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The mechanism of guanidine-catalyzed enantioselective isomerization of 3-alkynoates to allenoates is
investigated using density functional theory methods. The calculations predict that the isomerization
reaction includes two hydrogen-transfer steps and one conformational change mediated by the TBO
catalyst. The first hydrogen-transfer step corresponds to the migration of hydrogen from C, of the
substrate to the guanidine catalyst, and the second one to the transfer of this hydrogen from the

guanidine catalyst to Cg of the substrate forming the product. The calculations predict that the first

hydrogen-transfer step (deprotonation of the substrate) might be the rate-determining step for the

overall reaction. In the chiral system, the evolution of IM1s is crucial for the enantioselectivity of the
reaction, which is more relevant to the second hydrogen-transfer step via TS2. In TS2, the N-H --- O
hydrogen bond between the guanidine catalyst and the substrate, sensitive to the chiral environment,

might account for the enantioselectivity of the isomerization reaction. The larger size of the substituted

group at the chiral site of guanidine could selectively make one of the competing transition states
unstable in terms of significantly decreasing the strength of the N-H - - - O hydrogen bond in the

disfavored TS, which results in a high ee value.

1. Introduction

Allenes are present in many natural products, and their rich struc-
tural and reactive properties also render them uniquely versatile
synthetic intermediates in organic synthesis.! New methods for the
synthesis of allenes reflect their growing value and make them more
attractive.? In experiments, most of the reported procedures are
catalyzed or mediated by transition metal compounds, particularly
by palladium, iron, copper ezc.> However, metal catalysts often
suffer from some apparent drawbacks, including the high cost of
the catalysts, the use of noxious metals, the difficulty in separation
of the product and the rigorous operation conditions.

On the other hand, the use of a wide range of small molecules as
catalysts has emerged as an essential tool for asymmetric organic
synthesis. A variety of key carbon—carbon and carbon—heteroatom
bond-forming organic reactions has been realized under catalysis
by small organic molecules, including organic acids and Lewis
bases, etc., leading to high yields and high enantioselectivities
under mild conditions.*

For its strong Brensted basicity and specific pattern of hydrogen
bonding, guanidine has been successfully used as an efficient
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organocatalyst in the Henry reaction,® Michael addition,® Diels—
Alder addition,” and other kinds of highly enantioselective
reactions.® Recently, Tan’s group reported that bicyclic guanidine
A (Scheme 1) could catalyze the enantioselective isomerization of
3-alkynoates to chiral allenoates.” Their work developed a newly
metal free entry to allene synthesis.
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Scheme 1 Guanidine-catalyzed isomerization of 3-alkynoates.

However, much less is known about the mechanism of
guanidine-catalyzed reaction based on quantum-chemistry. Han
and co-workers investigated the mechanism of bicyclic guanidine-
catalyzed Strecker reaction, and proposed that the guanidine
was active in a double proton-transfer reaction.’® Subsequent
theoretical studies on the mechanism of triazabicyclodecene
(TBD)-catalyzed ring-opening polymerization (ROP) of cyclic
esters indicated that the polymerization reaction could proceed
via a hydrogen bond mediated mechanism or an acetyl transfer
mechanism, but the latter had a considerably higher barrier
than the hydrogen bond-mediated mechanism.'>"? Waymouth
and coworkers put forward a nucleophilic mechanism where
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TBD reacted reversibly with esters to generate an acyl-TBD
intermediate followed by a yield of amides."

For the guanidine-catalyzed isomerization of 3-alkynoates,
there is no detailed theoretical investigation available aiming at the
mechanism and stereochemistry at the molecular level. In order to
gain a better understanding of the guanidine-catalyzed isomeriza-
tion of 3-alkynoates and provide useful clues to related guanidine-
catalyzed asymmetric synthesis, theoretical investigations on the
detailed mechanism have been performed using density functional
theory (DFT) in the present work. The main purposes of this work
are to identify the role of the bicyclic guanidine, and understand
the detailed mechanism as well as the origin of the stereochemistry.

2. Computational details

To reduce the computational cost, the reaction mechanism of the
guanidine-catalyzed isomerization of 3-alkynoate was investigated
firstly using the model reaction system (Scheme 2). In this model
system, a simplified non-chiral species (R, = H) was constructed as
the model catalyst, and the R, group of the substrate was replaced
by a methyl group. This approach is expected to provide detailed
information about the properties of the reaction and give clues for
further investigation on a real reaction system.
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Model Reaction System: catalyst: Ry=H; substrate: R,=CH3
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Actual Reaction System: catalyst: Ry=tBu; substrate: R,={Bu

Scheme 2 Model reaction system used in the investigation of the
mechanism of the guanidine-catalyzed isomerization of 3-alkynoate.

On the basis of the results from the model system, the aim of
the present investigation turns to the reaction mechanism and the
stereochemistry of the reaction using the actual molecules in terms
of locating possible intermediates (IM) and transition states (TS).
The actual chiral triazabicyclooctene (TBO) catalyst system, where
R, = R, = tBu, is constructed according to the literature, which
has been experimentally proven to be an excellent enantioselective
synthesis reaction with high yield and ee value.’

All calculations were performed with the Gaussian 03
programs.’ The geometrical optimizations of all the intermediates
and transition states were performed in the gas-phase with B3LYP
functional® and 6-31+G(d,p) basis sets.'® Frequencies were also
calculated at the same level to confirm each stationary point
to be either a minimum (no imaginary frequency) or a saddle
point (unique imaginary frequency), and to obtain the zero-point
correction. To evaluate the sensitivities of the calculations to basis
sets, the reoptimization on the species along the most energy-
favored in the model system (cis-path) was performed at the
B3LYP/6-311++G(d,p)' level in the gas-phase. The discrepancies
in geometries and relative energies of the corresponding structures
calculated at the two levels were very small, suggesting that the
present results were reasonable (see the ESIf). For each opti-
mized structure, solvent effects were considered at the B3LYP/6-
31+G(d,p) level using a self-consistent reaction field (SCRF)
method based on the polarizable continuum model (PCM)."”

Because hexane was not available as solvent in the Gaussian
03 programs, we selected heptane as the solvent and use the
dielectric constant (¢) of 1.904 in present calculations. Unless
otherwise stated, the energy data used in the discussion are the
total electronic energies in the PCM calculations corrected by the
Gibbs energy correction in the gas-phase. The chemical bonding
properties were analyzed following the concepts developed in
the theory of atoms-in-molecules (AIM)."® To obtain a further
insight into the electronic properties, natural bond orbital (NBO)"
analysis at the B3LYP/6-31+G(d,p) level was also performed.

Since the actual system is more comparable to the corresponding
experiments, unless otherwise stated, the data from the actual
system are presented in the following discussion. As preliminary
results, the data from the simple model system are listed in the
supporting information.}

3. Results and discussion

3.1 Mechanism of the guanidine-catalyzed isomerization of
3-alkynoate

Substrate—catalyst complex. The predicted reaction starts
from the coordination of the substrate to the guanidine catalyst
TBO. As shown in Fig. 1, the substrate has two conformations:
the carbonyl oxygen of the substrate can alternatively be cis or
trans to the alkyne. Because the rBu group (R,) of the substrate
can be located anti or syn with respect to the adjacent tBu (R,) of
the chiral catalyst, four distinct substrate—catalyst complexes are
obtained, named as anti-cis-, anti-trans-, syn-cis- and syn-trans-
COM, respectively. In these four complexes, the carbonyl oxygen
of the substrate coordinates to the -NH of TBO with an H-O
distance of about 2.0 A, and the N-H - - - O moiety keeps a linear
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Fig. 1 Optimized structures of substrate—catalyst complexes; the relative
Gibbs free energies (in kJ mol™) with respect to anti-cis-COM are listed in
parentheses.
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geometry. This means that there exists an N-H---O hydrogen
bond between the carbonyl of the substrate and the Brensted
base catalyst TBO in each COM. The N-H - - - O hydrogen bond
is also suggested by the Laplacian values at the critical point
between Hy - -- O, from AIM analysis, which is ca. —0.015 au in
these complexes. PCM calculations predict that these complexes
might be nearly equally formed, as the largest difference in Gibbs
free energy among them is no more than 2.4 kJ mol™'.

Reaction paths. The reaction can take place from each
substrate—catalyst complex, and therefore four reaction paths are
available in the system. Here, the anti-cis-path from anti-cis-COM
is chosen to illustrate the reaction mechanism. This path and the
corresponding optimized structures are given in Fig. 2. The PESs
of the entire reaction are plotted in Fig. 3.

From anti-cis-COM, the hydrogen atom (H,,) of the substrate
transfers to TBO via an eight-membered ring transition state anti-
cis-TS1 to generate the intermediate anti-cis-IM1 with an energy
barrier of 52.0 kJ mol™. For anti-cis-TS1, the C,—H,, bond points
to TBO is stretched to 1.465 A, while the N,—H,, distance shortens

anti-cis-TS1

(0.0) (52.0)

anti-cis-IM3
(-16.3)

(44.0)

anti-cis-TS2

to 1.260 A, indicating that C,—H,, bond is weakened and the N,—
H,, bond is partially formed. After this step, the C,—H,, distance
elongates to 2.011 A in anti-cis-IM1, which suggests that the C,—
H,, bond is broken and the hydrogen atom (H,,) of the substrate
transfers to TBO. The NBO charge of 0.853 e accumulated on
the TBO-H moiety suggests that anti-cis-IM1 has a zwitterionic
character.

In this deprotonation process, the N-H ---O hydrogen bond
is strengthened gradually, for its length decreases from 2.024 A
in anti-cis-COM to 1.568 A in anti-cis-IM1 via 1.833 A in anti-
cis-TS1. The strengthened hydrogen bond in this reaction step
is also supported by the Laplacian values at the critical point
between Hy - - - O, from AIM analysis, which are —0.015 au in anti-
cis-COM, —0.040 au in anti-cis-IM1 and —0.024 au in anti-cis-TS1,
respectively.

Next, a conformational change occurs from anti-cis-IM1 via
anti-cis-TSR, in which the guanidine moiety rotates around N—
H - -- O hydrogen bond for the transferred hydrogen atom (H,,) to
be ready to migrate to the C¢ atom of the substrate, leading to
the formation of anti-cis-IM2. The intermediate anti-cis-IM2 also

(37.9)

anti-cis-TSR
(42.4)

- anticis-IM2
(32.6)

Fig. 2 Predicted reaction mechanism of the actual system. The bond lengths are in dngstroms and the relative Gibbs free energies (in kJ mol™) are listed

in parentheses.
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Fig. 3 Potential energy profile calculated at the B3LYP/6-31+G(d,p) level. The relative Gibbs free energies (in kJ mol™) are listed in parentheses.
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possesses zwitterionic character, from the NBO charge of 0.855
e accumulated on the TBO-H moiety. In anti-cis-IM2, the N-
H- - O hydrogen bond between the carbonyl and TBO is slightly
strengthened to 1.569 A from 1.568 A in anti-cis-IM1. PCM
calculations show the Gibbs energy barrier of this step to be 4.5
kJ mol™'. With such a smaller rotation barrier, the conformational
change from anti-cis-IM1 to anti-cis-IM2 might be fast and take
place easily. Similar conformational changes are also involved in
the reaction mechanism of the TBD-catalyzed ROP proposed by
Rice et al.

Then, anti-cis-IM2 evolves to the product—complex anti-cis-IM3
via a ten-membered ring transition state anti-cis-TS2 with a low
energy barrier of 11.4 kJ mol™. In this step, the H,, atom of TBO
moves gradually to the C; atom, indicated by the corresponding
C,—H,, distance decreasing from 2.089 A in anti-cis-IM2 to 1.097
A in anti-cis-IM3 via 1.503 A in anti-cis-TS2, meaning that the
N-H---O hydrogen bond is gradually weakened. This is also
confirmed by the AIM results. For anti-cis-TS2, the Laplacian
value at the critical point between H, - - - O, is —0.025 au, and for
anti-cis-IM3, it becomes —0.012 au. As a result, after this step
TBO returns the hydrogen atom (H,,) to the substrate with the
formation of the product. Finally, the product is released from
anti-cis-IM3 as the N-H - - - O hydrogen bond is broken with the
recovery of TBO.

In summary, the calculations predict that the isomerization
reaction includes two hydrogen-transfer steps and one conforma-
tional change mediated by the TBO catalyst. For all paths, the
first hydrogen-transfer step corresponds to the migration of Hy,
from C, of the substrate to the TBO catalyst, and the second
one to the transfer of this hydrogen from the TBO catalyst to
C; of the substrate with the formation of the final product. For
the anti-cis-path and the syn-cis-path, the conformational change
corresponds to the rotation about the axis of the N-H:--O
hydrogen bond, while for the anti-trans-path and the syn-trans-
path, this conformational change corresponds to the movement
of the substrate with respect to TBO.

As the major part of the anti-cis-path represents the lowest
energy curve in terms of Gibbs free energies, this path might be
the most energy-favored in this chiral system. Furthermore, as
shown in Fig. 3, as the first hydrogen-transfer step (deprotonation
of the substrate) possesses the largest energy barrier, it might be
the rate-determining step (RDS) for the overall reaction.

3.2 Stereochemistry of guanidine-catalyzed isomerization of
3-alkynoate

As shown in Fig. 3, although the RDS for the evolution of the
reactants to the products is the first deprotonation step, the
differences in energies for the deprotonation along four paths
are very small, which means that all IM1s will be nearly equally
formed.

According to the Curtin~-Hammett principle,® the distribution
of final products is not solely dependent on the relative proportions
of IMI; it is also controlled by the difference in standard Gibbs
energies of the respective TSs. For the anti-trans-path or the syn-
trans-path, as the forward conformational change barrier IM1 —
TSR, ca. 33 k) mol™) is much larger than the reverse energy barrier
of the first deprotonation step (IM1 — TSI, ca. 13 kJ mol™), the
first step might be reversible and the evolution of trans-IM1s to the

final products might be remarkably hindered in the conformational
change step. Besides, the energy curves along the anti-trans and
syn-trans-path from IM1s stand much higher than the other two
paths, which means that the evolution of IM1 along the anti-trans-
path or syn-trans-path might be significantly inferior.

Along anti-cis-path or syn-cis-path, the rotation process pos-
sesses a very flat energy curve, meaning that cis-IM1 could evolve
to cis-IM2 rapidly via cis-TSR. For the anti-cis-path, the remaining
barriers for the evolution of anti-cis-IM1 to the final product are
considerably smaller than the reverse energy barrier of the first
step (anti-cis-IM1 — anti-cis-TS1, 14.1 kJ mol™). This implies
that once anti-cis-IM1 forms, it could evolve to the product in
S-configuration. In contrast, along the syn-cis-path, however, the
energy barrier of syn-cis-IM1 — syn-cis-TS2 (19.6 kJ mol™) is
larger than the reverse energy barrier of the first step (syn-cis-IM 1
— syn-cis-TS1, 15.1 kJ mol™). As a result, the first step might
be reversible and the evolution of syn-cis-IM1 might be relatively
hindered at syn-cis-TS2. For these two paths, TS2 plays a role to
facilitate or hinder the evolution of IM1 into products. Therefore,
although the enantioselectivity of such a reaction involves multiple
steps, the evolution of IM1s is crucial, which is more relevant to
the second hydrogen-transfer step via TS2.

As shown in Fig. 4, for anti-cis-TS2 and syn-cis-TS2, the clear
difference is the location of the tBu of the substrate. In syn-cis-
TS2, the rBu of the substrate is located on the same side as the
tBu group of the catalyst, meaning that syn-cis-TS2 suffers more
steric hindrance than its analogue anti-cis-TS2 in which the /Bu
of the substrate lies on the opposite side to the rBu group of the
catalyst. This stronger steric hindrance makes syn-cis-TS2 looser
and less stable than anti-cis-TS2, as suggested by the longer N—
H--- O hydrogen bond length (1.987 vs. 1.814 A) and the relatively
positive Laplacian value (—0.016 vs. —0.025 au) between the -NH
and the carbonyl oxygen of the substrate. This means that this N—
H - - - O hydrogen bond might be sensitive to the chiral environment
and therefore make the competing transition states different from
each other in relative energies. The calculations place anti-cis-
TS2 15.0 kJ mol™ lower than syn-cis-TS2 in terms of Gibbs free
energies, corresponding to ee >99%. Because the S-configuration
product is yielded via anti-cis-TS2, the S-product would be the
predominant product with high ee value in the title isomerization
reaction, which is in agreement with the experimental observation
(S-product with 95% ee).’

Q

anti-cis-TS2 syn-cis-TS2
(0.0) (15.0)
S-product R-product

Fig. 4 Structures and the relative energies of the competing transition
states (TS2s) in the actual system (in kJ mol™).
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3.3 Origin of enantioselectivity

Next, the focus of the present investigation turns to the origin of
the stereochemistry of the titled isomerization reaction and the
influence of R, group of guanidine catalyst on it. Here, we used
three substituents (Me, Et and iPr) different in size to replace
the rBu at chiral sites in the actual system. The two competing
transition states and the relative energies are shown in Fig. 5.
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anti-cis-Me-TS2

Ri=Me

syn-cis-Me-TS2
(0.0) (4.6)
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anti-cis-Et-TS2 syn-cis-Et-TS2
(0.0) (4.5)

anti-cis-iPr-TS2 syn-cis-iPr-TS2
(0.0) (10.8)

Fig. 5 Structures and relative energies of the competing transition state
TS2s with different R, groups (in kJ mol™).

As shown in Fig. 5, it could be found that there exists an N—
H--- O hydrogen bond between the carbonyl of the substrate and
the TBO catalyst in all TS2s. For all anti-cis-TS2s, the strength
of the N-H - - - O hydrogen bond might not be sensitive to the R,
groups, suggested by the fact that the length of the N-H---O
hydrogen bond just slightly fluctuates around 1.8 A with different
R, groups. Therefore, it might be deduced that the size of the R,
group does not exert a significant effect on the N-H - - - O hydrogen
bond, when the /Bu of the substrate is anti to the adjacent R, group
in anti-cis-TS2s. In contrast, if the fBu is located syn to the R,
group in syn-cis-TS2s, the length of the N-H - - - O hydrogen bond

Table 1 Relationship between Ar and AG value

is drastically increased from 1.810 to 1.987 A when the R, group
changes from Me to tBu. This means that the N-H - - - O hydrogen
bond is remarkably weakened when R, groups become larger in
the energy-disfavored transition states syn-cis-TS2s, which is also
reflected by the corresponding Laplacian values (see Table 1). The
above results further confirmed that the N-H - - - O hydrogen bond
is sensitive to the chiral environment, and in particular to the
size of the R, group. On the other hand, the energy gap (AG)
between anti-cis-TS2 and syn-cis-TS2 (R, = Me, Et, iPr and /Bu)
is 4.6, 4.5, 10.8 and 15.0 kJ mol™, respectively, indicating that the
larger R, groups result in greater AG in general. It is supposed
that the R, groups might weaken the N-H - -- O hydrogen bond
in energy-disfavored transition states and increase AG between
the competing transition states, which might be the origin of the
enantioselectivity of the title isomerization reaction.

Moreover, the difference in the N-H---O hydrogen bond
lengths between anti-cis-TS2 and syn-cis-TS2, defined as Ar, are
0.038, 0.042, 0.068, 0.173 A when R, = Me, Et, iPr and Bu,
respectively. Combined with AG between anti-cis-TS2s and syn-
cis-TS2s, it can be found that there might be an apparent positive
relationship between Ar and ee value (see Table 1). Although
the N-H--- O hydrogen bond should not be the unique factor
to determine the energies of TS2s, Ar can be regarded as a vital
geometrical parameter associated with the stereochemistry.

To sum up, the enantioselectivity should be controlled by the N—
H - - - O hydrogen bond between —NH of the guanidine catalyst and
the carbonyl oxygen of the substrate. When larger R, groups exist
at the chiral sites of the catalyst, they could selectively make one
of the competing transition states unstable in terms of decreasing
the strength of this N-H - -- O hydrogen bond in the disfavored
one. In the present case, the S-configuration catalyst makes syn-
cis-TS2 unstable due to the steric hindrance between the R, group
and the rBu group of the substrate, and therefore leads to the
predominant S-product. Moreover, it is also found that the ee
value is significantly dependent on the size of the R, groups: when
larger R, groups are introduced (such as 7Bu) at the chiral sites of
guanidine, AG between two competing transition states becomes
great enough for high ee values.

4. Conclusions

The major conclusions are listed as follows:

1. The title isomerization reaction includes two hydrogen-
transfer steps and one conformational change mediated by the
TBO catalyst. The first hydrogen-transfer step corresponds to the
migration of hydrogen from C, of the substrate to the guanidine
catalyst, and the second one to the transfer of this hydrogen
from the guanidine catalyst to C, of the substrate forming the
product. The calculations predict that the first hydrogen-transfer

R, Fou in anti-cis-TS2 (A) o’ in syn-cis-TS2 (A) Ar (A) AG (kJ mol™)
Me 1.772(=0.027) 1.810 (-0.025) 0.038 4.6
Et 1.775 (-0.027) 1.817 (—0.024) 0.042 4.5
iPr 1.776 (—0.027) 1.844 (—0.024) 0.068 10.8
Bu 1.814 (=0.025) 1.987 (0.016) 0.173 15.0

¢ Corresponding Laplacian values (in au).
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step (deprotonation of the substrate) to IM1s might be the rate-
determining step for the overall reaction.

2.The N-H - - - O hydrogen bond between —NH of the guanidine
catalyst and the carbonyl oxygen of the substrate, sensitive to the
chiral environment, might account for the enantioselectivity. The
larger size of the substituent group at the chiral site of guanidine
could selectively make one of the competing transition states
unstable in terms of significantly decreasing the strength of the
N-H - -- O hydrogen bond in the disfavored TS. This means that a
larger R, group is necessary to achieve the desired ee value of such
isomerization reactions.
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