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Au catalysis is a recent phenomenon that has attracted muchScheme 1. Au-Containing All-Carbon 1,n-Dipole: Concept and

attention and resulted in a variety of versatile synthetic methods.
Au-catalyzed cyclizations or cycloisomerizations have thus far been
the major focus of this rapidly evolving research area, rendering a
diverse range of functionalized cyclic structures. Intermolecular
cycloaddition/annulation reactions are powerful methods for rapidly
increasing molecular complexities and constructing polycyclic
structures; however, Au complexes have been of limited use in
catalyzing this versatile class of reactions except in a few stddies.

Our continued effort in exploring new Au chemistry and
conceiving of novel Au catalysis has led to a new concefuti-
containing all-carbon 1,n-dipole€harge-separated carbon chains,
i.e., all-carbon I-dipoles, are usually transient species and often
difficult to harness toward cycloaddition/annulation reactidhs.
However, we envision that the negatively charged end of such a
dipole can be masked by a Au complex, thus substantially tempering
its nucleophilicity (i.e., intermediat&d, Scheme 1). Consequently,
the dipole becomes more stable and could participate i ]
annulation processes if the dipole chain is not long enough for self-
cyclization®> We anticipate that the cationic end of such a dipole
can initiate a bimolecular process by reacting with a dipolarophile,
relaying the positive charge close to the Au-capped anionic end
(i.e., the Au-C bond). The Au-C bond, preferably a AuC(sp)
bond, could then react with the cationic cerftéorming a second
bond and thus the cycloadduct (Scheme 1).

To put this concept into practice, we sought to generate Au-
containing all-carbon 1,4-dipoles, which would undergo favorable
stepwise [4+ 2] annulation and at the same time minimize self-
cyclization. One system that attracted our attention is the 1-(1-
alkynyl)cyclopropyl ketones used previously by Zhang and Schimalz
for gold(l)-catalyzed formation of trisubstituted furans. While the
mechanism was not completely defined in their study, we envisioned
that furan intermediat€ could be formed via oxocarbeniui
from monocyclic substrates (Scheme 2). Importantly, intermediate

Reactivity

Yoy

—_—

——
"+

C)

7Y
[n+2] adduct

- +
[Au] A
Au-containing
all-carbon 1,n-dipole

(Al 2Y* @

Scheme 2. Formation of Au-Containing All-Carbon 1,4-Dipoles
from 1-(1-Alkynylcyclopropyl) Ketones
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Table 1. [4 + 2] Annulation of Ketone 1 and Indole 2: Condition
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Optimization
H IPrAuN
P CU f ? ﬁ;;
= + catelyst | =\
XE\ME by reaction conditions WA -Me Q’”Y”@
kI H PH o pr AU ey
1 2 So.Ph S0.ph 2 Fuo0,s " 50,0k
yield  conv.
entry catalyst conditions? 21 (%) (%)
1 5mol % IPrAuNT% DCE, rt,8h 1.5 56 72
2 5mol % PtC} toluene, 8C0C, 8 h 15 3 74
3 5mol % AuCl DCE, rt,8h 15 6 85
4 5mol % PRPAUNTf, DCE,rt,8h 1.5 19 74
5 5mol % TsOH DCE, t,8h 15 ¢ c
6  5mol % LAUCH! DCE, rt,8h 1.5 2 11
7  5mol % IPrAuNT% DCE, 50°C, 12 h 15 59 100
8 5 mol % IPrAUNT: DCE, 50°C,2h 3 69 100
9  5mol % IPrAuNT% DCE, 70°C, 15min 3 78 100
10 5mol % IPrAuNTf, DCE, 70°C,15min 3 87 100

2 The concentration of is 0.05 M except in entries 9 and 10, where 0.1
M was usedP Reaction run in vial; yield estimated By NMR using diethyl
phthalate as internal standafdNo reaction.d L = pyridine-2-carboxylato.
¢ Flask reaction; isolated yield.

The scope of this cycloaddition was then promptly studied, and

C has charge separation and can serve as an example of the Authe results are shown in Table 2. Various 1-(1-alkynyl)cyclopropyl

containing all-carbon 1,4-dipoles. Herein, we report our study in
employing this type of novel dipoles in f# 2] annulations, which
lead to the formation of not only 6-membered carbocycles but also
oxygen-/nitrogen-containing heterocycles in good efficiencies and
excellent regioselectivities.

We began by treating a mixture of cyclopropyl ketohend
1-(2-ben-zenesulfonylethyl)-1H-indol&)¢ with IPrAuUNTf,® [1,3-
bis(2,6-diisopropylphenyl)imidazol-2-ylidenegold(l) bis(trifluoro-
methanesulfonyl)imide, 5 mol %] at room temperature. Gratifyingly,
the [4+ 2] annulation indeed happened, and tetracyclic fl8%n
was formed in 56% yield with 28% of ketorideft after 8 h (entry
1, Table 1). Optimization of the reaction conditions, as shown in
Table 1, led to 87% yield of addu& when 3 equiv of indole
was used and the reaction was run af@0with 0.1 M of substrate
concentration (entry 10). It is notable that TsOH did not catalyze

ketones (i.e.4) were allowed, and [4- 2] annulations proceeded
in mostly good to excellent efficiencies. Reaction of ketahe
containing an additional substitutiBrat the cyclopropane ring (i.e.,
R3 = Me or Ph) led to highly regioselective formation of the adduct
with the substituenix to the indoline ring (e.g.5b—5g) although
the diastereoselectivitigawere low. Tetracyclic indoleSd and5f
were isolated in fairly good overall yield upon subsequent dehy-
drogenation with Mn®@in order to simplify their characterization.
Various substituents including cyclopropyl, cyclohexyl, phenyl, and
oxygenated alkyl groups, were allowed at the alkyne terminus and
at the carbonyl group, but a sterically demanding cyclohexyl group
at the alkyne terminus led to only 47% yield 5§ along with a
substantial amount of uncyclized inddieln addition to sulfonyl-
ethyl indole2, PMB-protected indol® was also suitable (e.dbd).
Expanding the scope of this chemistry using ketones/aldehydes

the reaction (entry 5) and elevated reaction temperatures facilitatedas the dipolarophile was surprisingly uneventful. As shown in Table

the conversion.
1814 m J. AM. CHEM. SOC. 2008, 130, 1814—1815

3, this [4+ 2] annulation worked well with carbonyl compounds
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Table 2.
Study?

[4 + 2] Annulation of Ketone 1 and Indole 2: Scope

IPFrAUNTI (5 mol %)
A DCE. 70°C, 15 min

R = PhS0,CH;CHy, 2
= p-MaOPhCH,, 6

Ph

CBn

5h, 83%, dr 1:1 Sc, 84%, dr 2.5:1 5d, 67%"

PhOzS PhO,5

QBn
S, 64%"

OBn
Se, 86%, dr 1.8:1

5g, 47%, dr 4:1 7,23%

aThe concentration of was 0.1 M, and 3 equiv o2 or 6 was used.
b After reaction, the reaction mixture was treated with excess MaO
70°C for 3 h.

Table 3. [4 + 2] Cycloaddition with AIdehyde/Ketones

o] Ph o IPrAUNT; (5 mol %)
Z . §ig ___DCE8ocC
L R'"R? reaction time
1 2 aquiv.

Me- Fh

N4

o OMe
8¢, 88% (1.5 h, )

Me Ph
s
Ph
o

8a, 76% (1 h)

Me Fh
e
Me
o Me

8b, 67% (2 h) =

0,
1,

8d, 83% (1 h, rt)
0 Me— O~ _-Ph
Me
Tal Me
8e, 8?%(1 h) 8f, 72% (2 h) 8g,85% (6h,rt)  8h, 75% (2 h)

of various natures, including benzaldehyde, pivalaldehyde, anisal-

dehyde, cyclohexenone, acetophenone, and 3-(4-methoxyphenyl)- (3)

propenal, and dihydropyran-fused, fully substituted furdngere
isolated in fairly good to excellent yields. The tolerance of steric

hindrance and the allowance of conjugated enal/enone substrates
are noteworthy, and products containing quaternary carbon centers
and functionalized substituents can be easily accessed. Similar to @)

the indole cases, the [# 2] annulation of anisaldehyde withc
containing a methyl group at the cyclopropane ring also proceeded
with excellent regioselectivity (eq 1).

To our delight, both imines and silyl enol ethers are suitable
dipolarophiles as well, and two examples are shown in egs 3 and
4. Further examination of other potential dipolarophiles revealed
that furan N-methylpyrrole, benzofuran, thiophene, and styrene did
not participate in the [4- 2] annulation reactions under the current
reaction conditions.

o] F'IIP“P)LH[zaquIvJ HE*OMMJ
/ m.o.mrrr, [ rml £ IPrNuNT{,
{5mw.] nZh
lfdﬂs‘ﬁlhﬂZ )
Eq. 1 PMP p—“eOPh
M Ph o ) OTMS _
Ph,'«u (2 equiv) Mej{,m ot o) Me \0 Ph
IPrAUNTE, (5 mal % Fh
T TR OCE 056, 38h \&
1 68% 1% OTMS
12 PMP Eq.3 Eq.4 13

The high regioselectivities observed with substituted cyclopropyl
ketones suggest that the Au-containing all-carbon 1,4-digble

(Scheme 2) is most likely the reactive intermediate instead of
oxocarbeniumB for the subsequent [4+ 2] annulation as
nucleophilic attack of the methine group of the cyclopropane ring
in B is expected to be sterically disfavored. The cation-initiated
nature of the [4+ 2] annulation is further supported by the
observation that isomeric trisubstituted furdi was formed
exclusively when cyclopropyl aldehyd® was used (eq 2). In this
reaction, the oxocarbenium intermediate formed upon the nucleo-
philic attack by acetaldehyde selectively cyclized to the furan
2-position, favored sterically and likely electronically, suggesting
the weak nucleophilic nature of the alkenylgold moiety.

In summary, a novel concept of Au-containing all-carbom-1,
dipoles is advanced, and its application inH42] annulation led
to efficient formation of 6-membered carbo-/heterocycles. Polycy-
clic, fully substituted furans were easily accessible. Further ap-
plications of this novel concept are to be pursued.
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