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ABSTRACT: Addition of tert-butylisocyanide or 2,6-dimethyl-
phenylisocyanide to a solution of trialkylaluminum or trialkyl-
gallium results in formation of complexes R3M·CNtBu (M =
Al, R = Me (1), Et (2), iBu (3), tBu (4); M = Ga, R = tBu (9))
or R3M·CN(2,6-Me2C6H3) (M = Al, R = Me (5), Et (6), iBu
(7), tBu (8); M = Ga, R = tBu (10)), respectively. Complexes 1,
4, 5, and 8−10 are isolated as solids, whereas the triethyl-
aluminum and triisobutylaluminum adducts 2, 3, 6, and 7 are
viscous oils. Complexes 1−10 were characterized by NMR (1H,
13C) and IR spectroscopies, and the molecular structures of 4, 5,
and 8−10 were also determined by X-ray crystallography. The
frequency of the CN stretch of the isocyanide increased by
58−91 cm−1 upon complexation, consistent with coordination of the isocyanide as a σ donor. Enthalpies of complex formation
for 1−10 were determined by isothermal titration calorimetry. Enthalpy data suggest the following order of decreasing Lewis
acidity: tBu3Al ≫ iBu3Al ≥ Me3Al ≈ Et3Al ≫ tBu3Ga. In the absence of oxygen and protic reagents, the reported complexes do
not undergo insertion or elimination reactions upon heating their benzene-d6 solutions to 80 °C.

■ INTRODUCTION
As part of our previous investigation into the chemistry of carbon
monoxide with organoaluminum and organogallium reagents,1,2 we
initiated a parallel study of isocyanide coordination and insertion
into Al−C and Ga−C bonds. Isocyanides have an isoelectronic
relationship with CO, but there are important differences in the
steric and electronic properties. Isocyanides are stronger sigma
donors than CO, their insertion products have greater steric
demand due to the substituents on nitrogen, and the N→M bond
energies (M = Al, Ga) of the resulting insertion products are less
than the O→M bond energies, an important driver in the CO
insertion reactions of tBu3Al and

tBu3Ga.
1,2

The coordination chemistry of isocyanides with aluminum
and gallium alkyls has not been studied in great detail. The only
reported isocyanide complexes of aluminum are Ph3Al·C
NCy , 3 Me 3A l ·CNMe , 4 Cp 3A l ·CNtBu , 5 and
{Me4C2(C5H4)2}ClAl·CNtBu.6 Only the latter two complexes
have been structurally characterized. There are no previously
reported isocyanide complexes of gallium.
There are a few reports of isocyanide insertion into Al−Cl,

Al−H, and Al−Al bonds, but these reactions have not been
extensively studied. In 1970 Meller and Batka reported inser-
tion of methylisocyanide into each of the Al−Cl bonds of
aluminum trichloride to give a polymeric product of formula

[Al{C(Cl)NMe}3]n but of unknown structure.4 Hoberg
reported insertion of isocyanides into the Al−H bond of iBu2AlH
to give [iBu2AlC(H)NR]2 (R = tBu, Cy, CH2Ph).

7 Spectro-
scopic and mass spectrometric data suggested a dimeric product
with a six-membered Al2C2N2 ring, analogous to the dimeric acyls
[tBu2MC(O)tBu]2 with M2C2O2 (M = Al, Ga) rings obtained
upon reaction of tBu3M with CO. Dimer formation contrasts with
the results of DFT calculations by Schaefer and co-workers,8

which predict that a cyclic iminoacyl monomer obtained from
insertion of RNC into an Al−H bond of AlH3 is energetically
preferred, at least in the gas phase, over formation of a dimer.
Dissociation of [H2AlC(H)NH]2 into cyclic monomers was
calculated to be exothermic by −44 kJ mol−1. A subsequent
crystallographic analysis confirmed that [tBu2AlC(H)NtBu]2,
formed by insertion of tBuNC into the Al−H bond of tBu2AlH,
exists as a cyclic dimer in the solid state.9 Insertion was also
observed upon reaction of (Mes*AlH2)2 with tBuNC to give
[Mes*AlCH2N

tBu]2.
10 Isocyanide insertion into the Al−H bonds

of H3Al·NMe3 results in fused carbaaminoalane formation.
11 Uhl

found that isocyanides insert into the Al−Al and Ga−Ga bonds,
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but not In−In bonds, of {(Me3Si)2CH}2M−M{CH(SiMe3)2}2
(M = Al, Ga, In).12

Shapiro and co-workers13 reported the first of three examples
of isocyanide insertion into an Al−C bond, that being double
insertion upon reaction of tBuNC with (C5Me4H)3Al. The
steric bulk of the C5Me4H ligand is presumably a factor in the
unique double-insertion reaction since reaction of tBuNC
with Cp3Al forms the simple adduct Cp3Al·CNtBu. Cui14

reported that isocyanides will also insert into a strained
cyclopropene complex of aluminum to form an aluminacyclo-
butene. Insertion of the isocyanide is thought to be driven by
relief of ring strain. There is also precedent for reactions of
isocyanides with Al(I) species. Cui and co-workers15 report that
the β-diketiminato aluminum carbene analogue HC[(CtBu)-
(NAr)]2Al reacts with 2 equiv of 2,6-diisopropylphenylisonitrile
by isocyanide coordination and subsequent insertion of a second
isocyanide into the Al−C bond that is formed by coordination.
The nitrogen atom of the bound isocyanide then coordinates
to the aluminum, creating a four-membered AlC2N ring similar
to that found in the double-insertion product reported by
Shapiro.13

In addition to coordination and insertion reactions, isocy-
anides may potentially undergo cleavage of the N−Csubstituent
bond upon reaction with aluminum and gallium reagents.
tert-Butylisocyanide reacts with {(Me3Si)2CH}2Al−Al{CH-
(SiMe3)2}2 at room temperature over a period of 3 days to
yield [{(Me3Si)2CH}2AlCN]3 in 26% yield.16 Schaefer and
co-workers calculated that hydride or alkyl transfer from
aluminum or gallium to a coordinated isocyanide carbon in
R3M·CNR′ (M = Al, Ga) complexes is exothermic and
thermodynamically favorable.8

Herein we report the synthesis, characterization, and stability
of isocyanide complexes 1−10. The complexes have been
characterized by IR and NMR spectroscopies as well as X-ray
crystallography for 4, 5, and 8−10. In addition, enthalpies of com-
plex formation have been measured by isothermal titration
calorimetry (ITC). If protected from protic reagents and
oxygen, we find that these compounds are stable and not prone
to insertion or elimination reactions up to 80 °C in benzene-d6
solutions for more than 24 h.
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■ EXPERIMENTAL SECTION
General Procedures. All reactions were performed in an inert

atmosphere of purified nitrogen using standard inert atmosphere
techniques. Trimethylaluminum, triethylaluminum, and triisobutylalu-
minum were purchased from Strem Chemical, Inc. and used as received.
Tri-tert-butylaluminum17 and tri-tert-butylgallium18 were prepared using
published procedures. tert-Butylisocyanide and 2,6-dimethylphenyliso-
cyanide were purchased from Aldrich. Toluene was distilled from
sodium, and hexanes were distilled from calcium hydride prior to use.
Benzene-d6 and chloroform-d were dried by storage over activated
molecular sieves and degassed with purified nitrogen. Solution NMR
spectra were recorded on a Varian VXRS 400 MHz or Varian Unity
Inova 600 MHz spectrometer using deuterated solvent. Chemical
shifts are reported relative to TMS. 13C NMR assignments for 2,6-
dimethylphenylisocyanide resonances in complexes 5−8 and 10 were
aided by spectral assignments for the free isocyanide as reported by

Stephany, de Bie, and Drenth.19 Infrared spectra were obtained on a
Perkin-Elmer GX FT-IR infrared spectrometer. Elemental analyses were
performed by Schwarzkopf Microanalytical Laboratory and Galbraith
Laboratories.

Preparation of Me3Al·CNtBu (1). tert-Butylisocyanide (0.25
mL, 2.21 mmol) was added via syringe to a solution of Me3Al (1.0 mL,
2.0 M in toluene, 2.0 mmol) in 20 mL of hexanes, and the resulting
colorless solution was stirred for 4 h. Volatiles were removed under
vacuum, and the remaining solid was recrystallized by dissolution in a
minimal amount of hexanes followed by cooling at −30 °C. The
colorless microcrystalline solid was isolated by filtration and dried in
vacuo. A second crop of product was similarly obtained by
concentration and cooling of the filtrate. Crystals of 1 could also be
obtained by sublimation at 20 °C/0.1 mmHg. Yield: 0.308 g, 99%. IR
(KBr, νCN, cm

−1): 2224. 1H NMR (CDCl3, 400 MHz): δ 1.56 (s, 9H,
NtBu), −0.91 (s, 9H, AlCH3).

13C{1H} (CDCl3, 100.6 MHz): δ
133.41 (br s, CN), 58.02 (s, NC(CH3)3), 30.06 (s, NC(CH3)3),
−9.32 (C, AlCH3).

Preparation of Et3Al·CNtBu (2). tert-Butylisocyanide (0.30 mL,
2.65 mmol) was added via syringe to neat Et3Al (0.300 g, 2.63 mmol),
resulting in evolution of heat. This colorless solution was stirred for
2 h, and excess isocyanide was removed in vacuo to leave a colorless
liquid. Yield: 0.50 g, 96%. IR (KBr, νCN, cm

−1): 2219. 1H NMR
(CDCl3, 400 MHz): δ 1.56 (s, 9H, NtBu), 1.00 (t, 3JHH = 8.0 Hz, 9H,
AlCH2CH3)), −0.25 (q, 3JHH = 8.0 Hz, 6H, AlCH2CH3).

13C{1H}
NMR (CDCl3, 100.6 MHz): δ 57.41 (s, NC(CH3)3), 30.28 (s, NC-
(CH3)3), 10.44 (s, AlCH2CH3), −0.80 (br s, AlCH2CH3).

Preparation of iBu3Al·CNtBu (3). tert-Butylisocyanide (0.300
mL, 2.65 mmol) was added via syringe to neat iBu3Al (0.520 g,
2.63 mmol), resulting in evolution of heat. This colorless solution was
stirred for 2 h, and excess isocyanide was removed in vacuo to leave a
colorless liquid. Yield: 0.71 g, 96%. IR (KBr, νCN, cm

−1): 2218. 1H
NMR (CDCl3, 600 MHz): δ 1.77 (m, 3H, CH2CH(CH3)2), 1.55
(s, 9H, NtBu), 0.90 (d, 3JHH = 6.6 Hz, 18H, CH2CH(CH3)2), −0.11
(d, 3JHH = 7.2 Hz, 6H, CH2CH(CH3)2).

13C{1H} NMR (CDCl3,
100.6 MHz): δ 57.67 (s, NC(CH3)3), 30.00 (s, NC(CH3)3), 28.42
(s, AlCH2CH(CH3)2), 27.33 (s, AlCH2CH(CH3)2), 22.18 (br s, AlCH2-
CH(CH3)2).

Preparation of tBu3Al·CNtBu (4). tert-Butylisocyanide (0.45
mL, 4.0 mmol) was added via syringe to a solution of tBu3Al (0.750 g,
3.78 mmol) in 20 mL of hexanes, and the resulting colorless solution
was stirred for 4 h. The solution was then concentrated in vacuo to
one-half its original volume and stored at −30 °C for 12 h. Clear,
colorless crystals were isolated by filtration and dried in vacuo. A
second crop of product was similarly obtained by concentration and
cooling of the filtrate. Yield: 1.05 g, 98%. IR (KBr, νCN, cm

−1): 2221.
1H NMR (CDCl3, 600 MHz): δ 1.59 (s, 9H, NtBu), 0.93 (s, 27H,
AltBu). 13C{1H} NMR (CDCl3, 150.8 MHz): δ 133.41 (br s, C
NtBu), 58.33 (s, NC(CH3)3), 32.22 (s, AlC(CH3)3), 30.16 (s, NC-
(CH3)3), 16.42 (br s, AlC(CH3)3). Anal. Calcd for C17H36NAl: C,
72.55; H, 12.89; N, 4.98. Found: C, 67.19; H, 12.17; N, 4.37.

Preparation of Me3Al·CN(2,6-Me2C6H3) (5). A solution of 2,6-
dimethylphenylisocyanide (0.25 g, 1.9 mmol) in 15 mL of toluene was
added via syringe to a solution of Me3Al (1.0 mL, 2.0 M in toluene,
2.0 mmol) in 20 mL of hexanes. The resulting colorless solution was
stirred for 4 h, and then volatiles were removed in vacuo. The
remaining solid was dissolved in a minimal amount of hexanes and
stored at −30 °C. Clear, colorless crystals were isolated by filtration
and dried in vacuo. A second crop of product was similarly obtained
from the filtrate. Yield: 0.38 g, 97%. IR (KBr, νCN, cm

−1): 2203. 1H
NMR (CDCl3, 400 MHz): δ 7.29 (t, 3JHH = 7.6 Hz, 1H, p-CH)), 7.15
(d, 3JHH = 7.6 Hz, 2H, m-CH), 2.43 (s, 6H, CH3), −0.38 (s, 9H,
AlCH3).

13C{1H} NMR (CDCl3, 100.6 MHz): δ 152.9 (t, 1JCN = 13.6 Hz,
CN), 135.95 (s, o-C), 130.60 (s, p-CH), 128.39 (s, m-CH), 124.84
(t, 1JCN = 12.5 Hz, N−C), 18.81 (s, CH3), −5.88 (s, AlCH3).

Preparation of Et3Al·CN(2,6-Me2C6H3) (6). A solution of 2,6-
dimethylphenylisocyanide (0.50 g, 3.8 mmol) in 15 mL of toluene was
added via syringe to a solution of Et3Al (0.440 g, 3.85 mmol) in 20 mL
of hexanes. The colorless solution was stirred for 4 h, and volatiles
were removed in vacuo to yield a light green liquid. Yield: 0.91 g, 97%.
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IR (Nujol, νCN, cm
−1): 2194. 1H NMR (CDCl3, 600 MHz): δ 7.33

(t, 3JHH = 7.8 Hz, 1H, p-CH), 7.18 (d, 3JHH = 7.8 Hz, 2H, m-CH), 2.45
(s, 6H, CH3), 1.07 (t,

3JHH = 7.8 Hz, 6H, AlCH2CH3), −0.11 (br, 9H,
AlCH2CH3).

13C{1H} (CDCl3, 150.8 MHz): δ 147.6 (br s, CN),
136.35 (s, o-C), 131.28 (s, p-CH), 128.60 (s, m-CH), 18.84 (s, CH3),
10.61 (br s, AlCH2CH3), −0.50 (br s, AlCH2CH3).
Preparation of iBu3Al·CN(2,6-Me2C6H3) (7). A solution of 2,6-

dimethylphenylisocyanide (0.50 g, 3.8 mmol) in 15 mL of toluene was
added via syringe to a solution of iBu3Al (0.755 g, 3.81 mmol) in 20 mL
of hexanes. The red solution was stirred for 4 h, and volatiles were
removed in vacuo to yield a red liquid. Yield: 1.2 g, 95%. IR (Nujol,
νCN, cm

−1): 2193. 1H NMR (CDCl3, 600 MHz): δ 7.32 (t, 3JHH = 7.8 Hz,
1H, p-CH)), 7.17 (d, 3JHH = 7.8 Hz, 2H, m-CH), 2.44 (s, 6H, CH3), 1.85
(m, 3H, AlCH2CH(CH3)2), 0.94 (d, 3JHH = 5.4 Hz, 18H, AlCH2CH-
(CH3)2), 0.02 (d, 3JHH = 7.2 Hz, 6H, AlCH2CH(CH3)2).

13C{1H}
(CDCl3, 150.8 MHz): δ 136.40 (s, o-C), 131.20 (s, p-CH), 128.61 (s,
m-CH), 28.53 (s, AlCH2CH(CH3)2), 27.44 (s, AlCH2CH(CH3)2), 22.57
(br, AlCH2CH(CH3)2), 18.85 (s, CH3).
Preparation of tBu3Al·CN(2,6-Me2C6H3) (8). A solution of

2,6-dimethylphenylisocyanide (0.50 g, 3.8 mmol) in 15 mL of toluene
was added via syringe to a solution of tBu3Al (0.750 g, 3.78 mmol) in
20 mL of hexanes. The colorless solution was stirred for 4 h,
concentrated to one-half its original volume, and then stored at
−30 °C for 12 h. The resulting colorless crystals were isolated by
filtration and dried in vacuo. A second crop of product was similarly
obtained from the filtrate. Yield: 1.2 g, 96%. IR (KBr, νCN, cm

−1):
2197. 1H NMR (CDCl3, 600 MHz): δ 7.34 (t, 3JHH = 7.2 Hz, 2H, p-
CH), 7.20 (d, 3JHH = 7.2 Hz, 1H, m-CH), 2.49 (s, 6H, CH3), 1.02 (s,
27H, AltBu). 13C{1H} NMR (CDCl3, 150.8 MHz): δ 147.7 (b, C
N), 136.21 (s, o-C), 131.10 (s, p-CH), 128.46 (s, m-CH), 32.15 (s,
AlC(CH3)3), 18.96 (s, CH3), 16.64 (br s, AlC(CH3)3). Anal. Calcd for
C21H36NAl: C, 76.54; H, 11.01; N, 4.25; Al, 8.19. Found: C, 73.15; H,
11.30; N, 4.30; Al, 8.77.
Preparation of tBu3Ga·CNtBu (9). tert-Butylisocyanide (0.45

mL, 4.0 mmol) was added via syringe to a solution of tBu3Ga (0.910 g,
3.77 mmol) in 20 mL of hexanes. The colorless solution was stirred for
4 h, concentrated to one-half its original volume, and then stored at
−30 °C for 12 h. The resulting colorless crystals were isolated by
filtration and dried in vacuo. A second crop of product was similarly
obtained from the filtrate. Yield: 1.2 g, 98%. IR (KBr, νCN, cm

−1):
2205. 1H NMR (CDCl3, 600 MHz): δ 1.56 (s, 9H, NtBu), 1.02
(s, 27H, GatBu). 13C{1H} NMR (CDCl3, 150.8 MHz): δ 57.66
(s, NC(CH3)3), 32.90 (s, GaC(CH3)3), 30.3 (s, NC(CH3)3). Anal.
Calcd for C17H36NGa: C, 62.98; H, 11.19; N, 4.32. Found: C, 61.70;
H, 10.84; N, 4.38.
Preparation of tBu3Ga·CN(2,6-Me2C6H3) (10). A solution of

2,6-dimethylphenylisocyanide (0.50 g, 3.8 mmol) in 15 mL of toluene
was added via syringe to a solution of tBu3Ga (0.910 g, 3.77 mmol) in
20 mL of hexanes. The colorless solution was stirred for 4 h,
concentrated to one-half its original volume, and then stored at
−30 °C for 12 h. The resulting colorless crystals were isolated by
filtration and dried in vacuo. A second crop of product was similarly
obtained from the filtrate. Yield: 1.37 g, 98%. IR (KBr, νCN, cm

−1):
2183. 1H NMR (CDCl3, 600 MHz): δ 7.36 (t, 3JHH = 7.8 Hz, 1H, p-
CH), 7.20 (d, 3JHH = 7.8 Hz, 2H, m-CH), 2.50 (s, 6H, CH3), 1.02
(s, 27H, GatBu). 13C{1H} NMR (CDCl3, 150.8 MHz): δ 136.56 (s,
o-C), 131.48 (s, p-CH), 128.73 (s, m-CH), 32.37 (s, GaC(CH3)3), 19.20
(s, CH3), 16.82 (br, GaC(CH3)3). Anal. Calcd for C21H36NGa: C, 67.76;
H, 9.75; N, 3.76; Ga, 18.73. Found: C, 65.71; H, 10.51; N, 3.60; Ga,
17.69.
Isothermal Titration Calorimetry. Solutions of the metal alkyls

and isocyanides were prepared in distilled and dried hexanes. All
samples were stored and loaded in an Innovative Technology, Inc.
glovebox containing an argon atmosphere. A MicroCal Omega
isothermal titration calorimeter was employed to determine the
enthalpy of the interaction between the metal alkyls and the isocyanide
derivatives at 25 °C. The instrument was modified with the appro-
priate inert seals and equipped with a small port capable of maintain-
ing a static argon atmosphere over the sample. A solution of the metal
alkyl (1.5 mL, 100 mM) was added to the ITC calorimetric cell under

an inert atmosphere of argon. A solution of the isocyanide derivative
(10 mM) was loaded into the 250 μL calorimetry syringe, and the
temperature of the system was allowed to equilibrate for 60 min prior
to injections. A 10 injection matrix was employed for each sample with
each 5 μL injection lasting for 10 s. A 120 s interval was allotted
between each injection of the isocyanide solution into the calorimetric
cell. The enthalpy (ΔH) of the interaction was determined from the
calorimetric data employing Origin data analysis software. The
enthalpy values were determined from the average of 2−3 separate
experiments from independently prepared solutions. The first 2−3
injections for each experiment were not included in the calculations
due to premature leaching of isocyanide solution from the syringe. The
remaining 7−8 injections were highly reproducible. Addition of
isocyanide in hexane to a blank solution of hexane provided negligible
heats of dilution.

X-ray Crystallography for 4, 5, and 8−10. Crystals of 4, 5, and
8−10 were grown from highly concentrated hexanes solutions at
−20 °C. Single-crystal diffraction data were collected at 140 K with a
Bruker platform diffractometer equipped with a Smart6000 CCD
detector.20 Data were integrated using SAINT 6.45.21 Correction for
absorption, decay, and inhomogeneity of the X-ray beam were applied
using SADABS22 (4 and 8−10) or TWINABS (5).23

Structures of 4, 5, 8, and 10 were solved using direct methods.
Remaining atoms were located with difference Fourier techniques.
Hydrogen atoms were located and refined isotropically with the
exception of several hydrogen atoms in the twinned structure of 5,
which were calculated on ideal positions and included in the
refinement as restrained atoms. The crystal structure of 9 was solved
by isomorphous methods refining all atoms with starting coordinates
acquired from the structure of 4. In all cases the non-hydrogen atoms
were refined with anisotropic atomic displacement parameters, and
calculations were performed using SHELXTL 6.12.24

Crystal structures of the analogous aluminum and gallium
compounds 4/9 and 8/10 are isomorphous, respectively. The
diffraction data of 4 and 9 revealed a superstructure with the strong
diffraction data representing a smaller unit cell of 1/4 of the volume of
the here described cell. These substructure data allowed a refinement
of a disordered molecule which converged to R1 (all 2060 data) =
6.56% for 4 and R1 (all 2620 data) = 3.45% for 9. The here presented
model is a 4-fold superstructure obtained by including the weak
superstructure reflections resulting in an ordered arrangement of the
tBu groups in the extended cells and final residual values of R1 (all
7825 data) = 7.17% for 4 and R1 (all 7891 data) = 5.74% for 9.

Data collected from a crystal of 5 were identified as originated by a
nonmerohedral twin using RLATT.25 Two orientation matrices were
assigned to the two different twin components (GEMINI 1.0226).
Integration of the data using both orientation matrices deconvoluted
the data set into overlapped reflections and reflections originated by
only one of the twin components. Equivalent reflections were merged
if they originated from the same twin component or if they originated
simultaneously from both components. The number of crystallo-
graphically dependent data was subtracted when calculating the esds.
The twinning law is a 180° rotation about the a axis. The ratio of the
two twin components was refined to 0.75:0.25.

Details of data collection and refinement are provided in Table 1.
Further details, including atomic coordinates and complete distances
and angles, are found in the CIFs provided as Supporting Information.

■ RESULTS AND DISCUSSION

Synthesis and Spectroscopic Characterization. Com-
plexes 1−10 were prepared by stirring the appropriate
isocyanide with trialkylaluminum or tri-tert-butylgallium at
room temperature, either neat (2, 3) or in a solution of hexanes
(eqs 1−3). Complexes 1, 4, 5, and 8−10 were isolated as clear,
colorless crystals by concentration of the reaction solution and
cooling to −30 °C overnight. Crystalline samples of 1 were also
obtained by sublimation at 20 °C/0.1 mmHg. Compounds 2, 3,
and 6 were isolated as colorless or light yellow/green oils in
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essentially quantitative yields. Compound 7 was isolated as a
red oil. We attribute the red color of 7 to a highly colored
impurity resulting from isocyanide insertion into the Al−H
bond of DIBAL,7 a known impurity in commercially available
iBu3Al. Compounds 2, 3, 6, and 7 did not distill under vacuum,
thus thwarting purification attempts. Elemental analyses were
obtained for crystalline samples, but carbon and nitrogen
analyses were often lower than calculated. Shapiro and co-
workers5 similarly reported low carbon analyses for Cp3Al·C
NtBu and attributed this discrepancy to formation of aluminum
carbides in the combustion analyses.
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Integration of 1H NMR resonances (CDCl3) for 1−10
confirms the presence of one isocyanide per metal. Proton

resonances for tBuNC in complexes 1−4 and 9 appear as
singlets in the range 1.55−1.59 ppm, downfield from the
resonance of the free ligand at 1.45 ppm. The xylyl resonances
for complexes 5−8 and 10 appear as a doublet and a triplet for
the meta and para protons of the aryl as well as a singlet for the
ortho methyl substituents in the range 2.43−2.50 ppm. The
aryl and methyl resonances are only slightly shifted from those
in the free ligand. Metal alkyl resonances are unexceptional and
typical of group 13 alkyl complexes.

13C NMR spectra for 1−10 are consistent with the proposed
structures, although the CN resonance for the coordinated
isocyanide is observed only for complexes 1, 4−6, and 8. When ob-
served, the CN resonance is shifted upfield by approximately
20 ppm relative to those for uncoordinated tBuNC (154.5;
152.4 ppm)19,27 and (2,6-Me2C6H3)NC (169.5; 167.7 ppm),19,27

and is broad and poorly resolved from the baseline due to
interaction with adjacent quadrupolar aluminum and nitrogen
atoms. The exception is the NC 13C resonance for 5 which
appears as three equally intense lines due to coupling with
14N (I = 1; 1JCN = 13.6 Hz). The CN 13C resonance for
uncoordinated tBuNC and (2,6-Me2C6H3)NC appear as
equal intensity “triplets” with 1JCN values of 3.7−4.5 and
5.0−6.2 Hz, respectively.19,27

The isocyanides in 1−10 are labile in solution. In the
presence of excess isocyanide, the 1H NMR spectra for 1−10
exhibit only a single set of isocyanide resonances, indicating
rapid exchange on the NMR time scale. The chemical shifts for
the resulting isocyanide resonances are weighted averages of the
bound and unbound isocyanide resonances. The exchange
remains rapid by 1H NMR spectroscopy even at −60 °C.
The CN stretches observed in the infrared spectra of the

new complexes, as well as those of the complexes previously
reported, are tabulated in Table 2. Values for νCN are shifted

Table 1. Crystal Data and Structure Refinement Details

tBu3Al·CNtBu, 4 Me3Al·CNAr, 5 tBu3Al·CNAr, 8 tBu3Ga·CNtBu, 9 tBu3Ga·CNAr, 10

formula C17H36AlN C12H18AlN C21H36AlN C17H36GaN C21H36GaN
fw 281.45 203.25 329.49 324.19 372.23
cryst syst monoclinic triclinic triclinic monoclinic triclinic
space group P2(1)/c P1̅ P1̅ P2(1)/c P1̅
a, Å 16.2302(11) 7.3740(8) 8.8875(2) 16.2533(4) 8.9135(2)
b, Å 12.2005(8) 10.6098(11) 11.8471(2) 12.2320(3) 11.8766(2)
c, Å 21.0379(15) 17.2788(19) 11.9501(2) 21.1259(5) 11.9732(3)
α, deg 90.00 92.014(4) 64.069(1) 90.00 64.192(1)
β, deg 106.540(2) 94.854(4) 87.109(1) 106.481(1) 87.174(1)
γ, deg 90.00 91.319(4) 72.330(1) 90.00 72.371(1)
V, Å3 3993.5(5) 1345.7(3) 1073.19(4) 4027.48(17) 1082.45(4)
Z 8 4 2 8 2
Dcalcd, g cm−3 0.936 1.003 1.020 1.069 1.142
T, °C −133(2) −133(2) −133(2) −133(2) −133(2)
μ, mm−1 0.093 0.118 0.096 1.358 1.272
λ, Å 0.71073 0.71073 0.71073 0.71073 0.71073
transm coeff 0.896−1.00 0.837−1.00 0.850−1.00 0.840−1.00 0.858−1.00
2θ limits, deg 2.6−52.0 2.4−52.0 3.8−66.6 3.9−52.0 3.8−56.6
total no. of data 26 764 11 880 19 702 50 383 15 412
no. of unique data 7825 11 880 7553 7891 5367
no. of obsd dataa/params 5050/631 10 581/338 6228/352 5632/631 5143/352
R1
b (F, I > 2σ(I)) 0.0404 0.0478 0.0496 0.0375 0.0231

wR2
c (F2, all data) 0.1220 0.1198 0.1168 0.0812 0.0602

max, min peaks, e/Å3 0.324, −0.191 0.280, −0.208 0.536, −0.190 0.377, −0.225 0.511, −0.297
special information superstructure nonmerohedral twin superstructure

aI > 2σ(I). bR1 = Σ ||Fo| − |Fc||/Σ|Fo|. cwR2 = [Σ[w (Fo
2 − Fc

2)2] /Σ[w (Fo
2)2]]1/2.
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to higher frequency than for the free ligand (see Δ(νCN),
Table 1) as expected for isocyanides coordinated as σ donors in
the absence of π-backbonding. These shifts are in the range
85−90 cm−1 for the tBuNC complexes of aluminum and
69−78 cm−1 for the (2,6-Me2C6H3)NC complexes of
aluminum. Data for 1−8 agree well with those reported

previously for Ph3Al·CNCy,3 Me3Al·CNMe,4 and
Cp3Al·CNtBu.5 The Δ(νCN) values for aluminum com-
plexes 1−8 are less than those observed for borane complexes
(C6F5)3B·CNtBu (170 cm−1),28 (C6F5)3B·CN(2,
6-Me2C6H3) (150 cm−1),28 H3B·CNMe (150 cm−1),29 and
Me3B·CNtBu (114 cm−1)30 and greater than those observed
for tBu3Ga·CNtBu (72 cm−1) and tBu3Ga·CN(2,
6-Me2C6H3) (58 cm−1), suggesting that increasing Δ(νCN)
correlates with increasing Lewis acidity of the group 13
compound.

X-ray Crystallography. The molecular structures of 4, 5,
and 8−10 were further confirmed by X-ray crystallography.
ORTEP diagrams are shown in Figure 1. Selected bond distances
and angles are provided in Table 3. The molecular structures of
4, 5, and 8−10 are typical of Lewis acid−base complexes of
aluminum and gallium alkyls. In each complex, the metal is
ligated by three alkyl substituents and one isocyanide to give a
four-coordinate metal with maximum molecular symmetry of C3v
and C2v for the tert-butylisocyanide and 2,6-dimethylphenyliso-
cyanide complexes, respectively. The isocyanides are nearly linear
with M−C−N angles ranging from 170.77(19)° to 175.59(9)°
and C−N−C angles ranging from 177.0(1)° to 178.7(2)°. The
isocyanide C(1)−N(1) distances are relatively insensitive to
changes in steric and electronic differences in the complexes and
fall in a narrow range from 1.145(3) to 1.149(1) Å. There is a
slight shortening of the C(1)−N(1) distance of the free 2,6-
dimethylphenylisocyanide (1.160(3), 1.161(2) Å)31 upon
coordination (1.148(2)−1.149(1) Å), consistent with the cal-
culations by Schaefer,8 although less pronounced than in previ-
ously reported isocyanide complexes of gold.31 The C(1)−N(1)
distances for 4 and 9 are similar at 1.146(2)−1.145(3) Å, slightly

Table 2. Isocyanide Complexes of Aluminum and Gallium
Trialkyls

νCN
(cm−1)

Δ(νCN)
(cm−1) ref

complex
Ph3Al·CNCy 2215 +90 3
Me3Al·CNMe 2240 +83 4
Cp3Al·CNtBu 2218 +85 5
{Me4C2(C5H4)2}ClAl·CNtBu 2258 +125 6
Me3Al·CNtBu (1) 2224 +91 this work
Et3Al·CNtBu (2) 2219 +86 this work
iBu3Al·CNtBu (3) 2218 +85 this work
tBu3Al·CNtBu (4) 2221 +88 this work

Me3Al·CN(2,6-Me2C6H3) (5) 2203 +78 this work
Et3Al·CN(2,6-Me2C6H3) (6) 2194 +69 this work
iBu3Al·CN(2,6-Me2C6H3) (7) 2193 +68 this work
tBu3Al·CN(2,6-Me2C6H3) (8) 2197 +72 this work
tBu3Ga·CNtBu (9) 2205 +72 this work
tBu3Ga·CN(2,6-Me2C6H3) (10) 2183 +58 this work

ligands
CNtBu 2133 this work
CN(2,6-Me2C6H3) 2125 this work
CNMe 2157 4
CNCy 2125 3

Figure 1. ORTEP drawings of (from left to right) tBu3Al·CNtBu (4), Me3Al·CN(2,6-Me2C6H3) (5), tBu3Al·CN(2,6-Me2C6H3) (8),
tBu3Ga·CNtBu (9), and tBu3Ga·CN(2,6-Me2C6H3) (10). Thermal ellipsoids are drawn at the 50% probability level. Hydrogen atoms are
omitted for clarity.
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longer than the 1.113(3) Å distance observed for (C6F5)3B·C
NtBu.28 These distances are consistent with the IR data and the
greater Lewis acidity of (C6F5)3B relative to that for the
aluminum and gallium trialkyls. The Al−Cisocyanide distances in 4,
5, and 8 range from 2.116(2) to 2.122(3) Å, slightly shorter than
that calculated by Schaefer for MeNC·AlMe3 (2.161 Å)8 and
considerably longer than the Al−Calkyl distances of 1.959(3)−
1.965(3) Å for the trimethylaluminum complex 5 and 2.020(1)−
2.027(1) Å for the tri-tert-butylaluminum complexes 4 and 8.
The Al−Cisocyanide distances are comparable to those in
Cp3Al·CNtBu (2.109(2) Å)5 and {Me4C2(C5H4)2}ClAl·C
NtBu (2.067(6) Å).6 The Al−Cisocyanide distances are greater than
typical Al−O (1.84−2.02 Å) and Al−N (2.02−2.10 Å) distances
for analogous Lewis acid−base complexes with neutral
nitrogen and oxygen donors, respectively.32,33 The Al−N
distance in Me3Al·NCMe, for example, is 2.02(1) Å.34 The
Ga−Cisocyanide distances in 9 and 10 are only slightly longer
than the corresponding Al−Cisocyanide distances and range
from 2.162(2) to 2.169(2) Å. These distances are slightly
less than that calculated by Schaefer for Me3Ga·CNMe
(2.237 Å).8

Isothermal Titration Calorimetry. Early measurements of
gas-phase enthalpies for thermal dissociation of group 13 com-
plexes and enthalpies for solution-phase group 13 complex for-
mation were reviewed by Stone35 and later work subsequently
summarized by Mole.36 In particular, Eyman and co-workers
reported solution calorimetry data on enthalpies of reactions
of trimethylaluminum with simple Lewis bases, such as THF,
diethyl ether, amines, sulfides, phosphines, and phosphine
oxides,37−40 and Pasynkiewicz extended this work to include
nitriles.41 Similar data have been reported for triethylaluminum
by Bonitz42 and Schubert and co-workers43 and for triphenyl-
aluminum by Greenwood et al.44 More recently, calorimetry
has been used by Marks and co-workers to measure enthalpies
of methide abstraction from dimethylmetallocenes of titanium
and zirconium using E(C6F5)3 (E = B, Al).45 Calorimetric
methods for determining organoaluminum concentrations in
solution, and process streams have also been patented.46 There
are, however, no enthalpy data for reactions of organoaluminum
or organogallium reagents with isocyanides.
We chose to measure enthalpies of complexation for 1−10

by isothermal titration calorimetry (ITC). ITC is commonly
employed to determine thermodynamic information involving
interactions of biomolecules, but it has been little utilized to
determine thermodynamic parameters of ligand to metal binding
in inorganic or organometallic systems. Advantages of ITC in
comparison to other types of solution calorimetry47 include

multiple injections per experiment, small reactant volumes, and
reproducibility. One of us has previously used this technique to
determine the number and strength of ligand binding in
samarium and yttrium halides.48

Corrected and uncorrected enthalpies of complexation for
1−10 are summarized in Table 4, and a representative titration

curve is shown in Figure 2. Uncorrected enthalpies for 1−8
(Table 4, column 1) clearly decrease in the order tBu3Al >

iBu3Al > Et3Al > Me3Al, but these enthalpies do not take into
account the varying degrees of association in solution49 and the
differing enthalpies of dimerization for iBu3Al, Et3Al, and
Me3Al. Thus, enthalpies of complexation for 1, 2, 5, and 6 have

Table 3. Selected Bond Distances (Angstroms) and Angles
(degrees) for 4, 5, and 8−10

complex M−C(1) CN M−CN CN−C
tBu3Al·CNtBu (4)a 2.122(2) 1.146(2) 174.38(13) 178.21(14)

2.116(2) 1.147(2) 174.93(13) 178.49(14)
Me3Al·CN(2,6-
Me2C6H3) (5)

2.121(2) 1.148(3) 170.77(19) 177.7(2)

tBu3Al·CN(2,6-
Me2C6H3) (8)

2.117(1) 1.149(1) 175.59(9) 177.04(10)

tBu3Ga·CNtBu (9)a 2.169(2) 1.145(3) 173.6(2) 178.6(2)

2.162(2) 1.146(3) 174.1(2) 178.7(2)
tBu3Ga·CN(2,6-
Me2C6H3) (10)

2.168(1) 1.148(2) 175.15(11) 177.56(13)

aData provided for both independent molecules in the unit cell.

Table 4. Enthalpies of Formation of Isocyanide Complexes
in n-Hexane at 25 °C

complex −ΔH (kcal/mol)
(uncorrected)

−ΔH
(kcal/mol)
(corrected)a

−ΔH
(kcal/mol)
(corrected)b

Me3Al·CNtBu (1) 11.5 ± 0.4 21.7 ± 0.4 19.7 ± 1.5
Et3Al·CNtBu (2) 12.8 ± 0.5 21.3 ± 0.5 19.1 ± 2.0
iBu3Al·CNtBu (3) 20.9 ± 0.4 20.9 ± 0.4 20.9 ± 0.4
tBu3Al·CNtBu (4) 24.4 ± 0.6 24.4 ± 0.6 24.4 ± 0.6

Me3Al·CN(2,6-
Me2C6H3) (5)

10.9 ± 0.5 21.1 ± 0.5 19.1 ± 1.5

Et3Al·CN(2,6-
Me2C6H3) (6)

12.4 ± 0.4 20.9 ± 0.4 18.7 ± 2.0

iBu3Al·CN(2,6-
Me2C6H3) (7)

21.2 ± 0.6 21.2 ± 0.6 21.2 ± 0.6

tBu3Al·CN(2,6-
Me2C6H3) (8)

25.9 ± 0.4 25.9 ± 0.4 25.9 ± 0.4

tBu3Ga·CNtBu (9) 17.0 ± 0.3 17.0 ± 0.3 17.0 ± 0.3
tBu3Ga·CN(2,6-
Me2C6H3) (10)

16.8 ± 0.5 16.8 ± 0.5 16.8 ± 0.5

aCorrected for gas-phase enthalpies of dimerization for Me3Al and
Et3Al.

50−52 bCorrected for liquid-phase enthalpies of dimerization for
Me3Al and Et3Al.

52

Figure 2. ITC thermogram for titration of iBu3Al with CNtBu.
(Top) Heat change associated with addition of 5 μL aliquots of C
NtBu (0.010 M) to iBu3Al (1.4 mL, 0.10 M) at 25 °C. (Bottom)
Binding isotherm.
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been corrected (column 2) for the gas-phase enthalpy of
dimerization of Me3Al (−20.40 ± 0.34 kcal/mol dimer)40,50,51

or Et3Al (−16.93 ± 0.23 kcal/mol dimer),52 as appropriate, by
adding one-half the enthalpy of dimerization to the experi-
mentally observed enthalpy of complexation. This is consistent
with the approach used by Eyman37−40 and allows direct com-
parison of enthalpies of complexation of various Lewis bases to
trimethylaluminum (Table 5). This comparison reveals that

enthalpies for isocyanide complexes 1 and 5 are comparable to
those for Me3Al·PEt3 and Me3Al·PMe3 and less than those for
most oxygen and nitrogen donors, including phosphine oxides,
sulfoxides, amines, nitriles, and THF. Although these data allow
direct comparison of our results to those of Eyman and others,
the correction assumes that the gas-phase enthalpies of
dimerization are the same as those in solution. An alternate
correction has been proposed by Hay et al.,53 who used the gas-
phase enthalpy of dimerization for Me3Al, corrected for the
enthalpy of vaporization for Me3Al monomer, as well as the
monomer−dimer equilibrium constant, to estimate the
solution-phase enthalpy of dimerization for Me3Al to be only
−16.3 ± 1.5 kcal/mol dimer. They similarly estimated the
solution-phase enthalpy of dimerization for Et3Al as −12.5 ±
2.0 kcal/mol dimer. On the basis of these solution-phase
enthalpies of dimerization, corrected enthalpies for 1, 2, 5, and
6 in column 3 of Table 4 would be approximately 2.0 kcal/mol
less than those listed in column 2. The corrected value for 1 is
still 3.3 kcal/mol greater than the gas-phase value calculated
by Schaefer for the analogous complex Me3Al·CNMe
(−16.4 kcal/mol).8

Triisobutylaluminum is approximately 99.5% dissociated into
monomer under the conditions at which the calorimetry data
were collected, 25 °C and a mole fraction of approximately
0.01. Hence, enthalpies for 3 and 7 cannot be corrected
by simply adding one-half the enthalpy of dimerization
(−8.2 kcal/mol dimer)54 to the experimental data. Instead,
we utilized the approach and data used by Smith for correcting
the enthalpy of complexation for iBu3Al·THF.

54 Smith reported
enthalpies of dissociation for iBu3Al as a function of tempera-
ture and iBu3Al mole fraction, yielding a value of −0.017 kcal/mol
at our ITC conditions. Since this correction would be less

that 5% of the standard deviation of the enthalpy data, no
correction was applied. Similarly, no corrections were made
to the enthalpies of formation for 4, 8, 9, or 10 since tBu3Al
and tBu3Ga are monomers in solution. Corrected enthalpies
(column 3) for 1−10 show no discernible difference in
the basicity of tert-butylisocyanide and 2,6-dimethylphenyl-
isocyanide but do illustrate important differences in the Lewis
acidities of the aluminum and gallium alkyls. Enthalpies for
tBu3Al complexes 3 and 4 are approximately 4−5 kcal/mol
greater than those for iBu3Al complexes 3 and 7. There is little
difference between enthalpies of complexes 1−3 and 5−7.
Enthalpies for 4 and 8 exceed those for 9 and 10 by 8−9 kcal/
mol, confirming the significantly greater Lewis acidity of
trialkylaluminum reagents. Overall, the corrected data (column
3) suggest the following order of decreasing Lewis acidity:
tBu3Al ≫ iBu3Al ≥ Me3Al ≈ Et3Al ≫ tBu3Ga.
The greater Lewis acidity of tBu3Al relative to that for

monomeric iBu3Al, Et3Al, and Me3Al is counterintuitive
considering the electron-donating ability55 and large steric
demand of the tBu group.55,56 Steric crowding in adducts of
tBu3Al is expected to result in lower enthalpies of complexation.
Although we offer no explanation for the observed Lewis
acidity of tBu3Al, it is our supposition that the effects of steric
crowding in complexes 4 and 8 are minimized due to the
slender profile of the isocyanide ligands. Unfortunately, there
are no previously published calorimetric studies on enthalpies
of complexation for tBu3Al to which we can compare the
present ITC results. Enthalpies of complexation for
tBu3Al·E

iPr3 (E = P, As, Sb, Bi),57 Me(BHT)2Al·L (L =
Et2O, THF, py),58 tBu2(ArO)Al·L (L = py and bipyridyl
derivatives),59 and tBu2(ArO)Ga·py

60 complexes have been
determined from the temperature dependence of equilibrium
constants for ligand dissociation using NMR spectroscopy, but
no isocyanide complexes were investigated. The tBu3Al·E

iPr3
compounds have much lower enthalpies of complexation (E =
P, 12.2 kcal/mol; E = As, 9.9 kcal/mol; E = Sb, 7.8 kcal/mol;
E = Bi, 6.9 kcal/mol)57 than we observed for isocyanide
complexes 4 (24.4 ± 0.6 kcal/mol) and 8 (25.9 ± 0.4 kcal/mol),
which is not surprising considering the weaker donating ability
and large steric demand of the heavier pnictogen bases EiPr3
(E = P, As, Sb, Bi). ITC determination of enthalpies of
complexation for adducts of tBu3Al and other three-coordinate
aluminum alkyls will be the subject of future work.

Thermal Stability and Insertion Chemistry. On the basis
of the results of their computational study, Schaefer and co-
workers8 suggested that isocyanide complexes of aluminum and
gallium are prone to elimination and alkyl transfer reactions.
We find, however, that compounds 1−10 are stable at room
temperature under an inert atmosphere for up to 3 years with
no change in their 1H NMR spectra. Complexes 2, 3, 6, and 7
do slowly discolor to green and red when stored under nitrogen
for several months, but there is no concomitant change in their
1H NMR spectra.
To probe the possibility of insertion or elimination reactions

at higher temperatures, solutions of isocyanide complexes in
C6D6 were monitored by NMR spectroscopy at 80 and 100 °C.
Solutions of 1−10 showed no reaction over 24 h at 80 °C.
Similarly, none of the complexes underwent reaction over 24 h
at 100 °C, except for 2 and 3, which decomposed to a mixture
of unidentified products. To check for reactivity under harsher
conditions, complex 4 was refluxed in toluene to give a bright
yellow solution. Removal of volatiles yielded a yellow oily

Table 5. Enthalpies of Formation of Selected
Trimethylaluminum Complexes

complex
−ΔH (kcal/mol)
(corrected)a solvent ref

Me3Al·OPMe3 32.0 ± 0.2 benzene 39
Me3Al·NMe3 30.0 ± 0.2 hexane 38
Me3Al·OPPh3 28.7 ± 0.2 benzene 39
Me3Al·OSMe2 28.6 ± 0.3 hexane 41
Me3Al·py 27.6 ± 0.2 hexane 38
Me3Al·NEt3 26.5 ± 0.2 hexane 38
Me3Al·NCPh 25.4 heptane 41
Me3Al·THF 22.9 ± 0.2 hexane 38
Me3Al·PEt3 22.1 ± 0.3 hexane 38
Me3Al·CNtBu (1) 21.7 ± 0.4 hexane this work
Me3Al·CN(2,6-
Me2C6H3) (5)

21.1 ± 0.5 hexane this work

Me3Al·PMe3 21.0 ± 0.3 hexane 38
Me3Al·OEt2 20.2 ± 0.2 hexane 38
Me3Al·PPh3 17.6 ± 0.2 hexane 38
Me3Al·SMe2 16.6 ± 0.2 hexane 40
aCorrected for gas-phase enthalpy of dimerization of Me3Al.
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mixture of compounds which we were unable to identify by
NMR spectroscopy. Attempted separation and purification by
recrystallization from THF yielded a few crystals of [tBu2AlC-
(H)NtBu]2 as identified by X-ray crystallography. Metric
parameters matched those reported by Uhl.61 Since tBu3Al is
known to undergo β-hydride elimination at elevated temper-
atures to form tBu2AlH and 2-methylpropene,62 we hypothesize
that [tBu2AlC(H)NtBu]2 was formed by insertion of the
isocyanide into the Al−H bond of tBu2AlH formed during the
extended thermolysis. Although we have not performed a full
investigation of the thermal stability of 1−10 nor their
decomposition products, it is apparent that these complexes
are stable to insertion and elimination reactions at room
temperature and upon heating to 80 °C. At or above 100 °C,
decomposition does occur, possibly by one or more of the
routes outlined by Schaefer.8

■ CONCLUSIONS
Ten new isocyanide complexes of trialkylaluminum and tri-tert-
butylgallium have been prepared. The complexes are stable if
protected from oxygen and protic reagents, and there is no
evidence for decomposition by isocyanide insertion, elimi-
nation, or other pathways below 80 °C. Decomposition to un-
identified products is evident above 100 °C. Enthalpies of
Lewis base coordination to R3Al or

tBu3Ga are comparable to
those for complexation of PMe3 or PEt3 to the same metal
alkyls. Enthalpy data suggest the following order of decreasing
Lewis acidity: tBu3Al ≫ iBu3Al ≥ Me3Al ≈ Et3Al ≫ tBu3Ga.
We are currently further examining the Lewis acidity of three-
coordinate organoaluminum reagents by ITC.
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