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Abstract 

Spherical trigonometry is introduced for the 
first time to describe the ligand movement in the 
coordination sphere. The steric hindrance is quanti- 
tatively analysed in order to explain the behaviour 
of triscyclopentadienyl uranium hydrocarbyls in 
thermolysis, photochemical decomposition, ligand re- 
arrangement and carbon monoxide insertion. The 
results are in good agreement with the experimental 
observations. 

Introduction 

Steric hindrance is well recognized as an important 
factor in determining reaction mechanisms. Never- 
theless it has not been studied quantitatively. In 
coordination and organometallic chemistry, a general 
question concerning steric hindrance is how the 
ligands (when regarded as geometrical entities) 
enter, leave, migrate and couple in the coordination 
sphere and how the ligand steric factors favour 
certain pathways to others. 

In our previous paper [l], we suggested a method 
of estimating whether a specified bonding is stable 
or not by comparing the required and the available 
space. This method can be extended to study the 
reaction pathways on the basis that when the inert 
coordination environment is sterically overcrowded 
and the available space is smaller than that demanded 
by a reaction intermediate, steric hindrance will be 
encountered. The difference between the required 
and the actually available space offers a quantitative 
estimation of steric hindrance. 

In this paper, by further discussion of the struc- 
ture and chemistry of compounds containing three 
n-bonded cyclopentadienyl groups, we present a 
detailed geometrical description of ligand movements 
and demonstrate the steric resistance by showing 
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how the ligands move in various ways and how the 
reaction mechanisms are influenced. 

Results and Discussion 

I. Steric Hindrance in Thermal Decomposition of 
Metal-Carbon o Bonds 

A general thermal decomposition pathway of 
metal-carbon u bonds is P-hydride elimination [2] : 

CH2=fHR 
L,M-CH2CH2R - L,M-H - L,MH 

+ CH,=CHR 

L,MH + L,MCH2CH2R -3 L,M + CHsCH2R 

This mechanism, however, does not take place 
for UCpsR and ThCpaR compounds. The RI-I mole- 
cule is released and the source of the hydrogen atom 
is the cyclopentadienyl ring. Marks has suggested 
that the &elimination is more endothermic than that 
for middle and late transition metal complexes [3]. 
The energetic inaccessibility of the highly crowded 
olefin-hydride intermediate is also a reason for the 
strong resistance of UCpaR towards pelimination 

141. 
P-Elimination proceeds in two steps: (1) the j.% 

hydrogen atom moves to coordinate to the metal; 
(2) the P-hydrogen atom transfers to the metal to 
give the olefin-hydride state. 

In the first step before the P-hydrogen atom moves 
closer and interacts with the metal, the distance 
between the P-hydrogen and the o-carbon atoms 
should remain unchanged (Fig. la). 

Dc,_Hp = AB = (AC + Be •t 2AC- BCcos $ ACB)“’ 

= 2.16 ii 

Here AC, BC are the standard carbon-carbon and 
carbon-hydrogen distances and Q ACB is the stan- 
dard bond angle for sp3 hybridization. 

The b-hydrogen atom moves towards the metal 
centre in three possible modes depending on the co- 
ordination environment. 
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Fig. 1. p-Hydrogen movement towards the metal centre. 
(a) Distance between or-carbon and p-hydrogen remain un- 
changed during the process of p-hydrogen coordination. 
(b) Facile P-hydrogen coordination, there is no steric hind- 
rance. (c) Hindered @-hydrogen coordination, when HP moves 
closer to the metal, the o-carbon has to move away. (d) Dif- 
ficult p-hydrogen coordination, both hydrogen and carbon 
atoms have to move away first from the metal in order to 
turn around. 

(a) Facile P-hydrogen coordination 
The P-hydrogen moves closer to the metal while 

the position of the a-carbon atom remains un- 
changed. In this way the C,& midpoint also moves 
towards the metal in favouring the metal-olefin 
n-bonding. There is a net gain in bond interactions. 

In this route the required space, described as the 
bite between the b-hydrogen and the a-carbon atoms, 
is greater than or equal to b, (Fig. 1 b). By assuming 
MA = 2.5 A 

= 60” 

(b) Sterically hindered hydrogen coordination 
Whereas the P-hydrogen moves closer to the metal 

centre, the a-carbon has to move away from the 
metal. There is a gain in the metal-hydrogen inter- 
action while there is a loss in the metal-carbon bond 
interaction. 

The required space for the second mode of hydro- 
gen coordination is less than b,, but it should be 
greater than the second critical value bh (Fig. lc). 

bh = tan-’ $- = 41” 
i 1 

(c) Seriously hindered a-hydrogen coordination: 
bond s&ion and hydrogen abstraction from the 
neighbouring ligands 
When the available space is even less than bh, the 

hydrogen atom cannot move towards the metal in 
spite of the a-carbon atom moving away from the 
metal (Fig. Id). There is a net loss in the metal- 

carbon bond interaction. One cannot expect that the 
alkyl group, once it has left the metal centre, will 
turn round for the &hydrogen atom to coordinate to 
the metal. It is more likely that the alkyl group, on 
leaving, will abstract a hydrogen atom from the 
neighbouring ligands, which hindered its movement. 

In the hydrogen coordination step, the bite actual- 
ly available for the compounds MCpaR is shown in 
Fig. 2. The three cyclopentadienyl groups comprise 
the inert coordination environment and hinder the 
P-hydrogen moving to coordinate to the metal. There 
are gaps between the three rings, i.e. Cpr-Cpa, 
Cp2-Cps, Cpi-Cps. The P-hydrogen and the LY- 
carbon atoms should fit into the gaps until they 
contact the cyclopentadienyl groups, In this way 
the maximum reaction space can be achieved. These 
processes are described in the unit coordination 
sphere shown in Fig. 2b, which is further translated 
to the language of spherical trigonometry in Fig. 2c. 
Each point of the spherical triangle represents the 
centre of a ligand and each side of that triangle rep- 
resents a bond angle, which should be greater than 
the sum of the fan angles of the two ligands, pro- 
vided that there is no steric repulsion. The reactions 
taking place in the coordination sphere thus can be 
transformed into the problem of solving the maxi- 
mum side of the corresponding triangles. In our 
example of the compounds MCp,R, the questions 
are: (i) whether or not the maximum bite of the 
P-hydrogen and a-carbon atoms is satisfactory as 
b, or b,; and (ii) how the triangle changes so that 
H&, becomes satisfactory. 

We assume that the hydrogen atom is as far 
as 2.5 A from the metal centre (this distance is 
greater than the sum of the Van der Waals radius 
of hydrogen and the ionic radius of the metal. It is 
therefore safe to assume that there is no metal- 
hydrogen pre-bonding interaction) (FAH = 29’). The 
metal-carbon distance is assumed to be 2.7 A, which 
is much longer than the normal bond length between 
the metal and carbon (FAC = 439. The sides CpH 
and CpC are the sum of the fan angles of the cyclo- 
pentadienyl and the hydrogen or carbon atom. 

According to the available X-ray results [6], 
the sides Cp-Cp should be 117”. The available bite 
&--HP in the triangle CpH&, (Fig. 2c) can be 
calculated to be 33.7” based on the above parameters. 
This value is less than the critical value, b,,, indicating 
that the access of the o-hydrogen atom to the metal 
centre is completely hindered by the cyclopenta- 
dienyl group. 

There are various routes along which the cyclo- 
pentadienyl groups can migrate to give more space 
for the P-hydride to coordinate to the metal. First, 
one of the cyclopentadienyl groups is pushed to 
migrate towards the CaU axis (Fig. 2, route I). In this 
route the bond angle between the moving cyclo- 
pentadienyl, Cpr, and the other two cyclopenta- 
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Fig. 2. Ligand movement on the surface of the coordination 
sphere. The o-carbon and p-hydrogen atoms are held in be- 
tween the gaps of the cyclopentadienyl groups to achieve 
maximum bites. Part a: reaction intermediates; part b: pro- 
jection on the unit sphere; part c: corresponding expression 
in the spheroid triangles for calculation. 
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Fig. 3. A comparison of the available space with the required 
space for hydrogen coordination when the cyclopentadienyl 
groups move according to the routes shown in Fig. 2. The 
horizontal axis describes the bond angles between the moving 
Cp and the other Cp’ groups. 

dienyl groups will change, while the bond angle 

between the two stationary cyclopentadienyl groups, 
Cpa and Cpa , remains 117”. The bond angles Cpr- 
M-Cpa and Cpl-M-Cps thus range from 110” 
to 1219, depending on whether the three rings 
contact or are in the equatorial plane. There are 
three isomeric arrangements corresponding to the 
relative positions of the P-hydrogen and the o-carbon 
atoms (Fig. 2, Iabc). Each arrangement gives the in- 
dependent available spaces which are shown in Fig. 3. 
The horizontal axis represents the bond angle 
between the moving cyclopentadienyl and the sta- 
tionary cyclopentadienyl groups, while the vertical 
axis represents the available bite offered during the 
movement. The two critical values b, and bh are 
presented as required bites dividing the whole region 
into three parts. 

When the available bite is larger than b,, there 
will be facile H coordination. When the available 
bite is larger than br, but smaller than b,, the hydro- 
gen coordination will be hindered by the inert 
ligands, and when the available bite is much less than 
bh, hydrogen coordination will be seriously hindered. 
It can be clearly seen that: (1) When the moving 
cyclopentadienyl group, starting from the reference 
structure (point A) in Fig. 3, is leaving the two 
stationary cyclopentadienyl groups, i.e. the bond 
angle becomes greater, the available space becomes 
smaller. When the moving cyclopentadienyl group 
is approaching the stationary cyclopentadienyl groups, 
the available space becomes greater. (2) When the 
hydrogen atom is situated in between the two sta- 
tionary rings, the available bite is greater than in the 
other two isomeric routes. This phenomenon might 
be generalized as: when the small atom fits into the 
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Fig. 4. Separation between the p-hydrogen and the carbon 
atoms described as Co-HP bites. Due to the limited residual 
space of the UCpa fragment, the closer the hydrogen ap- 
proaches to the metal centre the closer it has to be bent over 
towards the carbon. The Cp-M-Cp bond angle is given with 
each curve. Available space decreases when the bond angle is 
large. 

large gap and the large atom fits in the small gap, the 
separation between them is greater than in the 
opposite case. (3) Even when the moving cyclopenta- 
dienyl group finally contacts the two stationary 
cyclopentadienyl groups the available space is still 
not large enough for facile hydrogen coordination, 
i.e. b, < b,. 

In the second route, two cyclopentadienyl groups 
move in such a way that two bond angles remain 
117’ whereas only one bond angle changes. There 
are also three isomeric ways of arranging the 
hydrogen and the carbon atoms (Fig. 2, routes II). 
These provide even less available space than the 
previous routes. The ligand arrangements and the 
spherical trigonometry equivalences are shown in 
Fig. 2. The calculated reaction spaces are shown 
in Fig. 3. 

In the third mode of ligand movement, the three 
cyclopentadienyl groups migrate synchronically keep- 
ing the Cs, symmetry unchanged. When they begin 
to contact, i.e. the bond angles between them are 
1 lo”, the maximum available space achieved is 58O, 
still less than b,. 

In Fig. 4 we have calculated how close the hydro- 
gen atom can approach the metal atom provided 
that the carbon atom remains at a distance 2.7 A 
from the metal. It is clearly seen that when the 
bond angle Cp-U-Cp becomes smaller the reaction 
space becomes larger. However, even when the 
cyclopentadienyl groups contact each other, the 
hydrogen atom is still 2.5 A from the metal (FAn = 
28.59 and it cannot move closer to the metal. 

From the first step of hydrogen coordination 
to the seond step of the olefin-hydride state it is 
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Fig. 5. The olefin-hydride state in the p-hydride elimination 
reaction. Part a: reaction intermediate; part b: expresssion in 
spherical triangles for calculation. 

assumed that there are no instantaneous changes 
in the M-H and M-C bond lengths. Thus the fan 
angle of hydrogen is still 29” and the fan angle of 
carbon is still 43”. Since the hydrogen atom is now 
non-bonded to the carbon atom in the olefin, the 
bite between the hydrogen and the carbon atoms 
should be close to the sum of their fan angles. The 
available bite between the two carbon atoms should 
be greater than the actual bite of ethylene ligands. 
The ligand arrangement in the reaction intermediate 
state and their triangle equivalences are shown in 
Fig. 5. The calculated C-H and C-C bites are shown 
in Fig. 6, in which the sum of the corresponding fan 
angles, FAH + FAc and FAccc, are drawn in 
horizontal lines as the required bites. It is clearly 
indicated that the available space is less than the 
required space. When the cyclopentadienyl groups 
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Fig. 6. A comparison between the available space and the 
required space for the olefin-hydride state. The upper 
group of curves refer to the maximum available hydrogen- 
carbon separation to compare with the line C-H. The lower 
group of curves refer to the maximum available carbon- 
carbon separation to compare with line CaCb. The available 
spaces are apparently smaller than the required ones. 

are moving closer to give a larger reaction space, there 
seems to be nearly sufficient room to coordinate the 
olefin. However the hydrogen and the olefin are 
strongly rejected from coming together in the residual 
space of the UCps fragment. 
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Meanwhile, we have calculated the intermediate 
state of U(MesCs)sClR, and TiCpaRs. The results 
also suggest bond scission as the first step rather than 
hydrogen coordination. Unless the molecular frag- 
ment M(MesCs)aR (M = Th) is produced as an inter- 
mediate, it is expected that P-hydrogen elimination 
will not be the favoured thermolysis route [7]. 

The p-elimination mechanism is, in contrast to 
the f- and the earlier d-transition organometallics, 
more general for the late transition ones. The spher- 
ical trigonometric equivalence for the reaction inter- 
mediates of a few well characterized elimination reac- 
tions are given in Fig. 7. Because the number of inert 
ligands are less and they can be packed in a more 
crowded manner than in the f-block organometallics, 
there are more spaces available for the reaction inter- 
mediates [7] due to coordination unsaturation. 

2. Photochemical Reactions 
Marks has reported that photochemical excitation 

of ThCpsR readily leads to P-hydride elimination. 
The key processes are ligand-to-metal charge-transfer 
promotion of the complex to a less coordinatively 
saturated excited state, Th($-Cp)a($-Cp)R or 
Th(n3-Cp)s(q3-Cp)R [4]. Our calculation based on 
the former structure has proved that there is suffi- 
cient space for the hydrogen coordination step and 
for the olefin-hydride intermediate state. The spher- 
ical trigonometric description of the intermediate 
state is shown in Fig. 8. The calculated available 
spaces are shown in Fig. 9 for the carbon-hydrogen 
separation, and Fig. 10 for the carbon-carbon separa- 
tion. In comparison with the required separations, 

H 

/H 
- Bu3P-cu 

CHR CHR 

PPh3 

Ph3P 

b. 

Bu 

PPh3 lH\ 

Fig. 7. Intermediate states and their spherical triangular equivalence for the p-hydrogen elimination processes of some organo- 
transition metal compounds: (a) CUCH~CD$ZH~(PBU~) [8], (b) PtBuz(PPh& (91, (c) Ni(n3-allyl)(Et)(PPhs) [lo]. 
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Fig. 8. Photochemical excitation of MCpsR followed by the 
p-hydride elimination processes: reaction intermediates [ 111 
and descriptions in spherical trigonometry. a, b, c: different 
Co, HP arrangements in the hydrogen coordination step; 
d, e: different arrangements in the olefin-hydride inter- 
mediate. 

it is clearly seen that as long as the two q5-bonded Fig. 10. The availabie space for the C=C bite offered by 
and the ql-bonded cyclopentadienyl groups are close the M(nSCp)a(nl-Cp) fragment. Line A represents the re- 
to each other, there will be a sufficiently large space quired bite of the olefin in n-bonding to the metal at a dis- 

for the P-elimination mechanism. tance MC = 2.7 A. 

The ligand indenyl has two fan angles. The small 
one is the same as the simple cyclopentadienyl group. 
The larger one, on adding the phenyl ring, will be 
66”*. Corresponding calculations have shown that 

the space is less than that required because the in- 
denyl-U-indenyl bond angles are greater than the 
corresponding Cp-U-Cp angles. 

*FAinden,, = arctan@/d + I/d); b = ring centre (Cp)-ring 
centre (phenyl) distance; I = distance between ring centre and 
the hydrogen plus Van der Waals radii of hydrogen; d = 
metal-ring centre (Cp) distance, 

facile H coordination 

50. hlndered H coordination 

serious hindered H coordination 

30. 

L * 
95 100 105 110 115 120 125 

4qS-Cp-Th-q’-Cp 

Fig. 9. The available space for C-H separation (the maximum 
bite) offered in the M($Cp)a(qtCp) fragment. The hori- 
zontal axis represents the angle between the sr5-bonded Cp 
and the $-bonded Cp. Curves a, b, c, d, e refer to the corre- 
sponding arrangements in Fig. 8. 

&qS-Cp-Th-ql-Cp 

3. Ligand Drifting Movement, Inter- and Intra- 
molecular Mechanisms for Isomerization Reactions 

Organouranium(IV) systems of the general compo- 
sition U(CsHs)(CsH4R)(CsH4R’)X have been in- 
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vestigated [ 121. Stereoisomers were observed by 
means of ‘H NMR spectroscopy. In another type of 
tricyclopentadienyl uranium(IV) complex, UCPsXY, 
rapid ligand rearrangement was suggested to explain 
the unusual curvature in the Ais versus l/T plots 
in the ‘H NMR spectrum [13]. So far theoretical 
discussions on ligand rearrangement reactions are 
mostly focussed on the initial and the final configura- 
tions and little is known about the intermediates 
[ 14, 151, i.e. the reaction mechanisms. Steric hin- 
drance has been even less studied, yet it plays an 
important role in the isomerization reactions. 

The intramolecular mechanism is normally fol- 
lowed in the ligand rearrangement for d-transition 
metal complexes. The detailed analysis of the steric 
hindrance, however, suggests that the above rear- 
rangement might also follow the intermolecular 
mechanism. 

Intramolecular rearrangement is closely related 
to the movement of the ligand drifting in the coordi- 
nation sphere (Fig. 11). When the ligands are small 
so that one ligand can drift through the gap between 
two other ligands, the movement will lead to conver- 
sion from one stereoisomer to another. On the other 
hand, when the ligands are sufficiently large, such a 
‘drift’ will be hindered, so that the ligands can oscil- 
late only about their equilibrium positions; the 
structure is non-fluxional. 

(1) (2) 

Fig. 11. Ligand migration movement in the coordination 

sphere: (1) when the ligands are sufficiently small, migration 

might lead to conversion of stereoisomer; (2) when the 

ligands are bulky they can oscillate only in the coordination 

sphere. There will be no isomer transformation. 

:H2 Z 
!H2 

149 

40. 

607 
I 

40 ‘60 
* 

80 100 120 140 e 

54 - Td+s4 --D4h--C4v 

Fig. 13. Variation of the maximum available seats and the 

frontier seats in the processes of interconversion of MA4. 

We present here a brief discussion on the intra- 
molecular isomerization pathway concerning the four 
ligand packing and leave the general treatment for 
the following papers [ 161. Tetrahedron, squeezed 
tetrahedron, square-planar and square-pyramid are 
the most popular structures. These structures can 
be realized stepwise assuming that the ligands move 
along a definite route with increasing OL (Fig. 12). 

If at certain geometries the available seats become 
smaller than the ligands, the movement will be ster- 
ically hindered. For example, when the sum of the 
fan angles (FA5’) of the four ligands is less than 180°, 
the ligands can pass the square-planar state freely 
and there is no steric barrier at all. When the FAS 
of the ligands is more than 180” there will be a steric 
barrier (A = FAS - 1807 in the interconversion from 
Td to Da,,. 

We have given the geometrical analysis of the 
corresponding available seats and the holes of MA4 
species in Figs. 12, 13 and Table I. When the angle 
between the M-L bond and the improper axis, Sq, 
increases, the available seats for the four ligands 
first increase, reaching the maximum at Td sym- 
metry and then begin to decrease. The ligand ac- 
commodated in a seat smaller than its fan angle is 

’ 1 
iH 

S4 Td s4 D4h C4” 

(1) (11) (111) (IV) (VI 

Fig. 12. Movement of four identical ligands along the route of increasing CY will cause changes in symmetry leading to conversion 
of stereoisomers. This figure is to be read together with Table I and Fig. 13. 
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Fig. 14. Racemization reactions via intramolecular (I) and 

intermolecular mechanisms (II). Part a: the intramolecular 

and the Intermolecular mechanism; part b: the steric barriers 

for these two mechanisms. 

excited because it is subjected to the steric repulsion 
of other ligands. In such a seat the ligand has to move 
farther from the metal centre. Due to this reason, 
the metal-ligand bond distance is longer in spite of 
the stronger ligand field interaction in the square- 
plane than in tetrahedral case. 

Going back to the two meso forms of compounds, 
UCp*Cp(R)Cp(S)Cl, if the isomer interconversion 
is via an intramolecular mechanism (route 1, Fig. 14), 
the required space for the planar intermediate will 
be FAS = 3FAcr, + FAcl = 209’. Since the available 
is 180” only, on the assumption that the cyclopenta- 
dienyl group is more firmly bonded to the metal 
than the chloride, the available space for the latter 
would be 180” - 3FAcp = 1.5”. This means that the 
chloride will be elevated to a distance d = R&sin 15’ 
= 7 A from the metal. In fact, at such a distance the 
chloride is completely dissociated. 

In the planar intermediate state the frontier seats 
in the axial direction are 90” - FAcp = 35”. If the 
isomerization reaction takes place via the intermolec- 
ular mechanism (route II, Fig. 14), both the entering 
and the leaving chlorides, fitted in the axial seat, 
will be at a distance d =&/sin 35” = 3.1 A from 
the metal centre. The activation energy required for 
the ligand leaving the metal is actually the same as 
that needed in the dissociation which starts intra- 
molecular mechanism. Since there will be an energy 
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Fig. 15a. Ligand rearrangement from trigonal bipyramidal to the ‘side on’ species via the intramolecular mechanism. (a) square- 
pyramid; (b) pentagonal-planar. 

(a) (b) (cl Cdl (e) 

Fig. 15b. Cp-x position permutation movement leading to the ligand rearrangement. 

gain for a new ligand entering the opposite seat, 
the intermolecular mechanism is thus more favour- 
able than the intramolecular mechanism. 

There are various routes for intramolecular ligand 
rearrangement mechanisms from trigonal bipyramid 
to the ‘side on’ species, e.g. via the pentagonal-planar, 
the square-pyramid or the CpZX permutation (Fig. 
1.5) or the other intermediates. For the pentagonal- 
planar one the required space is ZI= rFAi = 231- 
243” (X = NCR or NCS) which is too large com- 
pared with the available space, 180’. It is thus ex- 
pected that this intermediate is strictly forbidden. 
In the square-pyramid intermediate one of the axial 
ligands must drift through the Cp/Cp/Cp plane to 
reach the ‘side one’ configuration. In the instant 
of passing through this plane the required space will 
be 3FA, + FAX = 198-204”, (X = NCR or NCS-) 
whereas the maximum available space is 180”. One of 
the axial ligands has to be elevated to the smaller 
seat of 15’ (Fig. 16a, route II), which corresponds 
to an M-X distance of 5.8 A (X = NCR, NCS-). 
Again the elevated ligand is actually dissociated. 

The Cp-X position permutation mechanism also 
demands space to turn round. The minimum require- 
ment can be calculated according to the configura- 
tion shown in Fig. 15. The result is also shown in 
Fig. 16. Part of this route (c-d-e, Fig. 15b) will 

lead the isomerization from trigonal-bipyramid to 
the ‘side on’ species. In the key step d the ligand X 
will be excited to a seat not greater than 15”. 

The intermolecular rearrangement mechanism is 
shown in Fig. 16. The leaving ligand in an axial 
position is excited to dissociation when the three 
cyclopentadienyl groups are turned over under the 
nucleophilic attack of the entering ligand X’, and 
the excitation height is, in fact, the same as that in 
the intramolecular mechanism, which starts with 
dissociation. In the cis-position of the ligand Y, 
there are three single seats which reach a maximum 
of 33” (Fig. 17) when the cyclopentadienyl groups 
contact to each other. Therefore, in the ‘side on’ 
structure the two cis-ligands are accommodated 
in somewhat smaller seats than they are in the frans- 
positions of the trigonal-bipyramidal structure. The 
corresponding bond lengthening will be R/sin 33” - 
R/sin 35” = 0.093 R (R is the Van der Waals radius 
of the donor atom). It is apparent that the ‘side on’ 
species is less stable than the trigonal-bipyramid. 

4. Small Ligand Insertion in the M-R Bond 
Following the above discussion, but in ligand 

integration reactions, the ‘side on’ species are less 
stable than the trigonal-bipyramid as regards steric 
repulsion. If, however, the two ligands, X and Y, 
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Fig. 16. Seat level analysis and steric barriers of inter- and 

intramolecular mechanisms for the trigonal bipyramidal --t 

$Td conversion. (a) the intramolecular mechanism; (b) the 

intermolecular mechanism. The ligand X leaves from the 

trans-position while the ligand X’ enters the &-position. 
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Fig. 17. Comparison of the frontier seats in the trigonal- 

bipyramidal and the ‘side on’ configurations. SA and SX: 

frontier seats for ligand X and Y to adopt the tbp configura- 

tion; ST: frontier seats for hgand X and Y to adopt the side 
one configuration. ST refers to three single seats non-overlap- 

ping each other, i.e. S=(e, 20). 

can be integrated into a new ligand, the reaction will 
be inverted, favouring its formation. Thus small 
ligands like carbon monoxide and carbon dioxide 

Fig. 18. Carbon monoxide insertion into the vacant seat 

adjacent to the secondary groups of hydrocarbyls. The 

shaded areas represent cyclopentadienyl groups. The dotted 

areas represent two methyl groups in an isopropyl group; 

note that the metal-carbon bond is only partially shielded. 

[ 171, sulphur dioxide [ 181 and acetonitrile [ 191, 
insert into the metal-carbon u-bonds. 

There are three remarkable points which are close- 
ly related to the steric conditions of the triscyclo- 
pentadienyluranium(IV) fragment. First, the rate 
of insertion is greater for more sterically demanding 
hydrocarbyls. Recalling the combination of the UCps 
fragment with ligands exerting second-order steric 
effects (part 5 of our last paper [l]), there are three 
secondary seats produced by the UCps fragment. 
The secondary groups of the hydrocarbyl push the 
three cyclopentadienyl groups to near contact but 
there is still steric congestion. However, the steric 
congestion is not uniform, except in the case of the 
t-C,H, group. The carbon monoxide will take one 
of the three secondary seats in the transient state of 
the side configuration (Fig. 18). It is clearly seen 
that the more unsymmetric and the more bulky 
the hydrocarbyl, the closer the carbon monoxide 
can approach to the primary carbon atom and to 
the metal centre. Once there is a nucleophilic attack 
on the opposite site of the hydrocarbyl, the three 
cyclopentadienyl groups will be triggered to close 
up, and push the carbon monoxide to fuse with the 
hydrocarbyl. The secondary groups in the hydro- 
carbyl cooperate with the cyclopentadienyl groups 
to increase the pressure on the carbon monoxide. 
In this way, hydrocarbyls which have two methyl 
groups in the secondary layer, such as iso-CsH, 
and see-C4Hg, will fuse with carbon monoxide more 
efficiently than those which have one alkyl group 
and two hydrogen atoms such as n-C4H7, neo-CsHii. 
The methyl group is the least efficient to accept 
carbon monoxide and the insertion occurs at a slow 
rate. 

Secondly, carbon dioxide and sulphur dioxide 
insert into the uranium(IV)-carbon bond more 
slowly or under more difficult conditions. 

Unlike the carbon monoxide and acetonitrile 
reactions, carbon dioxide inserts into the metal- 
carbon bond to produce a four-membered ring at 
the first step. The oxygen-oxygen bite is more than 



Nature of Seat-ligand Fitting 

FA of the donor atom 

Fig. 19. The required space to bond bidentate ligands and 
the available space in the UCps fragment. (1) Border T: 
critical border to form 3-membered rings; F: critical border 
to form 4-membered rings; P: critical border to form 5- and 
6-membered rings. (2) Curve A: (Y = 90”, Cp-U-Cp = 120”; 
curve B: (~=85’, Cp-U-Cp = 119.2”; curve C: (Y = 80”, 
Cp-U-Cp = 117.1’; curve D: 01= 75”, Cp-U-Cp = 113.5”; 
curve E: a! = 70”, Cp-U-Cp = 109.5”. 

60” for a carboxylic acid. Compared with the avail- 
able seat (Fig. 19) it is more critical to carry on 
the insertion. 

Thirdly, there are no multi-insertions and dimeri- 
zation to produce a five-membered ring, such as 

Jo R \\& 

CP3U 

\ ’ o/Y /O 
‘c \ 

’ fUCP3 R/C\O 

A five-membered ring demands more space than 
a four-membered ring and so the reaction is seriously 
hindered. 

Ligand dissociation and association reactions [20], 
and ligand exchange reactions of complexes contain- 
ing three n-bonded cyclopentadienyl groups have 
been discussed elsewhere [2 11. The error in introduc- 
ing the spherical trigonometric method to describe 
ligand movement will be discussed in another paper. 

153 

Acknowledgements 

This work was supported by the Science Fund 
of the Chinese Academy of Science. We are grateful 
to Professor K. W. Bagnall at Manchester University, 
Professor R. E. Cramer and Professor J. W. Gilje for 
helpful discussions, revision of English and for 
providing their research results before publication. 

References 

4 

5 

6 

7 
8 

9 

10 

11 

12 

13 

14 
15 
16 
17 

18 

19 

20 

21 

Li Xing-fu and Guo Ao-ling, Inorg. Chim. Acta, 131, 129 
(1987). 
P. J. Davidson, hf. F. Lappert and R. Pearce, Chem. Rev., 
76,219 (1976). 
T. J. Marks, in T. J. Marks and I. L. Fragala (eds.), 
‘Fundamental and Technological Aspects of Organo-f- 
Element Chemistry’, Reidel, Dordrecht, 1985, p. 115 and 
refs. therein. 
T. J. Marks, in T. J. Marks and R. D. Fischer (eds.), 
‘Organometallics of the f-Elements’, Reidel, Dordrecht, 
1979, p. 113, and refs. therein. 
R. C. Weast (ed.), ‘C.R.C. Handbook of Chemistry and 
Physics’, 61st edn., CRC Press F218,1980-1981. 
G. Parego, M. Cesari, F. Forina and G. Lug& Acta Crys- 
tallogr., Sect. B, 32, 3034 (1976). 
Li Xmg-fu, unpublished results. 
G. M. Whitesides, E. R. Stedronsky, C. P. Casey and J. 
San. Filipps Jr.,J. Am. Chem. Sot., 92, 1426 (1970). 
G. M. Whitesides, J. F. Gaasch and E. R. Stedronsky, 
J. Am. Chem. Sot., 94,5258 (1972). 
H. Bonnemann, Ch. Grard, W. Kopp and G. Wike, Proc. 
23rd Znt. Cong. Pure Appl. Chem., 6,265 (1971). 
(a) D. W. Karma, T. J. Marks and W. A. Watcher, J. Am. 
Chem. Sot., 99, 3877 (1977); (b) J. W. Brano, D. G. 
Kahna, E. A. Mintz and T. J. Marks, J. Am. Chem. Sot., 
104,186O (1982). 
A. Dormond, J. Organomet. Chem., 256, 47 (1983), and 
refs. therein. 
W. Jahn, K. Yunlu, W. Oroschin, H. D. Amberger and 
R. D. Fischer,Znorg. Chim. Acta, 95,85 (1984). 
E. L. Muetterties,J. Am. Chem. Sot., 91,1636 (1969). 
W. G. Klemperer,J. Am. Chem. Sot., 94,694O (1972). 
Li Xing-fu, manuscript in preparation. 
D. C. Sonnenberger, E. A. Mintz and T. J. Marks,J. Am. 
Chem. Sot., 106,3484 (1984). 
L. Arnaudet, G. Folcher and H. Marquet-Ellis, J. Orga- 
nomet. Chem., 103,3589 (1981). 
R. E. Cramer, R. B. Maynard, J. C. Paw and J. W. Gilje, 
Organometallics, 1, 869 (1982); R. E. Cramer, K. Pan- 
chanatheswaran and J. W. Gilje, J. Am. Chem. Sot., 106, 
1853 (1984). 
Li Xing-fu, Xu Ying-ting, Guo Ao-ling, Shi Jie, Hu Ren- 
an and Sun Peng-nian, Chim. Acta Sin., 45, 1 (1987). 
Li Xing-fu, Sun Peng-nian, Guo Ao-ling and Lu Jing-ci, 
Inorg. Chim. Acta, 129, 245 (1987). 

Note Added in Proof 

After completion of this paper, the author had 
learned that the first CpUXY complex to contain 
a four-membered ring, i.e., CpU [(NPh)(O)CCHP- 
(Ph)(R)(Me)] [22], has been determined. 

22 R. E. Cramer, J. H. Jeong and J. W. Gilje, Organometul- 
lies, in press. 


