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ether-linked phospholipids compared to their diacyl phospholipid 
counterparts. 

The differences in the predominant conformational states in 
each choline glycerophospholipid subclass are further exemplified 
by analysis of the distribution of conformational states (gauche 
and antiperiplanar) about the C3-O3) bond (see Figure 1) from 
the calculated coupling constants of phosphorous and the sn-3 
glycerol methylene protons. Although the antiperiplanar con
formation is the major conformation in all three choline glycer
ophospholipid subclasses, differences exist between the relative 
distribution of gauche and antiperiplanar conformations in each 
subclass. For example, the fractional percentage of the gauche 
rotamer in phosphatidylcholine is nearly 50% larger than that 
present in plasmanylcholine (Table II). 

While the distribution of individual conformational states in 
phospholipids in a micellar aggregation state are likely different 
from those present in membrane bilayers, the present results clearly 
indicate that differences in the population distribution of the 
individual rotamers in each subclass of choline glycerophospho-
lipids are present in at least some organized states. Given the 
multiplicity of rotameric states in phospholipids (i.e., rotamers 

Introduction 

Several complementary concepts1"6 have been evaluated in order 
to characterize the versatile bonding behavior and the intrinsic 
nature of electronic interaction between a vast array of charge-
withdrawing or -donating substituents and the strained ring 
fragment as a pseudo-x system. 
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of the C]-C2 and C3-O31 bonds as well as rotamers of the proximal 
regions in the aliphatic chains) and the likelihood that specific 
mosaics of total conformational states selectively and differentially 
interact with complimentary regions of polypeptides, it is tempting 
to speculate that alterations in the rotameric distribution of 
phospholipids in mammalian membranes contribute to the marked 
subclass selectivity of phospholipases that selectively catalyze 
hydrolysis of ether-linked phospholipid substrates.26"2' 
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Until recently only one representative of the series C-Pr-XH3 

(X = group IV element), methylcyclopropane, had been studied. 
This was the initial reason for synthesizing the cyclopropane series 
C3H5-XY3 (X = Si, Ge; Y = H, F, Cl)7'8 and for starting to 
explore the bonding properties and stabilizing effects of these 
monosubstituted ring systems by means of electron diffraction' 
and spectroscopic methods.10'" The exceptional electronic 
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Abstract: In this work the gas-phase molecular structure of cyclopropylgermane (CPG) has been investigated by electron 
diffraction and ab initio molecular orbital calculations. The geometry optimization has been performed with use of the basis 
sets 3-21G*, 4-21G*, and ST0-3G. The ring parameters (ra values with 3<r uncertainties) derived from the electron diffraction 
study are the following: r(C,-C2) = 1.521 (7) A, r(C2-C3) = 1.502 (9) A, r(C-H) = 1.091 (3) A, and ZH-C-H = 118.2 
(2.3)°. Other parameters are r(Ge-C) = 1.924 (2) A, zC,-Ge-H6 = 108.8 (1.2)°, zC,-Ge-ring plane = 55.5 (1.6)°, zCrH5-ring 
plane = 57.3 (1.9)°. Furthermore, both the experimental and the theoretical studies have revealed that the GeH3 group is 
tilted toward the ring plane. The values for this tilt angle obtained from electron diffraction and from calculations are 3.4 
(2.0)° and 2.1° (when the 4-21G* basis set is used), respectively. This tilt has been rationalized to be the result of hyperconjugative 
interaction. The geometric parameters of cyclopropylmonofluorogermane, cyclopropyldifluorogermane, and cyclopropyltri-
fluorogermane also have been optimized. The progressive shortening of the Ge-F bond with increasing fluorination is interpreted 
as being the consequence of a fluorine negative hyperconjugation effect. The barrier heights for internal rotation for the GeH3 
and SiH3 groups and their fluorinated counterparts in various compounds have been calculated. Furthermore, the structural 
results obtained assess the strong ir-donor character of the cyclopropyl system and demonstrate that ir-acceptor ability of the 
germyl group is less pronounced than that of the silyl group. 
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Figure 1. Experimental (A) and calculated (-
intensities, sM (s). 

•) modified molecular 

properties of cyclopropane within the series of cyclic hydrocarbons 
are based on the particular sensitivity of this molecular system 
as a "detector" for possible interaction with attached substituents. 
This distinct peculiarity has drawn our attention and has en
couraged us to intensify our previous efforts in order to obtain 
additional support for the systemization of the type and nature 
of the effects of substituents on cyclopropane. One further aspect 
that has stimulated the study of cyclopropylgermane (CPG) has 
been the investigation of if and to what extent the germyl group 
in CPG is capable of undergoing a hyperconjugative interaction 
in a similar manner to that long-recognized in methyl12 and 
trifluoromethyl13 groups. 

Experimental Section 
The sample of CPG was prepared by the treatment of cyclopropyl-

lithium with GeCl4 to obtain trichloro(cyclopropyl)germane. The in
termediate compound was then reduced with LiAlH4 to give cyclo
propylgermane (bp 44.0 0C at 760 Torr). The sample was purified by 
rectification, and the purity was checked by mass and infrared spec
troscopy. Details of the preparation and purification are given elsewhere.8 

The gas electron diffraction intensities of CPG were recorded at the 
University of TObingen with use of Balzers KD-G2 diffraetometer. The 
acceleration voltage was 60 keV, and the recording temperature was 20 
0C. Kodak electron image plates were used, and the optical density 
values were recorded on a modified ELSCAN-2500 microdensitometer14 

with use of a step width (Ar) of 0.1 mm. The electron wavelength was 
calibrated with the ZnO diffraction pattern. Two sets of data were 
obtained at camera distances of 50 and 25 cm (nominal), yielding mo
lecular intensity values at intervals (AJ) of 0.2 ranging from s = 2 to 16 
A"' and from s = 8 to 33 A"1, respectively. Our usual data reduction and 
refinement procedures were applied;15,16 the atomic scattering amplitudes 
and phases of Haase17 were used. 

Computational Procedures. The geometry of CPG was optimized 
following standard procedures.I8,19 In order to check the basis set de
pendence of the calculated structural parameters the following split-va
lence basis sets on carbon were used: 4-21G(4-21G*),2 0 3-21G(3-
21G*).2 1 The split-valence d-polarized 3-21G*22,23 basis set was used 
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Figure 2. Experimental (A) and calculated (—) radial distribution curves 
for CPG. 

Table I. Structural Parameters for Cyclopropylgermane Obtained from 
Electron Diffraction Analysis 
(a) Interatomic Distances (r, Values) and Mean-Square Amplitudes (A) 

C1-C2 1.521 (7) 0.054 (9) 
C2-C3 1.502 (9) 0.053» 
C-Ge 1.924(2) 0.052(1) 
Ge-H 1.530° 0.097(4) 
C-H 1.091(3) 0.086(3) 

(b) Bond Angles (deg) 
108.8 (1.2) 9' 30.0» 
113.9» Ty 3.4(2.0) 
118.2(2.3) R*500 0.043 
55.5 (1.6) R»250 0.058 
57.3 (1.9) 

(c) Dependent Interatomic Distances (A) and 
Mean-Square Amplitudes (A) 

C-Ge-H 
C-Ge-H 
H-C-H 
Cf 

rf 

7,8 

(c)Df 

C,-
C2-
C2.-
C2-
C2-
C1-
C,-
C,-
Ge-
Ge-
Ge-
H„-
H7-
H7-
H,-
H,-
H9-

-Ge 
•H, 
-H6 
-H7 
-H, 
-H, 
-H7 
-H, 
-H, 
-H, 
•HIO 
-H7 
-H, 
•Hio 
-H12 

-H12 

-Hn 

2.983 (21) 
2.251 (18) 
3.193 (22) 
4.184(16) 
3.706 (20) 
2.230 (12) 
2.847 (18) 
2.214(10) 
2.553 (12) 
3.033 (26) 
3.891 (10) 
2.508 (18) 
4.406 (26) 
5.054 (24) 
4.398 (20) 
3.101 (12) 
2.472 (12) 

0.078 (2) 

0.160 (33) 

0.073 (46) 

0.113(18) 
0.169 (29) 
0.124(14) 

" Not refined parameters. ' Calculated from the angles C-Ge-H6 and T. 
'a is the angle between the Ge-C bond and the ring plane. *i\ is the angle 
between the C1-H5 and the ring plane. ' 6 is the angle between the C2-C3 
bond and the H9-C2-H10 plane. >T is the tilt angle of the germyl group. 'R 
is the agreement factor. Quoted errors (in parentheses) are la values. 

on the germanium atom. One further ab initio geometry refinement was 
performed by applying the minimal basis set STO-3G.24 

Results and Discussion 
Electron Diffraction. The preliminary values for the geometric 

parameters were refined by least-squares analysis based on the 
molecular intensities shown in Figure 1. Due to resolution 
problems resulting from contributions of close parameters, the 
following assumptions were made (for numbering of atoms see 
Figure 2): (i) all C-H distances are equal; (ii) all Ge-H bond 
lengths and H-Ge-H bond angles are equal (local C\, symmetry); 
(iii) because of the expected correlation between the parameters 
under the peak ranging from 1.2 to 1.6 A in the radial distribution 
function, the Ge-H bond distance was fixed at the value indicated 

(24) Pietro, W. J1; Levi, B. A.; Hehre, W. J.; Stewart, R. F. Inorg. Chem. 
1980, 19, 2225-2229. 
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Table II. Optimized Geometry for Cyclopropylgermane 
4-21G/(3-21G*)« 4-2107(3-21G*)" STO-3G6 

Bond Distances' 
1-2 
2-3 
1-4 
4-6 
4-7 
1-5 
2-9 
2-10 

i" 
3-1-2 
3-2-1 
1-4-6 
1-4-7 
5-1-4 
9-2-10 

1.5253 
1.5086 
1.9227 
1.5462 
1.5458 
1.0734 
1.0719 
1.0712 

2.12 
59.38 
60.36 
108.28 
111.46 
115.48 
114.40 

1.5059 
1.4905 
1.8947 
1.5466 
1.5467 
1.0787 
1.0781 
1.0771 

Bond Angles'* 
2.15 
59.32 
60.34 
108.47 
111.69 
115.75 
114.23 

1.5098 
1.4982 
1.8983 
1.4335 
1.4342 
1.0811 
1.0808 
1.0811 

0.2 
60.2 
60.2 
108.96 
109.59 
114.63 
113.30 

"Basis set for Ge: refs 22 and 23. 'Using GAUSSIAN 86 (GAUS
SIAN, Inc, Pittsburgh, PA). cIn angstroms. ''In degrees. 'Tilt angle 
of the GeH3 group (see Table I). 

in Table I. It is worth mentioning that several structural re
finements were carried out with use of different fixed values for 
the Ge-H bond length ranging from 1.520 to 1.560 A. The 
resulting agreement factors took up the smallest values at a Ge-H 
bond length of 1.530 A. It is of particular interest to note that 
in a very recent MW study25 the Ge-H6 and Ge-H78 bond dis
tances (for numbering of atoms see Figure 2) have been deter
mined to be 1.5380 (6) and 1.5306 (3) A, respectively. Taking 
into account that the electron diffraction method is unable to 
resolve the disparity between these bonds, the unrefined value of 
1.530 A appears to be reasonable. Moreover, as it will be shown 
later in this work, this value has also been substantiated by ab 
initio calculations. With these constraints nine geometric pa
rameters and ten vibrational amplitudes were refined simulta
neously. A nonlinear least-squares procedure developed by 
Marquardt26 was used to perform the refinements of the structural 
parameters on the basis of the molecular intensities. The radial 
distribution curves resulting from this analysis are shown in Figure 
2. 

The final results obtained from the least-squares analysis of 
the electron diffraction data are listed in Table I. As is apparent, 
the most intriguing and perhaps most informative structural 
features are as follows: First we have the observed difference 
between the C-C bond lengths in CPG as 0.019 A. This value 
agrees very well with that obtained from MW spectroscopy (0.017 
A).25 Second we have the tilt angle T of the germyl group of 3.4°, 
which also agrees well with the MW value25 of 3.67° (this tilt 
is positive and means that the GeH3 group is tilted toward the 
ring plane). Third we have the short C-H bond and the relatively 
large H-C-H angle compared to the same parameters in other 
cyclopropanes. These structural features of CPG will be discussed 
below in more detail in the context of the discussion of the cal
culated geometry of this molecule. 

Ab Initio Calculations. On several occasions27"29 we have alluded 
to the advantages of joint theoretical and experimental investi
gations, particularly in those cases where experimental ambiguities 
or correlations between observables (e.g. geometric parameters) 
are expected. This clarifying role of theoretical calculations was 
also evident in the case of CPG. The most important structural 
parameters obtained from the ab initio calculations are displayed 
in Table II. Taking into consideration that the calculated values 
represent an equilibrium geometry, inspection of the results shown 

(25) Rudolph, H. D.; Epple, K. Private communication. 
(26) Marquardt, D. W. / . Soc. Ind. Appl. Math. 1963, / / , 431-441. 
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(28) Caminati, W.; Velino, B.; Dakkouri, M.; Schafer, L.; Siam, K.; Ew-

bank, J. J. MoI. Spectrosc. 1987, 123, 469-475. 
(29) Berry, R. J.; Harmony, M. D.; Dakkouri, M.; Siam, K.; Schafer, L. 

J. MoI. Struct. 1988, 189, 11-24. 

in Table II reveals that the agreement between the calculated bond 
distances and bond angles produced by the basis set augmented 
by d-polarization functions, 4-21G*(C)/3-21g*(Ge), and the 
experimentally determined ones (Table I) is fairly good. 

It is worthwhile to mention that the introduction of empirical 
corrections, termed "offset values", which adjust theoretically 
optimized geometries to related experimental values has proved 
to be useful.30 Since the accurate experimental value for the 
Ge-H bond length in germane of 1.5253 A is available,31 we 
optimized the geometry of germane using the basis set 3-2IG*22,23 

and STO-3G. The values for the Ge-H bond distance produced 
by these calculations are 1.5392 and 1.4313 A, respectively. The 
calculations using the 3-21G* basis set overestimate the Ge-H 
bond in CPG by about 0.012 A and in germane by 0.014 A. The 
application of minimal basis set STO-3G, however, underestimates 
this bond by 0.092 and 0.094 A in CPG and germane, respectively. 
While this discrepancy is to some extent tolerable in the case of 
the split-valence basis sets, in the case of the minimal basis set 
STO-3G this difference is not acceptable. The differences (A) 
between the calculated and experimentally determined values for 
the Ge-H bond lengths for germane of 0.014 A in the case of the 
3-2IG* basis set and of-0.094 A when the basis set STO-3G is 
used represent the so-called "systematic correction" or "offset 
values" for the Ge-H bond distance. These are obviously only 
related to those basis sets used above. 

The incorporation of these systematic corrections for the cal
culated values for the Ge-H bond distance in cyclopropylgermane 
yields 1.532 A for the overestimated value produced by the 3-2IG* 
basis set and 1.527 A for the underestimated value obtained from 
the minimal basis set STO-3G. It is worthwhile to mention that 
the "corrected" value for the Ge-H bond length in the case of the 
3-2IG* basis set supports the assumption made for this bond 
distance in the electron diffraction investigation (Table I). 

Structural Analysis. It is interesting to note that the influence 
of the germyl group on the ring C-C bond distances is less pro
nounced than that produced by the silyl group. Whereas the 
difference between the distal and the vicinal bond lengths in CPS 
as obtained from experiment is about 0.038 A9 and that from 
calculations is 0.022 A,32 in CPG it is only 0.019 and 0.012 A, 
respectively. The remarkably large difference between the C-C 
bonds in CPS was rationalized9 in terms of the Hoffmann pre
dictions2 and is mainly a result of a transfer of electron density 
from the 3e orbitals of the ring to the 3d orbitals of the silicon 
atom. It has long been recognized33 that the cyclopropyl group 
is a fairly strong ;r-donor and is stabilized by jr-acceptors. On 
the other hand, it has also been accepted that silyl and germyl 
groups are a-electron donors and ir-electron acceptors. Inspection 
of the C-C bond distances in both CPS and CPG reveals that the 
7r-acceptor character is significantly more pronounced in the silyl 
group than in the germyl group. In this context it can be concluded 
that the germyl group is mainly a er-electron donor and a weak 
ir-electron acceptor, if anything. The destabilization of the vicinal 
ring C-C bonds and the almost nonvariance of the distal bond 
in comparison to the C-C bond in the parent molecule of 1.509 
A34 are clearly indicative of this conclusion. 

A plausible alternative interpretation of the aforementioned 
bonding features is provided by the concept of surface or a-electron 
delocalization (a-aromaticity) initiated by Dewar35 and developed 
by Cremer and co-workers.36 According to this model of a-

(30) (a) Schafer, L. J. MoI. Struct. 1983, 100, 51-73. (b) Dakkouri, M. 
Struct. Chem. 1990, /, 179-193. 

(31) Kreiner, W. A.; Opferkuch, R.; Robiette, A. G.; Turner, P. H. J. MoI. 
Spectrosc. 1981, 85, 442-448. 

(32) 3-3IG* basis set was used: submitted for publication. 
(33) Clark, T.; Spitznagel, G. W1; Klose, R.; Schleyer, P. v. R. J. Am. 

Chem. Soc. 1984, 106, 4412-4419. 
(34) Bastiansen, 0.; Fritsch, F. N,; Hedberg, K. Acta Cryslallogr. 1964, 

17, 538-543. 
(35) (a) Dewar, M. J. S. J. Am. Chem. Soc. 1984, 106, 669-682. (b) 

Dewar, M. J. S. Modern Models of Bonding and Delocalization; Liebman, 
J. F„ Greenberg, A., Eds.; VCH: New York, 1987; pp 2-61. 

(36) (a) Cremer, D.; Kraka, E. J. Am. Chem. Soc. 1985, 107, 3811-3189. 
(b) Cremer, D. Structure and Reactivity; Liebman, J. F., Greenberg, A., Eds.; 
VCH: New York, 1987; pp 66-138. 
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Table III. Mulliken Population Analysis (Charge Distribution on 
Atoms) in Methylcyclopropane (MCP), Cyclopropylsilane (CPS), 
and Cyclopropylgermane (CPG) 

atom 

C1 

Cu 
C, Si, Ge 
H5 
H6 
H?,! 
H9.11 
Hl0,12 

MCP 
-0.280 
-0.406 
-0.546 
0.209 
0.190 
0.197 
0.211 
0.212 

CPS" 
-0.606 
-O.410 
0.793 
0.228 

-0.159 
-0.155 
0.217 
0.221 

CPS* 
-0.418 
-0.252 
0.784 
0.146 

-0.190 
-0.179 
0.136 
0.134 

CPS' 
-0.62 
-0.34 

1.03 
0.19 

-0.22 
-0.22 
0.18 
0.19 

CPG" 
-0.708 
-0.401 

1.042 
0.232 

-0.215 
-O.209 
0.214 
0.220 

"This work, 3-21G* basis set was used. 'This work, 6-31G** basis 
set was used. 'Reference 37. 

electron derealization, atoms of substituents of the type XY3 (e.g. 
CH3, SiH3, GeH3, or their fluorinated analogues) residing above 
the ring plane distort the electron density of the surface orbitals. 
Most likely, this so called "secondary effect" is also responsible 
for the disparity of the X-Y bond lengths within the XY3 sub
stituent groups on cyclopropane. One other probable explanation 
for the distortion of the C3„ symmetry of these groups and si
multaneously for their subsequent tilt is the occurrence of hy
perconjugation (or negative hyperconjugation in the case of XF3 

substitution). Although the effects of hyperconjugation on the 
energetic stability of the remainder of the molecule are seemingly 
much less pronounced in Si and Ge compounds than in the carbon 
analogues, the observed tilt of the SiH3 and GeH3 groups in CPS 
and CPG, however, may be interpreted as indicating a hyper-
conjugative interaction in these molecules. Magnusson13 has 
pointed out that it is mainly the magnitude of the tilt of the CH3 

or CF3 axis that is an indicator for the contribution of a hyper-
conjugative interaction between these groups and groups or atoms 
with orbitals of the appropriate symmetry. 

Mulliken Charge Distribution. The charge distribution on atoms 
in CPS, CPG, and methylcyclopropane (MCP) is compared in 
Table III. Taking the values produced by the 3-21G* basis set 
into account, the net charge of the silyl and germyl groups is 0.32 
and 0.40 au, respectively. This indicates in a qualitative manner 
that the flow of charges from the substituent group into the ring 
is slightly higher in CPG than in CPS. This, however, appears 
to be to some extent questionable if we take into consideration 
that the electronegativities of the germyl and the silyl groups are 
2.0538 and 1.91,38 respectively. The main criticism directed against 
the Mulliken population analysis is that the partitioning of overlap 
population is arbitrary. Therefore, a significant dependence on 
the basis set used is the result.39 This tendency is clearly apparent 
if the charge distribution values obtained for CPS, by applying 
the basis sets 3-2IG*, are compared with those provided by the 
6-31G* (Table III). Now if we correlate the Ge-C bond lengths 
in methylgermane (1.945 A),40 vinylgermane (1.926 A),41 and 
CPG (1.924 A) with the corresponding electronegativities of the 
methyl (2.56),38 vinyl (2.78),42 and cyclopropyl (2.49)42 groups, 
we notice that there is no certain systematic behavior between 
those values. Thus, this emphasizes once more that electroneg
ativity arguments play an inferior role in the explanation of the 
electronic effect of the substituent group in CPG. Moreover, it 
is most likely that the shortening of the bond between the ring 
carbon and the central atom of the substituent group and the 
changes of the C-C bond lengths of the ring in CPG are attributed 
to the hyperconjugation effect. This kind of rationalization of 
bonding properties in CPG is supported by the occurrence of the 
positive tilt of the substituent group. 

(37) 4-21G basis set on carbon and STO-3G on silicon were used: Ob-
erhammer, H.; Boggs, J. J. MoI. Struct. 1979, 57, 175-182. 

(38) Boyd, R, J.; Edgecombe, K. E. J. Am. Chem. Soc. 1988, 110, 
4182-4186. 

(39) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, J. A. Ab Initio 
Molecular Orbital Theory, John Wiley. New York, 1986. 

(40) Laurie, V. L. J. Chem. Phys. 1959, 30, 1210-1214. 
(41) Durig, J. R.; Kizer, K. L.; Li, Y. S. /. Am. Chem. Soc. 1974, 96, 

7400-7404. 
(42) lnamoto, N.; Masuda, S. Chem. Lett. 1982, 1003-1006. 

Table IV. Calculated" and Experimentally Determined Barrier 
Heights (kcal-mor1) for Internal Rotation of Methyl, Silyl, and 
Germyl Groups 

MX3 

-CH3 
-SiH3 
-GeH3 

CHj-
exp 

2.88* 
1.69' 
1.24* 

-MX3 

calc 
3.04° 
1.56" 
1.16" 

CH2= 
exp 
1.99' 
\.5<y 
1.24* 

=CH--MX3 

calc 
2.02° 
1.64" 
1.44" 

C-Pr-MX3 

exp calc 
3.03"- 3.02° 
1.98* 1.78" 
1.36> 1.37° 

"3-2IG* basis set used: this work. 'Reference 43. 'Reference 44. 
"'Reference 45. 'Reference 46. •''Reference 47. 'Reference 10a. 
* Reference 40. 'Reference 41. •'Reference 10b. 

Table V. C-Ge Bond Distance (A) and Barrier Heights (kcaUmol"1) 
for Internal Rotation in Some Germanes of the Type R-GeH3 

R 
CH3-
CH2=CH-
c-Pr-

C-Ge 
exp 

1.945" 
1.926' 
1.924d 

calc 
1.935* 
1.903* 
1.894* 

Vi 

exp calc 
1.24" 1.16* 
1.24' 1.44* 
1.36« 1.37* 

°Reference 40. 'This work, 3-21G* basis set used. 'Reference 41. 
This work. 'Reference 10a. 

Table VI. Experimental C-X Bond Distance (A) and Barrier for 
Internal Rotation (kcal-mol"1) in Cyclopropanes of the Type 
C3H5-XH3 

-XH3 C-X V1 

-CH 3 1.517" 3.03* 
-SiH3 1.840' 1.98"" 
-GeH3 1.924' \J&_ 

"Reference 48. 'Reference 45. 'Reference 9. "'Reference 10a. 
'This work. ^Reference 10b. 

Calculated Potential Barriers. Another interesting feature found 
in the present study is the variation in the barrier for internal 
rotation in various methyl, silyl, and germyl compounds (Table 
IV). The agreement between calculated and experimentally 
determined values for the barrier heights for the internal rotation 
of the XY3 group is in most cases very good (Table IV), partic
ularly for CPG. 

It is also to some extent remarkable that the barrier for the 
internal rotation of the germyl group in CPG is only 0.12 
kcaknol"1 higher than the same barrier in vinylgermane. In the 
case of the silyl counterpart, however, this difference is higher, 
0.48 kcal-mol"1. 

As might be expected, the rotational barrier decreases constantly 
as the bond lengths increase due to the reduction of the steric 
repulsion upon proceeding from methyl to germyl compounds. 
This trend, as Table IV shows, is well reproduced in both ex
periment and calculations. In order to understand the origin of 
these trends, particularly within the germane series, the calculated 
and experimental values of the bond distances and the rotational 
barriers of methyl-, vinyl-, and cyclopropylgermane are given in 
Table V. These values confirm the obvious decrease of the 
rotational barriers as a consequence of the lengthening of the Ge-C 
bond. Furthermore, as is evident from Table VI, the experimental 
values for the C-X bond distances and those for the rotational 
barriers in the listed cyclopropane series indicate the same 
tendency. It is noteworthy that the noninclusion of d-functions 
in the basis sets for the second- and third-row elements (here Si 
and Ge) often leads to unreasonable barrier heights for rotors; 
e.g. optimization at the STO-3G level provided a rotational barrier 
for the methylsilane rotor of 1.3 kcal-mol"1.49 Even more drastic 

(43) Hirota, E.; Endo, Y.; Saito, S.; Duncan, J. L. J. MoI. Spectrosc. 1981, 
89, 285-295. 

(44) Hirota, E. J. Chem. Phys. 1966, 45, 1984-1990. 
(45) Villarreal, J. R.; Laane, J. J. Chem. Phys. 1975, 62, 303-304. 
(46) Meerts, W. L.; Ozier, 1. J. MoI. Spectrosc. 1982, 94, 38-54. 
(47) O'Reilly, J. M.; Pierce, L. J. Chem. Phys. 1961, 34, 1176-1181. 
(48) Klein, A. W.; Schrumpf, G. Acta Chem. Scand. 1981, 35A, 425-430. 
(49) Bernardi, F.; Bottom, A. Progress in Theoretical Organic Chemistry; 

Csizmadia, I. G., Ed.; Elsevier: Amsterdam, 1982; Vol. 3, pp 65-120 and 
references cited therein. 
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Table VII. Optimized Structural Parameters for 
Cyclopropyltrifluorogermane (CPTFG) and Cyclopropylgermane 
(CPG) 

atom nos. 

1-2 
2-3 
1-4 
4-6 
4-7 
1-5 
2-9 
2-10 

T* 

3-1-2 
3-2-1 
1-4-6 
1-4-7 
5-1-4 
9-2-10 

CPTFG" 
Bond Distances (A) 

1.5064 
1.4833 
1.8756 
1.6305 
1.6284 
1.0830 
1.0831 
1.0819 

Bond Angles (deg) 
4.88 
58.99 
60.50 
107.78 
115.11 
118.04 
115.05 

CPG" 

1.5013 
1.4887 
1.9070 
1.5369 
1.5367 
1.0852 
1.0841 
1.0831 

1.79 
59.45 
60.27 
108.48 
111.13 
115.21 
114.28 

"3-21G* basis set used. *Tilt angle of the substituent group. 

Table VIII. Calculated" Bond Distances (A) for Progressively 
Fluorinated CPG 

substituent C1-C2 C2-C3 Ge-C Ge-F 

-GeH2F 1.5026 1.4873 1.9008 1.6431 
-GeHF2 1.5043 1.4846 1.8877 1.6356 
-GeF3 1.5064 1.4833 1.8756 1.6305 

"For uniformity all of the data are calculated at the 3-2IG* level. 

is the discrepancy between the calculated50 values for the barrier 
height of the SiH3 rotor in vinylsilane provided by the basis sets 
6-31G* and STO-3G* of 1.65 and 0.75 kcal-mol"1, respectively. 
One further example in this respect is the value for the rotational 
barrier for the germyl group in vinylgermane. In this case the 
barrier heights50 calculated with use of the basis sets 3-2IG* and 
STO-3G* were 1.44 and 0.64 kcal-mol"1, respectively. These 
examples emphasize the previously recognized dependence of the 
optimized rotational barriers on the basis set used.49 

GeF3 Negative Hyperconjugation. Now let us turn our attention 
to the optimized geometry of cyclopropyltrifluorogermane 
(CPTFG) given in Table VII. As can be inferred by inspection 
of this table, the Ge-C bond in CPTFG decreases in comparison 
to the same bond in the nonfluorinated counterpart. This con
traction of the Ge-C bond as a result of the substitution of the 
hydrogen atoms for fluorine is in agreement with the long-rec
ognized trend in organogermanium compounds.51 Either elec
trostatic arguments, i.e. attractive polar interaction of the type 
C~'-Ge+" or the increase in the s character of the Ge-C bond as 
a result of isovalent rehybridization,51"54 may be invoked in order 
to elucidate the migration of the Ge-C bond upon fluorination 
of Ge. The comparison between the calculated values for the 
vicinal and distal ring C-C bond distances reveals that only the 
latter are slightly affected by the replacement of the GeF3 for the 
GeH3 group. This small effect is somewhat surprising because 
the electronegativity difference between the cyclopropyl group 
(2.49 au)42 and those of the substituents GeH3 (2.05 au)55 and 
GeF3 (3.20 au)55 is considerable. 

One further interesting finding in the structural results of 
CPTFG is the short Ge-F bonds as compared to the same bond 
in cyclopropylmonofluorogermane (Table VIII). Basically, the 
decrease of the Ge-F bond length may be rationalized by using 
the aforementioned electrostatic arguments that have been invoked 
to explain the Ge-C bond shortening. An alternative and perhaps 

(50) This work. 
(51) Oberhammer, H. Stereochemical Application of Gas-Phase Electron 

Diffraction: Part B; Hargittai, I., Hargittai, M., Eds.; VCH: New York, 1988; 
pp 147-207. 

(52) Peters, D. J. Chem. Phys. 1963, 38, 561-563. 
(53) Bent, H. Chem. Rev. 1961, 61, 275-311. 
(54) Krishner, L. C; Morrison, J. A. J. Chem. Phys. 1976,64, 3556-3559. 
(55) Mullay, J. J. Am. Chem. Soc. 1984, 106, 5842-5847. 

Scheme I 
F" F" 

F F 

Table IX. Calculated" Ge-F and Ge-H Bond Distances (A) for 
Progressively Fluorinated Germane 

FGeH3 
F2GeH2 
F3GeH 
F4Ge 

Ge-F 
1.633 
1.628 
1.622 
1.614 

Ge-H 
1.528 
1.518 
1.499 

"3-21G* basis set was used (refs 22 and 23). 

Table X. Calculated" C-Ge Bond Distance (A) and Barrier Heights 
(kcal-mol"1) for Internal Rotation for Some Germanes and Their 
Fluorinated Counterparts 

CH3-GeH3 
CH3-GeF3 
C-Pr-GeH3 
C-Pr-CeF3 

C-Ge 
1.935 
1.900 
1.907 
1.875 

Vi 

1.16 
0.59 
1.37 
1.18 

"3-21G* basis set used. 

more reliable reasoning for both the Ge-C and Ge-F bond con
traction in fluorinated organogermanium hydrides might be a 
negative (anionic) hyperconjugative interaction released by the 
GeF3 group. In order to obtain additional support for such a 
conclusion we optimized the molecular geometries of cyclo
propylmonofluorogermane, cyclopropyldifluorogermane, and 
CPTFG. The progressive shortening of both the Ge-F and Ge-C 
bonds upon moving from the monofluorinated to the trifluorinated 
derivative are clearly indicative of an anionic hyperconjugative 
interaction of the Ge-F bond. This resulting effect in CPTFG 
which involves orbital interactions (back-donation of ir-type lone 
pair electrons from fluorine into antibonding <r*X-F orbital)56-60 

is illustrated in Scheme I. 
As is apparent from Table IX this progressive shortening of 

the Ge-F bond with increasing fluorine substitution for hydrogen 
as a consequence of negative hyperconjugative effect seems to be 
rather more pronounced upon going from GeH3F to GeF4 (the 
overall effect here is ca. 0.02 A). Interestingly, the Ge-H bond 
in this series indicates the same tendency of bond strengthening 
with each additional substitution of F for H. It is also worthwhile 
to mention that the F-Ge-F bond angle in F2GeH2 (104.9°) and 
in F3GeH (106.5°) deviates significantly from the tetrahedral 
value. This remarkable feature which parallels the tendency found 
in the analogous fluorinated methane and silane56 has been ra
tionalized in terms of angular dependence of negative hypercon
jugation. 

Replacement of GeF3 for GeH3 on the Potential Barrier about 
the C-Ge Bond. One further, and perhaps most striking, effect 
resulting from the GeH3/GeF3 substitution is the reduction of 
rotational barrier about the Ge-C axial bond. The calculated 
barrier heights for internal rotation in methyltrifluorogermane 
and CPTFG on one side and those of their parent molecules on 
the other hand in addition to the corresponding axial bond dis
tances are shown in Table X. Inspection of the data presented 
in this table indicates that the potential barrier decreases upon 
fluorination of the germyl group and consequently as the axial 

(56) Reed, A. E.; Schleyer, P. v. R. J. Am. Chem. Soc. 1987, 109, 
7362-7373. 

(57) Schleyer, P. v. R.; Kos, A. J. Tetrahedron 1983, 39, 1141-1150. 
(58) Dixon, D.; Fukunaga, T.; Smart, B. E. J. Am. Chem. Soc. 1986,108, 

4027-4031. 
(59) See for instance: (a) Smart, B. E. Molecular Structure and Ener

getics; Liebman, J. F., Greenberg, A., Eds.; VCH: New York, 1986; Vol. 3, 
pp 141-191. (b) Friedman, D. S.; Francl, M. M.; Allen, L. C. Tetrahedron 
1985, 41, 499-506. (c) Schleyer, P. v. R.; Jemmis, E. D.; Spitznagel, G. W. 
J. Am. Chem. Soc. 1985, 107, 6393-6394. 

(60) Radom, L.; Stiles, P. Tetrahedron 1975, 10, 789-792. 
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in the former than in the latter groups. Table XI. Calculated Tilt Angle r (deg) of the Substituent R and 
the Electronegativity x in some Cyclopropanes of the Type C3H5-R 

R »° T* 

-CH3 1X1 b~20 
-SiH3 2.04 1.70 
-GeH3 2.06 1.77 
-CF3 3.46 0.45 
-SiF3 3.14 3.75 
-GeF3 3̂ 20 4JS8 

" For the purpose of consistency and in order to avoid scaling prob
lems of electronegativity values originating from different methods, all 
x values are taken from ref 55. *3-21G* basis set used. 

bond distance shortens. It is of particular interest to mention that 
such a trend of simultaneous reduction of the axial bond length 
and potential barrier about this bond has been experimentally 
observed upon proceeding from CH3-SiH3 to CH3-SiH2F61 and 
from CH3-GeH3 to CH3-GeH2F." This feature, however, is 
in contrast to the aforementioned obvious increase of the rotational 
barriers associated about the Ge-C bond in various nonfluorinated 
species (Table IV) along with the decrease of the axial bond length. 
Table X also indicates that while the Ge-C bond shortening upon 
fluorination within the methyl and cyclopropyl systems is almost 
the same, the reduction of the rotational barrier is less pronounced 
in the cyclopropane species than in the methyl ones. This might 
be interpreted as a result of a compensation effect attributed to 
the through-space interaction (secondary effect) alluded to pre
viously. 

Tilt of the XY3 Group. According to the results obtained in 
this study it appears that there is a qualitative simple relationship 
between the tilt angle of the substituent groups in CPG and 
CPTFG and the electronegativity of these groups. In a subsequent 
investigation32 on a variety of monosubstituted cyclopropanes and 
their fluorinated homologues of the type discussed here (c-Pr-
XY3), additional support was obtained which confirms this cor
relation. The data given in Table XI indicate that the tilt angle 
of the substituent group toward the ring increases upon fluorination 
and thus the higher the electronegativity of this group is. This 
tendency may be interpreted as a consequence of through-space 
interaction between the atom Y above the ring plane and the 
surface orbitals in the ring. The delocalization of er-electrons in 
the surface of the cyclopropyl system (<r aromatic) is apparently 
more affected by the XF3 moiety than by its nonfluorinated 
counterpart. The tilt of the XY3 group within the series shown 
in Table XI may also be rationalized as the result of hypercon-
jugative (XH3) or anionic hyperconjugative (XF3) interaction. 
The considerably larger tilt of the fluorinated and nonfluorinated 
silyl and germyl groups in comparison to the tilt of their methyl 
counterparts is explicable in terms of appreciably stronger hy
perconjugative interactions and hence higher ionic contribution 

(61) Durig, J. R.; Li, Y. S.; Tong, C. C. / . MoI. Struct. 1972,14, 255-260. 
(62) (a) Krisher, L. C; Pierce, L. J. Chem. Phys. 1960, 32, 1619-1625. 

Roberts, R. F.; Varma, R.; Nelson, J. F. / . Chem. Phys. 1976,64, 5035-5050. 

Summary and Conclusions 
In summary, the following conclusions may be derived from 

the present work: 
(1) The destabilization of the vicinal C-C bonds (1.521 A) and 

the nearly nonvariance of the distal bond (1.502 A) in CPG in 
comparison to the C-C bond in cyclopropane (1.509 A) are most 
likely the result of the enhanced x-donor ability of cyclopropane 
and the weak ir-electron acceptor property of the germyl group. 

(2) The positive tilt of the germyl group in CPG and in a variety 
of substituted cyclopropanes of the type C-Pr-XY3 (X = C, Si, 
Ge; Y = H, F) is accounted for by interactions between atoms 
residing above the ring and the delocalized (r-electrons in the 
surface orbitals of cyclopropane. Nevertheless, the tilt of the 
substituent group XH3 as well as the bond length changes within 
the ring may be described adequately by invoking hyperconjugative 
(XH3) and negative (anionic) hyperconjugative (XF3) arguments. 
While this kind of interaction has been extensively studied in CH3 

and CF3 groups, this effect has rarely been investigated, if at all, 
in the silyl or germyl group and their fluorinated species. 

(3) It appears that there is a simple correlation between the 
tilt angle of the XY3 group on the three-membered ring and the 
electronegativity of this substituent. 

(4) In contrast to the minor changes produced in the ring C-C 
bonds on substituting XH3 by XF3, the C-X bond in both CPTFG 
and cyclopropyltrifluorosilane (CPTFS), in comparison to the same 
bond in CPG and CPS, is substantially shortened. This obvious 
shortening of the C-X bond on proceeding from C-Pr-XH3 to the 
fluorinated analogues is most likely the result of the considerable 
difference between the electronegativities of the substituent groups. 
This kind of electrostatic interaction is enhanced by the a-electron 
delocalization of the cyclopropyl system and the strong a-acceptor 
capacity of the XF3 group. 

(5) The calculated values for the barrier heights for the GeH3 

and SiH3 groups and their fluorinated counterparts in various 
hydrocarbons are generally in good agreement with the experi
mental values so far available. 

(6) The fluorination of the GeH3 and SiH3 groups leads to a 
significant decrease of the X-C bond length and, surprisingly, to 
a simultaneous striking reduction of the barrier for internal rotation 
about the X-C bond. Furthermore, the substitution of the XH3 

group for the XF3 group leads to an increase of the positive tilt 
of the substituent group. 
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