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Palladium-catalyzed amination methods have become sig-
nificantly important in organic synthesis over recent years,
and major developments have been made in both the
development of the catalysts as well as insight into mecha-
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nisms.! Application of such methods to the modification of
biomolecules opens interesting new avenues for investigation,
with a plethora of potential applications for the end products.
In this context, we have focused our efforts on the under-
standing and development of Pd-catalyzed reactions of
nucleosides because these compounds display some unusual
reactivities that are often not comparable to simpler mole-
cules. Our contributions to Pd-catalyzed C—N bond formation
reactions, as well as the contributions of others, have led to
the synthesis of unusual nucleosides that contain entities
appended to the exocyclic amino groups of 2’-deoxyadeno-
sine, 2'-deoxyguanosine, and C-8 aryl aminonucleosides.”*!
Unnatural nucleosides have long since held interest as novel
pharmacophores and as probes of biofunction. These types of
applications provide added importance to newer methods
that lead to modification of nucleosides. For the synthesis of
NP-aryl 2'-deoxyadenosine analogues, the readily available
C-6 bromonucleoside 1 has been the substrate of choice,
whereas the O°benzyl-2-bromonucleoside 2 has been used
for the synthesis of N*-modified 2'-deoxyguanosine deriva-
tives.” Although the O°-arylsulfonate derivatives of purine
nucleosides, and particularly those of guanine, are readily
available (3a—c in Figure 1),”' the utility of these compounds
in Pd-catalyzed transformations has not been explored to
date. Purine arylsulfonates, on the other hand, have been used
for nucleophilic (SyAr) displacement chemistry."” By and
large, direct displacement of leaving groups at the C-6
position of purines is possible with good nucleophiles, and
amination reactions have been conducted with alkyl amines.”!
There are not many examples of direct displacement reactions
with aryl amines, and recently a few examples with bromo-
nucleosides were reported.! Among simpler aromatic sys-
tems, Pd-catalyzed amination reactions of arene arylsulfo-
nates have been reported recently,”'”! and herein we report
the first such studies that involve arylsulfonates of nucleo-
sides.

From our recent studies on the Suzuki-Miyaura reactions
of 3a, it was clear that insertion of Pd into the C—sulfonate
bond would occur quite readily.""! However, experience with
amination reactions of 1 suggested that the product turnover
could highly depend on the nature of the ligand.”! Therefore,
two lines of investigation were initiated: One investigation
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Figure 1. The substrates that were studied in Pd-catalyzed amination reactions.

TBDMS = tert-butyldimethylsilyl.
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was directed towards the determination of conditions that
lead to optimal coupling results, whereas the second involved
an evaluation of the influence of the sulfonate group on these
reactions. For this purpose, sulfonates 3a-c, which differ in
steric factors, were synthesized by known methods.

The supporting ligands chosen for this initial analysis are
shown in Figure 2. The choice of these ligands originated
from various results that we obtained in previous amination
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Figure 2. The ligands that were screened for the amination reactions.
Cy = cyclohexyl.

reactions of nucleosides. So far, L1 and L4 had been
successful for aminations, and L2 was chosen based upon
bite-angle considerations relative to L1 (L2 has a bite angle
of 110° relative to 93° for L1)."¥) L3 has been the preferred
ligand for C—C bond-forming reactions of nucleosides and
bears the core structure of L4 and LS5, a factor that may be
useful in an analysis of the structural elements of ligands that
can be used for these amination reactions. However, L3 has
so far not been very useful for amination reactions of
nucleosides. L6 and L7 had not been tested for reactions of
nucleosides and were chosen because they contain
(Cy),P moieties bound to the metal, a factor that
we have previously found to be important among
the biphenyl-based phosphanes (fert-butyl groups
in place of cyclohexyl (Cy) groups render the
ligands ineffective for amination).”"!

The representative aryl amine chosen for the
optimization experiments was 4-toluidine, and a
Pd(OAc),/ligand ratio of 1:3 was employed. Based
upon our experience with the C—C cross-coupling
reaction, sulfonate 3a was selected for the initial
experiments.'"! Parameters that were varied
include the ligand, the solvent, and the base; the
results of these experiments are summarized in
entries 1-6 of Table 1. Certain interesting obser-
vations emerge from the data in Table 1. From
entries 1 and 2, it becomes apparent that the
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Table 1: Coupling of the nucleoside arylsulfonates 3a—c with 4-toluidine under various conditions.”
ioa
O7Ar pd(0AG), ligand, HN
<,N N base, solvent, 110°C f

N7 "N NH, O N

o, 3ac Me NH,
Entry  Sulfonate  Ligand  Base Solvent Reaction time®  Yield [%]©
1 3a L1 Cs,CO; PhMe 45 min 57
2 3a L1 Cs,CO;  1,4-Dioxane 30 min [d]
3 3a L2 Cs,CO,  PhMe Th 55
4 3a L3 Cs,CO; PhMe 11h [d]
5 3a L4 Cs,CO;  PhMe 1h 63
6 3a L4 K;PO, 1,4-Dioxane 30 min 65
7 3b L4 K;PO, 1,4-Dioxane 30 min 75
8 3b L4 K;PO, 5:1 1,4-Dioxane/tBuOH 30 min 77
9 3c L4 K;PO, 5:1 1,4-Dioxane/tBuOH 30 min [d]
10 3b LS K;PO, 5:1 1,4-Dioxane/tBuOH 30 min 716
11 3b L6 K;PO, 5:1 1,4-Dioxane/tBuOH 5h 0
12 3b L7 K;PO, 5:1 1,4-Dioxane/tBuOH 24 h [fl

[a] Reaction conditions: 3 (0.1 M in the respective solvent), aryl amine (2.0 equiv), Pd(OAc), (10 mol %),
L (30 mol%), base (1.5 equiv), 110°C. [b] Disappearance of the sulfonate was monitored by tlc.
[c] Yields reported are of isolated and purified 4a. [d] The sulfonate was consumed, but an insignificant
amount of product formed. [e] The product was impure after chromatography. [f] The sulfonate was still
present in the reaction mixture, and an insignificant amount of product formed.

(5mol%) and L5 (30mol%) led
to a significant amount of uncon-
verted 3b even after 5 h. The use of
ligands L6 and L7 did not provide
any product from the amination
step although 3b was completely
consumed in one case. In two cases
(entries2 and 9) in which con-
sumption of the sulfonate occurred
and very little product formation
was observed, the "H NMR spectra
of the reaction mixtures were ana-
lyzed. In both cases, formation of
some product (also discernable by
tlc) and nucleosidic resonances for
another uncharacterized
pound were observed. However,
no starting material was present as
resonances that correspond to the
arylsulfonate unit had completely
disappeared. No further attempt
was made at determining what
course these reactions had taken.

com-

solvent has a significant influence on the reaction which
involves L1 as the ligand. However, this does not appear to be
the case with L4 as the difference in the yields in entries 5 and
6 is only marginal, with the combination of L4/K;PO, in 1,4-
dioxane producing a faster reaction. L1 and L2 produced
comparable results which indicate that a change in the bite
angle of the ligand does not seem to significantly alter the
coupling. As expected, L 3 was ineffective which is consistent
with previous aminations at the C-6 position of purine
nucleosides."!

As a reasonable set of reaction parameters had been
obtained, the coupling efficiency of the sulfonate 3b was next
studied. Interestingly, this less-hindered sulfonate substrate
gave a 10 % increase in the yield of 4a within 30 min (entry 7).
Another factor was the importance of rBuOH for the aryl
amination; this presented a critical deviation from the
amination of simpler arene arylsulfonates. It has been
reported that fBuOH is necessary for the amination reaction
and reactions in 1,4-dioxane or toluene were very slow.””) This
was not the case here, and although the addition of tBuOH
appeared to provide a marginal improvement in yield and
product quality, reactions in its presence or absence pro-
ceeded rapidly (entries7 and 8).'"¥ For this reason, all
subsequent reactions were conducted in a mixture of 5:1
1,4-dioxane/tBuOH.

Reaction of the hindered tri(isopropyl)benzenesulfonate
3c yielded another insight into a plausible steric effect. With
this substrate, no product was recovered after 30 min
although the sulfonate was consumed (entry 9): This appa-
rently implies that product turnover diminishes with
increased alkyl substitution proximal to the sessile C—O
bond. With LS as the ligand, 4a was furnished in a yield that
was comparable to the yield obtained with L4, but the quality
of the product was lowered (entry 10). Use of Pd,(dba),
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Finally, to ascertain whether any

product  formation  occurred
through a SyAr displacement mechanism, 3b was treated
with 4-toluidine in the absence of Pd(OAc), in the reaction
mixture. After 24 hat 110°C, a 12 % yield of highly impure 4a
was obtained which clearly indicates that under these
conditions, the metal-catalyzed process is the significant
contributor to the amination reaction.

These experiments provided a basis for a more detailed
analysis of the scope of the amination reaction with respect to
the steric and electronic nature of the aryl amine component
as well as different catalyst and ligand concentrations. Thus, a
series of experiments were conducted using several aryl
amines in the presence of different ratios of ligand/Pd. Table 2
provides some interesting insight into these amination
reactions. At a catalyst load of 10 mol% Pd(OAc), and
30mol% L4, all of the amines that were studied reacted
smoothly within 30 min to afford the N°®-aryl-2,6-diaminopur-
ine nucleosides 4a-h. The electron-deficient amines provided
high yields, and the yields obtained with 4-toluidine, 1-
naphthylamine, and 2-anisidine were also very good. A lower
yield in the reaction of the sterically encumbered 2-toluidine
(entry 2) was observed relative to that observed for 4-
toluidine (entry 1): this is consistent with a steric influence
and is reasonable when the yields obtained with 2-anisidine
are also considered (entry 3). Upon lowering the catalyst
loading to 5 mol% Pd(OAc), and 15 mol% L4, the unhin-
dered, electron-deficient amines and 4-toluidine again pro-
vided good (although slightly lower) yields. However, a
dramatic effect was seen with the ortho-substituted amines
and 1-naphthylamine (entries 2-4). In these cases, the reac-
tions were incomplete which is consistent with a steric
influence. The yield with 2-toluidine was significantly lower
than that with the sterically less-hindered 2-anisidine. With
5mol% Pd(OAc), and 30 mol% L4 (1:6 Pd/ligand), some
other differences emerged. All of the reactions, with the
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Table 2: Results of the amination reaction with various ratios of ligand/Pd."!

:

Pd(OAc),/L4,
ArNH, K,PO,

§
<NfN©\MS f
/K

P

Angewandte

reaction using L3/Pd, 3a was
extensively studied and proved to
be a generally good substrate, but
one reaction with 3b indicated that

N 14-Dioxane/fBUOH, o .
o NONH Ioﬁgic ! m(b it might be comparable or superior
3b 4a—h .
to 3a, whereas 3¢ had again proven
Entry ArNH, Conditions® Timeld Yield [%6] Product  less useful.""! Therefore, the reac-
A 30 min 77 42 tions of 3a and 3b with selected
arylboronic acids were tested in the
1 Me@NHZ B 1h . 73 4a y
C 30 min 70 4a presence of Pd(OAc),/L3 as well
as Pd(PPh;),, which has also found
Ve A 30 min 58[] 4b utility for such reactions, under
2 @NH g ioh ) g :: conditions that were previously
2
min reported.'*] The results of these
A 30 min 66 4c experiments are summarized in
OMe B Sh 421 4c Table 3.
3 @NHz C 30 min 62 4c In the presence of 5mol%
Pd(PPh;), and K,CO; in toluene,!
A 30 min 79 4d the reaction of phenylboronic acid
O NH, B 8h 56/ 4d : :
4 ) with 3b was incomplete after 5 h;
P c 30 min 75 4d
upon prolonged treatment (over-
A 30 min 95 4e nlght), S5a was obtained in 48%
o .
s @NHz B 25 h. 78 4e yield (entr.y 1). The replacemfsnt. qf
Mé C 30 min 94 4e K,CO; with K;PO, gave signifi-
cantly superior yields with a
— A 30 min 97 4f decreased reaction time (entry 2).
\ / NH; B 30 min 87 4f . .
6 . Little improvement was observed
NG C 30 min 9 4f . .
upon increasing the Pd(PPhs), load
A 30 min 91 4g to 10mol% in 14-dioxane
7 NC@—NHZ B 45 min 30 4g (entry 3). However, all of the sub-
C 30 min 81 4g sequent reactions were performed
NH i i
. QO , A 30 min 87 4h at. tﬁle higher lload for Cf)mparlsg'n
Q B 25h 63 4h with our previous reaction condi-

tions."!l All of the reactions of 3a

[a] General reaction conditions: 3b (0.1m in 5:1 1,4-dioxane/tBuOH), aryl amine (2.0 equiv), K;PO,
(1.5 equiv), 110°C. [b] Conditions: A: Pd(OAc), (10 mol %), L4 (30 mol %); B: Pd(OAc), (5 mol %), L4
(30 mol %). [c] Disappearance of 3b was monitored by tlc.
[d] Yields reported are of isolated and purified 4a—h. [e] Incomplete reaction.

(15 mol%); C: Pd(OAc), (5 mol%), L4

exception of 2-toluidine, proceeded to completion with yields
that were comparable to those obtained when a higher
loading of Pd was used. Therefore, these results suggest that
with the exception of highly sterically congested ortho-
substituted aryl amines, which require 10-mol % Pd(OAc),,
most reactions run successfully at 5-mol % Pd(OAc), as long
as the ratio of Pd/L4 ratio is ~ 1:6. Finally, two reactions of
3b and 4-toluidine were conducted at 10 and 5 mol%
Pd(PPh;), in 1,4-dioxane and 1,4-dioxane/tert-BuOH, respec-
tively. Both reactions were complete within 30 min to provide
a yield of 78-84% of 4a. In contrast, even with 10 mol %
Pd(PPh;),, the amination of bromonucleoside 1 with 4-
toluidine was incomplete after 5h under the reaction
conditions described here and those described previously.*
Currently, complexes of L4/Pd appear to be generally good
for amination reactions of nucleosides.

In light of the results of the amination studies, we
reanalyzed the C—C cross-coupling reaction of 3a and 3b.
In our earlier report on the Suzuki-Miyaura cross-coupling

Angew. Chem. 2004, 116, 65326537
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and 3b gave good yields of the
product (Table 3, entries 2-6), but
3a appeared to be a better sub-
strate. A similar trend was seen for
reactions with 2-ethoxyphenylbor-
onic acid (entries 7-10). Reaction
of the electron-deficient 4-acetylphenylboronic acid with 3b
produced 5S¢ in 45% yield (entry 11) with a prolonged
reaction time. On the other hand, with sulfonate 3a the
reaction was incomplete (entry 13). This is consistent with
previous reports in which electron-deficient arylboronic acids
gave low yields of the cross-coupled product with the
Pd(PPh;), catalytic system.'®! Both 3a and 3b gave a
comparable yield of the product in the presence of
Pd(OAc),, L3, and K;PO, (entries 12 and 14).") With 3-
thienylboronic acid, good recoveries of the product were
generally observed (entries 15-18), and Pd(PPh;), was some-
what superior to Pd(OAc),/L3 despite the longer reaction
times required and incomplete reaction observed with 3a
(entry 17). The results summarized in Table 3 also show that
both 3a and 3b can be used for C—C bond-formation
reactions, and that the Pd(OAc),/L3 system is applicable
with a variety of arylboronic acids.

Certain details on the nature of the catalytic systems
warrant comment. The Pd(PPh;), catalyst shows applicability

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 3: Reaction of nucleoside sulfonates 3a and 3b with various arylboronic acids.

Me R
@9
8]

In summary, we have shown for
the first time that an easily pre-

e catalytic system pared arylsulfonate derivative of
<Nf _ ArB(OH), base _ </N 2'-deoxyguanosine can be effec-
N N solvent, 80-100°C N tively utilized for Pd-catalyzed
™ 32:R = Me %”” 5a—d amination reactions with aryl
3b:R=H amines to lead to N®-aryl-2,6-di-
Entry ArB(OH), Sulfonate Conditions®! Time® Yield [%] Product ~ minopurine nucleoside analogues.
m Furthermore, the results from our
] 3b A 17h ) 48 5a studies on amination and C—C
2 3b B 45 min 78 5a . .
3 3b c 30 min 81 5a cross-coupling reactions seem to
4 ) -Boony, 3b D 0min 66 5a indicate a delicate interplay
5 3a C 30 min 89 5a between the nature of the ligand,
6 3a D 30 min 761 5a the substituents on the arylsulfo-
nate, as well as the type of reaction
7 3E C 5 : 72m 5: that is conducted, all of which
8 OFt 3 D > 27 5 contribute to the success of these
9 BIOH), 3a C 5h 76 5b i
10 3a D 5h 65! 5b reactions.
1 3b C 45h 45 5¢ Received: May 25, 2004
12 o 3b D 2h 64lel 5¢ Revised: August 13, 2004
13 " g—@—B(OH)z 3a C 45h 271 5¢
14 3a D 30 min 6411 5¢ Keywords: amination -
C—C coupling - nucleosides -
5 3b c 15 h. % 5d palladium - phosphane ligands
16 @-B(OH) 3b D 30 min 83l 5d
17 s ’ 3a c 4h 871" 5d
18 3a D 30 min 788 5d

[a] Conditions: A: 3 (0.1m), Pd(PPh;),

were conducted as in ref. [11], but with K;PO, (1.5 quiv).

for C—C bond-formation reactions and despite low yields with
electron-deficient arylboronic acids, it can provide good to
high yields when, in combination with K;PO,, other boronic
acids are used. On the other hand, the biphenylphosphane-
based catalysts appear to be more-broadly applicable, but
they show some interesting differences. From the results
presented in Table 1 and in our previous studies,”’ L3 appears
to be ineffective for the formation of C—N bonds at the C-6
position of purine nucleosides, whereas both L4 and LS
produce effective catalysts. However, L3 is an effective ligand
for C—C cross-coupling reactions.”>')' This leads us to
speculate about the nature of the ligand-Pd interactions
that may contribute to these two different reactions with the
same substrate. With L3, an intramolecular n'-arene coordi-
nation of the metal has been observed at room temper-
ature.'"! Such interactions or plausible cyclopalladation of the
biphenyl entity, as has been reported with the di(zerz-butyl)
analogue,"™ could perhaps provide an active catalyst for the
formation of C—C bonds but not for C—N bonds. The
prevention of cyclopalladation either through hemilabile
heteroatom coordination to the metal in L4 or the simple
blockage of cyclopalladation centers in LS could lead to
different types of non-cyclopalladated ligand—Pd complexes
that display activity for C-N bond-formation reactions.

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

(5 mol%), K,CO; (1.5 equiv), PhMe, 100°C; B: 3 (0.1m),
Pd(PPhs), (5 mol%), K,PO, (1.5 equiv), PhMe, 100°C; C: 3 (0.085-0.089 M), Pd(PPh,), (10 mol%),
K;PO, (2.0 equiv), 1,4-dioxane, 80°C; D: 3 (0.085-0.089 m), Pd(OAc), (10 mol %), L3 (20 mol %), K;PO,
(2.0 equiv), 1,4-dioxane, 80°C. [b] Disappearance of the sulfonate was monitored by tlc. [c] Yields
reported are of isolated and purified 5 a-d. [d] Reaction incomplete after 5 h and was allowed to proceed
overnight. [e] Yield reported in ref. [11]. [f] Reaction was incomplete at the time of workup. [g] Reactions
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