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ABSTRACT: The annuloselectivity defined as the annulation
selectivity between [2 + 2] cycloaddition and two kinds of
novel cascade [2 + 2 + 2] cycloadditions (2 ketenes + imine
and ketene + 2 imines) in a Staudinger reaction to afford three
classes of annulation products has been studied in depth with
the density functional theory (DFT) calculations. The
computed results indicate that the cascade [2 + 2 + 2]
reaction of ketene 4 and ketimine $§ initiates the dimerization
of the ketene as the rate-determining step, affording a lactone
that further converts to a-acetylketene, followed by the [4 + 2]
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cycloaddition with imine § to furnish a 2,3-dihydro-1,3-oxazin-4-one derivative. That is very competitive to the normal
Staudinger reaction. The alternative [2 + 2 + 2] cycloaddition undergoes the hetero-Diels—Alder (HDA) cycloaddition of the
zwitterionic intermediates generated from ketenes and conjugated imine 11 with less steric hindrance as a good dienophile to
afford 2,3,4,5-tetrahydropyrimidin-6(1H)-ones, which is the most favorable pathway in the case of the Staudinger reaction
system. The HDA process is supported and confirmed experimentally by X-ray crystallography via analysis of the stereochemistry
of the cycloadducts. The further investigation into the nature of the frontier molecular orbitals accounts well for the origin of the
annuloselectivity. The extensive studies on ketenes containing various representative substituents reveal that ketenes with
electron-donor and conjugated monosubstituents are inclined to dimerization, preferring the [2 + 2 + 2] cycloaddition of two
molecules of ketenes and one molecule of imines, while less steric bulky imines with ketenes are apt to the [2 + 2 + 2]
cycloaddition of one molecule of ketenes and two molecules of imines.

B INTRODUCTION

The [2 + 2] cycloaddition reaction of imines and ketenes,
referred to as Staudinger reaction or Staudinger (:ycloaddition,1
has become one of the most versatile methods for the
stereocontrolled synthesis of f-lactams (Scheme 1).* Though

Scheme 1. Staudinger Reaction of Ketenes and Imines
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the numerous reports from our laboratory® and others* have
focused on the synthetic methodologies and the diastereose-
lectivity of f-lactam formation in the Staudinger reaction, there
appeared to be some interesting annulation reactions that were
found to be fairly general. Among the uncommon reactions,
acyl chlorides, as the precursors of ketenes, have now been
found to react in different manners (Scheme 2). Bose et al.’
first proposed that the reaction of acetyl chloride and
triethylamine did not give M-lactam with benzalaniline,
whereafter Maujean et al.® confirmed that an oxazinone
derivative instead of f-lactam was generated from a similar
reaction. The further experimental study on a hypothesized
possibility that implicates the intermediacy of diketene revealed

Staudinger Reaction
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that the [2 + 2 + 2] cycloaddition (2 ketenes + imine) is the
most likely pathway. Sohar et al.” also reported the
experimental observation of the [2 + 2 + 2] cycloaddition of
chloroacetyl chloride with an imine. Besides, the formation of
spiranic 2,3-dihydro-1,3-oxazin-4-ones derived from arylacetyl
chlorides with an imine had been discovered by Arjona et al.® in
2002. In our laboratory, the reaction of phenylacetyl chloride
with imines via the [2 + 2 + 2] cycloaddition process once
again occurred,” indicating that the [2 + 2 + 2] cycloaddition of
certain acid chlorides and imines is a typical reaction. Recently,
Spyroudis and Malamidou-Xenikaki have reported the dimeri-
zation of indabedioneketene experimentally,'® whereafter
Bakalbassis with them performed the DFT and MP2
calculations to unravel the mechanism of the dimerization."'
In addition, dimerization of the parent ketene has also been
studied by Dobrowslki using computational methods in 2006."*
More recently, the related discovery of N-heterocyclic carbene-
catalyzed formal [2 + 2] and [2 + 2 + 2] cycloadditions of
ketenes and isothiocyanates has been encountered by Ye et al.'?

Alternatively, another [2 + 2 + 2]-type cycloaddition of one
molecule of ketenes with two molecules of imines emerges in
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Scheme 2. Annulation of Two Molecules of Ketenes and One Molecule of Imines
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the Staudinger reaction (Scheme 3). Podlech et al.'* first
reported the experimental observation of the [2 + 2 + 2]-

Scheme 3. Annulation of One Molecule of Ketenes and Two
Molecules of Imines
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cyclization, affording a pentacycle, with incorporation of a
diazoketone ketene precursor and 2 equiv of a cyclic imine
under photoirradiation. In recent years, we also encountered
the especial annulation of the [2 + 2 + 2] cycloadd1t10n among
the Staudinger reaction involving cyclic imines. b1

The [2 + 2] cycloaddition between ketenes and imines has
already been extensively explored by DFT, in particular, by
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Cossio and co-workers;?® however, to the best of our
knowledge, there still lacks a clear mechanistic investigation
on the annulation selectivity (annuloselectivity) in cyclo-
addition of three components. Herein, we report the
computational study on the cycloadditions of ketenes and
imines, focusing on unraveling the mechanism of the two
tandem reactions of [2 + 2 + 2] cycloadditions and in depth
comprehending the origin of the annuloselectivity in the
Staudinger reactions. We believe that it is critical not only to
our mechanistic understanding of the tandem cycloadditions
and annuloselectivity but also to guiding the future control and
application of the reactions between ketenes and imines in the
new synthetic strategies.

B COMPUTATIONAL METHODS

All optimized geometries were calculated at the DFT B3LYP leve
with the 6-311+G(d,p) basis set for all the atoms with the Gaussian 09
suite of programs.'” Frequency calculations at the B3LYP level at 298
K were performed to confirm each stationary point to be either a
minimum or a transition structure. The computed zero-point energies,
thermal corrections, and entropies were used for computing enthalpies
and free energies. Single-point energies based on the structures
obtained at the B3LYP level using the same basis set were obtained by
the M06-2X calculatlons in order to take the dispersion energies into
consideration.'® Solvation energies were evaluated by a self-consistent
reaction field (SCRF) using the CPCM model, where UFF radii were
used. Solvation calculations were carried out at the M06-2X level on
the optimized structures in the gas phase or solution. Where feasible,
the DFT data were then validated against benchmark data computed
with the high-accuracy CBS-QB3 method." Unless specifically
mentioned, all discussed relative energies in this paper are referred
to AGposx- FMO analyses for the cycloaddition were also employed
at the HE/6-31G(d) with the former optimized structures.* Figures 2
and 4 were prepared using CYLView.”"
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B RESULTS AND DISCUSSION

The annuloselectivity in the cycloaddition of ketenes and
imines is outlined in Scheme 4. The ketenes and imines with
different substituents can proceed through three pathways, one
of which is the [2 + 2] cycloaddition via pathway a, as the
normal Staudinger reaction, and the other two are domino [2 +
2 + 2] cycloadditions via pathways b and c.
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Scheme 4. Annuloselectivity in Reaction of Ketenes and

Imines
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1. [2 + 2] Cycloaddition. The reaction of ketene 1 with
imine 2 was selected as the model Staudinger reaction for DFT
calculations. The representative potential energy profile of the
[2 + 2] cycloaddition reaction as the Staudinger reaction was
obtained and is shown in Figure 1. In the first step of the
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Figure 1. Calculated energy profiles for the [2 + 2] cycloaddition
reaction of ketene 1 with imine 2 at the M06-2X and B3LYP levels of
theory (CBS-QB3 considered as the benchmark method).

reaction, the imine 2 attacks the ketene 1 to generate a possible
zwitterionic intermediate INT1 via the transition state TS1
with an activation free energy of 12.7 kcal/mol at the MO06-
2X(CPCM)//B3LYP(CPCM) level. The second step is a ring
closure to form the corresponding f-lactam product 3 via the
transition state TS2, requiring an activation free energy of 22.2
kcal/mol. For the most Staudinger reactions, the ring-closure
step is the rate-determining step, and even the stereo-
determining step is amenable to the torquoselectivity theory
for the unsymmetric ketenes and imines. Reviewing the whole
energy profiles with four theoretical methods, we found that
both the B3LYP and MO06-2X methods provide similar
tendency of the energy profiles although the former one gives
the relative energies a little higher. CBS-QB3 was adopted as
the standard method for predicting relative energies, and the
two M06-2X//B3LYP methods were found to predict relative
energies close to those from CBS-QB3. Thus, compared with
the results at the CBS-QB3 as a benchmark method, the
calculations are considered to be adequate at the M06-2X//
B3LYP methods. In addition, these combined methods have
been used recently in calculations of cycloadditions by Houk.**

2. [2 + 2 + 2] Cycloaddition of Two Molecules of
Ketenes with One Molecule of Imines. The M06-2X- and
B3LYP-computed reaction profiles for the simple model of
unsubstituted ketene 4 and imine $ in Maujean’s experimental
system as the simplified representative model were examined
(Figure 2). Normally, ketene 4 and imine § can be expected to
give rise to the f-lactam 6 through the [2 + 2] ketene—imine
cycloaddition. However, the zwitterionic intermediate was not
located in gas phase. The [2 + 2] cycloaddition directly
undergoes a ring closure, a concerted but significantly
asynchronous process as determined by intrinsic reaction
coordinate (IRC) analysis of the transition structure, with an
activation free energy of 34.1 kcal/mol at the MO06-2X-
(CPCM)//B3LYP(gas). We next performed optimization
calculations in solution and succeeded in getting the transition
state TS3 of the first step and the intermediate INT2 due to the
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Figure 2. Calculated energy profiles for the [2 + 2 + 2] cycloaddition reaction of ketene 4 with imine $ at the M06-2X and B3LYP levels of theory

(CBS-QB3 considered as the benchmark method).
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Figure 3. Key species structures in the reaction of ketene 4 and imine § optimized at BALYP(CPCM) in a solution of Et,0. B3LYP(gas) geometrical

parameters are given in parentheses. Selected distances shown in angstroms.
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Figure 4. Calculated energy profiles for the [2 + 2 + 2] cycloaddition reaction of ketene 9 with imine 10 at the M06-2X and B3LYP levels of theory.

fact that solvents stabilize INT2. Alternatively, INT2 lies on the
energy level close to TS3 (13.7 vs 14.7 kcal/mol at the M06-
2X(CPCM)//B3LYP(CPCM)), indicating that the energy
profile of the first step is very flat and the first transition
state is located with difficulty. The following ring closure
process via TS4 becomes the rate-determining step with an
activation free energy of 34.2 kcal/mol at the MO06-2X-
(CPCM)//B3LYP(CPCM). In transition state TS4, the
forming C—C bond distance is 2.40 A in the gas phase and
2.37 A in solution (Figure 3).
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Alternatively, the [2 + 2 + 2] cycloaddition of 1 equiv of
ketene and 2 equiv of imine has been investigated (pathway c).
The conversion of INT2 to 7 with another imine § passes
though TSS, in which the forming C—C and C—N bond
distances are 1.91 and 425 A, which is viewed as an
intermolecular Mannich-like reaction. However, this mecha-
nism suffered from energetic barriers that appeared too high to
allow cycloaddition to proceed under the conditions used.

Finally, the [2 + 2 + 2] cycloaddition was also explored with
2 equiv of ketene and 1 equiv of imine. The first step of the

dx.doi.org/10.1021/j0302216d | J. Org. Chem. 2013, 78, 347—355
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cascade reaction toward dimerization proceeds via the
transition state TS6 with an activation free energy of 31.2
kcal/mol. In the transition structure, the C—C and C—O bond
distances are 1.60 and 2.39 A, respectively, indicating that the
[2 + 2] cycloaddition in the formation of four-membered ring
occurs in a concerted but asynchronous fashion (Figure 3). The
formation of the lactone INTS3 is slightly exergonic by 7.2 kcal/
mol. Protonation of INT3 with the aid of Et;NH' in situ
generated by Et;N and acyl chloride followed by deprotonation
with the aid of Et;N via INT4 requires 29.0 kcal/mol in free
energy. We did not succeed in getting the TS in this pathway,
which seems like a neutralization process.”> When the lactone
INT3 is converted to a-oxoketene INTS with release of the
ring strain, the exergonic process lies 18.1 kcal/mol in free
energy below the starting materials. The subsequent step is the
attack of imine S to a-oxoketene INTS with an activation free
energy of 12.8 kcal/mol. In the transition state TS6, the
forming N—C bond distance is 2.31 A in both solution and gas
phase. The generation of zwitterionic intermediate INT6 is
slightly exergonic by 7.4 kcal/mol. Finally, the intermediate
undergoes ring-closure via a six-membered ring transition state
TS8, requiring a low activation free energy of 2.4 kcal/mol, to
give rise to product 8 that is 32.1 kcal/mol more stable than the
starting materials. The forming O—C bond distance in TS8 is
2.25 A in solution and 2.26 A in the gas phase, which is close to
that in INT6 (2.96 A in solution and 2.90 A in gas phase),
making the pathway facile, while the intermediate can undergo
a ring-closure via a four-membered ring transition state TS9 to
give rise to lactam 9. But the pathway suffers from an energy
barrier that appears to be remarkably high and becomes
kinetically disfavorable. This is mainly contributed to the four-
membered ring strain and notable structure change from INT6
to TS9. The forming C—C bond distance in TS9 is a bit far
from that in INT6 (3.25 A in solution and 3.24 A in gas phase).

Reviewing the whole energy profile, we found that pathway b
is the most likely to take place to afford lactones 8, and the rate-
determining step of this cascade [2 + 2 + 2] cycloaddition
reaction is the dimerization of ketenes, which is very
competitive to the direct Staudinger reaction (31.2 vs 34.2
kcal/mol). In addition, the subsequent six-membered ring-
closure is facile in relation to the four-membered ring-closure
(=103 vs 12.2 kcal/mol). These together provide a good
interpretation for the experimental observation in the formation
of the oxazinones as major products.

Although given the importance of solvation in optimization
of TS3 and INT2, there is no obvious difference in structures of
other key species such as TS4—9 between those in solution and
those in the gas phase. In addition, the relative free energies
calculated at the M06-2X(CPCM)//B3LYP(CPCM) level and
those at the M06-2X(CPCM)//B3LYP(gas) level are close.
Moreover, the two MO06-2X//B3LYP were found to predict
relative energies close to those from CBS-QB3. Therefore, both
of the theoretical methods are considered to be adequate in this
system.

3. [2 + 2 + 2] Cycloaddition of One Molecule of
Ketenes with Two Molecules of Imines. The potential
energy profile for the simple model of ketene 10 and imine 11,
simplified for Podlech’s experimental system as to take into
consideration the computational efficiency, is shown in Figure
S. Calculations on the model system show that the first step of
the cascade reaction corresponds to the attack of imine 11 to
ketene 10 to furnish a zwitterionic intermediate INT7 via the
transition state TS10 with an activation free energy of 8.8 kcal/
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Figure S. Key transition state structures in the reaction of ketene 10
and imine 11 optimized at B3LYP(CPCM) in a solution of Et,O.
B3LYP(gas) geometrical parameters are given in parentheses. Selected
distances shown in angstroms.

mol. This is a facile and reversible process. In TS10, the
forming C—N bond is 2.18 A in solution and 1.92 A in gas
phase. Subsequently, the second step undergoes a ring closure
of four-membered ring with slight energy demand of 20.8 kcal/
mol, revealing that the pathway a is relatively feasible in this
case.

Next, the calculation shows an alternative pathway that
involves [4 + 2] cycloaddition of the intermediate INT7 and
another imine 11. It is interesting to disclose that the free
energy barrier of the cycloaddition is only 10.3 kcal/mol and
the transition state TS12 is featured in a concerted but
asynchronous fashion, since the forming C—C and C—N bond
distances are 3.44 and 1.91 A in solution and 2.73 and 2.09 A in
the gas phase, respectively. Intrinsic reaction coordinate
(IRC)** calculations were used to confirm the connection
between INT7, 13, and TS12 with any other intermediate,
which are given in the Supporting Information. Consequently,
the cascade [2 + 2 + 2] cycloaddition is kinetically and
thermodynamically favored over the [2 + 2] cycloaddition,
leading to the more stable product 13. After further analyzed
the energies, we found that the activation free energy of TS12 is
mainly contributed by the decrease of entropy (—RAS) due to
the intermolecular reaction, while that of TS11 primarily arises
from the increase of enthalpy (AH) because of the ring strain.”®
The competitive pathways are essentially derived from the
balance between entropy and enthalpy effects. The reason why
TS12 is favored with respect to TS11 here is that the less steric
hindrance and conjugated imine 11 considered as a good
dienophile and the intermediate 7 served as a good diene have
little increase of enthalpy (AH) to contribute to the increase of
free energy (AG) in the transition state. By contrary, it is not
the case for the steric bulky imine §.

After excluding the pathway a, we also take into accounting
for the pathway b, which initially undergoes the dimerization of
the ketene as the rate-determining step elucidated by the above
discussion. It is found that the dimerization takes place via the
TS13 requiring an activation free energy of 23.8 kcal/mol,
which is unfavored by 10.2 kcal/mol in relative to TS12.
Reviewing the whole energy profile, we noted that the [4 + 2]
cycloaddition of intermediate INT7 and imine 11 is the rate-
determining step of the cascade [2 + 2 + 2] cycloaddition.
Pathway c is remarkably favored over the pathways a and b,

dx.doi.org/10.1021/j0302216d | J. Org. Chem. 2013, 78, 347—355
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Figure 6. FMOs and orbital energies of ketenes and imines at the HF/6-31G(d) level.

once again in complete accord with the experimental
results ™'

For further investigation on the origin of the annuloselec-
tivity in the cycloaddition, the nature of the frontier molecular
orbitals (FMOs) of ketenes and imines were explored with the
HF method. The FMOs and the energies are shown in Figure
6. The LUMO and HOMO of the parent ketene 4 are mostly
localized on the C—C and C—O double bonds, which are well
matched during dimerization. The HOMO of imine § is mostly
localized on the lone pair of electrons on the N atom and the
phenyl group. And the HOMO energy lies on the high level
(—8.2 eV), leading to the strong nucleophilicity. However, the
rate-determining step is the ring closure, which is related to the
FMOs of the zwitterionic intermediates derived from the initial
attack of the lone pair of electrons in the imine to the ketene. It
is notable that the FMOs of the zwitterionic intermediates are
the unperturbed HOMO of the ketene and LUMO of the
imine (7 and 7%, respectively). Therefore, the second step of
the Staudinger reaction can also be viewed as an intramolecular
Mannich-like reaction, in which the 7 MO (similar to the
HOMO of a ketene) experiences nucleophilic addition on the
7* LUMO, analogous to the LUMO of an imine (Figure 7)
is interesting to find that the FMO energy gap of dlmerlzatlon
of ketene 4 is slightly smaller than that of the [2 + 2]
cycloaddition of 4 and §, consistent with the potential energy
profile to undergo the pathway b involving the dimerization of
ketene. FMOs of the substituted ketene 10 resemble closely
those of the parent ketene 4, while FMOs of imine 11
demonstrate different feature in relative to those of imine S. It
is notable that the HOMO of imine 11 is mostly located on the
conjugated 7 bonds and the HOMO+1 is mainly localized on
the lone pair of electrons on the N atom. The LUMO energy
lies on the somewhat low level (3.1 eV), resulting in the
relatively low FMOs energy gap between the HOMO of 10 and
LUMO of 11. This is in good agreement with the fact that the
favored pathway alters to pathway a involving the zwitterionic
intermediate.

Given its importance as the rate-determining step, the
dimerization of ketenes with different substituents and the ring-
closure of the [2 + 2] Staudinger reaction were further
investigated (Table 1 and Figure 8). The calculational results
indicate that ketenes with electron donor groups (entries 1 and
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Figure 7. Orbital interaction diagram associated with the formation of
the C—N and C—C bonds.

2) and conjugated groups (entries 4 and S5) proceed the
dimerization with low activation free energies. However, the
energy barriers of the dimerization for both the electron
acceptor substituted and disubstituted ketenes appear to be
high that the process is difficult to occur (entries 6—9). For the
less steric bulky aldimine A, [2 + 2] Staudinger reactions are all
favorable over the dimerization of ketenes with different
substituents. However, when the steric bulky ketimine B was
used, the parent ketene and methylketene are slightly in favor
of the dimerization, while other ketenes still prefer the
Staudinger reaction. Therefore, steric hindrance of ketimines
retard the [2 + 2] Staudinger reaction of some ketenes, making
them dimerization favorable (Figure 8).

The FMOs energies given in Table 1 demonstrate that from
alkoxy to parent ketenes, the FMOs energy gaps enhance as
well as the free energy barriers for TS6 (entries 1—3). The
phenyl substituent increases the HOMO energy, while the
chloro substituent decreases the LUMO energy (entries 4 and
S). When electron-withdrawing groups reduce both FMOs
energies with retaining the large gaps, these ketenes are in
unfavor of the dimerization (entries 6 and 7). Disubstituted

dx.doi.org/10.1021/j0302216d | J. Org. Chem. 2013, 78, 347—355
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Table 1. Dimerization of Ketenes with Different Substituents and Ring Closure of the [2 + 2] Staudinger Reaction”
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A:R=H
B:R=Me "
entry R! R? LUMO (eV) HOMO (eV)
1 MeO H 32 -9.3
2 Me H 3.8 -9.3
3 H H 3.7 —9.8
4 Ph H 33 —8.0
5 Cl H 23 —9.8
6 COMe H 2.8 —-10.3
7 CN H 23 —-10.5
8 Me Me 4.0 -89
9 Ph Me 34 -7.8
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AG¥(TS4B) (kcal/mol)

18.0 13.6 16.6
282 27.2 28.8
32.4 32.3 33.3
31.0 25.8 26.7
22.6 174 17.5
34.5 31.8 312
36.9 23.8 22.7
33.5 31.4 32.6
36.2 30.6 29.5

“Orbital energies at the HF level and activation free energies at the M06-2X(CPCM)//B3LYP(gas).
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Figure 8. Tendency of the dimerization of ketenes and the ring-
closure of the [2 + 2] Staudinger reaction with different substituents.

ketenes have significant steric hindrance effect to impede the
dimerization, although they possess small FMOs energy gap
(entries 8 and 9).

Ultimately, we sought for the nature of the frontier molecular
orbitals for the novel [4 + 2] cycloaddition of intermediate
INT7 and imine 11. The calculation results shown in Figure 9
suggest that the imine 11 has good FMOs feature of dienophile
and the intermediate INT7 possesses LUMO at low energy
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102 eV 67N
9.9 eV HOMO
HOMO (-7.1eV)
(-9.2eV)

ej\)

2960
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@9

Figure 9. FMOs and orbital energies of imine 11 and intermediate
INT?7 at the HF/6-31G(d) level.
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level and HOMO at high energy level, considered as a benign
diene analogue. Therefore, the [4 + 2] cycloaddition can take
place smoothly with the vantage interaction of the FMOs
between INT7 and 11 (10.2 and 9.9 eV). Furthermore, the
orbital sizes also match well between the interactional FMOs
that render the better orbital overlap in the cycloaddition
reaction. Among them, the imine 11 bearing conjugated &
bonds as good FMOs feature of dienophile plays an important
+ 2] cycloaddition. The HDA cycloaddition

process is further confirmed experimentally by X-ray

role in the [4
crystallography®® that the stereochemistry of the product
structure is consistent with the calculated structure of 13
(Figure 10).
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Figure 10. XRD structure of the analogue of 13 (shown with 50%
probability ellipsoids).
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B CONCLUSIONS

In summary, we have explored the annuloselectivity in the
Staudinger reaction of ketenes with imines in three mechanistic
possibilities of the [2 + 2] cycloaddition and two kinds of novel
cascade [2 + 2 + 2] cycloadditions with the aid of the DFT
calculations. The results indicate that, besides the [2 + 2]
cycloaddition, monosubstituted ketenes with donor or
conjugated groups and ketimines with steric bulky and
electron-donating substituents undergo the cascade [2 + 2 +
2] reaction of two molecules of ketenes and one molecule of
imine, which initiates the dimerization of ketenes as the rate-
determining step, followed by the [4 + 2] cycloaddition with
the ketimine to furnish dihydrooxazinone derivatives, that is
very competitive to the normal Staudinger reaction, while
ketenes and less steric hindrance and conjugated imines take
place the alternative [2 + 2 + 2] cycloaddition of one molecule
of ketenes and two molecules of imines, in which the
conjugated imines with good FMOs feature of dienophile
predominantly undergo HDA cycloaddition with the zwitter-
ionic intermediates generated from ketenes and imines to afford
tetrahydropyrimidinones. The present computational studies
provide comprehensive understanding on the cascade reaction
mechanisms and the annuloselectivity, even guide the future
application of ketenes and imines in design of new synthetic
strategies for heterocyclic compounds.
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