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Abstract: Complete geometry optimizations were carried out using density functional theory to study potential
energy surfaces for the insertion of germylene intoeHCbonds of methane. The GeX¥ CH,; (GeXY =

GeH, Ge=CH,, GeH(CH;), Ge(CH),, GeHF, Gek, GeHCI, GeCJ, GeHBr, and GeBj) systems are the
subject of the present study. All the stationary points were determined at the B3LYP/6-311G* level of theory.
Our theoretical findings suggest that the computed structures of germylenes are in good agreement with the
available experimental results, with the bond lengths and angles in agreement to within 0.04 A°and 1.0
respectively. A configuration mixing model based on the theory of Pross and Shaik has been used to develop
an explanation for the barrier height as well as the reaction enthalpy. Our theoretical findings suggest that the
singlet-triplet splitting AEst = Euiplet — Esingle) Of the GeXY species can be used as a guide to predict its
activity for insertion reactions. Thus, the major conclusion that can be drawn from this work is as follows: the
more stronglysr-accepting, the bulkier, or the more electropositive the substituents, the small&Eghef

GeXY, the lower the activation energy, and the larger the exothermicity for the insertion of GeXY into saturated
C—H bonds. In other words, it is the electronic factors, rather than steric factors, that play a decisive role in
determining the chemical reactivity of the germylene species.

I. Introduction insertions. It is therefore reasonable to expect that the reactivity
) o ] ) ) of substituted germylenes will also be influenced by their spin

~ Germylene (GeXY) is an intriguing chemical species which -y tiplicity. As will be shown below, the germylenes investi-

is isoelectronic with carbene, silylene, and oxygen. Although gateq in this study all have singlet ground states and are therefore
intuitively its chemical behavior is expected to be similar t0  gynected to undergo insertion reactions. In contrast to the wealth
that of its isoelectronic homologues, its chemistry has hitherto experimental and theoretical information on carbene and
been far less well explored. Thus far, only one example of gjjyjene insertion reactiorfselatively little is known concerning
insertion of germylene into a-€H bond has been describ&d? the mechanisms of germylene insertions. To examine the
The chemical reactivity of GeHin its ground state is still reactivity of the parent germylene, Gghs well as numerous
comparatively unknown._ I_ndeed, it is astonishing how_little IS substituted germylenes, we have undertaken a systematic
known about the reactivity of germylenes, considering the jnyestigation of the insertion reactions of various germylene
importance of germanium hydrides in semiconductor pro- gerjvatives into G-H bonds (eq 1) using density functional
cessing™’ and the extensive research activity on the corre- theory (DFT).

sponding carbene and silylene spedéigsurther, systematic
investigations of the chemistry of germylenes would not only
be academically rewarding but practically importaHtprima-

rily because of the role they may play in a variety of
semiconductor growth processes.

Carbenes undergo characteristic chemical reactions such ag (S)YFOLF%EXVSB see: @ l'\'/l\?e“él llzivaleg%Car_b?m Atcagén/lic Zressi
insertion into a single bond, addition to a double bond, NeW York 1964.(b)Krimes, W. ICarbene Chemistilst ed.; Academic

. o . . Press: New York, 1964; Chapter 1. (c) Bethell, A2lv. Phys. Org. Chem.
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. . Chapter 8. (f) Moss, R. A.; Jones, M., Jr.@arbenesWiley: New York,
cesses, whereas singlet carbenes can undergo single-step bon@z3; vol. 1. (g) Jones, M., Jr.. Moss, R. A. Garbenes Wiley: New
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IntermediatesWiley: New York, 1981; Vol. 2, Chapter 3. (j) Moss, R.
A.; Jones, M., Jr. IlReactve Intermediateswiley: New York, 1985; Vol.

GeXY + H—CH, — Ge(X)(Y)(H)(CH,) 1)

We have considered the reaction paths of a model insertion
of GeXY into the C-H bond of methane, where GeX¥ GeH,,
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Ge=CH,, GeH(CH), Ge(CH),, GeHF, Gek, GeHCI, Ged,
GeHBr, and GeBr These molecules have been chosen as model
systems for insertions into GHbecause most of their spectro-
scopic and electronic properties have been studied experimen-
tally in some detail. For instance, the various spectra for
GeH,, 115 Ge=CH,,' GeR,'"1® GeHCI!%20 GeC},?122 Ge-
HBr,20.23 and GeB#?* have been reported in the literature. In
the present study, we compute the chemical reactivities of all
10 of these molecules. We use DFT to explore the effect of
different substitutions on the insertion of germylene into methane
molecule. The purpose of the present DFT mechanical study is
to locate the transition state for reaction 1, to carry out a
vibrational analylsis at this stationary point, and to explain why
there appears to be a barrier for the GeXYCH, insertions.

To our knowledge, this is the first theoretical study on the
insertion of germylenes and the first application of DFT to the
majority of these molecules. Thus, the present calculations can
provide comprehensive energetic information on the insertion
potential energy surface for all the reactions. Moreover, a better
understanding of the thermodynamic and kinetic aspects of such
insertions may help to optimize these and related syntheses.

Il. Theoretical Methods

All geometries were fully optimized without imposing any symmetry

constraints, although in some instances, the resulting structure showed
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various elements of symmetry. For our DFT calculations, we used the Figure 1. B3LYP/6-311G*-optimized geometries (in A and deg) for

hybrid gradient-corrected exchange functional proposed by Bécke,
combined with the gradient-corrected correlation functional of Lee,
Yang, and Par# This functional is commonly known as B3LYP and
has been shown to be quite reliable for geometidhe standardized
6-311G basis s&twas used together with polarization (*) functicf®).2°
We denote our B3LYP calculations by B3LYP/6-311G*. Vibrational
frequency calculations at the B3LYP/6-311G* level were used to
characterize all stationary points as either minima (the number of
imaginary frequencies (NIMAG¥ 0) or transition states (NIMAG=

1). All calculations were performed using the GAUSSIAN94/DFT
package?®
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the reactants (singlet and triplet), precursor complexes, transition states,
and products of GeHand Ge=CH,. Values in parentheses are at the
triplet state. The heavy arrows indicate the main atomic motions in the
transition-state eigenvector.

Ill. Results and Discussion

A. Reactants.By analogy with all other known carbenes and
silylenes, we expect that the two lowest states of germylene to
be 'A" and3A" 3 These states are derived from the ground-
state HOMO, an essentially nonbondimgrbital (A’ symmetry)
based on germanium, and the LUMO, an effectively nonbonding
prr orbital (A" symmetry) on germanium. The optimized reactant
geometriesRed), i.e., GeH, Ge=CH,, GeH(CH), Ge(CH),,
GeHF, Gel, GeHCI, GeC, GeHBr, and GeBy for each
reaction obtained at the B3LYP/6-311G* level of theory are
collected in Figures15. Tables 1 and 2 contain the structures,
relative energies, and spectroscopic properties for the above
molecules in the singletA’) and triplet A") states, together
with some known experimental results.

The computed structures of the compounds gebGeh,
GeCl, GeBp, GeHCI, and GeHBr are in good agreement with
experiments, with the bond lengths and angles in agreement to
within 0.04 A and 1.9, respectively (see Tables 1 and 2). As
is usually the case in group 14 divalent compounds, the triplet
state has significantly wider bond anglés{GeY) and shorter
bond distances (GeX and Ge-Y) than the closed shell singlet
state. In the case of GeXX = F, ClI, and Br), another trend
that can be observed in Table 1 is the increase in the bond
distances and bond angles for bd#' and3A" states as X
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(31) For convenience, we used tl@®&, rather thanC,, symmetry
throughout this work, even the molecule has no symmetry at all.
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Figure 4. B3LYP/6-311G*-optimized geometries (in A and deg) for
the reactants (singlet and triplet), precursor complexes, transition states,
and products of GeHCI and GeCWalues in parentheses are at the
triplet state. The heavy arrows indicate the main atomic motions in the
transition-state eigenvector.
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Figure 2. B3LYP/6-311G*-optimized geometries (in A and deg) for
for the reactants (singlet and triplet), precursor complexes, transition
states, and products of GeHghkind Ge(CH).. Values in parentheses
are at the triplet state. The heavy arrows indicate the main atomic
motions in the transition-state eigenvector.
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Figure 3. B3LYP/6-311G*-optimized geometries (in A and deg) for ¢ reactants (singlet and triplet), precursor complexes, transition states,
the reactants (singlet and triplet), precursor complexes, transition states,; products of GeHBr and GeBWValues in parentheses are at the

and products of GeHF and GeWValues in parentheses are at the triplet et state. The heavy arrows indicate the main atomic motions in the
state. The heavy arrows indicate the main atomic motions in the o« state eigenvector

transition-state eigenvector. ) )
Ge(CHp),, the bond angle increases for € singlet state and

changes from F to Br. The increase in the bond angle can bedecreases for thi#\" triplet state (see Figures 1 and 2 and Table
explained as a consequence of the increase in the atomic radiud). Recently, the simplest unsaturated germylene, germylidene
from F to Br, which forces the bond to open up as one goes (Ge=CH,), was characterized by Clouthier and collaboratérs.
down the group. On the other hand, when going from &ieH Although no quantitative experimental results are available for
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Table 1. Geometries, Relative Energies, and Spectroscopic Properties of Bex H, (CHs), F, Cl, and Br) Obtained Using the B3LYP/

6-311G* Level of Theory

GeX; state Ge-X (A) OXGeX (deg) AEP (kcal/mol) u (D) vi(cm?) vo(cm) vz(cm?)
GeH, A 1.603 90.69 0.0 0.2904 1869 958 1857
[1.591F [91.2F (0.0 [1887¢ [920F [1864F
GeH, SA" 1551 119.2 27.26 0.0564 2079 794 1988
(1.182)
Ge(CHa), A 2.017 95.51 0.0 0.7787 526 211 516
(0.0
Ge(CHs), SA" 2.008 1185 30.65 0.9126 550 155 494
(1.329)
Gek A 1.770 98.37 0.0 2.681 662 235 650
[1.732F [97.15F (0.0) [2.61} [692]¢ [263] [663]F
Gek A" 1.771 115.0 83.89 2.104 650 183 610
(3.638)
GeCl, A 2.218 101.1 0.0 2.615 382 148 355
[2.183F [100.3F (0.0) [399F [159] [372F
GeCl, A" 2.203 118.6 63.66 1.394 382 105 336
(2.760)
GeBr; A 2.379 102.2 0.0 2.209 276 98.3 266
[2.377] [101.2f (0.0) [286] [110] [276]
GeBr; A" 2.365 121.3 56.78 0.9045 282 71.0 224
(2.462)

aValues in square bracket denote the experimental d#gpositive value indicates a singlet ground state. Values in parentheses are in eV.
¢ Reference 11¢ Reference 18 Reference22\ Reference 24.

Table 2. Geometries, Relative Energies, and Spectroscopic Properties of GeHX(CHs), F, Cl, and Br) Obtained Using the B3LYP/

6-311G* Level of Theory

GeHX state  GeX(A) Ge-H(A) [OXGeH(deg) AEeP (kcal/mol)  u (D) riem®  v(em)  wa(cm )

Ge=CH, A’ 1.800 1.09¢ 113.3 0.0 0.1899 791 424 683
(0.0)

Ge=CH, SA" 1.839 1.082 127.1 59.03 0.2571 1250 749 851
(2.560)

GeH(CHs) A 2.012 1.610 93.08 0.0 0.7028 889 532 603
(0.0)

GeH(CHsy) SA" 2.000 1.560 119.1 28.63 1.076 856 504 532
(1.241)

GeHF A 1.778 1.620 94.57 0.0 2.085 1795 647 754
(0.0)

GeHF SA" 1.772 1.580 112.0 46.43 2.190 1774 523 650
(2.013)

GeHCI A 2.226 1.607 93.56 0.0 2.345 1833 373 736

[2.160] [1.630] [103] (0.0)

GeHCI SA" 2.193 1.572 113.9 42.16 1.906 1841 385 528
(1.828)

GeHBr A 2.377 1.607 93.63 0.0 2.038 1832 274 710

[2.330] [1.630] [103] (0.0)

GeHBr SA" 2.343 1.572 114.8 40.40 1.417 1848 278 532

(1.752)

2Values in square bracket denote the experimental d#aositive value indicates a singlet ground state. Values in parentheses aré irhev.

Ge=C bond lengthd The C-H bond length€ The OHCH bond angle’ Reference 20.

both A" and3A" states, its singletA’ structure based on the the existence of weak interactions between the hydrogen and
B3LYP/6-311G* level agrees well with that of the CISD halogen atoms. This hydrogen bonding effect is also reflected
calculations® in which the bond lengths and angle are predicted in the fact that the bond angle of GeHX is smaller than that of

to be 1.794 A (Ge=C), 1.082 A (C-H), and 114.2 (OHCH). GeX, in both singlet and triplet states.

We also calculated the dipole moments of all 10 species in  The vibrational frequencies of all the germylenes studied in
their two lowest electronic states, which are given in Tables 1 this work are presented in Tables 1 and 2. The theoretically
and 2. It is worth pointing out that the calculated dipole moment predicted ground-state vibrational frequencies are generally in
of Gek, 2.681 D, is in good agreement with the experimental reasonable agreement with experimentally observed fundamental
value of 2.61 D7 In addition, dipole moments of singlet and frequencies. For instance, the predictedsymmetric stretches)
triplet states decrease as we go from @®@FGeBp. This trend are within 30 cnl, v3 (asymmetric stretches) within 17 cii
is reasonable if we consider the decrease in electronegativityand the low-frequencys (symmetric bends) within 38 cm
from F to Br atoms. The GeHRmnolecule is expected to have of their respective experimental values. Moreover, there are two
the largest charge separation. However, the dipole moment alsarelated trends in the data which are of particular interest. As
depends on the bond distance, and in this case, the ;GeBr expected, the bond stretching; (and v3) and angle bending
molecule possesses longer bonds than the,Geld GeCl (v») frequencies decrease along the series H, F, Cl, and Br. In
molecules. In the case of GeHX (X F, Cl, and Br), the bond addition, upon going from th®A’ singlet to the’A" triplet, the
distances, bond angles, and dipole moments (Table 2) followsloss of an electron from the HOMO causes the bond angle to
a different trend to those of GeXPresumably this is due to  widen in order to take more advantage of the bonding interac-
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Table 3. HOMO and LUMO Energies (au) and Relative Energies (kcal/mol) for Singlet and Triplet GeXY Species and for the Process GeXY
+ H—CH; — Precursor Complex> Transition State— Product®

system HOMO LUMO AEqo-Lu AEsf reactants AEgpd AEF e AHf
GeH, —0.249 —0.123 0.126 +27.3 0 —0.936 +33.2 —28.0
Ge=CH, —-0.221 —0.105 0.116 +59.0 0 —0.0487 +58.0 —-5.25
GeHCH; —0.231 —0.106 0.125 +28.6 0 —0.191 +35.8 —26.8
Ge(CHa): —0.218 —0.0924 0.126 +30.7 0 —0.0157 +39.1 —-25.1
GeHF —0.260 —-0.114 0.146 +46.4 0 —0.982 +48.6 —-17.1
Gek —-0.321 —0.106 0.215 +83.9 0 —1.40 +77.7 +0.350
GeHCI —0.263 —-0.127 0.136 +42.2 0 —0.233 +48.1 —-15.6
GeCl, —0.300 -0.131 0.169 +63.7 0 —0.0926 +70.0 —0.0812
GeHBr —0.256 —-0.127 0.130 +40.4 0 —-0.171 +48.2 —-14.5
GeBr; —0.282 —-0.131 0.151 +56.8 0 +0.0247 +68.3 +1.28

a At the B3LYP/6-311G* level®? All optimized geometries can be found in Figures 1-B. positive value indicates a singlet ground stdt@he
stabilization energy of the precursor complex, relative to its corresponding reaét@hesactivation energy of the transition state, relative to its
corresponding reactantsThe reaction enthalpy of the product, relative to its corresponding reactants.

tions with the A orbital3? As a result, the wider angle has a It should be noted that the effects of substituents on the singlet
smaller force constant, so the bending frequency decreases. Irtriplet splitting are not additive. The increase in the singlet
any event, the good agreement between experiment and theoryriplet energy gap upon substitution of one H by Qi F or
on the known ground-state features gives us confidence in ourCl or Bris 1.4 or 19 or 15 or 13 kcal/mol; a second £t F
theoretical predictions concerning the excited triplet states, whereor Cl or Br produces an additional increase by 2.0 or 37 or 21
experimental data are less abundant. or 16 kcal/mol, respectively. Therefore, each methyl group
This work, reliable when compared with available experi- stabilizes the germylene singlet state preferentially b kcal/
mental data, shows that germylenes possess singlet groundnol, certainly a much smaller effect than halogen substitution.
states. Indeed, substituents more electronegative than Ge shouldlVe shall use the above results to explain the origin of barrier
result in a stabilization of the singlet state relative to the triplet heights for their insertion reactions in a latter section.

state?® and so far, all germylenes generated experimentally have  Finally, it should be noted that for all germylenes studied in
had singlet ground states. These trends run parallel to thosethis work the excitation energies from the singlet ground state
observed and calculated for carbenes and silyléhles triplet to the first triplet excited state are quite large (ca—8# kcal/
ground states are not uncommon among carbenes. mol). This means that the size of the singl&iplet energy
Theoretical studies of Getthave been performed by a number  separation, in particular for the halogen-substituted germylenes,
of groups with the most accurate calculations, giving a sirglet  renders the production of the first excited triplet state under the
triplet separation of 22:823.6 kcal/moB* The present calcula-  experimental conditions practicably impossible. Thus, only the
tions give 27.3 kcal/mol (27.5 kcal/mol after zero-point energy singlet potential surface was considered throughout this work.
correction). In addition, it is intriguing to find that germylidene B. Precursor Complexes.The geometries and energies of
is also predicted to have a singlet ground state (see Table 2).complexation of germylene with methane, i.B¢x—GeHa,
The 1A'—3A" energy gap is twice as large as that for GeH Pcx—GeCH,, Pex—GeH(CHs), Pex—Ge(CHs)z, Pox—GeHF,
59.0 keal/mol (59.7 kcal/mol after zero-point energy correction) pcy—GeF,, Pex—GeHCI, Pex—GeCl, Pex—GeHBr, andPex—
at the B3LYP/6-311G* level. It should be mentioned here that Gepy, were also calculated. The optimized geometries are
the singlet-triplet energy gaps for those germylenes studied in shown in Figures 5. For convenience, the energies are given

this work may be overestimated by as much as several g|ative to the two reactant molecules, i.e., GeX¥YCHa, which
kilocalories per mole. Thus, using the more sphosticipated theory 5re a1s0 summarized in Table 3.

with larger basis sets is essential to obtain the most accurate
results. Nevertheless, the energies obtained at the B3LYP/6-
311G* level can, at least, allow reliable qualitative conclusions
to be drawn.

Despite the fact that th&A’'—3A" separation has not been
measured experimentally, our DFT calculations provide several
trends of interest. As can be seen from Tables 1 and 2, the mo
obvious trend is that strongly electron-withdrawingmdonat-
ing substituents raise the singtdtiplet energy gap, whereas

electroposmveﬂ-acggptmg, or bulky substituents lower this ddistance for the Ge- - -C contacts (ca.43%2 A) are consider-
energy gap. In addition, as is the case for the carbenes an

silylenes, the halogen-substituted germylenes show a substantia?bly longer than those calculated for the corresponding products

o . . . ca. roughly 1.9 A; vide infra). Such long bond lengths are also
ii)b;lr';zggg (;téhgbstgglgé StNa;?nz\ll;rttﬁg tsr;gl:fit?/ngft?#es Z:rﬁlglee rt reflected in the calculated complexation energies. As_shown_ in
state of a halogermylene 'relative tcg the triplet increases as theTable 3, th_e energy of the precursor complex relatllve to its

S corresponding reactants is less than 1.4 kcal/mol. This strongly
halogen electronegativity increases. For example p@@stkcall indicates that the intermediate germylene complex exists only
mol) > GeCb (64 kcal/mol)> GeBr, (57 kcal/mol) and GeHF

(46 keallmol)> GeHCI (42 kcal/moly- GeHBr (40 kcalimol), 25 @ shallow minimum and experimental detection of the
intermediate formed during the reaction is unlikely.

As seen in Figures-15, it is apparent that the precursor
complexes all display very similar (XY)Ge- - -GHbonding
characteristics in which the GeXY unit is virtually orthogonal
to the Ge-C axis. Calculated vibrational frequencies for the
precursor complexes reveal that these structures are true minima
on the potential energy surfaces. Compared to the structures of
Sthe isolated reactants, both germylene and methane geometries

in those precursor complexes are essentially unperturbed. In

addition, as one can see from Figures5] the calculated bond

(32) Albright, hT A; BuLdett,IJ. K.; Whangbo, Mi<-H. IrOrbital C. Transition States.The optimized transition-state structures
Interactions in ChemistryJohn Wiley & Sons: New York, 1985. (TS—GeH,, TS—GeCH,, TS—GeH(CH3), TS—Ge(CHa),, TS—
19%3131?@']?823 J. F.; Liedtke, R. C.; Liebman, J..Am. Chem. Soc. GeHF, TS—GeF,, TS—GeHCl, TS—GeCl, TS—GeHBr, and

(34) See ref 11 and references therein for recent work on,GeH TS—GeBry) along with the calculated transition vectors are
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shown in Figures 45, respectively. The arrows in the figures a greater difference appears along the series @eGeBp than
indicate the directions in which the atoms move in the normal along the series from GeHF (49 kcal/mol) to GeHCI (48 kcal/
coordinate corresponding to the imaginary frequency. The mol) to GeHBr (48 kcal/mol). In other words, the more the
geometries of all symmetrically substituted germylene &eX halogen substituents, the higher the activation energy.
shown in Figures are ne@ symmetry, although no symmetry Although germylidene is a short-lived germylene that is
restrictions were imposed in the transition searches. principally of theoretical interest, it is an excellent model to
Examination of the single imaginary frequency for each test any steric requirements for insertion since it has an empty
transition state (1164i cm TS—GeH,, 1118i cnt! TS— 4p orbital that lies in the same plane as its trigonally hybridized
GeCHy, 1180i cnt! TS—GeH(CHs), 1179 cm! TS—Ge- adjacent methylene group. The B3LYP/6-311G* activation
(CH3)z, 1137i cnr TS—GeHF, 1324i cnr! TS—Gek,, 1113i barrier (58 kcal/mol) for insertion into methanE—GeCHy)
cm ! TS—GeHCl, 1249i cm* TS—GeCl,, 1111i cnt! TS— is 25 kcal/mol higher than that for germylene insertidis¢
GeHBr, and 1237i cm! TS—GeBr,) provides excellent con-  GeHy), reflecting the destabilizing influence of the filled-El
firmation of the concept of the insertion process. The vibrational ¢ orbitals on the adjacent methyl groups. It is worth noting that
motion for the insertion of germylene into methane involves the magnitude of the activation barriers for methane insertion
the bond forming between germanium and carbon in concertthat we have examined so far depends more strongly on
with C—H bond breaking and hydrogen transfer to the germa- electronic factors than on steric interactions. For instance, the
nium center. Indeed, the primary similarity among all the activation barriers for methyl and dimethyl germylene inserting
transition states is the three-center pattern involving germanium,into methane are 36 and 39 kcal/mol, but those for germylidene

carbon, and hydrogen atoms.

and halogen-substituted germylene insertion are in the range

A comparison of the 10 transition structures yields a number 48—78 kcal/mol.
of trends. Increasing the number of halogens causes a larger D. Insertion Products. The optimized product geometries

decrease in the halogen-substituted germytedid, distance
but leaves the methyl-substituted germyle@H, distance
relatively unaffected. That is, the newly forming G€ bond
length decreases in the ordeFS—GeH, (2.391 A) > TS—
GeHF (2.338 A) > TS—GeF, (2.243 A), TS—GeHCI (2.358
A) > TS—GeCl, (2.301 A), andTS—GeHBr (2.366 A)> TS—
GeBr; (2.322 A), wherea3S—GeH(CHs) (2.384 A)~ TS—
Ge(CHs), (2.382 A). In addition, the DFT calculations suggest
that both the breaking-€H bond distance and thieGeCH bond
angle increase in the ordefS—GeH, (1.683 A, 40.49) <
TS—GeHF (1.812 A, 41.23) < TS—GeFR, (1.841 A, 42.53),
TS—GeHCI (1.797 A, 40.87) < TS—GeCl, (1.823 A, 41.72),
and TS—GeHBr (1.792 A, 40.77) < TS—GeBr, (1.821 A,

(Pro—GeHy, Pro—GeCHz, Pro—GeH(CHg3), Pro—Ge(CHz),,
Pro—GeHF, Pro—GeF,, Pro—GeHCl, Pro—GeCl,, Pro—
GeHBr, and Pro—GeBr,) are collected in Figures-15. To
simplify comparisons and to emphasize the trends, the calculated
reaction enthalpies for insertion are also summarized in Table
3.

The theoretical results depicted in FiguresSlreveal that
all the insertion products Ge(X)(Y)(H)(GHadopt a staggered
ethane-like structure. It should be noted that the newly formed
Ge—-C bonds in transition structures are stretched by an average
21% relative to their final equilibrium values in GgHseH-
(CHg), and Ge(CH), insertions and 16%19% for germylidene
and halogen-substituted germylene insertions. Again, these

41.48). All three features indicate that the transition structure featyres indicate that the methyl-substituted germylene insertion
occurs progressively later along the reaction path for insertion ra5ction reaches the TS relatively early, whereas the halogen-

as the electronegative substitution is increased.

substituted germylene insertion arrives at the TS relatively late.

There is a dramatic effect on the internuclear distances at Thus’ one may anticipate a |arger exothermicity for the former

these saddle points. For GgHGeH(CH), and Ge(CH),
insertions, the breaking-€H bonds are stretched by 54%, 52%,

and 52%, respectively, relative to their values of methane (1.090

A). In contrast, the analogous-& bonds in Ge=CH,, GeHF,
Gek, GeHCI, GeC, GeHBr, and GeBrinsertions are longer

by 71%, 66%, 69%, 65%, 67%, 64%, and 67%, respectively,

(see below).

Comparing the structures of the insertion product and its
corresponding isolated reactants, as shown in Figures i
is interesting to note that the geometric parameters of the GeXY
moiety in the products resemble more closely those of the triplet
than those of the singlet GeXY reactants. This strongly implies

than the isolated methane. Taken together these features indicatf, ¢ the triplet germylene should take part in the singlet surface
that the transition structures for methyl-substituted germylenes during the insertion process. We shall explain this phenomenon

take on more reactant-like character than halogen-substituted
germylenes. Consequently, the barriers are encountered earlier
in the reactions of the former than of the latter. As demonstrated

below, this is consistent with the Hammond post#atehich

associates an earlier transition state with a smaller barrier and

a more exothermic reaction.

With halogen substitution, there is a large increase in the

barrier height at the B3LYP/6-311G* level of theory. The first

fluorine increases the barrier by ca. 49 kcal/mol and the second :
by an additional 29 kcal/mol. A similar increase in the barrier demonstrated in rable
height is also found for chlorine and bromine substitutions (see

Table 3). We also note that the barrier height for gi@eBertion
(78 kcal/mol) is much higher than that for Ge@isertion (70
kcal/mol), but this is not much higher than for the GgBne

(68 kcal/mol). Highly electronegative groups such as F can lead
to a substantially higher insertion barrier. Moreover, when

comparing barrier heights of GgXnd of GeHX (X= halogen),

(35) Hammond, G. SJ. Am. Chem. Sod.954 77, 334.

in more detall in the next section.
The substituent effect on the heat of reaction is not additive.
For instance, the present calculations predict that the reaction
enthalpies of Gek GeCh, and GeBs insertions are 0.35,
—0.081, and 1.3 kcal/mol, respectively. In contrast, our DFT
results also suggest that the energiesPod—GeHF, Pro—
GeHCl, andPro—GeHBr are below those of reactants by 17,
16, and 15 kcal/mol, respectively. On the other hand, as
3, the energetic ordering of the insertion
of methyl-substituted germylene into GHshows that the
reaction enthalpy for the process is GetH28 kcal/mol) <
GeH(CH) (—27 kcal/mol)< Ge(CH), (—25 kcal/mol)< Ge=
CH; (—5.2 kcal/mol). Again, this is consistent with the
observations shown earlier, in which the methyl-substituted
germylene saddle point lies much closer to reactants than
products.

E. Overview of Germylene Insertions A schematic diagram
of the GeXY + CH,4 (GeXY = GeH,, Ge=CH,, GeH(CH),
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Figure 6. Potential energy surfaces for the insertion of germylene into
a C—H bond of CH. The relative energies are taken from the B3LYP/
6-311G* level as given in Tables 1 and 2. The B3LYP-optimized
structures of the stationary points see Figure$1

Ge(CH),, GeHF, Gek, GeHCI, GeCJ, GeHBr, and GeB)
potential surface is displayed in Figure 6.

The major conclusions that can be drawn from Figure 6 and
Table 3 are as follows: (a) Considering both the activation
barrier and exothermicity based on the model calculations

presented here, we conclude that the methyl-substituted ger-
mylene insertions are much more favorable than those of the
halogen-substituted germylenes. Indeed, from the magnitude of
the insertion barriers, one can easily deduced that halogen-
substituted germylenes should be relatively inert in the gas
phase. (b) The more the halogen substituents, the higher the,,
activation barrier and the less the exothermicity of a germylene

insertion. This result can be also applied to the methyl-

substituted germylenes. Nevertheless, the effect of methyl

substitution is much smaller than halogen substitution. (c) Our
theoretical findings suggest that-El bonds are generally stable
toward germylenes, which has been confirmed experimerttally.

(d) Electronic factors, rather than steric factors, play a decisive

role in determining the chemical reactivity of the germylene
species from both a kinetic and thermodynamic viewpoint.
F. Comparison with Methylene and Silylene Insertions.
Experiment and theory® appear to be in agreement regarding
the lack of a significant barrier in the GH- CH, reaction. On

the other hand, it has recently been demonstrated that the

insertion of Sik into a C—H bond of CH, occurs with a larger
activation energy (1719 kcal/mol)3? Our DFT results suggest
that the activation barrier for singlet Geglisertion into methane
is 33 kcal/moE8 This activation energy is considerably higher
than for both CH and SiH insertions. Moreover, it has been

shown that fluorine substitution leads to a large increase in the

barrier height for carbene and silylene insertion into mett¥éne.
This is qualitatively consistent with our DFT results for the

J. Am. Chem. Soc., Vol. 121, No. 17, 4123%

using the same level of theory in this work, the fact that the
activation barriers of germylenes are in general higher than those
of carbenes and silylenes implies that the former should be much
more inert than the latter during the insertion process.

IV. The Configuration Mixing Model

All of these computational results can be rationalized on the
basis of a configuration mixing (CM) model based upon reactant
and product spin recoupling§:*°In this approach, the reactant
configuration and product configuration curves are used to create
a reaction barrier. The former describes the electron distribution
in the reactants, while the latter shows the electron distribution
in the products.

The germylene insertion reaction (eq 1) may be described in
valence bond (VB) terms by the avoided crossindlL@nd 2.

The VB configurationl, labeled{GeXY]CH,], is termed the
reactant configuration, in which the two electrons on the GeXY
moiety are spin-paired to form the lone pair, while the two
electrons on the CHmoiety are spin-paired to form a-¢H o
bond. On the other hand, configurati@nis the VB product
configuration. Note that the spin arrangement is now different.
The electron pairs are coupled to allow both-&2and Ge-H
bond formation and simultaneous—& bond breaking. To
obtain this configuration from the reactant configuratipeach

of the two original electron pairs needs to be uncoupled. In other
words, those two electron pairs require excitation from the
singlet state to the triplet state. Hence, this configuration is
labeled®{GeXY]3[CH4]. It should be noted th&GeXY]3[CH,]

is an overall singlet configuration, despite the fact that it contains
ithin it two local triplets. The MO representations of VB
configurations1 and 2 are shown in3 and 4, respectively.
Consequently, it is the avoided crossing of these two configura-
tions that leads to the simplest description of the ground-state
energy profiles for the germylene insertion.

H p o
1 1
[YXGelft [YXGel4 i
CHs CHs
"[GexY1'[CHa]  *[GeXY]®[CH4]
1 2

3[GeXY]’[CH4]
4

'[GeXY]'[CH4]
3

In Figure 7, we show the qualitative behavior of the two

fluoro-substituted germylene insertions. In addition, the B3LYP ¢qnfigurations for the insertion of germylene into £H is
calculations also suggest that the activation energies fop GeF eagily seen that the barrier height®¥) as well as the reaction

and GeHF insertions are much higher than those for CAF,
SiF, and SiHF cases as shown previolhA similar phe-
nomenon can also be found in alkyl-substituted cartfeaed

enthalpy AH) may be expressed in terms of the initial energy
gap between the reactant and product configurations. That is to
say, the reactivity of germylene insertions will be governed by

germylene insertions. Although we have not carried out those e singlet-triplet excitation energies for each of the reactants,

calculations for the insertion of carbene and silylene into, CH

(36) Bach, R. D.; Su, M.-D.; Aldabagh, E.; Andres, J. L.; Schlegel, H.
B. J. Am. Chem. S0d.993 115 10237.

(37) (a) Sawrey, B. A.; O'Neal, H. E.; Ring, M. A,; Coffey, Mnt. J.
Chem. Kinet1984 16, 31. (b) Davidson, I. M. T.; Lawrence, F. T.; Ostah,
N. A. J. Chem. Soc., Chem. Commuad®88Q 659.

(38) However, the general trend of the B3LYP method to underestimate
barrier heights is well-known, and it suggests that this B3LYP value is a
lower limit.

i.e., AEg (:Etriplet - Esinglet for GeXY) andAE,q (=Etriplet -
Esinglet for CHa). Accordingly, if AE,+ is a constant, then a
smaller value oAAE; leads to (i) reduction of the reaction barrier

(39) (a) Shaik, S.; Schlegel, H. B.; Wolfe, S. Tineoretical Aspects of
Physical Organic Chemistrylohn Wiley & Sons Inc.: New York, 1992.
(b) Pross, A. InTheoretical and Physical principles of Organic Reait$i;
John Wiley & Sons Inc.: New York, 1995.

(40) Su, M.-D.Inorg. Chem.1995 34, 3829.
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Figure 7. Energy diagram for an insertion reaction showing the
formation of a state curve¥{) by mixing two configurations: the
reactant configuration (1) and the product configuration (2). It can be
seen that both the activation energ&E) and reaction enthalpy
(AH) is proportional toAEs; (=Euipiet — Esinglet for GeXY) and AEq+
(:Etriplet - Esinglet for CH4) See the text.
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Figure 8. AEs (=Euipiet — Esingiey) fOr germylene GeXY vs the activation
energy and reaction enthalpy for the insertion of GeXY intoeGHs.
The linear regression equation is (¥ = 0.818AEy + 13.5 and (b)
AH = 0.584AEg — 41.1 with a correlation coefficier® = 0.93 and

R = 0.94, respectively. All values were calculated at the B3LYP/
6-311G* level. See the text.

since the intended crossing §GeXY]CH,4] and 3[GeXY]-
3[CHy4] is lower in energy and (i) a larger exothermicity since
the energy of the product is now lower than that of the reactant.
In short, the smaller thAEg; of GeXY, the lower the barrier
height, and in turn, the faster the insertion reaction, the larger
the exothermicity.

Our model calculations confirm the above prediction. For the
B3LYP/6-311G* calculations on the 10 systems studied here,
a plot of activation barrier versuAEg is given in Figure 8:
the best fit iSAEF = 0.818AEs + 13.5. Likewise, the linear
correlation betweer\Es; and the reaction enthalpyAt), also
obtained at the same level of theory,A$41 = 0.584AEg —
41.1. This investigation provides strong evidence that the

singlet-triplet energy gap can be used as a guide to predict the

reactivity of germylenes. Thus, to find a good model for facile
insertion reactions, an understanding of the singieplet

Su and Chu

splitting AEg; of germylene is crucial. Furthermore, we have
also examined the relationship between the HOM@MO
energy gaps and the activation barriers for the aforementioned
10 systems as shown in Table 3. Our theoretical findings suggest
that neither HOMO and LUMO energies hor HOMQUMO
energy gaps correlate well with the increase in the insertion
barriers. This is not surprising since the singligiplet excitation
energy is the HOMGLUMO energy difference minus the
orbital Coulombic repulsion integrél. In other words, the
singlet-triplet splitting AEs is not equivalent to the HOM©
LUMO energy gap, so that the latter is not directly associated
with the activation energy for insertion.

Before further discussion, let us emphasize here the impor-
tance of the status of the triplet germylene GeXY. Since two
new covalent bonds have to be formed in the product GeXY-
(H)(CHy), i.e., the Ge-C and Ge-H bonds (right in Figure 7),
the bond-prepared GeXY state must have at least two open
shells, and the lowest state of this type is the triplet state.
Therefore, from the valence-bond point of view, the bonding
in the product can be recognized as bonds formed between the
triplet GeXY state and the two doublet radicals (overall singlet),
the methyl radical and the hydrogen atom. This is similar to
considering the bonds in a water molecule as being formed
between a triplet oxygen atom and two doublet hydrogen
atoms*? Therefore, if a reactant GeXY has a singlet ground
state with a low-lying triplet state, it will readily undergo single-
step bond insertions due to involvement of the triplet state in
the reaction. The supporting evidence comes from the fact that
geometrical parameters of the final product resemble those of
the corresponding triplet reactants. This is exactly what we have
seen in our DFT results as shown earlier.

The effect of replacing carbon (carbenes) with germanium
(germylenes) without altering substituents is predicted to result
in a stabilization of the singlet relative to the triplet. As often
observed in carbene and silyleds; of germylenes increases
as the electronegativity of the substituents is increased. This is
due to the fact that-donor substituents favor the singlet state
by bonding with the p-orbital on the germanium, which is vacant
in the singlet state and singly occupied in the trigfetloreover,
as discussed earlier, singlet germylenes have smaller bond angles
than triplets and, therefore, have more germanium p-character
in the bonds to the substituents. The greater p-character leads
to stronger ionic bonding and stabilization of the singlet. This
stabilization is naturally more important for more electronegative
substituents, resulting in an increaseAks; with substituent
electronegativity’® In fact, the alternative explanations of
m-donation and electron-withdrawal are readily compatible.
Electronegative substituents withdraw electron density from the
germanium, making it more positively charged. This increased
positive charge makes the germanium a bettacceptor. As a
result, 7-donation from substituents is enhandéd.

Conversely, sterically bulky substituents favor a largeGeY
bond angle, leading to more germanium s character in theGe
bonds and therefore more p-character in the germanium non-
bondingo-orbital. This reduce the energy difference between
the nonbonding valence s- and p-orbitals, favoring the triplet
state and thereby reducing the singl#tplet splitting. At the
other extreme, an electropositive substituent (with respect to
germanium) will, in the limit, result in an in situ Ge which,

(41) See ref 32, pp 116.

(42) Siegbahn, P. E. Ml. Am. Chem. Sod.996 118 1487.

(43) Irikura, K. K.; Goddard, W. A., lll; Beauchamp, J. . Am. Chem.
Soc.1992 114, 48.

(44) Suchr-back-bonding is commonplace in transition metal chemistry,
although the ligands are usually thelonors andr-acceptors in that context.
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being isoelectronic witfP oxygen, will favor a triplet state.  applied, our qualitative predictions are in accord with the
Again, this will reduce the singlettriplet separation or even  theoretical results presented here as well as the available
yield a triplet ground state. In any event, strongly electron- experimental observations. Despite the simplicity, our approach
withdrawing orz-donating substituents will raise the singtet can provide chemists with important insights into the factors
triplet energy gap, while electropositive or bulky substituents controlling the activation of saturated bonds and thus permit
will lower this energy gap. them to predict the reactivity of several, as yet unknown, reactive
In summary, from the analysis in the present study, we are GeXY intermediates.
confident in predicting that, for the substituted germylenes It is hoped that our study will stimulate further research into
GeXY, the more stronglyr-accepting, the bulkier, or the more  the subject.
electropositive the substituents, the smaller Altg; of GeXY,
the lower the activation energy, and the larger the exothermicity =~ Acknowledgment. We are thankful to the National Center
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