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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 compound
structural and thermodynamic properties, as well as reactivity, donor—acceptor properties and their potential as single-source precursors
group 13-15 binary materials have been discussed.
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1. Introduction Me: methyl; Et: ethyl; Pr: propyl; Bu: butyl; Xyk-CgHs-
2,6-Mey; py: pyridine; Mes: mesityl (2,4,6-trimethylphenyl
Chemistry of group 13-15 compounds has grown dramat- or —CgH»-2,4,6-Me&); Mes*: 2,4,6-tritert-butylphenyl or
ically in the last 15 years, mostly due to their importance as (—C_6H2-2,4,6-tBU3); Dipp: 2,6-diisopropylphenyl+{CgH3-
precursors for 13—15 semiconductors. Group 13-15 binary 2,6 Pr,); Trip: triisopropylphenyl {CgH>-2,4,6!Pr3); Cp:
compounds are prospective materials for micro- and nano-CsHs; Cp*: CsMes; Ad: adamantyl; THF: tetrahydrofuran;
electronics, serving as light-emitting diodes, UV photodetec- Hx: hexyl; r.t.: room temperature.
tors, high electron mobility transistors, important solar cell
elements and advanced ceramic matefiglsAs an example,
unique properties of GaN, its applications and significance
for future technology were highlighted in a recent issue of
Chemistry World2]. Since earlier studies of Wibe[g], one
of the common pathways to the 13-15 materials starts with
13-15 donor—acceptor complexes:

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
[Me3AI(NH 3)] —H> [Me2AINH 2]
4 c

mp567°C  —C mp 1342° Thermolysis (thermal activation) of 13-15 donor—
200°C acceptor complexes is the first method employed for the
= [MeAINH] , =, AN (1) synthesis of imido compound3], and it remains one of the
—Chg —CHg

major synthetic methods for their generation. It has been

Subsequent methane elimination leads to formation of amidomostly used for the synthesis of imido compounds from
andimido compounds, and finally, to aluminum nitride. Thus, Primary amines. Reaction of BRI with NH2R' initially
amido and imido compounds appear to be natural precursorsproduces the donor-acceptor complex FRRNH2R')],
to group 13 nitrides. The same reaction pathway operates forwhich upon thermolysis produces amido, and afterwards
the heavier group 15 elements. imido compounds:

When Veith published an extensive review in 19930 , , . o —HR" Y ,
on the ring and cage compounds of main group elements, RReM + NH2R" = [RREM(NH2R)] =" [RR"MNHR']; 5
only several 13-15 oligomer compounds have been known, adduct “amida”
mostly amido and imido alanes. Since then, many new group  —HR” /

; = [RMNR'], 2)

13-15 compounds have been obtained and structurally
characterized. Amido alanes have been reviewed by Sauls
and Interrant¢6]. An excellent review of amido compounds As was shown by numerous experimental studies, the
of gallium and indium has appeared receiifly. Hydrazine oligomerization degreen for the generated compounds
compounds of group 13 metals have been recently reviewedstrongly depends on the bulkiness of the substituents’'R, R
by Uhl [8]. Chemistry and structures of imido compounds [9,11]. The more bulky substituents result in lower degrees
have been briefly discussed in several books devoted toof oligomerization. The influence of the amine groups on de-
group 13 metal chemistf@—13], but there is no systematic  grees of oligomerization of imido compounds was discussed
review devoted exclusively to the imido compounds and their in [15]. Bulky substituents have been successfully used to ob-
heavier analogs. Due to recent substantial activity in the field tain dimers via an elimination rouf&6,17], but monomeric
and potential importance of [RMYR, compounds as single-  imido compounds could not be produced by this route.
source precursors to 13—15 binary materials and composites, One of the major disadvantages of thermal activation is a
an up-to-date review of their structural and thermodynamic spate of byproducts caused by the high temperatures. Most
properties is essential. Boron-containing imido compounds common are orthometallation reactions due to activation
and their heavier group 15 analogs have been reviewedof C—H bonds[18]. Thus, synthesis of [CpAINDipp]was
before[14] and will not be discussed in the present review. possible from reaction of AlGpand NH:Dipp [17], but

The present review is focused on structural and ther- the analogous reaction of AlMewith NH,Mes* resulted
modynamic properties of [RMYR, compounds, where in metallation ofBu group of the Me§[18,19] Analogous
M=Al, Ga, In; Y =N, P, As, Sbn=1-8,00; R, R—organic metallation ofBu group of Me$ was observed upon thermal
or inorganic substituents. Results of both experimental decomposition of monomeric amide;E&aNHMes [161].
and theoretical studies have been summarized. Major Thermolysis reaction between Gapand NH(CHPh)
synthetic approaches, structural properties, reactivity andalso resulted in an orthometallated compound with 65%
donor—acceptor properties will be discussed. yield [165]. In order to reduce side reactions, thermolysis of

In the present review, the degree of oligomerization was solid amido compounds was carried out at mild conditions
chosen as a classification. General trends in structural and(130°C, 102 Torr) for 12—-36 days to afford the desirable
thermodynamic properties are also discussed. The following cubanes[20]. Modification of the traditional thermolysis
abbreviations will be used: method is discussed ifi21], where reactions between

“imido”
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Scheme 1. Reaction @ ketiminate monomers with sterically encumbered azide.

MAIH 4 (M =Li and Na) and NHR in hydrocarbon solvents  Needless to say, reactions of this type are not always success-
were employed. Resulting products are either soluble ful due to possible €H bond activation of the substituentand
polyimidoalanes [HAINR] or their insoluble complexes formation of amido compound&6], for example,
with LiH and NaH. NMR characterization of the products ; _
of such reactions has been reporte¢pia]. 3(CP*Al)4 + 2Meshs

In most of the cases, the leaving groups in elimination = [Cp*Al{-NH(CgH2-4, 6-Mez-2-CHp)}], + 2Nz (5)
reactions are an organic radical R on group 13 metal center
and a H atom on the group 15 center. However, hydrogen  Reaction ofthe metal(-ketiminate monomers with ster-

is not the only substituent that can be used. Group 14-baseqca|ly encumbered azide yielded the first stable monomeric
substituents on the nitrogen center (such as SiA3] imides (seeScheme L[28]:
and SnMg [24]) were shown to be good leaving groups.

Reaction of GaGl with As(SiMes)s in the presence of the  {HC(MeC{2, 2-Pr,CgH3}N)}M + N3-(2, 6-Trip,CgH3)

donor molecules Bu,Me leads to the donor—acceptor sta- _ i _ T

bilized dimeric compound [ClGaAsSiMp-2PBu,Me = [{HC(Me((2, 2-'Pr2CsH3}N)2}MN-(2, 6-Trip,CeH3)]

with liberation of CISiMe [23]. Thermolysis of +N2 (6)

[(Me,GaN(Bu)SnMe)], at 160°C resulted in SnMe

elimination with formation of [MeGaMNBu]e [24]. Recently, reactions of AMMAr’ dimers (Af =CgHs-
As was shown by Beachley and Coaf@5], an elimi- 2,6-Dipp) with two equivalents of the azide dr”

nation pathway can be used for the production of not only (Ar” =CgH3-2,6(Xyl-4'Bu), at 0°C afforded monomeric
imido compounds, but their heavier analogs as well. Forma- imido compounds AMNAr” with coordination number 2
tion of the colored involatile polymeric materials [MeMYJR]  on both the metal and nitrogen centg29].

was reported by reactions of MM with YH2R (M =Al, Ga,

In; Y=P, As; R=Me, Ph)25]. Almost two equivalents of  2.3. Metathesis reactions

methane was evolved (1.86-2.02). In the case of Ga com-

pounds, the elimination of methane was incomplete, itvaried  This synthetic method is mostly used for the synthesis of
from 1.41 to 1.94 even at elevatestZ00°C) temperatures.  phosphorus and arsenic-containing compounds. Thus, reac-
Consequently, PH and As-H stretching vibrations were ob-  tion between doubly lithiated group 15 speciesMR’ and
served in all spectra of gallium-containing polymers, but no organometallic group 13 halides;MR yields the desired
such absorptions were present in the spectra of Al and Inoligomer species [RMYR, (R' = SiRj) [30,31}

polymers. No further characterization and isolation of the e _ )

compounds was performed. Despite this example, the gen-2X2MR + 2Li2YSiR; = 4LiX + [RMYSIR3], (7)

eral use of thermal activation methods for P, As compounds o )

is limited due to their low thermal stability and formation of 2-4- Substitution reactions

byproducts. .
Due to the presence of an active hydrogen atom on alu-

minum in [HAINR], imido compounds, substitution reac-
tions are possible. Substitutions by [BR], Br [33,34] F
[35], Me [36], Et [36], C=CR [33,34] and CpFegH4C=C
[37] have been accomplished. This route provides access
to compounds with degrees of oligomerization that are not
accessible by other methods. As an example, reactions of
[HAIN ' Prlg with AlMe s and AlEg produce methyl and ethyl
substituted hexamer species. By the elimination route (ther-
%(Cp*AI)4 + 2R3SiN3 = [Cp*AINSIR3], + 2N, (3) molysis reaction of AlMe and AIEg with NH2'Pr) only

the corresponding tetramers were achigad]. HCI, HgCh
2Cp'Ga + 2Xyl-N3 = [Cp"GaNXyl]2 + 2N, (4) and TiClk were used to obtain partially or fully chlorinated

2.2. Oxidative addition

Due to recent remarkable successes in the low valent
chemistry of group 13 elements, synthesis of 13—-15 rings and
clusters via the oxidative addition route is now widely used.
Reactions of CpAl and Cp*Ga with azides yield dimeric
imido compound$26,27]
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poly(N-alkyliminoalanes), starting from the corresponding
hydride derivative$32]:

Et,O

[HAINR],, + nHCI =% [CIAINR] 7 + nHs 8)

[HAINR],, + 4HgCl, —E2C[CIAINR],, + SHg + 4H:

9)

n- hep an

[HAINR], + nTiCls [CIAINR],, + nTiCl3 + &H,

(10)

2097

[32]. A cage degradation reaction was also observdd@4h

for PhSH with [HAINCH,(C4H3S)]s, producing the amido
compound [(PhSAINHCH2(C4H3S)], instead of the de-
sired [PhSAINCH(C4H3S)]s. Theoretical studief39] 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

A series of Cl, Br-substituted compounds was recently hydrogen pressure to form oligomeric compounds:

obtained by substitution from [HAINC#Ph) [33,34,37]

Six ferrocene units were recently introduced as substituents
by Roesky and co-workers to form very unusual compound

[CpFeGH4C=CAINCH2Ph} [37]. Only partial substitution

of H by F atoms was achieved for the heptameric compound

[HAINCH »(1-adamantyl)j in the reaction with MgSnF
[35], resulting in [Fy.32H0.6sAINCH2(1-Ad)];.

Reaction of [HAINR) with ZpCpMe; leads to
stepwise substitution of H into Me groups, forming
[M80.22H0.78A|NR]4, [M60.5H0,5A|NR]4 and [MeAINR]4

[36]. Reaction was found to show first-order dependence on
the concentration of both reagents. Given the lack of evi-

Al + RNH; = [HAINR], + 3H. (12)

This reaction does not proceed without an activator, which
may be Na, NaAl or [HAINR]g. Such reactions also re-
quire hydrogen pressure. Therefore, it has been assumed that
in situ formation of AlH; is a necessary condition for the
reaction. Reaction of LiAllj with RNH2-HCI has also been
used to generate imido aland4]:

LiAIH 4 + RNH, - HCI = %[HAINR] » +3H2+ LICl (12)

Cucinella et al[41] report that reaction of [AlB(NMe3)]

dence for cage opening in imido alanes, the authors proposedvith nitriles RCN results in the formation of imidoalanes:

the following transition state structure with 5-coordinated Al
[36]:

N——a—H

WAV Al
aas

N—AI
tBu H
The enthalpy and entropy of activation were obtained in

the temperature range of 323-348 KWH*=104+1kJ
mol~1, AS*=18.84+ 0.4 J (mol K) [36].

[AIH 3(NMes)] + RCN = 1[HAINCHR], + NMe3  (13)

Reactions between [All{NMe3)] and nitriles RCN have
recently been employed by Roesky and co-workers for the
synthesis of various hexamer compoufig3], which were
used as a starting materials for different substitution reactions
[33,34,37]

3. Structural features of imido compounds
In the following section, experimental and theoretical

studies of structural features are described. The major struc-
tural parameters are summarizedrables 1-8, 11-13

3.1. Monomers

The classical formulae for the monomeric imido com-
pounds and their heavier analogs is RMYR which both
the metal and pnictogen centers adopt a coordination num-

Series of substitution reactions have been performed forber of 2. Consequently, such molecules are expected to

the [HAINR], compoundsr{=4, 6, 8) by Noth and Wolf-

exhibit high reactivity, including head-to-tail dimerization.

gardt, resulting in full or partially substituted compounds Therefore, in order to protect this low coordination num-
XmHn—m[AINR]n (X=D, CI, Br, 1) [163,164] The mech- ber, a bulky ligand is required on both the groups 13 and
anism of a hydrogen/deuterium exchange via formation of 15 centers. Experimental attempts to synthesize such com-
intermediates with pentacoordinate aluminum was also dis- pounds have only recently been successful. Only nitrogen-
cussed164]. Despite numerous successful examples, the ap-containing monomer compounds are known at present, and
plication of substitution reactions is limited due to undesired all of them have been obtained using “oxidative addition”
side processes (cage degradation to form amido compoundsjeactions:
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R Me /Dipp Dipp
] N
\
{ H C/Al + Ny
/m(RM)m +N3R' > N
-Np \N Me' \Dipp Dipp
R' N,

1: M=Ga, R=C¢H;-2,6-Dipp,, R'=C¢H3-2,6-(Xyl-4-Bu),, m=2 [29]
2: M=In, R=C¢H3-2,6-Dipp,, R'=C¢Hj3-2,6-(Xyl-4-'Bu),, m=2  [29]
3: M=Al, R=HC(CMe-DippN),, R'=C¢H3-2,6-Trip,, m=1 [28]

4: M=Ga, R=HC(CMe-DippN),, R'=C¢H3-2,6-Tripp, m=1 [28]

Stable, monomeric imides of Al and Ga witB- C“'—N
diketiminato ligands were reported in 2001. These
compounds have the general formuldelC(CMeDippN)} D'PP Dipp
MN-(2,6-Trip,CsHz)] [28]. The imido compounds with the
B-diketiminato ligand have the following structure: routea route b

M Di
© / PP Trip
N

< \MZN . N CH Q

/ {:\A.L

N H / IN

\ N H O 50°C,24h i C’

Dipp Trip M= Al, Ga Me Dipp . in [Dg] toluene e
Although these compounds do have a coordination num-
ber of 2 on nitrogen, the coordination number 3 is observed
for the metal center, so that this compound is not a RMYR
type. Gallium compound! was structurally characterized,
and it has a relatively short GAl bond length of 1.744
[28]. Latent reactivity of such ketimidine stabilized imido
compounds has recently been explored @elgeme P[42]. where M=Ga, In; Ar=GH3-2,6-Dipp; Ar’=CgHsz-

Intramolecular reactions were observed, which include 2,6(Xyl-4-Buy).
either intramolecular €H activated addition involving the Major structural parameters of the compounds are given
methyl group of théPr substituent on thg-diketiminato lig- in Table 1 Molecules AIMNAr” possess distorted geom-
and (route a), or cycloaddition of the phenyl ring of the aro- etry, angles at nitrogen are 141.and 134.9; at metal
matic substituent on imido nitrogen (route b). In both cases, 148.2 and 142.2 for 1 and 2, respectively. This find-
formation of formally monomeric “amido” species Aand B, ing is in contrast to the linearity of boron imides RBNH
which are thermally stable, was evidenced. Rearrangementg43]. The GaN bond length inl is 1.701A, which is
of B to A proceed at 50C in [Dg]toluene without changing  considerably shorter than the @4 bond length in4
the monomeric nature of the products. (1.742A).

Imido compounds with low coordination number 2 on both Summary of theoretical studies of different RMY&m-
metal and nitrogen substituents were reported in 2003 by pounds is given ifTable 2 Theoretically predicted GaN
Power and co-worker29]. Reaction between recently ob- bond lengths in HGaNH compounds (1.678-1.705, see
tained group 13-13 metal-metal bonded species and azideTable J are close to 1.704 observed experimentally fdir.

Me

(A) (B)

Scheme 2. Latent reactivity of ketimidine stabilized imido compounds.

(0°C, in hexane) has been used: Substitution of the hydrogen atom for a methyl group on the
gallium center results imcreaseof the Ga-N bond length of
/ / " " 4 4 . . .
Ar'MMAr” + 2NzAr” = 2Ar'MNAr” + 2N (14) about 0.007A (for halogen 0.012), while substitution of the
Table 1
Experimentally structurally characterized monomeric compounds
No. Compound M-Y R—M—Y M—Y—R" Comments Reference
1 (CgHz-2,6-Dipp)GaN{CsH3-2,6(Xyl-4-'Buy)} 1.701 148.2 141.7 Reaction RMMR withgr” [29]
2 (CgHz-2,6-Dipp)INN{CsH3-2,6(Xyl-4'Buy)} 1.928 142.2 134.9 Reaction RMMR withgAr” [29]
4 {HC(MeCDippN}}GaN-(2,6-TripCsH3) 1.742 140.2 134.6 Reaction RM withgNr” [28]

Bond lengths in angstroms and angles in degrees.
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hydrogen atom on the nitrogen center resultdecreasef M—-YH3>H3sM—-YH3>M-YH>>HM-YH2 > HoM—YH>
the Ga-N distance by about 0.020 [44]. Theoretical com- >HM-YH

putations predict that angles at gallium are greater than those . . .
at nitrogen, but absolute values differ significantly for dif- with the shortest bond corresponding to HMYH isomers

ferent theoretical methods. Note that at lower levels of the- (F'%'ch and fll)[45].th ived ic RMYBo d
ory HAINH is predicted to be linear, while use of the more ) currently synthesized monomeric 'y sompounds
sophisticated methods results in a bent structkig. (1c). are imido metallanes, probably due to quite different ori-

Theoretical methods predict a very low energy difference be- entation (.d|stort|on) of P’. As Cemefs In monomeric com-
tween linear and bent HMYH isomers (0.1 and 20 kJ ol pounds Fig. 1d). Theoretically predicted angles at P and

for HAINH and HGaNH, respectively). As mentioned #9], As cente_rs_are on average about S@vhich is sma_ll com-

“the potential well is extremely shallow with respect to the par_ed toimido MONOMES. Th_u_s, the bulky pr_ote_ctl_ve groups,

bending coordinates”. This may explain large differences be- which are sulfficient to §t§bll|ze monomeric imido com-

tween predicted bond angles at different levels of theory. pounds, may not be sufficient to stabilize P, As-containing
An alternative approach to stabilizing monomeric RMYR MONOMErs.

compounds would be matrix isolation experiments at low

3.2. Dimers
R R R.
1\ R 3
- :
T Ga—R
R—Ga—,, -
/N—M =y
R2a Ri1a R'

5: M=Al R,=n'-Cp*, R, ,=N(SiMes)y, Ry=Al(n'-Cp*),, 12: Y=P,R='Bu, R=Mes*  [58]
Ry,=Al(n'-Cp*){N(SiMes),}  [26] 13: Y=As, R={Li(THF)3}As(Si'Pr;), R=Si’Pr; [63]
6a: M=Al, R,=R | ,=Mes*, R)=R,,=Ph [16a] 25: Y=P, R=PH(Si'Bus), R=Si'Bu;  [67]
6b: M=Al, R;=R;,=Mes*, R,=R,,=SiPh; [16b]
6¢c: M=Al, R;=R;,=Mes*, R,=R,,=SiMe; [16c¢]
7: M=Al, R,=R,;=n"-Cp, R,=R,,=Dipp [17]
8: M=Al, R;=R,=n’-Cp*, R,=R,,=NSi'Pr; [62]
9: M=Al, R;=R;,=n'-Cp*, R,=R,,=NSiPh; [62]
10: M=Al, R;=R;,=n'-Cp*, R,=R,,=NSi'Bu; [62]
11: M=Ga, R;=R,,=n'-Cp*, R,=R,=Xyl [27]

Dimeric imido compounds have a coordination number 3
temperatures. In a series of recent experimental works on re-g, donor and acceptor centers. Structural properties of ex-
actions of group 13 metals with ammoi#] and phosphine  perimentally known compounds are summarize@able 3
[47], Himmel et al. investigated products trapped in matrixes. These compounds can be produced both by metathesis and
MYH: species were observed among the other products,elimination routes. Ifi27], compound.1was obtained by re-
rather than HMYH imido compounds. There are many the- action ofy3-Cp*Ga with XyINs. Different reaction products
oretical works devoted to small compounds of MY&bm- are formed in comparable reactions with {@f)4, which
position. High level ab initio calculations of+AI-N and  range from dimeric imido alan¢82] to unsymmetrical imido
H—AI-P systems by Davy and co-worke#8,49]show that  zjane5 after complicated rearrangemef26]. Reaction with
MYH isomers are much lower in energy than HMYH. Al- - 5. methylated phenyl azide does not yield imido alane, but the
though the MYH isomer is a global minimum wit8,, sym- product of subsequent-& activation[26]. All donor-free
metry (Y =N) (Fig. 1a) orCs symmetry (Y =P, As)Kig. 1b), compounds have an essentially planarWd core, both ni-
the following trend in the MY bond length was observed:  trogen and metal centers retain planarity, while P, As atoms
in 12and13 have a pyramidal environment.

Table 4summarizes results of the theoretical studies of

H H H dimer molecules. All nitrogen-containing rings are planar
7 _=Y ey ~ M—Y . . .
M—N\ MTTON, M—N—_ / with Doy symmetry Fig. 2a), while for P, As compounds
H : H two isomers are possiblegFig. 2b and c). Interestingly,
Y=P,As
Y=P,As -
(a) (b) (©) (d) 1 Note that predicted MYH angles significantly depend on the basis

set used: for example, for HGaAsH GaAsH angle varies from 118t7
Fig. 1. Structures of HMYH compounds. B3LYP/LANL2DZ(d,p) [39] to 81.6' at B3LYP/TZP[50].
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Table 2

Summary of theoretical studies of monomeric RMYd@mpounds

RMYR’ My RMY MYR’ " S59g Method Reference
HAINH Cs 1.627 167.2 154 B3LYP/6-311G(d) [45]
HAINH Cs 1.654 - - B3LYP/6-31G [51]
HAINH Coov 1.597 180.0 180 RHF/6-31G [52]
HAINH Cs 1.615 179.8 178 2.18 211.3 B3LYP/LANL2DZ(d,p) [39]
HAINH Cs 1.633 165.2 1546 CCsSD/TZ2P [49]
HAINH Cs 1.629 179.9 178 CCSD(T)/cc-pVTZ [39]
HAINH Cs 1.637 166.8 15B 2.51 243.0 B3LYP/TZVP [50]
(CH3)AINH Coov 1.621 180.0 180 2.81 296.2 B3LYP/pVvDZ [53]
HAIN(CH3) Coov 1.626 180.0 180 1.69 285.6 B3LYP/pVDZ [53]
FAINH Cs 1.659 158.7 132 2.02 266.3 B3LYP/LANL2DZ(d,p) [39]
CIAINH Cs 1.687 158.2 121 3.20 278.3 MP2/DZP [54]
CIAINH Cs 1.675 158.9 128 2.20 279.2 B3LYP/DZP [54]
CIAINH Cs 1.651 159.0 138 2.03 278.8 B3LYP/LANL2DZ(d,p) [39]
CIAINH Cs 1.677 B3LYP/6-31G [55]
BrAINH Cs 1.652 159.4 132 2.21 290.3 B3LYP/LANL2DZ(d,p) [39]
IAINH Cs 1.652 159.8 139 2.46 298.7 B3LYP/LANL2DZ(d,p) [39]
HGaNH Cs 1.699 1419 140 B3LYP/6-311G(d) [45]
HGaNH Cs 1.678 159.4 13B 2.81 251.2 B3LYP/LANL2DZ(d,p) [39]
HGaNH Cs 1.694 161.5 1260 2.45 251.1 B3LYP/pVDZ [44]
HGaNH Cs 1.705 161.2 12% 2.99 251.2 B3LYP/TZVP [50]
(CHz)GaNH Cs 1.701 161.7 123 3.36 309.8 B3LYP/pVDZ [44]
HGaN(CHs) Cs 1.676 158.1 157 1.61 297.0 B3LYP/pVDZ [44]
(CHs)GaN(CHs) Cs 1.682 158.3 14% 2.69 360.0 B3LYP/pVDZ [44]
FGaNH Cs 1.706 160.3 118 1.97 277.1 B3LYP/LANL2DZ(d,p) [39]
ClGaNH Cs 1.706 160.3 11@ 2.13 290.1 B3LYP/LANL2DZ(d,p) [39]
ClGaNH Cs 1.713 162.6 113 B3P86/6-311G(d,p) [56]
ClGaNH Cs 1.722 162.3 112 1.91 289.3 B3LYP/pVDZ [57]
BrGaNH Cs 1.706 160.5 116 2.33 301.8 B3LYP/LANL2DZ(d,p) [39]
1GaNH Cs 1.707 161.0 114 2.60 310.0 B3LYP/LANL2DZ(d,p) [39]
HInNH Cs 1.835 135.9 138 B3LYP/LANL2DZ(d) [45]
HINNH Cs 1.847 158.7 123 3.15 260.6 B3LYP/LANL2DZ(d,p) [39]
HInN(CHjz) Cs 1.919 149.9 147 2.01 305.1 B3LYP/pVvDZ [53]
FInNNH Cs 1.876 167.0 108 1.82 286.9 B3LYP/LANL2DZ(d,p) [39]
ClInNH Cs 1.877 158.4 118 2.09 3015 B3LYP/LANL2DZ(d,p) [39]
BrinNH Cs 1.878 159.0 112 2.20 312.9 B3LYP/LANL2DZ(d,p) [39]
IINNH Cs 1.879 159.7 115 2.40 3211 B3LYP/LANL2DZ(d,p) [39]
HAIPH Cs 2.149 177.0 78 CCSDITZ2P [48]
HAIPH Cs 2.154 177.1 7% CCSD(T)/cc-pVTZ [39]
HAIPH Cs 2.152 179.3 82 3.01 263.5 B3LYP/TZVP [50]
HAIPH Cs 2.154 177.1 88 B3LYP/6-311G(d) [45]
HAIPH Cs 2.157 178.9 8D 2.89 264.4 B3LYP/LANL2DZ(d,p) [39]
FAIPH Cs 2.181 139.0 117 2.47 289.6 B3LYP/LANL2DZ(d,p) [39]
CIAIPH Cs 2.157 178.1 8D 1.65 301.8 B3LYP/LANL2DZ(d,p) [39]
BrAIPH Cs 2.164 174.2 83 2.04 312.7 B3LYP/LANL2DZ(d,p) [39]
1AIPH Cs 2.162 178.2 82 2.36 320.7 B3LYP/LANL2DZ(d,p) [39]
HGaPH Cs 2.149 177.8 8% 2.70 271.0 B3LYP/TZVP [50]
HGaPH Cs 2.145 177.3 8™ B3LYP/6-311G(d) [45]
HGaPH Cs 2.167 142.5 11D 2.54 272.4 B3LYP/LANL2DZ(d,p) [39]
FGaPH Cs 2.194 153.8 107 1.64 298.9 B3LYP/LANL2DZ(d,p) [39]
ClGaPH Cs 2.175 177.2 88 1.10 308.6 B3LYP/LANL2DZ(d,p) [39]
BrGaPH Cs 2.176 178.0 83 1.42 320.8 B3LYP/LANL2DZ(d,p) [39]
IGaPH Cs 2.185 165.6 9P 1.85 330.7 B3LYP/LANL2DZ(d,p) [39]
HInPH Cs 2.335 114.7 98l B3LYP/LANL2DZ(d) [45]
HInPH Cs 2.346 146.4 119 3.02 282.4 B3LYP/LANL2DZ(d,p) [39]
FInPH Cs 2.375 142.3 108 2.39 314.2 B3LYP/LANL2DZ(d,p) [39]
ClinPH Cs 2.356 169.8 831 1.10 320.8 B3LYP/LANL2DZ(d,p) [39]
BrinPH Cs 2.359 168.0 90 1.41 333.9 B3LYP/LANL2DZ(d,p) [39]
IInPH Cs 2.355 177.1 83 1.60 340.3 B3LYP/LANL2DZ(d,p) [39]
HAIAsH Cs 2.242 174.6 73 2.50 277.1 B3LYP/TZVP [50]
HAIAsH Cs 2.258 177.2 75 2.57 277.6 B3LYP/LANL2DZ(d,p) [39]
FAIASH Cs 2.291 129.6 116 2.36 305.2 B3LYP/LANL2DZ(d,p) [39]
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Table 2 Continued
RMYR’ rmy RMY MYR’ m S59g Method Reference
CIAIAsH Cs 2.280 146.3 103 1.87 315.6 B3LYP/LANL2DZ(d,p) [39]
BrAlAsH Cs 2.281 150.0 106 1.89 327.6 B3LYP/LANL2DZ(d,p) [39]
IAIASH Cs 2.279 163.9 956 2.01 333.9 B3LYP/LANL2DZ(d,p) [39]
HGaAsH Cs 2.245 179.8 8B 2.27 284.0 B3LYP/TZVP [50]
HGaAsH Cs 2.272 137.2 119 2.23 286.4 B3LYP/LANL2DZ(d,p) [39]
HGaAsMe Cs 2.251 174.6 106 - - RHF/HUZSP [160]
FGaAsH Cs 2.283 178.9 8x 0.34 310.6 B3LYP/LANL2DZ(d,p) [39]
ClGaAsH Cs 2.282 179.1 8B 0.69 322.4 B3LYP/LANL2DZ(d,p) [39]
BrGaAsH Cs 2.284 179.1 8x 1.02 334.4 B3LYP/LANL2DZ(d,p) [39]
IGaAsH Cs 2.285 179.3 8B 1.39 342.4 B3LYP/LANL2DZ(d,p) [39]
HInAsH Cs 2.447 139.8 115 2.01 296.8 B3LYP/LANL2DZ(d,p) [39]
FInAsH Cs 2.486 136.3 116 2.28 330.4 B3LYP/LANL2DZ(d,p) [39]
ClinAsH Cs 2.470 152.1 9% 1.58 340.2 B3LYP/LANL2DZ(d,p) [39]
BrinAsH Cs 2.468 158.5 9% 1.32 350.7 B3LYP/LANL2DZ(d,p) [39]
IInAsH Cs 2.473 172.9 9B 121 348.8 B3LYP/LANL2DZ(d,p) [39]
Structural parameters (bond lengths in angstroms and angles in degrees), dipole meniemspye and standard entropigg,g in J (mol K)-L.
Table 3
Experimentally structurally characterized dimeric [RMY4fcompounds
No. Compound MY Y—M—Y M—Y—M Comments Reference
5 1 -Cp*{(Me3Si)aN}AIN(j-Alm?t- 1.803-1.819; 1.811 mean 8595.6 842-84.3  Oxidative addition at 7C; [26]
Cp")(n-Al{N(SiMes)2}NAI(n*-Cp*), (Cp*Al) 4 + MesSiNg
6a [Mes*AINPh], 1.824 8875 9125 Thermolysis of (HAIMes*),  [16a]
and NHPh at 125C
6b [Mes*AINSIPhg]» 1.841-1.842 93 86.7 Thermolysis of (HAIMes*),  [16b]
and NHSiPh at 125°C
7 [(m°-Cp)AINDipp]2 1.796-1.811; 1.804 mean 29 908 Thermolysis of [17]
AlCpsz +amine;
[(m®-CsHs)2AINH
(2,6'PrsCsH3)]2,3 as
intermediates
10 [Cp*AINSI'Buz]2 1.835-1.842 93-93.2 852 Oxidative addition at [62]
50-75°C;
(Cp*Al) 4 +'Bu3SiN3
11 [n-Cp*GaNXyl], 1.850-1.870 82 908 Cp*Ga with azides [27]
12 ['BuGaPMe¥], 2.274 931 869 Thermolysis at 110C; [58]
(‘BuGa(PH(2,4,6-
_ _ ‘Bu)CeH2)2
13 [{Li(THF)3AsSiPr;}GaAsSiPrs] 2.473-2.436 98 816 GacCj + LioAsSiPr3 [63]
THF/heptane
14 [CIAIPSIi Pr3],-2Py 2.320-2.336 101 789 From laddet1 by acting Py  [64]
15 [(2,6-CH.NMey)CsH3GaPSiPh]2; 2.388 9425 8575 Li,PSiPhk + Cl,Ga(2,6- [31]
intramolecular DA stabilized CH;NMe;)CgH3
16 [CIGaPSiMe],-2(PBuMe); DA 2.351-2.361; mean 2.356 as 797 GaChP'BuMe + Li,PSiMes [23]
stabilized
17 [HAIASSI Prs]2-2NMes; DA stabilized 2.447 10@ 762 HsAINMe3 + HoAsSi Prs, [65]
35°C
18 [CIAIASSI(CMes' Pr)Mey]»-2NEts 2.432-2.454; mean 2.444  18%102.3 767-77.1  From laddek3 by acting [64]
NEtz
19 [CIGaAsSiMeg],-2PBu,Me; DA 2.443-2.453; mean 2.448 a9 783 GaCgP'Bu,Me [23]
stabilized +As(SiMes)3
20 ['BuGaAsGH3(CHNMey),]2; 2.457 988 813 ['BuGaCh] + LioAsCsH3 [61]
intramolecular stabilized dimer (CHzNMey)2; in Et,O
21 [CIGaSbSiPr],-2PPHPr, 2.635-2.651; mean 2.641 9899.0 751-75.3  GaGPPHPR [66]
+Sb(SiMe),SilPr3
25 ['BusSiP(H)-GaPSBus]2; P 2.252-2.338; mean 2.297 g7 841 Metathesis [67]
inequivalent, heteroallyl structure GaCh + 3K!BusSiPH
Cp*Al(P'Bu)s 2.359-2.360 20 (CEAl) 4 +'BugP [68]

Bond lengths in angstroms and angles in degrees.
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Table 4
Summary of theoretical studies of dimeric [RMYRcompounds
[RMYR']2 Point group My YMY MYM n SS9 Method Reference
[HAINH] 2 Don 1.803 908  89.2 0 - CCSD/DZP [70]
[HAINH] 2 Dop 1.812 909 89.1 0 - CCSD(T)/cc-pVTZ [39]
[HAINH] 2 Dan 1.800 907  89.3 0 - RHF/6-316 [52]
[HAINH] 2 Do 1.813 909 89.1 0 - B3LYP/6-31G [51]
[HAINH] 2 Dan 1.806 910  89.0 0 290.9  B3LYP/LANL2DZ(d.p) [39]
[HAIN(CH3)]2 Con 1.815;1.821 92 879 0 395.2  B3LYP/pVDZ [53]
[(CH3)AINH] 2 Con 1.814 909  89.1 0 409.7  B3LYP/pVDZ [53]
[FAINH] > Doh 1.795 918 88.2 0 336.2 B3LYP/LANL2DZ(d,p)  [39]
[CIAINH] 2 Dan 1.809 913  88.7 0 - MP2/DZP [54]
[CIAINH] » Doh 1.804 915 88.5 0 - B3LYP/DZP [54]
[CIAINH] 2 Dan 1.804 - B3LYP/6-31G [55]
[CIAINH] » Doh 1.796 916 88.4 0 361.2 B3LYP/LANL2DZ(d,p)  [39]
[BrAINH] » Dan 1.797 915 885 0 385.3  B3LYP/LANL2DZ(d,p) [39]
[IAINH] » Doh 1.798 914 88.6 0 402.6 B3LYP/LANL2DZ(d,p)  [39]
[HGaNHL Dan 1.864 881  91.9 0 320.2  B3LYP/pVDZ [71]
[HGaNH], Dan 1.846 888  91.2 0 316.6  B3LYP/LANL2DZ(d,p) [39]
[HGaN(CH)]» Con 1.867 892  90.8 0 4230  B3LYP/pvDZ [71]
[(CH3)GaNHp Con 1.868 879 92.1 0 440.6 B3LYP/pVDZ [71]
[FGaNHL Don 1.834 902  89.8 0 362.6  B3LYP/LANL2DZ(d.,p) [39]
[CIGaNH], Dop 1.836 900 90.0 0 388.0 B3LYP/LANL2DZ(d,p) [39]
[CIGaNH], Don 1.856 8%  90.4 0 391.8  B3LYP/pVDZ [57]
[CIGaNH], Dop 1.844 897 90.4 0 B3P86/6-311G(d,p) [56]
[BrGaNH], Don 1.837 899  90.1 0 4126  B3LYP/LANL2DZ(d,p) [39]
[IGaNH]; Dan 1.839 898  90.2 0 4298  B3LYP/LANL2DZ(d,p) [39]
[HINNH] 2 Dan 2.011 855 945 0 337.4  B3LYP/LANL2DZ(d,p) [39]
[HINN(CH3)]2 Con 2.088 859 94.1 0 440.3 B3LYP/pVDZ [53]
[(CH3)INNH]> Con 2.082 842 9538 0 476.0  B3LYP/pvDZ [53]
[FINNH]2 D2h 2.002 869 93.1 0 387.4 B3LYP/LANL2DZ(d,p)  [39]
[CIINNH] Dan 2.001 869  93.1 0 4133  B3LYP/LANL2DZ(d,p) [39]
[BrinNH]» Doh 2.003 867 93.3 0 437.2 B3LYP/LANL2DZ(d,p)  [39]
[IINNH] 2 Dan 2.005 866  93.4 0 4541  B3LYP/LANL2DZ(d,p) [39]
CiHAIPH] 2 Cov 2.298 956  76.3 - - CCSD/DZP [72]
trangHAIPH] Con 2.317 977 823 - - CCSD/DZP [72]
cisfHAIPH] » Coy 2.273 907 76.1 - - CCSD(T)/cc-pVTZ [39]
CiSHAIPH] » Cov 2.339 952  75.0 1.80  341.3  B3LYP/LANL2DZ(d,p) [39]
CiFAIPH], Cov 2.342 9%  73.4 0.78  390.8  B3LYP/LANL2DZ(d,p) [39]
CiSICIAIPH] » Cov 2.341 987  73.7 0.74 4146  B3LYP/LANL2DZ(d,p) [39]
cis/BrAIPH] » Cov 2.343 983  73.9 0.88  438.7  B3LYP/LANL2DZ(d,p) [39]
CiS[IAIPH] 2 Cov 2.344 980  73.9 0.98  456.1  B3LYP/LANL2DZ(d,p) [39]
cigHGaPHL Cov 2.365 945  75.2 150  363.7  B3LYP/LANL2DZ(d,p) [39]
cisFGaPH} Cov 2.381 1017 733 0.13  416.7  B3LYP/LANL2DZ(d,p) [39]
cis[CIGaPHL, Cov 2.377 1006 738 025  440.6  B3LYP/LANL2DZ(d,p) [39]
cisBrGaPHp Cov 2.378 1000 739 0.35  464.0  B3LYP/LANL2DZ(d,p) [39]
cislGaPH} Cov 2.378 994 741 049  480.4  B3LYP/LANL2DZ(d,p) [39]
cis[{H2P}GaPHp - 2.390 967 75.0 - - B3LYP/6-31G(d,p) [67]
(ECP on gallium)
cis[{SiHz(H)P}GaP{SiHz}]2 - 2.380 975 77.1 - - B3LYP/6-31G(d,p) [67]
(ECP on gallium)
cis[{SiMe3(H)P}GaF SiMes}]2 - 2.368; 2.378 9B 77.8 - - B3LYP/6-31G(d,p) [67]
(ECP on gallium)
cisHInPH], Coy 2.553 936 77.7 1.68 388.9 B3LYP/LANL2DZ(d,p) [39]
ciFINPH], Cov 2.577 1021 76.0 0.30 4435  B3LYP/LANL2DZ(d,p) [39]
cis[CIINPH]» Cov 2.573 1012 76.0 0.15  467.3  B3LYP/LANL2DZ(d,p) [39]
cis/BrinPH], Cov 2.574 1006  76.1 0.24  490.4  B3LYP/LANL2DZ(d,p) [39]
ciglinPH] Cov 2.574 1000  76.3 0.36  506.6  B3LYP/LANL2DZ(d,p) [39]
ciSHAIASH] » Cov 2.459 979 722 111  368.7  B3LYP/LANL2DZ(d,p) [39]
Cis[FAIASH]» Cov 2.467 10% 71.2 0.06  420.0 B3LYP/LANL2DZ(d,p)  [39]
CiCIAIASH] » Cov 2.464 102 714 0.07 4430  B3LYP/LANL2DZ(d,p) [39]
cis[BrAIAsH] » Cov 2.466 1019 71.6 0.08  467.3 B3LYP/LANL2DZ(d,p)  [39]
cigIAIASH] 2 Cov 2.467 1015 717 0.19 4847  B3LYP/LANL2DZ(d,p) [39]
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Table 4 Continued

[RMYR']2 Point group rmy YMY MYM n S50 Method Reference
cigHGaAsHp Cov 2.480 969 72.8 0.96 391.3 B3LYP/LANL2DZ(d,p) [39]
cisFGaAsHp Cov 2.501 10% 72.0 0.39 447.7 B3LYP/LANL2DZ(d,p) [39]
cigCIGaAsHp Cov 2.497 1043 72.3 0.33 469.7 B3LYP/LANL2DZ(d,p) [39]
cisBrGaAsHL Cov 2.498 1036 72.3 0.26 493.1 B3LYP/LANL2DZ(d,p) [39]
cisIGaAsH], Cov 2.498 1030 72.4 0.15 509.4 B3LYP/LANL2DZ(d,p) [39]
cigHINAsH] Cov 2.664 970 75.4 0.95 415.7 B3LYP/LANL2DZ(d,p) [39]
cisFInAsH], Cov 2.687 1052 74.7 0.03 470.7 B3LYP/LANL2DZ(d,p) [39]
ciClINAsH] Cov 2.684 1049 74.7 0.17 496.1 B3LYP/LANL2DZ(d,p) [39]
cisBrinAsH] Cov 2.686 1045 74.9 0.14 520.7 B3LYP/LANL2DZ(d,p) [39]
ciglinAsH] » Cov 2.687 1041 75.0 0.15 537.6 B3LYP/LANL2DZ(d,p) [39]

Structural parameters (bond lengths in angstroms and angles in degrees), dipole meniemspye and standard entropiggg in J (mol KL

planar Cy, isomers are always higher in energy, but the inequality of two P atoms in the GB, ring in 25, five res-
energy difference is very small (5-20kJmblin favor onance structures have been suggested on the basis of NBO
of the Cpy symmetric structures)p9]. Thus, on the basis  analysig67].

of the theoretical predictions;is-structures with a non- To preventdimerization processes, bulky substituents have
planar MY, core Fig. 2b) are more stable for Y=P, As. been employed on both 13 and 15 centers. Alternatively,
Nevertheless, structurally characterized dim&2sand 13 a donor—acceptor stabilization of the product is necessary.
are effectively Con symmetric structures, probably due Donor—acceptor stabilization may be achieved by using both
to the bulky substituents, which favdrans-orientation external donor ligands or by intramolecular interactions.
of the bulky ligands in the crystal structure. Compound Since there are two possible isomers for [RMYRRcom-

13 is believed to be stabilized by GAs double bonds poundsFig. 2b and c), theirinteraction with donor molecules
to terminal As atoms, in contrast to intramolecular sta- results in two isomers. Upon coordination of the donor
bilization found for the donor—acceptor stabilized dimers molecules, metal atoms adopt a tetrahedral environment. As
[63]. A phosphorus “heteroallyl” structur2s was recently a result, for thecis-orientation of the donor molecules, the
reported[67]. Two phosphorus atoms in & ring of 25 M2Y > ring is distorted upon coordination, while for ttrans:

are inequivalent: one adopts a planar coordination, while orientation of donor molecules, thesMo ring remains es-
the other is pyramidal. Theoretical study of all possible sentially planar.

isomers of model compounds [R(H)PGaRPR{R=H, Examples of donor—acceptor stabilized dimeric rings are
SiHz, SiMez) reveals that they are very close in energy (the summarized in the following chart:

R D
R R ?Y—M
\ s/ ~
/ M% R R\M/_ Y/ R
R \Y/ n .y / \
D o -

16: M=Ga, Y=P, R=Cl, R'=SiMe3, D=P'‘BuyMe [23]

17: M=Al, Y=As, R=H, R'=Si’Pr3, D=NMe; [65]

18: M=Al, Y=As, R=Cl, R'=Si(CMe, Pr)Me,, D=NEt; [64]
19: M=Ga, Y=As, R=Cl, R'=SiMe;, D=P'Bu,Me [23]

21: M=Ga, Y=Sb, R=Cl, R'=Si'Pr3, D=P"Pr,Ph [66]

22: M=Al, Y=As, R=H, R'=Si(CMe,'Pr)Me,, D=NMe; [65]

maximal energy difference is less than 18 kJmpland the
cisisomer fig. 2v) is the most stable in all casfg].

14: M=Al, Y=P, R=C], R'=Si’Pr3, D=Py [64]

15: M=Ga, Y=P, R=2,6-(CH,NMe,),C¢H3, R'=SiPhs,
D=R (intramolecular stabilization) [31]

20: M=Ga, Y=As, R='Bu, R'=2,6-(CHy;NMe,),C¢H3,
D=R' (intramolecular stabilization) [61]

23: M=Al, Y=N, R=H, R'=Dipp, D=NMe; [60]

24: M=Al, Y=N, R=H, R'=Dipp, D=NEtMe, [60]

Intramolecular interactions lead to higher stability of the
compounds. Thus, compourd is reported to be air and

On the basis of the experimental findings (bond lengths moisture stabl¢61]. Note that its intramolecular stabiliza-
and sum of valence angles on P atom), the structure of thetion comes from a substituent on the 15 center (As), while

chemical bonding in [RGaPR dimers s believed to be close
to A rather than B typ¢58], seeScheme 3A more compli-

in 15 the same substituent is located .on Ga ceffizal.
Donor—acceptor bond lengths 20 (2.18A) are similar to

cated picture occurs with phosphorus-containing substituentthose in 13-15 adductsosuch as GaMeéH,'Bu (2.125\) and
on the gallium center. To explain the experimentally observed ‘BusGa-NH,Ph (2.246)) [61]. In both 15 and 20, trans-
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orientation of the substituents leads to essentially planar
GaP, and GaAs; cores, respectively.

N

N
SiPhy \N/
P/ / g As N
N
/Ga\P/Ga ~ ,‘{Ga/ \Ga \\
N / - \As/ \tBu
/ \Ph3S|
N
15 N— / N\
20

The strong tendency towards oligomerization of dimeric GaRr, groups. Formally, it can be considered as a product
imido compounds can be illustrated by mass spectrometry of the interaction between &uGaPBu], dimer and one
study of [HAINDipp]>-2NMes and [HAINDipp]>-2NMeEt. GdBus molecule.

For these compounds, a molecular ion peak is not present

in electron ionization mass spectra, but a fragment peak Vs = %

of m/z 812 was observed, indicating formation of the M—Y g - "Y_M/
heterocubane [HAINDipp] presumably by dimerization |_| =N =y /
after the loss of the NMgdonor molecule§60]. Formation ST M / MY g,
of high mass aggregates (with £ core) was indicated D2n Y Gy \

oo b
by negative-ion electrospray mass spectrometry 18f @ ©) (©

[63]. High tendency to dimerization is also evident in the
structure of the dimeb, which is in essence a rearranged
form of cubic [CPAINSiIMes]s [26]. While MS data

Fig. 2. Structures of [RMYR; isomers.

cannot distinguish between 