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Summary: Investigation into the selectivity observed in
the synthesis of 15-methylcarbapenems was carried out
by examining (1) the rotational barrier between the two
possible ketene acetal conformations A and B and (2) the
protonation of ketene acetal 3 to the mono acid product
2, using the MNDO Hamiltonian.

The discovery that a 15-methyl substituent imparted
enhanced chemical and metabolic stability to carbapenem
antibiotics! catalyzed the search for efficient and stereo-
selective methods for their preparation.?2 Recently, Choi
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et al .3 reported a novel synthesis of 2, a key intermediate
used in many approaches for preparing carbapenem
antibiotics. In this approach malonate derivative 1
undergoes an acid catalyzed decarboxylation, resulting
in the efficient formation of 2 in a 94:6 ratio of 8:0. isomers
(see Scheme 1). 13C-labeling studies* of the diacid 1
showed that only one of the carboxylic acid groups is lost,
thus providing evidence for an unprecedented diastereo-
selective malonate decarboxylation reaction.

At the outset of this project the observed stereoselec-
tivity was rationalized by postulating the following
sequence of events: (a) a diastereoselective decarboxyl-
ation from conformation C1 (in which the COs; is lost from
the less-hindered, back face of C1, away from the N-silyl
group) resulting in the formation of ketene acetal 8 in
conformation A and (b) a stereoselective protonation of
3 in conformation A from its less-hindered back face.
Conformation A of 3 was thought to be preferred over
the other likely alternative, conformation B, because the
latter suffered unfavorable A, s-interactions between the
ketene acetal hydroxyl group and the C3 methine proton.
This postulate was corroborated using semiempirical
molecular orbital calculations (MOPAC 5.0° employing
the AM1 Hamiltonian®) which indicated that conforma-
tions A and B corresponded to the two lowest energy
minima on the conformational surface (AH;’ for A and B
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are ~253.31 and —252.87 kcal/mol, respectively).” Thus,
the hypothesis that a diastereoselective decarboxylation
produced ketene acetal 3 in its most favored conformation
(i.e., A) and that this intermediate was rapidly protonated
from the face opposite to the bulky N-(trialkylsilyl) group
appeared to be quite reasonable. '

The objective of the present study was to continue to
use semiempirical calculations to further investigate the
proposed rationale.? In particular, we wished to examine
(1) the rotational barrier between the two possible ketene
acetal conformations A and B and (2) the protonation of
ketene acetal 3 to the mono acid product 2.

By means of a dihedral driver calculation, we were able
to evaluate the rotational barrier between the two ketene
acetal conformations A and B. The barrier to rotation
between the two conformations was low (approximately
5 kcal/mol) implying that, at the reaction temperature
of 80 °C, there should be facile interconversion among
all the accessible conformations. Thus, unless decarbox-
ylation and protonation occurred in a cage process, the
conformation in which the ketene acetal 8 was initially
formed should have no bearing on the ultimate product
diastereoselectivity (the Curtin—Hammett principle).

In order to evaluate the protonation of the ketene
acetal, we first examined a model system in which the
B-lactam ring was replaced with a methyl group, thus
allowing us to minimize the amount of CPU time needed
to examine the viability of this approach. The protona-
tion reaction surface for this model system was generated
using a hydronium ion as a surrogate for the experimen-
tally-used proton source, formic acid. Explicit location
of the transition state was not achieved. Graphical
examination of the saddle point region of the reaction
surface indicated that the interactions which were oc-
curring between the hydronium ion and the hydroxyl
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Table 1. Results of the Model Protonation Study

AH? AHP
starting transition
material state® Ep
Intermolecular processe —130.78 -124.07 6.71
Intramolecular process? -130.78 —64.19 66.59

@ f-Lactam ring replaced with Me group. ® Units of keal/mol.
¢ H30* ion and 2H;0 molecules used as the proton source. ¢ HzO*
ion and 2H;0 molecules included in the system for direct com-
parison with the intermolecular process.

Table 2. Results of a Study on the Protonation of 47
AH¢ AH{

starting transition dipole

material stated moment® Eg

A (B-face protonation) -198.80 —171.26 12.15 27.54
A (o-face protonation) -198.80 —169.48 14.66  29.32
B (B-face protonation) -198.43 —173.77 8.80 24.66
B (a-face protonation) -198.43 -167.30 1444  31.13

@ To eliminate rotamer problems, the experimentally-used TB-
DMS protecting group was replaced with a TMS group. ¢ In kcal/
mol. ¢ In D.

conformation

groups of the ketene acetal were probably an artifact
resulting from the lack of solvent molecules in the
system. Since these interactions were probably respon-
sible for the problems experienced locating the protona-
tion transition state, the hydronium ion was solvated
with two molecules of water and generation of the model
protonation reaction surface was repeated. Using this
approach, the transition state was located with verifica-
tion provided by the presence of one negative force
constant (see Table 1).

Although the intermolecular protonation transition
state which was located appeared to be quite reasonable,
we thought it was important to also evaluate the in-
tramolecular protonation (i.e., a 1,3-H-ghift from one of
the ketene acetal hydroxy groups to the carbon of the
double bond being protonated) even though this process
is symmetry forbidden in the suprafacial mode. Inves-
tigation of the 1,3-H-shift reaction surface for the model
system and explicit transition-state location made com-
parison of these inter- and intramolecular protonation
processes possible (see Table 1). With the intramolecular
process activation energy approximately 60 kcal/mol
higher than its intermolecular counterpart, the energeti-
cally unfavorable 1,3-H-shift could be eliminated from
further consideration.

The knowledge gained from the hydrated protonation
study of the model system enabled us to easily locate the
four possible protonation transition states for 4, a simpli-
fied analogue of 3 in which the side chain was removed
(see Table 2).” The theoretical rate constants for pro-
tonation of each of the located transition states were
determined by evaluating calculated partition functions
in accord with transition-state theory.® The theoretical
B:a ratio (93.4:6.6 at 80 °C) calculated using these rate
constants was in excellent agreement with the experi-
mental result (8:a = 94:6).

To our surprise, the most energetically favorable
transition state proved to be the one which involved
protonation of conformation B from the f-face (see Figure
1), a result which was at variance with our original
postulate. Graphical examination showed that the A, 3
strain, predicted from analysis of the conformational
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4, conformation A (B-face),
Ea = 27.54 kcal/mole

4, conformation A (o-face),
Eq = 29.32 kcal/mole

4, conformation B (a-face),
Eg = 31.13 kcal/mole

4, conformation B (B-face),
E, = 24.66 kcal/mole

Figure 1.

surface of the starting ketene acetal 8, had been sub-
stantially relieved in the actual transition state 4 by a
combination of subtle geometric changes including the
pyramidilization of the methyl-substituted carbon of the
ketene acetal, as well as changes in various bond and
dihedral angles. Indeed, in each of the four alternative
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transition states we have been unable to identify any
obvious energetically-unfavorable interactions which can
adequately account for the differences observed.- How-
ever, an interesting correlation does exist between the
magnitude of the dipole moment of the transition state
in question and its activation energy (see Table 2),
suggesting that the minimization of dipolar interactions
in the transition state plays an important role in deter-
mining the observed diastereoselectivity.

Thus, we conclude that, due to the lack of any signifi-
cant rotational barrier among the accessible ketene acetal
conformations, it is the facially-selective protonation of
the intermediate ketene acetal 3 that controls the final
B.o. product ratio observed. The diastereoselectivity of
the decarboxylation step, while intriguing, actually plays
no role in determining the ultimate reaction selectivity.
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