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Intracomplex general acid/base catalyzed cleavage of RNA phosphodiester
bonds: the leaving group effect†

Tuomas Lönnberg* and Mikko Luomala

Received 18th May 2012, Accepted 11th July 2012
DOI: 10.1039/c2ob25958c

The general acid/base catalyzed cleavage of a number of alkyl esters of uridine-3′- (and -5′-)phosphate
has been studied by utilizing a cleaving agent, in which the catalytic moiety (a substituted 1,3,5-triazine)
is tethered to an anchoring ZnII:cyclen moiety. Around pH 7, formation of a strong ternary complex
between uracil, ZnII and cyclen brings the general acid/base catalyst close to the scissile phosphodiester
linkage, resulting in rate acceleration of 1–2 orders of magnitude with the uridine-3′-phosphodiesters.
Curiously, no acceleration was observed with their 5′-counterparts. A βlg value of −0.7 has been
determined for the general acid/base catalyzed cleavage, consistent with a proton transfer to the leaving
group in the rate-limiting step.

Introduction

General acid/base catalysis is the strategy employed by the small
ribozymes, as well as RNase A, for the cleavage of RNA phos-
phodiester linkages.1–3 The reaction has been extensively studied
with simple buffer acids and bases but the results have been
somewhat ambiguous due to the very high buffer concentrations
required to overcome the inefficiency of the catalysis in such
systems.4–9 While it is agreed that sufficiently basic buffers
(pKa > 8) serve as general bases deprotonating the attacking
2′-OH which leads to more or less concerted breakdown of the
dianionic phosphorane,7–9 a number of alternative mechanisms
have been proposed for the cleavage catalyzed by less basic
buffers (pKa ≈ 7) that expectedly offer a more relevant model
for enzyme action. Some of these mechanisms are summarized
in Scheme 1A.

Several of these mechanisms share common features, viz. a
rapid initial formation of a monoanionic phosphorane, followed
by rate-limiting proton transfer to the departing 5′-oxygen atom.
The first step, i.e. the pre-equilibrium formation of a mono-
anionic phosphorane intermediate upon attack of the neighboring
2′-OH on the phosphorus atom of the scissile phosphodiester
linkage, has been proposed to involve concerted proton transfer
from the attacking nucleophile to a non-bridging oxygen of the
developing phosphorane intermediate.10–12 In the absence of an
appropriate general acid/base catalyst to allow the proton

shuttling, the proton transfer is probably mediated by a water
molecule (Scheme 1A, Route A),13,14 whereas in the presence of
one this role might be played by the catalyst, as proposed for
guanidinium-derived RNA cleaving agents (Scheme 1A, Route
B).5,6,15,16 In addition, a combination of rapid initial protonation
of the phosphodiester linkage followed by general base-catalyzed
attack of the 2′-OH (Scheme 1A, Route C) has also been
suggested.7

The breakdown of the monoanionic phosphorane intermediate
via rate-limiting fission of the P–O5′ bond has been proposed to
be facilitated by proton transfer from a general acid either
directly (Scheme 1A, Route D)9 or after deprotonation to a di-
anionic phosphorane (Scheme 1A, Route G).7 It should be
noted, however, that a dianionic phosphorane is readily decom-
posed even without general acid catalysis by expulsion of an
alkoxide leaving group.17 The pH- and buffer-independent clea-
vage of RNA phosphodiester linkages most likely takes place
with concerted water-mediated proton transfer from a non-brid-
ging oxygen to the leaving group (Scheme 1A, Route E)10–14

and a similar mechanism would seem feasible also in the case of
the general acid/base catalyzed reaction, with the catalyst (rather
than a water molecule) serving as the proton shuttle
(Scheme 1A, Route F).5,15,16

Recently, we demonstrated an approach to circumvent the
problem of the weak buffer catalysis by anchoring the catalytic
group close to the scissile phosphodiester linkage.18 As pre-
viously described for a ZnII:1,5,9-triazacyclododecane-based
cleaving agent,19 the high affinity of the ZnII:cyclen chelate for
uracil (and thymine)20–22 was harnessed to bring a potential
general acid/base catalyst, a substituted 1,3,5-triazine, near the
phosphodiester bond of uridylyl-3′,5′-uridine (UpU) (Fig. 1A).
In such assemblies, the N3 of uridine coordinates to the ZnII ion
with concomitant deprotonation and two of the aza functions of
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the cyclen ring donate hydrogen bonds to the oxo substituents of
the uracil ring, leading to formation of a remarkably strong
ternary complex at pH > 7.22 Around neutral pH, the desired

complex predominated and the hydrolysis of UpU was acceler-
ated by up to two orders of magnitude. The acceleration was
found to be largely independent of the basicity of the triazine,

Scheme 1 Proposed mechanisms for RNA cleavage catalyzed by general acids and bases.

Fig. 1 Complexes of N3-deprotonated uridine-3′- and -5′-phosphates with mono- and binuclear ZnII chelates of cyclen linked to a catalytic triazine
moiety. In all cases, the geometry around the zinc nucleus is square pyramidal, with the uracil N3 forming the apex and the four nitrogen atoms of
cyclen the basal plane of the pyramid. Note that the ZnII ion is not coplanar with the cyclen nitrogens but lies between the cyclen ring and the uracil
N3.

6786 | Org. Biomol. Chem., 2012, 10, 6785–6791 This journal is © The Royal Society of Chemistry 2012
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consistent with a mechanism where the catalyst serves as a
proton shuttle, mediating proton transfer from the attacking
nucleophile to a non-bridging phosphoryl oxygen and, finally, to
the leaving group (Scheme 1B).18

Of the three pathways proposed, cleavage via Routes D and F
should exhibit a leaving group effect similar to the one pre-
viously reported for the pH- and buffer-independent reaction
(Scheme 1A, Route E), viz. βlg = −0.59.11 The βlg value for
Route G, on the other hand, is difficult to predict with any
reasonable accuracy. Evidently, increasing electronegativity of
the leaving group exerts opposite effects on the protonation of
the non-bridging oxygen and nucleophilic attack on phosphorus,
leaving the effect on the formation of the monoanionic phos-
phorane modest. The pre-equilibrium deprotonation of the mono-
anionic phosphorane (pKa 13.5–14.3)

23,24 and the breakdown of
the dianionic intermediate are both favored by electron-
withdrawing leaving groups. In other words, the rate of cleavage
via Route G is possibly more susceptible to the acidity of the
leaving group than Routes D, E or F. To find out whether the βlg
value referring to cleavage by triazine-based cleaving agents
really is similar to that of Route E, a number of alkyl esters of
uridine-3′-phosphate have been synthesized and their hydrolytic
reactions studied at various catalyst concentrations (Fig. 1B). To
exclude the possibility of metal-ion catalysis by the uncom-
plexed ZnII:cyclen moiety (note that the substrates only contain
one uracil ring), a new “one-armed” version of the cleaving
agent has been used for this purpose. In addition to the deri-
vatives of uridine-3′-phosphate, the ability of this “one-armed”
cleaving agent to catalyze the hydrolysis of a uridine-5′-phos-
phate derivative, adenylyl-3′,5′-uridine (ApU) has also been
tested (Fig. 1C).

Results and discussion

Preparation of the cleaving agent

Synthesis of the triazine-based cleaving agent bearing a single
chelating cyclen moiety is presented in Scheme 2. First, 2-
aminoethyl-functionalized N4,N7,N10-tris(tert-butoxycarbonyl)-
cyclen was prepared as described previously.18 This product was

then treated with 1.5 equiv. of cyanuric chloride, followed by an
excess of methylamine to yield the protected cleaving agent 1.
Finally, the Boc protections were removed and the product was
converted to the free amine by passing it through an OH−-form
strong anion exchange resin.

Preparation of the nucleoside diester models

Uridylyl-3′,5′-uridine (UpU), uridylyl-3′,5′-adenosine (UpA),
adenylyl-3′,5′-uridine (ApU) and adenylyl-3′,5′-adenosine
(ApA) were commercial products that were used as received.
Syntheses of the methyl and isopropyl esters of uridine-3′-phos-
phate (4a and 4b, respectively) have been described in the litera-
ture.17,25 The 2-cyanoethyl ester of uridine-3′-phosphate (4c)
was synthesized by DCI-promoted hydrolysis of commercially
available 5′-O-(4,4′-dimethoxytrityl)-2′-O-(tert-butyldimethyl-
silyl)uridine 3′-[(2-cyanoethyl)-(N,N-diisopropyl)]phosphora-
midite, after which the H-phosphonate intermediate was
oxidized to the respective phosphate (Scheme 3). Finally, the
tert-butyldimethylsilyl and 4,4′-dimethoxytrityl protections were
removed with triethylamine trihydrofluoride and hydrogen chlor-
ide, respectively.

Cleavage studies on the dinucleoside monophosphate substrates

The ability of the ZnII complex of the new “one-armed” cleaving
agent 2 to catalyze the hydrolysis of an RNA phosphodiester
linkage was first tested with four dinucleoside monophosphate
targets, viz. UpU, UpA, ApU and ApA. The concentration of
ZnII:2 was varied between 0 and 300 μmol L−1, the concen-
tration of the substrate being 5.0 μmol L−1 (T = 90 °C, pH =
7.42). The reactions were followed by analyzing the composition
of the aliquots withdrawn from the reaction mixture at appropri-
ate time intervals by RP HPLC and the products were identified
by spiking with authentic samples. Over the entire range of con-
ditions used, only the expected products of RNA hydrolysis, viz.
the 5′-linked nucleoside, the 2′- and 3′-monophosphates of the
3′-linked nucleoside and the 2′,5′-isomer of the starting material,
were detected (Scheme 4). The plots of the observed pseudo-

Scheme 2 Preparation of the cleaving agent. Reagents and conditions: (a) 1. cyanuric chloride, DIPEA, MeCN, 2. methylamine, EtOH, MeCN,
(b) 1. TFA, CH2Cl2, MeOH, 2. Dowex 1 × 2 (OH−).

Scheme 3 Preparation of the alkyl esters of uridine-3′-phosphate. Reagents and conditions: (a) 1. H2O, 4,5-dicyanoimidazole, MeCN, 2. I2, H2O,
pyridine, (b) 1. Et3N·3HF, THF, 2. HCl, MeOH, CH2Cl2.

This journal is © The Royal Society of Chemistry 2012 Org. Biomol. Chem., 2012, 10, 6785–6791 | 6787
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first-order rate constants for the cleavage of UpU, UpA, ApU
and ApA as a function of [ZnII:2] are presented in Fig. 2.

The cleavage rates of UpU and UpA are clearly dependent on
the concentration of ZnII:2, but in a different way: the latter
follows simple first-order kinetics (eqn (1)), whereas the former
exhibits a more complicated dependence. In both cases,
however, the apparent dissociation constant is very similar,
log Kd = −3.7 and −3.6 for UpA and UpU, respectively. As
could be expected, the mononuclear cleaving agent forms com-
plexes somewhat less stable than the respective binuclear ones
studied previously.18

kobs ¼ kuncat þ kcat
½2�

kd þ ½2� ð1Þ

In contrast to UpU and UpA, the cleavage of ApU and ApA is
hardly accelerated by ZnII:2. In the case of ApA, the result is
expected: with no uracil moiety to form the ternary complex
with ZnII and cyclen, the local concentration of the cleaving
agent in the vicinity of the scissile phosphodiester linkage
remains too low for efficient catalysis. The inability of ZnII:2 to
cleave ApU is somewhat more surprising, but nevertheless
understandable: the spatial relation of the uracil moiety to the
scissile phosphodiester linkage is different in ApU and UpA
and, apparently, coordination of the ZnII:cyclen anchoring group
to the 3′-linked (Fig. 1B), rather than the 5′-linked (Fig. 1C),
nucleoside is needed for catalysis. In particular, the requirement
for binding of the cleaving agent to the 3′-linked nucleoside
suggests a crucial interaction with the attacking 2′-oxygen, the
reaction component most distant from the 5′-linked nucleoside.

The different reactivity of ApU and UpA also offers an expla-
nation for the observed dependence of the rate of UpU cleavage

on [ZnII:2]. At non-saturating concentrations of ZnII:2, UpU
exists as an equilibrium mixture of four different species, viz.
free UpU, two 1 : 1 complexes of UpU and ZnII:2 (2:ZnII:UpU
and UpU:ZnII:2) and a 1 : 2 complex of UpU and ZnII:2 (2:ZnII:
UpU:ZnII:2) (Scheme 5). For reasons discussed above, only the
1 : 2 complex and one of the 1 : 1 complexes (the one in which
the cleaving agent is bound to the 3′-linked uridine) are suscep-
tible to general acid/base catalyzed cleavage of the phospho-
diester linkage. Assuming that both of these reactive complexes

Scheme 4 Hydrolytic reaction pathways of UpU, UpA, ApU and ApA.

Fig. 2 Pseudo-first-order rate constants for the cleavage of UpU (■),
UpA (▲), ApU (▼) and ApA (□) as a function of the concentration of
the ZnII complex of the cleaving agent 2 at 90 °C, pH = 7.42, I(NaClO4)
= 0.10 mol L−1, [UpU] = [UpA] = [ApU] = [ApA] = 5.0 μmol L−1.

6788 | Org. Biomol. Chem., 2012, 10, 6785–6791 This journal is © The Royal Society of Chemistry 2012
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react at the same rate and that both of the uracil bases of UpU
form an equally stable complex with ZnII:2, the observed rate
constant for the cleavage of UpU as a function of [ZnII:2] may
be expressed by eqn (2).

kobs ¼ kuncat þ kcat
ð1=2Þkd½2� þ ½2�2
k2d þ kd½2� þ ½2�2 ð2Þ

The observed base selectivity of ZnII:2, i.e. the fact that it
hardly promotes the cleavage of ApA or ApU, may be taken as
evidence for general acid/base, rather than metal ion, catalysis. If
the ZnII ion (or its hydroxo ligand) was the catalytically active
component, it would be expected to be interacting with the phos-
phodiester linkage, rather than the base moieties and, hence,
exhibit similar efficiency towards all of the dinucleoside mono-
phosphates studied. It is worth noting that Zn2+ promoted clea-
vage does not show any marked selectivity towards the identity
of the base moieties.26,27 Furthermore, even though the cleavage
of UpU is catalyzed by ZnII:cyclen, this catalysis is negligible
under the conditions used in this study ([ZnII:2] < 300 μmol L−1),
becoming significant only at much higher ZnII:cyclen concen-
trations.28 For example, the rate constant for the ZnII:cyclen cata-
lyzed cleavage of UpU at 90 °C, pH 6.2 and 2 mmol L−1

catalyst concentration is 2.4 × 10−6 s−1, an order of magnitude
lower than obtained at 0.2 mmol L−1 concentration of ZnII:2
under the same conditions (note that cleavage of UpU by tria-
zine-based agents such as ZnII:2 is pH-independent between pH
6 and 8).18,28 In line with the results previously reported for the
respective binuclear cleaving agents, phosphate migration
between the 3′- and 2′-positions is neither facilitated nor retarded
by ZnII:2 in any of the systems studied.

Dependence of rate on the pKa of the leaving group

The finding that coordination of the anchoring moiety of the
cleaving agent to the 3′-linked uridine alone is sufficient for
efficient catalysis allows one to study the influence of the
leaving group on the rate of this reaction. In other words, the
5′-linked nucleoside may be replaced by a number of alcohols
covering a wide range of pKa values, resulting in model com-
pounds 4a–c. The hydrolysis of these substrates was studied by
RP HPLC under the same conditions as the dinucleoside mono-
phosphates, i.e. 5.0 μmol L−1 substrate, 0–300 μmol L−1 cleav-
ing agent, pH = 7.42 and T = 90 °C. The observed logarithmic
pseudo-first-order rate constants for the cleavage of 4a, 4b and
4c as a function of [ZnII:2] are presented in Fig. 3.

As expected, the cleavage rates of all the model compounds
studied exhibit a similar first-order dependence on the catalyst
concentration as observed with UpA (eqn (1)). The logarithmic
pseudo-first-order rate constants for the uncatalyzed and cata-
lyzed cleavage of 4a, 4b, 4c and UpA, pKa values of the respect-
ive leaving groups and dissociation constants for each of the
reactive complexes, obtained by a non-linear least-squares fitting
to eqn (1), are presented in Table 1.

The logarithmic pseudo-first-order rate constants for the clea-
vage of 4a, 4b, 4c and UpA by the ZnII complex of 2 as a func-
tion of the pKa value of the leaving group29,30 are presented in
Fig. 4. The cleavage rate exhibits a fairly good linear dependence
on the acidity of the leaving group, the slope being βlg = −0.7 ±
0.2. For comparison, the βlg values previously reported for the
hydronium ion catalyzed, the pH- and buffer-independent and
the hydroxide ion catalyzed cleavage of RNA phosphodiester
bonds are −0.12,17 −0.5911 and −1.28,17 respectively.31 The first
value is characteristic of a mechanism where the leaving group
departs as an alcohol and the third one of a mechanism where
the leaving group departs as an alkoxide ion.17 The second
value, on the other hand, has been interpreted to indicate a
water-mediated proton transfer to the departing oxygen taking
place concerted with the rate-limiting P–O5′ bond fission.11 The
present βlg value for the general acid/base catalyzed cleavage of

Scheme 5 Complexation equilibria and reactive complexes of UpU
and ZnII:2.

Fig. 3 Logarithmic pseudo-first-order rate constants for the cleavage of
4a (□), 4b (●) and 4c (■) as a function of the concentration of the ZnII

complex of the cleaving agent 2 at 90 °C, pH = 7.42, I(NaClO4) =
0.10 mol L−1, [4a] = [4b] = [4c] = 5.0 μmol L−1.

This journal is © The Royal Society of Chemistry 2012 Org. Biomol. Chem., 2012, 10, 6785–6791 | 6789
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RNA phosphodiester bonds lies close to the one previously
reported for the pH- and buffer-independent reaction and, hence,
suggests a similar mechanism. In other words, the reaction pro-
bably involves pre-equilibrium deprotonation of the attacking
2′-OH and formation of a monoanionic phosphorane inter-
mediate (Scheme 1A, Route B) and rate-limiting proton transfer
from the intermediate to the departing 5′-oxygen concerted with
cleavage of the P–O5′ bond (Scheme 1A, Route F). In all like-
lihood, both proton transfers are mediated by the general acid/
base catalyst, i.e. the substituted triazine ring.

Conclusions

A triazine-based general acid/base-catalyst functionalized with a
single ZnII:cyclen anchoring moiety is able to cleave inter-
nucleosidic phosphodiester bonds but only when the 3′-linked
nucleoside is uridine, consistent with deprotonation of the attack-
ing 2′-OH by the triazine moiety. The dependence of the rate of
this catalyzed reaction on the pKa value of the leaving group is
very similar to the one previously reported for the pH- and
buffer-independent cleavage of RNA phosphodiester linkages,
interpreted to involve two water-mediated proton transfers, the
latter one taking place concerted with rate-limiting P–O bond

fission. While not strictly excluding all other possibilities, the
present results are consistent with the idea that general acid/base-
catalyzed RNA cleavage proceeds by a similar mechanism, i.e.
pre-equilibrium deprotonation of the attacking 2′-OH and for-
mation of a monoanionic phosphorane intermediate followed by
proton transfer from the intermediate to the departing 5′-oxygen
concerted with rate-limiting cleavage of the P–O5′ bond. Proper
orientation and pKa values of the general acid and base catalysts
make this proton-shuttling much more efficient than would be
possible by merely a network of water molecules.

Experimental

General

The NMR spectra were recorded on a Bruker Avance 400 or 500
instrument and the mass spectra on a Bruker MicroTOF-Q
instrument. The nucleoside phosphoramidites and dinucleoside
monophosphates were commercial products and were used as
received. The solvents and buffer constituents were of reagent
grade.

Kinetic measurements

Reactions were carried out in sealed tubes immersed in a thermo-
stated water bath, the temperature of which was adjusted to
90 °C within ±0.1 °C. The hydronium ion concentration of the
reaction solutions was adjusted to 7.42 with a HEPES buffer and
the ionic strength to 0.10 mol L−1 with NaClO4. The initial sub-
strate concentration of the reactions was 5.0 μmol L−1 and the
catalyst concentration 0–300 μmol L−1. The composition of the
samples withdrawn from the reaction solutions at appropriate
time intervals was analyzed by RP HPLC on a Hypersil-Key-
stone Aquasil C18 column (4 × 150 mm, 5 μm), the flow rate
being 1.0 mL min−1. For the reactions of UpU, UpA, ApU and
ApA, a mixture of 60 mmol L−1 acetate buffer (pH = 4.3) and
MeOH was used as an eluent. For the first 10 min, neat buffer
was used, after which the MeOH content was increased linearly
to 30% during 5 min and kept there for another 5 min. The
observed retention times (tR, min) for the hydrolytic products of
UpU, UpA, ApU and ApA were as follows: 19.0 (3′,5′-ApA),
17.5 (3′,5′-ApU), 17.2 (2′,5′-ApA, Ado), 16.8 (3′,5′-UpA),
16.0 (3′,5′-UpU), 15.9 (2′,5′-ApU, 2′,5′-UpA), 15.3 (2′,5′-UpU),
6.5 (Urd), 5.2 (2′-UMP), 4.6 (3′-UMP), 4.4 (2′-AMP), 4.0
(3′-AMP), 3.8 (2′,3′-cUMP). For the reactions of the alkyl esters
of uridine-3′-phosphate (4a–c), MeCN was used instead of
MeOH as the organic component of the eluent. For the first
5 min, neat buffer was used, after which the MeCN content was
increased linearly to 20% during 5 min and kept there for
another 10 min. The observed retention times (tR, min) for the
hydrolytic products of 4a–c were as follows: 13.5 (4b), 13.0
(4c), 9.2 (4a), 6.3 (Urd), 5.2 (2′-UMP), 4.6 (3′-UMP), 3.8 (2′,3′-
cUMP). In all cases, the products were characterized by spiking
with authentic samples. Pseudo-first-order rate constants for the
disappearance of the substrate were obtained by applying the
first-order rate law to the time-dependent diminution of the rela-
tive peak area of the substrate.

Fig. 4 Logarithmic pseudo-first-order rate constants for the cleavage of
4a, 4b, 4c and UpA by the ZnII complex of 2 as a function of the
pKa value of the leaving group; T = 90 °C, pH = 7.42, I(NaClO4) =
0.10 mol L−1.

Table 1 Pseudo-first-order rate constants for the uncatalyzed and
catalyzed cleavage of 4a, 4b, 4c and UpA, pKa values of the respective
leaving groups and dissociation constants for each of the reactive
complexes; T = 90 °C, pH = 7.42, I(NaClO4) = 0.10 mol L−1, 4a = 4b =
4c = UpA = 5.0 μmol L−1

Leaving group
pKa
(lg)

log
(kuncat/s

−1)
log
(kcat/s

−1) log Kd

2-Cyanoethanol (4c) 14.03a −4.6 ± 0.1 −3.6 ± 0.1 −4.8 ± 0.4
Ado-5′-OH (UpA) 14.5b −5.6 ± 0.2 −4.4 ± 0.1 −3.7 ± 0.3
Methanol (4a) 15.5a −5.4 ± 0.2 −4.3 ± 0.4 −3.6 ± 0.5
Isopropanol (4b) 17.1a −6.0 ± 0.1 −6.0 ± 0.3 −3.7 ± 0.5

a From ref. 29. b For an approximation of the pKa value of the 5′-OH of
adenosine, see ref. 30.

6790 | Org. Biomol. Chem., 2012, 10, 6785–6791 This journal is © The Royal Society of Chemistry 2012
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N2-[2-(N4,N7,N10-Tri-tert-butoxycarbonyl-1,4,7,10-tetra-
azacyclododecan-1-yl)ethyl]-N4,N6-dimethylmelamine (1)

1,4,7-Tris(tert)butoxycarbonyl-10-(2-aminoethyl)cyclen9 (0.516 g,
1.00 mmol) was dissolved in MeCN (5.0 mL) and the resulting
solution was added dropwise at 0 °C to a stirred solution of cya-
nuric chloride (0.277 g, 1.50 mmol) and DIPEA (0.348 mL,
2.00 mmol) in MeCN (10.0 mL). After being stirred for 1 h at
room temperature, the reaction mixture was allowed to warm to
room temperature and 33% ethanolic methylamine (11.0 mL)
was added. Stirring at room temperature was continued for 96 h,
after which the reaction mixture was evaporated to dryness. The
residue was purified on a silica gel column eluting with a
mixture of Et3N, MeOH and CH2Cl2 (1 : 4 : 95, v/v). Yield
0.287 g (44%). 1H NMR (δH) (500 MHz, CDCl3): 3.50–3.10
(m, 14H), 2.75 (br, 6H), 2.57 (br, 6H), 1.34 (br, 9H), 1.33 (br,
18H). 13C NMR (δC) (125 MHz, CDCl3): 166.5, 165.8, 156.1,
155.7, 155.2, 79.5, 79.4, 79.1, 53.4, 46.0, 28.6, 28.4, 27.4.
HRMS (ESI+): m/z calcd 653.4457; obsd 653.4783.

N2-[2-(1,4,7,10-Tetraazacyclododecan-1-yl)ethyl]-
N4,N6-dimethylmelamine (2)

Compound 1 (0.287 g, 0.440 mmol) was dissolved in a mixture
of TFA (2.5 mL), CH2Cl2 (2.0 mL) and MeOH (0.5 mL). The
resulting solution was stirred at room temperature for 5 h, after
which it was evaporated to dryness. The residue was passed
through Dowex 1 × 2 (OH−) resin to afford the product as a free
amine. Yield 0.136 g (87%). 1H NMR (δH) (500 MHz, D2O):
3.24 (br, 2H), 2.70 (br, 6H), 2.64–2.28 (m, 18H). 13C NMR (δC)
(125 MHz, D2O): 165.2, 53.4, 51.0, 44.9, 44.4, 43.3, 38.5, 27.0.
HRMS (ESI+): m/z calcd 353.2884; obsd 353.2890.

Uridine-3′-(2-cyanoethyl)phosphate (4c)

5′-O-(4,4′-Dimethoxytrityl)-2′-O-(tert-butyldimethylsilyl)uridine
3′-[(2-cyanoethyl)-(N,N-diisopropyl)]phosphoramidite (500 mg,
0.581 mmol) was dissolved in a mixture of water (1.0 mL) and
0.25 mol L−1 solution of 4,5-dicyanoimidazole in MeCN
(4.645 mL). The reaction mixture was stirred at room tempera-
ture for 15 min, after which a 0.1 mol L−1 solution of iodine in
pyridine (9.0 mL) was added. After being stirred for another
15 min at room temperature, the reaction mixture was diluted
with CH2Cl2 (100 mL) and washed with 5% aq. NaHSO3

(100 mL). The aqueous phase was back extracted with CH2Cl2
(100 mL), the combined organic phases dried with Na2SO4 and
evaporated to dryness. The residue was dissolved in THF
(10.0 mL) and triethylamine trihydrofluoride (0.758 mL,
4.65 mmol) was added and the resulting mixture stirred at room
temperature for 48 h, after which it was diluted with CH2Cl2
(100 mL) and washed with saturated aq. NaHCO3 (100 mL).
The aqueous phase was back extracted with CH2Cl2 (100 mL)
and the combined organic phases dried with Na2SO4 and evapor-
ated to dryness. The residue was dissolved in CH2Cl2 (20 mL)
and 1.25 M HCl in MeOH (1.0 mL) was added. The white pre-
cipitate formed was collected by filtration and washed with
hexane to afford the product as a sodium salt. Yield 16.4 mg
(7%). 1H NMR (δH) (400 MHz, D2O): 7.80 (d, 1H, J = 8.1 Hz),
5.89 (d, 1H, J = 5.4 Hz), 5.82 (d, 1H, J = 8.1 Hz), 4.52 (ddd,

1H, J1 = 4.9 Hz, J2 = 5.0 Hz, J3 = 8.1 Hz), 4.39 (dd, 1H, J1 = J2
= 5.4 Hz), 4.25 (ddd, 1H, J1 = 3.2 Hz, J2 = 4.0 Hz, J3 = 4.2 Hz),
4.05 (ddd, 1H, J1 = 1.8 Hz, J2 = 2.2 Hz, J3 = 6.3 Hz), 4.02 (ddd,
1H, J1 = 1.2 Hz, J2 = 1.7 Hz, J3 = 5.8 Hz), 3.83 (dd, 1H, J1 =
2.8 Hz, J2 = 12.9 Hz), 3.75 (dd, 1H, J1 = 4.2 Hz, J2 = 12.9 Hz),
2.78 (dd, 2H, J1 = 5.8 Hz, J2 = 5.9 Hz). 13C NMR (δC)
(100 MHz, D2O): 166.2, 151.7, 141.8, 119.4, 102.5, 88.8, 83.8,
73.5, 72.8, 60.7, 60.6, 19.4. 31P NMR (δP) (162 MHz, D2O):
−0.70. HRMS (ESI−): m/z calcd 376.0551; obsd 376.0587.
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