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a b s t r a c t

A palladium-catalyzed oxidative homo-coupling of 1,3-dimethyluracil was examined. Two types of uracil
dimer, C5–C50 linked dimer and C5–C60 linked dimer were obtained in variable yields depending on the
conditions along with a low yield of C5–C50 and C6–C50 linked uracil trimer.
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Transition metal-based drugs have received much attention
since the finding of antitumor activity of cisplatin. Since then
numerous efforts have been devoted to the development of drugs
based on transition metals including platinum1a–d and palla-
dium.1c–f Uracil dimers and its nucleoside analogs are not the nat-
ural nucleic acid component; thus, the formation of these
compounds catalyzed by transition metal impurities or metal-con-
taining drugs in vivo may cause severe problems. With this in
mind, Lippert and co-workers have examined the preparation of
C5–C50 uracil dimers with the aid of a gold catalyst.2 Daves and
co-workers also examined the dimerization of pyrimidinylmercu-
ric salts with an equivalent amount of palladium catalyst.3

In addition, various types covalently linked nucleic acids dimers
have received much attention due to their potential biological
activity, complexation properties, supramolecular self-assembly,
Watson–Crick base pair bonding models, and protein binding.4

Two types of dimers have been reported for uracil derivatives,
those are C5–C50 linked dimers4a–h and N3–N30 linked dimers with
a spacer.4i–k However, the synthesis of C5–C50 directly-linked di-
mers without a spacer is much limited.2,3 In these contexts, we
decided to examine the synthesis of uracil dimers in the presence
of a catalytic amount of palladium catalyst.

Recently, we reported a palladium-catalyzed regioselective
5-arylation of 1,3-dimethyluracil with bromoarenes.5 In the same
Letter, we also found a palladium-catalyzed regioselective 6-aryla-
tion with arenes via a concerted metalation–deprotonation (CMD)
ll rights reserved.

: +82 62 530 3389.
process.5 During the 6-arylation reaction with p-xylene as an ary-
lation partner, we observed the formations of a C5–C50 linked ura-
cil dimer 4a (26%) and a C5–C60 linked uracil dimer 5a (11%), albeit
in low yields,6 while the reactions of 1a and benzene, m-xylene or
o-xylene produced only trace amounts of the homo-coupled prod-
ucts, 4a and 5a, as shown in Table 1 (entries 1–4). The amounts of
uracil dimers 4a and 5a increased when the arene is sterically hin-
dered as p-xylene or mesitylene. When we used mesitylene (entry
5), cross-coupled products (2e or 3e) were not formed in any trace
amount. Instead dimer 4a was formed as a major product (52%)
along with a low yield of dimer 5a (20%).7–9 The C6–C60 linked ura-
cil dimer 6a was not formed in all entries.

The plausible reaction mechanism for the formations of 4a and
5a is suggested in Scheme 1.5,10 An electrophilic metalation–depro-
tonation (EMD) of 1a produced an uracilpalladium intermediate II
via the iminium ion intermediate I. Heck-type carbopalladation of
II to 1a produced an intermediate III. A subsequent epimerization
at the C50-position of III via an O-palladium enol species and the
following b-H elimination would produce a dimer 5a. When the
intermediate II reacted with 1a in an EMD process, a diuracilpalla-
dium intermediate IV could be formed. Final reductive elimination
of Pd0 from IV would produce a dimer 4a. If the first palladation of
1a occurs by a CMD process via the intermediate V, an uracilpalla-
dium intermediate VI could be generated,5 and a subsequent reac-
tion of VI and 1a in an EMD process would also produce compound
5a via a diuracilpalladium intermediate VIII. However, the dimer
6a was not formed at all presumably due to the involvement of a
congested transition state VII. Similarly, we could not observe
the formation of compound 2e.
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Table 1
Palladium-catalyzed homo-coupling reaction of 1,3-dimethyluracil (1a)
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Entry Arene 2 (%) 3 (%) 4a (%) 5a (%)

1 Benzene 2a (85)a 3a (6)a —b —b

2 m-Xylene 2b (80)a 3b (11) —b —b

3 o-Xylene 2c (66)a 3c (18) —b —b

4 p-Xylene 2d (52)a 3d (<5) 26 11
5 Mesitylene 2e (0) 3e (0) 52 20

a Reported data (Ref. 5).
b Trace amount (<5%).
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In order to examine the dependence of yields and selectivity
(4a/5a) on the reaction conditions, we carried out the reactions
of 1a under various conditions, and the results are summarized
in Table 2. When we used PivOH as a solvent (entry 2), the result
was similar to that in mesitylene solvent (entry 1). Increasing the
amounts of PivOH decreased the yields of products (entry 3). The
reaction in mesitylene without PivOH (entry 4) provided the high-
est combined yields of products (96%). In addition, a trimeric com-
pound 7a (vide infra) was isolated in a reasonable yield (18%).3,9 It
is interesting to note that the yield of 5a increased to 46% when the
reaction was performed at 80 �C (entry 5). However, the reaction at
lower temperature (<65 �C) was so sluggish (entries 6 and 7). The
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results might imply that a Heck type reaction of II to form 5a re-
quired relatively lower activation energy than the second EMD
process of II to form 4a (vide supra, Scheme 1). The use of Cu(OAc)2

or AgNO3 as an oxidant was not efficient (entries 8 and 9). The use
of DMSO as a solvent was ineffective (entry 10). The reaction in the
presence of Pd(OAc)2 in CH3CN was also ineffective (entry 11).3

As described above, it is interesting to note that a C5–C50 and
C6–C50 linked uracil trimer 7a3,9 was isolated in some entries, al-
beit in low yield (see Fig. 1). The structure of 7a could be easily de-
duced from its 1H NMR spectrum by the presence of two singlets at
d = 7.12 and 7.63 ppm which correspond to the remaining H-6 pro-
tons of two uracil rings. The trimer 7a could be formed either from
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Table 2
Optimization of Pd-catalyzed homo-coupling of 1,3-dimethyluracil

Entry Conditions 1a (%)a 4a (%) 5a (%) 7a (%)

1 Pd(TFA)2 (5 mol %), AgOAc (3.0 equiv)
PivOH (6.0 equiv), mesitylene (60 equiv), 110 �C, 20 h

10 52 20 —b

2 Pd(TFA)2 (5 mol %), AgOAc (2.0 equiv)
PivOH (20 equiv), O2 balloon, 120 �C, 14 h

9 54 18 —b

3 Pd(TFA)2 (5 mol %), AgOAc (3.0 equiv)
PivOH (60 equiv), 120 �C, 14 h

32 39 11 —b

4 Pd(TFA)2 (5 mol %), AgOAc (3.0 equiv)
mesitylene (60 equiv), 120 �C, 4 h

0 52 26 18

5 Pd(TFA)2 (5 mol %), AgOAc (3.0 equiv)
mesitylene (60 equiv), 80 �C, 16 h

0 38 46 14

6 Pd(TFA)2 (5 mol %), AgOAc (3.0 equiv)
mesitylene (60 equiv), 55 �C, 8 h

90 —b —b —c

7 Pd(TFA)2 (5 mol %), AgOAc (3.0 equiv)
mesitylene (60 equiv), 65 �C, 12 h

37 18 29 —b

8 Pd(TFA)2 (5 mol %), Cu(OAc)2 (3.0 equiv)
mesitylene (60 equiv), 120 �C, 14 h

75 —b —b —c

9 Pd(TFA)2 (5 mol %), AgNO3 (3.0 equiv)
PivOH (60 equiv), 120 �C, 14 h

78 —b —b —c

10 Pd(TFA)2 (5 mol %), AgOAc (3.0 equiv)
DMSO (60 equiv), 120 �C, 14 h

74 —b —b —c

11 Pd(OAc)2 (10 mol %), AgOAc (3.0 equiv)
CH3CN, reflux, 12 h

52 —b 25 —b

a Recovered starting material.
b Trace amount (<5%).
c Not observed.
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4a or 5a by many possible routes, including the reaction between
4a and II in a Heck manner or 5a and II in an EMD process.

The reaction of 1,3-diethyluracil (1b) was examined under the
conditions of entry 4 in Table 2, and the results are summarized
in Table 3 (entry 1). As expected, a C5–C50dimer 4b was isolated
Table 3
Synthesis of uracil dimers 4b–e and 5ba
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in a good yield (67%) along with a low yield (10%) of C5–C60 dimer
5b.9,11 We observed the formation of the corresponding trimer in a
right position on TLC; however, we failed to isolate the component
in pure state in appreciable amounts. As in the case of 1a, we car-
ried out the reaction of 1b at low temperature (see entry 5 in Table
2). Although the yield of 5b increased a little (up to 18%); however,
the ratio of 4b/5b was not reversed. The reaction of 1,3-dipropyl-
uracil (1c) showed a similar result (entry 2). A C5–C50 dimer 4c
was obtained as a major product in a good yield (72%). Although
we observed the formation of a C5–C60 dimer in a right position
on TLC; however, we failed to isolate the component in appreciable
amounts. The reaction of N1-tetrahydrofuranyl derivative 1d (entry
3) produced the corresponding C5–C50 dimer 4d in moderate yield
(52%) along with the appreciable amounts of recovered 1d (28%). It
is interesting to note that the two H-6 protons of 4d appeared as
two singlets (1:1) at d = 8.26 and 8.36 ppm in its 1H NMR spectrum
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Table 3 (continued)

Entry Substrate Product (%)
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a Conditions: Pd(TFA)2 (5 mol %), AgOAc (3.0 equiv), mesitylene (60 equiv), 120 �C, 4 h.
b Reaction time is 12 h.
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in CDCl3.9 The observation revealed the existence of a pair of rota-
tional isomers in a solution at room temperature presumably due
to hindered rotation around the C5–C50 single bond. When we took
the 1H NMR in DMSO-d6, the two singlets were coalesced to a
broad singlet which appeared at d = 8.24 ppm even at room tem-
perature.9 As a last entry, the reaction of N3-benzyl-20,30,50-tri-O-
benzoyluridine (1e) afforded the corresponding C5–C50 dimer 4e
in a reasonable yield (43%, entry 4). The compound 4e appeared
as a single isomer in its 1H NMR spectrum (singlet of H-6 proton
at d = 8.42 ppm). This implied that compound 4e favors only one
rotational isomer state presumably due to the presence of extre-
mely bulky sugar moieties, as compared to 4d that existed as
two restricted rotational isomers.

However, the reactions of 1,3,5-trimethyluracil (1f) or 1,3,6-
trimethyluracil (1g) failed completely. The only possible C6–C60

coupling reaction of 1f was not observed as in the case of 1,3-dime-
thylurcil. Actually, we expected the formation of a C5–C50 coupling
product in the reaction of 1g via a double EMD and/or an EMD-
Heck process; however, we did not observe the formation and
the reason might be the steric hindrance between the two 6-
methyl groups.

In summary, we examined a Pd (II)-catalyzed oxidative homo-
coupling reaction of 1,3-dimethyluracil and related derivatives.
Based on the experimental results we proposed a mechanistic sce-
nario in detail. Further studies on the synthesis of un-protected
nucleoside dimers and the conformational characteristics are cur-
rently underway.
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[M++Na]. Anal. Calcd for C20H30N4O4: C, 61.52; H, 7.74; N, 14.35. Found: C,
61.39; H, 7.92; N, 14.21.
Dimer 4d: 52%; white solid, mp 212–214 �C; IR (KBr) 2957, 1690, 1650, 1442,
1268 cm�1; 1H NMR (CDCl3, 300 MHz) d 1.95–2.20 (m, 6H), 2.28–2.49 (m, 2H),
4.01 (dd, J = 14.7 and 7.5 Hz, 2H), 4.26–4.35 (m, 2H), 5.13 (d, J = 15.6 Hz, 2H),
5.18 (d, J = 15.6 Hz, 2H), 6.08–6.12 (m, 2H), 7.20–7.35 (m, 6H), 7.40–7.51 (m,
4H), 8.26 (s, 1H), 8.36 (s, 1H); 13C NMR (CDCl3, 75 MHz) d (23.74, 23.79), (32.97,
33.07), 44.46, (70.33, 70.38), (88.14, 88.23), (104.31, 104.33), 127.56, (128.36,
128.37), (128.91, 128.97), (136.66, 136.67), (137.58, 137.60), 149.82, (161.94,
161.97); 1H NMR (DMSO-d6, 300 MHz) d 1.84–2.20 (m, 6H), 2.25–2.48 (m, 2H),
3.85–4.05 (m, 2H), 4.10–4.30 (m, 2H), 5.07 (d, J = 16.2 Hz, 2H), 5.13 (d,
J = 16.2 Hz, 2H), 6.01–6.18 (m, 2H), 7.18–7.49 (m, 10H), 8.24 (br s, 2H); 13C
NMR (DMSO-d6, 75 MHz) d (23.51, 23.53), (31.95, 31.98), 43.85, 69.67, (87.60,
87.62), (104.38, 104.47), 127.20, 127.64, 128.35, 136.94 (138.01, 138.03),
149.56, (161.31, 161.32); ESIMS m/z 565 [M++Na]. Anal. Calcd for C30H30N4O6:
C, 66.41; H, 5.57; N, 10.33. Found: C, 66.54; H, 5.72; N, 10.14.
Dimer 4e: 43%; white solid, mp 174–176 �C; IR (KBr) 1730, 1659, 1447,
1265 cm�1; 1H NMR (CDCl3, 300 MHz) d 4.60 (dd, J = 12.6 and 3.3 Hz, 2H), 4.73
(d, J = 13.8 Hz, 2H), 4.75–4.82 (m, 2H), 4.93 (d, J = 13.8 Hz, 2H), 4.90–4.98 (m,
2H), 5.87 (dd, J = 5.1 and 5.1 Hz, 2H), 5.98 (dd, J = 5.1 and 5.1 Hz, 2H), 6.39 (d,
J = 5.1 Hz, 2H), 7.16–7.23 (m, 6H), 7.28–7.47 (m, 18H), 7.52–7.64 (m, 4H), 7.92–
7.97 (m, 4H), 7.98–8.06 (m, 8H), 8.42 (s, 2H); 13C NMR (CDCl3, 75 MHz) d 44.71,
63.96, 70.90, 74.60, 80.45, 88.64, 105.57, 127.64, 128.33, 128.37, 128.50,
128.59, 129.07, 129.27, 129.48, 129.81, 129.97, 133.38, 133.72, 133.81, 136.04,
136.92, 149.56, 160.88, 165.18, 165.26, 165.76 (two carbons were overlapped);
HRMS (ESI+) m/z Calcd for C74H59N4O18 [M++H]: 1291.3825, Found: 1291.3839.
Anal. Calcd for C74H58N4O18: C, 68.83; H, 4.53; N, 4.34. Found: C, 68.67; H, 4.71;
N, 4.18.

10. For the transition metal-catalyzed oxidative coupling of heteroaromatic
compounds and their proposed reaction mechanisms, see: (a) Cho, S. H.;
Kim, J. Y.; Kwak, J.; Chang, S. Chem. Soc. Rev. 2011, 40, 5068–5083. and further
references cited therein; (b) Li, Y.; Wang, W.-H.; Yang, S.-D.; Li, B.-J.; Feng, C.;
Shi, Z.-J. Chem. Commun. 2010, 46, 4553–4555; (c) Li, Y.; Jin, J.; Qian, W.; Bao,
W. Org. Biomol. Chem. 2010, 8, 326–330; (d) Xi, P.; Yang, F.; Qin, S.; Zhao, D.;
Lan, J.; Gao, G.; Hu, C.; You, J. J. Am. Chem. Soc. 2010, 132, 1822–1824; (e) Li, Z.;
Wang, Y.; Huang, Y.; Tang, C.; Xu, J.; Wu, X.; Yao, H. Tetrahedron 2011, 67,
5550–5555; (f) Liang, Z.; Zhao, J.; Zhang, Y. J. Org. Chem. 2010, 75, 170–177; (g)
Xia, J.-B.; Wang, X.-Q.; You, S.-L. J. Org. Chem. 2009, 74, 456–458; (h) Truong, T.;
Alvarado, J.; Tran, L. D.; Daugulis, O. Org. Lett. 2010, 12, 1200–1203; (i) Do, H.-
Q.; Daugulis, O. J. Am. Chem. Soc. 2009, 131, 17052–17053; (j) Monguchi, D.;
Yamamura, A.; Fujiwara, T.; Somete, T.; Mori, A. Tetrahedron Lett. 2010, 51,
850–852; (k) Takahashi, M.; Masui, K.; Sekiguchi, H.; Kobayashi, N.; Mori, A.;
Funahashi, M.; Tamaoki, N. J. Am. Chem. Soc. 2006, 128, 10930–10933; (l)
Masui, K.; Ikegami, H.; Mori, A. J. Am. Chem. Soc. 2004, 126, 5074–5075.

11. One of the methylene (–CH2–) moiety among the four ethyl groups of 5b
appeared in 1H NMR as two broad singlets presumably due to a restricted
rotation.9
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