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Reaction Paths of Tautomerization between Hydroxypyridines and Pyridones
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Tautomerization paths of 2(and 4)-hydroxypyridine (called here HP) to 2(and 4)-pyridone (called here PY)
with water molecules were investigated by the use of density functional theory calculations. Potential energies
were compared for a number of water molecules. The 2-HP molecule was found to be isomerized most
readily and concertedly to the 2-PY one via proton relays with two water molecules. The reaction pattern is
invariant even when outer water molecules are added. The 4-@5(H> 4-PY(H,O), reaction model did

not give small activation energies. However, a reaction of (4:(HBD), — (4-PY)(H.0O), was found to

occur readily through a transient ion-pair intermediate. The conversion processes of,(20P¥)e
tautomerization reacting system were discussed. The hydrogen-bond directionality regulates the tautomerization

paths.
I. Introduction SCHEME 1: Tautomerism of Hydroxypyridines and
The tautomeric equilibria both between 2-hydroxypyridine- Pyridones
(2-HP) and 2-pyridone(2-PY) and between 4-hydroxypyridine- X XN
(4-HP) and 4-pyridone(4-PY) have been extensively stuliéd. | _ —= @ (@
While in gas phase or in nonpolar solvent the 2-HP (and 4-HP) N" OH N~ O
form is dominant, in aqueous solution or in polar solevnt 2-PY H
(and 4-PY) form predominaté&1¢4The change in equilibrium 2-hydroxypyridine 2-pyridone
constants may be attributed to dimerization of the 2-PY form (2-HP) @2-PY)
and to the larger stability of solvemtpyridone complexes.
For the species in Scheme 1a, there is an interconversion in oH o
a self-associated dimer (Scheme 2). | X é
In the crystalline state, the (2-PXjorm is predominant. P — . ®)
Experimental studies showed that a proton transfer with one or N E

more water molecules is the more important mechanism than
the transfer in Scheme52.There have been many theoretical 4-hydroxypyridine 4-pyridone
studies of the tautomerisiiield and Hillier investigated the (4-HP) “-PY)

paths of two transfers (in Scheme 2 and one- and two-water gcHEME 2: Symmetric Dimers Based on Two
assisted reactions in Scheme 1la) with CISD/3-21G//RHF/ |ntermolecular Hydrogen Bonds

3-21G’¢ A proton relay in the 2-HP (or 2-PY) and water dimer

was computed to be the best reaction pattern. The 2-HP/2-PY \ - @
tautomerism, both for the isolated isomers and for the possible N 0 N0
dimers, has been studied by various autffot8.The 2-PY/ L H o
2-PY homo-dimer complex was reported to be the most 'T' : i H
stable!®® Experimental data on the geometry of the most O N O N
favorable dimer as well as low frequencies of the 2-PY/2-PY S U
and 2-HP/2-PY dimers gives a basis to rationalize the calculation

methods use8f92.9¢1.9.10 Tywelve isomeric dimer geometries (2-HP), @2-PY),

composed of 4-HP and 4-PY were calculated, and the hydrogen ) . ]
bond energies showed a clear preference for 4-PY-containingby density functional theory calculations. B3LYP/6-31G*
dimersl! method%? were used for geometry optimizations. The solvent
Despite accumulation of those experimental and theoretical €fféct was taken into account by Onsager’s self-consistenet field
studies, systematic simulations of tautomerization reactions in With the dielectric constant= 78.39 (water)* B3LYP seems
aqueous media (Scheme 1) has not been made. Particular intere$@ be a suitable method for the present large systems, because
is in the way of the proton shift in Scheme 1b. In this work, it includes the electron correlation effect to some extent.
proton-relay reactions involving water molecules were inves- ~ Transition states (TSs) were characterized by vibrational
tigated by B3LYP/6-31G* SCRF calculations. The best path analyses, which checked whether the obtained geometries have

was sought in terms of the Gibbs activation free energies.  Single imaginary frequencies’). From TSs, reaction paths
were traced by the IRC (intrinsic reaction coordinate) method

II. Calculation Methods to confirm that reactants and products are hydroxypyridine and
The geometries of HP, PY, (HR)YPY), and their water added  pyridone forms, respectively. All the calculations were carried
models (e.g., 2-HP(}D),, n = 1-3 and 8) were determined  out using the GAUSSIAN 98 program package installed on
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Figure 1. Transition-state (TS) geometries of the tautomerization
between 2-HP(kD), and 2-PY(HO),. Empty circles stand for hydrogen
atoms. Sole imaginary frequencies) verify that the obtained

geometries are correctly at the saddle point. More detailed data of TSs

along with the results of 2-HP@®), and 2-PY(HO), after IRC
searches are given in figures S2<€ 0), S3 6= 1), S4 = 2), and
S5 (= 3).

Compag ES 40 at the Information Processing Center (Nara

University of Education).

Ill. Calculated Results and Discussions

Reactions of 2-HP— 2-PY. In this subsection, the tautomer-
izaton paths of 2-hydroxypyridine (2-HP) to 2-pyridone (2-PY)
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Figure 2. Changes of Gibbs free energies for tautomerization reactions
of 2-HP(H:0), — 2-PY (H:0),.

SCHEME 3: Picture of the Initial Geometry to Seek the
TS One of i=2+6

L o™
N o

W;s stand for outer water molecules.

If the reaction region oh = 2 were broken by addition of
six outer water molecules, the = 2 model could not be
characterized as the basic part of the tautomerization. Figure 3
shows geometries of 2-HP§B)s — TS — 2-PY(H,O)s. The
proton-relay shape af = 8 is found to be very similar to that
of n = 2. Thus,n = 8 may be regarded as= 2+6, and the
(H20), containing tautomerization path of (2-HP 2-PY) is
thought to be meaningful.

In Scheme 2 (Introduction), th@&,-symmetry dimers of (2-
HP), and (2-PY} have been shown. The conversion process of
the (2-HP) = (2-PY), equilibrium to that of 2-HP(KD), =
2-PY(H0), in n = 2 TS of Figure 1 was investigated. The
2-HP dimer was found to be insusceptible to geometric
deformation by association of water clusters, and @g
geometry of the (2-HB)ragment in (2-HP)H,0), is retained
by optimizations. On the other hand, the (2-P¥eometry is
susceptible to the puckering deformation along the first vibra-
tional mode ¢;= 18.36 cn!) via the (HO)s association
(Scheme 4b and Figure 6S(b) in Supporting Information). The

were traced. Figure 1 shows transition state (TS) geometries ofdeformation leads to instability of the cyclic dimer of (2-BY)

those paths. Water moleculesX 0) are involved so as to give

In fact, the NH--O=C distances= 1.908 A and 1.948 A) in

strainless proton relays. Reactant and product geometriesScheme 4b are larger than those 1.797 A and 1.798 A) in

corresponding to the TS ones are shown in Figure;mS2 @),
S3(h=1), S4 6 =2), and S51f = 3) of the Supporting
Information. Asn grows larger, the hydrogen-bond directionality
becomes better, and-©H---O and N--H---O angles approach
18C°. However, then = 3 TS contains a new strain of dihedral
angles. As far as the geometries are concernedpthe2 TS

Scheme 4a. Also, the stability rank by Gibbs free energies is ¢
> a> bin Scheme 4. Thus, the cyclic dimer, (2-BY¥) Scheme
2, is converted to 2-PY(}D), via the water associated and
puckered form dimer, Scheme 4b.

Reactions of 4-HP— 4-PY. In the previous subsection, the
water dimer has been found to work for the effective proton

seems to be the best model. The shape of the proton-relay routaelay in the tautomerization. The relay pattern might be extended
is close to that of the hydrogen-bond region in scheme 2. The to the tautomerization as 4-HP{8), — 4-PY(H;0),. Then =
changes in Gibbs free energies along the tautomerization pathg) and 1 reaction paths were computed to be absent, which is
are exhibited in Figure 2. In accord with the geometric results evident in view of the large distance of 1 and 4 (para) positions
in Figure 1, then = 2 model has the lowest energy change. of OH and N. Then = 2 model appears to be present as the
Thus, the 2-HP(LD), — 2-PY(HO), reaction is the best to  upper side of Figure 4 shows. However, during the geometry
describe the tautomerization. The result was assessed by th@ptimization, the water dimer became linked merely to the OH
use of a larger cluster model, 2-HP®),+6 — 2-PY(HO0)2+6 group of 4-PY. Then > 2 models are needed to construct
(Scheme 3). hydrogen-bond networks. TS geometriesief 3—6 are shown
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Figure 3. A tautomerization of 2-HP(kD)s — 2-PY(H:O)s. Among eight water molecules, two are reactants and six are catalysts.

SCHEME 4: Separation Process of the 2-HP Dimer with n=2
Two Water Dimers

F}.Z‘%Y_AL.

(@)
________ AG= 0 kcal/mol
1 798AH

An assumed hydrogen bond network as an initial geometry

(b) -
AG=9.52 keal/mol The optimized geometry

H
i ’,»"o‘ﬂ ©) Figure 4. Geometries of 4-HP(}D), before and after the optimization.
N AT : x2 AG= -8.89 kcal/mol A hydrogen bond network cannot be formed in the 4-H{d model.
AN, __H,O\H
H becomes smalleAG* is the difference of Gibbs free energies

between 4-HP(LD), (the hydrogen bonded precursors in the
AG is the relative free energy. The optimized geometries are left sides of Figures S7-S10) and TS. However, association of
exhibited in Figure S6 (Supporting Information). (H20)s or (H.O)s to the substrate, 4-HP, is entropically very
difficult. If a drastically smallAG* value was obtained, the
in Figure 5. Their detailed reaction paths are exhibited in Figures 4-HP(HO)s or 4-HP(HO)s model would be meaningful.
S7 (h=3), S8 = 4), S9f = 5), and S101{ = 6). As n grows However, theAG* values are larger thahG* = 8.38 (< 5.63—
larger, the proton relay circuit becomes more strainless\aeid (—2.75)) kcal/mol in Figure 2. The proton-relay paths in Figure
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Figure 5. TS geometries of the tautomerization between 4-HP(kland 4-PY(HO),. Then < 3 models cannot be constructed owing to the too

small cluster of (HO), to fit the 1 and 4 positions of the substrate.

SCHEME 5: Permanent Dipole—Dipole Interaction in
the van der Waals Force, Which Gives 2.17 kcal/mol
Stabilizing Energy

5 are thought to be unlikely. The (4-HP 4-PY) isomerization
route must be reconsidered.

The free 4-HP molecule was computed to have a large dipole
moment, 3.48 D. The polar molecule may be stabilized
substantially in the antiparallel stacking by the permanent
dipole—dipole interaction. For instance, at an assumed large
layer distance= 5 A, the dipole-dipole interaction gives-2.17
kcal/mol stabilizing energyT = 300 K, Scheme 5%

The antiparallel alignment would cause ready mutual proton
transmittal as two arrows in Scheme 5 indicate. According to
the alignment, an initial geometry was modeled as is shown in
the upper side of Figure 6. The geometry was transformed,

SCHEME 6: Proton-Relay Reactions via (HO), and
(Hzo)n*m Cluster

W, e
(Hz?)m (H;p)nm —) (Hzp)m (HZIO)"_M
\ —\ | __ ;
oA 0=C_ N-H

SCHEME 7: Transient lon-Pair Intermediate (Int)
during the Mutual Proton Relays for the

Tautomerization
N © ) )=0

(H;0),.m

-
0 @ N-H
Int

n=2), S12(m=2 andn=3), S13 (=2 andn=4), and S141f—=3
and n=5). Figures S are in Supporting Information. Every

(HO),

however, to the linear hydrogen bonded one and the stackingreaction path was found to have an ion pair intermediate (Int,

orientation could not be obtainédAuxiliary water molecules
are needed to ensure the antiparallel stacking (Scheme 6).
The numbers of andm were changed systematically. The
computed results of the tautomerization of (4-K{FA>O), —
(4-PY)(H20), are shown in Figures S11 éam=1), 7(m=1 and

Scheme 7).

Every reaction is described as the process (4>(HBD), —
TS1— Int —=TS2— (4-PY)(H20),. The energy of Int is similar
to that of TS1 or TS2, and Int is a very transient and unstable
intermediate.
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n=0

An assumed hydrogen bond network as an initial geometry

The optimized geometry

Figure 6. Geometries of (4-HRB) The upper one is an anti-parallel
stacking, which gives stability of the dipetelipole interaction. After
the geometry optimization, the stacking conformation is converted to
the linear alignment shown below.

Gibbs activation energiesAG*) are compared in Table 1.
Two models, = 2, m= 1) and 6 = 4, m = 2) have small
AG* values~9 kcal/mol. Both involve symmetric geometries

Tsuchida and Yamabe

TABLE 1: Gibbs Free Activation Energies (kcal/mol) of the
Stepwise Path, (4-HP)XH0), — TS1— Int — TS2 —
(4-PY)(H20),, Relative to the Energy of (4-HP)(H,0),

AG¥(TS1) AG¥(TS2) figure
n m kcal/mol kcal/mol no.
1 1 11.62 12.93 S11
2 1 9.24 9.18 7
3 2 11.32 10.36 S12
4 2 9.13 8.66 S13
5 3 9.95 11.82 S14
4 1+1 455 1.49 S16

2The integemis defined in Scheme 6, and the shape of Int is shown
in Scheme 7. Figuressare in Supporting Information.

of (4-HP)(H,0), and (4-PY}(H.,O).. In view of the energies

in Table 1, one may see that the size extension does not improve
(lower) the energies. Introduction of excessive water molecules
to the reaction models gives rise to their entropic destabilization.
When two outer water molecules are added to the @, m=

1) model, free activation energies become smals?(TS1)

= 4.55 kcal/mol andAG*(TS2) = 1.49 kcal/mol (= 4, m=
1+1) in Figure S16. Thus, then(= 2, m = 1) model is the
minimum and optimal one, which is shown in Figure 7. In the
Figure, the right-sided and the first proton (H11 and H27) relay
takes place via TS1 leading to Int. From Int, the left-sided and
the second (H21 and H29) relay via TS2 leads to the product,
(4-PY)(H20),. The antiparallel stacking of two 4-HP molecules
sandwiches two water molecules & 1 andn = 2), which
results in ready tautomerization to two 4-PY ones.

For the chain of (4-HR) water molecules invade the
interlayer space. The axial new hydrogen bonds supported by
two water molecules would take off the stacked 4-HP dimer
(Scheme 8).

IV. Concluding Remarks

In this work, tautomerization paths of (2-HP 2-PY) and
(4-HP — 4-PY) through proton relays have been investigated
computationally. For 2-HP, the water dimer has afforded a

SCHEME 8: Model of Hydrogen Bonded Polymers of 4-HP and Water (w) Invasion to Form the Tautomerization Path

The linear 4-HP cluster is more stable than the 4-PY one.
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Figure 7. Reaction path between (4-HRnd (4-PY} with two water moleculesn(= 2, m = 1). “Int” denotes an ion-pair intermediate.

SCHEME 9: Summary of the Present Calculations for
Two Tautomerizations
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reasonable proton relay path. For 4-HP, also two wate
molecules have the role of proton donors and acceptors. The

is a crucial difference between 2-HP and 4-HP reactions. The

monomer is evolved from the dimer via the water association.
In contrast to the reaction of 2-HP{8),, the dimer of 4-HP
undergoes the mutual proton relays via an unstable ion-pair
intermediate (Int). The contrast is shown in Scheme 9.
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