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Abstract

Diorganometal fluorides can be synthesized by reaction of the corresponding metallanes
with svnthons like BF,-(OQEt), and Me,SaF. A sccond general synthesis strategy is the
fluoridation of diorganometal halides with alkali metal Auorides or silver fluoride.
Organometal difluorides of Al, Ga and In are either unknown or can be obtained in special
cases only. Arylthallium difluorides are the result of the reaction of arylthallium bis(trifiluoro-
acetates) and alkali or ammonium fuorides. Varicus types of salts with anions like
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[R;MF]1-, [R,MF,]-, [RMF;]™ and [R;MFMR;]™ have been synthesized by the treatment
of the corresponding educts R:M, R,MX., RMX, with salt-like fluorides. The IR and NMR
spectroscopical da.a and the structural investigation show the mainly ionic character of the
metal fluorine bond. © 1997 Elsevier Science S.A.

Keywords: Organometal fluoride; Organoaluminium fluorides; Organofluoro gallates:
Organogallium fluorides; Organoindium flucrides; Organothallium fluorides

1. Introduction

Organometal fluorides of the Group 13 metals differ in some important features
from the other organometal halides of this group. One significant difference concerns
the synthesis of the compounds [1-3]. The two commonly used methods for the
preparation of such species: (1) the commutation reaction of organometallanes and
metal halides and (2) the treatment of metal halides with lithium alkyls or Grignard
reagents do not lead to the desired products. This is mainly due to the low reactivity
of the metal(III) fluorides.

The second important difference lies in the highly ionic character of the metal{(11I)
finorine bond. This, for example, has consequences for the observed structures of
the organometal fluorides because of the tendency of the fluorine atoms to form
linear M-F-M bridges.

This review lists the various synthesis routes for the organometal fluorides, but
also gives a comparison of their structures and chemical properties.

2. Synthesis and reactions of organoaluminium flucrides
2.1. Synthesis and characterization of diorganoaluminium fluorides

Diorgancaluminium fluorides can be synthesized by several well-established routes
[4-6] (Egs. (1)-(4)). The routes have been used for the preparation of several
dialkyl derivatives R,MF with R=Me [4], Et [4,5], °Pr [4], 'Pr [4,6], "Bu [7],
iBu [4], *Bu [6] and "Hex [7].

R,AICI + NaF>R,AIF + NaCl [4] (D

2R,AICI+MF,»2R,AIF + MCl, (5] )
M =Ca, Sr, Ba

3R,Al- (OEt), -+ BF; - (OEt), —3R,AIF + BR; +4E,0  [6] (3)

R,Al+BF; - (OEt),»R,AIF +RBF, +Et,0 [6.7] (4)

Strong fluorination agents like XeF, [8] and laser photosensitized SFg [9] can
react also with organoalanes (Eqgs. {5)-(7)) to form the corresponding diorgano-
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aluminium fluorides.

XeF,

Et;Al 1% BLAIF (5)
(Bu),AIH 225 (Bu),AlF 6)
Me, Al 22 Me,AlF N

Diorganoaluminium fluorides are colourless air-sensitive compounds. The deriva-
tives with small alkyl groups are pyrophoric {4]. The compounds R,AIF are tetra-
meric in solution and the solid staie for R=Me [10], Et [i0], 'Pr [6], '‘Bu [6] and
trimeric for R="Pr [11], iBu [11]. IR and RE measurements suggest planar mole-
cules with Dy, symmetry for [Me,AlF], and [Et,AlF], [10] (Table 1). However, a
gas phase electron diffraction showed, at least for the dimethyl derivative, a puckered
ring geometry with C, symmetry [28] (Fig. 1). The trimeric molecules [(*Pr),AlF];
and [(‘Bu),AlF]; have a planar geometry with Dy, symmetry [11].

The observed Al-F distance in [Me,AlF], of 181.0(3) pm is expected for a
u,-bridging F atom and is significantly longer than a terminal Al-F bond in gaseous
monomeric AlF,; (163(1) pm) [30]. The angle Al-F-Al of 146(3)° is indicating a
highly ionic character of the Al-F bond, which agrees well with the high-field *F
NMR signals of —144.9 ppm [9] ([Me,AlF],) and — 160 ppm [31] ([Et,AlF]y) (see
Table 2).

2.2. Synthesis and characterization of organoaluminium difluorides

The knowledge of the synthetic methods leading to RMF, and the properties of
these compounds is sparse. The reported syntheses are limited to just a few patents,
with only one exception. This concerns the reaction of EtAICL, with NaF in chioro-
benzene at 150°C to give EtAlF,; [35] (Eq. (8)).

NaF; 4

EtAlCkH e EtAlF, (8)

Treatment of the sesquihalides R;ALX; with CaF,, SrF, and BaF, at 180°C in the
absence of a solvent leads to a 1: 1 mixture of R,AIF and RAIF, [36] (Eq. (9)).

R,ALX, “i;‘(-}-:»‘ R,AIF + RAIF, 9)

M=Ca, Sr, Ba; R =alkyl

The reaction of BF; and R,Ai (R=alkyl) gives the corresponding alkylaluminium
difluorides RAIF, {7] (Eq. (10)).

3R,Al+2BF,~3RAIF, +2R,B (10)
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Table 1
Vibrational spectroscopic data and symmetries of organcmetal fluorides
Compound vur (em™1) Localsymmetry Reference
IR RE
MeAlF 638, 614 D3, C° [10]
EtAIF 872 875 3, [10]
("Pr),AIF 620 620 3, [ii]
(iBu),AIF 650 615 % (1]
Me,GaF 511, 498, 439 518, 501, 555 D3 {12]
490 £ [13]
Et,GaF 490, 429 434, 430 N {12]
(Pr),GaF 488, 398 517 2 [14]
(PhCH,),GaF 496 493 o [14]
Mes,GaF 473, 450 440 Ds [14.15]
K{(PhCH,),GaF,] 513, 485 -f [16]
Cs[{(PhCH,),GaF ;) 519, 483 -f [16]
KIMesGaF;] 533, 510 -f [17]
Cs[MesGaF,] 563, 521 -f {17]
K[Me,GaF] 380 N {18]
K[Et;GaF]} 361 in [18]
[NMeJi( Me;Ga),F] 379 D3, [18]
[NMe,Ji(Et;Ga),F] 429 n (18]
{Mes,GagF,0,] 407, 426 G, [15]
[Mes,Ga{F)NH}Bu] 460 G {19)
(Pr),InF 386 s [20]
(PhCH,);InF 347 G 121]
Mes,InF 385 & {19.21]
[{(Pr),InF } {CsF - 2McCN}] 359 -5 [22
(CeF ), TIF 318 -f [23.24])
PhTIF, 525, 499.5 Gy, 25,26}
[NMeJ(Me;T1),¥] 250 Dy, [27]

= Proposed. * Gas phase electron diffraction. ¢ Dimeric. ¢ Trimeric. © Tetrameric. f Polymeric. # Theoretical
considerations.

Fig. 1. Computer-generated plot of [Me,AlF]; (SCHAKAL [29]) according to gas phase electron
diffraction.
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Table 2

19F NMR data of organometal fluorides®

Compound o {(ppm) Reference
Me,AlF —1449 191
ELAIF ~160.0 [31]
Na[(Et;Al)FP ~160.6 [32,33}
[Cp*(Me)ZrF AlMe, ], —~108.1, —-69.5, —32.5 [34]
{Pr),GaF —186.4 [141
{PhCH;),Ga¥F —169.7 [14]
Mes,GaF —152.7 [14]
K[MesGaF;} —~174.0 [17}
Cs[MesGaF;] —170.0 {17}
K[(PhCH,),GaF,] —1776 161
Cs{(PhCH,),GaF,} —1711 [16]
[Mes,Ga(FINH,('Bu)j -170.3 [19]
[MesﬁﬁaéF‘;O‘;] —104.0, —20.7 [ !.5]
(Pr),InF —101.5 [201
{PhCH,),InF ~186.0 [213
Mes,InF —-173.0 [21]
[{(Pr),InF } s{CsF - 2MeCN }] -183.3 [22]
[(MesinF,;),oMgF,] —-160.4, —150.0, ~151.5, —134.6 1221

¢ Standard: CFCl;. ® Mixture Naf( Et;Al),FYEGAL

A variety of organoaluminium difluorides can be obtained by reacting R;Al with
HF [37] (Eq. (11)).

R;Al+2HF—RAIF,+ 2RH (1)
R =Me, Et, "Pr, iPr, ‘Bu, C¢H,,, Ph, CH,Ph

Ziegler and Koster reported in 1957 the synthesis of EtAlF, by a1 commutation
reaction of AlEt; and freshly prepared AIF; (Egs. (12) and (13)) [4].

AlEt, +2AIF, —3EtAIF, (13)

However, there is almost no data on the characterization of the above mentioned
compounds available.

The mixed fluorine—chiorine compound EtAICIF can be obtained by the reaction
of ELAICI with XeF, [8].

The reaction of [Me,AlO]™ with CsFs in the gas phase gives the methyltrifivoro-
alanate [MecAIF,]™ in 20% yield [38]. Theoretical studies of MeAlF, suggest the
molecular symmetry G [39].



74 B. Neumiiller | Coordination Chemistry Reviews 158 (1997) 69-101
2.3. Reactions and derivatives of organoaluminium fluorides

Fluorotriorgano alanates can be obtained by reaction of triorganoalanes with
alkali fluorides (Eq. (14)) [40,41].

R;Al+MF->M[R;AIF] (14)
M =Na; R =Me, Et, *Pr, "Bu, ‘Bu
M =K; R =Me, Et, "Pr, "Bu, 'Bu, "Hex, "Oct

An electrochemical variant is the electrolysis of organoalanes in the presence of
fluoride ions [42].

The diorganodifiuoro alanate Na[Me,AlF,] is the product of the reaction of
Me,AlF with NaF in boiling xylene (Eq. (15)) [4].

R,AIF + NaF—Na[R,AIF,] (15)

The already mentioned reaction of [Me,AlQ]™ with CsF, in the gas phase leads,
besides other products, to [Me,AlF,]™ in 20% yield [38].

The fluoride ion can be introduced as a nucleophile either having a terminal
function as shown above, or as a bridging ligand in an M-F-M framework.
The reaction of fluoride ions with two equivalents of a triorganoalane gives the
dialanofluorides [R;MFMR3]™ (Eq. (16)) [40].

RyM +R M + MF>M[R;MFMR4] (16)
M=Na; R=R’'=Me, Et, "Pr, "Bu, 'Bu
R=Me, R'=Et
M =K; R=R’'=Me, Et, "Pr, "Bu, ‘Bu, "Oct, ‘Oct
R=Me, R'=Et
R=Me, R'='Bu
R=Et,R’='Bu
M=Rb; R=R'=Et

Despite the fact that the first synthesis of a organofluoro alanate was carried out
about 35 years ago, little spectroscopic data and structural parameters have been
reported to date. The IR spectra of salts of the tvpes [R;AIF]™ and
[R;AIFAIR}] ™ were recorded in the region of 4000 to 400 cm ™! [43,44]. However,
in both cases the interesting vibrational modes, Al-F stretch and Al-F-Al stretch
respectively, are below 400 cm ™!, This is caused in M[R;AIF] by additional M-F
interactions, which weakens the Al-F bond. In M[R;AIFAIR]] the Al-F-Al bands
should be observed below 400 cm ™! because of the p,-bridging mode of the fluo-
rine atom.
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The facile exchange between Na[(Et;A1),F] and AlEt, has been investigated at
variable temperature by '°F and 2’Al NMR studies. The dissociation enthalpy of
the ion [Et;AIFAIEt,]” was determined to be 85.4 kJ mol ! [32,33].

Dialanofiuorides K[Et;AIFAIEt;] [45,46] (Fig. 2) and K[Me;AlFAIMe;]- CeHg
[47] (Fig. 3) were characterized by X-ray structure determinations. Both compounds
show linear Al-F--Al backbones, which once more points to an ionic character
of the Al-F bonds. The AI-F distances are in the same range as observed
for [Me,AlF], [28], 182.0(3) pm in [Et,AIFAIEt;]- and 1782(2) pm in
[Me;AlFAIMe;] - (see Table 3). The potassinm ions are not involved in the coordi-
nation sphere of the fluoride ligands; however, there are contacts between the K*
ion and the aromatic © system of the benzene rings (K-.--C: 330 to 395 pm) in
K[MesAlFAlMe3] . CSHG'

Another way of obtaining compounds with organoaluminium fluoride subunits is
the reaction of reactive organometallic aluminium compounds with molecular fluo-
ride donating agents. The reaction of Cp*ZrF; (Cp* =MesCs) with Me;Al gives the
Zr-Al-F complex [Cp*(Me)ZrF;AlMe,], (Eq. (17)) [34,49].

2[Cp*ZiF;]+ 2AIMe; —[Cp*(Me) ZrF,AIMe, ], (17)

Fig. 3. Graphic representation (SCHAKAL [29]) of the anion in K{Me;AlFAIMe,}- CHs.
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Table 3

M-F distances {(pm) in organometal fluorides

Compound Terminal Ho-Bridge® p;-Bridge® Reference
[Me,AIF ]S 181.6(3) [28]
K[(Me;Al),F]1-CeH, 178.2(2) [47]
K[(Et;Al),F] 182.0(3) [45,46})
[Cp*{(Me)ZrF,AlMe,], 177.6(4), 178.6(4) [34]
[{(Cp*AlF),SiPh,} ) 184.3(1), 184.8(1) {48]
{Mes,GaF], - THF 194.7(2) [15]
Cs[MesGaF,) 178.4(7), 180.7(4) [17}
Cs[(PhCH,),GaF,] 184° [16]
[Mes,Ga(F)NHBul - 2.5THF  183.8(3) [19]
[MesGagF,0,] THF 2147, 252,1(3)¢  [15]
[Mes,InF]; 212¢ (19}
[(Pr,InF);(CsF - 2MeCN j] 223°, 259°4 [22}
[(MesinF,),MgF;] SToluol 210° 223¢ [22]

 Bridge connecting the metals Al, Ga, In, Zr, Mg. ® Gas phase clectron diffraction. ¢ Average value.
9 Pseudo-p,-bridge.

One methyl group is transferred to each Zr atom and all fluorine atoms have a
w,-bridging function (Fig. 4). The moiecule has almost perfect C,, symmetry with
Al-F distances of approximately 178 pm [50,51]. NMR experiments at variable
temperature show that only the cis product is represented in solution and in the
solid state. Therefore, the '®F NMR spectra exhibits only three signals (intensity
4:1:1)at —108.2, —69.5 and —32.5 ppm respectively.

The treatment of the Al(I) compound [(Cp*Al),] with two equivalents Ph,SiF,
leads to 2 formal insertion of Ph,Si units and F atoms into the Al-Al bonds cf the

Fig. 4. Plot of one of the crystallographically independent molecules [Cp*(Me)ZrF,AlMe;];
(SCHAKAL [29)).
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educt (Eaq. (18)) [48].
[(Cp*Al);]+2Ph,SiF, »[{(Cp*AlF ),SiPh, } ] (18)

The molecule of the point group S, formally still has the tetrahedral arrangement
of the Al atoms of the educt [(Cp*Al),]. All four F atoms are y,-bridging ligands
with the expected large Al-F-Al angle of 149.0(1)° (Fig. 5).

The Lewis acidity of the diorganoaluminium fluorides can be used in various
reactions. An obvious reaction is the formation of donor- acceptor complexes by
combining R,AIF with amines cor ethers to give c.g. [Et,AIF(NMe,)] [52] or
[(‘Bu),AlF(dioxane)] [6].

3,3-Bis(chioromethyl Joxetane (BCMO) undergoes a slow ring-opening reaction
with ELAIF to form polymeric BCMO [53]. This low reactivity can be attributed
to the great strength of the Al-F bond [53] and the resulting low Lewis acidity [6].
In general, Al-F compounds are expected to be weaker Lewis acids owing to
stabilization of the sp? hybridized Al atom through AI-F & interactions. Ring-
opening and installation of a fluorine function in one step is possible when anhydro-
thymidine is treated with Et,AlF [54]. The real importance of organoaluminium
fluorides lies in their employment as co-catalyst in Zieger—Natta-type reactions
[5,36,55-57]. Owing to the lower Lewis acidity of fluorides in comparison with the
other halides, the organoaluminium fluorides could not displace the conventional
co-catalysts. Diazomethane polymerizes in the presence of Et,AlF [58].

3. Synthesis and reactions of organogaliivm fluorides
3.1. Synrhesis and chavacterization of diorganogallium fluorides

Although both BF; - (OEt), and Me;SnF are important agents for the preparation
of organogallium fiuorine derivatives, the first synthesis of such compounds was

Fig. 5. Schematic drawing of the molecule [{(Cp*AlF),SiPh,},] (SCHAKAL [25].
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carried out in the system Et,GaCl/KF at high temperature without solvent (Eq. (19))
[59].

Et,AlCI 4+ KF —%s EAIF+KCl (19)

Under these conditions the halide exchange process is feasible only in those cases
where the organometallic educt is thermally stable [60].

The reactions with BF; - (OEt), and Me,;SnF can be carried out at mild conditions
in Et,0 (Egs. (20) and (21)) [61,12,14].

R;Ga+ Me,;SnF—-R,GaF +Me;SnR  [61] (20)
R=Me, Et
3R;Ga + BF; - (OEt), »3R,GaF + R;B+Et,0 [12,14] (#4))

R =Me. Et, ‘Pr, CH,Ph, Mes
Mes == 2,4,6-trimethylphenyl

The slow decomposition of {Me,GaOP(NMe)F,], also leads to Me,GaF [62].
A variation of the halide exchange reaction (Eq. (19)) is more suitable for the
synthesis of the thermally sensitive gallium and indium compounds (Eq. (22)) [14].
MeCN; —2

(Pr),GaBr+KF "€ (iPp),GaF + KBr (22)

All diorgancgallium fluorides are colourless, very hygroscopic and air-sensitive
liquids or solids. Molecular weight determinations give the degrees of aggregation
in solution shown in Fig. 6.

The proposed solid state structures and symmetries of all derivatives except the
mesityl compound are based on IR and RE data (see Table 1). The region of 500
to 400 cm ™! is characteristic for the ring-stretching vibrations |12,14,13]. Although
the analysis of the vibrational spectra of solid (Pr),GaF suggest a trimer, it should

R
R F N P _aR
o R 3
R /F ‘ R ﬁGa/ i \ca/F N
A
\\\s "'f:,’ £ =
R\\ % R \Ge/ F\Ga /G{umm ]
R R R R
(@) (b) ©

Fig. 6. Degree of aggregation for diorganogallium fluorides in solution: (@) R=CH,Ph [17], Mes {17}
(b) R =Me [63], Et [63], 'Pr [17]; (c) R =Me [64].
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be mentioned that the EI mass spectra show fragments of hexamers and heptamers
[14]. This implies the possible existence of a polymeric structure for {Pr),GaF. Once
again, the '°F NMR spectra are a useful probe to prove the ionic character of the
metal fluorine bond (see Table 2). Values found for the 'Pr, the CH,Ph and the Mes
derivatives are —186.4 ppm, ~169.7 ppm and —152.7 ppm respectively.

The confirmation of the spectroscopically derived structures turned out to be
difficult, owing to the needle-shaped crystals which were unsuitable for an X-ray
structure determination. An exception is the mesityl derivative which can be recrystal-
lized from THF as [Mes,GaF],- THF (Fig. 7) [15]. The molecule possesses D,
symmetry with a planar Ga,F, rhombic distorted four-membered ring. All four
equivalent Ga~F are 194.7(2) pm long. Equivalent Ga-F bonds also have been
observed in solid state compounds containing p,-bridging F atoms [63]. The angles
in the Ga,F, ring are 101.1(2)° for Gal-F1-Gala and 78.9(1)° for F1-Gal-Fla.

3.2. Synthesis and characterization of organofiuoro gallates

The synthesis of compounds of the general formula RGaF, has proved to be
difficult. The common fluorinating agents applicable for the synthesis of many other
diorganogallium fluorides, Me,SnF and BF;-(OEt),, are not practicable for the
preparation of the difluoro derivatives. The intermediates R,GaF are not reactive
enough to undergo further alkyl{aryl)-fluorine exchange. The treatment of
R,GaF with those synthons, leads to the isolation of the starting materials.

The only known derivatives are the organotrifiuorogallates M[MesGaF;] (M=K,
Cs) [17], obtained by halide exchange in acetonitrile (Eq. (23)). it should be noted

Fig. 7. Structure of the molecule [Mes,GaF}, in [Mes,GaF), - THF (SCHAKAL [29]).
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that only the very reactive and air-sensitive MesGaBr, could be employed in this
reaction.

MF, —15°C, MeCN

MesGabBr,
—MBr

> M[MesGaF;] (23)

M=K, s

It should be mentioned at this point that the analogous reaction of MesInBr, with
KF does not yield the difluoro derivative but the organotribromoindate
K{[MesInBr;] [17], which shows the basic structural principles of Cs[MesGaF;].

The structure of Cs{MesGaF;] consists of layers of gallate units parallel to (100)
(Fig. 8). The ldyers are separated by the bulky mesityl groups (Fig. 9), whereas the
interionic contacts are formed in the centre of the layer. Every caesium ion possesses
the coordination number (CIN ) eight (see Fig. 10). The coordination sphere is divided
into two different sides, a tripod-like arrangement of three F atoms and an arrange-
ment of five F atoms which lay approximately in one plane. The Cs-F distances are
in the range of 322.9(5) to 291.0(7) pm, compared with 300.5 pm of crystalline CsF
[66]. The mesityl ligand is disordered. Two positions of the aryl ring could be
refined. The Ga-F bond lengths of 187.4(7) and 180.7(4) pm are the shortest
measured in organogallium fluoride chemistry to date.

The bulk of the mesityl substituents are responsible for an acceptable solubility
of K[MesGaF;} and Cs[MesGakF,] in solvents like acetonitrile. The observed high-
field F NMR signals of —174.0 and —170.0 ppm indicate the ionic character
of the Ga—F bonds. The short Ga-F bond lengths correspond to the position of
the Ga-F valence vibrations of 553 (v,, GaF;) and 510 cm™! (v, GaF;)
(K[MesGaF;]) or 563 (v,, GaF,) and 512 cm™! (v, GaF;) (Cs[MesGaF;]).

Triorganofluorogallates can be synthesized easily by the reaction of the corre-

Fig. 8. Stereoscopic view of the unit cell of Cs[MesGaF;] parallel to (100) (ORTEP [65]).
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Fig. 9. Plo: of one layer of Cs[MesGaF,] (SCHAKAL [29]).

sponding fluorides and gallanes without solvent (Eq. (24)) [64,67,68,18].
R;Ga+MF-M[R;GaF] (24)
M=K; R=Me[18], Et [64,67,18]
M=NMe,;; R=Et[67]
M =Me;NCH,Ph; R =Et {67,68]
M =Et;NCH,Ph; R =Et {68]

Polymeric chains with local D;, symmetry are proposed for the potassium salts
K[R;GaF] (R =Me, Et) [18] by the interpretation of the IR spectra (Fig. 11). The
asymmetric stretching vibrations are observed at 380 (K [MeyGaF]) and 361 cm™?
(K[Et;GaF]).

Quite similar reaction conditions form salts like [NMe J[R1GaFGaR,] (Eq. (25))
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[67,68,18].
2R,Ga + [NMe,JF—[NMe,][R;GaFGaR,] (25)
R=Me[18]
R=Et[6768,18]

The interpretation of the vibrational spectra gives rise to D, symmetry for the
anions [R;GaFGaR;]- (Fig. 11} (R=Me, v,(Ga,F)=379 cm™!, R=Et,
Vas(Ga,F ) =429 cm ™).

While the reaction of (*Pr),GaBr with KF gives the diorganogallium fluoride
(Pr),GaF [14], (PhCH,),GaF is not the product of the halide exchange of
(PhCH,),GaCl with KF or CsF respectively. In both cases the dicorganodifluoro
gallate M[(PhCH,),GaF,] can be isolated (Eq. (26)) [16].

(PhCH,),GaCl Mi_"%?” M[(PhCH,),GaF,] (26)
M=K, Cs

[__FwT i R Pl

Fig. 11. Possible structures of the anions in K[R;GaF] and [NMe,J[R;GaFGaR;}.
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The moisture-sensitive gallates show the typical high-field **F NMR resonances of
—177.6 (M=K) and —171.1 ppm (M =Cs) in acetonitrile. This points to solvated
gallate units of the type [M(MeCN ), Ji(PhCH,),GaF,]. The CN four for the gallium
centre dominates the organogallium-fluorine chemistry, causing a distorted tetrahe-
dral coordination sphere for the Ga atom. This leads to two bands for the asymmetric
and the symmetric stretching vibrations respectively. Indeed, two absorptions are
found for K[(PhCH,)GaF,] (513, 485 cm™?) and for Cs[(PhCH,),GaF;] (519, 483
cm™ ).

The structural data of Cs[{PhCH,),GaF,} confirm this interpretation. The solid
state structure consists of ladder-type polymeric chains. The ladder is build up by
small and large Cs-F four-membered rings. The range of the Cs—F bond fengths
covers a region from 293(1) to 357(1) pm. The galliurr centres have the CN four,
while the Cs™ ions show a CN of five concerning the F~ ions. This topological way
of describing the structures is only one interpretation. The polymer can also be
described as a string of Cs,F, and Cs,F,Ga, rings by omitting the long Cs-F
contacts (Fig. 12). The Ga-F distances are somewhat longer (183(1)-186(1) pm)
than the comparable values in Cs[MesGaF;], owing to the higher number of electro-
negative fluorine ligands in Cs[MesGaF,]. The coordination sphere of the Cs* ions
is completed by the coordination oi iwo phenyl rings from two different gallate
units (Cs—Cpean: 370 pm) (Fig, 13). This causes the polymcric chain to be shielded
by an ‘organic hose’, which separates the different chains with interionic contacts in
the centre of the string (Fig. 14).

3.3. Reactions and derivatives of organogallium fluorides
Diorganogallium fluorides react with proton active agents like primary amines or

water. The adduct [Mes,GaF{NH,(*Bu)}] is the result of the reaction of (‘Bu)NH,
and Mes,GaF (Eq. (27)) [19], while the reaction of H,O with Mes,GaF yields the

Fig. 12. Basic skeleton of the F-Cs-Ga chain in Cs{(PhCH.),GaF,].
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0

Fig. 14. Stereoscopic view of the unit cell of Cs[{PhCH,),GaF,] along the b axis (ORTEP [65]).

hexanuclear organogallium fluoride oxide [MesGagF 0,] (Eq. (28)) [15]. An elimi-
nation of mesitylene was also observed when [Mes,GaF { NH,(‘Bu)}] was heated in
boiling toluene. The product of this reaction is an oligonuclear complex of unknown
composition [60].

Mes,GaF + (‘Bu)NH, [ Mes,GaFNH,(*Bu)] 2N
6Mes,GaF +4H,0—[MessGagF,0.]+ 2HF + 6MesH (28)

The formation of the fluoride oxide is on the one hand due to the higher acidity of
water compared with the amine. On the other hand, the Ga—F bond is strong enough
to resist a further attack by water. The compound can also be obtained by a careful
hydrolysis of Cs[MesGaF;] [60].

[Mes,GaF{NH,('Bu)}] crystallizes from THF as [Mes,GaF{NH,(‘Bu)}}-
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2.5 THF and forms dimers {{Mes,GaF{NH,('Bu)}]- THF}, in the solid state, held
together by hydrogen bridges (Fig. 15).The distance N.--F(a) of 288.9(5) pm indi-
cates a N-H..-F bridge, while the long distance O1---N of 323.1(6) pm suggests
only a weak N-H---O interaction. The adduct possesses a remarkably short Ga-N
bond length of 204.9(4) pm, considering that it is a donor—acceptor complex [69,70].
The most likely reason is due to the electronic pulling effect of the terminal fluo-
rine ligand.

[MesgGagF04], which crystallizes from THF as [MesGagF,0,)- THF, can be
described as a distorted Gag octahedron, in which the faces are capped by eight
clectronegative ligands. The molecule has C, symmetry with the atoms Ol and F2
on the threefold axis., All electronegative ligands have a u;-bridging function, except
for F1 and the symmetry-equivalent atoms, which have a pseudo-;-bridging func-
tion, recognizable by two short Ga-F distances of 197.3(3) and 222.3(2) pm and a
weak Ga---F interaction of 252.1(3) pm (Fig. 16).

Recently, two complexes [Mes Gag(OH),0,] [71] and [('Bu)sAl(OH),0.] [72]
have been reported, which basically have the geometry of [MesgGagF,0,4]. The sites
of the F~ ions are occupied with the isoelectronic OH ™ ions. Which position in the
complex is cceupied by an O? anion, and which by an anion with one negative
charge, can be determined from different metal ligand distances, or by an estimation
of the valence according the method of Donnay and Allmann [73,74]. The molecular
weight determination and the *"F NMR spectra suggest that the hexanuclear com-
plex [MessGagF  O4] is stable in THF solution. The two signals at ~90.7 (3 F) and
—104.0 ppm (I F) are also consistent with the bridging function of all F atoms.
The terminal F atom in [Mes,GaF{NH,('Bu)}] gives rise to only one signal at

Fig. 15. Centrosymmetric dimer of [Mes,Ga(F)NH,('Bu)] in [Mes,Ga(F)NH(‘Bu)] -2.5THF}}
(SCHAKAL [29]).
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CIA

Fig. 16. Schematic drawing of the Ga—O-F skeleton in [MessGagF,04)- THF. The mesityl substituents
are represented by the ipso-C atoms (SCHAKAL [29]).

Fig. 17. Space-filling model of [MessGagF,0,] in [MesGagF0,]- THF (SHELXTL-PLUS {75]). View
along the threefold axis.

—170.3 ppm. The acceptable solubility of [Mes,GasF,0,] in toluene is due to the
protecting effect of the mesityl groups, which can be demonstrated by a space filling
model (Fig. 17),

4. Synthesis and reactions of organcindium fluorides

4.1, Synthesis and characterization of diorganoindium fluorides

BIF; - (OEt), and triorganotin fluorides are not only useful synthons in organogal-
livm chemistry, they can also be employed in the preparation of the indium ana-
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logues. Diorganoindium fluorides can be isolated from the treatment of
triorganoindanes with BF; - (OEt); (Eq. (29)) [76,21]

3R,In + BF, - (OEt), —3R,InF +BR, + Et,0 (29)
R=Me[76], CH,Ph[21], Mes [21]

The reaction is free of detectable by-products, except for the Mes derivative. In
this case a small amount of the boroxin [MesBO]; is always found. This could be
the result of an ether cleavage caused by MesBF, [77,78]; however, a reaction with
traces of water cannot be excluded. Surprisingly, the formation of a boroxin can
only be observed in the presence of a Mes ligand.

The reaction of Et;In with Et;SnF yields the diorgancindium flueride Et,InF
(Eq. (30)) [791.

Et,In+ Et,SnF—Et,InF +SnEt, (30)

The treatment of (Pr);In with BF;-(OEt), does not lead to the desired product
(Pr),InF but to the salt [({Pr),In][BF,] (see Section 4.2. On the contrary, stirring of
(*Pr),InCl in MeCN at —15°C in the presence of KF gives the product (Eg. (31))
[20].

KF; McCN; ~ 15:C

iPr,InCl «KL“I » iPr,inF 3D

The use of crown ethers is not helpful in optimizing the yield of (Pr),InF because
of the formation of the salt | K(15-crown-5),J{(Pr),InCl,] (Eq. (32)) [20].

2(Pr),InCl—— 2SS MO | (K (15-crown-5),Jj(Pr),InCL,] +(Pr),InF  (32)

Diorgancindium fluorides are colourless, air-sensitive, very hygroscopic solids.
According to their solubility [20], cryoscopic data and NQR spectra [80-82] the
Me and Et derivatives are polymeric, while (PhCH,),InF and Mes,InF are dimers
in solution (Fig. 18). The 'Pr derivative shows an average degree of aggregation of
3.9, but there is evidence for the presence of different molecule sizes in solution.
This is supported by the low solubility even in donor solvents like MeCN.

"N N\ [ N o,
R\\\\“ 6’% ""F'—_'I'E'l; n
® ®) ©

Fig. 18. Degree of aggregation for diorgancindium fluorides in solution: (a) R= TH,Ph [21], Mes [21};
(b) R=Pr [20]; (c) R =Me [76], Et [79].
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The structures of [(‘Pr),InCl], [20] and [{(Pr),InF }s{CsF -2 MeCN}] [22] show
a polymeric ladder-type arrangement of the indane units also assumed for
(Pr),InF. The graduation of the °F NMR signals is identical to the corresponding
Ga compounds ((‘Pr),InF: ~201.5; (PhCH,),InF: —186.0; Mes,InF: —173.0 ppm)
but shifted to higher field. This is in accordance with the higher ionic character of
the In-F bonds in comparison with the Ga-F bonds. An extreme example is
(‘Pr),InF, because of the p;-bridging function of the fluorine ligands. This leads to
an easy release and transfer of F~ ions [16]. Solutions of (‘Pr),InF, (PhCH,),InF
and Mes,InF in MeCN show low-field shifted !*F NMR resonances (({Pr),InF:
— 186.4; (PhCH,),InF: —163.8; Mes,InF: —173.0 ppm) caused by the solvate com-
plexes [R,InF(MeCN),). This is surprising because aluminium and gallium com-
pounds exhibit high field shifts by reducing the function of the fluorine atoms from
a bridging mode to a terminal one. There are two explanations for this effect. On
the one hand, the Al and Ga centres are harder Lewis acids than the corresponding
In centres, and a connection to two or more metal centres reduces the partial
negative charge on the fluorine atom which causes a down-field shift of the NMR
signal. On the other hand, there is a strong tendency of the higher homologues In
and Tl to form linear cations R,M * [21,83] which are valence-isoelectronic to the
linear mercury species R,Hg. Thus, in In compounds the bridging halogen atom
possesses a higher ionic character than a terminal halogen function (see Table 2).

Broad strong absorbances in the region of 350 to 390 cm ™! are characteristic for
solid diorganoindium fluorides (see Table 1). Despite the fact that Mes,InF is a
dimer in solution, the X-ray structure analysis determines a trimeric molecule [19}]
(Fig. 19). The six-membered ring is strongly distorted tc a boat form (Fig. 20)
caused by small inner ring angles F-In-F of 85.6° (average) and large angles In-F-In
of 139.2° (average). A mean In—-F bond length of 212 pm is typical for p,-bridged
F atoms [33,63]. The sterical demand of the Mes groups force a face-to-face
arrangement of the aryl substituents with an average distance of 360 pm.

If (iPr),InCl is treated with CsF, only impure (‘Pr).InF is isolated. Even after
recrystallization from acetonitrile, traces of excessive CsF are detectable. Apparently,
more fluoride ions are transferred to the indium centres because of the higher
fluoridation potential of CsF compared with KF. Therefore, the reaction of
(iPr),InCl with an excess of CsF in boiling MeCN yields, after hot filtration, the
unusual compound [{({Pr),InF}{CsF -2 MeCN}] (Eq. (33)) [22].

CsF; MeCN: 4

5'Pr,InCl > [(PryInF )s(CsF - 2MeCN)] (33)

—~CsCl

The compound loses the weakly coordinated acetonitrile molecules completely in a
fow stream of inert gas. The !°F NMR signal of —183.3 pm is almost identical with
that of (‘Pr),InF. This points to a complete solvation of the indane and indate units
with a rapid F~ exchange. The cryoscopic weight determinations in benzene suggest
the existence of [{({Pr),InF }sCsF] units; the determined average molecular weight
is 1671 g mol ~!. The In-F bonds give only one broad IR band at 359 cm™*.

The structure of the compound was elucidated by X-ray structure analysis. From
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Fig. 20. Distorted boat-form of the In;F; framework in [Mes,InF];. The mesityl substituents are reduced
to their ipso-C atoms (SCHAKAL [29]).

a topological point of view [{(‘Pr),InF}s{CsF -2 MeCN}] consists of a polymeric
ladder-type chain with an alternate arrangement of {(Pr),InF}; and CsF units
(Fig. 21). The ‘rungs’ of the ladder are always shorter (212.1(5)-215.6(5) pm) than
the sides (223.1(5)-260.7(5) pm). The coordination geometry of the In atoms is a
distorted trigonal bipyramid, while the coordination sphere of the Cs* ions is built
up by three fluorine contacts (287.2(5)-311.0(6) pm) and three molecules of ace-
tonitrile. One molecule has a terminal (317(1) pm), two molecules have a
pz-bridging function (320.9(9), 334(1) pm) forming a centrosymmetric four-mem-
bered Cs,N, ring (Fig. 22). Although the Cs~N interactions are weak, the MeCN
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2F
68

Fig. 22. Centrosymmetric dimer formed by Cs* ions and acetonitrile molecules in
H{(Pr),InF}s{CsF- 2MeCN}]. The complete coordination sphere of the caesium cations is shown
(SCHAKAL [29]).

molecules are important to stabilize the resulting polymeric double chain which is
aligned along the b axis (Fig. 23).

From a chemical point of view, the structure consists of indane [{(‘Pr),InF},] and
indate (Cs[{(‘Pr),InF },F]) subunits.
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Fig. 23. Stereoscopic view of the unit cell of [{{Pr),InF }s{CsF - 2MeCN}] along the b axis.

4.2. Synthesis and characterization of organoindium difluorides

The only known derivative of this class of compound is the complex
[(MesInF,),)MgF,]. The substance can be isolated as a by-product durning the
synthesis of Mes,InF, if the educt Mes;In still contains traces of magnesium salts
from the Grignard reaction of InCl; with MesMgBr (Eq. (34)) [22].

toluene, 80°C

20Mes,InF +MgF, ~—  [(MesInF,),,MgF,]+ 10Mes;In (34)

The complex crystaliizes from toluene as [(MesInF,),(MgF,] - § toluene. The complex
framework is build up by two half-spheres of (MesInF,); which enclose a linear
MgF, unit (Fig. 24). Four p,-bridging fluorine atoms, belonging to the equatorial
plane of the MgF, octahedron, hold the spheres together. The MgF, octahedron is
distorted because of a weak In—F interaction of 252.2(3) pm (In4---F11), and the
existence of four p;-bridging and two terminal F ligands. All p, F atoms show a
large In-F-In angle of about 135°. The In centres possess a distorted square pyrami-
dal coordination sphere, in which the Mes ligands are protecting the In-Mg-F core
(Fig. 25).

The *F NMR spectra of [(MesInF,),MgF,] show four signals for four geometri-
cally different F positions (—150.0, 8 F; —151.5,8 F; —~1346,4 F; — 1604 ppm, 1
F), indicating that the cage is stable in solution. There is a topological relationship
between [(MesInF,),oMgF,] and oxometallate complex ions like [Wy0,0J*~ [84]
and [VILV 04!~ [85-87].

Attempts to synthesize the salt K{MesInF;] failed. The reaction of MesInBr, with
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Fig. 24. Plot of the molecule [(MesInF,),MgF,] in [(MesInF,;};oMgF,] - Stoluene. The mesityl substituents
are represented by the ipso-C atoms (SCHAKAL [29)).

Fig. 25. Space-filling model of [{ MesInF,),,MgF,].
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KF and crown ether leads to the compound [K(15-crown-5),][ Mes,InBr,] formed
by a ligand distribution [17]. In the absence of crown ether, an insoluble fluorine-
containing material besides the indate K[MesInBr;] can be isolated (Eq. (35)) {17].

MesInBr, — e 7, K [MesInBrs+...2 (35)

The structure of K[MesInBr;] possesses the same characteristics as Cs[MesGaF3],
although the coordination sphere of the K* ion is different ( Fig. 26). The potassium
ions are surrounded by seven bromine atoms. Two bromine atoms of two indate
units bond in a chelating fashion, while three bromine atoms belong to three different
indate units (average distance K-Br: 342.5(5) pm). K[MesInBr;] forms layers paral-
lel to (100), having the interionic contacts in the centre of the layers and the
hydrophobuc protection of the Mes groups on the surface of the layers (Fzg 27).
he layers are stacked along the ¢ axis (Fig. 28).

4.3. Reactions and derivatives of organoindium fluorides
The synthesis of [Me;NCH,PhjiMe;IinF] by reacting InMe; with

[Me;NCH,PhJF is mentioned in the patent literature, but no further characterization
is reported [88].

Fig. 26. Coordination sphere of the K* ion in K{MesInBr,;] (SCHAKAL [29]).
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Fig. 28. Siereoscopic view of the unit cell of K{Meslniir;]. The layers are stacked along the b-axis.
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Fig. 29. Segment of the chain of |(Pr}nCl,(dioxane)), with disorder behaviour of the Pr group

(SCHAKAL [29]).
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Fig. 30. Stereoscopic view of the unit cell of [(Pr)InCl(dioxane)],.

The tendency of (‘Pr),InF to transfer F~ ions could be demonstrated by the
treatment of (‘Pr),InF with SnCly(dioxane) [19]. The halide exchange gives an
insoluble Sn—-F compound and the coordination polymer [(Pr)InCly(dioxane)],

(Eq. (36)).
iPr,InF +[SnCl,(dioxane)] - [PrInCl{(dioxane)} +...? (36)

The product consists of polymeric chains with an alternating arrangement of donor
solvent molecules and indane units, reported also for [Me;In{S(CH,),S}1, [89]
(Fig. 29). The polymeric strings are directed along the » axis (Fig. 30). The ‘Pr
group is disordered and occupies two positions.

The ability of diorgancindium(thallium) compounds to form stable linear
R,M* cations has already been mentioned [3,21,83]. (PhCH,),InF and Mes,InF
can donate F~ ions to a Lewis-acid-like BF;-(OEt), (Eq. (37)) [83] at 80°C in
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toluene.

80°C; toluene

RzInF -+ BF3 * (OEt)z
R =CH,Ph, Mes

(Pr);In reacts with BF; - (OE¢), directly to [(Pr),In][BF,] at room temperature [21]
(Eq.(38)). An analogous compound can be obtained by the reaction of
(PhCH2)3In or MeS3In With BF3 . (OEt)z at SGOC.

3R;3In +4BF; - (OEt), - 3[R,In][BF,] + BR; +4Et,0 (38)
R ='Pr, CH,Ph, Mes

All mentioned compounds are very moisture sensitive colourless salts. The solubil-
ity in donor solvents like MeCN is based on the formation of [R,In(NCMe),]*
ions. Only [ Mes,In][BF ] is slightly soluble in toluene. The prediction of the C—In-C
angle in R,In-fragments is possible for R = Me because of the guantity of structural
data [90]. For a linear arrangement of the sequence [R-In-R]* the difference
between the asymmetric and the symmetric stretching frequency is a maximum. The
large Av in [(Pr),In][BF,] (v, 519, v; 474 cm ') points to a linear, or almost linear,
C-In—C—axis [21]. The IR spectra of the benzyl and mesityl derivative show only
one In-C band. Structural data of the solvent-free [Mes,In}[BF,] do not allow to
determine, whether the Mes,In™ ion is linear or not because of a disorder of the
ligands (Fig. 31) [83].

[R,In][BF,]+Et,O 37

Fig. 31. Coordination of the In centre in [Mes,In}{ BF,] with disorder behaviour of the [Mes,In]* fragment
(SCHAKAL [29]).



B. Neumiiller | Coordination Chemistry Reviews 158 (1997) 69-101 97

Fig. 32. Chain formed by [(Pr).In(THF),]" and [BF,]~ ions (SCHAKAL [29]).

However, a linear sequence can be assumed considering the linear geometry of
the ion Mes,T1" in [Mes,T1][MesTICl;} [99]. The coordination sphere of the In
centre contains the two Mes ligands and four weakly bound fluorine atoms (in---F
271.3(7) pm) from two different BF; ions. Every following R.,In* fragmeut is
perpendicular to the fragment before, and all units are arranged perpendicular to
the direction of the strings formed by the ions (¢ axis).

An infinite chain is also the principle for the structure of the solvate
[(Pr),In( THF),}[BF,] (Fig. 32) [21]. The metal centre possesses a CN of six. Two
iPr groups (trans configuration, C-In-C 160.3(4)°), two THF molecules in a cis
configuration and two long In---F interactions (259.1(6) and 264.6(4) pm) complste
a strongly distorted octahedron. The connection of the [(Pr),In(THF),]* ions with
BF; ions ensues along the ¢ axis forming an infinite chain in a zig-zag fashion.

5. Synthesis and reactions of organothallivm flucrides
5.1. Synthesis and characterization of diorganothallium fluorides

Surprisingly, diorganothallium fluorides were synthesized about 30 years before
the first corresponding aluminium compound was published [4,91]. The reason is
probably based on the fact that the thallium derivatives are usually stable towards
air, water and alcohols.

Therefore, the synthesis can be carried out without working under an inert gas
atmosphere. Halide exchange in combination with the formation of silver salts is
the principle of the synthesis (Eq. (39)) [91-93,23,24].

R,TIBr -+ AgF —»Me,TIF + AgBr (39)
R=Me[91], Et[91], "Bu [92], {Am (Am =amyl) [92,93], ‘Bu [93], "Hex [93],
Ph [91], CsF5[23,24]
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The reactions can be carried out in water, which first gives water-containing products.
The water can be easily removed by drying the products in the presence of P40y, [91].

The formation of Me,TIF in low yield could be observed in the reaction of
Me,T1 with FiCI [94]. Et,TIF is obtained in good yield by treating Et;T]1 with
F,HCNO; [95].

The diorganothallium fluorides are colourless, thermally stable and not very air-
sensitive compounds. None of the derivatives has been structurally characterized.
However, the presence of the 2°°Tl isotope gives the possibility for 2°°TI NMR
measurements as a helpful analytical probe (6(Me,TIF): —3420 (DMSO),
—3500 ppm (H,0); standard TING;).

The IR data of (CgFs),TIF support the existence of four-membered TI,F, rings
connected to a coordination polymer in the solid state (vpe: 318 em™1) [23,24].

The cryoscopic molecular weight determinations of "Hex,TIF, ‘Am,TIF and
Bu,TIF at various concentrations [93] are interesting. The rn-hexyl and the isoamyl
derivative contain species ranging from n=2 to n="7.6. The degree of aggregation
is nearly independent of the concentration in the case of the isobutyl derivative.

5.2. Synthesis and characterization of organoii:allium difluorides

The organcothallium difluorides are limited to the aryl-substituted derivatives to
date. The hydroxide PhTI(OH), can be used to form the desired fluorides (Eq. (40))
[96].

Pth(OH)z—}:;O» PhTIF, (40)
The most commonly used synthesis method is the reaction of organothallium triflu-

oroacetates with various fluorides {97,98] (Eq. (41)).

RTIOC(O)CF3L m‘:—f&m RTIF, (41)

R =Ph, 4-Cl-CgH,, 2,4-Me,CgH,, 2,5-Me,CgHa, 2,6-Me,CoHa,
Mes, 4-MeOCgH, [97], 4-Me,NC4H, [98]

The reaction medium may be water or alcohols. According to IR spectra and a
normal coordinate analysis, the absorptions of PhTIF, at 525 and 499.5 cm ™! can
be assignad to the asymmetrical TIF, and the symmetrical TIF, vibrations respec-
tively [96,25]. Theoretical considerations suggest a molecule with C,, symmetry, a
TI-F distance of 187.8 pm and an F-TI-F angle of 116° [26].

5.3. Reuctions of organothallium fluorides

There is only one salt known which contains an anion of the type
[RSTIFTIR,;] . The synthesis takes place according to Eq. (32) in toluene [27].

2Me;Ti +[NMe,JF—»[NMe,)[Me;TIFTIMe;] (42)
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The IR spectra give rise to an anion with D;, symmetry with an asymmetric
stretching vibration v, ( TI-F-T1) of 250 cm ™.
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