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Pentapeptide YIGSR: Synthesis of the Unique Tricyclic Core
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The peptide sequence YIGSR, a segment of the basement membrane matrix glycoprotein laminin,
has been identified as a key component in tumor cell invasion. Guided by extensive NMR work
and de novo design algorithms, a nonpeptide mimetic of this pentapeptide was identified as a lead
candidate for synthesis. The target displays the key amino acid side chains from a novel tricyclic
scaffold. The first synthesis of this unique scaffold is completed in 11 steps and 7% overall yield.

Introduction

Interactions of metastatic cells with basement mem-
brane components are considered to be critical for the
spread of cancer to sites distant from the origin. Binding
of tumor cells to the protein laminin, one of the main
components of the extracellular matrix,! is key to this
metastasis process.? The laminin binding protein (LBP)
is a cell surface molecule whose expression has been
recognized to be an excellent prognostic indicator in
human breast cancer.3* A nine amino acid peptide from
laminin (CDPGYIGSR, 1) has been identified as the
primary binding site for LBP on tumor cells.5 Antibodies
to 1 were found to block the laminin binding domain from
adhering to cancer cells. The smaller fragment YIGSR®
(2) has been shown to be the minimal active sequence of
this nonapeptide necessary to block invasion of basement
membranes by tumor cells.”

Due to the potential antimetastatic activities of pep-
tides 1 and 2, several groups have studied derivatives of
these peptides in an effort to find a bioavailable and
potent therapeutic agent.2® However, peptides them-
selves are, in general, poor drugs. They cannot be
delivered orally owing to hydrolysis in the gut and tend
to have a short residence time in the blood stream. Thus,
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early studies provided additional knowledge of YIGSR
chemistry® but did not lead to substantial increases in
activity. Attempts to improve the biological activity of 2
by producing larger molecules less susceptible to pro-
teolysis have been more successful. Short polymers (e.g.,
(YIGSR),) were shown to be more active,!* as were
several polymers branched with YIGSR segments.t?-14
Even though these larger molecules have the best activity
so far, they still fall well short of what is needed for useful
therapeutic lead compounds. Unconstrained peptides
have large negative entropies of binding because very few
conformations of the flexible chain are able to bind.*®> By
designing relatively rigid mimics of the peptide lead
structure, it is possible to obtain compounds that have a
reduced entropy requirement for binding and thus exhibit
much more avid binding.'®

In this paper, we present an approach toward the
synthesis of a class of novel potential antimetastatic
nonpeptide agents, structural rigid mimetics to laminin
peptide 2, based on the knowledge of the active confor-
mation of this peptide.

Results and Discussion

Structure-based drug design efforts usually utilize
X-ray crystal structures of biological macromolecules as
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negative templates in the design process. Unfortunately,
no X-ray structure is available for the LBP, and informa-
tion on the conformations of peptides 1 and 2 has been
derived from NMR experiments and computational meth-
ods. By incorporating NOESY constraints into molecular
dynamics!” and mechanics calculations,'® conformational
information about peptide 1 has been obtained. More
recently, a likely structure for the biologically active
conformation of pentapeptide 2 bound to LBP has been
deduced using transferred NOESY NMR correlation
data.'®

This structural information was used to guide the
design of a nonpeptide rigid mimetic via computational
efforts.?® The full peptide sequence 1 was used for
structure determination to facilitate deriving the best
possible conformation for the minimal active domain 2.
However, only the structure coordinates for the minimal
sequence were used in the drug design process. This
provided a reasonably sized template for the design of
nonpeptide mimics. From the nearly 2000 candidate
structures generated by this method, we considered
compound 3 (Scheme 1) as our top candidate and lead
molecule, owing to its excellent balance between seem-
ingly synthetic accessibility and high ranking as defined
by its overlap with the conformation of peptide 1 bound
to LBP. Candidate 3 is composed of a rigid core that
presents the four key side chains (YISR). Variations on
the vectorial arrangement (by means of a trans or cis
fused system) and functionality of these side chains,
while maintaining the tricyclic rigid core, lead to several
related derivatives. Compound 4 was chosen as a focus
of the initial synthetic investigation into production of
the core tricyclic structure.?

The retrosynthetic analysis of 4 is outlined in Scheme
1. Strategic disconnections suggested assembly of the
target from the fragments 5 and 6 through a convergent
strategy. In this way, analogues of the pyrimidine moiety

HO
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6 could be readily generated through primary synthesis
of the heterocycle using differently substituted starting
materials. It was expected that the differentially pro-
tected primary alcohols on carbocycle 5 could be easily
converted into the appropriate arginine and serine side
chains. Further retrosynthetic analysis of the individual
subunits led us to consider the production of carbocycle
5 in a diastereoselective manner from bicyclic alcohol 7,
whereas heterocycle 6 could be obtained from commercial
pyrimidine 8.

The synthesis of fragment 5 followed the work of
Curran (Scheme 2),%2 starting with a Swern oxidation?®
of alcohol 7 to give ketone 9, followed by a Baeyer—
Villiger oxidation?* and rearrangement in acid media to
provide lactone 10 in 72% overall yield from alcohol 7.
Unsaturated lactone 10 is regio- and stereoselectively
opened by 3-butenylmagnesium bromide and copper(l)
bromide, affording cyclopentene acid 11 in 72% yield. By
contrast, no useful product is obtain from the mixture of
copper salt and allylmagnesium bromide. The Sy2'-anti
selectivity is only achieved when a stoichiometric amount
of CuBr—Me;S is employed. Reduction of the acid func-
tionality with lithium aluminum hydride provided known
alcohol 12 in 82% vyield.?? Unexpectedly,? a selective
dihydroxylation of the internal olefin using the Sharpless
AD-mix reagent?® was achieved, with no external dihy-
droxylation or tetrahydroxylation products observed,
obtaining a mixture of the corresponding diastereoiso-
meric triols 13a and 13b in a 1:1 ratio and a 87% yield.
Separation of these isomers was accomplished by chro-
matography, and the relative stereochemistry of the
isomers was assigned by a combination of 3C chemical
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L.; Dratz, E. A. J. Biol. Chem. 1992, 267, 25120—25128.
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drocyclopenta[b]pyrimido[5,4-e][1,4]oxazine system in the literature.
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shifts and NOE experiments on a later intermediate. The
primary hydroxyl group of 13a and 13b was selectively
converted to the corresponding pivaloyl esters 14a/14b.

Several methodologies were explored for the coupling
of these carbocycle fragments with a pyrimidine unit
(Scheme 3). Originally, a nucleophilic amino pyrimidine
system was envisioned to react in a regiospecific manner
with an electrophilic center developed from one of the
alcohol functionalities on 14. However, this approach
proved unworkable. After much experimentation, diols
14a and 14b, as the corresponding cyclic stannylene
derivatives,?” were coupled to pyrimidine 21, affording
the mixtures of regioisomers 15/16 and 17/18, respec-
tively. Pyrimidine 21 is readily available in five steps and
25% overall yield from commercially available 8 following
literature procedures.?® Combined yields were in the
range of 70—80%. The regiochemistry of each isomer was
tentatively assigned considering *H NMR data and was
confirmed on more advanced derivatives by performing
NOE NMR experiments (vide infra).

Although each regioisomer could be isolated by chro-
matography, they reverted very easily to the original
mixture. We believe that the regioisomers are in equi-
librium as a result of the secondary alcohol acting as an
intramolecular nucleophile on the electron-deficient ni-
tropyrimidine ring in an extremely facile SyAr reaction
(Smiles rearrangement, eq 1).2° Fortunately, when these
mixtures were subjected to standard mesylation condi-
tions (MsCI, pyridine), both isomers converged to a single
compound in good yield. Only one regioisomer, 19 or 20,
in each case was obtained (Scheme 3).

S O§ %OH
HO/\‘O " 05N \/N_\
2
N N
)\N/ N

With the ability to obtain pure samples of coupled
material 19 and 20 in good yield, attention was focused
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on generating the morpholine ring system. It was ex-
pected that the ring could be closed by an intramolecular
Sn2 reaction between the corresponding 5-aminopyrimi-
dine and the mesylate functionality. However, this ring-
closure turned out to be much more difficult than
originally envisioned. Clean reduction of the nitro group
of compound 19 was achieved using SnCl,% in ethanol,
affording amine 22 in a 72% vyield (Scheme 4). All
attempts to achieve the direct ring-closure of 22 to 23
failed, despite testing different bases (pyridine, K,COy3),
solvents (acetonitrile, DMF, dioxane—water) and tem-
peratures (from room temperature to reflux). Therefore,
compound 22 was treated with TosCl and pyridine to
generate sulfonamide 24 (92% yield), which was in turn
deprotonated with various bases in hope that the corre-
sponding anion would undergo the desired S\2 reaction
to give tricycle 25. When sulfonamide 24 was treated with
2 equiv of KOBuU! in THF under reflux, the elimination
product 26 was isolated in poor yield (Scheme 4). Al-
though other conditions were explored, no useful product
was obtained. It is possible that the intramolecular
reaction did not proceed due to a poor trajectory; i.e., the
geometry of nucleophilic amine approach toward the
mesylate center in this proposed 6-Exo-Tet®! ring closure
was not optimal. However, compound 22 proved to be
equally unreactive with sodium azide (to produce 27)
making it clear that this sp® center was too unreactive
for our synthetic goals.

Since the secondary mesylate 22 was unreactive with
nucleophiles, attention was turned to a ring closure
strategy via reductive amination (Scheme 5). First, the
side chain olefin of the regioisomeric mixture of 15 and
16 was elaborated to the desired protected alcohol in
order to reduce the number of transformations that would

(27) (a) Wagner, D.; Verheyden, J. P. H.; Moffatt, J. G. J. Org. Chem.
1974, 39, 24—-30. (b) Danishefsky, S.; Hungate, R. 3. Am. Chem. Soc.
1986, 108, 2486-2487.
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(29) Bunnett, J. F.; Zahler, R. E. Chem. Rev. 1951, 49, 273—-412.

(30) (a) Agrofoglio, L. A.; Demaison, C.; Toupet, L. Tetrahedron 1999,
55, 8075—8082. (b) Gourdel-Martin, M.-E.; Huet, F. J. Org. Chem.
1997, 62, 2166—2172.

(31) Smith, M. B.; March, J. March’s Advanced Organic Chemistry;
Wiley-Interscience: New York, 2001; pp 282—4.

J. Org. Chem, Vol. 67, No. 17, 2002 6099



JOC Article

SCHEME 52
N
R4 z
~wOH \N/ !
\\\\ %
R4 NO2
""" (0] NO2 5.0
- +
N — oy OH

PivO

PivO

a(a) AD-mix; (b) NAIO4; (c) NaBH4, 67% overall; (d) TBDPS-
Cl, 77%; (e)CHClI; or toluene, heat; (f) TEMPO, bleach, 86%.

be needed for side chain development after formation of
the tricyclic core. This elaboration involved dihydroxy-
lation of the double bond, oxidative cleavage of the
resulting diols with sodium periodate® and reduction of
the corresponding aldehydes with sodium borohydride to
obtain the mixture of primary alcohols with a overall
yield of the three steps of 67%. The primary hydroxyl
groups are selectively converted to the corresponding tert-
butyldiphenylsilyl ether, yielding the mixture of alcohols
28 and 29 in a 1:2 ratio and a 77% yield. Interestingly,
these alcohols underwent the Smiles rearrangement at
a slow enough rate to allow separation of the regioisomers
by chromatography. It should be noted that the major
product 29 (from 16) is the undesired regioisomer for our
synthetic purposes. However, it was found that 29 could
be isomerized back to the original 28/29 mixture by
heating in refluxing methylene chloride (4 d) or toluene
(80 °C, 12 h).

The alcohols 28 and 29 were rapidly and cleanly
oxidized to the corresponding ketones 30 and 31 using
the TEMPO-bleach system? (86% yield). Other methods,
such as Swern oxidation and TPAP/NMO, induced isomer-
ization of the regioisomers. By means of NOE and
TOCSY NMR experiments, the regiochemistry and rela-
tive stereochemistry for these ketones were confirmed,
corroborating our assignments based upon coupling
constants and chemical shifts made in previous com-
pounds. Several attempts were performed to reduce the
nitro group of these ketones to the corresponding amine,
using reagents such as SnCl, as well as both commercial
basic and neutral Raney nickel, but results were not
reproducible. Finally, this reduction and subsequent
cyclization was achieved using either iron or zinc powder
in hot acetic acid and ethanol. Thus, imine 32 was
obtained in a 90% yield from nitroketone 30 using these
conditions (Scheme 6).

This tricyclic compound 32 is the immediate precursor
of our target molecule 4. In fact, we were pleased to find

(32) De Nooy, A. E. J.; Besemer, A. C.; van Bekkum, H. Synthesis
1996, 1153—-1174.
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that imine 32 could be reduced to the corresponding
target amine (cis fusion, 33) using NaBH, or NaBH3;CN
as reducing agent (70—80% yield).

In summary, the preparation of a novel heterocyclic
core structure designed to mimic the biologically active
conformation of a key pentapeptide fragment has been
accomplished in 11 steps and 7% yield. Two of the four
desired side chains are in place and awaiting functional
group manipulation; two other side chains must still be
incorporated into the pyrimidine unit for completion of
target compound 3. These synthetic studies are ongoing
and will be reported in due course.

Experimental Section

General Methods. Infrared spectra were recorded as thin
films on salt plates with vmax in inverse centimeters. Proton
(*H NMR) and carbon (33C NMR) magnetic resonance spectra
were obtained in CDCI; at 500 MHz and 62 MHz or 125 MHz,
respectively (as noted).

All air and moisture sensitive reactions were carried out
under an atmosphere of dry argon or nitrogen using oven-dried
or flame-dried glassware and standard syringe techniques.
Flash chromatography was performed on 40—75 mesh silica
gel using EtOAc—hexane mixtures as solvent unless otherwise
indicated. Thin-layer chromatography TLC was carried out on
silica gel plates with UV detection.

(1)-[1a,20,36,50]-5-(3-Butenyl)-3-(2-hydroxyethyl)-1,2-
cyclopentanediol 13a and (+)-[1/,24,3f,50]-5-(3-Butenyl)-
3-(2-hydroxyethyl)-1,2-cyclopentanediol 13b. A solution
of diene 12 (6.60 g, 39.8 mmol) and methanesulfonamide (3.78
g, 39.8 mmol) in 300 mL of t-BuOH—H,0 1/1 was treated with
59.64 g of AD-mix-f (1.5 g/mmol olefin) over 15 min. The
mixture was allowed to react for 5 h at room temperature and
was filtered. The solids were washed with t-BuOH/EtOAc 1/3
(3 x 50 mL) and discarded. The whole liquid parts were
combined, and the aqueous phase was separated and extracted
with more ethyl acetate (2 x 50 mL). All organic phases were
combined and evaporated. The residue was redissolved in 200
mL of ethyl acetate, and the aqueous phase was separated and
extracted with ethyl acetate (1 x 50 mL). The organic phases
were combined, dried over magnesium sulfate, and concen-
trated under reduced pressure to afford 5.30 g of a mixture of
diastereoisomeric triols 13a and 13b (approximately 1/1) and
a small amount of methanesulfonamide. The isomers were
separated by chromatography (hexanes/EtOAc, 1:10) to afford
1.925 g of triol 13a (9.6 mmol, 24%), 0.620 g of mixed isomers,
and 1.050 g of triol 13b.

13a: 'H NMR (500 MHz, CDClg) 6 1.41 (m, 2H), 1.64 (m,
4H), 1.86 (m, 1H), 2.05 (m, 3H), 3.41 (br s, 1H), 3.59 (m, 2H),
3.74 (m, 1H), 3.90 (s, 1H), 4.16 (br s, 1H), 4.75 (br s, 1H), 4.93
(d, 3 =10.5 Hz, 1H), 4.96 (dd, J = 1.5 Hz, J = 17 Hz, 1H),
5.78 (m, 1H); *C NMR (62.5 MHz, CDCl3) 6 29.3, 32.3, 34.6,
37.7, 40.0, 40.6, 62.1, 75.4, 80.8, 114.6, 139.0; IR (film) cm™:
3374, 2931, 1640. Anal. Calcd for C11H2003: C, 65.97; H, 10.07.
Found: C, 64.94; H, 9.27.
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13b: 'H NMR (500 MHz, CDCls) 6 1.36 (m, 2H), 1.70, (m,
3H), 1.83 (m, 1H), 2.0—2.76 (m, 4H), 2.76 (br s, 1H), 2.82 (br
s, 1H), 3.50 (br s, 1H), 3.63 (m, 2H), 3.76 (m, 1H), 3.99 (m,
1H), 4.93 (d, J = 10 Hz, 1H), 4.99 (d, J = 21 Hz, 1H), 5.82 (m,
1H); 13C NMR (62.5 MHz, CDCls) 6 32.6, 32.9, 33.8, 38.2, 42.3,
61.7,75.1, 80.5, 114.5, 139.0; IR (film) cm™*: 3360, 2929, 1639.
Anal. Calcd for C11H2003: C, 65.97; H, 10.07. Found: C, 65.79;
H, 10.18.

(£)-[1a,2a,3f,5a]-5-(3-Butenyl)-3-(2-pivaloyloxyethyl)-
1,2-cyclopentanediol 14a. A cooled (0 °C) solution of triol
13a (4.49 g, 0.022 mol), pyridine (2.9 mL, 0.023 mol), and
DMAP (0.134 g, 0.0011 mmol) in dry CH,CIl, (11 mL) was
treated with a solution of pivaloyl chloride in CH,Cl, (11 mL)
via addition funnel. The reaction was allowed to come to room
temperature, and after 3 h the reaction mixture was washed
with 10% HCI. The aqueous layer was back extracted with
CH_Cl,. The combined organics are washed with brine, dried
(MgSQ,), and evaporated to an oil. The crude oil was column
purified (10:1) to remove traces of bis-pivaloylated material
and starting material, affording 4.24 g (67%) of the desired
material. *H NMR (500 MHz, CDCls) 6 1.16 (s, 9H), 1.40 (m,
2H), 1.65 (m, 3H), 1.88 (m, 2H), 1.95 (m, 1H), 2.02 (dd, J =
7.5 Hz, J = 14.5 Hz, 2H), 2.71 (br s, 1H), 3.04 (br s, 1H), 3.6
(m, 1H), 3.8 (m, 1H), 4.1 (m, 1H), 4.15 (m, 1H), 4.90 (dd, J =
1 Hz, J =10.5 Hz, 1H), 4.96 (dd, J = 1.5 Hz, J = 15 Hz, 1H),
5.77 (m, 1H); 3C NMR (62.5 MHz, CDCl3) 6 27.3, 29.1, 32.3,
34.0,34.2, 38.9, 39.6, 40.2, 63.8, 75.1, 80.6, 114.6, 138.9, 179.0;
IR (neat oil) cm™: 3429, 1727, 1640. Anal. Calcd for
Ci6H2504: C, 67.57; H, 9.92. Found: C, 67.70; H, 10.07.

(1)-[18,2p,3p,5a]-5-(3-Butenyl)-3-(2-pivaloyloxyethyl)-
1,2-cyclopentanediol 14b. Following the procedure outlined
above, isomer 14b was prepared from 13b. *H NMR (500 MHz,
CDCl3) 6 1.17 (s, 9H), 1.36 (m, 2H), 1.68 (m, 3H), 1.92 (m, 3H),
2.10 (m, 2H), 2.86 (br s, 1H), 3.62 (dd, J = 4 Hz, J = 8.5 Hz,
1H), 3.90 (t, J = 3.5 Hz, 1H), 4.91 (d, J = 10.5 Hz, 1H), 4.97
(s, J = 17 Hz, 1H), 5.79 (m, 1H); *C NMR (62.5 MHz, CDCls)
027.3,29.1, 32,5, 33.8, 34.2, 37.2, 38.9, 42.6 63.7, 75.2, 80.6,
114.6,138.9, 178.9; IR (neat oil) cm~1: 3429, 1727, 1640. Anal.
Calcd for Ci6H2504: C, 67.57; H, 9.92. Found: C, 67.35; H,
10.03.

(1)-[1a,20,3p,50]-5-(3-Butenyl)-2-(2,6-dimethyl-5-nitro-
4-pyrimidyloxy)-3-(2-pivaloyloxyethyl)cyclopentanol 15
and (+)-[10,20,30,56]-3-(3-Butenyl)-2-(2,6-dimethyl-5-ni-
tro-4-pyrimidyloxy)-5-(2-pivaloyloxyethyl)cyclopen-
tanol 16. A suspension of cyclopentane diol 14a (1.51 g, 3.45
mmol) and Bu,SnO (0.91 g, 3.62 mmol) in 25 mL of methanol
was heated to reflux for 6 h or until the solid white Bu,SnO
disappeared. The mixture was concentrated under reduced
pressure, redissolved in dry THF, concentrated again, and
dried under vacuum. The resulting oil was dissolved in 40 mL
of dry THF, and 1.16 g of tetrabutylammonium bromide was
added, followed by a solution of 0.760 g (4.03 mmol) of 4-chloro-
5-nitro-2,6-dimethylpyrimidine (21) in THF (1 mL). The
mixture was allowed to react for ~24 h at reflux temperature.
After this time, the mixture was concentrated under reduced
pressure, and the crude material was purified by chromatog-
raphy (hexanes/EtOAc, 3:1) to afford a 1:1 mixture of regioi-
someric products as an oil (1.61 g, 78% yield). *H NMR (500
MHz, CDCl3) (mixture of regioisomers) ¢ 0.9 (t, J = 7.5 Hz,
2H), 1.15 (s, 9H), 1.19 (s, 1H), 1.23 (m, 2H), 1.34—2.18 (m,
15H), 2.46, (m, 2H), 2.49 (s, 6H), 2.59 (s, 3H), 2.60 (s, 3H),
3.85 (m, 1H), 4.08 (m, 2H), 4.13 (m, 2H), 4.25 (t, J = 3.5 Hz,
1H), 4.98 (m, 4H), 5.21 (dd, 3 = 8.5 Hz, 3 =4 Hz 1H), 5.71 (m,
1H), 5.71 (m, 1H), 5.80 (m, 1H); 3C NMR (125 MHz, CDCls)
0 135,205, 26.1, 26.2, 26.9, 27.22, 27.28, 28.5, 29.1, 32.0, 32.1,
32.8, 33.1, 33.3, 33.4, 37.0, 38.2, 38.8, 39.4, 40.3, 62.9, 63.3,
72.8,80.2,82.9,85.3,114.7, 115.0, 138.2, 138.7, 160.1, 160.62,
160.65, 161.3, 168.3, 168.5, 178.6, 178.7; IR (film) cm~*: 3430,
1726, 1640. HRMS Calcd for [M + 1] CzH33N3sOg: calcd
436.2447; found 436.2449.

(£)-[14,24,36,50]-5-(3-Butenyl)-2-(2,6-dimethyl-5-nitro-
4-pyrimidyloxy)-3-(2-pivaloyloxyethyl)cyclopentanol 17
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and ()-[1p,24,30,50]-3-(3-Butenyl)-2-(2,6-dimethyl-5-ni-
tro-4-pyrimidyloxy)-5-(2-pivaloyloxyethyl)cyclopen-
tanol 18. Following the procedure outlined above, the insepa-
rable isomer mixture 17/18 was prepared from 14b. *H NMR
(500 MHz, CDClg) (mixture of regioisomers) 6 0.88 (m, 1H),
1.18 (s, 9H), 1.20 (s, 9H), 1.20 (m, 3H), 1.42—-2.14 (m, 16H),
2.46 (m, 1H), 2.39 (m, 1H), 2.51 (s, 3H), 2.52 (s, 1H), 2.615 (s,
3H), 2.619 (s, 3H), 3.87 (dd, J = 3.5 Hz, J = 8.5 Hz, 1H), 4.06
(m, 2H), 4.12 (m, 2H), 4.28 (t, J = 3.5 Hz, 1H), 4.98 (m, 4H),
5.19 (dd, J = 3.5 Hz, J = 8.5 Hz, 1H), 5.69 (t, J = 3.5 Hz),
5.80 (m, 2H); **C NMR (125 MHz, CDCls) 6 20.5, 20.6, 26.1,
27.2, 28.5, 29.0, 29.1, 32.0, 32.3, 32.5, 32.9, 33.5, 33.6, 33.8,
33.9, 34.1, 36.0, 37.1, 37.2, 39.4, 42.8, 62.9, 63.4, 63.6, 73.0,
75.1, 80.4, 80.6, 83.3, 85.4, 114.7, 114.8, 138.3, 138.6, 138.8,
160.2, 160.5, 160.8, 161.3, 168.4, 168.5, 178.6, 178.7; IR (film)
cm~% 3489, 1726, 1640. HRMS Calcd for [M + 1]7 CyHas-
N3Os: calcd 436.2447; found 436.2449.

(+)-[1a,20,30,56]-3-(3-Butenyl)-2-(2,6-dimethyl-5-nitro-
4-pyrimidyloxy)-5-(2-pivaloyloxyethyl)-1-cyclopen-
tanol Methanesulfonate 19. A solution of alcohols 15/16 (1.0
g, 2.28 mmol) in CHCI; (5 mL) was added to a solution of
MsCI (0.353 mL, 4.56 mmol) and pyridine (0.402 mL, 5.01
mmol) in 5 mL of CH,Cl,. The reaction was allowed to stir 20
h. The solvent was removed, and the pyridinium salts were
removed by trituration with 1:1 EtOAc/Hex. Any remaining
MsCI was removed by heating to 60 °C under high vacuum.
The crude product (939 mg, 80.2%) was utilized without
purification in the next step. *H NMR (500 MHz, CDCls) 6 1.20
(s, 9H), 1.41 (m, 1H), 1.56 (m, 1H), 1.63 (m, 2H), 1.77 (m, 2H),
2.02 (m, 2H), 2.21 (m, 1H), 2.43 (m, 1H), 2.50 (s, 3H), 2.60 (s,
3H), 2.93 (s, 3H), 4.10 (m, 2H), 4.67 (dd, J = 3.5 Hz, J = 9 Hz,
1H), 4.94 (m, 2H), 5.69 (m, 1H), 6.00 (t, J = 3.5 Hz, 1H); **C
NMR (62.5 MHz, CDCl3) 6 20.1, 25.7, 27.0, 28.7, 31.6, 31.8,
31.9,37.2,37.9,38.2, 38.6, 38.7, 62.4, 78.6, 84.0, 115.1, 132.1,
137.6, 160.14, 160.19, 167.9, 178.2; IR (film) cm ~1: 2960, 2937,
2873, 1724, 1640. HRMS Calcd for [M + l]+ Co3H3s5N30sS:
calcd 514.2223; found 514.2225.

(1)-[14,24,34,5a]-5-(3-Butenyl)-2-(2,6-dimethyl-5-nitro-
4-pyrimidyloxy)-3-(2-pivaloyloxyethyl)-1-cyclopen-
tanol Methanesulfonate 20. Following the procedure out-
lined above, the inseparable isomer mixture 17/18 resulted in
the preparation of 20. 'H NMR (500 MHz, CDCls) ¢ 1.18 (s,
9H), 1.20, (m, 3H), 1.38—2.40 (m, 7H), 2.52 (s, 3H), 2.62 (s,
3H), 2.93 (s, 3H), 4.05 (t, J = 6.5 Hz, 2H), 4.69 (dd, J = 3.5
Hz, 3 = 9 Hz, 1H), 5.00 (m, 2H), 5.79 (m, 1H), 5.98 (t, J =4
Hz, 1H); 33C NMR (125 MHz, CDCls) 6 20.3, 25.8, 27.1, 28.8,
31.7,31.9, 32.6, 35.8, 38.3, 39.7, 62.4, 78.8, 84.2, 115.1, 126.9,
137.6, 160.0, 160.2, 168.2, 178.3; IR (film) cm™: 1725. HRMS
Calcd for [M + 1]" Cy3H3sN3OsS: calcd 514.2223; found
514.2225.

(+)-[10,20,30.,5]-3-(3-Butenyl)-2-(5-amino-2,6-dimethyl-
4-pyrimidyloxy)-5-(2-pivaloyloxyethyl)-1-cyclopen-
tanol Methanesulfonate 22. Nitromesylate 19 (200 mg,
0.387 mmol) was heated with SnCl; (294 mg, 1.55 mmol) in 2
mL of EtOH at 70 °C for 1.5 h. The warm reaction mixture
was poured into 40 mL of crushed ice and neutralized with
saturated aqueous NaHCO; solution. The solids were isolated
by filtration and stirred with EtOAc. The water layer was
extracted several times with EtOAc. The combined organics
were dried (MgSO,4) and concentrated to yield the desired
material (140 mg, 72%). This compound was used without
further purification in the next step. 'H NMR (500 MHz,
CDCls3) 6 1.20 (s, 9H), 1.37 (m, 1H), 1.55 (m, 1H), 1.67 (m, 2H),
1.85 (m, 1H), 2.04 (m, 3H), 2.23 (m, 1H), 2.32 (s, 3H), 2.44 (s,
3H), 2.44 (m, 1H), 2.88 (s, 3H), 3.49 (br s, 2H), 4.12 (m, 2H),
4.74 (dd, 3 = 4 Hz, 3 = 9 Hz, 1H), 4.92 (m, 2H), 5.68 (m, 1H),
5.91 (t, J = 4.5 Hz, 1H); 3C NMR (125 MHz, CDClg) 6 19.2,
24.9, 27.3, 29.1, 31.8, 32.3, 32.5, 38.2, 38.4, 38.8, 38.9, 63.0,
75.6, 85.6, 115.2, 123.5, 138.1, 148.9, 155.3, 156.9, 178.7; IR
(film) cm~1: 3374, 1725. HRMS Calcd for [M + 1]" CaHas-
N3OeS: calcd 484.2481; found 484.2481.
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(£)-[10,2a,30,5p]-3-(3-Butenyl)-2-(5-tosylamino-2,6-di-
methyl-4-pyrimidyloxy)-5-(2-pivaloyloxyethyl)-1-cyclopen-
tanol Methanesulfonate 24. Aminomesylate 22 (288 mg,
0.592 mmol) was dissolved in 3 mL of dry CH3CN. Solid TosClI
(0.124 mL, 0.651 mmol) was added, followed by pyridine (0.062
mL, 0.769 mmol). The reaction did not go to completion despite
addition of more pyridine and TosClI (0.3 equiv each). After 24
h, the mixture was evaporated and triturated with 1:1 EtOAc/
hexanes to remove the pyridinium salts. The crude material,
347 mg (91.6%), was used in the next step. 'H NMR (500 MHz,
CDCl3) 6 1.05 (m, 1H), 1.22 (s, 9H), 1.30 (m, 1H), 1.50 (m, 1H),
1.58 (m, 1H), 1.65 (m, 1H), 1.95 (m, 3H), 2.10 (m, 1H), 2.37
(m, 1H), 2.39 (s, 3H), 2.41 (s, 3H), 2.54 (s, 3H), 2.91 (s, 3H),
4.10 (m, 2H), 4.59 (dd, J = 4.5 Hz, J = 9 Hz, 1H), 4.95 (m,
2H), 5.68 (m, 2H), 6.22 (br s, NH), 7.26 (d, J = 8.5 Hz, 2H),
7.66 (d, J = 8.5 Hz, 2H); 33C NMR (62.5 MHz, CDCl3) 6 21.0,
21.5, 25.4, 27.1, 28.2, 31.6, 31.8, 32.3, 37.9, 38.4, 38.7, 62.6,
84.7,99.1, 114.0, 115.0, 127.2, 129.8, 137.5, 137.8, 143.9, 164.5,
164.9, 166.4, 178.4; IR (film) cm™1: 3256, 1723, 1640. HRMS
Calcd for [M + 1]" CgzoHa3N3OsS,: calcd 638.2569; found
638.2570.

(+)-trans-5-(3-Butenyl)-1-(5-tosylamino-2,6-dimethyl-
4-pyrimidyloxy)-3-(2-pivaloyloxyethyl)cyclopentene 26.
Compound 24 (340 mg, 0.531 mmol) was treated with ‘BuOK
(59.6 mg, 1.062 mmol) in dry THF at reflux temperature. After
19 h, a product was observed (TLC), but the reaction did not
go to completion even after 3 days. The mixture was quenched
with 10% HCI and extracted with EtOAc. Column purification
(EtOAc/Hex) produced 45 mg of the title compound and 27 mg
of starting material. 'H NMR (500 MHz, CDCl3) 6 1.18 (s, 9H),
1.14 (m, 1H), 1.31 (m, 1H), 1.61—1.72 (m, 3H), 1,86 (m, 1H),
2.00 (m, 1H), 2.39 (s, 3H), 2.52 (s, 3H), 2.59 (s, 3H), 2.68 (m,
1H), 4.06 (t, J = 6.5 Hz, 2H), 4.93 (m, 2H), 4.99 (s, 1H), 5.69
(m, 1H), 6.17 (s, 1H NH), 7.23 (d, 3 = 8 Hz, 2H), 7.58 (d, J =
8 Hz, 2H); 13C NMR (62.5 MHz, CDCl3) ¢ 21.3, 21.4, 25.5, 27.1,
31.1,31.7,34.2,35.0, 36.7, 38.6, 41.6, 62.8, 113.8, 114.6, 127.3,
129.5, 136.7, 138.2, 143.8, 154.1, 163.0, 165.5, 167.8, 178.4;
IR (film) cm™% 1726, 1640. HRMS Calcd for [M + 1]"
Ca9H39N305S: calcd 542.2688; found 542.2688.

(1)-[1a,20,36,50]-5-(3-tert-Butyldiphenylsilyloxypropyl)-
2-(2,6-dimethyl-5-nitro-4-pyrimidyloxy)-3-(2-pivaloyloxy-
ethyl)cyclopentanol 28 and (+)-[1a,20,30,54]-3-(3-tert-
Butyldiphenylsilyloxypropyl)-2-(2,6-dimethyl-5-nitro-4-
pyrimidyloxy)-5-(2-pivaloyloxyethyl)cyclopentanol 29. A
solution of olefins 15/16 (4.3 g, 9.81 mmol) in water/n-BuOH
(40 mL each) was treated with MeSO,NH; (0.933 g, 9.81 mmol)
and AD-mix-f (14.7 g, 1.5 g/mmol substrate). The mixture was
stirred rapidly for 1 h or until complete by TLC (KMnO,),
filtered, and rinsed with n-BuOH (2x) and EtOAc (2x). The
water was separated, and the organics were concentrated. The
mixture was redissolved in EtOAc, washed with brine, dried
(MgSO,), and concentrated in vacuo. The material was passed
through a SiO; plug (EtOAc/Hex) to remove MeSO;NH;
contaminants. A yield of 3.4 g (75%) of the desired material
was obtained. *H NMR (500 MHz, CDClz) (mixture of regio-
isomers) ¢ 1.14 (s, 9H), 1.18 (s, 9H), 1.3—2.2 (m, 20H), 2.48 (s,
6H), 2.58 (s, 3H), 2.60 (s, 3H), 3.35 (m, 2H), 3.58—3.66 (M, 4H),
3.86 (br m, 1H), 4.03—4.13 (br m, 4H), 4.28 (br m, 1H) 5.18
(br m, 1H), 5.69 (br g, J = 4 Hz, 1H); 3C NMR (125 MHz,
CDCls3) 6 20.6, 26.1, 27.3, 31.6, 33.2, 33.5, 33.7, 37.1, 37.2, 38.8,
39.2, 40.3, 63.0, 63.3, 66.8, 66.9, 72.1, 72.2, 72.6, 72.8, 80.3,
82.8, 82.9, 85.2, 132.6, 160.2, 160.6, 160.7, 161.4, 168.4, 168.6,
178.7, 178.8; IR (film) cm™: 3384, 1724. HRMS Calcd for [M
+ 1] Ca2H3sN3Og: calcd 470.2502; found 470.2504.

The mixture (3.5 g, 7.38 mmol) was dissolved in water/n-
BuOH (40 mL each), and NalQO4 (4.7 g, 22.1 mmol) was added.
The reaction was judged complete in 30 min by TLC. To the
mixture was added 150 mL of H,O and 250 mL of EtOAc, and
the layers were separated. The aqueous layer was back
extracted with EtOAc (3x). The combined organics were dried
(MgSO,4) and concentrated. The crude aldehyde mixture of
regioisomers (2.99 g, 92.0%) were dissolved in MeOH and

6102 J. Org. Chem., Vol. 67, No. 17, 2002

Busqué et al.

cooled to 0 °C. Solid NaBH, (0.20 g, 5.44 mmol) was added.
After 15 min, a few drops of 10% HCI was added. The mixture
was concentrated in vacuo, redissolved in EtOAc, and washed
with 10% HCI. Sodium hydroxide (6 N) was added to the
aqueous layer until pH 8 and was then extracted with EtOAc
to remove additional product. The crude yield was 1.94 g,
96.6%. HRMS Calcd for [M + 1] C,1H33N3O7: calcd 440.2396;
found 440.2397.

The mixture of alcohols (2.89 g, 6.52 mmol) was dissolved
in CH.Cl; (13 mL) and TEA (1.09 mL, 7.82 mmol) and then
DMAP (0.032 g, 0.26 mmol) was added. The solution was
cooled to 0 °C. A solution of TBDPSCI (1.79 mL, 6.84 mmol)
in 13 mL of CHCIl, was added dropwise to the alcohol. The
reaction was complete after 3 h was washed with 10% HCI
and H,0 and dried (MgSQ,). The regioisomers were separated
(1:4 EtOAc/hexanes) to obtain a 1:2 ratio of 28 to 29 (total
recovery, 2.51 g, 77%).

Compound 28. *H NMR (500 MHz, CDCIls) ¢ 1.05 (s, 9H),
1.17 (s, 9H), 1.47 (m, 1H), 1.50 (m, 1H), 1.60 (m, 2H), 1.67 (m,
2H), 1.81 (m, 1H), 1.87 (m, 1H), 1.97 (br m, 2H), 2.51 (s, 3H),
2.62 (s, 3H), 3.68 (m, 1H), 4.21 (br s, 1H), 4.97 (m, 2H), 5.18
(dd, 3 = 3.5 Hz, 3 = 8.5 Hz, 1H), 7.39 (m, 6H), 7.67 (m, 4H);
BC NMR (62.5 MHz, CDCl;) 6 19.3, 20.5, 25.7, 26.1, 27.0, 27.2,
31.0, 33.0, 33.3, 37.1, 38.8, 39.9, 63.0, 64.1, 72.8, 85.5, 127.7,
129.6, 132.6, 134.2, 135.7, 160.2, 160.5, 168.4, 178.5; IR (film)
cm™: 3440, 1726. HRMS Calcd for [M + 1]" C37Hs1N3O-Si:
calcd 678.3574; found 678.3576.

Compound 29. *H NMR (500 MHz, CDCl3) 6 1.01 (s, 9H),
1.21 (s, 9H), 1.32 (m, 1H), 1.54 (m, 4H), 1.65 (m, 1H), 1.72 (m,
1H), 1.95 (m, 1H), 2.0 (m, 1H), 2.18 (m, 1H), 2.50 (s, 3H), 2.58
(s, 3H), 3.60 (t, 3 = 6.5 Hz, 2H), 3.83 (dt, J =4 Hz, 3 = 9 Hz,
1H), 4.14 (m, 2H), 5.72 (t, J = 4 Hz, 1H), 7.37 (m, 6H), 7.62
(m, 4H); 3C NMR (62.5 MHz, CDCls) 6 19.2, 20.5, 26.0, 26.4,
26.9, 27.3, 30.8, 33.4, 33.6, 38.8, 40.3, 53.5, 63.2, 63.7, 80.2,
82.8, 127.6, 129.6, 132.5, 134.0, 135.6, 160.5, 161.3, 168.2,
178.5; IR (film) cm~%: 3477, 1725. HRMS Calcd for [M + 1]*
C37H51N307Si: caled 678.3574; found 678.3576.

(£)-[20,34,50]-5-(3-tert-Butyldiphenylsilyloxypropyl)-
2-(2,6-dimethyl-5-nitro-4-pyrimidyloxy)-3-(2-pivaloyloxy-
ethyl)cyclopentanone 30. Alcohol 28 (1.05 g, 1.55 mmol) was
dissolved in CH,CI; (0.4 mL) and mixed with TEMPO (2.4 mg,
0.015 mmol) and aqueous KBr (1 M, 2.58 mL) at —10 °C. A
solution of commercial bleach (5.25%) (2.58 mL, 1.70 mmol)
containing NaHCO; (169 mg/10 mL) was added dropwise to
the alcohol with rapid stirring. After completion (~10 min),
the reaction mixture was washed with 10% HCI containing
Nal (150 mg/10 mL HCI), 10% Na;S,03, and H,0. The organics
were dried (MgSOQ,) and concentrated to afford the ketone in
86% yield (904 mg) *H NMR (500 MHz, CDCl3) ¢ 1.05 (s, 9H),
1.18 (s, 9H), 1.47 (m, 1H), 1.63 (m, 2H), 1.85 (m, 3H), 2.03 (m,
2H), 2.44 (m, 2H) 2.51 (s, 3H), 2.56 (s, 3H), 3.67 (m, 1H), 4.15
(m, 2H), 5.52 (d, 3 = 10 Hz, 1H) 7.40 (m, 6H), 7.66 (dd, J =
1.5 Hz, J = 8 Hz, 4H); 13C NMR (62.5 MHz, CDCls) 6 19.3,
20.5, 25.9, 26.8, 27.2, 28.0, 29.6, 30.2, 32.6, 35.8, 38.8, 43.1,
62.0, 63.4, 83.2, 127.6, 129.7, 132.0, 133.9, 135.6, 159.7, 160.6,
167.9, 178.5, 211.0; IR (film) cm™: 1757, 1728. HRMS Calcd
for [M + 1]* C37;H49N30-Si: calcd 676.3418; found 676.3417.

(1)-[2a,3a,54]-3-(3-tert-Butyldiphenylsilyloxypropyl)-
2-(2,6-dimethyl-5-nitro-4-pyrimidyloxy)-5-(2-pivaloyloxy-
ethyl)cyclopentanone 31. Following the procedure outlined
above, isomer 29 was transformed into 31. *H NMR (500 MHz,
CDCls) 0 1.02 (s, 9H), 1.19 (s, 9H), 1.54 (m, 2H), 1.67(H6)-
1.80 (m, 4H), 2.12 (m, 1H), 2.22 (m, 1H), 2.35 (m, 1H, H4),
2.51 (s, 3H), 2.59 (m, 1H, H2), 2.59 (s, 3H), 3.65 (m, 2H, H8),
4.15 (m, 2H), 5.87 (d, J = 7.5 Hz, 1H, H1), 7.39 (m, 6H), 7.63
(m, 4H); 3C NMR (62.5 MHz, CDCls) 6 19.2, 20.5, 23.5, 26.0,
26.9, 27.3, 28.7, 30.0, 30.2, 36.6, 38.3, 40.2, 62.1, 63.5, 80.2,
129.7, 129.7, 132.1, 133.8, 135.6, 159.6, 160.7, 168.1, 178.4,
211.6; IR (Film) cm~%: 1757, 1726. HRMS Calcd for [M + 1]*
Cs7H49N307Si: calcd 676.3418; found 676.3417.

Imine 32. Nitroketone 30 (100 mg, 0.147 mmol) was
dissolved in EtOH (1 mL) and HOAc (84 uL, 1.47 mmol) and
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was heated to 70 °C. Iron powder (—325 mesh, 41 mg, 0.735
mmol) was added. After 1 h, the hot reaction mixture was
passed through Celite and evaporated under reduced pressure.
The residue was dissolved in EtOAc and washed with sat.
aqueous NaHCOs;. The organics were dried (MgSO.) and
concentrated to yield 88.3 mg (90%) of the desired imine. The
crude material was taken directly on to the next step. Note:
this material degrades upon sitting over a period of days.

Tricycle 33. Imine 32 (88.3 mg, 0.140 mmol) was dissolved
in MeOH (~1 mL) and cooled to 0 °C. NaBH, (6.4 mg, 0.168
mmol) was added as a solid in one portion. The reaction was
complete in minutes, and a drop of 10% HCI was added. The
MeOH was removed in vacuo. The residue was dissolved in
EtOAc, and the solution was washed with saturated aqueous
NaHCO; to liberate 68.5 mg of the free amine. *H NMR (500
MHz, CDCl3) 6 1.06 (s, 9H), 1.13 (s, 9H), 1.42 (m, 1H), 1.5—
1.7 (m, 5H), 2.02, (m, 1H), 2.06 (m, 1H), 2.16 (m, 1H), 2.26 (s,
3H), 2.49 (s, 3H), 3.29 (br s, NH), 3.44 (brq,J=4Hz, J =6
Hz, 1H), 3.69 (m, 2H), 4.10 (m, 2H), 4.38 (ddd, J =1 Hz, J =
3.5 Hz, J = 7 Hz, 1H), 7.39 (m, 6H), 7.65 (m, 4H); 3C NMR
(125 MHz, CDCls) 6 18.4, 19.3, 24.6, 25.9, 27.0, 27.2, 30.9, 32.9,
33.0,38.6,39.0,52.2,63.1, 63.6, 84.4, 112.2, 127.7,129.7, 133.9,
135.6, 149.0, 154.9, 156.3, 178.5; IR (film) cm™: 1801, 1725.
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HRMS Calcd for [M + 1] C37H51N304Si: caled 630.3727; found
630.3727.
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