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Pterins are redox-active heteroaromatic coenzymes involved
in a variety of redox-related reactions in biological systems to
perform proton-coupled electron transfer (PCET).[1] They
originate from guanosine triphosphate[2] and are fixed in the
vicinity of metal ions by noncovalent interactions including
hydrogen-bonding and p–p interactions to form active sites of
metalloenzymes.[3] To realize a required functionality in
a certain enzyme, the redox potential of the pterin cofactor
needs to be appropriately regulated. For example, in the
active site of heme-containing induced nitric oxide synthase
(iNOS), tetrahydrobiopterin (H4B) has p–p interaction with
the indole ring of tryptophan 457 in the vicinity of the heme
cofactor, which results in the stabilization of the radical
intermediate of H4B to facilitate electron transfer from H4B
to an Fe–O2 complex.[4, 5] Since the pterin cofactors are
involved in extensive hydrogen-bonding networks in the
active sites of pterin-dependent enzymes,[6] hydrogen bonding
should be an important factor to regulate the redox potential.
Any clear evidence, however, has yet to be provided to
support the notion that hydrogen-bonding interaction exerted
to the pterins is the critical factor for the regulation of their
redox behavior. This is because the direct determination of
the redox potentials of pterins is generally difficult in
biological systems.[7] Thus, the lack of a sufficient dataset of
redox potentials of pterins has precluded detailed discussion
on the reactivity control of pterin-dependent enzymes by

noncovalent interactions, which regulate the redox potentials
of pterins in active sites of pterin-dependent enzymes.

Transition-metal complexes of pterin and their derivatives
have been synthesized and characterized to demonstrate
mainly their structures and redox behaviors.[8–11] Among the
complexes, RuII complexes have been revealed to be useful
for evaluating the redox potentials of the pterin ligand and for
elucidating the PCET processes.[12, 13] We have employed
a RuII-TPAunit (TPA = tris(2-pyridylmethyl)amine) as a plat-
form to obtain RuII-pterin complexes, which exhibited
reversible redox waves for the pterin ligands to afford fairly
stable radical species that were spectroscopically well-char-
acterized.[13]

Herein, we demonstrate the first observation of redox
potential control of pterin cofactors by hydrogen bonding on
the RuII-TPA platform. We adopted the RuII-bound 6,7-
dimethylpterin anion (dmp�) of complex 1 (Figure 1) and
ribonucleoside derivatives of guanosine, adenosine, and
cytidine, and a deoxyribonucleoside derivative of thymidine,
as hydrogen-bonding receptors (Figure 1).

We performed spectroscopic titration experiments of
nucleoside derivatives into the solution of 1 in a mixed
solvent of acetonitrile and chloroform to determine the
binding constants.[14] In the 1H NMR spectrum of 1 in CDCl3/

Figure 1. Structures of Ru-pterin-TPA complexes (1 and 2 ; top) and
schematic description of plausible structures of hydrogen-bonding
adducts between 1 and the nucleosides (middle). R denotes the sugar
moiety in the corresponding nucleosides (bottom).
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CD3CN (4:1, v/v), a singlet peak assigned to the 7-methyl
group of the dmp� ligand was observed at 2.83 ppm, which
showed a gradual upfield shift in the course of the addition of
G-TBDMS (Figure 1), as shown in Figure S1 in the Support-
ing Information.[15] Curve fitting of the change of the chemical
shift relative to the concentration of G-TBDMS, as depicted
in Figure S2(a) in the Supporting Information, allowed us to
determine the binding constant as 1.0 � 103

m
�1. The addition

of T-TBDMS caused a slight upfield shift of the 7-methyl
signal of the dmp� ligand and the binding constant was
estimated to be approximately 1 � 102

m
�1 (Figure S2(b) in the

Supporting Information). Concerning A-TBDMS and
C-TBDMS, no significant change was observed even in the
presence of about 50-fold excess of the nucleosides. These
results indicate that the guanine part of G-TBDMS binds to
the pterin ligand most strongly among the four nucleosides.

For the combination of the dmp� ligand in 1 with the
guanine, it is possible to form an adduct with three-point
complementary hydrogen bonding, as depicted in Figure 1.
This possibility has been clarified by the determination of the
crystal structure of the hydrogen-bonding complex of 2-
(isobutyrylamide)-6,7-dimethylpterin (Figure S3 in the Sup-
porting Information) with 9-isopropylguanine, as shown in
Figure 2, which clearly demonstrates a three-point hydrogen-
bonding interaction between them.[16] On the basis of the

crystal structure depicted in Figure 2, in the complementary
hydrogen-bonding pair between complex 1 and the guanine
part of G-TBDMS, the dmp� ligand accepts two protons at
the 1-N and 8-N positions, one of which is donated from the 2-
amino group and the other from the 1-NH of the guanine part
of G-TBDMS, and donates one proton of the 2-amino group
of the dmp� ligand to the carbonyl oxygen atom at the 6-
position of the guanine part. The binding constant of
G-TBDMS exhibited a linear correlation with T�1, which

allowed us to determine the enthalpy change (DH8) upon the
formation of the hydrogen-bonding complex to be �4.5 kcal
mol�1 from the slope and the entropy change to be
�1.9 cal mol�1 K�1 (Figure S5 in the Supporting Information).
These values are comparable to those obtained for the
formation of three-point hydrogen-bonding adducts of flavin
derivatives with 2,6-bisamidepyridines.[17]

As for the thymidine derivative, a two-point hydrogen-
bonding interaction should be available with the 1-N and 2-
NH2 sites of the dmp� ligand, as depicted in Figure 1.
However, the lone pair of one of the two carbonyl oxygen
atoms of the thymine part causes electrostatic repulsion with
that of the 8-N nitrogen of the dmp� ligand. DFT calculations
suggested that, in the formation of a hydrogen-bonding
adduct, the thymine plane should be tilted with a dihedral
angle of 98 relative to the pterin mean plane to avoid the
repulsion, as shown in Figure S6 in the Supporting Informa-
tion. This may cause partial loss of stabilization of the
hydrogen-bonding adduct to afford a small binding constant
as mentioned above. Since the most basic site in the dmp�

ligand has been proved to be the 1-N position,[13c] hydrogen
bonding to the 1-N position is favorable for the dmp� ligand.
From this viewpoint, G, T, and A should be favored because
of their possibility to form at least two-point hydrogen
bonding with the dmp� ligand. However, the electrostatic
repulsion between the lone pairs of 1-N of dmp� and 3-N of
the cytosine may avoid the close contact of the pterin ligand
to the cytosine moiety of C-TBDMS. As can be seen in
Figure 1, the adenine moiety of A-TBDMS is assumed to
form two-point complementary hydrogen bonding at the 6-
amino group and the 1-N atom with the 1-N and the 2-amino
group of the pterin ligand, respectively; however, its binding
constant is too low to be determined. We assume that the
acidity of the 6-amino group of the adenine moiety is too
weak to form a stable hydrogen-bonding adduct in a polar
medium containing acetonitrile.[18]

We examined the importance of the 2-amino group of the
dmp� ligand in forming hydrogen bonds with the nucleobases
by using complex 2 (Figure 1) bearing dmdmp� (Hdmdmp =

N,N-dimethyl-6,7-dimethylpterin),[13] which has the N,N-
dimethylamino group in place of the amino group at the 2-
position, as a ligand. The singlet signal assigned to the 7-
methyl group of the dmdmp� ligand of 2, which was initially
observed at 2.82 ppm, did not show any shift by addition of G-
TBDMS, because the steric hindrance caused by the N,N-
dimethylamino group of the dmdmp� ligand inhibited hydro-
gen bonding with nucleobases even for G-TBDMS. This
difference between 1 and 2 clearly indicates the importance of
the 2-amino group of the dmp� ligand in the formation of
hydrogen-bonding complexes with nucleobases.

Cyclic voltammetry (CV) and differential pulse voltam-
metry (DPV) were applied to determine the redox potentials
of 1 with or without nucleoside derivatives in CH3CN in the
presence of 0.1m tetra(n-butyl)ammonium hexafluorophos-
phate (TBAPF6) as an electrolyte at room temperature under
Ar. In the absence of the nucleosides, complex 1 showed
a reversible redox wave at �1.63 V versus the saturated
calomel electrode (SCE) due to the dmp�/dmpC2� couple to
produce [RuII(dmpC2�)(TPA)] (the dotted line in Figure 3).[13]

Figure 2. Crystal structure of the hydrogen-bonding complex between
2-(isobutyrylamide)-6,7-dimethylpterin and 9-isopropylguanine with
50% probability thermal ellipsoids. Dotted lines denote hydrogen
bonds: N2···O3 2.767, N1···N8 2.957, N5···N7 2.988 �.
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Upon addition of a 7.7-fold excess amount of G-TBDMS, the
redox wave in the CV trace showed a large positive shift and
lost the reversibility (Figure S7(a) in the Supporting Infor-
mation). The DPV measurement allowed us to determine the
reduction potential of the dmp� ligand to be �1.31 V versus
SCE (DEred =+ 0.32 V; the solid line in Figure 3) in the
hydrogen-bonding complex.

In the case of T-TBDMS, the addition of the nucleoside to
the solution of 1 gave an anodic shift of the redox wave due to
the dmp�/dmpC2� couple from �1.63 to �1.42 V versus SCE
(DEred =+ 0.21 V; Figure S8 in the Supporting Information).
This suggests that the thymine moiety of T-TBDMS also
strongly interacts with the reduced form of the dmp� ligand
(dmpC2�), even though it does not bind so strongly to the dmp�

ligand. As for the addition of C- and A-TBDMS, the one-
electron reduction potential exhibited only
trivial shifts, at most + 0.03 V for C-TBDMS
and + 0.01 V for A-TBDMS (Figure S9 in the
Supporting Information). These results indi-
cate that cytosine and adenine do not interact
significantly with the pterin ligand, regardless
of its reduction.

Binding constants of the nucleoside deriv-
atives of 1 and redox potentials of the dmp�/
dmpC2� couple are summarized in Table 1. In
comparison with the case of flavins,[6, 19] the
DEred values obtained herein for the pterin
complexes of G- and T-TBDMS are much
larger. We attribute this difference of the
hydrogen-bonding effects on the redox
potentials between pterins and flavins to the
positions in the coenzymes that form hydro-
gen bonds. Flavins have been reported to
form hydrogen-bonding adducts at the 2-O,
3-NH, and O-4 positions,[6,17, 19] which have
little relationship with the PCET process of
flavins. In contrast, in the cases of the pterin
ligand in 1, intermolecular hydrogen bonding
can occur at the 8-N position that is involved
in the PCET region (5-N, 6-C, 7-C, and 8-N)
of pterin and forms the strongest hydrogen
bonds with a hydrogen donor upon reduction
of the pterin ligand in comparison with the 3-

and 5-N positions.[13c] As an important point, it is only
hydrogen bonding that modulates reduction potentials and
protons are not completely transferred. This is an interesting
facet of PCET chemistry and illustrates the importance of
hydrogen bonding in the redox reactivity of biologically
relevant cofactors.

To prove the formation of hydrogen bonds between the
dmpC2� ligand and the nucleobases, we measured the ESR
spectra of one-electron-reduced species of 1 as a probe by
means of the chemical reduction of 1 (2.0 mm) with sodium
naphthalenide (Na(naphC�)) in the presence of the nucleo-
sides (20 mm) at 243 K in CH3CN. The one-electron-reduced
species of 1 showed a well-resolved ESR signal at g = 1.9991,
as shown in Figure 4a.[13b] Computer simulations of the
spectrum allowed us to determine the hyperfine coupling
(hfc) constants as 4.90 G for 5-N, 4.00 G for 8-N, 0.70 G for 6-

Figure 3. DPV traces for 1 (0.94 mm) in the absence (g) and
presence (c) of 7.2 mm G-TBDMS in CH3CN, in the presence of
0.1m TBAPF6 as an electrolyte under Ar at room temperature.

Table 1: Binding constants of the nucleosides and redox potentials of the
dmp�/dmpC2� couples.

Compound Kox [m�1][a] Ered [V][b] DEred [V]

1 – �1.63[c] –
1-G-TBDMS 1.0� 103 �1.31 0.32
1-T-TBDMS �1 � 102 �1.42 0.21
1-C-TBDMS <10 �1.60 0.03
1-A-TBDMS <10 �1.62 0.01

[a] Determined by 1H NMR measurements in CDCl3/CD3CN (4:1, v/v) at
room temperature. [b] Measured relative to Ag/AgNO3 in CH3CN at
293 K. The potentials were converted into values relative to the SCE by
adding + 0.29 V. The values were obtained by adding 7.7 equiv of G-
TBDMS, 4.0 equiv of T-TBDMS, 12 equiv of C-TBDMS, and 9.1 equiv of
A-TBDMS, relative to 1. [c] Reversible. The value is presented as E1/2.

Figure 4. ESR spectra of the reduced species of 1 with their computer simulations (a) and
those in the presence of G-TBDMS (b) and T-TBDMS (c), in deaerated CH3CN at 243 K.
Estimated hfc values with computer simulations are included (d–f). DHmsl denotes the
mid-slope line width for the simulation.
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CH3, and 7.70 G for 7-CH3, as shown in Figure 4d. These
results indicate that the unpaired electron is delocalized in the
PCET region as observed in other related Ru-bound pterin
radical species.[13]

DFT calculations on the dmpC2� p-radical dianion were
also performed at the B3LYP/6-31G(d) level of theory to
estimate the hfc constants (Figure S10 in the Supporting
Information). The ESR spectrum of the reduced species of
1 in the presence of G-TBDMS exhibited a well-resolved
ESR signal at g = 1.9990 with hyperfine splitting (Figure 4b),
and the simulation afforded hfc constants of 4.60 G for 5-N,
3.60 G for 8-N, 0.74 G for 6-CH3, and 7.70 G for 7-CH3, as
shown in Figure 4e. The values for 5-N and 8-N became
smaller by the addition of G-TBDMS than those of the dmpC2�

p-radical dianion of 1. This tendency was also confirmed by
DFT calculations and is caused by delocalization of an
unpaired electron in a wider region: this delocalization can be
attained as a result of the intermolecular hydrogen bonding
between G-TBDMS and the dmpC2� p-radical dianion ligand.
This indicates that the hydrogen bonding alters the distribu-
tion of the unpaired electron, as in the case of flavins and their
derivatives.[19]

In the case of T-TBDMS, the ESR spectrum of the
reduced species of 1 changed dramatically to show an ESR
signal at g = 2.0017 (see Figure 4c). Simulation of the
spectrum allowed us to estimate hfc constants of 8.87 G for
5-N and 2.98 G for 8-N. Comparison of the hfc constants
clearly indicates that thymine binds to the dmpC2� p-radical
dianion in a different hydrogen-bonding mode from that of
the guanine. The hydrogen bond formation ability of
T-TBDMS is assumed to occur only at the 8-N position of
the dmpC2� ligand, as supported by the fact that a proton shift
occurs from 1-N to 8-N in the course of one-electron
reduction of protonated [Ru(TPA)(Hdmp)]2+, where the
proton initially resides at the 1-N position.[13c] Once the
dmp� ligand is reduced, the spin density is delocalized onto
the N5-C6-C7-N8 region,[13] whereas in the one-electron-
reduced species of the protonated complex 1, the proton goes
to the 8-N position to stabilize the radical species.[13c] This
suggests that the hydrogen bonding at the 8-N position should
be strengthened in the reduced form due to the increase of the
negative charge at the 8-N position of the dmpC2� ligand. Since
the pKa values of the 3-NH of guanine and that of thymine
have been reported to be 9.2–9.6 and 9.9, respectively,[18] the
DH value of single-point hydrogen bonding at the 3-NH
should be virtually the same for both the nucleobases in an
electrostatic sense.

These arguments suggest that the large positive shift of the
reduction potential of the dmp� ligand in the presence of T-
TBDMS may stem from the change of binding mode: the
thymine moiety which binds to the 1-N and 2-NH2 positions of
the dmp� ligand shifts to form a single-point hydrogen bond
to the 8-N position of the dmpC2� ligand in the DFT-optimized
structure of the one-electron-reduced species of 1 with the
imido N-H group of thymine, as shown in Figure 5, similar to
the proton shift mentioned above.[13c] The DFT-optimized
structure of the one-electron-reduced species of the HdmpC�-
(1-methylthymine) adduct is depicted in Figure 5, and the
dihedral angle between the HdmpC� ligand and the thymine

plane is estimated to be 658 (see also Figure S6 in the
Supporting Information). Thus, the results of DFT calcula-
tions also suggest a hydrogen-bond shift of the thymine
moiety as shown in Figure 5. The compensation of the
attractive interaction (hydrogen bonding) and the electro-
static repulsion between the carbonyl oxygen atoms and the
p-electron clouds of the aromatic ring of the pterin ligand had
a weaker impact on the redox potential of the pterin ligand
than that of the complementarily stabilized guanine adduct.

In summary, we have clearly demonstrated for the first
time the modulation of redox potential of a pterin coenzyme
by intermolecular hydrogen bonding with the aid of the RuII-
TPA coordination environment. The pterin ligand undergoes
complementary three-point hydrogen bonding with the
guanine derivative at the 2-NH2, 1-N, and 8-N positions of
the dmp� ligand, as clarified by X-ray crystallography on
a complex made of 2-(isobutyrylamide)-6,7-dimethylpterin
and 9-isopropylguanine, which results in a large anodic shift of
the reduction potential of the dmp� ligand of + 0.32 V. The
thymine derivative forms probably two-point intermolecular
hydrogen bonds with the dmp� ligand at the 1-N and 2-NH2

sites, and shows a tenfold smaller binding constant than that
of the guanine derivative. The thymidine derivative also
induced a fairly large positive shift (+ 0.21 V) of the reduction
potential of the dmp� ligand. This positive shift is probably
derived from a strong single-point hydrogen bond between
the 8-N position of the pterin and the 3-NH of the thymine
moiety through “proton shift” in the course of the reduction
of the pterin ligand. In consequence, the hydrogen bonding
toward the 8-N position of pterins, which is involved in the
PCET region (5-N, 6-C, 7-C, and 8-N), causes a significant
modulation of their redox potentials.
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