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Ab initio calculations at the RHF/3-21G* level were used to investigate the limiting transition states in the addition of 2-methoxyfuran to a

pyrrolinium ion. Four stationary points were found on the potential energy surface with relative energies of threo Diels—Alder, 0.0 kcal/mol;
erythro open, 0.9 kcal/mol; erythro Diels—Alder, 1.3 kcal/mol; and threo open, 1.8 kcal/mol.

The vinylogous Mannich reaction, which is exemplified by effects that guide the stereochemical outcome of these-

the addition of 2-trimethylsilyloxyfuranl{ R = TMS) to selective vinylogous Mannich reactioh©n the basis of

the cyclic N-alkoxycarbonyl pyrrolinium ior2 (R? = Bn) transition state geometries proposed for various nucleophilic

to provide a mixture (8.5:1) of diastereomeric addugts additions to carbonyl grougsa set of four limiting transition

(threo) and4 (erythro) (eq 1) has received considerable states, shown in Figure 1 as Newman projections about the
incipient carbon—carbon bond, may be envisioned. Within

/@ these four transition states, the reaction partners could
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COgF(2 (2) For reviews with selected applications of the vinylogous Mannich
reaction, see: (a) Casiraghi, G.; Zanardi, F.; Appendino, G.; Rassihé®n.
1 2 eq 1 Rew. 2000, 100, 1929—-1972. (b) Rassu, G.; Zanardi, F.; Battistini, L.;

Casiraghi, G.Chem. Soc. Re 2000, 29, 109-118. (c) Arend, M,
Westermann, B.; Risch, Mngew. Chem., Int. EA.998,37, 1044—1070.

D_O D_O (d) Martin, S. F.Pure Appl. Chem1997,69, 571—576.
0™ S N + 0 OH H'.\‘ (3) For other examples of silyloxyfurans reacting with cych¢

(I')O R2 Co.R2 alkoxycarbonyl pyrrolinium ions, see: (a) Boto, A.; Hernandez, R.; Suéarez,
2 2 E. Tetrahedron Lett2000,41, 2899—2902. (b) Martin, S. F.; Bur, S. K.
3 4 Tetrahedron1999 55, 8905-8914. (c) Rassu, G.; Carta, P.; Pinna, L.;
threo erythro Battistini, L.; Zanardi, F.; Acquotti, D.; Casiraghi, Gur. J. Org. Chem.

1999, 1395—-1400. (d) Pichon, M.; Hocquemiller, R.; FigadereT &ra-
. ) hedron Lett1999,40, 8567—8570. (e) Hanessian, S.; McNaughton-Smith,
attention in recent yeafs We recently reported the results g. B(iIOO[g.AM?I'd. cuerg. Letmggfégelge;?%ssgz. % gécfgo?,MM.;_Figadé\;e,
; ; ; .; Cave A. Tetrahedron Lett ,37, - . orimoto, Y.;
of experiments designed to probe some of the substituent, ;. 2 5= 7 Sl 008 2951~ 1995, (h) Hanessian. S.: Raghavan, S.
Bioorg. Med. Chem. Letl.994,4, 1697—1702. (i) Morimoto, Y.; Nishida,
T Present address: Department of Chemistry, Emory University, Atlanta, K.; Hayashi, Y.Tetrahedron Lett1993,34, 5773—-5776.
GA 30322. E-mail: sbur@emory.edu. (4) Martin, S. F.; Barr, K. J.; Smith, D. W.; Bur, S. K. Am. Chem.
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Figure 1. Proposed limiting transition states for the additiorlof
to 2 to give 3 and4.

approach each other in “DietdAlder” like (A and C) or

“open” (B and D) orientations. Although transition state

supportedA as being favored relative to transition states
B-D.

To probe the basis for the observed stereochemical
preferences in these additions, a theoretical investigation of
the energetics for the transition state geometfied was
conducted. A model system that retained the essential
features of an alkoxycarbonyl group on the nitrogen and a
2-alkoxy or silyloxy group on the furan and that was simple
enough to study at reasonable levels of theory was needed
for the computational studies. The addition of 2-methoxy-
furan (1, R= Me) to the pyrrolinium ion2 (R? = Me)
leading to product8 and4 (R> = Me) was expected to meet
these conditions.

Initial attempts to find stationary points on the potential
energy surface of the reaction were carried out using
semiempirical AM1 calculation®’ Although saddle points
corresponding to each of the four transition states in Figure
1 were located, the differences in relative energies between
the competing pathways were small and hence could not
account for the experimentally observed/thro/threoste-
reoselectivities. For example, both “open” transition states
B and D were calculated to have a relative energy of 0.0
kcal/mol while the calculated energies of both “Dielslder”
transition states were only 0.4 kcal/mol higher. Another
deficiency in these calculations was that the cyclic iminium
ion was predicted to be a planar structure rather than an
envelope conformation as would be anticipated on the basis
of experimental daté.

Owing to the aforementioned shortcomings of the AM1
method, ab initio calculations were pursued at the RHF/3-
21G* level. Using the transition state geometries calculated
by AM1 as a starting point, the saddle points corresponding
to the four proposed transition states were again located
(Figure 2). The relative energies calculated for these four

conformationA appeared more consistent with the observed stationary points suggested that the “Diefdder” array A
substituent effects, there were no data that compellingly had the lowest energy, with the “open” orientatibrlying
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Figure 2. Ball and stick drawings of the saddle point structures corresponding to the proposed transition states. Relative energies are

shown in kcal/mol.
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0.9 kcal/mol higher in energy. The energy of the “Diels
Alder” transition stateC was calculated to be 1.3 kcal/mol
higher than that foA, and the energy of the “open” transition
stateB was 1.8 kcal/mol above that &. The energetic
difference between the two lower transition stadeandD
corresponds to an 8:1 ratio tifreaerythroproducts at-78
°C, a value that is consistent with the experimentally
observed 8.5:1 product distribution observed with closely
related reactants.

The calculations at the RHF/3-21G* level not only gave

initial efforts to locate a saddle point corresponding to this
“outside” addition mode were unsuccessful. The importance
of staggered vs eclipsed conformations in transition states
has been noted by Hodlkand Woerpel has recently invoked
this inside attack to rationalize the stereochemical course of
nucleophilic additions to five-membered ring oxocarbenium
ions1% The angle between N(t-C(2')—C(5) corresponds

to the trajectory of the approaching nucleophilic center in
the methoxyfuran to the plane of the iminium ion. In accord
with expectations?! these angles were found to be 206r

energies that were consistent with experiment but they alsoA andB, 108°for C, and 111°or D.

predicted that the cyclic iminium ion would adopt the
expected shallow envelope conformatfddamely, in transi-
tion statesA—D, C(4') was displaced approximately 49
23° out of the N(1)—C(2")—C(3') plane (Figure 3). In the

Figure 3. Side view of the calculated geometries for-D.

The present study validates the use of calculations at the
RHF/3-21G* level to replicate experiment for vinylogous
Mannich reactions of simple substrates. Ideally, one would
like to identify the interactions responsible for favoring the
calculated transition sta#& over B—D. However, because
examination of the possible steric interactions in transition
statesA—D does not reveal any that seem dominant, it
remains uncertain whether transition states favored by
cumulative steric interactions or by stabilizing stereoelec-
tronic factors as proposed by Jefford and MufZérTo
address this intriguing question, it is now necessary to apply
this method to the vinylogous Mannich reactions of more
highly substituted reactants wherein substituents might have
a more pronounced effect upon the stereochemical outcome.
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transition state for the addition, the furan approached the

iminium ion from “inside” the fold, thereby giving rise to

the product directly in a staggered conformation. The
alternate mode of addition from the side opposite the fold
initially forms the adduct in an eclipsed conformation, but

(5) For “Diels—Alder” transition states, see: (a) Jefford, C. W.; Jaggi,
D.; Boukouvalas, JTetrahedron Lett1987,28, 4037—4040. (b) Mulzer,
J.; Bruntrup, G.; Finke, J.; Zippel, M. Am. Chem. Sod979 101, 7723~
7725. For synclinal transition states, see: (c¢) Denmark, S. E.; Henke, B.
R.J. Am. Chem. S0d.991,113, 2177—2194. (d) Denmark, S. E.; Henke,
B. R.J. Am. Chem. S0d.989,111, 8032—8034. For anti transition states,
see: (e) Yamamoto, Y.; Yatagai, H.; Ishihara, Y.; Maeda, N.; Maruyama,
K. Tetrahedronl1984,40, 2239—2246.
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(6) Dewar, M. J. S.; Zoebisch, E. G.; Healy, E. F.; Stewart, J. Am.
Chem. Soc1985,107, 3902—3909.

(7) Calculations using AM1 and RHF/3-21G* as implemented by Spartan
v5.0.3, available from Wave Function, Inc., Irvine, CA, were performed
using a Silicon Graphics Octane workstation with a single R10K processor.
All saddle points had a single imaginary frequency corresponding to the
bond-forming vibration.
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Stereochem1978,10, 1-94.

(9) Paddon-Row: M.; Rondan, N. G.; Houk, K. B.. Am. Chem. Soc.
1982, 104, 7162—7166. See also: Houk, K. N.; Paddon-Row: M. N.;
Rondan, N. G.; Wu, Y.-D.; Brown, F. K.; Spellmeyer, D. C.; Metz, J. T.;
Li, Y.; Loncharich, R. J.Sciencel986,231, 1108—1117.

(10) Larsen, C. H.; Ridgeway, B. H.; Shaw, J. T.; Woerpel, K.JA.
Am. Chem. So0d999,121, 12208—12209.

(11) For a discussion on the angle of attack at unsaturated centers, see
ref 9. See also: BUrgi, H. B.; Dunitz, J. D.; Lehn, J. M.; Wipff, G.
Tetrahedron1974,30, 1563.
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