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Hydrocarboxylation of Alkenes with Formate Salts via Photocatalysis
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Abstract A transition-metal-free S-selective hydrocarboxylation of alkenes under mild conditions has been developed using
a formate salt as the reductant, carbonyl source. A broad range of alkenes were compatible with this method and can be
efficiently converted into value-added carboxylic acid products. This method also features low catalyst loading, good
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functional group tolerance, and easy scalability.
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1 Introduction

Catalytic hydrocarboxylation of alkenes has been widely
employed to synthesize valuable carboxylic acids.'? A
classic carbonyl source for such transformations is the toxic
and flammable carbon monoxide (CO) gas. In recent years,
with the growing demand for green chemistry and carbon
neutrality, the utilization of new green carbonyl sources,
such as carbon dioxide (CO,) and formic acid or formate
salts which can be generated from the degradation of bio-
mass" and hydrogenation of CO,,[*! has become extremely
attractive in this transformation.5®) Compared with CO,,
liquid formic acid and solid formate salts are much easier to
handle, store and transport. Therefore, formic acid and
formate salts are ideal green carbonyl sources. Recently,
photocatalysis induced hydrocarboxylation of alkenes us-
ing formate salts has attracted much attention.”! The car-
bon dioxide anion radical (CO5 ) which is an efficient
reductant (E1,=—2.2 V vs. SCE)!!” has been proven to be
the key intermediate of such transformations. In our pre-
vious work,!'!l we disclosed a visible-light-promoted addi-
tive-free hydrocarboxylation using a formate salt as the
reductant, carbonyl source and hydrogen atom transfer

(HAT) reagent. Nevertheless, the transition metal catalyst
or high temperature is required in the system (Scheme 1a).
Wickens and Jui groups!”! demonstrated that using thiols
as HAT catalysts, the hydrocarboxylation could be accom-
plished via a radical chain mechanism, respectively
(Scheme 1b). However, the use of expensive catalysts,
such as 1,3-dicyano-2,4,5,6-tetrakis(diphenylamino)benze-
ne (4-DPAIPN), limits the wide application of these sys-
tems. Thus, more promising approaches are still necessary.

Herein, an alkene hydrocarboxylation system using Rose
Bengal was reported, which was a cheap and readily
available organic dye,['” as the catalyst and the formate
salt as the carbonyl source (Scheme 1c). A range of al-
kenes, including biologically active molecules, could be
efficiently converted into value-added carboxylic acid
products via COj participated radical chain mechanism.

2 Results and discussion

We began our investigations using styrene 1a as model
substrates and cesium formate as the CO; source. To our
delight, desire acid product (2a, 3-phenylpropionic acid)
was observed in good yield (81%) (Table 1, Entry 1), when
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cheap catalyst; mild conditions; broad substrate scope

Scheme 1 Hydrocarboxylation of alkenes with formate salts via
photocatalysis

Rose Bengal (2 mol%) was used as photocatalyst and T1
(cyclohexyl mercaptan, 50 mol%) was used as additive.
Other organic catalysts (Table 1, Entries 2 and 3) and thiols
(Table 1, Entries 4 and 5) gave lower yields. Increasing the
amount of T1 could not improve the yield of desire product
(Entry 6). The yields decreased while reducing the amount
of Rose Bengal and the thiol (Entries 7 and 8). When other
formates, such as HCOONHs;, HCOONa, and HCOOK,
were employed as the carbonyl source, the yields of the
product were lower (Entries 9~11). The transformation
was suppressed by using other solvents (Entries 12~14).
Then, control experiments proved that the catalyst, T1 and
light were required in the transformation (Entries 15~17).

The scope of the alkene hydrocarboxylation reaction was
then examined. As shown in the Scheme 2, a variety of
styrenes bearing both electron-donating groups (2b~2f)
and electron-withdraw groups (2g~2m) gave the corre-
sponding products in moderate to good yields. a-Alkyl and
aryl substituted styrenes were compatible with the reaction
conditions, delivering the expected products in good yields
(2n~2r). Notably, when internal alkenes were used as
substrates, acid products were obtained in moderate yields
(2s~2t). Acrylates (2u~2y) were well suitable substrates,
which gave products in good yields. Furthermore, the ap-
proach could be applied to the late-stage functionalization
of biologically relevant complex molecules, giving corre-
sponding products in good yields (2z~2ac). In addition, a
gram-scale experiment was performed using 1,1-bis(4-me-
thylphenyl)ethylene (1q) (5 mmol, 1.04 g) under standard
conditions with irradiation of 40 W blue LEDs (440 nm),
and 0.65 g of 2q was obtained in 51% isolated yield
(Scheme 2b).

To gain more insights into the reaction mechanism, the
following experiments were carried out: (a) radical-trapping
regent 2,2,6,6-tetramethylpiperidinooxy (TEMPO) was
added to the reaction mixture, no desired product 2a was
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Table 1 Optimization of hydrocarboxylation of styrene”

COOH
Rose Bengal (2 mol%)
©/\ T1 (50 mol%)
+ HCOOCs
DMSO, 50 °C, Ar, 12 h
1a, 0.1 mmol 5equiv. 40 W Blue LED (440 nm)
2a
3 SH iPr 3
! SH
! iPr iPr
LT 2 ..T3 ]
Entry Deviation Yield?/%
1 None 81
) Eosin B instead of Rose 63
Bengal
3 Fluorescein instead of Rose 36
Bengal
4 T2 instead of T1 18
5 T3 instead of T1 47
6 1 equiv. T1 54
7 25 mol% T1 37
8 1 mol% Rose Bengal 76
9 HCOONH; instead of 55
HCOOCs
HCOONa instead of
10 HCOOCs 36
HCOOK instead of
11 8
HCOOCs 7
12 DMF instead of DMSO N.D.
13 NMP instead of DMSO N.D.
14 EA instead of DMSO 32
15 Without Rose Bengal N.D.
16 Without T1 N.D.
17 In the dark N.D.

© 2022 Chinese Chemical Society & SIOC, CAS

4Reaction conditions: 1a (0.1 mmol), HCOOCs (1.0 mmol), Rose Bengal (2
mol%), T1 (50 mol%), DMSO (3 mL), 50 ‘C, 40 W blue LED (440 nm), Ar,
12 h. DMSO: dimethyl sulfoxide, DMF: N,N-dimethylformamide, NMP: N-
methyl-2-pyrrolidone, EA: ethyl acetate, N.D.: not detected. * Isolated yield.

detected (Scheme 3a). (b) A radical-clock experiment was
performed using a-cyclopropylstyrene (lad) as the sub-
strate under standard conditions, and the ring-opening
products (2ad) was obtained in 24% isolated yield. The
results of radical-trapping and radical-clock experiments
suggested the formation of radical intermediates. (c) Deu-
terium labeling experiments were carried out to explore the
source of a-position H-atom. Only 23% of a-H was labeled
using DCOOCs instead of HCOOCs (Scheme 3c), while
49%~80% of a-H was labeled by adding DO to the system
(Scheme 3d). The incomplete deuteration of the product
indicates that T1 may be the potential H-donor. Further-
more, the photochemical quantum yield (p=1.9) was de-
termined, suggesting that the transformation should be a
racial chain process.
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0 OO 0, 0
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S Oy
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T1 (50 mol%)
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Me Me

19, 5 mmol 10 equiv.

DMSO, 50 °C, Ar, 36 h ‘ ‘
)y Me Me

40 W Blue LED (440 nm

2q, 51% yield

Biologically active molecules:

i 0
OJ\/\COOH 5_\\0\[]/\/COOH
: 0

22, 72% * 2aa, 87%

Iz

2ac, 52% COCH

Reaction condition: 1a (0.1 mmol), HCOOCs (1.0 mmol), Rose Bengal (2 mol%), T1 (50 mol%), DMSO (3 mL), 50 °C, 40 W blue LED (440

nm), Ar, 12 h. 2100 °C. ?Isolated yield.

Scheme 2 Scope of hydrocarboxylation of alkenes

Based on results of control experiments, a tentative
mechanism was proposed (Scheme 4). The excited photo-
catalyst could be quenched by formate salt to give radical
intermediate (I) and the reduced catalyst (B). Then, I can
trap the hydrogen of formate salts providing CO; which
can react with alkenes to give adduct II. There may be two
pathways for generation of the acid product from the addi-
tion product II. In path 1, hydrogen atom transfer from the
thiol to IT can occur directly, delivering the product. The
thiol radical can abstract hydrogen from the formate salt to
give the thiol. Another possible way is the single electron
transfer process (path 2). The adduct II may be reduced by
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B or CO; to give carbon anion species III. After the
subsequent protonation, the product could be obtained.
Although CO; from formate salts is still the key inter-
mediate in the new system, the addition of the thiol catalyst
promoted the radical chain process that enables the hydro-
carboxylation occur under milder conditions comparing
with our previous work.

3 Conclusions

In summary, a transition-metal-free hydrocarboxylation
of alkenes with formate salts via photocatalysis has been
developed in this work. Using Rose Bengal as the catalyst,

Chin. J. Org. Chem. 2022, 42, 2568~2573



Chinese Journal of Organic Chemistry

(a) Trapping with TEMPO:

Rose Bengal (2 mol%)
T1 (50 mol%)

+ HCOOCs + TEMPO

4

1a 10 equiv.

3 equiv.

(b) Radical clock reaction:

Rose

T1 (50 mol%)

DMSO, 50 °C, Ar, 12 h
40 W Blue LED (440 nm)

Bengal (2 mol%)

©l + HCOOCs

1ad 10 equiv.

(c) DCOOCs deuterium labeling experiments

+ DCOOCs

DMSO, 50 °C, Ar, 12 h
40 W Blue LED (440 nm)

Rose Bengal (2 mol%)

T1 (50 mol%)

&

1p 10 equiv. 40 W

(d) D,O deuterium labeling experiments

Rose Bengal (2 mol%)
T1 (50 mol%)

DMSO, 50 °C, Ar, 12 h

2p, 82% yield
23% d-incorporation

Blue LED (440 nm)

&

O + HCOOCs

10 equiv.

DMS

1p 40w

0,50°C, Ar, 12 h
Blue LED (440 nm)
with D,O

10 equiv. D,O: 83% yield, 46% d-incorporation
50 equiv. D,O: 86% vyield, 65% d-incorporation
100 equiv. D,O: 89% yield, 80% d-incorporation

Scheme 3 Control experiments: (a) radical-trapping experiment with TEMPO, (b) radical clock experiment, (¢c) DCOOCs deuterium

labeling experiments and (d) D20 deuterium labeling experiments

HCOO

RS
Radical chain ,echanism

Scheme 4 Proposed mechanism of hydrocarboxylation of al-
kenes with formate salts via photocatalysis
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formate salts as carbonyl source, a wide range of alkenes
including a series of biologically active molecules, could be
converted into valuable acid products under blue light irra-
diation. This method shows great potential for application in
organic synthesis.

4 Experimental section
4.1

Chemicals and solvents were purchased from commer-
cial suppliers and used as received. 'H NMR and 3C NMR
spectra were recorded on a Bruker AVANCE III 500MHz
spectrometer. Chemical shifts were calibrated using resid-
ual undeuterated solvent as an internal reference (CDCls:
7.26 for '"H NMR, ¢ 77.16 for 3C NMR; DMSO-ds: 6 2.50
for 'TH NMR, § 39.52 for 3C NMR). All high-resolution
mass spectra (HRMS) were obtained on an AB Sciex Tri-
pleTOF 4600 spectrometer. Cyclic voltammetry experi-
ments were performed on a CH Instruments Electrochemi-
cal Analyzer. Blue LED (40 W, Amax=440 nm) purchased
from Kessil was used for blue light irradiation. Reactions
were monitored using thin layer chromatography (TLC) on
aluminium backed plates and visualized by UV radiation at
a wavelength of 254 nm. Visualization was accomplished
with UV light (254 nm) and exposure to phosphomolybdic
acid (PMA) or potassium perm anganate solution followed
by heating.

General method
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4.2 Representative produce for the conversion of
alkenes to carboxylic acid (2a)

An oven-dried Schlenk tube (10 mL) with a magnetic
stir bar was added HCOOCs (Cesium formate, 1.0 mmol,
10 equiv.) and Rose Bengal (2 mol%). The Schlenk tube
was sealed and degassed via vacuum evacuation and sub-
sequent backfilled with argon for three times. Subsequent-
ly, 1a (0.1 mmol), cyclohexyl mercaptan (50 mol%) and
anhydrous DMSO (3 mL) were added through injection
port under argon atmosphere. Then the reaction was placed
under a blue LED (wavelength 440 nm, 40 W) with an
argon balloon and irradiated for 12 h at 50 ‘C. The mix-
ture was acidified with 1 mL of dilute HCI (2 N) and
quenched with H,O. Extracted with EtOAc three times, the
combined organic layers were dried over anhydrous
MgSO4 and concentrated under reduced pressure. The
crude product was purified by column chromatography
isolation on silica gel (eluent: petroleum ether/EA, V' : V=
100 : 1to 2 : 1) to give the pure desired product 3-phenyl-
propanoic acid (2a)'! as white solid (12.2 mg, 81% yield).
'"H NMR (500 MHz, CDCL3) ¢: 7.3~7.2 (m, 5H), 3.1 (t,
J=17.8 Hz, 2H), 2.8 (t, J=7.8 Hz, 2H).

3-(p-Tolyl)propanoic acid (2b):!" 11.9 mg, 72% yield.
Yellow solid, m.p. 105.3~107.1 C; 'H NMR (500 MHz,
CDCl3) 0: 7.2~7.1 (m, 4 H), 2.9 (t, J=7.8 Hz, 2H), 2.7 (t,
J=17.8 Hz, 2H), 2.32 (s, 3H).

3-(3-Methylphenyl)propionic acid (2¢):1'1 11.7 mg, 71%
yield. Colorless oil. '"H NMR (500 MHz, CDCl;) d: 7.2 (t,
J=17.7 Hz, 1H), 7.1~7.0 (m, 3H), 2.9 (t, J=7.8 Hz, 2H),
2.7 (t,J=17.9 Hz, 2H), 2.3 (s, 3H).

3-(2-Methylphenyl)propanoic acid (2d):'!1 13.5 mg,
82% yield. White solid, m.p. 100.2~103.5 C; 'H NMR
(500 MHz, CDCl3) o: 7.2~7.1 (m, 4H), 3.0 (t, J=7.8 Hz,
2H), 2.7 (t,J=17.9 Hz, 2H), 2.3 (s, 3H).

3-(4-Methoxyphenyl)-propanoic acid (2e):!'! 11.8 mg,
66% yield. White solid, m.p. 97.2~102.3 ‘C; 'H NMR
(500 MHz, CDCls) o: 7.1 (d, J=8.5 Hz, 2H), 6.8 (d, J=
8.6 Hz, 2H), 3.8 (s, 3H), 2.9 (t, J/=7.7 Hz, 2H), 2.7 (t, J=
7.7 Hz, 2H).

3-(4-Methylthio)propanoic acid (2f):I'!! 10.2 mg, 52%
yield. White solid, m.p. 101.3~105.1 C; 'H NMR (500
MHz, CDCl3) o: 7.2 (d, J=8.3 Hz, 2H), 7.1 (d, J=8.2 Hz,
2H), 2.9 (t, J=7.7 Hz, 2H), 2.7 (t, J=7.7 Hz, 2H), 2.5 (s,
3H).

3-(4-Fluorophenyl)propanoic acid (2g):!'1 12.5 mg, 74%
yield. Colorless oil. '"H NMR (500 MHz, CDCl;) 6: 7.2
(dd, J=8.3,5.5 Hz, 2H), 7.0 (t, J=8.7 Hz, 2H), 2.9 (t, J=
7.7 Hz, 2H), 2.7 (t, J=7.7 Hz, 2H).

3-(4-Chlorophenyl)propanoic acid (2h):!''l 13.7 mg,
74% yield. White solid, m.p. 109.6~116.3 C; 'H NMR
(500 MHz, (CDs).CO) ¢: 7.7 (d, J=17.9 Hz, 2H), 7.5 (d,
J=17.8 Hz, 2H), 3.0 (t, J=7.5 Hz, 2H), 2.7 (t, J=7.5 Hz,
2H).

3-[4-(Trifluoromethyl)phenyl]propanoic acid (2i):[!!! 9.4
mg, 43% yield. Colorless solid, m.p. 78.3~80.1 C; 'H
NMR (500 MHz, CDCl3) é: 7.6 (d, J=8.0 Hz, 2H), 7.3 (d,
J=17.8 Hz, 2H), 3.0 (t, J=7.6 Hz, 2H), 2.7 (t, J=7.6 Hz).
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3-(4-Cyanophenyl)propionic acid (2j):!' 8.9 mg, 51%
yield. White solid, m.p. 117.7~120.1 ‘C; '"H NMR (500
MHz, CDCl3) ¢: 7.6 (d, J=8.2 Hz, 2H), 7.3 (d, J/=8.1 Hz,
2H), 3.0 (t, J=7.6 Hz, 2H), 2.7 (t, J=7.6 Hz, 2H).

4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)benzene
propanoic acid (2k):"' 16.0 mg, 58% yield. Light-yellow
oil. 'H NMR (500 MHz, CDCl3) 8: 7.7 (d, J=8.0 Hz, 2H),
7.2 (d, J=7.9 Hz, 2H), 3.0 (t, J=7.8 Hz, 2H), 2.7 (t, J=
7.8 Hz, 2H), 1.3 (s, 12H).

3-(p-Biphenyl)propionic acid (21):'"¥1 10.9 mg, 48%
yield. White solid, m.p. 142.1~147.5 °C; '"H NMR (500
MHz, CDCl3) ¢: 7.6 (d, J=7.1 Hz, 2H), 7.5 (d, J/=8.2 Hz,
2H), 7.4 (t, J=7.7 Hz, 2H), 7.3 (t, J=7.4 Hz, 1H), 7.2 (d,
J=28.2 Hz, 2H), 3.0 (t, J/=7.8 Hz, 2H), 2.7 (t, J/=7.8 Hz,
2H).

1,3-Benzodioxole-5-propanoic acid (2m):'Y 9.3 mg,
48% yield. White powder, m.p. 79.2~81.9 C; 'H NMR
(500 MHz, (CD3),CO) &: 6.8 (s, 1H), 6.7 (g, J=7.9 Hz,
2H), 5.9 (s, 2H), 2.8 (t, J=7.6 Hz, 2H), 2.6 (t, J=7.7 Hz,
2H).

3-Phenylbutanoic acid (2n):!""l 11.0 mg, 67% yield.
Amber oil. 'H NMR (500 MHz, CDCL3) J: 7.3 (t, J=7.6
Hz, 2H), 7.3~7.2 (m, 3H), 3.3~3.2 (m, 1H), 2.7 (dd, J=
15.6, 6.9 Hz, 1H), 2.6 (dd, J=15.5, 8.2 Hz, 1H), 1.3 (d,
J=17.0 Hz, 3H).

B-Cyclohexylbenzenepropanoic acid (20):® 17.2 mg,
74% vyield. White solid, m.p. 98.4~105.3 ‘C; 'H NMR
(500 MHz, CDCl3) o: 7.3 (t, J=7.4 Hz, 2H), 7.2 (t, J=7.3
Hz, 1H), 7.1 (d, J=7.2 Hz, 2H), 2.9~2.8 (m, 1H), 2.8 (dd,
J =15.5, 5.6 Hz, 1H), 2.6 (dd, J=15.5, 9.4 Hz, 1H), 1.8
(dd, J=33.3, 12.8 Hz, 2H), 1.6 (t, J=11.0 Hz, 2H), 1.5~
1.4 (m, 2H), 1.2~1.0 (m, 3H), 0.9~0.8 (m, 1H), 0.8~0.7
(m, 1H).

3,3-Diphenylpropanoic acid (2p):" 19.0 mg, 84%
yield. White solid, m.p. 143.6~148.3 °C; '"H NMR (500
MHz, CDCl;) 8: 7.3~7.2 (m, 4H), 7.2~7.1 (m, 6H), 4.5
(t, /=79 Hz, 1H), 3.1 (d, J/=7.9 Hz, 2H).

3,3-Di(4-methylphenyl)-propanoic acid (2q):!'" 19.3
mg, 76% yield. Colorless solid, m.p. 190.2~192.0 C; 'H
NMR (500 MHz, CDCl;) 6: 7.2 7.0 (m, 8H), 4.5 (t, J=7.9
Hz, 1H), 3.1 (d, J=7.9 Hz, 2H), 2.3 (s, 6H).

3,3-Di(4-fluorophenyl)propanoic acid (2r):l''! 23.2 mg,
89% yield. Colorless crystalline solid, m.p. 100.2 ~
101.4 °C; '"H NMR (500 MHz, CDCl5) &: 7.2~7.1 (dd,
J=8.6, 5.3 Hz, 4H), 7.0~6.9 (t, J=8.6 Hz, 4H), 4.5 (,
J=7.9 Hz, 1H), 3.0 (d, J/=7.9 Hz, 2H).

2-Methyl-3-phenylpropanoic acid (2s):1''1 10.8 mg, 66%
yield. Colorless oil. '"H NMR (500 MHz, CDCl) J: 7.3 (t,
J=7.4Hz, 2H), 7.2 (dd, J=18.1, 7.3 Hz, 3H), 3.1 (dd, J=
13.4, 6.4 Hz, 1H), 2.8~2.7 (m, 1H), 2.6 (dd, J=13.5, 8.1
Hz, 1H), 1.2 (d, J=6.9 Hz, 3H).

1,2,3,4-Tetrahydro-2-naphthoic acid (2t):"'l 11.2 mg,
63% vyield. Colorless oil. '"H NMR (500 MHz, CDCIl;) ¢:
72~7.0 (m, 4H), 3.1~2.9 (m, 2H), 2.9~2.7 (m, 3H),
2.3~22 (m, 1H), 2.0~1.8 (m, 1H).

4-(Benzyloxy)-4-oxobutanoic acid (2u):'! 15.8 mg,
76% yield. White solid, m.p. 52.2~58.3 ‘C; 'H NMR

Chin. J. Org. Chem. 2022, 42, 2568~2573
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(500 MHz, CDCl3) d: 7.4~7.2 (m, 5H), 5.2 (s, 2H), 2.7~
2.6 (m, 4H).
1-[(4-Methylphenyl)methyl]butanedioate (2v):[''l 19.2
mg, 86% yield. Colorless solid, m.p. 78.4~82.1 C; 'H
NMR (500 MHz, CDCl3) 6: 7.2 (s, 2H), 7.2 (t, J=4.0 Hz,
2H), 5.1 (s, 2H), 2.7~2.6 (m, 4H), 2.4 (s, 3H).
1-((4-Chlorophenyl)methyl)butanedioate (2w):!''l 20.4
mg, 84% yield. Colorless solid. 'H NMR (500 MHz,
CDCL3) 6: 7.4~7.3 (4H), 5.1 (s, 2H), 2.7~2.6 (m, 4H).
1-((1R,2R,4R)-1,7,7-Trimethylbicyclo[2.2.1]hept-2-yl]-
butanedioate (2x):['1 13.4 mg, 53% yield. Light-yellow oil.
'H NMR (500 MHz, CDCL3) &: 4.7 (m, 1H), 2.7~2.6 (m,
2H), 2.6~2.5 (m, 2H), 1.9~1.6 (m, 4 H), 1.6~1.5 (m,
1H), 1.2~1.0 (m, 2H), 0.9 (s, 3H), 0.8 (s, 6H).
1-(Cyclohexylmethyl) butanedioate (2y):[''l 14.7 mg,
74% yield. Colorless oil. '"H NMR (500 MHz, CDCl;) J:
9.6 (s, 1H), 4.8~4.7 (m, 1H), 2.7~2.5 (m, 4H), 1.8~1.6
(m, 4H), 1.5~1.2 (m, 6H).
(S)-4-Ox0-4-((4-(prop-1-en-2-yl)cyclohex-1-en-1-yl)-
methoxy)butanoic acid (2z):' 182 mg, 72% yield.
Light-yellow oil. "H NMR (500 MHz, CDCl3) &: 5.7 (s,
1H), 4.7 (d,J=9.4 Hz, 2H), 4.5 (s, 2H), 2.7 (dd, J=7.4, 4.7
Hz, 2H), 2.6 (dd, J=7.2, 4.4 Hz, 2H), 2.2~1.8 (m, 6H),
173 (s, 3H), 1.5~1.4 (m, 1H).
4-(((1R,2S8,5R)-2-Isopropyl-5-methylcyclohexyl)oxy)-
4-oxobutanoic acid (2aa):''! 22.3 mg, 87% yield. Yellow
liquid. "H NMR (500 MHz, CDCls) 6: 4.7~4.5 (m, 1H),
2.6~2.5 (m, 4H), 1.9 (d, J=12.2 Hz, 1H), 1.9~ 1.8 (m,
1H), 1.7 (d, J=10.3 Hz, 2H), 1.5~1.4 (m, 1H), 1.3 (d, J=
11.4 Hz, 1H), 1.1~1.0 (m, 3H), 0.9 (¢, J = 6.6 Hz, 6H), 0.7
(d, J=6.9 Hz, 3H).
3-((8S,9R,13R,14R)-13-Methyl-17-0x0-7,8,9,11,12,13,
14,15,16,17-decahydro-6 H-cyclopenta[a]phenanthren-3-
yl)propanoic acid (2ab):""! 16.3 mg, 50% yield. White
solid, m.p. 178.1~180.3 ‘C; 'H NMR (500 MHz, CDCls)
§: 72 (d, J=8.0 Hz, 1H), 7.0 (d, J=8.0 Hz, 1H), 6.9
(s ,1H), 2.9 (t, J=7.7 Hz, 4H), 2.7 (t, J=7.9 Hz, 2H), 2.5
(dd, J=19.0, 8.7 Hz, 1H), 2.5~2.4 (m, 1H), 2.4~2.3 (m,
1H), 2.3~2.2 (m, 1H), 2.2~2.1 (m, 1H), 2.0~ 1.8 (m, 2H),
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1.7~1.4 (m, 6H), 0.9 (s, 3H).

(3-(4-((2-(1H-Indol-3-yl)ethyl)carbamoyl)phenyl)-
propanoic acid (2ac):'"1 17.5 mg, 52% yield. Dark-brown
oil. '"H NMR (500 MHz, DMSO-ds) &: 12.2 (s, 1H), 10.80
(s, 1H), 8.5 (t, J=>5.6 Hz, 1H), 7.8 (d, J=8.1 Hz, 2H), 7.6
(d, J/=7.9 Hz, 1H), 7.3 (dd, J=14.2, 8.1 Hz, 3H), 7.2 (d,
J=1.8 Hz, 1H), 7.1 (t, J=7.4 Hz, 1H), 7.0 (t, J=7.4 Hz,
1H), 3.6~3.5 (m, 2H), 2.9 (t, J=7.5 Hz, 2H), 2.8 (t, J=
7.5 Hz, 2H), 2.6 (t, J=7.7 Hz, 2H).

Supporting Information Procedure for control experi-
ment and the characterization data for carboxylic acid. The
Supporting Information is available free of charge via the
Internet at http://sioc-journal.cn.
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