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ABSTRACT: In this paper, the mechanisms of the intermolecular [3 + 2] and
[1 + 2] cycloaddition reactions of 1,1/1,3-dipolar sr-delocalized singlet
vinylcarbenes, which is obtained from cyclopropenone, with an electron-
deficient C=0 or C=C dipolarophile, to generate five-membered ring
products are first disclosed by the density functional theory (DFT). Four
reaction pathways, including two concerted [3 + 2] cycloaddition reaction
pathways and two stepwise reaction pathways (an initial [1 4 2] cycloaddition
and then a rearrangement from the [1 + 2] cycloadducts to the final [3 + 2]
cycloadducts), are investigated at the B3LYP/6-31G(d,p) level of theory. The
calculated results reveal that, in contrast to the concerted C=0 [3 + 2]
cycloaddition reaction pathway, which is 7.1 kcal/mol more energetically
preferred compared with its stepwise reaction pathway, the C=C dipolar-
ophile favors undergoing [1 + 2] cycloaddition rather than concerted [3 + 2]
cycloaddition (difference of 5.3 kcal/mol). The lowest free energy barrier of
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the C=0 concerted [3 + 2] cycloaddition reaction pathway shows that it predominates all other reaction pathways. This
observation is consistent with the finding that the C=0 [3 + 2] cycloadduct is the main product under experimental conditions. In
addition, natural bond orbital second-order perturbation charge analyses are carried out to explain the preferred chemoselectivity of
C=0 to the C=C dipolarophile and the origins of cis-stereoselectivity for C=C [1 + 2] cycloaddition. Solvent effects are further
considered at the B3LYP/6-31G(d,p) level in the solvents CH;CN, DMF, THF, CH,Cl,, toluene, and benzene using the PCM
model. The results indicate that the relative reaction trends and the main products are insensitive to the polarity of the reaction

solvent.

B INTRODUCTION

The thermal [3 4 2] cycloaddition reaction between 1,3-dipoles
and dipolarophiles complements the Diels—Alder [4 + 2] cycload-
dition reaction that is extensively applied in the synthesis of
functionalized six-membered rings." This kind of 1,3-dipolar cy-
cloaddition allows the production of various five-membered carbo-
cycles and heterocycles,” which can subsequently be used to
construct many important natural products. To date, many dipolar
and dipolarophile cycloaddition partners have been explored,
characterized, and applied in heterocycle synthes.is.3 In contrast,
the development and application of simple three-carbon 1,3-dipoles
in thermal cycloaddition reactions have not been described very
well.®> However, their potential participation in [3 + 2] cycloaddi-
tion reactions for the construction of functionalized cyclopentenes is
of special interest since each of the five carbons of the newly formed
five-membered ring bears functionalities suitable for additional
transformation.” In the past, much effort has been devoted to the
development and application of three-carbon 1,3-dipoles, including
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the discoveries by Trost et al. regarding the palladium-promoted
asymmetric [3 + 2] cycloaddition of trimethylenemethane,” Lu
et al’s three-carbon plus two-carbon addition reaction catalyzed by
tertiary phosphines,” Boger et al’s thermal [3 + 2] cycloaddition
reaction between 1,1/1,3-dipolar 7t-delocalized singlet vinylcar-
benes obtained from cyclopropenone and an electron-deficient
dipolarophile,"*” as well as many other endeavors.® Remarkably,
all of these reactions, except Boger et als, successfully proceeded
with the aid of catalysts, such as a transition metal, Lewis acids, or
tertiary phosphines. Boger et al.’s method is very attractive since it is
convenient and free of rigorous experimental conditions.

On the basis of Boger et al’s experimental results,*”*" 7% the
reactions are initiated by the formation of 1,1/1,3-dipolar 7-
delocalized singlet vinylcarbenes, which then react with C=O or
C=C dipolarophiles by way of [3 + 2] and [1 + 2] cycloaddition.
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Scheme 1. Four Possible Reaction Pathways of the Title Reaction
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The reaction of C=0 dipolarophiles with vinylcarbenes always
gives [3 + 2] cycloadducts, but whether the reaction proceeds in a
concerted or stepwise manner (an initial [1 + 2] cycloaddition
and then a rearrangement from the [1 + 2] cycloaddition
intermediate to the final [3 + 2] cycloadducts) is ambiguous. In
a previous intermolecular cycloaddition reaction between C=0O
dipolarophiles and singlet vinylcarbenes, Boger et al. proposed
that, although the [1 4 2] cycloaddition intermediate was not
detected, its potential participation cannot be ruled out.”” There-
fore, in this paper, we have considered the two possible reaction
pathways and attempt to elucidate which is more favorable. The
same is done for the C=C dipolarophile. The reaction of C=C
dipolarophiles with singlet vinylcarbenes is somewhat different
from that of C=0 dipolarophiles. When a C=C dipolarophile
bearing an electron-withdrawing substituent (CN~, COOEt
etc.) tethered toiit, [1 4 2] cycloadducts could be obtained. This is
a stereocontrol process in favor of cis-cyclopropane formation, in
which the electron-withdrawing substituent tethered to the C=C
bond and the allylic component of the singlet vinylcarbene are in
cis-positions.*” However, the factor responsible for this stereo-
selectivity remains unknown.

The C=O0 group is preferred to the C=C group in intermo-
lecular cycloaddition; this can be evidenced by the detection of
pure C=0 [3 + 2] cycloadducts P1 (2,8,8-trimethyl-3-phenyl-
2-(eth-1-en-2-y1)-1,6,10-trioxaspiro[4.5]-dec-3-ene) in the reac-
tion of phenyl-substituted cyclopropenone ketal (R1) with methyl
vinyl ketone (R2) (Scheme 1).”4 The C=0 bond is more reactive
than the C=C bond. This phenomenon is unusual and therefore
needs to be investigated.

Although these kinds of 1,1/1,3-dipole cycloaddition reac-
tions have been widely investigated in various experiments,"*”
there remain many unsolved problems as described above. In the
present study, we have first disclosed the reaction mechanisms
theoretically shown in Scheme 1 using the B3LYP hybrid density
functional method, which has been widely used in the study of
organic reaction mechanisms.” "' Our study aims to explain the
preferred chemoselectivity of C=0 to C=C dipolarophiles and
demonstrate the mechanisms of different reaction pathways.
We also examine solvent effects to determine whether or not
the polarities of the solvents have significant effects on the
reaction trends.

B COMPUTATIONAL DETAILS

All theoretical calculations were performed using the Gaussian 09"
suite of programs. The geometrical structures of all the stationary points
in the energy profiles were first optimized by employing the hybrid
density functional B3LYP method and the 6-31G(d,p) basis set in the
gas phase."® The Berny algorithm was employed for both minimizations
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and optimizations to transition states."* The corresponding vibrational
frequencies were calculated at the same level to take into account the
zero-point vibrational energy (ZPVE) and to identify whether the
structure is a transition state or a minimum. We confirmed that all
reactants and intermediates had no imaginary frequencies, and each
transition state had only one imaginary frequency. Intrinsic reaction
coordinate (IRC) calculations,” at the same level of theory, were
performed to ensure that the transition states led to the expected
reactants and products. Anharmonic frequencies'® of the main product
were calculated taking anharmonic vibrational—rotational couplings
into account to compare with the experimental IR fundamentals. Solvent
effects were also included at the B3LYP/6-31G(d,p) level in CH;CN,
DMF, THF, CH,Cl,, toluene, and benzene using the polarizable
continuum model (PCM)."” The geometrical structures of all the
stationary points in the energy profiles were reoptimized. The corre-
sponding vibrational frequencies were also calculated at the same
calculation level. Thermodynamic calculations were obtained with
standard statistical thermodynamics at 298.15 K and 1 atm. Moreover,
the natural bond orbital (NBO) theory'® was applied to analyze the
secondary orbital interactions of representative transition states at the
B3LYP/6-31G(d,p) level in the gas phase. The Gauge-independent
atomic orbital (GIAO)'/B3LYP/ aug-cc-pVDZ20 method was em-
ployed to calculate the 'H (in acetonitrile) and "*C (in acetone)
magnetic shielding constants (0) and chemical shifts (0) with respect
to tetramethylsilane (TMS), taking solvent effects into account. Finally,
to investigate the effect of basis sets, we reoptimized all of the structures
based on the B3LYP/6-31G(d,p) level and calculated the vibrational
frequencies at the BALYP/6-311+G(2df,p) level of theory to ascertain
whether or not the qualitative results at the B3LYP/6-31G(d,p) level are
credible. We also carried out single-point energy calculations for basis
sets 6-3114+G(2dfp), 6-311+G(3df,2pd), and aug-cc-pVDZ based on
the B3LYP/6-31G(d,p) model structures. The free energies are ob-
tained by addition of thermal correction for Gibbs free energy at
6-31G(d,p) level to the corresponding single-point energies.

B RESULTS AND DISCUSSION

1. Reaction Mechanisms. In this work, we have investigated
two general reaction processes. First, the generation of the thermal
7-delocalized singlet vinylcarbene (M1 and M2) from cycloprope-
none (R1) was calculated. Second, we considered four possible
reaction pathways between the 77-delocalized singlet vinylcarbene
(M1) and the dipolarophile (R2), specifically C=0O concerted
(reaction pathway 1) and stepwise [3 + 2] cycloaddition (reaction
pathway 2),and C=C concerted (reaction pathway 3) and stepwise
[3 + 2] cycloaddition (reaction pathway 4). All compounds shown
in Schemes 2 and 3 are referred to by their associated number for
the sake of brevity. The corresponding representation of the free
energy profile is illustrated in Figure 2. As shown in Figure 2, we set
the Gibbs free energy of R1 4 R2 as 0.0 kcal/mol as a reference in
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the free energy profiles. The mechanisms of the title reaction can be
illustrated as follows.

1.1. Common Reaction Process 1: Generation of Thermal -
Delocalized Singlet Vinylcarbene. All of these reactions are
initiated by the generation of 77-delocalized singlet vinylcarbene
dipoles via opening of the three-membered ring (C1—C2—C3) in
R1. There are two cleavage paths: one is the broken C1—C3 bond,
and the other is the broken C2—C3 bond (Scheme 2). We
calculated and compared the relative Gibbs free energies of the
corresponding transition states and s7-delocalized singlet vinylcar-
bene intermediates for the two cleavage modes (Figure 2). The
results showed that the energy barrier for the cleavage of the
C1—C3 bond via transition state TS1 is 5.8 kcal/mol lower than
that via TS2 (27.2 versus 33.0 kcal/mol); therefore, the C1—C3
bond is more likely to break than the C2—C3 bond. Moreover,
intermediate M1 is more energetically favorable than M2 (18.1
versus 30.1 kcal/mol). The endergonicities of formation of M1
and M2 suggest that the ring cleavage process for M2 is easily
reversible, and the free energy barrier for the reverse reaction is 2.9
kcal/mol. Therefore, M1 should accumulate in higher concentra-
tions than M2 via the first three-membered ring breakage step,
which is in accordance with experlmental results that the product
obtained is mainly derived from M1.”¥ Due to the above results, we
only focused on the reaction of M1 with R2 through the four
reaction pathways in the succeeding discussion.

Scheme 2. Generation of the 1,1/1,3-Dipole
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According to our investigations, we found that the greater
stability of M1 compared with M2 is attributed to the larger
number of delocalized electrons in M1 than in M2. For example,
the dihedral angles between the phenyl and dipole planes, which
can be approximately illustrated as dihedral C2—C1—C8—C9,
are smaller in M1 (44.0°) than in M2 (52.2°). This results in
more delocalized electron distributions in M1. Moreover, the
bond length of C1—C8 (1.452 A) in M1 falls between the lengths
of normal C—C and C=C bonds. In M2, the length of the
C1—C8 bond (1.503 A) is absolutely a single bond (Figure 1).
Both facts result in better degrees of electron delocalization in
M1 than in M2. During the three-membered ring (C1—C2—C3)
opening process, only the breaking bond lengths significantly
vary; the other bonds do not change much in this step. For
example, the distance of C1—C3 is 1.465 AinR1,2.115 Ain TSI,
and 2.418 A in M1, but the distances of C1—C2 and C2—C3
only minimally change. This can be seen in Table 1.

1.2. Reaction Process 2: Cycloaddition Reaction Pathways of
the 1,1/1,3-Dipole (M1) and the C4=05 Bond in R2 (Reaction
Pathways 1 and 2). In reaction pathway 1, the reaction of M1
with R2 would directly yield the product P1 via a five-membered
ring (C1—C2—C3—C4—0S5) transition state TS1a without any
intermediate generated. In TS1a, the C1—C4 and C4—0S bond
distances are 2.264 and 2.493 A, respectively, demonstrating that
the [3 + 2] cycloaddition reaction takes place through asyn-
chronous concerted mechanisms (Figure 3). The 12.2 kcal/mol
Gibbs activation free energy barrier of TS1a indicates that the
reaction could easily occur at 80 °C. The energy of product P1 is
much lower than the reactants and other stationary points in the
potential energy profile (Figure 2), indicating that this reaction is
an exothermic process. In addition, the Gibbs activation free
energy barrier from P1 to TS1a may reach up to 62.0 kcal/mol,

Scheme 3. Two Possible Reaction Pathways for C=0 [3 +
2] Cycloaddition
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Figure 1. Optimized structures of R1, transition states TS1 and TS2, and 1,1/1,3-dipoles M1 and M2.
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which is so high that the cycloaddition process is thermodyna-
mically irreversible. The same observations can be found in
reaction pathways 2, 3, and 4. Thus, the energy barrier before P1
and P2 is key in explaining why the concerted C=0 [3 + 2]
cycloaddition process is most energy-favorable.

Reaction pathway 2 consists of two steps (Scheme 3): First,
M1 undergoes [1 + 2] cycloaddition with the C4=0S5 bond in
R2 to generate the three-membered ring intermediate M1b via
the highly asynchronous concerted transition state TS1bl. As
described in Figure 3, the C1—C4 and C1—0S5 bond distances
vary from 2.139 and 2.596 A in TS1b1 to 1.514 and 1.436 A in
M1b. Intermediate M1b then rearranges to form the [3 + 2]
cycloadduct P1 via TS1b2. Here, the C3—0S5 bond distance
shortens from 3.031 A in M1b to 2.732 A in TS1b2 and then to
1.422 A in P1. The C1—O0S5 bond distance elongates from 1.436
A in MI1b to 2.228 A in TS1b2 and then to 2.343 A in P1. The
variations in bond distances demonstrate that the C1—0OS3 bond
is gradually broken and the C3—OS5 bond is gradually formed in
the rearrangement processes.

From the energy profile in Figure 2, we can see that the
formation of the three-membered ring transition state TS1bl
requires 19.2 kcal/mol of the Gibbs activation free energy, which
is 7.0 kcal/mol higher than that required for TS1a (12.2 kcal/
mol). Moreover, the Gibbs free energy barrier of the rearrange-
ment transition state TS1b2 is as high as 38.5 kcal/mol,
suggesting that it is very difficult for the reaction to occur via
this pathway to yield the product P1 under the experimental

conditions. The distance variations of some important bonds are
summarized in Table 1.

1.3. Reaction Process 2: Cycloaddition Reaction Pathways of
the 1,1/1,3-Dipole (M1) and the C6=C7 Bond in R2. We first
examined the concerted [3 4 2] cycloaddition reaction pathway of
M1 with the C6=C7 bond in R2 (reaction pathway 3, Scheme 4).
The only five-membered ring transition state (C1—C2—C3—
C6—C7) in this reaction pathway is TS2a. Similar to TS1a, TS2a
is also an asynchronous concerted transition state, as demonstrated
by the different bond lengths of C1—C6 (2.559 A) and C3—C7
(2452 A) (Figure S). The Gibbs activation free energy barrier for
this step is 22.0 kcal/mol, which is about 10 kcal/mol higher than
that for reaction pathway 1.

The thermal [1 4 2] cycloaddition reaction between the C=C
dipolarophile and singlet vinylcarbene is a very important reac-
tion for the stereoselective construction of cyclopropane.”’
However, the stereoselectivity of the reaction does not have a
significant effect on the reaction mechanism, so we only discuss
the cis-conformation in this paragraph. The trans-conformation
will be discussed in detail in the succeeding sections. M1 first
goes through [1 + 2] cycloaddition with the C6=C7 bond in R2
to generate a three-membered ring intermediate cis-M2b via the
transition state cis-TS2b1. From Figure S, this step also proceeds
in a highly asynchronous concerted manner, during which the
C1—C6 and C1—C7 bond distances shorten from 2.059 and
2.635 A in cis-TS2b1 to 1.550 and 1.500 A in cis-M2b. Inter-
mediate cis-M2b then rearranges to form the [3 + 2] cycloadduct

Table 1. Some Geometrical Parameters of Several Stationary
Points along the Reaction Process (Units in A for Bond
Lengths)

SP Cl1-C2 C2-C3 C1-C3 C1-05 Cl-C4 C3-0S C4-0S5

R1 1.322 1.466 1.473
M1 1.394 1394 2418
M2 1403  2.380 1.413
Mib 1.493 1.342 2562 1.436 1514  3.031 1.438
TS1 1.346 1426 2115
TS2 1.378 2232 1.428
TSl1a 1.360 1427 2409 2867 2264 2493 1.261
TS1bl  1.400 1.390 2479 2596 2139 4269 1.256
TS1b2 1.394 1407 2440  2.228 1.558  2.732 1.363
P1 1.335 1497 2332 2343 1.537 1.422 1.441
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Figure 2. Gibbs free energy profiles of reaction pathways 1 and 2

(superscript “a” represents the addition of Gibbs free energy of R2).
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Figure 3. Structures and geometrical parameters of the stationary points in reaction pathways 1 and 2 (bond lengths in A).
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Scheme 4. Two Possible Reaction Pathways for C=C [3 + 2]
Cycloaddition
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P2 via TS2b2, and the C3—C7 bond distance shortens from
3.674 Ain cis-M2b to 2.889 A in TS2b2 and then to 1.554 A in
P2. The C1—C7 bond distance increases from 1.500 A in cis-
M2b to 2.326 A in TS2b2 and then to 2.420 A in P2. The bond
distance variations demonstrate that the C1—C7 bond gradu-
ally breaks and the C3—C7 bond gradually forms in these
rearrangement processes.

From Figure 4, we can see that the Gibbs activation free energy
barrier of the first [1 4 2] cycloaddition step through transition
state cis-TS2b1 (16.8 kcal/mol) is 5.3 kcal/mol lower than that
via TS2a in reaction pathway 3, but it is 4.6 kcal/mol higher than
that via TSla (122 kcal/mol, reaction pathway 1). These
findings indicate that the concerted C=0 [3 + 2] cycloaddition
(reaction pathway 1) is the most energy-favorable one among the
four possible reaction pathways.

In contrast to the preferred concerted [3 + 2] cycloaddition
reaction pathway for C=0O, the C=C group seems more likely to
undergo the [1 + 2] cycloaddition reaction pathway than the
concerted [3 + 2] cycloaddition reaction pathway, as evidenced
by the lower Gibbs activation free energy barrier for TS2a relative
to cis-TS2b1 (5.3 kcal/mol). However, the Gibbs activation free
energy barrier of the subsequent rearrangement from the [1 + 2]
cycloadducts to the final [3 + 2] cycloadducts is so high (51.9
keal/mol) that it is almost impossible for rearrangement to occur.
This is in agreement with the intermolecular cycloaddition
reaction experimental results, where the [1 + 2] cycloadducts
are unable to transform to [3 + 2] cycloadducts even at 200 °C.*

Table 2. Some Geometrical Parameters of Several Stationary
Points along the Reaction Coordinate (Units in A for Bond
Lengths)

SP C1—C2 C2—C3' C1—C6 C1—C7 C6—C7 C7—C3 C6—C3

cis-M2b 1495 1338 1.550 1.500 1.514 3.674 3312
TS2a 1339 1454 2559 3181 1367 2452 2930
cis-TS2b1 1411 1380 2.0S9 2635 1373 4010 3.680
TS2b2 1395 1398 1.503 2326 1.505 2.889 2.867
P2 1338  1.502 1.535 2420 1.549 1554 2480

The C=C bond is more likely to undergo [1 + 2] cycloaddition
rather than [3 + 2] cycloaddition. This is consistent with experi-
mental results, where C=C [1 + 2] cycloadducts may be detected
when there is an electron-withdrawing substituent group tethered to
the C=C bond. However, the higher Gibbs free energy barrier of this
reaction (4.6 kcal/mol) compared with concerted C=0 [3 + 2]
cycloaddition shows that this reaction pathway cannot predominate
these four reaction pathways, explaining the main product detected.
Some important bond distance variations are displayed in Table 2.

2. IR and NMR Analyses. Ab initio methods have been widely
used in the determination of vibrational frequencies and NMR values
to assist in the identification of experimentally observed structures.**
In this study, theoretical IR spectra and "H and ">C NMR chemical
shifts were calculated to identify the geometric structure of the
product through comparison with experimental spectroscopic data.
Theoretical calculations always overestimate actual vibrational fre-
quencies due to the neglect of anharmonicity.”> As a result, many
researchers apply frequency scaling factors to correct the frequencies
they theoretically obtain.*' Good overall results are usually obtained,
but it is also possible that more than one scale factor exists for the
same calculation method. For example, for the MP2-fu/6-31G(d)
method, Hehre,™* Defrees,23b and Radom” gave three different scale
factors. These differences can be attributed to the different molecule
sets selected and various approaches adopted to determine the scale
factors. To reduce these errors, and since our molecular size is not
very large, we decided to calculate anharmonic frequencies taking
anharmonic vibrational—rotational couplings into account using
Gaussian software. In this paper, we directly calculated the anharmo-
nic vibrational frequencies of the main product P1 to compare with its
experimental spectra. A comparison of the experimental and theore-
tical IR absorption vibrational frequencies of the product P1 is
displayed in Table 3. Five vibrational frequencies of 2956, 2874,
1361, 1231, and 1012 cm™ * obtained from experiments are assigned
to the antisymmetric C—H stretching modes of CH; (C11 and
C15), the symmetric C—H stretching modes of CH; (C11) and
CH, (C2 and C4), the out-of-plane wagging vibrations of CH,
(C2 and C4), the out-of-plane twisting vibrations of CH, (C2 and
C4), and C—O stretching vibrations, respectively (Figure 6). The
calculated harmonic and anharmonic frequencies are displayed in
Table 3 to compare with the experimentally observed spectra. Our
theoretically predicted harmonic frequency values significantly differ
from experimentally observed IR spectra, but the anharmonic
frequencies for these vibrations are in good agreement with the
experimental values.

Nuclear magnetic resonance (NMR) has also proven to be a
powerful method for interpreting structural information and aiding
in group assignments.”* Magnetic shielding can strongly depend on
the conformation of a molecule; that is, if the molecule is flexible,
multiple conformations would be considered. The product P1 can
present several conformers arising from rotations around the
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Figure 5. Structures and geometrical parameters of the stationary points in reaction pathways 3 and 4 (bond lengths in A).

Table 3. Calculated Vibration Wave Numbers, Measured IR
Band Positions (cm '), and Assignments for P1

vibrational theoretical theoretical expt
modes harmonicity (em™) anharmonicity (em™) (em™)
VasyCH, 3103 2958 2956
VsycH, 3028 2876 2874
VCH, wagging 1388 1362 1361
VCH, twisting 1258 1235 1231
Ve o 1046 1016 1012

C23—C2S single bond. In particular, we considered the following
conformers: the C25—027 and C23—C25 bonds are in either a cis
(P1) or trans (P1") relationship (Figure 6). P1 is only 0.5 kcal/mol
lower than P1’, and they can transform into each other. In the
following sections, we compare their NMR values.

Given all of the ab initio methods employed in predicting
chemical shifts, the B3LYP method is known to perform well and
be computationally inexpensive.”* Larger basis sets are needed to
obtain accurate magnetic shielding values.*® In this study, NMR
chemical shifts (0) were evaluated using the B3LYP/aug-cc-pVDZ
method, as recommended by Rablen.” Solvent effects were also
accounted for (in the experiment, 'H NMR results are recorded in
acetone-dg with a frequency of 600 MHz and '>C NMR results are
recorded in CD;CN with a frequency of 150 MHz) to compare
with experimental results. To eliminate systematic errors, the
NMR chemical shifts (05, A = 'H or "*C) were calculated as
the differences of isotropic shielding constants () with respect to
the TMS reference (05 = Orpms — Oa). From Table 4, we can see
that the calculated chemical shielding values for P1 and P1 are
very similar. Although their values do not agree very well with the
experimental results in an absolute numerical sense, the linear
regressions are characterized by large correlation coefficients of
0.98 for 'H and "*C for both P1 and P1’.

As described above, our calculated IR and NMR values are in
good agreement with experimental IR spectra and NMR results
for the optimized structures of P1 and P1’, indicating that we
obtained the correct geometric structure of the product.

3. Why Is the C=0 Bond More Reactive Than the C=C
Bond in R2? To explain why C=O is more reactive than the C=C

9 79

Figure 6. Optimized structures of P1 and P1’ at the B3LYP/6-31G
(d,p) level.

dipolarophile when they coexist, we performed a second-order
perturbation analysis of the NBOs on transition states TS1a and
TS2a. NBO analysis could help evaluate intramolecular interactions.
For each (i) donor and (j) acceptor, the second-order perturbation
interaction energy can be expressed by the equation'®

where Fj; is the off-diagonal element in the NBO Fock matrix, g; is
the donor orbital occupancy, and ¢; and &; are diagonal elements
(orbital energies).

NBO analysis for TS1a (the most energy-favorable transition
state) reveals that two considerable interactions contribute to the
stabilization of TSla: the first corresponding to the charge
transfer from the n of the negative center C1 atom to the n* of
the positive center C4 atom (stabilization by 131.2 kcal/mol),
and the second corresponding to the n of the negative center OS
atom feedback to the n* of the positive center C3 atom (40.9
kcal/mol). For TS2a, the two considerable interactions between
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Table 4. Comparison of Theoretical (PCM/B3LYP/aug-cc-pVDZ) "H and ">C NMR Chemical Shifts, with Experimental Results

for the Atoms in the Products P1 and P1’ (units of ppm)

'H theoretical P1 theoretical P1/ expt (ppm)
HS 447 4.35 4.15
H7 4.38 431
H6 3.63 3.60 345
HS8 3.60 3.57
HI12 0.97 0.94 0.81
H13 0.97 0.93
H14 0.89 0.78
H16 0.86 0.86 131
H17 0.87 0.87
H18 223 228
H21 5.33 S.21 5.04
H24 5.87 5.28 5.33
H26 6.26 6.28 6.00
H29 2.18 228 1.47
H30 1.68 1.69
H31 1.77 1.62
H36 8.01 7.83 7.81
H38 7.60 7.55
H40 7.87 7.82 7.34
H41 7.75 7.73
H42 7.81 7.75 7.29
H43 5.73 5.90 6.50

3¢ theoretical P1 theoretial P1’ expt (ppm)
Cl 122.1 121.5 113.3
Cc2 72.4 72.0 71.6
C3 40 38.9 29.9
C4 71.7 71.6 715
c9 124.2 126.7 116.4
C10 158.4 156.8 142.2
Cl11 20.8 21.3 22.2
C158 21.1 21.5 23.6
C22 110.2 112.3 116.4
C23 144.3 145.6 137.4
C25 95.7 95.3 87.2
C28 29.7 233 26.2
C32 137.4 137.7 135.0
C33 126.1 127.1 121.5
C34 129.8 130.4 133.0
C3s 126.6 126.3 129.0
C37 128.1 127.5 129.1
C39 127.5 127.4 127.9

Table 5. Second-Perturbation Energies E(2) (kcal/mol) of
Donor—acceptor Interactions with Respect to TS1a and TS2a

TS donor acceptor interaction E(2)
TSla LP(1)Cl LP*(1)C4 n—n* 1312
LP(3)0S LP*(1)C3 n—n* 40.9
BD(2)C1—-C2 LP*(1)C4 m—n* 4.1

LP*(1)C4 BD*(2)C1-C8 n*—m* 3.1

LP(1)05 LP*(1)C3 n—n* 2.7

TS2a BD*(2)C1—-C8 BD*(2)C6—C7 - 25.5
BD(2)C6—C7 LP*(1)C3 a—n* 35.5
BD*(2)C6—C7 BD*(2)C1-C2 Tt —m* 72
BD(2)C1—C2 BD*(2)C6—C7 T—* 2.1
BD(2)C1-C8 BD*(2)C6—C7 a—r* 6.2

LP*(1)C3 BD*(2)C6—C7 n*—* 8.5
BD(1)C7—HS8 LP*(1)C3 m—n* 24

M1 and R2, specifically those of 7* of the C1—C8 bond
interacting with 77* of the C6—C7 bond (25.5 kcal/mol) and 7
of the C6—C7 bond interacting with n* of the C3 atom (35.5
kcal/mol), are rather weak relative to those of TS1a (Table S).

In addition, when we analyzed the NBO charge distributions
(Table 6), we found that TS1a can be described as a zwitterionic
transition state formed by the interaction of the negatively
charged center C1 atom with the positively charged center C4
atom and the positively charged center C3 atom with the
negatively charged center OS atom. The two strong interactions
may explain the two strong second-order perturbation interac-
tions in TS1a and its lowest Gibbs activation free energy barrier
in all the transition states. In TS2a, there is only one

Table 6. NBO Charges on C1, C2, C3, C4, OS, C6, and C7
Atoms in R2, M1, TS1a, and TS2a at the B3LYP/6-31G (d, p)
Level (units of e)

C1 C2 C3 C4 0s C6 C7

R2 0.546 —0.545 —0.345 —0.336
M1 —0.067 —0478 0.775

TSla —0.029 —0447 0869 0476 —0.731 —0294 —0.40S
TS2a —0.017 —0.440 0.759 0550 —0.593 —0.290 —0.514

advantageous interaction between the positive charge center on
the C3 atom and the negative charge center on the C7 atom. The
interaction between atoms Cl1 and C6 is disadvantageous
because their NBO charges are both negative, resulting in a
longer C1—C6 bond length (2.559 A) in TS2a. In summary, the
charge transfer from the C1 atom to the C4 atom and the
electron feedback from the OS5 atom to the C3 atom cause TS1a
to have the lowest Gibbs activation free energy barrier.

4. Stereoselectivity of the Thermal [1 + 2] Cycloaddition
Reaction between the C=C Dipolarophile and Vinylcar-
bene. We have discussed the four possible reaction pathways
of the title reaction and the preferred chemoselectivity of the
C=0 dipolarophile rather than the C=C dipolarophile in the
thermal [3 + 2] cycloaddition reaction. Another intriguing
experimental result was observed when the C=C dipolarophile
bearing an electron-withdrawing substituent was allowed to react
with the singlet vinylcarbene. This reaction preferably yielded cis-
cyclopropanes.®”® Thus, it would be meaningful to determine the
stereocontrol factor. In fact, the reaction of M1 with the C6=C7
bond in R2 can lead to the two intermediates cis-M2b and trans-
M2b through the transition states cis-TS2b1 and trans-TS2bl1,
respectively (Figure 7). The computed Gibbs activation free
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cis-TS2b1

trans-TS2b1

Figure 7. Optimized structures of cis-TS2b1 and trans-TS2b1.

Table 7. Second-Perturbation Energy E(2) (kcal/mol) of
Donor—acceptor Interactions with Respect to C4=0S in cis-
TS2b1 and trans-TS2b1

TS donor acceptor interaction  E(2)
cs-TS2b1  LP(1)0S BD*(1)C11-HI12  n—0o* 0.55
LP(1)0s BD*(1)C14—H1S n—o* 0.21

LP(2)05 BD*(1)C11—-HI2 n—o* 1.04

LP(1)010 BD*(2)C4—05 n—m* 0.29

LP(1)CL BD*(2)C4—05 n—m* 2.01

transTS2b1 ~ BD(2)C4—05  BD*(1)C1—C2 T—0* 0.14
BD(2)C4—05  BD*(1)C8—C9 T 0.07
BD*(2)C4—0S BD*(1)C1—-C2 T*—o* 0.08
BD(2)C8—C9  BD*(1)C4—0S n—o* 0.06

energy barrier for cis-TS2b1 (16.8 kcal/mol) is 0.9 kcal/mol
lower than that for trans-TS2b1 (17.7 kcal/mol). Assuming that
the ratio of reaction rate constants for the [1 + 2] cycloaddition
reaction is determined by the difference in activation free
energies, the k(cis-M2b)/k(trans-M2b) ratio at 298.15 K is 4.6.
This ratio could explain why the cis-stereoisomer was always
determined to be the major product of the reaction. To analyze
which factor is responsible for this stereocontrol, NBO analysis
was performed for the transition states. The results are shown in
Table 7. For cis-TS2b1, the second-order energies associated
with the donation of one lone-pair from O in C4=0S to the
0*(C11—H12) and 0*(C14—H1S) acceptors are calculated to
be 0.55 and 0.21 kcal/mol, respectively. The donation of another
lone-pair from O in C4=0S to the 0*(C11—HI12) acceptor
results in a stabilization energy of 1.04 kcal/mol. Similarly, the
donation of a lone-pair from 010 and C1 to the 77* (C4=05)
acceptor are 0.29 and 2.01 kcal/mol, respectively. For trans-
TS2bl1, only a few rather small second-order interactions are
found (Table 7). Thus, it can be concluded that the cis-stereo-
control phenomenon originates from advantageous second-
order interactions between the electron-withdrawing substituent
tethered to the C=C bond and the allylic component of the
singlet vinylcarbene.

Table 8. AG atthe B3LYP/6-31G (d, p) Level in the Solvents
CH;CN, DMF, THF, CH,Cl,, Toluene, and Benzene Using
the PCM Model (units of kcal/mol)

gas

AG phase CH3;CN DMF THF CH,Cl, toluene benzene
AGrsiri 272 235 235 269 271 255 256
AGrsia-(M1+R2) 12.2 18.9 188 17.5 176 14.9 14.8
AGrsmrouiiray 192 202 201 203 203 199 198
AGrsiva-mib 385 323 322 388 391 36.3 36.4
AGrss 1 330 266 266 315 317 300 302

AGrsaa(m1+R2) 220 291 291 279 281 253 252
AGursbimiray 168 249 249 233 235 203 202
AGrsaba.cismab 519 519  SL9 543 546  S19 519

5. Solvent Effect. The geometrical structures of all stationary
points in the energy profiles were optimized, and the correspond-
ing vibrational frequencies were calculated by employing the hybrid
density functional B3LYP method with 6-31G(d,p) basis set in six
solvents with different polarities, namely, CH;CN, DMF, THF,
CH,Cl,, toluene, and benzene. The PCM model was used here.
The AG values obtained in the six solvents are summarized in
Table 8. As can been seen from the table, although several
significant changes for various AG values in the different solvents
are found, the reaction trends and the main product in the different
solvents do not vary. All of the AGrg;_g; values remain lower than
the AGrsy g1 values; all the AGrsia(mitrz) values (reaction
pathway 1) are lower than the AGrsip1-(v1-+r2) (reaction pathway
2); AGTS2a-(M1+R2) (reaction pathway 3): or AGcis-TSZbl-(M1+R2)
values (reaction pathway 4). These results are in agreement with
the conclusions obtained under the gas-phase condition, in which
M1 is always more easily obtained than M2 and the concerted
C=0 [3 + 2] cycloaddition reaction pathway always predomi-
nates over the other possible reaction pathways.

6. Effect of Basis Sets. To further examine basis set effects, we
reoptimized all of the structures in the energy profile and
calculated the frequencies for a larger basis set, B3LYP/6-
3114+G(2dfp). The optimized structures at the two levels do
not significantly vary. However, the relative free energies have
significant errors. Comparing the free energy barriers at the two
levels, we found that the error between the two calculation levels
ranges from 1.1 to 5.6 kcal/mol. We also tried another method to
obtain the free energies at 6-311+G(2df,p) level by adding the
thermal correction for Gibbs free energy at 6-31G(d,p) level to
the corresponding single-point energies at 6-311+G(2dfp)
level. From Table 9, we can see that the free energy barriers
using this method are very similar with that obtained directly by
calculating the frequencies. Therefore, we calculated the free
energies at 6-311++G(3df,2dp) and aug-cc-pVDZ levels using this
method in order to save computing resource. The corresponding
Gibbs free energies of all the structures in the energy profiles are
listed in Tables S3 and S4 in the Supporting Information. As can be
seen from Table 9, the comparison between values obtained at
different levels of basis sets shows that larger basis sets result in
similar activation free energy barriers. The Gibbs free energy barriers
at the aug-cc-pVDZ level are largely similar to those at the B3LYP/
6-31G(d,p) level. It is difficult to determine which basis set gives
more accurate free energy barriers. Fortunately, the trend of the four
reaction pathways does not change with the different basis sets. No
matter which basis set is chosen, the concerted C=0 [3 + 2]
cycloaddition reaction is always the most energy-favorable one
among the four reaction pathways. The C=C dipolarophile is also
more likely to undergo [1 + 2], rather than [3 + 2], cycloaddition.
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Table 9. Gibbs Activation Free Energy Barriers for Different Basis Sets (Values in Parentheses Are Free Energy Barriers Obtained

by Calculating the Frequencies)

AG 6-31G(d,p) 6-311+G(2dfp) 6-311+G(3df2pd) aug-cc-pVDZ
AGrsiri 27.3 25.4(25.4) 25.0 25.4
AGrsia(Mi+Rr2) 122 16.9(16.7) 17.0 15.6
AGrsibi-(Mi+R2) 192 24.0(23.8) 242 223
AGrsibamib 38.5 36.4(35.4) 36.6 358.5
AGrsrry 33.0 30.8(30.2) 30.5 29.6
AGrsza (v1+R2) 22.0 26.6(26.4) 26.7 25.0
AG. i tsab1-(M14R2) 16.8 22.7(22.4) 229 20.6
AGrsapa-cicmzb 51.9 50.7(50.8) 50.7 50.1

Therefore, our analyses based on the results at the 6-31G(d,p) level
are credible.

Il CONCLUSIONS

In this article, the integrated mechanism of the title reaction
was investigated using the density functional theory (DFT). The
good overall agreement between the experimental and theore-
tical IR spectra and "H and "*C chemical shifts for the obtained
product demonstrates that we obtained the correct geometric
structures of the product for the title reaction. The calculated
results revealed that, under experimental conditions (80 °C), the
reaction takes place via two steps: Initially, the three-membered
ring (C1—C2—C3) in R1 opens to form intermediate 1,1/1,3-
dipolar sr-delocalized singlet vinylcarbenes M1 and M2. The
endergonic characteristics of this step and the instability of M2
relative to M1 indicate that M1 is the main cleavage intermediate.
The 1,1/1,3-dipole M1 then undergoes [3 + 2] cycloaddition
with R2. There are four possible cycloaddition reaction pathways
between M1 and C=O and C=C dipolarophiles in R2. The
Gibbs free energy barrier for the concerted [3 + 2] cycloaddition
reaction of C=O dipolarophiles with singlet vinylcarbenes M1 is
the lowest among the four possible reaction pathways, suggesting
that reaction pathway 1 is the most competitive. This can explain
why the C=0 [3 + 2] cycloadduct is the main product in the
experiment. The C=C dipolarophile is more likely to undergo [1
+ 2] cycloaddition rather than concerted [3 + 2] cycloaddition,
which is very interesting and highly unusual.

NBO second-order perturbation and NBO charge analyses
indicate that charge transfers and electron feedback cause TS1a
to have a low Gibbs activation free energy barrier. The cis-
stereocontrol phenomenon of thermal [1 + 2] cycloaddition
between C=C dipolarophiles and vinylcarbenes originates from
advantageous second-order interactions between the electron-
withdrawing substituent tethered to the C=C bond and the
allylic component of the singlet vinylcarbene. Further solvent
effect considerations show that the polarities of the reaction
solvents have little impact on the reaction trends and processes.

Finally, a comparison of the results for different basis sets
reveals that, although there are some errors between the calcu-
lated energies, the findings based on the B3LYP/6-31G(d,p)
level are reliable.
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