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Site-selective C-H hydroxylation of pentacyclic
triterpenoids directed by transient chiral pyridine-
Imino groups

Tong Mu', Bingcheng Wei', Dapeng Zhu' & Biao Yu® 2%

Pentacyclic triterpenoids (PTs) constitute one of the biggest families of natural products,
many with higher oxidation state at the D/E rings possess a wide spectrum of biological
activties but are poorly accessible. Here we report a site-selective C-H hydroxylation at the
D/E rings of PTs paving a way toward these important natural products. We find that
Schénecker and Baran's Cu-mediated aerobic oxidation can be applied and become site-
selective on PT skeletons, as being effected unexpectedly by the chirality of the transient
pyridine-imino directing groups. To prove the applicability, starting from the most abundant
triterpenoid feedstock oleanane, three representative saponins bearing hydroxyl groups at
C16 or C22 are expeditiously synthesized, and barringtogenol C which bears hydroxyl groups
at C16, C21, and C22 is synthesized via a sequential hydroxylation as the key steps.
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entacyclic triterpenoids (PTs) constitute a vast family of

natural products, which have attracted great attention

because of their significant biological and pharmacological
activities, such as the antitumor, anti-inflammatory, and antiviral
activities! 4. However, in-depth studies on the drugability of these
complex molecules have been hampered by their poor accessibility.
PTs occur usually in a heterogeneous manner in nature, with the
structural diversity being greatly augmented by post-modifications
on the basic pentacyclic skeletons, including especially the enzy-
matic C-H bond oxidation and O-glycosylation™®. With
the emergence of new C-H bond oxidation methodologies’~11,
a new stage is to set for chemical diversification of the naturally
abundant PT feedstocks'?13, such as oleanolic acid, which are
always at low oxidation states.

Major types of the PTs include oleananes, ursanes, lupanes,
and friedelanes, in that the hydroxyl groups are commonly pre-
sent at C2, C3, C12, C16, C21, C22, and C23 (Fig. 1). Exploiting
the biogenetic 3-OH, Baldwin et al. pioneered the directed C-H
oxidation on PTs to introduce the 23-OH via a C3-oxime-
mediated cyclopalladation procedure!4-16. Baran et al. system-
atically explored C-H oxidation on the lupane skeleton; iodina-
tion could take place at C12 directed by a hydroxyl radical at C20
or C28, and remarkably, non-directed oxidation at C16 was
realized with methyl(trifluoromethyl) dioxirane!”. We have tried
utilizing the innate C28-carboxylic acid group in oleanolic acid as
a handle to derivatize the proximal CH, units; a palladium pro-
moted dehydrogenation at C15-C16 or C21-C22 was achieved
with 8-aminoquinoline amide or 2-aminomethylpyridine amide
as the directing group!®. Unfortunately, subsequent removal/
transformation of the C28-amide auxiliaries was not successful.
Indeed, practically useful oxidation/functionalization of the CH,

Ursanes Friedelanes

— Previous directed C—H oxidation
---> Unknown directed C—H oxidation (This work)

'COOH

HO' Oleanolic acid

This work
\

Albizia saponin (2)

Barringtogenol C (4)

Fig. 1 Overview of the present work. a Typical PT skeletons and the
common oxidation sites. b Synthetic targets of PT glycosides (1-3) and
barringtogenol C (4) from oleanolic acid.

units in the D/E rings of PTs remains a challenge!®. Herein, we
report an effective method to address this problem and its
application to the successful synthesis of four structurally repre-
sentative and biologically active high-oxidation-state PTs, these
include PT glycosides (1-3)29-24 bearing hydroxyl group at C16
or C22 and barringtogenol C (4)2>2° bearing hydroxyl groups at
Cl6, C21, and C22.

Results

Site-selective C-H hydroxylation of PTs. Starting with oleanolic
acid, the most abundant natural PT, we prepared a series of
derivatives to explore the C-H oxidations directed by the C28
functional residues (Supplementary Fig. 1). Various protocols
have been tried, including those developed by the research
groups of Sanford!>, White?’, Yu?$:2%, Dong30-31, Suarez3233, and
Baran!®, but met little success (Supplementary Fig. 2 and Sup-
plementary Table 1). To our delight, applying Schénecker-Baran’s
Cu-mediated aerobic C-H hydroxylation3#-3%, with pyridin-2-
ylmethanamine (D1) as a transient directing group, to C28-
aldehyde 5 led to 16f-ol derivative 5-a in 51% yield (Fig. 2, entry
1a). The instable nature of the imine intermediate might account
for the moderate yield, we thus decided to replace primary amine
D1 with a bulkier secondary amine#?, i.e., (pyridin-2-yl) ethan-1-
amine D2, as the directing group.

Surprisingly, when racemic D2 was used in the reaction, the
yield of 5-a dropped to 40%, while 22a-ol derivative 5-b was
newly isolated in 20% yield (entry 1b). The structures of these
isomers were determined unambiguously by X-ray diffraction
analysis on their derivatives (S20 and S21, Supplementary Fig. 3).
This outcome implied that the chiral methyl group could
influence the orientation of the corresponding imine-pyridine-
complexed copper intermediate toward either the 163-H or 22a-
H, which are both at the proximal y position to the imino
nitrogen34‘39. Indeed, when enantiopure D2(R) was used, the
yield of 5-b was increased to 40%, whereas the yield of 5-a
decreased to 25% (entry 1c). In contrast, the use of D2(S) gave
rise to 5-a exclusively in 70% yield (entry 1d). With the larger D3

5-a 5-b
[X-ray on S20] [X-ray on S21]
= E Isolated yield
Entry DG
5-a 5-b
1a D1 51% N.D.
1b D2-rac 40% 20%
1c D2(R) 25% 40%
1d D2(S) 70% N.D.
1e D3(R) 15% 49%
1f D3(S) 58% N.D.

Conditions: 1. TsOH (0.1 eq), DG, toluene, 80°C;

HN P HoN i-Pr 2. Cu(OTf), (1.3 eq), O,, Na ascorbate
2 (2.0 eq), MeOH, acetone, 50°C, 90 min;
D3(R) D3(S)

3. Na,EDTA, work up

Fig. 2 Site-selective C-H hydroxylation of oleanane C28-aldehyde 5
directed by transient (pyridin-2-ylmethyl)imino groups. i-Pr isopropyl,
Me methyl, Na,EDTA ethylenediaminetetraacetic acid tetrasodium salt,
N.D. not detected. TBS tert-butyldimethylsilyl, Tf trifluoromethanesulfonyl,
Ts p-toluenesulfonyl.
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6-15

6R'=R2=H
6-aR'=OH,R?=H
6-bR'"=H, R?=0OH

nR2 R2
CHO CHO
R! R!
7R'=R2=H 8R'=R2=H

7-aR'=OH, R?=H
7-b R'=H, R? = OH

8-aR'=OH,R2=H
8-b R'=H, R? = OH

Entry DG 6-a 6-b Entry DG
1a D2(R) N.D. 47% (83%) 2a D2(R)
1b D2(S) 65% N.D. 2b D2(S)
1c D3(R) N.D. 53% (90%) 2c D3(R)
1d D3(S) 92% N.D. 2d D3(S)

7-a 7-b Entry DG 8-a 8-b
N.D. 54% 3a D2(R) 34% 45%
71% N.D. 3b D2(S) 64% N.D.
N.D. 58% 3c D3(R) N.D. 66%
67% N.D. 3d D3(S) 78% N.D.
H OHC,
H R
mR2
CHO
R1
10R'=R?=H 11R'=R?=H

11-aR'=OH, R?=H
11-b R' =H, R? = OH

10-aR'=0OH, RZ=H
10-b R'=H, R? = OH

Entry DG 9-a 9-b Entry DG 10-a 10-b Entry DG 11-a[X-ray]  11-b[X-ray]
4a D2(R) N.D. 43% 5a D2(R) N.D. 65% 6a D2(R) N.D. 42%
4b D2(S) 78% N.D. 5b D2(S) 75% N.D. 6b D2(S) 71% N.D.
4c D3(R) N.D. 39% 5c D3(R) N.D. 94% 6c D3(R) N.D. 46%
4d D3(S) 89% N.D. 5d D3(S) 73% N.D. 6d D3(S) 89% N.D.
OHC CHO
R' R R o
MeO
ACO 12R'=R2=H MeO 13R=H y 15R=H
12-aR'=0H,R?=H 13-aR=0H 14-a R = OH 15-a R = OH
12-b R'=H, R2 = OH
Entry DG 12-a[X-ray] 12-b [X-ray] Entry DG 13-a Entry DG 14-a Entry DG 15-a
7a D2(R) N.D. 67% 8a D2(R) 47% 9a D2(R) 53% 10a D2(R)  57% (78%)
7b D2(S) 82% N.D. 8b D2(S) 69% 9b D2(S) 96% 10b D2(S)  66% (99%)
7c D3(R) N.D. 43% 8c D3(R) 47% 9 D3(R) 75% 10c D3(R)  41% (98%)
7d D3(S) 62% N.D. 8d D3(S) 80% 9d D3(S) 98% 10d D3(S)  38% (98%)

Fig. 3 Scope of the site-selective C-H hydroxylation of PT derivatives. The yield in parentheses are based on recovered starting materials. In entries 5c,
5d, and 9a-d, during working up, the mixture was treated with Na4,EDTA and followed with 1N HCI for 1Th. Ac acetyl, N.D. not detected.

(R) as directing group, the site-selectivity of 5-b was further
enhanced, in that its yield was increased to 49% while the yield of
5-a decreased to 15% (entry le). The use of the S enantiomer D3
(S) reversed the selectivity, leading to 5-a as the only C-H
hydroxylated product (58%; entry 1f).

Next, we examined the substrate scope and functional group
tolerance of this tunable transformation on PT derivatives

employing Baran’s standard conditions (Fig. 3)37, which involved
imine formation (0.1 equiv. TsOH, toluene, 80 °C), Cu-mediated
C-H hydroxylation (1.3 equiv. Cu(OTf),, 2.0 equiv. Na ascorbate,
0,, 50°C), and removal of the imine auxiliary (work up with
Na,EDTA, or in some cases, followed with 1N HCI). Remarkably,
hydroxylation of oleanane C28-aldehyde derivative 6, which
remains the innate C12-C13 double bond, was completely
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site-selective, furnishing exclusively 22a-ol 6-b (47%; 43%
recovered 6) in the presence of D2(R) or 16B-ol 6-a (65%) in
the presence of D2(S) (entries 1a and 1b). With the bulkier D3(R)
and D3(S) as directing groups, the yield of 6-b was slightly
increased (53%), while the yield of 6-a was dramatically increased
to 92% (entries 1c and 1d). Similar results were obtained with
oleanane C28-aldehydes 7-9 as the substrates, in which the
C12-C13 double bond (in 6) had been converted into C12-
hydroxy, acetyloxy, and ketone, respectively. The site-selectivity
was lost only when the Cl2-acetyloxy derivative 8 was used as
substrate and D2(R) as directing group, leading to a mixture of 8-
a (34%) and 8-b (45%; entry 3a); nevertheless, replacing D2(R)
with D3(R) led to 8-b (66%) exclusively (entry 3c). Ursane
derivative 10 showed similar site-selectivity upon hydroxylation,
nevertheless, in comparison to the reactions of its oleanane
counterpart 9, the yields of the 22a-ol product (10-b) were greatly
increased (65% and 94%) in the presence of the R-configured
directing groups (entries 5a and 5c).

Bearing a similar skeleton of oleananes but the aldehyde
function at C30, glycyrrhetinic acid derivatives 11 and 12 were
subjected to the present hydroxylation procedure. The R-
configured directing groups, i.e., D2(R) and D3(R), led to site-
selective hydroxylation at C19, giving 19p-ol 11-b/12-b exclu-
sively (42~67%; entries 6a/7a and 6c/7c). The S-configured
directing groups, i.e., D2(S) and D3(S), resulted in hydroxylation
only at C21, giving 21B-ol 11-a/12-a in higher yields (62~89%;
entries 6b/7b and 6d/7d).

Celastrol derivative 13, which bears a disparate C/D ring
conjunction and the aldehyde function at the a-oriented C29, was
examined as a substrate. The hydroxylation took place only at
C21, irrelevant to the chirality of the directing groups, providing
2la-ol 13-a in good yields (47~80%; entries 8a—d). The chirality
of the directing group indeed influenced the yields of 13-a, with
the S-configured directing groups being more favorable for the
hydroxylation.

We next examined a lupane derivative, i.e., C28-aldehyde 14, as
a substrate, which has a trans-fused five-membered E ring. The
hydroxylation took place only at Cl6 to provide 14-a.
Remarkably, 14-a was obtained in nearly quantitative yields with
the S-configured amines D2(S) and D3(S) as the directing groups
(~97%; entries 9b and 9d), whereas it was obtained in lower yields
with the R-configured amines D2(R) and D3(R) (53% and 75%;
entries 9b and 9d).

Finally, we investigated steroidal A®-i-diene 17-ketone 15,
which was reported to be an inferior substrate for the
hydroxylation®”; under conditions here adopted, 12B-ol 15-a
was obtained in only 2% yield, or in 40% yield upon replacing Cu
(OTf), with Cu(MeCN),PFs, with the achiral (pyridin-2-yl)
methane-1-amine (D1) as directing group. Applying the present
chiral amines in the reaction, compound 15 was converted into
15-a cleanly, with the best isolated yield being 66% (34%
recovered 15) in the presence of D2(S) (entry 10b).

An eminent feature of the above transformations is the
compatibility with various functional groups on the polycyclic
skeletons, including hydroxyl, silyl ether, acetyl, olefin, ketone,
and enone groups. Thus, a variety of PT intermediates can be
readily prepared and utilized for further elaboration into complex
natural PTs and their derivatives. Herein, three representative
natural oleanane glycosides (1-3) bearing hydroxyl group at C16
or C22 and barringtogenol C (4) bearing hydroxyl groups at C16,
C21, and C22 were successfully synthesized.

Synthesis of representative PT saponins 1-3. Oleanane 3-O-
glycosides 1-3 are minor components from traditional Chinese
medicinal plants, each contains an additional hydroxyl group on

oleanane skeleton, ie., the 16p-OH, 16a-OH, and 22a-OH,
respectively. Saikosaponin E (1), showing antitumor and antiviral
activities, is a biomarker of Chaihu (the roots of Bupleurum
species), which is a commonly used traditional Chinese
medicine??21. Saponin 2 has been isolated from Albizia inundata
and A. anthelmintica, which showed potent antitumor
activities?223. Kochianoside I (3) was isolated from the fruits of
Kochia scoparia, which are mainly used as an antipruritogenic
agent?4. The synthesis of these natural PT glycosides commenced
with scaling up the site-selective hydroxylation of 6, which was
readily prepared from oleanolic acid in two steps (86% yield)
(Fig. 4). Without optimization of the previous conditions, the
gram-scale hydroxylation of 6 in the presence of D2(S) gave 1603-
ol 6-a as the only isomer in 60% yield; the use of D2(R) provided
22a-ol 6-b in 45% yield, again as the only isomer. The easy
availability of 6-a and 6-b secured the subsequent transforma-
tions. Thus, reduction of aldehyde 6-a with LiAlH, followed by
NBS induced intramolecular etherification delivered the corre-
sponding 12-bromide-13,28-ether, which underwent elimination
under the action of DBU, providing olefin 16 (93% over three
steps)?!l. Acetylation of the 16-OH followed by removal of the 3-
O-silyl group gave the desired aglycone 17 (72%). Condensation
of 17 with the readily available disaccharide imidate 18 (Sup-
plementary Fig. 4) proceeded smoothly under the promotion of
TBSOTf*% the resulting glycoside was then subjected to global
removal of the acyl groups with KOH in MeOH, furnishing
Saikosaponin E (1) in 73% yield over two steps (Supplementary
Table 2).

Alternatively, aldehyde 6-a was subjected to Pinnick oxidation
and subsequent benzylation, providing ester 19 (84%). Exposure
of 19, which bears a f-OH at C16, to Dess-Martin periodinane
gave the corresponding Cl6-ketone, which was subjected to
reduction with NaBH, in ethanol to furnish the requisite 16a-ol
20 as the major product (74%), along with 16B-ol isomer 19
(14%)*3. Masking the hydroxyl group as an acetyl ester followed
by removal of the 3-O-silyl group gave rise to aglycone 21 (61%).
Glycosylation of 21 with disaccharide imidate 22 (Supplementary
Fig. 5) under the catalysis of triflic acid provided the coupled
disaccharide 23 (81%)**. The N-phthaloyl group in 23 was
dismantled and the resulting amine acetylated to give 24 (86%
yield over two steps). Finally, successive hydrogenolysis of the
benzyl ester and cleavage of the acetate (NaOMe, MeOH/THF)
led to albizia saponin 2 (84% over two steps) (Supplementary
Table 3).

Following similar transformations used in the above synthesis,
aldehyde 6-b was converted into ester 25 (81%) via Pinnick
oxidation and subsequent benzylation. Acetylation of the 22a-OH
and removal of the 3-O-silyl group in 25 gave the requisite
aglycone 26 (79% over two steps). Condensation of 26 with
thioglycoside 27 under the promotion of NIS and TMSOT led to
glycoside 28 (89%). The glucose residue in 28 was then
transformed into a glucuronate unit in three steps (59%), i.e.,
regioselective opening of the 4,6-O-benzylidene group with BHs/
Cu(OTf),*, oxidation of the resulting 6-OH with TEMPO/BAIB,
and ester formation with BnBr. Finally, cleavage of the benzyl
groups via hydrogenolysis over Pd/C followed by removal of the
acyl groups with NaOMe in MeOH furnished kochianoside I (3)
(79% over two steps) (Supplementary Table 4).

Synthesis of barringtogenol C (4). Barringtogenol C (4) was
isolated from Hydrocotyle ranunculoides?® and showed potent
anti-inflammatory, anti-tumor, and anti-microbial activities2°.
Representing a typical PT bearing hydroxy groups at both D and
E rings, barringtogenol C (4) became a target for examining the
present methodology in sequential introduction of hydroxy
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with D2(S) with D2(R)

60% (gram scale) 45% (gram scale)

1. LAH, THF, reflux;

1. NaClO,, NaH,POy, 25 °C; 2. NBS, CH,Cly, 25 °C;
2. BnBr, K,CO3, DMF, 25 °C 6 3. DBU, o-xylene, reflux 6-b
-a
2 steps 84% 3 steps 93% 1. NaClO,, NaH,POy, 25 °C;

2. BnBr, Ko,CO3, DMF, 25 °C;
2 steps 81%

1. DMP, 25 °C, 84%;

2. NaBH,, EtOH,
—78 °C to 25 °C, 74%;
(19in 14% yield)

1. Ac,0, DMAP, 25°C; 86%;
2. HF-pyridine, THF, 25 °C,
92%

2. TBAF, THF, reflux
2 steps 72%

1. Acz0, DMAP, 25°C \

1. Ac;0, DMAP, 25°C, 84%; 1.18, TBSOTY, CHoCly, S
2. HF-pyridine, THE, 45°C, 4 AMS, 20 °C; 8 27, NIS, TMSOTY, 4 A MS, J R
919 8 2. KOH, MeOH, 60°C; CHyCly, 20 °C, 89%
2 steps 73%
wOAc
0 COO0Bn

O,
HO o) o
0 o% . pr N0 0
HO OH e} O
HO
OH : ) BnO
Saikosaponin E (1) OBz

22, TfOH, 4 A MS, CH,Cly,

0°Ct025 °C, 81% 2. TEMPO, BAIB, CH,Cl»/H20, 25 °C;

1. Cu(QTf),, BHz, CH,Cly, 25 °C;
3. BnBr, K,CO3, DMF, 25 °C;

OAc H BzO H s
H o H 3 steps 59%
+ BzO '
. BzO OBz H
OAc o o ' OBz NH '
Ao~ o ' 18 : o
cf H H
N : OAc '\ BnO °
1 ' '
! 23 R', R? = Phth ! Ao i Bno ©
1. EDA, n-BuOH, 90°C; e ' o ' BnO B2
2. Ac0, pyridine, 25 °C; E o !
2 steps 86% 24R', R2=H, Ac 5 OACAC o O Lo cFs | 1. Pd/C, Hp, MeOH, 25°C;
: AcO : 2. MeONa, MeOH, 25 °C;
1. Hp, Pd/C, MeOH, 25 °C; ! NPhth  Npp 2 steps 79%
2. NaOH, MeOH/THF, 40°C; : 22 :
2 steps 84% \ @ WOH
OH ’ : : ‘
COOH ! Ph N0 o : COOH
HO o ' STol 1 o)
‘OH : BnO : HO
OH o : OBz ' o)
oo : ! HO O
HO - 2 ' Tho
HO e OH ) .
NHAc Kochianoside | (3)

Fig. 4 Synthetic applications. Expeditious synthesis of Saikosaponin E (1), Albizia saponin 2, and Kochianoside | (3). BAIB (diacetoxyiodo)benzene, Bn
benzyl, DBU 1,8-diazabicyclo[5.4.0]undec-7-ene, DMAP 4-dimethylaminopyridine, DMF N,N-dimethylformamide, DMP Dess-Martin periodinane, EDA
ethylenediamine, LAH lithium aluminum hydride, MS molecular sieves, NBS N-bromosuccinimide, NIS N-iodosuccinimide, Phth phthaloyl, TBAF
tetrabutylammonium fluoride, TEMPO 2,2,6,6-tetramethylpiperidinooxy, THF tetrahydrofuran, TMS trimethylsilyl.
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1. LAH, THF, 25 °C;
2. Vo(acac),, TBHP,
CHCl, 25°C

Tf,0, CH,Cl,
pyridine, —20 °C
6 —>
72%

CHO
2 steps 87%

TBSO

1. DMP, CH,Cl,, 25 °C;
2. NaBHy4, -78°C to 25 °C
-

COOMe

OH 2 steps 79%

35

Ac,0, DMAP
pyridine, 25 °C

98%

BF3-OEty, H,0,
toluene, 25 °C
—_—
84%

DMP, NaHCOs,
CH,OH _ CHeClz, 25°C
_—

96%

Standard C-H activation
condition 68%
with D2(S) N

(o) 1. NaClO,, NaH,PO4
2-Methyl-2-butene,

COOMe t+-BuOH/H,0, 25 °C;
-
OH 2. Mel, K,CO3, DMF,
THF, 25 °C TBSO
34 2 steps 97%

1. HF-pyridine, THF, 50 °C;
2. LAH, THF, 25°C

2 steps 92%

, Barringtogenol C (4)

Fig. 5 Synthetic applications. Expeditious synthesis of barringtogenol C (4). TBHP tert-butyl hydroperoxide, Vo(acac), vanadium-oxy acetylacetonate.

groups onto the D/E rings. Thus, the 22a-OH in 6-b, which was
introducted by the present hydroxylation in the presence of D2
(R), was eliminated to give A21:22 derivative 30 (72%) (Fig. 5).
Compound 30 was subjected to reduction of the 28-aldehyde and
subsequent epoxidation to provide P-epoxide 31 (87% over two
steps). Then, the 28-hydroxyl group was converted to aldehyde to
give 32 as a substrate for the second site-selective hydroxylation.
Gratifyingly, subjection of 32 to the standard conditions with D2
(S) as the directing group led to the desired 16p-ol 33 in a
satisfactory 68% yield, with the epoxide remaining intact. The
successful introduction of the 16-OH set a stage for further
transformations into the natural product. Indeed, conversion of
the 28-aldehyde into ester, inversion of the configuration of the
16B-OH, and acetylation of the resultant 16a-OH afforded 36
(75% over five steps). Under the action of BF;-OEt, in aqueous
toluene, the 21,22-B-epoxide in 36 was selectively opened to
furnish 21f,22a-diol 37 (84%), through probably a 6-exo-trig
hydrolysis mediated by the 16a-O-acetyl group®®. Finally,
removal of the 3-O-TBS group and reduction of the 28-ester into
alcohol and simultaneously cleavage of the 16-O-acetyl group
furnished barringtogenol C (4) (92%) (Supplementary Tables 5
and 6).

Discussion

The site-selective C-H hydroxylations at the D/E rings of PTs
have been achieved by Schonecker and Baran’s Cu-mediated
aerobic oxidation procedure, with the site-selectivities being
controlled by the chirality of the transient pyridine-imino
directing group. Thus, introduction of the 16p-ol/22a-ol or
19B-0l/21B-ol onto the oleanane/ursane skeletons has become a
convenient practice from the corresponding C28- or C30-
aldehydes (i.e., 5-12), which are readily accessible from the
abundant feedstocks, such as oleanolic acid, ursanic acid, and
glycyrrhetinic acid. The impact of the chirality of the directing
group is also obvious in the hydroxylation of friedelane-type C29-

aldehyde (ie., 13) or lupane C28-aldehyde (i.e., 14), where no
regioselectivity is involved; the yields of the corresponding 21a-ol
products (13-a) or 16p-ol (14-a) are significantly higher when the
matched amine enantiomers are used. Besides the transient nat-
ure of the directing group?”:48, the excellent compatibility with
various functional groups enables application of the present
methodology to the preparation of advanced PTs derivatives
which are amenable to further transformations. In this regard,
three bioactive oleanane glycosides (1-3) from medicinal plants,
which bear 163-OH, 16a-OH, or 22a-OH, respectively, are con-
viently synthesized from oleanane acid in a modicum of steps.
Moreover, sequential hydroxylations, directed by a pair of the
chiral amine, have been sucessfully performed, thus barringto-
genol C (4) bearing characteristic 16,21,22-OHs is synthesized. In
line with the already available methods for functionalization of
the A/B rings of PTs!4-1649 a way has now been paved toward
the highly diverse natural PTs from abundant feedstocks, thus in-
depth medicinal studies on PTs shall become feasible future
projects.

Methods

General. All reactions were carried out under argon with anhydrous solvents in
flame-dried glassware. Reactions were monitored by thin layer chromatography
(TLC) carried out on Millipore Sigma glass TLC plates (silica gel 60 coated with
F254, 250 um) using UV light for visualization and aqueous ammonium cerium
nitrate/ammonium molybdate or basic aqueous potassium permanganate as
developing agent. SiliaFlash® P60 silica gel (particle size 40-63 um, pore size 60 A)
was used for flash column chromatography. NMR spectra were recorded on a
Bruker Avance III 400 MHz or an Agilent DD2 500 MHz NMR spectrometer. IR
spectra were recorded on a Thermo Scientific Nicolet 380 FT-IR spectrometer.
Melting points are uncorrected and were recorded on an SGW X-4 apparatus.
High-resolution mass spectra (HRMS) were recorded on a Bruker Apex III 7.0
Tesla FT-ICR, an IonSpec 4.7 Tesla FT-ICR, or a Waters Micromass GCT Premier
mass spectrometer.

Standard procedure for imine formation. To a solution of the aldehyde or ketone
substrate and p-toluenesulfonic acid monohydrate (0.10 equiv.) in toluene (0.10 M)
in a flame-dried flask, was added amine D2(S) (3.0 equiv.). The mixture was heated
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to 80 °C until imine formation was complete as monitored by 'H NMR (normally
ca. 2h for aldehyde and 10 h for ketone). The mixture was cooled to 25 °C and
diluted with EtOAc (30 mL). The organic layer was washed sequentially with
saturated aqueous NH4CI (2 x 20 mL), saturated NaHCO; (1 x 20 mL), and brine
(1 x20 mL), and was then dried over anhydrous Na,SOy, filtered, and concentrated
under vacuum. The crude product was used directly in the next step without
further purification.

Standard procedure for Schonecker-Baran oxidation. The imine substrate (1.0
equiv), copper(Il) triflate (1.3 equiv.), and sodium L-ascorbate (2.0 equiv.) were
added to a round-bottom flask. Acetone (0.05 M) and methanol (0.05 M) were
added at 25 °C. The mixture was stirred for 5 min (the reaction mixture may turn
brown). O, from a balloon was bubbled through the mixture for 5 min (resulting in
a blue/green solution), and then the mixture was heated to 50 °C under an O,
atmosphere for 1.5 h. The mixture was cooled to 25 °C, EtOAc (3 mL) and satu-
rated aqueous Na,EDTA (6.0 mL, pH ~10) were added and the stirring continued
for 0.5 h. The layers were separated. The aqueous layer was extracted with EtOAc
(3 x 10 mL). The combined organic phase was washed sequentially with saturated
NaHCO; (1 x 20 mL) and brine (1 x 20 mL), and was then dried over anhydrous
Na,SO,, filtered, and concentrated under vacuum. The crude product was purified
by flash column chromatography to give the hydroxylated product.

Data availability

The authors declare that all data supporting the findings of this study are available within
the paper and its supplementary information files, including experimental details,
characterization data, and 'H and 13C NMR spectra of all new compounds
(Supplementary Figs. 6-156). The X-ray crystallographic coordinates for structures $20,
S21, 11-a, 11-b, 12-a, and 12-b have been deposited at the Cambridge Crystallographic
Data Centre (CCDC), under deposition numbers CCDC1868411, CCDC1885648,
CCDC1868416, CCDC1868439, CCDC1885629, and CCDC1885628, respectively. These
data can be obtained free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.

Received: 11 May 2020; Accepted: 5 August 2020;
Published online: 01 September 2020

References

1. Sheng, H. & Sun, H. Synthesis, biology and clinical significance of pentacyclic
triterpenes: a multi-target approach to prevention and treatment of metabolic
and vascular diseases. Nat. Prod. Rep. 28, 543-593 (2011).

2. Salvador, J. A. R. et al. Oleanane-, ursane-, and quinone methide friedelane-
type triterpenoid derivatives: Recent advances in cancer treatment. Eur. J.
Med. Chem. 142, 95-130 (2017).

3. Xu, B. et al. An overview of structurally modified glycyrrhetinic acid
derivatives as antitumor agents. Molecules 22, 400 (2017).

4. Ren, Y. L. & Kinghorn, A. D. Natural product triterpenoids and their semi-

synthetic derivatives with potential anticancer activity. Planta Med. 85,

802-814 (2019).

Hostettmann, K. & Marston, A. Saponins. (Cambridge University Press, 1995).

6.  Augustin, J. M., Kuzina, V., Andersen, S. B. & Bak, S. Molecular activities,
biosynthesis and evolution of triterpenoid saponins. Phytochemistry 72,
435-457 (2011).

7. Newhouse, T. & Baran, P. S. If C-H bonds could talk: Selective C-H bond
oxidation. Angew. Chem. Int. Ed. 50, 3362-3374 (2011).

8. Qiu, Y. Y. & Gao, S. H. Trends in applying C-H oxidation to the total synthesis
of natural products. Nat. Prod. Rep. 33, 562-581 (2016).

9. Shugrue, C. R. & Miller, S. J. Applications of nonenzymatic catalysts to the
alteration of natural products. Chem. Rev. 117, 11894-11951 (2017).

10. Karimov, R. R. & Hartwig, J. F. Transition-metal-catalyzed selective
functionalization of C(sp(3))-H bonds in natural products. Angew. Chem. Int.
Ed. 57, 4234-4241 (2018).

11. White, M. C. & Zhao, J. Aliphatic C-H oxidations for late-stage
functionalization. J. Am. Chem. Soc. 140, 13988-14009 (2018).

12. Yang, Y., Laval, S. & Yu, B. Chemical synthesis of saponins. Adv. Carbohydr.
Chem. Biochem. 71, 137-226 (2014).

13. Yu, B, Sun, J. & Yang, X. Assembly of naturally occurring glycosides, evolved
tactics, and glycosylation methods. Acc. Chem. Res. 45, 1227-1236 (2012).

14. Baldwin, J. E,, Jones, R. H., Najera, C. & Yus, M. Functionalization of
unactivated methyl-groups through cyclopalladation reactions. Tetrahedron
41, 699-711 (1985).

15. Desai, L. V., Hull, K. L. & Sanford, M. S. Palladium-catalyzed oxygenation of
unactivated sp(3) C-H bonds. J. Am. Chem. Soc. 126, 9542-9543 (2004).

16. Simmons, E. M. & Hartwig, J. F. Catalytic functionalization of unactivated
primary C-H bonds directed by an alcohol. Nature 483, 70-73 (2012).

o

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Michaudel, Q. et al. Improving physical properties via C-H oxidation: chemical
and enzymatic approaches. Angew. Chem. Int. Ed. 53, 12091-12096 (2014).
Ma, Y., Li, W. & Yu, B. Regio-selective dehydrogenation on the D or E rings of
oleanolic acid by Pd-promoted C-H activation. Acta Chim. Sin. 71, 541-548
(2013).

Voica, A.-F., Mendoza, A., Gutekunst, W. R, Fraga, J. O. & Baran, P. S.
Guided desaturation of unactivated aliphatics. Nat. Chem. 4, 629-635 (2012).
Li, D.-Q. et al. Cytotoxic triterpenoid glycosides (saikosaponins) from the
roots of Bupleurum chinense. Bioorg. Med. Chem. Lett. 25, 3887-3892 (2015).
Fang, W., Yang, Y.-J., Guo, B.-L. & Cen, S. Anti-influenza triterpenoid
saponins (saikosaponins) from the roots of Bupleurum marginatum var.
stenophyllum. Bioorg. Med. Chem. Lett. 27, 1654-1659 (2017).

Carpani, G., Orsini, F., Sisti, M. & Verotta, L. Saponins from Albizzia
anthelminitica. Phytochemistry 28, 863-866 (1989).

Zhang, H., Samadi, A. K, Rao, K. V., Cohen, M. S. & Timmermann, B. N.
Cytotoxic oleanane-type saponins from Albizia inundata. J. Nat. Prod. 74,
477-482 (2011).

Yoshikawa, M. et al. Studies on Kochiae fructus. II. On the saponin
constituents from the fruit of Chinese Kochia scoparia (Chenopodiaceae):
chemical structures of kochianosides I, II, III, and IV. Chem. Pharm. Bull. 45,
1052-1055 (1997).

Dellagreca, M., Fiorentino, A., Monaco, P. & Previtera, L. Polyoxygenated
oleanane triterpenes from Hydrocotyle ranunculoides. Phytochemistry 35,
201-204 (1994).

Zhang, X., Zhang, S., Yang, Y., Wang, D. & Gao, H. Natural barrigenol-like
triterpenoids: A comprehensive review of their contributions to medicinal
chemistry. Phytochemistry 161, 41-74 (2019).

Chen, M. S. & White, M. C. A predictably selective aliphatic C-H oxidation
reaction for complex molecule synthesis. Science 318, 783-787 (2007).

Liu, T., Myers, M. C. & Yu, ].-Q. Copper-catalyzed bromination of C(sp(3))-H
bonds distal to functional groups. Angew. Chem. Int. Ed. 56, 306-309 (2017).
Zhu, R.-Y. et al. Ligand-enabled Pd(II)-catalyzed bromination and iodination
of C(sp(3))-H bonds. J. Am. Chem. Soc. 139, 5724-5727 (2017).

Xu, Y., Yan, G. B, Ren, Z. & Dong, G. Diverse sp(3) C-H functionalization
through alcohol beta-sulfonyloxylation. Nat. Chem. 7, 829-834 (2015).
Huang, Z., Wang, C. & Dong, G. A hydrazone-based exo-directing-group
strategy for C-H oxidation of aliphatic amines. Angew. Chem. Int. Ed. 55,
5299-5303 (2016).

Concepcion, J. I, Francisco, C. G., Hernandez, R., Salazar, J. A. & Suarez, E.
Intramolecular hydrogen abstraction - Iodosobenzene diacetate, an efficient
and convenient reagent for alkoxy radical generation. Tetrahedron Lett. 25,
1953-1956 (1984).

Dearmas, P. et al. Intramolecular hydrogen abstraction - Hypervalent
organoiodine compounds, convenient reagents for alkoxy radical generation.
J. Chem. Soc., Perkin Trans. 1, 405-411 (1989).

Schonecker, B. et al. Biomimetic hydroxylation of nonactivated CH, groups
with copper complexes and molecular oxygen. Angew. Chem. Int. Ed. 42,
3240-3244 (2003).

Schonecker, B. et al. Intramolecular gamma-hydroxylations of nonactivated
C-H bonds with copper complexes and molecular oxygen. Chem. Eur. J. 10,
6029-6042 (2004).

Schonecker, B. et al. Copper-mediated regio- and stereoselective 123-
hydroxylation of steroids with molecular oxygen and an unexpected 12-
chlorination. Tetrahedron 61, 103-114 (2005).

See, Y. Y., Herrmann, A. T., Aihara, Y. & Baran, P. S. Scalable C-H oxidation
with copper: Synthesis of polyoxypregnanes. J. Am. Chem. Soc. 137,
13776-13779 (2015).

Trammell, R. et al. Decoding the mechanism of intramolecular Cu-directed
hydroxylation of sp(3) C-H bonds. J. Org. Chem. 82, 7887-7904 (2017).
Gupta, P., Diefenbach, M., Holthausen, M. C. & Foerster, M. Copper-
mediated selective hydroxylation of a non-activated C-H bond in steroids: a
DFT study of Schonecker’s reaction. Chem. Eur. ]. 23, 1427-1435 (2017).
Zhang, Q. & Shi, B.-F. From reactivity and regioselectivity to stereoselectivity:
an odyssey of designing PIP amine and related directing groups for C-H
activation. Chin. J. Chem. 37, 647-656 (2019).

Yoshikawa, M., Wang, H. K., Tosirisuk, V. & Kitagawa, I. Chemical
modification of oleanane-oligoglycosides by means of anodic-oxidation.
Chem. Pharm. Bull. 30, 3057-3060 (1982).

Ge, S.-J., Tu, Y.-H,, Xia, J.-H. & Sun, J.-S. Synthetic investigation toward the
D-ring-functionalized cytotoxic oleanane-type saponins pithedulosides D and
E. Eur. J. Org. Chem. 3929-3934 (2017).

Agami, C,, Couty, F., Lam, H. & Mathieu, H. A new access to enantiopure -
hydroxylated piperidines from N-Boc-2-acyloxazolidines. Application to the
synthesis of (-)-desoxoprosopinine and (+)-pseudoconhydrine. Tetrahedron
54, 8783-8796 (1998).

Sun, J. S, Han, X. W. & Yu, B. Synthesis of a typical N-acetylglucosamine-
containing saponin, oleanolic acid 3-yl a-L-arabinopyranosyl-(1-2)-a-L-
arabinopyranosyl-(1-6)-2-acetamido-2-deoxy-B-D-glucopyranoside.
Carbohydr. Res. 338, 827-833 (2003).

| (2020)11:4371 | https://doi.org/10.1038/s41467-020-18138-9 | www.nature.com/naturecommunications 7


http://www.ccdc.cam.ac.uk/data_request/cif
www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

45. Shie, C. R. et al. Cu(OTf), as an efficient and dual-purpose catalyst in the
regioselective reductive ring opening of benzylidene acetals. Angew. Chem. Int.
Ed. 44, 1665-1668 (2005).

46. Campion, T. H., Morrison, G. A. & Wilkinson, J. B. Neighbouring group
participation in the cleavage of some steroidal acetoxy-epoxides. J. Chem. Soc.,
Perkin 1, 2508-2516 (1976).

47. St John-Campbell, S. & Bull, J. A. Transient imines as ‘next generation’
directing groups for the catalytic functionalisation of C-H bonds in a single
operation. Org. Biomol. Chem. 16, 4582-4595 (2018).

48. Zhang, F.-L,, Hong, K,, Li, T.-J., Park, H. & Yu, J.-Q. Functionalization of C
(sp3)-H bonds using a transient directing group. Science 351, 252-256 (2016).

49. Berger, M., Knittl-Frank, C., Bauer, S., Winter, G. & Maulide, N. Application
of relay C—H oxidation logic to polyhydroxylated oleanane triterpenoids.
Chem 6, 1183-1189 (2020).

Acknowledgements

This work is financially supported by the National Key Research & Development Pro-
gram of China (2018YFA0507602), the National Natural Science Foundation of China
(21621002 and 21871290), the Key Research Program of Frontier Sciences of the Chinese
Academy of Sciences (ZDBS-LY-SLH030), and the Strategic Priority Research Program
of the Chinese Academy of Sciences (XDB20020000).

Author contributions
B.Y. and T.M.conceived the work. T.M. and B.W. conducted the synthetic work. T.M.,,
B.W., and D.Z. conducted the data analysis. B.Y. and T.M. wrote the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41467-
020-18138-9.

Correspondence and requests for materials should be addressed to B.Y.

Peer review information Nature Communications thanks Philip Fuchs and the other,
anonymous, reviewer(s) for their contribution to the peer review of this work. Peer
reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
BY

Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2020

| (2020)11:4371| https://doi.org/10.1038/s41467-020-18138-9 | www.nature.com/naturecommunications


https://doi.org/10.1038/s41467-020-18138-9
https://doi.org/10.1038/s41467-020-18138-9
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Site-selective C-H hydroxylation of pentacyclic triterpenoids directed by transient chiral pyridine-imino groups
	Results
	Site-selective C–nobreakH hydroxylation of PTs
	Synthesis of representative PT saponins 1–nobreak3
	Synthesis of barringtogenol C (4)

	Discussion
	Methods
	General
	Standard procedure for imine formation
	Standard procedure for Schönecker-Baran oxidation

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




