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The syn-CHSCH0.BF3 complex is only 1.22 kcal mol-' leas stable than the corresponding anti-CH3CH0.BF3 
complex at the MP2/631G* level of theory. The corresponding difference in syn- and anti-PhCHO*BFs complexes 
is 5.31 kcal mol-l. The calculated C-C-0 (129") and C-0-B (156") angles for syn-PhCHO-BF, complexes 
have a much greater deviation from the standard geometries of a sp2 orbital than that (123.9" and 125.4") calculated 
for syn-CH3CH0.BF3 complexes. A hydrogen-bonding type of attractive interaction between F and H is identified 
in the syn complexs of acetaldehyde and acetone. 

Introduction 
Lewis acid catalyzed reactions have become an indis- 

pensable part of modern synthetic chemistry, especially 
in the art of acyclic stereocontrol.' The properties of 
Lewis acid complexes with carbonyl compounds play a 
major role in the outcome of the carbon-carbon bond 
forming process and sometimes dictate the stereochemistry 
of the products.2 For example, it has been shown that by 
employing either BF3 or MgBr2, one can produce homo- 
allylic alcohols with either erythro or threo stereochemistry, 
re~pectively.~ Therefore, it  is imperative to understand 
the properties of Lewis acid complexes with carbonyl 
compounds. 

It has been shown by low-temperature NMR that the 
complexes of titanium tetrachloride with &alkoxy aldeh- 
ydes have a rigid six-membered-ring structure.' Stable 
complexes of BF,-ketone have been studied extensively by 
NMR.5 A slow interconversion between the syn and anti 
configurations has been observed by the variable-tem- 
perature NMR technique. Single crystals have also been 
obtained for a few Lewis acid complexes, and X-ray 
crystallography has been used to identify structural details. 
It is known that the complex of (p-tert-butylbenz- 
aldehyde)z.SnC4 has a cis arrangement of the two ligands? 
and the complex of PhCHOsBF, has the phenyl group anti 
to the BF,.' 

(1) For aldol and homoaldol reactions: (a) Yamamoto, Y. Acc. Chem. 
Res. 1987,20, 243. (b) Weidmann, B.; SeeBach, D. Angew Chem., Znt. 
Ed. Engl. 1983,22, 31. (c) Reetz, M. T. Angew. Chem., Znt. Ed. Engl. 
1984,23,556. (d) Hoppe, D. Angew. Chem., Znt. Ed. Engl. 1984,23,932. 
(e) Heathcock, C. H. In Comprehensiue Carbanion Chemistry; Durst, T., 
Buncel, E., Eds.; Elsevier: New York, 1984. (f) Mukaiyama, T. Org. 
React. 1982,28,203. (g) Masamune, S.; Choy, W.; Peterson, J. S.; Sita, 
L. R. Angew Chem., Znt. Ed. Engl. 1986, 24, 1. (h) Hoffmann, R. W. 
Angew. Chem., Znt. Ed. Engl. 1987,26,489. (i) Braun, M. Angew. Chem., 
Znt. Ed. Engl. 1987,26,24. For Lewis acid promoted ene reactions: (a) 
Hoffmann, H. M. R. Angew. Chem., Znt. Ed. Engl. 1969, 8, 556. (b) 
Oppolzer, W.; Snieckus, V. Zbid. 1978, 18, 476. (c) Snider, B. B. Acc. 
Chem. Res. 1980,13,426. (d) Snider, B. B.; Rodini, D. J.; Karras, M.; 
Kirk, T. C.; Deutach, E. A.; Cordova, R.; Price, R. T. Tetrahedron 1981, 
37, 3927. (e) Taber, D. F. Intramolecular Diels-Alder a d  Ene Reac- 
tions; Springer-Verlag; Berlin, 1984. 

(2) For an excellent review of crystal structures of Lewis acid com- 
plex-, see: Shambayati, S.; Crowe, W. E.; Schreiber, S. L. Angew. Chem., 
Znt. Ed. Engl. 1990, 29, 265. 

(3) Keck, G. E.; Boden, E. P. Tetrahedron Lett. 1984,25,265,1879. 
See also: Shimagaki, M.; Takubo, H.; Oishi, T. Tetrahedron Lett. 1986, 
26,6235. 

(4) (a) Keck, G. E.; Castellino, S. J. Am. Chem. SOC. 1986,108, 3847 
and references cited therein. (b) Keck, G. E.; Andrua, M. B.; Castellino, 
S. J.  Am. Chem. SOC. 1989,111, 8136. 

(5) (a) Hartman, J. S.; Stilbs, P.; Forsen, S. Tetrahedron Lett. 1975, 
16, 3497. (b) Torri, J.; Azzaro, M. Bull. SOC. Chim. Fr. 1978, 283. (c) 
Fratiello, A.; Kubo, R.; Chow, S. J. Chem. SOC., Perkin Trans. 2 1976, 
1205. (d) Fratiello, A.; Stover, C. S. J. Org. Chem. 1976, 40, 1244. (e) 
Rabinovitz, M.; Grinvald, A. Tetrahedron Lett. 1971, 641. 

(6) (a) Denmark, S. E.; Wilson, T.; Willson, T. M. J. Am. Chem. SOC. 
1988,110,984. (b) Denmark, S. E.; Henke, B. R.; Weber, E. J. Am. Chem. 
SOC. 1987,109, 2512. 

(7) Reetz, M. T.; Hullmann, M.; Massa, W.; Berger, S.; Rademacher, 
P.; Heymanns, P. J. Am. Chem. SOC. 1986,108, 2405. 

Due to rapid developments in computatiod chemistry, 
theoretical studies of relatively large organic species have 
now become practical for laboratory practitioners.8 
Theoretical studies of Lewis acid (LA) complexes of car- 
bonyl compounds are in general agreement with regard to 
the geometries of these species? For uncharged com- 
plexes, the preferred C-&LA bond angles are bent (= 
120°), and for charged species, linear (-1SOO) structures 
are more stable? Wiberg and LePage have studied the 
rotational barriers in aldehyde- and ketone-coordinated 
neutral Lewis acidegb The C-O-LA angles in these com- 
plexes varied from 122O to 135O in boron complexes. Steric 
effecta at a-carbons can be relieved by opening the C-0- 
LA angle at  smal l  energetic cost. It has been shown that 
the HOMO and LUMO of the carbonyl compounds have 
significantly decreased energies when complexed with 
Lewis acid, which accounts for the increased reactivity of 
the carbonyl compounds.1° 

However, despite the broad range of information 
available, until now, no difference between the BF3 com- 
plexes of aromatic aldehydes and that of aliphatic aldeh- 
ydes has been identified. To study these complexes ex- 
perimentally has been problematic. Recent Nh4R studies6 
have shown that under conditions at which aromatic al- 
dehydes form stable complexes with BF,, aliphatic al- 
dehydes either remain free or form trimers, which ap- 
parently prevents further study of these species. Theo- 
retical study by Wiberg et al. has shown that a few percent 
of syn complexes of propanal-BF, is possible in solution. 
Indeed, our recent study of the reactions with chiral al- 
lylstannanes and aldehydes catalyzed by BF,*EhO indi- 
cated the possibility that aliphatic aldehydes-BF, may 
exist in both anti and syn configurations, or as a rapid 
equilibrium mixture.ll Our results show a dramatic re- 
versal of diastereofacial selectivity when the starting 
substrates were changed from aliphatic aldehydes to aro- 
matic aldehydes, eq 1." 

R =  (methy1oxy)bzl syn-(E) syn-(2) 
R = Aryl (W5, p-CI-C&, etc.) e5 >95 

20 = Alkyl (cyclohcxyl, n-hexyl, etc.) 80 

(8) Hehre, W. J.; Radom, L.; Schleyer, P. v. P.; Pople, J. A. Ab Initio 
Molecular Orbital Theory; Wiley: New York, 1986. 

(9) (a) Raber, D. J.; f iber ,  N. K.; Chandrasekhar, J.; Schleyer, P. v. 
P. Znorg. Chem. 1984,23,4076 and references cited therein. (b) LePage, 
T. J.; Wiberg, K. B. J. Am. Chem. SOC. 1988,110,6642. 

(10) (a) Houk, K. N.; S e e r ,  R. W. J. Am. Chem. Soc. 1973,!%5,4094. 
(b) Anh, N. T.; Seyden-Penne, J. Tetrahedron 1973,29,3259. (c) An ab 
initio MO study of the complex of BF:, with acrolein has appeared, we: 
Guner, 0. F.; Ottenbrite, R. M.; Shillady, D. D.; Alston, P. V. J. Org. 
Chem. I987,52,391. 
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I l 
SnBu, S n h ,  0s.. 

C-0 eclipsing C=C C-H eclipsing C=C antiperiplanar syn-03 
inside alkoxy outside alkoxy 

Figure 1. Attack of the electrophile on C-H eclipsed (outside alkoxy) and C-O eclipsed (inside alkoxy) conformers leads to (E)- and 
(2)-enol ethers, respectively. 

To rationalize our results, certain structural effects other 
than steric have to be operating in order to produce the 
dramatic reversal in 7r facial selectivity for the two types 
of aldehydes. Based solely on steric interactions suggested 
by Yamamoto,12 both aliphatic and aromatic aldehydes 
should prefer the antiperiplanar arrangement (right-hand 
side of Figure 1). However, the steric bulkiness of a phenyl 
group is comparable to that of a cyclohexyl group, yet they 
gave totally different stereochemical consequences. Since 
steric effects cannot explain the difference, we have at- 
tributed the reversal of 7r facial selection to the strength 
of the aldehydeBF3 complexes, Figure l . I lb  In particular, 
the strong anti complexation of aromatic aldehydes with 
BF3 renders the synclinal transition state more favorable 
(this is true only when R2 = H) (Figure 1, left-hand side 
of the equilibrium). I t  would be sterically unfavorable if 
an anti complex approaches the dylstannane through the 
antiperiplanar arrangement, because the BF3 would be 
directly over R1. This, combined with the "inside alkoxy" 
effect,13 produces the highly selective process favoring the 
(Z) enol ether product. We reasoned that, like reactive 
intermediates, the elusive aliphatic aldehydes-BF3 com- 
plexes would be best studied by the modern computational 
chemistry. Our preliminary theoretical study' IC has cor- 
roborated the results from the reactions; i.e., there is a 
difference in the strength of complexation between these 
two types of aldehydes. 

In this report, we describe the full details of the ab initio 
study of the BF3 complexes of acetaldehdye and benz- 
aldehyde at a higher level of theory (MP2/6-31G*/3-21G). 
In addition, acetoneBF, complexes have also been studied 
and compared with the results of the aldehydes. All 
possible stable conformations of each complex have been 
considered. The structural features of each complex, in- 
cluding the differences in complexation energies, bond 
lengths, and bond angles, are presented and discussed in 
terms of molecular orbital theory. 
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Figure 2. 3-21G optimized conformers of CH3CHO*BF3 and 
(CH3)2C==O-BF3. Relative energy (kcal mol-]., MP2/6-31G*/3- 
21G) is given below the structure. Methyl tilt angle is also shown. 
Tilt direction is indicated by the arrow at the methyl. The tilt 
angle is calculated from the data in Table I1 according to the 
equation 3 cos (a1 + 2a) = 4 cos a2-cos a1 where the definition 
of a', ap, and the tilt angle a can be found in ref 18. A methyl 
tilt of -0.15 is reported for the eclipsed CH3CHO.lgn Computational Methods 

Ab initio calculations are carried out by the GAUSSIANM and 
-90 programs'4 implemented on the Cray Y-MP/8 supercomputer. Structural optimizations using the 3-21G split-valence basis set 

were found to give reasonable B-O bond lengths. For the com- 
plexes of acetone/BF3 and CH3CH0.BF3, all parameters were fully 
optimized. For the complexes of PhCHO*BF3, the phenyl ring 
was constrained as planar, and the carbon-carbon bonds within 
the phenyl ring were constrained to equal length but not fixed 
length. This approximation was required to achieve reasonable 
computational efficiency, but may reduce the accuracy of the 
calculated structural parameters. However, since both syn and 
anti PhCHO-BF3 complexes are subjected to the same restriction, 
the error should cancel out to a certain extent. The readers are 
urged to view the results with caution since this is the first time 
that the GAUSSIAN programs are applied to such a large structure 
(12 heavy atoms). Harmonic features are calculated for each 
conformer. The lowest energy conformations have all possible 
frequencies, which is an indication of a true minimum on the 3-21G 
potential surface. Single-point calculations are performed for all 
complexes with the 6-31G* polarization basis set using the 3- 
21G-optimized structures. Moller-Plesset electron correlations 
(MP2/6-31G*) are performed for the complexes of PhCHO*BF3 

(11) (a) Gung, B. W.; Peat, A. J.; Snook, B. M.; Smith, D. T. Tetra- 
hedron Lett. 1991,32,453. (b) Gung, B. W.; Smith, D. T.; Wolf, M. A. 
Tetrahedron Lett. 1991, 32, 13. (c) Part of this study has appeared as 
a communication, see: Gung, B. W. Tetrahedron Lett. 1991,32, 2867. 

(12) (a) Yamamoto, Y.; Yatagai, H.; Ishihara, Y.; Maeda, N.; Maru- 
yama, K. Tetrahedron 1984,40,2239. Yamamoto, Y. Acc. Chem. Res. 
1987,20, 243-249. 

(13) (a) Paddon-Row, M. N.; Rondan, N. G.; Houk, K. N. J. Am. 
Chem. SOC. 1982,104,7162. (b) Houk, K. N.; Moses, S. R.; Wu, Y. D.; 
Rondan, N. G.; Jager, V.; Schohe, R.; Fronczek, F. R. J. Am. Chem. SOC. 

(14) GAUSSIANM: Frisch, M. J.; Head-Gordon, M.; Schlegel, H. B.; 
Raghavachari, K.; Binkley, J. S.; Gonzalez, C.; Defrees, D. J.; Fox, D. J.; 
Whiteside, R. A.; Seeger, R.; Melius, C. F.; Baker, J.; Martin, R. L.; Kahn, 
L. R.; Stewart, J. J. P.; Fluder, E. M.; Topiol, S.; Pople, J. A. Gaussian, 
Inc., Pittsburgh, PA. GAUSSIANSO Revision H: Frisch, M. J.; Head-Gor- 
don, M.; Trucks, G. W.; Foresman, J. B.; Schlegel, H. B.; Raghavachari, 
K.; Robb, M.; Binkley, J. S.; Gonzalez, C.; Defrees, D. J.; Fox, D. J.; 
Whiteside, R. A.; Seeger, R.; Melius, C. F.; Baker, J.; Martin, R. L.; Kahn, 
L. R.; Stewart, J. J. P.; Topiol, S.; Pople, J. A., Gaussian Inc., Pittsburgh, 
PA, 1990. 

ig84,106,3aao. 
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Table I. GAUSSIAN~~ Comsuted EnerBieB for RCHO 0 BFI ComDlexee 
a b  energy (re1 energy)b 3-21G complex energy' 

entry conformef 3-21G 6-31G* MP2/6-31G* HF/6-31G* MP2/6-31G* 

1 
2 
3 
4 

5 
6 
7 
8 

9 
10 

11 
12 

13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

anti-CH&HO*BFa 
1 ee 
2 es 
3 se 

5 88 
6 ee 
7 e8 
8 se 
anti-PhCHO.BF3 
9 e  
10 8 
syn-PhCHO.BF3 
11 e 
12 8 
(CH3)2CO*BFa 
13 sse 
14 sa 
15 ese 
16 eee 
17 ees 
18 see 
19 ses 
20 ess 
CH3CH0 e 
PhCHO e 
CHSCOCH3 w 
BF3 

-473.568 045 8 (0.0) 
-473.566 880 2 (0.73) 
-473.563 5560 (2.82) 
-473.562 222 0 (3.65) 

-473.5664414 (1.01) 
-473.564 753 0 (2.07) 
-473.564 5069 (2.22) 
-473.5638106 (2.66) 

-663.026 771 6 (0.0) 
-663.022 472 2 (3.29) 

-663.109 751 4 (4.41) 
-663.018918 7 (4.93) 

-512.403 777 5 (0.0) 
-512.402 097 2 (1.05) 
-512.401 168 8 (1.64) 
-512.4008858 (1.81) 
-512.4004478 (2.09) 
-512.400 1687 (2.26) 
-512.399 6387 (2.60) 
-512.399 535 7 (2.66) 
-152.055 248 6 
-341.511 314 2 
-190.877221 2 
-321.465 8449 

-476.122 979 6 (0.0) 
-476.1214856 (0.94) 
-476.122 430 6 (0.35) 
-476.120 827 8 (1.35) 

-476.1196503 (2.09) 
-476.1168696 (3.83) 
-476.117 1883 (3.63) 
-476.1199556 (1.90) 

-666.6427100 (0.0) 
-666.642 139 6 (0.36) 

-666.629 125 7 (8.52) 
-666.6336549 (5.68) 

-515.1708197 (0.0) 
-515.1687954 (1.27) 
-515.167 788 2 (1.90) 
-515.166 352 5 (2.80) 
-515.1658498 (3.12) 
-515.1699638 (0.54) 
-515.1693888 (0.90) 
-515.165 763 7 (3.17) 
-152.915 036 6 
-343.432 381 2 
-191.961 387 1 
-323.193 035 6 

-477.143 585 8 (0.0) 
-477.142 001 9 (0.99) 
-477.142 534 4 (0.66) 
-477.140 762 5 (1.77) 

-477.141 6405 (1.22) 
-477.137 872 1 (3.59) 
-477.1384697 (3.21) 
-477.1410155 (1.61) 

-668.282 847 5 (0.0) 
-668.281 5390 (0.82) 

-668.269 813 6 (8.18) 
-668.274 382 3 (5.31) 

-153.346 026 8 
-344.483 505 6 

-323.788 585 8 

-9.35 
-8.42 
-9.00 
-8.00 

-7.26 
-5.52 
-5.72 
-7.45 

-10.85 
-10.49 

-2.33 
-5.17 

-10.29 
-9.02 

3.39 
-7.49 
-7.17 
-9.75 
-9.39 
-7.12 

-11.91 
-10.91 
-11.25 
-10.13 

-10.69 
-8.32 
-8.70 

-10.29 

-13.02 
-12.20 

-4.85 
-7.71 

For RCHO-BF, complexes: w = both B-F and C-H bonds eclipsing c-0; ea = B-F eclipsiug c--O and C-H staggering C=O; se = B-F 
staggering c-0 and C-H eclipsing C 4 ;  a = both B-F and C-H bonds etaggering e0. For acetone/BF3 complexes: sse = B-F 
staggering c-0, C-H (of methyl syn to BF3) staggering C=O,  and C-H (of methyl anti to BF3) eclipsing C=O, etc. See Figure 2 for 
graphics. *Absolute energies are in atomic units, and relative energies are in kcal mol-'. The complexes of CH3CHOBF3 and the complexes 
of PhCH0.BF3 are compared separately. CComplex formation energy = E- (RCHO-BF8) - EbM (RCHO) - Ew (BF3) without correction 
for zero point energy differences. 

and CH&HO.BFB. Approximately 1-2 h of CPU time is required 
for a single-point calculation for the  PhCH0.BF8 complexes at 
the W2/6 -31G*  level. 

Results and Discussion 
The computed energies for all possible stable confor- 

mations of each complex are shown in Table I. The e8 
conformer signifies that the B-F bond eclipses C=O and 
the C-H staggers c-0, Figure 2. Despite the differences 
in energy predicted by Merent  basis set, the d energy 
gap between syn and anti complexes of CH3CH0.BF3 is 
evident at  all levels of theory. Remarkably, the syn com- 
plex 5 is only 1.22 kcal mol-' less stable than the most 
stable anti complex 1 at the MP2/6-31G* level. If one 
assumes that the zero-point energy difference between 
complexes 1 and 5 is negligible, the calculated relative 
energy corresponds to approximately 12 % of syn complex 
at  equilibrium at room temperature. 

For the complexes of PhCHO*BF3, there are two atable 
conformations for either syn or anti configuration, i.e., the 
B-F bond eclipsing or staggering the C=O bond. A large 
difference in energy between syn and anti configurations 
are computed at  all levels of theory that were employed. 
At  the MP2/6-31G* level of theory, the anti-PhCHO*BF3 
complex is 5.31 kcal mol-' more stable than its corr0- 
sponding syn isomer. This is in sharp contrast to the mere 
1.22 kcal mo1-I difference between the most stable anti 
CH3CHO*BF3 and its corresponding syn isomer. Fur- 
thermore, the complex formation energies of anti- 
PhCHO-BF, are greater than that of the anti-CH3CH0. 
BF, (entries 1-4 and %lo, Table I). Experimentally, while 
anti-PhCH0.BF3 has been prepared and isolated as a 
crystalline complex,' no direct evidence has been docu- 
mented for the existence of RCHO*BF3 (R = alkyl). In 

light of these facta, the differences in energy calculated for 
the various boron trifluoridealdehyde complexes can be 
interpreted in terms of two possibilities. First, while the 
PhCH0.BF3 produces anti complex only, the CH3CHO- 
BFS could form a mixture of both syn and anti isomers. 
Alternatively, while PhCHO and BF3 generate stable 
complexes, the CH3CH0 may yield only a dynamic 
equilibrium mixture with BFB. In other words, only weak 
complexation occur between aliphatic aldehydea and boron 
trifluoride. This is consistent with Denmark's NMR in- 
vestigation! 

For acetoneBF3 complex, there are no syn/anti isomers, 
but there are eight possible conformations with regard to 
the rotational isomers of BF3 and two CH3 groups. In 
general, the ( C H & W B F 3  complexes also have a larger 
complex formation energy than the complexes of CH3CH- 
O*BFB. By different energy gaps, both basis seta predict 
that the sse conformation is the most stable isomer among 
the eight conformations, and the ess is the least stable form 
(entries 13-20, Table I). As wil l  be discussed later, these 
subtle energy differences among conformers reveal a cou- 
lombic attractive interaction between F and H in the 
doubly staggered forms. 

By the examination of the calculated structures, it be- 
comes clear why such a difference exists between the BF3 
Complexes of aromatic and aliphatic aldehydea. In the next 
a few paragraphs, the more obvious effects, such as reso- 
nance and steric repulsion, which accounts for major part 
of the difference, will be discussed first. It will then be 
followed by a discussion of the less obvious electronic ef- 
fects, such as hyperconjugation and hydrogen bonding 
which, we think, are partially responsible for the energy 
differences observed. 



Electronic Structures of BF3 Complexes J.  Org. Chem., Vol. 57, No. 5, 1992 1373 

Table 11. Selected Structural Parameters in BF1 Complexes (3-216) 
Fo  F10 F\' $0 \ ?  

H+;5'Fa ,Jg8 
H6 '7 H6 

conformation conformation 
unit 1 ee 2 es 3 se 4 88 5 88 6 ee 7 e8 8 se 

r0-B 1.652 1.649 1.662 1.660 1.646 1.658 1.648 1.655 
r5,a 2.37 2.07 2.43 2.45 
L1,2,3 122.16 121.06 122.46 121.35 123.91 126.99 126.10 126.17 
L2,3,4 123.51 123.47 120.92 121.05 125.36 136.08 132.35 126.95 

H U  

conformation conformation 
unit 9 e  10 s BF3 PhCHO 11 e 12 8 

r0-B 1.626 1.635 1.647 1.628 
r C 4  1.242 1.240 1.211 1.235 1.239 
r1,1 1.437 1.439 1.475 1.444 1.445 
r10.11 4.411 4.73 1.952 2.259 
r6,1 1.387 1.387 1.384 1.387 1.386 
L9,8,7 123.16 121.02 154.39 139.45 

conformation 

unit 13 888 14 888 15 e8e 16' ese 17 ees 18 see 19 ses 12 eaa 
TO-B 1.626 1.622 1.630 1.639 1.635 1.636 1.633 1.26 

"The dihedral angle H-C-C-O was constrained. Otherwise it collapses to conformer 15. 

The average calculated B-0 bond length of the acet- 
aldehyde complexes is about 1.65 A, Table 11. On the 
other hand, the average calculated B-0 bond length of the 
acetone complexes is about 1.63 & i.e., 0.02 A shorter. The 
anti-PhCHO-BF, is the only aldehyde complex whose B-O 
distance is comparable to those of the acetone complexes. 
This difference in B-0 bond lengths is closely related to 
the ability of the substituent at the carbonyl carbon to 
stabilize the developing positive charge. The complexes 
of PhCHO-BF, are stabilized by resonance effect, and the 
complexes of (Me)&=O-BF3 are stabilized by hypercon- 
jugation. The a C-C(=O) bond of these complexes all 
decreased in length with the PhCHOsBF, changing most 
(anti-PhCHO-BF,, -0.038 A; syn-PhCHO-BF3, 4.031 A), 
Table 11. The dramatic shortening of the a bond of the 
benzaldehyde complexes is consistent with a substantial 
a bonding between the carbonyl carbon and the phenyl 
ring. The shortening of the a C - C ( 4 )  bond(s) in ace- 
tone complexes can be explained by the hyperconjugation 
of the a(Me) and the T * ~ ~  orbitals. The complexes of 
CH3CHO*BF3 do not enjoy the same degree of stabiliza- 
tion. Analogy can be made by comparing the stabilities 
of the BF3 Complexes to that of the carbocations. For BF3 
complexes, the order of stability is: aromatic aldehyde > 
acetone > aliphatic aldehyde, which parallels the order of 
stability for the carbocations: benzylic > tertiary > sec- 
ondary. 

For the syn-PhCHO*BF3 complexes, although the reso- 
nance stabilization ability of the phenyl group delocalizes 
the developing positive charge, the steric repulsion between 
the F atoms and the o-phenyl H have caused the overall 

complexation process to be less favorable. The interatomic 
distances between the F and the ortho phenyl H are 1.95 
and 2.26 A for eclipsed and staggered forms respective1 , 
Table II. These distances are well below the sum (2.67 K ) 
of the empirical van der Waals radius for F and H.2, As 
a result, the C 4 - B  angles (139' and 156O in the staggered 
and eclipsed syn-PhCHO-BF, complex, respectively) se- 
riously deviate from the configuration (120') of a sp2 or- 
bital. Consequently, the complex is destabilized. On the 
other hand, the C-O-B angles for syn-CH3CH0.BF3 are 
1 2 7 O  and 136O in the staggered and eclipsed forms, re- 
spectively, which only slightly deviate from the normals. 
These differences certainly account for major part of the 
energy differences calculated. 

The more subtle stereochemical effects can be found 
from the differences in the relative energies among each 
series. There is a preference for the B-F and C-H bonds 
eclipsing C 4  as indicated by the stability order of the 
anti-CH3CHO*BF3 complexes (ee > se > se > ss) where 
no steric effects or dipoleinduced dipole interactions (such 
effects affect the syn isomers) are involved. This prefer- 
ence is about 0.7 kcal mol-' for B-F and 1.0 kcal mol-' for 
C-H bonds as computed by the MP2/6-31G* for the 
differences between ee and se, es and ss conformers of 
anti-CH3CH0.BF3 (entries 1-4, Table I) and between e 
and s conformers of anti-PhCHOmBF, (entries 9-10, Table 
I). 

The preference for B-F eclipsing C = O  is controlled by 
two electronic effects. Torsional strain and dipole-dipole 
repulsion are present in conformations where C-F linkage 
is eclipsed with the lone pair on oxygen. On the other 
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2.37 A 

Figure 3. Optimized structure of the ss conformer for the syn- 
CH,CHO*BF,. 

hand, an attractive two electron interaction between the 
lone pair of the oxygen atom and the B-F t ~ *  orbital is 
present in the conformer where C-F bond is eclipsed with 
the C=O bond. The latter electronic effect is known as 
the "negative hyperconjugation" (anomeric effect),14 and 
is sensitive to the relative geometry of the interacting 
molecular orbitals. Maximum stabilization is reached 
when the dihedral angle of C-0-B-F is zero. The negative 
hyperconjugation has been demonstrated theoretically for 
many molecular systems, both for anions and for neutral 

Recent NMR experiments have confirmed 
that a high energy barrier exists in the inversion-rotation 
in compounds, such as FCH2-Nk.l8" However, as far as 
we know, this is the first study describing such an elec- 
tronic effect in an Lewis acid complex. Understanding of 
the negative hyperconjugation effect is important to the 
understanding of why syn-PhCH0.BF3 is unstable. As 
described above, maximum stabilization of a RCH0.BF3 
complex is reached when the dihedral angle of C-O-B-F 
is zero. However, this is also the most sterically unfa- 
vorable conformation for the syn-PhCHOoBF, complex. 
Thus, the advantage of negative hyperconjugation is more 
than offset by the steric repulsion. 

A hydrogen-bonding type of attractive interaction is 
Another electronic effect that can be considered for causing 
the difference between the BF3 complexes of aromatic and 
aliphatic aldehydes. The greater stabilities of the ss con- 
former 5 among syn-CH3CHO-BF3 and the sse and sss 
conformers 13 and 14 among (Me)2C=O*BF3 cannot be 
rationalized by steric effects. These results are also in 
contrast to the analyses of torsional strain and hypercon- 
jugative effects.13 Wiberg and LePage were the first to 
report such an observation for the complex of acetone- 
BH3gb Currently, we believe that this surprising outcome 
is not an artefact; but this is rather an attractive interaction 
between the F and the H atoms, Figure 3. 

The distortion of a methyl group from the standard C% 
group symmetry, i.e., the methyl tilt, has been used as an 
experimentally accessible parameter as an indication of 
certain electronic Boggs has studied the 

(15) Radom, L.; Hehre, W. J.; Pople, J. A. J. Am. Chem. SOC. 1972,94, 
2371. Dill, J. D.; Schleyer, P. v. R.; Pople, J. A. J. Am. Chem. SOC. 1976, 
98, 1663. 

(16) (a) Schleyer, P. v. R.; Kos, A. J. Tetrahedron 1983,39,1141. (b) 
Bingham, R. C. J .  Am. Chem. SOC. 1975, 97,6743. (d) Hoffmann, R.; 
Radom, L.; Pople, J. A.; Schleyer, P. v. R.; Hehre, W. J.; Salem, L. J. Am. 
Chem. SOC. 1972,94,6221. 

(17) Jones, C.; Kennard, C. H. L.; Raston, C. L.; Smith, G. J. Orga- 
nomet. Chem., 1990,396. Reed, A. E.; Schleyer, P. v. R. J. Am. Chem. 
Soc. 1990,112,1434. Sudhakar, P. V.; Chandrasekhar, J. J. Mol. Struct., 
1989,194, 135. 
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W. B.; Smart, B. E.; Middleton, W. J.; Calbrese, J. C.; Dixon, D. A. J .  Am. 
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15, 411. 
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(20) Pross, A.; Radom, L.; Riggs, N. V. J. Am. Chem. SOC. 1980,102, 
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methyl tilt effect and suggested that overlap repulsion 
between C-H bonds was the main cause.19 Radom et aL20 
have shown that methyl tilt can be rationalized by at- 
tractive force (hyperconjugation) alone. The preference 
for C-H bond eclipsing C=O has been discussed for a 
number of compounds, such as acetaldehyde and acetone 
by Wiberg et aL21 It was concluded that the overlap re- 
pulsion between the methyl C-H (Me) and the aldehydic 
C-H (CHO) was the cause for the rotational barrier in 
acetaldehyde, rather than the effect of hyperconjugation. 

Rather large methyl tilt was calculated for complexes 
where intramolecular hydrogen bonding is possible, Figure 
2. When the B-F and C-H of the complexes are in the 
same plane, such as those in ss (5), sse (13), and sss (14), 
an attractive interaction makes the complexes more stable. 
In fact, a recent theoretical study by Reynoldsnb has shown 
that carbon can be a good hydrogen bond donor if it is 
activated by an electron-withdrawing group. In the 
CH3CH0.BF3 and acetone~BF, complexes, the methyl 
carbon is activated by the C=O*BF3, a strong electron- 
withdrawing group.& Therefore, a large methyl tilt is 
computed for 5,13, and 14 as the result of combined effects 
of overlap repulsion and coulombic attraction. The in- 
teratomic distances between the staggered F atoms of the 
OBF3 moiety and the methyl hydrogens are 2.37 A in the 
ss confomer of syn-CH3CHO-BF3, 5, Fi e 3. While this 

van der Waals radius for F and H,23 it is almost identical 
to the C-H---0 type of hydrogen bonding.n The distances 
between the methyl hydrogen atoms and the BF3 fluorine 
atoms are 2.36 A in the sse and sss conformers of (C- 
H3)2CO*BF3 complexes. Again, it is an indication of in- 
tramolecular hydrogen bonding. On the other hand, no 
such structural feature is available for the syn-PhCHOoBF, 
complexes. 

distance is shorter than the sum (2.67 r ) of the empirical 

Conclusions 
Ab initio MO study a t  the MP2/6-31G*//3-21G level 

has revealed only a small difference in the strength of the 
syn and anti aliphatic aldehyde BF3 complexes, while the 
energy difference between the syn- and the anti- 
PhCHOeBF, is large at  all levels of theory. The BF3 
complexes have the following order of stability: anti- 

syn-PhCHO-BF,. The strong anti complexation of PhCHO 
is rationalized by considering the ability of the phenyl ring 
to stabilize the developing positive charge by resonance, 
which is evidenced by the shortening of the a-C-C(=O) 
bond in the calculated structure. Steric effect is ac- 
countable for the instability of the syn-PhCH0.BF3 com- 
plex. The order of the relative stability of the syn- 
CH3CHO*BF3 and the (CH3)2CO-BF3 complexes is con- 
sistent with a hydrogen-bonding type of attractive inter- 
action in the doubly staggered forms. Significant "methyl 
tilt" angles were found for these BF3 complexes where 
intramolecular hydrogen bondings are possible. Hyper- 
conjugation (both positive and negative) and torsional 
strain are identified as the origin for the relatively greater 
stability of the eclipsed conformations in the anti- 
RCH0.BF3 complexes. 

PhCHO*BF, > anti-CH3CHO.BF3 > syn-CH3CHO.BF3 > 

~~ 
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The electrolytic oxidation of ketone N-acylhydrazones (1) in methanolic sodium acetate induced their in- 
tramolecular cyclization to the corresponding 2-methoxy-A3-l,3,4-oxadiazolines 3. The thermal stability of a 
given oxadiazoline and what products were formed by its thermal decomposition was found to depend on the 
natures of the substituents at C-2. Thus, 2-methoxy-2-phenyloxadiazolines preferentially yielded osiranes 5, 
whereas 2-alky1-2-methoxyoxadiamlinea preferentially gave enol ethers 6. 2,%Dimethoxyoxa~linea decompoeed 
to the parent ketones and many unidentified products. The electrolytic oxidation of aldehyde N-acylhydrazones 
2 gave 2,&disubstituted 1,3,4-oxadiazolea 4. The oxidative cyclization of the N-benzoylhydrazones of aliphatic 
aldehydes gave especially high yields of the corresponding heterocycles. 

Introduction 
The oxidative cyclization of such hydrazine derivatives 

of aldehydes and ketones as carbohydrazones, thiocarbo- 
hydrazones, semicarbazones, and thiosemicarbazones to 
nitrogen-containing heterocycles can be induced by a 
number of oxidizing agents.' However, to induce such 
cyclizations electrolytically has certain merita. Electro- 
chemical oxidations obviously do not require oxidizing 
chemicals and, furthermore, can be performed under mild 
conditions, e.g., at  room temperature. Indeed, many re- 
porta2 of the electrochemically induced intra- and inter- 
mol& cyclization of hydrazine derivativea of aldehydes 
and ketones have appeared. Moat, however, describe the 
electrolysis of solutions of such compounds in aprotic 
solvents like acetonitrile. 

Previously, we reported3 that the electrochemical oxi- 
dation of ketone N-acylhydrazones 1 in methanolic sodium 
cyanide gives nitrogen and the corresponding nitriles 
(R&CHCN) and methyl esters (MeOCORJ. Here, we 
report that the electrochemical oxidation of 1 and aldehyde 
N-acylhydrazones 2 in methanolic sodium acetate affords 
oxadiazolines 3 and oxadiazoles 4, respectively. We also 
describe the products of the thermal decomposition of 
compounds 3. 

Results and Discussion 
Preparative-scale constant-current electrolyses were 

performed at room temperature in a divided cell equipped 

(1) For reviews of the oxidative cyclization of hydrazine derivativea of 
aldehydea and ketonea, see, for example: (a) Butler, R. N.; Scott, F. L.; 
O'Mahony, T. A. F. Chem. Reo. 1973,73,93. (b) Warkentin, J. Synthesis 
1970, 279. (c) Butler, R. N. Chem. and Znd. (London) 1968,437. 

(2) (a) Torii, S. Electroorganic Syntheses; Kodansha, Tokyo, 1985; 
Part 1, p 184. (b) GuniE, E.; TabakoviE, I. J. Org. Chem. 1988,53,6081. 
(c) TabakoviE, I.; Trkovnik, M.; Galijd, D. J. Electroanul. Chem. 1978, 
86,241. (d) Crljenak, S.; TabakoviE, I.; JeremiE, D.; Gaon, I. Acta Chem. 
Scan+. 1983, B 37,527. (e) Hammerich, 0.; Parker, V. D. J. Chem. SOC., 
Perkrn Trans. I ,  1972,1718. (0 Jugelt, W.; Grubert, L. 2. Chem. 1985, 
25,408. 
(3) Okimoto, M.; Chiba, T. J. Org. Chem. 1990,55, 1070. 
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Rl \ -2e, -H* 
&,C=N-NHCOR3 

NaOAc I MeoH 
30-11 

Table I. Synthesis of 2-Methoxyds-1,3,4-oxadiazolines by 
the Electrooxidative Cyclization of Ketone 

N-Acylhydrazonesa 
hydrazone 1 oxadiazoline 

R1 R, Rn 3 (yield, %)* 
la 
lb  
IC 
Id 
le 
If 
1g 
l h  
li 
1j 
1k 
11 
lm 
In 

Ph 
Ph 
Ph 
Ph 
Me 
Me 
Me 
n-Pr 
i-Pr 
n-Pr 
n-Pr 
OMe 
OMe 
OMe 

3a (70) 
3b (65) 
3c (67) 
3d (77) 
38 (61) 
3f (67) 
3g (70) 
3h (73) 
3i (73) 
3i (71) 
3k (66) 
31 (30) 
3m (43) 
3n (50) 

"Analyte: hydrazone (30 mmol), NaOAc (15 mmol), and MeOH 
(80 mL). Strength of constant current: 0.5 A. Quantity of elec- 
tricity: 3 F/mol. Temperature: ca. 15 'C. *Isolated yield. 

with a carbon rod anode. The results of the electrooxi- 
dation of aliphatic ketone N-acylhydrazones 1 are sum- 
marized in Table I. In all cases, the starting hydrazone 
1 was almost wholly consumed by the time 3 F/mol of 
electricity had passed through the solution and was con- 
verted into the corresponding 2-methoxy-A3-1,3,4-oxadia- 
zoline 3 in a yield of between 30 and 77%. The yield of 
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