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A comprehensive survey of the (CHBH). potential energy surface was carried out at the [MP4/6+3341
(d,p)l/IMP2/6-31G(d) level. Many of the classical and nonclassical isomers of the carborane surface are separated
by high activation barriers, which explains why derivatives of most isomers could be prepared as stable compounds
at room temperature. The transition states are grouped into two types, hydrogen migration (terminal-to-bridge
and bridge-to-terminal) and group migration (BH, CH, and,lCHhe rearrangement of 1,3-diamino-1,3-diboretene
(1-NHy) to 1,2-diamino-1,2-diboreten2-NH,) was computed and compared to the rearrangement in the parent
(1 — 2). The effect of the amino group is to substantially increase the barrier height and stabilize the product,
2-NHa.
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carborane family® the potential energy surface bears no
similarity to other carboranes. Instead, the nonclassical struc-
tures are characterized oy and z-three-center-two-electron
(7-3c-2e) bond$:2 The 7-3c-2e bond is located on a central
Huckel-aromatic three-membered ring. If the and 7-3c-2e

bonds have three atoms in common, the structure is considered

“type A” (3, 6), while if the - and-3c-2e bonds have only
two atoms in common, the structure is considered “type B”
(4).1,2

The nonclassical (CH(BH), systems which have simulta-
neouso- andsz-3c-2e bonds have atoms (boron or carbon) with
all substituents in the same hemisphe3g4, 6—8; anti-van't
Hoff geometried’). If the “special” atom is carbon3( 7), it
can be thought of as a carbene with a “reversed” electron
configuration, that is, the lone pair on carbon is located in the
out-of-planer-orbital rather than the in-plangorbital. In this
manner, the occupiedr-lone pair (on carbon or boron)
participates in ther-3c-2e bond, while the empty-orbital
participates in ther-3c-2e bond.

Two orthogonal systems of 4+ 2) electrons are called
“doubly aromatic™® The added methylene bridge in formiBg
gives a monohomo doubly aromatic system. The diborylcarbene
7 is am-carbene and a potential intermediate in the degenerate
rearrangement d3.

The potential energy surface can be divided up into five
different areas of stabilityl{2, 3/7, 4/6, 5, 9), of which examples
are known for all but4/6. Rearrangement barriers between
the different groups exceed 40 kcal/mol. Ironically, the only
example not known is the global minimum, cyclic (boryl-
methylene)boranedf. The purpose of this work is to compute
all the (CHY(BH), species and the pathways of interconversion
at a consistent level of theory.

Computational Methods

All geometries were fully optimized in the given symmetry at the
MP2/6-31G(d) levet® Vibrational frequencies were calculated to
determine the nature of the stationary points and to make zero-point
and heat capacity corrections. Single-point calculations were made
on MP2/6-31G(d) geometries at MP4SDQT/6-31G(d) and MP2/6-
311+G(d,p) to estimate relative energies at the [MP4/6-861d,p)]
level (brackets signify additivity approximati&i. Zero-point correc-
tions were made using scaled MP2/6-31G(d) frequencies (0.95 factor),
while integrated heat capacities to 298 K were made with unscaled
frequencies.

Molecular plots of (CH)YBH), species are shown on a reaction
diagram in Figures 1 and 2. Total energies (hartrees) and zero-point
energies (kcal/mol) are given in Table 1 and relative energies (kcal/
mol) in Table 2. Cartesian coordinates at the MP2/6-31G(d) level of
all species are provided as Supporting Information.
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Figure 1. Reaction diagram at the [MP4/6-31G(d,p)]//MP2/6-31G-
(d)+ZPCHCp level (at 298 K) for species on the (GXBH). potential
energy surface.
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Figure 2. Reaction diagram at the [MP4/6-31&(d,p)]//MP2/6-31G-
(d)+ZPC+Cp level (at 298 K) for species on the (GKBH), potential
energy surface.

Results and Discussion

In 1985, the 3-21G geometries of many (G{BH). isomers
were calculated by Schleyer and co-work&dhe relative
energies in their study (MP2/6-31G(d)//3-21G) are remarkably
similar (Table 2) to the relative energies in the present study
(IMP4/6-311-G(d,p))//IMP2/6-31G(d) plus ZPE and heat capac-
ity corrections). The largest difference is about 5 kcal/mol.

The 1,3-isomer of diboretené)(is calculated to be 8.1 kcal/
mol more stable than the 1,2-isom&).(Both isomers can be
considered as distorted tetrahedra. The dihedral angles around
the perimeters ofl and 2 are very similar (39.7 and 39.2,
respectively), as are the averages of the sixQZ B—B, and
C—B distances (1.661 and 1.685 A, respectively). The least-
motion reaction path for interconvertirigand?2 is a diamond-
square-diamond (DSD) stépHowever, the DSD pathway is
blocked by a HOMG-LUMO crossing similar in nature to that
found in the rearrangement of (CiBH); and (CH}(BH),.3%:32
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Table 1. Absolute Energies (hartrees), Zero-Point Energies (kcal/mol), and Heat Capacity Corrections to 298 K (kcal/mol)

PG MP2/a MP4/a MP2/b ZPE(NIF) cp corr (298 K)
1 Ca —127.76989 —127.81904 —127.84260 35.63(0) 3.06
2 C. —127.75609 —127.80688 —127.82812 35.53(0) 3.14
3 Cs —127.76020 —127.80866 —127.83147 35.86(0) 3.18
4 Cs —127.77908 —127.82901 —127.85313 36.77(0) 3.10
5 Cs —127.75849 —127.80876 —127.82856 34.07(0) 3.57
6 Cs —127.73915 —127.78971 —127.81314 36.67(0) 3.12
7 Ca —127.73286 —127.78322 —127.80693 35.47(0) 3.34
8 Cs —127.69763 —127.75095 —127.77432 36.36(0) 3.27
9 Dan —127.74924 —127.80260 —127.81941 32.59(0) 4.06
10 Cs —127.68494 —127.73689 —127.76171 32.62(0) 3.65
11 C —127.66340 ~127.71514 —127.74717 32.89(0) 3.50
TS1/1 Dan —127.73646 —127.79049 —127.80995 35.31(1) 2.81
TS2/2 Ca —127.73846 —127.79126 —127.81182 35.26(1) 2.83
TS3/3 Ca —127.71601 —127.76959 —127.78926 33.79(1) 3.36
TS5/5 Cs —127.74106 —127.79135 —127.81136 33.82(1) 3.24
TS1/2 C. —127.73232 —127.77995 —127.80590 34.70(1) 2.96
TS2/3 C. —127.62378 —127.67732 —127.70581 31.51(1) 3.49
TS3/7 Cs —127.71350 —127.76507 —127.78916 34.55(1) 3.23
TS1/7 Cs —127.59092 —127.64294 —127.67765 30.90(1) 3.25
TS6/8 C. —127.65572 —127.71298 —127.73430 35.32(1) 3.22
TS4/6 Cs —127.71269 —127.76653 —127.78908 35.02(1) 3.14
TS4/8 Cs —127.65000 —127.70900 —127.73167 34.45(1) 3.50
TS1/11 C. —127.66271 —127.71403 —127.74551 32.69(1) 3.12
TS5/11 C. —127.64565 —127.69841 —127.72392 32.20(1) 3.26
TS2/6 C —127.64497 —127.69841 —127.72437 33.34(1) 3.02
TS2/5 C —127.67239 —127.72416 —127.75264 32.23(1) 2.94
TS5/10 Cs —127.68398 —127.73501 —127.76065 31.73(1) 3.68
TS10/9 Cs —127.67496 —127.73038 —127.74940 31.23(1) 3.63
TS9/9 Dan —127.74168 —127.79285 —127.81174 31.97(1) 3.85
1-NH, Ca —238.25497 —238.32337 —238.40947 59.51(0) 4.71
2-NH, C. —238.25096 —238.32349 —238.40494 59.88(0) 4.75
TS1/1-NH, Dan —238.21961 —238.29410 —238.37547 58.33(1) 4.68
TS2/2-NH, Ca —238.25092 —238.32355 —238.40485 59.79(1) 4.24
TS1/2-NH, C. —238.19975 —238.26661 —238.35525 58.00(1) 4.85

aZero-point energy with number on imaginary frequencies in parentheses.

The reaction path interconvertiigand 2 maintains &C, axis. It is difficult to rationalize the observation made by Berhdt
The transition stateTS1/2 resembles a less distorted tetra- that a derivative oB thermally rearranges t2. There is an
hedron than eithet or 2, with C—C, B—B, and C-B distances

of 1.588, 1.896, and 1.402/1.774 A, respectively. The activation 1+BH;3 2 +BHj3
enthalpy is 22.9 kcal/mol in the forward directich- 2) and

14.8 kcal/mol in the reverse direction. In comparison, the l
inversion barriers are 16.9 kcal/mol fbthrough transition state l

TS1/1and 8.3 kcal/mol foR through transition stat€S2/2 It
is interesting to note that Bf-hdds without an activation barrier H

to 1 in forming one isomer of €BsH7 (seel + BH3), while H H\IIB/H

BH3 adds to2 without barrier in forming another isomer of B\ I/ \\

C;B3H7 (see2 + BHj3).22 These two GB3H7 isomers do not / H—pZ

readily interconver#3 /C \ I “B—y
The 1,2-diboretane-3-ylidene isom&j has attracted attention / \ /

due to its orthogonal aromatic systems and unusual bond- \C/ CEC

ing.1-21:221t is 0.4 kcal/mol more stable thahbut separated by H \

a 71.8 kcal/mol barrier. The barrier is unusually high for several H

reasons. First, i3, there are twor-type orbitals, ther-3c-2e

bond and ther-type combination of the €H, o-bonds, while C,B3H; C,B3H;

in 2, there is one €&C z-bond. Second, the-3c-2e bond i3

is converted into a €C z-bond in2, which means that aromatic alternative route3 — 2 through7 and1 (i.e.,3— 7 — 1 — 2).
stabilization in3 is lost. Third, hydrogen migrations between owever, that pathway is blocked by an even higher activation
carbon atoms are generally unfavorable (relative to hydrogen paprier 7 — 1 (7 — TS1/7, 75.6 kcal/mol). In the system
migrations between boron atoms). Indeed, theCbond observed by Berndt, a silyl group rather than a hydrogen in the
becomes very long in the transition state (1.790 A) to permit parent system migrates between carbons. In this pathway, the
the in-plane migration of the hydrogen atom to what has become activation barrier is substatially reduced when the migrating
essentially a carbenic center. hydrogen is replaced by a Silyroup. The enthalpy barrier
(83— TS1/7) is reduced by 34.7 kcal/mol when Sjifeplaces

(33) McKee, M. L. Unpublished work. H (or 35.4 kcal/mol when both CHydrogens are replaced by
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Table 2. Relative Energies (kcal/mol) of (Ck(BH). Species

MP2/
[MP4/b] 6-31G(dy/
MP2/a MP4/a MP2/b energy-ZPC +Cp  3-21G
1 0.0 0.0 0.0 0.0 0.0 0.0 0.0
2 8.6 7.6 9.1 8.1 8.0 8.1
3 6.1 6.5 7.0 7.4 7.6 7.7 7.5
4 -58 —-62 -66 —-70 —-59 -59 -5.7
5 7.2 6.4 8.8 8.0 6.5 7.0 6.1
6 193 184 185 176 186 187 19.3
7 232 225 224 217 215 218 23.9
8 453 4277 428 40.2 409 411 45.9
9 13.0 103 14.6 11.9 9.0 10.0 12.1
10 53.3 515 50.8 49.0 46.2 46.8
11 66.8 65.2 59.9 58.3 b55.7 56.1
TS1/1 21.0 179 205 174 171 16.9 19.7
TS2/2 19.7 174 19.3 170 166 16.4 18.8
TS3/3 338 31.0 335 307 29.0 293 33.1
TS5/5 181 174 19.6 189 172 174 16.9
TS1/2 236 245 230 239 23.0 229 245
TS2/3 917 889 858 830 791 795
TS3/7 354 339 335 320 310 312
TS1/7 112.3 1105 1035 1017 972 974
TS6/8 716 666 68.0 630 627 629
TS4/6 359 33.0 336 30.7 30.1 30.2
TS4/8 752 69.0 69.6 634 623 627
TS1/11 67.2 659 609 596 56.8 56.9
TS5/11 780 757 745 722 69.0 69.2
TS2/6 78.4 757 742 715 69.3 69.3
TS2/5 612 595 564 547 515 514
TS5/10 539 527 514 502 465 471
TS10/9 59.6 55.6 585 545 50.3 50.9
TS9/9 17.7 164 194 181 146 154 17.7
1-NH, 0.0 0.0 0.0 0.0 0.0 0.0
2-NH3 25 —-01 2.8 0.2 0.6 0.6
TS1/1-NH, 222 184 213 175 164 16.4
TS2/2- NH, 25 —-01 29 0.3 0.6 0.1
TS1/2-NH, 346 356 340 350 336 337
aRef 23.

SiH3; groups; see Figures 3 and 4). The enthalpy lowering is

due to the smaller bond strength of a&i bond compared to
a C—H bond and to the fact that hydrogen cannot effectively
bridge the two carbons in the transition state. An additional
factor relevant to the migration of the Sjigroup (but not a
SiRs group) is that one of the hydrogens of the silyl group
bridges to boron in the transition stat€S1/7-SiHs; SiH/BH
1.621/1.322 A).

A derivative of3, where SiMg groups replace CH hydrogens

Inorganic Chemistry, Vol. 39, No. 19, 200@209
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Figure 3. Comparison of activation enthalpies ([MP4/6-31G(d,p)]//
MP2/6-31G(d}-ZPC+Cp level (at 298 K)) for the reactiob— 7 and

its derivatives. The barrier is substantially reduced when the migration
group is SiH rather than H or Ckl The effect of the nonmigrating
substituent (H or Sik) on the barrier is small.
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Figure 4. Reaction diagram at the [MP4/6-3t&(d,p)]//MP2/6-31G-
(d)+ZPC+Cp level (at 298 K) for species on the (GKBNH.).,
potential energy surface.

andt-Bu groups replace BH hydrogens, is known to undergo a a5 pointed out by Schleyer and coworkers. The rotational barrier
degenerate rearrangement which exchanges the boron atomsg; ¢ajculated to be 10.4 kcal/mol.

with an experimental barrier of 11.4 kcal/moThe rearrange-
ment has been proposédo occur via transition stafES3/3or
intermediate?. In the former pathway with a 29.3 kcal/mol
barrier, a CH group swings between two equivalent bridging
C/B positions. In the latter pathway with a 31.2 kcal/mol barrier,
a BH group swings between a C/B position3nand a C/C
position in7. Calculations by Schleyer and cowork&rshow
that SiH; and CH substituents ir8 lower the rearrangement
barrier via intermediaté&.

The formation of5 can take place by reaction frofnor 2.
From 1, a shallow minimum 11) is reached where a-€H
terminal bond has been transformed into aKC-B bridge.
Continued lengthening of the €H interaction breaks the
C—H-B bridge to form the BHgroup of5. The overall barrier
of 1 — 5is 69.2 kcal/mol. A pathway with a lower overall
barrier,1 — 2 — 5 (51.4 kcal/mol), was found. Th€S2/5is
characterized by concerted-88 bond breaking and the forma-
tion of a B—H bond. The BH group in5 is perpendicular to
the three-membered ring to allow more effective conjugation,

The type A systené can be formed fron2 with an activation
barrier of 61.2 kcal/mol. In the transition stat€2/6, a hydrogen
is migrating from boron to carbon. The intermedi&tdas a
very low barrier (11.5 kcal/mol) in forming, the (CH}(BH),
global minimum. There is an alternative pathway throtig®/8
for 6 to form 8, whose structure is similar to that @fwith the
interchange of carbon and boron. In tu8tan form4 through
TS4/8 which has an activation barrier of 21.6 kcal/mol.

The lowest-energy pathway ®is from 5. The first step is
the migration of hydrogen from a terminal-& bond to a
C—H-B bridge in the intermediat#0. The second step is the
formation of a BH group of9 from the C-H—B bridge of10.
The overall activation enthalpy fro — 9 is 43.9 kcal/mol.

(CH)2(BNH»), Rearrangements. It is well known that
replacing hydrogen on boron with substituents which are
m-electron donors can stabilize classical struct&fés.For

(34) Budzelaar, P. H. M.; Kos, A. J.; Clark, T.; Schleyer, P. v. R.
Organometallics1985 4, 429.
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example, GB,Hg is known to have the nonclassical structure, Conclusions

while replacing the BH hydrogens with fluorines gives the A thorough investigation of the (CH{BH). potential energy
classical structuré Since derivatives of both and2 are known surface has revealed that a number of isomers are separated by
high barriers of activation, which explains why such a variety

ITI of structures have have been found for derivatives of ¢CH)
B H H (BH)>. In contrast, most other members of the carborane family,
/ \\ \C_C’ (CH),(BH)n, have one or two (at the most three) known isomers.
H/ H / \ For most derivatives of carboranes, the exo substituents are
H—C/c— - Q F—B B—F believed to exert an electronic or steric effect, which may lower
\ /C—H \C:C/ rearrangement barriers. However, the silyl substitutent of the
B / \ known derivative of the 1,2-diboretane-3-ylidene isom@r (
| H H takes a different rearrangement pathway compared to the parent
H due to the greater ability of silyl (compared to hydrogen) to
C4B,Hg C4B,F,H, span the opposite positions in the diamond transition state.

The cyclic (borylmethylene)borane isomdl) {s the global
with BH hydrogens replaced with NRyroups356 it was of minimum of the (CHQ(BH); PES. The methylene group attached
interest to see how Nwould affect the potential energy surface  t0 the bare boron atom is more stable bridging theBCbond
(PES). While2 is 8.1 kcal/mol less stable thdnon the (CH)- in 6 than the B-B bond in4. _
(BH), PES, the difference is reduced to only 0.6 kcal/mol on ~When N groups replace BH hydrogens in (GkBH)., the
the (CH,)(BNH,), PES. On the other hand, the barrier height classical structure is stabilized more than the nonclassical. Thus,
betweenL-NH, and2-NH has increased 10.8 kcal/mol relative ~ classical-NH (1,2-diamino-1,2-diboretene) is predicted to be
to the parent system. It is this increase in the activation barrier Planar and have nearly the same energy as the more nonclassical
which allows both NH-substituted isomers to be isolated. The 1-NH2(1,3-diamino-1,3-diboretene). Furthermore, the transition
transition statelS1/2-NH, closely resembles the nonclassical - State betweef-NH; and2-NH,, which resembles a tetrahedron,
closo tetrahedron, which is expected to be destabilized relativeis destabilized by the Nisubstituents.
to the reactant and product by Midubstitution. While botf2 Acknowledgment. Computer time was provided by the
and2-NH; have nonplanar geometries, the barrier to planarity Alabama Supercomputer Network. The author thanks Sun
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transition state {S2/2-NH,) is actually 0.5 kcal/mol lower in  for suggestingrS1/7.
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affect on the barrier to planarity compared to in the parent Cartesian coordinates for relevant structures optimized at the MP2/6-
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