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ABSTRACT: Oxidative transpositions of bicyclic cyclopente-
nones mediated by selenium dioxide (SeO2) are disclosed. 
Treatment of Pauson–Khand reaction (PKR) products with 
SeO2 in the presence or absence of water furnishes di- and tri-
oxidized cyclopentenones, respectively. Mechanistic investi-
gations reveal multiple competing oxidation pathways that 
depend on substrate identity and water concentration. Func-
tionalization of the oxidized products via cross-coupling 
methods demonstrates their synthetic utility. These transfor-
mations allow rapid access to oxidatively transposed cyclo-
pentenones from simple PKR products. 

The Pauson–Khand reaction is a powerful method to pre-
pare bicyclic cyclopentenones,1 structural features found in 
many natural products. The intramolecular PKR is well-devel-
oped and affords 3,4-fused bicycles from the corresponding 
tethered enynes (Figure 1A).2a In contrast, the intermolecular 
PKR, which is required to access the isomeric 4,5-fused bicy-
cles, is less developed and has severe limitations in scope (Fig-
ure 1B).2b,c A method to rapidly access 4,5-fused bicyclic 
enones, which are inaccessible directly by the PKR, would 
provide valuable synthetic building blocks. 

As part of our recent syntheses of the complex diterpenes 
(+)-ryanodol (4) and (+)-ryanodine (5), we discovered an 
unusual oxidative transformation mediated by selenium diox-
ide (SeO2).3 Treatment of PKR product 1 with SeO2 under 
either aqueous or anhydrous conditions provided highly oxi-
dized compounds 2 and 3, respectively (Figure 1C). This ser-
endipitous discovery streamlined access to 4,5-fused cyclo-
pentenone 3, a key intermediate in the synthesis of 4 and 5. 
Although these di- and trioxidations were modest yielding, 
the ability to construct functional group relationships elusive 
via canonical PKRs led us to consider their wider application 
in synthesis (Figure 1D). In this communication, we investi-
gate the SeO2-mediated oxidative transposition of 3,4-fused 
PKR products and demonstrate the ability of this method to 
prepare highly substituted bicyclopentenones. 

 

Figure 1. Motivation for Reaction Development  
 

 
Our studies began with 3,4-fused bicycle 6a, which is read-

ily accessible from commercially available diisopropyl malo-
nate (see SI). Substrate 6a was selected for these initial studies 
because the C4-γ-quaternary substitution prevents trioxida-
tion, simplifying reaction analysis for the dioxidation process. 
Although 6a successfully underwent the desired dioxidation 
under our previously reported conditions,3 the yield was sig-
nificantly lower than that observed in the ryanodane system 
(Table 1, entry 1). Fortunately, increasing the amount of 
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water led to a significant boost in conversion, providing 8a in 
71% yield (entry 3). Under these optimized conditions, the 
primary mass balance was unreacted starting material (6a) 
and minor amounts of over-oxidation to the C3-tertiary alco-
hol (see SI).  
Table 1. Optimization of Conditions 

 
aYield determined by 1H NMR versus an internal standard. 
See SI for additional information. bIsolated yield. 
 

In addition to improving the yield of 8a, increasing the 
[H2O] also drastically improved the reaction profile. When 
the equivalents of SeO2 were reduced but a 10:1 ratio of water 
to SeO2 maintained, the yield of 8a dropped (entries 4 and 5). 
However, increasing the equivalents of water with reduced 
amounts of SeO2 improved the yield, affording 8a in 42% 
yield with just 1.5 equiv SeO2 (entry 7).4 When substrate 7a, 
which lacks the C4-γ-quaternary center, was subjected to the 
optimized conditions, dioxidation product 9a was formed in 
comparable yield to that of 8a (entry 8). Interestingly, subjec-
tion of 7a to these same conditions for extended reaction 
times led to the formation of trioxidation product 10a, which 
had previously only been observed under rigorously anhy-
drous conditions (entry 9).3a Motivated by this observation, 
we turned our attention to investigating the formation of 10a.  

Consistent with our prior studies,3a reducing the equiva-
lents of water in the SeO2-mediated reaction provided trioxi-
dation product 10a in faster rates with cleaner reaction pro-
files (entry 10 vs. entry 9). The complete exclusion of water 
provided 10a in 21% yield with no trace of undesired 9a (en-
try 11). Reducing the amount of SeO2 decreased the yield of 
10a (entry 12), and thus the conditions of entry 11 were se-
lected as optimal for the trioxidation reaction. Under these 
optimized conditions, the mass balance consisted of unre-
acted starting material (7a) and a complex mixture of minor 

reaction byproducts.  
With optimized conditions in hand, we investigated the 

scope of both oxidative transformations. A variety of carbo- 
and heterocyclic 3,4-fused cyclopentenones were prepared 
via the PKR and subjected to the dioxidation conditions (Ta-
ble 2). Most substrates underwent the oxidative transposition 
in good yields, providing the oxidized 4,5-fused bicycles as 
single diastereomers.5 The reaction is tolerant of heterocycles 
(8b–e and 9c–f), C6-γ-quaternary centers (8b, 8d–e, 9c, 9e, 
and 9g), and protected amines (8c and 9f). Triflation of 8e 
afforded the enol triflate as a crystalline solid, and single crys-
tal X-ray diffraction confirmed the syn ring fusion (see SI).6   
Table 2. Scope of Dioxidation 

 
 

We next explored the scope of the trioxidation reaction 
(Table 3). While competitive decomposition of the trioxida-
tion products (10a–h) generally resulted in diminished yields 
relative to those of the dioxidations, the desired products 
could be isolated in approximately 20–30% yield, similar to 
that observed in the trioxidation of 1. Substrates containing 
unsubstituted saturated heterocyclic rings, such as 7d and 7f, 
marked a limitation of this method. Trioxidation products 
10g and 10h were formed as single diastereomers from cyclo-
pentenones 7g and 7h, respectively. 
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Table 3. Scope of Trioxidation 

 
 

These results led us to investigate potentially operative re-
action pathways. To this end, we separated enantiomers of 
model substrate 7a via chiral HPLC (7a*, Table 4).7 Treat-
ment of 7a* with SeO2 in the presence of water furnished di-
oxidation product 9a* with retention of enantiomeric excess 
(ee, entry 1). Under the same conditions, trace yield of trioxi-
dation product 10a* was formed after extended reaction 
times; however, formation of 10a* under these conditions 
proceeded with significant enantioerosion (entry 3). In con-
trast, treatment of 7a* with anhydrous SeO2 provided 10a* 
with enantioretention (entry 4).  Treatment of dioxidation 
product 9a* with H2O/SeO2 resulted in the slow formation of 
10a* with substantial loss of ee (entry 5), whereas subjection 
of 9a* to anhydrous SeO2 resulted in the fast conversion to 
10a* with complete retention of ee (entry 6).  

Close monitoring of the above reactions revealed the pres-
ence of a fleeting species with a mass consistent with mono-
oxidation. This species was isolated and characterized as ter-
tiary alcohol 11a*, which presumably arises via an allylic C–H 
oxidation pathway (Table 4, entries 7 and 8).8 Subjection of 
11a* to both standard anhydrous and aqueous conditions re-
sulted in conversion to trioxidation product 10a* with reten-
tion of enantiopurity (entries 9 and 10). Taken together, these 
results demonstrate that under optimal conditions both 9a* 
and 10a* can be formed with enantioretention and that both 
9a* and 11a* are viable intermediates to 10a*. While the exact 
mechanism for enantioerosion is currently unclear, control 

experiments have confirmed that 7a* and 10a* are configura-
tionally stable under both the dioxidation and trioxidation re-
action conditions. On the other hand, 9a* undergoes slow en-
antioerosion in the presence of both SeO2 and H2O (see SI). 
Whereas the racemization of 9a* could lead to 10a* with en-
antioerosion, a second possibility is that in the presence of 
SeO2 and H2O, there is a competing oxidation pathway for 
7a* or 9a* that involves an achiral cyclopentadienone inter-
mediate. 
Table 4. Stereochemical Analysis of Oxidationsa 

 

 
aReactions performed under anhydrous [SeO2 (10 equiv), 
1,4-dioxane (0.05 M), 100 °C] or aqueous [with H2O (100 
equiv)] conditions. 

In order to better understand the dioxidation reaction, we 
searched for potential intermediates in the oxidation of C4-γ-
quaternary substituted substrate 6a. Under the standard diox-
idation conditions (H2O/SeO2), no species en route to 8a 
could be observed. However, with the exclusion of water, 6a 
was observed by 1H and 13C NMR to convert to the product 
of a Riley oxidation (12a, Figure 2A).9 Following in situ for-
mation of ene-diketone 12a, D2O was added to determine if 
12a was a viable intermediate to 8a. Indeed, deuterated diox-
idation product 8a-d2 was formed. Addition of deuterated 
methanol instead of D2O provided the analogous compound 
13-d4 in excellent yield.10 Preliminary efforts to expand the 
scope of these SeO2-mediated oxidations to other, non-cyclo-
pentane-fused cyclopentenones have not been successful; 
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while the initial Riley oxidation to the ene-diketone is ob-
served, these systems do not undergo spontaneous addition 
of water (see SI). 

To further support the hypothesis that conjugate addition 
to an ene-diketone intermediate leads to the dioxidation 
products, we studied each step individually (see SI). Correla-
tion of the measured reaction rates with Hammett parame-
ters11 (Figure 2B) indicated that the rate of the conjugate ad-
dition (k2, blue) is more dependent on the substrate electron-
ics than the rate of the Riley oxidation (k1, green). These stud-
ies revealed that the oxidation step proceeded faster for elec-
tron-rich substrates, whereas conjugate addition proceeded 
faster for electron-deficient systems. Given that excess water 
depressed the rate of the Riley oxidation, we postulated that a 
protocol separating the two steps could allow faster access to 
dioxidation products while maintaining clean reaction pro-
files. Indeed, this alternative protocol proceeds with only 1.5 
equiv SeO2 and can afford dioxidation products in yields com-
parable to those resulting from the standard aqueous condi-
tions (Figure 2C).12 

 

 

 

Figure 2. (a) Formation of 12a under anhydrous conditions 
[SeO2 (10 equiv), 1,4-dioxane-d8 (0.1 M), 100 °C] followed by 
trapping with deuterated water or methanol (100 equiv). Yield of 
8a-d2 and 13-d4 from 12a determined by 1H NMR versus an in-
ternal standard. (b, green) Hammett plot for the oxidation of 
enones [X = OMe (6f), H (6g), Br (6h), OCF3 (6e), CF3 (6i)] 

under anhydrous conditions [SeO2 (10 equiv), 1,4-dioxane-d8 
(0.1 M), 100 °C]. (b, blue) Hammett plot for the addition of deu-
terated water to ene-diketones (12e–i-d2) [D2O (100 equiv), 
1,4-dioxane-d8 (0.1 M), 100 °C]. (c) Yields determined by 1H 
NMR versus an internal standard. In parentheses are isolated 
yields obtained under standard dioxidation conditions.  

Having improved the accessibility of dioxidation products 
through mechanistic insight, we turned our attention to inves-
tigating their synthetic utility. Modern cross-coupling meth-
ods offer many opportunities for further elaboration of the α-
hydroxyenone functionality. To this end, the enol triflate of 8a 
was prepared (90% yield) and treated with a variety of palla-
dium catalysts and coupling partners (Table 5). Although 8a 
is a challenging cross-coupling substrate, Sonogashira and Su-
zuki reactions produced highly functionalized products 14a-
d in good to excellent yields.13 Reaction with alkynyl, aryl, 
alkenyl and alkyl partners demonstrates the ability to access 
diverse, fully substituted cyclopentenones from simple PKR 
products. 
 
Table 5. Functionalization of Dioxidation Product   

 
a90% isolated yield. bethynylcyclopropane, Pd(PPh3)2Cl2, 
CuI, Et3N, 50 °C. c(4-methoxyphenyl)boronic acid, 
Pd(OAc)2, PCy3, KF, THF. d(E)-(3-phenylprop-1-en-1-
yl)boronic acid, Pd(OAc)2, PCy3, KF, THF epotassium ben-
zyltrifluoroborate, Pd(dppf)Cl2, Cs2CO3, THF/H2O, 80 °C. 

 
In conclusion, SeO2-mediated oxidative transpositions of 

PKR products have been developed to access highly oxidized 
4,5-fused bicyclic enones. The reactions occur under aqueous 
or anhydrous conditions to afford di- or trioxidized products, 
respectively. Investigation of the mechanism identified poten-
tial intermediates and elucidated the reactivity dependence 
on water concentration. Notably, the di- and trioxidations en-
able the construction of transposed and highly functionalized 
PKR products pertinent to the synthesis of complex targets. 

ASSOCIATED CONTENT  
Supporting Information 

The Supporting Information is available free of charge on the 
ACS Publications website.  

A O

Me

Me

iPrO2C CO2iPr

Me

Me

iPrO2C CO2iPr
6a 12a

O

Me

Me

O

RO

iPrO2C CO2iPr
8a-d2, R = D, 78% yield
13-d4, R = CD3, 99% yield

OD

OSeO2 ROD

k1 k2

X

O

R1

Me

6a
X

R1

Me

O

HO

8a, 59% yield (71%)

OHSeO2 (1.5 equiv)
1,4-dioxane (0.05 M)

100 ºC, 18 h

H2O (100 equiv)
0.5—3 h

then

6e 8e, 63% yield (76%)

C

R2

R2
R2

R2

OMe

14b, 92% yieldc 14d, 86% yielde14a, 51% yieldb 14c, 78% yieldd
alkylalkenylarylalkynyl

OH

Me

Me

O

HO

iPrO2C CO2
iPr

1. Comins’ Reagent
    DIPEA, DCM
    —78 ºC to 0 ºCa

2. [Pd] cross-coupling

Functionalization

Me

Me

O

HO

iPrO2C CO2
iPr

8a 14a–d

R

Page 4 of 6

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
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
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

Experimental procedures, characterization data (1H and 13C 
NMR, HRMS, FTIR) for all new compounds (pdf). The X-ray 
crystal structure data for compound 15e has been submitted to 
the Cambridge Crystallographic Data Center, no. 1970101. 

AUTHOR INFORMATION 
Corresponding Author 
*reisman@caltech.edu 
 
AUTHOR CONTRIBUTIONS 

‡These authors contributed equally to this work and are 
listed alphabetically.  

ACKNOWLEDGMENT  
We thank Dr. Michael Takase and Larry Henling (both of Caltech) for 
X-ray data collection and Dr. Julie Hofstra (Caltech) for X-ray data re-
finement. Dr. Scott Virgil and the Caltech Center for Catalysis and 
Chemical Synthesis are gratefully acknowledged for access to analytical 
equipment. Fellowship support was provided by the NSF (S. E. D., M. 
R. M. Grant No. DGE-1144469). S.E.R. is a Heritage Medical Research 
Institute Investigator. Financial support from the NIH 
(R35GM118191-01) is acknowledged. 
 

REFERENCES 
(1) (a) Khand, I. U.; Knox, G. R.; Pauson, P. L.; Watts, W. E.; Fore-

man, M. I. Organocobalt Complexes. Part II. Reaction of Acetylenehexacar-
bonyldicobalt Complexes, (R1C2R2)Co2(CO)6, with Norbornene and its 
Derivatives. J. Chem. Soc., Perkin Trans. 1 1973, 977. For seminal examples 
of PKRs in total synthesis, see: (b) Exon, C.; Magnus, P. Stereoselectivity of 
Intramolecular Dicobalt Octacarbonyl Alkene–Alkyne Cyclizations: Short 
Synthesis of dl-Coriolin. J. Am. Chem. Soc. 1983, 105, 2477. (c) Ornum, S. 
G. V.; Hoerner, S.; Cook, J. M. Recent Adventures with the Pauson-Khand 
Reaction in Total Synthesis. In The Pauson-Khand Reaction; John Wiley & 
Sons, Ltd, 2012; pp 211–238.  

(2) (a) Shibata, T. Recent Advances in the Catalytic Pauson–Khand-
Type Reaction. Adv. Synth. Catal. 2006, 348, 2328. (b) Gibson, S. E.; 
Mainolfi, N. The Intermolecular Pauson-Khand Reaction. Angew. Chem., Int. 
Ed. 2005, 44, 3022. For a recent approach to the selective formation of in-
termolecular PKR products via siloxy-tethering, see: (c) Gallagher, A. G.; 
Tian, H.; Torres-Herrera, O. A.; Yin, S.; Xie, A.; Lange, D. M.; Wilson, J. K.; 
Mueller, L. G.; Gau, M. R.; Carroll, P. J.; Martinez-Solorio, D. Access to 
Highly Functionalized Cyclopentenones via Diastereoselective Pauson–
Khand Reaction of Siloxy-Tethered 1,7-Enynes. Org. Lett. 2019, 21, 8646. 

(3) (a) Chuang, K. V.; Xu, C.; Reisman, S. E. A 15-Step Synthesis of 
(+)-Ryanodol. Science 2016, 353, 912. (b) Xu, C.; Han, A.; Virgil, S. C.; Reis-
man, S. E. Chemical Synthesis of (+)-Ryanodine and (+)-20-Deoxyspigan-
thine. ACS Cent. Sci. 2017, 3, 278.  

(4) The use of  fewer equiv SeO2 (1.5 or 3.0) proved to be less gen-
eral (see SI), thus the conditions of entry 3 were selected as optimal for in-
vestigating the scope of the dioxidation reaction. 

(5) The trans-fused isomer of 8a was calculated to be 18.5 kcal/mol 
less stable (calculated using Spartan’14, Hartree-Fock model using the 6-

311+G** basis set). 

(6) Stereochemical assignments of oxidation products were made by 
analogy to 8e. 

(7) Both enantiomers of 7a*, obtained by chromatographic separa-
tion, were used for these studies (see SI). Efforts to prepare 7a* by asymmet-
ric PKR gave the product in 59% yield and 72% ee ([RhCl(CO)2]2, (R)-
BINAP, PhMe, CO, 90 °C). See: Furusawa, T.; Morimoto, T.; Ikeda, K.; 
Tanimoto, H.; Nishiyama, Y.; Kakiuchi, K.; Jeong, N. Asymmetric Pauson–
Khand-Type reactions of 1,6-enynes using formaldehyde as a carbonyl 
source by cooperative dual rhodium catalysis. Tetrahedron 2015, 71, 875. 

(8) (a) Sharpless, K. B.; Lauer, R. F. Selenium Dioxide Oxidation of 
Olefins. Evidence for the Intermediacy of Allylseleninic Acids. J. Am. Chem. 
Soc. 1972, 94, 7154. (b) Arigoni, D.; Vasella, A.; Sharpless, K. B.; Jensen, H. 
P. Selenium Dioxide Oxidations of Olefins. Trapping of the Allylic Seleninic 
Acid Intermediate as a Seleninolactone. J. Am. Chem. Soc. 1973, 95, 7917. 
(c) Młochowski, J; Wójtowicz-Młochowska, H. Developments in Synthetic 
Application of Selenium(IV) Oxide and Organoselenium Compounds as 
Oxygen Donors and Oxygen-Transfer Agents. Molecules 2015, 20, 10205. 

(9) The structure of 12a was determined by 1H, 13C, and HSQC 
NMR (see SI).  (a) Riley, H. L.; Morley, J. F.; Friend, N. A. C. Selenium Di-
oxide, a New Oxidising Agent. Part I. Its Reaction with Aldehydes and Ke-
tones. J. Chem. Soc. 1932, 1875. (b) Sharpless, K. B.; Gordon, K. M. Sele-
nium Dioxide Oxidation of Ketones and Aldehydes. Evidence for the Inter-
mediacy of b-Ketoseleninic Acids. J. Am. Chem. Soc. 1976, 98, 300. For ex-
amples of Riley oxidation in synthesis, see: (c) Mehta, G., Shinde, H. M. En-
antiospecific total synthesis of 6-epi-(-)-hamigeran B. Intramolecular Heck 
reaction in a sterically constrained environment. Tetrahedron Lett. 2003, 44, 
7049. (d) Trost, B. M.; Pissot-Soldermann, C.; Chen, I.; Schroeder, G. M. 
An asymmetric synthesis of hamigeran B via a Pd asymmetric allylic alkyla-
tion for enantiodiscrimination. J. Am. Chem. Soc. 2004, 126, 4480. (e) Con-
dakes, M. L.; Hung, K.; Harwood, S. J.; Maimone, T. J. Total Syntheses of 
(−)-Majucin and (−)-Jiadifenoxolane A, Complex Majucin-Type Illicium 
Sesquiterpenes. J. Am. Chem. Soc. 2017, 139, 17783. 

(10) For precedent of an analogous intramolecular oxy-Michael addi-
tion to an ene-diketone, see: (a) Kurosu, M.; Marcin, L. R.; Grinsteiner, T. 
J.; Kishi, Y. Total Synthesis of (±)-Batrachotoxinin A. J. Am Chem. Soc. 1998, 
120, 6627. (b) Xu, C.; Han, A.; Reisman, S. E. An Oxidative Dearomatiza-
tion Approach To Prepare the Pentacyclic Core of Ryanodol. Org. Lett. 
2018, 20, 3793. 

(11) Hansch, Corwin.; Leo, A.; Taft, R. W. A Survey of Hammett Sub-
stituent Constants and Resonance and Field Parameters. Chem. Rev. 1991, 
91, 165. 

(12) Because an intermediate analogous to 12a was not observed dur-
ing the oxidation of substrates without γ-substitution (7a-g), further appli-
cation of this protocol is limited. 

 (a) Littke, A. F.; Dai, C.; Fu, G. C. Versatile Catalysts for the Suzuki Cross-
Coupling of Arylboronic Acids with Aryl and Vinyl Halides and Triflates un-
der Mild Conditions. J. Am. Chem. Soc. 2000, 122, 4020. (b) Molander, G. 
A.; Ito, T. Cross-Coupling Reactions of Potassium Alkyltrifluoroborates 
with Aryl and 1-Alkenyl Trifluoromethanesulfonates. Org. Lett. 2001, 3, 393. 
For discussion of the challenges of cross-coupling of a similar cyclic enol tri-
flate, see: (c) Jolit, A.; Dickinson, C. F.; Kitamura, K.; Walleser, P. M.; Yap, 
G. P. A.; Tius, M. A. Catalytic Enantioselective Nazarov Cyclization: Cata-
lytic Enantioselective Nazarov Cyclization. Eur. J. Org. Chem. 2017, 2017, 
6067. 

 

Page 5 of 6

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
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
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

 

6 

TOC graphic: 

 

   

or

SeO2 (10 equiv)
H2O (100 equiv)
or H2O (0 equiv)

1,4-dioxane
100 ºC

O

Me

H

OH

Me

H

O

HO

OH

Me

OH

O

HO

Dioxidation Trioxidation

iPrO2C CO2
iPr iPrO2C CO2

iPr iPrO2C CO2
iPr

Page 6 of 6

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
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
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60


