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(Recewed November llth, 1976) 

This paper discusses the results of ’ H-NMR studies of poly(N-alhyhmmo- 
alanes) prepared from various ammes, m partlcula, the relatlonshlp between 
the NMR parameters and molecular structure IS exammed Also, the effects of 
polar solvents and of pa&la1 or complete replacement of hydlldlc hydrogens by 
chlorme atoms and alkyl groups on characterlstlc features of the spectra are 
reported 

Introduction 

For many years denvatlves of alummum hydride have been stuched in 
these laboratones because of their apphcatlon m the polymelzzatlon of olefins 
and dlolefms cl]_ Particular attention has been paid to the synthesis and struc- 
tural characterlzatlon of poly(N-alkyhmmoalanes), (PIA), which display a high 
catalytic actlvlty [ 21 These products derive from replacement of the hydrldlc 
hydrogens of All& by Lmmo radicals of pnmary ammes 133 Recent research 
demonstrated that they are characterized by ‘cage” molecular structures, with 
a skeleton formed by 4 or 6 membered mngs, (Al-N)? or (Al-N)3 (Figs 1,2) 
Various PIA of general composltlon (HAlNR),, with n rangmg from 4 to 10, 
have been prepared_ The structure of the products 1s affected by several factors 
the nature of the amme, the reaction condltlons, and the preparation methods 
[4a,5] In addition to the basic compounds of formula (HAlNR),, other com- 
pounds contaming ammo and ammo radicals have been prepared 

In general, PIA consist of a larger class of compounds correspondrng to 

+ For Part XI see ref 15 
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R \ 
Fig 1 A perspcctlre \?en of cage molecules wth s.Leletons fromed by 1 or 6 member rings 

Fig 2 Vokcular structure of (HAIN-n-C3Hy;a 

AL(xact + NR)zn+, (0 < I < 3). The molecular structures corresponding to 
several drfferent composrtrons [4b,6,7] have been determined, generally by 
X-ray structural methods 

Further classes of compounds retaining the typical cage structure derive from 
partial or complete substltutlon of hydrldlc hydrogens of PIA by chlorme atoms 
or alkyl groups [2b,8,9]_ Thrs paper deals with the ‘H-NMR characterlzatron 
of most of these compounds Considerable IH-NMR data previously published 
[4a,5b,8,9] are reported here for purposes of comparison and discussion The 
spectral pamm eters have been related to different molecular arrangements, and, 
m some cases, also to the thermal stabmty and to the geometric parameters 
deduced from X-ray studres 

Resuits and drscussron 

Regular closed rages 
In Tabie I the values of the chemical shifts of several PIA of composition 

(HAlNR), are reported, these compounds form regular closed cages. In the 
cases where the crystal and molecular structures were not solved by X-ray 
d&%&on techmques, the compounds were characterized by mass spectrom- 
etry and by molecular weight determmation via the enulhoscopic method 
[4a,5]. All these compounds exhibited only one resonance due to the alkyl 
group linked to the nitrogen atom, ober the range of temperature from -60°C 
to 90°C In Fig 3 the ‘H-NMR spectrum of hexamenc PIA from rsopropylamme 
1s reported Thus, the alkyl environments m each compound are all equivalent. 
This IS consistent with the geome;rlc equivalence shown for tetrameric and 
hexameric PIA by X-ray determination [4b,14] (Fig 1). For the octamer 
(HAlN-n-&H,), the crystalline structure [15], shows two types of environments 
for the mtrogen atoms- 1 e , one nitrogen, N’, IS shared by two four-membered 
nngs, (Al-N)?, and by one six-membered rmg, (Al-N),, while the other, N”, 
belongs to one four-membered rmg and two six-membered nngs (Fig 2) 



341 

TABLE I 

‘H-NMR SPECTRAL PARAVETERS OF CLOSED CAGES OF POLY(_V 4LKYLI\fINO4L4NES) 1N 
BENZENE 

Sampie Compound T 

Cppm) 

Relate e 
are2 

Assignment 

groups 

I Pr--PIA-Hex (HAIN-r+H7)6 8 49 doublet 60 CH3 
6 29 septet 10 CH 

543O smglet 10 Al-H 

I Pr-PIA-Tet (HAIV-1-C3H7)4 8 68 doublet 60 CH3 

s-Bu-PI i-Hex (H 41N-s~C4H9)6 

s-Bu-PIA-Tet (H 41Ns-CqHg)a 

n-Pr-PIA-Ott (HAlN-n-C3H7)S 

n-R-PI 4-Hex (H 41%n-C3H7)6 

I Bu-PIA-Hex (HAI&-C4H9)6 

6 70 septet 10 

9 04 tnp1et 30 
840 doublet 30 
8 06 multlplet 20 

6 54 multlplet 10 
9 04 Wplet 30 

8 63 doublet 30 

8 27 multlplet 20 
6 88 mu1:1p1et 10 

9 07 tnplet 30 
7 96 multlplet 20 
6 7-t tnplet 20 

9 07 tnpiet 30 
8 23 mult.plet 20 

6 83 trlplet 20 

892 doublet 60 

CH 

rutrogen 7-CH3 
mtrogen &C!H3 
CE2 

CR 
mtrogen 7 CH3 

mtrogen &CH3 

CH2 
CH 

CH3 
mtrogen &CHz 
mtrogen a-CH2 

CH3 
nltrogexx &CH, 

mtrogen a-CH2 

CH3 
7 96 mult1olct 10 CH 
6 80 doublet 20 CHz 

t-Bu-PI A-Tet (HAIL-t-CGH9); 8 56 singlet 

Ph--Et-PIA-Tat (HALWCH(CH3)CsH;)4 8 -ll b 
CH3 

doublet 30 CH3 

5 63 ’ quar:et 10 CH 

(1 Measured at -70iC b Measured at 70cC c The signals relatne to aromatic protons are obscured bx the 
solr ent 

As a consequence the mean value of the three Al-N’-Al bond angles (99 45O) 
is lower than the mean value of the Al-N”-Al bond angles (110 11”) Further- 
mole differences m C-N-Al bond angles are also observed These factors coire- 
spond to changes m the sp3 hybrldisatlon of the different nitrogen atoms, due to 
a higher s charrcter m the N’-C bond than m the N”-C So different magnetic 
resonances for a&y1 groups N’-R and N”-R should be seen However. only one 
signal was observed for all the R groups (Fig 4). To explain this unexpected 
equwalence, it may be observed that the mean length of the three Al-N bonds 
of nitrogen atom N’ or N” are practically Identical, with an overall mean bond 
length of 1 916 K, (see Table 2), and that a slml1a.r identity also occurs for 
the N’--C and N”-C bond lengths (1 507(d) and 1 526(5) A) Therefore, m spite 
of the difference m sp character of the three mdrvldual Al-N bonds, the 
aterage charge dlstributlons along the N-C bonds may be rather slmllar, and 
the N-R groups thus magnetically equivalent The data m Table 2 show that 
average Al-N bond lengths m tetramerlc, hexarnerlc and octamerlc cage molecules 
are very slmllar; it IS our opmlon that Al-N and N-C bonds are made practrcal- 
ly equal by some hnd of mternal compensation of the charge dlstnbutlon 
along the Al-N bonds Measurements of tnermal stab&ty seem to support our 
hypothesis: the hexamer and the tetramer from lsopropylamme decompose at 
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6 7 8 9 10 7 

FIG 3 ‘H h\IR spectrum of (HAlh--G3H7)6 in benzene 

I I I 
5 5 7 --__-_L______i_L__I_z___ 8 9 10 

Fig. 4 IH PrTtlR spectrum of (HAIL~‘--~-C~H-J~~ m benzene 
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TABLE 2 

AVERAGE AI-N BOND LEYGTHS FOR CLOSED POLY(_V 4LKI LI\LIhOALANES) 

Sample Compound r+trogtn 

t>pe 

Bond lengttis <‘i) Mean length 

of the Al--N 
bonds 

n-E+-PIA-Ott 

1 Pr-PIA-Heu 

1 F’r-PIA-Tet 

(HAlN-n-C3H7)g S ~fi sly memb rings 1 882(3) 

1 925(3) 1916 
111 transverse bonds 1 943(3) 

b m szx memb rings 1 897(4) 

1908(6) 193b 

in transverse bonds 1 94X(2) 
(HAN-t-C3H& m SIY memb nngs 1 898(2) 

m transverse oonds 1 956(2) 
1917 

(H41h-r. C3H7)4 m four memb rmgs 1 913(i) 1913 
--_--___ --_ __- -____-- __- 

nearly the same temperature, 241 and 245°C respectively [lo] 
So, because of the qmte similar electronic charge distribution along the 

frameworks of the various cages, PIA obtained from the same amme should 

show the same chemical shift independent of the cage type Therefore the 
observed differences must be attributed to differing spatial arrangements of 
the alkyl substltuents m the various cages. In fact, the X-ray structure [-lb,151 of 
the hexameric cage of n-propylamme shows the two hydrogens of the o-carbons 
facing two four-membered nngs (A1-N)2, while m the octameric cage they 
face one four and one ss-membered ring, (Al-N),. This imphes that m solution 

we can expect these conformer s, arising by rotation of alkyl groups about the 
N-C bonds, to predominate. On this basis, m the octamer of n-propylamme 
the two C-H bonds would exchange m solution between the two possible situa- 
tions m which they face, a four and a srx-membered ring, respectively In this 
way the observed chemical shift arises from an intermediate conformation in 
which the magnetic sates at N’ and N” are equivalent W Furthermore the vana- 
tion of NMR signals with temperature supports the hypothesis that the freedom 
of rotation about N-C bonds is clearly lower m an octamer with respect to a 
tetramer: m fact the broadness of the proton signals on decreasing the tempera- 

ture follows the sequence octamer > hexamer for n-Pr-PIA, hesamer > tetra- 
mer for i-Pr-PIA In the case of hesamerlc and tetramenc structures from lso- 
propylamme, the resonance of the hydndlc hydrogen is displayed at low tem- 
perature At -60°C a very broad signal appears at 5 3 7 with a relative mtensity 
of 1 0. The extensive broadening of this signal is certainly due to the relatively 
large electric quadrupole effects associated with the 27Al nucleus The chemical 
shifts for the tetramerrc l-phenylethylamme denvatives (HA1NCH(CH3)C6H5)3, 
[ll] were measured at 70°C At room temperature both the CH and the CH3 
signals are broadened due to hindered rotation around the N-C bond because 

of the bulky phenyl groups (Fig. 5). 
The effect of polar solvents like diethylether, trlethylamme, and THF on the 

* Whde me were comnletmg this worh r&e learned of the paper of Noth and Wokfgardt cl31 In 
contrast with OUT h\IR results on (HAIK-n-C3H7)3 these x% orhers found tx o sencs of signals for 

alk> 1 groups of (HAlXC2H+j 



Fig 5 Tne tempenture effect 0x1 the CH3 signals of the spectrum of repular closed (b) and open <a) cages 

of PIA from 1-phenvlethulamm e ln to1uene 

spectra of PIA from lsopropylamme was studred With respect to the spectra 
m benzene, the only change m the positron of the signals depended on the elec- 
tron-donor effect of the solvent coordmated to the aluminum atom (Table 31, 
the mteractron with the polar solvent does not modify the equivalence of the 
alkyl group It IS noteworthy that m most cases the proton-proton couplmg 
constants m the alkyl group bonded to the nitrogen atom are practically the 
same as m the correspondmg free amine 

Irregular open cages 
The spectra of several products or muztures of products obtained from several 

ax-nines with “rrregular” cage structures were also studied Generally these 

TABLE 3 

CHE1lICAL SHIFT OF THE XETHYL GROUP DOUBLETS OF POLY(I\ ISOPROPYLIMI>OAL4NES) 
IN POLAR SOLVENTS 

Compound Solrent _ (PPW 

z Pr-PIX-Hex 

z Pr-PIA-Tet 

___ -- 

(HAM-r CSH~)~ 

<HAM-i CsH?)e 

benzene 8 49 

dletbyl ether 863 

THF 8 71 

tneth, lamltle 860 
benzene 868 
dletlnl ether 880 

THF 8 81 
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products, lvlth separate >A& and >NHR groups instead of ammo-HAl-NR- 
umts (open cages), give me to a multlphclty of signals m the alkyl range Thus 
signal overlap sometunes precluded an unambiguous assignment Nevertheless, 
for tetrameric derrvatwes from t-butylamme and l-phenylethylamme the reso- 
nances of the open cage structures were measured; the vaiues of the chemical 
shifts are reported m Table 4 Clearly the opemng of an Al-N bond destroys 
the magnetic equivalence of the alkyl radical bonded to the nitrogen atoms 
(Fig 6) For both compounds signals with relative mtenslty 2 0 were attributed 
to radicals R’ linked to mtrogen atoms located between one AlJ& and two AlH 
groups. Smce the XEI, group 1s hnked to only two NR groups m r;hls open cage 
structure, it should be a stronger Lewis acid than m a closed structure Conse- 
quently, more electromc charge should be released by the NR groups toward 
the AIHz group, thus deshieldmg the protons of the R groups An analogous, 
opposite effect 1s observed for the protons of radicals bonded to the NH group 
Therefore the slgnal at 8 57 T for the t-butylamme derlvatlve, and that at 8 62 V- 
for the methyl protons of the l-phenylethylamme derivative, must be assigned 
to R groups on the nitrogen atoms which are bonded to three AlH groups It 1s 
important to note that, m the case of the l-phenylethylamlne derlvatlve, the 
different sterlc situation m the open and closed cage structure greatly mfluences 
the resolution of the signals The open-cage form sves well resolved signals at 
room temperature, while a large broad signal IS observed for the correspondmg 
closed-cage form (Fig. 5) It is quite reasonable that m an open cage there 1s 
nearly free rotatioli of the alkyl groups about the N-C bonds Furthermore, at 
70°C we observed that the methyl doublet of the R radicals hnked to the nitrogen 
located between one AU& and two AlH groups, split mto two 1 _ 1 doublets, and 
even the J(CH--CH3) couplmg constant increases with the temperature (Table 5) 
A detalled examination of a probable model of the open cage suggests that the 
rotation of the R groups about the C-N bonds could be greatly hindered by 
the phenyl group, which at this temperature could begm to rotate However, a 
full rotation of the phenyl group would cause a severe mteractlon between the 
ortho hydrogen of the phenyl rmg and one hydrogen atom of the adJacent MHz 
group; consequently the hindered rotation about the N-C bond would lock 
the l-phenylethyl group mto two posltlon corresponding to a “trans” and a 
“gauche” conformation, as sketched m Fig 7 This sterlc model also explains 
the varlatlon of the coupling constants J(CH-CH,) (Table 5), m fact, m the 
stable “trans” and “gauche” conformations the rotational equlhbrla of CH3 
groups could also change 

Another effect observed for both compounds 1s the approach of the chemical 

Fig 6 A perspettre vxlew of an open tetramenc cage 
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=‘-b H 

AIH AI Hz AIHZ 

AiH AIH 

Trons Gauche 

Ftg. 7 “lrans" and “muche” confonnntmns of PIA from 1-phen>lethvlamme about the N-C bond 

shtits towards the values of the correspondmg closed cage molecules with m- 
crease m temperature (Table 51, while the signals of the closed form remam 
unaffected. This general effect could be ascribed to a trend of conformatronal 
equlhbna of the open cages approaching those of the closed cages, m particular 
this would lead to more close contacts between nitrogen and alummum atoms 
of NHR and AIHl groups 

ChlorD-poly(N-alkyiamrnoalanes) 
These compounds derive from partial or complete substltutlon of hydrldlc 

hydrogens by chlorine atoms m some species of PIA previously described [8] 
Table 6 lists the spectral parameters for the compounds characterlsed Conclu- 

TABLE 5 

CH;-lH NMR SPECTRAL PARAMETERS OF IRREGULAR OPEN CAGES 

Sample Temp RadlcalsO~ Radlcalson Raduxls on NEi 

b-2 mtrogenhnhed mtrogenhnked 

to taso 41s and to th*ee AlH T <ppm) .J (H7) 
to one MHz 

T (PP~) JWz) T(PP~) J(Hz) 

open t-Bu-PIA-Tet -20 8 38 8 59 8 66 
0 8 39 8 58 8 65 

25 8 40 8 57 8 63 

55 6 40 8 5i 8 62 

70 8 40 8 56 8 59 
90 9 40 I? 8 58 

open Ph-Et-PI 4-T& b 0 803 64 8 62 64 9 20 64 

25 SO5 67 8 61 67 9 16 6i 

-70 C 
06 

OS 
72 8 59 67 9 07 67 

n The signal IS obscured b, the agnat of the closed tetramenc cage b J(CH3+H) = 6 4 Hz (for free amme) 
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TABLE 6 

*H NBIR SPECTRAL PARAMETERS OF CHLORO-POLY(\-ALKYLIhIINOAL;rNES) IX BENZENE 

Sa~pk Compound - @Pm) Multlpllclts 4sslgnment 

-____-___ 

Cll-t Bu-PIA-Tet 

Clz-I-ELI-PI l-Tet 

C4--t-Bu-PI 4-Tet 

C~-X-PI-PI 4-Tet 

(HAlN-t-CaHg)3- 
(ClAlS-t-C4Hg) 

(HUN-t CgHg)z- 
(Cl 411*-t-C1Hg)2 

(ClAlN-t-CAHg)q 

<ClAl>i-1-C3H7)~ 

8 5-i SInglet 

863 singlet 

8 50 slng,ler 

8 61 w&et 

8 49 smglet 

868 doublet 
6 63 septet 

30 

10 

10 

10 

60 
10 

t-Bu groups on 
nltmeen lmked 
to ta o AlH 

and to one 
AICI 

t-Bu groups on 

mtrogen lmked 
to three AIH 
t-Bu gnxqxs on 

mtrogen hnked 

to two AlCl 
and to one AlH 

t-Bu groups on 

mtroeen lmhed 
to one AlCl 

and to t\%o AlH 
t-Bu groups 

CH3 groups 
CH groups 

swe conslderatlons are as yet possrble only for the tetramerrc derlvatrves, because 
of both the high complexity of the spectra of mrxtures of pa&ally chlormated 
hexameric PIA as well as then poor solubrhty The substitution of the hydrogen 
by a chlonne atom m t-butyl tetramer sphts the alkyl radrcal signals mto two, 
one at 8 54 7. with relative intensity 3, due to the three radicals on the mtrogen 
atom adJacent to the chlorinated aluminum atom, the other one at 8.63 7, with 
intensity 1, due to the last radical The drfference m electronegatrvrty between 

the chlorine and the hydrogen atom 1s probably not the dominant cause of this 
sphttmg, an important pn-ei, back-bonding opposes the mductrve effect of 
the chlorme atom [12] The Al-Cl bond distance of 2 12 A (deduced by X-ray 
studies m hexachloro PIA from isopropylamme 1’71 is shorter than the sum of 
the covalent radii 1123, and so should favor the back-bonding. 

Probably two opposrte effects on the chemical shift occur- (a) a drfferent 
charge distribution m the Al-N bonds (surely longer than m the correspondmg 
hydrogenated compound) causes a shieldmg effect, (b) on the other hand, the 
chionne atom, which is located close to the hydrogens of the three nearest 
radicals, probably induces a long-range deshleldmg effect. 

The substltutron by c’hlorme of a second hydrogen atom sphts the four alkyl 
radicals on the nitrogen atoms mto two magnetrcally drfferent parrs of signals 
(3 50 and 8 61 r) The signals at 8 50 T were attributed to radicals on the mtro- 
gen atoms linked to two chlormated aluminum atoms 

Finally the derivatrves formed by complete substitution of hydrrdrc hydro- 
gens by chlorme rn (HMN-t-&H,), grves rise to smgle signal at 8.49 T; this is 
m agreement with the view that only the complete chlormatron of the cage 
causes a prevarling deshleldmg effect of the chlorme atom 
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Aikyl-poly(N-alkylrnalnoalanes) 
Hydndic hydrogen atoms of PIA can also be substituted by alkyl groups 

wlthout the destructron of the cage molecular structure- products derwed by 
a complete or partial substltutlon by methyl and ethyl groups have recently 
been obtained (Table 7) [9] 

The proton NiMR spectra of fully substituted tetramers from I-C3H7NH2 
show two &tin& wgnals, one due to the R groups bonded to the nitrogen 
atoms, the other one to the R’ (ethyl or methyl) group on the aluminum atoms 
A complete substitution preserves the symmetry of the ongmal cage structure 
and consequently the magnetrc equwalence of the posltlons of the nitrogen and 
alummum atoms 

In the case of the fully alkylated tetramers from rso-propylamme, the lso- 
propyl protons resonate at higher field than those of the correspondmg hydrldlc 
compound. As expected, this effect 1s exactly opposite to that observed for 
chlormated denvatlves, and depends on the donor-acceptor properties of the 
substltuent of the aluminum atom Accordmgly, the alkyl substltutlon increases 
the electronic density along the Al-N bonds Therefore the R alkyl groups linked 
to the rutrogen atoms are more shielded 

The values of the correspondmg chemical shifts suggest that the shielding 

TABLE 7 

IH &MR SPECTRAL PARAVETERS OF ALKYL-POLY<\ ALKYLIVINOALANES) IM BEXZENE 

Sample Compound T (mm) ml1t.P Relatlre Assignment 
phc1ty area 

Mel-t-Bu-PIA-Tet 

h¶e2-t-Bu-PI 4-Tet 

Eh-z-Pr-PIA-Tet 

(HAlN-t-C4Hg)3- 
<Me_-UK-t-C4Hg) 

8 53 Smglet 30 

8 60 Smzlet 90 

10 02 

WAlN-t C4HQ)2- 8 58 
(VeAlN-t-C4Hg)z 

8 63 Smdet 30 

(VeMN--r C3H7)4 

(EtAlN-i CJH~)~ 

10 00 
8 i7 

6 73 

10 13 
8 74 

6 60 

9 47 

8 54 

Smglet 

Singlet 

Smglet 10 
Doublet 60 

Septet 10 

Smdet 30 
Doublet 60 

Septet 

Quartet 
Tnplet 

10 

20 

30 

10 

30 
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CH3 groups of ~rnlno 
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CH groups of unum 
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CHz-Al groups 

CH3 on AI-CHZ groups 
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effec; 1s greater for the methyl than for the ethyl group. 
The partrtial alkyl substrtutlon destroys the magnetx equltalence of the groups 

lmked to the nitrogen atoms_ The ‘H-NMR spectra of partially substituted prod- 
ucts generally show a multxphclty of signals, whxh must be ascribed to both 
magnetxally non equivalent posltlons m the same cage at the nitrogen atoms, 
and to the presence of a murzure of products with diffenng degrees of alkylatlon. 
In this case therefore a complete assignment of the signals was successful only 
for the denvatlves from t-butylamme Because of the absence of a long-range 
deshleldmg effect noted for the halogen denvatrves, the only effect of the mono- 
alkylation 1s a relative increase of electromc dens&y along the three -41-N bonds 
convergmg to the substltuted alummum, therefore the alkyl groups bonded to 
these three nitrogen atoms resonate at higher field than those m the correspond- 
mg hydrogenated compounds_ Convasely the resonance of the fourth group 
shows a downfIeld shift 

The substltutlon of two hydndlc hydrogens &ith alkyl groups m the tetramer 
of t-butylamme leads to two types of t-butyl groups, the NMR spectrum eshlblts 
two distinct signals of equal mtenslty at 8.58 and 8 63 7 The szgnal at higher 
field has been assigned to the t-butyl groups which are mainly screened by 
A1-CH3 groups these two t-butyl groups are lmked to the mtrogen atoms be- 
longmg to the four membered rmg, (_41-N)?, defined by the presence of two 
alkylated alummum atoms The lower field slgnal is due to the two other 
t-butyl groups, which are each influenced by the shielding effect of the adJacent 
Al-CH3 methyl group and by the deshreldmg effect of the methyl group at the 
aluminum atom m the opposite corner of the cube-type cage 

Espenmental 

The compounds esammed were prepared by pubhshed methods [3a,4a,5,8,9]. 
‘H-NMR spectra were recorded on a Vanan HA-100 spectrometer The products 
were generally examined m anhydrous benzene solution. THF, hethylether and 
tnethylamme were also used in studies of the solvent effect The temperature 
effects wele esammed on toluene solutions 
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