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Abstract

Equimolar mixtures of MesM (M = Al, Ga, In) with five silylamines, N(SiMe;);, HN(SiMe;),, MeN(SiMe,),, Me,NSiMe,, and
HN(Me)SiMe,, were prepared in benzene-dg and toluene-dg solutions and variable temperature 'H- and '*C-NMR spectroscopy
was utilized to deduce the capacity of these systems to form stable complexes under varying degrees of amine silylation.
Approximate values for the cone angles of the bound amines are extrapolated from NMR data and from literature trends. The
1,2-elimination reactions of MMe; with HN(Me)SiMe; at 90°C (120°C for the Ga analogue) afford mixtures in solution of cis-
and trans-[Me,MN(Me)SiMe;], which crystallizes in the trans form. In solution, the dimers equilibrate to mixtures of cis and trans
geometrical isomers. The trans isomer is the predominant isomer for all three analogues. The equilibration process follows
reversible first-order kinetics for each dimer. The thermodynamic and kinetic parameters for the trans to cis equilibration have
been determined and are discussed in terms of an intramolecular ring opening mechanism. The molecular structure of
trans-[Me,InN(Me)SiMe;], has been determined by a single crystal X-ray diffraction study. The molecule is dimeric and lies on

a crystallographic center of symmetry. © 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

The reactivity of trialkylaluminum, -gallium, and -in-
dium toward alkyl amines to form datively bonded
complexes is well documented [1-15]. Recently, our
research group reported the results of a study of the
reactions of trimethylaluminum, -gallium, and -indium
toward a series of thirteen secondary amines to yield
three series of room temperature (r.t.) stable adducts
[9,15]. The 'H- and '*C-NMR data for all three series
of adducts indicate a correlation between the chemical
shifts of the methyl groups on the metal and the relative
steric requirements of the amines. Plots of the '*C
chemical shifts of the methyl group on the metal versus
the cone angles of the free amines were linear below an
angle of 138°. Three amines with cone angles greater
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than 138° gave chemical shift data farther upfield than
expected. Correlation of the chemical shift data for
HNBuj, HNBu$, and HN(CH,Ph), with the corre-
sponding data for the less sterically hindered amines
suggests a reduction in their cone angle upon complex
formation via their internal degrees of freedom, similar
to that reported for Me;Al'-P(CH,Ph); in a study of
adducts formed between Me;Al and tertiary phosphines
[16].

In order to investigate further the influence of the
steric nature of the amine on the 'H- and '*C-NMR
data for a given complex, variable temperature '"H- and
BC-NMR spectra were obtained on 1:1 mixtures of
Me;Al, Me;Ga, and MesIn with a series of five sily-
lamines in benzene-d, and toluene-dg solutions. This
series of silylamines, N(SiMes);, HN(SiMe;),,
MeN(SiMe;),, Me,NSiMe;, and HN(Me)SiMe,, were
chosen to give a wide range of variation in steric
hindrance and amine geometry. The NMR chemical
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shift data for each of the mixtures versus those of the
free reagents were analyzed in terms of possible com-
plex formation, the influence of the number of Me;Si—
groups in the amine upon complex formation, and, for
those mixtures where strong adduct formation was
noted, a correlation with the chemical shift-cone angle
trends for the analogous alkylamine systems.
Thermolysis of 1:1 mole ratio mixtures of the unsym-
metric silylamine, HN(Me)SiMe,, with Me;Al, Me;Ga,
and Me;In  yielded the respective  dimers,
[Me,AIN(Me)SiMe;], (1), [Me,GaN(Me)SiMe;], (2),
and [Me,InN(Me¢)SiMe;], (3). In solution each of the
dimers exists as a cis—trans isomeric mixture. 'H-NMR
spectra were obtained as a function of temperature and
time for each of the three dimers and the thermody-
namic and kinetic parameters for the trans—cis equili-
bration process were determined. These results, which
suggest an intramolecular ring opening mechanism con-
sisting of the breaking of the metal-nitrogen bond,
followed by rotation about the metal-nitrogen bond
and rebridging, are compared and contrasted with data
reported for the compounds [Me,AIN(Me)C.Hs],
[17,18], [Me,GaN(Me)C¢H;], [18], [Me,InN(Me)C¢H;],
[18], [Me,GaN(H)Bu', [19], and [Me,AIN(H)Bu'], [20].
The molecular structure of 3 in the solid state has
been obtained by single-crystal X-ray studies. The
[InN], four-membered ring is planar with the NMe and
NSiMe, groups in the trans conformation. The molecu-
lar structure data for 3 is discussed and compared with
reported structures for other aminoindane dimers.

2. Experimental
2.1. General experimental conditions

Compound syntheses and sample preparation proce-
dures were performed using a Vacuum Atmospheres
Model HE-43 Dri-Lab outfitted with a model HE-493
Dri-Train or under an atmosphere of dry nitrogen
using standard Schlenk and vacuum-line techniques.
Trimethylaluminum, Texas Alkyls, was used as ob-
tained. Trimethylgallium, Morton Advanced Materials,
was distilled under vacuum and the purity checked by
NMR prior to use. Trimethylindium, Morton Ad-
vanced Materials, was sublimed and the purity checked
by NMR prior to use. The amines in this study were
purchased from Aldrich Chemicals, Inc. except
HN(Me)SiMe,, which was synthesized by the reaction
of trimethylsilyl chloride with methylamine [21]. Ben-
zene-d, and toluene-dy were purchased from Aldrich
Chemicals, Inc. and stored over molecular sieves. All
'H- and 3*C-NMR data for the mixtures were recorded
on a Bruker ARX 300 FT-NMR spectrometer. Com-
plex formation studies were performed on 0.20 M ben-
zene-d, solutions and the chemical shifts were

referenced to those of the solvent. All 2-D NOESY
NMR and equilibration studies spectra were run using
a Bruker DRX 400 FT-NMR spectrometer on 0.10 M
solutions. Melting points were obtained in capillaries
under nitrogen and are uncorrected. Elemental analyses
were performed by E&R Microanalytical Laboratory,
Inc., Parsippany, NIJ.

2.2. Preparation of mixtures for assessment of complex
formation

Equimolar mixtures of Me;M (M = Al, Ga, In) and a
series of five silylamines and solutions of the individual
reagants were prepared in benzene-d, at a concentration
of 0.20 M. Variable temperature 'H- and '*C-NMR
spectra were then obtained over the range 24-63°C.
Low temperature data were collected at — 33°C on
toluene-dy solutions. Changes in the 'H- and *C-NMR
chemical shifts of the mixtures versus those of the free
reagents were used as evidence of complex formation.
The chemical shift values of the free reagents at a given
temperature were subtracted from those of the mixtures
at that temperature (Ad = J (mixture) — o (free)).

2.3. Synthesis of dimers of the form
[Me,MN(Me)SiMe;], where M = Al, Ga, and In

Dimeric derivatives were prepared by thermolysis of
Me;M-NH(Me)SiMe;. In each case the complex was
formed in toluene and heated in a high pressure reac-
tion tube until gas (methane) evolution ceased. The
aluminum (1) and indium (3) reaction mixtures were
heated at 90°C, while the gallium (2) analogue required
a temperature of 120°C. The synthesis and analytical
data for 1 have been reported [21,22]. The thermolysis
of the adducts leads to formation of a mixture of trans
(a) and cis (b) isomers in ratios of approximately 2.5:1,
respectively. However, recrystallization from toluene by
removal of solvent yields crystals of the zrans isomer in
each case, as evidenced by X-ray data for 3 and 'H-
NMR data of solutions of 1 and 2 obtained as quickly
as possible after mixing.

2.4. H-NMR studies of the trans to cis isomerization
of [Me,MN(Me)SiMes],

For each study, a 0.10 M solution of the respective
dimer was prepared in toluene-dg and placed in a 5 mm
NMR tube. The tube was then inserted into the NMR
probe which had been equilibrated at a specific temper-
ature setting for approximately 30 min. The sample was
thermally equilibrated in the probe for approximately
15 min before beginning the experiment. The experi-
ment consisted of obtaining 'H spectra at timed inter-
vals and monitoring the integral ratio for the resonance
signals exhibited by the methyl groups attached to the



268 E.K. Styron et al. /Journal of Organometallic Chemistry 585 (1999) 266274

nitrogen. All three reactions displayed reversible first-
order kinetics through a general plot of — In(1 —[cis]/
[cis]e) versus time. Selected experiments for 2 and 3
were conducted at 0.050 M concentration in order to
determine if any concentration dependent processes
were present. The gallium and indium analogues iso-
merized relatively rapidly so K., values could be deter-
mined at the end of the respective experiment.
However, determination of the K., values for the alu-
minum species required the use of a temperature con-
trolled bath followed by a 'H-NMR spectrum in a
probe thermally equilibrated at the respective
temperature.

2.5. Characterization of [Me,AIN(Me)SiMe;],,
[Me,GaN(Me)SiMe,],, and [Me,InN(Me)SiMes],

2.5.1. [Me,AIN(Me)SiMe.], (1) [21,22]

M.p. 74-76 (69°C) [21]. 'H-NMR (1a): 5 — 0.45 (s,
12H, AICH.), 2.33 (s, 6H, NCHs), 0.14 (s, 18H,
SiCH,); 'H-NMR (1b): 6 —0.50 (s, 6H, AICH,), —
0.36 (s, 6H, AICH,), 2.41 (s, 6H, NCHs), 0.13 (s, 18H,
SiCH,). '*C-NMR (la): § —6.0 (AICH;), 33.68
(NCH,), 0.53 (SiCH,); "*C-NMR (1b): & —09.1
(AICH,), — 3.2 (AICH,), 35.46 (NCHS,), 0.53 (SiCH,).

2.5.2. [Me,GaN(Me)SiMes], (2)

M.p. 69-73°C, 90% yield. "H-NMR (2a): 6 —0.11
(s, 12H, GaCH,;), 2.38 (s, 6H, NCH,;), 0.11 (s, 18H,
SiCH;); '"H-NMR (2b): 6 —0.17 (s, 6H, GaCH,), 0.00
(s, 6H, GaCH,), 2.47 (s, 6H, NCH;), 0.094 (s, 18H,
SiCH;). *C-NMR (2a): § —3.93 (GaCH,), 35.56
(NCH;), 0.39 (SiCH;); "*C-NMR (2b): 6 —7.34
(GaCH,;), —0.65 (GaCH,;), 37.47 (NCH;), 0.39
(SiCH,;). IR (cm~1"): 2979 (m), 2951 (m), 2896 (w), 1264
(s), 1252 (vs), 1202 (m), 987 (s), 843 (vs), 761 (vs), 725
(vs), 559 (m), 504 (s). Calc. MW: 404.04 g mol !,
Cryoscopic MW: 415 g mol ~! (average of three deter-
minations, m = 0.0495). Anal. Calc. for
C,,H;cGa,N,Si,: C, 35.67; H, 8.98; N, 6.93. Found: C,
35.81; H, 8.60; N, 6.96%.

2.5.3. [Me,InN(Me)SiMes], (3)

M.p. 76-78°C, 92% yield. '"H-NMR (3a): § —0.022
(s, 12H, InCH,), 2.58 (s, 6H, NCH;), 0.083 (s, 18H,
SiCH;). '"H-NMR (3b): 6 —0.072 (s, 6H, InCH,), 0.077
(s, 6H, InCH;), 2.66 (s, 6H, NCH,), 0.083 (s, 18H,
SiCH;). C-NMR (3a): 6 —5.60 (InCH,), 36.65
(NCH;), 0.28 (SiCH;). "C-NMR @3b): 6 —38.71
(InCH;), —2.32 (InCH,), 38.18 (NCH,;), 0.28 (SiCH,).
IR (cm—'): 2946 (m), 2919 (m), 2886 (m), 1251 (s), 1161
(m), 1143 (m), 984 (s), 818 (vs), 750 (m), 710 (s), 490
(W), 456 (s). Anal. Calc. for C,,H;In,N,Si,: C, 29.16;
H, 7.34; N, 5.67. Found: C, 29.21; H, 7.13; N, 5.53%.

2.6. Crystallographic data for 3a

X-ray quality crystals of 3a were obtained by recrys-
tallization of the compound from toluene at — 15°C. A
single crystal was sealed in a thin-walled capillary under
nitrogen. Molecular structure data were acquired using
an Enraf—Nonius CAD4 diffractometer with K-geome-
try using Mo—K,, radiation (1 =0.71073 A). Data were
collected by a coupled w—26 scan method. Refinement
procedures were carried out using the SHELXTL-PC pro-
gram package [23]. The structure was solved using
Patterson synthesis. Positional and anisotropic thermal
parameters were refined for all non-hydrogen atoms.
Hydrogen atoms were placed in calculated positions
with the appropriate staggered geometry. The U, of
each hydrogen atom was set equal to that of the carbon
atom to which it was bound. Refinement continued
until convergence was reached with the mean A/o <
0.01. Upon convergence, no chemically significant
residuals were observed in the final difference-Fourier
synthesis. Further details of the data collection and
refinement processes are provided in Table 1. Selected
bond lengths (A) and angles (°) are given in Table 2.

3. Results and discussion

3.1. Study of the donor capacity of silylamines

A compilation of the differences in the 'H- and
BBC-NMR chemical shifts (ppm) between each 1:1 mole

Table 1
Crystal data for trans-[Me,InN(Me)SiMe;],

Formula C,,H;¢In,N,Si,
Space group P2,/n

Crystal system Monoclinic
Temperature (K) 294

a (A) 8.7735(22)

b (A) 11.2984(20)

¢ (A) 11.2006(17)

£ (©) 90.635(17)

V (A3) 1110.2(6)

VA 4

Crystal size (mm) 0.30 % 0.20 x 0.20
Absorption coefficient (mm ") 2.176

Radiation, 1 (A) Mo-K,, 0.71073

20 range (°) 2.0-45.0

Scan type w—20

Index ranges 0<h<9, —12<k<12,

—12<i<12

Reflections collected 3022

Independent reflections 1451 [R;, = 2.73]

Observed reflections 974 [F>6.00(F)]

R indices (all data) R=4.34, Rw=3.96

R indices (60 data) R =240, Rw=3.42

Largest difference peak and hole (e  0.50 and —0.31
A
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Table 2 .
Selected bond lengths (A) and angles (°) for trans-[Me,InN(Me)-
SiMe;],

In(1)-N(1) 2.2513)  In(1)-C(1) 2.144(5)
In(1)-C(2) 2.142(5)  In(1)-In(1A) 3.283(1)
In(1)-N(1A) 22473)  N(1)-C(3) 1.508(6)
N(1)-Si(1) 1.742(4)  N(1)-In(1A) 2.247(3)
N(1)-In(1)-N(1A)  86.2(1)  C(1)-In(1)-C(2) 118.7(2)
In(1)-N(1)-In(1A) ~ 93.8(1)  C(3)-N(1)-Si(1) 110.73)

ratio mixture and the respective reactants in terms of
the Me—M, the Si—Me, and the N-Me methyl group
resonances is given in Table 3. For the Ga and In
adducts, the "*C-NMR chemical shifts of the Me—-M
groups move upfield significantly for the two monosily-
lated amines, comparable to those for the Me;Ga and
Me;In adducts with Me,NH [15] and other secondary
alkyl amines (No comparison can be made with
trimethylaluminum as it exists as a dimer in benzene
solution). No significant changes are noted in the Me—
M BBC-NMR chemical shifts for mixtures involving
N(SiMe;);, HN(SiMe;),, and NMe(SiMe,),. Similarly,
there are only meaningful 'H- and '*C-NMR chemical
shift changes for the methyl resonances in the
trimethylsilyl group for mixtures of Me;Al, Me;Ga,
and MesIn with the two monosilylated amines. Finally,
the 'H- and '*C-NMR chemical shift differences for the

Table 3
Changes in chemical shifts upon mixing (Ad = é (mixture) — J (free))

methyl resonances in the N-Me group upon adduct
formation for the monosilylated amines HN(Me)SiMe,
and N(Me),SiMe, are comparable to those for HNMe,.
These NMR data clearly show that there are significant
changes in the '*C- and 'H-NMR chemical shifts be-
tween the mixtures and the starting reagents, indicative
of strong adduct formation, only when the amine con-
tains one trimethylsilyl group. These results are consis-
tent with studies on the relative electron donor ability
and basicity of monosilylated alkylamines versus alky-
lamines toward Lewis acids from classical [24-26] as
well as IR and electronic spectroscopic [27] and 'H-
NMR chemical shift [28] studies.

Because the changes in the 'H- and '*C-NMR chem-
ical shifts for the secondary amine, HN(Me)SiMe;,
upon adduct formation with Me;Al, Me;Ga, and
Mes;In are comparable with those for the previously
reported series of secondary alkylamines [9,15], we used
the previously reported correlations between *C-NMR
Me—M chemical shifts and amine cone angle to esti-
mate the cone angle for this amine. The average calcu-
lated value from the three data is 129.8 +1.2°. This
estimated value seems reasonable because the literature
value of the cone angle for HNMe, is 119°. Further-
more, because the cone angles of H;N, H,NMe,
HNMe,, and NMe, are 94, 106, 119, and 132° [29],
respectively, a simple calculation suggests that replace-
ment of a hydrogen by a methyl group on a given
amine increases the cone angle by ca. 12°. From these

IH 13C

Bound amine Al Ga Al Ga In
M—Me shift differences (ppm)

N(SiMe,), [0.00] 2 0.00 —0.02 [0.04] 2 0.03 —0.05
HN(SiMe;), -b 0.00 —0.02 -b 0.02 —0.09
NMe(SiMe;,), [—o0.01]* 0.00 —0.07 [0.50] = 0.02 —0.10
HN(Me)SiMe, [—0.20]® —0.06 0.09 [0.13]# —5.49 —6.11
N(Me),SiMe, [—0.21]® —0.06 0.08 [—0.48]2 —5.40 —5.15
HNMe, [—0.23]® —0.14 0.05 [—2.51]# —5.85 —8.54
Si—Me shift differences (ppm)

N(SiMes), 0.00 0.00 0.00 0.00 —0.01 —0.01
HN(SiMe;,), -b 0.00 0.01 -b 0.01 —0.03
NMe(SiMe;), 0.00 0.00 0.01 0.02 0.00 —0.03
HN(Me)SiMe; —0.14 —0.10 —0.11 —1.11 —0.82 —0.91
N(Me),SiMe, —0.11 —0.10 —0.11 —1.39 —1.08 —1.67
N—Me shift differences (ppm)

NMe(SiMe;,), —0.04 0.00 —0.01 0.34 0.01 0.01
HN(Me)SiMe, —0.55 —0.55 —0.32 1.35 1.64 0.97
N(Me),SiMe, —0.51 —0.46 —0.38 1.79 1.95 1.75
HNMe, —0.69 —0.64 —0.62 —2.37 —1.91 —1.24

2 Derived using (Me;Al), data.
b 1,2-elimination occurs above 0°C.
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data, the cone angle of the bound N(Me),SiMe; is
estimated to be 142°. Due to the absence of any internal
degrees of freedom to reduce the cone angle of the
bound silylamines, these values should be representative
of those of the free silylamines.

Low-temperature data at — 33°C gave no indication
of complexation in the Me;M-polysilylated amine mix-
tures. NMR chemical shift studies showed no evidence
of dissociation of the Me;M-monosilylated amine ad-
ducts up to 63°C.

3.2. Thermodynamic and kinetics studies of the
equilibration of trans to cis forms of
[Me,MN(Me)SiMes], where M = Al, Ga, In

Thermolysis of the adducts, Me;M-HN(Me)SiMe;,,
where M = Al, Ga, and In, leads in each case to the
respective dimer, [Me,MN(Me)SiMe;],. The synthesis
of [Me,AIN(Me)SiMe,], (1) has been reported and 1
was found to be dimeric in benzene solution by
cryoscopic molecular weight determinations [21,22].
From cryoscopy studies in benzene solution
[Me,GaN(Me)SiMes], (2) was found to be dimeric in
this study. [Me,InN(Me)SiMe,], (3) is dimeric in the
solid state and exists in a trans configuration as evi-
denced by the molecular structure determined from
X-ray single crystal studies, discussed below.

Due to the unsymmetric nature of the amine, the
three dimers could exist in solution in either the cis or
the trans conformation with respect to the four-mem-
bered ring, or as a mixture of the two. In the trans
conformation, the Me—M, the N-Me, and the SiMe,
resonances should exhibit only one resonance each in
the 'H- and '*C-NMR spectra, due to the symmetry
present, while for the cis conformation, there should be
two resonances present for the Me—-M group. The
results of previous 60 MHz 'H-NMR studies reported
that [Me,AIN(Me)SiMe,], exists exclusively in the trans
conformation in benzene-d, solution [30]. Recrystalliza-
tion of 1, 2, and 3 from toluene yields only the trans
form of each dimer as evidenced by 'H-NMR data.
'H-NMR data obtained as rapidly as possible after
preparation of the sample in benzene-d, solution show
one dominant set of resonances assignable to the trans
isomer, and a trace of resonances attributable to the cis
isomer, which grow at the expense of the trams reso-
nances with time. The "H- and "*C-NMR chemical shift
assignments are trivial for the frans and cis isomers of
1, 2, and 3, except for the assignment of the two Me—-M
resonances in the cis isomer. The '"H-NMR chemical
shift assignments were made from 'H 2-D Noesy exper-
iments. The upfield Me—M resonance in each of the
three cis dimers showed a correlation with the 'H-
NMR resonance of the N—Me group, suggesting that
the upfield resonance belongs to the methyl group on
the same side of the [MN], ring as the N-Me group.

Me :_Me
Me,Si, Me SiMe., Me,Si_  Me Me
\N‘—\/M Nl pE— \N_’ /M\N
Me M ‘ Me’ M=
Me Me Me  SiMe,
Me Me
cis trans

Scheme 1. Cis—trans isomerization for [Me,MN(Me)SiMe;], where
M = Al, Ga, and In.

Assignments of the Me—M 3C-NMR resonances were
then determined from '3C{'H} 2-D heteronuclear cor-
related spectroscopy (Scheme 1).

The kinetics of interconversion of
[Me,MN(Me)SiMe;], from a trans conformation to a
trans/cis equilibrium mixture at r.t. depends on the
metal, with the rates being in the order 3>2>1 or
In > Ga >» Al. Other equilibria, which could give multi-
ple resonances in the NMR spectrum such as dimer—
trimer equilibrium, were ruled out due to the
concentration independence of the 'H- and '*C-NMR
spectra of the compounds. Similar equilibrium mixtures
of cis and trans dimers in solution have been reported
for aminoalanes, aminogallanes, and aminoindanes by
'"H-NMR spectroscopy, including [Me,MN(Me)Ph],,
where M =Al, Ga, and In [18]; [Me,MN(H)Bu'],,
where M =Al and Ga [19,20]; [Et,AIN(R)SiMe;],,
where R =Me, Ph, and Pr’ [30]; [Me,AIN(H)SiR;],,
where R = Me, Et, and Ph [31]; [Me,AIN(H)Pr], [32];
and [Et,AIN(H)Bu'], [33].

The trans to cis isomerization process for each dimer
was studied as a function of temperature and time by
'"H-NMR spectroscopy. Relative concentrations of the
two isomers were determined at a given temperature
and time by monitoring the integral ratios of the peaks
due to the N-CH; group. The N-CH; group gives a
single resonance for each isomer in each system, where
the resonances are well separated from each other and
from other resonances in the respective dimer. Due to
the different isomerization rates at a given temperature
for the three systems, the data were taken over different
temperature ranges for each system as noted in Table 4.
Analysis of the kinetic data showed a reversible first-or-
der process for the isomerization and approach to
equilibrium for all three systems. The kinetic data for 2
are plotted at several temperatures in Fig. 1. Because
the data fit a reversible first-order kinetic model, the
individual rate constants for the forward (k,) and re-
verse (k_,) processes can be obtained from the equi-
librium constant [K., = k;/k_,] and the slope of the
reversible first-order plot (where the slope is the sum of
k, and k _,). The model was tested further by perform-
ing trans to cis isomerization studies for 0.050 M solu-
tions of 2 and 3 at 305.8 K. The kinetic and
thermodynamic data were consistent with the previous
0.10 M data, suggesting an intramolecular process.
Additionally, ‘crossover’ experiments were performed
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Table 4
Kinetic data (min—') in toluene-dy solution

Ga (2) In (3)
T (K) Kops X 103 ky x 103 k_yx103 Kops X 103 ky x 103 k_1x10°
305.8 0.93(3) 0.24(2) 0.69(2) 5.79(6) 1.75(2) 3.95(4)
311.3 2.27(4) 0.61(1) 1.66(3) 10.5(1) 3.20(3) 7.30(7)
316.8 5.01(4) 1.38(1) 3.62(3) 26.9(3) 8.44(9) 18.5(2)
3225 9.33(8) 2.53(2) 6.48(6) 42.4(13) 13.5(4) 28.9(9)
327.5 19.5(3) 5.43(9) 13.6(2) 78.0(23) 24.8(7) 53.2(16)
3325 52.2(13) 15.1(4) 36.9(9)
338.2 98.9(33) 29.3(10) 69.7(23)

Al (1)

Kops X 103 kyx 103 k_yx103
343.0 0.143(4) 0.041(1) 0.100(3)
348.9 0.243(4) 0.072(1) 0.171(3)
353.8 0.516(6) 0.152(2) 0.358(4)
359.5 1.07(1) 0.322(3) 0.750(7)
364.0 2.01(2) 0.607(6) 1.40(1)

by mixing 0.20 M solutions of 2 and 3 and collecting
'"H-NMR spectra as a function of time at 305.8 K. No
new resonances were observed in the spectra.

The kinetic rate constants for the three systems are
given at several temperatures in Table 4 and the corre-
sponding equilibrium constants in Table 5. The magni-
tude of K, indicates that the trans isomer is favored at
all the investigated temperatures, but that the relative
amount of cis isomer increases with increasing tempera-
ture. Due to the very slow rate of isomerization of 1,
K., values could only be obtained at high temperatures.
The calculated thermodynamic data for the isomeriza-
tion processes in 1, 2, and 3 are given in Table 6. The
trans isomer is thermodynamically more stable, but the
positive entropy term favors the cis isomer, as expected
due to lower symmetry, similar to that in the isomeriza-
tion studies of trans to cis [Me,GaN(H)Bu'], (AH® =
3.12 kJ mol~!; AS°=4.56 J mol~! K) [19], and
[Me,AIN(H)Bu'], (AH®°=2.22 kJ mol~!; AS°=2.851]
mol ~ ' K) [20]. The cis/trans ratio of about 0.40 for 1 is
consistent with the 30-35% c¢is reported for
[Et,AIN(Me)SiMe;], in benzene-d, solution at r.t. [30].

The similarity of the thermodynamic data for the
three systems as well as similar cis/trans ratios at a
given temperature in benzene-dg or toluene-d; solutions
suggest that cis—trans interconversion may occur by the
same mechanistic processes for 1, 2, and 3. This is in
contrast to the results published for the solution prop-
erties of [Me,MN(Me)Ph],, where M = Al, Ga, and In
[18]. Here, the observed cis/trans ratio decreases in the
order Al> Ga>In. For the aluminum and gallium
compounds, the cis isomer predominates whereas the
trans isomer is more abundant for the indium deriva-
tive. In the solid state [Me,InN(Me)Ph], was found to

exist in a trans conformation from single crystal X-ray
data. The cis/trans isomer ratio decreases with increas-
ing temperature for the aluminum and indium dimers,
but increases with temperature for the gallium dimer.

/ 333

4An (1 - feisY[cis,g))

0 50 100 150

Time {minutes)

Fig. 1. Reversible first-order kinetics plots of the isomerization of 2 in
toluene-dg solution at several temperatures (K).



272 E.K. Styron et al. /Journal of Organometallic Chemistry 585 (1999) 266274

Table 5
Equilibrium constants as a function of temperature in toluene-dg
solution

T (K) Al (1) Ga (2) In (3)
305.8 0.360(1) 0.444(7)
316.8 0.381(5) 0.457(2)
322.5 0.391(5) 0.465(7)
327.5 0.398(7) 0.467(2)
332.5 0.406(5) 0.479(3)
338.2 0.417(3) 0.485(3)
348.9 0.489(4)
359.5 0.428(10)

364.0 0.434(5)

368.9 0.441(4)

Activation parameters for the trans to cis intercon-
version process were calculated from an Eyring analysis
of the rate constant versus temperature data. The en-
thalpies and entropies of activation for the forward and
reverse processes were obtained from plots of In(k,/T)
versus 1/7 and of In(k _/T) versus 1/T and are given in
Table 6 for 1, 2, and 3. The difference, AH, — AH _ | =
AH®, is in good agreement with AH° determined from
the thermodynamic  studies. The mechanism
[17,19,20,31,34] that has been proposed for related sys-
tems, in which the interconversion has been shown to
be concentration independent and intramolecular, in-
volves an initial breaking of an M—N bond, followed
by rotation about the nonbridged M-N bond and
rebridging. This is reasonable in terms of the reported
enthalpies of adduct formation of Me;N to MesM of
— 125, —88, and — 83 kJ mol ' for M = Al, Ga, and
In, respectively [35]. Such a mechanism would imply
that the enthalpies of activation would decrease in the
order Al> Ga>In, or the inverse of the observed
magnitudes of the rate constants. While such an order-
ing is present, the AH, and AH _, values for 1 and 2 are
too close in magnitude for the energetics of M—N bond

Table 6
Thermodynamic data and kinetic activation parameters in toluene-dg
solution

Al (1) Ga (2) In 3)

AH° 3.31(0.14) kJ 4.22(0.06) kJ 2.08(0.15) kJ
mol ! mol ! mol !

AS°® 2.17(0.39) J 5.26(0.20) J mol~!' 0.783(0.11) J
mol ! mol !

AH, 132952 k] 130.2(8.9) kJ 100.2(5.8) kJ
mol ! mol ! mol !

AS,  5680(1.76) ]  109.6(3.3) J mol~' 29.60(2.20) J
mol ! mol !

AH |, 130.6(5.2) k] 125.9(8.8) kJ 97.70(5.44) kJ
mol ! mol ! mol !

AS | 5727(176) 7 1043(3.2) J mol~' 28.43(2.07) J
mol ! mol !

breaking to explain the large differences in forward and
reverse rate constants for the aluminum and gallium
systems. The difference in the kinetic parameters for
isomerization of 1 and 2 must arise from the entropy of
activation term where the larger positive entropy of
activation term for the [Me,GaN(Me)SiMe;], is respon-
sible for the faster isomerization process as compared
to [Me,AIN(Me)SiMe;],. Two possible explanations are
suggested by these data. The first is the existence of a
sterically congested transition state for 1, which is not
as probable in 2, due to the longer Ga—N versus Al-N
bond lengths in aminogallanes compared to
aminoalanes [36—39]. Secondly, trialkylaluminum spe-
cies and aminoalane dimers can interact strongly with
aromatic solvents, forming solvent-collision complexes,
which can lower the rates of the kinetic processes by
decreasing the magnitude of the entropy of activation
term for trans—cis isomerization in 1 [18,20,39-41].

Kinetic parameters for the trans to cis interconver-
sion have also been obtained for [Me,GaN(H)Bu], [19]
and [Me,AIN(H)Bu'], [20]. The enthalpies of activation
for the aminogallane are AH,=120.8 and AH_, =
117.8 kJ mol~!, in excellent agreement with the data
for 2. The entropies of activation, AS, =41.4 and
AS_ ;=373 J mol~! K—!, are lower than the value
for 2. However, this aminogallane contains a primary
amine fragment as opposed to a secondary amine frag-
ment in 2. The enthalpies and negative entropies of
activation reported for [Me,AIN(H)Bu‘], are inconsis-
tent with our results for 1 and also with data on
[Me,GaN(H)Bu],. Lower than expected enthalpies and
negative entropies of activation have been published for
intramolecular cis—trans isomerization processes in
organometallic complexes in benzene solution where
these effects have been attributed to aromatic solvent-
collision complexes [42,43].

3.3. Crystal structure of trans-[Me,InN(Me)SiMe;],

The ORTEP drawing of the molecular structure and
the atom labeling scheme of 3a are shown in Fig. 2. The
X-ray crystal structures of related aminoindane dimers,
[Me,InR],, where R = NMe, [44] and NEt,, NPrj, and
N(SiMes), [45] have been reported. The molecular
structures for these compounds possess a central planar
In,N, ring with dimensions similar to that for 3a. The
molecular parameters for this series of compounds were
analyzed in terms of the change in molecular geometry
with respect to the increase in steric bulk of the ligand
attached to the nitrogen atom [45]. There were several
trends in the change in molecular geometry of the In,N,
ring with substituent, including the lengthening of the
In—N bond with increasing steric bulk. The In—N bond
lengths for [Me,InNMe,], are 2.22(2) A, while those for
[Me,InN(SiMe,),], are 2.304(5) and 2.305(5) A. Also,
with increasing steric bulk, there is an increase in the
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Fig. 2. Molecular structure and atom numbering scheme for frans-[Me,InN(Me)SiMe;],.

N-In-N angle (R =NMe,, 85.7(4); R =N(SiMe,),,
89.7(1)°) with a corresponding decrease in the In—-N-In
angle (R =NMe,, 94.3(3); R =N(SiMe;),, 90.3(1)°).
The external C-In—C angle decreases considerably in
the series from 131.3(4) for R = NMe, to 109.1(1)° for
R = N(SiMe;),. In this series increasing steric bulk in
the amido group is accommodated by small increases in
the In—-N distances as well as small changes in the
internal ring angles and significant decreases in the
C-In-C bond angles.

Comparison of the molecular parameters for 3a listed
in Table 2 with those of [Me,InNMe,], and
[Me,InN(SiMe;),], suggest that substitution of one
trimethylsilyl group for a methyl group causes only
small changes in the In,N, central ring bond angles and
distances. The steric strain caused by the introduction
of the more bulky substituent is relieved by a significant
decrease in the C—In—C bond angle. However, substi-
tution of a second trimethylsilyl moiety causes larger
changes in ring geometry, as well as a continued de-
crease in the C—In—C bond angle.

4. Supplementary material

Tables of crystallographic data, data collection
and structure refinement details have been deposited
with the Cambridge Crystallographic Data Centre,
CCDC-113673 for the compound trans-[Me,InN-
(Me)SiMe;]..
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