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The relative stabilities of dihydropterins; a comment on the structure
of Moco, the cofactor of the oxomolybdoenzymes

Stephen P. Greatbanks, Ian H. Hillier,* C. David Garner and John A. Joule
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Ab initio calculations have been performed on 7,8-dihydro-2-aminopteridin-4(3H)-one and on 39
dihydropteridine tautomers of  it leading to an assessment of  their relative energies and thence the
likelihood of  their involvement in the operation of  the cofactor of  the oxomolybdoenzymes, Moco.
The effect of  a polar environment on the tautomer energetics has been explored using a continuum
model. At the most advanced level of  calculation, and in the presence of  water, the 7,8-dihydro-3H-
(T1) and 5,6-dihydro-3H- (T4) tautomers are essentially isoenergetic, with 7,8-dihydro-6H- (T13) and
5,8-dihydro-3H- (T3) tautomers only 8.0 and 15.5 kJ mol21 more energetic than T1. Any of  these four
tautomers can reasonably be implicated in the mode of  action of  Moco. The ortho quinonoid tautomer
(T2) is of  considerably higher energy and seems much less likely to be implicated.

Introduction
The oxomolybdoenzymes have a cofactor, known as Moco,
which, with minor variations, is common to all.1 Extensive
degradative studies by Johnson, Rajagopalan and others,
extending over a period of some twenty years, culminated in a
proposal for the structure of the organic moiety (molybdo-
pterin, MPT) of the cofactor, as an ene-1,2-dithiolate on a
C-6-side-chain on a 2-aminopteridin-4-one (pterin).2 Most of
the degradative studies produced fully aromatic pteridine prod-
ucts 3 but spectroscopic measurements on the whole enzyme
were taken as a clear demonstration that, in the native enzyme,
the bicyclic heterocycle is in a partially reduced state. Initially, a
5,6,7,8-tetrahydropterin 1 structure was suggested for Moco;4,5

this was later modified to a dihydropterin, for which the 7,8-
dihydro-6H-pteridine tautomer 2 was suggested as the native
form of Moco.6 Other workers have pointed out 7 that the role
of the molybdenum centre cannot be ignored and postulated
that Moco involves a MoVI–tetrahydropterin complex rather
than a MoIV–dihydropterin complex.

In electrochemical experiments designed to model possible
co-operativity between metal centre and pteridine moiety in the
operation of molybdenum enzymes, we clearly showed that
protonation of a heterocyclic nitrogen modifies the redox
properties of the metal in simple model systems such as 5.8

We are inclined to believe that a related interaction operates
for Moco. For there to be a role for the pteridine moiety, over
and above its involvement in hydrogen bonding interactions
with the surrounding protein, there must be some mechanism
for electronic communication between the metal centre and the
pteridine and/or the nitrogen(s) of the pyrazine ring. Accord-
ingly, we have favoured 1 a postulate for the active form of MPT
in which C-6 is sp2 hybridised, i.e. if  Moco involves MPT at a
dihydro level in its enzymatically active form, we take the view
that it is more likely to be either a 7,8-dihydro-3H-pterin 3 or a
5,8-dihydro-3H-pterin 4 rather than a 7,8-dihydro-6H-pterin 2.

Recently, three X-ray crystallographic determinations have
shed new light on the nature of MPT. In the aldehyde oxidase
from Desulfovibrio gigas,9 in dimethyl sulfoxide (DMSO)
reductase from Rhodobacter sphaeroides,10 and in the hyper-
thermophilic tungsten enzyme, ferredoxin aldehyde oxido-
reductase from Pyrococcus furiosus,11 the situation around
the molybdenum (tungsten) was as shown in 6. MPT has a
metal-chelating ene-1,2-dithiolate, attached at C-6 of a pterid-
ine ring, just as originally proposed by Rajagopalan. However,
MPT also has a tetrahydropyran ring, which can be viewed
formally as the result of a cyclisation of a side-chain hydroxy
group at C-7 of a 5,6-dihydropteridine. It is not yet established
whether the form of MPT found in samples prepared for crys-
tallography represents a catalytically active form. Certainly,
simple proton-catalysed processes could lead from the structure
shown in 6 to forms in which the N(8)C]O bond has been

cleaved, introducing a double bond into the pyrazine ring and
thus, by simple prototropy any of the three dihydropteridine
tautomers, 7, 8 or 9 could be generated (Scheme 1). Conversely,
the tetrahydropyran-containing form found in the crystal struc-
ture determinations could, by the reverse of these simple pro-
cesses, have been produced during the isolation and preparation
of samples for X-ray analysis.

Reduced pterins are involved in other enzyme-catalysed pro-
cesses, notably in the recycling of the coenzyme 5,6,7,8-
tetrahydrofolic acid, which is responsible for biosynthetic one-
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Scheme 1

carbon atom transfers; an intermediate is 7,8-dihydrofolic acid,
subsequently reduced by dihydrofolate reductase.12 A 5,6,7,8-
tetrahydropterin is a cofactor in aromatic amino acid hydroxyl-
ases.13 This cofactor is believed to operate by the initial form-
ation of a 4a-hydroperoxy-5,6,7,8-tetrahydro-4aH-pterin, then
used in conjunction with iron, for the aromatic hydroxylation,
leaving a 4a-hydroxy-5,6,7,8-tetrahydro-4aH-pterin to be
recycled. This, it is believed, involves loss of water to generate a
para quinonoid 7,8-dihydro-6H-pterin, comparable to 2, which
is subsequently reduced.13 The operation of this cycle has pro-
voked considerable experimentation and attempts to model the
processes, for example a 7,8-dihydro-6H-pterin was claimed as
an intermediate in a multi-step conversion of a pyrimidine into
5,6,7,8-tetrahydrofolic acid; it was suggested that the traces of
7,8-dihydro-3H-folic acid in the product arose via rapid isom-
erisation of the 6H-isomer in situ.14 Treatment of 6,7-dimethyl-
5,6,7,8-tetrahydropterin with MoO2(detc)2 (detc = diethyl
dithiocarbamate), monitored by 1H NMR, appeared to show
the fomation of a dihydropterin, which was shown not to be the
7,8-dihydro-3H-isomer and was assigned a 7,8-dihydro-6H-
pterin structure.15

The partial reduction 16,17 of  aromatic pterins produces isol-
able 7,8-dihydro-derivatives as does the partial oxidation of
5,6,7,8-tetrahydropterins, suggesting that the 7,8-dihydro-3H-
tautomer is the most stable.16,18 2-Amino-6,7-diphenyl-5,6-
dihydropteridin-4(3H)-one isomerises to its 7,8-dihydro isomer
in hot acetic acid.19 The initial formation of a ‘quinonoid’ di-
hydropterin during oxidation, which then isomerises rapidly to
the 7,8-dihydro-3H-product, has been described.20 Quinonoid
forms, assigned 7,8-dihydro-6H-pterin structures, have been
produced by bromine oxidation of 6,6-dimethyl-5,6,7,8-
tetrahydropterin or oxidative ring closure of 6-[(2-amino-2-
methylpropyl)amino]-2,5-diaminopyrimidin-4(3H)-one,21 and
by oxidation of 6-methyl-5,6,7,8-tetrahydropteridin-4(3H)-one
and 6,7-dimethyl-5,6,7,8-tetrahydropteridin-4(3H)-one with
hydrogen peroxide.22

Thus, the chemical evidence above suggests that 7,8-
dihydro-3H-pterin is the most stable form of a dihydropterin.
However, alternative tautomers, though of higher energy, may
be involved in the operation of the oxomolybdoenzymes and
their tungsten relatives.

In the absence of direct experimental data on the relative
stabilities of most of the various tautomers of di- and tetra-
hydropterins, we investigate here the theoretical predictions
of these quantities. The accuracy of ab initio treatments of
tautomer energetics is well documented; at the highest levels of
theory, including correlation effects, relative energies can con-
fidently be predicted within ca. 10 kJ mol21.23 However, even
with quite modest basis sets (6-31G**) and modest levels of
electron correlation (MP2) useful results can be obtained. Fur-
thermore, the use of continuum models has been successful in
predicting the effect of solvent on tautomer energetics often

leading to important changes in the relative stabilities of differ-
ent tautomeric species.24,25

Calculations of the structure and energetics of a number of
pteridines using minimal (STO-3G) and split valence (3-21G)
basis sets have been reported.26 Although such calculations can
give useful indications of structure and stability, they lack the
accuracy of higher basis sets such as are used here.

Computational details
Ab initio calculations were carried out using the program
GAUSSIAN94.27 Full geometry optimization of 40 structures
T1–40 was carried out at the Hartree–Fock level using a
6-31G** basis. The ten most stable structures were confirmed to
be energy minima by calculations of the harmonic vibrational
frequencies, which were all real. It is assumed that the remain-
ing structures are also energy minima. To include the effect of
electron correlation on the relative energies, MP2 calculations
were carried out on the low energy structures. To go some way
to modelling the relative stability of the tautomers in an enzyme
environment, predictions of tautomer energetics in a polar
environment may be of more value than gas-phase values
alone. We have therefore used the polarisable continuum
model (PCM) at the Hartree–Fock level, as implemented in
GAUSSIAN94 (ISOPCM) to predict the relative energies of
a number of tautomers, including the lower energy gas phase
species, in water (ε = 78.4), taking as molecular geometries the
optimised gas-phase values, to yield relative energies [RHF(l)]
in water. Solvation energies calculated at the Hartree–Fock level
were also used, in conjunction with gas phase MP2 energy
differences [MP2(g)] to yield the relative energies, in water
[MP2(l)], given in Table 1. This is, of course, a quite crude
approximation to the actual environment of the enzyme, where
specific structural details of the substrate–residue interactions
such as hydrogen-bonding, must be considered in a more
realistic model.

Computational results
The calculated energies and dipole moments of the 40
tautomers T1–40 studied are given in Table 1. From these we have
selected 11 of lowest energy to study at the MP2 level, the
results being shown in Table 2. Although the precise ordering of
those species which are quite close in energy at the Hartree–
Fock level may be altered when electron correlation is included,
the overall picture of the relative stabilities of the tautomers at
the Hartree–Fock and MP2 levels is similar.

Echoing the trend well-recognised in simpler heterocyclic sys-
tems,28 hydroxy tautomers tend to be more stable than their
carbonyl counterparts in the gas phase; one may illustrate this
with the pair T1/T30 where the latter form, having the hydroxy
group, is calculated to be more stable than the former, carbonyl
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tautomer (17.8 and 11.7 kJ mol21, respectively, at the RHF and
MP2 levels). However, this is not always the case. Thus, for the
T3/T35 pair in the gas phase, the carbonyl form T3 is less stable
than the hydroxy form T35, at the RHF level, but the inclusion
of electron correlation renders both structures essentially iso-
energetic. As in the pyridin-2-one/pyridin-2-ol pair,28 the results
of the PCM calculations (Table 2) predict that the carbonyl
form is more strongly solvated than the hydroxy form so that
the carbonyl tautomers T1 (versus T30) and T3 (versus T35) are
preferred by 9.2 and 29.9 kJ mol21 at the RHF level and by 5.3
and 44.7 kJ mol21 at MP2. For the pair T4/T38, even in the gas
phase the carbonyl tautomer (T4) is favoured (by 1.2 or 3.1 kJ
mol21) and this becomes 33.5 or 35.4 kJ mol21 in favour of the
carbonyl form when solvated. Although it is difficult to know
how best to model the active site of an enzyme in vivo, we
assume that the biological environment is better modelled by
the calculations in the presence of water. Therefore, the results
presented in Table 2 lead to a clear preference for the carbonyl
tautomers as more likely candidates for the real situation. This
conclusion is likely to hold irrespective of the level of theory
employed, particularly so, since increasing the level of electron
correlation beyond MP2 has been found to preferentially stabil-
ise the carbonyl form in some smaller heterocycles.29,30

Further aspects of the importance of different tautomeric
structures must be considered. Addressing the question of the
possible importance of 1H- versus 3H-tautomers, it is fruitful to
compare the relative energies of the 3H-/1H- pairs T1/T5, T4/
T8 and T3/T7: in each case the RHF calculations predict the
3H-tautomer to be considerably more stable than its 1H-isomer,
by 85.5, 21.7 and 55.1 kJ mol21, respectively, in the gas phase
and by 27.5, 12.6 and 34.0 kJ mol21 in water. We therefore

conclude that 1H-tautomers are probably not important (how-
ever, see below).

Turning to the possible importance of 3-imino tautomers in
these systems, one can usefully compare the amino–imino pairs
T1/T9 T4/T12 and T3/T11; in each case the RHF calculations
predict that the amino-tautomer is significantly more stable
than the imino-tautomer, by 66.1, 24.2 and 47.2 kJ mol21,
respectively in the gas phase, and by 35.3, 24.1 and 30.1 kJ
mol21 in water. Thus, it seems probable that imino tautomers
are not involved in Moco enzyme chemistry.

With regard to the possible structure of Moco, and setting
aside hydroxy, imino and 1H-tautomers (see above), it is most
relevant to compare the 7,8-dihydro-3H- (T1), 5,8-dihydro-3H-
(T3) and 5,6-dihydro-3H- (T4) tautomers with the higher
energy 6,7-dihydro-3H- (T2), 7,8-dihydro-6H- (T13) and 4a,7-
dihydro-3H- (T18) tautomers. RHF calculations for gas phase
and aqueous species predict the ortho quinonoid T2 to be the
least stable of this group, though somewhat surprisingly there is
only a small difference between the calculated energy for T2 and
that for T18 (the latter being 3.1 and 5.0 kJ mol21 more stable in
gas phase and water, respectively). The tautomers T17, T16 and
T19 are considerably more highly energetic (64.0, 64.9 and 29.4
kJ mol21, respectively, less stable in water than T2) and dis-
countable. Schemes 2 and 3 summarise these theoretical results,
showing the dihydropterin tautomer candidates in order of
decreasing calculated stabilities in gas phase at the RHF level
and water, respectively.

Notwithstanding the conclusions drawn above regarding
the significance of 3-imino-tautomers, one must pay regard to
the effect that combinations of functional groups can have on
relative stabilities: several of the imino tautomers have RHF
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gas phase energies lower than that calculated for T2; these are
summarised in Scheme 4.

Furthermore, and again notwithstanding conclusions drawn
above, one must note the relatively low RHF gas phase energy
calculations for 1H-tautomers, compared in Scheme 5, with T2.

At the most advanced level of calculation and in the presence
of water (Table 2; Scheme 6) there is virtually no difference in
the energies of 5,6-dihydro-3H- (T4) and 7,8-dihydro-3H- (T1)
tautomers. Further, the para quinonoid form, T13, a tautomer
of the type invoked in the catalytic cycle of aromatic hydroxyl-
ases,13  is shown to be only marginally more energetic than T1
and T4. Even the 5,8-dihydro-3H-isomer (T3), for which there
is little chemical precedent, is calculated to be a reasonable

Scheme 2 Gas phase, RHF relative stabilities

Table 1 Relative energies (kJ mol21) of tautomers T1–T40 at
6-31G**(RHF)//6-31G**(RHF) level, and dipole moment (D)

Tautomer

T1 
T2 
T3 
T4 
T5 
T6 
T7 
T8 
T9 
T10 
T11 
T12 
T13 
T14 
T15 
T16 
T17 
T18 
T19 
T20 
T21 
T22 
T23 
T24 
T25 
T26 
T27 
T28 
T29 
T30 
T31 
T32 
T33 
T34 
T35 
T36 
T37 
T38 
T39 
T40 

Relative Energy/
kJ mol21 

0.0 a 
68.9 
35.3 
36.1 
85.5 
73.9 
90.4 
57.8 
66.1 
63.2 
82.5 
60.3 
52.5 
50.9 
79.1 

114.9 
103.6 
65.8 

104.0 
67.6 

124.9 
137.9 
68.5 

109.6 
59.8 

112.7 
127.3 
59.5 

100.9 
217.8 
102.9 
124.3 
154.4 
137.0 
21.4 

102.4 
147.0 
37.3 

137.3 
121.8 

Dipole moment/D 

6.9 
3.3 
4.8 
1.6 

10.2 
7.1 
7.6 
6.5 
8.6 
4.4 
5.3 
5.4 
8.5 
6.9 
4.4 
2.7 
5.4 
3.3 
1.9 
4.8 
7.6 
9.4 
7.0 
7.5 
2.4 
5.4 
7.2 
4.7 
5.6 
3.0 
3.1 
4.8 
1.7 
2.0 
2.4 
2.7 
2.2 
2.7 
6.6 
6.5 

a Total energy = 2578.428 952 au.

tautomer to consider, from the point of view of its stability.
Therefore, one may conclude that any of these tautomeric
forms can reasonably be considered as a tautomeric form for
MPT in the operation of Moco, in vivo, in a polar environment.

Finally, we have addressed the question of the relative
changes in energy attendant upon (partial) reduction of the
pyrazine ring of a pterin. This question is central to a consider-
ation of the possible role of fully aromatic versus dihydropterin
versus tetrahydropterin units in the mechanism of action of
Moco and of other enzymes in which pterins or reduced pterins
are implicated.

For the isodesmic 31 reaction (1), the energy change is calcu-

Scheme 3 Water, RHF relative stabilities

Scheme 4

Table 2 Relative energies (kJ mol21) of tautomers in the gas phase (g)
and aqueous solvent (l) at 6-31G** level, using 6-31G** (RHF) struc-
tures; dipole moments (µ/D) in parentheses 

 Relative energy/kJ mol21 

Tautomer 

T1 
T30 
T13 
T14 
T4 
T5 
T28 
T8 
T9 
T3 
T10 
T18 
T12 
T2 
T38 
T25 
T35 
T11 
T7 
T20 
T19 
T17 
T16 

RHF (g) (µ/D) 

0.0 (6.9) 
217.8 (3.0) 

52.5 (8.5) 
50.9 (6.9) 
36.1 (1.6) 
85.5 (10.2) 
59.5 (4.7) 
57.8 (6.5) 
66.1 (8.6) 
35.3 (4.8) 
63.2 (4.4) 
65.8 (3.3) 
60.3 (5.4) 
68.9 (3.3) 
37.3 (2.7) 
59.8 (2.4) 
21.4 (2.4) 
82.5 (5.3) 
90.4 (7.6) 
67.6 (4.8) 

104.0 (1.9) 
103.6 (5.4) 
114.9 (2.7) 

RHF (l) 

0.0 
9.2 

10.2 
15.7 
22.7 
27.5 
33.1 
35.3 
35.3 
35.4 
39.0 
46.5 
46.8 
51.5 
56.2 
57.8 
65.3 
65.5 
69.4 
72.0 
80.9 

115.5 
116.4 

MP2 (g) 

0.0 
211.7 

50.3 
38.6 
13.2 

 
51.9 
40.3 

 
15.4 

 
 
 
 

16.3 
44.3 
16.3 

MP2 (l)

0.0 
15.3 
8.0 
3.4 

20.2 
 
25.5
17.8 

 
15.5 

 
 
 
 
35.2 
42.3 
60.2 



J. Chem. Soc., Perkin Trans. 2, 1997 1533

lated to be 91 kJ mol21, a value associated with the delocalis-
ation energy of the aromatic form of pterin, compared with
5,6,7,8-tetrahydropterin.

This point is reinforced by considering the isodesmic reaction
(2), for which there is less than 4 kJ mol21 between left- and

right-hand sides, showing the imine units in 5,6- and 6,7-
dihydropteridines to be essentially localised—i.e. no stabilis-
ation is achieved by the placement of the imine unit within the
bicyclic framework.

The optimised bond lengths, shown in Scheme 7, clearly illus-
trate the points discussed above. Thus, in the fully aromatic
pteridine, all C]N bonds in the pyrazine ring are nearly the
same length—between 1.302 and 1.335 Å. The vinylogous
amide conjugation between N-8 and the 4-carbonyl in T1 is

Scheme 5

Scheme 6

expressed in the shorter bond (1.346 Å) linking the nitrogen to
the pyrimidine ring, compared with 1.399 for the N-5-ring bond
in T4, and must contribute to the stability of this tautomer.

Conclusions
We conclude that the calculations discussed above lend support
to the view that in the catalytically active form of Moco: (a) the
pteridine has a 2-amino-4(3H)-one tautomeric form, (b) that if
there is a double bond in the pyrazine ring in the catalytically
active state, then on energetic grounds it could reasonably be
located at the 7,8-position (T4), the 5,6- (T1) or the 6,7- (T3)
positions (in the last two cases it would be able to transmit
electronic information between the metal centre and the di-
hydropterin) or that the para-quinonoid tautomer (T13) could
be implicated. Scheme 1 showed how such tautomers could be
easily formed from the tetrahydropyran-containing structures
which have been revealed by X-ray studies of molybdenum and
tungsten enzymes involving MPT.
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