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Summary 

Ab initio molecular orbital calculations have been can-red out on three con- 
formations of the mcdel compound H2Al(C5HS)_ The equilibrium conformation 
is found to be HzAl(~‘-C,H,) with the H(Al) atoms in the symmetry plane. The 
barrier to rotation of the cyclopentadienyl ring is 2.36 kcal mol-’ and the bar- 
rier to eschange of the H(AI) atoms 11.83 kcal mol-‘. The nature of the ‘bond- 
ing is discussed. 

introduction 

Dimethyl(cyclopentadienyl)aluminium, Me,AlCp, has recently been stud- 
ied by gas phase electron diffraction [ 11. Under the esperimental conditions 
the gas jet was found to contain monomeric species only, and models for the 
monomer containing 17’ Cp (o-bonded) cr qi Cp (symmetrically rr-bonded) 
rings could be ruled out. The four models containing q’-Cp or q’-Cp (asymme- 
trically n-bonded) rings shown in Fig. 1 were then considered. Somewhat dis- 
appointingly it was found that each model could be brought into satisfactory 
agreement with the esperimental intensity data. In each case the value obtained 
for the distance from the Al atom to the (approximate) five-fold symmetry asis 
of the ring (o-p in Fig. 1) was such as to place the Al atom directly above the 
edge of the ring; above the midpoint of the C!,-C, bond in models I and III, 
above C, in models II and IV. The values obtained for the perpendicular dis- 
tances from the Al atom to the plane of the Cp ring (Al-p in Fig. 1) ranged 
from 2.05 to 2.20 A. 

Subsequently CNDO/B molecular orbital calculations were carried out on 
all four models with the various structure parameters obtained by the least 
squares refinements. The calculations consistently pointed to mode: I as the 
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equilibrium conformation, but indicated that the barrier to rotation of the Cp 
ring (via model III) is of the order of 5 kcal mol-’ or less, and that the barrier 
to e-uchange of the two non-equivalent Me groups (via model III) is between 10 
and 20 kcal mol-’ . 

The structure of model I obtained by least squares calculations on the 
electron difhction data is shown in Fig. 2. It is probably best described as con- 
taining a r)‘-Cp ring. A very similar arrangement has also recently been found 
for one of the Cp rings in Cp,Ti by X-ray crystallography ]2]. 

Me,AlCp appears to be partly associated in freezing benzene 131. The ‘H 
NMR spectrum of MezAICp in this solvent [ 3,3] as well as in CCL [ 51 at am- 
bient temperatures consists of two singlets corresponding to the six Me protons 
and the five Cp protons respectively. Benzene and CCL can hardly be regarded 
as non-interacting solvents, and it cannot be taken for granted that the structure 
of the monomer in these solvents is the same as in the gas phase. It should 

Fig. 2. Structure 3f model I of MQAICP obtained by IeasL wuares refinement cm the gas phase electron 
difhaction daLa 1 I I. 



nevertheless be noted that the simplicity of the ‘H NMR spectra is consistent 
with the low barrier to rotation of the Cp ring and the moderate barrier to ex- 
change of the Me groups indicated by the approximate molecular orbital cal- 
culations on Me+I(rI’-Cp). 

In order to get more reliable information about the metal to ring bonding 
and the rotational barriers we have performed a series of ab initio molecular 
orbital calculations on the model compound H:AlCp. 

Computational details 

The AI--Y bond distance in H,AlCp was put equal to 1.56 PI as found in 
H,AINMe, (61. CaIcuIations were first carried out on model I (C, symmetry) 
with the bond distances and velence angles shown in Fig. 2. The Cp ring was 
assumed to have Dj,, symmetry. Subsequently calculations were carried out on 
models in which the Cp ring had been rotated 36” about the five-fold symmetry 
asis (model II) and in which the H2Al fragment had been rotated 90” about the 
line bisecting the H-Al-H angle (model III). 

CaIcuIations were carried out with the program MOLECULE [73 which 
solves the Roothaan-Hall equations for a Gaussian type bask For AI we used 
a (X3,9,1) basis contracted to (6,1,1) [ES], for C a (9,5) basis contracted to 
@I,!?) [9] and for H a (4) basis contracted to (2) [lo]. A scale factor of 1.25 was 
used for the H basrs set. The d-orbital esponent of Al was fised at 0.30. 

Results and discussion 

The total energies obtained for the three models are listed in Table 1 along 
with the energies and approximate assignment of the highest occupied orbitak 
Like the CND0/2 calculations, the ab initio calculations point to model I as the 

TABLE 1 

TOTAL ENERGIES AND ORBlTAL ENERGIES OF THE THREE MODELS OF tl,AlC~ 

Model 

I II III 

~ltxal (au.) 435.23187 

EPOL. q UE. el.U.) 260.24307 
AE (Iscal molml) 0.00 

Orbrral ener&fres fo.u.) 

1 ?a’ 
160’ 

elyz 
Al-H 

150’ AI-H 
l4a’ IJ(C-H) 
13a’ o(C-H) 
124X’ aI= 

--0.322923 -0.323610 -0.330454 
-0.439886 -0.440826 -0.44756Sa 
-0.492515 -0.492455 +I493794 
-0.634988 -0.529450 -0.531557 
4.563195 -0.564513 -0.562417 
-0.594952 -0.595217 -0.596906 

8” =lr” -0.326639 -0.323586 -0.304135 
?a’_ o(C-H) -0.530553 -0.534708 -0.526472 
Q” o(C-H) -Q.564601 -0.563501 -0.557709 

435.22811 -l35.21301 
260.27 195 260.25733 

2.36 11.83 

a This orbital has a” svmmelry for model III. 
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TABLE 2 

CROSS ATOMIC POFULATIONS AND OVERLAP POPULATIONS OBTAINED FOR 
ED EQUlLlBRlUhl CONFORMATION OF H2AlCp (MODEL I). 

MO 

120’ 

::-“I (01 n) 

Cross alomlc populalrons 

Al 0.635 0.569 
H6 0.180 0.303 

H7 0.147 0.360 

MI 0.962 1.224 

Cl(?) 0.310 0.166 

“d:(l) 0.149 0.096 0.149 0.142 
CP 1.038 0.776 

TOti 

16a’ 17a’ 80” 
(AI-H) WI y”) W’lx”b 

0.753 0.128 0.174 12.381 
0.623 0 008 0 1.123 

0.532 0.104 0 1.160 

1.908 0.240 0.174 14.663 
0.026 0.278 0.357 6.331 

0.007 0.023 0.179 0.844 0.554 0.001 6.299 6.320 
0.092 1.760 1.826 35.337 

OwrlaD populnlions 
XI--H6 0.150 0.245 0.421 0.010 0 0.833 

Al-x, 0.127 0.290 0.365 0.03-l 0 0.828 

cv-cI(Z) 0.082 -0.017 -0.015 0.112 0.061 0.290 

A-3(5) 0.031 -0.007 0.004 -0.057 0.042 0.007 

XI--c-l 0.001 -000-l 0.008 -0 069 0.002 -0.070 

AJ-CP 0.230 -0.052 -0.013 0.041 0.208 0.525 

Cl-Q 0.081 0.063 0.018 0.207 -0.306 0.746 

G-C3 0.056 0.055 -0.002 -0.15-l 0.31 I 1.041 

Cd., 0.032 o.o-l9 0.002 0.219 --0.002 1.135 

THE CALCULAT- 

equilibrium conformation. The barrier to internal rotation of the Cp ring (via 
model II) is calculated as 2.36 kcal mol-‘, the barrier to eschange of the H atoms 
(via model III) as 11.83 kcal mol-‘. The correspondmg numbers obtained by the 
CND0/2 calculations on Me,_AlCp were 4.1 and 17.1 kcal mol-I with an sp 
basis and 6.2 and 10.4 kcal mol-’ with spd basis [l]. 

The gross atomic and overlap populations obtained by population analysis 
of the AI-H and AI-Cp bonding orhitals of the equihbrium conformation are 
listed in Table 2, along with the total gross atomic and overlap populations. 

The highest occupied molecular orbital of a” symmetry, &z”, can be clearly 
identified as the e,, n-orbital of the Cp ring, but it also contains a small con- 
trigution from the Al 3p, atomic orbital, the contribution from this molecular 
orbital to the electron density on Al is 0.174. The molecular orbital is conse- 
quently weakly bonding between Al and C,(?, and C3(5)- 

The highest molecular orbital of a’ symmetry, l’ia’, is more comples. It can 
be roughly described as the el ,, n-orbital of the Cp ring mixed with the a, x-or- 
bital in such a way as to increase the electron density on the C atoms that are the 
greatest distance from Al. But it also has a small contribution from the Al 3p, 
and 3p, atomic orbitals, the resulting hydrid p-orbital pointing roughly towards 
the center of the Cp ring. The contribution from the 17~’ molecular orbItal to 
the electron density on Al is 0.128. There appears to be bonding between Al and 
C I(z,, but antibonding between Al and Cats) and between Al and C,. We shall 
return to this point below. 

Then follow two molecular orb&& of a’symmetry. The highest of these 
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is an almost completely localized Al-H bond orbital with large contributions 
from the Al 3pY and 3pz orbit&. On rotation of the H,Al fragment to model 111 
this orbital changes its symmetry to 0”. The lowest Al-H bond orbital has 2 large 
contribution from the Al 3s atomic orbital and is to a considerable estent mixed 
with the a, n-orbital of the Cp ring. It is antibonding between the ti atom and 
the ring. 

The energy of the aI n-orbital of the Cp ring lies below the energy of four 
of the u C-H bond orbit&. The a, n-orbital has been mised with the e,, ‘IT-or- 
bital in such a way as to increase the electron density on C, and C,. The mole- 
cular orbital also contains a large contribution from the -41 3s orbital, the con- 
tribution from this molecular orbital to the electron density on Al being 0.635. 
The molecular orbital is consequently bonding Al and c](7) and Al and C,(j)- 

The total overlap populations obtamed indicate substantial bonding be- 
tween Al and CIGJr negligible bonding between Al and Cjts) and a’net antibond- 
ing effect (due largely to the 17~’ orbital) between Al and C_,. The overlap po- 

pulations therefore support the description of the compounds as H2Al(~‘-Cp)_ 
The overall bonding between the Al atom and the ring appears to be due 

to the interaction of the a, n-orbital with the 3s orbital of Al and of the e,, 
rr-orbital with the 3p, orbital on Al. The interaction betwee,. the e,, x-orbital 
and the atomic orbitals on Al results in bonding between Al and C,(2j, but 
antibonding between Al and C,,:, and C,. It seems reasonable to assume 
that this antibonding is due to the non-availability of the Al 3p, orbital for 
bonding to the ring, and to assume that the resulting repulsion between Al and 
Cl(j) and CJ is responsible for the asymmetric structure of the sr-complex. 

The population analysis indicates that Al to Cp bonding is accompanied 
by a flow of 0.530 electrons from Al to Cp in the a’ molecular orbitals and a 
back-donation of 0.194 electrons into the 3p, and to a much smaller estent the 
3d, and 3d,, orbitals of Al. Similarly ab initro calculations on H?AlOH [ 111 
have indicated a transfer 0.475 electrons from Al to 0 in the o-orbitals and a 
back-donation of 0.113 electrons into the pn and d;r atomic orbit& of Al. 

The resulting net charge on the Cp ring, -0.336, is intermediate between 
the net charges on the Cp rings in HBe(q’-Cp) j12] and H,Si(q’-Cp) [13] ob- 
tained by ab initio molecular orbital calculations, -0.507 and -0.280 respec- 
tively. Since the H( Al) atoms also carry a negative charge, the calculated dipole 
moment is only 0.75 Debye. 

The 3d orbit.& of Al do not appear to be very important for the bonding 
in H.AlCp. The total 3d orbital population is 0.249 which is not much greater 
than in AU-I,, 0.184 [ll]. 

When the H2Al Eragment is rotated 90” to model III, the energies of the 
12~’ (a,~) and 17a’ (e,,.n) orbital5 decrease slightly (see Table l), while the 
energy of the 80” (e,,n) orbital increases by 0.025 a.u. (= 16 kcal mol-‘) and 
the contribution of this molecular orbital to the electron density on Al de- 
creases &om 0.174 to 0.071. It is clear that model III is less favorable than 
model I because conjugation between the e,, n-orbital of the ring and the 
formally empty 3p orbital of Al has been broken. 

Similarly comparison of the orbital energies for models I and II show that 
the energies of the 12~’ (a,~) and 17~’ (e,,sr) orbitals decrease as the Cp ring 
is rotated, while the energy of the Sa” (e,,n) orbital again increases, and the 
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contribution from the latter MO to the electron density on AI decreases slightly 
from 0.176 to 0.168. Since the energy difference is small, the case is not entirely 
clear-cut, but it seems reasonable to assume that model I is favored because con- 
jugation between the e,, s-orbital of the Cp ring and the 3p, orbital of AI is less 
effective in model II than in model I. 
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