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The reaction of 3-methyseleno-2-methylselenomethyl-propene with benzyl 2,3-anhydro-4-0O-triflyl-
B-L-ribopyranoside provides a major convenient enantiomeric product of 1-methylene-(benzyl3,
4-dideoxy-o-D-arabinopyranoso)-[3,4-c]-cyclopentane, with benzyl-2,3-anhydro-4-deoxy-4-C-(2-
methyl- propen-3-yl)-o-D-lyxopyranoside as a minor product. While the reaction of 3-methyseleno-2-
[methylselenomethyl]-propene with benzyl 2,3-anhydro-4-O-triflyl-o-D-ribopyranoside produces a good
yield of benzyl-2,3-anhydro-4-deoxy-4-C-(2-methylpropen-3-yl)-o-D-lyxo-pyranoside. Molecular mod-
eling and molecular dynamics simulations indicate that the intermediate in the reaction of the B-L sugar
frequently occupies an optimal conformation that leads to the formation of cyclopentane, while the in-
termediate in the reaction of the o-D sugar has a very small probability. The results point to the dominant

Keywords:
Asymmetric synthesis
Cyclopentane
Molecular modeling

Molecular dynamics

role of the B-L sugar intermediate in controlling the cyclopentane formation.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The construction of asymmetric cyclopentanemoieties has re-
ceived much attention in recent years due to their diversity and
frequency of multifunctional five-membered carbocyclic struc-
tures in natural products and their interesting biological activities.!-
Moreover, the significance of the development of new synthetic strat-
egies leading to construct such diverse complex molecular structures
arises due to their essential need in total synthesis of natural prod-
ucts and the high demand for synthetic strategies, which can provide
alternative and practical methods for the synthesis of pharmaceu-
ticals and agrochemicals. Pactamycin (1) and pactamycin derivative
(2) have been shown to possess antitumor and antibacterial
activities* whereas CCR5 (3) has been reported as an anti-HIV drug
candidate.” Viridenomycin (4) have shown potent antimicrobial
activities® against Gram positive and negative organisms (Fig. 1).

Although, many methods for the construction of cyclopentane
rings onto preexisting cyclic compounds are reviewed,”"!'! one of the
most straightforward methods, the annelation of a cyclopentane ring
on a pyranoside nucleus has not been reported, to the best of our
knowledge. In the present work, we describe a one-step regio- and
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stereo-selective annelation of highly functionalized cyclopentane
on pyranoside ring.

We have previously reported several methods for the asymmet-
ric synthesis of heterocyclic systems; e.g. piperazines,'?
morpholines,'® cyclic trithiocarbonates'* and thiazolidines'® using
carbohydrates as chiral scaffolds. Our basic strategy involves ste-
reospecific nucleophilic substitution of the triflate group followed
by intramolecular nucleophilic opening of the adjacent epoxy group.
In continuation of our efforts on the development of novel syn-
thetic strategies for asymmetric construction of complex molecular
structures, we utilized the reaction of 3-methyseleno-2-
[methylselenomethyl]-propene!'® (5, Scheme 1), as a valuable reagent,
able to transfer a four carbon unit to various derivatives with the
B-L-anhydro triflate 6 and its o-D isomer 7.

2. Results and discussion
2.1. Synthesis

The synthesis of B-L-anhydro triflate 6 was successfully achieved
in six steps,!” starting from the commercially available L-arabinose
and following a multi-step synthetic strategy including benzylation,
selective protection, tosylation, deprotection, intramolecular Sy2 re-
action, and triflation. On the other hand, the synthesis of the o-D-
isomer 9 was prepared in eight steps following an alternative
procedure’® which includes benzoylation, Sx2 reaction, deprotection,
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Fig. 1. Representative structures of cyclopentane-containing natural products.

intramolecular Sy2 reaction, and triflation. The reaction of the in-
termediary reagent 3-lithio-2-[lithiomethyl]-propene (formed from
the sequential addition of two equivalents of sec-BuLi to 5 in THF
at -78 °C) with the sugar triflate 6 at the same temperature leads
to the formation of 1-methylene-(benzyl3,4-dideoxy-o-D-arabino-
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Scheme 1. Synthesis of 7 and 8 (a) sec-BuLi, THF, -78 °C.
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Scheme 2. Synthesis of 10 and 11 (a) sec-BuLi, THF, -78 °C.

pyranoso)-[3,4-c]- cyclopentane (8) and benzyl-2,3-anhydro-4-
deoxy-4-C-(2-methyl-propen-3-yl)-o-D-lyxo-pyranoside (7), in 77
and 5% yield, respectively (Scheme 1).

Surprisingly when the same reaction conditions were applied
to the o-D-anhydro triflate isomer 9, the major product was the non-
cyclized product 10 in 60% yield and there were no traces for the
formation of the expected cyclopentane derivative 11 as shown in
Scheme 2. We tried several reaction conditions, but did not detect
any traces of 11. These included changing the equivalents of sec-
BulLi (one to five equivalents), changing the solvent of the reaction
(diethylether) and changing the temperature of the reaction (from
—-78 °C to room temperature), after the formation of the carbanion
intermediate at -78 °C.

Despite all attempts to vary the reaction conditions, the major
product in the reaction of o-D- isomer 9 is always the non-cyclized
compound 10. The combined use of 2D homo- and hetero-nuclear
chemical shift correlation spectroscopy allowed the unambiguous
and complete assignment of the proton and carbon chemical shifts
of the new cyclopentane derivative 8. Thus, in the "H NMR spec-
trum of 8, H-1 appears as a doublet with (J=4.3 Hz) at 6 =4.27 ppm,
representing diequatorial relationship with H-2. The predominant
conformation is therefore “C;. Successful transformation of the sugar
triflate 6 into the cyclopentane derivative 8 is manifested in the dis-
appearance of the two oxirane ring peaks in the '*C NMR spectrum
(normally appear at around 50-52 ppm in the sugar triflate 6) and
the appearance of two upfield peaks at 4 =39.4 and 43.5 ppm, cor-
related to C-3 and C-4, respectively. In the '*C NMR spectrum of 7,
the two oxirane ring peaks resonate at §=50.1 and 54.2 ppm and
the appearance of a singlet methyl peak at 6 = 1.75 ppm in the 'H
NMR spectrum prove the proposed structure of this minor product.

2.2. Theoretical modeling

We obtained average heats of formation (AH%) for the four com-
pounds at 298 K from 10 ns of semiempirical QM molecular
dynamics data (Table 1). The expected two reaction products 8 and
11 are found to have very similar heats of formation, to within the
calculation uncertainty. In contrast, the reaction intermediates 7’
and 10’ exhibit different AH% values. 7’, the intermediate through
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Table 1
Calculated heat of formation for the prepared compounds

Compound Net charge AH% [kcal/mol]
7 -1 -16.5+04
10’ -1 -133+0.2
8 0 -38.5+0.2
11 0 -38.4+0.2

which the reaction is known to proceed was found to be 3.2 kcal/
mol enthalpically more stable than 10’. Error estimates from batch
averaging over 1 ns trajectory subsets show the difference to be sig-
nificantly above the expected margin of error. We have analyzed
the conformational ensembles of 7" and 10’ to determine the struc-
tural reasons underlying their different stabilities.

Conformational fluctuations over 10 ns trajectory lengths
were similar for all four compounds, with all-atom rmsd-values
of ca. 2.4 +0.4 A in all cases (data not shown). For a more detailed
look at the structures, we have defined five geometrical param-
eters, the three dihedral angles o, B and v, the distance d and the
angle 9.

Dihedral oo measures the orientation of the sec-butyl group with
respect to the neighboring epoxide carbon ring atom. If it occu-
pies the trans (o ca. 180°) or one of the gauche (o ca. 60°)
conformation, the carboanion points away from the tetrahydropyran
ring. In the second gauche (o ca. 300°) conformation, the sec-
butyl group lies perpendicular to the tetrahydropyran ring, with the
carboanion close to its future point of attack at the epoxide carbon
atom. For 7’, the second gauche conformation is observed fre-
quently (in 36% of MD snapshots), while it rarely occurs in 10’ (in
14% of MD snapshots). This influences the average distance d
between the carboanion and epoxide carbon only slightly (3.39 A
in 7’ and 3.48 A in 10"), but very small values of d below 3 A, ef-
fectively moving the carboanion along the reaction pathway for the
epoxide ring opening, are observed more frequently in 7’ than in
10’ (5% and 2.7% of MD snapshots respectively). This indicates that
intermediate 7’ frequently occupies an optimal conformation for the
following cyclopentane formation reaction, while 10" does so more
rarely.

The tetrahydropyran ring is fairly rigid due to the epoxide ring.
It occupies mainly two different conformations, measured by the
dihedral B, in all four molecules. We label these conformations
‘twist1’ (B > 0) and ‘twist2’ (B < 0). In the ‘twist1’ conformation, the
ring oxygen and epoxide oxygen lie on the same side of the six-
membered ring, in the ‘twist2’ conformation on opposite sides. In
the reaction products, the fused cyclopentane ring results in favor-
ing the ‘twist1’ conformation (in 93% and 69% of MD snapshots for
8 and 11, respectively). In the reaction intermediates, 7’ favors the
‘twist1’ conformation, but 10" does not (found in 68% and 41% of
MD snapshots, respectively). Therefore, the 7 intermediate is more
likely to occupy a ring conformation close to the final reaction
product than 10".

The dihedral angle y describes the orientation of the benzyl
residue with respect to the ring oxygen. For 7’ a strong preference
for a gauche-like conformation is found (7y ca. 280°, in 71% of MD
snapshots) in which the benzyl group lies perpendicular to the
tetrahydropyran ring opposite of the epoxide functionality (Fig. 2).
No clear preference for yis found for 10". In the final products, y is
found to predominantly cluster around 120° for 8 and 240° for 11.
Due to the different chiralities, both conformations result in the
benzyl residue pointing away from the fused rings.

QM molecular dynamics simulation provides additional in-
sights into the molecular structure underlying the observed reaction
pathways. We find one of the reaction intermediates, 7, to be
more stable than the diastereomeric 10". A conformational analy-
sis shows that the different chiralities allow a bent conformation

111

Fig. 2. Typical structures of the reaction intermediate products and definition of ge-
ometrical parameters. Hydrogen atoms are omitted for clarity. (I) Typical MD structural
snapshot of 7°. Both the sec-butyl and benzyl group lie on the same side of the
tetrahydropyran ring, opposite of the epoxide functionality. The ring oxygen occu-
pies the ‘twist1’ conformation. The three dihedral angles o, B and y and distance d
are indicated. (Il) Definition of the angle 8, between the center of mass of the sec-
butyl group, tetrahydropyran ring and phenyl residue. (IIl) Typical structural snapshot
of II. The sec-butyl and benzyl group point away from the tetrahydropyran ring. The
ring oxygen occupies the ‘twist2’ conformation.

in which the carboanion is stabilized by the nearby phenyl group
in 7" only. While no reaction rates or barriers can be inferred from
the simulations, we could identify unequal stabilization of the
reaction intermediates as the reason why product 8 is readily
formed and 11 is not.

Our use of a semiempirical quantum mechanics description
renders our results free of some of the approximations in classical
force fields, e.g. accounting for electronic polarization effects and
avoids the need to determine empirical parameters for novel com-
pounds. Due to the moderate computational cost of such calculations,
we therefore believe that QM MD simulations of small organic mol-
ecules can serve as useful tools for organic chemists. While
semiempirical QM models like PM3 do contain significant param-
eterization, they offer at least a simplified electronic structure model
of the system and unlike molecular mechanics models allow for e.g.
electronic polarization effects.

3. Conclusion

In this work, we tested a new methodology toward stereoselective
synthesis of chiral cyclopentane based on the reaction
of 2,3-anhydropentose as chiron with 3-methyseleno-2-
methylselenomethyl-propene. Theoretical modeling provided
evidence for the formation of benzyl-2,3-anhydro-4-deoxy-4-C-(2-
methyl-propen-3-yl)-o-D-lyxopyranoside. We find that 7" is more
likely to adopt a product like conformations than 10". In 7/, the benzyl
and sec-butyl group typically lie close to each other and perpen-
dicular to the six-membered ring, leading to possible stabilization
of the carboanion.

4. Experimental and theoretical methods
4.1. General

All solvents were dried by standard methods and all reactions
were carried out under inert atmosphere (argon). Deuterated sol-
vents were used for the 'H and *C NMR measurements. Mass
spectrometric data (MS) were obtained by fast atom bombard-
ment (FAB-MS). For the preparative scale chromatography, silica gel
(60-100 mesh) was used.
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4.2. Synthesis

4.2.1. Synthesis of 3-methylseleno-2-methyl-selenomethyl-1-
propene (5)

The selenium reagent has been synthesized following litera-
ture procedure.'® Yellow oil; yield: 75%; 'TH NMR (250 MHz, CDCl;):
8=1.90 (s, 6H, SeCHs, Se’CHs), 3.33 (s, 4H, CH,SeCHs, CH,’SeCHs),
4.88 (s, 2H, CH,=C). GASPE NMR (63 MHz, CDCl;): 6 =4.4 (SeCHs,
Se’CH3), 28.8 (CH,SeCHs;, CH,’SeCHs), 113.9 (CH,=C), 141.7 (CH,=C).

4.2.2. The reaction of B-L-anhydro triflate 6 with 3-methyseleno-2-
[methylselenomethyl]-propene (5)

A total of 266mg, 1 mmol, of 3-methyseleno-2-
[methylselenomethyl]-propene (5) in 20 mL THF was cooled under
argon to -78 °C. A solution of sec-butyllithium (0.92 mL, 1.2 mmol,
1.3 M in cyclohexane) was slowly added over a period of 10 min.
After stirring for 1 h, another 0.92 mL of sec-butyllithium was added
and the reaction mixture was stirred for an additional hour. A so-
lution of sugar triflate 6 (354 mg, 1 mmol) in 5 mL THF was slowly
added and the stirring was continued for another 8 h at -78 °C,
whereby the TLC showed no starting material. The reaction was
quenched with a saturated NH4CI solution (5 mL) and extracted with
EtOAc (3 x 30 mL). The combined organic layers were dried over
Na,S0, and concentrated under reduced pressure to afford a yellow
oil which showed two spots on TLC in CHCl; (R¢=0.4 as a major
product and R¢=0.82 as a minor product). The mixture was puri-
fied by column chromatography to yield 7 and 8.

4.2.2.1. Benzyl-2,3-anhydro-4-deoxy-4-C-(2-methylpropen-3-yl)-o-D-
lyxopyranoside (7). Yellow oil; 13 mg (5% yield); 'TH NMR (250 MHz,
CDCls): 8=7.25-7.38 (m, 5H, CsHs), 5.05 (s, 1H, H-1), 4.83 (bs, 2H,
C=CH,), 4.79 (d, ] = 11.9 Hz, 1H, OCHHPh), 4.55 (d, ] = 11.9 Hz, 1H,
OCHHPh), 3.41 (d, ] =9.01 Hz, 1H, H-5), 3.40 (d, ] = 8.0 Hz, 1H, H-5"),
3.12, 3.05 (d, ]=3.9, 3.7 Hz, 1H, 1H, H-2, H-3), 2.29 (m, 1H, H-4),
2.05 (m, 2H, —CH,), 1.75 (s, 3H, CH3—C(CH,)=CH,). GASPE NMR
(250 MHz, CDCl;): =22.2 (C-4), 30.4 (CH;—C(CH,)=CH,), 38.1
(CH;—C(CH,)=CH,), 50.1, 54.2 (C-2, C-3), 59.8 (C-5), 69.9 (OCH,Ph),
94.3 (C-1),112.9 (C=CH,), 128.0-128.6, 137.4 (CsHs), 141.6 (C=CHs).
FAB-MS: m/z (%): 261 [M* + 1]; calculated for C;6H2003: 260.33. Anal.
calcd for Ci6H2005 (260.33): C, 73.81; H, 7.75. Found: C, 73.59; H,
7.62.

4.2.2.2. 1-Methylene-(benzyl 3,4-dideoxy-c-D-arab-inopyranoso)-
[3,4-c]cyclopentane (8). White solid; m.p. 118-119 °C; 0.201 g (77%
yield); [0]?*°p = +35.9° (c = 0.20, CH,Cl,); '"H NMR (400 MHz, CDCls):
8=7.27-7.34 (m, 5H, CsHs), 4.92 (bs, 2H, C=CH,), 4.88 (d, ] =11.7 Hz,
1H, OCHHPh), 4.55 (d, ] = 11.7 Hz, 1H, OCHHPh), 4.27 (d, ] =4.3 Hz,
1H, H-1), 3.86 (dd, ] = 2.2, 12.1 Hz, 1H, H-5), 3.71 (dd, ] = 3.6, 12.1 Hz,
1H, H-5%),3.28 (ddd, ] = 2.2, 7.2,9.4 Hz, 1H, H-2), 2.61, 2.33-2.47 (ddd,
m, J=1.8,3.1, 171 Hz, 1H, 3H, Ce—H, Cs-H), 2.21 (m, 1H, H-4), 2.22
(d, J=2.7 Hz, 1H, O-H), 2.05 (m, 1H, H-3). GASPE NMR (100 MHz,
CDCl5): 6=33.9, 36.8 (C-6, C-8), 39.4 (C-3), 43.5 (C-4), 65.1 (C-5),
70.0 (C-2), 70.4 (OCH,Ph), 103.4 (C-1), 107.5 (C=CH,), 127.8-
128.0, 137.0 (CsHs), 149.9 ((=CH,). FAB-MS: m/z (%): 261 [M*+1];
calculated for Ci6H2003: 260.33. Anal. calcd for Ci6H2003 (260.33):
C, 73.81; H, 7.75. Found: C, 73.66; H, 7.64.

4.2.3. The reaction of a-D-anhydro triflate 9 with 3-methyseleno-2-
[methylselenomethyl]-propene (5)

The reaction of o-D-anhydro triflate 9 with 3-methyseleno-2-
[methylselenomethyl]-propene (5) was carried out following the
same reaction conditions described above to yield exclusively the
non-cyclized product (10).

4.2.3.1. Benzyl-2,3-anhydro-4-deoxy-4-C-(2-methylpropen-3-yl)-p-L-
lyxopyranoside (9). Yellow oil; 0.301 g (78% yield); 'H NMR (250 MHz,
CDCls): §=7.29-7.40 (m, 5H, C¢Hs), 5.01 (d, ] = 2.4 Hz, 1H, H-1), 4.87
(bs, 2H, C=CH,), 4.79 (d, ] = 12.2 Hz, 1H, OCHHPh), 4.60 (d, ] = 12.6 Hz,
1H, OCHHPh), 3.86 (dd, ] =3.4, 12.5 Hz, 1H, H-5), 3.66 (d, ] = 12.8 Hz,
1H, H-5") 3.34 (m, 2H, H-2, H-3), 2.33 (m, 1H, H-4), 2.12 (m, 2H,
—CH,), 1.71 (s, 3H, CHs—C(CH,)=CH,). GASPE NMR (250 MHz, CDCl;):
8=21.2 (C-4), 31.2 (CH3—C(CH,)=CH,), 38.5 (CH3—C(CH,)=CH>) 51.1,
51.8 (C-2, C-3), 57.0 (C-5), 69.1 (OCH,Ph), 92.4 (C-1), 127.8-128.5,
137.6 (C¢Hs). FAB-MS: m/z (%): 261 [M* + 1]; calculated for C1gH2005:
260.33. Anal. calcd for Cy6H2005 (260.33): C, 73.81; H, 7.75. Found:
C, 73.70; H, 7.82.

4.3. Theoretical modeling

All simulations were conducted using the quantum mechani-
cal MD module' in version 11 of the Amber MD package.?’ The four
studied compounds 7’, 10°, 8 and 11 were sketched by hand and
transformed into 3D-structures. The semiempirical PM3
Hamiltonian?! combined with a Generalized Born implicit solvent
model*?~2* was used as potential function. Using implicit solvation
clearly introduces approximations due to the continuum nature of
the solvent model. We have chosen the GB solvation model over
the alternative of a QM/MM model with explicit solvation primar-
ily for sake of computational efficiency and to avoid adding a QM/
MM boundary into the system. In addition, for explicit solvation
models of organic solvents reliable parameters are less well estab-
lished than for water models. The employed implicit solvent model
of THF therefore appears to be an efficient solution. An external di-
electric constant of 7.6 was used to approximate THF solvation.
Dynamics simulations were conducted using a 2 fs timestep, Ve-
locity Verlet integrator and infinite van-der-Waals and Coulomb
cutoff without periodic boundary conditions. Bond lengths involv-
ing hydrogen atoms were constrained using the SHAKE algorithm?
and the system temperature was coupled to an external bath via a
Langevin thermostat with coupling constant of 2 ps~1.25%7 Previous
to production simulations, all molecules were subjected to a simu-
lated annealing procedure to remove starting structure bias. The
equilibration protocol included 500 steps of steepest descent min-
imization, followed by a 100 ps heating to 298 K. This was followed
by ten repetitions of a heating/cooling cycle alternating between
100 ps MD at 450 K and 100 ps simulations cooling to 298 K. After
equilibration, data collection MD simulations were run for 10 ns at
298 K. Simulations progressed at 2.5 ns/day for single CPU pro-
cesses on common hardware.

The dihedral angles o and y which define the orientation of the
sec-butyl and benzyl groups, respectively, are shown in (Fig. 3). The
dihedral angle B defines the tetrahydropyran ring twist. The dis-
tance d between the carboanion and its point of attack is also
indicated.

Each 10 ns trajectory was divided into three clusters using the
means algorithm of the ptraj module in Amber.?® A representative
structure is shown for each cluster in (Fig. 4) (top to bottom rows:
7’,10’, 8 and 11). Numbers below each conformation indicate the
size of the conformational cluster compared to the full trajectory.

Fig. 3. Definition of geometrical parameters.
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Fig. 4. Clustering analysis and 2D-rmsd values for all studied molecules. Hydro-
gen atoms are omitted for clarity.

The reaction intermediates 7” and 10" adopt preferably compact
folded and elongated conformations, respectively. The carboanion
is located closer to its point of attack in the six-membered ring in
7’ than in 10". For the final products 8 and 11, the fused rings inhibit
conformational flexibility and the conformational clusters differ
mainly in the orientation of the benzyl chain. Below: 2D rmsd plots
for the clustered trajectories give an indication of similarity between

clusters (from left to right: 7’, 10°, 8 and 11). Lighter colors indi-
cate higher similarity of structures. Notably, for 7’ the cluster 2 is
fairly different from clusters 1 and 3.
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