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Calculations using density functional theory (DFT, B3LYP/6-31G* level) provide an explanation
for the stereodivergent outcome observed in the Staudinger reaction between acyl chlorides and
imines to form 2-azetidinones (5-lactams). When the ketene is formed prior to the cycloaddition
stages, preferential or exclusive formation of cis stereomers is predicted. When the imine reacts
directly with the acyl chloride, the step that determines the stereochemical outcome of the reaction
is an intramolecular Sy2 displacement. Under these conditions, preferential or exclusive formation
of trans stereomers is predicted, in good agreement with the experimental evidence available. It
is found that both competitive processes are subjected to torquoelectronic effects. In addition, the
reported calculations suggest that in both cases the polarity of the solvent enhances the
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diastereomeric excess of the reaction.

Introduction

Although the Staudinger reaction between ketenes and
imines has been known since 1907,' the nature of its
mechanism was not well understood until recently.? This
problem was complicated with the development of dif-
ferent variants of the reaction, a line of research that was
pioneered by Sheehan and Corey? during their work on
the chemical synthesis of penicillin derivatives. Although
perhaps the most widely used methodolgy is the acid
chloride—imine approach, several authors* have reported
different methodologies that allow the convergent syn-
thesis of f-lactams (2-azetidinones) from imines and
activated carboxylic acids (Scheme 1). These efforts have
in turn permitted the synthesis of a wide variety of not
only p-lactam antibiotics® but also other biologically
important compounds.® More recently, the acid chloride—
imine methodology has been applied to the polymer-
supported synthesis of g-lactams, thus proving that this
reaction is well suited for combinatorial chemistry.”

One of the most intriguing features of the Staudinger
reaction is its different stereochemical outcome depend-
ing upon the method used in the generation of the active
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Scheme 1

species. Indeed, it has been found that the order of
addition of the reactants has a profound effect on the
stereochemical outcome of the reaction.®

In general, it is found that when the acyl chloride is
added dropwise (preferably at low temperature) over a
solution of the imine and a tertiary amine, the cis
cycloadduct is the major or exclusive sterecisomer de-
tected.?® In contrast, when the tertiary base (usually
triethylamine) is added over a mixture of the imine and
the acyl chloride, variable mixtures of cis and trans
cycloadducts are obtained, in which the trans-2-azetidi-
none is the major or exclusive stereocisomer.® Moreover,
several experiments have shown that under the reaction
conditions there is no isomerization between the cis and
trans S-lactams formed,%2"® thus proving that the dis-
tribution of diastereomers is not due to the conversion
of the cis cycloadduct to the thermochemically more
stable trans isomer.

Several mechanisms have been proposed in order to
account for these experimental findings. After the crucial
study of Lynch et al.,’° it is clear that when the acyl
chloride 4 is added over the solution of the imine 2 and
triethylamine formation of the corresponding ketene 1
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takes place prior to the cycloaddition stages. Under these
conditions, the imine 2 reacts with ketene 1 to form the
zwitterionic intermediate 5 (Scheme 2).1! Electrocyclic
conrotatory ring closure of this intermediate leads to the
corresponding -lactam 3' <= 3. This mechanism accounts
for the preferential formation of cis-2-azetidinones when
the above-mentioned protocol is used.?2 We'? and Sordo
et al.’® have found that this stereochemical outcome can
be understood on the basis of the torquoelectronic effects'4
that are present in the transition structure associated
with the conrotatory electrocyclization (TS in Scheme 2).

Other studies, however, suggest that in the absence
of base the imine 2 can react directly with the acyl
chloride 4 to form the adduct 6 (Scheme 2). Low-
temperature studies performed by Bose et al.*® have
shown that this process is reversible. Nucleophilic ad-
dition of chloride can lead to amide 7, which has been
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isolated in several cases.®"1516 Abstraction of a proton
by the tertiary amine leads to the enolate 8, which can
lead to cycloadduct 3 via an intramolecular Sy2 reaction.
This latter step corresponds to a favored [4-exo-tet]
process according to the Baldwin rules.!” However, the
reasons why this latter mechanism should lead to the
preferential formation of trans cycloadducts are not clear.

Within the above context and as an extension of our
previous studies on the Staudinger reaction,’? in the
present paper we report a computational study in which
the features of the transition structures associated with
both mechanisms (TS and TS', see Scheme 2) are
reported for the first time. Our goal has been to
understand the reasons underlying the different stere-
ochemical outcome associated with both mechanisms.

Computational Methods

All the results presented in this work have been obtained
using the GAUSSIAN 9418 series of programs, with the
standard 6-31G* basis set.?® To include electron correlation
at a reasonable computational cost, density functional theory
(DFT)?° has been used. We have used the hybrid three-
parameter functional developed by Becke,?* which is usually
denoted as B3LYP. This functional has been proven to yield
accurate results in other thermal cycloaddition reactions.??
Zero-point vibrational energies (ZPVESs) have been computed
at the B3LYP/6-31G* level and have not been scaled. All
transition structures have been fully optimized and character-
ized by harmonic analysis.?> For each located transition state,
only one imaginary frequency was found in the diagonalized
Hessian matrices, and the corresponding vibration was found
to be associated with nuclear motion along the reaction
coordinate under study.

Bond orders? and atomic charges® were calculated with the
natural bond orbital (NBO) method.?® Donor—acceptor inter-
actions have also been computed by means of the NBO model,
according to
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where n, is the occupation number of the donor NBO, F is the
Fock operator, and ¢ and ¢* are two filled and unfilled NBOs
having ¢, and e; energies, respectively. Although the NBO
analysis has been extensively used within the Hartree—Fock
(HF) theory, its extension to DFT is controversial, since the
@i Kohn—Sham (KS) orbitals and their energies ¢ have in
general no strict physical significance.?” However, according
to Kohn, Becke and Parr,?” “.. all ¢ and ¢; are of great
semiquantitative value, much like Hartree—Fock energies and
wave functions, often more so, because they reflect also
correlation effects, and are consistent with the exact physical
density.” Within this context, we have computed frontier MO’s
and the AE. values at both HF and B3LYP levels.?® How-
ever, we would like to emphasize that these data have only
semiquantitative value.

Nonspecific solute—solvent interactions were simulated
using the self-consistent isodensity polarization model (SCIPCM)
as implemented by Wiberg.?® The solvent considered in these
calculations has been dichloromethane (¢ = 9.08, ¢ being the
relative permittivity constant®), since most of the experimen-
tal studies have been carried out in this solvent.

The plots of molecular orbitals have been performed using
the MOLDEN program.3*

Results and Discussion

The transition structures included in this study are
those associated with the formation of the cycloadducts
cis- and trans-3a—d reported in Scheme 3. These struc-
tures correspond to computationally accessible equiva-
lents of the substituents usually present in previous
experimental work. The chief geometric features of the
parent transition structure TSa are reported in Figure
1. These structural data are similar to those found at
other theoretical levels!?® and clearly show the conro-
tatory nature of the torsion around the N1-C4 and C2—
C3 bonds. The shape of the frontier molecular orbitals
(FMO's) of the TSa was found to be virtually identical
at both the HF/6-31G* and B3LYP/6-31G* levels, al-
though the corresponding orbital energies were different
in magnitude (Figure 2). Inspection of the FMOs of TSa

(27) Kohn, W.; Becke, A. D.; Parr, R. G. J. Phys. Chem. 1996, 100,
12974.

(28) For several recent papers reported combined B3LYP and NBO
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Chem. Soc. 1997, 119, 12940. (b) Krapp, J.; Remko, M.; Schleyer, P. v.
R. Inorg. Chem. 1997, 36, 4241. (c) Garcia, A.; Cruz, E. M.; Sarasola,
C.; Ugalde, J. M. J. Phys. Chem. A 1997, 101, 3021.
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M. J. Phys. Chem. 1995, 99, 9073. (c) Wiberg, K. B.; Rablen, P. R;;
Rush, D. J.; Keith, T. A. 3. Am. Chem. Soc. 1995, 117, 4261.
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(see Figure 2) reveals that they arise from the combina-
tion of the HOMO of the ketene!?* and the 7. LUMO of
an imine. The HOMO of TSa is dominated by a bonding
interaction between C3 and C4. This bond in formation
can act as a good electron donor given the high value of
the energy of the HOMO. Similarly, the LUMO is a very
good electron acceptor and is dominated by an antibond-
ing interaction between C3 and C4. The NBO analysis
assigns a o localized bond between C3 and C4, and the
donating ability of g3 4 takes place mainly through a two-
electron interaction with the 7* orbital between C2 and
O5:

H
AE(2)=-38.97 kcal/mol (B3LYP/6-31G*),
-86.65 kcal/mol (HF/6-31G*)

Similarly, the electron acceptor ability of a;4 takes
place mainly via donation from the 5 bond, although
this interaction is less efficient than the former:

AE(2)=-2.70 kcal/mol (B3LYP/6-31G*),
-1.42 kcal/mol (HF/6-31G*)

Therefore, although the FMOs of TSa are different
from those computed for the saddle point associated with
the cyclobutene ring cleavage,'* the conrotatory geometry
of the former and the nature of the interaction between
C3 and C4 give rise to torquoelectronic effects. The E
geometry of the starting imine3? determines the inward
disposition of the substituent at C4 (emphasized by a
black arrow in Figure 1), whereas the inward or outward
orientation of the substituent at C3 is determined by the
mode of approach between the ketene and the imine and
will determine the cis/trans stereochemistry of the reac-
tion.’213 The transition structures resulting from several
substituted ketenes and imines are reported in Figure
3, in which the E geometry of the imine® has been
preserved. The corresponding relative energies are
reported in Table 1.

In the case of cis and trans-3-chloro-4-methyl-2-azeti-
dinone, the B3LYP/6-31G*+AZPVE level of theory pre-
dicts that the cis-TSb transition state in which the
chlorine is in an outward orientation is 8.29 kcal/mol
more stable than the trans-TSb in which the chlorine is
directed inward. The HF/6-31G*+AZPVE level of theory
agrees with this prediction but yields a slightly lower
energy difference, 7.40 kcal/mol. This results in the

(32) (a) Guerra, A.; Lunazzi, L. J. Org. Chem. 1995, 60, 7959. (b)
Warren, C. H.; Wettermark, G.; Weis, K. 3. Am. Chem. Soc. 1971, 93,
4658. (c) Patai, S., Ed. The Chemistry of the Carbon—Nitrogen Double
Bond; Wiley: New York, 1970.
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Figure 1. Fully optimized (B3LYP/6-31G* level) transition structures TSa and TS'a. The w, ¢in and ¢.u: dihedral angles are
defined as follows: w = C3—C2—N1—-C4, ¢in = Rin—C3—C2—N1, and ¢out = Rot—C3—C2—NL1. Bond distances and angles are
given in A and deg, respectively. Unless otherwise stated, atoms are represented by increasing order of shadowing as follows: H,
C, O, N. Numbers in parentheses correspond to HF/6-31G* values.

ELUMO= -2.162 eV
(1.862 eV)

EHoMO= -5.419 eV
(-7.726 eV)

Figure 2. Frontier MO’s of TSa computed at the B3LYP/6-
31G* level. The contour plot is 0.065 au. Numbers in paren-
theses correspond to HF/6-31G* values.

preferential formation of the cis cycloadducts, in good
agreement with the experimental observations.?® The

NBO analysis shows that in cis-TSb there is a very
efficient two-electron interaction between a lone pair of
the outward chlorine and the o, , NBO:

AE(2)= -15.05 kcal/mol (B3LYP/6-31G*)
-18.74 kcal/mol (HF/6-31G¥)

In contrast, in trans-TSb there is a four-electron
interaction between one lone pair of the inward chlorine
and the o34 localized orbital. In addition, the LP¢ —
02,4 donation is now less efficient because of the unfa-
vored overlap between one lone pair of the chlorine atom
and the p AO at C4:

AE(2)=-6.23 kcal/mol (B3LYP/6-31G*)
-1.43 kcal/mol (HF/6-31G*)

To minimize these destabilizing interactions, the C3—
C4 bond distance is enlarged with respect to the cis
analogue (see Figure 3). These combined factors result
in the relative stabilization of cis-TSb. However, it is
noteworthy that the AEin—out = E(in) — E(out) energy
difference is lower in our case than in the electrocyclic
ring cleavage of 3-chlorocyclobutene. Houk et al.}#2 have
reported a value of AEjr—out & 14 kcal/mol for the latter
reaction. We attribute this relatively low destabilization
of the inward chlorine in the Staudinger reaction to two
factors: First, the nco bond in trans-TSb is almost



Stereodivergent Outcome in the Staudinger Reaction

|':|lﬁ3 T 1,456 _.:I

cls-T5d

J. Org. Chem., Vol. 63, No. 17, 1998 5873

trans-T5d

Figure 3. Fully optimized (B3LYP/6-31G* level) transition structures TSb-d. See Figure 1 caption for additional details.

parallel to the oc—c) bond, thus permitting a relatively
efficient sco — 0¢_¢ donation, not accessible to cis-TSb:

Ci (in) H

0

AE(2)=-1.91 kcal/mol B3LYP/6-31G*)
-2.64 kcal/mol (HF/6-31G*)

This also results in a higher C3—CI bond distance for
trans-TSb (see Figure 3). Second, in cis-TSb there is a
repulsive Coulombic interaction between the O5 atom,
with a Mulliken charge of —0.478, and the outward
chlorine. This almost parallel arrangement between the
C2—05 and C3—Cl dipoles results in a higher dipole
moment for cis-TSb. The dipole moments computed at
the B3LYP/6-31G* level are 6.27 and 3.77 D for cis- and

trans-TSb, respectively. This difference in polarity
should promote a higher AE; - difference in solution.
In effect, our SCIPCM results show that trans-TSb is
11.57 kcal/mol less stable than cis-TSb in dichlo-
romethane solution, a value 3.34 kcal/mol higher than
that found in vacuo (see Table 1). Although there are
no systematic studies on the stereochemical outcome of
the Staudinger reaction in different solvents, our calcula-
tions suggest that torquoselectivity should increase with
the polarity of the solvent.

The AEin—out Values for cis- and trans-TSc that incor-
porate a methyl group at C3 are found to be 7.22 and
7.56 kcal/mol in vacuo and in solution, respectively. The
NBO analysis yields results similar to those found for
TSb but lower in magnitude, given the lower donor
ability of the occ bond with respect to a chlorine lone pair
(The o} Taft values for chlorine and methyl are —0.23
and —0.11, respectively).3® Similarly, the low polarity of
the C3—Me bond results in very similar AEj,—out Values
in the gas phase and in solution.

We have also computed the cis- and trans-TSd saddle
points, in which there is a methyl group at N1 and an
inward vinyl group at C4, to mimic the behavior of
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Table 1. Total Energies? (—au) and Relative Energies®® (in Parentheses, kcal/mol) of Transition Structures TSb—d and
TS'b—d
entry structure R? R? RS TS-cis TS-trans TS'-cis TS'-trans
e =1.00
1 b Cl CH3s H 746.019 71 746.006 59 1206.304 78 1206.314 86
(0.00) (+8.23) (0.00) (—6.32)
2 c CHs CH3 H 325.701 65 325.690 15 785.979 15 785.988 16
(0.00) (+7.22) (0.00) (—5.65)
3 d Cl CH=CH, CHs; 823.390 47 823.375 39 1283.663 61 1283.676 91
(0.00) (+9.46) (0.00) (—8.34)
€=9.08
4 b Cl CHs H 746.034 25 746.015 81 1206.364 74 1206.379 20
(0.00) (+11.57) (0.00) (—9.07)
5 c CHs CH3 H 325.712 64 325.700 59 786.045 51 786.056 99
(0.00) (+7.56) (0.00) (=7.20)
6 d Cl CH=CH CHs; 823.400 69 823.383 69 1283.725 81 1283.741 48
(0.00) (+10.67) (0.00) (—9.83)

a Energies computed at the B3LYP/6-31G*//B3LYP/6-31G*+AZPVE level. When ¢ = 9.08, the energies have been evaluated at the
B3LYP(SCIPCM)/6-31G*//B3LYP/6-31G*+AZPVE level. ® Computed with respect to the cis transition structures.

benzylidene or cinnamylidene imines. In cis-TSd, the
outward chlorine at C3 induces a relative stabilization
with respect to trans-TSd of 9.46 kcal/mol in vacuo and
10.67 kcal/mol in dichloromethane solution. These re-
sults are quite similar to those found for cis- and trans-
TSb, and both the NBO analysis and the relative dipole
moments are in agreement with the above discussion for
cis- and trans-TSb.

In summary, our calculations indicate that, if the
Staudinger reaction takes place via the ketene—imine
route, torquoelectronic effects induce preferential or
exclusive formation of the cis cycloadducts in good
agreement with the experimental data available. These
effects can be enhanced by increasing the polarity of the
solvent and/or that of the substituent at C3.

We have also located and characterized the parent
saddle point TS'a associated with the intramolecular Sy2
reaction. The chief geometric features of this transition
structure are also reported in Figure 1 and reveal a fair
agreement between the HF/6-31G* and B3LYP/6-31G*
structural parameters. Inspection of these data reveals
an almost linear arrangement between the C3, C4, and
Cl atoms, with a departure of ca. 9° from linearity. The
calculated H6—C4—N1—H7 dihedral angle is 160.0° at
the B3LYP/6-31G* level, thus suggesting that TS'a is not
a “halfway” transition structure. The NBO analysis
assigns a charge of —0.325 to the C3 atom. The NBO
charges of the C4 and Cl atoms are +0.309 and —0.584,
respectively, thus indicating that this saddle point is
highly ionic in nature. Streitwieser® and Bader®® have
found similar results in acyclic Sy2 transition structures.

The FMOs of TS'a are reported in Figure 4. These
MOs arise from the contribution of the HOMO of an
enolate and the LUMO of an alkyl halide, the latter being
mainly a ogy orbital. Thus, the HOMO of TS'a is
dominated by the enolate moiety, whereas the LUMO has
a large contribution of a p AO of C4, as we must expect
from the cationic character of this atom. Therefore, the
FMOs of the parent saddle point associated with the
4-exo-tet process are very different from those found for
its electrocyclic congener TSa. However, the 2-azetidi-
none parts of both transition structures are topologically

(33) (a) Taft, R. W.; Lewis, I. C. 3. Am. Chem. Soc. 1958, 80, 2436.
(b) Ehrenson, S.; Brownlee, R. T. C.; Taft, R. W. Prog. Phys. Org. Chem.
1973, 10, 1.

(34) Streitwieser, A.; Choy, G. S.-C.; Abu-Hasanayn, F. J. Am. Chem.
Soc. 1997, 119, 5013.

(35) Bader, R. F. W. Can. J. Chem. 1986, 64, 1036.

W

: WA
=5
=N

ELuMO= 3.361 eV
(7.382 V)

EHomo= -0.689 eV
(-3.411 eV)

Figure 4. Frontier MO'’s of TS'a computed at the B3LYP/6-
31G* level. The contour plot is 0.065 au. Numbers in paren-
theses correspond to HF/6-31G* values.

related to each other. The main difference is that in the
Sn2 process there is no conrotatory restriction to the
torsion around the N1—C4 bond. However, both the [47.]
and the [4-exo-tet] reactions require rotation around the
C2—C3 bond to proceed.

In principle, substitution at the four positions available
in TS'a should lead to four sterecisomeric transition
structures. However, only two diastereomeric pairs were
found when the candidate structures were submitted to
optimization, since the remaining possible structures
could not be located or converged to those that we report
here. These transition structures are shown in Figure
5. As can be seen, substitution at C4 promotes a
departure from linearity in the arrangement between the
C3—C4 and C4—ClI bonds, larger than that observed in
the parent TS'a. In addition, this substitution stabilizes



Stereodivergent Outcome in the Staudinger Reaction

p=-553

oisTEC

)

J. Org. Chem., Vol. 63, No. 17, 1998 5875

§=NGd.7
frang-TS'

urr 22T 5
i=-EH B g

e-THd

wm <301 |
=147 L=

drans-TS'd

Figure 5. Fully optimized (B3LYP/6-31G* level) transition structures TS'b—d. See Figure 1 caption for additional details.

the electron-deficient character of C3, thus yielding larger
C4—Cl and/or C3—C4 bond distances (see Figures 1
and 5).

In the case of TS'b, our calculations indicate that the
trans transition structure is 6.32 and 9.07 kcal/mol more
stable than its cis analogue in vacuo and in dichlo-
romethane solution, respectively (see Table 1). Inspec-
tion of the second-order perturbational analysis of the
NBOs reveals that in trans-TS'b the donation of one lone
pair of chlorine to the 03’4 orbital is more efficient than
in cis-TS'b:

Again, it is found that in cis-TS'b the CI-C3 bond
distance is larger than in trans-TS'b because of the more
efficient 7,5 — 0., donation in the former saddle point.
This effect is also found in TS'c and TS'd. Therefore,
torquoelectronic effects also play a significant role in this
reaction.

Another consequence of the geometries of cis- and
trans-TS'b is that in the latter the relative orientation
of the C3—Cl and C2—05 bonds results in a larger dipole

trans

AE(2)=-8.52 kcal/mol (B3LYP/6-31G*)
-3.83 kcal/mol (HF/6-31G*)

cis

AE(2)= -3.95 kcal/mol (B3LYP/6-31G*)
-1.12 kcal/mol (HF/6-31G*)



5876 J. Org. Chem., Vol. 63, No. 17, 1998

moment. Thus, the computed dipole moments of cis- and
trans-TS'b are 4.437 and 6.182 D, respectively. As a
consequence, the energy gap between both transition
structures is enhanced when solvent effects are included
(see Table 1).

The remaining diastereomeric transition structures
TS'c and TS'd show similar features. In cis- and trans-
TS'c, the lower donating ability of the methyl group
results in a lower relative stabilization of the trans
isomer. In the case of TS'd, the orientation of the vinyl
group at C4 promotes an allylic stabilization of this
center. It is noteworthy that in this case the relative
stabilization of the cis saddle point is larger than those
calculated in the preceding cases, both in the gas phase
and in solution.

Therefore, the Sy2 intramolecular mechanism clearly
favors the preferential or exclusive formation of trans-
2-azetidinones. This stereochemical outcome is favored
when the reaction between an acyl chloride and an imine
are allowed to interact in the absence of a tertiary base
in the initial stages of the reaction.

Conclusions

In this paper, we report a comparative study of two
competitive reaction paths that can operate in the
reaction between acyl chlorides and imines. From the
reported results, the following conclusions can be drawn:

(i) The electrocyclic conrotatory ring closure of the
second step of the Staudinger reaction favors the pref-
erential or exclusive formation of the cis cycloadduct. This
stereoselection is determined by the E geometry of the
imine and its limited torsion in the conrotatory transition
structure, as well as by the two-electron interaction
between a filled orbital of the substituent at C3 and the
02’4 orbital. In addition, the cis transition structures
are more polar than their trans congeners. Therefore,
solvent effects enhance the energy difference in favor of

Arrieta et al.

formation of cis cycloadducts. This stereochemical out-
come agrees with that observed in the reaction between
imines and acyl halides that are transformed in ketenes
prior to the cycloaddition stages.

(if) The SN2 route involves free rotation around the
N1—C4 bond and torsion around the C2—C3 bond. The
resulting transition structures are quite ionic in character
and are also subjected to torquoelectronic effects. In this
case, the same factors involved in the pericyclic route
favor the preferential formation of the trans isomers.
Solvent effects also enhance the energy gap between both
diastereomeric transition structures. This stereochem-
ical outcome is that observed when the acyl chloride is
allowed to react with the imine prior to the addition of
the tertiary base.3¢
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assisted reaction between acyl chlorides and imines the amount of
trans cycloadducts is usually larger that that obtained under classical
thermal conditions. A possible explanation for this result is that under
microwave irradiation the route involving direct reaction between the
acyl chloride and the imine competes more efficiently with the ketene—
imine reaction path. See: Bose, A. K.; Banik, B. K.; Manhas, M. S.
Tetrahedron Lett. 1995, 36, 213. See also: Bose, A. K.; Sayaraman,
M.; Okawa, A.; Bari, S. S.; Robb, E. W.; Manhas, M. S. Tetrahedron
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