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larger the greater the value of the pentane/guest ratio,
suggesting that the fractionation of deuterium would be more
effective the more the system is diluted with pentane. The data
also indicate that the preference of the host for the deuterated
isotopomer over the protonated is greater in the p-xylene sys-
tems than in the naphthalene, and nearly the same for the two
p-xylene systems. The explanation for these preferences is not
yet clear.

Further work is being conducted to extend the concentration
ranges and to apply the phenomenon to the liquid chromato-
graphic fractionation of isotopomers where the effects of the
differential inclusion are cumulative and prospects for practical
applications are emerging.
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Synthesis, Characterization, and Molecular Structure
of an Aluminum Pentamethylcyclopentadienyl Complex,
[73-(CH3)sCsAI(CDHCHj;ly: An Organometallic Analogue
of Benzvalene

Sir:

Several organoaluminum compounds play an important role
in commercial olefin polymerization processes;!:? yet the
fundamental structural chemistry, bonding, and rearrange-
ment dynamics of discrete organoaluminum-olefin complexes
remain incompletely defined and systematized, The chemistry
of aluminum-olefin complexes has recently piqued our interest,
and we report here on the formation and molecular structure
of an unusual aluminum addition complex of pentamethyl-
cyclopentadiene, [73-(CH3)sCsAl(Cl)CHj3]» (1).

Compound 1 was prepared by combination of a toluene so-
lution containing 1.95 g (10 mmol) of pentamethylcyclopen-
tadienylmagnesium chloride? with 0.92 g (5 mmol) of
[(CH3)2AICI]; under a dry nitrogen atmosphere. The resulting
yellow-white solid was extracted with hexane from which
colorless crystals were obtained upon vacuum evaporation of
the solvent (50% yield after crystallization).* The compound
is extremely air and moisture sensitive; the solid material and
the solutions turn dark purple upon exposure to protic sources.
The mass spectrum (70 ¢V) of 1 displays a fragmentation
pattern typical of [RR’AICL], compounds;> the most intense
ions include m/e 232 (33CLLAICs(CH;)st), 212
(*3CIAICs(CH3)s(CH3)™), 197 (3*CIAICs(CH3)s™), and 177
(CH3AICs(CH3)s). The 60-MHz 'H NMR spectrum (32
°C, Me4Si standard) of 1 in benzene shows a singlet at 1.60
ppm (area 5) which can be assigned to the protons on five
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Figure 1. Molecular structure of [73-(CH3)sCsAI(Cl)CHala.

equivalent cyclopentadienyl ring methyl groups, and a singlet
at —0.85 ppm (area 1) which can be assigned to the equivalent
protons of a methyl group bonded to the aluminum atom. The
25.2-MHz 3C{'H} NMR spectrum (32 °C, Me4Si standard)
shows a singlet at 10.74 ppm assigned to the ring methyl carbon
atoms and a singlet at 115.36 ppm assigned to the ring
framework carbon atoms. The resonance for the methyl group
bonded directly to the aluminum atom is not observed.® The
stoichiometry involved in the synthesis of 1 and the mass
spectrometric and NMR data are consistent with a reaction
pathway involving the exchange of pentamethylcyclopenta-
dienyl groups for two of the terminal methyl groups on the
parent dimer [(CH;),AIlCl],. Upon first examination, the
room temperature NMR spectra suggest that in solution the
molecular structure of 1 contains fluxional monohapto
(CH3)sCs-Al units as are found in (CH3)3Ge[(CH3)<Cs] and
(CH3)3Sn[(CH3)sCs].” However, these data are inconclusive,
and a single-crystal X-ray diffraction analysis has been carried
out to provide the necessary structural description.
Compound 1 crystallizes in a monoclinic cell, P2, /¢, with
two molecules per unit cell, Crystal data are as follows: a =
8.657(2),b =8.914 (2),c = 16.208 (2) A; 3= 104.95 (1)°;
V=1208.4 (4) A% Z = 2; peatca = 1.17 gem™!; Cu Ka ra-
diation (A = 1.5418 A); u (Cu Ker) = 10.8 cm™1; F(000) =
424.® Each dimeric molecule of 1 possesses crystallographic
Ci-1 site symmetry and the molecule nearly conforms to an
idealized Co4-2/m geometry. The molecular structure of 1 is
shown in Figure 1, and the significant intramolecular bond
angles and distances are summarized in Table I. Each alumi-

Table I. Selected Interatomic Distances (Angstroms) and Angles
(Degrees)

Contact Distances

Al(D)-CI(1) 2.378 (3) C(1)-C(2) 1.43 (1)
Al(1)-CI(1") 2.398 (2) C(1)-C(5) 1.44 (1)
Al()-C(1) 2.095(7) C(2)-C(3) 1.39 (1)
Al(1)-C(2) 2.254 (8) C(3)-C(4) 1.37 (1)
Al(1)-C(5) 2.279 (8) C(4)-C(5) 1.38 (1)
Al(1)-CH;(6) 1.916 (7)
Nonbonded Distances
Al(1)-C(3) 2,499 (6)  CH;(6')-CH3(2) >5.0
Al(1)-C(4) 2.517(7) Al(D-AI(1) 3.561 (3)
CH;(1)-Cl(1) 3.878 (8) CI(1)-CI(1") 3.182(2)
CH;(2)-Cl1) 3.406 (10)  CH;1(6)-CH3(3)  3.685(10)
CHi(6))-CHi(1)  3.879(11) CH3(6)-CHi(4) 3.572(11)
Bond Angles
Cl{1)-AI(1)-CI(1) 83.56 (8) C(3)-C(1)-C(2) 107.1(6)
Al(D)-CI(1)-Al(1) 96.44 (9) C(1)-C(2)-C(3) 106.9(6)
Ci(1)-Al(1)-CH3(6) 101.5(2) C(2)-C(3)-C(4) 109.1 (6)
Cl{1)-Al(]1)- 101.1 (2) C(3)-C(4)-C(3) 110.4(6)
CH3(6)
Al(1)-AI(D)-C(1) 104.6 (2) C(4)-C(5)-C(1) 106.5(6)
A1) -Al(1)- 105.2(2)
CH;(6)
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num atom in the dimeric unit is bonded to a terminal methyl
group, two bridging chlorine atoms, and a pentamethylcyclo-
pentadienyl ring. The Al,Cl, ring is planar and slightly
asymmetric. The nonbonding distance, CI(1)-Cl(1’) = 3.182
A, is comparable with the same nonbonding distance in
[CH3A1C12]2, 3.16 A,IO [(CH3)2A1C1]2, ~3.2 A,“ and a va-
riety of four-membered transition metal-chlorine ring com-
pounds.!2 The Al-Cl bridge bond distances in 1, Al(1)-CI(1)
= 2.378 and Al(1)-CI(1’) = 2.398 A, on the other hand, are
long compared with the AI-Cl bridge distances in
[CH3AICL,]5, 2.25 and 2.26 A,19 and in [(CH3),AICl],, 2.31
A1 The ring angle, Al(1)-CI-Al(1’) = 96.44°, in 1is enlarged
over the same angle in [CH3AICl;],, 91.1°.10 The Al(1)-
Al(1") distance, 3.561 A, is also long compared with the same
distance in [CH3AICl5]4, 3.22 A, and in trialkylaluminum
dimer molecules.!? Consequently, the ring bond angles and the
elongated Al-Cl bridge distances in 1 are consistent with a
weak interaction between the two monomeric units.

The stereochemistry involving the aluminum atom and the
pentamethylcyclopentadienyl ring is of central interest. The
Cs ring framework is planar, and there are three short alumi-
num atom-ring carbon atom distances: Al-CI(1) = 2.095,
Al-C(2) = 2.254, and Al-C(5) = 2.279 A. These distances fall
within a range expected for AI-C(terminal) and Al-C(elec-
tron-deficient bridge) bonding interactions in alkylaluminum
compounds,'0-11.13 The distances AI-C(3), 2.499 A, and Al-
C(4), 2.517 A, are long, and they may be considered to be
nonbonding distances. Within the pentamethylcyclopentadi-
enyl ring the C(1)-C(2), 1.43,and C(1)-C(5), 1.44 A, bond
distances are significantly longer than the distances C(2)-
C(3), 1.39, C(3)-C(4), 1.37, and C(4)-C(5), 1.38 A. By
comparison, the (ring C)-(ring C) distances in [n°-
(CHj;)5Cs];Fe are essentially equivalent with a mean value
of 1.419 A.'4 Apparently in response to small nonbonded in-
teractions the ring methyl groups deviate only slightly from
the Cs ring plane; CH;3(1), CH3(2), and CH3(5) are displaced
0.13,0.09,and 0.12 A, respectively, away from the aluminum
atom. The CH3(3) and CH;3(4) groups are displaced 0.03 and
0.04 A toward the aluminum atom.

An interesting structural comparison may be made between
the solid-state structure of 1 and the gas-phase structure of the
seemingly related monomeric compound [(CHj3),Al(CsHs)]
(2). Based upon electron-diffraction data'> and molecular
orbital calculations,'¢ Haaland and co-workers proposed that
2 has a dihapto Al-Cp interaction with Al-C(3) and Al-C(4)
distances of 2.21 and nonbonding Al-Cp distances of 2.75 and
3.04 A to the remaining three framework carbon atoms. The
Al-Cp interaction is suggested to involve a Al-C two-
center-two electron ¢ bond and an olefin-aluminum 7 bond.
Formal electron counting for 1 is not unambiguous,!” and a
clear-cut distinction between an assignment of monohapto or
trihapto Al-Cs ring coordination is not possible. We favor an
assignment of formal trihapto coordination based upon the
observed enlarged four-membered Al,Cl; ring geometry, the
short AI-C(2) and Al-C(5) bond distances, and the alteration
of the ring C-C bond distances.!® The structure is clearly
distinct from the structure of 2 and molecular orbital calcu-
lations now in progress may reveal the nature of the bonding
differences between 1 and 2,

An intriguing structural comparison of 1 and 2 with benz-
valene,!® bicyclo[3.1.0]hex-3-en-2-yl cation (3), and its rear-
rangement transient (4) is also possible.2? Using the framework
shown in eq | and orbital and electron counting conventions
proposed by Wade?! and Williams,?? the carbocation 3 may
be described as isoelectronic with 2 and indeed they are also
structurally related. Likewise, 4 appears related to the new
compound 1. This correspondence is not entirely unexpected.
Spielvogel and co-workers?? and Noth and Wrackmeyer?*
noted an isoelectronic relationship between carbenium ions and
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their trigonal boron analogues, and they have successfully
correlated 13C and ''B NMR data in isoelectronic compounds.
Williams?? extended the isoelectronic organizing principles
in a more generalizing fashion to include boron hydrides,
carboranes, and nonclassical carbocations, and 3C and !'B
NMR chemical shift data also have been correlated.?? Our
work suggests that isoelectronic and isostructural relationships
between organoaluminum compounds and carbocations exist;
this in turn suggests that 2’Al and 13C chemical shift correla-
tions may be found. Lastly, it is worth noting that the elec-
tron-deficient aluminum atom in 1 is apparently capable of
stabilizing a configuration which has only a fleeting existence
in the organic carbocation analogue. Further details of tem-
perature-dependent NMR spectra, a low-temperature X-ray
structure determination, and molecular orbital calculations
will be reported in the near future.
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Hydrogen—-Deuterium Exchange:
Perdeuteriohydridotris(hexamethyldisilylamido)-
thorium(IV) and -uranium(IV)

Sir:

Hydrogen-deuterium exchange is a topic of current interest
relative to hydrocarbon C-H-bond activation.!'2 The mecha-
nism of these transition-metal-assisted processes is thought to
proceed by way of oxidative-addition, reductive-elimination
sequences and is therefore applicable to metals which can
shuttle between two accessible oxidation states. In this com-
munication we describe a novel H-D exchange process in
HU[N(SiMe3)2]3 and HTh[N(SiMe;),]3, examples of f2and
fO electronic configurations, respectively.

Scheme | DTD
.
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Stirring a pentane solution of HU[N(SiMe3)2]3? under
deuterium (1 atm, 40 equiv/5 cycles, room temperature) re-
sults in complete exchange of all hydrogen atoms for deuterium
yielding DU{N[Si(CD3)3]3ks, »cp 2210 and »yp 1027 cm™},
mp 95-97 °C.* Elemental analysis,> absence of a 'H NMR
spectrum, and isolation of [(CD3)3Si];ND after hydrolysis®
confirm that all 55 hydrogen atoms have been exchanged for
deuterium. The exchange reaction is reversible since the per-
deuterio compound exchanges with molecular hydrogen to give
HU[N(SiMe;),]3. Neither the methyl-, tetrahydroborato-,
nor chlorotris(hexamethyldisilylamido)uraniym analogue®
nor the uranium(I11) species, U[N(SiMe;)5]3,10 exchange with
deuterium under similar conditions.

The observation of H-D exchange in the uranium(IV)
species might be rationalized by a series of oxidative-addition,
reductive-elimination cycles since uranium(VI) is a well-known
oxidation state. This mechanism would be implicated by the
lack of H-D exchange in the corresponding thorium derivative,
HTh[N(SiMe3)z13, as thorium(VI) is unknown. However, the
thorium hydride undergoes complete exchange under similar
conditions yielding DTh{N[Si(CD3)3]2}3, »cp 2207 and r1ip
1060 cm™!, mp 144-147 °C,!! Elemental analysis'2, lack of
a 'H NMR spectrum, and mass spectroscopic analysis!3 con-
firm that the f° hydride undergoes complete exchange.

Insight into the mechanism of exchange is assisted by iso-
lation of the four-membered ring metallobutane, [(Me;s-

CH,
[(MeSiNLMX — [(Me,Si),NLM”~ “NSiMe, + HX

|
SiMe,
M=Thor U; X=H or Me

Si),N]:MN(SiMe3){(SiMesCH,) where M is thorium or
uranium by pyrolysis of the thorium or uranium hydrides (neat,
180-190 °C, 1 atm) or methyls (neat, 150-160 °C, | atm).
The colorless diamagnetic thorium derivative,'*mp 109-111
°C, yieldsa H NMR spectrum (which is temperature inde-
pendent to —85 °C) at.180 MHz which consists of four single
resonances at 6 0.37, 0.38, 0.49, and 0.56 in an area ratio of
36:9:2:6 due to (Me3Si)2N, Me;Si, CH,, and Me,Si, respec-
tively. The 13C NMR spectrum proves the metallocycle for-
mation since it consists of three quartets centered at 6 5.55
(Jecu =118 Hz),4.52 (Jcu =117 Hz),and 3.46 (Jecu =117

[(Me,SON]L,M—H — [(Me,Si),NJMD + HD

'.-H

: “CH, _)
/41_)) \QCQ —HD + N\ /CI{ .
[(ME.jSi)ZN]ZM SiMez — [(ME;;Si)gN]gM SiMeE = [( Me;gsi)zN]lM SlMeg
~. _~ N/ N
N N I\IJ
SiMe, SiMe, SiMe,
A B
+D. H‘D
1 D
D CH;D D _.CH‘,
/ . |
[(Me;;Si)gN]gM\ SiMe, == [(Me,Si),N1,M SiMe.
N \ /
| N
SiMe, ‘
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