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Abstract: The origin of the diastereoselective alkylation of enolates of oxazolopiperidones is studied by
means of theoretical calculations and experimental assays. For the unsubstituted oxazolopiperidone, the
alkylation with methyl chloride is predicted to afford mainly the exo product, a finding further corroborated
from the analysis of the experimental outcome obtained in the reaction of the racemic oxazolopiperidone.
However, such a preference can be drastically altered by the presence of substituents attached to the
fused ring. In particular, when the angular carbon adopts an R configuration in a phenylglycinol-derived
oxazolopiperidone, the presence of a phenyl ring at position 3 forces the pseudo-planarity of the bicyclic
lactam, and the diastereoselectivity is dictated by the internal torsional strain induced in the enolate. However,
when the angular carbon adopts an S configuration, the preference for the exo alkylation stems from the
intermolecular steric hindrance between the enolate and the alkylating reagent. Interestingly, the
intramolecular hydrogen bond formed between the phenyl ring and the carbonyl oxygen in the enolate
largely reduces the difference in stability of the two TSs compared to the unsubstituted oxazolopiperidone.

Introduction

The origin of therr-facial stereoselectivity in reactions leading
to carbon-carbon bond formation through enolate alkylation
is a controversial topic in organic synthesibleyers and co-
workers noticed an impressieadoselectivity in the alkylation
of the enolate carbon in bicyclo[3.3.0]lactadysvhere the ratio
betweenendoandexoproducts was found to be $®0:1 (see
Scheme 1%.However, theendoexodiastereofacial selectivity
in structurally related bicyclic lactams has proven to be largely

dependent on both the nature of the fused ring and the presence

of substituents.For instance, alkylation of the enolates derived
from 2 and3 preferentially leads to thexoproduct. The finding
that highly selective alkylation still occurs even from monocyclic
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E., Eds.; Thieme: Stuttgart, 1996; E21, Vol. 2, pp 7945.
(2) Forreviews, see: (a) Romo, D.; Meyers, ATétrahedronl 991, 47, 9503.
(b) Meyers, A. I.; Brengel, G. RChem. Commurll997, 1. (c) Groaning,
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lactam enolategl—6 suggests that factors other than steric
considerations related to the concawenvex faces of the
enolate can play a relevant rdie.

For the enolate of imidazolidinore Seebach et al. suggested
the involvement of stereoelectronic effects based on a slight
pyramidalization of the enolafé-carbon* On the other hand,
Meyers and co-worke?gelated the diastereofacial selectivity
in 5 to the preference for an electrophilic attack anti to the
nitrogen lone pair. The competition between this latter effect

(4) (a) Tomioka, K.; Cho, Y.-S.; Sato, F.; Koga, &.Org. Chem1988 53,
4094. (b) Seebach, D.; Maetzke, T.; Petter, W.;tkéo, B.; Plattner, D.
A. J. Am. Chem. So&991, 113 1781. (c) Ezquerra, J.; Pedregal, C.; Rubio,
A.; Yruretagoyena, B.; Escribano, A.; Sehez-Ferrando, Fletrahedron
1993 49, 8665. (d) Brém-Valle, L. J.; Carrém, R.; Cruz-Almanza, R.
Tetrahedron: Asymmetr§996 7, 1010. (e) Charrler J.-D.; Duffy, J. E.
S.; Hitchcock, P. B.; Young, D. Wretrahedron Lett1998 39 2199. (f)
Maldaner, A. O PiIIi, R. ATetrahedron1999 55, 13321.
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and steric factors was later used to rationalize the diastereofacialScheme 2

selectivity in other bicyclic lactanfsln contrast to the preceding CeHs CeHs CeHs
studies, chelation of the enolate by the metal (lithium) ion has \ ™\ ™\
been considered to be the origin of the diastereofacial selectivity O, N~ /° RX O N © Oy N S°
in 5.7 Houk and co-workers, however, have rationalized the U U Ij
stereochemistry in the enolate alkylationsdfom the torsional R Ev Ef Et R” R R R
strain in the transition stafeyhich has recently received further 7 T 8 (ex0) 9 (endo)
support from the analysis of the stereoselective alkylation of

4-substitutedy-butyrolactones.’ R R, X exolendo  Ref.

Thg digstereoselective alkylation of chiral nonra_\cemic oxa- H Et I 100:0 100
zolopiperidones has been used as the key step in the enanti-
oselective synthesis of a variety of building blocks and natural H Me I 85:15 10k
produ_ctsl.? In particular, we have show_n that the enolate_s of 0 Bn Br 7723 10k
the bicyclic lactamg/, after treatment with several alkylating
reagents, afforded mixtures of two separable diastereomers with Et Me I 95:5 10i
a high stereoselectivity for thexoproducts8 (see Scheme 2). .

In contrast, the alkylation reaction @0 yielded mixtures of Et CH,COBu Br 77:23 10i
endo and exo products, where the former were the major
products.

The aim of this study is to explore the origin of the CeHg CeHs CeHs
stereoselectivity in the alkylation of the enolates derived from ™\ ™\ ™\
oxazolopiperidone and10, which to the best of our knowledge ~ Oxy-N~© R¢X O N © Oy N, ©
is the first theoretical analysis performed for six-membered ring U aR=H I/\L U
lactams. To this end, we first examine the energetic features in R b: R = Et Ri R R{ R
the alkylation of the enolate formed from the unsubstituted 10 11 (exo) 12 (endo)
oxazolopiperidond 3, which are subsequently used to explore
the influence played by the phenyl substituent in the stereo- R R, X exolendo  Ref.
chemical outcome obtained for derivativéand10. The results
are used to discuss the factors that modulate the stereoselective H Et I 32:68 10k
alkylation in these compounds and to design chemical modifica- Et Me I 24:76 10i

tions that might be used to tune the diastereoselective alkylation
in related substituted oxazolopiperidones.

Methods

Computational Details. Full geometry optimizations were performed
with the B3LYP! density functional method using the 6-B&(d) basis
set. The nature of the stationary points was verified by inspection of
the vibrational frequencies within the harmonic oscillator approximation.
Intrinsic reaction coordinate calculatidAsvere carried out to check

the connection between the transition states and the minimum energy

structures. Single-point MP2/6-315(d) and MP2/aug-cc-pVDZ cal-

Et CH,CO,Bu Br 12:88 10i

of the different species formed in the alkylation process. The suitability
of this computational scheme has been recently supported from the
results determined at different levels of theory for th@ $eaction of
lithium enolate of acetaldehyde with chloromethane, which showed that
the energetic features determined from single-point MP2 calculations
on B3LYP geometries were in close agreement to those obtained from
full MP2 geometry optimization® This strategy is also supported by

culations were subsequently performed to determine the relative energiesf)revIOUS studies of & reactions where the geometries predicted at

(5) Meyers, A. I.; Seefeld, M. A,; Lefker, B. A.; Blake, J. B. Am. Chem.
Soc 1997, 119, 4565.

(6) Meyers, A. |.; Seefeld, M. A.; Lefker, B. A.; Blake, J. F.; Williard, P. G.
J. Am. Chem. S0d 998 120, 7429.

(7) (a) Ikuta, Y.; Tomoda, STetrahedron Lett2003 44, 5931. (b) lkuta, Y.;
Tomoda, SOrg. Lett 2004 6, 189.

(8) Ando, K.; Green, N. S.; Li, Y.; Houk, K. NJ. Am. Chem. Sod999 121,
5334.

(9) Ando, K.J. Am. Chem. SoQ005 127, 3964.

(10) (a) Meyers, A. |.; Hanreich, R.; Wanner, K. J. Am. Chem. Sod 985
107, 7776. (b) Meyers, A. |.; Lefker, B. A.; Wanner, K. T.; Aitken, R. A.
J. Org. Chem1986 51, 1936. (c) Meyers, A. |.; Berney, OJ. Org. Chem.
1989 54, 4673. (d) Resek, J. E.; Meyers, ASynlett1995 145. (e) Amat,
M.; Pshenichnyi, G.; Bosch, J.; Molins, E.; Miravitlles, Tetrahedron:
Asymmetry1996 7, 3091. (f) Schwarz, J. B.; Meyers, A.J. Org. Chem
1998 63, 1619. (g) Reeder, M. R.; Meyers, A.Tetrahedron Lett1999
40, 3115. (h) Hughes, R. C.; Dvorak, C. A.; Meyers, AJl.Org. Chem.
2001, 66, 5545. (i) Amat, M.; Escolano, C.; Lozano, O.; Llor, N.; Bosch,
J. Org. Lett 2003 5, 3139. (j) Brewster, A. G.; Broady, Davies, D. E.;
Heightman, T. D.; Hermitage, S. A.; Hughes, M.; Moloney, M. G.; Woods,
G. Org. Biomol. Chem2004 2, 1031. (k) Amat, M.; Escolano, C.; Llor,
N.; Lozano, O.; Gmez-EsqugA.; Griera, R.; Bosch, JArkivoc 2005
115.

(11) (a) Becke, A. BJ. Chem. Phys1993 98, 5648. (b) Becke, A. BPhys.
Rev. A 1998 38, 3098. (c) Lee, C.; Yang, W.; Parr, R. Bhys. Re. B
1988 37, 785.

(12) (a) Gonzalez, C.; Schlegel, H. B. Chem. Phys1989 90, 2154. (b)
Gonzalez, C.; Schlegel, H. B. Phys. Chem199Q 84, 5523.
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the B3LYP level are similar to those obtained from MP2 calculatiéns.
Finally, it can be expected that the electronic influence played by the
chemical environment in the enolate of oxazolopiperidone will be
captured from calculations at the B3LYP levelhich indeed will
benefit from the expected cancellation of inaccuracies in the comparison
of the relative stability of the transition states (and products) formed
along theendo and exo alkylation reactions. For the unsubstituted
oxazolopiperidone the contribution of higher-order electron correlation
effects was estimated from CCSD/6-8G(d) calculations. Our best
estimate of the energy difference between the stationary points was
then determined by combining the relative energies computed at the
MP2/aug-cc-pVDZ level and the difference between the energies
obtained from CCSD and MP2 calculations performed with the
6-31+G(d) basis set. Zero-point, thermal, and entropic corrections
evaluated within the framework of the harmonic oscillator-rigid rotor

(13) Pratt, L. M.; Van Nguyen, N.; Ramachandran JBOrg. Chem2005 70,
4279.

(14) Glukhovtsev, M. N.; Bach, R. D.; Pross, A.; RadomQhem. Phys. Lett.
1996 260, 558.

(15) (a) Soliva, R.; Orozco, M.; Luque, F.J.Comput. Cheml997, 18, 980.
(b) De Proft, F.; Martin, J. M. L.; Geerlings, Ehem. Phys. Lett1996
250, 393.
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Scheme 3
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at 1 atm and 298 K were added to the electronic energies to estimate 14 (ex9

the free energy differences in the gas phase.

To estimate the influence of solvation, QM SCRF continuum
calculations were performed by using the B3LYP/6-31G(d) optimized
version of the MST(IEF) modéfwhich relies on the Integral Equation
formalism (IEF}’ of the polarizable continuum mod€lSince the MST
model has not been parametrized to treat solvation in tetrahydrofuran
(i.e., the solvent used in experimental assays), calculations were
performed for the solvation in water, octanol, chloroform, and carbon
tetrachloride in order to explore the effect of varying the polarity of
the solvent®1® Following the standard procedure in the MST model,

Table 1. Energy (Corrected for Zero-Point Energy; ZPE)? and
Free Energy Differences (at 298 K; kcal/mol)? of Separated
Products Formed in the Reaction of the Enolate Derived from the
Unsubstituted Oxazolopiperidone 13 with Methyl Chloride with
Regard to Separated Reactants in the Gas Phase and in Solution

gas CCl, CHCl3 octanol water
product A(E + ZPE) AG AG AG AG AG
MP2/6-3H-G(d)
—-51.8 —474 —-515 —-540 -553 581
15(end9g —51.0 —-46.4 —-505 —-53.1 -544 572
AP 0.8 1.0 1.0 0.9 0.9 1.0
MP2/aug-cc-pVDZ
14 (ex0 —53.4 —-49.0 -53.1 -556 -56.9 -59.7
15(endg —52.7 —48.2 —52.2 -548 -56.1 —58.8
AP 0.7 0.8 0.9 0.8 0.8 0.9
Best Estimate
14 (ex0 —-54.7 —50.2 —-544 -56.9 -—-582 -61.0
15(end9g —53.9 —49.3 -534 -56.0 -57.3 -60.0
AP 0.8 0.9 1.0 0.9 0.9 1.0

the free energy of solvation was computed by using the gas-phase
optimized geometrie¥. The relative stability in solution was estimated

by combining the free energy difference in the gas phase and the
differences in free energy of solvation determined from MST calcula-
tions?!

Gas-phase calculations were carried out using GaussiahNIST
calculations were performed using a locally modified version of
Gaussian-033

Experimental Procedures. All the reactions were carried out
generating the enolate of lactars10, and 13 at low temperature
(=78 °C) during 1 h using lithium bis(trimethylsilyl)amide (1 M in
THF, 1.5 equiv) as the base, followed by addition of the alkylating
reagent (2.5 equiv). The reaction mixture was then stirred%g °C
during 2 h and quenched by addition of a saturated aqueous solution
of sodium chloride. Reactions were performed using THF as the solvent.

Results and Discussion

Intrinsic Stereoselective Alkylation of the Oxazolopiperi-
done Enolate. The intrinsic stereofacial selectivity in the
alkylation of the oxazolopiperidone enolate was examined by
considering the reaction of the enolate derived from the
unsubstituted oxazolopiperidord&® with methyl chloride (see
Scheme 3). The results (see Table 1) point out that the
compound resulting from aexoalkylation (4) is favored by
near 1 kcal/mol with regard to trendoproduct (5). Moreover,
by combining gas phase results with solvation free energies,
such a difference is predicted to remain essentially unaffected
irrespective of the polarity of the solvent.

(16) (a) Bachs, M.; Luque, F. J.; Orozco, M.Comput. Chen1l994 15, 446.

(b) Curutchet, C.; Orozco, M.; Luque, F.J.Comput. Chen2001, 22,
1180. (c) Soteras, I.; Curutchet, C.; Bidon-Chanal, A.; Orozco, M.; Luque,
F. J.THEOCHEM2005 727, 29.

(17) (a) Cants, E.; Mennucci, BJ. Math. Chem1998 23, 309. (b) Cantg
E.; Mennucci, B.; Tomasi, J. Chem. Physl997 107, 3032. (c) Mennucci,

B.; Cancs, E.; Tomasi, JJ. Phys. Chem. B997 101, 10506.

(18) (a) Miertus, S.; Scrocco, E.; Tomasi,Ghem. Phys1981, 55, 117. (b)
Miertus, S.; Tomasi, JChem. Phys1982 65, 239.

(19) (a) Orozco, M.; Bachs, M.; Luque, F.J Comput. Chenl995 16, 563.

(c) Luque, F. J.; Zhang, Y.; Aleman, C.; Bachs, M.; Gao, J.; Orozco, M.
J. Phys. Cheml1996 100, 4269. (d) Luque, F. J.; Alehma C.; Bachs, M.;
Orozco, M.J. Comput. Cheml996 17, 806.

(20) Luque, F. J.; Lpez-Bes, J. M.; Cemeli, J.; Azgegui, M.; Orozco, MTheor.
Chem. Acc1997 96, 105.

(21) Since the MST model was parametrized from experimental free energies
of solvation at 298 K, the gas-phase free energy difference was also
determined at this temperature for the sake of internal consistency.

(22) Frisch, M. J. et alGaussian O3revision B.04; Gaussian, Inc.: Pittsburgh,
PA, 2003.

(23) Peterson, M.; Poirier, R. Monster Gauss; Department of Biochemistry,
University of Toronto, Canada. Version modified by Cammi, R.; Tomasi,
J. (1987) and by Curutchet, C.; Orozco, M.; Luque, F. J. (2003).

aValues determined by subtracting the (free) energy of reactants (enolate
of 13 and methyl chloride) from the (free) energy of productd 6r 15
and chloride anion) Endo — Exo. ¢ Values determined from MP2/aug-
cc-pVDZ+[CCSD-MP2/6-3#G(d)] calculations.

To verify experimentally the preference of the oxazolopip-
eridone enolate for thexoalkylation, we determined thexa
endoratio in the product mixtures obtained after the alkylation
of the racemic enolate derived frob3 with methyl iodide. The
exaendo ratio was 80:2G# which implies a free energy
difference of 0.5 kcal/mol at the temperature7@ °C) used
under experimental conditions. A similar ratio (75:25) was
obtained when the reaction was carried out in the presence of
HMPA.

The potential influence of kinetic effects in the stereoselective
alkylation of the enolate ol3 was explored by determining
the relative energy of the transition states (as well as the
prereaction and postreaction complexes) for #eddexo
alkylation with methyl chloride. The prereaction complexes
leading toendoandexo products have similar stabilities. The
distance from the carbon atom in methyl chloride (denotgd C
hereafter) to the carbon atomy)Gricinal to the carbonyl group
in the enolate was similar in the two complexes3(54 A in
theendoandexocomplexes). Moreover, a-€H---O interaction
between the carbonyl oxygen and one of the hydrogen atoms
in methyl chloride (@+H(Cy) distances of~2.12 A in endo
and exo complexes) was identified. Such an interaction was
confirmed by the existence of a bond path between O and H
atoms?®> whose electron density at the bond critical point
(poep~0.0200 au in botlendoand exospecies) lies within the
range of values reported for similar interactiéf$n contrast
to the results obtained for the prereaction complexes, the TS
for theendoattack is destabilized relative to tk&oTS by 1.7
kcal/mol at the MP2/6-31G(d) and MP2/aug-cc-pVDZ levels
and by 1.4 kcal/mol according to our best estimate obtained
after inclusion of higher-order electron correlation effects (see
Figure 1)?7 The different stability of the two transition states
is also reflected in the & Cy distance, which is 0.031 A shorter

(24) NMR was used to determine the stereochemistry of the alkylated derivatives,
taking advantage of thg-gauche shielding effect upon C8 when the
substituent at C6 adopts a pseudoaxial disposition.

(25) Bader, R. F. WChem. Re. 1991, 91, 893.

(26) (a) Kock, U.; Popelier, P. L. Al. Phys. Chenil995 99, 9747. (b) Popelier,

P. L. A.J. Phys. Chem. A998 102, 1873. (c) Cubero, E.; Orozco, M.;
Hobza, P.; Luque, F. J. Phys. Chem. A999 103 6394-6401.
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O Table 2. Free Energy Differences (at 298 K; kcal/mol) of
o /439 58.0 Prereaction Complex (pre-RC), Transition State (TS), and
2339 P 3530 ‘ Qp Postreaction Complex (post-RC) Formed in the Reaction of the
| ] e .Q‘ 09 Enolate Derived from 13 with Methyl Chloride in Gas Phase and in
— :.- et é 648 55'30 ® 520 Solution

(‘g”_ ?? c c c c solvent approach pre-RC TS post-RC
[ =
d¢ A o B L. MP2/6-31G(d)

h . 11. —55.4
waws s ac il
MP2/6-31+G(d) 11.0 13.0 ’ ’ ’
MP2/ang-cc-pVDZ 7.2 9.3 CCly exo 0.1 10.9 —58.6
best estimate 7.9 10.0 endo 0.0 12.5 —54.5
CHCl; exo 0.2 10.8 —61.5
. 4.1 q59’.1 endo 0.0 12.2 —58.1
4 L
“‘,ﬁ ﬁ‘ 25'1‘0 Q‘. e C;‘ octanol exo 0.4 10.7 -63.1
-. & : 53.0 endo 0.0 12.1 —60.2
g ¢ L 2488 120, ©
f’ O water exo 0.5 10.7 —66.8
[ & C~ CB Cpr:- cv endo 0.0 12.0 —63.9
@) MP2/aug-cc-pVDZ
gas phase exo 0.0 7.6 —56.3
Method A(E+ZPE) AG endo 0.0 9.3 —51.7
MP2/6-31+G(d) 9.4 113
MP2/aug-cc-pVDZ 5.7 7.6 CCly exo 01 7.2 —59.5
hest estimate 6.7 8.6 endo 0.0 8.8 —55.7
Figure 1. Transition structures for thendo(top) andexo(bottom) addition CHCls exo 0.2 7.1 —62.4
of methyl chloride to the enolate of oxazolopiperidof8. Energies endo 0.0 8.5 —59.3
(corrected for zero-point energy; ZPE) and free energies (at 298 K; kcal/ |
mol) determined at the MP2/6-315(d) and MP2/aug-cc-pVDZ levels and octano exg 83 g'o _24'0
the best estimate [MP2/aug-cc-pVBZCCSD-MP2)/6-33G(d)] relative endo : A4 —614
to the most stable prereaction complex are also shown, together with the  water exo 0.5 7.0 —67.7
Newman projections viewed from the directions along the-Cs and G— endo 0.0 8.3 —65.1
C, bonds.
Best Estimate
gas phase exo 0.0 8.6 —-57.2
in theexoTS (2.488 A) than in thendoTS (2.519 A). Finally, endo 0.0 10.0 —527
the postreaction complex formed through # addition is CCly exo 0.1 8.2 —60.4
around 5 kcal/mol more stable than that obtained inehdo endo 00 95 567
attack. CHCl, exo 0.2 8.1 —63.3
The Newman projection for the bond between enolate carbon endo 0.0 9.2 —603
atoms G and G and between gand G, is also shown in Figure octanol exg 0.4 8.0 —64.9
1. While there is no relevant difference in the arrangement along endo 0.0 91 —624
the G—C, bond in the two TSs, thexoTS occurs with a more water eﬁg 8'3 g-g :gg-g
eclipsed arrangement than teedoTS along the —C;s bond, endo : : :
which would be in opposition to the greater stability of e aValues determined from MP2/aug-cc-pVBECCSD-MP2/6-33G(d)]

TS. Nevertheless, the approach of the incoming methyl group calculations.

in the endoTS is sterically impeded by the repulsive contact

with the axial hydrogen at the enolatg @om (H--H distance over, the TS for theendoattack is destabilized relative to the

of 2.339 A; see Figure 1), which is shorter than the sum of van ex0 TS by 2.3 kcal/mol at 298 K from MP2/6-31G(d)

der Waals radii (2.4 A). In contrast, a similar steric hindrance computations, which compares with the relative stability of 1.7

was not observed for the approach of methyl chloride in the kcal/mol predicted from single-point MP2/6-3G(d) calcula-

exoTS. tions on the B3LYP geometries. Again, the approach of the
To verify the preceding findings, the geometries of émelo incoming methyl group in thendoTS is found to be sterically

and exo transition states were fully optimized at the MP2/6- impeded, since the distance from the axial hydrogen at the

31+G(d) level. Though the length of the forming €Cy bonds ~ enolate @ atom to the hydrogen atom in the incoming methyl

in the transition states are somewhat smaller compared to thegroup is 2.263 A (see Figure S1 in Supporting Information).

B3LYP/6-31G(d) values, the G-Cy bond length in thexo These findings, therefore, support the geometrical and energetic

TS (2.306 A) is 0.033 A shorter than that in tedoTS (2.339  trends derived from MP2/6-31G(d)/B3LYP/6-31-G(d) cal-

A), which agrees with the geometrical difference found from culations.

B3LYP/6-3H-G(d) geometry optimizations (0.031 A). More- Finally, the potential effect of solvation on thenddexo
methyl chloride alkylation of the enolate of oxazolopiperidone
(27) An alternative conformation was also found for thedo and exo TS 13was examined by Combining gas-phase results with solvation

structures formed in the addition of methyl chloride to the enolaté3of . . .
Compared to the TSs shown in Figure 1, these alternative TSs are lessfree energies. The most relevant effect of solvation is the
stable (from computations at the MP2/6-3%(d) level) and mainly differ stabilization of the postreaction complexes as the polarity of
in the larger planarity of the five-membered ring. In agreement with the L.

data shown in Figure 1, thexoattack is favored by 1.5 kcal/mol, and the  the solvent is increased (see Table 2), as expected from the
destabilization of thendoTS stems from the short contact between the i i i _
incoming methyl group and the hydrogen atom at the gamma position in f_avorable solvation of the chloride anion r_ele_ase_d upon forma
the enolate. tion of the G,-Cy bond. In contrast, there is little influence on

6584 J. AM. CHEM. SOC. = VOL. 128, NO. 20, 2006
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Table 3. Energy (Corrected for Zero-Point Energy; ZPE)? and
Free Energy Differences (at 298 K; kcal/mol)? of Separated
Products Formed in the Reaction of 7a and 10a with Methyl
Chloride Relative to Separated Reactants in the Gas Phase and in
Solution

gas CCly CHCl3 octanol water
product A(E + ZPE) AG AG AG AG AG
CompoundZa
8a(ex9 —48.3 —43.7 —49.7 -529 547 -57.3
—49.8 —452 —-512 -544 -56.2 —58.8
9a(endg —47.5 —43.0 —49.0 -522 -541 -56.6
—49.2 —-446 —50.6 —-53.8 —-557 —58.2
AP +0.8 +0.7 +0.7 +0.7 +0.6 +0.7
+0.6 +0.6 +0.6 +0.6 +0.5 +0.6
CompoundlLOa
1la(ex9 —49.2 —453 —-51.1 -542 -56.0 -58.1
—50.8 —46.9 —52.7 -558 -57.6 —59.7
12a(end9g —48.6 —448 —-50.6 —53.7 —-555 -—-57.6
—50.5 —46.6 —524 -—-555 -573 -594
AP +0.6 +0.5 +0.5 +0.5 +0.5 +0.5
+0.3 +0.3 +0.3 +0.3 +0.3 +0.3

aValues determined by subtracting the (free) energy of reactants (enolate

of 7a or 10aand methyl chloride) from the (free) energy of produ@a (
and 9a from 7a or 11a and 12a from 10a and chloride anion). Values
obtained from MP2/6-3tG(d) (plain) and MP2/aug-cc-pVDZ (italics)
calculations are giver’.Endo — Exa

o
2.322
» o o 57.8
Q- 9 990 us as QP
b N -.-".2.492 Q ‘D o4
0 ?‘0 o o 53/ psie
e d é 64.2 o
.@_ 7 2881
& s C/~=C, Ce=C,
Method AE+ZPE)  AG
MP2/6-31+G(d) 114 13.6
Mpz;aug-oc-pvnz 7.5 9.7
o
58.1
237 55 QP
‘ % . o4
2 ‘ z 552 /) ¥
fgﬂ‘. 088 2"59 O Tsis
16
C\Rf% Ce>~C, C=C
‘ o @ B ¥
Method AE+ZPE)  AG
MP2/6-31+G(d) 10.8 13.1
MP2/ang-cc-pVDZ 7.0 9.3

Figure 2. Transition structures for thendo(top) andexo(bottom) addition

of methyl chloride to the enolate of phenyl-substituted oxazolopiperidone

7a. Energies (corrected for zero-point energy; ZPE) and free energies (at

the activation free energy, and the stereoselectivity experimen-,qg K; kcal/mol) determined at the MP2/6-86(d) and MP2/aug-cc-pVDZ

tally observed in the alkylation df3in tetrahydrofuran reflects

levels relative to the most stable prereaction complex are also shown,

the preferential stabilization of the transition state leading to together with the Newman projections viewed from the directions along

the exoproduct.

In summary, the preceding results point out that the alkylation

of the unsubstituted oxazolopiperido@8 mainly affords the
exo product 14, which is predicted to be thermodynamically
more stable than thendoproductl5. Indeed, alkylation through
the exo face is favored from the differential steric hindrance
experienced by the incoming alkyl group in taedoandexo

the G,—Cs and G—C, bonds.

Though the preferential formation of thexo product in7a
arises from the same factors that modulate the stereoselective
alkylation in the parent compourtB, a notheworthy feature,
nevertheless, concerns the relative stability betwesioand
exotransition states, which is notably smaller upon attachment

faces of the enolate. These findings are in agreement with theof the phenyl substituent (0.4 kcal/mol a versus 1.7 kcal/
experimental data obtained in the alkylation of bicyclic lactams mol in 13). This effect can be explained by the formation of an

7, but differ from those observed fd0 (see Scheme 2), thus

intramolecular C-H---O interaction between one of the phenyl

suggesting that the phenyl substituent attached at position 3 ofCyino—H hydrogens and the carbonyl oxygen in #edoTS

the oxazolopiperidone unit exerts a critical role in modulating
the stereoselectivity of the process.
Effect of the Phenyl Substituent in Lactams 7 and 10.

(H---O distance of 2.681 A; see Figure 2), as noted by the
existence of a bond path linking thedfo)H and O atomsgdpcp
= 0.0072 au). However, such an interaction is lost indke

Based on the preceding considerations, it is not clear why the TS (H---O distance of 3.088 A), where no bond path was found

presence of a phenyl substituent at C3 retaineitupreference
in the alkylation of7 but leads preferentially to trendoproduct

between (Go)H and O atoms. Compared to the free enolate,
where the (Gino)H:++O distance is 2.606 Apfep, = 0.0084 au),

in 10. This question is even more challenging when one the approach of the alkylating reagent by #reloface has no

examines the relative stabilities of te@doand exo products

relevant effect on the (&no)H-+-O interaction. However, the

(see Table 3), since the latter is found to be more stable in theapproach by theexo face weakens such an intramolecular
two compounds both in the gas phase and in solution, which hydrogen bond, thus reducing the difference in stability between

suggests that thenddexopreference might be determined by
kinetic effects.

To investigate the diastereofacial selectivity in the alkylation
of 7a, we determined the TS structures for tleaddexo
alkylation with methyl chloride. The TS for thendoapproach
is destabilized by 0.5 kcal/mol relative to taroTS (see Figure
2), where the g—Cy distance (2.459 A) is 0.033 A shorter
than that in theendoTS (2.492 A). As noted for the unsubsti-
tuted oxazolopiperidon&3, the more eclipsed arrangement in

endoandexoTSs. It can, therefore, be concluded that the phenyl
ring contributes to modulating the stability of the TSs in the
alkylation reaction of7.

The TSs for the alkylation reaction dDain the gas phase
are shown in Figure 3. In contrast to the results obtained 3or
and7a, the G,—Cy distance in thendoTS (2.481 A) is around
0.01 A shorter than that in thexo TS (2.489 A), which is now
destabilized by 0.8 kcal/mol with regard to teedoTS. Indeed,
there is not a specific interaction leading to the steric destabi-

theexoTS is counterbalanced by the steric hindrance between lization of one of the two TSs, since the closest interatomic
the incoming methyl group and the axial hydrogen at the enolate distances between the incoming methyl group and the enolate

Cy atom (H--H distance of 2.322 A) in thendo TS, thus
explaining the destabilization of this latter TS.

(2.533 A with the equatorial hydrogen in;@r endoTS; 2.477
A with the hydrogen bonded at the angular carbonefos TS)
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o 10.8 Table 4. Free Energy Differences? (at 298 K; kcal/mol) of
'O Prereaction Complex (pre-RC), Transition State (TS), and
2477 5 oara 35.0 Postreaction Complex (post-RC) in Solution Formed in the
’ R ‘a‘ ’ Q Reaction of the Enolates Derived from 7a and 10a with Methyl
¢ ’ ﬁ- 13@ A O {]. Chloride
N .
s )\E! &S‘_ 0 2.489 v ‘b solvent approach pre-RC TS post-RC
$0 é ? 295 430 Compound7a
b h . 13.1 —50.
e Cab- Cp Cg"‘ C'y gas phase exo 88 8'3 72(1)2
() endo 0.5 13.6 ~50.7
d & 0.4 9.7 —52.1
Method ACE"'Z:PE) AG CC|4 exo 0.0 12.2 —54.9
MP2/6-31+G(d) 114 139 0.0 8.4 —56.0
MP2/aug-cc-pVDZ 7.4 9.9 endo 0.7 12.9 —54.3
0.6 9.0 —55.7
Q ' ’ ,‘ ;2_9 441 s CHCl; exo 88 1;.2 —ggg
) _o Q : : : —o9.
89'“0‘"’8* ‘“*5_‘.2 53322’9 R O—‘Cr’ endo 0.9 12.3 —-57.5
(! ‘2'431'.. s B ] ‘b 0.8 8.4 —-58.9
)] \ % 34 . octano exo . . —60.
L o » , 34.6 492 | 0.0 11.3 60.7
e ¢ 0.0 75 —61.8
0 Ce—C. Cr~C endo 12 11.9 ~50.6
é » © L 11 80  —610
Meihod AE+ZPE) AG water exo 0.0 11.8 —63.6
MP2/6-31+G(d) 10.5 13.1 0.0 8.0 —64.7
MP2/aug-ce-pVDZ 6.6 9.2 endo 3 e oLt
Figure 3. Transition structures for thexo(top) andendo(bottom) addition ' ' '
of methyl chloride to the enolate of phenyl-substituted oxazolopiperidone CompoundlOa
10a Energies (corrected for zero-point energy; ZPE) and free energies (at  gas phase exo 0.5 13.9 —53.7
298 K; kcal/mol) determined at the MP2/6-BG(d) and MP2/aug-cc-pVDZ 05 99 —54.5
levels relative to the most stable prereaction complex are also shown, endo 0.0 13.1 —-50.8
together with the Newman projections viewed from the directions along 0.0 9.2 —-52.8
the G,—Cs and G—C, bonds.
CCly exo 0.5 12.8 —57.4
B 0.5 8.8 —58.2
are larger than the sum of van der Waals radii. Therefore, the endo 0.0 12.0 —54.3
destabilization of theexo TS can be mainly attributed to the 0.0 8.1 —56.3
torsional strain induced by the approach of the incoming methyl  cHcl, exo 0.5 12.0 —60.6
group, which forces the enolate to adopt an eclipsed arrangement 0.5 8.0 —61.4
along the G—Cg; bond, whereas thendo approach occurs endo 8'8 1%5 :gg'g
through a more staggered conformation (see Newman projec : : :
. . . octanol exo 0.4 114 —-62.3
tions in Figure 3). 04 74 631
As noted above for the alkylation of the enolate of oxazol- endo 0.0 10.8 —59.5
opiperidonel 3, the postreaction complexes formed fr@aand 0.0 6.9 —61.5
10aare largely stabilized as the polarity of the solvent increases  water exo 0.3 12.1 —64.4
(see Table 4), this effect being slightly larger for tego 0.3 8.1 —65.2
addition. However, it does not change the general trends of the endo 8'8 l%'g :2421'2

energy profile determined in the gas phase, andetigdexo
preference is mainly guided by the intrinsic gas-phase effects 2values determined from MP2/6-315(d) (plain) and MP2/aug-cc-
related to the differential stability of the corresponding TSs, PVDZ (italics) calculations.

Wh',Ch is controlled by two different factors. In the enolate by solvation and Lt coordination was not supported by a series
derived frqm?a though thg approach by thexoface Iead's.to __of experimental results reported by Romo and Mey&wgho
a more eclipsed cpnformanon in the _eno_late, the destabilization stated that it would appear that neither the aggregation state
of the endo TS arises from the steric hindrance between the ¢ 0 enojate nor the coordination sphere about lithium plays
alkylating group and the axial hydrogen at the gosition. amajor role in the obseled selectiity.” These findings received
However, in thg enollate derived fro@Oa the gnddexo . further support from the theoretical studies recently reported
preference is mainly dictated by the torspnal strain induced in by Ando? who carried out a detailed analysis of the potential
the enolate upon.approach. of ,the alkylating reagent. . influence of solvated L cation on the stereoselective alkylation
Influence of Li™ Coordination on the Stereoselective ¢ oolates of -butyrolactones. The results were conclusive in
Alkylation of the Oxazolopiperidone Enolate.Recent studies showing that complexation with tihad a negligible effect on

have su.ggested that coordinatiqn with dmat‘?” may be the relative stability of the transition states leadingimand
responsible for the stereochemical outcome in Meyers-type oqo addition. Since the stereochemical outcome in the alky-

enolate alkylations.In fact, the hypothesis that the diastereo- |44ion of,,-hutyrolactones is determined by the different torsional
faC|a! §e|_ect|V|ty_observ_ed in these reagt|oqs might result from ¢~ in theendoand exoTSs, it is reasonable to expect that
specific interactions with a solvated ‘Lication was already

proposed in 1998 Nevertheless, the potential influence exerted (28) Durkin, K. A.; Liotta, D.J. Am. Chem. S0d99Q 112, 8162.
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9 % torsional angle of 84% and 87.8 in endo and exo TSs,
LA —=Q respectively (see Figure 4). In this conformation the bicyclic
‘_:,”_{J G000 OO g o ‘.:_,’ system deviates from a planar arrangement, as also found in
( y -% 1 the unsubstituted oxazolopiperidod8 (see above), and the
o C - o ‘-:_':- o5 ? access.ibility throug.h thendoand exo faces to an incoming
" FS alkylating reagent is no longer equivalent. Thus, though the

approach by thexoface leads to a more eclipsed conformation
Figure 4. Top view of the enolate of phenyl-substituted oxazolopiperidone i, the enolate, the destabilization of teedoTS arises from
7a (left) and10a (right) in the transition structures for addition of methyl L . .
chloride (taken from thexo TS in 7a and from theendoTS in 103). the steric hindrance between the alkylating group and the axial
hydrogen at the § position.
o o ) The results obtained for oxazolopiperidon&8 and 7a
coordination of the solvate_d tication to the enolate dfOWI|| indicate that the preferred alkylation path (i.e., éx@addition)
not affect the stereochemical outcome, because the diastereogqrresponds to the TS that exhibits the largest internal torsional
facial selectivity is also governed by similar torsional strain  gyrain, because the stereoselectivity is controlled by the larger
effects (see above). However, since the alkylation in the enolategieric hindrance between the enolate and the alkylating reagent
of 7 (and 13) is predicted to be determined by the steric , the endotransition state. The role played by steric effects in
hindrance between the enolate and the incoming alkylating yetermining the stereochemical outcome was also pointed out
reagent (see aboye), |t_|s not clear whethgr compl_e_xauon with by Houk and co-workers in their studies performed for the
a solvated L cation might affect the relative stability of the  4qgition of methyl chloride to a bicyclic pyrrolidinone lact&m.
two TSs. However, whereas in this latter case the steric hindrance comes
To analyze the potential influence of the'léoordination to from the contact between the incoming methyl group and the

the enolate, the TSs corresponding to the addition of methyl ,sed oxazolidine ring (see Figure 2 in ref 8), the steric
chloride to the enolate df3 coordinated to a L cation solvated hindrance in the alkylation df3and7acomes from the contact

by two THF molecules were determined at the B3LYP/68-Gt between the incoming methyl group and the carbon atom at
(d) level (the optimized structures are shown in Figure S2 in he ,, position relative to the carbonyl group. In other words,
Supporting Information). Compared to the results shown in \ypije in [3.3.0] lactams the steric hindrance in the alkylation
Figure 1, the length of the forming,& Cw bonds in the tWo  eaction involves the adjacent ring, in [4.3.0] lactams it comes
TSs are shortened by around 0.14 A. Nevertheless, ihedG precisely from the ring that undergoes the alkylation. This is a
bond length in theexo TS (2.371 A)is 0.021 A shorter than  consequence of the less flexible, more crowded nature of [3.3.0]
thatin theendoTs (2.350 A), which agrees with the geometrical  gystems compared to [4.3.0] systems and clearly indicates that
difference found from B3LYP/6-3£G(d) geometry optimiza-  the origin of the stereoselecvity, though determined by steric
tions for the attack of methyl chloride to the enolatel 8{0.031 effects in both cases, is completely different.
A; see Figure 1). Moreover, the intermolecular#l distance The results presented here explain why reversion of the
between the hydrogen atoms bonded at the enolgt@i@m  chjrality of the angular carbon leads to a complete change in
and the incoming methyl group amounts to 2.392 /3\ which he stereoselectivity of the alkylation of compourydand 10.
compares with the H-H distance of 2.339 A found in the  This can be realized by the fact that the alkylation is governed
absence of the solvatedLtation (see Figure 1). Finally, the  py intramolecular torsional strain of the enolate in one cagk (
endoTS is destabilized by 1.2 kcal/mol at 298 K relative to the ;¢ by the intermolecular hindrance between the enolate and
exoTS, which compares with the 1.7 kcal/mol destabilization ¢ alkylating agent in the otheF)( Indeed, such a change is
reported in Figure 1, and the relative stability of the two TS critically dependent on the orientation adopted by the phenyl
was indeed little affected upon addition of the free energies of group attached at position 3, thus revealing a completely
solvation determined from MST calculations in carbon tetra- unexpected role for a substituent thagjsparently aparfrom
chloride, chloroform, octanol, and water. Therefore, these e alkylation position.
findings suggest that coordination of a solvated Lation to Finally, the results also provide clues to designing chemical
the enolate does not play a crucial role in modulating the mqgifications to alter the facial stereoselectivity T This
stereochemical outcome of the reaction. o synthetic approach would take advantage of the intramolecular
What ConFroIs the Diastereoselective AIkyIatlorl in the hydrogen bond formed between the phenyl ring and the carbonyl
Enolates denved_ fro_m 7 _and 107n the enolate derived from oxygen in the enolate &, which largely reduces the difference
104, the phenyl ring is oriented so that one of treho carbon in stability of the two transition states compared to the unsub-
atoms adopts aynarrangement relative to the nitrogen atom  ityted oxazolopiperidone. Therefore, it is reasonable to expect
(Corth-C—Cs—N torsion of—32.4 and—36.1" in endoandexo ¢ strengthening such a hydrogen bond (for instance, through
TSs, respectively; see Figure 4). In this arrangement the bicyclic the jntroduction of adequate electron-withdrawing substituents
system is roughly planar, and teeddexopreference is mainly  op the phenyl ring) might further destabilize tego TS and
dictated by the torsional strain induced in the enolate upon gyentually modify the stereoselectivity of the alkylation. These
approach of the alkylating reagent. The stereoselectivity in the findings, therefore, can open the way to designing molecular

alkylation is, therefore, governed by factors similar to those mechanisms that might be used to modulate the diastereose-
identified in the alkylation of enolates in related five-membered |ective alkylation in substituted oxazolopiperidones.

ring lactam8 and lactone$.In compound7a, nevertheless, the
configuration of the angular carbon impedes the phenyl ring to
protrude into theendoface. Accordingly, this lactam must adopt The differences observed experimentally in the diastereose-
a different conformation characterized by @qte—C—C—N lective alkylation of the phenyl-substituted oxazolopiperidones

Conclusions
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7 and10 can be rationalized from the delicate balance between FEDER (SAF2002-04282 and BQU2003-00505), and the Centre
several effects, whose magnitude can ultimately be ascribed tode Supercomputacide Catalunya. Thanks are also due to the
the influence exerted by the phenyl substituent at position 3. DURSI, Generalitat de Catalunya, for Grant 2005SGR-0603 and
When the angular carbon adopts Rrconfiguration (0), the to the Ministry of Education and Science for fellowships to I.S.
phenyl ring forces th@seudeplanarity of the bicyclic lactam and O.L.

and the diastereoselectivity is dictated by the internal torsional

strain induced in the enolate. However, when the angular carbon ~ Supporting Information Available: Complete ref 22, graphi-
adopts anS configuration ), the preference for thexo cal representation of the transition states for the attack of methyl
alkylation is dictated by the intermolecular steric hindrance chloride to the enolate of3 (MP2/6-3HG(d) level) and to
between the enolate and the alkylating reagent, although thethe enolate coordinated tot(THF), (B3LYP/6-31+G(d) level),
origin of this steric hindrance is different from that of five- and the B3LYP/6-3+G(d) geometries and energies of the
membered [3.3.0] lactams. separated reactants and products as well as of the stationary
points for the reaction of enolates derived frd/® 7, and 10

with methyl chloride. This material is available free of charge
via the Internet at http://pubs.acs.org.
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