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1. INTRODUCTION
Nucleosides are tunaamcmal building biocks of biol og cal sysicms which are sequentiially

phosphorylated by kinases into their mono-, di-, and triphosphates.i-2 The resuitant nucieotides are processed
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into nucleic acids by polymerases.!»2 The search for nucleoside an nalogs which function as non-toxic, selective

l"hlh‘m of hmgﬂ.ﬂ and naolvmeracec faor tha rnntml {’\f I'.n;ral mnnunne and rannar hao haaa sha ﬁib'“'t Gf intciise

itors of and polymerases for the control
research.3-6 Nucleoside analogs which are good substrates for cellular kinases, but resistant to other host
€nzymes such as phosphoryiascs which cleave the giycosidic bond of naturai nucieosides are essential for the
development of useful therapeutic agents. One important discovery has been that replacement of the oxygen in
the sugar portion of the nucleoside with a methylene (CH2) unit results in carbocyclic nucleoside analogs which
are highly resistant to phosphorylases.”

While the carbocyclic analog of adenosine was first described by Shealy8 in 1966 it was the discovery
that the natural carbocyclic nucleosides aristeromycin 19 and neplanocin A 210 display antibiotic and antitumor
activity which sparked the search for other carbocyclic nucleoside analogs with biological activity.
Subsequently, other synthetic carbocyclic nucleosides with important therapeutic properties were discovered.

parru') arlv carhnvir 3,11 ﬂ}“ etriintnrally relatad 1592U89 412 as wcll as BCA 513 ha.v.e hoaem Sh Wil t0 be
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inhibitors of the human immunodeficiency virus (HIV), the causative agent for the acquired immune deficiency
syndrome (AIDS). Phase I clinical trials indicate that 1592U89 succinate reduces viral load in HIV infected
patients by >99% after 12 weeks of dosing. Of equal importance are the significant increases in CD4 counts
(average increase from baseline of 352 to 450 after 12 weeks of dosing) and an absence of toxic side effects in
the patients treated.14
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While the exact mechanisms of these antivirals are not completely understood, they are prodrugs which

e seq nallv phosphorylated by cellular kinases to the corresponding triphosphates, 15 The triphosphate is
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incorporated into the replicating viral DNA

since there is no 3' hydroxyl for further elongation of the chain.!® In addition, the 5' triphosphate or the
oligonucleotide may act as a competitive inhibitor of the reverse transcriptase.

Although promising new antiviral agents have been discovered, the search for potent inhibitors of a
variety of viral infective agents continues.3-¢ There is a need for new inhibitors of HIV, cytomegalovirus
(CMYV), herpes simplex virus type 1 (HSV-1), type 2 (HSV-2), varicella-zoster virus (VZV), Epstein-Barr virus
(EBYV), and hepatitis B virus (HBV), since viral opportunistic infections of these types can prove fatal to patients
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whose immune systems are compromised by AIDS or other causes.!” The intense search for clinically useful
carbocyclic aucleosides has resulted in a wealth of new approaches for their synthesis, and most importantly,
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their enantioselective synthcsm ‘Recent developments in the area of enantiosclective approaches to carbocyclic
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1997 with selecied earlier examples inciuded for historical reference or because of special significance. The

reader is referred to other excellent earlier reviews for coverage of the literature prior to 1994.3-6
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There are two fundamental approaches for the construction of carbocyclic nucleosides: 1) convergent

attachment of an intact heterocyclic base with an appropriately functionalized carbocyclic ring by substitution and
2) lincar construction of the heterocycle from an amine substituent on the carbocycle.

2.1  Direct Coupling of the Base with the Carbocyclic Pseudo Sugar

Direct substitution can be accomplished by several methods: 1) palladium catalyzed displacement of an
allylic ester or carbonate; 2) Mitsunobu coupling with a cycloalkanol; 3) nucleophilic displacement of a halide
ion or activated hydroxyl such as a mesylate, tosylate, or triflate; 4) ring opening of an epoxide; or 5) Michael
addition to an olefin activated by a carbonyl or other electron withdrawing group. Direct coupling of a
heterocyclic base provides a more convergent approach to carbocyclic nucleosides, but introduces the problem
of regioselectivity with respect to attack by the base. With purines, attachment at the N9, N7 and N3 nitrogens
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beneficial. Guanine has a low solubility in organic solvents and is typically introduced by attachment of 2.
amino-6-chloropurine followed by hydrolytic displacement of the 6-chloride. 18

2.1.1 Palladium catalyzed displacement of an allylic ester or carbonate. One highly useful strategy for the
convergent coupling of the two fragments of carbocyclic nucleosides is the palladium (0) catalyzed substitution
of allylic esters and carbonates (Scheme 1). The reaction, which was pioneered by Trost,!9 proceeds with
retention of conﬁmlranon although allvhc rearrangement can result due to attack of the heterocyclic anion at the
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employed in carbocyclic nucleoside synthesis, particularly for dideoxy analogs such as carbovir and 1592U89

PR o V72

(abacavir).20 A variety of Pd(0) catalysts have been employed.

Scheme 1
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2.12. Mitsunobu coupling. Another of the most useful and common methods for the connection of the
mrhocvchc sugar and the hmm]w base is the Mitsunobu :-mmlma (Scheme ')).21 Activationof a hydlw‘;x‘ll

by a complex formed from an azodicarboxylate and triphenylphosphine allows direct substitution of the
alcohol.22 The relative high acidity of the the NH on the aromatic base makes it a useful pariner in the

- .o

Mitsunobu coupling.
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more commonly mesylates, tosylates and triflates have been utilized in coupling of the carbocycle to the
heterocycie as iilustraied in the synthesis of the carbocyclic oxetanocin analogue i3 in Scheme 3.23 Competing
elimination is a potential complication in this approach, particularly since higher temperatures are often required

to achieve substitution.

Scheme 3
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electrophiles for the coupling of the key fragments in carbocyclic nucleoside synthesis as shown in Scheme 4.24

Scheme 4
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2.1.5 Michael addition to an activated olefin. A limited number of examples of Michael additions for coupling
of heterocycle and carbocycle have been reported. Nitro olefins function well in this regard as shown in Scheme
5.25
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Scheme 5
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2.2 Construction of the heterocyclic base from an Aminocycloalkane.

arecaearelio hana A8 el b L ¥ _

The ‘ﬁl‘a‘umybm UASC O1 wuu»yuu. nucleosides can also be introduced inrougn a anCar siraicgy in
which an amino group on the carbocyclie is used to construct a heterocycie.18,26-2% The amino group becomes
the N9 of a purine moiety or the N1 of a pyrimidine.

2.2.1. Synthesis of purines. The synthesis of adenine derivatives is accomplished by reaction of a
substituted cycloalkylamine with S-amino-4,6-dichloropyrimidine to prepare the cycloalkylaminopyrimidine
which can be condensed with triethyl or trimethyl orthoformate to provide the 6-chloropurine (Scheme 6).
Displacement of the chloride with ammonia provides the adenine derivative in good overall yields.26

Scheme 6
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a) 5-amino-4,6-dichioropyrimidine, EtgN, 82%. b) (EtO)3CH, HCI, 86%. c) NH3, MeOH, 77%.

Guanines can be synthesized in a similar sequence by the reaction of the cycloalkylamine with 2-amino-
4,6-dichloropyrimidine to give the cycloalkylaminopyrimidine (see Scheme 7). Reaction with 4-chlorobenzene-

Scheme 7
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a) 2-amino-4,6-dichloropyrimidine, PraNEtL, BuOH, reflux, 80%. b) 4-CiCgH¢N2z"CI', HOAc, NaOAc, H20, 69%.
¢} Zn, HOAc, EtOH, H,0, 50%. d) (Et0)sCH, HCI, H,0. e) NaOH, Ho0, reflux, 74%
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diazonium chloride followed by reduction with zinc provides the diaminopyrimidine. The aminopyrimidine is
then converted to the 2-amino-6-chloronurine by the condensation with me-ﬂwlmvthnfnrmare in the presence of

NSV

acid. Displacement of the chloride with aqueous base completes the five stqp construction of the guanine.27
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position of the guanine (or adenine).

222 Synthesis of pyrimidines. Pyrimidines can be prepared by the reaction of a cycloalkylamine with 3-
cthoxy-N-carboethoxy-2-ethylacrylamide to give the intermediate acryloylurea 30 which can be readily
converted to the pyrimidine 31 by an acid or base catalyzed addition-elimination (Scheme 8).28 Overall yields
for the pyrimidine annclation are quite good. A variety of substituents can be incorporated at the 5-position of

the pyrimidine by this approach.

Scheme 8
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a) EtgN, dioxane. b) 2% 2N HClI in dioxane. ca. 80% overall.

Pyrimidines can also be prepared from an amino group by addition of an isocyanate 0 access a similar
acylurea to 30 above (Scheme 9).2% Cyclization to the pyrimidine can be carried out with either base or acid.
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3. CYCLOPENTYL CARBOCYCLIC NUCLEOSIDES

Palladium catalyzed substitutions of allylic leaving groups have found wide application in carbocyclic
nucleoside synthesis. An allylic ester, carbonate or epoxide is treated with a palladium (0) catalyst to generate an
intermediate allyl palladium complex 34 which reacts with an anion of a purine or pyrimidine (Scheme 10).
Three points are worth note. 1) Either of two regioisomeric allyl esters 32 or 33 can in principle provide access
to the same palladium complex. 2) The palladium complex undergoes nucleophilic attack at the less hindered
carbon. 3) Since palladium first displaces the allylic ester and then a nucleophile displaces palladium, the overall
substitution reaction occurs with retention of configuration, although allylic rearrangement can occur. 30 The use
of an epoxide or carbonate as the leaving group precludes the need for an external base to deprotonate the

1]
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heterocyclic base. Since carboxylates are less basic, a stoichiometric amount of base must be added o
deprotonate the heterocyclic base when esters are utilized as the leaving group.

Scheme 10
l:lu
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3

The first example of direct substitution of a heterocyclic base on a carbocycle through a palladium
catalyzed substitution was reported by Trost in a racemic synthesis of aristeromycin (Scheme 11).19 Reaction of
the cyclopentadiene monoepoxide 36 with Pd(OAc); and adenine gave the cyclopentenol 37. No indication of
N9 versus N7 selectivity is noted. The derived allylic carbonate 38 was subjected to a second palladium
catalyzed substitution with phenylsulfonylnitromethane anion to provide the cis 3,5-disubstituted cyclopentene

39. The nitrosulfone serves as a surrogate hyd__rg Jmpﬂ'\v] group. m‘hyd.revvlaavnn" of the olefin 30 followed

by protection of the diol gave the acetonide 40. Conversion of the nitrosulfone 40 to its nitronate and

subsequent ozonolysis produced the ester 41 which was readily transformed to (1)-aristeromycin 1.
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a) 0.6 mol% Pd(OAc)z, 6 mol % (i-PrO)aP 1.2 mol % t- BuLl ademne 1:1 THF:DMSO, 67%. b ClCOgMe pyr,
CH2Clp, 85%. ¢) 5 % [Pda{dba)a]-CHCia, 50% PPhga, LICH{NO2)SO.Ph, THF, 82%. d) KMnOy4, NaOH, H2O.
e) p-TsOH, Me2C(OMe)2, 45% 2 steps. f) NH4OH, MeOH, 81%. ¢) NaOMe. MeOH, Og, -78°C, 70%

h) +BuzAlH, CHzClp, CgHg, 82%. i) 1.5 M HClI, 80°C then Dowex IX8-50 (OH form), 70%.
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A second eeneration b
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gener synthesis by Trost attempted to address the difficulty of introducing the
hydroxymethyl substitutent and ......' o the need for an enantiosclective approach (Scheme 12).31 A highly

imaginative asymmeitric desymmetrization reaction in which the chiral ligand 43 was used in the palladium (0)
coupling of phenylsulfonylnitromethane with cis dibenzoate 42 produced the isoxazoline-2-oxide 44 in high
enantiomeric purity. Conversion of 44 to the bis-carbonate 46 was accomplished in five steps to set the stage
for incorporation of the heterocyclic base. Palladium (0) catalyzed coupling of the bis-carbonate 46 with
adenine produced the carbonate 47 which was converted to aristeromycin by hydrolysis of the carbonate and
subesquent dihydroxylation. No indication of N7-N9 selectivity is noted in the palladium catalyzed coupling
reaction. The dihydroxylation afforded a 2.4:1 mixture of the cis-diols with aristeromycin as the major product.

Scheme 12
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Me0O2CO ) / _— K(\f \/\(' Hz (LA HO TN \“(
Me0,CO \/ " 0 :J H Nx,
4% a :
AP PPy ) 1-5mot [Pdy(dba)sl-CHCls, PhaP, LICH(NO)SO,Ph, THF, chiral ligand 43,
L\_ JL H H Jl\ ,,J -78°C, 96% e.e. , 94%. b) SnCl>-Ho0, CH3CN, 94%. ¢) MeOH, K>COg3.
~ Y ~7" d) Mo(CO)s, H20, CHACN, B(OH)s, 84%. e) LiAlHy, 95% 1) n-Bull, THF,
O O o CiCOoMe, 98%. @) 5% Pd({OAC),, {+Pr0O)sP, n-Buli, DMSQC, adsnine, 56%.
U h) NaOH, EtOH. i) OsO4, NMO, 2.4:1 mixture of trans.cis, 88%.

A rationale for the stereoselectivity of dihydroxylation in 3,5-disubstituted cyclopentenes which is based
on the conformation of the cyclopentene has been proposed by Katigiri.32 When the cyclopentene is in the
quasi-axial conformation as is the case with heteroatoms at the 3 and S positions, ¢.g. diester 42 (Figure 2; X =

YV AW YD AilerAdens Toses ot o 1 fLrn
Y = QCOPh), dihydroxylation occurs trans to the substituents due to both a steric effect and orbital stabilization,

PUPRE L P, as in aL

the "Cieplak effect”. When one or more carbon subsiituents are at the 3 or 5 positions as in carbonaic 47, the
cyclopentene adopts a quasi- equatorial conformation and a much less selective reaction occurs.

.
P Ry

‘ i v
Y N
~ P — alitrans y — dis+trans

Other enantioselective approaches which utilize the palladium catalyzed substitution of cyclopentenol
esters or carbonates with purines and pyrimidines have also been reported. The syntheses have been divided
into two categories: a) Enantioselective approaches based on enzymatic or chemical resolution of an intermediate
and b) Enantioselective syntheses through asymmetric synthesis.
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intermediates and enzymatic resolution of chiral, racemic mixtures have been utilized in the caantioselective
synthesis of carbocyclic nucleosides. Resolution of meso intermediates offer the advantage that all the material
can be resoived, i.e. half is not lost as the "undesired” enantiomer.

Roberts began a synthesis of (-)-carbovir by exploiting the known Prins reaction33 of cyclopentadiene
with aqueous formaldehyde to produce a mixture of cis and trans 4-hydroxymethylcyclopent-2-en-1-ol and 5-
hydroxymethylcyclopent-2-en-1-ol (Scheme 13)34 The racemic trityl ether 48 was obtained by selective
protection of the primary alcohol and chromatographic separation of the mixture. The racemic alcohol was
resolved enzymatically to access acetate 49 in 95% e.e. Palladium catalyzed coupling of acetate 49 with 2-
amino-6-chloropurine provided carbovir 3 after removal of the trityl ether and displacement of the chloride.

Scheme 13
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d) 2-amino-6-chioropuring, NaH, DMF, Pd(PPhg), THF, 49%. 6) Ho0, HOAc, 96%. ) NaOH, H20, 66%.

A mixture of the isomeric cis diacetates 7 and 51 was coupled to several aryl substituted pyrimidines by
Gronowitz (Scheme 14).35 Interestingly, if a mixture of the cis and frans diacetates was utilized in the coupling
reaction, the cis substituted carbocyclic nucleosides could be selectively crystallized from the product mixture as

an alternative to cenaration of the mixture of the ctartino acetatas
GALL SAARAVA LRGAAL Y Ww BAS wl’m“w WA SAEIW LALANLUALY WA MW ﬂmmlb A WA WS e

Scheme 14
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a) NaH, Pd(Ph3P)4, pyrimidine §2, 50 - 70%. b) MeOH, EtN.
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resulted in the formation of diacetate 7 as 85% of the product. Exposure of the diacetate to palladium (0) and the
diazepine 59 allowed preparation of the carbocyclic analog of conformycin in modest yields.

O L. 1F
oCneIme 1o

5 9:1
OAc N o N o
a —_ Anﬂw N\N _1__., A Nﬂ g.h
N.\ Al LY .._"‘ "'._ N& Al Ll
7 5 Dt HO OH -Nn
=N oH R % R
o _ ) ey
N ol J
o~ YV o O
/. h'l / R =H. Me carbocyclic anaiog of conformycin N\( Y
HO OH 'S-NH ’ antitumor, herbicidal activity ¢ I NH
r =
5 R NN
R
i‘g

a) I2. b) Aczo EtaN 37%. ¢) FBuzAIH. d) Ac0, EtgN, 47%. e) CsF, EtgN, Pd(PPhg)4, 59. 17% R = H, 42%
R=Me ) 0804 g) NaOMe. h) NaBHy, 13%.

The lactones 60 and 61 (Scheme 16), the products of a Prins reaction between cyclopentadiene and
glyoxalic acid, have also been utilized in enantioselective approaches to carbovir and aristeromycin.37 The
initially formed 1:4 mixture of lactones 60 and 61 can be separated by chromatography. The major isomer 61
was resolved enzymatically by esterification with vinyl acetate and Pseudomonas flourescens lipase to yield the

PaN HQ;. I.'!;/\ Ho\ H./\ h AOO\ H—/\ P AN § -~
\ 72—~ [/ \7+ JNI)— [ \J] —H0 Y/ —
007, 0707, 007, HO

Bheo 1:4 () 61 (-) 62 &
,\/\,NF—!B\/C' i, /\/\,NFN)\ﬁo
— -‘ y N4 i1 p N7
PhaCO )_/ — PhCO \_/ \g’\ \!\! HO \__/ I,'a.»;“”
s
a NH2 3 NH»

a) Glvoxalic acid, Hp0, 4d, 65%. b) Vinyl acetate, Pseudomonas, fluorescens lipase, 40% conversion, 95% e.e.
c) LlAlH4, THF. d) NalO,., Eth-HgO e) NaBH4, MeOH, 50% 3 steps f) Ph;,CCI EtaN DMAP, CH20|2 g) Ac20,

P YN T, Y P !\ll_.f\ll [ o W-7- -V}

CsHsN. h) 2-amino-6-chioropurine, NaH, DMF, Pd{PPig)s, THF, 49%. i) H20, HOAG, 86%. j) NaOH, 20, 86%.
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acetate 62 (95% e.c.). A three step sequence involving reducti
resultant triol and further reduction to diol 63 prfv'”ﬂcd in 30% overall yield. Diol &3 was processed
carbovir in five steps in a similar manner to that discussed previously.

Lactone 61 can also be resolved by conversion of the secondary aicohol to its 2-acetoxypropionate 66
followed by chromatographic separation of the diastereomers (Scheme 17). Lactone 66 can be converted to
diacetate 51 in a similar manner as described above. Exposure of acetate 51 to Pd(Ph3P)4 and N(4)-
benzoylcytosine provided the carbocyclic nucleoside 67 which underwent a non-selective dihydroxylation to
diols 68 and 69. A formal synthesis of aristereomycin was also completed from 51.38

£

Scheme 17
H
A..":&e' rﬁ\T,NHBz
o )f'o H PN I L
/ A V. a-d v a AN N
(o] 1 /7 Y e ACO L// —  AcO” ‘L___)" Y
09\04 * Aco’ 0
H 51 p
resolved by (~) 66 N
chromatography of diastereomers \
. .NHBz . .NHBz
. I /\(Yh‘l’/ "hll, F:;\(NHB
+ N z
AcO AcO e Y - _
/Y‘—D,’Nlr \ér i \ef \ I (-)-aristeromycin
HO OH , HO OH Nx-
T 1:1
68 69 n

a) LiAiH,, THF. b) NalO,, Et;0-H;0. c) NaBH,, MeOH. d) Ac,0, CsHsN, DMAP, 30% 4 steps. e) Cesiumn salt
N(4)-benzoyicytosine, DMF, Pd(PPha)s, 55°C, 85%. f) OsOy, trimethylamine-N-oxide, 70-77%. g) Q____ m sakt

N(6) benzoylpurine, DMF, Pd(PPhg),, 55°C, 48% + 13% N(7) isomer.

00

f
f

A synthesis of the core of the carbocyclic analog 75 of polyoxin C, an unusual natural nucleoside, has
also been accomplished from the resolved lactone 61 (Scheme 18).39 The secondary alcohol was transformed
into the inverted bromide and subsequently to the amine via the azide to produce 71 after benzoylation. The

Scheme 18
H H o]
HQ G A a-d ZHN F 81 ZHN /\f g
AN — LM T C)\z/\,NTNH e
(o L P O"’\ rs Bn 2 _
o'} o"H =/ 1
61 | yr]
O (o]
ZHN H P ZHN . /\fo h HaN ¥
YN NH JEAN_NH I \-N.__NH
4( ) ( [} + Bnozc' oG \ /
0 0 z (s} Sy 0o S (o]
H OH 1:1 HO OH HO OH
y<] 74 75 Carbocyclic polyoxin C
3 ZnBr;, %D DEAD, 80%. b) NaNj, DMSOQ, 87%. g PPhs, THF-H,0, 92%. d) BrOCOC!, NaHCO3, THF-H,0,
0°C, 94% e , (Me3Si)oNH, MegSiCl, cat. Pd(PPhg)s, CH3CN. f) BnBr, NaHCO3, DMF, 50% 2 steps. g) OsOy,

e) U
NMO, THF, 90%. h) Hp, PA/C, EtOH-H,0, 100%.
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palladium catalyzed substitution of the lactone carboxylate occurred readily on the illustrated diastercomer to
provide the dideoxy uracil analog 72, Dihydroxylation of the olefin proceeded with the anticipated low

selectivity based on the Katigiri model and produced a 1:1 mixture of 73:74. Hydrogenolysis of the benzyl

mrtanting semiing snoenlatad tha cvnthacic of T8
PIGIECURE EIOUPS COMpICiol Ui€ Syniuicsis o1 79,

s osen -

Benneche and Gundersen*C have reporied a racemic synthesis of carbovir from ketone 76 (Scheme 19).
Ketone 76 was converted to the enone 78 via palladium acetate oxidation of the silyl enolether 77. The allylic
acetate 80 was obtained by reduction of the enone 78 with 9-BBN and acylation of the resultant alcohol 79.
An extremely important observation was made in this and a related paper by Benneche and Gunderson:#! the
coupling of purines with allylic esters and carbonates gives a mixture of N9 and N7 isomers of the products.
Earlier and some subsequent reports fail to recognize this limitation of the direct coupling although it is a
common problem in natural nucleoside synthesis. Of equal importance was the recognition that incorporation of

=

larger groups at the 6 position of the purine can substantially alter the regioselectivity of the coupling reaction.

Thus, while 2-amino-6-chloropurine gives N9:N7 ratios in the 4 - 7:1 range depending on the substrate, 2-

amino-6-trimethylsilylethoxypurine 81 resulted in the exclusive production of the N9 regioisomer 82, the
immediate precursor of carbovir.

‘l‘f OTDS TMS? oTDS |, (,? otDs ?H oTDS
' - e — Y — -
\_/ \_J \ s
7% 77 .} »
,AVS!Meg —N -~ N
DAC OTDS ? AL NN /)\ ,OH i ~ " LN L/,o
@) . o __?__TDSO’U\N(‘\L — v Y L
= =~
N ué‘\uu_ on \( \
H 1} rerVg L NH 3 NH
1] 81 N(9) isomer exclusively ' 2 2

a) LDA, TMSCI, THF, 95%. b) Pd(OAc);, CH3CN, 75%. c) 9-BBN, THF, 66%. d) Ac,0, DMAP, CHoCly, 91%.
@) Pd(PPha)s4, LiH, DMF, 54%. f) BuyNF, CH3CN, 70%.

Scheffoid has described a different approach to the cyclic carbonate 89 which is a useful electrophile in
palladium catalyzed substitution reactions (Scheme 20).42 Carboxylic acid 84 was prepared from 1-chloro-2-
cyclopentene. Crystallization of the a-phenethylamine salt of acid 84 gave the alcohol 85 in 98% e.e. after
reduction of the acid. An enantioselective epoxide opening with vitamin B12 provided 85 in only 54% e.c.
Alcohol 85 was transformed into the iodolactone 88 through an iodocarbonation reaction. Elimination of the
iodide provided the cyclic carbonate 89 which was converted to (-)-carbovir through a palladium catalyzed

substitntion with 2-amino-6-chloronurine and cnhcmnept hvrlmlvme A gimilar strategy has also been used to

VEIAVATY as azy

o o . B ~lana 43
PICPAIT & SETICs O1 '“yxmudxi‘ﬁ CaroXy i niucCs eosides. 4>
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¢l COgH HOJ
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= 85 98% e.0. (a-0) & 8

% o.0. (0,0)

HOQ 0 O SN =N o
At oA 9 o\ h,i no™~"r "\‘/\(
‘\=] Y\-.? Y\.fl) = N§‘/NH
& " o8 ® 3(-) - carovir NHe

then CO, 85%. b) (-)-a-phenylethyl amine; recrystaliization,16% overall of (-)-enantiomer. ¢) LiAlH,,
4%. d) vitamin B12, 66%; 56% e.e. o) KH iCHgSnBus. THF; then BuLl, 49%. f) BuLl, then COy, then |5,

Tl-ll: RQQL a\ DRI AN, DhAOLL. ano™ aao/ amaima 8 Ablsnses e P TN T DAY T A Wy PRI PR
STHV ) WA IO, Y] WAINI, NNTD, T I I3, TV W, OO /0. ll’ ‘-aumluwnmupullw. |U". ‘"’wlm" W@HOIRIR Uliier,

PhsP, THF, DMSO, 59%. i) 1N NaOH, reflux, 71%.

A synthesis of the dicarbonate 96 from the enzymatically resolved monoacetate 91 illustrated in Scheme
21 was reported by Nokami.44 A series of protection-deprotection steps generated the alcohol 92. Oxidation

ACO™N~O0AC a8 _ HO"\.OAc b-e HOW"\~OTBDMS 1. g
\—/ \—/ \=/
0 ()] R
HQ ~,otBomMs Pz~ .otBOMS _| OTBOMS _ Lk
. ) — HO/\( 7’
L <) ) =N
OCO.Me | /)\\\’ “ ~ " f—/)\/‘( ?
Me0,c0” Yy O00Me  —. Me0CC' U YY U Y-\ NH
e o
95 vl NH2 9 NHZ
a) porcine pancreatic lipase (PPL). b) DHP, p-TsOH, CHzCl, 91%. ¢) KOH, H20, MeOH, 94%. d) -BuMe,SiCl,
imid., DMF 94%. e) MegAlCi (1 56quiv) CHZCig, -60°C 74% f) PCC mol sieves, CHZClz, 87%. g) CICH2l,
Bulli, THF, -78°C, 87%. h) MeOK, THF, -78°C. i) FBu2AIH, hexane, -78°C, 77%. ]) n-BuyNF, THF, 96%.
k) MeO2CCl, pyr, CHoClo, 91%. n 2-arn|m-§-g_hlgrgmldm 3% Pd({PPhs)s, DMF, 62% plus 20% of the ! N(7)
isomer. m) 1N NaOH reﬂux 83% n) 3% Pd(PPh3)4, DMF, purine or pyrimidine.
X
N
'/ r')Y NI—' X
Me0zco” ™S N " meo,co Y yOC0Me_n MaOaCO/\( Dg W
eL2 \.=/ (;r -70% — 64-87% \(
X=H, Y =OH ® ;"g'Y;N”z
X = Me, Y = OH oo Y=H
X=F,Y=0H A=UlL, Y =n
X=H Y =NH
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and treatment of the resultant ketone with chloromethyllithium provided the chlorohydrin 93. Treatment of 93

Nra Shew A S e——— AUE LA MULIN AR PRVVIGAL LV

with potassium methoxide followed by subseguent reduction of the epoxide lrr_nﬂlm‘_!l_ the aleohol 95,

vYita ww AR REV VI WAL Wy oW A NVABE

c
™ et 2ied amedadiar ~ncea tha T :
Deproiection and acylation gave the bis-carbonate 96. A 3:1 mixture of the N9:N7 isomers 97 was obtsined

upon palladium catalyzed substitution with 2-amino-6-chloropurine. Hydrolysis of 97 yielded (-)-carbovir in
83% yield. Several other purine and pyrimidine carbocyclic nucleosides were aiso prepared from bis-carbonaie
96.

Two other groups have employed the enzymatically resolved monoacetate ens-91 in the synthesis of the
four sterecisomers of 5'-norcarbocyclic nucleosides (Scheme 22).4546 Dyatkina utilized both ens-91 and the
derived diethylphosphonate to prepare the enantiomeric cis-nucleoside analogs 98 and enr-98.45 The wrans
isomers 99 and ens-99 were synthesized by a Mitsunobu coupling. A subsequent report by Curran6 noted low

yield and low stereoselectivity when the diethylphosphonate of 91 was treated with adenine and Pd(Ph3P)4.

This was attributed to participation by the acetoxy group in the m-allvl comnlex. To avoid acetoxyv participation,

ALZST VY S W PR VARl Y SRy b WL SR e e s Al QLLIUAY P AL ialil

el 21 1 _ab__ NN ______ __ ot B 4 alin oy N

the silyl ether 100 was converted to the diethylphosphonate and coupled to adenine in good yield.
Scheme 22
HO. NFN‘ NHz ¢ a-c HO" NFN‘ NHz
O — Y X
= o NN AcO OH = ~
. <r e
=N =N
\__NH A, ent91 $ O\ Y NHz
HO-...( ru\(/‘\" s : HO “ '\'\(/ “/
= N'\\/l‘" — Na_'"
ent-99

a) (Et0),POCI, imidazole, MeCN. b) 6-chloropurine, NaH, Pd(Ph3P)s, PhaP. ¢) NH3, MeOH. d) t-BuMe,SiCl,
imidazole, MeCN. e) MeOH, NaOMe. f) 6-chloropurine, DEAD, PhgP.

=N

. ! NH

TBSO~(™N-OH pancreatin TBS°~©—°H 2.be TBSO@”W ’
NN

2]
EtO)zPOCI imidazole, MeCN, 55%. b) 6-chloropunne, NaH, Pd(PhgP)s, 47% N9, 5% N7, 17% N3 . c¢) NHg,
J

H.
3.12. Enantioselective syntheses through asymmetric synthesis. More recently, asymmetric synthetic methods
tric cycloadditions, catalytic asymmetric desymmetrizations and auxiliary based asymmetric

asymmetric cycloaddi atalytic asymmetr

ancy 2 e T v vy
reactions, have been employed for the enantioselective synthesis of carbocyclic nucleosides.

Hodgson has reported the asymmetric synthesis of diols 104R and 1045 from the unsaturated acid
101 (Scheme 23).47 Reduction of the acid 101 to the alcohol 102 and subsequent Sharpless directed
epoxidation gave the meso epoxy alcohol 103. Exposure of epoxide 103 to dilithionorephedrine resulted in
high levels of asymmetric induction in the resultant diols 104S,R in good yields. The diols can be readily
converted to the diacetates or dicarbonates which have been previously utilized in carbocyclic nucleoside

synthesis.
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a) LIAlH,. b) +BuOOH, cat. VO(acac)z, CH2Clp, 98%. ¢) 3 equiv, CgHe:THF (2:1), 0° - 25°C, 66%. d) 3 equiv,

CeHg THF (2:1), 0° - 25°C, 57%.
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As shown in Scheme 24, an asymmetric cycloaddition of cyclopentadiene and the nitroso compound
106, which can be prepared in situ from the hydroxylamine 105, has been shown by Miller to result in a 1:3
mixture of cycloadducts 107:108.48-52 The major product 108 can be readily separated and converted to the
cis disubstituted cyclopentene 109 by reductive cleavage of the N-O bond. Palladium catalyzed coupling of
adenine to the carbocycle resulted in a 4:1 mixture of N9:N7 regioisomers 110:111 in 92% yield.
Duhvdmxvlannn of 110 produced a 60: :40 mixture of diastereomeric nucleoside analogs with 112 as the major

0 [ (o}
BocNH. JL a I BocNH\)L_
Y NH T N
Me OH Me O
ANK arnes
|9~ LY v
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Scheme

24
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I B°GN“\/‘~NI>\ BocNH\)k 9[

60 40 (other diastereomer)

107 1:3 108

ll
~n

‘NHz 114

a) NalOy4. b) Mo(CO)e, 89%. c) AcCl, pyr, CH2Clp, 100%. d) NaH, adenine, DMF, (Ph3P)4Pd, 35-40°C, 92%.

@) OsO4, NMO. f) CF3CO2H, 90% 2 steps.
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accomplished by Langlois (Scheme 25).33 The hydroxylamine hydrochloride 113 was prepared from bomneol
in several steps and subsequently treated with trimethylorthoformate to generate an oxazoline-N-oxide. The
cycioadduct 114 was the only product obtained after direct exposure of the oxazoline-N-oxide to
dicyclopentadiene. Oxidation of the nitrogen followed by treatment with acidic methanol produced the acetal
115 in 65% overall yield. Hydrolysis of the acetal followed by immediate reduction gave the diol 63 which

was readily transformed into (+)-carbovir 3.

Scheme 25
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(+) - carbovir 3

a) HC(OMe)3 , CH2Clp, CaCOa, 40°C. b) cyclopentadiene, CHaCl, 40°C, 24h. ¢) m-CPBA, 0°C, 3h. d) CSA,
MeOH, 20°C, 4h, 65% overall. e) CSA, CH3CN, H20. f) NaBH,4, 0°C, 60% overall. g) CICO,Me, CsHsN, 0 - 20°C
CH2Clo. h) 2-amino-6-chloropurine, 5% Pd(PhgP)4, THF-DMSO. i) 0.5 N NaOH, reflux.
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a) n-Buli, CHo=CH(CH3),C02COCMes, THF, -78°C; 99%. b) BuzBOTY, Et3N, CHaClp, CHa=CHCHO, -78 °C, 82%.
¢) Clo(CyaP)2Ru=CHPh; CHzClz, 97%. d) LiBHs, MeOH, THF, 78%. 6) Acz0, EtsN, CHzCla, DMAP, 90%.

(PPhg)s, NaH, 2-amino-6-cyclopropylaminopurine,1:1 THF:DMSO, 62%. g) NaOH, H20, 95%.
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Grubbs ring-closing metathesis reaction. The benzyloxazolidinone 116 was afiristed with the mixed anhydride
of 4-pentencic amdandpﬁmhc Eﬂp‘roducethcacyloxamhdmone 117. Asymmetric aldol condensation of

-1 _ 33 __. 110 FEEY 3

the dibutylboron enolate of 117 with acrolein gave the aldol adduct 118 in >99% d.c. Exposure of 118 1o the

Grubbs catalyst ciosed the cyciopentene ring to form 119 which was reduced with lithium borohydride to
remove the chiral auxiliary. The resultant diol 63 (>99.6% e.c.) was acetylated to access the diacetate 51.
Palladium catalyzed coupling of the diacetate 51 with 2-amino-6-cyclopropylaminopurine resulted in a highly
regioselective formation (95:5 N9:N7) of the 1592U89 precursor 120. The cyclopropylaminopurine was
employed since use of 2-amino-6-chloropurine gave substantially lower regioselectivity in the coupling reaction.

Interestingly, the diacetate 51 and the cyclic carbonate 89 resulted in comparable levels of
regioselectivity (85:15; N9:N7) while the dicarbonate gave only a 74:26 ratio of the N9:N7 products (Scheme

g T T

27). The majar product in each case was converted to both (-)-carbovir and {-)-15921789
Scheme 27
=N =N
AN a A.."_\N R N.’"\ ci )
IV g SR At A SR
RO C|)\\N)\NH2 Ns¢ or 41592089
NH» b,c
89 R=CO 1% : 65% 131::R .rﬁ":\ Ma
46 R = COMe 18% : 68% 97 R=COMe
51 R=Ac 11% : 61% 122R=H

a) Pd(PPh3)4, NaH, 2-amino-6-chloropurine,1:1 THF:DMSO. b) NaOH, H20. ¢) Cyclopropylamine, EtOH.

A recent report by Trost (Scheme 28) describes some improvements in the asymmetric desymmetrization
reaction in the palladium catalyzed coupling with purines, particularly in the levels of conversion and the regio-

Scheme 28
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a) 1.5% (C3HsPdCl)2, 4.5% diphosphine 123, 3 equiv pempidine, DMSO:THF, 0°C, 59% N(9) isomer; 6% N(7)
isomer; 93 - 96% e.e. b) 1 S%Isz(dba)sl-CHCIa 12% PPhg, THF, 97%. ¢) 1e!ramethylmamdme
d) tetrabutylammonium oxone, Na;CO3. e) Ca(BHy)2, THF. f) NH,OH. 61%.
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selectivi 54 Reaction of dibenzoate 42 with 2-amino-6-chloronurine [(CaH . licand 1231 aff. a
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superior results to inorganic bases and hgand 123 resulted in the highest levels of asymmetric induction.
Additionally, an alternate guanine equivalent 127 was found to improve the N9:N7 sclectivity to 8.4:1 in the
formation of 125a and 125b. Oxidation of the tetramethylguanidine salt of 126 with a-BugN-oxone followed
by reduction with calcium borohydride and hydrolysis of the guanine protecting groups completed the synthesis
of (-)-carbovir.

A similar strategy was utilized in a recent enantioselective synthesis of neplanocin A (Scheme 29).55
The 6-chloropurine analog 128 was prepared in 94% e.c. by two successive allylic substitutions. The alkenc
128 was epoxidized stereoselectively and the resultant epoxide 129 was rearranged to afford the allylic alcohol

130, The hvdroxvl wasg inverted under Mitsunobn conditiong to g]vp alcohol 13! which wag d}hydmylnm to
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the primary aicohol. The teriary aicohol was then dehydrated to provide (-)-neplanocin A afier chioride
displacement and deprotection.

- un et () - A o GO \
m ©H 131 OH HO OH
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a % (dba)sPd-CHaCl, 6-chioropurine, 3% 43, EigN, THF, 25°C, 7% 94% e.e. b) 1 o -C
PPhg, PhSO,CHoNO,, EtaN, THF, 25°C, 95%. ¢) mCPBA, CHzCls, 73%. d) DBU, THF, MeOH, Og, -78°C to 25°C,
67%. ©) p-O2NCgH4CO2H, PhgP, DEAD, THF, 62%. f) FBu2AIH, THF-CHZCI2, -78°, 79%. @) 2% 0504, NMO,
CH3COCHg3, H20, 89%. h) (MeO)oCMey, p-TsOH, 7i%. i) FeCis-6H20, siica gei, CHCip, 94%. ) Me3zCOCI,
CsHsN, 95%. k) SO-Cl,, CgHsN, DMF, 60%. 1) NHa, MeOH, 73%. m) HCI, H0, 91%.
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Jung recently reported the use of an activated amine as a leaving group in a palladium catalyzed

substitution 96 The bicvclic lactam 134 (Scheme 30) was tosvlated and the intermediate sulfonamide was
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nitrogen was further activated by preparation of the bis-tosylamide 136. Palladium catalyzed displacement of
the bis-tosyiamide with 2-amino-6-chioropurine gave 121 which was hydrolyzed to carbovir 3. While this is a
racemic synthesis, the bicyclic lactam is now commercially available as the single enantiomer through resolution.
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Limited attempts have been made to prepare the lactam 134 in optically active form by an asymmetric

cycloaddition.57 ; e Ak
Scheme 30
N b AN\ ~NHTs ¢, d A~ NTs,y e
A T T
O 135
194
=N
~ Ty o
7 3
—_ NYN
121 NH, 3 NHg

a) p-MeCgHqSO,Cl, NaH, 56%. b) NaBH,, MeOH, 92%. c) AczO, pyr, 100%. d) p-MeCgH(SO2CI, NaH, 75%.
6) PAP(O-+Pr)aly, 1:1 THF:DMSO, 2-amino-6-chloropurine sodium salt, 68%. f) 0.5N NaOH, 75%.

The first example of use of a derivative of bicyclic lactam 134 directly in a palladium catalyzed coupling
was recently reported by Katigiri.58 Activation of the nitrogen of the bicyclic lactam 134 as the p-
nitrobenzenesulfonamide 137 facilitated the palladium catalyzed conversion to 138 (Scheme 31). The
corresponding [2.2.2] system failed to react. The sulfonamide 138 was reduced via 139 to 140 after
protection of the 2-amino group of the purine and methylation of the sulfonamide nitrogen. The BOC group
was removed to provide the key intermediate 122.

Scheme 31
ArO,SHN N
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" Y 1 h
hd \‘P:CHO 140 NH 2 NHa
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a) 0-NO,CgHySO,CI, BuLl, THF, 83%. b) Pd[P(O-i-Pr)sly, THF, 2- (formylamino)-6-chioropurine tetrabutylammonium

salt, 55%. ¢ NaH, THF, 0°C; ?-EGCQG, S -50°C; d) Mal, 25°C. &) NaBHy, MeOH. ) AcOH, 50°C, 72% overalii, 4

steps.
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32 Other direct coupling approaches and syntheses wtilizing classical heterocyclic base syntheses

Nucleophilic displacement of sulfonates, cyclic sulfates and sulfites as well as Mitsunobu type
substitutions of aicohols which also occur with inversion have been commonly used in carbocyclic nucieoside
synthesis. Similar problems to those encountered in palladium catalyzed couplings must be overcome 10 achieve
efficient connection of the two fragments. Regioselectivity (N9 vs. N7 alkylation in purines) as well as
competing elimination are potential complications, particularly since higher temperatures are often required to
achieve substitution. Since many syntheses which use the approach of constructing the heterocyclic base from
an amine on the carbocycle rely on a nucleophilic displacement to incorporate the nitrogen, these general areas

have been combined.
The following section is subdivided based on how the carbocyclic subunit has been prepared: 1)
Synthesis from a cyc!%non with cyclopentadiene a) [4+2] cycloaddition of cyclopentadiene with a C=N
21

LY 4 ¥

ic lactam iniermediaie, b) {4+2] cycloaddition of cyclopentadiene with a C=C
dienophile to form a norbornene type derivative, c) [4+2] cycloaddition of cyclopentadiene with O3 as the
dienophile to proceed through 2-cyclopenten-1,4-diol. 2) Synthesis from a carbohydrate or amino acid or other
chiral starting material.

3.2.1 Bicyclic lactams as intermediates to carbocyclic nucleosides. The byciclic lactam 134, which is readily
prepared from the cycloaddition product of cyclopentadiene and tosylcyanide by aqueous hydrolysis, has been a
key building block in many syntheses of carbocyclic nucleosides.’® Recent studies have demonstrated that
lactam 134 can be enzymatically resolved to either enantiomer and the enantiomeric ring opened amino acid

141.90 The enantiomerically pure lactam 134 is now commercially available.60

™
E’.

§<I
a
:.

Scheme 32
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=/
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(=)- carbovir
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14

a) Pseudomonas fliourescens (ENZ A22). b) Aureobacterium (ENZ A25). c) (+-BuO2C)20, DMAP, EtaN, CHCla.
d) NaBH4. e) CF3CO2H. f) standard guanine synthesis.

The (+)- enantiomer has also been converted into the (—)-enantiomer through intermediate 142 in an effort to
recover the unused antipode.6!
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Scheme 33
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]
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(134
a) PMBCI, KOH, phase transfer, 95%. b) NBS, p-TsOH, 74%. c¢) BuaSnH, AIBN, PhCHa. d) +BuOK*, DMSO.
€) Co(NH4)2(NOa)g, 45% for 3 steps.
The ring opened amino esters 143 have also been resolved enzymatically by selective hydrolysis of one
enantiomer by a lipase to provide the amido ester 143 and the amido acid 144 in >99% e.¢.62 The resolved

acid 144 has heen converted to L..\_arletm\mvmn in 6 steng 63
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Scheme 34
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a) Ca(BH,)2. b) Aco0, pyr. ¢) 0sO,, NMO, 1:1; mixiure of diastereomers. d) HCI, heat.
8) 5-amino-4 6-dichloronvrimidine, EtzN. f) (Ff() 3CH, HCI. a) NHa

- dh b Y et Lol L 3T

The enantiomerically pure lactam 134 was converted to the versatile amino diol 149 as shown in

arna 3(_64 Activation of the amide nitrogen with benzovl chloride allowed the efficient hvdrolvsis to ¢

MMV EWIL VWAL UwWildnr Y 3 WiliWVi S Gasvs i WALAWAWALY B3 Y \ALNIA Y AW oA
T

[L84
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LPU ICSULCa il ISOMCTIZauon 01 uiC aikene o wic VULLJUBAICAL Uit 1570,

The ester 146 was reduced with i-BuAlH to afford the allylic alcohol 147 which was treated with base and
benzyl bromide to provide the benzyl ether 148. Regioselective and stereoselective hydroboration of the alkene
of 148 followed by removal of the protecting groups gave the aminodiol 149.
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Scheme 35
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a) PhCOCI, pyr., 90%. b) HoSO,, MeOH, 95%. ¢) DBU, CH,Cly, 95%. d) FBupAIH, CH,Cla,PhCHg, 93%. e) BnBr,
PhCHg, NaOH, R¢NX, 90%. f) BHa-Me2S, 2,3-dimethyl-3-butene, HaOp, NaOH, 95%. g) Ha, Pd/C, n-PrOH.

The aminodiol 149 has recently been used in a synthesis of the anti VZV carbocyclic nucleoside BVDU
154.65 The aminodiol 149 was condensed with the carbethoxyacrylamide 150 to provide the pyrimidine
precursor 151. Treatment of 151 with dilute HCI gave a high yield of the pyrimidine 152. The diol of 152
was converted to the diacetate 153. Exposure of 153 to NBS in dioxane resulted in bromination and

dehydrobromination to yield 154 after hydrolysis of the acetates.

Scheme 36
OH H o. N o o. N_o
RE— NH —_— P>
™ & L Sy
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c
from Bray synthesis n 1 H
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~ )
o 154 '*B.- AcO 153
a) Ei3N, dioxane, 100%. b) 2% 2N HCI in dioxane, 100%. c) Ac20, DMAP, dioxane, 77.5%. d) NBS, dioxane,
[- V1 oY N 1@ o]
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The carbocyclic analog 159 of cyclaridine has also been synthesized from the bicyclic lactam 134.66
en of 134 and subsequent stereoselective ﬁpew‘nnon of :he alkene gave the epoxide

1£L . ey Al thn Tantnme £AT1Awnd P s
1. x\cuuuuuu O1 Ui 1acCiai 1010wW<Ca O avclylauvi

to the carbocyclic nucleoside 159 by a classical adenine synthesis.
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Scheme 37
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a) Ac;0, EtgN, DMAP, CH,Cla, 78%. b) m-CPBA, CHCls, 65%. ¢) NaBH,, MeOH, 83%. d) Acz0, pyridine, 63%.
e) 2N HCI, 70%. 1) 5-amino-4,6-dichloropyrimidine, EtsN, 70%. g) (EtO)aCH, 2N HCI, 70%. h) NHg, dioxane, 100%

In his original synthesis of BCA 5 Katigiri utilized a cycloaddition of tosylcyanide with substituted
cyclopentadiene 160 to access lactam 161, albeit in low yield.67 The lactam was activated by acylation,
reductively cleaved and the carbamate hydrolyzed to give amine 162. A standard purine synthesis completed
the synthesis of BCA §.

Scheme 38
BnO H
N Bng N BnO\E 0\ =N
AN 228 A 2 A ALK I~
\ 7/ N Ho" /" Ho" \_J \g\ f
160 161 © 162 5 nd

a) TsCN, then H20, 27% plus 2 other cycloadducts. b) LDA, THF, CICO2EL, 59%. ¢) NaBH,4, MeOH, 83%. d) KOH,

2 =7

MeOH 86%. e) ‘5-amino-4 s—dlchloropynmldme EtaN 82%. f) (EtO)acH HCl 86%. g) NH3, MeOH 77%. h) BCl,
CH.Cl,, 83%.

3.2.2 Synthesis from bicyclic [2.2.1] heptenes. Several approaches to the carbocyclic subunit from bicyclic
[2.2.1] heptenes have been reported. Ready availability of starting materials in large quantities make this an
attractive approach. However, the need to cleave the bicyclic system and the requirement that one carbon be
excised from the cleavage product increases the overall number of steps through this strategy.

Norbornadiene 163 has been utilized as the starting material in two recent enzyme mediated
enantioselective syntheses of useful carbocycles.68 - 70 The selective ozonolysis of norbornadiene 163 with a
subsequent oxidative workup and formation of the cyclic anhydride afforded the symmetrical anhydride 164.68

e e et v AR Rsey SRR ARRRARS R A B AR SRR =S FRAVE e A S ISRl SRl S0 A

The anhydride was converted to both the amide-ester 165 and the diester 167. Amide 165 was treated with

r U\Uﬂb )4 io CIICL( a .l'lU[IIldIlﬂ UCgrdﬂduOﬂ (4] pmvmc uw byblUPCllWﬂC HILHUC 100 ﬂ.llC[ n:wluuuu Wllu
naproxen esterase. Diester 167 was also resolved with the same enzyme to the half acid ester with good levels
of enantiomeric excess. Further transformation to the amide 166 was accomplished through the amide 165.
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Scheme 39
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Another approach from norbornadiene has also been reported.69:70 Selective dihydroxylation of
norbornadiene and protection of the diol provided acetonide 168 which was ring cleaved to the known diol

169. The meso diol 169 was oxidized enantioselectively with HLADH to produce Ohno's lactone 171, but in

low mpld Alternatively, enantioselective hvrlrolvcm of the diacetate of 169 with linase SAM-2 gave the
s1s 1¢ glacetate of 105 with lipase sAM-Z

S RASVAIIRL VWA § VAT MAVOVAVV LAY W Sa J W

.ul.
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high yield to Ohno's lactone 171 which has been previously converted to carbocyclic nucleosides.”!

CSohoma Al
e KA S \ 5 W

OH OH OH OAc 08 ©
N a,b MG—FOR c L A~ Lo aNA h-j
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1 1 MGAMB Me/\ue Me” e
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a) KMnQOy4. b) (MeO)2CMey, p-TsOH, Me2CO. ¢) O, then NaBH,, 72% overall. d) HLADH, NAD*, FMN, pH 9
buffer. e) PCC, 25% 2 steps, 100% e.e. f) Ac20, EtzN, DMAP. g) Lipase SAM-2/VA, 94% yield, >99% e.e.
h) PDC, DMF. i) K2COs, MeOH. j) Ac20, pyr.

Tanaka has converted the substituted norbornadiene 172 into carbocyclic systems useful for the
synthesis of a variety of nucleoside analogs.7273 Selective ozonolysis of the less hindered alkene followed by
reductive workup and protection of the alcohols gave the diacetate 173. The meso diacetate was exposed to
Rhizopus delemar lipase to provide the monoacetate 174 in high yield and enantiomeric excess. Oxidation of
the primary alcohol to the carboxylic acid and subsequent Hofmann degradation with diphenylphosphorazidate
afforded the amine 175. The ¢-butoxy substituent was excised by hydrolysis of the r-butyl ether, conversion of
SnH. The amino ester 176 which resulted

. .
tha alrahal tn tha 1 ate wheannent netiaon with R- 17
UIV QIVARJL WU LIV LU LRJLLAL GBI DU, & L ad AFUIIFEAR A, A RIV BMRAMLEY VVWA &7 W VY AIAWEL AV

srac Sancfnrrasd &
1
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Scheme 41
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) BusSnH, AIBN, 92%. j) K2CO3, MeOH, 85% k) KOH. 1) 2-amino-4,6-dichioropyrimidine, 45%.

The monoacetate 177, obtained in an analogous manner to 174 above, was utilized in an asymmetric

synthesis of (-)-BCA 5. Protection of the primary alcohol 177 as the MOM ether and hydrolysis of the acetate
A

gave aicohol 178. Oxidation and Hofmann degradation as above resuited in the formation of the carbamate
179. The carbamate was hydrolyzed and the resultant amine was converted to (-)-BCA 5 through a linear
adenine synthesis.72

Scheme 42
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a) MOMCI. b) K2CO3, MeOH, 85%. ¢) PCC, then NaClO,. d) diphenylphosphorazidate, EtsN, then MeOH, 48%.
e) KOH. f) 5-amino-4,6-dichloropyrimidine, 57%. g) (Et0)sCH. h) NHg, 74% i) HCI, MeOH, 95%.

Two applications of asymmetric Diels-Alder reactions in the synthesis of carbocyclic nucleosides have
appeared recently. Ortuno used the chiral dienophile 181, derived from D-mannitol, in a Diels-Alder reaction
with cyclopentadiene to prepare the endo adduct 182 in 78% yield.74:75 The alkene of 182 was
stereoselectively dihydroxylated and the diol was converted to the acetonide to yield 183. Introduction of
unsaturation into the bicyclic system through organoselenium chemistry and selective hydrolysis of the acyclic
ketal produced diol 184. Oxidative cleavage of the diol gave the acid 185 which was an intermeidate in the

Ohno synthesis of neplanocin A.71
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Scheme 43
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a) ELAICI, CH,Clp, 78%. b) 0804, NMO, H0, THF, t-BuOH, 81%. c) (Me0);CMe,, acetone, HCI, MeOH, 91%.

d) LDA, THF, PhSeByr. e) Hy0,, HOAC, 0°C {0 25°C, 72%. 1) 90% HOAC, 85%. g) NalO,, THF-H,0, 92%.

h) NaCiO,, NaHPO4, 2—methyl~2~butene !—BuOH H20, 84%.

Leahy recently accomplished an asymmetric Diels-Alder reaction between cyclopentadiene and ethyl 3-
bromoacrylate 186 in the presence of the chiral Lewis acid 187 which resulted in the formation of the endo
adduct 188 in 94% yield and 95.4% e.c.76 Dihydroxylation of the alkene of 188 and elimination of HBr gave
the diol 189. The diol was converted to 190 by protection of the diol as the dibenzyl ether, cleavage of the

1 UiV2 a0 LUlIvLL il =oAL B0 % AR 88 A% LSRUNARRL SR RN, LAV e Vi e

bicyclic system and esteri ﬁvuuon The methy! ester 191 was transformed into the comresponding acy! azide
wwhink wham hantad 30 ¢ presen R [PEUS PEGR Au IR PR B P SN RN R
wiiilil Wil 1CdicCa 1 p Nnce UL uclu.yl aaiconon rcamu:u na \..Iﬂ'llllb l”cdﬂ"dllgﬁ[ﬂ@ﬂ( i0 aIT0ra carpamaie
192. Deprotection of 1 92 provided the versatile ribo-carbocyclic nucleoside precursor 193.
Qorharmea AA
OLATIIIT W'
_COzEt @ , -55°C ,A a,b A OH c-f /\/\’CO-‘)MO c
N
( £ T i "
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188 94%; 95.4% 0.0 129 190
—~ BBry
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a) 0s04; NMO; 74%. b} DBU, 97%. c) BnBr, Ag20, 3A sieves, 80%. d) Oa, LiBH4. e) NalQ4. f) Bra, NaHCOa,
MeOH, 66% 3 steps. g) NHgNHz h) N204 ) PhH BnOH heat 67%3steps i)Na NHa. 61%.

3.2.3 Syntheses derived from 2-cyclopenten-1,4-diol. Several syntheses of carbocyclic nucleosides from 2-
cyclopenten-1,4-diol derivatives which involve palladium catalyzed coupling of the heterocyclic base directly to
the carbocycle are included in an earlier section. The use of 2-cyclopenten-1,4-diol as a starting material in other
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In a second approach to the carbocyclic pseudo sugar of 2'-deoxy ualop. Bray, et al. exposed the
monoacetate 91 10 sodium phthalimide and a Pd(0) catalyst to obtain the imide 194.5 The Trost protocol was
then used to introduce the carbon required for the 5'-hydroxymethyl. The nitrosulfone 195 was reduced with
TiCl3 and then exposed to DBU to prepare the nitrile 196. Hydrolysis of the nitrile and reduction of the
resultant acid provided the imide 197. Stereosclective hydroboration followed by hydrolysis of the phthalimide

completed the synthesis of the carbocyclic amine 149.

Scheme 45
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a) NaPhth, Pd(PPhg)s, DMSO, THF, 82%. b) CH3COCN, DMAP, THF, (allylPdCl);, PhSO,CHoNO,, THF, 86%
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2,3-dimethyl-3-butene, H,0,, NaOH, 85%. h) HoNNH,, MeOH, HCI, 95%.

A similar strategy has been applied to the synthesis of the dideoxy amido alcohol 203 by Trost??
utilizing an asymmetric desymmetrization of the dibenzoate 42. Treatment of dibenzoate 42 with sodium azide
in the presence of Pd(0) and Pd the chiral ligand 198 provided the azide 199 in >98% e.e. Reduction of the
azide and protection of the resultant amine afforded the amide 200. A second palladium catalyzed substitution
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a) [Pda{dba)aj-CHCia, THF, chird ligand 198, NaN3, -78°C, >36% e.e., 62%. ri\'r N ‘HY@
b)PhP, di-+butyl-BOC-dicarbonate, KoCOs, 88%. ' el sV
¢) 0.5% [Pdp(dba)s}-CHClg,4 mol% PhaP, PhSO2CHoNO2, 96%. 9—,,1’7/—-\

d) tetrabutyiammonium oxone, NaOH, CsCO3, MeOH 45%. ej LiBHy, 73%. 4

O2N
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yiclded the nitrosulfone 201 which was converted to the nitronate and oxidatively cleaved to give the methyl

ester 202. The target amide 203 was then obtained hv hvdndp ﬂ\dncﬁn- of the ester, The five sten,
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Deardorfi’® recently reported the synthesis of the azide 207 which has previously been converted to
aristcromycin. The monoacetate 91 was subjected to two successive palladium (0) catalyzed substitutions
leading to the azide 205a good yield. Nitromethane functions well as a one carbon nucleophile in the palladium
catalyzed coupling. The alkene 205a was stereoselectively dihydroxylated and the resultant diol was protected
as its acetonide 206. Oxidative cleavage of the nitro group accessed an aldehyde which was reduced to the

alcohol 207.

Scheme 47
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a) CHaNO,, (dba)sPda-CHClg; P(O-iPr)s, 50 °C, 60%. b) EtOCOCI, pyr. ¢) Pd(0) CH,Cla, CH3N02 d) NaN3,
Pd(PhsP),, THF, Ho0. e) OsOy4, NMO. f) p-TsOH, (MeQ),CMes. n\ KMnO,, KOH, MeOH. h) NaBH,.

Borthwick employed the resolved monoacetate 91 to prepare the silyloxy enone 208.7° A conjugate
addition of the a-alkoxy higher order mixed cuprate proceeded stereoselectively to give 209. The p-methoxy
benzyl ether was removed to effect a directed hydride reduction of the ketone and provide diol 210 with
excellent stereoselectivity. Selective protection of the primary alcohol required the use of the trityl ether to

Scheme 48
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a) (2-_n)(|3MBoc,H2)cuCNu2. 67%. b) DDQ, CHCl, 86%. ¢) NaBH(OAC)s, EIOAC, 75%. d) PhaCCl, DMAP,
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achieve high selectivity in the construction of 211. The alcohol 211 could be readily converted to a variety of
2'-deoxy analogs by direct Mitsunobu coupling with heterocyclic bases.
A related approach by Moser and Lang®0 begins by protecting 2-cyclopenten-1,4-diol as the cyclic

cilacawm. 712 T PPy P LA VSRS RS USSR (S T S T

siloxane 212. Efficient rhodium (I) hydroformylation of the alkene incorporated the 5'-carbon in the form of
aidehyde 213 which was reduced to the aicohol. Tritylation of the primary aicohol and hydrolysis of the
siloxane produced the diol 214 which was enzymatically resolved in good yield and excellent enantiomeric
excess as the monoacetate. The acetate was then hydrolyzed back to the enantiomerically pure diol 214 which
was transformed into the cyclic sulfate 215 for coupling to a variety of heterocyclic bases. The intermediate

sulfates 216 were readily hydrolyzed to the nucleoside analogs with aqueous acid.

— OHG HO™\
- a :!\): b c d,e
H Q'“( )"'QH 0.0 0...0 0...0
t-Bu” ‘t-Bu Si._‘ 213 8P
212 t-Bu  t-Bu t-Bu t-Bu
oTr oTr OTr OoTr
wOH %---OAC g wOH hi_ kﬁw d
) A iy o W
Y w24 e o 214 215 O
QT X N
r OH R \'/L
L A~ B k1 i A n <,N l SN B 2 i N
‘ —— ‘ r B= =
OSSO 216 HO X-NHz,Y-H,BO% R1-0H Rz-Me'm
X=0H, Y = NHjp, 76% = NH-. e H-
X =Y = NHp, 72% Ry = NH2, Rz = H; 86%
o (4 D\ _QUMACA_NC_\_ kiidina NLI_NI_ N/ h) N4 'O/ DN DA TLIE N~ ON har ORO/. A NaDLI
aQf \I"OU 2O\ 3P, RIRM O, vnzvn Vro. U Vs iikn/e rul\n\rlgr )3 17U, nz, W, OU Ual, SUe § Ivaorig,
THF, H20, 9%6%. d) PhaCCl, DMAP, EtsN, CH2Cla, 88%. @) n-BusNF, THF, 100%. f) vinyl acetate, pseudomonas

., 43%. Q) MQOH HgNCHZCHzNHz, 895%. h) SOCIQ, EtaN, CHoCla, 100%. i) MeCN,
¢ 100%. i) bass, DBU, 80%. K} MsOH, HCI, 87%. I) I‘IHﬁ, MaOH, 100%.

324 [4+2] Cycloadditions of cyclopentadiene and R-N=Q dienophiles. Miller employed a chiral acyl nitroso
dienophile derived from alanine in a cycloaddition with cyclopentadiene to prepare the adduct ent-107 as
described earlier (see Scheme 22).81 The N-O bond was reductively cleaved and the resultant alcohol was
protected as a methyl carbonate to form carbonate 217. A palladium (0) catalyzed substitution led to the nitro
ester 218 which was decarboxylated to the nitromethyl derivative 219. Removal of the r~-BOC and subsequent

conversion of the amine to the thioimide 220 facilitated amide hydrolysis and further prepartion of the carbamate

and raduction of tha intarmediate aldehvde writh cadinum
Al WA BiAW ALREVWA ALIVAAAMAVWY luuvu,uv TV ALAL LVSUAANSAZE
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~ A h ‘:. Me
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}’ln :"’/\NHBoc
MC“W 217 Id
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0N~y hmeos o T Y NHBee
218 0 219
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a) Mo(CO)s, 89%. b) (COzMe)20, DMAP, CHzClp, 97%. ¢) EtO2CCHaNO,, CHICN, (PhaP)(Pd, 96%.
d) Pd{PPhg),, CHgNO,, 60-65%. €) LiCI, DMSO, 45-50%. 1) TFA, CHoClo. g) PhNeC=S, 89%, 2 steps. h) TFA.
i) BoczO, ElgN. J) MeOH, PhCHg, E1OAC, t-BuOK, KMNnO,, -30 to -40 °C; NaBH,, 37%.

3.2.5 Synthesis from carbohydrates and amino acids. Several recent syntheses of carbocyclic nucleosides have

B AL

been accomnlished hv :mrhnc with namiral carhahvdratee and aminn np-r‘c the "chiral pool". The Yoshikawa

TS SV RRsp ssuntve V) FURBEL ZAGALUAL R WA LASEL Y WA GAVWD GALAGE GALRAKLIEVLS AL PRAJE » A AUDILRGVWES

synthesis of some 2'- B—carbocychc nucleosides began with the transformation of D-arabinose 222 to the methyl

‘‘‘‘‘ 3 .. 222 %2 o mmaas fend o

protecied form 223.°4 Hydrolysis of the acetonide and selective protection of the 3'-hydroxyl as the benzyl
ether gave the aicohol 224. The aicohol of 224 was oxidized and the ketone was exposed to the enolate of
nitromethane to afford 225 after dehydration and conjugate reduction of the conjugate nitro olefin. An

Scheme 51

OBn BnO OBn BnO OBn

= 226 27
N \:. P.qr
= =N
~ N L NHBz ] Nf— \__NH; F'\lﬁc
S and e ™ TV Y n NS -NH

R de ORHN\ ue Yo YY) N§/N o L
e vE nC  OR HO OH~

pr. 229 230

a) HCI, MeOH. b) (MeQ)aCMe,, p-TsOH, DMF. ¢) BnCl, NaH, DMF, 100%. d) 80% HOAc, 50°C. a) BuaSnO,

PhCHa f) BnBr CsF DMF, 100%. g) (COCI)z. CHzclz. EtaN DMSO. h) CH3N02 KF, 18-Cr-6, DMF, 72%.
i) p-TsOH, Ac20. J) NaBH,, EtOH, 85%. k) con HCI, CH3CO2H, 57%. i) CsF, DMF, 86%. m) p-TsOH, Ac20.
n) pyridine, 82%. 0) N6-benzoyladenine, DMF, CSF, 85%. p) BusSnH, AIBN, 21%. q) NaOMe, MeOH, 88%.
r) Pd/H,, EtOAc, HOAC, 94%. s) CsF, silylateduracil, DMF, 50%.



M. T. Crimmins / Tetrahedron 54 (1998) 9229-9272 9259

interesting ring contraction was then executed by hydrolysis of the acetal which effected an aldol addition of the

nitronate on the resnitant nldrhvde_ M\Mmhm of the alcohol through the acetate generated the nitro olefin

R VESSsS PR B 2 SR fLANSAA WA mMAw SRAWNSAAWA SAZANSwA,

227. The heterocyclic base was then incorporated by a Michael addition with the aid of CsF. The nitro group
was reductively removed in low yield with Bu3zSnH to yield 228 which was deproiecied io compieie the
synthesis of (+)-cyclaridine 229. The nitro oelfin 227 was also used in the preparation of the pyrimidine
analog 230.

D-Ribose was used as the starting material in two recent syntheses of carbocyclic nucleosides: the
Ohira83 synthesis of (-)-aristeromycin and the Chu®4 synthesis of some L-carbocyclic nucleoside analogs. The
Ohira synthesis begins by conversion of the acetonide 231, which is derived from D-ribose, to the alcohol 232
by reduction of the aldehyde and protection of the primary alcohol. Oxidation of the secondary alcohol
produced the ketone 233. Next, a very interesting C—H insertion reaction was employed to close the

a 55-

%4

B

l‘arhn{'vclm ring. Treatment of the ketone 233 the lithinum anion of tnmthvlm‘lvldmwnmethnnp resulted i
ng, 1e Othiurmr on of yidiazome 1€ resuted

AROL wriald Af tha Aznctacanmmamn~ runlanantanac 924 r A LY ceecmrticnee of the fotawcadinta crtome, shana Tha
UJ A yiviUu UL HIV UIADIUVUILLIVL IV VYVIVUDVIIIVIIRD LU U, il HIDGI LU UL WG LG IRALal \'ul’l arociic. 11

diastereomeric mixture was converted to the single allylic alcohol 235 by an oxidation-reduction sequence.
Direct incorporation of adenine through a Mitsunobu coupling produced the (-)-aristeromycin acetonide 236.

Scheme 52
~O\~OH ab ~CHhomes ¢ A~ ~otBS d
S G WYL
60 50 60
Me Me Me  Me Me Me
-_/\/\"'OTBS —-——he‘g L e 7 “‘OH h'l - N M—"L /NHZ
HI\J ‘ , ()
' F—- Fa HO/X r ‘\Sl
6 o ) S5 Nx
o._.0
M XM@ = Me><M° Mo~ Me 2B

a) LiAlHy, Et20, 85%. b) t-BuMe2SiCl, imidazole, DMF, 9
2

A TRICH/ ML, TLIE nort BER fka/ No o) Du AIED TLID M
UJ TMIOVWALIJING, 1111, UV W, JrUJ /o, UV W. U] AIgINT, 1718, UO

h) adenine, PhzP, DEAD, THF, 52%. i) HCI, MeOH, 100%.

)

L-Carbocyclic nucleoside analogs84 have been constructed from the enone 237 which had been
previously prepared from D-ribose.85 Addition of the homocuprate derived from #-butyloxymethyllithium to
enone 237 served to incorporate the 5'-hydroxymethyl. The ketone was stereoselectively reduced to the alcohol

239 which was readilv transformed to the triflate 240, Direct di dmnlnm-ment of the triflate with the sodium salt

VY IIAVED VY R0 AVORALLY L RLICAURILINVAS AN W ASSWALY WA WeAW aasaleu VY Ases Seews

annalaa Y41 bt 30 ey yiald Aenlucic nf tha snmnlatad
L) ui iow ]AGN. Il’u&\.".’bm Vi Hiv ylvals BLUUPD MULLIPEGIAAS

anina affneda lanaid
Ul aumuuc a.uuu.wu uxc ncosiae allaivg &wa

FO

G
the synthesis of (+)- aristeromycin. In an effort to improve the yieid of the coupling to the heterocyclic base, the
alcohol 239 was mesylated and the mesylate was displaced with lithium azide in 89% yield. Reduction of the

azide yielded the amine 243 which produced the L-thymidine carbocyclic nucleoside 245 through a standard
pyrimidine synthesis.
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scheme 53
Ot-Bu
3 stevs Oy a o b
prose 2%P. V] — X 2
O><O 0._0 -
Me" Mo Me” Me
.| Nz - N=
Ot-Bu . Ot-Bu HoN. =\ Ot-Bu » N ?H
Hoa A et NI s AN e YA
- - Nen M Now M
0._.0 OXO 0. .0 HO OH
Me” Me 20 Me  Me 240 41 Me Me (+)-1

2 ._N |
\/ v/ me me
0_.0 0_.0 o_0 HO OH
MexMe 2R MexMe 28 244 MexMe 245

a) (+BuOCHo)2Culi, +BuOMe, THF, -30°C, 87%. b) iBusAiH, CHClp, -78°C, 82%. ¢) (CF3502)20, pyr, 0°C, §7%.
d) adenine, NaH, 18-cr-8, DMF, 32%. @) CF3CO-H, H20, 80%. ) MsCl, EtsN, CHoCls, 100%. g) LiNg, DMF, 140°C,

89%. h) 5% PCVC, EtOH, 20 psi. i) B- methoxy—a—methacryloyl isocyanate, DMF, 88% 2 steps. j) 30% NH40H.
EtOH, 85%.

Two different groups have independently prepared several conformationally restricted cyclopentyl

oo T T Tt TTTT T i TTETETTTITTITTTTT S TTETTETETE T4

nucleosides from ribonolactone 246. Marquez86 had prevmusl_y converted ribonolactone 246 to the cyclopent-

Scheme 54

OBn OBn OBn 8n0

BnO 0 : o o)
& NH2 j-| o0, %\’ m- pRasnO 2o, %\f q.r HCl) 2o (‘\(
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H 'y 'y Oty
°° HO" “OH BOMO HO'
=0 =1 52 253

a) LICH,P(O)(OCH3)2. b) NaOCHs. c¢) CrOa-pyr. d) K2CO3, 18-crown-6. e) NaBHy, CeCla. ) Zn/Cu, CHalz, 73%.
g) TsC!, EtsN, CH.Clp, DMAP, 77%. h) NaN3, DMF, 70°C, 88%. 1) Hp, Lindlar's cat., 100%.

L=tk P et P R 'w asevey

D CH3OCH-C(CH3)CONCO CH20I2, -78°C 95%. K) 02N HCI EIOH Ho0, 80%. 1) Hz, 10% Pd/C, AcOE,
MeOH, (84% ee) m) Pr3SiCl, imidazole, DMF, 67%. n) BOMCI, DBU, CH3CN 85%. o) CH3CgH4OC(S)CI,

NMAD C+_ M O anaL n) 1 nu..enu AIRN DME 80°C:- 2, nronnrnhvn HDI(‘ 85%, 100% e.@
RAAVIFM , Gl \h lgvcg, IV 0. M) H. TEE By nuun, R EVE
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q) n-BuyNF, THF, 99%. r) Hp, 10% Pd/C NaOMe, 88%.
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resultant azide was reduced to the aminocyclopentane 250. A standard pyrimidine synthesis followed by
removal of the protecting groups provided the carbocyclic nucleoside 251. The 2'-deoxy analog 253 was
prepared from 251 by selective protection of the 5' and 3' hydroxyls and radical reduction of the
2'thiocarbonate.

Marguez has prepared the adenine derivative as well as other analogs86.88 as shown in Scheme 55. The
allylic alcohol 248 obtained as described above was selectively converted to the diol 254 with Me3Al.
Selective nrmnc-hnn of the nllvhc hydroxyl followed by conversion of the 2'-hydroxyl to its xanthate gave 258,

Reductive removal of the 2'-xanthate and removal of the 1'- silyl ether provided the key allylic alcohol 256. A

navntinon A VEL L1 neernd AMtcrimnde: ancilians AR L Ahlanamiieianas o stha alanhaAl sanacns

Al nan A ol ages Y. |
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the pmtecteu adenosine amuog 257 which was reanuy converted 1o the desired Z58.

Scheme 5§
(‘I)En ?Bn OBn
n P ~ 0 .
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f\‘: 5;\ & ™ If é\ll 5 -=
0.0 -BuG O t+BuO OC(S)SMe
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a) AlMeg, CHyClp; -78°C, 54%. b) -BuMe,SICl, imidazole, DMF, 87%. ¢) CS,, NaH, Mei, THF, 82%. d) BuaSnH,

AIBN, CgHsCH3, 77%. e) n-BuyNF, THF, 92%. f) Sm, HgClo, THF, CHylp, 96%. g) PhgP, DFAD 8-chloropurine, THF,

58%. h) NH40H dooxane 76%. 1) BCls, CHzclg 78°C. i NH40H 70%.

3'-hydroxymethy! derivative 264 has also been synthesized from bicyclic alcohol 249 as shown in

JMAVA Y ANCLY S WwAAY S VW ARD SeR
A
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Oxidation of the alcohol and methyienation of the resultant ketone gave the methylene cyclopentane 260. The
3'-hydroxymethyl was incorporated by stereoselective hydroboration of the exocyclic olefin followed by
benzylation of the primary alcohol to give 261. The acetonide of 261 was hydrolyzed and the diol transformed
to the cyclic sulfite 262. In a novel coupling reaction, the cyclic sulfite was regioselectively opened by the
sodium salt of adenine to produce 263 in good yield. Removal of the benzyl protecting groups gave the

adenosine analog 264.
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Scheme 56
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Rapoport accomplished a synthesis of the amino alcohol 274 from D-glucono-8-lactone 265 (Scheme
57).90 The bis-ketal 266 was prepared from 265 in 4 steps and subsequently converted to the diester 267 by
selective hydrolysis and oxidation of the primary alcohol. Dehydroxylation of the hydroxy ester produced the
ester 268. Exposure of the B-alkoxy ester to KHMDS effected B-elimination and the resultant unsaturated ester

was h}xd.mvgt_nntad to gcnmfvc the diestar 269 Treatment of diester 269 with KHMDS rasultad in Dieckmann

SAAAWEAG VA WILD AVIV S resulieg 1n orecxmann

HO—, o COzMe COMe
H Qe \ O 4 sieps Me O.., NHPf a-¢c Me 0., /LNHF’f d e
N/ —— A o Ms X[ o —
HO OH R Mg 0~~-OH
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a) HCI, H20, 86%. b) Pt, Oz, 85%. c Mel. d) TH,0. e) Lil-3H20, 81%. f) KHMDS. g) t-BuMe2SiCl, imidazole, 96%.
h) HoPd/C, 92%. i) KHMDS, 95%. j) NaBH4, MeOH, 86%. k) MsCI, 97%. [) NaH, 96%. m) Hp, PUC, 95%. n) LIAIH,,
95%. 0) MOMCI, 92%. p) BuyNF, 95%. q) NaH, MeOCH20H20H r) PPTS, 89%. s) TFA, 79%.
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condensation to the cvclonentanone 270, The ketone was reduced and the resnltant aleohal mvhmd to afford

S s = = S vl & - e amwwreaw A WS WV W e Seaw

T R &BN EAIWD

the all cis 272. Coaversion of the silyloxy ether to the corresponding mesylate 273 followed by elimination
gave the target amino aicohol 274 after removal of the protecting groups. Ultimasely, all of the initial
stereoceaters are either removed or inverted during the synthesis.

Rapoport®! has also prepared a carbocyclic precursor for carbocyclic nucleoside synthesis from the
protected L-serine 275 (Scheme 58). Protection of the hydroxyl and adjustment of the acid oxidation state
produced the aldehyde 276 which was exposed to a titanium homoenolate to arrive at the butyrolactone 277.
The nitrogen protecting group was cleaved resulting in a lactone-lactam rearrangment to afford lactam 278 after
protection of the secondary alcohol. The benzyl ether was hydrogenolyzed and the resultant alcohol was

converted to the nrimarv hromide 279, qu_re of the lactam to KHMDS effected an intramolecular g!kvlanm
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Scheme 58
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a) isoxazolidine, HOBT, DCC, 84%. b) Na, BnBr, BuyNI, 97%. ¢) LiAlH4, aq. KHSOy4, 99%.
d) t-butyl-3-propionate, Zn-Cu, Tncu., Ti(f»PrO)4 651 antr.syn. &% am aftar recrystalizauon e) Hz, Pd/C, 97%

(=) t\mnl

f) -BuMe,SICH, imidazoie, $2%. g) NaH, PMBBr. h) Hp, PA/C, 100%. i) CBry, PhaP. Jj KHMDS, 88%.
k) Na, NHa, 95%. I) (BOC)20., pyr., DMF, 100%. m) NaBH4, MeOH. n) HCI, CH2Cla. 0) BusNF, 97%. p) PhaP, Ia,

imidazole. q) DBU, 83%. 1) Ce(NH,)2(NOs)s, H20.

3.2.6 Syntheses using asymmetric desymmetrizations. Two examples of the asymmetric desymmetrization of
epoxide 285 have been reported for the asymmetric synthesis of carbocyclic nucleosides.92.93 Asami%3
employed the ester 283, available from dimethyl malonate and 1,4-dichloro-cis-2-butene, to prepare the epoxide
285 by epoxidation to give the intermediate 284 followed by reduction of the ester and protection of the

sultant alcohol. The meso epoxide 285 was desymmetrized by exposure to the chiral amide base 286. The
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allylic alcohol 287 was generated in 74% yield and 83% e.e. Mitsunobu coupling of 2-amino-6-chloropurine

i S = it

with the allylic alcohol afforded the chloropurine 288 which yielded carbovir upon removal of the silyl ether
and hydrolysis.

COzMe COsMe TBOMSOS ND N
AN . A b, A =4 AN d
- — Q K,ﬁ? ¢ %
2 o 24 o 25 o5y OH
=N o ™\ o
TBDMSO \__/ ‘(')\\\/ &t . Hc’\/\_}" "N
Iy N S ”§(NH
268 NH2 3 NH2
ﬂ g"cﬂ’ng'ng?'."L"’., 3‘193‘1993 }rans 21%ccs P) LLAIH4 76%. ©) t-BuMe.éugl‘ rr_udazole DMF 100%. 1.5 equiv

285, THF, DBU, 25°C, 74%, 83% @.0. d) 2-amino-6-chioropurine, PhgP, DEAD, dioxane, 35%. &) n-BuyhNF,

THF, 92%. f) NaOH, HzO 89%.

Another desymmetrization of epoxide 285 has also appeared® Diallyl ethyl malonate underwent ring
closing metathesis to 283 upon treatment with Nugent's catalyst. Epoxidation, reduction and protection as
reported by Asami gave the epoxide 285. Exposure of 285 to TMSN3 and Jacobsen's catalyst provided a 96%

e.e. nf tl'u- n-r"'. "m “uﬂmn—nnhm nf tha arida nfnﬂnnnrl th- aminas 201 n:h‘}ck ie S a8 use “cnfnl n\tmnﬂ:gt. fn-
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the synihesis of 3'-deoxycarvocyclic nucleosides.
Scheme 60
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aj NaCN, DMSO0, 83%. b) 2 mol% tungsten catalyst, 4 mol % Ei Pb, PhCHg, 85%. ¢} mCPBA, 70%. d) LiAlH,,
THF, -78°C @) TBSCI, imidazole, CH2Clo, 90%. ) TM SCN, 2 mol% catalyst Etzo 95 . @) Ha, Lindlar, 90°C,
93%. h) CSA, MeOH. i) TsCl, pyridine, 81%. j) NaSePh, THF, HMPA. K) H,O,, pyridine, 81%. 1) LiAlH,, E120,

Ao nnas

Uy, 6o7.
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3.2.7 Syntheses from C2 symmetric intermediates. Samuellson has used the enantiomerically pure keto diester

Sl VU =& S TTRTRE 8L SIS

29595 in the synthesig of a serieg of h:—hvd__mtvw hvl carbocvelic nucleosides 95-97 The 2'g-hydroxymethyl

oxymethyl carbocy
analogs were prepared by olefination of the ketone 295 to give the exocyclic alkene 296.96 Hydroboration of
the alkene provided the primary aicohol 297. The esters were then hydrolyzed and the resuitant diacid was
exposed to acetic anhydride resulting in formation of the bridged lactone 298. The lactone was readily
converted to the amide with ammonia; the acid was reduced to the primary alcohol through the mixed anhydride
and finally the amide was converted to 299 by a Hofmann degradation. The amide 299 was transformed to the
nucleoside analogs 300 and 301 by standard adenine and guanine synthesis respectively.

Scheme 61
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@) Zn, CH2Bra, TiICly, 68%. b) BHg-Me2S, NaOH, HoOo, 92%. @ NaOH, MeOH. d) Acz0, pyr, 0% e) NHj,

MeOH. ) EfOCQCI, EtsN, DMF. g) NaBH4. h) Acgo pyr, 43%, 4 steps. i) Pb{OAc),, tBuOH, 86%. j) MeOH,

HCI. k) 2,5-amino-4,6-dichloropyrimidine, EtsN. 1) (MeO)sCH, HCI. m) HCI, H20. n) NHj, 42%, 4 steps.

gg_, é—:ﬂ:’rwsdcnbmpymmne EiaN. p) 4-Ci-CgHyNo+Cl-. q) Zn, HOAc. 1} (MeO)3CH, HCI. s) H20, HCI.
ang

£ 7e O XC=-

The diester 295 was also easily refunctionalized to the alcohol 302. 97 Mitsunobu coupling of the
es followed by removal of the protecting groups accessed the 3'a-hydroxymethyl analogs 304, 305.

‘15

Scheme 62
=N X =N
_ ATN\SOH , _ ./WN\)\.( b, ¢ PR P
Bz 2 . BzO \ / Y © HO \ /7 ¥ ©
& & N &£ Nx
\ \ Y {
OBz OBz Y OH Y
a2 X3 304 X=NHz, Y=H
305 X = OH, Y = NH;

a) 6-chloropurine, PhsP, DEAD, THF, 0°C. b) NHs, MeOH,dioxane. ¢) NaOH, MeOH, 52%, 40% overall.

In addition, the 3'a-hydroxymethyl-2',3'-dehydro analogs 313, 314 could also be prepared from the
same diester 295. Protection of the ketone carbonyl of 295 and reduction of the esters gave the diol 306.
Protection of the hydroxyl groups as TBDPS ethers followed by hydrolysis of the ketal produced the ketone
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307. Selenylation of the ketone and oxidative elimination of the selenide produced the enone 308 The

Selenylation of the ketone
was reduced under I uche conditions to afford a 2:1 mixture of 309:312. Each of the allvlic aloohols was

AL + LA /ER UR N uu‘ym WEATIFUAD WaD
independently coupled to adenine and 2-amino-6-chloropurine under Mitsunobu conditions ultimately providing

-~

the carbocyclic nucieoside anaiogs 310, 311, 313, and 314.

Scheme 63
A~ ab AN\ 0 ’ AN\ 0 e
HOO X fo? — TBDPSO —— Teops0” (S —
' ¢ (
OH %8 7 OTBDPS 38 OTBDPS
AN\CH -k =Ny
TBoPSo” \_J” H GN/\"‘N\V)\%-( 310 X = NHp, Y = H
¢ T 1 )=/ NN 31IX=OHY=NH,
¥® oTBDPS . ( v
OH Y
Tnnnot\/\/\"‘OH f - h P LII=.‘N\ ‘x
18DPSO _ N 13 X =NHy, Y=H
)=/ or HO T Y T 314 X = OHEY = Nt
312 ihj ( N3
OTBDPS
OH Y

a) 1-BuPh,SIC), imidazole, DMF, 98%. b) p-TsOH, dioxane, Hz0, 50°C, 92%. ¢) LDA, PhSeBr, THF, -78°C, 74%.

TR RIRGELUIT,; Y = IR Sy TN ry weewenian oWy W Wy w IO

1_1) H202, CH2Clp, 0°C. e) NaBH,4, CeCla, MeOH, CHCly, 95% t)6-chlompurine PhgP, DIAD, THF 0°C, 62%
58%. g) NHg, MeOH, dioxane, 90%, 92%. h) BusNF. i) 2-amino-6-chloropurine, PhaP, DIAD, THF, 0°C, 52%;
58%. j) 80% HCO2H, 80°C, then NH,OH, MeOH, 47%, 54%.

Summary. Carbocyclic nucleoside analogs have become an extremely important class of antiviral
ageats, particularly in view of the discovery of 1592U89 (abacavir) as a highly potent and clinically effective
anti-HIV agent. The synthesis of carbocyclic nucleosides, especially enantioselective synthesis, has advanced
dramatically in the last few years with a variety of new, efficient approaches being developed. Advances which
rely on asymmetric synthetic methods have been particularly noteworthy. The low cost commercial availability
of key chiral intermediates has also contributed substantially to synthetic advances. Nevertheless, new, more
highly convergent and more practical syntheses are still needed because of the high dgsm_n levels required and

FYRIVEL gy ey G50 LSRR PR iat el oy LR 00at0 OO 20000 AAASURS URAALSS U 1255 2226

the ctrana damand for antivirale Finally whila imnrmusamantc have haan mada tha naad for a osneral maethad
AW auv.la WA ANVE SBLIVA VYV ALALAD. A& uw’, VYV AARANS MPIU'VIIWIIW A VW UNACIL MMy MIW IWVAAL AV & 5\«!.““! AANCLLIVAL

for highly regioselective and high yielding coupling between purine and pyrimidine bases and the carbocyclic
pseudosugar is an area which is in strong need of further deveiopment to improve the convergency of synthetic
approaches.

Acknowledgement: Special thanks to Rose O'Mahony.
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