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methylene (3). The symmetry breaking entails rotation and 
inversion of one methylene group, passing over a C1 transition state 
(9), crossing the C1 symmetric disrotation coordinate, and inverting 
the second methylene via another transition state of structure 9, 
before rejoining the C2 conrotatory pathway. The reaction 
pathway for single rotation also breaks symmetry to avoid C5 

(0,90)-trimethylene (4), and passes through a single transition 
state (10) of C1 symmetry. 

We have used the highest energy transition state 9 on the 
pathway for two-center rotation to calculate the a and /3 deuterium 
isotope effects on double rotation. Both a and /3 isotope effects 
at 422.5 0C are calculated to be moderate and normal, with the 
/3 H/D isotope effects much smaller than the a effects. In cy
clopropane-./^-2/^ (1), these individual isotope effects give rise 
to a calculated overall kinetic preference of Z12 = 1.13 for C-
(1)-C(3) (or C(2)-C(3)) over C(l)-C(2) coupled rotation. This 
value of z12 is quite close to that assumed by Berson and co
workers12 in their original analysis of the stereomutations of 1. 

Our calculated value Z12= 1.13 for 1 is very different from the 
value of about Z12 = 0.4 that is necessary for the result obtained 
by Baldwin16 for cyclopropane-/-13C-/,2,5-2#3 (2) to be compatible 
with the results obtained both by Berson12 and by Baldwin15 for 
1. Our calculations do find that the difference in isotopic sub
stitution between 1 and 2 should alter the relative contributions 

Introduction 
In recent years the three-membered rings comprising group 14 

elements have received considerable attention.1"* Small-ring 
compounds seem to be inherently and enduringly interesting to 
chemists, due in large part to their high strain, novel ring bonding, 
and, in the case of group 14 cyclotrimetallanes, reactive bonds 
between heavy atoms (e.g. Si-Ge). The group 14 cyclotri
metallanes are not only interesting, they are also synthetically 
useful as convenient sources of highly reactive carbene-like species 
and dimetallenes, because they decompose photolytically via the 
reaction 

C-XR2YR2ZR2 — :XR2 + R 2Y=ZR 2 (1) 

where X, Y, Z = group 14 elements.2,3 In some cases thermolysis 
yields the same products.3'4,7'8 

Of the ten cyclotrimetallane rings made up of C, Si, and Ge, 
all have been synthesized to date except the three which contain 
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of the single and double methylene group rotation mechanisms 
in these two cyclopropanes, but the effect is computed to be small, 
amounting only to about a 10% difference in the ratios of the rates 
for single and double rotation. On the basis of these computational 
findings, we conclude that there is no apparent way to reconcile 
the experimental results obtained for 1, which indicate a clear 
preference for double rotation, with those obtained for 2, which 
indicate that single and double methylene group rotations proceed 
at essentially equal rates. 
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a single Ge atom. Among the latter group the germirane (GeC2) 
ring is especially notable for its elusiveness. Germiranes have been 
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proposed as intermediates in several reactions but have never been 
detected,9 and an attempt to synthesize a germirane by reacting 
diazomethane with a germene has been unsuccessful.10 Other 
group 14 cyclotrimetallanes have been synthesized via reactions 
analogous to diazomethane addition to germene, suggesting that 
the enthalpy change associated with reaction 1 may be significantly 
lower for germirane than for other three-membered rings. 

Qualitative reasons for the differing stabilities of cyclotri-
metallane rings with respect to decomposition via reaction 1 may 
be understood by examining the various contributions to the 
enthalpy change of this reaction. Consider, for example, the 
decomposition of silacyclopropane, C-SiC2H6, to silylene, SiH2, 
and ethylene, C2H4. The strengths of the Si-C bonds, the strength 
of the C-C ir-bond, and the ring strain enthalpy are the obvious 
contributors to AW(I). Thus, because Si-C and C-C single bonds 
have nearly the same strength (within 2 kcal mol"1),11 the de
composition of silacyclopropane is correctly predicted to be less 
endothermic than that of cyclopropane due to the higher strain 
enthalpy of the silacyclopropane ring.6 However, this cursory 
analysis is quantitatively flawed. Boatz and Gordon6 found that 
AH0 for the decomposition of C-SiC2H6 to SiH2 and C2H4 is ca. 
55 kcal mol"1 less than AH0 for the production of C2H4 and singlet 
CH2 from cyclopropane, but they also found that the ring strain 
of silacyclopropane exceeds that of cyclopropane by no more than 
14 kcal mol"1. Thus, we are left with a difference of about 40 
kcal mol"1 between the reaction enthalpies for which there is no 
accounting! 

Here we present the results of ab initio quantum mechanical 
determinations of the strain enthalpies12 of the ten cyclotri
metallanes, C-XH2YH2ZH2, composed of C, Si, and Ge atoms 
and the energetics of decomposition of these compounds via re
action 1. We will show that the decomposition enthalpies can be 
predicted semiquantitatively from a simple model which expresses 
the enthalpy of reaction 1 in terms of contributions from single 
bond dissociation enthalpies (BDE's),12 strain enthalpy, 7r-bond 
enthalpy, and Walsh's so-called divalent state stabilization energy 
(DSSE).11 It is the DSSE which accounts for most of the 55 kcal 
mol"1 difference between the cyclopropane and silirane decom
position enthalpies mentioned above. Germirane is, by far, the 
least stable ring with respect to dissociation via reaction 1. The 
analysis of the enthalpy of decomposition in terms of the simpler 
component enthalpies allows for ready estimation of the effects 
of substituents on this reaction from known substituent effects 
on the individual components. 

Ab Initio Quantum Mechanical Methods 

Molecular electronic energies were determined by optimizing struc
tures using restricted Hartree-Fock self-consistent-field (SCF) analytic 
gradient techniques.13 Residual Cartesian and internal coordinate gra
dients did not exceed ICT6 au. Analytic second derivative methods14 were 
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used to evaluate the quadratic force constants and resulting harmonic 
vibrational frequencies at the SCF level. For the XH2 molecules opti
mizations were carried out on the lowest singlet states. 

Our basis set is of double-f plus polarization quality for heavy atoms 
and double-f for hydrogen, which is therefore designated DZ+d. Spe
cifically, for carbon and silicon the Huzinaga-Dunning15 (9s5p/4s2p) and 
(1 Is7p/6s4p) sets were augmented with Cartesian polarization functions 
with exponents ad(C) = 0.75 and ad(Si) = 0.50. The hydrogen basis is 
the Huzinaga-Dunning15 (4s/2s) set. The germanium basis set is a 
7s5p2d segmented contraction16 of Dunning's 14sl lp5d primitive set,17 

to which we have appended an additional polarization d-function [ad(Ge) 
= 0.25]. Thus, the germanium basis set is (14sllp6d/7s5p3d). Similarly 
constructed basis sets16,17 for the neighboring atoms gallium and arsenic 
yield excellent results for geometries and isomeric energy differences 
when compared to more flexibly contracted basis sets obtained from the 
same primitive basis set.18 

Reaction enthalpies at 0 K were evaluated by adding to the difference 
in electronic energies of reactants and products, AEt]tc, the difference in 
SCF zero-point harmonic vibrational energies (AZPVE) multiplied by 
a scale factor of 0.91. This scale factor provides an approximate cor
rection for the overestimation of zero-point vibrational energies by the 
SCF method." To include the effects of electron correlation in estimates 
of the reaction enthalpies, we employed the size-extensive coupled cluster 
singles and doubles method (CCSD).20 The CCSD electronic energy 
of each molecule was evaluated at its SCF-optimized geometry, with all 
corelike (C Is; Si Is, 2s, 2p; Ge-Is, 2s, 2p, 3s, 3p, 3d) orbitals kept frozen. 

We determined ab initio strain enthalpies using homodesmotic reac
tions.21 It has been shown that when adequate basis sets and correlated 
levels of theory are employed, computed heats of homodesmotic reactions 
agree with experimental values to within a few kcal mol"1.6,22 Because 
there has been some variation in the ways different authors have applied 
homodesmotic reactions to nonhydrocarbons, we state our approach here. 
George et al.21 defined a homodesmotic reaction of hydrocarbons as one 
which conserves the number of C-C bonds of each type (sp3-sp3, Sp3^p2, 
etc.) and the number of groups of each type. Here the word "group" has 
Benson's meaning: a polyvalent atom together with all of its neighboring 
atoms.23 George et al. did not speak explicitly of Benson's groups, but 
that is the essence of their definition,21 and paraphrasing it in terms of 
groups facilitates its extension to nonhydrocarbons. For example, the 
strain enthalpy12 of silacyclopropane is here taken to be the enthalpy 
change of the reaction 

CH3SiH2CH3 + 2SiH3CH2CH3 — 
C-SiH2CH2CH2 + 2SiH3CH3 + CH3CH3. (2) 

Note that in reaction 2 the numbers of Si-(C)2(H)2, Si-(C)(H)3, C-
(Si)(H)3, C-(C)(Si)(H)2, and C-(C)(H)3 groups (Benson's notation23) 
are conserved. 

Thermochemical Analysis 

A semiquantitative expression for the enthalpy of reaction 1 
in terms of the factors (bond enthalpies, strain, etc.) which con
tribute to it can be deduced by imagining carrying out the reaction 
in several distinct steps. Consider the decomposition of silacy
clopropane, C-SiH2CH2CH2, to silylene, SiH2, and ethylene. If 
in the first step a Si-C bond is broken to produce SiH2CH2CH2, 
then a zeroth-order approximation to the corresponding enthalpy 
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Figure 1. Self-consistent-field (SCF) optimized geometries of the ger
manium-containing rings investigated in this research. The basis set is 
of double-f plus d (DZ+d) quality. The angles shown are between the 
H2M bisector and the extension of the bond between the heavy atoms. 
Bond distances are in angstroms. 

change is the dissociation enthalpy of the SiH3-CH3 bond minus 
the strain enthalpy (because breaking the bond relieves the ring 
strain). Breaking the second Si-C bond to form SiH2 and C2H4 
actually requires less than the SiH3-CH3 BDE for two reasons: 
(1) the dissociation of the second Si-C bond is accompanied by 
the formation of a C-C T bond, and (2) the breaking bond is more 
similar to a SiH2-CH3 bond than to SiH3-CH3, and in general 
a bond to a silylene group (R'-SiR2) is weaker than the same type 
of bond to a silyl group (RZ-SiR3).

24 Therefore the second Si-C 
bond in silacyclopropane breaks at an enthalpic cost of approx
imately Z)(SiH2-CH3) - Dx(H2C=CH2), where Z)x(H2C=CH2) 
is the w bond enthalpy in ethylene.25 

Quantities such as Z)(SiH3-CH3) are known much better than 
Z)(SiH2-CH3), so it would be advantageous to recast our expression 
in terms of the former. We might expect the SiH3-CH3 BDE 
to exceed that of SiH2-CH3 by an amount which is roughly equal 
to the difference between the first and second BDE's of SiH4. 
Walsh11 has defined the latter difference to be the divalent state 
stabilization energy (DSSE) of SiH2, i.e. 

DSSE(SiH2) = Z)(SiH3-H) - Z)(SiH2-H) (3) 

which allows us to express our approximation in the compact form 

D(SiH2-CH3) s D(SiH3-CH3) - DSSE(SiH2) (4) 

In summary, the foregoing analysis leads to the following ex
pression for the enthalpy change associated with the decomposition 
of silacyclopropane via reaction 1: 

AH(I) s 2D(SiH3-CH3) - strain enthalpy -
Dx(H2C=CH2) - DSSE(SiH2) (5) 

(24) Walsh, R. Ace. Chem. Res. 1981, 246. 
(25) This is, effectively, the thermochemical ir bond energy of Benson 

(reference 23), which defines £>,(H2M=M'H2) as the difference between the 
BDE's of M H J M ' H J - H and MH2M'H2-H bonds. ZJ,(H2M=M'H2) is also 
commonly defined as the double bond rotation barrier. These two definitions 
are not identical, but they have been found to yield very similar results where 
comparison can be made (see refs 30 and 31 for a comparison). 

J. Am. Chem. Soc, Vol. 114, No. 6, 1992 2095 

Table I. Divalent State Stabilization Energies (DSSE)" of 
Methylenes, Silylene, and Germylene 

molecule 

CH2 (triplet) 
CH2 (singlet) 
CF2 (singlet) 
SiH2 (singlet) 
GeH2 (singlet) 

DSSE, kcal/mol 

-5-6 
-14-6 

45.4 

19.3 

25.8 

source(s) of data 

refs 27 and 28 
refs 27 and 28 
ref 23 
ref 11 
ref 29 

0DSSE(MR2) = D(MK1-R) - D(MR2-R). 

Table II. ir-Bond Enthalpies (Z)x) in Group 14 Dimetallenes 

bond 

H 2 C=CH 2 

H2C=SiH2 

H2C=GeH2 

H2Si=SiH2 

H2Si=GeH2 

H2Ge=GeH2 

Z)x, kcal/mol 

65 
38 
31 
25 
25 
25 

source(s) of data 

ref 30 
ref 30 
ref 31 
refs 30 and 32 
ref 32 
ref 32 

Table III. H3M-M'H3 Bond Dissociation Enthalpies (kcal/mol) at 
298 K 

bond 

H3C-CH3 

H3C-SiH3 

H3Si-SiH3 

H3C-GeH3 

H3Si-GeH3 

H3Ge-GeH3 

Z)(H3M-M'H3) 

89., 
88.2 

73.6 

78.2 

70 
65.7 

source of data 

ref 27 
ref 11 
ref 11 
ref 29 
estimated" 
ref 29 

"Estimated to be the geometric mean of SiH3-SiH3 and GeH3-Ge-
H3 bond dissociation enthalpies. This method of estimation is dis
cussed in ref 26. 

For the general case of the decomposition of C-XH2YH2ZH2 to 
XH2 and H2Y=ZH2 we obtain 
AH(I)Si D(XH3-YH3) + D(XH3-ZH3) -

strain enthalpy - Dx(H2Y=ZH2) - DSSE(XH2). (6) 

Equations 5 and 6 show that what is missing from the thermo
chemical analysis discussed in the introduction is the DSSE term, 
which corrects one of the H3X-M BDE's for the fact that the 
second bond being broken is actually a H2X-M bond. 

Results 
The optimized geometries of the germanium-containing rings 

are of special interest and are shown in Figure 1. The rings 
containing only silicon and carbon have been studied numerous 
times,56 and their geometries are not reproduced here. Quali
tatively, the germanium rings exhibit the same structural features 
as silicon rings. Most noteworthy is digermirane, Ge2CH6, which 
has a very short Ge-Ge bond, 2.373 A, and nearly planar bonding 
about the germanium centers, as in a ir-complex. At the other 
extreme is germirane, which exhibits the opposite characteristics 
in the basal unit: long C-C distances and more highly pyrami-
dalized bonding about the ethylene fragment. These trends are 
consistent with the notion that the primary determiner of the basal 
bond lengths in 3MRs is the electronegativity, or ir-donating 
ability, of the apical substituent.5b One curious observation is that 
cyclotrigermane has bond distances that are longer than those in 
digermane, Ge2H6, at the same level of theory, 2.462 versus 2.457 
A. This is just the opposite of the case in cyclopropane and 
cyclotrisilane, where the bond distances in the rings are shorter 
than those in the straight-chain analogues. 

Our thermochemical estimate of AH(I) using eq 6 employs a 
combination of experimental bond dissociation enthalpies (BDE's) 
and heats of formation and ab initio quantum mechanical data. 
DSSE and ir-bond enthalpies used in evaluating AZZ(I) are shown 
in Tables I and II. The former are derived from experimental 
data, and the latter are theoretical rotation barriers in dimetallenes. 
In Table III we list selected values of H3M-M'H3 BDE's, all of 
which are experimental results at 298 K except the H3Si-GeH3 
BDE. To our knowledge no reliable experimental or theoretical 
values of the H3Si-GeH3 BDE have been published, so we esti-
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Table IV. Strain Enthalpies of Group 14 Cyclotrimetallanes 

molecule 

C3H6 

SiC2H6 

GeC2H6 

CSi2H6 

Si3H6 

GeSi2H6 

CGe2H6 

SiGe2H6 

Ge3H6 

CSiGeH6 

this research 
DZ+d SCF 

26.1 
36.7 
38.1 
39.7 
36.8 
37.8 
41.7 
38.6 
39.3 
40.8 

strain enthalpy," 

this research 
DZ+d CCSD// 

DZ+d SCF 

28.1 
35.2 
35.8 
37.0 
34.5 
35.6 
39.2 
36.3 
37.3 
38.2 

kcal mol ' 

6-31G(d) SCF4 

25.9 
37.6 

41.2 
37.5 

6-31G(d) MP2/ / 
6-31G(d) SCF* 

27.3 
35.7 

38.6 
35.6 

°A#0 for the homodesmotic reaction YH3XH2ZH3 + XH3YH2ZH3 + XH3ZH2YH3 — C-XH2YH2ZH2 + XH3YH3 + XH3ZH3 + YH3ZH3. 
* Reference 6. 

Table V. Energetics of the Decomposition Reactions C-XH2YH2ZH2 — XH2 (singlet) + H 2 Y=ZH 2 

reaction 

C3H6 —* CH2 + C2H4 

SiC2H6 — SiH2 + C2H4 

GeC2H6 — GeH2 + C2H4 

CSi2H6 — SiH2 + CSiH4 

Si3H6 — SiH2 + Si2H4 

GeSi2H6 — GeH2 + Si2H4 

CGe2H6 — GeH2 + CGeH4 

SiGe2H6 — GeH2 + SiGeH4 

Ge3H6 — GeH2 + Ge2H4 

CSiGeH6 — GeH2 + CSiH4 

SiC2H6 — CH2 + CSiH4 

GeC2H6 — CH2 + CGeH4 

CSi2H6 — CH2 + Si2H4 

GeSi2H6 — SiH2 + SiGeH4 

CGe2H6 — CH2 + Ge2H4 

SiGe2H6 — SiH2 + Ge2H4 

CSiGeH6 — SiH2 + CGeH4 

CSiGeH6 — CH2 + SiGeH4 

kcal mol"1 

93.2 (106.8) 
38.1 (47.5) 
13.1 (22.0) 
60.8 (64.7) 
63.0 (66.6) 
55.3 (56.4) 
47.2 (48.4) 
53.4 (53.4) 
51.1 (50.7) 
44.1 (46.9) 

109.3 (120.5) 
104.5 (114.8) 
116.5 (127.2) 
62.9 (63.9) 
97.4 (106.5) 
60.7 (61.4) 
64.3 (66.7) 

107.3 (116.8) 

AZPVE," 
kcal mol"1 

-9.0 
-4.7 
-4.1 
-4.9 
-4.8 
-4.3 
-4.3 
-4.1 
-4.0 
-4.4 
-8.4 
-8.3 
-7.6 
-4.5 
-7.1 
-4.4 
-4.8 
-7.2 

AH, kcal mol" 

ab initio"* 

84.9 (98.6) 
33.9 (43.2) 

9.3 (18.3) 
56.4 (60.3) 
58.7 (62.3) 
51.4 (52.5) 
43.3 (44.5) 
49.7 (49.7) 
47.5 (47.1) 
40.2 (42.9) 

101.6(112.8) 
96.9 (107.3) 

109.5 (120.3) 
58.8 (59.8) 
91.0(100.1) 
56.7 (57.3) 
59.9 (62.3) 

110.7 (110.2) 

i 

estimated'' 

101 
57 
30 
67.5 

68 
54 
48 
49 
43 
46 

119.5 

116 
129 
64 

107 
59 
70 

118 

"Values not in parentheses are DZ+d SCF results. DZ+d CCSD//DZ+d SCF data are enclosed in parentheses. "Zero-point harmonic vibra
tional energies determined at the DZ+d SCF level of theory. c Aff0(ab initio) = AEeltc + (0.9I)(AZPVE). ''Estimated using eq 6, as discussed in 
the text. 

mated this value to be the geometric mean of the H3Si-SiH3 and 
H3Ge-GeH3 BDE's.26 Strain enthalpies, assumed to be equal 
to AH of reaction 2, were computed by the ab initio methods 
discussed earlier. The theoretical thermodynamic data (ir-bond 
and strain enthalpies) are 0 K values. 

Our computed ring strain enthalpies are shown in Table IV 
along with previous theoretical results of Boatz and Gordon.6 

Electron correlation has only a small (2-3 kcal mol-1) effect upon 
the strain enthalpies, as is expected for homodesmotic reactions,22 

so it is not surprising that the computed strain enthalpy of cy
clopropane is close to the value of A#298(2) = 26.5 kcal mol-1 

obtained from experimental heats of formation.33 Boatz and 
Gordon obtained similar results using a 6-31G(d) basis set, which 
is comparable to our DZ+d set. The strain energy of cyclotri-
germane obtained in this study, 37.3 kcal mol"1, is notably smaller 
than the 44.6 kcal mol"1 value found by Nagase and Nakano5e 

(26) Pauling, L. 7"Ae Nature of the Chemical Bond, 3rd ed.; Cornell 
University Press: Ithaca, NY, 1960; p 91. 

(27) Wagman, D. D.; Evans, W. H.; Parker, V. B.; Schumm, R. H.; 
Halow, I.; Bailey, S. M.; Churney, K. L.; Nuttal, R. L. The NBS Tables of 
Chemical Thermodynamic Properties, J. Phys. Chem. Ref. Data 1982, 11, 
Suppl. 2. 

(28) Leopold, D. G.; Murray, K. K.; Stevens-Miller, A. E.; Lineberger, W. 
C. J. Chem. Phys. 1985, 83, 4849. 

(29) Noble, P. N.; Walsh, R. Int. J. Chem. Kinet. 1983, 15, 547. 
(30) Schmidt, M. W.; Truong, P. N.; Gordon, M. S. J. Am. Chem. Soc. 

1987, 109, 5217. 
(31) Dobbs, K. D.; Hehre, W. J. Organometallics 1986, 5, 2057. 
(32) Grev, R. S.; Schaefer, H. F.; Baines, K. M. J. Am. Chem. Soc. 1990, 

112, 9458. 
(33) Cox, J. D.; Pilcher, G. Thermochemistry of Organic and Organo-

melallic Compounds; Academic Press: London, 1970. 

using smaller basis sets and SCF energies. In the analysis that 
follows, only the CCSD strain enthalpies were used to estimate 
Att(l). 

Values of the theoretically obtained enthalpy for the decom
position of each 3-membered ring into a singlet divalent species 
:XH2 and a doubly bonded compound H2Y=ZH2 (reaction 1) 
are listed in Table V, along with the predictions obtained using 
eq 6 and the data in Tables I-IV. The first ten entries in Table 
V correspond to the most stable products, and these are followed 
by the remaining eight possible decomposition pathways. Cy
clopropane is the only system for which sufficient experimental 
data are available for comparison, and in that case the CCSD 
prediction of AH0(I) = 98.6 kcal mol"1 agrees very well with the 
value of 99.4 kcal mol"1 obtained from 0 K experimental heats 
of formation.28,34 This agreement is not unexpected, because for 
isogyric35 reactions (of which reaction 1 is an example) correlated 
ab initio methods usually yield reaction energies which are accurate 
to within a few kcal mol"1 if polarized basis sets are used. 

The estimated cyclotrimetallane decomposition enthalpies (from 
eq 6) and the CCSD theoretical results differ by fewer than 10 
kcal mol"1 in all but two cases, silirane and germirane, for which 
we observe discrepancies of about 14 and 12 kcal mol"1, respec
tively. In light of the approximations inherent in eq 6 and the 
imprecision of the experimental and theoretical data, we judge 
this to be rather good agreement. On the other hand, the errors 

(34) Lias, S. G.; Bartmess, J. E.; Liebman, J. F.; Holmes, J. L.; Levin, R. 
D.; Mallard, W. G. J. Phys. Chem. Ref. Data 1988, 17, Suppl. 1. 

(35) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, J. A. Ab Initio 
Molecular Orbital Theory; Wiley: New York, 1986; p 275. 
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appear to be systematic; 16 of the 18 estimated values exceed the 
corresponding CCSD predictions. But even if the theoretical and 
experimental data were perfectly accurate and eq 6 contained no 
approximations, each estimated value of AH(I) would exceed the 
corresponding CCSD prediction by a few kcal mol"1, because the 
latter are valid for a temperature of 0 K while the former were 
evaluated using a mixture of 298 and 0 K data. Translational 
and rotational terms contribute &RT, or 4.7 kcal mol"1, to values 
of AH(I) estimated using 298 K BDE's and 0 K strain enthlapies. 

One might begin to refine our thermochemical analysis of 
cyclotrimetallane decomposition by attempting to include the effect 
of the third ring atom upon the BDE of the other two. For 
example, one might replace 2Z)(SiH3-CH3) in eq 5 by Z)(CH3-
SiH2-CH2CH3) + Z)(SiH3-CH2CH3). It would also be possible 
to replace eq 4 with a slightly better approximation for D-
(SiH2-CH3). However, the cumulative effect of these refinements 
would probably amount to no more than about 10 kcal mol"1, 
would not change the trends in AJZ(I) values, and thus would not 
give much additional insight into the thermochemistry of cyclo
trimetallane decomposition. We believe that more elaborate 
approximation schemes are not justified at this time given the 
uncertainties in the experimental BDE's and theoretical data. 

Analysis and Discussion 
It is interesting that all the 3-membered rings studied here have 

CCSD strain enthalpies which are clustered within a 5 kcal mol"1 

range with the exception of cyclopropane, whose strain enthalpy 
lies 6 kcal mol"1 below this range (Table IV). Boatz, Gordon, 
and Hilderbrandt36 have interpreted the strain enthalpies of 3-, 
4-, 5-, and 6-membered cycloalkane and monosilacycloalkane rings 
in terms of a simple group additivity model and found that for 
any given ring bond angle near 60° a >SiH2 group is significantly 
more strained than a >CH2 group. Our results are not inconsistent 
with this interpretation and also indicate that >SiH2 and >GeH2 
groups are about equally strained at 60°. 

Because AS(I) should not differ greatly among the 10 cyclo-
trimetallanes considered here, the relative stabilities of these 
compounds with respect to dissociation to a carbene-like species 
and a dimetallene will be determined primarily by AiZ(I). 
Therefore, cyclopropane is predicted to be significantly more stable 
than the other 3-membered rings, consistent with experimental 
observations, and by far the least endothermic decomposition 
belongs to the elusive germirane! Silirane and the remaining 
germanium-containing rings are more susceptible to thermolysis 
than CSi2H6 or Si3H6. Equation 6 readily provides explanations 
of these trends. Contributing to the instability of GeC2H6 relative 
to C3H6 is the former's larger ring strain, the weakness of C-Ge 
bonds compared to C-C bonds, and a more stable XH2 decom
position product (manifested in a large positive DSSE for GeH2 
vs a negative DSSE for CH2). Strong C-C single bonds, low 
strain, and relatively unstable CH2 make C3H6 the most stable 
cyclotrimetallane in spite of the extremely strong C-C ir-bond. 
The importance of the DSSE in the thermochemistry of group 
14 divalent species is not always appreciated. In fact, the 34 kcal 
mol'1 difference in the DSSE's of singlet CH2 and SiH2 accounts 
for most of the difference in the enthalpies of the cyclopropane 
and silirane decomposition reactions! 

The disparate behavior of carbenes, silylenes, and germylenes 
in their addition to 1,3 dienes is conveniently explained by a 
comparison of the enthalpies of decomposition of the cyclopropane, 
silirane, and germirane rings. Although the first step in the 
reaction of singlet carbenes and silylenes with 1,3 dienes is typically 
1,2 cycloaddition,7,37 germylene reactions yield products consistent 
with stereospecific, disrotatory 1,4 cycloaddition.38 Thus, the 
germylene addition is either concerted38 or occurs via an extremely 
short-lived germirane intermediate,9d consistent with the com
parative instability of germirane relative to cyclopropane and 

(36) Boatz, J. A.; Gordon, M. S.; Hilderbrandt, R. L. J. Am. Chem. Soc. 
1988, J/0,352. 

(37) Tang, Y. In Reactive Intermediates; Abramovitch, R. A., Ed.; Ple
num: New York, 1982; Vol. 2, p 297. 

(38) Neumann, W. P. Chem. Rev. 1991, 91, 311. 

silirane. Like germylenes, stannylenes also react with 1,3 dienes 
to yield products consistent with stereospecific, disrotatory 1,4 
cycloaddition and have never been observed to add to isolated 
C=C bonds.38 These observations make thermochemical sense; 
the stannirane ring (C-SnH2CH2CH2) might be expected to be 
even less stable than germirane because Sn-C bonds are weaker 
than Ge-C bonds.39 Plumbirane is almost certainly thermody-
namically unstable with respect to dissociation into ethylene and 
PbH2. 

Although the effects of ring substituents upon the enthalpy of 
ring decomposition have not been studied extensively, these can 
be estimated from our thermochemical analysis because substituent 
effects upon BDE's, DSSE's, ring strain, and ir-bond enthalpies 
are known to some extent. This permits us to rationalize the 
contrasting behaviors of cyclopropane and hexafluorocyclopropane 
upon heating, for example. Hexafluorocyclopropane is apparently 
far less stable than cyclopropane with respect to decomposition 
via reaction 1, because although the former decomposes to di-
fluorocarbene and tetrafluoroethylene at 160 0C,8 the latter can 
be heated to 400 0C before it isomerizes to propene.40 The reasons 
for this are clear: not only is the DSSE of CF2 roughly 60 kcal 
mol"1 more positive than that of singlet methylene (see Table I), 
perfluorination also increases the ring strain of cyclopropane by 
at least 20 kcal mol"1.41 These ring-destabilizing effects are only 
partially moderated by the concomitant weakening of the ethylene 
x-bond42 and strengthening of the C-C single bonds23 by about 
10 kcal mol-1 each upon perfluorination. Therefore, the decom
position of hexafluorocyclopropane is predicted to be less endo
thermic than that of cyclopropane by a whopping 50-60 kcal mol"1, 
which is in qualitative agreement with the experimental obser
vations, and a prediction of AZZ(I) of 36 kcal mol"1 from published 
heats of formation for C-C3F6, C2F4, and CF2.

34,43 It also makes 
sense that tetrafluorocyclopropane undergoes thermolysis less 
readily than hexafluorocyclopropane.8 

The substituents to the ring can have other interesting effects. 
For example, the proper choice of substituents can entirely reverse 
the relative stability of cyclopropane rings relative to disilacy-
clopropane rings, and even alter the preferred mode of decom
position. Consider the case of cyclopropanone versus disilacy-
clopropanone, where we have substituted a C=O group for CH2 
in the parent rings. The C=O group is known44 to have a huge 
DSSE of about 73 kcal mol"1. Considering only the relative effects 
of DSSE on the reaction enthalpy, this suggests that the decom
position of cyclopropanone to carbon monoxide and ethylene is 
endothermic by about 14 kcal/mol. On the other hand, the 
disilacyclopropanone decomposition would now take place via 
extrusion of carbon monoxide, not a silylene as in the parent 
compound, and would require more energy, about 38 kcal mol"1, 
than does cyclopropanone, mainly because of the stronger C=C 
ir-bond. Silylene extrusion to form a silaketene would likely 
require nearly 30 kcal/mol more energy than CO extrusion, be
cause the larger DSSE of CO overwhelms small differences in 
Si=C versus Si=Si ir-bond strengths. Considering an almost 
certain, probably substantial, increase in strain in these rings due 
to the presence of an sp2-hybridized ring atom, these estimates 
are all probably too high by 20 kcal mol"1 or more. A similar 
result is obtained in an analysis of cyclopropanimines relative to 
disilacyclopropanimines,45 because the parent isonitrile HN=C 
also has a large DSSE44 of about 78 kcal mol"1. That is, disila
cyclopropanimines will preferentially extrude HN=C instead of 
SiH2 and will be more thermodynamically stable than cyclo-

(39) Carson, A. S.; Laye, P. G.; Spencer, J. A.; Steele, W. V. / . Chem. 
Thermodyn. 1970, 2, 659. 

(40) Breslow, R. In Molecular Rearrangements; Wiley: New York, 1963; 
Part 1, Chapter 4. 

(41) Smart, B. E. In Molecular Structure and Energetics; Liebman, J. F., 
Greenberg, A., Eds.; VCH: Deerfield Beach, FL, 1986; Vol. 3, p 141. 

(42) (a) Wu, E. C; Rodgers, A. S. J. Am. Chem. Soc. 1976, 98, 6112. (b) 
Wang, S. Y.; Borden, W. T. J. Am. Chem. Soc. 1989, / / / , 7282. 

(43) Paulino, J. A.; Squires, R. R. J. Am. Chem. Soc. 1991, 113, 5573. 
(44) Grev, R. S. Adv. Organomet. Chem. 1991, 33, 125. 
(45) Yokelson, H. B.; Millevolte, A. J.; Haller, K. J.; West, R. J. Chem. 

Soc, Chem. Commun. 1987, 1605. 
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propanimines with regard to this process. 
One can also imagine replacing CH2, SiH2, and GeH2 ring 

atoms by other groups. This would necessitate only minor changes 
in our working equation, eq 6. One group of possible replacements 
worth mentioning is the heavier chalcogens, selenium and telurium. 
In the last few years, stable M2Se and M2Te rings have been 
synthesized for M = Si, Ge, and Sn.46 On the other hand, C2Se 
rings are unstable, and C2Te rings have apparently never been 
made. The origin of the relative stability for the Si, Ge, and Sn 
rings can be traced to the much weaker ir-bonds. In the case of 
C2Se and C2Te rings, the strong ir-bond in ethylene provides a 
significant thermochemical driving force for extrusion of a sele
nium or telurium atom. In Si, Ge, and Sn rings, this driving force 
is severely attenuated. 

Baines and co-workers4b have just reported a fascinating con
sequence of what our results suggest is a small enthalpy difference 
in cyclotrimetallane decomposition enthalpies. With the ultimate 
goal of obtaining a Ge=Si doubly bonded compound, it was 
decided that the best choice of precursor was a siladigermirane, 
which it was hoped would decompose according to eq 1 to give 
the desired germasilene product.32 Unfortunately, and for un
known reasons, the synthetic route also produced some cyclo-
trigermane, which could not be separated from the desired pre
cursor by traditional means. It was found, however, that the 
cyclotrigermane was more thermally labile than the siladiger
mirane, and the minor component Ge3 ring was eliminated from 
the mixture by thermolysis at a reduced temperature. According 
to our results in Table V for the parent hydride compounds, the 
cyclotrigermane decomposition has a endothermicity of 47.1 kcal 
mol"1 compared to siladigermirane's 49.7 kcal mol"1. If we assume 
that the reverse of reaction 1 occurs without barrier so that the 

(46) (a) Batcheller, S. A.; Masamune, S. Tetrahedron Lett. 1988, 29, 
3383. (b) Tsumuraya, T.; Sato, S.; Ando, W. Organometallics 1988, 7, 2015. 
(c) Tsumuraya, T.; Kabe, Y.; Ando, W. J. Chem. Soc., Chem. Commun. 1990, 
1159. (d) Tan, R. P.-K.; Gillette, G. R.; Powell, D. R.; West, R. Organo
metallics 1991,10, 546. (e) Schafer, A.; Weidenbruch, M.; Saak, W.; Pohl, 
S.; Marsmann, H. Angew. Chem., Int. Ed. Engl. 1991, 30, 834. (f) Schafer, 
A.; Weidenbruch, M.; Saak, W.; Pohl, S.; Marsmann, H. Angew. Chem., Int. 
Ed. Engl. 1991, 30, 962. 

Introduction 
Aluminas, general formula Al2O3, have been known to have 

catalytic importance since the late 1700s. Either by themselves, 
or as supports, the aluminas are responsible for a wide range of 
catalytic reactions, and the properties of aluminas have been the 
subject of many investigations.' The major emphasis on aluminas 
today is in their role as supports for metals, mixed-metal oxides, 

(1) (a) Tanabe, K. Solid Acids and Bases; Academic Press: New York, 
1970. (b) Goldstein, M. S. In Experimental Methods in Catalytic Research; 
Anderson, R. B., Ed.; Academic Press: New York, 1968. 

endothermicity can be equated with the activation energy, this 
corresponds to a factor of 40 in the individual rate constants for 
decomposition at the temperature employed, 80 0C. 

Concerning the prospects for synthesizing new cyclotrimetallane 
rings, we note that the decompositions of GeSi2H6 and CSiGeH6 

are no less endothermic than the decompositions of other rings 
which have already been synthesized (albeit in highly substituted 
form), suggesting that GeSi2 and CSiGe rings may be accessible 
by established synthetic routes. On the other hand, the germirane 
ring, whose decomposition is ca. 20 kcal mol"1 less endothermic 
than those of any of the other cyclotrimetallanes, clearly presents 
a greater challenge, and stannirane rings will likely prove even 
more difficult (vide ante). But if the cyclopropane ring can be 
destabilized by perfluorination then it ought to be possible to 
stabilize the germirane ring through judicious substitution for the 
hydrogen atoms. Replacing the H atoms on Ge with electropo
sitive ir-acceptor substituents such as SiH3 may stabilize the 
germirane ring by reducing both the ring strain47 and the DSSE 
of Ge,44 although these effects will probably be mitigated by 
weakening of the Ge-C bonds.48 Reductions in the C-C ir-bond 
enthalpy (assuming it can be equated with the double bond rotation 
barrier25) of over 20 kcal mol"1 can be achieved by placing 
"push-pull" substituents on the C atoms,49 and it may be possible 
to find a pair of these substituents which produce a low C-C 
ir-bond enthalpy without adversely affecting the other contributions 
to the enthalpy of reaction 1. Thus, the use of carefully chosen 
substituents is probably the key to the synthesis of germirane and 
the stabilization of other cyclotrimetallane rings. 
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(47) Dill, J. D.; Greenberg, A.; Liebman, J. F. J. Am. Chem. Soc. 1979, 
101, 6814. 

(48) Silyl substituents weaken C-C and Si-Si bonds (see ref 11) and thus 
are expected to weaken Ge-C bonds also. 

(49) Sandstrom, J. In Topics in Stereochemistry; Allinger, N. L., Eliel, 
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and metal oxides in industrial catalytic processes. The aluminas 
of choice for these systems are often rf- and 7-alumina, with typical 
respective surface areas of 250 and 220 m2/g. The surface 
structure of these and other transition-aluminas is the key to more 
educated proposals for mechanisms of reactions over these catalytic 
systems. 

What is known about the surface structure of these catalyst 
supports has resulted from IR studies on surface hydroxyl groups,2,3 

(2) Peri, J. B. J. Phys. Chem. 1965, 69 (X), 211. 
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Abstract: The nature of the surface of a-, 7-, and transition-aluminas has been explored via variable-temperature solid-state 
27Al NMR spectroscopy. Results from a previous study of aluminas using 27Al NMR at room temperature showed a loss 
in signal with increasing surface area. The conclusion based upon these results was that the aluminum atoms in the first two 
molecular layers of alumina did not contribute to the 27Al NMR signal. Further, the observed signal loss was due to the surface 
aluminum atoms experiencing a large electric field gradient. Results from the study presented here indicate that a loss in 
27Al signal with increasing surface area is real but that it is due instead to dynamic events occurring at the surface. Low-temperature 
studies served to slow these dynamics, thereby increasing the observable signal by amount greater than expected from the 
Boltzmann factor alone. We present these data herein and propose mechanisms by which these surface dynamics may occur. 
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