311

Journal of Organometallic Chemustry, 65 (1974) 311—3256
© Elsewvier Sequoia S A, Lausanne — Printed m the Netherlands

PHOTOELECTRON SPECTRA AND MOLECULAR PROPERTIES

XX111*. PHOTOELECTRON SPECTRA OF SILICON-SUBSTITUTED YLIDIC
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Summary

The photoelectron (PE) spectra of the simplest phosphorus yhde
(CH;);P=CH, and several C-siyl-substituted denvatives have been measured,
and the influence of thms substitution on the frontier orbitals 1s discussed.
Expennmental values for P=C waonization and CNDO/2 calculations on these
systems show that ““silyl stabilization™ 1s not the consequence of a w-energy
lowenng but of a decrease of the MO coefficient at the yhdic, quasi-anionic
carbon atom.

The PE spectra of the yhdes are compared with those of isoelectronic
systems, which contain N or O instead of C, and Si instead of P. 6(S1—C)
ionizations are shown to be rather dependent on the other groups attached to
silicon, and to vary over a remarkable 2 eV range.

Introduction

Schmidbaur et al. were the first to investigate extensively the field of
trimethyl P-ylides and their organometallic substitution products {1-7]. C-silyl
substituted compounds showed extra stability compared to the parent ylude (¥).
We measured the He(I) photoelectron spectra of several representative sihcon
substituted ylides (II)-(V), (VHI), and compared them with isoelectronmic sys-
tems (VI), (VII), (IX)-(XI).

In studies directed towards the question of (p—d)n-bonding, examination
of influence of silicon on neighbouring (p—p)« systems showed for ethylene,
butadiene, and acetylene a destabilization of the highest w-level by SiRj
(R =H, CH;) as compared to hydrogen [8-15]. This substituent effect in the

* For part XXII see Ref 25
** Author to whom correspondence should be addressed.
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ground state* 1s of the order of one eV, while electronic excited states*> are
much less affected, probably because of a compensating or even dominating
a*—d back-bonding. With the m-electrons in P=C systems showing extremely
low iomization energies, the silicon back-bonding is expected to be much more
pronounced than in other molecules having 7-systems at higher iomzation ener-

ges***.

Experimental

Prof. Schmidbaur prowvided the ylidic phosphorus compounds (I)-(VHI).
For preparation see refs. 1-6. Handling and repurification of all substances was

*The donor effect dominates in the ground state in all “normal’ w-systems [8-15}
**The acceptor effect often dominates in the excited state, depending on energy level and coefficient

of the substituted centre [8, 91

*$*For a sample model, mteraction depends on. (1) Energy separation d, m@r™), (2) size of coefficient
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carried out under nitrogen or argon or in a high vacuum line Extreme caution
was necessary because trimethyl P-yhides are extremely sensitive towards oxy-
gen and water. Even traces of impurities are detectable in the PE spectrum and
several decomposition products are more volatile than the parent yhde Yhdes
of low volatility, (V), (VIII), cannot be measured successfully with the normal
gas inlet system of the spectrometer. Even with extermal heating, either the
signal-to-noise ratio 1s t00 small or thermal cracking products are recorded. We
used the followmg method of inserting the probe mto the heated inlet without
decomposition. The substance (1f a sohd, 1t 1s melted under argon) 1s sucked
mto an argon-flushed capillary, from which 1t 1s transfered mto a Schlenk-
apparatus contaming a sample tube (1 mm @, 15 mm long). The first drop 1s
discarded and the tube 1s then filled to about three quarters. Shortly before
measurement the sample inlet tube 1s ‘“‘sealed’” with a drop of nitrogen-saturat-
ed hexane (Uvasol) Such a cover gives sufficient protection against air when
used without delay, to transport the sample from the Schlenk tube mto the
mlet system of the spectrometer, where the hexane 1s pumped off immediately.
After a few minutes the substance can be measured at any reasonable tempera-
ture [(V), (VIII) at 60-80°]

Photoelectron spectra were recorded with a Perkin—Elmer PS 16, employ-
mg a 127° electrostatic deflection-type analyser (He, I = 21.22 eV excitation).
Resolution of at least 0.040 eV was achieved.

Discussions of 1onization potentials measured in the low-energy region
(6-9 eV) must be carried out with special caution, since we have found varying
dewviations from the argon calibration, leading to errors 1 low 1onization ener-
gies of up to —0.2 eV. For any discussion of effects of this order or less, at least
three calibrations at different potentials would be necessary for each spectrum.

Results and discussion

The PE spectra of tnmethylmethylenephosphorane* (I) and the three
simple S1 denvatives (I11)-(IV) are presented in Fig. 1. The abscissa gives ioniza-
tion potentials 1n electron volts, while the ordinate shows the relative intensity,
measured 1n counts per second.

Without doubt the mmitial band of each spectrum must be assigned to the
yhide w-electrons, whereas iomizations near 10 eV, 11.5 eV, 12-13 eV, and
13-14 eV may be mterpreted by comparison with tetramethylsilane [17]
(TMS) and trimethylphosphine [16-18]. These show signals mainly Si—C (£2),
P—C (e), (S1)CHj3, or (P)CHj3 1n character, at 10.5 eV, 11.33 eV, 13.7 eV, 14.0
eV respectively. This sequence 1s 1n accord with mncreasing VSIP’s (Valence
State Iomzation Potentials) [19]. For compound (1V), an additional band at
8 63 eV must be assigned to a S1—S1 1onization, which is found in hexamethyl-
disilane at 8.69 eV.

From chemical evnidence and from ab imtio {20], ETH [21] and CNDO/2
calculations, the dominating charactemstic of an yhde is the rather localized
and only moderately stabilized electron pair at the yhidic carbon atom. This can

*The spectrum of (I) was measured by Miss S Elbel and 1s more fully discussed elsewherxe [16] 1n
connection wath (CH3)3P=X (X = NH, O, S, Se, BH3).
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Fig. 1. Photoelectron spectra of vhdes (I1)<(IV) + argon calibration (15 76 eV)

interact not only with P{d) but also with Si(d) orbitals of proper symmetry,
and the amount of stabilization is expected to be larger than n .~ Si(d) in
C=C systems. A companson 1s given in Fig. 2. In contrast to the nearly
unchanged fuirst 1omization potentials of compounds (I)-(IV), silicon substituted
ylides are known to be stabihized relative to the unsubstituted methylidene,
according to the transylidation reaction (1)*.

(RaP—CH,SiR,)* CI™ + RaP=CH, ~ R3aP=CHSiR; + (RyP—CH,)* CI— (1)

Additionatl information concerning the electronic properties of ylides can
be obtained from the interesting case of two silicon bridged vlidic centers.
Fig. 3 gives the PE spectrum of a bis-ylide (V).

* Note added 1n proof The lattice energies of the two onium salts may also contribute to the overail
snergstics ofreastion 1)
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Fig 2 wn-lormzation energies of the C=C and P=C n-system for companson of substituent effects

Group-theoretical arguments require two different w-levels, for there is no
degeneracy in point group C,,. As would be expected for a strong interaction,
two distinct 1onmizations are observable. The energy separation 1s 0.32 eV, and
the average m-energy is raised by 0.4 eV. Increased electron density lowers the
“81 - §1”” 1onization more than one eV. A future comparison with the 4- and the
6-membered nng compounds 1s intended.

New questions arise from comparing compound (I) with the isoelectronic
imine (VI). Looking at the double bond along the (CHj)3P=X senes (X =0,
NH, CH,), the P=X w- and o-bond energies change according to different
VSIP’s of X.

The two degenerate m-levels 1n the oxide (9.8 eV) are sphit info one 7- and
one sp?-electron pair 1n the imine (8.2/9.2 V), while there is only one m-orbit-
al left in the related yhde (6.9 eV) {16}.

Assignment of the two imine levels can be made through comparison with
azomethines, because there is no d-orbital contribution. With the knowledge of

\
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Fig 3 PE spectrum of (V)
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the m-energies 1 ylide (I), trans-2-butene and the corresponding azomethine -
[23] we assign the 8.2 eV band in the phosphine-imine (VI) to the w-ionization
and the 9.2 eV band to the lone pair ionization, by the approximation.

IP_ (P=N) = IP_ (C=C) + Diff.1 + Diff.2
=9.13 +1.53 —2.26
=8.40 eV

(closest observed band at 8 2 eV?")

(CHg)sP=CH, IP= 6.78 eV AT O
trans HyC—CH=CH—CH, IP= 9.13eV c=Cc<¢ p=
trans-Hy C—CH=N—CHj P =10.66 eV AN

SCHEME 1. 7-IONIZATION ENERGIES FOR TWO-CENTER 7-SYSTEMS

Next 1 line, attention 1s focussed on a comparison of N-lone-pair energies,
as a function of the substituent.

Compound (VII) shows only one ionization at 8.3 eV of relative intensity
two, compared to the curve integral of the Si1C band (Fig. 4). This might
suggest two degenerate w-type orbitals, as would be expected for a hnear sys-
tem:

Otherwise, if the two w-levels are accidentally degenerate, the planar inversion
probably has a low force constant.

si
p—nN—"

The above discussion now enables us to assign the bands in the more
complex system of an ylide imme (VIII) (Fig. 5). Extremely increased m-elec-

TABLE 1

N-LONE-PAIR ENERGIES FOR TWO-CENTER n-SYSTEMS

Compound IP(eV) Method Ref.
trans-H3C—CH=N-—CH3 9 49 PE spectr. 23
trans-(H3C)3C—CH=N—C(CH3)3 8 49 mass spectr 24
trans-(H3C)3C—CH=N—81 (CH3)3 8 16 mass spectr 24
(CH3)3P=N—H (VI) 9 22 PE spectr 16

(CH3)3P=N—S1(CH3g)3 (VII) 8 30 PE spectr
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Fig 4. PE spectrum of imune (VII).

tron density results in a further destabilization of the w-levels As mn the bis-
yhde (V), the accumulation of negative charges so close to one another is very
unfavorable because of Coulomb repulsion. The “ylide’ 1onization 1s expected
to be followed by a “S1—S1” band. Four “7”’- and two ‘“‘n”-electrons, neigh-
bouring the S1—S1 bond, lead to a still lower 1onization energy (7 44 eV)
compared to (V). The electronic environment of the N atom here 1s probably
very sumilar to that of the silylimine (VII), where n and 7(N=P) ijomzations are
degenerate. The double intensity band following in the spectrum 1s therefore
assigned to the 1onization from the P=N part of the system.

All the spectra under discussion show an unresolved broad band (half
width > 1, 2 eV) near 10 eV It envelops a changing number of 1onizations,
which are mainly SiC 1n character, with one or two of the bonds connected to
other atoms (C, N, S1) The S1C band location varies over a range of about 2 eV,
which makes 1t vahd for a discussion of electronic effects (Table 2)

For comparison, the t,-Si1C 1omzation energy of tetramethylsilane (10.5
e€V) may be used as a standard.

Each substituent, which is a stronger electron donor than the methyl
group, leads to a relative mcrease of electron density at the silicon atom. This,
in turn, results 1n a shift to lower 10nization potentials of the remaining Si—C
bonds, as revealed by PE spectroscopy. The electronic interactions may be
rationahzed by means of a hyperconjugation model or through a model with
opposing inductive and d-orbatal effects

One occupied w-type orbital adjacent to a silicon atom, results 1n a release
of charge density into the vacant d-orbitals [ef. TMS+(II)]. The degree of
charge transfer depends on the VSIP of the w-center [cf. (II)+(VII), (II1)+(X),
(IN+AX)+(XI1)]. Expanding the ‘“d-system” by connecting further silicon
atoms to the w-center, reduces this effect because of the distribution of elec-
tron charge between several Si centers [¢f. (1I1)+(1I), (X)+(IX)]. Of course,

R R
RP=CH—SI—Si—N=PR,
R R

S~

> * S > FROG. 3 - >

7 3 11 XY s 7 1
Fig. 5. PE spectrum of yhide tmune (VILI),
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there is not equal distnbution in the case of a silicon chain. Increasing distance
from the mw-centre results in a smaller effect [cf. AV )+(II1)+(I1)].

On the other hand, an increasing number of w-centers, neighbounng a
sillicon atom, will destabilize the further SiC bonds even more [cf. (V)+(II),
(I11), (IV) and (VII)+(VL), (IV), (II)]. Furthermore, yhdes (III), (V), (VIII)
show shoulders at especially low ionization energies, which can be interpreted
in terms of an LCBO model (Linear Combination of Bond Orbitals) as interact-
mng SiC bonds (Fig. 6). For compound (VIII) the broadness and asymmetry of
the band may be understood 1n terms of the non-equivalence of C—Si(C) and
C—S1(N).

TABLE 2
COMPARATIVE ASSIGNMENT FOR UPPER ENERGY LEVELS OF COMPOUNDS ()—(X)
Vertical iomzation potentialsin electron volts

Compd P=C Sr-Si P=N nN Sr—C P—C C—H (S1) C—H (P)
¢ 6 87 118 13.5
an 6 81 9 96 11.7 126 135
1) 6.92 9.30 111
1001 119 136 146
av) 6 85 8863 10 30 118 127 135
(48] 611 7 56 8179
6 43 9 83 114 122 131
(V1) 8 19 922 i20 134
(VID) 8 30 8 30 1029 118 125 136
(V1ID) 618 7.44 7 84 784 8 84 113 120 13.1
9 62
nyn Si—C Sr—N C—H(S1)
ax) 8 66 10 33 11.29 134

(X) 8 60 10 38 i1 65 135
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Fig 7 PE spectra of hexamethyldisilazane nonamethyltnsilazane, hexamethyldisiloxane

The PC levels of trnnmethylmethylenephosphoranes are stabilized relative
to tnmethylphosphine. Phosphorus basis functions of course should be lower-
ed, depending on the charge distribution of the yhde (P=C) bond Unfortu-
nately, PC ionizations appear usually as a shoulder on the CH-mounds, which
prevents accurate measurement, and so we will not discuss them further.

We believe the charge separation in yhdes and the effect of different
B-atoms [P(CHj); and Si(CH3z)3] to be the reason for two distinct centres of
energy in the CH-mounds, bemg about one eV apart.

Isoelectronic non-ylidic compounds

Photoelectron spectra of compounds (IX), (X), (XI) are shown below
(F1g. 7) for companison with yhdes (II), (IIT), (VII), with which they are 1soelec-
tronic and approximately 1sosteric {23a]. When the relative intensities of the
bands are taken into account, PE spectroscopy clearly reveals certain analoges.
In particular, the spectra of the amines remind one strongly of those of the
corresponding yhdes, 1n which g(S1N)-type 1onizations have taken the place of
the o(PC) bands. Undoubtedly, the lower energy of the N electron pair shows
much less tendency for a charge transfer onto the silicon centers than the ylidic
one. This in turn results n a more or less unchanged SiC-type 1onization,
compared to the “TMS-standard”. Furthermore, the H—C(S1) levels appear at
higher ionization potentials, which would also be expected.
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The siloxane (XI), however, cannot simply be taken as an isoelectronic
analogue of the ylides (I) and (VII) The dissimilarity of the PE spectrum of
hexamethyldisiloxane (IP; 9 88 eV, IP, 10.73 eV, IP; 12.5 eV and IP; 13.8
eV) with those of (II), (VII), (IX) is a result of the much higher VSIP’s of
oxygen compared to any other of the central atoms This too, is reproduced by

the CNDO results.
In the silazane (IX) the HOMO 1s preponderantly a nitrogen p,-orbital

with slight bonding interaction with silicon d-orbitals [just as in (1I)] followed

by several S1C-localized orbitals.

In the siloxane case, however, these same S1C orbitals are the highest occu-
pled ones. The corresponding MO with a large oxygen p_-coefficient [and no
Si(d)-contribution] 1s even lowered by hyperconjugative S1C interaction.

The CNDO/2 epproach

Applying a semi-quantitative MO treatment such as the CNDO/2 method
[191, one gets a more delocalized picture of the energy levels in the molecule
This may be used for assignment, and 1s also a valid tool for making further pre-

dictions®.

H 4
X*———\P—C%———
J t
Cs

§ \

’3 tr
’_4 ) Yo) e 2a
\fFQQ 10"

Fig. 8. CNDO/ molecular oxbitals for B P=CH, . -

¥ SFC - MO calculations were done with QCPE ptogram 141 ona UNIVAC 1108/Zentrales Rechen-
institut, Universitit Frankfuri.
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with d-orbaitals without d-orbitals

Homo E=-12 22 eV Homo E=-936eV

Py (C)=078 py(C)=091
Binding energy = — 39 93 eV Binding energy=-26 94 eV
Total energy =—47954 au Total energy=-466 55 au

Fig 9 CNDO/2-atomic charges and representative energies for H; P = CH,

Theoretical studies on the ab mutio and ETH level have already been
concerned with the guestion of bonding in the simplest hypothetical phospho-
rus ylide H3; P=CH,, [20,21]

Fig. 8 shows the LCAO - MO representation for the seven occupied va-
lence shell molecular orbitals, constructed with the dominating CNDO/2 coef-
ficients. The resulting orbital sequence (1a’ 2a’ 1a” 32’ 24" 4a’ 5a') is satisfacto-
nly in accord with the ab initio results. Only the neighbounng 44’ and 2a”

d o
H H- C '
ﬁ\ ia H‘{ ' //C
ST L P Cgh——
’ l / N\
H c\ i »—c\ c
H H
! ;

% %v_ —10 85 —11 37

046 079 038 067 Q26
~ —14 39 —12 45‘%{
052 057 022 028 041 025

02
.. —1496 —12 8%
044 1045 025 032 72
__Q\ —15 37 —13 M
Q5¢ 020 022 042
024 47

[e3-¥4

Fig. 10 The four nghest occumed MO’s for Me3P=CH, and Me3zP=CH—S1Mej 1ncluding MO energies and
coefficients
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with d-orbitals without d orbitals

Homo E=-1085 eV Homo E= —-866eV
Py(C)= 079 Py {C)=093
8inding energy = —141 40 eV Binding energy =—11813 eV
Total energy = — 1188 58 au Total energy =—1165 31 au

Homo E=—1137eV Homo E=-—-885¢eV

Dy (C) = 067 py (C) =085
Binding energy =—255 02 eV Binding energy=—205 57 eV
Total energy = ~205066au Total energy=-200114 au

Fig 11 HOMO properties, binding-, total energy and atomic charges depending on the basis set Top
Me3P=CH, bottom Me3zP=CH—SiMej

orbitals have changed places. The orbitals 8z’ and 24" onginate from the corre-
sponding degenerate pair of P—H-bonds in the Cj,-symmetric phosphine. A
similar picture, of course, 1s typical for the P(CHj )z group in yhdes of almost
Cs, local symmefry.

For a more complete companson with the other two calculational meth-
ods, the molecular distnibution of atomic charges 1s given below (Fig. 9).

Pictures for the four highest occupied molecular orbitals of the sumplest
existing methylhidene (I) and its silicon denivative (II) are presented m Fig. 10.
The numbers given are the calculated MO coefficients and energies* of the
CNDO/2 approximation. The analogous values to Fig. 9, as are relevant for a
comparison of calculations, where d-type Slater functions are mcluded or not,
are given 1n Fig. 11.

Reactivity differences of ylides induced by sihcon (‘“‘sihicon stabilization)
such as those observed by Schmidbaur et al., may be well understood as a with-
drawal of electron density from the p,-orbital of the yhidic carbon atom. Such
a problem 1s preferably approached through comparison of the charge distribu-
tion in the HOMO’s of the different species.

As revealed by photoelectron spectroscopy, the energetic availability of
the HOMO electrons proves to be quite unchanged. As should be expected, one
does find charactenstically differing MO coefficients (Table 8).

* Use of s-functions in the CNDO/2 version, when calculating the two-electron-integrals, may be the
reason for a too small calculated induchive effect. This leads to a shight artificial HOMO stabilization
on sihcon substitutzon
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TABLE 3
HOMO COEFFICIENTS AND NET ATOMIC CHARGES OF YLIDIC SYSTEMS

Highest occupied w-level

P (dyy) C(py) Sidyxy) Calculated system
050 0178 H3P=CH>

041 063 028 H3P=CH—S1(CH3)3
0 34 051 0 24/0 24 H3P=C(S1(CH3)3)2
039 063 0 31/0 02 H3P=CH—S1,(CH3)s
0 46 079 Me3P=CH,

038 067 0 26 Me3=CH—S\(CH3)3

Charge on the atom

QP) ) a(S»

+ —_ +

¢ 337 0 299 H3P=CH2

0 365 0 304 0 169 H3P=CH—S1(CH3)3
0 381 0 237 0171 H3P=C(SKCH3)3)2
0 378 0 290 0 043/0 059 H3P=CH—S12(CH3)5
0188 0 314 Me3P=CH,

0 226 0 316 0153 Me3P=CH—S1(CH3)3

The hmiting size of the matrices of the QCPE program No 141 did not
allow calculations for bigger systems such as compound (III) etc. For this
reason we approximated those molecules by the before used method of replac-
ing the methyl groups at the phosphorus by hydrogen atoms. The o-system 1s
relatively unaffected by this, and shows up more clearly.

A model calculation for the exocyclic bis-ylide (V) has been done, where
all methyl groups have been substituted by hydrogen atoms. The seven highest
MO’s are given in Fig. 12. The orbital sequence has been changed mn order to
account for the known differences in SiC-vs-SiH-containing molecules. It
should be noted that even this poor approximation nicely shows the m, fm_
levels, a strongly localized and destabilized Si—S1 bond, as well as spht C—Si—C-
bonds, as expected from LCBO arguments (Fig 6)

Conclusions

More detailled studies directed towards complere understanding of yhdic
systems are already in preparation So far ‘“‘silicon stabihzation” has proved not
to be a stabilization of the HOMO, which means the ylide w-level. In the
CNDO/2 approximation the basis -for Schmidbaur’s transyhdation reactions
appears to be a change 1n MO coefficients.

Proton resonance shifts show a similar variation as do ionization poten-
tials. Although exact mathematical correlation is impossible because of aniso-
tropy effects, one common feature should be pomnted out. This 1s, that increased
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o(Si—Si)

Fig. 12: The seven highest occupied MOs fo}: the bis-ylide ).

onegatnve charge at the carbon atom results ina better shielding of the attached .

hydrogen ‘atom. At the same time it raises carbon basis functions, resulting in a
lower ionization potential, when ionization is from a carbon localized molecu-
lar orbltal ThlS is reflected in. the CNDO/ 2-atomlc charges
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