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Transition metal-catalyzed sequential carbearbon bond- Table 1. Catalysts for [4+3] Annulation Reaction
forming reactions provide a means to achieve increased synthetic <]
efficiency? To this end, we were drawn to the possibility of BZO>/ Satalyst, 4 eq. styrene O‘ + I
combining mechanistically distinct transition metal-catalyzed reac- ! B0 2 810 2
tions of acetylenes, whereby an alkyne is generated as a result of y i
. . . .. . . 5% PhgPAuUCI, 5% AgSbFg |
the first reaction in a sequence. We envisioned that this might be 87%)
acc.omDHShed by employing propgrgyl ester-containing d|§/!1es entry catalyst conditions 2a (yield) 2b (yield, cis/trans)
an intermolecular cyclopropanatierintramolecular hydroarylatidn -
g . L 5% PRPAUCI, MeNO,, rt, 15 min 83% ¢20:1 dr)
cascade (eq 1). It is crucial that the catalyst control the timing of 5% AgSbR
the sequential events, the regio- and diastereoselectivity of the cyclo- 2 g(‘)’/AaZhgbAEcl, MeNO,, rt, 16 h 72%
. . . . . (] g
propgnatlon, and the reglosc_alectlwty of the hydroarylation %tep. 3 5% AuCI MeNG, tt, 16 h 71% ¢20:1 dr)
Herein we report the application of this concept to the development 4 5% AuCk MeNO, 1t, 16 h 66% ¢20:1 dr)
of an expedient synthesis of benzonorcaradieineshich three car- 5 5%PtCh PhCH, 80°C, 16 h 59% (1.2:1 dr)
b bon bonds and two rings are formed in a single operation. o 3 co tor CO (L atm)  PhCH 80°C, 16 h 33% (1.25:1 gr
on—carbo g gleop © 7 2.5%][RuCHCO)], DCE,50°C, 16 h 13% £20:1 dr)
8 2.5% [RUCHCO)J,, PhCH; 80°C, 16h
5% AgOTf
9 5% AgSbhk MeNO,, rt, 16 h
10 5% Cu(CHCN)PR DCE, 50°C, 16 h

o ) excellent (entries 47). Quaternary centers can be formed from
~ Recently, propargyl ester-containing diynes have been employedihe gold(1)-catalyzed annulation of 1,1-disubstituted and trisubtituted
in a number of rearrangement reactidriscluding the formation  jefins (entries 8 and 9). Gold(l)-catalyzed reactiorl aiith trans-

of cyclopropanes by an intramolecular cycloisomeri;a?ﬁinow- B-methylstyrene proceeded at room temperature to affaeas a
ever, mtermolec_ular cyclopropanation by related ghynes was Nnot gingle diastereomer (eq 2). In sharp contrast, the reactioncigith
observed even in the presence of excess ethyl vinyl ét\dte B-methylstyrene afforded onlgis-11b at room temperature and

were therefore pleased to find that under the conditions developediperefore required slightly elevated temperatures to furbishas
for the gold(l)-catalyzed intermolecular cyclopropanation with 5 mixture of diastereomefs.

propargyl ester& diyne 1 reacted smoothly with styrene to afford

cyclopropan&b in 83% yield and with excellent cis-diastereo- and H H
. . ) . < W
regioselectivity (Table 1, entry 1). Subsequently, treatmerghof . ©/\,~ 5% PhyPAUCI, 5% AgSbFg O‘ W, I o
BzO™ 11a

under identical reaction conditions, but for 16 h, afforded ben-
zonorcaradien@a in 87% vyield. 11b B2

Consistent with these resu|ts, an increase in reaction time  trans-p-methylstyrene, MeNO,, it (90%)  >20:1 transicis ~ (10:1)  >20:1 trans:cis
cis-p-methylstyrene, DCE, 50°C (64%) 1:0.8 trans:cis ~ (1.6:1) 1:>20 trans:cis

produced2a in 72% yield from diynel and styrene in a single <
operation (entry 2J.While gold(l)chloride and gold(lll)chloride Pivo/ 5% tBusPAUC, 5% AgSbFg O‘ . i (3
PiVO™Yy 13a 13b PIVO™N

also proved efficient catalysts for the cyclopropanation, they did pn 12 styrene, MeNO,, 50 °C
not promote the intramolecular hydroarylation reaction (entries 3 (68%, 10:1, a:b) Ph
and 4). Platinum complexes also catalyzed the cyclopropanation, co,

)
Ph
Et < co,Et
. . . .. . _—-COEt 5% AuClI % Cl
albeit with modest diastereoselectivity (entries 5 and 6), and Bzo)/ e I O‘ “
. . 14 styrene, MeNO, 5% AgSbFg
attempts to employ ruthenium-based catalysts resulted in poor S BZO Y

(83%) BzO (76%)

15b 15a

conversion (entry 7) or formation of a complex mixture (entry 8).
Finally, no reaction occurred in the presence of other cationic group  The diyne component can also be varied. For example, the tri-
11 metal complexes (entries 9 and 10). t-butylphosphinegold(l)-catalyzed reaction of benzylic est@r
With a suitable catalyst in hand, the substrate scope of the afforded benzonorcaradied8aas a 19:1 mixture of olefin isomers
benzonorcaradiene synthesis was examined (Table 2). A variety(eq 3). While nonterminal propargyl esters were not viable substrates
of styrene derivatives were tolerated in the reaction, although the for the intermolecular cyclopropanatinye were pleased to find
hydroarylation step is particularly sensitive to electronic perturba- that ester-substituted diyriet could be employed in the gold(l)-
tion. For example, while alkyl substitution on the aryl ring resulted catalyzed annulation reaction; however, sequential gold(l)chloride-
in good yields of the benzonorcaradiene (entries 2 and 3), catalyzed cyclopropanation and phosphinegold(l)-catalyzed hy-
halogenated styrenes required slightly elevated temperatures todroarylation proved most efficient for the preparation of ester-
produce the [4-3]-annulation products (entries 4 and 5). Tetracyclic substituted norcaradieriba (eq 4).
norcaradienes (entries 6 and 7) were readily prepared from A mechanism involving sequential rearrangements proceeding
vinylnaphthylene or vinylindole in 74% and 54% yield, respectively. via gold(l)-promoted alkyne activation is proposed (Scheme 1).
Notably, the regioselectivity of the hydroarylation reaction is Reaction of cationic phosphinegold(l) with diyheenerates At
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Table 2. Scope of Au(l)-Catalyzed [4+3] Annulation Reaction

5% PhPAuCI

W
A

BzO, = . b
% 5% AgSbFs a I
BzO Y
entry alkene condition® product yield (a : b)
1 N A S 2 80% (>20:1)
2 l,_ X = 4-Me A ([ 3 85% (>20:1)
3 X X=2Me A BzO~ N 4 82% (>20:1)
X <]
4 \©/\ X=8r B O‘ 5 59% (1:1.2)
5 X=cl B 6 60% (2:1)
BzO™Y
O O <
6 O X A O‘ 7 74% (>20:1)
BzO™ Y
\
/ A BzO ‘
7 (,\D/\ A / > 54% (>20:1)°
Ts N
Ts
Ph
<]
8 ©/§ B O‘ 9 71% (>20:1)
BzO™ N
S )
9 O A O‘ 10 60% (>20:1)
BzO™ Y

a(A) propargyl ester (0.2 M in nitromethane), alkene (4 equiv), room
temperature; (B) propargyl ester (0.2 M in dichloroethane), alkene (4 equiv),
50 °C. " Composed of a 10:1 mixture of regioisomers.

Scheme 1. Mechanistic Hypothesis
BzO, @ m /&\
: / AuL
\\17

carbenoid intermediat&6. The catalyst can reversibly coordinate
to either alkyne inl, and thus two plausible pathways for the
formation of 16 can be envisioned: one involving a 1,3-metallo-
tropic rearrangemehbf Au—carbenel 7 and the other proceeding
via a cumulene intermediate. Either way, cyclopropanation of
styrene occurs selectively through carbenbtil affording2b and
regenerating the catalyst. Coordination of cationic phosphinegold-
() to the alkyne of2b induces nucleophilic trapping by the arene
onto the alkyne. Proton transfer furnishes benzonorcaradlane
from vinylgold(l) intermediatel8 and regenerates the catal§st.

In conclusion, we have developed a cationic phosphinegold(l)-
catalyzed tandem cyclopropanation/hydroarylation reaétiaich
produces formal [43]-annulation products from vinyl arenes and
propargyl esters. The cyclopropanation represents the first inter-
molecular reaction of diynyl esters and proceeds with excellent
regio- and diastereocontrbiThe reaction provides access to a wide
range of functionalized benzonorcaradienes with synthetic handles
for further manipulatior? Further studies on the properties of these
analogues and other reactions exploiting gold carbenoid intermedi-
ates will be reported in due course.
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