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enantioselective alkynylation
and kinetic resolution of alkyl allylic alcohols†‡

Jia Guo,a Hao-Ran Ma,ab Wen-Bin Xiong,a Luoyi Fan,a You-Yun Zhou,*ad

Henry N. C. Wong *abc and Jian-Fang Cui *a

Herein, we report an efficient kinetic resolution of alkyl allylic alcohols enabled by an iridium-catalyzed

enantioselective alkynylation of alkyl allylic alcohols with potassium alkynyltrifluoroborates. A wide range

of chiral 1,4-enynes bearing various functional groups and unreacted enantioenriched allylic alcohols

were obtained with excellent enantioselectivities and high kinetic resolution performance (s-factor up to

922). Additionally, this method is particularly effective for preparing some useful optically pure alkyl allylic

alcohols, such as the key components towards the synthesis of prostaglandins and naturally occurring

matsutakeols, which are difficult to access via other asymmetric reactions. Mechanistic studies revealed

that the efficient kinetic resolution might be due to the significant distinction of the h2-coordination

between the (R)- and (S)-allylic alcohols with the iridium/(phosphoramidite, olefin) complex.
Introduction

1,4-Enynes are important and versatile synthons in chemical
synthesis due to the easy elaboration of the alkenyl and alkynyl
groups towards the construction of ne chemicals, pharma-
ceuticals, and natural products.1 Accordingly, various synthetic
approaches to 1,4-enynes have been well developed so far.2 In
particular, the synthesis of enantioenriched 1,4-enynes via
transition metal (Cu, Rh and Ir)–catalyzed asymmetric allylic
alkynylation of allylic substrates has drawn considerable atten-
tion in the past decade (Scheme 1A).3–8 In 2011, Hoveyda pio-
neered the asymmetric allylic alkynylation of allylic phosphates
employing Cu-catalysis, but moisture-sensitive pre-activated
alkynylaluminum reagents were required as nucleophiles.3

Subsequently, signicant progress of Cu-catalyzed asymmetric
allylic alkynylation for (Z)-allylic phosphates by directly using
terminal alkynes as nucleophiles was achieved by Sawamura
and Ohmiya in 2013,4 leading to moderate product enantiose-
lectivities. In 2018, to expand the chemistry of chiral guanidine,
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Tan and Lee developed a Cu/guanidine complex-catalyzed
highly enantioselective allylic alkynylation of cyclic allylic
bromides with terminal alkynes.5 Recently, Li reported an
elegant synergistic Rh/Cu-catalyzed regio- and enantioselective
allylic alkynylation by direct addition of terminal alkynes to alkyl
allylic carbonates under neutral conditions.6 On the other hand,
chiral phosphoramidite ligands have aptly demonstrated their
Scheme 1 (A) Cu and synergistic Rh/Cu-catalyzed asymmetric allylic
alkynylation of allylic substrates; (B) Ir-catalyzed asymmetric allylic
alkynylation of aryl-substituted allylic alcohols; (C) iridium-catalyzed
enantioselective alkynylation and kinetic resolution of non-activated
alkyl allylic alcohols.
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excellent performance in iridium-catalyzed asymmetric allylic
substitutions over the past 20 years.7 Consequently, in 2013,
Carreira utilized [Ir(cod)Cl]2 and the Carreira-type chiral (phos-
phoramidite, olen) ligand as a catalyst, and successfully ach-
ieved the synthesis of enantioenriched 1,4-enynes by means of
asymmetric alkynylation of non-activated racemic secondary
allylic alcohols with potassium alkynyltriuoroborates, albeit
with a limited substrate scope involving only aryl-substituted
allylic alcohols (Scheme 1B).8 Despite extensive efforts that have
been devoted to accessing chiral 1,4-enynes by asymmetric
allylic alkynylation, to date, successful examples are still quite
rare and in most cases pre-activated allylic substrates are
required. Therefore, it is still a challenging and desirable task to
perform asymmetric allylic alkynylation reactions by directly
employing readily available non-activated allylic alcohols.

Over the years, we have been developing tetraphenylene-
derived chiral ligands/catalysts and investigating their applica-
tions in asymmetric catalysis.9 Amongst these tetraphenylene-
Table 1 Optimization of reaction conditionsa

Entry
2a
× [eq.] Ligand

Temp./time
[°C]/[h]

1 1.5 (S)-L1 rt/8
2 1.3 (S)-L1 rt/8
3 1.2 (S)-L1 rt/8
4 1.0 (S)-L1 rt/8
5 0.8 (S)-L1 rt/8
6 1.2 (S)-L1 0/8
7b 1.2 (S)-L2 0/8
8b 1.2 (S)-L3 0/8
9b 1.2 (S)-L4 0/8
10b 1.2 (S,S,S)-L5 0/8
11b 1.2 (S)-L6 0/8
12b,c 1.2 (S)-L1 0/8
13 1.2 (S)-L1 0/9
14 1.2 (S)-L1 0/10
15 1.2 (S)-L1 0/6

a Reaction conditions: (±)-1a (0.4 mmol, 1.0 equiv.), [Ir(cod)Cl]2 (4 mol%), l
(10 mol%), 1,4-dioxane (0.4 mL). Notes: nBu4NBr acted as a phase transfer c
as a stabilizer of potassium alkynyltriuoroborates. Yield of the isolate
determined by 1H NMR with 1,3,5-trimethylbenzene as the internal stan
In[(1 − C)(1 − ees)]/ln[(1 − C)(1 + ees)], conversion (C) = ees/(ees + eep).12

© 2022 The Author(s). Published by the Royal Society of Chemistry
based asymmetric catalysts, enantioenriched 1,16-dihydroxyte-
traphenylene (DHTP) stands out.9f–h,10 More recently, our group
developed a series of phosphoramidite ligands based on the (S)-
DHTP framework, of which the (S)-DHTP derived (phosphor-
amidite, olen) ligand (S)-L1 exhibited excellent efficiency in
the iridium-catalyzed asymmetric allylic alkynylation of allylic
alcohols.9h This Ir/(S)-L1-catalyzed asymmetric allylic alkynyla-
tion led to the formation of a variety of 1,4-enynes with high
regio- and enantioselectivities. However, both our work and that
of Carreira are limited to aryl-substituted allylic alcohols.
Iridium-catalyzed asymmetric allylic substitution of alkyl-
substituted non-activated allylic alcohols still remains a chal-
lenge due to the fact that these reactions usually proceed with
moderate regio- and enantio-selectivities,7c although signicant
developments have been achieved by Krische via p-allyliridium-
C,O-benzoate-catalyzed allylic substitution of alkyl-substituted
allylic acetates.11 It is therefore our aim to use alkyl allylic
alcohols to expand the scope of this allylic alkynylation, making
(R)-3a (S)-1a

C [%] sd
Yield (ee)
[%]

Yield (ee)
[%]

28(78) 58(80) 50.6 20
31(86) 51(86) 50.0 37
34(94) 45(96) 50.5 127
34(90) 44(88) 49.4 55
37(52) 43(79) 60.3 7
39(95) 43(98) 50.8 180
14(−56) 63(0) — —
0(—) 78(0) — —
0(—) 99(0) — —
0(—) 96(0) — —
36(95) 45(91) 48.9 124
33(95) 51(86) 47.5 109
41(91) 43(90) 49.7 65
33(70) 50(71) 50.4 12
30(69) 58(79) 53.4 13

igand (16mol%), KHF2 (equivalent to 2a), CF3CO2H (1.5 equiv.), nBu4NBr
atalyst, CF3CO2H acted as an activator of the –OH group and KHF2 acted
d product. ee% was determined by chiral HPLC analysis. b Yield was
dard. c [Ir(cod)Cl]2 (2 mol%), ligand (8 mol%). d Selectivity factor (s) =
“—”: without testing.
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Table 2 Scope of potassium alkynyltrifluoroboratesa

a Reaction conditions: (±)-1a (0.4 mmol, 1.0 equiv.), 2 (0.48 mmol, 1.2
equiv.), [Ir(cod)Cl]2 (4 mol%), (S)-L1 (16 mol%), KHF2 (1.2 equiv.),
CF3CO2H (1.5 equiv.), nBu4NBr (10 mol%), 1,4-dioxane (0.4 mL). Yield
of the isolated product. ee% was determined by chiral HPLC analysis.
Selectivity factor (s) = ln[(1 − C)(1 − ees)]/ln[(1 − C)(1 + ees)],
conversion (C) = ees/(ees + eep).
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use of our Ir/(S)-L1 catalyst system. Herein, we report an effi-
cient iridium-catalyzed enantioselective alkynylation and
kinetic resolution7p,12 of non-activated alkyl allylic alcohols,
providing both 1,4-enynes and unreacted enantioenriched alkyl
allylic alcohols with high enantioselectivities (Scheme 1C).

Results and discussion

We commenced our investigation by allowing the reaction to
proceed between a racemic alkyl allylic alcohol (±)-1a and
potassium (4-methoxyphenyl)ethynyl triuoroborate 2a under
the conditions previously developed for aryl allylic alcohols
(Table 1).9h Thus, in the presence of the Ir/(S)-L1 catalyst, KHF2
(1.5 equiv.), CF3CO2H (1.5 equiv.) and nBu4NBr (10 mol%), the
treatment of (±)-1a (0.4 mmol) with 2a (0.6 mmol, 1.5 equiv.) in
1,4-dioxane (0.4 mL) at room temperature (25 °C) for 8 hours
afforded (R)-3a in 28% yield with 78% ee, while the unreacted
(S)-1a was recovered in 58% yield with 80% ee (s = 20, Table 1,
entry 1). Preliminary results indicated that kinetic resolution
occurred during the reaction.7p,12 We then attempted to improve
the kinetic resolution performance by reducing the quantity of
triuoroborate 2a (Table 1, entries 2–5). Gratifyingly, signicant
improvement was achieved when 1.2 equivalents of 2a were
used, leading to the formation of the alkynylation product (R)-3a
in 34% yield with 94% ee, and (S)-1a in 45% yield with 96% ee (s
= 127, Table 1, entry 3). When the reaction was carried out at 0 °
C under the above optimal conditions, to our delight, product
(R)-3a and recovered (S)-1a were obtained in excellent yields and
enantioselectivities with the best selectivity factor (s = 180,
Table 1, entry 6). A variety of (S)-DHTP-derived phosphoramidite
ligands were further examined (Table 1, entries 7–10). In
contrast to (S)-L1, ligand (S)-L2 without an olenmoiety was not
effective in this reaction. Product (R)-3a in 14% yield with−56%
ee and racemic 1a in 63% yield were provided, indicating that
no kinetic resolution occurred (Table 1, entry 7). Ligands (S)-L3,
(S)-L4, and (S,S,S)-L5 failed to promote similar reactions (Table
1, entries 8–10). Moreover, when the Carreira-type (phosphor-
amidite, olen) ligand (S)-L6 was used, a slightly lower selec-
tivity factor (s = 124) was achieved, as compared with the result
of (S)-L1 (Table 1, entry 11). These results indicate that the use
of a (phosphoramidite, olen) ligand is essential for this kinetic
resolution/allylic alkynylation. Deduction of the loading of
[Ir(cod)Cl]2 and (S)-L1 to 2 mol% and 8 mol%, respectively, led
to a lower selectivity factor (s = 109, Table 1, entry 12). Finally,
we found that both the increase and decrease of reaction time
were detrimental to the kinetic resolution performance (s = 12–
65, Table 1, entries 13–15). The absolute conguration of 1,4-
enyne 3a was assigned to be R,2k,6 while the conguration of
unreacted 1a was assigned as S,13,14 by comparison with litera-
ture data.

With the optimal conditions established, we next investi-
gated the substrate scope of potassium alkynyltriuoroborates
(Table 2). Thus, a range of aromatic and aliphatic alkynyltri-
uoroborates 2 were allowed to react with (±)-1a to give the
corresponding 1,4-enynes (R)-3a–p and unreacted (S)-1a in good
to excellent kinetic resolution performance (s-factor up to 922).
Aromatic alkynyltriuoroborates 2a–j bearing either electron-
13916 | Chem. Sci., 2022, 13, 13914–13921
donating groups (methoxyl and tert-butyl) or electron-with-
drawing groups (F, Cl, Br and CF3) on the phenyl ring were
applicable reaction partners, affording the corresponding
products (R)-3a–j in good to excellent selectivities (s = 58–922),
accompanied by unreacted (S)-1a in high yields (43–49%) and
excellent enantioselectivities (90–99% ee). 2-Naphthyl
substituted alkynyltriuoroborate 2k could also be employed to
give (R)-3k and unreacted (S)-1a, albeit with a slightly lower
selectivity (s = 74). A heteroaromatic substrate, such as (3-
thienyl)alkynyltriuoroborate 2l, was also tolerated, furnishing
1,4-enyne (R)-3l (25% yield and 96% ee) and unreacted (S)-1a
(49% yield and 98% ee) with an outstanding selectivity factor (s
= 226). Alternatively, aliphatic alkynyltriuoroborates with
different substituents were also allowed to react under the
standard conditions, leading to the corresponding 1,4-enynes
(R)-3m–o and unreacted (S)-1a with excellent selectivities (s =

303–790). It is noteworthy that an aliphatic alkynyltri-
uoroborate, bearing a conjugated C–C double bond, also effi-
ciently gave (R)-3p and (S)-1a in good yields, as well as excellent
enantioselectivities and selectivity (s = 328).

Next, the scope of alkyl allylic alcohols (±)-1was examined by
using potassium (4-methoxyphenyl)ethynyl triuoroborate 2a
as the model substrate (Table 3). Various alkyl allylic alcohols
bearing (phenyl)methyl, (phenyl)propyl and (phenyl)butyl
groups were all suitable for this kinetic resolution process,
affording the corresponding 1,4-enynes (R)-4b–d and (S)-1b–d in
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Scope of alkyl allylic alcoholsa

a Reaction conditions: (±)-1 (0.4 mmol, 1.0 equiv.), 2a (0.48 mmol, 1.2
equiv.), [Ir(cod)Cl]2 (4 mol%), (S)-L1 (16 mol%), KHF2 (1.2 equiv.),
CF3CO2H (1.5 equiv.), nBu4NBr (10 mol%), 1,4-dioxane (0.4 mL). Yield
of the isolated product. ee% was determined by chiral HPLC analysis.
b ee% of (S)-1e–m was determined by chiral HPLC analysis aer
derivatization (see the ESI). Selectivity factor (s) = ln[(1 − C)(1 − ees)]/
ln[(1 − C)(1 + ees)], conversion (C) = ees/(ees + eep). TBS = tert-
butyldimethylsilyl.

Scheme 2 The scale-up reactions and synthetic utilities of this kinetic
resolution/allylic alkynylation.
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good yields and high enantioselectivities (s = 83–170). Methyl-,
ethyl-, propyl-, butyl-, pentyl- and hexyl-substituted chiral 1,4-
enynes (R)-4e–j were also obtained successfully together with
(S)-1e–j with good to excellent kinetic resolution performance
factors (s = 64–713). An allylic alcohol bearing a tert-butyldi-
methylsilyl (TBS)–protected terminal hydroxyl group at the alkyl
was found to be compatible with this kinetic resolution/allylic
alkynylation, affording 1,4-enyne (R)-4k and (S)-1k in compa-
rable yields and enantioselectivities, but with a moderate
selectivity of 51. In addition, a b-cyclohexyl-substituted allylic
alcohol was also proved to be suitable with this reaction,
leading to the expected (R)-4l and (S)-1l in a high kinetic reso-
lution selectivity (s = 149). It was uncovered that a more steri-
cally hindered cyclopropyl-substituted allylic alcohol led to the
corresponding (R)-4m and (S)-1m with a relatively low kinetic
resolution performance (s = 21), which pointed to the signi-
cant steric hindrance effect for this kinetic resolution/allylic
alkynylation.

It is well known that chiral alkyl allylic alcohol fragments are
important structural motifs prevalent in many bioactive natural
© 2022 The Author(s). Published by the Royal Society of Chemistry
products and pharmaceutical molecules, such as prostaglan-
dins and their analogs14 as well as matsutakeols15 (Scheme 2A).
To demonstrate the synthetic utilities of this kinetic resolution
process, several scale-up reactions for preparing some useful
optically pure alkyl allylic alcohols were conducted. For
example, (S)-1a is the key synthon for the asymmetric synthesis
of bimatoprost and latanoprost.14 Thus, a scale-up reaction of
(±)-1a (4.0 mmol) and 2a (4.8 mmol) was performed under the
standard conditions, affording (S)-1a in 43% yield (0.28 g) with
96% ee. Subsequently, on treatment of the obtained (S)-1a with
3,5-dinitrobenzoyl chloride in the presence of Et3N,15a (S)-1a

′ as
a white solid was obtained, and the absolute conguration (S)
was further conrmed by an X-ray crystallographic analysis
(Scheme 2B).16 Alcohol (S)-1i, also named (S)-matsutakeol,15b,c is
the key synthon of prostaglandins PGE2 and PGF2a.14 Likewise,
a scale-up preparation by treatment of (±)-1i (4.0 mmol) with 2a
(4.8 mmol) under the standard conditions afforded (S)-1i in
48% yield (0.246 g) with an excellent enantioselectivity (97% ee)
(Scheme 2C). In addition, (R)-matsutakeol is the major avor
substance that occurs naturally in matsutake and has a stronger
mushroom smell than (S)-matsutakeol.15a,b Although remark-
able progress has been made in the synthesis of (R)-
matsutakeol,15d–f the development of a concise and scalable
synthetic route to (R)-matsutakeol is still required. We were
delighted to nd that the use of (R)-L1 instead of (S)-L1 under
Chem. Sci., 2022, 13, 13914–13921 | 13917
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Scheme 4 Control experiments and NMR experiments for mecha-
nistic studies.
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the standard conditions led to the reaction between (±)-1i (4.0
mmol) and 2a (4.8 mmol), affording successfully (R)-matsuta-
keol [(R)-1i] in 47% yield with 99% ee. These results indicate
that our methodology indeed offers an efficient route to valu-
able optically pure alkyl allylic alcohols, which are otherwise
difficult to access via other asymmetric methods.

To further demonstrate the synthetic utilities of the acces-
sible enantiopure allylic alcohols, synthetic transformations of
enantiopure (S)-1a (98% ee) were investigated (Scheme 3). In the
presence of PPh3 and diethyl azodicarboxylate, (S)-1a could
undergo a Mitsunobu reaction with N-hydroxyphthalimide,
giving (R)-5 in 84% yield with 99% ee.17 In addition, treatment of
(S)-1a with trichloroacetyl isocyanate followed by hydrolysis
furnished carbamate (S)-6 in 86% yield with >99% ee.18 More-
over, the double bond of (S)-1a could be converted to a cyclo-
propyl group via the Simmons–Smith reaction, affording (S)-7 in
85% yield with 99% ee.17b,19 Finally, hydrogenation of the alkene
moiety of (S)-1a on Pd/C by using H2 (1.0 atm balloon) gave an
enantiopure dialkyl alcohol (R)-8 in 98% yield with 99% ee.20

To obtain an insight into the mechanism, several control
experiments and 31P NMR experiments were conducted
(Scheme 4). First, in the presence of (S)-L1, treatment of
substrate (S)-1a (96% ee) with 2a under the standard conditions
gave (S)-1a in 78% yield with 98% ee, while only a trace of
alkynylation product 3a was observed. For comparison, the use
of (R)-L1 as the chiral ligand triggered the reaction between (S)-
1a (96% ee) and 2a under the standard conditions to generate
(S)-3a in 74% yield with 99% ee by consuming all (S)-1a (Scheme
4A). These results suggest that (S)-1a mismatched with the Ir/
(S)-L1 catalyst system, leading to no alkynylation product 3a and
(S)-1a was recovered. In contrast, (S)-1amatched with the Ir/(R)-
L1 catalyst system to allow for the reaction of all (S)-1a to afford
1,4-enyne (S)-3a in a high yield and an excellent enantiose-
lectivity. In addition, mixing of (R)-1a (0.096 mmol) with [Ir(cod)
Cl]2 (0.016 mmol) and (S)-L1 (0.064 mmol) in CDCl3 produced
an (h2-allylic alcohol)iridium(I) complex (S,S,R)-A, which was
evidenced by 31P NMR spectroscopy (Scheme 4B). As shown in
Scheme 3B, two doublets at d= 108.6 (2JP–P= 30.2 Hz) and 103.1
ppm (2JP–P = 29.9 Hz) indicate two non-equivalent phosphorus
donors at the iridium center. For comparison, the 31P NMR
Scheme 3 Synthetic transformations of (S)-1a. See the ESI‡ for
detailed conditions. DEAD = diethyl azodicarboxylate. DCM =

dichloromethane. DME = dimethoxyethane.

13918 | Chem. Sci., 2022, 13, 13914–13921
chemical shi of (S)-L1 is d = 134.8 ppm and the 31P NMR
spectrum of the complex Ir[(S)-L1]2Cl shows only a singlet at d=
135.6 ppm (see ESI, Fig. S9‡). These features strongly suggest
that the complex (S,S,R)-A consists of two (S)-L1 coordinated to
one iridium center, of which one (S)-L1 coordinated in a P,
olen-bidentate fashion and the other (S)-L1 acted as a P-
monodentate ligand, while the allylic alcohol coordinated with
iridium in an h2-fashion via the olen motif.7h Nonetheless,
treatment of (S)-1a (0.096 mmol) with [Ir(cod)Cl]2 (0.016 mmol)
and (S)-L1 (0.064 mmol) under the same conditions did not lead
to the formation of the expected (h2-allylic alcohol)iridium(I)
complex (S,S,S)-A (Scheme 4C), while the 31P NMR spectrum
(only one singlet at d= 135.7 ppm) and HRMS (ESI) ([M–Cl]+m/z
= 1307.2744) analyses indicate that the complex Ir[(S)-L1]2Cl
was formed.

On the basis of the experimental results and mechanistic
studies on the iridium/(phosphoramidite, olen) complexes,7h

a plausible catalytic reaction cycle was proposed (Scheme 5). In
principle, on mixing of the allylic alcohol (±)-1 with [Ir(cod)Cl]2
and (S)-L1, the h2-coordination of the olen moiety to the
iridium center should result in the formation of two diaste-
reomers A1 and A2. However, the coordination of (R)-1 with the
chiral Ir/(S)-L1 catalyst likely forms the favored intermediate A1,
because the intermediate A2 is disfavored due to the severe
steric repulsions between the alkyl moiety of (S)-1 and the
phenyl moiety of (S)-L1. Subsequently, the favorable interme-
diate A1 undergoes an acid-promoted oxidative addition to
furnish (h3-allyl)iridium(III) species B, which leads to olen–
iridium complex C through the nucleophilic attack by 2 on the
allyl fragment. Finally, a ligand exchange occurs with (R)-allylic
alcohol to complete the catalytic cycle. As a result, (R)-1 is
competitively consumed by an enantioselective allylic
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc04892b


Scheme 5 Proposed catalytic kinetic resolution and the allylic alky-
nylation cycle.
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alkynylation, allowing an efficient kinetic resolution to generate
the alkynylation product (R)-3, as well as the unreacted enan-
tioenriched (S)-1.

Conclusions

In summary, we have disclosed an efficient method for the
kinetic resolution/enantioselective alkynylation of readily
available alkyl-substituted non-activated allylic alcohols
enabled by an iridium/(phosphoramidite, olen) catalyst
system. A broad range of racemic alkyl allylic alcohols and
potassium alkynyltriuoroborates are compatible under the
optimized conditions, affording both chiral 1,4-enynes and
unreacted alkyl allylic alcohols with excellent enantiopurities
and with an s-factor up to 922. In addition, the facile and
scalable access towards useful synthons of prostaglandins and
their analogs as well as naturally occurring (R)- and (S)-matsu-
takeols demonstrated aptly the potential of this kinetic resolu-
tion process in asymmetric synthesis. Mechanistic studies by
means of control experiments revealed that the origin of
enantio-recognition and efficient kinetic resolution might be
due to the signicant distinction of the h2-coordination
between the (R)- and (S)-allylic alcohols with the Ir/(S)-L1
complex.
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