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Addition of carbon functionalities to unactivated alkenes and Scheme 1. Addition—Cyclization via Carbometalation of Alkynes
alkynes is a premier example of metal-mediated catalysis that
enables otherwise difficult or infeasible bond construction with high
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degrees of selectivityln particular, this powerful chemistry allows X/ S ~R ~R
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efficient coupling between substrates possessing muttipgem- MR

ponents and a range of carbon nucleophiles with concomitant cycli- X 5 X—[M] XH
zation (Scheme B Despite considerable methodological advance- <:</[M] — <;[ — <;[
ments in this area that make use of various alkynyl substrates, the 1-Carbometalation == R oo

pivotal intermolecular coupling has invariably relied on 1,2- ' 3 o
carbometalation, converting the alkyne toealkene upon ring ~ Table 1. Rhodium-Catalyzed Addition—Cyclization of Enyne 17

closure. A 1,1-carbometalation pathway would offer an alternative 0 o
reaction motif that gives rise to @ndoeproduct but has remained 7 ph + PhB(OH) Rh()) catalyst \&(Ph
unexplorec® We describe here a new additienyclization that 2 Ph
occurs through a novel mechanism involving a metal vinylidene- A\ 2
r_n(_edlated geminal carbometala_tlon of glkynes_. The reaction ef- entry [RH] ligand solvent® base  time () yield® (%)
ficiently couples 1,5-enynes with a wide variety of aryl- and 1 RhCI(PPB) dioxane >4 0
alkenylboronic acids to provide 1-substituted cyclopentene products. 2  [RhCI(GH 43)212 BINAP MeOH/H,O KOH 24 0

Our approach to the additiertyclization was based on the 3 [REC:(COD)]z dioxan/e/HO KOH 12 39
g_ene_ration of an alkenyl rhodium species from th(_e porresponding é {Ehglggﬂgﬂz NBD! mgg:ﬁg Eg: 33 Sg
vinylidene compleX. We postulated that such reactivity, observed 6 [Rh(OH)(COD)} dioxane/HO KOH 24 42

i ichi i i i i 7 [Rh(OH)(COD)} MeOH/H,O  KOH 5 46

to date iny in stmchpmgtrlc systems, might be catalytically viable 8  [Rh(OH)(COD)} MoOH KoM 1 e
to mediate the cyclization of enynes. Thus, the proposal was g [Rh(OH)(COD)} MeOH 4 52
evaluated in the reaction of 1,5-enyhevith phenylboronic acid 10  [Rh(OH)(COD)} MeOH TEA 1 65
using a series pf rhodium cat_alysts (Te_lble 1). Wh_lle the_ initial survey 4 reactions were performed with 0.05 mmol of enyhed.15 mmol
of phosphine ligands was disappointftiie reaction with [RhCI-  of PhB(OH), 10 mol % of [Rh], 10 mol % of ligand, and 0.015 mmol of
(COD)L, in the absence of a phosphine form2dn 39% vyield KOH (or 0.075 mmol of TEA) in 1.0 mL of solvent at 2%. > MeOH:

(entries 1_3) Interestingly, the analogOUS [RhCMQ)z]z Complex H.,O = 1,4-dioxane:|g|O = 10:1.°¢Isolated yield.d Norbornadiene.

proved to be ineffective but was rendered catalytically active in ) ) ) ) o
the presence of NBD, suggesting the crucial role played by COD reactions with alkenylboronic acids were completed within minutes,
as a ligand (entries 4 and Sfurther screening revealed [Rh(OH)- in contrast to those employing arylboronic acids which typically

(COD)L/TEA/MeOH to be an optimal combination, which gave a réduired a reaction time frame of hours. _
65% yield of2 (entries 6-10). In order to further explore the mechanism of the reaction, a set

d of labeling studies was carried out. In an experiment employing
CDs0D as the solvent, the reaction dfwith 2-phenyl-1,3-dioxa-
2-borinané produced8' with 6% deuterium incorporation at the
olefin and 90% at thet-carbonyl position, in which the label was
diastereotopically distributed in a 6.5:1 ratio (eq!a)When

| deuterated enyn& was subjected to the same conditions with
phenylboronic acid, the alkynyl deuterium migrated cleanly to the
tadjacent carbon upon formation &f, suggesting the involvement
of a metal vinylidene mechanism in the reaction (eg*2).

Having established the effective conditions, we next examine
the phenylative cyclization with a range of 1,5-enynes. As shown
in Table 2, the reaction tolerated both acyclic and cyclic enones
and substituents at the allylic and propargylic positions, furnishing
1-phenylcyclopentenes as the sole products. Notalfdy, énd
(2)-15participated well in the reaction notwithstanding the potentia
complication of a rhodium allenylidene formatién.

Experiments to probe the scope of organoboronic acids were nex
performed using enynelsand5 (Table 3). As demonstrated in the
formation of 17 and 18, a wide range of arylboronic acids with

. . . . . 12%
electron-withdrawing or -donating groups at various positions, as o

78% DM coPh

well as a heteroarylboronic acid (cf8b), were found to be good __©oPh O 5mol%RAOHCOD, D= H o
.. . . . . . s ° 2

participants in the reaction. In addition, alkenylboronic acids also OQ + Ph-§ } : )

proved to be suitable components of the additioyclization = A s e D/H

23 °C, 2 h, 73% yield

process, incorporating the alkenyl unit with retention of geometry. 7 Sequi & o
While the reaction ofE)-styrylboronic acid with enyné afforded coph COPh
19as a single productEj-1-octenyl andZ)-propenyl boronic acids — OH 5 mol % [Rh(OH)(COD)], Ph
reacted with enyné to give, respectively, cyclized 1,3-dien28a _ D/H” Ph—Bb 1 EGN (15 equiv), CHOH oM @
and2laas the major products along wigi®b and21b arising from . Y, soquy 2 °Cr2h 78%yield o 4\90%

a simple 1,2-addition of the alkyr#&8It was noteworthy that these
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Table 2. Rhodium-Catalyzed Phenylative Cyclization of
1,5-Enynes?

entry enyne product time _yield”
/ COMe COMe
1 ?ﬁ 3 >éjPh 4 3 66
A
COMe COMe
COPh COPh
Ph
o, o H
4 Z 9 10 6 48
Ph Ph
Ph
o, o H
5 Z 1N 12 24 60
H
MeO,C COPh COPh
6 ><F 13 Meoﬁ/éfph 14 16 46
/ COPh COPh
E-15 Ph 1 7 84
Z15 \ 5 707

a All reactions were performed with 0.05 mmol of enyne, 0.15 mmol of
PhB(OH}), 5 mol % of [Rh(OH)(COD)}, and 0.075 mmol of TEA in 1.0
mL of MeOH at 23°C. Products were obtained as single diastereomers in
entries 4-6. P Isolated yield . Diastereomeric ratie= 3:1 [from (E)-15].

d Diastereomeric ratie= 1:1 [from (2)-15].

Table 3. Rh(l)-Catalyzed Addition—Cyclization of Enynes 1 and
5: Scope of Aryl- and Alkenylboronic Acids?@

5 mol % [Rh(OH)(COD)],

1or5 + RB(OH), 17-21
EtaN (1.5 equiv), CH3OH
3.0 equiv 23 °
COPh COPh
5 A /tg_L
\ Ph
17a Ar = C¢gH,4-4-OMe (67%, 1.5 h) 19 (69%, 10 min)
17b Ar = CgHy-4-F (62%, 1.5 h)
17¢ Ar = CgH,4-4-OH (62%, 0.5 h)
17d Ar = CgHy-4-CHO (49%, 8 h) COMe y COMe
17e Ar = CgHy-2-F (56%, 3 h)
\ X Cetia
‘ COMe CeHia |
’ O 20a (71%, 25 min) 20b (16%)
Br
18a (63%, 2 h) COMe / COMe
‘ COMe
0 \ -
o |
18b (41%, 3 h) 21a (73%, 10 min) 21b (11%)

a|solated yields and reaction times.

On the basis of these observations, we propose a mechanism as

outlined in Scheme 2, in which the catalytic cycle is initiated by
transmetalation of the rhodium precatalyst (OH or OMe complex)
with an organoboronic acid to generate a [RR] complex!?
Following the formation of rhodium vinyliden&, a-migration of
the R group from the Rh center to the vinylidene ligand provides
alkenylrhodiumB, which then undergoes addition to the pendent
enone to give rhodium enolat€. Finally, protonation ofC

Scheme 2. Proposed Mechanism for the Rh-Catalyzed
Addition—Cyclization of 1,5-Enynes with Aryl- and Alkenylboronic
Acids
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regenerates the [RRJOMe complex and accomplishes a net R,H-
addition across the enynesystem.

In summary, we have developed a rhodium-catalyzed adedition
cyclization of 1,5-enynes with aryl- and alkenylboronic acids that
occurs under mild conditions in an unprecedented modality.
Exploration of the full potential of the metal vinylidene-mediated
1,1-carbofunctionalization process, including the development of
asymmetric variants, is an ongoing subject of our studies, the result
of which will be reported in due course.
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