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ABSTRACT

An enantioselective propargylation of aldehydes using an allenylzinc reagent generated in situ via a zinc-iodine exchange reaction is described.
The enantioselectivity is controlled by addition of a catalytic amount of readily accessible and highly tunable amino alcohol ligand L13. A wide
range of aldehydes can be propargylated to afford valuable and versatile homopropargyl alcohols in good to excellent yields with high levels of
enantiopurity.

Chiral homopropargyl alcohols are useful synthetic
building blocks that are routinely utilized in the synthesis
of a wide variety of bioactive natural products and pharma-
ceutical compounds.1 Moreover, these compounds offer an
opportunity for dual reactivity: (1) the alkyne functional
group can undergo hydration or oxidative cleavage to
provide aldehydesorketones, andcanbe reduced toprovide
olefins or alkanes,2 and (2) the chiral alcohols frequently act
as directing groups for many essential reactions, such as
epoxidation, cyclopropanation, carbonyl reduction, and

hydrosilylation.3,4 In addition, the homopropargyl alcohol
itself is readily converted to synthetically useful heterocycles
such as polyhydrofurans and polyhydropyrans in a highly
chemoselective and atom-economical fashion.5

The most attractive and straightforward method for
synthesizing enantiopure homopropargylic alcohols is
the direct catalytic rather than stoichiometric asymmetric
carbonyl propargylation. Several approaches have been
established for this purpose. For example, Keck and Den-
mark have respectively reported a Lewis acid-6 and Lewis
base-catalyzed7 asymmetric carbonyl propargylation, yet
thesemethods employeda stoichiometric amount of highly
toxic tin reagents. Catatlytic asymmetricNozaki-Hiyama
propargayltions have also been reported with respectable
levels of enantioselectivity, but the requirement of toxic
chromium source and long reaction time is still of concern
with this method.8 During the course of our studies,
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Fandrick and co-workers reported a highly enantioselec-
tive copper-catalyzed asymmetric carbonyl silylpropargy-
lation, but a costly and elaborate ligand was employed.9

In our recent efforts toward the synthesis of bryostatin
16, we required an asymmetric carbonyl propargylation
reaction that was straightforward and facile to employ.1c

We envisioned that the addition of allenylzinc species to
aldehydes would be ideal because the allenylzinc can be
generated in situ from a propargyl iodide via zinc-iodine
exchange. The use of allenylzinc reagents would obviate
the need to isolate sensitive allenylmetal reagents and
circumvent the use of toxic allenylstannane complexes.
The availability of awide range of propargyl halideswould
also allow for the formation of a variety of allenylzinc
reagents. Importantly, the corresponding addition of al-
kylzinc reagents to aldehydes is known to be ligand-
accelerated by a variety of amino alcohol ligands. We
hypothesized that the same would hold true for additions
with allenylzinc complexes, providing a strategy for the
development of an asymmetric propargylation reaction.
Chiral amino alcohol ligands can be easily accessed from a
commercially available chiral pool, which offers great
ligand tunability for various substrates.
Prior reports attempting to use these zinc reagents proved

disappointing.10 Unlike the ligand-accelerated additions of
diaryl- or dialkyl-zinc to carbonyl compounds, where the
uncatalyzed reaction undergoes a disfavored four-centered
transition structure,11 the uncatalyzed addition of allenyl-
zinc species12 to aldehydes proceeds via a six-centered
transition structure to afford the racemic homopropargyl
alcohol.13 The fast background reaction has hampered the
development of highly enantioselective ligand-accelerated
carbonyl propargylation reactions using allenylzinc re-
agents. Therefore, there is a great need to develop active
amino alcohol ligands that induce high chirality transfer.
Herein, we report the first systematic efforts toward the
development of a ligand-accelerated enantioselective pro-
pargylation of various aldehydes utilizing allenylzinc re-
agents, and readily accessible and highly tunable chiral
amino alcohols as putative ligands for Zn(II).

Our interest in chiral aminoalcohol ligands is attributed
to their low cost, easy accessibility and high modularity.
Most of these ligands can be synthesized from the com-
mercially available amino acids via protection followed by
additions ofGrignard or organolithium reagents (Scheme 1).
Each of these steps allows independent modification of the
chiral space of the ligands. Therefore, the chiral amino
alcohol offers a versatile template, enabling well-defined
structure-selectivity studies. Amino alcohols L present
three structural elements that may be independently opti-
mized: (a) the backbone of the ligand, (b) the amine
protecting group, and (c) the groups appended to the
tertiary carbinol center.

Our initial studies focused on the reaction of cinnamal-
dehyde (1a) with in situ-generated allenylzinc14 in the
presence of a catalytic amount of various amino alcohols
(Table 1). After an extensive ligand screen, we found that
the enantioselectivity of the reaction was sensititve to the
ring size of the amino alcohol ligands (entries 1-4).
Interestingly, while five-membered ring derivative L3 af-
forded the product with the highest enantiomeric ratio
(entry 3), both three- and six-membered ring systems failed
to induce any chirality (entries 1 and 4). Replacement of
themethylene group at the C-4 position with a sulfur atom
had adetrimental effect on the asymmetric induction of the
reaction (entry 5). We also found that the N-protecting
group of the aminoalcohol ligand has a great influence on
the enantioselectivity. Ligandswith a free secondary amine
(L6) or aN-methyl protecting group (L7) affordedproduct
2a with lower er (entries 6 and 7). Highly bulky protecting
groups such as 9-anthracenylmethyl (L8) also furnished
the product with diminished selectivity (entry 8). We next
turned our attention to examining the impact of the
substituents at the carbinol carbon (entries 9-13). While
an electron-rich substituent slightly suppressed the enan-
tioselectivity of the reaction, an electron-deficient substi-
tuent gave comparable results to the phenyl system (entries
9 and 10).Using the ligandwith alkyl substituents afforded
the product with low enantiomeric purity (entry 11).
Although 2-naphthyl-substituted ligand L12 afforded the
product with disappointing selectivity, 1-naphthyl-substi-
tuted ligandL13 provided homopropargyl alcohol 2awith
the highest asymmetric induction (entries 12 and 13).
With ligandL13 in hand,we explored the effect of various

solvents on the enantioselectivity (Table 2, entries 1-4).

Scheme 1. Chiral Amino Alcohol Ligand Synthesis
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We found that dichloromethane (CH2Cl2) was superior to
toluene, THF and hexane. It is noteworthy that CH2Cl2
needed to be degassed, otherwise the reaction afforded the
product with lower yield and enantioselectivity (entries 1
and 5). We believe this result is caused by the formation of
highly reactive propargyl radicals when oxygen is present.15

Indeed, performing the reaction in the presence of 2,6-di-

tert-butylphenol as a radical scavenger afforded the product

with quantitative yield and 83:17 er (entry 6). Replacing

diethylzinc with dimethylzinc failed to give any desired

product (entry 7). In additional studies, we found that

varying the reaction concentration diminished the reaction

conversion and the enantioselectivity (entries 8 and 9). The

source of propargyl/allenyl halide also has a remarkable

effect on the reaction. For example, propargyl bromide did

not give any homopropargylic alcohol product. Instead,
only the ethyl transfer byproduct was obtained (entry 10).
Presumably, this can be attributed to the slow zinc-bro-
mine exchange relative to the addition of ethyl group to the

aldehyde. Interestingly, it is crucial to use a propargyl/
allenyl iodide solution (85wt% in toluene). Performing the
reaction employing a neat proparyl/allenyl iodide reagent
afforded homopropargyl alcohol 2awith poorer yield and
selectivity (entry 11).16 The exact role of toluene additive
remains unclear, and is currently under investigation.

Under the standard reaction conditions using a mixture
of propargyl/allenyl iodide solution (85wt% in toluene), a
range of alkenyl, aryl, heteroaryl, alkyl aldehydes were
surveyed to determine the scope of this method (Table 3).
While cinnamaldehyde afforded the product (2a) in ex-
cellent yield with 83:17 er, R-methyl cinnamaldehyde gave
the product (2b) with quantitative yield and enhanced
enantiomeric ratio (90:10) (entries 1 and 2). Aryl aldehydes
bearing different substituents proceeded smoothly to fur-
nish the corresponding products in good to excellent yields
with high levels of enantiopurity (entries 3-12). In addi-
tion, heteroaromatic aldehydes such as 2-formyl furan and
2-formyl thiophene, and aliphatic aldehydes participated
in the propargylation reaction with high yields and useful
levels of enantioselectivity (entries 13-15). The absolute
stereochemistry of 2cwasdeterminedby comparisonof the
HPLC retention timewith that of the literature data,8c and
the stereochemistry of the other homopropargyl alcohols
were tentatively assigned by analogy.

Table 1. Selected Ligand Optimization Studiesa

entry ligand conv(%) erb

1 L1 100 50:50

2 L2c 100 44:56

3 L3 100 75.5:24.5

4 L4c 100 50:50

5 L5 100 52.5:47.5

6 L6 100 60:40

7 L7 100 65:35

8 L8 100 71:29

9 L9 100 70:30

10 L10 100 75.5:24.5

11 L11 100 57:43

12 L12c 100 48.5:51.5

13 L13 100 83:17

a See Supporting Information for detailed experimental procedures.
bEr was determined by chiral HPLC. c (R)-enantiomerwas used.

Table 2. Selected Reaction Optimization Experimentsa

entry solventb concn (M) yield (%)c erd

1 CH2Cl2 0.1 99 83:17

2 Toluene 0.1 95 64:36

3 THF 0.1 80 57:43

4 Hexane 0.1 80 60:40

5 CH2Cl2
e 0.1 83 78:22

6 CH2Cl2
e,f 0.1 99 83:17

7 CH2Cl2
g 0.1 0

8 CH2Cl2 0.05 80 81:19

9 CH2Cl2 0.25 86 77:23

10 CH2Cl2
h 0.1 0j

11 CH2Cl2
j 0.1 80 74:26

a See Supporting Information for detailed experimental procedures.
b Solvents were degassed by freeze-pump-thaw procedures. c Isolated
yields. dEr was determined by chiral HPLC. eCH2Cl2 was used without
degassing. f 2,6-Di-tert-butylphenol (50 mol %). gZnMe2 (220 mol %)
was used. hPropargyl bromide (80 wt % in toluene) was used. iOnly
ethyl transfer by product was obtained. jNeat propargyl/allenyl iodide
was used.
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While a detailed mechanism for the overall catalytic
process is yet to be determined, a plausible reaction mech-
anism and stereochemical model is depicted in Figure 1.17

Entry into the catalytic cycle via deprotonation of the
amino-alcohol ligand with diethylzinc species affords ac-
tive catalyst I.18 Coordination of the allenylzinc species
(generated in situ via the zinc-iodine exchange process) to
catalyst I furnishes dinuclear zinc complex II, which then
binds to the aldehyde to give intermediate III. The alde-
hyde approaches so as to avoid a steric interactionwith the
benzyl group on the ligand and exposes its si-face to the
allenyl group (IIIa vs IIIb). Propargylation of the aldehyde
via a six-centered transition structure delivers propargyl
alkoxide IVwith the stereochemistry in agreementwith the
experimental data. Dissociation of zinc alkoxide V regen-
erates active catalyst I to complete the catalytic cycle.

In summary, we have developed a tin-free catalytic
asymmetric propargylation of a wide range of aldehydes
employing allenylzinc reagents and readily available chiral
amino alcohol ligands. The simple nature of the reaction
protocol and the ready availability of the amino alcohol
ligand make this new asymmetric propargylation an at-
tractive alternative to currently existing methods. In addi-
tion, the low toxicity and low cost of the allenylzinc
reagents are of particular interest from an environmental
and an economic point of view. Further efforts will be
devoted to studying reaction mechanism, assessing syn-
thetic applications, and expansion of the substrate scope.
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Table 3. Substrate Scope of the Ligand-Accelerated Asym-
metric Proparylation of Aldehydes 1a-1oa

entry substrate yield (%)c er (S/R)d

1 PhCHdCH- 1a 99 83:17

2 PhCHdC(Me)- 1b 99 90:10

3 Ph- 1c 99 93:7

4 p-MeO-C6H4- 1d 98 96:4

5 p-Me-C6H4- 1e 93 94:6

6 m-Me-C6H4- 1f 90 92:8

7 o-Me-C6H4- 1g 85 94.5:5.5

8 p-F-C6H4- 1h 98 93:7

9 p-Cl-C6H4- 1i 80 87.5:12.5

10 p-Br-C6H4- 1j 80 90.5:9.5

11 2-Napthyl 1k 95 92:8

12 4-MeO-1-napthyl 1l 94 96:4

13 Furyl 1m 80 90:10

14 Thiophenyl 1n 97 85:15

15 c-Hexyl 1o 80 80:20

a See Supporting Information for detailed experimental procedures.
bMS (4 Å) was added to give better reproducibility. c Isolated yields. dEr
was determined by chiral HPLC.

Figure 1. (a) Proposed reaction mechanism and (b) stereoche-
mical model for the ligand-accelerated propargylation of
aldehydes.

(17) The proposed dinuclear-zinc mechanism is based on the well-
developed aminoalcohol catalyzed asymmetric dialkyl- and diarylzinc
addition to aldehydes, see ref 11. One of the referees suggested a
mononuclear-zinc mechanism, which cannot be ruled out at this stage.

(18) The reaction does not show nonlinear effects (see Supporting
Information), so a single Zn-complex is depicted in the proposed
reaction mechanism.
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