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A. Haaland 

1. Introduction 

It is not the purpose of this article to provide an introduction to the principles and tech- 
niques of gas-phase electron diffraction as a tool for the determination of molecular struc- 
ture. This task has already been accomplished in a recent book O and several recent review 
articles 2-6). Neither is it my aim to review all the organometallie structures determined 
by gas-phase electron diffraction, since this too has been done recently 7). I propose to 
concentrate on a few areas of  organometaUic chemistry where a number of  related com- 
pounds have been studied by gas-phase electron diffraction and where patterns are becom- 
ing apparent. These patterns are discussed in terms of simple molecular orbital theory or 
the valence-shell repulsion theory 8), or in terms of non-bonded repulsions. I have omitted 
one area where electron diffraction, mainly through the work of British and Russian scien- 
tists, has made large contributions, namely the organometallic chemistry of  the main group IV 
elements. This area is, at least in part, covered in the article by Dr. Vilkov in this volume. 

It is hardly necessary to stress the usefulness of  electron diffraction as a tool in structure 
chemistry. It should be sufficient to point out that at least eight of  the species discussed 
here are inaccessible to X-ray diffraction since these compounds change their degree of  
association on going into the solid phase. 

Throughout this article internuclear distances are given as ra 6) and estimated standard 
deviations (when stated in the original work) are given in parentheses in units of the last 
digit. 

2. Beryllium a) 

At room temperature dimethylberyllium forms colorless crystals with very low vapor pres- 
sure. An X-ray diffraction study by Snow and Rundle 12) showed the crystal to consist of  
infinite straight chains of  beryllium atoms bridged by methyl groups (Fig. 1). This was the 
first case in which bridging methyl groups were established by X-ray diffraction b). 

The Be-C bridge bonds are considerably longer than the single Be-C bonds in mono- 
meric dimethylberyllium or di-tert-butylberyllium = 1.70 .~ (see below), and 0.10 )1 longer 
than the sum of the tetrahedral covalent radii 16) of  Be and C = 1.83 A. The Be-Be distance 
on the other hand is slightly shorter than twice the tetrahedral covalent radius of  Be = 
2.12 A. Insofar as bond distances in "electron-deficient" molecules of this type can give 
any information about bond strength, they indicate that Be-Be bonding is as strong as 
Be-C bonding. Indeed, ab-initio molecular orbital calculations on the methyl-bridged 
dimer (HBeCH3) 217) yield a Be-Be overlap population of 0.32 that is very similar to the 
Be-C bridge overlap population = 0.35. We shall see below that similar conditions prevail 
in dimeric trimethylaluminum, in diborane, and in dimeric dimethylaluminum hydride. 

The methyl groups in polymeric dimethylberyllium are very tightly packed: the distance 
between C atoms in neighboring rings is 3.11 A compared to a van der Waals diameter of 

16) 4.0 A for a methyl group . If  the bridging methyl groups are displaced by more bulky 

a) For recent reviews of organoberyllium chemistry, see Refs. 9--11). 

b) The methyl-bridged "tetramethylplatinum tetramer" described earlier 13) was in fact trimethyl- 
14 platinum hydroxide ,1 S) 

2 
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H3 H3 

/ 6s~\ H3 / \ 

m~ "~e Be" / \2,0./  \ / 
\ /  

C " "C 
H3 H~ A 

H H 
"~ 1.698(5),~ t13.9 (1.5)~ 1.127(4),a, 

H H B 

H3~ CH3 

u 0.4(0.1)~ (2)~ 
1699 (3)ABe ,~C/ 

~x 
H3 H~c[ 

HaC CH3 C 
�9 1 2 )  Fig. 1. The structure of dimethylberyllium in the crystalline (,4) and in the gas phase 20) (B) and of 

di-tert-butylberylliurn in the gas phase 19) (C) 

alkyl groups, the van der Waals strain increases. This is probably the reason why diethyl- 
beryllium becomes liquid at room temperature. The compound is dimeric in hydrocarbon 
solution, but the pure liquid consists of more highly associated species. Di-isopropylberyl- 
lium is dimeric in hydrocarbon solution, while di-tert-butylberyllium is monomeric. 

Infrared and Raman spectra show that the C - B e - C  skeleton of di-tert-butylberyUium 
is linear and indicate that the barrier to internal rotation is low la). The bond distances and 
valence angles determined by gas-phase electron diffraction 19) are shown in Fig. 1. The 
electron diffraction data are not consistent with models of  Dsa symmetry (staggered tert. 
butyl groups) but are consistent with models of Dab symmetry with eclipsed or freely 
rotating tert.butyl groups. There is no van der Waals contact between the two tert-butyl 
groups, and it seems reasonable to assume that the barrier to internal rotation amounts to 
no more than a few calories. 

Kovar and Morgan 2~ have recorded the infrared absorption spectra of  gaseous di- 
methylberyllium over the temperature range 125 ~ to 180 ~ The spectra of  saturated 
vapors contained a few lines that were attributed to associated species (probably dimeric), 
but the unsaturated vapors seemed to consist of  monomeric species only, the effective 
symmetry of  the monomer beingDah. This implies that the C - B e - C  skeleton is linear 
and that the barrier to internal rotation of the methyl groups is negligible. The asymmetric 
C - B e - C  stretching frequency was assigned at v 7 = 1081 cm-1.  In di-tert-butylberyllium 
the corresponding vibration had been assigned at much lower frequency, v 6 = 458 cm -1 . 
Kovar and Morgan therefore suggested that the Be-C bonds in monomeric dimethylberyl- 
lium were significantly strengthened by hyperconjugation, i.e. the C - H  bonding electrons 
were partly delocalized into the empty 2plr atomic orbitals on Be. 
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The electron diffraction pattern from gaseous dimethylberyllium has been recorded 
at a reservoir temperature of  about 150 ~ and a nozzle temperature of  about 160 ~ 21). 
It was found that the amount of associated species in the gas jet must have been negligible. 
The bond distances and valence angles obtained for the monomer are shown in Fig. 1. 

During least-squares refinement of  the structure the C - "  C distance was ret'med as an 
independent parameter. The value obtained was 0.035(13) A less than twice the Be-C 
bond distance. This difference can be explained either by the assumption that the < C - B e - C  
equilibrium angle is 163 ~ rather than 180 ~ , or as the result of  shrinkage, i.e. because large- 
amplitude bending vibrations make the < C - B e - C  angle on average less than 180 ~ (though 
the equilibrium angle is not). We prefer the second explanation. The C - B e - C  bending 
frequency has not been assigned, but since there are no lone-pair electrons on Be to resist 
deformation, it may be very low. 

The contribution of the long H- - -  H distances to the molecular intensity was too small 
to allow the relative orientation of the methyl groups to be determined. 

The Be-C bond distance in dimethylberyllium is indistinguishable from the Be-C bond 
distance in di-tert-butylberyUium, though a difference of the order of 0.015 3, or less cannot 
be ruled out. The observed bond distances therefore offer no support for the theory of 
hyperconjugation. 

Baird and co-workers have published the results ofab-initio molecular orbital calcula- 
tions on HBeCH3 ]7). First the Be -H  and Be-C bond distances were varied to minimize 
the energy with a full 2p basis set on Be. The bond distances were found to be 1.33 A and 
1.71 A, respectively. The latter is in good agreement with the Be-C bond distance in di- 
methylberyllium. Removal of  the 2pn orbitals on Be from the basis set resulted in an increase 
of  7.1 kcal mole - ]  in the energy and 0.05 A in the Be-C distance. One wonders whether 
calculations on di.tert-butylberyUium would yield similar results, and whether in that case 
hyperconjugation is a useful concept. 

Dimethylberyllium forms both 1 : 1 and 1 : 2 complexes with tertiary amines. The 1 : 1 
complex with trimethylamine is reported to be stable in the gas phase, but an attempt to 
determine the molecular structure by gas-phase electron diffraction was unseccessful. The 
scattering pattern recorded at a reservoir temperature of  65 ~ and a nozzle temperature 
of 85 ~ showed that the gas jet must have consisted of nearly 100% trimethylamine 22). 
Clearly, the complex had dissociated and the dimethylberyllium had condensed on the 
walls of  the inlet system. 

9 

;20(2)~ 

T hi: 1.1.97(4)A 

oi 

h = 3.375(10} + 

1.1.2S(2|~, 

Q=C 0 =H �9 =Be 

Fig. 2. The molecular structures of mcthyl(cyclopentadienyl)beryllium 24) and biscyclopentadienyl- 
beryllium27, 28) in the gas phase 
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The structure of  the 1 : 2 complex with quinuclidine has, however, been determined 
by X-ray diffraction 23). The coordination about Be is distorted tetrahedral, the < C-Be-C  
angle being 118 ~ and < N - B e - N  111 ~ The average Be-C bond distance is 1.83 A., i.e. 
0.13 3,longer than in free dimethylberyllium, and the average Be-N distance is 1.91 A,. 

The increase of the Be-C bond distance in the complex as well as the relative magnitudes 
of  the < C - B e - C  and < N - B e - N  angles is easily rationalized in terms of the valence-shell 
electron-pair repulsion (VSEPR) theory a). In the complex, repulsion between the electron 
pairs partly introduced into the formerly empty 2p orbitals of dimethylberyllium and the 
electron pairs in the Be-C bonds would be expected to weaken the Be-C bonds and push 
them together. 

Morgan and co-workers have synthesized a number of monocyclopentadienyl derivatives 
of  beryllium, and several of them have been investigated by gas-phase electron diffraction. 
All have been found to contain penta-hapto cyclopentadienyl, hS-Cp or rr-Cp rings. The 
structure of methyl(cyclopentadienyl)beryllium 24) is shown in Fig. 2 e). The Be atom is 
situated on the C a symmetry axis, 1.50 A above the plane of the ring. The Be-C(Cp) 
bond distance is similar to the Be-C bridge distance in polymeric dimethylberyllium 
(1.93 ,~). The root mean square vibrational amplitude of the distances Be-C(Cp) [l = 
0.075(3) A] indicates that the Be atom is firmly bonded to the ring. The Be-C(Me), 
Me = CHa, bond distance is indistinguishable from that in dimethylberyllium. 

Drew and Haaland 2'~) have suggested that the Be atom is (sp)-hybridized and that it 
uses one such orbital for a two-center, two-electron bond to the methyl carbon atom. One 
bonding molecular orbital is then formed by combination of the other hybrid orbital with 
the a 1 n-orbital of  the ring. Two more - degenerate - bonding molecular orbitals of  
higher energy are formed by combination of the two unhybridized Be 2p-orbitals with 
the two e t 7r-orbitals of the ring. All these orbitals are filled and the Be atom is surrounded 
by an electron octet. 

The molecular structure of  cyclopentadienyl beryllium chloride 2s) is entirely analogous 
to the methyl compound, but the Be-CI bond distance [1,837(6) A] is significantly longer 
than in free monomeric BeCI2, where it is 1.75 + 0.02 A 26). It seems reasonable to assume 
that the Be-CI bonds in BeC12 are shortened through dative ~r-bonding, and that similar 
n-bonding is absent in hS-CpBeC1 since the pertinent 2p orbitals on Be are already involved 
in bonding to the ring. 

Biscyclopentadienylberyllium was first studied by gas-phase electron diffraction in 
196327); several years later the structure was refined by least-squares calculations on the 
intensity data 28). The resulting structure is shown in Fig. 2. The electron scattering pattern 
was found to be consistent with a model of Csv symmetry in which the two Cp rings are 
lying parallel and staggered with a perpendicular inter-ring distance of 3.37 A. The Be 
atom lies on the C s axis between the two rings, but not at the midpoint. The perpendicular 
distance from the metal atom to the nearest ring (1.47 .~) is similar to, or slightly shorter 
than the corresponding distance in MeBeCp, but the Be-C(1) vibrational amplitude 1 = 
0.098(4) A is greater than in MeBeCp, indicating that the Be atom is less firmly held in 
the equilibrium position. The distance to the other ring is 1.90 A and the Be-C(6) vibra- 
tional amplitude is I = 0.115(7) A,. 

This asymmetric structure explains the dipole moment of CpzBe in cyclohexane = 
2.24 + 0109 Debye 29). 

c) The standard deviations quoted in Refs. 24) and 25) have been expanded to include an estimated 
uncertainty of 0.1% in the electron wavelength. 
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Even though the Cp rings are at different distances from the metal atom and must be 
assumed to be bonded to it in different ways, the difference between their structures (e.g. 
their C-C bond distances) appears to be negligible. Except for the Be atom, the molecule 
therefore has DSd symmetry, or very nearly so. It has been suggested that the potential 
energy surface of Be has two minima on the C s axis, 0.22 A on either side of the midpoint 
between the rings, and that the Be atom alternates between the two positions 27). Indeed, 
IH NMR spectra of Cp2Be in TMS, cyclohexane, and methylcyclohexane were later found 
to consist of  a sharp singlet over a wide temperature range3O), showing that alternation is 
rapid on the NMR time scale. It has been estimated that the time spent in each minimum 
is 10 -12 to 10 -13 sec 31). 

The asymmetric structure of Cp2Be can be rationalized in the following way: optimal 
Be-to-Cp bonding would be achieved in a symmetrical molecule in which both perpendicular 
Be-to-ring distances are similar to that in CHaBeCp, Le. about 1.5 A. This would, however, 
require a perpendicular ring-to-ring distance of about 3.0 A, and such a dose approach is 
prevented by inter-ring repulsion, since the van der Waals thickness of  an aromatic ring is 
3.4 A. The two potential energy surfaces, which describe the bonding between the Be 
atom and each of the two rings and which add up to the total binding energy, therefore 
have their minima at different places, and these minima are sufficiently narrow to give two 
minima in the total energy surface. 

In 1970 McVicker and Morgan published the infrared absorption spectra of gaseous 
and solid Cp2Be 32). The gas-phase spectrum is very simple, consisting mainly of  the very 
few bonds expected for Cp rings of  Dsh symmetry, while the crystal spectra are much 
more complex. This difference was interpreted as evidence for a change in the nature of 
the metal-to-ring bonding on passing from the gas phase to the crystal phase. 

Very recently the crystal structure of Cp2Be has been determined at room temperature 
and at - 120  ~ 33, 34). The crystals are disordered at both temperatures, but the molecular 
structure may be described as follows: the Be atom lies about 1.5 A above one ring on the 
(approximate?) fivefold symmetry axis. The second ring is parallel - or nearly parallel - 
to the first and lies about 1.9 A above the Be atom, but has slipped about 1.2 ~, sideways, 
with the result that the Be atom lies under the edge of the ring. The orientation of this 
second ring appears to change with temperature: at - 1 2 0  ~ the Be atom appears to lie 
directly beneath a C atom and at room temperature beneath the midpoint of a C-C bond. 
The structure is perhaps best described as a slip sandwich. 

It has been suggested that the large dipole moment of Cp2Be leads to coupling of the 
oscillations of the Be atoms in neighboring molecules in the crystal, which then causes the 
oscillations to slow down as the temperature falls. Since the bonding between the Be atom 
and the far ring is weak and not strongly directed, intermolecular forces would be sufficient 
to explain the 1.2 .~ sideways slip 3s) . 

3. Magnesium 

The electron scattering pattern from biscydopentadienyl magnesium, (hS-Cp)2Mg, is con- 
sistent with molecular models of both Dsh (eclipsed rings) and Dsd (staggered rings) sym- 
metry, though the former gives the better fit 36). All asymmetric structure similar to that 
of the Be analog can be ruled out. The Mg-C bond distance is 2.339(4) A; this corresponds 
to a perpendicular ring-to-ring distance of  4.02 A, which is considerably more than the van 
der Waals thickness of  an aromatic ring. The Mg-C vibrational amplitude is I = 0.103(3) A, 
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which is very similar to the two Be-C amplitudes in Cp2Be. The C-C distance [1.423(2) A] 
is very similar to the mean C-C bond distance in Cp2Be. 

4. Boron 

The molecular structures of  diborane 37), tetramethyldiborane 38) and trimethylborane 39) 
as determined by gas-phase electron diffraction by Bartell and Carroll are shown in Fig. 3. 
It is interesting to note that the B-B distance in diborane is only 0.01 A greater than twice 
the tetrahedral covalent radius of boron, while the B - H  bridge distance is 0.14 A longer 
than the terminal B -H  bond: As in the case of crystalline dimethylberyllium, the inter- 
nuclear distances suggest that there is bonding (though not necessarily o-bonding) between 
the two metal atoms. The B - H - B  bridge bond should perhaps be considered a central 
rather than an open three-center bond 40, 41). 

Such a view is in agreement with the overlap populations obtained by ab-initio self- 
consistent-field molecular orbital calculations 42): The overlap populations obtained for 
the B-B, B-Hb (b = bridge) and B-Ht  (t = terminal) bonds are about 0.30, 0.40 and 
0.82 respectively. 

The B-B bond in tetramethyldiborane is 0.07 .A. longer than in diborane and the B-C 
bonds are about 0.01 A longer than in trimethylborane. These elongations are probably 
best explained as the result of steric repulsion38); the shortest distance between carbon 
atoms in terminal methyl groups on different boron atoms is 3.43 A, considerably less 
than the van der Waals diameter of a methyl group. 

It has sometimes been suggested that the reason why trimethylborane (in contrast to 
trimethylaluminum) is monomeric in all phases is that the monomer is stabilized through 
hyperconjugation. The structure of  the monomer offers no support for this view. The 
B-C distance is in fact 0.06 J, longer than the B--C single bond distance calculated from 

H3C~ 
H . \ -t576(I)A / \ t333(~)A \ H 

1.190(7)A. / /83.0(0.3T\/"~"~/ , ^/.~ 111.9102/~I.108(21A 

H A H3 c- C 

~ 3 

1.588(3)A / , ~H  1.358(45)~, 1.60~, / / ~ . . 1 . 7 5  ~, 
.c,, ,3c..(..8 / \B.  0c,3 

/ .  \ / 
H3C-- ~ / --CIH 3 H3C ~ / .CH 3 

I " \ c / . -  "''27~ 
.... 3,~3k ........ I B H, D 

Fig. 3. The molecular structures of diborane 37) (A), tetramethyldiborane 38) (B) and trimethylborane 39) 
(C) in the gas phase and of the hypothetical trimethylborane dimer (D) 
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Pauling's revised Schomaker-Stevenson rule 39). Rather, it is clear that steric repulsion alone 
is sufficient to explain why no methyl-bridged dimer forms: the boron atom is too small 
to accommodate four methyl groups. In a hypothetical dimer (Fig. 3d) the eight Cb "'" Ct 
distances would be only about 2.70 A. In dimeric trimethylaluminum the corresponding 
distance is 3.23 A. d) 

For trimethylborane, theoretical RD functions were calculated for distributions of  
methyl group orientations with the use of the classical probability distributionP (~) = 
A exp [ - V  (r where ~ is the angle of  rotation of  the methyl group and V (~) = 
1 

Vo [ 1 - cos (6~)], since a sixfold barrier is the simplest form compatible with the 

molecular geometry. The best fit between experimental and theoretical curves was 
obtained with Vo = 0, although barriers of  several hundred calories could not be ruled out. 

For tetramethyldiborane, the equilibrium orientation of the methyl groups appears 
to be the one in which the C - H  bonds are staggered with respect t O the B-C and the two 

1 
B-H b bonds radiating from the boron atom. A potential V = ~- V o [ 1 - cos (3~)] was 

assumed, and the best fit was obtained for V o = 1 kcal mole -1.  

5. A luminum e) 

Gaseous trimethylaluminum consists of monomeric and dimeric species in a temperature- 
and pressure-dependent equilibrium. Thus, gas at 215 ~ and 30 mm consists of  more 
than 96% monomers, while gas at 60 ~ and the same pressure consists of  more than 97% 

H3 H3C 
/ .~  2:4o(~)~ 1.957(3)A / t \ ~/ ~1.957(3)~. H 

H3C" I " / 7  ~5(0"I)~ "CH3 ~ .^,~. 111.?(0.S~"~/' .I 13 ( 3 '/~ 
> "''AI ~ 2 619(5)A ~ A r ' ~  117.3(1.5) i ~" 120~/L/AI~C~H 

H3C C ~ ~22 ; ~  /~:~o H H3C. ~ "3.390(5}A 
H3 A B 

1.949(3)~, H 1.676(~9]A 

"<,L ......... 

H3C-- ~.H/ ~C% C 

Fig. 4. The molecular structures of dimeric 48) (.4) and monomeric 48) (B) trimethylaluminum and 
dimeric dimethylaluminum hydride $7) (C) in the gas phase 

d) Similarly, the small size of the boron atom may account for BH 3 forming a volatile dimer, while 
AIH 3 forms a nonvolatile polymer in which each aluminum atom is surrounded by six bridging 
hydrogen atoms 43). 

e) For recent reviews of organoaluminum chemistry see Refs. 9) and 44). 
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dimers. The enthalpy of dissociation of  one mole of  gaseous dimer into two moles of 
gaseous monomer is &Hat 0 = 20.40 + 0.34 kcal/mole 4s). The concentration of  monomers 
in hydrocarbon solutions at room temperature is negligible, and crystalline trimethyl- 
aluminum consists of dimeric species only. The diborane-like, methyl-bridged structure 
of the dimer (see Fig. 4) was established by an X-ray diffraction study by Lewis and 
Rundle 46). In a low-temperature crystal study Huffman and Streib 47) recently succeeded 
in locating the hydrogen atoms: the three C - H  bonds in a bridging methyl group and the 
vector Cb "'" Cb point towards the four comers of  slightly distorted tetrahedron. Hence, 
it is clear that the hydrogen atoms are not involved in bonding to the aluminum atoms. 

The bond distances and valence angles of dimeric trimethylaluminum given in Fig. 4 
are those obtained by gas-phase electron diffraction 4a) at a nozzle temperature of about 
60 ~ The bond distances are in excellent agreement with those obtained in the low- 
temperature crystal study: AI-C t = 1.949(2) ,8, and 1.956(2) A, A1-C b = 2.123(2) ,~ and 
2.152(2) A, and A1-A1 = 2.606(2) A, particularly since correction for thermal motion in 
the crystal would add a few thousandths of  an A to the latter. The < AI-Cb-A1 angle 
75.7(0.1) ~ found in the crystal is also very similar to the ED result. The < Ct-A1-Ct 
angle, however, = 123.2(0.1) ~ differs significantly from that found in the gas phase. The 
difference may be due to crystal packing forces. 

In this compound, too, the internuclear distances indicate that bonding between the 
metal atoms is important: The AI-A1 distance is only 0.10 A more than the value calculated 
for a single bond by doubling the tetrahedral covalent radius, and 0.24 A less than the 
A1-A1 distance in the metal 49). The AI-Cu bonds on the other hand are 0.18 A longer 
than the A1--C t bonds. The latter are equal to the AI-C single-bond value 1.96 ~,, calculated 
from the tetrahedral covalent radii of carbon and aluminum and the revised Schomaker- 
Stevenson rule. 

Approximate self-consistent-field molecular orbital calculations do indeed indicate 
considerable A1-AI bonding of the 3pa-3pa, 3pTr-3p~r type s~ 

The 1H NMR spectra of  tfirnethylaluminum dimer in hydrocarbon solutions at room 
temperature consist of  one peak only, showing that exchange of terminal and bridging 
methyl groups is rapid on the NMR time scale s 1). There is now general agreement that the 
exchange is effected through dissociation into monomeric species followed by fast recom- 
bination44, s2). 

The molecular structure of  trimethylaluminum monomer 4a) has been determined by 
gas-phase electron diffraction at a nozzle temperature of about 215 ~ The structure is 
entirely analogous to that of trimethylborane, the molecular symmetry, except for hydrogen 
atoms, iSDah and the barrier to rotation of  the methyl groups is negligible. The A1-C bond 
distance is equal to the terminal A1-C distance in the dimer, and no shortening that might 
be ascribed to hyperconjugation is detected. 

The methyl groups in trimethylaluminum dimer are closely packed, the eight Cb "'" Ct 
distances being 3.23 ,~ and, as in the case of dialkylberyllium compounds, the tendency to 
associate decreases when the methyl groups are replaced by more bulky substituents. Thus 
the heat of dissociation of the liquid dimers decreases from 19.40 + 0.30 kcal mole-1 for 
trimethylaluminum s4) to 16.93 -+ 0.23 kcal mole -1 for triethylaluminum ss) to 
8.16 + 0.12 kcal mole -1 for tri/sobutylaluminum s6). The latter is only 40% associated as 
a pure liquid at I0 ~ 

Dimethylaluminum hydride is trimeric in hydrocarbon solution at room temperature s6). 
The gas is dimeric (by molecular weight) at 167 ~ and 55 mm; at 83 ~ and 56 mm the 
average degree of association is 2.5 s6). The molecular structure of the dimer (Fig. 4) has 
been determined by gas-phase electron diffraction at a nozzle temperature of about 
170 ~ sT). Attempts to determine the molecular structure of the trimer by recording 
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the electron-scattering pattern at a nozzle temperature of 65 ~ were not successful; the 
scattering pattern showed that the concentration of trimer in the gas jet must have been 
negligibleSS). 

The structure of dimeric dimethylaluminum hydride is remarkably similar to that of 
trimethylaluminum dimer. No significant differences are found between either the A1-A1 
and AI-C t bond distances or the < Ct-AI-C.t angles in the two compounds. The constancy 
of the AI-Al-distance is most easily rationalized if direct bonding is assumed. The AI-H b 
distance is considerably longer than the (terminal) A1-H bond in HsA1N(CH3) 3 = 
1.560(11) h sg). 

The molecular structure of trimeric dimethylaluminum hydride can only be a matter 
for speculation. If metal-metal bonding is important, the A13H3 ring must be planar. This 
is in agreement with the infrared absorption spectrum of dimethylaluminum hydride in 
cydohexane 6~ If  the A1-H b and AI-AI bond distances are equal to those in the dimer, 
the < Hb-AI -H b angle must be 137 ~ 

Dimethyl(cyclopentadienyl)aluminum 61) is a colorless solid at room temperature. The 
melting point is high (about 140 ~ the vapor pressure low (about 0.001 mm at 60 ~ 
and the solubility in hydrocarbon solvents very poor 62). The degree of association in 
freezing benzene is 1.4. The electron scattering.pattern from the gas, recorded at a nozzle 
temperature of 130 ~ showed that the jet contained monomeric species only 63). It was 
found that molecular models of  the monomer containing e-bonded or symmetrically 
n-bonded cyclopentadienyl rings could be ruled out, since both models lead to serious 
disagreement between experimental and calculated radial distribution curves in the region 
from 1.9 to 2.3 A, i.e. in the region of A1-C bond distances. The four models containing 
asymmetrically n-bonded rings shown in Fig. 5 were then considered, and it was found 
that all of  them could be brought into satisfactory agreement with the electron-diffraction 
data. In each case the value obtained for the distance between the A1 atom and the 
(approximate) fivefold symmetry axis of the ring (o-p in Fig, 5) was such that the AI 
atom is situated directly above the edge of the ring, above the midpoint of the C1-C2 
bond in models I and III and above C 1 in models II and IV. The perpendicular distances 
h = Al-p  obtained ranged from 2.06 to 2.19 A. 

c0 

CT~At/ C7~A | 

I ]-r 

C7 C7 
% 

c6,~t c6~t 

C<I~_ Cs\ ~Cs-----~ C C1~Ip ~o J~ 
~2""~'C3"~~ p -o ~C~ ~C.__.~_~ 3 

~I ~Z 

Fig. 5. Molecular models for dimethyl(cyclopentadienyl)aluminum in the gas phase 63) 
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Subsequent approximate self-consistent-field molecular orbital calculations 63) indicated 
that the most stable conformer is I, but that the barrier to rotation of the eyclopentadienyl 
ring (vhz II) is of the order of  5 kcal mole-  1 or less and that the barrier to exchange of  the 
methyl groups (via III) is between 10 and 20 kcal mole - I  . 

The most important structure parameters obtained by refinement on model I were: 
Al-p = 2.10(2) A,o-p = 0.99(10) A, A1-Ct --- 2.21(2) A, AI-C6 = 1.952(3) A, C--C 
(mean) = 1.422(2) A and < C6-AI-C7 = 124(3) ~ Thus the A1-C6 bond distance and 
the < C6-AI-C7 angle are not significantly different from the AI-C t distance and 
< Ct-A1-C t angle in dimeric trimethylaluminum, and the AI-CI distance is only 
slightly longer than the A1-C b distance. 

It would seem that dimethyl(cyclopentadienyl)atuminum in the gas phase is best de- 
scribed as containing di-hapto rings: (CHa)2AI(h2-CsHs). 

The 1H NMR spectrum of (CHa)2AI(CsHs) in benzene at ambient temperature consists 
of one singlet corresponding to the six methyl protons and another singlet corresponding 

�9 61) �9 - to the five cyclopentadmnyl protons . This m, of course, in agreement with the low barrier 
to rotation of the ring and the moderate barrier to exchange of the methyl groups obtained 
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3/.,75 (20)/~.! 2.099110) ~. 
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Fig. 6. The molecular structures of monomeric trimethylaluminum 48) (A), trimethylamine 65) (B) and 
trimethylaluminum-trimethylamine 65) (C) in the gas phase, and idolized structures of the tetramethyl- 
aluminate ion (/9) (the A1-C bond distance has been taken from the crystal structure of Li[AI(C2H5)4167)) 
and the tetramethylammonium ion (E) (the N-C bond distance has been taken from the crystal structure 
of [ (CH3)4N]F-4H2 O68)) 

by the molecular orbital calculations. It should be kept in mind, however, that the compound 
is partly associated in benzene, and therefore there may be other mechanisms of exchange. 

Haaland and Weidlein have recorded the infrared and Raman spectra of solid 
(CHa)2A!(CsHs) 62). The spectra provided strong evidence against the presence of bridging 
methyl groups and a-bonded cyclopentadienyl groups. They therefore proposed a polymeric 
structure containing bridging cyelopentadienyl groups of approximate Dsh +symmetry. The 
proposal was later somewhat modified 63) to provide for the sort of bridging cyclopentadienyl 
rings found in solid (CsHs)3In 64). This compound is polymeric in the solid phase. Each in- 
dium atom is surrounded by two terminal a-bonded cyclopentadienyl rings and two bridging 
rings of approximate Dsh symmetry. Each bridging ring is bonded to two In atoms lying 
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on opposite sides of the ring plane. Only two contacts, In-C1 and In '-Cs,  are short enough 
to indicate appreciable bonding. 

Trimethylaluminum forms stable complexes with a number of  Lewis bases like trimethyl- 
amine, trimethylphosphine and dimethyl ether. The molecular structure of trimethylalumi- 
num-trimethylamine as determined by gas-phase electron diffraction is shown in Fig. 66s). 
Also shown in Fig. 6 are the molecular structures of  the free acceptor 4a) and the free 
donor 66) (both determined by gas-phase electron diffraction) and the idealized structures 
of the tetramethylaluminate and tetramethylammonium ions. The A1-C bond distance in 
the former has been taken from the crystal structure of Lil AI(C2Hs) 4 ] 67), and the N-C 
bond distance in the latter from the crystal structure of I (CHa)4NI F" 4 H2068). 

It is seen that the structure of the acceptor in the complex is intermediate between 
that of the free acceptor and the corresponding "-ate" ion (which may be regarded as a 
complex with the very strong donor CH~). The A1-C bond distance increases from 1.96 A 
in the free acceptor to 1.99 A in the complex and 2.02 A in the ion. The angle between 
the threefold symmetry axes and the AI-C bonds increases from 90 ~ in the planar free 
acceptor to 102 ~ in the complex and 109 ~ in the "-ate" ion. 

This variation can be rationalized in terms of the valence-shell electron-pair repulsion 
theoryS): introduction of  electrons into the formerly empty 3pTr orbital of the free ac- 
ceptor leads to repulsion of  the electron pairs of the three A1-C bonds. 

Similarly, it might be argued that since complex formation is accompanied by transfer 
of electrons away from the donor, the bonding and the structure of the donor in the com- 
plex should be intermediate between that of the isolated donor and the corresponding 
positive ion I (CHa)4NI +, which may be regarded as a complex of trimethylamine with 
CH~. Inspection of Fig. 6 shows that this is indeed the case: the N-C bond distance in- 
creases from 1.45 A in the free donor to t.47 A in the complex and 1.50 A in the ion. 
The angle between the threefold symmetry axis and the N-C bonds is slightly less than 
tetrahedral in the free donor and increases somewhat on formation of the complex, though 
the difference is of marginal statistical significance. 

The observed variations in the N-C bond distances and < C3-N-C angles are not in 
agreement with the valence-shell electron-pair repulsion model. This predicts that partial 
removal of the lone-pair electrons on the nitrogen atom would lead to a shortening of the 
N-C bonds. It would further predict that < C3-N-C should be greater than tetrahedral 
in the free donor and decrease on complex formation. 

The variation can, however, be understood if it is assumed that repulsive interactions 
between the atoms or groups bonded to the nitrogen atom predominate over the valence- 
shell electron-pair repulsion. That repulsion between the substituents should dominate 
does not seem unreasonable, since the nitrogen atoms in these species are bonded to three 
or four atoms, all with a larger covalent radius than the nitrogen. 

The molecular structure of the complex trimethylamine-borane 69) has been deter- 
mined by microwave spectroscopy. Here too, the N-C bond distance (1.495 A) was found 
to be significantly longer than in free trimethylamine, and the < Ca -N -C  angle (110.9 ~ 
nearly tetrahedral. 

The P-C bond distance in trimethylphosphine-borane 7~ on the other hand is shorter 
than in free trimethylphosphine71); the distances are P-C = 1.819 -+ 0.010 .~ and 
1.843 -+ 0.003 A, respectively, as determined by microwave spectroscopy. We are not 
aware of  any accurate determination of the structure of a tetraalkylphosphonium ion, 
but in the [(C6Hs)3PCH3] + ion 72) tile P-C(Me) distance is 1.779(3) A by X-ray diffraction. 
The C3-P-C  angle decreases from 118.7 + 0.02 ~ in the free donor to 113.6 -+ 0.4 ~ in 
HzBP(CH3)3. 
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Fig. 7. The molecular structures of ttimethylamine-alane sg) and trichloro(trimethylamine)aluminum 73) 
in the gas phase 

In these species the substituent atoms are smaller than the phosphorus atom and the 
variation in bond distances and angles is as predicted by the valence-shell electron-pair 
repulsion theory. 

The molecular structures of  trimethylamine-alane s9) and trichiorotrimethylamine- 
�9 73) aluminum , as determined by gas-phase electron diffraction, are shown in Fig. 7. The 

latter compound has also been studied by X-ray diffraction 74), and the A1-N bond distance 
obtained in that study [1.96(1) A] is included in the Fig. 7. The other parameters were 

more  accurately determined by electron diffraction. 
It is seen that the A1-N distance, which in (CHa)aA1N(CHa)a was 2.10 A, decreases 

to 2.06 A in HaAIN(CHa)a and to 1.96 A in ClaAIN(CHa) a. The variation is most easily 
explained as an inductive effect; the introduction of more electronegative substituents of 
Al increases the positive charge on the metal atom and enhances complex formation. 
Indeed, approximate self-consistent-field molecular orbital calculations 7s) indicates that 
the charge on the aluminum atom is positive in all three complexes, that the net negative 
charge on the acceptor is consequently carried by the substituents, and that the charge 
transferred from donor to acceptor increases in the sequence 

(CH3)3A1N(CH3) 3 (H3AIN(CH3)  3 ( C13AIN(CH3)3. 

In agreement with this, the N-C bond distance in ClaAIN(CHa) a is found to be significantly 
longer than in the two other complexes and is indistinguishable from the N-C bond distance 
in the [(CH3)4N] + ion. 

The A1-C1 bond distance in ClaA1N(CH3) a is significantly longer than in free monomeric 
aluminum trichioride 76), 2.06(1) A by gas-phase electron diffraction, and longer than 
the mean A1-CI bond distance in the complex of aluminum trichloride with propionyl 
chloride 77), which is 2.093(3) A. (Propionyl chloride is a weaker donor than trimethyl- 
amine.) 

Substituted dialkylalanes of the type R2A1X, where X is an atom or a group with lone- 
pair electrons like NR~, OR' or F, associate through the formation of  N, O, or F bridges. 
The degree of association appears to be determined primarily by the nature of the bridging 78) 79) atom�9 Thus dimethylaluminum fluoride and diethylaluminum fluoride are both 
tetrameric, dimethylaluminum methoxide 8~ and diethylaluminum methoxide al) are 
both trimeric, and dimethylaluminum methylamide 82), (CHa)2A1NHCH 3, forms trimers 
with cis or trans arrangement of the hydrogen atoms. The degrees of association, Le. n = 3 
for nitrogen and oxygen bridges and n = 4 for fluorine bridges, may be regarded as "normal". 
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Table 1. Structure parameters of associated organoaluminum compounds of the type [(CHa)2A1Xln 

X n A1-C0~) AI-X(~) A1...AI()I.)<~AI-X-AI <X-A1-X <~C-AI-C Ref. 
(deg) (deg) (deg) 

F 4 1.947(4) 1.810(3) 3.463(10) 146.1(2.6) 92.3(1.2) 131.2(1.9) 86) 
OCH 3 3 1.957(3) 1.851(3) 3.297(7) 125.8(0.4) 103.2(1.1) 117.3(0.8) 85) 
NHCH 3 3 1.973(6) 1.940(5) 3.399(7) 122.3(0.4) 102.1(0.4) 116.9(0.4) 82) 
OC(CHa) 2 1.962(7) 1.864(3) 2 .816(8)  98 .1(0 .3)  81.9(0.3) 121.7(0.9) 89) 
N(CH3):z 2 1.951(8) 1.958(5) 2.809(4) 91 .7(0 .2)  88.3(0.3) 115.7(0.5) 82) 

But if the alkyl groups, R or R', are sufficiently bulky, steric interaction between them 
may limit the degree of  association actually obtained to values less than "normal". Thus 
didso-propylaluminum fluoride 83) is trimeric, dimethylaluminum phenoxide equilibrates 
to a mixture of dimers and trimers 81), dimethylaluminum-tert-butoxide is dimeric 84), and 
so is dimethylaluminum dimethylamide a~ 

The . . . .  82) - -, [(CHa)2A1NH(CHa)]a have been determined molecular structures of cis and trans 
by X-ray aimaction . uom isomers contain nonplanar A13N3 rings. The cis-isomer 
crystallizes in a chair conformation of approximate Car symmetry. Tile three N - H  bonds 
are all axial. The most important bond distances and valence angles are listed in Table 1. 
The trans isomer, on the other hand, crystallizes in a skew-boat conformation of C2 sym- 
metry. This change is easily explained as the effect of the considerable repulsion that 
would occur with methyl groups bonded axially to nitrogen if the molecules were 
in a chair conformation. The distance between the nitrogen atoms is only 3.02 A. 

C JIG 9(o.3) ~ 

1 . 4 3 . .  , kk 1 ~ : ~  

1 3 1 2 0 ~  7 ( ~ B  

Fig. 8. The molecular structures of trimeric dimethylaluminum methoxide 8s) (A) and tetrameric db 
methylaluminum fluoride 86) (B) in the gas phase 

Trimeric dimethylaluminum methoxide as) and tetrameric dimethylaluminum 
fluoride 86) have been studied by gas-phase electron diffraction (see Fig. 8). The most 
important bond distances and valence angles are also listed in Table I. Both compounds 
contain non-planar rings. The electron scattering pattern from [(CH3)2A1OCH3]3 was 
consistent with a chair model of C3v symmetry, but models of lower symmetry were 
not ruled out. The three valencies of the oxygen atoms are lying in a plane. When the 
molecule is in the chair conformation, the six distances from methyl groups bonded to 
oxygen to methyl groups bonded equatorialIy to aluminum is only 3.20 A. The strain 
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would be somewhat reduced if the molecule changed its conformation, but there will 
always be six methyl(0) to methyl(A1) distances that are 3.50 h or less. 

The electron-scattering pattern from [(CHa)2A1F]4 is inconsistent with molecular 
models of C4v or D2d symmetry. A chair-boat model of C s symmetry was consistent 
with the data, but other models of low symmetry were not ruled out. In this model 
there is little van der Waals contact between methyl groups bonded to different aluminum 
atoms. 

The endocyelie valence angels of [(CH3)2A1NHCH3] 3, [(CH3)2A1OCH3], and 
[(CH3)2AIF]4 suggest that the "normal" degree of association achieved in the absence of 
excessive strain between substituents is determined by the need to form rings that are 
relatively free from angle and Pitzer strain. The formation of dimers in which the average 
endocyclic angle must be 90 ~ or less is only possible if accompanied by large deformations 
of  the < A1-N-A1, < AI-O-AI,  or < A1-F-AI angles. The magnitude of the endocyclic 
angles of [(CH3)2AIF]4 shows that it would be possible to form a trimer free from angle 
strain. Such a trimer would, however, have to be very nearly planar and the AI-F bonds 
around the ring would be almost eclipsed. It seems reasonable to assume that the greater 
stability of the tetramer is due to the existence of a significant barrier to rotation about 
the AI-F  bonds and the severe Pitzer strain that this would introduce into the near- 
planar trimer. 

The deviation from tetrahedral valence angles at the aluminum atoms in the three 
species under discussion is adequately explained by the valence-shell electron-pair repulsion 
theory. The very polar A1-X bonds should require less space than the more covalent AI-C 
bonds, and the difference should be most pronounced in the fluoride. 

The wide < A1-N--A1 angle in [(CHa)2AINHCHs] s can also be rationalized in terms 
of the valence-sheU electron.pair repulsion theory, but the increase of the endocyclic 
angle on the bridging atom on going to [(CHa)2A1OCHa]a and [(CHa)2A1F]4 cannot. The 
theory predicts that the angle should decrease and be less than tetrahedral in the fluoride. 
The situation is analogous to that encountered in the discussion of the structure of 
(CHa)aA1N(CH3)a, where the geometry around the acceptor atom could be adequately 
rationalized in terms of the valence-shell electron-pair repulsion theory, while the geometry 
around the donor could not. 

The wide < A1-O-AI and < AI -F -AI  angles as well as the planarity of the oxygen 
atom might be rationalized by evoking dative pn--dTr bonding, as has been done to ration- 
alize the wide < S i -O-S i  and < S i -N-S i  angles encountered when an oxygen or nitrogen 
atom is bonded between two silicon atoms t). It is likely to be some time before the impor- 
tance of the 3d atomic orbitals in determining the structure and reactions of organoalumi- 
hum compounds can be settled by accurate molecular orbital calculations. In the meantime 
we prefer to look for other ways to rationalize the wide < AI-O-A1 and < A1-F-A1 angles. 
We can, for instance, assume that repulsion between the substituents predominates over 
repulsion between the valence-shell electrons when two or more large atoms (like A1) are 
bonded to a small atom (like N, O or F). 

I f <  A1-N-A1, < AI-O-AI  and < AI-F-A1 are all assumed to be tetrahedral, the 
resulting A1-.- A1 distances would be 3.17, 3.02 and 2.95 A, respectively, which is only 
slightly longer than in metallic aluminum. The observed A I ' "  A1 distances are 3.40, 3.30 
and 3.46 ,~, respectively. While the lowest-energy three-center orbital of an A1-X-AI 
bridge is bonding between the aluminum atoms, the second lowest is antibonding ss). 
In electron-deficient compounds like the trimethylaluminum dimer or dimeric dimethyl- 

f) For a critical review see Ref. 87). 

15 



A, Haaland 

aluminum hydride only the lowest orbital is occupied. But in electron-precise compounds 
like 

[(CH3)2AINHCH313, [(CH3)2A1OCH3I 3 and [(CH3)2AIFi 4 

both orbitals are occupied, and the result is probably a net antibonding effect. When the 
metal atoms are much larger than the bridging atom, the antibonding effect would be 
particularly large and so would repulsion between the metal atom cores. In such a case 
an unusually wide < A1-X-AI angle might be expected. 

Similarly, the planarity of the oxygen atom in [(CH3)2AIOCHa] 3 may be explained 
as the result of repulsion between the methyl group and the two aluminum atoms, the 
A1 �9 �9 �9 C(0) distance is only 2.81.8,. 

Two compounds of the type R2A1X, where the degree of association is less than 
"normal", have been studied: [(CHa)2AIN(CHa)2] 2 by X-ray diffraction a2) and 
[(CHa)2A1OC(CHa)a]2 by electron diffraction ag). The compounds contain planar A12N2 
and A1202 rings and the valences of the oxygen atoms are lying in a plane. The most 
important bond distances and valence angles are listed in Table 1. 

It is evident that both species are highly 'strained: The endocyclic angles at the 
bridging atoms are 30 ~ less than in the strainfree trimers. The A1...  AI distance is 2.81 A 
in both compounds, i.e. 0.04 A less than in metallic aluminum. In both compounds the 
angle at the bridging atom is greater than 90~ it is greatest in [(CHa)2A1OC(CHa)3] 2 
where the A1-X bond distance is shortest. The endocyclic angles at the aluminum atom 
are consequently smaller than 90 ~ but the exocyclic < C-A1-C angles differ little from 
the angles in the unstrained trimers. It seems reasonable to assume that the A1-X bonds 
are highly bent. 

~ o . 8 )  ~ 

Fig. 9. The molecular structure of dimeric dimethylaluminum chloride in the gas phase 90) 

The molecular structure of the dimethylaluminum chloride dimer as determined by 
gas-phase electron diffraction 9~ is shown in Fig. 9. Since the molecule contains a planar 
four-membered ring, it cannot be assumed to be free of angle strain. However, the fact 
that the compound is dimeric rather than trimeric or tetrameric allows us to conclude 
that the angle strain is modest and that the endocyclic angles differ little from their 
preferred value. 

While the valence angles around the aluminum atom are indistinguishable from those 
in [(CH3)2A1F]4, the < A1-CI-AI angle is only 91 ~ That this angle is less than tetrahedral 
is in agreement with the valence-shell electron-pair repulsion model. Clearly the greater 
size of the chlorine atom reduces the importance of repulsion between the metal atoms. 
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The A1-' .  AI distance is 0.19 A less than in the fluoride; an < AI-C1-A1 angle of  100 ~ 
would make it 0.07 h longer. 

Dimethylaluminum thiomethoxide, (CH3)2A1S(CH3), is polymeric in the crystal and 
dirneric in the gas phase. In the crystal it forms infinite zigzag chains of alternating alumi- 
num and sulfur atoms 91), < A1-S-A1 = 103.0(0.1) ~ and < S-A1-S = 100.1(0.1) ~ The 
three valences of the sulfur atom are n o t  lying in a plane and the < C-S-A1 angles are 
less than tetrahedral. The A1-S bond distance is 2.345(2) A. 

The dimer is presently being studied by gas.phase electron diffraction 92). The A12S 2 
ring is planar and < AI-S-A1 is 95 ~ That the endocyclic angle at the bridging atom is 
greater than in dimeric dimethylaluminum chloride is in accordance with the valence-sheU 
electron-pair repulsion theory. On going to dimethylaluminum dimethylphosphide, 
(CH3)2AIP(CH3)2, one would expect a further opening of the angle at the bridging atom. 
This may be the reason why this compound forms trimers s~ rather than dimers. 

6. Cyclopentadienyl Derivatives of other Main-Group Elements 

Cyclopentadienylindium, (hs-CsHs)In, has been investigated by gas-phase electron dif- 
93) fraction and found to have the half-sandwich structure with Csv symmetry sketched 

in Fig. 10 A. One may assume the bonding in this compound to be analogous to that in 
(CsHs)BeCH 3, that is, one may assume the In atom to be (sp)-hybridized, a lone pair of 
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electrons to be contained in one (sp)-hybrid, and the bonding to the cyclopentadienyl 
ring to be effected by the other (sp) hybrid and the two unhybridized 5p orbitals. 

In the solid phase (CsHs)In is polymeric, forming zigzag chains of alternating metal 
atoms and cyclopentadienyl rings 94). (Fig. 10 B). The In-C bond distance (calculated 
from the perpendicular metal.to-ring distance given in Ref. 94) and a C-C bond distance 
of 1.425 A) is 3.41(10) A., that is, 0.8 A longer than in the gaseous monomer. The angle 
between the lines connecting the indium atom with the centers of the two nearest rings 
is 137.0(0.5) ~ It seems reasonable to assume that the indium atom is approximately 
(sp2)-hybridized, that two such hybrids point towards the centers of the two nearest 
rings, and that the third contains an electron lone pair. The two (sp2)-type orbitals on 
neighboring indium atoms pointing towards the same ring combine with the a m Ir orbital 
of the ring to form one three-center orbital which is bonding between the metal atoms 
and the ring, one which is nonbonding, and one which is antibonding. The bonding orbital 
is occupied by two electrons. 

The structures of two bis-cyelopentadienyl derivatives of group-IV metals, (hs-CsHs)2Sn 
�9 95) and (hs-CsHs)2Pb , have been determined by gas-phase electron diffraction (see Fig. 

10 C and D). In both compounds the cyclopentadienyl rings have Dsh symmetry, or very 
nearly so, and the metal atoms are lying on or very close to the fivefolg symmetry axis of  
each ring. The angle between the fivefold axes is about 125 ~ in (CsHs)zSn and 135 (5) ~ 
in (CsHs)2Pb, i.e. very similar to the corresponding angle in polymeric (CsHs)In. Again 

2 the metal atoms may be assumed to be roughly (sp)-hybridized, one hybrid containing a 
lone pair, and each of the other two bonding to one ring through interaction with the 
a 1 7i" orbital. The unhybridized p orbital may be regarded as empty, though there un- 
doubtedly is some interaction with the appropriate occupied e I 7r orbitals of the rings. 

(CsHs)2Pb is also polymeric in the solid phase. The structure as determined by X-ray 
diffraction 96) is sketched in Fig. 10 E. Each lead atom is surrounded by one terminal 
and two bridging cyclopentadienyl rings. The lines connecting the lead atom with the 
centers of the three rings lie in a plane. The distance from the metal atom to the carbon 
atoms in the terminal ring is not significantly different from the corresponding distance 
in the gaseous monomer, but the distance to the carbon atoms in the bridging cyclopenta- 
dienyl groups is about 0.3 A. more. It was suggested 96) that one (spZ)-type hybrid effects 
bonding to the terminal cyclopentadienyl ring through interaction with the al ~t orbital, 
as in the monomer, that the a I n-orbital on each ring combines with the appropriate 
hybrids on the two neighboring metal atoms to produce three center orbitals in the same 
manner as proposed for polymeric cyclopentadienylindium, and that the two lowest orbitals 
are occupied. The unhybridized 6p orbital may again be regarded as empty, though there 
undoubtedly is interaction with the appropriate el n orbitals of the neighboring rings. 

Electron diffraction investigations of  trimethyl silylcyclopentadiene 97), (CHa)aSi(CsH5) , 
and the analogous germanium 9a) and tin 99) compounds have shown that these compounds 
contain e-bonded cyclopentadienyl rings. Because of  the low symmetry of these compounds 
only a limited number of  parameters could be refmed; the remainder were fixed at assumed 
values. Nevertheless, it was concluded that the cyclopentadienyl rings in these compounds 

1oo) were nonplanar, in contrast to cyclopentadiene itself, which is planar . 
However, in a recent gas-phase electron-diffraction investigation of silylcyclopenta- 

101) diene the ring was found to be planar. This compound is considerably simpler than 
trimethylsilylcyclopentadiene, consequently more parameters could be refined and the 
result must be considered more reliable. In our view, more work must be done on 
(CHa)aSi(CsHs) and the germanium and tin analogues before the nonplanarity of  the 
rings in these substances can be considered established. 
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7. Ferrocene and other Biscyclopentadienyl Derivatives of the Transition 
Elements 

The molecular structure of  ferrocene, (CsHs)2Fe, as determined by gas-phase electron 
diffraction 102, 103) is shown in Fig. 11, and the main structure parameters are listed in 
Table 2 g) along with the corresponding parameters of  biseyelopentadienyl derivatives o f  
other transition elements and some of  the cyclopentadienyl derivatives o f  main-group 
elements already mentioned. The angle between the C - H  bonds and the C s ring plane, 

~ ~ 7  ( o.9)* 

1.440 (2)A 

Fig. 11. The molecular structure of ferrocene in the gas phase 36' 102,103) 

Table 2. Structure parameters of biscyclopentadienylmetal compounds, (C 5 H 5)2 M 

M M-C(A) /(M-C)(A) C-C(A) < C  s, CH(deg) Ref. 

Fe 2.064(3) 0.062(1) 1.440(2) 3.7(0.9) 1) 36, 102,103) 
Ru 2.196(3) 0.060(1) 1.439(2) 4.7(0.9)1, 2) lO3) 
Cr 2.169(4) 0.078(2) 1.431(2) 2.9(1.1) 1 ) 36) 
Ni 2.196(4) 0.084(3) 1.430(2) 0.3(1.5)~ a) 113) 
Mn 2.383(3) 0.135(2) 1.429(2) 6.5(1.4) ~ ) 114) 
lab 2.778(5) 0.142(4) 1.430(2) 04 ) 95) 
Sn 2.706(8) 0.156(9) 1.431 (3) 04) 9S) 
Mg 2.339(4) 0.103(3) 1.423(2) -1.0(1.6) 1 ) 36) 
Be /1.907(5) ~ 0.098(4) 1.425(2) 04 ) 28) 

~2.256(7)} 0.115(7) 

1) Corrected for shrinkage. 
2) Shrinkage correction assumed equal to that of ferrocene. 
3) Not corrected for shrinkage. 
4) Assumed value. 

lea) g) The values listed have been taken from Ref. , since the parameters quoted in Ref. 102) are 
flawed by a slight scale error in part of the intensity materiall~ 
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< C s , C - H ,  has been defined as positive when the C - H  bonds are bent toward the metal 
atom. In the case of ferrocene it has been corrected for shrinkage 36' 1o4). Even though the 
deformation is small, the angle is significantly greater than zero. The deformation may be 
rationalized by assuming that the carbon atoms are hybridized in such a way that the atomic 
orbital responsible for bonding to the metal atom is not a pure 2p orbital, but a hybrid 
orbital (of  predominant p character) pointing its minor lobe more in the direction of the 
metal atom. 

That the metal-to-ligand bond is particularly strong in ferrocene is shown by the root- 
mean-square vibrational amplitude of  the M-C bond, 1 (Fe-C)  = 0.062(1) A, which is 
considerably less than in for instance CHaBe(CsH s). 

A number of  approximate molecular orbital calculations on ferrocene were reviewed 
by Cotton and Wilkinson in 1959 l~ and the result of an ab-initio calculation was pub- 
lished in 19721~ . The latter work also contains references to approximate molecular 
orbital calculations published between 1959 and 1972. It seems that the particular 
stability of ferrocene is due to its closed-shell structure: all occupied molecular orbitals 
are bonding between the metal and the ligands, the cyclopentadienyl rings function as 
five-electron ligands, and the iron atom attains an inert gas configuration of  18 electrons 
in the valence shell. 

The equilibrium conformation of the free ferrocene molecule is that in which the 
cyclopentadienyl rings are eclipsed and the molecular symmetry is Dsh, but the barrier 
to internal rotation of the rings through a staggered conformation of Dsd symmetry is 
only 0.9(0.3) kcal mole-1. This means that under the conditions of  the electron diffraction 
experiment, where the nozzle temperature was 140 ~ the gas jet contained a significant 
number of  molecules in any instantaneous conformation, eclipsed, staggered or intermediate, 
the number of  staggered molecules being only one third the number of  eclipsed 1~ 

Satisfactory agreement is obtained between the third-law entropy of gaseous ferrocene 
and the entropy calculated from spectroscopic data with a restricting barrier of 0.9 kcal 
mole -1 as well as with a zero barrier 1~ 

Crystalline ferrocene is disordered at room temperature, but the majority of the 
molecules are probably staggered 1~ There is a ;k-point transition at 163.9 ~ with an 
accompanying entropy change of AS---R In 1.89 cal deg -1 1o9). Crystals are probably 
ordered below the transition point, but the structure has not yet been determined 110). 
It has been noted, however, that of  the 17 nonbridged ferrocene derivatives studied by 
X-ray diffraction, 15 have dihedral angles $ < 17 ~ and 13 have ~ < 10 ~ where $ = 0 ~ 111) 
corresponds to an eclipsed and ~ = 36 ~ to a staggered conformation . Hence the tend- 
ency of ferrocene derivatives to accept an eclipsed conformation in a crystalline environ- 
ment seems clear. 

Ruthenocene, (hs-CsHs)2Ru, is eclipsed in the crystalline 112) as well as in the gas 
phase 1~ The main structure parameters are listed in Table 2. Again the C - H  bonds are 
bent out of the plane of the cyclopentadienyl rings. Least-squares ret'mement without 
shrinkage corrections gave < Cs ,CH = 5.6(0.9) ~ I f  it is assumed that the shrinkage correc- 
tion has the same magnitude as in ferrocene, < Cs, C - H  = 4.7(0.9) ~ The vibrational 
amplitude of the M-C distance shows that the bonding is as firm as or firmer than in fer- 
rocene. It  is interesting to note that the C-C  bond distances in ferrocene and ruthenocene 
are very similar and significantly longer than the C-C bonds in derivatives of main group 
elements like (CsHs)~Be or (CsHs)2Mg. It  seems that the strengthening of the metal-to- 
ring bonds is accompanied by a weakening of the C-C  bonds within the rings. 

Chromocene s6), (hs-CsHs)2Cr, and nickelocene 113), (hs_CsHs)zNi ' have respectively 
two electrons less and two electrons more than ferrocene. Both compounds have two un- 
paired electrons t~ It  seems reasonable to assume that chromocene has two bonding 
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electrons less and nickelocene two antibonding electrons more than ferrocene. Both com- 
pounds consequently have considerably longer, AR = 0.1 A, and looser, AI  = 0.02 A, 
metal-to-carbon bonds  than ferrocene, the bonds  in nickelocene being slightly longer and 
looser than those in chromocene.  The C - C  bonds  in the two compounds are very similar 
and slightly shorter than in ferrocene. 

For  chromocene the best  agreement with experimental  data was obtained with an 
eclipsed model,  bu t  a staggered conformat ion could not  be ruled out.  Probably the 
equilibrium conformat ion is eclipsed, bu t  the barrier to rotat ion lower than in ferrocene. 
For  nickelocene it was stated that  staggered and eclipsed models gave equally good 
agreement. 

Least- squares refinement including shrinkage corrections gave < C s , C - H  = 2.9(1.1) ~ 
in chromocene; the deviation from planari ty is significant at the 2% level. The structure 
o f  nickelocene was refined wi thout  shrinkage corrections. The resulting angle < Cs,  C - H  = 
0.3(1.5) ~ would become - 0 . 6  ~ if  it  is assumed that  the shrinkage correct ion has the same 
magnitude as in ferrocene. In either case it is not  significantly different  from zero. 

Manganese cyclopentadienide 114), (h s_CsHs)2Mn, has only one electron less than 
ferrocene, bu t  since it has five unpaired electrons los), it may be assumed that  it has three 
bonding electrons less and two antibonding electrons more. This view is certainly in harmony 
with  the molecular  structure, since the M - C  bond distance is more than 0.3 ~. longer and 
the M - C  vibrational ampli tude more than twice as large as in ferrocene. Equally good 
agreement wi th  experimental  data  is obtained with eclipsed and staggered models. Probably 
the barrier to internal rotat ion is o f  the order o f  100 cal mole -1  or less. In this compound,  
in contrast  to  those discussed above, the M ' . .  H distance gives no isolated peak in the 
radial dis tr ibut ion curve, and consequently the angle < C s,  C - H  cannot  be determined 
with  confidence. 
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I n t r o d u c t i o  n 

According to current theories, the third-row elements listed in the title can participate 
in o and rr bonding with their vacant d orbitals, while the N and O atoms are known to 
contain lone pairs in their valency shells. So one expects this paper to be a discussion 
of stereochemical patterns in terms o f p - d  interactions, which should result in quite 
specific molecular geometry, differing from the geometry characteristic of similar com- 
pounds of second-row elements. 

It is a relatively long time since the unique character of the stereochemistry of 
compounds containing bonds between the Si, P, S or CI atoms and nitrogen or, in the 
first place, oxygen was recognized on the basis of numerous crystallographic studies on 
silicates, phosphates, sulfates, chlorates, and phosphazenes, also oxides, oxyhalides, 
etc.l,2). 

Since then, much more reliable structural data have been collected, thanks to pro- 
gress in X-ray and gas-phase electron diffraction techniques and the availability of high- 
precision microwave spectroscopy data. 

The stereochemistry of nitrogen and oxygen derivatives is a very promising area, 
since the bond configuration at N and O undergoes considerable changes, depending on 
the chemical nature of the substituents (in contrast to e.g. carbon derivatives). Thus, 
the bond configuration around trivalent three-coordinate nitrogen changes from pyra- 
midal in NH3, NMes, etc. to planar in N(SiHs)3. A two-coordinate nitrogen atom forms 
a rather bent structure in HNs (113 ~ and a linear structure in H3SiNCO. Valence angles 
around oxygen undergo similar changes in passing from M% O (ca. 111 o) to (Sill3)20 
(ca. 144~ An increase in valence angles is associated with a decrease in elemental- 
nitrogen and elemental-oxygen bond lengths, which then become less than those cal- 
culated with the Schomaker-Stevenson equationS): 

rAB = rA + rB -- 0.09 Ix A -- XB I, 

where rA and rB are the covalent radii of the A and B atoms and xA and xB are the cor- 
responding electronegativities. At first, only the qualitative aspects of the model involv- 
ing vacant d orbitals were applied to the explanation of these effects. 

A comprehensive paper by Cruickshank 4) demonstrated from symmetry considera- 
tions that p and d AO's can participate in additional (pTr--dTr) bonding between the 
four-coordinate Si, P, S, C1 atoms and the N or O atoms, and suggested a correlation 
between bond length and bond order. In recent years a wealth of calculational results 
has become available. Bartell et al. s) demonstrated a correlation between the EHMO 
populations and Cruickshank's (pn-d~) bond orders, using PO and SO bonds as an 
example. However, MO calculations and Cruickshank's model yielded quite different 
relative contributions of the various d orbitals to n-bonding. Furthermore, they showed s) 
that variation of the PO and SO bond distances can be rationalized with complete ne- 
glect of  d-orbital contributions, though including the d orbitals gives a better correlation 
between MO populations and bond lengths. The participation o f d  AO's in the SiO 
bonding involves similar problems 6-9). 
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Ab initio SCF-MO calculations of H2NPH 2 have been performed 1~ to show that 
the nitrogen atom should possess planar configuration, whether the basis set includes 
d orbitals or not, because of the inductive transfer of charge density from PHz to NH2. 
On the other hand, CNDO/2 calculations of some sulfur derivatives I l, 12) yield an 
adequate description of the substituent effects on the bond lengths and valence angles 
only when the d orbitals on sulfur are included. Thus, even briefly outlined, the problem 
of interatomic influences is clearly exceedingly involved. Among the problems associated 
with the participation of d AO's on Si, P, S, and CI, that of energy balance is the most 
difficult to solve, since d AO's of free atoms are characterized by significant energy 
values I 3, 14) 

It is not the purpose of the following discussion of the experimental data to provide 
arguments in favor of any of the current theories, or to develop a new theory that would 
explain all the available data. Rather, we consider it our task to classify and generalize 
these data in terms of classic structural theory, and thus to reveal patterns in the varia- 
tion of the principal geometrical parameters: bond lengths, valence angles and, as far as 
possible, configurations of the predominant rotational isomers. Data on free molecules 
provide the most valuable information about the nature of interatomic influences. Ac- 
cordingly, we concentrate on the gas-phase electron-diffraction and microwave-spectros- 
copy data. Since, as a rule, the most pronounced changes in molecular geometry occur 
in the fragments comprising N or O and their nearest neighbors, the data on these 
changes are listed in the tables. When significant changes in bond lengths and bond con- 
figurations occur at Si, P, S and C1, they are discussed separately. 

The data cited are taken from the original papers and therefore sometimes lack 
conformity, especially in representation of experimental errors a). The latter are given by 
standard deviations in some papers, by two or three times this value in others, and some- 
times have been calculated from more general considerations. 

The gas-phase electron-diffraction technique furnishes effective rather than equilib- 
rium geometric parameters. This should be borne in mind in discussions of data on 
molecules that undergo large-amplitude low-frequency vibrations. The effective con- 
formations of such molecules may differ significantly from equilibrium conformations. 
Bastiansen I s) was the first to observe this phenomenon in studying the allene molecule, 
H2C=C=CH2, where the effective distance between the terminal carbon atoms proved 
somewhat shorter than twice the C=C bond distance. This shrinkage effect was explained 
by Morino 16) and is known as the Bastiansen-Morino effect 17). Thus, linear molecules 
are characterized by nonlinear effective structures. In the case of more complicated 
molecules, effective configurations lose some symmetry elements characteristic of the 
equilibrium ones. Thus, C s is reduced to C1, Czv to C2, D2ct to D2, etc. In view of 
these complications, carefully collating the experimental data may prove an intricate 
problem. 

1. Molecules Containing SiN Bonds 

The first convincing evidence of the specific nature of  the interactions between the 
third-row elements and nitrogen was reported in 1955 by Hedberg 18), who has studied 
the N (Sill3) 3 molecule. 

a) These are given by figures in brackets, in numbers of the last digit. 
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This study, which has since become a classic, demonstrates a significant increase in 
valence angles around the nitrogen atom (in fact, they increase up to the highest pos- 
sible value) associated with a considerable shortening of the SiN bonds to less than the 
value estimated for the single bond length (1.80 A3)). These results are consistent with 
the idea of (p~r--d~r) interactions. If treated in terms of such interactions, they make 
good chemical sense, since N (SiH3)3 is a very weak electron donor compared to NMea. 
Despite the importance of these findings, no further investigations have been underta- 
ken in this area for a long time. It is only recently that quite a few data have been 

I I 
reported on molecules containing the - S i - N (  (and also - S i - N = )  fragment. An analy- 

I I 
sis of these data reveals that the stereochemical characteristics of the SiN interactions 
are determined by changes in the nitrogen valency state and by the influence of the 
environment nearest the SiN bond. 

1.1. Three-Coordinate N Atom 

Recently, the N(SiHa~)a molecule has been subjected to a new electron-diffraction 
studyl9), which fully confirmed Hedberg's results. This study was undertaken in view 
of the increased precision of the up-to-date sector-microphotometer method. Average 
valence angles at three-coordinate nitrogen (aN) hardly differ from 120 ~ in most other 
structures studied (Table 1). Such is the case with molecules containing one or several 
Si atoms bonded, to the single nitrogen atom and with molecules where several nitrogen 
atoms surround the single silicon atom. The observed deviations from planarity of about 
0.5 ~ can be attributed to the Bastiansen-Morino effect. 

Wider valence angles at N result in a more planar structure of (Me2SiNH)3 as com- 
pared to cyclohe~ane. The six-membered cycle in this compound is characterized by 
the NNN/NSiN dihedral angle of 20 ~ 

However, it must be borne in mind that locating the single hydrogen atom attached 
to N is very difficult, because the corresponding interatomic distances make small 
contributions to the scattering. Thus, in the case of HN (SiH3)2, tile best fit is obtained 
with a planar configuration at the nitrogen atom, although -+0.03 A displacements of 
hydrogen from the SiNSi planes cannot be ruled out. 

The H3SiNMe2 molecule provides the only example of a nonplanar configurations. 
In this case, the angle between the SiN bond and the CNC plane is 27.8 ~ (2.0~ yet aN 
was found to be 117.0 ~ against 110.6 ~ in NMe334). It is noteworthy that H3SiNMe2 is 
a stronger donor than disilyl- and trisilylamines 3s). 

The SiN bond lengths vary within rather wide limits, from 1.65 to 1.74 A. They 
seem to be determined mainly by the chemical nature of  the adjacent atoms. Thus the 
SiN bond length decreases with the number of Si atoms bonded to N, e.g. from 1.736 
to 1.726 and to 1.715 A. along the series (HaSi)aN ~ (H3Si)2NMe --> H3SiNMe 2. 

However, in the case of N-silylpyrrole containing one silyl group attached to the 
ring nitrogen, the SiN bond length is greater than in HaSiNMe2 and the same as in 
(H3Si)aN. A similar elongation of the SiN bond, up to 1.737 A, occurs in (HaSi)2NBF2. 
The effect can be attributed to the influence of the BF 2 group, with boron containing 
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Table 1. Structural data for molecules containing Si-N~ bonds 1 ) 

Molecules, r (SIN), in A and Bond angles Method Reference 
Symmetry of frame aN 2), in degrees of N atom, deg. 

(H3Si)aN 1.738(20) SiNSi 119.6(1.0) ED 18) 
(~ Dab) 119.6 

(H3Si)aN 1.734(2) SiNSi 119.7(0.1) ED 19) 
(~ Dan) 119.7 

(HaSi)2NH 1.725(3) SiNSi 127.7(0.1) ED 20) 
1203 ) 

(Me3Si)2NH 1.735(12) SiNSi 125.5(1.8) ED 21) 
(C 2) 120 3) 

(Me2SiNH) 3 1.728(3) SiNSi 126.5(1.0) ED 22) 
slightly nonplanar cycle 

(Me2SiNH) 4 1.78(ass.) SiNSi 123(4) ED 23) 

(H3Si)2NMe 1.726(3) SiNSi 125.4(0.4) ED 2,1) 
(C2v) 120.0 SiNC 117.3(0.2) 

(H3Si)4N 2 1.731(4) SiNSi 129.5(0.7) ED 25) 
(~ D2d) 120.0 SiNN 115.3 

[(Me3Si)2N]2Be 1.722(7) SiNSi 129.2(0.7) ED 26) 
(D2d) 120.0 SiNBe 115.35 

(HaSi)2NBF 2 1.737(4) SiNSi 123.9(0.3) ED 27) 
(~ C2v) 120 

MeaSiN(H)Me 1.72(3) SiNC 130(5) ED 28) 
1203 ) 

HaSiNMe 2 1.715(4) SiNC 120.0(0.4) ED 29) 
(C s) 117.0 CNC 111.1(1.2) 

H3Si-N ~ 1  1.736(6) SiNC 125.2(0.5) ED 3o) 
(C2v) 120.0 (CNC)cyel e = 

= 109.6(0.9) 

HaSiN(H)PF 2 1.720(8) SiNP 127.9(0.7) ED 31) 
(C 1 and CS) 120 3) 

FaSiNMe 2 1.654(15) SiNC 119.7(1.6) ED 32) 
Staggered (ass.) 120 CNC 120.5(3.0) 

CI3SiNMe 2 1.657(12) SiNC 123.1(0.8) ED 32) 
Staggered (ass.) 119;8 ChIC 113.1(1.8) 

CISi(NMe2) 3 1.715(4) SiNC 120.5(0.5) ED 3a) 
(C3) 119.8 CNC 118.5(1.5) 

1 ) Here and below experimental errors are given in brackets, in numbers of the last digit. 
2) aN - mean value of bond angles of N atom. 
3) The N-H bond position was not determined precisely. 
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a vacant p orbital. On the other hand, the electron-withdrawing substituents (F, C1) 
attached to silicon cause shortening of the SiN bond, which becomes 1.654 A in 
FaSiNMe 2 and 1.657 A in ClaSiNMe 2. However, the effect is most pronounced when 
silicon carries three halogeno and one amino substituents. With the inverse ratio of  the 
substituents, e.g. in C1Si (NMe2)3, the shortening appears to be negligible or nonexistent. 
In all cases, however, the SiN bond length is considerably less than the Schomaker- 
Stevenson estimate of  1.80 A. 

It is noteworthy that the GeN bond distance in (H3Ge)aN (1.836 +- 0.005 A) 36) 
is larger than the Schomaker-Stevenson estimate (1.81 A) despite its planar structure. 
The (HaSi)aP molecule has a rather nonplanar frame (L SiPSi = 96.5 -+ 0.5o) 37). How- 
ever, in this case the PSi bond length (2.248 + 0.003 A 37)) approaches the single bond 
length estimate of 2.24 A. The pyramidal configuration around the P atom seems to be 
predetermined by high barriers to inversion (27.4 kcal/mole in PH a against 5.9 kcal/mole 
in NH 338)). 

Barriers to rotation about the SiN bond should be relatively low since molecular 
conformations are mainly determined by interactions between nonbonded atoms. By 
reason of such interactions, the CNC planes of  dimethyl amino groups are turned so 
as to make a 67.5 (3.5)0 dihedral angle with the corresponding C1SiN planes in 
(Me2N)3SiC1. Similar effects seem to be responsible for a nearly D2a configuration of 
(H3Si)4N 2 with the angle of  rotation about the NN bond of 82.5 (0.8) ~ An analogous 
conformation occurs in [(MeaSi)2N]2Be (rotation around the NBeN axis). 

The amino function influences all the other bonds at the Si atom to a certain degree. 
The data on chloroderivatives of  silamines (Table 2) provide the best demonstration of 
these effects. The SiC1 bonds in silamines undergo elongation associated with shortening 
of the SiN bonds. Again, the most pronounced effect is observed where there is only one 
SiC1 bond in the molecule. In (Me2N)3SiC1 the SiCI bond is 0.03 A longer than the 
Schomaker-Stevenson estimate of 2.05 A. Conversely, the SiC1 bond becomes about 
0.09 A shorter in the presence of stronger electron acceptors, e.g. F in F3SiC1. 

Table 2. SiC1 bond lengths in some silicon derivatives 

Molecule r (SiCI), A Method of deter- References 
mination 

SiCl 4 2.015(2) ED 39) 
HSiCI 3 2,021(2) MW 40) 
Me2NSiC1 a 2.023(5) ED 32) 
(ClaSi)20 2.011(4) ED 41) 
HaSiCI 2.0479(7) MW 42) 
(Me2N)aSiCI 2.082(6) ED 33) 
FaSiCI 1.989(18) MW 43) 
CIaSiN=C=O 2.014(5) ED 44) 
C12 Si(N=C=O) 2 2.024(5) ED 44) 
CISi(N=C-O) 3 2.020(9) ED 44) 
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1.2. Two-Coordinate N Atom 

Gas-phase studies of the simples t compounds of the types R-NCO, R-NCS and 
R-N=N=N,  where R is H or CH3, yield values of valence angles at the - N =  atom that 
are considerably less than 180 ~ thus indicating rather bent structures (Table 3). Re- 

Table 3. Valence angles at N in the simplest pseudohalides 

Molecule RNY angle, degrees, Method of deter- References 
(Y=C, N) ruination 

HN=C=O 128.1(0.5) MW 4s) 
HN=C=S 131.25(0.25) MW 46) 
HN=N~-N 112.6(0.5 ) MW 47 ) 
MeN=C=O 140.3(0.4) ED an) 
MeN=C=S 141.6(0.4) ED 48) 
MeN=N-=N 116.8(0.3) ED 48) 

placement of H or Me by a silyl group results in a significant increase of the angle. 
Thus, the HaSiNCO and HaSiNCS molecules possess Car symmetry according to the 
microwave data (Table 4). 

Electron diffraction studies of  HaSiNCO and H3SiNCS also yield effective values 
for the SiN=C angle about 20 ~ larger than those (HN=C, CN=C) characteristic of the 
simplest pseudohalides. However, the equilibrium values could not be approximated by 
the electron-diffraction technique because of the large-amplitude, low-frequency bend- 
ing vibrations of  the Si -N=C group, which is responsible for considerable populations 
of  higher vibrational levels. According to the authors of  s~ the potential surface of such 
vibrations may have one (linear configuration) or two minima with a low energy barrier. 

The microwave experiments indicate a linear configuration of the SiN=C=X groups 
in the ground vibrational state. Shrinkage corrections improve the agreement between 
electron-diffraction and microwave data. 

A similar increase in the valence angles at N has been observed in the F and Me 
derivatives, F3SiNCX and MeaSiNCX (X = O, S), by the electron-diffraction technique. 
In this connection it is worth mentioning that the valence angle at N in Si (NCO)4 and 
its Cl-substituted derivatives is essentially the same as in MeNCO. 

The MeaSi group effects some increase (however, only to ca. 130 ~ of the S i -N=N 
angle in MeaSiN3 as compared to the C - N = N  angle in Me-N=N=N. Comparing the 
data on the germanium derivatives HaGeNCO and HaGeN3 reveals a similar decrease in 
the valence angle at N on passing from isocyanate (141.6 ~ to azide (119~ 58). 

Anderson, Rankin and Robertson 4a) analyzed valence angles in azides and isocyanates 
in terms of the following schemes: 

Me Me 
N=N§ - ~ N=C=O 

Me 
N - N + - N  Me_N+=C_O - 
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Table 4. Structural data for molecules containing Si-N-- bonds 

Molecules and Si-N= bonds Si-N=Y angles 
symmetry of frame in A (Y=C, N) in 

degrees 

Method References 

H3Si-N=C~O 1.699(10) 180 MW 49) 
(Car) 
HaSi-N=C=O 1.703(4) 152.7(1.2) ED SO) 
(Cs) 
H3Si-N=C=S 1.714(10) 180 MW 51) 
(Car) 

H3Si-N=C=S 1.704(6) 163.8(2.6) ED so) 
(c~) 

H3Si-N=N~N - < 180 MW 52) 
(Cs) 
H3Si-N=N=-N - 126 ED 53) 
(Cs) 
Me3Si-N=C=O 1.76(2) 150(3) ED 54) 
(C s, staggered) 

MeaSi-N=C=S 1.78(2) 154(2) ED 54) 
(Cs, staggered) 

Me3Si-N=N-N 1.734(7) 128.0(1.6) ED SS) 
(Cl) 1) 

FaSi-N=C=O 1.648(10) 160.7(1.2) ED 56) 

CI3Si-N=C=O 1.646(8) 138.0(0,4) ED 44) 
(CD 2 ) 

CI2Si(-N=C=O) 2 1.687(4) 136,0(1.0) ED 44) 
(C2) a ) 
CISi(-N=C=O) 3 1.684(5) 145(2) ED 44) 
(C3) 4) 

Si(-N=C=O) 4 1.688(3) 146.4 ED 57) 
(Td) 

1) Dihedral angle CSiNN 36.2(4.9) ~ 
2) Dihedral angle CISiNC 24.0(4.0) ~ 
3) Dihedral angle CISiNC 14.0(3.0) ~ 
4) Dihedral angle CISiNC 85.0(6.0) ~ 

With azides, both schemes predict a bent structure, whereas in the case of isocyanates 
one scheme suggests a linear coordination. One may wonder whether such schemes can 
provide the basis for predicting geometric characteristics. 

Distances between nonbonded atoms increase with the valence angle at N, so one 
can hardly expect high barriers to rotation about the Si-N bond. Thus, essentially free 
rotation occurs in Si (NCO)4. Most other molecules do not possess high symmetry. 
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I 
The - S i - N =  bond distance in pseudohalides varies still more widely (range 1.65 

I I 
to 1.78 A) than the - S i - N  ~ distance in aminosilanes. The upper limit approaches the 

I 
estimate for single bond length (1.80 A). There is no correlation between the SiN bond 
distances and effective SiN=C bond angles in pseudohalides. The SiN bond length 
decreases on passing from MeaSi- to HaSi-substituted isocyanates and further to halogeno- 
substituted derivatives. As for the SiN=C angle, it reaches its highest value in HaSi de- 
rivatives. Note also that the shortest SiN bond occurs in a nonlinear molecule, 
CI3SiN=C=O, where the SiN=C angle is smallest. This result cannot be rationalized in 
terms of (P~r-dTr) interactions. It appears that the role of Si d orbitals is not essential 
in this case. The effect of  the N=C=O groups on the SiC1 bond distance in chlorode- 
rivatives of isocyanates (2.020 • 0.005 .~ on the average) is negligible, although the 
SiC1 bonding appreciably influences the SiN bond length. In contrast to the case of  
aminosilanes, in this case the SiC1 bond distance remains constant to within experimen- 
tal error (Table 2). 

2. Molecules Containing PN Bonds 

We have published two review papers sg' 6o) which contain a more general survey of the 
stereochemistry of phosphorus. Here we concentrate on electron-diffraction and micro- 
wave data abstracted from these papers and from more recent original works. 

2.1. Three-Coordinate N Atom 

Like silicon, phosphorus effects a considerable widening of the amino group average 
valence angle at N, aN (Table 5). However, in this case the widening appears to be less 
than that in silicon derivatives. Often the aN parameter does not reach its limiting value 
of 120 ~ Phosphorus amino derivatives are subject to more pronounced effects due to 
the chemical nature of  the substituents, especially at the nitrogen atom. Thus, in 
P [N (CH2)2]a where each of  the nitrogen atoms forms a three-membered cycle, the 
aN value is 101.5 ~ hence considerably less than the aN value in P (NMe2) a (117.5~ 
Probably, in the presence of halogeno substituents (F, C1) at the P atom, the aN value 
increases up to about 120 ~ As there is no agreement between the electron-diffraction 
and microwave data on H2NPF2 and Me2NPF2, one cannot reach a final conclusion as 
to the angle values. The microwave studies yield the aN value of 120 ~ for both mole- 
cules, whereas the electron diffraction results point to aN values of 115.3 and 116.0 ~ 
respectively. The more recent microwave studies have been carried out since the electron- 
diffraction results were known; we believe that reinvestigation of the molecules by 
electron diffraction is needed to eliminate the discrepancy. 
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Table 5. Structural data for " " f molecules containing P-N... bonds 

Molecules and P-N ~_. bonds, Bond angles of N 
symmetry of frame in ~ atom, in degrees 

a N in degrees 

Method References 

P [N (CH2) 2 ]3 1.75(I) PNC 121.0(1.5) ED 61 ) 
(C 3) 101.5 CNC 61.5(0.5) 

P (NMe2) 3 1.700(5) PNC 119.5(1.5) ED 61 ) 
(C a) 117.5 CNC 113.5(I ,5) 

CIP(NMe2) 2 1.730(5) PNC 119.8(0.5) ED 62) 
(C 1) 120.0 CNC 120.3(0.7) 

Me 2 NPC12 1.69(3) PNC 120(2) ED 63) 
(Cs, anti) 120 CNC 120(2) 

Me2NP(=O)CI 2 1.67(4) PNC 116(2) ED 63) 
(C 1) 116 CNC 116(2) 

H2NPF 2 1.650(4) PNH 121.4 MW 64) 
(Cs, gauche) 120.0 HNH 117.2(0.4) 

H2NPF 2 1.661 (7) PNH 119(2) ED 65) 
(C1) 115 HNH 108(3) 

H3SiN(H)PF 2 1.657(7) PNH 118.8 ED 31) 
(C 1 and C s) 120 PNSi 127.9(0.7) 

Me2NPF 2 1.66 PNC 123 MW 67) 
(C s, gauche) 120 CNC 114 

Me2NPF 2 1.684(8) PNC 118.3(0.6) ED 65) 
(C1) 116.1 CNC 111.8(1.5) 

./Me 1.68 (ass) (PNC)cycl e ED 68) 
V- II 3.7(1.0) 
[ N >P-C1 117 PNCMe= 118.8(2.5) 
t_-- N \ Me =CNCMe 

(Cs, envelope) 

1.692(13) (PNC)cycl e ED 69) / M e  

P-C1 120 PNCMe 125(2) 

(C 1, envelope) CNCMe 121(2) 

Me-C-O 1.700(15) (PNN)cycle  108 ED 70) 
I~_N > P - C I  120 

"" Me 
(C 1 , envelope) 

Me-C=N _Me 1.68(1) (PNb0eyete ED 71) 
HC=P > N - C  ~ O  120 115.0(2.5) 

(planar cycle) 

Me-C=N 1.65(3) (PNN)cycl e 110 ED 72) 
HC=P ) N - P h  I14 PNCph= 116 

=NNCph 
(planar cycle) 

(F3PNMe) 2 1.735 axial (PNP)cycl e 102.1 ED 73) 
134.3 1.595 equator. PNCMe { 123.6 

(C2h , planar cycle) 120 
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Changes in the valency state of the phosphorus atom also play a certain role in 
determining molecular geometry. In contrast to Me2NPCI2, which contains three-co- 
ordinate phosphorus, aN decreases to 116 ~ in Me2NP(=O ) C12, where the phosphorus 
atom is four-coordinate. When bonded to the five-coordinate ring phosphorus as in 
(F3PNMe)2, the ring nitrogen atom adopts a planar configuration. 

As in the case of the SiN bonds, the PN distance values in phosphorus amino de- 
rivatives are less than the Schomaker-Stevenson estimate of 1.75 A. In most structures 
the PN bond length is between 1.65 and 1.70 A. The replacement of two amino groups 
by halogen atoms (F, CI) in P (NMe2) a results in the shortening of the only remaining 
PN bond; this is more pronounced with the fluorine substituents. This effect is similar 
to, though weaker than, the previously discussed effect observed in silicon derivatives. 
Thus, the SiN bond length decreases by about 0.06 A on passing from C1Si (NMe2) 3 to 
ClaSiNMe 2 or FaSiNMe 2 , whereas in the similar phosphorus derivatives (P (NMe2) 3 
CI2PNMe 2 , F2PNMe2) the PN bond length decreases by only 0.01 und 0.03 A, respec- 
tively. 

The PN bond distance nearest to the Schomaker-Stevenson estimate occurs in two 
molecules containing three-coordinate phosphorus. However, one of them, P [N (CH2)2 ]3, 
is characterized by aN of  only 101 ~ whereas the other, CIP (NMe2) 2 , possesses a planar 
configuration at the nitrogen atom with aN of 120 ~ . 

We have pointed out sg) that compounds containing four-coordinate phosphorus 
are characterized by shorter bonds and wider valence angles than the three-coordinate 
phosphorus derivatives. The shortening of the PN bond on passing from Me2NPC12 to 
Me2NP(=O) C12 serves an example. This shortening is associated with a decrease of ar~ 
to 116 ~ as mentioned already. 

71, Planar five-membered ring structures of phosphadiazoles 72) were among the 
first known structures incorporating two-coordinate phosphorus b). The ring PN bonds 
in these compounds appear to be somewhat shorter than those in nonplanar five- 
membered rings containing three-coordinate phosphorus 69' 7o). 

The dimeric cyclophosphazene molecule (F3PNMe)2 contains distorted trigonal 
bipyramids around each of the phosphorus atoms, with an axial-equatorial orientation 
of the planar four-membered cycle with respect to the bipyramids. Thus, in this case 
the rule does not hold that fluorine atoms should be in axial positions in trigonal bi- 
pyramids of substituted fluorophosphoranes a~ a 1). In such a structure the PN bonds 
are not equivalent, with axial bond distances approximating the Schomaker-Stevenson 
estimate of 1.75 3,. The equatorial bond distances, 1.595,8,, are considerably smaller 
than all the other PN bond distances we are aware of. 

It has been mentioned already that the PN bonds of halogeno-substituted amino- 
phosphines undergo less shortening than SiN bonds in the corresponding silamines. 
However, the effect of amino function is much more pronounced in the case of the 
former compounds and results in a greater elongation of PCI than of SiC1 bonds. 

The PC1 bond in Me2NPC12 is 0.04 A longer than that in PC13 (Table 6) and 
0.07 A longer than the Schomaker-Stevenson estimate, yet only 0.01 h less than the 

b) Two-coordinate phosphorus also occurs in phosphamethinecyanine cations 74-76) and phos- 
phabenzenes 77-79),  where phosphorus replaces one of the carbon atoms in the benzene ring. 
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Table 6. PCI bond distances 

Molecule r (PC1), A Method References 

PCl 3 2.043(3) MW 82) 
PCI 3 2.042(2) ED 83) 
Me 2NPC12 2.083(5) ED 63) 
(Me2N) 2 PCI 2.180(4) ED 62) 
Me-C-O 7O) 

II ~ P C I  2.170(5) ED 

N-N-Me 

H 2 C - O ~  69) 
I / P C 1  2.174(9) ED 

H2C-N-Me 

/ Me 
H2C-N 68) 

I "fi/PCI 2.19(2) ED 
H2C_ N ., 

"" Me 

F 2 PCI 2.030(6) MW 84) 
POCI 3 1.989(2) MW 85) 
POC! 3 1.993(3) ED 86) 
Me2NP(=O)CI 2 2.033(8) ED 63) 
C12P(=O)N=C=O 2.006(5) ED 87) 
(NPCI2) 3 2.006(3) ED 88) 

sum of  the covalent radii. Similarly, the PCI bond in Me2NP (=O) C12 is 0.04 A longer 
than in POCI 3. 

Our studies 7~ on the Me-I~-C(H)=C(Me)-O-P-C1 molecule provided the first 
example of a PC1 bond that is considerably longer than the sum of the covalent radii. 
Similar phenomena were later observed by Naumov 62' 6s, 69). Thus, the PCI bond in 
(Me2N)2PC1 is as much as 0.14 A longer than the PCI bonds in PC13 and 0.10 A - lon- 
ger than the sum of the covalent radii. The SiCI bond distances vary within far nar- 
rower limits. 

The AB bond shortening to less than the sum of the covalent radii is often treated 
in terms of increasing bond order. According to the Schomaker-Stevenson equation, 
the polarity of the bond also contributes to the bond shortening. A formal interpreta- 
tion of the observed PC1 bond elongation in aminophosphines would involve bond 
orders of less than unity; this points to the necessity of reconsidering the generally ac- 
cepted concepts on bond order. 

There are not enough data on conformations of phosphorus amino derivatives to 
permit a conclusive decision as to what factors determine rotational isomerism about 
the PN bond. Strong interactions between nonbonded atoms in P (NMe2) 3 and 
P [N (CH2)2] 3 should play an important role in determining their configurations, yet 
the actual rotamers (Fig. la and b) are not stericaUy favorable. The shortest distances 
between atoms in neighboring amino groups are 2.57 ( C . . .  C) and 2.78 ( C . . .  N) 8, in 
P(NMe2) 3 and 3.48 ( C . . .  C) and 2.80 ( C . . .  N) A in P [N (CH2)213. 
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i~  ~ r 95(5) ~ 

120(5) 

Me2 (CH2)2N ~ \ 'N(CH2)2 
I CH2 

Me I I 
A 13 

Fig. 1. Projections along a PN bond for tris-(dimethylamino)phosphin (a) and tris-(ethyleneimino)- 
phosphin (b) 

There is some disagreement as to the conformationat preference of R2NPX ~ mole- 
cules sg). The electron diffraction data are consistent with an "anti" conformation of 
Me2NPCI2 (Cs symmetry) whereas spectral data 89) favour the "gauche" form (Cs) 
(Fig. 2a and b). On the other hand in molecules of  the type 

i i 

Me-N-CH 2 -CH 2 -N(Me)-P-CI ,  

the PCI bonds occur only in axial orientation with respect to the five-membered enve- 
lope cycle, i.e. they are gauche with respect to the NC bonds. In the (Me2N)2PCI mole- 
cule, the two C2N planes form different dihedral angles, 76 and 156 ~ with the NPN 
plane. 

Me 1 ~ C  Me 

C 1 

Me 

P,N 

1 

Me 

A B 

Fig. 2. Projections along a PN bond for "anti" (a) and "gauche" (b) molecular models of Me2NPCI 2 

The Me2NP(=O)C12 molecule (Fig. 3) has no symmetry elements. In the case of this 
molecule, the factors determining the conformational type may involve attractive inter- 
actions of the Me groups with the C1 atoms or with the polar P=O bond. Such interac- 
tions have been utilized in explaining the gauche molecular geometry of 
CHaCH2CH2C19~ and CH3OCH2CI 9D. 
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O 

1 

Me 

Fig. 3. Projection along a PN bond for Me2NP(=O)CI 2 

2.2. Two-Coordinate N Atom 

The P - N = C  valence angles in the three-coordinate phosphorus pseudohalides (Table 7) 
are somewhat narrower than the valence angle at N in MeN=C=O (140.3~ The four- 
coordinate phosphorus atom in C12P(=O)N=C=O effects a further decrease of  the 
P - N = C  valence angle to 120 ~ As in the case of  amino derivatives, one can again see 
that phosphorus and silicon give rise to rather different stereochemical effects (see 
Table 4). It appears to be a general rule that valence angles at N bonded to P are nar- 
rower than the corresponding angles in silicon compounds. 

The PN bond length is practically the same (1.68 A) in all the phosphorus pseudo- 
halides studied. It hardly differs from the PN bond length in halogeno-substituted 

Table 7. Structural data for molecules containing P-N= or P=N= bonds 

Molecules and r (P-N=) or P-N=C or Method References 
symmetry of frame r (PUN=), in A P=N=P angles, 

in degrees 

F2PN=C=O 1.683(6) 130,6(0.8) ED 92) 
(~ C~) 

F2PN=C=S 1.686(7) 140.5(0.7) ED 92) 
t -  Cs) 

(F2P-N--)2C 1.680(6) 132.8(0.5) ED 93) 
(C2) 
CI2P(=O)N=C=O 1.684(10) 120.0(1.5) ED 87) 
(C~) 

(NPC12) 3 1.582(5) 119.7(0.2) ED 88) 
(Car) 

(NPF2) a 1.586(13) 120 ED 94) 
(D3h, planar cycle) 

(NPF2) 4 1.56 ED 9s) 

38 



Stereochemistry of Compounds Containing Bonds between Si, P, S, CI and N or O 

aminophosphines and is only 0.02 A less than that in P (NMe2) 3 (see Table 5). However, 
there are no data that indicate what influence electron-withdrawing substituents (F, CI) 
exert on the two-coordinate nitrogen-to-phosphorus bonding. 

The PCI bond distance in CI2P(=O)N=C=O is the same as that in POCI3 to within 
experimental error, while in Me2NP(=O)C12 the bond is longer by 0.04 A (see Table 6). 
Similar trends are observed in silicon compounds containing two- and three-coordinate 
nitrogen. 

The equilibrium configuration of F2PN=C=X (X = O, S, NPF2) is probably that 
with "trans'" arrangement of the PF 2 group relative to the N=C bond (Cs symmetry). 
The observed deviations of the effective structure from this configuration do not exceed 
15 ~ It is interesting that the allene-like - N = C = N -  system proves nonrigid as well. The 
effective dihedral angle in PN=C=NP amounts to 55 ~ with respect to the "cis" arrange- 
ment of the NP bonds. 

There appears to be some similarity in the stereochemistry of phosphorus pseudo- 
halides and cyclophosphazenes. The latter may be described formally as cyclic structures 

I I 
containing a varying number of identical units - P = N -  or =P-N=.  

I I 
In the first place, the valence angle at the nitrogen atom in the both types of com- 

pounds never exceeds 150 ~ though wider angles might be expected in higher-membered 
phosphazene cycles from purely geometrical considerations. A valence angle at nitrogen 
of 120 ~ is observed in the (NPCI2)a and (NPF2)3 planar trimeric molecules studied by 
the electron-diffraction technique. According to the X-ray data, the PNP angle reaches 
its optimum value of about 130 to 135 ~ in tetrameric species which possess sufficiently 
nonplanar structures. In addition, phosphazenes and phosphorus pseudohalides are 
similar in that the PC1 bond lengths are the same in (NPC12) 3 and C12P(=O)N=C=O 
(2.006 (4) A), but considerably less than the PCI bond length in the amino derivative 
Me2NP(=O)C12 (see Table 6). 

However, the PN bonds in phosphazenes are considerably shorter than those ob- 
served in both amino derivatives and phosphorus pseudohalides, presumably because 
there is no actual alternating of single and double bonds in the formally unsaturated 
(NPX2) n ring systems. These bonds are characterized by marked sensitivity to the in- 
fluence of the substituents at the phosphorus atom 6~ 

3. Molecules Containing SN Bonds 

Sulfur occurs in three formally positive oxidation states, usually designated by the 
roman numerals II, IV and VI. The formation of multiple bonds (especially with oxygen) 
is characteristic of sulfur and gives rise to a variety of stereochemical types. Sulfur can 
have 11 different valency states in nonionized structures under normal conditions. Un- 
fortunately, there are relatively few gas-phase studies of molecules containing the SN 
bond, and this complicates the analysis of sulfur stereochemistry. 
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Table 8. Structural data for molecules containing S-N~. bonds 

Molecules, r (SN), in A Bond angles of N 
symmetry of frame and a N, atom, degrees 

in degrees. 

Method References 

S(NMe2) 2 1.688(6) SNC 117.9(0.6) ED 96) 
(C2v) 117.4 CNC 116.5(1.6) 

SO(NMe2) 2 1.693(4) SNC 116.1(0.5) ED 97) 
(C 1 ) 115.4 CNC 113.9(1.5) 

Me2NSO2CI 1.69(2) SNC= 112(2) ED 98) 
( C s) 112 =CNC 

SO 2 (NMe2) 2 1.651(3) SNC 115.2(1.1) ED 99) 
(C2v) 116.1 CNC 118.0(3.2) 

FsSNF2 1.697(4) SNF 111.4(0.3) ED 100) 
(C s) 107.0 FNF 98.1(0.8) 

3.1, Three-Coordinate N Atom 

Sulfur amino derivatives provide no examples of planar configuration at N (Table 8). 
However, as a rule the etN value in these molecules is far greater than the tetrahedral 
angle value of 109.5 ~ Solely in the case of FsSNF 2 , the aN angle is 107 ~ Such a low 
value, however, may be regarded as the result of the fluorine substituent effect, as ob- 
served in other fluoroamines. 

The available data are insufficient to reveal patterns of aN in relation to the valency 
state of the sulfur atom. Thus, t~ N decreases from 117.1 ~ to 115.4 ~ on passing from 
S (NMe2) 2 to SO (NMe2)2. However, there is no consistency between data on the bond 
configurations at N in M%NSO2C1 and SO2(NMe2) 2, and besides, these data lack ac- 
curacy. The electron diffraction and X-ray 1~ data on SO2(NMe2) 2 do not agree either. 
The X-ray parameters are: r (SN) = 1.623 (5) fit; L SNC --- 118.8 (0.4) ~ L CNC = 
112.9 (0.4) ~ The difference between these values and the electron-diffraction para- 
meters is beyond the limits of measuring errors. A further investigation of the structure 
apppears to be necessary. 

The SN bond length is smaller than the Schomaker-Stevenson estimate (1.73 A) 
by values of the same order of magnitude as in the case of the PN bond length. With 
the exception of SO2(NMe2)2, r(SN) values vary within the measuring error limits. It 
is of interest that in SO2(NM%)2, the bond shortening (to ca. 1.651 A as against ca. 
1.69 in other compounds) does not result in a planar configuration at N. The replace- 
ment of  one amino group by chlorine is probably associated with an elongation of  the 
SN bond, though one cannot be quite sure about it in view of  the large experimental 
errors. 

A much more pronounced effect is that of the amino function on the SCI bond 
length in the Me2NSO2C1 molecule (Table 9). This bond is 0.065 fit longer than the 
sum of the covalent radii, 2.03 fit. In most cases, the SCI bond lengths are greater than 
the Schomaker-Stevenson estimate of 1.99 fit. 
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Table 9. SCI bond distances 

Molecule r (SC1), A Method of References 
determination 

SCl 2 2.006(4) ED 102) 
S 2 CI 2 2.057 (2) ED 103) 
SOCI 2 2.076(6) ED 104) 
C1S-=N 2.159(3) ED 1o5) 
SO 2 C12 2.011 (5) ED 104) 
MeSO 2 CI 2.046(4) ED 1 o 6) 
Me2NSO2C1 2.094(10) ED 98) 

The SCI bond length in Me2NSO2C1 is about 0.085 A longer than that in SO2C12, 
an elongation almost as great as that observed for PC1 in the case of aminophosphines. 

A considerable increase in the valence angle at S in S(NMe2)2 is somewhat unex- 
pected. In this compound, the angle amounts to 114.5~ ~ against 98.9(0.2) ~ in 
SMe21o7) and 103.0(0.4) ~ in SC12 lo2). 

This effect is less pronounced in sulfuryl derivatives, SO2X2, and is not detectable 
in thionyl compounds, SOX2 (X = NMe2, Me, 0 )  96). 

All the sulfamides studied show conformational preference for the staggered ar- 
rangement of  bonds relative to the SN bond (Fig. 4). 

M e . M e  

M e - ~ M e  

M e ~ ~ - i " ~  Me 

Me o ~ ~ M e  

M e - - ~ . ~  Me 

M e . M e  

CI 

M e . M e  

Fig. 4. Projections along a SN bond for (Me2N)2S, (Me2N)2SO, (Me2N)2SO 2 and Me2NSO2CI 
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3.2. Two- and Uni-Coordinate N Atoms 

In this section, for we are the first time discussing both single and multiple SN bonds 
(Table 10) c). In a five-membered cycle of thiadiazole, H2C2N2S, the - S - N =  bonds are 
0.06 A shorter than in S(NMe2)2 and about 0.1 A shorter than the Schomaker-Steven- 
son estimate. These molecules are usually regarded as aromatic systems, which explains 

Table 10. Structural data for molecules containing S-N=,  S=N-  or S~---N bonds 

Molecules, SN bond lengths in A Bond angle of N Method References 
symmetry of frame atom in degrees 

7 N ~ .  S 1.632(5) 106.5(0.4) ED 108) 
N - ~  

(C2v) 
N 

l 1.631(3) 99.55(0.2) MW ~'~S 109) 
N -1  

(c2v) 
FN=S 1.62(3) 122(3) ED 11o) 
(c,) 
HN=S=O 1.512(5) 115.8(1.0) MW 111) 
(%) 

CIN=S=O 1.559(4) 116.3(0.4) ED 112) 

(Cl) 

CIN=SF 2 1.476(3) 120.0(0.2) ED 113) 
(Cs) 

CIN=SOF 2 1.488(12) 115.0(0.7) ED 114) 
(c~) 
Me2 S(=O)=NH 1.521(3) 114.1(2.4) ED 115) 
(Cs) 

Me2S(=NH) 2 1.533(2) 114.1(2.4) ED 116) 
(C2,) 
CIS-~N 1.448(3) - ED lOS) 
(Cs) 
FS-~=N 1.446(10) - MW 117) 

(Cs) 
F3S~N 1.416(3) - MW 118) 
(Car) 

c) The formation of multiple bonds (in the sense of classic theory) is not characteristic of silicon 
I 

compounds. Though phosphorus compounds containing mul t ip le--P=N--bonds  are known, 
I 

their structures have not been investigated in the gas phase. 
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the observed shortening of the SN bonds. A c c o r d i n g  to the X-ray data, all the SN bonds 
in the S4N 4 molecule are equivalent, with the bond distance similar to that in thiadiazole 
(1.62 A) 119). This result is in harmony with the predictions of semi-empirical CNDO/2 
calculations 120). 

In most molecules studied, the SN double bonds prove to be 0.08 to 0.15 A shorter 
than the formally single bonds of the thiadiazole molecule. Electron-withdrawing sub- 
stituents (F, C1) cause shortening or elongation of these bonds, depending on the atom 
(S or N) to which they are bonded. 

In the C1N=SF2 molecule, the F atoms bonded to S cause a shortening of the NS 
bond so that it becomes shorter than in the C1N=S=O molecule. A similar shortening 
occurs on going from HN=SOMe2 to C1N=SOF2. Conversely, an increase in the elec- 
tron-withdrawing power of the substituents at N on going from HN=S=O to CIN=S=O 
results in about a 0.05 A elongation of the NS bond. In the FN=S molecule, the NS 
bond distance increases to nearly the same value as that characteristic of the single 
bond. Note that the N=O bond in FN=O (1.136 A 121)) is 0.04 ~, shorter than that 
in nitrous acid (1.177 A122)). 

The X - N = S  valence angle varies within rather narrow limits (114 to 122 ~ in the 
molecules we are discussing. It is some 15 ~ less in HNSO than the angle observed in 
HNCO and HNCS (Table 3). 

The large values of  the N=S=N and N=S=O valence angles in Me2S(=NH)2 and 
Me2S(=O)=NH molecules, of  about 135 ~ are noteworthy. 

The nonlinear character of the N=S=X unit gives rise to a variety of conformations 
with respect to the N=S bond in these molecules (Fig. 5). 

35.5 ~ 
o 

CI CI 

Fig. 5. Projections along a S=N bond for CINSO, C|NSF2, and C1NSOF 2 

4. Molecules Containing CIN Bonds 

Chlorine is known to occur in seven formally positive valency states. Chlorine in its 
higher degrees of oxidation is found primarily in chlorine fluorides or oxides and in 
oxygen-containing acids. As for C1N bonds, only CI(I) derivatives have been studied. 
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4.1. Three-Coordinate N Atom 

Average valence angles at N, aN,  in these molecules are smaller than in methylamines 
(Table 11), never exceed the tetrahedral  angle value, and vary within rather narrow 
limits o f  104 to  108 ~ (Table 12). As a rule, smaller XNY angles occur in molecules 
containing stronger electron-withdrawing substituents. I t  is notewor thy  that the same 
value of  a f t  was observed in bo th  NCI3 and NH3 molecules. The NC1 bond distances 
are always greater than the sum of  the covalent radii, 1.72 A, which in this case does 
not differ from the Schomaker-Stevenson estimate, since bo th  atoms are characterized 
by  the same electronegativity.  Changing the number  of  chlorine atoms bonded to N 
slightly influences the NCI bond length. What is more, it remains constant to within 
experimental  error ( 1 . 75 -1 .76  A) in all the compounds studied except  F2NC1. In the 
latter molecule the NCI bond length decreases to 1.73 )k owing to the presence o f  two 
fluorine substituents. 

Table 11. Valence angles at N atom in methylamines and ammonia 

Molecule Angle CNC, degrees Angle HNC, degrees Method of References 
determination 

H2NMe - 112.0(10) MW 123) 
HNMe 2 112.2(0.2) 108.9(0.3) MW 123) 
HNMe 2 111.8(0.6) 107(2) ED 34) 
NMe 3 110.6(0.6) - ED 34) 
NH3 108.2(1.1) (HNH) ED 125) 

Table 12. Structural data for molecules containing CI-N ~ bonds 

Molecules; C1N bond length, Bond angles of N Method References 
symmetry of frame in A; aN, in degrees atom in degrees 

NC13 1.759(2) C1NC1107.1(0.5) El) 126) 
(C3v) 107.1 

MeNC12 1.74(2) ED 127) 
(C~) 108.7 

Me2NCI 1.77(2) ED 127) 
(C s) 107.3 

H2NCI 1.7522(1) MW 128) 
(cs) 104.8 

F2NC1 1.730(8) ED 129) 
(C s) 104.3 

CINC1108(2) 
CINC 109(2) 

CINC 107(2) 
CNC 108(ass) 

CINH 103.7(0.35) 
HNH 107(2) 

CINF 105(1) 
FNF 103(1) 
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4.2. Two-Coordinate N Atom 

The influence of chlorine on the C1N=X angle in chloroisocyanate, CIN=C=O, and 
chloroazide C1N=N=N (Table 13) represents a problem of great interest. 

Table 13. Structural data for molecules containing CI-N= bonds 

Molecules; C1N bond length, in A Bond angle of N Method  References 
symmetry of frame atom, in degrees 

CIN=C=O 1.700(3) I 18.2(0.6) ED ] 3o) 
(Cs) 

CIN=C=O 1.703(I 1) 119.35(1.0) MW 131) 
(Cs) 
CIN=N~N 1.745(5) 108.7(0.5) MW 132) 
(Cs) (Cl-N=N) 

CIN=O 1.975(5) 113.3(0.7) MW 133) 
(G) 
CIN=S=O 1.696(3) 116.3(0.4) ED 112) 
(ci) 

CIN=SF 2 1.723(4) 120.0(0.2) ED 1 t a) 
(Cs) 
CIN=SOF 2 I. 713(5) 115.0(0.7) ED ~ ~ 4) 
(G) 

It has been shown, by both microwave and electron-diffraction techniques, that 
these molecules possess nonlinear structures with a C1N=X angle of far less than 180 ~ 
In such studies the form of the N=XY fragments was also subjected to refinement d). It 
has been shown that deviations from linear structures, if they occur, should not exceed 
10% However, even such a possibility makes the choice of molecular models quite a 
complicated problem. The electron diffraction data have been found to be consistent 
with two sets of parameters for the C1N=C=O molecule, depending on the assumption 
of linear or bent geometry for the N=C=O group. The authors of ~3~ prefer the bent 
model since it gives a better fit with the microwave data and the results of semi-empirical 
CNDO/2 calculations. 

However, both models predict a CIN=C angle of less than 125 ~ L e. smaller than 
the XN=C angle in MeN=C=O and the corresponding derivatives of silicon and phos- 
phorus. A comparison of azides reveals a similar trend. In the CIN=N=N molecule, the 
CIN=N angle has been found to be as small as 108.7 ~ 

In these compounds, the NC1 bond length varies over a wider range than in the 
case of chloroamines. In the CIN=O molecule, the NC1 bond is some 0.2 A longer than 

d) The N=XY units were assumed to be linear in other structural studies of isocyanates and azides. 
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in chloroamines. This phenomenon can hardly be thought of as peculiar to a given com- 
pound, since a similar trend is observed in the case of fluoro- and bromonitrosyls 121'134). 

5. Molecules Containing SiO Bonds 

Multiple bonding is not characteristic of silicon. The following discussion will therefore 
be restricted to the two-coordinate oxygen derivatives. 

An experimental discovery of a drastic increase in the oxygen valence angle 0~o on 
passing from dimethyl ether Me20 (CZo = I I 1.5-111.7 ~ 136)) to disiloxane (H3Si)20 

(ao = 144.1 ~ Table 14) generated great interest among researchers. Together with the 

Table 14. Structural data for molecules containing S i -O-  bonds 

Molecules; SiO bond length, Bond angle of O Method References 
symmetry of frame in A atom, in degrees 

(SiH3)20 1.634(2) 144,1 (0.8) ED 137) 
(C2v) 
(SiMe3)20 1.63(3) 130(10) ED 138 ) 
(Cs) 
Si(OSiH3)4 1.63 140 (5) ED 138) 
(Staggered) 

(Me 2 SiO) 3 1.635 (2) 131.6(0.4) ED 139) 
(C3v or D3R). 

(H2SiO)4 1.628(4) 148.6(1,2) ED 140) 
(s4) 
(Me2SiO)4 1.622(3) 144.8(I.2) ED 139) 
(S4) 
(Me2SiO) 5 1,620(2) 146.5(1,2) ED 139) 

(Me2SiO) 6 1.622(2) 149,6(1,4) ED 139) 

(SiF3)20 1.580(25) 155.7(2,0) ED 141) 
(c2) 
(SiCI3) 20 1.592(10) 146(4) ED 41 ) 
(c2) 
SiH3OMe 1.640(3) 120.6(0.9) ED 142) 
(c~) 
SiHaOPh 1.648(7) 121(1) ED 143) 
(C 1 ) 
Si(OMe)4 1.64(3) 113(2) ED 144) 
(staggered) 

SiF3OMe 1.580(fixed) 131,4(3.2) ED 41) 
(C s, staggered) 
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increase of the aN value on going from NMea to N (SiH3)3, this fact has been treated as 
favoring the idea of (p,r--d~r) bonding. Let us now consider the factors that govern 
changes in ao  in more detail. The first point to mention is that the SiOC angle is un- 
changed on going from HaSiOMe to HaSiOPh (121~ despite the fact that the former 
contains methyl and the latter phenyl substituents. In these molecules the angle is some 
20 ~ less than in the (H3Si)20 molecule. In contrast to the MeOPh molecule, which is 
characterized by a planar skeleton 14s), the HaSiOPh molecule contains the SiH3 
group which is displaced from the Ph plane by 68(3) ~ so that the assumption of an 
extended lr-electron system must be ruled out. 

Fluorination of the silyl group results in an increase of the SiOC angle up to 131 ~ 
on going to F3SiOMe. In (F3Si)20, the effect of two fluorosilyl groups induces a fur- 
ther increase in the valence angle at O to 156 ~ However, this is only an effective angle 
value. There are reasons why large-amplitude, low-frequency bending vibrations can be 
expected in siloxanes. The equilibrium angle values may be assumed to be larger than 
effective ones in this and other acyclic structures discussed in this section, as was shown 
above to be the case with silylisocyanates. The authors of the study of the (F3Si)20 
molecule 141) think it possible that the minimum of the potential function corresponds to 
the linear configuration. Shrinkage correction might yield the equilibrium angle value. 
However, a knowledge of the bending vibration potential function is required for this 
purpose. 

In cyclic siloxanes, the SiOSi angle is determined by the size of the ring system. 
The angle decreases to 131.6 ~ in the trimeric (OSiMe2) 3 molecule which is nearly 
planar (the OOO/OSiO dihedral angle is only 8~ The authors of the original study 139) 
treat this molecule as a planar one and attribute the departure fromDah symmetry 
to out-of-plane deformations. One may wonder whether the potential surface of the 
molecule has two minima corresponding to inversion of equilibrium C3v structures or 
one flat minimum with D3h symmetry of equilibrium configuration. Nonplanar tetra- 
merle species (OSiH2)4 and (OSiMe2)4 have an average SiOSi angle of about 147 ~ which 
remains the same on going to the penta- and haxameric molecules (OSiMe2) s and 
(OSiMe2) 6. Attempts to determine the precise symmetry of the two latter molecules 
failed owing to large-amplitude, low-frequency vibrations of the skeleton. 

The decrease in the SiOSi angle in trimeric (OSiMe2)3 from its optimum value of 
about 145 ~ , as well as the nearly planar geometry of the cycle, probably are related to 
the strained character of the ring. Similar effects operate in the case of phosphazenes 
(see above). 

The SiO bond distances (like the SiN ones) are considerably less than the Seho- 
maker-Stevenson estimate for a single bond (1.76 A). 

A marked shortening (by about 0.05 A) of the SiO bond, together with an increase 
in the SiOSi angle, occurs in perchloro- and perfluorodisiloxanes. A decrease of the 
SiOSi angle in the trimeric ring siloxane (see above) is associated with some elongation 
of the SiO bond as measured in other cyclic siloxanes. The discovery of the effect of 
valence angle widening in siloxanes aroused interest in germoxanes and stannoxanes, 
which have also been found to contain large valence angles at the oxygen (Table 15). 
However, the GeO and SnO bond distances differ considerably less from the Schomaker- 
Stevenson estimates than do the SiO bonds in siloxanes. The fact that the So value is 
less in (HsGe)20 than in (MeaGe)20 raises the question as to the role of steric inter- 
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Table 15. Electron diffraction data on oxygen derivatives of group IV elements 

Molecule Ref. XOX angle, r (OX), A 
degrees 

The Schomaker-Stevenson 
estimate of the OX bond 
distances, A 

Me20 135) 111.5(1.5) 1.416(3) 1.42 
(H3Si)20 137) 144.1(0.8) 1.634(2) 1.76 
(H3Ge)20 146) 126.5(0.4) 1.766(4) } 1.81 
(Me3Ge)20 1 4 7 )  141.0(0.5) 1.770(12) 
(Me3Sn)20 147) 141.0(0.5) 1.940(13) 1.98 

actions between Me substituents in determining the angle. Unfortunately, we cannot 
collate these data with the results of structure determinations of the corresponding 
siloxanes, since the electron-diffraction studies of the (MeaSi)20 molecule [and also 
Si (OSiH3) 4 and Si (OMe)4] were carried out with the low-precision visual technique 
(see Table 14). 

The symmetry of the conformations that occur in (F3Si)20 and (C13Si)20 is 
lowered from C2v to 6"2 because of opposite-sign rotations of the SiX 3 groups relative 
to the SiOSi plane by 34.6(1.5) and 28.9(1.5) ~ in fluoro and chloro derivatives, re- 
spectively. In the original paper 41), this effect was supposed to be unrelated to the inter- 
actions of nonbonded atoms. According to the data reported, the nonbonded distances 
between the SiX 3 groups are greater than the sum of their van der Waals radii, the 
nearest F . . .  F approach being 3.95(5) 3, and the shortest C1 . . .  CI distance 4.01(7) A 
(the values obtained from van der Waals radii are 3.0 and 3.6 A, respectively). Consider- 
ing the rather large amplitudes of the vibrations of the atom pairs X . . .  X (some 0.15 
to 0.20 A) reported in this paper, one may suppose that the observed near C2 structure 
corresponds to the effective configuration, while the equilibrium structure is probably 
C2v. The observed lowering of symmetry may be related to low-frequency twisting 
vibrations. It appears that the potential surface of rotation about the SiO bond has a 
small curvature. 

It is known that the threefold axes of the CH 3 and CF3 groups are not collinear 
with the CO bonds in the CH3OH 143) and CF3OF t49) molecules. Attempts to detect 

similar effects in (F3Si)20 and (C13Si)20 were unsuccessful: the observed deviations 
from collinear structures amount to 0.7 +- 5.0 ~ and 3.0 + 3.0 ~ respectively, and are 
insignificant compared to measuring errors. It should be noted in addition, that only 
slightly distorted tetrahedral configurations occur at the Si atoms in siloxanes. The 
effect of oxygen on the SiC1 bond distance is negligible (see Table 2). 
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6. M o l e c u l e s  C o n t a i n i n g  PO B o n d s  

6.1. Two-Coordinate 0 Atom 

When bonded to oxygen, phosphorus, like silicon, increases the valence angle at O, tx o.  
The widest POP angle (about 140 ~ was observed in the (F2P)20 molecule (Table 16). 

It should be noted that the two contemporary electron-diffraction studies on the 
(F2P)20 molecule 1 so, 1 s 1) yield quite different geometric parameters. This may be 
attributed to difficulties inherent in interpreting the scattering patterns that arise from 
the exclusively strong correlations between the bond distance values, r (PF), r (PO), the 
root-mean-square vibrational amplitudes, I(PF),  l (PO), and the POP, FPO and FPF bond 
angle values. On the other hand, the authors o f  these papers used very different ap- 
proaches to interpreting the experimental data. 

Table 16. Structural data for molecules containing P - O -  bonds 

Molecules; PO bond lengths Bond angles of O Method References 
symmetry of frame in A atom in degrees 

(F2P)20 1.533(6) 145.1(1.2) ED 150) 
(Ci) 

(F2 P)20 1.631(5) 135.2(0.9) El) 15 I) 
(Mixture of C I, C 2, 
C s and C2v) 
P(OMe) 3 1.613(3) 119.2(1,1) ED IS2) 
(c3) 
P(OEt)3 1.600(6) 120.0(1.0) ED IS 3) 

P(OCH=CH2) 3 1.600(6) 124.0(1.0) ED 153) 

MeOPCI 2 1.63(ass.) 107(4) ED 154) 
(~ c~) 

(MeO) aP=O 1.580(2) 118.4(1.6) ED 1 S 5 ) 
(c3) 
MeOP(=O)Me(F) 1.549(7) 116(1) ED 156) 
(C1) 

F-~ 
(Cs, envelope) 1.631(7) 110.6 ED 157) 

Me 2 
V-- O ~ PC1 

Me 2 t__ O 
(C 1 , half-chair) 1.630(10) 112,0 ED tsS) 

. t O  
@ ' - - -  O ~ l  

(Cs, envelope) 1.65(3) 104.6(1.0) ED 159) 
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Table 16 (continued) 

Molecules; PO bond lengths Bond angles of O Method References 
symmetry of frame in A atom in degrees 

O .~... 
C O  PCI 1.63(ass.) 120,1(1.0) ED 160) / 

(Cs, chair) 

N / M e  

E O ~ PCI 1.622(13) 115,6 ED 69) 

(C 1, envelope) 

MeC - -  O .., 
~ _  PCI 1.600(15) 105,5 ED 70) 

N \ 
Me 

(C1, envelope) 

~ O ~ .  P 1.617(14) 107.8 ED 161) 
/ /O 

01" "" C1 
(Cs, planar cycle) 

E O ~ , p  1.616(10) 106,4 ED 162) 
/ /O 

O / ~C1 
(C1, half chair) 

P406 1.638(3) 126,4(0.7) ED 163) 
(Td) 
P406S 4 1.61 (2) 123,5 (1.0) ED 164) 
(rd) 
P4Olo (T d) 1.604(4) 123,5(0.7) ED 165) 

in I so), the occurrence o f  only one conformer was suggested, and refinement o f  the 
parameters was carried out in order to arrive at the optimum conformation. The model 
chosen was r (PO) < r (PF) = 1.597(4) A with dihedral angles of  rotation of  the two 
PF 2 groups about the PO bonds, ~ol = - 6 1 . 3  and ~02 = 123.5 ~ Fig. 6 shows the con- 
formation of  this molecule, in which ~l = ~2 = 0~ Large-amplitude vibratiorls of  the 

F F 
\ / 
\ / 
\ / 

F~. \ \  / / / F  

C2v 

~p~ =r ~ 
Fig. 6. Molecular model of (F2P)20 for ~o I = •2 = 0 (C2v) 

atom pairs F . . .  F (0.18 to 0.24 )k) were introduced to make the calculated results 
consistent with the experimental data. The molecular model with r (PO) = 1.597(9) > 
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r(PF) = 1.570(5) A, L POP = 137.5 ~ r = 56.2~ and r = 122-0~ was rejected. 
In paper lsl) ,  the occurrence of more than one conformer was suggested by certain 

details of  the experimental radial distribution curve. This study yielded the principal 
geometrical parameters o f r  (PO) = 1.631(5) > r (PF) = 1.568(2) A, that is, nearly the 
values rejected by the authors of Is~ The final model involved a certain mixture of 
four conformers of C1, C2, Cs and C2v symmetries. Lower amplitudes than those 
reported in is~ were obtained for F . . .  F pair vibrations, i.e. about 0.145 A. 

Unfortunately, a choice between these two models cannot be rigorously substan- 
tiated. The condition o f r  (PO) > r (PF) can be regarded as indirect evidence in favor 
of the second model. The inverse ordering, cited in Is~ that is r (PO)<  r (PF) = 
1.597(4) A, has never been previously reported. Moreover, the experimental data 
of 1sl) cover a greater range of scattering angles, which makes the results of this in- 
vestigation more reliable e). 

The POP angles from i so) and I S 1) yield an average value of 140 ~ for the PF2OPF 2 
molecule, which is less than the SiOSi angle in (SiF3)20, 156 ~ Polycyclic molecules of  
phosphorus oxides, which can be regarded as systems of fused 6-membered cycles, 
yield POP angles of  about 124-126 ~ . 

The POC angle varies over a rather wide range from 105 to 125 ~ In the case of 
5-membered cyclic phosphites and phosphates, the angle was cited to be 105 to 112 ~ 
(the discrepancy in the cited values, we believe, is due mainly to the low precision of  
angle determination in complex ring molecules). The POC angle increases to 120 ~ in 
the 6-membered cyclophosphite H6CaO2PC1, probably because of the less strained 
character of  the structure. Studies of  P (OMe)3, P (OEt)3 and (MeO)aP=O yielded 
POC angle values of 118 to 120 ~ such values are very characteristic of  acyclic com- 
pounds apparently. It  is noteworthy that the higher phosphorus valency in (MeO)aP=O 
results in a certain narrowing of the POC angle on going from P (OMe)3 and P (OEt)3 
to this compound. A similar trend (a lowering of  t~ N values) has been observed in the 
series of  phosphorus amino derivatives. The largest POC angle of  124 ~ was reported 
for the P (OCH=CH2)a molecule. The value cited for the CI~POMe molecule is ques- 
tionable (107 -+ 4~ 

The PO bond distances, like the PN distances, are considerably lower than the 
Schomaker-Stevenson estimate of 1.71 A. This distance varies within about 0.05 A in 
the compounds we are discussing. However, it should be remembered that no definite 
conclusion can yet be drawn concerning the PO bond distance in (F2P)20 (see above). 
The shortening of this bond to 1.533 .K reported in Is~ seems unrealistic. On the other 
hand, it is not quite clear why this bond remains unaffected by the adjacent PF bonds, 
as is the case according to lsl)  [r (PO) = 1.631 A]. For instance, the SiO bond in 
(FaSi)20 is considerably shorter than that in (HaSi)20. 

The increase of  the PO bond lengths on going from four-coordinate to three-co- 
ordinate phosphorus derivatives is very characteristic of phosphorus compounds. 

Interestingly enough, longer PO bonds occur with larger POP or POC angles in this case. 

e) The following microwave data on the MeOPF 2 molecule 124), published when this paper was 
already in print, are of interest in this connection: r (PO) = 1.560(20), r (PF) = 1.591(6) A; 
/.21POC = 123.7(0.5) ~ which yields the same correlation of r (PO) and r (PF) as cited in 
paper I SO). 
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Table 17. PCI bond distances in acyi chlorides of  phosphorus, phosphonic and phosphoric acids 

Molecule r (PCI), A Method Reference 

PCI 3 2.042(2) ED 82) 

MeOPC12 2.084(5) ED 154) 

~ O ~ P c I  2.105(7) ED lST) 

Me21-- O. ~ 
Me2LO j.PCI 2.093(9) ED 158) 

C O ~ P c I  2.128(8) ED 16o) 

O ~  
[ ~ O ~ .  PCI 2.106(8) ED 159) 

CI3P=O 1.993(3) ED 86) 

----O ~.p ~ O  2.057(10) ED 162) 
O "/  ~C1 

~ O ~ p / / O  2.036(14) ED 161) 
O / ~CI 

MeP(=O)C12 2.032(9) ED 166) 

PhP(=O)CI2 2.025(5) ED 16"1) 

~ p  ~ O .  2.040(8) ED 168) 
~"CI 

2.057(8) ED 

S ~ P ~ O  2.032(15) ED 170) 
- " C I  

In addition we should note that cyclic structures contain longer PO bonds than acyclic 
species. 

Chlorine substituents at the phosphorus atom cause relatively small changes of the 
PO bond lengths. Likewise small is the corresponding elongation of  the PC1 bonds as 
compared to the elongation which occurs in amino derivatives (Table 17). Changes in 
the number of chlorine atoms bonded to phosphorus and in the phosphorus valency 
state influence the PC1 bond length more markedly. 

The problem of rotational isomerism in the P(OEt)3 and P(OCH=CH2) 3 molecules 
remains unsolved owing to the highly complicated character of these molecules. In 
particular, rotations about two bonds (P-O and C-O) are possible in each of the ether 
groups involved. The P (OMe)3 molecule seems to possess C3 rather than Car symmetry; 
according to I s2), one should consider a conformational equilibrium involving several 
rotational isomers for this compound. In the case of MeOPC12, the molecular symmetry 
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appears to be lower than Cs (Fig. 7). 
Phosphate molecules possess structures with a nearly trans arrangement of the O=P 

and OC bonds relative to the P-O bond. Thus, the OC bond is displaced from trans 
~p 17.3(6.0) ~ 

1 

I 

Fig. 7. Projection along a PO bond for MeOPCI 2 

orientation by about 15 ~ in MeOP(=O)Me(F) and 27.0 ~ (11.4 ~ in the predominant 
(ca. 74%) isomer of (MeO)sP=O against 111.8 ~ (22.3 ~ in the second isomer of the 
latter compound. 

The envelope conformation is characteristic of 5-membered cycles containing 
three-coordinate phosphorus (Fig. 8). In this conformation, the phosphorus atom is 
displaced from the plane of the remaining four ring atoms, and the P-C1 bond adopts 
axial orientation. However, the replacement of four H atoms of ethylenechlorophos- 
phine by four methyl groups results in a half-chair conformation, which provides an 
interesting example of controlling the cycle conformation. 

Cl 

Cl 

P?---------~ o c ! 

c/ o / - - -  
A B 

Fig. 8. "Envelope" (a) and "half-chair" (b) conformations of cycle in 2-chloro-l,3,2-dioxaphospholan 

6.2. Uni-Coordinate 0 Atom 

Multiple oxygen-phosphorus bonds are characteristic only of four-coordinate phos- 
phorus. These bonds are considerably shorter (by about 0.15 A) than the single PO 
bonds. The nature of double P=O bonding is widely discussed in terms of the more 
general problem of chemical bonding involving four-coordinate phosphorus 4-6). 

As a rule, the P=O bond distance varies within the limits of 1.44 to 1.48 ,/~ (Table 18). 
These variations provide striking examples of the influence of the chemical nature of the 
substituents. In the absence of electron-withdrawing substituents the P=O bond distance 
approaches the value of 1.48 A, as in MeaP=O and (MeO)sP=O. In F3P=O and F2HP=O 
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it becomes still shorter than 1.44 A. The corresponding C1 derivatives contain P=O bonds 
ranging from 1.44 to 1.46 A, with the exception of few results obtained with a low- 
precision technique. 

However, the P=O bond distance in P4Olo, 1.429 A, is still shorter than in fluoro 
derivatives. This finding is in harmony with the data on other phosphorus oxides t6a). 

7. Molecules  Con ta in ing  SO Bonds  

7.1. Two-Coordinate O Atom 

Unfortunately, the available data on acyclic sulfur derivatives containing two-coordinate 
oxygen are limited to the four examples cited in Table 19. The sulfur atom in its high- 
est oxidation state is bonded to the electron-withdrawing F atom in the (SO2F)20 and 
(SO2F)2SO4 molecules. The SOS angle observed in these molecules, 123.5 ~ is probably 
the largest angle that can occur at S (VI). It is noteworthy that the same.value has been 
reported for the $20~-,  $302ff, SsO2~ - ions l s~  The SOF and SOO angles decrease 
to 108 and 105 ~ respectively, on passing to FsSOF and FsSO-OSF s. The structures 
determined so far indicate that the SO bond distance varies within the range 1.61 to 
1.66 A. These bonds are considerably shorter than the Schomaker-Stevenson estimate 
of 1.69 A. 

Table 19. Structural data for molecules containing S-O'-- bonds 

Molecules, SO bond lengths, Bond angle of O Method References 
symmetry of frame in A atom, in degrees 

(SO 2F) 20 1.611(5) 123.6(0.5) ED 174) 
(C1) 
(SO2F)2SO 4 1.613(6) 123.6(1.2) ED 174) 
(c2) 
FsSOF 1.64 108 ED 17s) 

(F5SO) 2 1.66(5) 105(3) ED 176) 

O.~ 

E O/. s=O 
(C s, planar cycle) 1.629(10) 108.8 ED 177) 

Co~ 
(C s, chair) 1.62(1) 113(2) ED 178) 

H 
Me 7/----- O.~ 
Me <N_ O " I  S=O 

H 
(Ca) 1.622(9) 114.1 (1.0) ED 179) 
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Compounds (SO2F)20 and (SO2F)2S04 have been shown to possess a staggered 
bond configuration relative to the SO bond. In studying the structure of the former 
derivative, the best fit was obtained with an asymmetric model, suggesting different 
values for the dihedral angles FSOS (Fig. 9). The fit was less good for the model of 6"2 
symmetry. Lowering symmetry from C2v to 6'2 occurs also in (S02F)2S04 (Fig. 10). 

In contrast to the envelope conformation of the ethylenechlorophosphine molecule 
(CH2)2P02CI, ethylenesulfite (CH2)2S03 has been shown to contain an essentially 
planar 5-membered cycle. The 6-membered cycle in trimethylenesulfite (CH2)3S0 a 
possesses the chair conformation with the S=O bond in the axial position. 

o o 

F / S' " ' O  S 

F O F' 
r~ 53.8(2.7) ~ r2 73.7(2.4) ~ 

Fig. 9. Projections along the SO and S'O bonds for (SO2F)20 

O O 

O \x\\\ 

F ~  0 \ \ \ \  x / 

o . ~ s ' ~  

0 

/F 
/ / 

~'1 64.7(0.9) ~ 

O O 

S " ~  

O 

,, O O 

O 

S 
r 2 40.6(2.2) ~ 

Fig. 10. Projections along the S'O and S"O bonds for (SO2F)2SO 4 

7.2. Uni-Coordinate 0 Atom 

The S=O bond distances in sulfur oxides decrease successively on passing to compounds 
containing sulfur in higher oxidation states, i.e. from 1.48 A in the SO molecule to 
1.43 and 1.42 A in SO2 and SO3, respectively (Table 20). A similar decrease is observed 
on going from thionyl (X2SO) to sulfuryl (X2SO2) derivatives. This observation bears 
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relevance to a more general rule according to which thionyl compounds contain longer 
bonds than the corresponding sulfuryl species. 

The thionyl S=O bond is more sensitive than the sulfuryl bond to the effects of 
other substituents at the S atom. Note that in Me2SO and (Me2N)2SO, the S=O bond 
distance increases to the value observed in SO, and in Me2SO2 and (Me2N)2SO2 to the 
value observed in SO2. 

The replacement of one or two Me or Me2N groups by halogen atoms results in a 
successive decrease of  the S=O bond distance, which in SOF2 becomes less than that 
in SO2, and in sulfuryl fluoride and its derivatives less than that in SO3. However, in 
the case of S (VI) the S=O bond length ranges within narrower limits (1.40 to 1.45 3,) 
than in the case of S (IV) derivatives (1.41 to 1.48 A,). The replacement of one of the 
two S=O bonds in SO2 by the S=N bond increases the remaining S=O bond by 0.01 
to 0.02 A. In the case of sulfuryl derivatives such a replacement results in a less marked 
elongation. Thus the S=O bond increases by only about 0.01 A. on going from Me2SO 2 
to Me2S(=O)---NH. The S=O bond lengths are the same to within measuring errors in 
both the SO2F2 and C1N=S(=O)F: molecules. It should be mentioned that the S---O 
bond length only changes within the limits of 1.40 to 1.41 A in S (VI) fluoroderivatives. 

A marked increase in the O=S=O bond angle, associated with a shortening of the 
SO bonds, occurs in compounds containing the sulfuryl group on going from 
(Me2 N)2 SO2 [ 114.7(2.5) ~ to SO2F2 [ 124.0(0.2) ~ and to (SO2F)2SO 4 [ 128.7(1.4)~ 
The O=S=N angle amounts to 132.6(0.9) ~ in Me2S(=O)=NH. Widening of the angle 
between two double bonds at S occurs simultaneously with a decrease in the angles 
between single bonds, from 110.5(1.3) ~ in (Me2 N)2 SO2 to 96(0.2) ~ in SO2 F2. 

It should be emphasized that in some cases the electron diffraction method fails 
to provide reliable structural information, because the interatomic distances have 
nearly the same values. Thus, it has been shown ~~ that in the case of the SOF 4 mole- 
cule, four models, which differ by 10 ~ in their FSF and FSO angles, could account for 
the experimental pattern. The choice between these models was made on the basis of 
additional considerations. These complications are probably responsible for the dif- 
ference between the microwave 193, 194) and electron-diffraction ~92) values for the 
OSO angle in Me2SO 2 (121.4 ~ and 127.1 ~ respectively). This problem is treated in 
more detail in papers on electron-diffraction studies of  MeSO2C11~ and MeSO2 F198). 
The structure of the latter compound has been resolved on the basis of the O . . .  O 
distance from the microwave data 193)f). 

In paper 186) electron diffraction studies of the SO2 and SO3 molecules have been 
carried out, and the equilibrium parameters of these molecules have been calculated on 
the basis of the experimental data. The difference between the two sets of parameters 
proved to be negligible (Table 21). The SO2 and SOs molecules are rigid and are charac- 
terized by high frequency stretching and deformational vibrations 2~ It is legitimate 
to regard effective parameters as nearly equilibrium ones, provided no low-frequency 
vibrations occur in the molecule. The difference between the equilibrium S=O bond 

Now we are aware of  more recent electron diffraction data on the Me2SO 2 molecule66): 
r (S=O) = 1.435(3), r (SC) = 1.771(4) A;/_ OSO = 119.(I.1) ~ Z. CSC = 102.6(0.9) ~ etc. The 
cited paper removes the discrepancy between the microwave and electron diffraction data. 
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Table 21. Experimental and equilibrium parameters of SO 2 and SO 3 

Parameters SO 2 SO 3 

MW 184) ED186) ED185) EDI86) 

rexp(SO), A 
re(S,O), A 
[L OSO]~ 
IL OSOl~ 

1.4349(2) 1.431 (2) 1.436(1) 
1.4308 1.427 1.432 
119.35(0.3) 118.6(1.0) 118.4 
119.32 118.5 118.3 

1.418(3) 
1.414 
120.2(0.6) 
120.1 

lengths in SO2 and SOs (Are = 0.017 -+ 0.003 A) has been predicted from quantum- 
mechanical calculations 2~ 

Now we will turn to electron diffraction studies of the metal sulfates Cs2SO4, 
K2SO4 and T12SOa. 

The history of investigation of metal sulfates is extraordinarily interesting. The 
first model, suggested in an electron-diffraction study in 1965, was based on the clas- 
sical structure Cs -O-SO2-O-Cs  2~ In 1967, Buchler, Klemperer and Stauffer 2~ 
studied Cs2SO4 molecular beam deflection in an inhomogeneous electric field and 
showed that the dipole moment of the molecule was zero to within experimental error. 
These authors suggested a bycyclic model withD2d symmetry, with metal atoms on 
the opposite edges of the SO a tetrahedron forming two four-membered cycles (Fig. 11). 

Fig. 11. Molecular model for Cs2SO4(D2d) 

Electron-diffraction reinvestigation of Cs2SO4 and investigation of K2SO42~ have 
shown that the bicyclic model is consistent with the experimental data. Assuming the 
SO4 unit to be a regular tetrahedron, the authors z~ found the SO bond length to be 
the same as in the SO,~- ion 2~ 1.49,8,. However, it proved impossible to settle the 
question of bond equivalency, both for the SO and CsO (KO) bonds. 

The effective values of the CsO bond length (2.60 -+ 0.03 A) and KO bond length 
(2.45 + 0.03 A) in these molecules have been found to be some 0.2 A longer than those 
in CsOH and KOH, respectively 209, 2~o). This finding provided indirect evidence in 
favor of the bicyclic model, since a full set of parameters could not have been obtained 
for a model of D2d symmetry. 

In the most recent electron diffraction study on Cs2SO4211), it was deduced from 
the large amplitude of the vibrations (/(CsO) = 0.35 h)  that the Cs2SO4 molecule can- 
not be described in terms of the so-called quasirigid model, which is characterized by 
effective values of bond lengths and valence angles and by amplitudes of atom pair 
vibrations. 
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A recent investigation of TI2 SO4212) has yielded long interatomic distances 
T 1 . . .  O and T I . . .  T1. However, the O . . .  O distances have not been determined and 
the question of T 1 . . .  O distance equivalency has not been settled. Therefore, there 
are no grounds so far to consider the D2a model confirmed. 

8. Molecules Containing CIO Bonds 

8,1. Two-Coordinate 0 Atom 

The chlorine atom in its lowest positive oxidation state (I) causes practically no widen- 
ing of the valence angle at O (Table 22). In fact, the ~o value in the C120 and MeOCI 
molecules is the same as that in dimethyl ether Me20 to within measuring error 
(111.5 ~ 1 as, 136)). Rather one may suggest that chlorine (I) causes a decrease in the 
valence angle at O: a o  is 102.5 ~ in the HOC1 molecule against about 107 ~ in the H20 
molecule 219). However, ct o increases to 119 ~ in chlorine heptaoxide, C1207 . 

Table 22. Structural data for molecules containing CI-O-  bonds 

Molecules, CLO bond lengths, Bond angle of O Method Refer- 
symmetry of frame in A atom, in degrees ences 

C120 
(C2v) 1.693(3) 111.2(0.3) ED 213) 

CI 2 0 
(C2v) 1.700(1) 110.96(0.08) MW 214) 

HOC1 
(Cs) 1.6895(35) 102.5(0.45) MW 215) 

MeOC1 
(C s) 1.674(19) 112.8(2.1 ) MW 216) 

C1207 
(C 2) 1.709(4) 118.6(0.7) ED 217) 

HC104 
(C3v) 1.635(7) 113(ass.) ED 218) 

In general, the C10 bond lengths in molecules containing C1 (I) is close to the 
Schomaker-Stevenson estimate of  1.69 A, and remains constant to within experimental 
error. However, we note that the C10 bond length decreases on going from symmetrical 
C120 to nonsymmetrical HOCI and MeOCI species. This trend appears to be more 
pronounced in compounds containing CI(VII). In the anhydride C1207 molecule, the 
CIO bond is 0.07 A longer than that in the acid HC104 molecule. Note that the 
length of the CIO bonds in C120 and C1207 is practically the same. 
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o o 

2 x - - \ d . .  

-o-\ I ""o- oaqfo 
o o cl 

A B 

Fig. 12. The structure of C1207. a) Molecular model of C 2 symmetry. Dotted lines are the C 3 axes 
of CIO 3 groups, b) Projection along the C 3 axis of a C103 group on the plane that is perpendicular 
to the C1OCI plane. 

An increase in the element-oxygen bond length on going from acids to anhydrides 
occurs in a number of  cases. Thus, r (CO) is 1.364(3) A in acetic acid 22~ and 1.405(1) A 
in the corresponding anhydride 221), which gives about 0.04 A elongation. In the case of  
succinic acid, quite a similar elongation occurs 222' 223) although, unlike the acetic an- 
hydride molecule, the succinic anhydride molecule is planar. The NO bond in the N2Os 
molecule 224) is some 0.06,8, longer than in HNO322s). 

The effective conformation of the C1207 molecule shows a certain departure from 
C2v symmetry and a deviation of the threefold axis of  the CIO 3 group from the single 
C10 bond direction by (• = 4.7(0.8) ~ (Fig. 12). Since rather large vibrational ampli- 
tudes l ( O . . .  O) and l (C1 . . .  O) have been determined, it is difficult to draw any con- 
clusion as to the difference between effective and equilibrium structures. 

8.2. Uni-Coordinate 0 Atom 

The CI=O bond length undergoes sufficient shortening when passing to compounds 
containing chlorine in higher oxidation states: from 1.57 A in C10 to 1.40 or 1.41 .~ in 
molecules containing C1 (VII) (Table 23). On the other hand, all the C1 (VII) derivatives 
contain CI=O bonds of the same length. 

The valence angles OC10 in the C1207 and FCIO3 molecules are greater than a tetra- 
hedral angle though less than 120 ~ i.e. the CIOa groups represent flattened pyramids. 
Experimental data on the HC104 molecule proved insufficient to discriminate between 
the two possible models with L OC10 of 112.8 (0.5) ~ and 117.3 (0.5) ~ respectively. 
The difficulty arises from the hardly different O . . .  O and O . . .  0 (H) distances. In- 
direct considerations based on trends observed in the geometry of tetrahedral fragments 

XO4 (X=Si, P, S and C1)231)have been utilized to arrive at a definite conclusion as to 
the more realistic model. The parameters of  the latter are listed in Table 23. However, 
one cannot be very sure that the chosen model can be relied upon. 

The experimental values of r (CI=O) in the C1 (VII) derivatives are considerably less 
than the Schomaker-Stevenson estimate of 1.48 A. Quite a number of authors point to 
a significant difference in bond lengths between the C10 and CI=O bonds in these mole- 
cules, which amounts to about 0.3 A. This difference disappears on going to the C10$ ion. 
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Table 23. CI=O bond lengths. 

Molecules, CI=O bond length, Method References 
symmetry of frame in A 

CIO 1.569(1) MW 226) 

CIO 2 
(C2v) 1.475(3) ED 227) 

002  1.4756 MW 228) 
(C2v) 
FCIO 2 1.418(2) MW 229) 
(Cs) 
C1207 1.405(2) ED 217) 
(C2) 
HCIO 4 1.407 (2) ED 218) 
(Car) 
FCIO 3 1.404(2) ED 230) 
(Car) 

Discuss ion  

Gas-phase structural data are currently available for compounds involving most of the 
possible types of bonds between Si, P, S or C1 and oxygen or nitrogen. An analysis of  
the values of  valence angles at three-coordinate nitrogen (a N) and two-coordinate oxy- 
gen (Cto) reveals some stereochemical patterns. Thus, there appears to be a tendency 
for ~N and ao  values to decrease along the series of the third-row elements from Si to 
CI (Tables 24 and 25). 

P and S amino derivatives exemplify the decrease of the el N value associated with 
an increase of the third-row element valency. This finding allows a semiquantitative 
prediction of an essentially pyramidal (aN of ca. 107 ~ configuration of the N atom 
in amides of  chloric acid, similar to its configuration in chloroamines. 

However, in the case of  chlorine oxygen derivatives, this rule does not hold, since 
the ot o value increases on going from C120 to C1207 . Besides, there are no data on the 
acyclic systems of the type X = O - X ,  where X is P or S in oxidation state V or II and 
IV, respectively. Further investigation is required to reveal stereochemical patterns in 
more detail. 

The lack of agreement between the experimental bond distances and the Schomaker- 
Stevenson estimates indicates that the additivity principle based on atomic increments 
is not very appropriate for a wide range of compounds. Shorter bond distances than the 
estimated ones are usually regarded as an indication of higher bond order. However, 
this approach fails to explain the elongation of the bond distances above the estimated 
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Table 24. Mean values of bond angles of N atom (a N, degrees) and XN Single bond lengths (A) in 
acyctic aminoderivatives (X = Si, P, S or CI) 

Atom X Si P S C1 

State of oxidation 

I 

II 

III 

IV 

V 

VI 

VII 

115,3-120 
1.68-1.70 

117.4 
1.688 

117.0-120 - 115.4 

1.654-1.738 1.693 

116 
1.67 

112-1161 ) 
1.65-1.69 

107,02 ) 
1.697 

104.3-108.7 
1.73-1.77 

110713 ) 

[10713 ) 

110713 ) 

1) Four-coordinate S atom. 
2) Six-coordinate S atom. 
3) evaluation. 

Table 25. Bond angles of O atom (XOX, degrees) and XO Single bond lengths (A) in acyclic 
molecules (X=Si, P, S, CI) 

Atom X Si P S C1 

State of oxidation 

I 

II 

III 

IV 

V 

VI 

VII 

135.2-145.1 
1.533-1.631 

144.1-155.7 - ? 
1.58-1.634 

123.61 ) 
1.611-1.613 

111.0-111.2 
1.693-1.700 

? 

9 

118.6 
1.709 

1) Four-coordinate S atom. 
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values. The most pronounced elongation has been observed with the NCI, PC1 and SCI 
bonds. The additivity principle based on the contributions from molecular fragments, 
and in particular from chemical bonds, holds much better, provided the valency states 
of the atoms participating in the chemical bonding of a given type and the nature of the 
nearest environment are taken into account. 

The considerable increase in the chlorine-element bond distances in the fragments 
~ N - X - C 1  (X=Si, P, S) caused by the presence of an amino group is noteworthy. A 
similar elongation of the metal-halogen bonds caused by trans ligands has been studied 
in transition-metal complexes 232-2a4). One could suggest that the influence of the 
amino group on the chlorine-element bonds represents an intermediate case of inter- 
atomic interactions, having features characteristic of both organic and inorganic com- 
pounds. 

The N atom in planar environment can be regarded as realizing a valency state 
(sp 2) different from that characteristic of pyramidal coordination of nitrogen (spa). 
This change of valency state is not associated with a change of coordination number, 

! 

in contrast to the case of carbon --C-,  ~ C -  or-~C-.  In this connection it is important 
! 

to note that the NC bond of the amino group does not undergo any considerable change 
when passing from an essentially pyramidal configuration at N to planar coordination 
(Table 26). 

Similarly, the CO bond distance of the methoxy group remains unaffected in 
HaSiOMe, despite the considerable increase in the oxygen valence angle (Table 27). It 

Table 26. NC bond lengths (A) and c~ N (degrees) in amines 

Molecules r (NC) a N Ref. 

HNMe 2 1.462(5 ) 110.0 123) 
HNMe 2 1.455(2) 108.6 124) 
CISi(NMe2) 3 1.462(7) 119.8 33) 
(H3Si)2NMe 1.465(5) 120.0 24) 
H3SiNMe 2 1.462(4) 117.0 29) 
P(NMe2) 3 1.458(5) 117.5 61) 
S(NMe2) 2 1.473(6) 117.4 96) 

Table 27. OC bond lengths (A) and c~ O (degrees) in ethers 

Molecules r(OC) a O Ref. 

Me20 1.416(3) 111.5(1.5) 135) 
Me20 1.410(3) 111.7(0.35) 136) 
H3SiOMe 1.418(9) 120.6(0.9) 142) 
H3SiOPh 1.357(9) 121.0(1.0) 143) 
PhOMe 1.361(15) 120.0(2.0) 145) 

[OCph] 
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Table 28. X=O bond lengths (A, X=P, S, CI) 

X P S C1 

State of oxidation 

(II) 1) 1.4343 1.4810 1.569 
(IV) - 1.412-1.483 1.475 
(V) 1.429-1.488 - 1.434 
(VI) - 1.398-1.45P - 
(VII) - - 1.404-1.408 

1) Twoatomic molecules XO. 

is notewor thy  that the OCph bond distance is the same in both the planar MeOPh 

molecule and nonplanar H3SiOPh, where the OSi bond forms a 70 ~ angle with the phenyl 
ring plane. 

The X=O double bond distances (X=P,  S, C1) strongly depend on the valency state 
of  X and on the environment (Table 28). Increasing the oxidat ion number of  X decreases 
the X=O bond length. 

The above discussion points to the need for more detailed studies of  stereochemical 
patterns and emphasizes the importance of  such investigations in developing concepts 
o f  the nature o f  chemical interactions in the molecule. 
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I. A. Introduction 

There are several objectives of a complete molecular structure determinationl). The first 
is to locate precisely in geometric space and for the lowest electronic state the deepest 
minimum ir/the potential energy surface that specifies the energy of the groups of atoms 
which comprise the molecular unit as a function of  their internuclear distances. The sec- 
ond is to measure the directional curvatures at this minimum. In addition, it is interesting 
to explore this multi-dimensional surface in the vicinity of  the deepest minimum for the 
location of  adjacent minima, and to ascertain the heights of  the barriers which separate 
them. The solution of  this quantum mechanical problem for polyatomic molecules which 
incorporate a dozen or so atoms is within current capabilities of large computers if one is 
satisfied with a modest level of  accuracy. However, the number of  such computations 
that can be made at a level useful to practicing chemist is still severely limited, particular- 
ly by the rather extensive parameterization that must be incorporated in these computa- 
tions. It is evident that for some years to come the ever growing powerful computers will 
not be able to overtake the precision with which interatomic distances and bond angles 
can be measured by diffraction and spectroscopic techniques. One approach that has re- 
ceived insufficient attention is the possibility that structural differences between similar 
molecules within one family could be estimated more accurately than their absolute mag- 
nitudes. It is the hope of the authors that the following review will focus attention on the 
wealth of experimental structural data available relative to the effects of  fluorine for hy- 
drogen substitution, for the hydrocarbons and related substances, and thus provide an 
incentive for theoretical studies of  these differences. 

Experimental techniques for determining internuclear separations in the gas phase 
fall into two categories: 

electron diffraction and 
rotational and/or vibration-rotation spectra derived from microwave absorptions, 
Raman and infrared spectral records. 

The magnitudes of  structural parameters derived from electron diffraction patterns differ 
from those deduced from spectroscopic data because the two types of  experiments meas- 
ure different averages over thermally equilibrated assemblies of molecules, which are un- 
dergoing anharmonic oscillations, with vibration-rotation interactions, etc. However, they 
are interconvertible on the basis of the theory of molecular dynamics. The combined use 
of diffraction and spectroscopic information makes possible the determination of bond 
lengths with a precision of 0.001A, for selected small molecules 2). Several reviews on 
structure determinations by electron diffraction techniques have appeared during the past 
three years, z-s) Experimental and theoretical details are given in these papers; they also 
incorporate surveys of molecular structures for various classes of  compounds. Concurrent- 
ly, during the past five years molecular orbital studies, using both semi-empirical and ab 

6) initio procedures, have attained a significant level of quantitative performance. However, 
for molecules that incorporate fluorine atoms, substantial discrepancies appear between 
the observed geometries and the minimum energy structures. 

In this review we shall first survey the variety of  C - F  bonds that have been investi- 
gated. We will then consider the effect of  fluorine for hydrogen substitution on the rest of 
the molecule. The third general topic concerns intramolecular motions and related internal 
rotations about single bonds. 

Most of the structural parameters in this review were derived from electron diffraction 
data. Clearly, precise comparisons of  structures should be made on the basis of the same 
"measure" of internuclear distances. Because of  the absence of  stable fluorine isotopes 

72 



The Geometric and Dynamic Structures of Fluorocarbons and Related Compounds 

microwave data on the fluorocarbons are generally incomplete, particularly for structures 
that are characterized by a significant number of parameters. To avoid ambiguity and con. 
fusion the following symbols for the different measures of  distance were used (see Ref. 7) 
for a more complete discussion): 
re Distance between nuclear positions at the minimum in the potential energy function, 

v(o. 
~r Thermal-average value of internuclear distance (electron diffraction) 
ra Value at the center of gravity of  the distribution function P ( r ) [ r ,  which is conven- 

ient to evaluate from electron diffraction data; P(r) is the distance distribution func- 
tion. 

r o "Effective" distance, derived directly from ground-state rotational constants. 
rs "Effective" distance derived from rotational constants v/a Kraitchman's equations 

for a sequence of  isotopic substitutions. 
The r s distance is believed to be close to the re; roughly speaking, the difference between 
them is at most 0.005 A. Differences between r s and ~ are generally of the order of 0.01A 
(~r > rs). The r a and rg measures of  distance are related by the approximate equation 
r z ~ ra + 12/ra( l  is the root mean square amplitude of  vibration). For example, 

(C-H) ~ ra (C---H) + 0.005s A; 
(C-C) ---- ra (C-C)  + 0.0018 A, and 

rg (C-F )  ~- r a (C-F)  + 0.001s A. 
Parallel to the different measures of internuclear distance there are corresponding measures 
of bond angles. The differences between these are usually small compared with the current 
experimental uncertainties. 7) Hence, in this article they are used without discrimination. 

I. B. Fluorine for Hydrogen Substitution Effects in Di- and Tri-atomic Species 

Casual inspection of the limited structural information a'9,l~ available for di and triatomic 
hydrides and fluorides shows that for these small molecules the differences are chracteris- 
tic and follow a pattern which reappears in comparisons of more complex hydrides and 
fluorides. Let 

f iR  - re (M-F)  - re (M-H).  

Then, for M = Li, Be, B, C, N, O and F, 
fR is -0.03,  0.02, 0.03, 0.15, 0.27, (0.38) and 0.50,8,, 

respectively. The magnitudes of the differences are relatively constant (+- 0.03 A) from Li 
to B, and increase linearly with group number across the periodic table. The second row 
elements show a similar trend (Fig. 1 and Table la). These sequences may be accounted 
for approximately, in terms of the Schomaker-Stevenson equation: 

r (M-X)  = r M + r x -- 13 IXM - -  X X l -  

fR is given by fR = 0.18 A, for XM <__ 2.1, and fR = 0.18 XM -- 0.20 (A), for XM > 2.1, 

where XM is the electronegativity of  the M atom. For the hydrides of the first row elements 
there is an inverse correlation between r e (M-H)  and D o (M-H),  the bond dissociation 
energy, and there is a corresponding relation for the fluorides. 

There are about a dozen tri- and tetra-atomic species for which trends are discernible 
upon F/H substitution. First, r ( Q - F )  is less in QF 2 species than in QHF; second, r ( Q - H )  
is less in QH 2 species than in QHF. It will become apparent from the following compilations 
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Fig. 1. Internuclear separation for the fluorides and hydrides of the elements in the first and second 
rows of the periodic table (upper curves). The lower set compares the estimated differences [~.R (MI)I 
with those observed for the first row elements; see Text 

Table la. Internuclear distances in diatomic hydrides and fluorides 1) 

Li Be B C N O F 

H 1.5953 1.3431 1.236 1.1202 1.045" 0.9706 0.9170 
F 1.5639 1.361 1.2626" 1.2718 1.3173 11.35] 2 ) 1.418" 

Na Mg AI Si P S C1 

H 1.8873 1.7306 1.6482 1.521 1.4388" 1.3503" 1.2745 
F 1.9259 1.7500 1.6544 1.6008 1.5896 1.599" 1.6281 

I) re (A) distances except for those designated by * (ro): Data taken from Refs. 1, 8, 10). (Lowest 
electronic states.) 

2) Estimated from Fig. 1. 
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Table lb. Distances (A) and bond angles in triatomie hydrides and fluorides 1) 

Bond Bond Bond 
C-H C-F angle N-H N-F angle O-H O-F  angle 

H2Q 1.11 - 104 ~ 1.026 - 103.3 ~ 0.958 - 104.9 ~ 
HQF 1.12 1.314 101.8 ~ 1.06 1.37 105 ~ 0.964 1.442 97.2 ~ 
QF 2 - 1.30 o 104.9 ~ - 1.363 102.5 ~ - 1.409 103.3 ~ 

1) Structures in the lowest electronic states. 

CH2(1A1), CHF(IA'), NH2(2A1), NHF(2A"): Ref. 9). 
CF2: PoweU, F. X., and Lide, D. R., Jr.: J. Chem. Phys., 45, 1067 (1966); Mathews, C. W.: ibid., 45, 

1068 (1966). 
NF2: Bohn, R. K., and Bauer, S. H.: lnorg. Chem., 6, 304 (1967). 
H20: Laurie, V. W., and Hersehbach, D. R.: J. Chem. Phys., 37, 1687 (1962); Shibata, S., and Bartell, 

L. S.: ibid., 42, 1147 (1965). 
HFO: Kim, H., Pearson, E. F., and Appelman, E. H.: J. Chem. Phys., 56, 1 (1972). 
F20: Pierce, L., Jackson, R. H., and DiCianni, N.: J. Chem. Phys., 35, 2240 (1961). 

o f  structural data that these trends are general. For example, in NH3 a), NHF21 t), NF312), 
the N - H  and N - F  separations are: (1.012, ,~-A-f~' (1.026, 1.400), and ( , 1 . 3 6 5 )  A; 
in the sequence H2CO 3a), HFCO 14) and F2CO , the C - H ,  C - F  and C=O bond lengths 
are, respectively: (1.101, ,1.203),  (1.095, 1.338, 1.181), and ( ,1 .317,  1.170), 
A. Similarly, in H2CH2, HFCH 2 and F2CH2, the C - H  and C - F  distances 8) are, respec- 
tively: (1.0938, ), (1.106, 1.385), and (1.092, 1.358), A. 

II. Carbon-Fluorine Bonds 

In 1937 Brockway reported that C - F  bond distances in the fluoromethanes and in the 
fluorochloromethanes were significantly shorter in those compounds where several flu- 
orine atoms are attached to the same carbon atom than in the monofluorides. 16) Since 
then many proposals have been presented to account for this progressive bond shortening 
with increasing fluorination. In terms of  valence bond theory IT) the effect was correlated 
with changes in hybridization and electronegativity, is) One of  the earliest explanations 
was formulated as double bond-no bond resonance. 17'19) 

F F F -  
I 1 

F - C - F  +--+ F - C = F  + ~ F--C--F 
I I II 
F F F + 

+--+ etc. 

Subsequently, many examples o f  this "fluorine effect" were discovered not  only for more 
complex fluorocarbons, but  also for the other similarly coordinated elements: Si, B, P, 
etc. 17) It was also demonstrated that whereas other halogen derivatives show a similar 
progressive bond shortening with increasing halogenation, the magnitude of  the effect is 
much smaller, as illustrated in Fig. 2. For Br and I, bond shortening is not  discernible 
within the experimental uncertainties, a) The contrast between the fluorine and the other 
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Fig. 2. C - X  distances in CH4_nX n. (a) X = C1; (b) X = F. 

~: Designates electron diffraction ra's with experimental uncertainties. 

�9 : Designates r 0 or r s from microwave data. 
Most data are from Ref. 8). For CC14: Morino, Y., Nakamura, Y., and Iijima, T.: J. Chem. Phys., 32, 
643 (1960); Haase, J., and Zeil, W.: Z. Phys. Chem., 45, 202 (1965). For CH3CI: Bartell, L. S., and 
Brockway, L. O.: J. Chem. Phys., 23, 1860 (1955). 
(c) - - O - - ;  calculated values, SCF MO, by Pople, eta/ .  21) 

Table 2. Correlation of molecular parameter for the fluoromethanes 

r (C-F )  1 ) E (C-F)  2 ) v (C-F)  3 ) K (C-F)  4) J (CH) 5) 

Unit A kcal/mole c m -  1 md/A Hz 

CHaF 1.391 (1.385) 107 1049 3.71 149.0 
CH2F 2 1.360 (1.358) 109.6 1084 - 184.5 
CHF 3 1.334 (1.332) 114.6 1140 - 239.1 
CF 4 1.323 or 1.317 116 1188 4.18 - 

1) Ref. 8) (r a and r o in parentheses). 
2) Bond energy: Patrick, C. R.: Advances in fluorine chemistry, Vol. 2, Chapter 1. Washington: 

Butterworths 1961. 
3) Degeneracy-weighted averages of symmetric and antisymmetric C - F  stretching frequencies taken 

from Shimanouchi, T.: Tables of molecular vibrational frequencies, National Bureau of Standards, 
and Pace, E. L.: J. Chem. Phys., 18, 881 (1950). 

4) Stretching force constants based on the Urey-Bradley force field: Shimanouchi, T.: Physical 
chemistry, an advanced treatise, Vol. 4, Chapter 6, 233 (1970). 

S) 13C_ H coupling constants: Levy, G. C., and Nelson, G. L.: Carbon-13 nuclear magnetic resonance 
for organic chemistry. New York: John Wiley and Sons 1972. 
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halogen derivatives has indeed stimulated widespread studies, both theoretical and experi- 
mental, of ,'fluorine substitution effects". Current developments in molecular orbital 
theoryprovides a base for a quantitative analysis, but even the most sophisticated at- 
tempts2O,21) have not yet adequately accounted for the observed increments, although 
the progressive shortening was found, as shown in Fig~ 2. 

As is weU known, a full description of chemical bonding covers many molecular par- 
ameters such as bond energies, stretching frequencies, force constants and JcH (~ 3C-H 
coupling constants); these complement the magnitudes assigned to mean internuclear sep- 
arations. Values in Table 2 illustrate progressive changes with increasing fluorination. How- 
ever, to date the correlation between them is only empirical [distance-force constant equa- 
tions (Badger22)), distance-bond energy relations (Dewar, et al. 23)) and C - H  distance-JcH 
(Muller, et al.24))]. 

In the subsequent sections, the various types of C - F  bond lengths will be summarized 
according to the number of fluorine atoms attached to a given carbon atom. 

A.1. Mono-fluorocarbons: C(sp3)-F 

Mean internuclear carbon-fluorine distances in mono-fluorocarbons may be classified ac- 
cording to whether the carbon atom is primary, secondary, or tertiary (Table 3) 25-36) 
Within each type, the reported C - F  distances range over 0.01 A, partly because different 
measures of "mean distance" were used by the investigators and partly due to intrinsic 
factors. With this in mind one may choose typical values for each type: 1.39 A (primary), 
1.41 A (secondary) and 1.43 A (tertiary). 

In spite of the absence of many examples, the ascending sequence for primary, second- 
ary and tertiary carbon-halogen bond lengths is apparent; thus, for C-C1 bonds, 
CH3CH2CI(rs = 1.788 + 0.002 ,Sx), 37) 
(CH3)2 CHCI (rs = 1.798 + 0.008/-0.004.8, 38)) and 
(CH3)aCCI(r s = 1.803 -+ 0.002 A)39); 

Table 3. C - F  distances (A) in monofluorocarbons,  for C (sp 3) 

Type Typical value Example 

Primary 
-CH2F 1.39 

Secondary 
~CHF 1.41 

Tertiary 
~CF 1.43 

FCH 3 (r a = 1.391 • 0.00525);r~ - 1.38526) ) 
FCH2CH 3 (r s : 1.398 • 0.005) 27) 
FCH2COOH (r a = 1.387 • 0.010) 28) 
FCH2CH=CH2 lr  s = 1.382 • 0.010 (c is) ,  

1.371 • 0.015 ( g a u c h e ) ]  2 9 )  
FCH2CH2OH (r a = 1.400 • 0.005) 30) 
FCH2CH2F (r a = 1.389 • 0.00731)'  

r a = 1.394 • 0.00132)i 

Monofluorocyelohexane (ra -- 1.41)33) 
CH3CHFCH 3 (rg = 1.408 • 0.002) 34) 

FC(CH3) 3 (r a -- 1.425 • 0.008; 3s) 
r o = 1.43 • 0.0236)) 
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for C-Br bonds, CHsCH2Br(rs = 1.950 +- 0.004 A) 4~ and 
(CH3)2 CHBr (rs = 1.957 + 0.011/-0.004 A41)); 
for C - H  bonds, CH3 CH 3 (r s = 1.095 -+ 0.002 A 42), r s, = 1.111 -+ 0.002 :k)4a)and 
(CH3)aCH (rs = 1.108 -+ 0.001 A 44), r e = 1.122 - 0.006 A) 4s). 

However, this classification does not apply to "strained ring" compounds because geome- 
trical requirements imposed by ring closure probably affect the state of carbon hybridiza- 
tion. For example, the tertiary C-C1 distance in 4-chloronortricyclene and 1,4-dichloro- 
norbornane are 1.763 + 0.003 A (rg) 46) and 1.773 -+ 0.008 ~, (rg) 47), respectively. They are 

. , . ~ " ~ . ~ . . 

~fem~tel~l dS~i~ ~ otof elc.~r~On~amgn?c~deOlrOctybc~Ot~plrc~ed4e,(r~s abLu828.~40~05hoArt)~ , 

than in monochloromethane 26). One may anticipate that corresponding C-F  distances in 
cyclic compounds would also be shorter than in the chain compounds; no data for this 
category are available. Additional discussions of the "ring effect" are presented in section 
ll.B. 

A.2. Mono-fluorocarbons: C(sp 2)-  F 

It has long been recognized that because of conjugation a C - F  bond adjacent to a double 
bond is shorter than one attached to a saturated carbon atom. Parenthetically, the nota- 
tions used for hybridization: sp 3, sp 2 and sp are merely convenient designations, since a 
range of mixed states must be considered. Several examples of compounds that incorporate 
C(sp2)-F bonds are listed in Table 4.14,s~ There is a spread of 0.01 A about the 

Table 4. C - F  distances in monofluorocarbons, for C (sp 2) 

Compounds r (C-F)  A 

F-CH=CH 2 1.348 +- 0.00450) (rg) 
1.34851 ) (r s) 

F-CH=CHCH 3 1.342 • 0.00752, 53) (re) 
F-CHO 1.351 • 0.01354) (r a) 

1.338 • 0.00514) (r s) 
F-COCH 3 1.34855) (rs) 

F--~(- ' )~  1.35456) (rs) 

Typical value 1.35 

typical value of 1.35 A, indicative of a shrinkage o f ~  0.04 A in =CHF compared with 
-CH 2 F. In addition to the influence of the adjacent multiple bond, a "secondary environ- 
ment effect" is introduced when the multiple bond ends in a heteroatom such as oxygen 
or nitrogen. The C - F  bond in F-CHO 14) is about 0.01 A shorter (rs) than in F-CH=CH2 sl). 
In F-COCH3 ss), however, such a trend is not apparent from the data now available (Ta- 
ble 4). When a fluorine atom is substituted onto a/3-carbon, in ethylenefluoride, a second- 
ary environment effect appears as a decrease in the C(a)-F distance; in FCH=CHF [(C-F) 
= 1.344 +-- .002 A (trans) and 1.335 -+ .002 A (cis); rg].S~ are 0.004 and 0.013 A 
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shorter, for the trans and cis forms, respectively, than in FCH=CH2 (1,348 +- .004 A; rg). s~ 
In this connection the most striking effect on C - F  produced by  fluorine for hydrogen sub- 
st i tut ion onto an adjacent or next  to adjacent carbon atom was reported for the fluoro- 
benzenes (Table 5). Although data  are not  available for all combinations o f  substi tution, 
interactions between fluorine atoms on different  carbon atoms are clearly indicated. Com- 
pared with monofluorobenzene,  s6) the other  fluorobenzenesST-63)have shorter C - F  dis- 
tances. 

Table 5. C-F  bond distances in the fluorobenzenes (A) 

F �9 r o 1.354 Nygaard, et al. (1968) 56) 

F 
~ F  r o 1.294-  1.313 Hatta, etal. (1968) 57) 

r o 1.311 - 1.318 Nygaard, etal. (1967) 58) 

F 

r o 1.301 - 1.308 
rg 1.324 • .002 

F 

Nygaard, et al. (1967) 58) 
Schaick, et al. (1973) sg) 

F 
rg 1.305 • .010 
r o 1.304 

F F 

Bauer, et al. (1968) 60) 
Schlupf and Weber (1973) 61) 

F 

r o 1.328 

F 
/ 

F - - ~ - ~ F  rg 1.324 • .006 
F / k ~ F  r a 1.327 -+ .007 

r o 1.321 
F 

Doraiswamy and Sha-rma 62) 

Bauer, et al. (1968) 60) 
Aimenningen, et al. (1964) 63) 
Schlupf and Weber (1973) 61 ) 

The o r t h o  and m e t a  effects are prominent;  the respective C - F  distances are 1.306 A 
(with r o assigned to the mean o f  1 .294-1 .318  A) in o-dif luorobenzene sT's8) and 1.304 A 
(r 0 assigned to the mean of  1 .301-1 .308  A) in m-difluorobenzene sa). I t  is tempting to 
classify the C - F  bond distances in the fluorobenzenes according to three geometric types: 

I 
F F F F C F 
I (I) \ / (U) \ / \ / (W) 

/ C , ~  C - -  C C C / \ / \ 
(r o) 1.354 A 1.306/~, 1.304 .~, 
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This is parallel to the classification proposed for the fluoroethylenes by Epiotis 64) based 
on molecular orbital considerations. He postulated three contributing factors: charge 
transfer through space, charge transfer through bonds, and direct orbital interactions. He 
found strong attractive interactions for U.type 

F F F 
\ / ,, / 

C ~ C  C ~ C  
/ x / \ 

F 

geometries, and weak attractive interactions for the Y-type configurations. 
Let us postulate that the three types (I, U and W) are combinatorial elements which 

determine the C - F  bond distances in the fluorobenzenes, and compute the mean of all 
interactions weighted by the number of  contributing terms. Then in penta- and hexa- 
fluorobenzenes the C - F  distances are given by 
[5r(I) + 4r(U) + 4r(W)]/13 = 1.324 A and 
[6r(I) + 6r(U) + 6r(W)]/18 = 1.321 ,~,, 
respectively. In terms of r o these prove to be good estimates for the corresponding 
observed values (1.32862) and 1.321.8,61)). Even if we accept the usefulness of such 
an empirical approach, more accurate C - F  distances for these fluorobenzenes, includ- 
ing other fluoro substituents, should be obtained. For instance, the C - F  distances in 
m-difluorobenzene, 1.324 -+ .002 ,~, reported in a recent electron diffraction study by 
Schaick, et  al. sg) are about 0.02 A, lonaer than the corresponding value derived from 
s ectrosr lc data 1 301 sa) �9 p p" ( . -1 .308 3,) ; the difference is much larger than could arise 
from differing measures of mean distances. 

Because of strong correlations between nearly equal bond distances the least squares 
reduction for diffraction data makes it difficult to separate the C - F  distance from the 
C - C  distances in benzene rings; indeed, some combinations are inherently unresolvable. 
On the other hand, spectroscopic techniques are also not free from ambiguity because 
of  the lack of more than a tingle stable F isotope. One must assume some elements of  
symmetry and/or C - C  distances in the rings to derive C - F  bond lengths. A combina- 
tion of diffraction and spectroscopic data may provide more accurate values for the 
C - F  bonds of  fluorobenzenes. Because the electron diffraction value for m-difluoro- 
benzene does not fit the IUW pattern, consider the weighted average of C -  C and C -  F 
bond distances derived from the diffraction data; sg) it is 1.373 A,. If we assume no ring 
distortion and a C - C  distance of 1.396 or 1.400 )~, as was done in the spectroscopic 
study sa), the reverse calculation for the corresponding C - F  distance gives 1.304 or 
1.292 A, which is compatible with the spectroscopic estimate (1.301-1.308 3,). 58) 

A.3. Mono-fluorocarbons: C(sp)- F 

For the C - F  bond distances in = C - F  types, only (rs) microwave data are available 
(Table 6) 6s). The difference between these C - F  distances may be ascribed to a "'see- 
ondary environmental effect", one that should be predicted by an adequate MO calcula- 
tion. A similar but much smaller trend was reported for other X-C=CH and X - C = N  
pairs; when X is CHa, CHa-C-=CH (~ = 1.470 + 0.004 A) 2) and CH3-C=N (~,= 1.466 -+ 
0.003 A), 2.66) and when X is C1, C1-C-CH (r s = 1.637 A)6s) and C1-c=N. (rs = 
1.631 A). 6s) For contrast, note that the C-H bond distance in H-C:--CH is about 
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Table 6, C (sp)-F Distances 

Compounds C-F (A) 

F - C ~ H  6s) 1.279 (rs) 
F-C-=N 6s) 1.262 (r s) 

0.011 A shorter than in HCN; r o = 1.0566 -+ 0.0003 A 67) in the former, but  r o = 
1.0676 A6S)in the latter. Similarly, when X is H2 C = C H -  as in vinyl acetylene, the 
C--C distance appears to be slightly shorter than in vinyl cyanide: H 2 C=CH-C-=--CH 

+ o69)'~ (~r = 1.434 -- 0.003 A ) compared with (~ = 1.438 -+ 0.003 .~7o)) in H2C=CH-C=N. 

A.4. Summary of the C-F  Distance in the Mono-fluorocarbons 

The C - F  bond distances in the monofluorinated species follow a general pattern in 
that their magnitude decreases with decreasing n, for sp n carbon atom hybridization. 
The effects of conjugation due to adjacent multiple bonds are shown in Table 7. Similar 

Table 7. C-F  bond distances adjacent to variously 
bonded carbon atoms 

Type C-F (A) A 1) (%) 

-CH2F 1.39 - 
=CHF 1.35 2.9 
-=CF 1.27 8.6 

1) Referred to the C-F bond length in -CH2F; see 
see Text for the definition of r,. 

Table 8. Comparison of A 1) (%) 

X --CH-X ~ - X  

F 2.9 8.6 
C1 3.1 8.2 
Br 2.5 7.7 
I 2.0 6.9 
H 0.7 3.0 
-CH 3 1.8 4.3 
-CHO 2.0 4.0 
-CH=CH 2 2.7 4.7 
-C=---CH 2.5 5.7 
-C~--N 1.9 5.2 

1) Relative C-X bond distances in CH2=CHX, 
and in HCe~CX (or N-~CX), referred to the C-X 
distance in CH3-X: see Text for the definition 
of 6. The corresponding distances were taken 
from Refs. 2, 8, 65,110,162-164). 
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effects on neighboring C - X  distances, where X is a halogen or another functional group, 
are il lustrated in Table 8. I t  appears that  C - X  bond  distances are affected by  ( s p )  hy- 
bridizat ion to  the extent  o f  2 - 3 %  for all =CHX cases except  when X is H. Defme 

A = [r(Csp3-X) - r(Cp,.X)l/r(Cspa.X), n = 1,2. 

Then for = C - X  the A value amounts  to 7~9% when X is a halogen, and 4~6% when 
X is - C H 3 ,  - C H O ,  - C H = C H 2 ,  -C-=CH and -Cz--CN. C - H  distances are least affected 
by  the change in carbon hybridizat ion.  Thus, when viewed in context  o f  other conju- 
gating groups, the C - F  bond distances are no t  "abnormal" ,  although the magnitudes o f  
their A's  are larger than for the others. 

Apart  from the above "primary environment effect" ,  a "secondary environment 
effect"  appears for C - X  in mult iply bonded cases such as Y=CHX and Y=CX (where 
Y is O, N, CHF, etc.). Among them the largest effect was observed in the f luorobenzene 
and in FC--N. 

II. B, Gem-difluorocarbons 

There are two structural types in this category: C(spa)F  2 and C ( s p 2 ) F  2 (Table 9). To 
date a few examples have been investigated; the f luorocycloalkanes which belong to the 
first type are discussed in the lat ter  part  o f  this section. 

Table 9. Typical distance in gem-difluoroearbons (A) 

Type C-F  Examples 

)CF 2 1.36 

=CF 2 1.32 

CH2F 2 (r o = 1.358 -+ 0.0011), r a = 1.360 -+ 0.00525)) 

CH2=CF 2 (rg = 1.324 -+ 0.0035~ r a = 1.3212), r s -- 1.32372)) 

F2C=O (r s = 1.312 -+ 0.01071), r z = 1.3166 +- 0.001 Is)) 

1) Lide, D. R., Jr.: J. Am. Chem. Soc., 74, 3548 (1952). 
2) Karle, I. L., and Karle, J.: J. Chem. Phys., 18,  936 (1950). 

Table 10. Comparison of bond angles in analogous compounds 

X 
X 

H 2 C ~  H 2 C=C~ O=C~ 
X X X 

F 108.3 ~ *-0.1 ~ 109.3 ~ -+0.6 ~ 108.0~ 0.5 ~ 
H 109.5 ~ 116.2 ~ -+ 0.8 ~ 116.5 ~ 
CH 3 112.4 ~ +_ 1.2 ~ 115.8 ~ -+ 0.6 ~ 116.7 ~ -+ 0.3 ~ 
CI ~ 113 ~ ~ 114 ~ 111.3 ~ • 0.1 ~ ) 

1) Lide, D. R., Jr.: J. Am. Chem. Soc., 74, 3548 (1952). 
2) Robinson, G. W.: J. Chem. Phys., 21,  1741 (1953). 
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Parallel to the monofluorocarbons, the gem-difluoro compounds also have shorter 
C-F  bonds for carbons hybridized with smaller n's: from 1.36 A [C(sp3)F2] to 1.32 A 
[C(sp 2) F2]. The effect of adjacent heteroatoms can be seen in F2C=O Its (C-F)  = 
1.312 -+ 0.010 A 70 ] and F2C=CF~)trg (C-F) = 1.319 +- 0.002 A s~ ] compa+red with 73) 
CH2=CFz( rg=l .324_0 .003A ),rs =1.323A );CCI2F 2(r  a = 1 . 3 3 8 - 0 . 0 1 3 ~  ) 
compared with CH2F2 (ra = 1.360 -+ 0.005 Azs)). Note that the differences are barely 
significant when compared with the experimental error. One should also note that the 

Table 11. Geminal C - F  bonds in typical cycloalkanes, CnX2n (n = 3 . . . . .  6), compared with 
hydrogen analogs 1) 

n rg (C-F) ,  A L FCF rg (C-H) ,  A L HCH 

3 1.314 + 0.00176) 112.2 ~ • 1.0 ~ 1.094 • 0.00379) 115.1 ~ • 1.0 ~ 
4 1.333 • 0.00277) 109.9 ~ • 0.3 ~ 1.098 • 0.018~ - 
5 - - 1.113 • 0.00281) - 
6 1.339 • 0.00278) 109.1 ~ • 0.3 ~ 1.121 • 0.00482) 107.5 ~ • 1.5 ~ 

1) The rg distances for n = 3, 4, and 6 were estimated from the reported r a structures. 
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Fig. 3. C - X  distances for CnX2n cyclic compounds,  as a function of  ring size. 
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bond angles between the C - F  bonds are considerably smaller than those expected for 
sp a or sp 2 hybridization (Table 10). In =CF2 the FCF angles are close to tetrahedral, 
being 7~8 ~ smaller than the corresponding HCH or CCC angles. The "closing up" of the 
FCF angles have been discussed qualitatively on the basis of HAO (hybrid atomic or- 
bitals) 18) and VSEPR (valence-shell electron-pair repulsion) theories. ~4' 7s) 

The C-F bond distances in the perfluoroeycloalkanes (Cn F2n) 76-78) are summarized 
in Table 11, where they are compared with increments in corresponding C-H distances; 79"a2) 
the C-F  distances increase with ring size from 1.314 -+ 0.001,8, 7-6) for n = 3 to 1.339 + 
0.002 A 7a) for n = 6. A similar trend appears in the C--H distances, as illustrated in Fig. 3. 
Surprisingly, for n = 3 -+ 6 the latter follow a linear relation, 

(C-H) = 1.067 + 0.009 n, .~, (n = 3,4,5,6). 

For C-F  only three points are available and through these a straight line cannot be drawn 
to connect them within the stated error bars. Indeed, they follow the expected "roU-off". 
On this basis one may predict that in perfluorocyclopentane (n = 5) the C-F  distance is 
1.335 + 0.010 A. 

Attention is called to another interesting feature of this series. The increment in the 
C-H distance associated with ring size (0.027 A for n = 3 to n = 6) is comparable in mag- 
nitude to the difference between the C-H bond lengths attached to sp a vs sp carbons: 
(0.033 A; from 1.111 -+ 0.002 A 4a) in CHa-CH a to 1.078 +- 0.002 A 2) in CH-CH). This 
is suggestive of a parallel trend in sp n hybridization of carbon from cyclohexane to cycle- 
propane. Walsh 83) postulated for cyclopropane sp 2 hybridization for the bonds external 
to the cyclopropane ring and a mixture o fp  and sp 2 orbitals for the internal bonds. The 
net effect appears to have reduced the C-H bond length in cycle-Calla below that in 
C2H4. Further, the NMR 13C-H coupling constant (J~cH), which is a rough measure of 
the s character associated with the carbon atom a4-86), parallels the sequence illustrated 
in Fig. 2: cyclopropane (161 Hz), 87) cyelobutane (134 Hz)aT)and cyclohexane (123 Hz) 87). 

s8) ,/ca in cycloj~ropane is slightly larger than those for ethylene (156.2 Hz) and benzene 
(158.5 Hz) 8~'), whereas JCH in cyclohexane is in the vicinity of the magnitudes for methane 
(125 Hz) 24) and ethane (124.9 Hz) as). Similarly, the carbon fluorine coupling constants 
in cyclic geminal difluorides appear to be sensitive to the hybridization of the carbon; 
i/CFi becomes larger as the s character increases. 9~ In gem-difluoro eyclohexane I JCFI 
is 240 Hzg~ it is 280 I-Iz 9~ in gem-difluorocyclobutane and 330 Hz in the perfluoropro- 
pane 91). However, since the relation between the coupling constants and bond distances 
is empirical, care should be taken in extending it beyond the range of observation. 

The XCX bond angle in the CnX2n appear to be close to tetrahedral for befit the hy- 
drogen and fluorine cases except for n = 3; then LFCF and LHCH are about 112 ~ and 
115 ~ respectively (Table 11). The geminal C-F  (or C-H) bond lengths in typical cyclic 
compounds correlate with the ring size; i.e. with the internal bond angle 

~ . ~ C X 2 .  

The relation between them is illustrated in Fig. 3. 76-78;92, 93) The largest deviation is 
shown by perfluorocyclopentene. 77) One may anticipate that the geminal C-F  distances 
in the more complicated cyclic compounds, such as bridged or fused ring molecules, would 
also correlate with the trend indicated in Fig. 4. In addition to the effect of ring size on 
the external bond lengths (C-F  or C-H), the replacement of H by F affects the ring di- 
mensions; this is discussed in a later section. 
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Fig .  4 .  T h e  g e m i n a l  C - F  d i s t a n c e s  in  cyclic c o m p o u n d s  c o r r e l a t e  w i t h  t h e  i n t e r n a l  b o n d  ang le .  D a t a  
for :  F2CN 2 (Ref. 92)); C3F6 (Ref. 76)); C4F8 and C4F 6 (Ref. 7"/)); C6FI 2 (Ref. 78)); and CsF 8 
(Ref. 93)) 

II. C. Tri- and Tetra-fluorocarbon~: - C F  3 and CF 4 

Among the fluorocarbons, molecules which belong to this category have been most ex- 
tensively studied. 2s' 3s, 94-121) The structure o f - C F  3 units appears to be unperturbed 
by its environment: r ( C - F )  ~ 1.33 A and LFCF ~ 108.5 ~ This generalization holds, as 

1"35 ~~_ i i I , 

~ 
~ Se 
o [ ' [ ~ ' ' ~ ' - I I .  Br N'C~ 

1.32 - ""  ",-... 

1,31 

t I I I 
2.0 2.5 3.0 3.5 4.0 

E l e c l r o n e g o t i v i f y  o f  X 

Fig. 5. The C-F distances in X-CF 3 vs the electronegativity of X. Here X is the atom attached to the 
CF 3 group. The vertical bars in the figure represent the scatter of experimental values as presented in 
Table 12, whereas the circles indicate the average values for each category of compounds 
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Table 12. Structures of  - C F  3 units 

Compounds C - F ,  A 1 ) L FCF 4) Refs. 

* H - C F 3  1.336 • 0.005 108.5 ~ 2s) 
(r o) 1.332 • 0.001 108.8 ~ 94) 

C H a - C F a  1.346 • 0.006 107.3 ~ • 1.0 o 9s)  
(r o) 1.335 • 0.005 107.9 ~ 96) 

C H 2 = C H - C F a  1.347 • 0.003 106.8 ~ • 0.2 ~ 97) 
CH=-C-CF 3 1.337 • 0.01 107.5 ~ • 1.0 o 98) 
N=-C-CF 3 1.335 • 0.005 108.5 ~ • 0.5 ~ 99, 1oo) 
C H 3 N = N - C F  3 1.332 • 0.0032) 109.7 ~ • 0.6 ~ 101) 
CH3C:::--C-CF 3 (r o) 1.340 107.5 ~ 102) 
CF3C~C-CF 3 1.331 • 0.0032) 108.1 ~ • 0.3 ~ 103, 104) 

(CF3)3CH 1.336 • 0.002 108.0 ~ • 0.2 ~ 3S) 
(CFa)aCOH 1.335 • 0.004 108.3 ~ • 0.4 ~ lOS) 
C H F 2 - C F  3 (r s) 1.336 108.1 ~ lO6) 
C F a - C H O  1.334 • 0.007 108.7 ~ _+ 1.0 o 9S) 
CH3COCF 3 1.339 -+ 0.003 108.2 ~ • 0.3 ~ lO7) 
CF3COCF 3 1.337 • 0.002 108.8 ~ • 0.3 ~ I08) 
(CFa)2Se 1.335 • 0.0043) 108.8 ~ • 0.4 ~ 1o9) 
CI -CF  3 1.330 • 0.002 108.6 ~ • 0.4 ~ 11o) 
I - C F  3 1.344 • 0.004 107.6 ~ • 0.4 ~ 111) 

1.332 • 0.004 108.3 ~ • 1.0 o 99) 

Br -CF  3 1.327 • 0.002 109.2 ~ • 0.5* 99) 
(CF3)2Se 2 1.328 • 0.005 109.9 ~ • 0.8 o 112) 
* C F a - C F  3 1.326 • 0.002 108.5 ~ • 0.i o 113) 
C F a - N O  1.326 • 0.003 110.0 ~ _+ 0.4 ~ 114, 1 IS) 

CF3-NO2 1.325 • 0.005 110.0 ~ 116) 
C F 3 N = N - C F 3  1.326 • 0.0022) 109.6 ~ • 0.3 ~ 101) 

(CFa)2N-N(CF3)2  1.325 • 0.005 108.2 ~ • 0.5 ~ 117) 
(CFa)2C=CH2 1.329 • 0.002 108.4 ~ • 0.2 ~ lO8) 
(CF3)2C=NH 1.326 • 0.003 108.9 ~ • 0.4 ~ lO8) 

(CF3)2NO 1.322 • 0.004 109.8 ~ • 1.0 118) 
C F 3 - O F  1.319 • 0.003 109.4 ~ • 0.8 ~ 119) 
* C F 3 - F  1.319 • 0.005 109.5 ~ 120) 

1.325 • 0.005 109.5 ~ 2s)  
(CF3)20 1.320 • 0.002 108.8 ~ • 0.3 ~ 121) 
(CF3)202 1.317 • 0.002 108.8 ~ • 0.2 ~ 121) 
(CF3)20 3 1.321 • 0.002 108.6 ~ • 0.2 ~ 121) 

1.336 108.3 ~ (Upper section) 
Average s ) 1.326 109.2 ~ (Middle section) 

1.320 109.2 ~ (Lower section) 

* Typical for that  group of  compounds.  

1) Distances quoted are rg unless indicated otherwise; r a distances in the literature were converted to rg. 
2) Three times least squares standard deviations as reported in the literature. 
3) Mean value of  two models given in the literature. 
4) Some of  the angles were calculated f rom the XCF angles in the X - C F  3 molecules. 
S) Average values (rg) for the three sections; the average rg ( C - F )  for all the molecules listed is 1.331 A. 
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shown in Table 12 within uncertainties of ~ 0.015 A and 1.5 ~ However, closer inspection 
of the Table permits a more refined classification based on three typical C -F  distances: 
1.336, 1.326, and 1.320 A (rg), as present in the representative molecules HCF3, CF 3 -  
CF~, and FCFs, respectively. Of course, the dividing lines are fuzzy. The range in C -F  
distances may be ascribed to environmental factors, such as the electronegativity of adja- 
cent atoms or functional groups. To examine this effect, denote the molecules in Table 12 
by RX-CF3, where X is a bridging atom between the R group and the CF 3 group. Then 
the C - F  distances in RX-CF3 compounds correlate well with the magnitude of the elec- 
tronegativity assigned to the X atom. This is shown in Fig. 5. The C-F  bond lengths de. 
crease approximately linearly with increasing electronegativity of X. At the same time note 
the large scatter of values when X is C. This suggest the operation of a higher order environ- 
mental factor which controls the effective electronegativity of  X. Obviously when the R 
fragment incorporates highly electronegative atoms (F, O, N, etc.) the electron charge 
distribution on X is controlled by them. In such cases, the C - F  distance in the CF 3 group 
accordingly decreases: for example, compare CF3-CF3, CF3-CHO, (CF3)3COH, 
(CF3)2C=NH , etc., with CH3-CF 3 and CH3=CH-CF 3 (see Table 12). However, extended 
correlations based on higher order perturbations of X by R should be made with caution 
since the experimental data in Table 12 are of variable reliability. 

An unexpected characteristic of  the -CF  3 group is the correlation between the C-F  
distance and the FCF angle, as illustrated in Fig. 6. In spite of the considerable scatter in 
the data it is evident that the larger angles correlate with the shorter bond lengths. Note 
that most of  the angles in Table 12 are based on rg structures; these "angles" should be 
corrected (less than 1 ~ for the effects of molecular vibrations, when presenting a strict 
discussion of  the geometrical structures. Were such corrections inserted, the above cor- 
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Fig. 6. C-F bond distances correlate with the FCF angle in -CF 3 groups---  values taken from 
Table 12. The closed curve represents an estimated error range based on the uncertainties of the values 
in Table 12 
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relations would be dearer since several of the dat,~. [CH2 =CH-CF397) and (CF3)3COH l~ ] 
for which r e structures were given fall closer to the mean line. 

In summary, the structures of CF 3 groups in RX-CF 3 compounds may be charac- 
terized as follows: (i) If X is a highly electronegative atom the C - F  distance is shorter, 
relative to compounds with less electronegative X's. (ii) When the C - F  distance is short, 
the FCF angle is large. (iii) Inductive effects on X due to the R group, produce a parallel 
trend. These can be simply rationalized: 

8-  

F F 

Because the electronegative F and X atoms accumulate relative negative charges ($~ and 
5~), the central carbon assumes a positive charge which is greater the higher the electro- 
negativity of  X. Coulombic forces tend to shorten the C - F  distance, while opening the 
FCF angle. These trends are also accounted for by the VSEPR model. 74) 

II. D. Summary of Structural Data on C--F Bonds in Fluorocarbons 

The above survey of  C - F  bond lengths and FCF angles in a variety of compounds was 
arranged on the basis of the number of  fluorine atoms attached to the central atom. The 
full range of C - F  distances observed is indicated in Fig. 7. The correlating parameters 
include not only the number of fluorine atoms attached to the central carbon, but also 
the state of hybridization assigned to the carbon atom and environmental factors control- 
led by the heteroatoms or functional groups adjacent to the carbon in question. To partially 
quantify these factors, assume that the C - F  distance, RcF, may be expressed as a func- 
tion of the parameters Fn, Ch, and XE, where Fn is the number of  fluorine atoms, Ch is 

2 -  

I -  

I I I I I I I I I I I I I I I I I I I 

CF4 
m 

- C F  3 

I I I I I I I I I I I I I 
1.2,5 1.30 1,40 1.45 

=CF 2 -CHF 2 
I I  

-CF  2 (Ring) 
I f 

=CF =CHF -CHzF -CHF - ~ F  
/ I I I  I / / 

=CF (Ring) 
I 

l ! l l l l 

1.35 

r (c -F)  i 

Fig. 7. Types of C - F  bond distances arranged according to the numbers (n) of fluorine atoms attached 
to a given carbon atom. 
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a parameter which measures the carbon atom hybridization, and XE represents the envi- 
ronmental factor. Then 

(1) Fn: Typically in the fluoromethanes, ARcF ~--0.03 A for AFn = 1. 
(2) Ca: Referred to sp 3, ARc F ~--0.04 A (sp 2) and -0 .12  A (sp). The environment 

hybridization factor for strained rings leads to ARcF ~10.0413~. 
(3) XE: (a) For primary, secondary, and tertiary carbon atoms in monofluorocarbons: 

ARCF ~ 10.041A. 
(b) In RCHF or RCF2, where R is O, =CF2 and =CH2: ARcF ~. 10.011A. 
(c) In RCF, where R is - N  and =CH: ARcF ~ 10.02 IA. 
(d) In fluorobenzenes: ARcF ~ 10.05 IA. 
(e) In RCF3: ~RcF "~ 10.03 IA. 
(f) In RCF2 where R is H 2 and CI~ : ARcF -~ 10.02 IA. 

The FCF angles in ~ CF2, =CF2, and -CF  3, are nearly constant (108 -+ 2~ apparently 
independent of  Fn, Ch, X~, with the exceptions of perfluoroethylene and the three-mem- 
ber rings (in perfluorocyclopropane and perfluorodiazirine, LFCF = 112~ 

I I I .  Fluorine Substitution Effects 

A.1. Change in Molecular Structure Adjacent to F Substitution Sites 

In this section we shall examine the effect on the overall molecular structure of replacing 
hydrogen atoms by fluorines. Changes in the structural parameters are anticipated because 
the introduction of  fluorine atoms substantially alters the electron distribution within the 
molecule. Hilderbrandt and Bauer 1'1~ called attention to such geometrical changes and 
classified them into two types: 
Case I is represented by FaC-X, F2C=X , or F ~ X ,  where X is N, C, O, or a halogen, but 
not an atom which is double-bonded to an adjacent atom. Here the substitution of flu- 
orine for hydrogen decreases the C-X  bond length, with one notable exception, perflu- 
oroethane, where the C-C  distance is slightly larger (re = 1.545 + 0.006 ~l,),lt3) com- 
pared to that in ethane (rz = 1.533 -+ 0.002 A) 43). ~ 
Case 2 is represented by FaC-X=Y, where X is C or N, and Y is C, N, or O. Here the 
available data indicate a lengthening of  the C - X  bond. 

Tokue, et al. 97) recently investigated the structures of CF3-CH=CH2 and CH3--CH= 
CH2, by combining electron diffraction data with microwave spectra. For these the trend 
appears to be opposite to the generalization for Case 2. The need for a more critical ana- 
lysis of molecular structures of fluorinated compounds is indicated, to establish more 
precisely the correlations between increments in structure and fluoro-substitution. 

A.2. The Effects of Substitution of CH 3 by CF 3 

The magnitudes of C - A  distances in (CHa)nA and (CFa)nA (n = 1,2,3), where A is a 
specified central atom, are compared in Table 13. An interesting aspect is the difference 
A(rF--rH), introduced by CH3/CF 3 substitution, [A(rF--ru) = r (FaC-A ) - r(HaC-A)].  
The C-A distance either decreases or increases depending on the atom A. Again, the cor- 
relation parameter is the electronegativity of A. From Fig. 8 it is evident that substitution 

89 



A. Yokozeki and S. H. Bauer 

Table 13. C - A  Distances in (CHa)nA and (CFa)n A1) (n = 1, 2, 3) 

A rF(C-A ) A rH(C-A) A A (rF-rH) A 

F r a 1.320 +- 0.0082) r a 1.391 +- 0.00525) -0.071 
n = l  CI r a 1.751 +_0.00411~ r a 1.784+- 0.00311~ -0.033 

Br r a 1.910-+ 0.00699) r s 1.93926) (-0.029) 
I r a 2.115 • 0.0233) r s 2.13926) (-0.024) 

O rg 1.360 +_ 0.005121) rg 1.417 • 0.003122) -0.057 
n = 2  S ra 1.828• I r a  1.82+-0.018) +0.008 

I r s  1.802 +- 0.002124) 
Se r a 1.978 +- 0.009109) r a 1.977 +- 0.012125) +0.001 

N r a 1.43 +- 0.03126) r a 1.455 • 0.002127) -0.025 
n = 3 P rg 1.939 +- 0.017128) rg 1.847 +- 0.003129) +0.092 

As r a 2.05 -+ 0.02128) r a 1.98 • 0.0213~ +0.070 
(CH) rg 1.539 • 0.00335) rg 1.535 -+ 0.00145) +0.004 

1) rF(C_A) and rH(C-A) represent the C - A  distance in (CF3)nA and (CH3)n A, respectively; 
A ( rF - r  H) is their difference. Note that for A----Br and I, r a values are compared with r s. 

2) Mean of values in Refs. 2S, 120). 
3) Mean of values in Refs. 99, 111). 

of CHa by CFa in (CH3)n A makes the C - A  distance shorter if the electronegativity of  A 
is larger than 2.5 (that of carbon); conversely, C-A is longer when the electronegativity 
of A is smaller than 2.5. 

For a wider class of compounds the C-X distances in CH3X compared with CF 3-X,  
where X is a functional group or a fragment in a molecule, axe listed in Table 14; A(rF--rri) 
= r(FaC-X) - r(HaC-X). For most pairs there is a significant change in the C - X  distance 
due to CHa/CF~ substitution. In particular, compounds (CHa)2 AA/(CF3)2 AA, where 
AA is - O - O - ,  - N = N - ,  -C: -C- ,  - S - S - ,  or - S e - S e - ,  follow a pattern similar to that 
illustrated in Fig. 8; the increment correlates with the electronegativity of the A 
atom. Another feature appears on close inspection of this table. When X is -COR, 
-NO2, -NO,  -CF3, and -CN, the r (F3C-X ) distance is longer than the r(HaC-X),  
suggesting a destabilizing interaction. Note that these functional groups follow the 
-I-substituents sequence as classified by Pople and Gordon. 14~) For contrast, 
examine the - I  § substituents, such as - F ,  -NH 2, -OR,  etc. Unfortunately except when 
X is F no structural parameters for the - I  + groups are available. By analogy with fluorine, 
one may anticipate for all - I  + substituents there would be a shortening of the FaC-X 
bond, compared to that for HzC-X. When X represents hydrocarbon fragments (-CH3, 
---CH=CH2, -C-=CH, etc.), r (FsC-X) is generally shorter than r(H3C-X);  this indicates 
a stabilizing interaction. In summary, the effect of  CF 3 for CH 3 substitution on the 
magnitudes of the C - X  bond length is: 
(1) The C - X  distance increases in the order: 

X -~ - N O  2 :> -NO > - C O C H  3 ~> -CFa > -C-N .  
(2) The C - X  distance decreases in the order: 

X -~ - F  > -C1 > ( -Br)  > ( - I )  > -CH3 > -'CH=CH2 > - ~ C H .  
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Table 14. Comparison of C - X  Distances in CF3-X and CH3-X, where X is a functional group or a 
fragment in a molecule, l )  

X rF(F3C-X) A Refs. rrt (H3C-X) A Refs. zx (rF-rH) 
x 10 - 3  A 

-CH 3 1.514 • 0.014 95) 1.533 • 0.002 43) - 1 9  
-CH=CH 2 1.495 • 0.006 97) 1.506 :t 0.003 97) -11  
~C=-CH2 1.535 • 108) 1.505 • 0.003 131) +30 
-C:----CH 1.465 • 0.02 98) 1.470 • 0.004 2) - 5  
-~----CCH 3 (1.464) 102) 1.467 • 0.001 132) ( -3 )  
-CHO 1.540 • 0.02 95) 1.514 • 0.O05 133) +26 
-COCH 3 1.562 • 0.011 lO'7) 1.517 +- 0.005 t33, lea)  +45 
~CO 1.551 • 0.008 le8) 1.517 • 0.005 133, lO8) +34 
- C F  3 1.545 • 0.006 113) 1.514 + 0.014 95) +31 
-C-~-=N 1.495 • 0.014 99) 1.466 -+ 0.003 2) +29 
- N O  1.546 • 0.008 114) (r s) 1.490 • 0.03 134) (+56) 
-NO 2 1.560 • 0.02 116) (r s) 1.489 • 0.005 135) (+71) 
-N=NCH3 1.476 • 0.005 101) 1.474 • 0.001 101) +2 
- 0 2 -  1.398 • 0.006 121) 1.445 • 0.02 8) -47  
- N = N -  1.490 • 0.002 101) 1.474 • 0.001 101) +12 
-C--=C- 1.476 • 0.005 2) 1.467 • 0.001 132) +9 
- S  2 -  1.829 • 0.017 123) 1.806 • 0.002 136) +23 
- S e 2 -  2.018 • 0.02 .112) 1.954 • 0.005 137) +64 
-PH2 (rs) 1.900 -+ 0.006 138) 1.863 139) 

I (rs) 1.858 14o) +37 • 0.003 

~{ These are r~, distances, unless denoted otherwise; r a values in the literature were converted to rg's. 
Mean of values (rg) in Refs. 103,104). 

In the last category of effects due to CFa/CH 3 substitution, consider the molecules 
with two or more CF3 groups on one carbon atom: for example, 

(CFa)2C=CH 2, (CF3)2C=O,  ( C F 3 ) 2 C = N H ,  (CF3)3CH and (CF3)BCOH. 
In all compounds investigated to date the C-C distance is longer in (CFa)nCX than in 
(CHa)nCX. When X contains O or N the effect is larger than for carbon. 

0 / /  
A.3. Substitution Effects in X--C 

\ 
R 

Compounds 

Egger and Cocks 142) made the observation that RC-H and RC-alkyl bonds have lower 
11 II 
O O 

dissociation energies than the corresponding bonds in the isoelectronic RC-X. Structural 
II 
cH2 

data show a parallel trend; C -X  bond distances in RC-X are longer than in RC-X. This 
II II 
0 CH 2 
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Fig. 8. Correlation between A (rF-rH), as listed in Table 13, and the electronegativity of A 

is illustrated by the butadiene-acrolein-glyoxal series, and by the vinylacetylene-propynal 
series (Kuchitsu, eta/. 2,143)). They discussed the lenthening of C - X  bonds in terms of a 
"heteroatom" effect (or, a secondary environmental effect due to the oxygen). 

In the following tables we assembled data on the X--COR compounds and categorized 
C - X  bond lengths in terms of  an "interaction between function groups". ( - X  and -COR),  
as was done for the CF3-X sequence. But instead of focusing attention on R C - X  vs 

II 
O 

RC-X, we compared C - X  distances in RC-X relative to H3C-X.  In Tables 15 and 16 
II [[ 
CH 2 O 

C=O distances and OCX angles are also listed. As mentioned in Section II. A. 4, 
C(sp2)-X bond distances are shorter than C(spa)-X distances. However, note that 
A [ - r ( X - C O R )  - r (X-CHa)]  assumes both positive and negative values depending on 
X; where X is -NH2,  - O H ,  - F ,  -CHa ,  -CH=CH2,  and -C-=CH, A is negative; where 
X is - Br, -CFa ,  - H ,  -C1, -CHO, and -CN,  A is positive. The magnitude of the shorten- 
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0 
H 

ing in r (X-CR)  decreases in the order - N H  2 > - O H  > - F  > - C H  3 ~ -CH=CH 2 
-C_=CH. 

O 
II 

The magnitude of the lengthening in r (X-CR)  decreases in the order -CF3 ~> ( -Br)  > 
- H  > -C1, - C H O  > --CN. These sequences also correlate with the C=O distances in cor- 
responding compounds, as illustrated in Fig. 9. 

S 
II 

U 

1.23 
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I 
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- 8 o  - 4 o  o +40  +80 

,,', (x Io-320 

Fig. 9. Correlation between C=O distances and A as listed in Tables 15 and 16. The full circles show 
X-COCH 3 and the open circles are for X-CHO.  The parentheses represent r s structures, the others 
are r g  values. For proper comparison a few thousandths of  an A should be added to the r s distances 

The above sequence for bond length reduction is similar to that for n-electron de- 
localization in X - C H = Y  molecules ( -CH3,  - F ,  - O H ,  and - N i l  2 for X, and =CH2, =NH, 

144) and =O for Y) as calculated by Radom, Hehre and Pople , on the basis of  a modest ab 
initio molecular orbital theory. Both lr donation by X and lr acceptance by Y increase for 
the sequence CH3 .< F < OH < NH 2 . The bond separation energies, which measure inter- 
actions between groups ( - X  and -CH=Y) ,  increase in the same order. Hence they sug- 
gested that the stabilizing interaction between the groups may be rationalized in terms of 
the 7r-electron transfer, X-CH=Y.  Thus, for the four X's investigated by Pople, et al. 144) 
the sequence of  C - X  bond shortening in X-COR coincides with the ease of 7r-electron 
transfer. However, attention is called to the long C - C  distance in CH 3 - C H = O  (re = 

+ 133) o 1.514 - 0.005 A) , compared with the ~, (C-C)  of 1.506 -+ 0.003 A97)in CH 3 - C H =  
CH 2 ; this is counter to Pople's model. The ease for n-electron transfer in CH 3 - C H = O  is 
greater than for CH3-CH=CH2,  and the C - C  bond separation energy for the former is 
higher than for the latter, according to their calculations. In this connection, an attempt 
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to account for the differences in the C-C distances in CH2=CH-C-=CH, C H 2 = C H - ~  
N, and OHC-C=CH in terms of the n-bond order proved unsatisfactory (Fukuyama and 

�9 70) Kuchltsu ). Indeed, it appears that the substituent effects on adjacent bond distances 
do not correlate with any single physical quantity. This is indicated by the ab initio cal. 
culations of C=C and C-F distances in CH2=CH 2 , CH2=CHF, CHF=CHF, and CH2=CF 2 
by Bak, et  al. 145). Their results do show the observed trend, but neither charge densities 
due to n-overlap nor (0 + r0-0verlap in the C=C and C-F bonds regions account for the 
computed bond distance changes; Le. larger charge overlap did not always correspond to 
shorter distance, and vice versa. 

Although the principal factors that determine variations in the bond length from 
molecule to molecule for a given atom pair are complex, one would anticipate C-X dis- 

O / /  
tances in X-C to be shorter than in X-CHa, simply due to the different states of \ 

R 

hybridization of the carbon atoms. However, when X is --CFa, -Br, -H, -C1, -CHO, and 

-CN, the C-X distance in X-C/ /O  is longer. No explanation has yet been proposed. \ 
R 

It is instructive to compare r(X-CF3) and r(X-COR), for different types of X sub- 
stituents. For convenience classify the X groups into three types: 

S*: -NO2, -NO, -COR, -CF3, -H, -C--N 
S-: -NH2, -OH, -F ,  -CH3, -CH=CH2, -C----CH 
S-+: C1, Br, (I) 

Referred to r(X-CH3), S § substituents increase both r(X-CFa) and r(X-COR) while S- 
substituents shorten them; some combinations (CF 3-OH, CF 3-NH2, 02 N-COR and 
ON-COR) have not yet been investigated. In contrast, S -+ substituents exert opposite 
effects on the r(X-CF3) and r(X-COR); the former is shortened and the latter is length- 
ened. The structure of I-COCH3 has been reported by S. Tsuchiya [J. Mol. Struct. 22,  77 
(1974)]: rg (C-I) = 2.217 + 0.009 A, which is about 0.07 A longer than r s (C-l) in CH3I 
(Ref.a)). 

In summary, r(C=O) distances and LOCX angles in X-COR compounds (Tables 15 
and 16) show the following trends: 
(1) The LOCX angle of the S § type substituents (121 ~  125 ~ tend to be larger than that 

for S- types (117~176 
(2) Except for the halogens (F, C1, and Br) the C=O distances in X-COR correlate with 

A [= r(X-COR) - r(X-CH3)]; when r(X-COR) is short, r(C=O) is long, and vice 
versa. (See Fig. 9). 

(3) When X is a halogen r(C=O) is about 1.185 A, which is shorter than any other r(C=O) 
in X-COR. 

A.4. C-C,  C=C, and C~----C Distances in F l u o r o c a r b o n s  

It is generally accepted that carbon-carbon bond lengths (C-C, C=C, and C=C) in the 
fluorocarbons are shorter than in the corresponding hydrocarbons. Typical examples are 

95 



A. Yokozeki and S. H. Bauer 

Table 17. The effect o f  monohalogenation on the C - C  distance in alkanes, (A units) 

Primary Secondary Tertiary 

X CH3CH2X ,~1) (CH3)2CH X AI)  (CH3)3CX AI) 

[ rg 1.5326 • 0.00243) rg 1.5323 • 0.003157) 0 rg 1.535 • 0.00145) +2 
H [ r s 1.52644 ) - r s 1.526 • 0.00242) 0 r s 1.525 • 0.00144) - 1  
F r s 1.505 • 0.00426) - 2 1  rg 1.517 • 0.00234) - 1 5  rg 1.522 • 0.008158) -11  

+ 0.00438) r s 1.530 • 0.00239) +4 
CI r s 1.520 • 0.00337) - 6  r s 1.522 - 4  

- 0.006 rg 1.528 • 0.00248) - 5  

1) C - C  bond  distance referred to that  in ethane (x 10 - 3  A unit). The distances are compared for the same 
measure (rg or rs). 

Table 18. The C - C  distances in fluorinated ethanes 

Compounds r (C-C)  A A (x 10 - 3  A) 1) 

C H 3 - C H 2 F  (rs) 1.505 + 0.00427) - 2 1  
CH 3- CH F 2 - (?) 

(rg) 1.514 + 0.01495) - 1 9  | 
CH 3- CF3  { (ro) 1.4922) 

I (r o)  1.53096) 

F C H 2 - C H 2 F  (rg) 1.538 • 0.0023) +5 
F 2 C H - C H F  2 - (?) 

(rg) 1.545 • 0.006113) +12 
F 3 C - C F 3  [ (r a) 1.560 • 0.03158) 

F 3 C - C H 2 F  - (?) 
F 3 C - C H F  2 (r s) 1.520106) - 6  

1 ) The difference in the C - C  distance, referred to (rg) 1.533 A and (r s) 1.526 A 
in ethane (Table 17). 

2) Thomas, L. F., Heeks, J. S., and Sheridan, J.: Z. Electrochem., 6 1 , 9 3 5  (1957). 
3) Estimated from the r a distance in Ref. 32). 

Table 19. The effect o f  X as a substituent on the length o f  the double bond in X - C H = C H  2 

X rg (C=C) A A (x 1 0 -  3 A) 1 ) L X - C = C  Refs. 

-H 1,337 • 0.002 - 121.9 ~ • 0,4 ~ 161) 

-F 1.333 • 0.007 -4 121.0 ~ + 0.2~ 50) 

-CF 3 1.318 • 0,008 -19 125.8 o + i.i o 97) 

-CH 3 1.342 + 0.002 +5 123.4 ~ • 0.4 ~ 97) 

-CI 1.355 + 0.008 +I8 121.1 ~ • 0.9 o 162) 

- C H O  1.345 • 0.003 +8 121.0 ~ • 0.7 ~ 143) 

-C=-N 1.343 • 0.004 +6 121.7 ~ • 0.5 ~ 70) 
-C~=CH 1.344 -+ 0.004 +7 123.1 ~ • 0.5 ~ 69) 
- C H = C H  2 1.345 • 0.002 +8 123.6 ~ • 0.3 ~ 143) 

1) Differences of  rg (C=C), referred to rg (H2C=CH2). 
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Table 20. C=C Distances in Substituted Ethylenes 

Compound rg (C=C) A 1) A (• 10-3A) 2) Refs. 

H2C=CH 2 1.337 • 0.002 - 161) 
F2C=CH2 1.316 • 0.006 -21  S0) 
FHC=CHF (cis) 1.331 • 0.004 - 6  ~;o) 
FHC=CHF (trans) 1.329 • 0.004 - 8  SO) 
FHC=CF 2 1.309 • 0.006 - 2 8  so) 
F2C--CF 2 1.311 • 0.007 -26  so) 
(CF3)2C=-CH2 1.374 • 0.013 +37 108) 
(CH3) 2 C=CH2 1.342 • 0.003 +5 2, 131) 
BrHC=CHBr (cis) 1.360 • 0.01 +23 163) 
CIHC=CHCI (cis) 1.354 • 0.005 +17 164) 
C12C=CC12 1.355 • 0.003 +18 165) 
Br2C------CBr 2 1.363 • 0.009 +26 166) 
I2C=CI 2 1.364 • 0.015 +27 165) 
(CH3) 2C--C(CH3) 2 1.351 • 0.003 +14 167, 168) 
(CN)2C=C(CN)2 1.358 • 0.01 +21 169) 
(CH3)CH=CH(CH3) (cis) 1.347 • 0.003 +10 170) 
(CH3)CH-CH(CH 3) (trans) 1.348 • 0.003 +11 170) 

1) ra values in the literature were converted to rg values. 
2) The differences are referred to the C--C distance in ethylene. 

Table 21. The substitution effect of X on triple bonds in X - ~ - C H  and X-C-=---N 

X r (C~C) A Refs. A 1) r (C~N) A Refs. A 1 ) 

r o 1.2088 • 0.002 67) ro 1.1558 68) 
rs 1.1553• 26) 

I r e 1.2036 67) re 1.153820.001 26) 
rg 1.212 • 0.002 132) rg 1.157 • 0.002 2, 66) 
r s 1.198 65) -11  r s 1.159 65) +4 
rg 1.210 • 0.004 2, 66) - 2  rg 1.159 • 0.002 2.66) +2 
rg 1.202 • 0.004 98) - 1 0  rg 1.151 • 0.01 99) - 6  

r o 1.153 100) - 3  
r s 1.204 65) - 5  r s 1.159 65) +4 

- r s 1.158 6s) +3 
- r s 1.159 6S) +4 

r s 1.205 65) - 4  rg 1.162 • 0.002 171,172) +5 
rg 1.218 • 0.002 172) +6 r s 1.159 65) +4 
rg 1.215 • 0.003 69) +3 rg 1.167 • 0.004 70) +I0 

- rg 1,165 173) +8 
1.211 • 0.006 147) -1  

- H  

- F  
-CH 3 
-CF  3 

-CI 
-Br  
- I  
-C~---N 
-C~-CH 
-CH=CH 2 
-CC13 
-CHO rg 

1) A = [r (XC--=CH) - r (HC~CH)I or Ir (XC~N) - r (HC~N)I. (x 10 - 3  A unit). In the former, the r s 
distances are compared with the corresponding r o distance, while the latter A's are compared ac- 
cording to the same measure of distance. 
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listed in Tables 17-21. The magnitude of the increment in the C-C distances is linearly 
related to the extent of alkane substitution (primary, secondary, and tertiary); see Fig. 10. 

The C-C distances in poly-fluorinated ethanes provide a particularly interesting se- 
quence, for which unfortunately key values are still missing (Table 18). It appears that a- 
fluorination leads to a shorter C-C distance, while a,/3-fluorinations lengthen the C-C di- 
stance, with the exception of  CFa-CHF 2 . Further studies of fluorinated ethanes are need- 
ed to provide data on the fluorine substitution effect. 

I I I 

+ 0 . 0 1  - x x 
x I I 

c - -c  / c/CNc c / ~ \ c  

�9 H 
o <  0 - �9 �9 _e--"'-" CJ. 

- 0 . 0 1 -  ~ g <::] . ~ "  

- -0.02 - 

I I I 

CH3CH2X (CH3)zCHX (CH3)3CX 

Fig. 10. Increments in C - C  distances, referred to that in ethane, as present in primary, secondary, and 
tertiary compounds. Values for A (C-C) and the range of errors are listed in Table 17 

Tables 19 and 20 show the effect of substitution on the C=C bond distance in ethylene 
derivatives. The striking feature is that all C=C distances except for the fluorinated com- 
pounds are significantly longer than that in ethylene; with the one notable exception, 
(CF3)2C=CH2, all C=C distances in the fluorinated compounds are shorter. Attention is 
called to the pair CF3CH=CH2, (CF3)2 C=CH2; in the former both of the C-C and C=C 
distances are short while in the latter both of  the C-C and C=C distances are long, com- 
pared to their hydrogen analogs (Tables 14, 19, and 20). In contrast to the fluoroethanes, 
in both a- and tx,~-fluorinated ethylenes, the C=C distances are short; the effect is partic- 
ularly marked for F2C=CH2, F 2 C=CHF, and F 2 C=CF2. While no physically interpretable 
explanation for these C=C contractions due to the fluorination have been proposed, ab 
initio MO calculations of CH2=CH2, CH2 =CHF, cis-CHF=CHF, and CH2=CF2by Bak, 
et al. 14s) do show trends similar to the observed. Pappas 16~ considered the influence of 
electronegative substituents on hybridization, and tried to explain the shortening of the 
C=C bond in CH 2 =CF 2 in terms of  a rehybridization on the carbon atom by the electro- 
negative fluorine. His estimated shortening relative to CH2CH 2 of 0.012 A is about half 
of the observed shortening, 0.021 -+ 0.008 A. 

Table 21 shows the effect on triple bonds due to the X substituent in X-C-~--N. The 
C-----C bonds, relative to HC--x-CH, are hardly changed except when X is - F  and -CF3; then 
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the increment is ~ -0 .01  A. When X is -C1, and -CN, the C-C distances are slightly 
shortened (~0.005 A) whereas when X is -CH3, -CH=CH 2 -CHO, and -C=CH the 
C-~--C distances remain unchanged (+ 0.003 A), or become slightly longer (0.006 A when 
X is -C~CH). o~,fl-substitution on -C=C - by CF 3 groups, CF3-C=C-CF3,  leads to a 
shorter C=C distance [rg = 1.199 + 0.003 A ]~ orra = 1.204 + 0.003 A 1~ by about 
0.01 A, compared to those in CH3-C-~C-CH 3 [rg = 1.213 -+ 0.001 A 132)] and HC-=CH. 
On the other hand, all the C-N distances in X-C=N appear to be lengthened, except 
when X is -CF3;  here the magnitude of the increment relative to HCN is within the 
experimental error. 

From the above compilation of structural data for the fluorinated hydrocarbons one 
may summarize the differences between the geometrical structures of the fluorinated vs 
the parent species, as follows: 

(tx) When one or more fluorine atoms replace hydrogens on a single carbon atom, 
irrespective of the connectivities, the adjacent C-C distances are decreased. 

(fl) When fluorines replace hydrogens on several neighboring carbons, the net effect 
depends on the bond types within the carbon skeleton. Adjacent single bonds are length- 
ened, whereas multiple bonds are generally shorter than in the parent hydrocarbons. 

A.5. Change of Ring Size Upon F for H Replacement 

Ring dimensions of small perfluorocyclie compounds are compared with their hydrocarbon 
analogues in Table 22. The perfluorocyelopropane ring is smaller (ca. -0.007 ~_), whereas 
the ring dimensions in perfluorocyclobutane and cyclohexane are larger by about 0.009 A 
and 0.016 A, respectively. This is reminescent of  the situation for perfluoroethylene 
and perfluoroethane; the C=C bond in the former is smaller while the C-C distance in the 
latter is larger than in ethylene and ethane, respectively. This parallelism underscores the 
observation that cyclopropane is an ethylene-like molecule. 

N ~  1.342,~ 
(I .542) 

/.~ 85.2 ~ 

/ ' f  1.595  
109.2= (1,566) 
(109.2o) 

113"6~ / 
(113.5") 

1,508 A 

(114.5 ~ ) ~ ~r 

Fig. 11. Structures of cyclobutene 17s) (r s values are in parentheses) and perfluorocyclobutene (rg) 77) 
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Table 22. Comparison of ring dimensions in perfluorocarbons with their hydrogen 
analogs (A) 1) 

Ring H F 

1.512 -+ 0.003 "/9) 1.505 • 0.00376) 

1.557 • 0.0032) 
[] 

1.550 _+ 0.00380) 
1.566 -+ 0.00877) 

1.546 -* 0.00181) 

1.536 • 0.00282) 1.552 • 0.00178) 

/~  CN 1.482 50.003174) 1.428 _+ 0.00492) 
N----N NN (rs) 

1.228 • 0.003 1.294 -+ 0.009 

[ ]  C-C 2) 1.533 • 0.005175)(rs) 1.537 • 0.00377) 

C=C 1.342 • 0.005 1.342 +- 0.006 

C-C 2) 1.533 -+ 0.007176) 1.52593) 

C=C 1.343 -+ 0.01 1.342 (assumed) 

1.399 -+0.00234) 1.396 -+ 0.00763) 

~ 1.400177) 1.408 -+ 0.00660) 
(r o) 1.39761) 

1) 2) ra distances in the literature were converted into the rg, unless noted otherwise. 
Weighted averages of the C-C single bonds. 

The ring dimensions o f  diazirine and perfluorodiazirine differ significantly. 92' 174) In 
F2CN 2 the C - N  distance is shorter than in H2CN 2 by about  0.05 A; whereas the N=N 
bond length is longer by  about  0.06 A. Although the comparison between the two com- 
pounds was made according to different measures (rs and rg), the indicated differences are 
striking. Note that  extended Hiickel MO calculations of  electron overlap populations in 
H2CN 2 and F2CN 2 show less density for N = N  in the perfluoro compound than in diazirine 
and inversely for the C - N  bonds. These correlate with the observed relative distances 
(Hencher and Bauer174)). 

In perfluorocyclobutene, perfluorocyclopentene and perfluorobenzene the ring di- 
mensions are essentially the same as in the corresponding hydrogen analogs. For the 
former two compounds,  the weighted average values of  the non-equivalent C - C  single 
bonds are compared in Table 22. A detailed comparison is presented in Fig. 11, for cyclo- 
butene (rs) 17s) and perfluorocyclobutene (rg) 77) . One may conclude that perfluorination 
does not alter the essential features of  these unsaturated rings, keeping in mind that  dif- 
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ferent measures of  distance were used in specifying these structures. Furthermore, it should 
be noted that precise discussions of molecules such as perfluorocyelobutene, which incor- 
porates several slightly unequal bond distances (C=C and C-F;  =C-C and C-C) are 
indeed difficult on the basis of  any diffraction technique, where correlations between 
such parameters and/or their mean amplitudes of  vibration introduce ambiguities in the 
least squares analysis for the resolution of  the small differences. Thus, in perfluorocyclo- 
pentene the attempt to resolve the two non-equivalent C-C bonds led to indistinguish- 
able bond lengths but with large uncertainties (~0.04 A), in spite of  the imp.osed con- 
straints on the magnitude of the C=C distance and several mean amplitudes 93). This dif- 
ficulty exists for the partially fluorinated benzenes with reference to possible distortions 
of the benzene rings due to unsymmetric substitution. For perfluorobenzene, however, 
the structure is well determined because of its high symmetry. In C6 F6 the carbon ring 
size is essentially equal to that in benzene: 1.396 +- 0.007 A 63) 1.408 -+ 0.006 A 60) vs 
1.399 + 0.002 A.34)The corresponding magnitudes in perchlorobenzene and perbromo- 
benzene are 1.404 -+ 0.002 ~1y8) and 1.403 -+ 0.005 ~, (rg), 166) respectively. 

B. 1. Con fo rma t ions  - General Remarks 

In this section we are concemed with the effects of F for H substitution on the relative 
stabilities and molecular dynamic aspects of rotational isomers. There are three types of 
problems which require solution. To determine - 
(a) the relative populations of conformers (e.g. trans, gauche, and/or cis) as a function of 

sample temperature; 
(b) the potential barrier height hindering rotation around single bonds, or structural in- 

versions; and 
(c) the origins of such barriers. 
The electron diffraction technique is one of several tools for investigating (a). In turn, such 
information, if sufficiently detailed, can provide estimates of  barrier heights. Furthermore, 
thermally averaged mean amplitudes for non-bonded atom pairs, especially those engaged 
in large amplitudes of relative motion, can be obtained from electron diffraction data. 
These magnitudes are closely related to the potential functions which control such motions, 
and thus comprise a measure of  intramolecular forces. Of the many precautions which one 
must observe in order to derive meaningful dynamical parameters, particular attention is 
called to the following two: (i) Use of correct sample temperatures. It has been generally 
assumed that the sample temperature is equal to the nozzle temperature. Depending on 
experimental design, due to jet expansion the translational and vibrational temperatures 
are (0.7-0.8)Tnozzle 179). (ii) Adequate use of  spectroscopic data, when they are available; 
e.g. vibrational force fields provide good estimates for many of  the mean amplitudes which 
must be constrained during a least squares calculation of those mean amplitudes which are 
associated with the low frequencies. 

The most accurate information on the magnitudes of potential barriers (b) is derived 
from microwave spectra. Review papers on the determination of barrier heights hindering 
internal rotation have been published by Wilson is~ and Lowe ~sl). Extensive data on 
barriers are given in these summaries; see also Refs. ls2-1ss). 

As for (c), despite the many theoretical studies published to date no simple formula- 
tion, nor generally applicable theory has been presented. Lowe 186) classified recent theo- 
retical analyses of barrier heights into three types. For ethane a simple and intuitively 
useful explanation for the origin of  the barrier is possible 186). In the ease of  molecules 
with lower symmetry or more polar bonds or both, additional factors must be introduced 
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to provide an adequate description 187). This is the case for the fluorocarbons reviewed in 
the next section. 

B.2. Fluoroethanes and Related Compounds 

It is both challenging and puzzling to attempt to correlate in the fluoroethanes the reported 
magnitudes of the three-fold barriers, V3, for hindered rotation: 
CH3CH3188), CH3_CH 2 F189), CH 3_CHF 2 Is9), CH 3 _CF3 tgo), CF 3 _CH2 F191), CFa_CHF2106! 
and CF3-CF3113), (Fig. 12). 

4.5 

4.0- 

,o 3 . 5 -  > 

3.0 

I 

/ \ 

I I 

- -  C H 3 - C H 3 _  n 

- - - - - -  CF 3 -CH3_.F . 

\ 
\ 
\ 
\ ! 

\ / \ / / \ / \ / 

~ t / / / /  

I I I I 
0 I 2 3 

Fig. 12. Potential barrier heights for rotation about C-C bonds in fluorosubstituted ethanes 

At either end the first F for H replacement raises the barrier height; the second fluorine on 
the same carbon (CH3-CHF2 or CF3-CHF2) lowers the barrier, and the final fluorination 
(CH3-CF3 or CF3-CF3), raises the barrier again. This alternation has been rationalized 
by Lowe and Parr192), on the basis of an electrostatic model and the Hellmann-Feynman 
theorem. Their semi-empirical method has also been successfully applied to changes in 
barrier height in the fluorosubstituted methyl silanes 192), and to the replacement of H 
by various halogens in the secondary position in propene and in acetaldehyde193): 
V3 (cal/mole) = 1995 (CH3-CH=CH2) 194), 

2440 (CH 3-CF=CH2) 19s), 
2671 (CHa-CCI=CH2) 96) ,  
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1040 (CHa-t~ru) . 
1296 (cna-cClO)~, and 
1305 (CHa-CBrO)I~u); refer also to Table 25. 

Although the method is based upon a number of unproved assumptions, this approach has 
been more successful than the purely classical calculations, examplified by the Westheimer- 
Hendrickson procedure 2~176 Barrier heights derived via the latter approach by Abraham 
and Parry 2~ and Scott and Scheraga z~ not reproduce the zig-zag trends found for 
the fluoroethanes. CNDO predictions for these barriers also failed in this respect. 2~ 

The 1,2-disubstituted ethanes have two rotational isomers (gauche and trans). Con- 
sideration of their relative stabilities provide test data for theories on intramolecular forces 
(i.e. non-bonded repulsion or attractions, intramolecular hydrogen bonding, etc.). Struc- 
tural and energetic data on the rotational isomers of XCH 2-CH2Y species (where X, Y 
are F, C1, Br, OH, Nil 2 , CN, or CHa) in the gas phase are given in Table 23. For the com- 
bination 

(X, Y) = (F, F), (F, CHa), (C1, CUB), (OH, OH), (F, OH), (C1, OH), and (NFI2, NH2), 
the most stable form isgauche. In contrast, the most stable form for the combinations 

(X, 50 = (C1, C1), (Br, Br), (C1, F), (C1, Br), (CN, CN), and (CHB, CHa) is trans. 
The energy differences between the gauche andtrans forms are small, generally being less 
than 1~2 kcal/mole. The thermal average values for the dihedral angles in the gauche 
isomers are larger than 60 ~ . However, one should recall that torsional angles derived from 
electron diffraction data incorporate large uncertainties, at least " 5  ~ , since their magni- 
tudes are strongly correlated with the amplitudes of torsional motion and sensitively de- 
pend on the procedure used for data reduction. 

Concerning the conformational preferences of XCH2 -CH2 Y type molecules (where 
X, Y are F, NH2, OH, or CH3), Radom, et al. 2 is) examined factors which influence con- 
formational preferences, using ab initio (LCAO-SCF) molecular orbital calculations. For 
the gauche conformation "steric" interactions are destabilizing while intramolecular hy- 
drogen bonding is stabilizing. In the absence of the latter the interaction of two vicinal 
electron-withdrawing polar bonds is apparently destabilizing. Therefore, when both X and 
Y are either bulky or electronegative groups, the more stable conformer is trans, in the 
absence of hydrogen bonding. However, these explanations failed for 1,2-difluoroethane 
for which trans was predicted to have the lowest energy ( 1.0 or 1.47 kcal/mole more 
stable than the gauche), contrary to the observed gauche/trans ratio. For the other mole- 
cules Radom's analysis agreed with the experimental trends. Empirical calculations of the 
Westheimer-Hendrickson type by Abraham and Parry2~ Balthuis, eta/. 219) did not 
predict the gauche preference for 1,2-C2H 4 F2, although results in agreement with obser- 
vation were derived for the other 1,2-haloethanes. On the basis of CNDO calculations, 
Gordon2~ that the gauche isomer of 1,2-difluoroethane would be more stable 
by 0.1 kcal/mole; but this agreement must be regarded as fortuitous, in light of the un- 
reasonable results he obtained for the other fluoroethanes. Extended Hiickel calculations 
by Pachler and Tollenaere 22~ correctly indicated that in 1,2-difluoroethane the pre- 
dominant form is gauche. However, their caculated energy differences between the gauche 
and trans isomers was too large; the same calculations led to a wrong barrier for mono- 
fluoroethane (i.e. lower than that for ethane; see Fig. 12). 

Although the energy differences (E~-Et) for 1,2-difluoroethane obtained by the 
electron diffraction method 3x' 32) (Table 23) must be regarded as a rough estimate and 
little credence should be placed on the quantitative magnitudes, the sign of (Eg-Et) ap- 
pears to be correct. To deduce from diffraction data accurate energy differences between 
rotational isomers one must (i) compute the partition function of the isomers; (ii) estimate 
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Table 23. Conformations of XCH 2 -CH2Y species with respect to the C-C axis (gas phase) 

X Y Gauche (%) s) qr Eg_Et 2) Method a) 

8598 96 (14 ~ 4) 69 ~ -(0.6 ~ 1.4) ED 31) 
F F ~ (Room) 74 ~ - ( ~  1.7) ED 32) 

0 (+ 0.2) IR 204) 
27 • 5 (22 ~ 71 ~ ED 2~ ( 

CI CI { 27• (-7 ~ 64 ~ +(0.8 ~ 1.0) ED 31) 
l ~ 25 (83 ~ +(1.2 + 0.1) ED, IR, R 

and DM 206) 
[ 7 ~ 18 (22 ~ 74 ~ +(1.3 ~ 1.9) ED 31) 

Br Br i +(1.8 • 0.2) IR 182) 
OH OH ~ 100 (Room) 74 ~ ED 207) 
NH2 NH 2 95 ~ 100 (55-118 ~ 64 ~ ED 2~ 
CH 3 CH 3 ~ 40 (Room) 65 ~ +(~ 0.65) ED 209) 
CN CN +(~ 1.0) IR 21~ 
CH a F 63 ~ -(0.5 -+ 0.3) MW21 l) 
CH 3 C1 81 -+ 5 (Room) 59 ~ -(0.05 ~ 0.30) ED 212) 

- 100 (Room) 60 ~ 70 ~ ED 2 la) 
OH F > 95 (156 ~ 65 ~ - (>  2.8) ED 3~ 

90 ~ 100 (37 ~ 61 ~ -(1.8 ~ 4.5) ED 214) 
OH C1 75 ~ 85 (200 ~ 70 ~ -(1.8 ~ 4.5) ED 214) 

-(0.95 • 0.02) IR and R 2Is) 
CI F +(0.5) DM216) 
CI Br +(1.3 -+ 0.1) IR 217) 

1) The dihedral angle (thermal average between the XCC and CCY planes) for the gauche form, meas- 
tared from the cis position. 

2) The energy difference between the gauche and trans forms (kcal/mole). 
3) Experimental methods, ED: electron diffraction, IR: Infrared, R: Raman, MW: microwave, DM: 

dipole moment. 
4) Reservoir temperature. 
S) Remander is the trans isomer�9 

the temperature of  the sample at the point  of diffraction; and (iii) accurately measure the 
�9 204) temperature dependence of the total diffraction pattern. Klaboe and NMsen measured 

the intensities of  absorption for the strong infrared bands assigned as fundamentals for 
the two isomers of CH2 F-CH2 F at 25 ~ 70 ~ 110 ~ 140 ~ and 170 ~ No change in the 
integrated extinction of  any band could be detected, bu t  the bands became broader at 
higher temperatures. Therefore, they concluded that the enthalpies of the two isomers 
in the gaseous state must be equal within the experimental error of about 0.2 kcal/mole. 
Their infrared and Raman studies 2~ and NMR studies by Abraham and Kemp 221) sug- 
gest that the gauche conformation was preferred in the liquid state. It is not  unusual that 
relative conformational stabilities differ for the gaseous, liquid and solid states due to 
neighbor.neighbor interactions. 

B.3. Comments on Individual Molecules 

1,2-Dihaloethylenes 
The 1,2-disubstituted ethylenes, XI-IC=CHY, exist in two forms with the cis often more 
stable than the trans. For example, the equilibrium composition of FHC=CHF at 200 ~ is 

104 



The Geometric and Dynamic Structures of Fluorocarbons and Related Compounds 

63% (cis) and 37% (trans). 222) Similarly for 
(X, Y) = (F, C0 222), (F, Br) 222), (F, I) 223), (C1, Cl) 224), (Br, Br) 22s) (CH3, C1) 226) 
and (CH3, Br) 227), 

the cis fractions at equilibrium at corresponding temperatures are 70, 70, 67, 61, 50, 76, 
and 68%, respectively. The relative stabilities of the cis isomer relative to trans cannot be 
rationalized simply on the basis of steric effects, which imply repulsive interactions be- 
tween nonbonded atoms or groups. Energetically favorable interaction between X, Y and 
the vicinal atoms or groups must be considered. Recently, the importance of "attractive 
nonbonded interactions" has been proposed. 22a-23~ On the basis of molecular orbital 
arguments Epiotis 64) suggested that the interaction between lone pairs or between un- 
saturated bonds may be attractive; also, that the symmetry of the molecule determines in 
a major way whether non-bonded interactions are attractive or repulsive. In the case of 
the cis- and trans-1,2-dihaloethylenes, the enhanced stability of the cis over the trans 
isomer can be explained by the net attraction between the two halogen atoms due to 
prt interaction in the cis form. If the two fluorine atoms in cis-1,2-difluoroethylene do 
attract each other, one may anticipate an accompanying effect on the geometrical para- 
meters: Le., smaller C=C-F bond angles or shorter C - F  bonds in the cis than in the trans 
isomer. The structures ofcis  and trans-l,2-difluoroethylenes are illustrated in Fig. 13 s~ 
While the C=C bond bond distances in both forms are equal within the experimental 
errors, the C - F  bonds and the C=C-F  bond angles in the cis form are about 0.01 A 
longer and 4.4 ~ larger than those in the trans form, contrary to the above expectations. 
The structural evidence indicates that the two fluorine atoms in the cis form repel each 
other. 

F F ~ * +O.8" ~ 4 4  + O.OO2 

,,4.T*( C ' " C" ~,/" I.-~l_+-"~.O04"~ \ , (cis-planar) 
\,.osA 

H H 
F 

/ 

H Z 3 3 5  • o.oo2 

111.4"1 ~ r C (trans-planar) /,.329_+o.oo4a\ 

F 

Fig. 13. Structural parameters (rg) in cls- and trans-l,2-difluoroethylene, sO) 

The Azocompounds:  X N = N Y  
Bond distances and angles for XN=NY molecules (where X, Y are H, F, CH a or CF3) are 
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Table 24. Bond distances and angles in XN=NY compounds 

L N = N - X  Observed 
X Y r (N=N)A L N = N - Y  stable form Refs. 

H H 1.252 -+ 0.002 106.8 ~ _+ 0.5 ~ trans 231) 
I 112.3~ +- 0.4~ 232) 

CH 3 D (ra) 1.245 -+ 0:002 [ 110.3o +_ 5.1o trans 

CH 3 CH 3 (rg) 1.254 • 0.002 111.9#'_+ 0.2 ~ trans 101,233) 
F F (rg) 1.231 + 0,01 105.5 ~ • 0.7 ~ trans 234) 
F F (rg) 1.214 -* 0.012 114.4 ~ • 1.0 ~ cis 234, 235) 

CH 3 CF 3 (rg) 1.219 _+ 0.003 { 126.2 o110"5~ _+ • 0.6 ~ 1"3~ trans 101) 

CF 3 CF 3 (rg) 1.236 • 0.005 133.0 ~ + 0.3 ~ (cis)l) 101) 

t )  See text. 

N 

/ 
H 

N 

/ 
F 

H 
O +  o o 106.8 -0 .5  + A ~ 028 _ 0.005 

�9 oN 
1.252_+0.002 A 

F 

396_+0.008 ,~ 105.5~ 
1.231 _+ O.OIA 

(a) 

(b) 

o 

( I .214+0.005A)  

1.214+0.01 .,~ 
N N 

~ ( ,  384-+o o, ~) 
114.4~176 ~1.410+0.009 ~ 
(I14'5~176 ~ 

F F 

(c) 

Fig. 14. Distances and bond angles in trans HN=NH, and in trans and cis-FN=NF. (a) Infrared da ta230;  
(b) Electron diffraction results234); (c) Electron diffraction values 234) compared with microwave 
values 23s) (in parentheses) 

l i s ted  in Tab le  24 .101 ,231 -235)  These  are i soe lec t ron ic  w i t h  X H C = C H Y  and  m a y  exis t  in  

two  i somer ic  forms.  However ,  in th i s  series t he  ex i s t ence  o f  b o t h  cis and trans i somers  ha s  
b e e n  e x p e r i m e n t a l l y  c o n f i r m e d  o n l y  for  F N = N F  234) and  azobenzene .  236) T h e  e n t h a l p y  
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of  formation of cis-N2 F2 is 3.0 kcal/mole lower than that for trans 237), indicating some 
stabilizing interaction between the vicinal fluorine atoms in the cis isomer, as proposed 
for cis-1,2-difluoroethylene. The geometrical parameters in N 2 H 2 and N 2 F2 are illustrated 
in Fig. 14. Here the relative stability of  the cis isomer is indicated by the shorter N=N 
bond length which also correlates with relative overlap population for the region between 
the nitrogen atoms. 23a) On the other hand, the larger (~9 ~ N = N - F  angle in cis relative 
to trans trans.N2 F 2 follows the trend observed for the 1,2-difluoroethylene. 

A rather puzzling structure in this series is hexafluoroazomethane which was reported 
to be in the cis form 1~ whereas azomethane and 1,1,1-trifluoroazomethane have been 
confirmed to be the trans conformation only; 1~ see Table 24. The relative stability of  
the cis configuration for CFaN=NCFa was supported by an extended Hiickel calculation 
of the energy as a function of the N=N--C angle, holding all other parameters constant. 1~ 
These indicated that the cis isomer was more stable, with a minimum at 130 ~ for the 
N = N - C  angle. However, Chang, et al. 1ol) mentioned that the computed scattered intensi- 
ty curve for a trans model fitted reasonably well the experimental diffraction pattern ex- 
cept in the low angle region. Attention is called to an infrared-Raman study by Hayden, 
et al.239), which strongly support the trans configuration both in the gaseous and solid 
states. For the spectroscopic study the sample was obtained from the same commercial 
source as that used in the electron diffraction study. Clearly, further work is needed to 
establish the lowest energy configuration for this molecule. The interpretation of electron 
diffraction patterns often suffers from limitations in the method of analysis, especially 
for cases where there are large amplitude motions. In case of  CF3N=NCF3, a careful analy- 
sis of the low frequencies ( ~  5 0 era- 1 )239) for the torsional motion of  CF 3 ab out the N-CF3 
bond should be made. The determination of the configuration of this molecule from 
electron diffraction data depends mainly on the position of  the fluorine atoms (i.e., non- 
bonded fluorine pairs between the two CFa groups). Hence the mean square amplitudes 
of the F . . .  F pairs, or the large amplitude analysis of  the CFa groups should provide 
additional useful information. 

Propenes and Acetaldehydes 
In the fluoro-substituted propenes and acetaldehydes interesting features appear relative 
to the potential function for the methyl rotor. Values for the barrier height (1/'3) for the 
threefold barriers of CX3 groups in CX3-CY=Z,  

Table 25. The threefold barriers, V3 in propene, acetaldehyde, 
and their fluoro derivatives (gas phase). 

Molecules V 3 (kcal/mole) Refs. 

CH 3-CH=CH2 2.00 193) 
CH3-CF=CH 2 2.4 _+ 0.1 195) 
CH3-CH=CHF (trans) 2.2 -+ 0.1 53) 
CHa-CH=CHF (cis) 1.06 • 0.05 S2) 
CHa-CH=CF 2 1.25 + 0.02 240) 
CF3-CF=CF 2 ~ 1.0 241) 
CH3-CH=O 1.16 + 0.03 197) 
CHa-CF=O 1.04 ss) 
CFa-CH=O 0.89 • 0.08 242) 
CF3-CF=O 1.4 • 0.2 243) 
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where X is H or F, Y is H or F, and Z is CH2, CHF, CF2 or 0 
determined from micrewave spectroscopy are given in Table 25. In each case at the min- 
imum energy orientation one of the C - X  bonds of  CX3is located at an eclipsed position 
relative to the double bond. The striking effect of cis fluorination on the barrier height for  
propene is apparent. Scarzafava and Allen 244) accounted for relative magnitudes of  the 
barriers in propene and in its fluoroderivatives by allocating to various factors parts of  the 
total energy calculated from an ab initio LCAO-MO analysis. They concluded that the cis- 
fluoro barrier was attractive dominant, while the barriers in propene and other fluoro- 
derivatives were essentially dominated by repulsive interactions. For the cis isomer, AVne 
(nuclear-electronic attraction term) appears to be primarily responsible for stabilizing the 
eclipsed configuration. While no computed or measured equilibrium ratios for cis-trans 
isomers has been published for CHaCH=CHF, it is interesting to note that the cis isomer 
of the chloro and bromo analogs are more stable, at least in solution s2, 222,227). In 
3-fluoropropene, CH2F-CH=CH 2 , the cis form is more stable than the gauche form by 
166 + 67 cal/mole. 29) 

Hexafluoropropene, CFa-CF:=CF2, is of special interest since the electron diffraction 
data did not lead to a unique structure determination; 245) both non-planar and planar 

F 

F2C=C / skeletons fitted the data. However, a recent microwave study by Jacob and 
\ 

C 
Lide241)showed that the atoms are coplanar except for the two equivalent F atoms in 
the CF3 groups. They could not determine the geometric parameters due to the absence 
of more than one F isotopic species, but their assumed structure fitted the observed 
moments of  inertia. They also estimated a barrier height of  approximately 1 kcal/mole 
for rotation of  the CF 3 group and a torsional frequency of 30 -+ 15 cm -t . Such a low bar- 
rier and a low torsional oscillation of the CF a motion additionally complicates the inter- 
pretation of the diffraction patterns. An analysis of the diffraction data allowing for 
large amplitude motions will provide further information on the dynamic aspects and 
geometrical structure of  this molecule using spectroscopic information. 

1,3-Butadienes and Related Compounds 
Rotational isomerism about the central C-C single bond in conjugated molecules, such 

Table 26. The most stable conformations of 1,3-butadienes 

Molecule Most stable form Refs. 
(~)I) 

CH2--CH-CH--CH 2 trans (180 ~ 143, 
CH2=CH-CX=CH 2 trans (180 ~ 249, 
(X = F, CI, Br, I) 
CH2=CX-CX=CH 2 trans (180 ~ 232) 
(X = CI, Br) 
CF2=CH-CH=CF 2 trans (180 ~ 251 ) 
CCI2=CH-CCI=CH 2 gauche (50 ~ 250) 
CBr2=CH-CBr=CH 2 gauche (50 ~ 250) 
CC12=CC1-CCI=CC12 gauche (0-90 ~ 252) 
CF2=CF-CF=CF 2 gauche (47 ~ 1o3, 

246) 
25o) 

2sa) 
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as butadiene presents an interesting structural feature. Thus, it is now established that the 
most stable form of 1,3-butadiene is s-trans. 143,246) Aston, eta/. 247) estimated the poten- 
tial for rotation about the central bond from calorimetric data. They used a potential 
function with two minima, corresponding to the trans and cis-planar forms, with an ener- 
gy difference of 2.3 kcal/mole. However, it is far from dear whether the second confor- 
mer is the cis-planar form or a nonplanargauche form. Recent ab initio SCF calculations 
by Skancke, et al.248)suggest that indeed the second stable form of  this molecule (2.7 
kcal/mole above trans) is agauche conformation with a dihedral angle of  about 40 ~ away 
from the cis-planar form. 

Halosubstituted 1,3-butadienes provide useful information on the configurational 
problem about the central single bond; the observed stable forms of halo-l,3-butadienes 
are listed in Table 26. On this basis the potential function for rotation about the central 
bond has three minima, corresponding to the trans-planar form and to the right and left 
gauche nonplanar forms (a dihedral angle of about 50 ~ from the cis) as has been predicted 
by the SCF calculations for 1,3-butadiene. The relative stabilities of the two forms depend 
sensitively on the type of substitution (Table 26). It appears that 1,1,3-substitutions make 
the gauche minima lower than the trans. 

Recently Hagen and Hedberg 2s4) studied several oxalyl halides by electron diffraction. 
Their data demonstrated the presence of trans-gauche conformers rather than trans-cis 
conformers. Similar questions regarding orientation about the C-C single bond in the 
conjugated molecules, biphenyl and the haloderivatives have been extensively studied by 
Bastiansen and co-workersfl ss' 256) 

Acetylacetones 
The most common ~-diketone, acetylacetone, exists in two tautomeric forms, 

0 0 O - - H  - - 0  
II 11 I~ J ] 
C C \ . . _ S I C  / \ c / C \  / \ 

H3C CH3 H3C ~ C CH 3 
H2 H 

keto enol 

The compound is predominantly in the enol form at room temperature 2s7). Two indeoen- 
dent electron diffraction studies for this molecule have been published recently. 1~ 2~) 
Lowrey, et aL 2sa) took diffraction photographs at 105 ~ (of the sample container and 
nozzle). They determined the structures of both the enol and keto tautomers and estimated 
that the concentration of the enol form in the sample was 66 + 5%. As expected, the enol 
form has a planar ring structure with a short internal hydrogen bond [ r ( O - H - O )  = 2.38 
+ 0.02 A, linear and symmetric]. The keto form consists of two planar groups, each incor- 
porates the central carbon and an acetyl unit with their planes rotated relative to each 
other through a dihedral angle of 48.6 -+ 4 ~ Lowrey, et al. reported that the bond dis- 
tances in the two tautomers differ significantly. On the other hand, Andreassen, etal. lO7) 
took their diffraction photographs with sample reservoir at room temperature where the 
enol form comprises all but a negligible fraction of the sample. For the enol the two struc- 
ture determinations are in essential agreement; the largest discrepancy is in the O . . .  H 
�9  O distance: 2.38 -+ 0.02 .~ (Lowrey, eta/. 2s8)) and 2.52 + 0.02 A (Andreassen, et al. 1~ 

Structural changes associated with fluorine for hydrogen substitution in acetylacetone, 
107 259) trifluoro- and hexafluoro-acetylacetones were investigated by Andreassen, et aL ' 
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At room temperature only enol forms are present in the gas phase. 26~ The structural 
parameters were determined on the basis of  C2v symmetry for the enol ring. These struc- 
tures are illustrated in Fig. 15. The parameters for acetylaeetone and acetone are averaged 
values of the independent electron diffraction studies. It thus appears that CF 3 for CH 3 
substitution leadsto shorter C . . .  O distances in the enol tautomer, whereas in acetone 

2.45 
0 . . . . .  H . . . . .  0 

it o 

H3 C / 1.410 ~.~. i  ~ C N 5  C 
H H3C CH3 

2.51 
0 ..... H ..... 0 

/ I ,  
, 1240~ I"~ 114" J L ~ '  207 

I 556 C~ 117" ( .C. J 122~"11~ 117" 

I c %  
H F3C " " CH3 

2.55 
0 . . . . .  H . . . . .  0 

C 
F 3 C / 1 4 ~  7 ~ C F 3  . ,~( i ,55~1 

H F3C CF3 

107 2ss) 107) Fig.  15. S t r u c t u r e s  and  the  enol f o r m  for  a c e t y l a c e t o n e  ' , t r i f l u o r o a c e t y l a e e t o n e  , and  
259)  e 1 0 8 , 1 3 3 )  h e x a f l u o r o a c e t y l a c e t o n e  c o m p a r e d  w i t h  c o r r e s p o n d i n g  s t ruc tu res  in ac  t o n e  , t r i f luoro-  

a ce tone  107) ,  and  h e x a f l u o r o a c e t o n e  108)  (rg values)  

a single CF3 leaves the C=O distance essentially unchanged while two CFa's (hexafluoro- 
acetone) induces a rather large extension of the C--O bond (~0.04 A). The C-C distances 
external to the enol ring follow the same trend as in the acetones; the C-CF 3 bond is 
longer than the C--CH3 bond. With respect to the fluorine substitution effect on acetyl- 
acetone, Gordon and Koob 261) calculated the structural parameters of the enol forms of 
acetylacetone and trifluoroacetylacetone using INDO-MO. They concluded that in the 
lowest energy form the H-bonded hydrogen in acetylacetone is symmetrically placed be- 
tween the two oxygens, with an OHO angle of 152 ~ and an O . . .  O distance of 2.35 A. 
The CF 3 for CH3 substitution introduces only a slight asymmetry. They also predicted 
that CF 3 substitution results in an alternation of bond lengths and bond dissociation en- 
ergies about the enol ring; the ring C-C bond on the CF3 side is strengthened, the adja- 
cent C-O bond is weakened, and the O---H bond is strengthened relative to acetylacetone. 
The opposite effect appears on the methyl side. 
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IV. Selected Inorganic Fluorides 

The halides of group V elements comprise a series of inorganic compounds which have 
been studied systematically by combining electron diffraction and spectroscopic tech- 
niques. The internuclear distances and bond angles in MX3 and YPX3, where M is N, P, 
As, and Sb, X is F, C1, Br, and I, and Y is O and S, are summarized in a review paper by 
Kuchitsu 2). Trends observed in these molecules are well accounted for qualitatively by 
the valence-shell electron-pair repulsion theory (VSEPR) TM 

Hargittai, et at 262-26-6) reported structural data on several sulphones and thionyl 
fluorides. They discussed the regularities in the molecular structures of X2 SO and XYS02, 
where X, Y are F, C1, or CH3. The VSEPR model also proved useful for this series. For 
instance, as the substituent electronegativity decreases from fluorine to methyl, the S-O 
bond lengthens and the magnitude of the O-S-O bond angle decreases. Related com- 
pounds, the polysulfuryl fluorides 

(F02 S-0-S02  F and F02 S-0-S02  -..0-S02 F) 

were studied by Hencher and Bauer 267). The observed S-O bonds and O-S-O angles in 
the -S02 F groups fall within the scope of the above structural regularities. The same trend 
applies to the system X-NO2 (where X is CHa 13s), CF3116), F2683, and C1269)); the N-O 
bond distance lengthens and the O-N-O angle decreases as the ligand electronegativity 
decreases. Indeed, the VSEPR theory has proved valid and widely applicable for qualitative 
accounting of regularities in the structures of many inorganic compounds. Bartell "~s) showed 
that the VSEPR model corresponds closely to a Hiickel MO model, neglecting electron-elec- 
tron electrostatic repulsions and ignoring nonbonded interactions. Thus, when the neglect 
of these factors becomes significant predictions based on the VSEPR model break down. 

An accurate structure for BF3 was determined by Kuchitsu and Konaka27O)who com- 
bined electron diffraction and spectroscopic data: rL, (B-F) = 1.313 + 0.001 ~,. The B-F 
distance in F3Si-SiF2-BF2 by Chang, et al. 271) is 1.309 + 0.002 A, close to that in BFa 
while the B-F distance in (SiHa)2 N-BF2 by Robiette, et al. 272) is ab out 0.02 A longer than 
in BF3. For comparison, in crystalline (CH3)3N:BFa, the B-F distance is 1.39 A, (B-N) = 

273) 1.58 A, and (N-C) = 1.50 A. The latter two values are equal, within rather large ex- 
perimental error limits, to corresponding distances in (CH3)3N:BH3. 274) 

Hedberg, etal.,27s' 276) recently studied B2F4 and B2C14 by electron diffraction. 
An interesting difference appeared relative to their minimum energy conformations. They 
concluded that the potential hindering internal rotation in B2C14 is described by 

1 V=~ V o ( 1 - c o s 2 0 ) ,  

where V 0 = 1.85 + 0.03 s kcal/mole and 0 is the dihedral angle between the two BCI2 
planes (measured from the coplanar configuration). In contrast to the non-planar C2v 
ground state conformation of B2C14 in the gas phase, the lowest energy conformation 
of B2F4 is planar, D2h , with a barrier Vo of 0.4 kcal/mole 277). The Raman spectra of 
B2F4 on both the gaseous and crystalline states support this conclusion 27a). At this stage 
the parent hydride, B2H4 has not been synthesized. 
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The fluorides of nitrogen and phosphorus provide interesting parallels and contrasts. 
The dinitrogen and diphosphorous compounds: 

P2H4279) , H2 PPF228~ , P2 (CH3)4281) , P2(CF3)4282), P2F4282), and N2H4283), H2N 2 

(CH3)2284), N2(CF3)4117), N2 F4285) 

show similar trends in the lengths of the central bond for various substituents. The central 
bonds in P2F4 and N2F4 are 0.06 .~, and 0.04 A longer than those in P2H4 and N2H4, 
respectively. On the other hand, in P2(CFa)4 and N2(CFo) 4 the central bonds are about 
0.05 )k shorter than those in diphosphine and hydrazine. Bartell and Higginbotham 117), on 
the basis of a molecular orbital description, suggested that the short N-N bond in N2(CF3)4 
may be a consequence of enhanced n-bonding, which is facilitated by the nearly D2d sym- 
metry, imposed by steric forces. Concerning the lowest energy conformations of these com. 
pounds, N2 F4, originally thought to exist only in the gaucheform 286), has recently been 
found by Cardillo and Bauer2S~)to be a mixture of  ~47% gauche and 53% trans. In con- 
trast only single forms have been found for N2H4, N2(CF3)4, and P2H4 (gauche); P2 F4 
and P2(CH3)4 (trans). Except for N2H4287), quantitative estimates of potential functions 
hindering rotation about the central bonds have not been made for these molecules. 

The trend followed by the central bonds in HOOH 288), FOOF 289), CF3OOCF3121), 
HSSH 29~ CH3SSCHa 136), FSSF291), and CF3SSCF 3123) contrasts with those in the di- 
phosphines and hydrazines; both the 0 - 0  and S-S distances are shortened by fluorine 
substitution and lengthened by CF3 substitution. The 0 - 0  and S - S  distances in FOOF 
and FSSF are particularly unusual; they are respectively 0.26 )~ and 0.16 )k shorter than in 
the corresponding hydrogen analogs, being close to bond lengths in 02 and $2. Several 
qualitative explanations have been proposed; they were formulated in the language of 
valence bond theory (F-O=O§ and F-S=S§ ionic structures), qualitative molecular 
orbital theory (Lipscomb292)), and Linnett's theory (double quartet formulation of the 
octet29a)). Semi-empirical INDO calculations and ab initio MO computations by Pople, 
et al. 20, 21) did not reproduce the observed magnitudes for the 0 - 0  distances in HOOH 
and FOOF. 

In their stable conformations XOOX and XSSX frames are not coplanar; the dihedral 
angles are 90 ~ (HSSH), 88 ~ (FSSF), 84 ~ (CHaSSCH3), 119.8 ~ (HOOH), 87.5 ~ (FOOF), 
and 59 ~ (CFaOOCFa). The barriers hindering rotation in HOOH, estimated from an IR 
spectroscopic study by Hunt, eta/. 294) are: V(cis) = 7.03 kcal/mole and V(trans) = 1.10 
kcal/mole. 

Replacement of all the H atoms by F's in H20 and in NH3 leads to a decrease in bond 
angles: 

(ro) 103.3 ~ (F20) vs (re) 104.9 ~ (H20); and 
(re) 102.4 ~ (NF3) 12) vs (re) 106.7 ~ (NH3)295) ;  see Table 1 b. 

These decrements in the bond angles are qualitatively explained by the VSEPR model. 
Specifically, the greater electronegativity of fluorine leads to a more compact N-F  bond 
orbital, compared with the N-H orbital, and thus it occupies less space on the surface of 
the nitrogen atom. Because of repulsion from the lone electron pair, the angle between 
the less extended N-F  bond orbitals becomes smaller than the angle between the more 
extended N-H bond orbitals. If these explanations are correct one may expect intermedi- 
ate bond angles for HOF and NHF2. However, the observed HOF (97.2~ rs) and HNF 

o I I )  (99.8 : rs) angles are much smaller than those in the corresponding perfluoro com- 
pounds. In addition, perfluorination of H 2 S, PH3, AsI-I3, and SbH 3 causes the bond angles 
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to be larger, about 6 ~ for S 296' 297) and about 4 ~ for P, As and Sb 298-- 303) in contrast 
with perfluoroination of H20 and H3N. 

A systematic study of the series (CHa)nPFs_ n [n = 0,1,2,3] has been recently com- 
pleted by Bartell and co-workers a~ The observed variations in the bond distance of these 
trigonal bipyramidal compounds are well correlated with the number of  methyl substi- 
tuents. In all cases the least electronegative ligands (or CH3) occupy equatorial sites. The 
sterochemistry and trends in structure parameters are well accounted for by the VSEPR 
theory. Furthermore, the increase of the axial P - F  bond lengths in this series correlates 
well with the increase in P - F  amplitudes of vibration. The methyl groups essentially rotate 
freely. 

The structure of the unexpected inert gas compound, XeF 6 has been investigated in 
great detail by Bartell, et aL 3~ 306) The fluorine atoms execute large amplitude motions 
departing substantially from the idealized Oh structure. These motions are best described 
as three.dimensional pseudo rotations, similar to those presumed to be present in some 
five-member ring molecules s l '  307--309), in IF7310) and in ReF7 311). In contrast, XeF2 a12) 
and XeF4313) have rather rigid structures, linear and square planar, respectively. 

V. Conclusions 

The information assembled in this review of  the gas phase molecular structures of fluoro- 
carbons and related compounds were derived from electron diffraction patterns and micro- 
wave spectra. We placed primary emphasis on the geometrical effects of fluorine substitution 
(bond distances, bond angles and internal rotational parameters). Clearly other aspects of 
molecular structure, such as dipole moments, average bond dissociation energies, photo- 
electron spectra, etc. merit codification. At first glance, interatomic distances and bond 
angles call attention to features which appear to be strictly localized within molecules. It 
is evident, however, that such a local bond concept is not consistent with the totality of 
structural data on the level of  precision currently available. Furthermore, it is also clear 
that the level of accuracy now generally attainable in the computation of molecular geo- 
metries is considerably below experimentally derived quantities. Regularities in the 
molecular structures of organic fluorides have been uncovered. For some structural types 
there are strong similarities and comparable trends among the fluorides of elements other 
than carbon. The substitution or environmental effects on molecular structures raise 
interesting questions regarding the nature of  chemical bonds, and the contrasts between 
fluorine and hydrogen substituents provide an incisive focal points for theoreticians. 
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