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"C for 1.5 h and then diluted with 65 mL of ether. The combined 
organics were washed with 75 mL of a 2:l:l mixture of water, 
saturated sodium bicarbonate, and brine. The aqueous phase was 
back-extracted with an additional 75 mL of ether. The combined 
organics were dried and concentrated in vacuo to give 515 mg of 
a pale yellow semisolid. Recrystallization from methylene chloride 
in hexane gave 260 mg (75%) of 4-iodo-4'-(tetrahydropyran-2- 
yloxy)-l,l'-bibicyclo[2.2.2]octane, mp 195-196 "C. 

The spectral data were the following: IR (CHClJ 3005,2950, 
2920,2870,1460,1350,1235,1220,1210,1155,1130,1115,1075, 
1030,1010,980,950,940,910,905,860,815 m-'; 'H NMR (CDCl,, 
200 MHz) 6 4.72 (e, 1 H, acetal), 3.92 (m, 1 H, OCHH), 3.42 (m, 
1 H, OCHH), 2.38 (m, 6 H, CH,CI), 1.W1.27 (m, 24 H, CH,); 
MS m / e  (M - C,H,OJ 343.0879 (calcd for Cl,&I m l e  343.0925). 

Anal. Calcd for C21H33102: C, 57.76; H, 7.48. Found C, 57.64; 
H, 7.43. 

Molecular Mechanics Calculations. Molecular mechanics 
calculations were performed with the MM2 program of Allingersd 
for the "[nl-rods" and the MMP program of Gejewskiab for the 
"hybrid rods". An approximation of the transition state for 
interconversion of diasteromers of 4,4'-dihydro-[2]-rod was 
modeled on the highly symmetric carbon framework obtained from 
diiodo-[l]-rod and the carbon framework obtained from 1,4-di- 
hydre[l]-rod. This system was optimized by ' *  ~g the steric 
energy from varying the central carbon-carbon bond length. 
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Three different indicators of aromatic electron delocalization have been investigated computationally for 1,2- 
(3), 1,4- (4), and 1,3-azaborine (5), all of which are experimentally unknown as unsubstituted compounds. 
MP2/6-31G* optimizations show a varying but considerable degree of electron delocalization. The calculated 
order of stability (3 >> 4 > 5) resolves the contradictions of former reports. In contrast to the noncorrelated 
level, consideration of electron correlation significantly lowers the relative energy of the l,&isomer, for which 
not even substituted derivatives are known. Natural bond orbital (NBO) analyses confirm the expected Lewis 
structures of the 1,2- and 1,4isomers but offer an interesting description of the intricate mystem of 1,3-azaborine. 
Isodesmic equations reveal a resonance energy for 4 similar to stable Hiickel aromatics and a somewhat smaller 
effect for 3, whereas a hyperhomodesmotic equation assigns half the resonance energy of benzene to 4. Basic 
differences in the u framework of the azaborinea are considered to be reaponsible for the stability of 3. Computational 
results are supported by comparison of the scarce NMR data with chemical shifts calculated by the individual 
gauge localized orbitals (IGLO) method. 

Introduction 
Replacement of a carbon atom in benzene by one of its 

neighbors in the periodic table yields the charged, iso- 
electronic 1-borinate anion 1 or the 1-pyridinium cation 
2. Replacing two carbon atoms by one boron and one 

lq 1 lp 2 

nitrogen leads to a series of heterocyclic molecules in which 
the formal charges in 1 and 2 cancel. Three structural 
isomers can be constructed: 1,2-dihydrido-1,2-azaborine 
(3), 1,4-dihydrido-l,I-azaborine (41, and 1,3-dihydrido- 
1,3-azaborine (5). 

Each isomer has six *-electrons, suggesting some degree 
of aromatic electron delocalization. The differences in 
electronegativities of nitrogen and boron should, however, 
reduce the amount of aromatic character. Accurate cal- 
culations on the three isomers would provide valuable 
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information about the balance between charge separation 
and electron delocalization. 

None of the three parent heterocycles have been isolated. 
Unsubstituted 3 was detected in the mass spectrometer' 
by Dewar and co-workers, but could not be isolated be- 
cause it rapidly polymerizes. The least substituted de- 

(1) Davies, K. M.: Dewar, M. J. s.: Rona, P. J.  Am. Chem. SOC. 1967, 
89, 6294. 
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rivative isolated was 1-phenyl-l,%azaborine (6). It exhibits 
UV and 'H-NMR spectra similar to ita pyridine analog? 
suggesting aromatic character. A comprehensive review 
summarizes the chemistry of the azaborines? 

Substituted derivatives of 3 abound,' but only a few 
compounds with the 1,dheteroatom arrangement (4) have 
been reported and we know of no example of 5. Older 
theoretical calculations at low levels of sophis t icat i~n~~~ 
agree with the experimentally anticipated order of stability 
3 > 4 > 8 but disagree on the relative differences in sta- 
bility. Recently, an MNDO investigation8 gave the same 
order of stability and suggested that the least stable ieomer 
5 is considerably delocalizsd. The authors' conclusion the 
azaborines are "more stable than benzene" from the ab- 
solute values of the heats of formation is, however, a 
misinterpretation of these data.I 
High level ab initio optimizations of azaborinea have not 

yet been performed, especially none including electron 
correlation! Multiconfiguration SCF calculations for the 
.rr-electrons of borazine and benzene have been reportedB 
but the u frameworks of the molecules were confined to 
experimental geometries. Nonetheless, the authors em- 
phasized the necessity for the inclusion of electron corre- 
lation in order to 888888 the electronic nature of these rings. 

Recent theoretical interest in benzene analogs>'O the 
lack of geometry optimizations at the ab initio level of 
theory, and the dearth of experimental material triggered 
the present investigation. Optimized geometries of the 
three azaborines 3,4, and 5 at semiempirical and ab initio 
levels and single-point calculations using a fourth-order 
M~ller-Plesset perturbation correction for electron cor- 
relation are discussed below. 

A useful tool for investigating the distribution of elec- 
trons within a molecular framework is the natural bond 
orbital (NBO) analysis.11 It has been applied succeasfully 
to six-membered and a comparison of the 
reeults of the hypothetical uneubstituted azaborine systems 
to NBO data of experimentally verifiable compounds 
provides useful insight into the bonding in these com- 
pounds. 

Isodesmic equations are another means of revealing 
stabilizing or destabilizing effects resulting from cyclic 
conjugation.12 However, both the basis set dependency 
of the data and the many poseible definitions of the con- 
jugation energy13 make this technique less useful than 
might be expected. 

A direct link between calculated data and experimental 
fmdinga is most desirable. The development of efficient 
ab initio procedures for the calculation of chemical shifts, 
such as the individual gauge localized orbitals (IGLO) 

(2) White, D. G. J.  Am. Chem. SOC. 1963,85,3634. 
(3) Fritsch, A. J. Chem. Heterocycl. Compd. 1977,30, 381. 
(4) Ander, I. In Comprehemiue Heterocyclic Compounds; Katritzky, 

A. R, Reed, C. W., Ede.; Pergamon Press: Oxford, 19W, Vol. 1, pp 629. 
(5) (a) Kaufman, J. J.; Hamann, J. R. Adu. Chem. Ser. 1964,42,273. 

(b) Carbb, R.; DeGiambiagi, M. S.; Giambiagi, M. Theor. Chim. Acta 
1969, 14, 147. 
(6) M w y ,  5. T.; Zoellner, R. W. Znt. J. Quantum Chem. 1991,39, 

787. 
(7) Clark, T. A Handbook of Computational Chemistry; Wiley: New 

York, 1986. 
(8) Ramondo, F.; Portalone, G.; Bencivenni, L. THEOCHEM 1991, 

236,29. 
(9) Cooper, D. L.; Wright, 5. C.; Gerrat, J.; Hyame, P. A.; Raimondi, 

M. J.  Chem. SOC., Perkin Tram. 2 1989, 719. 
(10) (a) Marwy, 5. T.; Zoellner, R. W. Znorg. Chem. 1991,30,1063. (b) 

Fink, W. H.; Rich.de, J. C. J.  Am. Chem. SOC. 1991, 113, 3393. (c) 
N e h n ,  J. T.; Pietro, W. J. Znorg. Chem. 1989, 28, 544. 
(11) Reed, A. E.; Weinhold, F. J.  Am. Chem. SOC. 1985, 107, 1919. 

Reed, A. E.; Weinhold, F. J. Am. Chem. SOC. 1986,108,3586. 
(12) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, J. A. Ab Initio 

Molecular Orbrtal Theory; Wiley: New York, 1986. 
(13) Reference 10b and literature cited therein. 
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Figure 1. Relative energies of 3-5. 
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Figure 2. Optimized bond lengths of RHF geometries of aza- 
borines 3-5 and UHF geometries of 3 and 5 (in A). 

method,14 has made combined ab initio/NMR studies for 
a variety of problems possible.1s The comparison of the 
calculated chemical shifts of the three azaborines to the 
scarce experimental data of their derivatives allows an 

(14) Kutzelnigg, W. Zsr. J. Chem. 1980,19,193. Schindler, M.; Kut- 
zelnigg, W. J.  Chem. Phys. 1982, 76, 1919. 
(15) Bremer, M.; Schleyer, P. v. R.; Fleiecher, U. J.  Am. Chem. SOC. 

1989,111, 1147. Schleyer, P. v. R.; Buehl, M. Angew. Chem., Znt. Ed. 
Engl. 1990,102,320. BQhl, M.; Hommee, N. J. R. v. E.; Schleyer, P. v. 
R.; Fleiecher, U.; Kutzelnigg, W. J. Am. Cbem. Soc. 1991,113,2469. B W  
M.; Stainke, T.; Schleyer, P. v. R.; Boeee, R. Angew. Chem., Znt. Ed. Engl. 
1991,103, 1179. 
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Table I. Relative Energies and Zero Point Energier for 3-5 
(in kcnl/mol) 

AM1 (RHF) 
MNDO (RHF) 
RHF/&SlG*//&31G* 
UHF/&31*//&31G* 
RMP2/&31G*//MP2/&31G* 
RMP4/&3lG*))MP2)&31G* 
RQCISD//MP2/&31G* 
RQCISD (corrected for ZPE) 
W E  (RHF/&31G*) 

3 
0.0 
0.00 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

+66.62 

4 
+33.8 
+19.8" 
+22.5 
+22.9 
+23.4 
+23.1 
+23.5 
+23.2 
+65.32 

6 6 (tridet) 
+40.1 +80.6 
+24# +65.5 

+38.7 
+36.6 +65.1 
+28.7 
+29.9 
+33.2 
+33.1 
+65.50 

a Reference 6. 

assessment of the reliability of our calculations. 

Methods 
All of the molecules considered were preoptimized with the 

AM1 semiempirical procedurelB using VAMP 4.411 on a Convex 
C-220/268. These geometries were then used as starting pointe 
for optimizations at the spin-restricted Hartree-Fock (HF) 
SCF-level wing the 631G* bah set18 implemented in the Cam- 
bridge Analytic Derivatives Package (CADPAC)'@ on a Cray 
YMP-432. The spin-unrestricted Hartree-Fock (UHF) formal- 
ismp was employed in the case of 5. Analytical frequencies were 
calculated at the 6-31G* basis set level in order to confirm the 
nature of the stationary points located. Electron correlation was 
considered using second-order Mciller-Plesset (MP2) theory 
(including core electrons) for optimizations and fourth order 
(MP4/SDTQ) keeping the core electrons for single points. 
The GAUSSIAN BO series of programs were used.= QCISD single 
points keeping the core electrons frozen were also performed.29 

Natural bond orbital (NBO) analysesu were performed on the 
Convex (2-220 using the GAUSSIAN 88 series of programs.= The 
individual gauge localizsd orbitals (IGLO) method" was employed 
to calculate the '9c- and "BNMR chemical shift parametera wing 
the DZ and 11' basis sets.% 

Geometries 
Table I and Figure 1 show the relative energies of 3-5, 

Figure 2 and Table I11 summarize their geometrical pa- 
rameters and those of some reference compounds. The 
RHF geometries calculated with MNDO were taken from 
the literature? and the MNDO-UHF calculations for 5 
were added for the sake of completeness. 
All three isomers were optimized at the AM1 semi- 

empirical level without symmetry restrictions. However, 
they deviated from planarity by less than lo. According 
to experimental findings' and MNDO calculationss 1,2- 

(16) Dewar, M. J. S.; Zoebisch, E. G.; Healy, E. F.; Stewart, J. J. P. J. 
Am. Chem. SOC. 1986,107,3902. 

(17) Rauhut, G.; Chandrasekhar, J.; Clark, T. Universitiit Erlangen- 
Nbberg, 1991. 

(18) Pople, J. A.; Francl, M. M.; Pietro, W. J.; Hehre, W. J.; Binkley, 
J. 5.; Gordon, M. S.; DeFrees, D. J. J. Chem. Phys. 1982, 77,3654. 

(19) @os, R. D.; Rice, J. E. CADPAC: The Cambridge Analytic 
Derivotrues Package; Issue 4.0, Cambridge, 1987. 

(20) Pople, J. A,; Nesbet, R. K. J.  Chem. Phys. 1954,22,571. Slater, 
J. C. Phye. Rev. 1930,35,210. 

(21) Pople, J. A.; Binkley, J. 5.; Seeger, R. Int. J. Qwnt. Chem. Symp. 
1976, 10, 1. 

(22) GAUMUN eo. Revieion: Friach, M. J.; Head-Gordon, M.; Trucks, 
G. W.; Fom~man, J. B.; Schlegel, H. B.; Raghavachari, K.; Robb, M. A.; 
Binkley, J. S.; Gonzales, C.; Defrees, D. J.; Fox, D. J.; Whiteside, R. A.; 
Seeger, R.; Meliue, C. F.; Baker, J.; Martin, R. L.; Kahn, L. R.; Stewart, 
J. J. P.; Topiol, S.; Pople, J. A. Gaussian, Inc., Pittsburgh PA, 1990. 

(23) Pople, J. A.; Head-Gordon, M.; Fhghavschari, K. J. Chem. Phys. 
1987,87,5986. 

(24) Reed, A. E; Curtias, L. A; Weinhold, F. Chem. Reo. 1988,88,899. 
(26) G A U ~ U N  88. Friech, M. J.; Head-Gordon, M.; Schlegel, H. B.; 

Raghavachari, K.; Binkley, J. S.; Gonzales, C.; Defrees, D. J.; Fox, D. J.; 
Whitaside, R. A.; Seeger, R.; Meliua, C. F.; Baker, J.; Martin, R.; Kahn, 
L. R.; Stewart, J. J. P.; Fluder, E. M.; Topiol, S.; Pople, J. A. Gaussian, 
Inc., Pittsburgh, PA, 1988. 

(26) Huzinaga, S. Approximate Atomic Wave Functions I; University 
of Alberta: Edmonton, AB, Canada, 1971. Schindler, M. J. Am. Chem. 
SOC. 1988,110,6623. 

Table 11. Dominant Configurations and Wavefunction 
Cwfflcientr of QCISD Calculations of 9-6 

8 4 6 
HOMO - LUMO (HOMO-1) -. (LUMO+l) HOMO -C LUMO 

0.075 0.074 0.105 
HOMO - (LUMO+l) HOMO - (LUMO+l) HOMO - (LUMO+1) 

0.068 0.060 0.061 

0.085 0.056 0.055 
(HOMO-1) -. LUMO HOMO - LUMO (HOMO-1) - LUMO 

Table 111. Selected RHF Bond Length8 of Reference 
Compounds (in AIa 

benzene ethylene cis-butadiene borazine 
C-C (+C C C  C 4  N-B 

AM1 1.40 1.33 1.45 1.34 1.40 
MNDO 1.41 1.34 1.46 1.35 1.43 
6-31G* 1.386 1.317 1.480 1.332 1.426 
MF'2/6-31G* 1.395 1.335 1.470 1.342 1.430 

NHzCH:, NHCHz BHzCHS BHCHz 
N-C N = C  B-C B=C 

AM1 1.43 1.27 1.53 1.38 
MNDO 1.46 1.28 1.53 1.33 
6-31G* 1.453 1.250 1.574 1.377 
MP2/6-31G* 1.464 1.281 1.561 1.385 

"As taken from: The Carnegie-Mellon Quantum Chemistry 
Archive, 3rd ed.; Whiteaide, R. A., Frisch, M. J., Pople, J. A., Ede.; 
Pittsburgh, PA, 1983 and The Erlangen Quantum Chemistry Ar- 
chive System; Clark, T., Schleyer, P. v. R., Eds.; Erlangen, 1991. 

azaborine 3 is distinctly more stable than 1,4azaborine 4 
(by 33.8 kcal/mol) and l,&azaborine 5 (by 40.1 kcal/mol). 
As l,&azaborine 5 cannot be represented satisfactorily by 
a unique Lewis structure, we also calculated the structure 
for the UHF-triplet state. However, an AM1 multielectron 
configuration interaction (MECI-) calculationn showed 
that the triplet state is 40.5 kcal/mol higher in energy than 
the singlet state. The differences in stability between the 
three isomers is significantly smaller according to MNDO 
(Table I) than with AM1 but the triplet state is again 40.7 
kcal/mol less stable than the singlet. 

At the ab initio levels the geometries were restricted to 
be planar (in accord with parallel investigations8Job). 
Normal vibration calculations at HF/6-3lG* confirmed 
the planar structures to be local minima on the poten- 
tial-energy surface. Second derivatives were not deter- 
mined for the MP2/6-31G* structures. At 6-31G* 1,2- 
azaborine 3 again is the most stable of the three isomers 
followed by the 1,4-azaborine 4 (+22.3 kcal/mol) and the 
RHF-geometry of the l,&azaborine 5 (+38.6 kcal/mol). 
The differences in stability between 3 and 4 do not change 
dramatically on inclusion of electron correlation, either 
with Merller-Plesset or with configuration interaction 
(Figure 1). This is not true for the relative stability of 5. 
The extra stabilization of 5 at the MP4 (energy relative 
to 3 = +29.8 kcal/mol) and CI levels (+33.1 kcal/mol) 
indicates that the electronic structure of this isomer is not 
well described by a single confiiation. However, the CI 
wavefunctions of 3-5 each have the same coefficient (c = 
0.93) for the HF configuration. The dominant excited state 
contributions are pair excitations from the two highest 
occupied to the two lowest unoccupied orbitals of each 
isomer (Table 11). 

Considering the possibility that 5 may have significant 
diradical character, we also investigated the UHF/6-31G* 
wavefunction of ita singlet state. The resulting total energy 
is 2.46 kcal/mol lower than the RHF-value (( 9) = 0.48). 
Pople and Hehre28 have proposed this energy difference 

(27) Armstrong, D. R.; Fortune, R.; Perkine, P. G.; Stewart, J. J. P. J. 
Chem. Sac., Faraday Trans. 2 1972,68,839. 



Azaborines: An ab Initio Study 

between the closed shell (RHF) and the open shell (UHF) 
singlet wavefunction as an indication of the relative di- 
radical character in their investigation of the electronic 
nature of the 22- and 24-electron 1,bdipoles. At  the 6- 
31G* level the energy difference [E(RHF) - E(UHF)] for 
the latter 1,3-dipoles ranges between 5 and 48 kcal/mol. 
Pople and Hehre correlated increasing stability of the UHF 
singlet calculations with the more important diradical 
participation in the electronic structure of these species. 

Applying the 6-31G* UHF (singlet) formalism to 3 and 
4 results in an identical wavefunction for the latter isomer. 
Surprisingly, the UHF-wavefunction of 3 is 0.37 kcal/mol 
((s2) = 0.10) more stable than RHF. However, the minor 
changes in geometry between the two states (Figure 2) and 
the small energy difference diminish the importance of this 
finding. 

The 6-31G* UHF triplet-state-optimized geometry of 
planar 5 displays two degrees of freedom with imaginary 
frequencies. Releasing the symmetry restrictions yielded 
a structure with no negative eigenvalues (( s2) = 2.22) that 
has a pyramidal nitrogen and a slightly corrugated ring 
(Figure 2). It is 28.5 kcal/mol higher in energy than the 
UHF singlet state. 

14-Azaborine 3. Benzene and borazine, the organic 
and inorganic parents of the hybrid azaborine, serve as 
references for bond length comparisons to 3 (Table 111, 
Figure 2). All the methods employed reveal about the 
same variations in C-C bond lengths around the calculated 
benzene value. The strongly decreasing C-C bond length 
alternation on going from Hartree-Fock to the MF'2 level 
is remarkable. It seems reasonable to compare the carbon 
backbone of 3 with cis-butadiene (Table 111). At the 
noncorrelated level the C-C bond lengths of 3 are almost 
exactly midway between those of their butadiene equiva- 
lents and the benzene value, whereas at the correlated level 
a distinct shift toward the C-C bond length of benzene can 
be observed. The semiempirical N-B bond lengths are a 
little shorter than in borazine but all ab initio values 
correspond almost exactly to the N-B bond length of bo- 
razine. The C-N bond is relatively close to the average 
bond length of methylamine and methylenimine at each 
level of theory, while the C-B distance shows a tendency 
toward the single bond length of methylborane. For both 
heteroatom-carbon bonds AM1 tends toward the single 
bond whereas the MP2 level 3 approaches the average of 
the heteroatom-carbon single and double bond lengths. 
As a whole, the geometrical data at the MP2 level suggest 
that 3 delocalizes its a-electrons over the four carbon 
atoms, nitrogen and boron. The cyclic a-conjugation does, 
however, appear to be broken by the long B-C bond. 

1,4-Azaborine 4. The bonding characteristics of 4 are 
in good agreement with the above findings for 3. The N-C 
bond lengths are roughly the average of their single and 
double bond analogs. The C-C bond distances shift 
slightly between the benzene and the ethylene values at 
each level of theory. Furthermore, the B-C bond length 
is much closer to the carbon-boron distance in methyl- 
borane than in methyleneborane. The overall bonding 
scheme of 4 can be described as an at least partly delo- 
calized 3-azapenta-1,ddiene with a boron atom connecting 
the two carbon ends but not involved in the electron de- 
localization. 

l&Azaborine S. In accord with MNDO findings6 both 
ab initio optimization procedures reproduce the C-C bond 
length of benzene in 5 (AM1 does not quite agree in this 
respect). The most striking support for a strongly delo- 

(28) Kahn, 5. D.; Hehre, W. J.; Pople, J. A. J.  Am. Chem. SOC. 1987, 
109,1871. 
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Figure 3. Lewis etructures according to NBO analynes for 3,4, 
and a- and P-spin orbitals of 5. 

calized electron system in 5 are the altogether much shorter 
heteroatom-carbon bond lengths in this ieomer compared 
to 3 and 4. This effect is more pronounced for nitrogen. 
At the MP2 level the somewhat extended B-C bonds 
slightly spoil the straightforward picture of a fully delo- 
calized a-system. 

Finally, we note that MNDO reproduces the ab initio 
geometries of 3-5 better than AMI. 

Bond Orders 
There is more than one way to "allocate the electrons 

in some fractional manner among the various parta of the 
molecule".29 Natural bond orbital (NBO) analysis, which 
can be "conceived as a chemist's basis set that would 
correspond closely to the picture of localized bonds and 
lone pairs as basic units of molecular structure",g0 is gen- 
erally more consistent than Mulliken population analysis 
and has been used here. 

Localization of bonds in order to define a Lewis struc- 
ture results in two different resonance structures for 6, 
both with formal charges on the heteroatoms (vide supra). 
The NBO analysis of the UHF (singlet) wavefunction for 
5 handles this apparent drawback by generating two dif- 
ferent seta of electrons for the a-system (Table IV). The 
two sets of a-electrons produced for 4 are identical and 
hardly differ from each other in the case of 3. The ar- 
rangement of a-electrons for the latter two isomers 
qualitatively reflect 'chemical intuition'. 

The three highest energy occupied orbitals in 3 are the 
a-bonds between C3 and C4, Cs and C6, and N and B (see 
Figure 3). Their electron occupation is lower than the 
maximum of 2, and the differences can be found in the 
corresponding r* orbitals. 1.6% of the total electron 
density cannot be described by this Lewis structureFl 
This percentage is much lower than the 2.9% of benzenega 
but comparable to the 1.4% of b0razine.9~ Natural 
localized molecular orbital (NLMO) analysis% reveala a 
minor participation of neighboring atoms in the r-bonds. 

In 4 the two degenerate C-C a bonds are again the 
highest energy binding orbitals followed by the lone pair 
on nitrogen, which is occupied by only 1.66 electrons. The 
NBO analysis assigns 0.31 electrons to the formally empty 
porbital on boron and 0.17 electrons to the slightly higher 
C-C **-antibonds. A considerable 2.1% of the total 
electron density must be ascribed to non-Lewis structures. 
The partially filled porbital of boron participates with 7% 
in both C-C r bonds according to the NLMO analysis. 

For the a- and 8-spin orbitals of 5 the NBO analysis 
generates two distinct ways of allocating the six r-electrons. 
The a-spin electrons populate three a-bonds (N-C2, B-C,, 
c&6; see Figure 3) to a major degree and the non-Lewis 
structure makes up for only 1.8% of the total a-spin 
electron density. As in 3, adjacent atoms are slightly in- 
volved in the a-bonds. Just two a bonds (C2-B, C4-C6) 
are formed by the 8-spin electrons along with a lone pair 

(29) Reference 12; p 27. 
(30) Reference 24; p 899. 
(31) Carpenter, J. E.; Weinhold, F. J. Am. Chem. SOC. 1988,110,366. 
(32) Hommes, N. J. R. v. E. Private communication. 
(33) The NBO analyses of the RHF/6-31G* geometry, which ie iden- 

(34) Reed, A. E.; Weinhold, F. J .  Chem. Phys. 1986,83, 1736. 
tical to the UHF singlet geometry. 
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Table IV. Summary of NBO Analysee of 3-5, Benmne, and Boraeine 
NBO NLMO 

1,2-azaborine 3 
orbital energy (eV) molecular orbital electron occupancy atomic hybrid contribution 

+6.81 ** c 3 c 4  0.13 
+6.47 r* N-B 0.15 
+5.96 ** c 6 4 6  0.20 
-8.72 = c344 1.82 91% T C3-C4; 6% B 2% C,; 1% Ca 
-9.79 r c 6 4 6  1.85 93% * c&; 4% C4; 1% C6; 1% B 

-10.99 r N-B 1.84 92% T N-B; 6% C6; 2% C6 
total non-lewis: 1.63% 

La-azaborine 4 
orbital energy (eV) molecular orbital electron occupancy atomic hybrid contribution 

+6.12 ** c3<4/c6-C6 0.17 
+4.74 LP* B 0.31 
-9.16 = C3-C4/cSc6 1.83 92% r c3-C4/c&; 7% & 1% c6/c2 
-9.90 LP N 1.66 83% LP N 5% C,/c,; 2% B 2% c3/c6 

total non-Lewis: 2.08% 

1,3-azaborine 5, a-spin orbitals 
orbital energy (eV) molecular orbital electron O C C U P ~ ~ C Y  atomic hybrid contribution 

+7.44 r* B-C4 0.03 
+6.39 %* N$2/C6$0 0.09/0.16 
-6.94 7 Be4 0.83 83% T B44; 11% C6; 3% Cz 

-10.07 * c 6 4 6  0.93 93% % c&; 4% C,; 2% N 
-12.22 u N-CZ 0.M 96% T N42; 2% B 

total non-lewis 1.77% 

1,g-azaborine 5, 8-spin orbitals 
orbital energy (eV) molecular orbital electron occupancy atomic hybrid contribution 

+7.09/+6.73 T* C446fCz-B 0.06/0.04 
+1.19 LP* c6 0.32 
-8.06 T C2-B 0.91 91% T C2-B; 5% C,; 4% Ce 
-8.06 = C4-G 0.85 85% % C4C6; 11% c6; 2% N 

-10.11 LP N 0.82 79% LP N; 17% c6 
total non-Lewis: 2.47% 

benzene 
orbital energy (eV) molecular orbital electron occupancy atomic hybrid contribution 

+4.49 3 ** c c  0.33 
-6.86 3 r C - C  1.66 83% r C C ;  6% ortho-C; 3% meta-C 

total non-Lewis: 2.91% 

borazine 
~~ ~~ 

orbital energy (eV) molecular orbital electron occupancy atomic hybrid contribution 
+5.61 3 ** N-B 
-8.96 3 T N-B 

0.14 
1.86 93% T N-B 6% ortho-B; 

total non-lewis: 1.41% 

on nitrogen (see Figure 3). The p orbital on C6, the lowest 
nonbonding orbital energetically, is occupied by 0.32 
electrons, leading to a 17% participation of this p-orbital 
in the lone pair on nitrogen according to the NLMO 
analysis. This &spin electron distribution has 2.5% 
non-Lewis character, which is fairly close to the benzene 
value of 2.9%. The average of both non-Lewis contribu- 
tions of 5 (2.12%) is close to the value of 4 (2.08%). Thus, 
the NBO analyaes suggest a similar delocalization effect 
in these two azaborine isomers. 

Thermochemical Stabilities 
Interactions between the various bonds of a conjugated 

system have to be eliminated in order to estimate the 
amount of electron delocalization in a molecule. This can 
be achieved by splitting the molecule into smaller subunits. 
Hydrogens are placed at the unconnected ends to complete 
the fragment structures. The numbers and kinds of bonds 
as well as the number of lone pairs remain the same on 
each aide of the equation. By comparing the energy of the 

fragments to that of the whole, a reasonable estimate for 
resonance energy can be expected.% There are two dis- 
advantages to these isodesmic reactions. Firstly, a well- 
defined valence bond description of the molecule is nec- 
essary. This turns out tobean ambiguous task in the case 
of the 1,3-azaborine 5. Secondly, by breaking the ring into 
ita acyclic parts all of the other effects such as ring strain, 
hyperconjugation, etc. are discarded. Nevertheless, there 
has been good agreement between the energy differences 
for isodesmic reactions and experimental findings.12 

HomodesmoticN and hyperhomode~motic~' reactions, 
which maintain greater similarity of bond types on both 
sides of the reaction, are known to be superior to isodeamic 
equations in assessing the gain in energy through cyclic 
conjugati~n.'~ Unlike the case for hydrocarbons and purely 

(35) Hehre, W. J.; Ditchfield, R.; Radom, L.; Pople, J. A. J. Am. Chem. 

(36) George, P.; Trachtmann, M.; Bock, C. W.; Brett, A. M. Theor. 

(37) Heas, B. A., Jr.; Schaad, L. J. J. Am. Chem. SOC. 1989,1OS, 7500. 

SOC. 1970,92,4796. 

Chim. Acta 1975,38,121. 
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heteroatomic cycles, there is no straightforward way of 
constructing satisfadory fragments for the homo- or hy- 
perhomodeamotic reactions of azaborinea The lack of even 
electron, uncharged fragments of 6 prohibits a thermo- 
chemical investigation of this isomer entirely. The 
RHF/6-31G* energies have not been corrected for zero- 
point vibrational energies (ZPE) because those corrections 
are known to increase the bond separation values by a 
nearly constant 0.1-1.1 kcal/mol only,% but the trends 
remain the same. The results are summarized in Table 
V together with some well-known examples of delocalized 
structures. 

The delocalization effect is more pronounced in the 
1,4-azaborine 4 than in the 1,a-isomer 3 and this does not 
change on inclusion of electron correlation. A decrease in 
electron delocalization with increasing electronegativity 
differences has been described in a computational survey 
of heteropolar analogs of benzene.lob Homodesmotic re- 
actions confirm that a rising bond polarity in the order 
B-P < B-N < Al-N leads to a localization of electronic 
charge. For the azaborines the difference in electronega- 
tivity is higheat between N and B. This is the most obvious 
reason for the lower resonance energy of 3 compared to 
4. The value for 4 is actually close to the data found for 
some very stable 'aromatics' (A 3 and 5 in Table V). The 
much lower value for 3 can be accounted for by the in- 
terruption of electronic delocalization in the carbon 
backbone by the heteroatoms. Introducing cisoid buta- 
diene instead of ethylene and ethane into the isodesmic 
equation for 3 (B 1) diminishes the delocalization energy 
by about 10 kcal/mol only. Thus, the aminoborane moiety 
still contributes a considerable amount of delocalization 
energy (27.5 kcal/mol) to the 1,a-azaborine molecule 3. 
However, introducing cisoid butadiene into the isodesmic 
equation of benzene reduces the delocalization energy by 
7.3 to 50.9 kcal/mol (B 2). This means that bridging a 
cisoid butadiene with aminoborane yields roughly half as 
much resonance energy as with ethylene. The large sta- 
bilization exerted by the heteroatoms in 3 on each other 
is reflected by the amount of cyclization energy of linear 
l-imino-2-butenylen-4-borane of 88 kcal/mol (C 1). 

We have also constructed a chemical equation for 4 that 
satisfies the requirements for a hyperhomodesmotic re- 
actionn (D 1). Although the number of fragments on the 
right-hand side of the equation and their size on the 
lebhand side do not coincide with thoee initially suggested 
for  hydrocarbon^,^^ the value calculated in the same 
manner for benzene (D 2 +%.8 kcal/mol) agrees well with 
that found by means of the conventional de~cript ion~~ 
(+23.4 kcal/mol). According to this equation (I) 1) 4 ac- 
quires half as much energy through cyclic conjugation as 
benzene does. This value can be taken as a guide for the 
delocalization effect in 4, since homodesmotic reactions 
are designed for cyclic delocalization effects.13 

The apparent discrepancy between the more stable 3 
and the more highly delocalized 4 and 5 is hidden in the 
two orthogonal electron systems of the heterocycles. The 
crucial factors determining the relative stability of 3 on 
one hand and 4 and 5 on the other are the qualities of the 
u bonds. Their net differences are one C-C and one N-B 
bond for 3 against one N-C and one B-C bond for 4 and 
5 each (Table VI). This classification is then reflected in 
the relative energies: 4 and 5 are much closer in energy 
to each other than 3 is to either of them (Figure 1). 

The resonance energy depends on the amount of per- 
turbation of the  systems caused by the heteroatoms. In 

(38) Baldridge, K. K.; Gordon, M. S. J.  Am. Chem. SOC. 1988, 110, 
4204. 
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Table V. Thermochemical Reactions and Energier at 
RHF/6-310* (and MP2/6-310*) for 3,4, and Reference 

Communds 

I 

I) 1% + 4 CH4 + NH3 + BH3 ----> 

1 2 CHyCH2 + CH3-CHj + CHJ-NH~ + CHj-BH2 + NHrBH2 

+ 34.8 kcal/mol 

(+ 47.9 kcal/mol) 

3 

I 

2) + 4 CHq + NH3 + BH3 ---> 

I 2 CH2-CH2 + 2 CH3-NH2 + 2 CH3-BH2 

4 + 54.0 kcal/mol 

(+ 70.5 kcal/mol) 

3) & + 6 CH4 ----> 3 C H Z - C H ~  + 3 CHyCH3 

I + S8.2 kcJ/mol 

(+ 72.0 kcal/mol) 

.38.0 kcaUmol 

I 

5) + 5 CH4 + NH3 ----> 2 CHZ=CH~ + 2 CHyCH3 + CHz-NH + CH3-NH2 

+ 60.7 kcallmol 

I 

6)  a + S CH4 + BH3 ---> 2 CH2-CH2 + 2 CHJ-CH~ + CH?=BH + CH3-BH2 

I .30.S kcaUmol 

(B) 
I 

1) + 2 CH4 + NH3 + BH3 ----> 

+ CHJ-NH2 + CHJ-BH~ + NHrBH2 

3 + 21.5 kcdhol  

2) 'p + 4 CHq ----> + C H ~ C H Z  + 2 CHyCHj  

+ S0.9 kcal/mol 

(C) 

3 
(D) 

+ 88.1 kcaVmol 

1 

4 -"'+ + I I  8 kcal/mol 

2) @ + + CH$H2 -..> 2 - v + Y  \ 

23.8 kclulaol 

3 the N-B donoracceptor pair of atoms show little 
tendency to delocalize their r-electrons into the remaining 
butadiene moiety. In 4 (and 5) the heteroatoms are s e p  
arated by carbon atoms, thus restricting the perturbation 
of the *-system to two isolated positions in the ring. This 
obviously is a smaller obstacle to delocalization than the 
cumulated B-N arrangement. In accord with NBO 
analyses, isodesmic equations show a pronounced delo- 
calization effect for 4. Unfortunately, this cannot be 
verified by isodesmic equations in the case of 5, but the 
arguments for a strong delocalization in 4 also apply to 5. 
Thus, the reasom that lead to a stabilization of the u frame 
in the azaborines are also those that prevent effective 
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Table VI. Summprv of Calculational Rerultr 
delocalization effecta derived from relative energies structural differences 

u-frame *-system QCISD + ZPE (kcal/mol) geometries NBO analyses ieodesmic BQS 

I C-C, N-B +NEB- 

3 
I N C ,  B-C N*-B 

I 
4 

N-C, B-C N*-B 

5 

aAcrm five ring atoms. 

T8ble MI. Cdcul~ted (IGLO) and Experimental llB- and 
*'c-Chemlcal Shifts for 8, 4, and Reference Compoundr 

(in R R d "  
DZ 11' II'-avd expl 

19-crcabrine S 
B 30.3 34.4 36.6-39.W 

'@ Cs 129.9 126.2 106.2 ' C, 148.4 160.3 146.3 
C, 110.4 103.6 116.0 

140.0 136.4 162.3 
1,l-azabrine 4 

B 39.1 44.8 35.od 
C2 144.3 141.0 152.3 144.6/143.6 
Cs 119.7 115.8 106.2 124.9/118.3 0' 

benzene 

pyridine 
C 128.3* 127.2 128.1-129.g 

C, 156.7* 148.6 149.2-160.6 
C, 121.8 119.4 123Xk124.2 
C, 137.9 138.1 134.*136.2 

B 86.6 93.4 
C, 96.4 88.8 
C, 149.3 147.9 
C, 110.6 106.4 

brabenzene 

to BFgOEt, and TMS, respectively. *See text. 
Various mlvente: Davies, F. A,; Dewar, M. J. S.; Jones, R. J. Am. 

Chem. SOC. 1968,90,706. DMSO-& Kranz, M. Unpublished 
rsrultr. 'Schindler, M.; Kutzelnigg, W. J.  Am. Chem. SOC. 1983, 
106,1360. (Depending on solvent: Carbon-13 NMR Spectra Data, 
4th ed.; Bremwr, W., Ernst, L., Fachinger, W., Gerhards, R., 
Hardt, A., Lewis, M. E. P., Eds.; Verlag Chemie: Weinheim, 1987. 

delocalization of the *-electrons. 
IGLO Calculations 

Nuclear magnetic resonance (NMR) is one of the most 
powerful tools available for elucidating the structures of 
organic molecules. Ab initio calculation of chemical shifts 
with the IGLO method" connecta theoretical work directly 
to experiment. Unfortunately, there are no '3CNMR data 
available for the numerous derivatives of 3. Thus, com- 
parieone have to be restricted to llB sbifta for 3 and to llB 
and W shifts for an unpublished derivative of 4 (7). 

n w 
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Figure 4. '3c IGLO calculated chemical shifta (II') plotted against 
p,-orbital electron occupany from NBO analyses for 3, 4, and 
benzene (benzene not included in regression l i e ) .  

Extending the investigation to related heterocycles, the 
NMR data of pyridineSg and borabenzene have been cal- 
culated and the additivity of chemical shifts was examined 
by superimposing these two molecules in the appropriate 
way and calculating the mean value of the two 13C shifta 
in order to approximate the '3c shifts in the corresponding 
azaborine iaomer. Note that shifts are calculated for iso- 
lated molecules, and as differences between gas and liquid 
phases are generally larger than the discrepancy between 
theory and experiment4 an exact coincidence with ex- 
perimental values must be regarded as fortuitous. The 
calculated shifta are shown in Table VII. 

The '3c shifts of benzene and pyridine calculated with 
the 11' basis% deviate by less than 4 ppm from solution 
values and are closer than those calculated for the ex- 
perimental gas-phase geometries of both molecules." The 
borabenzene ring is only found charged and substituted 
or coordinated to transition metals. A comparison to the 
calculated NMR shifts is thus not meaningful. The most 

(39) Only IGLO data for the experimental geometry of pyridine are 
available: Schindler, M.; Kutzelnigg, W. J.  Am. Chem. SOC. 1983,106, 
1360. 
(40) Kutzelnigg, W. THEOCHEM 1989,202,ll. 
(41) Schindler, M. Magn. Res. Chem. 1988,26, 394. 
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Conclusion 

Molecular geometries of the three azaborine isomera 
were determined at ab initio RHF/6-31G* and correlated 
levels (MP2) of theory. Single-point calculations were 
extended to the MP4 and QCISD levels. 

In accord with the latest semiempirical results6 the order 
of stability of the azaborines persists at all ab initio levels 
of sophistication. Electron correlation does not change the 
relative stability of 3 and 4 but lowers the energy of I 
significantly. Our best estimates of the energies of 4 and 
5 relative to 3 are +23.2 and +33.1 kcal/mol, respectively 
(3 >> 4 > 5). 5 is better described by a UHF (singlet) than 
the RHF wavefunction, as is 3, although to a minor extent 
However, the coefficients of the reference wavefunctions 
in the CI calculations of all three isomers suggest a com- 
parable participation of other than the ground-state 
electron configurations in the wavefunctions of these 
compounds. 

Bond lengths within the three heterocycles vary between 
almost pure single bonds and the average of a single and 
a double bond between respective atoms. According to the 
MP2/6-31G* geometry, bond distances in 3 and 4 tend on 
average toward their single-bond equivalents. Except for 
the B-C bond, bond distances in 5 are very close to the 
average between the respective single and double bond 
lengths. 

The NBO analysis of 3 and 4 conform to the intuitively 
expeded arrangements of non-a electron pairs within the 
heterocycles, although there is a considerable degree of 
electron delocalization in 4 according to the total non-Lewis 
electron density. Two different seta of a- and 4 -s p’ mor- 
bitals are created for 5 by the NBO analysis. The un- 
conventional electron distribution in the &spin w e  leads 
to a value of 2.5% non-Lewis character of the wavefunc- 
tion, close to the amount in benzene (2.9%). 

The resonance energy of 4 derived from thermochemical 
equations at 6-31G* is smaller than those for benzene and 
pyridine, although the exact value depends on the way of 
fragmentation. Delocalization is less pronounced in 3 on 
account of charge localization by the aminoborane moiety. 
The lack of uncharged and even electron fragments for the 
isodesmic equation of 5 prevents determination of a res- 
onance energy for this isomer. Nevertheless, the arguments 
supporting a moderate delocalization effect for 4 also apply 
to 5. The key to the solution of the apparent discrepancy 
of a most stable 3 with a less delocalized r-system lies in 
the sigma frameworks of the azaborines. The differences 
in quality of the sigma bonds favors 3 compared to 4 and 
5, while at the same time preventing effective r-electron 
delocalization. 

The agreement of the few experimental NMR shifta of 
substituted derivatives of 3 and 4 to their theoretical 
equivalents as calculated by the IGLO method suggests 
that these heterocycles are described reliably by the 
methods used. 
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Note Added in Proof. Since this work was submitted, 
we have been able to obtain the crystal structure of a 
highly substituted 1,Cazaborine derivative.“ The geom- 

Table VIII. ”C IQLO Calculated Chemical Shlftr (11% 
p,-Orbitnl Electron Occupancy, and Charger from NBO 

Analyses for 3,4, and Benzene 
W-ehifts p,-orbital natural 
11’ fRDml OCCUpBllCY charges 

1,2-&borine 3 Cs 126.2 1.042 -0.58 
Cd 150.3 0.911 -0.15 

1.112 -0.35 
0.928 +0.08 

C6 103.6 
4 C6 135.4 

1,l-azaborine 4 C2 141.0 0.917 +0.09 
Cs 115.8 1.088 -0.64 

C 127.2 0.997 -0.23 
0: 

benzene 

similar neighborhood of boron is found in 842 and P with 
IIB-NMR shifta of 63 and 71 ppm, respectively. 

Our 

8 9 DUr = 2,3,4,5,-Me&6H 

On each level of theory llB shifts of 3 are a little lower 
than found experimentally. The averaged 11’ values gen- 
erated from the superposition of pyridine and borabenzene 
diverge by 1U-20 ppm in either direction compared to the 
directly calculated 11’ shifts of 3. 

Considering the high degree of substitution of the ex- 
perimental reference 7, the agreement between the ex- 
perimental l8C shifts and those calculated at both levels 
of sophistication is remarkable. The experimental high- 
field shift of boron can be attributed to the r-back-bonding 
of oxygen. Again, the 11’ averaged values deviate more 
from experimental 19C data than the shifts calculated 
directly. One highly substituted reference compound does 
not warrant an extensive discuseion and more experimental 
results are needed before these tentative conclusions can 
be generalized. 

Finally, we have attempted to relate the molecular 
property of chemical shifta to the local feature of electron 
density on the corresponding carbon atoms. Originally 
proposed by Spiesecke and Schneider,‘ the dependence 
of ‘H and 13C chemical shifta on r-electron density has 
been demonstrated for many classes of compounds’6 with 
a variety of methods for determining the electron distri- 
bution in the molecules investigated. It has been stressed 
that the choice of the wavefunction is critical to the quality 
of the  result^.^ The RHF/6-31G* wavefunctions of 3 and 
4 localized by the natural population analysis method 
supply the p#-orbital electron occupancy needed. ‘3c shifts 
do not correlate simply with the charges on the corre- 
sponding atoms (Table VIII) but rather with the electron 
density in the respective piorbitals (Figure 4, correlation 
coefficient: 0.96). The value for benzene is added for 
comparison. The slope of the regression line of both 
ezaborines (-194.1 ppm/r-electron) is in the range of thoee 
found for other heterocy~les.‘~ 

(42) Pilz, M.; Stadler, M.; Hunold, R; Allwohn, F.; Measa, W.; Bemdt, 
A. Angew. Chem., Int. Ed. Engl. 1989,101,761. 

(43) Hunold, R.; Pilz, M.; Allwohn, J.; Stadler, M.; Maem, W.; 
Schleyer, P. v. R.; Benrdt, A Angew. Chem., Int. Ed. Engl. 1989,101,769. 

(44) Spieaecke, H.; Schneider, W. C. Tetrahedron Lett. 1961, 468. 
(46) Kalinmki, H.-0.; Bwger, S.; Braun, S .  JSC-NMR-Spektroskopie; 

Thieme-Verlag: Stuttgart, 1984, pp 88. 
(46) Tokuhiio, T.; Fraenkel, G. J. Am. Chem. SOC. 1969, 91, 5005. (47) Kranz, M.; Clark, T. J. Chem. SOC., Chem. Commun., in press. 
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etry of the azaborine ring found experimentally agrees well 
with the description of the bonding presented here. 
Regirtry No. 3, 6680-69-9; 4, 4438-39-5; 5, 135059-08-4. 
Supplementary Material Available: Structuree and energiea 

of the calculated molecules in the form of archive entriea (3 pages). 
This material is contained in many libraries on microfiche, im- 
mediately follows this article in the microfilm version of the 
journal, and can be ordered from the ACS; see any current 
masthead page for ordering information. 
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A solvent rate effect equation which usea four physical properties of the solvent for parameters has been applied 
with good succeaa to solvolysis reactions, solvent Et valuea, Claisen Rearrangements, Diels-Alder reactions, endo-exo 
ratios in Diels-Alder reactions, azeCope rearrangements, and enol-ketone equilibria of the dimedone and pyridone 
variety. The coefficients of the parameters, which are the Kirkwood4nsager function, the solvent cohesive energy 
density, the specific solvation of chloride ion, and the specific solvation of potassium ion, lead to differences in 
dipole moments, in volumes between initial and final states, and in the extent of specific solvation of anionic 
and cationic sites relative to the solvation of chloride ion and potassium ion, respectively. 

Concern for solvent effeds on chemical reactions has led 
to more than a few theoretical constructs and empirical 
correlations to provide not only rationalization but pre- 
diction of equilibrium and rate data.' For instance, in 
solvolysis reactions, Winstein-Grunwald solvent Y values2 
have proven remarkably useful not only for correlation 
purposes, but to assess the sensitivity of the reaction to 
solvent relative to the standard. The sensitivity of the 
reaction to Y might appear to be a measure of change in 
ionic character from ground state to transition state. 
However, Abraham has provided quantitative data on the 
stability of tert-butyl chloride in various solvents relative 
to that in DMF and found significant destabilization in 
the more polar, hydroxylic media?b Indeed, ground-state 
destabilization is an important contributor to the SN1 rate 
differences in polar media as was suggested by Winstein2 
and demonstrated by A r ~ ~ e t t . ~  In addition, Abraham 
found that the solvent cohesive energy density, ced, as 
defined by Hildebrand, (AHva, - RT)/Vm,5 is the major 
correlator of the stability of tert-butyl chloride in a wide 
range of solvents. Further, by subtraction Abraham could 
determine the relative stability of the tert-butyl chloride 
solvolysis transition state in different solvents relative to 
that in DMF and found behavior which correlated with 

(1) Reichardt, C. Solvents and Solvent Effects in Organic Chemistry, 
2nd ed.; VCH Weinheim, 1988. 

(2) Grunwald, E.; Winstein, S. J .  Am. Chem. SOC. 1948, 70,846. See 
also: Smith, S. G.: Fainberg, A. H.: Winstein, S. J. Am. Chem. SOC. 1961, 
83, 618. 

(3) (a) For the moet recent review of parameter values with extensive 
comments, see: Abraham, M. H.; Grellier, P. L.; Abboud, J.-L. M.; Do- 
herty, R. M.; Taft, R. W. Can. J.  Chem. 1988,66, 2673. (b) Abraham, 
M. H.; Grellier, P. L.; Nasehzadeh, A.; Walker, R. A. C. J.  Chem. SOC. 
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