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Abstract: The photoelectron spectra [Hel and He II] are reported for a carbene, a silylene, and a germylene (1,3-
di-tert-butylimidazol-2-ylidene, 1,3-di-tert-butyl-1,3,2-diazasilol-2-ylidene, and 1,3-di-tert-butyl-1,3,2-diazagermol-
2-ylidene). The experimental photoelectron spectra are assigned on the basis of predictions from density functional
theory (DFT) calculations and first-order time-dependent perturbation theory. The predicted spectra agree well with
the experimental ones both in ionization energy and band intensity. The carbene 1,3-di-tert-butylimidazol-2-ylidene
is found to have a highest occupied molecular orbital (HOMO) that is essentially the in-plane lone pair of electrons
at the carbene center (C o-lp). The second ionization from the carbene occurs from a x-molecular orbital (»-3) that
is largely the C==C double bond in the imidazole ring with some contributions from the nitrogens and the carbene center.
The HOMO: of the silylene and germylene are derived from the -3, orbital which changes character to become more
concentrated on the two-coordinate main group IV center (Si or Ge) and less involved with the C=C double bond.
The Si o-1p and Ge o-1p orbitals are subjacent and responsible for the second ionization bands. The molecular orbital
structure and total electron distribution predicted from the DFT calculations are used to illustrate the differences in
structure and chemistry in the carbene, silylene, and germylene compounds. The X-ray structure of 1,3-di-tert-

butylimidazol-2-ylidene is also reported.

Introduction

The syntheses, isolation, and experimental determinations of
the structures of a series of stable carbenes in the imidazol-2-
ylidene family have prompted a number of studies addressing the
electronic structure of these novel compounds.!? Examples
include the measurement of the electron density of the carbene
by X-ray/neutron diffraction techniques® and the measurement
of the chemical shift tensor of the carbene carbon.# Furthermore
there has been significant syntheticinterest in deriving the silylene
and germylene analogs of the carbene to look at the effect of
substituting silicon’ and germanium® for the carbene carbon. A
series of identically substituted compounds in this family (1a—c)
has been prepared and is available for comparative studies.
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Although photoelectron spectroscopy is an important tool for
studying the nature of the energetics of the electrons ina molecule,
it has not been previously used to study the lighter main group
IV element compounds in two-coordinate oxidation state II
compounds. Herein we present a combined experimental and
theoretical study of the photoelectron spectroscopy of these novel
species. For the theoretical portion, we employ density functional
theory (DFT) with Koopmans’s theorem in order to assign the
experimental spectra. We describe a new method for predicting
the intensity of the photoelectron spectra on the basis of the DFT
orbitals.

Experimental Section

Reactions and manipulations were carried out under an atmosphere
of dry nitrogen, eitherin a Vacuum Atmospheres drybox or using standard
Schlenk techniques. Solvents were dried (using standard procedures),’
distilled, and deoxygenated prior to use, unless otherwise indicated.
Glassware was oven-dried at 160 °C overnight. !H NMR spectra were
recorded on a General Electric QE-300 spectrometer. 13C, 14N, and 1*N
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NMR spectra were recorded on a GE Omega 300WB spectrometer.
NMR references are (CH3)4Si (1H, 3C) and NH4*NO;3- (15N)., Melting
points were obtained on a Thomas-Hoover capillary apparatus and were
not corrected. Elemental analyses were performed by Oneida Research
Services, Whitesboro, NY. The photoelectron (PE)spectra were measured
using a PES Laboratories 0078 photoelectron spectrometer which has a
hollow cathode He discharge lamp capable of providing both He I and
He Il radiation. The sample of 1a was held at room temperature external
to the spectrometer, whereas the samples of 1b and lc¢ were held at
temperatures between 40 and 46 °C for data collection. Data were
collected by repeated scans on an Atari microprocessor. The spectra
were calibrated with reference to N3, Xe, and He.

Synthesis of 1,3-Di-tert-butylimidazol-2-ylidene (1a). Under an inert
atmosphere, a round-bottomed flask was charged with 5 g (23.3 mmol)
of 1,3-di-tert-butylimidazolium chloride (prepared by established pro-
cedures® ) and 50 mL of THF. The mixture was stirred at 23 °C and
2.8 g (24.9 mmol) of potassium tert-butoxide was added in a single portion.
The reaction was stirred for 30 min. The mixture was filtered through
a Celite mat. The filter cake was washed with 20 mL of THF. The
filtrate was concentrated in vacuo to afford 3.5 g of the crude 1a, yield
84% of theory. The solid was recrystallized by cooling a hexane solution.
NMR spectra: 'H (THF-dg) 6 1.46 (s, 18H, ¢-Bu), 6.99 (s, 2H, NCCH);
13C (THF-ds) 6 31.60 (s, CHj), 56.07 (s, CC3), 115.44 (s, NCCN),
213.20 (s, NCN); 15N (THF-ds) 6 -164.10. Anal. Calcd for C;;H2oN2:
C, 73.28; H, 11.18; N, 15.54. Found: C, 73.32; H, 10.97; N, 15.54.

Preparation of 1b and t¢. Thesilylene and germylene compounds (1b
and 1¢) were prepared according to established procedures.5¢

X-ray Crystal Structure of 1,3-Di-fert-butylimidazol-2-ylidene (1a).
Formula C;;H2oN,; orthorhombic; space group Pbca(No. 61); a=1162.8-
(4),b=1731.4(6),c = 1135.4(5) pm; T=-100°C; Z = 8; FW = 180.29;
D = 1.048 g cm~3; u(Mo) = 0.58 cm™!; crystal description, colorless flat
needle (0.18 X 0.11 X 0.48 mm?®) grown by cooling a hexamethyldisiloxane
solution of 1a. A total of 2318 reflections was collected, 4.2° < 26 <
50.0°, data octants + - +, w scan method, scan width = 1.20°w, scan
speed = 2.90-11.70deg min~!, on a Syntex R3 diffractometer with graphite
monochromator using Mo K, radiation (A = 71.073 pm), typical half-
height peak width = 0.31°w, two standards collected 28 times, adjusted
for a 3% decrease in intensity, no absorption correction. With 700 unique
reflections of intensity greater than 2.5q, the structure was solved by
direct methods (MULTAN) and refined by full-matrix least squares on
F with scattering factors from the International Tables for X-ray
Crystallography, Vol. IV, and weights « [¢2(]) + 0.000972]-}/2. The
asymmetric unit consisted of one carbene molecule in a general position.
Hydrogen atoms idealized with 7c_ =95 pm. There were 118 parameters
(data/parameter ratio = 5.93) with all non-hydrogen atoms anisotropic
and all hydrogens in fixed positions. The final R factors were R = 0.062
and Ry, = 0.054. The error of fit was 1.35, max A/o = 0.00. The final
difference Fourier showed the largest residual density to be 0.25 ¢ A-?,
background. Further details of the crystal structure are available in the
supplementary material.

Computations

The density functional theory®-1? calculations were done with the
program DGauss,!4-17 which employs Gaussian basis sets ona Cray YMP
computer. The basis sets for carbon and nitrogen are triple-{ in the
valence space augmented with a set of polarization functions with the
form (7111/411/1).18 For hydrogen, a polarized triple-{ valence basis
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Table 1. Comparison of Theoretical and Experimental Selected
Bond Lengths (pm) and Angles (deg) in 1la—¢ca®

1a 1b 1

property expt theor expt® theor expt? theor
r(Ex-Ni@))* 136.2 137.6 175.3(5) 179.8 1859 191.8
r(C4Cs) 134.1(2) 136.2 134.7(21) 136.3 136.4 136.8
r(N13)~Cs4)) 138.7 139.7 140.0(9) 138.9 1384 1379
r(N13)-t-Bu) 145.2 149.8 149.7 149.3 149.2
6(N;-E-N3) 102.2(5) 102.4 90.5(10) 86.5 84.8 83.0
0(Cs@4y-N1ay-E2) 1126 112.5 113.3 1133 1133
0(N13)~Cs@)~Ca(s)) 106.3 106.3 114.1(5) 113.4 11497 115.2

6(Ex-Ny@3—t-Bu)  125.0 123.0 125.3 126.1 125.2

2The numbering scheme for all compounds is as indicated for 1a.
b Chemically equivalent positions have been averaged. ¢ From electron
diffraction, see ref 5. 9 From ref 6. ¢ E = C, Si, or Ge. / This angle was
misprinted in ref 6.

set was used with the form (311/1). For silicon a polarized triple-{
valence basis set of the form (73111/6111/1) was used, and for germanium
a polarized double-{"valence basis set of the form (633321/5321/41) was
used. Thecalculations were done at the self-consistent gradient-corrected
(nonlocal) level (NLDFT) with the nonlocal exchange potential of
Becke!?-2! together with the nonlocal correlation functional of Perdew??
(BP). The local potential of Vosko, Wilk, and Nusair?} was used.
Geometries were optimized by using analytical gradients.14+17

Results

Geometries. The series of compounds 1a—c shows a smooth
structural change as the two-coordinate center is changed from
carbon to silicon to germanium. The N-E (E = C, Si, Ge) bond
distancesincrease, and the N-E-N anglesteadily decreases (Table
1). These structural trends are reproduced reasonably well by
the DFT calculations (Table 1). The silylene and germylene
were optimized in the local minimum with the ters-butyls staggered
(as found for the carbene), since this provides an averaged
environment for the two-coordinate main group IV center.

Photoelectron spectra: Experimental Results. The He I PE
spectra of the three compounds are given in Figure 1. Ionization
energies (IEs) are given in Table 2. The PE spectra differ
significantly in the low-IE region (below 11 eV). The broad
complex band centered around 12.5 eV contains ionizations of
electrons from orbitals with large contributions from the tert-
butyl groups. The broadening in this region of the experimental
spectra is likely to be the result of motional averaging. For the
most part this high-energy region is similar in profile for the
three compounds, including the presence of a shoulder on the
low-IE edge at 11.21 eV for 1a, 10.76 eV for 1b, and 10.55 eV
for 1c. The He II PE spectra of the three compounds are given
in Figure 2 and show the same bands but somewhat varied
intensities, as discussed below.

The PE spectrum of 1a (Figure 2a) contains three bands in the
IE region below 10.5 eV, but in this case the first two bands
overlap. Little relative intensity change is observed on change
of the ionizing radiation (Table 3).

The PE spectrum of 1b (Figure 1c) shows three separate bands,
A-C, at low ionization energy (IE). The second band B, at 8.21
eV, is the least intense (Table 3), and band C is the most intense.
This difference in intensities is exaggerated in the He II spectrum
(Figure 2c). The first band shows clear vibrational structure
(Figure 3) with three identifiable components separated by 0.16
eV which can be tentatively assigned to a stretching frequency
of the molecular ion in its ground state of 1291 £ 15 cm™'.
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(22) Perdew, J. P. Phys. Rev. B 1986, 33, 8822.
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a) Expt. He(l) PES of 1a

c) Expt. He(I) PES of 1b

e) Expt. He(l) PES of 1¢
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b) Calc. He(I) PES of 1a

d) Calc. He(I) PES of 1b

f) Calc. He(l) PES of 1¢

| _ L L
| ! L [ | I I 1 ¥ 1

Figure 1. Experimental and calculated He I PE spectra of 1a—c. The calculated spectra have been shifted so that the lowest ionization energy bands

correspond to the experimental values.

Table 2. Ionization energies (eV) in the PE spectra of la—¢

compound
band 1a ib 1c

A 7.68 6.96, 7.13, 7.28 6.65, 6.85, 6.97

B 8.22 8.21 8.60

C 9.24 8.92 8.80

D 11.21 10.76 10.55

(11.27)° 11.27 11.12

12.55 12.48 12.68

14.90 13.67 14.96

4 Position estimated from calculated results.

The PE spectrum of 1c shows only two bands in the low-1E
region. Of these the higher IE band decreases in relative intensity
in the He II spectrum (Table 3). The He I relative intensities,
when compared to those of compounds 1a and 1b suggest that
thesecond band comprisestwoionizations. Though two maxima,
at 8.60 and 8.80 eV, are observed for this band (Figure 3), their
separation could well be attributed to a vibrational progression
and cannot be taken as hard evidence for the presence of two

primary ionizations but may well be attributable to this (vide
infra). Fine structure is evident in band A (Figure 3).

Photoelectron Spectra: DFT Results. The intensities of the
photoelectron spectral bands are calculated by standard first-
order time-dependent perturbation theory from the DFT wave
function. The initial state consists of the photon plane wave
exp(~ik-r), with incident direction n = k/k and energy w = ck,
and a bound initial electronic state u,(r), with energy ¢;. In the
single-particle approximation, the bound state is taken as an
occupied Kohn—Sham orbital. In the final state, the photon is
absorbed by the system and an electron is ejected. The outgoing
electronic state is approximated by a plane wave udr) =
exp(~iker), which should be a good approximation when the
photon energy w is much larger than the absolute value of the
initial electron energy ¢, The outgoing electron’s energy is fixed
by the energy conservation, h2k%/2m = hw+¢. Thedifferential
cross section for the single-particle state is given in eq 1,242

(24) Merzbacher, E. Quantum Mechanics; John Wiley and Sons, Inc.:
New York, 1970.
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b) Calc. He(lI) PES of 1a

1
i

d) Caic. He(II) PES of 1b
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Figure 2. Experimental and calculated He II PE spectra of 1a—c. The calculated spectra have been shifted so that the lowest ionization energy bands

correspond to the experimental values.

Table 3. Relative Intensities of the PE Bands in 1a—¢4

compound band
(source) A B C

1a

Hel 61 (A + B) (67) 39 (33)
Hell 60 (A + B) (66) 40 (34)
ib

Hel 36 (23) 21(22) 43 (55)
Hell 41 (19) 19 (11) 40 (70)
1c

Hel 31(27) 69 (B + C) (73)

He II 39 (46) 61 (B + C) (54)

4 Numbers in parentheses are the theoretically calculated intensities.

where F is an unspecified constant which can be taken as unity
asonly the line shape of the photoelectron spectrum is of interest
here. Py is the transition matrix defined by eq 2 where q = k¢
~ (w/c)n. The non-angular-resolved PE spectrum is calculated

(25) Mintmire, J. W.; Kutzler, F. W_; White, C. T. Phys. Rev. B 1989, 36,
3312.

by integrating over the solid angles d2 of eq 1 to obtain the
contribution to the total cross section from the ith state (eq 3).

da,-(w) _ kf 2
2o~ FaPd M
Py= fd’ ru(r)v exp(~ig-r) 2
k
o) = 5[ dolpf @

The solid angle integration is performed numerically using 18
quadrature points. The matrix elements Py involve Fourier
transformations of Gaussian functions and are calculated ana-
lytically. Had we neglected the directional effect of the incident
photon (w/c)n, as was done previously in the work of Mintmire
et al.,»s all of the integrations could be readily evaluated
analytically. However, for large w, the ideal situation where the
outgoing electron can be approximated by the plane wave, the
term (w/c)n is not negligible.
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Figure 3. High-resolution He I PE spectra of 1a—c.

Because the experiments cannot distinguish between the initial
electronic states, the measured PE spectrum is a summation over
all of the contributing initial states (eq 4). Gaussian broadening
as represented by A is used in place of a é-function to ensure
energy conservation. The Gaussian line width was taken as 0.2
eV after calculations at A = 0.5 eV showed too much broadening.

o(E) = A;\/;Zexp(—(flz—j)z)m(w) 4)

In DFT, the relationship between the eigenvalue ¢ and the
total energy E. is given by the Janak relation (eq 5).26

¢ =dE,,/dn, &)

In order to apply an approximate version of Koopmans’s
theorem?’ at the DFT level, one has to assume that ¢;is independent
of the occupation number n;. Slater’s transition-state formula®28.29
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Table 4. Calculated PE spectra and Assignments of 1a-¢?

1a ib 1c
energy® assignment energy’ assignment energy? assignment
768 Co-lp 696 x-3 6.65 -3
8.46 =x-3 8.01 Sio-lp 8.36 Geo-lp
9.53 =2 885 =x-2 8.69 =-2
11.15 o-t-Bu 10.38 o--Bu+ Si-N 10.08 ¢-Ge-N
11.21 =x-1+o0-t-Bu 10.60 =x-1+ o-t-Bu 1047 =x-1+ ¢-t-Bu
11.29 ¢ 1082 o 10.76 o
1146 ¢ 1096 o 1087 ¢

2 Energy in eV. ® Calculated orbital energies shifted by 3.14 eV.
¢ Calculated orbital energies shifted by 2.57 eV. 4 Calculated orbital
energies shifted by 2.48 eV.

for the molecular ionization potential (IP) for a system of N
electrons (which can be generalized to any ¢) is given by eq 6.

IP=Ey-Ey, = folfﬂomo(") dn (6)

One approximation is that the integral can be approximated
by the value of ¢ for n; = !/,. In the PE spectral calculation as
described above, one does not really need for ¢; tostay independent
of n; as long as ¢; changes by the same amount for all of the
eigenvalues in the region of interest when n; changes. This
assumption is borne out by the comparison in Figure 1. Further,
this constraint may not be as important at the nonlocal DFT level
that we have used as opposed to the local DFT level because the
correction to the exchange potential!®-2! that we use accounts for
part of the self-interaction correction missing at the local level.3°
It is this self-interaction term that leads to the dependence of ¢
on n;. Furthermore, the absolute calculated values are not as
critical, as we are going to apply a uniform shift based on the
difference in the calculated and experimental molecular ionization
potentials in order to directly compare the orbital energies to
experiment.

The calculated photoelectron spectra are shown in Figures 1
and 2 for initial photoelectron energies of 21.2 and 40.8 eV, which
correspond tothe He I and He I1 lines. The calculated ionization
energies have been shifted so that the first ionization energies
correspond to those observed in the experimental spectra. The
calculated IEs and assignments are given in Table 4.

These results can be used to assign the photoelectron spectra.
The calculations show three clearly resolved peaks of about equal
intensity. For the carbene 1a, the HOMO is unambiguously the
in-plane lone pair on the carbene carbon, as depicted in Figure
4a (henceforth called o-lp). This o-lp orbital is responsible for
band A at 7.68 eV. The next two bands arise from x-orbitals of
the imidazole group as shown in Figure 4d and g. The =-orbital
depicted in Figure 4d (henceforth called »-3) is largely the C=C
«-orbital with some out-of-phase mixing of the nitrogen lone
pairs and carbene p-orbital. The =-3 orbital gives rise to band
B at 8.22 eV. The =-orbital depicted in Figure 4g is essentially
the out-of-phase combination of the nitrogen lone pairs (henceforth
called x-2) and gives rise to band C at 9.24 eV. Band D begins
a group of ionizations from largely o-orbitals. Theband at 11.21
¢V is due to the o-orbital depicted in Figure 4j. This g-orbital
primarily represents tert-butyl C—-C bonds but does show some
mixing with the imidazole ring o-bonds. Just below this level
(AE = 0.061 eV) is a o+x-orbital (not illustrated in Figure 4)
which is comprised of the all-in-phase x-1 orbitalin the imidazole
ring and tert-butyl s-bonds which are antisymmetric with respect
to the molecular plane. This very close »-1 level undoubtedly
also contributes to the shoulder band D.

For the silylene derivative 1b, again there are three low-energy
bands with the third band predicted to have somewhat more

(26) Janak, J. F, Phys. Rev. B 1978, 18, 7165.
(27) Koopmans, T. Physica 1934, 1, 104,
(28) Slater, J. C. Adv. Quantum Chem. 1972, 6, 1.

(29) Slater, J. C. The Self Consistent Field for Molecules and Solids:
Quantum Theory of Molecules and Solids; McGraw-Hill: New York, 1974,
(30) Perdew, J. P.; Zunger, A. Phys. Rev. B 1981, 23, 5048,
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Figure 4. Various DFT calculated molecular orbitals in 1a—c. Orbitals b, ¢, d, g, h, and i are x-orbitals that are represented by a single contour plane
70 pm above the molecular plane. The orbitals a, ¢, and f are the o-lp orbitals. Orbitals b, ¢, and d are the orbitals designated as 7-3. The #-2 orbitals
are depicted in g, h, and i. Carbene orbitals are a, d, g, and j. Silylene orbitals are b, ¢, h, and k. Germylene orbitals are ¢, f, i, and 1.

intensity than the first two, in excellent accord with the
experimental spectrum. The calculations unambiguously assign
the HOMO to -3 for band A at 6.96 eV. The drawing of =-3
in 1b (Figure 4b) shows a similar structure to that of theanalogous
orbitalin 1a (Figure 4d) except that the C=C =-bond contribution
is diminished and the contribution from silicon is enhanced. Band
B at 8.21 eV now has its origins in the silicon ¢-1p. This ordering
for bands A and B is reversed from that for the carbene. Band
C is again due to the out-of-phase N-lone pairs (7-2) and is
similar in structure (Figure 4h) and energy to the corresponding
orbital in the carbene. The shoulder band D at 10.76 eV in 1b
is again due to a o-bonding orbital that now has substantial
contributions from the Si-N o-bonds in the ring. The nearby ¢
+ «-1 orbital which was a contributor to band D in 1a is now
further separated at (AE = 0.222 eV) and may be evident as a
slight second shoulder in the experimental PE spectrum (Figure
1c).

The germylene derivative 1¢ exhibits only two low-energy bands
in the experimental spectrum (Figure le). The calculated
spectrum (Figure 1f) also shows two moderately intense low-
energy bands. Asin the silylene derivative, the HOMO band A
at 6.65 eV is the x-3 orbital that has a continuing diminution of

the C-C =-bond component relative to the case of 1b (vide supra).
The second band at ~8.7 eV is actually a combination band, B
+ C (Figure 4b) with contributions from the closely spaced ¢-1p
and »-2 orbitals (AE = 0.329eV). The shoulder band Dat 10.55
eV is again due to a g-orbital that has now become primarily the
out-of-phase combination of the two Ge-N bonds with some
contributions from the C—C bonds of the tert-butyls (Figure 41).
The subjacent ¢ + #-1 orbital is now further removed into the
broad high-energy bands (AE = 0.393 eV).
Discussion

The experimental trend in the first ionization energy (band A)
is a decrease in the energy with increasing atomic number, with
A(C-Si) = 0.72 eV and A(Si-Ge) = 0.31 eV. The calculated
values (unshifted, see Figure 4) show the same trend but with
smaller magnitudes with A(C-Si) = 0.15 eV and A(Si-Ge) =
0.22 eV. Band B is predicted to have the opposite trend, with the
heavier atomic numbers leading to a larger ionization energy.
Experimentally band B is about the same for the carbene and
silylene but significantly higher for the germylene. The calcula-
tions reproduce the order for the third ionization energy, which
corresponds to the #-2 orbital. To facilitate the comparison of
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Figure 5. Electron density in a plane orthorgonal to the molecular plane
that bisects the C=C double bond and the two-coordinate main group
IV center. The two-coordinate main group IV center is to the right and
the C=C bond is on the left of each drawing. The contours are drawn
from the total electron density between 0.05 and 1.0e A-3at 0.05 intervals.
(a) DFT calculated density in 1a. (b) DFT calculated density in 1b. (c)
Experimentally determined density in 1,3,4,5-tetramethylimidazol-2-
ylidene-di2 (see ref 3). (d) DFT calculated density in Ie.

the experimental and theoretical results, the calculated spectra
were shifted from the raw orbital energies calculated at the DFT
level (Figure 4). Since any such shift is somewhat arbitrary, we
chose to shift the calculated values so that the energies of band
A would be in agreement between theory and experiment (Table
4).

On the basis of the assignments, the trends in the ionization
energies of the various orbitals can be evaluated. The ionization
energy of the two-coordinate main group IV center lone pair
(o-1p) increases as the atomic number increases. The overall
structure of this ¢-lp orbital is similar in the three compounds
(Figure 4a, e, and f). In contrast the ionization energy of an
electron from the -3 orbital decreases with increasing atomic
number at the two-coordinate main group I'V center. Additionally,
the structure of the w-3 orbital changes between the three
compounds. In the carbene 1a, the -3 orbital is comprised of
a large component from the C=C double bond in the imidazole
ring. Therelative contribution of the C=C double bond decreases
as the atomic number of the two-coordinate main group I'V center
increases. Thisresultsinchangesin #-3 thatlocalize more electron
density onto the two-coordinate main group IV center.

To evaluate the changes in electron distribution at the two-
coordinate main group I'V centers, we have plotted a diffuse portion
of the DFT-predicted total electron density at these centers in
Figure 5. Theplane of density which has been plotted is orthogonal
to the molecular plane and bisects the C=C double bond (i.e.,
the contoured plane is rotated 90° from the molecular plane about
the pseudo two-fold axis that passes through the two-coordinate
main group IV center and bisects the C=C double bond). These
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plots provide a view of the electron density at the two-coordinate
main group IV centers as well as a cross section through the
center of the C=C double bond. The carbene center in 1a is
predicted to have an electron distribution which is “egg-shaped”
(Figure 5a). This type of electron distribution is characteristic
of carbenes such as !A; CH; and CF,.? For comparison, the
experimentally determined electron distribution for 1,3,4,5-
tetramethylimidazol-2-ylidene-d); is shown in Figure 5¢.> The
electron distribution predicted for 1a appears quite similar to
that previously found for 1,3,4,5-tetramethylimidazol-2-ylidene-
d12. Incontrast, the electron distributions around the silicon and
germanium centers in 1band 1c¢ appear far more circular (Figure
5b and d). This more symmetrical electron distribution at the
heavier two-coordinate main group IV centers is in accord with
the changes predicted for the »-3 level. Another observation
that should be made from the drawings in Figure 5 is the oval
distribution of electrons in the C=C double-bond cross sections
(with the long oval axis normal to the molecular plane). This is
consistent with the expected o + = nature of the electron density
between these two double bonded carbons.

In contrast to the changes in the o-1p and #-3 orbitals, the »-2
orbital that is manifested as band C in the PE spectra remains
fairly constant in both energy (Tables 2 and 4) and structure
(Figure 4g-i) among 1a—¢. Since this orbital is essentially made
up of the out-of-phase combination of the out-of-plane nitrogen
p-lone pairs and formally has no contribution from the two-
coordinate main group IV center, this invariance is expected.

Band D again shows a steady change through the three
compounds. The molecular orbital that is responsible for the D
band is a g-orbital that is largely comprised of C—C bonds in the
tert-butyl groups in 1a. As the atomic number of the two-
coordinate main group IV center is increased, electrons from this
orbital become easier to ionize (Tables 2 and 4) and the orbital
structure has smaller contributions from the C—C ¢-bonds and
a larger contribution from the two E-N bonding regions (Figure
4k and 1). The actual distribution in the E-N bonding regions
issomewhat suggestive of in-plane nitrogen lone pairs of electrons
from hypothetical chelation of a main group IV center by a
diazabutadiene (¢--BuDAB) ligand (structure 2).

Structure 2 is doubtless an extreme exaggeration of the bonding
that is developing in 1b and Ic. Nonetheless it offers powerful

/t-Bu
=
\; 24

\t-Bu

2 E=8i,Ge

insight into the bonding in these compounds. The increasing
importance of the valence bond representation 2 is signaled by
the transformations of #-3 that, in the extreme case of complete
electron transfer to the two-coordinate main group IV center
from the C=C double bond, would result in the development a
p-type lone pair of electrons at the heavier two-coordinate main
group IV centers. Additionally, the increasing importance of the
two N—E bonds in the molecular orbital responsible for band D
further supports the growing importance of a valence bond
structure like 2 as the atomic number of the two-coordinated
main group IV center increases. This transformation is apparent
in the predicted electron distribution around the two-coordinate
maingroupIV centers. Thetotal electron density in the molecular
planes of 1a—c again provides clues to the differences among the
structures 1a—¢. Figure 6 illustrates the electron density in the
molecular planes of 1a—c (Figure 6a, b, and d) as well as a
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Figure 6. Electron density in the molecular plane of ta—c and 1,3,4,5-
tetramethylimidazol-2-ylidene-d,,. The contours are drawn from the total
electron density between 0.75 and 3.0 ¢ A-? at 0.15 intervals. (a) DFT
calculated density in la. (b) DFT calculated density in 1b. (c)
Experimentally determined density in 1,3,4,5-tetramethylimidazol-2-
ylidene-d,2 (see ref 3). (d) DFT calculated density in 1e.

comparison to the experimentally determined electron distribution
in 1,3,4,5-tetramethylimidazol-2-ylidene-d,, (Figure 6c). For
the carbene compounds, typical ¢-bonds are found throughout
the imidazole ring and for the attached groups. In contrast, the
DFT-predicted electron distributions for the silicon- and ger-
manium derived compounds reveal somewhat isolated circular
electron distributions about these heavier two-coordinate main
group IV centers whereas the other ring o¢-bonds remain
unchanged. Thecircularin-planeelectrondensity at germanium
andsilicon in conjunction with the circular electron density normal
to the molecular plane (Figure 5) leads to an essentially spherical
distribution of electron density around these heavier main group
IV centers. This spherical electron distribution underscores the
“chelated atom” nature of the bonding in 1b and 1¢ as depicted
in structure 2.

The spherical distribution of electron density around the silicon
and germanium centers in 1b and I¢ should lead to some
substantial differences in chemistry relative to the carbene 1a.
Complexes of substituted analogs of the carbene, silylene, and

Arduengo et al.

germylene have been reported and can be described by structure
3,in whicha single o-lone pair of electrons from the two-coordinate
main group IV center is donated to a Lewis acid (main group or
transition metal centered).%31~40

R
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E >E:—->L.A.

N
\

R
3

E=C,Si, Ge
L.A. = Lewis acid

The higher, more spherical electron distribution and the
increasing w-lone pair character of the #-3 orbital that is actually
the HOMO for the silicon and germanium compounds suggests
that these compounds might also serve as four-electron donors.
Indeed, if the #~-BuDAB ligand in 1b and 1c is replaced by a,o’-
bipyridyl, such complexes are known for germanium, tin, and
lead (4).4142 In complexes such as structure 4 the central main

groupIV centerisactually four-coordinate and tetrahedral rather
than three-coordinate and trigonal-planar as in 3. For silicon,
a remarkable example of such bonding has been reported, as
shown in structure 5, in which the nucleophiles coordinated to
the silicon center come from two discrete HMPA molecules rather
than from a single bidentate ligand.*?
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The synthetic approach to structures 4 and 5 actually employed
complexation of the main group IV center by bipyridyl or HMPA
after the metal-main group IV bonds were formed sothat discrete
silylenes, germylenes, stannylenes, and plumbylenes were not
involved. Nonetheless their existence points to a key difference
between the bonding in 1a and that in 1b and 1e and offers an
interesting synthetic challenge for the synthesis of structures like
4 directly from 1b and 1Ic.

Conclusion

The photoelectron spectra of a stable carbene, silylene, and
germylene have been recorded. These spectra are accurately
simulated by a time-dependent first-order perturbation theory
analysis of the density functional theory wave functions for the
compounds. The unambiguous assignments of the bands in the
photoelectron spectra reveal that the carbene 1a possesses a g-lone
pair highest occupied molecular orbital at the carbene center. In
contrast, the silylene and germylene both possess HOMOs derived
from =-orbitals that become more localized on the main group
IV center withincreasing atomic number. The s-lone pair orbital
falls in energy with increasing atomic number throughout the
series 1a—c, thus producing a rise in ionization energy for electrons
from this orbital. There is a w-orbital that is largely comprised
of an out-of-phase combination of the nitrogen p-lone pairs of
electrons that remains fairly constant throughout the series of
compounds (band C). A higher energy band (D) revealsa change
in bonding to the two-coordinate main group IV centers in 1a—c.
The changes in orbital energy and structure for 1a—c predicted
by DFT calculations and supported by the experimental photo-
electron spectra have provided considerable insight into the
electron distribution and potential reactivity of la—c.
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Theelectron distribution at the carbene center is “egg-shaped”,
showing an excess electron density in the direction of thein-plane
o-lone pair of electrons at the carbene center and a deficit in the
direction of the carbene p-»orbital. Thisdeformationisconsistent
with an experimental determination of the electron density at a
related carbene center. The electron distributions at the silicon
and germaniumcenters in 1b and 1¢ are predicted to be essentially
spherical and are consistent with structures of metal complexes
which emphasize a “chelated atom” analogy for the bonding in
1b and 1c. The silylene and germylene structures 1b and 1c do
not represent simple extensions of the type of bonding in the
carbene 1a but rather begin to assume a degree of zero-valent
“chelated atom” character which is reflected in some previously
known metal complexes that are related to these structures.
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