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Aromatic enynes can be transformed into arylnagdbtie effects of the substients. In the latter transformation
or benzofulvenesdepending on the reaction conditic mechanistic study (Kinetic Isotopic Effect, Densjty
Under gold(l) catalysis, exclusive or majorefido-dig Functional Theory) involving a C-H activation [is
cyclization took place leading to arylnaphthalendéswever suggested for the exclusive benzofulvenes formation
a catalytic system based on palladium iodide/1,3-
Bis(diphenylphosphino)propane, in the presenceesfiun  Keywords: aromatic enynes; cycloisomerizatign;
carbonate as a base was necessary to furnish eetyuS- regioselectivity; gold; palladium
exo-dig cyclization pattern, regardless to the electr

Introduction
In the past few decades, myriads of transition meta” ‘/\‘ _[lortPy |

catalyzed carbon-carbon cross-coupling reactions

2004

\/ Fiirstner
and co-workers

== 0 v
R m-activation

have been discovered and developedmong the — R=Hve ciome Major 6-endo-dig R = COOEL, 5-exo-dig
extraordinary variety of the transformations reedrt

1,n-enynes cycloisomerizations are growing in - EWG 2008
importance as the most valuable strategies for the W a0, \_/ Gevorgyan
synthesis of functionalized cyclic structufésThe Pl Q and co-workers
significance of this process stems in part from the
rapid increase in structural complexity, startinghw  R=PnpTol. COEL.. Exclusive S-exodig

relatively S|mple acyclic subunits containing emel a EWG/EDG

yne fragment§ and secondly, this procedure is _

inherently atom economic. In addition to that, anatr pweens A

or intermolecular addition reactions to alkynes OO o

became broadly explored due to the recent sigmifica Major 6-endo-dig (2)

advances in the development of transition metaj yEWGEDG  This work
complexes  capable of catal zmg enyne 7-or C-H
cycloisomerizations, such as Ad ra

P-CNCgHg,...
R
W(O) Exclusive 5-exo-dig (3)

Gold-catalyzed ~ cycloisomerization  of  enynerjq a1 Intramolecular cycloisomerization of 1,5-enynes.
compounds leading to carboaycles and heterocycles

has been actively investigatetl. Recently, Fiirstner withdrawing ester group on the alkyne not only
and co-workers synthesized phenanthrenes by gminishes the reaction rate but also overturns thi
transition-metal m-activation of ortho-alkynylated  herent bias furnishing a &o-dig ring closure

biaryl derlvat|ves via a éndo-dig cyclization (Figure g,5rene derivative. Two years later, Shibata aad ¢
1, equation 1% However, the reaction took place workerd reported a gold-catalyzed
orrl]l_y hm the pr(tasetr)lce_ of e![ecttrofn d(?[rr]latmg g.rOUp%yclmsomerlzatlon of aromatic enynes giving mainly
which seems to be important for theer#o-dig ihe gendo-dig ring closure products. The scope of
cyclization process. The presence of strongly BeCt s method was limited to alkyl substituents or

neutral phenyl group. In 2008, Gevorgyan’s tE&m

Au(III? o pd(i1) [ pe(in, 2 & Rh(111),® Rull), [10 and R =Ph, pOlCHH,
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131 described an exclusive regio- and stereoselectivigble 1. Lewis acids effect on the hydroarylation of the
formation of 9-benzylidenet®-fluorene derivatives enynela®
catalyzed by Pd(OAg)and a ferrocene-type ligand oue
(Figure 1, equation 2). A<€H activation mechanism P
was proposed, in opposition to the most common || O O
electrophilic activation process. In this case athe

OMe OMe

. - . X [Lewis acid] N
electronic effect of the substituents played a majo. o T selveng TG @ o7 O
role, since very good yields were obtained with KICN Q o
substrates having electron-withdrawing groups and a " oN 2a 3a
drop in the reaction yields was observed with those —
bearing electron-donating groups. Entry Catalyst Ligand ~ Base 2a 3a
. 1 AuCl3/AgOTf - - 74 9
From the above observations, a complete control of | (o5 lciagore - : i %
the regioselectivity of the intramolecular ring slwe a8 (PPhs)AuCl - - 0 0
of aromatic enynes is still a challenge given that & {37, ) ) 0 0
3)AUNTf, - - 90 7
depends on several parameters: nature of the sataly e+ pici, - - 76 "
electronic effects of the substituents and mechanis 75 ' - - 85 10
of the reaction.
. . . - ol PdCIy(MeCN), - - . )
In this paper, we wish to disclose our findingstioa 1 ﬁgg:zgmegmz dppp Esé%os - 66
N . . . . e ppp - 43
cycloisomerization of aromatic enynés(Figure 1, 2 PdCL(MeON), dopp  NaOfBu : 14
equation 3). We were able to obtain under Au(l) 2 Pd(OAC), dopp - CsC0s - 55
catalysis mainly phenylnaphthalene derivati2esa 5 P e cocor . it
a 6endo-dig cyclization, and under Pd(ll) catalysis o/ Py dopf  CsC05 - 20
benzofulvene derivative®via an exclusive ®xo-dig 18 pd,(z o2 DiProf  C8;COs % 2
cyclization, regardless to the electronic effedtshe 1 Pdl XPhos  CsyCOs - 8

substituents. The mechanism of the Pd catalyzdd Unless otherwise noted, Reaction conditions are:
cycloisomerization of enyned was studied to Entries 1-8: Enyne 1a (0.6 mmol), catalyst (5 mol%),
determine if the reaction evolves eithertbgr by C-  AgOTf when used (5 mol%), THF (1 mL) at 70 °C foh3
H activation. under argonEntries 9-19: Enynela (0.6 mmol), Pd (10

mol%), ligand (20 mol%), base (1 eq), 1,4-dioxaRenl)

in a sealed tube at 150 °C for 15 h.
Results and Discussion [ yield of isolated product.

[ 1awas completely recovered.
We began our investigations by testing the redgtivi ' Reaction conducted in toluene at 90 °C.
of enynela in the presence of Au(l) or Au(lll)  Reaction’s time =6 h.
catalysts (Table ¥ Treatment of 1a with @ 1a was completely recovered when the reaction was
AuCIy/AgOTf (5 mol %) in THF at 70 °C gave conducted without ligand and/or base.
phenylnaphthalena in a 74% yield, together with a ¥ Reaction was conducted in toluene at 120 °C for &
low amount of benzofulven8a (9%, Table 1, entry mixture of E- andZ-isomers of3a was obtained in 70/30
1). Switching from AuGto (PPR)AuUCl resulted in a E/Z ratio.
slight increase of the yield d?a (entry 2). When
(PPR)AUCI complex or AgOTf were used alone, they
were unable to promote the intramolecular ringover the conceivable &o-dig mode. Not more than
closure, and the starting materida was fully 12% of benzofulven8awere formed.
recovered (entries 3 and 4). We were delighted ttm continuation of this study, we investigated wiest
find that the use of a silver-free salt complex3a could be exclusively formed, reversing the regio-
PhPAUNTE™ (5 mol %) in THF gave the best resultselectivity observed with gold, platinum or indium
(entry 5). Changing the solvent sources {Ckl catalysts. For these reasons, we turned our aitenti
toluene, 1,4-dioxane) did not affect the reactiorio the use of palladium complexes (Table 1, enfiies
outcome. In agreement with the results obtained biQ).
Firstnef® PtChL and InC} salts also catalyze the First, when PdG(MeCN), was employed at 150 °C
intramolecular cyclization ofla, providing the for 6 h, no reaction occurred afdd was completely
expected substituted naphthale2® in a 76% and recovered (Table 1, entry 8§ After several assays,
85% yield, respectively. A control experimentwe determined that the addition of 1,3-
revealed that by heating enybain THF at 70 °C for bis(diphenylphosphino)propane (dppp) as a ligand,
12 h in the absence of any catalyst (entry 8) ng ri under basic conditions (&30;) and heating at 150
closure product was observed, clearly suggestiag th°C for 15 h afforded exclusivel$a in a 66% yield
the cycloisomerization reaction is not just a tha@rm (entry 10). Optimization assays with respect to the
electrocyclization process but definitely requiredase revealed that £X0;is the best base (entries 10-
assistance by a soft Lewis acid. The whole set df2). Among other palladium sources examined
experiments (entries 1-7) showed a pronounce@@ntries 10, 13 and 14), Bgiroved to be the catalyst
preference for the 6ado-dig cyclization giving2a of choice, providing exclusively theéxo-dig



Table 2. Intramolecular cycloisomerization of aromatic eeyh under Au-catalysis.

_R1 | _R1
%
(PPh3)AUNTf, (5 mol%) .
THF, 70 °C, 3h B N
| R
_R2 7
1 2

6-endo-dig / 5-exo-dig Cyclization products [

Entry Product yield[] Entry Product yield!!
Iy oMe oMe OMe
1 @ [ o ® 0
O R e CQ
CN CN O O
2a: 89% 3a: 7% 2f: 92% af- -
OMe Me N o
CN :
e S Oy R
2b: 87% 3b: 10% OMe O OMe
: 2g: 90% 3g: -
OMe OMe '
® O » ®
3 8 ~
O R 0y R
2¢: 73% 3c: 7% 2h: 96% 3h: -
OMe OMe oo, Meo OMe
O O OMe
. C & R
9@ D g O \
O \ O OMe OMe
CF, CF, : )
2d: 70% 3d: 10% . 2i: 98% 3i: -
QMe OMe OMe Ve OMe
O O MeO Q OMe O OMe
° 9@ ® O 0 0 O
Me Me E O CN CN
2e: 90% 3e : 2j: 73% 3j: 9%

[l Reaction conditions are: Enyne 1 (0.6 m'mol), PRINTS, (5 mol%), THF (1 ml) at 70 °C for 3 h under argon.

Ml |solated yields.



Table 3.. Intramolecular hydroarylation of aromatic enydesder Pd-catalysis

Pdl, (10 mol%),
Dppp (20 mol%),
Cs,C0O; (1 eq)

1,4-Dioxane (2 ml),
1 R2 150 °C, 15h,
Sealed tube

5-exo-dig Cyclization products @

Entry Product yield®™ Entry Product yield®! Entry Product yield[®] Entry Product yield[®]

OMe OMe . CN

o 0 0
e A vc S HN oo
CN; CFaE OMe

3a: 77% | 3d: 79% 3g: 81%

OMe E OMe E | Meo OMe

. & o o

2 ' 5 L8 10
s, R R R
O Chue | o -on
3b: 60% 3e: 80% 3h: 84% 3j: 76%

OMe ' OMe i MeO OMe

O O OMe
TR -y
o2 O

3¢: 57% 3f. 88% 3i- 72%
[l Reactions conditions: Enyrie(0.6 mmol), Pdi (10 mol%), Dppp (20 mol%), G80; (1 eq), 1,4-Dioxane (2 ml) at 150
°C for 15 h in a sealed tube.
Ml |solated yields.

cyclization product3a in a good 77% vyield (entry Once the influence of the nature of the catalyst as
14). Finally, screening of phosphine-ligands (@stri well as the reaction conditions on the regioseldyti
14-19) demonstrates the supremacy of bidentats the cycloisomerization ofia were defined, we
ligand dppp (entry 14) in comparison to ferrocenaised the above optimized conditions (entries 5 and
(entries 16-18) or biaryl-type ligand (entry 19)sé, 14) on different substitution patterns on the arena
we found that the use of Gevorgyan conditions witlenynesl (Tables 2 and 3).
enynel were not nor stero- nor regio-selective (entryAu catalysis (Table 2): The examples compiled in
17), as a mixture of compoundzs and 3a was Table 2 show the generality of this
obtained and the benzofulvene compound wasycloisomerization reaction catalyzed by
obtained as a mixture & andZ isomers (70/3®/Z). @ PPhAUNTf,  complex. Various  substituted
It should be noted that our new palladium-catalyzedaphthalene derivatives were formed with isolated
cycloisomerization conditions ola (entry 14) is vyields up to 98% (compound®aj). The reaction
stereoselective, giving exclusively th€){somer3a, worked selectively towards the ebdo-dig
as was determined by RMN 2D (NOESY cyclization pattern regardless to the electronfea$
experiments). of the substituents on the aromatic nucleus of the
alkene moiety.



Aromatic substituents on the alkyne moiety had® Various groups, such as CN, F, &nd OMe,
somewhat more effect on the cycloisomerizationvere perfectly tolerated under the optimized
reaction selectivity. In fact, the presence of et conditions. Finally, the substituent’'s position had
rich or electron-neutral aromatic groups on theadk little effect on the reaction outcome; thara position
provided exclusively the correspondingertido-dig facilitated the reaction course givinga in 77%,
ring closure producte-i. However, the presence of while the yields were slightly lower with substrate
electron-poor aromatic groups slightly diminishbd t possessing a CN group at tleetho and meta-
yields of the Gendo-dig ring closure compound®a  position, leading t@b and 3c in yields of 60% and
d, and 2j in favor of the corresponding éxo-dig 57%, respectively.

products 3ad, and 3j, but with yields never
exceeding 10%. These results clearly demonstrat%%
that electronic effects on the alkyne moiety, péay
crucial role in the regioselectivity outco&. The
substituent’s position was studied as well, and/ verMechanistic investigations for exclusive ®xo-dig

good yields were also obtained with aromatic enyngyclization of aromatic enynes under palladium
substrates having various groups, such as OMe, M@atalysis.

CF;, CN inmeta-, ortho- andpara-positions. _ o o
Pd catalysis (Table 3): With the optimized If cycloisomerization of enyne derivatives based on

conditions in hand (Table 1, entry 14), we nexf%'ca.taIySIS have grown into a major f'e{:goé of
explored the generality of this transformation. In€xPerimental as well as theoretical resedrch,
contrast to PPAUNTf, complex, the Pdidppp Mechanistic investigations for palladium catalyzed
catalytic system triggered the exclusiveerlo-dig  €xo-dig cyclization of enynes were not extensively
cyclization leading to the benzofulvene derivativestudied.At this stage of the study, we are not able to
3a-j in good to excellent yields, regardless theconfirm if the Pd catalyzed cycloisomerization of

electronic nature of the aromatic substituent om thenynes]_ evolves either by[or by C-H activation.

alkene and the alkyne moieties! (Table '3).
I@
R1
- O
CR
- O R?
3-E

the presence of an alkyl group at the terminal
sition of the alkyne or the internal positiontbé
alkene, no cyclization was obserV&d.

Importantly, the cyclization of all aromatic enynes
la-j proceeded in arans-stereoselective manner
producing benzofulvene3a-j as a singleH)-isomer

Path| ELECTROPHILIC
ACTIVATION

ene anti-attack

[Pd]
R2

R!

-
X
v

isomerisation

—_—
—_—

[Pd]

D E

o3
[Pd] O R?
|
O
o
e e

-

R!

isomerisation

—_—
_—

Scheme 1Proposed mechanism for thess-dig cyclization of aroamtic enynes under palladiunalyesis.

In contrast to the previous work of Gevorgydron cyclization of aromatic enynes showed that the
the cyclization of o-alkynyl biphenyls, which reaction formally occurred with #&rans-selectivity.
proceeds with acis-selectivity, our study on the On the basis of the stereochemistry of compouhds

5



formed (Table 2) and the literature repdtts®® it  In order to support this-@ activation path, we then
seems that the formation 8fmay be rationalizedia realized a computational study.

an electrophilic cyclization of aromatic enynés

(Scheme 1, path I). In this pathway, the palladiunfomputational studies. The mechanism of the
catalyst acts as a Lewis acid. It initiates thectioa ~ Cyclization reaction of enynelh, catalyzed b

by coordination to the triple bond (compléy; the Palladlum, was studied computationally at the DFT

- : .~ . level. We first estimated cyclization barrier fallm
resulting activated alkyne could undergo nucleaphil v electrophilic activa)t/ion (path 1) and %-H

attack by alkene moiety to form é_1|keny|pa'|<’:10”Uma(r‘zti}/atior] (path 11) pathways envisioned in Scheme
species3, which would produce the final product and1.*? Various coordination spheres around Pd have
regenerate the catalyst. been studied ([Pd] = PdMe;, PdI(PMe),",

In order to better understand this transformatiea, QMe
performed a kinetic study in order to examine
whether the E)-isomer is the only product formed
during the reaction. To this end, the cyclizatidria O
was conducted under optimized conditions and the §
reaction progress was followed depending on the

reaction time. As illustrated in Scheme 2, at the 1 CN Pdl 10mol%,
beginning of this transformation (90 min), in adutit + oo, +
to the expected benzofulvere-3a, a significant o
amount (20%) of its isomeZ-3a was formed, and
then disappeared at the end of the reaction (15 h).

Dioxane,
150 °C

OMe

O Pdl, (10 mol%),

dppp (20 mol%)

O Cs,CO;3 (1eq)
Dioxane, 150 °C, 15 h

2d-1a
Scheme 3.'H/?H intermolecular kinetic isotope effect

N experiments.
b O CN 3a(E/Z
o 2 (&2 Pd(CQ)(PMe;), and Pd(CGPMe) to explore a
Entry  Time (min) E-3a/z-3a large set of catalytic species. Among them,
SO N s Pd(CQ)PMe; gives the lowest cyclization transition
3 240 90/10 state for the electrophilic activation pathway. An
P 3500 even lower energy transition state is obtainedter
Scheme 2.E/Z distribution of3a during the cyclization 9-€xo-dig cyclization following the C-H activation
reaction. pathway with the same Pd-complex. With this

catalytic system, the whole reaction mechanism for

the C-H activation pathway has been investigated to
This result suggests th@t3a is unstable under the confirm its reliability (Scheme 4). Our calculat®n
optimized conditions and isomerizes  to the!ndlcate _that the activation of C-H bond to form
thermodynamically more stable ison&3a?! The intermediates (C in Scheme 1) could be decomposed
existence of both isomeBZ of compound3a at the in three stepsi) first_'cqordination of the catalys'g to
early stage of the reaction strongly suggests ttt the double bond4j; ii) intramolecular-deprotonation
pathway Il (Scheme 1) might be considered mor€f the CH terminal group by the carbonate ligand,
likely involving the following steps:i) activation of Via transition statd S1, which produces intermediate
C-H bond to forma-alkenylpalladium intermediate 5; iii) formation of the palladiunm complex6. Next,
C, (ii) migratory insertion to the triple bond would the 5exo-dig cyclization step leads easily to
form speciesD, and {ii) protiodepalladation oD intermediate7 (D in Scheme 1), which can isomerize
givesZ-benzofulvend which then isomerizes into its 10 8 via transition-statd'S3. Finally, intramolecular
E-isomer. One can note isomerisation may also occ@fotiodepalladation o8 leads toE-benzofulvenesh.

between alkenylpalladium specie® and E as [Ihis DFT study shows that the limiting step cleasly
illustrated in Scheme 1. TS1 (CH-activation), this is in complete agreement

with the experimental results.

In view to support this suggested mechanism, léneti

isotope effect studies were performed (Scheme 3). ]
Intermolecular competition between aromatic enyn€onclusion
la, together with its deuterated analodaela under

our standard conditions revealed a substanti .
intermolecular kinetic isotope effeckq(ko = 2.5). {hl' conclusion, we report a general approach for

These data are in a range of the isotope effec nverting aromatic enynes into phenylnaphthalenes

observed for the reactions proceedivig the Pd- 2 or benzofulvene8 depending on the nature of the
catalyzed aromatic €H activation. catalytic system used. In fact, we were able tdrobn
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the regioselectivity  of  aromatic  enynescyclization pattern and a subsequent formatiorepf (
cycloisomerization process. AAUNTf, was the best benzofulvenes. These results were obtained
catalyst to promote, via an electrophilic activatio regardless to the electronic nature of substituents
mainly 6-endo-dig cyclization leading to a variety of alkene and alkyne moieties. KIE and DFT studies led
phenylnaphthalene derivatives. Moreover, a finais to propose a C - H activation mechanism for this
tuning of other Lewis acids, ligands and reactiorpalladium catalyzed transformation.

conditions led us to discover that FPdppp as a

catalytic system guided an exclusive e&-dig

138
TS,

G (kJ.mol™")

_OCOzH
pd"

|
o >
PMe; Pd(CO3)PMes

Scheme 4Gibbs free energies for the Pd-catalyzed cyclratif aromatic enyngh.

3.92 (s, 3H);"3C NMR (75 MHz, CDC})) & (ppm) 159.3
c% 145.4 (C), 141.2 (C), 135.9 (C), 134.1 (C)21B
H), 1326 C) 131.7 (C), 131.1 (2CH), 128.9 H
(2CH), 269§CH 126.7 (CH), 12616C
éCH) 1258(CH) 119.0 (C), 1140 (2CH), 111

Experimental Section

General procedure for the Gold(l)-catalyzed (OCHs); HRMS (ESI) (M + Naj m/z calculated fOf
cyclization. To a solution of the corresponding enyne (1C24H;7NNaO 358.1202 found 358.1188.
qO iv) in 3 ml of anhydrous THF under argon waseadd 2- %4 S4 methoxyphenyl)naphthalen-2- yIPbenzo-

5 ‘equiv_of PPWUNTf,. The reaction mixture was nitrile (2b). The crude residue was purified by flash
stirred at reflux until total ‘conversion (3 hourShen, the chromato graphy on silica gel (Cyclohexane/EtOAC1OD/
solvent was evaporated under reduced ﬂressureveotrga to give 9 12b (0.26 mmol; yield 87%); yellow oil;
crude product which was purified by flash chromaapgy M= 335.4 g mo = 0.61 (Cyclohexane/EtOAC 70/30);

on silica gel. IR (film, cm 2224 1609 1514, 1288 1245, 1179, 1108,
103%HH 7N81Rd(§ 00 7%, § HC* 1|§| PP m)7 i 063_87H96
4-(4-(4-methoxyphenyl)naphthalen- 2yl2benzo— ng 7)63 dJj= 1J8 Hz. 1H Z 45 ( m 4H 70% d,
nitrile (2a). The crude residue was puritied by flashJ 87 Hz 5H), 3.91 h CNMR 75 MHz, CD

chromatography on silica gel (Cyclohexane/EtOAc10)D/
to give 90 mg oRa (0.27 mmol; yield 89%); colorless oil; 33.9 (C), 132.9 C 1327 C 131.7

M= 335.4 .| mol-1; R= 0.72 (C clohexane/EtOAC 70/30)
IR (film, cm™); 2234, 1602, 1514, 1498, 1462, 1288, 1244§ZC éﬂ; 4126H %:2,_?0126'3* 12771%'1 12 G*ES

1177, 1110, 1033'H NMR (300 MHz, CDCJ) 5 (ppm é 1140 (ZCH,) Er & 555( O GRS 8ESI

) (ﬁsz 159.3 éC 14 C), 140. 7 . 135.1 C 133 9

805(dJ 1.5 Hz, 1H) 796 t] = 6.8 Hz, 2H), 7
='8.4 Hz, 2H), 7. 76 (@ ﬁ Hz, 2H), Ve 64 ( & 58+1'}|.8?L m/z calculated for &H;;NNaO 358.1202 found

Hz, 1H), 7.60 — 7.41 (m, 4H) 7.07 @='8.7 Hz 2H)



o3 24 84 methoxyphenyl)naphthalen-2- yIRbenzo-
nitrile (2c). The crude residue was purifi
chromato graphy on silica gel (Cyclohexane/EtOAc19)/
to give 7 2c (O 22 mmol; yield 730/2 gellow oil;
M= 3354gm0 R =0.72 Cyclohexane/ tOAC 70/30
IR (film, cm™): 3372 2228, 2037,
1401, 1288,°1245, 1178, 1034, 90B; NMR (300 MHz,

ed by flash130.9

609, 1575, 1515, 1464

138.8 1322H),
(2CH)p B2
125 7 (CH), 125 1 (CH
111. (C) 55.5 (ORHHRMS

or GHigNO 336.1388

C), 128.8°(CH), 128
26.6 (CH), 1 65 (CH),
114.5

C),
(ESI 3\/] + HY
ound 336.1386.

3-(4- methoxyrp enyl)-1-(3,4,5- trlmethoxyPhenyI)
he

EC%HB?l 279(53) 134.3 (C), 132.9 (cz5

CH),
19. O 2CH?

z calculated

CDCl) & (fpm) 8.06 — 8.00 (m, 2H), 7.96 (m, SH% 7.70 —naphthalene (2i) crude residue was purified by flash
7.52 } — 7.40 (m, 3H), 7.07 M= chromatography on silica gel (Cyclohexane/EtOAC1O)/
2H), 92 (s 3H *C NMR (75 MHz, CD (gpm) to give 100 mg oRi (O 24 mmol; yield Qsﬂggellow oil;
159.3 (C), 1423 C), 141.2 (C), 135.6 (C M 400.47 g.mof; Ry = 0.55 ( Cyclohexane/ tOAC 70/30
132.6 (C), 131.7 (CH), 131.6 (C), 131.2 2CH) IBl NMR|_(300 MHz, CDCj)é‘) %pm)802 (s, 1H) 7.95 (d
CH), 13 8CH) 129.7 (CH), 288 CH), 126.8 (CH J = 8.6 Hz, 2H), 7.71 (dq] = 2.9 Hz, )748m
26.7 (CH), 126.1 (CH), 259 (CH), ZSSQCH 8 2H), 704(dJ—86Hz H), 6.77 (s, 2H), 3983 H),
%:/R 1140(2CH|) 1131(C) 555 O HHR ESI) 390 s, 6H), 3.88 (s, 3HF'C'NMR (75 M CD )6

+ Na)" m/z calculated for @H17NNaO 358.1202 found ppm) 150. (C) 153.0 ( C) 140.7 éC) 137 5 , 137.3
58.1194. 136.4 (C), 134.2 ( 133. 1 130.5 8®

1-(4-methoxyphenyl)-3-(4-(trifluoromethyl)- ), 128.4 ( 2CH) 126. 2 2CH; 9 (CH), 1
Bhenyl) naphthalene (2d).The crude residue was purified 24 6 %CHC): 114.3 (2CH 2 (2CH) 60.9 ( H
flas on silica  gel 56.11 H), 55.2 (OCH); HRMS (ESI) (M +H)“

g chromatography
(Cyclohexane/EtOAc 95/5) to give 70 m%
mmol; yield 70%); yellow oil; M=378.4 1 R
gCycIohexane/EtO ¢ 80/20); IR (film, C%gl
433, 3416, 3316, 3267, 3172, 2331

adl (0.18
=0.65
3493, 3454,

278, 21710213
2060, 2043, 2021, 1938, 1612, 1514, 1324, 12886,12490/10

calculated for GsH,s0, 401.1753 found 401.1751
4-(4-(3,4,5- tnmethoxyphenyl)na hthalen-2-
¥I)benzon|tr|le (2j)). The crude residue was purified by
lash chromato%raphy on silica gel (CyclohexaneA&tO
Fﬂ (0.18 mmol; yield 73%);

ive 7 ellow

1165, 1126, 1109, 1071, 10344 NMR (300 MHz, oil; 545 .mgf; R, = 0.58 (Cyclohexane/EtOAC
CDCI3)6§p§Jm 8.06 (dJ = 1.2 Hz, 1H), 7.96 (@ = 8.1  70/30); IR (f|Im cn): 3462, 3411, 3356, 3301, 3208,
Hz 2@ 6 (dJ = 81Hz 2H), 7.73 (d1 = 8.2 Hz, 2H) 3127, 2861, 2485, 2362 2306, 2195, 2102, 20342196
7.67 (d,J = 1.8 Hz, 1H 58 —'7.41 (m, 4H), 7.07 1604, 1508, 1399 1336, 1181, 1127, 1067 NMR (300
86Hz 2H), 3.91 (s, 3H)*C NMR (101 MHz, CD MHz, CDCk, %p_/pm 8.08 (d,J = 1.5 Hz, 1H), 8.02 —
pp m£159 0). 7 ), 1411@ 136.7 c:) Y34.27 04 m, 2H 86Hz 2H), 778(dJ 8.4 Hz,
C), 132.9 (C), 131.6 (C), 131.2 129.6 = 2H), J— 19 Hz, 1H), 7.54 (m, 2H), 674 s 2H)
25 Hz), 128.8 (CH), 127.8 (2 1267 (C ) " ®6. 396 s % % 389 s, 6H 'NMR 75 MHz CD

(CH), 126.3 (CH), 1 62 (CH) 12 9 (2CElcr = 3.6 ppmi 153. 45.4 (C), 1416 , 137.7 1359
Hz), 125.8 ( cg 1245 Jor=271.9 Hz), 114.0 (2CH), 35.9 (C), 1341 C), 132.7 2CH 131.6 8
556 (OCH); F NMR 88 MHz CDGJ) & (ppm) -60.4,  (CH), 1281 (2CH), 127.1 (CH& 1268 (CH), 126. gc
-605 606 HRMS ( + A m/z calculated for 126.1 (CH), 125.7 1111 c:) 07.3

C24H18F3O 379 1310 fOUnd 3 9 1308.
1-(4-methoxyphenyl)-3p-tol Inaphthalene (2e)

The crude residue was purified by flash chroma
on silica gel (Cyclohexane/EtOAc 90/10) to giverfl
2e (0.28 mmol; yield 90%); oil; M= 324 42 g nﬁo =
0.86 (C Clohexane/EtOAc 70/30); film, cin 1609,
1513, 1287, 1243, 1178, 1034H N R (300 MHz,
CDCI3)6(|_0' r9)805 (dJ= 1.4 Hz, 1H), 7.96 (dd] = 8.0,
43H22§) 71 = 1.9 Hz, 1H), 7.68 (d] = 8.0 Hz,
2H), 7.57 — 739m4H 731d| 80H 2H), 708gd
J—87Hz 2H 9253H zi NMR (7
MHz, CDCh) ppm) 1591 C 140.5 (C), 1380(
138.0 (C), 1371 C), 1344 ( ) 1331 ), 13RZH),
131.0 (C), 129.6 2CH) 128.6 (CH 127.3 (2CH 6_152
CH), 126.1 (CH), 126.0 (CH), 125.9 (CH), 124.

13.8 (2CH), 55.2 (OC#), 21.1 (C ; HRMS ( Esg£

H)" vz calculated for &H,,0 325.1 92 found 32 590

1-(4- methoxyphenyl) -3-phenylnaphthalene )
The crude residue was purified flash chroma

CH 0 C??
(20CH) MS ESI

(2CH), 61.1 (OCH),
H)" QGHZZNOg 396. 1600

m/z calculated for
396.1598.

gound

General procedure for the Pd(ll)-catalyzed cyclizaipn.

In a sealed tube and under argon inlet, the enlymgyiv),
Pdl, (0.1 equiv), Dppp (0.2 equiv and L£O; (1 equw)
were mixed in 2 ml of dioxane. The reaction vessat
then capped with a pressure screw cap and theiaeact
mixture was stirred at 150 °C for 15 hours. Thederu
reaction mixture was allowed to cool to room te

), EtOAc was added to the mixture, which was filtered

through celite. Then, the solvent was evaporatedeun
reduced pressure to give the crude product whick wa
purlfled by flash chromatography on silica gel.

(E)-4-((3-(4-methoxyphenyl)-1H-inden-1-ylidene)-
methyl)benzonltrlle (3a). The crude residue was purified

(Z)P (Sd"§8‘ ?ner!qgfyil%wg xgaznosl)Etc())”Ac 0/10 by glv%rﬁ (gyclohexane/Et%],&%mgglj )rat%h ive %g mgsgg\a 0. 23ge|
0 ps
0,2 (Gyeeheiah/Eione 10107 IR <g'5nq oty DO Y0 110, el o IS s 0 grper T
807 (d,J= 1.5 Hz. 1H). 8.01 — 7.94 (m, 21) ép 3453 3434, 3407, 3301, 3377, 3338, 3275 32291311
8.3, 1.3 Hz, 2H), 773 (Cﬂ 1.9 Hz, 1H m, 3063, 3047, 2999, 2947, 2930, 2542, 2271, 21892217
7H). 7.08 dJ = 8.8 Hz, 2H), 3.93 (s, H 3(; NMR 7% 2132, 2091, 2052, 2030, 2010, 1984, 1928, 16051150
,}Z CDCb) 5 (ppm) 159.3 (). &3 o), 1406 1342, 1287, 1251, 1178 1032H NMR (300 MHz,
g % ' CDCI3) 5 7.78 = 7.68 (m, 5H)765 d, J = 8.8 Hz,
138.2 134.4 133.2 C 131.3 (2CH), 129
2CH), 1287 (CH), 1 7.5 (2CH), 268(CH 128:340 ZQ; ;8% —d7J 4 m |ﬂ-H)2Z|386 > 1SHl736 = 738
261 (CH), 126.1 (CH), 252 (CH), 113.9' (2CH), %5 2, NS iz oo Z)a( 5 1602 8) 88
1_%'3 36 fo'\lfr?d ES) 143+Hy miz calculated for GisO 4 55 IMR) (7D M7 P 0,08 1387 é% 13261
4-(3-(4-methoxyphenyl)naphthalen-1- yIPbenzo- 183 6 EZZ?'S') éag 01 21C1H)C1H2 3 Cg')" Cll-l 11%%6
nitrile (2g). The crude residue was purified by flashg ), ), (CH), ),
chromato%raphy on silica gel (CYcIohexane/EtOAclg / Elglo I(\/IC)+ l{é& ﬁv(z&w I;tleld%o(rc HSSN?\Ig%%%Rll\ggz
ive 9 Tg on% go .27 mmol; yield 90%); oil; M= gound 358 1182, 74 u 17 .
3fﬁm49:m mo2225 160% § _({ls? hfﬁ(gge/fzt% N 1710%0)1651 (E)-2-((3-(4-methoxy, fgheny') H-inden-1-ylidene)-
H NMR %OO MHz. CDCJ) 5 ( ppm) 3.07 (? 1H 7. 97 methyl)benzonltr(l:lﬁréﬁl]oe)uo he crude re5|due ;/Y?Csapurmed
27%01 ':12 41|_||_| 775758 ﬂ 7701HHZZ 13HH 77460 dsdllH £ 68 (gyclohexane/EtOAc 95/3) to '\%Ne 60 mg 8f ﬁ? 17
4.1 HZ 1H) 04 ds = 8.7 Hz, 2|_? 388 (s, 3HJ: mmol; yield 60%); yellow oil; 335.40 g K mal
NMR (75 MHz, CDC},) 5 (ppm) 153 6 (C), 145 7 (C) 0.61 ( Clohexane/ EtOAC 70/30) IR (fllm 3440



3416, 3400, 3378, 3352, 3296, 3268, 3241, 32172,31414.6, 7.4 Hz, 3H) 737 g/d 7.4 Hz, 1H), 7.33 (d] = 3.3
3121, 3036, 2990, 2946, 2702, 2361, 2234, 2184/.215Hz, 2H), 7.11 dl 88 Hz, 2H), 3.89 (s,
2121, 2061, 2034, 2019, 1988, 1964, 1258NMR (300  3H); °C NMR ( z CD 159.9 (C), 147.3
MHz CDCb?_'é‘) (ppm) 7.83 (dd,J = 9.7, 5.0 Hz, 2H), 7.73 C) 141.1 SC 1394 gcg 392 g 137. §z£3-|143
J'= 8.4 Hz, 1H), 7.61 (m, 5H), 7.46 — 7.29 ra 3H), 2CH 129.0 (2CH), 128.9'(2CH), 12 4%(:% 1
01(dJ—88Hz 2H)687(s 1H), 3.87 (s, CH), 1275 CH 125.6 CH

NMR (75 MHz, CDC&) 160.2 (Q), 149 ), ? 195 (CH), 11 2CH 55.5 (0@ HH
143.0 (C), 141.3 (C), 140 6 138. 5 - S'M + HY m/z calculate for GH10 311 1430 found
132.76 (CH), 1310 (CH), 12 02 (2C ), 128 37 111

128.10 (CH), 127.82 BC% 126 2 (CH), 121.9 (CH)1 (E) -4- -(1-(4-methoxybenzilidene)-H-inden-3-

CH), 120.8 (CH), 12

CH 117 9 (C), 114.3 ( ¥I)benzon|tr|le (39). The crude residue was purified by
13.0 (C), 55.5 ( OCB H ESI) + Na) lash chromatography on silica gel (Cyclohexane/A&tO
calculated for g;H;,NNaO 358 12 2 found 358. 1189 95/5 to gwe 80 mg &0 24 mmol; yield 81%); yellow
(E)-3-((3-(4- methoxy henyl)-H-inden-1-ylidene)- oil; 35.40 g.mg = 0.80 C clohexane/EtOAC
methyl)benzonitrile (3c). The crude re5|due was purified 70/30) IR (film, c ) 3457 3426 3206 2226, 2167,
bg flash chromatogra phy silica gel 2053, 2034, 1597, 1511, 1462, 1446, 1343, 13046125
(Cyclohexane/EtOAc 95/5) to '\?IVG 70 mg 6% %21 1174, 1031, 910;H NMR (300 MHz, CDC)) § (ppmg
mmol; 8/|eld 57%); yellow oll; 335.40 g.mial 7.83 — 7.69 (m) = 8.3 Hz, 5H), 7.63 (d] = 8.6 Hz, 2H
0.69 clohexane/EtOAC 70/30 IR (film, gr;n 3484 7.56 (s, 1H), 753 dl 3.1 Hz, 1H), 7.32 (dd=5.5,3.1
3462, 3440 3336, 3254, 3225, 2956 2278, 22087160Hz %8 723 s , 7.00 dl 8.8 Hz, 2H), 3.88 (s,
1593, 1513, 1441, 1342, 1287, 1249, 1178, 11073;168 NMR ( z CDC} 8 pm 1605 C 144.7
NMR ﬁOO MHz, CDCJ) 5 (ppm) 789§s 1H) 7.83 (dJ C% 140.7 C 1395 SC% 39. ), 136. éC&,Z.’bB
= 7.7 Hz, 1H), 7.77 ='7.71 (m, 1H 88Hz 2132 2CH 13 CH), 1296C 12
2H), 7.59 (m, 2H)753(t] 7 Hz, 1H 7.39 — 7.27 CH 1259(CH 151 CH)lOO 9
3H), 7.02 dJ = 8.8 Hz, 2H), 6.92 1H 388(5 H) (CH 191(C) 1146(2CH) 113$C) 5 5(Og;H
C NMR( 5 MHz, CDC;288§ m) 1 0 2 (C ), 149.0 (C), HRMS (ESI) (M + Na) m/z calculated for gH;;NNaO

141.5 Ch 141.2 ( C% 138 6 (C), 13 , 358.1202 found 358.1196.

133.3 131.2 (CH), 129 CH), 129 1 (2CH)8 (E)-1-(4-methoxybenzylidene)-3-(3,4,5-

CH), 127. 8 (©, 126 % 24 0 (CH), 120 (CH) trlmethoxyphenﬁll)lH -indene (3i).The crude residue was
20.8 (CH), 119.7 (CH), 11 6 (C), 114 (2CH? 213 purified chromatograph on silica gel

gC) 55.5 OCH) HRMS (ESI (M + Na‘) m/z calculated (Cyclohexane/EtOAc 95/5) to glve 0 mg 3£ ﬁ? 25

or C,yJHsNNaO 358.1202 requires 358.1198. mmol; yield 72%); yellow oil; 400 47 g.mal

(E)-3-(4- methoxyphenylg -1-(4-(trifluoromethyl)- 0.53 ( Clohexane/ tOAC 70/30) IR (f|Im C 2934
benzylidene)-H-indene (3d). The crude reS|due was 2836 2221 1602, 1573, 1510, 1498, 1463, 14484141
purified by flash chromatograph silica gel 1351, 1304, 1255, 1235, 1175, 1126, 1060, 10327:160

(Cyclohexane/EtOAc 95/5) to ive 9 m g 6% %21 NMRé 300 MHz, CDCj) d (fpn]/) 7.81 — 776 (m, 1Hf
mmol; yield 79%); yellow oil; 378.39 g.mial 7.65 (d,J = 8.8 Hz, 2H), 7.6 57 (m, 1H), 749 s, 1H),
0.77 ( clohexane/ tOAC 70/30) IR (film, énf;’l 3456 7.32 (ddJ=6.1, 2.4 Hz 2H), 7.13 ( s 1H), Bgd=
3198, 2971 2153, 1606, 1502, 1462, 1419 13219124Hz 2H), 691 s, 2H), 3.94 (s, 6H 3.9 7%5
1177, 1162, 1124 1108 1066, 1033, 1015, SHINMR 'NM 5MHz CDCJ) 5 (ppm) 1602 C),

300 MHz, CDC} Bﬂm 780 756|§m 8H) 7.45 (s, 2 ) 1469 1405&C 1392 ), 138.3 (

,7.38 - 729 7.02 (= 8.8 Hz 2H) 698 s 31,9 (2CH), 131.7 129.9 c 1284(CH)
1H 388 (s, 3H CNMR (75 MHz, CDC} CH), 1255 CH CH), 1 03 CH), 119.3 H
148 ( a' 1414 (C), 141.3 c 14&9 145 éch) 1 2CH 611 OGH 564 (2oc
1388(2 1303 2CH), 130.0 (C), 124.3 { _2717 55.5 HRMS ESR& ¥ miz calculated
290 (2CH), 1280 CH), '125.9 (CH) C26H2504401 1747 found 401.1728.

2CH J = 3.8 Hz), 125.3 S H), 121. 4|_$ng ﬁ 8345 trlmethoxgphenyl) -H-inden-1-
1207 CH), 1197 CCi 1143 (2CH 55.5 (Of yI|dene met l)benzo- nitrile (3)). The crude residue was
NMR (188 MHz, CD -60.4, -60.5, -60.6; purifie by flash chromatograp hg silica gel
HRMS (ESI) (M + Na m/z caIcuIated for GH,FsNao (Cyclohexane/EtOAc 95/5) to ive 0 mg Gg (0. 23
401.1129 found 401.1135. mmol; yield 76%); yellow oll; 395.45 g.mol Ry
(E)-3-(4-methoxyphenyl)-1-(4- mehylbenzyhdene? 0.58 ( clohexane/ tOAC 70/30) IR (film, é)n 3470
1H-indene (3e) The crude residue was purified by flash3411, 3395 3373, 3356, 3329, 3281, 3262, 31206,307
chromato graphy on silica gel (Cyclohexane/EtOAC1O)/ 3058, 2877, 2604, 2566, 2408, 2299, 2271, 2160]1,212
to give 80 mg of3e (0.25 mmol; yield 80‘Vg gellow oil; 2032, 2015, 1995, 1974, 1953, 1938, 1601, 15760,150
M=324. 429mo R: = 0.85 (Cyclohexane/EtOAC 70/30% 1448, 1415, 1351, 1238, 1126, 1007, 909;NMR (300
IR (film, cm 3401, 3302, 3279, 3252, 3232, 2839, 2556MHz, CDC, ) ) gppmf 7.79 - 774 m, 1H), '7.72 (s, 4H),
2386, 2324, 2303 '2285, 2154, 2109, 2076, 20365.2017.58 (dd,J = 6. Hz, 1H), 744 (d ="0.6 Hz, 1H),
2580, 1547, 1503, 1458, 1412, 1342, 1300, 12362,1187.39 — 7.31 (m, 2H 6.94 (Jd '0.6 Hz, 1H), 6.88 (s 2H)
1127, 1074, 1007*H NMR (300 MHz, CDCJ) § (ppm) 393 (s, 6H), 392 s, 3H}C NMR (75 MHz, CDC)) 6
7.79 - 771(m 1H)764 = 8.7 Hz, ZHX .55(d) = 153. 498(C) 141.9 (C), 141.8 (C), 1411
7.9 Hz, 3H), 7.45 (s, 1H), 31- 719 m H)YQB&‘H& 389 C 1386 C), 132.6 (2CH), 130.9
699(dJ—87Hz 2H)385 3H), 2.39' (s, 3 E21284 CH 126. CH 125.4 CH 121 .QLC
NMR (75 MHz, CDC&) 3 ( 159.9 (C), 146.8 (C), 199 gCHg 9 ( CE 1115 05.1
140.9 (23 1393 138 1386 C 13 (2CH 611 (OCH) 20CH) $
130.4 H), 1296 2CH 129. 2 7.B Na)" ‘miz caIcuIated for H21NNaQ 418 ound
CH), 273 (CH), 1255 SCH% 1223 CHg H 418.1394.
19.3 (CH), 1143 (2CH 5.5 (OGH 21.5 (CH

HRMS _(ESi) + H)_ mz calculated for @H2:0  computational methods. Calculations have b carried
325.1587 foun 325 15-}7 out with the Gaussian09 package of progeggfwsl:ull
E% 1-benzildene-3-(4-méthoxyphenyl)Hl-indene geometry opt|m|zat|ons of | compounds were cadut
(3f). The crude residue was purified by flashyith the’use of the B3 LY denS|ty functional level of
chromato raphy on silica gel (Cyclohex(ene/EtOAc5§)5/ theory with the following basis set noted BS1. 8 éd)
to give 90 mg OBI (0.27 mmol, yield 88%); yellow oil; pasis’set was employed for the first- (H), sec
M=_310.39 ? ml = 0.72 §C yclohexane/ EtOAc and third-row (PEJ élements. The standard ANL2DZ
80/20); IR (film, c 2999, 2838, 2218, 1648, 1605, small-core relativistic _ effective-core potential thvi a
1582, 1530, 1502, 1456 1416, 1374, 1338@ 13151 125yalence s %I of doublé-quality was used on palladium
1226, 1205, 1177, 1158 1129, 1051, 1034, $HINMR and iodin et accurate energies and Gibbs free

300 MHz, €DC}) & (ppm) 7.79 (dd,J = 5.7, 2.9 Hz, 1H), energies, the S%F convergence  criterion has been
(/68 (d,J=8.7 Hz, 4E|S) ?6 §57 (m, 1H), 7.47 (dds systematically tightened to fOa.u., and the force
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minimizations were carried out until the rms force[g]
becomes smaller than (at least) 1 x~1@.u. Each
stationary point has been characterized with fraque
analysis and shows the correct number of negative
eigenvalues (0 for a local minimum and one foraasition  [9]
state). Intrinsic reaction coordinate (IRC) caltiolas have

been performed to ascertain the identity of thaditéoon 10
structure under consideration. The validity of tlegel of [10]
calculation has bi%p demonstrated in previous esudn

Pd(ll) complexes®™ Zero-point vibrational energy
corrections and thermal corrections to Gibbs freer

were evaluated at the B3LYP/BS1 level at 42 .15l11
accordmg to experimental ?ndmons. Energies wer 1]
evaluated with the M06 methdd, 6-311++G(2d,2p) basis
set for all main group elements and the aug-cc-P‘PPZ
pseudo-potential and its associated tripleasis set for Pd

and | (BS2 basis set). The solvation free energgections [12]
were computed at the B3LYP/BS2 level with the IEMPC
model on gas-phase optimized geometries, and bxade

was chosen as solvent for consistency with the raxgat.
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PATH B 5-exo-dig Cyclization

+ Regioselectivity
+ Stereoselectivity

+ 10 examples: 57-88%
+C-H Activation

O‘l O Pal
G

PATH A 6-endo-dig Cyclization
R

[Au]

+ Exclusive or major selectivity
+ 10 examples: 70-98%
+ Electrophilic Activation

R = EDG OMe and EWG CN
X =H, p-Me,p-OMe, p-NC, 0-CN, m-CN, p-CF3
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