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Theoretical Study of the [2+2] Cycloaddition of Thioketenes with Imines

To Form f-Thiolactams

Ramon Lépez, Dimas Suarez, Tomas L. Sordo,* and Manuel F. Ruiz-Lopez

Abstract: The cycloaddition reaction of
thioketene with formaldimine was in-
vestigated by ab initio (HF/6-31 G* and
MP2/6-31G*) and DFT (B3LYP/6-
31 G*) methods. The electrostatic effect
of solvent was taken into account at the
HF/6-31G* and MP2/6-31 G*//HF/6-
31 G* SCREF levels of theory. In the gas
phase, three mechanisms were found at
each level of theory, while in solution
four mechanisms were obtained. The
most favorable mechanisms, both in the

in the stepwise mechanisms for this
process. The calculated free-energy bar-
rier in the gas phase was 33.0 kcal mol !,
while in solution the corresponding
values were 28.9 and 26.8 kcalmol~! for
anisole (¢ =4.33) and N,N-dimethylform-
amide (e =37.0) solvents, respectively. In
agreement with experimental findings,
our calculations showed that the rate of
this reaction is not very sensitive to
solvent polarity. According to MP2/6-
31 G*//HF/6-31 G* calculations, the ef-
fect of monosubstitution in thioketene

(R=O0H, CHs;, or CHO) was in accord-
ance with the torquoelectronic rule
defined by Houk, which predicts that
donor and acceptor substituents favor
the outward and inward orientations,
respectively. In order to model the
experimental systems more closely, the
reaction of isopropyl-tert-butylthio-
ketene with N-(benzylidene)methyla-
mine, Me —N=CH(Ph) was investigated
at the HF/6-31 G*//HF/3-21G* level. In
contrast to previous interpretations

gas phase and in solution, correspond to
two- and three-step processes which
have in common a conrotatory electro-
cyclic closure to give the 2-thioazetidin-
one. Gauche and trans zwitterionic

) . effects -
intermediates play a fundamental role

Introduction

The [2+2] cycloaddition reactions are a useful method for the
synthesis of cyclic compounds.l'! Among the most interesting
reactions of this type are those involving ketenes as one of the
2 components. Two examples of this class of cycloadditions
are the reactions of ketene with alkenes and imines to give
cyclobutanones and f-lactams, respectively.?!

The [2+2] cycloaddition of thioketenes with azomethines
has been reported as a synthetic route to f-thiolactams.!
Recently, the conversion of the [-thiolactams to the bio-
logically and clinically interesting -lactams has been shown
to be a simple procedure in most cases.! This constitutes a
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based on steric effects, our results ex-
plain the most favorable trans relation-
ship of the two most bulky substituents
in the product in terms of electronic
effects.

solvent

novel route to 3-lactams and has led to renewed interest in the
chemistry of S-thiolactams.

Experimental results have shown that reactions of unsym-
metrically substituted thioketenes are only poorly stereo-
selective. Two mechanisms are considered possible for this
reaction: a synchronous concerted process and a stepwise
process via a dipolar intermediate. Kinetic measurements
have revealed no significant solvent dependence of the rate of
cycloaddition, in contrast to the reaction between ketenes and
azomethines, and the analysis of products revealed no 2:1
adduct corresponding to a 1,4-dipolar cycloaddition of the
reactants to the hypothetical intermediate. In spite of this
evidence, a concerted mechanism for this reaction is not
regarded as conclusively proven, since the cancellation of
enthalpic and entropic factors, as well as steric hindrance,
could hide the presence of the dipolar intermediate, which, on
the other hand, would allow some experimental findings to be
rationalized.?!

The stepwise mechanisms of the ketene—imine [2+2]
cycloaddition reaction have been supported by theoretical
and experimental evidence. Recent theoretical studies?®!
indicate that ketenes and imines react in a nonconcerted
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process, with formation of a zwitterionic intermediate, which
undergoes an electrocyclic conrotatory closure to give the
final S-lactams. However, to our knowledge, theoretical
studies of the reactions between thioketenes and imines have
not been reported. Therefore, we undertook a theoretical
study of the mechanism of the [2+42] cycloaddition of
thioketenes and imines in order to investigate the existence
of an intermediate and to clarify its role in the reaction
mechanism. The effect of solvents of various polarities and of
substitution in thioketene and formaldimine were taken into
account.

Methods of Calculation

Quantum-chemical calculations were carried out with the Gaussian 92/
DFT system of programs!”! with addition of extra links for the treatment of
solvent effects.’! In the gas phase, stable structures were fully optimized
and transition structures were located by Schlegel algorithm! at the HF,
MP2 and DFT (B3LYP!) levels by using the 6-31G* basis set.l']
Harmonic vibrational frequencies were calculated at all theory levels to
characterize the critical points and to evaluate the zero-point vibrational
energies (ZPVE). Single-point MP4SDTQ(FC)/6-31 G* calculations were
carried out on MP2(FC)/6-31 G* geometries.

Enthalpy, entropy, and free-energy values were calculated to obtain results
more readily comparable with experiment. These quantities were com-
puted within the ideal-gas, rigid-rotor, and harmonic-oscillator approx-
imations.l'"”) A temperature of 298.15 K and a pressure of 1 atm were used in
the calculations.

In solution, full-geometry optimizations were carried out at the HF/6-31 G*
level, and single-point MP2/6-31 G* calculations were performed on the
HF geometries. A general SCRF model proposed for quantum-chemical
computations on solvated molecules was used.!'¥ The solvent is represented
by a continuum that is characterized by its relative static dielectric
permittivity e. The solute, which is located in a cavity created in the
continuum by the release of cavitational energy, polarizes the continuum,
and this in turn creates an electric field inside the cavity. Once equilibrium
is reached, the electrostatic part of the free energy of the solvation process
is obtained by a monocentric multipolar expansion of the molecular charge
distribution.'"¥) The SCRF continuum model employed assumes a general
cavity shape, which is obtained by using solute atomic

spheres whose van der Waals radii are modified to fulfil

the volume condition (1.3084 r,4y).I'** Relative permit-

The first mechanism is concerted and passes through a
highly asynchronous [2s,2a] transition state TSy with an
energy barrier of 36.8 kcalmol~!. This is analogous to the
disrotatory mechanism described previously for the reactions
of ketenel’ and fluoroketenel’!! with imines. However, the

-S| H [2s,2a] cycloaddition reaction
G- N
”__.——'C'H
H n H
trans intermediate
H, H
:C\
S- H
H -
= H
H, - bt
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Scheme 1. Three different mechanisms for the cycloaddition of thioketene
with formaldimine.

corresponding transition states exhibit some differences. On
the one hand, C(thioketene)—N bond formation in TS, (see
Figure 2) is more advanced than in the analogous transition
states for the disrotatory addition of ketene to imine and the
anti addition of fluoroketene to imine. On the other hand,
although the C(thioketene)—N distance in TS, is similar to

tivity values of 4.33 and 37.0 were considered to 210
simulate anisole and N,N-dimethylformamide, respec-
tively, which were used as solvents in the experimental 180 |~ I (-2.5) ® €@— <«— reactants|
work.P! TS, (5.6)
150
. . TS, (6.7
Results and Discussion 1201—
TS, (8.4)
. . . . ¢ ool - reactants
Reaction mechanisms in vacuo: Three differ-
ent ‘rpechamsr.ns were fqund for th.e ?yclo- ol TS, (36.8)
addition of thioketene with formaldimine at TS, (16.7)
all the theory levels used in this work (see ol
Scheme 1 and Figure 1). The geometries of
the critical structures located are displayed in ol
Figure 2. The relative energies for these P (37.0)
structures at the different theory levels are 30 | | ! | | | |

collected in Table 1. Unless otherwise stated
the energies referred to in the text are those
corresponding to the highest theory level
used in the present work, MP4/6-31G*//
MP2/6-31 G*, without the ZPVE correction.
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Figure 1. Projection of the energy profiles corresponding to the three different mechanisms for
the thioketene —imine [2+2] cycloaddition reaction in vacuo. In parentheses: MP4/6-31 G*//
MP2/6-31 G* relative energies [kcalmol™']. ¢ =dihedral angle C-N(imine)-C-C(thioketene).
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Figure 2. Optimized geometries of the most important structures located in the gas
phase and in solution for the [2+2] cycloaddition reaction of thioketene with imine.
Distances in A, bold: MP2; italic: B3LYP; Roman: HF; in parentheses: HF SCRF
&£=4.33; in square brackets: HF SCRF ¢=237.0.
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that in the transition state for the disrotatory closure in
the syn addition of fluoroketene to imine, TS, corre-
sponds to a concerted process according to intrinsic
reaction cocordinate calculations.'" Interestingly, TSy
is the structure most sensitive to the theory level used.
With the DFT method this transition state presents a
more asynchronous structure and a lower energy
barrier compared to the other methods. Nevertheless,
the concerted mechanism is the least favorable accord-
ing to all the methods employed (see Table 1).

The second mechanism is a three-step process that
corresponds to the nucleophilic trans attack of form-
aldimine on thioketene. This reaction path passes
through a planar transition state TS,, with an energy
barrier of 5.6 kcalmol~!, and leads to a planar zwitter-
ionic intermediate I, which is 2.5 kcalmol~! more
stable than the reactants. Intermediate I, evolves by
internal rotation about the C(thioketene)-N bond
(see Figure2) through a transition state TS,
9.2 kcalmol~! higher in energy, to give intermediate
I, which is 4.5kcalmol™ less stable than I, and
2.0 kcalmol~! less stable than the reactants. Finally, a
transition state TS,, corresponding to the conrotatory
electrocyclic closure of I, and 19.2 kcal mol " less stable
than I, leads to the product, 2-thioazetidinone. This
third step has the highest energy barrier.

The third mechanism is a two-step process that first
passes through a gauche transition state TS,, which is
8.4 kcalmol ! less stable than the reactants, and leads
to the gauche intermediate I,, which gives the final
product via TS,, which lies 16.7 kcalmol~! above the
reactants. This third mechanism has the conrotatory
electrocyclic closure of I, in common with the
second mechanism. The energy of reaction is
—37.1 kcalmol™!, similar to that of the Staudinger
reaction.P?

Both ab initio and B3LYP methods give the same
topology for this gas-phase potential energy surface.
The trans and gauche intermediates occur as stable
structures on this potential energy surface, in contrast
with the ketene-imine cycloaddition reaction, for
which only the frans intermediate was located.*>
The strong donor—acceptor interaction between frag-
ments in these intermediates is reflected in the
C(thioketene)—N distances (1.47-1.48 A), which are
close to typical C—N bond lengths. A configurational
analysis!'”! shows that in the case of thioketene, local
excitation from the next HOMO to the antibonding
orbital of the C=S bond is much more important than
in ketene, P> which reflects the greater polarizability
of the former and explains then the higher stability of
the corresponding zwitterionic intermediates. The
MP2 and B3LYP geometries and relative energies
are very similar, except for the concerted mechanism,
for which the energy barrier is 34.0 and 29.7 kcalmol~!
according to MP2 and B3LYP methods, respectively.
Single-point MP 4 calculations on the MP2 geometries
give relative energies 3—4 kcalmol~! above the MP2
values (see Table 1).
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Table 1. Relative energies (kcalmol™) for the chemically important structures in the thioketene —formaldimine cycloaddition reaction in a vacuum at the

various theory levels used in this work.

Structures HF/6-31 G*[? MP2/6-31 G*// HF/6-31G*  MP2/6-31 G*Il MP4/6-31 G*// MP2/6-31G*  B3LYP/6-31 G*l2
intermediates
I, —2.1(53) —49 —53(4.4) -25 —6.7 (4.4)
1, —26(51) - 0.6 —1.0 (43) 2.0 —29(43)
transition states
TS, 11.7 (2.6) 5.0 47 (2.2) 56 43 (2.2)
TS, 14.0 (2.5) 77 73 (22) 8.4 62 (2.2)
TS, 5.9 (4.7) 4.0 3.8 (4.0) 6.7 37 (38)
TS, 293 (4.2) 133 13.4 (3.7) 16.7 13.7 3.7)
TS, 433 (32) 356 34.0 (2.7) 36.8 297 (3.1)
product
2-thioazetidinone —39.9 (6.3) -8 — 421 (6.1) —37.1 —38.1(5.9)
[a] ZPVE correction to relative energies in parentheses.
Table 2 summarizes the various contributions to AG for the " trans intermediate
above three mechanisms in the gas phase. The energy barriers N=C| s H
are augmented by an entropic contribution in all cases. H\H\ A
. =
Intermediates I, and I, are 14.3 and 18.5 kcalmol ' less stable H \ — ! E"
than the reactants on the free energy PES. The two- and three- =S
step mechanisms are equally favorable since the rate-deter-  trans attack
mining step in both cases is conrotatory electrocyclic closure, )
. . 1 disrotatory
with a free-energy barrier of 33.0 kcalmol~'. The concerted closure
mechanism is again the least favorable, with a free-energy s
barrier of 51.8 kcalmol~!. The free energy of reaction is — H\C:C:S H% H s N,H
18.6 kcalmol . H . j‘:
H
H™ T H
) H 2-thioazetidinone
Reaction mechanisms in solution: Figure 2 also shows the e=N gauche intermediate
geometrical parameters of the HF/6-31 G* SCRF optimized H H conrotatory
closure

structures for the addition of thioketene to imine in anisole
and N,N-dimethylformamide. Table 2 lists the corresponding
relative electrostatic free energies of solvation and free
energies in solution. The inclusion of solvent effects leads to
four different reaction mechanisms (see Scheme 2). Two
approaches (trans and gauche) of the reactants are possible,
and these converge into the gauche intermediate I, This
gauche intermediate can evolve through conrotatory or
disrotatory closure to give the product.

In solution TS, and TS, have a longer C(thioketene)-N
bond (by about 0.1 A) than in the gas phase, while the
geometries of intermediates I; and I, and the transition state

gauche attack

Scheme 2. The inclusion of solvent effects results in two possible closure
mechanisms for the gauche intermediate.

TS, are less sensitive to the electrostatic effect of solvent and
exhibit a moderately shorter C(thioketene)—N distance (by
0.01-0.02 A) compared to the analogous gas-phase structures
(see Figure 2). In general the presence of solvent stabilizes all
the structures along the reaction mechanisms with respect to
reactants; the greater the polarity of solvent the greater the
stabilization (Table 2). A preferential stabilization takes place

Table 2. Relative thermodynamic energies (kcalmol™') for the chemically important structures in the thioketene —formaldimine cycloaddition reaction.
Relative electrostatic free energies (kcalmol™') of solvation (JAGESS) in anisole (e =4.33) and N,N-dimethylformamide (¢ =37.0) solvents are also shown.

solv

Structures AH® TAS® AGgsphase  OAGEE £ =433 OAGEsel] ¢ =37.0 AGHFl ¢=433 AGI £¢=37.0
intermediates

I, 1.6 —12.7 14.3 —-82(-10.5) —-122 (-15.0) 6.1 2.1
I, 6.2 —-123 18.5 -89 (-11.9) —-132 (-17.0) 9.6 53
transition states

TS, 7.9 —-11.7 19.6 —-14(-23) —-1.7(-2.9) 18.2 17.9
TS, 10.8 —114 222 —-15(-2.8) —-1.9(-3.6) 20.7 20.3
TS, 10.2 —13.0 232 —-9.7(—12.1) —-72(-173) 13.5 16.0
TS, 19.9 —13.1 33.0 -41(-6.9) —-62(-9.9) 28.9 26.8
TS, 394 —124 51.8 —-1.9(-6.5) -37(-9.7) 49.9 48.1
product

2-thioazetidinone —31.5 —-12.9 —18.6 —-14(-22) —-21(-32) —20.0 —20.7

[a] 298.15 K, 1 atm. Thermal and ZPVE energies were obtained from the MP2/6-31 G* frequencies, while electronic contributions were derived from the
MP4/6-31 G*//MP2/6-31 G* single-point calculations. [b] MP2/6-31 G*//HF/6-31 G* SCRF calculations (HF/6-31 G* SCRF values in parentheses).

[c] AG apase + OAGESS (MP2//HF).

Chem. Eur. J. 1998, 4, No. 2
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in the case of the zwitterionic structures I, I, and TS,, and to a
lesser extent for TS, and TS,. According to the free energy in
solution, the trans and gauche approaches that lead to the final
product through a conrotatory closure are the most favorable.
They have in common the rate-determining step of the
process TS,, with an energy barrier of 28.9 and 26.8 kcalmol~!
for anisole and N,N-dimethylformamide, respectively. The
disrotatory mechanismbP'l connecting the gauche intermediate
with 2-thioazetidinone has a free energy barrier of 49.9 and
48.1 kcal mol~!, respectively, for the two solvents. According
to our calculations, the free energy of reaction is —20.0 and
—20.7 kcalmol™" in anisole and N,N-dimethylformamide,
respectively.

It has been reported that the rate of this reaction is not very
sensitive to solvent polarity.®l This trend is reflected in our
calculations, since for the thioketene—imine addition the
highest energy barrier is lowered by 3.0 kcalmol~! at the HF/
6-31G* SCRF level on changing from anisole to N,N-
dimethylformamide, whereas at the MP2/6-31 G*//HF/6-
31G* SCRF level the corresponding decrease is
2.1 kcalmol~!. Furthermore, the presence of substituents
tends to attenuate the effect of solvent polarity (see below).

Effect of substituents: In order to understand the effect of
substituents on the rate-determining transition state for
conrotatory closure to give the p-thiolactam product, we
studied the influence of three substituents (OH, CH; and
CHO) in thioketene and the reaction between isopropyl-tert-
butylthioketene and N-(benzylidene)methylamine.

The stereochemical role of monosubstitution in thioketene
was investigated at the MP 2/6-31 G*//HF/6-31 G* level in the
gas phase and in solution. Table 3 presents the corresponding
relative energies between the outward and inward transition
states. These results are in agreement with the torquoelec-
tronic effect defined by Houk,['"® according to which an
inwardly oriented, filled substituent donor orbital would
overlap with the occ MO of the newly forming C—C bond to
give a destabilizing cyclic four-electron interaction, whereas in

Table 3. Relative energies (kcalmol™') between the inward and outward
transition structures corresponding to the conrotatory electrocyclic closure
step in the cycloaddition reaction between formaldimine and substituted
thioketenes. Structures were optimized at the HF/6-31 G* theory level in gas
phase and at the HF/6-31 G* SCREF level in solution.

g s
I A— 7 HH Va
'/f\lf:_\ P '/N—c\ P
4 Clommmmannd C
H Hl 7 Rl
7. OUTWARD TS. INWARD

HF/6-31G* ZPVEW

MP2/6-31 G*//HF/6-31 G*

gas-phase  gas-phase gas-phase  solution solution

£=4.33 e=37.0
R=O0OH 23.4 -0.8 21.2 20.5 19.9
R=CH; 9.2 0.3 8.3 7.8 7.6
R=CHO 0.3 0.4 -3.0 -3.0 -34

[a] ZPVE correction from HF/6-31 G* frequencies.
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outward orientation it would overlap with the antibonding o
MO through a two-electron stabilizing interaction. Converse-
ly, an inwardly oriented, vacant substituent acceptor orbital
would undergo a stabilizing interaction with the oo MO. With
the strongest donor substituent (R = OH), the most favorable
transition state corresponds to outward electrocylic closure,
with a considerable energy difference of 21.2 kcalmol~! (see
Table 3). With a milder donor (R=CH;), the outward
orientation remains more favorable than the inward one,
but the difference between them is reduced to 8.3 kcalmol~.
Finally, the role of a mild acceptor substituent was studied by
using the CHO group in which the oxygen atom resides in a
syn orientation with respect to the hydrogen substituent of the
terminal C atom of thioketene. MP2/6-31 G*//HF/6-31 G*
calculations in the gas phase predict that the inward transition
state is favored by 3.0 kcal mol L.

The electrostatic effect of solvent on the calculated
torquoselectivity consists of a slight diminution of the energy
difference between inward and outward structures for the
donor substituents. Remarkably, these energy differences are
scarcely sensitive to solvent polarity. On passing from a
dielectric constant of 4.33 to 37.0, the energy difference
between the inward and outward transition states changes by
only 0.6, 0.2, and — 0.4 kcalmol~! for the OH-, CH;-, and
CHO-substituted structures, respectively (see Table 3).

In order to model more closely the systems studied
experimentally, the stereoselectivity of this class of reactions
was investigated by optimizing the conrotatory transition
states for the reaction of isopropyl-tert-butylthioketene with
N-(benzylidene)methylamine. Given the size of these systems,
single-point calculations were carried out at the HF/6-31 G*
and B3LYP/6-31 G* theory levels in the gas phase and at the
HF/6-31 G* SCREF level in solution on the HF/6-31 G* geo-
metries. The four stereoisomers of the transition state are
shown in Figure 3, which includes the relative energies with
respect to the most favorable transition state.

In the gas phase the most favorable structure is TS2, in
which the tert-butyl and phenyl substituents are in outward
orientation. This TS2 presents the most advanced formation
of the new C-C bond. Transition states TS1 and TS4, in
which the phenyl and fert-butyl groups have a cis arrangement
are 5.4 and 5.2 kcal mol~! less stable than TS 2, respectively. In
TS 1 the tert-butyl group is outwardly oriented, while in TS 4 it
is in inward orientation. The least stable transition state is TS3
(13.2 kcalmol ! less stable than TS 2) in spite of its having the
two bulkiest substituents in a trans arrangement. Both bulky
substituents (terz-butyl and phenyl) are in inward orientation.
The relative stability of TS1-TS4 can be rationalized in
terms of electronic effects. Thus, in accordance with the
torquoselectivity concept, the most stable transition state,
TS 2, has the donor groups in outward orientations, whereas
the least stable, TS 3, has these groups in inward orientations.
The transition states of intermediate stability have one of the
donor groups in inward orientation and the other in outward
orientation.

The electrostatic effect of solvent on the stability of TS1—
TS4 is moderate, the most remarkable feature being the
reduction of the energy difference between TS2 and TS4 to
3.2 kcalmol~! (Figure 3). The inclusion of correlation energy
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Ph inward TS1 Ph outward

Bu o%ward tBu outward

4

. W
Ph inward /‘\; (11.9] Ph outward
Bu inward 12.3 Bu inward

Figure 3. HF/6-31 G* optimized structures of the conrotatory transition states for the reaction of isopropyl-tert-
butylthioketene with N-(benzylidene)methylamine. Distances in A; relative energies in kcalmol~!; Roman HF/

solution, are two- and three-

step processes, which have in

common a conrotatory elec-
»/ trocyclic closure to give the 2-
thioazetidinone as the rate-
determining step. According
to our calculations, zwitterion-
ic intermediates play a funda-
mental role in the mechanisms
of this process. As expected,
the electrostatic effect of sol-
vent consists of a preferential
stabilization of the zwitterion-
ic structures I, I, and TS,. In
agreement with experimental
findings, our calculations show
that the rate of this reaction is
not very sensitive to solvent
polarity. The effect of substitu-
ents is dominated by the tor-
quoelectronic effect, so that, in
contrast to previous interpre-
tations, electronic effects are
more important than steric
effects.

6-31 G*; in parentheses HF/6-31 G* SCRF &=4.33; in square brackets HF/6-31 G* SCRF &=37.0; bold:

B3LYP/6-31 G*.

at the B3LYP/6-31G* level tends to lower this energy
difference even further to 1.2 kcalmol~! (Figure 3). Thus
although TS2 remains the most stable transition state in
solution, the energy difference between TS2 and TS4 is not
large. This is in agreement with the experimental finding that
the major product has the bulkiest groups in a trans arrange-
ment, and that the reaction is only poorly stereoselective.!
However, in contrast with previous interpretations, which
explain these results in terms of steric effects, our calculations
reveal electronic effects to be the most important factor
determining the stereoselectivity. The energy barrier corre-
sponding to TS2 of 48.2 kcalmol~! in the gas phase decreases
to 45.0 (¢ =4.33) and 42.8 kcalmol~! (¢ =37.0) in solution. So
the effect of solvent polarity in this case is a reduction in the
rate-determining energy barrier of only 2.2 kcalmol~! at the
HF level. The kinetic data reported by Schaumann for the
cycloaddition of di-tert-butylthioketene and 3,4-dihydroiso-
quinolinef! at 120°C imply a difference in activation energy of
about 0.5 kcalmol™' on passing from anisole to N,N-di-
methylformamide. As already discussed in the unsubstituted
system, the inclusion of correlation energy is expected to
bring our theoretical results even closer to the experimental
data. Thus our calculations model the behavior of this type of
system reasonably well.

Summary

The most favorable mechanisms found for the cycloaddition
of thioketene with formaldimine, both in the gas phase and in
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