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Formamide Tautomerization: Catalytic Role of Formic Acid
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Formic acid catalyzed tautomeric conversion of formamide to formamidic acid has been investigated by use
of ab initio and density functional theoretical calculations. In a 1:1 dimeric complex between formamide and
formic acid, the tautomeric conversion occurs via double-hydrogen transfer within an eight-member hydrogen-
bonded cyclic network. The results predict that the energy barrier of the catalytic process is reduced by more
than a factor of 4 compared to that in the isolated formamide molecule in the gas phase, and the tautomerization
in the 1:1 complex is several kcal/mol less endothermic than that of the isolated molecule. The potential
energy surface corresponding to this double hydrogen transfer process indicates that a concerted transfer of
both the hydrogen atoms along the hydrogen bond directions is energetically favorable, and no minimum for
an ionic intermediate, which may arise for stepwise transfer, was predicted. The unique configuration of the
transition state has been identified by starting the reaction from both the tautomeric forms, and the transition
state was subjected to IRC calculation.

1. Introduction of synchronous transit-guided quasi-Newton (STQN) me#iod.
Normal-mode analysis has been performed to verify that the
optimized geometries of FMFA and FMA:--FA have all
positive frequencies, and transition-state species (TS) have only
one imaginary frequency. The normal-mode frequencies of the
reactant, product, and TS were used to estimate the effect of
zero-point energy correction on barrier height of the tautomer-
ization process and relative energies of various species. Basis
set superposition errors in calculated binding enerdigg)(in

the two complexes are corrected by the counterpoise (CP)
method of Boys and Bernaréfi.Intrinsic reaction coordinate
(IRC) calculations were performed at both the MP2 and B3LYP
}]evels using the 6-31G (d, p) basis set to verify the transition

The formamide (FM)-formamidic acid (FMA) tautomeric
pair has drawn much attention as a convenient molecular
prototype for detailed mechanistic investigation of the proto-
tropic isomerization processés'® Thermodynamically, the
conversion of FM to FMA is endothermic, and the activation
energy barrier in the gas phase is nearly 50 kcalfddit3
However, many recent investigations have predicted that the
barrier is significantly reduced when the process is assisted by
a water molecufe?~413 or by a second formamide molecule
(self-assisted procesay.Investigations of such catalytic influ-
ences by a wide range of proton doraicceptor species would

be valuable to understand the mechanisms of such processes M tes. The SCE convergence criterght was used through-

different physical conditions. Such information is important ; 4
because ?ngny basic biochemical processes in Iivingpsystemsom’ except in IRC and relaxed potential energy surface (PES)

are related to tautomeric transformations analogous to that incalculatlons.
formamide-formamidic acid systerd,611,13.1726

In this paper, we discuss the catalytic role of formic acid on
FM<FMA tautomerization in the gas phase. The 1:1 complexes  3A. Energetic and Geometric ParametersThe optimized
of both the tautomeric forms generate doubly hydrogen-bonded structures of the two doubly hydrogen-bonded complexes{FM
cyclic structures, and in the tautomerization reaction the formic FA and FMA:--FA), along with the transition-state species (TS),
acid molecule acts as H-donor as well as H-acceptor. In contrastare shown in Figure 1. It has been verified that the same
to the self-assisted reaction, where the second formamidetransition state on the reaction path is achieved irrespective of
molecule is also tautomerized, the formic acid in the present the starting tautomeric form. Selected geometrical parameters
case is regenerated at the end of the reaction. The process hasf all the molecular species involved in the study are presented
been investigated by use of quantum chemistry theoreticalin Table 1. Results for two different calculations (MP2/6-

3. Result and Discussion

methods. 311++G** and DFT/BLYP/6-31H1-+G**) are given here. The
energetic parameters of the three species predicted at the MP2/
2. Methods 6-311++G** level of calculation are shown schematically in

Figure 2. Here, the total energy of the isolated FM and FA

acid (FM+-FA and FMA-+FA), and the transition states (TS) molecules at infinite separation is taken as the reference of
connecting the tautomers are, calculated by MP2 as well as byenergy scale. The relative energies of all the species predicted
DFT/B3LYP methods using two different basis sets (6-31G** at other levels of calculations are shown in Tables 2 and 3. Our
and 6-31%+G*) as implemented in the Gaussian-03 suite of results for the isolated FM and FMA agree with those reported

o by previous workerg.13
ograms’ The t t tates have b located by th
progr © transiiion states have been focated by the use The energy diagram shows that the binding energy of the

* Author to whom correspondence should be addressed. Phone: 91 512FMA-+FA complex E+g = 17.35 kcal/mol) is about 2.88 kcal/
259 7772; fax: 91 512 259 7436; e-mail: tapasc@iitk.ac.in. mol larger than that of FM-FA (BSSE uncorrected). The zero-

The geometries of FM, FMA, their 1:1 complexes with formic
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FM-FA TS FMA-FA
Figure 1. Optimized structures of the tautomers FNFA and FMA:--FA and the transition state (TS) between the two tautomers.

TABLE 1: Selected Bond Lengths (A) and Bond Angles (Degree) of All the Molecular Species Optimized at Two Different
Levels of Theoretical Calculations

geometrical MP2/6-31H-+G** B3LYP/6-311++G**

parameters FM TS FMA FM--FA TS FMA--FA FA FM TS FMA FM--FA TS FMA--FA FA
0,—0y 2.682  2.467 2.705 2.672  2.505 2.687
N3—0Os 2.924  2.482 2.686 2908 2.494 2.665
Co—Ce 3.953 3.637 3.863 3.938 3.662 3.842
O1—Hg 0.968 1.689 1.065 0.989 0.970 1.669 1.056 0.998
0.—C; 1216 1.283 1.346 1.232 1.286 1.319 1.211 1.282 1.346 1.229 1.288 1.315
C>—Ns 1369 1308 1274 1345 1301 1.286 1360 1301 1263 1.339 1.294 1.280
N3—Hgs 1.009 1.321 1.019 1.219 1.674 1.009 1.342 1.023  1.258 1.637
Hs—0Os 1938 1.263 1.013 1917 1.236 1.028
Os5—Cs 1.219 1.272 1.313 1.205 1.216 1.273 1.306 1.199
Ce— 0Oy 1321 1.255 1.224 1.348 1316  1.247 1.222 1.346
O7—Hg 0.995 1.402 1.715 0.969 1.003 1.449 1.689 0.971
O1—Hg—07 1755 1777 178.4 1775 1799 178.4
N3—H3—0s 161.9 1787 178.9 162.3 1782 178.1
0;—C>—N3 1247 1085 121.8 125.0 1246 123.9 1249 1085 1221 125.0 1247 124.3
Co—Nz—Has 117.5 73.2 119.2 1225 126.3 1194 73.6 119.3 1225 125.5
O5—Ce— O 126.6  126.9 126.4 125.2 126.5 126.6 126.3 125.1
N3—05—Cs-O7 0.0 0.0 0.7 0.0 0.0 0.0
N3—C—0:-07 0.0 0.0 —2.2 0.0 0.0 0.0

point energy-corrected barrier for tautomerization in the forward TABLE 2: Energy Barriers (kcal/mol) for Tautomeric
reaction is reduced by a factor of 4.5 in the H-bonded complex Conversion of Formamide in Bare Molecule and in 1:1
compared to that of the isolated molecule. The values of these COMPIex with Formic Acid

reaction parameters can be compared with the results of other FM —FMA FM:<-FA — FMA---FA
studies, where the roles of a water molecule and a second without without
formamide molecule (self-catalysis) on the tautomeric conver- ) ZPE ZPE ZPE ZPE
sion process have been discussed. For example, a very recen’rlevel of calculations correctio? corrected correction corrected
calculation of Liang et at.(B3LYP/6-31H-+G**) predicts that MP2/6-31G** 46.78 43.95 12.88 9.63
the barrier in a doubly hydrogen-bonded 1:1 water complex can g";%g%%igﬁ** ‘276'221 42133'72‘:3 1120%87 %ioz
be reduced by a factor of 2. Likewise, in case of self-assisted g3| yp/g-311-+G*  48.52 45.41 12.02 8.08

tautomerization, Kim et & .reported that according to MP2/6-

31G** level of calculation, a doubly hydrogen-bonded second ~ ~ 2PE = Zero-point energy.

~ formamide molecule can lower the barrier by a factor of 2.5.
Ts Clearly, the comparisons of these results with the predictions
of the present study indicate the efficient catalytic role of formic
acid on this tautometic conversion process.

The geometrical parameters of the molecular species (Table
1) indicate that the hydrogen bonding with formic acid induces
notable geometry changes of the two tautomers, and it has been
pointed out below that such changes favor formation of the TS.
The G=0, N—H, and C-N bond lengths of FM are changed,
respectively, from 1.216, 1.009, and 1.369 A in an isolated
/ molecule to 1.232, 1.019, and 1.345 A in the VA complex.
— The hydrogen bond induced changes of the first two parameters

FMA~FA are quite obvious. Interestingly,-@N bond length is decreased
FM~FA on complex formation by 0.024 A, that is, develops partial

double bond character. Such changes are also noticed in the
. formic acid (FA) moiety; the €0 and G=0 bond lengths are
Tautomerization Coordinate changed from 1.348 and 1.205 A in the isolated molecule to
Figure 2. An energy level diagram showing the calculated (MP2/6- 1 321 and 1.219 A in the FM-FA complex. Thus, the €0
311+-+G**) relative energies of different molecular species and the  gingje hond length of FA is decreased by 0.027 A from isolated
transition states. The combined energy of the isolated formamide (FM) molecule to FM--FA complex. These changes indicate that

and formic acid (FA) molecules at infinite separation has been taken . T .
as zero (0) of the energy scale. Only the BSSE uncorrected energeticr-bonding promotes charge delocalization over the whole cyclic

parameters of the hydrogen-bonded complexes (Tables 2 and 3) ardnterface. The changes in geometrical parameters of the tautomer
shown in the figure. FMA on binding with formic acid are presented in Table 1.
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TABLE 3: BSSE Corrected Binding Energies (kcal/mol) of the Doubly Hydrogen-Bonded FM-FA and FMA~FA Complexes

FM:-FA FMA---FA
without BSSE BSSE and without BSSE BSSE and
level of calculation BSSE correctiorfs corrected ZPE corrected BSSE corrections corrected ZPE corrected
MP2/6-31G** 18.22 13.58 11.06 20.72 16.00 14.14
MP2/6-31H+G** 14.47 12.38 11.20 17.35 14.80 13.25
B3LYP/6-31G** 19.11 15.12 12.96 22.49 18.72 17.36
B3LYP/6-31H+4G** 14.82 14.29 12.31 17.87 17.12 15.59

a ZPE = Zero-point energy.

TABLE 4: Differences in Geometrical Parameters AR)
between the TS and Reactants and the Corresponding
Energy Changes AE kcal/mol) Calculated at the MP2/
6311++G** Level Induced by Varying the Configurations of
Isolated FM and the FM Moiety in FM ---FA

FM FM in FM:+-FA
geometrical parameters AR AE AR AE
0,—Cy(A) 0.067  3.52 0.054 3.29
C—Ns (A) -0.061 179 —0.044 1.93
Na—Ha (A) 0.312  29.65 0.200  16.00
—0;—C,—Ns3(degree) —16.2 1268 -0.4 -0.02
—C,—N3z—H4 (degree) —44.3 46.52 3.3 0.13

responsible for a smaller energy barrier in case of FA-assisted
tautomerization are the much smaller distortions of H#@;,—
C,—N3z and—C,—N3—H, bond angles and the smaller changes
of the Ns—H4 bond length.

The data in Table 1 also show that the geometric parameters
of the TS are quite closer to those of the product FMPA.
For example, the bond length between thea®d H; atoms at
the TS (1.065 A) is quite closer to that in the product (0.989
A) than to that in the reactant (1.689 A). Similar behavior is
also noticed for the bond length betweegnand H, atoms; the
values of this parameter in the TS, FMAFA, and FM--FA
are 1.263, 1.013, and 1.938 A, respectively. The hydrogen bond

The distortions of the five important geometrical parameters involving N3, Hs, and @ atoms is not linear in the reactant; the

for formation of TS from the reactants FM and FMFA and

—N3—H4—0s bond angle is 162 However, the three atoms

the corresponding energy change calculated by variation of theare nearly collinear {N3—H;—0s ~ 179) at the TS and

configurations at the MP2/6-3#1-G** level are presented in

product. Such linearity in hydrogen bond geometry also possibly

Table 4. The data indicate that the most significant factors contributes to larger binding energy in the product (FvA
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Figure 3. The potential energy surface and the corresponding contour plot as a functian¢f{@and Q---H, bond lengths. Predictions for both

the MP2 and B3LYP calculations are shown.
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Figure 4. The energy profile of the tautomeric conversion as a function © 1.6 |
of intrinsic reaction coordinate (S). E
[1:2]
FA) than in the reactant (FM-FA). These similarities in 1.4 4
geometrical parameters of the TS with the product are reflected
also in energetic parameters. In the 1:1 complex, the energy , , |
difference between the TS and product is much smaller than
that between the TS and reactant (Figure 2).
It has been pointed out before that the predicted barrier for 107

the water-assisted tautomerization is more than a factor of 2 3.5 3.0 -2.5-2.0 1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0
larger than the present case. The reason for such differences S (amu'?bohr)
can be understood on examining how a few key geometrical Figure 5. Evolution of the three key geometrical parameters of the
parameters in the two systems are affected on transition from1:1 complex as a function of the intrinsic reaction coordinate (S).
the reactant to the respective TS configuration. For example,
in the present system, the bond angl®;—C,—Nj3 (Table 1) In Figure 5, we have presented how three key internal
has almost the same value in FMFA, TS, and FMA--FA. In coordinates evolve as a function of the intrinsic reaction
contrast, Table 1 in ref 1 shows that this bond parameter changesoordinate. The configuration of the TS has been corresponded
from 125 in the reactant complex to 108 the TS, and in the to the origin of the coordinate system. It shows that the two
product it is~122. hydrogen bond distances sharply increase within one unit of
Incorporation of zero-point vibrational energies has a large the reaction coordinate in the direction of the reactant {FM
effect on the energetic parameters of the reaction. The predicted™?) Side, butin the product (FMA-FA) direction for the same
changes are summarized in Tables 2 and 3. It shows that thechange of the reaction coordinate the-B distance remains
effect is sensitively dependent on the level of calculation. At Practically unaltered. This happens because of more similarities
the MP2/6-31%+G** level, the zero-point energy-corrected of the TS with the product. O_n the ot_her hand, the dls_tar_lce
barrier for the forward reaction is 9.6 kcal/mol. However, for P€tween Gand G atoms remains practically the same within
the reverse reaction the barrier is predicted to be only 0.5 kcal/ °"© unit of reaction coordinate in the reactant side.
mol. The absence of any other minimum on the potential energy
surface indicates that the most favorable mechanism of tau-
tomerization in the ground electronic state is via a concerted
hopping of two protons. Sequential proton transfer would
generate ionic intermediate. There has been a lot of discussion
in recent years concerning sequential versus concerted mech-
anism for occurrence of double proton transfer in similar
systems, for example, 7-azaindole dirf&# The potential
energy surface indicates that ionic configuration does not
correspond to any distinct minimum. We have also searched
’ for this possibility (i.e., ionic intermediate) by partially optimiz-

3B. Potential Energy Surface The potential energy surface
for conversion of FM:+-FA to FMA-:-FA has been constructed
on the basis of optimized geometries of the above two
complexes where we allow the two H-atomsg(&hd Hy) of
the FMA---FA complex in the hydrogen-bonded ++0O; and
Hs---N3) interface to move independently starting from a
separation of 0.8 A and scanned up to 2.2 A with the step size
of 0.1 A in each case. Both MP2 and B3LYP methods have
been used with 6-31G** basis set. Except the proton positions

the geotmetrlﬁ] weref fullytr(])ptlmlzed Vtvnorl] re(sjpt(re]ct to all oth%r. ing such configurations using higher basis sets, but frequency
parameters. The surface thus generaled and the correspondingyc|ations never support them to be local minima. A detailed

contour plots are presented in Figure 3. The two minima |, ledge of the mechanism of such processes in diverse
corresponding to the reactants and products and the saddle poingy qtemg js important to understand the tautomerizations in DNA

corresponding to the TS are clearly shown. The identification \,5cas which are thought to be important in point mutafirs.
of the TS configuration is subjected to IRC calculation and the '

energy profile as a function of the reaction coordinate is shown
in Figure 4. The normal vibrational frequencies corresponding
to the three points on the surface have been calculated at the We have performed an extensive, high-level quantum chem-
MP2 and DFT levels using 6-31G** basis set. The mode of istry theoretical study for the formic acid catalyzd tautomeric
the TS species having negative frequency has been identifiedconversion of formamide to formamidic acid in a 1:1 molecular
as the reaction coordinate. complex. Thermodynamically, the process is endothermic, and

4. Summary and Conclusion
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the predicted energy difference between the two tautomeric
forms in the isolated molecule and in the hydrogen-bonde
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energetic and kinetic parameters are quite sensitive to the levelJ- J- Chem. Phys1988 88, 722.

of theoretical calculations. However, both the MP2 and the DFT/
B3LYP calculations predict almost similar results when a large
basis set (6-31t+G**) is used. The mechanistic aspects of
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and a two-dimensional potential energy surface to look for
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