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Abstract

The chemistry of group 13 imido metallanes and their heavier analogs has been reviewed. Methods for the synthesis of these
structural and thermodynamic properties, as well as reactivity, donor–acceptor properties and their potential as single-source p
group 13–15 binary materials have been discussed.
© 2005 Elsevier B.V. All rights reserved.

Keywords:Group 13–15 compounds; Rings; Cages; Synthesis; Structures; Theoretical studies

E-mail address:alextim@AT11692.spb.edu.

0010-8545/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.ccr.2005.03.016



A.Y. Timoshkin / Coordination Chemistry Reviews 249 (2005) 2094–2131 2095

1. Introduction

Chemistry of group 13–15 compounds has grown dramat-
ically in the last 15 years, mostly due to their importance as
precursors for 13–15 semiconductors. Group 13–15 binary
compounds are prospective materials for micro- and nano-
electronics, serving as light-emitting diodes, UV photodetec-
tors, high electron mobility transistors, important solar cell
elements and advanced ceramic materials[1]. As an example,
unique properties of GaN, its applications and significance
for future technology were highlighted in a recent issue of
Chemistry World[2]. Since earlier studies of Wiberg[3], one
of the common pathways to the 13–15 materials starts with
13–15 donor–acceptor complexes:

[Me3Al(NH3)]
mp 56.7◦C

70◦C−→
CH4

[Me2AlNH2]
mp 134.2◦C

200◦C−→
CH4

[MeAlNH] x −→
CH4

AlN (1)

Subsequent methane elimination leads to formation of amido
and imido compounds, and finally, to aluminum nitride. Thus,
amido and imido compounds appear to be natural precursors
to group 13 nitrides. The same reaction pathway operates for
the heavier group 15 elements.

When Veith published an extensive review in 1990[5]
o ents,
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Me: methyl; Et: ethyl; Pr: propyl; Bu: butyl; Xyl: C6H3-
2,6-Me2; py: pyridine; Mes: mesityl (2,4,6-trimethylphenyl
or C6H2-2,4,6-Me3); Mes∗: 2,4,6-tri-tert-butylphenyl or
( C6H2-2,4,6-tBu3); Dipp: 2,6-diisopropylphenyl (C6H3-
2,6-iPr2); Trip: triisopropylphenyl ( C6H2-2,4,6-iPr3); Cp:
C5H5; Cp∗: C5Me5; Ad: adamantyl; THF: tetrahydrofuran;
Hx: hexyl; r.t.: room temperature.

2. Synthetic methods of production of imido
compounds

There are several major synthetic methods for production
of the imido compounds and their heavier analogs.

2.1. Elimination reactions

Thermolysis (thermal activation) of 13–15 donor–
acceptor complexes is the first method employed for the
synthesis of imido compounds[3], and it remains one of the
major synthetic methods for their generation. It has been
mostly used for the synthesis of imido compounds from
primary amines. Reaction of RR′′2M with NH2R′ initially
produces the donor–acceptor complex [RR′′

2M(NH2R′)],
which upon thermolysis produces amido, and afterwards
imido compounds:

′′

, the
o ds
s R, R
[ rees
o de-
g ssed
i o ob-
t c
i

is a
s Most
c tion
o
p
t
i
m al
d
T
a 5%
y s of
s ions
( ble
c is
m en
n the ring and cage compounds of main group elem
nly several 13–15 oligomer compounds have been kn
ostly amido and imido alanes. Since then, many new g
3–15 compounds have been obtained and structu
haracterized. Amido alanes have been reviewed by
nd Interrante[6]. An excellent review of amido compoun
f gallium and indium has appeared recently[7]. Hydrazine
ompounds of group 13 metals have been recently revi
y Uhl [8]. Chemistry and structures of imido compou
ave been briefly discussed in several books devote
roup 13 metal chemistry[9–13], but there is no systema
eview devoted exclusively to the imido compounds and
eavier analogs. Due to recent substantial activity in the
nd potential importance of [RMYR′]n compounds as singl
ource precursors to 13–15 binary materials and compo
n up-to-date review of their structural and thermodyna
roperties is essential. Boron-containing imido compou
nd their heavier group 15 analogs have been revi
efore[14] and will not be discussed in the present revie

The present review is focused on structural and
odynamic properties of [RMYR′]n compounds, wher
= Al, Ga, In; Y = N, P, As, Sb;n= 1–8,∞; R, R′—organic

r inorganic substituents. Results of both experime
nd theoretical studies have been summarized. M
ynthetic approaches, structural properties, reactivity
onor–acceptor properties will be discussed.

In the present review, the degree of oligomerization
hosen as a classification. General trends in structura
hermodynamic properties are also discussed. The follo
bbreviations will be used:
RR′′
2M + NH2R′ = [RR′′

2M(NH2R′)]
adduct

–HR= [RR′′MNHR′]2,3
“amido”

–HR′′= [RMNR′]n
“imido”

(2)

As was shown by numerous experimental studies
ligomerization degreen for the generated compoun
trongly depends on the bulkiness of the substituents′
9,11]. The more bulky substituents result in lower deg
f oligomerization. The influence of the amine groups on
rees of oligomerization of imido compounds was discu

n [15]. Bulky substituents have been successfully used t
ain dimers via an elimination route[16,17], but monomeri
mido compounds could not be produced by this route.

One of the major disadvantages of thermal activation
pate of byproducts caused by the high temperatures.
ommon are orthometallation reactions due to activa
f C H bonds[18]. Thus, synthesis of [CpAlNDipp]2 was
ossible from reaction of AlCp3 and NH2Dipp [17], but

he analogous reaction of AlMe3 with NH2Mes∗ resulted
n metallation oftBu group of the Mes∗ [18,19]. Analogous

etallation oftBu group of Mes∗ was observed upon therm
ecomposition of monomeric amide Et2GaNHMes∗ [161].
hermolysis reaction between GaMe3 and NH(CH2Ph)2
lso resulted in an orthometallated compound with 6
ield [165]. In order to reduce side reactions, thermolysi
olid amido compounds was carried out at mild condit
130◦C, 10−2 Torr) for 12–36 days to afford the desira
ubanes[20]. Modification of the traditional thermolys
ethod is discussed in[21], where reactions betwe
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Scheme 1. Reaction of�-ketiminate monomers with sterically encumbered azide.

MAlH 4 (M = Li and Na) and NH2R in hydrocarbon solvents
were employed. Resulting products are either soluble
polyimidoalanes [HAlNR]n or their insoluble complexes
with LiH and NaH. NMR characterization of the products
of such reactions has been reported in[22].

In most of the cases, the leaving groups in elimination
reactions are an organic radical R on group 13 metal center
and a H atom on the group 15 center. However, hydrogen
is not the only substituent that can be used. Group 14-based
substituents on the nitrogen center (such as SiMe3 [23]
and SnMe3 [24]) were shown to be good leaving groups.
Reaction of GaCl3 with As(SiMe3)3 in the presence of the
donor molecules PtBu2Me leads to the donor–acceptor sta-
bilized dimeric compound [ClGaAsSiMe3]2·2PtBu2Me
with liberation of ClSiMe3 [23]. Thermolysis of
[(Me2GaN(iBu)SnMe3)]2 at 160◦C resulted in SnMe4
elimination with formation of [MeGaNiBu]6 [24].

As was shown by Beachley and Coates[25], an elimi-
nation pathway can be used for the production of not only
imido compounds, but their heavier analogs as well. Forma-
tion of the colored involatile polymeric materials [MeMYR]n

was reported by reactions of Me3M with YH2R (M = Al, Ga,
In; Y = P, As; R = Me, Ph)[25]. Almost two equivalents of
methane was evolved (1.86–2.02). In the case of Ga com-
pounds, the elimination of methane was incomplete, it varied
from 1.41 to 1.94 even at elevated (≈200◦C) temperatures.
C b-
s t no
s d In
p the
c gen-
e unds
i of
b

2

alent
c s and
c ed.
R ic
i

2

Needless to say, reactions of this type are not always success-
ful due to possible CH bond activation of the substituent and
formation of amido compounds[26], for example,

1
2(Cp∗Al)4 + 2MesN3

= [Cp∗Al{µ-NH(C6H2-4, 6-Me2-2-CH2)}]2 + 2N2 (5)

Reaction of the metal(I)�-ketiminate monomers with ster-
ically encumbered azide yielded the first stable monomeric
imides (seeScheme 1) [28]:

{HC(MeC{2, 2-iPr2C6H3}N)2}M + N3-(2, 6-Trip2C6H3)

= [{HC(MeC{2, 2-iPr2C6H3}N)2}MN-(2, 6-Trip2C6H3)]

+N2 (6)

Recently, reactions of Ar′MMAr ′ dimers (Ar′ = C6H3-
2,6-Dipp2) with two equivalents of the azide N3Ar′′
(Ar′′ = C6H3-2,6(Xyl-4-tBu)2 at 0◦C afforded monomeric
imido compounds Ar′MNAr ′′ with coordination number 2
on both the metal and nitrogen centers[29].

2.3. Metathesis reactions

This synthetic method is mostly used for the synthesis of
phosphorus and arsenic-containing compounds. Thus, reac-
t
o d
o

2

2

alu-
m c-
t
[
[ cess
t not
a ns of
[ yl
s ther-
m
t
a ed
onsequently, PH and As H stretching vibrations were o
erved in all spectra of gallium-containing polymers, bu
uch absorptions were present in the spectra of Al an
olymers. No further characterization and isolation of
ompounds was performed. Despite this example, the
ral use of thermal activation methods for P, As compo

s limited due to their low thermal stability and formation
yproducts.

.2. Oxidative addition

Due to recent remarkable successes in the low v
hemistry of group 13 elements, synthesis of 13–15 ring
lusters via the oxidative addition route is now widely us
eactions of Cp∗Al and Cp∗Ga with azides yield dimer

mido compounds[26,27]:

1
2(Cp∗Al)4 + 2R3SiN3 = [Cp∗AlNSiR3]2 + 2N2 (3)

Cp∗Ga + 2Xyl–N3 = [Cp∗GaNXyl]2 + 2N2 (4)
ion between doubly lithiated group 15 species Li2YR′ and
rganometallic group 13 halides X2MR yields the desire
ligomer species [RMYR′]n (R′ = SiR′′

3) [30,31]:

X2MR + 2Li2YSiR′′
3 = 4LiX + [RMYSiR′′

3]2 (7)

.4. Substitution reactions

Due to the presence of an active hydrogen atom on
inum in [HAlNR]n imido compounds, substitution rea

ions are possible. Substitutions by Cl[32], Br [33,34], F
35], Me [36], Et [36], C CR [33,34] and CpFeC5H4C C
37] have been accomplished. This route provides ac
o compounds with degrees of oligomerization that are
ccessible by other methods. As an example, reactio

HAlN iPr]6 with AlMe3 and AlEt3 produce methyl and eth
ubstituted hexamer species. By the elimination route (
olysis reaction of AlMe3 and AlEt3 with NH2

iPr) only
he corresponding tetramers were achieved[38]. HCl, HgCl2
nd TiCl4 were used to obtain partially or fully chlorinat
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poly(N-alkyliminoalanes), starting from the corresponding
hydride derivatives[32]:

[HAlNR] n + nHCl
Et2O−→[ClAlNR] n + nH2 (8)

[HAlNR] n + n
2HgCl2 −→Et2O [ClAlNR] n + n

2Hg + n
2H2

(9)

[HAlNR] n + nTiCl4
n-heptane−→ [ClAlNR] n + nTiCl3 + n

2H2

(10)

A series of Cl, Br-substituted compounds was recently
obtained by substitution from [HAlNCH2Ph]6 [33,34,37].
Six ferrocene units were recently introduced as substituents
by Roesky and co-workers to form very unusual compound
[CpFeC5H4C CAlNCH2Ph]6 [37]. Only partial substitution
of H by F atoms was achieved for the heptameric compound
[HAlNCH2(1-adamantyl)]7 in the reaction with Me3SnF
[35], resulting in [F0.32H0.68AlNCH2(1-Ad)]7.

Reaction of [HAlNR]4 with ZpCp2Me2 leads to
stepwise substitution of H into Me groups, forming
[Me0.22H0.78AlNR]4, [Me0.5H0.5AlNR]4 and [MeAlNR]4
[36]. Reaction was found to show first-order dependence on
the concentration of both reagents. Given the lack of evi-
d osed
t Al
[

d in
t
m

d for
t
g nds
X -
a n of
i dis-
c e ap-
p ired
s unds)

[32]. A cage degradation reaction was also observed in[34]
for PhSH with [HAlNCH2(C4H3S)]6, producing the amido
compound [(PhS)2AlNHCH2(C4H3S)]2 instead of the de-
sired [PhSAlNCH2(C4H3S)]6. Theoretical studies[39] sug-
gest that both H substitution reactions and cage degradation
reactions with formation of amido compounds are thermo-
dynamically favorable.

2.5. Special reactions

Direct synthesis of polyalkylimidoalanes has been re-
ported [40]. Aluminum reacts with primary amines under
hydrogen pressure to form oligomeric compounds:

Al + RNH2 = 1
n
[HAlNR] n + 1

2H2 (11)

This reaction does not proceed without an activator, which
may be Na, NaAlH4 or [HAlNR]6. Such reactions also re-
quire hydrogen pressure. Therefore, it has been assumed that
in situ formation of AlH3 is a necessary condition for the
reaction. Reaction of LiAlH4 with RNH2·HCl has also been
used to generate imido alanes[41]:

LiAlH 4 + RNH2 · HCl = 1
n
[HAlNR] n + 3H2 + LiCl (12)

Cucinella et al.[41] report that reaction of [AlH3(NMe3)]
w :

[

R e
r r the
s
u tions
[

3

ical
s truc-
t

3

m-
p
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b d to
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T m-
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1 com-
p gen-
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ence for cage opening in imido alanes, the authors prop
he following transition state structure with 5-coordinated
36]:

The enthalpy and entropy of activation were obtaine
he temperature range of 323–348 K,�H# = 104± 1 kJ
ol−1, �S# = 18.8± 0.4 J (mol K)−1 [36].
Series of substitution reactions have been performe

he [HAlNR]n compounds (n= 4, 6, 8) by N̈oth and Wolf-
ardt, resulting in full or partially substituted compou
mHn−m[AlNR] n (X = D, Cl, Br, I) [163,164]. The mech
nism of a hydrogen/deuterium exchange via formatio

ntermediates with pentacoordinate aluminum was also
ussed[164]. Despite numerous successful examples, th
lication of substitution reactions is limited due to undes
ide processes (cage degradation to form amido compo
ith nitriles RCN results in the formation of imidoalanes

AlH 3(NMe3)] + RCN = 1
n
[HAlNCH2R]n + NMe3 (13)

eactions between [AlH3(NMe3)] and nitriles RCN hav
ecently been employed by Roesky and co-workers fo
ynthesis of various hexamer compounds[33], which were
sed as a starting materials for different substitution reac

33,34,37].

. Structural features of imido compounds

In the following section, experimental and theoret
tudies of structural features are described. The major s
ural parameters are summarized inTables 1–8, 11–13.

.1. Monomers

The classical formulae for the monomeric imido co
ounds and their heavier analogs is RMYR′, in which both

he metal and pnictogen centers adopt a coordination
er of 2. Consequently, such molecules are expecte
xhibit high reactivity, including head-to-tail dimerizatio
herefore, in order to protect this low coordination nu
er, a bulky ligand is required on both the groups 13
5 centers. Experimental attempts to synthesize such
ounds have only recently been successful. Only nitro
ontaining monomer compounds are known at present
ll of them have been obtained using “oxidative additi
eactions:
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Stable, monomeric imides of Al and Ga with�-
diketiminato ligands were reported in 2001. These
compounds have the general formulae [{HC(CMeDippN)2}
MN-(2,6-Trip2C6H3)] [28]. The imido compounds with the
�-diketiminato ligand have the following structure:

um-
b rved
f YR
t d,
a
[ do
c

lude
e e
m
a ro-
m ses,
f B,
w ents
o g
t

oth
m 3 by
P b-
t azide
(

A

Scheme 2. Latent reactivity of ketimidine stabilized imido compounds.

where M = Ga, In; Ar = C6H3-2,6-Dipp2; Ar′′ = C6H3-
2,6(Xyl-4-tBu2).

Major structural parameters of the compounds are given
in Table 1. Molecules Ar′MNAr ′′ possess distorted geom-
etry, angles at nitrogen are 141.7◦ and 134.9◦; at metal
148.2◦ and 142.2◦ for 1 and 2, respectively. This find-
ing is in contrast to the linearity of boron imides RBNH
[43]. The Ga N bond length in1 is 1.701Å, which is
considerably shorter than the GaN bond length in4
(1.742Å).

Summary of theoretical studies of different RMYR′ com-
pounds is given inTable 2. Theoretically predicted GaN
bond lengths in HGaNH compounds (1.678–1.705, see
Table 2) are close to 1.701̊A observed experimentally for1.
Substitution of the hydrogen atom for a methyl group on the
gallium center results inincreaseof the Ga N bond length of
about 0.007̊A (for halogen 0.012̊A), while substitution of the

T
E

N R M Y M Y R′′ Comments Reference

1 148.2 141.7 Reaction RMMR with N3Ar′′ [29]
2 142.2 134.9 Reaction RMMR with N3Ar′′ [29]
4 140.2 134.6 Reaction RM with N3Ar′′ [28]

B

Although these compounds do have a coordination n
er of 2 on nitrogen, the coordination number 3 is obse

or the metal center, so that this compound is not a RM′
ype. Gallium compound4 was structurally characterize
nd it has a relatively short GaN bond length of 1.742̊A

28]. Latent reactivity of such ketimidine stabilized imi
ompounds has recently been explored (seeScheme 2) [42].

Intramolecular reactions were observed, which inc
ither intramolecular CH activated addition involving th
ethyl group of theiPr substituent on the�-diketiminato lig-
nd (route a), or cycloaddition of the phenyl ring of the a
atic substituent on imido nitrogen (route b). In both ca

ormation of formally monomeric “amido” species A and
hich are thermally stable, was evidenced. Rearrangem
f B to A proceed at 50◦C in [D8]toluene without changin

he monomeric nature of the products.
Imido compounds with low coordination number 2 on b

etal and nitrogen substituents were reported in 200
ower and co-workers[29]. Reaction between recently o

ained group 13–13 metal–metal bonded species and
0◦C, in hexane) has been used:

r ′MMAr ′ + 2N3Ar ′′ = 2Ar′MNAr ′′ + 2N2 (14)

able 1
xperimentally structurally characterized monomeric compounds

o. Compound M Y

(C6H3-2,6-Dipp2)GaN{C6H3-2,6(Xyl-4-tBu2)} 1.701
(C6H3-2,6-Dipp2)InN{C6H3-2,6(Xyl-4-tBu2)} 1.928
{HC(MeCDippN)2}GaN-(2,6-Trip2C6H3) 1.742

ond lengths in angstroms and angles in degrees.
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hydrogen atom on the nitrogen center results indecreaseof
the Ga N distance by about 0.020̊A [44]. Theoretical com-
putations predict that angles at gallium are greater than those
at nitrogen, but absolute values differ significantly for dif-
ferent theoretical methods. Note that at lower levels of the-
ory HAlNH is predicted to be linear, while use of the more
sophisticated methods results in a bent structure (Fig. 1c).
Theoretical methods predict a very low energy difference be-
tween linear and bent HMYH isomers (0.1 and 20 kJ mol−1

for HAlNH and HGaNH, respectively). As mentioned in[45],
“the potential well is extremely shallow with respect to the
bending coordinates”. This may explain large differences be-
tween predicted bond angles at different levels of theory.

An alternative approach to stabilizing monomeric RMYR′
compounds would be matrix isolation experiments at low

t n re-
a e
[ xes.
M ucts,
r the-
o
p
H t
M Al-
t
m
t :

M YH3 > H3M YH3 > M YH2 > HM YH2 ≥ H2M YH2
> HM YH

with the shortest bond corresponding to HMYH isomers
(Fig. 1c and d)[45].

All currently synthesized monomeric RMYR′ compounds
are imido metallanes, probably due to quite different ori-
entation (distortion) of P, As centers in monomeric com-
pounds (Fig. 1d). Theoretically predicted angles at P and
As centers are on average about 90◦,1 which is small com-
pared to imido monomers. Thus, the bulky protective groups,
which are sufficient to stabilize monomeric imido com-
pounds, may not be sufficient to stabilize P, As-containing
monomers.

3.2. Dimers

er 3
o f ex-
p
T is and
e -
a ts
a
r o
a
o t the
p
c -
t toms
i

s of
d nar
w s
t ,

asis
s 7
B

emperatures. In a series of recent experimental works o
ctions of group 13 metals with ammonia[46] and phosphin

47], Himmel et al. investigated products trapped in matri
YH2 species were observed among the other prod

ather than HMYH imido compounds. There are many
retical works devoted to small compounds of MYH2 com-
osition. High level ab initio calculations of HAl N and

Al P systems by Davy and co-workers[48,49]show tha
YH2 isomers are much lower in energy than HMYH.

hough the MYH2 isomer is a global minimum withC2v sym-
etry (Y = N) (Fig. 1a) orCs symmetry (Y = P, As) (Fig. 1b),

he following trend in the MY bond length was observed

Fig. 1. Structures of HMYH compounds.
Dimeric imido compounds have a coordination numb
n donor and acceptor centers. Structural properties o
erimentally known compounds are summarized inTable 3.
hese compounds can be produced both by metathes
limination routes. In[27], compound11was obtained by re
ction of�5-Cp∗Ga with XylN3. Different reaction produc
re formed in comparable reactions with (Cp∗Al)4, which
ange from dimeric imido alanes[62] to unsymmetrical imid
lane5after complicated rearrangements[26]. Reaction with
-methylated phenyl azide does not yield imido alane, bu
roduct of subsequent CH activation[26]. All donor-free
ompounds have an essentially planar M2Y2 core, both ni
rogen and metal centers retain planarity, while P, As a
n 12and13have a pyramidal environment.

Table 4summarizes results of the theoretical studie
imer molecules. All nitrogen-containing rings are pla
ith D2h symmetry (Fig. 2a), while for P, As compound

wo isomers are possible (Fig. 2b and c). Interestingly

1 Note that predicted MYH angles significantly depend on the b
et used: for example, for HGaAsH GaAsH angle varies from 119.◦ at
3LYP/LANL2DZ(d,p) [39] to 81.6◦ at B3LYP/TZP[50].
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Table 2
Summary of theoretical studies of monomeric RMYR′ compounds

RMYR′ rMY RMY MYR ′ µ S◦
298 Method Reference

HAlNH Cs 1.627 167.2 157.4 B3LYP/6-311G(d) [45]
HAlNH Cs 1.654 – – B3LYP/6-31G∗ [51]
HAlNH C∞v 1.597 180.0 180.0 RHF/6-31G∗ [52]
HAlNH Cs 1.615 179.8 179.8 2.18 211.3 B3LYP/LANL2DZ(d,p) [39]
HAlNH Cs 1.633 165.2 154.5 CCSD/TZ2P [49]
HAlNH Cs 1.629 179.9 179.8 CCSD(T)/cc-pVTZ [39]
HAlNH Cs 1.637 166.8 157.9 2.51 243.0 B3LYP/TZVP [50]
(CH3)AlNH C∞v 1.621 180.0 180.0 2.81 296.2 B3LYP/pVDZ [53]
HAlN(CH3) C∞v 1.626 180.0 180.0 1.69 285.6 B3LYP/pVDZ [53]
FAlNH Cs 1.659 158.7 132.2 2.02 266.3 B3LYP/LANL2DZ(d,p) [39]
ClAlNH Cs 1.687 158.2 127.1 3.20 278.3 MP2/DZP [54]
ClAlNH Cs 1.675 158.9 128.0 2.20 279.2 B3LYP/DZP [54]
ClAlNH Cs 1.651 159.0 136.8 2.03 278.8 B3LYP/LANL2DZ(d,p) [39]
ClAlNH Cs 1.677 B3LYP/6-31G∗ [55]
BrAlNH Cs 1.652 159.4 137.2 2.21 290.3 B3LYP/LANL2DZ(d,p) [39]
IAlNH Cs 1.652 159.8 138.7 2.46 298.7 B3LYP/LANL2DZ(d,p) [39]

HGaNH Cs 1.699 141.9 140.7 B3LYP/6-311G(d) [45]
HGaNH Cs 1.678 159.4 131.3 2.81 251.2 B3LYP/LANL2DZ(d,p) [39]
HGaNH Cs 1.694 161.5 126.0 2.45 251.1 B3LYP/pVDZ [44]
HGaNH Cs 1.705 161.2 123.6 2.99 251.2 B3LYP/TZVP [50]
(CH3)GaNH Cs 1.701 161.7 123.9 3.36 309.8 B3LYP/pVDZ [44]
HGaN(CH3) Cs 1.676 158.1 151.7 1.61 297.0 B3LYP/pVDZ [44]
(CH3)GaN(CH3) Cs 1.682 158.3 149.6 2.69 360.0 B3LYP/pVDZ [44]
FGaNH Cs 1.706 160.3 114.8 1.97 277.1 B3LYP/LANL2DZ(d,p) [39]
ClGaNH Cs 1.706 160.3 116.2 2.13 290.1 B3LYP/LANL2DZ(d,p) [39]
ClGaNH Cs 1.713 162.6 112.3 B3P86/6-311G(d,p) [56]
ClGaNH Cs 1.722 162.3 112.4 1.91 289.3 B3LYP/pVDZ [57]
BrGaNH Cs 1.706 160.5 116.7 2.33 301.8 B3LYP/LANL2DZ(d,p) [39]
IGaNH Cs 1.707 161.0 117.4 2.60 310.0 B3LYP/LANL2DZ(d,p) [39]

HInNH Cs 1.835 135.9 136.9 B3LYP/LANL2DZ(d) [45]
HInNH Cs 1.847 158.7 123.9 3.15 260.6 B3LYP/LANL2DZ(d,p) [39]
HInN(CH3) Cs 1.919 149.9 142.7 2.01 305.1 B3LYP/pVDZ [53]
FInNH Cs 1.876 167.0 106.9 1.82 286.9 B3LYP/LANL2DZ(d,p) [39]
ClInNH Cs 1.877 158.4 113.0 2.09 301.5 B3LYP/LANL2DZ(d,p) [39]
BrInNH Cs 1.878 159.0 113.2 2.20 312.9 B3LYP/LANL2DZ(d,p) [39]
IInNH Cs 1.879 159.7 113.5 2.40 321.1 B3LYP/LANL2DZ(d,p) [39]

HAlPH Cs 2.149 177.0 76.4 CCSD/TZ2P [48]
HAlPH Cs 2.154 177.1 75.6 CCSD(T)/cc-pVTZ [39]
HAlPH Cs 2.152 179.3 80.2 3.01 263.5 B3LYP/TZVP [50]
HAlPH Cs 2.154 177.1 84.3 B3LYP/6-311G(d) [45]
HAlPH Cs 2.157 178.9 82.0 2.89 264.4 B3LYP/LANL2DZ(d,p) [39]
FAlPH Cs 2.181 139.0 112.7 2.47 289.6 B3LYP/LANL2DZ(d,p) [39]
ClAlPH Cs 2.157 178.1 82.0 1.65 301.8 B3LYP/LANL2DZ(d,p) [39]
BrAlPH Cs 2.164 174.2 85.1 2.04 312.7 B3LYP/LANL2DZ(d,p) [39]
IAlPH Cs 2.162 178.2 82.2 2.36 320.7 B3LYP/LANL2DZ(d,p) [39]
HGaPH Cs 2.149 177.8 85.0 2.70 271.0 B3LYP/TZVP [50]
HGaPH Cs 2.145 177.3 85.9 B3LYP/6-311G(d) [45]
HGaPH Cs 2.167 142.5 117.0 2.54 272.4 B3LYP/LANL2DZ(d,p) [39]
FGaPH Cs 2.194 153.8 101.7 1.64 298.9 B3LYP/LANL2DZ(d,p) [39]
ClGaPH Cs 2.175 177.2 84.3 1.10 308.6 B3LYP/LANL2DZ(d,p) [39]
BrGaPH Cs 2.176 178.0 83.7 1.42 320.8 B3LYP/LANL2DZ(d,p) [39]
IGaPH Cs 2.185 165.6 91.9 1.85 330.7 B3LYP/LANL2DZ(d,p) [39]
HInPH Cs 2.335 114.7 98.4 B3LYP/LANL2DZ(d) [45]
HInPH Cs 2.346 146.4 111.9 3.02 282.4 B3LYP/LANL2DZ(d,p) [39]
FInPH Cs 2.375 142.3 107.6 2.39 314.2 B3LYP/LANL2DZ(d,p) [39]
ClInPH Cs 2.356 169.8 89.4 1.10 320.8 B3LYP/LANL2DZ(d,p) [39]
BrInPH Cs 2.359 168.0 90.1 1.41 333.9 B3LYP/LANL2DZ(d,p) [39]
IInPH Cs 2.355 177.1 85.3 1.60 340.3 B3LYP/LANL2DZ(d,p) [39]

HAlAsH Cs 2.242 174.6 73.4 2.50 277.1 B3LYP/TZVP [50]
HAlAsH Cs 2.258 177.2 77.5 2.57 277.6 B3LYP/LANL2DZ(d,p) [39]
FAlAsH Cs 2.291 129.6 116.6 2.36 305.2 B3LYP/LANL2DZ(d,p) [39]
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Table 2 (Continued)

RMYR′ rMY RMY MYR ′ µ S◦
298 Method Reference

ClAlAsH Cs 2.280 146.3 103.4 1.87 315.6 B3LYP/LANL2DZ(d,p) [39]
BrAlAsH Cs 2.281 150.0 100.6 1.89 327.6 B3LYP/LANL2DZ(d,p) [39]
IAlAsH Cs 2.279 163.9 91.5 2.01 333.9 B3LYP/LANL2DZ(d,p) [39]
HGaAsH Cs 2.245 179.8 81.6 2.27 284.0 B3LYP/TZVP [50]
HGaAsH Cs 2.272 137.2 119.7 2.23 286.4 B3LYP/LANL2DZ(d,p) [39]
HGaAsMe Cs 2.251 174.6 100.5 – – RHF/HUZSP∗ [160]
FGaAsH Cs 2.283 178.9 81.7 0.34 310.6 B3LYP/LANL2DZ(d,p) [39]
ClGaAsH Cs 2.282 179.1 81.8 0.69 322.4 B3LYP/LANL2DZ(d,p) [39]
BrGaAsH Cs 2.284 179.1 81.7 1.02 334.4 B3LYP/LANL2DZ(d,p) [39]
IGaAsH Cs 2.285 179.3 81.8 1.39 342.4 B3LYP/LANL2DZ(d,p) [39]
HInAsH Cs 2.447 139.8 115.5 2.01 296.8 B3LYP/LANL2DZ(d,p) [39]
FInAsH Cs 2.486 136.3 110.6 2.28 330.4 B3LYP/LANL2DZ(d,p) [39]
ClInAsH Cs 2.470 152.1 98.6 1.58 340.2 B3LYP/LANL2DZ(d,p) [39]
BrInAsH Cs 2.468 158.5 94.6 1.32 350.7 B3LYP/LANL2DZ(d,p) [39]
IInAsH Cs 2.473 172.9 91.6 1.21 348.8 B3LYP/LANL2DZ(d,p) [39]

Structural parameters (bond lengths in angstroms and angles in degrees), dipole moments,µ, in Debye and standard entropiesS◦
298 in J (mol K)−1.

Table 3
Experimentally structurally characterized dimeric [RMYR′]2 compounds

No. Compound M Y Y M Y M Y M Comments Reference

5 �1-Cp∗{(Me3Si)2N}AlN(�-Al�1-
Cp∗)(�-Al{N(SiMe3)2}NAl(�1-Cp∗)2

1.803–1.819; 1.811 mean 95.5–95.6 84.2–84.3 Oxidative addition at 70◦C;
(Cp∗Al)4 + Me3SiN3

[26]

6a [Mes∗AlNPh]2 1.824 88.75 91.25 Thermolysis of (H2AlMes∗)2

and NH2Ph at 125◦C
[16a]

6b [Mes∗AlNSiPh3]2 1.841–1.842 93.3 86.7 Thermolysis of (H2AlMes∗)2

and NH2SiPh3 at 125◦C
[16b]

7 [(�5-Cp)AlNDipp]2 1.796–1.811; 1.804 mean 89.2 90.8 Thermolysis of
AlCp3 + amine;
[(�5-C5H5)2AlNH
(2,6-iPr3C6H3)]2,3 as
intermediates

[17]

10 [Cp∗AlNSitBu3]2 1.835–1.842 92.9–93.2 85.2 Oxidative addition at
50–75◦C;
(Cp∗Al)4 + tBu3SiN3

[62]

11 [�1-Cp∗GaNXyl]2 1.850–1.870 89.2 90.8 Cp∗Ga with azides [27]
12 [tBuGaPMes∗]2 2.274 93.1 86.9 Thermolysis at 110◦C;

(tBuGa(PH(2,4,6-
tBu)C6H2)2

[58]

13 [{Li(THF)3AsSiiPr3}GaAsSiiPr3]2 2.473–2.436 98.4 81.6 GaCl3 + Li2AsSiiPr3
THF/heptane

[63]

14 [ClAlPSiiPr3]2·2Py 2.320–2.336 101.1 78.9 From ladderL1 by acting Py [64]
15 [(2,6-CH2NMe2)C6H3GaPSiPh3]2;

intramolecular DA stabilized
2.388 94.25 85.75 Li2PSiPh3 + Cl2Ga(2,6-

CH2NMe2)C6H3

[31]

16 [ClGaPSiMe3]2·2(PtBu2Me); DA
stabilized

2.351–2.361; mean 2.356 98.1 79.7 GaCl3PtBu2Me + Li2PSiMe3 [23]

17 [HAlAsSi iPr3]2·2NMe3; DA stabilized 2.447 100.4 76.2 H3AlNMe3 + H2AsSiiPr3,
35◦C

[65]

18 [ClAlAsSi(CMe2
iPr)Me2]2·2NEt3 2.432–2.454; mean 2.444 101.8–102.3 76.7–77.1 From ladderL3 by acting

NEt3

[64]

19 [ClGaAsSiMe3]2·2PtBu2Me; DA
stabilized

2.443–2.453; mean 2.448 99.1 78.3 GaCl3PtBu2Me
+ As(SiMe3)3

[23]

20 [tBuGaAsC6H3(CH2NMe2)2]2;
intramolecular stabilized dimer

2.457 98.8 81.3 [tBuGaCl2]2 + Li2AsC6H3

(CH2NMe2)2; in Et2O
[61]

21 [ClGaSbSiiPr3]2·2PPhnPr2 2.635–2.651; mean 2.641 98.4–99.0 75.1–75.3 GaCl3PPhnPr2
+ Sb(SiMe3)2SiiPr3

[66]

25 [tBu3SiP(H)-GaPSitBu3]2; P
inequivalent, heteroallyl structure

2.252–2.338; mean 2.297 97.7 84.1 Metathesis
GaCl3 + 3KtBu3SiPH

[67]

Cp∗Al(PtBu)3 2.359–2.360 90.9 (Cp∗Al)4 + tBu3P [68]

Bond lengths in angstroms and angles in degrees.
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Table 4
Summary of theoretical studies of dimeric [RMYR′]2 compounds

[RMYR′]2 Point group rMY YMY MYM µ S◦
298 Method Reference

[HAlNH] 2 D2h 1.803 90.8 89.2 0 – CCSD/DZP [70]
[HAlNH] 2 D2h 1.812 90.9 89.1 0 – CCSD(T)/cc-pVTZ [39]
[HAlNH] 2 D2h 1.800 90.7 89.3 0 – RHF/6-31G∗ [52]
[HAlNH] 2 D2h 1.813 90.9 89.1 0 – B3LYP/6-31G∗ [51]
[HAlNH] 2 D2h 1.806 91.0 89.0 0 290.9 B3LYP/LANL2DZ(d,p) [39]
[HAlN(CH3)]2 C2h 1.815; 1.821 92.1 87.9 0 395.2 B3LYP/pVDZ [53]
[(CH3)AlNH] 2 C2h 1.814 90.9 89.1 0 409.7 B3LYP/pVDZ [53]
[FAlNH] 2 D2h 1.795 91.8 88.2 0 336.2 B3LYP/LANL2DZ(d,p) [39]
[ClAlNH] 2 D2h 1.809 91.3 88.7 0 – MP2/DZP [54]
[ClAlNH] 2 D2h 1.804 91.5 88.5 0 – B3LYP/DZP [54]
[ClAlNH] 2 D2h 1.804 – B3LYP/6-31G∗ [55]
[ClAlNH] 2 D2h 1.796 91.6 88.4 0 361.2 B3LYP/LANL2DZ(d,p) [39]
[BrAlNH] 2 D2h 1.797 91.5 88.5 0 385.3 B3LYP/LANL2DZ(d,p) [39]
[IAlNH] 2 D2h 1.798 91.4 88.6 0 402.6 B3LYP/LANL2DZ(d,p) [39]

[HGaNH]2 D2h 1.864 88.1 91.9 0 320.2 B3LYP/pVDZ [71]
[HGaNH]2 D2h 1.846 88.8 91.2 0 316.6 B3LYP/LANL2DZ(d,p) [39]
[HGaN(CH3)]2 C2h 1.867 89.2 90.8 0 423.0 B3LYP/pVDZ [71]
[(CH3)GaNH]2 C2h 1.868 87.9 92.1 0 440.6 B3LYP/pVDZ [71]
[FGaNH]2 D2h 1.834 90.2 89.8 0 362.6 B3LYP/LANL2DZ(d,p) [39]
[ClGaNH]2 D2h 1.836 90.0 90.0 0 388.0 B3LYP/LANL2DZ(d,p) [39]
[ClGaNH]2 D2h 1.856 89.6 90.4 0 391.8 B3LYP/pVDZ [57]
[ClGaNH]2 D2h 1.844 89.7 90.4 0 B3P86/6-311G(d,p) [56]
[BrGaNH]2 D2h 1.837 89.9 90.1 0 412.6 B3LYP/LANL2DZ(d,p) [39]
[IGaNH]2 D2h 1.839 89.8 90.2 0 429.8 B3LYP/LANL2DZ(d,p) [39]
[HInNH]2 D2h 2.011 85.5 94.5 0 337.4 B3LYP/LANL2DZ(d,p) [39]
[HInN(CH3)]2 C2h 2.088 85.9 94.1 0 440.3 B3LYP/pVDZ [53]
[(CH3)InNH]2 C2h 2.082 84.2 95.8 0 476.0 B3LYP/pVDZ [53]
[FInNH]2 D2h 2.002 86.9 93.1 0 387.4 B3LYP/LANL2DZ(d,p) [39]
[ClInNH]2 D2h 2.001 86.9 93.1 0 413.3 B3LYP/LANL2DZ(d,p) [39]
[BrInNH]2 D2h 2.003 86.7 93.3 0 437.2 B3LYP/LANL2DZ(d,p) [39]
[IInNH] 2 D2h 2.005 86.6 93.4 0 454.1 B3LYP/LANL2DZ(d,p) [39]

cis[HAlPH]2 C2v 2.298 95.6 76.3 – – CCSD/DZP [72]
trans[HAlPH]2 C2h 2.317 97.7 82.3 – – CCSD/DZP [72]
cis[HAlPH]2 C2v 2.273 90.7 76.1 – – CCSD(T)/cc-pVTZ [39]
cis[HAlPH]2 C2v 2.339 95.2 75.0 1.80 341.3 B3LYP/LANL2DZ(d,p) [39]
cis[FAlPH]2 C2v 2.342 99.5 73.4 0.78 390.8 B3LYP/LANL2DZ(d,p) [39]
cis[ClAlPH]2 C2v 2.341 98.7 73.7 0.74 414.6 B3LYP/LANL2DZ(d,p) [39]
cis[BrAlPH]2 C2v 2.343 98.3 73.9 0.88 438.7 B3LYP/LANL2DZ(d,p) [39]
cis[IAlPH] 2 C2v 2.344 98.0 73.9 0.98 456.1 B3LYP/LANL2DZ(d,p) [39]

cis[HGaPH]2 C2v 2.365 94.5 75.2 1.50 363.7 B3LYP/LANL2DZ(d,p) [39]
cis[FGaPH]2 C2v 2.381 101.7 73.3 0.13 416.7 B3LYP/LANL2DZ(d,p) [39]
cis[ClGaPH]2 C2v 2.377 100.5 73.8 0.25 440.6 B3LYP/LANL2DZ(d,p) [39]
cis[BrGaPH]2 C2v 2.378 100.0 73.9 0.35 464.0 B3LYP/LANL2DZ(d,p) [39]
cis[IGaPH]2 C2v 2.378 99.4 74.1 0.49 480.4 B3LYP/LANL2DZ(d,p) [39]
cis[{H2P}GaPH]2 – 2.390 96.7 75.0 – – B3LYP/6-31G(d,p)

(ECP on gallium)
[67]

cis[{SiH3(H)P}GaP{SiH3}]2 – 2.380 97.5 77.1 – – B3LYP/6-31G(d,p)
(ECP on gallium)

[67]

cis[{SiMe3(H)P}GaP{SiMe3}]2 – 2.368; 2.378 97.8 77.8 – – B3LYP/6-31G(d,p)
(ECP on gallium)

[67]

cis[HInPH]2 C2v 2.553 93.6 77.7 1.68 388.9 B3LYP/LANL2DZ(d,p) [39]
cis[FInPH]2 C2v 2.577 102.1 76.0 0.30 443.5 B3LYP/LANL2DZ(d,p) [39]
cis[ClInPH]2 C2v 2.573 101.2 76.0 0.15 467.3 B3LYP/LANL2DZ(d,p) [39]
cis[BrInPH]2 C2v 2.574 100.6 76.1 0.24 490.4 B3LYP/LANL2DZ(d,p) [39]
cis[IInPH]2 C2v 2.574 100.0 76.3 0.36 506.6 B3LYP/LANL2DZ(d,p) [39]

cis[HAlAsH] 2 C2v 2.459 97.9 72.2 1.11 368.7 B3LYP/LANL2DZ(d,p) [39]
cis[FAlAsH]2 C2v 2.467 103.5 71.2 0.06 420.0 B3LYP/LANL2DZ(d,p) [39]
cis[ClAlAsH] 2 C2v 2.464 102.2 71.4 0.07 443.0 B3LYP/LANL2DZ(d,p) [39]
cis[BrAlAsH] 2 C2v 2.466 101.9 71.6 0.08 467.3 B3LYP/LANL2DZ(d,p) [39]
cis[IAlAsH] 2 C2v 2.467 101.5 71.7 0.19 484.7 B3LYP/LANL2DZ(d,p) [39]
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Table 4 (Continued)

[RMYR′]2 Point group rMY YMY MYM µ S◦
298 Method Reference

cis[HGaAsH]2 C2v 2.480 96.9 72.8 0.96 391.3 B3LYP/LANL2DZ(d,p) [39]
cis[FGaAsH]2 C2v 2.501 105.5 72.0 0.39 447.7 B3LYP/LANL2DZ(d,p) [39]
cis[ClGaAsH]2 C2v 2.497 104.3 72.3 0.33 469.7 B3LYP/LANL2DZ(d,p) [39]
cis[BrGaAsH]2 C2v 2.498 103.6 72.3 0.26 493.1 B3LYP/LANL2DZ(d,p) [39]
cis[IGaAsH]2 C2v 2.498 103.0 72.4 0.15 509.4 B3LYP/LANL2DZ(d,p) [39]

cis[HInAsH]2 C2v 2.664 97.0 75.4 0.95 415.7 B3LYP/LANL2DZ(d,p) [39]
cis[FInAsH]2 C2v 2.687 105.2 74.7 0.03 470.7 B3LYP/LANL2DZ(d,p) [39]
cis[ClInAsH]2 C2v 2.684 104.9 74.7 0.17 496.1 B3LYP/LANL2DZ(d,p) [39]
cis[BrInAsH]2 C2v 2.686 104.5 74.9 0.14 520.7 B3LYP/LANL2DZ(d,p) [39]
cis[IInAsH]2 C2v 2.687 104.1 75.0 0.15 537.6 B3LYP/LANL2DZ(d,p) [39]

Structural parameters (bond lengths in angstroms and angles in degrees), dipole moments,µ, in Debye and standard entropiesS◦
298 in J (mol K)−1.

planarC2h isomers are always higher in energy, but the
energy difference is very small (5–20 kJ mol−1 in favor
of the C2v symmetric structures)[59]. Thus, on the basis
of the theoretical predictions,cis-structures with a non-
planar M2Y2 core (Fig. 2b) are more stable for Y = P, As.
Nevertheless, structurally characterized dimers12 and 13
are effectively C2h symmetric structures, probably due
to the bulky substituents, which favortrans-orientation
of the bulky ligands in the crystal structure. Compound
13 is believed to be stabilized by GaAs double bonds
to terminal As atoms, in contrast to intramolecular sta-
bilization found for the donor–acceptor stabilized dimers
[63]. A phosphorus “heteroallyl” structure25 was recently
reported[67]. Two phosphorus atoms in Ga2P2 ring of 25
are inequivalent: one adopts a planar coordination, while
the other is pyramidal. Theoretical study of all possible
isomers of model compounds [R(H)PGaPR]2 (R = H,
SiH3, SiMe3) reveals that they are very close in energy (the

m
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a f the
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t
c tuent
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inequality of two P atoms in the Ga2P2 ring in 25, five res-
onance structures have been suggested on the basis of NBO
analysis[67].

To prevent dimerization processes, bulky substituents have
been employed on both 13 and 15 centers. Alternatively,
a donor–acceptor stabilization of the product is necessary.
Donor–acceptor stabilization may be achieved by using both
external donor ligands or by intramolecular interactions.
Since there are two possible isomers for [RMYR′]2 com-
pounds (Fig. 2b and c), their interaction with donor molecules
results in two isomers. Upon coordination of the donor
molecules, metal atoms adopt a tetrahedral environment. As
a result, for thecis-orientation of the donor molecules, the
M2Y2 ring is distorted upon coordination, while for thetrans-
orientation of donor molecules, the M2Y2 ring remains es-
sentially planar.

Examples of donor–acceptor stabilized dimeric rings are
summarized in the following chart:

the
c d
m a-
t hile
i
D
t
t

aximal energy difference is less than 18 kJ mol−1) and the
is isomer (Fig. 2b) is the most stable in all cases[67].

On the basis of the experimental findings (bond len
nd sum of valence angles on P atom), the structure o
hemical bonding in [RGaPR′]2 dimers is believed to be clo
o A rather than B type[58], seeScheme 3. A more compli-
ated picture occurs with phosphorus-containing substi
n the gallium center. To explain the experimentally obse
Intramolecular interactions lead to higher stability of
ompounds. Thus, compound20 is reported to be air an
oisture stable[61]. Note that its intramolecular stabiliz

ion comes from a substituent on the 15 center (As), w
n 15 the same substituent is located on Ga center[31].
onor–acceptor bond lengths in20 (2.18Å) are similar to

hose in 13–15 adducts such as GaMe3 NH2
tBu (2.12Å) and

Bu3Ga NH2Ph (2.246Å) [61]. In both 15 and20, trans-
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orientation of the substituents leads to essentially planar
Ga2P2 and Ga2As2 cores, respectively.

The strong tendency towards oligomerization of dimeric
imido compounds can be illustrated by mass spectrometry
study of [HAlNDipp]2·2NMe3 and [HAlNDipp]2·2NMe2Et.
For these compounds, a molecular ion peak is not present
in electron ionization mass spectra, but a fragment peak
of m/z 812 was observed, indicating formation of the
heterocubane [HAlNDipp]4, presumably by dimerization
after the loss of the NMe3 donor molecules[60]. Formation
of high mass aggregates (with Ga3As6 core) was indicated
b f
[ the
s ed
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c d
a ina-
t nd
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hich
c nts.
C
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c two

GaR2 groups. Formally, it can be considered as a product
of the interaction between a [tBuGaPtBu]2 dimer and one
GatBu3 molecule.
y negative-ion electrospray mass spectrometry o13
63]. High tendency to dimerization is also evident in
tructure of the dimer5, which is in essence a rearrang
orm of cubic [Cp∗AlNSiMe3]4 [26]. While MS data
annot distinguish between an AlN heterocubane an

dimeric imido metallane, crystal structure determ
ion of 5 verified the presence of a dimeric compou
26].

Several other ring compounds can be mentioned w
ontain an MR group bonded to two group 15 eleme
ompound [Cp∗Al(PtBu)3] has an AlP3 core with only
ne substituent on each center[68]. Reaction of cuban

MeAlNMes]4 with Li[PH(C6H11)] leads to an imido an
on which features two Al2P2 units bridged by PR ligand
129].

In [69], an unusual structure was reported with a Ga3P2
ore featuring one GaR and two PR groups, as well as
Fig. 2. Structures of [RMYR′]2 isomers.

Scheme 3. Representation of chemical bonding in [RGaPR′]2 dimers.
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Table 5
Experimentally structurally characterized trimeric [RMYR′]3 compounds

No. Compound M Y Y M Y M Y M Comments Reference

26 [MeAlN(2,6-iPr2C6H3)]3 1.782 115.3 124.7 Thermolysis AlMe3 + H2N2,6-iPr2C6H3

(thermolysis at 170◦C of dimeric
aminoalane)

[73,18]

27 [Mes∗AlPPh]3 2.323–2.336 103.1, 114.6, 118.9 108.1, 111.6, 113.4 Thermolysis of (H2AlMes∗)2 and PH2Ph at
160◦C

[16]

28 [Mes∗AlAsPh]3 2.418–2.435 101.3, 104.5, 121.0 108.4, 109.4, 116.1 Thermolysis of (H2AlMes∗)2 and AsH2Ph at
140–160◦C

[16]

29 [2,4,6-Ph3C6H2GaP
(cyclo-C6H11)]3

2.279–2.338 118.6, 120.6, 114.7 108.5, 108.3, 103.9 (2,4,6-Ph3C6H2)GaCl2 + Li2P(cyclo-C6H11)
in Et2O/toluene

[30]

Bond lengths in angstroms and angles in degrees.

3.3. Trimers

Structural parameters of known trimeric compounds are
given inTable 5. In contrast to dimer [RMYR′]2 and tetramer
[RMYR′]4 species, experimentally known trimeric imido
metallanes (inorganic benzenes) and their analogs are still
rare. They are known for N, P, As but numerous attempts to
prepare their analogs have failed. It is believed that Power’s
compound [MeAlN(2,6-iPr2C6H3)]3 (26) possesses the opti-
mal combination of the steric parameters of the ligands. More
bulky ligands will favor dimer formation, while less bulky lig-
ands will result in tetrameric or hexameric species. Note that
in contrast to scarce examples of group 13 metals, boron-
containing trimers (borazine and its substituted analogs) are
numerous[14].

Table 6summarizes data on theoretical studies of inor-
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anic benzenes. Theoretical studies predict phosphoru
rsenic centers to be pyramidal, while nitrogen-contai
ompounds are perfectly planar, in accord with findings
he dimeric [RMYR′]2 species. Matsunaga and Gordon
heir detailed work found that planar structures for P, As
ot minima at SCF/ECP level of theory[75]. They considere
everal non-planar isomers and showed that the boat co
ation (C3v point group,Fig. 3b) is lower in energy, com
ared to theCs symmetric chair conformation[75]. These
CF/ECP data are in agreement with subsequent de

unctional theory studies[50,76,78]. Thus, theoretical stud
es by Jemmis and Kiran[76] at B3LYP/6-31G∗ level of
heory showed that planar [HMYH]3 structures are high
n energy by 39.2, 63.1, 70.7 and 103.9 kJ mol−1 than non
lanar (asymmetric or low symmetry structures) mini

or AlP, AlAs, GaP and GaAs, respectively. These can
ompared to “planarization” energies of 49.0, 96.3, 81.4
19.3 kJ mol−1 reported with respect toC3v symmetric struc

ures by Timoshkin and Schaefer at B3LYP/LANL2DZ(d
evel of theory[39].

The aromaticity issue of “inorganic benzenes” was
ussed by Schleyer et al. (NICS values)[77], Jemmis an
iran (electrophilic substitution reactions)[76] and Timo-
hkin and Frenking (dimerization enthalpies)[50]. Although
orazine [HBNH]3 is considered to be slightly aromatic,
lumazene and its heavier analogs are non-aromatic.

Quantum-chemical modeling of “true inorganic hete
ycles” [BAlGaNPAs]H6 have been performed[50]. The

ost stable structure was found to have aBNAlPGaAs core

losely followed by one with a BNAlAsGaP core. As ex
ected, a strong tendency for dimerization of such sp
as been predicted. Interestingly, dimerization with for

ig. 3. Structures of [HMYH]3 isomers: (a) planar, Y = N (D3h); (b) C3v

ymmetric Y = P, As; (c) one of the low-symmetry structures (Cs point
roup).
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Table 6
Summary of theoretical studies of trimeric [RMYR′]3 compounds

[RMYR′]3 rMY YMY MYM µ S◦
298 Method Reference

[HAlNH] 3 D3h 1.791 114.7 125.3 0 RHF/6-31G∗ [74]
[HAlNH] 3 D3h 1.787 114.2 125.8 0 RHF/ECP [75]
[HAlNH] 3 D3h 1.791 114.8 125.2 0 RHF/6-31G∗ [52]
[HAlNH] 3 D3h 1.803 0 B3LYP/6-311 + G** [77]
[HAlNH] 3 D3h 1.801 0 B3LYP/6-31G∗ [76]
[HAlNH] 3 D3h 1.795 114.5 125.5 0 352.2 B3LYP/LANL2DZ(d,p) [39]
[HAlNH] 3 D3h 1.802 114.5 125.5 0 363.4 B3LYP/TZVP [50]
[HAlNH] 3 D3h 1.799 114.2 125.8 0 CCSD(T)/cc-pVTZ [39]
[FAlNH] 3 D3h 1.783 116.2 123.8 0 420.4 B3LYP/LANL2DZ(d,p) [39]
[ClAlNH] 3 D3h 1.784 115.9 124.1 0 457.0 B3LYP/LANL2DZ(d,p) [39]
[ClAlNH] 3 D3h 1.795 115.7 124.3 0 MP2/DZP [54]
[ClAlNH] 3 D3h 1.790 115.9 124.1 0 B3LYP/DZP [54]
[BrAlNH] 3 D3h 1.785 115.8 124.2 0 493.6 B3LYP/LANL2DZ(d,p) [39]
[IAlNH] 3 D3h 1.787 115.7 124.3 0 519.4 B3LYP/LANL2DZ(d,p) [39]
[HGaNH]3 D3h 1.814 114.0 126.0 0 RHF/ECP [75]
[HGaNH]3 D3h 1.827 113.8 126.2 0 384.4 B3LYP/LANL2DZ(d,p) [39]
[HGaNH]3 D3h 1.848 0 B3LYP/6-31G∗ [76]
[HGaNH]3 D3h 1.844 113.5 126.5 0 389.1 B3LYP/pVDZ [71]
[HGaNH]3 D3h 1.849 113.2 126.8 0 396.6 B3LYP/TZVP [50]
[HGaN(CH3)]3 C3h 1.849 117.5 122.5 0 533.6 B3LYP/pVDZ [71]
[(CH3)GaNH]3 C3v 1.849 112.9 127.1 0 574.4 B3LYP/pVDZ [71]
[FGaNH]3 D3h 1.812 117.0 123.0 0 454.0 B3LYP/LANL2DZ(d,p) [39]
[ClGaNH]3 D3h 1.833 116.8 123.2 0 503.4 B3LYP/pVDZ [57]
[ClGaNH]3 D3h 1.821 117.0 123.0 0 B3P86/6-311G(d,p) [56]
[ClGaNH]3 D3h 1.813 116.7 123.3 0 490.9 B3LYP/LANL2DZ(d,p) [39]
[BrGaNH]3 D3h 1.815 116.5 123.5 0 527.5 B3LYP/LANL2DZ(d,p) [39]
[IGaNH]3 D3h 1.817 116.2 123.8 0 553.4 B3LYP/LANL2DZ(d,p) [39]
[HInNH]3 D3h 1.993 111.9 128.1 0 421.9 B3LYP/LANL2DZ(d,p) [39]
[FInNH]3 D3h 1.979 115.3 124.7 0 496.3 B3LYP/LANL2DZ(d,p) [39]
[ClInNH]3 D3h 1.978 115.1 124.9 0 534.1 B3LYP/LANL2DZ(d,p) [39]
[BrInNH]3 D3h 1.980 114.8 125.2 0 570.1 B3LYP/LANL2DZ(d,p) [39]
[IInNH] 3 D3h 1.982 114.5 125.5 0 595.4 B3LYP/LANL2DZ(d,p) [39]
[HAlPH]3 C3v 2.321 116.4 103.6 2.15 429.3 B3LYP/LANL2DZ(d,p) [39]
[HAlPH]3 C3v 2.315 117.1 106.8 RHF/ECP [75]
[HAlPH]3 C3v 2.317 117.0 100.7 1.74 429.4 B3LYP/TZVP [50]
[FAlPH]3 C3v 2.321 120.5 98.0 0.25 501.2 B3LYP/LANL2DZ(d,p) [39]
[ClAlPH]3 C3v 2.321 119.2 98.7 0.20 536.1 B3LYP/LANL2DZ(d,p) [39]
[BrAlPH]3 C3v 2.322 118.9 99.3 0.17 572.6 B3LYP/LANL2DZ(d,p) [39]
[IAlPH] 3 C3v 2.323 118.5 99.7 0.45 598.1 B3LYP/LANL2DZ(d,p) [39]
[HGaPH]3 C3v 2.337 117.0 100.5 1.68 467.6 B3LYP/LANL2DZ(d,p) [39]
[HGaPH]3 C3v 2.312 118.6 102.9 RHF/ECP [75]
[HGaPH]3 C3v 2.323 117.1 100.3 1.72 457.0 B3LYP/TZVP [50]
[FGaPH]3 C3v 2.341 124.0 95.8 1.51 534.1 B3LYP/LANL2DZ(d,p) [39]
[ClGaPH]3 C3v 2.339 122.5 96.8 1.25 569.7 B3LYP/LANL2DZ(d,p) [39]
[BrGaPH]3 C3v 2.341 121.8 97.2 0.89 605.6 B3LYP/LANL2DZ(d,p) [39]
[IGaPH]3 C3v 2.341 121.0 97.7 0.52 630.4 B3LYP/LANL2DZ(d,p) [39]
[HInPH]3 C3v 2.516 116.3 100.3 1.91 494.0 B3LYP/LANL2DZ(d,p) [39]
[FInPH]3 C3v 2.524 124.2 95.9 2.03 582.0 B3LYP/LANL2DZ(d,p) [39]
[ClInPH]3 C3v 2.521 123.1 96.4 2.28 609.7 B3LYP/LANL2DZ(d,p) [39]
[BrInPH]3 C3v 2.523 122.3 96.8 1.77 645.1 B3LYP/LANL2DZ(d,p) [39]
[IInPH]3 C3v 2.524 121.5 97.2 1.30 670.2 B3LYP/LANL2DZ(d,p) [39]
[HAlAsH] 3 C3v 2.436 117.7 97.5 1.20 468.6 B3LYP/LANL2DZ(d,p) [39]
[HAlAsH] 3 C3v 2.422 119.3 98.8 RHF/ECP [75]
[HAlAsH] 3 C3v 2.423 117.5 96.1 1.00 478.4 B3LYP/TZVP [50]
[FAlAsH]3 C3v 2.437 122.0 93.7 1.45 542.1 B3LYP/LANL2DZ(d,p) [39]
[ClAlAsH] 3 C3v 2.437 120.5 94.4 1.40 576.2 B3LYP/LANL2DZ(d,p) [39]
[BrAlAsH] 3 C3v 2.439 120.3 94.9 1.01 613.7 B3LYP/LANL2DZ(d,p) [39]
[IAlAsH] 3 C3v 2.441 119.9 95.1 0.74 638.5 B3LYP/LANL2DZ(d,p) [39]
[HGaAsH]3 C3v 2.451 118.2 96.2 0.98 499.4 B3LYP/LANL2DZ(d,p) [39]
[HGaAsH]3 C3v 2.414 119.6 97.8 RHF/ECP [75]
[HGaAsH]3 C3v 2.428 117.7 96.3 0.99 507.3 B3LYP/TZVP [50]
[FGaAsH]3 C3v 2.458 125.7 92.6 2.56 586.2 B3LYP/LANL2DZ(d,p) [39]
[ClGaAsH]3 C3v 2.455 123.9 93.6 2.29 612.0 B3LYP/LANL2DZ(d,p) [39]
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Table 6 (Continued)

[RMYR′]3 rMY YMY MYM µ S◦
298 Method Reference

[BrGaAsH]3 C3v 2.457 123.3 94.0 1.91 648.6 B3LYP/LANL2DZ(d,p) [39]
[IGaAsH]3 C3v 2.458 122.3 94.3 1.54 672.9 B3LYP/LANL2DZ(d,p) [39]
[HInAsH]3 C3v 2.624 117.5 96.1 1.04 534.1 B3LYP/LANL2DZ(d,p) [39]
[FInAsH]3 C3v 2.632 126.1 92.7 3.27 613.8 B3LYP/LANL2DZ(d,p) [39]
[ClInAsH]3 C3v 2.630 125.0 93.4 3.55 651.6 B3LYP/LANL2DZ(d,p) [39]
[BrInAsH]3 C3v 2.632 124.2 93.7 3.00 687.3 B3LYP/LANL2DZ(d,p) [39]
[IInAsH]3 C3v 2.633 123.3 94.1 2.55 711.6 B3LYP/LANL2DZ(d,p) [39]

Structural parameters (bond lengths in angstroms and angles in degrees), dipole moments,µ, in Debye and standard entropiesS◦
298 in J (mol K)−1.

tion of B N bonds was found to be most exothermic, in stark
contrast to endothermic dimerization of borazine. Bond dis-
tances in mixed heterocycles are similar to those in regular
trimers [HMYH]3.

In contrast to amido compounds, where the dimer–trimer
equilibria have been numerously observed in the solution and
in the gas phase, for imido compounds, such equilibria are
not known, possibly due to stronger MY bonding in these
compounds[57]. Theoretical studies predict high favorabil-
ity of dimer–trimer reorganization, probably due to strong
electrostatic repulsions in four-membered rings[54].

Trimeric compounds have active metal and pnictogen
centers with low coordination number 3, which in prin-
ciple allows both centers to participate in donor–acceptor
interactions. The self interaction of trimers with less bulky
substituents leads to dimerization (formation of hexamers),
while more bulky substituents prevent such self-interaction,
but allow to interact with smaller donor or acceptor
molecules, which are able to “penetrate” the terminal group
shield. In recent works, Pinkas et al. explored acceptor

properties of26 towards donor molecules OP(OR)3 and
RCN [78]. Structures of the several bis and tris adducts
have been obtained (seeScheme 4). The adamantine-type
structure of (MeAl)[2,6-iPr2C6H3N]3{Al[OP(OSiMe3)3]}2-
(O3POSiMe3) (Scheme 4C) results from tris adduct after
elimination of two moles of SiMe4. Planarity of the Al3N3
ring disappears, as Al atoms become 4-coordinated due
to complexation with the PO4 unit. Reactions of26 with
nitriles RCN were also studied[78c], and the tris adduct
was observed by mass spectrometry for RiPrCN only. Bis
adducts incisandtransforms were structurally characterized
in the condensed phase for other nitriles.

Formation of adamantine-type cages similar to one
shown inScheme 4C is quite common for 13–15 chemistry.
Reactions of26with titanocene fluorides resulted in several
adamantine-type cages[155]. Treatment of GaCl3 with
Li2AstBu in the molar ratio 6:4 resulted in arsanido metalate
[Li(THF)4]2[(GaCl2)6(AstBu)4]THF with the adamantine-
like dianion [(GaCl2)6(AstBu)4]2− [156]. An unusual
dianion featuring trimeric [HAlAsR]3 unit with Al3As3

ducts o26
Scheme 4. Structures of bis (A) and tris (B) ad
 fand the product of dealkylsilylation reactions (C).
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core with three additional H bounded to Li was reported
in [79].

3.4. Tetramers

ation
n , and
t cture

(Fig. 4a). Structural properties of the experimentally known
cubanes are summarized inTable 7.

Theoretical studies of tetrameric compounds are sum-
marized inTable 8. An alternative cyclic structure for the
tetramer with coordination number 3 on metal and nitrogen
centers (Fig. 3b) was found to be much higher in energy,
despite the considerably shorter metal–nitrogen distances
(Table 9).

It should be noted that formal [RMYR′]4 composition
does not always correspond to a cubane structure. For
example, a very unusual compound was recently reported
by Roesky and co-workers[101]. It has Al4 tetrahedral core
(with angles of almost 60◦) with N(SiMe3)2,6-iPr2C6H3 sub-
stituents (seeFig. 4c). A molecular ion for this compound was
These are the smallest compounds to have coordin
umber 4 on both the metal and the pnictogen centers

hey are quite common. They adopt a cubane-type stru
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Table 7
Experimentally structurally characterized tetramer [RMYR′]4 compounds

No. Compound M Y Y M Y M Y M Comments Reference

30 [HAlN iPr]4 1.897–1.926;
mean 1.913

90.1 89.9 Thermolysis LiAlH4 + NH2
iPr [80]

30 [HAlN iPr]4 (different crystal system and
space group)

1.916–1.931;
mean 1.922

Mean 90.6 Mean 89.4 Thermolysis of
[(AlH 2)2(AlH)2(N2

iPr2)3]
[81]

33 [MeAlN iPr]4 1.918–1.932;
mean 1.923

90.4 89.6 Thermolysis AlMe3 + NH2
iPr [80]

43 [PhAlNPh]4 1.90–1.93;
1.914 mean

90.0–90.4;
90.2 mean

89.6–90.0;
89.8 mean

Thermolysis AlPh3 + NH2Ph [82]

44 [ iBuAlNSiPh3]4·0.5hexane 1.941–1.970;
1.954 mean

90.7–92.0;
91.2 mean

88.8 Thermolysis of [iBu2AlN(H)SiPh3]2 at
130◦C, 10−2 Torr, 12 days

[20]

31a [HAlN tBu]4 1.907–1.929 90.3–91.1 89.0–89.6 Not reported [36]
32 [Me0.22H0.78AlN tBu]4 1.89–1.918 89.3–90.6 89.0–90.4 Exchange ZrCp2Me2 + [HAlN tBu]4 r.t. [36]
34 [MeAlN tBu]4 1.917–1.937 89.8–91.3 89.0–90.1 Exchange ZrCp2Me2 + [HAlN tBu]4 r.t. [36]
35 [MeAlNMes]4·3C7H8 1.948 90.1 89.9 Thermolysis of AlMe3 + H2NMes

170◦C
[18]

40 [MeAlN(4-C6H4F)]4 1.918–1.951 89.3–90.0 90.0–90.72 Thermolysis AlMe3 + H2N(4-C6H4F),
crystallization at−20◦C fromn-hexane

[83]

39 [MeAlN(C6F5)]4 1.910–1.968 87.2–89.8 90.4–92.8 Thermolysis AlMe3 + H2N(C6F5),
crystallization at−25◦C fromn-hexane

[84]

48 [MeGaNtBu]4 1.984–1.999 88.6–89.2 90.6–91.4 Thermolysis at 250–260◦C of
[Me2GaNH(tBu)]2

[85]

49 [MeGaNSiMe3]4 1.981–1.994 89.6–90.4 89.6–90.3 [Br2GaN(H)SiMe3]2 with LiMe,
purification by sublimation at 90◦C

[86]

50 [MeGaN(C6F5)]4 1.972–2.039;
mean 2.008

85.9–88.8 91.5–94.0 Thermolysis at 200◦C of
[Me2GaNH(C6F5)]2

[87]

51 [PhGaNPh]4 1.952–2.041;
mean 2.003

85.9–90.6;
mean 88.64

89.5–92.4;
mean 91.33

Thermolysis [Ph2GaNHPh]2 at 180◦C
(2 h) in vacuum

[88]

52 (C6F5)HNGa(MesGa)3(�3-NC6F5)4 2.001–2.023 85–89; mean
87.9

>90 Thermolysis [Mes2GaNHC6F5]2 [84]

54 [(MeInNtBu]4 2.191–2.196;
mean 2.193

86.5–86.6;
mean 86.5

93.3–93.4;
mean 93.4

MeInCl2 + LiNH tBu in Et2O, r.t. [90]

55 [ClInNtBu]4 2.176–2.189;
mean 2.181

87.3–88.0;
mean 87.7

92.1–92.7;
mean 92.3

InCl3 + LiNH tBu in THF [89]

56 [BrInNtBu]4 2.177–2.191;
mean 2.185

86.5–88.4;
mean 87.5

91.7–93.7;
mean 92.5

InBr3 + LiNH tBu in THF [89]

57 [IInN tBu]4 2.190–2.202;
mean 2.194

87.0–88.0;
mean 87.6

92.1–92.8;
mean 92.4

InI3 + LiNH tBu in THF [89]

58 [MeInN(C6F5)]4 2.167–2.227;
mean 2.200

84.3 95.5 Thermolysis at 220◦C of
[Me2InNH(C6F5)]2

[87]

59 [MeIn(THF)N(4-C6H4F)]4 2.136–2.279 83.7–85.8;
mean 84.9

93.7–96.3;
mean 94.9

Thermolysis at 220◦C of
[Me2InNH(4-C6H4F)]2

[83]

61 [ iBuAlPSiPh3]4 2.409–2.417 90.9–92.3 87.7–89.0 Thermolysis at 80◦C of
[ iBu2AlPH(SiPh3)]2

[91]

62a [EtGaPSiMe2(CMe2
iPr)]4 2.411–2.421 90.2–91.9 88.1–89.8 Thermolysis at 180◦C

[Et2GaPHSiMe2(CMe2
iPr)]2

[144]

62b (MesGa)3[GaP(H)Mes](PMes)4toluene 2.410–2.440 86.5–92.4 87.5–92.8 MesGaCl2/GaCl3 + MesPLi2, in THF [92]
63 [ iPrGaPtBu]4 2.414–2.425 89.8–90.2 89.9–90.3 iPrGaCl2 + t-BuPLi2, in THF [93]
65 [(MesGa)3{GaP(H)tBu}(PtBu)4] 2.380–2.497 86.5–89.7 88.9–93.1 MesGaCl2/GaCl3 + tBuPLi2, in THF [93]
66 [{CpFe(CO)2}GaP(SiMe3)]4 2.418–2.438;

mean 2.430
90.35, 90.31;
89.30

{CpFe(CO)2}2GaCl + KP(SiMe3)2

toluene, r.t.
[94]

67 [MesInPMes]44.5THF 2.582–2.623 87.0–88.8 91.0–92.9 MesInCl2 + MesPLi2, r.t., Et2O [95]
68 [ iPrInPSiPh3]4 2.582–2.603;

mean 2.591
87.3–89.7;
mean 88.8

90.4–92.7;
mean 91.2

iPrInI2 + Li2P(SiPh3), r.t., Et2O [96]

69 [{CpMo(CO)3}InPSiMe3]4 2.569–2.623 89.9–91.1 88.6–90.0 {CpMo(CO)3}InCl2 + P(SiMe3)3 in
THF

[97]

70 [EtInPSiiPr3]4 2.566–2.584 89.4–90.31 89.75–90.66 Thermolysis at 60◦C (5 h)
[Et2InP(H)SiiPr3]2 in heptane

[98]

L1 [(ClAl) 4(PSiiPr3)4(OEt2)2] 2.422–2.427 95.7 84.3 AlCl3 with Li2PSiiPr3, in Et2O/heptane [110]
L2 [(ClAl) 4(PSiMeiPr2)4(OEt2)2] 2.398–2.415 96.7 83.3 AlCl3 with Li2PSiMeiPr2, in

Et2O/heptane
[110]

L3 [(ClAl) 4(AsSi{CMe2
iPr}Me2)4(OEt2)2] 2.477–2.505 95.5 84.1 AlCl3 with Li2 AsSi{CMe2

iPr}Me2, in
Et2O/heptane

[64]

L4 [(ClGa)4(SbSiiPr3)4(PnPr2Ph)2] 2.691–2.717 93.7 86.3 From solution of21 in benzene [66]
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Table 7 (Continued)

No. Compound M Y Y M Y M Y M Comments Reference

L5 [(MeAl)2(SnMe2)2(NtBu)4] 1.965–1.982 87.9 92.1 AlMe3 with [Me2Sn NtBu]2 [86]
L6 [(MeGa)2(SnMe2)2(NtBu)4] 2.037–2.052 86.1 93.9 GaMe3 with [Me2Sn NtBu]2 in toluene,

40–50◦C
[148]

L7 [(MeIn)2(SiMe2)2(NtBu)4] 2.256–2.277 87.8 92.2 [149]
L8 [(GaH)(GaH2)(NiPr)(NiPr-N=CMe2)]2 1.971–1.990 89.8 90.2 GaH3NMe2Et with

1,1,4,4-tetramethyl-2,3-diazabutadiene,
r.t.

[102]

L9 [(ClGa)2(BPh)2(NtBu)4] 1.966–2.042 89.9 90.1 GaCl3 with {Li2[PhB(NtBu)2}2 [147]

Bond lengths in angstroms and angles in degrees.

observed in EI mass spectrum, while under similar conditions
the analogous Al4Cp4

∗ exhibits only monomeric species in
the gas phase.

There are also several hydrazine-based structures which
formally correspond to the [RMYR′]4 composition, but pos-
sess M4N8 cores with five-membered rings. These com-
pounds have been recently reviewed by Uhl[8].

Recent X-ray diffraction characterization of Cl, Br, I,
Me-substituted In-containing cubanes allows comparison of
trends in structural properties with change of the halide lig-
ands (Table 10). While experimental InN distances increase
by 0.013Å from Cl to I, theoretically predicted changes are
less pronounced (0.003̊A). Both experimental and predicted
In N In and N In N angles change only marginally.

Metal and pnictogen mixed cubes of the types
[(MxM′

yM′′
z )Y4]H8 and [M4(YxY′

yY′′
z )]H8 (x+y+z= 4; M,

M′, M′′ = Al, Ga, In; Y, Y′, Y′′ = N, P, As) were theoretically
studied in[100]. Their structural parameters resemble those
of non-mixed cubes. The process of the mixed cube genera-
tion is predicted to be thermodynamically favorable at higher
temperatures.

Coordination number 4 on both the metal and pnictogen
centers makes cubanes relatively stable species. Many of
them are volatile and can be purified by vacuum sublima-
tion. [iPrInPSiPh3]4 is relatively stable towards alcoholysis,
but unstable with respect to photolysis and electrochemical
o

nter,
m nor–
a (4-

C6H4F)]4 is coordinated to THF[83]. This observation may
be rationalized in terms of higher coordination number due
to the larger radius of indium. The remarkable adduct be-
tween [HAlNiPr]4 and azopropane (1,2-diisopropyldiazene)
molecule iPrN NiPr, reflecting the acceptor properties of
Al atoms of heterocubane, was observed by Uhl et al.[81].
Upon sublimation, this adduct decomposes to give pure
[HAlN iPr]4 cubane, which indicates rather weak bonding.
Donor–acceptor interaction withiPrN NiPr noticeably
affects bonding in the cubane, resulting in an AlN bond
increase from 1.922 to 1.939 (by 0.017Å) (face of coordina-
tion) and from 1.922 to 1.996 (by 0.074Å) (faces adjacent to
the coordination). At the same time, the AlN bond not con-
nected to the donor–acceptor interacting aluminum atoms,
shortens significantly from 1.922 to 1.898 (by 0.024Å)
[81].

It is probable that interaction of weakly MY bonded
cubanes with donor molecules will result in opening of the
M4Y4 cage. Existence of the series of ladder compounds
L1–L4 of group 13–15 compounds supports this conclusion.
Review of ladder approach has recently appeared in[157],
and cubic tetramers and hexamers are considered as “closed
ladder” structures. Known ladder compoundsL1–L4
have [ClMYR]4D2 composition, which formally corre-
sponds to a cubane interacting with two donor molecules.
Such donor–acceptor interactions prevent formation of
[ f P,
A r
m ers”
i n

ght-me
xidation[96].
Despite a coordination number of 4 on the metal ce

etal atoms in cubanes are able to participate in do
cceptor interactions. Thus, each In atom in [MeIn(THF)N

Fig. 4. Structures of M4Y4R4R′
4 isomers: (a) cubane; (b) planar ei
ClMYR] n cages due to much lower bond energies o
s, Sb-containing cubanes[50]. Upon the removal of dono
olecules, closure to tetramer or hexamer “closed ladd

s expected. Indeed, when synthesis ofL1 was carried out i

mbered ring; (c) tetrahedral cluster with M4 core and YRR′ substituents.
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Table 8
Summary of theoretical studies of tetrameric [RMYR′]4 compounds

[RMYR′]4 rMY YMY MYM S◦
298 Level of theory Reference

Planar [HAlNH]4 D4h 1.787 126.1 143.9 RHF/6-31G∗ [52]
Planar [HAlNH]4 D4h

a 1.797 B3LYP/6-31G∗ [51]
[HAlNH] 4 1.936 89.2 90.8 354.5 B3LYP/LANL2DZ(d,p) [39]
[HAlNH] 4 1.923 89.1 90.9 RHF/DZP [70]
[HAlNH] 4 1.940 89.2 90.8 355.4 B3LYP/TZVP [50]
[HAlNH] 4 1.943 B3LYP/6-31G∗ [51]
[HAlNH] 4 B3LYP/pVDZ [53]
[HAlN(CH3)]4 1.947 90.3 89.6 499.7 B3LYP/pVDZ [53]
[(CH3)AlNH] 4 1.943 89.1 90.9 531.1 B3LYP/pVDZ [53]
[FAlNH] 4 1.925 89.8 90.2 442.4 B3LYP/LANL2DZ(d,p) [39]
Planar [ClAlNH]4 D4h

a 1.770 B3LYP/6-31G∗ [55]
[ClAlNH] 4 1.933 B3LYP/6-31G∗ [55]
[ClAlNH] 4 1.925 89.6 90.4 490.8 B3LYP/LANL2DZ(d,p) [39]
[ClAlNH] 4 1.932 89.4 90.6 492.8 B3LYP/DZP [54]
[BrAlNH] 4 1.929 89.5 90.5 539.9 B3LYP/LANL2DZ(d,p) [39]
[IAlNH] 4 1.928 89.4 90.6 573.7 B3LYP/LANL2DZ(d,p) [39]
[HGaNH]4 1.984 88.0 92.0 399.1 B3LYP/LANL2DZ(d,p) [39]
[HGaNH]4 2.004 87.6 92.4 401.8 B3LYP/TZVP [50]
[HGaNH]4 2.001 87.7 92.3 397.9 B3LYP/pVDZ [71]
[HGaN(CH3)]4 2.007 88.9 91.1 534.1 B3LYP/pVDZ [71]
[(CH3)GaNH]4 2.005 87.6 92.4 580.2 B3LYP/pVDZ [71]
[FGaNH]4 1.973 88.9 91.1 490.7 B3LYP/LANL2DZ(d,p) [39]
Planar [ClGaNH]4 D4h 1.814 131.0 139.0 B3P86/6-311G(d,p) [56]
[ClGaNH]4 1.978 90.0 90.0 B3P86/6-311G(d,p) [56]
[ClGaNH]4 1.974 88.6 91.4 539.9 B3LYP/LANL2DZ(d,p) [39]
[ClGaNH]4 1.992 88.4 91.5 540.7 B3LYP/pVDZ [57]
[BrGaNH]4 1.975 88.5 91.5 588.4 B3LYP/LANL2DZ(d,p) [39]
[IGaNH]4 1.977 88.4 91.6 621.6 B3LYP/LANL2DZ(d,p) [39]
[HInNH]4 2.155 85.8 94.1 442.8 B3LYP/LANL2DZ(d,p) [39]
[HInN(CH3)]4 2.222 87.7 93.2 573.6 B3LYP/pVDZ [53]
[(CH3)InNH]4 2.216 85.0 94.8 642.0 B3LYP/pVDZ [53]
[FInNH]4 2.146 86.6 93.3 539.3 B3LYP/LANL2DZ(d,p) [39]
[ClInNH]4 2.146 86.4 93.5 589.5 B3LYP/LANL2DZ(d,p) [39]
[BrInNH]4 2.147 86.2 93.7 637.9 B3LYP/LANL2DZ(d,p) [39]
[IInNH] 4 2.149 86.1 93.8 670.3 B3LYP/LANL2DZ(d,p) [39]
[HAlPH]4 2.445 88.5 91.5 454.1 B3LYP/LANL2DZ(d,p) [39]
[HAlPH]4 2.438 88.8 91.2 456.1 B3LYP/TZVP [50]
[HAlPH]4 2.434 88.6 91.4 RHF/DZP [70]
[FAlPH]4 2.433 89.8 90.2 546.0 B3LYP/LANL2DZ(d,p) [39]
[ClAlPH]4 2.433 89.5 90.5 593.4 B3LYP/LANL2DZ(d,p) [39]
[BrAlPH]4 2.435 89.3 90.7 642.5 B3LYP/LANL2DZ(d,p) [39]
[IAlPH] 4 2.435 89.1 90.9 676.4 B3LYP/LANL2DZ(d,p) [39]
[HGaPH]4 2.467 87.7 92.3 500.8 B3LYP/LANL2DZ(d,p) [39]
[HGaPH]4 2.449 87.6 92.3 496.8 B3LYP/TZVP [50]
[FGaPH]4 2.458 89.6 90.4 597.8 B3LYP/LANL2DZ(d,p) [39]
[ClGaPH]4 2.456 89.2 90.8 646.0 B3LYP/LANL2DZ(d,p) [39]
[BrGaPH]4 2.458 88.9 91.1 694.1 B3LYP/LANL2DZ(d,p) [39]
[IGaPH]4 2.460 88.6 91.3 727.5 B3LYP/LANL2DZ(d,p) [39]
[HInPH]4 2.638 86.4 93.5 545.6 B3LYP/LANL2DZ(d,p) [39]
[FInPH]4 2.630 88.2 91.8 645.3 B3LYP/LANL2DZ(d,p) [39]
[ClInPH]4 2.628 87.9 92.0 695.3 B3LYP/LANL2DZ(d,p) [39]
[BrInPH]4 2.631 87.6 92.3 744.0 B3LYP/LANL2DZ(d,p) [39]
[IInPH]4 2.633 87.4 92.6 776.6 B3LYP/LANL2DZ(d,p) [39]
[HAlAsH] 4 2.552 88.2 91.8 510.3 B3LYP/LANL2DZ(d,p) [39]
[HAlAsH] 4 2.535 88.3 91.7 508.9 B3LYP/TZVP [50]
[FAlAsH]4 2.540 89.7 90.3 605.3 B3LYP/LANL2DZ(d,p) [39]
[ClAlAsH] 4 2.540 89.3 90.7 651.7 B3LYP/LANL2DZ(d,p) [39]
[BrAlAsH] 4 2.542 89.1 90.9 700.8 B3LYP/LANL2DZ(d,p) [39]
[IAlAsH] 4 2.543 88.9 91.1 734.0 B3LYP/LANL2DZ(d,p) [39]
[HGaAsH]4 2.570 87.5 92.4 556.1 B3LYP/LANL2DZ(d,p) [39]
[HGaAsH]4 2.542 87.4 92.6 552.0 B3LYP/TZVP [50]
[FGaAsH]4 2.561 89.7 90.3 658.3 B3LYP/LANL2DZ(d,p) [39]
[ClGaAsH]4 2.559 89.2 90.8 704.7 B3LYP/LANL2DZ(d,p) [39]
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Table 8(Continued)

[RMYR′]4 rMY YMY MYM S◦
298 Level of theory Reference

[BrGaAsH]4 2.562 89.0 91.0 752.6 B3LYP/LANL2DZ(d,p) [39]
[IGaAsH]4 2.563 88.6 91.4 784.8 B3LYP/LANL2DZ(d,p) [39]
[HInAsH]4 2.736 86.4 93.5 603.0 B3LYP/LANL2DZ(d,p) [39]
[FInAsH]4 2.727 88.5 91.5 709.1 B3LYP/LANL2DZ(d,p) [39]
[ClInAsH]4 2.725 88.2 91.8 756.9 B3LYP/LANL2DZ(d,p) [39]
[BrInAsH]4 2.729 87.9 92.1 805.4 B3LYP/LANL2DZ(d,p) [39]
[IInAsH]4 2.731 87.6 92.4 837.0 B3LYP/LANL2DZ(d,p) [39]

All structures areTd point group if not otherwise indicated. Structural parameters (bond lengths in angstroms and angles in degrees) and standard entropies
S◦

298 in J (mol K)−1.
a Transition state.

Table 9
Relative energyE (kJ mol−1) of the planarD4h isomers with respect toTd cubic structures and difference in MN bond distances (in angstroms):
�R(M–N) =R(M–N) [Td] −R(M–N) [D4h]

Compound E �R(M–N) Method Reference

Planar [HAlNH]4a 272.6 0.146 B3LYP/6-31G∗ [51]
Planar [ClAlNH]4a 271.0 0.163 B3LYP/6-31G∗ [55]
Planar [ClGaNH]4b 187.5 0.164 B3P86/6-311G(d,p) [56]

a Transition state.
b Local minimum.

Table 10
Comparison of the theoretical and experimental structural parameters

Parameter X = Cl X = Br X = I X = Me

Experimental
[89]

Theoretical
[39]

Experimental
[89]

Theoretical
[39]

Experimental
[89]

Theoretical
[39]

Experimental
[90]

Theoretical
[53]a

Mean R(In N) 2.181 2.146 2.185 2.147 2.194 2.149 2.193 2.216
Mean R(In X) 2.321 2.327 2.456 2.493 2.655 2.692
Mean N In N 87.7 86.4 87.5 86.2 87.6 86.1 86.5 85.0
Mean In N In 92.3 93.5 92.5 93.7 92.4 93.8 93.4 94.8

All bond distances in angstroms and all angles in degrees. Experimental values are for [XInNtBu]4 compounds; theoretical B3LYP/LANL2DZ(d,p) values are
for [XInNH] 4 compounds[39].

a B3LYP/pVDZ level of theory.

absence of OEt2, hexameric compound [ClAlPSiiPr3]6 was
formed[110].

Series of mixed group 13–14 metal ladder structures
L5–L7 were observed and structurally characterized. Exam-
ples include the M2Sn2N4 core (M = Al, Ga)[86,148] and

In2Si2N4 [149]. Note that in the reaction of [Me2Sn NtBu]2
with AlMe3 and GaMe3, ladder structures were formed,

while reaction with InMe3 resulted in [MeInNtBu]4 cubane
(54) [86]. However, the In-containing ladderL5 was pro-
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duced when Sn was substituted by Si[149]. The mixed-
metal ladder structure [(ClGa)2(BPh)2(NtBu)4] L9 with a
Ga2B2N4 core was also observed[147]. The analogous in-
dium compound containing In2B2N4 incorporates a bissol-
vated lithium chloride and resulting in coordination num-
ber 5 on In center. Another type of ladder compound
[(GaH)(GaH2)(NiPr)(NiPr-N CMe2)]2 (L8) was reported in
[102]. The unusual [(AlCp∗)6P4] was produced in the reac-
tion of AlCp∗ with P4 [145] and possesses a structure with
some similarity to both ladder and cubane structures:

It should be noted that while P, As-containing cubanes
may form ladder structures with donor molecules, indirect
observations suggest that interaction of nitrogen-containing
cubanes with amines may result in formation of adamantane-
t Me
(
i type
[
f

( truc-
t
w in

Fig. 5. Amido–imido “broken cube” compounds, a proposed intermediates
in cube formation.

the chemical ionization mass spectrum at ca. 310◦C was
assigned to [PhGaNiBu]4, suggesting that conversion of
adamantine-type to cubane-type structure occurs at elevated
temperatures. The major product of pyrolysis ofA2 was
[Ph2GaNHiBu]2, and therefore it was not possible to estab-
lish whether [PhGaNiBu]4 is formed directly fromA2 with
NH2

iBu elimination or from [Ph2GaNHiBu]2 with benzene
elimination. Formation of the Ga4-containing species was
also evidenced in the chemical ionization mass spectrum of
[nHxGa(NMe2)2]2 at 300◦C [166].

Recent theoretical studies of the products of the interac-
tion of [HGaNH]4 with one and two ammonia molecules
suggest that formation of [(GaH)4(NH2)4(NH)2] with the
adamantine-type cage is energetically very favorable at low
temperatures. At temperatures higher than 440◦C, liberation
of extra ammonia and conversion to the cubane structure is
predicted to be thermodynamically favorable[115].

The relationship between the cubane, ladder and
adamantine-type structures is summarized inScheme 5.

Formation of tetrameric cubic imido compounds from
amido compounds supposedly proceed with formation
of open or “broken cube” compounds as intermediates
(Fig. 5). In early NMR studies of imido alanes, the
existence of the amido–imido broken cube intermedi-
ates [(AlH2)(NHR)(AlH)3(NR)3] (Fig. 5a) was evidenced
[22,41]. The optically active amido–imido compound was
p p-
e ”
[ nd
s is of
c

e ladd
ype cages. Thus, reactions of amido alanes HXAlN2
X = H, Cl, Br, I) and primary amine NH2Me resulted
n hydrogen evolution and formation of adamantane-
(AlX) 4(NMe2)4(NMe)2] structures (A1) [162]. Note that its
ormal composition corresponds to [XAlNMe]4*2NMe3.

The analogous gallium compound [(GaPh)4(NHiBu)4
NiBu)2] (A2), which also features an adamantane-type s
ure, has been prepared by reaction of [PhGa(NMe2)2]2
ith NH2

iBu [136]. It is noteworthy that the base peak

Scheme 5. Relationship between th
repared with R = CH(Ph)Me and its catalytic pro
rties have been discussed[128]. The “broken cube

In3Br4(NtBu(NHtBu)3] (Fig. 5b) has been isolated a
tructurally characterized as a byproduct in the synthes
ubane56 [89].

er, cubane and adamantine-type structures.
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3.5. Pentamers

Pentameric compounds have not been isolated. Theoret-
ical studies suggest a structure with at least one M and
one Y atom with coordination number 3.Cs symmetric
structures are due to the planarity of the nitrogen center,
and a pyramidal environment of the P, As atoms results
in asymmetric pentamers[39,51,55]. Observation of ions
[HCl5Al5N5HPr5–Me]+ and [Cl6Al5N5HPr5–Me]+ in the
mass spectra of compounds obtained from the chlorination
of [HAlN iPr]6 with HCl or HgCl2 indicates formation of the
imido–amido pentamer compounds containing one AlHCl
and one NHiPr group[32].

3.6. Hexamers

Fig. 6. (a) Theoretically predicted structure of [BAlGaNPAs]2H12

isomer and (b) structure of the experimentally known dianions
[(InMe2)2(InMe4)(AstBu)6]2− and [(InCl2)2(InCl)4(AstBu)6]2−.

These species are formally formed by dimerization of
trimeric rings and can be produced in high yield by elimina-
tion reactions. The M6Y6 core of these compounds is essen-
tially aD3d symmetric drum, which allows them to withstand
substitution reactions without cage degradation. Several un-
usual compounds (in particular, ferrocene-doped hexamers
drum96) have been produced by substitution route[37]. For
81, full substitution of H into Me groups was not achieved;
mass spectrometry shows that single crystals have half of
the molecules with only five substituted H atoms. Structural
parameters of the compounds are summarized inTable 11.
The M Y bond lengths in the six-membered rings are always
shorter compared to those between those rings.
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Table 11
Experimentally structurally characterized hexameric [RMYR′]6 compounds

No. Compound M Y Y M Y M Y M Comments Reference

72 [HAlN iPr]6 1.898 116.4 123.2 Not mentioned [103]
1.956 91.4 88.5

73 [HAlN nPr]6 1.884–1.892,
mean 1.890

115.2 124.3 Thermolysis LiAlH4 + NH2
nPr [104]

1.953–1.972,
mean 1.959

91.2 88.6

77 [HAlNCH2Ph]6 1.886–1.893 115.25 124.37 Me3NAlH3 + PhCN, toluene, reflux [33]
1.974 88.79–91.26 88.57

78 [HAlNCH2(p-CF3C6H4)]6 1.880–1.902 115.3 124.0 Me3NAlH3 +p-CF3C6H4CN,
toluene, reflux

[33]

1.980, 1.959 90.8, 91.1 88.4, 88.1

80 [HAlNCH2(C4H3S)]6 1.892, 1.894 115.4 124.3 Me3NAlH3 + 2-CN(C4H3S), toluene,
reflux

[34]

1.974 90.8, 90.9 89.0, 88.9

81 [Me0.83H0.17AlN iPr]6[MeAlN iPr]6 1.908–1.926,
mean 1.917

115.7 123.9 Substitution from [HAlNiPr]6 [105]

1.964 91.1–91.6,
mean 91.3

88.3–88.8,
mean 88.5

82 [MeAlNPh]6 1.902–1.922 113.7 126.0 Thermolysis at 180◦C of
[Me2AlNH(Ph)]2

[99]

1.951 90.2–90.7 88.9–89.5

83 [MeAlN(CH2Ph)]6 1.888–1.89 114.2 125.3 Thermolysis of AlMe3 with
NH2(CH2Ph) at 135◦C for 2 h (83%
yield)

[106]

91.4 88.3, 88.5

86 [MeAlN(4-C6H4F)]6·2THF 1.905–1.913 112.8–113.7,
mean 113.3

125.9–127.3,
mean 126.2

Thermolysis
AlMe3 + H2N(4-C6H4F),
crystallization at room temperature in
THF

[83]

1.952 90.1–90.9 88.8–89.6

87 [EtAlNC2H4NMe2]6 1.892–1.910,
mean 1.897

113.3–114.3,
mean 113.9

124.6–126.1,
mean 125.5

Thermolysis of Et2AlNHC2H4NMe2

at 190◦C or
[Et2Al(�-NC2H4NMe2AlEt2)]2 with
NH2C2H4NMe2 at 190◦C

[107]

1.954–1.994,
mean 1.971

90.5–91.9,
mean 91.3

87.8–89.1,
mean 88.5

88 [ClAlN iPr]6 1.898–1.914,
mean 1.906

117.7 122.0 Substitution from [HAlNiPr]6 [105]

1.955 91.6–92.1,
mean 91.8

87.9–88.3,
mean 88.1

89 [ClAlNCH2(C4H3S)]6 1.880, 1.884 115.7 124.6 [HAlNCH2(C4H3S)]6 + SiMe3Cl in
toluene, reflux

[34]

1.972 91.5, 91.8 88.4

90 [BrAlNCH2(C4H3S)]6 1.873, 1.876 114.8 124.7 [HAlNCH2(C4H3S)]6 + SiMe3Br in
toluene, reflux

[34]

1.963 91.2, 91.3 88.6, 88.5

91 [BrAlNPh]6 1.873,1.889 116.4 123.5 [HAlNPh]6 + Me3SiBr in toluene,
reflux

[33]

1.972,1.982 91.9 –

92 [PhC CAlNPh]6 1.876,1.884 114.3 122.12 [HAlNPh]6 + PhC CH in toluene,
reflux

[33]

1.972 91.66 88.3

94 [EtAlNCH2(C4H3S)]6 1.897, 1.898 114.1 125.3 [HAlNCH2(C4H3S)]6 + ZnEt2
THF/toluene, r.t.

[34]

1.987 91.4 88.4

95 [PhSAlNPh]6 1.890, 1.902 115.9 125.1 [HAlNPh]6 + PhSH toluene, reflux [34]
1.975, 1.973 90.6 88.3
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Table 11 (Continued)

No. Compound M Y Y M Y M Y M Comments Reference

96 [CpFeC5H4C CAlNCH2(C4H3S)]6 1.887, 1.882 115.4 123.9 [HAlNCH2(C4H3S)]6 +
CpFeC5H4C CH, toluene, reflux

[37]

1.981 92.0 87.6

97 [MeGaNiBu]6 1.937–1.955 113.8 125.7 Thermolysis at 160◦C
[(Me2GaN(iBu)SnMe3)]2, with
SnMe4 elimination

[24]

2.067 90.6–91.1 88.6–89.1

99 [MeGaN(4-C6H4F)]6·7THF 1.967–1.971 114.1 125.9 Thermolysis at 205◦C
[Me2GaNH(4-C6H4F)]2

[83]

2.033 89.3–89.4 90.3–90.4

100 [EtGaNEt]6 1.957–1.961 114.3 125.5 [EtGa(NMe2)2]2 + EtNH2

r.t.—glassy solid; glassy solid at
115◦C in toluene for 6 h

[108]

2.041 90.0, 90.1 89.7

103 [MeAlPSiiPr3]6 2.379–2.387 122.4 Thermolysis [Me2AlP(H)SiiPr3]2 [109]
2.430 84.2

104 [ClAlPSiiPr3]6 2.397, 2.407 115.0 120.2 AlCl3 + Li2P(SiiPr3), heptane (in
heptane/ether—ladder structures
with DA bond)

[110]

2.415 97.9 81.8

105 [EtInP(SiMe2CMe2
iPr)]6 2.566–2.633 111.0–113.5 125.3–128.1 InEt3 + H2PSiMe2CMe2

iPr [98]
90.6–91.8 87.6–89.0

106 [HAlAsSi iPr3]6 2.464–2.470 115.4 122.5–123.7 Thermolysis of
H3AlNMe3 + H2AsSiiPr3, 110◦C

[65]

2.504–2.511 94.8–95.3 84.5–85.1

Bond lengths in angstroms and angles in degrees. Data in the first row are for six-membered rings; in the second row, for four-membered rings.

Theoretical studies of hexamer compounds are summa-
rized inTable 12. As expected, alternative planar (D6h point
group) structures with coordination number 3 on M and
Y centers are much higher in energy (689 kJ mol−1 for
[HAlNH] 6 [51]).

Theoretical considerations of dimerization of “true
inorganic benzenes” [BAlGaNPAs]H6 lead to structures
[BAlGaNPAs]2H12, in which no B As bonds are formed
[50] (Fig. 6a). These structures are analogous to those
reported by Neum̈uller and co-workers for the dianions in the

salt [Li(DME)3]2[(InMe2)2(InMe4)(AstBu)6]·2DME [146]
and [Li(THF)4]2[(InCl2)2(InCl)4(AstBu)6] [156] (Fig. 6b).
F s of
r za-

tion of Y center. Since metalarsenic bonds are the weakest in
series Y = N, P, As[50], their formation does not compensate
the high reorganization energy of the As center (values for
planarization of YH3 molecules are 30, 149 and 192 kJ mol−1

for Y = N, P and As, respectively[76]). Formation of Ga6E6
structures (E = O, S) analogous to those given inFig. 6b as
precursors to 13–16 hexamer drums was discussed by Barron
and co-workers[167].

3.7. Heptamers

Structurally characterized heptamers and octamers are still
rare (Table 13). The cage of the heptamer can be viewed as
a a
g . It is
ormation of such structures can be rationalized in term
ivalry between formation of MY bonds and pyramidali
combination of two M4Y4 cubes, the first cube omitting
roup 13 atom and second one omitting a group 15 atom
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Table 12
Summary of theoretical studies of hexameric [RMYR′]6 imido compounds (D3d point group)
[RMYR′]6 r(M Y) (six-

membered)
r(M Y) (four-
membered)

∠YMY (six-
membered)

∠MYM (six-
membered)

∠YMY (four-
membered)

∠MYM (four-
membered)

S◦
298 �H◦

298 �S◦
298 Level of theory Reference

[HAlNH] 6 1.906 1.977 113.6 126.4 89.5 90.1 455.5 −146.8 66.2 B3LYP/LANL2DZ(d,p) [39]
[HAlNH] 6 1.911 1.980 113.7 126.2 89.5 90.2 447.5 B3LYP/TZVP [50]
[HAlNH] 6 1.913 1.982 114.0 125.9 B3LYP/6-31G∗ [51]

[HAlN(CH3)]6 1.919 1.984 116.4 123.2 90.9 88.9 668.9 B3LYP/pVDZ [53]
1.920 1.985 116.6 123.5

[(CH3)AlNH] 6 1.914 1.984 113.3 126.3 89.4 90.3 730.3 B3LYP/pVDZ [53]
1.916 113.6 126.7

[FAlNH] 6 1.894 1.964 114.6 125.2 90.1 89.8 586.8 267.8 107.5 B3LYP/LANL2DZ(d,p) [39]
[ClAlNH] 6 1.895 1.965 114.5 125.4 89.8 90.0 658.2 175.1 113.9 B3LYP/LANL2DZ(d,p) [39]
[ClAlNH] 6 1.901 1.972 114.5 125.4 89.6 90.2 651.8 B3LYP/DZP [54]
[ClAlNH] 6 1.903 1.972 B3LYP/6-31G∗ [55]
[BrAlNH] 6 1.897 1.967 114.3 125.6 89.7 90.0 731.6 158.3 112.5 B3LYP/LANL2DZ(d,p) [39]
[IAlNH] 6 1.899 1.968 114.3 125.7 89.6 90.1 782.3 125.6 112.7 B3LYP/LANL2DZ(d,p) [39]
[HGaNH]6 1.946 2.040 113.6 126.6 88.4 91.3 523.8 −79.0 64.3 B3LYP/LANL2DZ(d,p) [39]
[HGaNH]6 1.967 2.051 113.5 126.5 88.1 91.5 524.9 B3LYP/pVDZ [71]
[HGaN(CH3)]6 1.975 2.053 116.7 123.3 89.7 90.2 721.9 B3LYP/pVDZ [71]
[(CH3)GaNH]6 1.970 2.056 113.2 126.8 88.1 91.5 807.3 B3LYP/pVDZ [71]
[(CH3)GaNH]6 1.968 2.054 113.3 126.7 88.1 91.5 524.5 B3LYP/TZVP [50]
[FGaNH]6 1.931 2.028 115.7 124.3 89.0 90.9 661.6 224.6 122.4 B3LYP/LANL2DZ(d,p) [39]
[ClGaNH]6 1.932 2.028 115.3 124.8 88.8 91.1 734.8 177.1 105.2 B3LYP/LANL2DZ(d,p) [39]
[ClGaNH]6 1.954 2.044 115.4 124.7 88.6 91.2 738.4 B3LYP/pVDZ [57]
[BrGaNH]6 1.936 2.029 115.1 125.0 88.7 91.2 807.2 178.2 101.1 B3LYP/LANL2DZ(d,p) [39]
[IGaNH]6 1.939 2.030 114.9 125.1 88.5 91.2 857.0 164.2 106.9 B3LYP/LANL2DZ(d,p) [39]
[HInNH]6 2.118 2.209 112.8 127.3 86.0 93.6 594.5 −64.3 58.0 B3LYP/LANL2DZ(d,p) [39]

[HInN(CH3)]6 2.195 2.266 116.9 123.3 87.2 92.6 800.7 B3LYP/pVDZ [53]
2.192 2.264 116.3 123.8 87.3

[(CH3)InNH]6 2.185 2.262 112.3 126.9 85.5 94.1 – B3LYP/pVDZ [53]
2.186 113.0 127.8

[FInNH]6 2.105 2.204 115.1 124.8 86.6 93.2 741.1 226.3 113.9 B3LYP/LANL2DZ(d,p) [39]
[ClInNH]6 2.105 2.202 111.8 125.0 86.3 93.5 815.9 204.7 118.6 B3LYP/LANL2DZ(d,p) [39]
[BrInNH]6 2.108 2.203 114.5 125.3 86.2 93.6 888.1 222.5 120.1 B3LYP/LANL2DZ(d,p) [39]
[IInNH] 6 2.110 2.203 114.2 125.4 86.1 93.6 938.1 217.3 118.6 B3LYP/LANL2DZ(d,p) [39]

[HAlPH]6 2.428 2.452 111.5 128.1 90.2 89.2 607.3 −80.2 64.4 B3LYP/LANL2DZ(d,p) [39]
[HAlPH]6 2.423 2.446 111.4 127.9 90.7 88.7 615.7 B3LYP/TZVP [50]
[FAlPH]6 2.422 2.437 113.0 126.4 90.9 88.7 743.2 325.2 111.5 B3LYP/LANL2DZ(d,p) [39]
[ClAlPH]6 2.421 2.437 112.7 126.8 90.6 88.9 813.1 230.9 118.1 B3LYP/LANL2DZ(d,p) [39]
[BrAlPH]6 2.423 2.439 112.6 126.9 90.5 89.1 887.4 212.8 117.6 B3LYP/LANL2DZ(d,p) [39]
[IAlPH] 6 2.423 2.441 112.5 127.1 90.4 89.1 938.9 179.3 117.9 B3LYP/LANL2DZ(d,p) [39]
[HGaPH]6 2.449 2.474 112.0 128.0 88.8 90.7 676.8 −62.4 62.1 B3LYP/LANL2DZ(d,p) [39]
[HGaPH]6 2.431 2.453 112.3 127.6 88.7 90.8 674.4 B3LYP/TZVP [50]
[FGaPH]6 2.442 2.467 115.0 124.8 90.0 89.8 823.5 223.8 105.3 B3LYP/LANL2DZ(d,p) [39]
[ClGaPH]6 2.441 2.464 114.4 125.6 89.7 90.1 893.9 177.7 110.9 B3LYP/LANL2DZ(d,p) [39]
[BrGaPH]6 2.443 2.465 114.0 125.9 89.5 90.2 967.2 178.7 111.7 B3LYP/LANL2DZ(d,p) [39]
[IGaPH]6 2.445 2.465 113.5 126.4 89.4 90.3 1017.7 165.4 112.6 B3LYP/LANL2DZ(d,p) [39]
[HInPH]6 2.622 2.652 111.0 129.2 87.3 92.0 748.6 −87.7 55.1 B3LYP/LANL2DZ(d,p) [39]
[FInPH]6 2.612 2.649 114.2 125.8 88.5 91.2 901.0 186.8 95.5 B3LYP/LANL2DZ(d,p) [39]
[ClInPH]6 2.612 2.644 113.7 126.4 88.3 91.4 973.4 164.9 102.6 B3LYP/LANL2DZ(d,p) [39]
[BrInPH]6 2.615 2.646 113.3 126.8 88.0 91.6 1046.2 182.7 104.2 B3LYP/LANL2DZ(d,p) [39]
[IInPH]6 2.618 2.647 112.8 127.3 87.9 91.7 1097.8 178.2 104.9 B3LYP/LANL2DZ(d,p) [39]
[HAlAsH] 6 2.539 2.553 111.3 128.3 89.8 89.6 692.5 −93.7 61.5 B3LYP/LANL2DZ(d,p) [39]
[HAlAsH] 6 2.521 2.538 111.2 128.3 90.0 89.4 696.1 B3LYP/TZVP [50]
[FAlAsH]6 2.532 2.540 112.8 126.6 90.8 88.8 831.5 311.0 109.2 B3LYP/LANL2DZ(d,p) [39]
[ClAlAsH] 6 2.530 2.541 112.6 127.1 90.3 89.2 900.6 215.6 116.8 B3LYP/LANL2DZ(d,p) [39]
[BrAlAsH] 6 2.533 2.542 112.6 127.0 90.3 89.2 974.6 196.7 116.2 B3LYP/LANL2DZ(d,p) [39]
[IAlAsH] 6 2.534 2.544 112.3 127.3 90.1 89.4 1025.7 162.3 116.0 B3LYP/LANL2DZ(d,p) [39]
[HGaAsH]6 2.557 2.569 111.7 128.3 88.5 90.9 759.1 −81.6 58.4 B3LYP/LANL2DZ(d,p) [39]
[HGaAsH]6 2.530 2.539 119.9 128.1 88.3 91.1 756.3 B3LYP/TZVP [50]
[FGaAsH]6 2.551 2.560 114.5 125.3 90.2 89.5 909.7 202.9 104.4 B3LYP/LANL2DZ(d,p) [39]
[ClGaAsH]6 2.549 2.558 113.8 126.1 89.7 90.0 978.3 155.5 109.5 B3LYP/LANL2DZ(d,p) [39]
[BrGaAsH]6 2.552 2.560 113.4 126.4 89.5 90.1 1051.2 156.3 110.2 B3LYP/LANL2DZ(d,p) [39]
[IGaAsH]6 2.554 2.560 112.8 127.0 89.4 90.2 1101.1 142.3 110.4 B3LYP/LANL2DZ(d,p) [39]
[HInAsH]6 2.726 2.738 110.3 129.8 87.4 91.8 833.0 −113.2 52.8 B3LYP/LANL2DZ(d,p) [39]
[FInAsH]6 2.721 2.730 113.1 126.8 89.2 90.4 991.7 159.8 96.1 B3LYP/LANL2DZ(d,p) [39]
[ClInAsH]6 2.718 2.729 112.8 127.2 88.8 90.7 1061.2 136.9 102.8 B3LYP/LANL2DZ(d,p) [39]
[BrInAsH]6 2.722 2.731 112.4 127.6 88.6 90.9 1133.6 154.6 104.5 B3LYP/LANL2DZ(d,p) [39]
[IInAsH]6 2.724 2.733 112.0 128.0 88.3 91.1 1184.1 149.7 104.0 B3LYP/LANL2DZ(d,p) [39]

Standard enthalpies�H◦
298 (kJ mol−1) and standard entropies�S◦

298 (J (mol K)−1) for the formation of the hexameric [RMYR′]6 imido compounds from the
donor–acceptor complexes: [MR3(YR3

′)] = 1
6 [RMYR′]6 + 2RR′. Structural parameters (bond lengths in angstroms and angles in degrees), dipole moments,µ,

in Debye and standard entropiesS◦
298 in J (mol K)−1.
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Table 13
Experimentally structurally characterized heptamer and octamer compounds

No. Compound M Y Y M Y M Y M Comments Reference

111 [MeAlNMe]7 1.910 mean 108.7–111.1 117.7–123.5 Synthesis in reference[111] [112]
88.4–93.0 85.9–91.7 Thermolysis of Me3Al NH2Me at 215◦C

in toluene
114 [HAlNCH2Ad]7 Hex 1.911 112.7–113.9 115.4–116.0 AlH3 NMe3 + 1-AdCN in boiling toluene [35]

Interm 1.943–1.920 90.6–91.6 86.8–88.6
Sq 1.937–1.941 89.0 86.9

115 [HAlPSi(CMe2
iPr)Me2]7 2.395 AlH3 NMe3 + PH2{Si(CMe2

iPr)Me2} [109]

116 [PhGaNMe]7 Hex 1.932–1.956 108.7–111.99 117.31–120.48 Thermolysis of [Ph2GaNHPh]2 for 6 h at
220◦C in dodecane or 4 h in vacuum

[88]

Interm 1.968–1.999 88.07 88.41
Sq 1.982–1.995 89.92 90.98

119 [HAlN nPr]8 1.878–1.947 114.1 mean 120.8 mean As reported in[141]: Al + nPrNH2 at 180◦C,
toluene, 16 h, p(H2) = 200 kg cm−2

[104]

Mean 1.916 91.2 mean 88.8 mean

Bond lengths in angstroms and angles in degrees.

remarkable that existence of such a cube lacking a group 15
atom was experimentally evidenced: the Al4P3 cage is present
in the anion of Li(thf)4+[(Me2Al)3AlMe(PR)3]− (resulting

from the reaction of [Me2AlP(iPr3Si)H]3 with tBuLi and
Me2AlCl in 1:2:1 ratio)[109]. Heptamer115was crystallized
and structurally characterized from the solution, which con-
tained mostly hexamers[109]. Attempt to produce [FAlNR′]7
by substitution from [HAlNR′]7 was unsuccessful. Full sub-
stitution was not achieved and a resulting compound114has
lower stability[35]. The relationship between the bulkiness
o n of
t
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3.8. Octamers

All known octamers have an aluminum–nitrogen core.
In [114], [MeAlNMe]8 was obtained by pyrolysis of
[Me2AlNHMe]3, but no structural data are available. The
only structurally characterized octamer is119. Attempts to
produce chlorinated octamers via substitution reactions were
unsuccessful. Upon chlorination, octamer compound119was
found to disproportionate into hexamer and decamer (X cor-
r

2

H
(
c y
2 om
1 -
n

for
[
[

f the terminal groups and the degree of oligomerizatio
he cages was also discussed[35].

With one exception, all known heptamers are
ontaining species. Only recently, the first example of
amer with Ga7N7 core116was synthesized by thermo
is of [Ph2GaNHMe]2 and structurally characterized[88].
lternatively,116 is formed from amido–imido compoun

(GaPh)7(NHMe)4(NMe)5] at 340◦C, as indicated in th
hemical ionization mass spectra[136].

Theoretical studies of heptameric compounds [HAlN7
nd [RGaNH]7 (R = H, Me) were performed in[51,115], re-
pectively. In[55], the alternative structure of [ClAlNH7
ith three coordinated Al and N centers was considered
esponds to H or Cl)[32]:

[XAlN nPr]8 = [XAlN nPr]6 + [XAlN nPr]10 (15)

owever, theoretical studies of [HMYH]n oligomers
n= 1–16, M = Al, Ga, In; Y = N, P, As) [117] indi-
ate that the gas phase reaction(15) is endothermic b
0–40 kJ mol−1 (entropy change is small and ranges fr
.5 to 4.1 J (mol K)−1) and thus process(15) is thermody
amically unfavorable for all MY pairs.

Theoretical studies have also been performed
HAlNH] 8 [51], [ClAlNH] 8 [55] and [RGaNH]8 (R = H, Me)
115].
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3.9. Higher oligomers and polymers

It is well known that the size of the substituent in-
fluences the degree of oligomerization. With less bulky
substituents, oligomers with high degrees of oligomeriza-
tion and polymers can be obtained. Polymeric species
were predominant in the first synthetic reports. Forma-
tion of polymeric compound [ClAlNMe]n from AlEt2Cl
and NH2Me was observed[4]. It was noted that in
rapid pyrolysis of [AlEt2Cl(NH2Me)] at 160◦C, the solid
product had an intermediate, “amido–imido” composi-
tion [(EtClAlNMeH)(ClAlNMe)]x. Prolonged heating at
210–220◦C resulted in white, non-volatile highly poly-
meric solid material [ClAlNMe]n insoluble in benzene,
carbon tetrachloride pentane and heptane. Two- and
three-dimensional network structures were suggested for
[ClAlNMe] n [4].

Polymeric imides [RAlN(CH2)2NAlR]x (R = Me, Et)
formed on the basis of bidentate donor ethylendiamine are
reported in[124]. They are formed according to the reaction
sequence(16):

R3AlNH2(CH2)2NH2AlR3
−2RH−→ R2AlNH(CH2)2NHAlR2

−2RH−→ 1
x
[RAlN(CH2)2NAlR]x (16)

E CS
c d
s heat-
i

[

Pyrolysis of the obtained polymeric materials [RAlN-
(CH2)2NAlR]x in ammonia atmosphere results in formation
of an off-white crystalline AlN phase at 400–650◦C, and
further heating at 1000◦C results in improved crystallinity
[124]. Reaction of LiAlH4 with NH4X resulted in polymeric
[HAlNH] n, which was converted to microcrystalline AlN at
950◦C [153].

Slightly off-white [HGaNH]n solid with mp > 270◦C was
produced by the reaction of cyclotrigallazane [H2GaNH2]3
with ammonia at 150◦C [119,120]or, alternatively, by the
reaction of [HGa(NMe2)2]2 with excess of ammonia at room
temperature[116]. Analogous reaction of [HGa(NMe2)2]2
with excess of NH2Me resulted in [HGaNMe]n poly-
mers [116]. It was proposed that gallazane-based adducts
[H2GaNH2(NH3)] equilibrate via a ligand redistribution re-
action and that the formation of [HGaNH]n results in NH3
elimination from a diaminogalliumhydride [HGa(NH2)2]
(seeScheme 6) [119]. In an earlier study[121], cyclotri-
gallazane [H2GaNH2]3 was found to decompose with evo-
lution of H2 and ammonia and formation of the polymeric
product, insoluble in Et2O (not characterized). Its pyroly-
sis at 300–600◦C leads to gray GaN. The authors[121]
suggested elimination–condensation(18) and deamination
(19) reactions. Excess ammonia used in subsequent studies
[116,119,120]probably reduces the operation of deamination
reactions(19).

{

{

res
o can-

ersion
limination enthalpies for R = Me were obtained from D
urves (−142.3 and−135.3 kJ mol−1, for first and secon
teps, respectively). Ethylene loss is observed on further
ng for R = Et(17):

EtAlN(CH2)2NAlEt]x = [HAlN(CH2)2NAlEt]x + xC2H4

(17)

Scheme 6. Proposed pathway for conv
H2GaNH2} = { (H)GaN(H) } + H2 (18)

GaNH2} + {H2NGa } = { GaN(H)Ga } + NH3 (19)

The authors[119] considered several possible structu
f [HGaNH]n imido gallanes and concluded that the best

of cyclotrigallazane to [HGaNH]n in ammonia.
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Fig. 7. Structures of theoretically studied [HMYH]n oligomers.

didate is the planar hexagonal network. Another alternative
is a molecular cluster that is large enough to be insoluble, or
more complex (perhaps microporous) solid-state structures
[119].

Intermediate formation of zinc-blende InP cluster frag-
ments, with external faces terminated by residual IntBu and
P H groups was discussed in[118]. [tBu2InPH2]3 undergoes
alkane elimination, the last step of which is catalyzed by the
protic reagents MeOH, PhSH, Et2NH, PhCOOH(20).

[tBu2InPH2]3 = InP + 6tBuH (20)

A mechanism of catalytic activity was proposed, which
includes “stereochemically disfavored elimination–
condensation steps”. The resulting product was polycrys-
talline InP fibers[118]. Formation of polymeric material
[ClInPSiMe3]n was observed in the reaction of InCl3 with
P(SiMe3)3 at 150◦C [158]. On further heating (650◦C),
polymeric material was converted to InP. Insoluble residues
of [tBuGaYH]n (Y = P, As) have been produced by reaction
of GatBu3 and YH3 [159]. No further characterization of
compounds has been made.

There are some theoretical studies of imido compounds
with high degrees of oligomerization. Fullerene-like cages
[HMYH] 12 (M = B, Al; Y = N, P) were theoretically studied
by Silaghj-Dumitrescu et al. at the AM1 level of theory[150].
In ab initio theoretical studies, [HAlNH]n (n= 1–15) [51],
[ClAlNH] n (n= 1–10)[55] and [HGaNH]n series (n= 7–16)
[115]were explored. Formation of gas phase [HMYH]n com-
pounds (M = Al, Ga, In; Y = N, P, As;n= 1–16) was studied
at the B3LYP/LANL2DZ(d,p) level of theory[117]. It was
shown that formation of gas phase clusters from the corre-
sponding hydrides (Eq.(21)) is thermodynamically favorable
even at high temperatures.

MH3 + YH3 = 1
n
[HMYH] n + 2H2 (21)

Structures of the theoretically studied compounds are given
in Fig. 7(taken from[115]).

Stability of the needle-shaped (Fig. 8a, c and e) versus
fullerene-like (Fig. 8b, d and e) isomers of [HGaNH]n (n= 10,
13, 16) was discussed in[115]. Needle-like isomers are pre-
dicted to be more stable compared to cage structures, and
their stability is increased with increase in the degree of
oligomerizationn [115]. This result has been recently gener-
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Fig. 8. Structures of needle-shaped and fullerene-like [HMYH]n isomers.

alized for all [HMYH]n compounds (M = Al, Ga, In; Y = N,
P, As) [154]. The energy difference between needle-shaped
and fullerene-like isomers is given inTable 14.

High stability of needle-shaped oligomers prompted
the proposal of a mechanistic pathway for their for-
mation, which involves subsequent condensation of
[H2MYH2]3 amido trimers [154]. Interestingly, needle-
shaped structure terminated by OH groups was re-
cently reported by Neum̈uller and co-workers for the
In As cage compound [(InMe)9(AstBu)8(OH)2]2.5THF
[146].

Synthesis and characterization of needle-shaped
oligomeric rods [RGaNH]n (R = Me, Et, Bu, Hx) have been
accomplished just recently[170].

3.10. Tendencies in structural properties

Fig. 9 presents trends in the AlN and Al P bond dis-
tances as a function of the degree of oligomerizationn. Mean
experimental values of the AlN and Al P bond distances are
also shown inFig. 9 for comparison. There is a good agree-
ment between experimental and theoretical values. Trends for

Table 14
Relative energiesErel (kJ mol−1) for needle-shaped [HMYH]n isomers with respect to fullerene-like and standard enthalpies�H◦

298 (kJ mol−1) and entropies
�S◦

298 (J (mol K)−1) of formation of needle-shaped oligomers from MH3 and YH3 (Eq.(21))

Compound n= 10 n= 13 n= 16

Erel �H◦
298 �S◦

298 Erel �H◦
298 �S◦

298 Erel �H◦
298 �S◦

298

[HBNH]n 13.0 −195.7 −77.5 −86.6 −201.4 −82.7 −200.0 −205.0 −85.9
[HBPH]n −3.7 −88.0 −78.3 −34.0 −96.9 −83.5 −55.1 −102.5 −86.6
[HBAsH]n 0.2 −62.1 −77.9 −26.9 −70.7 −83.0 −30.1 −76.1 −86.1
[HAlNH] n 0.9 −258.9 −77.1 −73.8 −263.3 −81.9 −84.7 −266.1 −84.9
[HAlPH]n −6.8 −131.9 −70.1 −38.0 −137.5 −74.6 −51.8 −140.6 −77.5
[HAlAsH] n −4.5 −134.1 −68.9 −30.1 −139.4 −73.4 −37.8 −142.5 −76.2
[HGaNH]n 0.2 −170.8 −76.6 −75.6 −175.2 −81.3 −97.9 −177.9 −84.3
[HGaPH]n −8.7 −105.6 −69.4 −40.4 −111.5 −74.0 −58.9 −114.6 −76.8
[HGaAsH]n −3.0 −115.5 −68.4 −28.4 −120.7 −72.9 −35.1 −123.8 −75.7
[HInNH]n −1.7 −145.6 −74.1 −72.4 −149.6 −78.5 −88.3 −151.9 −81.4
[
[

B

HInPH]n −4.6 −121.4 −66.6 −32.1
HInAsH]n −0.3 −139.3 −65.4 −21.7

3LYP/LANL2DZ(d,p) level of theory.
−126.0 −70.8 −34.2 −128.6 −73.5
−143.5 −69.6 −15.6 −146.1 −72.4
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Fig. 9. Mean Al N and Al P distances for theoretically studied [XAlYH]n

(X = H, F, Cl, Br, I) and experimentally known [RAlYR′]n compounds[39].

the all other [XMYH]n species are qualitatively the same. In
general, the MY bond distance increases with the increase in
the degree of oligomerizationn, but this change is not mono-
tonic. The MY bonds in the trimers are shorter compared to
those in the dimers and tetramers. This may be rationalized
in terms of the strain of the four-membered ring.

It seems likely that the large charge separation and
shorter M···M and Y···Y distances in the dimers are re-
sponsible for such high dimer-trimer reorganization energies
(Table 16). As a result, the MY distances in the trimers
are 0.01–0.02̊A shorter compared to those in the dimers.
The M Y distances for the four-membered rings in hex-
amers are also always longer compared to those in the
six-membered rings. Note that if the distances in the four-
and six-membered ring compounds are considered sepa-
rately, the trends monomer < dimer < tetramer < hexamer and
trimer < hexamer are obtained for the four- and six-membered
cycles, respectively.

Further increase of the degree of oligomerization results
in only slight decrease of the mean MY bond distance. For
example, for needle-shaped [HGaNH]n clusters the predicted
mean GaN distances are 2.001, 1.993, 1.991 and 1.990Å
for n= 4, 7, 10 and 13, respectively[115].

As may be seen fromFig. 9, the Al N and Al P dis-
tances exhibit a similar trend with the increase in the degree of
oligomerization. There is a good correlation between AlN
b d
c unds
b

t s
h

Table 15
Standard enthalpies (kJ mol−1) of the dissociation of hexamer compounds

Reaction X

CH3 H Cl

[XGaNH]6 = [XGaNH]2 + [XGaNH]4 278 320 375
[XGaNH]6 = 2[XGaNH]3 336 366 407

r(Ga N)theor = 1.1313× r(Al N)theor− 0.2025;

R2 = 0.995 (23)

r(In N)theor = 1.1754× r(Al N)theor− 0.1153;

R2 = 0.996 (24)

Correlation between the AlY and Ga Y/In Y bond dis-
tances is also observed for Y = P, As, but in this case the cor-
relation is less perfect, reflecting the fact that the nature of M
plays some role in the pyramidalization of the Y center[39].

4. Stability and thermodynamic properties of
compounds

4.1. Experimental studies

The majority of experimental studies are focused on the
structures of the compounds. Data on thermodynamic prop-
erties are very limited. The stability of compounds may be
estimated using mass spectrometry data. The high stability of
Al4N4 and Al6N6 frameworks under electron impact is shown
by the almost complete absence in the mass spectra other than
peaks from parent ions, from parent ions minus methyl and
p
o
v frag-
m eric
(
T

[

T com-
p amer
a ocia-
t o
c wn,
e The
t
a nts.

F er
r er
o l
h l
ond distances and GaN (In N) distances for cyclic an
age species, both on the basis of experimental (in compo
earing identical terminal groups2) and theoretical values:

r(Ga N)exp = 1.1875× r(Al N)exp − 0.2928;

R2 = 0.994 (22)

2 Such pairs are available for the tetramers (34and48), (39and50), and
he hexamers (86and99). For dimeric cycles, values of MN bond distance
ave been chosen in5 and11.
eaks atm/z ca. 100 from amine fragments[99]. Analysis
f mass spectra for the hexamer99 [MeGaN(4-C6H4F)]6 re-
eals that under mass spectrometry conditions they do
ent. Major fragments are dimeric (100%) and tetram

10%) species; no trimeric species have been detected[83].
his indicates the dissociation pathway(25).

MeGaN(4-C6H4F)]6 = [MeGaN(4-C6H4F)]2

+ [MeGaN(4-C6H4F)]4 (25)

hese results are in agreement with quantum-chemical
utations of a model species, where dissociation into tetr
nd dimer was found more favorable compared to diss

ion into two trimers (Table 15) [126]. In contrast to amid
ompounds, where dimer–trimer equilibria are well kno
quilibria between imido compounds are less explored.

etramer–hexamer equilibrium (Eq.(26)) is discussed in[99],
nd the ratio depends on the temperature and substitue

1
4[RAlNR′]4 = 1

6[RAlNR′]6 (26)

or [MeAlNC6H4Me-p]n at 200◦C, the tetramer/hexam
atio was 1.5:1[99]. Interconvertion reactions of high
ligomers have also been studied. It was found that A6P6
examers were obtained from solution, and crystals of A7P7
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heptamer115were grown after several months[109]. This
may be compared to slow interconversion of [MeAlNMe]7
and [MeAlNMe]8 in toluene solution at 200◦C, although
it was possible to separate the two by vacuum sublimation
at 10−3 Torr [125]. Since the GaN bond in the clusters
is significantly weaker than the AlN bond [57], the rear-
rangement of imido gallanes proceeds more easily compared
to that of imido alanes. Thus, an effective conversion of
other clusters in the family of [EtGaNEt]n to [EtGaNEt]6
hexamers was observed at 115◦C in toluene solution[108].
Easy reactions of [PhGa(NMe2)]2 with excess of NH2R
produced amido–imido clusters [(PhGa)4(NHiBu)4(NiBu)2]
and [(PhGa)7(NHMe)4(NMe5)], which exhibit ions cor-
responding to [PhGaNiBu]4 and [PhGaNMe]7 [136] in
the mass spectrum, indicating the non-rigid nature of
gallium–nitrogen cages.

4.2. Theoretical studies of thermodynamic properties

Extensive theoretical studies of thermodynamic proper-
ties of imido compounds have recently been performed.
Energetics of the dimerization of [HAlYH]2 rings was
studied by Davy and Schaefer at the CISD level of
theory [70,72]. In more detail, thermodynamic proper-
ties of imido and related compounds were studied in

[39,51,54,55,57,59,71,117,126,142,143]. Pioneering theo-
retical study of the ClAl N H system by Timoshkin et al.
showed for the first time that formation of imido compounds
in the gas phase may be energetically viable[54]. Subsequent
studies of H Al N H [51], Cl Al NH [55], Cl Ga N H
[56,57]and H Ga N H, Me Ga N H, H Ga N Me sys-
tems[44,71,115]have been performed. It was shown that
generation of imido compounds starting from X3M and
YH3 is favorable for X = H, Me; unfavorable for X = F, Cl,
Br, I (with exception of generation of [IAlNH]6 from AlI3
and NH3) [126]. Considering [MeGaNH]n and [HGaNMe]n
isomers, it was concluded that the former orientation of
the substituents is preferable[44,71]. There is a correla-
tion between the degree of oligomerization and the energy
difference between [MeGaNH]n and [HGaNMe]n isomers:
Erel ([HGaNMe]n) = 77.716n− 26.9 kJ mol−1 [126]. Values
of the thermodynamic characteristics for the formation of
hexamer imido compounds from donor–acceptor complexes
[MR3(YR′

3)] are given inTable 12. As can be seen, the pro-
cess of generation with H2 elimination is exothermic, and
with HX (H = F–I) elimination is endothermic. Both pro-
cesses are favorable by entropy; therefore, they are expected
to proceed at elevated temperatures. Subsequent oligomer-
ization enthalpies are provided inTable 16. The energetics
of formation of higher oligomers [n= 7–16] was presented in

T
C reactio

X

n=

H −

F −
C −

B −
I −
H −

M
F −
C −

B −
I −
H −
F −
C −
B −
I

A

able 16
alculated standard enthalpies (kJ mol−1) of subsequent oligomerization

MYH Y N Y P

n= 2 n= 3 n= 4 n= 6a n= 2

AlYH −282 −58 −57 −24 −166
−165b

AlYH −320 −65 −63 −29 −207

lAlYH −312 −64 −61 −27 −173
−301c −63c −57c −26c

rAlYH −305 −62 −59 −26 −168
AlYH −299 −62 −58 −25 −163

GaYH −228 −60 −38 −21 −166
−207d −59d −41d −20d

eGaYH −201d −55d −42d −19d

GaYH −247 −72 −38 −29 −155

lGaYH −246 −69 −37 −27 −137
−221e −68e −42e −26e

rGaYH −241 −68 −36 −26 −134
GaYH −237 −66 −36 −24 −135

InYH −213 −53 −57 −18 −150
InYH −218 −64 −58 −26 −157
lInYH −220 −63 −56 −24 −133
rInYH −217 −62 −55 −23 −131
InYH −215 −60 −54 −22 −127 −
ll data are at B3LYP/LANL2DZ(d,p) level of theory[39], if not otherwise indica
a Values are given for the reaction14 [XMYH] 4 = 1

6[XMYH] 6.
b DZP/CCSD level of theory, calculated using thermochemical cycle from d
c B3LYP/DZP level of theory (ref.[54]).
d B3LYP/pVDZ level of theory (ref.[71]).
e B3LYP/pVDZ level of theory (ref.[57]).
ns given per mole of monomer:1
(n−1) [XMYH] n−1 = 1

n
[XMYH] n

Y As

3 n= 4 n= 6a n= 2 n= 3 n= 4 n= 6a

33 −28 −21 −152 −29 −15 −20

35 −25 −23 −210 −30 −8 −22

34 −26 −22 −178 −30 −9 −21

33 −24 −22 −169 −29 −8 −21
33 −24 −22 −155 −29 −9 −21

35 −10 −19 −168 −32 0.4 −20

39 2 −21 −132 −34 15 −22

37 −0.2 −20 −129 −32 13 −21

36 −0.2 −20 −127 −32 12 −21
35 −1 −20 −124 −31 11 −20

35 −21 −16 −155 −32 −8 −17
38 −10 −20 −162 −33 7 −20
37 −10 −19 −140 −32 6 −19
36 −9 −19 −132 −31 6 −19

36 −10 −18 −125 −31 5 −19

ted.

ata in refs.[48,72].
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[117] and a detailed report on [HGaNH]7–16 oligomers has
appeared recently[115].

5. Reactivity and catalytical properties of imido
compounds

Catalytic activity of oligomeric imido alanes has been in-
vestigated in[127]. The order of catalytic activity for hy-
drogenation of 4-vinylcyclohexene is hexamer≥ octamer
> tetramer. However, catalytic activity of oligomers was
less compared to that of AlH3 adducts. No activity of
[HAlN(CHMePh)]4, [HAlN(CHMePh)]6 in reduction of sul-
foxides was evidenced in[128]. At the same time, the open
cube amido–imido [HAlN(CHMePh)]3AlH2NH(CHMePh)
compound was found to be active in this reaction.

Reaction of cubane [MeAlNMes]4 with Li[PH(C6H11)]
was described in[129] and it leads to an imido anion based
on a Al4P6 cage. The same cubane was used as a transamina-
tion reagent in reaction with�5-(C5H4Me)2TiF2 to produce
[�5-(C5H4Me)TiF(NMes)]2 in low yield [130]. Reactions of
trimer 26with titanocene fluorides have also been reported
[155]. Thus, organoimidoalanes are potentially active transfer
reagents for the imido function to organotitanium fluorides,
due to the high fluorine affinity towards aluminum.

Dimeric [(�5-Cp)AlNTrip]2 was reported to react cleanly
w 2
c

6
m

ride
w d co-
w
p -
g
s
p mers
a
N rgon
a
w oly-
s
r ith
s the
c ).

re-
p ed
b r

[HAlNEt] 8, with presence of other structures, as was shown
by 1H NMR spectroscopy. The compound was pyrolyzed to
yield AlN with carbon content 17.1% (in argon) and 0.1%
(ammonia/H2 atmosphere) and higher ceramic yields (50 and
57%), respectively. In all cases, the final product contained
3.7–7.5 mass% of oxygen, the presence of which is believed
to be due to high sensitivity of products to moisture and oxy-
gen impurities in the carrier gases. The authors[133] specu-
lated that the surfaces of the obtained products are partially
hydrolyzed to form Al OH groups.

Detailed investigation of the pyrolysis of [HAlNiPr]n at
different temperatures appeared in[132]. 1H NMR analysis
of the low temperature (160◦C) pyrolysis products showed
the signals of [HAlNiPr]6, most of the other oligomers disap-
peared. The hexameric compound was observed to partially
sublime at 240–320◦C, and the remaining non-volatile prod-
ucts are supposed to have polymeric cross-linked structure.
Above 340◦C, decomposition with evolution of different or-
ganic molecules was observed.

Significant lowering of the carbon content in ammonia/H2
atmosphere was attributed to reaction of [HAlNR]6 with am-
monia to produce AlNH2 groups to form [H2NAlN iPr]n
[133]. It was suggested by analogy with known reaction
[HAlN iPr]6 with iPrNH2, which resulted in H2 evolution
and formation of cubane structure with amido substituents
[ iPrHNAlNiPr] [40].
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ith 1,3-di-p-tolylcarbodiimide to supposedly form the 2 +
ycloaddition product[17].

. Imido compounds as precursors to 13–15 binary
aterials and composites

Use of imido alanes as precursors to aluminum nit
as demonstrated numerous times by Sugahara an
orkers[131–133]. In 1992, they reported[131] use of the
oly(isopropyliminoalane) [HAlNiPr]n produced by hydro
en elimination fromiPrNH2 and LiAlH4. It mainly con-
isted of the cage-type hexamer [HAlNiPr]6, although the
resence of some other structures (believed to be tetra
s mentioned in subsequent report[132]) was detected by1H
MR spectroscopy. The precursor was converted in a
tmosphere into black solid aluminum nitride (reaction(27))
ith very high (20.6 mass%) carbon contamination. Pyr
is of the same precursor in ammonia/H2 atmosphere[134]
esulted in formation of white solid aluminum nitride w
ignificantly reduced carbon content (0.5%). However,
eramic yield of the final product was relatively low (40%

LiAlH 4 + iPrNH2 −→
−2H2−LiH

1
6[HAlN iPr]6

→ 1
n
[AlN] n + iPrH (27)

Analogous decomposition of ethylimido alane was
orted in[133]. In this case, the polymeric compound form
y reaction of LiAlH4 with EtNH2·HCl was mostly octame
,

4

[HAlN iPr]6 + 12iPrNH2 = 3[iPrHNAlNiPr]4 + 12H2

(28)

t was also observed that in the presence of excessiPrNH2, the
ube compound was converted to dimer [Al(NiPrH)3]2 [40].
ince excess of ammonia is usually employed as carrie

hen similar reactions may occur with all imido compoun
Imido–iodide polymeric materials were used as a G

ource[122]. Polymeric gallium imide [Ga(NH)3/2]n was
sed as starting material to form GaN in the presenc

able 17
tandard enthalpies (kJ mol−1) for elimination reactions X3MNCR =

1
n

[X2MNC]n + RX

eaving molecule M R X n= 1 n= 2 n= 3 n= 4

2 Al H H 11 −77 −132 −142

2 Ga H H 32 −53 −101 −111

2 In H H 39 −64 −100 −105
H4 Al H CH3 −49 −126 −178 −187
H4 Ga H CH3 −42 −114 −158 −165
H4 Al CH3 H 11 −76 −132 −142
H4 Ga CH3 H 20 −65 −113 −122

2H6 Al CH3 CH3 17 −61 −113 −122

2H6 Ga CH3 CH3 19 −53 −97 −104
Cl Al H Cl 184 93 33 24
Cl Ga H Cl 172 89 36 27
Cl In H Cl 192 82 41 35
H3Cl Al CH3 Cl 273 181 122 112
H3Cl Ga CH3 Cl 258 175 121 113

3LYP/pVDZ level of theory[53].
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mineralizer (NH4X) [123]. Note that as was shown in[135],
pyrolysis of [Ga(NEt2)3]2 in ammonia atmosphere leads to
polymeric products according to(29).

[Ga(NEt2)3]2 + NH3 = Ga(NH2)3 = Ga(NH2)(NH)

= Ga(NH)3/2 (29)

The resulting ammonolysis product was converted to mixture
of cubic/hexagonal GaN with 77% ceramic yield (in Ar as
carrier gas atT= 600◦C). Thus, it appears that polymerization
of the imido alanes in ammonia atmosphere has a complicated
pattern and may proceed via intermediate formation of amido
compounds M(NH2)3. Another possibility, of course, is the
formation of adamantane-type cages that were structurally
characterized[136,146,162]and theoretically studied[115].
Insolubility of the oligomeric products in Et2O [121] and
aromatic hydrocarbons[112] suggests high dipole moments
for the oligomers.

Some experimental evidence suggests that formation of
cluster species occurs in the gas phase in the course of the
CVD process. Thus, estimated molecular weight of the in-
termediates responsible for AlN nanoparticle growth from
AlCl3 and NH3 was∼460 amu[168], which agrees well with
molecular weight of the hexameric cluster [ClAlNH]6. In
recent work by Demchuk and co-workers[151], laser irra-
diation has been used to initiate AlN and GaN CVD pro-
c ly,
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Cl, C, H). These experiments indicate resistance of the poly-
meric imido compounds towards Cl elimination. Results ob-
tained for [Br2GaN(H)SiMe3]2 were similar to that of the
Cl-substituted analog.

One possible explanation for the high carbon content ob-
served in case of organometallic precursors may be carbon
inclusion into cluster core due to competitiveness of the ener-
gies of M C and M N bonds. Theoretical studies of MC N
bonded cages [HMCH2NH]n (n= 2–4, 6), which are isomers
of [(CH3)MNH]n imido compounds[53], show that forma-
tion of clusters with [M C N] core is feasible. Thus, the
initial step of the process of carbon incorporation may be
presented as(30).

[(CH3)MNH]n → [HMCH2NH]n (30)

It should be noted that MC N bonded cages
[Mes∗AlCH2NtBu]2 [16b], [HAlCH2-NtBu]4 and [FAlCH2
NtBu]4 [35] have been obtained experimentally and struc-
turally characterized. Preferable elimination of hydrocarbons
over HCl and RCl elimination was experimentally evidenced
in [4]. Thus, thermal decomposition of Et2ClAlNH2Me
adduct resulted in the stepwise evolution of ethane(31).

Et2ClAlNH2Me = 1
m

[EtClAlNHMe]m + C2H6

= 1
n
[ClAlNMe] n + 2C2H6 (31)
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esses from AlMe3, GaMe3 and ammonia. Unexpected
xtensive clustering in the gas phase is evidenced. M
pecies correspond to amido–imido [Me2MNH2·MeMNH]3
ompounds. Formation of the related amido–imido c
ound, [Me2AlNHMe]3[MeAlNMe]4, was suggested

114]. Theoretical studies[115] show that formation of suc
mido–imido structures is viable. Competitiveness of c

ering between NH3 and oxygen-containing donors (H2O,
eOH, MeOMe) was experimentally studied in a rec

eport [151d]. In recent laser irradiation experiments,
hase nanoparticles were observed in situ for AlN, GaN,
OCVD from MMe3 and NH3 [152]. The authors conclude

hat the AlN “parasitic” chemistry is different in nature fro
he corresponding GaN and InN chemistry[152]. These re
ults are in accord with theoretical findings of stronger bo
ng and higher favorability of formation of [HAlNH]n clusters
117,126].

Phosphorus-containing cubanes have been succes
sed for the synthesis of aluminum and indium phosph
hus, [iBuAlPSiPh3]4 was converted to AlP at 500◦C [91].
olycrystalline films of indium phosphide have been gr
n Si(1 0 0) wafers from [iPrInPSiPh3]4 in a horizontal hot
all reactor at 500◦C [96].
Detailed study of thermal decomposition of the am

ompound [Cl2GaN(H)SiMe3]2 was performed by Ca
alt et al.[137]. [ClGaNH]n intermediates were observ
t temperatures below 500◦C. In the temperature interv
00–650◦C, their incomplete decomposition to GaN w
bserved, and at temperatures above 650◦C GaN was pro
uced, but it contained significant amount of impurities
Thermodynamics of elimination reactions from
3MNCR donor–acceptor complexes with formation

X2MNC]n oligomers was considered in[53]. Among sev
ral leaving groups explored, elimination of HCl and CH3Cl
as found endothermic, and H2, CH4 and C2H6—exothermic

Table 17). Formation of [XGaNH]6 clusters from th
onor–acceptor complexes X3GaNH3 follows the same tren

126]:

H3GaNH3 = 1
6[HGaNH]6 + 2H2,

�H◦
298 = −36.9 kJ mol−1 (32)

Me3GaNH3 = 1
6[MeGaNH]6 + 2CH4,

�H◦
298 = −134.9 kJ mol−1 (33)

Cl3GaNH3 = 1
6[ClGaNH]6 + 2HCl,

�H◦
298 = 194.1 kJ mol−1 (34)

It should be mentioned that 13–15 oligomers serve as
ursors not only for binary materials, but also for compos
hus, production of AlSi C N [138,139]and Ti Al N C

140] nanocomposites was achieved on the basis of “hyb
eramic precursors, containing [HAlNiPr]6. They were con
tructed as mixtures of [HAlNiPr]6 and methylcyclosilazan
MeSi(H)NH]n to yield Al Si C N ceramics[138,139],
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Table 18
Summary of experimentally studied [RMYR′]n compounds

M Y No. Compound Melting point (◦C) Structural data Reference

Al N core
3 {HC(MeCDippN)2}AlN-(2,6-Trip2C6H3) 342 No [28]
5 Cp∗{(Me3Si)2N}AlN(�-AlCp∗)(�-Al{N(Si

Me3)2}NAlCp2
∗

194 Yes [26]

6a [Mes∗AlNPh]2 >300 Yes [16a]
6b [Mes∗AlNSiPh3]2 >300 Yes [16b]
6c [Mes∗AlNSiMe3]2 – No [16c]
7 [�5-CpAlNDipp]2 272.5 (turns brown 220.5) Yes [17]
8 [�5-Cp∗AlNSi iPr3]2 173 No [62]
9 [�1-Cp∗AlNSiPh3]2 151 No [62]
10 [�1-Cp∗AlNSitBu3]2 246 Yes [62]
23 [HAlNDipp] 2·2NMe3 >270 No [60]
24 [HAlNDipp] 2·2NEtMe2 110 (decomposition) No [60]
26 [MeAlNDipp]3 272 Yes [73,18]
30 [HAlN iPr]4 63 Yes [80,81]
31a [HAlN tBu]4 – Yes [36]
31b [DAlN tBu]4 – No [164]
32 [Me0.22H0.78AlN tBu]4 – Yes [36]
33 [MeAlN iPr]4 – Yes [80]
34 [MeAlN tBu]4 – Yes [36]
35 [MeAlNMes]4·3C7H8 Yes [18]
36 [MeAlNSiMe3]4 242 (sublimed at 145◦C/10−2 Torr) No [20]
37 [MeAlNSiEt3]4 229–232 No [20]
38 [MeAlNSiPh3]4 Does not melt below 400 No [20]
39 [MeAlN(C6F5)]4 175 Yes [84]
40 [MeAlN(4-C6H4F)]4 179 Yes [83]
41 [MeAlNC6H4Me-o]4 – No [99]
42 [MeAlNC6H4Me-p]4 – No [99]
43 [PhAlNPh]4 – Yes [82]
44 [ iBuAlNSiPh3]4·0.5hexane 360 (decomposition) Yes [20]
45 [ iBuAlNSitBu2H]4 309–310 No [20]
46a [ClAlNSiPh3]4 Does not melt below 400 No [20]
46b [ClAlN tBu]4 – No [164]
47 [Me0.5H0.5AlN tBu]4 – No [36]
L5 [(AlMe)2(SnMe2)2(NtBu)4] Yes [86]
72 [HAlN iPr]6 – Yes [103]
73 [HAlN nPr]6 – Yes [104]
74 [HAlN nBu]6 – No [41]
75 [HAlN iBu]6 – No [41]
76 [HAlN sBu]6 – No [41]
77 [HAlNCH2Ph]6 245 (decomposition) Yes [33]
78 [HAlNCH2(p-CF3C6H4)]6 240 (decomposition) Yes [33]
79 [HAlNCH2(p-MeC6H4)]6 233 (decomposition) No [33]
80 [HAlNCH2(C4H3S)]6 238–240 Yes [34]
81 [Me0.83H0.17AlN iPr]6[MeAlN iPr]6 (MS analysis

shows that single crystals have half molecules with
only 5 substituted H atoms)

– Yes [105]

82 [MeAlNPh]6 >320 Yes [99]
83 [MeAlN(CH2Ph)]6 328 (decomposition) Yes [106]
84 [MeAlNC6H4Me-p]6 – No [99]
85 [MeAlNC2H4NMe2]6 167 No [107]
86 [MeAlN(4-C6H4F)]6·2THF 179 Yes [83]
87 [EtAlNC2H4NMe2]6 179 Yes [107]
88 [ClAlN iPr]6 – Yes [105]
89 [ClAlNCH2(C4H3S)]6 218–223 Yes [34]
90 [BrAlNCH2(C4H3S)]6 284–287 Yes [34]
91 [BrAlNCH2Ph]6 296 (decomposition) Yes [33]
92 [PhC CAlNCH2Ph]6 293 (decomposition) Yes [33]
93 [PhC CAlNCH2(C4H3S)]6 270 (decomposition) No [34]
94 [EtAlNCH2(C4H3S)]6 262 Yes [34]
95 [PhSAlNCH2Ph]6 – Yes [34]
96 [CpFeC5H4C CAlNCH2(C4H3S)]6 297 (decomposition) Yes [37]
109 [HAlNEt] 7 – No [41]
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Table 18 (Continued)

M Y No. Compound Melting point (◦C) Structural data Reference

110 [HAlN nBu]7 – No [41]
111 [MeAlNMe]7 – Yes [111,112]
112 [EtAlNMe]7 – No [112,113]
113 [HAlNCH2(1-Ad)]7 – Yes [35]
114 [F0.32H0.68AlNCH2(1-Ad)]7 – Yes [35]
117 [HAlNEt] 8 – No [41]
118 [HAlN nBu]8 – No [41]
119 [HAlN nPr]8 – Yes [104]
120 [MeAlNMe]8 Sublimates in vacuum at 180 No [114]
121 [EtAlNEt]8 – No [113]

Ga N core
1 {C6H3-2,6-Dipp2}GaN{C6H3-2,6(Xyl-4-tBu2)} 215–216 Yes [29]
4 {HC(MeCDippN)2}GaN-(2,6-Trip2C6H3) 229–230 Yes [28]
11 [�1-Cp∗GaNXyl]2 210–220 (slow decomposition) Yes [27]
48 [MeGaNtBu]4 328 (sublimed at 140◦C/10−3 hPa) Yes [85]
49 [MeGaNSiMe3]4 278 Yes [86]
50 [MeGaN(C6F5)]4 202 Yes [87]
51 [PhGaNPh]4 230 (decomposition without melting) Yes [88]
52 (C6F5)HNGa(MesGa)3(�3-NC6F5)4 287–290 Yes [84]
53 [MeGaNiPr]4 304 (sublimated at 120◦C/10−3 hPa) No [85]
L6 [(GaMe)2(SnMe2)2(NtBu)4] Yes [148]
L8 [(GaH)(GaH2)(NiPr)(NiPr-N=CMe2)]2 Yes [102]
L9 [(ClGa)2(BPh)2(NtBu)4] Yes [147]
98 [MeGaN(CH2Ph)]6 290 (decomposition) No [106]
99 [MeGaN(4-C6H4F)]6 7THF 320 Yes [83]
100 [EtGaNEt]6 230 (decomposition without melting) Yes [108]
116 [PhGaNMe]7 288–290, remelted 260–270 Yes [88]

In N core

2 {C6H3-2,6-Dipp2}InN{C6H3-2,6(Xyl-4-tBu2)} 184–185 Yes [29]
54 [(MeInNtBu]4 – Yes [90]
55 [ClInNtBu]4 – Yes [89]
56 [BrInNtBu]4 – Yes [89]
57 [IInN tBu]4 – Yes [89]
58 [MeInN(C6F5)]4 225 (decomposition) Yes [87]
59 [MeIn(THF)N(4-C6H4F)]4 232 Yes [83]
60 [MeInNSiMe3]4 310 (decomposition, brown color) No [86]
L7 [(InMe)2(SiMe2)2(NtBu)4] Yes [149]

Al P core
14 [ClAlPSiiPr3]2·2Py – Yes [64]
27 [Mes∗AlPPh]3 Softens 193, melts 241–242 Yes [16]
61 [ iBuAlPSiPh3]4 Decomposes below 150 Yes [91]
L1 [(AlCl) 4(PSiiPr3)4(OEt2)2] Yes [110]
L2 [(AlCl) 4(PSiMeiPr2)4(OEt2)2] Yes [110]
101 [HAlPSiiPr3]6 105 (decomposition) No [65]
102 [HAlPSi(iPrMe2C)Me2]6 – No [109]
103 [MeAlPSiiPr3]6 – Yes [109]
104 [ClAlP(SiiPr3)]6 – Yes [110]
115 [HAlPSi(iPrMe2C)Me2]7 – Yes [109]

Ga P core
12 [tBuGaPMes∗]2 125–128 Yes [58]
15 [(2,6-CH2NMe2)C6H3GaPSiPh3]2; intramolecular

DA stabilized (NMe2 → Ga)
234–237 Yes [31]

16 [(PtBu2Me)ClGaP(SiMe3)]2; DA stabilized
(PtBu2Me→ Ga)

145–155 (decomposition, orange color) Yes [23]

25 [tBu3SiP(H)-GaPSitBu3]2 – Yes [67]
29 [2,4,6-Ph3C6H2GaP(cyclo-C6H11)]3 >200 (decomposition) Yes [30]
62a [EtGaPSiMe2(CMe2

iPr)]4 – Yes [144]
62b (MesGa)3[GaP(H)Mes](PMes)4 toluene >230 (decomposition) Yes [92]
63 [ iPrGaPtBu]4 – Yes [93]
64 [MesGaPtBu]4 – No [93]
65 (MesGa)3[GaP(H)tBu](PtBu)4 >230 (decomposition) Yes [93]
66 [{CpFe(CO)2}GaP(SiMe3)]4 – Yes [94]
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Table 18 (Continued)

M Y No. Compound Melting point (◦C) Structural data Reference

In P core
67 [MesInPMes]4·4.5THF 174 (decomposition) Yes [95]
68 [ iPrInPSiPh3]4 310 (decomposition) Yes [96]
69 [{CpMo(CO)3}InPSiMe3]4 – Yes [97]
70 [EtInPSiiPr3]4 – Yes [98]
105 [EtInP(SiMe2CMe2

iPr)]6 – Yes [98]

Al As core
17 [HAlAsSi( iPr)3]2·2NMe3; DA stabilized

(NMe3 → Al)
135 (decomposition) Yes [65]

18 [ClAlAsSi(CMe2
iPr)Me2]2·2NEt3 – Yes [64]

22 [HAlAsSi(CMe2
iPr)Me2]2·2NMe3; DA stabilized

(NMe3 → Al)
109 (decomposition) No [65]

28 [Mes∗AlAsPh]3 Turns orange 208, melts to red at 212–216 Yes [16]
L3 [(AlCl) 4(AsSi{CMe2

iPr}Me2)4(OEt2)2] – Yes [64]
106 [HAlAsSi iPr3]6 198 (decomposition) Yes [65]
107 [HAlAsSi( iPrMe2C)Me2]6 109 (decomposition) No [65]

Ga As core
13 [{Li(THF)3AsSiiPr3}GaAsSiiPr3]2 – Yes [63]
19 [ClGaAs(SiMe3)]2·2PtBu2Me; DA stabilized

(PtBu2Me→ Ga)
135 (decomposition, brown color) Yes [23]

20 [tBuGaAsC6H3(CH2NMe2)2]2; intramolecular
stabilized dimer

247–249 Yes [61]

108 [HGaAsSiiPr3]6 98 (decomposition) No [65]

In As core
71 [EtInAsSiiPr3]4 – No [98]

Ga Sb core
21 [ClGaSbSiiPr3]2·2PPhnPr2 – Yes [66]
L4 [(GaCl)4(SbSiiPr3)4(PnPr2Ph)2] – Yes [66]

or [HAlN iPr]6 was combined with pyrolysis products of
Ti(NMe2)4 and MeHNCH2CH2NHMe (Ti:Al ratio 2:1) to
yield Ti Al N C composites[140]. Conversion of unspec-
ified [HAlNH] n and [HGaNH]n imides to AlN (including
AlN/BN composites) and GaN has been discussed by Jegier
and Gladfelter[169].

7. Conclusions

During recent years, a rapid progress in synthetic 13–15
chemistry resulted in preparation and characterization of
many imido compounds and their P, As analogs. Summary of
the experimentally studied compounds is given inTable 18.
Experimental studies were complemented by extensive theo-
retical studies of the structural and thermodynamic properties
of these compounds. Use of these compounds as precursors
to novel 13–15 composites and their potential for the stoi-
chiometry controlled CVD processes promises a bright fu-
ture for their chemistry. Now that the structural properties of
[RMYR′]n are relatively well explored, experimental studies
of their reactivity and thermal stability are highly desirable.
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Chem. Int. Ed. 38 (1999) 813.
[156] A. Dashti-Mommeretz, B. Neum̈uller, Z. Anorg. Allg. Chem. 625

(1999) 954.
[157] A. Downard, T. Chivers, Eur. J. Inorg. Chem. (2001) 2193.
[158] M.D. Healy, P.E. Laibinis, P.D. Stupik, A.R. Barron, Chem. Com-

mun. (1989) 359.

[159] A.H. Cowley, P.R. Harris, R.A. Jones, C.M. Nutt, Organometallics
10 (1991) 652.

[160] C.W. Bock, M. Trachtman, J. Phys. Chem. 97 (1993) 3183.
[161] S.J. Schauer, C.H. Lake, C.L. Watkins, L.K. Krannich,

Organometallics 15 (1996) 5641.
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