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ABSTRACT: The mechanism and origin of selectivities in
BF;-Et,O-catalyzed intermolecular [3 + 2] cycloadditions of
propargylic alcohol and a-oxo ketene dithioacetals have been
studied using density functional theory. Several possible
reaction pathways were evaluated on the basis of two possible
binding modes between the carbonyl or hydroxyl oxygen of
substrates and catalyst. The preferred mechanism initiates
dehydroxylation of propargylic alcohol by Lewis acid BF; and
generates active allenic carbocation species to provide the
favorable electrophile. It then proceeds via four processes
involving nucleophilic addition of C* on a-oxo ketene
dithioacetals to the CI1 of active allenic carbocation
intermediate, [1,4]-alkylthio shift, H-elimination, and intra-

unprecedented 1,4-alkylthio shift '

molecular cyclization. This reaction sequence is in contrast to the mechanism by a previously published study, that is, [1,4]-
alkylthio migration occurs prior to the cyclization. Our calculated results suggested that electrostatic attraction and hydrogen-
bonding interactions between substrates and catalyst play a vital role in the [3 + 2] cycloaddition.

B INTRODUCTION

Functionalized five-membered carbocycles as structural motifs
are often found in a large number of natural products and
bioactive molecules.' ™ The [3 + 2] cycloaddition reactions
have attracted increasing interest in organic chemistry due to
their wide application in the synthesis of various compounds
with five-membered rings.”> Among many impressive methods,
transition-metal and phosphine-catalyzed [3 + 2] cycloaddition
provide a powerful synthetlc approach to obtain cyclo-
pentadienes and cyclopentenes.”” Despite the above significant
achievements, the design and development of novel catalyst-
mediated processes, beginning with easily available materials to
afford densely functionalized cyclopentadienes, are still of great
value. Very recently, the Bi group® reported a new class of fully
substituted 2,5-dialkylthio cyclopentadienes using a-oxo ketene
dithioacetals as the polarized alkene component instead of
classic alkylthio displacement reactions’ for the synthesis of
carbocycles. They developed a novel strategy for the synthesis
of cyclopentadienes by the BF;-Et,O-catalyzed regiospecific [3
+ 2] cycloaddition of propargylic alcohols and a-oxo ketene
dithioacetals (Scheme 1). Adequate understanding of the
mechanistic details would certainly help exploit the latent
potential of multicatalytic cascades. In the present study, we
aim to shed light on the mechanism and the effective catalyst
form of the BF;-Et,0 as well as the combinational sites
between catalyst and substrates.

The mechanisms proposed by Bi et al. (red arrow mark) and
us (blue arrow mark) are shown in Scheme 2. Four differences
are found as follows. (1) The mechanism proposed by Bi
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Scheme 1. BF;-Et,O-Catalyzed [3 + 2] Cycloaddition of
Propargylic Alcohols and a@-Oxo Ketene Dithioacetals
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includes BF;-Et,O-catalyzed dehydroxylation, nucelophilic
addition of C* of a-oxo ketene dithioacetals (Rel) on C3 of
propargylic alcohols (Re2), intramolecular cyclization, stepwise
[1,4]-alkylthio shift, and [BF;-OH]~ assisted H-elimination.
However, our mechanism proceeds via BFj-catalyzed dehy-
droxylation of Re2, BF;-OH-assisted nucelophilic addition,
[1,4]-alkylthio shift, and concerted cyclization and H*
deprotonation. (2) They proposed that intramolecular
cyclization occurs prior to [1,4]-alkylthio shift, whereas our
computational results suggest that this is impossible because of
the high activation energy barrier. (3) Our results indicated that
the [1,4]-alkylthio shift is a concerted process, while theirs is a
stepwise one. (4) BF;-Et,0 and [BF;-OH]™ only play an
important role in the dehydroxylation and H-elimination steps
in their case. Nevertheless, BF; and [BF;-OH]™ play a vital role
in the whole reaction process and stabilize the structures of
transition states via hydrogen-bonding and electrostatic
interactions.
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Scheme 2. Mechanism Difference of BF;-Catalyzed Propargylic Alcohols and @-Oxo Ketene Dithioacetals between Us (Blue
Arrow Mark) and the Work of Bi et al. (Red Arrow Mark) Lies in the Reaction Sequence of the Intramolecular Cyclization and
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B COMPUTATIONAL METHODS

All calculations were performed using the Gaussian 09 suite of
quantum chemical programs.'® The hybrid density functional B3LYP
(zero-point vibrational energies is scaled by 0.960) was used for
geometry optimization with the 6-31+G** basis set for all atoms."'
Frequency analysis was conducted at the same level of theory to
characterize the stationary points and to obtain zero-point energy and
thermal energy corrections at 333.15 K. The intrinsic reaction
coordinate (IRC) calculations were carried out to confirm that all of
the transition states were connected the corresponding reactants and
products on the potential energy surface.'” Moreover, it has been
demonstrated that the B3LYP and M06-2X functionals can deal well
with the C—H---F and C—H---O noncovalent interactions.">** Thus,
single-point energies were subsequently computed at the B3LYP-D'*
and M06-2X"? levels using the 6-311+G** basis set in the solvent
phase. D provides a better treatment of dispersion interactions, while
MO06-2X is better suited for handling kinetics, thermodynamics, and
noncovalent interactions.'®'” Solvent effects in 1,4-dioxane were
evaluated using the Cramer—Truhlar continuum solvation model
SMD.'® The discussion employs the Gibbs free energies obtained at
the M06-2X/6-311+G** level of theory. This method has been
applied successfully to investigate the mechanisms of several catalytic
organic reactions, "'’ which is generally considered to be more
accurate for energetic.

Natural bond orbital (NBO) analysis”® was carried out at the M06-
2X/6-311+G** level to investigate the charge distribution and donor—
acceptor interactions. To confirm the weak interactions, topological
analysis of the electron densities within Bader’s Atoms-in-Molecule
(AIM) framework at the bond critical point explored using the
Multiwfn pro§ram.21 The optimized geometry structures are illustrated
by CYLview.”

B RESULTS AND DISCUSSION

3.1. Active Species for the Catalytic Reactions and
Substrate Binding. We explored first the effective catalyst
form of Lewis acid BF;-Et,O in the [3 + 2] cycloaddition of a-
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oxo ketene dithioacetals (Rel) and propargylic alcohols (Re2).
The active BF; species dissociation from the BF;-Et,O is
endergonic with a relative free energy (AG) of 10.5 kcal/mol
(see eq 1). According to the mechanism of related reactions,”
BF; could be easily formed from the reaction of precatalyst BF;-:
Et,0. Thus, our computational result implied that BF; acts as
the real active catalyst to initiate the catalytic reaction. In
addition, the vacant orbital on the boron atom of BF; can be
well coordinated with the electron-rich O atom of the —OH
group, namely, providing the electrophilic site.

BE-Et,0 — BE + Et,O AG = 10.5 kcal/mol

(1)

Before considering the various reaction pathways, we first
evaluated the different modes of binding between the catalyst
and the reactants. The coordination of the catalyst BF; to the
hydroxyl oxygen of Re2 (mode I) or the carbonyl oxygen of
Rel (mode II) was considered. The results showed that
coordination of mode I to give complex I is slightly less favored
than that of mode II to form II by 0.9 kcal/mol, whereas the
nucleophilic attack of C* of Re2 to allenic C3 of Rel for mode
I is much more preferred by 39.3 kcal/mol (TSI vs TSII, Figure
S1). Furthermore, the NBO charge calculation indicates that
the charges on C3 and C” in I or II are —0.435 and 0.112 or
—0.530 and —0.122, respectively. Thus, we only discuss the
coordination of mode I pathways herein. In addition, we also
investigated the effect of interaction direction of hydroxyl of
Re2 and carbonyl of Rel on the activation Gibbs free energies.

3.2. Mechanism of [3 + 2] Cycloaddition of
Propargylic Alcohols and a-Oxo Ketene Dithioacetals.
Path A initiates from the complex 1 catalyzed by BF;. The
intermediate I1 is formed via a dehydroxylation process and B—
O bond formation transition state TS1 with the activation free
energy (AAG*) of 18.4 kcal/mol (Figures 1 and 2). This
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Figure 1. Free energy profiles of [3 + 2] cycloaddition of propargylic alcohols and a-oxo ketene dithioacetals in the solvent phase.
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Figure 2. Geometry structures in dehydroxylation and nucleophilic attack processes. Distances are in A.

process is facilitated by the strong electrostatic attraction
between the B atom of BF; and the O atom of Re2. Then
substrate Rel combines with intermediate I1 and forms the
intermediate 2. This step is exothermic by 14.5 kcal/mol.
Meanwhile, the carbocation transfers from the C1 to the allenic
C3 due to the resonance stabilization and less sterically
hindered of allenic carbocation intermediate 2.** Furthermore,
a careful inspection of structure for TS1 suggests that its own
electron-rich groups (—Ph and —Me) also contribute to the
formation of the allenic carbocation C3 (Figure 2). The
subsequent step is the nucleophilic attack of the C* of Rel on
the allenic C3 of Re2 via transition state TS2 with a free energy
barrier of 8.4 kcal/mol, forming 3. Quintuple hydrogen-
bonding interactions (O—H:--O, 2.64 A; C—H--O, 2.11 and
2.70 A; C—H--'F, 2.13 and 2.27 A) play an anchoring role by
binding to the C* and the C3 and stabilize the structure of TS2.
From intermediate 3, the reaction follows three alternative
pathways (paths A, Al, and A2) differing in the sequence of
[1,4]-alkylthio shift, H*elimination, and cyclization (Figures 1
and 3). Path A is the BF;-catalyzed alkylthio shift process. The
alkylthio group shifts from C” to C2 via transition state TS3
and generates intermediate 4, requiring 33.2/8.8 kcal/mol of
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the AAG¥/AG value. In path Al, the H” migrates from C* to
the —OH group of BF;-OH via transition state TS3-1 of 6.9
kcal/mol. Although path Al is more advanced than path A by
26.6 kcal/mol, the latter one is still reasonable because the
reactions need to be performed at 60 °C. This large energy
difference is responsible for the [1,4]-alkylthio shift step
forming a zwitterionic transition state/intermediate TS3/4 with
separated positive and negative charges, leading to TS3/4 less
stable than the neutral TS3—1/4—1 in the 1,4-dioxane. The
AAG? value of intramolecular cyclization transition state TS3-2
in path A2 is 50.2 kcal/mol. Thus, cyclization occurs prior to
[1,4]-alkylthio shift, H*-elimination is a kinetically inaccessible
process, and path A2 can be excluded.

After intermediate 4, two possible pathways (paths A and
A3) were considered for the formation of the product Pr
(Figures 1 and 4). In path A (4 — TS4 — S, Figure 4, green
line), the C1—C” bond formation and H” transfers from C* to
[BF;-OH]™ simultaneously occur via a concerted transition
state TS4 to afford intermediate S, with the AAGF value of
—3.7 keal/mol. It is a barrier-free process. Finally, BF; and H,O
are released to deliver the product Pr. Path A3 (4 — TS4-1 —
5—1 — TSS) is a stepwise process via deprotonation transition
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Figure 4. Structures in deprotonation and cyclization process of path A. Distances are in angstroms.

state TS4—1 and five-membered ring transition state TSS
(Figure 1, pink line). The AAG* value of TS4—1 is 14.9 kcal/
mol higher than that of TS4. Hence, path A is more favorable
than path A3. Similarly for 4, we examined three possible
reaction pathways on 4-1. Pathways Al, Ala, and Alb
correspond to the concerted cyclization and alkylthio group
shift (4-1 - 4-2 — TS4al), stepwise cyclization and alkylthio
group shift (4-1 — TS4a — Sa — TSS5a), as well as alkylthio
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group shift (4-1 — TS4b) processes (Figure S). The high
activation energy barriers of TS4al (45.9 kcal/mol), TS4a
(50.8 kcal/mol), and TS4b (62 kcal/mol) show that these
three pathways are kinetically unfeasible. Although path Al is
more favored than path A by 22.6 kcal/mol of AAG? for the
H”-elimination, the higher barrier of the concerted cyclization
and alkylthio group shift (4-2 — TS4al, AAG* = 45.9 keal/
mol) ruled out this path. Consequently, the comparison of the
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energy profiles (see Figure 1) for these five pathways conveys
that the TS in path A is much more stable than path Al by 12.7
kecal/mol. According to Figure 1, [1,4]-alkylthio shift (3 —
TS3, AG/AAG* = 8.8/33.2 kecal/mol) is the rate-determining
step of path A.

To investigate the effect of different addition orientation of
substrate Rel on the reaction mechanism, we explored
alternative possible pathway path B (Figure 6). It is worth
noting that the differences between 2 and 1’ lie in the opposite
combinational direction of a-oxo ketene dithioacetals to
substrate Re2 (Figures 2 and 7). Complex 1’ initially undergoes
the BF;-catalyzed —OH elimination and nucleophilic attack of
C? of Rel on C3 of Re2 via a concerted transition state TS1’
(31.2 kcal/mol) to form the zwitterionic intermediate 2’.
Subsequently, from 2', three distinct pathways were inves-
tigated (Figures 6 and 8). H” deprotonation proceeded via
TS2’ of 1.8 kcal/mol to form 3’ (path B, gray line) or [1,4]-
alkylthio shift (TS2’-1) to provide 3’-1 with an activation
barrier of 32.0 kcal/mol (path B1, dark yellow line) as well as
intramolecular cyclization via TS2'-2 with the AAG? value of
44.3 keal/mol (path B2, pink line). The computed activation
barrier of the TS2'-1 and TS2' is 42.5 and 12.3 kcal/mol lower
than that of TS2'-2. Similar to path A2, a preferential
cyclization is a kinetically unfavorable process, which thus
ruled out path B2. Afterward, path B included two competing
processes, [1,4]-alkylthio shift (path B) and intramolecular
cycloaddition (path B3). The high activation barriers of
corresponding transition states TS3’ (46.5 kcal/mol) and
TS3’-3 (54.0 kcal/mol) in paths B and B3 exclude path B.

We consider two possible pathways in the processes of
cyclization and H-shift from 3'-1 (Figure 9). Path BI is the
intramolecular cyclization between C” and C1 and H” shifts
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from C” to the —OH group via a concerted transition state
TS3'-1 (—3.1 kcal/mol). Path B4 is a stepwise process via five-
membered ring and H-shift transition states TS3'-2 (1.4 kcal/
mol) and TS4'-1 (4.2 kcal/mol) assisted by [BF;-OH]™. The
AAG? value of TS4'-1 is higher than that of TS3'-1 by 7.3
kcal/mol. Then the product Pr is formed by BF; and H,O
releasing. As displayed in Figure 6, path Bl is the dominant
reaction channel among the three pathways and the
corresponding rate-determining step is [1,4]-alkylthio shift
with the relative/activation free energy (AG/ AAG¥) barrier of
34.2/32.0 kcal/mol.

As shown in Figures 1 and 6, the rate-determining steps are
predicted to be the [1,4]-alkylthio shift for paths A and BI,
respectively. Although the AAG?* value of TS2'-1 is slightly
lower than that of TS3 by 1.2 kcal/mol, the AG value of TS2'-1
is 25.4 kcal/mol higher than the latter one. Additionally, the
addition orientation of the alkylthio group less affects the
reaction mechanism and free activation energies except the H-
shift and intramolecular cyclization processes. However, it
exerts a pronounced effect on the potential energy surface, and
a comparison of Figures 2 and 6 revealed that the relative
energies of TSs in path A are much lower than those in path
Bl. Therefore, the computational results suggested that BF;
[BF;-OH] ™ assisted path Bl is competitive with path A, and
path A is relatively preferred kinetically. Furthermore, we also
calculated single-point energies at the B3LYP-D/6-311+G**
level (Figures S2 and S3). Our computational results indicated
that B3LYP-D and M06-2X functionals give the same trend in
the relative energies of transition states and intermediates. In
addition, the relative energies of transition states and
intermediates on the potential energy surfaces in paths A at
the B3LYP-D/6-311+G** level are slightly lower than those at
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MO06-2X/6-311+G** cases. However, the former activation
energy barrier of [1,4]-alkylthio shift in the rate-determining
step is 37.0 and 3.8 kcal/mol higher than the latter case. Thus,
the computed results using M06-2X/6-311+G** functional are
more reasonable and matched the experimental conditions (T
=60 °C).

3.3. NBO Analysis. To further elucidate the origin of the
difference of the orentation effect of alkylthio group on the
reaction activity, we performed a second-order perturbation
analysis on the two rate-determining step transition states TS3
and TS2'-1. Second-order perturbation stabilization energies
(E(2)) are the donor and acceptor interactions of the NBO
Lewis bonding molecular orbitals to the antibonding molecular
orbitals.””" As displayed in Table S1, the E(2) values of n — n*
and n — 7 interactions of TS3 between S1 and C2 as well as
C1—C2 are 46.22 and 2.83 kcal/mol, respectively, which is
larger than those in TS2'-1 (37.72 and 1.53 kcal/mol). The
results suggest that [1,4]-alkylthio shift catalyzed by [BF;-OH]~
in path A is favored over that of path B1. It is consistent with
the S1---C2 distance order of TS3 (2.62 A) < TS2'-1 (2.66 A).
Moreover, the inspection of the structures of these two
transition states shows the dihedral angle S1—C’~C3—C2 in
TS3 is smaller than that in TS2'-1 (3.8° vs —5.1°). Thus, [BF;-
OH]" efficiently stabilizes the structure of TS3 and reduces the
relative free energy of the potential surface in the [1,4]-alkylthio
shift step. The catalyst [BF;-OH] ™ plays an anchoring role by
binding to the S atom of alkylthio group and the C1 atom of
allenic carbon via multiple hydrogen bonds. Thus, the TS3 is
stabilized by strong double (O1---H1'—C1’, F1---H*~C") and
weak triple (F2---H4—C7, F1---H2—C8, F1--H3'—C3’) inter-

1995

actions with the total stabilization energy amount to 15.86 kcal/
mol. Five kinds of hydrogen bonding interactions (O1---H"—
C% O1--H2'—C2/, O1--H3/—C3/, F1--H4—C7, F1--H*—C")
are found in the TS2'-1, and the sum of the E(2) value is 11.81
kcal/mol. Consequently, the NBO calculation results further
confirm that the BF; [BF;-OH]™ catalyzed [3 + 2] cyclization
path A is the more favored pathway relative to path BI.
Similarly, the dispersion-corrected DFT methods B3LYP-D,
PBEO-D, and M06 also show similar results (see Tables S2—
S4). In addition, the higher activity of the [1,4]-alkylthio shift at
TS3 is also attributed to greater orbital overlap of the HOMO-
8. As illustrated in Figure 10, the orbital interaction of the
reaction site (C2---S1) in the case of TS3 is larger than that in
TS2'-1 because the electron extensively delocalizes over the S1,
C2—C3, —CH,, and benzene ring part (pink ellipse).
Therefore, the orbital analysis further identifies the ration-
alization of the calculation results mentioned above.

To unravel the noncovalent interactions of the active
reaction site between SI atom and allenic carbon (C2), we
employed the Multiwfn*' and VMD™ to conduct electron
densities and reduced density gradient RDG’ isosurface for the
rate-determining step structures. As shown in Figure 11, it is
clear that the electrostatic interaction of the S atom and the C2
in TS3 is stronger than that in TS2'-1 represented by the
deeper blue color (marked by purple square, in blue).
Moreover, a strong stabilizing F--H—C hydrogen bond
interaction is found in the transition state TS3 (orange ellipse
and arrow mark, in aquamarine blue), which is absent in the
TS2'-1. Thus, the structure of TS3 is much more stabilized by
the noncovalent interactions as compared to TS2'-1.
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B CONCLUSION

We have carried out a mechanistic study to elucidate the
mechanism of BF;-catalyzed [3 + 2] cycloaddition between
propargylic alcohol and a-oxo ketene dithioacetals. The most
favorable pathway for [1,4]-alkylthio shift prior to cyclization
and H-elimination reaction labeled as path A consists of
dehydroxylation, nucleophilic addition, [1,4]-alkylthio shift, and
concerted deprotonation and cyclization. The calculated results
suggest that electrophile BF; plays an important role to activate
the reactive sites and efficiently stabilize the structures of
transition states by multiple hydrogen bonding and electrostatic
interaction. This is further confirmed by the NBO and
noncovalent analyses. In addition, the investigation of different
addition orientations of substrate Rel on the reaction
mechanism suggests that it significantly affects the potential
energy surface and reduces the relative energies of TSs in path
A as compared to path B1. Therefore, our computational results
indicated that the origin of different reactivity in paths A and B1
stems from the differences in F---H—C nonbonding interactions
of the BF; [BF;-OH]™ catalyzed the rate-determining step
transition states.
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