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21 ABSTRACT: In classical transition state theory, a transition state is connected to its reactant(s) and product(s). Recently, chemists found
22 that reaction pathways may bifurcate after a transition state, leading to two or more sets of products. The product distribution for such a reac-
23 tion containing a bifurcating potential energy surface (bPES) is usually determined by the shape of the bPES and dynamic factors. However, if
24 the bPES leads to two intermediates (other than two products), which then undergo further transformations to give different final products,
25 what factors control the selectivity is still not fully examined. This missing link in transition state theory is founded in the present study. Aim-
26 ing to develop new methods for the synthesis of azocinoindole derivatives, we found that 2-propargyl-p-tetrahydrocarbolines can undergo
27 ring expansion and spirocyclization under gold catalysis. DFT study revealed that the reaction starts with the intramolecular cyclization of the
28 gold-activated 2-propargyl-p-tetrahydrocarboline with a bPES. The cyclization intermediates can not only interconvert into each other via a
29 [1,5]-alkenyl shift, but also undergo ring expansion (through fragmentation/protodeauration mechanism) or spirocyclization (through
30 deprotonation/protodeauration mechanism). Detailed analysis of the complex PESs for substrates with different substituents indicated that
31 the reaction selectivity is under dynamic control if the interconversion of the intermediates is slower than the ring expansion and spirocycliza-
32 tion processes. Otherwise, the chemical outcome is under typical kinetic control and determined by the relative preference of ring expansion
33 versus spirocyclization pathways. The present study may enrich chemist's understanding of the determinants for selectivities on bPESs.
34
35
36 INTRODUCTION
37 ® TS1A ® TS28
38 Transition state theory has been rooted in the chemical sciences for
39 understanding the kinetics and selectivities of chemical transfor-
40 mations. In traditional transition state theory, a transition state reactants INMB IN2B
41 connects one set of reactants with one set of products. Recently, Pom
42 chemists found that one transition state may lead to two (or more) P2A 1B o

TS1B | bifurcation
43 sets of products simultaneously on a bifurcating potential energy ora ot
reactants

44 surface (bPES)."”* As shown in Figure 1A, the reaction first pro-
45 ceeds through transition state TS1A. Then the reaction pathways © Ts4c ® T3 TS4D
46 bifurcate at the valley-ridge inflection (VRI) point' to give two
47 products P1A and P2A, which are connected by another transition
48 state TS2A. In most cases, the product distribution for the reaction IN1C IN1D IN2D
49 in Figure 1A is controlled by the shape of the PES and the resulting A P2c oo P2D
50 dynamic factors." Usually theoretical chemists must resort to simu- TS1C | bifurcation TS1D | bifurcation
51 late numerous trajectories utilizing quantum molecular dynamics reactants reactants
52 to estimate the ratio of the final products."*
53 Figures 1B—D depict the situations in which surface bifurcations Figure 1. Surface bifurcations in four reaction systems.
54 lead to two intermediates (other than two products), which then
55 undergo further transformations to give the final products.* In the than those for the transformations of IN1B (into P1B) and IN2B
g? case of Figure 1B, intermediates IN1B and IN2B can not intercon- (into P2B). Therefore, the product distribution is equal to the ratio

vert via TS2B because the barrier for the interconversion is higher of IN1B and IN2B, which is controlled by nonstatistical dynamic
gg factors. In the case of Figure 1C, IN1C can not convert to IN2C
60 1
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because the activation energy for the interconversion transition
state TS2C is higher than TS3C, which connects IN1C and P1C.
In contrast, conversion from IN2C to IN1C is kinetically favored
over the transformation of IN2C into P2C because the activation
energy for TS2C is lower than TS4C, which connects IN2C and
P2C. Therefore, P1C will be formed predominantly according to
the traditional transition state theory and the reaction in Figure 1C
is under kinetic control. In the case of Figure 1D, IN1D and IN2D
are in rapid equilibrium because the barrier for the interconversion
is lower than those for transformations of these two intermediates
into the final products. In this case, the Curtin-Hammett principle’
applies and the reaction is under typical kinetic control (the ratio of
P1D and P2D is determined by the energy difference of TS3D and
TS4D). Reactions involving post-transition-state surface bifurca-
tions are rare. Up to now, only limited numbers of examples have
been reported.’”* To the best of our knowledge, no reaction system
including all the situations discussed in Figures 1B—D has been
observed. Finding such a reaction system experimentally and then
understanding the reaction selectivity theoretically will greatly
enrich chemists' understanding of the determinants for selectivities
on bPESs.

Herein, we report our discovery of such a reaction system, the
gold-catalyzed transformations® of 2-propargyl-p-tetrahydro-
carbolines (Scheme 1), involving all cases shown in Figures 1B-D.
The discovery of such reactions was driven by our desire to develop
a general method for the synthesis of the unique tricyclic azo-
cinoindole ring system”® found in natural alkaloids, such as okara-
mines,” grandilodines,'® lundurines,"’ and lapidilectines.'* Until
now, synthesis of medium-sized heterocycles, including the azo-
cinoindole derivatives, still represents a challenge in today’s science
of synthesis, considering that the reactions and strategies to con-
struct the medium-sized-ring systems are limited.”® Previously, we
developed a gold-catalyzed ring expansion of 2-propargyl-p-
tetrahydrocarbolines to synthesize functionalized azocinoindoles
(Scheme 1A)."* The 2-propargyl-p-tetrahydrocarboline substrate
can be easily prepared in two steps from tryptamine and the scope
of the reaction is broad with good yields. However, we found that
the methoxycarbonylmethyl group at the Cl-position of the p-
tetrahydrocarboline is indispensable for the ring expansion, which
greatly limited the practicality of such a reaction in synthesis.

Scheme 1. Ring Expansion and Spirocyclization of 2-
Propargyl-p-Tetrahydrocarbolines

(A) Our previous work
R CO,Me

~
/ Ph3PAUNTF, (1 mol %) N
I\ N —_— I\

N PhMe, 110 °C, 2 h =

12
'\?2 CO,Me (R" = alkyl, aryl) |

(B) This work gold-catalyzed NH

ring expansion

—
(R = alkyl, aryl) =

R1
S ©
S " —
N 5
R? R

gold-catalyzed
spirocyclization

(R'=H)

2

After extensive screening of the reaction conditions, we were
glad to find that acidic additives are efficient to promote the ring
expansion, in which case, unprotected secondary amine products
can be obtained in excellent yields (Scheme 1B, top). Furthermore,
we found that the terminal R' group on the alkyne moiety plays a
crucial role in determining the outcome of the reaction. For termi-
nal alkyne substrate, dearomatizing spirocyclization'® product is
observed as the major product instead of the desired azocinoindole
(Scheme 1B, bottom).

Meanwhile, DFT calculations have been undertaken to investi-
gate the reaction mechanism and chemoselectivity (ring expansion
versus spirocyclization). Our mechanistic study indicated that the
chemoselectivity is controlled by the competing kinetic and dy-
namic factors as shown in Figures 1B-D.

RESULTS AND DISCUSSION

Experimental Investigations. We commenced our study with
2-propargyl-B-tetrahydrocarboline 1a, which has a phenyl group at
the C1-position, as the standard substrate. To our disappointment,
no reaction occurred under our previously reported conditions (1
mol % Ph;PAuNTS,, PhMe, 110 °C, 2 h)."* Then Brensted acids,
including acetic acid, trifluoroacetic acid, and methanesulfonic acid
(MsOH), were considered as additives (see Supporting Infor-
mation for details). To our delight, when § mol % Ph;PAuNT®, and
2.0 equivalents of MsOH were used, complete conversion of 1a was
observed after 12 h in dichloromethane (DCM) at room tempera-
ture (Table 1, entry 1). After basic work-up, two products were
isolated. The more polar product, 2a, was confirmed as an azo-
cinoindole containing a secondary amine functionality. The other
product with less polarity was identified as benzaldehyde. The yield
of 2a can be improved to 92% when toluene was used as solvent
instead of DCM (Table 1, entry 2). When the amount of MsOH
was decreased to 1.0 equivalent, the conversion dropped dramati-
cally (Table 1, entry 3). However, the ring expansion is not sensi-
tive to the amount of the gold catalyst. When 1 mol % Ph:PAuNTf,
was used, 2a can be obtained in 90% isolated yield (Table 1, entry
4). No reaction occurred in the absence of a gold catalyst.

Table 1. Optimization Studies on the Gold-Catalyzed Ring
Expansion®

Et
y Ph3PAUNTf; (x mol %)
MsOH (y equiv)
I\ N DT e ——— /\

solvent (0.1 M), rt, time N

NH
+ PhCHO

te P then NaHCO; (aq) e £t
1a 2a
entry | x | y | solvent | time (h) isolated yield of 2a (%)
1 5120 | DCM 12 72
2 S| 20 | PhMe 2 92
3 5| 1.0 | PhMe 4 23
4 1120 PhMe 12 90
‘Reaction  conditions: ~ 2-propargyl-p-tetrahydrocarboline  1a,

PhsPAuNTf; (x mol %), and MsOH (y equiv) in solvent (0.1 M) at
room temperature.
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After obtaining the optimal reaction conditions, we began to in-
vestigate the scope of the ring expansion (Table 2). Substrates 1a—f
bearing terminal alkyl and aryl substituents underwent the ring
expansion smoothly, giving azocinoindoles 2a—f in good to excel-
lent yields (Table 2, entries 1-6). Free hydroxy group can be well
tolerated under the reaction conditions (Table 2, entry 3). A varie-
ty of alkyl and aryl substituents at the proximal propargylic position
are compatible, giving azocinoindoles 2g—i in yields ranging from
66% to 95% (Table 2, entries 7-9). The absence of the methyl
group on the indole nitrogen atom did not interfere with the gold-
catalyzed ring expansion, giving azocinoindole 2j in 92% yield (Ta-
ble 2, entry 10).

Table 2. Gold-Catalyzed Ring Expansion of 2-Propargyl-p-

Journal of the American Chemical Society

Scheme 2. Gold-Catalyzed Ring Expansion of 2-Propargyl-g-
Tetrahydrocarbolines 1k—-m

Et

Et |
o !
Ph3PAUNTf, (5 mol %) NH: _

// MsOH (2.0 equiv) i
/N\ N PhMe (0.1 M), rt, 12 h /N\ — S N
I\‘/Ie R then NaHCO; (aq) l\‘lle Et | l\‘lle CO,Et
2a ‘ 3m, 29%
1k, R ="Pr R ="Pr, 85%
1M, R=H R=H, 82%
1m, R = CO,Et R = CO,Et, 50%

Table 3. Optimization Studies on the Gold-Catalyzed Spirocy-
clization®

catalyst (x mol %)

y additive (x mol %)
— N/ MsOH (2.0 equiv) Q_Q
DCM (0.1 M), rt, time

'\’T/‘Ie Ph then NaHCOj (aq)
1n 4n 2n
entry catalyst additive | x térll:)e 4n/2n’ Zl:l((;gi
1 Ph;PAuNTf, none S 2 6:1 80
2 Ph;PAuCl AgOTf | S 2 6:1 78
3 Ph.PAuCl | AgSbFs | 5 | 2 7:1 87
4 IPrAuCl AgSbFs | S 4 8:1 87
N JohnPhosAuCl | AgSbFs | S| 0.5 >20:1 9s
64 BINAPAw,CL | AgSbFs | S 0.5 16:1 90
7 JohnPhosAuCl | AgSbFs | 1 0.5 >20:1 9s

Tetrahydrocarbolines?
RI
/\ N/ Ph;ﬂzrm;zogx?\ja)%) 7\ g R3 + PhCHO
N o PhMe (0.1 M), 1t, 12 h N
Lo P then NaHCO; (aq) Lo
1aj 2a-j
entry | substrate R! R? R3 2, yield (%)°
1 1a Et Me H 22,90
2 1b ‘C3Hs Me H 2b, 95
3¢ 1c CH:OH Me H 2¢, 61
4 1d Ph Me H 2d,90
S le 4-0:NCsHa4 Me H 2e,91
6 1f 4-MeOCeHs | Me H 2f, 84
7 1g "CeHus Me Ph 2g, 66
8 1h "CeHis Me "Pr 2h,93
9 1i "CeHis Me | ‘CsHs 2i, 95
10 1j Et H H 2j,92
“Reaction  conditions: ~ 2-propargyl-p-tetrahydrocarboline 1,

Ph;PAuNTH; (1 mol %), and MsOH (2.0 equiv) in toluene (0.1 M) at
room temperature for 12 h unless otherwise specified. “Isolated yield.
Ph;PAUNTHE (S mol %) and DCM were used.

To ascertain whether the phenyl group at the Cl-position of p-
tetrahydrocarboline is essential or not, substrates 1k—m containing
alkyl, hydrogen, and ester groups as the Cl-substituents were ex-
amined (Scheme 2). When substrates 1k and 11 were treated with
Ph;:PAuNTf, and MsOH, the desired ring expansion occurred
smoothly to give 2a in good yields. However, in the case of 1m,
spiroindoline 3m,'¢ together with the ring expansion product 2a,
was isolated. The minor product 3m was considered to be formed
via a gold-catalyzed spirocyclization.

Next, we examined the effects of the terminal substituents. When
we treated terminal alkyne substrate In with PhsPAuNTf, and
MsOH, we isolated three products, including the spirocyclization
product spiroindoline 4n,'® the ring expansion product azo-
cinoindole 2n, and benzaldehyde (Table 3, entry 1). The structure
of 4n was further confirmed by X-ray crystallography (Figure 2)."

“Reaction conditions: 2-propargyl-p-tetrahydrocarboline 1n, catalyst (x
mol %), additive (x mol %), and MsOH (2.0 equiv) in DCM (0.1 M)
at room temperature unless otherwise specified. "Determined by 'H
NMR analysis of the crude product. Isolated yield. ‘BINAPAu.ClL (5
mol %) and AgSbFs (10 mol %) were used. IPr = 1,3-bis(2,6-
diisopropylphenyl)imidazol-2-ylidene. ~ JohnPhos =  2-(di-tert-
butylphosphino)biphenyl. BINAP = (+)-2,2"-bis(diphenylphosphino)-
1,1'-binaphthyl.

Figure 2. X-ray structure of spiroindoline 4n.
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To improve the chemoselectivity, we tested the effects of both
counteranion and ligand (Table 3, entries 2-6). It was found that
the hexafluoroantimonate anion is slightly preferred over both
bis(trifluoromethylsulfonyl)imide and triflate anions in terms of
chemoselectivity and the reaction yield. Sterically hindered and
electron-rich phosphine ligands, such as JohnPhos and BINAP,
gave better results. The combination of JohnPhosAuCl and AgSbFs
displayed the best efficiency, giving the desired spirocyclization
product 4n in 95% isolated yield and the ratio of 4n to 2n was en-
hanced to >20:1 (Table 3, entry $). Even when the amount of cata-
lyst was reduced from 5 mol % to 1 mol %, the yield did not drop
(Table 3, entry 7). Control experiments indicated that both gold
catalyst and MsOH are indispensable for the gold-catalyzed spiro-
cyclization (see Supporting Information for details).

The scope of the spirocyclization was further evaluated (Table
4). Terminal alkyne substrates 1n—p bearing aryl substituents with
different electronic effects at the Cl-position of the f-
tetrahydrocarboline can undergo the gold(I)-catalyzed spirocy-
clization smoothly (Table 4, entries 1-3). Cl-alkyl substituted
substrates 1q—s performed as well as their aryl substituted counter-
parts, giving the desired spiroindolines 4q-s in excellent yields
(Table 4, entries 4-6). When the C1-substituent was changed to a
hydrogen or an ester group, the rate of the spirocyclization became
slower. By extending the reaction time from 0.5 h to 12 h, full con-
version of the substrates can be achieved and the desired spiroin-
dolines 4t and 4u can be generated in 90% and 96% yields, respec-
tively (Table 4, entries 7 and 8). The steric hindrance of the C1-
substituent may affect the chemoselectivity. For substrates with

Table 4. Gold-Catalyzed Spirocyclization of 2-Propargyl-p-

Tetrahydrocarbolines?
NH
N +

JohnPhosAuCl (1 mol %)
AgSbFg (1 mol %)

/ MsOH (2.0 equlv
R2 Rz DCM (0.1 M),

then NaHC03 aq)

bulky 2-MeOPh, 2-O,NPh and cyclohexyl substituents, the ratio of
spiroindoline 4 to azocinoindole 2 decreased to a certain extent
(Table 4, entries 2—4). Additionally, substrate 1v, which contains
gem-dimethyl groups at the propargylic position, can also undergo
the spirocyclization, giving spiroindoline 4v in 91% yield (Table 4,
entry 9). For substrates containing benzyl and allyl groups on the
indole nitrogen atom, the reaction also proceeded very well (Table
4, entries 10 and 11).

Mechanistic Studies. Proposed Reaction Pathways. We pro-
posed the following mechanism to account for the reaction out-
comes (Scheme 3). The gold-catalyzed reaction starts with the
complexation of the alkyne moiety of the substrate to the carbo-
philic gold catalyst, generating a gold-alkyne complex A.'® Then
the indole moiety undergoes intramolecular nucleophilic attack to
the gold-activated triple bond, giving four possible spiroindoline
intermediates B-E.”” Among them, B and C are generated via en-
do-dig cyclizations, whereas D and E are formed via exo-dig cycliza-
tions. Spiroindolines B and D, which are both a-alkenylation in-
termediates, may undergo fragmentation to give iminium ions F
and H, respectively. Then protodeauration™ and hydrolysis occur
to give the ring expansion products (2 and 5) and aldehydes. In
contrast, B-alkenylation intermediates C and E can undergo depro-
tonation at the C1-position by a base to give enamine intermediates
G and I, respectively. Then the subsequent protodeauration occurs,
furnishing the spirocyclization products (3 and 4).

DFT calculations have been undertaken (see Computational
Methods and Supporting Information for details) to understand
the detailed reaction mechanism and how the terminal substituent
and the additives used in the reaction system tune the outcome of
the gold-catalyzed reaction. Three parts are presented in the follow-
ing mechanistic study. First, we discussed how intermediates B-E
are formed by using a model reaction of unsubstituted substrate 1y
in the presence of the simplest catalyst Au(PH3)* and the simplest
acidic additive, proton, in order to achieve detailed information for
the initial gold-catalyzed cyclization process (Table S, entry 1).
Then we used internal alkyne substrates 1z and 1aa, together with

1" * 4" * 2" v terminal alkyne substrate 1bb, to study how the final products 2-5
entry | substrate R R? | R® | 4/2% | 4,yield (%)¢ are generated and to rationalize the regioselectivity (endo- versus
1 In Ph a1 Me | 5201 40,95 exo-dig pathways) and chemoselectivity (ring expansion versus
spirocyclization) (Table 5, entries 2-4). Considering that MsOH is
2 lo 2-MeOPh | H | Me | 15:1 40,89 crucial in the reaction system, protonation of the tertiary amine
3 1p 2-O;NPh | H | Me 4:1 4p,76 moiety in the substrate by MsOH was taken into account. Finally,
4 1q Cy H | Me | 201 4,90 we investigated the roles of MsOH in the reaction system.
S 1r ‘CsHs H Me | >20:1 41, 97
Table 5. Model Systems Studied
6 1s "Pr H Me | >20:1 4s,90
1
74 1t H H | Me | >20:1 4t,90 /R
7
8¢ lu COEt | H | Me | >20:1 4u,96 L~
9 v Ph Me | Me | >20:1 4v,91 RN
10 1w Ph H | Bn | >20:1 4w, 95 entry 1 R R? R® | ligand acid solvent
11 1x Ph H | allyl | >20:1 4x, 94 1 ly H H H PH; H* DCM
“Reaction conditions: 2-propargyl-p-tetrahydrocarboline 1, JohnPho- 2 1z | Me Me Me | PMes | MsOH | PhMe
sAuCl (1 mol %), AngFe (1 mol %), and MsOH (2.0 equiv) in DCM 3 laa Me CO:Me Me PMe; MsOH PhMe
(0.1 M) at room temperature for 0.5 h unless otherwise specified. “De-
termined by 'H NMR analysis of the crude product. ‘Isolated yield. 4 1bb | H Me Me | PMe; | MsOH | DCM

4Reaction time = 12 h.

4
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Scheme 3. Proposed Mechanism
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AuL AuL
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(A) Endo-dig pathway ~—N  fragmentation VN\J{ then hydrolysis T
— —
e 7 NMe {_NMe N
R Me R
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(\/ N a-alkenylation
S
N B-alkenylation
Me Aul AulL R
A R~ deprotonation R~ —
of iminium ion N _Pprotodeauration
N =" ~_N
NG N N
Me Me Me
[ G 3 (endo-B)
AuL
X .
R N protodeauration
(B) Exo-dig pathway ~— fragmentation then hydrolysis NH
/ T — - (Y
_NMe N
AuL* Me |
R/ R
\ D H 5 (exo-a)
)VN bifurcation / 9-@lkenylation
S
I\N/I B-alkenylation
© AuL
A

AuL
R
A
N
+ 2 A
N
Me
E

Surface Bifurcations. We commenced our study by locating en-
do-dig cyclization transition states and intermediates on the PES
for IN3 (Scheme 4). We successfully located the a- and p-
alkenylation intermediates IN4 and INS, respectively. However,
we could only locate one endo-dig cyclization transition state T'SS.
To ascertain whether there exists another endo-dig cyclization
transition state or not, we performed PES scans by using the dis-
tances between the distal C(sp) atom and the carbon atoms at the
a- and -positions of the indole moiety as variables (Figure 3).
DFT calculations indicated that there is indeed only one endo-dig
cyclization transition state on the PES. However, TSS leads to two
intermediates, IN4 and INS, simultaneously, which suggests that
the PES bifurcates after TSS. Moreover, IN4 and INS are inter-
convertible via a [1,5]-alkenyl shift transition state TS6. Similarly,
DEFT calculations suggested that surface bifurcation also exists on
the PES for exo-dig cyclization (see Supporting Information for
details).”

Scheme 4. Transition States and Intermediates Involved in the
Endo-Dig Cyclization of IN3

Au(PH3)
/ I+
——NH
Au(PH3)
7
_NH " \.2\‘
I *
Au(PH)* IN4 @S:NH
4 ==\’
N endo-dig . H
g a-alkenylation
I+ cyclization TS6

B-alkenylation [1,5]-alkenyl shift

NH 5 5
v bifurcation
H TS5

. Au(PHz)
IN3 " (PHJ gy
‘
He NH
S I+ 4+ o
L~ NH N
Iy i
N
N IN5

S

R

of iminium ion

R
deprotonation A\ \
5\‘ protodeauration A\ N
— N
Me

N

Me

1 4 (exo-B)
distal :3
EC(sp)‘\ Au(PHa)—‘ ;
! R1 H\.—’:—\‘
i y R2
, N
! H

3.50

3.20
2.90
2.60

o
14
2.30

E (kcal/mol)

-10
2.00

1.70 TS6

1.40 §\ =

140 170 200 230 260 290
R1
Figure 3. Potential energy surface for the endo-dig cyclization of IN3.

3.20 3.50

Distances are given in A. See Scheme 4 and Supporting Information for
the structures of transition states and intermediates.

Rationalization of Regio- and Chemoselectivity. For internal al-
kyne substrates, only the endo-dig cyclization took place (Tables 1
and 2, Scheme 2, exo-dig cyclization products 4 and 5 were not
observed in all cases). In most cases, the endo-dig cyclization only
gave the ring expansion product 2 (Tables 1 and 2, Scheme 2).
However, for substrate 1m with an ester group as the CI-
substituent, dearomatizing spirocyclization also took place, giving
spiroindoline 3m as a byproduct (Scheme 2).
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Au(PMes)

5+
AGpnye (MegP)Au\\ ,,H"
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Me
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) 54
(5.8)
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(MesP)AUS" H’
Me
78 /
(-6.8)
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Me Au(PMes)
= X
NG\
N “H N
Me  we Au(PMe3)
I bifurcation
Me\%\‘ N IN10 Me
/ \\/N:H B-alkenylation a-alkenylation —N H +
N HH-~ — N
m\f X endo-dig <._NMe Me N
Me Me cyclization Au(PMe3)*, MsOH I\ _
TS7 0.4 (1.5) via TS7 Me I’\\‘A :
e N "
Y Me Au(PMes;)
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N
/AU(PMEg)—‘ Me Me Me Au(PMes)*
Meﬂ/\_\ 1z distal C(sp)~—"X__ “proximal C(sp)
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< 1\/NHH\X cyclization | Au(PMe;)*, MsOH < NHH
m via TS8 -
Me Me exo-dig cyclization Me Me
TS8 3.4 (4.5) intermediates IN6

Figure 4. Potential energy surface for substrate 1z (the reaction is under kinetic control).

To understand these results, we performed DFT calculations on
the methyl-terminated substrates 1z and laa with methyl and
methoxycarbonyl groups at the C1-position, respectively. There are
four possible intramolecular cyclization transition states for each
model substrate, depending on the endo/exo selectivity and dia-
stereoselectivity induced by the syn/anti relationship of the linker
and the Cl-substituent. DFT calculations suggested that when the
Cl-methyl group occupies the pseudo-equatorial position, the
cyclization transition state suffers strong Cl-methyl/N9-methyl
allylic 1,3-strain (see Supporting Information for details). There-
fore, the C1-methyl group prefers to occupy the sterically less hin-
dered pseudo-axial position in all cyclization processes. So we only
discussed the favored transition states in this paper.

For substrate 1z, the endo-dig cyclization is favored over the exo-
dig cyclization by 3.0 kcal/mol (0.4 kcal/mol for TS7 versus 3.4
keal/mol for TS8, Figure 4, the relative Gibbs free energies for the
[1,5]-alkenyl shift transition states in Figures 4, 5, and 7 were set to
0.0 kcal/mol), suggesting that the endo-dig cyclization intermedi-
ates IN7 and IN8 should be generated exclusively. To rationalize
this regioselectivity, we performed natural population analysis
(NPA)* on the gold-alkyne complex IN6 to obtain atomic charges
of the distal and proximal carbon atoms on the triple bond.”* Con-
sidering that the terminal methyl group can be regarded as a
stronger m-donor than the linker, CH.NR,, owing to the induction
effect induced by the electron-negative nitrogen atom, more posi-
tive charge was obtained on the distal C(sp) atom (+0.08 e on the
distal C(sp) atom versus —0.15 e on the proximal one, Figure 4,
NPA charges). Therefore, the distal C(sp) atom is more electro-
philic, and therefore more reactive than the proximal one.
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Next, we investigated the chemoselectivity issue. There are three
possible reaction pathways for the a-alkenylation intermediate IN7.
First, IN7 may be converted back to the starting materials. The
second pathway is the [1,5]-alkenyl shift via T'S9, leading to the -
alkenylation intermediate IN8. The third pathway is the ring ex-
pansion of IN7 through a fragmentation/protodeauration mecha-
nism. Considering that the fragmentation of IN7 via TS10 (the
relative Gibbs free energy for TS10 is —2.9 kcal/ mol) and the sub-
sequent protodeauration of IN9 via TS11 (the relative Gibbs free
energy for TS11 is —9.6 kcal/ mol) are much faster than the back-
ward reaction to the reactants via TS7 (the relative Gibbs free en-
ergy for TS7 is 0.4 kcal/mol) and the [1,5]-alkenyl shift via TS9
(the relative Gibbs free energy for TS9 is 0.0 kcal/ mol), IN7
should lead to the ring expansion product exclusively.

For the p-alkenylation intermediate IN8, the deprotonation by
mesylate anion via TS12 (the relative Gibbs free energy for TS12 is
6.5 kcal/mol) is disfavored over the endo-dig cyclization via TS7
(the relative Gibbs free energy for TS7 is 0.4 kcal/mol) and the
[1,5]-alkenyl shift via TS9 (the relative Gibbs free energy for TS9
is 0.0 kcal/mol), which indicated that the spirocyclization may not
take place. IN8 should undergo either [1,5]-alkenyl shift via TS9 or

the IN8=TS7=reactants=TS7=IN7 + IN8 pathway, suggesting
that although the reaction starts with the surface bifurcation to give
both IN7 and IN8, IN8 can be finally converted to IN7 exclusively.
Consequently, the final product will be the ring expansion product
2 exclusively, which is in good agreement with our experimental
observations (Tables 1 and 2, Scheme 2, the spirocyclization prod-
uct 3 was not formed in most cases).
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Figure S. Potential energy surface for substrate 1aa (the reaction is under dynamic control).

As depicted in Figure 5, for substrate 1aa, the shape of the PES
changes because the Cl-ester group accelerates the deprotonation
step in the spirocyclization pathway. In this case, the ring expansion
(the rate-limiting transition state in the ring expansion pathway is
the protodeauration transition state TS18 with a relative Gibbs free
energy of —2.4 kcal/mol) and the spirocyclization (the rate-limiting
transition state in the spirocyclization pathway is a deprotonation
transition state TS19 with a relative Gibbs free energy of —2.2
kcal/mol) are both faster than the [1,5]-alkenyl shift via TS16 (the
relative Gibbs free energy for TS16 is 0.0 kcal/mol); therefore,
IN13 and IN14 can not interconvert through the [1,5]-alkenyl
shift in this case.”® Consequently, both the ring expansion and spi-
rocyclization products can be formed, which is in good accordance
with our experiments (Scheme 2). For substrate 1aa, the distribu-
tion of the final products is equal to the ratio of intermediates IN13
and IN14, which is controlled by the shape of the PES. Consider-
ing that IN13 is more stable than IN14, the part of bPES leading to
IN13 should be steeper than that leading to IN14.! Consequently,
more ring expansion product should be furnished. Moreover, the
difference of the forming C-C bond distances in the cyclization
transition state TS14 also revealed the branching ratio of IN13 and
IN14. As shown in Figure 6, the distances between the distal C(sp)
and the a/p-carbon of the indole moiety are 2.27 and 2.65 A, re-
spectively, suggesting that more a-alkenylation intermediate IN13
should be generated.™ As a result, more ring expansion product
should be formed, which is in good agreement with our experi-
mental observations (Scheme 2).

Experimentally, when terminal alkyne was used, both the exo-
and endo-products were observed (Tables 3 and 4). The exo-dig
cyclization led to the spirocyclization product 4. No ring expansion
product 5 was obtained. In contrast, the endo-dig cyclization gave

7

the ring expansion product 2 exclusively (see minor products in
Tables 3 and 4, no spirocyclization product 3 was generated). To
understand these experimental results, we performed DFT calcula-
tions to obtain both the exo- and endo-PESs for substrate 1bb
(Figure 7).

Figure 6. 3D structure for the endo-dig cyclization transition state
TS14. Color scheme: H white; C gray; O red; P dark orange; S yellow;
Au gold.
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Table 6. Activation Gibbs Free Energies for Elementary Steps in the Exo- and Endo-Dig Pathways of Substrate 1bb in Kcal/Mol

ring expansion spirocyclization
pathway
fragmentation protodeauration deprotonation protodeauration
exo-dig 12.8 4.6 15.2 6.3
endo-dig 11.9 6.4 164 8.7

For terminal alkyne substrate 1bb, the relative Gibbs free ener-
gies for exo- and endo-dig cyclization transition states, TS21 and
TS22, respectively, are similar. The exo-dig pathway is slightly
favored over the endo-dig pathway by 0.5 kcal/mol (0.6 kecal/mol
for TS21 versus 1.1 keal/mol for TS22, Figure 7A), suggesting that
poor exo/endo selectivity in the intramolecular cyclization should
be observed when PMe; was used as the ligand. Considering that
the linker, CH,NR;, can be regarded as a stronger n-donor than
hydrogen, relatively less negative charge was obtained on the prox-
imal C(sp) atom (-0.06 e on the proximal C(sp) atom versus
-0.23 e on the distal one in the gold-alkyne complex IN19, Figure
7A, NPA charges).? Therefore, the proximal C(sp) atom is more
electrophilic than the distal one (although the regioselectivity is
poor). Because of the poor exo/endo selectivity of the initial intra-
molecular cyclization, four cyclization intermediates IN20-23
should be formed simultaneously (Figure 7).

In the exo-dig pathway, both the a-alkenylation intermediate
IN20 and p-alkenylation intermediate IN21 can be generated
(Figure 7A). We found that IN20 and IN21 can interconvert rap-
idly via a [1,5]-alkenyl shift transition state TS23 because the rela-
tive Gibbs free energy of TS23 is lower than those of the fragmen-
tation transition state TS24 in the ring expansion pathway and the
deprotonation transition state TS26 in the spirocyclization path-
way (0.0 kcal/mol for TS23 versus 2.9 kcal/mol for TS24 and 1.1
kcal/mol for TS26). The Curtin—-Hammett principle® applies; and
consequently, the product distribution is controlled by the relative
kinetic preference of the ring expansion and spirocyclization path-
ways. DFT calculations indicated that the spirocyclization pathway
is favored over the ring expansion pathway by 1.7 keal/mol (1.2
kcal/mol for the rate-limiting protodeauration transition state
TS27 in the spirocyclization pathway versus 2.9 kcal/mol for the
rate-limiting fragmentation transition state TS24 in the ring expan-
sion pathway). Therefore, the spirocyclization product should be
formed predominately, which is in good agreement with our exper-
imental observations (Tables 3 and 4, no ring expansion product §
was observed in all cases).

In contrast, in the endo-dig pathway, the ring expansion pathway
is favored over the spirocyclization pathway by 6.4 kcal/mol (Fig-
ure 7B, —2.5 kcal/mol for the rate-limiting fragmentation transition
state TS29 in the ring expansion pathway versus 3.9 kcal/mol for
the rate-limiting protodeauration transition state TS32 in the spi-
rocyclization pathway). Therefore, the ring expansion product
should be observed exclusively, which is also in good accordance
with our experimental results (Tables 3 and 4, no spirocyclization
product 3 was observed in all cases).

To rationalize the chemoselectivity, we compared the activation
energy of each elementary step in the exo- and endo-dig pathways
(Table 6). We found that the differences are within ca. 1-2
keal/mol, suggesting that in the exo- and endo-dig pathways, kinet-
ics of each elementary step does not have significant difference.

9

DFT calculations also indicated that the spirocyclization pathway is
intrinsically disfavored over the ring expansion pathway by 2-$
kecal/mol (Table 6). Therefore, when the relative stability of the a-
and p-alkenylation intermediates are similar, the ring expansion
pathway should predominate. Indeed, in the endo-dig pathway, the
a-alkenylation intermediate IN22 has similar stability as that of the
B-alkenylation intermediate IN23 (-14.4 kcal/mol for IN22 versus
—14.1 keal/mol for IN23), so the ring expansion product was ob-
served because of the intrinsic preference of the ring expansion.

However, for the exo-dig pathway, the shape of the PES changes
because the p-alkenylation intermediate IN21 becomes much
more stable than the a-alkenylation intermediate IN20 (-14.1
kcal/mol for IN21 versus —9.9 kcal/mol for IN20), in which case,
the thermodynamic factor overcomes the intrinsic disadvantage of
the spirocyclization pathway and tunes the chemoselectivity to-
wards the spirocyclization pathway. Therefore, the relative ther-
modynamic stability of the a- and P-alkenylation intermediates,
which is determined by the ring strain in different fused ring sys-
tems, controls the relative preference of the spirocyclization and
ring expansion pathways; and consequently, determines the prod-
uct distribution.

As we discussed above, the exo-dig cyclization should lead to the
spirocyclization product 4, while the endo-dig cyclization is ex-
pected to give the ring expansion product 2. However, if both the
exo- and endo-PESs for substrate 1bb are taken into consideration,
rationalization of the distribution for the final products (the ratio of
4 to 2) is even more complicated. The rate-limiting step in the exo-
dig pathway is the protodeauration of IN26 via TS27 (the relative
Gibbs free energy of TS27 is 1.2 keal/ mol), while the rate-limiting
step in the endo-dig pathway is the endo-dig cyclization via TS22
(the relative Gibbs free energy of TS22 is 1.1 kcal/mol). Consider-
ing that the product distribution is determined by the energy differ-
ence of TS27 and TS22 (-0.1 and 0.8 kcal/mol in terms of Gibbs
free energy and enthalpy, respectively), the ratio of 4 to 2 is pre-
dicted to be 1:1-4:1 when PMes was used as the ligand. When the
real ligand PPh; was used, the ratio of 4 to 2 is predicted to be 3:1-
8:1 (see Supporting Information for details), which is in accord-
ance with the experimental observations (Table 3, entries 1-3, the
ratio was 6:1-7:1 when PPh; was used as the ligand). In principle,
we may also understand why JohnPhos showed better chemoselec-
tivity than PPh; (Table 3) by DFT studies if we can locate all the
conformations for 12 transition states involved in Figure 7. Howev-
er, JohnPhos is large and does not has the Cs-axis as PMes and PPh;
have; and consequently, hundreds of transition states have to be
optimized to give convincing conclusions for the chemoselectivities,
which precluded our fully investigations of the reaction system.”

The Roles of Acidic Additives. The acidic additives have crucial
roles in the gold-catalyzed transformations discussed in this pa-
per.?® The first role is to promote the protodeauration process in
the ring expansion pathway (Scheme 3, the F>2 and H>$ processes)
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and maintain the catalytic cycle. The second role is to prevent the
formation of unreactive o,n-digold species,”” which may be generat-
ed from terminal alkyne and gold catalyst. Furthermore, DFT cal-
culations indicated that if MsOH is not presented, the activation
energy of the fragmentation process in the ring expansion pathway
is only ca. 2-3 kcal/mol; therefore, no spirocyclization product was
observed in our previous work." However, if MsOH is added as an
additive, the fragmentation process needs an higher activation en-
ergy of ca. 8-13 kcal/mol, making the spirocyclization pathway
compete with the ring expansion pathway. In this case, the
chemoselectivity (ring expansion versus spirocyclization) can be
tuned by the substituent effect and reaction conditions. We rea-
soned that the hyperconjugation interaction between the nonbond-
ing orbital of the N(sp®) atom and the C-C antibonding orbital,
which stabilizes the fragmentation transition state, was reduced if
the tertiary amine moiety was protonated (Scheme 5).

Scheme S. Hyperconjugation Interaction Between the Non-
bonding Orbital of the N(sp*) Atom and the C—C Antibonding
Orbital in B and D

CONCLUSIONS

We have disclosed two of 2-propargyl-p-
tetrahydrocarbolines under gold catalysis in the presence of me-

transformations

thanesulfonic acid. When internal alkyne substrate was used, ring
expansion took place, giving the azocinoindole derivative, which is
the skeleton of many natural alkaloids, in excellent yields (Tables 1
and 2, Scheme 2). In contrast, when terminal alkyne was used as
the substrate, dearomatizing spirocyclization occurred to furnish
the spiroindoline product predominantly (Tables 3 and 4). DFT
calculations indicated that the initial intramolecular cyclization of
the gold-activated 2-propargyl-p-tetrahydrocarboline contains a
bifurcating potential energy surface, giving a- and B-alkenylation
intermediates simultaneously. The exo/endo selectivity of the in-
tramolecular cyclization can be tuned by the electronic effect of the
terminal substituent on the alkyne moiety. Then the exo- or endo-
dig cyclization intermediates may undergo either the ring expan-
sion (through fragmentation/protodeauration mechanism) or
spirocyclization (through deprotonation/protodeauration mecha-
nism) pathways. The a- and B-alkenylation intermediates can inter-
convert into each other via a [1,5]-alkenyl shift transition state. The
reaction selectivity is controlled by the relative energies of the in-
tramolecular cyclization, [1,5]-alkenyl shift, ring expansion, and
spirocyclization processes. If the interconversion of the a- and p-
alkenylation intermediates is faster than the ring expansion and
spirocyclization processes, the chemoselectivity is determined by
the relative preference of the ring expansion versus spirocyclization
pathways. In this case, the reaction is under typical kinetic control
(Figures 4 and 7). In contrast, if the [1,5]-alkenyl shift is slower
than both the ring expansion and spirocyclization processes, the
product distribution is determined by dynamic factors (Figure $).
To the best of our knowledge, this work represents the first obser-
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vations of all three situations depicted in Figure 1B-D in one reac-
tion system, shedding some light on the determinants for selectivity
on a bifurcating potential energy surface. Further applications of
the ring expansion are underway in our lab.

COMPUTATIONAL METHODS

All DFT calculations were performed with the Gaussian 09 soft-
ware package.” Solution-phase relaxed PES scans and geometry
optimizations of all the minima and transition states involved were
carried out using the B3LYP functional® and IEFPCM calculation
with radii and non-electrostatic terms for SMD solvation model.*°
PhMe was used as solvent for internal alkyne substrates while
DCM was used for terminal ones. The SDD basis set®
(Stuttgart/Dresden ECP) was used for gold and the 6-31G(d)
basis set™ for the other atoms. We labelled this basis set as SDD-6-
31G(d). The keyword "SD" was used to specify that five d-type
orbitals were used for all elements in the calculations. Frequency
calculations at the same level were performed to validate each
structure as either a minimum or a transition state and to evaluate
its zero-point energy and thermal corrections at 298 K. Quasi-
harmonic corrections were applied during the entropy calculations
by setting all positive frequencies that are less than 100 cm™ to 100
cm13 A standard state of 298 K and 1 mol/L was used for calculat-
ing thermal corrections. Solution-phase single point energy calcula-
tions (SDD basis set’! (Stuttgart/Dresden ECP) was used for gold
and the 6-311+G(d,p) basis set’” for the other atoms) were per-
formed using the B3LYP functional with the D3 version of Grim-
me’s dispersion* (with Becke-Johnson damping) based on the
optimized structures from the SMD/B3LYP/SDD-6-31G(d)
method. All discussed energies were Gibbs free energies unless
otherwise specified. Enthalpies were also given for reference. As-
sessment of other density functionals can be found in Supporting
Information. 3D structure for TS14 was prepared with CYLview.*
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