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Abstract
The review gives a short survey of some developments in the synthetic chemistry of organoaluminum fluorides. Into the focus is brought the

Janus-faced Lewis base–Lewis acid Al compound, group 13 difluorodiorganometalates, fluorine functionalized carbaalane derivatives, fluorination

of aluminum imide clusters, diamidoaluminum fluoride, and some group 13 b-diketiminate mono- and difluorides.
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1. Introduction

Aluminum, the most abundant metal in the earth’s crust is

valuable as the metal itself or in the form of its various

compounds as important chemical substances in modern

research. Natural abundance of aluminum is mostly due to its

numerous oxide and oxide–hydroxide minerals for example,

corundum Al2O3, spinel MgAl2O4, bauxite AlOn(OH)3�2n

(0 < n < 1), diaspore a-AlO(OH) and the fluoride containing

cryolite Na3AlF6 [1]. The naturally occurring compounds of

aluminum are essentially inorganic in nature and therefore,

the metal itself and many of its minerals can be dissolved in

acids and bases forming salts and aluminates, respectively [1].

However, these are either insoluble or sparingly soluble in

polar organic solvents. Some of these minerals are beautiful
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gemstones and the aluminum compounds have useful

applications in ceramics and as catalysts or catalysts support

in heterogeneous catalysis. In order to meet one of the basic

requirements of the new era of organometallic chemistry the

metal complexes should have considerable solubility in

organic solvents. This can be achieved very easily by

incorporating an organic envelop around the metal atom.

Good solubility of metal compounds helps to explore new

reactions and usage of these compounds especially in

homogeneous catalysis [2–6]. In this manner a variety of

soluble systems of Al have been developed some of which

have very good catalytic activity for olefine polymerization in

homogeneous catalysis [7,8].

The aluminum trifluoride (AlF3)x has attracted chemists

attention for many decades due to its industrial application

although it is an involatile and highly insoluble compound

[9,10]. Analogous to the preparation of soluble aluminum

compounds such as hydroxides [11–14], chlorides [15], and

mailto:hroesky@gwdg.de
http://dx.doi.org/10.1016/j.jfluchem.2006.07.018


Scheme 1. Preparation of the [LA1B(C6F5)3], a compound with Janus-faced

aluminum.

Fig. 1. Single crystal X-ray structure of [LAlB(C6F5)3]. Thermal ellipsoids are

drawn at 50% probability, hydrogen atoms, iso-propyl groups on N-phenyl

rings, fluorine atoms on B-phenyl rings except the one interacting with the Al

atom have been omitted for clarity.
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alumoxanes [16] it was also a synthetic challenge to synthesize

soluble aluminum fluorides. This development gave rise to an

important class of organoaluminum fluorides where the

aluminum atom is bonded to one or more carbon atoms and

other aluminum fluorides where aluminum is also connected to

nitrogen atom(s) [17–25]. Replacement of one or two of the

fluorine atoms with carbon atoms alters the physical properties

of the molecules as the trialkyl and triaryl derivatives of

aluminum are volatile liquids or low melting solids, e.g.

Al2Me6 (mp 15 8C, bp 126 8C) compared to (AlF3)x which is

involatile (mp 1290 8C). Similarly the solubility of these

compounds was also improved with organic groups on

aluminum. R2AlF (R = Me, Et) are soluble compounds

whereas AlF3 is nearly insoluble in spite of the fact that the

former compounds are tetrameric [26].

With small or moderately small organic groups on aluminum

although the solubility problem was circumvented to some

extent the rational syntheses of monomeric organoaluminum

fluorides were still desired. We have been interested in this

aspect of synthesis of organoaluminum fluorides and our

approach has been to utilize carbon based bulky ligands which

not only offer better solubility but also the steric bulkiness of

the ligand prevents the dimerization or higher aggregation in

these systems.

The purpose of this review is to give the reader a short

summary of the latest accomplishments by our group in the area

of group 13 fluorides especially those of aluminum.

In each of the following sections is given the introductory

remark followed by the 19F NMR and necessary X-ray crystal

structure description of the respective fluorides.

2. Janus-faced aluminum

Aluminum compounds with Al in the formal oxidation state

(+3) are Lewis acids [27] whereas Al in oxidation state (+1) has

a dual behaviour and can act as a Lewis base and Lewis acid

[28–30]. This property of the latter compound has been

postulated based on the results of the ab initio calculations on

the [LAl] species [31] [L = HC{(CMe)(2,6-iPr2C6H3N)}2]. An

orbital with a lone pair of electrons on Al with a quasi-trigonal-

planar geometry gives Lewis base character to the molecule and

charge depletion close to Al in the semi-planar C3N2Al six-

membered ring supports the Lewis acidic character [31].

However, there was not a discrete example of such a molecule

which shows both the Lewis base and Lewis acid behaviour of

the Al atom until we reported the molecule [LAlB(C6F5)3] [32].

This molecule shows a donor Al! B bond and simultaneously

also exhibits an acceptor F!Al bond. Therefore, it acts both as

a Lewis base and a Lewis acid like the Roman god Janus, who

has two faces facing in opposite directions that symbolizes two

completely different scenarios. As depicted in Scheme 1,

[LAlB(C6F5)3] has been prepared by the reaction of the

monomeric Al(I) species [LAl] with B(C6F5)3. The 19F NMR of

this molecule shows nine partly overlapped resonances (in the

range �124.28 to �160.99) indicating distorted B(C6F5)3

moiety due to an Al–F interaction, consequently, resulting in

magnetically different fluorine atoms on the C6F5 rings. No
signal was observed in the 27Al NMR of this molecule in

solution but solid state measurement of this molecule exhibited

a resonance at d �50 ppm. The 11B NMR spectra shows a

resonance at d �26.52 ppm [32].

Single crystal X-ray analysis of the molecule [LAlB(C6F5)3]

shows that it crystallizes in the triclinic space group P1̄. One of

the ortho fluorine atoms of the B(C6F5)3 system interacts

intramolecularly with the Al atom thus forming a five-

membered AlBC2F ring (Fig. 1). The two nitrogen atoms of the

ligand, the boron atom, and the fluorine atom make a distorted

tetrahedral arrangement around the Al center. Formation of the

donor–acceptor bond results in considerable decrease in the Al–

N bond lengths due to the partial transfer of the lone pair of

electrons to the aluminum center (av 1.892(6) Å) as compared

to the Al–N distances in [LAl] (av 1.957 Å). The change in the

electron density on the aluminum center is also due to the

relatively close Al–F interaction (2.156(2) Å). The Al! B

bond length (2.183(3) Å) in [LAl! B(C6F5)3] is slightly

longer than that in [Cp*Al! B(C6F5)3] (2.169(2) Å) [29]

moreover, the geometry of the B(C6F5)3 moiety in the former

changed to distorted tetrahedral from trigonal planar. This is

also evident in the sum of the C–B–C bond angles around the



Fig. 3. Molecular structure of tetra-nbutyl tris(trimethylsilyl)methyldifluoro-

methylaluminate. Thermal ellipsoids shown at 50% probability, hydrogen

atoms have been omitted for clarity.
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boron atom (330.3(2)8) which is the smallest of those reported

for B(C6F5)3 compounds (333.5(2)–342.2(2)8). The Al–F

interaction is also supported by the lengthening of the C–F

bond (1.414(6) Å) relative to the other 14 C–F bonds (av

1.355 Å).

3. Group 13 difluorodiorganometalates

Group 13 difluorodiorganometalates are relatively rare

compounds compared to other group 13 organofluorides, in

spite of the fact that they have been known since 1955 [33,34],

due to the lack of any straight forward synthesis of these anions.

We have reported on the synthesis, X-ray crystal structure, and

other spectroscopic properties of some group 13 difluorodior-

ganometalates [nBu4N][R2MF2] (M = Al, Ga, In). The trialkyl

derivatives of group 13 metals when treated with tetra-

nbutylammonium hydrogen difluoride (TBADF) resulted in

methane evolution and in the addition of two fluoride anions to

the metal center [20] as shown in Scheme 2.
19F NMR spectroscopy is an important tool for the

characterization of these molecules and the resonances appear

at d �154.8, �164.8, and �180.9 ppm for the Al, Ga, and In

compounds in [Me2MF2]�, respectively. This is also consistent

with the higher field shift in the Al, Ga, In series. The 27Al NMR

value for [nBu4N][Me2AlF2] (d 123.8 ppm) is typical to that for

four coordinated Al compounds. [Me2AlF2]� reacts with water
Scheme 2. Preparation of group 13 difluorodiorganometalates.

Fig. 2. Molecular structure of tetra-nbutyl difluorodimethylaluminate. Therma

ellipsoids shown at 50% probability, hydrogen atoms have been omitted for

clarity.
l

with evolution of gas, whereas [Me2GaF2]– and [Me2InF2]� are

stable when exposed to water.

The compounds [nBu4N][Me2MF2] (M = Al, Ga, In) are

isomorphous and crystallize in the monoclinic space group P21/

n whereas [nBu4N][(Me3Si)3CAl(Me)F2] crystallizes in the

monoclinic space group P21/c. The metal centers in each of

these compounds reside in a distorted tetrahedral environment

(Figs. 2 and 3). The Al–F distance (Table 1) is longer than the

single bond Al–F distances (1.618–1.657 Å) [21] whereas the

Ga–F (1.838 and 1.83 Å) and In–F (2.040 and 2.047 Å) bonds

exhibit normal bond distances.

4. Carbaalane fluorine derivatives

Carbaalanes are polyhedral cluster compounds having

carbon and aluminum as basic constituents. The first

structurally characterized carbaalane (AlMe)8(CCH2Ph)5H

was reported by Uhl and co-workers. It had been prepared by

the hydroalumination reaction between excess of Me2AlH and

Me2AlCBBCPh at 80 8C for 2 days. The reaction steps involve

repeated hydroalumination of the aluminum acetylide and the

condensation reaction with the concomitant release of Me3Al

[35,36]. Based on the discovery of a facile synthesis of

carbaalanes by our group, which involves the hydroalumina-

tion reaction on monosubstituted acetylenes with AlH3�NMe3

[37]. We became interested to further explore the reaction

chemistry of these carbaalane clusters. We have achieved the

carbaalanes via the deprotonation of the acidic acetylenic

hydrogen atom followed by the elimination of hydrogen.

Subsequent regioselective hydroalumination reaction on this

intermediate leads to the formation of RCH2C(AlH2�NMe3)3

(R = Ph, Me3SiCH2, ferrocenyl), which undergo condensation

reaction to yield the carbaalane [37,38]. The hydride

functionalities on the carbaalane core can be functionalized

in the inner and outer sphere in a step wise manner using

appropriate reagents to prepare halogen substituted carbaa-

lanes that also reveals the robust nature of these clusters.

Thus, the hydride to fluoride metathesis of [(AlH)6(AlN-

Me3)2(CCH2CH2SiMe3)6] was performed with 6 equiv of



Table 1

Summary of the spectroscopic details and important bond parameters of group 13 organofluorides

S. No. Compound 19F NMR 27Al NMR X-ray crystal structure M–F (Å) Ref.

1 [LAlB(C6F5)3] 9 signals from �124.28

to �160.99

�50d
Triclinic, P1̄ 2.156 [32]

2 [nBu4N][Me2AlF2] �154.82a 123.8b Monoclinic, P21/n 1.711, 1.713 [35]

3 [nBu4N][Me2GaF2] �164.76b – Monoclinic, P21/n 1.838, 1.839 [35]

4 [nBu4N][Me2InF2] �180.87a – Monoclinic, P21/n 2.040, 2.047 [35]

5 [nBu4N][(Me3Si)3CAl(Me)F2] �145.93c – Monoclinic, P21/c 1.680, 1.702 [35]

6 [(AlF)6(AlNMe3)2(CCH2CH2SiMe3)6] �181.5c 122.3c – [40]

7 [(AlF)6(AlNMe3)2(CCH2Ph)6] – – Monoclinic, P21/n 1.667, 1.668, 1.669 [40]

8 [{(1-Adamantyl)CH2NAl}7H4.74F2.26] �163.9, �162.8, �162.1 – Triclinic, P1̄ 1.506, 1.616, 1.475 [48]

9 [(tBuNCH2AlF)4] �155.7e – Monoclinic, P21/n 1.666 [48]

10 [(2,6-iPr2C6H3)N]2(CH2)3AlF(NMe3) �175.4c – Monoclinic, P21/n 1.678 [51]

11 HC{(CMe)(2,6-iPr2C6H3N)}2Al(Me)F 8.6c – Monoclinic, P21/c 1.679 [57]

12 HC{(CMe)(2,6-iPr2C6H3N)}2AlF2 6.8c 66.9c Monoclinic, P21/n 1.655, 1.650 [57]

13 HC{(CMe)(2,6-iPr2C6H3N)}2GaF2 38.34c – Monoclinic, P21/n 1.773, 1.755 [57]

19F NMR spectrum for entries 1–6 and 8–10 were measured with respect to CFCl3 and 11–13 were measured with respect to C6F6 standard, respectively, in aTHF–D8,
bCD3CN, cC6D6, dsolid sample, eCDCl3.

S. Singh, H.W. Roesky / Journal of Fluorine Chemistry 128 (2007) 369–377372
BF3�OEt2 in toluene at �78 8C under slow warming to room

temperature to afford [(AlF)6(AlNMe3)2(CCH2CH2SiMe3)6]

[39]. The same product can also be obtained by using Me3SnF

instead of BF3�OEt2 [39] as shown in Scheme 3.

The 19F NMR of this molecule shows a broad resonance at d

�181.5 ppm (Table 1) that is consistent with the symmetrical

structure and high field region for the terminal Al–F bonds

along with a shoulder peak (d �178) from a small amount

of the pentafluorinated species. It can be compared with the

tetra coordinated aluminum fluoride [Me4N][AlF4] (d �194.9)

[17], which is shifted more upfield than [(AlH)6(AlN-

Me3)2(CCH2CH2SiMe3)6]. The resonance in the 27Al NMR
Scheme 3. Fluorination of the carbaalane clust

Scheme 4. Synthesis of the carbaalane cl
for this compound is strongly shifted upfield to d 122.3 ppm

compared to the parent compound [(AlH)6(AlNMe3)2(CCH2

CH2SiMe3)6] (d 142.3 ppm).

Fluorination of the carbaalane [(AlH)6(AlNMe3)2

(CCH2Ph)6] with an excess of BF3�OEt2 in boiling toluene

resulted in the substitution of all the hydrides by fluorides to

yield [(AlF)6(AlNMe3)2(CCH2Ph)6] as shown in Scheme 4.

Due to the poor solubility of this compound spectroscopic

characterization could not be done. However, single crystal X-

ray analysis shows that the compound crystallizes in the

monoclinic space group P21/n (Fig. 4). The core structure of the

molecule consists of a cube of eight aluminum atoms where
er [(AlH)6(A1NMe3)2(CCH2CH2SiMe3)6].

uster [(AlF)6(A1NMe3)2(CCH2Ph)6].



Fig. 4. Molecular structure of the carbaalane fluoro derivative [(AlH)6(AlN-

Me3)2(CCH2Ph)6]. Thermal ellipsoids shown at 50% probability, hydrogen

atoms and toluene molecules have been omitted for clarity.

Fig. 5. Molecular structure of the core of the carbaalane fluoro derivative

[(AlH)6(AlNMe3)2(CCH2Ph)6]. Thermal ellipsoids shown at 50% probability,

hydrogen atoms, toluene molecules, and the phenyl groups on peripheral carbon

atoms have been omitted for clarity.
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each face is occupied by a carbon atom attached to a CH2Ph

group (Fig. 5). The aluminum atoms on diagonally opposite

sides of the cluster are coordinated to a NMe3 unit. The

remaining aluminum atoms are bonded to the fluorine atoms

[39]. The Al–F distances in this compound vary from 1.667(2)

to 1.669(3) Å (Table 1) and are comparable to those for single

bond Al–F distances (1.618–1.657 Å) [21].

5. Surface fluorination of the heptameric aluminum

imide clusters

Compounds containing Al–N bonds are important due

primarily to their various applications as reducing agents [40],
important synthetic intermediates [41,42] and as precursor for

chemical vapour deposition of aluminum nitride [43]. This

class of compounds containing Al–N bonds also incorporate

aluminum imide clusters which are oligomeric in nature and are

of the composition (RNAlH)n (n = 4, 6, or 8) [44–46]. The

rational synthesis of the n = 7 derivative (RCH2NAlH)7 by

our group adds an important compound to this series with

R = 1-adamantyl [47]. Thus, the reaction of (1-adamantyl)cya-

nide with an excess of AlH3�NMe3 afforded the heptameric

aluminum imide cluster [(1-adamantyl)CH2NAlH]7. We

utilized this molecule to functionalize the hydrides by fluorides

in a manner similar to that applied for the carbaalane clusters.

This involves the treatment of [(1-adamantyl)CH2NAlH]7 with

Me3SnF [47]. However, this reaction resulted only in partial

fluorination and yields a compound of an average composition

[(1-adamantyl)CH2NAl]7F2.26H4.74 having an asymmetric

Al7N7 core as shown in Scheme 5. The cage like structure is

formed due to the bonding of each nitrogen atom to three

aluminum atoms. Higher fluorination of this molecule or use of

excess of Me3SnF leads to the decomposition of the core

structure mainly due to the steric demand of the 1-adamantyl

group.

In the 27Al NMR spectrum no resonance was detected due to

the quadruple moment of the aluminum whereas 19F NMR of

this molecule shows three resonances at d �163.89, �162.77,

and �162.15 ppm which is due to the asymmetric structure of

the molecule as revealed by the single crystal X-ray structural

analysis. This molecule crystallizes in the triclinic space group

P1̄ with the Al–F distances of 1.506(13), 1.616(3), and

1.475(16) Å. These fluorine atoms have an occupancy factor of

17, 53 and 53%, respectively. The remaining groups are non-

replaced hydrides.

In contrast to the fluorination of (1-adamantyl)CH2NAlH)7

cluster the fluorination of (tBuNCH2AlH)4 proceeds smoothly

and integrity of the Al4C4N4 core is retained after fluorination

[47]. Thus, the tetra fluoro compound (tBuNCH2AlF)4

containing terminal Al–F units was obtained by the treatment

of the corresponding hydride (tBuNCH2AlH)4 with Me3SnF as

depicted in Scheme 6. The 19F NMR of this molecule exhibits a

resonance at d �155.74 ppm. This molecule crystallizes in the

monoclinic space group P21/n. The Al–F distance in this

molecule is found to be 1.666(10) Å, which is not very different

to the range (1.618–1.657 Å) observed for terminal aluminum

fluorides [21].

6. A diamidoaluminum fluoride

Molecular aluminum hydrides have been shown to be very

effective in the synthesis of interesting aluminum chalcogen-

ides and compounds such as LAl(SeH)2 [48], [LAl(SeH)]2Se

[48], and LAl(SH)2 [49] could be isolated all starting from

LAlH2 and the corresponding chalcogen. In the same way

aluminum hydrides are interesting precursor for halide

metathesis reactions (see next section), especially for the

fluorination reactions. A bulky chelating diamidoaluminum

monohydride [(2,6-iPr2C6H3)N]2(CH2)3AlH(NMe3) was

recently investigated by our group for a metathesis reaction



Scheme 6. Synthesis of the tetra fluoro aluminum compound (tBuNCH2AlF)4.

Scheme 5. Fluorination of the aluminum imide cluster [(1-adamantyl)CH2NA1H]7.
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with Me3SnF as shown in Scheme 7. The resulting complex

[(2,6-iPr2C6H3)N]2(CH2)3AlF(NMe3) is monomeric where

NMe3 provides the fourth coordination site to the aluminum

center [50].

The 19F NMR spectrum of this compound exhibits a singlet

at d �175.4 ppm indicating the terminal nature of the Al–F

bond which is consistent with the closely related compounds

[ArN{Si(R)Me2}AlF2�THF] (R = Me, d �178.1 ppm; R = iPr,

d �177.0 ppm; R = tBu, d �175.1 ppm; Ar = 2,6-iPr2C6H3)

[51]. This molecule crystallizes in the monoclinic space group

P21/n. The single crystal X-ray structure of this molecule

reveals that the diamide ligand chelates through its nitrogen

atoms to the aluminum atom to form a six-membered AlC3N2

ring, the third coordination is provided by the fluorine atom and

the fourth by the NMe3 group. The geometry around the Al
Scheme 7. Preparation of the diamidoaluminum monofluoride.
atom is distorted tetrahedral (Fig. 6). The Al–F distance of

1.678(1) Å is in the range (1.618–1.657 Å) for terminal

aluminum fluorides [21].

7. Group 13 b-diketiminate fluorides

The b-diketiminate ligands incorporate the metal atoms as

part of a stable C3N2M six-membered ring due to its bidentate
Fig. 6. Single crystal X-ray structure of the diamidoaluminum monofluoride.

Thermal ellipsoids are drawn at 50% probability and hydrogen atoms have been

omitted for clarity.



Scheme 8. Preparation of the b-diketiminate methylaluminumfluoride.

Scheme 9. Preparation of the b-diketiminate aluminum difluoride.

Fig. 7. Molecular Structure of the b-diketiminate aluminum monofluoride.

Thermal ellipsoids are drawn at 50% probability and hydrogen atoms have been

omitted for clarity.
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chelating ability through its two nitrogen atoms. Additionally,

the steric property of the ligand works synergetically to its

electronic factors offering an unique possibility to stabilize the

low coordination number at the metal center or low oxidation

states [31,52–54]. The mono- and dihalides of Al and Ga

synthesized recently by our group are interesting compounds

and have been utilized to prepare the corresponding hydroxides

[12,14], thiols [49], and amides [55]. Similarly we have also

shown that the metathesis reaction of these compounds with

suitable fluorinating agents can lead to the formation of the

corresponding fluorine derivatives [56]. The reagents Me3SnF

and BF3�OEt2 have been very useful in this regard.

The reaction of LAl(Me)Cl with Me3SnF in THF results in

the complete conversion to the corresponding fluorine

derivative LAl(Me)F (Scheme 8) which was characterized

by its 19F NMR where the Al–F resonates at d 8.6 ppm. Methyl

protons of Al–Me moiety are coupled to the F atom and are

observed as a doublet (d �0.82 ppm).

When LAlH2 was treated with BF3�OEt2 at low temperature

and allowed to warm to room temperature the difluoride

derivative LAlF2 was isolated (Scheme 9). A singlet in the 19F

NMR of LAlF2 (d 6.8 ppm) confirms the formation of Al–F

bonds with symmetrically placed F atoms on Al. The

corresponding gallium compound LGaF2 was synthesized by
Scheme 10. Preparation of the b-diketiminate supported gallium difluoride.
the reaction of LGaI2 with Me3SnF as shown in Scheme 10. The
19F NMR of LGaF2 exhibits the Ga–F to resonate at d 38.3 ppm.

The b-diketiminate Al and Ga fluorides have also been

investigated by the single crystal X-ray diffraction method.

Compound LAl(Me)F crystallizes in the monoclinic space

group P21/c whereas LAlF2 and LGaF2 are isomorphous and

crystallize in the monoclinic space group P21/n. In all the three

compounds the metal atom exhibits a distorted tetrahedral

geometry and is part of the nearly planar C3N2M six-membered

ring (Figs. 7–9). The C–C and C–N distances lie within narrow

ranges 1.394–1.410 and 1.325–1.346 Å, respectively, indicat-

ing a considerable multiple bond character due to the

delocalization in these bonds [56]. The Al–C and Al–F

distances in LAl(Me)F are 1.944(2) and 1.679(1) Å, respec-

tively. The Al–F distances in LAlF2 (1.656(1) and 1.650(1) Å)

are typical for terminal bonds and are comparable to those in

the range from 1.657 to 1.618 Å [21]. The Ga–F distances in

LGaF2 (1.755(2) and 1.773(2) Å) are considerably shorter than

those found in [Mes2Ga(F)(tBuNH2)] (1.838(3) Å) [57] and

(Mes2GaF)2 (1.947(2) Å [58].
Fig. 8. Molecular Structure of the b-diketiminate aluminum difluoride. Ther-

mal ellipsoids are drawn at 50% probability and hydrogen atoms have been

omitted for clarity.



Fig. 9. Molecular Structure of the b-diketiminate gallium difluoride. Thermal

ellipsoids are drawn at 50% probability and hydrogen atoms have been omitted

for clarity.
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