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We describe stereocontrolled semi-syntheses of deguelin and

tephrosin, anti-cancer rotenoids isolated from Tephrosia vogelii.

Firstly, we present a new two-step transformation of rotenone into

rot-2’-enonic acid via a zinc-mediated ring opening of rotenone

hydrobromide. Secondly, following conversion of rot-2’-enonic acid

into deguelin, a chromium-mediated hydroxylation provides tephro-

sin as a single diastereoisomer. An Étard-like reaction mechanism is

proposed to account for the stereochemical outcome. Our syntheses

of deguelin and tephrosin are operationally simple, scalable and high

yielding, offering considerable advantages over previous methods.

Introduction

Natural rotenoids display a wide range of biological activities,
from strong pesticidal and insecticidal activities to thera-
peutically intriguing anticancer properties.1,2 Deguelin 1 and
tephrosin 2 (Fig. 1) were isolated from Teprosia vegelii by
Hanriot in 1907 and immediately identified as the principal
bioactive components of the plant.3 Clark subsequently
deduced the skeletal structures of both substances between
1930 and 19324 and their absolute stereochemistries were
resolved by analogy with rotenone in 1961 through Crombie’s
inspired degradative work5 and Djerassi’s optical rotatory dis-
persion studies.6

Over the past two decades deguelin 1, in particular, has
been shown to inhibit the viability, proliferation and migration
of multiple cancer cell lines,2 including difficult to treat
prostate cancer2i and pancreatic cancers xenograft models.2j

Further, rationally designed analogues of deguelin 1 have been
shown to disrupt the function of HSP-90, leading to inhibition
of HIF-1α and induction of mitochondrial apoptosis.7 As such,
the synthesis and biological evaluation of rotenoids remains
an area of considerable interest and opportunity.

As part of an extensive series of studies on the rotenoid
group underway in our laboratory we required gram-scale
quantities of deguelin 1 and tephrosin 2. While several
impressive total syntheses of both natural products have been
reported,8 we reasoned that shorter stereocontrolled semi-
syntheses from rotenone 3, available commercially in kilogram
quantities, would be better suited to large-scale preparations.

A semi-synthesis of deguelin 1 from rotenone 3 (Fig. 1) was
reported by Anzeveno in 1979,9 building upon Unai, Yamamoto
and Crombie’s earlier works on the selective E-ring cleavage
of rotenone.10,11 The key intermediate in the synthesis was
rot-2′-enonic acid 5 (Scheme 1), however its preparation involved
the reductive dehalogenation of an allylic bromide with sodium
cyanoborohydride in neat hexamethylphosphoramide.9

Consequently, we sought a new route to rot-2′-enonic acid 5
using less hazardous chemistry that could be more easily
scaled-up to provide gram quantities of deguelin 1 following
Anzeveno’s cyclisation of rot-2′-enonic acid 5.9 On the basis of
Crombie’s studies on the diastereoselective chromium-mediated
hydroxylation of rotenone 3 to rotenolone 4,5b we reasoned that
an analogous hydroxylation of deguelin 1 with potassium
dichromate in aqueous acetic acid would provide tephrosin 2.

Fig. 1 Structures of the rotenoids deguelin 1, tephrosin 2, rotenone 3
and rotenolone 4 and rot-2’-enonic acid 5.

†Electronic supplementary information (ESI) available: 1H and 13C NMR spectra.
See DOI: 10.1039/c6ob02659a
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Results and discussion

First, we addressed the synthesis of rot-2′-enonic acid 5, the
synthetic and biosynthetic precursor to deguelin 1, starting
from rotenone 3. A new two-step synthesis was devised in
which a zinc-mediated ring opening of rotenone hydrobromide
6 afforded rot-2′-enonic acid 5 under mild conditions
(Scheme 1).

The reaction of rotenone 3 with hydrogen bromide in acetic
acid afforded rotenone hydrobromide 6 in 82–89% yield fol-
lowing its precipitation from the reaction mixture and crystalli-
sation from chloroform–methanol. Best results were obtained
with fresh reagent. Further, the reaction of rotenone hydro-
bromide 6 with excess activated zinc dust and ammonium
chloride in aqueous THF proceeded smoothly to provide rot-
2′-enonic acid 5 in 74–79% yield after extraction and crystal-
lisation from methanol. Complete conversion of starting
material was observed after 2 days. The use of commercial

(un-activated) zinc dust afforded comparable conversion and
yield after 4 days. In addition, the coagulated zinc that formed
over the course of the reaction may be recovered (prior to
extractive work-up) and reused. We were able to rapidly
prepare more than 2.5 g of rot-2′-enonic acid 5 from 4 g
(approximately 10 mmol) of rotenone 3 without the need for
chromatography.

Having established a scalable route to rot-2′-enonic acid 5,
and with multiple grams of material in hand, we sought to
complete the syntheses of deguelin 1 and tephrosin 2.
Treatment of rot-2′-enonic acid 5 with phenylselenyl chloride
in dichloromethane at −35 °C, according to Anzeveno’s esta-
blished procedure,9 afforded an approximately 1 : 1 mixture of
5′-epimeric selenides 7 in quantitative yield. The crude sele-
nides 7 were immediately oxidised with hydrogen peroxide in
aqueous THF at 0 °C to their corresponding selenoxides 8,
which underwent spontaneous elimination upon warming to
room temperature to afford deguelin 1 in 81% yield from
rot-2′-enonic acid 5.

Lastly, we were pleased to observe that the reaction of
deguelin 1 with potassium dichromate in aqueous acetic acid
proceeded smoothly to afford tephrosin 2 in 76% yield.

A mechanism for the dichromate hydroxylation of deguelin
1 is proposed in which we view the transformation as an
Étard-like benzylic oxidation.12 Oxidation of an enol inter-
mediate is discounted on the basis of the Crombie and Unai’s
extensive studies on the aerial oxidation of enolates derived
from natural (optically active) and racemic rotenoids, which
afford diastereoisomeric mixtures of cis and trans alpha-
hydroxylated products.5b,13

In accordance with the Étard-like mechanism,12b a necess-
arily diastereoselective (facially selective) ene reaction between
deguelin 1 and the oxidant affords a stereodefined organo-
chromium species 9 that subsequently undergoes a [2,3]-
sigmatropic rearrangement to form a tertiary chromate ester 10.

Scheme 1 Reagents and conditions: (a) HBr, AcOH, rt, 0.5 h, 87%;
(b) Zn, NH4Cl, THF, H2O, rt, 48 h, 79%; (c) PhSeCl, CH2Cl2, −40 °C, 2 h
then rt, 1 h; (d) aq H2O2, THF, 0 °C, 1 h, then rt, 18 h, 81% from 5;
(e) K2Cr2O7, AcOH, H2O, 60 °C, 0.5 h then rt, 18 h, 76%.

Scheme 2 Proposed mechanism for the diastereoselective (stereo-
controlled) Étard-like hydroxylation of deguelin 1 to tephrosin 2, involving
a facially selective ene reaction followed by a [2,3]-sigmatropic rearrange-
ment and chromate ester hydrolysis.
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Hydrolysis of the chromate ester upon work-up then affords
tephrosin 2 as a single diastereoisomer. We would therefore
attribute the diastereoselective outcome of the reaction to its
doubly pericyclic nature, the necessary geometric require-
ments of these processes together with the characteristic ‘but-
terfly-wing’ architecture of the starting material (Scheme 2).

Conclusions

We have developed stereocontrolled semi-syntheses of both
deguelin 1 and tephrosin 2 starting from rotenone 3 and pro-
ceeding via rot-2′-enonic acid 5. Firstly, a new transformation
of rotenone 3 into rot-2′-enonic acid 5 is described that
involves a zinc-mediated ring opening of rotenone hydro-
bromide 6. This alternative preparation of rot-2′-enonic acid 5
avoids the use of the highly toxic reagents previously required
in Anzeveno’s synthesis9 and affords a higher yield across two
steps (approximately 70% vs. 35%). The conversion of rot-
2′-enonic acid 5 into deguelin 1 was achieved following
Anzeveno’s method.9 Finally, the transformation of deguelin 1
into tephrosin 2 was accomplished using a highly diastereo-
selective chromium-mediated hydroxylation, for which an
Étard-like reaction mechanism is tentatively proposed.12b Our
syntheses provide deguelin 1 and tephrosin 2 in 56% and 42%
yield respectively, involve only two chromatographic purifi-
cations and allow gram quantities of valuable enantiopure
materials to be prepared simply and efficiently, facilitating bio-
logical studies thereof.

Lastly, we note that although commercially available at the
time of writing, deguelin 1 and tephrosin 2 cost approximately
2 × 104 and 2 × 105 times more than rotenone 3. We present
operationally simple semi-syntheses of deguelin 1 and tephosin
2 starting from relatively inexpensive rotenone 3 using similarly
low-cost reagents.

Acknowledgements

Our research is supported by the EPSRC, BBSRC, MRC,
Wellcome Trust and ERC (FP7/2007–2013; 279337/DOS).
D. A. R thanks Cancer Research UK for funding. D. R. S.
acknowledges support from a Royal Society Wolfson Research
Merit award. Data accessibility: all data supporting this study
are provided as ESI† accompanying this paper.

References

1 (a) L. Crombie, in Progress in the Chemistry of Organic
Natural Products, Springer, Vienna, 1963, ch. 6, pp. 275–325;
(b) N. R. Krishnaswamy and C. N. Sundaresan, Resonance,
2015, 18, 428–439; (c) L. Crombie and D. A. Whiting,
Phytochemistry, 1998, 49, 1479–1507; (d) L. Crombie, Nat.
Prod. Rep., 1984, 1, 3–19; (e) P. M. Dewick, Medicinal Natural
Products: A Biosynthetic Approach, Wiley-Blackwell, Hoboken,
2nd edn, 2001, p. 155–157.

2 (a) C. Gerhauser, W. Mar, S. K. Lee, N. Suh, Y. Luo,
J. Kosmeder, L. Luyengi, H. H. Fong, A. D. Kinghorn,
R. M. Moriarty, R. G. Mehta, A. Constantinou, R. C. Moon
and J. M. Pezzuto, Nat. Med., 1995, 1, 260–266; (b) C. Ito,
M. Itoigawa, N. Kojima, H. T. W. Tan, J. Takayasu,
H. Tokuda, H. Nishino and H. Furukawa, Planta Med.,
2004, 70, 585–588; (c) R. Palorini, T. Simonetto, C. Cirulli
and F. Chiaradonna, Int. J. Cell Biol., 2013, 2013, 1–14;
(d) H.-Y. Lee, Biochem. Pharmacol., 2004, 68, 1119–1124;
(e) H.-Y. Lee, Y.-A. Suh, J. W. Kosmeder, J. M. Pezzuto,
W. K. Hong and J. M. Kurie, Clin. Cancer Res., 2004, 10,
1074–1079; (f ) H.-Y. Lee, S.-H. Oh, J. K. Woo, W.-Y. Kim,
C. S. Van Pelt, R. E. Price, D. Cody, H. Tran, J. M. Pezzuto,
R. M. Moriarty and W. K. Hong, J. Natl. Cancer Inst., 2005,
97, 1695–1699; (g) Q. Jin, L. Feng, C. Behrens, B. N. Bekele,
I. I. Wistuba, W.-K. Hong and H.-Y. Lee, Cancer Res., 2007,
67, 11630–11639; (h) J. K. Woo, D. S. Choi, H. T. Tran,
B. E. Gilbert, W. K. Hong and H.-Y. Lee, Cancer Prev. Res.,
2009, 2, 361–369; (i) V. Thamilselvan, M. Menon and
S. Thamilselvan, Int. J. Cancer, 2011, 129, 2916–2927;
( j) S. R. Boreddy and S. K. Srivastava, Oncogene, 2013, 32,
3980–3991.

3 (a) M. Hanriot, C. R. Seances Soc. Biol. Ses Fil., 1907, 144,
150; (b) M. Hanriot, C. R. Seances Soc. Biol. Ses Fil., 1907,
62, 384.

4 (a) E. P. Clark, Science, 1930, 71, 1841; (b) E. P. Clark, J. Am.
Chem. Soc., 1930, 52, 2461–2464; (c) E. P. Clark, J. Am.
Chem. Soc., 1931, 53, 313–317; (d) E. P. Clark, J. Am. Chem.
Soc., 1931, 53, 729–732; (e) E. P. Clark, J. Am. Chem. Soc.,
1931, 53, 3431–3436; E. P. Clark, J. Am. Chem. Soc., 1932,
54, 3000–3008.

5 (a) G. Buchi, L. Crombie, P. J. Godin, J. S. Kaltenbronn,
K. S. Siddalingaiah and D. A. Whiting, J. Chem. Soc., 1961,
2843–2860; (b) L. Crombie and P. J. Godin, J. Chem. Soc.,
1961, 2861–2876; (c) L. Crombie, P. J. Godin, D. A. Whiting
and K. S. Siddalingaiah, J. Chem. Soc., 1961, 2876–2889.

6 C. Djerassi, W. D. Ollis and R. C. Russell, J. Chem. Soc.,
1961, 1448–1453.

7 (a) D.-J. Chang, H. An, K.-S. Kim, H. H. Kim, J. Jung,
J. M. Lee, N.-J. Kim, Y. T. Han, H. Yun, S. Lee, G. Lee,
S. Lee, J. S. Lee, J.-H. Cha, J.-H. Park, J. W. Park,
S.-C. Lee, S. G. Kim, J. H. Kim, H.-Y. Lee, K.-W. Kim and
Y.-G. Suh, J. Med. Chem., 2012, 55, 10863–10884;
(b) S.-C. Lee, H.-Y. Min, H. Choi, H. S. Kim, K.-C. Kim,
S.-J. Park, M. A. Sung, J. H. Seo, H.-J. Park, Y.-G.
Y.-G. Suh, K.-W. Kim, J. Lee and H.-Y. Lee, Mol.
Pharmacol., 2015, 88, 245–255.

8 (a) H. Fukami, J. Oda, G. Sakata and M. Nakajima, Agric.
Biol. Chem., 1961, 25, 252–256; (b) H. Omokawa and
K. Yamashita, Agric. Biol. Chem., 1974, 38, 1731–1734;
(c) S. J. Pastine and D. Sames, Org. Lett., 2003, 5, 4053–
4055; (d) J. Garcia, S. Barluenga, K. Beebe, L. Neckers and
N. Winssinger, Chem. – Eur. J., 2010, 16, 9767–9771;
(e) R. Farmer and K. Scheidt, Chem. Sci., 2013, 4, 3304–
3309; (f ) S. Lee, H. An, D.-J. Chang, J. Jang, K. Kim,
J. Sim, J. Lee and Y.-G. Suh, Chem. Commun., 2015, 51,

Organic & Biomolecular Chemistry Communication

This journal is © The Royal Society of Chemistry 2017 Org. Biomol. Chem., 2017, 15, 1593–1596 | 1595

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Ja

nu
ar

y 
20

17
. D

ow
nl

oa
de

d 
on

 2
/1

4/
20

26
 3

:1
4:

09
 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 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ob02659a


9026–9029; (g) M. Nayak and I. Kim, J. Org. Chem., 2015,
80, 11460–11467.

9 P. B. Anzeveno, J. Org. Chem., 1979, 44, 2578–2580.
10 (a) T. Unai and I. Yamamoto, Agric. Biol. Chem., 1973, 37,

897–901; (b) T. Unai, H.-M. Cheng, I. Yamamoto and
J. E. Casida, Agric. Biol. Chem., 1973, 37, 1937–1944.

11 (a) L. Crombie, P. W. Freeman and D. A. Whiting, J. Chem.
Soc., Perkin Trans. 1., 1973, 1277–1285; (b) D. Carson,

L. Crombie and D. A. Whiting, J. Chem. Soc., Chem.
Commun., 1975, 851–852.

12 (a) A. Étard, Ann. Chim. Phys., 1881, 22, 218–186;
(b) I. Necsoiu, A. T. Balaban, I. Pascaru, E. Sliam, M. Elian
and C. D. Nenitzescu, Tetrahedron, 1963, 19, 1133–
1142.

13 T. Unai, I. Yamamoto, H.-M. Cheng and J. E. Casida, Agric.
Biol. Chem., 1973, 37, 387–401.

Communication Organic & Biomolecular Chemistry

1596 | Org. Biomol. Chem., 2017, 15, 1593–1596 This journal is © The Royal Society of Chemistry 2017

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Ja

nu
ar

y 
20

17
. D

ow
nl

oa
de

d 
on

 2
/1

4/
20

26
 3

:1
4:

09
 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 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ob02659a

	Button 1: 


