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Abstract. Methods for C-alkenylation of heterocycle moieties of
pyrimidine nucleosides and their analogues are generalised. The
methods employing both organoelement nucleoside derivatives
(organomercury, -tin, -boron and -lithium) and organoelement
alkene derivatives (organomagnesium, -boron, -aluminium, -tin
and -silicon) as well as palladium-catalysed oxidative coupling
and photochemical reactions are considered. The reaction con-
ditions (the role of solvents, catalysts and co-catalysts, temper-
ature and time modes) are discussed. The advantages and the
drawbacks of different approaches for introduction of alkenyl
groups are discussed. Examples of practical applications of
alkenylated nucleoside derivatives and their analogues are given.
The bibliography includes 92 references.

1. Introduction

Derivatives of pyrimidine nucleosides with substituents at posi-
tions 5 and 6 have been the permanent focus of attention of
investigators. The number of papers devoted to the synthesis and
application of these compounds is rapidly increasing. This interest
is largely associated with antiviral and antitumour properties of
these nucleosides and the possibility of using them as probes for
studying the interactions between biomolecules -2 or as fluores-
cent probes for DNA sequencing.

Very often these properties are exhibited by nucleosides
containing a C—C bond with various substituents at positions 5
and 6 (alkyl, alkenyl, alkynyl, aryl, hydroxyalkyl, acyl, etc.). In
this context, systematisation of methods used for the synthesis of
such compounds is especially important. A review? on C-
alkylation of nucleosides which is devoted to problems of syn-
thesis of the majority of derivatives with the above substituents
was published in 1990. A detailed study # describing the synthesis
of alkynyl derivatives of nucleosides and their analogues has
appeared more recently.
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Alkenyl-substituted nucleosides seem to play the most crucial
role among other nucleosides under consideration; these are
extensively used in practically all the fields mentioned above.
Thus 5-(E)-bromovinyluridine and its carbocyclic analogues,
5-(E)-(propen-1-yluridine and 5-(E)-(3,3,3-trifluoropropen-1-
yl)uridine, are known as efficient antiviral agents. Many alkenyl
derivatives, particularly those containing a porphyrin fragment,’
manifest an antitumour activity. The extensively investigated
reactions between certain alkenes and nucleosides are used to
prepare probes to study biomolecules. These reactions allow both
direct incorporation of a label into a biomolecule and its addition
through an alkenyl linker. As an illustration, we can refer to
biotin-containing probes,® photoactivated labels7-® and fluores-
cent probes ® used in DNA sequencing. Evidently, alkenyl linkers
can also be used for other purposes. An interesting example is the
addition of carborane-containing fragments '° used in anticancer
boron neutron capture therapy (BNCT).

It can be mentioned that the synthesis of alkenyl derivatives of
pyrimidine nucleosides and their analogues has a number of
special features and often presents a more complicated task than
the alkenylation of classical aromatic compounds, e.g., benzene.
Such complications can be associated with both the preparation of
the starting activated nucleosides and the conducting of the
alkenylation reaction. They result from the presence of several
reactive functional groups in the nucleoside molecule and the
complex behaviour of the quasi-aromatic system of pyrimidine
nucleic bases. For example, alkenylation of mercury derivatives of
nucleosides with non-activated alkenes in methanol yields pre-
dominantly a-methoxyalkyl derivatives, which are not typical of
the analogous reactions for the benzene series.

One can say that generalised information on these reactions
has not been adequately addressed in the literature, especially
when one takes into consideration that all the presently known
methods of C-alkenylation of pyrimidine nucleosides are
extremely diverse. The reviews !!-12 describing the synthesis of
alkenyl-substituted nucleosides point to the exclusive use of
S-mercurionucleoside derivatives. It is of note that the first of
them '! was published as long ago as in 1982, while the second
one '?is rather a summary of results obtained by the authors in the
preceding period. Even since the publication of the review by
Kre¢merova,3 several novel alkenyl nucleoside analogues and
methods of their synthesis have appeared, which necessitates
generalisation and critical evaluation of the vast body of exper-
imental data concerning the methods of synthesis of pyrimidine
nucleosides with C-alkenylated heterocycles.

All the currently known methods used for the synthesis of
alkenylated pyrimidine nucleosides can be conventionally divided
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into two groups. The most efficient (Group 1) methods consist in
the direct formation of the C—C bond of a nucleoside with an
alkenyl substituent. In contrast, Group 2 methods in which the
pyrimidine ring is formed in the first step with subsequent
glycosylation, have serious drawbacks. These include the neces-
sity for preliminary preparation of reagents for cyclisation and the
formation of a mixture of a- and f-anomers in the glycosylation
step. The present review deals with the description of Group 1
methods, viz., direct alkenylation of the pyrimidine ring of
nucleosides and their analogues at position 5 or 6.

From our standpoint, the methods of direct alkenylation
should best be classified according to the structural features of
nucleosides and alkenylating agents involved in the reaction. The
choice of compounds to be introduced in the reaction is deter-
mined, among other factors, by the ease of their synthesis. In many
respects, this factor is crucial for a synthesis-oriented chemist.
Thus 5-chloromercury derivatives of nucleosides formed under
mild conditions are widely employed in the coupling with alkenes;
examples of ‘reversed’ coupling of nucleosides by this reaction are
unknown. The readers who are interested in the mechanisms of the
reactions discussed below can be referred to the monograph.!3
According to the structure of reagents (alkenylating reagents) and
substrates (nucleosides), the methods used for alkenylation of
pyrimidine nucleosides can be classified as follows:

1. Alkenylation of nucleosides containing a C— E bond ( E is the
electropositive element, viz., Hg, B, Sn and Li). Coupling of
organomercury nucleoside derivatives with alkenes and cross-
coupling of organoboron and organotin nucleoside derivatives
with alkenyl halides are catalysed by palladium compounds.
Nucleoside organolithium derivatives and their analogues as
nucleophiles substitute the fluorine atom in perfluoro- or fluoro-
chloroalkenes.

2. Alkenylation of nucleosides with a C— Hal or a C—OTf

bond. The methods referred to this group can be additionally
divided into four subgroups:

a. Reactions of halogeno derivatives of nucleosides with
alkenes in which carbon atoms at the double bond are not linked
to heteroelements.

b. Reactions of halogeno derivatives of nucleosides with vinyl
acetate.

c¢. Reactions of halogeno derivatives or triflates of nucleosides
with organoelement derivatives of alkenes [Group III (B, Al) or
Group IV elements (Si, Sn, Zr)].

d. Photochemical introduction of alkenyl groups into nucleo-
sides.

The reactions related to the first three groups are catalysed by
palladium compounds.

3. Coupling of non-substituted nucleosides with alkenes. These
include addition of nucleosides to activated alkenes, cross-
coupling with triflate derivatives of alkenes and addition to
alkenyl organomagnesium compounds. The first two reactions
are catalysed by palladium complexes.

I1. Alkenylation of organoelement nucleoside
derivatives and their analogues

1. Coupling of organomercury derivatives of pyrimidine
nucleosides and their analogues with alkenes

Coupling of 5-mercury derivatives of pyrimidine nucleosides with
alkenes was the first reaction '# used in the synthesis of alkenylated
nucleosides by direct formation of the C—C bond between the
substituent being introduced and the heterocycle. It is also the first
reaction which has a versatile preparative significance for
C-alkylation of nucleosides in general, since the alkenyl group
being introduced can be further (or directly, in the course of the
reaction) subjected to easy modification. Reduction of vinyl
groups with hydrogen over a platinum catalyst and decarboxyla-
tion of carboxyvinyl groups are typical examples of such mod-
ifications. The regio- and stereoselectivity of addition of certain
substituents is an important feature of the alkenylation reaction.

As a matter of fact, this coupling represents the Heck reac-
tion, !> 16 although its application to nucleosides has a number of
specific features (see below). Its mechanism!3-1>1¢ can be pre-
sented as a sequence of transmetallation reactions (Hg is replaced
by Pd), insertion of an alkene and reductive elimination, and for
the sake of simplicity can be represented as follows:

ArHgX % Arpax HCZCHY
—HgX>

—> ArCH,CHY —— > ArCH=CHY;
I —PdHX
PdX

PdHX — Pd(0) + HX.

This reaction occurs easily for all types of nucleic acid
components (nucleic bases, nucleosides and nucleotides).
5-Chloromercurio-, 5-acetoxymercurio- and 5-trifluoroacetoxy-
mercurio-pyrimidine nucleosides are normally used.!”-'® Depend-
ing on the solubility of the starting compounds and reaction
products, the reaction is carried out in methanol, dimethylforma-
mide, acetonitrile or aqueous—organic media. Li;PdCly,
Na,PdCly, K,PdCly and Li;Pd(OAc),Cl, are most commonly
used as catalysts (Table 1).

In the alkenylation of 5-mercurionucleoside derivatives, Pd(II)
is irreversibly reduced to Pd(0); therefore, the catalyst has to be
used in at least equimolar amounts. To avoid this, an agent which
oxidises Pd(0) to Pd(I1) (as a rule, CuCly) is added to the reaction
mixture. This allows the use of palladium in catalytic quantities
(~ 0.2 mol. %), but the yield of the target product is slightly lower
(Table 1, entries 12, 27 and 30). The mechanism of such coupling
has been described in the original study by Heck '® as well as in the
review ! devoted to the behaviour of nucleosides and their
analogues in this reaction. As can be seen from Table 1 (entries 1
and 5), significant differences from the classical Heck reaction are
observed when the reaction is carried out in methanol: with
ethylene and propylene devoid of M-effects, methoxyalkyl nucleo-
side derivatives are formed predominantly. Moreover, the reac-
tion with propylene gives all types of alkenyl isomers , viz., cis-,
trans- and isopropenyl isomers. These regularities are observed
with all simple vinyl compounds of the type H,C=CHR
(R = Me, OMe, OAc, Hal). In principle, the formation of
a-methoxyalkyl derivatives in the reaction of nucleoside 5-mer-
cury derivatives with ethylene and certain alkenes that react
regioselectively (Table 1, entries 2—4, 8 and 9) is not important,
since methoxy derivatives, as alkenes, are reduced with hydrogen
over 10% Pd/C to the corresponding saturated derivatives in
overall yields of about 60% —80%. The double bond C(5)=C(6)
in the pyrimidine ring is unaffected by this process. Much better
results are achieved in reactions with activated alkenes, partic-
ularly with styrene derivatives, esters, amides and nitriles of
acrylic, metacrylic and crotonic acids. Here, the reaction usually
proceeds regio- and stereoselectively (the B-carbon atom of the
double bond is linked to the heterocycle, exclusively E-isomers are
formed). The product yields vary from 10% to 80%, being, on the
average, ~ 40% —60%.

A typical synthetic procedure consists in the following. An
appropriate mercurionucleoside (mercury derivatives of nucleo-
sides are insoluble in any known solvent, although a recent
report 38 describes the synthesis of water-soluble mercury deriva-
tives) is suspended in an excess of an alkene (1.2—11.0 moles per
mole of nucleoside) or the substrate is stirred under the pressure of
the corresponding gaseous alkene in the presence of 1 equiv. of a
palladium catalyst or of 0.1-0.2 equiv. of a Pd catalyst and
2—4 equiv. of CuCl, at room temperature or with heating to
50—-60 °C. After termination of the reaction, Pd is separated by
filtration and mercury salts are precipitated by passing hydrogen
sulfide through the reaction mixture or by reduction with sodium
borohydride. The latter is used, in particular, for subsequent
hydrogenation over Pd/C. In some cases, after removal of
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Table 1. Alkenylation of 5-mercuriopyrimidine nucleosides.

Entry Substrate? Reagent Conditions of synthesis ~ Product Yield (%) Ref.
Q (0] MeO O
1 aHe A H,C=CH, 1)0.1 M Na>PdCly, 6 (without 19
l N’gO MeOH, 9 h; Z | iH + | iﬁ isolation) +
| 2) HsS N0 N0 39
(1) Rib (2) Rib Rib
0
21 H.C=CH, 1)0.1 M Li>PdCly, NH 86 19
MeOH., 3 h; | Ao
2) NaBHy, ice; |
3) Ha, 10% Pd/C, (3) Rib
MeOH, 16 h
3001 H>C=CH, 1)0.1 M Li>PdCly, 3 48 19
CuCl,, MeOH, 3 h;
2) HsS;
3) H,, 10% Pd/C,
MeOH, 18 h
0 0
4 cmg\kaH H,C=CH, 1)0.1 M Li2PdCl, /\fLNH 57 19
A MeOH, 12 h; A
oo 2) NaBH, 0 °C; e
(4) dRib 3) Ha, 10% Pd/C, (5) dRib
MeOH - H,0, 24 h
0 0
5 4 MeCH = CH, 1)0.1 M LisPdCl,, A I iH N I iH X 1e 19
MeOH, 2 h; (6:9:10 =
2)HaS N0 N0 23:1.4:1.0;
(6) dRib (7) dRib the yield of
e} MeO O products 7
NH NH and 8 is low)
)‘\(\L/g +\)\fk/g
"o No
®) dRib 9 dRib
MeO O
| NH
"o
(10) dRib
O
6 1 PhCH = CH, 1)0.1 M Li,PdCly, Ph\/\ﬁ(NH 39 19
McOH, Ar, 3 h; PN
2) NaBH, - EtOH N0
(11) Rib
0 0
71 H.C=CHCO:Me 1)0.1 M LisPdCl,, e\~ Mo a8 19
MeOH, Ar, 10 h; A
2) HsS N0
12) Rib
8§ 1 H>C=CHCH,— 1)0.1 M Li»PdCly, g e Ay sz 19
_CH(OH)Me MeOH, Ar, 2 h; . Ao " | A
2) NaBH, — PriOH; rO N
3) Ha, MeOH, 14 h Rib Rib
9 4 H>C=CHCH,— 1)0.1 M Li»PdCly, OH ) 57 19
~ CH(OH)CH,OBn MeOH, 3 h; NH
2) NaBH,— MeOH; OH PN
3) H,, 10% Pd/C, o
MeOH, 20 h dRib
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Table 1 (continued).

Entry Substrate? Reagent Conditions of synthesis ~ Product Yield (%) Ref.
R
10 4 PhCH = CH» 1)0.1 M Li>PdCl, @v 0
MeOH, 12 h; A((NH
2) HsS Yo
(13) dRib
13, R = H 57 18
11 4 m-0,NCsH4CH = CH> the same but 1 = 18 h 13, R = NO» 50 18
12 4 m-0>NCsH4CH = CH>» the same but with 13, R = NO» 47 18
the addition of CuCl,
(@)
13 4 PhCH=CH, 1) 0.1 M Li,PdCly, Ph\/\ﬁLNH 58 18
MeOH, 18 h; | A,
2) NaBH,— MeOH; N
3) H», 10% Pd/C, dRib
MeOH, 20 h
(0]
14 NH (see©) PhCH = CH, 1) 0.1 M LirPdCly, 13, R = H 45 18
L MeOH, 12 h;
N "0
| 2) H,S
dRib (dU)
15 dU (see®) m-0>NCsH4CH = CH>» the same 13, R = NO» 62 18
16 dU (seed) m-0,NC¢H4CH = CH; 1) 0.1 M Li,PdCly, 13, R = NO» 52 18
MeOH, —30 °C, 18 h;
2) HoS
17 dU (see®) p-0>NCeH4CH = CH> the same but at 60 °C OZNOV o 11 18
AfLNH
N” "0
0 dRib
18 AcOHg NH m-O,NC¢H4CH = CH, 1) 0.1 M LioPdCly, 13, R = NO; 80 18
' N,& o MecOH, THF, 6 h;
2) HaS
(14) dRib
19 14 m-HoNCeH4CH = CH» the same but 13, R = NH» 30 18
under reflux, 9 h NO,
0 (0]
NH .
20 | ,K m-0>NCgH4CH = CH> 1) 0.14 M Li>PdCly, | iﬂ
Na,O;POH,C N 0 MeOH — HZO, N (e)
© 50 °C, 0.5 h; H0:POHAC )
(see©) 2) HoS
(pU) HO OH
(15) HO R
15,R = OH 82 18
(0
NH
21 fﬁ& m-0,NC¢H4CH = CH» the same 15,R = H 66 18
N3.203POH2C o N o
(see©)
(pdU) OH 05N
1S Py
NH
22 pdU p-0.NCsH4CH =CH>» 1) 0.1 M Li,PdCly, AfL 59 18

MeOH- Et,O-H-O0,
60 °C, 6 h;
2) HaS

N” "0
H>03;POH,C o

OH



C-Alkenylation of pyrimidine nucleosides and their analogues

487

Table 1 (continued).

Entry Substrate? Reagent Conditions of synthesis ~ Product Yield (%) Ref.
R
(0]
AcOHg O
NH
23 | N ,go PhCH =CH, 1) 0.1 M Li,PdCly, | iH
Na;0:POH,C MeOH - THF — H,0, N0
O 50 °C, 5 h; H>03;POH,C o
2) HoS
(16) OH
(17) OH
17,R = H 50 18
24 16 m-N3CeH4CH = CH» 1)0.274 M Li;PdCly, 17,R = Ns 25 18
MeOH - H-0, 50 °C, 2.5 h
2) H,S
(0]
Fgc\/
NH
25 4 F3CCH = CH, 1) Li,PdCly, AfL A+ 17+36 20
MeOH, 20 °C, 3.5 h; N™ "0
2) H,S (18) dRib
MeO O
FiC NH
|
N’kO
(19)  dRib
26 4 F3CCH = CH, 1) 0.1 M Li,PdCls, 18 + 19 26+59 21
MeOH, 20 °C, 6.5 h;
2) H,S
0
27 4 H,C=CHCO,Me 1)0.1 M Li,PdCly, MeO,C \/A(‘LNH 60 22
CuCl,, MeOH, ' o
20 °C, 3 h; |
2) H,S (20) dRib
(0]
28 4 H,C=CHCN 1) 0.1 M Li,PdCly, NC\/\KLNH 16 2
MeOH, 20 °C, 12 h; N,go
2) H,S |
dRib
o)
29 4 H,C=C(Me)CO,Me 1) 0.1 M Li,PdCla, MeO,C \K\(‘LN H 63 22
MeOH, 20 °C, 16 h; Ao
2) HaS |
dRib
0
30 4 MeCH = CHCO,Me 1)0.1 M Li,PdCly, MeO,C J\(‘LNH 21 2
CuCl,, MeOH, ' Ao
20 °C, 96 h; |
2) H,S dRib
0
31 dU (see®) H,C =CHCO:Me 1)0.1 M Li,PdCly, EtzN,  MeOC %(‘LNH 76 23
MeOH, 20 °C, 12— 16 h; N’ko
HHS Bu'Me,SiOHC
3) BuMe,SiCl, Y
imidazole, DMF,
20 °C, 18 h OSiMe,But
0
Me0,C
32 NH H>C=CHCO>Me the same o2 \/AEN\NH 65 23
o) N’gO

(@)
I
N
HOH,C o
(see©)

Bu'Me,SiOH>C o
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Table 1 (continued).

Entry Substrate? Reagent Conditions of synthesis ~ Product Yield (%) Ref.
Rl
(0] RZ
0
Cng\f(NH
33 o PhCH =CH, 1)0.1 M Li,PdCl,, | iH
HOH.C MeOH, 24 h; N0
HO, 2) H>S HOH-C 0
HO
OH (21)
OH (22)
22,R!'=R2=H 49 24
34 21 p-0,NC¢H,CH =CH, the same 22,R! = H, R? = NO, 19 24
35 21 m-0,NCeH,CH=CH, " 22,R! = NO,,R2=H 22 24
N=N
? N / FiC
CIH 3 0
36 g\fLNH II>|—©—/ 0.1 M Li;PdCl,, 10 8
o N CF; MeOH, 20 °C, 5 h | H
HOH-C o N” "0
HOH:C
o}
. Facd
37 4 p-CF3COCsH4CH=CH, 1) 0.1 M LioPdCly, 0 21 25
MeOH., 20 °C, 2 h; NH
2) Bu'Me;SiCl, imidazole, ' N,& o
DMF, 20 °C, 4 h BuMe:SiOH,C
OSiMe,Bu!
o}
38 4 H,C=CHCO,Et Li;PdCly EtOzC\/\fLNH - 26
N’J*o
(23)  dRib
NH> NH»
39  ClHg | SN H,C=CHCO,Et the same Et0,C I SN - 26
N/KO ITI/&O
(24) dRib (25 drib
NHZ NHZ
40  ClHg | >N H,C=CHCO,Me 1)0.1 M Li,PdCly, MeO.C 7 | SN 42 27
A MeOH, 20 °C, 8 h; A
NS0 2) HaS T o
(26) Rib (27)  Rib
NH»
4 26 H,C=CHCN 1) 0.1 M LizPdCly, NG SN 32 27
DMF, 20 °C, 6 days: | A
2) NaBH,;— H,O T 0
Rib
NH»
MCOQC = SN N
42 24 H>C=C(Me)CO:Me the same | /g + 12b 27
N0 (28:29 =
(28) dRib 1:2)

2

| X
Yo

(29) dRib

MeOzC
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Table 1 (continued).

Entry Substrate? Reagent Conditions of synthesis ~ Product Yield (%) Ref.
$ NH»
43 26 H,C=CHCONHR 1) 0.1 M Li,PdCly, RNHC SN 34 28
(R = (CH,)sCO-Me) MeOH, 24 h; | PN
2) HoS Tl\I o
Rib
NH, NH»
Cng\ﬁ\ 7
44 /& H,C=CH, 1) 0.095 M Li>PdCly, 57 29
HOH,C DMF, 20 °C, 7 h; HOH,-C
F 2) H2S, MeOH, 0 °C
(30) OH
EtOZC\/\ﬁ\
45 30 H,C=CHCOEt 1) 0.105 M Li,PdCly, 23 29
MeOH, 20 °C, 7 h; HOH,C
2) H,S
0
46 AcOHg { o 1) Pd(OAC)s, LiCl, 66 +24 30,31
| iMe = MeCN, 25 °C, 12 h; NMC
N0 2) H,S
(3B1) Me ) Ha
CK(\LNMC
0
C
47 31 AcN—7 the same C , _ 20+32 31
OAc R
AcO OAc
_ iMe
Me
CH,0Ac
CH,OAc 20 OAc
48 31 0 " 4+ HO g 20473 31
QAc AcOM='R  AcOCH, OAc
AcO O
iMe
Me
0 0
Cng\fLNH EtO,C \/\f‘\N °
49 A H,C=CHCO,Et 1) 0.1 M Li,PdCly, A 57 32
N0 : N0
HOH,C MeOH, N>, 20 h; HOH,
2) H,S
OH OH
0 o)
50 fLNH CICH,CH = CH> 1) 0.1 M Li>PdCla, \/\KLNH 19 33
MeOH, 3 h;
N’kO ) eOS., 3k N’ko
HOH,C ) HoS; HOH,C
3) EtOH, RhCI(PPhs);,
(see®) N, 16-36 h
OH OH
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Table 1 (continued).

Entry Substrate? Reagent Conditions of synthesis ~ Product Yield (%) Ref.
0 0
fLNH / NH
51 A CICH,CH=CH, 1)0.1 M Li,PdCly, - 33
N MeOH, 3 h:
HOH-C cOH, 5 Iy HOH,C
(see®) 2) HsS;
3) EtOH, RhCI(PPhs3)s,
OH N, 16-36 h
o o
ClHg NH N
52 0 | BN H3NCH,CH =CH, 0.125 M K,PdCly,
~0+P-0O+H,C ON o 0.1 M AcONa—-H,0O e P o) HzC
o ) (pH 5),20 °C, 18—24 h
(32) HO R @33  HO
32,R=H 33, R=H 20 33-35
+
53  32,R =OH H3;NCH,CH =CH, the same 33, R = OH - 33,34
0
54 32,R=H H,C=CHCO3R’ 0.02 M Li,PdCly, R'0,C_ ~ NH 55 6
0 MeOH - H,0, o N
CH,)sNH o N0
(CHy)s | HN)'\NH 20°C, 17 h -od-b-0b-HaC
R'= C=0 I o)
| 0~ |
(CHa)g4
OH
0
55 XHgfLNH H,C=CHCONHR Pd catalysis Q 0 - 36
| N/J§O HOCH, RNHC._~ NH
0O(CH2)s P
dRib R = OH 1? o)
HO dRib
NHAc
0
56 ~ XHg NH H>C=CHCONHR the same 36
| L RNHC
N Yo HOCH,
R o)
dRib = OH HO
HO O(CH>)s deb
0
ClHg NH
57 | X H,C=CHPh 1) 0.1 M Li,PdCly, 14 37
N" "0 MeOH, 24 h;
2) HaS

HOH-C o
OH

HOHZ

a Abbreviations used: Rib, D-B-ribofuranosyl; dRib, 2'-deoxy-B-D-ribofuranosyl; dU, 2'-deoxyuridine; pU, uridine 5'-phosphate; pdU, 2'-deoxyuridine
5'-phosphate. ® Overall yield. ¢ The organomercury derivative was synthesised in situ by treatment with Hg(OAc), in H,0 (5060 °C). 4 The same under
the action of Hg(OCOCF3), in THF. ¢ The same under the action of Hg(OAc),, then NaCl.

palladium the mixture is concentrated and immediately subjected
to column chromatography on silica gel.

The use of DMF as a solvent permits one to obtain nucleo-
sides, e.g., S-vinylcytidine and its analogues with a modified
carbohydrate residue (yields ~ 60%) that cannot be obtained
when the reaction is performed in methanol (Table 1, entry 44).
Unfortunately, under these conditions the reaction of uridine with
ethylene gives exclusively a polymeric product.?’

The outcome of the alkenylation reaction depends on the
nature of the alkene used. Acrolein does not apparently react with
S-mercury derivatives of nucleosides. Under the action of acryl-
onitrile, the corresponding C-alkenylated nucleosides are formed
in low yields (Table 1, entries 28 and 41); the adduct with cytidine
is reduced upon standard treatment of the reaction mixture with

sodium borohydride to give the corresponding saturated deriva-
tive (32%), while hydrogen sulfide does not destroy the palladium
complex formed in the reaction. High yields of alkenylation
products are obtained in the case of various acrylic acid esters
and amides (Table 1, entries 7, 27, 28, 31, 32, 40 and 43). Styrene
derivatives containing an electron-withdrawing group in the para-
position react less readily than their meta-substituted analogues
(Table 1, entries 34 and 35). Aminostyrenes react less readily than
nitrostyrenes (Table 1, entries 18 and 19). It is not always clear
which particular factors, i.e., electronic effects or solubility,
influence the yields of reaction products when para- and meta-
isomers of styrene derivatives are used as alkenylating reagents.
Thus the yields of the reaction products of a 5S-mercury derivative
of 2'-deoxyuridine 5'-phosphate (pdU) with p- and m-nitrostyr-
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enes in HO—-MeOH -Et,O are comparable (59% and 66%,
respectively) (Table 1, entries 21 and 22).

Reactions of nucleotides with alkenes in aqueous-organic
media give rise to several valuable compounds. Thus the reaction
of 5-acetoxymercurio-2'-deoxyuridine 5'-phosphate with 3-azi-
dostyrene gave a photoactivated uridine derivative which inhibits
thymidylate synthase (Table 1, entry 24). Coupling of 5-chloro-
mercuriouridine 5'-triphosphate with allylamine (Table 1, entries
52 and 53) results in the formation of a linker useful for labelling
studies.

Organomercury derivatives of nucleic bases can also react
with alkenes. For example, two 5-substituted 1,3-dimethyluracils
are formed from 5-acetoxymercurio-1,3-dimethyluracil and 3,4-
dihydro-2H-pyran (Table 1, entry 46). An attempt has been made
to use this reaction in the synthesis of C-nucleosides;3! however, in
this case cyclic derivatives are predominantly formed.

In addition to the above-mentioned compounds, allyl chlor-
ides were introduced into the reaction with 5-mercurionucleosides
and their derivatives (Table 1, entries 50 and 51).3%3° The
allylation of mercury derivatives of aromatic compounds in the
presence of a Pd catalyst was described for the first time by
Heck.#0 Strictly speaking, this reaction is irrelevant to the material
described in this Section, but 5-allylated nucleosides obtained by
this method are easily isomerised into the corresponding 5-(alk-1-
enyl)pyrimidine nucleosides to give exclusively trans-isomers in
the presence of rhodium complexes.

It should be remembered that direct coupling of non-activated
alkenes with mercury derivatives of nucleosides normally gives
complex mixtures of products.

This method (i.e., coupling with alkenes) was used to obtain a
series of substituted nucleosides that were further used as antiviral
agents. An example is 5-(E)-bromovinyluridine and its carbocyclic
analogues, 5-(E)-(prop-1-enyl)uridine '° and 5-(E)-(3,3,3-trifluo-
roprop-1-enyl)uridine.?!

Of definite interest are the attempts to use nucleoside deriva-
tives containing a porphyrin fragment as antitumour agents.33-3°
A covalent binding of vinylporphyrins at position 5 of uridine has
been carried out recently.’ Thus porphyrin A (Scheme 1) was

Scheme 1

o 7 Me ) Lipdcl,
CIH DMF - MeCN,
| /t{ Me N2, 30 °C, 18 h;
N Yo 2) HCI- H,0
AcOH,C + _—
(6]
Me Me
AcO OAc
MeO,C CO,Me
A

Q
>—NH O
J(N NH
_ J(N 0
7 Me
—>» Me + Me
Me Me Me Me
M602C
CO>Me COxMe

introduced into the reaction with an excess (3.3 equiv.) of
acetylated S5-chloromercuriouridine in the presence of 1 equiv.
(with respect to uridine) of a Pd catalyst. This reaction gave a
mixture of trans- (B, 16.5%) and gem-isomers (C, 19.6%)
irrespective of the fact that the vinyl group of porphyrin was
conjugated with an aromatic system.

However, in the presence of a styryl group in the porphyrin
fragment, this coupling occurs regio- and stereoselectively. It is
noteworthy that this reaction is accompanied by partial substitu-
tion of Pd for Zn in the porphyrin fragment of the reaction
product (Scheme 2).°

7
o) Me Me

Scheme 2

CIH
| NH Et Et
N/go LiPdCls
AcOH-C 0 + ——
Me Me
AcO OAc
MeO,C CO,Me
—

M = Zn (D, 29%), Pd (E, 44%).

Yet another rapidly developing field of the application of
alkenylated nucleosides is their use for probing biological mole-
cules in structural and functional studies. To this end, labels are
introduced into nucleosides that are directly linked to the
pyrimidine ring (Table 1, entries 36 and 37) or separated from it
by a linker (Table 1, entry 54). Aminoallyl, aminoalkylacrylamide
and acrylate groups at position 5 are the linkers of choice.

2. Cross-coupling of organotin pyrimidine derivatives of
nucleosides with alkenyl halides

One of approaches to the synthesis of 6-alkenylated pyrimidine
derivatives of nucleosides is based on the reaction of 6-tributyl-
stannyl derivatives of nucleosides 34 with alkenyl halides (the
Stille reaction).*! An alternative approach consists in the reaction
of 6-iodo-substituted pyrimidine nucleosides and their analogues
with organoelement derivatives of alkenes (see below). Organotin
derivatives of pyrimidine nucleosides are prepared from the
corresponding lithium derivatives (6-iodopyrimidine nucleosides
and their analogues are synthesised in a similar way) according to
the following scheme:
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(0} 0 Table 2. Alkenylation of the organotin nucleoside derivative 34.43
| NH | NH Entry Reagent ¢t/min  Product Yield (%)
o Bu3Sn: N/ko
MomOH,C DLDATHE. N omOH,C 0
—78°C 1 H,C=CHBr NH
2) Bu3SnCl, | P
THF R ITT o
o_ O o O
PN D" :
100 R=H 80
Mo = MeOCH,. 2 H,C=CBrCOEt 75 R = CO,Et 56
It should be noted that despite the data4? on the synthesis of
the 5-trimethylstannyl derivative of a pyrimidine nucleoside and 3 Br CO:>Me 10 Me0,C NH 812
its arylation, we are not aware of its application for the incorpo- Nl A+ (35:36=
ration of alkenyl groups. The mechanism of this conversion,!? 1\lI 0 3:1)
similar to the mechanisms of other cross-coupling reactions of 35 A
organometallic compounds with alkyl halides in the presence of 0
transition metal complexes, represents a sequence of reactions of M
. . s e . . . e0C \ | NH
oxidative addition of a transition metal with a low oxidation . A
number [most often, Pd(0) or Ni(0); complexes of low-valent 1\|1 0
metals can be formed in situ] to aryl or vinyl halides with (36) A
subsequent transmetallation (substitution of R’ for the halogen o
atom) and reductive elimination. Br._~_ _OH HO
4 V\ﬁ 60 NH 70
\_|l PN
RX ™’ N” ~O
M(0) — RM(INX ~ RM(I)R’ —= R—R’ + M(0). |
- A

Alkenylation of 6-tributylstannylnucleosides has made it
possible to obtain the corresponding alkenyl derivatives the
yields of which vary from moderate to high (Table 2).#* Depend-

Note: The reaction was carried out in DMF at 80 °C in the presence of
0.1 equiv. of Pd(PPh3)s as a catalyst and with 0.2 equiv. of Cul;

/ R X K MomOH-»C
ing on the reagent’s structure, one can synthesise cis-, trans- and A= o « Overall vield
gem-isomers. As can be seen from the reaction scheme, transition -~ Vverall yield.
metal complexes are required exclusively in catalytic amounts in O><O
Table 3. Alkenylation of organolithium derivatives of nucleosides and their analogues.*®
Entry Substrate @ Reagent Solvent t/h Product Yield (%)
OMe
OM
I B A CLC=CF,  EO 1.5 a d ¢ 55
I SN
N)\OMe a | N)\OM
(37) ¢
M M
2 37 CF:CF=CF, Et,0 1.0 boogMe boogMe 40
F5C N F S
SIS
F F
N7 OMe CF N> ome
(6] F (0] F (@)
3 I\KLLH CIFC=CF,  n-C¢Hys 1.0 F o a N 6°
c Cl * F
N0 (see®) T/& o T/KO
(38) dRib dRib dRib
F (0] F O
4 38 (sec©) CFsCF=CF, n-C¢Hy, 1.0 F B F3C B 24°
CF + F
. TAO T/&O
dRib dRib
F
5 38 (see©) CF3;CF=CF, n-C¢H4 1.0 O, |
9y
N° O
| n=73 7
dRib n=4 9

aThe corresponding organolithium derivatives are prepared by treatment of the substrate with Bu"Li. ® Overall yield. ¢ Prior to coupling, the hydroxy
groups of the substrate were protected by the action of (Me3Si),NH —Me;SiCl—-Py.
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this case. It should be noted that in some syntheses the presence of
copper(I) iodide permits one to increase the product yields more
than twofold. Presumably, the role of Cul is connected with the
formation of an organocopper intermediate in the transmetalla-
tion of Pd for Sn.

3. Cross-coupling of organoboron derivatives of nucleoside
analogues with alkenyl halides

Only one example of such a coupling is known (Scheme 3).
Transmetallation of organoboron compounds was extensively
studied by Suzuki** who was the first to establish that this
reaction requires the presence of a base. Organoboron com-
pounds are prepared from the corresponding organolithium
derivatives. In the above example, the target product is formed
in 72% vyield (Scheme 3).43

Scheme 3
OBu! OBu!
(HORB A Sy
| + /\/Br —
A A
N OBu! N OBu!

Reagents and conditions: Pd(PPhs)s, | M NaHCO3;, MeO(CH»).OMe,
N>, 4 h.

It should be remembered that this type of product cannot be
obtained by coupling of organomercury derivatives with alkenes.

4. Reactions of organolithium derivatives of pyrimidine
nucleosides and their analogues with fluoroalkenes

Alkenyl derivatives of pyrimidine bases and nucleosides can also
be obtained by nucleophilic substitution of polyfluoroalkenes
with the corresponding organolithium derivatives. The reaction
of 5-bromo-2,4-dimethoxypyrimidine (37) and 5-iodo-3',5'-di-O-
trimethylsilyl-2’-deoxyuridine with butyllithium was carried out
in an atmosphere of nitrogen at —70 °C. After addition of an
excess (5 equiv.) of the fluorinated alkene, the reaction mixture
was kept at a temperature of solid carbon dioxide for 4 days
(Table 3). The product yields were small, as a rule, but higher with
nucleic bases (42% —55%) than with nucleosides (6% —24%). In
addition, the reaction is not stereoselective (Z- and E-isomers are
formed). Perfluorocycloalkenes could be added at position 5 of
deoxyuridine, but the yields of the products were as low as a few
per cent.4°

II1. Alkenylation of C-halogeno derivatives and
triflates of nucleosides and their analogues

1. The Heck-type coupling of iodonucleosides with alkenes
Yet another example of the Heck-type coupling 47 is the reaction
of iodonucleosides and their analogues with alkenes in the
presence of palladium compounds, which has found wide use in
nucleoside chemistry. Its application in organic synthesis has been
described in several reviews.*®4% This reaction was discovered
independently by Heck 47 and a group of Japanese investigators.>°
Its mechanism consists in oxidative addition of vinyl or aryl
halides to Pd(0) with subsequent insertion of an alkene at the
aryl(vinyl)—palladium bond and elimination of PdHX with
regeneration of Pd(0).

H,C=CHR'
—_

RX
Pd(0) —> RPdI"'X RCH,CHR'

P
[ —PdHX
PdX

—> RCH=CHR’ + Pd(0) + HX

The reaction of alkenes with both nucleosides and nucleic
bases has been described. Depending on the position of the iodine
in the pyrimidine ring, one can obtain 5- and 6-substituted
derivatives. Most often, activated alkenes of the acrylic ester
type are introduced into the reaction; arylvinyl ketones and

terminal aliphatic alkenes are also used. Of special interest is the
synthesis of 5- and 6-vinyl derivatives of pyrimidine nucleosides
from the corresponding iodonucleosides and 1-arylpropynols in
the presence of Cul as the co-catalyst and the synthesis of 5-vinyl
derivatives of nucleosides and nucleic bases from the correspond-
ing iodo derivatives and vinyl acetate.

The coupling is carried out in dioxane, DMF, acetonitrile or
aqueous-organic mixtures. Pd(OAc); in the presence of Et3N and
PPhs; or Pd(PPh;3),Cl,/EtsN are used as catalysts. In the latter
case, small amounts of Cul are added. In contrast with the
reaction of mercurionucleosides with alkenes, this type of the
Heck reaction requires catalytic (but not equimolar) amounts of
palladium (most often, as small as 0.05—0.15 equiv.). Depending
on the reaction conditions and the nature of nucleosides and
reagents used, the yields of the products vary from 8% to 90%. In
general, the yields are higher than those in analogous reactions of
mercurionucleosides with alkenes. The literature data concerning
the synthesis of alkenylated nucleosides by the Heck reaction are
summarised in Table 4.

These examples demonstrate that pretreatment of the catalyst
significantly increases the yield of the product (Table 4, entries 1
and 2). When contemplating the influence of reaction conditions,
one cannot but note the recently established increase in the
product yield in the coupling of 5-iodo-2,4-dimethoxypyrimidine
with methyl acrylate in water (Table 4, entry 29) rather than in
organic solvents (the heterogenous Heck reaction ©4). It is inter-
esting to note that under these conditions the coupling occurs at
room temperature, while the classical Heck reaction requires
heating to 70—90 °C, which slightly restricts its application. An
increase in temperature to 50 °C in the heterogenous reaction
results in deiodination of the original pyrimidine and decreases the
yield from 90% to 79%. It should be noted that deiodination of
nucleosides and their analogues is also the main side reaction in
other types of the Heck coupling reaction.®> Presumably, milder
conditions of the heterogenous reaction favour the inhibition of
side reactions and increase the yields of the target products.

High yields of the target compounds in this particular reaction
are achieved with alkyl acrylates and arylvinyl ketones as
alkenylating reagents. In contrast, the use of terminal alkenes
with alkyl substituents results in low yields (Table 4, entries 5—7).
Low yields are also characteristic of coupling of vinyl acetate with
uridine (the yield of 5-vinyluridine is 37%) and cytidine (8%),
although vinyl acetate reacts readily with derivatives of nucleic
bases under different conditions in ~ 60% yields (Table 4, entries
27 and 28). Alkynylation of the corresponding 6-iodo-substituted
uracils with 1-arylpropynols occurs through intermediate forma-
tion of allenic alcohols, which are further isomerised into
aroylalkenyl derivatives of nucleic bases (Table 4, entries
20-26).9 Obviously, a mixture of cis- and trans-isomers is
formed in this case, although this aspect has not been specially
discussed.®®

The first alkynylation of aryl iodides was described simulta-
neously by Heck % and Cassar.®’” The Sonogashira reaction %%
(addition of Cul) in the Robins and Barr ® modification (Et3N as
the base) is used in the synthesis of the corresponding nucleosides.
A detailed description of this reaction is given in the review.*

Of note is a recently published paper’® devoted to the
synthesis of a porphyrin derivative of deoxyuridine (reaction of
acrylamidoporphyrin ~ with  5-iodo-2'-deoxyuridine, 5-IdU)
(Scheme 4) used to investigate the reactions of porphyrins with
the DNA double helix.

Coupling of a 5-iodo-substituted nucleoside or its analogue
with methyl or ethyl acrylates followed by decarboxy-
lation—bromination of the resulting product with N-bromo-
succinimide is used in the synthesis of antiviral analogues of
nucleosides containing the E-bromovinyl group at position 5 of
the pyrimidine ring more often (due to higher yields) than other
alkenylation reactions.
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Table 4. Heck alkenylation of iodo derivatives of nucleosides and their analogues.

Entry Substrate Reagent Conditions of synthesis Product Yield (%) Ref.
O
1 I\KLNH H,C=CHCO-Me Pd(OAc),, PPhs, 12 53 19
Et;N,A, 12 h
o :
(39) Rib
2 39 H>C=CHCO;Me Pd(OAc)s, PPh3, 12 862 51
Et;N—dioxane (1:38),
70 °C, 1 h o
3 39 H,C=CHCO,Et Pd(PPh;),Cly, Et3N, Et0.C_~ NH 79 52
MeCN, 80 °C, 24 h PN
Tl\I O
Rib
4 38 H,C=CHCO,Me Pd(OAc),, PPhs, 20 708 53
Et;N —dioxane, A,
40 min
(0]
5 38 Pr"CH =CH; Pd(OAc)s, R\/\f(NH
Et;N, 100 °C, 12 h
3 T,& o
(40)  dRib
40, R = P 25 22
6 38 Bu”CH =CH; the same but7 =2 h 40, R = Bu® 15 22
7 38 Bu!CH=CH» thesame but7 =48 h 40, R = Bu! 16 22
NH» NH»
1 | N EtO,C__~ | SN
8 H,C=CHCO:Et Pd(OAc),, PPhs, N 37 29
HOH,C Et;N, DMF, Ar, HOH,C o
85°C,24 h B
OH
\(\L MeOZC NH
9 H,>C=CHCO:Me Pd(OAc),, PPh;, 802 54
HOH:C Et3N, dioxane, HOH,C
85°C,3h
OH
(@)
I NH MeO,C _~»
10 | PN H,>C=CHCO:Me the same 64 55
N” "0
HOH-,C HOHz
\ﬁk MeOzC\/\ﬁ(
11 H>C=CHCO:;Me Pd(OAc)s, PPhs, 662 56
HOH,C Et3N, dioxane, HOH,C
Ar,70 °C,2.5h
(racemate) (racemate)
Meozc\/\ﬁl\
12 H,C=CHCO->Me the same butz =4 h 758 56

(0]
N
N "0
HOH,C :

(41) CH,OH
41 (racemate)

HOH-C :

(42) CHOH
42 (racemate)



C-Alkenylation of pyrimidine nucleosides and their analogues

Table 4 (continued).

Entry Substrate Reagent Conditions of synthesis ~ Product Yield (%) Ref.
13 41 (homochiral) H,C=CHCO,Me Pd(OAc),, PPhs, 42 (homochiral) 692 56
Et;N, dioxane,
Ar,70 °C,4 h
MeOzC
14 H,C=CHCO;Me Pd(OAc),, PPhs, 562 57
HOH,C 0 Et;N, DMF, HOH-C
o~ Ar,75°C, 10 h (o)g
CH,OH CHzOH
HO,C
15 H,C=CHCO,H Pd(OAc),, PPhs, 49 58
Et;N, dioxane,
HOH,C 1 N NaOH, HOH,C
95°C,3h
16 \ﬁL PhC(O)CH =CH; Pd(PPh3),Cly, Cul, D)‘\/\E: O
TolOH,C Et3N, DMF, No, TolOH,C
80 °C,24 h
(43)  OTol (44) OTol
44, R' = R2=H 62 59
17 43 p-MeCsH4C(O)CH = CH, the same 44, R!' = Me,R2=H 78 59
18 43 p-MeOC¢H4C(O)CH=CH, " 44, R! = OMe, R2 = H 62 59
19 43 m-MeCcH4C(O)CH = CH> " 44,R' = H,R2 = Me 62 59
(0] (6]
20 fLNH PhCH(OH)C=CH Pd(PPh3),Cl,, R2 O I NH
Ao Cul, EuN, DMF, cH-cH— A
H N2, 55°C,6 h H
@5) R (46)
46,R!' = R>=H 39 60
21 45 p-MeCcH4CH(OH)C=CH the same 46, R! = Me,R2=H 60 60
22 45 p-MeOCgH4CH(OH)C=CH " 46, R! = OMe, R2 = H 57 60
23 45 0-MeOC¢H4CH(OH)C=CH " 46, R' = H, RZ = OMe 35 60
le) (0]
24 PhCH(OH)C=CH " NMe
I iMe (OH) 0 PN
N0 /©)LCH cii N0
Me Me
@7 R 48)
48, R = H 76 60
25 47 p-MeCH,CHOH)C=CH " 48 R= Me 80 60
26 47 p-MeOC¢H4CH(OH)C=CH " 48, R= OMe 58 60
it O
I
27 \ﬁLNMe H,>C=CHOAc Pd(PPh;)>(OAc)s, 60 61
=z
L EGN, 100 °C, 5 h BN
Me N° "0
Me
(49)
OMe
28 KAy H,C=CHOAc the same OMe 58 61
| )\ Z | \ji
N~ "OMe N OMe

(50)
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Table 4 (continued).
Entry Substrate Reagent Conditions of synthesis ~ Product Yield (%) Ref.
- OMe
29 50 H>C=CHCO;Me Pd(OAc),, PPh;, MeOsC 90 62
K2C03, BU.4NHSO4, Z | = N
H,0, 20 °C, 90 h N oMe
Z 0 Io)
30 49 < O Pd(PPh3)>(OAc), 64 30
= Et:N, 100 °C, I NMe
5h N0
Me
O
31 38 HaC = CHOAc Pd(OAc)», PPhs, /\f(NH 370 63
Et;N, DMF, A
70 °C, 5.5 h o
(51) dRib
NHZ NHZ
32 H>C=CHOAc Pd(OAc),, PPh3, 0 N 8a 63
,l\ Et;N, DMF, PN
90 °C,2 h N0
(52) deb dRib
4 The catalyst was prepared beforehand by heating Pd(OAc),, PPhs and Et3N in dioxane or DMF up to the appearance of deep red colouring (10 —20 min)
at 7075 °C.
Scheme 4
(@)
|
| Pd(PPh:):Cl
N Et;N,
HOH-C —_—
(6] MeCN
(0]
OH NH
5-1dU /K
N (0]

The addition of carborane-containing fragments!® to
5-alkenyl nucleosides (Scheme 5) is an illustrative example of the
application of alkenyl fragments as linkers; this reaction is used in
cancer boron neutron capture therapy (for a review, see Ref. 71).

Scheme 5
0 (0]
HO = NH
(CHz)uOH
K>COs,
HOH,C O ——
BioHio DMF
(CHz)n Z /IE
BIOHIO N %

OH

2. Cross-coupling of nucleoside halogeno derivatives and
triflates with organoelement derivatives of alkenes

Recently, coupling of S5-halogeno derivatives and 5-triflates of
nucleosides with organoelement derivatives of alkenes has
acquired growing popularity for the synthesis of the correspond-
ing 5-alkenyl derivatives of nucleosides.”?~%* As mentioned
above, in this case alkene derivatives with Group III (boron and
aluminium) and Group IV elements (silicon, tin, zirconium) of the
Periodic system are used as the starting compounds. The literature
data on alkenylation of 5-halogeno derivatives and 5-triflates of
nucleosides are summarised in Table 5. The mechanisms of the
corresponding reactions are considered in Section II.2 exempli-
fied in the cross-coupling of organotin nucleoside derivatives with
alkenyl halides.

An essential advantage of this method is the possibility of
performing the reaction with non-activated alkenes to obtain the
corresponding 5-alkenyl-substituted nucleosides (particularly,
S-vinyl-substituted ones) (Table 5, entries 3, 13, 18, 26, 29-31,
33 and 35) in good yields.

It should be remembered that of all 5-mercurionucleosides
only the 5-mercuriocytidine derivative reacts with ethylene in
DMF under conditions of the Heck reaction (Table 1, entry 44);
S-vinyluridine undergoes polymerisation under these condi-
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Table 5. Alkenylation of halogeno derivatives and triflates of nucleosides and their analogues with organoelement derivatives of alkenes.
Entry Substrate Reagent Conditions of synthesis Product Yield (%) Ref.
1 38 Ph H Pd(m-PhoPCeH4SOsM); 13, R = H 47 7
— (M = Na, K),
H  B(OH). H>O—-MeOH, N,
80 °C,3 h
(0] (0}
2 Br MesAl H 1) HMDS — (NH4),SO4; 1-HizCo 2 274 73
| NH | NH +du
A — 2) PACL,, PPhs, THF,
"o H  CeHin Ar, 24 h; N
dRib 3) NH4Cl-H,0— (53) dRib
MeOH, 2.5-24 h
(0] (6]
3 R H 1) PA(PhCN)»Cl,, R~ NH
' — 20 °C, 15 h: PN
N "0 N O
TMSOCH:» H ZI'Cpg 2) H>,O-MeOH |
o (51) dRib
(54) OTMS R=H 51,R=H 83 74,75
4 54 R = Bu® the same 51, R = Bu® 95 74
5 54 R = C3H17-H " 51, R = C3H17-H 96 74
6 54 R = Ph " 51,R = Ph 85 74
7 54 R = p-MeOCgH, " 51, R = p-MeOCeH,4 39 74
8 54 R = HC=C(CH>), " 51, R = HC=C(CH>), 80 74
9 54 R = MeCHCI(CH>)» " 51, R = MeCHCI(CHa»), 89 74
10 54 R = MeCHCN(CH>), " 51, R = MeCHCN(CH>),» 76 74
11 54 R = EtO " 51, R = EtO 49 74
12 54 R = H,C=CMe " 51, R = H,C=CMe 30 74
o
R H R~ NH
13 43 — Pd(PPh:),Cl, |
H  SnBu} MeCN, N, TOIOCHCZ) o
(55) OTol
R=H 20 °C,6 h 55,R =H 86 76
14 43 R = SiMe3 60 °C, 16 h 55, R = SiMe3 82 76
15 43 R = Ph 50 °C, 16 h 55,R = Ph 81 76
16 43 R = COzEt 50 °C,20 h 55, R = CO-Et 57 76
17 43 R = CH,OTHP 60 °C, 16 h 55, R = CH,OTHP 82 76
o o
R~
A R H o
18 AcOCH> N 70 — Pd(PPhs)s, LiCl, ACOCH2O
© H  SnBuj dioxane, Na, A
AcO OAc AcO OAc (57)
(56) R=H 4h 5,R=H 87 77,78
19 56 R = SiMes 4h 57, R = SiMes 73 77,78
20 56 R = Ph 8 h 57,R = Ph 75 77,78
21 56 R = Pr'Me,CSiMe,0OCH, 5 h 57, R = Pr'Me,CSiMe,0CH, 92 77,78
22 56 R = COzEt lh 57, R = CO-Et 92 77,78
o
E NH
23 56 Pd(PPhs)s, LiCl, ‘OZCJ\(:* 46 77,78

EtO,C” “SnBuj

dioxane, N, A
15h

AcOH,C 0
0

AcO OAc
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Table 5 (continued).

Entry Substrate Reagent Conditions of synthesis Product Yield (%) Ref.
0
24 56 the same but 7 = 5 h Me NH 86 77,78
SnMes | /g
AcOH,C N O
O
AcO OAc
0 0
I MesSi Z
25 | iﬂ MesSi  H Pd(PPh;),Cls, | iH 50 79
HOH,c N O — THF, Ar, HoH,c N O
0 H  SnBu 50 °C, 16 h 0
N O F N O F
=/ 0 =/ 0
0 0
26 I\fLNH R H Pda(dba)s, TFurP, R%\KLNH
Ao _ NMP, 20 °C, o
H H  SnBuj 16 h H
(58) (59)
R=H 59,R = H 89 80
27 58 R = Ph the same 59, R = Ph 92 80
H H 0
28 58 Pd,(dba)s, TFurP, /\fLNH 70 80
Me SnBuj NMP, 16 hat 20 °C
3 5 A § Me N/ko
and 5 hat 50 °C H
0 0
! I NH 7z I NH
29 oot Ny H:C=CHSnBu} Pds(dba)s, TFurP, ome NS0 76 80
olORLC NMP, 20 °C, 72 h TolOHC
TolO OTol TolO OTol
(60) (61)
30 60 H.C = CHSnBu} Pd,(dba)s, TFurP, 61 98 80
THF, 50 °C, 40 h
o} 0
it
. NH
31 BusiMe: | iH H.C = CHSnBu! Pds(dba)s, TFurP, I 91 80
omC N0 NMP, 20 °C, 72 h BuMe:SiOH:C N0
HO HO
MesSi F MesSi,  F o
32 38 >=< Pd(PPhs)s, DMF, i 28 81
H SnBuj Ar, 100 °C,4 h /g
: N0
dRib
0
I
NTol
33 I (H,C=CH),Sn 1) Pd(PPhs)s, HMPA, 51 80 82
ToloH,c N O Na, 60 °C, 18 h;
o 2) MeONa -~ MeOH
TolO
0 0
NH NH
I—K‘L \\—(‘l
o NS0
34 BuMe:SiOH:( H,C=CHSnBu} Pd(PPh3)s, DMF, 95 83

o_0O

Ar,90 °C,1.5h

Bu‘MezsiOHzC
(6]

o_ O

X
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Table 5 (continued).

Entry Substrate Reagent Conditions of synthesis Product Yield (%) Ref.
()
35 49 H,C = CHSiMeCl [(M3-C3Hs5)PACl],, R | NMe
BusNF, THF, N,g o
Ar, 60 °C, 14 h Me
(62)
) 62,R = H 82 84
CIMe-Si H
36 49 — the same 62, R = Ph 70 84
H Ph
FMe,Si H
37 49 —rt " 62, R = Ph 69 84
H Ph
FMe,Si H
38 49 — " 62, R = C¢H3-n 70 84
H C(,Hm-l’l
P Pr" P O
39 49 " P 63 84
H  SiFMe, | QMe
N O
Me
0 F,MeSi  H 0
40 N NBn - " Ph 58 84
| Py [ NBn
o H Ph A
H N O
H
(63) 0
F-MeSi H n-HisCo CNBa
41 63 — " N ,go 538 84
H C5H13-1’1 H (64 165 =
(64) =2:1)
(0]
n—Han,)‘\(lNBn
N/ko
H
(65)
F,MeSi H
42 58 — " the reaction does not occur - 84
o H C(,H13-Il o
I . R
| NBz F,MeSi H . | NiBZ
4 _—
3 BzOH,C o BzOH.C 0
(0] H Ph (0]
OBz OBz
(66) (67)
67, R = Ph 64 84
F,MeSi H
44 66 — " 67, R = C¢H3-n 60 84
H C(,H13—n
FMe,Si H O
45 38 — " R | NH 792 84
H Ph 13 + A R=Ph)  (13:68 =
N "0
5:1)
(68) dRib
FMe,Si H
46 38 — " 53 + 68 (R = C4H,3-n) 742 84
H C5H13-1’1 (53 168 =
2:1)

Note. The following abbreviations are used: TFurP, tris(2-furyl)phosphine; NMP, N-methylpyrrolidone; HMPA, hexamethylphosphorotriamide
(hexametapol); THP, tetrahydropyranyl; dba, dibenzylideneacetone. @ Overall yield.
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tions.?” In the reaction of vinyl acetate with 5-iodouridine, the
yield of the target product is as low as 37% (Table 4, entry 31),
while the yield of vinylcytidine is even lower (8§%) (Table 4, entry
32).63

As can be seen from the results presented in Table 5, there are
only a few examples of nucleoside alkenylation with organoboron
and organoaluminium compounds and the yields of reaction
products are low. Thus styrylboronic acid reacts with 5-iodo-
deoxyuridine in the presence of Pd(nm-Pho,PCsH4SOsM)3 (M = K,
Na) even in aqueous-organic media, the yield of the target product
is 47% (Table 5, entry 1).7> The possibility of carrying out the
reaction in the presence of water is important, particularly for
modification of oligonucleotides. In the coupling of organoalu-
minium alkene derivatives with nucleosides, the product yields are
significantly lower (Table 5, entry 2).”*> However, the use of
organozirconium alkene derivatives and Pd(PhCN).Cl, as a
catalyst makes it possible to obtain a broad spectrum of
S-alkenylnucleoside derivatives, including vinyl (Table 5,
entry 3), alkylvinyl (Table 5, entries 4 and 5), containing a second
multiple bond in the chain introduced (Table 5, entries 8 and 12),
styryl (Table 5, entries 6 and 7) and other derivatives. It is of note
that the reaction (e.g., with S-iodo-2'-deoxy-3',5'-di-O-trimethyl-
silyluridine in THF) occurs even at room temperature.”®7> The
zirconium-containing alkenyl reagent is synthesised from the
corresponding alkyne and the Schwartz reagent.

CI(H)ZrCpa, CeHs R H
RC=CH ——— & —

H ZrCpa

Organotin compounds are most often used for C-alkenylation
of nucleosides. Alkenyltributyltin is normally employed for this
purpose; alkenyltrimethyltin (Table 5, entry 24) and tetraalkenyl-
tin (Table 5, entry 33) are used less often. The amounts of the
alkenylating reagent vary from 1 to 5 equiv. 5-Iodo-substituted
nucleosides and nucleoside 5-triflates (as a rule, with protected

Table 6. Photochemical alkenylation of nucleosides.

hydroxy groups) serve as substrates. The reactions are conducted
in acetonitrile, dioxane, THF, N-methylpyrrolidone, hexametapol
and DMF. Pd(PPh3),Cl,, Pd(PPhs3)4, Pd(PPhs3)4 in the presence of
LiCl and Pdx(dba); in the presence of TFurP serve as catalysts.
The yields of the target compounds obtained by this method vary
from 28% to 98%. Depending on the reagent’s structure, one can
obtain rrans-, cis- (Table 5, entry 28) and gem-products (Table 5,
entries 23 and 24).

The reaction of alkenylfluoro- and alkenylchlorosilanes with
5-iodouracil and 5-iodo-2'-deoxyuridine derivatives, which gives
target products in high yields, has been studied recently.’* To
obvious merits of organosilicon reagents one can relate their low
toxicity, moisture resistance and low cost. This reaction was
carried out in the presence of 0.025 equiv. of [(n3-C3Hs)PdCl],
and 2 equiv. of BuyNF. This method allows the modification of
the pyrimidine ring with alkenyl radicals of various structure, e.g.,
vinyl (Table 5, entry 35), styryl (Table 5, entries 36, 37, 40, 43 and
45), alkylvinyl (Table 5, entries 38, 41, 44 and 46), etc. As a rule,
protected substrates are used; non-protected halogeno derivatives
of nucleosides react with organosilicon compounds less readily.
Thus 5-iodouracil does not react with alkenylfluoro- and alkenyl-
chlorosilanes and 5-iododeoxyuridine forms a mixture of trans-
and gem-isomers.

3. Photochemical alkenylation of nucleosides

The advantages of the photochemical reaction of activated
alkenes with 5-iodopyrimidine nucleosides are technologically
simple and versatile procedures used for the synthesis and
isolation. However, the yields of the target products are small,
varying from low (12%) to moderate (41%) (the literature data on
photochemical coupling of nucleosides with alkenes are presented
in Table 6). In addition, alkenes are linked non-stereoselectively
to give a mixture of cis- and trans-isomers. Therefore, it is
reasonable to use this reaction exclusively for the synthesis of the
corresponding alkyl derivatives by hydrogenation of the alkenyl-

Entry Substrate Reagent Product (a mixture of E- and Z-isomers) Yield (%) Ref.
1 39 H,C=CHCO;Me MeO,CCH =CH ?
\fLNH
N/go
(69) R
69, R = Rib 38 85
2 38 H,C=CHCO;Me 69, R = dRib 41 85
3 39 H,C=CHCN NCCH=CH
185
N "0
(70) R
70, R = Rib 12 85
4 38 H,C=CHCN 70, R = dRib 14 85
NH» NH»
5 I H,C=CHCO,Me MeO.CCH =CH
| i [ N
ll\l O N&O
(71) Rib (72) R
72, R = Rib 22 86
6 52 H,C=CHCO,Me 72, R = dRib 24 86
NH>
7 71 H,C=CHCN NCCH= Cgng
|
N/gO
(73) R
73,R = Rib 18 86
8 52 H,C=CHCN 73, R = dRib 20 86

Note: The reaction was carried out in three steps: (1) HMDS, Py, Ar, 18 h; (2) alkene, MeCN, Ahv = 254 nm, 24 h; (3) H»O.
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ated product over Pd/C. Alkenyl fragments are added to the
trimethylsilylated 5-iodonucleoside upon irradiation of the reac-
tion mixture with light of the wavelength of 254 nm in deoxy-
genated and dry acetonitrile for 24 h.

IV. Alkenylation of non-substituted nucleosides
and their analogues

Pyrimidine nucleosides and their analogues that are not substi-
tuted at positions 5 and 6 of the heterocycle can also enter into the
alkenylation reaction. Three versions of this reaction are known,
viz., oxidative coupling of alkenes (predominantly, activated
ones), cross-coupling with vinyl triflates (both reactions are
carried out in the presence of Pd compounds) and nucleophilic
addition of alkenylmagnesium derivatives at position 6 of the
pyrimidine ring.

1. Oxidative coupling of activated alkenes

Oxidative coupling of alkenes (the Fujiwara reaction 87) is carried
out in the presence of 1 equiv. of Pd(OAc), on boiling in
acetonitrile or at room temperature (Table 7). The mechanism of
this reaction seems to consist in the formation of an arylpalladium

Table 7. Alkenylation of non-substituted nucleosides with activated alkenes.

hydride intermediate followed by insertion of the alkene at the
Ar—Pd bond and reductive elimination of PAHX to give Pd(0).%®

Pd H,C=CHY
ArH == ArPdH ——— > ArCH,CHY —>
—PdHX
PdX

— » ArCH=CHY + Pd(0) + HX

Reactions of 1,3-dimethyluracil with activated alkenes
(methyl acrylate, acrylamide, methyl vinyl ketone and styrene)
give uracil derivatives substituted at position 5 in good yields; all
these reactions result in trans-isomers. In the case of non-activated
alkenes, gem-isomers are formed as admixtures. It is of note that
acrolein diethyl acetal also enters into the reaction, which permits
one to introduce an alkenyl substituent with a terminal aldehyde
group into the pyrimidine base (Table 7, entry 13). It should be
remembered that this reaction cannot be realised with mercurio-
nucleosides. The products of coupling nucleosides with acrolein
diethyl acetal could not be obtained thus far. In general, nucleo-
sides add alkenes less readily in this reaction (Table 7, entries 6, 7
and 14). Only in the case of 2,3'-O-isopropylidene-protected
nucleosides could the methyl acrylate group be introduced at

Entry Substrate Reagent t/h Product Yield (%) Ref.
1 i C=CHCO-M 24 P 92 89
H,C=CH
I iMe ? e MeO2C [ NMe
N "0 N/gO
Me (74) Me
(0]
2 74 H,C=CHCN 16 NC 73 89
| iMe
N O
Me
O o)
3 74 H,C=CHCOMe 16 74 89
Me | NMe
N’gO
Me
(0]
4 74 H,C=CHPh 13 Ph 86 89
| iMe
N ~O
Me
5 dU H,C=CHCO,;Me 32 20 56 89
6 dU H,C=CHPh 62 13, R =H 35 89
7 Urd H,C=CHCO;Me 72 12 47 89
(0] (0] (@)
N MeO,C Hnn MeOzC\qLNH
8 0  H,C=CHCO;Me 534 N’l*o P N/&O 74423 89
HOH-C Ie) HOH-C 0 + H,C o
0. 0 0 0 0. 0
X X X
o) (0]
9 74 J]\/\/\ 24 MeO 36 + 10 90
MeO = \V\/\/\/\fLiMe +
0 N O
Me
o] 0
+
MeOJ\/\)‘\fLiMe
N "O
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Table 7 (continued).
Entry Substrate Reagent t/h Product Yield (%) Ref.
O 9 o}
10 74 JI\/\/\ 24 25 90
MeO NS MeO ANF | NMe
N’J*o
Me
1 i G i
11 74 OJ\N\ 24 OK/ | iMe 23 90
Ky 7 N" 70
Me
o)
12 74 H,C =CHCO,Bui 24 BuO,C - 90
- | iMe
N0
Me
0
13 74 H,C=CHCH(OEt 24 80 90
> (OE0), OHC\/\f(iMe
N0
Me
0 o)
ﬁLNH Etozc\/\fLNH
14 o  H:C=CHCO,E 24 o 40 90
HOH:C HOH:C
OH OH
OH OH

Note: The reaction was carried out in the presence of 1.2 equiv. of Pd(OAc); in boiling acetonitrile. Urd is uridine (1-B-D-ribofuranosyluracil).  The

reaction was carried out at room temperature.

position 5 of the pyrimidine ring (Table 7, entry 8); the target
product was obtained in good yield (74%).

2. Oxidative coupling with vinyl triflates

Vinyl triflates react with non-substituted nucleosides in the
presence of a catalyst [(Pd(PPh3)4 (~0.05 equiv.)] and an excess
of LiCl in THF to give the corresponding alkenyl derivatives in
moderate yields (Table 8). This reaction, as the coupling with
organoelement alkene derivatives, permits one to introduce non-
activated alkenyl substituents into position 5 of the pyrimidine

Table 8. Alkenylation of non-substituted nucleosides with vinyl triflates.®!

Entry Reagent Product Yield (%)
(0]
1 H,C=C(Me)OTf NH 54
LA
ll\l (6]
Rib
(6]
2 Me,C=CHOTf 7 NH 43
LA
]I\I (0]
Rib
(0]
3 45.7
OTf | NH
Tl\l (0}
Rib

Note: Reaction conditions: LiCl, Pd(PPh3)4, THF, N>, 48 h; Urd, uridine
(1-B-D-ribofuranosyluracil) as a substrate.

ring. Depending on the structure of the vinyl triflate reagent, one
can obtain various regio- and stereoisomers.

3. Addition of alkenylmagnesium derivatives

Vinylmagnesium bromide and chloride are added at position 6 of
the pyrimidine ring of the protected nucleosides; this reaction
gives 6-alkenyldihydropyrimidine derivatives of nucleosides in
good yields. Thus reaction of protected uridine 75 with vinyl-
magnesium chloride 3392 and reaction of the 5-bromo derivative
76 with vinylmagnesium bromide (Ar, 1 h) give their 6-vinyl-
dihydro derivatives 77 and 78 (yields 61% and 96%, respectively).

OTPS OTPS
R R
| SN Z" "NH
o S A,
Bu‘MCzSiOHQC Bu‘MegsiOHZC
H,C=CHMgX
—_—
THF, 0 °C
Bu'Me;SiO  OSiMe,Bu! Bu'Me;SiO  OSiMe,But
75,76 77,78

R = H (75, 77), Br (76, 78).

The attempts ® to oxidise reaction products to pyrimidine
derivatives of nucleosides were unsuccessful.

V. Conclusion

Numerous methods for C-alkenylation of nucleosides and their
analogues are currently known, which differ in complexity,
reaction conditions and the possibility of obtaining substituted
nucleosides with a predetermined structure. In our opinion, the
most promising approaches involve reactions of organoelement
alkene derivatives, in particular, organotin (in non-aqueous
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solvents) and organoboron derivatives (in H>O or aqueous-
organic media). Organosilicon derivatives of alkenes seem to be
promising reagents that might replace toxic organotin compounds
in future, although their cross-coupling is insufficiently developed
yet. Mercury derivatives of nucleosides used to introduce alkenyl
substituents will hardly lose their significance by virtue of their
availability, which can be attributed to the ease of their prepara-
tion and the presence of a large body of experimental material that
helps selecting the conditions for a specific synthesis. However, in
more distant future this method will most likely be replaced by
analogous procedures, e.g., the Heck-type coupling of iodonu-
cleosides with alkenes, which affords higher yields of the target
products and precludes the use of toxic substrates. The methods of
oxidative coupling of nucleosides with activated alkenes and
alkenyl triflates also attract attention owing to their experimental
simplicity. At the same time, literature data concerning these
methods are scarce, which makes difficult their application in the
synthesis of novel compounds and long-range prognoses. And
finally, the use of photochemical alkenylation of nucleosides for
preparative purposes will, most probably, hardly have any
practical significance.
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