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In the previous paper a procedure has been proposed which permits a search for stationary
points on energy hypersurfaces by means of the calculations of reaction coordinates. The method
is applied in this paper to semiempirical quantum chemical methods. The reaction coordinate
calculations satisfy the boundary conditions required by the theory of absolute reaction rates
and are free of any chemical hysteresis. On the basis of calculations a mechanism of the H,CO =
<= HCOH rearrangement is suggested and the stability of hydroxycarbene is discussed.

Orce all-valence electron methods were introduced, attempts were made to construct model
energy hypersurfaces and to suggest or to verify reaction mechanisms. Ordinarily, the energy
of a molecule has been expressed as a function of only one or two molecular coordinates and the
stationary points were searched for as extrema of these simplified functions. The deficiences
of such a procedure are the rather arbitrary choice of coordinates relevant to the process and
the assumption about the-conservation of the other molecular coordinates in the course of the
reaction. Considerable progress was achieved by the introduction of numerical procedures
of Mclver and Komornicki® and of Dewar®'® in which a search for stationary points was made
by the determination of extrema on curves which were assumed to be reaction coordinates.
Though all coordinates of the molecule were taken into account, there still remained some
arbitrariness in the choice of the coordinate representing the least energy path. Another short-
coming of the procedure is the so called ‘“‘chemical hysteresis’ which means that generally the
reaction coordinates calculated for the forward and reverse reactions are different!. Therefore
in the latest calculations this approach has been abandoned and the stationary points (acti-
vated complexes) were searched for by direct geometry optimization®'> beginning with a trial
geometry based on symmetry considerations and chemical intuition.

The procedure reported in ref.S defines the reaction coordinate as a direction of motion in the
limiting case of zero velocity 7.8 The direction of the reaction coordinate was forced to be
parallel to the energy gradient and to a particular eigenvector of the matrix of force constants®.
The procedure is free of any chemical hysteresis and satisfies the boundary conditions required
by the theory of absolute reaction rates. The program created in our laboratory permits the cal-
culation of reaction coordinates defined in this way or according to Mclver and Komornicki.
The methods manageable are CNDO/Z, INDO and MINDO/2. Both closed shell and open
shell systems can be accommodated. The program was written in FORTRAN-IV and was tested
on computers of the IBM 370 series.

* Part 11 in the series Calculation on Reaction Mechanisms by the Semiempirical Methods;
Part I: This Journal 40, 1112 (1975).
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Formaldehyde-Hydroxycarbene Rearrangement 17

In this paper the INDO treatment of the formaldehyde-hydroxycarbene rearran-
gement is presented and both the reaction mechanism and the stability of hydroxy-
carbene are discussed.

THEORETICAL

A remark on the concept “reaction coordinate”. The concept of reaction coordinate
is not inherent in treatments utilizing the theory of absolute reaction rates. For
such a treatment it is only of relevance to examine stationary points on the energy
hypersurface and their nearest surroundings. However, the calculation of reaction
coordinates may facilitate finding structures that correspond to stationary points
because they reduce examination of extrema on the multidimensional energy surfaces
to examination of extrema on the two-dimensional curves of energy vs the reaction
coordinate. Moreover the reaction coordinate gives us information about the sequence
of stationary points through which the process may proceed. Hence the calculation
of the reaction coordinate permits one to write down directly the equations for suc-
cessive reaction steps.

The reaction coordinate can be defined from static and dynamic viewpoints.
In the former case it is taken as the least energy path on the valley bottom of the
energy hypersurface. In the latter” 2 it is defined as a direction of reaction for a velo-
city of reactants approaching zero. In our case the independent variable is length,
which is in contrast to that of time in dynamic methods of chemical reactivity. This
circumstance brings about some restrictions on the choice of a coordinate system
since it is possible in some coordinate systems to compare only lengths of different
vectors and consequently lengths of reaction coordinates. A coordinate system must
satisfy the following requirements: a) all independent coordinates must be of uni-
form dimension-length; b) translation and rotation of the whole system must be
avoided in a given coordinate system; c) the length of the straight line, i.e. the di-
stance between two points in a given coordinate system must represent the length
in the sense of the classical Euclidean geometry. Define the distance r between the
points x, and xg as the norm of a difference vector Ax = x, — xy, i.e. r = (AxT .
.Ax)"/2. On applying the transformation matrix A(xj = Ax,, xj = Axg, and
Ax’ = A Ax) the distance r is changed to r’ = (AxTATA Ax)'/2. Then »' = r only
if A is an unitary matrix. The length of the reaction coordinate is therefore not
invariant with respect to a nonunitary transformation of the coordinate system.
According to the classical Euclidean geometry it does not hold that in all coordinate
systems a distance between two points in the space is a norm of the difference vector.
Actually this holds only for cartesian coordinate systems. For this reason the length
of the reaction coordinate may be identified with the norm of the difference vector
only in cartesian coordinate systems or systems that can be derived from cartesian
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systems by a unitary transformation. This is noted to overcome the invariance dif-
ficulties mentioned in ref.®,

The conditions a)—c) restrict considerably the choice of the coordinate system
for calculations. The cartesian coordinate system cannot be used because it violates
the condition b). A system of bond lengths, bond and dihedral angles does not
satisfy the conditions a) and c). In this paper use has been made of a coordinate
system which was derived from the cartesian coordinate system by a linear tras-
formation x' = B"x, where columns of B are eigenvectors of the matrix of force
constants of the reactant. The origin of this system was identified with the geometrical
center of a molecule. On transforming the gradient by means of the B matrix, six
components vanish with nonlinear molecules (with linear molecules five components
vanish). The other 3N--6 (3N —35) coordinates (where N stands for the number
of atoms) of the vector x'define the coordinate system used in this study. The system
so defined satisfies the conditions a) through c).

Though the length of the reaction coordinate is tractable only with a coordinate
system defined in this way, the equations presented in the next section hold in any
coordinate system. Compared to the case of coordinates suggested, the norms
of difference vectors between the individual points and curves representing reaction
coordinates would be different but the stationary points found and their order
would be the same. The resulting reaction coordinate would again be free of chemical
hysteresis.

Calculations of positions of points on the reaction coordinate. Let E be energy, g
gradient at the point x, ¢, the k-th eigenvector of the matrix of force constants in the
n-dimensional space defined in the preceding section. We next define s, as a scalar
product g'c,. For a point x to lie on the reaction coordinate, where the gradient
is parallel to the eigenvector ¢, it must hold

s= (L) =0. )

k*m

Consider a point x” with the gradient g’ as an approximation of the point x. In the
case of a quadratic surface the point x can be found by means of the following ex-
pression®

ro=— Y Ej'es;, )

j*m

where r; = x; — xj, sj = 2, ¢,;9, and E; is the j-th eigenvalue of the matrix of force
k

constants. Since the real surface is not quadratic, Eq. (2) must be applied several
times. Convergence was tested by means of Eq. (). In our-calculations, the iterative
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procedure was terminated if 3" s;/(g”7g’)"/* < 0:05. If some E; were small, the con-
k¥m

vergence was poor. For this reason a modified equation was used which is analogous
to the Levenberg-Marquardt formula'® for the optimization of functions

r=BTb. (3

Here B;; = Y (E + @)™ ! ¢;xcj and b; = . |E,| ¢y, The constant a was assumed
k¥m k¥m

to be proportional to s (Eq. (1)). The absolute value of E, in the expression for b;
ensures that the calculation converges only to points where all eigenvalues E, for
k = m are positive. The calculated reaction coordinates conform therefore to the
Murrell-Laidler rule?, according to which it must hold for each point on the reaction
coordinate (particularly in the vicinity of the activated complex) that the matrix
of force constants has not more than one negative eigenvalue which may be E,,.
Eq. (3) implies that the Murrell-Laidler’s requirements'® are satisfied as the only
eigenvalue which may be negative is E, and the corresponding eigenvector ¢,
is a tangent to the reaction coordinate.

The actual calculations proceeded as follows: I) the geometry of reactant was
optimized; 2) the coordinate system was shifted to identify its origin with the geo-
metrical center; 3) force constants were computed and the eigenvectors c? were
obtained; 4) Schmidt orthogonalization was performed to annihilate from eigen-
vectors cf pure translation and rotation terms which were introduced into calculations
by insufficient computer precision in numerical differentiation; 5) the first step of the
length d was performed (0-015 nm in our calculations) along the ¢ vector and Eq. (3)
was several times applied to obtain the point x'. The next step in the determination
of the length d was carried out along the gradient direction (Ec, (I) in ref.®) and the
procedure was iterated until the vicinity of the stationary point was achieved.
Geometry of this point was obtained by a multiple application of Eq. (3) in which
the summations in B and b extended over all indices k (standard Levenberg-Marquardt
method*®) until the square of the norm of the gradient was less than 2-57 . 10722
(7/m)?. The next step was performed along the direction of ¢} and the procedure
was repeated until the stationary point was reached. It should be noted that the curves
given by successive application of Eq. (3) indeed pass through the stationary points
without chemical hysteresis.

RESULTS AND DISCUSSION

First an approximation reaction coordinate was calculated for the process studied
according to the approach of Dewar?® and of Mclver and Komornicki*. The proce-
dure started from the optimized geometry of formaldehyde and then the H—C—O
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angle was successively lowered by 10° while the other coordinates were optimized so
that gradient components with respect to these coordinates vanished. The reaction
course obtained is presented*® in Fig. 1. Energies and structural parameters of com-
pounds I and I1I and of the stationary point I are given in Table I, Wiberg bond
indices, charges and dipole moments are given in Table II. Labelling of atoms is
consistent with Fig. 1. The nature of the stationary point I was examined by means
of the force constants matrix. It was found that this matrix possesses two negative
eigenvalues. The structure can therefore be neither a minimum nor a saddle point
and the reaction path calculated does not conform to the Murrell-Laidler rule about
the reaction coordinate'*.

Next the method described in the preceding section was applied. The first step
was performed along the eigenvector ¢, of the force constants matrix with the lowest
eigenvalue. It was found that the reaction course is more complex. Perspective
views on the relevant structures lying on the reaction coordinate are presented in Fig.2
Relevant energies and structural data are given in Tables I and II.

In the initial stage of motion the C,, symmetry is preserved. The two hydrogen
atoms reach over to the oxygen atom and the motion corresponds to the vibrational
mode of the “‘scissors” type. Energy and the gradient increase strongly. Charges
on hydrogen atoms grow to the detriment of the carbon charge. The dipole moment
decreases (see structure 7). Once the HCO angle passes 90° the reaction coordinate
is split and the break down of molecular symmetry occurs. The hydrogen atoms are
not equivalent any longer, the molecule is nonplanar without any axis of rotation.
Energy still increases, the gradient decreases, and the eigenvalue E; is negative. This
abrupt geometry change is reversible in the sense that on passing along the reaction
path in the opposite direction the molecule is again symmetrized by a jump. This
segment of the reaction path was recalculated by inclusion of doubly excited states.
It was shown that the jump is not due to the crossing. of potential surfaces and that
there is no extremum on the reaction path between IV and V. A more detailed analysis
of this portion of the energy hypersurface will be reported later. Next calculation
of the reaction coordinate leads to the structure V which corresponds to a stationary
point. Negative E, implies that it is an activated complex. Wiberg bond indices and
bond lengths show that the migrating hydrogen is about midway between oxygen
and carbon. Its bonding towards carbon is stronger and its positive charge grows
strongly so that negative charge originates on the other three atoms. Charge re-
distribution brings about an increase in the dipole moment. On proceeding further
along the reaction coordinate, energy decreases and one arrives at the minimum VI

* Drawings of molecules represent real perspective pictures of models of molecules enlarged
in the ratio 2. 10! : I as they would be taken by a camera with an objective of focal length
/50 mm. Use was made of a program written by the author of this paper for plotter Calcomp
on line with an IBM 370/135 computer.
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Reaction Mechanism Calculated by the Method of Dewar, Mclver, and Komornicki
Numbering of structures is the same as in Tables T and I1.
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Reaction Mechanism Suggested in This Work
For additional details see Fig. 1.
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which is very close to the activated complex V (the respective length of the reaction
coordinate between ¥ and VI is only 0-013 nm). Positive charge on the migrating
hydrogen reaches its maximum and a typical structure of a m-complex is formed.
OH bonding is stronger than CH bonding. The above noted split of the reaction
coordinate brings about the formation of one of the two mirror-image forms of VI.
In this case the existence of two enantiomers is due a trivalent asymmetric carbon.
Another interesting feature of the two enantiomers is the circumstance that they
cannot be interconverted in a single reaction step. The respective activated complex
would be structure I1 but it was established that no reaction coordinate can pass over
this structure. The only possible passage from one form of VI to the other is a two-step
process via formaldehyde or one of hydroxycarbene isomers (vide infra).

With the structure VI the direction of the eigenvector ¢, corresponds to the shift
of the migrating hydrogen which is perpendicular to thé H,,, CO plane. There
again a split of the reaction coordinate occurs since it is possible to proceed in the
sense of a positive and negative directions on the vector c;. If we follow the reaction
coordinate in the positive direction of ¢;, the CH bond weakens very rapidly, the OH
bond becomes stronger and the dihedral angle HCOH diminishes. Energy increases
and the eigenvalue E; decreases. After an initial growth the norm of gradient de-
creases and becomes zero at the structure ¥II which corresponds to a next saddle
point. On following the reaction coordinate one arrives at cis-hydroxycarbene VIII
(for data on the latter see Tables I and II). The positive charge on the migrating
hydrogen is about half of that in structure VI. Nevertheless, the dipole moment is
still high (1:15 . 1072° Cm) presumably because of a favourable structure. There is
a considerable charge alternation along the HCOH skeleton. By its nature the CO
bond in cis-hydroxycarbene lies somewhere between the ketone-like double and
enolic single bonds. It is not as weak as in structure VI, where n bond weakening
is maximum due to the ¢ — = interaction , and not purely enolic as it might be as-
sumed on the basis of its formula.

If a negative direction of the vector ¢ is followed from VI, then one arrives at
trans-hydroxycarbene I11 over the activated complex IX. In contrast to VIII with
trans-hydrcxycarbene there is no charge alternation and all positive charge is ac-
cumulated on the migrating hydrogen. Also the dipole moment is considerably
lower; it is even lower than the dipole moment of formaldehyde. Trans-hydroxy-
carbene is 3-4 . 1072° J higher in energy than cis-hydroxycarbene. The two isomers
are genuine minima on the energy hypersurface and the passage between them occurs
over an activated complex (this process is also not simple and will be treated in more
detail in a next paper). The higher stability of cis-hydroxycarbene with respect
to the trans isomer may be assigned to a coulomb interaction between the hydrogen
atoms that bear opposite charges.

It is interesting that the reaction mechanism can also be described roughly in terms
of the empirical theory of maximal overlap. The essential feature of the reaction
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at the beginning is a decrease in overlap between the hydrogen Is atomic orbitals
and the carbon sp? hybrid orbitals. Apparently, a simultaneous shift of the two
hydrogens is more favourable than a shift of a single hydrogen along a twofold
distance. If the HCO angle is lower than 90°, the overlap noted rapidly approaches
zero. At this stage the dominating role can be assigned to the overlap between the
hydrogen 1s orbital and the bonding n orbital of the C—O bond. This overlap just
reaches its maximum in the n-complex VI. In the next stage the effect of the = orbital
steadily decreases and it is the interaction between hydrogen cation and lone pairs
on oxygen which is getting important. This interaction brings about stabilization
of cis- and trans-hydroxycarbenes. It is noteworthy that the process studied may
probably be taken as a rather common case of a reaction with a symmetrical reactant
and product which does not proceed over an activated complex of the same symmetry.
This may serve as a warning against noncritical applications of the Woodward-Hoff-
mann orbital symmetry rules to chemical processes where the symmetry conserva-
tion is assumed.

All calculations performed refer to the energy hypersurface for the lowest singlet
state of the molecule. Since the ground states of some known carbenes are triplet
states, a question may be asked whether 1] and VIII indeed correspond to ground
states, Excited states of I and [1] —1X will be examined in a later paper: Here we note
only the results of CNDO/S calculations (involving configuration interaction) and
of direct geometry optimizations of c¢is- and trans-carbenes. In both cases singlet
ground states were favoured. Experimental data are lacking as there is only some
evidence on methoxycarbene that its ground state is the singlet state!>''3, For both
cis- and frans-hydroxycarbene the geometry optimization in the lowest triplet
state gives a single pair of enantiomers X and X' whose energy and geometry para-
meters are listed in Tables I and TI.

Tt is known that the angular dependence of the total energy is better accounted
for by INDO than the dependence on bond lengths. This can be documented by rea-
sonable bending force constants and barriers to internal rotation given by INDO
and CNDO/2 (ref.'*). It may thus be assumed that the error in energy involved
in unimolecular rearrangements is lower than it is with dissociation and addition
reactions. A further argument for this is a circumstance that the theoretical over-
estimation of bond energies is systematic. For reactions where the same number
of bonds is being broken and the same number of bonds arises, a partial cancellation
of errors in bond energies may be anticipated. The energy differences presented
in this paper are believed to be at least in semiquantitative agreement with experiment.
The total heat of reaction can be expressed by the following equations

H,CO = trans-HCOH — 540 kJ/mol , (4)

H,CO = cis-sHCOH  — 420 kJ/mol. (B)
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For partial reaction steps, it was found
N * *
H,CO = H=C——0 — 450 kJ/mol; E| = 458 kJ/mol; E = 9 kJ/mol; )
H
<N + 3 *
H=C——O0 == trans-HCOH + 10kJ/mol ;. Ey = 41 kJ/mol; EZ,; = 51kJ/mol; (D)

N . + +
H=C——0 = c¢is-HCOH +- 30 kJ/mol; E;” = 39kJ/mol; EZ; = 63 kJ/mol; (E)

where E} and EZ are, respectively, energies of activation for forward and reverse
reactions.

From equations (4) and (B) it follows that the formaldehyde-hydroxycarbene
equilibrium is practically entirely shifted in favour of formaldehyde. A very low
energy barrier of the reverse reaction of (C) implies that structure VI is converted
almost quantitatively to the structure I immediately after its formation. The structures
11T and VI are predicted to be stable. The energies of activation for the reverse reac-
tions of (D) and (E) are rather high. At low temperatures, unimolecular decom-
position of hydroxycarbenes is therefore unlikely. It may be assumed that the ex-
tremely low pressure at which bimolecular processes will hardly occur and sufficiently
low temperature are conditions under which hydroxycarbene might be stable. Such
conditions are met for example in outer layers of some stars where hydroxycarbene
was detected spectroscopically’®. Possible existence of hydroxycarbenes with rather
high barriers of inversion might indicate an important role of hydroxycarbenes
in the synthesis of sacharides in the prebiotic state of the earth evolution.

The author thanks Dr R. Zahradnik for numerous comments, encouragement, and advice. The
author is also indebred 10 Dr P. Cdrsky and Dr J. Kuthan for valuable comments.

REFERENCES

. Meclver J. W. jr, Komornicki A.: J. Amer. Chem. Soc. 94, 2625 (1972).
. Dewar M. J. S., Kirschner S.: J. Amer. Chem. Soc. 93, 4290, 4291 (1971).
. Dewar M. J. S,, Kohn M. C.: J. Amer. Chem. Soc. 94, 2704 (1972).
Komornicki A., Mclver J. W. jr: J. Amer. Chem. Soc. 95, 4512 (1973).
Dewar M. J. S.: Science 187, 1037 (1975).

. Pancit J.: This Journal 40, 1112 (1975).

Fukui K.: J. Phys. Chem. 74, 4161 (1970).

. Brickman J.: Z. Naturforsch. 284, 1759 (1973).

. Pearson P. K., Schaefer I1I H. F.: J. Chem. Phys. 62, 350 (1975).

. Brown K. M., Dennis J. E., jr: Numer. Math. I8, 289 (1972).

. Murrell J. N,, Laidler K. J.: Trans. Faraday Soc. 64, 371 (1968).

— O 00N A W=

Collection Czechosfov. Chem, Commun. [Vol. 42] {1977]



Formaldehyde-Hydroxycarbene Rearrangement 27

12. Schollkopf U., Lerch A., Pitteroff W.: Tetrahedron Lett. 1962, 261.
13. Oecle P. C., Louw R.: Tetrahedron Lett. 1972, 4941.

14. Pople J. A., Beveridge D. L.: Approximate Molecular Orbital Theory. McGraw-Hill, New
York 1970.

5. Vardya M. S.: Mon. Notic. Roy. Astron. Soc. /34, 347 (1966); Chem. Abstr. 67, 58775 (1967).

Translated by P, Cérsky.

Collection Czechoslov. Chem. Commun. [Vol. 42] [1977]





