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ABSTRACT

The addition of terminal alkynes to aromatic aldehydes was carried out under mild conditions in the presence of a Cu −phosphine complex,
which was prepared in situ from Cu(O- t-Bu) and TRAP chiral bisphosphine, to yield enantiomerically enriched propargyl alcohols with moderate
enantioselectivities. Furthermore, according to stoichiometric reactions, the reaction presumably involves the addition of a TRAP-coordinated
Cu(I) acetylide to an aldehyde.

The addition of terminal alkynes to aldehydes serves as an
important carbon-carbon bond formation reaction in the
synthesis of complex molecules.1 Given the recent demand
for highly efficient and environmentally friendly processes,
the direct alkynylation of aldehydes that avoids the use of a
stoichiometric amount of a reagent has become highly
desirable. While recent efforts on this subject have led to
the discovery of various catalytic reactions that involve metal
species such as Cs,2 Zn,3 In,4 Ru-In,5 Rh,6 and Ag,7 reactions
that feature the catalysis of Cu, to the best of our knowledge,
have yet to be reported. Although Cu is the first transition-
metal element that was shown to promote carbonyl alkynyl-
ations, the catalytic use of a Cu species was hampered by
the low reactivity of Cu(I) acetylides.8 Herein, we report the
direct addition of terminal alkynes to aromatic aldehydes

under mild conditions catalyzed by a Cu-phosphine com-
plex, which was prepared in situ from Cu(O-t-Bu) and TRAP
chiral bisphosphine,9,10 to produce enantiomerically enriched
propargyl alcohols with moderate enantioselectivities. Fur-
thermore, this is the first application of TRAP to Cu catalysis.

Recently, we have reported on the significant rate-
accelerating effects of Xantphos ligands11 in the Cu(I)-
catalyzed dehydrogenative silylation of alcohols12 and in the
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reaction of a diboron and allylic carbonates to produce
allylboron compounds.13 The high catalytic activities are
attributable to the large P-Cu-P bite angle that induces large
distributions of active monomeric Cu species, such as
(Xantphos)Cu-X [X) OR, H, B(OR)2], in the aggregation
equilibriums. Consequently, the results prompted us to
examine large bite-angle phosphines for the activation of Cu
catalysis toward the addition of terminal alkynes and
aldehydes via deaggregation of Cu acetylides.

A series of Cu(I)-phosphine catalysts were prepared in
situ by mixing Cu(O-t-Bu) with phosphines (Table 1).

Catalytic activities of the resulting Cu(I) complexes (10 mol
%) were evaluated by the yields of propargylic alcohol3aa
via reaction of benzaldehyde (1a) and phenylacetylene (2a,
2 equiv) in toluene at 60°C for 6 h.

Reactions that involve Cu(O-t-Bu) alone or in combination
with PPh3 (Cu/P ) 1:2) or bisphosphines that possess an
ordinary natural bite angle (such as dppe, dppp, dppb, and
dppf) (Table 1, entries 1-6) were unsuccessful. In contrast,
a slight conversion (10%) was observed when Xantphos was
employed (entry 9).14 Reactions that involved DPEphos12a

and DBFphos,12a,15which are structurally related to Xantphos,
showed traces of conversion (entries 7 and 8, respectively).

Because higher yield of3aawas obtained by introducing a
bulky substituent in theP-phenyl groups of Xantphos (entry
10),16 we can assume that the steric congestion around the
metal center exerts an additional effect to the deaggregation
of the Cu acetylide. Accordingly, the use of TRAP chiral
bisphosphine, which feature an extraordinarily large bite
angle, resulted in a significantly higher yield of3aa (77%,
entry 11). Furthermore, the enantiomeric excess of the
product indicated that the chirality of the (S,S)-(R,R)-TRAP
ligand can exert some influence on the enantioselectivity of
the addition reaction.

It should be noted that only DTBM-Xantphos and Ph-
TRAP gave homogeneous, yellow solution under the reaction
conditions (Table 1, entries 10 and 11). Otherwise, the
reaction mixture was heavily suspended with fluorecent
yellow precipitates, implying the formation of unreactive,
oligomeric copper(I) acetylides (entries 1-9).

Upon screening other chiral ligands that include bisphos-
phines with various backbone structures andP-substitution
patterns as well as nitrogen-based ligands, our results
revealed that only the TRAP ligand exhibited significant
catalyst-activating effect and enantioselectivity (Figure 1),

thus confirming the importance of having a large bite angle
for the effectiveness of the Cu catalysts.

To optimize the Cu-TRAP catalytic system, the conver-
sion to3aa was carried out using various reaction solvents
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Table 1. Ligand Effect in the Cu-Catalyzed Addition of2a to
1aa

entry phosphine NMR yieldb (%)

1 none 0
2c PPh3 0
3 dppe 0
4 dppp 0
5 dppb 0
6 dppf 0
7 DPEphos trace
8 DBFphos 2
9 Xantphos 10

10 DTBM-Xantphos 20
11 (S,S)-(R,R)-Ph-TRAP 77 (27% ee, R)

a 1a (0.24-0.62 mmol, 1 M)/2a/Cu(O-t-Bu)/phosphine) 1:2:0.1:0.1
unless otherwise noted.b Unreacted1aand2awere quantitatively recovered.
c 1a/2a/Cu(O-t-Bu)/PPh3 ) 1:2:0.1:0.2.

Figure 1. Chiral ligands and yields of3aa (1a/2a/Cu(O-t-Bu)/
ligand ) 1:2:0.1:0.1, toluene, 60°C, 6 h).
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(60 °C, 6 h). As shown in Table 2 (entries 1-10), alcohols
were more effective as solvents; furthermore, higher enan-
tiomeric excesses of3aa corresponded to larger alcohols
(entries 6-10). Based on entry 10, which afforded (R)-3aa
with 42% ee in 91% yield, the optimal solvent was identified
ast-BuOH. Additionally, the use oft-BuOH allowed a lower
reaction temperature (40°C) that afforded3aawith a higher
enantiomeric excess (51% ee, entry 11).

The influence of various alkyne substrates on the reactivity
and enantioselectivity were examined using the reaction with
1a under constant conditions (10 mol % Cu-TRAP, 40°C,
24 h, Table 3). Whereas the electron-donatingp-MeO

substituent on the aromatic ring of phenylacetylene (entry
1) did not affect the yield or the enantiomeric excess, the

electron-withdrawingp-CF3 (entry 2) substituent resulted in
a substantial drop in the yield. For the reactions of aliphatic
alkynes2d-f, our catalytic system was also found to be
effective; however, drastically lower yields were observed
with increasingR-branching of the alkyl substituent (entries
3-5). Poor yields were obtained for the reactions of
trimethylsilylacetylene (2g, entry 6).

Next, the effect of various aldehydes on the reactivity and
enantioselectivity were examined using the reaction with2a
(10 mol % of Cu-TRAP, 40°C, 24 h, Table 4). As shown
in entries 1-3, 6, and 8, electron-donating substituents (alkyl,
-OMe) on the para and meta positions of aromatic aldehydes
decreased the reactivity along with slightly positive effects
on the enantioselectivity. On the other hand, as shown in
entries 4, 5, and 7, electron-withdrawing groups on the para
(-Cl, -F) and meta positions (-CO2Me) enhanced the
reactivity with slightly negative effects on the selectivity. It
is noteworthy that ano-Me group (entry 9) showed activating
effects with slightly negative effect on the selectivity,
whereas a bulky phenyl group in the same position caused
overcrowded conditions (entry 10). Similar steric effects were
also observed between the isomeric naphthaldehydes (entries
12, 13). In the cases of aliphatic aldehydes such as1o and
1p, the Cu-TRAP catalyst did not exhibit any activity
(entries 14 and 15).

To gain insight into the mechanism of the Cu-TRAP
catalysis, stoichiometric reactions were carried out. A yellow,
homogeneous mixture of equimolar amounts of Ph-TRAP
and Cu(O-t-Bu) in C6D6 showed several broad signals in the
31P NMR spectrum. Upon addition of2a (1 equiv), the
yellow color intensified, while the31P NMR signals con-
verged into a major singlet (δ 10.1) accompanied by two
minor broad signals (δ 8.51 and 13.1). Based on the similarity
to that of [CuCtCPh]n and Ph-TRAP (Cu/TRAP) 1:1, 60
°C, 3 h), the major signal was assigned to the TRAP-
coordinated Cu(I) acetylide species [Cu(η1-CtCPh)(Ph-
TRAP)] (A) (see the Supporting Information).

To investigate the reactivity of acetylideA, a solution
containingA andt-BuOH, which was released from Cu(O-
t-Bu), was treated with1a (1 equiv) and heated at 60°C for
15 h. According to the1H NMR spectrum, both complexA
and 1a were intact. Furthermore, changes in the spectrum
were not observed even upon treatment of 5 equiv oft-BuOH
(as a possible proton source) and heating at 60°C for an

Table 2. Solvent Effect in the Enantioselective Cu-Catalyzed
Addition of 2a to 1aa

entry solvent T (°C) time (h) isolated yieldb (%) ee (%)

1 toluene 60 6 74 27
2 benzene 60 6 69 23
3 CH2Cl2 60 6 0 N.A.
4 THF 60 6 50 33
5 DMI 60 6 24 31
6 MeOH 60 6 91 25
7 EtOH 60 6 83 29
8 i-PrOH 60 6 87 30
9 (i-Pr)2CHOH 60 6 81 35

10 t-BuOH 60 6 91 42
11c t-BuOH 40 24 87 51

a 1a (0.24-0.62 mmol, 1 M)/2a/Cu(O-t-Bu)/Ph-TRAP) 1:2:0.1:0.1.
b Unreacted1a and2a were quantitatively recovered.c [1a] ) 0.5 M.

Table 3. Enantioselective Cu-Catalyzed Addition of Various
Alkynes to1aa

a 1a (0.20-0.22 mmol, 0.5 M)/2/Cu(O-t-Bu)/Ph-TRAP) 1:2:0.1:0.1.
b Unreacted aldehyde1aand alkyne2 were quantitatively recovered unless
otherwise noted.c Recovery of alkyne was not quantitative.

Scheme 1. Proposed Mechanism for Cu-TRAP-Catalyzed
Alkynylation of Aldehydes
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additional 3 h (except for the increasedt-BuOH signals).
Addition product3aa was produced when the mixture was
treated with 19 equiv of2a (56% conversion, 60°C, 14 h).

On the basis of these results, a possible reaction mecha-
nism (Scheme 1) can be described as follows: first, (pro-
pargyl alcoholato) Cu(I) (B) is formed from acetylideA and
aldehyde1 through a reversible process with a strong
preference toward the starting materials. Next, propargylic
alcohol 3 is formed through metathesis between Cu(I)
alkoxideB and alkyne2, which is irreversibly driven by the
stability of Cu(I) acetylideA.

As mentioned above, our studies have revealed that the
use of alcohols can accelerate the reaction, and bulkier

alcohols can increase the enatioselectivity. Such solvent
effects imply that the alcohols can directly participate in the
C-C bond formation, as shown in Scheme 2.

We demonstrated the catalytic activity of a Cu(I) complex
with TRAP chiral bisphosphine for the direct addition of
terminal alkynes to aldehydes to produce enantiomerically
enriched propargyl alcohols, under mild conditions, with
moderate enantioselectivities. Furthermore, our studies show
that the TRAP ligand is crucial for the Cu catalytic system.
Insight into the reaction mechanism was gained via stoichio-
metric reactions and may help in the design of more advanced
catalysts.
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Table 4. Enantioselective Cu-Catalyzed Addition of2a to Various Aldehydesa

a 1 (0.2-0.22 mmol)/2a/Cu(O-t-Bu)/Ph-TRAP) 1:2:0.1:0.1.b Isolated yield. Unreacted aldehyde and alkyne2a were quantitatively recovered.

Scheme 2. Possible Participation of Alcohol
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