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Abstract 

By comparing the residual space available in a 
molecular fragment with the space demanded by the 
additional ligands, structural and chemical properties 
of compounds containing this fragment can be 
studied quantitatively in the light of steric factors. 
This method is described in detail with the complexes 
of MCps (where Cp is cyclopentadienyl) as an 
example. 

Introduction 

Organometallic compounds containing three A- 
bonded cyclopentadienyl groups are a characteristic 
of f-block and group IVB transition metals, compris- 
ing a class of the most important compounds for 
which the electron count exceeds 18. Their structure 
and chemistry has been reviewed [l-3] and their 
electronic structure has been discussed recently 

]4,51. 
In these compounds the orbital interactions 

between the metal and ligand are weak, and, to our 
understanding, non-directional. Ligand steric factors 
should be dominant in determining the structure and 
chemistry of this class of compounds. We have 
recently found that both in applying the uniform 
packing rule and in the seat-ligand least fitting 
method the structure of compounds of the type 
MCpsL or MCpsX (where Cp is cyclopentadienyl) can 
be well predicted [6-81. 

The present paper is a further development of our 
research on the nature of seat-ligand fitting in local 
coordination space, applied to complexes with three 
n-bonded cyclopentadienyl groups. 

*Author to whom correspondence should be addressed. 
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Results and Discussion 

(I) Residual Space and the Fran tier Seats 
In the coordination space of the MCps fragment, 

the part which is not occupied by the three cyclo- 
pentadienyl groups is termed the residual space. The 
solid angle factor of the residual space is constant, 
i.e. l-3SAF(Cp), regardless of the positions of the 
rings. Nevertheless the vacant seats contained in the 
residual space can be varied. Whether or not the 
MCps fragment could combine with additional 
ligands depends not only on the bonding between 
them, but also on the steric fitting between the 
vacant seats and the additional ligands. By analogy 
with the concept of frontier orbitals, the few largest 
vacant seats contained in the residual space are called 
frontier seats. The ‘frontier seat’ differs from a ‘hole’ 
[9], in that the former could be organized in differ- 
ent shapes whereas the latter is simply an empty 
cone. 

(2) The Combination of the MQ+ Fragment with 
Simple Cone Shaped Ligands 

The simple cone ligands are termed type A ligands. 
Examples are Cp-, Cl-, F- and some rod-like ligands 
such as NCS. The molecular structures of MCpsAA’ 
are formed under the geometrical conditions that 
there are corresponding frontier seats SA and Si 
which could accommodate these ligands (Fig. 1). 

The symbol cr is used to describe the angle be- 
tween the cyclopentadienyl group and the Cs, axis, 

s I A 

(a) 

Fig. 1. Combination of the MCp3 fragments with the simple 

cone shaped liiands: (a) frontier seats described by shaded 
cones;(b) donor atoms contained in the frontier seat. 
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TABLE I. Frontier Seats in the MCp3 Fragment and the Corresponding Metal-Donor Atom Distances in Taking the Full Seat 

Ring opening 

angle, (I (“) 

Bond angle 

Cp-M-Cp 

2P 0 

Bond angle 

Cp-M-SA 

0 

SA 
0 

d, fO1 

atom Cl- 

(A) R- 

dA fO1 
atom 0 

(A) 

dA fO1 
atom N 

(A) 

dA fOrCp- 

(A) 
si 

0 

0 0 180 125 

10 17.3 170 115 

20 34.4 160 105 

30 51.4 150 95 
40 67.6 140 85 1.81 1.41 1.51 

50 83.2 130 75 1.86 1.45 1.55 
60 97.2 120 65 1.99 1.54 1.65 5 

65 103.4 115 60 2.08 1.62 1.73 2.00 10 

70 109 110 55 2.20 1.71 1.83 2.43a 15 

75 113.6 105 50 2.34 1.83 1.96 2.91 20 

80 117.0 100 45 2.55a 1.98 2.12 3.47 25 

85 119.2 95 40 2.80 2.18 2.33 4.14 30 

90 120 90 35 3.13 2.44 2.61a 4.96 35 

95 119.2 85 (30) 3.60 2.80 3.00 6.00 40 

100 117 80 (25) 4.26 3.31 3.56 7.40 45 

*Metal-l&and distances at the normal bonding. 

and 20 is used to describe the angle between two 
cyclopentadienyl groups (Fig. 1 la): 

G 
Angle Cp-M-Cp = 2 sin-r - sin 01 = Z/3 

( 1 2 
(2.1) 

The two major frontier seats, S and S’, are trans to 
each other and are at the two ends of the Cs, axis: 

Angle Cp-M-SA = 180” - a! (2.2) 

Angle Cp-M-S,1 = a (2.3) 

The magnitudes of the two seats are: 

S,.,= 180”~o-Bon (2.4) 

SA’=o -eon (2.5) 

The bond angles between cyclopentadienyl groups 
should not exceed 2/3 because the ligands cannot 
overlap. We adopt ecP as 55”, which is the standard 
fan angle parameter for U(IV) [lo] and for Eu(III) 
[I 1,121. a is thus limited to the range 70” Q (Y < 
IlOO. 

Coordinating atoms with Van der Waals radii R, 
just fitting in the frontier seats without overlapping, 
should be put at the following distances 

dA = R/sin SA = R/sin(cw t eon) (2.6) 

dA’ = R/sin Si = R/sin(a - r30P) (2.7) 

By comparing dA and dA* with the normal bond 
lengths between the corresponding metal and the 
ligands, one can estimate whether or not the com- 
plexes MCpaA and MCpaAA’ will be formed and 
evaluate the corresponding bond angles. These are 

60- 

/ 
-sA 

EEs3, s, LI 53 -L 53 

Td C3” bh 

70 80 90 loo (10 

Fig. 2. Variation of frontier seats in accordance with the 

open angle QL. Vertical axis: left, frontier seat; right, ligand 

size [lo-131. 

shown in Table I. Only those angles are significant 
which produce frontier seats close to the ligands. 

The seat level diagram in Fig. 2 is shown to illus- 
trate the dependence of frontier seats on the angle (Y. 
The seat levels are arranged according to the ordinate, 
whereas the angle (Y is given in the abscissa. On the 
left is the seat level diagram of the MCp, frame at the 
maximum compression (cr = 70”). The frontier seat 
SA is 55”, just large enough to accommodate the 
fourth ncyclopentadienyl to form MCp, or MCp,. 
The frontier seats cannot be larger than 55” unless the 
three cyclopentadienyls themselves are compressed, 
which will induce a great increase in the repulsion 
energy. Even in UCp, the U-Cp distance is longer 
than the normal bond distance [13]. The penta- 
methylcyclopentadienyl group takes a seat of 55” at 
the metal-ring centre distance of 3.3 A. This means 
that steric repulsion occurs earlier than the orbital 
interaction. It is thus expected that the compound 
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MCp,(Me&) will not be easily prepared because of 
steric repulsion. 

On the other hand, when (Y changes from 70’ to 
90”, the seat SAr increases stepwise from 15S0to 35’. 
At first, seat S,? is not large enough to accommodate 
a second ligand. Nevertheless this seat would induce 
an association effect which has been observed in 
UCp,C(CN), [14]. Therefore, at the angle (Y = 80- 
853 only seat S,, which is about 40-453 fits the fan 
angles of many ligands and the structure pattern 
MCpaA is formed. The calculated bond angles are in 
good agreement with the observed X-ray results 
[6-81. 

When (Y equals 903 the two frontier seats become 
equal and the fan angles of both are 35”, which only 
properly fit small nitrogen donor ligands like NCR or 
NCS. Again many structures of this pattern have 
been experimentally observed [ 15,161. 

(3) The Combination of AKp3 Fragments with Two 
Cone Combinations MC&B 

Ligands which could be described as two cone 
combinations (type B) include classical bidentate 
ligands such as NOa- and acac- as well as the n- 
bonded ethylenes. They also apply to some reaction 
intermediates such as those shown below. Whereas 
the nature of the bond has been considered in the 
orbital interaction, the ligands are considered here 
only as cones with geometrical factors. 

d-bonding n-bonding agostic [27] 

/O\ 
M\O/N-o M-i 

C 

Reaction Intermediates 

Such ligands could be described geometrically by 
three parameters: Ba and &, for the two individual 
cones and b for their bite (Fig. 3). In the same way, 
the residual space of the MCp, fragment can be 
resolved into two seat combinations, which are 
described also by three parameters; S,, Sr, for the two 
individual seats and u for their bite. 

There are two conformations for the B type ligand 
to fit into the residual space. They could either take 
conformation I, for which the plane comprising the 
two coordination atoms and the metal centre extends 
through one of the M-Cp axes, i.e. plane MBB’ is 
approximately perpendicular to one of the Cp group 

(a) 

(cl Cd) 

Fig. 3. Combination of MCp3 fragments with bidentate 

ligands: (a) frontier seat described as a two cone combina- 

tion; (b) steric parameters of two cone combinations;(c) con- 

formation I; (d) conformation II. 

planes; or they could take conformation II, for which 
the plane MBB’ is approximately parallel to one of 
the Cp group planes. 

Whether or not the ligand B combines with the 
MCp, fragment and in which conformation depends 
on the fitting of the ligand to the combination seat of 
two cones. 

When the two coordinating atoms are identical, 
one could resolve two single seats which are equal to 
the size of the individual coordinating atoms and 
examine whether the maximum bite of the two seats 
is greater than the bite of the ligand. The two con- 
formations produce different results (Fig. 1 lb). 

For the first conformation 

o,=360°-(@ta!tBo, +Y+S) 

For the second conformation 

(3.1) 

o2 = 2 sin- ‘(T sin($+f)) (3.2) 

Here Q! and /3 have the same meaning as that given in 
the second section and S is the fan angle of the single 
seat; y, r#~ are given below 

y = tan-’ f tan 1y 
i ) 

c#J = cos 
-_1 (coswps,,) ) 

(3.3) 

(3 -4) 

When a! is fixed, the bite decreases as the single seat 
increases. 

The bite in the seat combination depends also 
on (Y, the opening angle of the cyclopentadienyl 
group. The smaller the value of (Y, the greater the bite 
of the two cones. The maximum bite is achieved at 
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the closest packing of the rings, i.e. a = 70’. If, at this 
stage, the seat combination is still less than the corre- 
sponding ligands, stable structures of the type MCpaB 
will not be obtained. 

An example is the, as yet unknown, compounds 
composed of the AnCps fragment and P-diketones or 
other bidentate chelates forming 6-membered rings. 
At the normal bond lengths of 2.4 A, each oxygen 
atom of the diketone needs a seat of 36”, and the two 
atoms are overlapping negligibly so that their bite is 
only a little less than the sum of their fan angles, ix. 
b = 70’. At the closest packing of three rings the 
largest bite for the two seat of 36”is attained at o2 = 
59’. Therefore it is apparent that the empty space on 
the MCp, fragment is not sufficiently large to coordi- 
nate a bidentate P-diketone. 

Bagnall ]17] attempted to prepare UCps(acac) but 
the product was UCp,(acac)s. Disproportionation of 
‘UCps(acac)’ might just be due to problems of steric 
packing. 

Interestingly, the structure of UCpapz (pz = 
pyrazole) was an unexpected result [ 181. The original 
attempt was to prepare the bridged structure I 

,?N - N’, 

u CP, u CP, 

‘N-N / 
/ \ 
C +c/ C 

I 

If such a structure really exists, there would be two 
independent nitrogen donor atoms present in the 
residual space of the UCpa fragment, the ‘bite’ be- 
tween two independent donor atoms will be equal to 
or greater than the sum of their fan angles. Therefore 
a bite of 78” is needed for the two nitrogen seats in 
the bridged structure, which cannot be realized even 
on the closest packing of the three rings. However, in 
structure II, the two nitrogen atoms are held together 
by bonding, and the required space is much smaller. 

It is clearly seen in Table II that the values of w2 
are always greater than those of wi. Therefore, in the 
case of steric constraint, the ligands would adopt con- 
formation II. This is exemplified in the structure of 
UCpapz [ 181. The pyrazolate anion, at 2.383 A from 
the uranium ion, is equivalent to two cones of ON = 
39’ combined at a bite of 32.94 At the determined 
MCpa frame in UCpspz, the bond angles Cp-U-Cp 
are 114.3’ with the corresponding value of cy = 76’. 
In this geometry the maximum bite for two seats of 
39’ is 29.3” in the first conformation and 33.l”in the 
second conformation. Consequently the pyrazole will 
only fit in the residual space of the UCp, fragment in 
the second conformation. 
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TABLE II. Maximum Bite of Two or Three Cone Combina- 

tions Fitted in the Residual Space of the MCp3 Fragment 

WZ/Wl (“) 

@El a 
70 75 80 85 90 

24 

26 

28 

30 75.1 

(69.7) 

32 69.7 

(64.3) 
34 64.2 

(58.8) 

36 58.5 

(53.4) 

38 52.9 

(47.9) 

40 47.1 

(42.4) 

42 41.2 

(37.0) 

44 35.3 

(31.5) 

46 29.2 

(25.9) 
48 23.0 

(20.3) 

50 16.7 

(15.2) 
52 10.2 

(8.9) 
54 3.5 

(3) 

63.4 

(57.4) 

57.4 

(51.7) 

51.4 

(46.0) 

45.2 

(40.4) 

39.1 

(34.7) 
32.8 

(29.0) 

26.5 

(23.3) 

20.1 

(17.6) 

13.5 

(11.8) 

6.8 

(5.9) 
0 

(0) 

49.6 

(44.0) 

43.2 

(38.1) 

36.7 

(32.3) 

30.2 

(26.5) 

23.6 

(20.7) 

16.9 

(14.8) 

10.2 

(8.9) 
3.5 

(3.0) 
-3.4 

-6 

38.5 

(33.4) 

31.4 

(27.2) 

24.4 

(21.1) 

34.1 17.4 

(29.8) (15.0) 
27.3 10.4 

(23.8) (9.0) 
20.5 3.5 

(17.9) (3) 
13.7 0 

(11.9) 0 

6.9 

(6) 
0 

(0) 

When the donor atoms are not identical, they will 
need different single seats for coordination. In the 
residual space one can resolve two seats, each of 
which is equal to one of the two donor atoms at the 
normal bond distances and see if the maximum bite 
of the two seats is equal to or greater than the bite of 
the ligand. The results of the comparison will decide 
whether the ligand can combine with the MCp, 
fragment or not. With S, = FA, and S,= FA,,, the 
bite is derived as follows: 

w = sin-‘(sin Q, sin y) + sin-‘[sin J/u sin( 120” - r)] 

where 

I& = 180” - y - cos-i [ cos@;;; S.) ] 
(3.6) 

$,,= 180”-y -cos-r cos(O cp + Sb) 

cos p 1 (3.7) 
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y = tan-’ 
i 

(tan $,/tan J/u) - cos 120” 

sin 120” 
(3.8) 

As an example the bidentate acyl group has a bite 
of 29.2O when the bond lengths U-C = 2.4 A. U-O = 
2.35 A and C=O = 1.2 A are assumed for the related 
structures [ 191. The maximum bite at cy = 70” will be 
38.9’. At (Y = 73” and bond angle Cp-U-Cp = 1 lo- 
113” there is a suitable seat of 29” for combination 
with the bidentate acyl group. 
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(4) Combination of the MC@, Fragment with 
7kidentate Llgands 

Tridentate ligands could be described geometri- 
cally as a cone group composed of three simple cones. 
Thus the boron hydride group in U(BH4)4 at the 
normal bond lengths (B-H = 1.21 A, U-B = 2.53 A) 
could be described as three hydrogen cones, the fan 
angles of which are 29.7”. The bite between every two 
cones is 48.3’ provided that the boron hydride is 
tetrahedral. Tridentate hydrotrispyrazolyl borate 
could be regarded as three nitrogen cones with their 
fan angles at about 36” (the fan angle of the nitrogen 
in the ligand might be in between the fan angles of a 
neutral nitrogen donor ligand and a negative pyrazole 
anion) and the bite between every two nitrogen 
atoms is about 70’. 

Owing to the symmetry of the MCp, fragment in 
the residual space, the fitting of tridentate ligands is 
the same as the fitting of bidentate ligands in the 
second conformation. (There is an empty seat 
identical to the two seats occupied by the bidentate 
ligand (Fig. 4)) 

@ 

(a) 

Fig. 4. Combination of the MCps fragment with tridentate 
ligands: (a) ST seat; (b) three donor atoms arranged in the 
coordination sphere. 

The seat level diagrams for accommodation of tri- 
dentate ligands are given in Figs. 5 and 6. In Fig. 5 
there is no overlapping among the three single seats, 
whereas in Fig. 6 the single seats overlap with each 
other. The former represent three small monodentate 
ligands closely packed in a hole. The latter represent 
coordination of a tridentate ligand. The seat combina- 
tions must be written together with the fan angles of 
its single seats and the bite among them. Thus tri- 
dentate boron hydride needs a seat combination ST 
(29.7’, 48.3’) and the HBpz3 ligand needs a seat com- 

FAO 
,__--------_-~--_-_- ---_ _I 

f -H3 
I 

lo I 

. I -=Yy~sN*5._,i&~ =: i 
I 6 

30 - 
I 

-5; 280 
- si 330 

- 5, 
I 
I 

L___,_ - _____________k2_.: 

50. CP CP CP 
--_5355~-_s355~~s355o~s3559 

70 80 90 100 a0 

Fig. 5. Seat level diagrams for the MCps fragment. An ST 
seat combination serves as the frontier seat. The bite of the 
5’~ seat is the sum of the fan angles of the two seats. (In this 
way, there is no overlapping among the three single seats.) It 
should be noted that when OL is less than 90”, the ST seat is 
in the large hole of the MCpa fragment whereas the ST seat 
is in the small hole when Q is greater than 90’. 

FAO 
1” 

r------ --- ----------_ 
# 
I 

I 
30. I 

I 
0 20 40 60 80 w; 

Fig. 6. Seat level diagrams for the MCps fragment. The ST 
seat varies with the bite of the single seats. Bidentate and tri- 
dentate ligands are plotted in the Figure as points(X). When 
the point is above the curve, the ligand could combine with 
the MCps fragment. 

bination S,(36q 70”). Bidentate ligand fitting in the 
first conformation needs an Sn(0, b) seat, whereas it 
needs an &((I, b) seat fitting in the second conforma- 
tion. 

It is clearly seen in Table II that the residual space 
in the MCp, fragment could accommodate tridentate 
tetrahydroborate when 01 is smaller than 80°. How- 
ever, it could not accommodate tridentate HBpz, in 
any way. Experimentally, tridentate UCpaBH4 was 
established by Marks and Kolb [20], and dispropor- 
tionation of the compounds ‘UCpaHBpz,’ was 
observed by Bagnall et al. [21]. 

The $-bonded ally1 needs an ST seat combination 
with three bites. The two short bites between the 
neighbouring carbon atoms are 27.4’ at the normal 
bond lengths (C-C = 1.27 A and U-C = 2.68 A). The 
third bite between the two end carbon atoms is 53.2’. 
Comparing these values with the seat combinations 
given in Table II, n3-bonded ally1 would not be struc- 
turally stable. In fact u-bonded q’-ally1 was observed 
[22]. In ref. 4 and 23 it was argued that there is no 
steric problem because a n-bonded cyclopentadienyl 
group can even exist in the residual space. The fact is 
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that the ally1 group demands a different seat from 
that required by the cyclopentadienyl group; the 
C-C-C bond angle (14.5’ [24]) in the ally1 group is 
much greater than those in the cyclopentadienyl 
group. Furthermore the metal-carbon distance is 
shorter than those in the corresponding cyclopenta- 
dienyls. 

(5) Combination of the MCp3 Fragment with I&a& 
Exerting Second-Order Steric Effect 

In certain ligands, such as alkyls, ethers and 
amines, the coordinating atoms connect with more 
than two secondary atoms, which are not completely 
shielded by the donor atom. They are about 3-3.5 A 
away from the metal centre, i.e. the same distance as 
the ring hydrogens. Therefore they also take seats in 
the coordination sphere. The whole ligand can be 
treated as a three cone combination (for OR*) or a 
four cone combination (for CR,). The coordinating 

Fig. 7. The space needed by the secondary methyl group and 

the seats offered by the MCpa fragment: (a) calculation of 

FA, and $I& (b) calculation of SB and $JB; (c) a four cone 

combination seat to accommodate CR3 in the residual space 
of the MCpa fragment, looking in the direction M-A. 

atom is the major cone whereas the secondary atoms 
are the side cones (Fig. 7). 

Geometrical conditions for MCpaR to form a 
stable structure (R = ligands with secondary steric 
effects) are that both the coordinating atom and the 
branch atoms should fit in the residual space of the 
MCp, fragment. 

Fan angles of the secondary atoms, and their 
branch angles JIB from the Csv axis, can be calculated 
as follows (Fig. 8) 

(5.1) 

dB = (dAZ + dAB= - 2dAdAB cos MAB)“’ (5.2) 

$B = co? 
dA2 + dB= - dAB2 

UAd, 
(5.3) 

where R, and dB are the Van der Waal’s radii and the 
M-B distance of the secondary groups (e.g. methyl) 
(Table III). 

The branch angle of a triplet cone group seat, $S, 
which fits the secondary groups is derived as follows 
(Table IV) 

J/a = 180” - cos-r 
cos(eC, + sB> 

cos p 
-7 (5.4) 

Fig. 8. Distortion of CHR- in a smaller seat: (a) when the 

seat is large enough, the M-C, bond coincides with the 

direction of sp3 hybridization of o carbon atom; (b) in a 

smaller seat, the bond angle MC& is increased, whereas the 
bond angle MC&H, should decrease. 

TABLE III. Examples of the Ligands which Exert Second-order Steric Effects 

Ligand 

CH; 

CRa- 

NH3 
NRa 

DHz 

OR2 

Assumed M-A 

distance (A) 

2.5 

2.5 

2.7 
2.7 

2.5 

2.5 

Bond length 

A-B (A) 

1.09 

1.54 

1.04 
1.47 

1.03 

1.43 

FA of the donor 

atom (“) 

47.7 

47.7 

33.7 
33.7 

34.1 

34.1 

FAB $B 

(“) (“) 

23.2 19.6 

36.7 25.6 

22.0 17.9 
35.1 23.4 

23.6 18.8 

37.7 24.3 
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TABLE IV. The Triplet Seats and their Branch Angle to the 
Cs,, Axis of the MCps Fragment, es (“) 

SB (“1 arc? 
70 75 80 85 90 

(Cp-M-Cp) 109.5 113.6 117 119.2 120 
25 53.5 46.7 38.9 30.1 20.4 
27.5 49.1 42.0 34.0 25.0 15.2 
30 44.7 37.4 29.1 19.9 10.1 
32.5 40.4 32.8 24.3 15.0 5.1 
35 36.1 28.3 19.5 10.0 0 
37.5 31.9 23.8 14.8 5.2 
40 27.6 11.2 10.0 0 

To compare the seat with the corresponding 
secondary group, the single seat & is assigned to be 
equal to the fan angle of the secondary group FAB, if 
$s > $B, the whole seat group will fit the ligand 
(Fig. 7). On the other hand, if J/S < eB, one requires 
a larger opening angle. Finally, when $a < $g at 
(Y = 70°, the bulky ligand should not coordinate to 
the MCp3 fragment because of steric hindrance. 

The seats required by the secondary atoms are 
listed in Table III for selected ligands at the normal 
bond lengths. For example, CR, needs a major seat, 
S = 47.7”, for the coordinating carbon atom and three 
side secondary seats (36.74 which form a branch 
angle of 25.6” with the C’s” axis. At the normal bond 
angle Cp-U-Cp = 117’, (Y = 80°, there is a major seat 
of 45’which is nevertheless close to the fan angle of 
the carbon atom in the residual space. However when 
the secondary seats are assigned to be equal to the fan 
angle of the methyl group, the maximum branch 
angle offered in the residual space of the MCp, 
fragment is 16’ (Fig. 8) only, which is much less than 
that needed. Distortion is thus expected to occur for 
the unknown structure of UCp3CR3. Either the 
opening angle will be forced to be greater than SO’, or 
the uranium-carbon bond length will be longer than 
normal. With an asymmetric bulky ligand, e.g. 
CHR*-, the methyl group should be forced away 
from the normal metal centre and the M-C bonding 
should be forced away from the direction of sp3 
hybridization of the carbon atom. The structure of 
UCp3CH2R [25] does show the very large U-C,& 
bond angle of 128”. Similar bond angles are observed 
in LnCp,thf [26]. Figure 9 can be used for a general 
examination of the seat-ligand fitting for bulky 
ligands. The fan angle of the secondary seat, Sg, is 
plotted on the X axis, whereas the branch angle of 
the secondary seat is plotted on the vertical axis. 
Each curve represents the dependence of $a on SB at 
a fixed angle QI. Fan angles and branch angles of bulky 
ligands are plotted as points in Fig. 9. They are in 
between the curves for (Y = 70’ and (Y = SO’. This 

a.700 

20 25 30 35 40 45 s”. 

Fig. 9. Steric requirements for the MCp3 fragment bound to 
bulky bands. Horizontal axis: fan angle of the ST individual 
seat. Vertical axis: branch angle of the SB seats which each 
curve represents. 

means that there is sufficient space for their coordina- 
tion. 

(6) l%e Molecular Structure of Mo3; Combination 
of the Ma3 Fragment with Additional Cyclopenta- 
dienyl Groups 

The coordination space of the MCp3 fragment is 
not saturated, so that the residual space needs to be 
filled. If there are no other ligands present, the q5- 
bonded cyclopentadienyl group bonded to one metal 
ion has to fill the frontier seats of another MCp3 
fragment. In this way the compound should have a 
polymeric molecular structure. The frontier seat 
normally accommodates the fourth cyclopentadienyl 
group in the 9’ or v2-mode. Interestingly, as the ionic 
radii of the lanthanides decrease, the bond lengths 
between the n-bonded cyclopentadienyl group and 
the metal ion decrease, whereas the bond lengths 
between the u-bonded cyclopentadienyl group and 
the metal ion increase*. This fact is apparently due to 
the expansion’ of the three major seats and the 
enforced contraction of the frontier seat, which is 
fully explained in the seat analysis of the MA3B 
pattern [8]. In Fig. 10 the metal<arbon distances 
are plotted on the horizontal axis while the fan angle 
demanded for the q2-bonded cyclopentadienyl group, 
estimated according to the following equation: 

tQxCD = FA+@ = sin-‘(R/d) f $ sin-‘(1/2d) (6.1) 

(Fig. IO), is given in curve I. The space demanded by 
the $-bonded cyclopentadienyl group decreases with 
increasing M-C distances. The seat offered by the 
MCp3 fragment increases somewhat because the side 
seats fit better in the corner at longer distances. Each 
curve represents the corresponding seats at a fixed 

*The 02-carbon atoms are semi-coordinated to the metal at 
distances from 3.3 to 3.7 A [ 271. 
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/+() . . 
. $z- cp 

. . 

2.5 3.0 3.5 A 
4,0 M-q2 -Cp distsrcc 

Fig. 10. Combination of the MCps fragment with the fourth 

q2-cyclopentadienyl. The cross points A and B indicate the 

minimum distance between the metal and the q2-bonded 

carbons, at this point the residual space of LnCps ((Y = 80”) 

is just large enough to accommodate a n2-cyclopentadienyl 

group. 

SA 

CP 

CP 

(b) CP 

Fig. 11. (a) Calculation of the frontier seat SA, SA’; 

geometrical description of (Y, p and y. (b) Calculation of seat 

bites for two seat groups; geometrical description of + and 

w2. 

opening angle, cr = 80”, offered by the MCps frag- 
ment. The n2cyclopentadienyl group can be accom- 
modated in the residual space only if So, > F&n. It 
can be seen that the carbon atom in the q2-Cp group 
should be at least further than 3 A from uranium and 
the middle lanthanides. For the heavier lanthanides 
the q5-bonded cyclopentadienyl groups are bonded 

closer so that the q2-cyclopentadienyl group is 
extruded further away from the metal ion. Finally, 
the frontier seat becomes too small to accommodate 
u-bonded ligands so an ‘agostic’ cyclopentadienyl 
group is held in the frontier seats [27]. For lutetium 
and scandium, the cyclopentadienyl group requires 
too large a seat so it becomes critical for the metal to 
hold three q5-bonded cyclopentadienyl groups and 
the third cyclopentadienyl group is again converted 
to u-bonding. 

Conclusions 

Using the MCps fragment as an example, the 
present paper has suggested a general approach to the 
steric problems. By comparison of the space needed 
and the space available, the structure and chemistry 
of compounds of weak LFSE can be studied in detail. 
A further discussion concerning the reaction inter- 
mediates will be given in a following paper. 
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