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Abstract: In this work, three possible mechanisms, including mechanisms A and B
associated with the stereoselective [2 + 2] cycloaddition product and mechanism C
associated with the [2 + 2 + 2] cycloaddition product, have been investigated for
N-heterocyclic carbenes (NHCs) catalyzed cycloadditions of ketenes with
isothiocyanates by using density functional theory (DFT). Our calculated results
suggest that the mechanism A is the most energy favorable pathway, which contains
three steps, i.e. (1) the nucleophilic attack on the ketene by NHC catalyst for the
formation of enolate intermediate, (2) regioselective [2 + 2] cycloaddition of the enolate
intermediate with isothiocyanate, and (3) the dissociation of the NHC catalyst from the
thioxo-f3-lactam product. Notably, the [2 + 2] cycloaddition step is proved to be both the
rate- and stereoselectivity-determining step. Moreover, the reaction pathway associated
with the R configuration is the most favorable pathway and leads to the major product,
which is in good agreement with the experimental results. The mechanistic insights
obtained in the present study should be valuable for the rational design of more
efficient organocatalytic cycloadditons for the synthesis of heterocycle compounds with
high selectivities.
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In modern synthetic and organic chemistry, it is a critical and challenging goal to design
highly stereoselective and region-specific reactions. Notably, organocatalysis is playing more
and more important role in asymmetric synthesis. Since the first report of the isolation and
characterization of a free N-heterocyclic carbene (NHC), [1] NHCs have been successfully
and widely applied as the ligands of organometallic catalysts. [2-5] Afterwards, the excellent
performances of NHCs have been uncovered for acting as one of the most powerful
organocatalysts in asymmetric reactions, such as the cross-benzoin, Stetter, annulation,
homoenolate, [1, 6-16] and cycloaddition (i.e., [2 + 2], [17-22] [2 + 2 + 2], [23] [4 + 2], [24-27]
cycloadditions) reactions, which can afford a facile and also effective route to obtain various
heterocyclic skeletons. Due to the special reactivities and wide applications of
NHC-catalyzed [2 + 2] cycloadditions of ketenes and C = X (X = O, CH2, and NH), their
theoretical studies [28-30] have also attracted more and more attention.

Recent reports show that the Lewis base organocatalysts (especially for N-heterocyclic
carbenes) can improve the stereoselectivity of the ketene cycloaddition reaction significantly.
For instance, the remarkable work of NHC-catalyzed [2 + 2] cycloaddition reactions of
ketenes with isothiocyanates (Scheme 1) were firstly published by Ye's group. [20] To the
best of our knowledge, the reaction mechanisms are still ambiguous, and which step is the
stereoselectivity-determining step and which factor is the decisive one for the
stereoselectivity in this kind of reaction remain unclear. In this work, we mainly focused on
some issues still unsettled: (1) Which reactant (R1 or R2) can react with Cat firstly? (2) Which
processes are the rate- and stereoselectivity-determining step? (3) Why is the R-isomer the
major product? (4) Why does the [2 + 2] cycloaddition rather than other cycloadditions (such
as [2 + 2 + 2] cycloaddition) favorably occur? With these questions as motivation, the present
work will pursue a theoretical investigation on the title reaction to clarify the actually
reaction mechanism and the above questions. And we believe that the mechanistic
information should be important for understanding the NHC-catalyzed [2 + 2] cycloaddition
reactions and providing novel insights into recognizing this kind of reaction in detail.

In this work, the [2 + 2] cycloaddition of aryl(alkyl)ketene R1 with PNP-isothiocyanate
R2 promoted by NHC catalyst to give the corresponding major p-lactone PR (up to 85%
yield) with 97% ee (Scheme 1) has been chosen as the object of the theoretical investigation.
As shown in Scheme 1, it should be noted that the “R/S” represents the chirality of C3 atom
in the stationary points involved in the reaction. The reaction mechanisms were studied
using density functional theory, which has been widely used in the studies of the reaction
mechanisms.



38 D. Wei et al. / Commun. Comput. Chem., 4 (2016), pp.36-47

=N
SN_ N-
(o) S Ar—y N Bn (0] PNP
/
[l [l Ar’ OH Ar=3,5-(CF3),C¢H; N
R (R)
Ph” “Et = “PNP DCM, rt Et S
R1 R2 R-isomer
major

Scheme 1. The NHC-catalyzed [2 + 2] cycloaddition reaction of ketene with isothiocyanate.

2. Computational Details

All structures of the reactants, transition states, intermediates, and products reported in the
present study were calculated using the MO06-2X [31-33] density functional theory in
Gaussian09 [34]. Geometry optimizations were performed using the 6-31G(d,p) basis set
[35-36] in the gas phase. The harmonic vibrational frequency calculations were conducted at
the same theory level as that used for geometry optimizations to provide thermal corrections
of Gibbs free energies. We confirmed that the local minima had no imaginary frequencies,
while the saddle points had only one imaginary frequency. The same level of intrinsic
reaction coordinate (IRC) [37-38] calculations were performed to confirm that each transition
state structure connected with the corresponding reactant and product on the potential
energy surface.

On the basis of the optimized structures in the gas phase at the M06-2X/6-31G(d, p) level,
the energies were the refined by M06-2X/6-311+G(d, p) single-point calculations with solvent
effects (dichloromethane, which was chosen from the available experiment) included and
simulated by the integral equation formalism polarizable continuum model (IEF-PCM). [36]
In the following parts of this paper, all discussions in this theoretical study are based on
solution phase single point energy corrected by gas phase Gibbs free energy correction, i.e.
AEdiscussed = AEspsolv + AEcorr, where AEdiscussed, AEspioly, and AEcorr represent the energies
discussed in text, the solvated single point energy, the corresponding gas-phase Gibbs free
energy correction. The computed structures were rendered using the CYLView software
[39].

3. Results and Discussions
Base on the experimentally observed products, [20] three possible mechanisms A, B, and C

depicted in Scheme 2 have been considered and investigated in this work. Both mechanisms
A and C are initiated by the coordination between Cat and R1, while the mechanism B is
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originated by the reaction between Cat and R2. For the mechanisms A and B, each has only
three steps, including coordination of catalyst and substrate, [2 + 2] cycloaddition, and the
regenaration of NHC. With respect to the [2 + 2 + 2] cycloaddition, mechanism C contains
four steps in the catalytic cycle, the first step is the same to that of mechanism A, the second
step is the nucleophilic attack on R2, the third step is the [2 + 2 + 2] cycloaddition, and the
eventual step is the dissociation of the products and the catalyst.
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Scheme 2. The possible catalytic cycles for the NHC-catalyzed cycloaddition reactions.

3.1. [2 + 2] Cycloaddition Reaction Mechanisms A and B

In this reaction, the NHC catalyst Cat catalyzed [2 + 2] cycloaddition reaction mechanisms
(Mechanisms A and B) of ketene (R1) with isothiocyanate (R2) are investigated.

3.1.1. Step 1: Nucleophilic attack of Cat on reactant.

For mechanism A, the catalyst Cat initially interacts with R1 to form the Z/E-configurational
pre-intermediate MO (denoted as Z/E-MO0), in which the “Z/E” represents the
Z/E-configuration of the C3=C4 double bond. Then, as shown in Scheme 2, the C1 atom in
Cat nucleophilically attacks on the C4 atom in R1 to afford intermediate Z/E-M1 via
transition state Z/E-TS1, respectively. Figure 1 shows that the distance of the C1-C4 bond
reduces from 2.47/2.42 A in Z/E-TS1 to 1.50/1.50 A in Z/E-M1, which implies the complete
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coordination of Cat with R1. Figure 2 exhibits the Gibbs free energy profile for the whole
reaction, in which the energies of Cat+R1+R2 were set as the reference of 0.0 kcal/mol.
Moreover, Z/E-M0 and Z/E-TS1 locate 11.15/7.13 and 18.60/16.95 kcal/mol above the
reactants in energy, while Z/E-M1 locates -9.46/-12.21 kcal/mol below the reactants in energy.

For mechanism B, Cat firstly interacts with R2 rather than R1 to form intermediate MOR2,
Namely, the nucleophilic attack by the C1 of Cat on the C7 of R2 leads to the formation of
C1-C7 bond in the M1®? intermediate via the TS1®? transition state. The distance of C1-C7
bond presented in Figure 1 is shortened form 2.27 A in TS1®2to 1.49 A in M1®?, implying the
complete coordination of Cat with R2. The AG of MO0®?, TS1*?and M1®2are 9.32, 23.62 and
-9.41 kcal/mol respectively, thus, the energy barrier of this pathway is obviously higher than
that of mechanism A, suggesting the nucleophilic attack of Cat to R2 is relatively
unpreferred.

3.1.2. Step 2: [2 + 2] cycloaddition.

The second step is to accomplish the [2 + 2] cycloaddition of Z/E-M1 with R2 (mechnism A),
or that of M1®? with R1 (machanism B). As illustrated in Scheme 2, there is only one possible
addition pattern in mechanism A, which is due to the bulky substituent of Ar (Ar =
3,5-(CsF3)2CeHs). Since the ketene R2 could only attack to the Re face of Z-M1 and the Si face
of E-M1, resulting in the formation of two chemical bonds C3-C7 and C4-N6 in
intermediate M2 via the transition state TS2. Meanwhile, two chiral carbons C3 and C4 are
formed in M2, namely, the M2 is associated with the two configurations (Z-)M2RR and
(E-)M2SR (where the “R” or “S” represents the chiralities of the C3 and C4 atoms,
respectively), but the chirality of the C4 atom would disappear in the following dissociation
step. As depicted in Figure 1, the distances of C3-C7 and C4-N6 are 2.03/2.19 A and
2.66/2.58 A in TS2R/S and 1.53/1.53 A and 1.51/1.51 A in M2R/S, separately. The optimized
geometries of the two transition states suggest that the C3—C7 and C4-N6 bonds are formed
asynchronously, and formation of the C3—-C7 bond goes earlier than that of the C4-N6 bond.
In another word, the [2 + 2] cycloaddition occurs in a concerted but asynchronous manner.

As mentioned above, there are two chiral carbon centers (C3 and C4) generated in the [2
+ 2] cycloaddition process. However, the new formation C4 chiral carbon center disappears
in products, while the other C3 chiral carbon center still exists in products. As shown in
Figure 2, the energy barrier via TS2R/S is 24.45/29.74 kcal/mol, indicating the pathway
associated with TS2R has the lower energy barrier between the two competing pathways,
thus, it should be the more favorable pathway and the R configuration would be the major
stereoisomer, which is in agreement with the experiment. Obviously, the energy barrier via
TS2S is remarkably higher than that via TS2R, so the mechanism discussion on the
S-configuration can be ignored in the following part.
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Considering the [2 + 2] cycloaddition of M1®? with R1 in mechanism B, there are two
possible addition patterns which correspond to two configurations of the cycloadducts as
shown in Scheme 2. Since the ketene R1 could attack to either the Re or Si face of M1R?,
leading to the two same chemical bond formations of C3—-C7 and C4-N6 in intermediate
M2R/SR? via the transition state TS2R/SR2. The barriers of 36.77/38.57 kcal/mol via TS2R/SR?
are much higher, suggesting the process is impossible to happen under the experimental
conditions (the room temperature), so the mechanism B should be excluded. That is to say,

the nucleophilic attack only happens via mechanism A.
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Figure 1: Optimized geometries of the stationary points involved in NHC-catalyzed [2 + 2] cycloaddition.

All distances are given in A and all the hydrogens are omitted for the sake of clarity.

3.1.3. Step 3: Regeneration of the catalyst.
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As aforementioned, the pathway for the formation of the R-configuration major product (PR,

Scheme 2) in mechanism A is more energetically favorable than that of the S-configuration
minor one (PS, Scheme 2) as shown in Figure 2. Therefore, we only discuss the product PR
formation step. As presented in Scheme 2, the catalyst NHC is dissociated with product PR
by breaking the C1-C4 bond through transition state TS3R, and the change of the distance
C1-C4 reflects the nature of the last step in mechanism A. The distance C1-C4 is lengthened
to 2.13 A in TS3R. The energy of M3R is 4.68 kcal/mol lower than those of the reactants,
indicating the overall reaction is an exothermic process. Furthermore, the energy barrier via
TS3R is 13.77 kcal/mol, demonstrating that the third step should be a fast process, and it is
easy to regenerate the catalyst Cat and form the corresponding major product PR.
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Figure 2: The Gibbs free energy profile of Cat-catalyzed [2 + 2] cycloaddition reaction of ketene with

isothiocyanate.
As discussed above, the mechanism A is the most favorable pathway. Comparing the
three energy barriers of 7.45, 24.45 and 13.77 kcal/mol via the corresponding transition states

Z-TS1, TS2R and TS3R, we know the second step (i.e. [2 + 2] cycloaddition) has the highest

energy barrier, implying this process is also the rate-determining step.

3.2.[2 + 2 + 2] Cycloaddition Reaction Mechanism C
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In this part, the NHC catalyst Cat catalyzed [2 + 2 + 2] cycloaddition reaction mechanism C
(in Scheme 2) is also explored. As depicted in Scheme 2, the mechanism C is diverged with
mechanism A from the intermediate Z/E-M1, so we start the discussion of the mechanism C
from the second step.

As we can see in Scheme 2, for the second step of the mechanism C, the previous
formed intermediate Z/E-M1 nucleophilically attacks on the Re or Si face of isothiocyanate
R2 to afford the intermediate MC2R/S via the transition state TSC2R/S respectively, which is
accompanied with the formation of one chiral carbon center. The barriers of 32.78/27.76
kcal/mol via TSC2R/S are obviously higher than those of mechanism A, indicating the [2 + 2
+ 2] cycloaddition process is not preferred to occur at the room temperature, which is in
agreement with the experiment, so the mechanism C should be directly excluded.
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Figure 3: The Gibbs free energy profile of Cat-catalyzed [2 + 2 + 2] cycloaddition reaction of ketenes with
isothiocyanate.

4. Conclusion

In this paper, the possible mechanisms and stereoselectivities for the NHC-catalyzed [2 + 2]
and [2 + 2 + 2] cycloaddition reactions of ketenes and isothiocyanates have been investigated
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using density functional theory (DFT). We have discussed and investigated the three
mechanisms A, B and C of the NHC-catalyzed cycloaddition reactions to generate two kinds
of stereoisomers. The calculated results reveal that the favorable mechanism A involves three
steps. Initially, NHC approaches the carbonyl group of the ketene. The second step is a [2 + 2]
cycloaddition process, which can lead to two kinds of configurational intermediates via
different diastereotopic transition states. The remaining step involves the dissociation of
catalyst NHC and the product. Moreover, the [2 + 2] cycloaddition step is calculated to be
both the rate-determining and stereoselectivity-determining step, and the energy barriers
corresponding to the stereoisomer transition states TS2R/S are 24.45 and 29.74 kcal/mol,
respectively. The energetic favorability of the R configuration stereoisomer suggests that it
should be the dominant product, which is in good agreement with the experiment. That is to
say, the transition state associated with the second step should be the key for the
stereoselectivity of the title reaction. In summary, this study provides a theoretical model for
predicting the stereoselectivity of the product, which should be helpful for rational design of
potent catalysts to synthesize thioxo-f-lactams with high stereoselectivity.
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