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results of this study have relevance far beyond the specific class
of fluorinated amines treated here theoretically, however, and the
conceptual connections of this work with a broad range of
main-group chemical species in which negative hyperconjugation
can play an important role in stabilizing ground or transition
structures was hinted at in our discussion in section IV. Fur-
thermore, our earlier conclusions?®%¢ concerning the general
phenomenon of negative hyperconjugation have been reconfirmed
and extended.
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The title compound 6a, the all-planar dilithium derivative of the tetrahydrodiborate(2-) dianion, B;H,?", is calculated to be a highly
stable species thermodynamically with a B=B double bond of length 1.613 A (6-31G* data). All possible decomposition reactions
are endothermic, and the dissociation energy (Li,B,H, — 2LiBH,) is 117.9 kcal/mol (MP2/6-31G*//6-31G* + ZPE). Other
isomers of dilithiodiborane(6), Li,B,H,, which correspond to minima, are derivatives of diborane(6), B,Hg, with both lithiums
in terminal (5) or in bridging (4a) positions. Their relative energies are 77.9 and 82.9 kcal/mol, respectively (MP2/6-31G*//
6-31G* + ZPE). Attractive (“agostic”) Li-H interactions are responsible for the planar conformations of 6a and 4a. The barrier
for converting 4a into 6a (“no-bond—double-bond isomerism”, a form of bond-stretch isomerism) is too small (only 4.9 kcal/mol
at MP2/6-31G*//6-31G* + ZPE) to be able to predict the existence of 4a.

Introduction

Since the basic work of Stock! the number of known boron
hydrides and hydroborate anions has been growing extensively,
including compounds containing up to 30 boron atoms.2 Most
of them are characterized by delocalized multicenter bonds because
of their electron-deficient nature. However, despite the variety
of their structures, none of them have been found to exhibit a
boron—-boron double bond.

The simplest molecule expected to have such a boron—-boron
w-bond is diborane(2), B,H,. Theoretical studies®™ indicate its
ground state to be a triplet® with the two degenerate = orbitals
singly occupied. Experimentally, only nonstoichiometric polymeric
(BH,), compounds are known with x close to 1.5 The polym-
erization energy of B,H, has been calculated to be about 260
kcal/mol.* Formal halogen derivatives of B,H, are “oligomeric”
and have cluster structures, e.g., B,Cl, (n = 4, 8,9).” However,
the ion B,Cl,* has been observed in the mass spectral fragmen-
tation of B,Cl,3* and the doubly charged ion B,2* has been
produced in a metastable state in a tandem accelerator.® Koch
et al.'® examined the helium-substituted derivative B,He, calcu-
lationally but did not find it to be a minimum. A less “exotic”
approach to a B=B =-bond was suggested quite recently theo-
retically by Jouany, Barthelat, and Daudey:* Substitution of H
in B,H, by amino groups should lead to the singlet-ground-state
molecule H;NB=BNH,, isoelectronic with butatriene, H,C=
C=C==CH,. However, no boron—boron double bond with di-
coordinated boron has been characterized experimentally. The
reason seems to be the extreme electrophilic nature of structures
of type 1 (which also may be represented as having two partial
w-bonds).

* Dedicated to Prof. H. Néth on the occasion of his 60th birthday.

—B=B— or —BH3B—
1

Compounds involving boron and exhibiting double-bond
character are known with, e.g., nitrogen and phosphorus.!'! There

(1) Stock, A. Hydrides of Boron and Silicon; Cornell University Press:
Ithaca, NY, 1933 (reissued 1957).

(2) (a) Gmelin Handbook of Inorganic Chemistry; Springer-Verlag: New
York, 1987; Boron Compounds 1, 3rd suppl. (b) We follow the no-
menclature of boron compounds approved by the Council of the Am-
erican Chemical Society: Inorg. Chem. 1968, 7, 1945. E.g., B;H, will
be diborane(4), B,H¢ diborane(6), B,H, trihydrodiborate(1-), etc.

(3) Dill, J. D,; Schleyer, P. v. R; Pople, J. A. J. Am. Chem. Soc. 1975, 97,
3402. Also see: Bigot, B.; Lequan, R. M.; Devaquet, A. Nouv. J. Chim.
1978, 2, 449.

(4) Armstrong, D. R. Theor. Chim. Acta 1981 60, 159.

(5) Jouany, C.; Barthelat, J. C.; Daudey, J. P. Chem. Phys. Lett. 1987, 136,
52.

(6) Kaoster, R. Angew. Chem. 1958, 70, 743.

(7) (a) Atoji, M.; Lipscomb, W. N. Acta Crystallogr. 1953, 6, 547. (b)
Jacobson, R. A,; Lipscomb, W. N. J. Chem. Phys. 1959, 31, 605. (c)
Kane, J.; Massey, A. G. J. Inorg. Nucl. Chem. 1971, 33, 1195. Lan-
thier, G. F.; Kane, J.; Massey, A. G. J. Inorg. Nucl. Chem. 1971, 33,
1569.

(8) (a) Dibeler, V. H.; Walker, J. A. Inorg. Chem. 1969, 8, 50. (b) Dibeler,
V. H,; Liston, S. K. Inorg. Chem. 1968, 7, 1742. Also see: Bews, J.
R.; Glidewell, C. THEOCHEM 1982, 6, 333.

(9) Galindo-Uribarri, A.; Lee, H. W.; Chang, K. H. J. Chem. Phys. 1985,
83, 3685.

(10) Koch, W.; Frenking, G.; Gauss, J.; Cremer, D.; Collins, J. R. J. 4m.
Chem. Soc. 1987, 109, 5917.

(11) (a) For recent examples see: (a) Bartlett, R. A.; Feng, X.; Olmstead,
M. M.; Power, P. P.; Weese, K. J. J. Am. Chem. Soc. 1987, 109, 4851.
Paetzold, P.; von Plotho, C.; Schmid, G.; Boese, R. Z. Naturforsch., B:
Anorg. Chem., Org. Chem. 1984, 39B, 1069. Paetzold, P.; von Plotho,
C.; Schmid, G.; Boese, R.; Schrader, B.; Bougeard, D.; Pfeiffer, U.;
Gleiter, R.; Schifer, W. Chem. Ber. 1984, 117, 1089. (b) Bartlett, R.
A.; Feng, X.; Power, P. P. J. Am. Chem. Soc. 1986, 108, 6817.
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Table I. Total (au) and Zero-Point Vibrational Energies (kcal/mol) of Neutral Species

MP2/
structure point 3-21G// 6-31G*// 6-31G*//
species or state no. group 3-21G 6-31G* 6-31G* ZPE*
H, Dy -1.12296* -1.12683% ~1.14410% 6.66 (0)
LiH C., -7.929 84% -7.98087% -7.99596 2.04 (0)
Li, D, -14.769 25° -14.866 92° -14.88543 0.49 (0)
BH; Dy, -26.237 30% -26.39001° -26.46423% 17.29 (0)
LiBH, A, 2 -33.01385% ~33.209 94° -33.29190 11.62 (0)
Li,BH 1A, Cy -39.789 32 -40.028 23 -40.124 29 6.50 (0)
B,H, 1A, D,y -50.102 20° -50.38411° -50.508 38 14.65 (0)
B,H, Dy, -51.33974% -51.63471% -51.77714 25.69 (0)
B,H, Dy, -52.49781% -52.81240% -52.992 59% 41.77 (0)
LiB,H; invert 7d C -58.11984 -58.451 66 -58.62237 20.65 (1)
perp 7b G, -58.14393 -58.47747 -58.646 01 20.40 (0)
planar Te Cy -58.128 23 ~58.469 32 ~58.65612 20.87 (1)
folded 7a G -58.13223 -58.47373 -58.658 26 20.31 (0)
Li,B,;H, H-brid 8c Cy ~64.887 51 -65.28269 -65.479 36 13.97 (0)
planar 8b Dy -64.970 29 ~65.348 84 -65.55019 13.34 (1)
Li-brid 8a Cy -64.971 35 -65.35056 -65.55184 16.30 (0)
(LiBH,), perp 4b Dy, -66.07043 -66.458 75 -66.62572 24.30 (2)
planar 4a Dy, -66.086 49 -66.47551 -66.64148 24.56 (0)
H-brid 5 Can -66.04717 -66.449 24 -66.65500 28.42 (0)
Li,B,H, “TS” 10a Ca -66.049 53 -66.441 34 -66.62115 23.80 (2)
“TS” 10b G ~-66.063 90 ~-66.453 40 -66.632 56 24.59 (2)
TS 11 C —66.064 81 -66.454 59 -66.63449 25.15 (1)
Li,B,H, invert 6¢c Dy, -66.11581 -66.504 39 ~66.71108 27.73 (2)
perp 6b Dy, -66.158 09 -66.546 48 -66.75305 26.77 (2)
planar 6a Dy, -66.18217 -66.57309 -66.78062 29.46 (0)

9 Zero-point energy at 3-21G; number of imaginary frequencies in parentheses. ®Reference 27. < Transition structure for the interconversion of 4a

and 6a.

Table II. Total (au) and Zero-Point Vibrational Energies (kcal/mol) of Anionic Species

MP2/
structure point 3-21G// 6-31+G*// 6-31+G*//
species or state no. group 6-31+G* 6-31+G* ZPE*
B,H;" linear 9b C,, -50.706 20° -51.01297 -51.17809 18.58 (0)
brid 9a Cyy -50.695 44* -51.006 06 -51.18717 18.34 (0)
B,H,” 3 D,, -51.05722 —51.44166 -51.63110 22.93 (0)
B,H,*" IB,, D, -51.33203 ~-51.63771 -51.799 11 24.80 (0)

@ Zero-point energy at 3-21G; number of imaginary frequencies in parentheses. ®Reference 27.

are also numerous examples of a-metalated alkylboranes; the
corresponding ion, 2, is isoelectronic with ethylene. Anions of this

\ / N/

—8 —— C=B"
/ N\ / N\

2

type have been extensively used for synthetic purposes.!? There
is spectroscopic'’ and calculational'* evidence for substantial
w-bond character in these compounds.

The first neutral compound with a boron—carbon double bond
involving dicoordinated boron was described in 19831 and ex-
amined theoretically.’ Other examples have been found more

(12) Matteson, D. S.; Wilson, J. W. Organometallics 1985, 4, 1690 and
references therein. Pelter, A.; Bugden, G.; Pardasani, R.; Wilson, J.
Tetrahedron Lett. 1986, 27, 5033 and references therein.

(13) Garad, M. V,; Wilson, J. W. J. Chem. Res. Synop. 1982, 132. Paetzold,
P.; Boeke, B. Chem. Ber. 1976, 109, 1011. Matteson, D. S.; Hagelee,
L. A. J. Organomet. Chem. 1975, 93, 21.

(14) Pross, A.; Radom, L. J. Comput. Chem. 1980, 1, 295. Dill, J. D,;
Schleyer, P. v. R.; Pople, J. A. J. Am. Chem. Soc. 1976, 98, 1663.

(15) (a) Klusik, H.; Berndt, A. Angew. Chem. 1983, 95, 895; Angew. Chem.,
Int. Ed. Engl. 1983, 22, 877. (b) Glaser, B.; Noth, H. Angew, Chem.
1985, 97, 424; Angew. Chem., Int. Ed. Engl. 1988, 24, 416. Also see:
Maier, G.; Henkelmann, J.; Reisenauer, H. P. Angew. Chem. 1985, 97,
1061; Angew. Chem., Int. Ed. Engl. 1985, 24, 1065.

(16) Frenking, G.; Schaefer, H. F., I1I. Chem. Phys. Lett. 1984, 109, 521.
Budzelaar, P. H. M,; Schleyer, P. v. R.; Krogh-Jespersen, K. Angew.
Chem. 1984, 96, 809; Angew. Chem., Int. Ed. Engl. 1984, 23, 825. Also
see: Schleyer, P.v. R; Luke, B. T.; Pople, J. A. Organometallics 1987,
6, 1997. Cook, C. M,; Allen, L. C. Organometallics 1982, I, 246.

recently'*® and X-ray structural analyses reported.'” In this
context it should be mentioned that diboriranides, which also
formally are a-metalated boranes, appear to have considerable
B-B double-bond character.!®

Reduction of diborane(4) derivatives results in the formation
of radical anions, R,B-BR,"". These one-electron w-bond species
have been characterized by ESR.”® Further reduction should lead
to the dianion 3, which is the isoelectronic dibora analogue of

\ /
B-==8"

/ \

3

ethylene. This dianion is unknown, although a formal derivative,
incorporated in a benzene ring (a 1,2-diboratabenzene), has been
prepared very recently.?? We now describe species based on
dianion 3, which we discovered during our general investigation
of the aggregation of lithium compounds.?!

(17) Olmstead, M. M_; Power, P. P.; Weese, K. J.; Doedens, R. J. J. Am.
Chem. Soc. 1987, 109, 2541. Boese, R.; Paetzold, P.; Tapper, A. Chem.
Ber. 1987, 120, 1069. Jan, D.-Y.; Shore, S. G. Organometallics 1987,
6, 428. Also see: Schmidt, G.; Baum, G.; Massa, W.; Berndt, A.
Angew. Chem. 1986, 98, 1123; Angew. Chem., Int. Ed. Engl. 1986, 25,
1111,

(18) Wehrmann, R.; Meyer, H.; Berndt, A. Angew. Chem. 1988, 97, 779;
Angew. Chem., Int. Ed. Engl. 1985, 24, 788.

(19) Klusik, H.; Berndt, A. Angew. Chem. 1981, 93, 903; Angew. Chem., Int.
Ed. Engl. 1981, 20, 870.

(20) Herberich, G. E.; Hessner, B.; Hostalek, M. Angew. Chem. 1986, 98,
637; Angew. Chem., Int. Ed. Engl. 1986, 25, 642.



Dilithiodiborane(6)

Inorganic Chemistry, Vol. 27, No. 22, 1988 3989

Table IIL. Relative Energies (kcal/mol) of LiB,Hj3, Li,B,H,, and Li,B,H, Isomers at Various Levels

point 3-21G// 6-31G*// MP2/
species structure no. group 3-21G 6-31G* 6-31G*//6-31G* A(ZPE)? final est?
LiB,H, invert 7d Cy 15.1 16.2 225 +0.3 2238
perp b C; 0.0 0.0 1.7 +0.1 7.8
planar Te Cy, 9.9 5.1 1.3 +0.5 1.8
folded Ta C 73 23 0.0 0.0 0.0
Li,B,H, H-brid 8c Cy, 52.6 42,6 45.5 -2.1 43.4
planar 8b D, 0.7 1.1 1.0 0.0 1.0
Li-brid 8a Cy, 0.0 0.0 0.0 0.0 0.0
(LiBH,), perp 4b Dy 70.1 71.7 97.2 -4.6 92.6
planar 4a Dy, 60.0 61.2 87.3 -4.4 82.9
H-brid 5 Cy 84.7 717 78.8 -0.9 71.9
Li,B,H, “TS” 10a Cy 83.2 82.7 100.1 -5.1 95.0
“TS” 10b C; 74.2 75.1 92.9 -4.4 88.5
TS 11 (o 73.6 74.4 91.7 -39 87.8
Li,B,H, invert 6¢ D,, 41.6 43.1 43.6 -1.6 42.0
perp 6b Dy, 15.1 16.7 17.3 -24 14.9
planar 6a Dy, 0.0 0.0 0.0 0.0 0.0

¢ Difference in zero-point energies, scaled by 0.9.2% ’Final estimates evaluated by using data from the highest level employed plus A(ZPE).

¢Transition structure for the interconversion of 4a and 6a.

Table IV. Energies (kcal/mol)? of Dimerization and Decomposition Reactions

MP2/
3-21G// 6-31G*// 6-31G*// final
reacn eq no. 321G 6-31G* 6-31G* A(ZPE)® est’
2LiBH,; — 4a 1 -36.9 -349 -36.2 +1.2 -35.0
2BH; — B,H; 2 -14.6 -20.3 -40.2 +6.5 ~-33.7
2LiBH, — § 3 ~12.2 -18.4 -44.7 +4.7 -40.0
Li,B,H, (6a) — '
2LiBH, 4 96.9 96.1 123.5 -5.6 117.9
Li,BH + BH, 5 97.6 97.2 120.5 -~5.1 1154
LiB,H, + LiH 6 68.0 72.0 79.3 6.4 72.9
B,H, + Li, 7 459 448 74.1 =30 71.1
Li,B,H, + H, 8 55.1 60.1 53.1 -5.8 473
LiB,H, (7) —
B,H, (IAS) + LiH 9a 70.2 70.6 96.6 -3.3 93.3
B,H, 323") + LiH 9b 76.7¢

@ All species in their most stable conformations at the levels indicated. °Difference in zero-point energies, scaled by 0.9.26 ¢Final estimates
evaluated using data from the highest level employed plus A(ZPE). “Calculated by using data from ref 5.

We also discuss B,H, anions and their metal derivatives. These
are isoelectronic with the vinyl cation and also possess B=B double
bonds.

Calculational Methods

We followed standard procedures:?? geometries were fully optimized
within the designated symmetry constraints at the restricted (closed-shell
species) or unrestricted (open-shell species) Hartree—Fock level using the
3-21G and 6-31G* basis sets?® incorporated in the GAUSSIAN 76 and
GAUSSIAN 82 program systems.?* Only singlet states were considered for

(21) (a) Kaufmann, E; Clark, T.; Schleyer, P. v. R. J. Am. Chem. Soc. 1984,
106, 1856. Also see: HodosEek, M.; Solmajer, T. J. Am. Chem. Soc.
1984, 106, 1854. (b) Sapse, A.-M.; Kaufmann, E.; Schleyer, P. v.R.;
Gleiter, R. Inorg. Chem. 1984, 23, 1569. (c) Sapse, A.-M.; Raghava-
chari, K.; Schleyer, P. v. R.; Kaufmann, E. J. Am. Chem. Soc. 1985,
107, 6483, (d) Kaufmann, E.; Raghavachari, K.; Reed, A. E.; Schleyer,
P. v. R. Organometallics 1988, 7, 1597.

(22) Hehre, W. J.; Radom, L.; Schieyer, P. v. R.; Pople, J. A. Ab Initio
Molecular Orbital Theory, Wiley-Interscience: New York, 1986.

(23) 3-21G: Binkley, J. S.; Pople, J. A.; Hehre, W. J. J. Am. Chem. Soc.
1980, 102, 939. Gordon, M. S,; Binkley, J. S.; Pople, J. A.; Pietro, W.
J.; Hehre, W. J. J. Am. Chem. Soc. 1982, 104, 2797. 6-31G*: Hehre,
W. J.; Ditchfield, R.; Pople, J. A. J. Chem. Phys. 1972, 56, 2257.
Hariharan, P. C.; Pople, J. A. Theor. Chim. Acta 1973, 28, 213. Dill,
J. D.; Pople, J. A. J. Chem. Phys. 1975, 62, 2921. Francl, M. M.;
Pietro, W. J.; Hehre, W. J.; Binkley, J. S.; Gordon, M. S.; DeFrees, D.
J.; Pople, J. A. J. Chem. Phys. 1982, 77, 3654. Diffuse function aug-
mented basis sets: Clark, T.; Chandrasekhar, J.; Spitznagel, G. W.;
Schleyer, P. v. R, J. Comput. Chem. 1983, 4, 294, Spitznagel, G. W ;
Clark, T.; Chandrasekhar, J.; Schleyer, P. v. R. J. Comput. Chem. 1982,
3, 363. Spitznagel, G. W.; Clark, T.; Schleyer, P. v. R.; Hehre, W. J.
J. Comput. Chem. 1987, 8, 1109. Also see: Frisch, M. J; Pople, J. A ;
Binkley, J. S. J. Chem. Phys. 1984, 80, 3265.

Chart [

even-electron systems. Anions were calculated with the diffuse func-
tion-augmented basis set 6-31+G*,% which improves the description of
negatively charged species. Electron correlation was estimated with the
6-31G* (6-31+G* for anions) basis sets by using Moller—Plesset theory

(24) GaUsSIAN 76: Binkley, J. S.; Whiteside, R. A.; Hariharan, P. C.; Seeger,
R.; Pople, J. A.; Hehre, W. J.; Newton, M. D. QCPE 1978,.14, 368.
GAUSSIAN 82: Binkley, J. S.; Whiteside, R. A.; Raghavachari, K.;
Seeger, R.; DeFrees, D. J.; Schlegel, H. B.; Frisch, M. J.; Pople, J. A.;
Kahn, L. R. “Gaussian 82”; Carnegie-Mellon University: Pittsburgh,
PA, 1982. See ref 22. We thank A. Sawaryn and T. Kové¥ for their
contributions to the version of the program used in Erlangen. The latest
calculations were carried out on a Convex Cl computer using the
GAUSSIAN 82 version provided by Convex Computer Corp.
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Chart 11

O () 1.57

carried out to second order (MP2)% and keeping the core electrons
frozen. Frequency analyses were carried out with the 3-21G basis set.
Final energy estimates were obtained by adding the differences in zero-
point energies (ZPE), scaled by the empirical factor 0.9,% to the
MP2/6-31G*//6-31G* data. Only these final estimates will be dis-
cussed. Total energies and ZPEs are listed in Tables I and Il and relative
and reaction energies in Tables 111 and 1V. Relative isomer energies (in
kcal/mol) together with important bond lengths (in A, at 6-31G*) are
also given in the charts. Some reference energies were taken from ref
27. Charges and bond orders were obtained by natural population
analysis (NPA).22  Full geometry information in the form of archive
entries?’ is available as supplementary material. Molecular orbital plots
were performed with a modified version of Jorgensen’s program ps1/77.%

Results and Discussion

Lithioborane(3), LiBH, singlet (A;), forms two highly sym-
metric dimers (lower symmetry alternatives are less stable): the
all-planar 4a (D,;), which has the usual four-center quadrupole
structure of LiX dimers,?' and the doubly hydrogen bridged isomer
5 (Cy), which can be regarded as a terminally dilithiated derivative
ot diborane(6).

The dimerization energy of 4a with two bridging lithiums is
-35.0 keal/mol (eq 1). At the same level of theory (MP2/6-

2LiBH, — 4a -35.0 kcal /mol (1)
2BH; — B,Hg -33.7 kcal /mol (2)
2LiBH, — 5§ —40.0 kcal/mol (3)

31G*//6-31G* + ZPE) the energy gained on formation of di-
borane(6) with two bridging hydrogens is almost the same, —33.7
keal/mol (eq 2). This value is close to the best available ab initio
data (-37.0 £ 3%%® and -33.9 kcal/mol*® at 0 K), indicating that
our level of theory is quite adequate. When terminal lithiums
are present (5), the dimerization energy is increased to —40.0
kcal/mol (eq 3).

Both 4a and 5 are minima (no imaginary frequencies at 3-21G),
whereas the perpendicular arrangement 4b (despite its obvious
structural relationship to diborane(6)) is a higher order stationary
point (two imaginary frequencies corresponding to con- and

(25) Binkley, J. S.; Pople, J. A. Int. J. Quantum Chem. 1975, 9, 229 and
references therein. Pople, J. A.; Binkley, J. S.; Seeger, R, Int. J.
Quantum Chem. Quantum Chem. Symp. 1976, 10, 1 and references
therein.

(26) Pople, J. A.; Krishnan, R.; Schlegel, H. B.; Binkley, J. S. Int. J.
Quantum Chem., Quantum Chem. Symp. 1979, 13, 225. Pople, J. A.;
Schiegel, H. B,; Krishnan, R.; DeFrees, D. J.; Binkley, J. S.; Frisch, M.
J.; Whiteside, R. A,; Hout, R. F., Jr; Hehre, W. J. Int. J. Quantum
Chem., Quantum Chem. Symp. 1981, 15, 269. DeFrees, D. J.; McLean,
A.D.J. Chem. Phys. 1985, 82, 333. Also see: Komornicki, A.; Pauzat,
F.; Ellinger, Y. J. Phys. Chem. 1983, 87, 3847,

(27) The Carnegie-Mellon Quantum Chemistry Archive, 3rd ed.; Whiteside,
R. A,; Frisch, M. J.; Pople, J. A., Eds.; Department of Chemistry,
Carnegie-Mellon University: Pittsburgh, PA, 1983.

(28) Reed, A. E.; Weinstock, R. B.; Weinhold, F. J. Chem. Phys. 1988, 83,
735.

(29) Jorgensen, W. L. QCPE 1977, 14, 340.
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disrotation of the BH, groups). The unusual planar tetracoor-
dination of the boron atoms in 4a is due to attractive Li-H in-
teractions. The lithiums are highly ionic (NPA charges® +0.777),
and the hydrogens have hydridic character (charge —0.150). The
hydrogen-bridged 5, which was not described in our previous study
of LiX dimerization,?'? is 5 kcal/mol more stable than the planar
4a. The reversal of relative energies of 4 and 5 at the SCF and
at correlated levels results from the importance of electron cor-
relation for B,H¢ and other hydrogen-bridged boron compounds.*

Shortening the B-B distances in 4 results in structures that are
“dimers” of LiBH, only in a formal sense: 6a and 6b are not
merely held together by Coulombic attractions of positively
charged lithium ions and the negative BH, groups but also possess
strong covalent boron—boron bonds essentially double in nature.
Since lithium-hydrogen agostic interactions are often important
in influencing the structures of lithium compounds,?43! we also
examined the doubly inverted structure 6¢c. All these isomers
(6a—c) are derivatives of the tetrahydrodiborate(2-) anion 3. This
dianion is not a viable species as an isolated entity since it is not
bound with respect to loss of an electron: The # HOMO has an
energy of +0.171 au, whereas the + SOMO of the corresponding
radical anion, B,H,*", has an energy of -0.047 au (6-31+G* data).
The presence of two lithium counterions in the Li,B,H, isomers
results in the stabilization of the negative charges due to attractive
Coulombic interactions: the energies of the HOMOs (which are
all 7 type) of 6a—c are —0.208, -0.219, and -0.157 au, respectively
(6-31G* data). Like 4a, planar 6a is a minimum and is more
stable (by 14.9 kcal/mol) than the perpendicular structure 6b (two
imaginary frequencies). The doubly inverted structure 6c also
is a higher order stationary point (two imaginary frequencies).
Its relative energy is 42.0 kcal/mol (Table III). Nevertheless,
it is considerably more stable than any of the dimer structures
4 and §.

B-B Bond Lengths. The B-B bond lengths in 6a—c are 1.613,
1.629, and 1.567 A, respectively (6-31G* data). Despite the
adjacent negative charges these lengths are at least 0.1 A shorter
than the experimentally determined boron—boron separations in
tetrachlorodiborane(4) (1.75 + 0.05 A, X-ray;* 1.70 £ 0.07 A,
electron diffraction’?®), in tetrabromodiborane(4) (1.69 + 0.02
A, electron diffraction),?? or in the tetrahedral cluster B,Cl, (1.70
+0.04 A).™ Even the B~B bond in B,F,, which is shortened due
to the strong electron withdrawal by the fluorine substituents, is
longer by 0.06-0.11 A: the B-B separations in solid and gaseous
B,F, are 1.67 £ 0.05 (X-ray)** and 1.72 A (electron diffrac-
tion), respectively. B~B bond lengths of organic derivatives
of diborane(4), B,H,, determined experimentally by X-ray
structural analyses, are 1.698 (4)3 and 1.711 (6) A3 A zinc-
complexed base adduct of B,H, itself has a 1.814 (6) A B-B
bond.*” Thus, the B-B separations in 6 are shorter than any
known B-B single bond and are between those calculated for the
neutral species H,B—BH, (1.653-1.679 and 1.742-1.762 A in
perpendicular and planar conformations, respectively)?’*% and
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Dilithiodiborane(6)

Figure 1. The four highest occupied molecular orbitals of B==B dou-
ble-bonded 6a.

HB==BH (1.498-1.515 A, depending on the electronic state).>?’

B,H, has the B=B distance (average 1.51 A) expected by
analogy with carbon systems: e.g., ethene, 1.317 A, vs ethane,
1.528 K (6-31G* data).?’” That is, the B=B bond length in B,H,
is about 0.2 A shorter than the single bond in B,H, (average 1.71
A). The up to 0.12 A longer B=B double bonds in 6a~c result
from the repulsion of the two adjacent negative charges. This
electrostatic elongation effect also is clearly seen in the doubly
bonded series B,H,, B,H;™ (linear 9b), and B,H,?", where the
B=B bond lengths are 1.510 (6-31G*),27 1.557, and 1.673 A
(6-31+G¥), respectively.

B-B Bond Energies. Combining two LiBH, units to form 6a
results in an energy gain of 117.9 kcal/mol (Table IV)! Part of
this energy of course stems from the bridging by two lithium
cations (e.g., the dimerization energy of LiBH, to give 4a is -35.0
kcal/mol; eq 1), but the experimentally known energies of bo-
ron—-boron single bonds determined thermochemically are only
79 (B,Cl,)** and 72.4 kcal/mol (B,F,).*® However, in a mass
spectrometric study of photoionization Dibeler et al.® derived B-B
bond energies in B,Cl, and B,F, of 87.6 and 103 kcal/mol, re-
spectively. Nevertheless, 6a seems to be a highly stable species
thermodynamically. By the approved nomenclature,?® this re-
markable compound should be named “dilithiodiborane(6)” or
“dilithium tetrahydrodiborate(2-).

Electronic Structure of Dilithiodiborane(6). The planar 6a (and
also the perpendicular 6b) are essentially B,H4> anions associated
with two lithium cations. The charges on lithium are +0.928 and
+0.863, respectively, according to natural population analysis (at
3-21G). The hydrogens are hydridic (charge ~0.103 and —0.060,
respectively). Figure 1 shows the four highest occupied molecular
orbitals of 6a. There is considerable mixing of the ogy, group
orbitals with the B-B ¢-bond (HOMO-1, A,). The HOMO (B;,)
is a pure B-B 7-bond. The contribution of the diffuse lithium
p orbitals is too small to be seen in the plot. The highly ionic
character of 6a prohibits cyclic = delocalization.®® A small
contribution of lithium orbitals can be seen in HOMO-3 (B,,)
corresponding to a weak antibonding interaction of lithium with
the symmetric combination of the wgy, group orbitals. The sta-
bilizing Li~H interactions mentioned above are mainly electrostatic
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2.335

BC.C:,

8b, Dx,
0.0 1.0 43.4

in nature. Since 6a is more stable than 6b by 14.9 kcal/mol (Table
IIT), the interaction is about 3.7 kcal/mol per Li-H contact. With
substituents other than hydrogen (e.g., alkyl groups) conformations
corresponding to 6b may well become more stable.

Thermodynamic Stability of Dilithiodiborane(6). In order to
demonstrate the stability of 6a, we calculated the energies of all
reasonable decomposition reactions. Some of the decomposition
products, which have not yet been described in the literature, are
shown in Chart III. As mentioned above, the disruption into two
LiBH, molecules is endothermic by 117.9 kcal/mol (Table IV,
eq 4). Splitting off BH; also is very unfavorable (+115.4 kcal/mol,
eq 5). Decomposition into lithium hydride and lithiodiborane(4)
(7a), or into a lithium molecule and diborane(4), still requires
72.9 and 71.1 kcal/mol, respectively (eq 6 and 7). Considering
the lattice energies of LiH and Li, (54.1 and 50.3 kcal/mol at
0 K),* these decomposition reactions are still endothermic by 18.8
and 20.8 kcal/mol, respectively. The most favorable reaction in
this context is the elimination of H, to form 1,2-dilithiodiborane(4)
(8a), which requires 47.3 kcal/mol (eq 8).

The product of decomposition reaction 6 (Table IV), lithio-
diborane(4), is a derivative of the trihydrodiborate(1-) anion 9.
The bridged form 9a is 5.9 kcal/mol more stable than the linear
9b (calculated from the data in Table II). This is similar to the

9b

case for the isoelectronic vinyl cation, where the bridged form
(corresponding to 9a) also is the most stable structure.*? -Extensive

(41) Chase, M. W, Jr.; Davies, C. A.; Downey, J. R, Jr.; Frurip, D. J.;
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delocalization of the negative charge in both 9a and 9b leads to
B=B double bonds of lengths 1.465 and 1.557 A (6-31+G*),
respectively. Thus, the B-B separation in 9a is even shorter than
that in HB=BH. This short B-B distance is preserved in the lithio
derivatives 7a~d (1.457-1.552 A, 6-31G* data). There are two
isomers that correspond to minima (at 3-21G): the dibridged
(folded) structure 7a and the singly bridged perpendicular ar-
rangement 7b, which is higher in energy by 7.8 kcal/mol (Table
I11). The corresponding planar dibridged isomer 7¢ is the tran-
sition structure (one imaginary frequency) for the planar inversion
of 7a. The activation energy, however, is only 1.8 kcal/mol (Table
IIT). Similarily, 7d is the transition structure for the conversion
of 7b into an identical form.

Lithiodiborane(4) is stable against loss of LiH (+93.3 kcal/mol,
eq 9a). For computational convenience we calculated the resulting
diborane(2), B,H,, in the singlet state ('4,). The ground-state
triplet (3Z;") is calculated to be 16.6 kcal/mol lower in energy,’
thus reducing the decomposition energy to +76.7 kcal /mol (eq
9b).

The most stable conformation of 1,2-dilithiodiborane(4) is the
folded, doubly lithium bridged 8a. The planar isomer 8b is the
transition structure for the planar inversion process of 8a with
a small activation energy, 1.0 kcal/mol. The doubly hydrogen
bridged 8¢ is a minimum but is higher in energy by 43.4 kcal/mol.

No-Bond-Double-Bond (Bond-Stretch) Isomerism in Li,B,H,.
Since both 4a with its long B~B separation (4.204 A) and 6a with
its B==B double bond (1.613 A) are minima, the barrier separating
the two structures is of interest. This provides an example of
another type of “bond-stretch isomerism”, which has enjoyed a
revival of interest recently.*> The interconversion process within
the D, point group is “forbidden™ there is no occupied * MO
in 4a corresponding to the # HOMO of 6a. Consequently, the
SCF energy curve for a D,;, pathway between the two minima
(i.e., varying the B-B separation and reoptimizing the remaining
geometrical parameters) reveals a cusp. A transition structure
with symmetry reduced to C,;, appeared to be likely in view of
the dimerization route of singlet methylene, CH,,* a species
isoelectronic with the singlet BH,™ anion.** Within the C,, point
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group a stationary point (10a) was found, but this had two im-
aginary vibrational modes. Further reduction of symmetry to
C, resulted in an energy lowering by 6.5 kcal/mol. However, the
C; “transition structure” 10b still had two imaginary frequencies.
The true transition structure 11 (one imaginary frequency cor-
responding to a B-B stretch) has no symmetry (C, point group);
it is only 4.9 kcal/mol higher in energy than planar 4a. (This
value may be lower or even disappear at higher levels of theory.)
The B-B separation in 11 is 2.699 A (6-31G* data), about the
average of the B-B distances in 4a and 6a. Due to the small
activation energy for converting 4a into the much more stable 6a,
the “no-bond isomer” 4a should be very difficult to observe (al-
though derivatives might be more stable).

The B-B bond order in 4a (obtained by NPA at 3-21G) is
-0.012; i.e., there is actually no B-B bonding. The formation of
a B-B bond in the transition structure 11 is indicated by a bond
order of 0.250, compared with 1.969 in 6a (double bond).

Possibilities for the Synthesis of Li,B,H,. Since 4a with no
B—B bond may be a distinct species, it could be a precursor for
the synthesis of the B=B double-bonded 6a. Chloroboranes(3)
are readily available* as ether adducts, CIBR,-OR’,. Halogen—
metal exchange by lithium should lead to LiBR,, which is expected
to oligomerize. Suitable substituents R may result in the formation
of the dimer (LiBR;),, corresponding to 4a, which in turn might
isomerize into a B=B double-bonded species, perhaps even
spontaneously depending on the nature of the R groups. The
rather low activation energy (4.9 kcal/mol for the parent system)
makes this approach likely.

Another route to derivatives of 6a might be the two-electron
reduction of diborane(4) derivatives, B,R,, with lithium metal.
The reduction of B;R, (R = neopentyl) has been described by
Klusik and Berndt,'® but the reaction evidently stopped at the
radical anion stage. Nevertheless, the two-electron reduction
should be possible according to our calculations and seems to be
a promising route to compounds exhibiting a B=B double bond.
This is a challenge for experimental chemists.
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