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Reaction of diethylaluminum chloride with N,N'-bis(3-aminopropyl)ethylenediamine in a toluene/ 
methylene chloride mixture affords the crystalline product [Cl2A1.CsHmN4] A1(CzHS)2] (I). I crystallizes 

(4) A, /3 = 116.77 (2)O, V = 1826.6 (9) A3, and Dcdcd = 1.29 g cm-, for 2 = 4. Least-squares refinement 
based upon 970 observed reflections (1354 collected reflections; 1200 unique reflections; Rht = 0.018) with 
intensities I > 3u(4 in the range 3.50 < 28 < 45.0' converged at R = 0.044 (R,  = 0.059). The two terminal 
primary amine nitrogen atoms of N,N'-bis(3-aminopropyl)ethylenediamine are bridged by a dichloro- 
aluminum unit and a diethylaluminum unit, thereby constituting a planar AlzNz four-membered ring with 
an Al-Al contact of 2.819 2) A. The mean A1-N bond distance in I is 1.97 (3) A while the independent 

and Al(2). The crystalline produd [Al(CH,),] [C~.Cl~zlN4.0CH,J[C1AI(CH~] (11) is obtained from reaction 
of the methanol adduct-of cyclam, C1&IZ4N4CH30H, trimethylaluminum, and ZrCl . I1 crystallizes in the 
triclinic space group P1 with unit-cell parameters a = 9.234 (3) A, b = 10.681 (3) k, c = 15.021 (5) A, (Y 

= 96.23 (3)O, /3 = 108.78 (3)O, y = 97.34 (3)O, V = 1373.3 (8) A3, and Ddcd = 1.30 g cm-3 for 2 = 2. 
Least-squares refinement based on 2976 observed reflections (3887 collected reflections; 3616 unique 
reflections; Rint = 0.017) with intensities I > 3 & )  in the range 3.50 < 28 < 45.0° converged at R = 0.056 
(R,  = 0.074). I1 also contains an AlzNz four-membered ring with an Al-Al contact of 2.889 (2) A. The 
central aluminum atom of both I and I1 are six-coordinate residing in octahedral environments. The 
coordination sphere of the octahedral aluminum atom in I consists of the four nitrogen atoms of the 
open-chain amine in addition to two chloride atoms residing on either side of the equatorial N4 plane, The 
coordination sphere of the core aluminum atom in I1 consists of the four nitrogen atoms of the macrocycle, 
one chlorine atom, and a 1-bridging methoxide fragment. The mean Al-N distance in I1 is 1.98 (4) A while 
A1-Cl distances of 2.368 (1) and 2.130 (3) A were observed. The mean A1-0 bond distance in the AlzON 
four-membered ring in I1 is quite short at 1.88 (6) A. 

in the monoclinic space group C2/c with unit-cell parameters a = 17.056 (4) s , b = 10.855 (3) A, c = 11.050 

A1-Cl distance is 2.394 (1) L . Additionally, I contains a crystallographic 2-fold axis coincident with Al(1) 

Introduction 
The interactions of aluminum species with amines rep- 

resents one of the most extensively investigated facets of 
organoaluminum chemistry. Investigations may be traced 
to 1930 when Krause and Dittmar' reported the synthesis 
of H,N-Al(p-tolyl), and H,N.AlPh,. In terms of more 
recent studies, seminal work has been reported concerning 

~~ 

(1) Krause, E.; Dittmar, P. Ber. Dtsch. Chem. Ges. 1930, 63, 2401. 
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both aluminum-nitrogen oligomers2-10 and poly(N-alkyl- 
imino)alanes.1'-2s Although these studies often resulted 

(2) Laubengayer, A. W.; Smith, J. D.; Ehrlich, G. G. J. Am. Chem. SOC. 

(3) Cohen, M.; Gilbert, J. K.; Smith, J. D. J.  Chem. SOC. 1965, 1092. 
(4) Gilbert, J. K.; Smith, J. D. J. Chem. SOC. A 1968, 233. 
(5) Gosling, K.; Smith, J. D.; Wharmby, D. H. W. J.  Chem. SOC. A 

(6) Hitchcock, P. B.; Smith, J. D.; Thomas, K. M. J.  Chem. Soc., 

1961, 83, 542. 

1969, 1738. 

Dalton Trans. 1976. 1433. 
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Reaction of Aluminum Species with Tetradentate Amines 

Figure 1. Schematic illustrations of [Cl&C,H&,] [Al(C,H,),], 
(I) and [Al(CH,),] [ClA1.Cl,,H21N4-OCH3] [ClA1(CH3)] (11). 

in unusual Al-N cages, the coordination chemistry, relative 
to aluminum, was generally unspectacular as the typical 
four-coordinate tetrahedral coordination was largely ob- 
served. Additionally, it is important to point out that the 
aforementioned investigations were exclusively concerned 
with reactions of aluminum species with monodentate 
primary and secondary amines. The corresponding 
chemistry of macrocyclic and multidentate open-chain 
amines consequently remained a largely unexplored seg- 
ment of organoaluminum chemistry. 

Recently, this laboratory initiated an investigation into 
the organoaluminum chemistry of m a c r o ~ y c l i c ~ ~ - ~ ~  and 
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Trans. 1972, 2197. 

(8) Alford, K. J.; Gosling, A. K.; Smith, J. D. J.  Chem. SOC., Dalton 

(9) Amirkhalili, S.;  Hitchcock, P. B.; Smith, J. D. J. Chem. SOC., 
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(13) Perego, G.; Cesari, M.; Del Piero, G.; Balducci, A.; Cernia, E. J.  

(14) Cesari, M.; Perego, G.; Del Piero, G.; Corbellini, M.; Immirzi, A. 
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(26) Robinson, G. H.; Self, M. F.; Sangokoya, S. A.; Pennington, W. 

(27) Robinson, G. H.; Sangokoya, S. A.; Pennington, W. T.; Self, M. 
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Table I. Summary of the Crystallographic Data for 
[CIA1 *C~HX,N~A~(CIH&I (1) and 

[Al(CH,),][ClAl *CloHxINd OCH,][ClAl(CH,)] (11) 
I I1 

color; habit colorless; parallelepiped 

unit-cell dimens 

empirical formula C12HalA12C12 C&IsNdOA13C13 

space group c2/c Pi 

a, A 17.056 (4) 9.234 (3) 
b, 8, 10.855 (3) 10.681 (3) 
c,  A 11.050 (4) 15.021 (5) 
a, deg 96.23 (3) 
8, deg 116.77 (2) 108.78 (3) 

1373.3 (8) 
Y, deg 97.34 (3) 

v, A3 1826.6 (9) 

mol wt 355.32 537.91 
D(calcd), g/cm3 1.29 1.30 
diffractometer Nicolet R3/m 
radiatn 
temp. OC 21 
28 range, deg 3.50-45.0 
reflectns collected 1354 (1200 unique; 3887 (3616 unique; 

reflectns obsd 970 2976 

GOF 1.65 2.82 

R 0.044 0.056 
R w  0.059 0.074 

multidentate open-chain These studies, 
characterized by alkane elimination and reaction produds 
possessing AlzNz fragments with extensive A1-N associa- 
tion, proved to be exceedingly fruitful particularly with 
regard to the organometallic coordination chemistry of 
aluminum. Herein, we report the synthesis and molecular 
structures of [C12A1-CsH20N4] [A1(C2H5)2] (I) and [Al(C- 
H3)2] [ClAlC8Hz1N4-OCH3] [ClA1(CH3)] (11). I was isolated 
from reaction of diethylaluminum chloride with the tet- 
radentate open-chain amine N,N’-bis(3-aminopropyl)- 
ethylenediamine, CsHzN4. I1 resulted from reaction of the 
methanol adduct of ~ y c l a m ~ ~  with trimethylaluminum in 
the presence of ZrC14. Interestingly, as illustrated by 
Figure 1, both I and I1 contain core aluminum atoms re- 
siding in six-coordinate octahedral environments. 

Experimental Section 
General Comments. The extreme air and water sensitivity 

of reactants and products warranted concerted effort to exclude 
oxygen and moisture during the synthesis and subsequent ma- 
nipulations. Thus, standard Schlenk technique was employed 
in conjunction with an inert-atmosphere glovebox (Vacuum At- 
mospheres HE- -43 Dri-Lab). Toluene, methylene chloride, and 
chlorobenzene were distilled under prepurified argon prior to use. 
Diethylaluminum chloride, N,”-bis(3-aminopropyl)ethylenedi- 
amine, trimethylaluminum, and ZrCl, were purchased from 
Aldrich Chemical Co. and used as received. Cyclam was prepared 
by the Ni-template synthesis described by Barefield.37 The 
macrocycle was isolated as the alcohol adduct after recrystalli- 
zation from methanol. Single-crystal X-ray data were collected 

(31) Robinson, G. H.; Zhang, H.; Atwood, J. L. J.  Organomet. Chem. 
1987, 331, 153. 

(32) Robinson, G. H.; Moise, F.; Pennington, W. T.; Sangokoya, S. A. 
Polyhedron 1989,8, 1279. 

(33) Robinson, G. H.; Moise, F.; Pennington, W. T.; Sangokoya, S. A. 
J. Crystallogr. Spectrosc., Res. 1988, 18, 387. 

(34) Robinson, G. H.; Sangokoya, S. A.; Moise, F.; Pennington, W. T. 
Organometallics 1988, 7, 1887. 

(35) Robinson, G. H.; Sangokoya, S. A. J. Am. Chem. SOC. 1987,109, 
6852. 

(36) Self, M. F.; Pennington, W. T.; Robinson, G. H., unpublished 
results. 

(37) Barefield, E. K.; Wagner, F.; Herlinger, A. W.; Dahl, A. R. Inor- 
ganic Synthesis; Basolo, F., Ed.; McGraw-Hill: New York, 1976; pp 16, 
220. 

molecules/cell 4 2 

Mo Kar (g = 0.71073 8,) 

Rbt = 0.018) Rht = 0.017) 

( I  > 3 M )  

data to parameter ratio 6.381 11.1:l 
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Table 11. Atomic Coordinates (XlO') and Equivalent 
Isotropic Thermal Parameters (Az X lo5) for 

[CIA1 C8Hdd[Al(C86)2]  (1) 
atom X Y z WeqP 
Cl(1) 4155 (1) 1566 (1) 5088 (1) 58 (1) 
Al(1) 5000 1661 (1) 7500 44 (1) 
Al(2) 5000 4257 (2) 7500 47 (1) 
N(1) 4304 (2) 2967 (3) 7770 (4) 46 (1) 
N(2) 4242 (3) 299 (4) 7635 (5) 69 (2) 
C(1) 3339 (3) 2863 (5) 7098 (5) 65 (2) 
C(2) 3028 (4) 1690 (7) 7465 (7) 84 (3) 
C(3) 3261 (4) 515 (7) 7003 (6) 92 (3) 
C(4) 4509 (5) -869 (5)) 7230 (6) 106 (4) 
C(5) 4276 (4) 5242 (5) 5879 (6) 73 (3) 
C(6) 3575 (4) 5994 (5) 5999 (8) 87 (3) 

OEquivalent isotropic U defined as one-third of the trace of the 
orthogonalized Uij tensor. 

on a Nicolet R3m/V diffractometer. NMR data were recorded 
on a JEOL 90-MHz spectrometer. 

Synthes is  of [C1zA1~C8H~4][A1(CzH5)z] (I). A reaction 
vessel was charged with toluene/methylene chloride (10 and 5 
mL, respectively) and N,"-bis(3-aminopropyl)ethylenediamine 
(8.2 mmol) in the drybox. Diethylaluminum chloride (8.2 mmol) 
was slowly added via syringe. Reaction was immediate and 
exothermic. The reaction vessel was removed from the drybox 
and heated (110 "C) in an oil bath for 24 h. The reaction vessel 
was vented periodically. After the system was allowed to stand 
undisturbed for several hours at  room temperature, a multitude 
of small, colorless, extremely air-sensitive crystals (mp 251-54 
OC; 45% yield) were obtained. 'H NMR (CDC13): 6 -0.110 (9, 
4 H, A1CHzCH3), 1.01 (t,  6 H, A1CHzCH3), 1.65-3.35 (m, 16 H, 
N(CHz)3N(CH2)2N(CHz)3N). In addition to the crystalline ma- 
terial, a small amount of an insoluble amorphous substance was 
also present. 

Synthesis of [Al(CH3)z][ClAl~Cl~21N,~OCH3][ClAl(CH3)] 
(11). A 100-mL Schlenk flask was charged with cyclam (2.49 
mmol) and admitted to the drybox where chlorobenzene (25 mL) 
was added. Zirconium tetrachloride (2.49 mmol) was added to  
the flask and the milky white mixture was allowed to  stir for 1 
h. Trimethylaluminum (8.35 mmol) was slowly added to this 
system. Reaction was immediate and exothermic resulting in a 
yellowish solution. The system was removed from the drybox 
and allowed to stir for several hours at  room temperature. The 
solution was filtered via cannula and concentrated under vacuo. 
Upon cooling overnight colorless, air-sensitive crystals were ob- 
tained; 46% yield (based on cyclam) (mp 208-210 "C dec). 'H 
NMR (CDCl3): 6 -0.56 (s,3 H, Al(CH3)2), -0.43 (s, 3 H, Al(CH3)2), 
0.065 (s ,3  H,  Al(CH3)Cl), 1.25-3.00 (m, 21 H, CloH,N,), 3.65 (s, 
3 H, OCH3). 

S t r u c t u r e  Solut ion and Refinement for  [C1zA1.C8Hzo- 
N4][ Al(CzH,)z] (I). A colorless parallelepiped crystal of [el2- 
A1C8H20N4][Al(CzH,)z] was mounted in a thin walled glass ca- 
pillary under an inert atmosphere of argon. Cell constants and 
an orientation matrix for data collection, obtained from a 
least-squares refinement of the setting angles of 35 carefully 
centered reflections in the range 26.17 < 28 < 39.65", corresponded 
to a monoclinic cell. The space group was determined to be C2/c 
(No. 15). The structure was solved by direct methods and refined, 
based on 970 observed reflections with intensities I > 3u(Z), using 
SHELXTL PLUS.% Non-hydrogen atoms were refined by using 
anisotropic thermal parameters; hydrogen atoms, located by 
standard difference Fourier techniques, were refined by using 
isotropic thermal parameters. The weighting scheme was based 
on counting statistics and included a factor (p = 0.0005) to 
downweight the intense reflections. The maximum and min ium 
peaks on the final difference map corresponded to 0.39 and -0.33 
e/A3, respectively. Refinement converged a t  R = 0.044 (R ,  = 
0.059). Relevant crystallographic data are given in Table I. Final 
fractional atomic coordinates for I are given in Table I1 while 
selected bond distances and angles are given in Table 111. 

Table 111. Selected Bond Distance (A) and Angles (deg) for 
[C12A1 *CBHZON,I[A~(CZH~),I (1) 

Bond Distances 
Cl(l)-Al(l) 2.394 (1) Al(l)-A1(2) 2.819 (2) 
Al(l)-N(l) 1.957 (4) Al(l)-N(2) 2.012 (5) 
A1(2)-N(l) 1.945 (4) A1(2)-C(5) 1.971 (5) 
N(l)-C(l) 1.474 (5) N(2)-C(3) 1.513 (8) 
N(2)-C(4) 1.482 (8) C(l)-C(2) 1.503 (9) 
C(2)-C(3) 1.493 (10) C(4)-C(4A) 1.505 (16) 
C(5)-C(6) 1.502 (10) 

Bond Angles 
Cl(l)-Al(l)-N(l) 95.7 (1) Cl(l)-Al(l)-N(2) 88.1 (1) 
Cl(l)-Al(l)-Cl(lA) 175.1 (1) Cl(1)-Al(1)-N(1A) 87.9 (1) 
Cl(l)-Al(l)-N(2A) 88.3 (1) N(l)-Al(l)-N(2) 93.8 (2) 
N(l)-Al(l)-N(lA) 87.1 (2) N(l)-Al(l)-N(2A) 175.9 (2) 
N(2)-Al(l)-N(2A) 85.5 (3) N(l)-A1(2)-C(5) 110.8 (2) 
N(l)-Al(2)-N(lA) 87.9 (2) C(5)-A1(2)-N(lA) 115.3 (2) 
C(5)-A1(2)-C(5A) 114.3 (3) Al(l)-N(l)-Al(2) 92.5 (2) 
Al( l ) -N(l)C(l)  118.9 (3) Al(2)-N(l)-C(l) 126.7 (3) 
Al(l)-N(2)-C(3) 117.7 (4) Al(l)-N(2)4(4) 108.1 (5) 
C(3)-N(2)-C(4) 114.8 (4) N(l)-C(l)-C(2) 112.2 (4) 
C(l)-C(2)-C(3) 116.8 (7) N(2)-C(3)-C(2) 112.6 (5) 
N(2)-C(4)-C(4A) 108.6 (3) A1(2)-C(5)-C(6) 114.3 (5) 

S t r u c t u r e  Solut ion and Refinement for  [A1(CH3),][C1- 
AlCloHzlN4~OCH3][ClAl(CH3)] (11). A single crystalline sample 
of [Al(CH3),I [ClAl.Cl&z1N4-OCH3] [ClAl(CH3)] was prepared for 
X-ray examination in the same manner employed for I. Cell 
constants and an orientation matrix for data collection, obtained 
from a least-squares refiiement of the setting angles of 40 carefully 
centered reflections in the range 27.32 < 20 < 42.21°, affprded 
a triclinic cell. The space group was determined to  be P1 (No. 
2). The structure was solved by direct methods using SHELXTL 
PLUX.% Non-hydrogen atoms were refined by using anisotropic 
thermal parameters. Hydrogen atoms were included in the 
structure factor calculation in difference map orientations; C-H 
distances were constrained to 0.96 A. An isotropic group thermal 
parameter (Vi, = 0.064 (3) Az) was refined for all of the hydrogen 
atoms. The final cycle of full-matrix least-squares refinement, 
based on 2976 observed reflections ( I  > 3a(I)) and 269 variable 
parameters, converged a t  R = 0.056 and R, = 0.074. The asym- 
metric unit contains one chlorobenzene solvent molecule that is 
disordered. The parameters of the organoaluminum species were 
little affected (no shifts greater than 2 esd's) by the nature of the 
modeling of the disorder. The f i a l  model of the solvent molecule 
consisted of a benzene ring constrained to idealized values (doc 
= 1.395 A; C-C-C = 120"); the position of the chlorine atom was 
not constrained. All of the solvent atoms were assigned anisotropic 
thermal parameters to correct for extreme librational motion. 
Crystallographic data concerning I1 are given in Table I. Final 
fractional atomic coordinates for I1 are given in Table IV while 
selected bond distances and angles are given in Table V. 

Results and Discussion 
Smith reported that the nature of A1-N cages and oli- 

gomers resulting from interactions of organoaluminum 
species with primary and secondary amines was greatly 
dependent upon reaction temperature.2 Reaction of N-H 
amines with aluminum alkyls a t  low temperatures was 
reported t o  produce simple 1:1 addition compounds of the 
type which Davidson and Brown studied (eq l).39 How- 

Al(CH,), + (CHJZHN + (CH3)ZHN*Al(CH3)3 (1) 

ever, Smith demonstrated that when such systems having 
N-H and AI-R bonds are pyrolyzed intermolecular con- 
densation occurs with the elimination of alkane, resulting 
in A1-N oligomers possessing A12N2 fragments and sub- 
stantial A1-N association (eq 2).2p9 A simi1a.r class of 

70 O C  

3Al(CH3)3 + 3NH,(CH3) 
[(CH3)#'JH(CH3)]3 + 3CH4 (2) 

(38) Sheldrick, G. M. SHELXTL PLUS, Crystallographic Computing 
System, Revision 3.42; Nicolet Instrument Corporation: Madison, WI, 
1986. (39) Davidson, N.; Brown, H. C. J. Am. Chem. SOC. 1942, 64, 316. 
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Table IV. Atomic Coordinates (XlO') and Equivalent 
Isotropic Thermal Parameters (A* X 10') for 

[Al(CH,)J[ClAI *ClJI,1N4 OCH,][ClAl(CH,)] (11) 
X Y z U W "  

Cl(1) 2940 (1) 4220 (1) 4929 (1) 40 (1) 

Cl(3) 8810 (11) 1470 (7) 11483 (6) 455 (7) 
Al(1) 3783 (2) 3862 (1) 6530 (1) 29 (1) 
Al(2) 2798 (2) 1287 (1) 5598 (1) 47 (1) 
Al(3) 3459 (2) 5026 (1) 8268 (1) 35 (1) 
O(1) 4609 (4) 2423 (3) 6091 (2) 43 (1) 
N(1) 2006 (4) 2440 (3) 6308 (3) 35 (1) 
N(2) 2788 (4) 5258 (3) 6925 (2) 33 (1) 
N(3) 5651 (4) 5228 (4) 6756 (3) 37 (2) 
N(4) 4476 (4) 3643 (3) 7916 (3) 33 (1) 
C(1) 454 (6) 2749 (5) 5804 (3) 43 (2) 
C(2) 74 (6) 3906 (5) 6298 (4) 48 (2) 
C(3) 1101 (6) 5177 (5) 6405 (3) 43 (2) 
c(4)  3562 (6) 6474 (4) 6761 (3) 45 (2) 
C(5) 5288 (6) 6499 (5) 7025 (4) 47 (2) 
C(6) 7199 (6) 5077 (6) 7394 (3) 51 (2) 
C(7) 7212 (6) 4862 (6) 8378 (3) 51 (2) 
C(8) 6155 (6) 3674 (5) 8395 (3) 46 (2) 
C(9) 3696 (6) 2336 (5) 7937 (3) 43 (2) 
c ( l0)  2054 (6) 2050 (5) 7243 (3) 43 (2) 
C(l1) 4754 (7) 6533 (5) 9160 (3) 53 (2) 
C(l2) 1800 (6) 4546 (6) 8783 (3) 53 (2) 
C(13) 1861 (7) 898 (5) 4229 (3) 64 (3) 
C(14) 5753 (7) 2319 (6) 5744 (5) 67 (3) 
C(15) 8587 (16) 1229 (11) 10324 (7) 332 (22) 
C(16) 9474 1666 9788 237 (17) 
C(17) 8978 1238 8810 288 (22) 

C(19) 6706 -63 8903 208 (14) 
C(20) 7203 365 9882 243 (12) 

Cl(2) 3171 (3) -417 (2) 6190 (1) 92 (1) 

C(l8) 7594 374 8367 201 (12) 

" Equivalent isotropic U defined as one-third of the trace of the 
orthogonalized Uij tensor. 

c121 

C12ol 

Figure 2. A view of the [CI2Al-C,Hd4I [Al(CzH6)21 (I) molecule 
showing the atom-labeling scheme. Thermal ellipsoids show 35% 
probability levels. Hydrogen atoms have been omitted. 

aluminum-nitrogen cage compounds known as poly(N- 
alkyliminoalanes), prepared from reaction of aluminum 
hydride or lithium aluminum hydride with primary and 
secondary amines, has also been reported and extensively 
studied."-= Notably, the four-coordinate tetrahedral co- 
ordination of the aluminum atoms observed in the afore- 
mentioned A1-N oligomers and poly(N-alkyliminoalanes) 
generated little interest as such coordination was expected 
for aluminum. Indeed, four-coordinate tetrahedral is the 
predominant coordination of aluminum throughout or- 
ganometallic chemistry. With this in mind, it is interesting 
to observe the core aluminum atoms in the structures of 
[C12A1.C8H20N41 [A1(C2H5)21 (1) and [A1(CH3),I [CIAl.Clo- 
H21N4.0CH3][ClAl(CH3)] (11) given in Figure 2 and Figure 
3, respectively. 

As can be seen from Figure 2, [C12A1.C8H2,N4] [A1(C2- 
H5)2] (I) contains two aluminum fragments: one di- 

Table V. Bond Distances (A) and Angles (deg) for 
[Al(CH,),][ClAl *C&lN4 OCHJ[CIAl(CHa)] (11) 

Bond Distances 
2.368 (2) C1(2)-A1(2) 
1.944 (4) Al(l)-N(l) 
1.982 (4) Al(1)-N(3) 
2.021 (4) A1(2)-0(1) 
1.907 (5) A1(2)-C(13) 
1.965 (4) A1(3)-N(4) 
1.956 (5) Al(3)-C(12) 
1.332 (9) N(l)-C(l) 
1.496 (7) N(2)-C(3) 
1.485 (6) N(3)-C(5) 
1.483 (6) N(4)-C(8) 
1.495 (6) C(l)-C(2) 
1.514 (7) C(4)-C(5) 
1.517 (8) C(7)-C(8) 
1.507 (6) 

C1( 1)-Al( 1)-0( 1) 
O( 1)-Al( 1)-N( 1) 
O( l)-Al( 1)-N( 2) 
Cl(l)-Al(l)-N(3) 
N(l)-Al(l)-N(3) 
C1( 1)-Al( 1)-N(4) 
N(l)-Al(l)-N(4) 
N(3)-Al(l)-N(4) 
C1(2)-A1(2)-N( 1) 
C1(2)-A1(2)-C( 13) 
N(l)-A1(2)4(13) 
N(2)-A1(3)-C(ll) 
N(2)-A1(3)-C(12) 
C(ll)-Al(3)-C(l2) 
Al( 1)-0( 1)-C(14) 
Al( 1)-N( 1)-A1(2) 

A1(2)-N( l)-C(lO) 
Al(l)-N(2)-Al(3) 
A1(3)-N(2)-C(3) 
Al(3)-N(2)-C(4) 
Al(l)-N(3)-C(5) 
C(5)-N(3)-C(6) 
Al(l)-N(4)-C(8) 
Al(l)-N(4)-C(9) 
C (8)-N(4)-C (9) 

Al(2)-N(l)-CW 

C(l)-C(2)-C(3) 
N(2)-C(4)-C(5) 
N(3)-C(6)-C(7) 
N(4)-C(8)-C(7) 
N(l)-C( lO)-C(9) 

2.130 (3) 
2.003 (4) 
2.023 (4) 
1.818 (3) 
1.930 (5) 
1.962 (4) 
1.963 (6) 
1.488 (6) 
1.486 (6) 
1.484 (7) 
1.478 (6) 
1.510 (8) 
1.510 (8) 
1.507 (8) 

Bond Angles 
86.7 (1) Cl(1)-Al(1)-N(1) 
79.7 (2) Cl(l)-Al(l)-N(2) 

175.8 (1) N(l)-Al(l)-N(2) 
87.0 (1) O(l)-Al(l)-N(3) 

177.0 (2) N(2)-Al(l)-N(3) 
177.1 (1) O(l)-Al(l)-N(4) 
87.3 (2) N(2)-Al(l)-N(4) 
92.0 (2) C1(2)-A1(2)-0(1) 

113.0 (2) O(l)-Al(2)-N(l) 
110.6 (2) O(l)-A1(2)-C(13) 
120.0 (2) N(2)-A1(3)-N(4) 
114.5 (2) N(4)-Al(3)4(11) 
116.2 (2) N(4)-Al(3)4(12) 
104.0 (2) A1(1)-0(1)4(2) 
134.0 (3) A1(2)-0(1)<(14) 
93.1 (2) Al(1)-N(l)-C(l) 

116.8 (3) Al(1)-N(l)-C(lO) 
112.3 (3) C(1)-N(l)-C(lO) 
94.1 (2) Al(l)-N(2)4(3) 

118.5 (3) Al(l)-N(2)-C(4) 
113.5 (2) C(3)-N(2)-C(4) 
109.5 (3) Al(l)-N(3)-C(6) 
110.8 (3) d(l)-N(4)-Al(3) 
116.9 (3) Al(3)-N(4)-C(8) 
105.7 (2) A1(3)-N(4)-C(9) 
105.8 (4) N(l)-C(l)-C(2) 
116.9 (5) N(2)-C(3)-C(2) 
110.6 (4) N(3)-C(5)-C(4) 
113.0 (5) C(6)-C(7)-C(8) 
115.8 (4) N(4)-C(9)-C(10) 
110.3 (4) 

C171 
C161 

93.7 (1) 
91.8 (1) 
96.6 (2) 
97.5 (2) 
86.3 (2) 
96.2 (2) 
85.4 (2) 

107.6 (1) 
85.5 (2) 

117.7 (2) 
87.5 (2) 

118.4 (2) 
116.5 (2) 
97.9 (2) 

120.0 (3) 
114.3 (3) 
109.0 (2) 
110.2 (4) 
116.7 (3) 
io7.8 (3) 
105.9 (4) 
119.8 (3) 
93.0 (2) 

120.6 (3) 
113.9 (3) 
114.2 (3) 
116.5 (4) 
111.9 (4) 
114.9 (4) 
110.9 (4) 

Figure 3. A view of the [Al(CH3),] [ClAl-CJIz1N~-OCH3] [Cl- 
A1(CH3)] (11) molecule showing the atom-labeling scheme. 
Thermal ellipsoids show 35% probability levels. Hydrogen atoms 
have been omitted. 

chloroaluminum unit and one diethylaluminum unit. I 
resides upon a crystallographic 2-fold axis coincident with 
the two aluminum atoms Al(1) and Al(2) and bisecting the 
planar A12N2 four-membered ring. The independent Al-N 
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CHI 

(11) 

Figure 4. Preparative reaction scheme for [AUCH,),] [C1A1-CloH21N4.0CH3] [ClAl(CH,)] (11). 

distances for the A12N2 ring are 1.957 (4) and 1.945 (4) A 
for Al(l)-N(l) and A1(2)-N(l), respectively. The Al(1). 
-A1(2) contact of 2.819 (2) A is not indicative of significant 
metal-metal interaction. The mean AI-N bond distance 
in I is 1.971 (4) A. The Al(l)-N(l)-Al(2) bond angle is 92.5 
(2)' while the N(l)-Al(2)-N(la) bond angle is 87.9 (2)'. 
The mean N-AI-Cl(1) bond angle is 90.0 (1)'. The C1- 
(1)-Al(1)-Cl(1a) bond angle is 175.1 (1)' whereas that for 
N(l)-Al(l)-N(2a) is 175.9 (2)'. The four nitrogen atoms 
of the amine are coplanar with Al(1) while the two chlorine 
atoms, with a unique A1-C1 bond distance of 2.394 (1) A, 
are situated in axial positions relative to the AlN, plane. 
The coordination of Al(1) in [C12A1.C8H20N4] [A1(C2H5),] 
can thus be described as six-coordinate octahedral. 

The absence of a diethylaluminum chloride moiety in 
I is significant and may easily be accounted for by con- 
sidering the disproportionation of [ (C2H5)2AlC1]2 to provide 
(C2H5)A1C12 and (C2H5),A1. Such disproportionation of 
dialkylaluminum halides in the presence of base to give 
alkylaluminum dihalides and trialkylaluminum has been 
previously noted40 and was initially suggested by Ziegler 
nearly 30 years Indeed, we have recently observed 
this behavior in our laboratory while studying the reaction 
of diethylaluminum chloride with the macrocyclic tetra- 
dentate amine c ~ c l a m . ~ ~  I could thus be obtained by the 
interaction of ethylaluminum dichloride, the stronger 
Lewis acid, with the four nitrogen atoms along the amine 
cavity while triethylaluminum is left to react with the 
primary amine units of the ligand. It is important to note 
that N,N'-bis(3-aminopropyl)ethylenediamine is quite 
versatile in organoaluminum coordination chemistry as we 
have recently reported the unique ability of this ligand to 
also stabilize a five-coordinate organoaluminum species in 
a trigonal bipyramidal geometry.34 

The X-ray crystal structure of [A1(CH3),] [C1A1C,oH2,- 
N4.0CH3][ClAl(CH3)] (11) is given in Figure 3. I1 contains 

(40) Mole, T.; Jeffery, E. A. Organoahminum Compounds; Elsevier: 

(41) Ziegler, K. Organometallic Chemistry; Zeiss, H., Ed.; Reinhold 
New York, 1972; p 32. 

New York, 1960; p 194. 

three aluminum units: one chloroaluminum fragment, one 
dimethylaluminum fragment, and one methylaluminum 
chloride unit. As the four nitrogen atoms in uncomplexed 
cyclam are coplanar,28 it is evident that the macrocycle has 
experienced considerable distortion as it has assumed a 
folded "envelope" conformation in accommodating the 
three aluminum species in 11. Particularly noteworthy is 
the fact that the core aluminum atom Al(1) is six-coor- 
dinate residing in an octahedral environment. The coor- 
dination sphere of Al(1) consists of the four nitrogen atoms 
of the macrocyclic amine and one chlorine atom in addition 
to a bridging methoxide fragment. I1 results from a unique 
reaction involving the chlorination of trimethylaluminum 
by ZrC1, and the cleavage of N-H and A1-R bonds. 

It is proposed that the first step in the process involves 
reaction of trimethylaluminum with the methanol adduct 
of cyclam to yield dimethylaluminum methoxide (eq 3). 

(CH3)SAl + CHSOH 4 CH4 + (CH,),Al(OCH,) (3) 
Zirconium tetrachloride in turn is proposed to react with 
dimethylaluminum methoxide and trimethylaluminum to 
produce (CH3)2ZrC12, (CH3),A1C1, and (CH3)A1(OCH3)C1 
(eq 4). It is important to note that no zirconium species 
ZrC1, + (CH,),Al + (CH,),Al(OCH,) -, 

(CH3),ZrC12 + (CH3)2A1C1 + (CH3)A1(OCH3)C1 (4) 

were isolated. I t  is well-documented that alkylzirconium 
derivatives such as (CH3),Zr are inherently unstable and 
reportedly decompose, with blackening, above -15 0C.42 
Similarly, (CH3)2ZrC12 has been reported to be quite 
unstable. While earlier attempts a t  preparing (CH,),ZrCl, 
from reaction of ZrX, and ZnR, (X = C1, Br; R = CH,, 
C2H5) failed, the workers were able to isolate the bipyridine 
adduct of (CH3)2ZrC12.A? Thus, it is reasonable that cyclam 
could be employed in a similar capacity, as illustrated in 
Figure 4, to stabilize the zirconium moiety. Subsequent 
reaction of the cyclam adduct of dimethylzirconium di- 

(42) Berthold, H. J.; Croh, G. Angew. Chem., Znt. Ed. Engl. 1966,516. 
(43) Thiele, V. K.H.; Kriiger, J.Z. Anorg. A&. Chem. 1971,383,272. 
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chloride, (CH3)2ZrC12C1,,HuN4, with trimethylaluminum, 
dimethylaluminum chloride, and (CH3)A1(OCH3)C1, as 
illustrated in Figure 4, could readily provide [Al(C- 

Several pointa1egarding structure and bonding in I and 
I1 are worthy of note. The A1-C1 bond distance of 2.130 
(3) A involving the four-coordinate aluminum atom Al(2) 
in I1 is considerably shorter than the corresponding Al-Cl 
bond distance of 2.368 (2) A involving the six-coordinate 
aluminum atom Al(1). Moreover, it is interesting to note 
that the six-coordinate aluminum-chlorine bond distance 
in I1 is shorter than the analogous Al(l)-C1(1) bond dis- 
tance of 2.394 (1) A observed in I. Indeed, the Al-Cl bond 
distances involving the six-coordinate aluminum atoms in 
I and I1 are considerably longer than the Al-C1 distances 
of 2.202 (5) and 2.197 (7) A reported for the seven-coor- 
dinate aluminum atom in the [C12Al.15-crown-5]+ com- 
plex.& 

Organoaluminum chemistry relative to amines is cur- 
rently experiencing great activity principally due to the 
utilization of A1-N compounds as potential precursors to 
ceramic materials.-' For example, a novel six-coordinate 

H3)2] [ClAlCloH21N4*OCH3] [ClAl(CHJ] (11). 

(44) Bott, S. G.; Elgamal, H.; Atwood, J. L. J. Am. Chem. SOC. 1985, 
107, 17%. 

aminoalane complex has recently been reported that, upon 
pyrolysis, provides aluminum nitride and silicon carbide.48 
Future contributions from this laboratory will continue to 
examine the interactions of organoaluminum species with 
various amines. 
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Isocyanide Insertion Reactions of Manganese( I )  Alkyl and 
Iminoacyl Complexes 
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The reaction of (C0)5MnCH2C6H4-p-X (X = C1, OMe) with p-tolyl isocyanide in the presence of PdO 
affords the products of double insertion (CO)4Mn[C(=N-p-tolyl)C(=N-p-tolyl)CH2C6H4-p-X] (2a,b). Also 
isolated was 3a, (CO),Mn[C(=CH(C6Hp-p-C1))N(p-tolyl)C(NH-p-tolyl)], the product of intramolecular 
imino N attack on a coordinated p-tolyl isocyanide. 2a,b react with an additional equivalent of isocyanide 
affording products which depend on the identity of the isocyanide. With p-tolyl isocyanide and cyclohexyl 
isocyanide, carbene complexes (CO)4Mn[C(=N-p-tolyl)C~=CH(C6H4-p-X))N(p-tolyl)C(NHR)] (4a, X = 
C1, R = p-tolyl; 4b, X = OMe, R = CsH11; 4c, X = C1, R = C6H11) and (CO),Mn[C(=N-p-tolyl)C(NH- 
p-tolyl)C(C6H4-p-X)C(NHR)] (5a, X = C1, R = p-tolyl; 5b, X = OMe, R = C6Hll) are isolated. With bulky 
t-BuNC, (CO),(CN-t-Bu)Mn[C(=N-p-tolyl)C(=N-p-tolyl)CH2C6H,-p-C1] (7a) and (CO),(CN-t-Bu)- 
Mn[C(=N-p-tolyl)C(=N-p-tolyl)CH2C6H4-p-Cl] (sa) are obtained. 4a CM be protonated at the iminoacyl 
N giving a bis(carbene) complex, 6a. Mechanisms for the formation of 2,3 ,  and 4 are proposed. The last 
is supported by isolation of 7. The structures of 2b, 3a, 4a, 4b, 4c, and 6a have been solved by single-crystal 
X-ray diffraction methods. Crystallographic data [space group, a (A), b (A), c (A), B (deg), 2, observed 
reflections, R,]: for 2b, B1/n,  19.616 (2), 12.287 (2), 11.368 (2), 103.13 (l), 4, 1985, 0.0379; for 3a, B1/c,  
6.611 (l), 18.937 (21, 20.510 (2),90.111 (8),4, 2119,0.0407; for 4a, P2,/n, 16.354 (5 ) ,  13.273 (21, 15.513 (4), 
108.96 (2), 4, 2292,0.0388; for 4b, B 1 / n ,  15.986 (2), 13.748 (2), 15.681 (2), 108.01 (l), 4, 2033, 0.0370; for 
4c, P2,/n, 15.915 (2), 13.550 (2), 15.611 (21,108.723 (9), 4,3303,0.0382; and for 6a, B1/c,  13.054 (2), 15.721 
(2), 17.798 (3), 104.79 (l), 4, 2026, 0.0392. 

I , 
I . 

, i 

, 
, 

I I 

Introduction 
Insertion reactions are of fundamental importance in 

organometallic chemistry.lP2 The most completely studied 
insertion reaction is that of carbon monoxide which plays 

(1) Collman, J. P.; Hegedus, L. S.; Nohon, J. R.; Finke, R. G. Prin- 
ciples and Applications. of Orgamtransition Metal Chemistry; Univer- 
sity Science Books: Mill Valley, CA, 1987. 

(2) Alexander, J. J. In The Chemistry of the Metal-Carbon Bond; 
Hartley, F. R., Patai, S., Eds.; John Wiley and Sons: London, 1985; Vol. 
2, pp 339-400. 

0276-7333/89/2308-2589$01.50/0 

a key role in many reactions homogeneously catalyzed by 
trmition-metal species-for example, hydroformylation? 
homologation,4 and oxygenate production by hydrogena- 
tion of C0.5 CO insertion chemistry has been reviewed.w 

(3) Pino, P.; Piacenti, F.; Bianchi, M. In Organic Synthesis uia Metal 
Carbonyls; Wender, I., Pino, P., E%.; John Wiley and Sons: New York, 

(4) Bahrmann, H.; Cornils, B. In New Syntheses with Carbon Mon- 
oxide; Falbe, J., Ed.; Springer-Verlag: Berlin, 1980; pp 226-242. 

(5) Costa, L. C. Catal. Reu.-Sci. Eng. 1983,25, 325. 

1977; Vol. 2, pp 43-231. 
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