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2-Ureidoisocytosine bearing a phosphonium ion function-
ality self-assembles in an anti-parallel manner, to exhibit a
cooperative acid/base catalysis for the ring-opening reaction
of an epoxide.

Catalysis via noncovalent interactions is one of the interesting
subjects in supramolecular chemistry,1 for which utilisation of
multiple hydrogen-bonding interactions may be promising, as
they possibly allow well-defined spatial arrangements of certain
functionalities.2,3 However, examples so far reported have
focused on the binding of substrates to the catalytically active
sites.4 Herein we report a novel supramolecular catalysis, where
a multiple hydrogen-bonding interaction is utilised for the
spatial assembly of weakly acidic and basic functionalities to
construct a catalytically active site.

The reaction we chose is the ring-opening of glycidyl methyl
ether (1) with 4-tert-butylthiophenol (2) (Scheme 1), where acid
and base functionalities are expected to activate 1 and 2,
respectively. As the self-assembling motif, we chose 2-ur-
eidoisocytosine (2-ureido-4-pyrimidone, Fig. 1),5 to which a
“phosphonium ion” functionality was attached (5, 7, 8).6,7

Phosphonium salts as weak Lewis acids have been reported to
activate epoxides for the reaction with thiols.8 Similarly to
parent 2-phenylureidoisocytosine (4),5 these phosphonium ion-
appended derivatives in CDCl3 formed quadruply hydrogen-
bonded dimers (Fig. 1). For example, the 1H NMR spectrum of
5 (20 mM) at 25 °C showed three NH signals at a low magnetic

region (d 12.89, 12.31 and 12.15), characteristic of the
hydrogen-bonded dimer of 2-ureidoisocytosine.5 On the other
hand, the 5-H proton of 5, which is informative of the
dimerization equilibrium,5 showed a signal predominantly at d
5.92 due to dimeric 5 with a negligibly weak signal at d 5.78 ( <
1%) assignable to the monomeric form. In the dimeric form of
5, the phosphonium ion functionality and the weakly Lewis-
basic oxygen atom of the C(4)NO functionality, located on the
other side of the molecule, are in proximity to each other (Fig.
1), so that they can serve cooperatively for acid/base cataly-
sis.

Typically, the reaction of 1 (200 mM) and 2 (240 mM) was
investigated in CDCl3 at 50 °C,9 where no uncatalyzed reactions
took place. In the presence of 5 (20 mM), the ring-opening
reaction of 1 took place smoothly to give 3-(4-tert-butylphe-
nylthio)-1-methoxypropane-2-ol (3) in 78% yield based on 1 in
150 h (Fig. 2(b), 5).10 Although a phosphonium salt such as 9
alone promoted the reaction,8 the yield of the ring-opened

Scheme 1

Fig. 1 A proposed mechanism for the catalysis of 5 in ring-opening of
epoxide with thiol; cooperation of phosphonium ion (acid) and C(4)NO
(base) functionalities by self assembly through multiple hydrogen-bonding
interactions.

Fig. 2 (a) Relative second-order rate constants of the reaction between 1
(200 mM) and 2 (240 mM) in the presence of 5–9 (20 mM) and an equimolar
mixture of 4 and 9 (each 20 mM) in CDCl3 at 50 °C. (b) Time courses of the
reaction in the presence of 5 (5), an equimolar mixture of 4 and 9 (8), and
9 (:).
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product (3) after 180 h was only 32% (:) under otherwise
identical conditions to the above. The second-order rate
constant of the reaction in the presence of 5 (k2(5)) was
determined to be 6.8 3 1022 mol21 h21, which is 4.7-times
larger than that with 9 alone as catalyst (k2(9) = 1.4 3 1022

mol21 h21) (Fig. 2(a)). On the other hand, non-functionalized
2-phenylureidoisocytosine (4) alone did not give rise to the
ring-opening reaction, but was capable of assisting the phos-
phonium salt-mediated reaction. For example, in the presence of
an equimolar amount of 4 with respect to 9 (each 20 mM), the
ring-opening reaction proceeded 1.7-times faster (k2(4/9) = 2.4
3 1022 mol21 h21) (Fig. 2(a) and (b), 8) than that with 9 alone
as catalyst. Similarly to 4, a N-methylated derivative of 5 (6),
which is unable to form a hydrogen-bonded dimer, showed a
low rate enhancement with a ratio k2(6)/k2(9) of 1.7 (Fig. 2(a)).
However, it is obvious that the cooperative effects of such
ureidoisocytosine derivatives are less explicit than that ob-
served for the dimeric form of 5, where the C(4)NO functionality
is located in proximity to the phosphonium ion functionality. In
connection with these observations, a 1H NMR saturation
transfer experiment was conducted for a mixture of 2 (200 mM)
and 4 (200 mM) in CDCl3 at 50 °C. When the S-H proton of 2
(d 3.50) was irradiated, the signal due to N-Ha of 4 was
decreased to 70% in intensity (Fig. 3), while the intensities of
the other two NH signals (Hb, Hc) remained unchanged.
Therefore, thiol 2 is most likely hydrogen-bonded with the
C(4)NO functionality of 4, thereby allowing a facile proton
exchange between S-H and N-Ha.

Taking all the above observations into account, the catalysis
by the 2-ureidoisocytosine/phosphonium salt system is con-
sidered to involve a dual mode activation of the substrates,
where the epoxide is activated by the phosphonium salt as
Lewis acid, while the C(4)NO functionality as Lewis base assists
ionization of the thiol through the hydrogen-bonding inter-
action. The large rate enhancement with 5 appears to be due to
the dimerization of 5 in an anti-parallel fashion (Fig. 1), which
allows a proximal orientation of the Lewis-acidic and basic
activation sites.

In relation to the above mechanism, we found that the
orientation of the phosphonium group and the steric bulk around
the C(4)NO functionality are both important for achieving a high
catalytic activity. For example, a regioisomer of 5 (8), bearing
a phosphonium ion at the para position of the terminal aryl
group, was much less effective as catalyst, where the rate
enhancement (k2(8)/k2(9) = 2.0, Fig. 2(a)) was similar to those
observed for monomeric 6 and by non-functionalized 4
externally added to the system. Use of a 5-benzyl derivative of
5 (7), which suffers a steric hindrance around the C(4)NO
functionality, again resulted in only a small acceleration with a
k2(6)/k2(9) value of 2.1 (Fig. 2(a)). Although these reference
systems may cause some non-specific effects due to the
difference in, e.g., polarity from 5, their obviously low activities

support the proposed mechanism of the ring-opening reaction
catalyzed by 5 (Fig. 1).

In conclusion, we have demonstrated a conceptually new
supramolecular catalysis, where a complementary hydrogen-
bonding interaction of 2-ureidoisocytosine is utilised for the
construction of a catalytically active site consisting of acidic
and basic functionalities, allowing a dual mode activation the
substrates.
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Fig. 3 1H NMR spectra of (a) a mixture of 2 and 4 (each 200 mM) in CDCl3
at 50 °C and (b) that upon irradiation at the S-H signal (d 3.50).

1691CHEM. COMMUN. , 2002, 1690–1691


