
J. Am. Chem. Soc. 1990, 112, 5465-5471 5465 

Computational Modeling of Stereoselectivity in the Diels-Alder 
Reactions of Dienol Esters of 0-Methylmandelic Acid and the 
Question of 7r-Stacking 

John A. Tucker,* K. N. Houk,*•* and Barry M. Trost* 

Contribution from the Department of Chemistry and Biochemistry, University of California, 
Los Angeles, California 90024-1569, and the Department of Chemistry, Stanford University, 
Stanford, California 94305. Received December 15, 1989 

Abstract: Ab initio calculations have been performed to determine the conformational energy profiles of methoxyacetic acid 
and vinyl formate. Methoxyacetic acid prefers approximately coplanar arrangements of its C=O and Ca—O bonds, with 
the syn arrangement favored over the anti by 0.9 kcal/mol. Vinyl formate is most stable in the conformation having a syn-periplanar 
C—O—C=O array and an anti-periplanar C=C—O—C array. The results of these calculations were incorporated as torsional 
parameters in the MM2 force field in order to assess the possible role of ir-stacking interactions in the stereoselective Diels-Alder 
reactions of chiral diene 1,3-butadienyl O-methylmandelate (1). These force-field calculations predict that, in the lowest energy 
conformation of 1, the dienyl carbons, the carbonyl group, and the C„-0 bond are approximately coplanar, and the phenyl 
ring is approximately perpendicular to this plane, as proposed recently by Thornton and Siegel. Conformations having a ir-stacking 
arrangement of the dienyl and phenyl groups of 1 are predicted to lie at least 6.8 kcal/mol higher in energy. The stereoselectivity 
observed in this reaction can be fully understood in terms of the calculated ground-state conformational preferences of 1, without 
invoking special ir-ir interactions between the phenyl and dienyl groups in the transition state. 

Introduction 
A survey of the recent chemical literature reveals an explosion 

of interest in the subject of ir-stacking and in the possibility of 
exploiting ir-stacking forces for controlling the stereoselectivity 
of organic reactions.1"5 x-Stacking interactions between phenyl 
and other unsaturated groups have been widely invoked to explain 
high stereoselectivities in the Diels-Alder reaction,1,2 nucleophilic 
additions,3 and the ene reaction,4 and an increasing body of data 
demonstrates that phenyl groups frequently act as superior 
stereodirecting steric barriers when compared with saturated 
groups of similar size such as cyclohexyl. Nonetheless, evidence 
for a general preference of phenyl groups to adopt a face-to-face 
arrangement with other unsaturated groups is lacking. A variety 
of crystallographic, solution, and gas-phase data suggest that 
aromatic hydrocarbons (and many simple heterocycles) prefer
entially interact with each other in a manner which minimizes 
face-to-face contacts between the unsaturated ring systems.6 

ir-Stacking arrangements are more commonly observed for in
teractions between highly polarized ring systems such as DNA 
bases, or when there is a strong "charge-transfer" or donor-ac
ceptor relationship between the two interacting functional groups.7,8 

In order to gain a better understanding of the forces involved in 
nonbonded interactions between unsaturated functional groups 
and how these can affect the selectivity of organic reactions, we 
have begun a calculational investigation into the mechanistic 
details of several reactions for which ir-stacking forces have been 
invoked as driving forces for stereoselectivity. In the present work, 
we describe calculations which were designed to probe the origins 
of stereoselectivity in a system for which two different models have 
been proposed, one of which invokes ir-stacking as the critical 
interaction responsible for the observed selectivity. We report 
ab initio calculations on some conformational effects, develop 
several new parameters for force-field calculations, and present 
model transition state calculations which support one of these 
models, as well as some predictions of stereoselectivity in new 
systems. 

Background 
In 1980 Trost and co-workers1 reported that moderate to high 

diastereoselectivities are obtained in Diels-Alder reactions em
ploying 0-methylmandelic acid as a covalent chiral auxiliary. 
Reaction of diene 1 with acrolein or juglone under Lewis acid 
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catalysis gives the corresponding adducts in 64 and >97% d.e., 
respectively. These selectivities are remarkable for a reaction in 

(1) Trost, B. M.; O'Krongly, D.; Belletire, J. L. / . Am. Chem. Soc. 1980, 
102, 7595-7596. 

(2) (a) Dauben, W. G.; Bunce, R. A. Tetrahedron Lett. 1982, 23, 
4875^4878. (b) Oppolzer, W.; Chapuis, C; Dao, G. M.; Reichlin, D.; Godel, 
T. Tetrahedron Lett. 1982, 23, 4781-4784. (c) Oppolzer, W.; Kurth, M.; 
Reichlin, D.; Chapuis, C; Mohnhaupt, M.; Moffatt, F. HeIo. CMm. Acta 
1981,64, 2802-2807. (d) Ensley, H. E.; Parnell, C. A.; Corey, E. J. J. Org. 
Chem. 1978, 43, 1610-1612. (e) Evans, D. A.; Chapman, K. T.; Hung, D. 
T.; Kawaguchi, A. T. Angew. Chem., Int. Ed. Engl. 1987,26,1184-1186. (f) 
Ito, Y.; Amino, Y.; Nakatsuka, M.; Saegusa, T. J. Am. Chem. Soc. 1983,105, 
1586-1590. (g) Charlton, J. L. Can. J. Chem. 1986, 64, 720-725. (h) 
Charlton, J. L. Tetrahedron Lett. 1985, 26, 3413-3416. (i) Smith, A. B., Ill; 
Liverton, N. J.; Hrib, N. J.; Sivaramakrishnan, H.; Winzenberg, K. J. Am. 
Chem. Soc. 1986, 108, 3040-3048. 

(3) (a) Corey, E. J.; Becker, K. B.; Varma, R. K. J. Am. Chem. Soc. 1972, 
94, 8616-8618. (b) Whitesell, J. K.; Bhattacharya, A.; Henke, K. / . Chem. 
Soc., Chem. Commun. 1982,988-989. (c) d'Angelo, J.; Maddaluno, J. / . Am. 
Chem. Soc. 1986, 108, 8112-8114. (d) Oppolzer, W.; Ldher, H. J. HeIv. 
Chim. Acta 1981, 64, 2808-2811. 

(4) (a) Oppolzer, W.; Robbiani, C; Battig, K. HeIv. Chim. Acta 1980,63, 
2015-2018. (b) Whitesell, J. K.; Lawrence, R. M.; Chen, H. H. / . Org. Chem. 
1986,51,4779-4784. (c) Whitesell, J. K.; Bhattacharya, A.; Aguilar, D. A.; 
Henke, K. J. Chem. Soc., Chem. Commun. 1982,989-990. (d) Kallmerten, 
J.; Gould, T. J. J. Org. Chem. 1986, 5/, 1155-1157. 

(5) (a) Whitesell, J. K.; Younathan, J. N.; Hurst, J. R.; Fox, M. A. / . Org. 
Chem. 1985, SO, 5499-5503. (b) Rebeck, J., Jr.; Williams, K.; Parris, K.; 
Ballester, P.; Jeong, K. S. Angew. Chem., Int. Ed. Engl. 1987, 26,1244-1245. 
(c) Rebek, J., Jr.; Askew, B.; Nemeth, D.; Parris, K. J. Am. Chem. Soc. 1987, 
109, 2432-2434. (d) Muehldorf, A. V.; van Engen, D.; Warner, J. C ; 
Hamilton, A. D. / . Am. Chem. Soc. 1988,110, 6561-6562. (e) Ito, M. M.; 
Kato, J.; Takagi, S.; Nakashiro, E.; Sato, T.; Yamada, Y.; Saito, H.; Namiki, 
T.; Takamura, I.; Wakatsuki, K.; Suzuki, T.; Endo, T. J. Am. Chem. Soc. 
1988, UO, 5147-5152. (f) Ojima, I.; Kwon, H. B. / . Am. Chem. Soc. 1988, 
//0,5617-5621. 

(6) (a) Burley, S. K.; Petsko, G. A.; FEBS Lett. 1986, 203, 139-143. (b) 
Karlstrom, G.; Linse, P.; Wallqvist, A.; Jonsson, B. J. Am. Chem. Soc. 1983, 
105, 3777-3782. (c) Cox, E. G.; Cruickshank, D. W. J.; Smith, J. A. S. Proc. 
R. Soc. London, Ser. A 1958, 247,1-21. (d) Narten, A. H. J. Chem. Phys. 
1968,48,1630-1634. (e) Steed, J. M.; Dixon, T. A.; Klemperer, W. / . Chem. 
Phys. 1979, 70,4940-4946. (f) Abrahams, S. C; Robertson, J. M.; White, 
J. G.; Acta Crystallogr. 1949, 238-244. (g) Cruickshank, D. W. J. Acta 
Crystallogr. 1956, 9, 915-923. (h) Kurahashi, M.; Fukuyo, M.; Shimada, 
A. Bull. Chem. Soc. Jpn. 1969, 42, 2174-2179. 

(7) (a) Dahl, T. Acta Chem. Scand., Ser. A 1975, 29, 170-174. (b) 
Donohue, J.; Trueblood, K, N. Acta Crystallogr. 1956, 9, 960-965. (c) 
Herbstein, F. H.; Schmidt, G. M. J. Acta Crystallogr. 1955,8,406-412. (d) 
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Figure 1. 

Table I. Diastereoselectivity in the Diels-Alder Reactions of 1 and 
Related Compounds" 

diene dienophile catalyst temp (0C) d.e. (%) AAG* 

acrolein' 
acrolein' 
acrolein' 
acrolein' 
benzoquinone' 
benzoquinone' 
benzoquinone' 
benzoquinone' 
methacrolein' 
juglone6 

BF3-Et2O 
BF3-Et2O 
BF3-Et2O 
BF3-Et2O 
BF3-Et2O 
none 
BF3-Et2O 
BF3-Et2O 
BF3-Et2O 
B(OAc)3 

-20 
-78 
-78 
-78 
-78 

20 
-78 
-78 
-78 

O 

64 
88 
78 
94 
92 
60 
84 
92 
96 

>95 

0.76 
1.07 
0.81 
1.35 
1.23 
0.81 
0.95 
1.23 
1.51 
1.59 

• Free energy differences are given in kcal/mol. The major product 
is that predicted by examination of either of the two models in Figure 
1, or by direct analogy to these models for dienes other than 1. 
'Reference 1. 'Reference 9. 

which the stereogenic center is located three bonds away from 
the nearest site of bond formation in an apparently conforma-
tionally mobile substrate. In order to explain these results, Trost 
proposed the ir-stacking model shown in Figure la. According 
to this model, the preferred conformation of 1 has a face-to-face 
arrangement of the two unsaturated moieties and minimized steric 
interactions between the diene carbons and the methoxyl group. 
The major stereoisomer of the product then arises from attack 
of the dienophile on the less hindered face of the diene. 

Recently, Trost's ^-stacking model has been shown to be in
operative with diene 1 by Thornton and Siegel.9 The ir-stacking 
model requires an unfavorable s-trans arrangement of the ester 
group10 and offers no explanation for Masamune's" observation 
that replacing the phenyl group of 1 by a cyclohexyl group does 
not greatly reduce the stereoselectivity of the reaction. These 
workers proposed that the selectivities observed in the reactions 
of 1 and structurally related dienes (Table I) are best explained 
in terms of a "perpendicular" model, as shown in Figure 1 b. In 
this model the dienyl and carboxyl groups are in a coplanar 

(8) (a) Bugg, C. E.; Thomas, J. M.; Sundaralingam, M.; Rao, S. T. Bio-
polymers 1971, 10, 175-219. (b) Slifkin, M. A. In Physio-Chemical Prop
erties of Nucleic Acids; Duchesne, J., Ed.; Academic Press: New York, 1973; 
Vol. 1, pp 67-97. (c) Saenger, W. Principles of Nucleic Acid Structure; 
Springer-Verlag: New York, 1984; pp 132-140. (d) Nakano, N. L; Igarashi, 
S. J. Biochemistry 1970,9, 577-583. (e) Jain, S. C ; Tsai, C; Sobell, H. M. 
J. MoI. Biol. 1977,114, 317-331. (O Jain, S. C; Sobell, H. M. J. MoI. Biol. 
1972, 68, 1-20. 

(9) Siegel, C; Thornton, E. R. Tetrahedron Lett. 1988, 41, 5225-5228. 
(10) (a) Wiberg, K. B.; Laidig, K. E. / . Am. Chem. Soc. 1987, 109, 

5935-5943. (b) Grindley, T. B. Tetrahedron Lett. 23, 1757-1760. (c) Blom, 
C. E.; Gunthard, Hs. H. Chem. Phys. Lett. 1981, 84, 267-271. (d) Jones, 
G. I. L.; Owen, N. L. J. MoI. Struct. 1973, 18, 1-32. 

(11) Masamune, S.; Choy, W.; Petersen, J. S.; Sita, L. R. Angew. Chem., 
Int. Ed. Engl. 1985, 24, 1-30. See footnote, p 12. 

Table II. Relative Energies of Several Conformations of 
Methoxyacetic Acid Determined by ab Initio and MM2 
Calculations" 

9 Y 

* 
70 

180 
-76 

66 
-75 

79 
180 
-61 

87 
-75 
180 

£rel 
(6-31G*//3-21G) 

0.00 
1.42 
1.71 
2.56 
2.71 
3.80 
3.29 
1.64 
1.97 
0.88 
1.43 

£rei 
(MM2)» 

0.0 
1.5 
2.0 
1.6 
3.2 
3.8 
5.0 
1.5 
3.4 
1.1 
1.7 

" Energies are given in kcal/mol and angles in deg. 8 = LO—C— 
C = O and ^ = zC—O—C—C. The MM2 energies refer to structures 
which were minimized with the MM2 force field using the same con
straints and starting geometries as the ab initio structures. These 
structures may differ slightly from the ab initio geometries in certain 
structural details, such as the precise value of i/<. * Using the parame
ters developed in this work. 

(e = - 6 ° , y = 710) (6 . 175° , v = -73°) 

0.00 0.90 kcal/mol 

Figure 2. Minimum energy conformations of methoxyacetic acid. 
Relative energies are MP2/6-31G*//RHF/3-21G. 

arrangement, the Ca-0 bond is near the carbonyl oxygen, and 
the phenyl group is perpendicular and turned so as to direct one 
face toward the carbonyl carbon. Support for this model was 
provided by the crystal structure of a Diels-Alder adduct of 1, 
in which the conformation of the chiral auxiliary is essentially 
as proposed in the transition-state model. Furthermore, a variety 
of indirect experimental evidence supports the notion that a-alkoxy 
esters prefer an eclipsed arrangement of their carbonyl and me
thoxyl oxygens in solution.12 

Results and Discussion 
In order to obtain a better understanding of the forces re

sponsible for the stereoselectivity observed in this system, we have 
performed calculations to elucidate the conformational preferences 
of 1, and to show how these conformational preferences lead to 
energetic differences between competing diastereomeric transition 
states. Because Allinger's13 MM2 force field lacks accurate 
torsional parameters for certain bond rotations of vinyl esters and 
a-alkoxy esters, we began our study with a series of ab initio 
calculations14 to clarify the conformational preferences of such 

(12) (a) Dale, J. A.; Mosher, H. S. / . Am. Chem. Soc. 1973, 95, 512-519. 
(b) Barth, G.; Voelter, W.; Mosher, H. S.; Bunnenberg, E.; Djerassi, C. J. 
Am. Chem. Soc. 1970, 92, 875-886. 

(13) Burkert, U.; Allinger, N. L. Molecular Mechanics; American Chem
ical Society: Washington, D.C., 1982. The 1977 force field (described in: 
Allinger, N. L. J. Am. Chem. Soc. 1977, 79, 8127) was used in this work, 
except where new parameters were determined. 
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compounds and to help us to develop accurate torsional parameters 
for use in force-field calculations. 

As a model for the conformational preferences of a-alkoxy 
esters,15 we have calculated 13 points on the conformational energy 
surface of methoxyacetic acid at the 6-31G*//3-2lG level16 of 
theory. In the calculations summarized in Table II, the value of 
the 0 - C - C = O dihedral angle, 0, was held fixed at 0,45, 90, 
135, or 180°. The value of the C-O-C-C dihedral angle W-) was 
either fixed at 180° or was minimized, starting from a value of 
+90° or -90°. No other constraints were employed. Also shown 
in Table II are the results of similar calculations using the MM2 
force field and the new torsional terms developed in the present 
work. 

Variation of the O—C—C=O dihedral angle reveals energy 
minima near 0 and 180°. Full optimization of the structures 
represented by entries a and j of Table II leads to conformations 
having dihedral angles 0 - C - C = O = -6 and 185°, with the 
latter 0.90 kcal/mol higher in energy than the former at the 
MP2/6-31G*//HF/3-21G level" of theory (Figure 2). The 
energy difference between these two fully optimized forms is 
calculated to be 0.8 kcal/mol using our force-field model (see 
later). The overall preference for approximately coplanar ar
rangements of the Ca—O and C=O bonds is unexpected because 
such arrangements require that the methoxyl oxygen be eclipsed 
with one of the two carboxyl oxygens, leading to unfavorable steric 
and electrostatic interactions. This conformational behavior 
apparently results from preferential hyperconjugation of the 
electron-deficient C=O w bond with the C—H bonds rather than 
the C—O bond of the a carbon. A similar preference for coplanar 
or nearly coplanar arrangements of C=O and Ca-heteroatom 
bonds is observed for a-fluoro aldehydes, ketones, and esters.18'19 

Of the two conformations shown in Figure 2, that having a syn 
arrangement of the C„—O and C=O bonds is more stable than 
that having an anti arrangement, in spite of its greater dipole 
moment (2.2 vs 1.8 D at the HF/6-31G*//HF/3-21G level of 
theory). Examination of the detailed geometry of the two fully 
optimized structures in Figure 2 reveals that the closest contact 
between the methoxyl oxygen and a carboxyl oxygen is 2.65 A 
in the anti form and 2.81 A in the syn form (the van der Waals 
radius of oxygen is 1.4 A). The closer O—O contact of the anti 
form arises in turn from the larger value of the bond angle 
/C—C=O as compared to /C—C—O. The former angle varies 
between 117 and 129° in the conformers of methoxyacetic acid 
discussed in this paper and the latter between 107 and 114°. These 
relatively small values of the bond angle /C—C—O are not unique 
to methoxyacetic acid, but appear to be common to carboxylic 
acids and esters in general. The minimum energy conformation 
of methyl acetate108 has / C - C = O = 126° and /C—C—O = 
112°. Experimentally, the syn and anti arrangements of ethyl 

(14) All ab initio calculations were performed using the GAUSSIAN 86 
program package: Frisch, M.; Binkley, J. S.; Schlegel, H. B.; Raghavachari, 
K.; Martin, R.; Stewart, J. J. P.; Bobrowicz, F.; Defrees, D.; Seeger, R.; 
Whiteside, R.; Fox, D.; Fluder, E.; Pople, J. A. GAUSSIAN 86; Carnegie-
Mellon University: Pittsburgh, PA. 

(15) Other workers have recently reported force-field parameters for a-
alkoxy and a-hydroxy esters which are based on lower level ab initio calcu
lations than those described here and employing incomplete geometry opti
mization. These parameters differ significantly from those developed in the 
present work, primarily because the lower level ab initio calculations give 
unrealistically large energy differences between forms having a syn vs an anti 
O—C—C—O array: Hanson, B. A.; White, J. D. J. Am. Chem. Soc. 198«, 
//0,6314-6318. 

(16) (a) Hariharan, P. C; Pople, J. A. Chem. Phys. Lett. 1972, 66, 217. 
(b) Binkley, J. S.; Pople, J. A.; Hehre, W. J. / . Am. Chem. Soc. 1980,102, 
939-947. 

(17) (a) C. Moller, C; Plesset, M. S. Phys. Rev. 1934,46,618. (b) Pople, 
J. A.; Binkley, J. S.; Seeger, R. Int. J. Quant. Chem. Symp. 1976,10, 1-19. 

(18) (a) Allinger, N. L.; Schafer, L.; Siam, K.; Klimkowski, V. J.; van 
Alsenoy, C. J. Comput. Chem. 1985, 6, 331-342. (b) Laube, T.; Ha, T. K. 
J. Am. Chem. Soc. 1988,110, 5511-5517. (c) Saegebarth, E.; Wilson, E. B. 
J. Chem. Phys. 1967, 46, 3088-3096. (c) Ab initio calculations at the 6-
31G*//3-21G level indicate conformational minima at or very near / O = 
C—C—F • O and 180° for fluoroacetaldehyde, fluoroacetone, and fluoro-
acetic acid (Tucker, J. A.; Houk, K. N. Unpublished results). 

(19) (a) Garcia, M. V.; Hernanz, A.; Morcillo, J. Ann. Quim., Ser. A 1981, 
77, 70-75. (b) Brown, T. L. Spectrochim. Acta 1962, 18, 1615-1623. 

Table III. Relative Energies of Several Conformations of Vinyl 
Formate Determined by ab Initio and MM2 Calculations" 

9 

O 
45 
90 

135 
180 

£re] (6-31G*//3-21G) 

2.80 
3.67 
3.61 
1.19 
0.00 

EM (MM2)» 

2.8 
3.6 
3.9 
1.1 
0.0 

"Energies are given in kcal/mol and angles in deg. 8 = ZC=C— 
O—C. The MM2 energies refer to structures which were minimized 
with the MM2 force field using the same constraints and starting ge
ometries as the ab initio structures. These structures may differ 
slightly from the ab initio geometries in certain structural details. 
b Using the parameters described in the Appendix. 

fluoroacetate represent energy minima with the latter 0.9 kcal/mol 
less stable than the former.19 This difference in energy can be 
attributed to greater O-F repulsions in the anti conformer. 

The energy profile for rotation about the C0-O bond appears 
to be determined mainly by electrostatic interactions between the 
methoxyl group and the two oxygens of the carboxyl group. For 
each value of the O—C—C=O torsion angle in Table II, rotating 
about the Ca—O bond gives different geometries whose energy 
and dipole moment increase in the same order. These electrostatic 
effects are not well-modeled by the parameters given in the 
standard MM2 force field, which predicts that the anti (180°) 
arrangement of the C-O-C-C dihedral angle should always be 
favored. For reasons of simplicity and because we wish only to 
create a force field to treat this specific problem, we have chosen 
to correct this deficiency by modifying the torsional terms for 
rotation about the Cn-O bond rather than by adjusting the dipole 
parameters. This approach leads to errors in the relative energies 
of conformers which have arrangements of both the O—C—C=O 
and C—O—C—C dihedral angles very far from energy minima. 
Nonetheless, these parameters are adequate for the present study, 
and our parameterization produces errors only in regions of the 
conformational energy surface which are not relevant to our study 
of the conformational preferences of 1. 

Torsional parameters for rotation about the C-O bond joining 
the diene to the ester oxygen were developed in a similar manner. 
Ab initio calculations were performed on vinyl formate at the 
6-31G*//3-21G level with full geometry optimization except for 
the C=C—O—C torsion angle, which was restrained to values 
of 0,45,90,135, or 180°. In these calculations the starting (and 
optimized) geometries had an a syn-periplanar arrangement of 
the ester group (angle O=C—O—C near 0°), in accord with 
experimental and theoretical studies which indicate a strong 
preference for this arrangement in esters of both aliphatic and 
unsaturated alcohols.10,20,2' The results of our calculations, which 
are summarized in Table III, indicate that the most stable con
formation of vinyl formate has a C=C—O—C torsion angle near 
180°, and that a second energy minimum occurs near 0°, 2.8 
kcal/mol higher in energy. These calculational results are in 
accord with a recent experimental study by Geise and co-workers,20 

in which electron diffraction, microwave, and IR data were in
terpreted in terms of a planar minimum energy conformation 
having / O = C - O - C = 0° and / C = C - O - C = 180°. Based 
on their failure to observe any evidence for the presence of other 
conformations, these authors estimated a lower limit of 2.3 
kcal/mol for the energy difference between this and the next most 
stable conformation. The energy profile for rotation about the 

(20) Pyckhout, W.; van Alsenoy, C. V.; Geise, H. J.; van der Veken, B.; 
Coppens, P.; Traetteberg, M. J. MoI. Struct. 1986, 147, 85-104. 

(21) (a) Aroney, M. J.; Bruce, E. A. W.; John, I. G.; Radom, L.; Ritchie, 
G. L. D. Aust. J. Chem. 1976, 29, 581-587. (b) Rao, V. M.; Curl, R. F., Jr. 
J. Chem. Phys. 1964, 40, 3688-3690. (c) Mark, H. L.; Noe, E. A. J. Org. 
Chem. 1989, 54, 1781-1782. 
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vinylic C-O bond indicated by our ab initio calculations is 
well-reproduced by our new force-field parameters. 

A variety of theoretical and experimental studies support the 
notion that the energy profile for rotation about the carboxyl C-O 
bonds of enol esters is very similar to that for rotation about the 
same bond in saturated esters.10>20'21 The 4.9-kcal/mol preference 
for conformation of 4b over 4c found at the ab initio 6-3IG*/ 

U 

4a (2.8 kcal/mol) 4b (0.0) 4c (4.9 kcal/mol) 

/3-2IG level of theory is not, however, correctly reproduced by 
direct application of the MM2 torsional parameters for saturated 
esters, in part because MM2 assigns a nonzero dipole moment 
to aliphatic but not to olefinic C-O bonds. Our calculations used 
the standard MM2 2-fold torsional parameter to describe the 
preference of enol esters for planar over nonplanar O=C—O—R 
arrays, and the 1 -fold torsional parameter used to describe the 
energetic preference for a syn-periplanar over an anti-periplanar 
O=C—O—R array was set to correctly reproduce our ab initio 
results. 

In addition to these torsional parameters, the calculations de
scribed below made use of Allinger's22 recent reparameterization 
of CA1-H and C^-C,^ bonds. Independent work by Allinger and 
Lii and by Pettersson and Liljefors23 has shown that assigning 
dipole moments of 0.6 and 0.9 (C^ negative) to these two bond 
types results in a dramatically improved description of the heat 
of sublimation of benzene, the geometry of the gas-phase benzene 
dimer, and the conformational preferences and strain energy of 
compounds containing aryl rings. The standard MM2 force field, 
which assigns a much smaller dipole moment to CAr-Csp3 bonds 
and zero dipole moment to C ^ H bonds, fails to correctly reproduce 
the quadrupolar nature of the benzene nucleus.24 

The results of our investigation of the conformational properties 
of 1 are shown in Figure 3, which shows the structures and relative 
steric energies of six fully optimized conformational minima of 
this compound, using the modified MM2 force field. Our study 
included only conformations of 1 having an s-cis arrangement of 
the dienyl moiety, as this arrangement is required in the Diels-
Alder transition state. 

The lowest energy conformation of compound 1 has an ar
rangement of its atoms which is similar to what one would expect 
based on the conformational preferences of methoxyacetic acid 
and vinyl formate. In conformation i the two double bonds of 
the dienyl group, the carbonyl group, and the C„-0 bond all lie 
in an approximately coplanar arrangement. The arrangement of 
atoms about the vinylic C-O bond is anti-periplanar, and that 
about the ester Csp2-0 bond is syn-periplanar with respect to the 
carbonyl oxygen. The C0-O bond is very nearly eclipsed with 
C=O. The methoxyl group is arranged so that its methyl group 
is anti to phenyl and gauche to the carbonyl. This arrangement 
simultaneously minimizes unfavorable steric interactions between 
methyl and phenyl and repulsive electrostatic interactions between 
the methoxyl lone pairs and the carbonyl oxygen. The two al
ternative arrangements of the methoxyl group (not shown) have 
a gauche relationship between methyl and phenyl and are 0.5 and 
0.9 kcal/mol higher in energy, respectively. Overall, the lowest 

(22) Allinger, N. L.; Lii, J. H. J. Comput. Chem. 1987, S, 1146-1153. 
(23) Pettersson, I.; Liljefors, T. J. Comput. Chem. 1987, 8, 1139-1145. 
(24) Ab initio calculations at the HF/3-21G level indicate that bringing 

a hydrogen fluoride molecule and a benzene molecule together with their 
principle symmetry axes colinear and fluorine "inward" is repulsive at all 
separations (best plane of benzene to F) between 3.0 and 5.0 A (Bredas, J. 
L.; Street, G. B. J. Am. Chem. Soc. 1988,110, 7001-7005). This behavior 
is reproduced by MM2 in a qualitatively correct manner using the benzene 
parameters in ref 22 and the ab initio 3-21G hydrogen fluoride dipole of 2.17 
D, although the repulsion is too low (0.8 vs 2.4 kcal/mol at 3.0 A). In 
contrast, the original MM2 parameters for phenyl rings predict an attractive 
interaction (-0.7 kcal/mol at 3.0 A). 

i. 0.0 ii. 0.8 

iii. 3.4 iv. 6.8 

v. 7.8 vi. 8.7 

Figure 3. Minimum energy conformations of 1 and their relative steric 
energies (kcal/mol). 

energy conformation of 1 is very similar to that suggested in 
Thornton's9 perpendicular model, although Thornton emphasizes 
the perpendicular phenyl rather than the in-plane C a-0 bond, 
which we believe determines the favored conformation. 

Relative to the most stable conformation, the diastereotopic 
face of the dienyl group which is most closely associated with the 
phenyl group of the stereogenic center can be inverted by rotating 
180° about either the Cs„2-Ca bond of the ester group (confor
mation ii), the vinylic C^O bond (conformation iii), or the Csp2-0 
bond of the ester group (conformation v). Rotation about the 
Csp2-Ca bond of the ester group is predicted to be endothermic 
by 0.8 kcal/mol, a value which is very similar to the energy 
difference between the two conformations of methoxyacetic acid 
in Figure 2. The other two processes are predicted to be much 
more energetically demanding. Rotating the C=C—O—C array 
into a syn-periplanar arrangement is predicted to be endothermic 
by 3.4 kcal/mol. The slightly greater endothermicity calculated 
for this process relative to the corresponding conformational motion 
in vinyl formate appears to be related to steric interactions between 
the carbonyl oxygen and the nearby vinylic proton, and to the 
greater force constant assigned in MM2 for deformation of a 
Csp2-Csp2-H as opposed to a H-Csp2-H bond angle. Rotating the 
O=C—O—C array into an anti-periplanar arrangement is en
dothermic by 7.8 kcal/mol. 

In addition to the conformations already discussed, we have 
also attempted to assess the relative stability of conformations 
having a 7r-stacking arrangement of the aryl and dienyl moieties 
of 1. According to the model originally proposed by Trost,1 the 
hydrogen and the methoxyl group attached to Ca each orient 
themselves in a gauche arrangement relative to the C=O bond. 
ir-Stacking then occurs preferentially on the face of the diene 
shown in Figure la, because a similar face-to-face arrangement 
of the phenyl and the other face of the dienyl group would lead 
to unfavorable steric interactions between the methoxyl and the 
olefinic carbon /3 to oxygen. In our calculations, we found that 
arrangements of 1 having the phenyl and dienyl groups in parallel 
or nearly parallel planes must also have O=C—O—C and/or 
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C=C—O—R arrays which deviate significantly (>60°) from 
planarity and do not represent conformational energy minima. 
Optimization of structures similar to that shown in Figure la leads 
to either conformation v or vi. Conformation vi has the dienyl 
and phenyl groups in a partially cofacial arrangement, but the 
angle formed by the best planes of the two functional groups is 
about 60°. 

Conformation iv has a relative arrangement of the phenyl and 
dienyl groups which is very similar to that in conformation vi, only 
the opposite face of the diene is shielded. Conformer iv is cal
culated to be 1.9 kcal/mol more stable than conformation vi, 
largely because it has an energetically favorable eclipsed ar
rangement of O=C—C—O array.25 These calculations suggest 
that if the selectivity of this reaction resulted from attack on the 
most stable conformation of 1 having a face-to-face arrangement 
of the phenyl and dienyl groups, the major product would be the 
opposite of that observed experimentally. 

An important question that is raised by examination of the data 
in Table I and in Figure 3 is how the high stereoselectivity which 
is observed in reactions of 1 can arise in spite of its preference 
for a highly extended conformation, and in spite of the availability 
of a second low-energy conformation (conformation ii) in which 
the relationship between the dienyl group and the chiral barrier 
is approximately reversed. In order to develop an understanding 
of how the conformational behavior described in Figure 3 might 
be translated into energy differences between competing diaste-
reomeric transition states, we developed a force-field model for 
the uncatalyzed reaction between 1 and benzoquinone. In this 
model, the relative orientations of the six carbon atoms undergoing 
bonding changes and their attached hydrogens were constrained 
to be the same as found in the ab initio 3-21G transition state 
for the reaction of butadiene with ,s-f rans-acrolein.26 The positions 
of other atoms were minimized using the MM2 force field and 
the parameters developed in the present work. Parameters de
scribing the positions of "normal" atoms relative to those un
dergoing bonding changes were estimated in the following manner. 
The 2-fold barrier for rotation about partial double bonds was 
set to 20 kcal/mol. The 2-fold torsional barrier for rotation about 
C,p2-C,p2 single bonds (i.e., C=C—C=O) was set to 10 kcal/ 
mol.27 Torsional parameters involving partial single bonds were 
set to zero. All other undefined torsional parameters and bond 
lengths were defined by treating the carbons undergoing bonding 
changes as normal sp2 carbons. Parameters for bond angles 
A-B-C were defined in the same manner if B is a normal atom 
and either A or C is a carbon undergoing bonding changes. If 
B is an atom undergoing bonding changes, the force constants for 
angle deformation were set to 0.25 mdyn/deg, and the natural 
bond angles A0 were chosen to be those which correctly reproduce 
the bond angles about B when this same force field is used to 
calculate the transition structure for butadiene reacting with 
s-trans-acrolein. Overall, the approximations in this model are 
based on an assumption of an early transition state, which is 
reasonable considering the relatively early ab initio transition state 
for the reaction of acrolein with butadiene. Furthermore, this 
choice of torsional parameters favors a conjugated arrangement 
of the reacting double bonds with their attached electron-donating 
and electron-withdrawing substituents, as would be expected in 
the Diels-Alder transition state. 

Figure 4 summarizes the results of our transition state modeling 
for the uncatalyzed reaction of 1 with benzoquinone. As might 
reasonably be expected, the lowest energy transition structure 
found for this reaction corresponds to attack of the benzoquinone 
on the less hindered face of the most stable conformation of 1. 
This transition structure (vii) corresponds to the formation of the 
experimentally observed major product. In principle, the minor 
product might arise via one of two paths: attack of benzoquinone 
on the more hindered face of the most stable conformation of 1, 

(25) Conformations iv and vi both correspond to points on the conforma
tional energy surface that are well-described by our parameters for a-alkoxy 
esters. 

(26) Loncharich, R.; Houk, K. N. J. Org. Chem., in press. 
(27) De Mart, G. D. Can. J. Chem. 1985, 63, 1672-1680. 

vii. (»')0.0 viii. (re) 1.7 

ix. (re)2.1 x. (re)3.0 

xi. (re)9.5 xli. (re)9.9 
Figure 4. Transition structures for the Diels-Alder reaction of 1 with 
benzoquinone and their relative steric energies (kcal/mol). 

or attack on the less hindered face of one of the higher energy 
conformations ii-v. Our calculations suggest that formation of 
the minor product occurs via two competing mechanisms. Attack 
on the more hindered face of conformation i and attack on the 
less hindered face of conformation ii leads to transition states viii 
and xi, respectively, which are predicted to have similar energies. 
Transition structures x-xii are higher in energy and are expected 
to make only a very small contribution to the overall selectivity 
of the reaction. Overall, our crude force-field model predicts a 
selectivity of 1.7 kcal/mol for attack on the si face of 1, compared 
to an experimental value of 0.8 kcal/mol. Taken in sum, these 
calculations do not prove the validity of the perpendicular model, 
but they do demonstrate that the stereoselectivity of this reaction 
can be rationalized in terms of the ground-state conformational 
preferences of 1 and a reasonable model for the transition-state 
geometry, without postulating unusual or unprecedented potentials 
for nonbonded interactions. 

Examination of the partitioned energy terms from our calcu
lations provides some interesting suggestions concerning the origins 
of stereoselectivity in this system. Transition structure viii is 
disfavored relative to vii in spite of the highly extended confor
mation of the diene. In our calculations the sterically unobtrusive 
phenyl group interacts with the incoming dienophile in part 
through unfavorable electrostatic interactions with the carbonyl 
oxygen of the quinone. When we repeated our calculations with 
the CAr-H and CAr-C8p3 dipoles set to zero, transition structure 
viii was calculated to be only 0.4 kcal/mol less stable than vii. 
Transition structure ix is calculated to be 2.1 kcal/mol higher in 
energy than vii, in spite of the fact that these two transition 
structures correspond to attack on the less hindered face of con
formations of 1 which are only 0.8 kcal/mol apart in energy. This 
difference arises in part from an interesting dichotomy in the role 
of the methoxyl group in these competing transition states. Attack 
of benzoquinone on the less hindered face of conformation i leads 
to transition structure vii, in which the interaction between the 
methoxyl group and the carbonyl oxygen of the dienophile is 
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xiii. 0.0 xiv. 0.9 

Figure 5. Transition structures for the Diels-Alder reaction of 2 with 
benzoquinone and their relative steric energies (kcal/mol). 

xv. 0.0 xvi. 2.0 

Figure 6. Transition structures for the Diels-Alder reaction of 5 with 
benzoquinone and their relative steric energies (kcal/mol). 

overall slightly attractive, due to a stabilizing arrangement of the 
C = O and C sp3-0 bond dipoles. With respect to the plane of 
the page, this structure has the methoxyl group "forward" and 
the dienophile carbonyl oxygen "back". Attack of the dienophile 
on the less hindered face of conformation ii leads to a structure 
in which methoxyl group and the carbonyl oxygen are much closer, 
both being behind the plane of the page of Figure 4. The resulting 
unfavorable steric interactions force the methyl group to rotate 
away from the incoming dienophile and into an unfavorable ar
rangement gauche to the phenyl group (ix). 

We have applied this same model to make some interesting 
predictions concerning stereoselectivity in reactions of dienes closely 
related to 1 which have not yet been studied experimentally. 
Replacing the phenyl steric barrier of 1 with a cyclohexyl ring 
gives diene 2. The lowest energy transition structures corre
sponding to the uncatalyzed reaction of benzoquinone on the re 
and si faces of 2 are shown in Figure 5. The calculations predict 
a 0.9-kcal/mol selectivity for attack on the same face of the diene 
which is preferentially attacked in the corresponding reaction of 
1. In transition structure xiv, the unfavorable electrostatic in
teractions between the phenyl group and benzoquinone oxygen 
of viii are absent, but the cyclohexyl group is somewhat more 
sterically demanding than phenyl. Because of the crudeness of 
our transition-state model, we conclude only that the selectivity 
should be in the same direction as observed for 1 and that it should 
be of significant magnitude. Experimentally, the boron trifluoride 
catalyzed reaction of 2 with benzoquinone gives the same major 
product as the corresponding reaction of 1, but in somewhat lower 
selectivity. A more interesting prediction arises from a calculation 
which was prompted by our observations concerning electrostatic 
repulsions between the electron-rich phenyl ring and a quinone 
oxygen in transition structure viii. In diene 5 the five electron-

5 

donat ing aryl C - H bonds a re replaced by electron-withdrawing 
C - F bonds. In our calculations the resulting partial positive charge 
on the aryl carbons of 5 leads to an overall attractive interaction 
between the quinone oxygen and the perfluorophenyl group in 
transition s t ructure xv (Figure 6 ) . Al though these calculations 
have mainly qualitative significance, they suggest the tantalizing 
possibility tha t the uncatalyzed reaction of 5 with benzoquinone 

Tucker et al. 

Table IV 
torsional parameters (kcal/mol) 
Vx Vi V, 

2-2-6-3 1.05 1.90 -0.45 
5-2-6-3 -1.05 1.90 0.45 
7-3-6-2 -3.40 8.98 0.00 
1-3-6-2 0.00 1.39 0.00 
5-3-6-2 0.00 1.39 0.00 
6-1-3-6 0.40 2.00 0.00 
6-1-3-7 -0.40 2.00 0.20 
3-1-6-1 -3.10 O00 (XtX) 

bending parameters 
^o fcb 

2-6-3 12I1O O60 
"Angles in degrees, bending constants in mdyn A/rad2. 

will result in a reversal of stereoselectivity as compared to the 
corresponding reaction of I.28 This prediction depends in part 
on the assumption that perfluorination of the phenyl group of 1 
will not result in a dramatic change in the energy profile for 
rotation of the ester CSp2-Ca bond. Such a change might con
ceivably arise because of the increased electronegativity of a 
perfluorophenyl group as compared to a phenyl group, but it is 
difficult to assess this possibility in a quantitative manner by ab 
initio methods owing to the large number of heavy atoms present 
in even the simplest model compounds.29 

Taken in sum, our calculations provide support for a relatively 
extended conformation of chiral diene 1 and related compounds, 
similar to that embodied in Thornton's perpendicular model. 
Moreover, calculations utilizing a simple force-field model for the 
reaction of 1 with benzoquinone support the idea that the ste
reoselectivity which is observed in this reaction (at least) can be 
explained in terms of the ground-state conformational preferences 
of 1, without invoking special T - T interactions between the dienyl 
and phenyl groups of 1 in the transition state. A rigorously 
face-tc-face (parallel planes) arrangement of the phenyl and dienyl 
groups of 1 requires the induction of considerable torsional strain 
in the remainder of the molecule, while in more relaxed structures, 
which represent conformational minima, the phenyl ring prefers 
to lie against the wrong face of the diene relative to that which 
would explain the observed selectivity. We conclude that the 
critical interactions responsible for stereoselectivity in this system 
are not nonbonded interactions between the phenyl and dienyl 
groups of 1, but the same forces responsible for the conformational 
preferences of methoxyacetic acid and vinyl formate. Of these, 
the former are of particular interest, owing to the widespread use 
of compounds having similar structures30 (e.g., tartrates), as chiral 
auxiliary in a variety of reaction types. 

Appendix 
The force-field (MM2) parameters given in Table IV were 

employed to reproduce the conformational behavior of a-alkoxy 
esters and vinyl esters, as revealed in the ab initio calculations 
described in the text. Atom types are the same as those in the 

(28) Replacing a phenyl steric barrier with a perfluorophenyl group dra
matically affects the stereoselectivities of reactions of iron enolates. See ref 
5f. 

(29) (a) Similar considerations might lead one to question whether the 
perfluorophenyl group of 5 might have a strong preference for an eclipsed 
arrangement with its benzylic C-O bond. Model calculations were performed 
in which the standard MM2 parameters for the torsions CA1-CAT-C1P3-O and 
H-CA1-C1 1 1 3-O were replaced by a 2-fold torsional preference of 3.0lccal/mol 
for such an eclipsed array. This change in torsional parameters actually leads 
to a slight increase in the predicted selectivity of this reaction. 

(30) (a) Sharpless, K. B.; Katsuki, T. J. Am. Chem. Soc. 1980,102, 5974. 
(b) Sharpless, K. B.; Finn, M. G. Asymmetric Synthesis; Morrison, J. D., Ed.; 
Academic Press: New York, 1985; Vol. 5, p 247. (c) Roush, W. R.; Walts, 
A. E.; Hoong, L. K. J. Am. Chem. Soc. 1985, 107, 8186-8190. (d) Roush, 
W. R.; Ando, K.; Powers, D. B.; Halterman, R. L.; Palkowitz, A. D. Tetra
hedron Lett. 1988, 29, 5579-5582. (e) Gao, Y.; Sharpless, K. B. / . Am. 
Chem. Soc. 1988, HO, 7538. (0 Arai, I.; Atsunori, M.; Yamamoto, H. / . 
Am. Chem. Soc. 1985, 107, 8254-8256. (g) Mash, E. A.; Nelson, K. A.; 
Heidt, P. C. Tetrahedron Lett. 1987, 28, 1865-1868. (h) Castaldi, G.; 
Cavicchioli, S.; Giordano, C; Uggeri, F. J. Org. Chem. 1987,52, 3018-3027. 
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MM2 force field, i.e., type 1 = aliphatic C, type 2 = olefinic C, 
type 3 = carbonyl C, type 5 = H, type 6 = divalent O, and type 
7 = carbonyl O. 
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Organometallic and inorganic radicals might play an important 
role in material science1 as well as in catalytic processes.2 Their 
intermediacy in organometallic reactions is now being increasingly 
recognized.2^ The main focus thus far has been on the structure 
of main group radicals4 and metal sandwich radicals5 and on the 
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Supplementary Material Available: Details of transition-state 
modeling calculations including Cartesian coordinates for the 
RHF/3-21G transition state of the Diels-Alder cycloaddition of 
•r-ira/u-acrolein and butadiene and force-field parameters (4 
pages). Ordering information is given on any current masthead 
page. 

reactivity of transition-metal carbonyl radicals.6 However, stable 
19e radicals are relatively rare, and their reactivity7 is not very 
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Arene Exchange by P Donors in the 19-Electron Complexes 
Fe1CpCarene): Kinetics, Mechanism, and Salt Effects. 
Interconversion, Radical-Type Reactions, and 
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Abstract: The 19e complexes Fe1Cp(C6H6^Men), 1 (0 < n < 6), react with P donors (PMe3, PPh3, PPh2H, PPh2D, dppm, 
dppe, P(OMe)3, P(OPh)3) to give products resulting from arene exchange and radical reactions of the 17e radicals FeCpL2, 
2 (H or Cl abstraction, Arbuzov-type reaction, P-O cleavage, and coupling with Hg). These reactions are potentially side 
reactions in the electrocatalytic exchange starting from the 18e complexes I+, but reduction of I+ by the 19e species Fe1CpL3, 
3, proceeds faster except for L = P(OPh)3. Complex 1 was used as an electrocatalyst (1%) for the quantitative synthesis of 
[FeCp(PMe3)3]

+, 3a+, [FeCp|P(0Me)3|3]+, 3b+, [FeCp(dppe)(NCMe)]+, 13+, and [FeCp(dppm)(NCMe)]+, 10, in a THF 
suspension at 20 0C. The 19e complex 3a (L = PMe3) is also formed in stoichiometric reactions of 1 with PMe3 in the presence 
of reducible substrates (CO2, perylene, /vdicyanobenzene, and methyl p-cyanobenzoate) as well as in disproportionation reactions 
of 1 induced by sodium salts. Double ion exchange in the latter reactions gives reactive ion pairs containing the organoiron 
anion and the Na+ counter cation. This disproportionation can also be catalyzed by NaPF6. The kinetics of the Iigand exchange 
of 1 with P donor is shown to follow a second-order process according to the following rate law: -d[FeCp(toluene)]/dt = 
fc[FeCp(toluene)] [P donor]. The reaction rate depends on the nature of the P donor and on the arene. The associative mechanism 
is confirmed by the large, negative entropy of activation (AS" = -22 ± 3 cal mol"1 K"1 for P(OMe)3). A fast preequilibrium, 
FeCp()j6-arene) =̂* FeCp(rj4-arene), is proposed, which avoids a high-energy 21e intermediate or transition state. In the course 
of the reaction of 1 with L = PPh3, the 17e species Fe1CpL2 was characterized by its ESR spectrum at 10 K showing three 
g values around 2 and a characteristic triplet indicating the coupling with two P ligands. Another entry into the 19e species 
3a is the one-electron reduction of the cathodic precursor. For example, Na/Hg reduction of [FeCp(PMe3)3]

+PF6~, 3a+, gives 
Hg[FeCp(PMe3)J2,9, while its reduction on sodium mirror gives [FeCp(PMe3)2H], 4a, as the reactions of 1 with PMe3. This 
confirms the fast equilibrium Fe1CpL2 + L = 4 Fe1CpL3 (L = PMe3). 
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