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ABSTRACT: A novel photocatalytic decarboxylative radical conjugate addition-elimination-oxa-Michael reaction of hydroxyalkylated 
carboxylic acids with cyclopentenones has been developed to construct diverse cyclopentanonyl-fused functionalized cyclic ether deriv-
atives in the presence of an inexpensive organic photocatalyst. The stereoselective synthetic strategy is amenable to substructural varia-
tion, establishing a direct total synthetic route to two diastereomers of C3-Amino cyclopentyltetrahydrofuranyl-derived potent HIV-1 
protease inhibitors with low nanomolar IC50 values. 

INTRODUCTION 
Cyclopentanonyl-fused small-sized, 5–7-membered cyclic 

ethers are a privileged class of heterocyclic motifs frequently found 
in many natural-occurring organic compounds and drug candidates 
with intriguing biological properties (Figure 1). For instance, the cy-
clopentanonyl-fused tetrahydrofuran (CpO-THF) framework oc-
curs in a functionalized ergosteroid, asperflotone (I), which demon-
strates inhibitory activity against lipopolysaccharide-activated IL-6 
production in THP-1 cells (IC50 = 22 μM)1 and in A-seco limonoid 
zumsin (II) that shows potent antifeedant activities.2 In addition, the 
CpO-THF motif is found in synthetic intermediates in total synthe-
ses of various natural products such as (−)platensimycin,3 resinifer-
atoxin,4 oolongtheanins,5 and Thromboxane A2.6 Its carbonyl-re-
duced form, i.e. the cyclopentyl-fused tetrahydrofuran (Cp-THF) 
moiety is also a pharmacologically significant molecular framework 
which occurs in several natural prostaglandins such as PGI2 and Be-
raprost.7 Most notably, a series of extremely potent HIV-1 protease 
inhibitors III–V containing the Cp-THF core was designed and syn-
thesized by Ghosh and co-workers8 addressing the complications re-
lated to the emergence of drug resistance in antiretroviral therapies 
and drawing inspiration from the success of Darunavir, an FDA-
approved drug for HIV/AIDS patients (IC50 = 3 nM). Subsequent 
structural analysis revealed that appropriate functionalization at the 
C3-position of the Cp-THF moiety could effectively enhance the 
potency of the drug candidates. The diastereomeric GRL-0249A 
(IV, IC50 = 1.6 nM; Ki = 1.8 pm) and GRL-0289A (V, IC50 = 4.6 nM; 
Ki = 4.0 pm) bearing a N-methyl carbamate group at the C3-position 
were found to be among the most effective candidates compared to 
the C3-unsubstituted (III, GRL-06579A, IC50 = 1.8 nM) or hy-
droxy-substituted (IC50 = 2.9 nM) derivatives.8 The one- and two 
carbon higher homologues of the CpO-THF motif also construct 
molecular cores of biologically active natural products such as the 
phloroglucinol derivative Myrtucommulone J (VI),9 prostaglandin 
by-product VII,10 

 

Figure 1. A few representative examples of cyclopentanyl- and cyclo-
pentanonyl-fused cyclic ethers in natural products and drug candidates. 

and heartwood root and leaf-constituent hypertricone (VIII).11 
Several methods for the construction of CpO-THF scaffolds 

have been developed including conjugate addition of mixed vinyl cu-
prates to THF-fused cyclopentenals followed by trapping with 
TMSCl and subsequent ozonolysis,12 Swern oxidation of the corre-
sponding alcoholic precursors,13 intramolecular oxa-Michael addi-
tion to enones,4,14 intramolecular cyclization of hydroxyimines,15 5-
exo-cyclization of alkyl radicals to ketene intermediates,16 and Ni-
catalyzed cyclization of alkynylenones in the presence of or-
ganozincs.17 A few methods were also developed for its one-carbon 
higher homologues.18 On the other hand, multistep synthetic routes 
have often been adopted to obtain the HIV-1 protease inhibitors 
III–V wherein the bicyclic Cp-THF skeleton has been constructed 
either by intramolecular radical cyclization8,19 or intramolecular oxa-
Michael reaction20 of predesigned substrates. We envisaged an effec-
tive approach to expeditiously access the CpO-THF moieties and to 
streamline the synthetic blueprint for the stereoenriched molecular 
frameworks of the 3-amino-functionalized Cp-THF-derived HIV-1 



 

 

protease inhibitors IV and V in step-economic, time-saving, and 
high-yielding process. 

In recent years, the renaissance of visible-light-induced photoca-
talysis has mandated a conspicuous paradigm shift in synthetic or-
ganic chemistry by enabling a diverse range of carbon-carbon and 
carbon-heteroatom bond formations under mild reactions condi-
tions in an energy-efficient manner.21 In many such photocatalytic 
transformations, carboxylic acids have been used as sustainable pre-
cursors for the production of carbon-centered radicals that partici-
pated in various decarboxylative functionalizations,22 among them 
decarboxylative radical conjugate addition (DcRCA) is emblem-
atic.23 Notably, MacMillan and co-workers developed a decarboxy-
lative radical Michael addition of various carboxylic acids to Michael 
acceptors in the presence of [IrdF(CF3)ppy2(dtbbpy)]PF6 under 26 
W CFL irradiation (Scheme 1a).23a Aggarwal and co-workers re-
ported another photocatalytic decarboxylative radical addition of 
carboxylic acids to vinyl boronic esters in the presence of Ir(III)-
based photocatalysts to afford a range of alkyl boronic esters 
(Scheme 1b).23b Schubert and co-workers performed photocatalytic 
DcRCA of alkyl and cycloalkyl carboxylic acids to dehydroalanine 
derivatives in the presence of 4CzIPN as the photocatalyst under 
blue light irradiation (Scheme 1c).23c 

On the basis of our experience in the field of visible-light-in-
duced atom-transfer radical addition (ATRA) processes,21a-c,24 we 
envisioned that the 3-functionalized CpO-THF scaffold could be 
readily accessible by the photocatalytic decarboxylative radical con-
jugate addition of carboxylic acids bearing a pendant hydroxyalkyl 
group that can participate in a sequential oxa-Michael addition to an 
enone intermediate in an intramolecular fashion (Scheme 1d) pav-
ing the way to efficiently and inexpensively access the Cp-3-amino- 

Scheme 1. Photocatalytic decarboxylative radical conjugate ad-
dition (PC-DcRCA) transformations: Literature precedence 
versus our synthetic design 

 

THF-derived HIV-1 protease inhibitors IV and V upon a few steps 
of further synthetic manipulations.  

RESULTS AND DISCUSSION 
We set out to investigate the plausibility of the proposed concept 
with the model reaction between renewable, non-edible resources-
derived Boc-protected 4-hydroxy-2-cyclopentenone 1a25  and N-
Boc L-serine (2a) in the presence of a range of organic photocata-
lysts under visible light irradiation with either blue (λmax = 455 nm) 
or green light-emitting diodes (LED; λmax = 530 nm).  Utilizing 1 mol 
% of Fukuzumi’s catalyst ([MesAcr]ClO4, E1/2(M+/M*) = 2.08 V vs 
SCE), we observed the formation of the desired product as a dia-
stereomeric mixture of exo- and endo-3a in 14% yield as determined 
by NMR analysis of the crude reaction mixture (Table 1, entry 1).  

Table 1. Optimization studies for sequential photocatalytic 
DcRCAE–oxa-Michael reaction 

 

entry photocatalyst base yield (%)a dr 3a (exo-
:endo) 

1 [MesAcr]ClO4 K2HPO4 14 - 

2 TPT K2HPO4 0 - 

3 Eosin Y K2HPO4 0 - 

4b Eosin Y K2HPO4 0 - 

5b Rose Bengal K2HPO4 2 - 

6 DCA K2HPO4 8 - 

7b Rhodamine 6G K2HPO4 59 1.8:1.0 

8b Rhodamine B K2HPO4 0 - 

9 4CzIPN K2HPO4 92 1.9:1.0 

10c 4CzIPN K2HPO4 82 2.0:1.0 

11 none K2HPO4 0 - 

12 4CzIPN none 0 - 

13d 4CzIPN K2HPO4 95 (92)e 2.0:1.0 

14b 4CzIPN K2HPO4 0 - 

15f 4CzIPN K2HPO4 78 1.9:1.0 

16 [Ir]g K2HPO4 90 1.9:1.0 
aNMR yield using 1,1,2,2-tetrachloroethane as an internal stand-

ard. bThe reaction mixture was irradiated with 530 nm LED source. 
cThe reaction was performed under air. dThe reaction time was 68 h. 
eIsolated yield on a 0.75 mmol scale.  fIrradiated with a 403 nm LED 
source. g[Ir] = [Ir{dF(CF3]ppy}2(dtbbpy)]PF6 



 

 

The use of photocatalysts either with higher excited-state oxidation 
potential such as 2,4,6-triphenylpyrylium-BF4 (TPT, E1/2(M+/M*) 
= 2.39 V vs SCE; entry 2) or with much lower excited-state oxidation 
potentials such as Eosin Y (EY-Na2, E1/2(M+/M*) = 0.83 V vs SCE; 
entries 3 and 4) or Rose Bengal (RB, E1/2(M+/M*) = 0.81 V vs SCE; 
entry 5) did not appreciably induce the transformation under both 
blue or green light irradiation and the desired product 3a either 
could not be obtained at all or formed only in trace amounts. When 
9,10-dicyanoanthracene (DCA, E1/2(M+/M*) = 1.99 V vs SCE) was 
employed as the photocatalyst, only 8% NMR yield was observed for 
3a (entry 6), but using Rhodamine 6G (Rh6G, E1/2(M+/M*) = 1.18 
V vs SCE) under green light irradiation resulted in the formation of 
3a in 59% yield (entry 7). In contrast, Rhodamine B (RhB, 
E1/2(M+/M*) = 1.26 V vs SCE) failed to furnish any desired product 
under green light irradiation (entry 8). A dramatic enhancement in 
the efficiency of the transformation was noticed when 1,2,3,5-tetra-
kis(carbazole-9-yl)-4,6-dicyanobenzene (4CzIPN, E1/2(M+/M*) = 
1.35 V vs SCE) was employed under blue light irradiation to form 3a 
in 92% yield (entry 9). When the same reaction was performed with 
4CzIPN under air, only a slight decrease in efficiency was observed 
to provide 3a in 82% yield (entry 10). In all cases, 3a was formed as 
an exo/endo mixture of approximately 2:1. The photocatalytic na-
ture of the transformation was proved by observing no formation of 
the product in the absence of a photocatalyst (entry 11). The indis-
pensability of a base was recognized upon observing no reaction in 
its absence (entry 12) and K2HPO4 was found to be the best among 
the bases that were screened.26 Upon increasing the reaction time 
from 44 h to 68 h, the yield of the reaction was marginally increased 
to 95% (entry 13). When the light-source was changed from blue to 
green with a λmax of 530 nm, no transformation occurred (entry 14). 
However, when a near-UV light-source was used (λmax = 403 nm), 3a 
was obtained in 78% yield (entry 15). Of note, among several irid-
ium based photocatalysts tested,26 [IrdF(CF3)ppy2(dtbbpy)]PF6 
(E1/2(M+/M*) = 1.21 V vs SCE) was also found to be effective to in-
duce the transformation (entry 16). However, in order to develop a 
greener and more cost-effective synthetic approach, 4CzIPN be-
came the photocatalyst of our choice. Having analyzed the best 
NMR yield under the conditions described, we synthetically vali-
dated the reaction that expeditiously afforded the desired product 3a 
in 92% yield on a 0.75 mmol scale (entry 13 and Scheme 2). The 
structure of the major diastereomer exo-3a was confirmed by single 
crystal X-ray analysis.26 

Having optimized the reaction conditions, we proceeded to ex-
plore the substrate scope and functional group tolerance of the de-
veloped synthetic methodology (Scheme 2). When 2-methyl-substi-
tuted cyclopentenone derivative 1b was engaged with 2a, we ob-
tained the corresponding cyclized 3-aminotetrahydrofuran-fused 
cyclopentanone derivative 3b in 71% yield with a 2:1 exo/endo ratio 
with respect to the amino substituent, while the 2-methyl group was 
oriented exclusively on the exo-face of the bicycle. However, when 
5-methyl- or 5-isopropyl substituted cyclopentenone 1c or 1d were 
reacted with N-Boc L-serine (2a), we only observed the formation of 
the corresponding radical-coupled cyclopentenone derivatives 4b 
and 4c in their uncyclized forms, most likely due to a combination of 
the sterically more hindered and electronically less activated a,b- 
enone moiety. To expand the scope of the carboxylic acids as the 
radical precursors, we investigated several hydroxyalkylated alkyl 
carboxylic acids instead of amino acids. When 2-(hydroxymethyl)- 

Scheme 2. Scope of cyclopentenone derivatives and carboxylic 
acid radical precursorsa 

 
aAll reactions were carried out with an equimolar mixture of 1 and 2 

on a 0.75 mmol scale in the presence of 1 mol % of 4CzIPN and 1.2 equiv 
of K2HPO4 in DMF (c = 0.25 M) under N2 after degassing with three 
cycles of freeze-pump-thaw-backfill and irradiated with a single source 
of blue LED (λ = 455 nm) unless noted otherwise. The diastereomeric 
ratio was determined from 1H NMR analysis of the crude reaction mix-
tures. 

3-methylbutanoic acid (2b) was employed, the desired product 3c 
was obtained in only 23%. Upon engaging 3-hydroxy-2-phenylpro-
panoic acid (2c), the corresponding cyclopentanone derivative 3d 
formed in a slightly increased yield (31%) most likely as a result of 
the formation of a comparatively more stable benzylic radical. The 
overall low yields in these cases could be explained by the poor sta-
bility of the resulting incipient alkyl radicals adjacent to the alkyl 
groups generated after photocatalytic decarboxylation that impede 
the process of radical conjugate addition. This reasoning is also in 
line with the low exo-preference observed (1.3-1.6:1), pointing to an 
early transition state. In order to increase the nucleophilicity of the 
incipient radical, we investigated the scope of α-alkoxy radical pre-
cursors which were synthesized by following literature procedures.26 
Accordingly, the bicyclic fused alkoxy substituted cyclopentanone 
derivatives 3e and 3f could be obtained in 42% and 51% yields, re-
spectively, while aiming at the synthesis of 3g, a benzyloxy substitu-
ent was not tolerated. The methodology was also found to be suc-
cessful when N-Boc threonine (2g) was employed as the radical pre-
cursor and the corresponding product 3h was obtained in 76% yield 
albeit as a mixture of inseparable diastereomers. Next, we wondered 
whether the same principle could be exploited to synthesize one-car-
bon higher homologues of 3-aminotetrahydrofuran-fused cyclopen-
tanone derivatives. Commercially available N-Boc L-homoserine 
(2h) was employed as the radical precursor and reacted with 1a, and 
indeed we were pleased to observe the formation of the correspond-
ing 4-aminotetrahydropyran-fused cyclopentanone derivative 5a in 
86% yield. Likewise, 1b as the substrate gave rise to 5-methyl-



 

 

substituted bicyclic tetrahydropyran-fused cyclopentanone 5b in 
80% yield. 

We next pursued the construction of structurally more intricate 
molecular frameworks, employing commercially available 4-hy-
droxy proline derivative 6 in the reaction with 1a. Gratifyingly, also 
in this case an efficient photocatalytic reaction took place to yield a 
mixture of cyclized and uncyclized products 7a and 4d in 87% com-
bined yield (dr 1.2:1, Scheme 3). The uncyclized cyclopentenone 
adduct 4d could be quantitatively converted to 7a by the treatment 
with KF and Al2O3 in dichloromethane at room temperature.27 Like-
wise, when 6 was reacted with 1b under similar reaction conditions, 
a mixture of 7b (dr 1.1:1) and 4e in 70% combined yield was ob-
tained from which the latter could again be efficiently transformed 
into 7b in the presence of KF and Al2O3 (Scheme 3). 

Scheme 3. Syntheses of cyclopentanone-fused 2,5-methanooxa-
zepines 

 
Moving towards HIV-1 protease inhibitors IV and V in their enanti-
oenriched forms, we investigated the developed sequence with en-
antiopure substrate (S)-1a in a stereoselective fashion. Previously, 
we  reported the reaction between 4-O-Boc-cyclopent-2-enone (R)-
1a and Grignard reagents in the presence of copper (Scheme 4a), 
which proceeded with high stereoselectivity initiated by the nucleo-
philic, conjugate addition anti to the OBoc group to diastereo- and 
enantiomerically pure cyclopentenones of type 8.28 When we re-
acted enantiopure (S)-1a with diphenylacetic acid (9) as a stable 
radical precursor under the present conditions, we observed the for-
mation of the corresponding 4-benzhydryl-substituted 2-cyclopen-
tenone derivative (S)-10 in 76% yield with remarkable enantiomeric 
excess (96% ee, Scheme 4b) given that in contrast to the ionic pro-
cess to 8 the radical addition to (S)-10 was assumed to proceed via 
an earlier, thus less selective transition state. 

Scheme 4. Stereoselective conjugate addition: Nucleophilic vs 
radical process 

 

To synthesize the requisite synthetic precursors for IV and V in 
large quantity in racemic forms, we proceeded to perform the bench-
mark reaction between 1a and 2a on a multigram-scale. Accordingly, 
when an equimolar mixture of 1a and 2a were reacted in 45 mmol 
scale in the presence of 2.5 mol % 4CzIPN in a specially-designed 
large-scale photocatalytic reaction set-up with blue LED strips as the 
irradiation source,26 we observed the formation of 3a (exo/endo 2:1) 
and the corresponding uncyclized cyclopentenone derivative 4a in 
81% combined yield. Gratifyingly, we could quantitatively transform 
4a into 3a by treating the mixture with KF and Al2O3 in dichloro-
methane at room temperature (Scheme 5).27  

Scheme 5. Multigram-scale experiment for the sequential pho-
tocatalytic decarboxylative radical addition-elimination–oxa-
Michael reaction 

  

From the successful scaling-up of the photocatalytic DcRCAE-
oxa-Michael reaction strategy with racemic substrate (1a) we were 
set to synthesize IV and V in diastereo- and enantiomerically en-
riched forms (Scheme 6). Radical coupling between (S)-1a and 2a 
was carried out on a 5 mmol scale in the presence of 1 mol % 4CzIPN 
in a large-sized pressure tube26 to obtain 3a in 86% yield as a difficult 
to separate diastereomeric mixture of exo-(3R)-3a and endo-(3S)-3a 
in a 2.2:1 ratio. The carbonyl moieties of exo-(3R)-3a and endo-
(3S)-3a were stereoselectively reduced by the treatment of the dia-
stereomeric mixture with sodium borohydride in a 1:1 mixture of 
MeOH and THF at 0 °C–rt for 2 h and the corresponding diastere-
omers of the alcohol derivatives (3R)-11 and (3S)-11 were obtained 
in 81% combined yield. Gratifyingly, the two diastereomers could be 
readily separated at this stage by column chromatographic purifica-
tion and the subsequent steps were carried out with the individual 
dastereopure compounds. The relative stereochemistry in (3R)-11 
was confirmed by single crystal X-ray analysis, which allowed us to 
unambiguously assign the stereochemistry of all products along the 
routes. (3R)-11 and (3S)-11 were converted to their corresponding 
N-methyl carbamate derivatives (3R)-12 and (3S)-12, respectively, 
by deprotection of the N-Boc groups under acidic conditions and 
reprotection of the free amine groups with methyl chloroformate in 
83% overall yield each over two steps. Next, each of the two diastere-
omers were treated with 4-nitrophenyl chloroformate in the pres-
ence of pyridine8a and the corresponding activated carbonates (3R)-
13 and (3S)-13 were obtained in 85% yield in both cases. The enan-
tiomeric excesses of these diastereomers were determined at this 
stage and found to be 84% and 92% ee, respectively, suggesting that 
the initial coupling between (S)-1a and 2a took place with some-
what lower anti-selectivity compared to the formation of 

 



 

 

Scheme 6. Enantioselective syntheses of potent HIV-1 protease inhibitors IV and V 

 

(S)-10 (cf. Scheme 4). The other required part 17 of the targeted 
inhibitors, the P1-ligand, was synthesized by following methods as 
established by Ghosh and co-workers.29 The endgame of the total 
synthesis was carried out with the coupling of 17 with (3R)-13 and 
(3S)-13 to furnish the HIV-1 protease inhibitors (3S)-IV and (3R)-
V in 89% and 87% yields, respectively (dr ≥20:1, 91% and 86% ee, 
respectively).8a 

MECHANISM 
On the basis of our experimental observations, a plausible mech-

anism is postulated (Scheme 7). Presumably, the reaction initiates 
with the deprotonation of carboxylic acid 2 by the base present in 
the reaction medium. Upon irradiation with a blue LED (λmax = 455 
nm), the excited photocatalyst oxidizes the newly formed carbox-
ylate anion (A) via a single-electron transfer (SET) process and  
Scheme 7. A probable mechanism of the sequential photocata-
lytic decarboxylative radical conjugate addition-elimination-
oxa-Michael reaction 

 

subsequent extrusion of CO2 generates the alkyl radical B which 
adds to cyclopentenone 1 furnishing the open-shell intermediate C. 
The incipient carbon-centered radical is then reduced to its corre-
sponding carbanionic species D by the reduced photocatalyst 
(PC*−), thereby closing the photocatalytic cycle. Subsequent for-
mation of the tautomer E and expulsion of the OBoc group gener-
ates the uncyclized cyclopentenone derivative 4 which may undergo 
an intramolecular oxa-Michael reaction by the pendant hydroxyl 
group under basic conditions and ultimately furnishes the cyclopen-
tanonyl-fused cyclic ether frameworks 3 or 5. 

CONCLUSIONS 
To conclude, we have developed a novel visible-light-mediated 

synthetic route to access structurally variegated cyclopentanonyl-
fused functionalized cyclic ether derivatives in the presence of an in-
expensive organic photocatalyst. In particular, we have been able to 
move the previously developed cascade of nucleophilic conjugate 
addition, isomerization, elimination of 4-OBoc-cyclopentenones to 
the radical regime and moreover, extend the sequence by and addi-
tional conjugate addition to the newly formed cyclopentenone moi-
ety. By applying this strategy, we have achieved the total syntheses 
of the two diastereomers of a potent HIV-1 protease inhibitor in en-
antioenriched forms from easily obtainable renewable resources-de-
rived starting materials.  
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