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Abstract

Lewis acid–base complexes of cyclopentadienylaluminum derivatives MexCp3�x Al (x = 0–2) and trimethylaluminum with selected
aromatic amines (L): dmap = 4-dimethylaminopyridine, py–Me = 4-methylpyridyne, were synthesized and characterized by 1H, 13C,
27Al NMR: Cp3Al Æ dmap (1), Cp3Al Æ py–Me (2), MeCp2Al Æ dmap (3), MeCp2Al Æ py–Me (4), Me2CpAl Æ dmap (5), Me2CpAl Æ py–
Me (6), Me3Al Æ py–Me (7). 1H NMR studies of 3–6 revealed small amounts of the ligand redistribution products. The crystal structures
of 1, 2 and 3 were determined by single X-ray diffraction studies. The compounds 1, 2 and 3 are monomeric with Cp ligands bonded to
the aluminum center in g1(r), g1(p) manner. The change of Cp–Al bond character from g1(p) to g1(r) was found to reasonable correlate
with the aromaticity of Cp� ligand described by HOMA index. Analysis of close intra- and intermolecular contacts showed presence of
CH� � �p interactions leading to the formation of 2-D supramolecular networks. It was found that these interactions impact on the coor-
dination sphere of aluminum and the conformation of Cp ring.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Despite the fact that cyclopentadienylaluminum com-
pounds have been under investigation for many years
[1,2] very few cyclopentadienylaluminum complexes with
Lewis bases have been described [3–5]. To the best of our
knowledge only one crystal structure of a donor–acceptor
compound, Cp3Al Æ CNtBu, containing unsubstituted Cp
ligand was determined so far. The examples of organoalu-
minum donor–acceptor complexes with pentamethylcyclo-
pentadienyl (Cp*) ligand are also scant [5–7]. Unlike d- and
f-block metals, the cyclopentadienyl compounds of the
main group metals, especially aluminum, in the absence
of accessible d valence orbitals display high flexibility in
Cp-ring coordination as a result of the small energy barrier
between different haptotropes (g1

M g5). It has been
reported that the bonding mode of Cp–Al strongly depends
0022-328X/$ - see front matter � 2006 Elsevier B.V. All rights reserved.
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on steric and electronic factors introduced by other ligands
bonded to the metal center [2]. Thus the changes in the
metal surrounding should be reflected in the bonding mode
of Cp–Al providing additional information about the char-
acter of the metal center, particularly its acidity.

Nevertheless, one can remember that the shape of com-
pounds in the solid state strongly depends on the weak
molecular forces. The electronic structure of Cp ligands
makes these rings serving simultaneously as potential CH
donors and acceptors in weak CH� � �p interactions. The
role of this bonds between soft acids CH and soft base p
systems such as cyclopentadienyl and pyridyne ring was
for example reviewed recently by Nishio [8] and its statisti-
cal evaluation for transition metal compounds was pre-
sented by Braga et al. [9].

In the last few years we have synthesized and structur-
ally evaluated many cyclopentadienylaluminum deriva-
tives. Continuing this interest we have investigated
cyclopentadienylaluminum adducts with aromatic amines
to characterize the factors determining the structure of
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the aluminum coordination sphere, particularly the Cp-
ring coordination mode. On the other hand, the reactivity
of Group 13 metals derivatives towards amines to form
donor–acceptor adducts is especially interesting due to pos-
sible material science applications of products [10].

Herein, we describe the series of seven novel donor–
acceptor complexes formed by Cp3Al, MeCp2Al, Me2CpAl
and Me3Al and obtained in reactions with aromatic
amines: 4-dimethylaminopyridyne (dmap) and 4-methyl-
pyridyne (py–Me). The properties of the 1–7 complexes
in solution were analyzed according to the NMR spectra.
The crystal structures of three of them (1–3) were deter-
mined by single crystal X-ray diffraction studies. The com-
prehensive analysis of structural parameters with special
emphasis on the Cp-ring aromaticity and the Cp–Al bond
mode was performed. Examination of intra- and intermo-
lecular contacts allowed to determine the supramolecular
structure and to show for the first time the role of CH� � �p
interactions in cyclopentadienylaluminum compounds.

2. Experimental

2.1. General remarks

All synthesized compounds 1–7 are air and moisture sen-
sitive. They were prepared and manipulated under an argon
atmosphere using standard Schlenk techniques. Solvent was
distilled over potassium benzophenone ketyl. MeCl2Al (as
1.0 M solution in hexane), Me2ClAl, Me3Al, 4-dimethyla-
minopyridine were purchased from Aldrich and used with-
out further purification. 4-Methylpyridine (Aldrich) was
distilled under argon over dry molecular sieves (4 Å) before
use. Aluminum trichloride (Aldrich) was sublimed before
use. CpNa was synthesized in the reaction of freshly dis-
tilled cyclopentadiene with sodium in xylene. Cp3Al was
synthesized by the modification of method given in the liter-
ature [11] from AlCl3 and NaCp (molar ratio 1:3.6) in tolu-
ene reflux for 2 days. Purity of Cp3Al was confirmed by
NMR [12]. MeCp2Al and Me2CpAl were prepared from
MeCl2Al, Me2ClAl and CpNa in toluene. NMR spectra
were recorded on Varian-Mercury (1H – 400.09 MHz, 13C
– 100.60 MHz, 27Al – 104.25 MHz) using d6-benzene solu-
tions. All chemical shifts are reported in ppm and refer-
enced to solvent (1H,13C) or AlðOHÞ3þ6 (27Al, external
reference, d = 0.0 ppm).

2.2. Synthesis of Cp3Al Æ dmap (1)

A solution of dmap (0.30 g, 2.5 mmol) in toluene was
added by syringe to a stirred solution of Cp3Al (0.55 g,
2.5 mmol) in 50 ml of toluene cooled at �20 �C. The reac-
tion mixture was warmed to room temperature and stirred
for additional 1 h, then concentrated to approximately
20 ml and left to crystallize at �5 �C. Slightly orange crys-
tals of 1 were obtained with 67% yield (0.57 g). 1H NMR
(C6D6): d 1.79 (s, 6H, NMe2), 5.29 (m, 2H, C(3)–H), 6.38
(s, 15H, Cp), 7.15 (m, 2H, C(2)–H). 13C NMR (C6D6): d
38.0 (NMe2), 105.0 (C(3)), 114.0 (Cp), 145.9 (C(2)), 155.1
(C(4)). 27Al NMR (C6D6): d 122.2 (x1/2 = 1424 Hz). Anal.
Calc. for C22H25AlN2: C, 76.72; H, 7.32; Al, 7.83. Found:
C, 76.02; H, 7.11; Al, 7.42%.

2.3. Synthesis of Cp3Al Æ py–Me (2)

A solution of py–Me (0.24 ml, 2.5 mmol) was added by
syringe to a stirred solution of Cp3Al (0.55 g, 2.5 mmol) in
50 ml of toluene cooled at �20 �C. The reaction mixture
was warmed to room temperature and stirred for addi-
tional 1 h, then concentrated to approximately 40 ml and
left to crystallize at �5 �C. Colorless crystals of 2 were
obtained with 80% yield (0.62 g). 1H NMR (C6D6): d
1.36 (s, 3H, Me), 5.96 (m, 2H, C(3)–H), 6.25 (s, 15H,
Cp), 7.16 (m, 2H, C(2)–H). 13C NMR (C6D6): d 20.7
(Me), 114.1 (Cp), 124.1 (C(3)), 146.3 (C(4)), 153.8 (C(2)).
27Al NMR (C6D6): d 122.6 (x1/2 = 1337 Hz). Anal. Calc.
for C21H22AlN: C, 79.97; H, 7.03; Al, 8.55. Found: C,
78.94; H, 6.98; Al, 8.32%.

2.4. Synthesis of MeCp2Al Æ dmap (3)

The compound 3 was prepared by a method analogous
to that for compound 1 using MeCp2Al (0.44 g, 2.6 mmol)
and dmap (0.31 g, 2.6 mmol). The product 3 crystallized
from toluene at �5 �C as a colorless solid. Yield 62%
(0.47 g). 1H NMR (C6D6): d �0.64 (s, 3H, AlMe), 1.86
(s, 6H, NMe2), 5.38 (m, 2H, C(3)–H), 6.46 (s, 10H, Cp),
7.45 (m, 2H, C(2)–H). 13C NMR (C6D6): d �13.5 (AlMe),
38.0 (NMe2), 105.2 (C(3)), 113.2 (Cp), 146.0 (C(2)), 154.9
(C(4)). 27Al NMR (C6D6): d 119.8 (x1/2 = 7624 Hz). The
sample reveals peaks due to contamination by ca. 10% 1

and ca. 10% 5. Anal. Calc. for C18H23AlN2: C, 73.44; H,
7.88; Al, 9.17. Found: C, 73.21; H, 7.63; Al, 9.08%.

2.5. Synthesis of MeCp2Al Æ py–Me (4)

The compound 4 was prepared by a method analogous
to that for compound 2 using MeCp2Al (0.44 g, 2.6 mmol)
and py–Me (0.25 ml, 2.6 mmol). The product 4 crystallized
from toluene at �5 �C as a colorless solid. Several attempts
to obtain crystals of 4 suitable for X-ray study failed. Yield
54% (0.37 g). 1H NMR (C6D6): d �0.74 (s, 3H, AlMe), 1.47
(s, 3H, Me), 6.10 (m, 2H, C(3)–H), 6.32 (s, 10H, Cp), 7.58
(m, 2H, C(2)–H). 13C NMR (C6D6): d �13.5 (AlMe), 20.7
(Me), 113.2 (Cp), 124.7 (C(3)), 146.2 (C(4)), 152.9 (C(2)).
27Al NMR (C6D6): d 132.1 (x1/2 = 7242 Hz). The sample
reveals peaks due to contamination by ca. 5% 2 and ca.
5% 6. Anal. Calc. for C17H20AlN: C, 76.95; H, 7.60; Al,
10.17. Found: C, 76.34; H, 7.11; Al, 10.27%.

2.6. Synthesis of Me2CpAl Æ dmap (5)

A solution of dmap (0.22 g, 1.8 mmol) in toluene was
added by syringe to a stirred solution of Me2CpAl
(0.25 g, 1.8 mmol) in 50 ml of toluene cooled at �20 �C.
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The reaction mixture was warmed to room temperature
and stirred for additional 1 h. Then the solvent was evapo-
rated to give yellow oil. The quantitative yield was 0.47 g.
1H NMR (C6D6): d �0.32 (s, 6H, AlMe2), 1.97 (s, 6H,
NMe2), 5.52 (m, 2H, C(3)–H), 6.37 (s, 5H, Cp), 7.68 (m,
2H, C(2)–H). 13C NMR (C6D6): d �9.4 (AlMe2), 38.1
(NMe2), 105.9 (C(3)), 112.5 (Cp), 146.0 (C(2)), 155.1
(C(4)). 27Al NMR (C6D6): d 148.6 (x1/2 = 6984 Hz). The
sample reveals peaks due to contamination by ca. 10% 3

and ca. 10% Me3Al(dmap) [13]. Anal. Calc. for
C15H24AlN2: C, 69.47; H, 9.33; Al, 10.40. Found: C,
69.12; H, 9.03; Al, 10.14%.

2.7. Synthesis of Me2CpAl Æ py–Me (6)

A solution of py–Me (0.18 ml, 1.8 mmol) was added by
syringe to a stirred solution of Me2CpAl (0.25 g, 1.8 mmol)
in 50 ml of toluene cooled at �20 �C. The reaction mixture
was warmed to room temperature and stirred for addi-
tional 1 h. Then the solvent was evaporated to give yellow
oil. The quantitative yield was 0.42 g. 1H NMR (C6D6): d
�0.35 (s, 6H, AlMe2), 1.46 (s, 3H, Me), 6.12 (m, 2H, C(3)–
H), 6.38 (s, 5H, Cp), 7.79 (m, 2H, C(2)–H). 13C NMR
(C6D6): d �9.3 (AlMe2), 20.6 (Me), 112.4 (Cp), 125.1
(C(3)), 146.4 (C(4)), 152.7 (C(2)). 27Al NMR (C6D6): d
154.4 (x1/2 = 6898 Hz). The sample reveals peaks due to
contamination by ca. 10% 4 and ca. 10% 7. Anal. Calc.
for C14H21AlN: C, 73.01; H, 9.19; Al, 11.72. Found: C,
72.32; H, 8.94; Al, 11.20%.

2.8. Synthesis of Me3Al Æ py–Me (7)

A solution of py–Me (0.20 ml, 2.0 mmol) was added by
syringe to a stirred solution of Me3Al (0.14 g, 2.0 mmol) in
20 ml of toluene cooled at �20 �C. The reaction mixture
was warmed to room temperature and stirred for addi-
tional 1 h. Then the solvent was evaporated to give a white
solid. The quantitative yield was 0.33 g. 1H NMR (C6D6): d
�0.17 (s, 6H, AlMe3), 1.50 (s, 3H, Me), 6.18 (m, 2H, C(3)–
H), 8.03 (m, 2H, C(2)–H). 13C NMR (C6D6): d �7.7
(AlMe3), 20.6 (Me), 125.8 (C(3)), 146.4 (C(4)), 152.8
(C(2)). 27Al NMR (C6D6): d 169.1 (x1/2 = 6476 Hz). Anal.
Calc. for C9H16AlN: C, 65.43; H, 9.76; Al, 16.33. Found:
C, 64.92; H, 9.21; Al, 15.97%.

2.9. Synthesis of Me3Al Æ dmap (8)

The synthesis was carried out according to procedure
described previously [13]. Obtained 1H NMR and 13C
NMR spectra were consistent with the literature data.
27Al NMR (C6D6): d 171.8 (x1/2 = 6296 Hz).

2.10. X-ray structure determination

Single crystals of 1–3 were placed in thin-walled capillar-
ies (Lindemann glass) in an inert atmosphere. It should be
mentioned that several crystallizations of 1 gave weakly
diffracting, low quality crystals. The measurements were
performed on a Kuma KM4CCD j-axis diffractometer
with graphite-monochromated Mo Ka radiation
(k = 0.71073 Å) at 173(2) K. The measured intensities were
processed with the Lorentz and polarization effects and
crystal decomposition. To improve the data for 1 the
absorption correction based on symmetry-related intensi-
ties was also applied. The structures were solved by direct
methods using the SHELXS-97 program [14], and refined by
the full-matrix least-squares method against F2 (SHELXL-
97) [15]. In all cases all non-hydrogen atoms were aniso-
tropically refined. The positions and isotropic displacement
parameters of H atoms attached to cyclopentadienyl C(1),
C(6) and C(11) atoms were refined freely with Uiso(-
H) = 1.2 · [Ueq(C)]. The remaining H atoms were posi-
tioned geometrically and refined using a riding model
with Uiso(H) = 1.2 · [Ueq(C)] or 1.5 · [Ueq(C)] in the case
of Me groups. The methyl groups bonded to pyridine ring
in 2 and bonded to the Al atom in 3 were modeled as an
idealized disordered rotating groups with refined occu-
pancy factors for the major conformer of 0.69(2) and
0.78(2), respectively. The crystal and structure refinement
details are presented in Table 1. The geometrical parame-
ters for structural analysis were calculated using the Platon
package [16].

2.11. Cambridge structural database search

The collections of structural data were obtained
through systematic searches of the 5.26 version (October
2004) of the Cambridge Structural Database (CSD) using
CCDC software [17]. The searches were performed for:
(i) four-coordinate aluminum complexes comprising
unsubstituted Cp ligand(s), (ii) ionic compounds with
uncomplexed Cp� anion. The resulting subsets were
sorted and investigated manually. Subsequently, entries
showing the following characteristics: the R factor
greater than 0.08, an error flag, low bond precision
(rC–C greater than 0.005 Å), and disorder in the Cp
region were rejected. The geometrical parameters were
extracted using CONQUEST. Details concerning data retrie-
val from CSD files, list of CSD refcodes with references,
selected geometrical parameters are listed in Supporting
information.

3. Results and discussion

3.1. Synthesis, solution properties and NMR analysis

The used cyclopentadienylaluminum derivatives Cp3Al,
MeCp2Al, and MeCp2Al were obtained in reactions
between sodium cyclopentadienine salt and chloroalumi-
num compounds according to Eq. (1) [18]

MexCl3�xAl + (3x)NaCp !MexCp3�xAl + (3x)NaCl ð1Þ

The studied Lewis acid–base complexes 1–8 are formed in
the reaction of aluminum alkyls with pyridine derivatives



Table 1
Crystal data, data collection and refinement parameters for compounds 1–3

Compound 1 2 3

Empirical formula C22H25AlN2 C21H22AlN C18H23AlN2

Formula weight 344.42 315.38 294.36
Radiation Mo Ka (k = 0.71073 Å), graphite-monochromated
Temperature (K) 173(2) 173(2) 173(2)
Crystal system Monoclinic Monoclinic Triclinic
Space group P21/n (no. 14) P21/c (no. 14) P1 (no. 2)
Z 4 4 2
a (Å) 10.6073(10) 11.803(2) 8.6154(7)
b (Å) 12.6118(10) 8.7530(18) 9.3827(10)
c (Å) 14.6498(12) 17.699(4) 10.4794(9)
a (�) 90 90 95.990(8)
b (�) 109.118(8) 107.92(3) 91.735(7)
c (�) 90 90 91.820(7)
Volume (Å3) 1851.7(3) 1739.8(7) 841.58(13)
Calculated density (Mg m�3) 1.235 1.204 1.162
Absorption coefficient (mm�1) 0.116 0.116 0.116
Reflections collected 14,457 25,824 10,541
Unique reflections, (Rint) 2723 (0.0547) 3053 (0.0702) 2955 (0.0385)
Data/restraints/parameters 2723/0/237 3053/0/220 2955/0/201
Goodness-of-fit on F2a 1.122 1.115 1.140
Reflections with I > 2r(I) 2147 2651 2569
Final R indices (I > 2r(I))b R1 = 0.0632, wR2 = 0.1663 R1 = 0.0468, wR2 = 0.1136 R1 = 0.0470, wR2 = 0.0945
R indices (all data)b R1 = 0.0789, wR2 = 0.1836 R1 = 0.0579, wR2 = 0.1218 R1 = 0.0582, wR2 = 0.1005
Largest difference in peak and hole

(e Å�3)
+0.566 and �0.388 +0.286 and �0.281 +0.193 and �0.198

a Goodness of fit S ¼ f½wðF 2
o � F 2

cÞ
2�=ðn� pÞg1=2 where n is the number of reflections and p is the total number of parameters refined.

b R1 ¼
P
jjF oj � jF cjj=

P
jF cj; wR2 ¼

P
wðF 2

o � F 2
cÞ

2
h in .P

wðF 2
oÞ

2
h io1=2

.
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in 1:1 molar ratio (Scheme 1). We chose two simple aro-
matic amines with comparable steric demands and different
basicity which is indicated by pKa values for Hdmap+ and
Hpy–Me+ of 10.1 and 6.3, respectively [19]. The advantage
of using dmap is the fact that its several adducts with alu-
minum derivatives such as Me3Al, tBu3Al, and Cl3Al were
previously structurally characterized [13] and their struc-
tures could be compared with the series of presented com-
plexes. The synthesis of adduct 8 was performed to
complete the 27Al NMR data, despite it was previously
structurally characterized by Schulz et al. [13].

The formation of the adducts 1–8 was confirmed by
NMR analysis. It should be noted that in the case of all
4

3 2

NN

Me

Me
4

3 2

NMe

dmap py-Me

MexCp3—xAl  + L MexCp3—xAl L

1:  x = 0; L = dmap dmap

dmap

2:  x = 0; L = py-Me py-Me
py-Me3:  x = 1; L = dmap

4:  x = 1; L = py-Me

5:  x = 2; L = 
6:  x = 2; L = 
7:  x = 3; L = 
8:  x = 3; L = 

Scheme 1.
studied cyclopentadienyl derivatives in 1H, 13C NMR spec-
tra Cp hydrogen atoms and carbons atoms appear as a sin-
gle resonance line as a result of rapid (in the NMR time-
scale) rotation of the Cp ring on Al atom; this is consistent
with the calculated low energy barrier for 1,2-migration of
the metal center about Cp ring [2,12,20]. The 1H, 13C NMR
spectra of 1, 2 show signal patterns characteristic for the
appropriate amine (dmap or py–Me), and single resonance
for Cp ligand bonded to the Al atom. We have found that,
in the presence of the studied Lewis bases, compounds
MeCp2Al and Me2CpAl undergo a partial redistribution
reaction according to the equilibria shown in Eqs. (2) and
(3)

2MeCp2Al �L�Me2CpAl �L + Cp3Al �L ð2Þ
2Me2CpAl �L�Me3Al �L + MeCp2Al �L ð3Þ

Therefore, except of signals for MeCp2Al Æ L in the samples
of 3, 4 minor amounts of the ligand redistribution species:
Me2CpAl Æ L and Cp3Al Æ L were observed. The same was
observed for adducts 5 and 6, where approximately 10%
of MeCp2Al and Me3Al was found. These results are in
agreement with the well-known feature of organoalumi-
num compounds undergoing ligand redistribution reac-
tions in the presence of Lewis bases [21]. For
cyclopentadienylmethylaluminum derivatives the ligand
redistribution by MeCp2Al Æ L to form Cp3Al Æ L and
Me2CpAl Æ L in the presence of tBuNC, tBuCN, THF
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Fig. 1. 27Al NMR chemical shift for complexes 1–8 as a function of the
number of Cp ligands.
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and Et2O was reported [3] and analogous behavior for
Me2CpAl in THF was also described [22]. It should be
emphasized that the uncomplexed MeCp2Al does not redis-
tribute at ambient conditions [3].

All studied compounds 1–8 show signal characteristic
for four-coordinated Al atom in 27Al NMR consistent with
their monomeric structure. We observed that the order of
increasing of chemical shift in 27Al NMR is Cp3Al Æ L
<MeCp2Al Æ L<Me2CpAl Æ L<Me3Al Æ L, with exception
of 3, for which the signal at almost the same chemical shift
as for 1 was detected (Fig. 1). It shows that the shielding
effect of Cp ring is usually stronger than of Me group
bonded to the aluminum center and confirms our earlier
results where for cyclopentadienylaluminum alkoxides the
change of Cp ring on Me group on going from [Cp2Al-l-
OR]2 to [Cp(Me)Al-l-OR]2, where R = Me, Et, CH2

tBu,
Fig. 2. A view of the molecular structures of complexes 1–3 with the ato
Displacement ellipsoids are drawn at the 50% probability level and H-atoms a
iBu, resulted in increase of chemical shift approximately
10 ppm in 27Al NMR [11,23].

3.2. Molecular and crystal structure

The molecular structures of 1, 2 and 3 are shown in
Fig. 2, and selected bond lengths and angles are collected
in Table 2. In all compounds the cyclopentadienyl ligands
are g1 bonded to aluminum and the central C3AlN core
exhibits slightly distorted tetrahedral geometry. For the
detailed discussion of geometrical features in these com-
plexes it is convenient to define a center of gravity of the
Cp ring (Cg) and use additional parameters such as the dis-
tance between Cg and perpendicular projection of Al on
mean Cp plane, called the ring-slippage. In all compounds
one of the Cp rings (denoted as Cp1) is oriented in unique
manner and it is directed over the Al–N bond what can be
illustrated by the values of Cg1–C(1)–Al(1)–N(1) torsion
angles equal to 0.4, 12.2 and �0.8� for 1, 2 and 3, respec-
tively. Further, the Cp2 rings are directed outwards
(Cg2–C6–Al1–N1 torsion angles are close to 120�) and
show the lowest ring slippages. In 1 and 2 the distinctly
highest slippages (greater than 2 Å) show the Cp3 rings
and simultaneously they display significantly different ori-
entation in the coordination sphere, i.e. Cg3–C11–Al1–
N1 torsion angles are 100.5� and 31.5�, respectively. The
observed conformation of Cp rings in 1 and 2 is totally dif-
ferent from the reported previously symmetrical structure
of Cp3Al Æ CNtBu adduct [3] where Cp rings are symmetry
related by threefold axis and the relevant torsion Cg–CCp–
Al–C angle and the ring-slippage are equal to 104.8� and
1.818 Å, respectively.

The Al–N bond length for 1 is 1.951(2) Å and it is 0.05 Å
longer than in analogous AlCl3 adduct and 0.04 Å shorter
m numbering schemes, showing the differences in their conformations.
re omitted for clarity.



Table 2
Selected bond lengths and valence and torsion angles for 1–3

1 2 3

Bond lengths (Å)

Al(1)–N(1) 1.951(3) 1.9531(17) 1.9484(17)
Al(1)–C(1) 2.045(3) 2.040(2) 2.066(2)
Al(1)–C(6) 2.064(3) 2.051(2) 2.080(2)
Al(1)–C(11) 2.047(3) 2.020(2) 1.964(2)
C(1)–C(2) 1.448(5) 1.456(3) 1.448(3)
C(1)–C(5) 1.450(4) 1.454(3) 1.446(3)
C(2)–C(3) 1.370(5) 1.359(3) 1.366(3)
C(3)–C(4) 1.423(5) 1.425(3) 1.415(3)
C(4)–C(5) 1.361(4) 1.361(3) 1.369(3)
C(6)–C(7) 1.448(5) 1.453(3) 1.447(3)
C(6)–C(10) 1.460(4) 1.450(3) 1.451(3)
C(7)–C(8) 1.358(4) 1.364(3) 1.374(3)
C(8)–C(9) 1.407(5) 1.424(3) 1.420(3)
C(9)–C(10) 1.364(5) 1.362(3) 1.371(3)
C(11)–C(12) 1.450(4) 1.465(3) –
C(11)–C(15) 1.464(4) 1.469(3) –
C(12)–C(13) 1.357(4) 1.353(3) –
C(13)–C(14) 1.430(5) 1.437(3) –
C(14)–C(15) 1.356(4) 1.354(3) –

Bond angles (�)

N(1)–Al(1)–C(1) 106.90(12) 106.13(8) 106.25(8)
N(1)–Al(1)–C(6) 105.55(12) 103.72(8) 102.25(7)
N(1)–Al(1)–C(11) 109.48(11) 111.85(8) 108.51(8)
C(1)–Al(1)–C(11) 115.46(14) 111.35(9) 111.84(9)
C(1)–Al(1)–C(6) 107.13(14) 112.02(8) 109.28(8)
C(11)–Al(1)–C(6) 111.76(13) 111.41(8) 117.70(9)

Torsion angles (�)

N(1)–Al(1)–C(1)–C(2) �54.7(2) �42.68(15) �54.51(14)
N(1)–Al(1)–C(6)–C(7) 63.4(2) 76.15(14) 69.59(13)
N(1)–Al(1)–C(11)–C(12) 43.9(2) �26.95(17) –

H HAl

HOMA= 0.97 HOMA= –0.70

Cp̄ CpHCp–Al

0.8 > HOMA> 0.1

—

Scheme 2.
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than in AlMe3 one [13]. One can assume that the Cp3Al
moiety shows intermediate acidity, i.e. lower than AlCl3
and higher than AlMe3. As a consequence, one can expect
that a stepwise exchange of Cp ligands by Me groups should
cause the lowering of the aluminum center acidity and the
elongation of Al–N bond. On the other hand a similar geo-
metrical effect (Al–N bond elongation) should be observed
when decreasing the N-donor basicity as evidenced, in series
of AlCl3 adducts with pyridine derivatives dmap (pKa 10.1)
[19], 2-methylpyridyne (pKa 6.0) [24] and quinoline (pKa

4.9) [24] where the Al–N bond lengths change from
1.900(5) to 1.942(4) and to 1.956(4) Å, respectively [13,25].
Unexpectedly, in all studied compounds the donor–accep-
tor bond lengths are the same within the 3r despite the low-
ering of N-donor basicity on going from 1 to 2, or the
replacement of Cp by Me comparing 1 and 3. Conse-
quently, these changes in Al3+ environment are reflected
in the region of cyclopentadienyl ligands influencing their
bonding mode. The change of Cp–Al bond character from
g1(p) to g1(r), described by ring-slippage, causes subtle
changes of the ligand geometry, i.e. its electronic structure,
which is also closely connected with the degree of p-electron
donation from Cp� to Al3+. Because the p-electrons are
also responsible for the aromatic character of Cp�, the var-
iation of ligand aromaticity should be observed (Scheme 2).
To describe the electronic changes correlated with C–C
bond length changes in Cp� ligands, one of the numerous
aromaticity indices can be chosen. The geometric HOMA
index based on C–C bond length [26] appeared to be the
most appropriate for the studied problem, particularly to
the results showing the alteration of aromaticity of cyclo-
pentadienyl moieties in different chemical environments
[27]. The HOMA index was calculated according to the
equation [26]:

HOMA ¼ 1� a
n

Xn

i

ðRopt � RiÞ2

where Ri are individual bond lengths taken into the sum-
mation, Ropt is a optimal value of bond length (Å), as-
sumed to be realized for full aromatic systems (for CC
bonds Ropt is equal to 1.388 Å), a is a normalization
(empirical) constant (for CC bonds a = 257.7).

The results for compounds 1–3 were gathered with the
structural data for other, four-coordinated aluminum com-
plexes to analyze how the acidity of the coordination center
influence the differentiation of electronic structure of the
ligands exhibiting aromatic character. The structural data
were taken from the Cambridge Structural Database [17]
and additionally from our recently obtained results [28].
Subsequently, we calculated the HOMA indices for cyclo-
pentadienyl rings in complexes where Cp ligand is g1

bonded to the aluminum. Among others we found a rea-
sonable correlation between HOMA and the ring-slippage
parameter as it is depicted in Fig. 3. The correlation coef-
ficient between these two parameters is equal 0.64. HOMA
indices change from 0.8 to 0.1 whereas the slippage increase
from 1.2 [g1(p)] to 2.5 Å [g1(r)]. It is worth noting that the
lowest aromaticity (HOMA = 0.11) exhibits the Cp3 ring
in compound 2. For comparison, the mean HOMA index
for Cp� anion in series of ionic compounds with relatively
bulky counter-ions is 0.97 (see Supporting information),
while for cyclopenta-1,3-diene [29] is �0.70 (Scheme 2).
Generally, the increase of g1(r) bound (high slippage) con-
nected with the increase of electron density in the C(1)
atom region cause higher participation of the diene form.
The conformation of Cp ligands (e.g. ring-slippage) results
from the interplay of several factors. For example, we dem-
onstrated previously the impact of steric factors introduced
by alkoxy ligands in series of [Cp2Al(l-OR)]2 complexes
[11]. On the other hand, the HOMA spread at similar slip-
page values can be mainly due to diversified acidity of the
aluminum center. The effect of bonding mode and metal



Fig. 3. Plot of HOMA index of cyclopentadienyl ligand vs. ring-slippage
parameter in cyclopentadienylaluminum derivatives. Data for compound
1, 2 and 3 are denoted by diamonds, triangles and squares, respectively.
Dotted line points the mean HOMA value of 0.97 for ionic
cyclopentadienides.

a
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center acidity on Cp� aromaticity will be studied in details
basing on the whole spectrum of group 13 cyclopentadienyl
derivatives and by theoretical calculations on model com-
pounds [30]. Moreover, the significant influence of inter-
and intramolecular interactions such as hydrogen bonds
must be regarded.

The partial negative charge localized on Cp ligands
makes these rings the potential acceptors in H� � �p interac-
tions. The commonly used geometrical parameters charac-
terizing C–H� � �p bonds are collected in Table 3 for
Table 3
Hydrogen-bonding geometry (Å, �)a

d(H� � �Cg) \C–H� � �Cg d(C� � �Cg)

1

C(11)–H(11)� � �Cg(2) 2.85(3) 111(2) 3.261(3)
C(8)–H(8)� � �Cg(3)#1 2.70 153 3.572(4)
C(19)–H(19)� � �Cg(2)#2 2.98 155 3.862(3)

2

C(11)–H(11)� � �Cg(2) 2.66(2) 118.2(15) 3.228(2)
C(16)–H(16)� � �Cg(3) 2.79 131 3.486(2)
C(8)–H(8)� � �Cg(4)#3 2.96 151 3.827(3)
C(17)–H(17)� � �Cg(2)#4 2.51 154 3.385(2)
C(19)–H(19)� � �Cg(3)#5 2.57 153 3.447(2)

3

C(13)–H(13)� � �Cg(2)#6 2.74 149 3.587(2)
C(17)–H(17B)� � �Cg(3)#7 2.88 126 3.540(2)

Cp3Al Æ CNtBu [3]
C(3)–H(3)� � �Cg(1)#8 2.88 179 3.841(5)

a Symmetry transformations: (#1) 1 � x, �y, 1 � z; (#2) 1/2 � x, 1/2+y,
1/2 � z; (#3) 2 � x, �1/2+y, 1/2 � z; (#4) x, 1 + y, z; (#5) x, 1/2 � y,
�1/2+z; (#6) �1 + x, y, z; (#7) �x, 2 � y, 1 � z; (#8) �x, 1 � y, �z.
compounds 1–3. In 1 and 2 the intramolecular interactions
are observed between Cp2 and Cp3 ligands, where the first
ring is a p-acceptor and the C(11)–H(11) group in the sec-
ond acts as a donor. The H� � �Cg contacts are equal 2.86
and 2.66 Å, in 1 and 2 respectively. In case of 2 the Cp3
ring is also engaged as an acceptor in C–H� � �p interligand
interaction with aryl hydrogen H(16) of py–Me.

The analysis of intermolecular contacts showed the pres-
ence of weak C–H� � �p interactions, which are decisive for
supramolecular architecture. In compound 1 the main
structural unit is a centrosymmetric dimer joined by pair
of C8–H8� � �p(Cp3) bridges. The dimers are linked by
C(19)–H(19)� � �p(Cp2) bonds forming wavy layers parallel
to the ð101Þ plane. The fragment of the layer of the 2-D
structure is presented in Fig. 4.
b

Fig. 4. The 2D hydrogen bonding network in the crystal structure of
complex 1: (a) a view on the ð101Þ plane; (b) a side-view showing layer
structure.
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In crystals of 2 each molecule forms four relatively
strong C–H� � �p links with four neighboring molecules
what leads to simple 2-D network lying parallel to the
crystallographic plane (100) (Fig. 5a). The weaker inter-
actions between C(8)–H(8) of Cp2 and aromatic ring of
py–Me ligand leads to a double-layered structure
(Fig. 5b). In the crystal structure of 3 adjacent
monomeric molecules are linked by C(13)–
H(13)� � �p(Cp2) interactions into form of infinite chains
running along a axis. Two parallel chains are further
joined by weaker C(17)–H(17B)� � �p(dmap) interactions
forming double-chains (chain of rings), what is depicted
in Fig. 6.
a

b

Fig. 5. The hydrogen bonding network in the crystal structure of complex 2: (
side-view showing the double-layered structure.
We examined the supramolecular structure of
Cp3Al Æ CNtBu based on crystal data deposited in CSD
(appropriate data are also included in Table 3) [3,17].
Cp3Al Æ CNtBu crystallize in rhombohedral R3 space
group. The molecules are arranged in the layer perpendic-
ular to c-axis. Each molecule is surrounded by three others
oppositely directed. Adjacent molecules are linked by
C–H� � �p(Cp) intermolecular interactions resulting from
engaging of each Cp ligand and each methyl group of
CNtBu ligand (Fig. 7). It should be notified that no signif-
icant intramolecular contacts are detected.

We suppose, intra- and intermolecular attractions are
key feature responsible for different conformation of Cp3
a) a view of simple layer parallel to the crystallographic (100) plane; (b) a



Fig. 6. A view of the crystal structure of complex 3 illustrating the hydrogen-bonded double-chain running along a-axis.

Fig. 7. A part of the hydrogen-bonded 2D network in the crystal structure
of Cp3Al Æ CNtBu complex viewed down the threefold axis.3
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ligand when comparing 1 and 2. Further, the presence of
intramolecular interligand interaction cause the lowering
of the aluminum coordination sphere symmetry in our
compounds in comparison to Cp3Al Æ CNtBu adduct.

4. Conclusions

The new series of aluminum donor–acceptor complexes
with pyridine derivatives have been synthesized. Compari-
son of the 27Al NMR spectral data showed that stepwise
exchange of Cp ligands by Me groups shifts almost mono-
tonically the 27Al NMR signal to lower field. The analysis
of Al–N bond length reveals the Cp3Al and Cp2AlMe moi-
eties show intermediate acidity between AlCl3 and AlMe3.
However, for cyclopentadienylaluminum compounds the
alteration of the acidity of Al center is mainly reflected in
the region of Al–Cp bonds. It was stated the change of
Cp–Al bond character from g1(p) to g1(r) correlates with
the aromaticity of Cp� ligand described by HOMA index,
albeit the practical use of C–C bond lengths as indicators
of metal–Cp interactions is thought to be limited [2]. This
effect will be verified on the whole spectrum of data regard-
ing bonding modes in group 13 cyclopentadienyl deriva-
tives and by theoretical calculations on model compounds.

We found intra- and intermolecular attractions play sig-
nificant role in conformation of Cp ligands. In particular,
the presence of intramolecular interligand interactions
breaks the symmetry of aluminum coordination sphere.
These aspects of influence of weak CH� � �p interaction are
of general importance for other Cp complexes of main
group metals.
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Appendix A. Supplementary material

CCDC 614966, 614967 and 614968 contain the supple-
mentary crystallographic data for 1, 2 and 3. These data
can be obtained free of charge via http://www.ccdc.cam.a-
c.uk/conts/retrieving.html, or from the Cambridge Crystal-
lographic Data Centre, 12 Union Road, Cambridge CB2
1EZ, UK; fax: (+44) 1223-336-033; or e-mail: depos-
it@ccdc.cam.ac.uk. Supplementary data (details concern-
ing data retrieval from CSD files, list of CSD refcodes
with references, selected geometrical parameters) associ-
ated with this article can be found, in the online version,
at doi:10.1016/j.jorganchem.2006.10.004.
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