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Scalable, Stereocontrolled Formal Syntheses of (+)-Isoschizandrin and (+)-Steganone: Development and Applications of Pd(II)-Catalyzed Atroposelective C‒H Alkynylation 
Gang Liao,[a] Qi-Jun Yao,[a] Zhuo-Zhuo Zhang,[a] Yong-Jie Wu,[a] Dan-Ying Huang,[c]  and Bing-Feng 
Shi*[a,b] 

Abstract: Dibenzocyclooctadiene lignans are an interesting class 
of molecules for their unique structure of axially chiral biaryls as well 
as their significant biological activities. Herein, a Pd-catalyzed 
atroposelective C‒H alkynylation was developed for the gram-scale, 
stereocontrolled formal syntheses of (+)-isoschizandrin and (+)-
steganone. tert-Leucine was identified as an efficient, catalytic 
transient chiral auxiliary. The scope of this reaction is also presented 
and a wide range of enantioenriched biaryls were prepared in good 
yields (up to 99%) with excellent enantioselectivities (up to >99% ee). 

 Dibenzocyclooctadiene lignans are a common class of natural 
products that possess unique structural features and significant 
biological activities (Figure 1a).[1] For example, (+)-isoschizandrin 
and its analogues, which originate from Schizandra chinesis, a 
fruit in northern China, were used as an antitussive and a tonic in 
Chinese and Japanese traditional medicine.[2] And (-)-steganone 
and its related compounds were isolated from Steganotaenia 
araliacea by Kupchan in 1973, which was reported to have 
significant activity against P-388 leukemia in mice and excellent 
bioactivity in vitro against cells derived from human carcinoma of 
the nasopharynx (KB).[3] The key axially chiral biaryl core 
structures of these dibenzocyclooctadiene lignans, are interesting 
targets but also represent the bottolenecks for total synthesis.[1a,4] 
A number of elegant synthetic pathways have been developed for 
these lignans, whereby some of the approaches require 
stoichiometric amout of chiral reagents, and suffer from low 
overall yield, poor step-economy, and/or moderate 
stereocontrol.[5,6] Furthermore, those synthetic routes are limited 
to a milligram scale; the ultimate challenge of producing large 
quantities of these lignans for biological evaluation, has yet to be 
surmounted. Our goal is to establish a modular, scalable and 
generally applicable strategy for atroposelective construction of 
the biaryl core structures, which would provide rapid access to 
large quantities of related lignans and offer great opportunities to 
elucidate their biological features. 

In recent years, extensive efforts have been expended toward 
the efficient synthesis of axially chiral biaryl scaffolds.[7] Among 
these methods, the atroposelective C‒H functionalization of 
biaryls provides an efficient strategy to access these structures.[8-

13,16] In 2000, the Rh(I)-catalyzed atroposelective C‒H alkylation 
of biaryls with olefin was achieved by Murai, with moderate 
stereoinduction (up to 49% ee)[9] In 2010, Miller demonstrated the 
atroposelective electrophilic bromination enabled by a tripeptide 
catalytic system.[10] Major breakthroughs in asymmetric C‒H 
functionalizations of biaryls were independently demonstrated by 
You,[11] Wencel-Delord and Colobert[12] in 2014. You and co-
workers reported C‒H olefination/dynamic kinetic resolution (DKR) 
of 1-(naphthalene-1-yl)isoquinolines using chiral [Cp*Rh(III)] 
catalysts.[11a,11c] Wencel-Delord and Colobert elegantly achieved 
the synthesis of axially chiral biaryls via chiral sulfoxide-directed 
Pd-catalyzed C‒H olefination,[12a,12c] acetoxylation and 
iodination.[12b]  

R1, R2 = O, (-)-steganone
R1 = R2 = H (-)-stegane
R1 = OAc, R2 = H, (-)-steganacin
R1 = OH, R2 = H, (-)-steganol

R1 = OH, R2 = R3 = Me, (+)-isoschizandrin
R1 = R3 = Me, R2 = OH, (+)-schizandrin
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a) Representative naturally occurring dibenzocyclooctadiene lignans

b) Our work: Transient-chiral-auxiliary strategy for the scalable formal syntheses of 
                (+)-steganone and (+)-isoschizandrin

 
Figure 1. Transient-chiral-auxiliary strategy to axially chiral biaryls.  

More recently, Yu and coworkers reported a Pd-catalyzed 
enantioselective C–H arylation to create a point chirality using a 
chiral amino acid as a transient directing group.[14] Inspired by this 
seminal work, we have developed a Pd-catalyzed atroposelective 
C‒H olefination using tert-leucine as an inexpensive, catalytic and 
transient chiral auxiliary.[15] We speculated that a Pd-catalyzed 
atroposelective C‒H alkynylation could streamline the scalable 
preparation of these dibenzocyclooctadiene lignans in a 
stereoselective manner, since alkynes can serve as versatile 
handles for further transformation. However, the extension of 
atroposelective C‒H olefination to the alkynylation version is not 
straightforward, as alkynylation is expected to involve a 
Pd(II)/Pd(IV) catalytic cycle, different from a Pd(II)/Pd(0) cycle in 
olefination. Here we report the highly atroposelective synthesis of 
axially chiral biaryls by Pd-catalyzed asymmetric C‒H 
alkynylation reaction. This strategy provides efficient access to a 
wide range of enantioenriched biaryls (up to 99% yields and >99% 
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ee). This method also establishes a platform for rapid formal 
syntheses of (+)-isoschizandrin and (+)-steganone in a gram-
scale manner. 
To start the designed asymmetric C‒H alkynylation, rac-1a and 

TIPS-protected alkynyl bromide were chosen as model substrates 
for optimizing reaction conditions. Derived from the previous 
olefination, a catalytic combination of Pd(OAc)2 and L-tert-leucine 
L1 were able to induce high enantioselectivity in the C‒H 
activation step. To our delight, Pd(OAc)2/L1 together with AgOAc 
in HOAc afforded the desired axially chiral biary 3a in a moderate 
yield and excellent enantioselectivity (Table S1, entry 1, 56% yield, 
98% ee). An attempt to perform the reaction without AgOAc 
resulted in a much lower yield (entry 2, 12%, 98% ee). Non-protic 
or less acidic solvents gave poor product formation (entries 3-6), 
which suggests the acidity of reaction system may be crucial to 
the recycling of the transient auxiliary. This result led us to screen 
inorganic salts that may buffer the solution to modulate the pH of 
the reaction solution (entries 7-12). Potassium dihydric phosphate 
turned out the most efficient, significantly improving the yield of 
product 3a to 71% with maintained enantioselectivity (entry 12). 

With the optimal conditions in hand, a panel of biaryl substrates 
were evaluated. Consistent with our previous observation,[15] 
biaryls containing substituents at either the 6- or 2’ positions (1a-
1k, 1m-1y) or less bulky substituent at both positions (1l) 
underwent a DKR pathway (Table 1). Various substituted 
phenylnaphthalenes underwent the desired alkynylation smoothly, 
indicating that the electronic properties of the substituents on 
phenyl and naphthalene motiety did not have a significant impact 
on reactivity and enantioselectivity (3a-3p, 61 to 99% yields, 90 
to >99% ee). Substrate 3q bearing a pyrene group could also be 
tolerated, affording the desired chiral biaryl products in 84% yield 
and 94% ee. In addition to 2a, other protected alkynyl bromides 
were also compatible with the strategy (3r and 3s). Substituted 
diphenyls also served as good coupling partners with excellent 
stereocontrol (3t-3y). The absolute configurations of products 3c, 
3n, 3o and 3q were determined by single-crystal X-ray diffraction 
experiments using Cu Kα radiation[16] and the refinement of 
Flack’s parameters.[17] Other biaryl products were assigned by 
analogy.[18]  
Table 1. Substrate scope for Pd-catalyzed C‒H alkynylation /DKR of biaryls[a] 

CHO

R3
R2

TIPS

CHO TIPS

Me

3b, R1 = R2 = R4 = H, R3 = CF3, 63%, > 99% ee
3c, R1 = R2 = R4 = H, R3 = OMe, 88%, 91% ee
3d, R1 = R2 = R4 = H, R3= F, 61%, 95% ee
3e, R1 =  R3 = R4 = H, R2= Cl, 75%, 93% ee
3f, R1 = R3 = R4 = H, R2 = Me, 70%, 93% ee
3g, R1 = R3 = R4 = H, R2 = F, 67%, 93% ee
3h, R1 = R2 = R3 = H, R4 = F, 80%, 91% ee
3i, R1 = R4 = H, R2 = R3 = F, 84%, 94% ee
3j, R1 = R4 = H, R2 = R3 = OMe, 91%, 91% ee
3k, R1 = R4 = H, R2 = Me, R3= F, 65%, 94% ee
3l, R1 = F, R2 = R3 = R4 = H , 62%, 93% ee
3m, R1 = R2 = R3 = OMe, R4 = H, 73%, 98% ee[b]

3o, 99%, >99 %ee

CHO

OMe
MeO

3r, R = TES, 45%, 99% ee3s, R = TBS, 74%, 99% ee

R

CHO +

rac-1

CHO
2.0 equiv AgOAc
2.0 equiv KH2PO4HOAc, N2, 60 C, 48 h

Pd(OAc)2 (10 mol%)
L1 (30 mol%)

Ar1 Ar1

Ar2 Ar2

SiR3

Me
CHO TIPS

Me

OMe

Me

Me

CHO

OMe
MeO

TIPS

3t, 52%, 99% ee[b]

3u, 61%,, 97% ee

CHO TIPS

3n,82%, 95% ee

CHO

OMe
MeO

TIPS

F
3p. 62%, 90% ee

R1
CHO TIPS

3v, R1 = CO2Me, R2 = H, 
     60%, 96% ee
3w, R1 = iPr, R2 = H, 61%, 90% ee
3x, R1 = CH2OMe, R2 = OMe, 

63%,[c] 91% ee
3y, R1 = CF3, R2 = OMe, 
     42%, 98% ee

CHO TIPS

CF3

3q, 84%, 94% ee

3c

R1

R4

R2

3o

2a

SiR3

Br
H

3

3n 3q

6

2'

2

6'

 [a] Reaction conditions: rac-1 (0.1 mmol), protected alkynyl bromide 2 (0.3 
mmol), Pd(OAc)2 (0.01 mmol), L1 (0.03 mmol),  AgOAc (0.2 mmol), KH2PO4 (0.2 mmol), HOAc (1 mL), 60 oC, N2, 48 h. [b] AgTFA instead of AgOAc, 55 oC. 
[c] 96 h. TIPS = triisopropylsilyl, TES = triethylsilyl, TBS = tert-butyldimethylsilyl, 
AgTFA = silver trifluoroacetate. 

We next asked whether the asymmetric C‒H alkynylation of 
biarys could be applicable to kinetic resolution (KR) of biaryls 
bearing sterically more bulky substituents at both the 6- and 2’-
positions.[11b,12b,15,18] Gratifyingly, excellent selectivities were 
observed under slightly modified conditions as shown in Table 2. 
With this method, substrates with different steric properties were 
examined. The alkynylated products 5 were obtained in 35%-47% 
yield with 92 to 98% ee, and the starting materials were recovered 
in 41%-53% yield with 68 to 97% ee (entries 1-7, s-factor = 100-
600). Notably, 3-chloro-biaryl 4f was found to be compatible with 
this reaction affording excellent yield and selectivity (entry 6, s-
factor = 600). Biaryl 4g could also be converted to the 
corresponding alkynylation product with good selectivity (entry 7, 
s-factor = 190).  
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Table 2. Substrate scope for Pd-catalyzed C‒H alkynylation/KR of biaryls 

+CHO

rac-4
R'

2.0 equiv AgTFA
2.0 equiv KH2PO4HOAc, 70 °C, 72 h

Pd(OAc)2 (10 mol%)L1 (30 mol%), 2a CHO

R'

CHO

R'

TIPS
R R R

5

Me CHO

R

rac-4a, R = H
rac-4b, R = Me
rac-4c, R = Ph
rac-4d, R = F

Me CHO Cl CHO
MeO2C

Me CHO

rac-4e rac-4f rac-4g

4

H

 
entry 4 5 

4 5 

s[c] yield 
(%)[a] 

ee 
(%)[b] 

yield 
(%)[a] 

ee 
(%)[b] 

1 4a 5a 49 90 42 96 152 
2 4b 5b 53 68 40 96 100 
3 4c 5c 50 95 43 96 183 
4 4d 5d 44 97 43 93 116 
5 4e 5e 53 75 35 98 224 
6 4f 5f 46 89 46 99 600 
7 4g 5g 61 63 31 98 190 

 [a] Isolated yield. [b] The ee value was determined by HPLC. The absolute 
configurations of the enantioenriched products and starting materials were assigned by analogy to 3. [c] s = ln[(1-C)(1-ee4)]/ln[(1-C)(1+ee4)], C = 
ee4/(ee4+ee5). 

Further, we sought to expand the potential of this methodology 
by performing the reaction on desymmetrization of proaixally 
biaryls. Fortunately, the desired axially chiral biaryls were 
produced in synthetically useful yields with excellent 
enantioselectivties (Scheme 1, 7a-7e, 48-65% yield, 90-96% ee). 
The absolute configurations of 7 were similarly assigned 
according to biaryls 3 since they had the same mode of 
stereoinduction. 

CHO TIPS 7a, R = H, 61%, 90% ee
7b, R = F, 55%, 94% ee
7c, R = Cl, 54%, 92% ee
7d, R = Me, 61%, 94% ee
7e, R = OMe, 65%, 91% ee

R

CHO

R

Pd(OAc)2 (10 mol%)
L1 (30 mol%), 2a
2 equiv AgOAc
2 equiv KH2PO4HOAc, 70 °C, 96 h

6 7

HH H

 Scheme 1. Pd-catalyzed C‒H alkynylation/desymmetrization of proaxially 
biaryls. 

The application of a synthetic strategy to streamline the 
synthesis of complex natural products is considered as an 
important validation of its potential and usefulness. To apply this 
strategy to the total syntheses of (+)-isoschizandrin and (+)-
steganone, there are still several challenges lying ahead: (i) This 
transformation would be required to take place in electron-rich 
substrates (e.g. 10 and 14) and with perfect site-selectivity when 
confronting two possible C‒H bonds (e.g. 14). (ii) The multiple 
substituents would need to be tolerated, especially in gram-scale 
preparation. As shown in Scheme 2, our synthesis commenced 
with the atroposelective C –H alkynylation of aldehyde 10 on 5 
mmol scale, to give aldehyde 11 in good yield and high 
enantiopurity (85%, 98% ee, 2.30 g). Protection of aldehyde 11 
by treatment with p-TsOH and trimethyl orthoformate, TIPS 
removal with TBAF, and subsequent  methylation of the resulting 
terminal alkyne occurred smoothly to produce 12 in 91% yield 
over three steps with only one chromatographic purification (1.71 

g). Attempts to reduce 12 with Lindlar catalysis were not fruitful 
due to competing side reactions involving the over-reduction 
or/and formation of Z/E-isomer mixture. We circumvented this 
problem by the use of a previous reported Ti(OiPr)4/iPrMgCl 
system.[20] Treatment of 12 with aqueous HCl produced alkenyl 
ketone 13 in 88% yield with excellent enantioselectivity and 
stereoselectivity (98% ee, 1.35 g). It is worth mentioning that 
biaryl precursor 13, a known precursor to (+)-isoschizandrin in 
Molander’s synthesis,[5d] was prepared in a total of six steps with 
only three chromatographic purifications and in 68% overall yield 
from 10. By comparison to previous syntheses of 13,[5d,e] this route 
is practical and robust—all steps are conducted on a gram scale 
with complete stereocontrol.  

MeO

MeO
OMe

CHO MeO

MeO
OMe

CHO

MeO

a TIPS
MeO

MeO
OMe

MeO

OMe

MeO

MeO
OMe

OMe

MeO

Me
MeO

OMe

OMe

e,f ref 5d MeO

MeO
OMe

MeO

MeO

OMe

OH

(+)- isoschizandrin

11 , 98% ee, 2.30 g

88% for 2 steps

[]20D = +66.7 (c 1.0, CHCl3)
Lit: []26D = +66.86 (c 1.895, CHCl3)

10 12, 1.71 g

13, 98% ee, 1.35 g

85%
b,c,d

91% for 3 steps

6 steps, 3 purifications68% overall yield
complete stereocontrol

MeO

MeO
OMe

CHO

MeO

MeO

OMe
Meonecolumn

13

onecolumn

 Scheme 2. Formal synthesis of (+)-isoschizandrin. (a) Pd(OAc)2, L1, AgTFA, 
KH2PO4, 2a, HOAc, 55 oC, 58 h, N2, 85%; (b) TsOH, trimethyl orthoformate; (c) 
TBAF, THF, rt; (d) n-BuLi, MeI, THF, -78 oC, 91% for 3 steps; (e) Ti(iOPr)4, iPrMgCl, Et2O, -78 oC to -45 oC; (f) H2O, 1M HCl, rt, 88% for 2 steps. DME = 
dimethoxyethane. 

Finally, the more challenging stegane family natural products, 
such as steganone,[6] were selected as targets to showcase the 
synthetic potential (Scheme 3). Thus, the asymmetric C‒H 
alkynylation of biaryl aldehyde 14 led to the preparation of 15 in a 
gram scale with good enantioselectivity and regioselectivity (68% 
yield, 3.40 g, 98% ee, o:o’ = 5.9: 1). Knoevenagel condensation 
of 15 utilizing proline as catalyst afforded the arylidene malonate 
16 in 94% yield.[21] Reduction of 16 proceeded smoothly with 
Raney-Ni catalyst to access 17 quantitatively. Upon the treatment 
with TBAF followed by bromination, 17 was successfully 
converted to alkynyl bromide 18 in 91% yield (2.30 g, 97% ee, o:o’ 
= 8.9 : 1). While initial trials of hydration under harsh conditions 
led to partial racemization (aryl-aryl bond rotation), it was found 
that a mercuric triflate-AgSbF6-mediated hydration successfully 
furnished 19 in 61% yield without loss of the axial chirality (1.45 g, 
95% ee).[22,23] The resulting α-bromo ketone 19  was treated with 
DBU to give the cyclic ketone 20 in 90% yield with high 
enantiopurity (1.11 g, 96% ee). The optical rotation of our 
synthetic cyclic ketone 20 ([α]20D = +69.2(c 1.0, CHCl3)) was 
nearly identical, but of an opposite sign to that of previously 
reported by Meyers ([α]D = -62.4 (c 2.6, THF)).[6c] The enantiomer 
of the cyclic ketone 20 was an established precursur to (-)-
steganone.[6c] Thus, a gram-scale formal synthesis of ent-(+)-
steganone is achieved.  
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MeO

MeO
OMe

CHO

O
O

MeO
MeO

OMe

CHO

O
O

a TIPS

15, 98% ee, o:o' = 5.9 :1
3.40 g

oo'

c,d,e f

18, 97% ee, o:o' 8.9:1
2.30 g

3.89 g

19, 95% ee
1.45 g

20, 96% ee, 1.11 g
[]20D = +69.2(c 1.0, CHCl3)
Lit: []D = -62.4 (c 2.6, THF)

7 steps, 32% total yield

14 16, o:o' = 5.7:1

g

oo' 68%
MeO
MeO

OMe

O
O

oo'

CO2Me
CO2Me
TIPS

b
94%

MeO
MeO

OMe

O
O

oo'

CO2Me
CO2Me
Br91% 61% 90%

MeO
MeO

OMe

O
O

oo'

CO2Me
CO2MeO
Br

O
O

MeO

MeO
OMe

CO2Me
CO2Me

O

ref 6c

(+)-steganone
O

O

MeO

MeO
OMe

O
O

O

20  Scheme 3. Formal synthesis of (+)-steganone. (a) Pd(OAc)2, L1, AgTFA, 
KH2PO4, 2a, HOAc, 55 oC, 48 h, N2, 68%; (b) L-Proline, DMM, DMSO, Et3N, rt, 
94%; (c)  Raney-Ni, H2, THF, rt, 100%; (d) TBAF, THF 0 oC; (e) AgNO3, NBS, 
acetone, 0 oC 91% for 3 steps; (f) Hg(OTf)2, AgSbF6, CH3OH, DCM, H2O, rt, 
61%; (g) DBU, THF, rt, 90%. DMM = dimethyl malonate, DCM = 
dichloromethane, DMSO = dimethyl sulfoxide, NBS = N-bromosuccinimide, 
DBU = 1,8-Diazabicyclo[5.4.0]undec-7-ene. 

In conclusion, we have demonstrated the remarkable synthetic 
potential of a Pd-catalyzed atroposelective C‒H alkynylation 
strategy in natural product syntheses. tert-Leucine was used as a 
key catalytic transient chiral auxiliary. A broad range of 
enantioenriched biaryls were obtained in good yields (up to 99%) 
with excellent enantioselectivities (up to > 99% ee). The gram-
scale, stereocontrolled formal syntheses of (+)-isoschizandrin 
and (+)-steganone were achieved based on this method. These 
syntheses compare very favorably with previous syntheses in 
terms of step-economy, overall yields and stereocontrol. Further 
applications of this method in the synthesis of other 
dibenzocyclooctadiene lignan analogues and axially chiral biaryls 
are in progress. 
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