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Due to the easy migration of silyl groups, the chemistry of silylpyrazolones exhibits various
unimolecular reaction channels not encountered in conventional pyrazolone chemistry. The
unimolecular rearrangement process starting from the CH form of N-(trimethylsilyl)-
pyrazolone (which is primarily formed in the intramolecular condensation reaction of
silylhydrazones) is investigated by density functional (B3LYP) and ab initio (MP2) calcula-
tions. The transition states are discussed in detail. First, the organosilyl group migrates
from the nitrogen atom to the oxygen atom (1,3-Si shift). The second and third steps consist
of two consecutive 1,2-H shifts from the carbon to the nitrogen atom. The barriers for the
hydrogen migrations determine the overall classical barrier. In comparison to the reactant
CH form, the most stable isomer O-silylpyrazolone is lower in energy by 5 kcal mol~1. This
finding is in agreement with the experimental result. The calculated structure of this isomer
is compared with X-ray diffraction data. The OH and NH forms of N-(trimethylsilyl)-
pyrazolone are slightly higher in energy than the CH form.

1. Introduction

5-Pyrazolones are very important in pharmaceutics
(e.g., phenazones) and serve as precursors for dyes,
pigments, and pesticides. They can be prepared by
condensation of organohydrazines and acetoacetic ethyl
esters to form hydrazones which undergo intramolecular
condensation when heated above 100 °C.}

The pyrrole-type hydrogen atom in pyrazolones is
particularly mobile. 1-Substituted 5-pyrazolones can
exist in three possible tautomeric forms (Scheme 1).12
For example, in the case of 3-methyl-1-phenyl-5-pyra-
zolone, the CH form is stable in nonpolar solvents,
whereas in aqueous solution the NH (90%) and OH
(10%) forms coexist in equilibrium.?

Silylhydrazones are prepared by condensation of tris-
(organyl)silylhydrazines and acetoacetic ethyl esters.
Cis/trans mixtures of silylhydrazones are obtained,
where the trans configuration is preferred for sterical
reasons. When heated above 240 °C, ethanol and N-
silylpyrazolones are formed by intramolecular conden-
sation. After 1,3-N,O-silyl group migration an O-si-
lylpyrazolone is obtained (Scheme 2)34 The solid
O-(organosilyl)pyrazolones are stable toward oxygen and
water. The CH form (Scheme 1) could not be isolated.
The OH and NH forms (Scheme 1) were not detectable
either.
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It is well-known that silyl groups in neutral and
anionic molecules can undergo easy migrations.5=8 This
has been applied to the synthesis of isomeric compounds
as well as to stabilizing elements in lower coordina-
tion.®10 It is a unique feature in silylpyrazolone chem-
istry that additional isomers exist which are unknown
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Figure 1. Potential energy diagram (schematic) for the isomers of the O-(trimethylsilyl)-3-methyl-5-pyrazolone system.
The abscissa does not correspond to any well-defined reaction coordinate. Energetic differences are taken from B3LYP/
6-31G(d)-calculations (see the text). The Lewis formulas of the six isomers and five transition states are also shown in this
figure. The CH form 2 is the primarily formed product (see Scheme 2). The experimentally isolated species 5 is the most

stable structure.

in conventional pyrazolone chemistry. The NH hydrogen
in O-silylpyrazolones is acidic and can be substituted
by electrophilic agents.?

In a recent series of papers!—13 unimolecular expan-
sion reactions of rings containing nitrogen and silicon
atoms were reported. Reaction mechanisms have been
suggested which are supported by density functional
(DFT) calculations. The isomerizations proceed either
via a single transition state!>!3 or via more than one
transition state!?13 involving stable intermediate spe-
cies. Large-amplitude motions play a crucial role in the
unimolecular rearrangement processes.

In this article we present a thorough quantum-
chemical study of the unimolecular isomerization path-
ways of silylpyrazolones, with particular emphasis on
reaction mechanisms and transition states.

2. Methodology

The calculations are performed for isolated molecules, i.e.,
molecules in the gas phase which may well be compared with
experimental results in aprotic polar and in nonpolar solvents.
In protic solvents, however, tautomerism is mediated by
intermolecular mechanisms which are not a subject of this
work.? To reduce the computational expense, the calculations
were performed for derivatives of (trimethylsilyl)hydrazine
instead of those of (di-tert-butylphenylsilyl)hydrazine.® Hence,
we study the isomerizations of O-(trimethysilyl)-3-methyl-5-
pyrazolone (5).
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The structures of the stationary points 1—6 and TS1-TS5
(see Figure 1) were optimized using Becke’s three-parameter
hybrid method B3LYP with Becke’s exchange functional*4 and
the correlation functional of Lee, Yang, and Parr.’® The
6-31G(d) basis set was employed in the DFT calculations; it
comprises 197 contracted Gaussian type orbitals (cGTOs) for
C7H14N20Si. To characterize the stationary points (minima or
first-order saddle points) on the potential energy hypersurface
(PES), the Hessian matrices at these points were calculated.
The energies were further corrected for zero-point vibrational
effects (harmonic level; imaginary frequencies not included)
which, however, are usually only of minor importance in
isomerization reactions. The TS routine of GAUSSIAN98'¢ and
the intrinsic reaction coordinate (IRC) method'"'® were em-
ployed for the calculation of the transition state (first-order
saddle point) geometries.

The nomenclature of the ring atoms used in this work is
given in Chart 1.

3. Results and Discussion

The calculated geometries of the 11 stationary points
1-6 and TS1—-TS5 are contained in Table 1 and
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Chart 1

C,—Cy

displayed graphically in Figure 2. The energetics of the
isomers are given in Table 2 and in Figure 1.

Local Minima on the PES. We start our analysis
with the CH form of the 1-silylpyrazolone 2 and define
the corresponding energy at zero. This species is pri-
marily formed in the intramolecular condensation reac-
tion of the silylhydrazone (see Scheme 2). The C=0
double bond (122.1 pm) has the shortest C—0O distance
of all structures considered in this work. The same holds
for the N(2)—C(21) bond, which is calculated to be 128.9
pm. The C(2)—C(3) bond (153.1 pm) is the longest
endocyclic distance encountered in this system. The
exocyclic N—Si bond measures 180.6 pm. The five-
membered ring defines a plane of symmetry, and the
molecule belongs to point group Cs. The xz-system
includes six electrons delocalized over five atoms.

As in 1-arylpyrazolones the system can isomerize from
the CH form via TS1 into the OH form 1, which is
located 9.6 kcal mol~ higher in energy than 2. The C—O
bond is elongated by 14.1 pm, indicating a single bond.
The C(2)—C(3) bond is contracted by 15.3 pm compared
to 2. The C(1)—C(2) bond is shortened by 8.2 pm and
adopts a value between a single and a double bond. The
other geometrical parameters change only slightly
compared to 2. The O—H bond distance amounts to 96.9
pm. The OH hydrogen atom is coplanar with the ring,
and the system exhibits Cs symmetry. The OH form is
aromatic, with six s-electrons being delocalized over six
atoms.

In silylpyrazolones the CH form can isomerize by 1,3-
silyl migration from the nitrogen to the oxygen atom
via a four-center transition state (TS2). Isomer 3 (point
group Cs) shows the largest N—N distance (143.6 pm)
of all structures investigated in this work. Because the
nitrogen atom N(1) now has only two neighboring
atoms, it can form a double bond with the nitrogen atom
N(2). Accidentally, the B3LYP results for both C=N
double bonds amount to 129.1 pm. The C—C bond
lengths are rather similar to each other (150.7 pm for
C(1)—C(2) and 150.4 pm for C(2)—C(3)). The new O—Si
bond measures 173.0 pm. The endocyclic C—C—C angle
(97.8°) is smallest in species 3. Structure 3 lies 7.7 kcal
mol~! above the CH form 2 and is energetically very
similar to the OH structure 1 and the NH form 6 (see
below). Four s-electrons are delocalized over four atoms.

Via an 1,2-hydrogen shift (TS3) between the carbon
atoms C(2) and C(1), species 4 is obtained. Relative to
the CH form 2, this structure has a high energy (21.1
kcal mol~1) which is due to the exocyclic methyl group
being no longer coplanar with the ring and the +1 effect
of the methyl group being absent in this structure. The
m-system comprises only four electrons, which are
delocalized over four atoms. The C—Me distance is
larger by more than 3 pm compared to all other isomers,
and the N(2)—C(1)—C(2) angle (104.1°) is the smallest
observed. The N—N bond distance (125.9 pm) clearly

(17) Gonzalez, C.; Schlegel, H. B. J. Chem. Phys. 1989, 90, 2154.
(18) Gonzalez, C.; Schlegel, H. B. J. Phys. Chem. 1990, 94, 5523.
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indicates a double bond. The same holds for the C(2)—
C(3) bond (134.7 pm). The N(1)—C(3) distance (143.8
pm) is longest in the species.

By a further 1,2-hydrogen shift (TS4) the NH form
of the O-silylpyrazolone 5 is obtained. In agreement with
the experimental result,? this is the most stable isomer
of the system (—5.2 kcal mol~1 with respect to the CH
form 2). In contrast, in the absence of polar solvents the
CH form is the most stable species in arylpyrazolones.
In silylpyrazolones a new absolute minimum arises with
a NH functionality. This structure should not be con-
fused with the NH form of arylpyrazolones, because the
keto group is not existent in 5. The N(1)—N(2)—C(1)
angle is widened to 113.5°. The ring exhibits Cs sym-
metry. Six m-electrons are delocalized over the five-
membered ring, and the condition for aromaticity is
fulfilled.

Structure 5, with a di-tert-butylphenylsilyl group
instead of a trimethylsilyl group, has been characterized
by X-ray diffraction.? It is evident that the endocyclic
bond lengths lie between typical values of single and
double bonds, indicating the aromaticity of the five-
membered ring, which is planar with a sum of angles
of 540°. The endocyclic (and exocyclic C—0) bond
distances and angles agree well with the experimental
result® (given in parentheses): r(N(1)—N(2)) = 136.6 pm
(137.4), r(N(2)—C(1)) = 136.0 pm (134.4), r(C(1)—C(2))
= 138.8 pm (137.1), r(C(2)—C(3)) = 141.7 pm (140.0),
r(C(3)—N(1)) = 133.0 pm (132.3), r(C—0) = 134.8 pm
(135.4); a(C(2)—C(3)—N(1)) = 112.3° (112.7°), (C(3)—
N(1)—N(2)) = 103.6° (103.2°), a(N(1)—N(2)—C(1)) =
113.5° (112.7°), a(N(2)—C(1)—C(2)) = 105.8° (106.6°), a-
(C(1)—C(2)—C(3)) = 104.8° (104.7°). The B3LYP Si—0O
distance is calculated to be 171.5 pm, whereas the
experimental result amounts to 166.26 pm and the
C—0-Si angle from X-ray diffraction (135.2°) is almost
9° wider than the calculated angle (126.4°). The differ-
ence appears partly to be due to the shallow potential
for bending the oxygen valence angle and partly due to
the fact that different substituents are involved in
theory and experiment. The bulky tert-butyl and phenyl
groups widen the angle and the electron-withdrawing
effect of the phenyl group further polarizes the silicon
atom and increases the Si—O bond strength.

Finally, 5 has the possibility to undergo a further 1,3-
silyl migration (TS5) to yield the NH form of the
silylpyrazolone 6, which can be compared with the
corresponding structure known from conventional pyra-
zolone chemistry. It is energetically located at 7.3 kcal
mol~! above the CH form 2. Despite the fact that the
sum of endocyclic angles amounts to almost 540°, the
ring is not planar and does not exhibit Cs symmetry.
The NH nitrogen atom is sp3-hybridized, and the
hydrogen is tilted out of the ring plane by about 45°.

Transition States. The saddle point between the
primary CH form 2 and the OH form 1 is governed by
the motion of a hydrogen atom from the carbon site C(2)
to the oxygen atom. The reduced mass corresponding
to the normal mode with imaginary harmonic wave-
number amounts to 1.097 amu, which is essentially the
mass of a hydrogen atom. The O—H bond distance
amounts to 137.3 pm, which is 40.4 pm longer than in
1. The distance H—C(2) is calculated to be 147.5 pm.
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Figure 2. B3LYP/6-31G(d) structures of 11 stationary points on the O-(trimethylsilyl)-3-methyl-5-pyrazolone potential

energy hypersurface (see the text).

Table 2. B3LYP/6-31G(d) and MP2 (with Different Basis Sets) Energies (in kcal mol~?1) of the 11 Stationary

Points (Calculated at B3LYP/6-31G(d) Equilibrium Geometries)?

1 TS1 2 TS2 3 TS3 4 TS4 5 TS5 6
B3LYP/6-31G(d) 9.6 71.9 0.0 30.9 7.7 46.2 21.1 45.8 —5.2 26.4 7.3
MP2/6-31G(d) 6.7 72.4 0.0 30.5 7.7 43.9 22.3 44.5 -5.9 26.6 9.2
MP2/6-31G(d,p) 4.0 70.3 0.0 30.3 7.8 42.5 22.0 42.6 —7.2 25.0 8.1
MP2/6-31+G(d,p) 25 68.5 0.0 30.0 7.8 41.8 21.7 421 -7.5 24.2 6.6
MP2/6-311+G(d,p) 1.7 68.0 0.0 31.9 9.8 42.4 23.1 42.8 -5.9 25.8 6.0
B3LYP/6-31G(d) + AEz 9.8 68.0 0.0 30.5 7.8 43.8 21.0 43.2 —4.6 26.6 7.8
MP2/6-311+G(d,p) + AEz 1.9 64.1 0.0 315 9.9 40.0 23.0 40.2 —-5.3 26.0 6.5
AHR°(298 K)P 10.0 0.0 7.5 21.5 —4.4 7.9

aE(2) is set to zero for all methods/basis sets. ® B3LYP/6-31G(d).

However, the migrating hydrogen atom is also interact-
ing with the carbon site C(3), where the C(3)—H
distance is only 4.2 pm longer compared to C(2)—H. The
saddle point structure may be characterized as a four-
center transition state. Both endocyclic carbon—carbon
bond distances become appreciably smaller on going
from 2 to 1. The transition state TS1 is closer to 1 than
to 2. The nonmigrating hydrogen atom and the oxygen
atom are in a trans conformation enclosing a torsional
angle of 63.1°. The reactive normal coordinate in TS1
also includes the motion of the nonmigrating hydrogen
atom into the plane of the ring. TS1 is energetically
located at 71.9 kcal mol~? above the CH form 2. The
described 1,3-H-shift isomerization process is unimo-
lecular. In the case of steric hindrance inhibiting in-
tramolecular transitions, the proton may prefer the
intermolecular migration mechanism. This tendency
would be enhanced in the presence of protic solvents.
In this case, the relatively high barrier to isomerization
will become considerably lower. It should be noted that
tunneling of the proton will play an important role in
the isomerization dynamics.

From the intramolecular condensation of silylhydra-
zines, the CH form of the silylpyrazolone 2 is formed.
The isomerization toward the most stable product 5
passes through the two intermediate structures 3 and
4 and the three saddle points TS2, TS3, and TS4. The
B3LYP/6-31G* energetics of the minima and saddle
points considered in this work are displayed schemati-
cally in Figure 1.

TS2 is located at 30.9 kcal mol~! above the CH form.
The structure is characterized by the 1,3-SiMe; shift
from the nitrogen to the oxygen site. The Si—0O (205.9
pm) and Si—N (213.0 pm) distances are almost equal
in length. The acute angle at the silicon atom is
calculated to be 62.5°, whereas the angle at the endo-
cyclic carbon site (114.3°) indicates sp? hybridization of
this atom. The remaining two angles are calculated to
be 93.6° (Si—O—C) and 89.5° (Si—N—C). The sum of
angles amounts to 360.9°, and the torsional angle
O(N(1)—C(3)—0-Si) is —2.7°. The bicyclic structure of
the four-center transition state is almost coplanar. The
reactive normal coordinate with an imaginary wave-
number of 221 cm™1 is described by a wagging motion
of the trimethylsilyl moiety against the pyrazolone ring
system. The corresponding reduced mass amounts to
8.58 amu.

The reactive normal mode is depicted graphically in
Figure 3. It can be seen from this figure that the five-
membered ring approximately performs a rotation in a
clockwise direction around an axis perpendicular to the
ring plane. This axis intersects the plane very closely
to carbon atom C(2), which is almost at rest, as can be
seen from the small arrow in Figure 3. The silicon atom
and two of the methyl groups migrate from N(1) to C(3).
The third methyl group, which is perpendicular to the
ring plane (see Figure 2), moves only very slightly
during the passage of the transition state.

The transition state TS3 connecting structures 3 and
4 corresponds to a 1,3-prototropic change. The proposed
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Figure 3. Reaction coordinate at saddle point TS2: i.e., the normal coordinate with the imaginary harmonic wavenumber
(see the text). The dashed lines denote the two bonds being broken and formed, respectively.

unimolecular isomerization process can be substituted
by a bimolecular mechanism involving protic solvent
molecules. However, this pathway is not the subject of
the present study. The saddle point TS3 exhibits a
three-center transition structure formed by the carbon
atoms C(2) and C(3) and the migrating hydrogen atom.
The distance between the proton and C(2) (125.4 pm)
is shorter than the distance H—C(3) (138.4 pm), and the
saddle point may be classified as a late transition state.
The C(2)—H—C(3) angle is calculated to be 68.3°. The
reactive normal coordinate is governed by the hydrogen
migration (the corresponding reduced mass amounts to
1.40 amu) but includes substantial changes of the
endocyclic bond lengths (except the C(1)—C(2) bond).
The saddle point is energetically located at 46.2 kcal
mol~1 above 2.

The saddle point TS4 describes the second 1,2-H shift.
Also, this step can be afforded through an intermolecu-
lar pathway. In TS4, the proton migrates from the C(1)
site to the nitrogen atom N(2). The three-center struc-
ture is rather similar to TS3: The C(1)—H distance
amounts to 129.2 pm, and the N(2)—H distance is
calculated to be 131.6 pm. The enclosed angle measures
68.1°. The saddle point is 45.8 kcal mol~! higher in
energy compared to the CH structure 2, very similar to
the energetics of TS3. The same holds for the reactive
normal coordinate with corresponding reduced mass of
1.27 amu, which also in this case indicates the governing
migration of the hydrogen atom. However, all five
endocyclic bond lengths are subject to a change in the
isomerization 4 — 5.

It should be noted that tunneling is supposed to
strongly influence the reaction dynamics of both 1,2-H
shifts via TS3 and TS4.

From the most stable species 5 a further 1,3-Si shift
from the oxygen atom back to the nitrogen atom can
occur. The structure of the saddle point TS5 is rather
similar to that of TS2. The O—Si—N angle is calculated
to be 64.0°, and the O—C—N angle amounts to 111.3°.
The sum of angles of the four-center transition state is
359.6° with a torsional angle 6(N(1)—C(3)—O—Si) = 5.8°.
The bicyclic TS5 is approximately coplanar. Moreover,
it exhibits approximate Cs symmetry because one of the

three methyl substituents of the silicon atom lies in the
plane of the ring. In contrast, in TS2 one of the three
methyl groups is almost perpendicular to this plane (see
Figure 2). The harmonic wavenumber of TS5 amounts
to 205 cm~! with a corresponding reduced mass of 7.43
amu. The reaction coordinate corresponds to a wagging
motion of the trimethylsilyl group and the ring, where
the O—Si bond is broken and a new Si—N bond is
formed.

It remains in question whether the isomerization
process is indeed unimolecular, as described in Figure
1. Tautomerism often occurs when two species simul-
taneously exchange two protons, in particular when a
six-membered cyclic transition state structure can be
formed. This appears not to be possible for silylpyrazo-
lones. Thus, the intermolecular reaction mechanisms
should involve protic solvent molecules. Alternatively,
the OH form of the silylpyrazolones may play an active
role in these intermolecular processes. While the hy-
drogen shifts can also be afforded via intermolecular
mechanisms, the silyl shifts are essentially unimolecu-
lar. This has been shown in appropriate experiments
by Klingebiel et al.'® When differently substituted
silylpyrazolones were present in the reaction, no cross
products could be detected.

MP2 Calculations. To assess the quality of the DFT
results, second-order perturbation calculations accord-
ing to Mgller and Plesset (MP2) with the 6-31G(d) basis
set were performed at the B3LYP/6-31G(d) geometries
of the 11 stationary points. The results are given in
Table 2. The energies of the CH form 2 are set to zero
for all methods and basis sets. As in our previous work
on silylhydrazine chemistry,'12 the MP2 results are in
good agreement with the B3LYP/6-31G(d) calculations.
The differences between the B3LYP and MP2 energies
of six stationary points are below 1 kcal mol~1; only for
structure 1 and TS3 is this difference above 2 kcal
mol~1.

The basis set dependence of the MP2 results has been
studied at the B3LYP/6-31G(d) geometries. To study the
influence of polarization functions on the hydrogen

(19) Klingebiel, U. Private communication.
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nuclei, we made use of the 6-31G(d,p) basis set (239
cGTOs for C;H14N20Si). We then added diffuse func-
tions (6-31+G(d,p); 283 cGTOs) to assess their influence
on the saddle point structures. Finally, extra valence
functions were added, yielding a basis set of triple-¢
quality (6-311+G(d,p); 334 cGTOs).

Polarization functions on hydrogen slightly lower the
energy differences with respect to 2, in particular for
the structures involving a migrating hydrogen atom
(TS1, TS3, TS4) and the structures containing an NH
(5, 6) or OH bond (1). The influence of additional basis
functions is rather small, with the exception of the OH
form 1. Here, the energy is systematically decreased
from 6.7 to 1.7 kcal mol~1. The same behavior can be
observed for the NH form 6, and, less pronounced, for
TS1. When the MP2/6-31G(d) and MP2/6-311+G(d,p)
results for the most stable structure 5 are compared, it
is evident that the small basis set calculation benefits
from error compensation.

The influence of zero point vibrational energy is very
small, with the exception of the three saddle points
involving hydrogen migration. Here, the energy differ-
ences are lowered by 2.4 kcal mol~! (TS3), 2.6 kcal mol~!
(TS4), and 3.9 kcal mol~1 (TS1). The reason is the strong
decrease of the high frequencies of the CH, NH, and OH
stretching vibrations in the transition states, which
usually are on the order of 10 kcal mol~! (e.g., in TS1
the harmonic wavenumber of the hydrogen stretching
vibration perpendicular to the reaction coordinate
amounts to only 1764 cm™1).

3. Conclusions

Silicon is normally much more reactive toward the
hard Lewis base oxygen than toward the softer Lewis

Schmatz

base nitrogen.® The silyl group tends to be attached to
the most electronegative atom. The 1,3-silyl group
migration from nitrogen to oxygen in silylpyrazolones
is one more example for this rule. The chemistry of these
compounds is richer in unimolecular isomerizations
compared to conventional pyrazolones.

The complex unimolecular rearrangement process
starting from the primarily formed CH form 2 can be
described as follows: First, the organosilyl group mi-
grates from the nitrogen atom to the oxygen atom (1,3-
Si shift). The second and third steps consist in two
consecutive 1,2-H shifts from the carbon site C(2) to
nitrogen atom N(2). The barriers of the hydrogen
migrations determine the overall classical barrier (42—
46 kcal mol~1) where, however, tunneling of the proton
may play an important role in lowering the effective
activation energy. In comparison to the reactant, the
most stable isomer O-silylpyrazolone is lower in energy
by 5 kcal mol~1. The OH (1) and CH (6) forms known
from conventional pyrazolone chemistry are higher in
energy than both 2 and 5 and can be reached via a single
transition state starting from 2 or 5, respectively.
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