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First I shake the whole apple tree, that the ripest
might fall. Then 1 climb the tree and shake each
limb, and then each branch and then each twig,

and then 1 look under each leaf.

Martin Luther
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Prélogo

PROLOGO

Esta memoria de tesis Doctoral se ha dividido principalmente en un resumen
en astellano y dos capitulos principales. Cada uno de estos ultimos se compone
por una introduccién con sus correspondientes objetivos, resultados y
discusién, conclusiones y parte experimental.

El trabajo aqui resumido incluye asimismo resultados obtenidos con la
colaboracién de César Rogelio Solorio Alvarado, Dr. Paul McGonigal y Yahui
Wang, los cuales permiten una mejor comprension de lo expuesto.

Todos los catalizadores utilizados han sido nombrados con letras, las cuales
corresponden a las que aparecen en las figuras 3, 4, 5 y 7 del primer capitulo
“Generation and control of fluxional barbaralyl cations in gold-catalyzed

cycloisomerization”.
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Resumen

RESUMEN

La ultima década ha visto surgir al oro como uno de los catalizadores mads
interesantes. Su capacidad para coordinarse selectivamente a triples enlaces en
presencia de otros sistemas insaturados ha provocado un auge importante en
su utilizacién en diferentes transformaciones quimicas. Esto, unido a las
condiciones moderadas que se requieren con los catalizadores de oro y su bajo
coste comparado a otros metales como el platino y el rodio, han colaborado
para que las publicaciones relacionadas con este metal se dispararan
exponencialmente.!

A pesar de lo exhaustivo que parece ser la literatura relacionada con la quimica
del oro, creemos que aun quedan muchos terrenos por explorar.

Estudios previos realizados en nuestro grupo con aril cicloheptatrienos
mostraron que se podia generar un carbeno de oro libre, que podia ser
atrapado posteriormente con un alqueno como el #rans-estilbeno. De esta
forma se podfa acceder a ciclopropanos triarilsustituidos con la pérdida de

benceno.?

Ph
+ S F (5 mol%)
©/\ DCE 120 °C, 135 min ©
84 %

Esquema 1

En este trabajo de tesis, nos hemos enfocado en la utilizacién de alquinil
cicloheptatrienos como sustratos de la cicloisomerizacién catalizada por oro

para extender los resultados obtenidos previamente.

1(a) A. S. K. Hashmi Chem. Rev. 2007, 7107, 3180. (b) E. Jiménez-Nufez and A. M. Echavarren,
Chem. Rev. 2008, 708, 3326. (c) A. Furstner Chem. Soc. Rev. 2008, 38, 3208. (d) Gorin, D. J.;
Sherry, B. D.; Toste, F. D. Chem. Rev. 2008, 708, 3351.

2 Solorio-Alvarado, C. R.; Wang, Y.; Echavarren, A. M. J. Am. Chem. Soc. 2011, 133, 11952.
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Resumen

Tras la optimizacién de las condiciones, determinamos que se podfan formar
selectivamente indenos 1- y 2-arilsustituidos utilizando catalizadores de tipo

picolinato y fosfito, respectivamente.

Bu
| AN
N
N
Cl-Au—0 5 i B0 O}P-Au—NCPh | sbFy
R a (1 mol%)
c . Il 3 (5 mol%)
O’ HoClp, 0°C, 1h CH,Clp, 0°C, 1 h R
Conditions B
Esquema 2

A pesar de la sencillez de los productos, el mecanismo por el cual se accede a
ellos no es simple. A través de marcajes isotépicos con 13C, experimentos de
atrapamiento intra e intermolecular y calculos teéricos, logramos determinar
que la reaccién se desarrolla a través de un intermedio catiénico de oro de tipo
barbaralilo. El Esquema 3 ilustra de forma condensada todos los pasos que
nos llevan a obtener cada uno de los productos.

Esta metodologia nos ha permitido determinar que la naturaleza del
catalizador de oro puede afectar a la evolucién de un intermediario catibnico,
lo cual no tenfa precedentes para los cationes barbaralilo. Ademas, hemos
logrado sintetizar derivados del barbaralano en condiciones moderadas con la

simple adicién de nucledfilos externos o internos.
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Resumen
R
AuL
H+
L
-AquM o
SR/
Aul’ _Hﬂ
M OH
R ,Ault AuL R AuL
H

| TS-I

Conditions A J “

R
TSI
AuL oy u

TS
R
- TSIV TS IV Condmons B AuL
| =
- Aulfn AuL - H+
4 IX

AuL
VI V||
Ho F
R
HJAUL TS-V
z
O = [T

AuL,
X

Esquema 3
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Resumen

Por otro lado, hemos intentado llevar a la quimica del oro a terrenos en los
cuales su utilizacién aun no habfa sido explorada.

Desde el descubrimiento del fulereno Cg en 19853 hasta la obtencion de la
primera molécula aislada de grafeno en 2004,* el interés por la sintesis de
hidrocarburos aromaticos policiclicos ha aumentado exponencialmente.
Muchos de los procesos que permiten obtener esta clase de moléculas requiere
condiciones extremas de temperatura y/o presién.’ Basindonos en esto, nos
propusimos emplear las ciclaciones catalizadas por oro para la sintesis de
acenos lineares que permitirfan posteriormente abrir la puerta la sintesis de
nanografenos mas complejos.

Partiendo de moléculas sencillas, ideamos una metodologia que permitiera su

ensamblaje para formar 1-6-eninos.

1) BuLi, THF, -78 °C
2) EtsSiH, TFA, CH,Cl, RT

N0 67%
Br 3) MeQ SnBug
=/ x_OMe
PdCI,(CH,CN), XPHOS 10

DMF, 120 °C, MW, 1.5 h
47%

Esquema 4

El enino formado solamente pudo obtenerse con rendimientos moderados,
debido a su poca estabilidad. Aun asi, se llevé a cabo la reaccién de ciclacién
catalizada por oro, la cual permitié la obtencién de tetrahidrotetraceno con

rendimientos excelentes.

3 Kroto, H. W.; Heath, J. R.; O'Btien, S. C.; Cutl, R. F.; Smalley, R. E. Nafure 1985, 318, 162.
4 Novoselov, K. S.; Geim, A. K.; Morozov, S. V; Jiang, D.; Zhang, Y.; Dubonos, S. V;
Grigorieva, 1. V.; Firsov, A. A. Science 2004, 306, 666.

5> Feng, X; Pisula, W.; Miillen, K. Pure Appl. Chem. 2009, 81, 2203.
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Resumen

=
[
= Cat. B (5 mol%) O‘OO
S cr12c:|2 40°C, MW 1 h
96%
OMe
10 8
Esquema 5

Desafortunadamente, el acoplamiento de Stille con alquinos mas voluminosos
no fue posible lo cual no permiti6 extender este procedimiento a la sintesis de
acenos mayores.

Paralelamente, se intenté la sintesis de semifulerenos, partiendo de derivados
de la truxentriona. La adicién 1,2 de los reactivos de Grignard a la

truxentriona, permitié obtener selectivamente el compuesto syz.

THF, 50 °C, 24h
71%

16 19a/19b (syn/anti, 5:1)
Esquema 6

La ciclacién catalizada por oro y por otros acidos de Lewis solo permitié
obtener un soélido negro, cuya masa correspondia la producto de partida y que
resulté imposible identificar. Por otro lado, la ciclacién promovida por ICI
permitié la formacién de una hélice cuya estructura pudo ser determinada por

difraccién de rayos X.

Figura 1
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ABBREVIATIONS AND ACRONYMS

In this manuscript, abbreviations and acronyms have been used, according to
the “Guidelines for authors” of the Journal of Organic Chemistry, which has

been updated in January 2012.

Additional abbreviations and acronyms used in this manuscript are referenced

in the list below.

HLG HOMO-LUMO gap
PAH Polyaromatic hydrocarbons
QTOF Quadrupole Time of Flight
STM Scanning Tunneling Microscope
TFP Tti-(2-furyl)phosphine

TTFB Tropyllium tetrafluoroborate
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Chapter I

Generation and control of fluxional barbaralyl cations in
gold-catalyzed cycloisomerization
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Chapter I: Introduction

Chapter I:
Generation and control of fluxional barbaralyl cations in

gold-catalyzed cycloisomerization

1. Introduction

Gold emerged as a late bloomer in catalysis among other metals. For centuries,
it was considered inert and only few derivatives were known, which made its
applications in chemistry really scarce.! It was only in 1973 when Bond and co-
workers? discovered that supported gold could catalyze the hydrogenation of
mono-olefins. More than a decade later, the first examples using gold in

homogeneous catalysis were published.
1.1 The relativistic affected gold atom

The chemistry of gold can only be understood taking into consideration
relativistic effects. Being a heavy metal, the electrons of gold are subjected to
high electrostatic attraction. To keep them from crashing into the nucleus,
their velocity is increased and approaches the speed of light. In consequence,
the mass of the electrons increases and the Bohr radius is reduced
proportionately, which translates into the contraction of the orbitals, especially

those that are close to the nucleus like 1s electrons (Figure T).

1 Schmidbaur, H. Gold Bull. 1990, 23, 11.

2Bond, G. C,; Sermon, P. A.; Webb, G.; Buchanan, D. A.; Wells, P. B., J. Chem. Soc., Chen.
Commun. 1973, 444b.

3 a) Ito, Y.; Sawamura, M.; Hayashi, T. J. An. Chem. Soc. 1986, 108, 6405. b) Fukuda, Y.; Utimoto,
K.; Nozaki, H. Heterocyeles 1987, 25, 297. ¢) Fukuda, Y.; Utimoto, K. J. Ozg. Chen. 1991, 56, 3729.
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Figure 1: Relativistic effects on the electrons of the gold atom

However, s orbitals in the outer shells are also affected while p, 4 and f orbitals
are affected in a lesser extent. On the other hand, the contraction of the s
orbitals reduces the effective nuclear charge, and orbitals with higher angular
momentum, like 4 and f orbitals, expand. Finally, there is a spin-orbit
interaction, which accounts for the splitting of spectral lines.!.4.5.6.7.8 The
contraction of the 6s orbital in the gold atom results in increased ionization
potential, higher electron affinity, and strong gold-ligand (Au-L) bonds.!.":8
The most common oxidation states of gold are Au(I) and Au(IIl), the latter
forming square planar complexes. The former tends to form linear two-
coordinate complexes through particulatly efficient s/p or s/d hybridization
since due to the relativistic effects, 5, p and 4 orbitals are brought much closer
together in energy.!

Relativistic effects also account for the high electronegativity of gold and
superior Lewis acidity of Au(l) species since the contraction of the s and p

orbitals corresponds to a low-lying LUMO.8

4 Pyykko, P. Chem. Rev. 1988, 88, 563.

5> Schwerdtfeger, P.; Dolg, M.; Schwarz, W. H. E.; Bowmaker, G. A.; Boyd, P. D. W. |. Chem.
Phys. 1989, 91, 1762.

¢ Bond, G. C.,; Thompson, D. T. Catal. Rev. 1999, 47, 319.

7 Schwerdtfeger, P. Heteroatom Chem. 2002, 13, 578.

8 Gorin, D. J.; Toste, F. D. Nature 2007, 446, 395.
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1.2 Gold-promoted activation of alkynes

The alkynophilicty of gold was the spark that started the gold rush in organic
synthesis. Not only alkynes become highly reactive under the reaction
conditions but also these transformations proceed with high selectivity.®
Indeed, alkynes are not prone to nucleophilic attack without some prior
activation. Their lower HOMO and LUMO makes them more electrophilic
and less nucleophilic than alkenes.®!0 The electrophilic gold complex usually
coordinates to the triple bond withdrawing electron density from the alkyne:
the metal fragment is considered a m-acid. As a consequence, the triple bond
clongates and bends while the Au-C bond remains quite short (2.05-2.10
A).1011 Then the nucleophilic attack proceeds by forming a #rans-alkenyl gold
complex I, which in the presence of different electrophiles yields the

corresponding products (Scheme 1).1213

= R AuL
Re— g AUl R— g Y= —_»  Additional
NU " —> reactions
+AuL
| |
Scheme 1

For terminal alkynes, another type of activation is possible: the substitution of
the terminal hydrogen by gold to form a Au(l)-acetylide.!®!* These are stable
species and until recently, were believed to be synthetically not useful. Li and

Wei proposed the synthesis of propargylamines via a gold-acetylide

9 Cinellu, M. A. In Modern Gold Catalyzged Synthesis; Hashmi, S. K., Toste, F. D., Eds.; Wiley-VCH
Verlag GmbH & Co. KGaA: 2012, p 153.

10 Hashmi, A. Gold Bull. 2003, 36, 3.

1 Farstner, A.; Davies, P. W. Angew. Chem. Int. Ed. 2007, 46, 3410.

12 Hashmi, A. S. K. Chem. Ren. 2007, 707, 3180.

13 Jiménez-Nuflez, E.; Echavarren, A. M. Chem. Rev. 2008, 7108, 3326.

14 1i, Z.; Brouwer, C.; He, C. Chem. Rev. 2008, 708, 3239.
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intermediate !5 while Bertrand and co-workers reported an analogous
intermediate in the cross-coupling reaction of enamines with terminal
alkynes.!6 Even tough, a dual activation (Figure 2) had already been reported
for some structures,!” it was not until recently that O,ft-activation was

attributed to a gold catalyst.!8

‘AuL
R———AuL

Figure 2: Dual O,m-activation of terminal alkynes

The most common evolution of the #ans-alkenyl gold intermediate II
illustrated in Scheme 1 is protodeauration promoted by the proton of the
nucleophile to yield alkenes III (Scheme 2, path a). Aprotic nucleophiles such
as alkenes could break down the vinyl-gold intermediate.? For example, gold-
catalyzed ring expansions!? and heterocyclizations’ proceed through this path.
Gold acts in this way as a Lewis acid. However, an alternative pathway is also
possible: the trapping of the electrophile could be facilitated by backbonding
from the relativistically expanded 54 orbitals of the gold atom into the

developing conjugated cation IV (Scheme 2, path b).8 Cycloisomerizations

15Wei, C.; Li, C.-J. J. Am. Chem. Soc. 2003, 125, 9584.

16 Lavallo, V.; Frey, G. D.; Kousat, S.; Donnadieu, B.; Bertrand, G. Proc. Natl. Acd. Sci. U.S.A.
2007, 704, 13569.

172) Coates, G. E.; Parkin, C. J. Chem. Soc. 1962, 3220. b) Mingos, D. M. P.; Yau, J.; Menzer, S.;
Williams, D. J. Angew. Chem. Int. Ed. 1995, 34, 1894.

18.2) Cheong, P. H.-Y.; Morganelli, P.; Luzung, M. R.; Houk, K. N.; Toste, F. D. J. Am. Chem.
Soc. 2008, 730, 4517. b) Gaillard, S.; Bosson, J.; Ramén, R. S.; Nun, P.; Slawin, A. M. Z.; Nolan,
S. P. Chem. Eur. J. 2010, 716, 13729. c¢) Brown, T. J.; Widenhoefer, R. A. Organometallics 2011, 30,
6003. d) Grirrane, A.; Garcia, H.; Corma, A, Alvarez, E. ACS Catal. 2011, 1, 1647. e)
Simonneau, A.; Jaroschik, F.; Lesage, D.; Karanik, M.; Guillot, R.; Malacria, M.; Tabet, J.-C,;
Goddard, J.-P.; Fensterbank, L.; Gandon, V.; Gimbert, Y. Chem. Sci. 2011, 2, 2417.

19 Markham, J. P.; Staben, S. T.; Toste, F. D. J. Am. Chem. Soc. 2005, 127, 9708.
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catalyzed by Au(l) were the first transformations that supported this

mechanistic proposal. 202122

E
E a _ Lewis acid derived products
'\ AuL NU g
N *Au
u E Au E; Vi Carbenoid derived products
] b / *
Nu v Nu
Scheme 2

1.3 Frequently used Gold catalysts

a) Gold halides

The first contributions to homogeneous gold catalysis described the addition
of many nucleophiles to alkynes catalyzed by gold halides® and are still to date
used in many synthetic transformations. In fact AuCl and NaAuCly are the
cheapest sources of Au(I) and Au(lll) respectively. Unfortunately, they are
also less stable: Au(lll) might be reduced by easily oxidizable substrates and

Au(l) disproportionates to Au(0) and Au(11I).13

b) Gold(1)-phosphorous complexes

Phosphines are known to stabilize Au(l) cations due to their electrodonating
character. Teles was the first to report the catalytic activity of cationic
phosphine Au(l) for the hydration of alkynes using
methyl(triphenylphosphane)gold(I) activated with a strong acid.?> This opened

the doors to further catalyst development and inspired by palladium-catalyzed

20 (a) Nieto-Oberhuber, C.; Mufioz, M. P.; Bufiuel, E.; Nevado, C.; Cardenas, D. J.; Echavarren,
A. M. Angew. Chem. Int. Ed. 2004, 43, 2402. (b) Nieto-Oberhuber, C.; Mufioz, M. P.; Lépez, S.;
Jiménez-Nufiez, E.; Nevado, C.; Herrero-Goémez, E.; Raducan, M.; Echavarren, A. M. Chen.
Eur. ]. 2006, 12, 1677.

21 Mamane, V.; Gress, T.; Krause, H.; Furstner, A. . Am. Chem. Soc. 2004, 126, 8654.

22 Luzung, M. R.; Markham, J. P.; Toste, F. D. J. Anm. Chem. Soc. 2004, 7126, 10858.

23 Teles, J. H.; Brode, S.; Chabanas, M. Angew. Chem. Int. Ed. 1998, 37, 1415.
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reactions, 2 biphenyl phosphines proved to be suitable ligands (neutral

catalysts A-D, Figure 3).

Neutral catalysts Cationic catalysts

R R R A
Rep_au—ci Rep_au—ci Rep_au—Ncwe | SOFs e
R, MeO, RY... pp, Ph ~|"sbFs
O (O<S= (O<Son pmmow
PH
R MeO R
A:R=Cy,R'=H b E-R=Bu, R'=H H

B:R=1Bu,R'=H

) F:R="Bu,R' =Pr
C:R=Cy,R'="Pr

G:R=Cy,R =H

Figure 3: Phosphine-based gold catalysts

The abstraction of the chloride ligand can be performed in situ by addition of
an equivalent of a silver salt with a non-coordinating anion or by addition of
BF5Et,0.20.2526

Phosphite gold complexes were early regarded as more active than phosphine
gold complexes but they were also less stable.2? Figure 4 shows two of the

most electrophilic gold(I) complexes bearing phosphite ligands.

Bu Bu
P
SbF
fBuOo}P—Aua IBUGO}P—Au—NCPﬂ ¢
3 3
J K

Figure 4: Phosphite gold-catalysts

2 (a) Kaye, S.; Fox, J. M.; Hicks, F. A.; Buchwald, S. L. Ady. Synth. Catal. 2001, 343, 789. (b)
Walker, S. D.; Barder, T. E.; Martinelli, ]. R.; Buchwald, S. L. Angew. Chem. Int. Ed. 2004, 43,
1871. (c) Strieter, E. R.; Blackmond, D. G.; Buchwald, S. L. . Am. Chem. Soc. 2003, 125, 13978.
(d) Barder, T. E.; Walker, S. D.; Martinelli, J. R.; Buchwald, S. L. J. Aw. Chem. Soc. 2005, 127,
4685. (e) Barder, T. E.; Buchwald, S. L. J. Aw. Chen. Soc. 2007, 129, 5096.

25 Marion, N.; Nolan, S. P. Chem. Soc. Rev. 2008, 37, 1776.

26 Ferrer, C.; Raducan, M.; Nevado, C.; Claverie, C. K.; Echavarren, A. M. Tetrahedron 2007, 63,
6306.
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¢) Gold (1)-NHC catalysts and related componunds

Since the active species in gold catalysis is the monoligated cationic gold
complex, it is important that the ancillary ligand manages to stabilize the
charge both electronically and sterically. N-heterocyclic carbenes are excellent
o-donors and the corresponding catalysts have proven to be efficient in many

chemical transformations.2527

NHCs
Pr Pr
N/:\N —\ /\
: geell eaie
Pr pf -
IMes IPr 1Ad

[\ =\
Dw OO

IMesMe ICy 1tBu

NHC——AuCI

L:NHC=IMes  O:NHC = IMesMe '

NHC——AuNTf,

FR—
NHC-Au-L | SbF;

R:N U: NHC = IMes
M: NHC = IPr P: NHC = ICy S:NHC = IPr, L =NCPh W: NHC = IPr
N: NHC = IAd Q: NHC = [tBu T: NHC = IMes Y: NHC = IAd

HC = IPr, L = NCMe |

L = 2,4,6"(Me0)3CgH,CN

Figure 5: Some N-heterocyclic carbene-gold catalysts

Catalysts R-Y ate catalytically active without the addition of silver salts.?’

27 (a) de Frémont, P.; Scott, N. M.; Stevens, E. D.; Nolan, S. P. Organometallics 2005, 24, 2411. (b)
de Fremont, P.; Stevens, E. D.; Fructos, M. R.; Mar Diaz-Requejo, M.; Perez, P. J.; Nolan, S. P.
Chem. Comm. 2006, 2045. (c) Lopez, S.; Herrero-Gémez, E.; Pérez-Galan, P.; Nieto-Oberhuber,
C.; Echavarren, A. M. Angew. Chem. Int. Ed. 2006, 45, 6029. (d) Kim, S. M.; Park, J. H.; Choi, S.
Y.; Chung, Y. K. Angew. Chem. Int. Ed. 2007, 46, 6172. (e) Ricard, L.; Gagosz, F. Organometallics
2007, 26, 4704. (¢) Witham, C. A.; Mauleén, P.; Shapiro, N. D.; Sherry, B. D.; Toste, F. D. J. An.
Chem. Soc. 2007, 129, 5838.
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Other carbenes have also proved to be stabilizing ligands. Thus for example
complex Z catalyzed the formation of allenes from enamines and terminal

alkynes (Figure 6).28

Pr _| * B(CGF5)4 -

Figure 6 : Gold-carbene catalyst developed by Bertrand et al.

d) Gold (I11) complexes

Contrary to Au(l)-complexes, Au(Ill)-organic compounds are more reactive
and need to be stabilized by electronegative ligands such as halides. 5

Hashmi reported the synthesis of stable complexes using pyridine derivatives
as ligands (AA-DD, Figure 7), which were useful for the synthesis of
tetrahydroisoquinolines. 2° The group of Nolan prepared Au(III)-NHC
complexes and tested them in the addition of water to alkynes.

The group of Laguna found that complex KK and LL were good catalysts for
some nucleophilic additions to triple bonds. 3

Finally a porphyrin-gold complex MM was reported to catalyze the reaction of

allenones to give furan derivatives. 3!

28 Lavallo, V.; Frey, G. D.; Kousar, S.; Donnadieu, B.; Bertrand, G. Proc. Natl. Acad. Sci. U.S.A.
2007, 704, 13569.

29 Hashmi, A. S. K.; Weyrauch, J. P.; Rudolph, M.; Kurpejovi¢, E. Angew. Chem. Int. Ed. 2004, 43,
6545.

30 Casado, R.; Contel, M. A; Laguna, M.; Romero, P.; Sanz, S. J. Am. Chem. Soc. 2003, 125, 11925.
31 Zhou, C.-Y.; Chan, P. W. H.; Che, C.-M. Org. Lezt. 2005, &, 325.
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Pyridine derivatives NHC derivatives

COH !
| A | A | X | - OH 3 NHC-AuBr;
N N0 N0 N0
Cl-Au-Cl  Cl-Au~-0 Cl-Au~-0 Cl-Au~-0 ;
& & & & | EE: NHC = IPr HH: NHC = IAd
; FF:NHC = IMes  JJ: NHC = ItBu
AA BB ce DD GG: NHC =ICy
Others
Ph —|+ -
cl
gl—l BzPPh,
R-Au-Cl
Io| Ph Ph
KK: R = 2,4,6-Me5CgH,
LL: R =CgF5
Ph MM

Figure 7: An(1Il) catalysts

Due to its preference to form square planar complexes, Au(lll) could be the

template of choice for the design of chiral catalysts.32

1.4 Addition of carbon nucleophiles to alkynes

a) Au (1)-catalyzed hydroarylation

Electron-rich arenes and heteroarenes undergo an electrophilic aromatic
substitution in a Friedel-Crafts process when submitted to a gold-catalyzed
reaction with alkynes. Examples were reported by Reetz and Sommer in 2003
and 1,1,-disubstituted olefins (Scheme 3, equation a) were obtained. 33
Complementary results were found using alkynes with electron-withdrawing

groups (Scheme 3, equation b).3*

32 Sengupta, S.; Shi, X. ChemCatChem 2010, 2, 609.
33 de Mendoza, P.; Echavarren, A. M. Pure Appl. Chem. 2010, 82, 801.
34 Reetz, Manfred T.; Sommer, K. Exr. |. Org. Chem. 2003, 3485.
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AUCI5/AgSbFg <
+ }@70'\/@ —_— | (a)
CH4CN, 50 °C, 3 h N ome
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\") Vi Vil
O  PhyPAUCIBF4*OEt, N
+ :—< —_————>
CHsNO, 50 °C, 14 h CO,Et (b)
OEt ,
90 %
\") Vil IX
Scheme 3

Hashmi reported the dual addition of unactivated alkynes to 2-methyl and 2-
pentylfuran with the Schmidbaur-Bayler salt’> something that He et al. had
already detected while studying the reaction of heterocycles with
electrodeficient alkynes.3

Different heterocyclic moieties were accessed by gold-catalyzed intramolecular
hydroarylation of alkynes. In 2000, Hashmi and co-workers described the
cyclization of alkynylfurans to phenols catalyzed by AuCls.3” Our group
developed the synthesis of N-tosyl-1,2-dihydroquinolines by cyclization of IN-
propargyl-N-tosylanilines.?® More interesting was the intramolecular reaction
of indoles with tethered alkynes, which afforded 7- or 8-membered rings
depending on the oxidation state of the catalyst (+1 and +3, respectively,
Scheme 4, equation a.% The 8-endo-dig process that yielded compounds XII
had not been observed before in this context. Another example of the

dichotomy of the catalytic behavior of Au(I) and Au(ll) is illustrated in

35 Hashmi, A. S. K.; Blanco, M. C. Exur. |. Org. Chem. 2006, 4340.

36 Li, Z.; Shi, Z.; He, C. J. Organomet. Chem. 2005, 690, 5049.

37 Hashmi, A. S. K.; Frost, T. M.; Bats, J. W. |. An. Chem. Soc. 2000, 7122, 11553.

38 (a) Martin-Matute, B.; Nevado, C.; Cardenas, D. ].; Echavarren, A. M. J. Am. Chem. Soc. 2003,
125, 5757. (b) Nevado, C.; Echavarren, A. M. Chem. Eur. |. 2005, 77, 3155.

39 (a) Ferrer, C.; Echavarren, A. M. Angew. Chem. Int. Ed. 2006, 45, 1105. (b) Ferrer, C.; Amijs, C.
H. M.; Echavarren, A. M. Chem. Eur. J. 2007, 73, 1358.
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Scheme 4, equation b. 40 It has been reasoned that the Au(IIl) intermediate
undergoes a Friedel-Crafts-type arylation due to the lesser ability of this metal
cation to back-donate. On the other hand, the more electron-rich Au(l) was
proposed to form a vinylidene intermediate, which via 1,2-migration affords

the other regioisomer XV.

X X
Au(l) X Auch N
N - A\ __ Y (a)
N Fu=t N \ N R,
R> Ro R4 Ro
Xi X Xi

® [ o ® @

AuCl x  AuCly X
- L | i L # o LT @
O X O X 1,2-migration O retention
XV

XIv X XVI
Scheme 4

b) Conia-ene type reactions

Few examples of 1,3-dicarbonyl additions to triple bonds catalyzed by gold are
found in the literature. Toste was the first one to describe the reaction of f3-
ketoesters with tethered alkynes.*' Vinylated ketones were produced in a 5-
exo-dig pathway in excellent yields (Scheme 5). Labelling experiments supported
their mechanistic proposal that involved the nucleophilic attack of the
dicarbonyl to the Au(l)-alkyne complex. Further experiments showed that
bringing the triple bond one carbon closer to the dicarbonyl yielded the 5-endo-

dig product exclusively.4?

40 (a) Mamane, V.; Hannen, P.; Firstner, A. Chem. Eur. ]. 2004, 10, 4556. (b)Theoretical support
for the involvement of Au(I)-vinylidenes in this cyclization: Soriano, E. ; Marco_Contelles, J.
Organometallics 2006, 25, 4542.

41 Kennedy-Smith, J. J.; Staben, S. T'; Toste, F. D. J. An. Chem. Soc. 2004, 126, 4526.

42 Staben, S. T.; Kennedy-Smith, J. J.; Toste, F. D. Angew. Chem. Int. Ed. 2004, 43, 5350.
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o o R-©
(PPhg)AUCI/AGQOTf RO
R oORR —m—
CH,Cl, RT 4
X
XVl XVl
Scheme 5

The design and synthesis of a new catalyst (Figure 8) allowed Sawamura and
co-workers to access the 6-endo-dig product that was elusive using the

conditions developed by Toste.43

Bu
MeO Si—==1P-AuNTf,
3
Bu 3

Figure 8: The tris[(triarylsilyl)ethynyl]phosphinegold catalyst developed by Sawamura ¢t al.

Finally, our group also reported the formation of enol carboxylates by 1,2-acyl

migration with high yields and chemoselectivity (Schemze 6).44

BzOOC 0) o} Catalyst E PhOC OBz
= + —_— x._-Ph
PH Ph Ph CH,Cly, RT PhOC
92%
XIX XX XXI
Scheme 6

1.5 Cycloisomerization of 1,6-enynes

The cycloisomerization of 1,6-enynes is probably one of the most popular

reactions in gold-catalysis, especially since many elegant transformations have

43 Ochida, A.; Ito, H.; Sawamura, M. |. An. Chem. Soc. 2006, 128, 16486.
4 Amijs, C. H. M.; Lopez-Catrrillo, V.; Echavarren, A. M. Org. Lezt. 2007, 9, 4021.
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been reported in total synthesis.*> In addition, these transformations are fully
atom-economic, and high-molecular complexity is acquited under mild

conditions. The most common moieties that can be accessed by this reaction

are depicted in Figure 9.
=
7 +[AuL]
Z R
XXIl

Z=NTs, O R'OH

~_R 2
(I O -
Zz | R R

OR'
XX XXIV XXV XXVI
Skeletal rearrangement Alkoxycyclization

Figure 9: Possible ontcomes of 1,6-enyne cycloisomerigations with gold.

a) Single and double cleavage mechanisms

Gold can activate the alkyne in 1,6-enynes in a G-endo-dig or in a 5-exo-dig
fashion, the latter being the most favored one. In the 5-exo-dig pathway, the
skeletal rearrangement may require the single cleavage of the alkene bond to

form products XXIX and/or XXX, or the double cleavage of both alkene and
alkynes 7 bonds to form product XXXII (Scheme 7).

4 For selected examples, see: (a) Staben, S. T.; Kennedy-Smith, J. J.; Huang, D.; Corkey, B. K ;
LaLonde, R. L.; Toste, F. D. Angew. Chem. Int. Ed. 2006, 45, 5991. (b) Jiménez-Nufiez, E.;
Molawi, K.; Echavarren, A. M. Chem. Comm. 2009, 7327. (c) Molawi, K.; Delpont, N;
Echavarren, A. M. Angew. Chem. Int. Ed. 2010, 49, 3517.
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R R
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/ ;g_ -AuL+ j\/ Cs:
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e H XXIX

XXVII XXV
\ * Conrotatory opening
DR
ziji(
R
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Scheme 7

In the single cleavage mechanism, the initial an#-cyclopropyl gold carbene

XXVIII gives carbocations XXXIV or XXXVI, which evolves by metal
elimination to give dienes XXIX or XXX (Schenmse §).

+LAU3 LAu RI R' AuL+
- S G g :r“
Z
H
XXV XXXIV XXXV XXIX
+LAu)
R’ R R
a ﬁc 4
V4 R '
A /oAl —> — % R
H “AuL*
H H
XXVII XXXVI XXXVII XXX
Scheme 8

Even if earlier experimental and theoretical calculations considered unlikely

the formation of the single cleavage product by conrotatory opening of
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cyclobutenes XXXIII (Scheme 7),% newly evidence has arisen that supports
this pathway. Indeed, cycloisomerization of 1,6-enynes XXXVIII-a and
XXXVIII-b with gold catalyst S afforded the elusive bicyclo[3.2.0]hept-5enes
XXXIX-a and XXXIX-b in good yields (Scheme 9). The structure of XXXIX-
b was unequivocally assigned by X-ray diffraction of its crystalline 2,4-

dinitrophenylhydrazone derivative.4’

0 o]

= R s (5mol%) R
MeO,C © MeO,C
MeO,C CHyCl, RT  MeO,C

N
XXXVIlll-a: R =Me XXXIX-a 1.5 h (80%)
XXXVIIl-b: R = p-O,NCgH, XXXIX-b 12 h (88%)

Scheme 9

Intermediate XXVIII can also undergo a diotropic rearrangement to form
carbene XXXI, followed by protodemetalation yielding dienes XXXII (Schenze
10). This cotresponds to a double cleavage rearrangement. It is also possible
to access XXXI through a 1,2-shift of the cyclic alkenyl group in XXXV
(Scheme 8).13

+LAu R R
R' Rl Rv
Y -AuL ~
z R > Z(ftwl:uL 4u> z |
H
XXVIII XXXI XXX
Scheme 10

46 Nieto-Oberhuber, C.; Lépez, S.; Mufioz, M. P.; Cardenas, D. ].; Bufiuel, E.; Nevado, C,;
Echavarren, A. M. Angew. Chem. Int. Ed. 2005, 44, 6146.

47 Escribano-Cuesta, A.; Pérez-Galan, P.; Herrero-Gémez, E.; Sckine, M.; Braga, A. A. C;
Maseras, F.; Echavarren, A. M. Org. Biomol. Chem. 2012, 10, 6105.
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1,6-Enynes with electron-donating substituents in the alkyne undergo single
cleavage and those with electron-withdrawing substituents, yield selectively

products of double cleavage.4’

b) Trapping the carbene intermediates

The structure of the cyclopropyl gold carbene intermediate XXVIII was the
subject of certain debate. Theoretical studies showed that the C-C bond
between the carbene and the cyclopropyl group had a substantial double bond
character. It was concluded that the structure is highly distorted and is an
intermediate between a gold-stabilized homoallylic carbocation and the
cyclopropyl gold carbene. For comprehensive purposes, the latter is usually
depicted in the mechanisms*

1,6-Enynes with pendant alkenes allowed the trapping of the proposed
cyclopropyl gold carbene. The cycloisomerization of dienenynes provided

tetracyclic compounds stereoselectively (Schemze 17).4950

/—_
z
H
N\ — — (a)
CH,Cl, RT, 5 min
\ .
XL H XL
100 %

for Z = C(SO,Ph),

/{
TsN 4'\") TSN (b)

toluene, 40 °C 10 min
89 %

XL XLIV
Scheme 11

48 Cabello, N.; Jiménez-Nufiez, E.; Bufiuel, E.; Cardenas, D. |.; Echavarren, A. M. Eur. . Org.
Chem. 2007, 4217.

49 Nieto-Oberhuber, C.; Lépez, S.; Mufioz, M. P.; Jiménez-Nufez, E.; Bufiuel, E.; Cardenas, D.
J.; Echavarren, A. M. Chem. Eur. ]. 2006, 72, 1694.

50 Kim, S. M.; Park, J. H.; Choi, S. Y.; Chung, Y. K. Angew. Chem. Int. Ed. 2007, 46, 6172.
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The intermolecular version of this reaction was also achieved with the IMes
gold catalyst L or AuCl using.?’c

Substitution of the tethered alkene by a carbonyl group provided tricyclic
products with a bridged oxygen in a Prins-type reaction (Scheme 12, equation
a). Introducing  a  cyclopropan-2-ol  instead, afforded  an

octahydrocyclobuta[a]pentalene framework (Scheme 12, equation b).5!

£ — iPr
E AUC| E
7 (a)
\ O  CH,Cl, RT, 30 min
Mé . 84 % H Me
]
Xxw XLVII
E = CO,Me
= AuCl E OFEt
E Me — (b)
E CH,Cl,, RT, 24h :
\ 80 % Mé |
XLvi  OFt XLVl
Scheme 12

The intermolecular trapping of the gold carbene with ketones and aldehydes
was carried out by Helmchen and co-workers>2 and by our group,*’ leading to
different products depending on the substitution at the alkene.

Other such as indoles>3>* and diphenylsulfoxide® have been used to trap the
gold carbene.

Recently, our group reported the generation of a free gold carbene via a retro-

51 Jiménez-Nuflez, E.; Claverie, C. K.; Nieto-Oberhuber, C.; Echavarren, A. M. Angew. Chem. Int.
Ed. 2006, 45, 5452.

52 Schelwies, M.; Dempwolff, A. L.; Rominger, F.; Helmchen, G. Angew. Chem. Int. Ed. 2007, 46,
5598.

53 Amijs, C. H. M,; Ferrer, C.; Echavarren, A. M. Chem. Comm. 2007, 698

54 Toullec, P. Y.; Genin, E.; Leseurre, L.; Genét, ].-P.; Michelet, V. Angew. Chem. Int. Ed. 2006,
45,7427,

55 Witham, C. A.; Mauleon, P.; Shapiro, N. D.; Sherry, B. D.; Toste, F. D. J. Am. Chem. Soc. 2007,
129, 5838.
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cyclopropanation reaction.> The cyclization of 1,6-enynes substituted with a
methoxy group in the benzyl position afforded 1,3-substituted naphthalenes.
The mechanistic proposal involved the formation of intermediate L by a 6-
endo-dig cyclization, followed by a 1,2-shift to form LI. Then, retro-
cyclopropanation via LII affords naphthalene LIV and free gold(I) carbene
LIII (Scheme 13).

MeO

Scheme 13

56 Solorio-Alvarado, C. R.; Echavarren, A. M. J. Am. Chen. Soc. 2010, 7132, 11881.
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2. Objectives

In 2011, our group established that a free gold-carbene could be generated
from aryl-substituted cycloheptatrienes and subsequently trapped by an alkene
such as #rans-stilbene. Triaryl-substituted cyclopropanes were synthesized with

loss of benzene (Scheme 14).57

Ph
+ 2 F (5 mol%)
©/\ DCE 120 °C 135 min ©

LV LVI LVIII
Ph Alkene
AuL+ Ph
L | = + L/Iuﬂ
=
LviiI LVill LIX
Scheme 14

We thought that we could extend these results to the gold-catalyzed cyclization
of alkynyl cycloheptatrienes, expecting that tricyclic products could be
obtained through a new type of annulation reaction. By tethering the aromatic
ring, we could form tetracyclic compounds that could be considered analogues

of esterols.

57 Solorio-Alvarado, C. R.; Wang, Y.; Echavarren, A. M. J. Am. Chem. Soc. 2011, 133, 11952.
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R C-H activation .
N

Possible esterol

analogues Esterols

1 2

Scheme 15

Our goal was to prepate a set of aryl-substituted alkynylcycloheptatrienes,

which could undergo a gold-catalyzed cycloisomerization reaction.
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3. Results and Discussion

3.1 Methodology

When we first approached the gold-catalyzed cyclization of alkynyl
cycloheptatrienes, we hypothesized that tricyclic products could be obtained
through an annulation process. By tethering the aromatic ring, we could form
tetracyclic compounds that could be considered analogues of esterols. The
only precedent for metal-catalyzed cyclization of alkynes tethered to
cycloheptatriene was reported by Tenaglia and Gaillard,>® in which tricyclic

products were accessed by means of a PtCly-catalyzed [6+2] cycloaddition.

R
= R PtCl, (5 mol%) R
_—
R toluene, RT
LXI LXII

R= SOzPh, CN, COzMe
Scheme 16

The first tests that we carried out indicated that the product obtained was

actually a mixture 1- and 2-substituted indenes as illustrated in Scheme 17.5

R R
R

Q Catalyst E (5 mol%) O O

O Vi CH,Cl, RT, 4 h E; ’ 8

1 R=Me, 3a:75% 4a: -
R=H, 3b: 69% 4b: 25%
Scheme 17

58 Tenaglia, A.; Gaillard, S. Angew. Chem. Int. Ed. 2008, 47, 2454.

9 Work developed in collaboration with César Rogelio Solorio-Alvarado.
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In order to improved the selectivity, we decided to screen different gold
catalysts with alkynyl cycloheptatriene 1a as substrate. We also investigated the
rearrangement reaction in the presence of other known m-Lewis acids as

catalysts.60
Table 1
Me Me Me

// Catalyst (5 mol%) O O

O CH,Cly (0.3 M), 1 h O’ 8

1a 3a 4a
Entry Catalyst Temperature Converasion Ratio
r%l 3a: 4a°
1 E 23°C >99 75:25
2 E 0°C >99 84:16
3 H° 0°C >99 48:52
4 F 0°C >99 80:20
5 G 0°C >99 62:38
6 S 0°C >99 84:16
7 AuCly 0°C >99 87:13
8 AuCl 0°C 50 96:4
9 BB 0°C >99 >99:1
10 K 0°C >99 0:100
11 PtCl, 0°C 0 -
12 GaCl, 0°C 0 -
13 AgOTf 0°C 0 -
14 ICI 0°C >99 -
15 TfOH 0°C >99 -
16 BF;-OEt, 0°C 0 -
17 Hg(OAc), 0°C 0 -
18 InCly 0°C 0 -

Conversions and product ratios were determined by 'H NMR analysis of the crude reaction
mixtures. °Generated in situ by mixing 5 mol% PhsPAUCI with 5 mol% AgSbFs.

°Decomposition of starting material observed without product formation.

00 Work developed in collaboration with Dr. Paul McGonigal.
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First, we realized that the reaction could be performed at 0 °C for 1 h, which
increased the selectivity for 3a. Treating 1a with a variety of gold complexes
led to rapid isomerization to indene products 3a and 4a (entries 1-10). Other
common m-acids were found not to be catalytically active in this
transformation (entries 11-18). The ratio of regioisomers 3a:4a was sensitive
to the gold source employed. Gold trichloride, cationic phosphine- and N-
heterocyclic carbene gold(I) complexes generated mixtures (entries 1-7).
However gold chloride and complexes BB and K exhibited excellent bias
towards one regioisomer (entries 8—10), allowing either 1-(p-tolyl)-1H-indene
3a or 2-(p-tolyl)-1H-indene 4a to be formed selectively. The high selectivity
and conversions obtained with BB and K prompted us to use these catalysts
for further investigation.

Then we focused on the optimization of the solvent and the catalyst loading
for the rearrangement of substrate 1 catalyzed by complex BB. The best

conditions are highlighted in Table 2 (entry 6).

Table 2
Me Me

Catalyst BB
// atalys g
OS e

1a 3a

Entry Catalyst loading Solvent Yield *
(mol %) 3a (%)

1 5 CH,Cl, 94

2 5 THF 93

3 5 Toluene 93

4 5 CH5CN 80

5 25 CH,Cl, 90
6 1 CH.Cl, 92 (88)°

7 0.25 CH,Cl, 92

2 Estimated by 'H NMR analysis of crude reaction mixture. ° Isolated yield.
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The same was carried out with complex K, being the conditions depicted in

entry 3 (Table 3) the best conditions for this transformation.

Table 3
Me Me
// Catalyst K O
O 0°C, 1h ‘
1a O 4a
Entry Catalyst loading Solvent Yield *
(mol %) 4a (%)
1 5 CH,Cl, 45
2 5 THF 41
3 5 Toluene 74 (60°)
4 2.5 Toluene 68
5 1 Toluene 64
6 0.25 Toluene 40
7 5 DCE 36
8 5 CH;CN 22 (54 % conv.)
9 5 DMF 20 (85 % conv.)

2 Estimated by 'H NMR analysis of crude reaction mixture. ° Isolated yield.

In order to test the tolerance of this transformation towards changes in the
alkyne substituent, a set of 7-alkynyl cyclohepta-1,3,5-triene substrates was
synthesized by the reaction of commercially available tropylium
tetrafluoroborate with lithium acetylides that were prepared in situ from the

corresponding terminal alkynes.
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Table 4

BuLi (1 equiv)

R— THF, -78 °C, 1h R— < ]
then TTFB (1 equiv)
RT, 5h 1
Entry Alkyne Product/Yield®
1 R = p-tolyl 1a 89%
2 R = phenyl 1b 74%
3 R = m-tolyl 1c 73%
4 R = o-tolyl 1d 71%
5 R = p-methoxyphenyl 1e 74%
6 R = p-fluorophenyl 1f 85%
7 R = p-chlorophenyl 19 67%
8 R = p-bromophenyl 1h 47%
9 R = 2’-biphenyl 1i 88%
10 R = 2-naphtyl 1j81%
11 R = 3-thienyl 1k 79%
12 R = ferrocenyl 11 52%
13 R=Bn 1m 66%
14 R =CH:Bn 1n 81%
15 R=H 10° 70%
16 R=Bu 1p 86%
17 R =TMS 19 40%
18 — — 1r67%
19 [l 1s 23%
& X

®|solated vyields. °Prepared from 7-methoxycyclohepta-1,3,5-triene and ethylmagnesium
bromide.*’

These substrates were subjected to the optimized reaction conditions. The
catalyst-controlled regioselectivity we observed in the cycloisomerization of 1a
was retained for the majority of substrates, although in two instances mixtures

were obtained (Table 5, entries 4B and 13A). In general reactions were

61 Hoskinson, R. M. Aust. ]. Chem. 1970, 23, 399.
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complete within 1 hour at 0 °C, picolinate catalyst BB afforded 1-substituted
indenyl products in good isolated yields (55-88%) whereas phosphite gold(I)
catalyst K produced the 2-substituted indenyl isomers in slightly lower yields
(30—76%), probably due to partial decomposition in the presence of the more
reactive phosphite complex. Substrates bearing aryl groups with substituents in
the 2-, 3-, or 4-positions performed similatly (Table 5, entries 1-9) and
electron donating or withdrawing substituents were tolerated (e.g. Table 5,
entries 5 and 6). Fused aromatic and heteroaromatic alkynyl cycloheptatrienes
were also suitable substrates (Table 5, entries 10 and 11) although slightly more
forcing conditions were necessary in order to achieve complete conversion of
thiophenyl enyne 1n with catalyst BB. Aside from aryl alkynes, benzyl
substrate Im isomerized to indene products successfully (Table 5, entry 13).
Terminal alkyne 1o was also unreactive under set of conditions A, but could be

converted to indene in moderate yield using phosphite catalyst K (entry 15).

Table 5

Conditions A

R
or R

.
7 O’O‘

Entry Substrate Product/Yield®
Conditions Conditions
A B°
1 1a 3a 86% 4a 60%
2 1b 3b 64% 4b 51%
3 1c 3¢ 55% 4c 50%
4 1d 3d 76% 3b/4d
(1:1.8)°
48%
5 1e 3e 69% 4e 30%
6 1f 3f 63%° 4f 60%
7 19 39 80% 49 59%
8 1h 3h 82% 4h 57%
9 1i 3i77% 4i 76%'
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10 1j 3j 75% 4m 51%
11 1k 3k° 66% 4n 41%
12 11 - 40 23%
3m/4m
13 1m p 4m 57%
(1:2)" 76%
14 1n - 4n 31%
3o0=40
15 10 - ¢
54%
16 1p - -
17 1q - -
18 1r 9 ar, 45%
19 1s 9 4s, 36%

®|solated yields. "Conditions A: 12 (1 mol%), CH,Cl, (0.29 M), 0 °C, 1 h. “Conditions B: 13 (5
mol%), PhMe (0.29 M), 0 °C, 1 h. “Isolated as a mixture. ®12 (5 mol%), rt, 2 h. *Yield calculated

by "H NMR. °Reaction not performed as a mixture of diastereoisomers would be produced.

3.2 Intercepting barbaralyl intermediates with nucleophiles

The mechanism through which indenes were obtained was still a puzzle. We
first hypothesized that it might proceed through an allene intermediate (Schenze
18) but that did not explain why substituents on the aryl group were never

found in the indene moiety.

Ar Ar
P —
Il —AuL+ [I| —AuLs & & A/
LA z LAY =/ 4 H )=
In— ( — [ — ! — 3alda
Ar H Ar [

H Ar H

Scheme 18: First mechanistic proposal

We attempted the trapping of an intermediate that could shed some light into
the mechanistic pathway followed by the gold-catalyzed cyclization of alkynyl
cycloheptatrienes.

Substrates 5 and 6, which feature pendant olefins attached to the

cycloheptatriene ring via the alkyne, underwent cycloisomerization in the
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ptesence of cationic gold catalyst S to form polycyclic products 7 and 8/8

respectively (Scheme 19).62

COzMe
COMe 5 (5 mol%)
// mol/ a
R
\ CH,Cly, 16 h, 1t
Ph
5
NTs
// S (5 mol%) b

\  CH,Cl,, 16 h, rt

6 8 8
Scheme 19

Unambiguous structural assignment by X-ray diffraction of single crystals

revealed the products to be barbaralanes (Fizgure 10).

b)

02 Work developed in collaboration with Yahui Wang.
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<)
Figure 10: X-Ray Crystal Structures of a) 7, b) 8 and ¢) 8.

Tautomeric barbaralanes 8 and 8" equilibrated rapidly on the NMR timescale
at room temperature in deuterochloroform via strain-assisted Cope
rearrangement and were detected as a 1:1 mixture in the solid state whereas 7
was observed as a single tautomer. Figure 17 illustrates the 'H-NMR spectra
recorded under ambient conditions of 8 and 8, which show sharp signals due
to rapid exchange on the NMR timescale, averaging the resonances due to
protons 2 and 4, or 6 and 8. As the temperature was lowered, the peaks
broadened and merged with the baseline before reappearing at 148 K at which
point exchange is slow on the NMR timescale and one isomer exists in
solution as the major species. At room temperature, protons 3 and 7 resonate
at 5.6 ppm but protons 2, 4, 5 and 8 do not appear in the Csp? region. At 148
K, four protons appear in the olefinic region (5.9-5.3 ppm), protons 3 and 7,

as well as two more protons—either 2 and 8 or 4 and 6.
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WYH-4-30-2-Bi/16
proton 148 K I

A
VA .~ 4H I

WYH-4-30-2-Bi/15
proton 158 K |
l‘

DAVAR N 7_7/¥/“ (S

WYH-4-30-2-Big/14 |

proton 168 K |
=7
A DN o

WYH-4-30-2-Big/13 .
proton 178 K I

WYH-4-30-2-Big/12
proton 188 K I

WYH-4-30-2-Big/11 (‘
proton 198 K

WYH-4-30-2-Bi/10

proton 208 K “ | “
i

|

WYH-4-30-2-Big/
proton 228 K

lhy

52 5.0 4.8 4.6 4.4 4.2 4.0 3.8 3.6 3.4

proton 298 K

WYH-4-30-2-Bif{1 ‘
J

Figure 11: Variable temperature '"H NMR (500 MHg, THF-dg/ CS2=1:5) spectra of
8/ 8", region from 7.9 to 3.3 ppm.

These results strongly suggested that a barbaralyl cationic intermediate was
indeed the key species in the mechanism we had at hand.

To gain more direct evidence for the intermediacy of a cationic barbaralyl
species in the transformation of 7-alkynyl cyclohepta-1,3,5-trienes 5 to indenes
6 and 7, we sought to intercept an intermediate by employing methanol as co-
solvent (Scheme 20). Thus, cyclization of substrate 1j in 1:1 methanol-
dichloromethane afforded barbaralane methyl ether 9 in 40% yield, along with

minor amounts of indenes 3j and 4j.
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QO E (5 mol%)

CH,Cly-MeOH 1:1
7 —

2h, 1t
SN

Scheme 20

The structure of 9 was confirmed by crystallographic analysis (Fzgure 12). The
rigid tricyclo[3.3.1.028]nona-3,6-dien-9-yl carbon skeleton is clearly evident in
all the solid state structures shown in Figure 10 and Figure 12, suggesting that
such a cage-like motif is prominent in the reactive intermediates formed

during the course of the reaction.

Figure 12: X-Ray crystal structure of 9.

3.3 The barbaralyl cation.

The 9-barbaralyl cation®3 (Figure 13a), is a hugely fluxional CoHo* hydrocarbon
that exists as a mixture of 181 400 degenerate forms®* that interconvert rapidly
at temperatures as low as —135 °C,%5 each carbon atom may exchange with

every other carbon atom in the structure via a series of pericyclic reactions.

63 Lambert, ]. B. Tetrabedron Lett. 1963, 4, 1901.
04 Cremer, D.; Svensson, P.; Kraka, E.; Ahlberg, P. |. Anm. Chem. Soc. 1993, 115, 7445.
65 Ahlberg, P.; Harris, D. L.; Winstein S. J. An. Chem. Soc. 1970, 92, 4454.
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a b c
Figure 13: a) 9-barbaralyl cation, b) semibullvalene and ¢) bullvalene.

Barbaralanes % are known to ‘shape-shift’ ¢ via strain-assisted Cope
rearrangements, analogous to the behavior of semibullvalene and bullvalene
(Figure 13b and ¢, respectively).®® However this mechanistic pathway is only
followed in neutral systems and results in just two degenerate tautomers for
barbaralane (CoHio). Seminal experimental and computational studies by
Ahlbergt+659 and others™ have revealed that a dramatically different course is
followed by cationic barbaralyl species, which can bring about complete

scrambling of the core Cy framework (Scheme 21).

+

ﬁ (CH)g* ﬁ

Scheme 21

66 Quast, H.; Geissler, E.; Mayer, A.; Jackman, L. M.; Colson, K. L. Tetrabedron 1986, 42, 1805.

67 (a) Lippert, A. R.; Keleshian, V. L.; Bode, J. W. Org. Biomol. Chem. 2009, 7, 1529. (b) He, M.;
Bode, J. W. Proc. Natl. Acad. Sci. U.S.A. 2011, 108, 14752. (c) Larson, K. K.; He, M.; Teichert, J.
F.; Naganawa, A.; Bode, J. W. Chem. Sci. 2012, 3, 1825.

68 Schroder, G. Angew. Chem. Int. Ed. 1963, 2, 481.

9 (a) Ahlberg, P.; Grutzner, ]. B.; Harris, D. L.; Winstein, S. |. Am. Chen. Soc. 1970, 92, 3478. (b)
Engdahl, C.; Jonsill, G.; Ahlberg, P. |. Am. Chem. Soc. 1983, 105, 891. (c) Engdahl, C.; Ahlberg, P.
. Phys. Org. Chem. 1990, 3, 349.

70 (a) Barborak, J. C.; Daub, J.; Follweiler, D. M.; Schleyer, P. v. R. J. Am. Chem. Soc. 1969, 91,
7760. (b) Barborak, J. C.; Schleyer, P. V. R. J. Aw. Chem. Soc. 1970, 92, 3184. (c) Grutzner, J. B.;
Winstein, S. J. Am. Chem. Soc. 1972, 94, 2200. (d) Werstiuk, N. H. Can. J. Chem. 2010, 88, 1195.
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3.4 Mass spectrometry experiments.

Since most of the barbaralyl intermediates seemed to be short-lived, we
subjected the reaction to a mass spectrometry analysis in order to detect them.
Since this technique detects only charged entities, we first tried the reaction

using substrate 1a with catalyst E, a cationic complex (Figure 14).

Me Me Me

// Catalyst E (5 mol%) O O

_—
O CH,Cl, -10 °C O’ ‘

1a 3a 4a
1 ppm acetonitrilo
120525m_cdI758 406 (4.082) Cm (395:411-66:87x5.000) TOF MS ES+
100- 5362 1.78e4
apillary 1500
LIS
5372 907.4
908.4
6163
5652 173
| n20 207.42174 3457 3852 4093 4952 585.2( 64437013 7244 7555 8053 g5y 9913
O TR e R e e S e R s SRR R preke

Figure 14: Mass spectrometry analysis of the cyclization of susbtrate 1a with catalyst E.

We expected a signal with 7/ = 701 which would cotrespond to coordination
of the gold complex to the substrate. Indeed this peak was observable even if
it was not intense. The peak with 7/z = 536 cotrespond to the cationic part of
the catalyst (Figure 15). The signal with »/z =907 (Figure 14) was totally

unexpected.
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Figure 15: Fragments identified by Mass spectrometry analysis of the cyclization of
susbtrate 1a with catalyst E.

This signal corresponds to the coordination of the gold complex with two
molecules of substrate (Figure 15). Similar type of complexes has been
reported by Das and co-workers’! who were able to isolate Au(l) bis(alkyne)
complexes. Quadrupole time of flight (QTOF) experiments confirmed that a
signal with 7/ = 701 could be obtained from fragment with 7/% = 907, along
with fragments that cortesponded to the gold catalyst (w/z = 513 and 495).
(Figure 16).

71 Das, A.; Dash, C.; Yousufuddin, M.; Celik, M. A.; Frenking, G.; Dias, H. V. R. Angew. Chem.
Int. Ed. 2012, 51, 3940.
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Figure 16: Q-TOF experiment performed on fragment with m/3 = 907.

Repeating these experiments with AuCl and complex BB as catalysts did not
provide any recognizable fragment. Ionization of the formed species seemed
to be difficult in dichloromethane or acetonitrile as solvents. Unfortunately,
carrying out the reaction in methanol was not viable since the reaction does

not proceed cleanly in that solvent.

3.5 Isotopic labeling studies.

Having established the likely intermediacy of barbaralyl structures, we were
still intrigued to understand how they developed into the final indene products
and, importantly, we were unsure if the short-lived cationic barbaralyl species
evolve via a short series of steps or whether they undergo numerous
rearrangements. Accordingly, we undertook isotopic labeling studies using the
deuterated ethynylcycloheptatriene 10’. The straightforward procedure
described by Poullain and co-workers?? allowed us to prepare it with 82 %

yield (Scheme 22).

72 Bew, S. P.; Hiatt-Gipson, G. D.; Lovell, J. A.; Poullain, C. Org. Letz. 2012, 74, 456.
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D
7 V4
KoCOj3, CH5CN, RT, 30 min
then D,O, RT, 1 h, 82 %
%D >99%
1o 10°
Scheme 22

Gold-catalyzed cyclization of substrate 10’ with catalyst E did not provide a
single isotopologue. Actually, analysis of the 1H NMR spectrum suggested that
the deuterium label was lost since all the protons integrated for 1. On the
other hand, we could identify satellite signals for each carbon signal (Figure 17)
which was consistant with deuteration in different positions of the molecules

but we could not assign the deuterated positions.

o s ~\‘ A bbby A M WMM“LN

1‘;7 14‘35 1‘;5 14‘34 1‘;3 11‘32 lé‘ll 11‘30 1‘39 1;8 1‘37 1;6 1;5 1;4 1;3 13‘2 1;21 %;0 1);9 l;& 1%7 l;ﬁ 1&5 1;4 12‘3 1;2 12‘1 1%0 l]‘ﬂ 1{8 4‘2 4‘1 4‘0 3‘9 3‘3
ppmM
Figure 17: Comparison of the C NMR spectra of a) indene and b) product of gold-
catalyged cyclization of 50°.
Since deuterium labeling did not provide any insight in the mechanism, we

decided to prepare two alkynyl cycloheptatrienes bearing a 13C label as part of
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the alkyne at either the position adjacent to the cycloheptatriene moiety (1j”) or
attached to the naphthyl ring system (1j""). The synthesis of the former labeled
substrate is depicted in Scheme 23. We prepared the Grignard reagent from
iodomethane-3C which was added to naphthaldehyde at O °C. The desired
benzylic alcohol 10 was then oxidized with Dess-Martin periodinane to afford
ketone 11. Dehydration was achieved by means of a phosphazene base and
nonafluorobutanesulfonyl fluoride to yield alkyne 12. Finally substrate 1j" was
obtained in good yield by lithiation of the terminal alkyne and subsequent

quenching with TTEFB.

o]
I
| X + 13CH,Mgl Sther 0°C, 10 min ether, 0°C, 10 min (j/vxrtwcH Dess Martin
Z M cr—420|2 RT 2h

[0}

P1-base, NfF SCH Bulzl THF
| B wen, _ DMRO°C _78C1h @1307
= then RT, 20 h, 42 % TTFB RT 5h
1"
Scheme 23

The synthesis of substrate 1j°° was more straightforward as illustrated in
Scheme 24. Lithium-halogen exchange followed by dimethyl fomamide-13C
quenching afforded the desired labeled naphthaldehyde 13, which then
underwent a Bestmann-Ohira reaction to afford the desired alkyne 14. The
desired substrate was obtained in moderate yield under the already described

conditions.
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Scheme 24

The two labeled substrates (red dot, 1j’; blue dot, 1j°") were subjected to

methoxycyclization (Scheme 25) to capture isotopologues of barbaralane 9.

QO E (5 mol%)

CH,Cly-MeOH 1:1
—_———

4? 2h,rt
1j' =13C,.=C 9' .:130,.=C
1j" e=C, e=13C 9" e=C, e=13C
Scheme 25

Methoxycyclization of either 1j” or 1j°" generates 9 or 9°” in which the 13C
label has been transferred with complete fidelity to a single position in the
barbaralane products (Scheme 25), indicative of a mechanism proceeding via a
small number of steps. If the barbaralyl intermediate could undergo manifold
pericyclic rearrangements prior to interception with methanol, the 13C label of
(red dot) would be expected to disperse throughout the barbaralane
skeleton.
These substrates were also subjected to the standard cyclization conditions A

and B (Scheme 26) to yield 1-naphthyl and 3-naphthyl indenes respectively.
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Scheme 26

Generally, cycloisomerization under conditions A or B affords single
isotopomers as products, however the transformation of 1j° catalyzed by
phosphite complex K (conditions B, product 4j") yielded a mixture of two
isotopomers in which the 13C label was located in either the 1- or 3-position of
the indene. Examination of the 13C NMR spectra of 2-naphthyl indenes 3j, 3j’,
and 3j"" (Figure 18) revealed unexpectedly that the 13C labeled atoms atre found
at the quaternary positions of the indene core—separated from the

naphthalene by an extra bond in comparison with the starting compounds 1j°

and 1j7".
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Figure 18: Determination of 13C label position by NMR. C NMR spectra (500 MHy,
CDCls, 298 K) of a, unlabeled product 3j; b, product 3j° resulting from

145

¢ycloisomerigation of 17°; and ¢, product 37" resulting from cycloisomerigation of 177",

3.6 Mechanistic rationale

Experimental and theoretical studies have established that the CoHo*
barbaralyl cation fluctuates between degenerate isomers via a unique network
of reaction paths involving 30240 degenerate divinylcyclopropylcarbinyl

cation—divinylcyclopropylcarbinyl cation rearrangements (dvepc—dvepe, one
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cyclopropyl bond is broken as another forms) and 90 720 rearrangements
which pass through a bicyclo[3.2.2]nona-3,6,8-trien-2-yl transition state.®*
Although the number of energetically accessible non-degenerate isomers and,
hence the number of possible rearrangements, is markedly reduced in
substituted systems®c such as ours, the key mechanistic features remain the
same. The mechanistic rationale that accounts for our experimental
observations was formulated based on these known steps and is presented in
Scheme 27, Scheme 28 and Scheme 29. We propose that coordination of the
catalyst to the alkyne initiates a 6-endo-dig 1,6-enyne cyclization affording
barbaralyl-gold complex II, pictured by invoking a gold carbene resonance
form. 7 Intermediate II can irreversibly transform into homoaromatic
bicyclo[6.3]nonatrienyl cation IIL70d which can suffer deauration with a
concomitant 1,2-shift through TS-III, to establish aromaticity, liberate 1-
substituted indene product 6, and regenerate the catalytically active metal
species (Scheme 27). As a consequence of the 1,2-shift, the R group separates
from the carbon atoms that originated from the alkyne of 1 (red and blue dots)

as detected in products 3j" and 3j" (Scheme 26 and Figure 18).

Ry 1
AulL
R Al R Al R a TS R
N e o
| Il

L] 3
1/5/6

Scheme 27

73 (a) Benitez, D.; Shapiro, N. D.; Tkatchouk, E.; Wang, Y.; Goddard, W. A.; Toste, F. D. Nature
Chem. 2009, 1, 482. (b) Pérez-Galan, P.; Herrero-Gémez, E.; Hog, D. T.; Martin, N. J. A,
Maseras, F.; Echavarren, A. M. Chene. Sci. 2011, 2, 141. (c) Pérez-Galan, P.; Martin, N. J. A,
Campafa, A. G.; Cardenas, D. J.; Echavarren, A. M. Chem. Asian ]. 2011, 6, 482.
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Alternatively, reversible dvepe-dvepe rearrangement of II (Scheme 28) via
transition state TS-I generates isomeric barbaralyl-gold complex IV, the

precursor to methoxycyclization product 9.

t
R AulL
R o g MeOH R L Rl
u TSH Ut e g R X_OMe
. . — Y
- Aul
MeO” u
L\
Il v Vi 9
Scheme 28

By analogy to the reversible isomerization process in CoHo*,%* barbaralyl-gold
complex VII can be accessed by evolution of TS-I via V and and TS-II
(Scheme 29). Homoaromatic bicyclo[6.3]nonatrienyl cation VIII is then
formed irreversibly and can aromatize with concomitant proton loss and 1,2-
hydride shift via two pathways to generate either IX or X. Protodeauration of
cither intermediate liberates the same 2-substituted indene products 4, the
preceding steps are only distinguishable in the case of 13C labeled indene 4j°

which was isolated in a near 1:1 mixture of isotopomers.
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Scheme 29

Gold-stabilized cations generated in this reaction fluctuate between a
minimum of three barbaralyl structures II, IV, and VII. In the case of
reactions performed using catalyst E, experimental evidence illustrates that all
three of these intermediates are accessed as indenes 3 and 4, and barbaralane 9
have all been isolated. Given this fact, it is remarkable that certain catalysts
such as picolinate complex BB and phosphite complex K are able to exercise
such a high level of control over the pathway that is followed. It is possible
that other low energy, transient barbaralyl intermediates are also present
during the course of these reactions but have escaped detection as they are not
direct precursors to any of the compounds isolated in this study, however, 13C
labeling experiments have shown that the barbaralyl species are not sufficiently
long-lived to allow carbon atoms of the cage-like skeleton to exchange

positions.
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The sheer number of conceivable permutations makes it impractical to
perform calculations to calculate the relative energies of all possible isomers,
however DFT modeling of our proposed intermediates with the MO06
functional showed in all cases that the minimum structures correspond to 1-
aryl-9-barbaralyl-gold species such as ITa and ITb with bond lengths between
C1 and C-9 of 1.38-1.41 A, intermediate between single and double carbon-
carbons bonds (Figure 19). The C-Au bond distance in neutral ITa, with a more
donating chloride ligand, is shorter than in cationic IIb (2.00 A vs. 2.07 A),
corresponding to a more metal carbene-like structure for the former, neutral

intermediate.

lid

Figure 19: DFT modeling of nentral intermediates Ila and Ilc and cationic intermediates
ITb and 114
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4. Conclusions

We have reported a new method that allows catalytic generation of fluxional
barbaralyl cations directly either from easily-prepared 7-alkynyl cyclohepta-
1,3,5-trienes 1.

The reactions are catalyzed by gold complexes, under mild conditions and do
not require inert atmosphere or exclusion of water. In the absence of
nucleophiles, substituted indenes are produced in good to high yields with
catalyst-controlled regiochemistry.

The nature of the gold catalyst affects the evolution of the cationic
intermediate. Such influence over the speciation of barbaralyl cations is
unprecedented.

We have also demonstrated that this methodology can be exploited to
synthesize barbaralanes in moderate yields simply by the addition of an
internal or external nucleophile.

On the basis of 13C labeling studies, nucleophilic trapping of intermediates,
computational modeling and literature precedent we have presented a

mechanistic rationale which accounts for our findings.
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5. Experimental section

5.1 General

Unless otherwise stated, reactions were carried out under argon atmosphere in solvents

dried by passing through an activated alumina column on a PureSolv™ solvent

purification system (Innovative Technologies, Inc., MA). Analytical TLC was

performed on precoated silica gel plates (0.2 mm thick, Gf234, Merck, Germany) and

observed under UV light. Flash column chromatography purifications were carried out

using flash grade silica gel (SDS Chromatogel 60 ACC, 40-60 um) as the stationary

phase. Preparative TLC was performed on 20 cm X 20 cm silica gel plates (2.0 mm

thick, catalogue number 02015, Analtech). NMR spectra were recorded at 298 K on a

Bruker Avance 400 Ultrashield and Bruker Avance 500 Ultrashield apparatus.

Chemical shifts are reported in parts per million and referenced to residual solvent.

Coupling constants (f) are reported in hertz (Hz). Mass spectra were recorded on a
Waters LCT Premier Spectrometer (ESI and APCI) or on an Autoflex Bruker
Daltonics (MALDI and LDI) or on a Maxis Impact Bruker (QTOF) or on an

AgilentMSD-5975B (GC-MS). Melting points (M.p.) were determined using a Biichi

melting point apparatus.

Unless otherwise stated, all reagents were purchased from commercial sources and

used without further purification. Gold complexes were synthesized according to

literature procedures (C. H. M. Amijs, V. Lépez-Carrillo, M. Raducan, P. Pérez-Galan,
C. Ferrer, A. M. Echavarren, |. Org. Chem. 2008, 73, 7721-7730). (Acetonitrile)[(2-

biphenyl)di-er#-butylphosphine]gold(I) hexafluoroantimonate 8 which was

purchased from Aldrich.
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5.2 General Procedure for the Synthesis of 7-Alkynylcyclohepta-1,3,5-trienes (1)

BuLi (1 equiv)

THF, -78 °C, 1h
R > R—
then TTFB (1 equiv)

RT, 5h 1

The terminal alkyne substrate (2.5 mmol) was placed in an oven-dried 25 mL screw-cap
tube fitted with a septum under a nitrogen atmosphere. Dry THF (15 mL, 0.17 M) was
added and the resulting solution was cooled to -78 °C before adding n-BuLi (1.6 M in
hexanes, 1.6 mL, 2.56 mmol, 1.1 equiv) and stirring for 40 minutes at this temperature.
Solid tropylium tetrafluoroborate (445 mg, 2.5 mmol, 1 equiv) was added, the cooling
bath removed, and the mixture stirred at room temperature for 5 h. The reaction was
quenched with an aqueous solution of NH4Cl (30 mL, saturated) then extracted with
EtOAc (3%20 mL). The combined organic extracts were dried over MgSO4 and
solvent was removed under reduced pressure. The crude residue was purified by
column chromatography on silica gel with cyclohexane as eluent unless otherwise

stated.

7-(p-Tolylethynyl)cyclohepta-1,3,5-triene (1a)

=)

The title compound 1a was obtained from 1-ethynyl-4-methylbenzene (10 mmol scale)
as a yellow, waxy solid (1.8389 g, 8.92 mmol, 89%). 'H NMR (500 MHz, CDCl3) 6 7.36
(d, ] = 8.1 Hz, 2H), 7.12 (d, ] = 8.0 Hz, 2H), 6.72 — 6.66 (m, 2H), 6.25 — 6.18 (m, 2H),
5.43 (dd, ] = 9.0, 5.5 Hz, 2H), 2.70 (tt, ] = 5.5, 1.6 Hz, 1H), 2.35 (s, 3H). 3C NMR
(126 MHz, CDCls) 6 138.08, 131.73, 131.15, 129.14, 124.83, 123.53, 120.52, 90.42,
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80.81, 32.44, 21.59. HRMS-APCI »/z = 207.1162 [M+H]*, calculated for CisHis:
207.1174

7-(Phenylethynyl)cyclohepta-1,3,5-triene (1b)

The title compound 1b was obtained from phenylacetylene as a yellow oil (356 mg,
1.85 mmol, 74%). 'H NMR (500 MHz, CDCls) 6 7.49 — 7.44 (m, 2H), 7.33 — 7.29 (m,
3H), 6.69 (dd, ] = 3.6, 2.6 Hz, 2H), 6.25 — 6.18 (m, 2H), 5.43 (dd, ] = 8.8, 5.4 Hz, 2H),
2.71 (tt, ] = 5.5, 1.5 Hz, 1H). 13C NMR (126 MHz, CDCls) 6 131.86, 131.17, 128.39,
128.06, 124.91, 123.61, 123.35, 91.19, 80.76, 32.40. HRMS-APCI »/z = 193.1018
[M+H]*, calculated for CisHis: 193.1017

7-(m-Tolylethynyl)cyclohepta-1,3,5-triene (1¢)

Me

The title compound 1c was obtained from 1-ethynyl-3-methylbenzene as a yellow oil
(291 mg, 1.41 mmol, 73%). 'H NMR (500 MHz, CDCl3) 6 7.32 - 7.24 (m, 2H), 7.19
(t, ] = 7.6 Hz, 1H), 7.11 (d, ] = 7.5 Hz, 1H), 6.69 (t, ] = 3.2 Hz, 2H), 6.25 - 6.18 (m,
2H), 5.43 (dd, J = 9.0, 5.4 Hz, 2H), 2.70 (tt, ] = 5.5, 1.5 Hz, 1H), 2.33 (s, 3H). 13C
NMR (126 MHz, CDCls) 6 138.05, 132.48, 131.16, 128.95, 128.91, 128.29, 124.87,

123.44, 123.39, 90.82, 80.89, 32.41, 21.37. HRMS-APCI /7 = 207.1165 [M+H]*,
calculated for Ci¢His: 207.1174
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7-(0-Tolylethynyl)cyclohepta-1,3,5-triene (1d)

The title compound 1d was obtained from 1-ethynyl-2-methylbenzene as a yellow oil
(363 mg, 1.76 mmol, 71%). 'H NMR (500 MHz, CDCls) 6 7.43 (d, ] = 7.3 Hz, 1H),
7.22 =717 (m, 2H), 7.13 (dt, | = 8.6, 4.3 Hz, 1H), 6.69 (dd, ] = 3.7, 2.7 Hz, 2H), 6.26
- 6.19 (m, 2H), 5.45 (dd, J = 9.1, 5.5 Hz, 2H), 2.77 (tt, ] = 5.5, 1.4 Hz, 1H), 2.46 (s,
3H). 3C NMR (126 MHz, CDCls) 6 140.31, 132.07, 131.18, 129.49, 128.04, 125.62,
124.91, 123.60, 123.33, 95.19, 79.61, 32.55, 20.89. HRMS-APCI »/z = 207.1164
[M+H]*, calculated for CisHis: 207.1174

7-((4-Methoxyphenyl)ethynyl)cyclobepta-1,3,5-triene (1¢)

o =)

The title compound le was obtained from 1-ethynyl-4-methoxybenzene as a yellow
solid (356 mg, 1.85 mmol, 74%). The isolation of the product was achieved with
CH:Cly/cyclohexane (1:99). M.p. = 69 — 71 °C. 'H NMR (500 MHz, CDCls) 6 7.44 —
7.36 (m, 2H), 6.86 — 6.82 (m, 2H), 6.68 (dd, | = 3.6, 2.7 Hz, 2H), 6.24 — 6.17 (m, 2H),
5.43 (dd, J = 8.6, 5.5 Hz, 2H), 3.81 (s, 3H), 2.68 (tt, ] = 5.5, 1.5 Hz, 1H). 3C NMR
(126 MHz, CDCl3) 6 159.46, 133.22, 131.15, 124.80, 123.63, 115.74, 114.02, 89.66,

80.52, 55.43, 32.44. HRMS-APCI m/z = 223.1124 [M+H]*, calculated for CisHi50:
223.1123
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7-((4-Fluorophenyl)ethynyl)cyclohepta-1,3,5-triene (1f)

O=C

The title compound 1f was obtained from 1-ethynyl-4-fluorobenzene as a yellow oil
(446 mg, 2.12 mmol, 85%). 'H NMR (500 MHz, CDCls) 6 7.47 — 7.41 (m, 2H), 7.04 —
6.97 (m, 2H), 6.72 — 6.67 (m, 2H), 6.25 — 6.19 (m, 2H), 5.42 (dd, ] = 8.9, 5.5, 2H), 2.70
(t, ] = 5.5, 1H). 3C NMR (126 MHz, CDCls) 6 133.40, 131.71, 131.27, 125.12, 122.96,
122.65, 122.29, 92.49, 79.85, 32.43. F NMR (376 MHz, CDCls) 6 111.69. HRAPCI-

MS m/z = 211.0919, calc. for CisHpF = 211.0923. HRMS-APCI »/z = 211.0919
[M+H]*, calc. for CisHp2F = 211.0923.

7-((4-Chlorophenyl)ethynyl)ecyclohepta-1,3,5-triene (1g)

D=

The title compound 1g was obtained from 1-chloro-4-ethynylbenzene as a yellow oil
(356 mg, 1.68 mmol, 67%). 'H NMR (500 MHz, CDCl3) 6 7.41 — 7.37 (m, 2H), 7.30 —
7.27 (m, 2H), 6.69 (dd, ] = 3.5, 2.8, 2H), 6.22 (dddd, ] = 8.7, 3.8, 2.5, 1.4, 2H), 5.41 (dd,
J = 8.7, 5.6, 2H), 2.71 (tt, ] = 5.5, 1.3, 1H). 13C NMR (126 MHz, CDCls) 6 134.11,
133.16, 131.27, 128.78, 125.10, 123.02, 122.18, 92.29, 79.79, 32.41. HRMS-APCI /3
= 227.0616 [M+H]", calc. for C1sH12Cl = 227.0628.
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7-((4-Bromophenyl)ethynyl)cyclobepta-1,3,5-triene (1h)

:Br

The title compound 1b was obtained from 1-bromo-4-ethynylbenzene as a colorless oil
that solidified upon standing (319 mg, 1.18 mmol, 47%). M.p. = 60 — 61 °C. 'H NMR
(500 MHz, CDCl3) 6 7.48 — 7.41 (m, 2H), 7.35 — 7.29 (m, 2H), 6.72 — 6.66 (m, 2H),
6.22 (dddd, ] = 8.7, 3.8, 2.6, 1.4, 2H), 5.41 (dd, ] = 8.7, 5.5, 2H), 2.70 (ddd, ] = 5.5, 4.2,
1.3, 1H). 3C NMR (126 MHz, CDCls) 6 133.40, 131.71, 131.27, 125.12, 122.96, 122.65,

122.29, 92.49, 79.85, 32.43. HRMS-APCI »/z = 271.0118 [M+H]*, calc. for
C15H1279Br =271.0122.

2-(Cyclohepta-2,4,6-trien-1-ylethynyl)-1,1"-biphenyl (13)

2-ethynyl-1,1"-biphenyl (177 mg, 993 umol, prepared according to a literature
procedure: John, J. A; Tour, J. M. Tetrabedron 1997, 53, 15515-15534) was placed in an
oven-dried 25 mL screw-cap tube fitted with a septum under a nitrogen atmosphere.
Dry THF (8 mL, 0.125 M) was added and resulting solution was cooled to -78 °C
before adding n-BuLi (1.6 M in hexanes, 0.68 mL, 1.09 mmol, 1.1 equiv) and stirring
for 40 minutes at this temperature. Solid tropyllium tetrafluoroborate (194 mg, 1.09
mmol, 1.1 equiv) was added, the cooling bath removed, and the mixture stirred at
room temperature for 5 h. The reaction was quenched with an aqueous solution of

NH4Cl (30 mL, saturated) then extracted with EtOAc (3X20 mL). The combined
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organic extracts were dried over MgSO4 and solvent was removed under reduced
pressure. The crude residue was purified by column chromatography on silica gel with
9:1 cyclohexane-CH2Cl as eluent. The title compound 1i was obtained as a yellow oil
(234 mg, 0.87 mmol, 88%). 'H NMR (500 MHz, CDCls) 6 7.67 — 7.62 (m, 2H), 7.59 (d,
J = 7.3 Hz, 1H), 7.45 — 7.35 (m, 5H), 7.30 (td, ] = 7.5, 1.9 Hz, 1H), 6.68 — 6.60 (m,
2H), 6.20 — 6.12 (m, 2H), 5.27 (dd, | = 8.9, 5.5 Hz, 2H), 2.62 (t, ] = 5.5 Hz, 1H). 3C
NMR (126 MHz, CDCls) 6 144.09, 140.79, 133.24, 131.08, 129.56, 129.45, 128.30,
127.98, 127.50, 127.10, 124.80, 123.15, 121.89, 93.97, 80.38, 32.49. HRMS-APCI »/z
=269.1317 [M+H]H, calc. for C1Hi7 = 269.1330.

2-(Cyclobepta-2,4,6-trien-1-ylethynyl)naphthalene (17)

The title compound 1j was obtained from 2-ethynylnaphthalene as a pale yellow oil
that solidified upon standing (489 mg, 2.02 mmol, 81%). M.p. = 62 — 64 °C. 'H NMR
(500 MHz, CDCls) 6 7.99 (d, ] = 1.6 Hz, 1H), 7.85 — 7.76 (m, 3H), 7.55 — 7.45 (m, 3H),
6.71 (t, ] = 3.1 Hz, 2H), 6.25 (ddd, ] = 10.7, 3.8, 1.6 Hz, 2H), 5.48 (dd, ] = 8.9, 5.4 Hz,
2H), 2.77 (tt, ] = 5.5, 1.5 Hz, 1H). 3C NMR (126 MHz, CDCls) 6 133.16, 132.80,
131.55, 131.20, 128.83, 128.03, 127.87, 127.80, 126.59, 124.96 (2xC), 123.29, 120.92,
91.56, 81.12, 32.49. HRMS-APCI /7 = 243.1181 [M+H]*, calc. for CiyHis =
243.1174.

3-(Cyclobepta-2,4,6-trien-1-ylethynyl)thiophene (1k)
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The title compound 1k was obtained from 3-ethynylthiophene as a pale yellow oil (392
mg, 1.97 mmol, 79%). 1H NMR (500 MHz, CDCls) 8 7.43 (dd, ] = 3.0, 1.2 Hz, 1H),
7.26 (dd, ] = 5.2, 3.0 Hz, 1H), 7.13 (dd, ] = 5.1, 1.2 Hz, 1H), 6.69 (t, | = 3.2 Hz, 2H),
6.25 — 6.17 (m, 2H), 5.42 (dd, ] = 9.0, 5.5 Hz, 2H), 2.69 (tt, ] = 5.5, 1.5 Hz, 1H). 13C
NMR (126 MHz, CDCL) & 131.17, 130.18, 128.39, 125.28, 124.92, 123.25, 122.57,
90.72, 75.84, 32.39. HRMS-APCI /3 = 199.0582 [M+H]*, calc. for CisHpS =
199.0581.

(Cyclohepta-2,4,6-trien-1-ylethynyl)ferrocene (11)

()

—
Fe \
=

The title compound 11 was obtained from ethynylferrocene (1.0 mmol scale) as an
orange solid (155 mg, 0.52 mmol, 52%). M.p.: 98 — 100 °C. 'H NMR (400 MHz,
CDCls) 6 6.72 — 6.63 (m, 2H), 6.28 — 6.12 (m, 2H), 5.47 — 5.32 (m, 2H), 4.44 — 4.39 (m,
2H), 4.21 (s, 5H), 4.19 — 4.15 (m, 2H), 2.59 (tt, /] = 5.4, 1.4 Hz, 1H). 13C NMR (101
MHz, CDCls) 6 131.13, 124.70, 123.82, 87.38, 78.68, 71.49, 70.04, 68.50, 65.86, 32.57.
HRMS-ESI 7/ 3 = 300.0607 [M]*, cale. for CiyHigFe = 300.0601.

7-(3-Phenylprop-1-yn-1-yl)cyclohepta-1,3,5-triene (1m)

/

A

\
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The title compound Im was obtained from prop-2-yn-1-ylbenzene as a yellow oil (341
mg, 1.65 mmol, 66%). IH NMR (500 MHz, CDCls) 6 7.41 - 7.35 (m, 2H), 7.35 — 7.30
(m, 2H), 7.26 = 7.21 (m, 1H), 6.65 (dd, ] = 3.6, 2.6 Hz, 2H), 6.23 - 6.10 (m, 2H), 5.37
(dd, J = 8.9, 5.5 Hz, 2H), 3.66 (d, ] = 2.3 Hz, 2H), 2.58 — 2.49 (m, 1H). 13C NMR (126
MHz, CDCl3) 6 137.29, 131.11, 128.60, 128.01, 126.65, 124.70, 124.10, 83.96, 78.09,
32.00, 25.24. HRMS-APCI 7/ z = 207.1164 [M+H]*, calculated for CisHis: 207.1174.

7-(4-Phenylbur-1-yn-1-yl)cyclobepta-1,3,5-triene (1n)

The title compound 1n was obtained from but-3-yn-1-ylbenzene (1.0 mmol scale) as a
yellow oil (177.4 mg, 0.805 mmol, 81%). 'H NMR (500 MHz, CDCl;) 8 7.34 — 7.27 (m,
2H), 7.26 — 7.19 (m, 3H), 6.64 (dd, ] = 3.7, 2.5 Hz, 2H), 6.18 - 6.10 (m, 2H), 5.29 (dd,
J =8.8,5.5Hz, 2H), 2.85 (t, ] = 7.6 Hz, 2H), 2.52 (td, | = 7.6, 2.3 Hz, 2H), 2.47 - 2.40
(m, 1H). 13C NMR (126 MHz, CDCls) 6 141.00, 131.07, 128.66, 128.46, 126.36, 124.59,

124.25, 82.46, 79.95, 35.57, 31.92, 21.16. HRMS-APCI »/z = 221.1325 [M+H]*,
calculated for Ci7H17: 221.1330.

7-(Hex-1-yn-1-yl)cyclohepta-1,3,5-triene (1p)

The title compound 1p was obtained from hex-1-yne as a colorless oil (369 mg, 2.14

mmol, 86%). IH NMR (500 MHz, CDCl5) & 6.64 (dd, ] = 3.6, 2.7 Hz, 2H), 6.15 (dddd,
J=189,3.9,25,1.5 Hz, 2H), 5.35 — 5.29 (m, 2H), 2.47 — 2.41 (m, 1H), 2.23 (td, ] = 7.0,
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2.2 Hz, 2H), 1.56 — 1.39 (m, 4H), 0.93 (t, ] = 7.2 Hz, 3H). 5C NMR (126 MHz, CDCL)
0 131.07, 124.52 (2xC), 81.59, 80.72, 31.96, 31.22, 22.09, 18.56, 13.80. HRMS-APCI
m/z=173.1331 [M+H]*, calculated for C13Hy7: 173.1330.

(Cyclohepta-2,4,6-trien-1-ylethynyl)trimethylsilane (1q)

/
@%Si—
\

The title compound 1q was obtained from ethynyltrimethylsilane as a red oil (139 mg,
0.74 mmol, 30%) following the general procedure but performing the lithiation step at
0 °C. 'H NMR (500 MHz, CDCl3) 6 6.66 — 6.63 (m, 2H), 6.19 — 6.14 (m, 2H), 5.32
(dd, J = 8.7, 5.5 Hz, 2H), 2.50 (tt, ] = 5.4, 1.4 Hz, 1H), 0.19 (s, 9H). 3C NMR (126
MHz, CDCls) 6 131.07, 124.81, 123.18, 108.18, 84.73, 32.74, 0.26. HRMS-APCI /3 =
187.0948 [M-H]*, calc. for C12H1581 = 187.0943.

1,4-Bis(cyclobepta-2,4,6-trien-1-ylethynyl)bensgene (1r)

000
_ N/ —

1,4-diethynylbenzene (315 mg, 2.5 mmol, 1 equiv) was placed in an oven-dried 25 mL

screw-cap tube fitted with a septum under a nitrogen atmosphere and dry THF (20
mL, 0.125 M) was added. The resulting solution was cooled to -78 °C before adding n-
BuLi (1.6 M in hexanes, 3.4 mL, 5.5 mmol, 2.2 equiv) and stirring for 40 minutes at
this temperature. Solid tropyllium tetrafluoroborate (934 mg, 5.25 mmol, 2.1 equiv)
was added, the cooling bath removed, and the mixture stirred at room temperature for

5 h. The reaction was quenched with an aqueous solution of NH4Cl (30 mL, saturated)
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then extracted with EtOAc (3%X20 mL). The combined organic extracts were dried over
MgSOy4 and solvent was removed under reduced pressure. The crude residue was
purified by column chromatography (SiO», cyclohexane) to give the title compound 1r
as a colotless solid (512 mg, 1.67 mmol, 67%). M.p. = 93 — 96 °C. '"H NMR (400 MHz,
CDCls) 6 7.40 (s, 4H), 6.73 — 6.66 (m, 4H), 6.22 (dddd, ] = 8.8, 3.8, 2.5, 1.4 Hz, 4H),

5.46 — 5.38 (m, 4H), 2.72 (tt, ] = 5.5, 1.4 Hz, 2H). 3C NMR (101 MHz, CDCL;) 6
131.72, 131.19, 125.00, 123.15, 123.06, 92.84, 80.51, 32.43. HRMS-APCI m/3 =
307.1491 [M+H]*, calc. for CouHyo = 307.1487.

1,3,5-Tris(cyclobepta-2,4,6-trien-1-ylethynyl)benzgene (1s)

o7 0

1,3,5-triethynylbenzene (375 mg, 2.5 mmol, 1 equiv) was placed in an oven-dried 25
mL screw-cap tube fitted with a septum under a nitrogen atmosphere and dry THF (20
mL, 0.125 M) was added. The resulting solution was cooled to -78 °C before adding n-
Buli (1.6 M in hexanes, 5.0 mL, 8.0 mmol, 3.2 equiv) and stirring for 40 minutes at
this temperature. Solid tropyllium tetrafluoroborate (1.38 g, 7.75 mmol, 3.1 equiv) was
added, the cooling bath removed, and the mixture stirred at room temperature for 5 h.
The reaction was quenched with an aqueous solution of NH4Cl (30 mL, saturated)
then extracted with EtOAc (3%X20 mL). The combined organic extracts were dried over
MgSOy4 and solvent was removed under reduced pressure. The crude residue was

purified by column chromatography (SiO2, eluent 1. cyclohexane then 2. 9:1
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cyclohexane-CHCly) followed by recrystallization from cyclohexane (7 mL) to give the

title compound 1s as a colotless solid (240 mg, 0.57 mmol, 23%). M.p. = 158 — 161 °C.

IH NMR (500 MHz, CDCl;) 8 7.49 (s, 3H), 6.72 — 6.67 (m, 6H), 6.26 — 6.19 (m, 6H),

5.40 (dd, J = 9.1, 5.5 Hz, 6H), 2.72 (t, ] = 5.4 Hz, 3H). 3C NMR (126 MHz, CDCl;) 6

134.34, 131.20, 125.07, 124.07, 122.90, 92.22, 79.42, 32.29. HRMS-APCI m/z =

421.1954 [M+H]*, calc. for Cs3Has = 421.1956.

Dimethyl  2-cinnamyl-2-(3-(¢yclohepta-2,4,6-trien-1-yl)prop-2-yn-1-yl)malonate

(5)

— CO,Me
CO,Me

LiHMDS (1.0 M, 5.0 mL, 5.0 mmol) was added dropwise to the solution of dimethyl 2-

cinnamyl-2-(prop-2-yn-1-yl)malonate (1.2 g, 4.2 mmol, synthesized according to the

procedure reported in: Jiménez-Nufez, E.; Claverie, C. K.; Bour, C.; Cardenas, D. J;

Echavarren, A. M. Angew. Chem. Int. Ed. 2008, 47, 7892-7895) in 10 mL dry THF at -

78 °C. The mixture was stirred for 30 min at -78 °C then tropylium tetrafluoroborate

(822 mg, 4.62 mmol) was added in one portion. The cooling bath was removed and the

reaction was stirred at rt overnight. The reaction was quenched by addition of a

saturated aqueous solution of NH4ClL. The aqueous phase was extracted with diethyl

ether, the combined organic extracts were dried over MgSOy, and the solvent was

evaporated under reduced pressure. The crude reaction mixture was purified by

chromatography using cyclohexane /EtOAc as eluent (30:1) to give the title compound

5 (555 mg, 1.47 mmol, 35%) as a yellow oil. TH NMR (400 MHz, CDCls) 8 7.38 — 7.25
(m, 5H), 6.67 (dd, ] = 3.7, 2.7 Hz, 2H), 6.54 (d, | = 15.7 Hz, 1H), 6.21 — 6.16 (m, 2H),
6.06 (dt, ] = 15.5, 7.6 Hz, 1H), 5.31 (dd, ] = 9.0, 5.4 Hz, 2H), 3.78 (s, 6H), 3.01 (dd, ] =
7.6, 1.3 Hz, 2H), 2.91 (d, ] = 2.3 Hz, 2H), 2.52 - 2.49 (m, 1H). 3C NMR (126 MHz,
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CDCls) 6 170.4, 137.0, 134.4, 130.9, 128.4, 127.4, 126.2, 124.6, 123.6, 123.4, 85.1, 74.8,
57.6, 52.7, 36.0, 31.6, 23.2. HRMS-APCI /3 = 399.1567 [M+Na]*, calc. for
C24H24O4Na =399.1572.

N-Allyl-N-(3-(cyclohepta-2,4,6-trien-1-yl)prop-2-yn-1-yi)-4-
methylbenzenesulfonamide (6)

i: NTs

7

Buli (1.6 M, 1.5 mL, 2.4 mmol) was added dropwise to the solution of N-allyl-4-
methyl-N-(prop-2-yn-1-yl)benzenesulfonamide (500 mg, 2 mmol, synthesized
according to the procedure reported in: Jiménez-Nuifiez, E.; Claverie, C. K.; Bour, C,;
Cardenas, D. J.; Echavarren, A. M. Angew. Chem. Int. Ed. 2008, 47, 7892-7895) in dry
THF (20mL, 0.1 M) at -78 °C. The mixture was stirred for 30 min at -78 °C, and then
tropylium tetrafluoroborate (356 mg, 2 mmol) was added in one portion. The cooling
bath was removed and the reaction was stirred at rt overnight. The reaction was
quenched by addition of a saturated aqueous solution of NH4ClL The aqueous phase
was extracted with diethyl ether, the combined organic extracts were dried over
MgSOs4, and the solvent was evaporated under reduced pressure. The crude reaction
mixture was purified by chromatography using cyclohexane/EtOAc as eluent (20:1) to
give the title compound 6 (378 mg, 1.11 mmol, 56%) as yellow solid. M.p. = 72.4 —
73.6 °C. 'TH NMR (500 MHz, CDCl3) 6 7.77 (d, ] = 8.3 Hz, 2H), 7.29 (d, ] = 8.2 Hz,
2H), 6.64 (t, ] = 3.1 Hz, 2H), 6.18 — 6.06 (m, 2H), 5.80 (ddt, ] = 16.7, 10.1, 6.5 Hz,
1H), 5.33 (dd, ] = 17.1, 1.5 Hz, 1H), 5.27 (dd, ] = 10.0, 1.4 Hz, 1H), 4.97 (dd, ] = 9.0,
5.4 Hz, 2H), 4.15 (d, ] = 2.1 Hz, 2H), 3.88 (d, | = 6.4 Hz, 2H), 2.39 (s, 3H), 2.20 — 2.17
(m, 1H). 13C NMR (126 MHz, CDCls) 6 143.4, 136.0, 132.1, 130.9, 129.5, 127.8, 124.6,
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122.9,119.8, 87.3, 72.5, 49.1, 36.2, 31.3, 21.5. HRMS-APCI 7/ = 362.1191 [M+Na]*,
calc. for C2<)H21N028Na = 362.1198.

1-(Naphthalen-2-yl)-(2-13C)ethanol (10)

OH
e

A solution of iodomethane-13C (1.0 g, 7.0 mmol) in dry diethyl ether (1.2 mL) was
added at a rate of 0.2 mL/min to a suspension of magnesium turnings (170 mg, 7.0
mmol) in dry diethyl ether (5 mL) under an argon atmosphere. The resulting mixture
was refluxed for 1.5 h and then cooled to 0 °C. A solution of naphthaldehyde (1.203 g)
in dry diethyl ether (15.5 mL) was added at the same rate as previously and the mixture
was stirred at 0 °C for 10 minutes after the addition was completed. The reaction was
quenched with aqueous NH4Cl (saturated), the phases were separated and the aqueous
phase was extracted with diethyl ether. The solvent was removed under reduced
pressure and the crude was purified by column chromatography using ethyl
acetate/cyclohexane (5:95) as eluent. The title compound 10 was obtained as a white
solid (939 mg, 5.42 mmol, 77 %). 'H NMR (400 MHz, CDCl3) 6 7.98 — 7.73 (m, 4H),
7.60 — 7.42 (m, 3H), 5.11 (d, ] = 6.5 Hz, 1H), 1.61 (dd, Jcu = 126.8 Hz, | = 6.5 Hz,
3H). 3C NMR (126 MHz, CDCl;) 6 143.32, 133.48, 133.08, 128.48, 128.08, 127.82,
126.31, 125.96, 125.46 (d, Jcc = 37.0 Hz), 123.95, 70.71 (d, Jcc = 38.4 Hz), 25.31 (13C
label). LRMS-EI 7/ = 173.1 [M]*, calc. for C11'3CH120 = 173.09.
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13C-Methy! naphthyl ketone (11)

@)
DOk

A solution of 1-(naphthalen-2-yl)-(2-13C)ethanol (767 mg, 4.43 mmol) in dry CH2Cl
(6.3 mL) was added to a stirred solution of the Dess-Martin periodinane reagent (2.25
g, 531 mmol) in dry CHxCl (19 mL) under a nitrogen atmosphere at room
temperature. The reaction was stirred for 2 h and then poured into a separatory funnel
containing aqueous NaOH (10 %, 6 mL) and diethyl ether (12 mL). The layers were
separated and the organic layer was washed with water (2 X 6 mL), dried over MgSOy4
and the solvent removed under reduced pressure. The crude was purified by flash
chromatography using cyclohexane as eluent. The desired product 11 was obtained as a
yellow solid (709 mg, 4.14 mmol, 94%). 'H NMR (400 MHz, CDCls) 6 8.47 (s, 1H),
8.04 (dd, J = 8.7, 1.8 Hz, 1H), 8.00 — 7.95 (m, 1H), 7.94 — 7.85 (m, 2H), 7.66 — 7.51 (m,
2H), 2.73 (d, Jen = 127.5 Hz, 3H). 13C NMR (101 MHz, CDCls) 6 198.21 (d, Jec = 42.9
Hz), 135.73, 134.65 (d, Jcc = 13.5 Hz), 130.32, 129.68, 128.60, 128.56, 127.92, 126.91
(2XC), 124.04, 26.83 (3C label). LRMS-EI /7 = 171.1 [M]*, calc. for C113CH100O =
171.08.

2-[(2-13C)Ethyny!lInaphthalene (12)

3
)/CH

Phosphazene base P1-t-Bu-tris(tetramethylene) (242 ulL, 0.79 mmol, 2.2 equiv) was
added in one lot to a vigorously stirred mixture of 13C-methyl naphthyl ketone (62 mg,

0.36 mmol) and nonafluorobutanesulfonyl fluoride (78 uL, 0.43 mmol, 1.2 equiv) in
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dry DMF (0.4 mL) at -10 °C. The reaction mixture was allowed to warm to 20 °C for
the following 2 hours. Then it was stirred for 20 hours at room temperature. The
resulting solution was adsorbed on fluorisil and it was purified by flash
chromatography. Elution with cyclohexane afforded the title compound 12 as a yellow
oil that solidified upon standing (23.3 mg, 0.15 mmol, 42%). 'H NMR (500 MHz,
CDCls) 6 8.03 (s, 1H), 7.84 — 7.76 (m, 3H), 7.54 — 7.48 (m, 3H), 3.15 (d, "Jen = 251.0
Hz, 1H). 3C NMR (126 MHz, CDCls) 8 133.19, 132.97, 132.45 (d, Jcc = 3.2 Hz),
128.69 (d, Jec = 2.3 Hz), 128.17, 127.93, 127.91, 127.05, 126.76, 119.52 (d, Jcc = 12.7
Hz), 84.20 (d, "Jec = 176.1 Hz), 77.54 (13C label). LRMS-EI 7/3 = 153.1 [M]+, calc.
for C1113CHg = 153.07.

2-(Cyclohepta-2,4,6-trien-1-y1(2-13C)ethynyl)naphthalene (1;°)

O

2-[(2-13C)Ethynyl|naphthalene (14.6 mg, 95 wmol) was placed in an oven-dried 2 mL
microwave vial under a nitrogen atmosphere. Dry THF (0.76 mL, 0.125 M) was added
and the resulting solution was cooled to -78 °C before adding n-BuLi (1.6 M in
hexanes, 71.5 uL, 114 wmol, 1.2 equiv) and stirring for 40 minutes at this temperature.
Solid tropylium tetrafluoroborate (33.9 mg, 191 wmol, 2 equiv) was added, the cooling
bath removed, and the mixture stirred at room temperature for 5 h. The reaction was
quenched with an aqueous solution of NH4Cl (5 mL, saturated) then extracted with
EtOAc (3%X5 mL). The combined organic extracts were dried over MgSOj4 and solvent
was removed under reduced pressure. The crude residue was purified by preparative
TLC with cyclohexane as eluent to give the title compound 1j’ (18.3 mg, 75 umol,
79%) as a yellow oil that solidified upon standing. 1H NMR (500 MHz, CDCl3) 6 7.99
(s, 1H), 7.84 — 7.76 (m, 3H), 7.54 — 7.46 (m, 3H), 6.74 — 6.68 (m, 2H), 6.28 — 6.22 (m,

88



UNIVERSITAT ROVIRA I VIRGILI
GOLD-CATALYZED CYCLIZATIONS FOR THE SYNTHESIS OF SMALL AND MEDIUM-SIZED ARENES
Claudia Alejandra de Ledén Solis

Diposit Legal:

T. 196-2013
Chapter I: Experimental Section

2H), 5.48 (dt, ] = 9.0, 5.3 Hz, 2H), 2.77 (t, 2Jcsr = 10.0 Hz, ] = 6.5 Hz, 1H). 13C NMR
(126 MHz, CDCLy) & 133.16, 132.80, 131.53, 131.20, 128.82 (d, | = 2.6 Hz), 128.03,
127.87, 127.80, 126.59, 124.96 (d, Jec = 6.3 Hz), 123.28 (d, Jec = 3.6 Hz), 120.92 (d, Jec
= 12.9 Hz), 91.56 (13C label), 81.04 (d, 'Joc = 179.4 Hz), 32.48 (d, 'Jcc = 73.6 Hz).
HRMS-APCI /5 = 244.1196 [M+H]*, calc. for Ci5Hy513C = 244.1207.

2- Naphthaldehyde-(carbonyl-13C) (13)

n-Butyl lithium (5.1 mL, 8.17 mmol, 1.1 equiv) was added to a stirred solution of 2-
bromonaphthalene (1.538 g, 7.43 mmol, 1 equiv) in THF (25 mL, 0.3 M) at -78 °C
under an argon atmosphere. The resulting mixture was stirred for 30 minutes at the
same temperature and then N,N-dimethyl formamide-(carbonyl-13C) (0.52 mL, 6.75
mmol, 0.9 equiv) was added. The mixture was warmed to room temperature and finally
quenched with aqueous NH4Cl (saturated). The phases were separated and the organic
phase was dried over MgSOy. The solvent was removed under reduced pressure and
the crude material was putified by flash chromatography (ethyl acetate/cyclohexane,
1:9) to afford the desired product 13 as a white solid (823.8 mg, 5.24 mmol, 78%). 'H
NMR (400 MHz, CDCls) 6 10.17 (d, 2Jen = 174.3 Hz, 1H), 8.35 (dd, ] = 6.5, 1.1 Hz,
1H), 8.02 (ddd, J = 8.1, 1.5, 0.7 Hz, 1H), 7.99 — 7.94 (m, 2H), 7.94 — 7.89 (m, 1H), 7.62
(dddd, ] = 22.8, 8.2, 6.9, 1.3 Hz, 2H). 13C NMR (101 MHz, CDCls) 6 192.41 (13C label)
, 136.62 , 134.70 (d, Jec = 5.4 Hz), 134.26 (d, Jcc = 53.8 Hz), 132.80 (d, Jcc = 5.4 Hz),
129.68 , 129.25 (d, Jec = 3.4 Hz), 128.23 , 127.24 , 122.93 (d, Jcc = 2.8 Hz). LRMS-EI
m/z=157.1 [M]+, calc. for C1913CHO = 157.06.
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2-[(1-13C)EthynylInaphthalene (14)

=
1307

To a solution of 2-naphthaldehyde-(carbonyl-13C) (157.2 mg, 1.0 mmol) and K>CO3
(276 mg, 2.0 mmol. 2 equiv) in dry methanol (15 mL, 0.067 M) was added dimethyl-1-
diazo-oxopropylphosphonate (230 mg, 1.2 mmol, 1.2 equiv) at room temperature
(following the procedure of Miiller, S.; Liepold, B.; Roth, G. J.; Bestman, H. J. Synlert
1996, 521-522). The resulting mixture was stirred for 6 hours until the starting material
was consumed (verification by TLC). The reaction was diluted with diethyl ether and
washed with aqueous NaHCOj3 (saturated). The solvents were removed under reduced
pressure and the crude was purified by flash chromatography (ethyl
acetate/cyclohexane, 1:9) to afford the desired product 14 as a yellow solid (128.7 mg,
0.85 mmol, 85%). 'H NMR (300 MHz, CDCls) 6 8.02 (d, ] = 5.8 Hz, 1H), 7.90 — 7.70
(m, 3H), 7.65 — 7.37 (m, 3H), 3.14 (d, ?Jcu = 49.5 Hz, 1H). 3C NMR (101 MHz,
CDCls) 6 133.18 (d, Jec = 1.4 Hz), 132.96 (d, Jec = 6.1 Hz), 132.44 (d, Jcc = 1.5 Hz),
128.68 (d, Jec = 2.2 Hz), 128.16 (d, Jcc = 5.3 Hz), 127.92 , 127.90 , 127.04 , 126.75 ,
119.51 (d, Jec = 89.6 Hz), 84.15 (13C label) , 77.41 (d, Jcc = 176.0 Hz). LRMS-EI 7/%
= 153.1 [M]+, calc. for C1113CHg = 153.07.

2-(Cyclobepta-2,4,6-trien-1-yl(1-13C)ethynyl)naphthalene (17°°)
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2-[(1-13C)ethynyl]naphthalene (300 mg, 1.96 mmol) was placed in dry schlenk flask
under a argon atmosphere. Dry THF (12 mL, 0.16 M) was added and the resulting
solution was cooled to -78 °C before adding n-Bulii (1.6 M in hexanes, 1.2 mL, 1.96
mmol, 1.0 equiv) and stirring for 40 minutes at this temperature. Solid tropylium
tetrafluoroborate (697 mg, 3.92 mmol, 2 equiv) was added, the cooling bath removed,
and the mixture stirred at room temperature for 5 h. The reaction was quenched with
an aqueous solution of NH4Cl (25 mL, saturated) then extracted with EtOAc (3X25
mL). The combined organic extracts were dried over MgSOy and solvent was removed
under reduced pressure. The crude mixture was purified by flash chromatography
(cyclohexane) to afford the desired product 1j” as a white solid (199.5 mg, 0.08 mmol,
41%). 'H NMR (400 MHz, CDCl3) 6 7.98 (d, ] = 5.9 Hz, 1H), 7.88 — 7.72 (m, 3H),
7.60 — 7.41 (m, 3H), 6.71 (dd, ] = 3.7, 2.7 Hz, 2H), 6.33 — 6.17 (m, 2H), 5.48 (ddd, ] =
9.4, 5.6, 0.8 Hz, 2H), 2.84 — 2.69 (m, 1H). 13C NMR (101 MHz, CDCl3) 6 133.16 (d, Jcc
= 6.0 Hz), 132.80 (d, Jcc = 1.4 Hz), 131.55 (d, Jcc = 1.6 Hz), 131.20 , 128.83 (d, Joc =
2.1 Hz), 128.03 (d, Jcc = 5.3 Hz), 127.87 , 127.80 , 126.59 , 124.97 , 123.30 , 123.27 ,
120.92 (d, Jcc = 91.2 Hz), 91.61 (d, Jec = 179.3 Hz), 81.12 (13C label), 32.49 (d, Jcc =
11.7 Hz). HRMS-APCI 7/ 7 = 244.1218 [M+H]", calc. for C1sH1513C = 244.1207.

5.3 General Procedure for the Synthesis of 1-Substituted-7H-indenes

(Conditions A)

|::R Cl

A solution of the cycloheptatriene substrate (0.145 mmol) in CH>Cl, (0.5 mL, 0.29 M)
was sealed in a 3 mL screw cap vial and cooled to 0 °C, with no special precautions

taken to exclude air or moisture. (Pyridine-2-carboxylato)gold(Ill) dichloride 12 (1
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mol% unless otherwise stated) was then added and the mixture stirred at 0 °C for 1 h.
The solvent was removed under reduced pressure and the crude yield assessed by 'H
NMR analysis (CDCls, 1,4-diacetylbenzene as internal standard). Purification by
preparative TLC (eluent: 9:1 pentane-CH2Cly) afforded the 7H-indene product.

1-(p-Tolyl)-1H-indene (3a)

>
L)

The title compound 3a was obtained from 7-(p-tolylethynyl)cyclohepta-1,3,5-triene as a
pale yellow oil (25.8 mg, 0.125 mmol, 86%). 'H NMR (400 MHz, CDCls) 6 7.43 — 7.39
(m, 1H), 7.31 — 7.25 (m, 2H), 7.19 — 7.13 (m, 1H), 7.10 (d, ] = 7.8, 2H), 7.05 — 7.00 (m,
2H), 6.91 (ddd, J = 5.5, 2.1, 0.5, 1H), 6.60 (dd, ] = 5.5, 2.0, 1H), 4.60 (s, 1H), 2.33 (s,
3H). 3C NMR (101 MHz, CDCl;) 6 148.56, 144.27, 140.14, 136.55, 136.34, 131.53,
129.56, 127.88, 126.89, 125.45, 124.04, 121.29, 56.34, 21.27. HRMS-APCI »/3 =
207.1165 [M+H]", calc. for CisHis = 207.1174.

1-Phenyl-1H-indene (3b)

O
L
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The title compound 3b was obtained from 7-(phenylethynyl)cyclohepta-1,3,5-triene as
a pale yellow oil (17.9 mg, 0.093 mmol, 64%). 'H NMR (400 MHz, CDCls) 6 7.46 (dd,
J=74,1.3 Hz, 1H), 7.36 — 7.27 (m, 5H), 7.24 — 7.15 (m, 3H), 6.97 (dd, ] = 5.5, 2.1 Hz,
1H), 6.66 (dd, ] = 5.5, 2.0 Hz, 1H), 4.67 (s, 1H). 13C NMR (101 MHz, CDCl5) 6 148.32,
144.20, 139.86, 139.43, 131.65, 128.79, 127.95, 126.92, 126.90, 125.42, 124.02, 121.28,
56.63. The spectroscopic data were consistent with those previously reported: Odedra,

A.; Datta, S.; Liu, R.-S. J. Org. Chem. 2007, 72, 3289-3292.

1-(m-Tolyl)-1H-indene (3¢)

()
D

The title compound 3¢ was obtained from 7-(#-tolylethynyl)cyclohepta-1,3,5-triene as
a pale yellow oil (16.4 mg, 0.080 mmol, 55%). IH NMR (500 MHz, CDCl;) 6 7.44 —
7.41 (m, 1H), 7.31 — 7.27 (m, 2H), 7.21 — 7.16 (m, 2H), 7.06 (d, ] = 7.4 Hz, 1H), 6.96
(d, ] = 7.7 Hz, 1H), 6.95 — 6.92 (m, 2H), 6.62 (dd, ] = 5.4, 1.9 Hz, 1H), 4.60 (s, 1H),
2.32 (s, 3H). BC NMR (126 MHz, CDCl5) 6 148.36, 144.21, 139.96, 139.27, 138.42,
131.55, 128.67, 128.51, 127.72, 126.85, 125.39, 125.08, 124.02, 121.24, 56.60, 21.52.
HRMS-APCI /3 = 207.1183 [M+H]*, calc. for CisHis = 207.1174.
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1-(0-Tolyl)-1H-indene (3d)

&
)

The title compound 3d was obtained from 7-(o-tolylethynyl)cyclohepta-1,3,5-triene as a
pale yellow oil (22.7 mg, 0.110 mmol, 76%). 'H NMR (500 MHz, CDCls) 6 7.45 (d, ] =
7.5 Hz, 1H), 7.31 (t, ] = 7.5 Hz, 1H), 7.27 — 7.21 (m, 2H), 7.21 — 7.13 (m, 2H), 7.05 (t, ]
= 7.2 Hz, 1H), 6.95 (dd, ] = 5.5, 2.2 Hz, 1H), 6.81 (d, J = 7.7 Hz, 1H), 6.61 (dd, ] =
5.5, 2.0 Hz, 1H), 4.87 (s, 1H), 2.42 (s, 3H). 13C NMR (126 MHz, CDCl;) § 148.13,
144.51, 139.35, 137.47, 136.64, 131.45, 130.75, 127.74, 126.91, 126.81, 126.35, 125.34,
123.87, 121.40, 56.63, 19.76. HRMS-APCI /% = 207.1172 [M+H]*, calc. for Ci¢Hs =
207.1174.

1-(4-Methoxyphenyl)-1H-indene (3¢)

OMe

O
D)

The title compound was obtained from 7-((4-methoxyphenyl)ethynyl)cyclohepta-1,3,5-
triene as a colotless solid (22.2 mg, 0.100 mmol, 69%). M.p. = 58 — 60 °C. 'H NMR
(400 MHz, CDCl3) 6 7.41 (dt, ] = 7.4, 1.0 Hz, 1H), 7.31 — 7.24 (m, 2H), 7.17 (td, ] =
7.4,1.1 Hz, 1H), 7.07 — 7.02 (m, 2H), 6.90 (ddd, J = 5.5, 2.1, 0.7 Hz, 1H), 6.86 — 6.80
(m, 2H), 6.59 (dd, ] = 5.5, 2.0 Hz, 1H), 4.58 (s, 1H), 3.79 (s, 1H). 13C NMR (101 MHz,
CDCl;) 6 158.63, 148.62, 144.12, 140.16, 131.35, 131.23, 128.89, 126.82, 125.38,
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123.94, 121.23, 114.23, 55.806, 55.39. The spectroscopic data were consistent with those
previously reported: Odedra, A.; Datta, S.; Liu, R.-S. J. Org. Chem. 2007, 72, 3289-3292.

1-(4-Fluorophenyl)-1H-indene (3f)

F

>
L)

The title compound 3f was obtained from 7-((4-fluorophenyl)ethynyl)cyclohepta-1,3,5-
triene as a yellow oil (19.2 mg, 0.091 mmol, 63%) using 5 mol% (pyridine-2-
carboxylato)gold(III) dichloride. 'H NMR (400 MHz, CDCl3) 8 7.42 — 7.38 (m, 1H),
7.31 = 7.25 (m, 1H), 7.25 — 7.20 (m, 1H), 7.16 (td, ] = 7.4, 1.2 Hz, 1H), 7.09 — 7.04 (m,
2H), 6.99 — 6.92 (m, 2H), 6.91 (dd, ] = 5.5, 2.1 Hz, 1H), 6.56 (dd, ] = 5.5, 2.0 Hz, 1H),
4.58 (s, 1H). 13C NMR (101 MHz, CDCl3) 6 161.82 (d, Jor = 244.8 Hz), 148.08,
143.92, 139.54, 134.91, 131.64, 129.22 (d, ] = 7.9 Hz), 126.89, 125.38, 123.78, 121.23,
115.45 (d, J = 21.3 Hz), 55.62. F NMR (376 MHz, CDCls) 8 -116.37. HRMS-MALDI
m/z = 210.0809 [M]*, calc. for CisHi F = 210.0839.

1-(4-chlorophenyl)-1H-indene (3g)

Cl

&
)
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The title compound 3g was obtained from 7-((4-chlorophenyl)ethynyl)cyclohepta-
1,3,5-triene as a colorless oil (26.3 mg, 0.116 mmol, 80%). 'H NMR (400 MHz,
Chloroform-d) 8 7.40 (dt, ] = 7.6, 0.9 Hz, 1H), 7.31 — 7.25 (m, 1H), 7.25 — 7.20 (m,
3H), 7.16 (td, ] = 7.5, 1.2 Hz, 1H), 7.07 — 7.01 (m, 2H), 6.92 (dd, | = 5.6, 2.1 Hz, 1H),
6.55 (dd, ] = 5.4, 2.0 Hz, 1H), 4.57 (s, 1H). 3C NMR (101 MHz, Chloroform-d)
147.93, 144.10, 139.37, 137.99, 132.62, 132.04, 129.29, 128.93, 127.12, 125.59, 123.93,
121.42, 55.86. HRMS-EI 7/ = 226.0558 [M]*, calc. for C15H1135Cl = 226.0549.

1-(4-Bromophenyl)-1H-indene (3h)

Br

&
D

The title compound 3h was obtained from 7-((4-bromophenyl)ethynyl)cyclohepta-
1,3,5-triene as a colotless oil (32.0 mg, 0.119 mmol, 82%). 'H NMR (400 MHz, CDCl;)
0743 — 7.35 (m, 3H), 7.31 — 7.25 (m, 1H), 7.24 — 7.19 (m, 1H), 7.16 (td, ] = 7.4, 1.2
Hz, 1H), 7.01 — 6.95 (m, 2H), 6.91 (dd, ] = 5.5, 2.1 Hz, 1H), 6.55 (dd, ] = 5.5, 2.0 Hz,
1H), 4.55 (s, 1H). 13C NMR (101 MHz, CDCl3) 6 147.85, 144.11, 139.29, 138.54,
132.09, 131.88, 129.69, 127.14, 125.60, 123.94, 121.43, 120.65, 55.92. HRMS-EI /3 =
270.0040 [M]*, calc. for CisHy17"Br = 270.0044.
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1-([1,1'-Biphenyl]-2-yl)-1H-indene (3i)

[
) O

The title compound 3i was obtained from 2-(cyclohepta-2,4,6-trien-1-ylethynyl)-1,1'-
biphenyl as a pale yellow oil (30.0 mg, 0.112 mmol, 77%). 'H NMR (400 MHz, CDCL)
87.56 —7.51 (m, 2H), 7.48 (t, | = 7.5 Hz, 2H), 7.41 — 7.35 (m, 3H), 7.27 (t, ] = 7.6 Hz,
2H), 7.20 (d, ] = 7.1 Hz, 1H), 7.18 — 7.12 (m, 2H), 6.86 (dd, ] = 5.2, 2.0 Hz, 1H), 6.67
(dd, ] = 7.8, 1.1 Hz, 1H), 6.56 (dd, ] = 5.5, 2.0 Hz, 1H), 4.89 (s, 1H). 13C NMR (101
MHz, CDCLy) 8 149.58, 144.46, 142.80, 141.74, 140.81, 136.76, 131.17, 130.30, 129.74,
128.44, 127.83, 127.47, 127.23, 126.74, 126.62, 125.32, 123.96, 121.23, 52.94. HRMS-
APCI m/3 = 269.1331 [M+H]*, calc. for CoHi7 = 269.1330.

2-(1H-inden-1-yl)naphthalene 3j

OO
D

The title compound 3j was obtained from 2-(cyclohepta-2,4,6-trien-1-
ylethynyl)naphthalene as a yellow oil (26.4 mg, 0.109 mmol, 75%). '"H NMR (400 MHz,
CDCls) 6 7.85 - 7.78 (m, 2H), 7.78 — 7.70 (m, 2H), 7.52 — 7.43 (m, 3H), 7.36 — 7.28 (m,
2H), 7.19 (td, ] = 7.4, 1.1 Hz, 1H), 7.05 (dd, ] = 8.5, 1.8 Hz, 1H), 7.00 (dd, ] = 5.5, 2.1
Hz, 1H), 6.69 (dd, | = 5.4, 2.0 Hz, 1H), 4.80 (s, 1H). 3C NMR (101 MHz, CDCls) 6
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148.39, 144.30, 139.88, 136.98, 133.84, 132.72, 131.91, 128.45, 127.77, 127.61, 127.01,
126.72, 126.16, 125.99, 125.64, 125.50, 124.17, 121.35, 56.76. HRMS-APCI /3 =
243.1172 [M+H]*, calc. for CioHis = 243.1174.

3-(1H-inden-1-yl)thiophene (3k)

0w,

The title compound 3k was obtained from 3-(cyclohepta-2,4,6-trien-1-
ylethynyl)thiophene as a colorless oil (19.0 mg, 0.096 mmol, 66%) using 5 mol%
(pyridine-2-carboxylato)gold(Ill) dichloride and stirring for 2 h at rt. 1TH NMR (500
MHz, CDCls) 67.43 (d, ] = 7.5 Hz, 1H), 7.39 — 7.36 (m, 1H), 7.34 — 7.29 (m, 1H), 7.26
(dd, J = 5.0,2.9 Hz, 1H), 7.21 (td, ] = 7.4, 1.0 Hz, 1H), 7.12 (d, | = 2.4 Hz, 1H), 6.92
(dd, J = 5.5, 2.2 Hz, 1H), 6.81 (dd, J = 5.0, 1.2 Hz, 1H), 6.62 (dd, ] = 5.5, 2.0 Hz, 1H),
4.77 (s, 1H). HRMS-APCI 7/ = 199.0589 [M+H]*, calc. for CisHnS = 199.0581.

2:1 Mixture of 1-bengyl-1H-indene and 2-bengyl-1H-indene (3m + 4m)

Q)
D - D

An inseparable 2:1 mixture (determined by 'H NMR) of the title compounds 3m and

4m was obtained from 7-(3-phenylprop-1-yn-1-yl)cyclohepta-1,3,5-triene as a colorless
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oil (22.6 mg, 0.110 mmol, 76% combined). The components of the mixture could be
assigned by TH NMR with reference to previously reported spectra: a) Alt, G. H.; Jung,
M.; Milius, W. J. Organomet. Chem. 1998, 558, 111-121. b) Martinez, A.; Fernandez, M.;
Estevez, J. C.; Estevez, R. |.; Castedo, L. Tetrabedron 2005, 67, 485-492.

2-(1H-[4 -13C]inden-1-yl)naphthalene (3;°)

L

The title compound 3j° was obtained from 2-(cyclohepta-2,4,6-trien-1-yl(2-
13C)ethynyl)naphthalene (9.9 mg, 41 umol) as a yellow film (5.4 mg, 22 wmol , 55%)
according to the general procedure. 'TH NMR (500 MHz, CDCl3) 6 7.79 (d, ] = 9.2 Hz,
2H), 7.73 (s, 1H), 7.70 (d, ] = 8.4 Hz, 1H), 7.49 — 7.41 (m, 3H), 7.32 — 7.25 (m, 2H),
7.15 (t, ] = 7.4 Hz, 1H), 7.02 (dd, ] = 8.5, 1.7 Hz, 1H), 6.97 (ddd, Jci = 7.0 Hz, | = 5.9,
2.0 Hz, 1H), 6.66 (ddd, Jcr = 10.4 Hz, | = 5.5, 2.0 Hz, 1H), 4.77 (s, 1H). 13C NMR
(126 MHz, CDCls) 6 148.39 (d, Joc = 51.8 Hz), 144.32 (13C label), 139.90, 136.99,
133.85, 132.74, 131.91 (d, Jcc = 52.0 Hz), 128.46, 127.78, 127.62, 127.02 (d, Jcc = 1.8
Hz), 126.73, 126.17, 126.00, 125.65, 125.51 (d, Jcc = 9.0 Hz), 124.18, 121.34 (d, Jcc =
60.1 Hz), 56.77 (d, ] = 6.7 Hz). HRMS-APCI /3 = 244.1204 [M+H]*, calc. for
CigH1513C = 244.1207.
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2-(1H-[7 “13CJinden-1-yl)naphthalene (3;”)

The title compound 3j” was obtained from 2-(cyclohepta-2,4,6-trien-1-yl(1-
135C)ethynyl)naphthalene (20 mg, 82 umol) as a yellow film (9.7 mg, 40 umol, 49 %)
according to the general procedure. TH NMR (500 MHz, CDCL) 6 7.79 (dd, ] = 7.8,
1.6 Hz, 2H), 7.74 (d, ] = 1.6 Hz, 1H), 7.71 (d, ] = 8.5 Hz, 1H), 7.45 (pd, ] = 6.9, 1.4
Hz, 3H), 7.33 — 7.26 (m, 2H), 7.16 (q, ] = 7.3 Hz, 1H), 7.03 (dd, ] = 8.4, 1.8 Hz, 1H),
6.98 (td, ] = 6.0, 2.0 Hz, 1H), 6.67 (td, ] = 5.6, 2.0 Hz, 1H), 4.79 — 4.75 (m, 1H). 13C
NMR (126 MHz, CDCl3) 8 148.39, 144.28 (d, Jec = 51.8 Hz), 139.89 (d, | = 3.6 Hz),
136.99 (d, Jec = 1.7 Hz), 133.84, 132.73, 131.92 (d, Jec = 6.4 Hz), 128.46, 127.78,
127.62,127.02 (d, ] = 9.0 Hz), 126.73 (d, ] = 1.8 Hz), 126.17, 126.00 (d, Jec = 1.3 Hz),
125.64, 12551 (d, Joc = 1.6 Hz), 124.16 (d, Jec = 62.0 Hz), 121.36, 56.76 (d, Joc = 42.5
Hz). HRMS-APCI /5 = 244.1206 [M+H]*, calc. for CisH513C = 244.1207.

5.4 General Procedure for the Synthesis of 2-Substituted-7H-indenes

(Conditions B)

.\
By O}P-AuNCPh
3

'Bu 'SbFg

A solution of the cycloheptatriene substrate (0.145 mmol) in toluene (0.5 mL, 0.29 M)

was sealed in a 3 mL screw cap vial and cooled to 0 °C, with no special precautions
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taken to exclude air or moisture. Au(l)-phosphite catalyst 13 (5 mol%) was then added
and the mixture stirred at 0 °C for 1 h. The solvent was removed under reduced
pressure and the crude yield assessed by 'H NMR analysis (CDCls, 1,4-diacetylbenzene
as internal standard). Purification by preparative TLC (eluent: 9:1 pentane-CH,Cl)

afforded the 7H-indene product.

2-(p-Tolyl)-1H-indene (4a)

I )

The title compound 4a was obtained from 7-(p-tolylethynyl)cyclohepta-1,3,5-triene (30
mg, 0.145 mmol) as a waxy solid (17.9 mg, 87 umol, 60%).

IH NMR (400 MHz, CDCl3) 6 7.53 (d, ] = 8.0 Hz, 2H), 7.45 (d, ] = 7.2 Hz, 1H), 7.38
(d,J = 7.6 Hz, 1H), 7.29 — 7.24 (m, 1H), 7.21 — 7.14 (m, 4H), 3.76 (s, 2H), 2.36 (s, 3H).
13C NMR (100 MHz, CDCls) 6 146.5, 145.5, 143.0, 137.4, 133.2, 129.4, 126.6, 125.6,
125.5, 124.5, 123.6, 120.8, 39.0, 21.2. The spectroscopic data were consistent with
those previously reported: Fuchibe, K.; Mitomi, K.; Akiyama, T. Chem. Lett.
2007, 36, 24-25.

2-Phenyl-1H-indene (45)

oav,

The title compound 4b was obtained from 7-(phenylethynyl)cyclohepta-1,3,5-triene
(27.4 mg, 0.143 mmol) as a yellow oil (14 mg, 0.073 mmol, 51%). TH NMR (500 MHz,
CDCl3) 6 7.63 — 7.61 (m, 2H), 7.46 (dd, ] = 7.5, 1.0 Hz, 1H), 7.40 — 7.35 (m, 3H), 7.28
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—7.24 (m, 2H), 7.21 (t, ] = 0.5 Hz, 1H), 7.17 (dt, ] = 7.5, 1.0 Hz, 1H), 3.77 (s, 2H). 13C
NMR (125 MHz, CDCl3) 6 146.7, 145.6, 143.4, 136.3, 129.0, 127.8, 126.9, 126.8, 125.9,
125.0, 123.9, 121.3, 39.3. The spectroscopic data were consistent with those previously
reported: a) Bors, D. A.; Kaufman, M. J.; Streitwieser, A. Jr. J. Am. Chem. Soc. 1985,
107, 6975. b) Greifenstein, L. G.; Lambert, J. B.; Nienhuis, R. J.; Fried, H. E.; Pagani,
G. A. J. Org. Chem. 1981, 46, 5125.

2-(m-Tolyl)-1H-indene (4¢)

Me

D&

The title compound 4c was obtained from 7-(z-tolylethynyl)cyclohepta-1,3,5-triene
(28.9 mg, 0.140 mmol) as a yellow oil (14.3 mg, 0.069 mmol, 50%). 'H NMR (400
MHz, CDCl3) 6 7.53 — 7.46 (m, 2H), 7.43 (dt, | = 7.6, 0.9 Hz, 1H), 7.36 — 7.27 (m,
3H), 7.29 — 7.23 (m, 1H), 7.22 (td, ] = 7.4, 1.2 Hz, 1H), 7.13 (dt, ] = 7.4, 1.0 Hz, 1H),
3.82 (s, 2H), 2.43 (s, 3H). The spectroscopic data were consistent with those previously
reported: Greifenstein, L. G.; Lambert, J. B.; Nienhuis, R. J.; Fried, H. E.; Pagani, G. A.
J. Org. Chem. 1981, 46, 5125-5132.

2-(0-Tolyl)-1H-indene (44)

Me

0w

The title compound 4d was obtained from 7-(¢o-tolylethynyl)cyclohepta-1,3,5-triene
(29.2 mg, 0.142 mmol) as a yellow oil (14.1 mg, 0.068 mmol, 48%). 'H NMR (400
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MHz, CDCl3) 8 7.49 (d, ] = 7.4 Hz, 1H), 7.41 (t, ] = 8.9 Hz, 2H), 7.32 — 7.18 (m, 5H),
6.95 (s, 1H), 3.80 (s, 2H), 2.50 (s, 3H). 13C NMR (100 MHz, CDCls) 8 147.26, 145.68,
143.32, 137.02, 135.99, 131.20, 130.59, 128.96, 127.35, 126.74, 126.05, 124.82, 123.66,
121.12, 42.43, 21.98. The spectroscopic data were consistent with those previously
reported: Panteleev, J.; Huang, R. Y.; Lui, E. K. J.; Lautens. M. Org. Lezt. 2011, 73,
5314-5317.

2-(4-Methoxyphenyl)-1H-indene (4e)

CI{)-om

The title compound 4e was obtained from 7-((4-methoxyphenyl)ethynyl)cyclohepta-
1,3,5-triene as a colorless solid (8.4 mg, 0.043 mmol, 30%). 'H NMR (500 MHz,
CDCls) 6 7.58 — 7.55 (m, 2H), 7.44 (d, ] = 7.5 Hz, 1H), 7.36 (d, ] = 7.5 Hz, 1H), 7.25
(t, ] = 7.5 Hz, 1H), 7.15 (dt, | = 7.5, 1.0 Hz, 1H), 7.09 (s, 1H), 6.93-6.90 (m, 2H), 3.84
(s, 3H), 3.75 (s, 2H). 13C NMR (125 MHz, CDCl3) 6 159.5, 146.4, 146.0, 143.1, 129.1,
127.1, 126.8, 124.9, 124.6, 123.8, 120.8, 114.3, 55.6, 39.3. The spectroscopic data were
consistent with those previously reported: a) Wolff, T.; Schmidt, F.; Volz, P. . Oz
Chem. 1992, 57, 4255-4262. b) Deng, R.; Sun, L.; Li, Z. Org. Lett., 2007, 9, 5207-5210

2-(4-Fluorophenyl)-1H-indene (4f)

D~

The title compound 4f was obtained from 7-((4-fluorophenyl)ethynyl)cyclohepta-1,3,5-
triene (31. 4 mg, 0.149 mmol) as a colotless solid (18.8 mg, 0.089 mmol, 60%). 'H
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NMR (500 MHz, CDCl3) 6 7.63 — 7.59 (m, 2H), 7.50 — 7.48 (m, 1H), 7.42 (dd, ] = 1.0
Hz, 1H), 7.32 — 7.29 (m, 1H), 7.21 (dt, / = 1.0, 7.5 Hz, 1H), 7.17 (s, 1H), 7.11 — 7.07
(m, 2H), 3.77 (s, 2H). 3C NMR (125 MHz, CDCl3) 8 162.6 (d, Jcr = 237.5 Hz), 145.5,
143.2, 132.5, 127.5 (d, Jcr = 12. 5 Hz), 126.9, 126.5, 125.0, 123.9, 121.2, 115.9, 115.8,
39.4. The spectroscopic data were consistent with those previously reported: a) Bors,
D. A,; Kaufman, M. J.; Streitwieser, A. Jr. J. Am. Chem. Soc. 1985, 107, 6975-6982. b)
Greifenstein, L. G.; Lambert, J. B.; Nienhuis, R. J.; Fried, H. E.; Pagani, G. A. J. Oz
Chem. 1981, 46, 5125-5132. ¢) Deng, R.; Sun, L.; Li, Z. Org Lett., 2007, 9, 5207-5210.

2-(4-Chlorophenyl)-1H-indene (4g)

T )

The title compound 4g was obtained from 7-((4-chlorophenyl)ethynyl)cyclohepta-
1,3,5-triene (32.4 mg, 0.143 mmol) as a colotless solid (19.1 mg, 0.084 mmol, 59%). 'H
NMR (400 MHz, CDCls) 6 7.56 — 7.51 (m, 2H), 7.46 (dq, ] = 7.3, 0.9 Hz, 1H), 7.39 (dt,
J=7.6,1.0 Hz, 1H), 7.35 - 7.30 (m, 2H), 7.27 (td, ] = 7.5, 1.1 Hz, 1H), 7.21 — 7.16 (m,
2H), 3.74 (s, 2H). The spectroscopic data were consistent with those previously
reported: Greifenstein, L. G.; Lambert, J. B.; Nienhuis, R. J.; Fried, H. E.; Pagani, G. A.
. Org. Chem. 1981, 46, 5125-5132.

2-(4-Bromophenyl)-1H-indene (45h)

(I )
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The title compound 4h was obtained from 7-((4-bromophenyl)ethynyl)cyclohepta-
1,3,5-triene (26.6 mg, 0.098 mmol) as a colotless solid (15.1 mg, 0.056 mmol, 57%). 'H
NMR (400 MHz, CDCl3) 6 7.48 (s, 4H), 7.46 (dd, ] = 7.6, 1.1 Hz, 1H), 7.41 — 7.38 (m,
1H), 7.32 — 7.23 (m, 1H), 7.23 — 7.15 (m, 2H), 3.74 (s, 2H). The spectroscopic data

were consistent with those previously reported: Greifenstein, L. G.; Lambert, J. B,;

Nienhuis, R. J.; Fried, H. E.; Pagani, G. A. J. Org. Chem. 1981, 46, 5125-5132.

2-([1,1'-Biphenyl]-2-yl)-1H-indene (4)

O~
W

The title compound 4i was obtained from 2-(cyclohepta-2,4,6-trien-1-ylethynyl)-1,1'-
biphenyl (44 mg, 0.164 mmol) as a yellow oil (25.4 mg, 0.095 mmol, 76%) 'H NMR
(500 MHz, CDCl3) 6 7.54 — 7.50 (m, 1H), 7.40 — 7.26 (m, 10H), 7.25 — 7.17 (m, 1H),
7.10 (td, ] = 7.4, 1.2 Hz, 1H), 6.68 — 6.64 (m, 1H), 3.26 (s, 2H). ’*C NMR (126 MHz,
CDCl;) 6 147.98 ,145.21 , 143.94 , 142.47 , 140.82 , 136.21 , 130.95 , 130.85 , 129.62,
129.41 , 128.44 , 127.58 , 127.55 , 127.12 , 126.43 , 124.55 , 123.58 , 120.98 , 41.21 .
The spectroscopic data were consistent with those previously reported:

IJpeij, E. G.; Beijer, F. H.; Arts, H. J.; Newton, C.; Vries, J. G. de; Gruter, G.-]. M.
J. Org. Chem. 2002, 67, 169-176.

2-(1H-inden-2-yl)naphthalene (4j)
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The title compound 4j was obtained from 2-(cyclohepta-2,4,6-trien-1-
ylethynyl)naphthalene (30 mg, 0.124 mmol) as a colotless solid (15.3 mg, 0.063 mmol,
51%). 'H NMR (500 MHz, CDCl3) 6 8.00 (s, 1H), 7.88 — 7.81 (m, 4H), 7.54 — 7.43 (m,
4H), 7.37 (s, 1H), 7.32 (t, ] = 7.2 Hz, 1H), 7.23 (td, ] = 7.4, 1.1 Hz, 1H), 3.94 (s, 2H).
13C NMR (126 MHz, CDCls) 6 146.54, 145.54, 143.34, 133.81, 133.53, 133.02, 128.33,
128.25, 127.82, 127.34, 126.83, 126.52, 126.06, 125.04, 124.43, 124.08, 123.84, 121.20,
39.21. The spectroscopic data were consistent with those previously reported: Kohei,

F.; Ken, M.; Takahiko, A. Chen. Lett. 2007, 36, 24—25.

3-(1H-inden-2-yl)thiophene (4k)

CO-=C

The title compound 4k was obtained from 3-(cyclohepta-2,4,6-trien-1-
ylethynyl)thiophene (32.3 mg, 0.163 mmol) as a colotless solid (13.2 mg, 0.067 mmol,
41%). M.p. = 181 — 184 °C. 'H NMR (500 MHz, CDCls) 6 7.43 (d, ] = 7.4 Hz, 1H),
7.39 — 7.34 (m, 2H), 7.32 (d, | = 3.2 Hz, 2H), 7.25 (t, ] = 8.2 Hz, 1H), 7.16 (t, ] = 7.4
Hz, 1H), 7.01 (s, 1H), 3.74 (s, 2H). 13C NMR (126 MHz, CDCls) § 145.51, 142.71,
142.00, 138.58, 126.77, 126.25, 126.20, 125.85, 124.76, 123.74, 121.03, 120.53, 39.73.
HRAPCI-MS »/z = 199.0585 [M+H]", cale. for C13H11S = 199.0581.

2-Ferrocenylindene (41)

()

&0
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The title compound 41 was obtained from (cyclohepta-2,4,6-trien-1-ylethynyl)ferrocene
(40.7 mg, 0.136 mmol) as an orange solid (9.3 mg, 0.031 mmol, 23%). 'H NMR (500
MHz, CDCls) 6 7.41 (dd, J = 7.3, 1.0 Hz, 1H), 7.29 (d, ] = 7.4 Hz, 1H), 7.23 (d, ] =
6.5 Hz, 1H), 7.13 (td, ] = 7.4, 1.2 Hz, 2H), 6.81 (q, /] = 1.3 Hz, 1H), 455 (t, ] = 1.9 Hz,
2H), 4.31 (t, ] = 1.8 Hz, 2H), 4.08 (s, 4H), 3.65 (s, 2H). 13C NMR (126 MHz, CDCl5) 6
146.63, 146.16, 142.74, 126.73, 124.04, 123.88, 123.64, 120.07, 81.10, 69.59, 69.20,

66.60, 40.01. The spectroscopic data were consistent with those previously reported:

Plenio, H. Organometallics 1992, 11, 1856-1859.

2-Bengyl-1H-indene (4m)

D
O

The title compound 4m was obtained from 7-(3-phenylprop-1-yn-1-yl)cyclohepta-
1,3,5-triene  (29.8 mg, 0.144 mmol) as a yellow oil (16.8 mg, 0.081 mmol, 57%). 'H
NMR (500 MHz, CDCl3) 6 7.37 — 7.18 (m, 8H), 7.09 (td, ] = 7.3, 1.2 Hz, 1H), 6.50 (t, J

= 1.7 Hz, 1H), 3.81 (s, 2H), 3.27 (s, 3H). 3C NMR (101 MHz, CDCl;) 6 149.40,
145.46, 143.57, 140.16, 129.02, 128.61, 127.95, 126.42, 126.35, 124.01, 123.61, 120.34,
40.98, 38.12. The spectroscopic data were consistent with those previously reported:

Licht, E. H.; Alt, H. G.; Karim, M. M. J. Organomet. Chen. 2000, 599, 275-287.

2-Phenethyl-1H-indene (41)

So RO
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The title compound 4n was obtained from 7-(4-phenylbut-1-yn-1-yl)cyclohepta-1,3,5-
triene (29.7 mg, 0.135 mmol) as a yellow oil (9.1 mg, 0.0413 mmol, 31%). TH NMR
(500 MHz, CDCl3) 6 7.37 (dd, ] = 7.4, 0.9 Hz, 1H), 7.32 — 7.24 (m, 3H), 7.24 — 7.17
(m, 4H), 7.10 (td, /] = 7.3, 1.3 Hz, 1H), 6.54 (d, ] = 1.0 Hz, 1H), 3.32 (s, 2H), 2.96 —
2.92 (m, 2H), 2.85 — 2.78 (m, 2H). 13C NMR (126 MHz, CDCl3) 6 149.96, 145.66,
143.20, 141.98, 128.54, 128.46, 126.78, 126.40, 126.10, 123.85, 123.55, 120.17, 41.39,
35.55, 33.17. The spectroscopic data were consistent with those previously reported:

Licht, E. H.; Alt, H. G.; Karim, M. M. J. Organomet. Chem. 2000, 599, 275-287.

1,4-Di(1H-inden-2-yl)benzene (4r)

-0

The title compound 4r was obtained from 1,4-bis(cyclohepta-2,4,6-trien-1-
ylethynyl)benzene (100 mg, 0.326 mmol) as a highly insoluble yellow solid (44.7 mg,
0.146 mmol, 45%). Decomposes over 320 °C. 'H NMR (500 MHz, C,CLD5; 398 K) &
7.69 (s, 4H), 7.53 (d, ] = 7.3 Hz, 2H), 7.46 (d, ] = 7.5 Hz, 2H), 7.33 (t, ] = 7.4 Hz, 2H),
7.28 (s, 2H), 7.24 (t, ] = 7.3 Hz, 2H), 3.88 (s, 4H). 13C NMR (126 MHz, C,CLDy; 398
K) & 146.08, 145.25, 143.05, 135.30, 126.63, 126.50, 125.84, 124.69, 123.40, 120.82,
39.02. HRMS-MALDI /3 = 306.1402 [M]*, calculated for CosHys = 306.1403.
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1,3,5-Tri(1H-inden-2-yl)benzene (4s)

oy
()
C
T

A solution of the 1,3,5-tris(cyclohepta-2,4,6-trien-1-ylethynyl)benzene (50 mg, 0.119
mmol) in toluene (0.5 mL, 0.29 M) was sealed in a 3 mL screw cap vial and cooled to 0
°C, with no special precautions taken to exclude air or moisture. Au(l)-phosphite
catalyst 12 (6.7 mg, 5 mol%) was then added and the mixture stirred at 0 °C for 1 h.
The reaction mixture was then evaporated to dryness, 1,1'-(1,4-phenylene)diethanone
added as an internal standard, and the crude yield assessed by '"H NMR. The product
was purified by column chromatography (SiO», eluent 1. 9:1 cyclohexane-DCM 2. 4:1)
followed by recrystallization from refluxing cyclohexane (25 mL) to give compound 4s
(18 mg, 0.043 mmol, 36%) as a colotless solid. M.p. = 300 — 320 °C. 'H NMR (500
MHz, CDCl) 6 7.79 (s, 3H), 7.52 (d, ] = 7.3 Hz, 3H), 7.45 (d, ] = 7.3 Hz, 3H), 7.36 (s,
3H), 7.32 (t, ] = 7.4 Hz, 3H), 7.23 (td, ] = 7.4, 1.2 Hz, 3H), 3.90 (s, 6H). *C NMR (126
MHz, CDCl3) 6 146.28, 145.38, 143.32, 136.91, 127.42, 126.89, 125.14, 123.88, 122.22,
121.28, 39.39. HRMS-MALDI #/ = 420.1816 [M]*, calc. for Cs3Hz4 = 420.1873.
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X-Ray Crystal Structure:

Table 1. Crystal data and structure refinement for PM2190.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

90.00 °.

90.00 °.

PM2190

C33 H24

420.52

100(2)K

0.71073 A

Orthorhombic

Pbca

a= 23.3720(16) A a=

b= 6.9309(6) A b=
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90.00 °.

Volume

Z
Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

<=1<=32

Reflections collected
Independent reflections
Completeness to theta =24.76 °
Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

Chapter I: Experimental Section

c=27.463(2) A g=

4448 8(6) A3
8
1.256 Mg/m3

0.071 mm-1
1776

0.20 x 0.02 x 0.02 mm?3
148 to24.76°.
-27 <=h<=27 -8 <=k<=8 -32

53514

3759 [R(int) = 0.0927 ]

0.987 %

Empirical

0.9986 and 0.9860
Full-matrix least-squares on F2

3759/0/298

1.147
R1=0.0634 ,wR2 =0.1683
R1=0.1146 ,wR2 =0.2082

0.280 and -0.321 e.A-3

Table 2. Bond lengths [A] and angles [°] for PM2190.

Bond lengths----

C1-C9 1.475(4)
C1-C2 1.494(4)
C2-C3 1.379(4)
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C2-C7 1.409(4)
C3-C4 1.389(4)
C4-C5 1.394(5)
C5-C6 1.385(4)
C6-C7 1.380(4)
C7-C8 1.468(4)
C8-C9 1.378(4)
C9-C10 1.471(4)
C10-C15 1.398(4)
C10-C11 1.401(4)
C11-C12 1.397(4)
C12-C13 1.401(4)
C12-C16 1.468(4)
C13-C14 1.396(4)
C14-C15 1.403(4)
C14-C25 1.469(4)
C16-C24 1.359(4)
C16-C17 1.506(4)
C17-C18 1.503(4)
C18-C19 1.387(4)
C18-C23 1.404(4)
C19-C20 1.389(4)
C20-C21 1.387(4)
C21-C22 1.391(4)
C22-C23 1.388(4)
C23-C24 1.465(4)
C25-C33 1.356(4)
C25-C26 1.506(4)
C26-C27 1.501(4)
C27-C28 1.380(4)
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C27-C32
C28-C29
C29-C30
C30-C31
C31-C32
C32-C33

C9-C1-C2
C3-C2-C7
C3-C2-C1
C7-C2-C1
C2-C3-C4
C3-C4-C5
C6-C5-C4
C7-C6-C5
C6-C7-C2
C6-C7-C8
C2-C7-C8
C9-C8-C7
C8-C9-C10
C8-C9-C1
C10-C9-C1
C15-C10-C11
C15-C10-C9
C11-C10-C9
C12-C11-C10
C11-C12-C13
C11-C12-C16
C13-C12-C16
C14-C13-C12

1.397(4)
1.391(4)
1.374(4)
1.391(4)
1.392(4)
1.458(4)

104.8(2)
120.2(3)
131.3(3)
108.5(2)
119.03)
120.6(3)
120.8(3)
118.7(3)
120.8(2)
131.4(3)
107.8(2)
109.2(2)
126.5(3)
109.6(2)
123.9(3)
118.3(3)
121.0(3)
120.6(2)
121.8(3)
117.93)
121.1(2)
121.1(3)
122.3(3)
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C13-C14-C15 117.9(3)
C13-C14-C25 120.2(3)
C15-C14-C25 121.9(2)
C10-C15-C14 121.7(3)
C24-C16-C12 126.5(3)
C24-C16-C17 109.8(2)
C12-C16-C17 123.6(2)
C18-C17-C16 103.2(2)
C19-C18-C23 119.8(3)
C19-C18-C17 131.0(3)
C23-C18-C17 109.2(2)
C18-C19-C20 119.3(3)
C21-C20-C19 120.5(3)
C20-C21-C22 121.0(3)
C23-C22-C21 118.4(3)
C22-C23-C18 121.0(3)
C22-C23-C24 131.3(3)
C18-C23-C24 107.72)
C16-C24-C23 110.0(2)
C33-C25-C14 128.3(3)
C33-C25-C26 109.7(2)
C14-C25-C26 122.1(2)
C27-C26-C25 103.2(2)
C28-C27-C32 121.0(3)
C28-C27-C26 129.9(3)
C32-C27-C26 109.1(2)
C27-C28-C29 118.8(3)
C30-C29-C28 120.5(3)
C29-C30-C31 121.4(3)
C30-C31-C32 118.4(3)
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C31-C32-C27
C31-C32-C33
C27-C32-C33
C25-C33-C32

120.0(3)
131.9(3)
108.1(2)
110.0(2)

Chapter I: Experimental Section

Table 3. Torsion angles [°] for PM2190.

C9-C1-C2-C3
C9-C1-C2-C7
C7-C2-C3-C4
C1-C2-C3-C4
C2-C3-C4-C5
C3-C4-C5-C6
C4-C5-C6-C7
C5-C6-C7-C2
C5-C6-C7-C8
C3-C2-C7-C6
C1-C2-C7-C6
C3-C2-C7-C8
C1-C2-C7-C8
C6-C7-C8-C9
C2-C7-C8-C9
C7-C8-C9-C10
C7-C8-C9-Cl1
C2-C1-C9-C8
C2-C1-C9-C10
C8-C9-C10-C15
C1-C9-C10-C15
C8-C9-C10-C11
C1-C9-C10-C11

-178.4(3)
2.9(3)
1.4(5)

-177.2(3)
0.1(5)

-LA(5)
1.3(5)
0.2(5)
179.7(3)
-1.6(5)
177.3(3)
178.8(3)
2303)

-178.7(3)
0.7(4)

-179.4(3)
1.1(4)
2 A(3)

178.1(3)
-159.0(3)
20.4(5)
20.8(5)
-159.8(3)
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C15-C10-C11-C12 0.2(4)
C9-C10-C11-C12 -179.5(3)
C10-C11-C12-C13 0.6(5)
C10-C11-C12-C16 -178.9(3)
C11-C12-C13-C14 -0.7(5)
C16-C12-C13-C14 178.8(3)
C12-C13-C14-C15 0.0(5)
C12-C13-C14-C25 179.8(3)
C11-C10-C15-C14 -1.0(5)
C9-C10-C15-C14 178.8(3)
C13-C14-C15-C10 0.9(5)
C25-C14-C15-C10 -178.9(3)
C11-C12-C16-C24 -176.1(3)
C13-C12-C16-C24 43(5)
C11-C12-C16-C17 5.4(5)
C13-C12-C16-C17 -174.2(3)
C24-C16-C17-C18 -0.7(4)
C12-C16-C17-C18 178.0(3)
C16-C17-C18-C19 -179.2(3)
C16-C17-C18-C23 0.5(3)
C23-C18-C19-C20 0.3(5)
C17-C18-C19-C20 180.0(3)
C18-C19-C20-C21 -0.8(5)
C19-C20-C21-C22 0.6(6)
C20-C21-C22-C23 0.0(5)
C21-C22-C23-C18 -0.5(5)
C21-C22-C23-C24 -179.7(3)
C19-C18-C23-C22 0.4(5)
C17-C18-C23-C22 -179.4(3)
C19-C18-C23-C24 179.7(3)
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C17-C18-C23-C24
C12-C16-C24-C23
C17-C16-C24-C23
C22-C23-C24-C16
C18-C23-C24-C16
C13-C14-C25-C33
C15-C14-C25-C33
C13-C14-C25-C26
C15-C14-C25-C26
C33-C25-C26-C27
C14-C25-C26-C27
C25-C26-C27-C28
C25-C26-C27-C32
C32-C27-C28-C29
C26-C27-C28-C29
C27-C28-C29-C30
C28-C29-C30-C31
C29-C30-C31-C32
C30-C31-C32-C27
C30-C31-C32-C33
C28-C27-C32-C31
C26-C27-C32-C31
C28-C27-C32-C33
C26-C27-C32-C33
C14-C25-C33-C32
C26-C25-C33-C32
C31-C32-C33-C25
C27-C32-C33-C25

Chapter I: Experimental Section

0.0(4)
-177.93)
0.7(4)
178.8(3)
-0.4(4)
-179.4(3)
0.4(5)
0.0(5)
179.7(3)
0.3(3)
-179.1(3)
-179.8(3)
0.1(3)
0.9(5)
-179.5(3)
-0.9(5)
0.2(5)
0.5(5)
-0.5(5)
179.8(3)
0.2(5)
-179.9(3)
179.6(3)
0.1(3)
179.0(3)
0.4(4)
-179.9(3)
0.3(4)
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3:2 Mixture of 2-(1H-(1-12C)inden-2-yl)naphthalene and 2-(1H-(3-13C)inden-2-
yl)naphthalene (4;°)

Ho

D

H

The title compounds 4§’ were obtained as an inseparable mixture from 2-(cyclohepta-
2,4,6-trien-1-y1(2-13C)ethynyl)naphthalene (8.1 mg, 33 pmol) in the form of a colotless
solid (3.4 mg, 42%). 'H NMR (500 MHz, CDCls) 6 8.00 (s, 1H), 7.87 — 7.80 (m, 4H),
7.54 — 7.34 (m, 5H), 7.30 (dd, /] = 7.3, 7.3 Hz, 1H), 7.21 (dd, ] = 7.3, 7.3 Hz, 1H), 3.94
(d, ?Jcrr = 3.4 Hz, 0.8H), 3.94 (d, "Jcu = 128.4 Hz, 1.2H). 13C NMR (126 MHz, CDCl3)
0146.95 — 146.15 (m), 145.88 — 145.26 (m), 143.60 — 143.11 (m), 133.83, 133.55 (d, Jcc
= 2.5 Hz), 133.04, 128.35, 128.26, 127.83, 127.36 (*3C label), 126.84, 126.54, 126.08,
125.06 (d, Jec = 2.3 Hz), 124.45 (d, Jcc = 2.4 Hz), 124.10 (d, Jcc = 2.6 Hz), 123.85 (d,
Jec = 2.9 Hz), 121.21 (d, Jec = 2.5 Hz), 39.24 (3C label) . HRMS-APCI m/z =
244.1210 [M+H]*, calc. for C1sHis13C = 244.1207.

2-(1H-(2-13C)-inden-2-yl)naphthalene (4;”°)

The title compound 4j” was obtained from 2-(cyclohepta-2,4,6-trien-1-yl(1-
13C)ethynyl)naphthalene (20 mg, 82 umol) in the form of a colorless solid (2.9 mg, 12
umol, 15 %). tH NMR (500 MHz, CDCl3) 6 8.00 (d, ] = 4.9 Hz, 1H), 7.87 — 7.80 (m,
4H), 7.54 — 7.41 (m, 4H), 7.36 (q, ] = 1.9 Hz, 1H), 7.30 (t, ] = 7.3 Hz, 1H), 7.21 (td, | =
7.4, 1.1 Hz, 1H), 3.94 (d, ] = 5.8 Hz, 2H). 13C NMR (126 MHz, CDCl3) 6 146.56 (13C
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label), 133.84, 133.79 (d, Jec = 3.8 Hz), 133.30, 133.03, 128.34 (d, Joc = 4.6 Hz),
128.26, 127.83, 127.60, 127.05, 126.84, 126.54, 126.08, 125.06, 124.45, 124.09 (d, Joc =
1.8 Hz), 123.85 (d, Jec = 2.9 Hz), 121.21 (d, Jec = 6.4 Hz), 39.22 (d, Jec = 40.5 Hz).
HRMS-APCI /5 = 244.1208 [M+H]*, calc. for CisH;553C = 244.1207.

5.5 Trapping of the intermediates

(£)(1R,58,8R,95)-9-methoxy-4-(naphthalen-2-yl)tricyclo[3.3.1.028]nona-3,6-
diene (9)

A solution of 2-(cyclohepta-2,4,6-trien-1-ylethynyl)naphthalene (100 mg, 0.41 mmol) in
1:1 MeOH-CH2Cl (0.5 mL, 0.29 M) was sealed in a 3 mL screw cap vial and cooled to
0 °C, with no special precautions taken to exclude air or moisture. Catalyst 7 (5.6 mg, 5
mol%) was then added and the mixture stirred at 0 °C for 1 h. The solvent was
removed under reduced pressure and the crude residue was purified by preparative
TLC (eluent: 1:4 pentane-CH>Cly) afforded the title compound 9 as a colotless solid
(45.5 mg, 0.17 mmol, 40 %). '"H NMR (500 MHz, CDCls) 8 7.86 (s, 1H), 7.85 — 7.77
(m, 3H), 7.59 (dd, | = 8.6, 1.9 Hz, 1H), 7.50 — 7.41 (m, 2H), 6.10 (dd, /] = 6.7, 1.1 Hz,
1H), 6.00 (dd, J = 9.1, 6.0 Hz, 1H), 5.94 — 5.88 (m, 1H), 3.72 — 3.68 (m, 1H), 3.51 —
3.49 (m, 1H), 3.42 (s, 3H), 2.54 — 2.48 (m, 1H), 2.39 — 2.31 (m, 2H). *C NMR (126
MHz, CDCl3) 6 137.60, 137.15, 133.68, 132.52, 128.18, 128.09, 127.65, 126.36, 125.73,
124.01, 123.48, 123.46, 123.14, 118.82, 72.98, 56.74, 37.94, 25.57, 22.90, 21.54. HRMS-
APCI /%= 275.1434 [M+H]*, calc. for C17H10O = 275.1436.
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X-Ray Crystal Structure:

Table 1. Crystal data and structure refinement for PM3183.

Identification code PM3183
Empirical formula C20HI18 O
Formula weight 27434
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Orthorhombic
Space group Pca2(1)
Unit cell dimensions a= 15.006(4) A a=
90.00 °.
b= 15.379(5) A b=
90.00 °.
c= 6.095(3) A g=
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90.00 °.

Volume 1406.6(9) A3

Z 4

Density (calculated) 1.296 Mg/m3

Absorption coefficient 0.078 mm-1

F(000) 584

Crystal size 0.01 x0.01 x 0.001 mm?3
Theta range for data collection 1.32 to 25.35°.

Index ranges -17 <=h<=16 ,-18 <=k<=18 -7
<=l<=7

Reflections collected 16373

Independent reflections 2540 [R(int) = 0.1386 ]
Completeness to theta =25.35 °© 99.5%

Absorption correction Empirical

Max. and min. transmission 0.9999 and 0.9992
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 2540/1/191
Goodness-of-fit on F2 1.049

Final R indices [I>2sigma(I)] R1=0.0605,wR2 =0.1079
R indices (all data) R1=0.1336 ,wR2 =0.1382
Flack parameter x=1(4)

Largest diff. peak and hole 0.240 and -0.211 e.A-3

Table 2. Bond lengths [A] and angles [°] for PM3183.

Bond lengths----

C1-01 1.421(5)
C2-01 1.443(5)
C2-C7 1.513(6)
C2-C3 1.547(6)
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C3-C4 1.509(6)
C3-C10 1.535(5)
C4-C5 1.336(6)
C5-C6 1.449(6)
Co6-C7 1.512(6)
C6-C8 1.582(7)
C7-C8 1.514(6)
C8-C9 1.460(6)
C9-C10 1.340(6)
C10-C11 1.471(6)
C11-C20 1.374(6)
C11-C12 1.435(7)
C12-C13 1.363(6)
C13-C14 1.426(6)
C14-C15 1.420(6)
C14-C19 1.434(5)
C15-C16 1.361(6)
Cl16-C17 1.402(7)
C17-C18 1.361(6)
C18-C19 1.410(6)
C19-C20 1.431(6)
Angles----------

01-C2-C7 107.1(4)
01-C2-C3 111.4(3)
C7-C2-C3 110.2(3)
C4-C3-C10 106.9(3)
C4-C3-C2 111.6(4)
C10-C3-C2 107.7(3)
C5-C4-C3 118.6(4)
C4-C5-C6 120.9(4)
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C5-C6-C7
C5-C6-C8
C7-C6-C8
C6-C7-C2
C6-C7-C8
C2-C7-C8
C9-C8-C7
C9-C8-C6
C7-C8-C6
C10-C9-C8
C9-C10-C11
C9-C10-C3
C11-C10-C3
C20-C11-C12
C20-C11-C10
C12-C11-C10
C13-C12-C11
C12-C13-C14
C15-C14-C13
C15-C14-C19
C13-C14-C19
C16-C15-C14
C15-C16-C17
C18-C17-C16
C17-C18-C19
C18-C19-C20
C18-C19-C14
C20-C19-C14
C11-C20-C19
C1-01-C2

119.6(4)
120.6(4)

58.5(3)
115.5(4)

63.0(3)
113.7(4)
118.2(4)
121.0(4)

58.4(3)
122.5(4)
123.6(4)
116.5(4)
119.9(4)
118.0(4)
122.5(4)
119.5(4)
121.3(4)
121.7(5)
122.9(4)
119.2(4)
118.0(4)
120.3(5)
120.8(5)
120.3(5)
121.6(5)
123.6(4)
117.9(4)
118.6(4)
122.5(4)
112.3(3)
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Symmetry transformations used to generate equivalent atoms:

Table 3. Torsion angles [°] for PM3183.

01-C2-C3-C4 64.3(4)
C7-C2-C3-C4 -54.4(4)
01-C2-C3-C10 -178.7(3)
C7-C2-C3-C10 62.6(4)
C10-C3-C4-C5 -75.9(5)
C2-C3-C4-C5 41.6(5)
C3-C4-C5-C6 -3.1(6)
C4-C5-C6-C7 21.4(6)
C4-C5-C6-C8 47 .4(6)
C5-C6-C7-C2 4.8(6)
C8-C6-C7-C2 ~104.9(4)
C5-C6-C7-C8 109.7(5)
01-C2-C7-C6 -89.5(4)
C3-C2-C7-C6 31.8(5)
01-C2-C7-C8 -159.7(4)
C3-C2-C7-C8 -38.4(5)
C6-C7-C8-C9 -110.9(5)
C2-C7-C8-C9 -3.2(6)
C2-C7-C8-C6 107.7(5)
C5-C6-C8-C9 -2.0(6)
C7-C6-C8-C9 106.2(4)
C5-C6-C8-C7 ~108.2(4)
C7-C8-C9-C10 22.6(7)
C6-C8-C9-C10 -45.7(6)
C8-C9-C10-C11 ~178.0(4)
C8-C9-C10-C3 4.1(6)
C4-C3-C10-C9 73.9(5)
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C2-C3-C10-C9
C4-C3-C10-C11
C2-C3-C10-C11
C9-C10-C11-C20
C3-C10-C11-C20
C9-C10-C11-C12
C3-C10-C11-C12
C20-C11-C12-C13
C10-C11-C12-C13
C11-C12-C13-C14
C12-C13-C14-C15
C12-C13-C14-C19
C13-C14-C15-C16
C19-C14-C15-C16
C14-C15-C16-C17
C15-C16-C17-C18
C16-C17-C18-C19
C17-C18-C19-C20
C17-C18-C19-C14
C15-C14-C19-C18
C13-C14-C19-C18
C15-C14-C19-C20
C13-C14-C19-C20
C12-C11-C20-C19
C10-C11-C20-C19
C18-C19-C20-C11
C14-C19-C20-C11
C7-C2-01-C1
C3-C2-01-C1

Chapter I: Experimental Section

-46.1(5)
-104.0(5)
135.9(4)
-143.6(4)
34.2(6)
38.1(7)
~144.1(4)
0.2(6)
178.5(4)
1.4(6)
178.2(4)
-1A(6)
-178.9(4)
0.6(6)
-0.6(6)
0.0(6)
0.7(6)
179.0(4)
-0.7(6)
0.1(5)
179.6(4)
-179.7(4)
-0.1(5)
-1.7(6)
180.0(4)
-178.0(4)
1.7(6)
-158.3(4)
81.2(4)

Symmetry transformations used to generate equivalent atoms:
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(£)(1R,5S,8R,9S)-9-methoxy-4-(naphthalen-2-yl)-3(" C)tricyclo[3.3.1.0” Inona-
3,6-diene (9°)

MeO

O 13C label

The title compound 9’ was obtained from 2-(cyclohepta-2,4,6-trien-1-yl(2-
PC)ethynyl)naphthalene (20 mg, 82 umol) following the procedure for
(+)(1R,5S,8R,9S)-9-methoxy-4-(naphthalen-2-yl)tricyclo[3.3.1.0**Jnona-3,6-diene
as a white solid (8.6 mg, 31 umol, 38 %). '"H NMR (500 MHz, CDCl;) 8 7.85 (s,
1H), 7.83 — 7.77 (m, 3H), 7.58 (dd, J = 8.6, 1.9 Hz, 1H), 7.48 — 7.41 (m, 2H), 6.09
(ddd, J = 0.86, 6.63 Hz, Joy = 158.65 Hz, 1H), 5.99 (dd, J = 9.2, 6.0 Hz, 1H), 5.90
(dd, J=9.2, 6.6 Hz, 1H), 3.75 — 3.64 (m, 2H), 3.50 (s, 2H), 3.42 (s, 5H), 2.51 (q, J
= 7.2 Hz, 2H), 2.39 — 2.30 (m, 4H). °C NMR (126 MHz, CDCl;) 6 137.88, 137.25
(d, Joc = 18.9 Hz), 133.69, 132.54, 128.20, 128.10, 127.67, 126.38, 125.76, 124.01,
123.50 (d, Jec = 4.0 Hz) (plus one masked carbon signal), 123.15, 118.84 c
label), 73.03, 56.76, 37.95, 25.57 (d, Jcc = 53.4 Hz), 22.91, 21.56. HRMS-APCI m/z
= 276.1465 [M+H]’", calc. for C 9" CH 40 = 276.1469.
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(X)(IR,5S,8R,9S, )-9—meth0xy-4—(naphthalen-2-yl)-4(13C)tricyclo[3.3. 107 ’8]n0na-
3,6-diene (9°)

The title compound 9’ was obtained from 2-(cyclohepta-2,4,6-trien-1-yl(1-
PC)ethynyl)naphthalene (20 mg, 82 umol) following the procedure for
(+)(1R,5S,8R,9S)-9-methoxy-4-(naphthalen-2-yl)tricyclo[3.3.1.0**Jnona-3,6-diene
as a white solid (9.4 mg, 34 umol, 41%). '"H NMR (500 MHz, CDCls) 6 7.90 — 7.86
(m, 2H), 7.86 — 7.80 (m, 5H), 7.61 (ddd, J = 8.6, 3.2, 1.9 Hz, 2H), 7.47 (dddd, J =
19.3, 8.0, 6.9, 1.4 Hz, 3H), 6.15 — 6.09 (m, 2H), 6.05 — 5.99 (m, 2H), 5.93 (ddd, J =
9.1, 6.6, 1.0 Hz, 2H), 3.75 — 3.67 (m, 1H), 3.52 (ddd, J = 3.6, 2.3, 1.2 Hz, 1H), 3.44
(s, 2H), 2.53 (qd, J = 7.4, 6.1 Hz, 1H), 2.43 — 2.31 (m, 2H). "*C NMR (126 MHz,
CDCl3) 6 137.64 (®C label) (plus one masked carbon signal), 133.68, 132.54,
128.20 (d, Joc = 3.7 Hz), 128.11, 127.67, 126.39, 125.76, 124.02, 123.50, 123.48,
123.16 (d, J=3.8 Hz), 118.82 (d, Joc = 70.1 Hz), 73.01, 56.77, 37.95 (d, Jcc = 38.0
Hz), 25.59, 22.92, 21.55. HRMS-APCI m/z = 276.1465 [M+H]", calc. for
C19" CH,0 = 276.1469.
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8(x)(1R,1aS,4aS,5S,5aR,6R)-dimethyl 5-phenyl-1,4,4a,5,6,8a-hexahydro-1,6-
ethenodicyclopropald,ilnaphthalene-3,3(2H)-dicarboxylate (7)

M902C
hAeCDZC

A solution of gold complex 11 (5 mol%) and dimethyl 2-cinnamyl-2-(3-
(cyclohepta-2,4,6-trien-1-yl)prop-2-yn-1-yl)malonate (0.1 mmol) in CH,Cl, (1 mL,
0.1 M) was stirred for 16 h at rt. The crude reaction mixture was purified by
preparative TLC using cyclohexane/EtOAc (10:1) to give the title compound 7 as a
colorless solid (49%). M. p. 171.6 — 173.1 °C. "H NMR (400 MHz, CDCl3) 6 7.26 —
7.12 (m, 5H), 5.77 (ddd, J = 9.1, 6.7, 1.3 Hz, 1H), 5.69 (ddd, J = 9.1, 6.4, 0.8 Hz,
1H), 5.62 (dd, J = 9.0, 6.4 Hz, 1H), 5.33 (ddd, J = 9.1, 6.6, 1.3 Hz, 1H), 3.80 (s,
3H), 3.72 (s, 3H), 2.99 (ddd, J = 14.5, 8.4, 1.9 Hz, 1H), 2.55 (d, J = 14.2 Hz, 1H),
2.35(ddd,J=17.9, 6.5, 1.4 Hz, 1H), 2.11 (ddd, J = 7.6, 6.4, 1.3 Hz, 1H), 2.00 (dd, J
= 14.2, 1.8 Hz, 1H), 1.89 (d, J = 5.2 Hz, 1H), 1.80 — 1.67 (m, 3H). °C NMR (101
MHz, CDCls) 6 172.4, 171.4, 139.2, 129.0, 127.6, 125.7, 124.8, 122.5, 122.2, 121.0,
52.7, 52.6, 52.3, 35.6, 35.1, 34.7, 32.4, 31.3, 30.4, 28.2, 25.8, 17.8. HRMS-APCI
m/z = 399.1585 [M+Na]’, calc. for C,4H,,04Na =399.1572.
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X-Ray Crystal Structure:

Chapter I: Experimental Section

c17

Table 1. Crystal data and structure refinement for mo_WYH4662_0Om.

Identification code mo_WYH4662_0m

Empirical formula C24 H24 O4

Formula weight 376.43

Temperature 100(2)K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group C2/c

Unit cell dimensions a= 43.104(13) A (= 90.00 °.
b= 6.2652(18) A ® =99.96 °.
c= 13.842(4) A © = 90.00 °.

Volume

Z

3681.6(18) A3
8
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Density (calculated) 1.358 Mg/m3

Absorption coefficient 0.091 mm-!

F(000) 1600

Crystal size 0.15x0.15 x 0.1 mm3

Theta range for data collection 1.92 to 27.56°.

Index ranges -55 <=h<=56 -8 <=k<=8 -12 <=I<=17
Reflections collected 12242

Independent reflections 4229 [R(int) = 0.0660 ]
Completeness to theta =27.56 ° 0.995 %

Absorption correction Empirical

Max. and min. transmission 0.9909 and 0.9864
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 4229/0/255

Goodness-of-fit on F2 1.010

Final R indices [I>2sigma(I)] R1=0.0516 ,wR2 =0.1083

R indices (all data) R1=0.1086 ,wR2 =0.1273
Largest diff. peak and hole 0.253 and -0.244 e¢.A-3

Table 2. Bond lengths [A] and angles [°] for mo_WYH4662_0Om.

Bond lengths----

C1-C16 1.523(3)
C1-C14 1.535(3)
C1-C2 1.543(3)
C1-C6 1.548(3)
C2-C3 1.509(3)
C3-C4 1.492(3)
C3-Cl11 1.501(3)
C3-C10 1.521(3)
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C4-C5
C4-C18
C4-C7
C5-C18
C5-C6
C7-C8
C7-C13
C8-C9
C9-C10
C10-C11
C11-C12
C12-C13
C14-04
C14-03
C15-03
C16-02
C16-01
C17-01
C18-C19
C19-C24
C19-C20
C20-C21
C21-C22
C22-C23
C23-C24

Cl16-C1-C14
Cl16-C1-C2
C14-C1-C2
C16-C1-C6

1.507(3)
1.523(3)
1.525(3)
1.519(3)
1.531(3)
1.510(3)
1.516(3)
1.322(3)
1.462(3)
1.583(3)
1.469(3)
1.334(3)
1.204(2)
1331(3)
1.452(2)
1.201(3)
1343(3)
1.458(3)
1.497(3)
1.387(3)
1.388(3)
1.389(3)
1374(3)
1374(3)
1.384(3)

105.36(15)
108.81(17)
106.96(16)
109.80(16)
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C14-C1-C6 113.95(17)
C2-C1-C6 111.65(16)
C3-C2-Cl 110.01(17)
C4-C3-Cl1 114.71(17)
C4-C3-C2 116.01(17)
C11-C3-C2 120.55(18)
C4-C3-C10 114.80(18)
C11-C3-C10 63.18(14)
C2-C3-C10 117.10(16)
C3-C4-C5 117.51(17)
C3-C4-C18 118.63(17)
C5-C4-C18 60.15(13)
C3-C4-C7 111.98(17)
C5-C4-C7 122.25(18)
C18-C4-C7 117.27(16)
C4-C5-C18 60.45(13)
C4-C5-C6 121.20(17)
C18-C5-C6 117.79(17)
C5-C6-C1 115.25(17)
C8-C7-C13 103.44(17)
C8-C7-C4 110.66(16)
C13-C7-C4 108.56(18)
C9-C8-C7 119.02)

C8-C9-C10 121.39(19)
C9-C10-C3 118.59(18)
C9-C10-C11 120.45(18)
C3-C10-C11 57.80(13)
C12-C11-C3 118.34(19)
C12-C11-C10 118.89(19)
C3-C11-C10 59.02(13)
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C13-C12-C11
C12-C13-C7
04-C14-03
04-C14-C1
03-C14-C1
02-C16-01
02-C16-C1
01-C16-C1
C19-C18-C5
C19-C18-C4
C5-C18-C4
C24-C19-C20
C24-C19-C18
C20-C19-C18
C19-C20-C21
C22-C21-C20
C23-C22-C21
C22-C23-C24
C23-C24-C19
C16-01-C17
C14-03-C15

Table 3. Torsion angles [°] for mo_WYH4662_0Om.

120.9(2)
119.3(2)
124.51(19)
121.99(19)
113.49(17)
124.2(2)
125.1(2)
110.72(18)
124.77(19)
121.96(18)
59.40(13)
118.08(19)
118.1(2)
123.82(19)
120.5(2)
120.5(2)
119.7(2)
120.0(2)
121.3(2)
115.34(17)
115.45(17)

Chapter I: Experimental Section

C16-C1-C2-C3
C14-C1-C2-C3
C6-C1-C2-C3

C1-C2-C3-C4

C1-C2-C3-C11
C1-C2-C3-C10
C11-C3-C4-C5
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-159.52(17)
-86.2(2)
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C2-C3-C4-C5 -25.8(3)
C10-C3-C4-C5 115.8(2)
C11-C3-C4-C18 -104.5(2)
C2-C3-C4-C18 43.4(3)
C10-C3-C4-C18 -174.97(17)
C11-C3-C4-C7 37.1(2)
C2-C3-C4-C7 -175.02(17)
C10-C3-C4-C7 33.4(2)
C3-C4-C5-C18 108.9(2)
C7-C4-C5-C18 -105.2(2)
C3-C4-C5-C6 2.5(3)
C18-C4-C5-C6 -106.4(2)
C7-C4-C5-C6 148.33(18)
C4-C5-C6-C1 -8.9(3)
C18-C5-C6-C1 -79.5(2)
C16-C1-C6-C5 158.00(17)
C14-C1-C6-C5 -84.1(2)
C2-C1-C6-C5 37.2(2)
C3-C4-C7-C8 55.0(2)
C5-C4-C7-C8 92.5(2)
C18-C4-C7-C8 -162.85(18)
C3-C4-C7-C13 -57.9(2)
C5-C4-C7-C13 154.59(17)
C18-C4-C7-C13 84.3(2)
C13-C7-C8-C9 75.3(2)
C4-C7-C8-C9 -40.8(3)
C7-C8-C9-C10 3.1(3)
C8-C9-C10-C3 20.4(3)
C8-C9-C10-C11 -47.0(3)
C4-C3-C10-C9 34(3)
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C11-C3-C10-C9
C2-C3-C10-C9
C4-C3-C10-C11
C2-C3-C10-C11
C4-C3-C11-C12
C2-C3-C11-C12
C10-C3-C11-C12
C4-C3-C11-C10
C2-C3-C11-C10
C9-C10-C11-C12
C3-C10-C11-C12
C9-C10-C11-C3
C3-C11-C12-C13

C10-C11-C12-C13

C11-C12-C13-C7
C8-C7-C13-C12
C4-C7-C13-C12
C16-C1-C14-04
C2-C1-C14-04
C6-C1-C14-04
C16-C1-C14-03
C2-C1-C14-03
C6-C1-C14-03
C14-C1-C16-02
C2-C1-C16-02
C6-C1-C16-02
C14-C1-C16-01
C2-C1-C16-01
C6-C1-C16-0O1
C4-C5-C18-C19
C6-C5-C18-C19

SYNTHESIS OF SMALL AND MEDIUM-SIZED ARENES
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-109.8(2)
137.8(2)
106.4(2)
112.4(2)
1.9(3)
-144.43(19)
108.5(2)
-106.54(19)
107.1(2)
-0.9(3)
-107.5(2)
106.6(2)
20.7(3)
47.6(3)
29(3)
75.9(2)
41.6(3)
-50.5(3)
65.2(2)
-170.89(19)
129.94(18)
-114.37(18)
9.5(2)
119.7(2)
5.2(3)
11722)
-60.7(2)
-175.09(15)
62.4(2)
109.8(2)
-138.3(2)
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C6-C5-C18-C4
C3-C4-C18-C19
C5-C4-C18-C19
C7-C4-C18-C19
C3-C4-C18-C5
C7-C4-C18-C5
C5-C18-C19-C24
C4-C18-C19-C24
C5-C18-C19-C20
C4-C18-C19-C20
C24-C19-C20-C21
C18-C19-C20-C21
C19-C20-C21-C22
C20-C21-C22-C23
C21-C22-C23-C24
C22-C23-C24-C19
C20-C19-C24-C23
C18-C19-C24-C23
02-C16-01-C17
C1-C16-01-C17
04-C14-03-C15
C1-C14-03-C15

112.0(2)
138.6(2)
-1143(2)
-1.0(3)
-107.1(2)
113.4(2)
-165.2(2)
-92.4(3)
17.03)
89.8(3)
-1.1(3)
176.7(2)
0.7(3)
0.1(4)
-0.5(4)
0.1(4)
0.7(3)
17722
-4.0(3)
176.33(15)
3.103)
176.44(18)
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(£)(3a8,5aR,6aS,6bS)-2-tosyl-1,2,3,5a,6,6a,7,7a-octahydro-3a,6-
ethenodicyclopropald,flisoquinoline (8 and 8’)

A solution of gold complex 11 (5 mol%) and N-allyl-N-(3-(cyclohepta-2,4,6-trien-
1-yl)prop-2-yn-1-yl)-4-methylbenzenesulfonamide (0.1 mmol) in CH,Cl, (1 mL,
0.1 M) was stirred for 16 h at rt. The crude reaction mixture was purified by
preparative TLC using cyclohexane/EtOAc (10:1) to give the title compound as a
colorless solid (51%). M.p. 101.7 — 103.2 °C. '"H NMR (400 MHz, CDCl3) 6 7.67 (d,
J=28.3 Hz, 2H), 7.33 (d, J= 8.2 Hz, 2H), 5.71 (td, J = 7.7, 3.4 Hz, 2H), 4.51 — 4.42
(m, 2H), 3.69 (dd, J = 12.0, 5.3 Hz, 1H), 3.59 (ddd, J = 7.7, 4.8, 1.2 Hz, 1H), 3.51
(ddd, J=7.5,4.9, 1.1 Hz, 1H), 3.29 (d, J = 12.0 Hz, 1H), 3.25 (dd, /=12.0, 1.8 Hz,
1H), 2.83 (d, J = 11.8 Hz, 1H), 2.45 (s, 3H), 1.66 (t, /= 6.8 Hz, 1H), 1.08 — 1.03
(m, 1H), 0.36 (dd, J = 8.5, 5.5 Hz, 1H), 0.30 (t, J = 5.1 Hz, 1H). °C NMR (101
MHz, CDCl3) 6 143.2, 134.6, 129.6, 127.2, 122.0, 121.5, 85.8, 85.2, 71.4, 67.6,
49.0, 43.3,35.6, 31.6, 21.5, 15.5, 13.9, 11.2 HRMS-APCI m/z = 362.1196 [M+Na]’,
calc. for Cy0H2NO,SNa = 362.1191.
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X-Ray Crystal Structure:

Table 1. Crystal data and structure refinement for mo_WYH4302_0Om.

Identification code mo_WYH4302_0m
Empirical formula C20H21NO2S
Formula weight 339.44
Temperature 100(2)K
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Wavelength 0.71073 A
Crystal system Monoclinic
Space group Cc
Unit cell dimensions a= 19.6378(14) A a=
90.00 °.
b= 6.2264(4) A b=
113.794(3) °.
c= 15.1429(11) A g=
90.00 °.
Volume 1694.2(2) A3
Z 4
Density (calculated) 1.331 Mg/m3
Absorption coefficient 0.203 mm-!
F(000) 720
Crystal size 0.10 x 0.10 x 0.05 mm?
Theta range for data collection 2.27 t03240°.
Index ranges -29 <=h<=29 -8 <=k<=9 -22
<=I<=19
Reflections collected 9225
Independent reflections 4389 [R(int) = 0.0275 ]
Completeness to theta =32.40 ° 0915 %
Absorption correction Empirical

Max. and min. transmission 0.9899 and 0.9800

Full-matrix least-squares on F2

4389 /262 /266

Refinement method

Data / restraints / parameters

Goodness-of-fit on F2 1.069

Final R indices [I>2sigma(I)] R1=0.0677 ,wR2 =0.1964
R indices (all data) R1=0.0722 ,wR2 =0.2017
Flack parameter x =0.05(12)
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Largest diff. peak and hole 1.135 and -0.718 ¢.A-3

Table 2. Bond lengths [A] and angles [°] for mo_WYH4302_Om.

Bond lengths----

S1-02 1.41109)
S1-01 1.440(3)
S1-02' 1.443(11)
S1-N1 1.629(3)
S1-C14 1.755(4)
N1-C5 1.475(5)
NI1-C1 1.475(4)
C1-C2 1.509(5)
C2-C6' 1.438(7)
C2-C10' 1.482(8)
C2-C3 1.514(5)
C2-C10 1.514(8)
C2-C6 1.560(7)
C3-C13 1.496(6)
C3-C4 1.504(5)
C3-C9 1.507(8)
C3-C9' 1.512(8)
C4-C5 1.507(5)
C4-C13 1.524(6)
Co6-C7 1.476(8)
C7-C8 1.465(8)
C8-C9 1.466(9)
C8-C12 1.503(9)
C9-C12 1.518(9)
C10-C11 1.435(8)
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C11-C12 1.52009)
Co'-CT' 1.518(8)
Co6'-C10' 1.543(9)
C7'-C8' 1.463(8)
C8'-CY' 1.508(9)
C9'-C12' 1.549(9)
Cc1o-C1r 1.428(8)
c11-Cc12 1.482(8)
C14-C15 1.388(5)
C14-C19 1.396(5)
C15-C16 1.392(6)
C16-C17 1.378(7)
C17-C18 1.397(6)
C17-C20 1.507(6)
C18-C19 1.386(5)
Angles----------

02-S1-01 111.7(4)
02-S1-02' 15.6(5)
01-S1-02' 124.1(4)
02-S1-N1 107.3(3)
O1-S1-N1 106.86(16)
02'-S1-N1 108.7(4)
02-S1-C14 114.6(3)
O1-S1-C14 106.62(16)
02'-S1-C14 100.3(4)
N1-S1-C14 109.58(16)
C5-N1-C1 114.9(3)
C5-N1-S1 116.4(2)
CI1-N1-S1 117.2(2)
NI1-C1-C2 106.7(3)
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C6'-C2-C10' 63.8(4)
C6-C2-C1 119.2(4)
C10'-C2-C1 116.3(5)
C6-C2-C3 120.0(4)
C10-C2-C3 116.2(5)
C1-C2-C3 112.8(3)
C6'-C2-C10 74.9(6)
C10-C2-C10 12.3(7)
C1-C2-C10 116.7(5)
C3-C2-C10 106.7(5)
C6'-C2-C6 27.6(4)
C10-C2-C6 91.4(5)
C1-C2-C6 108.3(4)
C3-C2-C6 109.3(4)
C10-C2-C6 102.4(6)
C13-C3-C4 61.1(3)
C13-C3-C9 112.5(6)
C4-C3-C9 117.8(5)
C13-C3-C9' 118.5(6)
C4-C3-C9' 124.0(5)
C9-C3-C9' 7.4(9)
C13-C3-C2 119.7(3)
C4-C3-C2 117 4(3)
C9-C3-C2 116.7(5)
C9'-C3-C2 109.3(5)
C3-C4-C5 121.0(3)
C3-C4-C13 59.2(3)
C5-C4-C13 118.9(3)
N1-C5-C4 112.0(3)
C7-C6-C2 113.9(7)
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C8-C7-C6
C7-C8-C9
C7-C8-C12
C9-C8-C12
C8-C9-C3
C8-C9-C12
C3-C9-C12
C11-C10-C2
C10-C11-C12
C8-C12-C9
C8-C12-Cl11
C9-C12-Cl11
C2-C6'-CT'
C2-C6'-C10'
C7'-C6'-C10'
C8'-C7'-C6'
C7'-C8'-C9'
C8'-C9'-C3
C8'-C9'-C12'
C3-C9'-C12'
C11'-C10'-C2
C11'-C10'-C6'
C2-C10'-Cé'

C10-C11'-C12'

C11'-C12'-C9'
C3-C13-C4
C15-C14-C19
C15-C14-S1
C19-C14-S1
C14-C15-C16
C17-C16-C15

121.8(9)
120.8(10)
106.6(9)
61.5(5)
115.3(11)
60.4(5)
112.3(8)
121.8(9)
112.5(10)
58.1(5)
136.4(9)
115.4(9)
117.0(7)
59.5(4)
136.6(8)
106.2(8)
121.909)
114.8(10)
98.3(9)
107.2(7)
119.2(9)
109.5(9)
56.7(4)
121.0(10)
113.3(9)
59.7(3)
120.7(4)
119.0(3)
120.0(3)
119.3(4)
120.9(4)
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C16-C17-C18 119.2(4)
C16-C17-C20 119.4(4)
C18-C17-C20 121.3(5)
C19-C18-C17 120.9(4)
C18-C19-C14 118.9(4)

Table 3. Torsion angles [°] for mo_ W YH4302_0Om.

02-S1-N1-C5 51.0(5)

O1-S1-N1-C5 170.9(3)
02'-S1-N1-C5 34.8(5)

C14-S1-N1-C5 -73.9(3)
02-S1-N1-Cl1 -167.4(5)
0O1-S1-N1-C1 -47.5(3)
02'-S1-N1-C1 176.3(5)
C14-S1-N1-Cl1 67.7(3)

C5-N1-C1-C2 -68.6(4)
S1-N1-C1-C2 149.3(3)
N1-C1-C2-Cé' -92.6(5)
N1-C1-C2-C10' -165.9(5)
NI1-C1-C2-C3 56.3(4)

NI1-C1-C2-C10 -179.6(5)
NI1-C1-C2-C6 -64.8(5)
C6'-C2-C3-C13 -167.0(5)
C10-C2-C3-C13 -93.6(6)
C1-C2-C3-C13 44 A(5)

C10-C2-C3-C13 -85.1(6)

C6-C2-C3-C13 164.9(4)
C6'-C2-C3-C4 122 4(5)
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C10'-C2-C3-C4
C1-C2-C3-C4
C10-C2-C3-C4
C6-C2-C3-C4
C6'-C2-C3-C9
C10'-C2-C3-C9
C1-C2-C3-C9
C10-C2-C3-C9
C6-C2-C3-C9
C6'-C2-C3-C9'
C10'-C2-C3-C9'
C1-C2-C3-C9'
C10-C2-C3-C9'
C6-C2-C3-C9'
C13-C3-C4-C5
C9-C3-C4-C5
C9'-C3-C4-C5
C2-C3-C4-C5
C9-C3-C4-C13
C9'-C3-C4-C13
C2-C3-C4-C13
C1-N1-C5-C4
S1-N1-C5-C4
C3-C4-C5-N1
C13-C4