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A theoretical B3LYP/6-3+G* study of the ozonolysis of 3-methoxy-4-methy#{ethylideneamino)-2-
azetidinone in dichloromethane at 195.15 K, and of the reduction of the corresponding ozonide wvitin BH

EtOH/H,O 1:1 at 273.15 K to yield methyl 1-propenyl ether, renders three reaction paths proceeding under
the energy level corresponding to reactants in accordance with the exceptionally mild reaction conditions

experimentally found. Two of these paths leadtmethyl 1-propenyl ether with retention of stereochemistry
whereas the other one giv&smethyl 1-propenyl ether. These theoretical results predict a high level of

stereoselectivity in agreement with the experimental values obtained for the synthesis of vinyl ethers from

the reaction olN-[(arylidene or alkylidene)amino]-2-azetidinones with ozone.

Introduction experimentally found is obtained. We will take into account

. . . ) i the effect of solvent in our investigation.
In addition to its use in the synthesis of a varietysdfctam

antibiotics, thes-lactam ring is a powerful synthetic building
block!* Opening of the 2-azetidinone ring can be achieved
by cleavage of any of the single bonds constituting it. The
fragmentation process d-(arylideneamino)- oN-(alkylide-
neamino)B-lactams 1, through the electrophilic attack of ozone
yielding vinyl ethers2 stereoselectively has been reported (see
Scheme 1%:8 It has been proposed that this process would take
place through the electrophilic addition of ozone to form an
ozonide intermediat8. Decomposition ofozonide3 by the
action of NaBH could result in the loss of the group attached
to the exocyclic nitrogen alcohol and rearrangement to the
intermediate4, which in turn evolves to intermediafeby loss

of molecular nitrogen. Alternatively, ozonidmay evolve to
N-nitrosof-lactam6 by the effect of NaBH. Intermediatet
could yield the final products either by concerted cycloreversion
or via hexacyclic intermediat by attack of the oxygen to the . . ;
lactam carbonyl followed by cleavage of the amide bond of 1> USiNg the4GonzaIez and Schiegel metfiauiplemented in

the former f-lactam ring. Vinyl ethers are obtained with Gaussian 98

moderate to excellerf/E selectivities, reflecting the starting Thermodynamic dataH, AS andAG were computed using
2-azetidinone with important percentages of retention. The goodthe B3LYP/6-3%-G* frequencies within the ideal gas, rigid
selectivity obtained, which allowed preparing predominantly one rotor, and harmonic oscillator approximatiéhat 1 atm and

of the two isomers across the double bond of the enol ether by 195.15 K for the ozonolysis process, and at 1 atm and 273.15
selecting the adequate isomer of the starting 2-azetidinone,K for the reduction of the ozonide following experimental
makes this process an interesting alternative to other syntheticconditions.

methods for enol ethers. This partial to moderate loss of To take into account the effect of solvent, we used a self-

stereochemical integrity of the startinglactam has led to  consistent-reaction-field (SCRF) model proposed for quantum
proposing that enol ethers were not formed through a concertedchemical computations on solvated molecdfed® The solvent

Methods

Quantum chemical computations were performed using the
Gaussian 98 series of programwith the hybrid density
functional B3LYP method, which combines Becke’s three-
parameter nonlocal hybrid exchange potential with the nonlocal
correlation functional of Lee, Yang, and Parr. The geometries
of stable species and transition states (TSs) were fully optimized
using the 6-33-G* basis sétand Schlegel’s algorithif. This
theory level seems adequate to study ozonolysis reacfidis.
Harmonic vibrational frequencies were also calculated at this
same theory level to characterize the critical points located and
to evaluate the zero-point vibrational energy (ZPVE). B3LYP/
6-31+G* intrinsic reaction coordinate (IRC) calculations starting
at each saddle point verified the two minima connected by that

pathway. is represented by a dielectric continuum characterized by its
In the present work we undertake a theoretical study of the relative static dielectric permittivity,. The solute, which is
ozonolysis olN-[(methylethylene)amino]-2-azetidinon&) (and placed in a cavity created in the continuum after spending some
the reduction of the ozonid&to give the vinyl ethe, trying cavitation energy, polarizes the continuum, which in turn creates
to disclose the mechanism through which #/€& selectivity an electric field inside the cavity. This interaction can be taken
into account by using quantum chemical methods by minimizing
* Corresponding author. E-mail: tsordo@correo.uniovi.es. the electronic energy of the solute plus the Gibbs energy change
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corresponding to the solvation process that is given by the intermediate M2 14.8 kcal/mol more stable than reactants.
Finally, M2 yields the Criegee intermediafdsiitrosos-lactam,
= _1 : M3, and carbonyl oxide, 37.6 kcal/mol more stable than it,
AG:solvatlon Elnt . . .. .
2 without any energy barrier (a transition state TS23 is located

for this process in electronic energy in the gas phase but
disappears when taking into account the ZPVE correction; see
Tables 1 and 2). The Criegee intermediates can react with each
Ent = D VelR)Z, = — JVelr) p(r) dr other in two different ways. In the first one the carbony! oxide
a cycloadds to the KO bond in theN-nitrosof-lactam to give

the ozonide M4 through the transition state TS34 with an energy
barrier of 25.4 kcal/mol. In the second one the carbonyl oxide
cycloadds without energy barrier to the carbonyl group in the
N-nitrosof3-lactam to form the ozonide M7, which is 5.9 kcal/
mol below the Criegee intermediates. It is interesting to note
that the ozonide appearing in the mechanism previously

whereE;y is the solute-solvent electrostatic interaction energy:

In this equation\/e is the electrostatic potential created by the
polarized continuum in the cavitR,, andZ, are the position
vector and charge of the nucleus respectively, ang(r) is

the electronic charge density at pomtThe factor—/, arises

in the Gibbs energy from the fact that the positive work required
to polarize the medium is exactly one-half the value of the L : .
interaction energy in the linear response approximation. Addition proposed, M4, cannot kmeucall_y compete with the ozonide M7
to AGgas-phase Of the solvation Gibbs energy, evaluated by located tr!rough geometr)./ opnrmzanon. .
neglecting the change in the relative value of the thermal Reduction of the Ozonides with NaBH. The ozonide M4
corrections when going from a vacuum to the solution, gives Would evolve by reaction with NaBlielding the intermediate
AGsoution Within the different approaches that can be followed M5 + HsC—CH—-OH™ + BHjs through cleavage of the €0

to calculate the electrostatic potentid), we have employed  bond by attack of H to the endo oxygen atom of the carbonyl
the united atom HartreeFock (UAHF) parametrization of the ~ dioxide moiety. This cleavage takes place without energy barrier
PCM1215 taking into account electrostatic solutsolvent according to our calculations. Barrierless addition ofzBbl
interactions. The solvation Gibbs energiaGsovaion alongthe  the oxygen atom of the NOmoiety endo with respect to the
reaction coordinate were evaluated from single-point PCM- carbonyl group would lead to the adduct M6, which in turn
UAHF calculations on the gas-phase optimized geometries. would evolve through the transition state TS63 30.4 kcal/mol
Relative permittivities of 8.93 and 51.47 have been used to above it to render th&l-nitrosof-lactam M3+ HOBH, 66.8
simulate dichloromethane and EtOH®11:1 employed in the  kcal/mol more stable than M6. From M3 we located several
experimental work for the ozonolysis and the reduction pro- routes, some of them previously propo$éehding to vinyl ether

cesses, respectively. but these paths proceed through energy barriers of more than
40 kcal/mol and consequently are not competitive with those
Results and Discussion found from M9 (see below).

Parts a and b of Figure 1 display the Gibbs energy profiles ~ The interaction of NaBl with ozonide M7 vyields the

in solution for the ozonolysis df-[(methylethylene)amino]-2-  intermediate M8+ BHs 72.4 kcal/mol under M7+ BH4~
azetidinone and for the reduction of the corresponding ozonide through H™ attack to the exo oxygen atom of the carbonyl
to yield vinyl ether, respectively. Parts a and b of Figure 2 show dioxide moiety. Rotation of the NN—O moiety about the Nt

the optimized geometries of the critical structures located along C4 bond renders M9 through the TS TS89, which presents no
the reaction coordinate for ozonolysis and reduction, respec-€energy barrier in solution. Extrusion of GEHOH~ from M9
tively. Tables 1 and 2 present the relative electronic energies,leads to the intermediate M10 with a monotonic increase of
ZPVEs and Gibbs energies both in the gas phase and in solutiorGibbs energy of 4.0 kcal/mol. M10 can evolve through TS1011
corresponding to the two above-mentioned processes. Excepto give the intermediate M11 6.4 kcal/mol more stable than it
otherwise stated, we will give in the text the relative Gibbs or through TS10P2 for extrusion ofMdnd CQ to yield Z-vinyl

energies in solution. ether. TS1011 and TS10P2 present an electronic energy barrier
Ozonolysis of 3-Methoxy-4-methyIN-[(methylethylene)- of 8.6 and 4.8 kcal/mol, respectively, but disappear in solution.
amino]-2-azetidinone.The interaction of @with 3-methoxy- M11 can evolve along two different routes. The first one

4-methylN-methylethyleneamino-2-azetidinone leads to the corresponds to a double extrusion process through the TS
formation of the primary ozonide M1 11.8 kcal/mol more stable TS11P1 with an energy barrier of 6.4 kcal/mol to give E1 (
than the separate reactants in a barrierless process. M1 evolvesinyl ether+ CO, + Ny) 77.1 kcal/mol under M11. At TS11P1
through TS12 for the breaking the<® bond closer to the  a rotation about the C3C4 bond takes place, preparing the
fS-lactam ring with an energy barrier of 0.9 kcal/mol to give formation ofE-vinyl ether, and the C2C3 bond has elongated
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Figure 1. (a) BBLYP/6-31_+G* Gibbs energy profile in solution (PCM-UAHF) in kcal/mol for the formation of ozonides in the ozonolysis of

3-metoxy-4-methyN-(ethylideneamino)-2-azetidinone. (b) B3LYP/643G* Gibbs energy profile in solution (PCM-UAHF) in kcal/mol for the
reduction steps of ozonolysis of 3-methoxy-4-methy(ethylideneamino)-2-azetidinone.

up to 1.632 A for CQ extrusion. The second route proceeds

Comparison with Experiment. The most favorable route

through the TS TS11P2 with an energy barrier of 1.6 kcal/mol located on the B3LYP/6-3&tG* potential energy surface

for the extrusion of M and CQ, giving rise toZ-vinyl ether

(P2).

proceeding through the ozonide M7 allows us to rationalize the

experimental facts previously reported, particularlyZfe-vinyl
At TS11P2 the C4N1 and C2-C3 bonds have a value of [

ether ratio obtained experimentally. In effect, the Gibbs energy

1.901 and 1.666 A, respectively, preparing the extrusionof N profile in solution for the process is under the energy level

and CQ.

corresponding to separate reactants, and the largest Gibbs energy
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Figure 2. (a) B3LYP/6-314+G* optimized geometries for the structures involved in the first steps of ozonolysis of 3-methoxy-4-iNethyl-
(ethylideneamino)-2-azetidinone. (b) B3LYP/6-8%&* optimized geometries for the structures involved in the reduction steps of ozonolysis of
3-methoxy-4-methyN-(ethylideneamino)-2-azetidinone.

TABLE 1: Relative B3LYP/6-31+G* Energies Including
ZPVE Correction (A(EeectZPVE)), Relative ZPVE
Corrections (AZPVE), Relative Gibbs Free Energies in the
Gas Phase AGgas phasd, Relative Gibbs Free Energies of
Solvation (AAGsowation), @and Gibbs Free Energies in Solution
(AGsoution) at 195.15 K, in kcal/mol, for the Structures
Involved in the First Steps of Ozonolysis of
3-Methoxy-4-methyl-N-(ethylideneamino)-2-azetidinone

TABLE 2: Relative B3LYP/6-31+G* Energies Including
ZPVE Correction (A(EeectZPVE)), Relative ZPVE
Corrections (AZPVE), Relative Gibbs Free Energies in the
Gas Phase AGgas phasd, Relative Gibbs Free Energies of
Solvation (AAGsovation) and Gibbs Free Energies in Solution
(AGsotion) at 273.15 K, in kcal/mol, for the Structures
Involved in the Reduction Steps of Ozonolysis of
3-Methoxy-4-methyl-N-(ethylideneamino)-2-azetidinone

structures AEelec AZPVE AGga&pha\se AAGsoivation AGsolution structures AEelec AZPVE AGga&phase AAGsoivation AGsolution
Reactants Intermediates

R+ O3+ BH4~ 00 00 0.0 0.0 0.0 M5 + BH3 + -26.6 1.3 —388 412  —34.7
Intermediates CHy—CH-OH"

M1 + BHs~ 226 31 146 2.7 -11.8 Mﬁchg_CH_OH_ T3zl 44 7350 ~05L 7855

M2 -+ BH,~ —236 25 -160 12 -148 M8 + BHs -1482 55 —1492 2143 -127.7

M3 + BH,~ —346 -02  -416 78 —49.4 M9 + BH3 -1539 58 —154.0 18.1 —135.9

M4 + BH,” —440 33 -361 2.1 —34.0 M10 + BHs + —1223 1.7 —134.2 24  —131.9
M7 + BHy4 —65.7 3.8 —57.7 2.3 —56.3 CH;—CH—-OH-

M3 + HOBH, + —-107.7 1.7 —112.7 575 —107.0 M11+ BH; + —124.6 1.7 —136.8 -15 -138.3
carbonyl dioxide CHs—CH—OH-

Transition States Transition States

TS12+ BH,~ -219 28 136 2.6 —-10.9 TS89+ BH3 —1443 57 —1435 150 —1285

TS23+ BH, —-240 20 -162 0.7 —15.4 TS1011+BHs;+ —113.7 —06 —125.9 -6.7 —1326
TS34+ BH4™ -311 15 -236 -05 —24.0 CHz—CH—OH~

TS63+ -37 16 —6.9 1.79 -5.1 TS11P2+BHz+ —121.6 —0.7 —134.3 -23  -136.7
CHs—CH-OH~ CHs—CH-OH-

TS10P2+ BHz + —1175 —0.6 —129.8 -32  —133.0
i i ; ; ; CH3—CH—OH~

barrier appearing a_llong_the reaction coordlnate is of 6_.4 kcal/ TS11P1+ BHs+ -108.2 01 -1202 —117 —131.9
mol (TS11P1). This is in accordance with the experimental = cH,—CH—OH-

observation that this reaction takes place in exceptionally mild Products

reaction conditions. P1+ BHs+ —196.0 —4.2 —224.4 9.0 —2154
On the other hand, we found three different routes yielding _ _CHs-CH-OH"

. €o ’ 0 d three different routes yielding P2+ BH3; + —-1955 —44 —223.0 85 —2145
vinyl ether from the reduction of M7. Two of them render the CHs—CH—OH-

Z isomer with retention of the original configuration whereas

the remaining one yields thE isomer. Then our theoretical

calculations predict high levels of stereoselectivity of the order the ozonide M7, in contrast with previous proposals. The

of Z/E 67/33, in agreement with the experimental values reduction of ozonide M7 yields the enol etle(see Scheme

obtained for the synthesis of vinyl ethers from the reaction of 1) through three reaction paths proceeding under the energy

N-[(arylidene or alkylidene)amino]-2-azetidinones with ozbfe.  |evel corresponding to reactants. Two of these routes lead to
It is interesting to note that no intermediate zwitteri(see Z-vinyl ether with retention of stereochemistry whereas the other

Scheme 1) has been located on the potential energy surface®n€ 9ives E-vinyl ether, in agreement with experimental
The search fob failed even when geometry optimization was findings.
allowed in solution.

In summary, a theoretical B3LYP/6-31G* study of the Acknowledgment. We thank DGESIC (Spain) (SAF2001-
ozonolysis of 3-methoxy-4-meth{-(ethylideneamino)-2-aze-  3596) and Principado de Asturias ((PB02-045) for financial
tidinone yields as the most favorable route that passing throughsupport.
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