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Abstract Structures and energies of XHand XH* (X = B, Al and Ga) have been calculated at the
density functional theory (DFT) B3LYP/6-311++G(3df,2pd) level. Calculations indicate that although
the structure with a three center two electron (3c-2e) bond is the global minimum fortteHglobal
minima of AlH," and Gal}* are not those with one 3c-2e bond, but those with two 3c-2e bonds. For
calibration, both structures of AJHwere also calculated #te ab initio CCSD(T)/cc-pVTZ level and
results in agreement with the DFT results were found. Similar calculations also indicate that although
the C,, symmetrical structure with two 3c-2e bonds is the global minimum fqt,Ble global minima

of AlH;" and Gal}" are not the ¢ symmetrical structures with two 3c-2e bonds but theythmetrical
structures with three 3c-2e bonds.

Keywords Density functional calculations, Boronium ion, Three center two electron bond

corresponding § symmetrical structures 8.1 and 21.5
kcal molt, respectively.

o In continuation of our study we have now extended our
Rec_ently we reported [1] thab initio calculated structures investigations to Xk and XH,* (X = B, Al and Ga) by den-

of singlet XH* (X = B, Al and Ga). Theéinear D, sym- ity functional theory (DFT) calculations. Studies show that
metrical structure was preferred for singlet BHHowever,  githough the structure with a three center two electron (3c-
the global minima of Al and Galj” are not of linear R, 2e) pond is the global minimum for BHithe global minima

symmetry but &, symmetrical with 3c-2e bonds [2] of AlH,* and Gah* are not those with one 3c-2e bond but
(Scheme 1). The [ symmetrical structures of Al and
n
]

GaH,"* were found to be significantly less stable than the
+
H—X—H_‘ ) COUN

“H
XH," (Cyy)
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Correspondence td3. A. Olah XH, " (Deop)
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Table 1 Total energies (-au), ZPE (kcal mipl[a] and rela-
tive energy (kcal md) [b]

B3LYP/ ZPE rel.
6-311++G(3df,2pd) energy
BH,* 1a 26.85282 21.3 0.0
BH,* 1b 26.72413 144 738 BH,* 1a(C,,)
AlH,* 2a 244.52035 16.0 8.9
AlH,* 2b 244.53083 13.6 0.0
5
GaH,* 3a 1926.93681 158  22.9 bt “
GaH,* 3b 1926.96961 136  13.6 24 2
~

BH,* 4a 28.07020 33.3 0.00 -
AlH* 5a 245.71310 25.1 4.6
AlH * 5b 245.71335 20.7 0.0

AlH + 2a(C,,)
GaH,* 6a 1928.12572 243 203
GaH* 6b 1927.82481 20.1 0.0

[a] zero point vibrational energies (ZPE) at B3LYP/6- §
311++G(3df,2pd)//B3LYP/6-311++G(3df,2pd) scaled by a =

factor of 0.96; [b] relative energy based on B3LYP/6- ®
311++G(3df,2pd)//B3LYP/6-311++G(3df,2pd) + ZPE S

rather those with two 3c-2e bonds. Similar results were alsog

found for the XH* (X = B, Al and Ga) cations, which can be

derived by reacting X} and H. GaH,* 3a(C,,) GaH,* 3b (C,)

Figure 1 B3LYP/6-311++G(3df,2pd) optimized structures of
1-3

Results and discussion

Calculations were carried out with the Gaussian 98 pmf-singlet BH* at the B3LYP/6-311++G(3df,2pd) level, as
gram.[3] The gometry optimizations and frequency calcundicated by frequency calculations at the same level. Struc-
lations were performed at the DFT [4] B3LYP [5]//6ture lais, however, 73.8 kcal mélmore stable thahb (Ta-
311++G(3df,2pd) [6] level. Frequency calculations were usblk 1). Structurela contains a 3c-2e bond whereas structure
to characterize the optimized structures as minima (numieris characterized by two 3c-2e bonds and a formal lone
of imaginary frequencies (NIMAG) = 0) and to evaluate zepmir on the borontam. The eact8c-2e inteaction in 1b
point vibrational energies (ZPE), which were scaled by a fagvolving boron and a Hmolecule can also be considered to
tor of 0.96. Final energies were calculated at the B3LYP/@Gvolve three center three electron (3c-3e) bonding as there
311++G(3df,2pd)//B3LYP/6-311++G(3df,2pd) + ZPE levekre six total valence electrons including the boron lone pair.
B3LYP/6-311++G(3df,2pd) geometrical parameters and fitowever, such 3c-3e bonding involving two hydrogen atoms
nal energies will be discussed throughout, unless stated aiind boron is highly unlikely.[8] Previously Rasul and Olah
erwise. For calibration, geometry optimizations and enerf®] and DePuyet al. [10] calculated structuréa and found
calculations of AlHj* were also carried out with the initio  similar results. Theplanar C, symmetrical structure with a
coupled cluster method [6] at the CCSD(T)/cc-pVTZ [7] leveBe-2e bond is also preferred for €# as shown by Wong
Calculated energies are given in Table 1. and Radom.[11The tetracoordinate boronium ion Bttan

be prepared readily[10] in the gas phase.

XH,* (X =B, Al and Ga) AlH *: C,, structure2a with a 3c-2e bond and,Gtructure

2b with two 3c-2e bonds were also found to be minima on
BH,*: Two C,, symmetrical structuredaandlb (Figure 1) the PES of singlet Alit (Figure 1). However, unlike Bf
were found to be minima on the potential energy surface (PES structure2a is 8.9 kcal mot less stablehan 2b (Table
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Table 2 AH, of deprotonation and dehydrogenation
(kcal-mot) [a]

reaction AH,
BH," 1a - BH, + H* 138.4
BH," 1a - BH,* + H, 16.5
AH, 2b - AlH, + H* 185.0
AH, 2b - AlH,* + H, 0.8
GaH*3b -  GaH, + H 202.8
GaH*3b -  GaH?* + H, 1.2
BH," 4a - BH, + H* 156.0
BH," 4a - BH,1la + H, 17.5
AHs 5b - AlH, + H* 186.9
AHs5b -~ AH/2b + H, 0.6
GaH*6b -  GaH + H 205.0
GaH*6b -  GaHf3b + H, 0.7

[a] B3LYP/6-311++G(3df,2pd)//B3LYP/6-311++G(3df,2pd)

+ ZPE AlH.* 5a(C,)

1). AlH,* is isoelectronic with Sit¥*. Similar to2b, the G, g 250 -

structure with two 3c-2e bonds was also calculated to be th& > S

global minimum for the singlet Sif.[12] For calibration,

structures2a and 2b were also calculated at the initio

CCSD(T)/cc-pVTZ level (total energies are -244.05288 and

-244.06242 au, respectively). Zero point vibrational energies

(ZPE) of2aand2b are 16.0 and 13.5 kcal mbotalculated at

the MP2/6-311++G(3df,2pd)//MP2/6-311++G(3df,2pd) level

and scaled by a factor of 0.93hds, at the CCSD(T)/cc- GaH* 6a(C,) GaH 6b (C)

pVTZ//ICCSD(T)/cc-pVTZ + ZPE level, structua is also

8.5 keal mot less stable thagb. Figure 2 B3LYP/6-311++G(3df,2pd) optimized structures of

GaH,*; Similar to AlH,*, C,, structure3a with a 3c-2e bond 4-6

and G structure3b with two 3c-2e bonds (Figure 1) were

found to be minima on the PES of GaHStructure3ais ture 5a calculated byab initio methods. Structuréa con-

22.9 kcal mot less stable tha8b (Table 1). tains two 3c-2e bonds and two 2c-2e bonds. Stru&toie
characterized by three 3c-2e bonds and a formal lone pair on
the aluminum atom. Energetically, however, structaeis

XHs* (X = B, Al and Ga) 4.6 kcal mot less stable than the structiie.

BH4": The G, symmetrical4a was found to be the only sta-GaHg*; Similar to AlH;*, C,, symmetical 6a and G sym-
ble minimum for the singlet hexacoordinated boronium idnetrical 6b (Figure 2) were found to be minima on the PES
BH," at the B3LYP/6-311++G(3df,2pd) level. Structwre 0f GaH'. The structuré@a with two 3c-2e bonds was found
isoelectronic as well as isostructural [13] with @Hwas to be 20.3 kcal mdi less stable thagb with three 3c-2e
previously calculated [9,10] usiad initio methods and simi- bonds (Table 1).
lar results as reported here were found. Struétaontains  In the higher analogs of XH(X = B, Al and Ga), struc-
two 3c-2e bonds and two 2c-2e bonds (Fig2)eThe BH* tures with two 3c-2e bonds are increasingly more favorable
ion was generated in the gas phasébfPuyet al[10] At- than the structures with one 3c-2e bond. Similarly, in the
tempts to find a third 3c-2e bonded stable minimum of*BHigher analogs of Xkt (X = B, Al and Ga) structures with
(similar to 5b of AIH,* as discussed next) failed because #iree 3c-2e bonds are increasingly more favorable than the
rearrangement to form the more stabte structures with two 3c-2e bonds. A similar trend was found
in the series XE (X = B, Al and Ga)[2], XH* (X = B, Al
AlH ;*: The G, symmetrical structuréa and G symmetri- and Ga) [15] and Xkt (X = C, Si, Ge, Sn and Pb).[16] Struc-
cal 5b were found to be the stable minima for singlet AlH tures1-3b can be considered as donor-acceptor complexes of
(Figure 2). Previously Olah and Rasul [14] reported the strii¢0 H, and X (X = B, Al and Ga). Similarly, structurés6b
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can be considered as donor-acceptor complexes of tqreeii“erences
and X (X = Al and Ga). The nature dhe interaction be-
tween donor and acceptor of the complexes depends onlth
relative electron transferbiity of the g, to the empty p ™
orbital at X. Therefore, the stability of the bent structurezs
depends on the size as well as the electronegativity of the X.
Localization of lone pair of electrons thus readily takes place
at the heavier atoms (inert pair effect).[17]

The relative stabilities of X}t and XH* (X = B, Al and
Ga) towards deprotonation were calculated (Table 2).
Deprotonation of BEf 1ais disfavored by 138.4 kcal mbl
On the other hand, deprotonatiorbfand3b are disfavored
by 185.0 and 202.8 kcal mylrespectively. Deprotonation
of XHg" (X = B, Al and Ga) were also found to be highly
unfavorable by 156 - 205 kcal mbl

Relative stabilities of the most stable isomers of, X&hd
XHg" (X = B, Al and Ga) towards dissociation into Xt+and
H, and XH;* and H, respectively, were also calculated and
listed in Table 2. Thalissociation of boron compleka is

ei?asul, G.; Prakash, G. K. S.; Olah, GJAPhys. Chem.;
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