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convergence of the SCF procedure was also observed in this
study at allenic geometries (e.g., 82 iterations at point 2 of
Table [ using a carbene-like initial guess for the wave function).
The SCF results for linear geometries corresponding to points
2,3,4,5,and 7 of Table I were examined further by requiring
stricter convergence {difference of the square of the coefficients
less than 1 X 1078) and by using three initial guess vectors (a
carbene-like vector from point 3, a nitrene-like vector from
point 3, and diagonalization of the one-electron Hamiltonian)
for each point. The choice of orbitals with which to perform
the ClI was also examined by means of iterative natural orbital
Cl calculations on these points. All single and double valence
excitations were allowed as described above as CI114.

For points 2, 4, 5, and 7 only one SCF energy (see Table I)
was obtained with the various initial guesses at the MO. As
noted, the convergence at point 2 was remarkably slow. For
point 3, two distinct SCF solutions were obtained. The lower
SCF energy (—130.578 374) was calculated using either the
diagonalized one-electron Hamiltonian or the nitrene vector
initial guesses. When a carbene initial guess was employed an
SCF energy of —130.576 445 was obtained for what is almost
certainly a fully converged iterative process (difference square
coefficients 0.79 X 10™8). A consideration of the highest two
occupied MOs of the two SCF wave functions indicates that
the final result for this allenic geometry retains the character
of the initial guess. Thus the higher energy SCF wave function
is of carbene and the lower energy result of nitrene charac-
ter.

The INO-CI energy results are given in Table VII. For
points 4, 5, and 7, the first iteration of the NO procedure
yielded the lowest energy indicating that the SCF~-MO provide
a suitable set of correlating orbitals. However, for points 2 and
3, which most resemble allenic structures, several cycles of the
INO procedure lead to lower energies. For point 3, the higher
carbene SCF solution more rapidly reaches a minimum energy
than does the lower SCF energy nitrene solution.

Thus, the electronic structure of HCCN is somewhat bizarre
in the region of linear allenic geometries. This observation
notwithstanding, it seems clear that at the level of theory re-
ported here, no combination of alternate SCF solutions with
natural orbital iterations leads to an energy lower than that of
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the conventional bent cyanocarbene. Therefore, it may be
concluded that, although correlation effects significantly
Sfatten the predicted Hartree-Fock potential energy surface,
the qualitative SCF geometrical prediction of a bent cyano-
carbene structure for HCCN remains valid.
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Determination and Analysis of the Formic Acid
Conformational Hypersurface
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Abstract: An analytical conformational hypersurface was fitted to a total of 64 ab initio SCF energy points for formic acid. The
geometries of the syn and anti minima, and the OH rotation and C-O-H in-plane inversion saddle points, were determined
from the hypersurface. The syn and anti structures, as well as the saddle point for tautomerization (H transfer), were also

found directly by complete geometry optimization.

A topic of considerable interest is the interdependence of
isomerization or tautomerization and conformational change.
Although it is traditional to discuss these processes as inde-
pendent phenomena, in effect they represent different cross
sections of the same energy hypersurface. Perhaps the justi-

0002-7863/79/1501-1076$01.00/0

fication for the separation of these processes lies in the dif-
ference in barrier heights, but sometimes certain conforma-
tional transition states may also have relatively high energies.
This situation occurs for methanol, for which the barrier to OH
rotation has been calculated! to be 1.44 kcal/mol, while the

© 1979 American Chemical Society
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Table I. Syn-Anti Energy Difference and Barrier to OH Rotation

for Formic Acid

AE, kcal/mol@ AEy, kcal/mol® ref
Experimental

17 10

2.0 10.9 (98°) 11

13.4 12

>4 13
Theoretical

8.1 14

9.46 14.20 15

8.1 13.0 16

6.3 12.2 (97°) 17

4.8 12.34 18

4 Syn-anti energy difference. ¢ Energy difference between TS, and
S (barrier height for rotation). The torsional angle 7 of TS; is indicated
in parentheses, if not assumed to be 90°.

barrier to in-plane inversion at oxygen was 32.5 kcal/mol. The
inversion barrier for water was computed! to be 31.1 kcal/
mol.

A molecule that possesses rotational, in-plane inversion and
tautomerization barriers is formic acid, as illustrated by
Scheme L.

Table I collects previous experimental and theoretical data
for the syn-anti energy difference (AE) and the barrier (AE ;)
to OH rotation (path 1, through TS;). The barrier to in-plane
inversion (AE;) may be estimated from water and methanol!
to be 30-35 kcal/mol, while TS3 has been calculated? to lie
74.2 keal/mol above the syn (S) conformation. This situation
is illustrated in Figure 1, using the notation of Scheme I.

The geometrical parameters used to define the hypersurface
are the O-H bond length (), the C-O-H angle («), and the
O=C—O—H torsional angle (7), and all the critical points
from Scheme I lie on this hypersurface.

The portion of the hypersurface involved in paths 1 and 2
can readily be described in terms of r, «, and 7, but a trans-
formation of the hypersurface coordinates suitable for path
3, including the C,, symmetry of TS3, has not yet been found.
Here, then, we report a mathematical fit of the conformational
portion of the formic acid hypersurface, and the determination
of the geometries of TS; and TS,, which cannot be obtained
by direct energy optimization.

Method

The structures of syn, anti, and linear (which should ap-
proximate TS,) formic acid were determined by minimal basis
set ab initio calculations,? with complete geometry optimiza-
tion. Sixty-one more points were generated by varying the O-H
bond length (r) between 0.91 and 1.10 A, the C-O-H bond
angle (o) between 90 and 210°, and the O==C—O—H tor-
sional angle (7) from 0 to 180° to systematically cover the
entire hypersurface coordinate space. For each of these latter
61 points, the C=0 and C-O bond lengths and the O=C—QO
angle were optimized. The C-H bond length and O=C—H
angle were fixed at 1.106 A and 124°, respectively, based on
the results of the complete geometry optimizations. Also, to
maintain planarity at the carbon atom, the O-C-H angle was
decreased by 1° for every 1° increase in the O=C—O angle
during the optimization.

An analytic equation of the form

E=E(rar)= X’I Cifi(r)gi()hi(7) M

where each term is a product of three functions, one for each
of the coordinates r, a, and r, was fitted to the 64 points by a
least-squares stepwise regression technique.# Polynomials in
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Figure 1. Projected energy profile for the total conformational (processes
S=A,S = A’) and tautomerization (process S = S’) hypersurface of
formic acid. The structures and pathways are labeled as in Scheme 1.

Scheme 1. Critical Points of the Formic Acid Hypersurface

H
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H
TS,

(r —0.99)" were used for f;, and truncated Fourier series for
8i and h;.

Results and Discussion

The optimized geometries of the syn, anti, and linear
structures are given in Table II. As expected, the HC(=0)O
moiety was planar for all three conformers. The syn geometry
agrees fairly well with the experimental gas-phase structures
listed in Table III, except that the C-O bond is somewhat
longer than the more recent microwave results. Our optimum
geometry is very close to that obtained by Del Bene et al.,’ the
first QM entry in Table III, using the same basis set.

The calculated syn-anti energy difference (AE) was 4.5
kcal/mol, comparable to the experimental values of Table I,
and smaller than the previous ab initio results. The barrier
heights for rotation of the hydroxyl group and inversion at
oxygen (through a linear C-O-H bond) can only be estimated,
as these critical points’ cannot be determined by minimization
of the energy. To locate these transition states, an analytical
hypersurface fitted to the points was searched for its critical
points.

The terms and linear coefficients of eq 1 are detailed in
Table IV. The average error of the fit was 0.014 kcal/mol (the
root mean square error was 0.020 kcal/mol), and the largest



1078

Journal of the American Chemical Society [ 101:5 |/ February 28, 1979

Table I1. Optimized Geometries of Formic Acid Conformers (Bond Lengths in dngstroms, Angles in Degrees)

conformer Cc=0 C-0 C-H 0-C-0 0=C—H O-C-H O-H C-O-H E, hartrees
syn4 1.214 1.378 1.102 124.2 125.5 110.3 0.991 105.4 —186.217 80
anti® 1.211 1.382 1.108 1214 123.4 115.2 0.988 106.4 —186.210 70
linear 1.215 1.316 1.109 123.7 124.3 112.0 0.952 180.0¢ —186.131 99

4 The O=C—O—H torsional angle was fixed at 0°. # The O=C—O—H torsional angle was fixed at 180°, ¢ The C-O-H angle was fixed

at 180°.

Table III. Experimental Gas-Phase and Theoretical Structures of Syn Formic Acid

method“ Cc=0¢ C-0? C-H? 0-C-0¢ O=C—Hr¢ O-C-H-¢ O-H? C-O-H¢ ref
ED 1.24 1.42 117. 19
ED 1.213 1.368 123.5 20
IR 1.225 1.41 125. 122. 113. 107. 21
ED 1.23 1.36 122.4 0.97 22
MW 1.22 1.34 1.09 124.8 121.7 113.5 0.97 105.5 23
MW 1.245 1.312 1.085 124.3 0.95 107.8 10
MW 1.202 1.343 1.097 124.9 124.1 111.0 0.972 106.3 24
MW 1.237 1.312 1.092 125.0 121.0 114.0 0.961 107.8 25
ED 1.217 361 1.106 123.4 127.5 109.1 0.984 107.3 26
MW 1.228 1.317 1.097 125.0 124.6 110.4 0.974 106.8 27
QM 1.214 1.386 1.104 123.7 125.9 110.4 0.991 104.8 5
oM 1.215 1.332 1.085 0.97 114. 6

2 Experimental methods used were electron diffraction (ED), infrared spectroscopy (IR), and microwave spectroscopy (MW). QM refers
to ab initio quantum chemical structure prediction. * Measured in 4ngstroms. ¢ Measured in degrees.

Table IV, Formic Acid Analytic Hypersurface Equation?®

term fi(r) hi(7)? (o std error9
1 1 1 1 142.352 1.359
2 r—0.99 1 1 75.112 1.081
3 (r — 0.99)2 1 1 730.793 4.890
4 (r —0.99)3 1 1 480.235 93.560
5 1 (sin )2 1 -130.079 1.357
6 r—0.99 (sin a)? 1 —88.570 1.223
7 1 (sin 2a)? 1 =5.675 0.158
8 r—0.99 (sin 2a)? 1 -17.872 1.105
9 (r —0.99)3 (sin 2a)? 1 —-587.811 132.736
10 1 cos & 1 77.940 1.049
11 (r—099)} cosa 1 1349.907 164.122
12 1 cos 3a 1 9.310 0.304
13 r—0.99 cos 3a 1 13.218 0.607
14 1 sin « cos T —3.360 0.099
15 r—0.99 sin a cos T -0.984 0.265
16 (r—0.99)} sina cos T —864.179 79.527
17 1 sin 2« cos T —1.680 0.129
18 1 sin 3« cos T -1.320 0.093
19 1 sin 4o cos T -0.175 0.038
20 r—099 sin 4o cos T 1.280 0.206
21 1 sin 2« cos 21 6.101 0.215
22 1 sin 3« cos 271 6.962 0.251
23 1 sin 4o cos 271 1.937 0.076
24 ] (sina)?  cos2r 3.826 0.254
25 r—0.99 (sin a)? cos 21 3.058 0.166
26 1 (sin 2&)?  cos 27 —-3.846 0.088
27 (r—=099 (sin2a)? cos2T —3.260 0.201
28 (r —0.99)} sin3«a cos 31 455.938 23.738
29 1 sin 4o cos 31 0.051 0.010
30 1 (sin )2 cos 37 -0.712 0.015
31 1 (sin 2a)? cos 37 0.238 0.009
32 1 (sin @)? cos 41 -0.082 0.008
33 1 (sin 2a)?  cos 47 0.071 0.014
34 (r = 0.99)2 (sin2a)? cosd4r —20.904 7.631

4 Each term in the equation is a product of three functions f;(r)-
gi(a)hi(r), one for each coordinate. ¥ Note that only cos n7 was used
owing to the rotational symmetry about 7 = 0°. ¢ These coefficients
calculate E(r, o, 7) in kcal/mol relative to the energy of the optimized
syn conformer. 4 Standard error of the coefficient.

Table V. Coordinates and Energies (kcal/mol) of the Critical
Points of the Formic Acid Hypersurface

conformer r A  a,deg 7,deg AE(fitted)? AE(ab initio)?
syn (S) 0.990 104.7 0.0 0.00 0.00¢
anti (A) 0.990 105.7 180.0 4.36 4.46¢
TS, 0.993 104.8 89.7 9.55 9.614
TS, 0.950 180.8 0.0 53.82 53.85¢

@ Measured relative to the energy of the syn conformer fromeq 1.
4 Measured relative to the energy of the optimized syn conformer from
Table I1. ¢ At the geometry from Table II. 4 For the point (7, a, 7)
= (0.990, 105.0°, 90.0°). ¢ At the linear geometry from Table 11.

deviation was 0.06 kcal/mol. Thus the hypersurface equation
should accurately follow the true ab initio hypersurface, which
was confirmed by examining plots of various cross sections of
the fitted hypersurface. All terms are significant (i.e., different
from zero) at the 1% confidence level.

Two notes should be made concerning the form of the
equation: for a linear C-O-H angle (a = 180°), there isa line
of degeneracy (constant energy) in the 7 subspace, which is
incorporated into the equation. Terms 1-13 have no 7 depen-
dence for all values of a, and terms 14-34 are identically zero
when «a is 180°, Also, since (r — 0.99) is in the range 0.0-0.1,
terms with (r — 0.99)%and (r — 0.99)3 for f;(r) are effectively
multiplied by factors of the order 0.005 and 0.0005, respec-
tively, accounting for the large coefficients for those terms.

The minima of the analytic equation were found directly
using a variable metric optimization technique.® The saddle
points were determined by minimizing?® the squared gradient

length® Sg:
oFE)?2 QE\2 JE\?2
Sg=|—| +|— -
8 (ar) (aa) +(br) @)

which is zero at a critical point. The order of the critical point
was then determined from the number of negative eigenvalues
of the Hessian matrix H which has elements
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TS3

Figure 2. Optimized geometry of the saddle point for tautomerization
(TS;). The symmetry was constrained to be Cy,,. All interatomic distances
are measured in dngstroms.

Q2E
H,‘,’ =0T
04;04;

where the g’s each refer to one of r, «, or 7. Minima are zero-
order critical points; saddle and supersaddle points have orders
1 and 2, respectively.

Table V contains the coordinates and relative energies of the
critical points of the analytic hypersurface. The hydroxyl
rotation saddle point (TS;) occurs very near r = 90° (per-
pendicular), and as r and « vary only slightly between the syn
and anti minima, path 1 corresponds to essentially rigid rota-
tion. The linear structure ( TS;) is actually a supersaddle point
(order 2) and is predicted to lie quite close to the optimized
linear geometry. The geometries and relative energies deter-
mined from the analytic equation compare favorably with those
obtained directly from ab initio calculation, as may be seen
from Tables IT and V.

The computed barrier to rotation (through TS;) is a bit
lower than the previous ab initio and experimental values, but
the 54 kcal/mol barrier to in-plane inversion (through TS;)
is considerably higher than that of water or methanol (31-32.5
kcal/mol).!

Although the entire tautomerization hypersurface was not
determined, the geometry of TS3 was optimized within the Cy,
symmetry, and is shown in Figure 2. Thus the barrier to tau-
tomerization is 59 kcal/mol, considerably lower than the 74
kcal/mol computed previously? using the same basis set.
Figure 3 collects all the calculated results, and is comparable
with Figure 1, the estimated results.

The values of AE and AE| are likely reliable to within a few
kilocalories per mole, as suggested by the experimental results.
However, AE; and AFE'; (through TS; and TS3) may contain
errors of 5-10 kcal/mol as the minimal basis set may not have
sufficient flexibility to describe these nonequilibrium geome-
tries. Despite these systematic errors, more figures are included
in Table V so the small differences between the analytic
equation and direct determination approaches are visible.

In conclusion it perhaps should be emphasized that the
conventionally accepted notion that barriers along reactive
coordinates of a hypersurface are always considerably higher
than barriers along conformational coordinates of the same
hypersurface (cf. Figure 3) need not necessarily be always true.
The present results (tautomerizational barrier 59 kcal/mol,
in-plane inversion 54 kcal/mol) with a difference of 5 kcal/mol
in barrier heights would tend to support this conclusion.
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Figure 3. Computed energy profile for the total conformational and tau-
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