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GENERAL INTRODUCTION 

This dissertation consists of six sections. The first section is a general 

introduction containing a statement of the project and an outline of the goals of 

the research described herein. Each of the subsequent four sections 

represents research as it was published or submitted for journal publication. 

Literature citations, tables, figures, and supplementary materials pertain only 

to the section in which they are included. The final section is a general 

summary of the results achieved. All contributions to the work presented 

herein are acknowledged at the end of each paper. 

The chemistry of azatranes of group 14 and 15 elements and several 

transition metals has been explored in detail by our group and others. 

Azatranes feature a variety of interesting physical and chemical properties. A 

few of the important such properties are volatility, an unusual basicity in the 

case of P(RNCH2CH2)3N, flexibility of the transannular bond with a possibility 

of tuning the interbridgehead distance by varying the steric and electronic 

properties of the axial and equatorial substituents, and a remarkable 

metathetical reactivity of R-Sn(MeNCH2CH2)3N. 

In contrast to azatranes of groups 14 and 15, no analogues of group 13 had 

been known in the literature before our experiments started. These molecules 

appeared to be a viable target for synthesis owing to their expected volatility 

and the fact that the central atom is surrounded exclusively by nitrogens. This 

makes them interesting potential precursors for the preparation of nitrides of 

the group 13 elements by organometallic chemical vapor deposition (OMCVD) 

techniques. 
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We have carried out syntheses and the characterization by spectroscopic 

and structural methods of a series of new derivatives [M(RNCH2CH2)3N]n (M = 

B, Al, Ga; R = H, Me, SiMeg, SiMeg-^er^-Bu; n = 1, 2). These azatranes were 

found to be monomeric or dimeric depending on the size of the substituents R 

and the nature of the central atom M. The structural determination of 

Al(Me3SiNCH2CH2)3N was undertaken to establish the coordination 

environment around the central aluminum atom for which a rare trigonal 

monopyramidal (TMP) geometry was revealed. Only a handful of TMP-

coordinated transition metals and one main-group element (Ga) derivative 

were previously structurally characterized. Three azatrane derivatives of Al 

and Ga were shown by NMR techniques to be dimeric in solution. The 

question whether these molecules possess a cis or trans configuration of the 

substituents on the central four-membered ring was answered by single-

crystal X-ray diffraction studies which demonstrated the presence of curious 

cis isomers in the solid state. These compounds also constitute the first 

examples of group 13 elements pentacoordinated solely by nitrogens. 

27Al NMR chemical shifts are well-known to be characteristic for a 

particular coordination number of aluminum in the oxo and alkyl series. For 

aluminum compounds coordinated by nitrogen ligands only, values for 

octahedral and tetrahedral geometries were known. We have extended the 

AlNx series by establishing values of chemical shifts featuring an upfield trend 

firom trigonal planar to trigonal monopyramidal (TMP) to trigonal bipyramidal 

(TBP) geometries. 

The attempts made in the past to prepare several transition metal 

azatranes by transamination reactions failed. We have found that both 
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azaalumatranes and the azaboratrane B(MeNCH2CH2)3N can undergo a 

complex multistep transmetallation reactions with transition metal or main-

group alkoxides or Ga(acac)3_ thus affording transition metal or main-group 

azatranes, respectively. 

The three-fold molecular symmetry of monomeric azatranes implies the 

presence of a pair of enantiomers. We have found in the case of 

B(Me3SiNCH2CH2)3N that their interconversion proceeds via a concerted 

mechanism. This contrasts with a step-wise mechanism reported previously 

for silatranes. 

A reinvestigation of the oligomeric properties of alumatrane, 

A1(0CH2CH2)3N, was undertaken to clarify its degree of association in 

solution, which was reported in the literature in a rather broad range from 

monomeric to octameric. Our NMR studies unambiguously showed the 

presence of a tetramer in solution and moreover variable temperature 13 c 

NMR spectroscopy revealed a complex dynamic process including 

racemization and rotation of the alumatrane units in the tetramer. 
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PAPER 1. GROUP 13 AZATRANES: SYNTHETIC, 
CONFORMATIONAL, AND CONFIGURATIONAL 
FEATURES 

Reprinted with permission from J. Am. Chem. Soc. 1993,115, 3925 - 3931. 
Copyright © 1993 American Chemical Society. 
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ABSTRACT 

I 1 
The monomelic azatranes E(RNCH^H2)3N 7 (E = B, R = Me), 8 (E = B, R = 

SiMes), and 9 (E = Al, R = SiMeg) can be synthesized from E(NMe2)3 and 

(HRNCH2CH2)3N in low yields (6-37%). The azatrane 10 (E = Al, R = Me), 

formed in 64% yield by the analogous reaction, is a stable dimer featuring a 
I 1 

four-membered MeNAlNMeAl ring in which the aluminum is five-coordinate 

as shown by ^H, and 27a1 NMR spectroscopic techniques (including two-

dimensional ones). Compound 7 can be made in 30% yield by reacting 10 with 

B(0Me)3. Compound 8, in contrast to 7 and 9, exists as rigid enantiomers that 

interconvert slowly at room temperature on the NMR time scale owing to steric 

repulsion of the SiMes groups. VT and l^B NMR studies provide evidence 

for a concerted (rather than a stepwise) racemization mechanism (AH*, 61 + 5 

kJ-mol"l; AS*, -36 ± 13 J-mol'l K-1) involving a symmetric (Cgy) transition state 

that retains the trans annular bond. 
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INTRODUCTION 

Azatrane structures such as 1-6 are members of an interesting class of 

compounds. Compounds of this type (including those wherein Z = OEt, for 

E Z R 

Si NMcg Me 
Ge NMe2 Me 
Sn NMe2 Me 
Ti NMez Me 
V N-f-Bu Me 
Mo N Me 

example) offer an interesting opportunity to study relative reactivities of the 

upper axial and the equatorial substituents to protonation and methylation, for 

example.6 By increasing the bulk of R in these compounds to SiMeg (when E = 

Si and Z = Me), the trans annular bond can be essentially broken. 7 Compounds 

of type 1-6 are volatile and may therefore also be potential OMCVD precursors 

to nitride films of E, since carbon retention may be minimized by the absence of 

C-E bonds and by a higher number of N-E bonds than is required by the normal 

valence of E. 
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Here we report the synthesis of the novel azatranes 7-9 in which boron and 

aluminum are four-coordinate and 10 in which aluminum occurs in a five-

coordinate dimeric structure.8 We fiirther demonstrate that whereas 7 and 9 

are non-rigid in solution on the NMR time scale, 8 is rigid at room 

temperature. Moreover, as suggested by the configuration shown for 10, we 

demonstrate by NMR spectroscopy that this compound does not possess a 

mirror plane. 
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EXPERIMENTAL SECTION 

General Procedures. All reactions were carried out under argon with the 

strict exclusion of moisture using Schlenk or dry box techniques.® Solvents 

were dried over and distilled from Nîi/benzophenone under nitrogen. 

Deuterated benzene and toluene were dried over and distilled from CaH2 under 

an argon atmosphere. The starting materials (MeHNCH2CH2)3N,10 11, and 

(Me3SiHNCH2CH2)3N,ll 12, were prepared using our procedures published 

earlier. B(NMe2)3 was purchased from Aldrich and was used as received. 

[Al(NMe2)3]2, 13, was prepared using the published procedure^^a and was 

characterized by IR, and 27a1 NMR spectroscopy. 12b B(0Me)3 was 

purchased from Aldrich and was purified by distillation from Na before using. 

NMR spectra were recorded on a Varian VXR 300 with deuterated 

solvents as an internal lock. IH (299.949 MHz) spectra were referenced to the 

residual proton signal of the deuterated solvent (7.15 ppm for benzene-de and 

2.09 ppm for toluene-dg)- (75.429 MHz) spectra were also referenced to 

solvent signals (128.0 ppm in benzene-rfe and 20.4 ppm in toluene-cfg). 

(96.233 MHz) spectra were referenced to BF3 Et20 in CgDs (50% volume 

solution) as an external standard, 27A1 (78.157 MHz) spectra were measured at 

25 and 70 °C and were referenced to the external standard 0.2M Al(0104)3/0.IM 

H 0104 in H2O with the coaxial capillary containing benzene-de as a lock 

medium. 29gi (59.591 MHz) spectra were referenced to a 30% volume solution 

of Me4Si in benzene-rfe as an external standard. Pulses of 90° and a relaxation 

delay of 25 s were used for acquisition of the 29Si spectra. Variable 

temperature NMR spectra were measured in toluene-*^g from -110 °0 to +110 
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°C on Varian VXR 300 and Bruker WM 200 spectrometers with an accuracy of 

± 1 °C. Coalescence temperatures were evaluated from a series of spectra 

taken with 1 °C increments. 

Frequency differences AVAB were measured at several (5-6) temperatures 

in the slow exchange region and were extrapolated to the corresponding Tc. 

iH, iR DQF COSY spectra were recorded on a Varian Unity 500 instrument. 

Mass spectra were recorded on a Finnigan 4000 low-resolution (70 eV, EI; 

NHg^ CI) and a Kratos MS-50 high resolution instrument. The masses are 

reported for the most abundant isotope present. IR spectra were taken on an 

IBM IR-98 FTIR spectrometer (4000-400 cm-1) using Nujol mulls between KBr 

discs or as KBr pellets. 

Elemental analyses were carried out by Galbraith Laboratories or Desert 

Analytics. Melting points (uncorrected) were measured in sealed capillaries. 

Triinethylboraazatrane,^^ 7. Method A: A solution of tetramine 11 (19 g, 

0.10 mol) and B(NMe2)3 (16 g, 0.11 mol) in 350 mL of THF and a catalytic 

amount of vacuum dried (NH4)2S04 was refluxed for 99 h at which time the 

detectable evolution of HNMeg ceased. The yellowish solution was filtered and 

3/4 of the solvent was removed under vacuum. The white crystalline solid was 

filtered, washed with 2 x 2.5 mL portions of THF and dried under vacuum. 

Further evaporation of the filtrate gave a second crop crystals providing a total 

yield of 7.4 g (37%). The product was further purified by sublimation at 65 °C at 

5 x 10-3 Torr. 

Method B: A solution of 10 (0.411 g, 0.970 mmol) and B(0Me)3 (0.201 g, 1.93 

mmol) in 50 mL of toluene was heated to 70-90 °C for 48 h with stirring. All 

volatiles were then removed under vacuum and the residue was sublimed at 
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70-80 °C at 5 X 10-3 Torr yielding 0.11 g (30%) of 7: mp 135.0-135.5 °C; IH NMR 

(CgDg) Ô 2.67 (s, 3 H, CH3, = 130.6 Hz, satellites), 2.58 (bt, 2 H, 

MeNCi?2, Vhh = 5.6 Hz), 2.13 (t, 2 H, N(CH2)3, VyH = 5.6 Hz); 13C NMR (CeDe) 

S 37.1 (qt, CH3, IJcH = 130.3 Hz, ^Jqnch = 2.2 Hz), 52.4 (tqt, MeNCHg, VcH = 

134.2 Hz, ^t/cNCH = 6.0 Hz, VcCH = 2.0 Hz), 57.1 (tm, N(CH2)3, VcH = 140.0 Hz); 

llB NMR (CeDe) 5 10.1 (bs, Avi/2 = 34 Hz); HRMS (EI): Calcd for C9H21N4B (M+) 

miz 196.18593, found 196.18605; LRMS (EI) miz (ion, relative intensity) 196 (M+, 

58), 152 (100), 138 (87), 124 (58); CIMS (negative ion detection) m/z 195 (M-H", 

36), 213 (M+NH3", 100), 231 (43), 253 (15); CIMS (positive ion detection) miz 197 

(M+H+, 100); IR (KBr pellet, 4000-400 cm-1) v 2987, 2949, 2919, 2872, 2856, 2830, 

2769, 2646, 1474, 1455, 1444, 1411,1357,1341, 1325, 1274, 1265, 1233, 1208, 1188, 

1163,1151,1098,1040,1005, 972, 960, 923, 867, 844, 768, 761, 609, 511,444; Anal. 

Calcd for C9H21N4B: C, 55.12; H, 10.79; N, 28.57. Found: C, 55.35; H, 10.65; N, 

28.10. 

Tris(trimethylsilyl)boraazatrane,14 8. A mixture of tetramine 12 (3.1 g, 8.5 

mmol) and B(NMe2)3 (1.6 g, 11 mmol) and a catalytic amount of (NH4)2S04 was 

heated to 150 °C and the temperature held there for 40 h by which time the 

detectable evolution of HNMe2 had ceased. Evacuation of residual volatiles 

under vacuum at room temperature was followed by sublimation at 100 °C at 5 

X 10-3 Torr, yielding 0.2 g (6% yield) of a white solid: mp 82-85 °C; ^H NMR 

(toluene-ds) 5 0.23 (s, 9 H, SiCH3, Vch = 117.3 Hz, 13c satellites, Vsm = 6.3 Hz, 

29Si satellites), 1.72 (ddd, 1 H, N(CH2)3, = ^«^HHCtrans) = 115 Hz, 

^'^HH(gauche) = 5.9 Hz), 2.16 (dd, 1 H, N(CH2)3, = 112 Hz, 3c7HH(gauche) = 

3.9 Hz), 2.69 (b dd, 1 H, Me38iNC%, = 12.2 Hz, 3jHH(gauche) = 5.9 Hz), 2.82 

(ddd, 1 H, Me3SiNCi?2, = ^JHH(trans) = 12.2 Hz, 3jHH(gauche) = 3.8 Hz); 
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13c NMR (APT, toluene-ds) 5 1.7 (SiCHs, Vch = 117.6 Hz, VgiC = 57.5 Hz, 29Si 

satellites), 44.4 (Me3SiNCH2, VcH = 138 Hz), 60.2 (N(CH2)3, VcH = 137.9 Hz); 

llB NMR (CeDe) 6 16.1 (bs, Avi/2 = 100 Hz); 298i NMR (CeDe, 25 °C) Ô -2.37; 

HRMS (EI) calcd for Ci5H39N4Si3B (M+) miz 370.25757, found 370.25683; LRMS 

(EI) mIz (ion, relative intensity) 370 (M+ 64), 355 (M-CH3+, 18), 268 (88), 254 (67), 

240 (19), 180 (23), 73 (SiMe3+, 100), 59 (32); Anal. Calcd for Ci5H39N4Si3B: C, 

48.62; H, 10.61; N, 15.12. Found: C, 49.74; H, 9.91; N, 16.49. 

Tris(tiimethylsilyl)aluinaazatrane,^^ 9. A solution of tetramine 12 (39.76 

g, 0.1096 mol) in 130 mL of toluene was added dropwise to a solution of 

Al(NMe2)3 (17.43 g, 0.1095 mol) in 350 mL of toluene. The reaction mixture was 

refluxed for 10 h with stirring. Removal of the solvent under vacuum left an 

amber-colored oil which solidified upon standing overnight. Although this 

material appeared to be pure 9 by ^H NMR spectroscopy, the product was 

recrystallized from pentane to give 7.7 g (18% yield) of a white crystalline solid: 

mp 62-63 °C; iH NMR (CeDe) 6 0.24 (s, 9 H, SiCHs, VcH = 117.0 Hz, l^C 

satellites, ^JgiC = 6.3 Hz, 29Si satellites), 2.00 (t, 2 H, N(CH2)3, ^Jhh = 5.4 Hz, 

VcH = 137.3 Hz, 1% satellites), 2.76 (t, 2 H, Me3SiNCH2, ^JhH = 5.3 Hz, VcH = 

135.0 Hz); 13C NMR (CeDe) 5 1.3 ( q, SiCHg, VcH = 116.6 Hz, VgiC = 55.3 Hz, 29Si 

satellites), 41.4 (tt, Me3SiNCH2, VcH = 135 Hz, 2Jch = 2.2 Hz, Voc = 37 Hz, l^C 

satellites), 58.7 (tm, N(CH2)3, VcH = 137 Hz, Vcc = 37 Hz, l^c satellites); 27A1 

NMR (CeDe) 6 133 (Avi/2 = 3100 Hz at 25 °C, 1860 Hz at 70 °C); 29Si NMR (CeDe, 

25 °C) 5 -1.24; HRMS (EI) calcd for Ci5H39N4Si3Al (M+) m/z 386.22979, found 

386.22937; Anal. Calcd for Ci5H39N4Si3Al: C, 46.59; H, 10.16; N, 14.49. Found: 

C, 46.04; H, 10.19; N, 14.72. 
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Trimethylalumaazatrane Dimer, 10. A solution of tetramine 11 (7.71 g, 

40.9 mmol) in 50 mL of THF was added dropwise to a solution of Al(NMe2)3 

(6.26 g, 39.3 mmol) in 350 mL of THF. The reaction mixture was heated at 90 

°C with stirring for 8 h. After cooling to room temperature, the solvent was 

removed under vacuum to give a solid product which was recrystallized from 

THF to give 10.4 g (64% yield) of 10: mp 104-106 °C; iH NMR (500 MHz, C6D6).6 

1.88 (dd, 1 H, J = 13.2, 4.9 Hz), 2.12 (dd, 1 H, J = 13.1, 5.0 Hz), 2.24 (m, 1 H), 2.31 

(m, 1 H), 2.44 (ddd, J = 13.3, 13.3, 5.1 Hz), 2.56-2.67 (m, 2 H), 2.65 (s, 3 H, CH3), 

2.78-2.85 (m, 2 H), 2.87 (s, 3 H, CH3), 2.91 (s, 3 H, CH3), 2.96 (m, 1 H), 3.04 (m, 1 

H), 3.42 (ddd, 1 H, J- = 13.1,13.1, 4.9 Hz); 13C NMR (CeDe) 5 39.8 (qdd, CH3, VcH 

= 133.8 Hz, VcH = 10.2, 4.5 Hz), 40.8 (qdd, CH3, VcH = 129.1 Hz, VcH = 4.3, 2.7 

Hz), 41.9 (qdd, CH3, VcH = 129.1 Hz, 3JcH = 3.6, 2.2 Hz), 52.5, 53.2, 53.6, 53.7, 

54.3, 56.0 (CH2 groups); 27A1 NMR (CeDe) ô 83 (Avi/2 = 950 Hz at 25 °C, 560 Hz at 

70 °C); HRMS (EI) calcd for C18H42N8AI2 (M+) miz 424.31630, found 424.31628; 

calcd for C9H21N4AI (M+/2) m/z 212.15815, found 212.15808; LRMS (EI) m/z 424 

(M+, 2), 409 (M-CH3+, 5), 368 (61), 337 (6), 311 (15), 267 (7), 232 (4), 213 (M/2 + H+, 

98), 212 (M+/2, 74), 211 (23), 197 (17), 168 (65), 156 (29), 140 (70), 126 (100); Anal. 

Calcd for C18H42N8AI2: C, 50.92; H, 9.97; N, 26.39. Found: C, 50.44; H, 10.05; 

N, 25.59. 
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DISCUSSION 

Syntheses. The synthesis of trimethylboraazatrane, 7,occurs in 37% and 

30% yield according to reaction 1 and 2, respectively. The small amount of 

Reactions 1 and 2: 
THF I I 

(MeHNCH^H2)3N + B(NMe2)3 B(MeNCH^H2)3N + SHNMcg 

11 (NH^zSO^ 7 

n 10 + 2nB(OMe)3 70^90"^ " 2nB(MeNCH^H^ + [AKOMe))];^ 
7 

white precipitate formed during reaction 1 and the substantial amount of oily 

(polymeric?) residue remaining after sublimation of the crude product were 

not investigated further. Reaction 2 is an example of a novel type of 

transmetallation in which the rigid dimeric structure of 10 is disassembled 

and the ligand is reassembled around a new neutral atom. The driving force 

of this reaction is the formation of insoluble polymeric [Al(0Me)3]n possessing 

strong polar Al-0 bonds. By-products in reaction 2, probably containing 

partially transmetallated products, are currently under investigation. In the 

absence of moisture, 7 is stable for months in the solid and solution state and it 

is quite soluble in THF, toluene and pentane. 

Tris(trimethylsilyl)boraazatrane, 8, was synthesized via reaction 3. The 

large amount of glassy residue left upon sublimation of 8 in low yield (6%) from 

the reaction product suggests that a polymer formed during the reaction 



www.manaraa.com

14 

Reaction 3: 
1 in°C I I 

(Me3SiHNCH2CH2)3N + B(NMe2)3 ' \ * B(Me3SiNCH2CH2)3N + SHNMeg 
(NH^2S04 

1 2  8  

rather than upon sublimation, since the former process occurred at a higher 

temperature (150 °C) than the latter (100 °C). Polymer formation may be 

favored over cage formation by the bulky SiMeg groups (see later). The 

solubility properties of 8 are similar to those of 7. The transmetallation 

reaction of 9 with B(0Me)3 did not yield the expected product 8, suggesting that 

the bulk of the MegSi groups also disfavors a reaction analogous to reaction 2. 

In contrast to the low yield of 8, 9 is formed in essentially quantitative yield 

Reaction 4: 

(Me3SiHNCH2CH2)3N+l/2[Al(NMe2)3]2 W^ë^SiNCH^H^ + 3HNMe2 

12 13 9 

in reaction 4 without benefit of catalyst. The absence of polymer in this 

preparation is due at least in part to reduced steric hindrance among the 

SiMes groups in 9 (see later). Compound 9 is soluble in non-polar hydrocarbon 

solvents and it was recrystallized in 18% yield from pentane, although the 

crystals were not suitable for X-ray analysis. 

The highly ordered rigid dimer of trimethylalumaazatrane, 10, is easily 

assembled in reaction 5, giving a 64% yield. 

Reaction 5: 
' I I 
Al(MeNCH^H2)3N 

THF 
2(MeHNCH2CH2)3N + 2Al(NMe2)3 

reflux 
11 13 10 

+ 6HNMe2 
2 
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Structural Considerations. The monomeric nature of 7-9 is supported by 

their and NMR spectra which reflect the 3-fold symmetry of these 

molecules. There is also considerable precedent for transannular tricyclic 

structures of this type in the literature (Table I), two of which (ISa^® and IGa^?) 

have been established by X-ray diffraction. The single resonance for 7 at 

10.1 ppm is also consistent with a monomeric transannulated structure (see 

Table I) possessing a tetracoordinated boron atom. 18 The possibility of head-to-

tail oligomeric structures involving an extended sigma-type overlap of p-

orbitals in solutions of a closely related compound 14 was disproven by an IR 

study in various solvents. Association of 14 in solution is ascribed to dipolar 

attractions involving the transannulated structure. 

Compound 7 is an adduct of the type (R2N)3BNR3. No examples of such 

an adduct could be found in the literature, though the related salt 

Li[B(NHMe)4] was reported^O as well as several adducts of the type 

(R0)3BNR2H.21 The upfield ^B chemical shift of Li[B(NHMe)4] (0.2 ppm) 

relative to 7 may reflect the shielding effect of the negative charge on the 

B(NHMe)4" ion. Also consistent with a stable monomeric tricyclic cage 

structure for 7 is its stability to cleavage of the transannular bond via 

nucleophilic attack on boron by diisopropylamine, F- and (er(-BuO-, as judged 

by the constancy of its iH and ^B NMR spectra in the presence of these bases. 

The IH NMR spectrum of 7 consists of a methyl singlet and two methylene 

triplets. The breadth of the singlet and the downfield triplet is approximately 

twice that of the highfield triplet. We attribute this broadening to quadrupolar 

interactions of the CHgN and the MeNC2Î2 protons with the HB nucleus.22 

Although the N(CH2)3 as well as the MeNCiÎ2 protons are separated from the 
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Table L NMR Chemical Shifts for Selected Boron Compounds 

compound 6 llB(ppm) solvent ref 

B(CH2CH2CH2)3N, 14 9.40 CS2 22 

B(0CHRCH2)3N 

15a, R = H 14.2 a 40 

10.7 H2O 39 

11.2 CHCI3 39 

15b, R = Me 14.2 a 40 

B(CHCXCH2)3N 

16a,X = Cl 14.6 CH2CI2 17 

16b,X = Br 12.1 CH2CI2 17 

B(NRCH2CH2)3N 

7,R = Me 10.1 CeDe this work 

8, R = SiMes 16.1 CeDe this work 

^No solvent given. 

boron nucleus by an equal number of bonds, the latter protons are connected to 

the boron by essentially planar NR2 groups^S which possess a higher degree of 

s-character in their bonds (sp2) then the N(CH2)3 nitrogen (sp3). 

The value of the methylene proton triplets (5.6 Hz) is consistent 

with conformational mobility of the five-membered rings of 7 on the NMR time 

scale even down to -110 °C, although some peak broadening occurs at lower 

temperatures. This broadening occurs more rapidly with decreasing 

temperature for the N(CH2)3 protons than for the MeNCiÏ2 protons, suggesting 
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that the latter (as expected) have greater motional freedom owing to their 

position on the "flap" carbon of a five-membered ring as in 15a. The APT 

NMR spectrum allows the assignment of the CHg versus the CH2 carbons. 

Moreover the coupled spectrum reveals that the highfield CH2 carbon 

peak is split into a quartet by scalar interaction with the CH3 protons (^Jch) 

while the low-field CH2 carbon resonance is split into an unresolved multiplet 

by protons on other N(CH2)3 carbons. The highfield position of the MeNCH2 

carbons relative to the N(CH2)3 carbons may result fi'om the lone-pair electron 

density present on the (sp2) nitrogen of the former which is absent on the latter 

(sp3), thus rendering the N(CH2)3 nitrogen more electronegative. This is also 

demonstrated in the magnitudes of the IJcH coupling constants. Greater s-

character in the CH bonds of N(CH2)3 is manifested as a larger coupling 

constant of 140.0 Hz in contrast to smaller value of 134.2 Hz observed for 

MeNCH2. Finally, the CH2 proton and carbon NMR assignments were 

rendered consistent by sequential irradiation of the proton triplets, leading to 

the collapse of the corresponding resonances to singlets. Two vibrations in 

the IR spectrum of 7 at 1098 and 1040 cm-1 (intensity ratio roughly 1:4) can be 

tentatively assigned to the l^B-N and ^B-N stretch, respectively. 

The room temperature IH NMR spectrum of 8 contrasts that of 7 in that 

the protons on each of the CH2 groups are diastereotopic (Figure 1). The four 

multiplets of equal intensity for these hydrogens in 8 indicate that the 

conformational mobility of the three five-membered rings of 7 is suppressed in 

8 by the steric hindrance imposed by the presence of the SiMe3 groups. Thus 

racemization of the two enantiomers is slow at room temperature on the NMR 

(300 MHz) time scale. At elevated temperatures, racemization is accelerated 
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So 

2.8 2.6 2.4 2.2 

ppm 

Figure 1. The methylene region of the NMR spectrum of 8 at room temperature. Asterisks denote 
impurities and the quintet at 2.09 ppm comes from the solvent, toluene-dg. 
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and the two downfield multiplets coalesce at 81 °C while the two higher field 

ones do so at 100 °C. The broadening of one of the pair of downfield multiplets 

in Figure 1 (probably caused by quadrupolar and unresolved scalar 

interactions with the nucleus) and the lower coalescence temperature for 

this pair of multiplets strongly suggests their assignment to Me3SiNCH2 

protons. The higher coalescence temperature for the upfield pair of multiplets 

corresponds to the slower narrowing of the N(CH2)3 proton resonance in 7 

(compared with its MeNC% protons) upon raising the temperature from -100 

°C. Thus the N(CH2)3 methylene groups in both 7 and 8 possess less motional 

fi'eedom than the methylene moieties residing at the "flap" positions of the five-

membered rings. 

The rigidity on the NMR time scale of the enantiomers of 8 at room 

temperature undoubtedly arises from steric repulsions of the SiMes groups, 

which distort the structure firom the nearly eclipsed conformation (as viewed 

down the B-N axis in Figure 2a) encountered in the crystallographically 

determined structures of B(OCH2CH2)3Nl6 and ClV[(Me3SiNCH2CH2)3N]24 to a 

more staggered one (Figure 2b). This process (shown as a clockwise twist in 

Figure 2) reduces the congestion among the SiMes groups by increasing the 

distance between them, and it changes the conformation of the five-membered 

rings from one in which the Me3SiNCH2 methylene carbon is in the "flap" 

position (Figure 2a) to one in which the N(CH2)3 nitrogen occupies this 

position. The latter location of the flap is not obvious from Figure 2b, but 

becomes clear in Figure 3. 

Some pyramidalization of the MesSiN nitrogens may also result fi'om the 

repulsions of the SiMes groups. In order for the enantiomer in Figure 2b to 
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'B 

o/j o 
(a) (b) 

• 

o f\o 
xl 

(c) (d) 

Figure 2. View down the B-N transannular bond axis of 8 showing an 
eclipsed conformation of the bonds on these atoms (a), 
enantiomeric staggered conformation (b) and (c), and a proposed 
transition state in which all the atoms in the framework of the 
five-membered rings are coplanar (d). The circles represent the 
SiMes groups bonded to the adjacent trigonal nitrogens. 
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H, C 

•N 

Figure 3. Newman projection of the ethylene portion of the fîve-membered 
rings in one of the enantiomers 8 revealing the four different 
environments of the protons and showing the axial nitrogen in the 
"flap" position. The circle represents the SiMeg group. 

SiMe.q SiMej, 

Hb-

He' 

N 

iH a 

' H d  
N 

(a) (b) (0 

Figure 4. Depiction of a portion of the five-membered rings in 8 showing the 
four different methylene proton environments in the two 
enantiomers (a) and (c) and the two environments expirienced by 
these protons during the racemization process. 
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racemize to that in Figure 2c, a counterclockwise twist around the B-N axis is 

required, during which the SiMeg groups must temporarily crowd one another 

in an eclipsed conformation of the cage (Figure 2d) before separating again as 

conformation c in Figure 2 is approached. As depicted in Figure 4b and 4c, the 

protons on each methylene carbon exchange environments during 

racemization. At higher temperatures this exchange becomes rapid on the 

NMR time scale, providing an averaged spectrum of two signals. 

The free energies of activation AGtc^ for racemization at the coalescence 

(Table II) were calculated from both the MegSiNCHg and the N(CH2)3 NMR 

coalescence temperatures at two different magnetic fields.25 The higher 

values of AGtc^ than those for azastannatranes (33-36 kJ-mol-1) or for 

azametallatranes 6 and 17 (40.8 and 41.0 kJ-mol'l^) can be attributed to steric 

repulsions among the SiMeg groups. Thus the absence of Ti-bonding in the 

three BN amido bonds is in contrast to that likely to be of importance in 

favoring a structure resembling that in Figure 2d for azametallatranes 6 and 

17. Not unexpectedly, a rather low value of AGtc^ (8.4 kJ mol l) was measured 

for substituted boratranes^G and the same value was calculated for 14.19 

A stepwise mechanism for ring flipping during racemization was 

substantiated by a IH NOESY experiment in the case of substituted 

17 
[MeAlN(2,6-i-Pr2C6H3)]3 

18 
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Table II. Free Energies of Activation for Racemization of 8 

IH resonance Tc(K) AVAB'̂ C(HZ) AGTC* (kJ-mol-1) 

ME3SINCI?2 350a 21.2c 73.4 

354b 33.9c 73.7 

N(CH2)3 366» 94.8d 74.0 

373b 139.5d 74.3 

^At 200 MHz. bAt 300 MHz. ^Treated as an AB spin system: Jab = 12.2 Hz, 

= 7C (AVAB^ + 6t7AB^)^^/2^^^. = 7tAvAB/2^2. 

silatranes.27 On the other hand, a very small energy difference (8.4 kJ-mol'l) 

between a stepwise and concerted pathway was calculated for 14.19 Owing to 

the bulkiness of the SiMeg groups, the synchronous mechanism is more 

plausible for azaboratrane 8. Synchronous processes in polycyclic systems are 

known to possess higher barriers to interconversion, and this factor may also 

contribute to the high value of AGtc^ for 8. For a series of 1,5-

diazabicyclo[3.3.3]decane derivatives, the energy barriers increase as the 

bridgehead atoms are pushed further apart.28 This can be accomplished in 

molecule 8 if breakage of the transannular B-N bond is involved in the 

racemization process. But as can be seen from the variable temperature ^B 

NMR spectra,29 the chemical shift is rather temperature insensitive (shifting 

0.4 ppm downfield from 25 °C to 110 °C) and remains in the region 

characteristic for tetracoordinated boron^G (16.2 ppm in toluene-c^g). 

Supporting evidence for a concerted racemization mechanism is the negative 

value of the activation entropy AS* (-36113 J mol'^ K-^) which was evaluated 

together with the activation enthalpy AH$ (61+5 kJ mol l) by the linear 
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regression of the plot AGtc^ versus Tc (r = 0.984) (Table II). The negative value 

of A8* is expected if the transition state in the racemization process is more 

symmetrical than both enantiomers. This can be accomplished, for example, 

if a C3 enantiomer passes through the Csv transition state shown in Figure 2d. 

Analysis of the coupling patterns and magnitudes in the NMR 

spectrum of 8 permits an assignment of each of the four multiplets in Figure 1. 

The presence of only two coupling constants in the two doublet of doublets at 

2.16 and 2.69 ppm indicates that the vicinal coupling constant between them is 

close to zero owing to a dihedral angle of approximately 90°. Based on the 

assignment of the broadened multiplet (2.69 ppm) to one of the protons in the 

Me3SiNCiÎ2 methylene group, the signals at 2.69 and 2.16 ppm are assigned to 

Ha and He in Figure 3, respectively. The appearance of two larger coupling 

constants (geminal and trans vicinal) of very similar values, and a smaller 

one (gauche vicinal) in the apparent pseudo doublet of triplets at 1.72 and 2.82 

ppm are confirmatory of the assignments of these protons to Hj and Hy, 

respectively, in Figure 3. Using selective proton decoupling techniques, the 

peaks at 44.4 and 60.2 ppm in the NMR spectrum of 8 were assigned to 

Me3SiNCH2 and N(CH2)3, respectively. 

The llB NMR chemical shift of 8 at 16.1 ppm is shifted 6 ppm downfield 

from that of 7. This may be ascribed to competition for the lone pair density on 

the adjacent nitrogens by the Lewis acidic SiMe3 groups, which deshield the 

boron nucleus. This phenomenon is also manifested in the series B(NMe2)3, 

B(NMe2)2(NMeSiMe3), and B(NMeSiMe3)3 in which Ô l^B increases from 27.3 to 

28.7 to 33.8 ppm, respectively.^^ 
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The IR NMR spectrum of 9 consists of two methylene triplets and a SiMeg 

singlet at 0.24 ppm.31 Crowding of the SiMeg groups, causing the 

conformational rigidity observed for the boron derivative 8, is relieved in the 

case of 9 by the larger size of the central aluminum atom. As for 7, rapid 

racemization is observed in the spectrum down to -70 °C. By analogy with 7 

and 8, the upfield and downfield triplets were assigned to the N(CH2)3 and 

Me3SiNCiÎ2 protons, respectively. In accord with the corresponding 

assignments for 7 and 8, the selectively decoupled NMR spectrum of 9 

permitted ascribing the methylene signals at 41.4 and 58.7 ppm to MegSiNCHg 

and N(CH2)3, respectively. 

The 27a1 NMR chemical shift at 133 ppm confirmed the tetrahedral 

coordination of the central aluminum atom of 9 (Table III). The signal is at 

lower field than that for tetrahedral aluminum with four surrounding 

nitrogens as in 13.12b The downfield shift of 9 can be attributed to the large size 

of the aluminum atom, which distorts the coordination sphere of the central 

atom in 9 from tetrahedral towards trigonal monopyramidal (TMP) with a 

weakened transannular Al-N bond (reaction 6). Such a TMP configuration 

has recently been observed by X-ray crystallographic means for a related 

V(III) analogue.32 As expected, the 27A1 chemical shift for 9 is at higher field 

Reaction 6: 
MegSi 
MegSi 

/ 
SiMeg 

SiMeg 
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Table in. NMR Chemical Shifts for Selected Aluminum Compounds 

compound S27A1 (ppm) coord, no. Avi/2 (HZ) ref 

9 133a 4 3100 at 25 °C this work 

1860 at 70 °C 

10 83a 5 950 at 25 °C this work 

560 at 70 °C 

13 107a 4 840 12b 

107a 980 at 25 °C this work 

620 at 70 °C 

18 168a 3 8800 33 

19 112b 5 7200 at 27 °C 34 

20 104a 5 broadc 35 

156a 4 broad^ 

21 104a 5 broad^ 35 

158a 4 broad^ 

23 40.5a 6 sharpc 37 

159.5a 4 broadc 

^Benzene-ffg solution. ^Toluene-c^g solution. ^Value of Avi/2 not given; room 

temperature. 
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than that for alumazine 18, which possesses trigonally coordinated 

aluminum.33 On the other hand 5 27a1 for 9 is at lower field than those for 

compounds 19,34 20,35 and 21,35 in which each possesses a pentacoordinate 

aluminum. 

Et»iii^_0 

* 
Et^ 

.0— 

\^Et2 

19 

RoAl 

R 

HN 
20 

21 

Me 

Et 

1 

M^GOA. 

c"̂  

Mec 

M62A 
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In contrast to the simple appearance of the NMR spectra of compounds 

7-9, twelve multiplets and three methyl singlets are observed in the case of 10 

(Figure 5a). Moreover, six methylene and three methyl signals can be 

observed in its 13 C APT NMR spectrum. These results are consistent with a 

dimeric structure for 10. Also, its HRMS gives evidence for a dimer stable in 

the gas phase, as is the case for alumatrane 22.36 The formation of the dimeric 

structure 10 renders three methyl groups and three CH2CH2 arms 

inequivalent. Moreover, all four methylene protons become diastereotopic. 
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Figure 5. NMR (500 MHz) spectrum of 10 showing twelve methylene 
multiplets A to L and three strong methyl singlets (a), the ^H ^H-
DQF COSY 2D NMR spectrum (500 MHz) of 10 (b), and the % 13C-
heterocorrelated 2D NMR spectrum (300 MHz) of 10 showing only 
methylene region (c). 
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There are two possible diastereomers for dimeric 10. The diastereomer 

possessing an inversion center as the only symmetry element (schematically 

shown as A) features a trans configuration of the methyl groups on the 

central four-membered ring. The other diastereomer (B) exists as an 

enantiomeric pair, possesses a C2 axis as the only symmetry element, and the 

configuration of the methyls on the central ring is cis. The NMR spectrum 

of 10 is clearly interpretable in terms of the presence of only one diastereomer. 

When an equimolar amount of the chiral shift reagent Eu(fod)3 is added, the 

NMR spectrum in CDCI3 shows broadening and some shifting of the peaks 

downfield. However no peak doubling is observed, even of peaks that have 

widths at half-heighth of only 4 Hz. This result militates against structure B, 

whose lack of a center of inversion gives rise to enantiomers, and favors 

structure A which possesses a center of inversion. The proposed conformation 

of the five-membered rings in A and B is based on the fact that barriers to ring 

flipping are generally low for [3.3.3] systems, and the conformation is governed 
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by a steric repulsion of substituents rather than by a mutual repulsion of 

rings.36 

Distinguishing between the methyl group on the central AI2N2 ring (Me-4) 

and two other methyls (Me-6, 11) in 10 becomes possible from an analysis of its 

C H-coupled NMR spectrum. The nitrogens of the central ring are 

tetracoordinated and each bears a formal positive charge, while the other four 

methyl-bearing nitrogens are tricoordinated and possess lone electron pairs. 

Thus, the nitrogen in the four-membered ring is relatively more 

electronegative than the other two, and attracts more p-character into the N-

C(Me-4) bond. This in turn leaves more s character in the C-H bonds and 

increases the value of the VcH coupling to 133.8 Hz for the signal at 39.8 ppm 

in contrast to 129.1 Hz for the other two methyl groups at 40.8 and 41.9 ppm. 

The analysis of the cross-peak pattern in the ^H DQF COSY spectrum of 10 

(Figure 5) allows the sorting of twelve CH2 proton signals into three groups 

belonging to three inequivalent arms namely. A, B, E, L; C, G, H, K; and D, F, 

I, J. The iH-l^C heterocorrelated 2D spectrum shows the connectivities 

between the proton and carbon signals by crosspeaks (Table IV), and each 

methylene carbon signal is seen to bear two diastereotopic protons (Figure 5c). 

The information from both the COSY and ^H-^^C correlated spectra completely 

identifies the three inequivalent CH2CH2 arms. The remarkable rigidity of the 

dimer 10 is preserved up to 110 °C in solution, as was judged from its variable 

temperature ^H and NMR spectra. The 27a1 NMR chemical shift of 83 

ppm (Table III) confirms pentacoordination of the aluminum atom even at 

70°C. This value is at higher field than those for compounds 19, 20, and 21, 

which are the closest examples of the few pentacoordinated aluminum 
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compounds whose 27^1 NMR spectra have been measured.34,35 

Alumaazatranes 9 and 10, together with the amide 13 and compounds 223? and 

2337 possess only nitrogen atoms in their coordination spheres and they clearly 

display a trend in their 27a1 chemical shifts toward higher field in the order of 

increasing coordination numbers, namely, AIN4 < AIN5 < AlNe (Table III). 

This trend is analogous to that observed for 0x0 and alkyl aluminum species.38 

Table IV. Results of and NMR Correlation Experiments with 
10 

513 c (ppm) S^H (ppm), assignment 

39.8 2.65, Me-4 

40.8 2.87, Me-6 or 11 

41.9 2.92, Me-11 or 6 

52.5 1.89, A; 2.45, E 

53.7 2.12, B; 3.42, L 

53.2 2.78-2.82, H; 3.04, K 

56.0 2.24, C; 2.62-2.67, G 

53.6 2.56-2.62, F; 2.31, D 

54.3 2.82-2.85,1; 2.96, J 
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CONCLUSIONS 

Azatranes of boron and aluminum are stable transannulated molecules. 

In the case of boron they are monomeric (7 and 8) whereas for aluminum they 

can be monomeric (9) or dimeric (10), depending upon the size of the 

substituent on the nitrogen in the three bridging moieties of the 

transannulated cage structure. Steric crowding among the SiMeg groups in 8 

leads to enantiomers sufficiently long-lived to be observed at room temperature 

on the NMR time scale. These enantiomers apparently racemize by a 

concerted mechanism rather than the step-wise process found for silatranes.27 
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ABSTRACT 

The new monomelic azaalumatrane Al(^er^-BuMe2SiNCH2CH2)3N, 6, 

was prepared by the reaction of [Al(NMe2)3]2, 7, and { t e r t -

BuMe2SiNHCH2CH2)3N, 11, and was characterized by ^H, 27^1, and 29Si 
I [ 

NMR, MS and IR spectroscopies. Its analogue Al(Me3SiNCH2CH2)aN, 3, was 

structurally characterized and shown to contain a trigonal monopyramidal 

a l u m i n u m  c e n t e r .  T h e  d i m e r i c  a z a a l u m a t r a n e  
I [ 

[Al(Me3SiNCH2CH2)2(HNCH2CH2)N]2, 5, possesses an unusual cis 

configuration of the central four-membered ring and the aluminum atoms 

display a distorted trigonal bipyramidal coordination sphere. Crystal data: 3, 

a  =  1 3 . 5 0 3 ( 5 )  Â ,  6  =  1 0 . 6 2 1 ( 4 )  Â ,  c  =  1 7 . 8 4 0 ( 6 )  k , p =  9 3 . 2 9 ( 3 ) ° ,  V =  2 5 5 4 ( 2 )  Â 3 ,  Z  =  

4, space group P2i/c, R = 5.2%; 5, a = 12.134(3) Â, 6 = 17.049(4) Â, c = 18.297(5) Â, 

p = 100.02(2)°, V = 3726(2) Â3, Z = 4, space group P2i/n, R = 4.6%. 27ai NMR 

chemical shifts for a series of Al-N compounds with aluminum coordination 

numbers ranging from three to six show increased shielding with increasing 

coordination number. 
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INTRODUCTION 

The chemistry of compounds containing Al-N bonds has been flourishing 

in the past several years, mainly due to increasing interest in developing 

optimum AIN precursors. 1-5 Recently we reported the preparation and 

characterization of group 13 azatranes^ such as 1-4. These compounds exhibit 

monomeric or dimeric behavior, depending on the nature of the central atom 

and on the bulkiness of the pseudo-equatorial substituents, rendering the 

central atom in the monomers or dimers four- or five-coordinate, respectively. 

Compound 2 was shown by VT NMR spectroscopy to undergo an interesting 

dynamic process in solution, which is a concerted interconversion of two 
enantiomers (A ^ * A). Azaalumatrane 4 was also shown to be able to take 

part in a novel complex transmetallation reaction.® Azatranes such as these 

are sublimable solids, thus making them attractive to evaluate as OMCVD 

precursors for nitride films. 

Here we report on the group 13 azatrane 5 which is dimeric and 6 which 

is monomeric. Surprisingly, the configuration of the substituents at the 

central four-membered AI2N2 ring in 5 is cis rather than trans as shown by X-

ray crystallography. Compound 5 constitutes the first example of a 

I 1 B Me 
2 B SiMeg 

10 3 A1 SiMeg 
7 4 A1 Me 

5 M SiMeg 
6 Al SiMe2-fer?-Bu 
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pentacoordinate aluminum surrounded exclusively by nitrogen ligands. 

Monomeric 3 and 6 containing four-coordinate atoms are rare examples of the 

trigonal monopyramidal (TMP) coordination environment for aluminum, and 

the main-group elements in general. A comparison of 27A1 NMR chemical 

shifts among compounds in which the central aluminum is coordinated only 

by nitrogens clearly reveals an upfield trend with increasing coordination 

number of the aluminum. As will also be shown, azaalumatranes 3 and 6, 

despite the very bulky ligands at the equatorial nitrogens, are freely fluxional 

in solution even down to -95 °C in contrast to the boron analogue 2. 
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EXPERIMENTAL SECTION 

General Procedures. All reactions were carried out under argon with the 

strict exclusion of moisture using Schlenk or dry box techniques.? Solvents 

were dried over and distilled from Na/benzophenone under nitrogen. 

Deuterated benzene and toluene were dried over and distilled from CàH.2 under 

an argon atmosphere. 

[Al(NMe2)3]2, 7, was prepared using the published procedure.AICI3, 

LiN-fso-Pr2, LiN(SiMe3)2, MesSiCl, and (grf-BuMe2SiCl were purchased from 

Aldrich and were used as received. 

NMR spectra were recorded at 25 °C, unless otherwise stated, on a Varian 

VXR 300 with deuterated solvents as an internal lock using sealed 5 mm NMR 

tubes. IR (299.949 MHz) and (75.429 MHz) spectra were internally 

referenced to the corresponding Me4Si signals. ^VAl (78.157 MHz) spectra were 

measured at 70 °C to decrease the line width of the signals and were 

referenced to the external standard 0.2M A1(C104)3/0.1M HCIO4 in DgO. The 

chemical shifts were corrected for the difference in chemical shift between D2O 

and the lock solvent used. The background signal, which was found as a broad 

peak at ~61 ppm (Avi/2 = 4100 Hz at 30 °C), did not interfere with our spectra 

owing to its low intensity when concentrated sample solutions were used. 29Si 

(59.591 MHz) spectra were referenced to a 30% volume solution of Me4Si in 

benzene-cÎ6 as an external standard. Pulses of 90° and a relaxation delay of 25 s 

were used for acquisition of the 29Si spectra. 

Mass spectra were recorded on a Finnigan 4000 low-resolution (70 eV, EI; 

NH3, CI) and a Kratos MS-50 high resolution instrument. The masses are 
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reported for the most abundant isotope present. IR spectra (4000-400 cm-1) 

were taken on an IBM IR-98 and a DigiLab FTS-7 FTIR spectrometer using 

Nujol mulls between KBr discs or as KBr pellets. Wave numbers were 

calibrated with a 0.05 mm polystyrene film. Intensities are noted as very 

strong (vs), strong (s), medium (m), weak (w), and very weak (vw). Elemental 

analyses were carried out by Desert Analytics, Knoxville, TN. Melting points 

(uncorrected) were measured in sealed capillaries. 

Tris(diiso-propylamino)aluminum,8a. The preparation of 8a was 

reported in 1961 by Ruff^a using zso-PrgNH and MegN AlHg as starting 

materials. Because no spectral data were published, we report them here. We 

also report the synthesis of 8a by a different method. A slurry of LiN-iso-Pr2 

(4.96 g, 46.3 mmol) in 70 mL of degassed pentane was added slowly to a stirred 

ice-cooled suspension of AICI3 (2.25 g, 50.6 mmol) in 150 mL of pentane and 

then stirred at room temperature for 70 h. All volatiles were removed in 

vacuum and the resulting solid was sublimed at 70-90 °C at 5 x 10-3 torr giving 

0.20 g (4.1%) of a white solid 8a: mp 60-61 °C (lit.Sa 58-59 °C); IH NMR (benzene-

CLQ) 5 1.25 (d, 6 H, CH3, Vch = 6.5 Hz, VcH = 124.0 Hz, satellites), 3.41 (sept., 

IH, CH, = 6.5 Hz, VcH = 131.5 Hz, satellites); 1% NMR (benzene-c^e) Ô 

25.6 (CH3), 46.2 (CH); 27A1 NMR (benzene-dg, 70 °C) Ô 143 ± 1 (Avi/2 = 3600 Hz); 

LRMS (EI) m/z (ion, relative intensity) 327 (M+, 2), 312 (M-CH3+, 1), 226 (M-

NH-iso-Pr2+, 28), 211 (45), 183 (20), 169 (9), 142 (10), 128 (29), 127 (19), 126 (40), 112 

(9), 100 (N-îso-Pr2+, 10), 98 (6), 86 (34), 84 (19), 70 (11), 58 (10), 57 (29), 44 (100); 

CIMS (positive ion detection) miz (ion, relative intensity) 327 (M+, 0.2), 226 (M-

HN-iso-Pr2+, 13), 211 (13), 183 (6), 139 (6), 124 (3), 100 (N-îso-Pr2+, 100). 
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Tris[bis(trimethylsilyl)amiiio]aluininum,9>10 8b. The reaction of AICI3 

with LiN(SiMe3)2 as described in the literature^Oa was employed. Because only 

a melting point and NMR spectrum was reported, the product was more 

completely characterized by spectroscopic techniques. 8b was purified by 

sublimation at 110-120 °C at 5 x 10Torr yielding a white solid: mp 187-190 °C 

(lit. 10a 188 °C); IH NMR (toluene-ds) 5 0.33 (s, 54 H, CH3, Ugh = 117.9 Hz, 13C 

satellites, = 6.4 Hz, 29Si satellites) (lit. 10a,b 5 0.25 in CCI4); NMR 

(toluene-c^g) 5 6.03 (q sept., VcH = 118.0 Hz, ^JcH = 18 Hz, VsiC = 55.6 Hz, 29Si 

satellites); 27A1 NMR (toluene-ds, 70 °C) 6 136 ± 1 (Avi/2 = 8200 Hz); 29Si NMR 

(toluene-(^8) 5 0.34; HRMS (EI) calcd for Ci8H54N3Si6Al (M+) mIz 507.27488, 

found 507.27614; calcd for CiyHsiNsSieAl (M-CH3+) m/z 492.25140, found 

492.25108; LRMS (EI) mIz (ion, relative intensity) 507 (M+, 1), 492 (M-CH3+, 8), 

404 (3), 347 (M-N(SiMe3)2+, 10), 331 (14), 291 (4), 275 (23), 259 (5), 202 (75), 186 (6) 

146 (25), 130 (43), 73 (8iMe3+, 100). 

Tris(trimethylsilyl)tren,ll 9. Method A. The reaction of lithiated 

tetramine tren N(CH2CH2NH2)3, 10, with Me3SiCl as described earlier in a 

paper from our laboratory! 1^ was used, improving the reported yield of 54% to 

75%. Here we also report complete spectroscopic data for 9: bp 110 °C at 5 x 10" 

3 Torr; ^H NMR (benzene-de) 5 0.13 (s, 9H, Si(CH3)3, Vch = 117.9 Hz, 

satellites, VsiH = 6.6 Hz, 29Si satellites), 0.80 (bt, IH, NH, Vhnch = 7 Hz), 2.36 

(t, 2H, N(CH2)3, = 6.2 Hz), 2.76 (td, 2H, SiNCH2, VhcCH = 6.3 Hz, 3JhnCH 

= 7.4 Hz); 13c NMR (benzene-de) 5 0.3 (q bm, Si(CH3)3, IJcH = 117.8 Hz, VgiC = 

56.4 Hz, 29Si satellites), 40.2 (tq, SiNCH2, IJcH = 132.6 Hz, = 2.3 

Hz), 58.9 (tm, N(CH2)3, VcH = 130.8 Hz); 29Si NMR (benzene-de) 5 2.55; LRMS 

(EI) mIz (ion, relative intensity) 363 (M+H+, 64), 347 (M-CH3+, 32), 260 (M-
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CH2NHSiMe3+, 42), 229 (9), 171 (100), 157 (24), 116 (CH2CH2NHSiMe3+, 36), 102 

(CH2NHSiMe3+, 31), 73 (SiMes^, 78); IR (neat, KBr discs, 4000-400 cm-1) v 3384 

m (vNH), 2955 vs (Vas CH3), 2898 s (VgCH3), 2841 s (VagCHg), 2806 s (VsCH2), 2734 

w, 1449 m, 1398 vs (ôasCH3), 1248 vs (SgCHs), 1125 vs, 1110 vs (vNC), 1050 s, 990 

w, 932 vs, 874 sh (pasCH3), 836 vs (pasCHg), 744 s (psCH3), 679 s (vSiC), 613 m. 

Method B. MesSiCl (13 mL, 0.10 mol) was added dropwise to a solution of tren 

10 (4.9 g, 0.033 mol) and EtsN (16 mL) in 350 mL of Et20 at 0 "C. After stirring 

over night at room temperature, the solution was filtered, the solvent was 

removed, and vacuum distillation afforded 5.67 g (46.8%) of 9. 

Tris(trimethylsilyl)azaaluinatrane,12 3. Compound 3 prepared according 

to our procedure® was purified by sublimation at 70-80 °C at 1 x 10"^ Torr. 

Single crystals suitable for X-ray diffraction experiments were grown from a 

pentane solution stored in a refrigerator for several weeks. The 

characterization of 3 by NMR techniques was reported previously.® IR (KBr 

pellet, 4000-400 cm-1) v 2953 m (VagCHg), 2888 m, 2834 m, 1465 w, 1449 w, 1400 w, 

1359 w, 1340 w, 1331 w, 1265 m, 1246 vs (5sCH3), 1143 w, 1087 s (vCN), 1066 m, 

1049 m, 1031 m, 969 vs, 832 vs (pasCH3), 744 s (pgCH3), 726 w, 669 m, 663 w, 641 

vw, 621 vw, 579 m, 576 m, 533 m; LRMS (EI) miz (ion, relative intensity) 386 

(M+, 51), 371 (M-CH3+, 71), 358 (M-CH2CH2+, 5), 284 (M-CH2NSiMe3-H+, 100), 

256 (9), 242 (5), 227 (5), 215 (7), 188 (6), 185 (7), 183 (8), 178 (10), 171 (19), 157 (7), 116 

(11), 102 (11), 73 (SiMe3+, 68), 59 (14); CIMS (positive ion detection) m/z (ion, 

relative intensity) 387 (M+H+, 100), 363 (18), 291 (18), 200 (5), 116 (21), 107 (46), 90 

(70). 

Tris(^erf-butyldiinethylsilyl)tren, 11. Method A. Tren, 10 (4.82 g, 33.0 

mmol) in 150 mL of THF was lithiated with 48 mL of a 2.1M solution of n-BuLi 
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at -60 °C and then stirred overnight at room temperature. This suspension 

was quenched with a solution of (er^-BuMegSiCl (14.91 g, 98.94 mmol) in 150 

mL of THF at -40 °C and then stirred overnight at room temperature. THF was 

removed under vacuum and 250 mL of pentane was added. The precipitate of 

LiCl was filtered off, pentane was removed under vacuum and the product was 

vacuum distilled giving 7.30 g (45.3%) of 11: bp 170 °C at 0.1 Torr; IR NMR 

(benzene-de) 5 0.03 (s, 6H, Si(CH3)2, VcH = 118.0 Hz, satellites, ^JsiH = 6.2 

Hz, 29Si satellites), 0.73 (t, IH, NH, Vrnch = 7.2 Hz), 0.93 (s, 9H, C(CH3)3, VcH 

= 124.5 Hz, 13c satellites, ^JsiH = 5.6 Hz, 29gi satellites), 2.31 (t, 2H, N(CH2)3, 

= 6.2 Hz, VcH = 132.3 Hz, satellites), 2.75 (dt, 2H, SiNCHg, ^e/ncCH = 

6.2 Hz, Vhnch = 7.3 Hz, VcH = 131.8 Hz, 1% satellites); NMR (benzene-de) 

5 -4.7 (qqd, Si(CH3)2, Vch = 118.0 Hz, ^JcSiCH = VcSiNH = 18 Hz, IJsiC = 55.3 

Hz, 29Si satellites), 18.7 (s, C(CH3)3, Vcc = 31.2 Hz, satellites, VsiC = 60.7 

Hz, 29Si satellites), 26.8 (q sept., C(CH3)3, VcH = 124.6 Hz, ^JcH = 5.6 Hz, ^Jcc = 

31.2 Hz, satellites), 41.0 (ttd, SiNCHg, Vch = 133.1 Hz, ^e/cCH = = 2.5 

Hz, Vcc = 39.2 Hz, 1% satellites), 59.4 (tm, N(CH2)3, VcH = 132.3 Hz, Vcc = 

38.7 Hz, 13C satellites); 29Si NMR (benzene-de) 5 7.50; LRMS (EI) m/z (ion, 

relative intensity) 489 (M+H+, 0.05), 473 (M-CH3+, 0.3), 431 (M-iert-Bu+, 0.1), 344 

(11), 226 (5), 213 (35), 199 (11), 187 (38), 158 (34), 144 (29), 129 (6), 115 (SiMez-fe/f-

Bu+, 7), 100 (13), 88 (10), 73 (SiMe3+, 100), 59 (18), 58 (SiMe2+, 7), 57 (tert-Bu+, 11), 

44 (10), 43 (10); CIMS (positive ion detection) m/z (ion, relative intensity) 489 

(M+H+, 100), 375 (10), 344 (12), 332 (8), 299 (11), 261 (4); IR (neat, KBr discs, 4000-

400 cm-1) V 3691 s (vNH), 2954 vs (VASCH3), 2930 vs, 2885 s (VGCHS), 2856 vs, 1470 

vs, 1464 vs, 1449 sh, 1401 vs, 1389 s, 1360 m, 1279 w, 1253 vs (5sCH3), 1209 w, 1127 

vs, 1114 vs, 1048 s, 1005 s, 988 vw, 936 s, 906 sh, 853 sh, 830 vs, 808 s, 770 vs, 724 
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sh, 678 w, 658 s, 570 w. Anal. Calcd for C24H6oN4Si3: C, 58.95; H, 12.37; N, 

11.46. Found C, 59.41; H, 12.80; N, 11.41. 

Method A solution of (er(-Bu]V[e2SiCl (10.5 g, 69.8 mmol) in 100 mL of 

Et20 was added dropwise to an ice cooled solution of tren, 10, (3.3 g, 2.3 mmol) 

and BtgN (10 mL, 72 mmol) in 250 mL of Et20 with stirring. The white 

suspension was further stirred at room temperature overnight and solid 

EtgNHCl was filtered off and then all volatiles were removed under vacuum. 

Further workup and characterization was identical to that in Method A, 

yielding 4.45 g (40.3%) of 11. 

Tris(fer#-butyldimethylsilyl)azaalumatrane,14 6. A solution of 7 (0.93 g, 

5.8 mmol) in 80 mL of toluene was added dropwise to a stirred solution of 

tetramine 11 (2.86 g, 5.84 mmol) in 100 mL of toluene over a period of 15 

minutes. The reaction mixture was heated at 100 °C with stirring for 24 h. 

After cooling to room temperature, a small amount of a fine (probably 

polymeric) precipitate was filtered off. The volume of the filtrate was reduced 

under vacuum to 1/3 and the resulting precipitate was collected and washed 

with 2 X 1.5 mL of toluene giving 1.55 g (52%) of 6 as a white solid which was 

further purified for characterizational purposes by sublimation at 130 °C at 2 x 

10-3 Torr: mp 163-164 °C; iH NMR (toluene-ds) 6 0.18 (s, 6H, SiCHg, VcH = 

116.4 Hz, 13c satellites, VsiH = 6.1 Hz, ^Sgi satellites), 1.01 (s, 9H, C(CH3)3, 

IJCH = 124.3 Hz, 13c satellites, ^Jsm = 5.4 Hz, 29Si satellites), 2.12 (t, 2H, 

N(CH2)3, 3Jhh = 5.3 Hz, VcH = 138.4 Hz, 13C satellites), 2.85 (t, 2H, SiNCH2, 

3(/HH = 5.3 Hz, IJcH = 135.0 Hz, 13c satellites); 13C NMR (toluene-cJs) 5 -2.9 (qm, 

SiCHs, IJcH = 117.3 Hz, IJsiC = 54.8 Hz, 29Si satellites), 20.6 (s, C(CH3)3, IJsiC = 

59.3 Hz, 29Si satellites, IJcc = 31.0 Hz, 13C satellites), 27.7 (q sept., C(CH3)3, 
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^(/CH = 124.3 Hz, ^JcH = 5.7 Hz, Vcc = 31.0 Hz, satellites), 42.6 (tt, SINCH2, 

IJCH = 135.2 Hz, 2JCH = 1.8 Hz), 58.8 (tm, N(CH2)3, VcH = 136.4 Hz); 27A1 NMR 

(toluene-c^g; 80 °C) Ô 131 ± 1 (Avi/2 = 3030 Hz); 29Si NMR (toluene-ds) 5 3.91; 

HRMS (EI) calcd for C24H57N4Si3Al (M+) miz 512.37064, found 512.37033; 

LRMS (EI) mIz (ion, relative intensity) 512 (M+, 7), 497 (M-CH3+, 3), 455 (M-

100), 397 (M-SiMe2-ter^Bu+, 1), 368 (3), 344(1), 341 (1), 325 (5), 298 (1), 

283 (3), 199 (5), 178 (5), 169 (3), 158 (3), 144 (3), 73 (SiMe3+, 61), 59 (10), 57 {tert-

Bu+, 25); CIMS (positive ion detection) mIz 513 (M+H+, 100), 489 (18), 455 (M-

^erf-Bu+, 18); CIMS (negative ion detection) mIz 529 (M+NHs", 17), 511 (M-H", 

82), 487 (100); IR (KBr pellet, 4000-400 cm-1) v 2955 vs, 2930 vs, 2895 s, 2887 s, 

2857 vs, 2817 s, 1472 s, 1465 s, 1404 m, 1400 m, 1388 w, 1361 w, 1251 s (SgCHg), 

1127 m, 1112 m, 1080 w, 1060 w, 1048 m, 1006 w, 968 s, 937 m, 828 vs, 768 s, 668 

w, 660 w, 599 w, 570 w, 527 w. Anal. Calcd for C24H57N4Si3Al: C, 56.19; H, 

11.20; N, 10.92. Found: C, 55.65; H, 11.38; N, 10.57. 

Cis-Bis(triinethylsilyl)azaalumatrane Dimer,!^ 5. Compound 5 was 

prepared during attempts to grow single crystals of 3 from a pentane solution 

at -20 °C (see discussion for details). Clear plates of 5 were washed with 

pentane and dried in vacuum for 45 min: mp 160-165 °C dec.; ^H NMR 

(benzene-de) 5 0.253, 0.255 (s, 18H, Si(CH3)3 groups, Vch = 117.9 Hz, 

satellites, ^JgiCH = 6.2 Hz, 29Si satellites), 2.05 (ddd, IH, J = 5.0, 12.4, 12.4 Hz), 

2.20 (ddd, IH, J = 1.5, 4.2, 12.2 Hz), 2.28-2.44 (m, 3H), 2.46-2.56 (m, IH), 2.56-2.66 

(m, IH), 2.70-2.97 (m, 4H), 3.23-3.35 (m, IH); l^C NMR (benzene-de) S 1.9, 2.0 (s, 

Si(CH3)3 groups, Vgic = 55 Hz, 29si satellites), 42.0, 43.8, 44.1 (s, RNCH2 

groups), 57.8, 62.6, 62.9 (s, N(CH2)3); 27A1 NMR (benzene-dg) 6 86 (Avi/2 = 1930 

Hz 25 °C, 1080 Hz at 70 °C); 29Si NMR (benzene-de) 5 -1.30, -2.94; HRMS (EI) 
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calcd for C24H62N8Si4Al2(M+) miz 628.38052, found 628.37925; LRMS (EI) miz 

(ion, relative intensity) 628 (M+, 2), 613 (M-CH3+, 1), 573 (1), 513 (M-

CH2CH2NSiMe3+ 4), 511 (2), 471 (1), 411 (1), 398 (5), 315 (4), 313 (2), 260 (1), 188 

(21), 171 (25), 159 (11), 157 (12), 147 (10), 143 (6), 117 (11), 116 (93), 115 (19), 102 (25), 

100 (17), 99 (99), 87 (16), 85 (10), 75 (28), 74 (12), 73 (SiMe3+, 100), 70 (15), 59 (16), 58 

(14), 56 (17), 45 (17), 44 (81), 43 (16), 42 (12); CIMS (positive ion detection) miz 

(ion, relative intensity) 629 (M+H+, 100), 363 (13), 291 (36), 219 (7); CIMS 

(negative ion detection) miz (ion, relative intensity) 627 (M-H~, 100); IR (KBr 

pellet, 4000-400 cm-1) v 3277 w (vNH), 3267 w (vNH), 2946 vs, 2891 vs, 2856 vs, 

2829 s, 2799 m, 1477 w, 1461 m, 1451 vw, 1437 vw, 1396 w, 1370 w, 1353 m, 1332 

m, 1300 m, 1257 sh, 1242 vs, 1209 m, 1153 m, 1116 s, 1074 vs, 1055 w, 1039 s, 1009 

s, 969 vs, 952 vs, 925 w, 900 s, 845 vs, 833 vs, 799 s, 744 vs, 668 s, 643 s, 585 s, 549 

vs, 508 vs, 481 s; Anal. Calcd for C24H62N8Si4Al2: C, 45.82; H, 9.93; N, 17.81. 

Found C, 45.73; H, 9.48; N, 17.62. 

Single-Crystal X-ray Diffraction Studies of 3 and 5. Colorless crystals of 3 

and 5 were mounted in 0.5 mm glass capillaries in a nitrogen-filled glove box 

and flame-sealed. The diffraction intensity data for 3 and 5 were collected on 

Rigaku AFC6R and Siemens P4RA instruments, respectively, both equipped 

with low-temperature devices. Crystal data, experimental conditions for data 

collection, solution and structure refinement are listed in Table I. The 

intensity of three standard reflections remained constant within the errors of 

measurement throughout data collection for 3 while a decay correction was 

applied for 5. Lorentz and polarization corrections were applied. Azimuthal 

scans of several reflections indicated no need for an absorption correction for 3 

while a semi-empirical absorption correction based on a series of v|/-scans was 
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applied in the case of 5. The structures of 3 and 5 were solved by direct 

methods and refined by a full-matrix least-squares method, using TEXSAN 

(VAX)16 and SHELXTL PLUS (VM8),17 respectively. All non-hydrogen atoms 

were refined with anisotropic thermal parameters. All hydrogens in 3 were 

placed and refined. For 5, the C-H hydrogen atoms were fixed with distances 

of 0.96 Â. The N-H hydrogen atoms were allowed to refine isotropically with 

free positional parameters. Neutral atom scattering factors were taken from 

common sources. 18 Positional and thermal parameters are listed in the 

supplementary materials. 



www.manaraa.com

52 

Table I. Crystal, Data Collection, Solution and Structure Refinement 
Parameters for 3 and 5 

formula 

fw 

crystal size (mm) 

crystal system 

space group 

a (Â) 

6(Â) 

c (Â) 

P (deg) 

volume (A^) 

Z 

dcalcd (g/cm3) 

fXOOO) 

abs coeff (cm-1) 

diffractometer 

radiation 

temperature (°C) 

monochromator 

20 scan range (deg) 

scan type 

scan speed (deg/min) 

_3 

AlCi5H39N4Si3 

386.74 

0.2x0.4x0.5 

monoclinic 

P2i/c (no. 14) 

13.503 (5) 

10.621 (4) 

17.840 (6) 

93.29 (3) 

2554(2) 

4 

1.006 

812 

2.18 

Rigaku AFC6R 

MoKa (X = 0.71069 Â) 

-20 

graphite crystal 

5.0-55.1 

20-0 

16.0 (in 0)) 

J 

Al2C24H62N8Si4 

629.11 

0.3 X 0.2 X 0.2 

monoclinic 

P2i/n (no. 14) 

12.134(3) 

17.049(4) 

18.297 (5) 

100.02(2) 

3726 (2) 

4 

1.122 

1376 

21.36 

Siemens P4RA 

CuKa (X = 1.54178 Â) 

-50 

graphite crystal 

5.0-115.0 

20-0 

11.7-35.2 (in co) 
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Table L Continued 

scan range (deg) 1.05 + 0.30 tan 0 1.00 plus Ka-

separation 

collected reflcns 9762 10394 

independent reflcns 4923 5006 

-Rinit (%) 11.8 2.7 

observed reflcns, nobs 1528 4085 

(I > 3.0 c (I)) (I > 4.0 a (I)) 

weighting scheme, w-1 [a2(Fo2)]/4Fo2] a2(Fo) + 0.0003 (Fo)2 

no. of variables, nyar 208 412 

data-to-parameter ratio 7.4:1 9.9:1 

largest peak (e-A-3) 0.22 0.26 

largest hole (e-A-3) -0.19 -0.22 

^(%)a 5.2 4.6 

Eu,(%)b 5.8 4.3 

GOFc 1.8 1.4 

ai? = SI I Fo I -1 Fc I I /21 Fo I. = [ZwC I Fo I -1 Fc I )2/Zw(Fo)2] 1/2. cQOF = [2w( I Fo I -

lFcl)2/(nobs-nvar)]1^2. 
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RESULTS AND DISCUSSION 

Syntheses. The synthesis of silylated tetramines 9 and II, which have 

attracted considerable attention recently, 19 was accomplished here by the 

reaction of a silylchloride with a lithium salt of a tetramine or by the direct 

reaction of tetramine with a silylchloride in the presence of a base, the former 

giving a slightly higher yield. The silylation of tripodal triamines by the latter 

method was reported recently. 13a 

The monomeric azaalumatrane 6 was synthesized by the transamination 

reaction of 7 with the tetramine 11 according to eqn. 1, in 52% yield. 6 can be 

Reaction 1: 

l/2[Al(NMe2)3]2 + (^eri-BuMe2SiNHCH2CH2)3N - 3 MegNH + 6 
7 11 

purified by crystallization fi-om toluene. The ^H, 27^] and 29Si NMR data 

are similar for 3 and 6 and they are consistent with a three fold symmetry of 

these molecules. The monomeric alumaazatranes 3 and 6 are moisture 

sensitive solids that are easily sublimed at reduced pressure. It is worthy of 

note that the transamination reaction of tetramine 11 with monomeric amide 

Al[N(SiMe3)2]3, 8b, even after several hours of reflux did not give any expected 

alumaazatrane 6 and by NMR spectroscopy only the starting compounds 

were observed in the reaction solution. For the sake of argument, let us 

assume that a proton transfer from the NH groups of the tetramines 9 and 11 

to the nitrogen of the NR2 groups of amides 8a and 8b is a more important step 

in the transamination than a nucleophilic attack of the lone electron pair of the 
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tetramine NHR groups on the aluminum center. This assumption gains 

credibility from the observed higher reactivity of the silylated tetramines in the 

transamination of [Al(NMe2)3]2 compared with alkylated tetramines such as 

Megtren and iso-Prgtren. Moreover, the reactivity of metal amides with protic 

reagents increases with their pKa.^ Thus in silylated tetramines, the basicity 

of the NHR nitrogens is diminished by 71-bonding to silicon and conversely the 

acidity of the NHR protons is enhanced. In contrast, the opposite electronic 

situation occurs in alkylated tetramines. The inertness of Al[N(SiMe3)2]3 can 

thus be attributed to the diminished basicity of the nitrogen lone electron pairs 

due to their 7t-bonding to silicons and also to a steric shielding of the 

aluminum center by the bulky SiMes groups. Similarly, the monomeric amide 

Al(N-iso-Pr2)3, 8a, failed to react with (Me3SiNHCH2CH2)3N, 9. In this case, 

steric blocking could be the major reason for its inertness. 

Formation of the dimeric azaalumatrane 5 by a desilylation of 3 

(summarized in reaction 2) is a novel example of the degree of oligomerization 

being influenced by the bulkiness of ligands on the equatorial nitrogens. Thus, 

relaxing the steric congestion in 3 by removal of one of the three SiMes groups 

Reaction 2: 

ZMegSiX 

5 
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leads to dimerization and, as was confirmed by the X-ray diffraction study of 5 

(vide infra) an unusual cis configuration at the central four-membered ring. 

The presence of the trans isomer in the mother liquor was ruled out by 

NMR spectroscopy. Heating a benzene-de solution of 5 in a sealed NMR tube to 

130° for 48 h caused no observable transformation of the cis-isomer to its trans 

counterpart. 

The true nature of the desilylation process (reaction 2) remains unclear so 

far. One possibility is that adventious water caused a partial hydrolysis of 3. 

Militating against this option are our consistent efforts to maintain anhydrous 

conditions throughout the reaction and workup, and also our inability to repeat 

the preparation by a controlled hydrolysis of 3 with 0.5 equivalent of water by 

several methods including the addition of the H2O to a pentane solution of 3 at 

-78 °C, slow diffusion of water vapors from ice at -20 °C, and slow release of 

water of crystallization from CUSO4 5H2O. In all cases, we observed by 

NMR spectroscopy a mixture of the parent amine 9 as a product of complete 

hydrolysis, and unreacted 3. Also the amount of dimer is larger than what 

would be expected if only adventious water was present. Recently, a very 

12a H SiMea CI 
12b H SiMes Br 
12c Me Me CI 
12d Me Me Br 
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similar observation was publishedl^b for related compounds 12a,b containing a 

tripodal ligand. The explanation for the formation of a desilylated dimer given 

by the authors involved a reaction with the solvent protons (THF) and excluded 

the hydrolytic pathway. Considering the coordinative unsaturation and Lewis 

acidity of the TMP aluminum center in 3 which might even be enhanced in the 

course of reaction by temporary breaking of the transannular Al-N(apical) 

bond (3a in Scheme I), a reaction of 3 with the activation of solvent molecules 

may emerge as a plausible explanation. The lengthening of the transannular 

bond as shown in the intermediate 3a is made reasonable by the sterically 

Scheme I 

MesSi 
SiMeg 

N. .SiMes 
H-X 

Ô+ 
H-X 

t .SiMeg 
AlmiN^SiMes 

3 3a 

S 
n 

dimerization 

•MesSiX 

3c 

3b 
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induced lengthening of the transannular interaction in the azasilatrane from 

13 to 14 in reaction 3 by the bulky SiMeg groups.^Oc The suggested pathway in 

Reaction 3: 

Me 

MeaSiCl 
MegSi ^ 

Me 
I Y. SlMes 
Si^^N^SiMes 

CO 
13 14 

Scheme I involves intermediate 3b with a protonated equatorial nitrogen. Such 

species have been characterized by X-ray diffraction methods in the case of 

azasilatranes 15a,b.20a,b An example of the tendency of aluminum to increase 

,0 R X © 

15a SiMes H SCN 
15b H H N30 

© 

its coordination number was realized in the reaction of AlMeg with tren, 10, 

using CH3CN as a solvent.^ 1 The reaction resulted in dimerization of CH3CN 

and its coupling with tren. The aluminum atom attained the coordination 

number of 6 in the product 16. 

Structural Considerations. The molecular structure of the monomeric 

azaalumatrane 3 shown in Figure 1 features a central aluminum atom which 

is in a TMP coordination geometry. This structure represents the first 

example of the TMP coordination mode for aluminum and it is one of few for 

the main-group elements in general. Similar compounds reported so far are 
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^Me 

Me 

N' 
3 

16  

the 4,6,11-tricarbametallatranes 17a,b, of which only the gallium derivative 

was structurally characterized.22 For the transition metals, the first TMP 

complex verified by X-ray investigation was reported for nickel in 

Ni(Ph2PCH2CH2)3N.23 Distorted TMP structures were found for Cu 

complexes24 with unsymmetrical ligands. Recently, the molecular structure 

of the V(III) azatrane 18 with the TMP vanadium center was reported. 19c 

Compound 3 exists in a propeller-like conformation, possessing a pseudo-

three fold symmetry with a pseudo C3 axis through the A1 and apical N atoms. 

This conformation implies the presence of A and A enantiomers in the solid 

state as depicted below. Two triangular units, A1N(2)N(3)N(4) and 

N(1)C(1)C(3)C(5), are nearly eclipsed with an average torsional angle of only 

3.3(6)°. Three five-membered rings are in an envelope conformation with the 

R, 
M 

17a A1 

17b Ga 
18 

R = SiMcg-fg/Y-Bu 
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Figure 1. The molecular structure of monomeric Al(Me3SiNCH2CH2)3N, 3, 
(a) top view showing the propeller-like conformation of the 
molecule. 
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Figure 1. Continued (b) side view showing the TMP geometry around 
aluminum. 
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Si Si 

;^_N^si Si 

"flap" atoms C(2), 0(4), and C(6) displaced out of the envelop plane by 0.59 Â. 

The equatorial nitrogens are planar, the average of the sum of angles around 

them being 359.5(5)°. Planarity of these nitrogens can be attributed to 

engagement of nitrogen electron lone pairs in 2p-3d jc-bonding with the 

adjacent silicon. The lack of inversion at the equatorial nitrogens necessarily 

connects the movement of each bulky SiMeg groups with the conformational 

inversion of the five-membered ring to which it is attached. This structural 

feature supports our suggestion of a concerted mechanism of racemization 

(A < " A) for the closely related boron derivative 2® from an analysis of its 

variable temperature NMR spectra. Unfortunately, similar experiments 

for 3 (and also 6 which has even bulkier substituents) revealed that these 

molecules are freely fluxional down to -95 °C on the NMR time scale. This 

prevented us from evaluating the activation entropy A8* for the barriers to 

racemization, for which a negative value would substantiate the concerted 

mechanism. The less restricted fluxionality of 3 and 6 can be attributed to the 

substantially larger size of the aluminum atom in comparison with the 

smaller boron (tetrahedral covalent radii^Sa 1.230 and 0.853 Â, respectively). 

Hence, longer Al-N bonds (Table II) in comparison with B-N bonds render 
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azaalumatrane cage less sterically compact and relax the strain which was 

found in 2.® 

The coordination geometry of the aluminum center very closely 

approaches the ideal TMP geometry. Angles between nitrogens in the basal 

triangular face are the same (within 2a) and their average is 119.9(3)" (Table 

II). The aluminum is drawn slightly below the plane of the basal nitrogens 

(0.07 Â) resulting in N(basal)-Al-N(apical) angles which lie within 2CT of each 

other and average 92.1(3)°. A similar angle of 91.3(1)° was found in the related 

compound 19.26a The axial Al-N bond distance in 3 is 1.983(6) Â which 

is slightly longer than the sum of tetrahedral covalent radii, 1.949 Â.24a 

Nevertheless, the axial Al-N distance is comparable to the Al-N(l) bond length 

of 1.963(2) Â in 19.26a Moreover the values of the Al-N distances found in 

compounds in which both A1 and N are four-coordinate span a remarkably 

wide range 1.83-2.13 Â.1'2.4,8b,26-36 Typical values usually fall in the 1.91-1.97 Â 

range.Bond distances in the basal AIN3 triangle are the same (within 2a) 

and their average is 1.809(6) Â. This is an example of a rather rare bonding 

situation in Al-N compounds, in which four-coordinate A1 is bonded to three-

coordinate N.8b,26a,36,37 The change in the hybridization of N from sp3 to sp2 

must largely account for the shortening of the Al-N bonds because 2p-3d 

Me 
19 
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Table II. Selected Bond Distances (À) and Angles (deg) for 3^ 

Al-N(l) 1.983(6) Si(l)-N(3) 1.697(6) 

Al-N(2) 1.805(5) Si(2)-N(2) 1.684(5) 

Al-N(3) 1.812(6) Si(3)-N(4) 1.690(6) 

Al-N(4) 1.810(6) 

N(2)-A1-N(3) 119.6(3) N(1)-A1-N(2) 92.3(3) 

N(2)-A1-N(4) 120.2(3) N(1)-A1-N(3) 92.3(3) 

N(3)-A1-N(4) 119.9(3) N(1)-A1-N(4) 91.8(3) 

C(3)-N(l)-C(5) 114.9(7) Si(2)-N(2)-Al 135.1(4) 

C(l)-N(l)-C(5) 114.3(6) Si(2)-N(2)-C(2) 118.9(5) 

C(l)-N(l)-C(3) 112.5(6) Al-N(2)-C(2) 105.9(4) 

Si(l)-N(3)-Al 134.4(3) Si(3)-N(4)-Al 133.7(3) 

Si(l)-N(3)-C(4) 119.4(5) Si(3)-N(4)-C(6) 120.2(5) 

Al-N(3)-C(4) 105.4(4) Al-N(4)-C(6) 105.6(5) 

^Numbers in parentheses are estimated standard deviations in the least 

significant digits. 

TT-bonding between A1 and N is apparently prevented by competitive TU-bonding 

from N to Si and also by large twist angles (60-70°) between the basal AIN3 

plane and the Al-N(basal)-Si planes. Comparable values were found for the 

terminal Al-N distances in (1.802(2) Â) and in an adamantane-like cage 

Al4Cl4(NMe2)4(NMe)2 (1.79(3) Â36). The Al-N(2) bond length found in 19 is even 

shorter (1.770(2) Â^Ga) The Si-N bond distances in 3 (average 1.690(6) Â) are 

the same (within 3CT) and are slightly but significantly shorter than the MegSi-
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N bond lengths in 14 (1.726(5) A^Oc), ClV(Me3SiNCH^H2)3N (1.737(6) Âl9d), 8b 

(1.75(1) and in 13a (1.755(2) Â^Oa). The triptych structure of 3 can be 

contrasted with the previously mentioned 16,21 in which the aluminum atom 

does not interact with the apical nitrogen and instead satisfies its coordination 

needs by bonding to solvent moieties that have become incorporated into the 

chelating ligand by reaction. The present example 3 emphasizes the 

importance of the bulky SiMes groups for stabilizing the transannular bond 

and tetracoordination of the aluminum center, and it also points to the 

potential possibility of the aluminum center to increase its coordination 

number (perhaps with a small ligand such as H") via the sterically crowded 

but vacant axial coordination site. 

The molecular structures of 3 and 5 offer a rare opportunity to compare 

structural parameters in two closely related molecules with the aluminum 

atoms in two different coordination environments. The molecular structure of 

5 is depicted in Figure 2 and selected bond distances and angles are collected in 

Table III. The heptacyclic dimer consists of two azaalumatrane units 

connected in an unusual cis fashion. The replacement of one SiMes groups in 

3 by hydrogen decreased the steric hindrance sufRciently to allow association 

of two units into a dimer. The bridging NH groups together with two 

aluminums form a puckered central four-membered ring in which the Al-

N(4)-N(4') and Al'-N(4)-N(4') planes are separated by 149°. The aluminum 

atoms are in a distorted trigonal bipyramidal coordination sphere. This 

structure is to our knowledge the first example of five-coordinate aluminum 

ligated solely by nitrogens. In contrast to 3, the A1 atoms in 5 are 
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c(2r) 

NIL 

C(12') 

Figure 2. The molecular structure of [Al(Me3SiNCH2CH2)2(HNCH2CH2)N]2, 5, showing the atom 
labelling scheme. 
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Table III. Selected Bond Distances (A) and Angles (deg) for 5 

Al-N(l) 2.161(2) Al'-N(l') 2.174(2) 

Al-N(2) 1.858(2) Al'-N(2') 1.859(2) 

Al-N(3) 1.858(2) Al'-N(3') 1.853(2) 

Al-N(4) 2.004(2) Al'-N(4') 2.014(2) 

Al-N(4') 1.968(2) Al'-N(4) 1.967(2) 

Si(l)-N(2) 1.712(2) Si(l')-N(2') 1.705(2) 

Si(2)-N(3) 1.705(2) Si(2')-N(3') 1.720(2) 

N(1)-A1-N(2) 86.2(1) N(1')-A1'-N(2') 82.6(1) 

N(1)-A1-N(3) 82.5(1) N(l')-Ar-N(3') 86.6(1) 

N(1)-A1-N(4) 81.6(1) N(1')-A1'-N(4') 81.3(1) 

N(1)-A1-N(4') 160.5(1) N(1')-A1'-N(4) 159.8(1) 

N(4)-A1-N(4') 80.3(1) N(4')-A1'-N(4) 80.1(1) 

Al-N(4)-Ar 95.3(1) Ar-N(4')-Al 94.9(1) 

N(2)-A1-N(3) 125.4(1) N(2')-A1'-N(3') 124.4(1) 

N(2)-A1-N(4) 111.3(1) N(8')-A1'-N(4') 111.1(1) 

N(3)-A1-N(4) 119.4(1) N(2')-A1'-N(4') 120.7(1) 

^Numbers in parentheses are estimated standard deviations in the least 

significant digits. 
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R 
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Me ^ ^ Me 
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drawn out of the azatrane cages toward the bridging nitrogens. The axes of 

the trigonal bipyramids formed by the N(1)-A1-N(4') and N(1')-A1'-N(4) moieties 

are bent at 160.5(1)° and 159.8(1)° angles, respectively. This distortion is a 

result of steric strain imposed by the chelating tetradentate tripodal ligands. 

Comparable examples of distorted TBP geometries are found in 20,21,38 

22,39 and 23^0 where the angles Nax-Al-Nax range from 149.2(1)° to 169.2(2)°. 

The central AI2N2 array of 5 forms a puckered rectangle with a pseudo 

two-fold axis through its center. The hydrogen atoms of the NH groups were 

not located in the difference map, but the nitrogen atoms in the central ring 

are clearly pyramidal with angle sums of 335.7(2)° and 336.8(2)°. This 
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contrasts to a planar central ring in 12a,13b in which NH hydrogens were not 

found by the X-ray experiment. The Al-N bonds connecting the two 

azaalumatrane units (Al-N(4') and Al'-N(4)) are shorter by approximately 2% 

(1.967(2) Â) than the Al-N(bridging) distances within the units (2.014(2) and 

2.004(2) Â). This suggests strong bonding between the two units, which agrees 

with the rigidity of the dimer as observed by and NMR spectroscopies. 

A similar bonding pattern was reported for 12a-d.l3b Average angles within 

the AI2N2 ring are 80.2(1)° and 95.1(2)° on aluminums and nitrogens, 

respectively. Even more acute angles (73.0(2)°) on the Ti centers and 

considerably wider angles (107.0(2)°) on the nitrogens were found in 12c.13b 

This difference in distortion of the central rings in 5 and 12c can be explained 

by less strain exerted by the longer and more flexible arms of the ligand in 5. 

By comparison, angles in the AI2N2 units of [R2A1-NR'2]2 (a large class of 

compounds) are in general close to 90°, ranging from 85.3(1)° to 90.6(1)° at A1 

and from 89.4(2)° to 94.7(1)° at N.la,2,4a,8b,27a,c,29a,31 

The coordination environment of the nonbridging equatorial nitrogens is 

nearly planar, with the sum of angles around them ranging from 356.6(2)° to 

360.0(2)°. This planarity reflects Si-N and Al-N Tc-bonding effects. 

The Al-NSiMes distances in 5 are the same (within 3o) and their average 

length is 1.857(2) Â which is longer by ~3% than the corresponding bond 

lengths in 3. This lengthening can be ascribed to the increase of the 

aluminum coordination number from four to five. A comparable bond 

distance (Al(l)-N(3)) of 1.826(2) Â was found in 23.^0 The transannular bonds 

(Al-N(l), Al-N(l')) in the two units of 5 are slightly but significantly different 

(2.161(2) Â and 2.174(2) Â). This difference, which may be caused by packing 
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forces, demonstrates a certain flexibility of those bonds. The Al-N distances 

fall in the range for the analogous bond distances in other compounds 

containing a five-coordinate TBP aluminum and a four-coordinate axial 

nitrogen. The upper limit of the range is 2.18(1) Â for AIH3 2NMe3'^l and other 

examples include 20a (2.058(2), 2.073(2) À30a), 2I (2.054(5)-2.110(5) Â38), 22 

(2.158(7) Â39), and 23 (2.055(2), 2.135(2) Â^O). In the related tetrameric 

alumatrane [Al(OCH2CH2)3N]4,42 the axial Al-N distance in the five-

coordinate units is 2.069(5) A.43 Comparison of the transannular Al-N(l) bond 

distance in 3 with the corresponding distances in 5 shows an approximately 

10% lengthening upon increasing the TMP coordination sphere of aluminum 

to TBP. This considerably larger increase of the axial bond distances in 5 

compared with the smaller increase of the pseudo-equatorial bonds 

demonstrates the substantial trans influence of an apical ligand along the TBP 

axis compared with its cis influence. 

At this time, we have no convincing rationale for the unusual preferential 

formation of the cis diastereomer of 5 over the trans. The reasons offered for 

the exclusive cis arrangement of 1213b suggest that a puckered central ring in 

the cis isomer can more easily accommodate the strain caused by the chelating 

tripodal ligand in contrast to a planar array implied for the trans 

configuration. However, we have no reason to believe that a trans 

arrangement of substituents necessitates a planar ring. Moreover, a planar 

ring can bear cis substituents as shown for [R2Al-NHBp]2 (R = Me, ÎSO-BU, Bp = 

2-aminobiphenyl)31c by X-ray crystallography. As an additional example of an 

unusual cis configuration, the dimeric gallium derivative 24^4 can be cited. 
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Mass Spectra. The EI mass spectra of the tetramines 9 and 11 are 

characteristic for amines in that no M+ peaks are observed. However, 9 shows 

a strong and 11 exhibits a weak M+H+ parent peak, which is also a base peak 

in the CI-NHg spectrum of 11 Similarly to our previous observations for the 

group 13 azatranes^, the molecular M+H+ peak is a base peak in the CI-NH3 

spectrum of 6. The dimer 5 gives a weak molecular peak in EI mass spectra 

while under milder NH3 chemical ionization conditions, M+H+ and M+ are the 

most intense signals in the spectrum. 

Infrared Spectra. The assignment of the Al-N stretching frequency in the 

IR spectra of 3, 5, and 6 is not a trivial task owing to strong mixing of the 

normal modes of the azatrane framework as was shown for analogous 

silatranes.45 The presence of two stretching coordinates, Al-Nax and Al-Neq in 

3, and even more coordinates in 5, together with coupling of the Al-Neq and Si-

N stretches (which are of a similar energy"^6a) complicate the spectral 

assignment. Furthermore, the values for Al-N stretching modes were 

observed in a rather broad region, namely, 392 cm-1 in Al[N(SiMe3)2]3,^®^ 460 

cm-1 in (Me3N)2-AlH3,46b 533 cm-l in Me3N•AlH3,46b 505 cm-l in 

Me3N AlCl3,46a 532 cm ^ in (Me3Si)3N-AlCl3,46a 460-587 cm-1 in the six-

membered ring compounds (R2A1NR2')3,^^^'^^ 652, 688 cm-1 in the tetrahedral 
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A1(NH2)4~, and 726, 742 cm"^ in octahedral [Al(NH3)4Cl2]+.^ In the IR spectra 

of 3 and 6, there are several bands in the region 700-500 cm-1 of which some 

may have predominant contributions from the Al-N vibrations. 

Several characteristic bands of the SiMeg group were tentatively assigned 

by comparison with literature data.^? The presence of NH groups in 5 was 

confirmed by two weak bands at 3277 and 3267 cm-1 for the vNH mode. 

NMR Spectra. The assignment of signals in the NMR spectra of 

silylated tetramines 9 and 11 was facilitated by the presence of a three-bond 

coupling (~7 Hz) between the NH protons and the adjacent CH2 protons. This 

coupling cannot be seen in the spectra of alkylated tren derivatives such as 

Megtren^S and iso-Prs tren.'^^ Silicon bonded to an NH group engages the lone 

electron pair on N in jr-bonding, thus changing the hybridization of N from sp3 

to sp2 which increases the s-character in the H-N-CHg bonds and results in an 

observable scalar coupling. The formation of transannulated azatrane 

frameworks 3 and 6 is accompanied by a small downfield shift of SiNCHg 

signals and by an upfield shift of N(CH2)3 signals with respect to the free 

amines. In all monomeric group 13 azatranes,® we found the N(CH2)3 protons 

at higher field relative to the SiNCH2 protons. This accords with our 

observations in azasilatranes,ll^'20c azastannatranes,®^ and transition 

azametallatranes.®! As in the ^H NMR spectra of 9 and 11, silylation of the NH 

groups caused an appearance of a two-bond coupling H-N(Si)-CH2 (-2.5 Hz) in 

the proton-coupled NMR spectra. This made an assignment of the 

signals straightforward revealing an upfield position of the SiNCH2 carbon 

signals relative to the N(CH2)3 carbons. This order is retained upon the 

formation of azatranes.G, 11,20a,52 jn monomeric azatranes 1, 2, 3 and 6, the 
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RNCH2 carbons appear at a lower field than in the parent tetramines, with 

boron causing larger downfield shifts in agreement with its higher 

electronegativity. A different situation is encountered for N(CH2)3 signals, 

wherein boron causes downfield shifts while aluminum moves them upfield. 

The magnitude of the one-bond C-H coupling constant in methylene 

groups is a useful indicator of the formation of a transannulated cage 

structure. While in the free tetramines 9 and 11 the coupling in the 

SiNCH2 methylenes is higher than for N(CH2)3, in azatranes 3 and 6 these 

magnitudes are reversed. This reflects a change in the character of the 

nitrogens adjacent to methylene groups in question. The apical nitrogen 

acquires a formal positive charge upon the formation of the Al-N transannular 

bond. The positive charge increases the electronegativity of N which in turn 

attracts more p-character in the N-C bonds and leaves more s-character in the 

C-H bonds, thus raising the value of the C-H coupling constant. The nitrogen 

in the SiNCH2 groups of 3 and 6 have more amidic character because of the 

lone-pair electron density on them. This partial negative character, by the 

same mechanism as explained above, causes a lower value of IJcH in the 

SiNCH2 groups. However, compared with the magnitudes of the IJcH values 

in the parent tren derivatives 9 and 11, both N(CH2)3 and SiNCH2 couplings are 

larger in 3 and 6 thus manifesting transannular bonding involving an 

electronegative metal center. The magnitudes of the C-H coupling constants 

in 3 and 6 fall in the region observed for azaboratranes,^ azasilatranes,20a,llb 

and silatranes.^2 

A dimeric structure for 5 in solution was confirmed by its IH, and 29Si 

NMR spectra. It is not possible to decide on the basis of symmetry arguments 
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and the number and splittings of the signals whether the azaalumatrane 5 

possesses a cis or a trans configuration in solution because both 

diastereomers would give the same number of signals. The NMR spectrum 

of 5 closely resembles that of 4® in that 12 diastereotopic methylene proton 

signals show an array of partially overlapped multiplets. In spite of our 

efforts, the NH proton signals could not be located, probably due to an overlap 

with the CH2 multiplets or due to an exchange broadening. Two inequivalent 

SiMea groups display separate signals in the iR, and 29Si NMR spectra. A 

pattern of six singlets similar to that displayed by 4^ was observed for six 

inequivalent CH2 carbons. The presence of only one set of signals in the NMR 

spectra, the absence of any dynamic process at elevated temperatures, and the 

invariance of the spectra to prolonged heating assured us that the 

diastereomer observed in the solution was the same as that found by the X-ray 

experiment in the solid state. 

^^Al NMR chemical shifts are well known^S to reflect the coordination 

number of the aluminum atom and characteristic regions have been 

established for different coordination numbers for Al-0 and Al-C 

compounds.54a Much less attention was given to the 27a1 NMR spectroscopy of 

Al-N compounds, in spite of feverish activity in this area. Moreover, a 

majority of these compounds also contains carbon bonded to the aluminum 

centers. Table IV contains data for a series of compounds in which the 

aluminum center is coordinated solely by nitrogen ligands. This table shows 

that there is only a handful of such Al-N compounds for which both 27a1 

chemical shifts and molecular structures are known. Two examples of an 

octahedral geometry are 25,55a 26,55b,c and 27,30b and their chemical shifts are 
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in the high-field region. From the similar values of 83 and 86 ppm for 4® and 5, 

respectively both dimers can be deduced to possess five-coordinate aluminums. 

The tetrahedrally coordinated aluminum in 78b was reported to display its 

signal at 107 ppm. The monomeric azaalumatranes 3 and 6 with the four-

coordinate trigonal monopyramidal aluminum atoms which show very 

similar shifts of 1336 and 130 ppm, 

H 
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Table IV. 27ai NMR chemical shifts of Aluminum Coordinated Solely by 
Nitrogens 

compound CNa ô27A1 (ppm) Avi/2 (HZ) ref 

25 6 (Oh) 6.2b 12 at 25 °C 55a 

26 6 (Oh)c 25-34d 625-24606 55b,c 

27 6 (Oh) 40.5f sharps 30b 

4 5 (TBP) 83f 560 at 70 °C 6 

5 5 (TBP) 86f 1080 at 70 °C this work 

7 4 (Tet) 107f 840e 8b 

3 4 (TMP) 133 ± If 1860 at 70 °C 6 

6 4 (TMP) 131 ±lh 3030 at 80 °C this work 

8a 3 (TPl) 143 ± if 3600 at 70 °C this work 

&b 3 (TPl) 136 ±lh 8200 at 70 °C this work 

^Coordination number. geometry of the aluminum center given ii 

parenthesis. Oh = octahedral, TBP = trigonal bipyramidal, Tet = tetrahedral, 

TMP = trigonal monpyramidal, TPl = trigonal planar. '^Dichloromethane-c?2 

solution. <^Trigonally distorted. ^Chloroform-di solution. ^Temperature not 

given, ^enzene-de solution. SValue of Avi/2 not given; room temperature. 

l^Toluene-ds solution. 
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respectively, are found in an intermediate region between the tetrahedral 7 

and the trigonal planar monomeric amides 8a, 1^,9 81j9,10^ for which chemical 

shifts were observed at 144 and 135, respectively. 

This order of chemical shifts from high to low field reflects changes of the 

aluminum coordination geometry on going from a tetrahedral (Tet) to a 

trigonal monopyramidal (TMP) to a trigonal planar (TPl) environment as 

represented in Scheme II. 

Scheme II 
H 

I 
N N 

Tet TMP TPl 

The overall sequence of chemical shifts in this complete series of Al-N 

compounds follows a general trend among the main-group elements wherein 

higher shielding is observed for higher coordination numbers and higher local 

symmetries.G4b The low field chemical shifts of the monomeric amides 8a, 8b 

contrast the value of 3.2 ppm found for AI(0Ar)3, (Ar = 2,6-feri-Bu2-4-MeC6H2) 

which possesses a trigonal planar AIO3 array.^® This high shielding was 

attributed to a p-p jc-bonding between A1 and O. A similar type of bonding is 

precluded in 8b owing to a large dihedral angle between the empty pz orbital 

on A1 and the lone electron pair in the pz orbital of N and also by competitive K-

bonding of nitrogen to silicon. 
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CONCLUSIONS 

Compounds 3 and 5 demonstrate that the degree of oHgomerization of 

azaalumatranes depends on the size of the substituents on the equatorial 

nitrogens. The monomeric compounds 3 and 6 are rare examples of trigonal 

monopyramidal coordination geometry as was confirmed by the X-ray 

diffraction analysis of 3. This geometry is apparently imposed on the 

aluminum center by the steric influence of the tripodal tetradentate chelating 

ligands 9 or 11. Dimeric 5 is the first example of a five-coordinate aluminum 

center coordinated exclusively by nitrogens. The X-ray diffraction study of 5 

showed it to possess an unusual cis configuration of the substituents on the 

central AI2N2 ring. 27^1 NMR data were gathered on a series of Al-N 

compounds with the coordination numbers of the aluminum ranging fi'om 

three to six. The observed trend in their chemical shifts clearly indicates 

increased shielding on going from a trigonal planar to trigonal 

monopyramidal to tetrahedral to trigonal bipyramidal and finally to an 

octahedral geometry. 
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Table V. Atomic Coordinates and Thermal Parameters (Â^) for 3 

atom X y z B (eq) 

Si(l) 0. 9837 (2) 0 .2606(2) 0 .1380 (1) 5 .7(1) 
Si (2) 0. 7178 (2) -0 .1045(2) 0 .1057 (1) 5 .5(1) 
Si (3) 0. 6058 (2) 0 .3446(2) 0 .1622 (1) 7 .1(1) 
A1 0. 7634(2) 0 .1872(2) 0 .0712(1) 4 .2(1) 
N(l) 0. 7483 (5) 0 .2257(6) -0 .0376(3) 5 .3(3) 
N(2) 0. 7109 (4) 0 .0320 (5) 0 .0576(3) 4 .8(3) 
N(3) 0. 8967 (4) 0 .2075 (5) 0 .0730 (3) 5 .5(3) 
N(4) 0. 6849(4) 0 .3183(5) 0 .0939 (3) 5 .2(3) 
C(l) 0. 7098 (6) 0 .1076(8) -0 .0726(4) 6 .2(4) 
C(2) 0. 6526(6) 0 .0365 (7) -0 .0140 (5) 6 .2(5) 
C(3) 0. 8499 (7) 0 .2557(9) -0 .0588 (4) 7 .8(6) 
C(4) 0. 9236(6) 0 .189 (1) -0 .0049 (5) 8 .2(6) 
C(5) 0. 6778 (7) 0 .3321(8) -0 .0432 (4) 7 .2(5) 
C(6) 0. 6886(7) 0 .4062 (7) 0 .0300 (5) 7 .6(5) 
C(ll) 0. 9250 (6) 0 .2776(8) 0 .2277 (4) 7 .6(5) 
C(12) 1. 0894 (6) 0 .1505 (9) 0 .1507 (5) 9 .5(6) 
C(13) 1. 0360 (7) 0 .4139(8) 0 .1104 (5) 9 .5(6) 
C(21) 0. 7702 (7) -0 .2350 (8) 0 .0522 (6) 10 .7(7) 
C(22) 0. 5954 (6) -0 .1570 (8) 0 .1333(6) 9 .9(6) 
C(23) 0. 7973 (7) -0 .0778 (8) 0 .1920 (6) 10 .7(7) 
C(31) 0. 638 (1) 0 .4933 (8) 0 .2145(5) 12 .3(7) 
C(32) 0. 6166(6) 0 .2149(7) 0 .2297 (4) 7 .0(5) 
C(33) 0. 4766(8) 0 .357 (2) 0 .1257 (7) 19 (1) 

B(eq) = Sît^/S Uy ai*aj* (ai.aj) 
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Table VI. Bond Distances (Â) in 3 

SU N3 1. 697 (6) 

su Cil 1. 836(8) 

su C12 1. 850 (9) 

su C13 1. 851 (8) 

SI2 N2 1. 684(5) 

SI2 C21 1. 846(9) 

SI2 C22 1. 839(8) 

SI2 C23 1. 85(1) 

SI3 N4 1. 690(6) 

SI3 C31 1. 87(1) 

SI3 C32 1. 830 (8) 

SI3 C33 1. 83(1) 

AL NI 1. 983(6) 

AL N2 1.805 (5) 

AL N3 1.812 (6) 

AL N4 1.810 (6) 

NI Cl 1.482(9) 

NI C3 1.48 (1) 

NI C5 1.476(9) 

N2 C2 1.463 (8) 

N3 C4 1.469 (9) 

N4 C6 1.475(9) 

Cl C2 1.53 (1) 

C3 C4 1.52 (1) 

C5 C6 1.53 (1) 
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Table VII. Bond Angles (deg) in 3 

N3 SU Cil 108.2(3) N3 AL N4 119.9(3) 

N3 SU C12 111.9(4) AL NI Cl 104.5(4) 

N3 SU C13 111.8 (4) AL NI C3 104.4(5) 

Cil SU C12 108.9(4) AL NI C5 104.7(4) 

Cil SU C13 109.5(4) Cl NI 03 112.5(6) 

C12 SU C13 106.6(4) Cl NI C5 114.3(6) 

N2 SX2 C21 113.2(4) C3 NI 05 114.9(7) 

N2 SI2 C22 111.9(3) SI2 N2 AL 135.1(4) 

N2 SI2 C23 107.7(3) SI2 N2 02 118.9(5) 

C21 SI2 C22 106.8(4) AL N2 02 105.9(4) 

021 SI2 C23 108.9(5) SU N3 AL 134.4(3) 

C22 SI2 C23 108.1(5) SU N3 C4 119.4(5) 

N4 SI3 C31 111.3(4) AL N3 C4 105.4 (4) 

N4 SI3 C32 108.7(3) SI3 N4 AL 133.7(3) 

N4 SI3 C33 112.6(4) SI3 N4 C6 120.2(5) 

C31 SI3 C32 107.4(4) AL N4 06 105.6(5) 

C31 SI3 C33 107.6(6) NI Cl C2 108.0(6) 

C32 SI3 C33 109.0(6) N2 C2 Cl 110.1(6) 

NI AL N2 92.3(3) NI C3 04 108.9(7) 

NI AL N3 92.3(3) N3 C4 03 110.5(7) 

NI AL N4 91.8(3) NI C5 06 107.9(6) 

N2 AL N3 119.6(3) N4 06 05 109.2(6) 

N2 AL N4 120.2(3) 
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Table VIII. Anisotropic Displacement Coefficients (Â2) for 3 

atom Oil U22 U33 U12 U13 U23 

Si(l) 0. 070(2) 0. 080 (2) 0. 065(1) -0. 020(1) 0, .004(1) -0. 010(1) 

Si (2) 0. 057(1) 0. 056(1) 0. 095(2) 0. 001(1) 0 .005(1) 0. 017(1) 

Si (3) 0. 102(2) 0. ,093(2) 0. 076(2) 0. ,036(2) 0 .014(1) -0. 004 (2) 

A1 0. 061(2) 0. 054 (1) 0. 047(1) -0. 010(1) 0 .004(1) 0. 003(1) 

N(l) 0. 094(5) 0. ,070(5) 0. 036(4) -0. ,019(4) 0 .006(3) -0. 005(3) 

N(2) 0. 060(4) 0. ,055(4) 0. ,06ff(5) -0.013(3) -0 .014(3) 0. 011(3) 

N(3) 0.068(4) 0.096(5) 0. ,047(4) -0, .022(4) 0 .015(3) -0.018(3) 

N(4) 0. 095(5) 0. ,052(4) 0. .049(4) 0, .013(4) 0 .005(3) 0. 006(3) 

C(l) 0. ,092(6) 0, .087(6) 0, .056(5) -0, .012(5) -0 .017(5) -0. 006(5) 

C(2) 0. .090(6) 0. .061(5) 0. .084(7) -0, .021(5) -0 .016(6) 0. ,009(5) 

C(3) 0, ,112(8) 0, .133(9) 0. .055(5) -0, .055(7) 0 .028(5) -0. ,017(6) 

C{4) 0. .068(6) 0, .16(1) 0, .081(7) -0 .041(6) 0 .011(5) -0, ,039(7) 

C(5) 0, .158(9) 0 .056(6) 0 .060(6) 0 .002(6) 0 .011(6) 0. .020(5) 

C(6) 0, .150(8) 0 .065(6) 0 .075(7) 0 .012(6) -0 .001(6) 0, .010(5) 

C{11) 0. .089(6) 0 .135(8) 0, .062(5) -0 .032(6) -0 .007(5) -0. .019(5) 

C(12) 0, .098 (7) 0 .132(8) 0 .129(8) 0 .019(7) -0 .017(6) -0, .018 (7) 

C(13) 0 .133(8) 0 .115(8) 0 .111(8) -0 .061(7) -0 .013(6) 0. .015(6) 

C(21) 0 .147(9) 0 .077(7) 0 .19(1) 0 .016(6) 0 .061(8) 0 .000(7) 

C(22) 0 .087(7) 0 .098(7) 0 .19(1) -0 .002(6) 0 .046(7) 0, .055(7) 

C(23) 0 .136(8) 0 .105(8) 0 .16(1) 0 .006(7) -0 .052(7) 0 .062(7) 

C(31) 0 .29(1) 0 .079(7) 0 .097(8) 0 .042(8) 0 .052(9) -0 .006(6) 

C(32) 0 .113(7) 0 .080 (6) 0 .075(6) 0 .004(5) 0 .044(5) -0 .007(5) 

C(33) 0 .13(1) 0 .44(2) 0 .13(1) 0 .15(1) -0 .020(8) 0 .01(1) 
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Table DL Atomic Coordinates (xlO^) and Equivalent Isotropic 
Displacement Coefficients (Â^xlO^) for 5 

Atom X y z 

A1 9423(1) 7861(1) 1820(1) 23(1 

Si(l) 10285(1) 8435(1) 3505(1) 39(1 

Si(2) 7951(1) 6247(1) 1747(1) 35(1 

N(l) 8023(2) 8580(1) 1327(1) 28(1 

N(2) 9318(2) 8365(1) 2706(1) 30(1 

N(3) 8497(2) 7056(1) 1394(1) 28(1 

N(4) 10216(2) 8531(1) 1175(1) 24(1 

C(l) 7520(2) 8784(2) 1979(2) 39(1 

C(2) 8432(2) 8967(2) 2624(2) 42(1 

0(3) 7281(2) 8085(2) 780(2) 40(1 

0(4) 7888(2) 7320(2) 670(1) 36(1 

0(5) 8469(2) 9266(2) 984(2) 34(1 

0(6) 9443(2) 8993(1) 629(1) 31(1 

0(11) 9708(4) 8963(3) 4255(2) 84(2 

0(12) 10788(4) 7453(2) 3864(2) 70(1 

0(13) 11525(3) 9028(3) 3364(2) 77(2 
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Table IX. Continued 

C(21) 6387(3) 6316(2) 1673(2) 56(1) 

C(22) 8228(3) 5338(2) 1229(2) 57(1) 

C(23) 8531(3) 6138(2) 2757(2) 49(1) 

Al' 11301(1) 7721(1) 1012(1) 25(1) 

Si(l') 10523(1) 7679(1) -783(1) 36(1) 

Si(2') 13263(1) 9106(1) 1276(1) 41(1) 

N(l') 12157(2) 6597(1) 1072(1) 32(1) 

N(2') 10602(2) 7332(1) 99(1) 29(1) 

N(3') 12710(2) 8175(1) 1184(1) 33(1) 

N(4') 10880(2) 7323(1) 1962(1) 26(1) 

C(l') 11530(3) 6088(2) 486(2) 43(1) 

C(2') 10426(3) 6481(1) 162(2) 38(1) 

C(3>) 13265(2) 6831(2) 921(2) 47(1) 

C(4') 13623(3) 7586(2) 1310(2) 50(1) 

C(5') 12196(2) 6277(2) 1825(2) 40(1) 

C(6') 11110(2) 6479(1) 2079(2) 35(1) 

c(ii') 9054(3) 7672(3) -1305(2) 66(1) 
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Table DC Continued 

C(12') 11362(3) 7086(2) -1346(2) 59(1) 

C(13') 11071(4) 8698(2) -772(2) 59(1) 

C(21') 14131(3) 9324(3) 547(2) 76(2) 

0(22') 12183(3) 9895(2) 1215(2) 55(1) 

0(23») 14195(3) 9235(2) 2197(2) 66(1) 

Equivalent isotropic U defined as one third of the trace of the orthogonalized 
Uij tensor. 
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Table X. Bond Distances (Â) in 5 

Al-N(l) 2.161 (2) Al-N(2) 1.858 (2) 

Al-N(3) 1.858 (2) Al-N(4) 2.004 (2) 

Al-Al' 2.934 (1) Al-N(4') 1.968 (2) 

Si(l)-N(2) 1.712 (2) SiCl)-C(ll) 1.875 (5) 

Si(l)-C(12) 1.862 (4) Si(l)-C(13) 1.868 (4) 

Si(2)-M(3) 1.705 (2) Si(2)-C(21) 1.883 (3) 

Si(2)-C(22) 1.876 (3) Si(2)-C(23) 1.869 (3) 

N(l)-C(l) 1.473 (4) N(l)-C(3) 1.487 (3) 

N(1)-CC5) 1.475 (3) N(2)-C(2) 1.475 C4) 

N(3)-C(4) 1.471 (3) N(4)-C(6) 1.472 (3) 

N(4)-A1' 1.967 (2) C(l)-C(2) 1.503 (4) 

C(3)-C(4) 1.527 (4) C(5)-C(6) 1.517 (4) 

Al'-N(l') 2.174 (2) Al'-N(2') 1.859 (2) 

Al'-N(3') 1.853 (2) Al'-N(4') 2.014 (2) 

Si(l')-N(2') 1.705 (2) Si(l')-C(ll') 1.870 (3) 

Si(l')-C(12») 1.867 (4) Si(l')-C(13') 1.859 (3) 

Si(2')-N(3') 1.720 (2) Si(2')-C(21') 1.875 (5) 
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Table X. Continued 

Si(2')-C(22') 

N(l')-C(l') 

N(l')-C(5') 

N(3')-C(4') 

C(l')-C(2>) 

C(5')-C(6') 

1.867 (3) 

1.483 (3) 

1.474 (3) 

1.482 (4) 

1.522 (4) 

1.511 (4) 

Si(2')-C(23') 

N(l')-C(3') 

N(2')-C(2') 

H(4')-C(6') 

C(3»)-C(4') 

1.872 (4) 

1.473 (4) 

1.475 (3) 

1.474 (3) 

1.498 (4) 
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Table XI. Bond Angles (deg) in 5 

N(1)-A1-N(2) 86.2(1) 

N(2)-A1-N(3) 125.4(1) 

N(2)-A1-N(4) 111.3(1) 

N(1)-A1-A1' 117.3(1) 

N(3)-A1-A1' 101.2(1) 

N(1)-A1-N(4') 160.5(1) 

N(3)-A1-N(4') 100.0(1) 

A1'-A1-N(4') 43.2(1) 

N(2)-Si(l)-C(12) 111.9(1) 

N(2)-Si(l)-C(13) 111.6(2) 

C(12)-Si(l)-C(13) 108.2(2) 

N(3)-Si(2)-C(22) 111.2(1) 

N(3)-Si(2)-C(23) 110.5(1) 

C(22)-Si(2)-C(23) 110.4(1) 

Al-N(l)-C(3) 107.4(1) 

Al-W(l)-C(5) 107.9(2) 

C(3)-N(l)-C(5) 112.7(2) 

K(1)-A1-N(3) 82.5(1) 

N(1)-A1-N(4) 81.6(1) 

N(3)-A1-N(4) 119.4(1) 

N(2)-A1-A1' 130.9(1) 

N(4)-A1-A1' 41.9(1) 

N(2)-A1-N(4') 107.3(1) 

N(4)-A1-N(4') 80.3(1) 

N(2)-Si(l)-C(ll) 111.8(1) 

C(ll)-Si(l)-C(12) 108.3(2) 

C(ll)-Si(l)-C(13) 104.7(2) 

N(3)-Si(2)-C(2l) 112.0(1) 

C(21)-Si(2)-C(22) 106.4(2) 

C(21)-Si(2)-C(23) 106.2(2) 

Al-N(l)-C(l) 101.7(1) 

C(l)-N(l)-C(3) 113.1(2) 

C(l)-N(l)-C(5) 113.1(2) 

Al-N(2)-Si(l) 129.5(1) 
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Table XI. Continued 

Al-N(2)-C(2) 113.1(2) Si(l)-M(2)-C(2) 114.6(2) 

Al-N(3)-Si(2) 133.3(1) Al-N(3)-C(4) 108.8(2) 

Si(2)-N(3)-C(4) 115.0(2) Al-N(4)-C(6) 112.9(2) 

A1-N(4)-A1' 95.3(1) C(6)-N(4)-A1' 129.6(2) 

N(l)-C(l)-C(2) 109.4(2) N(2)-C(2)-C(l) 111.0(2) 

N(l)-C(3)-C(4) 108.9(2) N(3)-C(4)-C(3) 108.8(2) 

N(l)-C(5)-C(6) 108.0(2) N(4)-C(6)-G(5) 109.1(2) 

A1-A1'-N(4) 42.9(1) Al-Al'-N(l') 116.9(1) 

K(4)-A1'-N(1') 159.8(1) A1-A1'-N(2') 102.1(1) 

N(4)-A1'-N(2') 100.0(1) N(1')-A1'-M(2*) 82.6(1) 

A1-A1'-K(3') 130.9(1) H(4)-A1'-N(3') 107.7(1) 

N(1')-A1'-N(3') 86.6(1) M(2')-A1'-N(3') 124.4(1) 

A1-A1'-N(4') 41.9(1) N(4)-A1'-N(4') 80.1(1) 

N(1')-A1'-N(4') 81.3(1) N(2')-A1'-N(4') 120.7(1) 

N(3')-A1'-H(4') 111.1(1) N(2')-Si(l')-C(ll') 111.9(1) 

N(2')-Si(l')-C(12') 112.8(1) C(ll')-Si(l')-C(120 106.1(2) 

H(2')-Si(l')-C(13') 110.6(1) C(ll')-Si(l')-C(13») 108.6(2) 
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Table XI. Continued 

C(12')-Si(l')-C(13') 106.5(2) N(3')-Si(2*)-C(21*) 111.8(2) 

N(3')-Si(2')-C(22') 113.7(1) C(21')-Si(2')-C(22') 106.8(2) 

N(3')-Si(2')-C(23') 111.2(1) C(21')-Si(2')-C(23') 106.9(2) 

C(22')-Si(2')-C(23') 106.1(2) Al'-N(l')-C(l') 107.4(2) 

Al'-N(l')-C(3') 101,2(2) C(l')-N(l')-C(3') 113.2(2) 

Al'-M(l')-C(5') 108.1(2) C(l')-N(l')-C(5') 112.9(2) 

C(3')-H(1»)-C(5') 113.1(2) Al'-N(2')-Si(l') 131.9(1) 

Al'-N(2')-C(2') 109.2(1) Si(l')-N(2')-C(2') 115.5(2) 

Al'-N(3')-Si(2') 137.3(1) Al'-N(3')-C(4') 112.7(2) 

Si(2')-N(3')-C(4') 110.0(2) A1-N(4')-A1' 94.9(1) 

Al-N(4')-C(6') 128.2(2) Al'-N(4')-C(6') 112.6(2) 

N(l')-C(l')-C(2') 109.3(2) N(20-C(2')-C(l') 109.5(2) 

N(l')-C(3')-C(4') 110.1(3) N(3')-C(4')-C(3') 111.1(2) 

N(l')-C(5')-C(6') 108.4(2) N(4')-C(6')-C(5') 109.3(2) 
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Anisotropic Displacement Coefficients (Â^xlO^) for 5 

Atom Un U22 U33 U12 Ui3 U23 

Al 28(1) 19(1) 22(1) 1(1) 5(1) 2(1 

Si(l) 44(1) 45(1) 27(1) -5(1) 5(1) -5(1 

Si(2) 37(1) 24(1) 44(1) -4(1) 10(1) 2(1 

N(l) 31(1) 24(1) 30(1) 1(1) 7(1) 4(1 

N(2) 37(1) 29(1) 25(1) 4(1) 8(1) -3(1 

N(3) 34(1) 20(1) 29(1) -1(1) 0(1) 1(1 

N(4) 31(1) 18(1) 23(1) 0(1) 3(1) 1(1 

CCD 38(2) : 37(2) 43(2) 9(1) 16(1) 5(1 

C(2) 52(2) 39(2) 38(2) 10(2) 17(1) -6(1 

0(3) 38(2) 36(2) 42(2) 2(1) -4(1) 5(1 

0(4) 38(2) 33(2) 35(2) -3(1) -2(1) -1(1 

0(5) 39(2) 26(1) 37(2) 7(1) 9(1) 7(1 

0(6) 38(2) 24(1) 31(1) 3(1) 7(1) 9(1 

0(11) 80(3) 132(4) 39(2) 8(3) 4(2) -30(2 

0(12) 91(3) 64(2) 45(2) 2(2) -20(2) 8(2 

0(13) 61(3) 89(3) 78(3) -28(2) 3(2) -6(3 
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Table XII. Continued 

C(21) 46(2) 48(2) 76(3) -8(2) 18(2) 5(2) 

C(22) 68(3) 31(2) 76(3) -10(2) 25(2) -9(2) 

0(23) 51(2) 45(2) 54(2) 0(2) 12(2) 16(2) 

Al' 28(1) 23(1) 23(1) 3(1) 6(1) 1(1) 

Si(l') 49(1) 35(1) 25(1) 6(1) 8(1) 1(1) 

Si(2') 35(1) 38(1) 51(1) -7(1) 8(1) 7(1) 

H(l') 36(1) 28(1) 34(1) 7(1) 6(1) -2(1) 

N(2') 36(1) 26(1) 25(1) 1(1) 3(1) 1(1) 

N(3') 28(1) 30(1) 42(1) 4(1) 8(1) 1(1) 

N(4') 31(1) 21(1) 25(1) 2(1) 3(1) 3(1) 

C(l') 60(2) 27(2) 43(2) 7(1) 10(2) -4(1) 

C(2') 51(2) 30(2) 32(2) -2(1) 3(1) -5(1) 

C(3') 40(2) 44(2) 59(2) 15(2) 15(2) 2(2) 

C(4') 34(2) 47(2) 68(2) 6(1) 9(2) 3(2) 

0(5') 44(2) 32(2) 42(2) 15(1) 5(1) 8(1) 

C(6') 44(2) 27(1) 35(2) 8(1) 8(1) 10(1) 

C(ll') 62(2) 93(3) 38(2) 12(2) -7(2) -2(2) 
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Table XH. Continued 

C(12') 79(3) 58(2) 42(2) 11(2) 23(2) -4(2) 

C(13') 95(3) 41(2) 46(2) -3(2) 29(2) 7(2) 

C(21') 63(3) 80(3) 95(3) -9(2) 37(3) 24(2) 

C(22') 53(2) 32(2) 78(3) -12(2) 6(2) 3(2) 

C(23') 54(2) 59(2) 78(3) -14(2) -7(2) -1(2) 

The anisotropic displacement factor exponent takes the form; 
-27c2(h2a*2Uii + k2b*2U22 + l2c*2U33 + 2hka*b*Ui2 + 2hla*c*Ui3 
+ 2klb*c*U23) 
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PAPER III. GROUP 13 AZATRANES : STRUCTURE 
AND REACTIVITY 
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ABSTRACT 

I  1  

The new dimeric azagallatrane [Ga(MeNCH2CH2)3N]2, 14, was prepared 

by two synthetic routes: (i) the transamination reaction of [Ga(NMe2)3]2, with 

(  MeNH C H2C H 2)3N, 2 ,  and ( i i )  the  t ransmetal la t ion react ion of  
I  1  

[Al(MeNCH2CH2)3N]2,12, with Ga(acac)3 (acac = penta-2,5-dienoate). 

I 1 
Dimeric azaalumatrane 12, monomeric azaalumatranes A1(RNCH2CH2)3N 

I 1 
(R = SiMeg, 8; SiMe2-iert-Bu, 9), and azaboratrane B(MeNCH2CH2)gN, 6, react 

with a variety of alkoxides giving transition metal or main-group element 

azatranes. The molecular structures of 12 and 14 were established by X-ray 

diffraction experiments and both possess an unusual cis configuration of the 

substituents on the central four-membered (M-N)2 ring. Crystal data; 12, a = 

37.8782(10) k,b = 14.379(2) Â, c = 8.774(2) Â, V = 4677.2(1) Â3,2=8, space group 

Pbca, R = 5.0%; 14, a = 9.716(1) Â, 6 = 11.324(2) Â, c = 11.343(1), a = 110.36(2)°, p = 

97.87(1)°, r = 90.34(1)°, y = 1157.2(3) Â3, Z = 2, space group PI, R = 4.7%. 

Compound 14 is the first example of five-coordinate gallium surrounded solely 

by nitrogen ligands. 
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INTRODUCTION 

The chemistry of compounds of the group 13 elements bonded to nitrogen 

is a large and vigorous research area owing to efforts in preparation of nitride 

ceramic materials and semiconductors. There is a vast amount of 

literature on compounds of group 13 elements with multifunctional amine 

ligands, but comparatively few of them are highly symmetrical ones.''' 

Recently we have focused our attention on the use of symmetrical tripodal 

tetramine ligands such as 1-5 for the synthesis of azatranes as potential 

nitride film precursors. 
/ NHR 

N-^ ^NHR 
\ ^NHR 

R = H, 1; Me, 2; iso-Pr, 3; SiMeg, 4; SiMe2-te/*i-Bu, 5 

We have reported syntheses and the characterization of four group 13 

azatranes8,9 which are monomeric, 6-9, and two which are dimeric, 12 and 13, 

depending on the size of the substituents on the equatorial nitrogens and the 

nature of the central atom. The monomeric azaalumatrane 8 was shown by 

the X-ray crystallography to possess a rare trigonal monopyramidal (TMP) 

coordination geometry at the aluminum center while the dimeric molecule 13 

contains aluminums in a trigonal bipyramidal (TBP) environment. In 

addition, the central four-membered (Al-N)2 ring of 13 features an unusual cis 

configuration of the substituents.9 By comparing 27A1 NMR chemical shifts of 

the monomeric trigonal planar amides A1(NR2)3 (R = iso-Pr, SiMeg) and 

azaalumatranes 8, 9, 12 and 13 with literature data for hexacoordinate and 
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R 

8 AI SiMeg 
9 Al SiMe2-?er?-Bu 

10 Ga SiMeg 
11 Ga SiMe2-?er?-Bu 

M R 

tetracoordinate species, we demonstrated a trend toward higher shielding of 

the aluminum nucleus upon increasing its coordination by nitrogens, 

(A1N3-»A1N4->A1N5->A1N6).® We also showed that alumaazatrane 12 takes 

part in an interesting transmetallation reaction with B(0Me)3 to give 6.® Here 

we report results of our further study of this reaction whose scope is now 

extended to the transmetallation of 6, 8, 9, and 12 with other main-group and 

transition metal alkoxides and Ga(acac)3, giving azatranes 11, and 14-19. 

Azatranes 8 and 12 were previously shown to transligate cleanly with 

triethanolamine to give the tetrameric alumatrane [Al(OCH2CH2)3N]4, 20.1® 

Here we describe the analogous reaction for azaboratrane 6 and azasilatrane 

15 giving boratrane B(OCH2CH2)3N, 21 and silatrane MeSi(OCH2CH2)3N, 22, 

Z 
MZ R 

R 15 SiMe Me 
16 V=NSiMe3 Me 

SiMe 
18 V=0 Me 
19 TiO-wo-Pr Me 
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respectively. The crystal and molecular structures of azaalumatrane 12 and 

azagallatrane 14 determined by single-crystal X-ray diffraction experiments 

feature the cis configuration at the central puckered four-membered ring, as 

was the case for 13.9 
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EXPERIMENTAL SECTION 

All reactions were carried out under argon with the strict exclusion of 

moisture using Schlenk or dry box techniques. ̂  Solvents were dried over and 

distilled from Na/benzophenone under nitrogen. Deuterated benzene, toluene, 

and chloroform were dried over and distilled from CaHg under an argon 

atmosphere. The starting materials (MeHNCH2CH2)3N, 2^2 and 

(Me3SiHNCH2CH2)3N, 4^^ were prepared using our procedures published 

earlier. GaClg, B(NMe2)3, 0=V(0-iso-Pr)3, Ti(0-iso-Pr)4, MeSi(0Me)3, and 

Eu(hfc)3 were purchased from Aldrich and were used as received. B(0Me)3 

and MeC(0Me)3 were distilled from Na before use. Ga(acac)3 was purchased 

from Gelest. [Al(NMe2)3]2,^'^ [Ga(NMe2)3]2,^'^ Me3SiN=V(OSiMe3)3,l5 and 

Mo2(0-^gr(-Bu)6lG were prepared according to published procedures. 

NMR spectra were recorded at 25 °C, unless otherwise stated, on Varian 

VXR 300 and Unity 500 spectrometers with deuterated solvents as an internal 

lock. iR (299.949 MHz) and (75.429 MHz) spectra were internally 

referenced to the corresponding Me4Si signals. (96.233 MHz) spectra were 

referenced to BF3 Et20 in CeDg (50% volume solution) as an external standard, 

27A1 (78.157 MHz) spectra were measured at 70 °C and were referenced to the 

external standard 0.2 M A1(C104)3/0.1 M HCIO4 in D2O. The background 

signal, which was found as a broad peak at ~61 ppm (Avi/2 = 4100 Hz at 30 °C), 

did not interfere with our spectra owing to its low intensity. 17 298i (59.591 MHz) 

spectra were referenced to a 30% volume solution of Me4Si in benzene-c?6 as an 

external standard. Pulses of 90° and a relaxation delay of 25 s were used for 

acquisition of the 29Si spectra. ^iQa (91.485 MHz) spectra were recorded at 70 
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°C and were referenced to the signal of GaCl4~/5 M HCl in D2O which was set 

at 257 ppm in order that measured shifts are with respect to Ga(H20)6^'*'A® The 

chemical shifts were corrected for the difference in chemical shift between D2O 

and the lock solvent used. 

Mass spectra were recorded on a Finnigan 4000 low-resolution (70 eV, EI; 

NH3_ CI) and a Kratos MS-50 high resolution instrument. The masses are 

reported for the most abundant isotope present. IR spectra (4000-400 cm-1) 

were taken on IBM/Bruker IR-98 and DigiLab FTS-7 FTIR spectrometers 

using Nujol mulls between KBr discs or as KBr pellets. Wavenumbers were 

calibrated with a 0.05 mm polystyrene film. Intensities are noted as vs (very 

strong), s (strong), m (medium), w (weak), vw (very weak), and sh (shoulder). 

Two specimens for IR experiments were always prepared by recrystallization 

and sublimation of a particular compound to assure consistency of data. 

Elemental analyses were carried out by Galbraith Laboratories or Desert 

Analytics. Melting points (uncorrected) were measured in sealed capillaries. 

Trimethylazaboratrane, 6. This compound was prepared for HRMS study 

according to our previously published procedure^ with the slight modification 

that after the reaction, all volatiles were removed under vacuum at room 

temperature and the residue was sublimed at 60-80 °C at 5 x 10*^ Torr giving 

an improved yield of 42% of white crystalline solid 6. The NMR shifts of 6 in 

chloroform-di are given here to demonstrate the aromatic solvent-induced 

shift effect by comparing them with values reported for a benzene-dg solution. ̂  

IH NMR (chloroform-di) 5 2.46 (s, 3 H, NMe), 2.78 (t, 2 H, N(CH3)2, Vhh = 5.1 

Hz), 2.93 (t, 2 H, MeNC%, = 5.1 Hz). 
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Trimethylazaalumatrane Dimer, 12. This compound was prepared 

according to our previously published procedure^ and further purified by 

sublimation at 120 °C at 2.5 x 10-3 Torr. Single crystals suitable for X-ray 

diffraction analysis were grown from a THF solution layered with pentane at 

-20 °C. For the purpose of comparison with azagallatrane 14, we present here 

IR data for 12: IR (KBr pellet, 4000-400 cm'l) v 2968 s, 2847 vs, 2797 vs, 2765 vs, 

2747 s, 2675 m, 1478 sh, 1468 s, 1446 m, 1422 w, 1377 w, 1355 vs, 1342 m, 1307 w, 

1272 s, 1262 w, 1238 vw, 1217 vw, 1197 sh, 1190 s, 1164 sh, 1155 vs, 1143 s, 1135 s, 

1109 vs, 1082 s, 1061 vs, 1051 vs, 1035 m, 1011 w, 955 m, 944 s, 923 s, 880 vs, 856 

m, 845 s, 768 vw, 751 vw, 647 s, 631 vs, 609 vs, 591 s, 575 vw, 563 m, 536 vs, 509 

vw, 497 vw, 457 w, 436 s, 413 w. 

Reaction of Trimethylazaalumatrane Dimer, 12, with MeSi(0Me)3. Neat 

MeSi(0Me)3 (0.75 mL, 5.3 mmol) was added dropwise to a stirred solution of 12 

(1.11 g, 2.62 mmol) in 150 mL of toluene at room temperature. After refluxing 

the reaction mixture for 40 h, a clear solution was decanted from a gel-like 

precipitate of [Al(0Me)3]n and all volatiles were removed under vacuum. A 

yellow waxy solid was sublimed at 60-75 °C at 5 x 10-3 Torr, yielding 0.50 g 

(42%) of 15. The product possessed ^H, and 29Si NMR spectra which 

compared well with data published earlier for this compound. The NMR 

chemical shifts display AS IS effects, therefore the data for benzene-ffg and 

chloroform-di solutions of 15 are listed here: ^H NMR (benzene-de) 5 0.43 (s, 3 

H, SiCHs, VcH = 114.9 Hz, 13C satellites, VsiH = 5.7 Hz, 29Si satellites), 2.24 (t, 

6 H, MeNCH2, 3Jhh = 6.1 Hz), 2.66 (t, 6 H, N(CH2)3, 3JhH = 6.1 Hz), 2.69 (s, 9 H, 

NCH3, IJcH = 132 Hz, 13c satellites); ^H NMR (chloroform-di) S 0.11 (s, 3 H, 
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SiCHs), 2.55 (s, 9 H, NCH3), 2.68 (t, 6 H, MeNCHg, ^Jnu = 6.0 Hz), 2.83 (t, 6 H, 

N(CH2)3, ^«/hh = 6.0 Hz). 

Reaction of Trimethylazaalumatrane Dimer, 12, with 

Me3SiN = V(OSiMe3)3. Compounds 12 (0.42 g, 0.99 mmol) and 

Me3SiN=V(OSiMe3)3 (0.78, 1.9 mmol) were dissolved in 50 mL of toluene. The 

reaction mixture was refluxed for 1 h during which its color changed to deep 

red. The solvent was removed under vacuum and the remaining dark brown 

solid was sublimed at 100-110 °C at 5 x 10'^ Torr, giving a red-brown solid, 

whose IH, and 27A1 NMR spectra revealed the formation of 16^0 and the 

presence of a substantial amount of the byproduct of [Al(OSiMe3)3]2.^^ 

Reaction of Tris(trimethylsilyl)azaalumatrane, 8, with 0=V(0-iso-Pr)3. 

To a solution of 8 (3.11 g, 8.05 mmol) in 70 mL of toluene, 0=V(0-iso-Pr)3 (2.01 

g, 8.23 mmol) in 10 mL of toluene was added drop wise with stirring. The 

yellowish color of the solution slowly turned deep red. The reaction mixture 

was stirred and heated to 70 °C for 3 h. Attempts to separate products by 

sublimation, vacuum distillation and fractional crystallization from pentane 

were not successful. However, the presence of 17 in the mixture was indicated 

by its IH NMR spectrum: ^H NMR (benzene-dg) 6 0.46 (s, 9 H, SiCHs), 2.32 (t, 2 

H, 3Jhh = 5.6 Hz, N(CH2)3), 3.29 (bs, 2 H, SiNCH2). 

Reaction of Trimethylazaboratrane, 6, with 0=V(0-iso-Pr)3. Neat 0=V(0-

iso-Pr)3 (0.14 mL, 0.59 mmol) was added drop wise via a microsyringe to a 

solution of 6 (0.11 g, 0.56 mmol) in benzene-dg, in an NMR tube and mixed 

thoroughly. The color of the solution changed from colorless to deep red. ^H 

and NMR spectra of the reaction mixture were recorded and compared 

with literature data revealing the presence of 1822 and B(0-iso-Pr)3.23 
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Reaction of 6 with Ti(0-iso-Pr)4. A solution of Ti(0-iso-Pr)4 (2.5 g, 8.8 

mmol) in 60 mL of toluene was added with stirring to a solution of 6 (1.47 g, 

7.50 mmol) in 120 mL of toluene and the mixture was refluxed for 40 h. Only 

starting materials were observed by NMR spectroscopy. An aliquot of the 

reactants was removed and sealed as a benzene-de solution in an NMR tube. 

IH, 13c and NMR spectra taken after 9 months revealed the presence of 

B(0-îso-Pr)3,23 6,8 Ti(0-iso-Pr)4 and 19. 

19: IH NMR (benzene-cZg) 5 1.44 (d, 6 H, = 6.2 Hz, CH(CiÏ3)2), 2.70 (t, 6H, 

SJhh = 5.8 Hz, N(CH2)3), 3.16 (t, 6 H, 3Jhh = 5.9 Hz, MeN%), 3.39 (s, 9 H, 

NCHa), 4.77 (sept, 1 H, 3Jhh = 6.1 Hz, CH(CH3)2); 13C NMR (benzene-de) 5 26.9 

(qm, CH(CH3)2, Vch = 125.4 Hz, Vch = 3JcH = 4.5 Hz), 47.7 (qt, NCH3, IJcH = 

131.5 Hz, 3Jcjj = 2.6 Hz), 52.9 (tm, N(CH2)3, ^JcH = 134.8 Hz), 58.3 (tqt, 

MeNCH2, IJcH = 131.8 Hz, 3Jch = 6.1 Hz, VcH = 2.2 Hz), 74.7 (d sept, CHMe2, 

= 141.4 Hz, = 4.3 Hz). 

Trimethylazagallatrane Dimer, 14. Method A. A solution of tetramine 2 

(Me3tren) (2.09 g, 11.1 mmol) in 75 mL of degassed toluene was added dropwise 

within 15 min to a solution of [Ga(NMe2)3]2 (2.24 g, 11.1 mmol) in 75 mL of 

toluene with stirring at -40 °C. The reaction solution was left to warm to room 

temperature and stirred for 24 h. All volatiles were removed under vacuum 

giving 2.20 g (78%) of the crude product. Further purification was effected by 

sublimation at 110 °C at 5 x 10-3 Torr giving the white solid product 14: mp 121-

128° dec.; IH NMR (500 MHz, toluene-dg) Ô 2.10-2.17 (m, 6H), 2.37 (ddd, 2 H, 

2JHH = 15.0 Hz, 3jHH(trans) = 9.7 Hz, 3jHH(gauche) = 5.4 Hz), 2.47-2.55 (m, 4H), 

2.60-2.66 (m, 2H), 2.68 (s, 6 H, CH3), 2.75 (s, 6 H, CH3), 2.78 (ddd, 2 H, Vrh = 

II.8 Hz, 3t7HH(trans) = ^(/HH(gauche) = 4.0 Hz), 2.87-2.97 (m, 4H), 2.93 (s, 6 H, 
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CHa), 3.16 (ddd, 2 H, Vrh = 13.7 Hz, VHH(trans) = 10.0 Hz, VHH(gauche) = 4.0 

Hz), 3.73 (ddd, 2 H, Vhh = ^t^HHCtrans) = 13.2 Hz, ^JHH(gauche) = 5.1 Hz, VcH = 

139.0 Hz, 13c satellites); NMR (benzene-dg) 5 40.50 (qdd, CHg, Vch = 133.9 

Hz, 3Jqh = 10.3, 4.3 Hz), 41.85 (qdd, CHg, Vch = 129.5 Hz, ^JcH = 6.9, 6.9 Hz), 

42.22 (qdd, CHg, IJcH = 129.5 Hz, VcH = 3.0, 3.0 Hz), 54.03, 54.56, 54.83, 54.96, 

56.15, 58.86, CH2 groups; NMR (benzene-cfg, 70 °C) 6 255 ± 5 (Avi/2 = 12 

kHz); HRMS (EI) calcd for Ci8H42N8®®Ga7lGa (M+) m/z 510.20384, found 

510.20265, calcd for Ci8H42N8®^Ga2 (M+) mlz 508.20464, found 508.20436, calcd 

f o r  C i 5 H 3 6 N 7 6 9 G a 2  m l z  4 5 2 . 1 5 4 6 2 ,  f o u n d  4 5 2 . 1 5 4 7 5 ,  c a l c d  f o r  C 9 H 2 i N 4 6 9 G a  m / z  

254.10232, found 254.10192; LRMS (EI) m/z (ions 69Ga2, 69Ga7lGa, 7lGa2, 

relative intensities) 508, 510, 512 (M+, -0.04), 452, 454, 456 (M-G3H6N+, 0.16, 

0.24, 0.06), 323, 325, 327 (0.5, 0.7, 0.2), 255,257 (7, 5), 155 (7), 144 (14), 132 (7), 114 

(6), 113 (7), 99 (51), 72 (39), 71 (12), 70 (22), 69 (11), 58 (100), 57 (19), 56 (24); CIMS 

(positive ion detection) mlz (ions, relative intensities) 509, 511, 513 (M+H+, 58, 

70, 25), 452, 454,456 (3, 3,1), 314, 316, 318 (9,11, 4), 291, 293, 295 (14, 13, 3), 255, 

257 (6, 6), 203 (22), 189 (100); IR (KBr pellet, 4000-400 cm-1) v 2962 s, 2948 s, 2926 

s, 2886 s, 2844 vs, 2800 vs, 2760 vs, 2746 s, 2674 m, 1465 m, 1456 m, 1449 m, 1413 

vw, 1376 w, 1359 w, 1349 s, 1331 m, 1322 vw, 1304 m, 1279 m, 1263 m, 1240 vw, 

1224 vw, 1195 m, 1182 m, 1162 vs, 1112 w, 1092 s, 1080 vs, 1040 vs, 1026 s, 1010 w, 

977 s, 948 s, 912 s, 853 vs, 838 s, 803 w, 748 m, 634 vs, 593 m, 563 m, 541 s, 504 vs, 

495 sh. Anal. Calcd for Ci8H42N8Ga2: C, 42.39; H, 8.30; N, 21.97. Found C, 

43.15; H, 8.78; N, 21.06. 

Crystals suitable for X-ray diffraction experiments were grown from a 

saturated pentane solution of 14 at -20 °C. 
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Method B. A solution of Ga(acac)3 (0.546 g, 1.49 mmol) and 12 (0.320 g, 

0.754 mmol) in 70 mL of toluene was stirred at room temperature and the 

conversion was monitored by NMR. The reaction was completed after 35 

days. The separation of 14 from Al(acac)3 failed owing to their similar 

volatility and solubility. 

Tiis(trimethylsilyl)gallazatrane, 10. A solution of tetramine 4 (5.67 g, 15.6 

mmol) in 20 mL of degassed THF was added dropwise to a stirred solution of 

[Ga(NMe2)3]2 (3.16 g, 15.6 mmol) in 125 mL of THF at room temperature. The 

reaction mixture was heated to reflux for 24 h. After the removal of all 

volatiles, 5.91 g (88%) of 10 was obtained as an oily liquid which solidified in a 

freezer. The crude product was sublimed at 80-90 °C at 5 x 10-3 Torr giving a 

white solid 10: mp 43-45 °C; IH NMR (toluene-c^g) 5 0.21 (s, 9 H, SiMes, ^JcH = 

113.8 Hz, 13c satellites, VsiCH = 6.4 Hz, 29Si satellites), 1.97 (t, 2 H, N(CH2)3, 

Vhh = 5.3 Hz), 2.83 (t, 2 H, SiNCH2, 3Jhh= 5.3 Hz); 13C NMR (toluene-cfg) 5 -1.6 

(SiMes, IJsiC = 55.3 Hz, 29Si satellites), 43.6 (SiNCH2), 57.7 (N(CH2)3); 29Si NMR 

(toluene-dg) 5 0.34; NMR (toluene-dg) 5 304 ± 10 (Avi/2 = 40 kHz at 70 °C); 

HRMS (EI) calcd for Ci5H39N4Si369Ga (M+) m/z 428.17396, found 428.17301; 

LRMS (EI) m/z (ions ^iQa, 69Ga, relative intensities) 430, 428 (M+,11,13), 

415,413 (M-CH3+, 14, 18), 328, 326 (M-Me3SiNCH2-H+, 76, 100), 260 (9), 213 (45), 

211 (13), 187 (13), 171 (32), 157 (13), 69 (23). 

Reaction of Tiis(teyf-butyldimeihylsilyl)azaahini atrane, 9, with Ga(acac)3. 

A solution of 9 (0.18 g, 0.35 mmol) and Ga(acac)3 (0.13 g, 0.35 mmol) in 200 mL 

of toluene was stirred at room temperature and the reaction was monitored by 

iH NMR spectroscopy. After 1 month, 30% of 9 was converted to 11; ^H NMR 
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(benzene-de) S 0.09 (s, 6 H, SiMe2), 0.99 (s, 9 H, tert-Bu), 2.33 (t, 2 H, Vhh = 6.3 

Hz, N(CH2)3), 2.80 (t, 2 H, 3Jhh = 6.0 Hz, SiNCH2). 

Reaction of Trimethylazaboratrane, 6, with Trîethanolamine (TEA). An 

excess of TEA (0.1 mL, 0.8 mmol) was added to a stirred solution of 6 (0.14 g, 

0.71 mmol) in 50 mL of toluene at room temperature and further stirred for 2 h 

until precipitation of a white solid was completed. Filtration followed by 

washing of the precipitate with 3x1 mL portions of EtgO, and drying under 

vacuum for 45 minutes afforded 0.11 g (99%) of boratrane 2124; mp 235.5-236.5, 

lit.24 236.5-237.5; iH NMR (chloroform-di) 5 3.11 (t, 6 H, NCH2, Vrh = 5.7 Hz, 

VcH = 141.4 Hz, 1% satellites), 3.95 (t, 6 H, OCH2, Vhh = 5.7 Hz, VcH = 146.5 

Hz, 13c satellites), NMR (chloroform-di) S 59.2 (tm, NCH2, VcH = 141.3 Hz, 

Vcc = 34 Hz , satellites), 62.0 (tt, OCH2, VcH = 146.5 Hz, = 1.7 Hz, Vcc 

= 34 Hz, 13c satellites); NMR (chloroform-di, 20 °C) 5 14.5 (Avi/2 = 70 Hz); 

LRMS (EI) miz (ions ^B, 1%, relative intensities) 157, 156 (M+, 11, 3), 127, 126 

(M-CH2O+, 48,100), 125 (24), 100 (20), 99 (11), 98 (5), 56 (21), 55 (21). 

Reaction of Azasilatrane 15 with Triethanolamine (TEA). An excess of 

TEA (0.15 mL, 1.1 mmol) as added to a solution of 15 (0.179 g, 0.783 mmol) in 0.5 

mL of benzene-c?6 in an NMR tube. Products 22 and 2 were characterized by 

favorable comparisons of their ^H, l^c and 29Si NMR spectra with published 

data. 12,25 

Single-Crystal X-ray Dif&action Studies of 12 and 14. Colorless crystals of 

12 were mounted in 0.5 mm glass capillaries in a nitrogen-filled glove box and 

flame-sealed, while crystals of 14 were covered with paraffin oil, attached to a 

glass fiber and quickly transferred into a stream of cold nitrogen on the 

diffractometer. Pertinent crystal data, experimental conditions for data 
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collection, solution and structure refinement are listed in Table I. Lorentz and 

polarization corrections were applied. A nonlinear correction based on the 

decay in the standard reflections and a semi-empirical absorption correction 

based on the azimuthal scans of several reflections were applied to the data. 

The structures of 12 and 14 were solved by direct methods and refined by a full-

matrix least-squares method, using the TEXAN (VAX)26 and SHELXTL-Plus 

(MicroVAX)27 programs. All non-hydrogen atoms were placed directly firom 

the E-map and refined anisotropically. Neutral atom scattering factors were 

taken fi'om Cromer and Waber.28 Atomic coordinates, thermal parameters, 

bond distances, and bond angles are listed in the supplementary materials. 
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Table L Crystal Data, Data Collection, Solution and Refinement 
Parameters for 12 and 14 

12 14 

formula AI2C18H42N8 Ga2Ci8H42N8 

fw 424.55 510.02 

crystal size (mm) 0.24x0.18x0.20 0.40x0.40x0.40 

crystal system orthorhombic triclinic 

space group Pbca (no. 61) PI (no. 2) 

a (Â) 37.372(10) 9.716(1) 

6(A) 14.379(2) 11.325(2) 

c (A) 8.774(2) 11.343(1) 

a (deg) 90 110.36(2) 

P (deg) 90 97.87(1) 

7 (deg) 90 90.34(1) 

y (A3) 4677.2(1) 1157.2(3) 

z 8 2 

dcalc (g/cm3) 1.206 1.464 

F(000) 2988 536 

abs coeff (cm'l) 25.4 23.5 

diffractometer Hilger-Watts Enraf-Nonius CAD4 

radiation (A) MoKa(X = 0.71069) MoKa(X = 0.71073) 

temperature (°C) 23±1 -50 ±1 

monochromator graphite crystal graphite crystal 

20 range (deg) 5.0-50.2 4.0-50.0 

scan type 0) 26-6 
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Table L Continued 

scan speed (deg/min) 3-15 0.5-2.0 

scan range (deg) 0.80 + 0.50 tan 0 0.80 plus Ka separation 

collected reflcns 6961 4336 

independent reflcns 4350 4072 

•^init (%) 7.8 1.3 

observed reflcns, nobs 1553 3032 

(I>4.0a(I)) (I>3.0a(I)) 

weighting scheme, [a2(Fo2)]/4Fo2 O2(Fo) + 0.0025 (Fo)2 

no. of variables, nvar 414 284 

data-to-parameter ratio 8.3:1 10.7:1 

largest peak (e.Â-^) 0.27 0.49 

largest hole (e.Â-3) -0.25 -0.30 

A (%)a 5.0 4.7 

72», (%)b 5.7 5.4 

GOFc 2.43 0.74 

aR = Z l l F o l - l F c l l /2| F o l .  

lFcl)2/(nobs-nvar)]l/2. 

bRw= [SwdFol-l Fc 1 )2/Zw(Fo)2] 1/2. CGOF = [2w( 1 Fo 1 -
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RESULTS AND DISCUSSION 

Syntheses and Reactions. The metathetical reaction 1 between 

[Al(NMe2)3]2 and trialkylborates was reported by Ruff in the early 60's.29 

Recently, we used a similar approach to prepare azaboratrane 6 from 

azaalumatrane 12 by the transmetallation reaction^ as depicted in Scheme I. 

Reaction 1: 

[Al(NMe2)3]2 + B(0R)3 > B(NMe2)3 + A1(0R)3 

R = Me, Et, 7%-Bu 

There are two major factors driving these redistribution reactions. The higher 

strength of Al-0 bonds relative to B-0 and Al-N bonds is responsible for an 

enthalpic advantage, while the conversion of dimeric 12 to monomeric 6 is 

favored entropically. Moreover, the formation of insoluble polymeric 

[Al(0Me)3]n which precipitates from the reaction solution, forces the 

equilibrium completely towards the products. Another crucial factor in the 

case of azatrane compounds is the stabilization effect of a transannular bond 

as we demonstrated in the case of group 14 elements. Thus while MeSi(0Me)3 

reacts easily with dimeric azaalumatrane 12, as shown in Scheme I, giving 

azasilatrane 15 in 42% yield, the analogous reaction of MeC(0Me)3 with 12 

failed to produce any pro-azacarbatrane 23 or polymeric [Al(0Me)3]n even after 

several hours of refluxing in toluene. The metathetical reaction 2 of trialkyltin 

amides with carboxylic esters resulting in the transfer of the OR" group from 

carbon to tin and in the formation of a C-N bond was reported by Lappert and 

George. 30 
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Reaction 2: 

R3Sn-NMe2 + R'C(0)-0R" -4 RgSn-OR" + RC(0)-NMe2 

R = Me, n-Bu; R' = Me, CH2=C(Me), MeC(0)CH2; R" = Me, Et 

This shows that the formation of pro-azacarbatrane 23 might be feasible on 

bond energy grounds. However, we can consider two obstacles to this reaction. 

Assuming the initial step is a nucleophilic attack of the OMe group at 

aluminum and excluding the breakage of the M-0 bond (M = C, Si) with the 

formation of a cation MeM(0Me)2+ as a pathway with a prohibitively high 

activation energy, we can envision structure A as a possible reaction 

intermediate. The formation of A requires an increase of the coordination 

number of M in MeM(0Me)3 from four to five. This is, of course, easily 

accomplished in the case of silicon but it is much more difficult for carbon. 

The same rationale accounts for the lack of stabilization of the desired product 

by a transannular N->C interaction, and hence contributes to the unreactivity 

of MeC(0Me)3. Azasilatrane 15 was prepared previously in our laboratory by a 

transamination reaction 3 with a similar yield. 
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Reaction 3: 
I I 

MeSi(NMe2)3 + (MeNHCH2CH2)N —SMegNH + MeSi(MeNCH2CH2)3N 
2 15 

Two literature examples of transmetallation reactions involving atranes 

are worthy of note. The preparation of stibatrane from silatrane in reaction 4 

makes use of the driving force of strong Si-F bonds in the by-product.31 On the 

other hand, no striking energy difference between reactants and products 

Reaction 4: 
I f 

SbPg + R-Si(0CH2CH2)3N RSiFg + Sb(0CH^H2)3N 

R = Me, Vinyl 

is apparent in transesterification reaction 5 which uses aluminum ethoxide as 

a catalyst. 32 

Reaction 5: 
Al(0Et)3 

B(0CH2CH2)3N + HSi(0Et)3 ^ B(OEt)3+HSi(OCH^H2)N 

In analogy to the transmetallation of monomeric azastannatrane 2420,22 

(reaction 6), we have shown that dimeric azaalumatrane 12 can serve as a 

useful starting material for the synthesis of azametallatranes among the 

transition metals. As summarized in Scheme I, Me3Si-N=V(OSiMe3)3 reacts 

with 12 giving azavanadatrane 16. This reaction proceeds smoothly upon 

mixing the reactants as is indicated by the color change from colorless to deep 

red. The iH and NMR spectra showed signals for azavanadatrane 1620 

and dimeric [Al(OSiMe3)3]2.^1 The latter was also identified as the only 
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aluminum-containing species by the 27a1 NMR signal at 5 59 (Avi/2 = 88 Hz at 

20 °C). The sepsuration of 16 from [Al(OSiMe3)2]2 was precluded by their very 

Reaction 6: 

n-BuSn(MeNCH2CH2)3N + ZM(0R)3—n-BuSn(0R)3 + 

^ I 1 
ZM R ZM(MeNCH2CH2)3N 

16 Me3SiN=V SiMea 
25 fer(-BuN=V SiMeg 
26 N= Mo (gr(-Bu 
18 0=V iso-Pr 

similarvolatilities and solubilities in hydrocarbon solvents. Recently, Schrock 

and coworkers^^ reported a series of azavanadatranes 27-30 possessing 

vanadium in the oxidation state three (29) and four (27, 28, 30). These species 

were synthesized by the reaction of lithiated tetramines with VCI4 DMB (eq 7) 

by a subsequent reduction with Na/Hg (eq 8), or by the reaction with an 

alkyllithium reagent (eq 9). The reaction of Ti(0-iso-Pr)4 with 12 

Reactions 7-9: 
(LiN(R)CH2CH2)3N + VCI4.DME —3LiCl  + C1-V(RNCH2CH2)3N 

R 
27 SiMea 

28 SiMe2-^er^-Bu 

I 1 
28 + Na/Hg NaCl + V(ieri-BuMe2SiNCH2CH2)3N 

29 
27 + LiCH^Ph ^ LiCl + PhSCH2-V(Me3SiNCH^H2)3N 

30 
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afforded an intractable mixture of products. The IR NMR spectrum showed 

the presence of more than seven isopropyl signals in the methine region which 

probably belong to partially transmetallated intermediates. Despite the 

complexity of the spectrum, the presence of a monomeric M(MeNCH2CH2)3N 

unit was clearly indicated by two triplets and a singlet for the CH2 and CH3 

groups, respectively. An attempt to prepare azatrane 31 (Scheme I) with the 

central dimolybdenum unit failed since the and NMR spectra of the 

reaction mixture after 18 hours of reflux showed only the presence of 

unreacted starting materials 12 and Mo2(0-ieri-Bu)6.^® 

Similarly to dimeric azaalumatrane 12, monomeric 88 reacts with the 

same faci l i ty  with 0=V(0-iso-Pr)3 according to  eq 10.  The products  17 and 

Al(0-(so-Pr)g21 were identified by NMR spectroscopy but attempted 

separation by 

Reaction 10: 
I 1 

3Al(MegSiNCH2CH2)3N + 30=V(0-iso-Pr)s ^ [AKO-iso-Pr)^]^ + 

8 I 1 
+ 30=V(Me3SiNCH2CH2)3N 

17 

sublimation or vacuum distillation failed due to the similar volatilities of these 

products. The fact that azaboratrane 6 is also capable of functioning as a 

reactant in the transmetallation reaction with transition metal alkoxides was 

demonstrated in its reactions with 0=V(0-iso-Pr)3 and Ti(0-iso-Pr)4 which are 

shown in Scheme II. While the formation of azavanadatrane 18 proceeds to 

completion at room temperature nearly instantaneously, the reaction of 
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Scheme H 

Me / 

' \ 

+0=V (0-iso-Pr)^ 

-B(0-wo-Pr)3 

18 

O-wo-Pr 
+Ti(0-/.yo-Pr)4^ Me 

-B(0-wo-Pr)3 

19 

Ti(0-iso-Pr)4 with 6 reaches equilibrium after it has been left for several 

months at room temperature. The ratio of reactants to products in the latter 

reaction was established both by and NMR spectroscopies to be 30:70. 

Azatitanatrane 19 was identified by a comparison of the similarity of cage 

and NMR chemical  shif ts  to  those of  the  previously reported fer^-BuO 

derivative.34 

Versatility of the transmetallation reaction was demonstrated by 

extending its scope to acac complexes (penta-2,5-dienoates). Both dimeric 12 

(Scheme I) and monomeric azaalumatrane 9 (reaction 11) react slowly with 

Ga(acac)3 and the central aluminum atom is replaced in a complex multistep 

reaction by gallium. The formation of [Ga(MeNCH2CH2)3N]2, 14, (Scheme I) 

was completed after 35 days at room temperature as concluded from the ^H, 

27a1 and "^^Ga NMR spectra of the reaction mixture. Elevated 

temperatures did not speed up the reaction but rather caused decomposition of 

the products. The conversion of only 30% after a month at room temperature 
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Reaction 11; 
RgSi^ SiRq 

"LLy 

9: Rg = tert-B\xMç,2 

+ Ga 

RgSi. SiRo 

+ Ai: 

11: Rg = ferf-BuMeg 

was observed by NMR spectroscopy for reaction 11. 

A preparatively more useful route for synthesizing azagallatranes 14 and 

10 is indicated in the transmetallation reaction 12. These facile 

transformations demonstrate that analogously to the situation for 

azaalumatranes,® the size of the substituents on the equatorial nitrogens 

governs the degree of oligomerization. The bulky SiMeg groups in 10 shield the 

gallium center and prevent dimerization, while smaller methyl groups in 14 

allow gallium to increase its coordination number. 

A close relationship between azatranes and atranes was recently 

demonstrated in a facile conversion of azagermatranes 32-3535 and 

azaalumatranes 8 and 12to atranes 36, 37 and 20, respectively by the 

transligation reaction 13 with triethanolamine. In this metathesis, a triptych 

framework is retained despite the multiplicity of bonds that must be broken in 

the reactants and reformed in the products. This result emphasizes a 

remarkable stability of these multichelated structures. The ligand exchange 
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Reaction 12: 

V^Ga-N-^Me 

[Ga(NMe2)3]2 4 

MesSi^ SiMea 
MeaSi N^̂ .„ / 

-Me2NH C 9"" 

Reaction 13: 

I R 
+(HQCH2CH2)3N 

-(RNHCH2CH2)3N 
O. 

m 

m 

M Z R n 

32 1 Ge Me H 1 36 

33 1 Ge Me Me 1 36 

31 1 Ge tert-Bu H 1 37 

35 1 Ge tert-Bu Me 1 37 

12 2 A1 - Me 4 20 

8 1 A1 - SiMes 4 20 

6 1 B - Me 1 21 

15 1 Si Me Me 1 22 

-I n 
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is driven by the formation of strong oxygen-metal bonds. We have found, that 

azaboratrane 6 and azasilatrane 15 can also be converted to boratrane 21 and 

silatrane 22, respectively, as shown in reaction 13. This extends and 

generalizes the scope of the transligation reaction. Boratrane 21 was isolated 

in quantitative yield and was characterized by ^H, NMR and MS 

spectroscopies.24 Silatrane 22 was characterized by ^H, and 29si NMR 

spectra in the reaction mixture.25 

Structural Considerations. Recently we found that the molecular 

structure of dimeric azaalumatrane 13 features an unusual cis configuration 

of the substituents on the central four-membered ring.9 Only two other similar 

examples could be found in the literature, namely, the gallium and titanium 

derivatives 38^6 and 39.37 

H 

Me 

Me 
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Here we present results of our single-crystal X-ray diffraction studies on 

azaalumatrane 12 and azagallatrane 14. Their molecular structures are 

shown in Figures 1 and 2, respectively. Both molecules also possess the 

curious cis configuration of the substituent methyl groups on the central (M-

N)2 ring (M = Al, Ga). Structural data for 12 and 14 allow a detailed 

comparison between the Al and Ga atoms in an identical coordination 

environment and their influence on the surrounding ligands. The cis 

diastereomers, similarly to the situation found for 13,9 were the only species 

observed by and NMR spectroscopies in solutions of 12 and 14 . In fact, 

no interconversion of the cis isomers to the trans counterparts was observed 

after heating solutions of 12 and 14 for 60 h at 120 °C in sealed NMR tubes. 

Moreover, their spectra remain unchanged up to 100 °C in toluene-cfg thus 

revealing no fluxionality which could be caused by a racemization process 

between two enantiomers of the cis species. 

Both 12 and 14 contain an (M-N)2 central array in the form of a puckered 

rectangle. The two planes of the puckered rectangle are canted with respect to 

one another by 146° and 148° in 12 and 14, respectively, which closely 

corresponds to the value of 149° found in 13. The central atoms in 12 and 14 are 

contained in a distorted trigonal bipyramidal coordination sphere and they are 

displaced approximately 0.2 and 0.3 Â, respectively, from the plane formed by 

the equatorial nitrogens toward the bridging nitrogens. The axial nitrogens 

are pyramidal and they are drawn toward the metal atoms by a transannular 

interaction. The distortion is reflected in a bending of the TBP axis to 160.6(2)° 

and 161.9(2)° for the Nax-Al-Nbridge angles in 12 and to 161.8(1)° and 162.7(1)° 

for the Nax-Ga-Nbridge angle in 14, as shown in Tables II and III, respectively. 
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Figure 1. The molecular structure of [Al(MeNCH2CH2)3N]2,12 ,with the atomic labelling scheme. 
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Figure 2. The molecular structure of [Ga(MeNCH2CH2)3N]2,14 ,with the atom labelling scheme. 
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Compounds 12, 13 and 14 are to our knowledge the only structurally proven 

examples of five-coordinate group 13 atoms surrounded solely by nitrogen 

ligands. The covalent radii of aluminum and gallium are very similar owing 

to the poor screening effect of the filled d-electron shell of gallium. The actual 

values of the covalent radii vary with the method used for their calculation,^^ 

and this prevents a firm decision regarding their relative sizes. Moreover, the 

tabulated values usually do not reflect the influence of different coordination 

numbers. 

The corresponding bond distances and angles within the central (Al-N)2 

array of 12 (Table II) are not similar. The Al-N bond lengths range from 

1.968(5) Â to 2.059(5) Â, which are comparable to the values found in 13. Also 

similar to those in 13 are the internal angles of 12 (80.1(2)° and 81.0(2)° at 

aluminums and 92.7(2)° and 94.9(2)° at nitrogens). In contrast to 13, the 

distances between aluminum and nonbridging equatorial nitrogens in 12 are 

not all the same and they are spread from 1.821(6) Â to 1.844(6) Â. These 

distances are comparable to the value of 1.857(2) Â found in 13.9 Two 

transannular Al-Nax bonds are also dissimilar in 12, being 2.124(6) and 

2.160(6) Â, and they are consonant with the bond distances between a TBP 

aluminum and an axial nitrogen which fall in the range of 2.054(5) Â to 2.18(1) 

À.9 

A comparison of the Ga-N bond lengths in 14 (Table III) with their Al-N 

counterparts in 12 reveals that for the same coordination environment, the Ga-

N bonds are somewhat longer than the Al-N bonds. A similar observation was 

reported by Power and coworkers for the monomeric tricoordinate pairs of 

derivatives R2M-NR'R" (M = Al, Ga; R, R', R" = 2,4,6-iso-Pr3C6H2, H, 2,4,6-iso-
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Pr3C6H2; tert-Bvi, SiPhs, adamantyl) wherein the lengthening was about 0.06-

0.07 Â.39 In 14, we found that the Ga-N bonds within the central ring are on 

average only 0.03 Â longer than the corresponding Al-N bonds in 12. However, 

the equatorial nonbridging Ga-N distances are on average 0.07 Â longer and 

the transannular bonds are as much as 0.3 Â longer in 14 relative to 12, which 

is consistent with a substantial flexibility of the transannular bond. 

Table H. Selected Bond Distances (À) and Angles (deg) for 12 

Al(l)-N(3) 2.124(6) Al(2)-N(7) 2.160(6) 

Al(l)-N(4) 1.843(6) Al(2)-N(6) 1.829(6) 

Al(l)-N(5) 1.821(6) Al(2)-N(8) 1.844(6) 

Al(l)-N(l) 1.968(5) Al(2)-N(l) 2.032(5) 

Al(l)-N(2) 2.049(5) Al(2)-N(2) 2.022(5) 

N(1)-AI(1)-N(2) 81.0(2) N(1)-A1(2)-N(2) 80.1(2) 

A1(1)-N(1)-A1(2) 94.9(2) A1(1)-N(2)-A1(2) 92.7(2) 

N(1)-A1(1)-N(3) 161.9(2) N(2)-A1(2)-N(7) 160.6(2) 

N(3)-A1(1)-N(2) 82.6(2) N(7)-A1(2)-N(1) 80.9(2) 

N(3)-A1(1)-N(4) . 84.5(2) N(7)-A1(2)-N(6) 83.4(3) 

N(3)-A1(1)-N(5) 82.1(3) N(7)-A1(2)-N(8) 84.8(3) 

N(2)-A1(1)-N(5) 126.3(2) N(1)-A1(2)-N(6) 126.0(2) 

N(2)-A1(1)-N(4) 108.4(2) N(6)-A1(2)-N(8) 117.2(3) 

N(4)-A1(1)-N(5) 120.8(3) N(1)-A1(2)-N(8) 112.3(3) 
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Table III. Selected Bond Distances (À) and Angles (deg) for 14 

Ga-N(l) 2.284(3) Ga'-N(l') 2.297(3) 

Ga-N(2) 1.908(3) Ga'-N(2') 1.891(3) 

Ga-N(3) 1.900(3) Ga'-N(3') 1.904(4) 

Ga-N(4) 2.037(3) Ga'-N(4') 2.043(3) 

Ga-N(4') 2.048(3) Ga'-N(4) 2.060(3) 

N(4)-Ga-N(4') 82.6(1) N(4)-Ga'-N(4') 82.2(1) 

Ga-N(4)-Ga' 92.4(1) Ga-N(4')-Ga' 92.6(1) 

N(l)-Ga-N(4') 162.7(1) N(l')-Ga'-N(4) 161.8(1) 

N(l)-Ga-N(2) 84.2(1) N(l')-Ga'-N(2') 83.7(1) 

N(l)-Ga-N(3) 82.9(1) N(l')-Ga'-N(3') 83.0(1) 

N(l)-Ga-N(4) 80.1(1) N(l')-Ga'-N(4') 79.7(1) 

N(2)-Ga-N(3) 118.9(1) N(2')-Ga'-N(3') 120.0(2) 

N(3)-Ga-N(4) 120.2(1) N(3')-Ga'-N(4') 115.7(1) 

N(2)-Ga-N(4) 115.7(1) N(2')-Ga'-N(4') 118.8(1) 
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The Ga-N bond lengths in 14 can be compared with the values found in 

other compounds possessing TBP coordinated gallium atoms such as 38,36 

dimeric dimethylethanolamine and 8-quinolinol derivatives 40,40,41,42 

monomeric 2-methyl-8-quinolinol compounds 41,43,44 the 1,10-phenanthroline 

complex 42,45 arylgallium compounds 4346 and 4447, pyridine derivative 

adducts 45,48 and 4649, the polycyclic cage compound (GaH)6(GaH2)2(|J.3-0)2(//3-

NCH2CH2NMe2)4(M"NHCH2CH2NMe2)2, 47^0, and the azacrown ether 

derivative 48.51 Table IV shows that the trans annular (Ga-N(l), Ga'-N(l')) and 

axial bridging (Ga-N(4'), Ga-N(4)) bond lengths in 14 fall within the range 

established for the axial TBP distances, the axial bridging bond lengths being 

at the lower limit of this region. The equatorial bridging (Ga-N(4), Ga'-N(4')) 

distances are also in accord with previously reported values, though there are 

much less data to compare. The nonbridging equatorial (Ga-N(2), Ga-N(3), 

40d (CH2)4CH 8-quinolinol 
45 Me 0CH2(C5H4N) 

40a H OCH^HzNMez 
40b Me OCHzCHzNMez 
40c Me 8-quinolinol 

R O N 

X E N 

N 41a CI 
41b NCCH2CO2 
41c CH3CO2 

4 Id 1/2(CH2C02)2 
46 CI 
43a CI 
43b C6H4CH2NMe2 

2-Me-8-quinolinol 
2-Me-8-quinolinol 
2-Me-8-quinolinol 
2-Me-8-quinolinol 
C(SiMe3)2(C5H4N) 
C6H4CH2NMe2 
C6H4CH2NMe2 
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Cl Me 
I M, 

42 44 

\ / 

48 

Ga'-N(2'), and Ga'-N(3')) distances are shorter than the quoted range. This 

shortening can be attributed to the lower coordination number of those 

nitrogens in 14 relative to 47 and 48. 

The major structural difference between azatranes 12 and 14 is in the 

degree of pyramidality of the equatorial nonbridging nitrogens. In 12, N(4), 

N(5), N(6), and N(8) are in a nearly planar environment. The sum of angles 

around these atoms range from 354.7(7)° to 358.3(6)° which is in the range of 

values found in 13 implying near sp2 hybridization. It would appear that while 

in 13 Si-N 7C-bonding can be largely responsible for the flattening of these 

nitrogen geometries, in 12 where no Si is present, we have to invoke the re-

interactions between nitrogens and the central aluminum atoms which would 

be facilitated by the nitrogen planarity. A short Al-N(2) distance and the 

planarity of N(2) in 49 was explained by the re-donation of the nitrogen N(2) lone 
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Table IV. Comparison of Ga-N Distances (Â) in Compounds with TBP 
Gallium Coordination 

equatorial axial ref 

14 1.891(3)-1.908(3)a 2.284(3), 2.297(3)b this work 

2.040(3)c 2.048(3), 2.060(3)c 

38 - 2.192(5) 36 

40a - 2.279(3) 40 

40b - 2.471(4) 40 

40c - 2.211(3) 41 

#d - 2.207(9) 42 

41a - 2.110(9) 43 

41b - 2.071(2)-2.102(2) 44 

41c - 2.077(3)-2.098(3) 44 

41d - 2.088(3), 2.111(3) 44 

4S, 2.119(6) 2.433(6) 46 

43a - 2.304(6), 2.385(6) 46 

43b - 2.551(2), 2.399(2) 46 

44 - 2.355(4) 47 

47 1.949(3), 1.999(3) 2.779(3) 50 

45 - 2.276(3) 48 

46 - 2.186(3), 2.214(4), 49 

2.268(4)d 

48 2.164(5) - 51 

^Nonbridging. l^Transannular. ^Bridging. ^Three independent molecules. 
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Me^N 
Me^ 49 

pair to the aluminum 3d empty orbitals.^2 Jn contrast to 12 and 13, 

azagallatrane 14 possesses strongly pyramidal nonbridging equatorial 

nitrogens N(2), N(3), N(2'), and N(3') with a range of the sum of angles around 

them of 336.4(3)° to 344.9(4)°. This is similar to the angle sum around the axial 

four-CO ordinate sp3 nitrogens N(l) and N(l') which is 342.4(4)°. The difference 

in the hybridization of the nonbridging equatorial nitrogens in 12 and 14, both 

of which possess nearly identical environments, demonstrates the dissimilar 

tendency of A1 and Ga to accept lone pair electron density from N. 

Mass Spectroscopy. Because all the group 13 azatranes known so far are 

volatile solids, they may prove to be interesting precursors for the preparation 

of nitrides by CVD techniques. We examined the decomposition of 6 by high 

resolution mass spectroscopy and the results are listed in Table V. All the 

fragments feature a characteristic isotopic pattern (l^B, 19.6%, ^B, 80.4%). 

Two major fragmentation pathways are shown in Scheme III. The base peak 

ion 6a is formed by the loss of MeNCHg and a proton. The second most 

important process is the ejection of one complete arm and the formation of 6b 

ions which can be protonated {miz 140) or deprotonated {miz 138). 

Although the intensity of the parent peak of 14 in its EI mass spectrum is 

low the characteristic isotopic pattern (69Ga, 60.4%, ^^Ga, 39.6%) was clearly 

identified. Using mild chemical ionization with NH3, a high intensity of the 

parent ion can be obtained. 
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152 (100%) 

140 (38%) 
139 (25%) 
138 (77%) 

Table V. HRMS Data for Azaboratrane 6 

formula mlz 

12C 13c IH 14N 10B found calcd % 

8 1 21 4 0 1 197.18859 197.18928 6.3 

9 0 21 4 0 1 196.18591 196.18593 57.3 

9 0 21 4 1 0 195.18834 195.18956 15.7 

6 1 15 3 0 1 153.13962 153.13926 10.7 

7 0 15 3 0 1 152.13586 152.13590 100.0 

7 0 15 3 1 0 151.13925 151.13954 25.1 

5 1 15 3 0 1 141.13787 141.13954 2.6 

6 0 15 3 0 1 140.13630 140.13590 37.8 

6 0 15 3 1 0 139.13963 139.13954 9.4 

5 1 14 3 0 1 a 140.13143 a 

6 0 14 3 0 1 139.12808 139.12808 25.1 

Scheme III 

Me. 
Me> 

Me 

6a 

Me Me, 

6b 
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Table V. Continued 

6 0 14 3 1 0 138.13151 138.13171 6.0 

5 1 13 3 0 1 b 139.12361 b 

6 0 13 3 0 1 138.12065 138.12025 76.6 

6 0 13 3 1 137.12397 137.12384 20.9 

6 0 12 3 0 1 137.11273 137.11243 15.1 

4 1 12 3 0 1 a 126.11578 a 

5 0 12 3 0 1 125.11187 125.11243 7.0 

5 0 12 3 1 a 124.11606 a 

4 1 11 3 0 1 b 125.10796 b 

5 0 11 3 0 1 124.10465 124.10460 40.0 

5 0 11 3 1 0 123.10824 123.10824 10.0 

5 0 10 3 0 1 123.09685 123.09678 13.4 

^Not observed. ^Unresolved shoulder. 

NMR Spectroscopy. NMR spectra of 6 and 15 measured in both 

benzene-rfe and chloroform-di revealed their aromatic solvent-induced shift 

behavior. For 6, the change of the solvent from chloroform-di to benzene-de 

caused a shift of 0.21 ppm to lower field for the NMe signal and upfield shifts of 

0.35 and 0.65 ppm for the MeNCi?2 and N(CH2)3 signals, respectively. 

Similarly, the CHs-Si and CHg-N protons of 15 are shifted downfield by 0.32 and 

0.14 ppm, respectively, on going from chloroform-di to benzene-dg- Conversely, 

upfield shifts of 0.44 and 0.17 ppm were observed for N(CH2)3 and MeNCiÎ2 
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signals, respectively. This phenomenon can be explained by the formation of 

collision complexes of 6 and 15 with benzene molecules as shown in Scheme 

IV.53 The vector of the dipole moment lies along the N-^M (M = B, Si) 

transannular dative bond and it is oriented from axial nitrogen toward the 

central atom based on their respective formal positive and negative charges. 

The electron-rich 7t-cloud of a benzene molecule is attracted to the positive end 

of the azatrane cage so that the methylene protons are influenced by the 

shielding cone of the ring current. Owing to their proximity to the plane of the 

benzene molecule, the N(CH2)3 protons display a larger AS IS effect than the 

more distant MeNCffg protons. The negative end of the atrane molecule 

attracts relatively electron deficient hydrogens on the periphery of the benzene 

molecules, thus exposing the Si-CHg and N-CH3 groups to the deshielding 

torus of the ring current. A larger downfield shift was observed in 15 for the 

Si-CHg protons relative to the N-CH3 protons as expected from a closer 

approach of the former to the benzene molecules. 

Scheme IV 
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The signals in the and NMR spectra of 19 were unambiguously 

assigned with the help of a proton-coupled and selectively proton-decoupled 

NMR spectra. Similar to the situation observed in 6,8 the MeNCH2 signal 

displays a quartet pattern because of long-range coupling with Me-N protons, 

which clearly distinguishes it from the N(CH2)3 signal. The upfield position of 

the N(CH2)3 signal relative to the MeNCH2 signal in the NMR spectrum of 

19 corresponds to assignments for other transition metal azatranes such as 16, 

18, 25 and 26.20.22 Reversed signal positions were found in the main-group 

azatranes such as 6-11,8.9 azasilatranes,!^ and azastannatranes.54 These 

observations point to the different electronic properties of the axial and 

equatorial orbitals of the central atom which are reversed for transition metals 

relative to main-group elements. 55 

Both the and NMR spectra of 14 reflect its dimeric nature and are 

depicted together with its ^H, iR DQP COSY and heterocorrelated NMR 

spectra in Figure 3. The presence of a two-fold axis in 14 as the only symmetry 

element renders inequivalent all the methylene protons as well as the three 

methyl groups (C(7), C(8), and C(9) in Figure 2) and the three ethylene bridges 

(C(l), C(2); C(2), C(3); C(4), C(5)). This is manifested by the presence of three 

methyl singlets and twelve partially overlapped methylene multiplets in the 

NMR spectrum. Furthermore, the NMR spectrum displays six methylene 

and three methyl signals. The assignment of the bridging N-Me group C(9,9') 

was facilitated by the observation of a larger VcH coupling constant in the 

proton-coupled NMR spectrum of 14 relative to smaller and identical values for 

nonbridging N-Me groups C(7,7') and C(8,8').8 Information obtained from an 

analysis of ^H, DQF COSY and ^H, heterocorrelated NMR spectra 
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(Figure 3) allowed us to break the signals into three groups which belong to 

three ine qui valent ethylene bridges. The assignments are summarized in 

Table VI. 

The C2 molecular symmetry of 14 in the solid state implies the presence of 

two enantiomers. This prompted us to explore the possibility of distinguishing 

them by NMR spectroscopy and to prove directly the presence of the cis 

diastereomer in solution as well using a chiral lanthanide shift reagent 

Eu(hfc)3 (hfc = 3-(heptafluoropropylhydroxymethylene)-(:Z-camphorate).56 This 

chiral shift reagent should produce a different induced shift of the resonances 

of equivalent nuclei in an enantiomeric pair of 14. However, using the molar 

ratio of 14/Eu > 1, an array of broad resonances was observed in the NMR 

spectrum in the region from 25 to -5 ppm together with the unperturbed 

signals for the excess of 14. The set of signals for 14 disappeared completely 

when a molar ratio 14/Eu < 1 was used. The absence of an expected downfield 

pseudo-contact shift of the resonances of 14 is presumably caused by the 

transmetallation reaction of Eu(hfc)3 with 14 similar to the reaction observed 

for 12 and Ga(acac)3 (Scheme I), but no firm conclusion about the nature of the 

transmetallated products could be inferred from the complicated and 

broadened signals. 

There are relatively few reports in the literature on ^^Ga NMR studies of 

Ga-N compounds.57 This is due to the substantially greater linewidths of ^iGa 

signals which can be broadened beyond the detection limits by quadrupolar 

relaxation. "^iQa chemical shifts are expected to follow the same trends as the 

27A1 shifts in corresponding aluminum compounds.The paucity of data 

makes a comparison of our results difficult, but from Table VII it can be 
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concluded that similarly to our results obtained for Al-N compounds,8,9 the 

shielding of the Ga nucleus increases with increasing coordination number. 

A very broad signal for 10, presumably possessing a trigonal monopyramidal 

Ga center,® was observed in the low-field region (-304 ppm). Tetrahedrally 

coordinated gallium in [Ga(NMe2)3] 2 was reported at a higher field relative 

to 10 (276 ppm). Azagallatrane 14 with the coordination number of five 

displays its chemical shift even further upfield (255 ppm) as expected. For 

comparison, the shift for 50^9 is listed, which shows a gallium signal at 2.8 

ppm in the expected region for hexaco ordinate Ga similar to that of the 

Ga(acac)3 signal which was recently reported to be unobservable due to severe 

broadening.60 

H "I© 

N—BH = 

tris(3,5-dimethyl-1 -pyrazolyl)hydridoborate 

H 
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Figure 3. NMR (300 MHz) spectrum of 14 showing twelve methylene 
multiplets A to L and three methyl singlets (a), the ^H %-
DQF COSY 2D NMR spectrum (300 MHz) of 14 (b), and the % 13C-
heterocorrelated 2D NMR spectrum (300 MHz) of 14 showing 
methyl (c) and methylene (d) regions. 
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Table VI. Results of iH-lH and NMR Correlation Experiments 
on 14 

Ô^^C (ppm) ô^H (ppm), assignment^ 

methyl groups 

40.50 2.68 Me (9, 9') 

41.85 2.751 
\ Me (7, 7') + Me (8, 8') 

42.22 2.93 J 

methylene groups 

54.03 2.60-2.66, C; 2.10-2.19, D 

54.83 3.16, A; 2.47-2.55, B 

54.56 3.73, E; 2.10-2.19, F 

54.96 2.47-2.55, G; 2.10-2.19 H 

56.15 2.87-2.97,1 + J 

58.86 2.78, K; 2.37, L 

^For numbering scheme see Figure 2. 
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Table VIL NMR Chemical Shifts for Selected Gallium Compounds 

compound cna S'^lGa (ppm) Avi/2 (kHz) ref 

Ga(acac)3 6 -2b 2.8 at 25 °C this work 

50 6 2.8c 0.06 at 25 °C 59 

14 5 255 ± 5b 12 at 70 °C this work 

[Ga(NMe2)3]2 4 276b 8.4 14b 

10 4 304±10d 40 at 70 °C this work 

^Coordination number. ^Benzene-de solution. ^THF-ds solution. ^Toluene-cJs 

solution. 
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CONCLUSIONS 

Azaalumatrane 12 and azagallatrane 14 are both dimeric species 

possessing an unusual cis configuration of the substituents on the central 

four-membered ring. Both aluminum and gallium are coordinated 

exclusively by nitrogens in a distorted trigonal bipyramidal geometry. 

Azaalumatrane 12 was shown to be a versatile reagent in transmetallation 

reactions by which azatranes of main-group elements and transition metals 

can be prepared. In order to obtain a preparatively useful system, a methoxide 

or an ethoxide should be used as a transmetallating agent, so that upon 

conversion to the corresponding nonvolatile insoluble [Al(0R)3]n product it is 

easily separable from the reaction mixture. 
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Table VIII. Atomic Coordinates and Thermal Parameters (Â2) for 12 

atom X  

Aid) 0 .16783(5) 0 
Al(2) 0 .08828 (5) 0 
N(l) 0 .1294 (1) 0 
N(2) 0 .1264 (1) -0 
N(3) 0 .1988 (2) -0 
N(4) 0 .1761 (1) -0 
N(5) 0 .2029 (1) 0 
N(6) 0 .0749 (2) -0 
N(7) 0 .0633 (2) 0 
N(8) 0 .0533(2) 0 
C(l) 0 .2321 (3) 0 
C(2) 0 .2216 (2) 0 
C(3) 0 .2214 (2) -0 
C(4) 0 .1983 (2) -0 
C(5) 0 .1745(2) -0 
C(6) 0 .1365 (2) -0 
C(7) 0 .0539 (3) -0 
C(8) 0 .0605 (2) -0 
C(9) 0 .0272 (2) 0 
C(10) 0 .0315(2) 0 
C(ll) 0 .0854 (2) 0 
C(12) 0 .1243 (2) 0 
C(13) 0 .1267 (3) 0 
C(14) 0 .1247 (2) 0 
C(15) 0 .1588 (3) -0 
C(16) 0 .0683 (3) -0 
C(17) 0 .2117 (3) 0 
C(18) 0 .0376 (3) 0 

z B (eq) 

(1) 0 .1406(2) 3 .2(1) 
(1) 0 .1529(2) 3 .4(1) 
(3) 0 .2398(6) 3 .3(2) 
(3) -0 .0077 (5) 3 .5(3) 
(4) -0 .0272(6) 4 .0(3) 
(4) 0 .2567(6) 3 .9(3) 
(4) 0 .1158(7) 4 .2(3) 
(4) 0 .2162 (7) 4 .5(3) 
(4) 0 .3640 (7) 4 .3(3) 
(4) 0 .0618(7) 4 .9(3) 
(6) 0 .010 (1) 5 .8(5) 
(7) -0 .103 (1) 5 .4(5) 
(6) 0 .066(1) 5 .1(5) 
(5) 0 .189 (1) 4 .6(4) 
(6) -0 .133 (1) 5 .3(5) 
(5) -0 .0676(9) 4 .2(4) 
(6) 0 .354 (1) 6 .0(5) 
(7) 0 .456 (1) 5 .5(5) 
(7) 0 .317 (1) 6 .2(6) 
(7) 0 .163 (1) 6 .3(5) 
(6) 0 .441(1) 4 .7(4) 
(6) 0 .4084 (7) 4 .1(4) 
(5) 0 .167 (1) 4 .5(4) 
(6) -0 .143(1) 4 .8(4) 
(6) 0 .390(1) 5 .9(5) 
(6) 0 .124 (1) 6 .1(5) 
(6) 0 .217(1) 5 .5(5) 
(7) -0 .088 (1) 6 .1(5) 

y 

0242 
0195 
0969 
0036 
0465 
0806 
1117 
0968 
0627 
0920 
0983 
0230 
1108 
1543 
0980 
0957 
1066 
0245 
0974 
1470 
1324 
1104 
1919 
0604 
1193 
1789 
1887 
0790 

B(eq) = 8n:2/3 Uy ai*aj* (ai.aj) 
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Table IX. Bond Distances (Â) in 12 

ALI NI 1.968 (5) N8 CIO 1.44 (1) 

ALI N2 2.049(5) N8 C18 1.45(1) 

ALI N3 2.124(6) Cl C2 1.52 (1) 

ALI N4 1.843(6) Cl Hl 1.10 (7) 

ALI N5 1.821 (6) Cl H2 0.92 (6) 

AL2 NI 2.032 (5) C2 H3 0.99 (6) 

AL2 N2 2.022 (5) C2 H4 1.08 (7) 

AL2 N6 1.829(6) C3 C4 1.51(1) 

AL2 N7 2.160 (6) C3 H5 0.96(7) 

AL2 N8 1.844 (6) C3 H6 1.07(6) 

NI C12 1.503(8) C4 H7 1.02(7) 

NI C13 1.509 (8) C4 H8 1.03(6) 

N2 C6 1.470 (8) C5 C6 1.52 (1) 

N2 C14 1.502 (8) C5 H9 0.94 (6) 

N3 C2 1.465(9) C5 HIO 1.10 (7) 

N3 C3 1.491 (9) C6 Hll 1.00 (6) 

N3 C5 1.488(9) C6 H12 0.97(6) 

N4 C4 1.467 (8) Cl C8 1.50 (1) 

N4 C15 1.448 (9) Cl H13 1.14 (9) 

N5 Cl 1.437(9) Cl H14 0.94 (7) 

N5 C17 1.45 (1) C8 H15 1.07 (5) 

N6 C7 1.44 (1) C8 H16 0.93 (6) 



www.manaraa.com

158 

Table DL Continued 

C13 H27 1.09(7) N6 C16 1.45(1) 

C14 H28 1.01(6) N7 C8 1.50 (1) 

C14 H29 0.98(6) N7 C9 1.48 (1) 

C14 H30 0.94 (7) N7 Cll 1.458 (9) 

CIS H31 0.9S(8) C9 CIO 1.54 (1) 

CIS H32 0.9S(9) C9 HI 7 0.90 (8) 

CIS H33 1.28 (8) C9 HI 8 1.09(8) 

C16 H34 1.05(8) CIO HI 9 1.26 (7) 

C16 H35 1.00 (7) CIO H20 0.86(7) 

C16 H36 0.94 (8) Cll C12 1.50 (1) 

C17 H37 0.95(7) Cll H21 0.99 (7) 

C17 H38 1.01 (9) Cll H22 0.95(6) 

C17 H39 0.99(8) C12 H23 1.03(5) 

C18 H40 0.96(7) C12 H24 0.98 (6) 

CIS H41 1.23 (8) C13 H25 1.08 (6) 

CIS H42 0.98 (7) C13 H26 0.90 (7) 
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Table X. Bond Angles (deg) in 12 

NI ALI N2 81.0(2) ALI N2 AL2 92.7(2) 

NI ALI N3 161.9(2) ALI N2 C6 102.2(4) 

NI ALI N4 108.0(2) ALI N2 Cl 4 114.S(5) 

NI ALI NS 101.7(2) AL2 N2 C6 125.0(4) 

N2 ALI N3 82.6(2) AL2 N2 Cl 4 114.8(4) 

N2 ALI N4 108.4(2) C6 N2 C14 106.3(5) 

N2 ALI N5 126.3(2) ALI N3 C2 107.4(4) 

N3 ALI M4 84.5(2) ALI N3 C3 102.S(4) 

N3 ALI NS 82.1(3) ALI N3 es 109.9(5) 

N4 ALI N5 120.8(3) C2 N3 C3 110.4 (6) 

NI AL2 N2 80.1(2) C2 N3 es 113.9(6) 

NI AL2 N6 126.0(2) C3 N3 C5 111.9(6) 

NI AL2 N7 80.9(2) ALI N4 C4 117.2(5) 

NI AL2 N8 112.3(3) ALI N4 CIS 133.5(5) 

N2 AL2 N6 104.5(2) C4 N4 CIS 107.4(6) 

N2 AL2 N7 160.6(2) ALI N5 Cl 121.4(5) 

N2 AL2 NS 106.3 (3) ALI N5 en 127.8(5) 

N6 AL2 N7 83.4(3) Cl NS C17 109.1 (6) 

N6 AL2 N8 117.2(3) AL2 N6 07 119.4(5) 

N7 AL2 N8 84.8 (3) AL2 N6 Cl 6 128.2(6) 

ALI NI AL2 94.9(2) C7 N6 Cl 6 107.1 (7) 

ALI NI C12 126.4(4) AL2 N7 C8 104.7(4) 

ALI NI C13 109.9(4) AL2 N7 C9 104.2(5) 

AL2 NI C12 110.2(4) AL2 N7 Cil 110.7(5) 

AL2 NI C13 106.7 (4) C8 N7 C9 111.5(6) 

C12 NI C13 107.0(5) C8 N7 Cil 111.3(6) 
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Table X. Continued 

C9 N7 Cil 113.7(6) C3 C4 H8 118(4) 

AL2 N8 CIO 115.8(5) H7 C4 H8 108(5) 

AL2 N8 Cl 8 127.0(6) N3 C5 C6 108.4(6) 

CIO N8 Cl 8 114.1(7) N3 C5 H9 108 (4) 

N5 Cl C2 108.9(7) N3 C5 HIO 106(3) 

N5 Cl Hl 118(3) C6 C5 H9 107(4) 

N5 Cl H2 120(4) C6 es HIO 109(3) 

C2 Cl Hl 109(3) H9 C5 HIO 118(6) 

C2 Cl H2 106(4) N2 C6 C5 112.9(6) 

HI Cl H2 94(5) N2 C6 Hll 111(4) 

N3 C2 Cl 109.8(6) N2 C6 H12 108(4) 

N3 C2 H3 111(4) C5 C6 Hll 111(3) 

N3 C2 H4 106(4) C5 C6 H12 117(4) 

Cl C2 H3 114(4) Hll C6 H12 97(5) 

Cl C2 H4 106(4) N6 Cl C8 109.6(7) 

H3 C2 H4 110(5) N6 C7 H13 118 (5) 

N3 C3 C4 109.3(7) N6 C7 H14 110 (4) 

N3 C3 H5 107(4) C8 C7 H13 97(4) 

N3 C3 H6 108 (3) C8 C7 H14 109(5) 

C4 C3 H5 108 (4) H13 C7 H14 112(6) 

04 C3 H6 108 (3) N7 C8 Cl 110.0(6) 

H5 C3 H6 115(5) N7 C8 H15 105(3) 

N4 C4 C3 107.9(6) N7 C8 H16 106(4) 

N4 C4 H7 114(4) C7 C8 H15 106(3) 

N4 C4 H8 107 (4) C7 C8 H16 114(4) 

C3 C4 H7 103(4) H15 C8 H16 116 (S) 
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Table X. C ontinue d 

N7 C9 CIO 107.7 (7) NI C13 H27 115(3) 

N7 C9 H17 103(5) H25 C13 H26 103(6) 

N7 C9 H18 111(4) H25 C13 H27 102(4) 

CIO C9 H17 113(6) H26 C13 H27 111(6) 

CIO C9 Hia 110(4) N2 Cl 4 H28 107(4) 

H17 C9 H18 111(7) N2 C14 H29 105 (4) 

N8 CIO C9 110.4(7) N2 C14 H30 113(4) 

N8 CIO H19 110(3) H28 C14 H29 120(6) 

N8 CIO H20 111(5) H28 C14 H30 109(6) 

C9 CIO H19 105(3) H29 014 H30 103(5) 

09 CIO H20 108(5) N4 CIS H31 117(5) 

H19 CIO H20 112(6) N4 015 H32 115(5) 

N7 Cil C12 107.7(6) N4 015 H33 113(3) 

N7 Cil H21 107(4) H31 015 H32 102(7) 

N7 Cil H22 108 (4) H31 015 H33 119(6) 

C12 Cil H21 117(4) H32 015 H33 85(5) 

C12 Cil H22 115(4) N6 016 H34 105 (5) 

H21 Cil H22 102(5) N6 016 H35 115(4) 

NI C12 Cil 109.5 (6) N6 Cl 6 H36 115(5) 

NI C12 H23 109(3) H34 016 H35 105(6) 

NI C12 H24 110 (4) H34 016 H36 127(7) 

Cil C12 H23 110(3) H35 016 H36 88 (6) 

Cil C12 H24 110(3) NS 017 H37 112(5) 

H23 C12 H24 108(5) N5 017 H38 111(5) 

NI C13 H25 110(3) N5 017 H39 106(5) 

NI C13 H26 115(5) H37 C17 H38 109 (6) 

H37 C17 H39 109(6) N8 018 H42 107(4) 

H38 C17 H39 110(7) H40 018 H41 110 (6) 

N8 C18 K40 106(5) H40 018 H42 107 (6) 

N8 C18 H41 103(4) H41 018 H42 122 (6) 
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Table XI. Anisotropic Displacement Coefficients (Â2) for 12 

atom oil 022 033 012 013 023 

Al(l) 0 057(1) 0 .034 (1) 0 032(1) -0 .002(1) -0 003(1) 0 004(1) 

Al(2) 0 058 (1) 0 .037(1) 0 035(1) -0.003(1) -0 007(1) 0 000(1) 

N(l) 0 056(3) 0 .034(3) 0 033(3) -0 004(3) -0 005(3), 0 003(3) 

N<2) 0 067(4) 0 .029(3) 0 037(3) 0 .005(3) -0 004(3) 0.004(2) 

N(3) 0 070(4) 0 047(4) 0 037(3) 0 004(4) 0 001(3) -0 004(3) 

N(4) 0 067 (4) 0 .043(3) 0 038(4) 0 .009(3) -0 002(3) 0.010(3)" 

H (5) 0 064(4) 0 051(4) 0.047(4) -0 .014(3) 0, 006(3) -0 005(3) 

N(6) 0 071 (4) 0 054(4) 0 045(4) -0 014(3) 0. 002(3) -0 004(3) 

N(7) 0 060(4) 0 062(4) 0 040 (4) -0 .004(3) 0. 002(3) -0 007(4) 

N(8) 0 065(4) 0 074(4) 0 049(4) 0 021(4) -0. 015(4) -0 015(3) 

C(l) 0 067(6) 0 065(6) 0 086(7) -0 010(5) 0. 020(6) 0 008(6) 

C(2) 0 073(6) 0 075(6) 0 057(5) 0 007(5) 0. 018(4) 0 010(5) 

C(3) 0 077(6) 0 059(6) 0 060(6) 0 017(5) 0. 001(5) -0 003(5) 

C(4) 0. 071 (6) 0 050(5) 0 055(5) 0 014(5) -0. 010(5) 0 010(4) 

C(5) 0. 090(7) 0 064(6) 0 046(5) 0 011(5) 0. 001(5) -0 008(5) 

C(6) 0 078(6) 0 047(5) 0 033(4) 0 002(4) -0. 011(4) -0 013(4) 

C(7) 0. 093(7) 0 067(6) 0 068(7) -0 Oil (6) -0. 008(6) 0. 010(6) 

C(8) 0. 069(6) 0 088 (7) 0 053(5) -0 019(6) 0. 021 (5) 0. 010(6) 

CO) 0. 064(6) 0 104(8) 0 066(6) 0 000(6) 0. 010(5) -0. 010(6) 

C(10) 0. 065(6) 0 101(8) 0 074(7) 0 024(6) -0. 014(6) 0. 006(6) 

C(ll) 0. 070(6) 0 070(6) 0. 040(5) -0 005(5) 0. 004(5) -0. 014(4) 

C(12) 0. 072(6) 0 053(5) 0. 032(4) -0 010(5) -0. 007(4) -0. 014(3) 

C(X3) 0. 075(6) 0 030(4) 0. 064 (6) -0 004(5) -0. 007(5) -0. 002(4) 

C(14) 0. 075(6) 0 066(5) 0. 043(5) 0 013(5) -0. 005(5) 0. 013(4) 

C(15) 0. 107 (8) 0 053 (5) 0. 063(7) 0 017(6) 0. 016(5) 0. 021(5) 

C(16) 0. 084 (7) 0 065(6) 0. 085(7) -0 013(5) -0. 003(6) -0. 016(6) 

C(17) 0. 077(6) 0 062(5) 0. 069(7) -0 014(5) -0. 005(5) 0. 001(5) 

C(18) 0. 070(6) 0. 091 (8) 0. 071(7) -0. 005(6) -0. 011(5) 0. 017(5) 
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Table Xn. Atomic Coordinates (xlO^) and Equivalent Isotropic 
Displacement Coefficients (À^xlO^) for 14 

Atom X y z ^eg 

Ga 1586(1) 6712(1) 7952(1) 27(1) 

N(l) 2539(3) 4925(3) 8112(3) 38(1) 

CCD 2961(5) 5300(4) 9489(4) 45(2) 

0(2) 3499(5) 6692(4) 10027(4) 48(2) 

N(2) 2498(3) 7487(3) 9658(3) 35(1) 

C(3) 1346(5) 3975(3) 7616(4) 49(2) 

0(4) 11(4) 4599(4) 7946(4) 45(2) 

N(3) -111(3) 5739(3) 7649(3) 38(1) 

0(5) 3684(5) 4649(4) 7368(4) 51(2) 

0(6) 4073(4) 5783(3) 7005(4) 42(2) 

N(4) 2836(3) 6343(3) 6578(3) 32(1) 

0(7) 1529(5) 7919(4) 10581(4) 53(2) 

0(8) -1355(4) 6353(4) 8060(5) 53(2) 

0(9) 2122(5) 5461(4) 5348(3) 51(2) 

Ga' 2947(1) 8201(1) 6704(1) 28(1) 

N(l') 2465(3) 10282(3) 7157(3) 38(1) 
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Table XII. Continued 

c(l') 3791(5) 10928(4) 7855(5) 64(2) 

0(2') 4505(6) 10229(4) 8605(6) 77(2) 

N(2') 4588(3) 8880(3) 7865(3) 45(1) 

C(3') 2141(6) 10375(4) 5890(4) 60(2) 

C(4') 2841(7) 9438(4) 4928(5) 68(2) 

N(3') 2797(4) 8197(3) 5011(3) 44(1) 

C(5') 1309(5) 10537(4) 7883(4) 51(2) 

0(6») 1052(5) 9466(3) 8382(4) 43(2) 

N(4') 1110(3) 8217(3) 7396(3) 29(1) 

C(7') 5872(5) 8600(6) 7364(6) 79(3) 

0(8») 3681(6) 7411(5) 4167(4) 65(2) 

C(9') -87(4) 7974(4) 6381(4) 49(2) 

Equivalent isotropic U defined as one third of the trace of the orthogonalized 
Uy tensor. 
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Table XIII. Bond Distances (Â) in 14 

Ga-N(l) 2.284 (3) Ga-lî(2) 1.908 (3) 

Ga-lî(3) 1.900 (3) Ga-N(4) 2.037 (3) 

Ga-Ga' 2.957 (1) Ga-N(4') 2.048 (3) 

N(l)-C(l) 1.466 (5) N(l)-C(3) 1.484 (5) 

N(l)-C(5) 1.458 (6) C(l)-C(2) 1.538 (5) 

C(2)-N(2) 1.446 (6) N(2)-C(7) 1.463 (6) 

G(3)-C(4) 1.510 (6) C(4)-N(3) 1.445 (6) 

N(3)-C(8) 1.449 (S) C(5)-C(6) 1.538 (7) 

C(6)-N(4) 1.465 (5) N(4)-C(9) 1.477 (4) 

N(4)-Ga' 2.060 (3) Ga'-N(l') 2.297 (3) 

Ga'-N(2') 1.891 (3) Ga'-N(3') 1.904 (4) 

Ga'-N(4') 2.043 (3) N(l')-C(l') 1.459 (5) 

N(1')-C(3') 1.470 (6) N(l')-C(5') 1.454 (6) 

C(l')-C(2') 1.465 (9) C(2')-N(2') 1.474 (5) 

N(2')-C(7») 1.433 (6) C(3')-C(4') 1.478 (7) 

C(4')-N(3') 1.442 (7) iï(3')-C(8') 1.444 (6) 

C(5')-C(6») 1.538 (7) C(6')-N(4') 1.474 (4) 

N(4')-C(9') 1.471 (5) 
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Table XIV. Bond Angles (deg) in 14 

N(l)-Ga-N(2) 84.2(1) H(l)-Ga-N(3) 82.9(1) 

N(2)-Ga-N(3) 118.9(1) N(l)-Ga-N(4) 80.1(1) 

N(2)-Ga-N(4) 115.7(1) N(3)-Ga-N(4) 120.2(1) 

N(l)-Ga-Ga' 120.2(1) N(2)-Ga-Ga' 100.1(1) 

N(3)-Ga~Ga' 137.2(1) N(4)-Ga-Ga' 44.1(1) 

N(l)-Ga-N(4:') 162.7(1) H(2)-Ga-H(4') 103.3(1) 

N(3)-Ga-N(4') 106.2(1) N(4)-Ga-N(4') 82.6(1) 

Ga'-Ga-N(4') 43.7(1) Ga-N(l)-C(l) 101.5(2) 

Ga-N(l)-C(3) 103.0(2) C(l)-N(l)-C(3) 113.3(4) 

Ga-N(l)-C(5) 108.0(3) C(l)-N(l)-C(5) 114.7(3) 

C(3)-N(l)-C(5) 114.6(3) N(l)-C(l)-C(2) 109.2(4) 

C(l)-G(2)-N(2) 111.4(3) Ga-N(2)-C(2) 112.4(2) 

Ga-N(2)-C(7) 113.1(2) C(2)-H(2)-C(7) 110.9(3) 

N(l)-C(3)-C(4) 110.0(3) C(3)-C(4)-N(3) 111.8(4) 

Ga-N(3)-C(4) 114.9(2) Ga-N(3)-C(8) 120.0(2) 

C(4)-N(3)-C(8) 110.0(4) N(l)-C(5)-C(6) 110.9(3) 

C(5)-C(6)-N(4) 111.7(3) Ga-N(4)-C(6) 107.1(3) 
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Table XIV. Continued 

Ga-N(4)-C(9) 111.3(3) 

Ga-N(4)-Ga' 92.4(1) 

C(9)-N(4)-Ga' 114.5(3) 

Ga-Ga'-N(l') 119.0(1) 

Ga-Ga'-N(2') 102.4(1) 

Il(l')-Ga'-N(2') 83.7(1) 

N(4)-Ga'-N(3') 106.9(1) 

Ïï(2')-Ga'-N(3') 120.0(2) 

N(4)-Ga'-N(4') 82.2(1) 

M(2')-Ga'-N(4') 118.8(1) 

Ga'-N(l')-C(l') 101.9(3) 

C(l')-N(l')-C(3') 113.1(4) 

C(l')-N(l')-C(5') 114.9(3) 

NCl')-C(l')-C(2') 111.1(4) 

Ga'-N(2')-C(20 112.0(3) 

C(2')-N(2')-C(7') 113.1(4) 

C(3»)-C(4')-N(3') 113.6(5) 

C(6)-N(4)-C(9) 109.8(3) 

C(6)-N(4)-Ga' 119.9(2) 

Ga-Ga'-iï(4) 43.5(1) 

N(4)-Ga'-N(l') 161.8(1) 

N(4)-Ga'-N(2') 103.4(1) 

Ga-Ga'-N(3') 134.7(1) 

N(l')-Ga'-N(3') 83.0(1) 

Ga-Ga'-N(4') 43.8(1) 

N(l')-Ga'-N(4') 79.7(1) 

N(3')-Ga'-N(4') 115.7(1) 

Ga'-N(l')-C(3') 102.9(2) 

Ga'-N(l')-C(5') 108.4(3) 

C(3')-N(l')-C(5') 114.0(4) 

C(l')-C(2')-N(2') 113.1(4) 

Ga'-N(2')-C(7') 116.1(3) 

N(l')-C(3')-C(4') 112.6(4) 

Ga'-N(3')-C(4») 114.0(2) 
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Table XIV. Continued 

Ga'-N(3')-C(8') 118.9(3) 

H(l')-C(5')-C(6') 110.8(3) 

Ga-N(4')-Ga' 92.6(1) 

Ga'-N(4')-C(6') 107.5(2) 

Ga'-N(4')-C(9») 111.3(3) 

C(4')-N(3')-C(8') 108.9(4) 

C(5')-C(6')-N(4') 111.5(4) 

Ga-N(4')-C(6') 118.7(3) 

Ga-N(4')-C(9') 114.6(2) 

C(6')-N(4')-C(9') 110.4(3) 
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Table XV. Anisotropic Displacement Coefficients (Â^xlO^ ) for 14 

Atom Un U22 U33 U12 Ul3 U23 

Ga 29(1) 25(1) 27(1) 2(1) 6(1) 10(1) 

N(l) 43(2) 32(2) 41(2) 6(1) 6(1) 13(1) 

G(l) 51(2) 47(2) 44(2) 11(2) 3(2) 25(2) 

0(2) 53(3) 48(2) 41(2) -4(2) -6(2) 17(2) 

N(2) 42(2) 33(2) 32(2) 3(1) 6(1) 11(1) 

C(3) 72(3) 23(2) 53(3) -4(2) 8(2) 15(2) 

C(4) 44(2) 42(2) 53(2) -15(2) 0(2) 24(2) 

N(3) 30(2) 41(2) 47(2) -1(1) 6(1) 20(1) 

C(5) 56(3) 38(2) 64(3) 22(2) 24(2) 20(2) 

0(6) 41(2) 34(2) 57(2) 16(2) 21(2) 18(2) 

N(4) 36(2) 27(1) 35(2) 2(1) 13(1) 9(1) 

0(7) 71(3) 51(3) 37(2) 9(2) 21(2) 13(2) 

0(8) 39(2) 62(3) 68(3) 0(2) 9(2) 33(2) 

0(9) 79(3) 38(2) 32(2) -7(2) 13(2) 4(2) 

Ga' 28(1) 29(1) 30(1) 1(1) 6(1) 12(1) 

N(l') 39(2) 33(2) 47(2) 0(1) 5(1) 20(1) 
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Table XV. Continued 

c(l') 56(3) 41(3) 84(4) -5(2) -12(3) 17(2) 

C(2') 72(4) 46(3) 91(4) -16(2) -39(3) 15(3) 

N(2') 34(2) 42(2) 57(2) 0(1) -5(2) 18(2) 

C(3') 86(4) 48(3) 60(3) 8(2) 13(3) 38(2) 

0(4') 103(4) 63(3) 50(3) 13(3) 17(3) 33(2) 

N(3') 56(2) 51(2) 33(2) 1(2) 14(2) 20(1) 

0(5') 60(3) 35(2) 69(3) 15(2) 25(2) 25(2) 

0(6') 55(2) 33(2) 50(2) 18(2) 28(2) 17(2) 

N(4') 27(1) 30(1) 35(2) 5(1) 8(1) 14(1) 

0(7') 38(3) 95(4) 114(5) -3(3) 9(3) 49(4) 

0(8') 83(4) 71(3) 46(3) 5(3) 31(3) 19(2) 

0(9') 34(2) 68(3) 57(3) 1(2) 0(2) 39(2) 

The anisotropic displacement factor exponent takes the form: 
-27t2(h2a*2Uii + k2b*2U22 + l2c*2U33 + 2hka*b*Ui2 + 2hla*c*Ui3 
+ 2klb*c*U23) 
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PAPER IV. ALUMATRANEA1(0CH2CH2)3N: 
A REINVESTIGATION OF ITS OLIGOMERIC 
BEHAVIOR 

Reprinted with permission from Inorg. Chem. 1993, 32, 2711-2716. 
Copyright © 1993 American Chemical Society. 



www.manaraa.com

172 

ABSTRACT 

In various literature reports the behavior of the title compound 1 has been 

described as dimeric in the gas phase; monomeric, hexameric and octameric 

in solution; and tetrameric (by X-ray crystallography) in the solid state. 

Herein we present mass spectral evidence for the presence of both I2 and I4 in 

the gas phase. 27A1 NMR evidence is put forth for the tetramer I4 as the only 

detectable oligomer in solution, wherein I4 contains one hexacoordinate and 

three pentacoordinate aluminums. ^H, IH DQF COSY experiments confirm 

the presence of I4 in solution and VT NMR spectral studies reveal the 

occurrence of an interesting dynamic behavior of I4 in which the three 

pentacoordinate alumatranes rotate around their pseudo three-fold axes while 

remaining fluxionally oxygen-bridged to the central cage containing the 

hexacoordinated aluminum. Solid-state 27a1 and l^C NMR, and Al2p, Nis and 

Ois XPS evidence has also been gathered that is consistent with the tetrameric 

structure of solid alumatrane. 
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INTRODUCTION 

Alumatrane, depicted as a monomer 1,1 has been the subject of several 

studies,2-5 and its oligomeric properties have been discussed in three 

reviews.6-8 

In benzene solution, a cryoscopic determination of the molecular weight^ 

indicated the degree of association to be octameric, while an ebullioscopic 

measurement^ suggested hexameric behavior for 1. A mass spectroscopic (EI 

70 eV) study4 clearly revealed the stability of the dimer Ig and ruled out the 

presence of higher oligomers in the gas phase. The crystal and molecular 

structure of I4 Sfso-PrOH 0.5 CeHe® established the tetrameric nature of 1 in 

the solid state. 

Alumatrane has been prepared by several methods. Transesterification 

of aluminum alkoxide with triethanolamine can be carried out with or without 

a solvent2-4 according to equation 1. Triethylaluminum also reacts with 

Reaction 1: 

1 

nAl(0R)3 + n(HOCH2CH2)3N 
f 1 

A1(0CH^H2)3N ^ + 3nR0H 

R = iso-Pr, tert-Bn 
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Reaction 2: 

nAl(C2H5)3 + n(HOCH^H2)3N Al(0CHfH2)3N + SnCjHg 

triethanolamine according to equation 2 to afford alumatrane^»^ 

In our reinvestigation of this compound, we employed the alcoholysis of 

tris(dimethylamino)aluminum with triethanolamine, and also the 

transligation of 2^ and 3® by triethanolamine (Scheme 1); a reaction we recently 

reported for azagermatranes.^O Using mild chemical ionization by NH3 gas, 

we have been able to observe both I2 and I4 in the gas phase by mass 

spectroscopy. A paucity of reliable NMR data in the literature led us to 

perform a multinuclear NMR study on alumatrane which revealed the 

presence of the tetramer I4 in solution. An interesting dynamic behavior of I4 

Scheme I 

MegSi. 
MegSi 

+ 4(H0CH2CH2)3N 

/ 
SiMeg 

4 

2 
-4(Me3SiNHCH2CH2)3N •4(MeNHCH2CH2) 

3 

4 
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was observed at elevated temperatures in a 13 c VT NMR study. Solid-state 

NMR and XPS data consistent with the tetrameric solid-state structure^ and 

with the tetrameric structure found in solution by our NMR studies are also 

presented. 
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EXPERIMENTAL SECTION 

General Procedures. All reactions were carried out under argon with the 

strict exclusion of moisture using Schlenk or dry box technique.H Solvents 

were dried over and distilled from Na/benzophenone under nitrogen. 

Deuterated solvents were dried over and distilled from CaH2 under an argon 

atmosphere. The starting material [Al(NMe2)3]2 was prepared using the 

published procedure^^ and it was characterized by IH, and 27a1 NMR 

spectroscopy. 12b Triethanolamine (Fisher) was vacuum distilled at 174-175 °C 

at 0.03 Torr prior to use. Alumaazatranes 2 and 3 were prepared according to 

our procedure published elsewhere.9 

Solution NMR spectra were recorded in sealed 5 mm NMR tubes on a 

Varian VXR 300 spectrometer with deuterated solvents as an internal lock. IH 

(299.949 MHz) and (75.429 MHz) spectra were referenced to the 

corresponding TMS signals. A IH, ^H DQP COSY NMR spectrum was 

acquired with 1024 x 512 data points and was zero-filled to 1024 x 1024 data 

points before weighting by a sinebell function and Fourier transformation. A 

digital resolution of 1.1 Hz/point was obtained. 27^1 (78.157 MHz) spectra were 

referenced to the external standard 0.2 M A1(C104)3/0.1 M HCIO4 in D2O. The 

chemical shifts were corrected for the difference in chemical shift between D2O 

and the lock solvent used. The background signal, 13 which was found as a 

broad peak at -61 ppm (Avi/2 = 4100 Hz at 30 °C), did not interfere with our 

spectra owing to its low intensity. 

Solid-state NMR spectra were recorded on a Bruker MSL 300 instrument. 

27a1 (78.205 MHz) MAS spectra were referenced to the signal from a IM 
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aqueous solution of A1(N03)3. A 90° pulse length of 4 |is and a relaxation delay 

of Is were used. A spinning rate of 3.5 kHz was employed, (75.470 MHz) 

CP MAS spectra were referenced to the methyl signal of glycine at 43.0 ppm. A 

standard single contact spin-lock cross polarization sequence with a proton 90° 

pulse length of 5.5 |is, a contact time of 3 ms, an acquisition time of 96 ms, and 

a relaxation delay of 6 s were used. The sample was spun at 3.7 and at 3.9 kHz. 

Samples were packed in a nitrogen-filled glove box into Teflon air-tight rotor 

inserts which were placed in zirconia rotors with Kel-F or ceramic (in case of 

measurement at 100 °C) rotor caps. 

X-ray photoelectron spectra (XPS) were measured on a Ferkin-Elmer 5500 

Multitechnique System equipped with a non-monochromated Mg source (E = 

1253.6 eV) operated at 300 W. The pressure in the vacuum chamber was less 

than 5 x lO'^ Torr. The energy resolution was 0.86 eV for Ag 3d5/2 emission, 

with a pass energy at 11.75 eV. The electron binding energies were calibrated, 

and charging was referenced to the Cis signal of the methylene groups of 

alumatrane with the value set to 286.0 eV. The powdery sample of alumatrane 

was loaded on the probe in a nitrogen-filled glove box. 

Mass spectra were recorded on a Pinnigan 4000 low-resolution (70 eV EI, 

NH3 CI) and a Kratos MS-50 high resolution instrument. The masses are 

reported for the most abundant isotope present. IR spectra were taken on an 

IBM IR-98 FTIR spectrometer (4000-400 cm 1) using Nujol mulls between KBr 

discs or as KBr pellets. Elemental analyses were carried out by Desert 

Analytics. 

Preparation of Alumatrane. Method A. Solutions of [Al(NMe2)3]2 (0.87 g, 

5.5 mmol) in 40 mL of toluene and (HOCH2CH2)3N (0.84 g, 5.6 mmol) in 40 mL 
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of toluene were added simultaneously within 20 minutes to 150 mL of toluene 

with vigorous stirring. The reaction solution was stirred at room temperature 

for 2 h and then heated to reflux for 20 h. After cooling to room temperature, 

the solvent was removed in vacuum until ~50 mL remained and a white solid 

began to precipitate. The precipitation was completed by addition of 75 mL of 

ether. The resulting solid was filtered off, washed with 50 mL of ether and 

dried in vacuum at 50 °C for 18 hours giving a 77% yield (0.73 g) of product. 

The product was sublimed at 280-290 °C at 5 x 10-3 Torr. 

Method B. Triethanolamine (0.95 mL, 0.71 mmol) was added dropwise to a 

solution of 2 (2.75 g, 0.710 mmol) in 120 mL of toluene. After 79 h of stirring at 

room temperature, the solvent was removed under vacuum and 120 mL of 

ether was added. The slurry was stirred for 2 h and then filtered. The 

resulting white solid was washed with 15 mL of ether and dried under vacuum 

(2 X 10-3 Torr) at 95 °C for 10 h to give 0.77 g (64% yield) of product. NMR 

(toluene-c?8, -10 °C): S 2.00-2.46 (m, 6 H), 2.73 (dd, J = 1.5, 13.8 Hz, 1 H), 3.12 

(ddd, J = 4.2, 13.5, 13.5 Hz, 1 H), 3.24 (m, 1 H), 3.63-3.87 (m, 5 H), 4.07 (ddd, J = 

4.5, 10.2, 10.2 Hz, 1 H), 4.50 (ddd, J = 2.3, 12.2, 12.2 Hz, 1 H). In the IH NMR 

spectrum just described, couplings of 1.5-4.5 Hz represent ^JuHCgauche) values 

and those firom 10.2-13.8 Hz denote ^JHH(geminal) and VniKtrans) values, 

NMR (toluene-ds, -20 °C): 5 60.4, 58.4, 57.8, 56.4 (CH2O groups), 54.3, 53.9, 53.2, 

51.8 (CH2N groups). 27a1 NMR (see discussion and Table I). LRMS (see 

discussion and Figure 1). IR (KBr pellet, 4000-400 cm-1) v 2960 s, 2913 s, 2868 s, 

2817 s, 2718 w, 2689 w, 1478 vw, 1450 m, 1390 vw, 1374 w, 1364 sh, 1345 vw, 1323 

w, 1266 m, 1243 vw, 1203 vw, 1161 vw, 1115 vs, 1094 vs, 1080 vs, 1045 m, 1014 vs, 

920 s, 903 s, 874 s, 833 vw, 751 vw, 712 vs, 671 vs, 640 m, 617 s, 603 vs, 548 vs, 503 
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w, 491 vw, 449 V, 409 m. Anal. Calcd for C6H12O3NAI: C, 41.62; H, 6.99; N, 

8.09. Found: C, 41.99; H, 7.30; N, 8.12. 

Reaction of 3 with Triethanolamine. Triethanolamine (0.01 mL, 0.08 

mmol) was added to a solution of 3 (0.04 g, 0.09 mmol) in 0.5 mL of benzene-de-

The gel-like precipitate which initially formed dissolved to give a clear solution 

within 40 minutes. and NMR spectra showed the presence of 

tetrameric I4 (see above), unreacted excess 3^, and (MeNHCH2CH2)3Nl'^ as the 

only species in the reaction solution. 
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RESULTS AND DISCUSSION 

Syntheses. Alumatrane was prepared in good yield (77%) by the 

alcoholysis of Al(NMe2)3 with triethanolamine according to equation 3 in 

refluxing toluene. 

Reaction 3: 

Al(NMe2)3+(HOCH2CH2)3N 

The alcoholysis of amides has proven to be a useful route to various metallic 

and metalloidal atranes."^'^^ Alumatrane apparently binds solvents very 

tightly, and long periods of drying under vacuum at elevated temperature were 

necessary to expel the last traces of solvent. The sample for elemental analysis 

was sublimed at 280-290 °C at 5 x lO'^ Torr, but no differences between 

sublimed and merely vacuum-dried material could be noted in the MS or 

NMR spectra. 

An alternative method for the preparation of alumatrane is the 

transligation of azatranes 2^ and 3^ with triethanolamine in benzene or 

toluene according to Scheme 1. This reaction is analogous to the 

transformation of azagermatranes to germatranes in the presence of 

triethanolamine which was reported recently from our laboratories. 

Although transligation is not the method of choice for the preparation of 

alumatrane, it is interesting to note the facility, with which the central 

aluminum atom exchanges a tetradentate nitrogen ligand for an oxygen-

containing one. This can undoubtedly be attributed to a higher Al-0 bond 

AKOCHgCHg)^^ 
n 

+ 3Me2NH 
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energy compared with Al-N. Following the reaction of 3 with triethanolamine 

in benzene-rfe by and NMR spectroscopy showed quantitative formation 

of alumatrane. 

Mass Spectra. The electron-impact mass spectrum (70 eV) of alumatrane 

was identical with the published one,4 except for the presence of the peak at 

miz 562. This peak brought to our attention the possible existence of a stable 

tetrameric ion in the gas phase. Using mild chemical ionization by ammonia 

gas, both dimeric (Ig-H)- and tetrameric (I4-H)- ions were found in the 

negative ion detection spectrum (Figure 1), together with cluster ions (I2 + 

NHs)" and (I4 + NHg)". The importance of NH3 as an ionizing agent in this 

instance was demonstrated by the failure of our attempt to chemically ionize 

alumatrane by Ar gas. 

Solution NMR Spectra. Two reports on the 27A1 NMR spectroscopy of 

alumatranes 1, 4 and 5 have appeared, 18,19 claiming monomeric behavior 

for these compounds in chloroform solutions and a tetrahedral environment 

around the central aluminum atom. These conclusions are based on 

measured values of 27A1 chemical shifts of 122, 117, and 124 ppm for 1, 4, and 5, 

respectively. Our results, which are in sharp contrast to those given in the 

previous studies, 18,19 are listed in Table I. As an example of our observations, 

the 27a1 NMR spectra of alumatrane at 30 °C and 100 °C in toluene-cîs are 

_R_ _Ri_ 
4 Me H 
5 Me Me 
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Figure 1. Negative-ion NH3-CI mass spectrum of alumatrane. The enhancement factor of the lower 
trace is 5 times that of the upper trace. 
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Table I. Solution and Solid-State 27a1 NMR Data for Alumatrane 

medium 527A1 (ppm) Avi/2 (Hz)a T(°C) lb 

toluene-c?8 5.2 ±0.1 75 30 1.0 

60 50 1.0 

45 100 1.0 

67+1 2300 30 2.5 

2100 50 2.8 

1100 100 3.0 

chloroform-c?i 4.9 + 0.1 110 25 1.0 

70 50 1.0 

66+1 2300 25 2.3 

1600 50 2.5 

acetonitrile-da 5.2 + 0.1 90 50 1.0 

66+1 1100 50 2.7 

solid state 8.3 ± 0.2C 680:1 20 -

610d 50 -

560d 100 -

line broadening factor of 10 Hz was applied. ^Integral intensity. 

single-maximum peak is accompanied by a spinning side-band pattern of low 

intensity. line broadening factor of 20 Hz was applied. 
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shown in Figure 2. The main features of these spectra in all three solvents 

(toluene-c?8, chloroform-c?i, and acetonitrile-ds) are a broad peak at 

approximately 66 ppm, a sharp signal at 5 ppm, and a small broad resonance 

at 30 ppm. Although elevated temperatures reduce the quadrupolar relaxation 

rate of aluminum nuclei^O (I = 5/2) thus causing narrowing of the signals, the 

chemical shifts are temperature-independent within experimental error. The 

integrated intensities at 100 °C for the signals at 67 and 5.2 ppm in toluene-ds 

are 3 and 1, respectively. These observations are consistent with the presence 

of tetramer 14^ (Figure 3) in solution as a major species. The relatively sharp 

signal at 5.2 ppm belongs to a single hexacoordinated aluminum atom, 

whereas the broad signal at 67 ppm can be assigned to three equivalent 

pentacoordinated aluminum atoms. For comparison, the chemical shifts of 

hexacoordinated aluminum atoms in the series of tetrameric [Al(OR)3]4 (R = 

Et, iso-Pr, iso-Bu, n-Pent, iso-Pent, n-Hex, c-Hex, benzyl)20.21 range from 3 to 

7.5 ppm and their line widths at the half-height range from 50 to 170 Hz at 70 

°C. The assignment of the signal at 67 ppm is based on a comparison of 27A1 

chemical shifts of the few compounds known to possess a pentacoordinated 

aluminum. Their shifts span a range from 112 ppm (Avi/2 = 7200 Hz at 27 °C) 

for compound 6,22,23 through 83 ppm (Avi/2 = 557 Hz at 70 °C) for compound 3^ 

and 41-44 ppm (Avi/2 = 280-5000 Hz) for five-coordinated aluminum atoms in 

the series of derivatives 7,23,24 to 33.1 ± 0.3 ppm (Avi/2 = 1100 Hz at 70 °C) for 

pentacoordinated aluminum in trimeric aluminum jso-propoxide.20 

The small signal at 30 ppm can be tentatively assigned to a 

pentacoordinate aluminum atom in dimeric Ig. The large linewidth of this 

signal even at 100 °C, precluded reliable integration. Therefore no conclusions 
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Figure 2. 27A1 NMR spectra of alumatrane in toluene-cfg at 30 and 100°C. 
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\ 

Al-

Figures. Side view of an equivalent one-third of tetrameric alumatrane I4 
with the numbering scheme (a) and a view down the C3 axis of 
tetramerl4 (b). 
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X, 

6 
R = Me, Et, /i-Bu, Ph 

7 X = Cl, Br 

can be drawn on a possible dynamic equilibrium between tetrameric I4 and 

dimeric I2 in solution. The difference in the 27a1 chemical shift between the 

pentacoordinate aluminum atoms in I4 and in I2 can be rationalized by 

postulating the presence of different degrees of transannulation in the two 

structures. A wide range of transannular bond distances has recently been 

reported in a series of phosphorus analogues 8 where Z varies in electron 

withdrawing power.25 

Interestingly, compound 9 was found^G to exhibit a 27a1 chemical shift of 

68 ppm (AVI/2 = 3000 Hz) and to react with benzylamine affording a 1:1 adduct 

allegedly possessing pentacoordinated aluminum. However, two signals in 

the 27A1 NMR spectrum of that adduct were reported, namely, 66 ppm (Avi/2 = 

800 Hz) and 3.9 (Avi/2 = 30 Hz), without explanation. These results can be 

rationalized by the presence of a tetramer 94 (66 and 3.9 ppm) analogous to I4 in 

solution. 

8 9 
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Tetramer I4 was shown by X-ray means to possess C3 symmetry in the 

sohd state^, implying the presence of two enantiomers in the solid state and 

perhaps also in solution at low temperature. With a three-fold axis as the only 

symmetry element, the tetrameric molecule of alumatrane features eight non-

equivalent carbon atoms (Figure 3) which can be observed as separate peaks of 

approximately equal intensity in the NMR spectrum of I4 at -50 °C (Figure 

4). Upon raising the temperature, a complex dynamic process begins to take 

place. At lower temperatures (up to 50 °C), the prevailing process is assumed 

to be racemization via synchronous conformational flipping of the five-

membered rings containing Al(l) and N(5), and the four-membered Al(l)-0(2)-

Al(l')-0(2') rings, which averages the four signals from carbons 7', 10' and 6', 

11' into two broad signals. A further temperature increase presumably 

accelerates the rotation of peripheral alumatrane units around the Al(l')-N(5') 

axes, ultimately averaging carbon signals 7', 10', 3', and 6', 11', 4' into two 

broad singlets at 100 °C. Signals arising from two carbons of the central 

alumatrane unit (i.e., 3, 4) remain as sharp singlets within the temperature 

range measured. This, together with the unchanged appearance of 2VA1 NMR 

spectrum from 25 to 100 °C, demonstrates that any dissociation of the tetramer 

into smaller units or any exchange of peripheral and central alumatrane 

units is undetectable in this novel fluxional process. The rotation of peripheral 

units can be accomplished by a temporary breakage of the Al(l)-0(2') bond and 

it is completed by a 120° flip around the Al(l')-N(5') axis allowing 0(8') or 0(9') 

to bind to Al(l). We assume that all three peripheral units flip quickly and 

randomly one at a time, thus preserving, on the average, the C3 symmetry of 
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Figure 4. Variable-temperature NMR spectra of alumatrane in 
toluene-ds-
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the tetramer. Simultaneous flipping of all three peripheral units would be 

expected to be inhibited on energy grounds. 

The NMR resonances of alumatrane are broadened by the 

aforementioned dynamic process at higher temperatures, and they are 

complicated by the diastereotopicity of the methylene protons at lower 

temperatures (Figure 3). The NMR spectrum of a chloroform-di solution of 

alumatrane at -30 °C exhibits four complicated multiplets centered at 2.86, 

3.54, 3.79, and 4.05 ppm. Better separation of these signals was obtained by 

using toluene-dg as a solvent, and the spectrum is shown in Figure 5 together 

with the result of a ^H, DQF COSY experiment. By the analysis of integrals 

of individual multiplets and the cross-peak pattern, sixteen proton signals can 

be identified and broken down into four groups: A, B, C, D / E, F, G, H / I, J, K, 

L / M, N, 0, P, which belong to four inequivalent OCHgCHgN arms, as 

expected for the rigid tetramer I4. Further separation was not attained even at 

-50 °C, and only substantial broadening and overlapping of some of the signals 

occurred. An attempt to simplify the appearance of the NMR spectrum by 

recording it at 100 °C in toluene-dg was only partially successful. Signals A, C, 

and D (Figure 5) remained virtually unchanged, while the other signals 

broadened and overlapped into four broad signals at 2.41, 2.47, 3.67, and 3.86 

ppm, thus precluding a complete assignment. 

Solid-State NMR Spectra. To relate our results from the solution NMR 

measurements to the known crystal and molecular structure of alumatrane,5 

we have recorded the 27AI and solid-state NMR spectra of alumatrane at 

20, 50, and 100 °C. The 27A1 spectrum (Table I) features a relatively sharp peak 

at 3.3 ± 0.2 ppm with one maximum.27 Its linewidth decreases as the 
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Figure 5. IH , DQF COSY NMR spectrum of alumatrane with a 
conventional NMR spectrum as the upper trace. The spectra 
were acquired at -10°C in toluene-dg- The quintet at 2.07 ppm 
arises from a methyl group of the solvent. 
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temperature is raised, while the value of the chemical shift remains constant. 

Based on these observations, this peak can be reliably assigned to the 

hexacoordinated aluminum atom in an axially symmetrical environment in 

the central alumatrane unit (Figure 3). The lack of a signal for the 

pentacoordinate aluminum can be ascribed to a large asymmetry of the charge 

distribution around the five-coordinate aluminum nucleus, causing the 

quadrupole interaction to broaden the signal beyond the limit of detection. A 

13c CP MAS spectrum at 25, 50, and 100 °C shows in each case, two broad 

overlapping signals at 58 and 55 ppm (Avi/2 = 300 and 490 Hz), which can be 

assigned to the CHgN and CH2O groups, respectively. 

X-ray Photoeleetron Spectra. The XPS data in Table II are consistent with 

the tetrameric structure of alumatrane in the solid state. The results of the 

non-linear least-squares curve-fitting procedure for Al2p, Nig, and Oig peaks 

are shown in Figure 6. The authors of the previously reported XPS study on 

alumatrane, as well as its analogues 10 and 11, found one type of aluminum, 

oxygen and nitrogen and concluded that these compounds were monomeric 

with 

tetracoordinate aluminum atoms.28 As the atomic composition of the 

alumatrane sample surface shows (Table II), the ratio of the elements is close 

to expected value 1A1:30:1N:6C. (It is reasonable to assume here that the 

surface can be considered to represent the bulk of the sample.) If 

contamination of the sample surface by moisture followed by subsequent 
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Table II. XPS Data for Alumatrane. 

element^ binding energy (eV)b peak area^ whm (eV)(^ 

Al2p 73.8 2.6 1.6 

74.6 1.0 1.7 

Cls 286.0 e 1.8 

Nis 400.1 3.3 1.7 

398.8 1.0 1.6 

Ols 531.0 1.0 1.6 

532.1 1.1 1.7 

^The atomic composition of the sample surface was Al, 1.00; O, 3.37; N, 0.92; C, 

5.75. ^The Cis peak was used as a reference. ^Peaks were curve-fitted by a 

non-linear least-squares optimization procedure and integrated by parabolic 

interpolation using the PHI software package. "^Width at half maximum. 

®The peak cannot be resolved into two components. 

hydrolysis of alumatrane had occurred during sample preparation, a 

dramatic increase of the oxygen content would have been expected. In our 

experiment, two kinds of nitrogen were identified in the ratio 1:3. Their Nis 

binding energies of 398.8 and 400.1 eV correspond nicely to values for amine 

and ammonium types of nitrogen, respectively.29 The Ois peak was separated 

into two components of equal intensity. The high and low binding energy 

bands at 532.1 and 531.0 eV represent six tricoordinate and six dicoordinate 
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oxygens in alumatrane I4, respectively. Because the separation between the 

two maxima for the Algp peaks is close to the resolution of the measurement 

we tentatively assign the larger peak with the binding energy of 73.8 eV to the 

three pentacoordinate aluminum atoms, and the smaller peak at 74.6 eV to the 

unique hexacoordinate aluminum. Values of binding energies of octahedrally 

coordinated aluminum species vary from 72.9 eV for Al(acac)3 through 74.0 eV 

for y-Al203, to 74.7 eV for corundum and spinel.29 AIN with the wurtzite 

structure displays the value of 74.4 eV for tetrahedrally coordinated 

aluminum,29 indicating little dependence of the Algp binding energy on 

coordination number. 
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Figure 6. XPS spectra of alumatrane for Al2p (a), Nig (b), and Oig (c) 
electrons. 



www.manaraa.com

196 

CONCLUSIONS 

According to our 27^1, IH and NMR results, alumatrane is tetrameric 

in solution. This contrasts earlier molecular weight measurements based on 

colligative properties of solutions, indicating hexameric^ and octameric 

behavior,2 and a monomeric structure based on a single broad peak observed 

in a 27A1 NMR spectrum. 18,19 The solution NMR data we obtain for I4 are 

consistent with the tetrameric structure found in the solid state,^ with the 

added feature that three peripheral alumatrane units of the tetramer rotate 

around their three-fold axes while remaining fluxionally oxygen-bridged to the 

central unit. Our CI mass spectra clearly reveal the presence of I4 in the gas 

phase, while an earlier EI study^ ruled out gas phase oligomers above I2 
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GENERAL SUMMARY 

In this research we have demonstrated two methods for synthesizing 

group 13 azatranes: [M(RNCH2CH2)3N]n (M = B, Al, Ga; R = H, Me, SiMea, 

8iMe2-(gr(-Bu; n = 1,2). The first method is a transamination reaction of a 

dimethylamide of M with a tripodal tetramine hgand. The new bulky tripodal 

ligand (ieri-BuMe2SiNHCH2CH2)3N was prepared by two general methods 

which can be extended to syntheses of other silylated polyamines. The second 

preparative route to azatranes is a transmetallation reaction of either dimeric 

or monomeric azaalumatranes initially studied with B(0Me)3 and Ga(acac)3. 

The scope of this complex metathetical reaction was extended to include main-

group and transition metal alkoxides as reactants thus affording main-group 

and transition metal azatranes as products. 

A series of group 13 azatranes was characterized by multinuclear and 

two-dimensional NMR, FT-IR, and high-resolution MS techniques. These 

azatranes were shown to be monomeric or dimeric in the solution and solid 

states depending on the nature of the central atom and the size of the 

substituents on the equatorial nitrogens. Bulky groups such as SiMe3 and 

8iMe2-(erf-Bu on the tripodal amine ligand stabilize monomeric triptych 

structures of azaalumatranes and azagallatranes by sterically shielding the 

central atoms and preventing additional coordination. Conversely, the 

smaller Me groups on the tripodal amine ligand allow formation of dimers as 

was shown by spectroscopic methods. The crystal and molecular structures of 

three dimeric azatranes were examined by X-ray crystallographic methods 

and these molecules were demonstrated to possess an unusual ci s 
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configuration of the substituents on the central four-membered ring. This 

configuration is remarkably stable and is retained in solution even after 

heating 

The results of single-crystal X-ray diffraction experiments on monomeric 

Al(Me3SiNCH2CH2)3N showed a rare trigonal monopyramidal (TMP) 

coordination geometry around the aluminum atom imposed by the tripodal 

ligand. The dynamic behavior of monomeric azabora- and azaalumatranes in 

solution was examined by variable temperature IH NMR spectroscopy. While 

azaalumatranes and trimethylazaboratrane were found to be conformationally 

fluxional on the NMR time scale down to -95oC, B(Me3SiNCH2CH2)3N is rigid 

at room temperature owing to a steric strain imposed by the bulky SiMes 

groups on the molecule. The fluxional process at elevated temperatures was 

explained in terms of a racemization of two enantiomers, A and A, and the 

negative value of the activation entropy suggested a concerted interconversion 

mechanism with C3v symmetry of the transition state. 

27A1 NMR studies of a series of monomeric aluminum amides and 

monomeric and dimeric azaalumatranes as a function of aluminum 

coordination numbers spanning a range from three to five demonstrated a 

trend in the 27^1 NMR shifts toward a higher field with increasing 

coordination number. 

We have also demonstrated a facile conversion of group 13 azatranes to 

the corresponding atranes in their reaction with triethanolamine, 

emphasizing a remarkable stability of the atrane structure. The oligomeric 

behavior of alumatrane was examined in the solution, solid, and gas phases. 

Multinuclear, two-dimensional, and variable temperature NMR spectra 
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revealed the presence of a tetramer [Al(OCH2CH2)3N]4 in solution with a 

complex mode of Huxionality. The solid-state NMR and XPS spectra are also 

in accord with the tetrameric formulation, while MS experiments with mild 

ionization by ammonia gas revealed the presence of both dimeric and 

tetrameric ions in the gas phase. 
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