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INTRODUCTION

Main-group metal alkyls and aryls are valuable tools in preparalive or-
ganic and inorganic chemistry, and many industrial applications are known
for these reactive substances. In addition, they have attracted considerable
attention from a more fundamental and theoretical point of view, because
the high Lewis acidily al the metal center is the source of singular structures
and bonding (/-3).

The formal substitution of one of the alkyl or aryl groups at the metal by
nonmetallic and electronegative groups leads to compounds that have both
elecirophilic and nucleophilic centers in the moleeule, The Grignard reagents
are the best known and most important class of such compounds {4,5).
Because of their high polarity and their ucid/base properties, they must be
handled in coordinating solvents, Moreaver, they undergo exchange reactions
that are known as Schlenck equilibria [Eq.{1)] (6~8). In Eq. (1), D is the donor
solvent, X is the halogen, and R is the organic group.
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A consequence of these complex intermolecular equilibria [Eq. (1) is only one
of several occurring in solution] is that their use in preparative chemistry
is somewhat limited with respect to high-yield procedures. Another limiting
effect of these reagents is their dependence on the presence of coordinat-
ing solvents.

Substitution of the halogen X by another clectronegative group affords
compounds that are stable with respect to intermolecular ligand transfer; these
compounds do not require donor solvents for stabilization. In particular, li-
gands with a nitrogen atom attached to the metal fulfill at least one of the
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270 M. VEITH

two required properties. The amide function in these meial amides (9) may
be derived [rom alkyl or aryl amines or from trialkylsityl amines (silazanes),
Silyl amides appear to stabilize the electron deficicncy at the metal center most
efficiently, an effect that is ascribed to the clectron-donating properties of the
silyl ligands (9).

In this arlicle we describe the syntheses, structures, and physical properties
of metal alkyls or aryls that have a further “chelating™ amino ligand attached
to the metallic center. These substances have been mainly developed in our
laboralories in order to accomplish the following objectives:

1. Suppress coerdination by solvent molecules at the metal.
2. Improve Lheir solubility in nonpolar solvents.
3. Minimize the coordination number al the melal.

The substituents at the nitrogen atoms are invariably tert-butyl groups (sce
objective 3) in combination with silicon, which simultaneously functions as
an glectron donor as well as a bridging atom to other intramolecular basic
centers X (nitrogen or oxygen atoms). Formula 1 shows the gencral structural
framework of the compounds.
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In Section II, the structures of alkyl and aryl metal amides of the metallic
elements Mg, Ca, St, Ba, Al, Ga, In, and Tl are briefly discussed from a general
point of vicw. Some analogous compounds of other elements are fncluded
for comparisan,

il
STRUCTURAL ASPECTS OF ALKYL AND ARYL METAL AMIDES

A. Compounds of the Alkaline Earth Elements

Whereas 4 considerable number of pure amides of Mg, Ca, and Ba are
known, the alkyl or aryl amides of these elements have been little investipated
(9). Compounds of the general formula RMgNR} are usually coordination
polymers, unless ether molecules are added to the compound or bulky R
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groups are used. For example, MeMg(NMe,) seems to be polymeric, whereas
[iPrtMg(NiPr,)], is dimeric (/0), and the addition of tetrahydrofuran (THF)
to EtMgNPh, leads to the lormation of monomeric EtMgNPh,. (THF),
(40). IT chelating ligands such as MeNCH,NMe, are used, dimers such as
[MeMgNMe(CH,),NMe, 1, (2) arc obtained. The erystal structure of this
compound shows that it contains a four-membered Mg, N, ring as the central
unit {1 f).

Me Me Me

| I l
Me —-N—pMge—N "}
|
o
Me Me Me

2

As can be seen from the structure, the dimerization proceeds via nitrogen—
magnesium interactions. To our knowledge, dimerization via Mg—R—Mg
two-electron three-center bonds in alkylmagnesium amides has neither pre-
viously been found in the solid state nor proved by X-ray techniques, although
the existence of such bonds has been claimed (70).

The existence of alkyl- or aryl calcium amides has not as yet been unam-
biguously demonstrated. One reason for this seems to be because calcium—
carbon bonds are much less stable than calcium—nitrogen bonds, as is illus-
trated by the lollowing reaction [Eq. (2)] (12).

PhyCCaCl - 2THF + R,NH — RyNCaCl 4+ Ph,C—H + 2THF (2)

B. Compounds of Aluminum, Gallium, Indium, and Thallium

1. Simple Organometal Amides

The chemistry of alkyl- and arylaluminum, gallium, indium, and thallium
amides has been investigated much more than the comparable chemistry of
Group II clements (9,13-18). Alkylaluminum amides especially have a very
rich and diverse structural chemistry (9,/3—/5). When a trialkylalane reacts
with primary or secondary amines, the amides 3, 3, and 4 are formed in addi-
tion to a simple adduct [Eqgs. (3) and (4)].

RiAl 4+ H,N—~R i /MR;AI—NHR), T I/n(RAI—NR), 3
3 4
RaAl + HNRy —o I/mRyAI—NR,), 4

3!
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Compounds of type 3 or 3’ are cyclic and those of type 4 are polycyclic,
as shown by spectroscopic data or X-ray structure determinations, (Me,-
AINMe,), forms a planar four-membered cycle (/9) but (Me; AINHMe),
has a six-membered Al;Nj; ring, one isomeric form of which adopts a chair
(20} and the other a skew-boal conformation (2/). The two isomers intercon-
verl, as may be seen in temperature-dependent NMR spectra (27). The six-
membered AN, ring of trimeric ethylenimino(dimethyl)ulane also has a
chair = boal conformation (22), In the four-membered rings, the angles at
aluminum and nitrogen approach 90, whereas in the trimers the angles arg
different, with the smaller value found at the heavier atom (Al, 100-108°: N,
115-123%) (14). The AI—N bond lengths (of the order 1.93—1.90 A) are quite
constant and show no dependence on the ring size.

The polycyclic oligomers (RAINR), (type 4 compounds) may adopt an
Al N, skeleton that resembles either a cube (n = 4), a hexagonal prism (n = 6),
or two more complex cages with n = 7 or n = 8 (14,23), No monomers have
ever been isolated, but borazole-like [MeAl(2,6-iPr,C,H;)]; has been ob-
tained, which has a planar AlI;N,C, core (X-ray structure) (82). As in the
compounds of type 3 or 3/, both the aluminum and nitrogen atoms always
have the coordination number four. When the substituents on the secondary
amine in Eq. (4) are bulky or when trimethyisilyl groups are employed, com-
pounds are isolaled that have only one amide function in the product [Eq. (3),
R = Ph, SiMe;] (24,25).

[M%AUJ+HNR3jEﬁr Me;Al-Me,AINR, (5)
5

A structure determination of compound 5 (R = Ph) rcveals a four-membered
Al;NC ring as the central unit in which the two aluminum atoms are con-
nected by two different bridging atoms, Whereas the nitrogen atom functions
a5 a base (four-electron three-center bond), the methyl group forms a two-
electron three-center bond (AI-N = 2,00 &; AlI-C bridge = 2.14 A) (24), The
corresponding gallium derivative has also been isolated (26).
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In addition to compounds of type 3 und 3', some of which bave been claimed
to be monomeric [e.g., Me,AIN(SiEt,), (27). Me,Al—NPhSiMe, (28), and
iBu, AIN(SiMe), (29)], compounds of type 6 and 7 have also been synthesized
but have been poorly characterized structurally (9,75).

NR: ’ R.Al
/ \
R—nl N—R~
\ f
NR: * Ru Al

Many of the structural principles found for organoaluminum amides also
hold for the corresponding compounds of gallium, indium, and thallium
({5-18). Asin the case of the aluminum compounds, the amides tend to oligo-
merize through intermolecular Lewis acid /buse interactions. There are never-
theless remarkable differences. Whereas Me,;AINHE in benzene is a cyclic
trimer (30), the corresponding thallium compound Me,TINHEt appears to
be dimeric, as assessed by spectroscopic methods {(31). In order to obtain a
compound that is monomeric, all the alkyl groups in an alkyl metal amide
need to be substituted by very bulky groups, for example, AI[N(SiMes),]1,
(32) and TI[N(SiMe;),]5 (33). In both these species the metal has the low
coordination number three.

2. Cyclic and “‘Chelated” Organometal Amides

Aluminum, gallium, indium, and thallium have been successfully incor-
porated in cyclic systems, although little structural information has been gb-
tained (7). Hoberg (34) has prepared many such ring compounds, including,
for example, 8a and 8b, and has demonstrated the former to be dimers {rom
molecular mass determinations and from mass spectra,

Et Ph
T T
[ e N
Hll = “~ph
EHzCH (He)y Ph

ia Bb
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There are numerous exam ples of chelating ligands that have been used to

obtain monometal-centered rings (15). However, a prab

lem that arises from

such attempts is that chelation may not necessarily tuke place at the same

metal center and may lead to an intermolecular chelate
mula 10, rather than (o the form 9.

, 45 is shown in for-

| "\
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R X R X N R
S
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9 10

The two forms 9 and 10 may, however, be in equilibrium,
strated in some cases. Some representative examples of
chelate” 10 are depicted in formulas 11-16. Many of tl
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H = al, Ga
13 [41,42)

-y
\
R\H’H“N\”/R
R ek’ R
£3
M= Al, Ga, TI
& = He, Cl
16 [43-471

been confirmed by X-ray diffraction determinations. Although the Fing sys-

tems of the six-membered cycles are
bered rings may be significantly disto

planar, the corresponding eight-mem-
ried (see references),

In addition to these dimeric molecules some mononuclear metal com-
pounds of type 9 have been found either by molecular weight determinations
in noncoordinating solvents or by X-ray structure analyses (17-21). Some of
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The products 31-54 of these reactions can be handled under dry nitrogen
and they analyze correctly, are soluble in nonpolar solvents such us pentane,
cyclohexane, benzene, and toluene, and are often sublimable without decom-
position under reduced pressure. They may be prepared in high yields and
large quantities, The synthetic procedures starting with a stannazane [30,
Me,Si(NtBu},Sn or Me,Si(NzBu),SnMe, ] afford high yields of product. The
reaction temperature in Eq. (12) must be strictly controlled, because com-
pound 49, and to a lesser extent compound 50, tend to disproportionate into
the symmetrical products [Eq. (15)] (67).
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B. Structures of the Compounds

The structures of compounds 31-54 may be deduced indirectly by spec-
troscapic methods (NMR, IR, or MS) or may be determined by X-ray crys-
tallography. Frequently the structures found in solution are different from
those existing in the crystalline state due to intramolecular bond fluctuations,
as explained in Section III,D,

The moiecules 31-34 are all menomeric and cyclic, as shown by infrared
and 'H and multinuclear NMR spectra (63,70), Unfortunately, the quality of
crystals of these compounds was not sufficient for X-ray diffraction studies
and therefore we used a derivative of 31, Mezsi[rBu[H)N](NLBu)AlCl;, to
establish unambiguously the structural details (64). As depicted in F ig. 1,a
four-membered SiN,Al ring is the central unit. The two nitrogen atoms N1
and N2 differ in their coordination numbers (three and four), the trigonal —
planar coordinated N1 effecting shorter bonds to Al and Si than those effected
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Fi6. . The four-membered ring in Mezsi{NzBu)[’NlEU{H)]AICIZ. As in Figs, 2-14, the
tert-butyl groups are denolted by R and the methy! groups are denoted by Me,

Fr

Fia. 2. The polycycle in Me,Si(NzBu)y(AlPh,), (36). The hydrogen aloms at the bridging
phenyl group ure not shown,

by the tetrahedrally distorted N2, as expected [N1-Al = 1.830(2) A, N1-Si =
L712(2) A, N2~Al = 1.994(2) A, and N2-5i — 1.861(2) A] (64).

The dimetallasilazanes 35, 37, and 38 are not suitable for X-ray structure
determinations because they form plastic crystalline phases, as shown for 35
{cubic crystal system, point symmetry for 35 m3m or 43m) (63). In contrast,
the structure of the phenyl derivative 36 has been established, and the central
skeleton is shown in Fig. 2 (64). Two four-membered rings (Si, NI, N2, Alt
and All, N2, Al2, and C29) share an edge, and C29 connects a four-membered
withusix-membered ring as a spirocenter (64). The bonding in this compound
canbe derived from Al,Ph, (77 ), where one bridging and one terminal phenyl
graup have been replaced by nitrogen atoms {formulas 55 and 56).
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Ph Ph Ph fh Ph Ph
N ) % 4
fl Al al nt
P . FA .
o ph P P N h—r
R Usiv
H[!z
35 56

The All-C29-A12 and Al1- N2 - A12 bridges ure almost symmetrical with
an Al-C distance of 2.18(3) A and an Al-N distance of 1.99(1) A. As ex-
pecled, the bond distances to the terminal atoms arc remarkably shorter (64),
Although C29 may be visualized as the center of a two-electron three-center
bond, N2 uses two electron pairs to coordinate 1o the aluminum atoms.

Figure 3 represents the only dimer formed in this series of metallacycles.
The coordination number of the indium atom is increased by interaction with
the nitrogen atom of a second molecule. The dimer 41 has a center of inver-
sion and Lhree edge-fused four-membered rings. This type of structure is very
common in metallacycles that are derived fram the ligand 25 (56). The central
N, In; ring is almost square—planar [In~N = 2.27(1) A] and the In—C dis.

R

FIG. 3. Theescalator structure of the three fused four-membered eycle in [Mc,Si{N¢tBu),In—
Me], (41). )

it

Fi1G, 4.
hidden b

tance is
39 formr
Com
cormner
small, t
of the :
enviror
wherea
fold axi
The chu
meric.
Section
Nos
have be
groups
termine
Si; NN
pied alt
[Mg-1
longer
tion frc
Of ¢
fully ch



Alkyl- and Aryl-Substituted Metal Amides 283

F16. 4. The open cuge of MeSi(N(¢Bu)AlMe,), (43), The second methyl proup of All is
hidden behind this atom.

tance is 2.153(5) A. The homologous compounds 39 and 40 are also dimeric,
39 forming crystals isomorphous with 41 (63,64).

Compound 43 is a polycycle that can be derived from a cube having one
corner missing (Fig. 4). The distortion from the point symmetry 3m (C,,) is
smail, the pseudo-threefold axis passing through the Si—C bond, All atoms
of the ring have the coordination number four in a tetrahedrally distorted
environment (65). The Al-N distances are almost the same [2.02(1) A7,
whereas the Al-C distances are slightly shorter in the direction of the three-
fold axis [1.95(1) A] than those that are almost perpendicular to it [1.98(1) A].
The chelates 44~48 have been shown by cryoscopy in benzene to be mona-
meric, Their ring structure can be deduced from NMR spectra (66) (see also
Section TIT,D),

No suitable crystals have been obtained of compound 51. Nevertheless, we
have been able to synthesize the corresponding bromine derivative (the methy]
groups at the aluminum being replaced by bromine atoms) (69) and have de-
termined its crystal structure by X-ray diffraction. Figure 5 shows the central
Si;N Mg, cage, which may be derived from a cube, the corners being occu-
pied alternatively by metals and nonmetals. The Mpg~N distances are different
[Mg-N2 = 2210(6) A and Mg-N1(N1") = 2.147(6) A] and are considerably
longer than the Si—-N distances [1.72-1.78 A7, which accounts for the distor-
tion from ideal cubic geometry,

Of compounds 52-54, the aluminum and gallium derivatives have been
fully characterized in the solid state by X-ray diffraction (62,69). In Fig. 6, the
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FiG. 5. The cube arrangement of the noncuarbon atoms in (MeSi];(Hng)z[NrBuJ, (59},

polycyclic 8i,N,Ga skeleton of 53 is depicted; it resembles the skeleton of
the aluminum compound 52, The gallium atom is in fourfold coordination by
three nitrogen atoms and onc carbon atom of the methyl group. As expected,
the N3—Ga donor bond is significantly longer than are the N(2,4)—Ga bond
distances [Ga~N3 = 2.1 19(3) A and Ga-N(2,4) = 1.927(2) A]. In the alumi-
num derivative 52, the corresponding distances are Al-N3 = 1.795(7) A and
Al=N(2,4) = 1.733(6) A (62,69). The Ga—C bond in 53 [2.009(4) A] is again
longer than the Al—C bond in 52 [L.85(1) A3

C. Synthetic Uses; Polymetal Sitazanes

Reactive centers in a cyclic or chelated alkyl or aryl metal silizane, such as
compounds 31-54, are (1) the polar metal—-carbon bond, (2) the polar metal-
nitrogen bond, and (3) other bonds in the silazane, especially nitro gen—hydro-
gen bonds, We have been interested in reaction centers (1) and (3) and have

FiG. 6. The seco narcubane-like polyeycle in (MeSi}ﬂMeGu](NtBuh (53).
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performed several reactions to evaluate their synthetic use. As expected, com-
pounds of types 31-54 are very cfficient alkylating reagents. Some selected
examples are shown in Eqgs. (16)—(18),

Thy thy
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51 59 (% = Br) 68(X = 1)

The procedures given by Egs. (16)~(18) may be used either to alkylate silicon
halides or tin halides in very high yields (30—-1009%), or to substitute the alkyl
functions in the metallacycles by halogen atoms. The two products in these
reactions can be easily separated from one another and compounds 57—-60
are isolated in high yields (63,69),

The dimers 3941 are stable toward base addition, and there is no way to
transform by coordination of pyridine compound 39 to the monomeric base
adduct 61 [Eq. (19)]. The species 61 can only be prepared by other routes, as
indicated in Eqgs. (20) and (21).

In order to visualize the reaction path of Eq. (21), the reader should be re-
minded that intramolecular methyl bridges between the two aluminum atoms
in 35 need to be invoked (see Section IL,D).

The metallacycles 31-54 can also simultaneously function as acceptors and
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0,50 Hegsi flheJp —— 20y 4 (19)

By 39

+ HegAl+-py
= 1/n (SnHeg)p

+2py {21)
= Heghls-py

denors and may accommodate different metallic elements. Starting with 29,
a dilithium derivative can first be synthesized [the core structure of this com-
pound has been established to be a distorted N4Li;S8i, cube (68)], which then
can react with only one equivalent of ClAIMe, or CllnMe, to form 62 and
63 [Eqg. (22)].
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The structures of 62 and 63 can be established by ‘H NMR spectra, the
bridging methyl group between aluminum or indjum and/or lithium showing
up as a broad signal at high field [6 = —0.35 ppm (vs. tetramethylsilane for
62)]. In this series, 62 and 63 are the first compounds that contain two dif-
ferent metals in a silazane. Such poly(metal)silazanes may be prepared by
different routes, starting with alkyl meta] silazanes that still have a hydrogen

atom bonded to one of the nitrogen atoms. Several examples are summarized
in Eqgs. (23)-(29),
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The poly(metal)silazanes 62—77 are isolated usually as colorless crystals.
They are unstable with respect to water and oxygen and are soluble in non-
polar solvents (with the exception of compound 77). The formulas drawn
for 64—67 are merely formal and do not imply that these substances have a
eonsiderable ionic character. They are soluble in benzene and are monomo-
lecular as found by cryoscopic molecular weight determinations. The 'H
NMR spectra of 64 and 65 (64) demonstrate that the metal atoms are coor-
dinated by methyl groups, the most reasonable structure being depicted in the
formulas 64 and 65. The tri gonal—-bipyramidal arrangement of the N,SiAIM
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(29)

for some compounds in the solid state. In Figs, 7
and 8, N,SiAIMg and N,SIAICa bipyramids, respectively, are observed as the
central skeletons. Whereas two of the bipyramids in 73 are Jinked via iodine

bridges, with the magnesium atom situated in an almost square—planar en-

vironment, in 67 two bipy

mon calcium atom, Compound

which the calcium atorm Ji
cium, magnesium seems t

SiN,Al rings. As is apparent from Fig, 9, th

ramidal

es betw
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Al rings. Compared to cal-
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Fia. 7. The dimeric struciure of (Me,Si)(Me, ANTMg)(NtBu), (73). The coordinalion al the
magnesium atom is distorted square—planar,

Ha

R R
Fia. 8 The sundwich-structure af Ca[Me,Si(NtBu), AlMe, 14 (67).

B R R T T

Fia, 9. Two-coordinato magnesium in Mg[Me,Si(N:Bu), AlMe, ], (66), The methyl groups
al All and A12 have weak inleractions wilh the magnesium atom (2.60 A),

e s e A
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FiG, 10, The trgonal coordinated magnesivm atom in (¢tBuN);(Me,SI)Me,AlIMCPh, (72).

the magnesium atom being almost two coordinate (there is also some intra-
molecular methyl interaction (72, 73). Only the trityl compound in the series
68~72 is suitable for a crystallographic study. Figure 10 shows the skeleton
of 72, which again is a distorted N,SiAlMg bipyramid (73). The magnesium
atom is in trigonal-planar coordination by two nitrogen atoms and a car-
bon atom.

The distances within the SiN, Al unit for the compounds 66, 67, 72, and 73
vary in the range 1.70-1.79 A for Si-N and 1.85-1.97 A for AI-N. The alu-
minum-carbon distances are in the range [.97-2.06 A. The magnesinm car-
bon distancein 72 is quite clon pated [2.20(1) A], a feature that might be related
to some extent to the triphenylmethyl group.

It was of interest to determine which of the metal—carbon bonds, Mg—C
or Al—C, in alkyl poly(metal)silazanes such as 68 would be the MOIe reacs
tive. This was probed by treating 68 with cyclopentadiene or trimethylsilycy-
clopentadiene [Eq. (30)] (73).

o e M e
/u—hru( el H—a1l

Hegsi Ne _—c;-—s——b- HepSi, < He (30)
N\—Hg —He 4 “\N—Hg
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NMR spectra showed that in these reaclions the Me,Si(N¢Bu),AlMe, porlion
of the molecules remains unchanged, and in each case, the methyl group of
the magnesium atom is replaced by the cyclopentadieny! ligand, indicated by
a singlet in the "H-NMR spectra of 78 and 79 {6 = 6.35 and 6.54 ppm for 78
and 79, respectively),

The same type of reaction can be used ta replace one of the two methyl
graups in 51 by a cyclopentadienyl moiety, according to Eq. (31),

He

. ¢ 5
s e
il | (31)
toy | p— =T
B ——Jsi—ne 4 - f—h—— 51— He
[ P (A T
v
He tBy e t,l,u
51 88

Compound 80 was unambiguously characterized by elementai analysis and
'H NMR. The singlel of the cyclopentadienyl group has a comparable chem-
ical shift (§ = 6.52 ppm) to the same ligand in 78. Compound 80 is a very rare
example of a silazanc containing two magnesium atoms with different organic
ligands, and it resembles tetrameric cubanelike (cpMgOEL), (74).

The products of Eqs. (27) and (28) have been studied by single-crystal
X-ray diffraction, and the skeleton core structures of the compounds 74-76
are illustrated in Figs. 11-13 (65). Surprisingly, 74 is monomeric even in the

lt

F1G. 11, The two lused four-membered sings in MeSi(NtBu),(H)(Na)AlMe, (74). Evenin the
crystal, the sodivm atom has no further contacts.
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f1G, 1. Five fused four-membered cycl

"e

es with magnesium wtoms as spiro centers and methyl

bridges in the dimeric [['l‘vlc:Si}[r\lzBujla(mMe;;){H]I\aig;l\/le_‘l2 (75).

Fia, 13. The iodine compound corres
{AlMe;)(H)MgI ], (76),

ponding to 75 (compare Fig. 12) [(MeSi){NiBu),-
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solid state, whereas 75 and 76 arc dimeric through Mg—-Me~Mpg or Mg~
I-Mg bridges. In both 75 and 76, the magnesium atom adopts a distorted
tetrahedral coordination.

Compound 74 is one of the few compounds yet churacterized by X-ray
diffraction that contains a two-coordinate sodium atom {61.75). The bonding
distances to nitrogen, Na-N2 = 2.476(8) A and Na-N3 = 2.523(9) A, are
comparatively long, indicaling a decreased polar character of the bond, The
commen skeleton ol compounds 74-76 is two edge-sharing four-membered
rings that are almost mutually orthogonal. Whereas the methy! bridge in 75
is involved in a three-cenler two-electron bond [Mg-C = 2.24(2) A}, the
iodine bridge in 76 uses two electron pairs [Mg-1 = 2.771(1)} A and Mg-I' =
2.900(1) AJ and is unsymmetrical, The Mg~C distances compare well with
the corresponding distances in MegAl,Mg[2.21 A (76 )], as does the average
Mg—Ivalue(2.84 A)in 76 with the corresponding Mg—I distance in 73 (2.83 A).

To close this section, we describe our observations on the reaction of MeSi-
(NtBu[H ]); (26) with the Grignard reagent CH sMegl in benzene/tetrahydro-
furan (65). According to Eq. (32), four equivalents of the Grignard rcagent
always react with the silazane (26), even if the molar ratios are changed.

tlﬁu huy
H—H H—Hg—1
THF/Cgh / ©
He—SiéﬂltBu!H + 4 HeHgl ?mﬁ" [ He-51—H(*Bu)Hg ~1 » CHy « THE :I (32)
\?_H \Ir{—Hg—'I
tay gy (a)
16

L1-Hg CTHF) 51
(
8t

We have been able to show by spectroscopic methods and by an independent
preparation of MeSi(NtBuMgl), - THF that the reaction proceeds via the
intermediate compound 82, which seems to funetion as a very strong Lewis
acid toward CH;Mgl [Eq. (33)] (65).

By
I]I—HgI f
HeSITH (t80) ~Ho T «THF + CHy gz 2 8 THE o o (33)
H—HgX :
thy '

az
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Iz

Fig, 14, Theanion MeSi(NtBujy(Mgl) « CH, « THF™ in compound R1. The methyl anion lies
between the magnesium atoms Mgl und Mg2 The mugnesium alom Mgl Is stabilized by in
added THF molecule.

The Grignard reagent is thus cleaved into a cation, IMg(THF )y, and the
anion 81a, which contains the methyl anion, We have been able to perform a
structure determination on single crystals of 81, In F ig. 14, the anion is rep-
resented as part of this structure. The two magnesium atoms coordinate {he
methyl group [Me], and the third magnesium in the polyeycle is coordinated
by a tetrahydrofuran molecule. All metal atoms adopt fourfold distorted tef-
rahedral coordination, The skeleton of the polycycle is thus derived from a
cube with one opened edge. The Mg-C distances in 81 are of the order of
2.32 A, whichisin good agreement with other magnesium complexes that have
RsMg™ or RgMg2~ anions and a cation stabilized by a crown other (77-80).

0. Intramolecular Bond Fluctuations

The alkyl and aryl metal silazanes and poly(metal) silazanes described so
[ar are representatives of an unusual class of compound containing simulta-
neously electron-deficient and clectron-rich centers that can interact with one
another. The interaction may be of the two-clectron donor type (Lewis acid/
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base interaction) or may be part of a two-clectron three-center bond (see the
two preceding sections). It is evident that such interactions can be quite labile,
and that bond fluctuations, rotation of Broups, inversions, efc. need to be cop-
sidered, especially when several bases nre competing for an acidic cenler in
the molecule.

We have vused temperature-dependent NMR Spectroscopy in order Lo char-
acterize the “movements” within these molecules. For reference, we gener-
ally start with the structures determined in the solid, because they should
always represenl an cnergy minimum in a Auctuation process. Such intra-
malecular rearrangements are not only abserved in silazancs of the type
described in this article, but are common to all metal-containing silazanes
(56.81). The following examples have been selected to illustrate different as-
pects of these “motions.”

The chelates 31-34 have been extensively studied with respect to intramol-
ecular rearrangements (70). From a comparison of the (N~H) frequencies in
the different compounds, a series of increasing Lewis acidity of the MMe,
Eroup can be established: TIMe, < GaMe, ~InMe, <AlMe,. The 1* N—M
bond in these compounds is subject to opening, and its frequency can be
followed by temperature-dependent 'H NMR techniques. Intra- and inter-
molecular hydrogen transfers can be excluded by comparing the rate con-
stants ky for 31-34 with ky of the denterated compounds, The free energy of
activation for bond breaking and the rotation of the NH¢Bu group is of the
order 61-84 kJ/mol at 298 K. The pracess can be described best by the fol-
lowing model [Eq. (34)].

tiliu "?u tlliu
H H H H H H
E\“/H\/ n_;. e‘\ﬁ/"ﬁ) n—p. E\ﬂ/"\/ ) {34)
e Sl T N A P N

He A He > He
ta( \” PN v A
i3a 84 i3h

The enantiomeric forms 83a and 83b are related by the intermediate 84, in
which rotation around both the N—M and the Si—N bonds may occur,
Rotation around the Si—N bond is associated with an inversion at the pyra-
midal nitrogen atom, Tn a similar manner, in the chelates 46—48 the breaking
of the O—M bond is accompanied by rotation around the respective bonds,
and & very rapid transformation of one enantiomeric form (85a) into the other
(85b) is observed [Eq. (35)] (65 ).
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t tBU
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He N He He N £1
s’ )‘} — 4\SL" w2 (35)
Hn‘) \? *‘m Hn) ?/ &\Hn
thy By
85a 85k

A very interesting “ligand exchange” at the metal atoms is observed in com-
pounds of types 35-38. The two metal atoms within the molecule are in
competition for the two nitrogen atoms, of which only one is attainable for
steric reasons. As a consequence, one aluminum atom becomes electronically
unsaturated and bas to participate in u Lhree-center two-electron bond (see
alse Fig. 2). This bonding situation can be rapidly inverted by an exchange
of ligands as shown in Eq. (36) for compound 35 (64).

~ TSI
1/‘1 y
\'I‘ P — .\! | (36)
itz et Hel— A1 AL
el ez el Wz M Het
B6a 36b

We have been able to demonstrate by synthesizing the unsymmetrical com-
pound 87 and recording its temperature-dependent ‘H NMR spectra that,
in addition to the equilibrium between the enantiomers 86a and 86b, further
ligand rearrangements need also to be considered.

The model presented so far indicates a difference between the methyl groups
Me" and Me* compared with Me? and Me?, This is the case for compound
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35, which has two discrete signals at lower temperatures for the four methyl
groups of aluminum, At higher temperatures (> —40°C) the two signals col-
lapse to a single resonunce, indicating “free rotation” of the AlMe,; groups
around the Al—N bond. According to the structures drawn in Eq. (36), the
whole process can be described as follows: (1) At high temperatures the alu-
minum atoms Al' and Al? exchange ligands N* and N? and may be bridged
by methyl groups Me'~Me*. (2) At lower temperatures the exchange of N1
and N? continues, whereas the methyl groups are separated into terminal
(Me' and Me*) and bridging (Me? and Me?) groups. (3) At very low lempera-
tures (—70°C in compound 87) all movement is stopped, and the enantiomers
86a and 86b no longer interconvert at rates fast enough to be observed on
the 'H NMR time scale (64).

"H-NMR techniques have also been used to show that the aluminasilazane
42 exists in two different conformers (65). At 308 K in toluene, the spectrum
of 42 may be interpreted as a 3:1 mixture of the isomers 88a and 88b. Il the
temperature is raised to 365 K, however, the six signals for tBu groups (three
for 88a and three for 88b) collapse to two in a ratio 1:2, indicating that the

ty ﬂ tEu He 1§U ]
“ \51/;“‘9; By )H‘af;
o vy W e
T\Hu o
#Ba 886

two tBu groups within the molecule have now become chemically equivalent
and a mixture of isomers is no longer observed. The best explanation for these
observations scems to be that a rapid intramolecular figand exchange of the
tBuNH groups occurs at the aluminum atom, making impossible a distinction
between the isomers 88a and 88b. Similar ligand exchanges also appear to
occur in the metalla derivatives 74—76 (65).

The final example of bond rearrangement in solution is the magnesium
amide 66. Examination of Fig. 9 shows that the nitrogen atoms N1 and N3
are coordinated to the magnesium, whereas the atoms N2 and N4 do not in-
teract with the metal (the molecule has the approximate C, point symmetry).
The tBu groups at N1 and N3 should thus be diflerent from those at N2 and
N4, and therefore two resonances should be observed for tBuin the 'H-NMR
spectrum. This, however, is definitely not the case, and the spectrum of 66
shows only one signal in the ters-butyl region down to —88°C (the methyl
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groups of aluminum and silicon are all different, as expected) (73), To explain
these observations it is necessary to assume a “rapid rocking” of the four-
membered rings with respect to the magnesium, in which the nitrogen atoms
N2 and N4 displace the nitrogen atoms N1 and N3 from the coordination
sphere of the magnesium [sec also Eq. (37)].

He He
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v
CONCLUSION

The sophisticated silazancs 25~29 can be used to stabilize (in a coordinative
sense) metal atoms that have further organic ligands, There is, of course, no
limit to other metallic or nonmetallic elements that can be incorporated in
such silazanes (23,56,81). The organic groups attached to the metals should
exhibit reactivity patterns different from those of Grignard reagents or alu-
minum alkyls. Little comparative work in organic synthesis has yet been
carried out in this field, but studies are planned for the future. From a struc-
tural point of view, these compounds have a very diverse and interesting co-
ordination chemistry, The very prominent bond fluctuations observed for
these molecules are often due to competitive reactions between bases for the
same acidic center. Multinuclear NMR experiments in solution and in the
solid phase are planned for these compounds to complete the investigations,
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