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Structures and Stabilities of B;H2,2" Dications (n = 1—4)
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Structures of BH,.?" dications (1 = 1—4) were investigated at the QCISD(T)/6-311G** level of theory.
Thermodynamic and kinetic stabilities of the dications were also estimated. Although deprotonations of the
dications are exothermic (except the dicatiofHE "), they show considerable kinetic barriers. The charge
distributions and Wiberg bond indices were calculated by the NBO metl®dMR chemical shifts were

also calculated by GIAO-MP2 and GIAO-DFT methods.

Introduction TABLE 1: Nimag? Total Energies (in au), ZPEP and
Relative Energies (in kcal/mol¥

Nimag MP2/6-311G** QCISD(T)/6-311G** ZPE rel energy

The structures of main group hydriodo dications have been
a topic of numerous theoretical and experimental investiga-

tions12 Recently, we reported the study of structures and 1 0 —49.65406 —49.68435 12.3 0.0
stabilities of hydriodo-borane dications B¥ (n = 1—8) using ltsa 1 —49.46687 —49.50749 65 1052
S . . tsb 1 —49.52260 —49.60227 8.4 47.7
ab initio and density functional theory (DFT) methods at the 5 0 — 4954956 — 4959605 55 48.7
MP2/aug-cc-pVTZ and B3LYP/ aug-cc-pVTZ levels, respec- ot 0 —49.50860 —49.54203 7.7 84.7
tively.! The dications BA" and BH?* were characterized as 3 0 —24.85229 —24.86646 3.6 —355
unstable, both kinetiqally and thermodynamically. The structures 0 5087663 5091407 233 0.0
of BHp?" (n = 3—8) dications contain one or more two-electron, dtsa 1 ~50.76885 —50.80572 18.3 63.0
three-center (2e3c) bonds. Calculations indicate that the BH 4tsh 1 —50.82639 —50.86472 19.9 27.6
(n = 3—8) dications have considerable kinetic barrier for 5 0 —50.85940 —50.89651 22.7 10.4
deprotonation. The structures of theHB2" dication as wellas 6 0 —50.79653 —50.83304 229 504
BoH3%" trications were recently investigated at the ab initio 0 —50.87731 —50.91471 182 =55
QCISD(T)/6-311G** level by DiLabio and Matusédn a recent 8 0 —52.09837 —52.14225 35.3 0.0
study, Jursic reported the study of theHg?* dication at the 8ts 1 —52.09412 —52.13759 35.0 2.6
MP2/6-31G** level? In continuation of our study of the main 0 o098 Toaldoe B2 98
group hydrido dications, we have now extended our investiga- 1(;5 0 —52.09066 —52.13489 346 39
tions to the structures and stabilities ofHB.2" dications ( = 11 0 —52.03415 —52.07641 336 396
1—4) by ab initio calculations at the QCISD(T)/6-311G** level. 12 0 —52.14821 —52.1889 325 -321
The thermodynamic and kinetic barriers for deprotonation 12ts 1 —52.10212 —52.15796 319 —-133
processes of dications were also estimaté8INMR chemical 13 0 —53.31855 _53.36898 477 0.0
shifts were calculated using GIAO-MP2 and GIAO-DFT 14 0 —53.31421 —53.36469 47.4 2.4
methods 15 0 —53.29916 —53.34844 43.2 8.5
. aNumber of imaginary frequencies (Nimag)Zero-point vibrational
Calculations energies (ZPE) at MP2/6-311G**//MP2/6-311G** scaled by a factor

The geometries were optimized at the ab initio MP2/6- 0f 0.96.¢ AtQCISD(T)/6-311G™//QCISD(T)/6-311G™*+ ZPE level.

311G** level. Vibrational frequencies at the MP2/6-311G**//

MP2/6-311G** level were used to characterize stationary points QCISD(T)/6-311G*//QCISD(T)/6-311G**+ ZPE level. QCIS-

as minima (number of imaginary frequencies (N|MA@)O) D(T)/G'gllG** structures and final energies are discussed

or transition-state structures (NIMAS 1) and to evaluate zero-  throughout the paper unless otherwise stated. Charge distribution

point vibrational energies (ZPE), which were scaled by a factor @nd Wiberg bond indices (bond ordewyere calculated at the

of 0.965 Further optimizations were carried out at the QCISD- QCISD(T)/6-311G**//QCISD(T)/6-311G** level according to

(T)/6-311G** level. Final energies were calculated at the the natural orbital (NBO) methodCalculations were performed
with the Gaussian 98 program syst&fB NMR chemical shifts

* Corresponding authors. were also computed by the gauge-independent atomic orbitals

T Loker Hydrocarbon Research Institute and Department of Chemistry, (GIAO) method? GIAO calculations were performed by two
University of Southern California. . . different methods, namely, GIAO-MP2 and GIAO-DIysing

* Departamento de Qmiica - Instituto Militar de Engenharia. . 2 . .

8Instituto de QUmica - Universidade Federal Fluminense. QCISD(T)/6-311G** optimized geometries. GIAO-MP2, using

Il E-mail: gprakash@usc.edu. the tzp basis séf, has been performed with the ACES Il

10.1021/jp0307405 CCC: $25.00 © 2003 American Chemical Society
Published on Web 08/22/2003



7982 J. Phys. Chem. A, Vol. 107, No. 39, 2003 Dias et al.

+

O

3BH" (Cyy)  1tsb BoHp2" (Docp)

14 BoH7t (Cs) BaHe (D2h)
Figure 1. QCISD(T)/6-311G** optimized structures df~15 (* at MP2/6-311G**).

program!2 GIAO-DFT were done at B3LYP/6-311G** level  for 1 were computed, deprotonation and homolytic cleavage of

using the Gaussian 98 program sysfeifhe calculated'B the boror-boron bond, as shown in Figure 2. The deprotonation
NMR chemical shifts were referenced toHE [GIAO-MP2 process to give singletBi* 2swas found to be endothermic
calculated absolute shift i.eq(B) = 97.4 and GIAO-DFT by 48.7 kcal/mol. This process also has a very high kinetic
calculated absolute shift i.ez(B) = 83.6]. barrier of 105.2 kcal/mol through the transition statea We

. . have also calculated the structure of tripleHB 2t. However,
Results and Discussion the triplet structure is substantially higher in energy than singlet
Linear structurel was found to be the only minimum on the  2sby 36.0 kcal/mol. On the other hand, homolytic cleavage of
potential energy surface (PES) ofHB?" (Figure 1). As reported 1 into 2BH" 3 was calculated to be exothermic by 35.5 kcal/
before by DiLabio and Matusekit has a relatively long boron mol. This process has also a high kinetic barrier of 47.7 kcal/
boron bond length of 1.821 A. Two different dissociation paths mol through the transition statksb.
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Figure 3. Pictorial representation of the;,B,?" PES.
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Figure 4. Pictorial representation of the,Bs*" PES.

Four minimum 8—11) structures were located on the PES
of diborane dication, BH¢?" (Figure 1 and Figure 4). Doubly
hydrogen-bridged structu&with a 2e-3c bond was found to
be the lowest minimum. One of the borons in struct8ris
six-coordinated and the other one is four-coordinated. Structure
9, on the other hand, is triply hydrogen-bridged with a-3e
bond. However, structur@is only 0.8 kcal/mol less stable than
8. We have located the transition staés connecting the
structures8 and9. 8ts lies above8 by only 2.6 kcal/mol. We
have also located the transition stltefor deprotonation o9.
Deprotonation oB into 12 was found to be exothermic by 32.9
kcal/mol, although it has a significantly high kinetic barrier of
46.2 kcal/mol through the transition sta@s. The third
minimum corresponds tb0 and is only 3.9 kcal/mol less stable
than8. Structurel0, unlike structure$ and9, was characterized
to be a non-hydrogen-bridged structufid with two 2e—-3c
bonds can be considered as a complex betwkemd two
hydrogen molecules. The least stable isomer fgi" is 11,
which is almost 40 kcal/mol less stable th&nThis doubly
hydrogen-bridged structure also contains twe-3e bonds. The
energy profile of the PES of Bl¢?" is displayed in Figure 4.

Two minimum energy structure$3tr and13cis were located
for BoHg?™. 13tr is more stable tha3cis by only 2.4 kcal/
mol, in agreement with the results shown by JufsBoth

Three structuresi-6) were located as minima on the PES structures are doubly hydrogen-bridged with twe-3e bonds.

of BoH42" (Figure 1 and Figure 3). The planar structdrés

The deprotonation df3tr into 14 is calculated to be exothermic

characterized with a 2e3c bond. Structured resembles a by 8.5 kcal/mol. No transition state for deprotonation was,

complex betweer and a hydrogen molecule, resulting in the however, located. o .

formation of a 2e-3c bond 5 is also planar and is characterized | We have calgulated the charge distribution apd W|berg bond
as a doubly hydrogen-bridged structure. On the other hand,'nd'f:_eS according to the NBO method. In dicatian both
structure6 is a triply hydrogen-bridged structure. Structure positive charges are concentrateq only on the boron atoms. In
is the most stable, being 10.4 kcal/mol more stable thand dication4, the dlvalent. boron carries a charge of 112 and the
50.4 kcal/mol more stable tha These differences of energy tetravalent boron carries a charge of only 0.35. Similar charge

show the stabilizing role of the 2e¢ bond in4 compared to distributions are also observed for dicatiBrwith the lower
the bridged hydrogen bond B1and6. Structured can also be coordinated boron carrying substantially more positive charge

. than the higher coordinated boron atom. The charge distributions
compared to the carbon analogue of the ethane dicatibig?C g g

along with the calculated Wiberg bond indices of other ions
previously studied by Olah et &.In the ethane dication, the are given in Figure 5 g
carbenium-carbonium structure with a 268c bond was found )

) . We have also calculated tA#88 NMR chemical shifts of the
to be more stable than the doubly hydrogen-bridged d'boraneboron dications as well as monocations by the GIAO-MP2
type structures (Scheme 1).

- _ method (Figure 5). For compariséf8 NMR chemical shifts
We have located the transition structdteafor deprotonation were also calculated by the GIAO-DFT method. In most of the
of 4 into 7. This deprotonation also has a very high kinetic dications, the GIAO-MP2 calculated values agree very well with
barrier of 63.0 kcal/mol. However, the process is exothermic the GIAO-DFT method. The GIAO-MP2-calculatéd'B of 1
by only 5.5 kcal/mol. We also located the transition sttth is 65.6, and it agrees very well with the GIAO-DFT value of
that connects4 with 5. This isomerization path shows a 64.5. Similarly, GIAO-MP2-calculated!B of divalent and
substantial kinetic barrier of 27.6 kcal/mol. The pictorial tetravalent borons af are 87.2 and 44.3, respectively, and agree
representation of the PES ofiB42" is depicted in Figure 3. rather well with the GIAO-DFT values of 89.7 and 44.0.
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Figure 5. QCISD(T)/6-311G** calculated NBO charges and Wiberg
bond index (in italics); GIAO MP2/tzp (in bold) and B3LYP/6-311G**
(in parentheses) calculaté®8 NMR chemical shifts of structures,

2s 4, 7,8, 12, 13tr, 14, and 15.

However, in monocations (such &s and 7), GIAO-MP2-
calculated values differ somewhat from those of the GIAO-
DFT values.

Conclusions

We have investigated the structures and energeticstf,B"
dications o = 1—4) at the ab initio QCISD(T)/6-311G** level
of theory. Deprotonations of most of the dications are calculated
to be exothermic although the processes have substantial kineti
barrier. Wiberg bond indices and charge distributions were
computed by the NBO method. TR NMR chemical shifts
were calculated by the GIAO-MP2 method. For comparison,
theB NMR chemical shifts were also calculated by the GIAO-
DFT method.
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