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ABSTRACT

A silver-catalyzed carbomagnesiation of alkynes with alkyl halides and Grignard reagents afforded alkenyl Grignard reagents regioselectively,
where the alkyl group of the alkyl halide, but not that of the Grignard reagent, was introduced into the alkyne. Application to δ-haloalkylacetylenes
yielded cyclopentanes or a tetrahydrofuran containing an exo-methylene substituent via 5-exo-dig cyclization.

The addition of Grignard reagents to alkynes, i.e.,
carbomagnesiation, yields vinyl Grignard reagents 1 with
the concomitant formation of a new C�C bond and a
C�Mg bond (Scheme 1, route A).1 Combinations of this
reaction and subsequent trapping with electrophiles or
metal-catalyzed coupling provide a useful and practical

method for the synthesis of multisubstituted alkenes 2.
Although a variety of transition-metal catalysts, including
Zr,2 Cr,3 Mn,4 Fe,5 Fe/Cu,6 Ni,7 Cu,8 and Ag,9 have been
used in this carbomagnesiation, aryl, vinyl, methyl or allyl
Grignard reagents have often been employed.10 Primary
alkylGrignard reagents have, in some cases, been reported
to work,2,5a,7b,8c,8e�8i,9 but the reaction was inefficient2,7b

and/or restricted to alkynes having a directing heteroatom
group.5a,8c,8e�8i Reactions for the introduction of
secondary8c,g or tertiary7b,9 alkyl groups to alkynes are
more limited, and sterically hindered alkyl Grignard re-
agents are less easily accessible. As a practical method for
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overcoming these difficulties, we herein report a new
catalytic system which enables the regioselective carbo-
magnesiation of alkynes with secondary and tertiary
alkyl iodides and commercially available i-BuMgCl in the

presence of a silver catalyst (Scheme 1, route B).11,12 In this
reaction, the alkyl group of an alkyl halide is transferred to
an alkyne carbon to give the corresponding vinylGrignard
reagents 1, and sterically hindered alkyl Grignard reagents
(RMgX) do not have to be preformed.
We recently reported the silver-catalyzed regioselective

carbomagnesiation of terminal alkynes with alkyl
Grignard reagents by the combined use of a silver catalyst
and 1,2-dibromoethane, which functions as a reoxidizing
reagent.9 These successful results prompted us to examine
the use of other alkyl halides in this reaction, instead of 1,
2-dibromoethane.13Whenphenylacetylenewas reactedwith
t-Bu-MgCl in the presence of n-C5H11Br and a catalytic

amount of AgOTs and PPh3, the hydroalkylation product
4a was obtained exclusively in 88% yield after workup, in
which the t-Bu group of t-Bu-MgCl was introduced at the
terminal carbon by direct addition (entry 1, Table 1).
Interestingly, the reaction using t-C5H11Br and t-Bu-MgCl
gave 3b in 7%yield togetherwith 4a in 85%yield (entry 2).
The yield of 3b could be improved to 21% by employing
Grignard reagents having a less branched alkyl group
(entries 2�4). When a tertiary alkyl iodide, t-C5H11I, was
employed instead of t-C5H11Br, the formation of 4c was
suppressed and 3b was selectively produced in 91% yield
(entry 5). The use of i-Bu-MgCl further improved the yield
of 3b to 96%.

Using the optimized reaction conditions of entry 6 in
Table 1, we investigated the use of various alkynes and
alkyl iodides in the reaction (Table 2). Tertiary and
secondary butyl iodides reacted readily with phenylacety-
lene, and their alkyl groups were transferred into the
alkyne to afford 5a and 5b as the sole regioisomers in good
to excellent yieldswithE/Z ratios approaching 1/4 and 3/7,
respectively, although the reaction of n-Bu-I was less
efficient and less selective (entries 1�3). 1-Adamantyl
iodide and cyclohexyl iodide were also applicable (entries
4 and 5). In the latter case, the use of sterically bulky P-
(o-tol)3 improved the stereoselectivity to E/Z = 18/82
(entry 6). Tolylacetylenes also reacted efficiently and both
the yield and stereoselectivity increased in the order of
para-, meta-, and ortho-substituted compounds (entries
7�9). p-Methoxyphenylacetylene gave a 1:1 mixture of
stereoisomers, but the 4-CF3 compound afforded the Z-
isomer predominantly (entries 10 and 11). These results
indicate that the stereoselectivity of the reaction is con-
trolled, not only by steric effects but also by electronic
effects. Although alkyl substituted alkynes such as 1-octyne
(entry 12) or internal alkynes reacted sluggishly, silylacety-
lene reacted under the same reaction conditions (entry 13).
To demonstrate the synthetic utility of the reaction as a

convenient and practical route to preparing trisubstituted
alkenes, we investigated the reaction of the vinyl Grignard

Scheme 1. Carbomagnesiation of Alkynes

Table 1. Carbomagnesiation of Alkynes with Alkyl Halides and
Grignard Reagents

entry alkyl-X R yield of 3a (%) E/Zb yield of 4a (%) E/Zb

1 n-C5H11Br t-Bu 3a: nd 4a: 88 3/97

2 t-C5H11Br t-Bu 3b: 7 5/95 4a: 85 3/97

3 t-C5H11Br s-Bu 3b: 11 8/92 4b: 65 17/83

4 t-C5H11Br n-Bu 3b: 21 14/86 4c: 39 35/65

5 t-C5H11I n-Bu 3b: 91 8/92 4c: nd

6 t-C5H11I i-Bu 3b: 96 (85) 18/82 4d: nd

aGC yield. Isolated yield is in parentheses. bDetermined by GC.
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reagent 7 prepared by the present procedure. The vinyl
Grignard reagent 7 can be trapped with various electrophiles
such as D2O, allyl iodide, I2, acetoaldehyde, and CO2 to
afford the corresponding trisubstituted alkenes 8a�e

(Scheme 2). Arylation has successfully been achieved by
submitting the vinyl Grignard reagent 7 to a Pd-catalyzed
cross-coupling reaction by the simple addition of a catalyst,
PhI and a phosphine to the resulting solution in a one-pot
operation,which results in theproductionof the trisubstituted
alkyne 8f in 77% yield as a sole regioisomer (Scheme 2).14

GCanalysis of the resultingmixture in entry 1 of Table 2
indicated that 0.99 mmol of i-Bu-I was produced, along
with 0.93mmol of product 5a. To probe the mechanism of
this catalytic reaction, we carried out a stoichiometric
reaction of 9, generated by the reaction of equimolar
amounts of AgOTs, PPh3, and i-Bu-MgCl,15f with t-Bu-I
at�10 �C for 1 h and confirmed that i-Bu-I was formed in
73% yield (Scheme 3). In the absence of AgOTs and PPh3,
the direct reaction of t-Bu-I with i-Bu-MgCl was ineffi-
cient, and the yield of i-Bu-I was only 11%, suggesting that
9 generated in situ undergoes exchange reaction with t-Bu-
I to give i-Bu-I and Ph3PAg-t-Bu (10).

To reveal the relative reactivity of alkyl halides, we
performed a competitive experiment using equimolar
amounts of tert-, sec-, and n-butyl iodides under the same
conditions as entry 1 inTable 2 and obtained 5a, 5b, and 5c
in 62%, 4%, and <1% yields, respectively (Scheme 4).
This result suggests that the exchange reaction of 9with an
alkyl iodide and/or the addition of alkyl silver complexes
10 to terminal alkynes proceed via alkyl radical inter-
mediates.

Taking these results into account, a plausible reaction
pathway for this reaction is shown in Scheme 5. The
catalytic cycle is triggered by the reaction of AgOTs with
i-Bu-MgCl in the presence of PPh3 to generate the isobutyl
silver complex9.15Then,9 reactswith the alkyl-I to give i-Bu-
I and the alkyl silver complex 10. The addition of 10 to the
terminal alkyne, probably via homolitic cleavage of Ag�C
bond of 10,15f affords vinyl silver complex 11,15h which then

Scheme 3. Stoichiometric Reaction of Complex 9 with t-BuI

Table 2. Scope and Limitations of Alkynes and Alkyl Iodides

entry R alkyl

yield of 5a

(%) E/Zb

yield of 6a

(%) E/Zb

1 Ph t-Bu 5a: 93(81) 22/78 nd

2c,d Ph s-Bu 5b: 80 (67) 30/70 1

3c,d Ph n-Bu 5c: 37 36/64 9 36/64

4e Ph 1-Ad 5d: 61 (43) 32/68 4 31/69

5c,d Ph Cy 5e: 80 30/70 4 33/67

6c,f Ph Cy 5e: 58 18/82 2 22/78

7 4-MeC6H4 t-Bu 5f: 84 (76) 35/65 nd

8 3-MeC6H4 t-Bu 5g: 90 (79) 26/74 nd

9 2-MeC6H4 t-Bu 5h: 96 (85) 3/97 nd

10 4-MeOC6H4 t-Bu 5i: 79 (73) 50/50 nd

11 4-CF3C6H4 t-Bu 5j: 68 (63) 11/89 nd

12g n-Hex t-Bu 5k: nd nd

13d,g PhMe2Si t-Bu 51: 67 (52) 9/91 1

aGC yield. Isolated yield is in parentheses. bDetermined by GC
analysis. c 3 h. d Slow addition of Grignard reagent; see the Supporting
Infomation. e 4 h. fP(o-tol)3 was used instead of PPh3.

g 9 h.

Scheme 2. Further Transformations of Vinyl Grignard Reagent 7

Scheme 4. Competitive Reaction of Alkyl Iodides
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undergoes transmetalation with i-Bu-MgCl to give the vinyl
Grignard reagent 12 and the regeneration of 9.16

We then attempted to construct a ring by way of
incorporating the 5-exo-dig cyclization process of 6-hexynyl
radicals17 into the present catalytic cycle. We employed
6-iodo-1-phenyl-1-hexyne (13a) as a substrate, and the
reaction was conducted under the same optimized condi-
tions as described above. The resulting Grignard reagent 14
was treated with NH4Cl or CO 2 to give 15a and 15b as the
sole cyclized products in 79% and 75% yield, respectively
(Table 3, entries 1 and 2). The use of 6-bromo-1-phenyl-1-
hexyne (13b) also gave the corresponding product 15b,
albeit in poor yield (23%, entry 3). This intramolecular
reaction can be applied to the construction of heterocyclic
rings, as exemplified by entry 4 inTable 3, inwhich an acetal
13c was treated with i-Bu-MgCl in the presence of AgOTs
to give a substituted THF 15c in 80% yield (E/Z= 42/58,
96% d) after quenching with D2O.
Finally, we attempted the carbomagnesiation of an

enyne (Scheme 6) and found that the t-Bu group was
introduced at the terminal carbon of the double bond to
give an allenyl Grignard reagent 18, which was efficiently
trapped with D2O to afford the trisubstituted allene 20 in
73% yield accompanied by a small amount of alkyne 19.
In conclusion, we report herein on the silver-catalyzed

regioselective carbomagnesiationof terminal alkynesusing
i-Bu-MgCl and alkyl iodides. In this reaction, the alkyl
group of the alkyl iodide, and not that of the Grignard
reagent, is introduced into the terminal alkyne carbon to
give alkylated vinyl Grignard reagents. To the best of our
knowledge, this is the first example of the three-component
carbomagnesiation of alkynes in which an alkyl halide is
used as a coupling component. The reaction proceeds via a

radical mechanism and affords vinyl Grignard reagents
efficiently when tertiary or secondary alkyl iodides are
employed. The reaction provides a useful and convenient
method for the synthesis of trisubstituted olefins by not
only the simple trapping of the resulting vinyl Grignard
reagents with electrophiles but also by further manipula-
tion catalyzed by transition metals such as cross-coupling.
The application of this reaction to δ-haloalkylalkynes led
to the synthesis of five-membered (hetero) cycles bearing
an exo-methylene substituent. Allenyl Grignard reagents
can be prepared when enynes are employed.
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Scheme 5. Proposed Catalytic Cycle Table 3. Intramolecular Carbomagnesiation of Haloalkynes 13

entry 13 (X) temp (�C) time (h) Eþ E yield (%)a

1 13a (I) �10 4 Hþ H 15a: 79

2 13a (I) �10 4 CO2 then Hþ COOH 15b: 75

3 13b (Br) 25 7 CO2 then Hþ COOH 15b: 23

4b 13c (I) 25 3 Dþ D 15c: 80c

a Isolation yields. bTHF and dichloroethane were used as solvents in
the absence of PPh3.

c 96% d, E/Z = 42/58.

Scheme 6. Formation of an Allenyl Grignard Reagent from 16

(16) An alternative mechanism that alkyl radicals, generated by SH2
reaction of alkyl iodides with i-Bu radical from 9, directly attack alkynes
without forming 10 may also be operating.

(17) Beckwith, A. L. J.; Schiesser, C. H. Tetrahedron 1985, 41,
3925–3941.


