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ABSTRACT
The need of long-term treatment for chronic HBV, emergence
of drug-resistant viruses and inefficiency of currently approved
therapies to eliminate covalently closed circular DNA (cccDNA),
mandates identification of potent and selective inhibitors of
HBV replication with novel mechanisms of action. Entecavir, a
carbocyclic guanosine nucleoside analog, is the most potent
inhibitor of HBV replication on the market. Moreover, the natur-
ally occurring carbocyclic nucleosides aristeromycin are known
for their wide range of antiviral activities.
In this research, we have utilized BINAP directed rhodium cat-
alyzed reductive carbocyclization of 1,6-enynes (8a–b) through
asymmetric hydrogenation which is an approach, not yet
explored in carbocyclic sugar synthesis. Interestingly, we
obtained exclusive anti-(9a) and Z-anti (9b) carbocyclic sugars.
The new aristeromycin analogs (10a–b) with scaffold combin-
ation of entecavir and aristeromycin were then synthesized
using the Mitsunobu reaction followed by deprotection.
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1. Introduction

Chronic HBV and related death due to complications remains a major
challenge for global health management. In addition, need for long-term
treatment, emergence of drug-resistant viruses and inefficiency of currently
approved therapies to eliminate covalently closed circular DNA (cccDNA)
still mandates identification of potent and selective inhibitors of HBV repli-
cation with novel mechanism(s) of action.[1,2] Chronic patients are gener-
ally treated with entecavir, which is one of the successful anti-HBV drugs.
The 60-exo double bond seems to be an essential pharmacophore, which
fits into the hydrophobic pocket at the binding site. Moreover, the anti-
HBV activity of dG2 (Figure 1) is much less than entecavir.[3] However,
when the 60-exo double bond is functionalized with a fluoro group, both E/
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Z isomers (1, Figure 1) exhibited anti-HBV activity similar to entecavir.
Interestingly, the Z isomer was less cytotoxic compared to Entecavir.[4] The
cyclopropyl-spirocarbocyclic derivative of entecavir (2, Figure 1) was a hun-
dred times less potent than the parent drug,[5] which further supports the
importance of the 60-exo double bond. Naturally occurring carbocyclic
nucleoside aristeromycin and its derivatives are reported to exhibit a wide
range of antiviral activities.[6]

Nucleosides substituted at 40- have attracted attention as festinavir (anti-
HIV) and balapiravir (anti-HCV) reached a later phase of development.[7]

However, due to limited synthetic methodologies, 40-substituted carbocyclic
nucleosides have very little representation in the literature.[8,9] Owing to
the importance of aristeromycins and entecavir as antivirals, we aim to
combine their features including 40 substitution to generate new aristero-
mycin analogs (3, Figure 1)

2. Results and discussion

Kumamoto and coworkers had reported 5-exo-dig mode cyclization of a 5-
hexynyl carbon-radical to synthesize an 50-exomethylene carbocyclic sugar.
However, this methodology yielded a mixture of four [Z-syn, E-syn, Z-anti
and E-anti] isomers.[4] Herein, we report a previously unexplored key step
in carbocyclic sugar synthesis involving reductive cyclization of 1,6-enynes
via rhodium-catalyzed asymmetric hydrogenation[10] to exclusively generate
the anti-(9a) and Z-anti isomer (9b, Scheme 1). The protected sugar inter-
mediate (3) was synthesized from D-ribose in two steps.[11] Ring opening
of 3 by reaction with a Grignard reagent produced 4a–b with high stereo-
selectivity (diasteromeric ratio � 95:5). The compound 4a was reported by
Buchanan et al. in two previous reports[12,13] with different specific rota-
tions and the temperature was not mentioned. However, the major dia-
stereoisomer (4a) synthesized and purified, which gave specific rotation

Figure 1. Chemical structures of potential carbocyclic nucleosides and target molecules.

2 R. SAMUNURI ET AL.



þ1.27 at 25 �C (c¼ 1.1, CHCl3). The diastereomeric purity and the tem-
perature of measurement of specific rotation may be the reason for getting
different specific rotations for the same compound in the previous reports.
In addition, we have confirmed the D-allo configuration with a-stereo-
chemistry for the 10-anomeric hydroxy through NOE analysis (refer SI).
The 1,6-enyne intermediates (8a–b) were synthesized from 4a–b in four

consecutive reaction steps; protection of 10-OH with TBDMS, Swern oxida-
tion, Wittig reaction followed by deprotection of TBDMS by TBAF.[11] The
1,6-enynes (8a–b) were subjected to BINAP directed rhodium catalyzed
reductive cyclization through asymmetric hydrogenation.[10] This chemistry
has significant advantage for building a substituted exocyclic double bond,
which is as yet unexplored for the synthesis of carbocyclic sugars. Exposure
of 8a–b with Rh(COD)2BF4-BINAP catalyst system, H2 at ambient tem-
perature and pressure resulted in anti-(9a) and Z-anti (9b)
carbocyclic sugars exclusively. Notably, (R)-BINAP, (S)-BINAP as well as
rac-BINAP didnot affect the stereospecificity of the reaction. This result
indicates that stereospecific product formation may be controlled by the
substrate. Therefore, the role of BINAP for reaction transformation needs
to be addressed. To draw any rational conclusion, reactions were conducted
using Rh(COD)2BF4 only (without chiral ligand BINAP) and in another
reaction Rh(COD)2BF4 with non-chiral ligand PPh3. However, in both
reactions more than 80% starting material was recovered which indicates
that BINAP is necessary for the activation of the Rh-catalyst. To further
understand the stereospecific control by substrate, the 3D structure of cyc-
lization precursor 8b (Figure 2) was generated and optimized using

Scheme 1. Reagents and conditions: (i) Conc.H2SO4, acetone, 0 �C - rt 3 hours (ii) TrCl, Et3N,
DMAP, DMF: CH2Cl2 (1:4 v/v), rt, 12h (iii) ethynyl/prop-1-yne magnesium bromide (0.5 M in
THF), THF, �78 �C -rt, 16 hours (iv) TBDMSCl, imidazole, DMAP, DMF, 0 �C - rt, 6 hours (v)
(COCl)2, DMSO, DCM, Et3N, �60 �C, 4 hour (vi) Ph3PCH3Br, n-BuLi (2.5 M in hexane), THF, 0 �C -
rt, 2 hours (vii) TBAF (1.0 M in THF), THF, rt, 2 hours (viii) Rh(COD)2BF4, rac- BINAP, 1,2-dichloro-
ethane, H2 balloon, rt, 2 hours, (ix) N

6,N6-Bis(tert-butoxycarbonyl)adenine, PPh3, DIAD, THF, 10 �C
- rt, 1 hour (x) TFA:H2O (8:2 ratio), rt, 30minutes.
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Gaussian. It can be seen in the 3D structural diagram that the reacting
functional groups, ene (40-methylene, blue) and yne (60-alkynyl, yellow) lie
in a plane (marked with green line) that creates two prochiral faces.
Further, the computational modeling studies indicate that the 10-OH is
involved in intramolecular O-H… p interaction [calculated H… p (cen-
troid) distance = 2.05Å] with the phenyl ring of the trityl group in prochi-
ral face-2 and in stabilizing the geometry. By that way this face will be
sterically hindered for catalyst to approach the reaction precursors (alkene
and alkyne groups) to initiate cyclization.
Therefore, catalyst may only approach from prochiral face-1 consisting

of the 20, 30-acetonide. The heterolytic activation of elemental hydrogen by
the Rh(COD)2BF4-BINAP [LnRhI] catalyst system forms the monohydride
catalyst LnRhIH. Here, we propose that the acetonide chelates with LnRhIH
(I, Figure 3) and facilitates [2þ 2þ 1] oxidative cyclization of the1,6-enyne
leading to C40-C6’ bond formation through II to generate a fused cyclopen-
tane metallocyclic intermediate (III). During this process, most probably,
C-C bond formation precedes C-H formation and determines the 70-Z con-
figuration in the product. Intramolecular hydrogen transfer from RhIIILnH
orients the 40-CH3 down with opening of the 5-membered metal-centered
ring (IV). The RhILn takes up H2 to form RhIII(H)2Ln (V) which transfers
hydrogen to the double bond to form 9b.
The stereochemistry of 9a and 9b were confirmed through NOE studies

separately. 50-H of 9a showed 1D NOE correlation with 30-H and 10-H.
Further, 30-H of 9a showed 1D NOE correlation with 50-H and 20-H, how-
ever 40-methyl didn’t show any correlation with 20-H. It confirms the

Figure 2. 3D structural pre-organization of 8b before cyclization to show substrate controlled
stereoselectivity. The Rh-catalyst system has approach only through prochiral face 1 using liga-
tion with the acetonide followed by ligand exchange with the 1,6-enyne system. Prochiral face
2 is sterically crowded due to presence of trityl group.
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a-configuration of the methyl at 40, which confirms the anti-configuration
of 40-CH2OTr with respect to 10-OH. Similarly, 50-H of 9 b showed NOE
correlation with 30-H and 10-H. 70-CH3 of 9b showed 1D NOE with 10-H,
10-OH and 70-H showed correlation with 40-CH3. These results confirm
that the anti-9b exists in the Z-configuration. Reaction of 9a–b with Boc-
protected adenine followed by deprotection with TFA:H2O yielded target
nucleosides (10a–b) as single stereoisomers.
The anti-HBV assays of 10a–b were carried out in HepG2.2.15.7 cells,

however, none showed significant inhibitory activity.

3. Conclusion

In conclusion, a novel BINAP directed rhodium catalyzed stereospecific
reductive carbocyclization of 1,6-enynes was established for the synthesis of
40,60-disubstitued carbocyclic sugars and utilized for generating aristereomy-
cin analogs. We found that enantioselectivity of this C-C bond formation is
independent of the chirality of ligand and controlled by substrate.

4. Experimental section

General procedure for alkynylation of D-ribose derivative (3): To a solu-
tion of 3 (11.56mmol) in 50mL anhydrous THF, ethynyl/prop-1-yne mag-
nesium bromide (46.24mmol, 0.5M in THF) was added dropwise with
stirring at �78 �C under argon atmosphere. After 1 hour, the temperature

Figure 3. Proposed mechanism for stereospecific reductive cyclization of 1,6-enyne (8b).
Transition state I & II show the Rh-ligation through the acetonide face followed by ligand
exchange with the 1,6-enyne system to form Rh-complex III.
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was raised to rt and the reaction mixture was stirred for an additional
16 hours. The reaction mixture was cooled to 0 �C and 40mL saturated
NH4Cl solution was added dropwise with stirring. The organic layer was
separated and the aqueous layer was washed with EtOAc. The combined
organic layer was dried over anhydrous Na2SO4, filtered, and concentrated
under reduced pressure to yield crude 4a/4b in � 95:5 diasteromeric ratio.
The crude was purified on a silica gel (100–200 mesh) column chromatog-
raphy, elution gradient 0–20% EtOAc in hexane and the major diastereo-
isomer was collected.
(1S)-1-((4S,5R)-5-(1-hydroxy-2-(trityloxy)ethyl)-2,2-dimethyl-1,3-dioxo-

lan-4-yl)prop-2-yn-1-ol (4a): purified yield: 71.2%, white solid, (TLC: Rf

0.2, 20% EtOAc in hexane). [a]D
25: þ1.2 (c¼ 1.1, CHCl3); UV(MeOH)

kmax: 200.25 nm; mp: 127–129 �C; 1H NMR (300MHz, CDCl3) d: 1.32 (s,
3H), 1.33 (s, 3H), 2.51 (d, J¼ 1.8Hz, 1H), 3.09 (d, J¼ 3.3Hz, D2O
exchangeable, 1H), 3.34 (dd, J¼ 7.2 and 9.9Hz, 1H), 3.52 (dd, J¼ 3.0 and
9.9Hz, 1H), 3.86–3.91 (m, 1H), 4.03 (d, J¼ 4.8Hz, D2O exchangeable, 1H),
4.16 (dd, J¼ 5.1 and 9.6Hz, 1H), 4.29 (dd, J¼ 5.4 and 8.4Hz, 1H),
4.58–4.63 (m, 1H), 7.22–7.44 (m, 15H); 13C NMR (75MHz, CDCl3) d:
25.4, 27.7, 61.1, 64.8, 68.6, 73.6, 76.5, 79.9, 82.3, 87.1, 109.3, 127.2, 127.9,
128.5, 143.5; HRMS (ESI-Orbitrap) m/z: Exact mass calculated for
C29H30O5Na [MþNa]þ: 481.1991, found: 481.1993.
(1S)-1-((4S,5R)-5-(1-hydroxy-2-(trityloxy)ethyl)-2,2-dimethyl-1,3-dioxo-

lan-4-yl)but-2-yn-1-ol (4b): purified yield: 75.1%, white solid. (TLC: Rf 0.2,
20% EtOAc in hexane). [a]D

25: þ 4.90 (c¼ 0.1, CHCl3); UV(MeOH) kmax:
193.00 nm; mp: 96–98 �C; 1H NMR (400MHz, CDCl3) d: 1.31 (s, 3H), 1.33
(s, 3H), 1.88 (d, J¼ 1.6Hz, 3H), 3.11 (d, J¼ 3.6Hz, D2O exchangeable,
1H), 3.32 (dd, J¼ 6.8 and 9.6Hz, 1H), 3.50 (dd, J¼ 2.8 and 9.6Hz, 1H),
3.89 (dd, J¼ 3.9 and 7.2Hz, 1H), 3.91 (d, J¼ 4.4Hz, D2O
exchangeable, 1H), 4.13 (dd, J¼ 5.2 and 9.6Hz, 1H), 4.23 (dd, J¼ 5.2 and
8.4Hz, 1H), 4.54–4.58 (m, 1H), 7.22–7.44 (m, 15H); 13C NMR (75MHz,
CDCl3) d: 3.9, 25.5, 27.8, 61.3, 64.8, 68.6, 77.2, 77.7, 80.3, 81.9, 87.1, 109.1,
127.2, 127.9, 128.5, 143.6; HRMS (ESI-Orbitrap) m/z: Exact mass calculated
for C30H32O5Na [MþNa]þ: 495.2148, found: 495.2143.
General procedure for Rh-catalyzed stereospecific reductive carbocycli-

zation of 1,6-enynes (8a-b): To a stirred solution of 8a/8b (1.7mmol) in
96mL of 1,2-dichloroethane was degassed with argon gas for 30minutes.
rac-BINAP (0.15mmol) and [Rh(COD)2]BF4 (0.1mmol) were added to the
above reaction mixture and stirred at rt for 2 hours under hydrogen atmos-
phere (1 atm). The volatiles were removed under reduced pressure and
crude 9a/9b was purified on a silica gel (100–200 mesh) column chroma-
tography, elution gradient 0–8% EtOAc in hexane.
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(3aS,4S,6R,6aR)-2,2,6-trimethyl-5-methylene-6-(trityloxymethyl)tetra-
hydro-3aH-cyclo penta[d][1,3]dioxol-4-ol (9a): purified yield: 70%, white
solid. (TLC: Rf 0.3, 10% EtOAc in hexane). [a]D

20: �61.7 (c¼ 0.5, CHCl3);
UV (MeOH) kmax: 212.25 nm; mp: 144–146 �C; 1H NMR (300MHz,
CDCl3) d: 1.10 (s, 3H), 1.30 (s, 3H), 1.36 (s, 3H), 2.34 (d, J¼ 10.8Hz, D2O
exchangeable, 1H), 2.90 (s, 2H), 4.27 (d, J¼ 5.7Hz, 1H), 4.49 (t, J¼ 6.0Hz,
1H), 4.56–4.62 (m, 1H), 5.04 (d, J¼ 2.4Hz, 1H), 5.35 (d, J¼ 1.8Hz, 1H),
7.20–7.39 (m, 15H); 13C NMR (75MHz, CDCl3) d: 16.8, 24.5, 26.1, 47.1,
70.6, 73.1, 77.7, 83.7, 87.0, 108.6, 110.1, 127.0, 127.8, 128.6, 143.6, 156.9;
HRMS (ESI-Orbitrap) m/z: Exact mass calculated for C30H32O4Na
[MþNa]þ: 479.2198, found: 479.2197.
(3aS,4S,6R,6aR,Z)-5-ethylidene-2,2,6-trimethyl-6-(trityloxymethyl)tetra-

hydro-3aH-cyclopenta[d][1,3]dioxol-4-ol (9b): purified yield: 65%, color
less thick liquid. [a]D

25: �28.8 (c¼ 0.45, CHCl3); mp =95–98 �C; UV
(MeOH) kmax: 200.28 nm; 1H NMR (400MHz, DMSO-d6) d: 0.94 (s, 3H),
1.24 (s, 3H), 1.35 (s, 3H), 1.83 (dd, J¼ 1.6 and 7.2Hz, 1H), 2.75 (s, 2H),
4.04 (d, J¼ 6.4Hz, D2O exchangeable, 1H), 4.13 (d, J¼ 5.2Hz, 1H), 4.39
(t, J¼ 6.4Hz, 1H), 4.57–4.60 (m, 1H), 5.33–5.36 (m. 1H), 7.21–7.36 (m,
15H); 13C NMR (75MHz, DMSO-d6) d: 13.7, 18.0, 25.0, 26.0, 46.7, 71.2,
71.8, 78.6, 84.3, 86.3, 109.6, 121.0, 126.5, 127.0, 128.2, 143.5, 147.7; HRMS
(ESI-Orbitrap) m/z: Exact mass calculated for C31H34O4Na [MþNa]þ:
493.2355, found: 493.2353.
General procedure for synthesis of target aristeromycin analogs (10a-

b):To a mixture of N6,N6-Bis(tert-butoxycarbonyl)adenine (0.82mmol), 9a/
9b (0.63mmol) and Ph3P (1.59mmol) in 6mL dry THF was added DIAD
(1.75mmol) drop wise at 5–10 �C under argon atmosphere and stirring was
continued at rt for 1 hour. Completion of reaction was monitored by TLC,
solvent evaporated under reduced pressure and the crude was carried for-
ward to the next step without purification. The deprotection of acetonide,
Boc and trityl protecting groups was carried out by stirring in 2ml
TFA:water (8:2) for 0.5 hour at rt. After completion (monitored by TLC),
the reaction mixture was neutralized by sat. NaHCO3 solution and purified
on a silica gel (100–200 mesh) column chromatography, elution gradient:
0–9% MeOH in CH2Cl2.
(1S,2R,3R,5R)-5-(6-amino-9H-purin-9-yl)-3-(hydroxymethyl)-3-methyl-

4-methylene cyclopentane-1,2-diol (10a): purified yield: 60%, off white
solid (TLC: Rf 0.1, 10% MeOH in CH2Cl2). [a]D

25: -10.4 (c¼ 0.25, DMSO);
mp: 63–67 �C; UV (MeOH) kmax: 204.25, 216.25 and 259.25 nm; 1H NMR
(400MHz, CD3OD) d: 1.2 (s, 3H), 3.54 (d, J¼ 11.2Hz, 1H), 3.74 (d,
J¼ 11.2Hz, 1H), 4.03 (d, J¼ 4.4Hz, 1H), 4.67 (d, J¼ 2.4Hz, 1H), 4.87 (dd,
J¼ 4.8 and 7.2Hz, 1H), 5.14 (d, J¼ 3.2Hz, 1H), 5.40–5.44 (m, 1H), 8.20
(s, 1H), 8.25 (s, 1H); 13C NMR (75MHz, DMSO-d6) d: 18.8, 49.6, 62.9,
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69.1, 73.3, 73.7, 108.5, 118.9, 141.4, 149.4, 150.3, 154.1, 154.6; HRMS (ESI-
Orbitrap) m/z: Exact mass calculated for C13H17N5O3 [MþH]þ: 292.1401,
found: 292.1394
(1S,2R,3R,5R,Z)-5-(6-amino-9H-purin-9-yl)-4-ethylidene-3-(hydroxy-

methyl)-3-methyl cyclopentane-1,2-diol (10b): purified yield: 55%, off
white solid. (TLC: Rf 0.1, 10% MeOH in CH2Cl2). [a]D

20: -17.7 (c¼ 0.1,
MeOH); mp: 138–140 �C; UV (MeOH) kmax: 204.25, 220.25 and
260.25 nm 1H NMR (400MHz, CD3OD) d: 1.08 (dd, J¼ 1.2 and 6.8Hz,
3H), 1.14 (s, 3H), 3.58 (d, J¼ 11.2Hz, 1H), 3.71 (d, J¼ 10.8Hz, 1H), 4.00
(d, J¼ 4.0Hz, 1H), 4.63 (dd, J¼ 4.8 and 7.2Hz, 1H), 5.43 (dd, J¼ 2.0 and
5.2Hz, 1H), 5.64–5.66 (m, 1H), 8.16 (s, 1H), 8.26 (s, 1H); 13C NMR
(100MHz, CD3OD) d: 13.1, 20.1, 52.0, 63.9, 71.5, 76.7, 78.2, 120.3, 125.1,
142.8, 143.1, 150.1, 153.1, 157.5; HRMS (ESI-Orbitrap) m/z: Exact mass cal-
culated for C14H20N5O3 [MþH]þ: 306.1566, found:306.1535.
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