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1,1'-Disubstituted Ferrocenes with Aluminum: Dinuclear and Trinuclear
Dialumina[1.1]ferrocenophanes as Pyridine Adducts
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Ferrocenes bearing dialkylaluminum substituents in the 1,1'-
positions were characterized as their dipyridine adducts, and
it was shown that they can be transformed into dinuclear alk-
ylaluminum-bridged [1.1]ferrocenophanes and finally into
the trinuclear aluminum-bridged ferrocenophane, both as di-
pyridine adducts. The synthesis of the latter compound was
optimized and found to be most efficient (>40% vyield)
through the reaction of 1,1’-dilithioferrocene with MeAICl,.

The molecular structures of the dinuclear and trinuclear com-
plexes were determined by X-ray crystallography. The solu-
tion-state structures of the new compounds were studied by
multinuclear magnetic resonance methods, including 'H-'H
NOE difference experiments.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

The labile character of the polar Al-C bonds in organo-
aluminum compounds provides challenges with respect to
straightforward preparative procedures and studying the
structure and reactivity of many of these reactive spe-
cies.I# Although numerous trialkylaluminum compounds
are well studied and have found widespread applica-
tions,>71 much information is still lacking on other trior-
ganoalanes. In this context, ferrocenylaluminum com-
pounds have also been somewhat neglected.®! Thus, the first
dialkyl(ferrocenyl)alanes, (Fc-AlIR,),, were described only
recently, and the molecular structure was determined for
(Fc-AlMe»),.°! This is also true for tri(ferrocenyl)alumi-
num, Fc;Al, which was isolated and characterized as its
pyridine adduct.'% Ferrocene invites the synthesis of 1,1'-
disubstituted derivatives, and this was attempted with alu-
minum to give a few expected!!' 131 and some rather unex-
pected products.'*16l Indeed, it appears that the corre-
sponding gallium chemistry is more predictable,'” '] as
shown by compounds A, B and C in Scheme 1, whereas the
aluminum chemistry holds surprises (Scheme 2). Com-
pounds E and F are related to B, although the substitution
at the aluminum atom is rather different, whereas com-
pounds G['3I and H!'® have no relatives in gallium chemis-
try.

In the present work, we have set out to prepare the hith-
erto unknown aluminum analogues of the ferrocenylgallium
compounds A, B and C.
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Scheme 1. Typical gallium compounds derived from 1,1’-disubsti-
tuted ferrocene; A,['7) B,l'8al CI'%1 (Do is, for example, pyridine or
dmso).
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Scheme 2. Some aluminum compounds derived from 1,1’'-disubsti-
tuted ferrocene; D,[!1] E 122l F[126.15] G [15] H [16]

Results and Discussion

Considering the successful strategy leading to dialkyl-
(ferrocenyl)aluminum compounds,® when we prepared the
pyridine adducts FcAIR(py),P>1% we optimized the condi-
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tions for the reaction of 1,1’-dilithioferrocene(tmeda)”! . e o P —
with dialkylaluminum chlorides R,AICI [R = Me (a), Et 4 ¢ A
(b)] in the presence of pyridine to obtain the desired 1,1'- i N_Ele  Fe? o Me
ferrocenediyl derivatives fc(AIR,)-(py), la and 1b \_/ e 1a
(Scheme 3). Apparently, these reactions depend critically on
conditions, as, for example, GI'>! and HI'® were obtained He  Hg Haa | |Mas
from the same starting materials, however, without pyridine l Hy l ] A)
under different conditions. A . L LA
5 ll? NOE NaE AlMe
L NOE H 25
Li.. 1. 2RACH 4©_/|AI Py Hy 3"1“ l B)
Fe tmeda L '? 5 Fe 2 R i\ v e A._\j i
L —2LiCl py—Al—( 7
©_ — R,AICI(py) & NOE
25
1a,b H - | . | NOE
a:R=Me J C)
b: R = Et » ) |
Scheme 3. Synthesis of the 1,1’-bis(dialkylalanyl)ferrocenes as di- V
pyridine adducts [the stoichiometry of fcLiy(tmeda) is ill defined. | NOE
Therefore, a slight excess amount of R,AICI was used]. Hag NOE
: 25
Dipyridine adducts 1a,b could be isolated in =90% pu- l aied) D)

rity, containing a variable amount of ferrocene, trace
amounts of FcAIR,(py) 5a,b as decomposition products
(depending on the time of storage and the solvent) and a
small amount of another compound, which was sub-
sequently prepared, isolated and characterized as 4, the alu-
minum analogue of C. In the case of 1b, there was also a
small amount of 2b present, in particular when the reaction
was carried out in thf, indicating the property of the AlIEt,
group to undergo facile exchange reactions in spite of the
presence of pyridine. The structures of 1a,b are supported
by their NMR spectroscopic data (Table 1), their purity is
evident from the '"H NMR spectra and the NOE difference
experiments help with the assignment (Figures 1 and 2).
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Figure 1. 400 MHz 'H-'H gradient enhanced NOE difference spec-
tral?! of 1a (in CD,Cl, at 23 °C; relaxation delay 1.5 s; mixing time
0.8 s). Irradiated transitions are marked by arrows; the resulting
intensities arising from NOE are indicated. The observed NOE for
'H3* upon irradiation of the '"H(AlMe,) transitions indicate that
the structure shown for 1a is the preferred conformation. A) Nor-
mal '"H NMR spectrum. B) Irradiation: 'H(AIMe,); response: 'H>>
(larger) and '"H** (smaller) and '"H(H,-py). C) Irradiation: 'H>>;
response: 'H** and '"H(AICH3) of the Me,Al group. D) Irradiation:
TH34; response: 'H?> and 'H(AICHj;) of the Me,Al group.

The potential of the exchange reactions encouraged us
to take a closer look at the mixtures containing 1b and 2b,
as they might open a way to the aluminum analogue of B
(Scheme 1) with AIEt units (Scheme 4) instead of GaMe.

Table 1. 13C and Al NMR spectroscopic datal®*<l of compounds 1, 2b and 4.

Compound 1a, R = Me 1b, R = Et 2b, R = Et 4
298 K 233K 298 K 298 K 298 K 298 K 298 K 298 K 298 K
CD,(Cl, CD,Cl, [Dgltoluene CD,Cl, [Dg]toluene CD,(Cl, [Dg]toluene CD,Cl, [Dgltoluene
O0B3C(fe-C) 72.8 (br.) 71.6 72.8 (br.) 72.2 (br.) 72.5 (br.) 72.5 (br.) n.o. 71.4 (br.) n.o.
72.8 (br.)
O13C(fe-C>%) 75.7 749 76.1 759 76.3 75.5, 762 (fc-C>>71%) 759, 76.6 76.4 76.6
O3C(fe-C34) 70.9 70.2 71.5 70.7 71.3 711, 71.3 (fc-C3*8%) 719, 72.0 70.5 709
OBCR) -9.6 (br., CH3) -10.2 -8.8 (br.) 0.7 (br., CH,) 1.2 (br) 0.7 (br., 2 CH,) 1.2 (br) - -
10.2 (CH3) 109 1.5 (br., CH,) 1.3(br.)
10.2 (2 CH;) 10.8
9.2 (CH3) 9.8
3C(py) 125.6 (Cp) 124.8 1244 125.8 124.7 125.8 124.7 125.1 1245
140.5 (C)) 139.3 1384 141.0 139.5 141.0 139.5 139.9 140.1
1479 (C,) 147.2 1479 147.8 147.5 147.8 147.5 147.9 152.7
&Al hy» | Hz 170 (6500 == 500) 165 (6500 = 500) n.o. n.o.

[a] The assignment of the NMR signals is based on 'H{'H} NOESY™!l and 2D 'H-'3C gHSQC? experiments. [b] br. = broad '3C
resonances of aluminum-bonded atoms. [c] n.o. = not observed.
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Figure 2. 400 MHz 'H-'H gradient enhanced NOE difference spec-
tral?!l of a mixture of 1b and 2b (in CD,Cl, at 23 °C; relaxation
delay 2.0s; mixing time 0.6s). The irradiated transitions are
marked by arrows; the resulting intensities arising from NOE are
indicated. The preferred solution-state conformations of 1b and 2b
are shown. A) Normal 'H NMR spectrum. B) Irradiation: AICH,
group of AlEt; response: 'H?3 and 'H3# from 1b and 'H>>7-1° and
'H3489 from 2b. C) Irradiation: 'H>>71° from 2b; response:
TH3489 from 2b.

Heating of these mixtures in toluene at 120 °C for 1 h af-
forded AlEts;(py) and a crystalline, rather insoluble material
that could be analyzed by 'H NMR spectroscopy and X-
ray structural analysis (vide infra) as the dinuclear ethylalu-
minum-bridged [I.1]ferrocenophane 3b. In the absence of
2b, the formation of 3b in an appreciable amount was not
observed (however, see Scheme 5).
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Scheme 4. Synthesis of ethylaluminum-bridged [1.1]ferrocenophane
3b.

In contrast with gallium compound B,[%81 [1.1]ferroceno-
phane 3b appears to be nonfluxional in solution, as there
are four 'H(ferrocene) NMR signals resolved, typical of a
rigid structure. Moreover, the '"H NMR spectra show that
the exchange between free pyridine and pyridine linked to
aluminum must be slow on the NMR timescale. Most likely,
the coordinative N(py)-Al bond in 3b is stronger than the
N(py)-Ga bond in B.

Now the route to the dipyridine adduct of trinuclear alu-
minum-bridged ferrocenophane 4, the analogue of C,
seemed to be open. NMR signals of low intensity for this
compound were observed in the reaction solutions contain-
ing 1a,b. Therefore, we tried to optimize conditions to in-
crease the amount of 4 in the respective mixtures. The prob-
lems are indicated in Scheme 5. The formation of 4 starting
from 1a,b is accompanied by extensive decomposition to
leave 5a,b (identified by their NMR spectroscopic data
given in Table 2) and ferrocene, along with other unidenti-
fied products (partial hydrolysis cannot be excluded). In
CD,Cl,, after isolating a small amount of 4, decomposition
takes place to give ferrocene.

When we used la in the presence of 2,2'-bipyridine, a
significant amount of 4 was formed together with 5a, as
could be monitored by 'H and '3C NMR spectroscopy
(Figure 3). However, it proved extremely difficult to isolate
4 from these complex mixtures.

Therefore, we had to change the approach (Scheme 6)
and decided to use the reaction of fcLi,(tmeda) with alumi-
num trichloride. The result was disappointing; although the

R
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< ™ Py, Fe it
R Fe R CD,0l
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b: R = Et p + FeH

Scheme 5. Attempted synthesis of 4 and its decomposition.
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Table 2. 3C NMR spectroscopic datal®®<! of compound 5.

Compound 5a, R = Me 5b, R = Et
298 K 298 K 298 K 298 K
CD,(Cl, [Dgltoluene CD,Cl, [Dgltoluene
OBC(Fc-CY)  n.o. 73.6 (br.) n.o. n.o.
OBC(Fe-C>%) 763 76.5 76.6 76.6
OBC(Fe-C3 712 71.6 71.1 714
OBC(Fe-Cp) 677 67.9 67.8 67.9
OBCR) -84 (br., CH;) -9.1 (br) 0.8 (br., CH,) 1.0 (br.)
10.2 (CHy) 10.6
&3C(py) 125.6 (Cp) 124.6 126.1 1253
1405 (C)) 138.5 141.5 140.2
148.6 (C,) 148.1 147.6 147.0

[a] The assignment of the NMR signals is based on 'H{'H}
NOESYP! and 2D "H-13C gHSQC??! experiments. [b] br. = broad
13C resonances of aluminum-bonded atoms. [c] n.o. = not observed.

5a (Cp) r
I 68

r 70

LI B L B L B B L B B

46 4.4 42 4.0

— 8H —

Figure 3. Contour plot of part of the 400 MHz 2D 'H-'3C-corre-
lated spectrum (in [Dg]toluene at 23 °C) of a mixture containing
1a, 4, 5a and ferrocene (after heating la with 2,2'-bipyridine for
2.5h at 100 °C in [Dgltoluene) recorded by the gradient-selected
¢HSQC method.?

1. RAIC, Py —
(R = Me, Et) " Fe
. Al
TR N
Fe tn:l,eda [ Fe &
<\ thf =
- Licl py%
1. AICl;| THF or 4
2.py toluene

complex mixture

Scheme 6. Optimized synthesis of the trinuclear aluminum-bridged
ferrocenophane 4 [best with MeAICl,; in the case of EtAICl,, the
formation of 3b was also observed (in repeated experiments with
ca. 5-20%)].
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complex mixtures resulting from these reactions may have
contained trace amounts of 4. In the final experiments, the
alkylaluminum dichlorides RAICI, (R = Me, Et) were used
in the presence of pyridine. Indeed, this route afforded 4 in
reasonable yields (=40%) and proceeded most efficiently
with the use of MeAICl,. The use of EtAICI, afforded mix-
tures containing mainly 4 and a small amount of 3b.

Compound 4 was isolated as an air- and moisture-sensi-
tive orange-coloured powder, slightly soluble in toluene and
in CD,Cl,. In the latter solvent, slow decomposition oc-
curred (Scheme 5). However, crystals of 4, suitable for X-
ray structural analysis, could be collected from saturated
solutions of 4 in CD,Cl, (vide infra).

X-ray Structure Analyses of Ferrocenophanes 3b and 4

The molecular structures of 3b and 4 are shown in Fig-
ures 4 and 5, respectively, and structural parameters are
listed in Table 3, together with the corresponding data of
gallium analogues B and C. As can be seen, the main struc-
tural features of 3b and 4 agree with those determined for
B and C. In 3b, the ethyl groups are in the trans position,
showing statistical disorder for the CH; groups. Crystals of
4 contained solvent molecules of CD,Cl, when the crystals
were grown by slow evaporation of a solution at ambient
temperature; thus, the crystals were of lower quality and
only the low-temperature X-ray diffraction study gave use-
ful results.

As in the case of Ga in C, the ferrocenyl groups are
twisted owing to the pyramidal surroundings of Al in 4,
giving rise to the presence of enantiomers in the crystal lat-
tice, which according to 'H and !3C NMR spectra readily
interconvert in solution. The arrangement of the molecules

Figure 4. Molecular structure of 3b (ORTEP plot, 30% probabili-
ties; hydrogen atoms are omitted for clarity; see Table 3 for struc-
tural parameters). The methyl carbon atoms of the ethyl groups
are statistically disordered. This can be seen by the unusually large
temperature coefficients (due to this disorder, the relevant C-C dis-
tances are too long).

Eur. J. Inorg. Chem. 2009, 3155-3162
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Figure 5. Molecular structure of 4 (ORTEP plot, 30% probabilities;
hydrogen atoms are omitted for clarity; the CD,Cl, molecules
found in the crystal lattice are not shown; see Table 3 for structural
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of 4 in the crystal lattice is shown in Figure 6. The enantio-
mers, labelled A and B, are not in separate layers as in the
case of gallium analogue C. Because crystals of 4 contain
CD,Cl,, whereas crystals of C contain toluene, it is possible
that the solvent controls the respective arrangement of the
enantiomers in the lattice.

Conclusions

The use of pyridine adducts of organoaluminum com-
pounds opens the way to species that have not been ob-
tained before, but these species are analogous to the com-
parable gallium compounds. Having achieved the synthesis
of the trinuclear aluminum bridged ferrocenophane 4 as its
dipyridine adduct, the next steps in synthesis will have to
deal with attempts to remove the pyridine in 4.

Experimental Section

General: All preparative work as well as handling of the samples
was carried out with precautions to exclude trace amounts of air
and moisture. Carefully dried solvents and oven-dried glassware

parameters).

Table 3. Selected bond lengths [pm] and angles [°]®] of dialumina[l.1]ferrocenophane pyridine adducts 3b and 4 and those of digalla[1.1]
ferrocenophane pyridine adducts 3[GaMe] and 4[Ga].

3b 3[GaMe] 4 (CD,CL,) 4Ga)
ALC(1) 196.0(4) Ga(1)-C(1) 198.1(6) Al(1)-C(1) 196.8(11) Ga(1)-C(1) 196.8(19)
Al(2)-C(6) 196.3(10)
ALC(6A) 196.8(5) Ga(1)-C(6A) 195.7(6) Al(1)-C(11) 197.9(12) Ga(1)-C(16) 196.5(17)
Al(2)-C(16) 195.3(12)
ALC(16) 203.0(4) Ga(1)-C(11) 197.6(7) Al(1)-C(21) 195.1(13) Ga(1)-C(21) 197.3(17)
Al(2)-C(26) 196.2(12)
AN 203.7(3) Ga(1)-N 214.4(5) Al(1)-N(1) 205.7(9) Ga(1)-N(1) 214.3(14)
Al(2)-N(2) 204.8(9)
ALLAIA) 480.3 Ga(1)-Ga(1A) 476.8 Al(1)-Al(2) 3914 Ga(1)-Ga(2) 387
C(1-ALC(6A) 11591(18)  C(1)»-Ga(1)-C(6A)  115.6(2) C(1)-Al(1)-C(11) 116.4(5) C(1)-Ga(1)-C(16) 117.9(8)
C(6)-Al(2)-C(16) 117.7(5)
C(1)-ALC(16)  11991(19)  C()»-Ga(1)-C(11) 117.9(3) C(1)-Al(1)-C(21) 121.1(5) C(1)-Ga(1)-C(21) 116.8(7)
C(6)-Al(2)-C(26) 114.4(5)
C(6A)-AI-C(16) 113.28(18)  C(6A)-Ga(1)-C(11) 118.3(3) C(11)-AI(1)-C(21) 116.0(5) C(16)}-Ga(1)-C(21) 120.6(8)
C(16)-Al(2)-C(26) 121.8(4)
C(1-ARN 100.17(15)  C(1)»-Ga(1)}-N 97.5(2) C(1)-Al(1)-N(1) 95.8(4) C(1)-Ga(1)-N(1) 98.1(7)
C(6)-Al(2)-N(2) 102.4(4)
C(6A)-AI-N 100.02(15)  C(6A)-Ga(1)-N 100.0(2) C11)-Al(1)-N(1) 100.4(4) C(16)-Ga(1)-N(1) 95.0(6)
C(16)-Al(2)-N(2) 95.5(4)
C(16)-Al-N 103.12(14)  C(11)-Ga(1)-N 101.2(2) C21)-Al(1)-N(1) 99.4(4) C(21)-Ga(1)-N(1) 98.8(7)
C(26)-Al(2)-N(2) 97.2(4)
Cs/Cs (a) 33 Cs/Cs () 3 Cs/Cs (ay) [Fe(1)] 2.7 Cs5/Cs (a) 4
Cs/Cs (ap) [Fe(2)] 4.0
Cs/Cs (a3) (Fe(3)) 2.7
Cs/Al (B) 43 Cs/Ga 1 Cs [Fe(DVAI(D) (By) 9.2 Cs/Ga () 4
(towards Fe) Cs [Fe(2Q)JAL(L) (f>) 42
Gs [Fe3)VAID) (53) 53
(bent away from Fe)
CJIAIA) (f) 27 Cs [Fe(DYAIR) (B4) 2.6
(bent away Cs [Fe(2)JAL2) (Bs) 45
from Fe)
Cs [Fe(3)VAL2) (Bs) 8.6
(bent away from Fe)
Cs/Cs (twist) (r)  62.3 Cs/Cs (twist) (1) 62 Cs/Cs (twist) () Fe(1) 13.5 Cs/Cs (twist) (1) 11
Cs/Cs (twist) (1) Fe(2) 14.8
Cs/Cs (twist) (z3) Fe(3) 224
[a] See Ref.1?3] for the definition of the angles a, f and 7. [b] Ref.['%4] [c] Ref.['"]
Eur. J. Inorg. Chem. 2009, 3155-3162 © 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim WWW.eurjic.org 3159
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Figure 6. Two different views (see the axes systems) of the arrange-
ments of the enantiomers A and B of 4 in the crystal lattice (the
CD,Cl, molecules are not shown).

were used throughout. The deuterated solvent CD,Cl, was distilled
from CaH, under an atmosphere of argon. All other solvents were
distilled from Na metal under an atmosphere of argon. Starting
materials such as BuLi (1.6 M in hexane), aluminum trichloride (an-
hydrous, powder 99.999% metal basis), Me,AICI (1.0 M in hex-
anes), MeAICl, (1.0 M solution in hexanes), EtAICI, (1.8 m solution
in toluene) (all from Aldrich), Et,AICI (1.0 M in hexane) (Acros),
pyridine (anhydrous, 99.8%) (Aldrich) were commercial products
and used as received. The compound fcLi,(tmeda)”! was prepared
by literature procedures. NMR measurements: Bruker ARX 250:
'H, 13C, ??A1 NMR; Varian INOVA 400: 'H, 3C, ?’Al NMR;
chemical shifts are given with respect to SiMe, [6'H(CHDCl,) =
5.33 ppm, J'H(C¢DsCD,H) = 2.08 ppm; ¢3C(CD,Cl,) =
53.8 ppm, 6'3C(C4DsCD3) = 20.4 ppm]; external 1.1 M AI(NO3); in
D,0 [6*’Al = 0 for 6(*’Al) = 26.056890 MHz]. The melting points
(uncorrected) were determined by using a Biichi 510 melting point
apparatus. Owing to the extreme sensitivity of the new compounds
to air and moisture, a notorious property of organoaluminum com-
pounds, elemental analysis did not give reliable results. Attempts to
measure mass spectra (MS, EI, 70 eV) did not reveal the respective
molecular ions. Instead, the pattern of diferrocene (CpFeCsHy),
was observed.

1,1'-Bis(dialkylalanyl)ferrocene Dipyridine Adducts 1

la (Alkyl = Me): Freshly prepared fcLiy(tmeda) (1092 mg,
3.48 mmol) was taken up in toluene (30 mL); the suspension was
cooled to —-15°C and Me,AICl (1.0Mm in heptane, 7.0 mL,
7.0 mmol) was added dropwise. The reaction mixture was stirred
at —15°C for 1 h and pyridine (1.0 mL, 12.4 mmol) was added at
0 °C. Then, the mixture was allowed to reach ambient temperature
whilst stirring for 20 h. After centrifugation, the supernatant liquid
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phase was carefully decanted and volatile materials were evapo-
rated. The remaining oil was washed with pentane, dissolved in
toluene (20 mL) and pyridine (1.0 mL, 12.4 mmol) was then added.
After stirring the mixture for 2 h, insoluble materials were sepa-
rated by centrifugation, and the clear liquid was collected. Volatile
materials were removed in vacuo to leave an oil that was washed
with pentane and evaporated again to give an orange-yellow resi-
due (720 mg) containing about 90% of 1a together with 5a and
ferrocene ("H and '3C NMR). Washing with hexane dissolved most
of the ferrocene and 5a to give 1a (552 mg, >95%; see Figure 1).
Data for 1a: M.p. 230-240 °C. 'H NMR (399.8 MHz, CD,Cl,,
23°C): 6 = -0.58 (s, 12 H, CH;Al), 3.91 (m, 4 H, H>%), 4.22 (m, 4
H, H%), 7.53 (m, py-Hp), 7.96 (m, py-H,), 8.66 (m, py-H,) ppm.
'H NMR (250.1 MHz, CD,Cl,, -40°C): § = -0.62 (s, 12 H,
CH;Al), 3.90 (m, 4 H, H>?), 4.21 (m, 4 H, H*%), 7.52 (m, py-Hp),
7.95 (m, py-H,), 8.59 (m, py-H,) ppm. 'H NMR (399.8 MHz, [Ds]
toluene, 23 °C): 6 = —0.07 (s, 12 H, CH;Al), 4.40 (m, 4 H, H>),
4.75 (m, 4 H, H3#), 6.37 (m, py-Hp), 6.73 (m, py-H,), 8.32 (m, py-
H,) ppm. 'H NMR (399.8 MHz, [Dg]toluene, 80 °C): 6 = -0.18 (s,
12 H, CH3Al), 4.26 (m, 4 H, H>%), 4.60 (m, 4 H, H*%), 6.56 (m,
py-Hp), 6.91 (m, py-H,), 8.39 (m, py-H,) ppm. Data for 5a: 'H
NMR (399.8 MHz, CD,Cl,, 23 °C): 0 = -0.57 (s, 6 H, CH;Al), 4.01
(m, 2 H, H?%), 4.08 (s, 5 H, Cp), 4.30 (m, 2 H, H>#), 7.53 (m, py-
Hp), 7.96 (m, py-H,), 8.66 (m, py-H,) ppm. 'H NMR (400.1 MHz,
[Dg]toluene, 23 °C): § = —0.18 (s, 6 H, CH3Al), 4.24 (m, 2 H, H>),
4.25 (s, 5 H, Cp), 4.45 (m, 2 H, H**), 6.47 (m, py-Hg), 6.81 (m,
py-H,), 8.33 (m, py-H,) ppm. '"H NMR (399.8 MHz, [Ds]toluene,
80 °C): 6 = —0.27 (s, 6 H, CH;3Al), 4.15 (m, 2 H, H?>?), 4.17 (s, 5
H, Cp), 4.39 (m, 2 H, H*#), 6.57 (m, py-Hp), 6.91 (m, py-H,), 8.39
(m, py-H,) ppm.

1b (Alkyl = Et): Freshly prepared fcLiy(tmeda) (1454 mg,
4.63 mmol) was taken up in hexane (40 mL); the suspension was
cooled to —10 °C and Et,AICI (1.0 m in hexane, 9.3 mL, 9.3 mmol)
was added dropwise. The reaction mixture was stirred at 20 °C for
3h, cooled to —20°C and pyridine (1.50 mL; 18.54 mmol) was
added. The mixture was kept stirring at room temperature for 20 h.
After centrifugation, the supernatant liquid phase was carefully de-
canted and volatile materials were evaporated. The resulting oil was
dissolved in toluene (30 mL), and from the clear liquid phase after
centrifugation and evaporation an oily residue was left. This was
washed with pentane to leave an orange-red residue (955 mg) con-
taining about 90% of 1b (together with 2b, 4, 5b and ferrocene,
about 10%; 'H and '3C NMR). Data for 1b: 'H NMR
(399.8 MHz, CD,Cl,, 23 °C): 0 = 0.16 (q, J = 8.2 Hz, 8§ H, CH,Al),
1.11 (t, J = 8.2 Hz, 12 H, CH3), 3.95 (m, 4 H, H>%), 4.26 (m, 4 H,
H34), 7.58 (m, py-Hp), 8.01 (m, py-H,), 8.66 (m, py-H,) ppm. 'H
NMR (399.8 MHz, [Dgltoluene, 23 °C): 6 = 0.59 (q, J = 8.2 Hz, 8
H, CH,Al), 1.48 (t, J = 7.2 Hz, 12 H, CHj3), 4.38 (m, 4 H, H?>%),
4.74 (m, 4 H, H*%), 6.40 (m, py-Hp), 6.77 (m, py-H,), 8.33 (m, py-
H,) ppm. 'H NMR (399.8 MHz, [Dg]toluene, 90 °C): 6 = 0.49 (q,
J=28.2Hz 8 H, CH,Al), 1.39 (t, J = 8.2 Hz, 12 H, CHj;), 4.24 (m,
4 H, H*), 4.58 (m, 4 H, H*%), 6.56 (m, py-Hp), 6.95 (m, py-H,),
8.44 (m, py-H,) ppm. Data for 5b: '"H NMR (399.8 MHz, CD,Cl,,
23°C): 0 = 0.18 (q, J = 8.2 Hz, 4 H, CH,Al), 1.12 (t, J = 8.2 Hz,
6 H, CH3), 4.05 (m, 2 H, H?%), 4.10 (s, 5 H, Cp), 4.32 (m, 2 H,
H34), 7.65 (m, py-Hp), 8.06 (m, py-H,), 8.62 (m, py-H,) ppm. 'H
NMR (399.8 MHz, [Dg]toluene, 23 °C): 6 = 0.42 (q, J = 8.2 Hz, 4
H, CH,Al), 1.36 (t, J = 8.2 Hz, 6 H, CH3), 4.19 (s, 5 H, Cp), 4.21
(m, 2 H, H>%), 442 (m, 2 H, H3%), 6.54 (m, py-Hy), 6.92 (m, py-
H,), 8.29 (d, py-H,) ppm.

1,1'-Bis(diethylalanyl)ferrocene Dipyridine Adduct 1b and 1-Diethyl-
alanyl-1'-chloro(ethyl)alanylferrocene Dipyridine Adduct 2b: Freshly
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prepared fcLir(tmeda) (1424 mg, 4.53 mmol) was taken up in thf
(15 mL); the suspension was cooled to —20 °C and Et,AlICI (1.0 m
in hexane, 10.3 mL, 10.3 mmol) was added dropwise. The mixture
was allowed to reach ambient temperature and was stirred for 20 h.
Volatile materials were removed in vacuo, and the remaining oil
was dissolved in toluene (30 mL). Solid materials were separated
by centrifugation, and the supernatant liquid phase was collected,
cooled to 0 °C and pyridine (1.1 mL, 13.68 mmol) was added, and
the mixture was stirred for 20 h. After another centrifugation all
volatile materials were removed in vacuo from the liquid phase to
leave an oil. This was washed with hexane (50 mL), and the solid
obtained after drying in vacuo was dissolved in Et,O (30 mL). In-
soluble materials were filtered off, the solvent was removed in
vacuo and an orange-red residue was left (1715 mg) containing
about 80% of 1b and 20% of 2b (together with 4 and ferrocene,
<5%; 'H and '*C NMR). Data for 2b: 'H NMR (399.8 MHz,
CD,Cl,, 23°C): 0 = 0.17 (q, J = 8.2 Hz, 4 H, CH,Al), 0.32 (q, J =
8.2 Hz, 2 H, CH,Al), 0.99 (t, / = 8.2 Hz, 3 H, CHy), 1.11 (t, J =
8.2 Hz, 6 H, CHs), 3.98 (m, 4 H, H>57-19), 4.32 (m, 4 H, H>*7$),
7.58 (m, py-Hp), 8.01 (m, py-H,), 8.66 (m, py-H,) ppm. '"H NMR
(399.8 MHz, [Dgltoluene, 23 °C): 6 = 0.60 (q, J = 8.2Hz, 4 H,
CH,A), 0.66 (q, J = 8.2 Hz, 2 H, CH,AI), 1.42 (t, J = 8.2 Hz, 3
H, CHjy), 1.48 (t, J = 8.2 Hz, 6 H, CH;), 4.43, 4.44 (m, m, 2 H, 2
H, H>3, H"'9), 4.88 (m, 4 H, H**7#), 6.33 (m, py-Hp), 6.70 (m,
py-H,), 8.33 (m, py-H,) ppm.

Bis(p-ferrocene-1,1'-diyl)bis|ethyl(/N-pyridine)aluminum] (3b): In re-
peated experiments, a mixture of 1b/2b (4:1, 64 mg) was dissolved
in [Dg]toluene (1 mL) in an NMR tube and heated at 120 °C (oil
bath) for 1 h. Single red-orange crystals of 3b (16 mg) suitable for
X-ray analysis were growing after 1 d. The supernatant solution
contained mainly 1b along with 2b, 5b, ferrocene and several other
unidentified products. (In thf, the analogous reaction at 70 °C also
gave 3b). Data for 3b: M.p. >210°C (decomp.). 'H NMR
(399.8 MHz, CD,Cl,, 23 °C): 0 = 0.44 (q, J = 8.2 Hz, 4 H, CH,Al),
1.19 (t, J = 8.2 Hz, 6 H, CHj), 4.10, 4.53 (m, m, 4 H, 4 H, H2,
H5), 4.30 (m, 8 H, H*%), 7.0 (m, 4 H, py-Hp), 7.85 (m, 2 H, py-
H,), 8.52 (m, 4 H, py-H,) ppm.

Reaction of fcLi,(tmeda) with RAICI, and Pyridine
Synthesis of Tris(pu-ferrocene-1,1'-diyl)bis[/N-pyridine]aluminum (4)

Alkyl = Me: To freshly prepared fcLiy(tmeda) (1525 mg,
4.85 mmol) cooled to —30°C was added thf (30 mL). MeAICl,
(1.0 M in hexane, 5.5 mL, 5.5 mmol) was added dropwise. The mix-
ture was warmed to ambient temperature, stirred for 48 h, concen-
trated to 15 mL and cooled to 0 °C. Pyridine (0.75 mL, 9.33 mmol)
was then added and stirring was continued for 20 h. The formation
of a red-orange precipitate was observed. After centrifugation, the
supernatant liquid phase was decanted. Et,O (5 mL) and pyridine
(0.2 mL) were added to the solid. This suspension was stirred for
1 h, and the liquid phase was again separated by centrifugation.
The remaining solid was washed with hexane (5 mL) and dried
under high vacuum to give 4 (487 mg, 43%) as an orange powder.
Single orange crystals of 4 for X-ray analysis were grown from a
CD,Cl, solution after 1 week at room temperature. Product 4 de-
composes slowly in CD,Cl, under an atmosphere of argon at room
temperature. M.p. >300 °C (decomp.). 'H NMR (399.8 MHz,
CD,Cl,, 23 °C): 6 = 4.34 (m, 12 H, H>%), 4.37 (m, 12 H, H>#), 7.21
(m, 4 H, py-Hp), 7.69 (m, 2 H, py-H,), 8.26 (m, 4 H, py-H,) ppm.
'"H NMR (399.8 MHz, [Ds]toluene, 23 °C): 6 = 4.63 (m, 12 H,
H34), 4.69 (m, 12 H, H>%), 5.97 (m, py-Hp), 6.35 (m, py-H,), 8.21
(m, py-H,) ppm.

Eur. J. Inorg. Chem. 2009, 3155-3162

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

European Journal
of Inorganic Chemistry

Alkyl = Et: To freshly prepared fcLi,(tmeda) (1525 mg, 4.86 mmol)
cooled to —20 °C was added thf (30 mL). Then, EtAICI, (1.8 M in
toluene, 3.10 mL, 5.58 mmol) was added dropwise. The mixture
was allowed to reach ambient temperature, stirred for 20 h and then
concentrated to 15 mL. The mixture was cooled to 0 °C and pyr-
idine (0.6 mL; 7.46 mmol) was added; the mixture was stirred for
40 h. The formation of a red-orange precipitate was observed. Fol-
lowing centrifugation, the supernatant liquid phase was decanted,
thf (5 mL) and pyridine (0.5 mL) were added to the solid, the sus-
pension was stirred for 1 h and the solid material was again sepa-
rated by centrifugation. The solid was washed with hexane (5 mL)
and dried under high vacuum to leave an orange powder (754 mg)
containing about 80% of 4 together with 3b (5-20%; 'H NMR).

Preparation of 4 from 1b (or 1a)

Method A: Compound 1b (or 1a; 40-60 mg) was dissolved in [Dg]-
toluene (0.6 mL; concentrated solution) in a tightly closed NMR
tube that was heated at 130 °C (oil bath) for 3 h. An orange solid
formed, and the supernatant liquid was decanted. The solid was
washed with hexane and identified as 4 by NMR spectroscopy. The
supernatant solution contained mainly 1b, along with 5b, ferrocene
and several unidentified side products.

Method B: To a solution of la (50 mg) dissolved in [Dg]toluene
(0.6 mL) was added 2,2'-bipyridine (7 mg), and the mixture was
transferred into an NMR tube, which was tightly closed. The mix-
ture was heated at 100 °C (oil bath) for 2.5 h. The solution thus
obtained contained 1a, 4, 5a, ferrocene (see Figure 3) and 2,2'-bi-
pyridine.

Crystal Structure Determination of Complexes 3b and 4: Details per-
tinent to the crystal structure determinations are listed in
Table 4.4 Crystals of appropriate size were sealed under an atmo-
sphere of argon in Lindemann capillaries. The data collections were
carried out at 133 K for 3b and for 4 by using a STOE IPDS II
diffractometer with graphite monochromated Mo-K, (4 =
71.073 pm) radiation.

Table 4. Crystallographic data of dialumaf[l.1]ferrocenophane 3b
and 4.

3b 4
Formula Cs4H36ALFe,N, CyoH34ALFe;N,-CD,Cl,
Crystal red-orange prism orange prism
Temperature [K] 133(2) 133(2)
Dimensions [mm] 0.35x0.220.18 0.35%0.18X0.16
Crystal system Monoclinic Triclinic
Space group C2/e Pl
Lattice parameters
a [pm] 1971.5(4) 1110.5(2)
b [pm] 1338.8(3) 1199.1(2)
¢ [pm] 1120.2(2) 1402.6(3)
a [ 96.38(3)
AN 102.82(3) 104.00(3)
7 [°] 90.23(3)
zZ 4 2
4 [mm™] 1.095 1.424
Measuring range () [°]  1.9-25.7 1.51-25.97
Reflections collected 18777 21954
Independent reflections 2735 6763
[/>25(D)]
Absorption correction noneld! nonel?!
Refined parameters 181 451
WRy/R; [I>20(1)) 0.143/0.056 0.225/0.096
Max./min. electron den-  0.796/-0.719 1.208/-0.622

sity [epm = X 1079]

[a] Absorption correction did not improve the data set.
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