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2a2+, 72866-06-9; 2b, 138878-63-4; 2b2+, 138878-65-6; 2c, 29554- 
56-1; 2c2+, 63397-56-8; 3, 63318-58-1; 3’+, 138878-66-7; 4a, 
35087-43-5; h2+, 63832-64-4; 4b, 29212-88-2; 4b2+, 59227-70-2; 5, 
262-89-5; 5’+, 63397-57-9; 6, 25835-57-8; 6’+, 109124-31-4; 7, 
14458-51-6; 7’+, 77966-08-6; 8, 78038-55-8; S”, 68630-17-1; 9, 

lob, 104701-63-5; lob*+, 112532-58-8; 11, 1448-74-4; 11’+, 
60790-15-0; 12, 2292-79-7; 12’+, 95531-36-5; SbF5, 7783-70-2; 

65549-72-6; S2+, 65583-97-3; loa, 104720-28-7; loa2+, 112532-59-9; 

triphenylene, 217-59-4; triphenylene dication, 138878-64-5; 
chrysene, 218-01-9; chrysene dication, 115949-55-8; picene, 213- 
46-7; picene dication, 60670-20-4, tetrabe”aphthylene, 191-684; 
tetrabenzonaphthylene dication, 60670-18-0; coronene, 191-07-1; 
coronene dication, 62683-79-8; benz[a]anthracene, 56-55-3; 

benz[a]anthracene dication, 60670-19-1; pyrene, 129-00-0; pyrene 
dication, 60670-21-5; benzoperylene, 191-24-2; benzoperylene 
dication, 60829-72-3; perylene, 198-55-0; perylene dication, 
60670-21-5; 9,10-dichloroanthracene, 605-48-1; 9,lO-dichloro- 
anthracene dication, 87517-70-2; 9,10-dimethylanthracene, 781- 
43-1; 9,lO-dimethylanthracene dication, 75309-26-1; 9,lO-di- 
phenylanthracene, 1499-10-1; 9,10-diphenylanthracene dication, 
70470-09-6; 9-chloro-10-methylanthracene, 19096-07-2; 9-chloro- 
10-methylanthracene dication, 87517-72-4; l,4-dimethoxy- 
anthracene, 13076-29-4; 1,4-dimethoxyanthracene dication, 
87517-746; 2-methylanthracene, 613-12-7; 2-methylanthracene 
dication, 87517-75-7; 1,2,3,6,7,8-hexahydropyrene, 1732-13-4; 
1,2,3,6,7,8-hexahydropyrene dication, 72287-34-4. 
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The pericyclic module of the computer program CAMEO has been expanded to encompass ene and retrc-ene 
reactions. The implementation of ene chemistry required substantial modifications to the existing algorithm 
for the estimation of FMO energies aa well aa enhancements in the perception phase of the module for the recognition 
of additional r systems. New equations for computing the FMO energies of 2u and cumulene parent systems 
have been developed and implemented in the program. Ene reactions have been analyzed by using a frontier 
molecular orbital approach. Consequently, predictions of regiochemistry in ene additions are based on the relative 
magnitude of the terminal coefficients of the frontier orbitals and on the topological geometry of the reacting 
molecules. Analyses of retro-ene fragmentations are made by applying empirical rules derived from literature 
precedents. Several examples of synthetic sequences that demonstrate the current predictive capabbilitiea of CAMEO 
are presented. 

Introduction 
CAMEO is an interactive computer program that predicts 

the produds of organic reactions through the application 
of mechanistic logic.’ Given the reactants and conditions, 
the program typically arrives a t  its predictions by simu- 
lation of reaction mechanisms. Recent extensions to the 
program include the mechanistic treatment of hydride 
reductions” and the development of a reaction model that 
mimics free-radical chain processes.2brc Other types of 
reactions that are currently handled by CAMEO include 
base-catalyzed and nu~leophilic,~ acid-catalyzed and 
electrophilic,4 thermal pericyclic,5 oxidative: and hetero- 
cycle-forming reactions.’ The incorporation of ene and 

(1) For a review, see: Jorgensen, W. L.; Laird, E. R.; Gushurst, A. J.; 
Fleischer, J. M.; Gothe, S. A.; Helson, H. E.: Paderes, G. D.; Sinclair, S. 
Pure Appl. Chem. 1990,62,1921. 

(2) (a) Paderes, G. D.; Metivier, P.; Jorgensen, W. L. J.  Org. Chem. 
1991,56,4718. (b) Laird, E. R.; Jorgensen, W. L. J. Org. Chem. 19Bo,55, 
9. (c) Laird, E. R.; Jorgensen, W. L. J. Chem. Inf. Comput. Sci. 1990, 
30, 458. 

(3) (a) Salatin, T. D.; Jorgensen, W. L. J.  Org. Chem. 1980,45,2043. 
(b) Salatin, T. D.; McLaughlin, D.; Jorgensen, W. L. J. Org. Chem. 1981, 
46, 5284. (c) Peishoff, C. E.; Jorgensen, W. L. J.  O g .  Chem. 1986,50, 
1056. (d) Gushurat, A. L.; Jorgensen, W. L. J.  Org. Chem. 1986,51,3515. 
(e) Metivier, P.; Gushurst, A. J.; Jorgensen, W. L. J. Org. Chem. 1987, 
52,3724. (fj Gushurst, A. J.; Jorgensen, W. L. J .  Org. Chem. 1988,53, 
3397. 

(4) (a) McLaughlin, D. R. Ph. D. Thesis, Purdue University, 1983. (b) 
Bures, M. G.; Rooe-Kozel, B. L.; Jorgensen, W. L. J. Org. Chem. 1986, 
50,4490. 

(5) (a) Burnier, J. S.: Jorgensen, W. L. J.  Org. Chem. 1983,48,3923. 
(b) Burnier, J. S.; Jorgensen, W. L. J .  Org. Chem. 1984, 49, 3001. 

(6) Paderes, G. D.; Jorgensen, W. L. J. Org. Chem. 1989,54, 2058. 
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retro-ene reactions into the pericyclic module of CAMEO is 
addressed in this paper. 

The philosophy behind CAMEO’S approach to reaction 
prediction is that diverse organic processes can be treated 
as a sequence of basic mechanistic steps. Thus, reaction 
analysis is greatly simplified by focusing on a small set of 
fundamental processes. Competitions between these 
processes are generally assessed by application of empir- 
ically-derived rules or known physical-organic principles. 
When available, a well-established theory behind a 
mechanistic process is applied in the analyses of reactions. 
Thus, the pericyclic module utilizes frontier molecular 
orbital (FMO) theorye in predicting both the feasibility and 
regiochemistry of thermal cycloadditions. The same ap- 
proach has been utilized for the evaluation of ene reactions. 

The implementation of ene chemistry in CAMEO entailed 
not only enhancements in the perception of ?r systems but 

(7) Bures, M. G.; Jorgensen, W. L. J.  Org. Chem. 1988, 53, 2504. 
(8) (a) Fukui, K.; Fujimoto, H. Bull. Chem. SOC. Jpn. 1969,42,3399. 

(b) Fukui, K. Acc. Chem. Res. 1971,4,57. (c) Houk, K. N. Acc. Chem. 
Res. 1976, 8, 361. 
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also modifications to the existing alogrithm for calculating 
FMO energies." New equations for estimating the FMO 
energies of 2u and cumulene parent systems have been 
devised and implemented in the program. These ex- 
pressions can now accommodate (a) additional u systems 
such as -P, >Si=Si<, -P=P-, > M i < ,  >C=P-, 
and -N=Si<, (b) a larger variety of heterocumulenes 
(e.g., -N=S=N-, -N=C=S, -N=S=O), and (c) 
charged u systems such as >C=N+<, >C=S+-, a+, 
and -C=N+-. Other refinements in the original algor- 
ithm include the differentiation of the FMO energies of 
substituted and unsubstituted bonds in monofunctional 
allenea and the modification of substituent constants. The 
preaent FMO algorithm has been validated by comparison 
of its predictions with experimental ionization potential 
(IP) and electron affinity (EA) data. This paper begins 
with a brief overview of ene and retro-ene chemistry fo- 
cusing on aspects that are crucial to reaction implemen- 
tation. The strategies used in analyzing and implementing 
these reactions are described next. The paper concludes 
with a presentation of sample synthetic sequences that 
demonstrate the program's predictive capabilities. 

Overview of Ene and Retro-Ene Chemistry 
The Ene Synthesis. The scope, synthetic potential, 

and broad applicability of the ene reaction have been re- 
viewed extensively.h The reaction, as originally defined 
by Alder,lo involves the addition of an olefin possessing 
an allylic hydrogen (ene) to a compound having an elec- 
tron-deficient multiple bond (enophile). The mode of 
addition may be described as a suprafacial, three-compo- 
nent interaction among the HOMO of the ene, the LUMO 
of the allylic C-H bond of the ene, and the LUMO of the 
enophile (Scheme 1).l1 The concerted nature of the ene 
process has been supported experimentally,12 and the re- 
action can be designated as [,2, + =2, + ,2,] in the 
Woodward-Hoffmann notation." The definition of the 
ene reaction now includes other types of ene and enophilic 
systems and some nonprototropic migrations such as si- 
latropic shifts and metallo-ene reactions.gn The present 
paper focuses only on thermal ene processes involving 
hydrogen transfers. 

Ene Components. Enes are a-bonded molecules that 
contain at least one active hydrogen atom at the allylic, 
propargylic, or a-position. Possible ene components in- 
clude olefinic,13 acetylenic,14 allenic,15 aromatic,l6 cyclo- 
propyl," and carbon-hetero18-20 bonds. With olefinic and 
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acetylenic ene components, competition between cyclo- 
additions and ene reactions can occurlhlmlP (e.g., eq l).21a 

(9) (a) Dubac, J.; Laporterie, A. Chem. Rev. 1987, 87, 319. (b) Op- 
poker, W.; Snieckus, V. Angew. Chem., Int. Ed. Engl. 1978,17,476. (c) 
Hoffmann, H. M. R. Angew. Chem., Int. Ed. Engl. 1969,8,556. 

(10) Alder, K.; Pascher, F.; Schmitz, A. Ber. Dtsch. Chem. Ges. 1943, 
76, 27. 

(11) Inagaki, S.; Fujimoto, H.; Fukui, K. J.  Am. Chem. SOC. 1976,98, 
4693. 

(12) (a) Benn, F. R.; Dwyer, J.; Chappell, I. J.  Chem. SOC., Perkin 
Trans 2 1977,533. (b) Stephenson, L. M.; Mattern, D. L. J. Org. Chem. 
1976,41,3614. 

(13) For recent examples, see: (a) Huisgen, R.; Bruckner, R. J.  Org. 
Chem. 1991,56,1679. (b) Mikami, K.; Takahashi, K.; Nakai, T. J.  Am. 
Chem. SOC. 1990,112,4036. 

(14) (a) Shea, K. J.; Burke, L. D.; England, W. P. Tetrahedron Lett. 
1988,29,407. (b) Oppolzer, W.; Pfenninger, E.; Keller, K. Helu. Chim. 
Acta 1973,56, 1807. 

(15) Chan, B. L.; Taylor, D. R. J. Chem. SOC., Perkin Trans. 1 1977, 
1463. 

(16) Pinhey, J. T.; Xuan, P. T. A u t .  J. Chem. 1988,41,69. 
(17) (a) Lucchi, 0.; Filipuzzi, F.; Lucchini, V. Tetrahedron Lett. 1984, 

25, 1407. (b) h e y ,  R. L.; Smart, B. E. J. Org. Chem. 1981,46, 4090. 
(18) (a) Brown, D. S.; Marples, B. A.; Spilling, C. D. J.  Chem. SOC., 

Perkin Trans. 1 1988, 2033. (b) Salem, R. B.; Jenner, G. Tetrahedron 
Lett. 1986,27,1575. (c) Marples, B. A.; Spi l l i i ,  C. D. Tetrahedron Lett. 
1985,26,6515. (d) Achmabwicz, O., Jr.; Pietraszkiewia, M. Tetrahedron 
Lett. 1981, 22, 4323. 

Allenic systems normally undergo ene reactions at the 
allylic hydrogen atoms (eq 2).15 Exceptions are allenyl 

'OoC q Y 4 ' \ C % E r  94% ( 2 )  

,COIE' 
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silanes which react at the allenic hydrogen atom a to the 
silicon substituent (e.g., eq 3).23 This unusual behavior 
may be ascribed to some partial positive charge develop- 
ment on the central allene carbon which is stabilized by 
the &silicon in the transition state. 

Carbon-carbon aromatic bonds can also act as ene 
components, as shown in the thermal reaction of phenol 
with dihydropyran (eq 4),l6 Other viable ene components 

R i CONHz R I Ph.CHj + [ Z  +21.ddm 

[ DcH3 I - - 4 \  bCH3] I8 C 72h mz (6) 
5 

1 I 

include the fused cyclopropyl bonds in [1.1.0] or [2.1.0] ring 
systems and the nonfused cyclopropyl bonds in [n.1.0] (n 
> 4) fused rings. With small fused ring systems (e.g., 
[1.1.0] and [2.1.0]), enophilic attack occurs at the zero- 
bridge bonds which are associated with the HOMO (e.g., 
eq 5).'% For norcaradiene systems, enophilic attack occurs 
at the one-bridge bonds, i.e., a t  the 1,7- and 6,7-bonds in 
2.17s In these systems, the HOMOS are concentrated on 
the one-bridge 

Eqs 7-9 illustrate the participation of C=0,l8 C=N,19 
and M i m  bonds as ene components. Rate-determining 
tautomerization prior to ene addition is exemplified in eqs 
7l" and 9,% while tautomerization of the initial ene adduct 

(19) (a) Baldwin, J. E.; Adlington, R. M.; Jain, A. U.; Kolhe, J. N.; 
Perry, M. W. D. Tetrahedron 1986,42,4247. (b) Shimizu, T.; Hayashi, 
Y.; Kitora, Y.; Teramura, K. Bull. Chem. SOC. Jpn. 1982,55, 2450. 

(20) (a) Ishikawa, M.; Nakagawa, K. I.; Enokida, R.; Kumada, M. J. 
Organomet. Chem. 1980, 201, 151. (b) Ishikawa, M.; Fuchikami, T.; 
Sugaya, T.; Kumada, M. J. Am. Chem. SOC. 1975,97,5923. 

(21) (a) Jacobson, B. M.; Arvanitis, G. M.; Eliasen, C. A.; Mitelman, 
R. J. Org. Chem. 1985,50, 194. (b) Palenik, G. J. J. Org. Chem. 1985, 
50, 4378. (c) Pfeuffer, L.; Pindus, U. Helu. Chim. Acta 1988, 71, 467. 

(22) Moore, L.; Gooding, D.; Wolinsky, J. J. Org. Chem. 1983,48,3750. 
(23) Laporterie, A.; Dubac, J.; Manuel, G.; Deleris, G.; Kowalski, J.; 

Dunogues, J.; Calas, R. Tetrahedron 1978, 34, 2669. 
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A systems (C=N+,40 C=S+,4l C E N + , ~ ~  C=0+).43 The 
variety of enophiles makes ene reactions extremely ver- 
satile. The ene addition of chiral glyoxylates, for example, 
represents a powerful method for the synthesis of homo- 
allylic alcohols with asymmetric induction levels of >%% 
(e.g., eq Similarly, the stereoselective synthesis of 

Chart I 
n 

Type I Type 11 Type 111 

which promotes a second ene addition is depicted in eq 
8.1ga 

1-Bu 
I I 

1.B" !.E" 
I cu 

N / N H  ' r N//N 

II + fCN %? N&cN -cN&or 
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Enophile Components. Enophiles consist of r-bonded 
molecules having a characteristic low-lying LUMO. Re- 
active enophilic components include carbon-carbon 
multiple bonds (olefinic,24 acetyleni~?~ benzyne%), car- 
bon-hetero multiple bonds (-0:' C=N,% C=S,B C= 
P30), hetero-hetero multiple bonds (N=N,3l 'O=O 32 
si=~i>3 N=O,N ~=035), cumulene systems (N=s=o:~  
N=S=N>' C=C=0,n*3a C,C=S,% S0239), and charged 

(24) (a) Nahm, S. H.; Cheng, H. N. J. Org. Chem. 1986,51,5093. (b) 
Bayliff, A. E.; Bryce, M. R.; Chambers, R. D.; Kirk, J. R.; Taylor, G. J. 
Chem. SOC., Perkin Trans. 1 1986,1191. 

(25) (a) Giguere, R. J.; Namen, A. M. Tetrahedron Lett. 1987,28,6553. 
(b) Ficini, J.; Barbara, C.; Desmaile, D.; Overfelli, 0. Heterocycles 1987, 
25, 329. (c) Deleris, G.; Dunogues, J.; Calas, R. Tetrahedron Lett. 1979, 
50, 4835. 

(26) Baird, M. S. Top. Curr. Chem. 1988,144,137. 
(27) (a) Whitesell, J. K.; Lawrence, R. M.; Chen, H. H. J. Org. Chem. 

1986,51,4779. (b) Salomon, M. F.; Pardo, S. N.; Salomon, R. G. J. Org. 
Chem. 1984,49, 2446. (c) Whitesell, J. K.; Deyo, D.; Bhattacharya, A. 
J. Chem. SOC., Chem. Commun. 1983,802. (d) Stephenson, L. M.; Or- 
farropoulos, M. J. Org. Chem. 1981,46,2200. 

(28) (a) Braxmeier, H.; Kresze, G. Synthesis 1986,683. (b) Tschaen, 
D. M.; Turos, E.; Weinreb, S. M. J. Org. Chem. 1984, 49, 5058. (c) 
Tschaen, D. M.; Weinreb, S. M. Tetrahedron Lett. 1982,23, 3015. (d) 
Achmabwicz, Jr.; 0.; Pietraskiewicz, M. J. Chem. SOC., Perkin Trans. 1 
1981,2680. 

(29) (a) Choi, S. S. M.; Kirby, G. W. J. Chem. SOC., Chem. Commun. 
1988,177. (b) Vedejs, E.; Eberlin, T. H.; Wilde, R. G. J. Org. Chem. 1988, 
53, 2220. 

(30) Annen, U.; Regitz, M. Tetrahedron Lett. 1988, 29, 1681. 
(31) (a) Orfanopoulos, M.; Foote, C. S.; Smonon, I. Tetrahedron Lett. 

1987,28,15. (b) Cheng, C.; Seymour, C. A.; Petti, M. A.; Greene, F. D.; 
Blount, J. F. J. Org. Chem. 1984, 49, 2910. (c)  Adam, W.; Lucchi, 0.; 
Scheutzow, D. J. Org. Chem. 1981,46,4130. 

(32) (a) Adam, W.; Schwarm, M. J. Org. Chem. 1988, 53, 3129. (b) 
Orfanopoulos, AI.; Foote, C. S. J. Am. Chem. SOC. 1988, 110, 6583. (c) 
Dubac, J.; Laporterie, A.; Iloughmane, H.; Pillot, J. P.; Deleris, G.; Du- 
nognes, J. J. Organomet. Chem. 1986,281, 149. 

(33) Sakurai, H.; Nakadaira, Y.; Sakaba, H. Organometallics 1983,2, 
1484. 

(34) Starflinger, W.; Kresze, G.; Huss, K. J. Org. Chem. 1986,51,37. 
(35) Moiaee@~ov, A. M.; Dragon, V. A.; Koptenkova, V. A.; Veaalousky, 

V. V. Synthesis 1987,814. 
(36) (a) Whitesell, J. K.; Carpenter, J. F. J. Am. Chem. Soc. 1987,109, 

2839. (b) Gadras, A.; Dunogues, J.; Calas, R.; Deleris, G. J. Org. Chem. 
1984, 49, 442. 

(37) Munsteres, H.; Kresze, G. J. Org. Chem. 1983,48, 2833. 
(38) Aue, D. H.; Helwig, G. S. J. Chem. SOC., Chem. Commun. 1976, 

604. 
(39) Raash, M. S.; Smart, B. E. J. Am. Chem. SOC. 1979, 101, 7733. 

homoallylic thiols is readily effected by the ene addition 
of thiocarbonyl compounds to alkenes (e.g., eq 11).% The 
ene reaction of N-substituted imino esters also provides 
viable synthetic routes to y,d-unsaturated or-amino acids 
(eq 12h2" The versatility of ene reactions is further il- 
lustrated in the isomerization of olefins 332c and 4* and 
in the synthmis of &y-unsaturated ketonm using a charged 
enophile (e.g., eq 15).42 

76% 
CCI) 

Intramolecular Ene Reactions. Intramolecular ene 
additions benefit from entropic advantage and allow no- 
nactivated enophiles to react more readily. The high regio- 
and stereoselectivity exhibited by these reactions offer 
considerable control in the synthesis of intricate ring 
systems. Oppolzer and Snieckusgb have classified intra- 
molecular ene processes into three types according to 
whether the enophile is linked to the ene unit by a bridge 
at terminal atom a (type I), a t  central atom b (type 11), 
or at allylic atom c (type III), as illustrated in Chart I. For 
each type, two modes of intramolecular additions are 
possible since the terminal atom of the ene unit can be 
bonded to either atom of the enophile. The extent of 
interaction depends upon the potential orbital overlap 
between the two reaction components; hence, the orien- 
tation of addition is largely controlled by the geometry of 
approach of the Components. For example, geometric 
considerations in eq 16 favor formation of the Bmembered 
ring over the 6-membered ring.ua In general, intramo- 

(40) Cohen, T.; Onopchenko, A. J. Org. Chem. 1983,48,4531. 
(41) (a) Ishibaahi, H.; Komatsu, H.; Ikeda, M. J. Chem. Res. 1987,296. 

(b) Akiba, K.; Takasu, Y.; Wada, M. Tetrahedron Lett. 1985,26, 2463. 
(42) Hamana, H.; Sugasawa, T. Chem. Lett. 1986,575. 
(43) Song, A.; Chrisope, D. R.; Beak, P. J. Org. Chem. 1987,52,3938. 
(44) (a) Snider, B. B.; Phillips, G. B. J. Org. Chem. 1984,49,183. (b) 

Ziegler, F.; Mikami, K. Tetrahedron Lett. 1984, 25, 127. 
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Scheme I1 

lecular ene reactions of type I favor a-bond formation 
between the closest unsaturated centers; ene reactions of 
types I1 and I11 favor u-bond formation to atoms X and 
Y, respectively, of the enophile. 

Type I reactions occur predominantly in 1,6-diene~,4~ 
1,7-diene~,4~ 1,7-enyne~,2~~ and ene systems containing 
polarized en~phi les .~~~ '  Qpe 11 reactions proceed through 
a highly ordered bridged bicyclic transition state and occur 
less readily than the type I counterparts. These reactions 
usually occur in 1 ,6-d iene~,~~ 1 ,6-enone~,4~~~~ and l,6-ene- 
nitrosow compounds (e.g., eq 17).& Type I11 reactions 
result in the formation of medium or large rings and are 
entropically unfavorable and less common than type I and 
I1 r e a c t i ~ n s . ~ ~ ~ * ~ ~  An example of a type I11 ene addition 
is shown in eq 

R" 

Hb Hb 

Stereo- and Rsgioselectivity. Ene and enophilic 
systems capable of inducing endo exo discrimination can 

reactions of cis-alkenes with polarized e n o p h i l e ~ ~ ~ ~ ~ ~ ~  give 
diastereomers resulting predominantly from an endo 
transition state (e.g., eq 19).52b The inherent preference 

provide useful stereoselectivity.28 l l  6za,b For example, ene 

2WQC I 
"1 

7 9 

for an endoselectivity may be diminished by steric effects 
between substituents in the transition state. Thus, less 
endoselectivity is observed in the corresponding ene re- 
actions of tra~zs-alkenes.~~~ 

Intramolecular ene cyclizations preferentially form cis- 
disubstituted five-membered rings and trans-disubstituted 
six-membered rings.53 For example, type I cyclizations 

(45) (a) Tietza, L. F.; Beifuss, U. Tetrahedron Lett. 1986,27,1767. (b) 
Tietze, L. F.; Beifuee, U.; Antel, J.; Sheldrick, A. M. Angew. Chem., Int. 
Ed. Engl. 1988,27,703. (c) Tietze, L. F.; Beifuss, U.; Ruther, M. J. Org. 
Chem. 1989,54, 3120. 

(46) (a) White, J. D.; Somers, T. C. J. Am. Chem. SOC. 1987,109,4424. 
(b) Ogawa, Y.; Shibashi, M. Tetrahedron Lett. 1984,25, 1067. 

(47) Keck, G. E.; Webb, R. R. J. Org. Chem. 1982,47,1302. 
(48) (a) Johnston, M. I.; Kwass, J. A.; Beal, R. B.; Snider, B. B. J. Org. 

Chem. 1987,52,5419. (b) Snider, B. B.; hutch,  E. A. J. Org. Chem. 1983, 
48,1822. (c) Williams, J. R.; Cleary, T. P. J. Chem. SOC., Chem. Commun. 
1982,626. 

(49) Niwa, M.; Iguchi, M.; Yamamura, S. Bull. Chem. SOC. Jpn. 1976, 
49, 3148. 

(50) Keck, G. E.; Webb, R. Tetrahedron Lett. 1979, 1185. 
(51) Lambert, J. B.; Napoli, J. J. J. Am. Chem. SOC. 1973, 95, 294. 
(52) (a) Bussas, R.; Munsteres, H.; Kresze, G. J. Org. Chem. 1983,48, 

2828. (b) Snider, B. B.; van Straten, J. W. J. Org. Chem. 1979,44,3567. 

of 1,6-dienesubs" and 1,6-enones4" selectively lead to rings 
where the H-donor and H-acceptor sites are oriented in 
a cis fashion. For these systems, the cis configuration of 
the ene adducts has been shown to be independent of the 
stereochemistry of the reacting ene unit; Le., the H-donor 
site may be trans (e.g., eq 20)" or cis (e.g., eq 21)4sb with 

0 :OZCH3 0, f02cH3 
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respect to the enophilic chain. Construction of molecular 
models has shown that ene reactions of the former proceed 
via an endo transition state, while reactions of the latter 
involve an exo transition ~ t a t e . " ~ ? ~  Type I cyclizations 
of 1,7-dienes, on the other hand, lead to tram-cyclo- 
hexanes.45 This stereoselectivity can be rationalized in 
terms of an exo-&anti conformation of a cyclohexane-like 
transition state.45a 

Rsgioselectivity in ene reactions refers to the preference 
of the ene or enophile to form a u bond at either terminal 
atom of the ?r This preference results from the 
best orbital overlap between atoms with the largest frontier 
MO ~oefficients.~' The nature of the atoms comprising 
the ene or enophilic bonds as well as the nature and 
position of substituents influence both the extent and 
polarization of the orbitals and, consequently, the orien- 
tation of ene addition. The direction of ene addition can 
also be predicted from the relative stabilization of the 
developing partial charges in an unsymmetrical transition 
state with early formation of the u bond?' Thus, the major 
regioisomer usually arises from a transition state in which 
the ene and enophile are oriented such that the substitu- 
ents are best able to stabilize the transient charges.13b An 
example is shown in eq 22.25a 

C4H9 -C0ZCH3 80 % 

+ C4H9- t iT" - (22) 

C 4 H 9 d C q C H 3  20% 

Prediction of regioselectivity can be complicated by 
geometric factors, particularly for intramolecular reactions. 
For example, the inherent regiochemical preference arising 
from the electronic effects of substituents may be overcome 
by conformational factors, as in eq 23.29b In this case, the 
transition state leading to the sulfide adduct is geome- 

(53) Loncharich, R. J.; Houk, K. N. J. Am. Chem. SOC. 1987,109,6947. 
(54) Snider, B. B.; Roush, D. M.; Killinger, T. A. J .  Am. Chem. SOC. 

(55) Aubert, C.; Begere, J. B. Tetrahedron Lett. 1988, 29, 1011. 
(56) Oppolzer, W.; Pfenninger, E.; Keller, K. Helu. Chim. Acta 1973, 

(57) Fleming, I. Frontier Orbitals and Organic Chemical Reactions; 

1979,101,6023. 

56, 1807. 

Wiley: New York, 1976. 
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Table  I. Ionization Potentials a n d  Theoretical a n d  Predicted FMO Energies (eV) for 2r Parent Systems 
predicted predicted 

23r parent -1P 3-21G HOMO HOMO 3-21G LUMO-3.3 LUMO (EA) ref (IP; EA) 
HoC=CH, -10.5 -10.3 -10.5 1.8 1.8 (1.78) 73: 74 
H ~ C H  " 

H2C-O 
HZC-NH 
HC=N 
H2C=S 

HC=P 
HzC=SiHz 
HN=NH 
HP=PH 
HN-PH 
HzSi=SiHz 
HP=SiHz 
HN=SiHz 
H P - O  
HP=S 
H N = S  
H N - O  
o=o 

HZCSPH 

-11.4 
-14.5 
-12.5 
-13.6 
-11.8 
-10.3 
-10.8 
-8.8 

-14.4 
-9.8 

-11.6 

-11.2 
-14.3 
-12.2 
-13.6 
-11.3 
-9.85 

-10.5 
-8.5 

-10.9 
-9.7 

-10.1 
-7.6 
-8.7 
-9.9 

-12.8 
-11.0 
-12.4 

-17.1 
-1.58 

-11.4 
-14.5 
-12.4 
-13.3 
-11.8 
-10.1 
-11.0 

-9.0 
-14.3 
-9.7 

-12.0 
-7.5 
-8.6 

-10.9 
-14.1 
-11.4 
-13.7 
-16.4 
-18.5 

trically disfavored, thus leaving the alternate pathway 
leading to the mercaptan. 

62 0 

Retro-Ene Fragmentations. The formal reverse of an 
ene reaction, intramolecular transfer of y-hydrogen atom 
to an unsaturated center via a six-electron cyclic transition 
state, can also occur thermally (Scheme 11). The concerted 
nature of this process has received experimental support, 
and the reaction has been Reactive ?r bonds 
for retro-ene fragmentations include olefinic,g"" acetylen- 
ic,s8 alleni~,6~ cyclopropyl,sO carbon-hetero (e.g., C=O,S1 
C=N,S2 +Sie3),  and hetero-hetero (e+, N=NM) bonds. 

For olefinic substrates, the preferred geometry of the 
transition state for the ene and retro-ene reactions is an 
envelope con for ma ti or^.^^^^^ Some variation is possible 
since both the cis- and trans-2-vinyl-1-cyclobutanols are 
accommodated (eqs 248e and 2 P ) .  

(241 

''111 OH 

(58) (a) Cadogan, J. I. G.; Hickson, C. L.; McNab, H. J. Chem. Res., 
Synop. 1983, 243. (b) Viola, A.; Collins, J. J. J. Chem. SOC., Chem. 
Commun. 1980, 1247. ( c )  Viola, A,; McMillan, J. H. Chem. Commun. 
1970,301. 

(69) Price, J. D.; Johnson, R. P. Tetrahedron Lett. 1985, 26, 2499. 
(60) (a) Masamume, S. Tetrahedron Lett. 1965, 945. (b) Hanafma, 

T.; Beiladeanu, L.; Winstein, S. J. Am. Chem. SOC. 1965,87, 3510. 
(61) (a) Creary, X.; Hudock, F.; Keller, M.; Kerwin, J. F., Jr.; Dinno- 

cellzo, J. P. J. Org. Chem. 1977,42,409. (b) Monti, S. A.; McAninch, T. 
W. Tetrahedron Lett. 1974,3239. 

(62) (a) Kleier, D. A.; Pilgram, K. H. J. Heterocycl. Chem. 1987,24, 
1643. (b) Houminer, Y.; Fenner, R. A.; Secor, H. V.; Seeman, J. I. J. Org. 
Chem. 1987,52,3971. (c) Arnesto, D.; Horspool, W. H.; Perez-Ossorio, 
R.; Ramos, A. J. Og. Chem. 1987,52,3378. (d) Padwa, A.; Cohen, L. A. 
J. Org. Chem. 1984, 49, 399. 

(63) Conlin, R. T.; Besselleu, M. P.; Jones, P. R.; Pierce, R. A. Or- 
ganometallics 1982,1, 396. 
(64) Tezuka, T.; Otsuka, T. Chem. Lett. 1989, 1051. 
(66) Viola, A.; McMillan, J. H.; Proverb, R. J.; Yates, B. L. J. Am. 

Chem. SOC. 1971,93,6967. 
(66) Bamier, J. P.; Ollivier, J.; Salaun, J. Tetrahedron Lett. 1989,30, 

2525. 

2.8 
0.7 
1.5 
2.5 

-2.0 
-1.4 
-0.8 
-0.8 

0.7 
-3.7 
-1.8 
-2.2 
-2.8 
-1.0 
-2.7 
-4.4 
-2.9 
-0.6 
-2.7 

2.6 (2.6) 
-0.1 (0.8) 

1.2 
2.0 (2.3) 

-1.9 
-1.0 
-0.2 
-0.3 

0.6 
-3.8 
-1.6 
-2.4 
-3.1 
-0.9 
-2.9 
-4.7 
-2.5 
-0.7 
-2.0 

75; 76 
77; 78 
79 
80; 81 
82 
79 
83 
84 
85 
86 
87 

For acetylenic substrates, a planar transition-state ge- 
ometry, which offers the least amount of distortion in the 
linear system, has been p r o p ~ s e d . ~ ~ ~ ~  The requirement 
for this geometry accounts for the reluctance of acetylenic 
substrates and 1lMb to undergo retro-ene fragmenta- 
tions. It should be noted that the corresponding reactions 
of the olefinic analogs are feasible under the same con- 
d i t i o n ~ . ~ ~ ~ @  

n 

10. n = I R = CgH13 I 1  
b n = 2 K i QHll  

The rates of retro-ene reactions may be enhanced62b*M 
or diminished70 by steric effects. For example, the steric 
hindrance between the methyl-8 and arylazo groups in 12 

9 8  
CH) 1 CH3 

2 
cH& N. NH-A' (26) 

&+ N a N / A r  - C6H;;;flux 

C H I  CHI  
',OH 

12 13 

inhibits free rotation of the latter, thus resulting in a fixed 
conformation that is conducive to a retro-ene mechanism. 
Interestingly, a free-radical mechanism prevails in the 
absence of this methyl-8 group. In contrast, steric inhib- 
ition is possible as shown in eqs 27 and 28. In the former, 

E. rkcd i mol1 

+ 

cis-alkyl substitution at the reacting ?r bond causes a 
substantial decrease in the rate of retro-ene reactions7& In 
the latter, the retro-ene reaction is completely inhibited 

(67) Conia, J. M.; Barnier, J. P. Tetrahedron Lett. 1971, 4981. 
(68) Viola, A.; Proverb, R. J.; Yates, B. L.; Larrahendo, J. Tetrahedron 

Lett. 1971, 4981. 
(69) Arnold, R. T.; Smolinsky, G. J. Am. Chem. SOC. 1960,82,4918. 
(70) (a) Daub, J. P.; Bereon, J. A. Tetrahedron Lett. 1984,25,4463. 

(b) Jabry, Z.; Lame, M. C.; Ripoll, J.-L. J. Chem. Research (S) 1986,188. 
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drogens, the preferred envelope conformation for the 
transition state with the migrating hydrogen eclipsing the 
u-orbital is difficult to achieve in this case. 

Table 11. Ionization Potentials and Theoretical and Predicted 
FMO Energies (eV) for Cumulene Systems 

oredicted 
predicted 3-21G LUMO ref 

cumulene -1P HOMO LUMO-3 (EA) UP: EA) 
CH2=C=CHZ 
CHZ=C=O 
CHz=C=NH 
CHZ=C=S 
HN=C=O 
HN=C=NH 
HN=C=S 
o=s=o 
O=S=NH 
HN=S=NH 
o=c4  
m=O 
-4 

-10.2 -10.2 2.0 2.0 (2.0) 88; 81 
-9.8 -10.0 0.7 1.1 89 
-9.7 -9.5 1.8 1.5 90 
-8.9 -10.6 -1.4 1.6 91 

-11.6 -11.4 3.9 3.2 92 
-10.2 -10.5 2.7 3.6 93 
-9.9 -9.9 1.5 1.1 94 

-13.2 -13.2 -3.6 -3.4 95 
-11.6 -11.6 -2.8 -2.8 96 

-10.7 -2.3 -2.4 
-13.8 -13.8 2.7 2.6 97 
-11.2 -10.8 0.2 0.7 98 
-10.1 -10.6 -1.8 -1.8 99 

upon cis-methyl or cis-phenyl substitution, and an alter- 
nate retro-Diels-Alder pathway predominante~.'"~ 

Implementation of Ene Chemistry in CAMEO. The 
pericyclic module in CAMEO oversees the processing of 
thermal pericyclic reactions. It analyzes the input reac- 
tants for all possible pericyclic pathways, forms the 
products, and evaluates periselectivity. The module cur- 
rently treats cycloadditions, sigmatropic rearrangements, 
electrocyclic ring closures, and ring opening (e.g., reverse 
Diels-Alder, retro-cheletropic, electrocyclic)  reaction^.^ 
Extension of the module to include ene and retro-ene re- 
actions required the addition of two subroutines, each of 
which is responsible for the perception of reactants and 
evaluation of mechanisms. The following sections describe 
the general procedures for the implementation of ene and 
retro-ene reactions. 

ENERXN is the executive routine for evaluating ene ad- 
ditions. The program flow involves (1) identification of 
all possible reactive ene and enophile components, (2) 
estimation of HOMO and LUMO energies of the reaction 
components, which is critical to the prediction of the fa- 
cility of the reaction, (3) determination of regiochemistry, 
and (4) execution of the ene mechanism and construction 
of products with the proper stereochemistry. Each of these 
steps is expanded on as follows. 

Identification of Reaction Components. A current 
list of ene/enophile parent systems that are recognized in 
CAMEO is provided in Tables I and 11. In perceiving the 
ene units, the following rules governing the reactivity of 
C-H bonds have been implemented in CAMEO. 

(a) Bridgehead allylic hydrogen atoms in small bridged 
systems are ~ n r e a ~ t i ~ e ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ J ~  (e.g., eqs 2g3lC and 
30Bb). In eq 29, the ene unit containing bond 2 is deleted 
from consideration. 

(b) Allylic hydrogen atoms at ring fusions are unreactive 
if the ene double bond is incorporated in a ring with size 
5 5  (e.g., eqs 3127b and 3236a). As for the bridgehead hy- 

(71) (a) Green, K. E.; Paquette, L. 0. J. Org. Chem. 1983,48,1849) 
McCulloch, A. W.; McInnes, A. G. Tetrahedron Lett. 1979, 1963. 

OH 

0 
175 'C i 12 h &-: (31) 

Estimation of FMO Energies of the Reaction Com- 
ponents. The most critical step in the evaluation of ene 
reactions is the calculation of the FMO energies of the 
reacting u systems. This consists of two substeps, namely 
(a) estimating the FMO energies of the parent (unsub- 
stituted) u systems, and (b) estimating the effects of 
substituents on the calculated FMO energies. 

The algorithm for predicting the FMO energies of the 
parent u systems utilizes approximate expressions derived 
from a regression analysis of experimental ionization po- 
tential (IP) data and theoretical LUMO energies obtained 
from ab initio calculations using the 3-21G basis set with 
fully optimized geometr ie~.~~ From Koopmans' theorem, 
IP's can be equated to the HOMO energies and EA'S 
(electron affinities) to the LUMO energies. Since the 
experimental EA'S are scarce, ab initio results were utilized 
in deriving empirical expressions for the LUMO energies. 
The following equations for calculating the FMO energies 
of 2u and cumulene systems have been devised and im- 
plemented in CAMEO. For 27r systems 
EHoMo = -10.5 - 
( W O  + 1.9" + 1.3Ns +O.gNtb - 0.4Np - 1.5Nsi) (33) 

ELUMo = 1.8 - 
(1.9No + 0.6NN + 3.7Ns +2.8Np + 2.1Nsi - 0.8Ntb) 

(34) 
where N x  is the number of atoms of type X and Ntb is 
unity if a triple bond is present or null if absent. For 
cumulene systems 
EHoMo = -10.2 - (o.WCs + N C N  + 1.2NsN + 2.8Ns0 + 

3 . w ~ ~ )  + 0.2Ao - 0.7A~) (35) 
ELUMo = 2.0 - (0.9Ao + 0.5AN + 3.4As -1.5To - 

2.1T~ + 0.4Ts + 6.0Cs) (36) 
where Nxy is unity if the X=Y bond is the 7r-HOMO, AZ 
is unity if atom Z is adjacent to either atom X or atom Y, 
Ty is unity if terminal atom Y in the 7r-HOMO is present, 
and Cs is unity if the central atom in the cumulene is a 
sulfur atom; otherwise, each parameter is zero. For ex- 
ample, in O=S=NH, the S=N bond is the 7r-HOMO and 
nitrogen is a terminal atom in the u-HOMO. Hence, both 
NSN and T N  are equal to 1. Since an oxygen atom is ad- 
jacent to one of the atoms in the u-HOMO, A. is 1. Cs 
is also equal to 1 since the central atom in this cumulene 
is a sulfur atom. Thus, EHoMo = -10.2 - 1.2 - 0.2 = -11.6 
eV; ELUMo = 2.0 - 0.9 + 2.1 - 6.0 = -2.8 eV. The results 
for the other parent u systems are summarized in Tables 
I and 11. 

(72) The ab initio calculations were performed with CAU~SIAN 90, Re- 
vision F: Frisch, M. J.; Head-Gordon, 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. 
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Using ethylene and allene as reference standards for 27r 
and cumulene systems, respectively, the decrease in the 
HOMO energy produced by replacing carbon atoms with 
heteroatoms is known experimentally.73* However, the 
experimental IP’s for some hetero-hetero systems are not 
available. Therefore, the algorithm has been devised to 
provide reasonable estimates for the HOMO energies of 
the parent systems with either experimentally known or 
unknown IPS. Results in Tables I and I1 show that the 
predicted HOMO energies are in good agreement with both 
experimental and theoretical data It should be noted that 
“relative” LUMO energies obtained via 3-21G calculations 
were employed in the least-squares fit, i.e., the energy 
values were corrected by 3.3 and 3.0 eV for 27r and cu- 
mulene systems, respectively, These corrections were made 
in order to match the experimental results for ethylene and 
allene. The predicted LUMO energies are also in rea- 
sonable agreement with the “relative” theoretical LUMO 
energies. 

Paderes and Jorgensen 

(73) (a) Davis, A.; Pilling, M. J. J. Chem. SOC., Faraday Trans. 1 1983, 
79,235. (b) Domelsmith, L. N.; Houk, K. N.; Piedrakita, G.; Dolbier, W. 
J., Jr. J. Am. Chem. SOC. 1978,100,6908. 
(74) (a) Burrow, P. D.; Jordan, K. D. Chem. Phys. Lett. 1975,36,594. 

(b) Jordan, K. D.; Burrow, P. D. J. Am. Chem. SOC. 1980, 102, 6882. 
(75) (a) Cederbaum. L. S.: Hohlneiches. G.: von Niessen. W. Mol. . . . .  

Phys. 1973, 26, 1405. (b) Bieri, G.; Burgeq’F.; Heilbronner, E.; Maier, 
J. P. Helv. Chim. Acta 1977, 60, 2213. 

(76) (a) Giordan, J. C. J. Am. Chem. SOC. 1983,105,6544. (b) Jordan, 
K. D.; Burrow, P. D. Acc. Chem. Res. 1978, 11, 341. 
(77) Niessen, W. von; Bieri, G.; Abrink, L. J. Electron Spectrosc. 

Re&. Phenom. 1980,21,175. 
(78) (a) Heen van, E. H.; Dijk van, W. L.; Brongersma, H. H. Chem. 

Phys. 1976,16,337. (b) Burrow, P. D.; Michejda, J. A. Chem. Phys. Lett. 
1976, 42, 223. 
(79) Lacombe, S.; Gonbeau, D.; Cabioch, J. L.; Pellerin, B.; Denis, 

J.-M.; Pfister-Guillouzo, G. J. Am. Chem. SOC. 1988, 110, 6964. 
(80) (a) Li, J.; Lindhoh, E. J. Phys. Chem. 1988,92,1731. (b) Fridh, 

C.; Asbrink, L. J. Electron Spectrosc. Relat. Phenom. 1975, 7, 119. 
(81) Tronc, M.; Malegat, L. Photophysics and Photochemistry above 

6eV; Lahmani, F., Ed.; Elsevier: Amsterdam, Netherlands, 1985; p 203. 
(82) Solouki, B.; Rosmus, R.; Bock, H. J. Am. Chem. SOC. 1976,98, 

6054. 
(83) Frost, D. C.; Lee, S. T.; McDowell, C. A. Chem. Phys. Lett. 1973, 

23, 472. 
(84) Shin, K. S.; Irikura, K. K.; Beauchamp, J. L.; Goddard, W. A., 111. 

J. Am. Chem. SOC. 1988,110, 24. 
(85) (a) Frost, D. C.; Lee, S. T.; McDowell, C. A.; Westwwd, N. P. C. 

J. Chem. Phys. 1976,64,4719. (b) Galasso, V. Chem. Phys. 1984,83,407. 
(86) Gonbeau, D.; Guillouzo, G. P. J. Electron Spectrosc. Relat. 

Phenom. 1984,33, 279. 
(87) Trinquier, G. J. Am. Chem. SOC. 1982, 104, 6969. 
(88) Turner, D. W.; Baker, C.; Baker, A. D.; Brundle, C. R. Molecular 

(89) Hall, D.; Maier, J. P.; Rosmus, P. Chem. Phys. 1977, 24, 373. 
(90) Bernardi, F.; Bottoni, A.; Battaglia, A.; Distefano, G.; Dondoni, 

(91) (a) Dewar, M. J. S.; McKee, M. L. J. Comput. Chem. 1983,4,84. 

(92) Balfour, W. J.; Dingle, T. W.; Ram, R. S. J. Molec. Spectrosc. 

(93) Paulett, G. S.; Ettinger, R. J. Chem. Phys. 1963, 39, 825. 
(94) (a) Levin, R. D.; Lias, S. G. Ionization Potential and Appearance 

Potential Measurements 1971-81; National Standard Reference Data 
Ser., National Bureau Standard 1982; Vol. 71. (b) See ref 99. 
(95) Kroner, J.; Strack, W.; Holsboer, F. 2. Naturforsch. 1973,28B, 

188. 

Photoelectron Spectroscopy; Wiley-Interscience: London, 1970. 

A. 2. Naturforsch 1980, %a, 521. 

(b) Rosmus, P.; Solouki, B.; Bock, H. Chem. Phys. 1977, 22, 453. 
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(96) Solouki, B.; Postmus, R.; Bock, H. Angew. Chem., Int. Ed. Engl. 
1976,15,384. 
(97) Scott, S. J.; Smith, A. L. S. J. Appl. Phys. 1988, 64, 528. 
(98) Delwiche, J.; Hubm-Franskin, M. J.; Caprace, G.; Natalis, P.; Roy, 
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Table 111. Substituent Constants T for Common Functional 
Groups 

FG 7 FG 7 FG 7 

N(CH*L 44 s c 1  18 F 
NHCH3” 
CBH5 
SCHQ 
NHZ 
C H X H C H 3  
0-i-Pr 
OEt 
SSCH3 
OCH3 
CH=CHz 
OH 
I 
N=CHz 
CHzTMS 

CHzOMe 
i-Pr 
NHCl 
C 4 H  

t-Bu 

42 
42 
40 
36 
36 
35 
34 
33 
32 
30 
26 
23 
21 
21 
21 
20 
20 
20 
18 

Et 
CHzSiH3 
CH=S 
OAc 
SC=N 
Br 
CH3 
CHzNMez 
CHzSMe 
&Me3 
c 1  
CH=NH 
CHzNHz 
CHzI 
CHzOH 
CHzBr 
CH&l 
N=NH 
SiH3 

18 
16 
16 
16 
14 
13 
12 
12 
11 
11 
10 
9 
9 
9 
6 
6 
4 
4 
2 

H 
CC13 
CONHz 
CHzF 
COzMe 
NFZ 
COEt 

POMez 
SOMe 
COMe 
C=N 
CH=O 
COF 

COCl 
N=O 
SOzMe 

COzH 

CF3 

NO2 

0 
0 
0 
-3 
-4 
-6 
-6 
-7 
-8 
-8 
-9 
-9 
-10 
-12 
-12 
-12 
-14 
-16 
-21 
-36 

! 
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Figure 1. IP’s of monosubstituted alkenes vs code values, 7. 

The calculated FMO energies of the parent systems are 
then modified to account for the effects of substituents. 
The strategy used for estimating the HOMO energies of 
mono- and polysubstituted systems is discussed first. 
HOMO Energies of Monosubstituted Systems. 

Using ethylene as the reference system, the effect of a given 
functional group (FG) on the HOMO energy of ethylene 
can be known if the experimental IP of the FG-substituted 
ethylene is known. For example, the change in IP pro- 
duced by an ethyl group on ethylene can be computed from 
the experimental IP’s of ethylene (-10.5 eV)73 and 1-butene 
(-9.62 eV),75b Le., AIP = (-9.62) - (-10.5) = 0.88. Thus, 
any given FG has an associated substituent constant T 

which reflects the change in HOMO energy relative to the 
reference system. For convenience, a scale was chosen such 
that a change in IP of 0.5 eV is equivalent to a change in 
T of 10 units, i.e., 7 = (IPH - IPm)20, where IPH and IPFG 
are the ionization potentials of ethylene and FG-substi- 
tuted ethylene, respectively. In the above example, the 
computed T , , ~ ~ ~  for the ethyl group is 0.88(20) or 17.6. 

Unfortunately, IP data are not available for many FGs. 
Therefore, it was necessary to develop an algorithm that 
predicts a substituent constant T for any FG.”. The for- 
mulated algorithm has two key features: (1) it utilizes a 
simple three-layer approach to functional group recogni- 
tion, and (2) it operates on a small data base of experi- 
mentally-derived ionization potentials. The functional 
group approach adopted for CAMEO allows the recognition 
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-12.0 + r 
-13.0 ~ 
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Figure 2. IP’s of substituted alkynes vs code values, r. 

of any FG by treating it as a layer of atoms or groups of 
atoms. A small set of basic units was selected such that 
any FG can be constructed from them.” To illustrate the 
computation of T values in conjunction with the above 
strategy, consider the substituent OCOCH,. In the al- 
gorithm, this substituent is partitioned into three layers, 
88 shown in 14. Starting from the FG origin, as the first 
unit is encountered, a constant that reflects the change in 
IP produced by the unit is assigned to it. In this case, the 
firat unit is an oxygen atom, and ita correaponding constant 
derived from the data base of IP’s is 26. [Note: AIP = 

AIP(20) = 26.41. As each subsequent unit is encountered, 
the assigned value is adjusted to account for both electronic 
and resonance effects. The effect of a unit decreases with 
its distance from the origin. In 14, the electron-donating 
effect of oxygen is diminiied by the electron-withdrawing 
effect of C=O. In the present example, the corresponding 
unit constants for C=O and CH3 are -12 and 3, respec- 
tively. The T for OCOCH,, as shown in 14, is computed 
from the expression T = code1 + code2 + 2/3code3, where 
coden refers to the unit constant in the nth layer. 

IPoH - IPH (-9.18)” - (-10.5)73 = 1.32; ToH(expt.1) = 

F(i “‘ip,i” 26 I*() 3 = oodel + ccdr2 + ZI3Ccde3 

i 26 (-12) + W(3) I 16 

Te”p - ( lPOAC . IP” 1 x 20 

Te,p = 1(-985) - (-105)l X20 I 13 (rrb73.101) 14 

&fi% 
Table I11 gives an updated list of 7’s for common 

functional groups. Note that hydrogen atoms have a T 

value of zero, while electron-donating and electron-with- 
drawing FGs  have positive and negative T values, re- 
spectively. The present table has been expanded to include 
15 more functional groups (cf. ref 5a). Additionally, the 
7’s for 14 substituents (e.g., C1, Br, I, OH, and SCH3) have 
been modified to better fit the experimental IP data. For 
example, the Substituent constant for C1 was changed from 
6 to 10. The outcome is a general improvement in the 
HOMO predictions of C1-substituted systems such as 

The estimated T values can be plotted against the ex- 
perimental IP’s of a variety of monosubstituted parents. 
A few examples of these plots are provided in Figures 1-3. 
The different slopes, r(P), obtained from these plots 
suggest that each 27r parent system has an inherent sen- 

CH2-CHC1, HC*Cl, N=CCl, M C 1 ,  CH3COC1, Cl2- 
C--U, and C12C=C=O. 

(100) Albrecht, B.; Allan, M.; Haeelbach, E.; Neuhaus, L.; Carrupt, P. 

(101) Nelson, D. J.; Cooper, P. J. Tetrahedron Lett. 1986, 4693. 
A. Helu. Chim. Acta 1984,67, 216. 
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Figure 3. IP’s of substituted imines vs code values, r. 

sitivity toward a given functionality. The previous al- 
gorithm that estimates this sensitivity has been updated 
and is now represented by eq 37. In addition, a new 

y(2n) = O O I N , b  + 0.06No + 0.02” + 0.03Ns . O.OINp + 0.05 (37) 

y(cuniulene) = 0.06T0 + 0.02TN + 0.03Ts + 0.05 (38) 

EH(,M) = Y(P) x T(FG) + EH()I .~P) (39) 

equation for computing y(P) for cumulene systems has 
been developed (eq 38). To illustrate, the computed slopes 
from eq 38 for H,C=C=NH and NH=C=O are 0.05 and 
0.07, respectively. In the former, C=C bond is the T- 
HOMO; in the latter, N = C  bond is the T-HOMO, and TN 
is 1. Once y(P) and T(FG) are known, the HOMO energy 
of any monosubstituted 27r system can be computed using 
eq 39. For example, in ClCH=C=O, y is 0.05, dC1) is 6 
(Table 111), and EHOMO(CH24!=O) is -10.0 eV (Table II). 
Therefore, the predicted EHoMo for the above cumulene 
is -9.7 eV, which is in close agreement with the experi- 
mental -1P value (-9.5 eV).lo2 
HOMO Energies of Polysubstituted Systems. An 

algorithm for predicting the HOMO energies of polysub- 
stituted T systems based on collective T values was pre- 
viously im~lemented .~~ The symbol rC represents the net 
effect of all FG’s attached to the parent and is given by 
the equation 

where 7,, is the maximum absolute 7 for systems with 
all-donating or all-withdrawing FG’s or the sum of the T 

values of the most electron-donating and the most elec- 
tron-withdrawing FG’s; T,, is the sum of the T values of 
the remaining FGs; the NFG is the total number of FGs 
attached to the parent system. The HOMO energy of any 
polysubstituted system can then be calculated from eq 41. 

TC = T,, + 2~*”,/(1 + NFG) (40) 

= Y ( p ) T C  + EHOMO(P)  (41) 

(102) Langhoff, S. R.; Chong, D. P. Chem. Phys. Lett. 1983,100,259. 
(103) Stunnenberg, F.; Cerfontain, H. J. Phys. Chem. 1987,91,6490. 
(104) (a) Niecke, E.; Gudat, D.; Schoeller, W. W.; Rademacher, P. J. 

Chem. SOC., Chem. Commun. 1985,1050. (b) Rao, C. N. R.; Baser, P. K.; 
Hegde, M. S .  Appl. Spec. Reu. 1979,15, 1. 

(105) Gonbeau, D.; Pfmter-Guillouzo, G.; &die, J.; Comet, C.; Satge, 
J. J. Organomet. Chem. 1983, 247, C17. 

(106) Dyke, J. M.; Josland, G. D.; Lewis, R. A.; Morris, A. J. Phys. 
Chem. 1982,86, 2913. 

H. J.  Electron. Spectrosc. Relat. Phenom. 1982,26, 235. 

Bos. H. J. T. Isr. J. Chem. 1985,26, 120. 

(107) Heymanns, P.; Rademacher, P. Tetrahedron, 1986, 42, 2511. 
(108) Louwen, J. N.; Van Dam. H.; Stufkens, J.; Oskam, A.; Jaffe, H. 

(109) Kamphuis, J.; Grootenhius, P. D. J.; Ruijter, A. P.; Visser, R. G.; 
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Table IV. Examples of HOMO Energies Predicted by the CAMEO Program 
entrv no. substrate exptl -IP (eV) predicted HOMO (eV) rep 

1 .CBu CBu. -7.27 -7.2 106 

-8.48 -8.3 99 2 

H >=SI' 
H \  

-7.98 

-8.11 

-8.0 

-7.6 

106 

107 

3 

4 

6 -7.73 -7.6 88 

6 

7 

-9.12 -8.7 108 

-8.32b 
-9.W 

-8.1 
-9.5 

109 
109 

OFor experimental IP values. *HOMO energy for substituted C= 
allene. 

G bond in allene. 'HOMO energy for unsubstituted C=C bond in 

energy of the a-HOMO of ketene imine, i.e., ~ ( P h e )  = 0. 
In contrast, the phenyl ring in 16, which is bonded to the 
C-terminus, is coplanar with the H-C-C-N moiety; hence, 
ita a MO can interact with the a-HOMO of ketene imine, 
thereby raising ita energyew It should be noted that in 16 
the cyclohexane ring contributes only half of ita total 
electronic effect (rerrediVe = 22/2) to the *-HOMO since it 
is not directly attached to the C==C bond which is asso- 
ciated with the HOMO. In general, the effective 7 value 
of a remote FG on rXy in cumulene X=Y=Z-FG is 
about half ita calculated 7 value. 

7 c  = I2 + 2 ( 1 2 ) / 3  - 20 
EHOMO = - 9.5 + ( .OS X 20 = -8.5 cV 

( 7 . 0 )  . IP = . 8.02 eV (rcf90)  

( 7 . 1 2 )  HJC 

-6.0 

+ u  

-10.04 

1 h 

5 -12.0 
E 
P + Sli" ++ 1 -14.0 

-18.0 -16.0 -14.0 -12.0 -10.0 -8.0 -6.0 
Experimental -IP 

Figure 4. Predicted HOMO energies vs experimental IF"s (eV). 

Sample calculations of HOMO energies are illustrated 
below. 
('1.12) CHI '1~=32+2(24)/(1+3)=44 

EHOMO = I 12.4 + ( .07 X M )  = . 9.3 

-1P I -9.16 CV (ref103) 
)= N, 

(7.12) ' 3 3  (CH3 ( 7 . 3 2 )  

16 w (7.11) . I P  = -76 eV ( r c f90 )  

It should be realized that the CAMEO program must be 
able to predict the products of organic reactions rapidly 
even for complicated molecules. Therefore, it is not 
practical to perform quantum mechanical calculations for 
complex systems. Rather, it is necessary to develop an 
efficient algorithm that estimates rapidly the FMO ener- 
gies such that the values are accurate enough to allow 
correct predictions of reactivity. The new FMO algorithm 
is efficient and generally accurate; ita validity has been 
established by comparison with experimental data, Le., 
with 319 IP values and 36 EA values. Figure 4 gives a plot 
of the predicted HOMO energies versus the experimental 
IPS. The standard deviation and coefficient of linear 
correlation for this plot are 0.472 and 0.964, respectively. 
A few outliers such as those corresponding to CF3C02H, 
H2NC=N and CH30CH2CH=NN(CH3)2 have higher 
predicted HOMO energies. For these a systems, the res- 
onance effects of oxygen and nitrogen electron lone pairs 
have been overestimated in the HOMO algorithm. Table 

T ( N ( T M S ) Z )  = 36 i 2 ( 1 8 ) / 3  = 48 (7.91 TMS ( 7 . 9 )  
( ? = a )  H 'N - TMS ' 1 ~ = 4 8 + 2 ( 2 1 ) / ( 2 + 1 ) = 6 2  

EHOMO = . 10.1 i ( .04 )( 62) I .7.6 eV 

-1P = -8.01 rV (ref 104.) 
L C ( 7 = , 6 1  

( 7 . 2 1 ) I A ~  

5C' 24. 12 = 22 

EHOMO I .I43 i ( .I1 X 22) I .IZ.I eV 

. I P S  .11.81 eV ( r e f l a b )  ( 7 = . 1 2 1  F3C AC€H2CH~ ( 7 .  34) 

Although the majority of the calculations are straight- 
forward, special conformational considerations have been 
afforded to some a systems. The previous HOMO algor- 
ithm has been modified to account for a few of theae casea. 
For example, the phenyl ring at the N-terminus of ketene 
imine 16 is not supposed to exhibit any conjugation with 
the C - N  bond since the ring lies in a plane perpendicular 
to the C-C-C-N plane.g0 Hence, it does not affect the 
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starred atoms in the following enophiles represent the 
atoms with the larger coefficients in the u LUMO's: 

C*=O,O=S*=N-. 
For symmetrical u bonds such as olefinic, allenic, azo, 

and diphosphene bonds, the extent and direction of po- 
larization of the MO coefficients depend on the substitu- 
ents. Figure 5 shows the effects of the different types of 
functional groups on the terminal coefficients of substi- 
tuted ethylenes.llo To summarize, all functional groups 
attached to the terminal positions increase the magnitudes 
of the HOMO coefficients on the opposite termini. The 
same relationships hold for the LUMO coefficients, except 
when the functional groups involved are electron-donating, 
in which case the direction of polarization of the orbitals 
is reversed. Thus, the calculated 7 values of the substit- 
uents are used to evaluate the regiochemistry. Examples 
of calculations of the relative magnitude of the MO 
coefficients are provided as follows: 

>C*=O, >C*-N-, -N*+, >C*---U+-, -C*=N+-, >+ 

( f = 6 )  HJC CH3 ( 7 - 6 1  1 
( 7 . 2 )  aH$ TMS ( 7 - 5 )  

1 3 2 )  + 1121 > 1121 + 1181 161 + 161 > i d  + i d  
I r rpe~ H O M O  cnelliami 111 smm 2 l r g a  LUMO mcWcmn1 u a" 1 

In the first example, each electron-donating group in- 
creases the MO coefficient at  the opposite terminus. The 
contributing effects of methoxy and methyl groups over- 
rides those of methyl and ethyl groups; hence, the larger 
MO coefficient resides on atom 2. In the second example, 
each electron-donating group increases the MO coefficient 
of the terminal atom to which it is attached. Since TMS 
and CH2Cl have smaller electronic effects on the u bond 
than methyl, the larger MO coefficient is located at atom 
1. 

In the algorithm that evaluates regiochemistry, the at- 
oms with the larger HOMO and LUMO coefficients are 
labeled as the KEYHOMO and KEYLUMO atoms, re- 
spectively. Naturally, symmetrical ?r components will have 
the same MO coefficients at  the reacting termini. In this 
case, both termini are considered for a-bond formation. 
In addition, when the differences in the sums of absolute 
values for FGs fall within a 0.4eV range, both regioisomers 
are allowed to form; i.e., both termini are labeled as the 
KEYHOMO and KEYLUMO atoms. 

Formation of Ene Adducts. Before performing the 
ene mechanism, a few preprocessing steps are undertaken. 
First, the viability of each enelenophile pair is established 
by computing the FMO gap of the reacting components. 
If the ene or enophile is symmetric, only one equivalent 
atom is processed further to avoid formation of duplicate 
products. Next, the feasibility of an intramolecular ene 
reaction is assessed if the ene and enophile components 
are in the same fragment. The correct stereochemistry in 
intramolecular ene reactions is then assigned. Rules for 
implementing the stereochemistry for intramolecular ene 
reactions are as follows: (a) the type I cyclizations leading 
to 5-membered ring formation, the H-donor and the H- 
acceptor sites are denoted with a cis 
(b) for type I cyclizations leading to six-membered ring 
formation, a trans configuration is assigned to the H-donor 
and H-acceptor The reaction temperature range 
is then estimated based on the computed FMO gap (e.g., 
T = 100-200 "C for ene reactions with an FMO gap that 
lies between 10.5 and 13.5). Finally, the ene mechanism 
is performed, and the atoms with the largest MO coeffi- 
cients, i.e., the KEYHOMO and the KEYLUMO atoms, 

I 
Figure 5. Estimated frontier orbital energies and Coefficients 
for substituted ethylenes. 

IV contains examples of typical predictions of HOMO 
energies for some complex T systems. 
LUMO Energies of Substituted Systems. Once the 

effects of functional groups on the HOMO energies are 
known, the corresponding effects on the LUMO energies 
are roughly estimated based on known relationships be- 
tween the effects of FG's on the HOMO and LUMO en- 
ergies. A pictorial overview of these relationships has been 
given by Houkllo (Figure 5 )  and is summarized as follows: 
(i) a conjugating FG lowers the LUMO energy of the 
parent about one-third to one-half as much as it raises the 
HOMO energy; (ii) a withdrawing FG lowers the HOMO 
energy about one-third as much as it lowers the LUMO 
energy; and (iii) a donating FG raises the HOMO energy 
about twice as much as it raises the LUMO energy. For 
convenience, the y values for the parent systems are kept 
constant, while the 7 values for the HOMO energies are 
adjusted to give the corresponding T values for the LUMO 
energies. For polysubstituted systems, an equation similar 
to eq 41 is used except that TC now corresponds to the total 
effect of all F G s  on the LUMO energy of the parent 
system. Sample calculations of LUMO energies are pro- 
vided below. 
ELUMO = WX'C + ELUMO(P)  (42) 

Tc(HOM0) = 21 + 2 ( 2 1 ) / 3  = 35 

Tc(LUM0)  = 3512  = 17.5 

ELUMO = 2.6 + (.M)( 17.5) - 3.65 cV 

EA(expctimenul) = 3.1 eV ( r c f l l l )  

!.Flu* i .Ru 

(7.21) (7=211 

Z ~ ( H O M O ) = 3 6 + 2 ( 1 2 ) / 3 = h Z  

Tc (LUMO) I M I 2  = 22 
ELUMO = -1.9 + ( .X)( 27.) I 0.14 CV 

EA ( erprimenul ) = 0.4 eV (ref 112 ) 

A 
(T=12) H3C N H 2  ( 7 . 3 6 )  

Determination of Rsgiochemistry. As mentioned 
above, regiochemical orientation in ene reactions can be 
predicted from the sizes of the coefficients of the frontier 
orbitals. If the relative magnitudes of the orbital coeffi- 
cients at  the reacting termini are known, the direction of 
addition can be predicted. Results of quantum chemical 
calculations show that for unsymmetrical ?r bonds, the 
larger HOMO coefficient resides on the more electroneg- 
ative atom. Conversely, the larger LUMO coefficient re- 
sides on the less electronegative atom. For example, the 

(110) (a) Houk, K. N. J. Am. Chem. SOC. 1973, 95,4092. (b) Houk, 
K. N.; Sims, J.; Duke, R. E., Jr.; Strozier, R. W.; George, J. K. J. Am. 
Chem. Soe. 1973. 95.7287. 

(111) Ng, L.; Jordan: K. D.; Krebs, A.; Ruger, W. J.  Am. Chem. SOC. 

(112) Modelli, A.; Jones, D.; Roesini,*S., Distefano, G. Tetrahedron 
1982, 104, 7414. 

1984,40, 3257. 
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are joined by a u bond. For allenyl silanes, the mechanii  
involves the abstraction of a hydrogen at  the terminal 
cumulene atom bearing the silyl substituent. For carbonyl 
ene components, tautomerization is carried out first before 
executing the ene mechanism. 

In evaluating the feasibility of intramolecular ene re- 
actions, the following rules based on a survey of literature 
precedents have been implemented. 

(a) Cyclizations leading to three- and four-membered 
rings are energetically disfavored (e.g., four-membered ring 
closure in 17 does not occur).47 Formation of rings with 
sizes ranging from five to 10 is permitted (see eqs 21,48b 
17,* 44,lI3 and 1851 for 5, 6, 7, and 9 ring closures, re- 
spectively). Cyclizations leading tQ rings larger than 10- 
membered are currently ruled out since they are entrop- 
ically unfavorable. 

Me0 

Paderes and Jorgensen 

(b) For five-membered ring cyclizations, six cases may 
be envisioned. Cases ii-vi (n = 1) occur via small bridged 

' ,)-- I'O(OMel2 
M I I I ~ C  

bicyclic ([2.n.l], n = 1-3) transition states and are not 
allowed. Cases ii and iii are exemplified in eq 45,50 which 
leads to six-membered ring formation. The starred atoms 
in all cases refer to the KEYHOMO and KEYLUMO at- 
oms that are to be joined by a u bond. 

? ~ * 7 ,  
( I )  c-c=c-c-c,,-c-X=Y i I V )  c-c=c-c,-c-x=P 

(11) c=c-c,-c-X=Y (v) E=FC,-X.Y 

( I l l )  c=c-y-c,,.x=y (VI )  E=C-C"-X=+ 

C-H C-H 

I i  k 

(c) For six-membered ring cyclizations, six cases may also 
be envisioned. Cams i, ii, and iv (n = 2) are allowed; cases 
iii, v, and vi (n = 2) which proceed via small bridged bi- 
cyclic transition states are not allowed (e.g., eqs 17* and 
4649 for case iii). An exception to case iii is found when 
the ene or enophile component is part of a cumulene 
system, as in eq 47.* 

~ Hr 

(46) 

HA Ill> yH 2) MqAICI OC. CH2Cl2 & (47) 

3 ' I ( 7 0 9 0 3  

(d) Five- and six-membered ring cyclizations that do not 

(113) Snider, B. B.; Phillips, G. B.; J .  Org. Chem. 1983, 48, 3685. 

Chart I1 

violate rules b and c are more favored than seven to 
nine-membered ring closures (e.g., eqs 48M and 49lSb). 

N N//N- Ph 
,NH- 1W 

& * % d J .  \ / a, &pN (49) 

' 0  1' . 
Implementation of Retro-Ene Chemistry in CAMEO. 

RETENE is the executive subroutine for evaluating re- 
tro-ene fragmentations. Its major functions include (1) 
preception of all possible reactive paths in a molecule, (2) 
evaluation of competition among viable paths, and (3) 
implementation of the retro-ene mechanism and perise- 
lectivity. 

Perception of Reactive Paths. A reactive path is 
defined as the string of atoms involved in the 6e- cyclic 
transition state. In perceiving potentially reactive paths, 
the molecular frameworks in Chart I1 are searched for. A 
path ia perceived by sequential examination of the atoms 
comprising the path starting with the atoms of the multiple 
or cyclopropyl bond. The multiple bonds that are con- 
sidered include carbon-carbon bonds, aromatic or non- 
aromatic carbon-hetero bonds, and hetero-hetero bonds. 
The following rules for w e e d i i  out unreactive paths have 
been devised and implemented in the program. 

(a) An acyclic path ia unreactive if an acetylenic carbon 
is attached to the @-position; in this case, the competing 
Cope rearrangement predominates (e.g., eq 50).& Note 
that @-olefin substitution does not hinder retro-ene frag- 
mentation (eq 51).65 

,c,m 'me 

(50) 

(b) Transannular retro-ene fragmentation is not allowed 
in a cyclic path if the ring size is S7 (e.g., compare eq 52"" 
and eq 539c). 

s 6 i e . g . ,  cq 54)."4b 

% N . R  (54) 

(114) (a) Arnold, R. T.; Smdinsky, G. J. Am. Chem. SOC. 1959,81, 
6443. (b) Arnold, R. T.; Smolineky, G. J. Org. Chem. 1960, 25, 129. 
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(c) A path is rejected if three bonds along the path are 
contained in a nonbridged ring of size 1 6  (e.g., eq 54).114b 

(d) A path that contains an acetylenic bond is unreactive 
if it is incapable of achieving the required planar transi- 
tion-state structure (e.g., eq 55).89 
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petition may occur within a given group depending on the 
geometry of the reacting molecule, e.g., reflecting steric 
acceleration and inhibition. Examples illustrating path 
competitions are shown in eqs 61114 and 62.6eb 

C n q : %  N R  ( 5 5 )  

n = I  2 

(e) A path is not allowed if one or more atoms along the 
path is part of a fused ring system (e.g., eq 56).l16 An 
exception is when a fused three-membered ring is involved, 
as in eqs 5760b and 58.ll6 

b , N R  (56) 
OH 

(f) A path is not allowed if a double bond to a bridgehead 
atom in a small bridged ring system will be formed in the 
process (eq 5g117). If the multiple bond is part of a bridged 

system and the required transition-state structure is at- 
tainable, retro-ene reaction is permitted to occur (e.g., eq 
60)."* 

OH Y 0 

Once an acceptable path is found, it is assigned to a 
group that reflecta its reactivity, as described below. The 
atoms along the path are then stored sequentially in an 
array for later retrieval during path evaluation. 

Evaluation of Competition among Reactive Paths. 
Reactive paths are classified into five groups according to 
reactivity. The types of substrates under each category 
are provided as follows: group I, acetylenic ethers, cis- 
hydroxyvinylcycloalkanes, cis-alkylcyclopropane carbonyl 
systems; group 11, 0,y-unsaturated acids, cis-alkylvinyl- 
cyclopropanes, 0,y-cyclopropyl carboxylic acids, group 111, 
(3-hydroxyolefins, /3-hydroxyacetylenes, tram-cyclooctene; 
group IV, allylic ethers, propargylic ethers; group V, al- 
kenes, cycldenes,  allenes, cycldenes, vinyl ethers, vinyl 
esters, silyloxyenol ethers, alkylsilanes, silenes, etc. 

Relative reactivity follows the order I > I1 > I11 > IV 
> V. Competition among viable paths is evaluated by 
considering only those paths belonging to the group with 
the highest reactivity. Thus, if reactive paths are present 
in group I, paths in groups 11-V are not processed. Com- 

(115) Marvell, E. N.; Cheng, J. C. P. J. Org. Chem. 1980, 45, 4511. 
(116) Creary, X.; Hudock, F.; Keller, M.; Kerwin, J. F., Jr.; Dinno- 

cenzo, J. P. J.  Org. Chem. 1977,42, 409. 
(117) Smith, G. G.; Yatas, B. J. J. Org. Chem. 1965,30, 2067. 
(118) (a) Joulain, D.; Roueeaec, F. J. Chem. SOC., Chem. Commun. 

1972, 314. (b) Ohloff, G. Angew. Chem., Int .  Ed. Engl. 1970, 9, 743. 

Implementation of the Mechanism and Periselec- 
tivity. After the various paths have been evaluated, the 
concerted retro-ene mechanism is implemented (see 
Scheme 11). For cyclic allenes, two modes of ring frag- 
mentation are carried out, one leading to enynes and the 
other to enedienes (eq 63hm With the former, the reactive 
path perceived is of the type C=C=A-B-W-H. This path 
presents a unique case since the a atom is usually singly- 
bonded to the terminal atom of the reacting ?r bond (see 
Chart 11). 

[gj4 Sy" (63a) 

0 361- JX (63b) 

The retro-ene products formed are then compared with 
those obtained from the other pericyclic pathways. The 
comparison is based on the predictad temperature ranges 
for the reactiomsb Various procedures for estimating the 
reaction temperatures have been employed depending on 
the nature of the pericyclic process and the availability of 
kinetic and thermodynamic data. For example, for 
Diels-Alder, 1,3-dipolar cycloadditions, electrocyclic clo- 
sures, and certain sigmatropic rearrangements (e.g., [3,3]-, 
[1,5]-, and [1,7]-carbon and -hydrogen shifts), the reaction 
temperature is calculated using the Arrhenius equation." 
For concerted [2 + 21 cycloadditions and ene reactions, the 
calculated FMO gaps are utilized to gauge reactivities and 
estimate temperature ranges. Since there are few kinetic 
and thermodynamic data on retro-ene reactions, assign- 
ment of temperature blocks are based on the group cate- 
gories. This was made possible by a thorough survey of 
experimental reaction temperature and reactivity data. 
Reactants belonging to groups 1 and 2 were assigned the 
temperature ranges of 100-200 OC and 200-300 OC, re- 
spectively. Those belonging to groups 3-5 were assigned 
a temperature range of >300 OC. Overall, the algorithm 
for periselectivity gives reasonable estimates of the relative 
feasibility of pericyclic pathways. Consequently, pericyclic 
producta are output from the most to the least favorable, 
i.e., from the lowest to the highest predicted temperature 
range requested by the user. 

Sample Reaction Sequences. The CAMEO program 
successfully predicts the outcome of a wide variety of ene 
and retro-ene reactions including the examples in eqs 1-63. 
Additional examples of synthetic sequences that are pre- 
dicted by the program are illustrated in the following 
schemes. 

Scheme I11 illustrates a tandem Claisen-ene sequence, 
recently reported as the key transformation in the asym- 
metric total synthesis of (+)-9(ll)-dehydroestrone methyl 
ether 23.13b Submission of enol ether 18 to the pericyclic 
module of CAMEO affords ketone 19 via a Claisen rear- 
rangement. Resubmission of this product to the same 
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module gives two intramolecular ene adducts, 20 and 21. 
The regiochemical preference in 19 is denoted by the 
starred atom, i.e., the atoms with the larger frontier orbital 
coefficients, as predicted by the CAMEO program. Although 
ene cyclization to 20 is electronically preferred, it proceeds 
via a less favorable bridged bicyclic transition state (viz., 
eq 51). In contrast, ene cyclization to 21 involves a fused 
bicyclic-endo transition state and is geometrically favored. 
Finally, resubmission of 21 to the acidic module with HC1 
as the reagent gives the "tandem Claisen-ene" product 22, 
a precursor to the desired estrogen compound 23. In the 
present scheme, the calculated FMO energies of the re- 
acting u components are given along with the predicted 
temperature ranges and experimental yields. 

The ability of the CAMEO program to simulate the con- 
version of (-)-@-pinene (24) to a precursor of (+)-@-selinene 
(32) is outlined in Scheme The strategy used to 
effect this transformation involves an ene-ene-retro-ene 
synthetic route. Submission of (-)-@-pinene and acryloyl 
chloride (26) to the pericyclic module yields two products 
26 and 27. The former arises from a [2 + 2]-cycloaddition 
process, while the latter results from an intermolecular ene 
reaction. Note that the preferred regiochemical orientation 
in the latter is predicted by the program. Processing of 
27 using the basic/nucleophilic module gives ketene 28. 
The reaction occurs via an Elcb mechanism with tri-n- 
butylamine as the reagent. Submission of 28 to the per- 
icyclic module affords nonconjugated ketone 29, which 
undergoes basscatalyzed isomerization to conjugated ke- 
tone 30. Formation of 29 involves an intramolecular ene 
reaction of type 111. Finally, resubmission of tricyclic 
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ketone 30 to the pericyclic module gives bicyclic ketone 
31 as the sole product (experimental yield: 94%). The 
retro-ene fragmentation of ketone 30 to form 31 is pre- 
sumably due to the strategic placement of one of the two 
methyl groups such that it is easily accessible by the u 
orbital of the carbon-carbon double bond. The predicted 
FMO energies of the reacting u systems as well as the 
estimated reaction temperature ranges are provided in the 
present scheme. 

Conclusion 
The capabilities of the pericyclic module of the CAMEO 

program have been enhanced by the inclusion of ene and 
retro-ene chemistry. A frontier molecular orbital approach 
has been utilized in the analyses of ene additions. Con- 
comitant with this is the development of an efficient al- 
gorithm for the calculation of FMO energies. The new 
algorithm has been demonstrated to accurately predict the 
HOMO energies of a wide variety of u systems, as shown 
in Table IV and Figure 4. It should be mentioned that the 
FMO approach can also be applied to other classes of 
reactions. Recently, FMO energies have been utilized in 
the redox module for the determination of chemo- and 
regioselectivities in the hydride reductions of various 
olefinic s y ~ t e m . ~  Similarly, HOMO energies are currently 
used in the carbene module to gauge the relative reactivity 
of alkenes toward electrophilic carbenes. Application of 
the FMO approach to photochemical cycloadditions is also 
envisioned as part of future expansion of the pericyclic 
module. Finally, refinements in the latter module with 
regard to periselectivity are anticipated as more kinetic 
and thermodynamic data become available. 


