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ABSTRACT: Gold-catalyzed cyclization of 2-alkynyl-N-prop- T
argylanilines provides a step-economic method for the
construction of three-dimensional indolines. In this article,

the MO06 functional of density functional theory was employed

to gain deeper insights into the reaction mechanism and the “lAul
associated intriguing experimental observations. The reaction

was found to first undergo Au(I)-induced cyclization to form

an indole intermediate, 1,3-propargyl migration, and sub- 5 N ]
stitution with the' substrat.e 2-alkynyl-N-propargylaniline (Rl) 4 R [Aul is:f:I:I cdinte
to generate the intermediate product P1, an allene species. |

Subsequently, Au(I)-catalyzed conversion of P1 into the final TN (A + P1
product P2, an indoline compound, occurs first through direct

cyclization rather than via the previously proposed four-membered carbocycle intermediate. Thereafter, water-assisted oxygen
heterocycle formation and proton transfer generate the final product. The calculated activation free energies indicate that P1
formation is 5.9 times slower than P2 formation, in accordance with the fact that P1 formation is rate-limiting. Futhermore, the
intriguing experimental phenomenon that P2 can be accessed only after almost all the substrate R1 converts to P1 although P1
formation is rate-limiting was rationalized by employing an energetic span model. We found the initial facile cyclization to form a
highly stable indole intermediate in the formation of P1 is the key to the intriguing experimental phenomenon.

P1 formation: slow
P2 formation: fast

but P2 cannot be
formed until all R
transforms into P1

|

rate
limiting

P2
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1. INTRODUCTION Scheme 1. Au-Catalyzed Cyclization of 2-Alkynyl-N-

Due to the strong relativistic effect of gold," gold catalysts are propargylaniline

found to be of soft and carbophilic character, high z-acidity, and

high tolerance of functional groups.” Homogeneous gold AN .
catalysts have emerged as a powerful strategy for generating R 7 R _[PrAUSHF G mal ™) O g
carbocycles and heterocycles, which are especially applicable to R ProH, 40600, 120 R1

the synthesis of natural products and complex molecules.’
These catalytic transformations with remarkably high efficien-
cies are initiated from the polarization of nonpolar unsaturated
carbon—carbon bonds through gold 7-coordination. A variety
of eﬂiaent Au- catalyzed reactions, including hydroalkoxyla—
tion,” hydroamination,”” and hydroarylation,*® have been
developed. Nevertheless, reports on the cyclization reactions
with substrates bearing two nucleophilic sites” are still limited.
Recently, the Fujii and Ohno group developed a class of ' ' S i
reactions of 2-alkynyl-N-propargylaniline that accessed fused F)bservah_on was found in which the conversion of the
three-dimensional indolines in a single operation, involving four lnte.rmedlate product P1 to final product.PZ only takes place
bonds and three rings formed (Scheme 1). S The Au(l)- }mtll almf)st all of the substrate R1 catalytically converts to the
catalyzed isomerizations of 2-alkynyl-N-propargylaniline into ¥ntermed%ate product P1 (Scheme. 2). In other words, once the
indolines were demonstrated to be highly functionally tolerant 1ntermed.1ate pr(')duct is formed, it cannot convert to thej‘ ﬁnél
under mild reaction conditions. Particularly, 1,3-migration of product m'qmedlately, although the final product fo.rmatlon 1s
the propargyl group is involved in these transformations, which more facile than the al_le.ne product formation. T}_ns
is the first example of the propargyl migration from the aniline experimental phenomenon is in contrast to the general belief

nitrogen atom and application to cascade cyclizations.

R' =H, Me, CH,CI; R?=H, Me, Et, Ph; R® = H, Me, OMe, Br, F; Nu = O, NTs, NBoc

found to be first formed, and then the final indoline product
was produced via a series of nucleophilic addition steps. The
allene product formation was demonstrated experimentally to
be rate-limiting, while the following process generating the final
indoline product was fast. However, an intriguing experimental
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Scheme 2. Kinetic Observations of Au-Catalyzed Cyclization
of 2-Alkynyl-N-propargylaniline
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But P2 cannot be formed until almost all R1 transforms into P1

that, once the first product is formed through a rate-limiting
process, it would quickly convert to the more stable final
product.

Associated with the rapid development of experimental
methodologies, mechanistic studies on Au- catalyzed cyclization
are drawing extensive attention in recent years. ? Herein, DFT
studies were performed to address the mechanism of the first
example of Au-catalyzed propargyl migration from the aniline
nitrogen. Based on the calculation results, we expect to
rationalize the “counter-generally-believed” experimental phe-
nomenon, and furthermore, to establish an approach to predict
under what conditions (1) final product formation takes place
after intermediate product completely formed, (2) both
intermediate and final products are formed simultaneously at
the similar reaction rate, and (3) final product formation
quickly takes place once intermediate product is formed.

2. COMPUTATIONAL DETAILS

The reaction in eq 1 was chosen as a typical prototype in this study.
Molecular geometries of all complexes studied were optimized at the

[IPrAuSbFg]
— ™)
iPrOH

MO6 level of density functional theory.'® Frequency calculations at the
same level of theory were also performed to identify all of the
stationary points as minima (zero imaginary frequencies) or transition
states (one imaginary frequency) and to provide free energies at
298.15 K. Intrinsic reaction coordinates'' were carried out to identify
transition states connecting two relevant minima. For geometry
optimization and frequency analysis, the effective core potentials of
Hay and Wadt with a double-¢ valence basis set (LanL2DZ)'* were
chosen to describe the Au atom. In addition, the polarization function
was added for Au ({;= 1.05)."* The 6-31g(d,p)"* basis set was used for
all other atoms, including C, H, N, and O.

To consider the solvent effect, we also employed a continuum
medium to do single-point calculations for all species using UAKS radii
on the polarizable continuum model.”® Single-point energies were
obtained in solution using the MO06 functional with the SDD'
pseudopotential for Au and with the 6-311G(d,p) basis set for all other
atoms. Acetonitrile was employed as the solvent, corresponding to the
reaction conditions. Although the B3LYP'” functional has been
employed to computationally study gold catalysis systems, the M06"®
functional was chosen to be used in this work based on the fact that
this functional estimates the van der Waals interactions more
precisely."” In all of the figures that contain potential energy profiles,
solvation-corrected relative free energies and enthalpy energies (in
parentheses) were presented. In this paper, the solvation-corrected
relative free energies were used to analyze the reaction mechanisms.
Unless otherwise stated, the Gibbs free energies obtained in solution
are used in our discussion. All calculations were performed with the
Gaussian 09 software package.”® Partial atomic charges were calculated
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on the basis of natural bond orbital (NBO) analyses,”’ where the basis
sets, SDD for Au and 6-311G(d,p) for other atoms, are employed.

3. RESULTS AND DISCUSSION

We first investigate the detailed reaction mechanism leading to
the intermediate product P1, an allene compound, and then
explore the mechanism from the intermediate product P1 to
the final product P2, an indoline compound. Finally, we expect
to establish an approach from a theoretical point of view to
rationalize the “counter-generally-believed” and other “gen-
erally-believed” experimental phenomena that would be
possibly observed in this type of reactions.

3.1. Mechanistic Study of the Formation of Allene
Product P1. Au(I) complexes prefer a linear two-coordinate
structure, which has been demonstrated in previous reports.””
In the IPrAuSbFy catalyst, the anionic SbF4~ is found to have
little impact on the reactions,"®>** and thus the cationic IPrAu*
is employed as the active catalyst in studying the reaction in eq
1. On the basis of the possible reaction pathways proposed by
Fujii and Ohno, the free energy profile calculated for generating
the allenic product (P1) is shown in Figure 1. Selected

Al

—|+

P/ iPr
N_ _N
[Au]* = [IPrAu]* = C( Y
_ Au*
iPriPr

Figure 1. Gibbs free energy profile calculated for [(IPr)Au]*-catalyzed
formation of the allene product P1. The free energies and the
enthalpies in parentheses are given in kcal/mol.

geometric structures together with key structural parameters are
presented in Figure 2. Since the Au-coordinated species 1 is
significantly lower in energy than the separate gold catalyst
[IPrAu]* and 2-alkynyl-N-propargylaniline (R1), 1 is set to be
the zero reference point. The first step (1 — 2) is the Au-
induced nucleophilic cyclization to give indole 2. As seen from
the TS,_, transition states’ geometric structure, the nitrogen
atom nucleophilically attacks the acetylenic atom C1, with the
calculated N--Cl distance being 2.566 A (Figure 2). The
binding of gold with the carbon—carbon triple bond switches
from 1" to the n' mode. This step features the formation of the
new N—C1 bond, and because of this bond formation, the N—
C3 bond is found to be weakened appreciably. As shown in
Figure 2, the N—C3 bond length is elongated to 1.528 A in 2
from 1471 A in 1. NBO computations show that the Wiberg
bond index of this bond is decreased to 0.84 in 2 from 0.94 in
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iPr

Figure 2. Optimized structures of selected species shown in Figure 1, together with key structural parameters. For clarity, the hydrogen atoms are
omitted. The bond distances are given in A.

Figure 3. Gibbs free energy profile calculated for [(IPr)Au]*-catalyzed formation of the indoline product P2. The free energies and the enthalpies in
parentheses are given in kcal/mol.

1. Importantly, the activation of the N—C3 bond favors the 1,3- kinetically accessible with the calculated activation barrier being
propargyl migration that will occur in the next step. This step is only 5.5 kcal/mol. The resulting indole 2 is more stable than 1
9383 DOI: 10.1021/acs.joc.6b02092
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Figure 4. Gibbs free energy profiles associated with the formation of the indoline product P2 from intermediate 8. Left: iPrOH serving as a shuttle.
Right: direct 1,2-migration of the proton. The free energies and the enthalpies in parentheses are given in kcal/mol.

by 12.9 kcal/mol due to formation of the five-membered
heterocycle, which is found to be crucial in preventing P2
formation before all of the substrate converts to the allene
product P1 (although P2 formation is faster than P1
formation).

As mentioned by Fujii, Ohno, and co-workers, their
experimental work represents the first example of the migration
of a propargyl substituent from the aniline nitrogen atom. Step
2 — 3 shown in Figure 1 is related to 1,3-migration of a
propargyl substituent, giving the allenic gold complex 3. The
activation barrier for the propargyl migration is calculated to be
22.3 kcal/mol, well within the range expected for a reaction that
proceeds under mild conditions (40 °C). The relatively low
activation barrier can be mainly ascribed to the two factors.
One is the N—C3 bond activation in 2 as a result of the N—C1
bond formation as mentioned above. Electron density decrease
at the nitrogen atom weakens the N—C3 bond. The other is the
resulting relative stability of the propargyl moiety in TS, ;. The
C3 atom in 2 adopts sp® hybridization, while in TS,_s, it
switches to sp®. In other words, a conjugation is being formed
among C3, C4, and CS atoms, as supported by structural
parameters and the NBO charges. The C3—C4 bond is
shortened to a nearly double bond distance of 1.357 A in TS,_;
from 1.442 A in 2. The NBO charge at CS is increased to 0.220
in TS, 3 from 0.115 in 2, suggesting that the 7-electrons slip
from C4—CS5 to C3—C4. In summary, the appreciable N—C3
bond activation caused by N—C1 bond formation and the
resulting stability of the migrating propargyl moiety caused by
effective conjugation enable TS, ; to not be very high in
energy, although the propargyl is still far away from the Au-
bonded C2 atom (C2—CS5, 2.816 A) in the transition state. In
the last step, a ligand exchange process takes place, with the
allene product P1 being obtained and the starting intermediate
1 being regenerated. Our calculation results confirmed that the
Au(I)-catalyzed formation of the allene product P1 is both
kinetically and thermodynamically accessible, supporting the
experimental observations.

3.2. Mechanistic Study of the Formation of Indoline
Product P2. As described above, allene product P1 can be
obtained through nucleophilic cyclization, 1,3-propargyl migra-
tion, and ligand exchange. The experiments also demonstrated
the formation of the final indoline product P2 when the
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reaction time is prolonged. Detailed free energy profiles
calculated for the process from 3 to P2 are shown in Figure
3, and the optimized structures of selected species together with
key structural parameters are presented in Figure S1 in the
Supporting Information. Step 3 — 4 involves a simple
conformation change about the C2—CS$ bond rotation, which
enables the allene moiety proximal to the gold catalyst. This
step is necessary for subsequent electrophilic attack of the
cationic gold toward the allene moiety. Step 4 — § is found to
be a transformation from 7*C1=C2 coordination with Au(I)
to form an allylic cation (the Au—C4 bond length is 2.119 A),
with an activation barrier of only 1.6 kcal/mol. The NBO
charges calculated at C1, C2, CS, C4, and C3 are 0.377, —0.198,
0.176, —0.347, and —0.374, respectively, suggesting that C1 and
C5 are more positively charged. The authors® suggested a
slippage from (17-C1=C2) — Au in 4 to (7>-C3=C4) — Au
to afford intermediate S, which is slightly less stable than §.
The gold(I) catalyst renders the linear allene moiety in 4 into a
bent structure in S, favoring the subsequent cyclization process.
§’ is not favored for subsequent cyclization because the C3—
C4—C5 in §’ becomes closer to linearity and the (7>-C3=C4)
— Au coordination makes C3 less nucleophilic. The next step
(5 — 7) is related to a cyclization process via C3—C1 bond
formation, generating a five-membered carbocyclic intermediate
7. Experimentally, the authors proposed generation of
intermediate 7 by undergoing a four-membered carbocyclic
intermediate 6 followed by ring expansion. The transition state
TS;_¢ for formation of the four-membered carbocyclic
intermediate 6 was located with an activation barrier of 27.7
kcal/mol, which is obviously higher than the one related to the
propargyl migration (2 — TS,_;, 22.3 kcal/mol). Clearly, the
computational results indicate that the pathway via 6 to 7
contradicts the experimental fact that formation of P1 in the
first catalytic state is rate-limiting. Thus, a more reasonable
pathway leading to 7 is expected. A direct formation of the five-
membered carbocyclic intermediate 7 from § is proposed. As
shown in transition state TS;_, the terminal allenic C3 is
directly nucleophilically attacking at the N-bonded CI atom,
aiming to form a C3—Cl1 bond. TS;_, is significantly more
stable than TSs_g by 6.5 kcal/mol. Two factors contribute to
the stability of TS;_,. One is that the ring strain involved in the
four-membered ring (C2—C3—C4—CS) of TS;_4 is stronger

DOI: 10.1021/acs.joc.6b02092
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Figure 5. Gibbs free energy profile calculated for the whole [(IPr)Au]*-catalyzed reaction leading to formation P1 and P2 (red and blue lines,
respectively). The free energies and the enthalpies in parentheses are given in kcal/mol.

than the one involved in the five-membered ring (C2—C1—
C3—-C4—CsS) of TSs;_,. The bond angle of C5—C4—C3
(101.7°) in TSs_¢ is obviously smaller than the one in TSs_,
(C5—C4—C3: 112.1°). The other important factor is associated
with the electronic interactions. As given above, the NBO
charge of C3 in § is —0.374, indicating a nucleophilic character,
whereas at the C1 and C2 atoms, the NBO charges are 0.377
and —0.198, respectively, indicating C1 is electrophilic and C2
is nucleophilic. C1 being positively charged is a result of its
binding with the nitrogen atom. Therefore, nucleophilic attack
of C3 toward C1 is clearly favored over the attack toward C2.
Additionally, it is worth noting that the direct cyclization via
TS;s_~ proposed by us is consistent with the experimental fact
that formation of P1 is rate-liming in the whole reaction. The
barrier from $ to TS;_ is 21.2 kcal/mol, lower than the barrier
to the rate-limiting propargyl migration (22.3 kcal/mol).

The steps following intermediate 7 are associated with the
generation of the oxygen heterocycle. Conformational change
(7 — 8) through facile 6-bond rotation makes the hydroxyl
oxygen proximal to C2, favoring subsequent C2—O bond
formation. From 8, three pathways leading to P2 can be
proposed. The pathway with water serving as a shuttle is shown
in Figure 3.”* The pathways with no shuttle involved and with
iPrOH acting as a shuttle are shown in Figure 4. Binding of 8
with water via a hydrogen bond affords intermediate 9. The
hydrogen bond weakens the hydroxyl O—H bond and
consequently strengthens the O—C2 interaction. As the
calculated results show from 8 to 9, the O—C2 bond is
dramatically shortened from 2.999 to 1.609 A and the hydroxyl
O-H bond is elongated from 0963 to 1.011 A. As a
consequence, the subsequent proton transfer becomes
significantly facile with water acting as a shuttle. The activation
barrier calculated for this elementary step is as low as —1.8
kcal/mol, while the corresponding overall free energy barrier is
14.6 kcal/mol (refers to 8).”° The calculated overall free energy
barrier is close to that in the recent study by Yates and co-
workers on (H,0),H;0*induced protodeauration of Au(I)
complexes.”® After the transition state TSy_,o, the migrating
proton replaces the Au(I) catalyst to form a C4—H bond, and
the Au(I) catalyst binds with the carbon—carbon double bond
in an 7*-fashion, generating intermediate 10. The relative free
energy of TSy_, is calculated to be —31.5 kcal/mol. Release of

the catalyst and water gives the indoline product P2. For the
pathway with iPrOH acting as a shuttle (Figure 4), the
calculated free energy of the hydrogen transfer transition state
TSy 1o is —26.8 kcal/mol, higher than that of TSy_j,. For the
pathway with direct hydrogen migration (Figure 4), the
transition state of hydrogen transfer TSg_;; is found to be
even higher in free energy (—14.0 kcal/mol). It should be
noted that in the direct proton transfer process, the proton is
found through our calculations to prefer attacking the f-carbon
(CS) rather than attacking the a-carbon (C4). Then the proton
migrates to C4 from CS$ to afford the Au-coordinated allene
product. Our calculated results predicted that involvement of a
shuttle (e.g, water or iPrOH) can promote the hydrogen
transfer from oxygen to the Au-bonded carbon atom.
Compared with the two shuttles (water and iPrOH), water is
predicted to be more efficient at promoting the hydrogen
transfer.

In summary, our findings from investigating the reaction
mechanism are as follows. (1) The propargyl migration to
afford the Au(I)-coordinated allene product 3 is facilitated by
formation of the nitrogen heterocycle. (2) Au(I) electrophilic
attack toward the middle carbon atom of the allene moiety
affords the Au—C4 o-bond that makes hybridization of C4
switch from sp to sp% in favor of the upcoming carbocycle
formation. (3) The five-membered carbocycle is generated via a
direct cyclization rather than via a four-membered carbocyclic
unit. (4) The proton transfer involved in forming the oxygen
heterocycle is promoted by protic solvents. (S) The propargyl
migration step is calculated to be rate-limiting, consistent with
the experimental facts that formation of P1 is slow and the
transformation of P1— P2 is fast.

3.3. Explanation for the Unusual Experimental
Observations. Fujii et al. observed that the yield of
intermediate product P1 continues to increase at the first
time period at 40 °C. After 165 min, the yield of P1 reaches
95%, while only 4% of the substrate remains. When the reaction
time is further lengthened, P2 begins to form and its yield
reaches 93% after 50 min. Therefore, the P1 formation can be
roughly estimated to be 3.3 times slower than P2 formation. In
other words, the formation of P1 is rate-limiting rather than
that of P2 in the whole catalytic process. The calculation
activation free energy barrier for P1 formation in Figure 1 is
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22.3 kcal/mol (from 2 to TS,_;), and that for P2 formation in
Figure 3 is 21.2 kcal/mol (from § to TS;_,). These results
predict that P1 formation is slower than P2 formation by 5.9
times at 40 °C if they occur individually, which are in accord
with the above experimental observations. A general belief for
the stoichiometric cascade reaction is that, once an intermediate
product is generated through a rate-limiting process, it would
quickly undergo subsequent steps to complete the whole
reaction, giving the final product. Related experimental”” and
computational” studies have also supported this concept, in
which the intermediate product formed through a rate-limiting
step and the final product formed through subsequent steps
were found present synchronously. Nevertheless, it is noted
that Fujii et al. observed that the generation of P2 was only
allowed after almost all of the substrate catalytically converts to
intermediate product P1, which is contrary to the general belief
mentioned above. Therefore, there is something different
between catalytic reactions and stoichiometric reactions. To
give a rational explanation from a theoretical point of view for
such a puzzling experimental phenomenon, we summarize the
whole free energy profiles leading to P1 and P2 in Figure S (the
red and blue lines, respectively). As seen from Figure S, after
intermediate 3 is afforded in the first catalytic cycle of P1
formation, two pathways are competitive in the following
transformations. One is the continuous generation of P1
through the second cycle (the red line), and the other leads to
P2 (the blue line). In view of the results that TS, is clearly
higher in energy than TS, 3 by about 10 kcal/mol, the reaction
prefers to undergo the path accessing P1 rather than the one to
P2. The reason for this result is that reaction of 3 with the
substrate in the second cycle rapidly passes through TS, , to
generate the stable intermediate 2. The relatively high stability
of 2 can, in part, be demonstrated by the experimental fact that
a structurally similar N,N-dimethylindolylgold intermediate has
been isolated.”” In this case, once P1 is formed, the gold
catalyst is always trapped by the substrate to repeat generating
P1 until almost all of the substrate is consumed. From another
point of view based on an energetic span model,®® 2 is the
common TOF-determining intermediate for both P1 formation
and P2 formation; TS, ; is the TOF-determining transition
state for P1 formation (TSTSp,), while TS,_- is the TOF-
determining transition state for P2 formation (TDTSp,). The
overall Gibbs free energy barrier for P1 formation is 22.3 kcal/
mol, whereas P2 formation has an overall Gibbs free energy
barrier of 32.0 kcal/mol. Therefore, P2 could not be generated
unless P1 was completely consumed to avoid formation of 2.
Based on the above theoretical concept, the origin of Fujii et
al’s unusual experimental observations is clarified.

By employing the energetic span model, we can further
roughly predict whether the accumulation of P1 will be
observed or not in other cases.’’ The TOF for P1 formation
and P2 formation can be expressed as eqs 2 and 3, respectively.

TOR, KBTe—ﬁEI,I/RT

h (2)
TOR, = %e—ﬁEm/RT E:H o
3

where Ky is the Boltzmann constant, T is the temperature, / is
the Planck constant, R is the gas constant, [R1] is the
concentration of the reactants, and [P1] is the concentration of
P1. The term SEy, is the relative Gibbs free energies difference
between 2 and TS, ; and OEp, is the relative Gibbs free
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energies difference between 2 and TS;_,. Then, we can get the
ratio of TOFp; and TOFy, as eq 4:

TOR,
TOE,

_ eAGTSS_7—AGTSI_3/RT@

[P1] )
As shown in eq 4, the ratio of TOF;; and TOFy, is influenced
by the relative Gibbs free energy difference between the two
TDTSs, that is, TS, ; and TS;_,. For our calculated energy
profile, AGTS;_, — AGTS, 3 = 9.7 kcal/mol. Therefore,
TOFp; remains larger than TOFp, when the reaction starts
until [P1] is 5.9 X 10° times larger than [R1]. When [P1] is
100 times larger than [R1], TOFy, is still 5.9 X 10* times larger
than TOFp, and 99% of R1 has transformed into P1 if the
transformation of P1 to P2 is omitted during this time (because
TOFp, is much larger than TOFy,). In this situation, the
accumulation of P1 is expected to be observed. On the
contrary, if AGTS;_» is significantly smaller than AGTS,_3, for
an example, AGTS;_, — AGTS, 3 = —5.0 kcal/mol, TOF;,
becomes equal to TOFp; when [R1] is 3.1 X 10° times larger
than [P1]. When [P1] increases to 1/100 of [R1], TOF,
becomes 31 times larger than TOFp, and the generated P1 will
be quickly consumed to generate P2. On this occasion, the
notable accumulation of P1 will not be observed.

4. CONCLUSIONS

The reaction mechanism of gold-catalyzed cyclization of 2-
alkynyl-N-propargylanilines was performed with the aid of
density functional theory calculations. Two catalytic cycles in
the whole reaction were clarified. The first cycle is related to
Au-catalyzed formation of the intermediate allene product P1
through the following steps: (a) Au-induced cyclization
affording a N-containing five-membered ring intermediate 2,
(b) 1,3-propargyl migration generating an allene-coordinated
gold complex 3, and (c) substitution of the coordinated allene
product in 3 with substrate R1, producing the allene product
P1. The second cycle is associated with Au-catalyzed formation
of the final product P2, a tetracyclic indoline, through the
following steps: (a) bonding of Au(I) with the central allene
carbon atom, making the carbon change from sp to sp?
facilitating subsequent cyclization, (b) direct five-membered
carbocycle formation rather than through a prior four-
membered carbocycle formation, and (c) five-membered ring
generation via O—C bond formation followed by protic-acid-
assisted proton transfer producing P2. The calculated activation
free energy indicates that formation of P1 is 5.9 times slower
than that of P2 at 40 °C, which is well in accordance with the
experimental observation that P1 formation is rate-limiting in
the whole catalytic reaction.

An intriguing phenomenon was observed experimentally.
That is, the final product P2 was accessed only after the almost
all starting material was consumed, although formation of P1
was rate-limiting. Our theoretical investigation reveals that the
rapid reaction of the gold catalyst with the starting material to
generate the highly stable intermediate 2 is the key for
observation of intriguing phenomenon. Extensive predictions
based on energetic span model were also provided in this study
to describe how the relative stability of the TDTSs results in
different experimental observations.
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