Theor Chem Acc (2010) 127:223-229
DOI 10.1007/s00214-010-0750-6

REGULAR ARTICLE

Dispersion-corrected energy barriers for silylene addition
to white phosphorus, a density functional investigation

into substituent effects

Wolfgang W. Schoeller

Received: 8 December 2009/ Accepted: 20 March 2010/ Published online: 18 April 2010
© The Author(s) 2010. This article is published with open access at Springerlink.com

Abstract A density functional investigation into differ-
ently substituted silylenes with respect to the first step in
the addition to white phosphorus is presented. The inves-
tigations include dispersion corrections in the density
functional treatment. They become sizable for the transi-
tion state geometries for the silylenes as they become
increasingly substituted by bulky groups. Hence, dispersion
corrections are essential for a quantum chemical treatment
of real molecules using density functional theory. The
different singlet—triplet energy separations of differently
substituted silylenes were also investigated and compared
with calculated activation barriers for the first step in the
addition reaction.
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Substituent effects

1 Introduction
Professor Hinze made seminal contributions in his early

work on electronegativity [1], a valuable basis for further
developments in electronic structure theory [2]. His
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scientific interests spanned a broad range of physics and
chemistry, and he always exhibited a strong empathy for
students. I am pleased to be able to contribute the present
scientific work in memory of this prominent scientist and
teacher.

The degradation of white phosphorus (P4), although
known for more than a century [3-6], has so far escaped a
clear mechanistic understanding. Experimental studies in
the 1980s [7-9] reveal that the degradation process is
strongly dependent on a diverse set of conditions: the
choice of the nucleophile, the ratio of the nucleophile with
respect to P4, etc. A more clear-cut understanding of these
reactions comes from the systematic investigation into
metal fragments involved in white phosphorus degradation
[10-12], as well as, more recently, by reactions with
carbenes [13, 14] and, in one report, on silylene addition to
white phosphorus [15]. Detailed experimental reaction
studies are also known for phosphenium cations [16, 17].

The reaction of the silylene I with P, proceeds in two
steps (Scheme 1). In the first step, the silylene inserts into
the PP-bond with the formation of a bicyclobutane species
II, which can be isolated and structurally characterized
[15]. A second silylene can be added with concomitant
final product formation of III. Both processes were
recently characterized by density functional calculations
[18]. These studies confirm the two-step mechanism, but at
the same time reveal the electrophilic nature of the silylene
in the P, attack (Scheme 2).

For the reaction to form II, an electrophilic transition
state structure Ila is adopted with a simultaneous stretching
of one PP-bond of the tetrahedron. Furthermore, a second
P, can stabilize the transition state structure, forming a
trigonal bipyramid, IIb. Under product formation, this
second P, is freed again; thus, it can participate in the white
phosphorus degradation in an autocatalytic cycle [18].
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Scheme 2 Transition state structures

Most noticeably, white phosphorus degradation with
silylenes has been demonstrated by only a single repre-
sentative example capable [15]. This prompts me to
investigate this aspect more closely and to search for other
silylenes having low-energy barriers for the insertion
reaction. While the principal findings regarding the reac-
tion mechanism of a silylene addition to P4 are outlined in
part 1 of my study [18], in the present work, a further
analysis of substituent effects is described. I report here
density functional calculations on the following two
aspects of silylene addition to white phosphorus: (a) vari-
ation of the silylene ranging from species with small to
large singlet—triplet energy separations and (b) the effect of
substituents on the energy barrier for the reaction. It will be
shown that large substituents, which in general are required
for kinetic stabilization of silylenes, cause considerable
steric crowding, with concomitant sizable dispersion
energies in the transition state structures. Hence, an ade-
quate description for these reactions requires density
functional treatments with dispersion corrections. At this
point, the approach is restricted to the consideration of the
first step in the reaction, i.e. from the educt to II. A proof
that the second step in the reaction from II to III follows
the same reaction path has previously been given in the first
part of my studies on this problem [18].

@ Springer

This paper is organized as follows: In the first part, a
selected variety of silylenes is discussed. In the second
part, the corresponding energy barriers for the first step of
the addition reaction are evaluated for the various silylenes.

2 Theoretical section

All calculations were performed with the Turbomole-6.0
[19] set of programs. Throughout, density functional theory
was employed. The structures of the molecules were opti-
mized with the PBE (Perdew, Burke, Ernzerhof) functional
[20] using the triple-{ basis set of Ahlrichs et al. [21]. This
level of theory is denoted here by PBE/TZVP. In addition, we
utilized this functional with further corrections for the dis-
persion energies. These were performed according to the
approach of Grimme et al. [22]. This computational level is
denoted as PBE-D/TZVP. The vibrational calculations were
carried out using analytical derivatives. All transition states
and energy minima have been characterized according to
their vibrational frequencies.

3 Results and discussion
3.1 Silylenes

Silylenes became intensely studied during the last two
decades and are nicely summarized in a recent review [23].
The species taken into consideration in the present study
are shown in Scheme 3.

Of these species, 2 and 5 have yet to be described
experimentally. On the one hand, silylene 6, which has no
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Scheme 3 Investigated silylenes
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nitrogen stabilization of the electron-deficient center,
appears to be only marginally stable in the reported
experiments [24]. On the other hand, 3 (R = t-butyl) has
been characterized as indefinitely stable [23].

One characteristic aspect of these electron-deficient
compounds is the singlet—triplet energy separation. When
this is large, then the silylene is expected to be stable, but
at the same time it is reluctant to react. The adiabatic
energy differences between the singlet and triplet lowest
in energy were evaluated with the PBE density functional,
both with and without dispersion corrections. Computa-
tional details are outlined in the Theoretical Section of
this publication.

The silylene 1 with a 6-membered ring was character-
ized with different types of substitution patterns, with

Fig. 1 Equlibrium structures of
the bulky silylenes 1f to 1i and
6¢ to 6d. For clarity, the
hydrogen atoms are omitted

6¢c

methyl or silyl groups attached at either the exocyclic
double bond, 1b and 1¢, or the nitrogen atoms, 1d and 1le.
The silylenes 1f and 1g refer to the cases with phenyl or
2,6-dimethyl-phenyl substitution at the nitrogen positions.
Finally, the species 1h corresponds to the experimentally
characterized structure, with 2,6-diisopropyl-phenyl
(R = Ph2) substitution at the nitrogens [25]. In accord with
the experiment, 1h bears an additional methyl group at
C(3) of the ylium structure. We also consider bulky
substituted silylenes with terphenyl substituents, 1i, and
silylenes having #-butyl, 6c, or trimethylsilyl, 6d, substi-
tution. The terphenyl-substituted silylene, 1i, has not pre-
viously been reported. Plots of the computed equilibrium
structures for the sterically encumbered structures in their
energy lowest singlet states are shown in Fig. 1.

6d
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Table 1 Adiabatic singlettriplet energy separations (negative, in
kcal/mol) and frontier orbital energies (negative, in eV) of silylenes

Structure R R R" —E%_1 (PBE-D) —E§_r (PBE)
1la H H H 48.9 49.1
1b H CH; H 434 43.6
1 H SiH, H 522 523
1d CH; H H 47.6 47.6
le SiH; H H 48.6 48.6
1f Ph H H 44.2 44.6
1g Phl H H 44.7 449
1h Ph2 H CH; 433 43.5
1i Ph3 H CH; 42.7 43.0
2 H 55.2 55.1
3 H 58.9 59.1
H 70.1 70.4
5 H 55.2 55.1
6a H 25.5 23.4
6b CHj; 23.8 23.4
6c r-butyl 13.4
6d TMS 28.6

The computational levels are PBE-D/TZVP and PBE/TZVP

Ph, phenyl-1; Phl, 2.6-dimethyl-phenyl-1; Ph2, 2.6-diisopropyl-phe-
nyl-3-methyl-1; Ph3, 2.6-diphenyl-phenyl-1 (terphenyl); TMS, tri-
methyl-silyl

* Energy values in kcal/mol

In 1f, the phenyl substituents tend to m-overlap with the
6-membered ring. Substitution with alkyl groups, as in 1g
and 1i (a = CH3, b = CH,), brings these, however, into an
almost perpendicular orientation. In 1h, the iso-propyl
groups are oriented in such a way that the methyl groups
become trans to the 6-membered ring, and the hydrogen at
the o-C is aligned over the C—-N axis. In 1f to 1i, the
6-membered ring is almost planar, but such is not the case
in 6¢c and 6d. There the five-membered ring is strongly
puckered and the CSiC angle in 6c¢ is less acute (95.7°) than
in 6d (91.9°). This parallels the smaller S-T energy sepa-
ration in the former compared to the latter (see Table 1).
An evaluation of the S-T energy separations for these latter
two silylenes without dispersion corrections (PBE level)
was not attempted.

The calculated energy separations between the lowest
singlet and triplet electronic states (S-T) span a wide range
(see Table 1). Alkyl substitution (6c, 6b) reveals small
energy differences, as is known from previous investiga-
tions [26], while the 5-membered silylenes show large S-T
energy separations. That result agrees with findings for the
corresponding carbon analogues [27].

A peculiar effect results from silyl substitution at the
exocyclic double bond, i.e. in 1b vs. 1c. The largest S-T
separation is computed for R = H and R’ = SiH;3. In
conformity with a population analysis, the singlet structure

@ Springer
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Scheme 4 Resonance structures for silylene 1c

of 1 is stabilized by admixture of an ionic limiting structure
shown by the resonance structure 1cb (Scheme 4).

By contrast, phenyl substitution, i.e. in 1f to 1i, reduces
the S-T energy separation with respect to the parent com-
pound la. The smallest energy separation is predicted for
1i, which refers to R = a terphenyl substituent. The species
3 and 4 are summarized as stable species [23]; the S-T
energy separations are large but less than in the corre-
sponding carbon analogues [27]. Silylene 5 is experimen-
tally unknown and can best be compared with the
monoamino-substituted carbon analogue [28], while sily-
lene 6 is known for its fleeting existence [24]. For com-
parison, we have included in our considerations the parent
silylene SiH,. The resulting S-T energy separation
(PBE-D/TZVP) is 16.0 kcal/mol in favor of the singlet
ground state, thus giving rough agreement with the best
available calculations on this species (21.0 kcal/mol) [29],
based on a MCSCF calculation with subsequent MRCI
energy correction.

One further aspect should be discussed here. The S-T
separations were calculated at the two computational lev-
els, (a) with (PBE-D) and (b) without (PBE) inclusion of
dispersion effects in the density functional treatment. The
values in Table 2 are collected for both levels. The

Table 2 Energy barriers E,; (in kcal/mol) and most important struc-
ture parameters (in A) of transition states, at PBE-D/TZVP level

Structure  P(1)Si P(2)Si  P(DPQ) E,  AEg, E

1a 2531 2462 2.629 192 43 —489
1b 2531 2469  2.634 186 45  —473
1c 2531 2443 2.650 184 48  —46.6
1d 2521 2454 2637 182 53  —46.7
1e 2538 2441  2.634 125 56  —429
1f 2538 2449  2.659 s 7.1 —43.5
1g 2543 2454 2.630 146  10.1 —48.9
1h 2565 2494  2.651 152 143 —48.7
2 2560 2438  2.623 143 4.1 —44.6
3 2554 2422 2611 323 37 —497
4 2531 2503 2.726 24 38 =500
5 2544 2496 2615 89 39  —421

Energy values of the stationary points are ZPE corrected
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Scheme 5 Approach paths to the white phosphorus tetrahedron
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difference in dispersion effects between singlet and triplet
structures appears negligibly small, albeit triplet structures
tend to have larger valence angles at the silicon center,
when compared with the corresponding singlet geometries.
This aspect becomes more important, since dispersion
energy corrections to the density functional treatment may
change considerably during the reaction (vide infra).

3.2 Reaction barriers

As outlined in part I of these studies [18], the molecular
orbitals of white phosphorus, 8b, can be related to the
molecular orbitals of a simple phosphine, 8a. Local orbitals
of a PH; unit can be used to construct the full set of
molecular orbitals for the P, tetrahedron with T4 symmetry
[30]. Based on these symmetry considerations, both elec-
trophilic (El) and nucleophilic (Nu) approach to the tetra-
hedron are feasible, either at the corners (i, k) or at the edge
(j) of the tetrahedron. A schematic sketch is shown in
Scheme 5.

Since the silylene behaves as an electrophilic species
with respect to P, [18], interaction can only occur
according to (i) or (j). The former refers to m-complex
formation, in which one lone pair at P, combines with the
empty p-orbital at the silylene. The calculations reveal that
such an interaction is fairly small (<2 kcal/mol) for the
investigated silylenes [18] and does not cause any con-
siderable reorganization of the P, moiety. The reaction path
to insertion of the silylene into one PP-bond of the tetra-
hedron follows according to (j). The transition state
structures are anticipated in ITa and IIb [18].

The stationary points for the overall reactions toward II,
the first insertion step of the overall path, are sketched in
Scheme 6.

As in the S-T investigations, a selected variety of sily-
lenes was chosen. Quantum chemical calculations were
then performed at a density functional level with dispersion

D)

ant

n

P4+ silylene

7AN
Ve

Scheme 6 Reaction profile for silylene addition

corrections (PBE-D). The results of these investigations are
collected in Table 2.

The energy barriers E; are computed as the sum of the
energies from the educt side (P4 plus silylene) minus the
energy of the transition state structure. Table 2 also sum-
marizes the changes in the dispersion energy corrections,
AEg;,, from the educt side to the transition state.

The stronger steric demand of the substituents in the
transition state structure of 1h is depicted in Fig. 2.

The nitrogens in TS-1h are pyramidalized, with the
consequence that the iso-propyl substituents tend to bend
toward each other. They thus increase the steric hindrance,
and dispersion corrections in the transition state structure
come to the fore.

In general, the energy of the density functional is given
by the following ansatz (1).

E = Emean + Edisp (1)

Ejean 18 the energy resulting from the density functional
treatment, and Egg, is the dispersion energy. The
dispersion energy is not an observable quantity: it is a
correction to the density functional. The magnitude of Eg;s,
is negligibly small for the silylenes with “small”
substituents, but it becomes sizable for the very bulky
1h. On the one hand, the dispersion-corrected energy
barrier for the overall reaction of 1g compared with 1h
increases only slightly, which can be attributed to the
increase in the van der Waals interaction in the transition
state structure. On the other hand, density functional
calculations without dispersion corrections predict a
sizable increase in the energy barrier from 1f to 1h. For
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Fig. 2 Plots of the transition
state structure for the first step
in the reaction of 1h with white
phosphorus; left: front view,
right: side view

the latter, a PBE/TZVP calculation of the reaction path
predicts a barrier of 29 kcal/mol, too large for reasonable
agreement with experiment. The reaction occurs under
mild conditions [15], which indicates a much lower barrier
for the insertion.

The lowest energy barrier is predicted for 5, a hitherto
experimentally unknown silylene. As has been shown in
carbene chemistry [14], such species may become more
stable by steric protection with bulky substituents. The
largest energy barrier results for 3 (and to a lesser extent for
4), which also shows large S-T energy separations
(Table 1).

4 Conclusions

Our investigations can be summarized as follows:

(1) A variety of silylenes, studied by density functional
calculations at PBE/TZVP and PBE-D/TZVP level,
present singlet—triplet energy separations that depend
on the stabilization of the electron-deficient silicon
center by electron-donating substituents. The 6-
membered ring system is intermediate, it possesses
S-T energy separations between 45 and 50 kcal/mol.
The 5-membered ring systems (“Arduengo type”
compounds) exhibit larger S-T differences; hence, an
insertion into P, becomes less favorable. At the same
time, they are well characterized as isolable entities.
An attainable target is 2. Based on the S-T estimate, it
should be isolable if substituted with bulky substit-
uents. By contrast, the terphenyl-substituted 1i reveals
a lower S-T energy difference.

(2) The energy barrier for insertion has been studied
here only for the first step of the overall reaction
(see Scheme 1). Based on the previous study [18]
(part 1), the second step proceeds similarly to the

@ Springer

first step and findings for the second step appear
likely to apply equally to the first step. While the
present calculations did not account for participation
of a second P4 in the addition process, such a
process seems less likely for sterically encumbered
silylenes such as 1h, due to steric congestion in the
transition state structure.

(3) The density functional computations reveal an impor-
tant aspect regarding the overall calculations of
transition state barriers using these methods. The
advantage of density functional calculations is that
they can nowadays be performed easily for bulky
structures. In general, these are needed for the
synthesis of unstable structures in main group chem-
istry, in order to protect kinetically highly reactive
centers, e.g. that of a silylene. Such calculations need
to account for alterations in steric congestion as the
transition state forms. As this study illustrates,
changes in the dispersion energy corrections in going
from the educt to the transition state may become
sizable, which may be a non-negligible quantity in the
density functional treatment. Finally, the importance
of dispersion forces in the equilibria of silylenes with
disilenes has been recently stressed in a combined
experimental and theoretical study [31]. Hence,
similar effects on the reactions of “real” molecules
of chemical interest in main group chemistry are to be
anticipated.
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