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Abstract: The anionic [3+ 2] cycloaddition of allyl anions or allyllithium compounds to double or triple
bonds is an elegant route both to carbocyclic and to heterocyclic five-membered rings. The mechanism of
such reactions has not yet been established conclusively. In this computational study, the congefted 4
27ms mechanism, expected on the basis of the Woodwalaffmann rules, is found to be less favorable than
two-step pathways for the cycloadditions of ethylene to the allyl, 2-borylallyl, and 2-azaallyl anions and their
lithiated counterparts at Becke3LYP/6-31G** and MP2(fc)/6-3H1-G* levels of theory. Except for allyllithium,

the 4ns + 275 cycloadditions (inCs symmetry) are not concerted, since only second-order saddle points, rather
than true transition structures, are involved. The anisotropy of the reactant polarizabilities is responsible.
Instead, two-step cycloaddition pathways are followed by all three model systems. In accord with experimental
experience, 2-borylallyl and 2-azaallyl compounds are found to undergo this type of reaction more readily
than the unsubstituted allyl anion or allyllithium. The second, ring-closing step is facilitated by the anion-
stabilizing effect of nitrogen and the boryl substituent.

Introduction Which of these two possible mechanisms is favored? The
concerted pathway implies stereospecificity with respect to the
olefin and the allyl anion configuration (provided they are stable
under the experimental conditions). The two-step pathway is
equally compatible with a stereospecific or nonstereospecific
reaction course, as outlined in Scheme 1.

Secondary kinetic isotope effect measurements can distinguish
concerted from stepwise cycloadditio¥s. However, such
experiments often are rather lengthy and exact¥id,unless
they can be carried out on a very large scdéfé. A two-step

The [3+ 2] cycloaddition of allyl anions and olefins, resulting
in the formation of cyclopentyl anions, is one of the most
straightforward routes to five-membered carbocyclic rings. An
equally elegant access to pyrrolidine ring systems is provided
by the cycloaddition of 2-azaallyl anions and olefins. Numerous
examples of both reactions have been reported in the litefaftre.
Frontier orbital considerations (the Woodwaitdoffmann
rules)® predict that, for these reactions, a concerted# 27
cycloaddition mechanism is symmetry-allowed (route A in . i .
Scheme 1). Alternatively, a two-step pathway may be followed, meCha"'?’!“ can also be de_monstrated _expe_nmentally if a
involving pentenyl or azapentenyl anion intermediates (route cyc!oaddltlon is nonstergospemﬂc, or by the isolation of products
B). derived from open-chain intermediates.

More easily, both pathways can be examined in detail
theoretically. The present study analyzes the basic factors that
govern the course of these reactions.

T Friedrich-Alexander UniversitaErlangen-Nurnberg.

* Universitd Regensburg.

(1) (a) Kolobielski, M.; Pines, HJ. Am. Chem. Sod957, 79, 5820. (b)
Shabtai, J.; Pines, H. Org. Chem1961 26, 4225.

(2) (a) For one intramolecular exception, see: Klumpp, G. W.; Schmitz,
R. F.Tetrahedron Lett1974 2911. For exceptions with Grignard reagents,
see: (b) Duboudin, J.-G.; JousseaumeSinth. Commurl979 9, 53. (c)
Duboudin, J.-G.; Jousseaume, B.; Pinet-Vallier, MOrganomet. Chem.
1979 172 1.

(3) (a) Eidenschink, R.; Kauffmann, Angew. Chem1972 84, 292;
Angew. Chem., Int. Ed. Endl972 11, 292. (b) Luteri, G. F.; Ford, W. T.
J. Organomet. Chenl976 105, 139. (c) Luteri, G. F.; Ford, W. T. Org.

Background

The first example of an allyl anierolefin cycloaddition was
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2-carbamoyl®, and 2-carbonylallyl aniofshave been reported.
A closely related zwitterionic system, for which calculations

pentane by addition of 2-phenylallyl anion to an excess of indicated some diradical charactéhas been described recently
o-methylstyrene (Scheme 2A). During the cycloaddition, the (Scheme 2B). The scope of this type of reaction has been
negative charge shifts toward the central carbon of the allyl extended to the synthesis of cyclopentenes via an adeition
anion. Hence, only allyl anions with appropriate substituents elimination sequence by introduction of a phenylsulfonyl or
at the central carbon usually undergo such reactions. Thesephenylthio substituent at a terminal carbon of the allyl adfe!

substituents stabilize the developing cyclopentyl adiom
addition to 2-phenylallyl anions? cycloadditions of 2-cyan,
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Since allyl anions are very electron-rich systems, only olefins
with aromatic and/or electron-withdrawing substituents were
found to be suitable reaction partners for this type of
cycloaddition!=” The only additions to nonolefinic multiple
bonds have been reported for azoben%ehéc and, more
recently, for a number of electron-deficient alkyriés.
Kauffmann et aP pioneered the field of cycloaddition
reactions of 2-azaallyl anions in 1970. Both 1,1- and 1,3-
diphenyl-2-azaallyllithium were found to react with styrene,
stilbene, and diphenylacetylene, affording the corresponding
pyrrolidines in moderate to good yields (Scheme 2C). Since
nitrogen is more electronegative than carbon, the increase of
negative charge at the center atom of the 2-azaallyl moiety
during the cycloaddition is more favorable than that in allyl
anions. Therefore, 2-azaallyl anions undergo cycloadditions
with a greater variety of multiple bonds. There are many
examples involving olefins with aromatic and/or electron-
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Scheme 3 20% from open-chain intermediates. This change in product
ratio due to the presence of a charge-stabilizing substituent at
the central carbon of the allyl anion parallels the behavior of
these species in solution.

The first mechanistic studies of 2-azaallyl anions were
undertaken by Kauffmann et #:132 The cycloadditions of 1,1-
and 1,3-diphenyl-2-azaallyllithium tds- andtrans-stilbene and

oN to some azomethines and azoarenes were shown to proceed
I completely stereospecifically, thus favoring the concerted mech-
B: + : anism. Later, the same conclusion was reached by others for a
T CONRy ONRy variety of 2-azaallyl anions and alkerféa:stvy.aabbindications
ONR, of the two-step mechanism were given by the isolation of
; +65°%C compounds resulting from the linear addition of 2-azaallyl
R = isopropyl + H20 anions to alkenes together with cycloaddition products in some
ONR2 system$9-mnrw.z |n addition, there is a single report of a
o 1* HO nonstereospecific cycloaddition of a 2-azaallyl anioncte
c: ﬁo g0z | H | _ e M @ D stllber_leﬁ’Cc _ _ _
+ CoFys—> | | Dl s During the preparation of this paper, Sauers published an ab
[ H2C7=3CD2 F Fl - DF initio computational study of the concerted<4t+ 275 cycload-
20% F dition of allyl, 2-fluoroallyl, and 2-azaallyl anions and 2-azaal-
m = 130 lyllithium to ethylenel” He found that the only stationary points
cHO = CHO with Cs symmetry on the reaction coordinates of these systems
_|-2 oF | - were second-order saddle points with two imaginary vibrational
[HZCZC—CDZ_CFZ—CFZ | T HaO=C—C=0—Ch frequencies. For the simplest reaction, allyl anion plus ethylene,
m = 129 aC; symmetry transition structure for the linear additi@is(1
CHO * CHO in Scheme 1) also was located. Although narrower in scope
> -|-2 HF [ - than our study, Sauers’s investigation gave results which, in
{DZC:C_CHZ_CF?_CFZ i § DZCZC_C:CT;;’Fz general, are consistent with the findings discussed below.
m =

Computational Details
withdrawing substituent3?® Alkenes bearing organoelement
groups containing Si, Ge, P, As, S, and Se have proved to be
very useful extension®P.c¢.19ince such substituents can easily

be rep_la_lced bY a large nu_mber of other funCt'ona“t'es'_ Cy- were optimized initially at the HF/6-31G* level *° All structures were
cloadditions with some dienes and alkyé8>* aromatic characterized as minima (number of imaginary frequencies, NIMAG
nitriles 2 and with C=N, C=S, and N=N double bond¥*3also = 0), transition structures (NIMAG: 1), or second-order saddle points
have been reported. (NIMAG = 2) by analytic energy second-derivative calculations of
Considerable effort has been expended to elucidate theharmonic vibrational frequencié$. These provided the zero-point
mechanisms of these reactions. Some allyl anions reactVibrational energies (ZPEs), which were scaled for the calculation of
stereospecifically without forming any open-chain side products, relative energies by an empirical factor of 089Geometries were
evidently favoring the concertednd + 275 cycloaddition then reoptimized with inclusion 0fva|ence-e|ectr9_n correlation at MP2-
mechanisnib6.7a¢ For example, a very thorough study employ- (frozen core, fc)/6-3+G*.1%20 For some transition structures and

. . o second-order saddle points, vibrational frequencies were calculated at
ing NMR and X-ray techniques revealed that the addition of this level as well. Finally, single-point energies were computed for

2-cyano-1,3-diphenylallyllithium ttransstilbene results inthe 16 \p2(f) geometries at Becke3LYP/6-311G*, 186d2122 Tg
formation of only 2 out of 10 possible diastereomeric 1-cyano-

2’3,4,5_tetrapheny|Cyc|opentaneS (Scheme @A) (17) Sauers, R. RTetrahedron Lett1996 37, 7679.

S L . (18) (a) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W_;
However, other mechanistic investigations gave clear evi- j5pnson, B. G.; Wong, M. W.; Foresman, J. B.: Robb, M. A.; Head-Gordon

dence for two-step pathwa§aPd The products of the reaction  M.: Replogle, E. S. Gomperts, R.; Andres, J. L.; Raghavachari, K.; Binkley,
of 2-carbamoylallyllithium with azobenzene and some acryla- J: S.; Gonzalez, C.; Martin, R. L.; Fox, D. J.; Defrees, D. J.; Baker, J.;

; Stewart, J. J. P.; Pople, J. Gaussian 92/DFTRevision F.2; Gaussian,
mides was strongly temperature dependent (Scheme SB)‘Inc.: Pittsburgh, PA, 1993. (b) Frisch, M. J.; Trucks, G. W.; Schlegel, H.

Quenching of the reaction mixtures by addition of water @8 B.: Gill, P. M. W.: Johnson, B. G.; Robb, M. A.: Cheeseman, J. R.; Keith,
to —60 °C afforded open-chain products exclusively, whereas T.; Petersson, G. A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M.

; o ; ; ; A.; Zakrzewski, V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov,
warming t0-+25 to+65 °C prior to quenching resulted in the B. B.; Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen,

formation_ of CyCIOPeman_eS- o ) W.; Wong, M. M.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R.
Nibbering et al. investigated the cycloaddition reactions of L.; Fox, D.J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-

h rent allvl anion an f the 2- no- and 2-formvlallyl Gordon, M.; Gonzalez, C.; Pople, J. Baussian 94Revision B.2; Gaussian,
t e pare ':hatyt aﬂ 0 aﬂ? IO t e tﬁya 0 ahd g I):/a y Inc.: Pittsburgh, PA, 1995. (c) Frisch, M. J.; Foresman, J. B.; Frisch, Z.
anions wi etrariuoroethylene In the gas phase by FOUNEr gayssian 92 Users GuideGaussian, Inc.: Pittsburgh, PA, 1992. (d)

transform ion cyclotron resonance mass spectrostbpyhe Gaussian 92/DFT, New Methods and Features in Gaussian 92/DFT
use of specifically deuterated allyl and 2-formylallyl anions Gaussian, Inc.: Pittsburgh, PA, 1993.

- (19) (a) Spitznagel, G. W.; Clark, T.; Chandrasekhar, J.; Schleyer, P. v.
allowed the pentenyl and cyclopentyl anion products to be R.J. Comput. Cheml982 3, 363. (b) Chandrasekhar, J.; Andrade, J. G.;

detected separately (Scheme 3C): 65% of the reaction productsschieyer, P. v. RJ. Am. Chem. Sod.981 103 5609.
from the allyl anion resulted from open-chain intermediates,  (20) (a) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, JAA.

0 iti 0 initio Molecular Orbital Theory John Wiley & Sons: New York, 1986.
50/0 frlomdz.t[.z—i_ 2]| CyC|0?ddl:lOg6(;lndfOtl’tl1|y 15/3 fr?mfa [ th (b) Foresman, J. B.; Frisch, AExploring Chemistry with Electronic
] cycloaddition. In contrast, o Of tne proaucts from €  stryctures Methods: A Guide to Using Gaussiaaussian, Inc.: Pittsburgh,

2-formylallyl anion resulted from a [3+ 2] cycloaddition and PA, 1993.

Calculations were performed using the GAUSSIAN 92/DFT and
GAUSSIAN 94 program packagé®.®employing standard basis sets
and theoretical methods as defined in these progt&ifisGeometries
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Figure 1. Calculated geometries (MP2(fc)/6-8G*) of allylic anions and allyllithium compounds.

confirm the characterization of some species as transition structures orconformations of the Bklgroups. Compounda is 8.0 kcal/

second-order saddle points, geometry optimizations and vibrational
frequency calculations were also carried out at Becke3LY P/6-&tt
and CID/ 6-31-G*.18cd.18-22

Bond lengths are given in angstrams, bond angles in degrees, andd
relative energies and ZPEs in kcal/mol. Absolute energies (in hartrees)

and most of the ZPEs are provided as Supporting Information. Unless
otherwise noted, the Becke3LYP/6-31+G**//MP2(fc)/6-31+G* +
0.89 ZPE (HF/6-31G*) relative energies are discussed in the text.

Results and Discussion

A. Reactants and Products. The allyl, 2-borylallyl, and
2-azaallyl anions, as well as their lithiated counterparts (Figure
1), were chosen as model systems to investigate the mechanis
of anionic [3+ 2] cycloadditions. As prototypes of-delo-
calized carbanions and organometallic compounds, the allyl
anion 2 and its alkali metal derivatives (e.g., allyllithiurB)
have been investigated extensively experimertafy and
theoretically!®*2> Qur calculations on these two systems agree

with previous results and are not discussed in detail here. The

2-azaallyl analogons6( and 7) have received much less
attention?® To our knowledge, there are no reports on the
2-borylallyl system 4 and5), which serves here as a simple
model for allylic compounds with a strong anion-stabilizing
substituent at the central carbon (vide supray.

The 2-boryl substituent stabilizes the allylic system, as can

be seen from isodesmic equations la (for the anion) and 1b

(for the Li salt)19a.29.30

2+ H,C—BH,—4a+ CH, AE=—10.0kcal/mol (1a)

3+ H,C—BH,—5a+ CH, AE=—2.8 kcal/mol (1b)

H,C—BH, + CH, — [CH,—BH,]” + CH,
AE = —52.5 kcal/mol (1c)

H;C—BH, + CH,Li — [CH,—BH,]Li + CH,
AE = =25 kcal/mol (1d)

mol lower in energy thadb; the difference betweeba and5b

is 2.4 kcal/mol (consistent with eqs 1a and 1b, respectively). In
4a and5a, the boron p-orbital perpendicular to the CCC plane
oes interact with the allyk-system, mainly in the HOMO-1
mr-orbitals, while its coefficient is zero in the HOMO orbitals.
Therefore r-stabilization due to the Bigroup is only small

in 4a and 5a, compared to the 52.5 kcal/mol methyl anion
stabilization (eq 168f219%and the 25 kcal/mol for EBCH,Li

(eq 1d)3% Consequently, the BC distances of 1.534 A ida
and of 1.560 A in5a are close to BB—C single bond values:
1.563 A calculated for EC—BH,2° and 1.572-1.575 A in

r,J;'riethylborane determined by X-ray crystallograghyln con-

trast, RB—C bonds with strong-contributions are significantly
shorter: 1.458 A computed for,B—CH,~ 1%and 1.438-1.450
A found in [Li(12-crown-4}][Mes;BCH;]-0.75THF (Mes=
mesityl) by X-ray crystallographs?¢ The C-C bonds ir4 and
5 are slightly elongated#0.015 A in4avs 2; +0.011 A in5a

(21) (a) Stevens, P. J.; Devlin, F. J.; Chebolowski, C. F.; Frisch, M. J.
J. Phys. Chenll994 98, 11623. (b) Labanowski, J. W.; Andzelm Qensity
Functional Methods in Chemistrgpringer: New York, 1991. (c) Parr, R.
G.; Yang, W.Density Functional Theory of Atoms and Molecui@ford
University Press: New York, 1989. (d) Becke, A. D.Chem. Physl993
98, 5648. For a recent review on the suitability of density functional
calculations for the study of pericyclic reactions, see: (e) Wiest, O.; Houk,
K. N. Top. Curr. Chem1996 183 2. (f) Houk, K. N.; Beno, B. R.; Nendel,
M.; Black, K.; Yoo, H. Y.; Wilsey, S.; Lee, J. KJ. Mol. Struct.
(THEOCHEM)1997, 398—399, 169.

(22) Raghavachari, K.; Binkley, J. S.; Seeger, R.; Pople, J. &hem.
Phys.198Q 72, 650.

(23) Unsubstituted and alkyl-substituted allylic compounds, NMR,
kinetic, and UV spectroscopic studies: (a) West, P.; Purmort, J. |;
McKinley, S. V.J. Am. Chem. Sod.968 90, 797. (b) West, P.; Waack,
R.; Purmort, J. I.J. Am. Chem. Sod97Q 92, 2, 840. (c) Scherr, P. A;;
Hogan, R. J.; Oliver, J. B. Am. Chem. S0d.974 96, 6055. (d) Dongen,

J. P. C. M. v.; Dijkman, H. W. D. v.; Bie, M. J. A. RRecl. Tra.. Chim.
Pays-Basl1974 93, 29. (e) Thompson, T. B.; Ford, W. T. Am. Chem.
Soc.1979 101, 5459. (f) Neugebauer, W.; Schleyer, P. vJROrganomet.
Chem.198Q 198 C1. (g) Schlosser, M.; Stiée, M. Angew. Chem198Q
92, 497; Angew. Chem., Int. Ed. Endl98Q 19, 487. (h) Brownstein, S.;
Bywater, S.; Worsfold, D. JJ. Organomet. Chem198Q 199 1. (i)
Winchester, W. R.; Bauer, W.; Schleyer, P. v. R.Chem. Soc., Chem.
Communl987, 177. For X-ray structures, see: (j) Scmann, U.; Weiss,
E.; Dietrich, H.; Mahdi, WJ. Organomet. Chem.987, 322, 299. (k) Ktster,
H.; Weiss, E.Chem. Ber.1982 115 3422. (I) Marsch, M.; Harms, K;

Being less electronegative than carbon and hydrogen, boronmassa, W.; Boche, GAngew. Chem1987, 99, 706; Angew. Chem., Int.

can act as a weak-donor, but, due to its vacant p-orbital, more
importantly it can act as a-acceptor. The interaction of the
allylic --system with the vacant p-orbital on boron is “switched
off” in transition structuregb and5b, due to the perpendicular

Ed. Engl.1987, 26, 6, 696. (m) Seebach, D.; Maetzke, T.; Haynes, R. K.;
Paddon-Row: M. N.; Wong, S. $elv. Chim. Actal988 71, 299. (n)
Boche, G.; Fraenkel, G.; Cabral, J.; Harms, K.; Hommes, N. J. R. v. E;
Lohrenz, J.; Marsch, M.; Schleyer, P. v. R.Am. Chem. S0d.992 114,
1562.
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vs 3), and the CCC angle is decreased by’32— 4a) and
2.2 (3—5a).

The cycloaddition of the allyl anio@ and of allyllithium 3
to ethylene results in the formation of the cyclopentyl anidns
and 9 and the cyclopentyllithium compoundsO and 11,
respectively (Figure 2). Whil& is 0.5 kcal/mol more stable
than9, 10is 1.2 kcal/mol less stable thdrl. For the parent
cyclopentane, both a twisted, symmetry conformer and an
envelope-like Cs form are isoenergetic mininf&. For the
cyclopentyl anion and for cyclopentyllithium, however, 6o
minima could be located.

The cycloaddition of the 2-borylallyl anion4§) and of
2-borylallyllithium (53) to ethylene results in the formation of
the cyclopentylboryl anionl@) and the cyclopentylboryllithium
compounds15 and18, respectively. The anionic center 1r2
is strongly stabilized by ther-interaction with the vacant
p-orbital on boron:13and14, the envelope-likeQs) transition
structures for the rotation of the Bigroups, are 46.6 and 53.0

(24) Aryl-substituted allylic compounds, NMR and UV/vis studies: (a)
Heiszwolf, G. J.; Kloosterziel, HRecl. Tra. Chim. Pays-Bad967, 86,
1345. (b) Freedman, H. H.; Sandel, V. R.; Thill, B.2.Am. Chem. Soc.
1967, 89, 1762. (c) Sandel, V. R.; McKinley, S. V.; Freedman, H. H.
Am. Chem. Sod 968 90, 495. (d) Burley, J. W.; Young, R. Nl. Chem.
Soc., Chem. Commuh969 1127. (e) Burley, J. W.; Ife, R.; Young, R. N.
J. Chem. Soc., Chem. Commu®7Q 1256. (f) Burley, J. W.; Young, R.
N. J. Chem. Soc. B971, 1018. (g) Burley, J. W.; Young, R. Nl. Chem.
Soc., Perkin Trans. 2972 835. (h) Burley, J. W.; Young, R. NI. Chem.
Soc., Perkin Trans. 2972 1006. (i) Burley, J. W.; Young, R. NIl. Chem.
Soc., Perkin Trans. 2972 1843. (j) Bushby, R. J.; Ferber, G.Tetrahedron
Lett. 1974 3701. (k) Greenacre, G. C.; Young, R.N.Chem. Soc., Perkin
Trans. 21975 1661. (I) Boche, G.; Schneider, D. Retrahedron Lett.
1976 3657. (m) Bushby, R. J.; Ferber, G.JJ.Chem. Soc., Perkin Trans.
2 1976 1688. (n) Boche, G.; Martens, D.; Wagner, H.-U.Am. Chem.
Soc.1976 98, 2668. (0) Parkes, H. M.; Young, R. N. Chem. Soc., Perkin
Trans. 21978 249. (p) Bushby, R. J. Chem. Soc., Perkin Trans128Q
1419. For X-ray structures, see: (q) Boche, G.; Etzrodt, H.; Marsch, M.;
Massa, W.; Baum, G.; Dietrich, H.; Mahdi, WAngew. Chem1986 98,

84; Angew. Chem., Int. Ed. Endl986 25, 104. (r) Bock, H.; Ruppert, K.;
Havlas, Z.; Fenske, DAngew. Chen99Q 102 1095;Angew. Chem., Int.
Ed. Engl.199Q 29, 1042. (s) Ahlbrecht, H.; Boche, G.; Harms, K.; Marsch,
M.; Sommer, H.Chem. Ber199Q 123 1853. (t) Corbelin, S.; Kopf, J.;
Lorenzen, N. P.; Weiss, Angew. Chem1991, 103 875; Angew. Chem.,
Int. Ed. Engl.1991, 30, 825.

(25) (a) Bongini, A.; Cainelli, G.; Cardillo, G.; Palmieri, P.; Umani-
Ronchi, A.J. Organomet. Chen1976 110 1. (b) Clark, T.; Jemmis, E.
D.; Schleyer, P. v. R.; Binkley, J. S.; Pople, J. A.Organomet. Chem.
1978 150 1. (c) Clark, T.; Rohde, C.; Schleyer, P. v. Brganometallics
1983 2, 1344. (d) Schleyer, P. v. R. Am. Chem. S0d.985 107, 4793.

(e) Wiberg, K. B.; Breneman, C. M.; LePage, TJJAm. Chem. So499Q
112 61. (f) Hommes, N. J. R. v. E.; 'Bily M.; Schleyer, P. v. R.; Wu,
Y.-D. J. Organomet. Cheni991, 409 307. (g) Gobbi, A.; Frenking, Gl.
Am. Chem. S0d.994 116 9275. (h) Lambert, C.; Schleyer, P. v.Agew.
Chem.1994 106, 1187;Angew. Chem., Int. Ed. Endl994 33, 1129.

(26) For an UV/vis spectroscopic study of ion pairing atid/trans
isomerization of 1,3-diphenyl-2-azaallyllithium, see: (a) Young, R. N.;
Ahmad, M. A.J. Chem. Soc., Perkin Trans.1®82 35. For an X-ray
structure of its sodium derivative as complex with PMDETA, see: (b)
Andrews, P. C.; Mulvey, R. E.; Clegg, W.; Reed, D.Organomet. Chem.
199Q 386, 287. For a theoretical study of 2-azaallyl anion, see ref 23d. For
computations on 2-azaallylsodium, see: (c) Andrews, P. C.; Armstrong,
D. R.; Mulvey, R. E.; Reed, DJ. Am. Chem. S0d.988 110, 5235.

(27) An ab initio computational study on cyclopropylboryl and 2-me-

thyleneboratirane systems, which are isomers of the 2-borylallyl compounds

considered here, will be published shortly.
(28) For a review on boron-stabilized carbanions, see: (a) Pelter, A;
Smith, K. InComprehensie Organic Synthesjgrost, B. M., Fleming, I.,

J. Am. Chem. Soc., Vol. 120, No. 14, 198861

kcal/mol less stable thah?. Consequently, B, € C, and G
are coplanar, and the-B bond is quite short (1.467 A). Since
lithium can coordinate to the borylcyclopentyl anion from either
side of the BCCC plane, borylcyclopentyllithium has two
minima (5 and 18); 15 is 5.3 kcal/mol lower in energy than
18. Transition structurd6, 6.4 kcal/mol less stable thdm, is
involved in the automerization of the latter. 155, 16, and18,
the BH, group is only slightly bent out of the ;C,C, plane
(15, 4.8; 16, 5.6°; 18, 1.6°), and the C-B distances are virtually
identical to that found ii2. However, the five-membered ring
in 15 is twisted and has nearlg, symmetry, whereas ii6
and18it is envelope-like Cy). In 17and19, thes-stabilization

of the anionic centers by boron is “switched off” due to the
perpendicular conformations of the BHroups. Transition
structurel?is 38.3 kcal/mol less stable thas, while the energy
difference betweed9 and18is 33.3 kcal/mol.

The cycloaddition of the 2-azaallyl aniofi)(and of 2-azaal-
Iyllithium (7) to ethylene results in the formation of the
pyrrolidyl anion @0) and of pyrrolidyllithium @1), respectively.

In 21, lithium is coordinated to nitrogen in the middle between
an axial and an equatorial position. A combined gas-phase
electron diffraction and ab initio computational study revealed
that an envelope-like conformation with nitrogen out-of-plane
is preferred not only by20 and 21 but also by the parent
pyrrolidine329:33a The structures of two oligomers of pyrrolidyl-
lithium, [(C4HgNLi) 3sPMDETA], and [(GHgNLi) 2> TMEDA] 5,
have been determined by X-ray crystallogragfy In these
compounds, the pyrrolidine rings also adopt envelope-like
conformations, but each lithium is coordinated to more than
one nitrogen (and each nitrogen to more than one lithium).
Hence, a direct comparison of these structures &ftlis not
possible.

The reaction energiesEx, (Table 1) show the cycloadditions
of allyl anion ) and allyllithium @) to ethylene to be nearly
thermoneutral; however, the reactions of the 2-borylallyl
compounds4a and 5a are strongly exothermic, and the
cycloadditions of the 2-azaallyl speci@éand7 are moderately
so. The reaction energiesEx, (eqs2a—c) can formally be
regarded as a sum of two componentsEpong is the energy
that results from the transformation of thebonds of ethylene
and the allylic system into two-bonds of the five-membered
ring, andAEanion is the energy that results from the change in
the location and environment of the negative charge.

|| AN = g *+ BEpong
A'geé\’g-"s&mion

(20 + 2b)

(20)

(2b)

H MR N g *+ LEbond * AEgnion (2¢)
~—bond ' “anion.

= 0Eryp

(32) At Becke3LYP/6-31++G**//IMP2(fc)/6-31+G* + 0.89 ZPE (HF/
6-31+G*). Some earlier computational studies, using small basis sets, also
found theC; andCs comformers to be isoenergetic (a, b); some other studies

Schreiber, S. L., Eds.; Pergamon Press: Oxford, 1991; Vol. 1, p 487. For found theC, form to be slightly more stable than tl@& form (c, d): (a)

X-ray structures of such species, see: (b) Bartlett, R. A.; Power, P. P.

Organometallicsl986 5, 1916. (c) Olmstead, M. M.; Power, P. P.; Weese,
K. J.; Doedens, R. J. Am. Chem. S0d.987, 109, 2541.

(29) At Becke3LYP/6-311+G**//IMP2(fc)/6-31+G* + 0.89 ZPE (HF/
6-31+G*).

(30) (a) ElI-Nahas, A.; Schleyer, P. v. B. Comput. Chem1994 15,
596. (b) Schleyer, P. v. R.; Chandrasekhar, J.; Kos, A. J.; Clark, T.;
Spitznagel, G. WJ. Chem. Soc., Chem. Commu981, 882.

(31) Boese, R.; Blger, D.; Niederpim, N.; Nisse, M.; Brett, W. A,;
Schleyer, P. v. R.; Bul, M.; Hommes, N. J. R. v. BAngew. Chem1992
104, 356;Angew. Chem., Int. Ed. Endl992 31, 314.

Cremer, D.; Pople, J. Al. Am. Chem. Sod.975 97, 1358. (b) Saebg, S;
Cordell, F.; Boggs, J. El. Mol. Struct. (THEOCHEM}983 104, 221. (c)
Hoyland, J. RJ. Chem. Physl969 50, 2775. (d) Ferguson, D. M.; Gould,

I. R.; Glauser, W. A.; Schroeder, S.; Kollman, P. A.Comput. Chem.
1992 13, 525. Experimental studies (thermodynamic, infrared spectroscopy,
and electron diffraction) revealed that the cyclopentane ring is puckered.
The puckering displacement was shown to move freely around the ring
(pseudorotation). See: (e) Adams, W. J.; Geise, H. J.; Bartell, L. Sm.
Chem. Soc197Q 92, 5013 and references therein. (f) Fuchs, BTbpics

in StereochemistnEliel, E. L., Allinger, N. L., Eds.; Wiley & Sons: New
York, 1978; p 1. (g) Legon, A. CChem. Re. 198Q 80, 231.
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Figure 2. Calculated geometries (MP2(fc)/6-BG*) of cyclopentyl and pyrrolidyl compounds.

The proton-transfer and transmetalation energiEg,ion for This z-stabilization is lost in the cyclopentyl anioB)(and in
the formation of the most stable product isomers are given in cyclopentyllithium (0). Therefore, the\EanionvValues for these
Scheme 4 and are summarized in Table 1. All the calculated systems are positive and nearly balanceARg,nqcomponents.
AEpongvalues are negative and vary only slightly from reaction The additional anion-stabilizing effect of the boryl group in the
to reaction. The large differencesAEanion however, account  2-borylallyl anion @a) and in 2-borylallyllithium 6a) is rather

for the considerable differences in reaction energiés,,. small (as discussed above). In the cyclopentylboryl ani@ (
The allyl anion @) is stabilized by 25.3 kcal/mol due to  and cyclopentylboryllithium15), however, the stabilization of
n-delocalizatior?®9the allyllithium (3) value is 18.5 kcal/mdtsf the negative charge by the Bidroup is so effective that the

— - - loss of the allylic resonance stabilization is more than compen-
(33) However, similar to cyclopentane, the barrier for pseudorotation of
the pyrrolidine ring has been found to be very small: (a) Pfafferott, G.; Sated. Therefore, théEanion values for these systems are
Oberhammer, H.; Boggs, J. E.; Caminati, WAm. Chem. So4985 107, negative, and the cycloaddition reactions are strongly exother-

2305. (b) Armstrong, D. R.; Barr, D.; Clegg, W.; Mulvey, R. E.; Reed, D.; i i iizati
Snaith, R Wade. KJ. Chem. ‘Soc.. Chem. Commutass 869, (c) mic. Although the proton affinity and the resonance stabilization

Armstrong, D. R.; Barr, D.; Clegg, W.; Hodgson, S. M.; Mulvey, R. E.: of the allyl anion 2) and the 2-azaallyl anior6) are virtually
Reed, D.; Snaith, R.; Wright, D. §. Am. Chem. Sod.989 111, 4719. identical2%¢-26athe AEanion Values for the cycloadditions o
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Table 1. Reaction Energies of Cycloadditions

B3LYP//IMP2 MP2//MP2
AEbonua'b = AEbon(}:"d =
reaction AErxna’b AEaniona’b (AErxn - AEanior) AErxnb'd AEamionb'd (AErxn - AEanior’)

2+1—8 —-2.0 24.0 —26.0 —15.0 22.8 —37.8
2+1—9 —-15 —-14.7

3+1—10 0.6 —14.8

3+1—11 -0.6 25.4 —26.9 —-16.0 21.8 —37.8
4da+1—12 —45.4 —24.6 —20.8 —62.5 —28.5 —34.0
5a+1—15 —36.1 —15.3 —20.8 —51.8 —-17.4 —34.4
5a+1—18 —30.8 —46.6

6+1—20 —17.5 5.9 —23.4 —31.5 0.5 —-32.0
7+1—21 —25.5 —-2.1 —23.4 —40.6 —8.6 —-32.0

a Becke3LYP/6-31++G**//MP2(fc)/6-31+G* + 0.89 ZPE (HF/6-3+G*). P See egs 2ac and Scheme 4.Experimental value: 25.3 kcal/
mol, calculated from the gas-phase deprotonation enthalpies of propene and cyloperitie2(fc)/6-3HG*//MP2(fc)/6-31H+-G* + 0.89 ZPE
(HF/6-31+G*).

Scheme 4. Proton Transfer and Transmetalation Energies at ~ Two different reaction coordinates were considered for the

Becke3LYP/6-31%+G**/IMP2(fc)/6-31+G* corresponding allyllithium compound3, 5a and 7, since
AEgnion = ethylene can approach either from the lithium or from the
Z—H opposite side. The complex@s—27 are formed first when
X+ ﬂ - AN [j_ 24.0 keal/mol ethylene approaches from the lithium side. The complexation
2 8 H energies are all very similar@.1 to —9.6 kcal/mol), as are
Li the C=C bond lengths in the complexed ethylene molecules
N [T = A~ [T 25.4 keal/mol (1.349-1.350 A) and the Li+Ceinyencdistances (2.3352.354
3 11 A). The geometrical changes in the allylic parts of the
complexes, relative to the reactants, are negligible. Stationary
Hy Hyp - BHy r 4 ¢ :
BHy j\ ﬁ 24.6 keal/mol points 28—30 are farther along the reaction coordinat28;is
_ — T m4%.0 keal/me 33.1 kcal/mol higher in energy than the reactants (42.2 kcal/
4a 12 mol higher thar25), and the critical GC distance is 1.999 A.
BH, BH, L{ _BH, As with the free anions, considerably less energy is required to
/k BHp )\ reach the stationary points on the reaction coordinates of the
X+ S AN+ -15.3 kcal/mol o .
Li 2-borylallyl and 2-azaallyllithium compound£9is 13.6 kcal/
5a 15 mol higher in energy than the reactants (22.8 kcal/mol higher
N—H N~ than 26); the corresponding values f@0 are 8.6 kcal/mol
N N
S VAR avs 5.9 keal/mol relative to the reactants and 18.2 kcal/mol relativ@To The
6 20 . critical C—C distances are 2.349 A @9 and 2.171 A in30;
N—H N”L' both are larger than those 8.
N N
Tl [T AN -2.1 keal/mol When ethylene approaches the allyllithium compounds from
7 21 the side opposite to the metal, no pre-reaction complexes form,

and the only stationary points on the reaction coordinates are

and 2-azaallyllithium T) are more favorable than those far ~ 31733 While 31 is 37.7 kcal/mol higher in energy than the
and3. AEanonis small and positive for the 2-azaallyl anion €actants, the values f@&2 and 33 are lower, 23.9 and 21.5
(6); it is slightly negative for the 2-azaallyllithiun¥). Since kcal/mol, resp_ect|vely. _Compared to the energies required to
nitrogen is more electronegative than carbon, the concentrationt€@ch the stationary poin8—30 from the complexe25-27,

of the negative charge on nitrogen in the pyrrolidyl aniaf)( the path from the re_actantsm is more favorable by 4.5 kcal/
and in pyrrolidyllithium @1) is more favorable than that on mol; to 32 and33, it is less favorable by 1.1 and 3.3 kcal/mol,

carbon in the cyclopentyl speci@and 10. Therefore, the respectively. The (_:ritica_ll eC_di_stance ir81(2.186 A) is 0.1_87
cycloadditions of6 and7 are moderately exothermic. A longer than that ir28; in 32it is 2.337 A (-0.012 A relative

to 29), and in33 it is 2.372 A (+0.201 A relative ta30).
Harmonic vibrational frequency calculations at HF/6+&3*
on 22—33 showed complexe85—27 to be minima and species
31 and 32 to be transition structures, as expected (Table 3).
However, 22—24, 28—30, and 33 are second-order saddle
points with two relatiely large imaginary frequencies, rather
than true transition structuresNVery recently, Sauers reported
the same results fd22, 24, and33 and for the corresponding
stationary point for the reaction of the 2-fluoroallyl anion with
ethylenel”3> To verify these surprising findings, frequency
calculations fo22—24 and28—33 also were carried out at MP2-

B. The Concerted Cycloaddition Mechanism. According
to the Woodward-Hoffmann rules® a concerted and, due to
the symmetry of the reactants, synchronoas-# 275 cycload-
dition mechanism is allowed for the reactions of the allyl anions
2, 4a, and6 and their lithiated counterpar® 5a, and7 with
ethylenel (Scheme 1). Consequently, all geometries of the
stationary points on the reaction coordinates were optimized
initially in Cs symmetry.

The stationary points for the concerted cycloadditions of
the free anion2, 4a, and 6 to ethylene are22—24, respec-
tively (Figure 3). In22, which is 20.1 kcal/mol higher in energy

than the reactants, the criticaHC distance of the develop- (34) Experimental gas-phase deprotonation enthalpie.cq are as
ing o-bonds is 2.169 A (Tables 2 and 3). Such distances follow. Propene, 390.8 kcal/mol: Lias, S. G.; Bartmess, J. E.; Liebman, J.
are considerably larger i#3 (2.555 A) and in24 (2.413 A) F.; Holmes, J. L.; Levin, R. D.; Mallard, W. Gas-Phase lon and Neutral

. . . ThermochemistryAmerican Institute of Physics: Williston, VT, 1988.
which are 5.1 and 6.7 kcal/mol higher in energy than the cyciopropane, 416.1 kcalimol: DePuy, C. H.; Gronert, S.; Barlow, S. E.;

reactants. Bierbaum, V. M.; Damrauer, Rl. Am. Chem. Sod.989 111, 1968.
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Figure 3. Calculated geometries (MP2(fc)/6-8G*) of stationary points on the reaction coordinates of the concerted cycloaddition pathways.

Table 2. Relative Energies of Stationary Points on the Reaction Coordinates of the Concerted Cycloaddition Mechanism

relative energy relative energy
compd MP2/IMPZ B3L/MPX B3L//B3L® compad MP2/IMPZ B3L/MP2X B3L//B3L®
22 9.3 20.1 20.3 28 24.9 331 33.2
23 —-1.3 51 6.3 29 5.2 13.6 13.8
24 —-1.5 6.7 8.7 30 —1.4 8.6 8.8
25 —-12.2 —-9.1 31 27.7 37.7 37.6
26 —-12.9 —-9.2 32 15.0 239 24.4
27 —13.1 —9.6 33 12.3 21.5 21.4

a2 Compound numbers as in Figure®Reference energy (0.0) is for allylic compoundethylene.* MP2(fc)/6-3HG*//MP2(fc)/6-31H-G* +
0.89 ZPE (HF/6-31G*). @ Becke3LYP/6-311++G**//MP2(fc)/6-31+G* + 0.89 ZPE (HF/6-33+G*). ¢ Becke3LYP/6-313+G**//Becke3LYP/6-
311+G** + 0.89 ZPE (HF/6-31G*).

(fc)/6-314+-G*, at Becke3LYP/6-311G**,36 and, for the parent Becke3LYP. For23 and 24, the critical C-C distances
system®2 and28, at CID/6-3H-G* (Table 3). The HF, MP2, calculated at MP2 are considerably larg&rd-c it = 0.161—
Becke3LYP, and CID results agree, exceptd8mand24, which 0.241 A) than those found at HF and Becke3LYP. For all other
are transition structures (NIMAG- 1) only at MP2, and for species, the differences of the critical-C distances are much
32, which is a second-order saddle point (NIMAS2) only at smaller (average MP2 vs HF, 0.051 A; MP2 vs Becke3LYP,
e 0.021 A). In addition, the relative energies2#, 28—31, and
difers lighty fom urs: the crtical EC distance of 2.276 A1s 0,093 A 33 calculated at Becke3LYP/6-331*+//Becke3LYP/6-
shorter, and three imaginary frequencies were calculated for this structure 311+G** are only 0.1-0.2 kcal/mol (Table 2) larger than those

at ?Q,Z)Z’Ff.;?aﬁﬁ*' enerdies of products at Becke3LYP/6-8GE found at Becke3LYP/6-31t+G**//MP2(fc)/6-31+G*, whereas,
,Becke3LYP,6_3HG*3 8, ,0.6;%’ ~05:10,0.7:11, —0.6:12, —45.3: for 23and24, the corresponding energy differences are 1.2 and

15, —36.4;18, —31.1;20, —16.3;21, —25.6. 2.0 kcal/mol, respectively. We are therefore convinced that
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Table 3. Critical C—C Distances (A), Numbers, and Wavenumbérsi¢m™2) of the Imaginary Frequencies of the Transition Structures and
Second-Order Saddle Points on the Reaction Coordinates of the Concerted Cyclogdditions

HF/6-31+G* MP2(fc)/6-31+G* Becke3LYP/6-31#+G**
compd c-C NIMAG, 7 c-C NIMAG, 7 c-C NIMAG, 7

2z 2.162 2,—658.2,—334.3 2.169 2:-336.4,—-166.5 2.138 2;-469.9;—245.2
23 2.314 2,-617.8,—177.8 2.555 1;-202.2 2.394 2;-354.6;—80.5
24 2.233 2,-553.7,-271.5 2.413 1-172.2 2.225 27-391.1,—-173.5
28 2.103 2,—531.9;,—370.2 1.999 2;-441.5;,—284.8 2.005 2;7-405.1;,—303.9
29 2.307 2,—549.9;,-217.1 2.349 2:-306.6;,—102.5 2.321 27-362.9;—151.0
30 2.240 2,—472.3,—245.0 2.171 2;-318.4,—-166.7 2.168 2;7-358.2;,—204.2
31 2.173 1,-870.3 2.186 1-490.1 2.176 1-600.5

32 2.243 1,-832.2 2.337 1-472.7 2.289 2:-497.2,-176.9
33 2.317 2,—572.9;,—68.0 2.372 2-332.8,—-114.3 2.349 2;-386.3;—114.0

a Complexe25—27 are minima (NIMAG= 0) and, therefore, are omitted from this tabl€ompound numbers as in FigurecxID/6-31+G*:
22, C—C = 2.166 (A), NIMAG = 2, » = —552.0,—273.5;28, C—C = 2.080 (A), NIMAG = 2, 7 = —487.5,—328.6.

smaller

larger

Figure 4.

Normal modes associated with the

smaller

imaginary vibration of 33

linking two identical TS 1 transition structures (Scheme 1) of
the stepwise addition mechanism. The normal mode associated
with the larger imaginary frequency 88 also corresponds to
the synchronous ring closure, as shown in Figure 4. However,
the normal mode associated with the smaller imaginary fre-
guency corresponds mainly to a sideward movement of lithium,
rather than to the formation of a singkebond. Nevertheless,
reoptimization of33 without symmetry C,) failed to locate a
concerted but nonsynchronous transition structure. Transition
structure57, TS 1 of the stepwise addition mechanism, was
reached instead.

The fact that22—24, 28—30, 32, and 33 are second-order
saddle points rather than the true transition structures expected
on the basis of the WoodwardHoffmann rules can be rational-
ized in terms of the anisotropy of the molecular polarizabilities
of ethylene and the allylic compounds. The diagonal elements
of the polarizability tensorsofx, oyy, and o) define the
molecular polarizabilities along they, andz axes and measure
the ease and direction in which the electrons in a molecule are
shifted by an external electric field. The polarizabilities of the
reactants, calculated at Becke3LYP/6-3HG(3df,3pd)//MP2-
(fc)/6-31+G*,37 are summarized in Table 4, together with the
orientations of the, y, andzaxes. The only experimental data
available for this set of molecules are those for ethyfnehich
are reproduced excellently.

The following information from Table 4 is the most signifi-
cant. First, the polarizability of ethylene along the=C bond
(z axis) is about 50% larger than that perpendicular ta &r{d
y axes). Second, the polarizabilities of the allylic compounds
along the z axis (i.e., along the “CXC backbone” of the

MP2 does not describe the critical regions of the potential energy molecules) are also significantly larger than those alongxthe

surfaces correctly fa23 and24, whereas the Becke3LYP results

are reliable?tef

and y axes, although the differences are not as large as in
ethylene. As a consequence of the charge-localizing effect of

While 32is a transition structure at both HF and MP2, it has the counterior¥>" the polarizabilities of the allyllithium com-
two imaginary frequencies at Becke3LYP. The criticatC
distance calculated at Becke3LYP/6-31G** is 0.048 A
smaller than that found at MP2, and the Becke3LYP relative COmpounds are attracted by the positively charged counterion.
energy is 0.5 kcal/mol larger than that at Becke3LYP//MP2. Therefore, in these systems, the center of negative charge is
Hence, we consider the Becke3LYP/6-313** results to be
more reliable and, consequentB2 to be a second-order saddle Somewhere between the anions and lithium.
point rather than a transition structure.

The normal modes associated with the two imaginary Of the concerted cycloaddition pathway, ethylene is polarized
vibrational frequencies are very similar f82—24, 28—30, and

32 an example (foR2) is shown in Figure 4. The normal mode

pounds are generally smaller than those of the corresponding
free anions. Furthermore, the electrons of the allyllithium

not located in the CXC plane, as in the free anions, but

When approaching an allylic anion on the reaction coordinate

(37) For the influence of basis sets and electron correlation on the
calculation of molecular polarizabilities, see: (a) Gough, K.MChem.

associated with the larger imaginary frequency corresponds tophys.1989 91, 2424. (b) Spackman, M. Al. Phys. Chen989 93, 7594.

a concerted, synchronous ring closure. Following the smaller (c) Craw, J. S.; Hinchliffe, A.; Perez, J. J. 8elf-Consistent Field: Theory
imaginary frequency vector reduces the symmetryfCioand
corresponds to the formation of only one nevbond. There-
fore, 22—24, 28—30, and 32 are second-order saddle points 71, 812.

and ApplicationsCarbq R., Klobukowski, M., Eds.; Elsevier: Amsterdam,
1990; p 866 and references therein.
(38) Hills, G. W.; Jones, W. Jl. Chem. Soc., Faraday Trans.1®75
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Figure 5. Calculated geometries (Becke3LYP/6-3G**) of transition structures (TS) and minima (INT) for the stepwise cycloaddition of allyl
anion?2 to ethylene. Critical €C distances at MP2(fc)/6-31G* are given in parentheses.

Table 4. Diagonal Elements of the Polarizability Tensors of
Ethylene and the Allylic Compountls

compd Ol Oyy Oz
ethylene 9 24.91 22.68 36.22
2 48.65 89.51 111.42
3 50.73 50.31 81.56
4a 80.26 86.12 134.73
5a 71.44 59.22 95.69
6 51.35 75.06 113.26
7 42.53 49.77 83.34

2 Becke3LYP/6-31%++G(3df,3pd)//MP2(fc)/6-3+G*. ® Com-
pound numbers as in Figure 4ln (atomic units). ¢ Experimental data
(ref 38): o = 26.05; 0y = 22.94;0,, = 36.44.

by the negative charge of the anion in a direction perpendicular
to the G=C bond. This induces an electric dipole moment in
ethylene, which, in turn, polarizes the allylic anion along xhe

andy axes. Thus, the mutual polarization of the reactants occurs

along the axes where the polarizabilities are small, which is
quite unfavorable. Alternatively, ethylene can approach the
allylic anion on the less symmetric reaction coordinate of the
two-step cycloaddition pathway (vide infra), one end of the

ethylene molecule always being much closer to the anion than

the other. In this case, both ethylene and the allylic anion are
polarized largely along the axes. This polarization is more
favorable than in the case of the concerted cycloaddition
pathway, since the polarizabilities of the reactants are signifi-
cantly larger along the axes than along the andy axes.

The electrostatic interaction between ethylene and an allyl-
lithium derivative is similar in most respects to that between
ethylene and an allylic anion, since the anisotropies of the

polarizabilities are comparable in both cases. However, the
center of negative charge in the allyllithium compounds is
located between the allylic systems and lithium, rather than in
the CXC planes. When ethylene approaches an allyllithium
along the reaction coordinate of the concerted cycloaddition
from the lithium side, ethylene is, therefore, polarized more
strongly than in the case of an approach from the side opposite
to lithium. This can explain the fact thaB is a second-order
saddle point, whereal is a transition structure.

Similar arguments may hold for the cationic [# 3]
cycloaddition of the allyl cation to butadiene. A recent ab initio
computational study of this reaction by de Pascual-Teresa and
Houk® revealed that only a two-step pathway and not the
symmetry-allowed concerted cycloaddition mechanism is fol-
lowed. Like the reactions discussed here, the stationary point
on the reaction coordinate for the concerted cycloaddition was
a second-order saddle point rather than a transition structure.
In analogy to the anisotropy of the polarizabilities of the allylic
anions, the polarizabilities of the allyl cation and of butadiene
along the carbon chains can be expected to be larger than those
perpendicular to it. Therefore, the electrostatic interaction
between the allyl cation and butadiene should be more favorable
on the stepwise than on the concerted cycloaddition pathway.

C. The Stepwise Pathway.The two-step pathways for the
cycloadditions of the allyl anion®, 4a, and 6, and the
allyllithium compounds3, 5a, and7 to ethylene are outlined in
Scheme 1. At least three stationary points on the reaction
coordinate were considered for every system. Transition
structure TS 1 separates the reactants from an open-chain
pentenyl anion/lithium intermediatéNT. The latter is con-
nected to the cyclic product(s) by the second transition structure,
TS 2.

The geometries of the stationary points for the two-step
cycloaddition of allyl anion %) to ethylene 84—38) were
optimized both at MP2(fc)/6-3tG* and at Becke3LYP/6-
311+G** (Figure 5, Table 5). Both methods gave very similar
geometries and nearly identical relative energies3ér38.
Transition structures and intermediates for the corresponding

(39) de Pascual-Teresa, B.; Houk, K. Retrahedron Lett1996 37,
1759.
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Table 5. Relative Energies of Transition Structures and Minima o-bonds) range from 2.011 A B4to 2.173 A in39, in contrast

for the Stepwise Cycloaddition of Allyl AnioR to Ethylene to the separations of the remote ends of ethylene and the anions
relative energy (2.94-3.75 A). The pentenyl anion intermediatéNT a) 36,
compd MP2//MPZ B3L/MP2X B3L//B3L® 41, and46, fo.und farther along the reaction.coordingtes, may
be characterized as “endo” conformers, since their terminal
34 4.6 8.9 8.6 . . . . .
35 45 6.8 72 carbons are in relative proximity. Further reduction in the
36 -0.2 7.8 8.3 distances between these terminal carbons results in transition
37 -1.3 5.8 5.9 structures38, 43, and48 (TS 2), which separate the open-chain
38 6.7 16.2 16.6 intermediates from the cyclic produci®9, 12, and 20,
a Compound numbers as in Figure®Reference energy (0.0) is for ~ respectively. The critical €C distances in th@'S 2 species
allyl anion 2 + ethylene MP2(fc)/6-3H-G*//MP2(fc)/6-31+G* -+ increase from 2.418 A i88to 2.773 A in48 and, finally, to
gﬁ?G*ZPE (()H8';/6'Z3§é3*()|-_|;;'6952963];)\(E/B%g&gfgtggyé’\’éii(g@' 3.175 A in43. The pentenyl anion intermediates are quite
Becke3LYP/6-314G* -+ 0.89 ZPE (.HF/6-31-G*). flexible. The “exo” intermediate87, 42, and47 (INT b) are

quite similar in energy to the corresponding endo conformers

reactions of the 2-borylallyl anioda (39—43, Figure 6) and & 41 and46. Compounds7, 42, and47 are separated from
the 2-azaallyl anioré (44—48, Figure 7), however, could be the reactants by the exo transition structu88s40, and45 (TS
located only at Becke3LYP/6-3#G** (Table 6). Upon 1b_). The critical C—_C_dlstances (2.004 A iB5 and45; 2.077_
optimization at MP2(fc)/6-31G*, 39—48 either separated into A'in 40) are very similar to those found in the endo transition
the reactants, collapsed to the reaction products, or gave theStructures4, 39, and44.
Cssymmetric specie&3 or 24. This confirms that MP2 does The energetic relationships G#—48 (Tables 5 and 6) are
not describe the critical regions of the potential energy surfacessummarized in Scheme®8. The activation energies for the first
for the additions ofla and6 to ethylene correctly (vide supra).  steps on the reaction paths for all three anions are in the 5.4
Consequently, only the Becke3LYP/6-31G** results for the 8.6 kcal/mol range. The energy differences of only-0143
stepwise cycloadditions of the free anions will be discussed. kcal/mol between the endd@ $ 18) and exo TS 1b) transition

Since stationary point&2—24 on the reaction coordinates ~structures are especially small. Therefore, the regio- and

of the concerted cycloadditions of the allylic anidhsta, and stereochemical course of the first step of these reactions can be
6 to ethylene are second-order saddle points, these structureexpected to be very sensitive to the steric and electronic
were reoptimized without symmetry restrictiorG;); 34, 39, properties of substituents. The pentenyl anion intermediates

and 44 resulted. These are the first transition structufES ( (INT) are 0.3-8.3 kcal/mol higher in energy than the reactants.
1a) on the reaction coordinates of the two-step cycloaddition The exo intermediat87 is 2.4 kcal/mol more stable than the
pathways of the free anions. Their geometries are quite similar. corresponding endo fori®6, whereas the exo intermediaté?
The critical C-C distances (i.e., the length of the incipient and 47 are 2.0 and 0.5 kcal/mol less stable than the endo

.
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Figure 6. Calculated geometries (Becke3LYP/6-31G**) of transition structures S) and minima (NT) for the stepwise cycloaddition of
2-borylallyl anion4ato ethylene.
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Figure 7. Calculated geometries (Becke3LYP/6-31G@**) of transition
2-azaallyl aniorb to ethylene.

Table 6. Relative Energies of Transition Structures and Minima
for the Stepwise Cycloadditions of 2-Borylallyl Anicta and
2-Azaallyl Anion 6 to Ethylene

rel energy’ rel energy?

compd B3L//B3L® compd B3L//B3L®
39 55 44 54
40 6.8 45 5.8
41 0.3 46 4.3
42 2.3 47 4.8
43 0.5 48 5.2

2 Compound numbers as in Figures 6 anél Reference energy (0.0)
is for allylic anion+ ethylene . Becke3LYP/6-31%+G**//Becke3LYP/
6-311+G** + 0.89 ZPE (HF/6-31G¥).

Scheme 5. Energy Profiles for the Two-Step Cycloadditions
of the Allylic Anions 2, 4a, and6 to Ethylené
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aEnergy differences at Becke3LYP/6-3tG**//Becke3LYP/6-
311+G**; values in parentheses at Becke3LYP/6-3HG**//MP2(fc)/

6-31+G*.
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structures [S) and minima (NT) for the stepwise cycloaddition of

exo conformers must rotate to the endo forms before the rings
can close. This conformational change may be hindered when
the exo intermediate is much lower in energy than the endo
conformer. Indeed, open-chain byproducts have been isolated
in some experimental systems, together with the desired cyclic
produCtS’i_a,b,d,Qg,m,n,r,w,z,cc;14

In contrast to the first steps, the activation energie$ for
the exothermic second, ring-closing steps are very different for
the three anions. The large§t, is 8.3 kcal/mol for the
unsubstituted allyl systen88 vs 36); for the 2-azaallyl 48 vs
46) and 2-borylallyl 43 vs 41) systems, the activation energies
are only 0.9 and 0.2 kcal/mol, respectively. This is consistent
with the experimental finding (see Introduction) that 2-azaallyl
compounds and allylic compounds with anion stabilizing
substituents at the central carbon undergo this type of cycload-
dition much more easily than allylic compounds without such
substituents.

Stationary point228—30 on the reaction coordinates of the
concerted cycloadditions of the allyllithium compourgj5a,
and7 to ethylene are second-order saddle points. When these
structures are reoptimized at MP2(fc)/6-3&* without sym-
metry restrictions49, 53, and 57 result (Figure 8, Table 7).
These are the initial transition structurégS(1) on the two-
step cycloaddition pathways of the allyllithium compounds.
Obviously, these species are preceded by the comp@xes
27rather than the separate reactants. All attempts to locate other
TS 1 structures, in which the approaching ethylene is not
coordinated to lithium, failed. As with the free anions, the
geometries of th@S 1 structures are very similar: the critical
C—C distances range from 1.972 A B8 to 2.037 A in57.

The endo pentenyllithium intermediate®NT a) 50, 54, and

58 are farther along the reaction coordinates. Lithium is
coordinated not only to the primary anionic centerSidand

54 but also to the &C double bond. The Li-(C=C) distances
(2.4-2.5 A) in these species are slightly longer than the
Li+Cethylenedistances ir25 and26 (ca. 2.35 A). Nevertheless,
the intramolecular complexation of lithium 50 and54 results

conformerstland46. Since these energy differences are rather in considerable stabilization: the corresponding exo intermedi-
small, the steric and electronic properties of substituents in ates (NT b) 51and55are 6.9 and 4.5 kcal/mol higher in energy
experimental systems may be decisive in determining whetherthan the endo conforme&9 and54, respectively. Rather than
the intermediates prefer the endo or exo form. However, the bridging the G=N double bond, the lithium iB8is coordinated



Mechanism of Anionic [3+ 2] Cycloadditions J. Am. Chem. Soc., Vol. 120, No. 14, 1939869

2 033A >\
2.035A
2.027A 1 538A
2.432A

1.4284
2.240A 1.534A
2.458A
15454
QBGA 2.114A 2.247A 1.543A
2.183A
g 1.4994 1.351A
1.499,
1.344A
14514 1,370A ?

49, TS 1 50,INT 51,INT b

1.527A z 2.023A
%’ & 1.430A 2.032A
2056A  1-995A '
1 589A 2.233A 1.538A
2. oaaA

2.499A
" \ 19 72A 2.085A 2.238A 2.395A
2. 076 2.202A 15424

A 91A2"3A

4
1 42"‘* 1.510A 1.364A
14594 1.384A
1.562A
o
is2
O
&

a@ﬁ

(&

52, N\

53, TS 1 54,INT a

B

2.035A |
15
1. 417A
1.533A
2.103A
| 2 251A
i
1.544A '
\ 2. o?n\
'. 2.401A 2. ‘75A
1509‘@1360“ 1.864A
1.370A .:48A 1.
1.547A N
N’
55, INT b O D 57,TS 1
1.536A 1511A£ﬂ
1.539A Dy 033A
2.063A \
1.475A 1283 2.291A
@V 1.534A 1.5904 2"‘“‘5A
2.040A \

2.035A \
1.534A 2.133A°Y
% 1.963A
1.448A
1.329A
1.4614

1.282A
58, INT a @

59,INT b 60, TS 2

Figure 8. Calculated geometries (MP2(fc)/6-8G*) of transition structuresi(S) and minima [NT ) for the stepwise cycloadditions of allyllithium
compounds3, 5a, and7 to ethylene.

to the anionic center and to the nitrogen lone pair. The  The critical C-C distances in th@S 2 compounds2, 56,
stabilizing effect of this LN contact is even larger than and60, which separate the endo pentenyllithium intermediates
that of the Li--(C=C) contacts in50 and54: the exo inter- 50, 54, and58 from the cyclic productd /11, 1518, and21,
mediate59 is 15.0 kcal/mol higher in energy than the endo are very different. The smallest distance (2.081 A) is found in
conformer58. 52, the TS 2 structure of the unsubstituted allyl system. The
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Table 7. ZPEs, Absolute and Relative Energies of Transition
Structures, and Minima for the Stepwise Cycloadditions of the
Allyllithium Compounds3, 5a, and7 to Ethylene

relative energy relative energy
compd MP2//MPZ B3L//IMP2 compd MP2//MPZ B3L/MP2

49 6.4 9.8 55 —5.8 3.9
50 —10.2 —-0.7 56 -5.0 0.7
51 -3.0 6.2 57 —3.9 5.0
52 19.1 28.0 58 —22.7 —11.8
53 6.0 9.9 59 —7.6 3.2
54 —10.4 —0.6 60 —7.6 1.

2 Compound numbers as in Figure®®Reference energy (0.0) is for
allyllithium compound+ ethylene.* MP2(fc)/6-3H-G*//MP2(fc)/6-
31+G* + 0.89 ZPE (HF/6-3+G*). Y Becke3LYP/6-31%+G**//
MP2(fc)/6-31+G* + 0.89 ZPE (HF/6-31G¥).

Scheme 6. Energy Profiles for the Two-Step Cycloadditions
of the Allyllithium Compounds3, 5a, and7 to Ethylené
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N e
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aEnergy differences at Becke3LYP/6-3t+G**//MP2(fc)/6-
31+G*.

distances in th@S 2 structures of the 2-azaallyl and 2-borylallyl
systems are 2.445 A i60 and 2.961 A in56. These data
parallel the results for the free anions (Figures7}.

The energetic relationships @9—60 (Table 7) are sum-

Neumann et al.

allyllithium system 62 vs 50); for the 2-azaallyl and 2-bory-
lallyllithium systems, the activation energies are 13%6 {s

58) and only 1.3 kcal/molg6 vs 54), respectively. Obviously,
the beneficial effect of the anion-stabilizing substituents on the
final, ring-closing step of the cycloadditions is very strong and
is nearly independent of the presence of a counterion.

Conclusions

Contrary to the predictions of the WoodwarHoffmann
rules, the anionic [3+ 2] cycloadditions studied here are
stepwise rather than concert®d.Concerted 4s + 275 cy-
cloadditions inCs symmetry are not viable reaction paths for
the free allyl anion, 4a, and 6 and for 2-borylallyllithium
(58) and 2-azaallyllithiumT), since they involve second-order
saddle points2—24, 29, 30, 32, and33) instead of transition
structures (Table 3). The same is true for allyllithiughWhen
ethylene approaches from the lithium side (second-order saddle
point 28). If ethylene approache®from the side opposite to
lithium, a concerted cycloaddition is possible via transition
structure31. However, this is not favorable energetically, since
the activation energy for this process is 37.7 kcal/mol (Table
2), whereas, for the stepwise cycloaddition (Scheme 6), activa-
tion energies of only 18.9 kcal/mol for the first and 28.7 kcal/
mol for the second addition steps are required. The preference
of the stepwise cycloaddition pathway does not compromise
the validity of the WoodwargHoffmann rules. These rules
are useful to distinguish between favorable (allowed) and
unfavorable (forbiddemnestepprocesses in terms of molecular
orbital symmetry considerations, but they do not exclude the
possibility that a two-step pathway may be even more favorable
than a formally allowed one-step mechanism. As shown here,
it is possible that a true transition structure (with one imaginary
frequency) may not lie on the symmetry-allowed pathway.

The unfavorableness of the concerted cycloaddition mecha-
nism can be rationalized in terms of the molecular polarizabilitiy
anisotropy of the reactants (Table 4). The electrostatic interac-
tion of ethylene and the allylic compounds is more favorable
energetically for the stepwise than for the concerted cycload-
dition mechanism.

The two-step cycloaddition pathway is preferred by all model
systems. The activation energies for the first steps—+8.8
kcal/mol for the free anions, 14418.9 kcal/mol for the lithium
compounds, Schemes 5 and 6) are very similar for all systems.
The experimental finding that 2-azaallyl compounds and allylic
compounds with an anion-stabilizing substituent at the central
carbon undergo this type of cycloaddition much more easily
than the unsubstituted allyl anion/allyllithium results from the
facilitation of the second, ring-closing step by such substituents.
The activation energies for the second cycloaddition steps are

marized in Scheme 6. The energy differences between the83 and 28.7 kcal/mol for the aIIyI anlon/a”ylllthlulﬁg but

separate reactants and the comple&s27 are nearly identical

only 0.2 and 1.3 kcal/mol for the 2-borylallyl anion/2-boryla-

(9.1-9.6 kcal/mol) for all these systems. The same is true for llyllithium 4a/5a, and 0.9 and 13.6 kcal/mol for the 2-azaallyl
the activation energies of the first addition steps of the allyl anion/2-azaallyllithium6/7 (Schemes 5 and 6).

and the 2-borylallyllithium compounds (18.9 and 19.1 kcal/mol);
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instructions.

The activation energies for the ring-closing step are very jag735160

different for the allyllithium model systems considered here.

(40) For a recent report on the competition of concerted and stepwise

The largest value, 28.7 kcal/mol, is found for the unsubstituted mechanisms of various pericyclic reactions, see ref 21f.



