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ABSTRACT

The Herrmann-Beller (H-B) phosphapalladacycle catalyzed the addition of terminal alkynes to unsymmetrical gem-disubstituted cyclopropenes
to give alkynylcyclopropanes as single diastereomers in good to excellent yields. The stereofacial discrimination at the approach of the bulky
alkynylpalladium species is believed responsible for the diastereoselectivity control of the addition reaction.

Transition-metal catalyzed addition of pronucleophiles
across carbon-carbon multiple bonds has been regarded
as one of themost important and straigthforwardmethods
for carbon-heteroatom bond formation and still remains
an intensive area of investigations.1 Moreover, the pro-
ducts resulting from the simple sum of the reactants make
these processes extremely attractive in terms of both
efficiency and minimal waste.2 In these reactions, hetero-
nucleophiles such as amines or alcohols are by far themost
employed. The additions of soft carbon pronucleophiles
(hydrocarbonation), with pKas typically ranging from 9 to
15, have also been successfully achieved for carbon-carbon
bond-forming reactions.3 Terminal alkynes with raised pKa

values (pKa ≈ 25) are also able to participate in additions
to alkynes,4 allenes,5 1,3-dienes,6 styrenes,7 and electron-
deficient alkenes,8 allowing the incorporation of the alkyne
linkage into molecular structures. In contrast, additions to
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isolated double bonds have met little success since these
processes required harsh conditions9 or air-sensitive cata-
lysts10 and remained limited in scope with respect to the
alkyne partner.
In 2006, Yin and Chisholm reported the palladium-

catalyzed addition of alkynes to cyclopropenes utilizing
palladium acetate and trimethylphosphonium tetrafluor-
oborate as a catalyst and triethylamine to promote both
the release of free electron-rich phosphine and formation
of alkynylpalladium species.11,12However, the lowdiastereo-
selectivity observed with unsymmetrical gem disubsti-
tuted cyclopropenes, affording a 2.5-3.5/1 mixture of
trans/cis adducts, constitutes a major drawback of this
coupling. Substituted cyclopropanes are important struc-
tural units in a number of natural compounds13 as well as
in relevant bioactivemolecules.14Wewere interested in the
development of readily accessible and stereodefined alky-
nylcyclopropane15 building blocks as precursors, among
others, of vinyl- or allenylcyclopropanes. Recently, we dis-
closed the addition of terminal alkynes across the norborna-
diene double bond in the presence of the Herrmann-Beller
(H-B) phosphapalladacycle as a catalyst under mild con-
ditions and without an additional promoter or cocatalyst to
form 5-exo-alkynylnorborn-2-enes.16 In this note, we report
that this bulky and electron-rich phosphapalladacycle is able
tocatalyze thediastereoselectiveadditionof terminal alkynes
to unsymmetrical cyclopropenes affording exclusively trans
2,2-disubstituted alkynylcyclopropanes.
Initial studies showed that the addition of phenylethyne

(2a) to3-methyl-3-phenylcyclopropene (1) occurredsmoothly
in the presence of 2.5 mol % of the Herrmann-Beller

phosphapalladacycle affording adduct 3a in a quantitative
yield (Table 1, entry 1). Interestingly, this addition was per-
formed at room temperature and in the absence of base. 1H

Table 1. Herrmann-Beller Phosphapalladacycle Catalyzed
Diastereoselective Addition of Alkynes 2 to Cyclopropene 1a
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NMR data from the crude reaction mixture revealed 3a as a

single diastereomer and without any formation of a ring-

opening adduct.17 The trans stereochemistry of 3a was as-

signed on the basis of its 1HNMR andNOESY experiments

in full agreement with those of closely related compounds.11

This stereochemical outcome was observed with a number of

functionalized alkynes (Table 1). Electrophilic or nucleophi-

lic functional groups attached to the alkyne were well toler-

atedwithin themild reaction conditions, expanding the scope

of this hydroalkynylation. Alternatively, trimethylsilylethyne

(2d) and 3-hydroxy-3-methylbut-1-yn (2j) can be used as a

convenient ethyne substitute. In all cases, adducts were ob-

tained as single diastereomers in good to quantitative yields.

We assume that this excellent diastereoselectivity derives

from the diastereofacial discrimination of the double bond

at the approach of the bulkymetal species. The sensitivity

of the reaction toward the bulkiness of the alkene gem-

disubstitution was examined with the symmetrical 3,3-

diphenylcyclopropene 4. Additions of terminal alkynes to

cyclopropene 4under the same reaction conditions afforded

alkynylcyclopropanes 5 with significantly decreased yields

(Table 2) after complete conversionof the reactants. In these

reactions, the formation of polymers accounts for the mass

balance.18

On the contrary, the addition of 3a to the less sterically
demanding 3,3-dibenzylcyclopropene 6 gaveadduct 7a in a
satisfactory 87% yield (Scheme 1).
To span the cyclopropene scope, functionalized unsym-

metrical 3,3-disubstituted cyclopropene 8 was examined.

Additionally, it was anticipated that the couplingwould be
achieved with a high level of diastereoselectivity. The
coupling of cyclopropene 8 bearing a masked acetyl sub-
stituent with alkynes 2a, 2d, or 2j afforded the expected
adducts (Scheme 2). The 1H NMR of the crude reaction
mixture revealed the adducts as single diastereomers with
the incoming alkynyl group trans to the ketal. Interest-
ingly, the mild and practically neutral conditions are
appropriate for the survival of the sensitive ketal. How-
ever, on purification over silica gel, deprotection of the
ketal to ketone occurred to afford methyl alkynylcyclo-
propyl ketones 9a, 9d, and 9j in 60-90% yield (Scheme 2).

In an ancillary study, the cyclopropenyl ketone 10 ap-
peared to be an excellent partner for the coupling. The
addition of 2a to enone 10 afforded the cyclopropylogous
ynone9a in aquantitative yield.Once again,9awasobtained
exclusively with the trans stereochemistry (Scheme 3). Grat-
ifyingly, the mildness of the reaction conditions precluded
the isomerization of cyclopropenyl ketone to furan.19

A plausible mechanism for the coupling of cyclopro-
penes with terminal alkynes as depicted in Scheme 4 starts
with the mononuclear palladacycle A provided by the
dissociation of the Herrmann-Beller phosphapallada-
cycle. The alkynylpalladium species B could be formed in

Scheme 1. Addition of Phenylethyne 2a to 3,3-Dibenzylcyclo-
propene 6

Table 2. Herrmann-Beller Phosphapalladacycle Catalyzed
Addition of Alkynes 2 to 3,3-Diphenylcyclopropene 4a

aConditions: 4/2/ H-B cat.: 1/1/0.025, 0.25 M in ClCH2CH2Cl.
bYield refer to isolatedmaterial. cYield refer to addition of 4 and 2awith
syringe pump in 4 h, then stirring for 2 h.

Scheme 2. Diastereoselective Synthesis of Cyclopropyl Ketones 9
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the presence of alkyne 2 with the loss of acetic acid.
Coordination of the cyclopropene double bond followed
by the syn carbopalladation afforded the cyclopropylpal-
ladium C, which upon demetalation with acetic acid
releases the alkynylcyclopropane 3 and regenerates the
catalytic species A. The B f C determining step allowing
the diastereoselectivity rests on the coordination of palla-
dium through the less hindered face of the cyclopropene.
This proposal also accommodates the syn-carbopallada-
tion step since the addition of deuterated phenylethyne
D-2a to 3-methyl-3-phenylcyclopropene (1) gave the labeled
adduct D-3a (82%) incorporating the 2H atom and the
alkynyl substituent in a cis fashion, along with the non-
labeled adduct 3a (14%) (see Supporting Information).
To illustrate the synthetic utility of alkynylcyclopro-

panes, compound 3h was treated with LAH to give the

(E)-allylic alcohol 11 in 91%yield (Scheme5).On the other
hand, propargyl alcohols 3h and 3i were transformed to
R-cyclopropyl allenes 12and 13, as a 1:1mixture of diaster-
eomers, through a reductive Mitsunobu reaction in 71%
and 59% yields, respectively.20

In summary, we have developed an easy access to
diastereomerically pure alkynylcyclopropanes through ad-
dition of terminal alkynes across the double bond of
cyclopropenes. This reaction occurred under neutral and
mild conditions and tolerates various electrophilic or
nucleophilic functional groups with an air-stable elec-
tron-rich phosphapalladacycle as the catalyst. The useful-
ness of alkynylcyclopropanes was briefly investigated to
provide vinylcyclopropanes21 or allenylcyclopropanes22

for further synthetic applications.
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Scheme 4. Mechanistic Rationale for the Diastereoselective
Addition of Alkynes to Cyclopropenes

Scheme 3. Diastereoselective Addition of Phenylethyne 2a to
Cyclopropenyl Ketone 10

Scheme 5. Useful Transformations of Cyclopropyl-Substituted
Propargylic Alcohols
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