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In response to the limited precedence for the catalytic coupling Scheme 1

of sp? C—H bonds and alkenésye became interested in developing E 30 mol% BF+ ELO E

annulation reactions based on the direct functionalization &f sp o E Ty R E

C—H bonds. Our first approach relied on a sequence initiated by CHaCly, 1t g‘.

transition metal insertion into the-€H bond of interest (eq 1), R I E = CO,Et

which led to the development of an iridium-catalyzed cyclization

of pyrrolidine-based amidealkene substratésThis report dem- }gigjggﬁe §§’, 2 21 gl‘;ﬁ;: ez

onstrated that €H activation and olefin insertion can occur in  1¢,R=COPh 2¢, 36 h, 98%, dr=3:1
1d, R = CO,Me 2d, no reaction

tandem and in preference fiehydride elimination. However, at the
sametime, itwas recognized that this approach would be unsuitableforica”y‘ under the action of 30 mol % of BFEL,0, both the methy!
C—C bond formation at tertiary and sterically hindered positions. ketone 1b and phenyl ketonelc substrates were efficiently
R transformed into spirocyclezb and 2c, respectively (Scheme 1).

(_)\ " & H These transformations demonstrate the potential power of this
N“H p NMRp — N (1) approach, whereby a tertiary €H bond is directly transformed

'\/=’ K/=’ into a heteroatom-substituted quaternary center with concomitant

formation of an adjacent tertiary center under catalytic conditions

M ) at room temperature.
o™\ — % — % @ With an exciting lead and a wide range of potential hydroalky-
\} 15shift + M R lation catalysts in hand, we proceeded to examine the scope of this
R R reaction (Table 1). Although it was found that thg-unsaturated

To overcome this limitation, we proposed an alternative approach ester moiety was not reactive under the reaction conditions (Scheme
wherein the unsaturated moiety (alkene, alkyne) is activated by an1), hydroalkylation of a variety ofa,f-unsaturated malonate
electrophilic metal, which in turn may induce a selectivelCbond substrates occurred (entries4, Table 1). In the case of thes-
cleavage via a hydride shift (eq 2). Importantly, as the initiation unsaturated malonate substrates, Sc(@rfjved to be the catalyst
occurs at the point of unsaturation, functionalization of sterically of choice, with near quantitative hydroalkylation occurring in short
hindered C-H bonds may be possible. Support for this proposal reaction times with only 5 mol % catalyst loading. Notably, geminal

was provided by the cyclization dfi-,N'-dialkyl-2-vinylanilines substitution along the olefin tether was not required for efficient
under Lewis acid-catalyzétlor thermat®—¢ conditions; however, annulation (entry 3, Table 1). In addition to tertiary-8 bonds,
cyclization of substrates lacking an extendedystem has notbeen  secondary €H bonds could also be coupled (entries 6 and 7, Table
reported (e.g., isolated olefins). 1). The tetrahydrofuran-based erié and the pyrrolidine-based

We began our explorations with a tetrahydropyran substrate enall5 provided the bicyclic products4 and 16, under the action
containing an enal side chain attached to the 2-posifiengcheme of a substoichiometric amount of PtZin moderate to good yield.
1); this connectivity sets up thg-position of the enal and the In the case ofl3, the byproductl4b was also isolated, which
targeted C-H bond in a 1,5-relationship. Selection of substrke presumably results from a hydroalkylation/elimination/lactonization
was based on three points: (1) aldehyde/Lewis acid complexes aresequencé.The 2,3-disubstituted tetrahydropyra8 was obtained
known to possess a high degree of electrophiliti@) hydride in high diastereomeric purity via treatment of acyclic eth@with
transfer from the position adjacent to oxygen would result in an a substoichiometric amount of BIELO at elevated temperature
oxonium ion; and (3) the cation-induced through-space hydride shift (entry 8, Table 1).
would most likely proceed via a six-membered transition state. We further wanted to examine if substrates lacking the stabiliza-
On the basis of this concept, a Lewis acid-catalyzed intramolecular tion of an a-heteroatom could be employed. To this end, we
hydroalkylation reaction of isolated electron-deficient olefins was prepared aryl substrai® and thiophene substra?2d. Gratifyingly,
developed. Herein, we disclose the initial exploration of the scope it was found that at elevated temperatures the hexa-substituted

and efficiency of this transformation. cyclohexanef0 and 22 could be obtained in moderate to good
We initiated our studies by subjecting tetrahydropyran substrate yield, and in preference to 7-exo-hydroarylatfon.

lato 30 mol % of BR-Et,O in methylene chloride. Gratifyingly, From a practical standpoint, this cyclization method is user

in 12 h, enalla was smoothly converted to the spirocy@a at friendly. Reactions can be performed at ambient temperature in

ambient temperature in 91% isolated yield as a mixture of flasks from the drawer and can be carried out in air without the

diastereomers (Scheme 1). Sc(QTGacCk, TiF,, and PtC] were rigorous exclusion of moisture. This is in stark contrast to many

more reactive than BFELO for this transformation, although these  transition metal-catalyzed reactions, which typically require high
catalysts generated undesired byprodéatsaddition to the highly temperature and necessitate air- and moisture-free techniques.
electrophilic a,f-unsaturated aldehyde acceptor component, hy- Additionally, increasing the catalyst loading enhances the reaction rate
droalkylation of enone acceptors also proceeded smoothly. Specif-without any noticeable decrease in product yield (entry 5, Table 1).
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Table 1. Lewis Acid-Catalyzed Hydroalkylation of Olefin
Substrates

entry substrate

product cat time (h) vyield(%)?

5mol% Sc(OTh; 2 94

5 mol% Sc(0Tf)3

IS

99 (1:0.8)°

5mol% Sc(OTf; 12 99

5 mol% Sc(OTf); <1 96

5mol% BFy ELO 12 98 (1.5:1)°
30 mol% BFy Et,0 99 (1.5:1)°

N

E_E
40 (14a)°;
6 10 mol% PtCl, 7
(Ot?/ (\/® :D\/ ) ) 34 (140)"
- s
13 O 14a 4
E_E
7 30 mol% PtCl, 38 77 (>15:1)°
N - NH
Meo—(\o o MeO‘&o
15 o

Me Mek(j
@/\OWO : o
17 18
E = COEt E'=CO,Me

75 mol% BF3 Et,0Y 45 90 (>15:1)P

a All reactions were performed in Gi&l, (0.025 M substrate) at room
temperature. Isolated yields after flash chromatograpBjastereomeric
ratio given in parenthese$Diastereomeric ratic-15:1.9 Reaction per-
formed at 50°C.

Scheme 2
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Scheme 3. Mechanistic Rationale for Lewis Acid-Catalyzed
Hydroalkylation: A 1 5—Re|ationship Is Required

1 \S-shift
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91-98% 0% 0%

The mechanistic rationale for this transformation is provided in
Scheme 3. Lewis acid complexation with the carbonyl oxygen
activates the olefin and triggers the [1,5]-hydride shift, affording
the zwitterionic intermediatd . This crucial step may be viewed

as an intramolecular variant of the Meerweionndorf-Verley

reaction; however, in this case, a metal enolate and a carbocation
are generated, which react to furnish a new@bond and the
desired hydroalkylation product. Thus, no oxidant is required for
the overall G-H to C—C transformatiot® A 1,5-relationship
between the electrophilic site and the targetedHCbond seems

to be a requirement for hydroalkylation to proceed. Subst2ate
containing a 1,4-relationship and substra#containing a 1,6-
relationship each failed to yield hydroalkylation products (Scheme
3), demonstrating the current limitation of this approach to the
formation of six-membered rings.

In summary, we have demonstrated that the hydridic character
of C—H bonds can be exploited to promote their direct conversion
into C—C bonds. This simple approach has been utilized to
efficiently functionalize tertiary and secondary positioasto
heteroatoms (ethers and carbamates), as well as tertiary benzylic
C—H bonds, under catalytic or substoichiometric conditions. An
important finding was that a variety of Lewis acids functioned as
catalyst. Studies primarily aimed at expanding the scope of this
concept to encompass a variety of acceptor components are ongoing
in our laboratory.
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Note Added after ASAP Publication: There were errors
in Scheme 2 in the version published on the Internet August
16, 2005. The version published August 23, 2005, is correct.

Supporting Information Available: Experimental procedures and
spectroscopic data for starting materials and products. This material is
available free of charge via the Internet at http://pubs.acs.org.
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