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ABSTRACT: To determine which sugar conformation is favorable Charette A H

in binding to peroxisome proliferator-activated receptors, the cy;:{)’r“o’;‘::";;o“ OH NW
conformationally locked south (S) and north (N) analogues were - @( — Q( N:<N |
asymmetrically synthesized using a bicyclo[3.1.0]hexane template. 1 o ageontolef” 1% oo X

The (S)-conformer was synthesized by employing “reagent- OPMB / e A

» : . 3 south conformation (X = H or CI
controlled” Charette asymmetric cyclopropanation in a 100% et

stereoselective manner, whereas the (IN)-conformer was stereo- , H
: i i P » 0.0 hydroxyl-directed fN N
selectively synthesized by using “substrate-controlled” hydroxyl- X \ OPMB  Simmans-Smith OH N W
directed Simmons—Smith cyclopropanation as a key step. yclopropanaton . ﬁ( N |
O OH "substrate-controlled" A0 OAc O OH X
north conformation (X = H or Cl)
onformational restriction is a useful strategy for metabolic diseases associated with hypoadiponectinemia.
medicinal chemists to increase potency and selectivity Those 1’-homologated nucleosides abolished typical binding
against physiological targets by limiting flexible conforma- to adenosine receptors and polymerases, making them
tions.” Since only certain conformations are expected to be inactive." In view of medicinal chemistry, this finding looks
optimal for effective binding with the target enzyme, important in that it opened up a novel scaffold for the
nucleos(t)ides with a fixed conformation are desirable for development of pure PPAR modulators.
further and accurate study of the role of conformation in On the basis of the interesting biological activity of 1 and 2
biological interactions. It is well-known that the normal ribose acting as PPARy/8 dual modulators (Figure 1), we wanted to

ring of nucleosides is in a dynamic north (N)/south (S)
equilibrium in the solution state. Since the energy barrier

N R
between this equilibrium is less than 4 kcal/mol, it has been N/
very difficult to confirm whether the N or S conformation is Fixed South N |
suitable for proper binding to the target enzyme or receptor for Conformer WO oM X

nucleosides locked in either north or south conformations
. . . HO OH
were utilized to confirm which conformation was favorable for

N H
maximal biological activity.” As a notable approach to resolving r\‘:)/\\(N 3 3a(x=H)
this problem, it is also widely known that bicyclo[3.1.0]hexane - 9 :<N | 3b (X = CI)
cl N oHd
F N
. ) N . 1(x=0) N\)\‘%

target proteins. One representative case is a discernment in the 2(X=5) @/ N:( |

X

Fixed North

optimal ribose pucker of them, zidovudine (AZT) and its Conformer WO OH
active form AZT S5'-triphosphate, and consequently, the S 4 4ax=H)
conformation was required for phosphorylation, and the N 4b(x = Cl)

conformation for a better interaction with HIV reverse
transcriptase.”* " On the basis of this conformational analysis,
a prodrug approach to the N conformation might be a practical
application in that phosphorylation is the rate-determining step
for antiviral agents. Other noteworthy cases were exemplified
by herpes thymidine kinase,*** adenosine kinase,” and several
subtypes of adenosine receptors.’®

We recently reported that novel peroxisome proliferator-
activated receptor (PPAR) y/8 dual modulators (1 and 2),
which function as both PPARy partial agonists and PPARS
antagonists, have therapeutic potential against cancer and

Figure 1. Truncated 1’-homologated adenosine derivatives as
PPARy/6 dual modulators 1 and 2, and their conformationally rigid
analogues 3 and 4.
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identify which conformation is more favorable for binding to
PPARy/5. To achieve this goal, we adopted a bicyclo[3.1.0]-
hexane template to restrict sugar puckering. Thus, we designed
conformationally rigid southern C3’-exo conformer 3 and
northern C3’-endo conformer 4, using a bicyclo[3.1.0]hexane
carbasugar. These target nucleosides are expected to mimic
normal furanose ring puckering in the classical north and south
conformations. Although several groups have reported the
elegant syntheses of (N)-methanocarba nucleosides,” only very
few syntheses of (S)-methanocarba nucleosides have been
reported with a low diastereoselective ratio under intra-
molecular cyclopropanation of a y,0-unsaturated dlazocarbonyl
compound, and extremely low overall yields (Figure 2).° Thus,
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Figure 2. Previous syntheses of (S)-methanocarba nucleosides.

it intrigued us to develop an efficient synthetic strategy,
employing highly diastereoselective cyclopropanation. Herein,
we describe the asymmetric synthesis of truncated 1'-
homologated (S)- and (IN)-methanocarba nucleosides 3a, 3b
and 4a, 4b with highly diastereoselective cyclopropanation.
Scheme 1 illustrates the retrosynthetic analysis of target
nucleosides 3 and 4. It was envisioned that desired (S)-
nucleosides 3 and (N)-nucleosides 4 could be obtained by the
Mitsunobu condensation of (S)-alcohol S and (N)-alcohol 7
with a purine base, respectively. It was thought that (S)-alcohol
Sa could be achieved by the Charette asymmetric cyclo-
propanation of allylic alcohol 6. On the other hand, (N)-
alcohol 7 could be derived from 8, using hydroxyl-directed
Simmons—Smith cyclopropanation® to achieve the desired a-
cyclopropane. The allylic alcohol 6 could be prepared from 9
through the Swern oxidation and in situ isomerization of
alkene, while another substrate 8 could be easily synthesized
from the same intermediate 9. It was envisaged that common
intermediate 9 could be derived from 10 via Ireland—Claisen
rearrangement and Barton’s decarboxylation, in which the
chirality of C4 in 10 would be transferred to C1 in 9.
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Scheme 1. Retrosynthetic Analysis of Truncated 1’-
Homologated (S)- and (N)-Methanocarba Nucleosides 3
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Compound 10 would be derived from known cyclopentenone
11 using stereoselective reduction and the Mitsunobu reaction.
Compound 11 was efficiently derived from p-ribose.

Our initial approach to build a cyclopropane ring in
truncated 1’-homologated (S)-methanocarba nucleosides 3
employed “substrate-controlled” hydroxyl-directed cyclopro-
pantion, as shown in Scheme 2. p-Ribose was converted to
known cyclopentenone 11 according to our previously
reported procedure.” Stereoselective Luche reduction of 11
afforded alcohol 12 in 95% yield, which was subjected to the
Mitsunobu reaction using 4-methoxyphenylacetic acid, DIAD,
and PPh; to afford ester 10 in 73% yield. The Ireland—Claisen
rearrangement of 10 produced inseparable diastereomeric
mixture 13 (1.2:1, determined by 'H NMR) in 88% yield.
Barton’s decarboxylation of carboxylic acid 13 in the presence
of tert-butylthiol provided common intermediate 9, which can
also serve as the substrate for the synthesis of the (N)-
conformer. Deprotection of the PMB group of 9 with DDQ
yielded primary alcohol 14 in 88% yield. Oxidation of 14
yielded a f3,y-unconjugated aldehyde, which was spontaneously
isomerized to a,f-conjugated aldehyde 15 in 72% yield under
Swern oxidation conditions. Reduction of 15 with NaBH,
afforded allylic alcohol 6, which was subjected toTBDPS
protection and acetonide deprotection to give diol 17.

https://doi.org/10.1021/acs.joc.1c00705
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Scheme 2. Initial “Substrate-Controlled” Cyclopropanation
Approach to Construct the Cyclopropane Ring of (S)-
Conformer 18
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Compound 17 was expected to act as a good substrate for
hydroxyl-directed Simmons—Smith cyclopropanation for the
synthesis of the (S)-conformer since Marquez and co-workers
reported successful Simmons—Smith cyclopropanation with
desired diastereoselectivity using a similar diol substrate 19."
However, cyclopropanation of diol 17 under various
Simmons—Smith reaction conditions produced desired (S)-
conformer 18 in negligible amounts.

Thus, we changed our strategy to construct the (S)-
cyclopropane ring, opting for the Charette asymmetric
cyclopropanation of allylic alcohol 6 (Table 1). The
introduction of a cyclopropane ring to 6 in the desired «
face was the key for the synthesis of (S)-methanocarba
nucleosides 3. It was thought that, under Simmons—Smith
cyclopropanation, undesired f-cyclopropane Sf would be
more dominant than desired a-cyclopropane Sa because of
the bulky acetonide and the hydroxymethyl group in the sp*
geometry lacking facial selectivity. Interestingly, cyclopropana-
tion of 6 with diethylzinc and diiodomethane afforded a 2:1
diastereomeric mixture in favor of the S isomer unlike our
expectation (entry 1). This result could be explained by
previous reports on a directing effect of acetonide oxygens.'' It
was speculated that the electronic effect of directing zinc
carbenoid overwhelmed a steric effect of the acetonide group.

To increase the formation of @-cyclopropanation, we turned
our attention to Charette asymmetric cyclopropanation, in
which the chiral controller determines the stereochemical
outcome of cyclopropanation. Although there have been many
reports on the use of Charette asymmetric cyclopropanation in
acyclic s_;fstems, > only a few cyclic systems have been
reported.” " Delightfully, Charette cyclopropanation of 6
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Table 1. Charette Asymmetric Cyclopropanation of Allylic
Alcohol 6

T o

chiral dioxaborolane ligand

o><) ZNn(CHyl),*DME, CH,Cl, O)QO o)<) OH
6 Sa 5B
chiral ligand: Me;NOG,  CONMe, Me;NOC_  CONMe;
0.5 0.5
BU BU
L1 L2
entry chiral ligand time (h) temp (°C) ratio (Sa:5f8) yield® (%)
1“ 46 0 to 23 2:1° 52
2t L1 38 —-15t0 23 Sa only” 88
3t L2 70 -15t0 23 5f only? 65

“Reactions were carried out by mixing 2.0 equiv of the preformed zinc
reagent (Zn(CH,I),) with 6 at 0 °C and finally warming to 23 °C
(Zn(CH,I), was added at 24 h intervals). bReactions were carried out
by mixing 2.0 equiv of preformed zinc reagent (Zn(CH,I),-)DME)
with 1.2 equiv of chiral ligand (L1 or L2) at —15 °C, then adding 6 at
—15 °C, and finally warming to 23 °C (Zn(CHZI)2 DME was added
at 24 h intervals). “Determined by crude 'H NMR. “Only a single
diastereomer was observed. “Isolated total yields after silica gel
chromatography.

with chiral dioxaborolane ligand L1 resulted in cyclo-
propanation on the more sterically congested side to afford
desired glycosyl donor 5 as a single stereoisomer in excellent
yield (entry 2). In contrast, chiral enantiomeric ligand L2
produced 56 as a single diastereomer in 65% yield (entry 3).
The stereochemistry of S and 5f was easily confirmed by 'H
NOE experiments (see the Supporting Information). The
proposed transition state for the Charette asymmetric
cyclopropanation is depicted in Figure 3. It was conjectured

T
'

Me;N O/“‘Zﬁ\CH{V
4 I/% Addition to a face
8
N
Me,N (8]

Figure 3. Proposed transition state for the Charette asymmetric
cyclopropanation of allylic alcohol 6.

that the zinc carbenoid was complexed simultaneously with
both the carbonyl amide of L1 and the oxygen of the allylic
alkoxide 6, in coordination with the acetonide oxygen. This
coordination seems to play a key role for delivering methylene
to alkene from the a phase, resulting in asymmetric a-
cyclopropanation.

Sa was condensed with 6-chloropurine and 2,6-dichlor-
opurine under the Mitsunobu conditions to give protected
nucleosides 20a and 20b in moderate yields, respectively
(Scheme 3). Treatment of 20a and 20b with S0% aqueous
formic acid yielded 21a and 21b, respectively. The stereo-
chemistry of S was further confirmed by the X-ray crystal
structure of 21a (see the Supporting Information). Nucleo-
philic substitution of 21a and 21b with 3-iodobenzylamine

https://doi.org/10.1021/acs.joc.1c00705
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Scheme 3. Synthesis of Truncated 1’-Homologated (S)-
Methanocarba Nucleosides 3a and 3b
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under microwave irradiation afforded the final truncated 1’-
homologated (S)-methanocarba nucleosides 3a and 3b,
respectively.

The synthesis of truncated 1’-homologated (N)-methano-
carba nucleosides 4 commenced with common intermediate 9,
as shown in Scheme 4. First, we applied the Simmons—Smith

Scheme 4. Synthesis of Truncated 1’-Homologated (N)-
Methanocarba Nucleosides 4a and 4b
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cyclopropanation performed in entry 1 (Table 1). It was
thought that compound 9 whose primary alcohol was
protected with a bulky PMB group to prevent zinc carbenoid
coordination,"* would produce the desired a-cyclopropane as a
major product by the directing effect of oxygen in the
acetonide group.''® However, Simmons—Smith cyclopropa-
nation of 9 did not give 25. Other noncomplexm% protecting
groups such as TBDPS,"'“*'>* Bn,"** and MOM,"'“ or other
more reactive zinc carbenoids such as CF COOZnCHZI 1o
2,4,6-Cl,C4H,0ZnCH,I,"” and Zn(CH,Cl),"® gave the same
results. Next, we tried “substrate-controlled” hydroxyl-directed
cyclopropanatlon which has a stronger coordination effect than
ether oxygen.'” Compound 9 was treated with 1 N HCl to give
diol 8, which was subjected to hydroxyl-directed Simmons—
Smith cyclopropanation to yield desired (N)-cyclopropane
derivative 22 in moderate yield. Acetylation of 22 gave
diacetate 23 in 76% vyield, which was treated with DDQ _to
provide another glycosyl donor 7 in 80% yield. Condensation
of 7 with 6-chloropurine and 2,6-dichloropurine under the
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Mitsunobu conditions produced protected nucleosides 24a
and 24b, respectively. Treatment of 24a and 24b with 3-
iodobenzylamine, followed by further treatment with ethanolic
ammonia, afforded the final truncated 1’-homologated (N)-
methanocarba nucleosides 4a and 4b, respectively.

The biological assay of final compounds is in progress and
will be reported elsewhere.

In summary, we designed and synthesized truncated 1'-
homologated conformationally rigid (S)- and (N)-methano-
carba nucleosides 3a, 3b and 4a, 4b to determine which sugar
conformation is essential for binding to PPARs. For the
synthesis of (S)-conformers 3a and 3b, “reagent-controlled”
Charette asymmetric cyclopropanation was employed as a key
step, resulting in desired glycosyl donor Sa as a single
stereoisomer, which was attacked from the more sterically
hindered side, whereas (N)-conformers 4a and 4b were
synthesized via “substrate-controlled” Simmons—Smith cyclo-
propanation as a key step, giving desired glycosyl donor 7 as a
single stereoisomer.

B EXPERIMENTAL SECTION

General Information. All reactions involving air- or moisture-
sensitive condition were routinely carried out under an inert
atmosphere of dry nitrogen. All solvents were purified and dried by
standard techniques just before use. All reagents were obtained from
commercial suppliers and were used without purification. Reactions
were checked by thin layer chromatography (Kieselgel 60 F254,
Merck). Spots were detected by viewing under UV light, and by
colorizing with charring after dipping in a p-anisaldehyde solution
(Anis) or phosphomolybdic acid solution (PMA). The crude
compounds were purified by column chromatography on silica gel
(Kieselgel 60, 230—400 mesh, Merck). Microwave-assisted reactions
were carried out in sealed vessels using a Biotage Initiator+ US/JPN
(part no. 356007) microwave reactor, and the reaction temperatures
were monitored by an external surface IR sensor. Proton (*H) and
carbon (*C) NMR spectra were obtained on a Jeol JNM-ECZ 400s
(400/100 MHz), Bruker AV 500 (500/125 MHz), Jeol JNM-ECA600
(600/150 MHz), or Bruker AV 800 (800/200 MHz) spectrometer.
Chemical shifts are reported in ppm (8) with residual solvents as the
internal standard. Optical rotations were determined on a Jasco P-
2000 in an appropriate solvent. UV spectra were recorded on a
PerkinElmer Lambda2$ in methanol. Melting points were determined
on a Barnstead Electrothermal 9100 instrument. High-resolution mass
spectra (HRMS) were recorded on a fast atom bombardment (FAB),
electrospray ionization (ESI), or chemical ionization (CI).

(3aR,4R,6aS)-2,2-Dimethyl-3a,6a-dihydro-4H-cyclopenta[d]-
[1,3]dioxol-4-0l (12). To a stirred solution of 11 (2.1 g, 13.6 mmol,
1.0 equiv) in MeOH (40 mL) was added cerium(III) chloride
heptahydrate (CeCl;-7H,0, 6.2 g, 16.3 mmol, 1.2 equiv) at 23 °C.
After S min, sodium borohydride (NaBH,, 618.3 mg, 16.3 mmol, 1.2
equiv) was added portionwise to the reaction mixture at 0 °C. After
15 min, acetic acid (0.2 mL) and water were added, and diluted with
EtOAc. The layers were separated, and the aqueous layer was
extracted with EtOAc. The combined organic layers were dried over
anhydrous MgSO,, and concentrated under reduced pressure. The
resulting crude residue was purified by flash column chromatography
(hexanes:EtOAc, 9:1) to afford 12 (2.02 g, 95%) as a colorless oil,
whose spectroscopic and physical data were identical to those of a
known compound.

(3as,4S,6aS)-2,2-Dimethyl-3a,6a-dihydro-4H-cyclopental[d][1,3]-
dioxol-4-yl 2-((4-Methoxybenzyl)oxy)acetate (10). To a stirred
solution of 12 (1.53 g, 9.79 mmol, 1.0 equiv), triphenylphosphine
(PPh;, 3.93 g, 1S mmol, 1.5 equiv), and 2-((4-methoxybenzyl)oxy)-
acetic acid (2.95 g, 15 mmol, 1.5 equiv) in THF (60 mL) was added
diisopropyl azodicarboxylate (DIAD, 3.0 mL, 15 mmol, 1.5 equiv)
dropwise at 0 °C. After 20 min, the reaction mixture was concentrated
under reduced pressure. The resulting crude residue was purified by
flash column chromatography (hexanes — hexanes:EtOAc, 24:1) to

https://doi.org/10.1021/acs.joc.1c00705
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afford 10 (2.38 g, 73%) as a colorless oil. TLC: (hexanes:EtOAc, 2:1),
Ry = 0.66 (Anis); [a]*p: +110.8 (¢ 0.30, CHCL); 'H NMR (600
MHz, CDCl,) § 7.27—-7.23 (m, 2H), 6.87—6.83 (m, 2H), 6.12- 6.08
(m, 1H), 5.90—5.86 (m, 1H), 5.66—5.62 (m, 1H), 5.24—5.20 (m,
1H), 4.56 (d, ] = 6.0 Hz, 1H), 4.53 (s, 2H), 4.03 (s, 2H), 3.76 (s,
3H), 1.38 (s, 3H), 1.31 (s, 3H); "*C{'"H} NMR (100 MHz, CDCl;) §
170.0, 159.6, 138.1, 131.1, 129.9, 129.1, 113.9, 112.4, 84.0, 83.6, 83.1,
73.1, 66.8, 55.4, 27.4, 25.8; HRMS (ESI) m/z: [M + Na]* Calcd for
Cy5H,,0¢Na 357.1309; Found 357.1312.
(S)-2-((3aS,4R,6aR)-2,2-Dimethyl-3a,6a-dihydro-4H-cyclopenta-
[d][1,3]dioxol-4-yl)-2-((4-methoxybenzyl)oxy)acetic acid (13). To a
stirred solution of 10 (3.18 g 9.51 mmol, 1.0 equiv) in THF (300
mL) were added chlorotrimethylsilane (TMSCI, 5.4 mL, 42.75 mmol,
4.5 equiv), and triethylamine (Et;N, 4.6 mL, 33.2 mmol, 3.5 equiv) at
—78 °C. After S min, lithium bis(trimethylsilyl)amide (LiHMDS, 1.0
M in THF, 33 mL, 33.2 mmol, 3.5 equiv) was added dropwise to the
reaction mixture. After 30 min, the reaction mixture was warmed to
23 °C, and stirred for 2 h. The reaction mixture was cooled to 0 °C,
saturated NH,CI aqueous solution and acetic acid to acidify were
added, and diluted with EtOAc. The layers were separated, and the
aqueous layer was extracted with EtOAc. The combined organic
layers were dried over anhydrous MgSO,, and concentrated under
reduced pressure. The resulting crude residue was purified by flash
column chromatography (hexanes:EtOAc, 4:1 with 0.18% acetic acid)
to afford 13 (2.8 g 88%, 1.2:1 dr.) as a colorless oil. TLC:
(hexanes:EtOAc, 2:3), R; = 0.1S (Anis); Note: 'H NMR and “C
NMR of 13 were taken with a sample containing a 1.2:1 mixture of
inseparable diastereomers; [a]**p: —14.0 (¢ 0.19, CHCL,); '"H NMR
(400 MHz, CDCly) 6 9.54 (brs, 1.9H), 7.26—7.18 (m, 4.4H), 6.91—
6.83 (m, 44H), 5.97-5.85 (m, 2.2H), 5.72 (dd, J = 6.0, 2.8 Hz,
1.2H), 5.68 (dd, J = 5.6, 2.8 Hz, 1H), 5.15—-5.09 (m, 2.2H), 4.77—
4.62 (m, 3.2H), 445 (d, ] = 5.7 Hz, 1.2H), 4.41—4.30 (m, 2.2H), 4.10
(d, ] = 4.5 Hz, 1.2H), 3.98 (d, ] = 4.0 Hz, 1H), 3.79 (s, 3.6H), 3.78 (s,
3H), 3.31-3.24 (m, 2.2H), 1.39 (s, 3H), 1.37 (s, 3.6H), 1.33 (s, 3H),
1.30 (s, 3.6H); BC{'H} NMR (150 MHz, CDCl,) § 175.8, 175.6,
159.6, 159.5, 134.2, 133.8, 131.8, 130.6, 129.8, 129.6, 128.7, 128.6,
113.9, 113.8, 110.28, 110.22, 85.2, 85.0, 80.9, 79.3, 77.0, 72.44, 72.40,
67.8, 55.2, 54.8, 54.5, 27.34, 27.30, 25.69, 25.62; HRMS (FAB) m/z:
[M + H]* Calcd for CgH,3;04 335.1495; Found 335.1492.
(3aS,4S,6aR)-4-(((4-Methoxybenzyl)oxy)methyl)-2,2-dimeth-yl-
3a,6a-dihydro-4H-cyclopental[d][1,3]dioxole (9). To a stirred
solution of 13 (547.5 mg, 1.64 mmol, 1.0 equiv) in toluene (8 mL)
wrapped in aluminum foil to protect from the light were added 4-
dimethylaminopyridine (DMAP, 42.2 mg, 0.35 mmol, 0.21 equiv), N-
hydroxypyridine-2-thione (315.6 mg, 2.48 mmol, 1.5 equiv), and
N,N’-dicyclohexylcarbodiimide (DCC, $03.1 mg, 2.44 mmol, 1.5
equiv) at 23 °C. After 2 h, the reaction mixture was added to a stirred
solution of tert-butyl mercaptan (+-BuSH, 1.3 mL, 11.5 mmol, 7.0
equiv) in toluene (S0 mL) wrapped in aluminum foil at 110 °C. After
1 h, the reaction mixture was cooled to 23 °C, and concentrated
under reduced pressure. To the resulting mixture was added water,
and diluted with EtOAc. The layers were separated, and the aqueous
layer was extracted with EtOAc. The combined organic layers were
dried over anhydrous MgSO,, and concentrated under reduced
pressure. The resulting crude residue was purified by flash column
chromatography (hexanes — hexanes:EtOAc, 49:1) to afford 9 (335
mg, 70%) as a colorless oil. TLC: (hexanes:EtOAc, 2:1), Ry =0.77
(Anis); [a]®p: —66.2 (¢ 0.35, CHCL,); 'H NMR (400 MHz, CDCl;)
8 7.23—7.15 (m, 2H), 6.87—6.78 (m, 2H), 5.81 (dt, ] = 6.0, 2.0 Hz,
1H), 5.72 (dd, J = 6.0, 2.0 Hz, 1H), 5.08 (d, ] = 6.0 Hz, 1H), 4.48 (d,
] = 6.0 Hz, 1H), 4.39 (s, 2H), 3.73 (s, 3H), 3.41 (dd, ] = 9.2, 5.6 Hz,
1H), 328 (dd, J = 9.2, 6.8 Hz, 1H), 3.05—-2.94 (m, 1H), 1.37 (s, 3H),
1.30 (s, 3H); “C{'H} NMR (100 MHz, CDCl,) § 159.3, 134.2,
132.3, 130.4, 129.3, 113.9, 110.1, 85.2, 81.6, 72.9, 70.9, 55.4, 52.7,
27.5, 25.7; HRMS (CI) m/z: [M — HJ]" Calcd for C;,H,,0,
289.1440; Found 289.1442.
((3a$,4S,6aR)-2,2-Dimethyl-3a,6a-dihydro-4H-cyclopenta[d]-
[1,3]dioxol-4-yl)methanol (14). To a stirred solution of 9 (492 mg,
1.69 mmol, 1.0 equiv) in CH,Cl,/H,0 (9.9 mL, 10:1, v/v) was added
2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ, 468.3 mg, 2.06
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mmol, 1.2 equiv) at 23 °C. After 3 h, saturated NaHCO; aqueous
solution was added, and diluted with CH,Cl,. The layers were
separated, and the aqueous layer was extracted with CH,Cl,. The
combined organic layers were dried over anhydrous MgSO,, and
concentrated under reduced pressure. The resulting crude residue was
purified by flash column chromatography (hexanes:EtOAc, 6:1) to
afford 14 (253 mg, 88%) as a colorless oil. TLC: (hexanes:EtOAc,
2:1), Re= 0.24 (Anis); [@]*y: —82.0 (c 0.46, CHCl;); "H NMR (600
MHz, CDCly) 6 5.89 (dt, ] = 5.9, 1.9 Hz, 1H), 5.74—5.70 (m, 1H),
5.13-5.09 (m, 1H), 4.56 (d, J = 5.5 Hz, 1H), 3.71 (dd, J = 11.0, 4.6
Hz, 1H), 3.53 (dd, ] = 10.5, 5.5 Hz, 1H), 2.98—2.93 (m, 1H), 1.38 (s,
3H), 1.31 (s, 3H); *C{'H} NMR (150 MHz, CDCl;) § 133.3, 133.0,
109.8, 84.9, 81.2, 63.5, 54.6, 27.2, 25.4; HRMS (CI) m/z: [M + H]*
Calcd for CoH; 505 171.1021; Found 171.1023.
(3aR,6aS)-2,2-Dimethyl-3a,6a-dihydro-4H-cyclopenta[d][1,3]-
dioxole-6-carbaldehyde (15). To a stirred solution of oxalyl chloride
((cocql),, 2.0 M in CH,Cl,, 1.5 mL, 3.0 mmol, 2.0 equiv) in CH,Cl,
(9 mL) was carefully added dimethyl sulfoxide (DMSO, 0.43 mL, 6.0
mmol, 4.0 equiv) dropwise at —78 °C. After 30 min, a solution of 14
(253 mg, 1.49 mmol, 1.0 equiv) in CH,Cl, (6 mL) was added to the
stirred reaction mixture dropwise. After 1 h, the reaction mixture was
warmed to 0 °C, and triethylamine (Et;N, 2.1 mL, 15 mmol, 10.0
equiv) was added. After stirring at 23 °C for 2 h, saturated NH,Cl
aqueous solution was added, and diluted with CH,Cl,. The layers
were separated, and the aqueous layer was extracted with CH,Cl,.
The combined organic layers were dried over anhydrous MgSO,, and
concentrated under reduced pressure. The resulting crude residue was
purified by flash column chromatography (hexanes — hexanes:E-
tOAc, 6:1) to afford 15 (180 mg, 72%) as a colorless oil. TLC:
(hexanes:EtOAc, 2:1), Ry = 0.35 (Anis); [a]®y: —6.5 (¢ 032,
CHCL,); "H NMR (400 MHz, CDCL,) & 9.81 (s, 1H), 6.84 (t, ] = 2.4
Hz, 1H), 5.30 (d, J = 6.0 Hz, 1H), 4.85 (td, J = 6.0, 2.0 Hz, 1H),
2.88—2.68 (m, 2H), 1.38 (s, 3H), 1.35 (s, 3H); *C{'"H} NMR (100
MHz, CDCl,) & 189.0, 1514, 145.7, 111.0, 81.6, 78.0, 39.3, 27.2,
25.1; HRMS (FAB) m/z: [M + H]" Calcd for CoH;;05 169.0865;
Found 169.0874.
((3aR,6aS)-2,2-Dimethyl-3a,6a-dihydro-4H-cyclopentald][1,3]-
dioxol-6-yl)methanol (6). To a stirred solution of 15 (86.7 mg, 0.52
mmol, 1.0 equiv) in CH,Cl, (6 mL) were added sodium borohydride
(NaBH,, 15 mg, 0.4 mmol, 0.8 equiv) and MeOH (3 mL) at —78 °C.
After 1 h, the reaction mixture was warmed to 23 °C. After 30 min,
saturated NH,CI aqueous solution was added, and diluted with
CH,Cl,. The layers were separated, and the aqueous layer was
extracted with CH,Cl,. The combined organic layers were dried over
anhydrous MgSO,, and concentrated under reduced pressure. The
resulting crude residue was purified by flash column chromatography
(hexanes — hexanes:EtOAc, 4:1) to afford 6 (81 mg, 92%) as a
colorless oil. TLC: (hexanes:EtOAc, 2:1), Ry =0.26 (Anis); [a]®p:
+4.8 (c 0.30, CHCL,); 'H NMR (600 MHz, CDCL)  5.61 (s, 1H),
5.02 (d, ] = 5.9 Hz, 1H), 474 (t, ] = 5.9 Hz, 1H), 427 (dd, ] = 13.7,
1.4 Hz, 1H), 422 (dd, J = 13.8, 1.3 Hz, 1H), 2.60—2.50 (m, 1H),
2.49-2.39 (m, 1H), 1.36 (s, 3H), 1.30 (s, 3H); *C{'H} NMR (100
MHz, CDCL,) & 142.7, 126.8, 110.4, 85.2, 78.6, 60.3, 37.8, 27.5, 25.8;
HRMS (FAB) m/z: [M + H]* Caled for C;H,;50; 171.1021; Found
171.1019.
tert-Butyl(((3aR,6aS)-2,2-dimethyl-3a,6a-dihydro-4H-cyclo-
pentald][1,3]dioxol-6-yl)methoxy)diphenylsilane (16). To a stirred
solution of 6 (212 mg, 1.25 mmol, 1.0 equiv) in DMF (6 mL) were
added tert-butyldiphenylchlorosilane (TBDPSCIL, 0.49 mL, 1.88
mmol, 1.5 equiv) and imidazole (170.2 mg, 2.5 mmol, 2.0 equiv) at
23 °C. After 19 h, water was added, and diluted with EtOAc. The
layers were separated, and the aqueous layer was extracted with
EtOAc. The combined organic layers were dried over anhydrous
MgSO, and concentrated under reduced pressure. The resulting
crude residue was purified by flash column chromatography
(hexanes:EtOAc, 99:1) to afford 16 (457 mg, 90%) as a colorless
oil. TLC: (hexanes: EtOAc, 4:1), Ry = 0.64 (Anis); [a]®p: +16.2 (c
0.26, CHCL;); '"H NMR (600 MHz, CDCl;) § 7.72—7.65 (m, 4H),
7.45—7.34 (m, 6H), 5.71 (s, 1H), 4.97 (d, ] = 5.5 Hz, 1H), 4.77 (, ] =
5.3 Hz, 1H), 4.36 (dd, J = 14.6, 2.3 Hz, 1H), 4.34—4.28 (m, 1H),
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2.62—2.55 (m, 1H), 2.53—2.46 (m, 1H), 1.33 (s, 3H), 1.32 (s, 3H),
1.08 (s, 9H); “C{'H} NMR (100 MHz, CDCl,) § 143.2, 135.5,
135.4, 133.5, 129.6, 127.6, 124.8, 110.0, 84.5, 78.5, 61.3, 37.7, 27.4,
26.7,25.9, 19.2; HRMS (FAB) m/z: [M + H]* Calcd for C,sH,,0,Si
409.2199; Found 409.2190.
(1R,2S)-3-(((tert-Butyldiphenylsilyl)oxy)methyl)cyclopent-3-ene-
1,2-diol (17). To a stirred solution of 16 (450 mg, 1.10 mmol, 1.0
equiv) in THF (4 mL) was added 80% aqueous acetic acid (4 mL) at
23 °C. After stirring at 60 °C for 23 h, the reaction mixture was
cooled to 0 °C, solid NaHCO; was added for neutralization, and
diluted with EtOAc. The layers were separated, and the aqueous layer
was extracted with EtOAc. The combined organic layers were dried
over anhydrous MgSO,, and concentrated under reduced pressure.
The resulting crude residue was purified by flash column
chromatography (hexanes:EtOAc, 33:1) to afford 17 (330 mg,
81%) as a colorless oil. TLC: (hexanes:EtOAc, 1:1), R;=0.38 (Anis);
[a]®p: —376.9 (c 0.03, CHCL,); 'H NMR (400 MHz, CDCl;) §
7.71-7.64 (m, 4H), 7.45—7.34 (m, 6H), 5.68 (s, 1H), 4.57 (d,] = 5.6
Hz, 1H), 4.37—4.28 (m, 3H), 2.61-2.49 (m, 1H), 2.34 (d, ] = 16.8
Hz, 1H), 1.05 (s, 9H); *C{'H} NMR (100 MHz, CDCl;) § 141.6,
135.57, 135.54, 132.9, 132.8, 129.8, 127.7, 127.4, 76.5, 71.2, 62.3,
38.9,26.7, 19.1; HRMS (FAB) m/z: [M + H]" Calcd for C,,H,50,Si
369.1886; Found 369.1892.
((3aS,3bS,4aS,5aR)-2,2-Dimethyltetrahydrocyclopropal3,4]-
cyclopentall,2-d][1,3]dioxol-3b(3aH)-yl)methanol (5@). To a
stirred solution of diethylzinc (Et,Zn, 1.0 M in hexanes, 24.7 mL,
24.7 mmol, 2.0 equiv) and 1,2-dimethoxyethane (DME, 2.6 mL, 24.7
mmol, 2.0 equiv) in CH,Cl, (50 mL) at —15 °C was added
diiodomethane (CH,I,, 4.0 mL, 49.48 mmol, 4.0 equiv) dropwise.
After 15 min, a solution of the butylboronic acid N,N,N',N’-
tetramethyl-p-tartaric acid diamide ester (3.7 mL, 14.8 mmol, 1.2
equiv) in CH,Cl, (20 mL) was added immediately followed by a
solution of 6 (2.11 g, 12.37 mmol, 1.0 equiv) in CH,Cl, (18 mL), and
the mixture was slowly warmed to 23 °C. After 24 h, the mixture was
re-cooled to —15 °C, and another 2.0 equiv of the Zn(CH,I),-DME
in CH,Cl, was added (preparation of Zn(CH,I),-DME in CH,Cl, as
described above). After stirring at 23 °C for 14 h, the reaction mixture
was cooled to 0 °C, saturated NH,CI aqueous solution and brine were
added, and diluted with CH,Cl,. The layers were separated, and the
aqueous layer was extracted with CH,Cl,. The combined organic
layers were dried over anhydrous MgSO,, and concentrated under
reduced pressure. The resulting crude residue was purified by flash
column chromatography (hexanes:EtOAc, 3:1) to afford Sa (2.00 g,
88%) as a colorless oil. TLC: (hexanes:EtOAc, 2:3), Ry=021 (Anis);
[a]®p: —29.5 (¢ 0.32, CHCL,); 'H NMR (600 MHz, CDCl,) & 4.94
(d, ] = 6.6 Hz, 1H), 4.68 (t, ] = 7.2 Hz, 1H), 3.65 (d, J = 10.8 Hz,
1H), 3.58 (d, J = 10.8 Hz, 1H), 2.18—2.13 (m, 1H), 1.93 (d, J = 15.0
Hz, 1H), 1.84 (brs, 1H), 1.46 (s, 3H), 1.41—-1.35 (m, 1H), 1.23 (s,
3H), 0.97 (t, ] = 4.8 Hz, 1H), 0.68—0.62 (m, 1H); *C{'H} NMR
(100 MHz, CDCl,) § 111.2, 84.1, 82.7, 66.7, 37.5, 32.6, 26.5, 26.0,
24.4, 15.7; HRMS (CI) m/z: [M + H]* Caled for C;,H;,0,
185.1178; Found 185.1177.
((3aS,3bR,4aR,5aR)-2,2-Dimethyltetrahydrocyclopropal3,4]-
cyclopenta(1,2-d][1,3]dioxol-3b(3aH)-yl)methanol (5f). To a stirred
solution of diethylzinc (Et,Zn, 1.0 M in hexanes, 2.6 mL, 2.6 mmol,
2.0 equiv) and 1,2-dimethoxyethane (DME, 0.27 mL, 2.6 mmol, 2.0
equiv) in CH,Cl, (5 mL) at —15 °C was added diiodomethane
(CH,1,, 0.85 mL, 10.6 mmol, 4.0 equiv) dropwise. After 15 min, a
solution of the butylboronic acid N,N,N’,N’-tetramethyl-L-tartaric
acid diamide ester (0.39 mL, 1.6 mmol, 1.2 equiv) in CH,Cl, (2 mL)
was added immediately followed by a solution of 6 (225 mg, 1.32
mmol, 1.0 equiv) in CH,Cl, (2 mL), and the mixture was slowly
warmed to 23 °C. After 24 h, the mixture was re-cooled to —15 °C,
and another 2.0 equiv of the Zn(CH,I),-DME in CH,Cl, was added
(preparation of Zn(CH,I),)DME in CH,Cl, as described above).
After stirring at 23 °C for 24 h, one other addition of 2.0 equiv of the
Zn(CH,I),-DME in CH,Cl, was done. After stirring at 23 °C for 22
h, the reaction mixture was cooled to 0 °C, saturated NH,CI aqueous
solution and brine were added, and diluted with CH,Cl,. The layers
were separated, and the aqueous layer was extracted with CH,Cl,.
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The combined organic layers were dried over anhydrous MgSO,, and
concentrated under reduced pressure. The resulting crude residue was
purified by flash column chromatography (hexanes:EtOAc, 3:1) to
afford 56 (158 mg, 65%) as a colorless oil. TLC: (hexanes:EtOAc,
2:3), Ry= 0.46 (Anis); [a]*p: —20.7 (¢ 0.13, MeOH); 'H NMR (600
MHz, CDCly) 6 4.60 (d, ] = 4.8 Hz, 1H), 4.41—4.34 (m, 1H), 3.90
(d, J = 12.0 Hz, 1H), 3.53 (d, ] = 11.4 Hz, 1H), 2.06 (dd, ] = 13.8,7.2
Hz, 1H), 1.97—-1.90 (m, 1H), 1.53—1.48 (m, 1H), 1.47 (s, 3H), 1.27
(s, 3H), 0.61—0.56 (m, 1H), —0.01 to —0.06 (m, 1H); *C{'H} NMR
(150 MHz, CDCl,) & 112.2, 84.6, 81.4, 65.1, 35.7, 33.1, 27.6, 25.0,
22.4, 15.2; HRMS (CI) m/z: [M + H]* Calcd for C,yH;,04
185.1178; Found 185.1177.
((3aS,3bS,4aS,5aR)-2,2-Dimethyltetrahydrocyclopropal(3,4]-
cyclopenta[1,2-d][1,3]dioxol-3b(3aH)-yl)methanol (5a) and
((3aS,3bR,4aR,5aR)-2,2-Dimethyltetrahydrocyclopropal3,4]-
cyclopental[1,2-d][1,3]dioxol-3b(3aH)-yl)methanol (5f). (Table 1,
entry 1). To a stirred solution of diethylzinc (Et,Zn, 1.0 M in hexanes,
2.6 mL, 2.6 mmol, 2.0 equiv) in CH,Cl, (4 mL) was added
diiodomethane (CH,I,, 0.4 mL, 5.29 mmol, 4.0 equiv) carefully at 0
°C. After 15 min, a solution of 6 (225 mg, 1.32 mmol, 1.0 equiv) in
CH,Cl, (2 mL) was added to the reaction mixture dropwise, and the
mixture was warmed to 23 °C. After 24 h, the mixture was re-cooled
to 0 °C, and another 2.0 equiv of the Zn(CH,I), in CH,Cl, was
added (preparation of Zn(CH,I), in CH,Cl, as described above) to
the reaction mixture. After stirring at 23 °C for 22 h, reaction mixture
was cooled to 0 °C, saturated NH,CI aqueous solution and brine were
added, and diluted with CH,Cl,. The layers were separated, and the
aqueous layer was extracted with CH,Cl,. The combined organic
layers were dried over anhydrous MgSO,, and concentrated under
reduced pressure. The resulting crude residue was purified by flash
column chromatography (hexanes:EtOAc, 3:1) to afford Sa (84.9 mg,
35%) and 5 (41.7 mg, 17%) as a colorless oil.
6-Chloro-9-(((3a$,3bS,4as,5aR)-2,2-dimethyltetrahydrocyclo-
propa[3,4]cyclopental1,2-d][1,3]dioxol-3b(3aH)-yl)methyl)-9H-pu-
rine (20a) and 2,6-Dichloro-9-(((3aS,3bS,4aS,5aR)-2,2-dimethyl-
tetrahydrocyclopropal3,4]cyclopental[1,2-di[1,3]dioxol-3b(3aH)-
yl)methyl)-9H-purine (20b). To a stirred solution of Sa (215 mg for
20a or 278 mg for 20b, 1.0 equiv) in THF (1S mL) were added
triphenylphosphine (PPh;, 611 mg for 20a or 796 mg for 20b, 2.0
equiv), and 6-chloropurine (360 mg, 2.0 equiv for 20a) or 2,6-
dichloropurine (569 mg, 2.0 equiv for 20b) at 23 °C. The reaction
mixture was cooled to 0 °C, and diisopropyl azodicarboxylate (DIAD,
0.46 mL for 20a or 0.59 mL for 20b, 2.0 equiv) was added dropwise.
After stirring at 23 °C until S was consumed, the reaction mixture
was concentrated under reduced pressure. The resulting crude residue
was purified by flash column chromatography (hexanes —
hexane:EtOAc, 3:1) to afford 20a (247 mg, 66%) as a colorless oil
or 20b (256 mg, 48%) as a pale-yellow solid. 20a: TLC:
(hexanes:EtOAc, 2:3), Ry = 0.31 (Anis); [a]®p: +224 (¢ 0.13,
CHCL); UV (MeOH) A,,,.: 265.8 nm; 'H NMR (400 MHz, CDCl,)
58.72 (s, 1H), 8.49 (s, 1H), 4.78 (d, ] = 6.4 Hz, 1H), 4.69 (t, ] = 6.8
Hz, 1H), 448 (d, J = 14.4 Hz, 1H), 422 (d, ] = 14.8 Hz, 1H), 2.19
(dt, J = 14.8, 5.6 Hz, 1H), 2.01 (d, ] = 15.2 Hz, 1H), 1.74 (dt, ] = 8.4,
5.2 Hz, 1H), 1.46 (s, 3H), 1.26—1.21 (m, 1H), 1.20 (s, 3H), 0.90—
0.81 (m, 1H); C{'H} NMR (100 MHz, CDCl;) § 152.2, 152.0,
151.0, 146.0, 131.6, 111.8, 84.7, 82.7, 49.6, 34.0, 31.9, 29.0, 26.5, 24.4,
17.0; HRMS (ESI) m/z: [M + H]" Calcd for C;H;;,CIN,O,
321.1113; Found 321.1113. 20b: TLC: (hexanes:EtOAc, 2:3), Ry =
0.32 (Anis); mp 103—105 °C; [a]*p: —36.5 (¢ 0.23, CHCLy); UV
(MeOH) A, 275.0 nm; 'H NMR (600 MHz, CDCL) 6 8.51 (s,
1H), 4.78 (d, ] = 6.0 Hz, 1H), 4.70 (t, ] = 6.6 Hz, 1H), 4.52 (d, ] =
13.8 Hz, 1H), 4.06 (d, ] = 14.4 Hz, 1H), 2.24—2.17 (m, 1H), 2.01 (d,
J =150 Hz, 1H), 1.72 (dt, ] = 8.4, 5.4 Hz, 1H), 1.43 (s, 3H), 1.23—
1.20 (m, 1H), 1.19 (s, 3H), 0.83—0.79 (m, 1H); *C{"H} NMR (100
MHz, CDCl,) 6 153.5, 152.9, 151.7, 146.7, 130.8, 111.9, 84.9, 82.9,
50.0, 33.7, 31.9, 29.2, 26.5, 24.4, 17.0; HRMS (ESI) m/z: [M + H]*
Caled for C;H,,CLN,0, 355.0723; Found 355.0726.
(15,2S,3R,55)-1-((6-Chloro-9H-purin-9-yl)methyl)bicyclo[3.1.0]-
hexane-2,3-diol (21a) and (15,2S,3R,55)-1-((2,6-Dichloro-9H-purin-
9-yl)methyl)bicyclo[3.1.0]hexane-2,3-diol (21b). To a stirred sol-
ution of 20a (206 mg, 0.64 mmol) or 20b (168 mg, 0.47 mmol) in

https://doi.org/10.1021/acs.joc.1c00705
J. Org. Chem. 2021, 86, 9828—9837


pubs.acs.org/joc?ref=pdf
https://doi.org/10.1021/acs.joc.1c00705?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Organic Chemistry

pubs.acs.org/joc

THF (3.5 mL) was added 50% aqueous formic acid (50% agq.
HCOOH, 7.0 mL) dropwise at 23 °C. After stirring until 20a or 20b
was consumed, the reaction mixture was concentrated under reduced
pressure, and azeotroped with toluene. The resulting crude residue
was purified by flash column chromatography (CH,Cl, —
CH,Cl,:MeOH, 39:1) to afford 21a (126 mg, 70%) or 21b (128
mg, 86%) as a white solid. 21a: TLC: (CH,Cl,:MeOH, 9:1), R; =
0.47 (Anis, PMA); mp 178—179 °C; [a]*p: —88.7 (¢ 0.21, MeOH);
UV (MeOH) 4,,,,: 265.7 nm; "H NMR (600 MHz, CD;0D) & 8.71
(s, 1H), 8.64 (s, 1H), 4.52 (d, ] = 14.6 Hz, 1H), 4.44 (d, ] = 14.7 Hz,
1H), 4.22 (dd, J = 6.0, 1.1 Hz, 1H), 3.90 (t, J = 6.0 Hz, 1H), 2.07 (dt,
J=13.8, 6.0 Hz, 1H), 1.76 (d, ] = 14.4 Hz, 1H), 1.53 (dt, ] = 7.8, 4.2
Hz, 1H), 1.34 (t, ] = 4.2 Hz, 1H), 0.78—0.72 (m, 1H); “C{'H} NMR
(100 MHz, CD,0D) § 153.8, 153.0, 151.1, 1489, 132.2, 77.3, 72.1,
50.1, 35.0, 33.7, 23.1, 15.0; HRMS (ESI) m/z: [M + H]* Calcd for
C,,H,,CIN,O, 281.0800; Found 281.0802. 21b: TLC:
(CH,Cl,;:MeOH, 9:1), R = 0.5 (Anis, PMA); mp 246-248 °C;
[a]®p: —86.3 (c 0.25, MeOH); UV (MeOH) A, 275.3 nm; 'H
NMR (400 MHz, CD,0D) 6 8.62 (s, 1H), 4.51 (d, ] = 14.4 Hz, 1H),
4.32 (d, ] = 14.8 Hz, 1H), 4.21 (dd, ] = 6.4, 1.2 Hz, 1H), 3.90 (t, ] =
6.4 Hz, 1H), 2.14-2.04 (m, 1H), 1.75 (d, J = 14.0 Hz, 1H), 1.51 (dt,
] = 8.4, 44 Hz, 1H), 1.34 (t, ] = 44 Hz, 1H), 0.77-0.72 (m, 1H);
BC{'H} NMR (100 MHz, (CD;),SO) & 153.8, 150.8, 149.3, 148.8,
130.3, 75.0, 69.9, 48.5, 33.8, 32.2, 21.0, 13.9; HRMS (ESI) m/z: [M +
H]* Calcd for C,,H,5CL,N,O, 315.0410; Found 315.0404.
(15,25,3R,5S)-1-((6-((3-lodobenzyl)amino)-9H-purin-9-yl)-
methyl)bicyclo[3.1.0]hexane-2,3-diol (3a) and (15,2S,3R,55)-1-((2-
Chloro-6-((3-iodobenzyl)amino)-9H-purin-9-yl)methyl)bicyclo-
[3.1.0]hexane-2,3-diol (3b). To a stirred suspension of 21a (19.8 mg,
0.07 mmol, 1.0 equiv) or 21b (31.6 mg, 0.1 mmol, 1.0 equiv) in
EtOH (2 mL) were added 3-iodobenzylamine hydrochloride (3-I-Bn-
NH,-HCl, 47.3 mg for 3a or 67.9 mg for 3b, 2.5 equiv) and
triethylamine (Et;N, 0.05 mL for 3a or 0.07 mL for 3b, 5.0 equiv) at
23 °C. The reaction mixture in a sealed tube was placed under
microwave irradiation at 100 °C for 4 h. The reaction mixture was
concentrated under reduced pressure. The resulting crude residue was
purified by flash column chromatography (CH,Cl, —
CH,Cl,:MeOH, 39:1) to afford 3a (26.1 mg, 78%) or 3b (47.6 mg,
93%) as a white solid. 3a: TLC: (CH,Cl;:MeOH, 9:1), Ry = 0.50
(Anis, PMA); mp 74—75 °C; [a]®p: +49.9 (c 0.09, MeOH); UV
(MeOH) A,,.: 271.7 nm; 'H NMR (600 MHz, CD,OD) & 8.24 (s,
1H), 8.14 (s, 1H), 7.73 (s, 1H), 7.56 (d, ] = 7.8 Hz, 1H), 7.36 (d, ] =
7.8 Hz, 1H), 7.05 (t, ] = 7.8 Hz, 1H), 4.75 (brs, 2H), 442 (d, ] = 14.7
Hz, 1H), 4.26 (d, ] = 14.6 Hz, 1H), 4.18 (d, ] = 5.5 Hz, 1H), 3.90 (t, ]
= 6.2 Hz, 1H), 2.04 (dt, ] = 14.2, 5.5 Hz, 1H), 1.73 (d, ] = 14.2 Hz,
1H), 1.47 (dt, J = 8.2, 4.6 Hz, 1H), 1.31 (t, ] = 4.5 Hz, 1H), 0.65—
0.61 (m, 1H); *C{'H} NMR (200 MHz, CD,0D) & 156.6, 154.5,
151.1, 143.9, 143.6, 138.3, 138.1, 132.1, 128.6, 120.9, 95.7, 77.6, 72.8,
49.5, 45.0, 35.6, 34.7, 23.6, 15.3; HRMS (ESI) m/z: [M + H]* Calcd
for C,H,,IN,O, 478.0734; Found 478.0728. 3b: TLC:
(CH,Cl,:MeOH, 9:1), R; = 0.54 (Anis, PMA); mp 175—176 °C;
[a]®p: +135.1 (¢ 0.09, MeOH); UV (MeOH) A, 273.8 nm; 'H
NMR (600 MHz, CD;0D) 6§ 8.11 (s, 1H), 7.77 (s, 1H), 7.59 (d, ] =
7.8 Hz, 1H), 7.39 (d, ] = 7.8 Hz, 1H), 7.08 (t, ] = 7.8 Hz, 1H), 4.69
(brs, 2H), 4.35 (d, ] = 14.4 Hz, 1H), 4.23 (d, ] = 14.4 Hz, 1H), 4.17
(d, J = 6.0 Hz, 1H), 3.91 (t, ] = 6.0 Hz, 1H), 2.10—2.02 (m, 1H), 1.74
(d, ] = 144 Hz, 1H), 148 (dt, ] = 8.4, 4.3 Hz, 1H), 1.31 (t, ] = 4.2
Hz, 1H), 0.67—0.63 (m, 1H); *C{'H} NMR (150 MHz, (CD,),SO)
5 154.6, 152.8, 150.2, 142.0, 141.8, 136.0, 135.5, 130.4, 126.8, 117.8,
94.6, 74.5, 70.0, 47.1, 42.4, 33.9, 32.5, 20.8, 13.6; HRMS (ESI) m/z:
[M + H]" Calcd for C,oH,,CIIN;O, 512.0345; Found 512.0350.
(1S,2R,55)-5-(((4-Methoxybenzyl)oxy)methyl)cyclopent-3-ene-
1,2-diol (8). To a stirred solution of 9 (783.1 mg, 2.7 mmol, 1.0
equiv) in MeOH (27 mL) was added 1 N HCl aqueous solution (3
mL) dropwise at 0 °C. After stirring at SO °C for 2 h, the reaction
mixture was cooled to 0 °C, solid NaHCO; was added for
neutralization, and diluted with EtOAc. The layers were separated,
and the aqueous layer was extracted with EtOAc. The combined
organic layers were dried over anhydrous MgSO,, and concentrated
under reduced pressure. The resulting crude residue was purified by
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flash column chromatography (hexanes:EtOAc, 3:2) to afford 8 (454
mg, 67%) as a white solid. TLC: (hexanes:EtOAc, 2:3), Ry =0.19
(Anis); mp 60—63 °C; [a]*p: —75.5 (¢ 0.15, CHCLy); '"H NMR (400
MHz, CDCl;) § 7.24—7.20 (m, 2H), 6.89—6.84 (m, 2H), 5.90—5.84
(m, 2H), 4.59—4.54 (m, 1H), 4.45 (s, 2H), 4.04—3.98 (m, 1H), 3.79
(s, 3H), 3.50 (dd, ] = 9.2, 6.0 Hz, 1H), 3.44 (dd, ] = 9.2, 6.8 Hz, 1H),
2.92-2.84 (m, 1H), 2.30 (brs, 2H); *C{'H} NMR (100 MHz,
CDCly) § 159.4, 135.8, 132.4, 130.3, 129.4, 114.0, 75.2, 74.6, 73.1,
70.9, 55.4, 52.2; HRMS (ESI) m/z: [M + Na]* Calcd for
C,,H,40,Na 273.1097; Found 273.1104.
(1R,2R,3S,45,55)-4-(((4-Methoxybenzyl)oxy)methyl)bicyclo-
[3.1.0]hexane-2,3-diol (22). To a stirred solution of diethylzinc
(Et,Zn, 1.0 M in hexanes, 2.6 mL, 2.6 mmol, 2.0 equiv) in CH,Cl, (5
mL) was added diiodomethane (CH,I, 0.42 mL, 5.2 mmol, 4.0
equiv) dropwise at 0 °C. After S min, a solution of 8 (326 mg, 1.23
mmol, 1.0 equiv) in CH,Cl, (3 mL) was added to the reaction
mixture, and warmed to 23 °C. After 24 h, the mixture was re-cooled
to 0 °C, and another 2.0 equiv of the Zn(CH,l), in CH,Cl, was
added (preparation of Zn(CH,l), in CH,Cl, as described above).
After stirring at 23 °C for 24 h, the reaction mixture was cooled to 0
°C, saturated NH,CI aqueous solution and brine were added, and
diluted with CH,Cl,. The layers were separated, and the aqueous
layer was extracted with CH,Cl,. The combined organic layers were
dried over anhydrous MgSO,, and concentrated under reduced
pressure. The resulting crude residue was purified by flash column
chromatography (hexanes — hexanes:EtOAc, 3:2) to afford 22 (136
mg, 40%, 53% brsm) as a white solid and recovered 8 (83 mg, 25%).
TLC: (hexanes:EtOAc, 3:2), R;= 0.17 (Anis); mp 5758 °C; [a]®p:
+10.0 (¢ 0.23, CHCl;); 'H NMR (600 MHz, CDCl;) § 7.23—7.21
(m, 2H), 6.88—6.84 (m, 2H), 4.51—4.45 (m, 1H), 4.43 (s, 2H),
3.87—3.83 (m, 1H), 3.78 (s, 3H), 3.42 (dd, ] = 9.6, 6.0 Hz, 1H), 3.34
(dd, J = 9.0, 6.6 Hz, 1H), 2.28—2.24 (m, 1H), 2.19 (brs, 2H), 1.58—
1.53 (m, 1H), 1.19—1.15 (m, 1H), 0.92—0.88 (m, 1H), 0.49 (td, ] =
7.8, 4.8 Hz, 1H); *C{'H} NMR (125 MHz, CDCl;) § 159.1, 130.3,
129.1, 113.7, 74.8, 73.4, 72.8, 72.1, 55.2, 48.4, 22.5, 18.0, 7.9; HRMS
(ESI) m/z: [M + H]* Caled for C;H,,0, 265.1434; Found
265.1434.
(1R,2R,35,4S,55)-4-(((4-Methoxybenzyl)oxy)methyl)bicyclo-
[3.1.0]hexane-2,3-diyl Diacetate (23). To a stirred solution of 22
(188 mg, 0.71 mmol, 1.0 equiv) in CH,Cl, (6 mL) were added
triethylamine (Et;N, 0.6 mL, 43 mmol, 6.0 equiv) and 4-
dimethylaminopyridine (DMAP, 8.6 mg, 0.071 mmol, 0.1 equiv) at
23 °C. The reaction mixture was cooled to 0 °C, and acetic anhydride
(Ac,0, 0.2 mL, 2.13 mmol, 3.0 equiv) was added dropwise. After
stirring at 23 °C for 2 h, the reaction mixture was cooled to 0 °C,
saturated NaHCO; aqueous solution was added, and diluted with
CH,Cl,. The layers were separated, and the aqueous layer was
extracted with CH,Cl,. The combined organic layers were dried over
anhydrous MgSO,, and concentrated under reduced pressure. The
resulting crude residue was purified by flash column chromatography
(hexanes — hexanes:EtOAc, 9:1) to afford 23 (188 mg, 76%) as a
colorless oil. TLC: (hexanes:EtOAc, 3:2), R; = 0.68 (Anis); [a]®p:
—9.6 (¢ 0.14, CHCL;); '"H NMR (600 MHz, CDCl,) 6 7.25—7.22 (m,
2H), 6.88—6.84 (m, 2H), 5.44 (t, ] = 5.9 Hz, 1H), 5.09 (d, ] = 6.4 Hz,
1H), 4.47—4.41 (m, 2H), 3.78 (s, 3H), 3.46—3.38 (m, 2H), 2.29 (t, ]
= 4.6 Hz, 1H), 2.01 (s, 3H), 1.99 (s, 3H), 1.68—1.62 (m, 1H), 1.32—
127 (m, 1H), 0.90-0.86 (m, 1H), 0.59 (tdd, J = 7.8, 5.4, 1.2 Hz,
1H); BC{'H} NMR (125 MHz, CDCl;) § 170.4, 169.7, 159.1, 130.2,
129.1, 113.8, 74.9, 73.7, 72.9, 71.3, 55.2, 47.0, 20.87, 20.82, 19.8, 17.9,
7.9; HRMS (ESI) m/z: [M + H]" Calcd for C;oH,04 349.1646;
Found 349.1654.
(1R,2R,3S,4S,55)-4-(Hydroxymethyl)bicyclo[3.1.0]hexane-2,3-diyl
Diacetate (7). To a stirred solution of 23 (142 mg, 0.41 mmol, 1.0
equiv) in CH,Cl,/H,0 (4.4 mL, 10:1, v/v) was added 2,3-dichloro-
5,6-dicyano-p-benzoquinone (DDQ, 110.7 mg, 0.49 mmol, 1.2 equiv)
at 23 °C. After 2 h, saturated NaHCOj; aqueous solution was added,
and diluted with CH,Cl,. The layers were separated, and the aqueous
layer was extracted with CH,Cl,. The combined organic layers were
dried over anhydrous MgSO,, and concentrated under reduced
pressure. The resulting crude residue was purified by flash column
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chromatography (hexanes:EtOAc, 3:1) to afford 7 (74 mg, 80%) as a
colorless oil. TLC: (hexanes:EtOAc, 3:2), Ry =026 (Anis); [a]®p:
—26.7 (¢ 0.35, CHCL;); '"H NMR (600 MHz, CDCl,) 6 5.43 (t, ] =
6.0 Hz, 1H), 5.10 (d, ] = 6.6 Hz, 1H), 3.68 (dd, ] = 10.8, 5.4 Hz, 1H),
3.61 (dd, J = 10.8, 7.2 Hz, 1H), 2.24—2.19 (m, 1H), 2.08 (brs, 1H),
2.02 (s, 3H), 2.00 (s, 3H), 1.70—1.65 (m, 1H), 1.27—1.23 (m, 1H),
0.88—0.85 (m, 1H), 0.64 (tdd, ] = 8.4, 4.8, 0.6 Hz, 1H); BC{'H}
NMR (100 MHz, CDCl,) § 170.8, 170.4, 75.1, 73.8, 64.5, 49.6, 21.1,
21.0, 20.1, 17.3, 8.2; HRMS (ESI) m/z: [M + Na]* Calcd for
C,,;H,,0Na 251.0890; Found 251.0881.
(1R,2R,35,4S,55)-4-((6-Chloro-9H-purin-9-yl)methyl)bicyclo-
[3.1.0]hexane-2,3-diyl Diacetate (24a) and (1R,2R,3S,4S,55)-4-((2,6-
Dichloro-9H-purin-9-yl)methyl)bicyclo[3.1.0]hexane-2,3-diyl Diace-
tate (24b). To a stirred solution of 7 (203 mg for 24a or 191 mg for
24b, 1.0 equiv) in THF (6 mL) were added triphenylphosphine
(PPh;, 458 mg for 24a or 432 mg for 24b, 2.0 equiv), and 6-
chloropurine (273 mg, 2.0 equiv for 24a) or 2,6-dichloropurine (316
mg, 2.0 equiv for 24b) at 23 °C. The reaction mixture was cooled to 0
°C, and diisopropyl azodicarboxylate (DIAD, 0.35 mL for 24a or 0.32
mL for 24b, 2.0 equiv) was added dropwise. After stirring at 23 °C
until 7 was consumed, the reaction mixture was concentrated under
reduced pressure. The resulting crude residue was purified by flash
column chromatography (hexanes — hexanes:acetone, 5.7:1) to
afford 24a (contaminated with triphenylphosphine oxide (TPPO) at a
1:1 ratio based on '"H NMR, 203.5 mg of 24a, 63%) or 24b (296.4
mg, 89%) as a white solid. 24a (contaminated with TPPO): TLC:
(hexanes:EtOAc, 2:3), Ry = 0.23 (Anis); mp 127-128 °C; [a]*p:
+2.8 (¢ 0.39, CHCL,); UV (MeOH) 4, 265.7 nm; '"H NMR (600
MHz, CDCL) & 8.73 (s, 1H), 8.16 (s, 1H), 7.67—7.61 (m, 6H,
TPPO), 7.54—7.49 (m, 3H, TPPO), 7.46—7.41 (m, 6H, TPPO), 5.38
(t, J = 6.0 Hz, 1H), 5.03 (dd, ] = 7.2, 2.4 Hz, 1H), 4.40—4.31 (m,
2H), 2.65 (td, ] = 7.8, 2.4 Hz, 1H), 2.01 (s, 3H), 1.92 (s, 3H), 1.77—
1.71 (m, 1H), 1.25—-1.20 (m, 1H), 0.92 (dt, ] = 5.4, 4.2 Hz, 1H), 0.68
(tdd, J = 7.8, 5.4, 0.6 Hz, 1H); “C{*H} NMR (100 MHz, CDCl,) §
1704, 169.7, 152.3, 1522, 151.4, 1452, 133.2, 132.3, 1322, 132.14,
132.11, 131.6, 128.7, 128.6, 73.8, 47.3, 46.9, 20.88, 20.84, 202, 17.8,
9.0; HRMS (ESI) m/z: [M + H]" Calcd for C,¢H,,CIN,O, 365.1011;
Found 365.1025. 24b: TLC: (hexanes:EtOAc, 2:3), Ry=025 (Anis);
mp 115116 °C; [a]®p: +28.6 (¢ 0.22, CHCL;); UV (MeOH) .
274.9 nm; 'H NMR (600 MHz, CDCl;) 6 8.17 (s, 1H), 541 (t, ] =
6.0 Hz, 1H), 4.99 (dd, ] = 7.2, 2.4 Hz, 1H), 4.37—4.28 (m, 2H), 2.64
(td, J = 7.8, 2.4 Hz, 1H), 2.02 (s, 3H), 1.93 (s, 3H), 1.79—1.74 (m,
1H), 1.25—1.20 (m, 1H), 0.94 (dt, ] = 6.0, 3.6 Hz, 1H), 0.73 (tdd, ] =
8.4, 5.4, 1.2 Hz, 1H); “C{'H} NMR (100 MHz, CDCl,) § 170.5,
169.8, 153.5, 153.3, 152.1, 145.9, 130.8, 73.7, 47.1, 47.0, 20.88, 20.85,
20.2, 17.7, 9.1; HRMS (ESI) m/z: [M + H]* Calcd for
C16H,,CLN,0, 399.0621; Found 399.0610.
(1R,2R,3S,4S,55)-4-((6-((3-lodobenzyl)amino)-9H-purin-9-yl)-
methyl)bicyclo[3.1.0]hexane-2,3-diol (4a) and (1R,2R,35,4S,55)-4-
((2-Chloro-6-((3-iodobenzyl)amino)-9H-purin-9-yl)methyl)bicyclo-
[3.1.0]hexane-2,3-diol (4b). To a stirred solution of 24a and TPPO
mixture (35.2 mg of 24a, 0.1 mmol, 1.0 equiv of 24a) or 24b (27.9
mg, 0.07 mmol, 1.0 equiv) in EtOH (2 mL) were added 3-
iodobenzylamine hydrochloride (3-I-Bn-NH,-HC], 53.9 mg for 4a or
37.8 mg for 4b, 2.0 equiv) and triethylamine (Et;N, 0.06 mL for 4a or
0.04 mL for 4b, 4.0 equiv) at 23 °C. The reaction mixture in a sealed
tube was placed under microwave irradiation at 100 °C for 4 h. After
it was removed from the microwave, a saturated ethanolic ammonia
solution (NH;/EtOH, 2 mL) was added to the reaction mixture at 23
°C, and stirred for 4 d. The reaction mixture was concentrated under
reduced pressure. The resulting crude residue was purified by flash
column chromatography (hexanes — hexanes:acetone, 2:3) to afford
4a (26.8 mg, 58%) or 4b (18.9 mg, 53%) as a white solid. 4a: TLC:
(CH,Cl,:MeOH, 9:1), R;= 0.44 (Anis, PMA); mp 78—80 °C; [a]**};:
—3.6 (¢ 0.09, MeOH); UV (MeOH) 4,,,: 270.7 nm; ‘H NMR (600
MHz, CD;0D) § 8.25 (s, 1H), 8.12 (s, 1H), 7.74 (s, 1H), 7.57 (d, ] =
7.8 Hz, 1H), 7.36 (d, ] = 7.8 Hz, 1H), 7.05 (t, ] = 7.8 Hz, 1H), 4.75
(brs, 2H), 4.29 (t, ] = 6.0 Hz, 1H), 4.26 (dd, ] = 13.8, 7.2 Hz, 1H),
417 (dd, J = 13.7, 7.8 Hz, 1H), 3.75 (d, ] = 6.0 Hz, 1H), 2.55-2.51
(m, 1H), 1.56—1.50 (m, 1H), 1.24—1.18 (m, 1H), 1.02—0.98 (m,
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1H), 0.48 (tdd, J = 7.8, 4.8, 1.2 Hz, 1H); *C{'H} NMR (100 MHz,
CD,0D) & 156.0, 153.9, 150.4, 143.2, 142.7, 137.6, 137.4, 131.5,
128.0, 120.4, 95.1, 74.9, 73.9, 50.1, 47.7, 44.4, 23.1, 19.0, 8.9; HRMS
(BESI) m/z: [M + H]* Caled for C;oH,IN;O, 478.0734; Found
478.0745. 4b: TLC: (CH,Cl:MeOH, 9:1), R; = 0.46 (Anis, PMA);
mp 115—116 °C; [a]®p: +68.3 (¢ 0.09, MeOH); UV (MeOH) ..
273.9 nm; 'H NMR (600 MHz, CD;0D) § 8.09 (s, 1H), 7.77 (s,
1H), 7.59 (d, ] = 7.7 Hz, 1H), 7.39 (d, ] = 7.7 Hz, 1H), 7.08 (, ] = 7.9
Hz, 1H), 4.69 (brs, 2H), 4.27 (t, ] = 5.3 Hz, 1H), 4.22 (dd, ] = 14.2,
6.8 Hz, 1H), 4.13 (dd, ] = 14.2, 7.8 Hz, 1H), 3.73 (d, ] = 6.4 Hz, 1H),
2.53—2.48 (m, 1H), 1.56—1.50 (m, 1H), 1.23—1.18 (m, 1H), 1.02—
0.97 (m, 1H), 049 (tdd, | = 8.4, 5.4, 1.2 Hz, 1H); *C{’'H} NMR
(100 MHz, CD,0D) 6 156.4, 155.7, 151.8, 143.0, 142.8, 138.0, 137.5,
131.5, 128.3, 119.3, 95.0, 75.0, 73.9, 50.0, 47.8, 44.5, 23.1, 18.9, 8.9;
HRMS (ESI) m/z: [M + H]" Calcd for C;oH,,CIIN;O, 512.034S;
Found 512.0335.
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