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The MNDO semiempirical molecular orbital method yields five optimized structures for BsHs, each of which is predicted to be
more stable than the observed structure of C,, symmetry. When polarization functions (d orbitals on B) and correlation corrections
(Moller-Plesset perturbation of the SCF wave function to orders 2 and 3) are included, the observed nonclassical structure is
predicted to be the most stable of all of these structures. Models for rearrangement of 1-substituted (apex) to 2-substituted
pentaboranes are suggested from two of these less stable structures. The one of C, symmetry has a vacant orbital and may be
favored as an intermediate when a Lewis base is available, while the other of C; symmetry is based on the DSD rearrangement
mechanism and may be favored for isomerization in the absence of a Lewis base.

Introduction

Of the many reactions of BsH,, exemplified in some refer-
ences,!"!® the rearrangements of the 1-alkyl,' 1-halo,* and 1-
deuterio,>’ derivatives to the 2-position are intramolecular. These
isomerizations occur at elevated temperatures in the absence of
a Lewis base and at or near room temperature in its presence.!!*!3
Catalysis by a Lewis base L suggests an intermediate of the type
BsH,L, for which BsH,™ is an isoelectronic analogue, or of the
type BsHoL, for which the hypho BsH;;?" is an analogue.!’
Structures of BsH,L, where L is P(CHj,), have been established
by X-ray diffraction methods'® (Figure 1).

In the absence of Lewis base, an early proposal'® for the re-
arrangement of BsHgX, where the B-X bond remains unbroken,
is here extended to include metastable intermediates. The first
candidate for a metastable intermediate is the structure 6, which
was reported by the MNDO method® to be more stable than the
observed structure of C,, symmetry' by 9 kcal/mol. In the
MNDO study,? diagonalization of the Hessian (force constant)
matrix for the C,, structure revealed several imaginary modes.
Distortion along one of these modes led to structure 6. Our study,
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reported below, has led to several structures 2—-6, which at the
MNDO level are incorrectly predicted to be more stable than the
observed structure. There may be a general tendency for MNDO
to overestimate the stability of classical structures as compared
with nonclassical structures.

Theoretical Methods

The MNDO method was used to locate and optimize (within the
indicated symmetry) the six structures, which were further examined at
the PRDDO (partial retention of diatomic differential overlap) method.
Also, from the 6-31G or STO-3G levels, increments in energy were
calculated at the 6-31G* and STO-3G* levels (d orbitals on B) and at
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Table I. Comparison of Calculated and Observed C,,, Geometries
of B,H, (Distances in A; B,, Apical Boron; B, and B,, Basal
Borons)

parameter 3-21G® PRDDO?  MNDOQ®  exptd
B,B, 1.828 1.791 1.863 1.803
B,B, 1.709 1.648 1.712 1.690
B,H, 1.174 (1.208)° 1.160 1.186
B,H, 1.175 (1.201)° 1.156 1.181

B,H, 1,349 1.356 1384  1.352

@ This work. ? Halgren, T. A.; Kleier, D. A.; Hall, J. H., Jr.;
Brown, L. D.; Lipscomb, W, N. J. Am. Chem. Soc. 1978, 100,
6595. © Reference 18. ¢ Schwock, D.; Burg, A. B.; Beaudet,
R. A. Inorg. Chem. 1977, 16, 3219. © Assumed.

Table II. Relative Energies (kcal/mol) at Different Levels

[MP2/ [MP3/
struct MNDO PRDDO STO-3G 6-31G 6-31G*] STO-3G*]?

1 0.0 0.0 0.0 0.0 0.0 0.0 (0.0)

2 -4.4 9.5 206 271 59.4 60.5 (53.9)
3 -26.3 -264 ~111 -04 46.6 51.9 (41.2)
4 ~-8.6 11.8 224 244 39.8 41.2 (39.2)
5 -8.2 7.7 17.8  21.6 40.1 47.5 (43.7)
6 -9.7 2.6 12.4 152 31.5 35.6 (32.8)

@ The first value includes polarization and correlation corrections
estimated from the STO-3G basis and used with 6-31G relative
energies; the second number (in parentheses) is the relative energy
based on corrections from the STO-3G basis (i.e., [MP3/STO-3G*}).
All energies are relative to zero for the C,, structure.

the MP2/6-31G and MP3 /STO-3G levels in order to obtain polarization
and correlation corrections. The additivity principle (addition of polar-

(1) Onak, T.P.J. Am. Chem. Soc. 1961, 83, 2584, Onak, T. P.; Gerhart,
F. J. Inorg. Chem. 1962, 1, 742. Hough, W. V; Edwards, L. J.; Stang,
A. F.J. Am. Chem. Soc. 1963, 85, 831.
(2) Onak, T. P,; Gerhart, F. J.; Williams, R. E. J. Am. Chem. Soc. 1963,
85, 1754, '
(3) Onak, T.; Dunks, G. B. Inorg. Chem. 1964, 3, 1060.
(4) Burg, A. B.; Sandhu, J. S. J. Am. Chem. Soc. 1968, 87, 3787.
(5) Thompson, M. L.; Schaefer, R. Inorg. Ckem. 1968, 7, 1677.
(6) Gaines, D. F.; Martens, J. A. Inorg. Chem. 1968, 7, 704.
(7) Murphy, C. B,, Jr.; Enrione, R. E. J. Inorg. Nucl. Chem. 1971, 33, 587.
(8) Leach, J. B,; Oates, G.; Tang, S.; Onak, T. J. Chem. Soc., Dalton Trans.
1975, 1018.
(9) Leach, J. B.; Oates, G.; Handley, J. B,; Fung, A. P.; Onak, T. J. Chem.
Soc., Dalton Trans. 1977, 819.
(10) Wilczynski, R.; Sneddon, L. G. J. Am. Chem. Soc. 1980, 102, 2857.
(11) Kodama, G.; Engelhardt, U.; Lafrenz, C.; Parry, R. W. J. Am. Chem.
Soc. 1972, 94, 407.
(12) Kodama, G.; Kameda, M. Inorg. Chem. 1979, 18, 3302.
(13) Kameda, M.; Kodama, G. Inorg. Chem. 1980, 19, 2288,
(14) Kameda, M.; Kodama, G. Inorg. Chem. 1982, 21, 1267.
(15) Heppert, J. A.; Kulzick, M. A,; Gaines, D. F. Inorg. Chem. 1984, 23,
14

(16) M'atteson. D. S. J. Organomet. Chem. 1981, 207, 13. )
(17) Lipscomb, W. N, “Boron Hydrides”; W. A. Benjamin: New York,
1963; pp 218, 221.
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Figure 1. Structure of BsHg-2P(CH;)3.'® A resonance hybrid is implied
in which the three-center bond and the two single bonds are interchanged.

Table III. Contributions from Correlation and Polarization
to Relative Energies (kcal/mol) at Different Levels®

STO-3G 6-31G
correln correln
cor polarizn cor polarizn

(MP3/ cor total (MP2/ cor total
struct  STO-3G) (STO-3G*) cor  6-31G) (6-31G*) cor
1 27.9 24.4 52.3 30.3 16.7 47.0
2 6.3 12.7 19.0 3.7 11.1 14.8
3 0.0 0.0 0.0 0.0 0.0 0.0
4 16.4 19.1 355 16.8 14.7 31.6
5 12.9 13.5 26.4 17.0 11.5 28.5
6 19.2 12.7 31.9 22.4 8.2 30.6

@ Here, Structure 3 has been taken as the reference for relative
energies because it is the most classical. Positive numbers indicate
greater stabilization.

ization and correlation corrections) was then used to approximate the
[MP2/6-31G*} or [MP3/STO-3G*] results.?!?  We have found that this
approximate additivity yields errors of only a few kcal/mol in isomeri-
zations.?%* The basis sets refer to the GAUSSIAN 80 program.?

Results and Discussion

Geometries of BsHy (C,,) were optimized at the MNDO, 3-
21G, and PRDDO levels as indicated in Table I, where the results
are compared with experiment. Even though the MNDO me-
thod?¢3! indicates that the C,, structure is the least stable, the
geometry of this structure is given reasonably well. When the

(18) Fratini, A. V.; Sullivan, G. W.; Renniston, M. L.; Hertz, R. K.; Shore,
S. G. J. Am. Chem. Soc. 1974, 96, 3013, 6819, See also: Alcock N.
W.; Colquhoun, H. M.; Haran, G.; Sawyer, J. F.; Wallbridge, M. G.
H. J. Chem. Soc., Chem. Commun. 1977, 368.

(19) Reference 17, p 174. Grimes, R. N.; Lipscomb, W. N. Proc. Natl.
Acad. Sci. U.S.A. 1962, 48, 496.

(20) Dewar, M. J. S.; McKee, M. L. Inorg. Chem. 1978, 17, 1569,

(21) We suggest that calculations that use additivity enclose the appropriate
basis set in brackets.

(22) McKee, M. L.; Lipscomb, W. N. J. Am. Chem. Soc. 1981, 103, 4673.
McKee, M. L.; Lipscomb, W. N. Inorg. Chem., preceding paper in this
issue.

(23) (a) McKee, M. L.; Lipscomb, W. N. Inorg. Chem. 1981, 20, 4442,
4452, (b) McKee, M. L.; Lipscomb, W. N. Inorg. Chem. 1982, 21,
2846. (c) McPherson, D. W.; McKee, M. L,; Shevlin, P. B. J. Am.
Chem. Soc. 1984, 106, 2712. Lipscomb, W. N. Fenzie Kenue Xneboa
1982, 2.

(24) (a) Nobes, R. H.; Bouma, W. J.; Radom, L. Chem. Phys. Lett. 1982,
89, 497. (b) Gordon, M. S. J. Am. Chem. Soc. 1982, 104, 4352. (c)
Bouma, W. J.; Nobes, R. H.; Radom, L. J. Am. Chem. Soc. 1983, 105,
1743. (d) Gordon, M. S_; George, C. J. Am. Chem. Soc. 1984, 106, 609.
(e) Nobes, R. H.; Bouma, W. J.; Radom, L. J. Am. Chem. Soc. 1984,
106, 2774. .

(25) References to basis sets used are collected here. The program package
GAUSSIAN 80 was used throughout. Binkley, J. S.; Whiteside, R. A.;
Krishnan, R.; Seeger, R.; DeFrees, D. J.; Schlegel, H. B.; Topiol, S.;
Kahn, L. R.; Pople, J. A. QCPE 1980, 406. STO-3G basis: Hehre, W.
J.; Stewart, R. F.; Pople, J. A. J. Chem. Phys. 1969, 51, 2657. 6-31G
basis: Hehre, W. N.; Ditchfield, R.; Pople, J. A. J. Chem. Phys. 1972,
56, 2257. 6-31G* basis: Hariharan, P. C.; Pople, J. A. Theor. Chim.
Acta 1973, 28, 213. Gordon, M. S. Chem. Phys. Lett. 1980, 76, 163.
Francl, M. M.; Pietro, W. J.; Hehre, W. J.; Binkley, J. S.; Gordon, M.
S.; DeFrees, D. J.; Pople, J. A. J. Chem. Phys. 1977, 77, 3654. MP2,
MP3 correlation treatment: Moller, C.; Plesset, M. S. Phys. Rev. 1934,
46, 618. Pople, J. A.; Binkley, J. S.; Seeger, R. Int. J. Quantum Chem.
Symp. 1976, 10, 1.

(26) Dewar, M. J. S.; Thiel, W. J. Am. Chem. Soc. 1977, 99, 4907.

(27) Dewar, M. J. S.; McKee, M. L. Inorg. Chem. 1978, 17, 1075.

(28) Dewar, M. J. S.; McKee, M. L. Inorg. Chem. 1978, 17, 1569.

(29) Dewar, M. J. S,; McKee, M. L. J. Am. Chem. Soc. 1978, 100, 7499.

(30) Dewar, M. J. S.; McKee, M. L. Inorg. Chem. 1980, 19, 2662.

(31) Dewar, M. J. S.; McKee, M. L. J. Mol. Struct. 1980, 68, 105.
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Figure 2. Possible rearrangements of the C,, structure of BsH, to 6 and
5. As adistorted 3-4-1-2 square forms, the 1-3 bond breaks and the 2-4
bond forms. The 2-5 interaction is broken as the 2-5 bridge shifts to 1-5.

C,, structure was optimized at the 3-21G level, its energy was only
2.5 kcal/mol more stable than that of a 6-31G level result cal-
culated for the geometry that was optimized at the MNDO level.
It is, of course, not known whether all six of these structures (1-6)
are at stationary points (maxima or minima) on the potential
energy surface. This question can be addressed at a higher level
of calculation when budgets for computing permit.

In Table II we summarize the relative energies of the six isomers
at the MNDO, PRDDO, STO-3G, and 6-31G levels. Even at
the SCF double-{ level, 6-31G, the classical structure 3, which
has three trigonal boron atoms, is marginally more stable than
the C,, structure. We did not study the various isomers of 7
because we expect them to be considerably less stable when po-
larization and correlation corrections are added. Indeed, when
these two corrections are made independently and then added to
the 6-31G level (Table II, next to last column), the observed C,,
structure is considerably more stable than any of the other
structures. The same stabilization is obtained when the two
corrections are estimated from the STO-3G basis and then added
to the 6-31G basis or when the two corrections are made to the
STO-3G basis directly and then added (Table II, last column).
The accuracy of this last procedure is fairly reasonable for these
boron hydrides and allows extension of the additivity principle
to much more complex molecules and reactions. Of course, this
last procedure should be used with extreme caution in systems
where in—out flexibility is better described by a double-{ basis set.22

In Table III we exhibit separately the contributions from po-
larization and correlation, starting from either STO-3G (single-¢)
or 6-31G (double-{) levels. The two contributions are comparable
in magnitude.

The discovery of classical or semiclassical structures for non-
classical molecules by these devious methods may be of value in
finding transition states or reaction intermediates, a principle
previously realized in this laboratory.3? The present study is the
first computational effort to study the rearrangement mechanisms
of BsHy. The gas-phase isomerization occurs at about 200 °C,
and the Lewis base catalyzed isomerization occurs at or near room
temperature. In both mechanisms the apex and equatorial borons
are scrambled, but there is no evidence that the substituents on
boron are rearranged independently of the boron atoms to which
they are attached. Of the several structures, 3 is eliminated
because one boron has lost its terminal hydrogen. Structure 2,
the early prediction of Pitzer for the structure of BsH,, lies too
high in energy (59.4 kcal/mol) for an isomerization at 200 °C

(32) Camp, R. N.; Marynick, D. S.; Graham, G. D.; Lipscomb, W. N. J.
Am. Chem. Soc. 1978, 100, 6781.

(33) Pitzer, K. S. J. Am. Chem. Soc. 1945, 67, 1126.

(34) Lipscomb, W. N. Science (Washington, D.C.) 1966, No. 153, 373.
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Figure 3. Illustration of scrambling of apical bond positions for the 5 (C,)
and 4 (C,) structures. The § to 8 conversion involves the indicated
hydrogen motions. Two bridging hydrogens (5-4 and 3-2) adopt terminal
positions (4 and 2) while two terminal hydrogens (5 and 2) migrate to
bridging positions (5-4 and 2-1, respectively). The diamond-square-
diamond (DSD)* transformation involves the formation of a 5-1-3-4
square and the formation of two bridge hydrogens (2-1 and 5-4) from
terminal hydrogens (2 and 5, respectively).

(35~40 kcal/mol), provided that the entropy change is small.
Structure 6 does not interchange apical and equatorial boron atoms
and is therefore not suitable. The remaining structures are 4 (C;)
and § (Cy).

Structure 5§ is a reasonable candidate for the low-temperature
rearrangement in the presence of a Lewis base, because of the
vacant orbital on the middle boron. The transient nature of this
complex is consistent with absence of evidence for BsHyL adducts

under conditions that a stable complex might be expected.!?
Structure 4 does not have a vacant orbital as written, although
it could easily develop one if the three-center BBB bond becomes
a two-center bond, leaving a vacant orbital on the boron atom at
the right. If so, a ligand could bind in a transient intermediate.
Finally, two ligands could act simultaneously, yielding interme-
diates that could be modeled by the X-ray diffraction studies of
BsH,L, compounds.'®

For the high-temperature rearrangement uncatalyzed by a
Lewis base, structure 4 is one reasonable candidate. This structure
combines a dsd mechanism? with a filled orbital structure, retains
B-H, bonds, and does rearrange the apex and equatorial BH units.

In Figures 2 and 3 we summarize motions of atoms that might
plausibly occur in these proposed rearrangements, in the expec-
tation that further experimental and theoretical studies will be
stimulated.?
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(35) Added Feb 1, 1985: At the 1984 International Chemical Congress of
Pacific Basin Societies, Honolulu, HI, Dec 16-21, 1984, D. F. Gaines
reported experimental evidence for retention of BH units in the rear-
rangement of BsH; (paper 07L19), and he suggested a geometrical
rearrangement mechanism similar to ours. Also at this meeting, R.
Hoffmann suggested that the outer pathway of Scheme I for the rear-
rangement of CsH* may give further clues about the rearrangement
of BsH, (Stohrer, W.-D.; Hoffmann, R. J. Am. Chem. Soc. 1972, 94,
1661, especially p 1664). Our preliminary examination of this pathway
modified for BsH, in place of CsH,* indicates an intermediate consisting
of a BH apex having two hydrogen bridges to a B4Hg unit. This Cs,
structure is 97 kcal/mol less stable than the C,, structure at the
[MP2/6-31G*] level after optimization at the 3-21G level. Our
mechanism for rearrangement of BsHy may be worth extending to the
CH;* system.
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Kinetics of the outer-sphere oxidation of cis-aquaoxovanadium(IV) complexes, [V'YO(pmida)(H,0)] (H,pmida = [(2-pyridyl-
methyl)imino]diacetic acid) and [V'YO(nta)(H,0)]~ (H;nta = nitrilotriacetic acid), with one-electron oxidants, [Ir'YClg]* and
[(en),Co™(u-NH,,0,7)Co'!(en),]** (en = ethylenediamine), have been studied by the stopped-flow method in aqueous solution
at I = 0.1-1.0 M (NaClO,) (1 M = 1 mol dm™), pH 3.5-5.0 (acetate buffer, total acetate concentration 0.01 M), and 15-45
°C, under pseudo-first-order conditions with the vanadium complex in large excess. The observed rate law is rate = (ky,0 +
kouK [H*])[V™){oxidant], where K, is the acid-dissociation constant for the aqua ligand and ky,q and koy are the second-order
rate constants for the oxidation of the aqua and the hydroxo complexes, respectively. AS* rather than AH* seems to be responsible
for the fact that koy is ca. 10° times bigger than ky,¢ for each of the four redox couples. This is explained by the difference in
electronic interaction between the redox couples at the transition state (nonadiabaticity) rather than the difference in the
Franck—Condon barrier between the aqua and hydroxo complexes. Importance of the solvation for these reactions is discussed
on the basis of the dependence of AH* and AS* on the charge product of redox couple.

Transition-metal ions of quadrivalent or higher oxidation states
in aqueous media usually possess coordinated oxide ion(s), of which
the number tends to increase as the oxidation number increases.!™
Oxidation of the metal ions to such higher oxidation states in

(1) Kepert, D. L. “The Early Transition Metals”; Academic Press: London,

1972; pp 164-174, 209-217, 274-321.

(2) Cotton, F. A.; Wilkinson, G. “Advanced Inorganic Chemistry”, 4th ed.;
Wiley: New York, 1980; pp 689-980.

(3) Saito, K.; Sasaki, Y. Adv. Inorg. Bioinorg. Mech. 1982, 1, 179-216.

aqueous solution is mostly accompanied by the formation of an
“oxo-metal” bond. “Oxo—-metal” bond formation on oxidation
of aquated metal ions is coupled with release of the hydrogen ion
as exemplified by vanadium(III):43

- -
[VII(H,0)6]* — > [VVO(H,0)5]* —

[V¥(0),(H,0),1* (1)

(4) Thorneley, R. N. F.; Sykes, A. G. J. Chem. Soc. A 1970, 1036-1039.
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