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ABSTRACT

The general zinc-catalyzed allenylation of aldehydes and ketones with an allenyl boronate is presented. Preliminary mechanistic studies support a
kinetically controlled process wherein, after a site-selective B/Zn exchange to generate a propargyl zinc intermediate, the addition to the
electrophile effectively competes with propargyl-allenyl zinc equilibration. The utility of the methodology was demonstrated by application to a
rhodium-catalyzed [4 þ 2] cycloaddition.

The importance of the allene functional group relates
to its presence in biologically active natural products1 as
well as the broad synthetic versatility as a synthetic handle
for derivatization and couplings.2 The addition of an
organometallic reagent to carbonyl and imine species
provides a convenient approach to incorporate a func-
tional group into a substrate through the construction
of a C�C bond.2,3 The most common allenylation of an
aldehyde involves the direct addition with a propargyl
aluminum,4 borane,5 or silicon6 reagent wherein, due to

a Zimmerman�Traxler transition state, the addition pro-
ceeds with inversion and high preference for the allene
product. To maintain reactivity for the addition, these
methodologies require the use of reagents that must
be prepared under inert conditions or utilized in situ for the
reaction. Alternatively, an open transition state has also
led to allenylation of aldehydes through a Lewis acid-
catalyzed addition with a propargyl stannane or silane.7

Other transition metal-mediated processes with In,8 Cr,9

Ti,10 and Sn/Rh11 provide a mixture of allenyl and homo-
propargyl products wherein site selectivity is dictated by
the substitution on the allene or propargyl moiety of the
organometallic intermediate and good selectivity for
the allene product has been obtained with some subst-
rates. Accordingly, the selective formation of an allenylic
alcohol requires either the site-selective formation of a
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stoichiometric propargyl intermediate or a specific sub-
stitution pattern on the reagent for transition metal-
catalyzed processes. Herein, we report an operationally
simple andgeneral zinc-catalyzed allenylationof aldehydes
and ketones with an allenyl boronate.
Additions to carbonyl species with allenyl zinc reagents

is a prominent approach for the preparation of homopro-
pargylic alcohols.3,12 This site selectivity is generally ratio-
nalized by a rapid equilibration between propargyl and
allenyl zinc intermediates wherein both the allenyl zinc

intermediate and propargylation pathway is favored
(Scheme 1).2,13 The few cases wherein a zinc-mediated
addition proceeded with selectivity for allenylation are
exclusively related to a specific substitution pattern on
the allenyl/propargyl zinc moiety that favors allenylations
wherein propargylation is favored when an unsubstituted
allenyl/propargyl zinc intermediate is utilized.7b,14 Our
zinc-catalyzed propargylation of aldehydes and ketones
with both propargyl and allenyl boronates was based on
these principles and a facile B/Zn exchange.15

When the zinc-catalyzed addition with an allenyl boro-
nate to an aldehyde was examined under different condi-
tions, a mixture of the allenylic and homopropargylic
alcohols was observed (Table 1). More importantly, either
isomer can be favored based predominately on the solvent
and catalyst loadings. With 7 mol % diethyl zinc and
the model p-anisaldehyde, the solvent tetrahydrofuran

favored the homopropargylic alcohol product and toluene
favored the allenyl alcohol. In toluene, low catalyst load-
ings (7 mol %) favored the allenyl alcohol (93:7) whereas
high loadings (100 mol %) favored the homopropargylic
alcohol (86:14) (Figure 1). At approximately 15 mol %
diethyl zinc, a nearly equal ratio of the homopropargyl and
allenyl alcohol can be obtained. The temperature showed a
minimal effect on the site selectivity, and the optimal
conditions to afford the allenyl alcohol utilized 5 mol %
diethyl zinc in toluene at 0 οC.
The optimized conditions for the zinc-catalyzed alleny-

lation with an allenyl borolane proved general for a broad
number and types of aldehydes and ketones (Table 2). The
methodology afforded >90:10 site selectivity for the al-
lenylic alcohol for both aldehydes and ketones and gen-
erally provided high yields. Numerous functional groups
were also tolerated including aryl and aliphatic halides,
esters, olefins, and Lewis basic functional groups such as
quinolines and carbamates that are typically not compa-
tible with Lewis acid-catalyzed processes. Furthermore,
the more electrophilic aldehydes provided higher prefer-
ence (99:1) for the allenylic alcohol (entries 2�4) in com-
parison to the electron-rich p-anisaldehyde (93:7) (entry 1).

Scheme 1. Typical Site Selectivity for the Preference of Propar-
gylation with Propargyl/Allenyl Zinc Reagents

Table 1. Optimization of the Zinc Catalyzed Allenylation

entry conditionsa solvent temp (�C) 4a:5ab convc

1 None THF 20 0.5%

2 None Toluene 20 1%

3 7% Et2Zn THF 20 30:70 100%

4 20% Et2Zn THF 20 25:7516 100%d

5 7% Et2Zn Heptane 20 92:8 100%

6 7% Et2Zn DCM 20 84:16 100%

7 7% Et2Zn IpAc 20 71:29 100%

8 7% Et2Zn Toluene 20 93:7 100%

9 2% Et2Zn Toluene 20 93:7 100%

10 13% Et2Zn Toluene 20 54:46 100%

11 7% Et2Zn Toluene �20 97:3 44%

12 7% Et2Zn Toluene �10 96:4 100%

13 7% Et2Zn Toluene 0 95:5 100%

14 7% Et2Zn Toluene 40 85:15 100%

15 5% Et2Zn Toluene 0 93:7 100%e

aDiethyl zinc (mol % to starting aldehyde) was charged to an
anhydrous solution of the aldehyde and borolane 6 (1.5 equiv) in the
indicated solvent at the indicated temperature. b Site selectivity between
4a:5a determined by HPLC. cMolar conversion based on aldehyde.
d Seventy-four percent isolated yield for 5a. eNinety-two percent iso-
lated yield for 4a.
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The utility of the generated allenylic alcohols was de-
monstrated by application to the diastereoselective syn-
thesis of hexahydroisobenzofurans. Rhodium-catalyzed
cycloadditions have shown broad versatility for numer-
ous polycyclic ring formations.17 Although the transfer
of chirality from an axial allene stereocenter through an
intramolecular [4 þ 2] cycloaddition is precedented,18 the
ability to control the diastereoselectivity from an allenylic
ether stereocenter is not known. Application of the Rh-
catalyzed [4þ 2] cycloaddition to the allenylic ethers 7 and

10 (Scheme 2) proceeded with good diastereoselectivity
(>4:1) to generate three additional stereocenters and
provide a rapid construction of the synthetically valuable
hexahydroisobenzofuran core19 as exemplified by adducts
9 and 11.20

A reasonable rationalization for the site-selective alle-
nylation by the zinc-catalyzed addition to aldehydes and

Figure 1. Effect of diethyl zinc loading on site selectivity.

Scheme 2. Application to a [4 þ 2] Cycloaddition

Table 2. Zinc-Catalyzed Allenylation of Aldehydes and Ketonesa

aReactions performed with 1.5 mol equiv borolane 6 to substrate.
b Isolated yield of the allenyl product. c Site selectivity between allenyl
and homopropargyl products (4:5) deteremined by HPLC and compar-
ison to reference standards. d Site selectivity determined by 1H NMR.
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ketones with an allenyl borolane relates to an inversion
mechanism for the B/Zn exchange and the addition reac-
tion effectively competingwithallenyl-propargyl zinc equi-
libration. Several studies support a closed transition state
for the propargylation with an allenyl zinc intermediate
that proceeds through an inversion of the allenyl moiety
and first order in zinc.13,21 Due to the inversion of the
propargyl/allenyl moiety of the zinc reagent upon addition
to a carbonyl functional group,13,21 the intermediate for
the allenylation of an aldehyde is reasonably the propargyl
zinc intermediate 2 (Scheme 3). Accordingly, the B/Zn ex-
change with the allenyl borolane proceeds with inversion

to directly generate the propargyl zinc intermediate 2.22

Supporting this double inversion process wherein the
allenylmoiety is inverted during the exchange and inverted
during the addition, the complementary reaction with the
propargyl boronate 1223 under the same zinc-catalyzed
conditions as for an allenylation proceeded with high
selectivity for the homopropargylic alcohol (eq 1). To ob-
tain selectivity for allenylation after the selective formation
of the propargyl zinc intermediate 2 by an exchange with
the allenyl boronate, the addition to the electrophile must

also effectively compete with propargyl-allenyl zinc equili-
bration. Otherwise, equilibration to the allenyl zinc species
would enable the typical propargylation pathway to be
favored.2,12,13,21 Similar to the proffered bimetallic me-
chanism for the equilibration of allenyl/propargyl Sn,24

Pd,25 and In2 complexes,2 the corresponding zinc equili-
bration has also been proposed as bimolecular in zinc.26

Since the propargyl/allenyl zinc addition to the electrophile
is rationalized as monomeric in zinc, and the equilibration
is bimolecular in zinc, low catalyst loadings allow for the
propargyl-zinc addition to compete with equilibration
(Figure 1). Furthermore,more electrophilic substrates that
have been shown to undergo faster additions with an
allenyl zinc reagent15 provide higher site selectivities for
the zinc-catalyzed allenylation due to the increased addi-
tion rate that enables the addition to more effectively
compete with equilibration. Accordingly, the ability to
achieve a highly site-selective allenylation with a zinc-
catalyzed process was due to a kinetically controlled
process as well as the site-selective formation of a propar-
gyl zinc intermediate.

In conclusion, an operationally simple and general zinc-
catalyzed allenylation of aldehydes and ketones with an
allenyl boronate was developed. High site selectivity for
allenylation was rationalized by the B/Zn exchange pro-
ceedingwith inversion and the addition reaction effectively
competing with propargyl/allenyl zinc equilibration. The
synthetic utility of the allenylation methodology was de-
monstrated by application to a rhodium-catalyzed [4 þ 2]
cycloaddition.

Supporting Information Available. Experimental pro-
cedures, characterization data, and copies of 1H and 13C
for all products. Preparation of propargyl borolane 12
and reference homopropargylic alcohols for site-selectiv-
ity determination. Structural and diastereomer character-
ization for compounds 9 and 11. Thismaterial is available
free of charge via the Internet at http://pubs.acs.org.

Scheme 3. Proposed Zinc Equilibration and Site Selectivity for
the Allenylation and Propargylation of Aldehydes
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