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Abstract: Several [3+ 2] thermal cycloadditions between azomethine ylides and nitroalkenes have been studied

both theoretically and experimentally. When the N-metalated 1,3-dipoles are used, the reaction is stepwise.
The corresponding zwitterionic intermediates have been located computationally and observed by NMR

monitoring. In the case of N-unsubstituted azomethine ylides, the reaction can be concerted or stepwise,
depending upon the ability of the substituents to stabilize zwitterionic intermediates. A general model is proposed
to explain the observed phenomena. This simple model can be extended to other thermal cycloadditions to
predict the stepwise or concerted nature of their mechanisms without computing complete reaction coordinates.

Introduction Scheme ®

The [3+ 2] cycloadditions constitute one of the most efficient >_<
and general methods for the synthesis of five-membered tings.
Among the different versions of the reaction developed over 2

the years, the [3 2] cycloadditions between azomethine ylides .

1 and olefins2 (Scheme 1) provide ready convergent access to

pyrrolld_lne2 nuc!el 3 Whose limportance in m_edlcmal_an(_j {/LNk — )\NJ\}
synthetic organic chemistry is well-known. This reaction is [+ |t
particularly efficient when the azomethine ylide is stabilized

by a carbonyl group. In this case, the corresponding-[2] 1

cycloaddition leads to highly substituted proline derivatives. ~ *In this and other schemes, unless otherwise stated, the possible
There are at least three general methods for the generation ofuPstituents at the different positions are not specified.

these azomethine ylides (Scheme 2). The first one consists ofg.heme 2

the conrotatory ring opening of conveniently substituted aziri-

dines. This method was used by Huisgnperform his seminal A [4nc] )\\-_/J\(R
N
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no previous theoretical work has been reported for the thermal
[3 + 2] cycloaddition between stabilized azomethine ylides and
n-deficient alkenes. For the N-metalated version of the reaction
only two papers, one from Kanemé3and one from our group

have been reported. In these papers, SCF-MO studies using
semiempirical Hamiltonians suggest stepwise mechanisms
(Scheme 3, path b) for this version of the reaction.

Within this context and in connection with our ongoing
program on [3+ 2] cycloadditions®1” we report herein our
study on the reaction between stabilized azomethine ylides and
nitroalkenes to yield highly substituted proline derivatives. We
have performed computational and experimental studies to
exploit the synergy between both approaches. Finally, we have
performed a theoretical study to elucidate the reasons underlying
the transition from concerted to stepwise mechanisms. The
model thus developed can be readily extended to any thermally
allowed cycloaddition.

Computational Methods

All of the results presented in this work have been obtained by using

substrate can be readily transformed into its N-metalated e GAUSSIAN 948 and GAUSSIAN 98 series of programs, with

azomethine ylide with the appropriate salt in the presence of the standard 3-21G(*), 6-31G*, and 6-8G*? basis sets. To include
base’>>7 This kind of reaction has proved to be remarkably electron correlation at a reasonable computational cost, density

efficient in its possible asymmetric versichén addition, the

functional theory (DFT! has been used. We have used the hybrid three-

reaction tolerates a wide range of substituents and is thereforeparameter functional developed by Beékevhich is usually denoted

well-suited for combinatorial synthesls.

Given the importance of the reaction, the elucidation of its
mechanism is crucial to understand the variables that determine

its regio- and stereocontrol. After a vivid deba®élit is now

as B3LYP. Zero-point vibrational energies (ZPVEs), when computed
at the HF/3-21G and HF/6-31G* levels were scaled by 0.92 and 0.89,
respectively?® The ZPVEs computed using the B3LYP functional were
not scaled. All transition structures have been fully optimized and
characterized by harmonic analysis. For each located transition structure,

accepted that in general the reaction is concerted, according tOn)y one imaginary frequency was found in the diagonalized Hessian
the supra—supramechanism proposed by Huisgen (Scheme 3, matrix, and the corresponding vibration was found to be associated

path a)2 Several years later, Huisgen himdétund a [3+

2] cycloaddition whose mechanism was demonstrated to be
stepwise, zwitterionic structures being the reaction intermediates.

Finally, Schleyer et al* have recently shown that anionic {3

with nuclear motion along the reaction coordinate under study. In
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2] cycloadditions take place via stepwise mechanisms. However,199g 631795,

(5) Kanemasa, S.; Tsuge, O. Advances in Cycloaddition Chemistry
Curran, D. P., Ed.; Jai Press: Greenwich, CT, 1993; Vol. 3, pp1%9.

(6) For recent examples, see: (a) Barr, D. A.; Dorrity, M. J.; Grigg, R.;

Malone, J. F.; Montgomery, J.; Rajviroongit, S.; Stevensoig¥ahedron
Lett. 199Q 31, 6569. (b) Grigg, R.; Markandu, J.; Perrior, T.; Surendra-
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several significant cases intrinsic reaction coordinate (FR&Icula-

vavico et al.

Table 1. Relative Energie? (kcal/mol) of the Conformations of

tions were performed to connect unambiguously transition structures Azomethine Ylidesla,c

with reactants, cycloadducts and reaction intermediates.

Bond orders and atomic charges were calculated with the natural

bond orbital (NBO) methoé?

Nonspecific solute-solvent interactions were simulated using either
the OnsagerKirkwood?527 or the self-consistent isodensity polarization
models (SCIPCM} as implemented by Wiberj.

In several cases (vide infra) molecular mechanics computations were

performed on several stationary points in order to determine the
minimum energy conformations. These calculations were performed
using the AMBERZ*° force field as implemented in the MacroMotlel

package. The different possible conformers were optimized and then

Monte Carld? simulations were performed on 1000 structures.
Atoms-in-molecules (AIM¥ calculations were performed with the
AIMPAC3* program. Nucleus-independent chemical shifts (NI&S),
were calculated by means of the gauge-independent atomic otbitals
(GIAO) method. The synchronicity parameter denoted in the te$} as
has been computed using the proposal of Psravad Moyan®& and
according to the methodology previously reported by our gr8Rmr
a perfectly synchronous reactioly, = 1 and for a completely
asynchronous reactio, = 0.

Results and Discussion

Lithium Azomethines. We have studied first the structure
and the properties of lithium azomethida both in the gas
phase and in acetonitrile solutiom & 35.94)3° All of the

possible conformations have been analyzed, and their relative
energies are reported in Table 1. From our calculated energies

it is concluded that these stabilized lithium azomethines exist
exclusively in the conformatiod, in which lithium interacts
with both the nitrogen and oxygen atoms. Figure 1A shows the
main geometric data dfain this conformation. An analysis of
the energy densitigd(r) at the corresponding critical poiriés
reveals that the lithiumheteroatom interactions are electrostatic

(24) Gonzalez, C.; Schlegel, H. B. Phys. Chem199Q 94, 5523.

(25) (a) Reed, A. E.; Curtiss, L. A.; Weinhold, Ehem. Re. 1988 88,
899. (b) Reed, A. E.; Weinstock, R. B.; Weinhold,J-Chem. Physl985
83, 735.

(26) (a) Onsager, LJ. Am. Chem. S0d.936 58, 1486. (b) Wong, M.
W.; Wiberg, K. B.; Frisch, M. JJ. Am. Chem. S0d.992 114 523.

(27) As one reviewer has indicated, this is an approximation of the
solvation energy. Similarly, thefunction is a very crude estimate of solvent
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Huisgen, R.Pure Appl. Chem1981, 53, 171 and references therein.
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1996 17, 185.(b) Wiberg, K. B.; Rablen, P. R.; Rush, D. J.; Keith, T. A.
J. Am. Chem. S0d.995 117, 4261.
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M.; Chang, G.; Guida, WJ. Am. Chem. Sod.99Q 119, 1419.
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Press: Oxford, 1990.
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University: Hamilton, Ontario L8S 4M1, Canada.
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N. J. R. V. E.J. Am. Chem. S0d.996 118 6317.
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8251.
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573.

(38) (a) Lecea, B.; Arrieta, A.; Roa, G.; Ugalde, J. M.; Cosé#i. P.J.
Am. Chem. Socl994 116 9613. (b) Lecea, B.; Arrieta, A.; Lopez, X.;
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I Ml O G0
AN Y N e
X O X X X
A B c D
€=1.00 €=35.94
conformation la(X =Li) 1c(X=H) la(X=Li) 1c(X=H)
A 0.0 0.0 0.0 0.0
B 31.4 55 c 3.6
C 34.0 2.8 195 2.8
D 38.4 9.3 14.9 6.7

aRelative energies with respect to conformatidn® Values com-
puted at the MP2/6-3tG*//HF/6-31+G* +AZPVE and the MP2(L1A1)/
6-31+G*//HF(L1A1)/6-31+G* +AZPVE levels.c The starting geom-
etries converged to conformatigh upon optimization.

A
Jimlis
H \N N
®Li---:0:0
B

Figure 1. B3LYP/6-31+G* (plain text) and B3LYP(L1A1)/6-3+G*

(e = 35.94, bold text) fully optimized geometry of the most stable
conformation of lithium azomethinga. (A) Bond distances (A) and
NBO charges (au, boxed numbers). (B) Wiberg bond indices. In this
and the following figures which incorporate ball-and-stick drawings,
atoms are represented by increasing order of shadowing as follows:
H, C, O, N.

Scheme 4
HzC=CH2
2a
H
* N
1a Li---O
3aa

in nature?! This result, together with the NBO analysis, leads
to the valence-bond structure depicted in Figure 1B. According
to these results, the structurelafis closer to that of an enolate
than to that of an azomethine ylide.

We have also studied the interaction between lithium azome-
thinelaand ethylen®ato yield the lithium amidaa(Scheme
4). This model reaction represents the simplest+32]
cycloaddition between a lithium stabilized azomethine ylide and
an alkene. The main geometric features of the stationary points
found in the B3LYP/6-3%G* potential energy hypersurfaces,

(41) (a) Lecea, B.; Arrieta, A.; Morao, I.; CossIF. P.Chem. Eur. J.
1997, 3, 20. (b) Lopez, X.; Ugalde, J. M.; CossiF. P.J. Am. Chem. Soc.
1996 118 2718.
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Scheme 58
O.N
N—
O,N O,N
2b 2 2
- . H + H

i N A—N>\|(

1a Li---0 Li---0

endo-3ab exo-3ab

a2 0Only one enantiomer is drawn.

B3LYP/6-31+G*
B3LYP(L1A1)/6-31+G*

7 3aa

Figure 2. Main geometric features of the stationary points found in
thela+ 2a— 3aareaction (see Scheme 4), computed in the gas phase
and in acetonitrile solution. Bond distances are given ilRAdenotes

the (3;+1) ring point of the electron density. See the caption of Figure
1.

Table 2. Complexation Energi€gAE., kcal/mol), Activation
Energie8 (AE,, kcal/mol), and Reaction Energfe\E,, kcal/mol)
of the 1a + 2a — 3aa Reactiofl (see Scheme 4)

method AE; AE, AEnn 9

HF/6-31++G* —6.6 52.4 -3.9 ol @

MP2/6-3HG*e -9.7 24.8 —-12.9 ' 1918 GO

B3LYP/6-31+G* —-7.3 315 —-04

B3LYP(L1A1)/6-31-G* —6.8 32.7 -2.6 1589

aComputed asAE, = E(6) — [E(1a) + E(2a)]. ® Computed as endo-3ab
AEa= E(7) — E(6). ¢ Computed a’\Ex, = E(338) — [E(1a) + E(28)]. Figure 3. Main geometric features of the stationary points found in
4The zero-point energy corrections, conveniently scaled if necessarythe 1a + 2b — endo3ab transformation (see Scheme 5). See the
(see text) were computed at the geometry optimization I&&hgle- captions of Figures 1 and 2.

point energy computed on the HF/6-B&* optimized structures.The

energy differences in solution were computed in acetonitrite 85.94). is predicted to be a concerted, although quite asynchronous, [3

+ 2] cycloaddition, despite the considerable enolate-like
character ofla. This results in a quite large activation energy,
as can be appreciated from Table 2. Therefore, it is expected
that the substituent effect in this reaction could induce consider-
able changes in the reaction profile.

Since the nitro group is one of the most versétiféelectron-
withdrawing groups (EWG), we next computed the interaction
betweenla and nitroethylene2b (Scheme 5) to yield the
cycloadducts3ab. In this case, formation of two diastereomers
is possible. We shall denote thadostructures as those in which
both EWGs are in a cis relationship. If these groups are trans

both in the gas phase and in simulated acetonitrile solution are
depicted in Figure 2. The corresponding relative energies are
reported in Table 2. The first step of this reaction is found to
consist of the formation of an orientation complex resulting from
the coordination of the lithium cation dfa with the ethylene
unit. From6, the next stationary point ig, that corresponds to

a concertedsupra—suprainteraction betweerda and2a. The

AIM analysis of the electron density shows a¥3) ring point

(Rp) in 7. In addition, the NICS computed at the ring point is
found to be—20.44 ppm mot! at the SCF-GIAO/6-33+G*//
B3LYP/6-31—_1—G* level. This result indicates that this transition to each other, the corresponding structure shall be derxted
structure is in-plane aromatlé.However, the computed syn- (Scheme 5)

chronicity §) for the la + 2a — 3aa transformation is )

calculated to bes, = 0.66 at the B3LYP/6-31G* level. As \i (42?k(a) Efr(e:mqv, D. dAN;' Be(r:estovitsk&a&/?, V.Cl\rf_.;hPerekallgnéélv.bv.
can be seen in Figure 2, the large diference between the L08ISTeS: Garkimes o Copounbtey, Chiestr 1931 (0
C4---C5 and C3+C2 bonds is responsible for this quite low  cycioadditions between azomethine ylides and nitro-olefins see: Pak, C.
synchronicity. In summary, the reaction betwéerand ethylene S.; Nyerges, MSynlett1999 1271 and references therein.
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endo-11

endo-3ab
+7.0

: endo-11
' —
B ‘A .
AE ' |
| +3.8 “‘
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' r \
: ¢ 1.0 | endo-3ab
[ -
; 8 :
' ;|20
l- "' +6.9
: ; \
: : endo-10
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Figure 4. Reaction profiles found in vacuo and in acetonitrile solutiern=35.94) for thela + 2b — endo3ab transformation. Zero point
vibrational energies have been included. The plain numbers correspond to the gas-phase results.

All of our attempts to locate concerted transition structures, meric structures the Coulombic -£iONO interaction is not
as we did in thela+ 2a— 3aacycloaddition, were unfruitful. present (see Figures S1 and S2 of the Supporting Information).
Instead, we found stepwise mechanisms in the B3LYP/#1 Therefore, a high stereocontrol can be expected for this reaction
potential energy surface, both in the gas phase and in acetonitriledespite the stepwise nature of its mechanism. This is a
solution. The stationary points which were located and char- remarkable prediction since stereochemical arguments have been
acterized are shown in Figure 3, and the corresponding reactioncrucial in the elucidation of concerted or stepwise mechanisms
profile is depicted in Figure 4. in other [3+ 2] cycloadditions®® Another interesting point is
The first reaction intermediate is the result of the interaction that, according to our calculations, solvent effects accelerate
between the lithium cation ofa and one of the two oxygen this reaction step. Thus, in tH&a + 2b — ende3ab transfor-
atoms of the nitro group db. 8 is ~5 kcal/mol less stable in

mation the activation barrier associated with the formation of
solution than in the gas phase (See Figure 4), but the complex-the C2-C3 bond is calculated to bel.33 kcal/mol lower than
ation energy is still appreciable.

in vacuo (See Figure 4).

We have also located a first transition structenelc9 leading
to the formation of the C2C3 bond. This distance is slightly
shorter than that found id. However, there is no appreciable

The next point along the reaction coordinateeiglc 10, in
interaction between C4 and C5 and the-@23—C4 angle of

which the C2-C3 bond is formed. In this local minimum there
is a considerable double bond character between C4 and the

nitro group, with a NBO bond order value of 1.44 (B3LYP-
attack is found to be~109 (See Figure 3). Therefore, this  (L1A1)/6-31+G* level). The calculated charge for the nitro
transition structure does not correspond to a concentipda— group is—0.96 e. Thereforegnda10 corresponds to a zwitte-
supramechanism but to a nucleophilic Michael-type addition rionic intermediate in which the anionic part is a nitronate
in which 1abehaves as a lithium enolate. In additiongime9

moiety and the positive part corresponds to an iminium cation.
there is an electrostatic interaction between one of the oxygensince the charge separation is difficult in the gas phase, this
atoms of the nitro group and the lithium atom. This additional
stabilizing interaction is kept along the reaction coordinate thus y g43) (a)I ggyaifg,l‘\{\;; k?(ii/tmek Izl ﬁui\slgeg, Rh.; tRtéisaig,A H.-V.
leading toendo3ab The alternativeexostationary points are  FECPEaee ot (M ook AN oS A Munchausen,
considerably higher in energy~10—20 kcal/mol along the

. ' ) ! g ) L. L.; Mueller, P. H.; Arison, B. H.; Garcia, L. AJ. Am. Chem. Sod.985
reaction coordinate in the gas phase) since in those diastereo407, 7227.
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zwitterionic intermediate is highly stabilized in solution with 5be

respect to the gas .ph.ase. (Figure 4)’. alth.ough the geometric aReagents and conditions: i: LICiQ@1 equiv), NEt (1.0 equiv),
features are quite similar in both media (Figure 3). CH:CN, 24 h, rt. ii: LiCIO, (1.0 equiv), NE§ (1.0 equiv), CHCN, 60
The second transition structueadod 1 leads to the formation  min, rt. iii: THF, HCI 2 N, 20 min, rt. iv: CECO,H, CH,Cl,, 5 h, rt.
of the C4-C5 bond and its geometric features correspond to v: AczO (1.5 equiv), NEf (1.6 equiv), CHCI,, 48 h, rt.” In the chiral
nitroaldol-like procesé!awith a half-chair conformation for the ~ structures only one enantiomer is drawn.
Li—N1-C2—-C5-0 moiety (See Figure 3). Again, although the
in vacuo and acetonitrile solution geometries of this saddle point to study the reaction between imidéh and nitroalkenegc,d
are quite similar, the activation barrier-is7 kcal/mol largerin ~ which yields pyrrolidines3bc and 3bd, respectively (Scheme
solution than in the gas phase, because of the large stabilization”). We chose this particular imine because, according to our
of endel0 in solution. This result is due to the partial Ccomputational studies, if the zwitterionic intermediates were
cancellation in theende11 structure of the charge separation formed, the two phenyl groups should stabilize the positive
present in the zwitterionic intermediate. charge of the iminium fragment. Therefore, the second step,
Fina"yl we have characterized the N-lithiated Cyc]oadduct namely the nitroaldol-like process should be slower. We first
endo3ab, which lies 2.7 kcal/mol belowenda11 in acetonitrile performed the two cycloadditions, reported in Scheme 7, using
solution (Figure 4). This reaction product4s8 kcal/mol less lithium perchlorate as the lithium source and triethylamine as
stable tharendo10 in solution, a result which explains why, the base. The solvent was acetonitrile, the same one used in
in several cases, reaction products derived from intermediatesthe calculations. After 24 h of reaction, teedocycloadducts
of this kind have been reporté44 In this respect, it is  3bc and3bd were obtained in good yields. Trendostereo-
noteworthy that in many experimental studies Menetalated ~ chemistry was assigned on the basis of the values ofXe
azomethines are generated using catalytic amounts of salts incoupling constants (4.0 H2}.In addition, the structure @ndo
the presence of bases such as tertiary anfie%Our results ~ 3bc was confirmed by X-ray diffraction analy$fs(see Sup-
indicate that the reaction mechanism coupled with the catalytic porting Information). Therefore, trendoisomer was observed
cycle is that depicted in Scheme 6. Thus, tRanetalated  in these cases, as predicted by the calculations.
azomethine ylide is generated in situ from an imine and then We also monitored the reaction mixture of thi® + 2c —
interacts with the alkene to yield tii¢-metalated cycloadduct  endo3bc transformation at different times in order to observe
via the corresponding zwitterionic intermediate. Then, the the presence of the corresponding Michael intermediate. The
catalytic system is regenerated via proton transfer from the results of this study are displayed in Figure 5A. As diagnostic
ammonium ion to the pyrrolidine ring. signals we monitored the resonances of the methinic protons
Since our calculations indicate that in the stepwise reaction contiguous to the nitro group as shown in Figure 5B. The
betweenlaand2b the key intermediatenda10lies in a deep structure of intermediatédbc was confirmed by isolation and
enough well, we thought that its evolution should be detectable derivatization to the stable and crystalline N-acyl derivatibe
by NMR monitoring, provided that the substituents present in (See Scheme 7), whose structure was also determined by X-ray
the starting materials were appropriate. Therefore, we decided

(45) Crystal data foende3bc: CzsH24N20s, M, = 432.47, orthorhombic,
(44) (a) Tsuge, O.; Kanemasa, S.; Ohe, M.; Yorozu, K.; Takenaka, S.; P2;2;2;, colorless prism (0.35 0.45 x 0.45 mm),a= 10.797(2) Ab =

Ueno, K.Chem. Lett1986 1271. (b) Kanemasa, S.; Yoshioka, M.; Tsuge, 22.824(4) A,c = 8.768(3) A,V = 2160.7(8) B, Z = 4, dearc = 1.329 g

O. Bull. Chem. Soc. Jpri989 62, 869. (c) Werf, A.; Kellogg, R. M. cm-3, u = 0.0932 mmt, T = 173(1) K, Mo Ka radiation ¢ = 0.71069

Tetrahedron Lett1991, 32, 3727. (d) Kanemasa, S.; Kumegawa, E.; Wada, A), Rigaku AFC5R diffractometerp/20 scans. Refinement oR gaveR

E.; Nomura, M.Bull. Chem. Soc. Jp991, 64, 2990. (e) Chavan, S. P.; = 0.0399, wR= 0.0359, GOF= 1.767 using 294 refined parameters and

Venkatraman, M. S.; Shama, A. K.; Chittiboyina, A. Getrahedron Lett. 2594 observed reflections with> 2¢(l) from the 3333 collected (3219

1996 37, 2857. (f) Rowley, M.; Leeson, P. D.; Williams, B. J.; Moore, K. unique) with 2 < 55°. The structure was solved by direct methods and all

W.; Baker, R.Tetrahedron1992 48, 3557. non-hydrogen atoms were refined anisotropically.
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Figure 5. (A) Plot of the reaction mixture in th&b + 2c — endo3bc reaction against the reaction time. (B) An example of the 300 Nz
NMR spectra of the reaction mixture showing the diagnostic signals of the different species.

analysis (see Supporting Informatici§)Therefore, the curves  corresponding activation energy is calculated to be 57.8 kcal/
of Figure 5A confirm that this reaction is stepwise as suggested mol in the gas phase (See Table 3), a quite large value. Inclusion
by the previous computational study. To test if the first step of of onep polarization function in the migrating hydrogen atom
the reaction is irreversible, after 60 min of reaction, we added lowers the activation energy 2.7 kcal/mol. Another possibility
nitroalkene2d, more electrophilic thalc, to a reaction mixture for this transformation consists of the enolization of the imine
of 1'b and2c. After 24 h of reaction at room temperature, only to the corresponding enol iming'c (Figure 6). In general,
cycloadducende3bcwas obtained, with no detectable amounts enolization is a complex process in which general acid and base
of endoe3bd. catalysi§¢’ as well as solvefi? and tunneliné® effects are
N-Protonated Azomethine Ylides.Since such compounds  important. We have computed the relative energies betd@een
are usually generated in situ from the corresponding infihes, ~ and1”c in the gas phase and in several solvents. The results
we have studied this previously reported transformation first. are included in Table 3. Although direct comparison with
The main geometric features of imiri&c and its azomethine  experimental values is not possible, the magnitude of the energy
ylide 1c are displayed in Figure 6. differences is in line with experimental values obtained on
The transition structur&2 which connects both isomers via  'elated compounds. For instance, it has been reptrthdt

a 1,2-proton shift is also reported in the same Figure. The 3-hydroxypyrrole is~1.2 kcal/mol less stable than 3-ketopyrrole
in water at 298 K.

(46) Crystal data fobbc: C14H18N206, My = 310.30, monoclinicP2;/

¢, colorless plate (0.14 0.32 x 0.45 mm),a = 10.600(1) Ab = 15.514- (47) (a) Hart, HChem. Re. 1979 79, 515. (b) Bruice, P. Y.; Bruice, T.
(2) A, c=10.014(2) AV = 1531.3(4) R, Z = 4, deaic = 1.346 g cm3, C.J. Am. Chem. S0d.976 103 1761.

u=0.106 mnTL, T=173(1) K, MoKa radiation ¢ = 0.71069 A), Rigaku (48) Capon, B.; Rycroft, D. S.; Watson, T. W.; Zucco,JCAmM. Chem.
AFCS5R diffractometerw/26 scans. Refinement of gaveR = 0.0589, Soc.1981, 103 1761.

WR = 0.0463, GOF= 1.686 using 203 refined parameters and 1806 (49) Bell, R. L.; Taveras, D. L.; Truong, T. N.; Simons,JJ.Comput.
observed reflections with> 2¢(l) from the 3838 collected (3506 unique)  Chem.1997 63, 861.

with 26 < 55°. The structure was solved by direct methods and all non- (50) Capon, B.; Guo, B.-Z.; Kwok, F. C.; Siddhanta, A. K.; Zucco, C.
hydrogen atoms were refined anisotropically. Acc. Chem. Red.988 21, 135.
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[ B3LYP/6-31+G** ]

B3LYP(L1A1)/6-31+G**

1.288 1.375
1.288 1.377

Figure 6. Main geometric features of the stationary points found in the formation of 1,3-dipdl®m imine 1c. See the captions of Figures 1

and 2.

Table 3. Keto—Enol Energie%® (AEkg, kcal/mol),
Enol-Azomethine Energiés (AEgy, kcal/mol), and Activation
Energied? (AE; , and AES ,, kcal/mol) Associated with the
Formation of Azomethind.c in Different Solvents

solvent € AExe AEey AES, AES,

gas phase 1.00 -0.3 55 55.2 12.3

(2.4y (7.3y (57.8¥ (13.2y
CsHsCHs 238 -01 6.8 54.2 121

(2.7 (8.4y (56.8¥ (12.6¥
CsHsBr 5.40 0.1 8.0 53.4 11.8
0-CsH4Cl, 9.93 0.3 8.8 53.0 11.6
CsHsCN 34.78 0.4 9.1 52.6 115

a Computed at the B3LYP/6-31G** + AZPVE and the B3LYP-
(L1A1)/6-31+G** + AZPVE levels in vacuo and in solution,
respectively” Computed as\Exe = E(1"'c) — E(1'c). ¢ Computed as
AEgy = E(13) — E(10). ¢ Computed as\Ef , = E(13) — E(1"'c) and
AE:, = E(12) — E(1'c), respectively®Values calculated at the
B3LYP/6-31+G* + AZPVE and the B3LYP(L1A1)/6-3tG* +
AZPVE levels in vacuo and in solution, respectively.

via transition structures related t®3. Given the lack of
experimental data, it is difficult to assess which step is kinetically
more relevant, although on the basis of experimental studies
on related systents;*8:50it can be suggested that generation of
1cis the limiting step.

The conformational equilibrium of azomethine ylide is
similar to that previously found fola, although the energy
differences are smaller. Again, the conformatfris the most
stable one, both in the gas phase and in solution (see Table 1),
mainly because of the intramolecular hydrogen bond present
in this conformer. The chief geometric featureslafare also
reported in Figure 6. Interestingly, the coefficients of the HOMO
of 1c are those that might be expected for a 1,3-dipole, with a
ratio between C1 and C3 of

5 = fﬁ = % =1.13
¢ f s
wherec; andcs are the expansion coefficients of the 1 and 3

We have located and characterized the transition structurecarbon atoms (Figure 6). Similarlf;, and S are the nucleo-

13 which connectd''c with 1c. As can be seen from Figure 6,
both 1c and 1"c correspond to the two minima of the

philic Fukui functions and local softnesses of the same atoms,
respectively. In the case @#, this ratio was found to be 1.35.

intramolecular @-H---N bond, with the enol being favored (see This result and the NBO charges indicate thais closer to a
Table 3). Therefore, our calculations suggest that the generationstandard 1,3-dipole thatba.

of N-unsubstituted azomethine ylides takes place via-ketwl

Next, we studied the interaction between dipdle and

tautomerization of the starting imines followed by isomerization ethylene2ato yield pyrrolidine3ca(Scheme 8). The stationary
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Scheme 9
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aIn the chiral structures only one enantiomer is drawn.
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B3LYP/6-31+G*
B3LYP(L1A1)/6-31+G*

15 3ca

Figure 7. Main geometric features of the stationary points found in

the 1c + 2a— 3careaction (Scheme 8). See the captions of Figures endo-17
1 and 2.

B3LYP/6-31+G*
Scheme 8 B3LYP(L1A1)/6-314G*

H,C=CH,

H H
H)\\N/)\/H 3ca
Lo
H---0
1c
Table 4. Complexation Energi@gAE., kcal/mol), Activation

Energie8 (AE,, kcal/mol), and Reaction Energfe@\Ex,, kcal/mol)
of the 1c + 2a— 3caReactiof (see Scheme 8)

exo-3cb endo-3ch
method AE; AE, AEnn ) ) ) ] ) )
/631G 19 6.2 “502 Figure 8. Chief geometric features of the stationary points found in
MP2/6.315 G*e 40 759 _a78 tlhzig—; 2b — 3cbreaction (Scheme 9). See the captions of Figures
B3LYP/6-314+G* —-1.7 13.7 —-33.1 '
B3LYP(L1A1)/6-314-G* +7.2 13.9 —26.0

C tod a\E, = E(14) — [E(L0 T E@a]. °C od the separate reactanfisc and 2a). Therefore, although the
omputed a = - C a)|. omputed as H : P :
AE. = E(15) — E(14). © Computed asAExn = E(3ca — [E(10) + cr:)mputedAhEa valuej (eportleq in T‘?‘blﬁ 4 are qqlte similar in
E(2a)]. “ The zero-point energy corrections, conveniently scaled if (1€ gas phase and In solution, If the activation energy Is
necessary (see text) were computed at the geometry optimization level.estimated from the separate reagents, the energy barrier is
e Single-point energy computed on the HF/6+33* optimized struc- significantly larger in solution.

'Euris.:;STgi)energy differences in solution were computed in acetonitrile The structure ofl5 is depicted in Figure 7. This transition
€T eI structure is also concerted, with a computed synchronicity of
points found in the B3LYP/6-3tG* energy hypersurfaces, both  0.79 in the gas phase. In addition, the computed NICS at the
in the gas phase and in solution, are reported in Figure 7, and(3,+1) ring point is—21.30 ppm, which is an indicator of an
the corresponding energy differences are shown in Table 4.aromatic transition structure.

According to our results, the stability of the orientation complex = Then we studied computationally the interaction between
14 with respect to the reactants is quite low in the gas phase. azomethine ylidelc in its A conformation and nitroethylene
When the complexation energy is computed in acetonitrile 2b. In this case, two diastereomers can be formewje3ch
solution, inclusion of ZPVE results in a positive value (if the andexo3cb (Scheme 9). The stationary points located in the
ZPVE correlation is not included,4 lies 0.2 kcal/mol below gas phase and in solution are shown in Figure 8, and the main
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Table 5. Complexation Energié$ (AE., kcal/mol), Activation
Energied® (AE, kcal/mol), Reaction Energig$ (AEx,, kcal/mol),
Synchronicitie3 (Sy), NICS® (ppm/mol), and TS-Dipole Momerits
(urs, au) of1c + 2b — 3cb Reaction

1c+ 2b— endo3cb

1c+ 2b— exo3ch

magnitude e =1.00 €=3594 =100 €=3594
AE; —7.3 +6.6 —-7.3 +6.6
AEa 5.8 14.4 5.2 17.3
AExn —35.1 —24.0 —35.4 —22.2
S 0.78 0.63 0.76 0.61
NICS —19.98 —18.44 —18.44 —15.86
Uts 2.54 3.40 1.33 2.12

aComputed at the B3LYP/6-31G* + AZPVE and the B3LYP-

(L1A1)/6-31+G* + AZPVE levels in the gas phase and in solution,

respectively? Computed a\E. = E(16) — [E(1c) + E(2b)]. ¢ Com-
puted asAE, = E(17) — [E(1c) + E(2b)]. ¢ Computed asAEy, =
E(3cb) — [E(1c) + E(2b)]. ¢ Computed at the GIAO-SCF/6-31G*//
B3LYP/6-31+G* and the GIAO-SCF/6-3tG*//B3LYP(L1A1)/6-
31+G* levels in the gas phase and in solution, respectively.

Scheme 16
O,N
Ph H
A H Ph H
PR N + o2 Ph u
o)
1d endo-3db

a|n enda3db only one enantiomer is drawn.
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inclusion of two phenyl groups in the starting azomethine could
stabilize the corresponding zwitterionic intermediates. Given the
size of the system, the search of the stationary points and the
geometric optimizations were performed on the HF/3-21G and
HF(L1A1)/3-21G energy hypersurfaces. The lowest energy
conformations of several structures were located by Monte Carlo
simulations using the AMBER?* force field. The single point
energies were then computed both in the gas phase and in
acetonitrile solution at the B3LYP/6-315* and B3LYP(L1A1)/
6-31+G* levels, respectively. The reaction profiles thus char-
acterized are depicted in Figure 9.

We have found that under the substituent effect the reaction
turns out to be stepwise. The first transition structudr@,is
associated with the formation of the GZ3 bond, the corre-
sponding distance being 2.272 A in acetonitrile solution. The
calculated C4C5 distance is 3.253 A in solution, which is an
indicator of no appreciable bonding interaction between these
atoms. We have also located a zwitterionic intermedl&éen
which the C2-C3 bond is completely formed and there is an
intramolecular hydrogen bond between the O7 atom and the
hydrogen atom bonded to N1. It is interesting to note that this
intermediate was located only in solution, since in the gas phase
the optimized structure has the hydrogen atom bonded to O7,
i.e., the nitro group is in itsci form (Figure 9).

The nitro tautomer of the latter structure, denoted®®asn
Figure 9 lies~25 kcal/mol belowende19 in the gas phase.

energetic and electronic features of the whole process areangther isomer of this zwitterionic intermediate 26, which

reported in Table 5.
The shape ofl6 resembles that found foB8 since the

possesses an ©T5 bond and is slightly more stable thande
19 in solution (see Figure 9). This structure resembles those

interaction between the azomethine ylide and the alkene takesexperimentally found by Mayr et al. during their studies on [4
place through one oxygen atom of the nitro group. However, L 3] cycloadditions between 1,3-dipoles and dieHesinally,

the energy of complexation is again positive in solution when e found the second transition structwade21, in which

the ZPVE is taken into account (Table 5). Without this c4...c5 s found to be 2.439 A in acetonitrile solution. An IRC
correctionl6 lies 0.92 kcal/mol below the separate reactants at c4|cyjation in acetonitrile solution showed that this saddle point

the B3LYP(L1A1)/6-3%G* in acetonitrile solution. Therefore,
we can conclude that this complex is not chemically relevant

under the usual experimental conditions.
We have located two diastereomeric transition structeras,
17 and endel7, that correspond tsupra—supra concerted

mechanisms. It is interesting to note that if solvent effects are
considered, formation &fnde3cbis favored under both kinetic

and thermodynamic control (see Table 5). In additemdo17
is more aromatic and more synchronous thamxsanalogue.

As can be seen from the geometric data reported in Figure 8,

connects the cycloadduende3db with 20.

We performed several series of experiments to test the main
predictions made by our computations on model compounds.
First, we studied the variation of the reaction rate of the+
2c — 3bc process with the solvent. As in the metal-assisted
version of the reaction, only trendocycloadduct was obtained.
We measured these reaction rates by monitoring the decay of
thesr — 7* UV absorption of the starting nitroalkenes (Figure
S4 of the Supporting Information). Since the measurement of
the required absorbance was difficult at large reaction times,

these transition structures are quite asynchronous, particularly d th inb hod 1o d .
in solution. Thus, the calculated synchronicities are found to W€ used the KezdySwinbourne method to determine the

be~0.6 for both process, thexapathway being slightly more  values?? The plots used for the determinationAf andkopsin
asynchronous (See Table 5). Therefore, both transition structureg!uéne solution are also shown in Figure S4. The observed
correspond to almost “halfway” process in terms of synchro- k_lnetlc constant_s are _rep_orted in Table 6_ and show an accelera-
nicity. This feature is readily appreciated if we examine the tion of the rgactlon vy|th increasing pollarlty of the solvent. Th.e
evolution of the C2-C3 and C4--C5 bond distances on passing corresponding logarithmic vglugs against the Onsager'functlon
from ende andexo17 to ende andexo3ch. In Figure S3 of (€ — 1)/(2¢ + 1) are shown in Figure S5. These experimental
the Supporting Information we have included the plot of these findings are in line with the computed solvent dependence of
distances against the intrinsic reaction coordinate (IRC). From the formation of azomethine ylidkc from the enol derivative
these data it can readily be seen that at R@.2 au the C2 1"c via 13. In contrast, Huisgen et &t found that in solvents

C3 bond is already formed, whereas the-@25 distance is  Of increasing polarity [3t 2] dipolar cycloadditions between
still larger than 2 A. Therefore, we conclude that this example alkenes and nitrones exhibit a moderate rate deceleration.
is a limiting case between a concerted and a stepwise mecha-
nism. Inclusion of adequate substituents at the 1,3-dipole could
result in stepwise processes.

To confirm this hypothesis, we have studied the reaction
between nitroethylen@b and azomethine y“ddd. to form Eckell, A.; George, M. V.; Huisgen, R.; Kende, A. Ghem. Ber1977,
compouncende3db (Scheme 10). As we had previously found  11q 578, See also: Bun, T.; Elender, K.; Riebel, P.; Troll, T.; Weber,
in the metalated version of the reaction, we expected that A.; Sauer, JTetrahedron1999 55, 9515.

(51) Mayr, H.; Baran, J.; Heigl, U. WGazz. Chim. 1tal1991 121, 373.

(52) Espenson, J. HChemical Kinetics and Reaction Mechanisms
McGraw-Hill: New York, 1981; pp 24 27.

(53) Geittner, J.; Huisgen, R.; Reissig, H.feterocycled978 11, 109.
(b) Huisgen, R.; Seidl, H.; Bning, . Chem. Ber.1969 102 1102. (c)
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-25.0
Figure 9. Reaction profiles found in vacuo and in acetonitrile solutior-(35.94) for theld + 2b — 3db reaction (Scheme 10). See the captions
of Figures 1 and 2.

Table 6. Observed First-Order Rate Constakig®® for the 1'b + Scheme 1%
2c — 3bc Reaction in Different Solvents

R? )
solvent € — 1)/(2 + 1) 10 Kops(S™Y) —INn Kops /@/*,\1/\(;c>?_o|-{3 . /\/©/ .,
CeHsCHs 0.24 0.69 £0.03) 9.58 - ONT

CoHsBr 0.37 1.21 0.05) 9.02 , 209
0-CeHaCl 0.43 1.77 £0.12) 8.64 Tdg .
CeHsCN 0.47 1.7540.13) 8.65 1'd: R'=H ;Z ’;;gICHs

ae R : =
a Computed by means of the Kezd$winbourne method (see text). 1.?', g;ngg 2e: R%=H

b Kinetic measurements were carried out at 3C2n a 0.02 M solution 1'g: R'=CF 2f : R?=CHj

of the nitroalkenec and with an excess of 10 equiv db. ¢ Onsager g R 2g: R%=CF;

function wheree stands for the dielectric constant of the solvent.

Therefore, our results indicate that formation of the dipole is a
relevant step in the thermal [3 2] cycloaddition between
imines andr-deficient alkenes.

In addition, we have detected Bt NMR the formation of
4bc in the reaction betweef'b and2c to form ende3bc, as
we did in the metalated version of this reaction. The structure

of 4bc was unambiguosly determined by transformation to its endo-3dd-gc exo-3dc-gc
acetamidébc (vide supra). Thus, after 20 and 46 h in refluxing 3dd: R'=H, R%=Cl  3dc: R'=H, R%=0CHj
toluene theende3bc:4bc ratios were 83:17 and 67:33, respec- 3de : R'=R%=H 3ec: R'=CHg, R%=0CHj
tively. This is in agreement with our computational results on 3df: R'=H, R%=CH,  3fc : R'=Cl, R2=2()CH3
the stepwise nature of this reaction and on the relative energies 3dg: R'=H, R?=CF; 3ge: R'=CF3, R*=0CH;

of ende3db and22. In addition, these results indicate that the a|n the chiral compounds only one enantiomer is dratReagents
conversion froml9 to 22 (not included in our computational ~ and conditions: i: Toluene, 117ZC.
study) has a larger activation barrier than th@ — 3db
transformation. with structurally related compound$In addition, we have not

We have also studied the thermal reaction between iminesdetected Michael cycloadducts in these reactions. This result
1'd—gand nitroalkene&c—g to yield the cycloadducts depicted  suggests that these less substituted azomethine ylides react via
in Scheme 11. In these cases, almost equimolar amounts ofmechanisms closer to that described in the study orlLthe
endce and exccycloadducts were obtained. The structures of 2b — 2cb reaction (Scheme 9), the relative energies of the
these cycloadducts were unequivocally assigned by comparisoncorrespondingnde andexotransition states being quite similar.
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Scheme 12 Table 7. Intrinsic Reaction Coordinate Values (IRC &u),
Internuclear DistancesR{, A),> Overlap Integralsg;, au)¢
4 3 3 Repulsive EnergiesAErp, kcal/mol)d Michael Energies AE
B —_ B rep y Nuy
= } >4_< } kcal/mol)¢ and Huisger-Woodward-Hoffmann EnergiesAEcon,
\ \ kcal/mol for Selected Model [3+ 2] Reactions
S—~
>s\1nl1/§/ A %\W } A IRC R S3 Ris  Sis AEep AEny AEcon AENGAEcon
X--0 X--0 lc+ 2a— 3ca
—3.978 3.511 0.017 3.578 0.014 0.19 0.630.05 0.30
_ Concerted Stepwise —2.994 3.290 0.026 3.301 0.025 0.51 0.650.13 0.27
(Huisgen-Woodward- (Michael) —1.897 3.055 0.041 2.984 0.047 1.49 0.670.38  0.23
offmann) —0.897 2.797 0.066 2.684 0.080 4.13 0.11.06  0.22
1c+ 2b— endo3cb
Origins of the Concerted and Stepwise Mechanismdn —3.932 3.455 0.019 3.654 0.012 0.19-1.52 —0.11 0.43

the previous sections we have found that different mechanisms‘i-{‘gg?1 3-3‘7‘8 8'84213 g-‘llgg g-gég (1)‘2‘%8; —8-52 g-g
can operate in a similar transformathn a}nd that the stereochem-_o:896 2677 0081 2941 0051 360235 —204 045
ical criterion is not always a useful indicator of the nature of Lat 2b do3ab

. L s . a — endo3al
the mechanism. In pnnm_p_le, there are two I|m|t|r_19 me_chanlsms _3.960 3469 0018 3.833 0.008 015130 —0.06 0.71
for the [3+ 2] cycloaddition between azomethine ylides and _2.9g5 3272 0.027 3.636 0.013 0.341.54 —0.13 0.71
alkenes. In the concerted mechanism, there are bonding interac—1.894 3.029 0.043 3.448 0.019 0.851.83 —0.32 0.73

tions between the C2 and C3 atoms, as well as between C4 and-0.986 2.730 0.074 3.314 0.025 2.382.25 —0.90 0.78

C5 (Scheme 12). From second-order perturbation th&dte aComputed at the HF/6-31G* levélSee Scheme 13 for the
following expression is obtained for the initial stages of the numbering systenf.Computed by means of eq 6Computed by means
concerted process: of eq 3.¢ Computed by means of eq 2ZComputed by means of eq 1.
H L H L 2 for concertedness is
. A—B B—A _ (C3 C3 Ba3t C5 ¢4 Buy)
AE,,= AE,, +AE;," =2 TR + _— U =
€p T €B [AEorb - AEorb] + AEyy,~ > AEgy (4)
L H L H 2
c +cC L .
2 (C2 G Post G54 Bao) (1) To evaluate quantitatively eqs—4, several additional ap-
eg - e,'; proximations are required. First, we have computed the reso-

nance integralg; by means of the Mulliken approximatich:

wherec!' andc" are the expansion coefficients of HOMO and
LUMO at thei-atom, respectively. Similarly,' andej are the B ~ 1(ﬁ;’—i— BIS; (5)
HOMO and LUMO energies of the k-specie#y 6r B, see b2 7
Scheme 12), respectively. Tgterms in eq 1 are the resonance
integrals between the AOs of thieandj-atoms.

If we consider a stepwise reaction, the first step consists of
a nucleophilic attack of azomethireon the alkend. In other
words, the stepwise mechanism is initiated by a conjugate
(Michael) addition of an enolate on an electrophilic alkene
(Scheme 12). In this case, the nucleophilic addition can be
d;ascribed in itz in:;[ialI stag?s as the result of adcombinﬁd EZR? é_3R3_ .S“Rf
electrostatic and orbital stabilizing interaction accordingtothe ¢ — |- 1 — sR — / ] ] 3
following equation: S 1=cRy 5 T2 T expERy)  (6)

where §; is the corresponding overlap integral aftland 87

are fixed parameters for thieandj-atoms, respectivel§t The
overlap integrals can be evaluated from the analytical formulas
reported by Mullike®” for overlapping Slater-type orbitals
(STOs). Foro-overlap between two 2p AOs of carbon, the
analytical expression is

4.0 (S & By whereR; is the internuclear distance betweieandj and ¢ is

AE,, = AEqy, + AEN = :—l— 2 2 2 @) the Slater exponent. The parameterssed in our quantitative

Nu oul orb ; R, M. evaluation of expressions 5 and 6 @& = * = — 0.28367
A hartree and = 1.685 bohr?! (See Figure S6 of the Supporting
whereq, andg; are the charges of the C2 ahdtoms, andRy Information for additional details). The charges required for the
is the distance between C2 and ikatom. evaluation ofAE.,, have been computed using the NBO charges

In addition to these stabilizing interactions, there is a repulsive &t the different atoms of the separate reagents. FinallyRthe
term which is responsible for the positive slope of the potential V&lueés were obtained from IRC studies performed on selected
energy versus reaction coordinate from the reactants to the'®actions at the HF/6-31G* level.
transition structure. At the initial stages of the reaction this _ We have selected thc + 2a— 3caandla+ 2b— endo

B

repulsive term can be approximated‘as 3ab reac_tions as moo!el examples for concerted and stepwise
mechanisms respectively, and tle + 2b — ende3cb
AE,= —2(Brs Szt BasSio) (3) transformation as an example of a limiting case between both

mechanisms (vide supra).
wherep; andS; are the resonance and overlap integrals between =~ The computed\Erep AEny, andAEco, energies at different
the i- andj-atoms, respectively. Since for both the concerted points are reported in Table 7. From these data, it is clear that
and stepwise mechamsms mEr.epterms are similar, the nature (55) (@) Mulliken. R. SJ. Chem. Phys1949 46, 675. (b) Muliken, R.
of the mechanism is determined mainly by the alternative s.Jj. Chem. Physl952 56, 295.

interactions described by egs 1 and 2. Therefore, the condition (56) Dewar, M. J. S.; Zoebisch, E. G.; Healy, E. F.; Stewart, J. J. P.
Am. Chem. Sod985 107, 3902.

(54) (a) Salem, LJ. Am. Chem. Sod.968 90, 543. (b) Salem, LJ. (57) Mulliken, R. S.; Rieke, C. A.; Orloff, D.; Orloff. HJ. Chem. Phys.
Am. Chem. Socl968 90, 223. 1949 17, 1248.
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in the 1¢c + 2a — 3careaction the concerted mechanism is General Procedures for the Reaction of the Imines "land the
largely preferred, since th&Ey, terms are indeed repulsive at  Nitroalkenes 2. Method A.The iminel’ (5 mmol) was dissolved in
the first stages of the interaction. In the case ofthe- 2b — CHsCN (25 mL), and then NEt(0.7 mL, 5 mmol), the nitroalken2
ende3cb reaction, the nucleophilic term becomes more sig- (® mmol) and LiCIQ (0.53 g, 5 mmol) were added. The progress of
nificant as long as the reaction progresses. In addition, thethe reaction was monitored by TLC. After completion of the reaction,

NU : o o the mixture was washed with saturated aqueougQ@idolution (2 x
AEqy, is near 50% of the\Econterm, thus indicating that thisis 1 mL) and water (4x 5 mL). After evaporation, the crude mixture

a limiting case, and that substituent and/or solvent effects canyas triturated in BD, and the precipitated cycloadduct was recrystal-
modify the mechanism from concerted to stepwise. Finally, in |ized in EtO—hexanes.

the case of thela + 2b— endc3ab reaction the stepwise Method B. A mixture of the iminel’ (5 mmol) and the nitroalkene
mechanism is clearly preferred, anE): is almost 75% of 2 (5 mmol) in the appropriate solvent (25 mL) was heated at (12
AEcon In the latter cases the nitro group induces a significant for 24 h. After completion of the reaction, the solution was cooled and
polarization in the nitroalkene thus enhancing its electrophilicity. the solvent removed under reduped pressure. The different cycloadducts
This promotes an asymmetric transfer of electron density from were separated from the reaction mixture by flash chromatography.

. . . . (2S*,3R*,4S*)-5,5-Diphenyl-2-methoxycarbonyl-3-(4-methox-
the azomethine to the dipolarophile. From egs 1 and 2 we read'lyyphenyl)-4—nitropyrrolidine (endo3bc). following the method A:

appreciate that it; and c; are large and the difference of ield 1.73 g (80%); mp 137139°C; IR (KBr) 3307, 1752, 1551, 1344
energy between the HOMO of the nitroalkene and the LUMO ¢mi; 1H NMR (6 ppm, CDC} D;0) 7.77-6.61 (m, 14H), 6.01 (d, 1H,

of the azomethine ylide increases, th&®Bg,, is close toAEg',‘g J= 4.0 Hz), 4.06 (dd, 1H) = 8.7 Hz, J = 3.8 Hz), 3.96 (d, 1HJ) =

(see Table 8), thus favoring the stepwise mechanism, especially8.8 Hz), 3.73 (s, 6H)}*C NMR (6 ppm, CDC}) 172.5, 159.8, 142.5,

if electrostatic interactions (and eventually the electrostatic 129.9, 129.6, 129.3, 129.0, 128.6, 128.4, 127.4, 126.1, 114.9, 102.3,

contribution of the solvation energy) are adequate. 77.9,66.1, 58.6, 55.9, 53.2. Anal. Calcd fors240sN2: C, 69.42; H,
5.60; N, 6.48. Found: C, 69.27; H, 5.63; N, 6.44.

(25*,3R*)-Methyl 2-acetamido-3-(4-methoxyphenyl)-4-nitrobu-
tyrate (5bc). Imine 1'b (1.27 g, 5 mmol) was dissolved in GBIN (25
From the combined theoretical and experimental studies ML), and then NE£(0.7 mL, 5 mmol), the nitroalkengc (0.90 g, 5
reported in this paper the following conclusions can be drawn: Mmol), and LiCIQ (0.53 g, 5 mmol mmol) were added. Aft& h of
(a) The interaction betweeR-metalated azomethine ylides reaction at room temperature, a 25:75 mixturentio3bc and imine

d nitroalk tativdeficient olefins is st . 4bcwas observed b¥H NMR. The crude reaction mixture was treated
and nitroalkenes as representamvaericient Olefins IS Stepwise, according to the general procedure A, and the resulting oily residue

the first step _belng_ a conjugate nucleophilic addition in which \as dissolved in THE (15 mL) @2 N HCI (0.8 mL). The resulting
the azomethine ylide acts as an enolate and the nitroalkenemixture was stirred for 20 min at room temperature. Usual basic workup
behaves as a Michael acceptor. Under favorable conditions, theand evaporation of the solvent gave an oily residue which was diluted
corresponding zwitterionic intermediate can be trapped and its with CH,Cl, (22 mL). To the resulting solution, trifluoroacetic acid
transformation into the [3- 2] cycloadduct observed. (1.5 mL, 20 mmol) was added dropwise, and the resulting mixture was
(b) The reaction between N-unsubstituted azomethine ylides stirred at room temperature for 5 h. The volatiles were evaporated,

and nitroalkenes can be concerted or stepwise, depending u ofind the resulting mixture was dissolved in £ (8 mL). This solution
the nature of the substituents P P gup was treated with NEB(0.42 mL, 3.12 mmol) and acetic anhydride (0.3

(¢) The concerted o stepwise nature of the alternative reactionmL' 2.9 mmol) and stirred overnight at room temperature. The resulting
p mixture was washed witl N HCI (5 mL), NaHCQ (saturated solution,

mechanisms can be understood and predicted using second-0rdej m) and water (5 mL). The organic layer was dried, and evaporation
perturbation theory. Since eq 4 is general for any thermal of the solvent gave a solid which was crystallized from AcOEt/hexanes.
cycloaddition and approximations 5 and 6 are also quite general,Yield: 0.403 g (26% froni'b); mp 146-147°C; IR (KBr) 3308, 1742,
the analysis can be extended to other thermal cycloadditions.1660, 1554, 1252 cinH NMR (6 ppm, CDC}) 7.10-6.82 (m, 4H),
Thus, within the limitations previously discussed, the nature of 6.15 (d, 1H,J = 8.5 Hz), 4.87 (m, 3H), 3.86 (m, 1H), 3.78 (s, 3H),

the mechanism can be anticipated from eqs 1 and 2, using3.57 (. 3H), 2.03 (s, 3HJC NMR (6 ppm, CDC}) 170.4, 169.9,
internuclear distances 3.0 A. 159.6, 129.1, 126.4, 114.4, 77.1, 55.2, 54.8, 52.5, 46.3, 23.1. Anal.

Calcd for G4H1s06N2: C, 54.18; H, 5.85; N, 9.03. Found: C, 53.92;
H, 5.84; N, 8.98.
General Procedure for the Kinetic Measurements.In a round-
General Commercially available compounds were used as purchased bottomed flask sealed with a Liebig refrigerant the iming5 mmol)
without further purification. LiCIQ (ACS reagent) was used as received and the nitroalken2 (0.5 mmol) were dissolved in the selected solvent
(CAUTION: perchlorates are potentially explosive materials. Under (25 mL). The mixture was placed in an oil bath and under constant
the experimental conditions described below, this compound can be pressure. At certain time aliquots were withdrawn with a syringe,
used safely). All solvents were dried and distilled according to standard immediately quenched by cooling to°C, diluted to a concentration
protocols® Nitroalkenes 2c—g were prepared following reported ~ Of 107“M, and analyzed by UV spectroscopy.
procedure§? Imines 1’d—g and 1'c were prepared as previous|y Given the nature of the UV spectra, the values were calculated
reported by u¥ and by O’Donelf® respectively. Cycloadduct3dd by means of the KezdySwinbourne methoef According to this
and3dcwere characterized by comparison with the previously reported Procedure, the absorbancesta@ndt + 7 times fulfill the following
datal® Chemical shifts in theH NMR and *3C NMR spectra are condition:
reported as) values (ppm) with respect to TMS and in deuterated
chloroform. Flash chromatography purifications were performed using A— A, = explyyd) ®)
silica gel 60-230 mesh and AcOEt/hexanes mixtures varying from A — A, Plobs”
1:10 to 1:20. After the corresponding extractions, the organic layers
were dried with NaSO; prior to evaporation of the solvent under  Therefore,
reduced pressure.

Conclusions

Experimental Section

=A[1—ex + ex 9

(58) Perrin, D. D.; Armarego, N. L. FPurification of Laboratory A=Al Plopd)] + Avsr eXPlond) ©)
Ch&ng;cgfufgl:?n%rzog:_ (E;I\(l);(rjd 1(%?-3Gueguiner Gan. J. Chem1985 Since the first term of eq 9 is time-independent, a plofApfersus
63, 2354. A will be linear with a slope of exgnsr). At the end point, A=

(60) O’'Donell, M. J.; Polt, R. LJ. Org. Chem1982 47, 2663. A = A.. Therefore, the intersection of the line through the data points
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with the 45 line gives the value of\.. We have used values of 53.5. Anal. Calcd for @H:704NoFs: C, 57.86; H, 4.35; N, 7.10.

~t12, as recommended to provide greatest accuracy. Finally, thes Found: C, 57.55; H, 4.39; N, 7.10.

values were determined in the usual way by means of linear regressions,  (2S*,3S* 4R*,55%)-1-Acetyl-3-trifluoromethylphenyl-2-methoxy-

as shown in Figure S4 of the Supporting Information. carbonyl-4-nitro-5-phenylpyrrolidine (acetyl derivative of exo-
(2s+, 3R*,4S%)-3-(4-Chlorophenyl)-2-Methoxycarbonyl-4-nitro- 3dg): overall yield from1'd and2g 0.196 g (9%); mp 206202 °C;

5,5-diphenyl-pyrrolidine (endoe-3bd): following themethod A: yield IR (KBr) 1745, 1660, 1551, 1327 citH NMR (0 ppm, CDC}) 7.69—

1.64 g (82%); mp 164165 °C; IR (KBr) 3309, 1741, 1545, 1547,  7.37 (m, 9H), 5.70 (dd, 1H] = 11.9 Hz, J= 8.4 Hz), 5.36 (d, 1H)

1341 cni; *H NMR (6 ppm, CDC}) 7.77-6.65 (m, 14H, arom), 6.01 = 8.5 Hz), 5.16 (d, 1H) = 9.21 Hz), 4.43 (t, 1HJ = 10.7 Hz), 3.36

(d, 1H,J = 4 Hz), 4.08 (dd, 1HJ = 9.0 Hz, J= 4 Hz), 3.98 (d, 1H, (s, 3H), 1.68 (s, 3H)13C NMR (5 ppm, CDC}) 170.7, 170.6, 137.6,
J = 9.1 Hz), 3.74 (s, 3H)**C NMR (6 ppm, CDC}) 171.5, 141.9, 135.1, 129.7,129.6, 128.3, 126.9, 126.0, 125.9, 125.8, 92.9, 66.7, 63.6,
141.5, 135.8, 133.8, 129.2, 129.1, 129.0, 128.6, 128.0, 127.8, 126.6,52.2, 49,1, 22.7. Anal. Calcd for,gH160:sNoFs: C, 57.80; H, 4.40; N,

125.3, 101.2, 77.4, 65.3, 57.6, 52.6. Anal. Calcd fesHz:0:N,Cl: 6.42. Found: C, 57.60; H, 4.33; N, 6.42.
C, 65.97; H, 4.85; N, 6.41. Found: C, 65.42; H, 4.89; N, 6.42. (28*,3R*,4S*,5S%)-2-Methoxycarbonyl-3-(4-methoxyphenyl)-5-(4-

For the cyclodduct8de 3df, 3dg, 3dc, 3eg 3fc, 3gcthe general methyl-phenyl)-4-nitropyrrolidine ( endo-3ec) yield 0.370 g (20%);
procedure B in toluene was followed and a mixture of compoendis mp 96-98 °C; IR (KBr) 3297, 1736, 1546, 1356 ¢mH NMR (&
andexo-was obtained. ppm, CDC}) 7.25-6.87 (m, 8H), 5.20 (dd, 1H] = 6.6 Hz, J = 3.3

The cycloadductexo3dg, endo-andexo-3fc, endo3gcwere fully Hz), 4.85 (4, 1H,J = 6.1 Hz), 4.14 (dd, 1H) = 7.3 Hz, J= 3.3 Hz),
characterized as theld-acyl derivatives. 4.08 (d, 1HJ = 7.4 Hz), 3.81 (s, 3H), 3.79 (s, 3H), 3.3G,(3H), 2.32

General Procedure for Obtaining the N-Acyl Derivatives. The (s, 3H);3C NMR (6 ppm, CDC}) 171.9, 159.3, 138.5, 131.4, 130.6,
corresponding cycloadduct (5 mmol) was dissolved inClk(50 mL), 129.4,128.6, 126.3, 114.6, 97.3, 67.6, 67.5, 55.3, 54.9, 52.6, 21.2. Anal.

treated with TFA (50 mmol), and stirred at room temperature for 5 h. Calcd for GgH2:0sN2: C, 64.84; H, 6.00; N, 7.56. Found: C, 64.45;
The volatiles were evaporated, and the product of the reaction dissolvedH, 6.00; N, 7.62.

in CH,Cl, (45 mL). This solution was treated with NEZ mmol) and (25*,35*,4R* 55%)-2-Methoxycarbonyl-3-(4-methoxyphenyl)-5-(4-
acetic anhydride (6.5 mmol) and stirred for 48 h at room temperature. methyl-phenyl)-4-nitropyrrolidine ( exo-3ec) yield 0.426 g (23%);
Then it was washed with HCL N (12.5 mL), saturated agueous mp 141-144°C; IR (KBr) 3290, 1722, 1546, 1335 émiH NMR (3
NaHCGQ; solution (12.5 mL), and water (12.5 mL). The organic layer ppm, CDC}) 7.45-6.80 (m, 8H), 5.14 (t, 1H]) = 8.1 Hz), 4.68 (,
was dried with NaSO, and evaporated under reduced pressure, and 14 J = 8.1 Hz), 4.43 (dd, 1H) = 9.1 Hz, J = 5.4 Hz), 4.31 (t, 1H,
the resulting syrup triturated in £ yielding the acetylated compound. 3= 8.4 Hz), 3.76 (s, 3H), 3.32 (s, 3H), 2.67,(LH), 2.36 (s, 3H)&C

(25*,3R*,45*,55%)-2-Methoxycarbonyl-4-nitro-3,5-diphenylpyr- NMR (6 ppm, CDC}) 172.0, 159.2, 138.6, 134.6, 129.6, 128.9, 127.6,
rolidine (endo3de): yield 0.343 g (21%); mp 128122°C; IR (KBr) 126.6, 114.0, 95.2, 67.3, 64.1, 55.1, 53.0, 51.8, 21.1. Anal. Calcd for
3314, 1735, 1545, 1370 éptH NMR (6 ppm, CDC}) 7.44-7.25 (m, CaoH20sN,: C, 64.84; H, 6.00; N, 7.56. Found: C, 64.54; H, 6.04; N,
10H), 5.27 (dd, 1HJ = 6.5 Hz, J = 3.2 Hz), 4.91 (d, 1H,J = 6.6 756
Hz), 4.21 (dd, 1H) = 7.3 Hz, J = 3.1 Hz), 4.14 (d, 1H) = 7.4 Hz), (25*,3R*,45*,55%)-1-Acetyl-5-(4-chlorophenyl)-2-methoxycarbo-

3.80 (s, 3H), 3.35 5 1H); *C NMR (0 ppm, CDC}) 171.7, 138.5, nyl-3-(4-methoxyphenyl)-4-nitropyrrolidine (acetyl derivative of
134.4, 129.2, 128.7, 128.0, 127.4, 126.4, 96.9, 67.7, 67.3, 55.3, 52.6.endoatc): overall yield fromL'f and2c0.173 g (8%): mp 226C IR
Anal. Calcd for Q8H1804N2: C, 6624, H, 557, N, 8.58. Found: C, (KBr) 1747’ 1657, 15511 1398 d‘lmlH NMR (6 ppm, CDC%) 7.68—

66.05; H, 5.46; N, 8.58. _ , 6.83 (m, 8H), 5.56 (dd, 1H] = 11.9 Hz, J= 8.5 Hz), 5.31 (d, 1HJ
_(23*,3S",4R*,58")-_2-Methoxycarbonyl-4-n|tro-3,5-d|phenylpyr- =87 HZ), 5.07 (d, 1HJ)=9.4 HZ), 4.29 (dd, 1H) =119 Hz, I=

rolidine (exo-3de) yield 0.669 g (41%); mp 113115°C; IR (KBr) 9.5 Hz), 3.77 (s, 3H), 3.40 (s, 3H), 1.67 (s, 3H8C NMR (0 ppm,

3355, 1743, 1544, 1347 dptH NMR (6 ppm, CDC}) 7.58-7.20 (m, CDCly) 171.8, 171.2, 160.6, 137.3, 130.5, 129.5, 129.0, 128.5, 123.0,

10H), 5.21 (t, 1H) = 8.0 Hz), 4.75 (@ 1H,J=8.2Hz), 450 (d, 1H, 1151, 94.2, 66.7, 645, 55.9, 52.9, 49.8, 23.4. Anal. Calcd for

J=9.0 Hz), 4.37 (t, 1H) = 7.7 Hz), 3.27 (s, 3H), 2.73 {s1H); *C Ca1H2106N-Cl: C, 58.26; H, 4.90; N, 6.47. Found: C, 57.94; H, 4.94;

NMR (& ppm, CDCH) 171.8, 137.6, 135.8, 129.0, 128.9,128.7, 128.1, .45,

%:27|—.|8’O }\I%g 6%52?1 HGZE;%?'(SI\?.%SE??’;’ ‘31?: 6’2”?(')‘_ HCaSI(;%. ’f\?r (25+,35* 4R* 55%)-1-Acetyl-5-(4-chlorophenyl)-2-methoxycarbo-
187118042t &, 06.243 1, 9.97; N, 8.96. Found: &, 6570, 1, 996, N, )3 (4-methoxy-phenyl)-4-nitropyrrolidine (acetyl derivative of

8.58. . : . Y-

(28, 3R*,4S* 55%)-2-Methoxycarbonyl-3-(4-methoxyphenyl)-4-ni- ?éol?’ cmgkgr\;e:[?!g Iellgérlonié;g nfgzggoéﬁﬁ ?\”(\?RS (/g)pg]r?l 2(1:4520113)5
tro-5-phenylpyrrol-idine ( endo3df): yield 0.289 g (17%); mp 99 7 66-6.83 (m 8H‘) 556 « 1H J =86 Hz), 5.31 (d 1H‘J — 8.4
102 °C; IR (KBr) 3317, 1738, 1545, 1373 ém'H NMR (6 ppm, Hz). 5.07 (d, 1H) = 9.4 Hz), 4.29 (. 1H.J = 10.1 Hz), 3.78 (5, 3H),
CDCly) 7.38-7.14 (m, 9H), 5.24 (dd, 1H] = 6.4 Hz, J = 3.1 Hz), 3.40 (5, 3H), 1.67 (s, 3HJC NMR (5 ppm, CDCl) 1719, 171.2,
4.89 (¢, 1H,J = 6.0 Hz), 4.16 (dd, 1H) = 7.4 Hz, J= 3.0 Hz), 41-11 160.6, 137.3, 130.5, 129.5,129.0, 128.5, 123.0, 115.1, 94.2, 66.7, 64.5,
(d, 1H,J = 7.4 Hz), 3.79 (s, 3H), 3.34 (s1H), 2.35 (s, BH)C 559 52 9 49.8, 23.4. Anal. Calcd foR@ILONCl: C, 58.26; H,

NMR (6 ppm, CDC}) 171.7, 137.8, 135.5, 134.4, 129.9, 128.6, 127.3, , 90’ N 6.47 Found- C. 57.95: H. 4.92- N. 6.38.

126.4, 97.0, 67.6, 67.3, 55.0, 52.5, 21.0. Anal. Calcd feHgO4N,: .
PO . ’ ! ! i . (25*,3R*,4S*,5S5%)-1-Acetyl-5-(4-trifluoromethylphenyl)-2-meth-
¢ (gékog SkH4§ *%3Sk;\l ’Z-Sl\./lzesghgf;cna?bo%yﬁ g?fm}ltr?y?p%eﬁyr;ism oxycarbonyl-3-(4-methoxyphenyl)-4-nitropyrrolidine (acetyl deriva-
T o . tive of endo-3gc) overall yield from1'g and2c 0.222 g (9.5%); mp
tro-5-phenylpyrrol-idine ( exo-3df): yield 0.714 g (42%); mp 136 200-204°C: IR (KBr) 1742, 1661, 1554, 1326 dgtH NMR (6 ppm
132 °C; IR (KBr) 3367, 1738, 1549, 1365 é¢m'H NMR (6 ppm, CcDCh) 7 986,84 (m. 8H) gy (,s 1H)' 512 (d, 18— 10.5 HZ)’
CDCly) 7.59-7.10 (m, 9H), 5.18 (t, 1H) = 8.0 Hz), 4.74 (d, 1H] = 5 04 ?d 1H]= 64 Hz) 3.95 (d 1H) = 6.2 HZ)' 3.1 d 1H) =
8.3 Hz), 4.47 (d, 1HJ = 9.0 Hz), 4.33 (t, 1H,J = 8.3 Hz), 3.30 (s, 6.4 Hz)’ 3 7’8 (s éH) 372 (s ?;H) 1.92 .(s SPéC .NMR’((S ppm
3H), 2.71 (5, 1H), 2.29 (s, 3H);°C NMR (0 ppm, CDCY) 172.0,137.9, o171 5 170.4. 160.0, 141.5, 128.8, 127.2, 126.7, 126.5, 121.8
137.7,132.7, 12I9.4, |lfjgf0’ 128.9,127.7, 126.9, 95.2, 67.6, 64.2, 53'5’114 53 959' ’65 7' ’62 2' 55 > '5’2 8 '4é 5 21 9 An’al (faI’cd fér’
51.8, 21.0. Anal. Calcd for gH2004N2: C, 67.03; H, 5.93; N, 8.23. L ANE. ~ ER AL AEE N AAN i . .
Found: C, 66.91: H, 5.85: N, 8.41. (Nigzgzsg)eNng. C, 56.65; H, 4.55; N, 6.00. Found: C, 56.50; H, 4.55;
(28*,3R*,45*,55%)-3-Trifluoromethylphenyl-2-methoxycarbonyl- T
4-nitro-5-phenylpyrrolidine (endo3dg): yield 0.394 g (20%); mp .
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