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Abstract

Mechanistic studies of ruthenium-catalyzed cycloiedzation of 2-ethynylaniline and
2-(2-propynyltosylanilide were carried out using Dcalculations. A pyridine assisted hydrogen
transfer pathway was unveiled for the formation Rii-vinylidene complex. The proposed
pathway was applied to rationalize the origin & tkgioselectivityb-exo vs 6-endo cyclization,
in the ruthenium catalyzed cycloisomerization of (2%ropynyl)tosylanilide. The
cycloisomerization of 2-(2-propynyl)tosylanilide the presence of pyridine produced-ando
cyclized product via the Ru-vinylidene intermediassisted by pyridine while its absence
afforded a5-exo cyclized product via a direct nucleophilic additidrhis study sheds more light

on alternative pathways for reactions involvingyak-vinylidene species.
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1. Introduction

Transition-metal-catalyzed intramolecular cyclinatiof aromatic alkynyl amines/amides has
attracted considerable research attention dues twoitvenient construction of nitrogen containing
heterocycles [1], such as indole, quinoline andjuswoline derivatives. This class of organic
compounds is prevalent in manifold of biologicalgtive compounds and synthetic organic
materials. A large number of transition metal-basathlysts, such as Ru [Rh [3], Au [4],Ag
[5], Cu [6], Pd [7])r [8], Pt [9],Zn [10],Mo, W, Cr [11], In [12], Hg [13] and Fe [14hve been
reported to catalyze the intramolecular cyclizatainaromatic alkynyl amines/amides. From a
mechanistic point of view, these reactions candreally classified into two types. The first type
involves taking advantage of the tethered nucldmpbroup of alkynyl amines to undergo the
direct nucleophilic addition to the alkyne moietffea n-alkyne activation by transition metals
(Scheme 1a) [15]. For instance, the group of Sakanmpooposed that a direct nucleophilic
addition of the amine moiety in 2-ethynylaniline ttee terminal alkyne carbon occurred in the
Cu-catalyzed cyclization of 2-ethynylamines to foindoles [15a]. Moreover, a combined
experimental and computational study carried outhieygroup of Gevorgyan [15b] supported the
direct 5-endo-dig cyclization over the metal-vinylidene formation irAu-catalyzed
cycloisomerization of propargylic pyridines. Thigettt cyclization is also consistent with the
mechanism proposed by the group of Wong [15c, 1®dRu-catalyzed cycloisomerization of
propargylic pyridines using DFT calculations. Thecand type employs the intermediacy of
metal-vinylidene species of terminal alkynylaminefich subsequently undergo cyclization
(Scheme 1b) [16]in this regard, the Tanaka group [16a] has repotted intermediacy of
Rh-vinylidenes in Rh-catalyzed cycloisomerization f 02-silylethynylphenols and
2-silylethynylanilines to give 3-silylbenzofuransida 3-silylindoles, respectively. Meanwhile, a
great number of reports have been well documemtethé formation of the key metal-vinylidene
intermediate via the direct 1,2-H shift [LHor example, the direct 1,2-H shift has been
investigated for the formation of metal-vinylidemgermediate by Vastine and Hall [17f] using
DFT calculations. A theoretical study on the isoraion of internal alkynes to vinylidenes via a
direct 1,2-aryl shift has been carried out by Takand co-workers for group 8 transition-metal

complexes [17g]. More recently, the Saito’'s grouf/h] has reported the formation of



Ru-vinylidene intermediate by 1,2-carbon migratiomuthenium catalyzed cycloisomerization of
2-alkynylanilides.
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Scheme 1. Two mechanistic pathways for the transition-metdhlyzed cycloisomerization of
alkynylamines to synthesize nitrogen containingfatycles.

In particular, the Sad’s group [2c] reported an efficient ruthenium(ll) aligrzed
cycloisomerization of 2-ethynylaniling which led to the synthesis of indole using pyridaee
solvent (Scheme 2a). It was interesting that thenesaruthenium catalyst catalyze the
cycloisomerization of 2-(2-propynyl)tosylanilid®@ in the presence of pyridine to produce a
dihydroquinoline product4, while the cycloisomerization o8 by another Ru(ll) catalyst,

[RuCly(p-cymene)}, afforded an indole produbtin the absence of pyridine (Scheme 2b).
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Scheme 2. The Ru(ll)-catalyzed cycloisomerizations of 2yethlaniline and
2-(2-propynyl)tosylanilide.

Based on the intermediacy of Ru-vinylidene comptie, mechanism of the reaction might
follow the commonly proposed direct 1,2-H shift [ime 3,path A). [16, 17a-e] Also, studies
[17a-e] have shown that the oxidative addition kdfyme C-H bond into Ru center to afford a
hydrido-alkynyl complex, followed by 1,3-H shift @other viable pathwaydth B). In addition,
we envisaged that pyridine as a solvent could alsbas a proton shuttle in assisting the

cycloisomerization reaction. This led us to propaseew mode of Ru-vinylidene formation via
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the pyridine assisted hydrogen transfer (PAHT) wath (path C). On the contrary, the
mechanism could bypass the formation of the Rulidepe complex to undergo a direct
nucleophilic addition after the initial activatiaf the alkyne moiety by the ruthenium catalyst, to

afford the indole producpéth D) [15].
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Scheme 3. Possible mechanistic pathways for the Ru-catdlygzeloisomerization of.

In order to better understand the mechanism ofulieenium catalyzed cycloisomerization
reactions and the reason(s) for the different segextive products obtained, a comprehensive
mechanistic study of the ruthenium catalyzed cgduierization of 2-ethynylaniline and
2-(2-propynyltosylanilide was carried out by DFTalaulations. An indirect mode of
Ru-vinylidene formation via the PAHT pathway waposed in this work. In addition, the
proposed pathway could be applied to explain thgiroof the regioselectivitys-exo vs 6-endo

cyclization, in the ruthenium catalyzed cycloisoin&tion of 2-(2-propynyl)tosylanilide.

2. Computational Method

All calculations were carried out using Gaussiarjl# program package with theB97XD
[19] density functional method which includes empiridépersion and long range correction.
This method among others has been reported todetieé for computations involving ruthenium
metal [20]. The LANL2DZ basis set together with LARDZ pseudo potential [21] were utilized
for the ruthenium atom while the 6-31G(d,p) basit[82]was employed for other atoms in the
geometry optimization. Vibrational frequency anaysas carried out on the optimized geometry

to characterize them as minima (no imaginary freqyg or transition states (one imaginary
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frequency). Intrinsic reaction coordinate calcualati [23] confirmed that the optimized transition
states connect to their respective reactants asdupts. The Gibbs free energies were evaluated at
298.15 K and 1 atm. To consider solvation effesisgle-point energy calculations using the
SMD solvation model [24)ere performed based on the optimized gas-phaseejdes. Larger
basis set (LANL2TZ(f) for Ru atom and 6-311++G(dfp) other atoms) were utilized for such
single-point energy calculation. In accordance wiltb experimental conditions, pyridine and
toluene solvents were employed for reactions inmghalkynyl amine and amide respectively. It
is known that DFT calculations could overestimdte entropic effect [25]. The translational
entropy correction in solution was incorporatechgsihe method proposed by Whitesides et al.
[26] Unless specified otherwise, the solvation Giliiee energy was used for discussion and it
was obtained from the addition of the solvatiorglmpoint energy and the thermal correction to
the Gibbs free energy. In order to reduce compariati costs, the simplified phosphine ligand
PMe; was used to replace the experimentally used/PBLy ligand. The CYLview software was

employed to show the 3D structures of the studieties [27].

3. Resultsand Discussion

3.1. Mechanistic study of the Ru-catalyzed cycloisomerization of 1 to form indole product.

The crucial Ru-vinylidene intermediate has beerppsed to account for the formation of
indole product via the cycloisomerization of Initially, the formation of the Ru-vinylidene
intermediate via the commonly proposed direct 1,8Hift was computationally explored. The
coordination of the alkyne moiety into the ruthenium catalyst forms an initial Ru-etylgniline
complexINT1, which is characterized bymalkyne binding mode. Subsequently, a direct 1,2-H
shift from the terminal carborC?, to the internal carborC? would afford the Ru-vinylidene
complexINT2. The transition state for this shift was locatedT&i, in which the H..C'and
H...C?bond distances are stabilized to 1.20 A and 1.48sfectively. The energy barrier for this
step was calculated to be 23.8 kcal/mol and theédi NT2 is thermodynamically stable, being
exergonic by 2.3 kcal/mol (Fig. path A).

Another pathway leading to the formation of the \Wuylidene intermediate is the 1,3-H shift
of a hydride-alkynyl complex [17d-dh this pathway, the initiak-bound substratéNT1 may

undergo slippage towards thgC-H)-binding mode with the metal center, formiigT 3 via TS2



with a barrier of 14.5 kcal/mol relative IBIT1. Next, the C-H bond oxidative addition (OA) onto
the Ru center might proceed viegS3 to offer a hydrido-ruthenium complexNT4. The free
energy of the OA step was calculated to be 17.4rkoarelative toINT1. Subsequently, 1,3-H
shift from Ru center t&€€? might follow to generate the Ru-vinylidene compl&ke transition
state for the 1,3-H shift was located BS4 and the energy barrier was predicted to be 49.4
kcal/mol relative td NT1, implying that this step is kinetically very untaable. Similar energy
demanding for 1,3-H shift has previously been regabby Angelis and co-workers (51.1 kcal/mol)
[17d]in the DFT study of alkyne to vinylidene rearrangemof [(Cp)(PMeg),Ru(HC=CH)]".
Overall, the 1,3-H shift of the hydride-alkynyl émtnediate has much higher energy barrier than

the direct 1,2-H shift pathway.

The third pathway leading to the Ru-vinylidene intediate could take place via an indirect
1,2-H shift, assisted by the pyridine solvent.Ha presence of pyridine, an initial complé&T5
is formed in a slightly exergonic manner. Theraaftiee deprotonation o&* by pyridine would
occur viaTS5 to producel NT6. Featuring in this transition state is that k..H distance is
lengthened to 1.25 A while the H...N(pyridine) distaris shortened to 1.50 A. In addition, the
C-Ru bond distance is stabilized to 2.10 A. Subsetjpeotonation of th€? by the pyridinium
ion in INT6 would generate the Ru-vinylidene compl@&KT 2 via TS6. The energy barrier for the
pyridine assisted deprotonation step was calculadelde 14.6 kcal/mol, which is 9.2 kcal/mol
lower than that for the direct 1,2-H shift. Thessults suggest that the PAHT pathway might be

viable for the cycloisomerization reaction consgter

In addition, some reports have supported the elhiiic cyclization of nucleophile-tethered
alkynes after the €C activation [15]. In this regard, the direct nwghilic addition of the amine
functional group iNNT1 to theC*via TS7 was explored computationally. The results indicate
that the nucleophilic addition (NA) step would regtthe energy barrier of 27.0 kcal/mphth D,

Fig. 1). This calculated barrier is 12.4 kcal/magher than that along the PAHT. Among the
various possible pathways explored for this reagtibcan be assumed that the mechanism of the
Ru-catalyzed cycloisomerization might proceed alpailp C owing to the lowest energy barrier

to afford a Ru-vinylidene intermediate in an exengananner.
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Fig. 1 Energy profiles of the various pathways considénettie Ru-catalyzed cycloisomerization
of 1. Bond distances are shown in A and the atomic mewes associated with the imaginary

frequency are indicated in red arrows.

After the formation ofINT2, the presence of an incoming pyridine would affenal
intermediatel NT7, from which NA of the amine moiety 6 could occur in an intramolecular
manner to furnish &-endo cyclized intermediatéNT8 through a transition stat&,S8. The NA
step requires the energy barrier of 6.2 kcal/miatiree to INT2. Subsequently, pyridine assisted
proton transfer from the ammonium nitrogerCtbwould occur from NT8 to afford the product
complexINT10, from which the indole product is released (Fiyj. This computational result
suggests that the presence of pyridine could dssistvering the activation barrier of the formed
Ru-vinylidene intermediate. Therefore, the ruthemicatalyzed cycloisomerization af would

follow the stepwise PAHT pathway, with the internaay of Ru-vinylidene complex.
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Fig. 2 Energy profile from the generated Ru-vinylidenteimediate to the final indole product.

Bond distances are shown in A and the atomic mowmesnassociated with the imaginary
frequency are indicated in red arrows.

3.2. Origin of the regiosel ective Ru-catalyzed cycloisomerization of 2-(2-propynyl)tosylanilide
The unveiled role of pyridine in assisting tbenfation of the Ru-vinylidene complex could be
applied to rationalize the origin of the regioséigty in the Ru-catalyzed cycloisomerization of

aromatic bis-homopropargylic amide to form dihydrogline product [2c]. Computational

results showed that the direct 1,2-H shift fréfto C? of INT 11 will require the energy barrier of

28.3 kcal/mol to generate the key Ru-vinylidenesiimtediatel NT15 via TS11 in a concerted



manner (Fig. 3path A). In addition, from the initial coordination ofehalkyne moiety to the
Ru-catalyst, ar-alkyne compleXNT11, the direct NA of the amide group @ via TS12 could
generate &-exo cyclic INT12 (path D1). The activation barrier was predicted to be 24.8/kua
and the resultingNT12 was formed in an endergonic manner. Likewise, firenation of a
6-endo cyclic intermediate via the direct NA of the amigeoup toC* was another possible
pathway examinedpéth D2). The located transition stafeS13 would require an activation

barrier of 24.6 kcal/mol to affor@-endo cyclic INT 13. These results suggest that the formation of

the Ru-vinylidene complex intermediate via the dirk 2-H shift is unfavorable.
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Fig. 3 Energy profile of the regioselective cycloisometiza of 3 to 4. Bond distances are shown
in A and the atomic movements associated with thaginary frequency are indicated in red

arrows.

Alternatively, the key Ru-vinylidene intermediateutd be formed via the assistance of
pyridine solvent. The deprotonation ®f by pyridine TS14) and the protonation &2 via TS15
would generatéNT15. The highestG' for this path vial S14 was calculated to be 15.4 kcal/mol
(Fig. 3, path C), indicating that the pyridine assisted formatanthe Ru-vinylidene complex is
more favorable than the direct 1,2-H shift pathwBlyereafter, NA of the amide moiety &'in
the presence of pyridine would take place Vii6 to generate a 6-membered ring intermediate
INT16. The predicted barrier for this step was calculdtebe 15.7 kcal/mol relative 1NT 15.
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Subsequently, pyridine assisted proton transfenftioe amide group t&*would take place via
TS17 andTS18 to generate the product compleXT 18, from which the final dihydroquinoline
product is liberated.

Therefore, the mechanism of the cycloisomerizatiér3 to 4 would follow the PAHT
pathway to generate the dihydroquinoline produ@ the intermediacy of a Ru-vinylidene

complex. This is in agreement with the experimefitaings reported by Saa’s group [2c].

For the cycloisomerization of 2-(2-propynyl)tosyilate (3) to 2-methylindole(5) in the
absence of pyridine, the aforementioned routes weatyzed. Initially, the cymene ligand in the
ruthenium catalyst would be displaced by an incgrpmosphine ligand to afford =alkyne
complexINT19. Next, the direct NA vid S19 to afford a5-exo cyclic INT20 was investigated
from INT 19. Computational result showed that the energy bafoiethis route is 17.2 kcal/mol
relative toINT19 and thelNT20 formed is thermodynamically stable (Fig. 4). In iéidd, the
formation of a6-endo cyclic intermediate via the direct NA was also sidered. The transition
state was located 8s520. The energy barrier for the formation@endo cyclic intermediate was
predicted to be 28 kcal/mol, which is ca. 11 kcal/fmigher than that of the formation Bfexo
cyclic intermediate. Moreover, the forma#lT21 is thermodynamically unstable relative to
INT19. Thus, for3, the intramolecular nucleophilic attack &’ to afford the5-exo cyclic

intermediate is more likely to occur than attackto

In the absence of pyridine, the direct 1,2-H slhiftthway was explored to yield the
intermediacy of Ru-vinylidene, from which tlieendo cyclized INT23 might be produced. The
corresponding transition state was located 21, in which the H...¢ distance is lengthened to
1.16 A while the H...€ distance is shortened to 1.59 A. The energy baés calculated to be
22.1 kcal/mol, which is ca. 5 kcal/mol higher ththa direct NA pathway to form thgexo cyclic
intermediate (Fig. 4). Therefore, both the dig@endo cyclization and the Ru-vinylidene pathway
are less favorable than the direct NA pathway legqdd the5-exo cyclic intermediate. Hence, in
the absence of pyridine, the mechanism of the Ralyzed cycloisomerization o8 would

regioselectively afford 2-methyl indoléa the direct NA pathway.

12



AGgy (keal/mol)  [Ru'| =RuL,Cl, L=P(CHj);

wmm  Path A Direct 1,2-H shift
mmmm= Path DI Direct 5-exo cyclization
=== Path D2 Direct 6-endo cyclization

[Ru'l|F [Ru'[JE
N N\’l.os H T
Ts/ \" T W 1.59/ 11.16 ,
TS19 TS20 H,C—C=C=[Ru']
$ 0.3 [Ru'] + 3
—
/TS20\ 0.0 NHTs

' 1
[Ru'| o,/ \ ! MEYSTH
| N2t Al ] ! i
N H [ TS19%, 4 =L H \ n 1t
/ \ ! A ] " ,' \ e
Ts H "’ \\ \ I' 'g ,' “ ﬁ:
A L A v
! [} ] 3
. N v \ A
[Ru'] / \:\ H ! ! ! TS H
! 1277} \277) \ .
-28.7/ A\ =277/ | 27.6
= H —
N 120 INT19 [Ru INTI9 | SO
)\ : ] = o
Ts/ \" 3_ 2.5- 1 i} H \e—
H,C—C=:C-H ! ! INT23
1-37.00 _H
H INT22 C\
NHTs | ‘C—-[Ru']
H,(—C=C=[Ru'| N
A
H
NHTs Ts
. Paths DI and D2 Path A -

TS19 1820

s TS21

Fig. 4 Energy profile for the regioselective cycloisomatian of3 to 5. Bond distances are shown

in A and the atomic movements associated with thaginary frequency are indicated in red

arrows.

13



To elucidate the regioselectivity 8fto 5, the natural population analysis (NPA) for charge
distribution was carried out. The results revedtet the slightly negatively chargeef of 3 is
readier to undergo the direct NA than the more tieglg chargedC' (-0.01 vs -0.26 e
respectively)Also, theC? in INT19 was found to be slightly positively charged (0€)1 This
suggests that th€? of 3 will be preferably attacked by the nucleophile. dddition, frontier
molecular orbital (FMO) analysis was carried outtloa structures transforming froBnto INT20
(Fig. 5). The LUMO ofINT19 is partially located on th€? with a small magnitude, and
transiting toT S19 shows that there is an increase in magnitudeeof MO on the same carbon
atom. This implies thaE? is more electrophilic tha’ thus, readier to undergo the direct NA.
Therefore, in the absence of pyridine, the forrmavd the Ru-vinylidene complex becomes less
favourable in comparison with the direct NAGft which would make the formation of tBeexo

cyclic intermediate a feasible process. This ado consonant with the experimental report [2c].

INT19-LUMO TS19-LUMO INT20-LUMO

Fig. 5 FMO analysis for the transformationIddT 19 to INT 20 (isovalue=0.05).
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4, Conclusion

Mechanistic studies of the ruthenium-catalyzed @gdmerization of 2-ethynylaniline and
2-(2-propynyl)tosylanilide were carried out usingDcalculations. For the cycloisomerization of
2-ethynylaniline to indole, a new mode of Ru-vidghe formation via the pyridine assisted
hydrogen transfer (PAHT) pathway was proposed. Guaatppnal results showed that this
pathway is more favorable than the previously regubr pathways for the
transition-metal-catalyzed cycloisomerization dyalylamines/amides. Then, the newly proposed
pathway was applied to explain the origin of thgiageelectivity,5-exo vs 6-endo cyclization, in
the ruthenium catalyzed cycloisomerization of Z(@pynyl)tosylanilide. The results revealed
that in the presence of pyridine, tbeendo product would be formed via the Ru-vinylidene
intermediate generated along the PAHT pathway whieabsence of pyridine led to a switch in
the reaction mechanism, allowing the formation di-exo product via the direct nucleophilic
addition pathway. This study not only sheds moghtlion alternative pathways for reactions
involving alkyne-vinylidene species but also underss the effect of reaction modifications

towards attaining different regioselectivities yctloisomerization reactions.
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A pyridine assisted hydrogen transfer pathway to form the Ru-vinylidene complex is
unveiled.

The cycloisomerization of 2-(2-propynyl)tosylanilide in the presence of pyridine prefers a
6-endo cyclized product via the Ru-vinylidene intermediate generated along the pyridine
assisted hydrogen transfer pathway.

In the absence of pyridine, the direct nucleophilic addition pathway is favourable to afford a
5-exo cyclized product.



