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NMR data  (CsDs, TMS, 15: CsD6 + CS2). 11: 35.1,37.5, 
52.6, 52.7, 53.9, 55.4, 56.0, 69.3, 94.8, 105.7, 111.5, 128.8, 133.6. 
12: 35.5, 38.8, 50.2, 54.0, 54.2, 55.9, 56.2, 61.6, 89.0, 109.4, 111.0, 
127.2, 134.0. 13: 35.2,35.5,46.6,53.5, 56.1,57.0,62.0, 89.2, 105.8, 
107.6, 127.6, 133.0 (two C isochrone). 14: 36.0, 40.3, 50.2, 51.6, 
54.5,56.5, 56.7,58.0,89.5, 106.2, 108.6, 127.1, 135.0. 15 39.1,40.4, 
53.8, 57.1, 105.8, 107.6. 16: 37.3, 38.0, 42.1, 53.8, 53.9, 55.9, 56.1, 
56.7,67.9, 81.5, 85.9, 95.3, 130.8, 134.3. 17: 35.4, 37.0, 37.3, 45.7, 
51.1, 56.0, 56.4, 56.8, 57.4, 79.1, 79.2, 88.8, 127.4, 135.4. 
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Semiempirical AM1 and ab  initio STO 3G quantum calculations on bicyclo[2.2.2]oct-l-y1 cation (11) and 
derivatives (12-25) substituted a t  C(2) or C(3) with electron-withdrawing groups such as Z = 0, NH, CHz, C(CN)z 
or X = CN and NOz suggested tha t  the 3-oxobicyclo[2.2.2]oct-l-yl cation (13) and 3-(E)-iminobicyclo[2.2.2]oct-l-y1 
cation (15) are more stable than expected on the basis of the inductive effect of their oxo and imino substituents, 
respectively. This  phenomenon has been attributed to favorable through-bond n ( C 0 )  - uC(2),C(3) - p(C(1))' 
and n((E)-NH=C) - uC(2),C(3) - p(C(1))' interactions. This electron-releasing effect of the imino substituents 
is less important in the  3-(Z)-iminobicyclo[2.2.2]oct-1-yl cation (17). 

In a recent publication in this journal on the solvolysis 
of 3-oxobicyclo[2.2.2]oct-l-yl triflate and derivatives, 
Takeuchi and Yoshida' claimed to have discovered the first 
example of the through-bond interaction of the P-carbonyl 
lone pair with cationic p orbital. Already in 1978, we 
reported that 5,6-dimethylidenebicyclo[2.2.1] heptan-2-one 
(1) added to methyl propynoate with a relatively good 
"para" regioselectivity, giving 2 as major adduct.2 The 
results were in agreement with predictions based on the 
FMO theory3 which considers the HOMO(diene)-LUMO- 
(dienophile) orbital interaction to control the regioselec- 
tivity of the c y c l o a d d i t i ~ n . ~ ~ ~  The shape of the HOMO 
of 1 suggested the intervention of a through-bond inter- 
action of type n(C0) - a(C(l),C(2)) - x(C(5),C(6)) 
making the p atomic coefficients a t  C(6)=CH2 significantly 
larger than those at  C(5)=CH2.4,5 Semiempirical MO 
calculations, first,6 and than ab initio MO  calculation^^^^ 
predicted that the 6-oxobicyclo[2.2.l]hept-2-yl cations 3, 
5 are more stable than their 5-oxo isomers 4, 6 due to 
favorable n(C0) - u(C(l),C(6)) - pC(2)+ interactions that 
render the carbonyl group electron-releasing in the former 
carbocations. These predictions were supported by the 
regioselectivity observed for the electrophilic additions of 
enones 7 and of their synthetic precursors 9 which led to 

'Dedicated to Dr. Paul von Rag& Schleyer on the occasion of his 
60th hirthdav. 

adducts 8 and 10, respec t i~e ly ,~J~  under conditions of 
kinetic control. We also found that an acyl group has a 

HCICE, 

I E=COOCH, 2 (major) 

7 

Z=CH,: 3' 3 4 AE=7.0 kcallmol (STO 3Cj 

z=o: 5' 5 
4.3 (6-31 C') 

6 AE=7.5 (STO 3G) 
4.1 (6-31 G'j 

7 8 

9 10 

(1) (a) Takeuchi, K.-I.; Yoshida, M. J. Org. Chem. 1989,54,3772-3773. 
(b) For earlier examples of heterolyses of 3-oxo-I-alkyl derivatives, see: 
Udding, A. C.; Wynberg, H.; Strating, J. Tetrahedron Lett. 1968, 
5719-5722. Banerjee, S.; Werstiuk, N. H. Can. J. Chem. 1976, 54, 
678-684. 
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greater intrinsic (kinetic) migratory aptitude than an alkyl 
group in exothermic Wagner-Meerwein rearrangements.**" 

We report here further theoretical studies on the hy- 
pothesis of electron-releasing homoconjugated carbonyl 
group and we shall confirm the proposal of Takeuchi and 
Yoshida that in 3-oxobicyclo[2.2.2]oct-l-yl cation the de- 
stabilizing inductive effect of the carbonyl group is com- 
pensated by its electron-donating ability due to favorable 
through-bond n(C0) - aC(2),C(3) - pC(l)+ interaction. 
Our approach is based on the comparison of the calculated 
hydride affinities and geometries in bicyclo[2.2.2]oct-l-yl 
cation 11 and its 2-oxo (12) and 3-oxo derivatives (13). 
Analogous analyses have been carried out also for bicy- 
clo[2.2.2]oct-1-yl cations bearing at  C(2) or C(3) an imine 
(14-17), methylidene (18,19), dicyanomethylidene (20,21), 
carbonitrile (22, 23), or nitro functions (24, 25). Our 
quantum mechanical calculations predict that the (E)-im- 
ino group, and likewise the oxo group, can behave as an 
electron-releasing homoconjugated substituent because of 
favorable through-bond n(C=NH) - a(C,C) - p(C+) in- 
teractions. 

11 12 z=o 13 Z-0 22 X=CN 23 X=CN 
14 Z=(Z)-NH 15 Z-(E)-NH 24 X=NO, 25 X = N 0 2  
16 Z=(E)-NH 17 Z=(Z)-NH 
18 Z=CH, 19 Z=CH2 
20 Z=C(CN)2 21 Z=C(CN), 

(2) Carrupt, P.-A,; Avenati, M.; Quarroz, D.; Vogel, P. Tetrahedron 
Lett. 1978,4413-4416. 

(3) (a) Klopman, G. J. Am. Chem. Soc. 1968,90,223-234. (b) Salem, 
L. &id. 1968,90,543-552,553-566. (c) Fukui, K. Acc. Chem. Res. 1971, 
4 ,5744;  Bull. Chem. Soc. Jpn. 1966,39,498. (d) Fleming, I. In Frontier 
Orbitals and Organic Chemical Reactions; Wiley: New York, 1976. (e) 
Sustmann, R. Pure Appl. Chem. 1974,40,569-593. (f) Herndon, W. C. 
Chem. Rev. 1972, 72,157-179. (9) Hudson, R. F. Angew. Chem., Int. Ed. 
Engl. 1973, 12, 36-57. (h) Epiotis, N. D. J. Am. Chem. Soc. 1973, 95, 
5624-5632. (i) Houk, K. N. Acc. Chem. Res. 1975,8, 361-369. (j) Ei- 
senstein, 0.; Lefour, J. M.; Anh, N. T.; Hudson, R. F. Tetrahedron 1977, 
8,523-531. (k) Alston, P. V.; Ottenbrite, R. M.; Newby, J. J. Org. Chem. 
1979,44,4939-4943. (e) Dewar, M. J. S.; Dougherty, R. C. In The PMO 
Theory of Organic Chemistry; Plenum Press: New York, 1975. 

(4) Avenati, M.; Carrupt, P.-A.; Quarroz, D.; Vogel, P. Helu. Chim. 

(5) Photoelectron spectra of 2,3,5,6-tetramethylidenebicyclo[2.2.1]- 
heptan-7-one and related &y-unsaturated ketones and alkenes confirmed 
the significant interactions between the lone-pair orbital n(C0) and the 
homoconjugated double-bond A orbitals which are due mostly to a 
'through-bond" mechanism: Carrupt, P.-A.; Gabioud, R.; Rubello, A.; 
Vogel, P.; Honegger, E.; Heilbronner, E. Helu. Chim. Acta 1987, 70, 
1540-1550. See also: Chadwick, D.; Frost, D. C.; Weiler, L. J. Am. Chem. 
Soc. 1971, 93, 4320-4962. Hentrich, G.; Gunkel, E.; Klessinger, J. Mol. 
Struct. 1974,21,231-244. Schafer, W.; Schmidt, H.; Schweig, A.; Hoff- 
mann, R. W.; Kun,  H. Tetrahedron Lett. 1974,1953-1956. Houk, K. N.; 
Lambert, L. S.; Engel, P. S.; Schexrayder, M. A.; Seeman, J. I.; Zifler, H., 
unpublished results. 

(6) Carrupt, P.-A.; Ph.D. Dissertation, University of Lausanne, 1979. 
(7) Carrupt, P.-A,; Vogel, P. Tetrahedron Lett .  1984,25, 2879-2882. 
(8) Carrupt, P.-A.; Vogel, P. J. Phys. Org. Chem. 1988, I ,  287-298. 
(9) Carrupt, P.-A,; Vogel, P. Tetrahedron Lett. 1982,23,2563-2566. 

Vogel, P. In Stereochemistry and Reactivity of Systems Containing 
a-Electrons, Methods in Stereochemical Analysis; Watson, W. H., Ed.; 
Verlag Chemie International: Deerfield Beach, FL 1983; Vol. 3, pp 
147-195. Carrupt, P.-A.; Vogel, P. Helu. Chim. Acta 1989, 72,1008-1028. 

(10) Black, K. A.; Vogel, P. J. Org. Chem. 1986,51,5341-5348. Vogel, 
P.; Auberson, Y.; Bimwala, M.; de Guchteneere, E.; Vieira, E.; Wagner, 
J. In Trends in Synthetic Carbohydrate Chemistry; Horton, D., Hawkins, 
L. D., McGarvey, G. J., Eds.; ACS Symposium Series 386, American 
Chemical Society: Washington, DC, 1989; pp 197-241. 

(11) LeDrian, C.; Vogel, P. Tetrahedron Lett. 1987, 28, 1527-1530; 
Helo. Chim. Acta 1987, 70, 1703-1720. 

Acta 1982,65, 188-203. 
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Table I. AM1 Calculated Heats of Formation ( A i , ,  
kcal/mol) of Cations 11-25 (R+) and Neutrals (RH) 26-33. 

AM1 Relative Hydride Affinities (ADH, kcal/mol) of 
Cations 11-25O 

ion/molecules AHr AH,(RH) ADHb A u t  
AHr(R+) - 

1 1  (X = H )  183.0 219.1 (0.0) 
12 (2-oxo) 
13 (3-OXO) 
14 (2-(Z)-NH=) 
15 (3-(E)-NH=) 
16 (2-(E)-NH=) 
17 (3-(Z)-NH=) 
18 (2-CHz=) 
19 (3-CHz=) 
20 (2-C(CN)z=) 
21 (3-C(CN)z=) 
22 (2-CN) 
23 (3-CN) 
24 (2-NOZ) 
25 (3-NOz) 
26 (X = H) 
27 (ketone) 
28 ((Z)-NH) 
29 ((E)-NH) 
30 (CHz=) 
31 (C(CN)z=) 
32 (2-CN) 
33 (2-NOZ) 

173.2 
167.3 
218.5 
213.6 
215.6 
215.4 
208.4 
208.3 
287.0 
285.2 
226.1 
224.5 
204.2 
201.8 
-36.1 
-61.5 
-10.3 
-10.2 
-12.3 

50.1 
-2.8 

-33.2 

234.7 
228.8 
228.8 
223.8 
225.8 
225.7 
220.7 
220.6 
236.9 
235.1 
228.9 
227.3 
237.4 
235.0 

5.9 15.6 
9.7 

5.0 9.7 
4.7 
6.6 -0.1 
6.7 
1.6 0.1 
1.5 

17.8 1.8 
16.0 
9.8 1.6 
8.2 

18.3 2.4 
15.9 

a With complete geometry optimization. 
AHf( 11)  + AHr(26) = ADH. 
tuted bicyclo[2.2.2]oct-l-yl cation) = A M f .  

AH,(R+) - AHf(RH) - 
A.iff(2-substituted) - AHr(3-substi- 

Calculation Methods 
Exploratory calculations on cations 11-25 and the cor- 

responding bicyclo[2.2.2]octane derivatives 26-33 were 
A A A 

26 27 z=o 32 X=CN 
28 Z=(Z)-NH 33 X=NOz 
29 Z=(E)-NH 
30 Z=CH2 
31 Z=C(CN)? 

performed using the semiempirical AM1 parametrization12 
of the AMPAC13 program (SUN4 work-station). For the 
smallest systems 11-19 and 26-30, equilibrium geometries 
were obtained with the ab initio GAUSSIAN 82,14 GAUSSIAN 
86,15 or GAMESP programs on CRAY 2, CRAY-XMP, or 
VAX 8550 computers. The geometries were completely 
optimized with respect to all bond lengths and bond angles 
using Berny's method" with standard convergence criteria. 
The size of ions 11-19 and the corresponding hydrocarbons 
26-30 limited the basis set a t  the STO 3G level. 

Results and Discussion 
The calculated heat of formation of cations 11-25 

(AH,(R+)) and of the corresponding bicyclo[2.2.2]octane 
derivatives 26-33 (AHf(RH) obtained by the AM1 tech- 
nique are given in Table I. The differences AZ-If(R+) - 

(12) Dewar, M. J. S.; Zoebisch, E. G.; Healy, E. F.; Stewart, J. J. P. J. 
Am. Chem. SOC. 1985, 107, 3902-3909. 

(13) QCPE program No. 506. 
(14) Binkley, J. S.; Frisch, M. J.; DeFrees, D. J.; Raghavachari, K.; 

Whiteside, R. A.; Schlegel, H. B.; Fluder, E. M.; Pople, J. A. Carnegie- 
Mellon University. 

(15) Frisch, M. J.; Binkley, J. S.; Schlegel, H. B.; Raghavachari, K.; 
Melius, C. F.; Martin, R. L.; Stewart, J. J. P.; Borbrowicz, F. W.; Rohlfing, 
C. M.; Kahn, L. R.; DeFrees, D. J.; Seger, R.; Whiteside, R. A.; Fox, D. 
J.; Fleuder, E. M.; Pople, J. A. Carnegie-Mellon Quantum Chemistry 
Publishing Unit: Pittsburgh, PA, 1984. 

(16) Schmidt, M. W.; Boatz, J. A.; Baldrige, K. K.; Koseki, S.; Gordon, 
M. S.; Elbert, S. T.; Lam, B. QCPE Bulletin 1987, 7, 115. 

(17) Schlegel, H. B. J. Comput. Chem. 1982, 3, 214-218. 
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3-oxobicyclo[2.2.2]oct-l-yl (13) and 3-(E)-iminobicyclo- 
[2.2.2]oct-l-y1 cations (15) are more stable than expected 
for ions perturbed by electron-withdrawing (-1) substitu- 
ents. This can be interpreted in terms of the intervention 
of a stabilizing effects due to the polarizability of systems 
13 and 15. These electron-donating effects are proposed 
to be associated with through-bond n(C0) - aC(2),C(3) - pC(l)+ and n((E)-C=NH) - uC(2),C(3) - p(C(l))+ 
interactions in 3-oxobicyclo[2.2.2]oct-l-yl cation (13) and 
3-(E)-iminobicyclo[ 2.2.2loct-1-yl cation (15), respectively, 
interactions which can be represented by the limiting 
structures 13 - 13’ and 15 - 15’ - 15”, respectively. 

Table 11. Ab Initio (STO 3G) Total Energies (E,,,, 
Hartrees) of Ions (R+)  11-19 and Neutrals (RH) 26-30: 

Relative Hydride Affinities of Cations 11-19 ( A E ,  kcal/mol) 
method: Et,,(R+)b - 

ion/molecules STO 3G” E,,,, Etn+(RH) sc A s d  
11 (X = H) -306.65516 521.7 (0.0) 
12 (2-oxo) -379.28284 537.0 15.3 8.5 

14 (2-(2)-NH=) -359.74733 537.1 15.4 

16 (2-(E)-NH=) -359.75530 532.5 10.8 

13 (3-OXO) -379.29648 528.5 6.8 

15 (3-(E)-NH= -359.76161 528.5 6.8 8.6 

17 (3-(2)-NH=) -359.76133 528.3 6.6 4.2 

19 (3-CHz=) -344.01389 523.3 1.6 2.7 
18 (2-CH2=) -344.00949 526.0 4.3 

26 (X = H) -307.48658 
27 (ketone) -380.13865 
28 ((Z)-NH) -360.60322 
29 ((E)-NH) -360.60382 
30 (CHz=) -344.84777 

With complete geometry optimization. kcal/mol. = 
E,,,(R+) - E,,(RH) - AE,,(11) + E,,(26), in kcal/mol. dDifference 
in stability between 2- and 3-substituted bicyclo[2.2.2]oct-l-yl cat- 
ion isomers, in kcal/mol. 

AH,(RH) correspond to the hydride affinities of cations 
R+ minus AHf(H-). The relative hydride affinities of the 
2- and 3-substituted bicyclo[2.2.2]oct-l-yl cations with 
respect to the unsubstituted ion 11 are given by the dif- 
ferences ADH = AHf(R+) - LWARH) - AHf(ll) + AHf(26). 
As expectedls for electron-withdrawing substituents such 
as Z = oxo, imine, methylidene, C(CN), or X = CN, NOz, 
the hydride affinity for the substituted bicyclo[2.2.2]oct- 
1-yl cations were calculated to be higher than that of the 
unsubstituted ion 11. Because of the difference in elec- 
tronegativities between the 0, N, and C atoms, the de- 
stabilization of the 2-substituted bicyclo[2.2.2]oct-l-yl 
cations decreases in the order 12 > 14, 16 > 18 (compare 
ADH values, Table I). The destabilization effect of the 
2-(dicyanomethylidene) (see 20) and 2-nitro (see 24) sub- 
stituents are about the same whereas that calculated for 
the 2-cyano group (see 22) is smaller and comparable with 
those found for the 2-(Z)-imino group (see 14). 

As expected for (-I) substituents, the destabilization 
effect was calculated to be larger for the 2-substituted than 
for the 3-substituted bicyclo[2.2.2]oct-l-yl cations because 
the distance separating the substituents and the carbenium 
ion center C(l)+ is smaller in the former than in the latter 
ions. This differential substituent effect is very small for 
the 2-methylidene- and 3-methylidenebicyclo[2.2.2]octyl 
cations (18 vs 19) and somewhat larger for the dicyano- 
methylidene- (20 vs 21) and nitro-substituted derivatives 
(24 vs 25). It  is interesting to note, however, that for latter 
cations the differential substituent effect did not surpass 
2.5 kcal/mol (AM1 calculations) whereas it amounted to 
5.9 and 5.0 kcal/mol for the oxo and syn-imino substitu- 
ents, respectively (compare AAH, values, Table I). Striking 
was the finding that the anti-imino isomers 16 and 17 did 
not show the same differential substituent effect! Inter- 
estingly, the predictions based on the semiempirical AM1 
calculations (Table I) were confirmed by the ab initio STO 
3G MO calculations (Table 11). They confirmed the 
predictions made above (compare the A S  values), i.e. the 

13 13’ 

Such interactions are less favorable in the 3-(Z)-imino- 
bicyclo[2.2.2]oct-l-yl cation (17) because the n(C=NH) 
electron pair in this system does not overlap with the 
uC(2),C(3) bond as well as in the case of the E isomer 15. 

The model 15 - 15’ - 15” suggests that  this cation 
adopts some triple bonded C=N character in its equilib- 
rium geometry. The more the limiting structure 15’’ 
contributes, the easier it should be to interconvert the 
3-(E)-imino (15) into the 3-(Z)-iminobicyclo[2.2.2]oct-1-yl 
cation (17), and vice-versa.ls In order to test this hy- 

15 15’ 15” 

pothesis we have evaluated the energy barriers of the Z 
z E interconversions for the 2-imino (14 z 1 6 ) ,  3-imino 
cations (15 e 17) and for the corresponding neutral imines 
(28 z 29) with the AM1 technique. Our results are sum- 
marized in Table I11 and confirm our model 15 - 15’ - 
15”. Indeed, the energy barrier for process 17 -, 15 
(transition state 35) was found to be significantly lower 
than that calculated for 16 -, 14 (transition state 34) and 
for 29 - 28 (transition state 36).20 The comparison of the 
geometries obtained for 34, 35, and 36 (Table 111) show 
that, as in the ground-state 15 which admits limiting 
structure 15’, the transition state 35 admits a significant 
contribution of limiting structure 35’. This was indicated 
by the relatively long C(2)-C(3) bond calculated for 35 
compared with that found in transition states 34 and 36. 

The lowering of the energy barrier for the interconver- 
sion of the 2-iminobicyclo[2.2.2]oct-l-yl cations 14 s 16 
compared with that of the neutrals 28 z 29 is not readily 
explained. According to our semiempirical calculations 
showing a C(l)-C(2) bond lengthening in 34 compared with 
that calculated in 14, 16 (see supplementary material) and 
35 (Table 111), we can propose that the limiting structure 
34’ contributes to 34. However, this proposal must be 
taken caustiously as long as it is not confirmed by higher 
level MO calculations. 

A 

(18) Topson, R. D Prog. Phys. Org. Chem. 1976,12,1-20; Acc. Chem. 
Res. 1983,16,292-298 and references cited therein. Yoder, C. S.; Yoder, 
C. H. J. Am. Chem. SOC. 1980, 102, 1245-1247. Lenoir, D. Chem. Ber. 
1975,108,2055-2072. Tidwell, T. T. Angew. Chem., Int. Ed. Engl. 1984, 
23,2&32. Charton, M. Prog. Phys. Org. Chem. 1981,13,11+251. Grob, 
C. A.; Schaub, B.; Schlageter, M. G. Helu. Chim. Acta 1980, 63, 57-62. 
Vogel, P. In Carbocation Chemistry; Elsevier: Amsterdam, 1985; pp 
24&254. Bentley, T. W.; Irrgang, B.; Mayer, H.; Schleyer, P. v. R. J. Org. 
Chem. 1988, 53, 3492-3498 and references cited therein. 

(19) Padwa, A. Chem. Reo. 1977, 77, 37-68. Paetzold, R.; Reichen- 
bacher, M.; Appenroth, K. 2. Chem. 1981,21,421-430. Hunge, C. J. M.; 
Hezemaus, A. M. F.; Rasmussen, K. J. Comput. Chem. 1987,8,204-225. 
Ertl, P. Collect. Czech. Chem. Commun. 1988,53,2986-2994. Armstrong, 
D. R.; Walker, G. T. J .  Mol. Struct. (THEOCHEM) 1987,149,369-389. 

(20) These calculations were suggested to us by Prof. Leon Ghosez, _ _  
Louvain-la-Neuve, Belgium. 
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On substituting 11 at  C(2) with electron-withdrawing 
groups (e.g. Z = 0, NH, CH2, C(CN),; or X = CN, NO2), 
the charge delocalization in the bicyclic skeleton can be 
represented by limiting structures A - A’ - A”, the lim- 
iting structures A” contributing less than A’. This is in- 
dicated by the comparison of aC(l),C(2) bond shortening 
(All,,) and the aC(2),C(3), and aC(5),C(6) bond lenghtening 
(L&, see supplementary material) calculated for 12, 
14,16,18,20,22, and 24. These findings can be interpreted 
in terms of dipole/charge repulsions between the charged 
centers and the substituents which favor structures A’ over 
A“. 

A A A 

Table 111. AM1 Transition States 34,35, and 36 for the 

Respectively. Heat of Formations, AHf (kcal/mol); Bond 
Interconversions 14 s 16,15 g 17, and 28 F! 29, 

Lengths, A 

34 35 35’ 36 

AH, : 231.2 225.6 11.6 
Barrier 
(Z-E) : 15.6 
C=N : 1.218 1.214 

C(Z)-C(3) : 1.554 & N-n : 0.968 

21.9 
1.241 
0.958 
1.518 

Table IV. Comparison of the aC(2),C(3), aC(5),C(6), and 
C=Z Bond Lengthenings in 3-Substituted 

Bicyclo[2.2.2]oct-l-yl Cations Compared w i t h  the  
Corresponding Hydrocarbons ( in  A) 

A12,3 - A15,6a AlC-Z 
cation AM1 STO-3G AM1 STO-3G 

13, 2 = 0 0.019 0.030 -0.019 -0.013 
15, 2 = (E)-NH 0.013 0.021 -0.019 -0.011 
17, 2 = (2 ) -NH -0.001* 0.007 -0.013 -0.009 
19, 2 = CH2 -0.011 -0.002 -0.003 -0.003 

23, X = CN -0.004 
25, X = NOp -0.016 

21, 2 = C(CN):, -0.017 -0.010 

See the supplementary material. Negative values correspond 
to bond shortenings. 

The hypotheses 13 - 13’ and 15 - 15’ - 15” invoked 
above for the “extra” stability of the 3-oxo- (13) and 3- 
(E)-iminobicyclo[2.2.2]oct-l-yl cation (15) were confirmed 
by the comparison of the calculated geometries of cations 
11-25 and of the corresponding bicyclo[2.2.2]octane de- 
rivatives 26-33. On ionizing bicyclo[2.2.2]octane (26) into 
bicyclo[ 2.2.2loct-1-yl cation ( 1 1) , the aC( l),C( 2), &(l) ,C(6) 
and aC(l),C(7) bonds are shortened while the aC(2),C(3), 
aC(5),C(6), and aC(7),C(8) bonds are lengthened,21 in 
agreement with model 11 - 11’ that implies charge delo- 
calization through favorable a(C,C) hyperconjugation (good 
alignment between the pC(1)+ empty orbital and the ad- 
jacent a(C,C) bonds).23 The C(4)-H bond does not change 
between 26 (1.089 A (ab initio STO 3G); 1.125 A (AM1)) 
and 11 (1.089 A (ab inito STO 3G); 1.121 A (AM1)) con- 
trary to the proposal of Grob and co-workers22 that implies 
the doubly hyperconjugated structure 11” to explain the 
long-range substituent effects on the SN1 solvolysis rate 
constant of 4-substituted bicyclo[2.2.2]oct-l-yl esters.23 

11 11’ 11” 

(21) Wenke, G.; Lenoir, D. Tetrahedron Let t .  1979, 2823-2826. 
(22) (a) Dewar, M. J. S. In Hyperconjugation; The Ronald Press, Co.: 

New York, 1962. Parker, W.; Tranter, R. L.; Watt, C. I. F.; Chang, L. W. 
K.; Schleyer, P. v. R. J .  Am. Chem. SOC. 1974,96,7121-7122. Hoffmann, 
R.; Radom, L.; Pople, J. A,; Schleyer, P. v. R.; Hehre, W. J.; Salem, L. 
Ibid. 1972, 94, 6221-6223. See also: Radom, L.; Pople, J. A.; Buss, V.; 
Schleyer, P. v. R. Ibid. 1972,94,311-321. Hariharan, P. C.; Radom, L.; 
Pople, J. A.; Schleyer, P. v. R. Ibid. 1974, 96, 599-601. Sunko, D. E.; 
Hirsl-StarEeviE, S.; Pollack, S. K.; Hehre, W. J. J. Am.  Chem. SOC. 1979, 
101,6163-6170. Lin, M.-h.; Boyd, M. K.; LeNoble, W. J. Ibid. 1989,111, 
8746-8748. Xie, M.; LeNoble, W. J. J .  Org. Chem. 1989,54,3839-3841. 
(b) For @(C,C) bond elongation in crystalline carbenium ion salts, see: 
Laube, T. Angew. Chem., Int. Ed. Engl. 1987, 26, 560-562; 1986, 25, 
3 4 9 - 3 5 0. 

(23) Grob, C. A.; Rich, R. Tetrahedron Let t .  1978,663-666. Grob, C .  
A. Nachr. Chem. Tech. Lab. 1978,26, 570, 575-576; Helu. Chim. Acta 
1979,62, 2793-2801. Bielmann, R.; Grob, C. A.; Kury, D.; Wei Yao, G. 
Helu. Chim. Acta 1985,68, 2158-2164. 

A A’ A” 

In the case of the 3-substituted bicyclo[2.2.2]oct-l-yl 
cation the calculated geometries can be interpreted by the 
limiting structures B - B’ - B”. For the 3-oxo and 3- 
(E)-imino derivatives (13 and 15), the corresponding lim- 
iting structures B” are predicted to contribute more than 
B’ as it was found that the aC(2),C(3) bond lengthenings 
are larger than those of aC(5),C(6) (Table IV). Inter- 
estingly, this differential effect is significantly reduced in 
the case of the 3-(Z)-iminobicyclo[2.2.2]oct-l-yl cation and 
reversed for the 3-methylidene (19), 3-(dicyanomethylidene 
(21), $cyano- (23), and 3-nitrobicyclo[2,2,2]oct-l-yl cations 
(25)! Thus, as proposed above on the basis of the relative 
stabilities of 2- and 3-substituted bicyclo[2.2.2]oct-l-yl 
cations, the n(C0) and n(C=NH) electron pairs in 13 and 
15, respectively, intervene in the stabilization of the cor- 
responding limiting structures B”, i.e. 13’ and 15’, re- 
spectively. These through-bond electron-releasing effects 
of the homoconjugated carbonyl and (E)-imino groups are 
related to the Grob fragmentation and the frangomeric 
effect.24 The unfavorable alignment between the n(C= 
NH) and aC(2),C(3) bond in the 3-(Z)-iminobicyclo- 
[2.2.2]oct-l-y1 cation (17) prohibits a similar effect. In 

A A A 

B 8’ 8” 

B”’ 

the case of the 19 and 21, the absence of n electron pair 
on the methylidene and dicyanomethylidene substituents 
cannot favor the corresponding limiting structures B”. In 
fact the inductive effect of these substituents destabilizes 
B”. This is also true for the 3-cyano- and 3-nitro-substi- 
tuted cations 23 and 25, respectively (Table IV). 

An hypothetical through-space interaction B - B”’ is 
not predicted to contribute in a significant fashion to the 
properties of the 3-(Z)-substituted cations 13, 15, 17, 19, 
and 21 as the corresponding C=Z double bond were cal- 
culated to be shortened, rather than lengthened with re- 
spect to the corresponding hydrocarbons (Table IV). I t  
is interesting to note, though, that the C=Z bond short- 
ening is larger for the 3-oxo- and 3-(E)-iminobicyclo- 
[2.2.2]0ct-l-yl cations than for the other derivatives. 

(24) Eschenmoser, A.; Frey, A. Helu. Chim. Acta 1952,35,1660-1666. 
Fischer, W.;  Grob, C. A. Ibid. 1978, 61, 1588-1608. Grob, C. A. Angew. 
Chem. 1976, 88, 621-627. 
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Conclusion 
AM1 and ab inito STO 3G MO calculations on bicy- 

clo[2.2.2]oct-l-y1 cation and 2- and 3-substituted deriva- 
tives suggest that the carbonyl and imine functions in 
3-oxo- (13) and 3-(E)-iminobicyclo[2.2.2]oct-l-yl (15) 
cations are less electron withdrawing than expected on the 
basis of their inductive (through-space) effect because of 
the intervention of an electron-releasing effect due to fa- 
vorable through bond n(C0) - u(C,C) - p(C’) and n- 
(C=NH) - o(C,C) - p(C+) interactions, r e spec t i~e ly .~~  

~ ~~ ~ 

(25) For n-acylcarbenium ions, see: BBgu6, J. P.; Charpentier-Morize, 
M.; Pardo, C.; Sansoulet, J. Tetrahedron 1978, 34, 293-298. BBgu6, J. 
P.; Charpentier-Morize, M. Acc. Chem. Res. 1980, 13, 207-212. Pad- 
don-Row, M. N.; Houk, K. N.; Tidwell, T. T. Tetrahedron Lett. 1982,23, 
383-386. See also: Hojo, M.; Masuda, R.; Ichi, T.; Yoshinaga, K.; Yanada, 
M. Tetrahedron Let t .  1982, 23, 4963-4964. Endo, Y.; Shudo, K.; Oka- 
moto, T. J .  Am. Chem. Soc. 1982,104,6393-6397. Olah, G. A.; Prakash, 
G. K. S.; Arvanaghi, M.; Krishnamurthy, V. V.; Narang, S. C. Ibid.  1984, 
106, 2378-2380. Gassman, P. G.; Tidwell, T. T. Acc. Chem. Res. 1983, 
16, 279-285. Creary, X.; McDonald, S. R.; Eggers, M. D. Tetrahedron 
Let t .  1985, 26, 811-814. Creary, X. J .  Am. Chem. SOC. 1981, 103, 
2463-2465. Creary, X.; Geiger, C. C. Ibid. 1982,104,4151-4162; 1983,105, 
7123-7129. Kulkarni, G. C.; Karmarkar, S. N.; Kelkon, S. L.; Wadia, M. 
S. Tetrahedron 1988, 44, 5189-5198. 

This phenomenon is predicted to be less important in 
3- (2)-iminobicyclo[ 2.2.21 cation ( 17). 
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The sodium anion (3) of an alcohol-derived benzoylcarbamate (2) may be used to deliver an amino nitrogen 
intramolecularly to electrophilic carbon centers such as bromides, epoxides, and triflates, giving rise to amino 
alcohol and amino diol derivatives of general form 4-6. A procedure for selective monotriflation of carbohydrate 
diols is described that exploits the enhanced reactivity of carbohydrate hydroxyls flanked by a cis, vicinal ether 
oxygen. Subsequent benzoylcarbamate formation and cyclization allows the conversion of several sugars to amino 
sugars (47, 54, 74, 80). However, the cyclization occurs on the carbonyl oxygen if the triflate site is hindered 
(63 and 67). 

For the synthesis of amino compounds, intramolecular 
delivery of a nitrogen nucleophile sometimes offers ad- 
vantages over the intermolecular variant. An extensive 
family of cyclization methods has been developed that 
allows the synthesis of amino compounds with excellent 
control over the position and the stereochemistry of the 
amino group, while minimizing the extent of competing 
elimination or rearrangement side reactions.’,* We re- 
cently introduced? coincidentally with McCombie’s group: 
the benzoylcarbamate cyclization method for the synthesis 
of amino alcohol and amino diol derivatives from pre- 

and experimental details for these transformations and also 
describe their further application to the preparation of 
amino sugars. 

The concept of an alcohol-derived benzoylcarbamate 2 
as a likely intramolecular source of nucleophilic nitrogen 
arose because [ l ]  such derivatives should readily form 
under neutral conditions (1 - 2),5 [2] the anion 3 of a 
benzoylcarbamate should be easily generated and stable 
toward reversion to the original al~ohol,6-~ but still possess 
sufficient negative charge a t  nitrogen to undergo N- 

cursors bearing a hydroxy group and a nearby electrophilic 
carbon center. In this paper we present the full description Ulrlch, ( 5 )  (a) H. Speziale, Chem, Reu. A. J.; 1965, Smith, 65, L. 369. R. J.  Org. Chem. 1961,27, 3742. (b) 

(6) The difference in acidity between a secondary alcohol (pK, = 16.5) 
and the alcohol-derived benzoylcarbamate (2) in water may be estimated 
a t  about 7 pK, units, based on the pK.’s of ethyl acetoacetate (11) and 
phthalimide (9.9), and the roughly hundredfold greater acidity of amide 
N-H relative to ketone C-H. Lange’s Handbook of Chemistry; Dean, J. 
A., Ed.; McGraw-Hill: New York, 1972. March, J. Aduanced Organic 
Chemistry, 3rd ed.; Wiley-Interscience: New York, 1985; p 221. 

(7) For a review of the properties and chemistry of imidic compounds, 
see: Wheeler, 0. H., Rosado, 0. In The Chemistry of Amides; Zabicky, 

(1) Harding, K. E. In Comprehemiue Organic Synthesis; Trost, B. M., 
Fleming, I., Eds.; Pergamon Press: Oxford, in press; Vol. 4, Part 1, 
Chapter 9. 

(2) Cardillo, G.; Orena, M. Tetrahedron 1990, 46, 3321. 
(3) Knapp, S.; Kukkola, P. J.; Sharma, S.; Pietranico, S. Tetrahedron 

(4) McCombie, S. W.; Nagabhushan, T. L. Tetrahedron Lett. 1987,28, 
Lett .  1987, 28, 5399. 

5395. J., Ed.; Wiley Interscience: New York, 1970; pp 335-382. 
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