NaBr and pH were, respectively: ( 0 )  1, 
I .09 x M ,  0-02 M, pH 7 .3 ;  ( A ) 3, 1.09 X loe4 M ,  0, pH 8.3; ( A  ) 4, 1.09 X lo-' M, 0, 
pH 8.5; (0) 5, 1 . 0 9 ~  low4 M, 0, pH 7.8. (B) Thiolysis of esters 1-5 with benzenethiol (PhSH). The ester used, PhSH 
concentration, buffer and pH were, respectively: ( A  ) 1, 3.6 x M ,  Tris-HBr 
(0.02 M Tris), NaBr (0.02 M), pH 7.4; ( A  ) 3, 4.87 x M, borate (0.02 M), 
pH 8 . 5 ;  ( 0 )  5, 2.37 x lo-' M ,  Tris-HBr (0.02 M Tris), pH 8.15. (C) Thiolysis of p-nitrophenyl benzoate. The thiol, concentration 
buffer and pH were, respectively: ( A ) p-chlorobenzenethiol, 3.26 x lo-' M ,  borate (0.02 M), pH 8.6; ( A ) p-methylbenzenethiol, 
8.96 x M, borate (0.02 M), pH 8.5;  ( 0 )  p-methoxybenzenthiol, 2.88 x lo-' M ,  borate (0.02 M), pH 8 . 5 ;  (0) n-heptanethiol, 


M ,  Tris-HBr (0.02 M in Tris), pH 8.15 


M, 0, pH 8.1; (0 ) 2, 6 .0  x 


M, borate (0.02 M), pH 8 .5 ;  (0) 2, 5.4 x 
M, borate (0.02 M), pH 8.5;  ( A  ) 4, 5.84 X 


6 .0  x 
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KS/Br as variable parameters. The results are presented 
in Table 2. With all restrictions due to this fitting 
procedure it should be noted that the values for both 
parameters are within the range of values determined 
experimentally for compounds of similar 
structure. i i b * i 2  


We have previously proposed that the acid dis- 
sociation constant of micelle-bound acid (Kam) can be 
expressed 


(3) 


In equation (3) the concentrations within brackets refer 
to local concentrations, i.e. moles of micelle-bound 
reagent per litre of micellar pseudophase. ' l a  HS and S 
represent the undissociated and dissociated thiol, 
respectively. From this definition and assuming that the 
ion product of water in the micelle is identical with that 
of water at the same temperature,* Kam can be 
calculated from 'la 


(4) 


where KOH/B* is the OH--Br- ion selectivity for 
exchange at the CTAB micellar surface 
(KoH/B~ = 0.08)2*'5 and v is thcpartial molar volume 
of the micellized detergent ( V =  0.37 mol-I 1). The 
values of pKa and pKam for the thiols, calculated using 
equation (4), and the values of KSH and Ks /B~  are 
presented in Table 2. 


The effects of [CTAB] on the rate of reaction of the 
thiols with substituted benzoate esters are presented in 
Figure 3 (tables with values of rate constants can be 
found in Ref. 16). Note that in some of the experiments 
the reaction rate was decreased to suit the experimental 


conditions by the addition of sodium bromide. The 
inhibitory effect of added sodium bromide was taken 
into account in the equations derived from the PIE 


The theoretical curves were calculated 
using the equation *la 
model. lb.2.11a 


( 5 )  


The values of the ester-micelle association constants 
(KE), expressed in units of mol-'l and calculated from 
the micellar effects on spectra, '* were those determined 
previously in related work (Table 3). [SH] T is the total 
analytical concentration of added thiol and Hf+ is the 
concentration of free H +  ion calculated from the pH. 
In fitting the experimental data to equation ( 5 )  the only 
variable parameter was kzm. The values of K E ,  kzm 
and the ratio kz,,,/k~, for the thiolysis reactions are 
presented in Table 3. 


DISCUSSION 
Fitting of the data presented in Figures 2 and 3 to 
equations (2) and (3, respectively, demonstrated that 
the PIE model adequately accounts for the effect of 
CTAB on the acid dissociation equilibrium of thiols 
and the thiolysis reactions. The absolute values of 
second-order rate constants, however, calculated using 
either the PIE or PBE models, rely on the definition of 


*The existence kinetic evidence suggests that water at the 
micellar surface retains the properties of bulk solution. " , I 4  


There is no evidence of extensive ion dehydration at the 
micellar s ~ r f a c e . ~  


Table 3. Calculated second-order rate constants in the rnicelle (kz,,,) and 
fixed parameters used in the fitting of equation (6) to the experimental data 
obtained for the reaction of substituted benzoate esters ( ~ - X - C ~ H I - C O Z -  


C6H4-NOz-p) with thiols (RSH) 


X K E  (I mol-I) R kz,,,(l rnol-'s-I) k2m/k2w 


CH3O 800 C6HsCHz 5.89 0.9 
CH3 2000 C6HsCH2 16.3 1.2 
H 1300 CsHsCHz 47.2 1.7 
Br 1500 C6HsCHz 226.0 3.1 
Nor  1000 ChHsCHz 4030.0 3 .6  
CH3O 800 C6HS 0.0067 0-03 
CH3 2000 C6HS 0.019 0.07 
H 1300 C6H5 0.046 0.13 
Br 1500 C6H5 0 .29  0.45 
Nor  lo00 C6H5 6 . 8  1.45 
H 1300 P-CI-CsHr 0.027 0 . 0 9  
H 1300 P-CHJ-GHI 0.11 0.13 


H 1300 C H J ( C H Z ) ~  408.0 4 . 2  
H I300 P-CH~O-C~HI 0 .22  0.20 







12 V. R .  CORREIA, 1. M. CUCCOVIA AND H. CHAIMOVICH 


a reaction volume element. Ib Thus comparisons in a 
series, rather than elaborate analysis on isolated values, 
is preferable when analysing the effects of micelles on 
a particular reaction. The validity of value comparisons 
of rate or equilibrium constants in a supramolecular 
aggregate assumes that the reaction sites are similar. It 
has been clearly demonstrated that large variations in 
the structure of a micelle-bound substrate cause differ- 
ences in the solubilization site. ' ,17 ,* '  Since the proper- 
ties of a micelle change abruptly over relatively small 
distances, ' * I 9  the changes in structure of the reactants 
have to be minimized. In the present case the structural 
variation in the reagent series is minimal, especially in 
the case of the substituted benzoate esters. 


The mechanism of ester thiolysis has been elaborated 
in great detaiL7 Ester thiolysis can be represented by a 
reaction sequence involving the formation of an inter- 
mediate that can partition to either reactants or pro- 
ducts (Scheme 1). The nature of the attacking thiol does 
not make a significant difference in the equilibrium or 
kinetic extra-thermodynamic relationships described 
for thiol acid dissociation or ester thiolysis. ' Figure 4 
shows a Brsnsted plot for the thiolysis of p-nitrophenyl 
benzoate (PNPB). In water the @nut values, 0-78 for 
thiols with a pK lower than that of p-nitrophenol and 
0.38 for thiols of higher pK, were similar to those 
described for the thiolysis of other p-nitrophenyl 
esters. ' We have previously studied the effect of CTAB 
micelles on the rate of thiolysis of p-nitrophenyl acetate 
(NPA) by the same substituted thiophenols. lo The 
values of k2w for the reactions with NPA are very 
similar to those obtained here. The calculation of k2ml 
at that time, did not take into account ion exchange. 
The values of kz, are lower than those obtained with 
PNPB, consistent with other findings that show a 
decrease in kzm as the hydrophobicity of the ester 
increases.20 However, the slope of the Brensted plot 
with NPA in the region of pK 6.2-7 is identical with 
chat obtained here. The two lines intersect near pH 
7.14, the pK, of p-nitrophenoIZ1 (Figure 4). This type 
of non-linear Brensted plot has been taken as evidence 
for an abrupt change in the structure of a transition 


For thiols with a PKa higher than 7 attack is 
rate determining and for those with a PKa lower than 
that of p-nitrophenol the decomposition of the inter- 
mediate is the slow reaction step.7 It has been proposed 
that the observation of a linear Brensted plot, for a 
reaction where a change in rate-limiting step is expected 
on changing the pKa of the nucleophile, can be taken as 
evidence for a concerted mechanism.' 


In micelles, in contrast to the results obtained in 
water, the Brsnsted plot was linear over a considerable 
pKa range that included the pKa of p-nitrophenol 
(Figure 4). The pKa value of the thiol in the micelle 
must be clearly defined in order to analyse these results. 
Ionic micelles affect acid dissociation equilibria by at 
least two different mechanisms. The pK, value of an 


-21 
6 7 8 9 10 II I: 


P K ~ P  
Figure 4. Brernsted plot for the reaction of p-nitrophenyl 
benzoate with thiols in ( A ) water and in micelles. The data for 
micelles was plotted against the pKa of the thiol in water ( 0 )  


or the calculated pKa, in micelles (0) (see text) 


acid, such as HA, may be altered simply by excluding, 
or concentrating, H +  ions from the surface. On the 
other hand, the relative energy of the HAf/At pair may 
be different from that of HAb/Ai, producing an 
intrinsic difference in the acid dissociation constant. 1*z2 


We chose to plot the data relating the rate of thiolysis 
of PNPB with different thiols in micelles using two dif- 
ferent sets for the pKa values of the thiols, namely those 
determined in water and in the micelle (PKpm, Table 2). 
Using either set of values the Brensted plot was linear 
(Figure 4). These data suggest a change in mechanism 
when the reaction is transferred from the water to the 
micellar pseudophase. Another point to note is the cal- 
culated flnuc value for the micellar reaction. For the 
reaction in micelles the calculated pnUc is 0.7-0-8 
depending on the value chosen to represent the PKa of 
the thiol. This value of pnuc is similar to that observed 
in water in the rate-limiting decomposition region for 
this reaction. Thus, from the Bransted plot obtained in 
micelles it could be concluded that attack is rate 
limiting. However, the value of pnuc can be solvent sen- 
sitive and, in the reaction of arene thiolates with 
p-nitrophenyl acetate the value of pnuc in the region of 
rate-limiting attack is 0 -7  in 95% ethanol, compared 
with 0.3 in water, when both meta- and para- 
substituted nucleophiles are considered. 23 


The fact that in micelles the Brensted plot is linear 
and does not exhibit a change in slope in the region of 
the pKa of the leaving group indicates that the 
mechanism in the aggregate is different from that in 
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water and is suggestive of a concerted pathway. How- 
ever, the data are also consistent with either rate- 
limiting attack or rate-limiting decomposition of an 
intermediate. 


Using a-toluenethiol, in the rate-limiting attack 
regime, Hammett plots are linear (correlation coeffi- 
cient better than 0.99) both in water and in micelles 
(Figure 5) .  The value of p in water ( p w )  is 2-08 and p m  
is 2-65.  Micelles, as in the case of rate-limiting OH- ion 
attack on benzoate esters, increase the sensitivity of the 
reaction to substituent effect and p m  > pw.’ The 
difference in p(Ap = pm - p w )  for thiolysis was 0.6,  a 
value close to that observed in the alkaline hydrolysis of 
esters, where Ap is 0.8.’ This increased sensitivity to 
polar effects in micelles has been observed with other 
reactions, ” and indicates that the relative contribution 
of the micellar surface to charge stabilization by 
solvent is less than in water. A decreased effective 
dielectric constant has been invoked to explain some of 
the observed Ap values.’ In positively charged micelles 
both initial and transition states are surrounded by 
alkylammonium groups and differences in the energy of 
association with the head groups, or coulombic effects 
thereof, rather than local polarity, may be the main 
contribution to the higher sensistivity of micellar 
reactions to polar effects. Micellar activation and 
inhibition of the unimolecular decomposition of 


r 


fluorenecarboxylates can be explained on the basis of 
differential coulombic interaction of the initial and 
transition states with the charged detergent head 
groups. 26 


Reaction of p-nitrophenyl benzoates with phenyl 
thiolate ion in water is rate-limited by the decompo- 
sition of the intermediate (see above). The results, in 
water and in micelles, expressed as a up plot, are strik- 
ingly different from those obtained with a-toluenethiol 
(compare Figures 5 and 6). The Hammett plot for the 
reaction in water is linear with u- and the value of pw 
is 0.87 which is lower than that obtained in the rate- 
limiting attack region. This difference in the sensitivity 
to polar effects is to be expected in view of the differ- 
ences in rate-limiting steps in this reaction. Transfer of 
the reaction site from water to micelle results in two 
major changes, which are apparent from inspection of 
Figure 6. The plot is linear with u and the value of p m  
is 2.83, a value even higher than that obtained for pm 
using a-toluenethiol. These results show that micelles 
produce a change in mechanism leading to rate-limiting 
attack of the thiolate ion. 


CTAB micelles differently affect the basicity of 
alkane- and benzenethiols. The ApK (pKam - pK,) for 
substituted thiophenols is ca 0.6 while the ApK for 
a-toluenethiol and n-heptanethiol approaches 1 -2  pH 
units (Table 2). These data suggest that the interaction 
of the charged thiolate ion with the positively charged 
group of the detergent may differ when the negative 


A 2  I 


01 I 1 
-0.2 0.0 0.2 0.4 0.6 0.8 


cr 
Figure 5 .  Hammett plot for the reaction of a-toluenethiol 
with p-X-C6H4-C02-C6H4-N02-p in (0) micelles and ( 0 )  


water. The values of u were taken from Ref. 24 


i 
CH30 X@OZ@02 + 0 s -  


01 
-0.4 QO 0.4 0.8 12 


d 


Figure 6. Hamrnett plot for the reaction of benzenethiol with 
~ - X - C ~ H ~ - C ~ * - C ~ H I - N O ~ - ~  in ( 0 )  rnicelles and ( 0 )  water. The 


values of u and u- were taken from Ref. 24 
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charge on sulphur can be dispersed in the phenyl ring. 
Data indicative of a stronger interaction of charge- 
dispersed anions with alkylammonium head groups has 
been found consistently. 'b*L6 However, it would appear 
that alkyl thiolate ions have a stronger interaction with 
alkylammonium groups than phenyl thiolates. Also, the 
kzm values for the less reactive systems are consistently 
lower than the kzW values (Table 3). This latter fact is 
not related to the solubility of the thiols in the micelles 
or to the distribution constants of the esters. Although 
the determining factors for the mechanistic change 
cannot be pinpointed from the available data, it is 
suggestive that there is a correlation with differences in 
interactions of the initial and transition states with the 
alkylammonium head groups and with medium effects 
related to the effective dielectric constant at the micellar 
surface. 


In conclusion, we have shown that CTAB micelles 
alter the mechanism of ester thiolysis. Micelles increase 
the sensitivity of the reaction to polar effects, while 
apparently maintaining the nature of the rate- 
determining step, in the case of a-toluenethiol. The 
rate-determining step in micelles is not the decom- 
position of the intermediate for thiolysis by a- 
toluenethiol. The influence of CTAB on this reaction 
can be related both to local medium effects and to dif- 
ferential coulombic interactions with the initial and 
transition states. 
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The use of quantitative structure-activity relationships (QSAR) in correlating biological phenomena to chemical 
structure, and the use of linear free energy relotionships (LFER) and linear solvation energy relalionships (LSER) for 
correlating physical phenomena are becoming standard occurrences. In this work the empirical LSER solvatochromic 
descriptors were replaced with a computationally derived set to aid in a priori properly prediction. This paper deals 
with the application of this descriptor set to correlating the solubilities of 22 compounds in super critical CO2. A 
reasonable correlation, consistent with previous correlations by other researchers, was found. 


INTRODUCTION 
The solubility of aromatic compounds in supercritical 
fluids has been the topic of several recent studies.'-3 
Politzer et u I . ~  found correlations when comparing the 
solubilities of nine indoles in supercritical Co t ,  ethane, 
ethylene and trifluoromethane with two computational 
parameters. Politzer et al. extended the initial dataset 
to include a total of 22 mostly aromatic compounds, 
correlating the solubility of these compounds in super- 
critical C02. They found a two-parameter equation, 
one describing the molecular volume and the other the 
variance in electrostatic potential, to provide the best 
correlative ability with the dataset examined. The con- 
clusions arrived at were in complete accord with 
qualitative observations found previously, and with 
experimental evidence. 


Quantitative structure-activity relationships (QSAR) 
have become widely used to correlate molecular struc- 
tural features with their known biological, chemical and 
physical properties. QSAR assumes that there is a 
quantifiable relationship between microscopic (mol- 
ecular) and macroscopic (empirical) properties in a 
compound or set of compounds. One such set of 
relationships applied to physical organic chemistry was 
the linear free energy relationship, reviewed first by 


0894-3230/93/ 1005 39-06$08 .OO 
0 1993 by John Wiley & Sons, Ltd. 


Burkhardt6 and Hammett,' and later quantified by 
Hammett.' A recent survey of LFER techniques and a 
discussion of the background was given by E ~ n e r . ~  


An enormous number of descriptors have been used 
by researchers to increase the ability to correlate a given 
property. A relatively new approach in the QSAR field 
has been an attempt to develop a single set of par- 
ameters for use with any data set. for any property. The 
advantage of this methodology is obvious: one is able 
immediately and directly to compare different data sets 
and different activities and have a base of reference. 
Taft, Kamlet and co-workers promulgated this philos- 
ophy with the solvatochromic parameters for use in the 
linear solvation energy relationship (LSER). lo- l6 An 
extension of the LFER, the LSER, provides the basis 
for correlating any solute/solvent-based property with 
three distinct (and orthogonal) terms. The generalized 
LSER equation is 


log(property) = bulk/cavity + polarizability/ 
dipolarity + hydrogen bonding (1) 


The strong point of the LSER methodology has been 
the ability to correlate a wide range and number of bio- 
logical, physical and chemical properties involving 
solute-solvent interactions. By using the solva- 
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tochromic descriptors, this has led to a much better 
understanding of the effects of solvent on many 
properties. 1 4 , 1 5 9 1 7 9 1 8  


However, the LSER parameters are limited in their 
ability to make a priori predictions because of their 
empirical nature. Although there are tables of LSER 
parameters and predictive relations to help in their esti- 
mation, LSER values complex molecules are not as 
easily found. Several attempts have been made to for- 
mulate ‘rules-of-thumb’ and to correlate the solva- 
tochromic descriptors with computed descriptors. 19-23 


In the past, theoretical chemistry has been used to 
provide descriptors for QSAR and QSAR-like 
relationships. 24-31 Ford and Livingstonesz pointed out 
the advantages of using computationally derived 
descriptors over extra-thermodynamically derived 
descriptors such as K and u. Computational descriptors 
describe clearly defined molecular properties, making 
the interpretation of the QSAR equation generally more 
straightforward. 


Based on the LSER methodology, we have developed 
a new set of theoretically derived parameters for cor- 
relations in QSAR relationships. 33*34 Termed the theor- 
etical linear solvation energy relationship (TLSER), this 
methodology has been applied to a number of diverse 
data sets correlating general toxicity, specific receptor- 
based toxicity, solute/solvent-based physical properties, 
and UV-visible absorption shifts. 35-40 


In this paper, we report our efforts to obtain the 
LSER correlation and predictive equations for the solu- 
bility of 22 solutes in supercritical carbon dioxide 
studied by Politzer et a1.5 In this way, a correlation 
different from, yet complementary to, the Politzer 
equation can be obtained. This will permit a further 
understanding and characterization of the processes 
which influence solubility in supercritical fluids. We 
also report the extension of the TLSER to compounds 
for which there are no measured solubility values, and 
compare these predictions to the predictions of Politzer 
et 


METHODS 


All geometries were optimized using the MNDO algor- 
ithm as contained within MOPAC ~ 6 . 0 . ~ ~ ~ ~ ~  Table 1 
lists the compounds used in this study. The solubility 
values in supercritical carbon dioxide were taken from 
several different sources, all at 308 K. 1-3,44,4s V isual- 
ization and structure entry were performed using the in- 
house developed Molecular Modeling Analysis and 
Display System and PC (the program is 
marketed by Serena Software, Bloomington, IN, USA). 
All multiple regressions were performed using Minitab 
(the program is marketed by Minitab, State College, 
PA, USA). 


The TLSER descriptors were taken directly from the 
MNDO calculations. These descriptors consist of six 


Table 1. Compounds used 


No. Structure No. Structure 


1 


2 


3 


4 


5 


6 


7 


8 


9 


10 


1 1  


12 


13 


14 


15 


16 


17 


18 


19 


20 


21 


22 
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molecular parameters that attempt to describe the 
important features involved in solute-solvent interac- 
tions. These parameters were developed from and are 
modeled after the LSER methodology. The same 
generalized equation as the LSER, as shown in equation 
(l), is applicable to the TLSER. 


The bulk/steric term of the TLSER is described by 
the molecular van der Waal's volume (VmC), given in 
A3, and is computed by the method of H~pfinger.~'  
The dipolarity/polarizability term uses the polarizabi- 
lity index (xi) obtained by dividing the polarization 
v o l ~ m e ~ ~ ~ ~ ~  by the molecular volume to obtain a 
unitless quantity. 50 The resulting ~i is not generally cor- 
related with Vmc and defines the ability of electron 
cloud to be polarized by an external field. 


The hydrogen bonding term from equation (1) is 
divided into two effects in the LSER approach, a 
hydrogen bond acidity (HBA) and a hydrogen bond 
basicity (HBB). In the TLSER, the HBA and HBB 
effects are further subdivided into two contributions 
each, covalent acidity and basicity, and electrostatic 
acidity and basicity. The covalent HBB contribution is 
defined as the molecular orbital basicity (eg), and is 
computed by subtracting the energy of the highest occu- 
pied molecular orbital (HOMO) in the substrate from 
the energy of the lowest unoccupied molecular orbital 
(LUMO) of water. The covalent HBA contribution is 
the molecular orbital acidity (fa), and is computed in an 
analogous manner, with the energy of the HOMO of 
water being subtracted from the energy of the LUMO 
of the substrate. The electrostatic HBB. or the electro- 


static basicity (4-), is the magnitude of the most nega- 
tive formal charge in the molecule. The electrostatic 
acidity (q+) is the value of the most positive hydrogen. 
Both q+ and q- are derived directly from the Mulliken 
charges. The general form for this equation, then, is 


log P = PO + uVmc + bxi + CEO + d4- + eta + f4+ (2 )  


P is the property of interest and PO is the intercept. I t  
is important to note that although there are six descrip- 
tors in the generalized model, most correlations reduce 
to a 2-4-parameter equation. 


RESULTS AND DISCUSSION 


The resulting TLSER regression correlating the solubi- 
lity of the 22 solutes in Table 1 with the solubility in 
supercritical COz at 14 MPa and 308 K is as follows, 
where all solubilities are in mole fraction: 


log S&ypa = -6 .037~i  + 1 0 . 4 4 0 ~ ~  - 22.098q- 
+24*350q+-8.370 (3) 


N =  19, R = 0.928, S =  0.477, F =  22 


Table 2 shows the significant TLSER parameters, and 
the observed solubilities, predicted solubilities, and the 
residuals. Three compounds were found to be outliners 
(residuals of greater than two standard deviations) and 
were removed from the regression. These were benzoic 
acid (9), phthalic anhydride (ll), and acridine (15). All 
parameters were significant at the t = 0-95 Level. 


An analogous relationship was developed for the 


Table 2. TLSER descriptors and observed and predicted solubility in C02 at 14 MPa 


Log S" 


No. 


1 
2 
3 
4 
5 
6 
7 
8 
10 
12 
13 
14 
16 
17 
18 
19 
20 
21 
22 


Ti 


0.1348 
0.1249 
0.1345 
0-1292 
0.1463 
0.1390 
0.1365 
0.1262 
0.1366 
0.1456 
0.1563 
0.1493 
0.1455 
0.1462 
0.1309 
0.1464 
0.1625 
0-1427 
0.1417 


14.8516 
14.8524 
14.5857 
14.3309 
14.0169 
13.7806 
13.7436 
14.4734 
13 * 8613 
13.7997 
13.9208 
13.8593 
13.6153 
13.7509 
14.5949 
13.7033 
13.4916 
14.1646 
14- 1644 


4- 


0.2352 
0.0649 
0.2432 
0.2485 
0.0576 
0.2467 
0.2431 
0.0670 
0.2355 
0.2519 
0.0581 
0.2483 
0.2447 
0.2527 
0.3530 
0,2292 
0,0567 
0.3275 
0.3889 


4+ 


0.2107 
O.oo00 
0.1968 
0.1926 
0.0599 
0-2049 
0.2062 
0.0004 
0.1945 
0.1940 
0.0613 
0.1923 
0.2183 
0.1890 
0.2137 
0.1878 
0.0600 
0.2115 
0.2123 


Observed 


-1.201 
-1.638 
-1.745 
-1.824 
-1.845 
- 2'305 
- 2.523 
-2.775 
-2.804 
- 2.886 
-3.022 
-3.356 
- 3.461 
-3,943 
-4.023 
-4'071 
-4'222 
-4.921 
- 5.000 


Predicted 


-1.071 
-1.839 
-1.845 
- 2.01 1 
-2.384 
-2.838 
-2.614 
-2.350 
-2.614 
-3.596 
-3.065 
-3.719 
-3.032 
-3.823 
-3.633 
-3.395 
- 3 . 8 8 8  
-4.285 
-5.562 


Residual 


-0.130 
0.201 
0.100 
0.187 
0.539 
0.533 
0.091 


-0.425 
-0.190 


0.710 
0.042 
0.363 


-0.429 
-0.120 
-0.389 
-0.676 
-0.334 
-0.636 


0.562 


is in units of mole fractions. 
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Table 3. TLSER descriptors and observed and predicted solubility in COz at 20 MPa 


No. Ti ti3 4- 9' Observed Predicted Residu- 
a1 


1 
2 
3 
4 
5 
6 
7 


10 
11 
13 
14 
16 
17 
18 
19 
20 
22 


a 


0.1348 
0.1249 
0.1345 
0- 1292 
0.1463 
0.1390 
0.1365 
0.1262 
0.1366 
0.1384 
0.1563 
0.1493 
0.1455 
0.1462 
0.1309 
0-1464 
0.1625 
0.1417 


14.8516 
14.8524 
14.5857 
14,3309 
14.0169 
13.7806 
13 a7436 
14.4734 
13 861 3 
16 * 0 102 
13.9208 
13.8593 
13.6153 
13 7509 
14.5949 
13 -7033 
13.4916 
14.1644 


0-2352 
0.0649 
0.2432 
0.2485 
0.0576 
0.2467 
0.2431 
0.0670 
0.2355 
0.2780 
0.0581 
0-2483 
0.2447 
0-2527 
0.3530 
0.2292 
0.0567 
0.3889 


0.2107 
O.oo00 
0.1968 
0.1926 
0.0599 
0.2049 
0.2062 
O.oOO4 
0.1945 
0.0861 
0.0613 
0.1923 
0.2183 
0.1890 
0.2137 
0.1878 
0.06oO 
0-2123 


-1.004 
-1.420 
-1.561 
-1.770 
-1.770 
-2.260 
- 2.488 
- 2.750 
-2.745 
-2.648 
-2.903 
- 3.254 
-3.367 
-3.854 
-3.947 
- 4.046 
-4.161 
- 4.959 


~ ~~ 


-0.698 
-1-614 
-1.591 
-1.966 
-2.318 
- 2.934 
- 2.778 
-2.300 
-2.712 
-2.821 
-2.884 
- 3.587 
- 3.125 
-3.790 
-3.309 
- 3.412 
-3.829 
-5.235 


-0.306 
0.194 
0-030 
0.197 
0.549 
0.675 
0.290 


- 0.450 
- 0.033 


0- 173 
-0.019 


0-333 
- 0.241 
-0,064 
- 0.638 
- 0.633 
-0.332 


0.276 


'S is in units of mole fraction. 


solubility at 20 MPa, with the same descriptors being 
significant (again, at the t = 0.95 level). This correlation 
is 


log Sz$yPa = - 4 .374~ i  + 15.674~6 - 20.783q- 
+ 23.207q' -18.083 (4) 


N =  18, R=0.939, ~ = 0 * 4 3 1 ,  F = 2 4  


The TLSER descriptors, observed and predicted solu- 
bilities, and residuals are shown for this regression are 
shown in Table 3. Solubilities at 20 MPa were not 
available for naphthol (12) and the indole-3- 
carbaldehyde (21), and therefore could not be included 
in the regression. Further, acridine was again found to 
be an outlier and was deleted from the regression. 


It is not readily apparent why acridine, benzoic acid 
and phthalic anhydride are outliers. Acridine and 
phthalic anhydride were predicted to be less soluble 
than they were. Benzoic acid was predicted to be two 
standard deviations more soluble. Decreasing the elec- 
trostatic basicity of the former and decreasing the elec- 
trostatic acidity of the latter would bring them into line. 
It is possible that adding the hydrogen bonding gaus- 
sians by deriving the TLSER descriptors from either 
AM1 or PM3 would alleviate these descriptors, 
although initial indications on an unrelated data set do 
not suggest this." 


By examining the coefficients and t-scores of each 
variable in the regression, it is possible to speculate 
about important aspects of the solubility in supercritical 
carbon dioxide. The electrostatic basicity term, q - ,  is 


negative, suggesting an inverse relationship between 
basicity and solubility. Likewise, the molecular orbital 
basicity is positive, indicating a similar inverse relation- 
ship. It is not readily apparent why the basicity terms 
are significant in this equation, as C02 cannot act as a 
hydrogen bonding acid (or as a Lewis acid). Because of 
the inverse relationship between basicity and solubility, 
one possible explanation is that in actuality the acidity 
of the substrate is being accounted for. The electrostatic 
acidity term, q+ , is positive, suggesting increasing that 
the hydrogen bonding acidity of the substrate would 
increase the solubility. The coefficient of the final term 
in the regression, ?ri, is negative, indicating that an 
increase in polarizability of the solute decreases solubi- 
lity. This would imply that less polarizable, or 'harder,' 
solutes would be more soluble than more polarizable, 
or 'softer,' solutes. If one assumes carbon dioxide to be 
more 'hard' than 'soft', this is entirely consistent with 
both the Pearson" and Dragos3 models of acidity and 
basicity. 


The t-score, as given in Table 4 for both equations, 
gives the relative rankings of each of the descriptors. As 


Table 4. ?-Scores for equations (3) and (4) 


Equation T €a 4- 9+ 


3 -3.38 2.43 -7.64 6.24 
4 -3.44 5.76 - 8.01 6.67 
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expected, the ‘hard’ terms, qc and q-, are the most 
significant, followed by ri and y. This is entirely 
consistent with arguments given above. 


In order to determine the cross-correlations of the 
independent variables for each equation, the variance 
inflation factors (VIF) were calculated, and are given in 
Table 5 .  The VIF is the correlation of how well a given 
independent variable correlates against all other inde- 
pendent variables and is usually displayed as 
1/(1 - R’), where R is the correlation coefficient for the 
regre~sion.’~ A VIF of 1.0 indicates no correlation 
between the examined independent variable and all 
others. Cut-offs for acceptable values of the VIF vary, 
but are typically between 8 and 10. As is evident in 
Table 5 ,  the maximum value is 7.1 (for q’), coming 
close to the cut-off, but still within acceptable limits. 


Comparison of the TLSER-derived correlation with 
the Politzer-derived equation (4) is possible. First, the 
correlation coefficients are fairly close, for the 14 MPa 
case the Politzer equation gives 0.948, and with the 
20 MPa regression a correlation coeficient of 0.931 is 
achieved. Second, the TLSER correlations indicate the 
same conclusions as reached by Politzer et al. The 
TLSER parameters may be viewed as having the further 
advantage, however, of being able to separate the 
acidity and basicity effects, and to separate the covalent 
from the electrostatic interactions. 


Politzer et aL4’ also reported the use of their 
equation for predicting the solubility of several highly 
toxic organosulfur and organophosphorus compounds. 
In addition, they predicted the solubility of several 
simulants. A simulant is defined as a chemical com- 
pound (or mixture) that exhibits the same activities or 
properties of interest as the agent, but is non-toxic. It 
is useful to compare the Politzer-derived predictions for 
these compounds against the TLSER predictions. 


Table 6 displays the predicted values from the 
Politzer equation and the TLSER equation for three 
compounds, bis(2-chloroethyl) sulfide (HD, mustard), 
isopropyl methylphosphonofluoridate (GB, Sarin) and 
U-ethyl S-(diisopropylaminoethyl) methylphosphono- 
thiolate (VX). In addition, the solubilities for five simu- 
lants have also been predicted, dichloropentane (HD 
simulant), hydroxyethyl ethyl sulfide (HD simulant), 
diethyl methylphosphonate (GB simulant), p-fluoro- 
benzyl alcohol (GB simulant) and diisopropylamino- 
ethanol (VX simulant). Except for two cases (VX, 
diethyl methylphosphonate), the agreement between the 
two methodologies is fairly good. This is surprising 


Table 5 .  Variance inflation factors for equations (3) and (4) 
~ 


Equation i T  EO 4- 4+ 


3 2.4 2.6 7 . 0  7 . 1  
4 1 . 5  1.6 6.5 6.9 


Table 6. Predicted solubilities of compounds and simulants in 
supercritical C02 (14 MPa) 


Compound 


Solubilities (mole fraction) 


Politzer 
equation This work 


HD 
GB 
vx 
Dichloropentane 
Hydroxyethyl ethyl sulfide 
Diethyl methylphosphonate 
p-Fluorobenzyl alcohol 
Diisopropylaminoethanol 


2.02 x 10-2 


7.10 x 10-8 
1 . 3 3  x 10-2 
1.64 x 1 0 - ~  


5 . 5 1  x 1 0 - ~  


1 .85 x lo-” 


2.80 x lo-’ 


8 . 5 3  x 


6.62 x lo-’ 


2.24 x 10-13 
1.41 x lo-’’ 


1.78 x lo-’ 
3.60 x 
1.593 x lo-’* 
8.10 x 
4.54 x 


given the difference in molecular orbital techniques 
(ab initio versus semi-empirical) and the methodology 
(electrostatic potential versus charges and molecular 
orbital energies). 


CONCLUSION 
The TLSER descriptors provide a very good correlation 
for solubility in supercritical carbon dioxide. The data- 
set used in this correlation is admittedly small and fairly 
limited. The correlations described here are nearly as 
accurate as the higher level, ab initio quantum 
chemical, dual-parameter relationships derived by 
Politzer et al. Further, the TLSER relationship devel- 
oped here is readily comparable to other TLSER 
derived relationships. Both the TLSER and the Politzer 
equation prediced similar values for three compounds 
and six simulants, with two exceptions. 


It should also be noted that the TLSER descriptors 
represent additional effects other than those strictly 
accounted for in the generalized LSER sense. Indeed, 
taken separately, such phenomena as charge transfer 
and Lewis acidity could be readily parameterized to 
these descriptors. However, this consistent set of 
descriptors was developed within the context of the 
LSER method, and within this framework can be used 
to describe solute-solvent interactions. Because most of 
the compounds considered in past regressions have been 
monofunctional, no attempt has been made to consider 
multiple acceptor or donor sites. 
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RADICAL REACTIONS OF EPOXIDES. 2." INTRAMOLECULAR 
COMPETITION BETWEEN CYCLOPROPYLMETHYL AND 


REARRANGEMENTS t 
OXIRANYLMETHYL RADICAL RING-OPENING 


KEVIN W. KROSLEYS AND GERALD JAY GLEICHER 
Department of Chemistry, Oregon State University, CorvaNis, Oregon 97331-4003, U.S .A.  


The eryrhru-thioimidazole precursor to the cyclopropyloxiranylmethyl radical has been prepared. Treatment with 7-19 
equiv. of triphenyltin hydride at 70 O C  gave only 3-cyclopropylprop-2-en-l-ol, the product of epoxide ring opening. 
No product in which the cyclopropyl ring had opened was observed. Kinetic analysis allowed the assignment of a lower 
limit for the rate of oxiranylcarbinyl radical rearrangements of 1 x 10" s - '  at this temperature. 


INTRODUCTION 


Radicals in which the unpaired electron is adjacent to 
an epoxide ring will undergo ring-opening rearrange- 
m e n t ~ ' ~ ~ - ~ ~  which are analogous to the well 
characterized rearrangements of cyclopropylcarbinyl 
radicals. 21 *22 The regiochemical direction of epoxide 
ring opening has been shown to depend on substitution 
within the three-membered ring. Generally, ring 
opening proceeds with carbon-oxygen bond cleavage 
unless carbon-carbon bond cleavage generates a ben- 
zylic or allylic radical (Scheme 1). l7  


R = phenyl or vinyl 


Scheme 1. Regiochemical behavior of epoxy radical ring 
opening rearrangements 


k35 Ph3SnH I k24 P h & H  


v 
I 


-OH 


4 5 


Scheme 2. Overall kinetic scheme for formation of 4 and 5 
from radical 1 


* For Part 1, see Ref. 1. 
t Initial results presented at the 46th Northwest Regional Meeting of the American Chemical Society, LaGrande, OR, 1991. Taken 
from the Thesis of K. W. Krosley.* 
$Present address: Department of Chemistry and Biochemistry, University of Texas at Austin, Austin, TX 78712, U.S.A. 
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It is apparent from the literature that rearrangement 
of these epoxy radicals is rapid. In fact, no report of 
chemical trapping or spectroscopic observation of these 
species prior to rearrangement has appeared. One study 
attempted to determine the rate of epoxide radical 
rearrangement by intramolecular competition with hex- 
5-enyl radical cyclization. ’’ In that case, the ring 
opening proved to be sufficiently faster than cyclization 
and no cyclization product was observed. A similar 
result has been reported for photogenerated biradicals 
in which a fused epoxide and a fused cyclopropane 
could compete. 


In an attempt to determine the rate of oxiranyl alkyl 
radical ring opening, we have generated the 
cyclopropyloxiranylmethyl radical 1. Scheme 2 shows 
the possible fate of this radical in the presence of excess 
of triphenyltin hydride. The rate constants are labeled 
with respect to the corresponding reaction, e.g. k12 is 
the rate constant for radical 1 going to radical 2. 


RESULTS 
Scheme 3 shows the synthetic route used in preparation 
of the erythro-thioimidazole radical precursor 10. In 
addition to the erythro isomer, a parallel synthesis of a 
1:l mixture of diastereomers was carried out. Results 
for the diastereomeric mixture were identical with those 
obtained with the single isomer. The erythro compound 
was chosen owing to its ease of preparation and in 
order to investigate one isomer at a time. Based on the 
results (see below), for both the mixture of 
diastereomers and for the erythro isomer, preparation 
of the threo isomer was not attempted. 


Radical 2 was generated by treating 10 with 7-19 
equiv. of triphenyltin hydrides in benzene-d6. I2 - l4  


Azobisisobutyronitrile (AIBN) (0.05 equiv.) was 
present as an initiator. The reaction mixture was 
divided into several ampoules and sealed under a 
reduced pressfre of nitrogen after three freeze-thaw 
cycles. At 70 C, the radical precursor was completely 
consumed within 30 min. Analysis of the crude reaction 


3) Hydrolysis 6 


O’;-N/S 
1 k N  


10 


Scheme 3.  Synthesis of the erythro-thioimidazole ester pre- 
cursor to cyclopropyloxiranylmethyl radical 


S 


10 4 


mixture by proton NMR showed only 3- 
cyclopropylprop-2-en- 1-01 [equation (l)] . Further, no 
evidence for the presence of any unrearranged epoxide 
groups or any ring-opened cyclopropyl groups was 
observed (as would be expected from the presence of 
compound 5 ,  Scheme 2). Based on the limitations of 
NMR integration, we estimate that the ratio of 4 to 5 
is greater than 25 : 1. 


DISCUSSION 
The ratio of products 4 to 5 is represented by the 
equation 


This equation is obtained by assuming steady-state con- 
centrations for radicals 2 and 3. The ratio of products 
will represent the ratio of rate constants, klz/kl3, only 
under conditions for which the rearrangement reactions 
are irreversible. 


No report of allyloxyl radicals cyclizing to oxiranyl 
alkyl radicals has appeared. However, its importance 
can be assessed by considering the effect that reversibi- 
lity of oxiranyl ring opening would have on the ratio of 
4 to 5 and the ratio k12/k13. If the cyclization of 2 to 1 
is occurring, it will increase the amount of product 5 
which is formed and yield a value of k12/k13 that is too 
low. Since only a lower limit of the ratio of rate con- 
stants can be obtained (because no formation of 5 was 
observed), the reaction of 2 going to 1 can be dismissed. 
Therefore, for the purpose of determining a lower limit 
for the ratio kl2/kl3 it can be assumed that 
k21 a k a  tPh3SnHI. This assumption yields a 
simplified expression: 


From this expression, it can be seen that the relation- 
ship between the ratio of the products formed and the 
ratio of the rate constants is governed by the relative 
rates of cyclization of 3 to 1 and trapping of 3 by 
triphenyltin hydride. Three possible situations should 
be considered. First, if trapping of radical 3 by 
triphenyltin hydride is much faster than ring closure of 
3 to 1, i.e. k35[Ph3SnH] k31, then the ratio of pro- 
ducts represents the ratio of ring-opening rates. Second, 
if the rates of cyclization and trapping are similar, then 
the ratio of products will be larger than the ratio of rate 
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constants. For example, if the rates of cyclization and 
trapping were equal, then the ratio of products would 
actually represent twice the ratio of ring-opening rate 
constants. Third, if cyclization was much faster than 
trapping, then the ratio k3l/k3S [Ph3SnH] would 
become very large and the product ratio would not 
represent the ratio of ring-opening rates at all. 


The rate of hydrogen atom transfer from triphenyltin 
hydride to various radicals has been studied. Carlsson 
and Ing01d~~ found that the rate for hydrogen atom 
transfer from tin hydrides to tert-butyl radicals was 
dependent on the nature of the tin substituents. Similar 
results have been reported by Chatgilialoglu et al. 24 for 
hydrogen abstraction from tin hydrides by the more 
reactive tert-butoxyl radical. In this case, the rate of 
hydrogen transfer from triphenyltin hydride is twice as 
fast as it is for tri-n-butyltin hydride. Hydrogen atom 
transfer from tri-n-butyltin hydride to a primary radical 
has been measured over the temperature range - 30 to 
80 1C.25 The rate constant is 3.0 x lo6 1 mol-' s-l at 
80 C. Based on the relationship between triphenyltin 
hydride and tri-n-butyltin hydride (a factor of at least 
2). and the use of a 2.3 M solution of triphenyltin 
hydrides, a reasonable estimate for k35 [PhSnH]  is 
1.4 x 107 ~ 1 .  


(4) 


It is more difficult to arrive at estimates for the value 
of k31. For the cyclization of unsubstituted but-3-enyl 
radicals [equation (4)], a rate constaat of 8.0 x lo3 s - '  
has been reported for reaction at 25 C. 26*27 This is cer- 
tainly much smaller than the rate for trapping with 
triphenyltin hydride; however, the cyclization of 3 to 1 
forms a more stable secondary radical which should 
increase the rate of ring closure. For this reason, 
empirical evidence must be relied upon. Davies and co- 
workers2' found that at 80 'C, a tri-n-butyltin hydride 
concentration of 1.5 M was sufficient to trap their sub- 
stituted but-3-enyl radical prior to ring closure 
[equation (S)] . This radical should cyclize faster than 
radical 3. Not only is the cyclized radical secondary, but 
it is also stabilized by the oxygen substituent at the 
radical center. In addition, it has been shown that 
methyl substitution in the ring accelerates the rate of 


0 - SnBu3 


0 - snBu3 +& 
Me 


1.5 M nBu3SnH. v 
SnBu3 


Me 


but-3-enyl radical cyclization. 27 It is reasonable to 
expect that the use of a larger concentration of a better 
hydrogen atom donor should be sufficient to trap a 
slower radical rearrangement (3 to 1). 


Since the ratio of 4 to 5 is >25, the rate of 
oxiranylcarbinyl radical ring opening is at least 25 times 
faster than the rate of ring opening of cyclopropyl- 
carbinyl radical. 


Bowry et al. 22 have recently reported rate constants 
and Arrhenius parameters for a large number of cyclo- 
propylcarbinyl rearrangements. Using their data for the 
rearrangement of 1-cyclopropylethyl radical, th," rate 
constant for cyclopropyl ring opening in 1 at 70 C can 
be estimated to be 4.7 x lo8 s- ' .  Therefore, the rate 
constant for oxiranyl ring opening in 1 is greater than 
1 x loLOs-'.  


CONCLUSION 
Intramolecular competition between cyclopropyl- 
carbinyl and oxiranylcarbinyl radical rearrangements 
has allowed a lower limit for the rate of ring opening 
for @-epoxy radicals to be set at 1 x ~ O " S - ~  at 70 'C. 


EXPERIMENTAL 
Nuclear magnetic resonance spectra were obtained 
using a Bruker AM-400 or AC-300 instrument, with 
chloroform-dl or benzene-& as solvent. 


The purity of the reagents was determined by gas 
chromatography and was greater than 98% in all cases. 
In most cases, the purification methods were taken 
from PuriJication of Laboratory Chemicals. 29 


Preparation of I-cyclopropylprop-2-en-I-ol. A sol- 
ution of 20 g (0.164 mol) of cyclopropyl bromide in 
20 ml of diethyl ether was added dropwise to 100 ml of 
diethyl ether at 0 'C, containing 5.0 g (4 equiv.) of 
lithium wire. 30 Addition was such that the temperature 
did not rise above 10°C. After addition2 the reaction 
mixture was stirred for another 2 h at 0 C. 


The cyclopropyllithium solution was then transferred 
into an addition funnel and added dropwise to 9 .2g  
(0.164 mol) of acrolein in 100 ml of diethyl ether at 
- 78 "C (dry ice-acetone bath). The rate of addition 
was sufficienoly slow that the temperature remained 
below -20 C. Once addition was complete, the 
reaction mixture was allowed to warm slowly to room 
temperature. The reaction mixture was then poured 
over ice and the ether layer was washed twice with water 
and dried with magnesium sulfate. Solvent removal 
under vacuum and reduced pressure distillation gave 
8.9 g (56%) of 1-cyclopropylprop-2-en-1-01. 'H NMR 
300 MHz, CDCI3): 65.98 (lH, ddd, J =  17.3, 10.5 and 


J =  10-5 Hz), 3.49 (1H. dd, J =  5 - 4  and 7-4  Hz), 1.98 
(lH, broad s, OH), 1-00 (lH, m), 0.55 (2H, m), 0.30 


5*4Hz), 5.25 (lH, d, J =  17*2Hz), 5.11 (lH, d, 
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(2H, m). l3c NMR (75.5 MHz, C6D6): 6140.6, 113.8, 
76.3, 17-6, 2.9, 2.0. 


Preparation of I-cyclopropyIprop-2-en- I-one. Oxida- 
tion of 1-cyclopropylprop-2-1-01 with 4-6 equiv. of 
manganese dioxide 3 1  in chloroform at room tempera- 
ture gave 1-cyclopropylprop-2-en-1-one. The reaction 
was run for 4-6 days and followed by 'H NMR. Fil- 
tration to remove inorganic material and solvent evap- 
oration gave low isolated yields (typically 15-20%) of 
analytically pure ketone. 'H NMR (300 MHz, CDCI3): 
66.48 (lH, dd), 6.29 (lH, dd), 5.83 (lH, dd), 2-21 
(lH, m), 1.12 (2H, m), 0.96 (2H, m). 13C NMR 
(75.5 MHz, CDC13): 6200.5, 136.6, 127.5, 18.2, 11.2. 


Preparation of I-cyclopropyl-2,3-epoxypropan-I- 
one. A solution of 0.73 g (7.6 mmol) of l-cyclopropyl- 
prop-2-en-I-one in 3 . 8  ml of methanol containing 
2.2ml of 30% hydrogen peroxide was prepared and 
cooled to 0 "C in an ice-bath. 32 To this was added drop- 
wise 1.9 ml of aqueous 2.0 M sodium hydroxide over a 
30 min period. Following this addition, the reaction was 
stirred for 1 h. Extraction of the reaction mixture with 
diethyl ether and solvent removal gave 0.69 g (80%) of 
l-cyclopropyl-2,3-epoxypropan-l-one. 'H NMR 
(300 MHz, CDCI3): 63-48 (lH, m), 3-03 (lH, m), 2.97 
(lH, m), 2.02 (lH, m), 1.10 (2H, m), 0.093 (2H, m). 


14.6, 12.0, 11.4. 
13C NMR (75*5MHz, CDCI3): 6207.4, 53.6, 45.8, 


Preparation of erythro- I -cyclopropyl-2,3-epoxy- 
propan-1-ol. A solution of 90 mg (0.80 mmol) of 
l-cyclopropyl-2,3-epoxypropan-l-one in 5 .O ml of 
diethyl ether was treated with 3.0 ml of zinc boro- 
hydride (preBared by a standard pr~cedure) '~ in diethyl 
ether at - 5 C (ice-acetone bath) for 1 h. The reaction 
was then quenched with 2 ml of water and stirred for an 
additional 30 min at room temperature. Extraction 
with diethyl ether and solvent removal gave 54mg 
(60010) of 1 -cyclopropyl-2,3-epoxypropan-l-ol with an 
erythro : threo ratio of 97 : 3 by l 3  C NMR line heights. 
The assignment of the erythro stereochemistry is based 
on analogy with the literature.34 'H NMR (300 MHz, 
CDCI3): 63.09 (2H, m), 2-81 (lH, dd), 2.71 (lH, dd), 
0.85 (lH, m), 0.51 (2H, m), 0.30 (2H, m7. I3C NMR 
(75.5 MHz, CDCl3): 673.2,54*0,43.4, 13*2,2*2, 1.6. 


Preparation of thioimidazolide from erythro-l- 
cyclopropyl-2,3-epoxypropan-l-ol. A mixture of 
54 mg (0.47 mmol) of erythro-l-cyclopropyl-2,3-epoxy- 
propan-1-01, 90 mg (0.50 mmol) of thiocarbonyl- 
diimidazole and 6 mg (0.05 mmol) of 4-dimethyl- 
aminopyridine (DMAP) in 3.0ml of chloroform was 
stirred for 12 h at room temperature.I4 The reaction 
mixture was washed twice with sodium hydrogen- 
carbonate solution and twice with water. The organic 
layer was dried with magnesium sulfate and the solvent 


was removed under vacuum, leaving 73 mg (70010) of 
>98% pure thioimidazolide. NMR (300 MHz, 


(IH, dd, J =  9.4 and 3.6 Hz), 2.79 (IH, m), 2.32 (lH, 
m), 2.18 (lH, m), 0-83 (1H. m), 0.23 (2H, m), 0.16 
(2H, m). 13C NMR (75.5 MHz, C6D6): 6184.5, 136.9, 
1313, 118.3, 87.0, 51.1, 44.2, 10.4, 3-3, 2.6. 


Preparation of a diastereomeric mixture of l-cyclo- 
propyl-2,3-expoxypropan-I-oI and a diastereomeric 
mixture of thiomidazolids. A solution of l-cyclo- 
propyprop-2-en-1-01 in refluxing dichloromethane was 
treated with 1 -2  equiv. of m-chloroperbenzoic acid (m- 
CPBA) for 2 h. This reaction yielded a 1 : 1 mixture of 
diastereomeric alcohols which were converted into a 
1 : 1 mixture of thioimidazolides as above. 


C6D6): 68.30 (1H, S), 7.36 (lH, S), 6.88 (lH, S), 4-97 


Reactions of thioimidazolide with triphenyltin 
hydride. Reaction mixtures contained the thioimidazo- 
lide, triphenyltin hydride, AIBN and benzene-d6 in an 
approximate molar ratio of 1 : 7-19 : 0.05 : 10. The 
reaction mixture was divided among several ampoules 
which were sealed under a reduced pressure of nitrogen 
after three freeze-thaw cycles. In each case, one of the 
ampoules was withheld for analysis of starting material 
concentrations. The remaining ampoules were wrapped 
in foil and placed in a 70 ? 0.5 C oil-bath. In each 
run, the reaction was found to be complete within 
30 min. The only observed product was determined to 
be 3-cyclopropylprop-2-1-01 by 'H NMR (300 MHz, 


dd, J =  15-2 and 5 - 9  Hz), 3-95 (2H, d,  J =  7.4 Hz), 
1.22 (lH, m), 0.53 (2H, m), 0.26 (2H, m). Decoupling 
experiments demonstrated connectivity between the 
signal at 61-22 and those at 65.05, 0.53, and 0.26. 


C6D6): 65.62 (lH, dt, J =  15.2 and 7.4 Hz), 5.05 (lH, 
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Zn 2 +  COMPLEXES WITH N-(2-PYRIDYL)CINNAMIDES: 
CHARACTERIZATION AND UV STUDIES 


H.  DURAN, E. DURAN, L. GORRICHON AND M. PERRY 
Lobol-aioil-e de Synihese el Physicochimie Organique. URA CNRS 471, Universite Paul Sabatier, I I8 Route de Narbonne, 


31062 Toulouse Cedex, France 


Zinc(") complexes of N-pyridylcinnamides (H, m-OCH3, p-OCH, and /?-OH derivatives) were studied by 
spectrophotometric methods in aprotic media, and represent a chemical model inhibition by cinnamides of coniferyl 
alcohol dehydrogenase (CAD), a zinc enzyme involved in the lignilication process. The complexation of N- 
pyridylcinnamide and m-methoxy-N-pyridylcinnamide with zinc ion i s  effected according to a 1 : 1 stoichiometry (ML), 
whereas a two-step equilibrium (M + L = MLI='.ML*) is preferred with p-methoxy and p-hydroxy compounds. These 
ligands are mainly bonded through the carbonyl oxygen atom and the nitrogen of the pyridyl ring. Molar absorptivities 
for these complexes, not directly available, were calculated from analysis of the experiemental data. The UV 
complexation results are also supported by the stoichiometry of the complexes, which were synthesized and 
characterized. 


INTRODUCTION 


We are interested in the biochemical control of the 
lignification process through the inhibition of one 
enzyme involved in this process, coniferyl alcohol dehy- 
drogenase (CAD). This enzyme is specific to the 
lignification and catalyses the last step in the biosyn- 
thesis of the lignin monomers. It is a zinc enzyme, 
NADPH dependent, which participates in the reduction 
of p-hydroxycinnamaldehydes into alcohols; two zinc 
ions are present in the CAD3 as in other zinc alcohol 
dehydrogenases, but one only is involved at the enzyme 


active site; this zinc ion, tetrahedrally ligated, acts as a 
Lewis acid and activates the carbonyl group of the alde- 
hyde allowing the reduction to take place (Scheme 


Attempts to control the lignification using specific 
enzyme inhibitors have been carried out in two ways by 
the synthesis of compounds designed in order to 
complex zinc at the enzyme active site: first, the syn- 
thesis of irreversible inactivators of the 'suicide' type, 
which were found to be active in vitro and in v ~ v o ; ~ * '  
second, the synthesis of p-hydroxycinnamic com- 
pounds as substrate analogues. * Some cinnamides are 


NADPH NADP+ HO b O H  - Lignins 


H O A O  - w -  - 
R' H R' 


R', R' = H. OMe 


Scheme 1 
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known to show good inhibitory properties against horse 
liver alcohol dehydrogenase; among all the cinnamic 
compounds that we have synthesized as substrate ana- 
logues, namely esters, l' thioesters" and amides, the N- 
2-pyridylcinnamides8 were found to be the most active 
compounds towards CAD. No significant inhibitory 
effect was found when the N-pyridyl moiety was in 
another position on an N-alkyl chain or with the N-3- 
or -4-pyridylcinnamides. These observations prompted 
us to test the complexing ability of N-Zpyridyl- 
cinnamides towards zinc ions as a model of the com- 
plexation of zinc in CAD. 


The crystal and molecular structures of the com- 
plexes between zinc and the carbonyl group of some 
aldehydes l 2 - I 4  and amides have been determined; we 
have recently reported results on the complex between 
cinnamide 1 and Zn(CF3SO3)z. This paper reports the 
synthesis of complexes between cinnamides 1-4 and 
ZnBr2 and complexation studies in solution by UV 
spectroscopy. Zinc halides have been used with some 
success as a model of the zinc ion in alcohol dehydro- 
genase; striking spectroscopic similarities have been 
observed for the complexes with dehydrogenase 
substrates. Therefore, for purposes of comparison with 
the literature, zinc halides were retained for this study. 
Zinc bromide, which shows better solubility in aprotic 
solvents and allows an easier determination of complex- 
ation constants, was preferred to zinc chloride. l4 


EXPERIMENTAL 


Materials. The cinnamides were prepared from cin- 
namic acids using activation by N, N-dimethyl- 
chloromethyleniminium chloride and condensation 
with lithioaminopyridine, according to the conditions 
described previously.8*10 Zinc bromide (Aldrich) was 
dried at 150 "C under a pressure of lo-' mbar for 4 h. 
Diethyl ether (Et2O) was distilled from sodium. 


Preparation of complexes: method A. To 50 ml of a 
phenolamide solution (4.2 mM) in Et2O a stoichio- 
metric amount of a solution of ZnBrz ( 0 . 2 6 9 ~  in 
Et2O) was added with a syringe under magnetic stirring, 
the vessel being first blown through with a stream of dry 
argon or nitrogen. The complexes formed immediately 
and precipitated. Magnetic stirring was maintained for 
up to 20 h without significant change, except for a slight 
increase in the yields. The precipitates were filtered off 
and the solvent was removed under reduced pressure, 
finally using a vacuum pump. ZnBr2 solution was pre- 
pared by dissolving and diluting 1.0857 g of the dried 
salt with anhydrous Et2O in a 20 ml volumetric flask. 


Preparation of complexes: method 8. To 20 mg of 
cinnamide in 2 ml of Et2O (anhydrous) in a test-tube, a 
large excess of solid ZnBr2 (0- 1-0.2 g) was added in 
one portion. The mixture was homogenized by ultra- 


sonic stirring and centrifuged. The supernatant solution 
was removed and the precipitate washed four times with 
Et2O (2ml) to remove excess of ZnBr2. For each 
washing the same procedure was used: ultrasonic stir- 
ring, centrifugation and elimination of the ethereal 
solution. 


In both methods A and B a whitish powder was 
obtained. Attempts to crystallize the complexes in 
organic solvents or by sublimation were unsuccessful. 
These compounds were found to be very insoluble in 
common organic solvents. Analytical data are given in 
Table 1 .  


IR spectroscopy. The infrared spectra of the isolated 
solid complexes were recorded in KBr on a Perkin- 
Elmer Model 783 spectrometer. 


UV spectroscopy. The reactions were carried out (a) 
in the dark to avoid any accidental UV irradiation that 
might isomerize the ligands and (b) under an inert 
atmosphere to prevent hydration of the very hygro- 
scopic zinc salts. 


The experiments were effected under a stream of dry 
nitrogen and the glassware was purged with the same 
gas. The cells of the spectrophotometer were equipped 
with PTFE stoppers that permitted the introduction of 
the ZnBr2 solution via a syringe. 


The ligand was prepared at a concentration of 
4 x lo-'  M in anhydrous Et2O and aliquots of ZnBr2 
solution ( 7 - 4  x M in EtzO) were added with a 
syringe, the mixture being rapidly homogenized in the 


Table 1. Analytical data for the cinnamide complexes of 
zinc(l1) 


Elemental analysis (Yo) 


Stoichi- 
no. R ometry Calculated Observed Yield (Yo) 


1 H  ML C 37.41 37.49 82 
H 2-69 2-69 
N 6.23 6.20 


H 2.94 2.87 
N 5.84 5.88 


H 2.94 2.97 
N 5.84 6.12 


H 3.43 3.35 
N 7.94 7.55 


H 2.60 2-71 
N 6-02 5 .51  


2 m-OCH3 ML C 37.58 37.56 81 


3 p-OCH3 ML C 37.58 36.90 74 


4 p-OH ML2 C 47.66 45.95 83 


4 p-OH ML" C 36.13 34.89 42 


"Method B. 
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UV cuvette. The complexation study was stopped when 
a precipitate began to appear. The parameter p is 
defined as [MI/ [L] (M = ZnBrz, L = ligand). 


Cinnamide double-bond isomerization could occur in 
very dilute solutions; some examples were reported pre- 
viously by Lewis and co-workers; 1791* the isomerization 
rate depen$d on the phenyl and nitrogen 
substitution. 


We decided to examine two factors that could favour 
the isomerization under the conditions of the UV com- 
plexation study: (a) the influence of irradiation by the 
spectrophotometer UV lamp on the ligand solutions, 
where it was found that no change of the amide 
chromophore appeared during a period longer than that 
required for the experiments; and (b) the influence of 
daylight, where it was found that the absorbance of the 
chromophore decreased by only 5-10% as equilibrium 
between E and 2 isomers was reached in these dilute 
conditions. We assume that when the experiments were 
carried out in the dark, variations in absorbance were 
negligible. 


Mathematical calculation of equilibria. The stability 
constants of the complexes and their molar absorp- 
tivities were determined according to the method of 
Shapiro and Johnston," neglecting the equilibria 


M + 2L S ML2 
2M + L S MzL 


that require a trimolecular reaction, which is very 
unlikely to occur. The following equilibrium systems 
(1)-(3) were considered. The stability constants K, K I ,  
K2, Ki and Ki were given as a function of x and y (the 
respective molar concentrations of complexes ML, M2L 
or ML2 in equilibrium) and rno and lo (the respective 
initial concentrations of ZnBr2 and of the ligand). 


M + L & M L  (1) 


M + L ~ M L ~ M 2 L  (2) 


M + L S M L g M L 2  (3) 
+ L  


In the reaction mixture at equilibrium, for a given 
ratio p = [ZnBrzl/ [L] and for the wavelength chosen 
(Xi), we can write the calculated absorbance value 
(Acalc), where Ci represents the molar concentration of 
type i (ligand-complex) found in equilibrium with Ei as 
the molar absorptivity and l being the path length of the 
cell: 


i 


We can consider the case of the equilibrium equations 
between types M, L, ML and M2L; the procedure is 
identical for cases (1) and (3). If /=  1 cm, the calculated 


absorbance is as follows: 


Acalc. = XEML + Y E M ~ L  + (lo - x - Y)PL + (mo - x - ~ - Y ) E M  
(5 )  


where the last term is negligible. 


Analysis of experimental data. If KI and K2 are given 
values, x and y can be calculated for each measurement 
by solving the system of equations (2) and (3), which 
leads to a cubic equation. By substituting x and y by 
their values in equation (9, the values of EML and LM,L 


and the corresponding value of Q (Q = Ci A f )  are cal- 
culated after assigning relative magnitudes to the pair 
of equilibrium constants KI and Kz. By means of a 
computer, KI and K2 are assigned iterative values 
ranging from KI mi" to K1 and K2 mi" to K2 max. The 
complex model that will be selected will have to take 
into account the minimized value of Q with respect to 
values of E M L  and E M ~ L  giving the best correspondence 
between the experimental data and the assumed 
mechanism. 


The average relative error for a data point is given by 
the reliability coefficient Re: 


J L i = l  


RESULTS 


Stoichiometry of the complexes and stability 
constants 


Two types of complexes have been identified; the mono- 
N-(2-pyridyl)cinnamide complexes (ML) and the bis- N- 
(2-pyridy1)cinnamide complexes (ML2). The formation 
of stoichiometrically defined complexes was demon- 
strated by elemental analysis (Table 1). Whereas the 
monoadduct (ML) was isolated for the cinnamides 1, 2 
and 3, the cinnamide 4 gave mainly the ML or ML2 
complexes, depending on the experimental conditions. 
The intermediate ML2 adduct precipitates first on 
adding ZnBr2 solution (method A). The difference from 
amides 1-3 can be attributed to a lower solubility in 
aprotic media of the bis-p-hydroxycinnamic complex, 
owing to the presence of two phenolic functions. 


The spectral properties of the cinnamide zinc com- 
plexes and their stability constants are reported in 
Tables 2-4. 


Cinnamides 1 and 2 


When, zinc salts were added to the ligand, a gradual 
decrease in together with an increase in cC at the 
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maximum absorption of the complex (A, ,,,) was 
observed. The presence of a sharp isosbestic point 
indicates that the system contains two interconvertible 
chromophores, the free ligand and the zinc complex 
(Figure 1). The plots of the variation A,, = f ( p )  at 
various wavelengths (Figure 2) show that the interaction 
between cinnamide 1 or 2 and zinc bromide could be 
described by a one-step mechanism with a stoichi- 
ometry of 1 : 1 of metal ion towards ligand (equation 
(1)) (Table 3). The values of the stability constants 
found in these cases were 55001mol-' for 1 and 
9300 1 mof-' for 2. 


The hypothesis of two equilibria [as in equation (2) 
or (3)] cannot be completely neglected. It could occur 
in the complexation if two species showed the same f 
value at the same wavelength. 


The two-step complexation models [equation (3)] 


Table 2. Spectral properties of zinc(l1) ML complexes of 
cinnamides 


1 H 295 312 303 
2 rn-OCH3 294 31 1 303 
3 p-OCH3 314 343 3 26 


33 1 
4 p-OH 318 336 33 1 


33 1 


.' A,,,,, = Wavelength of isosbestic point. 


Table 3. Stability constants of zinc(l1) complexes of 
cinnamides 1 and 2 calcualted by using the model 


M + L ~ M L  


K EC 


No. R (Imol-I) (Imol-'cm-') Q Re 


I H  5500 19200 1 . 0 4 ~  0.004 
2 m-OCH3 9300 18600 1.52X 0.001 


were tested (Table 4). Even though with cinnamide 2 the 
results give a low quadatric error, which would be 
acceptable for K values, the f values are very different 
between the two complexes at the same wavelength 
( f M L  = 18100 and f M L 2  = 6oOO 1m0l-~cm-'), and are in 
complete disagreement with the initial hypothesis of a 
two-step equilibrium model. 


Finally, the presence of one isosbestic point in the UV 
complexation spectra, the results of the elemental ana- 
lyses of the isolated complexes and the mathematical 
calculation of equilibria are all in agreement with 
the presence of an equilibrium M + L * ML between 
cinnamide 1 or 2 and ZnBr2. 


Cinnamides 3 and 4 


The complexation of these amides by ZnBr2 differs 
from that for cinnamides 1 and 2, two isosbestic points 
appearing in the spectra. Three phases can be distin- 
guished. In the first the ligand L is in equilibrium with 
an intermediate complex I (A!,,ax = 365 nm), the final 
complex C not yet being present. An isosbestic point is 
observed corresponding to the first equilibrium 
(Xisos 1 = 331 nm with 4 and 326 nm with 3); in the 
second range of added ZnBr2 three species L, I and C 
coexist. In the final part, the ligand concentration 
becomes negligible and complexes I and C (Xkax= 
336 nm with 4 and 343 nm with 3) are in equilibrium 
and a second isosbestic point is observable 
(Xisos2 = 331 nm with 3 or 4) (Figure 3). 


Two theoretical models were considered to describe 
the phenomena [equations (2) and (3)]. The results 
agree better with equilibria in which the ML2 structure 
is involved [equation (3)] (Table 4). The values of the 
complexation constants K (Ki and Ki) are important 
(0.5-7 x lo4 1mol-') and show the ability of N- 
(2-pyridy1)cinnamides to complex zinc salts strongly. 


The comparison of the plots of Acxp = f( p )  at two 
wavelengths (Figure 4), for example when the ligand 
disappears and when the complexes form, is interesting. 
Good consistency with the model is found, whatever the 
wavelength, when p lies in the range 0-1 (Figure 4). For 
p 6 1 there is a lack of zinc salt in the solution and the 
preferentially formed complexes are ML2 and ML, in 


Table 4. Stability constants of ZnBrz complexes of the cinnamides calculated from the equilibria M + L $ ML 5 MLz 


ML MLz Q R, No. R AL (nm) K I  (I mot-') Kz (1 mol-I) 


2.28 x lo-* 0.006 
8-27 X 0.001 
9.82 x loW4 0.007 


16800 183000 9.38 X lo-* 0.009 


1 H 295 20 000 23 OOO 21 000 82 500 
2 rn-OCH3 294 20 000 22 000 18 100 6000 
3 P-OCHJ 314 20 OOO 22 000 4000 82 800 
4 p-OH 318 72 OOO 22 000 
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Figure 3. Complexation of p-hydroxycinnamide 4 by addition of ZnBrz in diethyl ether at 25 'C 
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good agreement with the two-equilibrium model and 
the stoichiometry of the isolated complexes. 


The ML2 complex predominates for low values of p 
and is associated with the complex with the most 
important bathochromic effects ( h L .  = 365 nm). 


When p increases up to 8 the theoretical curve estab- 
lished for ligand disappearance still fits the exper- 
imental values correctly. However, on the curve 
calculated from absorption values of the incoming com- 
plexes a reproducible inflection point is observed when 
p reaches 1 -5-2. The same phenomenon occurs for the 
two cinnamides 3 and 4 (Figure 4). At the inflection 
point, the ML or MLz monomers could associate to 
give new oligomers, aggregates or organized systems 
without significantly changing the observed transition 
of the chromophore. The p value at the inflection point 
on the curve could be considered as the critical concen- 
tration at which the monomers units ML or ML2 aggre- 
gate; the presence of such aggregates will induce 
multi-equilibria mechanisms. In aqueous media, 
natural polyphenols are known to readily associate with 
caffeine and related heterocyclics. The complexation is 
polydentate and aggregates are ultimately formed sufi- 
ciently to cause precipitations. 


In our experiments with syntheses, we were unable to 
solubiiize the isolated complexes in organic solvents, an 
indication that higher degrees of polymeric association 
of the stoichiometrically well defined ML or ML2 com- 
plexes could exist. 24 


DISCUSSION 
The nature of the binding sites in cinnamides is known 
to be the carbonyl oxygen in preference to the nitrogen 
lone pair. I s  We assume that N-(2-pyridyl)cinnamides 
1-4 are bidentate ligands and that zinc is linked to the 
carbonyl oxygen and to the pyridyl nitrogen donors. 
This has been previously verified by an x-ray diffraction 
study on another zinc salt complex from cinnamide 1. l6 
The enone unit in that complex was also found to be in 
an S-cis conformation and a11 the other configurations 
are trans with respect to zinc. 


Further confirmation of the participation of carbonyl 


oxygen in zinc bromide complexation comes from IR 
results. Comparison of IR data for ligands and isolated 
complexes25 has shown a large decrease in the ligand 
carbonyl stretching frequencies (L/ML, cm- ', 
KBr: 1694/1660 for 1, 169011659 for 2, 168511659 for 3 
and 167811652 for 4). 


The cinnamides forms stable compounds with ZnZ+ 
ions and the additional participation of the pyridyl 
nitrogen atom in zinc bromide complexation increases 
the stability of theses complexes. 


The UV study indicated that complexation of the cin- 
namides induces red shifts. The most important 
bathochromic effect is associated with the intermediate 
complexes I, which appear with the p-methoxy- 
cinnamide 3 and the p-hydroxycinnamide 4. A 1 : 2 
stoichiometry (ML2) and a XL,, value of 365 nm are 
attributed to these intermediates I. 


These marked red shifts in the intermediate ML2 
complexes, compared with the X,, values for the 
ligands 3 and 4, are 47 and 51 nm, respectively. They 
are attributed to partial transfer of positive charge from 
zinc cation to the para-phenolic oxygen, with a final 
quinonic limiting structure participating in the 
phenomenon. 


Although it is not completely comparable, we 
observed a A,,, value at 362 nm (CHCl3) for a quinonic 
structure which was characterized in sinapic alcohol 
oxidation26 and a similar red shift value of 48 nm in the 
complexation of N,N-dimethylaminobenzaldehyde 
with zinc ~ h l o r i d e . ~  As it is difficult for such quinonic 
structures to intervene with cinnamides 1 and 2, it 
would be tempting to correlate ML2 intermediate for- 
mation with the more extended electronic delocalization 
in cinnamides 3 and 4. 


The complexation of cinnamides with ZnBrz can be 
described by the theoretical model M + L ML for cin- 
namides 1 and 2 and by the equilibria 
M + L ML2 for the phenolic cinnamides 3 and 
4, insofar as the p values are in the range 0-1. In these 
last examples other phenomena would probably super- 
impose on these equilibria for higher values. The two- 
equilibria model fits correctly when p < 1, a scale which 
is more representative of the stoichiometry range 


ML 


L a x  L 


R = M e  3 318 


M L  


3 3 6  


M L 2  


365 
R = H  4 3 1 4  343 3 65 
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encountered in the interaction of zinc with substrate at 
the dehydrogenase active site. 


The complexing ability of cinnamaldehydes, 
substrates of coniferyl alcohol dehydrogenase and N- 
pyridylcinnamides, potential inhibitors toward CAD, 
can be correlated with inhibition activity. 


Besides the enzymatic modelling process, we believe 
that N-pyridylcinnamides provide an interesting class 
of bidendate ligands. 
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PHOTOCHLORINATION OF TETRACHLOROETHENE IN 
CARBON TETRACHLORIDE SOLUTIONS 


J. S. MILLER AND S .  LEDAKOWICZ 
Faculty of Process and Environmental Engineering, Technical University of t d d z ,  ul. Wolczariska 175, 90-924 Lddi,  Poland 


Validation of the mechanism of tetrachloroethene photochlorination at low CzC14 concentrations was investigated. 
The reaction was examined in carbon tetrachloride solution. For initial tetrachloroethene concentrations below 
2 mol I-', the solvent participates in a free-radical chain photochlorination. The presence of CCI4 disturbs the course 
of this particular chain reaction and influences the duration of the induction period. 


INTRODUCTION 


The mechanism of tetrachloroethene photochlorination 
in the absence of solvent is well established. If the 
only initiation step is the photolysis of chlorine mol- 


the following 


The last two termination steps [equations ( 5 )  and (6)] 
can be neglected owing to the excess of 
tetrachloroethene. Applying the Bodenstein rule and 
the long-chain approximation for the first four 
equations, one can obtain a kinetic equation in the form 


(7) 
dA d C  k3 
d t  d t  k4 


- - r = 0.5 ( C P ~ ) 0 ' 5 ~  


This simple expression shows that the reaction is first 
order with respect to  chlorine, zero order with respect 
t o  CzC14 and 0.5 order with respect to  the light 
intensity. 


In the absence of solvent, the reaction course is res- 
tricted to  conversion levels below about 30% (with 
respect to C2C14) owing to precipitation of the reaction 


0894-323019311 OO545-06$08 .OO 
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product. The presence of solid hexachloroethane in the 
reaction mixture distinctly disturbs this photo- 
chemically initiated reaction. The solubility of CzC16 in 
tetrachloroethene is 2-74 mol I - '  and in carbon tetra- 
chloride 2-69  moll-' (293 K).3 Therefore, in order 
to  achieve high conversion levels, a low initial 
tetrachloroethene concentration in carbon tetrachloride 
should be used. 


The photochlorination of tetrachloroethene in 
carbon tetrachloride solutions should proceed 
according to the same mechanism as in neat CzC14. 
Only as a result of changes in the ratio of the substrate 
concentrations may another possible termination 
reaction play some role [equations ( 5 )  and (6)]. 


The first work on tetrachloroethene photochlorina- 
tion in carbon tetrachloride solutions was published by 
Leermakers and Dickinson4 in 1932. Since then, some 
questions have been answered. We know that partici- 
pation of CIS' radicals is virtually impossible5 and the 
telomerization reaction of C2CL is unrealistic owing to 
steric obstacles.6 However, some problems are still not 
clear, such as the discrepancy in the mass balance of 
chlorine. The aim of this work was to examine the 
reaction course at low initial tetrachloroethene concen- 
trations and to  try to  explain the behaviour of the 
system. 


EXPERIMENTAL 


The experiments were carried out in a 
0.15 1 capacity stirred cell equipped 
jacket. The reactor, made of Pyrex 


4 . 3  cm i.d. and 
with a cooling 
glass, was sur- 


iounded with four iight sources (LF t?W glow tubes, 
manufactured by Polam, Poland) with an emission 
range of 360-620 nm of the continuous-type spectrum. 
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The necessary precautions were taken to avoid daylight 
initiation of the photoreaction. The light intensity 
within the reaction liquid was determined by uranyl 
oxalate actinometry. ' The details of actinometric 
measurements for polychromatic light have been given 
elsewhere. * The various light intensities were obtained 
by changing the distance between the lamp and reactor. 
The value of the chlorine quantum yield was assumed 
to be 0.5. 3s9 The desirable substrate concentrations 
were prepared by mixing in appropriate ratios carbon 
tetrachloride saturated with chlorine with solutions of 
tetrachloroethene in carbon tetrachloride. 


The experiments were performed in the stationary 
mode. The reaction temperature was controlled (2 1 K) 
by circulating water at constant temperature in the 
range 293-329 K. 


Chlorine concentrations in the sample were deter- 
mined by the iodimetric method using acidic potassium 
iodide in excess and back-titrating the liberated iodine 
with sodium thiosulphate. The error in the titration did 
not exceed 0.01 moll-'. 


The hexachloroethane and tetrachloroethene con- 
tents in the reaction sample were determined by gas 
chromatographic (GC) analysis. During each exper- 
iment samples of the liquid reaction mixture were 
removed through the sample port into a flask con- 
taining acetone. The sampling time was negligible com- 
pared with the reaction time. The unreacted chlorine or 
chloroacetones were desorbed using a reflux condenser 
and bubbling argon through the sample for 1 min. No 
traces of CzCls were observed on the condenser walls. 
The parameters of GC analysis were as follows: 
stainless-steel column, 3 m x 4 mm i.d.; column filling, 


3 %  OV-17 deposited Chromosorb G (60-80 mesh); 
injector temperature, 463 K; column temperature, 
443 K; flame ionization detector temperature, 473 K; 
argon flow-rate, 5 x Is-'; and internal standard 
0.1 M tetralin in acetone solution. The estimated 
accuracy of the GC analyses was 95-96%. 


The mechanical stirring rate was set at 130 rpm. The 
light intensity absorbed in the reaction mixture ranged 
from 15.42 x 10l6 to 138.9 x 10l6 quantas-ll-'. The 
initial chlorine concentration was 1.23, 0.85 and 
0.57 moll-' and the range of initial tetrachloroethene 
concentration was between 3.26 and 0.98 moll-'. 


RESULTS AND DISCUSSION 
Assuming that all consumed chlorine yielded 
hexachloroethane: 


and integrating equation (7), we obtain a typical first- 
order kinetic relationship 


(9) 


A = A O - C  (8) 


In(Ao - C )  = In A' - kt 
where 


which allows the value of reaction rate constant, k, to 
be calculated simply. The term In A' does not relate to 
the true value of the initial chlorine concentration 
because it includes the error derived from an induction 
period. 


For initial CZCL concentrations 2.46 and 
3.26 mol I-', the straight-line relationships k - Z0'5 
(Figure 1) and ro  - A o  (Figure 2) confirm the validity of 


k = k3/k8'5(pZ)0'5 


Figure 1 .  Dependence 
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the assumed reaction mechanism and of the kinetic 
orders of reaction. 


The dependence of the reaction rate constants on 
temperature in the range 293-323 K leads to an 
Arrhenius plot with the following pre-exponential 
factor and activation energy (Bo = 3.26 moll-', 
A'= 0.57 moll-', I= 63.93 x 1OI6 quantas-'l-': 


ko = ( 1  *259 + 0.762) x lo9 
E = 50.23 2 2.76 kJ mol-' 


mol - O.' s - O . ~  
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which is close to that obtained for the reaction without 
solvent and activation energy 55 - 55 kJ mol- '. 


The calculated quantum yield of the overall reaction 
of tetrachloroethene chlorination in CC4 solutions 
changes from 820 to 3250, indicating that the long- 
chain approximation is correct. 


However, for Bo < 2 moll-' we observed an unusual 
behaviour of the system. The means of increasing the 
amount of C2Cla during the reaction is not typical of a 
free-radical chain reaction as illustrated in Figure 3. 
Figure 4 shows the changes in the concentrations of all 
the reagents with time. A and B change symmetrically 


0.50 0.60 0.70 0.80 0.90 1.00 1.10 1.20 1.30 
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Figure 2. Dependence of reaction rate on initial chlorine concentration. T =  293 K; I =  15.42 x 1OI6  quantas-' I - ' ;  
Bo = 3.26 moll- '  
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Figure 3 .  Changes in hexachloroethane concentration during reaction for Eo = ( A ) 3.26, (0) 1.96 and ( ) 0.98  moll- '  with 


I =  1 5 . 4 2 ~  10'6quantas-'I-' and ( w )  0.98mol l - '  with I = 6 3 . 9 3 x  1016quantas-'I-'.  T = 2 9 3 K  







548 J. S. MILLER AND S. LEDAKOWICZ 


to C and during the induction period the chlorine 
concentration increases and then decreases. 


Figure 5 shows the dependence In A - t [equation 
(9)] for various initial concentrations of CzC4. 
Equation (9) is fulfilled by only a few points determined 
in the initial period of the reaction for Bo = 1 -96 and 
0*98moll-', and straight lines are not parallel to those 
for B' = 3.26 and 2.46 moll-'. This shows that the 
reaction order with respect to tetrachloroethene is not 
zero. Moreover, equation (8) is invalid. The chlorine 
content in the reaction mixture is several percent higher 
than that resulting from the difference of the initial 


amount of chlorine, A', and the amount of hexa- 
chloroethane obtained. This discrepancy was also 
reported by Leermakers and Dickin~on,~  but their 
explanation can no longer be accepted. This strange 
reaction course for Bo < 2 moll-' leads to the conclu- 
sion that photochlorination in the presence of CC4 
follows another mechanism. Leermakers and Dick- 
inson4 suggested that the reaction rate did not depend 
on the square root of the light intensity. Probably the 
dominant role of the square termination reaction by 
recombination of pentachloroethene radicals [equation 
(4)] is violated. Under these conditions for gas-phase 
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Figure 4. Dependence of reactant concentrations on reaction time: (p ) C12; (0) C K 4 ;  ( 0 )  CzC16. T =  293 K; 
1=63.93 x 10'6quantas-'1- 
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reactions linear termination with the vessel walls or a 
third body is often taken into consideration. This 'third 
body' here can be a carbon tetrachloride solvent mol- 
ecule. In order to prove this hypothesis, electron para- 
magnetic resonance (EPR) investigations of the systems 
CC4 and CC4-Cl2 were carried out. The radicals were 
induced photochemically and, owing to their low stabi- 
lity at room temperature, the measurements were per- 
formed at the temperature of liquid nitrogen (77 K). 


The photolysis of carbon tetrachloride demands light 
energy corresponding to a wavelength of 280 nm: 'JO 


(11) 
Figures 6(a) and (b) present the EPR spectra of carbon 
tetrachloride unirradiated and irradiated with light of 
wavelength below 280nm. The peak in Figure6(b) 
shows CCI3' radicals, confirmed by its position relative 
to standard DPPH (1,l -diphenyl-2-picrylhydrazyl). 
Irradiation of a CC4 sample through the Pyrex glass 
walls which cuts off ultraviolet light below 280 nm, does 
not lead to a CC13' band and the result is the same as 
in Figure 6(a). The EPR spectra in Figure 6(c) and (d) 
were obtained with solutions of chlorine in CC4. The 
EPR spectrum of the system CIZ-CCL [Figure 6(c)] is 


hv' ccb - ccl3'  + c1' 


10 mT 


Figure 6. EPR spectra (see text). Microwave power = 10 mW; 
T = l l K  


the same as that of CC4 without Cl2 [Figure6(a)]. 
After irradiation of the solution of chlorine in carbon 
tetrachloride through the Pyrex glass, the band for 
CCl3' radicals appeared [Figure 6(d)]. As the light 
used can only homolyse chlorine molecules, the 
trichloromethyl radicals probably arise from the 
sensitizing action of chlorine atoms according to 


Cl2 + hu -+ 2C1' (1) 


112) 


The band for chlorine atoms is apparent on the low- 
field side of the spectrum. The EPR signals of both 
samples, CC4 and CCls-Cl2 represent the superposi- 
tion of the C1' and CCI3' radical spectra. In the first 
case [Figure 6(b)] the singlet of the CC13' radical is 
more evident than in the second case [Figure 6(d)] 
where the presence of chlorine influenced the intermole- 
cular action, hence the peak of cc13' is not so distinct. 
In order to confirm that the small peak depicted by an 
arrow in Figure 6(d) originates from CC13' radicals, the 
same sample of CCh-Cl2 was additionally irradiated 
without a glass diaphragm. As shown by a broken line 
in Figure 6(d), the amount of CCI3' radicals increased 
and the spectrum became clearer. 


On the basis of preliminary EPR measurements, the 
participation of CC4 in photochlorination of 
tetrachloroethene is very probable. The reaction scheme 
in equations (1)-(6) can be completed with the fol- 
lowing elementary reactions, which have been reported 
in the literature: 11-16 


ccb + c1' -+ cch' + c12 


C1' + CCL + Cl2 + CCI,' (12)" 


I 


clz + c2c15 ' (144 
(15)14 


(16) 
(17) 


CCI3' + c12 + cc4 + C1' 
cc l3  ' + czc16 -+ CCL + c2cl5 ' 


cc l3 '  + Czc15' + czc14 + CCb 
CC13- + C1' + CC4 (18)14 


2Cc13' + C2Cl6 (19) ''*16 


czc4 + clz ( 19a) 


Participation of carbon tetrachloride in the photo- 
chlorination of tetrachloroethene is apparent at low 
Czc4 concentrations, where some of the above reaction 
steps [equations (12)-(19)] are predominant. The sol- 
ution of the kinetic equations is very difficult, mainly 
owing to the non-applicability of a quasi steady-state 
approximation. Therefore, a qualitative explanation of 
the strange reaction course is attempted here. 


The observed dependence of the induction period on 
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the initial concentration of c2c4, and hence also on 
carbon tetrachloride concentration, follows from the 
run of competitive reactions of chlorine atom with CC4 
[equation (12)] and with tetrachloroethene [equation 
(2)]. In the initial reaction period the increase in 
chlorine concentration observed in Figure 4 may be due 
to the dominance of reaction step (12) over reaction 
step (2). After the equilibrium has been attained fol- 
lowing reaction (12) and the reverse of reaction (15), the 
pentachloroethene radicals formed start a chain 
reaction according to steps (2) and (3) (an initial sharp 
increase in product concentration in Figure 4). As the 
substrate (CIS, czc4) concentrations decrease the equi- 
librium for the reversible reaction [equations (12) and 
(IS)] C1' + CC4 CIS + CCls' is shifted to the right. 
The accumulated CCl3' radicals start to participate in 
the main reaction chain [reaction steps (17) and (18)] 
and production of hexachloroethane slows. Under these 
circumstances, dynamic equilibrium is attained: the 
chlorine atoms and pentachloroethene radicals formed 
are used up in reaction steps (17) and (18) [or also 
(19a)], producing substrates and consuming CCI3' 
radicals. Hence the concentrations of the reagents 
remain unchanged (the plateau observed in Figure 4). 
As the concentrations of CC13' radicals decrease, the 
propagation steps (2) and (3) start to dominate again 
and the product concentration increases again. 


The reaction chain may consist of other reactions 
forming CzC16 with the participation of CC4 as well, 
e.g. equations (l), (2) and (12)-(15). 


It is also worth considering in this unusual reaction 
the physical interaction of the solvent with radicals 
(chain carriers), i.e. a so-called 'cage effect,' known 
also as a diffusion cage effect." The chlorine radicals 
generated in initiation and propagation steps, in 
addition to recombination, may react with solvent mol- 
ecules. The diffusion rate of radicals is very low and 
their reactivity is very high, and if they have no partner 
in the cage they react in their vicinity. This can be 
manifested by increasing the duration of the induction 
period and of the stationary reagent concentrations 
(Figure 4). 


A , B , C  


E 
h 


SYMBOLS 


molar concentrations of chlorine, 
tetrachloroethene and hexachloroethane, 
respectively 
activation energy 
Planck's constant 


Z 
ko 
k, ki 
R 
r 
T 
t 
x, y 
cp 


0 
Y 


light intensity 
pre-exponential factor 
reaction rate constant 
universal gas constant 
reaction rate 
temperature 
time 
molar concentration of chlorine and penta- 
chloroethene radicals, respectively 
quantum yield 
frequency of UV radiation 
superscript referring to initial value 
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RELATIVE STABILITY OF CROWDED ISOMERIC ENOLS: 
2-MESITYL-2-PHENYLETHENOLS AND THEIR METHYL ETHERS 
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The structure of 2-mesityl-2-phenylethenol (7) obtained by reduction of mesityl phenyl ketene with LiAIH4 and by 
acid-catalysed rearrangement of 1-mesityl-2-phenylethylene glycol was determined by x-ray crystallography to be 2 
[ ( 2 ) - 7 ] .  In contrast with a literature report, the reduction of 2-acetoxy-2-mesityl-2-phenylacetaldehyde did not provide 
the E isomer [ (E)-7] ,  but 8 mixture of (2)-7 and 2-mesityl-2-phenylethenol. An (E)-7-(.?3-7 mixture of 1 : 5 was 
obtained starting from pure (2)-7 at 80'C in dimethyl sulphoxide. The lower stability of (E)-7 was ascribed to higher 
steric effects due to a smaller Ph-C=C compared with Mes-C=C torsional angle and a preferred intramolecular 
r(Mes) -OH in ( 0 7  over r w h )  -OH hydrogen bonding. In order to dissect the effects, the corresponding 2-mesityl- 
2-phenylvinyl methyl ethers (E)-15 and (Z)-15, where hydrogen bondingois absent, were prepared and equilibrated 
in chlorobenzene. The (Z)-15:(E)-15 ratio of ca 3:l between 58 and 132' ( A G = 0 . 8  kcal mol-') gives 
AH = 0.6 kcal mol-' and A S  5 0.5 e.u. It was concluded that steric effects contribute ca 1 kcal mol-' and hydrogen 
bonding ca 1.5 kcal mol-' to the higher stability of (Z)-7 over (E)-7. The unknown mesitylphenylacetatdehyde 16 
was obtained from (2)-7 at 135 OC in 31% yield. 


Stable simple enols having two different /3-substituents 
can exist in two geometrical isomers, 1 and 2. In the 
aliphatic series and for singly /3-aryl-substituted 
systems2, both isomers were spectroscopically 
observed, although not isolated. When both R'  and R" 
are aromatic groups of similar bulk, e.g. R =  R' = 
Mes, R" = 2,6-Me2-4-t-BuC6Hz3 or R" = 3-Me0-2,4,6- 
Me3C6H,4 both isomers can be observed but only one 
was isolated on crystallization. In these two cases an 
E @ Z isomerization whose rate depends on the nature 
of the solvent was observed. In contrast, the acetates of 


\ 
R' 


R" /c=c\ OH 


R" 
\ 
/ c=c\ 


R' OH 


1 2 
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these enols and the isopropyl ethers of the latter are 
more stable and both isomers were isolated. 334 


When R '  and R" are aromatic substituents with dif- 
ferent bulk, only one isomer is usually observed and 
isolated.' Presumably, if the other isomer is initially 
formed it then isomerizes rapidly, as demonstrated with 
1,2-dimesityl-2-phenylethenol (3). Addition of mesityl- 
MgBr to mesityl phenyl ketene probably involves an 
initial formation of the (E)-enolate 4, since capture by 
AczO gives the (E)-acetate (E)-5 .  However, protona- 
tion gives enol (Z)-3 which should be formed by a rapid 
isomerization of an initially formed but not observed 
(E)-3  [equation ( l ) ]  .5*6  The geometries of (2)-3, (E)-5  
and (Z)-5 were established by x-ray crystallography. 
Interestingly, the mass spectral fragmentation of ace- 
tates ( E ) - 5  and (Z)-5 form the same species which gives 
the cleavage pattern of en01 (2)-3. ' 


There is evidence4 that the isomerization may be due 
to abstraction of the enolic hydrogen either as a radical 
or as a proton. The intermediate, having a car- 
bon-carbon bond order lower than two, is then prone 
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E-5 


Mes = mesityl 


to isomerization. Alternatively, resonative electron 
donation by the vinylic oxygen may also reduce the 
bond order of 1 via the hybrid structure 6. In order to 


- 


R" OH R" OH 


1 
+ 


6 


distinguish between these routes, we investigated the 
2-mesityl-2-phenylvinyl-OR (R = H, Me) system since 
Fuson et al.' had claimed the isolation of two isomeric 
enols. One stable enol 7 (m.p. 114-115 "C) was 
obtained by reduction of mesityl phenyl ketene 88 or by 
dehydration of 1 -mesityl-2-phenylethylene glycol9 
[equation (2)]. Treatment of 7 with Pb(OAc)4 gave the 
acetoxy aldehyde 9' which according to Fuson et al. 
gave with isobutylmagnesium bromide the geometrical 
isomer 10 of the precursor enol 7 [equation (3) 1. ' The 
configurations of 7 and 10 were not determined. Fuson 
et al. suggested that the reduction gives l-phenyl-l- 


OH OH 


HC1 I I  
C=CHOH <----- MesCH-CHPh (2) 


Me8\ 


AcOH 
/ 


Ph 


7 


E-3 \ 
\ /Mes 


ACZO Ph 
<---- 


OAC Me s /c-c\ OH 
/'="\ 


Mes 


2-5 2-3 


> Mes\ 
i-BuMgBr,ether 


/ C=CHoH 


_--___________ OAC 


-,I Ph 


Ph /C-CHo {HI > Mes? H + Y  - H 2 0  (3) 


/C-CH20H --- 
-_-_ 9 


Ph 


11 


mesitylethylene glycol (11), which undergoes dehydra- 
tion to 10 [equation (3)]. 


The formation of two isomeric enols seemed reason- 
able in view of the reduced steric hindrance of 7/10 
compared with (E) -3 / (2 ) -3 .  We therefore tried to 
repeat Fuson et al's. synthesis5 in order to characterize 
the two enols by modern methods and to investigate 
their stability to mutual isomerization. In parallel we 
synthesized the two isomeric methyl enol ethers of 7/10 
in order to compare their relative stability with that of 
the parent enols. 


RESULTS AND DISCUSSION 


Preparation of 7 and its further reduction 


Ketene 8 was obtained by a modification of Fuson et 
al.3 method, lo since the ketene prepared by the original 
procedure from mesitylphenylacetic acid and SOC12 
and then pyridine in benzene was always admixed with 
a substantial quantity of mesitylphenylacetyl chloride 


When we reduced an 8/12 mixture with LiAlH4, two 
products were obtained, enol 7 and 2-mesityl-2- 
phenylethanol (13) [equation (4)] . In contrast, 
reductionoof pure 8 with LiAlH4 gave a 89% yield of 7, 
m.p. 112 C, in a procedure similar to its reduction with 


(12). 







RELATIVE STABILITY OF CROWDED ISOMERIC ENOLS 


Mes\ 
LiA1H4 


/ CHCH2 OH 
/C=CHoH 4. Ph Ph 


CHCCl -------> Mes\ 
/ /c=c=o Or 


P d  P h' 


8 12 


c-C6H11MgBr.* Compound 7 was also obtained from 1- 
mesityl-2-phenylethylene glycol, thus confirming Fuson 
et UI.'s results.' 


Failure to obtain 10 


When 2-acetoxy-2-mesityl-2-phenylacetaldehyde (9)5 
was reduced with i-BuMgBr, following exactly Fuson et 
al.'s procedure, TLC and 'H NMR showed that the oily 
yellowish solid formed is a 6 :  1 mixture of 7 and 13. 
Crystallization gave a solid which by 'H NMR was a 
3 . 3  ( 7 ) :  1 (13) mixture the IR spectrum of which 
resembled that of 7 .  It is likely that this mixture was 
mistaken by Fuson et al. as a second isomeric en01 10. 


X-ray structure of 7 


The structure of the enol 7 was determined by x-ray 
crystallography as that of the formally more crowded 
2-isomer ( 2 ) - 7 .  Selected data are given in Table 1 and 
the ORTEP drawing and the stereoscopic view are given 
in Figures 1 and 2, respectively [bond lengths and 
angles, positional and thermal parameters and structure 


7 13 


Mes\ /OH 


Ph /c=c\ n 
2-7 


factors of ( 2 ) - 7  have been deposited at the Cambridge 
Crystallographic Data Centre]. An NOE experiment 
showed an interaction between an o-Me of the mesityl 
ring and the OH group, indicating a ( 2 ) - 7  configura- 
tion also in solution. 


The crystal structure displays several interestingofea- 
tures. (a) The Ph-C=C torsional angle (28.4 ) is 
much smaller than the Mes-C=C torsional angle 
(74.8 "). This is reminiscent of the corresponding angles 
in (E)-3 ,  (E)-5 and ( Z ) - S 6  Although ( 2 ) - 7  is formally 
more crowded than its E isomer, owing to these 
torsional angles the steric interaction of vicinal cis 
OH/Mes in (2)-7 seems lower than that of cis OH/Ph 
in (E)-7 .  


(b) The b2nd angles at the enol C=C bond are 
around 120 , the largest being the I)Ies-C=C, as 
expected. The MesCPh angle of 116-2 is noteworthy. 


Table 1. Selected bond lengths and angles for enol (2)-7 
d. 


Ph " H 


c=c K("3 / 


Mes 0 2 1  0-H 
"2< 4 4\ 


Bond Length (A) Bond angle Angle (') 


0-H 
H... Ob 


1.33(1) 
1 *365(9) 
1 49( 1) 
1.50(1) 
1*34(1)-1 *41(l)a 


1 *37(1)-1*41(1) 
1 * 50(1)- 1 * 5 1( 1) 


1-04 
1*85(1) 


235 


(4) 


123-1(7) 
116.2(6) 
120*6(7) 
121.9(7) 
1 18.9(8)- 120.9(8) 
1 18.7(8)- 122 * l(8) 
119*6(7)-121.5(7) 
10.2 
28.4 
74.8 
92.7 


147 9(5) 
~~ 


"C(6)-C(7)= 1.34 A; C(4)-C(5), C(7)-C(8)= 1.41 A. 
Intermolecular hydrogen bond. 
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Figure 1. ORTEP drawing of (Z)-7 


9 0 


Figure 2. Stereoscopic view of (Z)-7 


Angles c 120 were found in other crowded enols6”’9’2 
which are substituted at C,. However, in ( 2 ) - 7  it is still 
smaller than the ‘normal’ sp2 value in spite of the small 
steric effect at C,. 


(5) The torsional angle of the double bond itself is 
10 . This seems appreciable considering the degree of 


steric hindrance between the two parts of the double 
bond. 


(d) The unit cell (Figure 3) shows a net of four inter- 
molecularly bonded OH groups which are in an anti 
arrangement in relation to the double bond. Similar 
intermolecular hydrogen bonds were found in other 
2,2-diaryl-l-H-ethenols, 11~12 whereas an OH--a (Ar) 
interaction is observed in the solid state of the 
analogous 1-substituted systems. 


Stereochemistry of the reduction 
Formation of (E)-5 in equation (1) suggests that the 
Mes-C=C torsional angle in 8 is larger than the 
Ph-C=C angle and that 4 is formed initially by 
addition of the nucleophile to 8 from its least hindered 
side. Likewise, the enolate ion initially formed on 
LiAIH4 reduction of 8 should be 14, whose protonation 
should lead to the (E)-enol (E)-7 and not, as observed 
[equation (4)], to ( 2 ) - 7 .  Consequently, as for ( 2 ) - 3 ,  
we believe that a rapid acid catalysed ( E ) - 7 +  (2 ) -7  
isomerization took place after protonation of 14. 


14 E-7 


Methoxy ethers as a probe for dissecting steric and 
hydrogen bonding effects of the enols 


If a facile route for (E) -7=  ( 2 ) - 7  isomerization is 
available the thermodynamic preference for formation 
of (2 ) -7  should be 22.5 kcalmol-I (1 kcal= 
4.184 kJ) at room temperature. This could result from 
two different reasons. (a) It may be a mere steric effect. 
(b) In non-hydrogen bond-accepting solvents, a syn- 
C=C-0-H conformation is present, and a stronger 
OH--a(Mes) than OH-r(Ph) hydrogen bonding 
should contribute to the stabilization of ( 2 ) - 7 .  This is 
due to a better electron donation by the mesityl ring and 
a better alignment of the r-Ar and the OH. Fortu- 
nately, the influence of both effects can easily be tested. 


To elucidate the steric effect of mesityl vs phenyl in 
( E ) -  and ( 2 ) - 7 ,  the intramolecular hydrogen bonding 
should be removed. We have synthesized the two 
isomeric enol ethers (Z)-15 and (E)-15 where such 
hydrogen bonding is absent and determined their rela- 
tive stability. MMP2 calculations l3  indicate that the 
conformation around the C-C-0-Me group is anti 
in both enol ethers, as demonstrated by their heats of 
formation (kcal mol-’): syn-(Z)-15 (+1*5), anti-(Z)- 
15 (-0-8), syn-(E)-15 (>8; no local minimum found) 
and anti-(E)-15 (0.4). The preference for the anti con- 
formation in 15 is in contrast to that observed in simple 
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Figure 3 .  Unit cell of (Z)-7 


enol ethers, where non-bonded attraction favours the 
syn conformer. l4 


When enol (2)-7 was reacted with dimethyl sul- 
phate15 we obtained methyl enol ether (2)-15. 
Although Fuson et a1.9 reported formation of a single 
ether from the reaction of 7 with methanolic hydrogen 
chloride, the reaction gave in our hands two isomeric 
enols, (2)-15 and (E)-15 [equation ( 9 1 .  After chro- 
matography the isolated yields were (Z)-W 47% 
(yellow liquid) and (E)-15 21% (white crystals). 


The main difference in their 'H NMR spectra is the 
downfield shift of the vinylic hydrogen in (Z)-15 
(CDC13): 6 6.71 [(Z)-151 and 6.07 [(E)-15], while in 


cyclic voltammetry the El/z(SCE) are similar: 1 -20 V 
[(Z)-151 and 1.23 V [(E)-15]. The configuration 
assignment of the ethers is based on the assumed reten- 
tion of configuration in the reaction of (2 ) -7  with 
(Me0)ZSOz [equation (5) 1 ,  so that the ether formed is 
only (Z)-15. Apparently, Fuson et al. were unable to 
separate (2)-15 and (E)-15. 


(E)-15 can be formed in equation (5 )  by (a) an HCI- 
catalysed isomerization of (23-7 to the less stable 
(E)-7,  which undergoes faster etherification, (b) a 
ketene acetal or hemiacetal formation followed by loss 
of MeOH or H20 or (c) a partial isomerization of an 
initially formed (Z)-15. 


HC1 


> 2-15 + Mas\ /OH ------ 
Ph /c=c\ H Ph /c=c\ H MeOH Ph /c=c \OMe 


Mes, ,OMe (Me0)2S02 


<--------- 


2-15 2-? E-15 
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The relative stability of (2) -15  and (E)-15 was 
determined in hexane and chlorobenzene with p- 
toluenesulphonic acid as a catalyst. Starting from either 
(2) -15  or (E)-15 the same (2) -15: (E)-!5  ratio of 
75 2 2:25 k 2 was obtained at about 60 C in both 
solvents. With chlorobenzene as a solvent, the 
(Z)-15 : (E)-15 ratio was found to be almost indepen- 
dent of temperature between 58 and 132°C (AG= 
0.8 kcal mol-'), giving AH = 0.6 kcal mol-' and 
AS = 0-5  e.u. for the (2) -15  * (E)-15 equilibrium. 


Obviously, the smaller difference in stability of 
(2) -15  and (E)-15 compared with ( 2 ) - 7  and (E)-7 
implies that steric effects are not solely responsible for 
the thermodynamic preference of en01 (2 ) -7 .  Most 
likely hydrogen bonding effects are also operative. As a 
prerequisite, the conformation of enol(2)-7 in solution 
needs to be syn in contrast to the solid-state data. To 
probe the conformation in solution, we determined the 
'J(HC0H) coupling constants as a function of the 
hydrogen bond accepting ability of the solvents. In line 
with earlier 'H NMR studies on M ~ s ~ C = C H O H , ' ~  the 
values obtained for (2 ) -7  indicate that in deuterated 
dimethyl sulphoxide (DMSO-da) (where 3 J =  6.5 H z ~  
the conformation is anti with a dihedral angle of > 30 
whereas in CDCl3 ( 3 J =  13.5 Hz) a syn conformation 
prevails. 


Formation of (E)-7 and mesitylphenylacetaldehyde 16 
Obviously the stronger hydrogen bond to DMSO 
replaces the intramolecular OH- -a(Ar) hydrogen bond 
to the mesityl ring. Consequently, in DMSO the relative 
stability of the two enols ( 2 ) - 7  and (E)-7 is mainly con- 
trolled by steric effects, which should result in approxi- 
mately the same A H [ ( Z ) - 7 S  (E)-7]  value as for the 
two isomeric enol ethers (2) -15  and (E)-15.  On dissolu- 
tion of ( 2 ) - 7  in DMSO-da at room temperature still 
only the signals for (Z)-7  6(DMSO-d6) 7.06 (=CH, 
J =  6-5  Hz) and 8.93 (OH, J =  6.5 Hz) were observed 
in the 'H NMR spectrup. However, after heating the 
solution for 5 h at 80 C, signals of two new com- 
pounds emerged in both the 'H and I3C NMR spectra. 
According to 'H NMR integration both compounds are 
isomers to (2)-7. The minor isomer was formed to 
about 1%. The major new isomer has signals at 6 
(DMSO-d6) 6-45 (=CH, d, J = 6 - 5 H z )  and 9.50 
(OH, J =  6.5 Hz), i.e. a lower field hydroxy proton and 
a higher field vinylic hydrogen than for ( 2 ) - 7 .  The 
similar ' J  (HCOH) coupling and the 'H 
and I3C NMR spectra indicate that the new compoyd 
is (E)-7 .  From the ( 2 ) - 7 :  (E)-7 ratio of 5 : 1 at 80 C, 
which does not change after cooling to room tempera- 
ture for 24 h, but which is07 : 1 after 72 h, a AG value 
of ca 1 - 1 kcal mol-' at 80 C was derived. This value is 
close to that observed for the corresponding enol 
ethers. Consequently, we believe that this energy differ- 
ence between either (2 ) -7 / (E) -7  or for ( Z ) - U / ( E ) - U  


is mainly due to a differential steric interaction of the 
OR ( R = H ,  Me) with the mesityl and the phenyl 
groups. 


At 100°C the (2 ) -7 : (E) -7  ratio is 3.6: 1 and the 
minor isomer, which is formed in 3% yield, could be 
spectrally identified as the unknown mesitylphenyl- 
acetaldehyde (16). 


MesCH(Ph)CHO 
16 


It exhibits signals at 6 (DMSO-d6) 9-90 (CHO) and 
5-30 (CH) with ' J <  1 Hz and Y C O =  1725 cm-' (in 
CHCl3). All attempts to obtain 16 by oxidation of 13 
by using MnOz, '' SeOz, '* TEMPO-O~-CUCI'~ or 
Swern's reagent" resulted in the formation of mesityl 
phenyl ketone and enol ( 2 ) - 7 .  However, reduction of 
12 (Pd-BaS04-H2, 21 L ~ A ~ H ( O - ~ - B U ) ~ ~ ~ )  afforded 
(2 ) -7 ,  13 and up to 13% of 16. Finally, 16 was 
obtained in 31% yield by heating neat (2 ) -7  for 5 h at 
135 "C. Although the aldehyde may be an intermediate 
in the (2 ) -7  S (E)-7 transformation, this issue was not 
investigated further. 


Our AM1 c a l c ~ l a t i o n s ~ ~  of the enthalpies of for- 
mation (kcal mol-') of enols syn-(Z)-7 (- 3 .a), anti- 
( 2 ) - 7  (+ 2.2), syn-(E)-7 (- 2.6) and anti-(E)-7 (+ 2-0) 
and of aldehyde 16 (-1 * 1) agree qualitatively with the 
experimental data. The observed stability order is 
( 2 ) - 7  > (E)-7 (sun isomers in CDCl3) and aldehyde 16 
has a higher energy than the tautomeric enols (in a non- 
polar solvent). 


CONCLUSIONS 


In contrast to Fuson et al.'s report, only one, rather 
than two, configurationally stable 2-mesityl-2- 
phenylethenols is formed and isolated from light petro- 
leum. The isolated enol ( 2 ) - 7 ,  where the Mes-C=C 
torsional angle is larger than the Ph-C=C angle, is 
less destabilized by Ar-OH steric interactions and in 
CDCl3 is also stabilized by an internal OH--a(Ar) 
hydrogen bond to the mesityl group when compared 
with its (E)-isomer (E)-7.  In DMSO, where the intra- 
molecular hydrogen bond is replaced by hydrogen 
bonding to the solvent, both isomers could be detected 
and (2 ) -7  is favoured by about 1.1 kcal mol-' over 
(E)-7 at 80 "C. From the slightly smaller stability differ- 
ence of the isolable enol ethers (Z)-15 and (E)-15, we 
estimate that steric effects contribute cu 1 kcal mol-' to 
the difference in stability of the isomeric enols, while 
intramolecular hydrogen bonding in the syn-enol (Z)-7  
contributes an additional 2 1.5 kcal mol-'. 


EXPERIMENTAL 


General. For general information, see Refs 11 and 
24. The AMlZ3 and MMP2I3 calculations were per- 
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formed on a MicroVAX computer (Digital Equipment) 
using MOPAC 6.00 (Quantum Chemistry Program 
Exchange No. 455). 


2-Mesityl-2-phenylethenol [( 2)-71. (i) From 8. TO 
obtain the pure, orange-yellow ketene 8, prepared 
according to the procedure gi!en by Fuson et al.," it 
was distilAed twice (at 150-155 C/13-14 mm Hg and at 
125-126 C/3 mm Hg) to remove the corresponding 
acid chloride. To an ice-bath cooled solution of 8 (4 g, 
16.95 mmol) in dry THF (60 ml) under argon was 
added in portions LiAIH4 (1 g, 26-32 mmol). The ice- 
bath was then removed and the mixture was stirred at 
room temperature under argon for 2-5  h. The cooled 
mixture was then decomposed in water (20 ml) and then 
10% HzS04 (100 ml). Extraction with diethyl ether 
(4 x 75 ml), drying (MgS04) and evaporation of the 
solvent yielded (2)-7 (3.59 g, 89%) as a white soiid. 
Recrystallization (light petroleum ether, b.g. 60-80 C) 
yielded 7, m.p. 112 C (lit.9 m.p. 114-1 15 C). IR: Ymax 


(OH, v w), 1630 (C=C, s) (lit.9 ~ 0 ~ = 3 6 2 3  and 
3521 cm-'). The spectrum was identical at 5-13% con- 
centrations in CC4. UV : A,, (hexane) = 212 nm sh (E 


Mes-o-Me), 2.32 (s, 3H, Mes-p-Me), 4.42 (d, lH, 
J =  13.2 Hz, OH), 6.96-7.22 (s + m, 8H, 
Ar-H + = CH). Mass spectrum (EI, 70 eV, room tem- 
perature): m/z  (relative abundance, assignment) = 238 
(100, M), 223 (12, M - Me), 220 (7, M - HzO), 209 (33, 
MesCHPh), 195 (12, MesCHPh - CHz), 179 (17, 
MesCHPh - 2Me), 165 (lH, MesCPh - 3Me), 119 (7, 
Mes), 105 ( 5 ,  PhCO), 91 (10, PhCHz), 77 (7, Ph). 


(CCL) = 3621 (OH, v w), 3518 (OH, s), 3462, 3402 


25 OOO), 257 (13 300). 'H NMR (CDzCIz) : 6 2.10 (s, 6H, 


( i i )  By acid-catalysed rearrangement of 1-mesityl-2- 
phenylethylene glycol. According to the procedure 
describedo by Fuson et aL9 we fbtained ( 2 ) - 7 ,  m.p. 
108-110 C (lit.9 m.p. 114-112 C); GC, 25 m %E-30 
column programmed from 125 C (5  min) to 250 C at 
10 "C min-', retention time = 14.70 min (purity 97%), 
in 79% yield. IR (KBr): v = 3450-3200 (s, OH), 2900 
(m, CH), 1650 (m), 1620 (w), 1590 (m, C=C). 'H 
NMR (CDCl3): 6 2.09 (s, 6H, Mes-o-Me), 2-31 (s, 3H, 
Mes-p-Me), 4.30 (d, ' J =  13.5 Hz, lH,  OH), 6.95 (s, 
2H, Mes-H), 7.07 (d, ' J =  13.5 Hz, lH, CHOH), 
7.09-7.30 (m, 5H, Ph-H). 13C NMR (CDC13): 6 
19.79 (C-17/C-15), 21.18 (C-16), 117.12 (C-9), 124.61 
(C-4/C-8), 125.91 (C-6), 128.65 (C-S/C-7), 129.07 (C- 
ll/C-13), 129.79 (C-3), 137.91 (C-12), 138.04 (C3), 
138.50 (C-lO/C-14), 139.05 (C-I). Mass spectrum (CI, 
NHZ): m/z  (relative abundance, assignment) = 256 
(100, M + NH:), 238 (20, M+). 


Reduction of a mixture of 8 and 12. Formation of 
( 2 ) - 7  and 13. To a mixture of phenyl mesityl ketene 
(8) and phenylmesitylacetyl chloride (12) (2.5 g, 
0.01 mol if the mixture was pure 8) in dry THF (40 ml) 


under argon was added L i A I h  (0.96 g, 0-025 mol) and 
the reaction mixture was refluxed for 30min. After 
cooling, the ice-bath cooled mixture was carefully 
decomposed with several drops of water, MgS04 was 
added and the THF solution was filtered. Dilute (3%) 
HCl (50 ml) was added to the filtrate and the aqueous 
solution was extracted with diethyl ether ( 5  x 15 ml) 
and dried (MgS04). The combined organic layers were 
evaporated, giving a white solid (1.81 g). TLC [?O% 
diethyl ether-80% light petroleum (b.p. 40-60 C) ] 
showed mainly two spots. 'H NMR (CDCl3) indicated 
the presence of a mixture of (2)-7 and 13 in a 1 : 1.5 
ratio. A 1-3  g amount of the mixture was separated into 
two fractions on an Si-60 (230-400 mesh) pressure 
column with 20% diethyl ether-80% light petroleum 
(b.p. 40-60 "C) as eluent. The first fraction was a white 
solid (202 mg, 15%). Two recrystallizations of 101 mg 
from light petroleum (b.p. 60-80 .C) afforded 41 mg of 
(2)-7 as a white solid, m.p. 112 C. 


The second fraction was a white solid (668 mg, 
48%). Recrystallization from light petroleum (b.p. 
60-80 "C) afforded pure 13 (504 mg) as a white solid, 
m.p. 75.5 "C. UV: X, (hexane) = 211 nm sh (E 
14000), 262 (760). IR: vmax (Nujol) = 3260 (OH, br s), 


(CDzClZ) : 6 1-52 (br s, lH,  OH), 2.14 (br s, 6H, Mes- 
o-Me), 2.24 (s, 3H, Mes-p-Me), 4.10-4.19 (dd, lH, 
one H of CHCHz), 4.44-4.53 (dd, lH, one H of 
CHCHz), 4-71-4-79 (dd, lH,  one H of CHCHz), 6.84 
(s, 2H, Mes-H), 7.11-7.30 (m, 5H, Ph-H). Mass 
spectrum (EI, 70 eV, room temperature): m/z  (relative 
abundance, assignment) = 240 (23, M), 238 (5 ,  
M-Hz). 209 (100, MesCHPh), 194 (11, 
MesCHPh - Me), 179 (20, MesCHPh - 2Me), 165 (6, 
MesCPh - 3Me), 119 (2, Mes), 115 (2), 91 (6, C7H7), 77 
(4, Ph). Analysis for 13: calculated for C17H~00, C 
84.96, H 8.39; found, C 84.72, H 8.15%. 


2980-2820 (CH, s), 1590 (C=C, w). 'H NMR 


2-Acetoxy-2-mesitylphenylacetaldehyde, 9. Com- 
pound 9, m.p. 130 "C, was prepared by Fuson et al.'s 
procedure. Glacial AcOH (Riedel-de Haen, 99-100% 
pure) solvent was dried by distillation from triace- 
tylborate. IR : Vmax = 2950-2830 (C-H, s), 1740iAc0, 
s), 1720 (CO, s), 1600 (C=C, w) cm-I [lit. 1762 
(OCOCHs), 1733 (CHO) cm-'I. 'H NMR (CDzCIz) : 6 
2.16 (s, 6H, Mes-o-Me), 2.21 (s, 3H, AcO or Mes-p- 
Me), 2.26 (s, 3H, AcO or Mes-p-Me), 6.85 (s, 2H, 
Mes-H), 7.25-7.39 (m, 5H, Ph-H), 9.67 (s, lH, 
CHO). Mass spectrum (EI, 70 eV, 85 "C) : m/z  (relative 
abundance, assignment) = 296 (7, M), 237 (6, 
M -  OAc), 225 [66, Mes(Ph)CHzCH3], 209 (6, 
MesCHPh), 194 (4, MesCHPh-Me), 178 (12, 
MesCPh - 2Me), 165 (9, MesCPh - 3Me), 147 (13, 
MesCO), 119 (13, Mes), 115 (6), 105 (100, PhCO), 91 
(14, C7H7), 77 (49, Ph). 


Reduction of 9. ( i )  with i-BuMgBr. Fuson et aI.'s 
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procedure' using i-BuMgBr in a five-fold excess relative 
to 9 was followed exactly. TLC (40% diethyl 
ether-60% light petroleum) and the 'H NMR (CDzC12) 
showed that the oily yellowish solid formed (1.13 g) 
was an approximately 6.6: 1 mixture of 7 and 13. 
Crystallization (light petroleum) afforded a white solid 
(0-36 g), the 'H NMR (CD2C12) of which corresponds 
to a 3.3 : 1 ratio of 7 to 13. The IR spectrum (Nujol) 
and the TLC pattern correspond to those of 7. No enol 
isomer [i.e. (E)-7] to (2)-7 was obtained. 


(ii) with LiAIH4. To 9 (200 mg, 0.68 mmol) dis- 
solved in dry diethyl ether (10 ml) under argon was 
added LiAIH4 (51 mg, 1 -34 mmol). The reaction was 
followed by taking small samples after 1.5, 2 and 3 h, 
decomposing with water, extraction with diethyl ether, 
drying (MgS04) and evaporating. TLC (40% 
CH2C12-60% light petroleum) showed a spot with an 
Rf much lower than that of either 7 or 9. After 3.5 h 
of reflux the mixture was cooled in an ice-bath and 
decomposed with water (10 ml) and then with aqueous 
NH4Cl (20 ml), followed by extraction with diethyl 
ether (3 X 35 ml), drying (MgS04) and evaporation. A 
colourless, clear oil was obtained (175 mg). Recrystal- 
lization from diethyl ether-light petroleum (bbp. 
40-60 "C) yielded a white solid (63 mg), m.p. 87.5 C 
(10 melts at 100-102°C'). From the 'H NMR 
(CD2C12) spectrum it is not clear whether this is an enol 
or a diol : 6 2*22,2.26 (2 s, 9 H, Mes-Me), 4.02-4.07 
(d, lH,  J =  11.3 Hz, CH or OH?), 4-25-4.31 (d, lH, 
J = 1 1 - 3 H z ,  CH or OH), 6.81 (s, 2H, Mes-H), 
7.23-7.35 (mb4.75H, Ph-H). In the mass spectrum 
(EI, 70 eV, 75 C) there are small peaks at m/z  256 (13, 
l l ? )  and 238 (7). The base peak is at m/z  225 
[MesC* (Ph)OH]. 


The microanalysis does not correspond to 11 or to 
enol 7. Analysis for 11: calculated, C 79.65, H 7.86; 
found, C 75.50, H 7.48%. 


Z-2-MesityI-2-phenyIvinyI methyl ether [( Z)-Z5]. 15,24 


A mixture of 7 (1-Og, 4-2mmol) and redistilled 
dimethyl sulphate (2.75, 28.9 mmol) in methanol 
(9 ml) was heated to reflux and to the hot solution was 
added with vigorous stirring, in small portions, a sol- 
ution of KOH (2*4g, 43 mmol) in methanol (15 ml). 
The suspension was then refluxed with stirring for 
30min, poured into water (60ml) and 2M HCI 
(10 ml), extracted with diethyl ether (100 ml) and then 
with water (IOOml), dried (Na~S04) and the solvent 
was evaporated. Chromatography on silica gel M60 
using 3 : 1 cyclohexane-CHzCl2 as eluent gave 185 mg 
(17(rlo) of (Z)-15 as an oil (lit. l6 m.p. 44-45 "C). GC, 
35 m OV-17 column programmed from 60 "C (1 min) to 
250 "C at 10 "C min-': retention time = 22.28 min. IR 
(neat) : vmax = 3000 cm-' (w, C-H), 2900 (vs, CH), 
1630 (s, C=C), 1600 (m, C=C), 1220 (vs), 1140 (s), 
1100 (s) cm-'. 'H NMR (CDCl3):6 2.09 (s, 6H, 


Mes-o-Me), 2.30 (s, 3H, Mes-p-Me), 3.68 (s, 3H, 
OMe), 6.71 (s, lH,  =CHI, 6.90 (s, 2H, Mes-H), 
7-05-7-23 (m, 5H, Ph-H), I3C NMR (CDC1,):6 
20.07 (C-17/C-15), 21.24 (C-16), 60.39 (OMe), 118.21 
(C-9), 124.99 (C-4/C-8), 125.86 (C-6), 128.26 (C- 
5/C-7), 128.54 (C-ll/C-l3), 133.30 (C-3), 136.65 
(C-12), 136.97 (C-lo/ C-14), 138.93 (C-2), 145.43 
(C-1). Mass spectrum (EI), m/z  (relative abundance, 
assignment) : 252 (100, M), 238 (4, M - Me), 220 (20), 
147 (100, MesCO), 119 (28, Mes), 105 (20, PhCO), 77 
(16, Ph), 51 (8); (CI): 270 (100, M + NH;), 147 (25, 
MesCO). Analysis for (E)-15 : calculated, C 85.67, H 
7.99; found, C 85.69, H 7.92%. 


( Z ) -  and (E)-2-mesityl-2-phenyIvinyI methyl ethers 
[(Z)-Z5 and (E)-251 from (Z)-7and HCI-MeOH. To 
MeOH (80 ml) saturated with dry HCl was added (2)-7 
(1 - 8  g, 7.6 mmol) and the mixture was refluxed for 
11 h. After cooling it was poured into water (500 ml) 
and the product was extracted with diethyl ether 
(300ml) and then washed with water (100ml). The 
organic phase was dried (Na~S04), the solvent was 
evaporated and the remainder was chromatographed on 
silica gel M-60, giving two fractions, at Rf0.6 [the (Z)- 
enol ether (2)-151 (900 mg, 47%) and at Rf 0.67 [the 
(E)-enol ether (E)-15] (400mg, 21%). The 
chromatographic and spectral data for (Z)-15 were 
identical with those reported above. (E)-15 : m.p. 
80-81 "C; GC, 25 cm OV-17 programmed from 60°C 
(1 min) to 250°C at lO"Cmin-', retention 
time = 20.45 min. IR (film) : vmax = 3000 (C-H, w), 
2900 (C-H, VS), 1630 (C=C, s), 1600 (C=C, 
m) cm-'. 'H NMR (CDCI3) : 6 2.13 (s, 6H, Mes-o-Me), 
2.30 (s, 3H, Mes-p-Me), 3.77 (s, 3H, MeO), 6.07 (s, 
lH,  =CH), 6.91 (s, 2H, Mes-H), 7.10-7-30 (m, 3H, 


17/C-15), 21.13 (C-16), 60.54 (OMe), 115-68 (C-9), 
Ph-H), 7.42 (2H, Ph-H). I3C NMR:6 20.36 (C- 


125.05 (C-6), 125.94 (C-4/C-8), 128.08 (C-5/C-7), 
128.27 (C-ll/C-13), 128.55 (C-lO/C-14), 135.70 (C-3), 
136.64 (C-lO/C-14), 137.25 (C-12), 138.68 (C-2). 
147.43 (C-1). Mass spectrum (EI), m/z  (relative 
abundance, assignment) : 238 (4, M - Me), 147 (100, 
MesCO), 119 (28, Mes), 105 (20, PhCO), 77 (16, Ph), 
51 (8); (CI): 270 (100, M + NH;), 147 (25, MesCOO). 
Analysis for (E)-15:calculated, C 85-67, H 7.99; 
found, C 85.43, H 8.18%. 


Cyclic voltammetry of (2)-ZS and (E)-ZS. A 1 mM 
solution of the enol ether [(Z)-15 or (E)-15] in dry 
CH2Cl2 (6 ml) containing tetra-n-butyl ammonium 
hexafluorophosphate (0.1 M) was prepared under 
nitrogen. Ferrocene was used as a reference 
(E1/2 = 0.304 V vs SCE)." At -10 "C quasi-reversible 
waves were recorded using scan rates between 500 and 
10 mV s-', providing E1/2 [(Z)-151 = 1-23 V vs SCE 
(lifetime 1.0 s) and El/2 [(E)-15] = 1.20 V vs SCE 
(lifetime 2 -0  s). 







RELATIVE STABILITY OF CROWDED ISOMERIC ENOLS 24 1 


High-temperature equilibration study of en01 ethers 
(Z)-ZS and (E)-ZS. A 0.01 M solution of both enol 
ethers and p-toluenesulphonic acid in chlorobenzene 
was heated at various temperatures until no change in 
the (2)-15 : (E)-15 ratio was observed by GC. The fol- 
lowing (2)-15 : (E)-15 equilibrium ratios were obtainoed 
by starting either from (2)-15 or (E)-15:58.6 C 
(76 : 24), 70.5 "C (77 : 23), 80-0 "C (75 : 29,  90.6 "C 
(76 : 24), 106.6 "C (73 : 27), 119-4 "C (74 : 26) and 
131-7°C (74:26). A similar experiment at 57 "C with 
hexane as solvent led to a (Z)-15: (E)-15 ratio of 
75 : 25. 


High-temperature study of (2)-7. Only the signals of 
(2)-7 were observed in the 'H NMR and 13C NMR 
spectra when it was dissoolved in DMSO-da under a 
nitrogen atmosphere at 25 C. 'H NMR (DMSO-d6) : 6 
2-01 (s, 6H, Mes-o-Me), 2.25 (s, 3H, Mes-p-Me), 6.86 
(s, 2H, Mes-H), 7.06 (d, 3J= 6.5 Hz, lH, CHOH), 
7-15-7-25 (m, SH, Ph-H), 8.93 (d, 35= 6.5 Hz, lH, 
OH). "C NMR (DMSO-&): 6 19.63 (C-17/C-15), 
20.60 (C-16), 114.62 (C-9), 123.89 (C-4/C-8), 124.75 
(C-6), 127.74 (C-5/C-7), 128.28 (C-ll/C-l3), 133.69 
(C-3), 135.21 (C-12), 136.48 (C-lO/C-14), 139.46 
(C-2), 140.26 ((2-1). 


When the solution was heated under a nitorogen 
atmosphere for 5 h at 80 "C and analysed at 25 C by 
NMR, it displayed two sets of signals in a ratio of 5 : 1. 
One corresponded to those of (2)-7, while the other 
was ascribed to the isomeric enol (E)-7. After 24 h at 
room temperature the 'H NMR spectrum still showed 
a (2)-7 : (E)-7 ratio of 5 : 1 in DMSO that increased to 
7:  1 after 72 h. Data for (E)-7: 'H NMR (DMSO- 
ds): 6 2.06 (s, 6H, Mes-o-Me), 2.22 (s, 3H, Mes-p- 
Me), 6.45 (d, ' J =  6.5 Hz, lH, CHOH), 6.86 (s, 2H, 
Mes-H), 7.06 (mc, lH, Ph-H), 7.15-7-25 (m, 2H, 
Ph-H), 7.37 (mc, 2H. Ph-H), 9.50 (d, 3 J =  6.5 Hz, 
lH, OH). 'H NMR (CDClp):6 5.12 (d, lH, 
J =  13.5 Hz, OH), 6.41 (d, lH, J =  13.5 Hz, CH). 13C 
NMR (DMSO-d6): 6 19.85 (C-17/C-15), 20.52 (C-16), 
111.62 (C-9), 123.88 (C-4/C-8), 124.67 (C-6), 127.06 
(C-S/C-7), 127.83 (C-ll/C-13), 133.64 (C-3), 135.15 
(C-12), 137.74 (C-lO/C-14), 140.02 (C-2), 142.33 
(C-1). Signals for aldehyde 16 (1010) as described below 
were also observed. 


A 'H NMR spectrum of the (2)-7-(E)-7 mixture at 
100°C showed broadening of the OH doublet due to 
coalescence. (2)-7 : 'H NMR (DMSO-d6) : 6 2.01 (s, 
6H, Mes-o-Me), 2.25 (s, 3H, Mes-p-Me), 6.86 (s, 2H, 
Mes-H), 7.06 (s, lH, CHOH), 7.15-7.25 (m, 5H, 
Ph-H), 8.36 (br s, lH, OH). (E) -7 :  'H NMR 
(DMSO-d6):6 2.06 (s, 6H, Mes-o-Me), 2.22 (s, 3H, 
Mes-p-Me), 6.45 (s, lH, CHOH), 6.86 (s, 2H, 
Mes-H), 7.06 (mc, lH, Ph-H), 7-15-7-25 (m, 2H, 
Ph-H), 7-37 (mcr 2H, Ph-H), 9-00 (br s, lH, OH). 


Synthesis of aldehyde 16. Pure enol (Z)-7 was 


heated at 135 "C in a sealed glass ampoule for 5 h, 
affording 31% of aldehyde 16. IR (CHCl3) : Y = 2715 
(CHO), 1725 cm-'. 'H NMR (CDClp): 6 2.21 (s, 6H, 
Mes-o-Me), 2.38 (s, 3H, Mes-p-Me), 5.19 (br s, lH, 
CH), 7.07 (s, 2H, Mes-H), 7.13-7.41 (m, SH, 
Ph-H), 10.03 (br s, lH, CHO). Although it was poss- 
ible to separate 16 from enol 7 by HPLC [Merck 
LiChrosorb RP-18,7 pm, acetonitrile-water (80: 20) as 
eluent] no pure 16 (16 : 7 = 4 : 1) has been obtained so 
far, presumably because of follow-up tautomerization. 
'H NMR (DMSO-da) : 6 2.08 (s, 6H, Mes-o-Me), 2.24 
(s, 3H, Mes-p-Me), 5.30 (br s, lH, CH), 6.85 (s, 2H, 
Mes-H), 6.97-7.22 (m, SH, Ph-H), 9.90 (br s, lH, 
CHO). 


Crystallographic data for (2)-7. C17H180, 
M =  238.5, . space group P421c, a = 20*545(5)A, 
C =  6*509(2)A, V =  2747*4(8) A', Z =  8, pcalc. = 
1 15 g cmW3, p(Mo Ka) = 0.37 cm-', number of 
unique reflections = 1012, number of reflections with 
Z 2 2 4 1 )  = 674, R = 0.076, R,  = 0.076, W-' = 
ad + 0-000206F'. 


X-ray crystal structure analysis. Data were measured 
on a Philips PW 1100/20 four-circle compute;- 
controlled diffractometer. Mo Ka (A = 0-71069 A) 
radiation with a graphite crystal monochromator in the 
incident beam was used. The unit cell dimensions were 
obtained by a least-squa5es fit of 22 centred reflections 
in the range 10 Q 8 Q 13 . Intensity data were colleocted 
using the w - 28 technique to a maximum 28 of 45 . In 
the scan width, Aw, for each reflection was 
1.OO+0.35 tan8 with a scan speed of 3.0"min-'. 
Background measurements were made for a total of 
20 s at both limits of each scan. Three standard reflec- 
tions were monitored every 60min. No systematic 
variations in intensities were found. 


Intensities were corrected for Lorentz and polariz- 
ation effects. All non-hydrogen atoms were found by 
using the results of the SHELXS-86 direct method 
analysis. 26 After several cycles of refinements the pos- 
itions of the hydrogen atoms were calculated, and 
added. with a constant isotropic temperature factor of 
0.08 A' to the refinement process (all crystallographic 
computing was done on a CYBER 855 computer at the 
Hebrew University of Jerusalem, using the SHELX 
1977 Structure Determination Package). Refinement 
proceeded to convergence by minimizing the function 
Cw(1 FO 1 - I Fc 1)'. A final difference Fourier synthesis 
map showed several peaks less than 0.3 e A-' scattered 
about the unit cell without a significant feaure. 


The discrepancy indices, 


R = E  (IFoI- IFcI/C IF01  


and 


R w  = [ E N  I FO I - I F c  I)'/Cw I FO 1'1 "' 
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were presented with other pertinent crystallographic 
data. 
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ALKALINE HYDROLYSIS OF SUBSTITUTED BENZYL 
SUBSTITUTED BENZOATES 
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AND 


YUHO TSUNO 
Department of Chemistry, Faculty of Science, Kyushu University, Hakozaki, Fukuoka 812, Japan 


The kinetics and mechanism of the alkaline hydrolysis of both acyl- and aryl-substituted benzyl benzoates were studied 
in 80% (v/v) aqueous acetone at 20, 34, and 40 'C. Each of the substituted benzyl alcohols generated an independent 
u-p plot which was correlated well with the Hammett equation (R = 0.996-0.999). The values of p for the acyl moiety 
showed no tendency either to increase or to decrease with the intrinsic reactivity of the parent benzyl alcohol and were 
all within 50.098 of the mean of 2-236. However, the Hammett p values for the leaving groups decreased from H 
to p-NO2 substituents of the acyl par& in which the values were smaller than those of acyl moieties and fairly 
accurately obeyed the uo values rather than the u values. The rate data for benzyl-substituted benzoates were 
correlated by the Yukawa-Tsuno equation, log k/ko = 1.72(oo + 0*49AO~-) - 0.020, R = 0.996. The results 
suggested that the alkaline hydrolysis of benzyl benzoates showed a greater sensitivity to acyl than aryl activation, and 
the rates and activation parameters were largely determined by the addition step. The results are attributed to the 
preferential partitioning of an unstable tetrahedral intermediate to the products. 


INTRODUCTION 


A carboxylic ester is hydrolised to a carboxylic acid and 
an alcohol or phenol when heated with aqueous acid or 
base. The cleavage of an ester could occur at two 
different locations, between the acyl group and the 
oxygen or between the alkyl group and the oxygen. The 
former acyl-oxygen fission occurs most commonly, 
although there are some cases in which alkyl-oxygen 
fission occurs. The most convincing evidence' for 
acyl-oxygen fission is ester hydrolysis comes from 
tracer studies with I8O. When ethyl propionate labelled 
with I8O was hydrolysed by OH- in water, '*O label 
was found only in EtOH. 


Saponification of carboxylic esters also involves 
acyl-oxygen fission. In early studies, Day and Ingold' 
suggested that alkaline hydrolysis might proceed by two 
mechanisms, one involving an addition intermediate 
and the other by direct bimolecular displacement via a 
transition state. Many  worker^^-^ have reported the 
alkaline hydrolysis of methyl-substituted benzoates, 
ethyl benzoates and phenyl acetates. Later, Kirsch and 
Jencks4 also reported detailed studies on the alkaline 
hydrolysis of acyl- and aryl-substituted phenyl benzo- 
ates in which the p value was found to be 1 -98 and 1 -27 


0 1993 by John Wiley & Sons, Ltd. 
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for the substituents in the acyl and aryl portion, respect- 
ively. However, detailed studies of substituted benzyl 
substituted benzoates are scarce. 


In this paper, we report the results of the alkaline 
hydrolysis of benzyl benzoates substituted in both the 
acyl and aryl moieties, and also discuss the reaction 
mechanism using the p values of both substrates and 
leaving moieties, resonance parameters and other acti- 
vation parameters. 


EXPERIMENTAL 


Materials and solvents. Most of substituted benzyl 
substituted benzoates were prepared by esterification of 
sodium salts of substituted benzoic acids with the corre- 
sponding benzyl chlorides and triethylamine as catalyst 
in benzene-water solvent. 


The following compounds were prepared by this 
method and characterized by 'H NMR spectroscopy 
and melting point deteorminations: benzyl p-methoxy- 
benzoate, m.p. 25-26 C, 'H NMR (CDCI3) 6 8.0 
(d,2H, J =  9 Hz), 7 -4  (m, SH), 6.8 (d,2H, J =  9 Hz), 
5 -3  (s, 2H), 3.8 (s, 3H) ppm; benzyl p-methylbenzoate, 
m.p. 35"C, NMR [(CD3)2C=O] 6 8.0 (d,2H,- 
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J =  7.5 Hz), 7 -4  (m,5H), 6.9 (d,2H, J =  7.8 Hz), 
5-35 (s, 2H); benzyl rn-methylbenzoate, m.p. 35 "C, 
NMR [(CD3)zC=O] 6 8.0 (d,2H, J = 8 H z ) ,  7 - 4  
(m, 7H), 5 - 3  (s, 2H); benzyl p-chlorobenzoate, 
m.p. 28-29 "C, NMR (CDCl3) 6 8.0 (d, 2H, J =  9 Hz), 
7.4 (m, 7H), 5.3 (s, 2H); benzyl rn-chlorobenzoate, oil, 
NMR [(CD3)2C=O] 6 8 - 0  (d,4H), 7.5 (m,SH), 5.3 
(s, 2H); benzyl rn-nitrobenzoate, m.p. 70-71 'C, NMR 
[(CD3)2C=OI 6 8.8 (s, H), 8.4 (m, 3H), 7.4 (p, SH), 
5 *3 (s, 2H); benzyl p-nitrobenzoate, m.p. 83 C (lit. 
m.p. 83.5-84 "C); p-methoxybenzyl benzoate, m.p. 
34-3S°C, NMR [(CD3)2C=O] 6 8-1  (m,2H), 7.5 
(m, 5H), 7 - 0  (d, 2H, J =  9 Hz), 5.3 (s, 2H), 3.8 (s, 3H); 
p-methoxybenzyl p-chlorobenzoate, m.p. 44-45 "C, 
NMR [(CD3)zC=0] 6 8.0 (d,2H, J = 7 * 5  Hz), 7.4 
(d,4H, J = 7 . 5  Hz) 6 - 9  (d,2H, J = 8 H z ) ,  5.3 (s,2H), 
3 * 8 (s, 3Hb p-methoxybenzyl p-nitrobenzoate, 
m.p. 911-93 C, NMR [(CD3)2C=O] 6 8.3 (m,4H), 
6-9-7.4 (m,4H), 5.4 (s,2H& 3-8  (s, 3H); p-methyl- 
benzyl benzoate, m.p. 23-25 C, NMR [(CD3)2C=O] 
6 8.1 (m,2H), 7.9-7.1 (m,4H), 5.3 (s,2H);"p- 
methylbenzyl p-chlorobenzoate, m.p. 48.5-49 C, 


(m, 6H), 5.4 (s, 2H); p-methylbenzyl p-nitrobenzoate, 
m.p. 129°C NMR [(CD,)zC=O] 6 8.3 (d,2H, 
J = 9 H z ) ,  7.3-7.1 (m,6H), 5.3 @2H); 
chlorobepyl benzoate, m.p. 58-59 C, (lit. 
m.p. 59 C); p-chlorobenzyl p-chlorobenzoate, 
m.p. 70.5 C, NMR [(CD3)zC=Ol S 8.0 (d,2H, 
J = 7 - 5  Hz), 7.5-7.3 (m,6H), 5.3 (s,?H); p- 
chlorobenzyl p-nitrobenzoate, m.p. 106-108 C, NMR 


(s, 2H); m-nitrobenzyl p-nitrobenzoate, m.p. 90 "C, 
NMR [(CD3)2C=O] 8-9-8-3 (m,8H), 5 - t  (s, 2H); p- 
nitrobenzyl benzoate, m.p. 87-88 C (lit.* 
m.p. 88 - 5  "C); p-nitrobenzyl p-chlorobenzoate, 
m.p. 126-128 "C (lit.9 m.p. 129.5 "C); p-nitrobenzyl 
p-nitrobenzoate, m.p. 171 C (lit." m.p. 171-172 "C). 


Benzyl benzoate was of analytical-reagent grade from 
Merck (Darmstadt, Germany), and was used without 
further purification. 


Sodium p-nitrobenzoate was prepared by the 
addition of an ethanolic solution (200 ml) containing 
benzoic acid (3-3 g, 0.02 mol) to 10% NaOH solution 
(20 ml). After stirring, water was separated with a Dean 
and Stark tube, then the crude product was filtered, 
washed with EtOH and dried over P205 in vucuo to give 
pure sodium p-nitrobenzoate. Other sodium substituted 
benzoates were prepared by the same procedure. 


Water for kinetics and analysis was obtained by dis- 
tilling deionized water twice after oxidation by KMn04. 


Acetone was purified as described previously. 
Briefly, it was refluxed over KMn04 for 1 day, distilled, 
dried (KzCO3) for 3 days and fractionated by using a 
50 cm Widmer distillation column. 


The concentration of NaOH and HCl solutions was 
checked by titration against standard reagents. 


NMR [(CD3)2C=0] 6 8.2 (d,2H, J =  10 Hz), 7.4-7.1 


4 


[(CD3)2C=0] 6 8.3 ( s , ~ H ) ,  7.4 (d,4H, J =  8 Hz), 5.4 


Measurements of pH were made with a Model 292 pH 
meter made (Fisher). 


Kinetics. The kinetics of the alkaline hydrolysis of 
benzyl esters were determLned in 80% (v/v) aqueous 
acetone at 20, 34 and 40 C by means of acid-base 
titration. The procedure employed for this measure- 
ment was essentially as described. '*I2 


The reaction was started by mixing equimolar 
amounts of the solutions of ester and alkali to give an 
initial concentration of (4.2 2 0.2) x 1 0 - ~  mol I- '  in 
the mixture. Samples of 3 ml were withdrawn from the 
reaction flask at appropriate intervals, quenched with 
4 ml of (4.0 f 0.2) x mol I-' HCI and 5 ml of 
acetone, and back-titrated with standardized 
(4.0 f 0.2) X moll- '  NaOH solution using 
bromothymol blue as indicator. The end-point was 
obtained by comparison with a colour standard of 
sodium benzoate in 80% (v/v) aqueous acetone con- 
taining the same amount of indicator as used in the 
titration. The initial titre, CO, was determined using the 
alkaline solution alone. All runs which involved more 
than 12 measurements followed a second-order kinetic 
law, covering an 80% extent of reaction. The bimol- 
ecular rate constant, k ~ ,  was obtained from the plot of 
time against Cx/(Cx - Co)Co, where C, is the titre at 
t = x. 


RESULTS AND DISCUSSION 
The second-order rate constants for the alkaline hydro- 
lysis of the substituted benzyl substituted benzoates are 
given in Table 1. The rate constants show that electron- 
withdrawing substituents in both the acyl and aryl 
moieties increase the rate. Since the rate of the reaction 
is determined largely by the rate of addition of 
hydroxide ion to the carbonyl group of the benzyl 
benzoate, electron-withdrawing substituents in the 
carbonyl group will increase the reactivity of the ester. 


The Hammett p value is the most quantitative par- 
ameter for the measurement of this effect. A Hammett 


Table 1. Rate constants (k2 x lo2 1 mol-' s - ' )  for alkaline 
hydrolysis of substituted (X) benzyl substituted (2) benzoates 


in 80% (v/v) aqueous acetone at 34 OC 


X 


Z p-CH30 p-CH3 H p-CI m-Br p-NO2 


H 1.89 2.06 2.92 4.40 - 16.3 
p-CI 8.46 8.85 1 1 . 1  20.8 - 56.3 
p-NO2 123 140 172 278 360 692 


Z 


X=H p-Me0 p-Me m-Me H p-CI m-C1 rn-NOz p-NOz 
1.32 1.76 1.88 2.92 1 1 . 1  13.5 38.9 172 
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Table 2. Hammett uo plots for the alkaline hydrolysis of sub- 
stituted (X) benzyl substituted (Z) benzeoates in 80% (v/v) 


aqueous acetone at 34 C 


2 


Parameter H p-CI P-NOZ 


PO 0.938 0.858 0.763 
R 0-996 0.999 0.998 
intercept - 0.039 0.012 - 0.005 


plot of the kinetic data for alkaline hydrolysis of the 
substituted benzyl benzoates in 80% aqueous acetone 
shows a good linear relationship with 0.938 for the px 
(palyl) value, holding the acyl moiety constant 
(Table 2). In dioxane-water (2 : I),  the px value13 of the 
substituted benzyl benzoates is 0.91, which is not very 
different from our value given above. The values of px 
for substituted phenyl benzoates in both water and 
acetonitrile-water (1 : 2) were 1 * lo5 and 1-275 14, 


respectively, 
Additionally, slightly smaller p values for the same 


reactions are obtained in more polar solvents, where the 
medium is able to stabilize the transition state more 
effectively and therefore the response to electronic 
effects of the substituents is less critical. 


The substituent effects in the acyl group are consider- 
ably larger than those described above for substitution 
in the aryl group. For example, all of the pz (pacyl) 


values for the alkaline hydrolysis of substituted benzyl 
substituted benzoates in 80% aqueous acetone at 34 "C 
are in the range of about 2.07-2.32, as shown in 
Table 3. 


A comparison of px with pz values in Tables 2 and 3 
reveals that the rates of alkaline hydrolysis of benzyl 
esters are more sensitive to electron-attracting substi- 
tuents in the acyl portion than in the benzyl oxygen 
group. This result is consistent with the view that when 
the substituent is closer to the acyl carbon atom of 
benzyl benzoates, larger values of p are to be expected. 
Published  report^^.^ on the rates of alkaline hydrolysis 
of methyl benzoates and phenyl acetates also showed 
larger pacyl than pawl values. It was explained that the 
slow step for these reactions almost certainly involves 
the rate of addition of hydroxide ion to the acyl carbon 
atom, the carbonyl carbon being close to the acyl 


Table 3. Hammett p values for the alkaline hydrolysis of sub- 
stituted (X) benzyl substituted (2) benzoates in 80% (v/v) 


aqueous acetone at 34 "C 


X P-CH@ P-CHI H p-CI p-NO2 


~r 2.286 2-318 2.250 2.261 2.067 


substituent than to the phenol. Kirsch et d . l 4  also 
reported on the alkaline hydrolysis of acyl- and aryl- 
substituted phenyl benzoates in which the values of p.cy~ 
(1.982-2.044) were found to be greater than those of 


Further, in the case of substituted benzyl benzoates 
the Hammett plots are correlated better by uo than u in 
Figure 1. The excellent15 tit to the uo values of substi- 
tuents in the aryl moieties may be due to the cancel- 
lation of the resonance interactions of substituents and 
the reaction centre between the initial and final states. 
In this system, through-conjugation with the reaction 
site is inhibited by an intervening methylene bond. 


A general mechanism of carboxylic ester hydrolysis 
by hydroxide ion is well known to involve acyl-oxygen 
cleavage, which is second order in both ester and 
hydroxide concentration, so direct hydroxide ion attack 
is involved. 


The alkaline hydrolysis of carboxylic esters is a 
nucleophilic substitution of the alkoxide group by 
hydroxide ion. It remains to be established whether the 
mechanisms of this reaction involve concerted one-step 
displacements or two steps with the intermediate for- 
mation of a tetrahedral compound. These alternative 
mechanisms were considered more or less equally likely 
until 1950, when elegant work on isotopic exchange was 


pawl (1 18 1-1 -278). 
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Figure 1. uo plots for the alkaline hydrolysis of substituted 
benzyl benzoates in 80% (v/v) aqueous acetone at 34 "C 
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reported by Bender l6 with as tracer. He carried out 
alkaline hydrolyses of methyl, ethyl and isopropyl 
benzoates in which the esters were synthesized with the 
carbonyl oxygen labelled with "0, and focused, atten- 
tion on the rectant. Bender l6 found that in alkaline sol- 
ution the alkyl esters were undergoing not only 
hydrolysis but also exchange of the "0 with unlabelled 
oxygen from the solvent. He determined the ratio of the 
rates of hydrolysis and oxygen exchange, kh/keX. The 
results strongly supported the existence of a tetrahedral 
intermediate. In contrast to alkyl benzoates, the alka- 
line hydrolysis of substituted benzyl benzoates, expe- 
cially p-methoxybenzyl benzoates, showed large kdkex 
values. For instance, the kdk,, values of methyl 
benzoate and p-methoxybenzyl benzoate were 5 - 8 and 
192, respectively. The results do not necessarily mean 
that no tetracovalent intermediate is formed in the case 
of benzyl esters. The reason can tentatively be 
explained6*I6 that if the tetrahedral intermediate, 


OH 0- 
I I 


R-C-OR' or R-C-OR' 
1 8 0  - '8OH 


does not revert to the ester, but goes entirely to the acid, 
kh/k,, may be large even for the intermediate. In the 
case of substituted benzyl benzoates, the same results 
may be obtained because the formation of benzoic acid 
relieves steric hindrance. 


From the above discussion, the rate of formation of 
the intermediate is affected by both electronic and steric 
factors. Even in those cases where oxygen change is not 
detected, we do not rule out the possibility of an inter- 
mediate; it may simply be that it is converted into 
hydrolysis products much faster than it does anything 
else. 


The cleavage of the alkyl-oxygen bond by 
nucleophilic agents generally requires high temperatures 
and/or prolonged reaction times. These conditions 
would be too vigorous for highly sensitive molecules. 
Sheehan and Daves I' reported that sodium 


Table 4. Rate constants (kt x 10' I mol-' s-')  for alkaline 
hydrolysis of benzyl substituted benzoates in aqueous acetone 


at 34 'C 


Hz0 (W, V/V) 


Z 10 20 30 40 50 
_ _ _ _ ~  


P-CHJO - 1.32 - - - 
P-CHI - 1 -76 - - - 
H 4.54 2.92 1.84 1-38 0.911 
p-CI 20.7 1 1 . 1  8-65 6.71 4-26 
p-NOz 243 172 101 79.1 54.5 


P 2.07 2.06 2.18 2.20 2.23 
R 0.998 0.9% 0.995 0.994 0.996 


thiophenoxide did not affect th," cleavage of the less 
activated benzyl benzoates at 25 C, but it was found to 
the extent of 64070 at 100"C, whereas the highly hin- 
dered tert-butyl ester was stable for 2 h at 100 "C. Less 
hindered phenacyl benzoates are more easily cleaved at 
the alkyl-oxygen bond by the action of sodium 
thiophenoxide below room temperature. It is suggested 
that sodium thiophenoxide does not affect the cleavage 
of the less activated benzyl benzoate and sterically 
hindered tert-butyl benzoate. 


The rate constants for the alkaline hydrolysis of 
benzyl substituted benzoates decrease and the pacyl 
values increase with increasing water content, as shown 
in Table 4. It is considered that the solvation of OH- 
with increasing water content decreases the rate of 
addition of hydroxide anion to the carbonyl group. 
This result means that addition of hydroxide ion to the 
carbonyl carbon of the benzyl benzoate is the rate- 
determining step, because the rate decreases in more 
rather than less polar solvents. This result also agrees 
well with the results in Table 1. As shown in the 
Table 5 ,  the rates and activation parameters are largely 
determined by the addition step. 


Humffray and Ryan l2 determined the rate constants 


Table 5 .  Kinetic data for the alkaline hydrolysis of substituted benzyl p-nitrobenzoates in 80% 
(v/v) aqueous acetone' 


kz x 10' (1 mol-' s- '1  
AH' -AS' AG# 


X 25 "c 34°C 40°C (kcal mol-I) (e.u.) (kcal mol-I) 


p-CH3O 81.9 123 150 6-98 3 5 . 5  17.9 
P-CH~ 90.0 140 170 7.33 34.1 17.8 
H 108 172 20s 7.45 3 3 . 3  17.7 
p-CI 179 278 338 7.38 32.6 17-4 
P-NOZ 576 693 - 3 - 1 1  44.6 16.8 
____ 


'All activation data were calculated at 34'C. 1 kcal=4.184 k J .  
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Table 6. Application of Yukawa-Tsuno equation, log (k/ko) = p(oo + rAuR- + rACp+) 


Reaction P r Ref, 


Alkaline hydrolysis, ArC(O)OCHzC6H5, 80% (v/v) aqueous acztone, 34 OC 
Alkaline hydrolysis, ArCOOEt, 85% (v/v) aqueous ethanol 25 C 2.59 0.25 15 
Alkaline hydrolysis, ArCH2C(O)OC6Hs, 70% (v/v) aqueous acetone, 25 OC 0.978 0-000 18 
Solvolysis, ArCHMeCI, 80% (v/v) aquzous acetone, 45 “C -4.96 1.16 19 


This work 1.72 0.49 


Solvolysis, ArCHZOTs, acetic acid, 40 C -3.71 1.65 20 


Table 7. Brensted /3 values for the alkaline hydrolysis of substituted benzoic acid estersa 


Ester 


Substituted benzyl benzoates 
Substituted benzyl benzoates6 
Substituted benzyl p-chlorobenzoates 
Substitued benzyl p-nitrobenzoates 
Substituted phenyl benzoates l4 
Substituted phenyl acetates (general base catalysed)” 


P 


-0.678 
- 0.668 
-0.625 
-0.553 
-0.450 
-0.406 


R 


0.996 
0.994 
0-993 
0.998 
0.975 
0.963 


Solvent 


80% (vfv) aqueous acetone 
Dioxane-water (1 : 2) 
80% (v/v) aqueous acetone 
80% (v/v) aqueous acetone 
33% (v/v) aqueous acetonitrile 
Aqueous acetate buffer 


Temperature (‘C) 


34 
25 
34 
34 
25 
25 


‘pK, values of benzyl alcohols were evaluated by pK. = 15.74 - I .32a 


for the hydrolysis of substituted phenyl acetates in the 
Yukawa-Tsuno equation, and found r values of 0.20 
and 0-30. In the alkaline hydrolysis of substituted 
benzyl substituted benzoates in 80% aqueous acetone at 
34 C, we found that the rate constants are very well 
correlated by the Yukawa-Tsuno equation, log k/ko = 
1 -72(a0 + 0*49Ah-) (Table 6). This means that the 
addition of hydroxide anion to form a charged tetrahe- 
dron is consistent with the r values the given. 


Brensted 0 values of the leaving group for the alka- 
line hydrolysis of substituted benzyl benzoates are given 
in Table 7; they are very close to those in Bender’s et al. 
work. l 3  The values for the hydrolysis of three benzyl 
benzoates become more negative with introduction of 
more electron-withdrawing substituents into the acyl 
moieties. This result indicates that the substituents are 
able to stabilize the transition state, especially in the 
case of electron-withdrawing substituents. 


These results indicate that the reaction involves a 
tight transition state or intermediate. Moreover, the 
large negative entropy values imply an intermediate 
rather than a transition state. Hence this reaction pro- 
ceeds via an intermediate going into the substituent H 
to p N 0 ~  in the acyl moieties. Overall, the results 
suggest that alkaline hydrolysis of benzyI esters pro- 
ceeds through an unstable tetrahedral intermediate. ” 
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A bond and group equivalent scheme that allows the calculation of heats of formation for alkyl radicals from the ab 
initio restricted open-shell Hartree-Fock 6-31G* energies was developed. For a group of 12 radicals, the rms error 
for the calculated heats of formation was 0.65 kcal mol-' (1 kcal = 4.184 kJ). Heats of formation were predicted for 
the pentyl radical and six of its isomers for which the experimental values are unknown. 


INTRODUCTION 


Alkyl radicals are perhaps the simplest but yet some of 
the most reactive organic radicals. They play a central 
role in the petroleum industry' and are reactive inter- 
mediates in the production of many commercial poly- 
mers. As reactive intermediates they also play essential 
roles in polymer degradation, thus determining the sta- 
bility of many materials such as coatings and lubricants 
toward heat, light and high-energy radiation. Conse- 
quently, they have been the focus of active research in 
many industrial and academic laboratories. 


Owing to their unusual reactivity, alkyl radicals do 
not easily lend themselves to the usual kinds of exper- 
imental measurements. As a result, experimental infor- 
mation is scarce. For example, although they are 
important intermediates in the combustion of organic 
compounds, heat of formation data are available for 
only a few radicals. Further, these data were deter- 
mined by indirect methods and are less reliable than 
those for stable organic compounds. Hence there are 
often conflicts between heats of formation reported by 
different groups as they may differ by more than the 
combined error limits. 


The difficulty in experimental studies of alkyl radicals 
stems from the fact that they lie in relatively shallow 
potential wells and they tend to have very short life- 
times because they can react with one another, or with 
other molecules, to form more stable materials. How- 
ever, theoretically they are stable in the sense that at the 
equilibrium structures, the potential surfaces have no 
negative curvatures. Hence theoretical approaches are 
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more advantageous than experimental approaches for 
their study. Indeed, ab initio calculations played very 
important roles in our understanding of the structures 
and properties of the alkyl  radical^.^ 


For small molecules, state of the art ab initio calcu- 
lations of molecular structures and energies at the G1 
or G26 levels are fairly successful. However, such calcu- 
lations become very expensive for molecules containing 
more than a few heavy atoms. 


The bond energy scheme which combines ab initio 
and experimental information in the calculation of 
heats of formation is very p r ~ m i s i n g . ~ - ' ~  In this 
approach, the ab initio calculations are carried out at 
the affordable restricted Hartree-Fock (RHF) level 
using the 6-31G* basis The errors in the 
Hartree-Fock energies and correlation effects are 
absorbed in the bond and group parameters so that the 
accuracies of the calculated heats of formation are com- 
parable to those of good experimental measurements. 


In this paper, the bond energy scheme is extended to 
cover alkyl radicals, so that the heats of formation can 
be accurately predicted from the results of inexpensive 
ab initio calculations. 


METHODS AND CALCULATIONS 


The basis of the bond energy scheme for the calculation 
of heats of formation was outlined previously." The 
method we use is similar to those of Wiberg7 and 
Ibrahim and Schleyer,* but differs from those in the 
explicit inclusion of terms to account for the statistical 
mechanical effects of populating higher energy confor- 
mations of the molecule (POP), low-lying vibrational 
states (TOR), translational and rotational states and the 
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term (PV) required convert A E  to A H .  The full expres- 
sion is 


AH:= CBE + CGE -t HFE -t POP -t TOR -t 4RT 


where the first two terms are contributions of the bond 
energy increments and the group energy increments, 
respectively (for calculating group increments, the 
unpaired electron is viewed as a substituent X attached 
to the radical center). HFE is the ab initio energy 
obtained using the Hartree-Fock approximation and 
the 6-31G* basis set and 4RT is the classical value for 
the translational and rotational energy and the conver- 
sion of A E  to AH:. 


For calculating the heats of formation of alkyl 
radicals, the following bond and group equivalents are 
needed: bond equivalents for the C-C. and H-C' 
bonds, and group equivalents for the methyl, primary, 
secondary and tertiary radicals. The bond and group 
equivalents of the saturated parts of the alkyl radicals 
are the same as those of alkanes, which have been 
derived before. ' The set of bond and group equivalents 
pertinent to the radical center are not all independent. 
For the least-squares treatment, two redundancies have 
to be removed. To this end, we arbitrarily set the 
H-C' bond equivalent equal to the value of the C-H 
bond of alkanes' and the group equivalent of the sec- 
ondary radical to zero. Hence we were left with four 
equivalents to be determined. They were determined by 
least-squares fitting of the heats of formation of 12 
relatively unstrained alkyl radicals. The results were 
used in the prediction of the heats of formation of the 
n-pentyl radical and six of its isomers for which exper- 
imental data are not yet available. 


The HFE energies of the alkyl radicals were calcu- 
lated by the restricted open-shell Hartree-Fock 
(ROHF) method using the program TX90. l6 All of the 
molecular structures were fully optimized. The 
geometry optimizations were terminated when the pro- 


jected energy change was smaller than a.u., which 
ensures that the maximum. projected bond length 
change is smaller than 0.001 A and the maximum angle 
change is smaller than 0.1". The ab initio calculations 
were started with the most stable conformation of each 
radical, which was obtained by an MM3 conforma- 
tional search. For the cycloheptyl radical, ab initio cal- 
culations were also carried out on several low-energy 
conformations. The results indicate that the most stable 
conformation from the MM3 conformational search is 
also the most stable conformation by ab initio 
calculations. 


The POP and TOR terms were not determined by 
ab initio calculation, but were carried over from the 
MM3 calculations l7 instead. 


It should be pointed out that since the bond and 
group equivalents were determined by least-squares 
fitting of the experimental heats of formation, the 
results depend on, among other things, the goodness of 
the experimental data. The heats of formation of about 
13 alkyl radicals have been reported. For the smaller 
radicals, different results were found in the literature. 
We selected a set of the most recent and internally con- 
sistent data: the heats of formation of ethyl, n-propyl, 
isopropyl, n-butyl, sec-butyl and tert-butyl radicals 
were taken from the recent measurements of Holmes 
et al.,'* that of methyl radical was taken from the 
kinetic study of Russell et a/." and the heat of for- 
mation of neopentyl radical was taken from Tsang's 
assessment. 2o The data on cyclopentyl, cyclohexyl, 
cycloheptyl and 1 -norbornyl radicals were taken from 
the recommendations of Benson (cited in Ref. 21). 


RESULTS AND DISCUSSION 


The input data for the least-squares determination of 
the bond and structural equivalents are presented 
in Table 1. The parameters derived and the results for 


Table 1. Heat of formation input data (kcal mol-') 


Radical H:(exp.) a SUMHb E(6-31G*) POP TOR 4RT 


Methyl 
Ethyl 
n-Propyl 
lsopropyl 
n-Butyl 
sec-Butyl 
Isobutyl 
tert-Butyl 
Neopentyl 
Cyclopentyl 
Cyclohexyl 
C yclohept yl 
1-Norbornyl 


35.37(0* 72) 
27-80(0*6) 
22-70(0*4) 
19*10(0*6) 
lg.lO(O.6) 
15*30(0.3) 
15.80(0.3) 
9.  SO(0.2) 
7.79(0- 96) 


24*30(1.0) 
1 4 * 30( I . 0) 


32.60(2*5) 
12*20(1 .O)  


18 901 -94 
31 504.75 
55 993.92 
44 107.56 
80 483.08 
68 5%. 73 
80 482.17 
56710.37 


104 968 -92 
92369.43 


116858.60 
141 347.76 
128744.04 


- 24 820.98 
- 49 317.82 
-73 812.41 
-73 815.24 
- 98 307.17 
- 98 309.71 
-98307.29 
-98312.39 


-122801.73 
- 122 072.49 
-1 46 571 *06 
-171 061.05 
-170 3 17 * 53 


0.00 0.00 
0.00 0.00 
0.05 0-42 
0.00 0.00 
0.20 0.84 
0.20 0.42 
0.08 0.42 
0.00 0.00 
0.00 0.42 
0.00 0.42 
0.01 0.42 
0.21 0.42 
0.00 0.00 


2.40 
2.40 
2.40 
2.40 
2.40 
2.40 
2.40 
2.40 
2-40 
2-40 
2.40 
2.40 
2.40 


a Numbers in parentheses are the reported experimental error limits. 
bSUMH is the energy from the alkane part of the molecule (see Refs. 9, 10). 
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the individual compounds are presented in Table 2. 
The root-mean-square error over the set of twelve 
relatively unstrained radicals was 0.65 kcal mol- ' 
(1 kcal = 4- 184 kJ). This value is simiIar to the errors in 
the experimental data and shows that the calculational 
method employed here is competitive in accuracy with 
the experimental methods for the highly reactive alkyl 
radicals. We omitted from the least-squares fitting the 
1-norbornyl radical, for which the discrepancy between 
the calculated and experimental heat of formation is 
unusually large. One of the sources of this discrepancy 
may be the high degree of strain in this radical. How- 
ever, it is more probable that the experimental heat of 
formation is in error. The MM3 calculation" on this 
radical gives a heat of formation of 38.5 kcal mol-', 
which is in agreement with the present result. For cyclo- 
heptyl radical, the calculated result is 1.8 kcal mol-' 
higher than the experimental heat of formation. MM3 
calculation also overestimates the heat of formation of 
this radical by 1.4 kcal mol-'. The experimental error 


is 1 a 0  kcal mol-', which is higher than those of the 
smaller alkyl radicals. For the other radicals in Table 1, 
the calculated heats of formation are in good agreement 
with the results of the MM3 calculations. 


The radicals in Table 1 are perhaps all the alkyl 
radicals for which the experimental heats of formation 
have been reported. The heats of formation of other 
alkyl radicals are also very important in the petroleum 
industry and in the study of combustion process but, 
owing to the reactivity of the radicals, the experimental 
measurements are difficult and the data are not 
available. With the derived parameters in Table 2, we 
calculated the heats of formation of the n-pentyl radical 
and six of its isomers, 2-pentyl, 3-penty1, 3-methyl-l- 
butyl, 3-methyl-2-buty1, 2-methyl-2-butyl and 2-methyl- 
1-butyl radicals. The input data (Hartree-Fock energy, 
POP and TOR terms) and the calculated heats of 
formation are given in Table 3. 


Based on the good agreement between the calculated 
and experimental heats of formation in Table 2, and 


Table 2. Heat of formation output data (kcal mol-')" 


Eq. - 
1 
2 
3 
4 
5 
6 
7 
8 
9 


10 
11 
12 
13 


Hf" Hf" Difference 
Wt.b (calc.) (exp.) (calc. - exp.) R a d i c a 1 


5 35.37 35.37 0.00 Methyl 
9 27.64 27-80 -0.16 Ethyl 
7 22.66 22-70 -0.04 N-propyl 
7 19.11 19.10 0.01 Isopropyl 
5 17.65 18.10 - 0.45 n-Butyl 
7 14.32 15.30 -0.98 sec-Butyl 
7 16.07 15.80 0.27 Isobutyl 
7 9.50 9-50 0.00 tert-Butyl 
5 8.31 7.79 0.52 Neopentyl 
5 24.04 24.30 -0.26 Cyclopen tyl 
5 14.64 14.30 0.34 Cyclohexyl 
5 14.02 12.20 1.82 Cycloheptyl 
0 38.03 32-60 5.43 1-Norbornyl 


'Best values: C-C' = 14862.14 (23.684308 hartree); ME = 5952.02 (9.485134 
hartree), PRI = 2976.16 (4.7428089 hartree); TER = -2977.29 (-4.744617 
hartree). Standard deviation = 0.648, based on 12 equations. Optimization and 
analysis ignore all equations whose weight is zero. 
bThe weight given in the least squares fit. 


Table 3. Heat of formation input and output data for n-pentyl radical and its isomers 
(kcal mol-') 


Radical SUMH E (6-31G*) POP TOR TIR HP 


1 -Pentyl 104972.24 -122801.83 0.16 1.26 2.40 12.54 
2-Pentyl 93085.89 -122803.97 0.00 0.84 2.40 9.44 
3-Pentyl 93085.89 -122804.26 0.00 0.84 2.40 9.15 
3-Methyl-1-butyl 104971.33 -122801.69 0.12 0.84 2.40 11.30 
3-Methyl-2-butyl 93084.98 -122804.07 0.00 0.42 2.40 8.01 
2-Methyl-2-butyl 81 199.54 -122806.10 0.16 0.42 2.40 6.54 
2-Methyl-1-butyl 14971.33 -122800.50 0.10 0.84 2.40 12.47 
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also based on experience from the ab inifio calculations 
on heats of formation of many organic molecules, we 
believe that the calculational method and parameter set 
developed in this study can be used to predict the heats 
of formation of alkyl radicals which are not too highly 
strained, e.g. the isomers of pentyl radicals, with an 
accuracy of 1 kcal mol-'. 


CONCLUSION 


The combined ab inifio-empirical scheme for calcu- 
lating heats of formation developed previously was 
applied to alkyl radicals, and was shown to give results 
that are competitive with experimental determinations. 
With the parameters derived in this work, heats of for- 
mation of alkyl radicals can be accurately predicted 
a priori. The heats of formation of the n-pentyl radical 
and six of its isomers, for which the heats of formation 
have not been reported previously, were predicted by 
this method. The remaining isomer, neopentyl, is 
included in Table 2. These calculations can be used 
when experimental results are unavailable, and they can 
be used as an independent check when an experimental 
result is in question. 
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