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balt(II) product was oxidized to Co(III) with 10 uL of BrCCl,, and the
'"H NMR spectrum was taken. No peaks assigned as 8-hydroxy-
propionaldehyde or the expected dehydration product, acrolein, were
obtained.

(1) Attempted Use of Cobalt Alkyls as Traps. A solution of 5 mg of
3 and 5 mg of (PHCH,)Co[C,(DO)(DOH),,]I in 1.0 mL of CH;OH
was treated with 1.0 equiv of standard methoxide solution. After 2 min
the products included 100% Co(II) (based on 3), 50% CH,0CO,CH,;,
50% CH;0CO,", and 60% CH,;CHO. Oxidation of the Co(II) with 10
uL of BrCCl; and 'H NMR analysis showed ca. 100% of the Co(III)-
benzyl complex to be intact (6 2.5 (s, 2 H, PhCH,-CO), 6.6-7.3 (m, §
H, PhCH,—CO)).

A solution of 5 mg of 3 and 5 mg of (CH;,=CHCH,)Co[C,(DO)-
(DOH),,}Br (ca. 90% pure) in 1.0 mL of CH;CHO was treated with 1.0
equiv ofP standard methoxide solution. After 2 min the products included
100% Co(II), 60% CH;CHO, 50% CH;0CO,CHj, and 50% CH,0CO,".
Upon BrCCl, oxidation and workup, the allyl complex had decomposed
(the & 4.58, 5.00 peaks were absent), .

(liil) Use of PhCH,OH as a Solvent. Attempted PhCHOH Trapping
by Co—CH,CHO. With the hope of generating the more stable trapping
product, PACH=CHCHO, benzyl alcohol was used as the solvent. A
solution of 5 mg of 3 and 10 mg of 6 in 1.0 mL of PACH,OH (purified
by the described procedure!) was treated with 1.0 equiv of standard base.
After 30 min, the observed products included 80% Co(II) and ca. 180%
6; i.e., the formylmethyl complex did not react with the P\CHOH gen-
erated under the reaction conditions. This result is consistent with Es-
penson’s observations?* that -C(CH;),OH, but not PhCH,., show ap-
parent Sy2 reactions with RCo complexes (R = PhCH,- in Espenson’s
case).

(I) Search for -CH,CHO. The intermediacy of the proposed -
CH,CHO radical was probed by the attempted trapping by Co(II) and
by the use of deuterated solvent.

(1) Co(II) Trapping. A solution of 5 mg of 3 and 20 mg (4.5 equiv,
the limit of solubility) of CoM'[Cy(DO)(DOH),,]Br in 1.0 mL of CH;OH
was treated with 1 equiv of standard methoxide solution, and the products
were analyzed by GC, IR, and visible spectroscopy. Aside from the large
amount of Co(II), the products were unaffected by the Co(II): 50%
CH,0CO,CH,;, 50% CH;0CO;", and a normal, ~60% CH,CHO.

(ii) Solvent Isotope Effect. Solutions of 5 mgof 3in 1.0 mL CH,0H,
CD,0H, and CD;0D were all treated with 1.0 equiv of the appropriate
solvent conjugate bases, and the products were analyzed by GC, IR, and
visible spectroscopy. Identical product yields of 60% CH,CHO, 50%
CH,0CO0,", 50% CH;0CO,CH3;, and 100% Co(II) were obtained (or
their deuterated analogues).

(J) Methanolysis of 3 in the Presence of Both Nitroxide and 1,5,6-
Trimethylbenzimidazole. In order to try to determine the relative order
of the nitroxide and axial base effects on the methanolysis of 3, i.e.,
whether they affect the same or different intermediates, the deprotection
was run in the presence of both reagents.

A solution of 5 mg of 3, 1 mg (1 equiv) of the nitroxide 9, and 45 mg
(25 equiv) of 1,5,6-trimethylbenzimidazole in 1.0 mL of CH;OH was
treated with 12 uL (1 equiv) of the standard methoxide solution. The
observed reaction products included 90% Co(II) (Apax 520 nm), ca. 100%
N-hydroxy-2,2,6,6-tetramethylpiperidone (vco = 1709 cm™'), 100%
CH;0CO,CH; (yco = 1755 cm™), and no (<5%) CH,;CHO.

In a control experiment a solution of 5 mg of 3 and 45 mg of 1,5,6-
trimethylbenzimidazole in 1.0 mL of CH;OH was treated with 1.0 equiv
of standard base. After 2 min the resultant blue Co(I) solution was
treated with 1 mg of the nitroxide 9, which gave rise to an immediate
reaction producing 100% Co(II), Ap,x 520 nm. This control shows that
it is impossible to tell whether Co(I) or Co(II) is first produced in this
experiment, and therefore, whether or not the axial base effect precedes
the nitroxide trapping effect in the methanolysis reaction.
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Abstract: A doubly lithium bridged struture (3) is found by ab initio theory (3-21G basis set) to be the lowest-energy geometry
of 1,3-dilithiopropane. This form exhibits considerable thermodynamic stability, e.g., opening to an extended conformation
(6) is endothermic by 24.6 kcal/mol and disproportionation with propane into 2 mol of n-propyllithium is calculated to require
19.4 kcal/mol. Doubly bridged structures like 3 are the intramolecular equivalent of organolithium dimers, and the stabilization
energy of 3 is about half that for methyllithium dimerization. On the other hand, elimination of LiH from 1,3-dilithiopropane
(3) is more favorable than from primary alkyllithiums, in agreement with experimental observations. Conversion of 3 to an
allyllithium~LiH complex, 8 (a possible elimination intermediate), is exothermic by 29.0 kcal/mol whereas the ethylene-LiH
complex (13} is 7.2 kcal/mol less stable then ethyllithium. The corresponding vinyllithium-LiH complex (15) is 29.8 kcal/mol
more stable than the most favorable 1,2-dilithioethane geometry (14). While the second lithiations of ethane and of propane
are favorable thermodynamically, both 1,2-dilithioethane and 1,3-dilithiopropane are unstable toward conversion to LiH complexes.
When such eliminations are blocked structurally or the carbanionic sites substituted by stabilizing groups, vicinal and 1,3-dilithio
derivatives can be expected. Truncated basis sets were employed to investigate the role of lithium p and valence orbitals in
bonding. While electrostatic interactions (ion triplets) are most important, some multicenter covalent character is also indicated.
MNDO structures for the dimers of the a,w-dilithioalkanes indicate opened tetrahedral arrangements. Unlike the lower homologues,
the doubly bridged form (20) of 1,4-dilithiobutane is indicated to be stable thermodynamically toward elimination to a
3-butenyllithium-LiH complex (22). This explains why the higher a,w-dilithioalkanes are more readily accessible as synthetic
reagents.

In their classical study of the lithiation of a,w-dibromoalkanes,
West and Rochow! were able to prepare 1,4-dilithiobutane and

higher «,w-dilithioalkanes but not 1,2-dilithioethane or 1,3-di-
lithiopropane. While 1,2-dilithioethane is still unknown,? Seetz,
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Table I. Energies of 1,3-Dilithiopropane Isomers and Related Compounds?

3-21G//3-21G MNDO
species £, au rel £ AH; rel £

3,C,,° —131.18432 0.0 -37.7 0.0
4,Cb —~131.16093 14.7 -17.4 20.3
5,C,,° -131.15769 16.7 -2.7 35.0
6, C,,° —131.14510 24.6 -0.4 37.3
7, Cs¢ -131.19289 -5.4 (-21.8) -5.6 32.1 (-28.8Y
8,C,0 -131.23051 -29.0 (-45.4)7 -41.4 -3.7 (-64.6)
LiH -17.92984¢ 23.2
CH,Li, C,, -46.75248¢ —1.4¢
CH,(Li,)H, C, —-54.75561 -46.07
CH,LiCH,Li, C,, (11) -93.54042 -22.3f
(CH,Li),, C,p -93.57867 -46.37 -75.0 7227
CH,=CH,, D, -77.60099¢ 15.3¢
C,H,-LiH, C,, (13) -85,55139 -12.97 15.0 -23.57
CH,CH,Li, C, -85.56288 -20.17 -117 -50.2f
CH,CHCH, Li, C, -123.22823 0.0
CH,=CHCH,, C, -116.42401¢ 4.9%
CH,CH,CH,Li, C,/ —-124.38335 -18.57 -21.5¢ ~49.67
CH,CH,CH,, C,, -117.61330¢ -24.9¢
CH,=CHL], C; -84.38663¢
LiCH,CH, Li, C,}, (14) -92.35017 -21.17 -4.2
H,C=CHLiHLI, C, (15) -92.39771 -51.0f
H,C=CHLiHLi, C, (16) -92.39119 —46.9"
(CH,),Li,(CH,),, D, 4 (18) -194.9 -119.57
LiCH,CH,CH,CH,Li, C,, (19) -169.96837 34.6 -8.0 0.0
(CH,),Li,, C,, -170.01177 7.4 -59.1 -51.1
(CH,),Li,, C, (20) -170.02352 0.0
CH,CH,CH,CH,, C,5, -156.43247

CH,CH,CH,CH, Li, C; (-163.20252y

@ Energies in kcal/mol unless indicated otherwise. b Imposed symmetry; the number of negative eigenvalues in the force constant matrix
was not determined. € Very shallow local minimum; ref 29, d Reference 21. € The best estimate is AH®, = 28.0 kcal/mol; see ref 4 and
19. fEnergies of association or addition. £ Reference 7. h cCcCLidihedral angle 180°. ¢ CCCLi dihedral angle 0° (the most stable MNDO
conformation). / Estimated from data for propane, butane, and n-propyllithium.

Schat, Akkerman, and Bickelhaupt® recently obtained 1,3-di-
lithiopropane (1) and its 2,2-dimethyl derivative (2) for the first
time by indirect transmetallation procedures. The earlier failures!
had led to suspicions that such compounds might be inherently
unstable. In contrast, 2 neither decomposed in the solid state nor
reacted with ether at room temperature over several weeks as
primary lithium compounds are wont to do. On the other hand,
1,2-LiH elimination from 1,3-dilithiopropane (1) to give allyl-
lithium (not possible with 2) occurred more rapidly than usual
for primary alkyllithiums.?

LiCHzC{-IzCHzLi LiCHzC(gH3)2CH2Li

In communicating these results to us, Professor Bickelhaupt
wrote, “Personally, I find these stabilities rather puzzlling. Not
so much the instability of the 1,3-dilithiopropane; the §-hydride
elimination is expected, although extremely facile. What surprised
us more is the stability of the dimethyl-derivative in ether. Do
you think that special (bridging, or through-bond) interactions
are possible?” As part of our general examination of lithium
compounds,?* and as an extension of recent studies of 1,3-di-
lithiopropene® and of 1,3-dilithioheteroatom systems,® we now
provide answers to these questions.

The results have led us to reconsider the lower member of the
series. Although our earlier calculations indicated the second
lithiation of ethane to be more favorable than the first,? 1,2-di-
lithioethane is not a viable experimental species. The instability
of both this compound and 1,3-dilithiopropane is now attributed
to facile intermolecular rearrangements (“eliminations”) to
thermodynamically more favorable LiH complexes.

In contrast, such elimination-rearrangements in 1,4- and higher
a,w-dilithioalkanes do not have this advantage, and these com-
pounds are stable in solution.

Methods

Following our general procedures, we first examined a reasonably
large number of possible 1,3-dilithiopropane structures calculationally
with the very-cost-effective semiempirical MNDO program.” The lowest
energy forms of 1 were found to be 3—6 (Table I). However, Thiel and
Clark’s MNDO parameterization for lithjum® is a compromise; a draw-
back is that CLi bonds are much too strong (e.g., by about 30 kcal/mol
for CH,Li; see Table I). Hence, it is wise to confirm MNDO results with
restricted Hartree—Fock ab initio theory. The efficient 3-21G basis set®
is ideal for this purpose; polarization functions and electron-correlation
corrections tend to be less important for organolithium compounds, and
relative energies of isomers are generally given well at such split valence
basis levels.>*1%-2! Hence, the next stage of the investigation involved

(1) West, R.; Rochow, E. G. J. Org. Chem. 1953, 18, 1739-1742. Also
see: Shimp, L. A.; Lagow, R. J. Ibid. 1979, 44, 2311-2312.

(2) Kos, A. J; Jemmis, E. D.; Schleyer, P. v. R.; Gleiter, R.; Fischbach,
U.; Pople, J. A. J. Am. Chem. Soc. 1981, 103, 4996-5002.

(3) Seetz, J. W. F. L,; Schat, G.; Akkerman, O. S.; Bickelhaupt, F. J. Am.
Chem. Soc. 1982, 104, 6848.

(4) For a partial list of references, see footnote 3 of Chandrasekhar et al.:
Chandrasekhar, J.; Pople, J. A.; Seeger, R.; Seeger, U.; Schleyer, P.v. R. J.
Am. Chem. Soc. 1982, 104, 3651-3655.

(5) (a) Schleyer, P.v. R.; Kos, A. J. J. Chem. Soc., Chem. Commun. 1982,
448-450. (b) Also see: Klein, J.; Kost, D.; Schriver, W. G.; Streitwieser, A.,
Jr. Proc. Natl. Acad. Sci. US.A. 1982, 79, 3922-3926.

(6) (a) Schleyer, P. v. R. “Book of Slides”, Royal Society of Chemistry:
London, International Symposium: Metallo-Organics in Organic Synthesis,
University College, Swansea, July 1980, and unpublished results. (b)
Schleyer, P. v. R. Pure Appl. Chem. 1983, 55, 355-362. (c) Schleyer, P. v.
R. Ibid., in press.

(7) Dewar, M. J. S,; Thiel, W. J. Am. Chem. Soc. 1977, 99, 4899-4907,
4907-4917.

(8) Thiel, W.; Clark, T., manuscript in preparation.

(9) Binkley, J. S.; Pople, J. A.; Hehre, W. J. J. Am. Chem. Soc. 1980, 102,
939-947. A modified GAUSSIAN 76 program was used, see: Binkley, J. S.;
Whiteside, R. A.; Hariharan, P. C.; Seeger, R.; Pople, J. A.; Hehre, W. J.;
Newton, M. D. QCPE 1979, 11, 368.

(10) Jemmis, E. D.; Poppinger, D.; Schleyer, P. v. R.; Pople, J. A. J. Am.
Chem. Soc. 1977, 99, 5796-5798. Jemmis, E. D.; Chandrasekhar, J.;
Schleyer, P. v. R. Ibid. 1979, 101, 2848-2856.

(11) Clark, T.; Schleyer, P. v. R.; Pople, J. A. J. Chem. Soc., Chem.
Commun. 1978, 137-138. Also: Kaufmann, E., unpublished calculations.

(12) Clark, T.; Jemmis, E. D.; Schleyer, P. v. R.; Binkley, J. S.; Pople, J.
A. J. Organomet. Chem. 1978, 150, 1-6. Clark, T.; Rohde, C.; Schleyer, P.
v. R. Organometallics 1983, 2, 1344-135].

(13) Jemmis, E. D.; Schleyer, P. v. R.; Pople, J. A. J. Organomet. Chem.
1978, 154, 327-335.
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Table II, Fffects of Removal of Lithium 2p and 2sp Functions on Absolute and Relative Energies of 1,3-Dilithiopropane 1somers;

Comparisons with Point-Charge Models

total energies, au

relative energies, kcal/mol

3-21G(-Li,p)// 3-21G(-Li, gp)// point charge// 3-21G// 3-21G(-Li, p)// 3—21G(-Li%sp)// point chagge//
species  3-21G(-Li,p) 3-21G(-Li,gp) 321Gb 321G 321G(-Li,p)  3-21G(-Li,ep) 321G
3,C,, -131.14613 -131.11342 -116.83413 0.0 0.0 0.0 0.0
(24.0)¢ (44.5)°
4, Cs -131.13225 —-131.09142 -116.82881 14.7 8.7 13.8 3.3
(18.0)° 43.6)°
5,C,y —131.10723 —131.07502 -116.78370 16.7 24.4 24.1 31.6
(31.7)¢@ (51.9)¢
6,C,, —-131.12267 -131.06419 -116.78263 24.6 14.7 30.9 32.3
(14.1)¢ (50.8)°
CH,Li -46.73991 -46,71611
(7.9)¢ (22.8)°

@ Energy raisings (in kcal/mol) related to the full basis set 3-21G//3-21G values (Table I) for each species. See text. b The Li's in 3-6
(3-21G geometries) were replaced by point charges (H*'s without any valence functions).

Figure 1. The 3-21G//3-21G structure of 1,3-dilithiopropane (3).
Distances in angstroms and angles in degrees: C1-C2, 1.609; C2-Li,
2.059; C1-Li, 2.292; Li-Li’, 2.298; C1-H, 1.088; C2-H, 1.093; C2-
C1-C?%, 111.3; C2-Li-C2’, 80.3; H-C1-H, 105.6; H-C2-H, 104.4;
(C2HH)-C2-Cl, 124.8.

ab initio optimization (designated 3-21G//3-21G; the “//” means “at the
geometry of”) of 3-6 and additional C;HgLi, species, 7 and 8, complexes
between allyllithium and LiH. Geometry optimizations were carried out
by using analytically evaluated atomic forces in a Davidon—Fletcher—
Powell multiparameter search routine.2 Important bond lengths and
angles (3-21G) are given in the structural formulas. With the exception
of 7, the 3-21G and MNDO energy orderings agree well. Included in
Table I are the energies of reference compounds needed for thermo-
chemical evaluations and a number of LiH complexes discussed in the
text and several dimers.

To assess basis set effects with respect to lithium we carried out model
calculations by truncation of the original 3-21G set. First, all lithjum
p orbitals were omitted (designated 3-21G(-Li,;)) and then all valence
functions (3-21G(-Liy;)). Single-point calculations using the 3-21G
geometries were followed by complete geometry reoptimizations of 3—6

(14) Jemmis, E. D.; Chandrasekhar, J.; Schleyer, P. v. R. J. Am. Chem.
Soc. 1979, 101, 527-533. Schleyer, P. v. R,; Tidor, B.; Jemmis, E. D.;
Chandrasekhar, Jr.; Wirthwein, E.-U.; Kos, A. J.; Luke, B. T.; Pople, J. A.
Ibid. 1983, 105, 484-488.

(15) Apeloig, Y.; Clark, T.; Kos, A. J.; Jemmis, E. D.; Schleyer, P. v. R.
Isr. J. Chem. 1980, 20, 43-50 and unpublished calculations.

(16) Kos, A. J.; Schleyer, P. v. R. J. Am. Chem. Soc. 1980, 102,
7928-7929.

(17) Schleyer, P. v. R.; Chandrasekhar, J.; Kos, A. J.; Clark, T.; Spitz-
nagel, G. W. J. Chem. Soc., Chem. Commun. 1981, 882-884. Clark, T.;
Rohde, C.; Schleyer, P. v. R., manuscript in preparation. Andrade, J.;
Kaufmann, E., unpublished calculations.

(18) Neugebauer, W.; Kos, A. J.; Schleyer, P. v. R. J. Organomet. Chem.
1982, 228, 107-118. Alsosee: Schubert, U.; Neugebauer, W.; Schleyer, P.
v. R. J. Chem. Soc., Chem. Commun. 1982, 1184-1185.

(19) Warthwein, E.-U.; Sen, K. D.; Pople, J. A.; Schleyer, P. v. R. Inorg.
Chem. 1983, 22, 496.

(20) Del Bene, J. E.; Frisch, M. J.; Raghavachari, K.; Pople, J. A;
Schleyer, P. v. R. J. Phys. Chem. 1983, 87, 73-78.

(21) Whiteside, R. A.; Frisch, M. J.; Binkley, J. S.; DeFrees, D. J.;
Schlegel, H. B.; Raghavachari, K.; Pople, J. A. “Carnegie-Mellon Quantum
Chemistry Archive”; 2nd ed.; 1981, Available from Professor Pople.

(22) Davidon, W. C. Comput. J. 1968, 10, 406. Fletcher, R.; Powell, M.
J. D. Ibid. 1963, 6, 163. Schlegel, H. B.; Wolfe, S.; Bernardi, F. J. Chem.
Phys. 1975, 63, 3632.

at both truncated levels. Since these structural redeterminations pro-
duced only relatively small changes in geometries and energies, only the
3-21G(-Liz))//3-21G(-Liy,) and 3-21G(-Liyy))//3-21G(-Li,;) absolute
and relative energies of 3-6 are compared in Table II. When the Li,,
and Liy, functions are omitted, the absolute energies are raised. The
magnitudes are of interest, and this information is included in Table II
along with similar data for CH;Li for comparison. The final set of data
refers to point-charge models in which the Li’s have been replaced by H'’s
without any valence functions.”® The 3-21G geometries were employed
for this purpose.
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Results and Discussion

The least stable, classical, W-shaped form of 1,3-dilithiopropane
(6) does not exhibit any “through-bond” stabilization. This is
shown by the negative energy of eq 1, a hypothetical dispropor-

LiCH,CH,CH,Li + CH,;CH,CH, — 2CH,CH,CH,Li (1)
6

~5.2 keal/mol (3-21G/ /3-21G)

tionation reaction. Carbon-lithium bonds are highly polar, and
the presence of the two carbanionic centers in 6 is destabilizing
electrostatically.

Symmetrical double lithium bridging, which we have also found
to be very favorable in many other contexts,2610.1516.8 jg responsible

(23) Streitwieser, A., Jr., James Flack Norris Award Address, 183rd
National Meeting of the American Chemical Society, Las Vegas, Nevada,
March 1982, and private communications. Streitwieser, A., Jr.; Swanson, J.
T. J. Am. Chem. Soc. 1983, 105, 2502. See ref 5b.
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for the stability of 1,3-dilithiopropanes like 2, which cannot
eliminate. Structure 3 (full geometrical details are given in the
figure caption) is the minimum energy isomer. Unlike eq 1, the
analogous disproportionation reaction, with the much more stable
3 in place of 6, is quite endothermic (eq 2).

(CH§)3Li2 + CH,CH,CH, — 2CH,CH,CH,Li  (2)

+19.4 keal /mol (3-21G/ /3-21G)

The dimerization of methyllithium releases 46.3 kcal/mol (3-
21G//3-21G) due to a large extent to the gain in Coulombic
attraction.!?* Similarly, the cyclization of a,w-dilithium com-
pounds, symbolized by 9 — 10, can be regarded as an
“intramolecular dimerization”,!® Thus, the “ring closure” process
converting open 6 to doubly bridged 3 is exothermic by 24.6
kcal/mol. Larger systems, e.g., 1,4-dilithiobutane,?* have even
more favorable cyclization energies.

C..
LiC cLi —= Li L
W, V.
9 C
10

Streitwieser? has stressed the electrostatic advantages of such
“ion triplet” arrangements (e.g., 3 and 10, regarded as dianions
associated with two Li* cations). On this basis, another doubly
bridged isomer, 5, bears consideration. The staggered confor-
mations of the methylene groups in § should favor this form over
3, where the CH,’s are eclipsed. The relatively long C—C bonds
in 3 also suggest unfavorable negative hyperconjugative inter-
actions. Nevertheless, § proves to be 16.7 kcal/mol (3-21G//
3-21G) less stable than 3. We consider reasons for this below.

Although intermediate in energy (14.7 kcal/mol less stable than
3), the singly-bridged isomer 4 is intriguing. This structure can
also be interpreted electrostatically in terms of an approximately
linear LitC-Li*C" arrangement. A simple model is the linear,
Cy,~constrained methyllithium dimer, 11, with an association

CHy
2CHLi —= L/i\Li
CHs
Cin

H +

H
H O M 1o
\ Ay I
1
¢-2:018,2.303\. 2.019 | 2:08 |
4
4
1\'1-0 H /
H H

1.Cy, 12 Da,

Li

energy of 22.3 kcal/mol (3-21G//3-21G)). That this is only about
half of the dimerization energy of (CH;L1i), (C,;) emphasizes the
superiority of cyclic over linear arrangements. Another example
is the LiH dimer, which is 19.5 kcal/mol (3-21G//3-21G) more
stable in cyclic (D,;) than linear (C.,) geometries.?! The Dy,
CH,Li,* structure, 12, is similar to 11, but the larger Li* + CH,Li
interaction energy (52.7 kecal/mol with zero-point corrections)
induces planarity of the CH, group.'*
CH,Li + CH,Li — CHI,—L—CH3—Li
» Vi
Lit + CH,Li — (Li-CH,-Li)*
12, D;,,

How well, in a quantitative sense, do electrostatic models or
truncated basis sets reproduce the results of the full 3-21G basis
calculations? To learn more about the bonding details in these
species, we first investigated the effects of deleting all p orbitals
from the basis set (3-21G(-Li,,)//3-21g(-Liy,)). Not only are
the “vacant” lithium p orbitals (e.g., those perpendicular to a Li-R
axis) removed but also the coaxial p orbital which contributes to
o bonding. This raises the absolute energy of CH,Li by 7.9
kcal/mol and that of the “classical” isomer 6 by about twice this

(24) Andrade, J.; Kaufmann, E.; Kos, A.; Unpublished calculations.
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amount, 14.1 kcal/mol (Table II). The effect on 4 is similar.
Significantly, the energy of § is raised to the greater extent, 31.7
kcal/mol, and this isomer becomes the least stable at this level.

Electron transfer from the sp>-hybridized terminal methylene
carbons to the vacant lithium p orbitals is necessary to stabilize
structure § differentially. The Li,, effect on 3, 24.0 kcal/mol,
is also abnormally large.

Streitwieser has suggested another interpretation.”? When
smaller basis sets are used, Li,, functions may operate by providing
a better description of the rest of the molecule (“basis set su-
perposition error” (BSSE))?’ rather than lithium itself. To some
extent this is certainly true. However, in more detailed studies
on smaller systems to be published subsequently, we have found
the Liy, orbital effects to be about the same at 6-31G* as at 3-21G
but smaller when diffuse basis functions are present on the carbon
atoms. However, this may be a reverse BSSE: the carbon orbitals
help to describe lithium. We believe Li,, orbital contributions
to be significant and have emphasized their importance in other
contexts, 212151619

We next investigated three ionic models. The first two of these
retained the full C;Hg>™ 3-21G wave function to describe the anion
centers. In the first model, all electron transfer to lithium was
precluded by omitting the valence functions from the Li basis set
(3-21G(-Liyy)). This forces each lithium to be a cation, Li*, with
unit charge. At this level, the original (3-21G) stability order
is restored, but the relative energy of § vs. 3 is not improved. In
the second model, the lithium atoms in the 3-21G geometries of
3-6 are replaced by point charges (H* without valence functions).
Rather similar results are obtained, except that 4 becomes rela-
tively more stable.

The intramolecular Coulombic repulsion between the two
negative charges in a dianion leads to considerable destabilization,
but as Streitwieser has pointed out, this may be reduced or even
overcome by the proper placement of the two positive counter-
anions, i.e., between the negative centers.?’

Taking twice the 3-21G(-Liy,) energy raising (Table II) of ionic
CH;Li* as a standard, the extra electrostatic interactions in the
1,3-dilithiopropane isomers can be evaluated. These are over 5
kcal/mol destabilizing both for “classical” 6 (which has poor Li*
placements) and for doubly-bridged 5 (expected to be much better
electrostatically). The values for 3 (also doubly bridged) and for
4 (singly bridged) are normal. Why are these ionic models in-
adequate? Many factors determine the structures even of pure
ion triplets, e.g., ionic radii and steric effects, and prevent the
attainment of Streitwieser’s ideal Coulombic geometries.* This
was explored by means of the third ionic model which involved
simple electrostatic calculations using the 3-21G geometries of
3 and 5 and assuming positive point charges at the Li positions
and negative point charges at the terminal carbons. The results
suggest 5 (incorrectly) to be 14.7 kcal/mol more stable than 3.
However, in 3 the negative charges in lone-pair lobes probably
are modeled poorly by location at the carbon nucleus; they should
extend somewhat forward. Indeed, the opposite conclusion was
reached (Table II) when only point-positive charges or Li* cations
were employed along with the full 3-21G wave functions for the
C;H¢* dianion moieties. The orientation and distribution of the
negative charges are obviously crucial. In 3 the sp>-hybridized
carbanion lone pairs point more favorably toward the lithiums.
While the contribution of partial ionic bonding certainly is im-
portant, ion triplet models® do not reproduce the energy differ-
ences found at the full 3-21G basis set levels satisfactorily.

Multicenter covalent bonding also contributes especially in the
doubly bridged structures, 3 and 5. In both cases, two four-center
MO’s are occupied. The symmetries of the higher-energy MO’s
require Li p-orbital involvement. This is particularly so in 5, since
both terminal carbanion lone-pair orbitals are pure p in character.
Hence, the energy raising of this isomer is largest when the Li,,

(25) Boys, S. F.; Bernardi, F. Mol. Phys. 1970, 19, 553-566. Kolos, W,
Theor. Chim. Acta 1979, 51, 219-240. Cirsky, P.; Urban, M. “Ab Initio
Calculations, Methods and Applications in Chemistry”; Springer Verlag:
Berlin, 1980; pp 176 and 177.
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functions are removed from the basis set. In 3, the carbanion
lone-pair orbitals are hybridized and have some s character. The
specific involvement of Li,, orbitals is somewhat less important.
Because of the nature of the four-center MO’s involved, the Li’s
in § are strongly antibonding (Mulliken overlap population -0.70)
while in 3 they are nonbonding (0.00). (The C,C; carbon overlap
populations are nearly equal in 3 and § and are somewhat an-
tibonding.)

These are saturated systems. When conjugated = systems are
involved, 5-like conformations are preferred, e.g., in 7, in 1,4-
dilithio-cis-2-butene,?¢ and, to a small extent, in 1,3-dilithio-
propene.” We believe that borh multicenter covalent and elec-
trostatic interactions are important in determining the bonding
and energetic features of lithium compounds. Although we have
stressed the “Hiickel-Mdbius aromatic character” of compounds
like cis,cis-1,4-dilithiobutadiene!® and o,0*dilithiobiphenyl,'® ionic
contributions are likely to be at least of comparable importance.

LiH Complexes. Why does 1,3-dilithiopropane eliminate LiH
so readily experimentally? There may be an underlying ther-
modynamic reason. Although the chemistry of lithium compounds
in solution is complicated by the effects of solvation and asso-
ciation,? calculations on unsolvated monomers often mirror ex-
perimental behavior surprisingly well.!” We have already pointed
out that the loss of LiH from ethyllithium is quite endothermic?
(20.1 kecal/mol at 3-21G//3-21G, eq 3, the MP2/6-31G*//3-
3-21G value is 23.9 keal/mol?). The energy required to eliminate
HLi from n-propyllithium (eq 4) is similar.?® Due to the greater
stability of allyllithium,!? LiH elimination from 3 into separated
products (eq 5) is somewhat less endothermic.

CH,CH,Li — ethylene + LiH 3)
+20.1 kcal/mol
CH,CH,CH,Li — propene + LiH 4)

+18.5 kcal /mol

(CH,);Li, (3) — allyllithium!? + LiH &)
+16.5 kcal /mol

(CH,);Li, (3) — allyllithium-LiH complex (8)  (6)
-29.0 kcal /mol

CH,CH,Li — ethylene-LiH complex (13) (7
+7.2 kecal /mol

However, akin to 11, allyllithium and HLi form a complex, 7,
21.8 kcal/mol more stable than the separated species. Complex
7 has both Li’s on opposite sides of the carbon plane; complex
8, with the Li’s on the same side, is even better (by 45.4 kcal/mol
relative to HLi + allyllithium).?> The conversion of 3 to 8, which

(26) (a) Kos, A., unpublished calculations. See: Bates, R. B.; Hess, B.
A., Jr.; Ogle, C. A,; Schrad, L. J. J. Am. Chem. Soc. 1981, 103, 5052-5058.
(b) For an X-ray structure of an aromatic analogue, 0-C¢H,(CHSiMe,),Li,,
see: Lappert, M. F.; Raston, C. L.; Skelton, B. W.; White, A. H. J. Chem.
Soc., Chem. Commun. 1982, 14-15.

(27) Wakefield, B. J. “The Chemistry of Organolithium Compounds”,
Pergamon Press: New York, 1974.

(28) For studies of aspects of the LiH elimination mechanism, see: Reetz,
M. T.; Stephan, W. Tetrahedron Lett. 1977, 2693-2696; J. Chem. Res. Synop.
1981, 44, 583-584. Also: Houk, K.; Rondan, N.; Clark, T.; Kaufmann, E.;
Schleyer, P. v. R., to be published.

(29) Although the C, form of complex 7 is the local minimum, the potential
energy surface is very flat. If the lithjums are moved to opposite ends, a
geometry results that models the X-ray structure of allyllithium, an endless
chain of monomeric units associated end-to-end (Késter, H.; Weiss, E. Chem.
Ber. 1982, 115, 3422-3426). Isomer 8, with both Li’s on the same side, is even
better than 7. The 3-21G//3-21G structure of 8, distances in angstroms and
angles in degrees: C,—C,, 1.395; C2-Li, 2.155; C,-Li, 2.678; Li-Li, 2.675;
Li-H, (bridged), 1.778; C;-H, 1.082; C,—H; (pointed inside), 1.082; C,-H,,
(pointed outside), 1.078; C,Hy, 3.474; C,~C,-Cy, 129.7; C,~C,-Li, 95.6;
C,-C,-H,, 118.3; C,—C,-H,, 117.8; H,—C,-O (bisector C,~C,-C’), 70.7;
0-C,-H, 176.1; PhLi-C,—C,-C,’, 82.8; PhH;-C,~C,-C,’, 20.1;
PhH,-C,-C,-Cy/, 166.1.
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may well be the initial elimination product, is exothermic by 29.0
kcal/mol (eq 6). The analogous complexes between LiH and
olefins are much less favorable; e.g., the ethylene-LiH com-
plexation energy (to give 13) is 12.9 kcal/mol.® Hence, the
conversion of primary alkyllithiums to LiH-olefin complexes is
endothermic and will occur less readily (compare eq 7 with eq
6). This is consistent with the experimental observations of
Bickelhaupt et al.?

M.,/ Y II,,,.,H
H/C 1325 Yy

These findings prompted a reconsideration of the nature of
1,2-dilithioethane. Our extensive search of the potential energy
surface has indicated the unsymmetrically bridged structure, 14,
to be the lowest-energy form.2 Although 1,2-dilithioethane is a
possible reaction intermediate,*! it evidently is not a stable species.!
Could ready HLi elimination be responsible? We already had
evaluated eq 8 which indicates dissociation of 14 into separated
vinyllithium and HLi fragments to be very unfavorable (the 3-21G
value is given; this increases to 29.3 kcal/mol at MP2/6-
31G*//3-21G).?

LiCH,CH,Li (14) — H,C=CHLi + HLi ®)
+21.1 kcal /mol

CH,=CHLi + HLi —- H,C=CHLi-HLi complex (15) (9)
—51.0 kcal /mol

LiCH,CH,Li (14) — H,C=CHLi-HLi complex (15)  (10)
-29.8 kcal /mol

However, the vinyllithium—HLi complex (15) is now found to
be 51.0 keal/mol (3-21G//3-21G) more stable than the separated
fragments (eq 9). This complex, the global C,H,Li, energy
minimum, is 29.8 kcal/mol (3-21G//3-21G) more stable than
14, the lowest-energy form found previously (eq 10).2 The per-
pendicular geometry, 15, is 4.1 kcal/mol more stable than the
planar form, 16.

A%

1

L—H

14.Cyy, 18.¢4 16.Cs

(30) See:  Clark, T., unpublished calculations, 1977. (Also see:
SzczeSniak, M. M.; Ratajczak, H. Chem. Phys. Lett. 1980, 74, 243.) A similar
complex may be involved in the hydroboration reaction, but the BH;—¢thylene
association energy is much less: Clark, T.; Schleyer, P. v. R. J. Organome:.
Chem. 1978, 156, 191-202. Nagase, S.; Ray, N. K.; Morokuma, K. J. Am.
Chem. Soc. 1980, 102, 4536-4537. Graham, G. D,; Freilich, S. C.; Lipscomb,
W. N. Ibid. 1981, 103, 2546-2552. As expected, the ethylene-Li* association
energy is greater (23.2 kcal)mol).2°

(31) (a) Skinner, D. L.; Peterson, D. J.; Lagon, T. J. J. Org. Chem. 1967,
32, 105-108. (b) Kuus, H. Uch. Zap. Tartu. Gos. Univ. 1966, 193, 130-134;
Chem. Abstr. 1968, 69, 67443, Also see: Kuus, H. Uch. Zap. Tartu Gos.
Univ. 1968, 219, 245-250; Chem. Abstr. 1969, 71, 19155. (c) Rautenstrauch,
V. Angew. Chem. 1975, 87, 254-255; Angew. Chem., Int. Ed. Engl. 1975, 14,
259-260. (d) Bogdanovi¢, B.; Wermeckes, B. Angew. Chem. 1981, 93, 691—
693; Angew. Chem., Int. Ed. Engl. 1981, 20, 684-686.
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Since the driving force for the formation of the HLi complex
15 is so large (compare eq 10 with eq 6), “elimination” of HLi
from 14 is expected to be quite rapid.® Of course, the products
of subsequent reactions of 15, which can be regarded as a “mixed
dimer”, will be those expected from vinyllithium itself. There are
several experimental precedents.?! Rautenstrauch’®'® examined
the reaction of lithium metal (with biphenyl as “carrier” and
naphthalene as catalyst) with ethylene; vinyllithium was the major
product. The reaction was postulated to proceed by HLi elimi-
nation from 1,2-dilithioethane, produced by addition of lithium
to ethylene (eq 11). Bogdanovi¢ and Wermeckes®*'¢ extended these

CH,=CH, + 2Li — LiCH,CH,Li — H,C=CHLi + LiH
(1)

observations. By use of hypermetallated® lithium metal complexes
and Lewis acid catalysts, ethylene was converted into vinyllithium
in 70-75% vyield; the LiH byproduct precipitated under the ex-
perimental conditions (tetrahydrofuran (THF) solution, 0 ©C).31¢
Propene (and other terminal olefins) reacted similarly to give
(E)-propenyllithium (and (E)-1-lithio-1-olefins) with high regio-
and stereoselectivity (eq 12).

R\ /
RCH==CH, + 2Li <L —C + LH (12)
2 THF H/ \LI

We suggest that these reactions proceed by the initial conversion
of vicinal dilithium intermediates to HLi-vinyllithium complexes
(like 15, but these may be involved in higher aggregates). Dis-
proportionation of such aggregated complexes may lead to the
observed precipitation of the insoluble lithium hydride. The
potential importance of such LiH complexes as reaction inter-
mediates has not been appreciated before and will be explored
in greater detail in a future paper in this series.

1,2-Dilithium derivatives are known in stabilized systems; e.g.,
the X-ray structures of related dilithium derivatives of 9,9-bi-
fluorenyl, 3 stilbene,**® and acenaphthylene’* are available. When
LiH elimination is precluded, 1,2-dilithio derivatives are also
possible in unconjugated systems. A number of double bridge-
head-lithiated bicyclobutanes, summarized by 17, are good ex-
amples.’* Model calculatios involving bicyclobutane and CH,Li
show that both the first and the second metallation steps (e.g.,
to give 17) are exothermic by 8.6 and 6.4 kcal/mol, respectively.®

Li

17

Association of Dilithio Derivatives. We wish to speculate about
the possible nature of 1 and 2 in solution and in the solid, although
the degree of association and solvation is not yet known experi-
mentally. The two 1,4 doubly lithium bridged species for which
X-ray structures are available, 0,0-dilithiobiphenyl'® and a de-
rivative of o,o’-dilithio-o-xylene,2®® are both monomeric, with each
lithium solvated by a tetramethylethylenediamine (TMEDA)
ligand. Such w-stabilized systems may not be good models for
1 and 2, which may prefer to dimerize instead. We have already

(32) Cf.: Schleyer, P.v. R,; Wiirthwein, E.-U.; Pople, J. A. J. Am. Chem.
Soc. 1982, 104, 5839-5841. Schleyer, P.v. R. In “New Horizons of Quantum
Chemistry”; Léwdin, P.-O; Pullman, B., Eds.; Reidel: Dordrecht, 1983; p
95-109. Schleyer, P.v. R.; Wiirthwein, E.-U.; Pople, J. A. J. Am. Chem. Soc.
1983, 105, 5930-5932.

(33) (a) Walczak, M.; Stucky, G. D. J. Organomet. Chem. 1975, 99,
313-323. (b) Walczak, M.; Stucky, G. D. J. Am. Chem. Soc. 1976, 98,
5531-5539. (c) Rhine, W. E,; Davis, J. H.; Stucky, G. D. J. Organome:r.
Chem. 1977, 134, 139-149.

(34) Szeimies, G., private communication, We thank Professor Szeimies
for this information.

(35) Kos, A. J., unpublished calculations.
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Figure 2. The MNDO-optimized structure (no symmetry imposed)
corresponding to 18, the dimer of 3. The flattened Li, tetrahedron and
the interlocking octahedral arrangements are notable. The two Li-Li
distances are 2.28 and 2.83 A; the C-Li distances (generally underesti-
mated at the MNDO level) are 2.17 and 2.21 A. The C-C-C angles
(114.0°) are widened somewhat, and the CH, groups remain eclipsed (as
in 3).

considered structural candidates for the dimers of dilithiomethane!?
and for 1,2-dilithioethane.2 The former favors a head-to-head
arrangement. The latter, even more reminiscent of the tetrameric
structures of alkyllithiums,?* suggests 18 (schematically repre-
sented), with terminal methylene groups bound to faces of a Li,
tetrahedron, as a possibility for the dimers of 1 and 2.
MNDO calculations on 18 gave the structure shown in Figure
2. While eclipsed rather than staggered CH, groups again are
favored (cf. 3 and 5), the most remarkable feature is the opened
nature of the central Li, “tetrahedron”. While each terminal CH,

CH,

G\,
& c/\ /

group is bound to three lithium atoms (as in RLi tetramers), only
four of the six Li-Li distances are equal and short.

The dimerization of 3 and other doubly bridged dilithium
compounds is akin to the conversion of two alkyllithium dimers
into a tetramer; eq 13 gives ab initio and MNDO data for me-
thyllithium. While MNDO overestimates this energy, we are only
able to evaluate the dimerization of 1,3-dilithiopropane (eq 14)
at that level. The exothermicity of eq 14 is larger than that of
eq 13 and the dimerization of dilithiomethane (eq 16), and even
greater than the dimerization energy of 1,2-dilithioethane (eq 15).
It appears that dimers of 1,2- and 1,3-dilithium compounds, like
18, may be particularly favorable. We will report other examples
subsequently.

2(CH;Li); — (CH;Li)4 (T) (13)
-63.2 kcal/mol (MNDO);
-46.2 keal /mol (STO-3G / /STO-3G)

2(CH,)sLi; (3) — (CH,);Liy(CH,); (18) (14)
-119.5 kcal /mol (MNDQ)

2(CH,),Li, (14) — (CH,),Li4(CH,), (15)
-101.4 keal /mol (MNDO)
2CH,Li, — (CH,)Liy(CH,) (16)

~37.0 keal /mol (4-31G / /STO-3G)

Why is the energy of eq 14 so much larger than that of eq 13?
Actually, the total association energy of methyllithium in going
from the monomer to the tetramer (-208 kcal/mol at MNDO)
is somewhat larger than the comparable energy of 1,3-dilithio-
propane (-194 kcal/mol, leading from 6 to 18), but the two stages
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of the association processes are partitioned differently. The di-
merization of methyllithium (-72 kcal/mol, MNDO, Table I) is
more favorable than the cyclization of 1,3-dilithiopropane (6 —
3: -37 kcal/mol, MNDOQ). The structure of 6 is constrained,
whereas methyllithium dimer C,;, can adopt the best possible
geometry. The second state of the association is more favorable
for 1,3-dilithiopropane (eq 14 vs. eq 13). This results from a partial
compensation for the non-ideal structural constraints in 3; me-
thyllithium dimer, C,;, benefits less from tetramer formation.

1,4-Dilithiobutane, West and Rochow had no difficulties in
preparing 1,4-dilithiobutane by reaction of 1,4-dibromobutane with
lithium metal.! Like higher o,w-dilithioalkanes, 1,4-dilithiobutane
was reported to be stable in ether solution and to give a respectable
yield of bis(trimethylsilyl) quenching products. This behavior is
quite different from that of 1,3-dilithiopropane and 1,2-dilithio-
ethane under such conditions.

Like 6 (see eq 1), the extended form of 1,4-dilithiobutane (19)
exhibits a modest destabilization according to the hypothetical
disproportionation reaction (eq 17).

LiCHzCHzCHzCHle + CH3CH2CH2CH3 -
19
2CH,CH,CH,CH,Li (17)
-2.6 keal /mol, 3-21G est

However, cyclization of 19 (eq 18) to give a doubly bridged,
twisted C, structure, 20 (this is 7.4 kcal/mol more stable than
an eclipsed, C,,, doubly bridged alternative), is 10 kcal/mol more
exothermic than cyclization of 1,3-dilithiopropane (compare 19
— 20 with 6 — 3).

)
L o CHa, CH:: b - 18
N P AN oh i o 18)
CH, cH, ™ L1 B
7™ CH,
19.C,, 200~ Ll
20.c,

Because of the greater flexibility afforded by the longer carbon
chain, the cyclization energy (eq 18) approaches the dimerization
energy of methyllithium, —46.3 kcal/mol at 3-21G//3-21G, more
closely. Obviously, 20 is much more stable than 19 toward possible
disproportionation processes (cf. eq 1 and 2). Is 20 also stable
toward elimination? We have estimated the thermochemistry of
this process in the following way.

LiCHpCHpCHCHpLi —= CHy==CHCH,CHpLi + HLi (19)
19 21
+15.9 kcal/mol
/Li\
CHp==CHCH,CHpLi + HLi —= CHy==CHCH,CH H  (20)
Li
21
22
—46.0 kcal/mol
Li
. _ 7\
(CHplaLis —= CH;==CHCH,CH,{ H @D
20 Li

22

+4.5 kcal/mo1¥?

The energy of the elimination of HLi from 19 (eq 19) to form
3-butenyllithium (21) is assumed to be the energy of eq 4 (splitting
off of HLi from propyllithium) less the destabilization energy of
19 (eq 17). The association of 21 and HLi to give complex 22
(eq 20) is assumed to have the same energy as the association of

J. Am. Chem. Soc., Vol. 105, No. 26, 1983 7623

CH;Li and HLi. Since 20 is 34.6 kcal/mol more stable than 19
(eq 18), the conversion of 20 into 22 should be endothermic by
4.5 keal/mol (eq 21).%” This contrasts sharply with the corre-
sponding elimination complex forming rearrangement reactions
of 1,2-dilithioethane (eq 10) and of 1,3-dilithiopropane (eq 6),
both of which are exothermic by nearly 30 kcal/mol. We believe
the cyclization energy and the sharply reduced thermodynamic
driving force for LiH elimination complex formation of 1,4-di-
lithiobutane rationalize the observed stability of the higher «,w-
dilithioalkanes in solution. The mechanisms and activation barriers
of representative HLi elimination reactions are being studied
calculationally and will be reported subsequently.?

Conclusions

Double bridging by metallic counterions like lithium (1,2-, 1,3-,
1,4-, etc.) should be a ubiquitous structural feature of “polyanion”
systems.>2® 1,3 bridging provides an explanation for the stability
of 1,3-dilithiopropanes (which cannot undergo elimination)® and
has also been found in our published calculational studies on C;Li,,
C,HL4i,, C,H,Li,,'® and C;H,Li,.> Possible examples involving
heteroatoms abound, e.g.,, HCONLi,, RCOCHLI,, LiCH,COC-
H,Li (written conventionally), etc.

1,4 bridging in 1,4-dilithobutane is even more favorable en-
ergetically. Earlier examples we have considered include 1,4-
dilithiobutadiene'® and o,0dilithiobiphenyl for which an X-ray
structure is available.!®* Many additional systems should exhibit
1,4 and higher double bridging.5-2>26

The facile elimination observed for 3 may involve a thermo-
dynamically-favorable allyllithium-LiH complex (8). A similar
vinyllithium-LiH complex (15), more favorable than any 1,2-
dilithioethane geometry, is a likely reaction intermediate in re-
actions of lithium with ethylene and with terminal olefins. These
lead to vinyllithium derivatives and LiH. 1,4-Dilithiobutane and
higher «,w-dilithioalkanes are expected to be stable in cyclic
geometries since LiH elimination complex formations should be
endothermic. These compounds are easily produced by conven-
tional lithiation procedures.

When LiH elimination is precluded by structural considerations,
unactivated «,w-dilithioalkane derivatives may derive additional
stabilization through dimerization. These dimers may involve
flattened Li, tetrahedra akin to 18 and Figure 2.

Note Added in Proof. Additional examples of double lithium
ridging have now been found in the X-ray structures of 1,4-di-
lithio-1,4-diphenyl-cis-2-butene and 2,2"-dilithiobiphenyl ether.’™
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(36) Reaction 21 may be more favorable than estimated since intramo-
lecular lithium—-= interactions, for which there is experimental evidence
(Oliver, J. P.; Smart, J. P.; Emerson, M. T. J. Am. Chem. Soc. 1966, 88, 4101.
Also see: Nagase, S.; Houk, K. N. Tetrahedron Lett. 1982, 23, 19) were not
taken into account. These intramolecular interactions are expected to be
considerably less stabilizing than the intermolecular LiH-ethylene association
energy (12.9 kcal/mol), however (Andrade, J. G., unpublished calculations).

(37) (a) Wilhelm, D.; Clark, T.; Schleyer, P. v. R.; Dietrich, H.; Mandi,
W. J. Chem. Soc., Chem. Commun., submitted. (b) Dietrich, H.; Mandi, W.;
Baumgirtner, W.; Neugebauer, W ; Schleyer, P. v. R. J. Organomet. Chem.,
submitted. Also see ref 6c.



