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Abstract: The stereoselective conjugate additions of alkenyl and butadienylphosphonates to
lithiated bislactim ethers have been studied at the semiempirical level. In the gas phase, an initial
lithium-phosphoryl coordination to form a disolvated chelate complex without energy barrier is
followed by the rate-determining reorganization through competitive eight-membered cyclic
transition structures. A compact vs. relaxed transition state model reproduces the sense and
degree of the experimental stereoselection. Copyright © 1996 Elsevier Science Ltd

2- Amino-4-phosphonobutanoic acid (AP4) derivatives have become interesting compounds due to their
selective affinity to excitatory amino acid receptors in the central nervous system ! and their isosterism with
biologically significant phosphorylated amino acids 2. Thus, we have recently developed a new stereoselective
approach to AP4 derivatives by using a highly face-selective Michael addition of alkenylphosphonates to a chiral
glycine enolate in the key step of the synthesis.3 The stereochemical outcome of this reaction was found to be
dependent on the configuration of the acceptor, as was previously observed with other conjugate additions to
stereodefined enolates. In this manner, the addition of lithiated bislactim ethers to E or Z alkenylphosphonates
leads to anti or syn adducts with a higher diastereomeric excess than that observed in corresponding additions to
2-alkenoates?. In pursuance of extending the applicability of alkenylphosphonates and related compounds in
asymmetric synthesis, we describe herein a theoretical study of the possible reaction pathway associated with
these stereoselective additions of lithiated Schollkopf’s bislactim ethers to alkenyl and butadienylphosphonates.

By analogy with the Zimmermann-Traxler model for aldol additions, Heathcock and Oare have suggested
that the stereochemical course of enolate Michael additions to o,B-unsaturated carbonyl compounds can be
rationalized assuming the participation of cyclic, rate-determining transition structures (TSs).5 Bernardi et al.
have studied this hypothesis by ab initio methods, and have verified that eight-membered TSs account for the
experimental results.® Based on these precedents, the reaction between the lithium enolate 1 and the
alkenylphosphonates 2a,b should involve an initial phosphoryl-lithium coordination to form the stable chelate
complexes 3a,b (see Scheme 1). Subsequently, reorganization of these intermediates through competing eight-
membered TSs would initially afford the phosphonate carbanions 4a,b and 5. According to such a model, the
diastereoselective formation of 4a,b would be determined by the energy difference between the possible cyclic
TSs resulting from the enolate attack (anfi to the isopropyl group) to each of the prochiral faces at the p-carbon of
the alkenylphosphonate. As the stereochemical outcome of the addition to £ and Z alkenylphosphonates
complement each other, the reaction must always take place on the same side of the alkene moiety (5i and Re
faces of the -carbon in 2a and 2b, respectively), and thus, both processes could be rationalized considering a
unique, general model for the TSs.
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As application of ab initio methods to a problem of this size would be prohibitive in terms of
computational effort, in this exploratory scanning of the reaction possibilities we have used both MNDO and
PM3 semiempirical methods.” MNDO has proven to be reliable for studying large organolithium compounds, in
spite of its well known shortcomings,8 while PM3, although tested on relative few systems, appears to improve
calculation of hypervalent molecules and also to be particularly suited for mechanistic studies on lithium amides
and phosphonates 2. In order to speed up the calculations without compromising the reliability of the data
generated, we have chosen the simpler prototypes A-C(6+7), as minimal molecular models sustaining the
intrinsic potentialities of the real systems (see figure 1). Enolates were considered to react as monomers,
assumed complete dissociaton of the possible oligomeric clusters in strong donor solvent.19 Thus, water
molecules were used to mimic the ethereal solvent coordinated to lithium.
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In the gas phasell for case A, the first step of the addition corresponds to the formation of a stable chelate
complex without energy barrier. Thus, approaching the phosphoryl oxygen to the lithium atom of the disolvated
monomeric enolate results in a continuous stabilization of the system, to give the disolvated chelate A8 as the
first stationary point (see scheme 2).13 Low energy conformations with either s-cis or s-trans configuration on
the alkenylphosphonate were accesible for this adduct,14 and thus, both of them were taken into consideration
for the TSs location. To define the potencial energy profile for the rearrangement, the distance between the o-
carbon of enolate and the B-carbon of alkenylphosphonate was used as the reaction coordinate, and was held
constant between 1.8 and 2.8 A, while the remaining parameters were optimized. Full optimization of the
geometries with maximum energy with respect to the formation of the CC bond resulted in only two different
TSs, A9 and A10, consequence of the enolate addition on each of the faces of the acceptor double bond. Both
geometries show a synclinal conformation on the acceptor moiety,!5 with a high CCPO torsional angle (ca.
75°), suggesting an effective stabilization of the forming phosphonate carbanion by negative hyperconjugation
(nc-o*p=0 interaction).?»16 Thus, the two competing TSs clearly differ in the sense of the synclinal
arrangement around the forming CC bond. The lower energy structure A9 (CCCC dihedral ca. +60°), resembles
the compact approach proposed by Sevin in enamine Michael additions,!? while A10 (CCCC dihedral ca.
-30°), with a relaxed acceptor/pirazine interaction, is related to the sterically disfavoured models considered by
Heactcock in the additions to enones.5 Although the TSs calculated at MNDO and PM3 levels were found to be
very similar, the PM3 structures show a better correlation with previous theoretical calculations and experimental
determinations for related lithium amides and phosphonate carbanioms.® PM3 method clearly improves the
bonding/binding lithium-heteroatom interactions, giving rise to a tighter chelation that may explain the higher
difference between the activation energies for the competing TSs. As the sense of the n-face selectivity observed
in the additions to stereogenic alkenylphosphonates can only be rationalized by evoking a compact approach
involving the most stable TS A9, the proposed semiempirical model adequately accounts for the experimental
trend. Moreover, assuming a Boltzmann distribution at the reaction temperature, the difference of activation free
energy bgtween the competing compact and relaxed TSs is in agreement with the observed diastereomeric
excess.1

Scheme 2. PM3 optimized structures for the chelate complex and the compact and relaxed TSs of case A.
(distances in Angstroms; d, dihedral CCPO in degrees; MNDO valugs in parentheses)
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Based on the results obtained for case A, we decided to check the applicability of the TS model to the
simulation of substituted systems. For case B, with a substituted enolate, the reorganization of the
corresponding chelate complex by approaching the B-acceptor to the Re and Si faces of the enolate (reproducing
the anti and syn attack with respect to the isopropyl group), led to the location of the protrans-B11 and procis-
B12 structures as the most favorable TSs (see scheme 3). Thus, the introduction of the isopropyl group into the
bislactim prototype does not alter significantly either the geometrical features or the activation energies
characteristic of the compact vs. relaxed TS model.18:1? The energy gap between the optimized diastereomeric
TSs B11 and B12 (AAH* > 3.0 Kcal/mol) conveniently correlates with the exceptionally high face-selectivity
showed by the lithiated bislactim ethers in Michael additions.

Scheme 3. PM3 optimized structures for the protrans and procis TSs of case B.
(distances in Angstroms; d, dihedral CCPO in degrees; MNDO values in parentheses)
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The modelling of case C, which introduces as new feature the vinyl substituent on the acceptor, allows
the sensitivity of the TS model upon a substitution on the alkenylphosphonate to be checked, and also more
insight on the origins of the high regioselection in the conjugated additions to butadienylphosphonates to be
gained.3d In this case, after the global minima for the chelate complex was found and the energy profiles for all
the possible approaches of either the - and the 3-positions of the butadienylphosphonate moiety to the o~
position of the enolate were analyzed, full optimization of the geometries at energy maxima enabled the location
of prol,4-C13, prol,6E-C14 and prol,6Z-C15 (see figure 2) as the most favorable TSs.20 While C13 does
not introduce new structural characteristics with respect to cases A and B,1? both C14 and C15 increase
C=CNLi dihedral (from 115°, typical of 1,4-addition TSs, to ca. 150°) to cope with the larger size of the
acceptor. In agreement with the experimental trend, MNDO and PM3 calculations clearly indicate a strong
kinetic preference for the 1,6-addition process, and also support the previously proposed E configuration in the
major 1,6-adduct.3d:18

Figure 2. PM3 optimized structures for the compact prol,4, prol,6E and prol,6Z TSs of case C.
(distances in Angstroms; d, dihedral CCNLI in degrees; MNDO values in parentheses)
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In conclusion, the semiempirically optimized compact vs. relaxed transition state model reproduces both
the sense and degree of the experimental stereoselection in the conjugate additions of alkenyl and
butadienylphosphonates to lithiated bislactim ethers, and therefore proves to be a useful tool to investigate the
possibilities of these Michael additions in asymmetric synthesis.
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MNDO PM3 MNDO PM3

AH°f AHot n;(vi)  AH* AAGH*gs AHCt ARt m;(v;)  AHF AAGH* g5
A(6+7) -353.32 -358.45 0 B11 -347.39 -373.86 1(-398.1) 13.43 0.00
A8 -363.35  -376.25 ] B12 -34368 -370.81 1(-378.0) 16.48 3.14
A9 -343.98  -362.32 1(-389.7) 13.93 0.00 C13 -32242 -343.05 1(-367.5) 19.53 5.14
A10 -34324  -360.91 1(-384.7) 15.3¢ 1.71 C14 -327.28 -348.40 1(-488.0) 12.86 0.00

C15 -326.49 -346.80 1(-502.2) 14.53 1.41

Comparison of the heavy atom positions (at the PM3 optimized geometries) for couples B11/A9, Brelaxed,preanti(not
shown in Scheme 2)/A10, C13/A9 and Crelaxed,prol,4(not shown in Fig. 2)/A10 results in a RMS deviation of
0.094, 0.069, 0.057, and 0.076 A respectively. The compact approaches B11 and C13 are also favored over the
corresponding refaxed ones: according to PM3 method, for case B AAH*(relaxed-compact)protrans = 1.81 Kcal/mol, while for
case C AAH”(rela.xed-compact)prolA = 1.10 Kcal/mol,

The relaxed approaches for case C yielded in all the cases TSs of higher energy. It should be noted that the energy gap
between the located compact and relaxed TSs for the 1,6-addition processes { AAH¥(relaxed-compact)prol,6 = 1.48 Kcal/mol
(PM3)] indicates a useful level of facial discrimination. In agreement with this computational based prediction, preliminary
experiments in this laboratory have revealed the additions of lithiated bislactim ethers to stereogenic 1E,3E- and 1Z,3E-
butadienylphosphonates as very promising stereoselective processes. :
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