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Palladium-catalyzed addition of alkynes to cyclopropenesy
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The palladium catalyzed coupling of alkynes and cyclopropenes
provides a powerful method for the synthesis of alkynylcyclo-
propanes, proceeding under mild conditions in the presence of
many functional groups (such as esters, carboxylic acids,
aldehydes, and alcohols).

Alkyne C-H bonds are particularly susceptible to activation by
transition metals, providing an opportunity for the development of
new carbon-carbon bond forming reactions. Late transition
metals such as palladium are known to activate the C-H bond
of alkynes under mild conditions, but the reaction is limited
because of the propensity of the alkyne to rapidly form dimers.!
This dimerization reaction has been exploited by Trost in the
selective coupling of electron rich and electron poor alkynes.
Catalytically generated palladium acetylides also react as nucleo-
philes in the 14-addition of alkynes to methyl vinyl ketone.?
Recently our group has undertaken related studies in the coupling
of alkynes and cyclopropenes using palladium catalysts.

The cyclopropene olefin was chosen as a coupling partner due
to its unusually reactive nature. This feature has been exploited in
the addition of silanes, stannanes and boranes to the cyclopropene
olefin.* Palladium-catalyzed arylation of the cyclopropene alkene
is also a facile transformation.’ Addition of carbon anions to
cyclopropenes has also proven to be a useful method for the
synthesis of substituted cyclopropanes.® Relevant to this work,
alkynyl Grignard reagents have been added to cyclopropenes in
good yield with excellent diastereoselectivity using copper
catalysis.® Typical conditions for the addition of alkynes and
other carbon nucleophiles across the cyclopropene olefin requires a
stoichiometric amount of at least one metal. Formation of these
organometallic reagents usually precludes the presence of other
electrophilic functionality, such as aldehydes, ketones, and
carboxylic acids. Late transition metal catalysis typically is not
limited by the presence of these functional groups, allowing the
synthesis of substituted cyclopropanes without the requirement of
protecting groups.

Substituted cyclopropanes are appealing targets due to their
presence in many natural products and other biologically relevant
molecules.” Substituted cyclopropanes also represent important
building blocks for organic synthesis, with alkynyl cyclopropanes
providing ready access to vinyl cyclopropanes.®® Vinyl cyclopro-
panes are especially prized for their utility in the synthesis of five
membered rings,® seven membered rings,” eight membered rings, '
heterocycles'! and polycyclic structures.'
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Initial experiments showed that palladium acetate in the presence
of trimethylphosphonium tetrafluoroborate'® and triethyl-
amine was an effective catalyst system for the addition of
4-pentyn-1-ol (1) to 3,3-diphenylcyclopropene (2) (Table 1). In
contrast to the palladium-catalyzed addition of other proto-
nucleophiles to cyclopropenes,'* the cyclopropane ring remained
intact to provide alkynylcyclopropane 3. Triarylphosphines
generate a less effective catalyst system (Table 1, entry 1).
Other trialkylphosphines were also effective ligands in the
transformation (entries 3 and 4). The triethylamine was assumed
to deprotonate the phosphine salt, generating free phosphine,
but experiments with (4)-BINAP showed an increase in yield
when triethylamine is added to the reaction mixture (entries 5
and 6). This effect may be due to the ability of the amine to act
as a proton transfer agent in the catalytic cycle. Other Pd(Ir)
salts were less effective as precatalysts (entries 10 and 11).
Control experiments showed that both the palladium catalyst
and the phosphine ligands were required (entries 8 and 9).

Alkynes containing various functional groups were then tested
in the addition reaction. While 4-pentyn-1-ol provided moderate
yield of the addition product, most other alkynes gave good to
excellent yield of the corresponding alkynylcyclopropane. Alkynes
containing unprotected alcohols, nitriles, esters, carboxylic acids,
and aldehydes were used successfully as coupling partners, defining
a wide scope of functional groups that are tolerated under the mild
reaction conditions.

Table 1 Effect of phosphine ligands on the addition of 4-pentyn-1-ol
(1) to 3,3-diphenylcyclopropene (2)

\/\/OH

. 1 5 mol %catalyst Ph Ph
oe
Ph Ph 10 mol % ligand
X THF, 23°C, 24 h 3 OH
2
(1.2 equiv)
Entry  Catalyst Ligand Et;N Yield
1 Pd(OAc), PPh; None Trace
2 Pd(OAc), [(Me);PH]BF, 1 equiv.“ 66
3 Pd(OAc), [(Et);PH]BE, 1 equiv. 61
4 Pd(OAc), [(Cy);PH]BF, 1 equiv. 40
5 Pd(OAc), (+)-BINAP? None 9
6 Pd(OAc), (+)-BINAP” 1 equiv. 24
7 Pd(OAc), [(Me);PHIBF;  None 0
8 Pd(OAc), None 1 equiv. Trace
9 none [(Me);PH]BF, 1 equiv. 0
10 Pd(OCOCF3),  [(Me);PH|BF, 1 equiv. Trace
11 PdCl, [(Me);PH]BF, 1 equiv. Trace

“ One equivalent with respect to the alkyne starting material. © Only
5 mol% of (+)-BINAP was used.
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Table 2 Pd-Catalyzed addition of alkynes to cyclopropenes

Rie R, 5 mol % Pd(OAc), Rin Re
K N 10 mol % [(Me),PH]BF, -
Rs  EtN, THF,23°C, 24 h RS R
3
Cyclo-
Entry propene Alkyne Product Yield

1 Ph._Ph X Ph._Ph 66%
N OH
X, 1\/\/

3 X OH
0,
2 2 \WOH Ph.__Ph 99%
5 7
12 Xy OH
7
3 2 86%
\\\/OH Ph.__Ph
6
13 _OH
0
4 2 % OH Ph Ph 98%
7
14 oH
0,
5 2 \\(\,)/\ Ph Ph 63%
g {7, CHO
15 X3
CHO
7
6 2 \\9/\ Ph Ph 75%
o 77 CO,H
TR
CO,H
7
7 2 93%
\/\/CN Ph.__Ph 0
10
17 X2 CN
8 2 659
\/\/OBZ Ph.__Ph o
1
18 OBz
9 80%6"
thMe \/\/CN PhKMe o
4 10
192X _~_CN
10 4 820"
\\9/\/% thMe 0
5 \'7
20a\\9/\/OH
7
11 4 7%

D{D’
5

CO,H

7 ’
‘,

213\\8/\
"CoM

“ Isolated as a 2.5 : 1 mixture (major isomer shown). b Isolated as a
3.5 : 1 mixture (major isomer shown). ¢ Isolated as a 3.4 : 1 mixture
(major isomer shown).
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Scheme 1 Proposed mechanism of the alkyne addition.

Unsymmetrical cyclopropenes were also explored, with
3-methyl-3-phenylcyclopropene (4) also proving to be a useful
coupling partner. The addition of alkynes to this unsymmetrical
cyclopropene led to a mixture of stereoisomers (as determined by
"H NMR) from the alkyne preferring to add from one face of the
cyclopropene.

In order to determine the stereochemistry of the major and
minor product in the case of 19, all of the '"H NMR signals were
assigned by COSY experiment on the mixture of isomers. A
NOESY experiment was then performed on the mixture of
diastereomers, which allowed for assignment of the relative
configuration of both isomers. Alkyne addition was shown to
occur preferentially from the same face as the methyl group for 4,
likely for steric reasons. All of the alkynes used gave similar ratios
of cis and trans isomers, the favored stereoisomer being shown in
Table 2. The stereochemistry of the other two examples was
assigned by analogy to cyclopropane 19.

A proposed mechanism for the palladium-catalyzed addition
reaction is presented in Scheme 1. First, the active palladium—
phosphine complex is generated in situ. The palladium complex
next coordinates to the alkyne. Deprotonation of the alkyne—
palladium complex with triethylamine provides the alkynylpalla-
dium intermediate. Coordination of the cyclopropene is
followed by carbometallation of the strained olefin, leading to a
cyclopropylpalladium intermediate. This carbometallation is in
contrast to the mechanistic studies of the cyclopropene Heck
reaction, where addition is thought to take place through a
carbocation intermediate.” While -elimination could occur at this
stage, this termination event is unfavorable due to the strain of the
olefin that would be generated. Protonation of the palladium—
carbon bond by triethylammonium acetate occurs instead to
provide the alkynyl cyclopropane and regenerate the active
catalyst.

In summary, the addition of monosubstituted alkynes to
cyclopropenes proceeds well using a palladium catalyst. The
reaction conditions are mild, tolerating numerous functional
groups (aldehydes, carboxylic acids, efc.) whose use is precluded
with more reactive organometallic reagents. Further studies on the
mechanism and scope of this transformation are currently
underway.f
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Notes and references

1 Representative experimental procedure: A dry 13 x 100 mm test tube
was charged with Pd(OAc), (4.6 mg, 0.02 mmol) and HPMe;BF, (6.6 mg,
0.04 mmol). The mixture was stirred and purged with N, and placed in a rt
water bath for 3 min. Dry THF (0.4 mL) and Et;N (56.2 uL, 0.4 mmol)
were added, and the mixture was stirred for another 3 min. To this mixture
a solution of alkyne 7 (0.4 mmol, 34 mg) and 3,3-diphenylcyclopropene (2)
(0.48 mmol, 93 mg) in THF (0.4 mL) was added dropwise via syringe (the
reaction was kept in the room temperature water bath during this
addition). Stirring was continued for 24 hours at room temperature. After
this time the reaction mixture was concentrated and purified by column
chromatography, providing 14 (108 mg, 98% yield) as a yellow oil. TLC
R = 0.51 (30% EtOAc/70% hexanes); IR (neat) 3384, 3025, 2979, 2927,
2234, 1600, 1496, 1447, 1165, 1138, 951, 895, 752, 701 cm™'; 'H NMR
(300 MHz, CDCl3) 6 7.10-7.45 (m, 10H), 2.15 (dd, J = 9.0, 6.0 Hz, 1H),
1.68 (dd, J = 5.7, 4.8 Hz, 1H), 1.59 (dd, J = 9.0, 4.8 Hz, 1H), 1.55 (s, broad,
1H), 1.24 (s, 3H), 1.22 (s, 3H); *C NMR (75 MHz, CDCl3) § 144.9, 141.3,
130.5, 128.6, 128.2, 128.1, 126.8, 126.6, 86.4, 82.9, 65.3, 37.9, 314, 31.3,
23.4,15.8. Anal Calc’d for C,0H»0O: C, 86.92; H, 7.29. Found: C, 86.76; H,
7.33%.
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