
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
M

ay
 2

02
3.

 D
ow

nl
oa

de
d 

on
 7

/1
9/

20
25

 5
:4

4:
15

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Cobalt-catalyzed
aCollege of Chemical Engineering, Stat

Green-Chemical Synthesis Technology, Zhej

Road 18#, Hangzhou 310014, China. E-mai
bState Key Laboratory of Organometallic C

Chemistry, Chinese Academy of Sciences, Sh

† Electronic supplementary information (
and crystallographic data in CIF or
https://doi.org/10.1039/d3sc00119a

Cite this: Chem. Sci., 2023, 14, 6393

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 8th January 2023
Accepted 9th May 2023

DOI: 10.1039/d3sc00119a

rsc.li/chemical-science

© 2023 The Author(s). Published by
enantioselective desymmetrizing
reductive cyclization of alkynyl cyclodiketones†

Ren-Xiao Liang, *a Heng-Wei Tang,a Jia-Liang Liu,a Jian-Feng Xu,a Ling-Jia Chena

and Yi-Xia Jia *ab

A highly enantioselective cobalt-catalyzed desymmetrizing reductive cyclization of alkynyl cyclodiketones

has been developed. Under mild reaction conditions by employing HBpin as a reducing agent and

ferrocene-based PHOX as a chiral ligand, a series of polycyclic tertiary allylic alcohols bearing

contiguous quaternary stereocenters are achieved in moderate to excellent yields with excellent

enantioselectivities (up to 99%). Broad substrate scope and high functional group compatibility are

observed in this reaction. A CoH-catalyzed pathway involving alkyne hydrocobaltation followed by

nucleophilic addition to the C]O bond is proposed. Synthetic transformations of the product are

conducted to demonstrate the practical utilities of this reaction.
Introduction

Cyclic allylic alcohols are important building blocks for organic
synthesis and unique structural motifs of natural products and
biologically active molecules.1 The reductive cyclization of
alkynyl aldehydes or ketones provides an efficient, straightfor-
ward, and atom-economic access to such structural units.2 A
number of transitionmetal catalysts have been employed in this
cyclization reaction by merging with suitable hydride-donating
reagents, such as hydrogen, organosilanes, alcohol, and others.3

As a result, the corresponding enantioselective variants were
well established in the presence of Rh-,3a,b,r Ni-,3i–n and Pd-3o

based chiral catalysts (Scheme 1a). Despite these important
advances, the documented reports are predominantly limited to
linear aldehydes or ketones and only one single stereogenic
carbon center was formed in these transformations. To the best
of our knowledge, the reaction of alkynyl cyclic ketones has
remained unexplored probably due to the lower reactivity
caused by the increasing steric hindrance and the lack of effi-
cient chiral catalysts,4 although it would efficiently assemble
chiral polycyclic molecules and build two chiral carbocenters in
one step (Scheme 1b).

Recently, chiral cobalt complexes have become reliable
catalysts for the asymmetric enyne hydrofunctionalization/
cyclization reactions.5 Ge and co-workers disclosed highly
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enantioselective hydroborylation- or hydrosilylation/cyclization
of 1,6- or 1,7-enynes with HBpin or hydrosilanes, leading to
a range of important functionalized chiral heterocyclic
compounds.6a–c,f In addition, the asymmetric hydroarylative or
hydroacylative cyclization of enynes involving a C–H function-
alization process was also achieved to afford the cyclic products
in excellent enantioselectivities with high atom economy.6d,e,g–i
Scheme 1 Transition-metal-catalyzed enantioselective reductive
couplings of alkynals and alkynones.
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Table 1 Optimization of the reaction conditionsa

Entry L* Solvent

2a 3

Yieldb/% eec/% Yieldb/%

1 L1 Toluene 29 23 —
2 L1 THF 43 57 —
3 L1 Et2O 26 20 —
4 L1 DME 20 41 —
5 L1 1,4-Dioxane 53 51 —
6 L1 DCM <10 nd —
7d L1 1,4-Dioxane nd — —
8 L2 1,4-Dioxane 17 75 —
9 L3 1,4-Dioxane 31 34 —
10 L4 1,4-Dioxane 61 43 —
11 L5 1,4-Dioxane 11 53 21
12 L6 1,4-Dioxane 12 54 18
13 L7 1,4-Dioxane 66 80 —
14 L8 1,4-Dioxane 85 99 —
15 L9 1,4-Dioxane 14 18 28
16e L8 1,4-Dioxane 63 99 —

a Reaction conditions: 1a (0.2 mmol), Co(acac)2 (3 mol%), L* (4 mol%),
and HBpin (1.5 equiv.) in the solvent (1.0 mL) at room temperature for
48 h. b Isolated yields. c Determined by chiral HPLC. d Et3SiH instead of
HBpin. e At 50 °C for 24 h.
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Inspired by these results, we envisioned that the asymmetric
reductive coupling of alkynyl cyclic ketones might be possible
under the chiral cobalt catalyst. However, this reaction is indeed
very challenging since both the triple bond of alkynes7 and the
polar C]O bond of ketones8 are prone to be reduced. Note-
worthy is that Xia and co-workers disclosed recently an inter-
molecular enantioselective reductive cross-coupling of alkynes
and aldehydes by merging cobalt catalysis with photocatalysis.9

Herein, we communicate an enantioselective desymmetrizing
reductive coupling of alkynyl cyclic 1,3-diketones by utilizing
the complex of Co(acac)2 and a ferrocene-based chiral
phosphine-oxazoline ligand as the catalyst and HBpin as the
reducing agent. Through a possible sequential alkyne syn-
hydrocobaltation followed by desymmetrizing nucleophilic
addition to ketones, a number of optically active polycyclic
tertiary allylic alcohols bearing vicinal quaternary stereocenters
were obtained in moderate to good yields and good to excellent
enantioselectivities. The framework of the resulting molecules
constitutes the core structure of natural products, such as pal-
lidol, daldinone C, and taiwaniaquinol B (Scheme 1c).10

Results and discussion

We commenced the study with alkynyl cyclopentane-1,3-dione
1a as the model substrate. The initial test showed that the
intramolecular reductive cyclization reaction of 1a proceeded
smoothly to afford the desired product 2a in 29% yield with 23%
ee in the presence of Co(acac)2 catalyst and chiral ligand (S)-
SEGPHOS L1 by using HBpin as the reducing reagent in toluene
at room temperature (Table 1, entry 1). Encouraged by this
result, the solvent effect was then examined (entries 2–6). The
yield and ee were both increased in THF and 1,4-dioxane
(entries 2 and 5), while lower yields were observed in Et2O, DME,
and DCM (entries 3, 4, and 6). No product was detected when
using Et3SiH as the reducing reagent (entry 7). To further
improve the yield and ee, other chiral ligands were investigated.
Diphosphine ligand (S,S)-QuinoxP* L2 led to 2a in 75% ee and
a poor yield of 17%, while (S,S)-Ph-BPE L3 resulted in lower yield
and lower ee (entries 8 and 9). Moreover, poor yield and ee were
observed for a number of BINOL-based chiral phosphoramidite
ligands. Next, we turned our attention to the bidentate P,N-
ligand PHOX. The use of (S)-iPr-PHOX L4 afforded 2a in 61%
yield and 43% ee (entry 10), while the corresponding (S)-tBu-
PHOX L5 or (S)-Ph-PHOX L6 led to poor yields and moderate
ee values along with the observation of by-product 3 derived
from the direct reduction of the C]O bond (entries 11 and 12).
Gratifyingly, the ferrocene-based chiral PHOX ligands L7 and L8
signicantly improved the enantioselectivities to 80% and 99%
with 66% and 85% yields, respectively (entries 13 and 14). In
comparison, the analogous Bn-ligand L9 delivered product 2a
in poor yield and poor ee (entry 15). Finally, a fast reaction was
observed at 50 °C while the yield was diminished to 63% (entry
16). Control experiments demonstrated that the desymmetriz-
ing reductive cyclization reaction could not occur in the absence
of Co(acac)2 or HBpin.

With the optimal conditions in hand, we then investigated
the substrate scope of this cobalt-catalyzed reductive cyclization
6394 | Chem. Sci., 2023, 14, 6393–6398
reaction. Excellent enantioselectivities with moderate to good
yields were generally observed in the reactions. As shown in
Scheme 2, a 1.0 mmol-scale reaction of 1a led to product 2a in
a slightly lower yield (81%) and 99% ee. The substrates bearing
different aryl groups linked to the alkyne moiety were rst
examined. Various substituents attached to the para-,meta-, and
ortho-positions of the benzene ring, either electron-donating
groups (methyl: 2b, 2g, and 2k; methoxy: 2c and 2l) or
electron-withdrawing groups (chloride: 2d and 2h; uoride: 2e
and 2i; methoxycarbonyl: 2f) were well tolerated to afford the
corresponding products in 52–89% yields and 93–99% ees. No
steric effect was observed for these substituents. The reaction of
a 3,5-dimethoxy-substrate led to product 2j in 79% yield and
99% ee. Moreover, a 2-naphthyl substituted substrate reacts
smoothly to furnish product 2m in 74% yield and 95% ee. The
thiophenyl group is also compatible in the reaction and the
corresponding product 2n was achieved in 51% yield and 98%
ee. The absolute conguration of 2n was determined to be
(3aR,8aR,E) based on X-ray crystallographic analysis.11
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Substrate scope. Reaction conditions: 1 (0.2 mmol), Co(acac)2 (3 mol%), L8 (4 mol%), and HBpin (1.5 equiv.) in 1,4-dioxane (1.0 mL) at
rt. a In THF.
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In addition, a series of linear alkyl and heteroalkyl substit-
uents linked to the alkynemoiety were investigated. As shown in
Scheme 2, the reactions of methyl, benzyl, and n-octyl
substrates afforded the corresponding products 2o, 2p, and 2w
in moderate to good yields with 94–98% ees. High compatibility
of the heteroalkyl groups was observed. A number of functional
substituents, including phenoxyl (2q), benzyloxyl (2s), silyloxyl
(2t), chloride (2u), free hydroxyl (2v), ester (2x), and imide (2y),
were all well tolerated to furnish the desired products in 59–
83% yields and 90–98% ees. The reaction of a diethoxymethyl-
substrate also led to product 2r in 85% yield and 89% ee.
Moreover, the substituent effect of R2 attached to the linker
benzene ring was also evaluated. The methyl (2z), tri-
uoromethyl (2aa), methoxycarbonyl (2ab), and diuoro (2ac)
groups were introduced into the substrates and the corre-
sponding products were afforded in moderate to good yields
(65–83%) and excellent enantioselectivities (90–99%).

Variation of the cyclic diketone moiety was also conducted.
The reaction of the 2-ethyl 1,3-cyclopentanedione substrate led
to 2ad in 74% yield and 98% ee. Excellent ees with moderate to
excellent yields were also obtained for the polycyclic [6.5.5.6]
products 2ae–2aj that bear additional fused benzene on the ring
© 2023 The Author(s). Published by the Royal Society of Chemistry
of cyclopentanedione. Furthermore, the reactions of the six-
membered 1,3-cyclohexanedione-derived substrates also pro-
ceeded smoothly to afford the corresponding products 2ak–2an,
although their ee values (73–87%) were relatively lower than
those for 1,3-cyclopentanedione substrates. The substrate
bearing an additional CH2 group between benzene and cyclo-
diketone is also suitable for the desymmetrizing reductive
cyclization reaction, affording the desired product 2ao in 23%
yield and 73% ee by using L8 as the chiral ligand in THF. It is
noteworthy that the present chiral cobalt catalyst is inefficient
in the intermolecular reductive coupling reaction between
alkynes and ketones/aldehydes9 and the intramolecular reduc-
tive cyclization reactions of acyclic alkynyl monoaldehydes or
monoketones.3

To gain insight into the reaction mechanism, control
experiments were conducted (Scheme 3). As shown in eqn (1)
and (2), the reactions of 1a employing either the Co(acac)2/
dppbz complex or the preformed CoH(dppbz)2 as the catalyst6a

could lead to rac-2a in 37% and 30% yields, which might imply
that CoH was the active catalyst for this reductive cyclization
reaction.12
Chem. Sci., 2023, 14, 6393–6398 | 6395

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc00119a


Scheme 3 Control experiments.

Scheme 5 ee erosion in the Wittig reaction of 2a.
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Moreover, the reaction of enynone substrate 1ap under the
standard conditions afforded an allenylic alcohol product 2ap
in 90% yield with 76% ee, in which an allenyl-Co intermediate
generated by enyne hydrocobaltation was likely involved (eqn
(3)). Based on these results, a CoH-catalyzed reaction pathway
was proposed. As depicted in Scheme 4, the active CoH species
was initially formed by the reaction of Co(acac)2 with HBpin.
Vinyl-Co intermediate A was then generated via alkyne hydro-
cobaltation. Subsequent desymmetrizing nucleophilic addition
to the C]O bond followed by transmetalation of the resulting
cobalt alkoxide B with HBpin affords intermediate C, which
furnishes the product aer hydrolysis. The active CoH catalyst is
simultaneously regenerated to complete the catalytic cycle.

A number of synthetic transformations of the product were
then investigated. The Wittig reaction of 2a with Ph3PMeBr was
rst tested in the presence of tBuOK as a base. The target
exocyclic olen 4 was obtained in excellent yield, while the
enantiomeric excess was irregularly eroded. We assumed that
a retro-Aldol reaction of the b-hydroxyl ketone 2a followed by
aldol reaction might occur under the basic conditions, which
would cause racemization of 2a and consequently lead to
a decreased ee value of 4 (Scheme 5). Indeed, the erosion of the
ee value was observed when treating 2a with tBuOK.

As shown in Scheme 6, a MOM-protected compound 5 was
then prepared to be used as the starting material for the Wittig
Scheme 4 Proposed reaction mechanism.

6396 | Chem. Sci., 2023, 14, 6393–6398
reaction. As expected, the corresponding product 6 was ob-
tained in 90% yield with 99% ee. Compound 6 was further
converted to cyclopropane 7 in 58% yield and 99% ee through
deprotection followed by a Simmons–Smith reaction. Mean-
while, the condensation of 2a with TsNHNH2 led to hydrozone
8, which further coupled with PhB(OH)2 to afford compound 9
(ref. 13) bearing three contiguous stereocenters in 53% yield,
99% ee, and > 20 : 1 dr.

Moreover, the reduction of 2a with NaBH4 delivered diol 10
in 95% yield, 99% ee, and > 20 : 1 dr. Relative congurations of
compounds 9 and 10 were determined by 2D-NOESY analysis.
The oxidation of 2a with O3 furnished diketone 11 in 87% yield
and 99% ee, which was subsequently converted to a polycyclic
Scheme 6 Synthetic transformations. reaction conditions: (a) 2a (0.2
mmol), CH3OCH2Br (2.8 equiv.), and DIPEA (4.4 equiv.) in DCM (4 mL)
at 80 °C for 12 h. (b) 5 (0.2 mmol), PPh3MeBr (4.0 equiv.), and tBuOK
(4.0 equiv.) in THF (4 mL) at rt for 12 h. (c) (i) 6 (0.2 mmol) and HCl (1 N,
10 mL) in CHCl3/MeOH (1/1, 8 mL) at rt for 12 h; (ii) Et2Zn (5.0 equiv.,
1.0 M in toluene), CH2I2 (5.0 equiv.) in DCM for 6 h, −10 °C-rt. (d) 2a
(0.2 mmol) and TsNHNH2 (1.0 equiv.) in MeOH at rt for 24 h. (e) 8 (0.2
mmol), PhB(OH)2 (1.5 equiv.), and K2CO3 (1.5 equiv.) in 1,4-dioxane at
110 °C for 12 h. (f) 2a (0.2mmol) andNaBH4 (1.2 equiv.) in MeOH at 0 °C
for 10 min. (g) 2a (0.2 mmol) in MeOH/DCM (1/1, 10 mL) was purged
with O3 at −78 °C for 5 min, then PPh3 (2.0 equiv.) was added. (h) 11
(0.2 mmol) and m-CPBA (4.0 equiv.) in DCM at 0 °C for 48 h.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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lactone 12 in 36% yield and 99% ee through a Baeyer–Villiger
reaction.
Conclusions

In summary, we have developed the rst example of cobalt-
catalyzed enantioselective desymmetrizing reductive cycliza-
tion reaction of alkynyl cyclic 1,3-diketones. An array of poly-
cyclic tertiary alcohols containing an exocyclic trisubstituted
olen and contiguous quaternary stereocenters are afforded in
moderate to good yields and good to excellent ees (up to 99%).
The protocol features high functional group tolerance and mild
reaction conditions. A reaction pathway involving alkyne
hydrocobaltation followed by desymmetrizing nucleophilic
addition to the C]O bond is proposed. Synthetic trans-
formations are conducted to convert the product to a range of
valuable polycyclic molecules.
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