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calculations of the ZFS parameters using simple Hiickel wave 
functions afford permissive support. For this purpose, we as
sume that only the dipolar coupling contributes significantly 
to the ZFS and that spin-orbit effects can be neglected. All the 
component two-center integrals of the expectation value (D) 
are evaluated by the point-charge approximation of 
McWeeny,15 but all three- and four-center integrals are ne
glected.13 We calibrate this highly approximate method by 
calculations of |D \ /he for three known triplet biradicals, tri-
methylenemethane (TMM), tetramethyleneethane (TME), 
and 1,8-dimethylenenaphthalene (DMN) as 0.052, 0.049, and 
0.040 cm - 1 , respectively.16 The corresponding experimental 
values are 0.024,17 0.020,18 and 0.02219 cm - 1 . Clearly, the 
method tends to overestimate the D values by roughly a factor 
of 2. Since integral values obtained by the point charge 
method15 agree quite well with those obtained13 by rigorous 
numerical methods, the evaluation of the integrals probably 
is not the source of the high D estimates. A more probable 
origin of the discrepancies is in the use of single configuration 
wave functions. Other studies13 have indicated the importance 
of configuration interaction in the accurate calculation of ZFS 
parameters. 

Values of \D\/hc for 3a, 3b, and 3d calculated by the present 
approximate method are 0.070, 0.046, and 0.032 cm - 1 , re
spectively. Scaling the 3b value to the above results for TMM, 
TME, and DMN, we obtain a predicted valueof 0.023 cm - 1 , 
in good agreement with experiment. The results also suggest 
that the experimental \D\/hc values for the triplet biradicals 
(3a and 3d) of w-quinone and w-quinodimethane should be, 
respectively, larger and smaller than that of 3b. 
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Rapid Selective Dimerization of Ethylene to 
1-Butene by a Tantalum Catalyst and a New 
Mechanism for Ethylene Oligomerization 

Sir: 

Some time ago we found that Ta(CH2CMe3)S(CHCMe3),1 

at least 2 mol of PMe3, and ethylene (40 psi) in pentane at 25 
0C produced a homogenous catalyst which rapidly dimerized 
ethylene selectively to 1-butene. Since such selectivity is rare,2 

we set out to find a plausible explanation. We believe the C4 
chain does not form by "insertion of ethylene into a metal-ethyl 
bond" but via a metallacyclopentane intermediate. 

Ta(CH2CMe3)3(CHCMe3) reacts with PMe3 (L) to give 
Ta(CHCMe3)2L2(CH2CMe3) .3 This molecule probably has 
a trigonal-bipyramidal structure similar to that recently found 
for Ta(CHCMe3)2L2(mesityl)4 (axial L's and two different 
neopentylidene ligands which lie in the trigonal plane). It reacts 
rapidly with ethylene (30 psi) in pentane to give 3 mol of neo-
pentylethylene,5 one of two "normal" products of neopentyl
idene cleavage by ethylene,6'7 and a catalyst which will dim-
erize ethylene to 1 -butene at a rate of ~0.5 turnovers/metal-
min at 0 0 C; essentially no internal butenes are produced and 
longer chain products do not appear until 1 -butene is virtually 
the solvent. Removing all volatiles from a typical catalytic 
reaction at 0 0 C leaves a red-brown oil which by 13C NMR 
(67.89 MHz) contains largely two organometallic compounds 
in approximately a 70:30 ratio. The same two (in a variable 
ratio) are seen by 13C NMR in a functioning catalytic reaction 
in toluene-^8 at —20 0C. They are extremely soluble in pentane 
and will not crystallize readily, even at —78 0 C. 

The reaction between blue Ta(C2H4)L2Cl3
8 and 3 mol of 

EtMgBr gives what is clearly a close relative of the major or
ganometallic component of the catalytic reaction (1, eq 1). The 
characteristic "virtual" triplet pattern for the PMe3 ligands 
in the 1H or 13C NMR spectrum suggests that 1 is also a tri-

Ik I ,.Cl ether I J l 
(D "> + 3 EtM9Br * Et -Ta , 

Cl I SC1 -30= I N 
L L 

I 9 
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Scheme I. The Simplest Proposed Ethylene Dimerization Mechanism 

- 1WO Ik; 

gonal-bipyramidal molecule with axial PMe3 ligands. The 
equatorial ethylene ligands must not be rotating rapidly on the 
' H NMR time scale since two types of ethylene protons are 
found at r 9.52 and 10.29 at 25 0C. However, the '3C NMR 
spectrum at -25 and 25 0C shows only one type of ethylene 
carbon atom. Consequently (barring an unlikely accidental 
degeneracy) the ethylenes' C=C axes must be oriented per
pendicular to the trigonal plane. This is what would be expected 
since an olefin ligand's MC2 plane must orient perpendicular 
to an alkylidene ligand's MCHR plane in an equivalent coor
dination site in order to utilize the same metal 7r orbitals.10 The 
reaction of 1 with ethylene gives the dimerization catalyst 
mixture containing the same two organometallic components. 
We propose that the major component is the analogous n-butyl 
complex, 2 (eq 2), based on the similarity of its '3C NMR 

(2) 

L 
'1 

•A 

spectrum1' to that of 1; the minor component still has not been 
identified. 

Ta(CHCMeShL2CP reacts much less readily with ethylene 
than Ta(CHCMe3)ZL2(CH2CMe3) to give the butadiene 
complex, 3 (one possible structure is shown; eq 3).'2 1-Butene 

(3) Cl-Ta' 
I ^CHCMe, 

40 psi C2H4 

50°, 24 h 
pentane 

1.6 He3CCH2CH^CH2 + 

0.4 trans-Me,CHC=CHMe 

and some 2-butene are formed catalytically but at a rate which 
is at least 102 times slower than that of the system containing 
2. 

Nb(CHCMe3)2(PMe3)2(CH2CMe3)3 reacts immediately 
with ethylene to give cleavage products5b and a solution which 
does not dimerize ethylene rapidly. This solution contains 
largely, if not solely, 4 by 1H and 13C NMR (eq 4). It can be 

i ,CHCMe, 
W Me,CCH,Nbf 

3 L I NCHCMe. 
L 

1 ,/11 + cleavage products 

/"Ni 
L 

isolated from this mixture and also can be prepared by other 
routes.13 

We know that tantalum-metallacyclopentane complexes6'14 

can form from olefin complexes'5 and that double /3-hydride 
eliminations therefrom yields butadiene complexes.16 There
fore we propose that the butyl and butadiene ligands in 2 and 
3, respectively, are formed via metallacyclopentane interme
diates, and that 2 also reacts with ethylene to give a metalla
cyclopentane intermediate. We have evidence that niobacy-
clopentane complexes do not form nearly so readily as tan-
tallacyclopentane complexes6 and we believe this is why 4 is 
formed instead of the butyl derivative analogous to 2. 

The mechanism that we propose for dimerizing ethylene is 
shown in Scheme I. (One involving monophosphine interme
diates is also possible17 but, we feel, less likely.) We suggest 
a necessary but not sufficient condition for forming a metal
lacyclopentane from two ethylene ligands is that the angle 
between their two coordination sites be 80-90° in order that 
the C„-M-C„ angle in the resulting metallacycle (e.g., 5) 

be on that order.'5'18 (A metallacycle cannot readily form 
in 2 unless one L and one ethylene exchange positions.) Stable 
relatives of 5 are known (fra«.?,wer-Ta(C2H4)(PMe3)2Cl3

8 

and Ta(C2H4)(PMeS)2(C2Hs)2Cl'9) but Ta(C2H4)-
(PMe3)2(C2H5)3, a plausible intermediate in the reaction to 
give 1 (eq 1), decomposes readily. Therefore a (3 hydrogen 
should transfer readily from the butyl ligand in 5 to one me
tallacycle a-carbon atom; the alternative, transfer from the 
metallacycle to the butyl or ethylene ligand, should be rela
tively slow.20 (The rates of olefin dimerization reactions where 
/3-hydrogen transfer from the metallacycle is the rate-deter
mining step are in fact slow (k « 10~4 s - ' at 30 0C)'4 '21 

compared with the rate of dimerization found here.) Finally, 
we know that ethylene can displace less strongly bound olefins 
without forming a metallacycle in complexes of the type 
Ta(J75-C5Me5)Cl2(olefin).'5 Therefore we propose 6 —»• 2. 
Since 2 is observed under catalytic conditions, the step 2 —• 5 
must be the slowest. We believe it is this type of step which is 
prohibitively slow when the metal is niobium. 

The metallacycle mechanism proposed here is a plausible 
alternative to direct insertion of ethylene into a metal-ethyl 
bond whenever such insertion is not expected to be fast and/or 
when metals in lower oxidation states can be formally "oxi
dized" by forming a metallacyclopentane complex.22 If 1-
butene is not displaced, but forms a "mixed" (1-butene-eth-
ylene) metallacycle,15 then the next higher olefin can form. If 
each mixed metallacycle is a substituted, then only linear 
terminal a olefins will form and, in the extreme, polyeth
ylene. 
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a-Chloroalkenylalanates. Their Preparation and 
Conversion into (E)-l-Chloro-l-alkenes and Mixed 
1,1 -Dihalo-1 -alkenes 

Sir: 

A number of years ago we revealed that preparation of the 
synthetically valuable a-haloalkenylboranes may be readily 
achieved through hydroboration of l-halo-l-alkynes with 
dialkylboranes.1 Unfortunately, attempts to synthesize the 
corresponding a-haloalkenylalanates via the reaction of 1-
halo-1-alkynes with diisobutylaluminum hydride were un
successful.2 However, since the trifunctional a-halovinylalanyl 
moiety represents a uniquely constituted synthon for substi-

Table I. Yields of (E)-1-Chloro-1-alkenes and (Z)-l-Halo-l-
chloro-1-alkenes from 1-Chloro-1-alkynes0 

\ - / 

</'6) 

(95) 

Br 6i 

Br 86' 

" The numbers in parentheses are GLC yields. * The NMR and 
mass spectral data are consistent with the assigned structures. < The 
structural assignment follows from the stereochemical results observed 
with the other 1 -chloro-1 -alkynes. 

tuted olefins, we continued to search for suitable approaches 
for its preparation. 

We now disclose that the lithium [(E)-I -chloro-1 -alkenyl] -
alanates 1 (eq 1) may be prepared by the highly stereo- and 

regioselective trans addition in tetrahydrofuran solvent of the 
Al-H moiety of lithium aluminum hydride to the triple bond 
of the readily available 1-chloro-1-alkynes.3-5 These a-halo-
vinylalanates represent a novel class of compounds which 
possess moderate stability at 0 0 C and provide upon methan-
olysis excellent yields of the corresponding (E)-1 -chloro-1-
alkenes 2 (Table I). 

The lower GLC yield of 2 (R = /-C4H9) realized in the case 
of /-butylchloroacetylene (Table I) results from the fact that 
its hydroalumination produces besides 1 an appreciable 
amount of ?£/•?-butylacetylene (23%). On the other hand, 1-
chloro-1-alkynes containing primary or secondary alkyl sub-
stituents on reaction with LiAlH4 give, after workup, <6% of 
the corresponding 1 -alkynes. The formation of 1 -alkynes can 
be rationalized in terms of an a-elimination of LiAlHaCl (or 
LiCl) from the hydroalumination product 1 with concomitant 
1,2 shift of hydrogen (Fritz-Buttenberg-Wiechell rear
rangement).6 

In exploring the further scope of the a-chlorovinylalanates 
1 as intermediates for organic synthesis, we next directed our 
attention toward their conversion into mixed 1,1-dihalo-1-
alkenes of defined stereochemistry. In contrast to the 1-halo-
1-alkenes whose usefulness as synthons for preparing olefins 
and diene has been clearly demonstrated, the 1,1-dihalo-1-
ethenyl moiety has not yet played a major role in synthetic 
methodology. This is probably because most of the currently 
available methods for its synthesis are limited to the prepara
tion of homo 1,1 -dihalo olefins.7-8 Thus, we were gratified to 
observe that conversion of the trihydridoalumino moiety of 1 
into the triisopropoxyalumino moiety in 3 by treatment with 
acetone followed by addition of bromine at —78 0 C and hy-
drolytic workup affords (Z)-l-bromo-l-chloro-l-alkenes (4, 
eq 2) in >97% isomeric purities and in good yields (Table I).9 

In a similar manner, treatment of 3 with a solution of iodine 
monochloride (1.1 equiv) in methylene chloride at - 3 0 0 C, 
followed by stirring of the reaction mixture at this temperature 
for 1 h and at ambient temperature for 2 h, produces, after 
hydrolytic workup, the corresponding (Z)-1 -chloro- 1-iodo-
l-alkenes5(TableI) .1 0 
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