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Enantiomerically pure homopropargylic alcohols are highly useful intermediates, with broad
synthetic utility. The terminal alkyne functionality serves as a synthetic handle for cross-
coupling, metathesis, and heterocycle synthesis.[1] The addition of allenic or propargylic
reagents to carbonyl compounds is mechanistically similar to the analogous reaction with
allylic reagents. Though many useful and innovative methods exist for the synthesis of
homoallylic alcohols,[2] the enantio-selective synthesis of homopropargylic alcohols remains
arduous. Two main complications are 1) the lower reactivity of the allenylic and propargylic
substrates in comparison to allylic substrates, and 2) the difficulties associated with
controlling the reaction regioselectivity.[3] Herein, we describe a highly enantioselective
catalytic method for the preparation of homopropargylic alcohols. Computational studies of
the reaction provide insight into the catalysis and stereochemistry of the reaction.

Many current methods for enantioselective propargylation reactions rely upon the use of
chiral reagents.[4] Alternative catalytic methods have been developed, but are limited to the
use of allenylic or propargylic metal-based reagents or intermediates.[2a,5] Despite notable
work, many of these methods are restricted by one or more limitations. Among them are 1)
the use of reagents that are relatively difficult to prepare or are unstable to air and/or
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moisture, 2) the use of undesirable metal reagents or catalysts, and 3) regioselectivity
concerns.

In the past decade, Lewis and Brønsted acid-catalyzed allylboration reactions have
fascinated the synthetic community.[6,7] However, this methodology remains relatively
undeveloped for the more challenging allenylboration of aldehydes. Following our recent
report on the development of a chiral phosphoric acid-catalyzed allylboration,[7] we
examined the extension of our methodology to the enantioselective propargylation of
aldehydes. We began our investigation with the reaction of benzaldehyde and allenyl
boronic acid pinacol ester. Boronate 2 is a relatively stable, non-toxic and commercially
available reagent. The C–C bond formation proceeded smoothly in the presence of various
chiral acid catalysts,[8] with complete control over the regioselectivity (Table 1). PA5[9]

afforded product 3 with the highest enantio-selectivity, when toluene was used as the
reaction solvent. An increase to 87% ee was seen with the use of higher catalyst loading, in
the presence of 4Å M.S. (entry 13). The enantio-selectivity could be further increased, when
the reaction was conducted at lower reaction temperatures of 0°C (entry 14) and −20°C
(entry 15), albeit with longer reaction times.

With the optimized conditions in hand,[10] a variety of aldehydes with different electronic
and steric properties were tested to study the scope and limitation of the developed
methodology (Table 2). The reaction proved tolerant to electron-donating and electron-
withdrawing groups (1a–1j), giving excellent yields and enantioselectivities (92–96% ee).
The methodology was extended to aliphatic aldehydes (1k–1m), furnishing the
corresponding homopropargylic alcohol products 3k–m in 77–82% ee.

We prepared several important synthetic scaffolds, previously unavailable from
enantioenriched homopropargylic alcohols (Scheme 1). Chiral dihydrofuran-3-ones, such as
4, are important building blocks[11] for the synthesis of biologically active compounds.
Despite their importance, a general enantioselective synthesis for this class of molecule has
yet to be reported. We successfully transformed 3a[12] into dihydrofuran-3-one 4, by
employing gold-catalyzed reaction methodology developed by Zhang and co-workers,[13]

with complete preservation of the enantiomeric excess. Crabbé homologation of 3a provided
optically active 3,4-allenol 5, which has the potential to serve as a substrate in natural
product synthesis.[14] Chiral dihydrofuran 6, currently dependent on the Heck reaction for its
synthesis,[15] was obtained through a molybdenum-mediated cycloisomerization of 3a,
based on methodology developed by McDonald and co-workers.[16]

It is our belief that the propargylation proceeds through a six-membered cyclic transition
state, where catalyst activation operates by hydrogen-bonding of the boronate oxygen. To
further understand the mechanism and stereoselectivity of this phosphoric acid-catalyzed
propargylation reaction, we performed theoretical calculations. Calculated energies of
different pathways for allylboration[17] and propargylation showed that Brønsted acids form
a strong hydrogen bond with the pseudo-equatorial oxygen of the allenyl boronate.[18] A
computed transition state structure involving protonation is shown in Figure 1.

To explore the origins of the enantioselectivity, we studied the transition state structures for
the propargylation reaction, where the phosphoric acid catalyst activates the pseudo-
equatorial oxygen of the allenyl boronate. Biphenol(bipol)-derived phosphoric acid was used
as the model, in place of the fully derived binol phosphoric acid, to reduce the computational
time. Catalyst PA5, bearing a 2,4,6-triisopropylphenyl group at the 3,3′-positions, provides
high experimental enantioselectivity. Thus, the diastereomeric transition states of the re-face
and si-face attack involving the bipol model of PA5 were compared. Transition states TSr1
and TSs1 are represented in Figure 2. Re-face attack (TSr1) is predicted to be more favored
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than si-face attack (TSs1) by 1.3 kcalmol−1. This is in agreement with the 74% ee obtained
experimentally.

Figure 2 shows a lack of obvious steric differences in the transition states. H–H distances are
2.4 Å or more. However, the distortion of the catalyst is larger in TSs1 than in TSr1 by
about 1.2 kcalmol−1. This distortion relieves steric repulsions that would otherwise occur.
The preference for re-facial selectivity is therefore the result of the larger distortion of the
catalyst–boronate complex in TSs1. The origins of the differences in distortion energies of
the catalyst–boronate complex in the two TSs can be visualized from geometries of the
catalyst in the TSs. Figure 3a shows the catalyst–boronate complex structure in TSr1. Here,
the dioxaborolane ring has no significant steric interaction with the catalyst, and the dihedral
angle between the 2,4,6-triisopropylphenyl substituent and the bipol core is 74°, almost the
same as the dihedral angle of 72° in the optimized catalyst. Figure 3b shows the catalyst–
boronate complex structure in TSs1, with the dioxaborolane ring on the left. The methyl
groups (circled in Figure 3b) of the dioxaborolane ring and the isopropyl groups of the
catalyst (circled in Figure 3b) are close to each other. In order to minimize such steric
repulsions, the 2,4,6-triisopropylphenyl substituent is rotated around the bond to the bipol
phenyl core with a dihedral angle of 78°. This is a 6° rotation away from the dihedral angle
in the optimized catalyst (72°). The asymmetric induction can be rationalized by differences
in distortion energies originating from the steric interactions between the substrates and the
bulky 3,3′-substituents on the catalyst.

For other catalysts screened experimentally, calculations showed the absence of an energy
difference between re- and si-attack diastereomeric transition states, suggesting why these
catalysts gave low enantioselectivities.

In summary, we have developed the first Brønsted acid-catalyzed propargylation of
aldehydes, for the synthesis of chiral homopropargylic alcohols. The reaction is simple and
highly efficient, demonstrating broad synthetic utility. Mechanistic studies show the catalyst
activating the reaction by forming a strong hydrogen bond with the pseudo-equatorial
oxygen of the boronate. The high enantioselectivity obtained with catalyst PA5 originates
from steric interactions between the methyl groups of the allenylboronate, the bulky catalyst
substituents, and the resulting distortion of the catalyst.

Experimental Section
General procedure for the propargylation of aldehydes: A screw-cap reaction tube, with a
stir bar and 4Å MS (100 mg) was evacuated, flame-dried, and back-filled with argon. The
tube was charged with (R)-trip-PA catalyst PA5 (20 mol%), freshly distilled aldehyde 1
(0.20 mmol) and 1.5 mL of dry toluene. The reaction mixture was then cooled to −20°C,
followed by the addition of allenylboronic acid pinacol ester 2 (0.30 mmol), slowly over 30
s. The mixture was stirred 96 h at this temperature, and then directly purified by silica gel
column chromatography (hexanes:EtOAC =9:1) to afford product 3.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Transition state structure for the Brønsted acid-catalyzed propargylation reaction.

Jain et al. Page 6

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2013 February 06.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Optimized structures of TSr1 and TSs1. Relative energies (kcal mol−1) are shown in
parentheses.
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Figure 3.
a) 3D structure of TSr1 without benzaldehyde. b) 3D structure of TSs1 without
benzaldehyde.
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Scheme 1.
Synthesis of important chiral moieties.
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Table 2

Enantioselective propargylation of aldehydes.[a]

[a]
Reaction conditions: 1 (0.20 mmol), 2 (0.30 mmol), PA5 (20 mol%). Yields are of isolated product. Enantioselectivity was determined by chiral

HPLC. The product configurations were determined to be (R) based on comparison to chiral HPLC analysis and optical rotation data reported in
the literature.

[b]
The product configurations were determined to be (R) by analogy.

[c]
(S) isomer was obtained.

[d]
Enantio-selectivity was determined by 1H NMR spectroscopy after conversion to the corresponding Mosher ester.
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