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Structures of protonated AlXtHand AIX;H (AIXH 3™ and AlX;H,*) and their dihydrogen complexes Al§H

and AIX;H,™ (X = F, CI, and Br) were investigated using the ab initio method at the G2 level of theory. All
the dihydrogen complexes involving hypercoordinated aluminum atom with a three-center two-electron (3c
2e) bond. The G2 calculated protonation energies of AbaHd AIX;H to form AIXH3t and AlXyH,t,
respectively, were found to be highly exothermic. The possible dissociation of the cationstAXtHAIXH 4"

into AIXH 3™ and AIX;H,™ and molecular kK respectively, are calculated to be endothermic.

1. Introduction TABLE 1: G2 Total Energies (au) and Relative Energies
(kJ/mol) of AIXH 3t and AIXHs™ Complexes

complex energy AE complex energy AE

There has been increasing experimental and theoretical
interest in various types of donor acceptor complexes involving
the Lewis acids AlH and AlXs in recent year$-2° Our group A:E:{ (13) —gig-giggi 42-23 l,:llcéllg (iﬁ) —;gi-ﬁigg 52-21
has shown that the stability of these complext_as does_not depend}&lFHz+ EZa)) 34444336 00 ABrH* ESag —2816.09303 0.0
on the charge transfer and the donacceptor interaction was — AFH.+ (2b) —344.42323 52.84 AlBri (5b) —2816.07344 51.42
not based on a simple HOM&@.UMO mixture 1>-20 Recently, AICIH3" (33) —703.25746 0.0 AIBrid" (6a) —2817.26649 0.0
Olah and Ras@t reported on the calculated structures and AICIHs* (3b) —703.23791 51.34 AIBrbf (6b) —2817.24671 51.92
energies of the hexa-, hepta-, and octacoordinate alonium ions . . . .
AlHg", A", and AR and related Al A2, and — (mo) of AX 1 ana A Complora ¢ Fhergres
AlHg®t ions. They have shown that the structure of AlHs
C,, symmetrical with a three-center two-electron-{2g) bond.
More recently, we have reported a theoretical investigation on AlF2Hz" (78)  —442.48950 0.0 AIGH," (109 —1163.65269 0.0

: AIF Hot (Th)  —442.48687 7.70 AIGH,* (10b) —1163.63334 50.79
the structures of protonated alarleewis base doneracceptor AlFoHat (70 —442.48457 12.93 AIGHs* (10 —1163.63267 52,55

complex energy AE complex energy AE

complexes HAIXH " (X = N, P, and As) and BAIYH 2" (Y AlFzH;* (82) —443.67328 0.0 AlBH,* (118 —5388.14855 0.0
=0, S, and Se) as well as their neutral parents at the G2 levelAIF,H,' (8b)  —443.66222 29.04 AlBH,' (11b) —5388.13246 42.26
of theory?? We have shown that all the monocationsAtKH - AlFoHs* (80)  —443.66016 34.43 AIBH," (11¢) —5388.13240 42.38

(YH2)" are A-H protonated, involving hypercoordinated alane AICleHz" (98) —1162.47722 0.0 AlBH." (129 —5389.32121 0.0
with a three-center two-electron (32e) bond and adopt the AlCTaH;7 (9b) —1162.46293 37.40 AlBH." (12b) —5389.30469 43.39
p AICIHz* (9¢) —1162.46248 38.70 AlBH,* (120 —5389.30455 43.72

Cs symmetry arrangement. We have also shown that the

protonation energies of 4AIXH 3(YHy) to form H,AIXH 3

(YH,)* were found to be highly exothermic and the possible MP2(full)/6-31G(d) leveP* No symmetry constraints were
dissociation of the cationsJAIXH 3(YH.)™ into H,AIXH 3(YH2)* imposed during the optimization process, and the geometry
and molecular blare endothermic. In continuation of our work, searches were carried out for a number of possible isomers to
we have now extended our investigation to the structures andensure the location of the global minimum. The zero-point
energetics of protonated AlXH and AlXH,* and their vibrational energies (ZPE) are obtained from scaled HF/6-31G-
dihydrogen complexes AIXkt and AlX;Hs™ (X = F, CI, and (d) calculated frequencies (scaled by the factor 0.89%or

Br) by ab initio calculations. The relative stability of these improved energy, the Gaussian-2 (G2) enefjiegre com-
protonated complexes are examined. The possible dissociatiorPuted. This level of calculation has recently been satisfactorily
of the cations AIXH™ and AIX;Ht into AIXH3" + H, and used to calculate similar complex&s.

AIX ;Hot + Ha, respectively, are also examined. To the best of

our knowledge, no comparative study of these complexes has3. Results and Discussion

been carried out. Calculated G2 energies and relative energies are listed in

Tables 1 and 2, respectively, for AXH and AIXHs™ and
AIX ,Ho™ and AlXpHst complexes (X= F, Cl, and Br). G2

Ab initio calculations were performed with the GAUSSIAN thermodynamics of the selected complexation and protonation
98 progran?® Geometry optimizations were performed at the processes are given in Tables 3 and 4. MP2(full)/6-31G(d)
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2. Computational Details
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Figure 1. MP2(full)/6-31G(d) optimized structures 4f-6 complexes.

TABLE 3: Thermodynamics (kJ/mol) of the Selected TABLE 4: Thermodynamics (kJ/mol) of the Selected
Process Process
G2 G2

process AEg AHp AGggg process AEg AHo  AGygs
AIFH* + H, — AIFH3" (1) —-33.09 —-37.70 —-12.22 AlF;t + H, — AlFH,* (74) —67.20 —71.76 —42.17
AIFH,; + H* — AIFH;5™ (1a) —684.38 AlF;H + HY — AlFH;* (74) —612.79
AIFH3* (1a) + Hy — AIFHs™ (22) —29.16 —33.26 —3.35 AlIF,Hy* (78) + Hy — AlFH,* (8a) —45.73 —50.17 —21.13
AICIH* + H, — AICIH 3t (33) —2251 —-26.61 —2.09 AICI;+ + H, — AICIH;* (93) —-27.11 —-31.88 —5.77
AICIH, + HT — AICIH 3t (33) —707.97 AICI;H + Ht — AICI,H;" (93) —674.71
AICIH3" (38) + H,— AICIHs" (48) —21.55 —25.06 +4.10 AICI,H,t (93) + H, — AICIH4 ™ (103) —23.93 —28.16 +0.96
AIBrH* + H, — AIBrH3" (54) —19.79 —-23.14 -0.33 AlIBr;* + Hy,— AlBroH;* (119 —18.45 —22.72 +2.09
AIBrH; + H* — AIBrHs* (5a) -717.22 AlBr,H + H* — AIBr,H,* (113a) —695.00
AIBrH 3" (5a) + H, — AIBrH st (64) —18.66 —22.38 +7.03 AIBr,H;" (118 + H,— AlBroHst (128)  —16.53 —20.71 +8.20

optimized geometries for all species studied in this work are pe minima on the potential energy surface at the MP2(full)/6-

given in Figures 1 and 2. 31G(d) level of theory. Structureka, 3a, and5a are planar
AIXH 3™ and AIXHs*. Two structures €s symmetry con- and contain a three-center two-electron<{2e) Al—H bond.
formation) of protonated AIXkK Al—H protonatedla, 3a, and Structureslb, 3b, and 5b are also planar and have a halo-

5aand X-protonatedb, 3b, and5b (Figure 1), were found to  genonium ion with a slightly longer AtX bond (1.932, 2.366,
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Figure 2. MP2(full)/6-31G(d) optimized structures @12 complexes.
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SCHEME 1 other hand2b, 4b, and6b (X = F, Cl, and Br) structures can
be considered as a complex between Alldnd XH. Formation

of 2b, 4b, and6b complexes were calculated to be exothermic
by —100.25,—95.31, and—101.10 kJ/mol, respectively for X
= F, Cl, and Br, at the G2 level of theory.

X =F,Cl, and Br AIX,HT and AIX,H,". Tree structuresds symmetry con-
s formation) of protonated Al¥H (X = F, Cl, and Br), A-H
protonated7a, 9a, and1laand X-protonated ,c, 9b,c, and

H(X

.
H(X) Al H AR

X

SCHEME 2 11b,c (Figure 2), were found to be minima on the potential
He--H T energy surface at the MP2(full)/6-31G(d) level of theory. The
H<X)\ +H(X)\ -+ Cs structures/a, 9a, and1laare planar and also contain a-3c
Al x e al X L /Affx\ 2e Al—H bond. The structuresb{c, 9b,c, and11b,c are also
H H M He o H planar and have a halogenonium ion with a longer&lbond
X=F, Cl, and Br Cy C (Figure 2). 7a, 9a, and l1la structures are, like AlXki"

structures, more stable tha,@ 9b,c, and 11b,c structures,
and 2.496 A, respectively for % F, Cl, and Br).1a, 3a, and respectively (see Table 2). Protonation of AKto give
5a are more stable thatb, 3b, and5b by 43.43, 52.84, and ~ Tespectively7a, 9a, and1la(AlX H,") were calculated to be
51.34 kJ/mol, respectively. This shows that the-M bond is ~ €xothermic by-612.79,~674.71, and-695.0 kJ/mol, respec-
a better donor than the halogen nonbonded electron pair intively for X =F, CI, and Br, which are also less exothermic
AIXH , system. The 3e2e Al—H bond distances dfa and3a than protonation of Alld (—738.06 kJ/mobBt On the other hand,
(2.022 and 2.049 A for AIFkt, 2.090 and 2.093 A for AICI4H") 7a, 9a, and1lacan be considered as complexes of AXon
are slightly shorter than that of Al (2.104 &), and the 3e and . The coresponding complexation processes were com-
2e Al-H bond distances da (AIBrH3") (2.134 and 2.138 A) ~ puted to be exothermic by-67.20,-27.11, and—18.45 kJ/
are slightly longer than that of Alit. Protonation of AIXH to mol for X = F, Cl, and Br, respectively (Scheme 1, Table 4).
give respectivelyla, 3a, and5a (AIXH 3+) were calculated to ~ Similar results are obtained for the complexation of AlXahd
be exothermic by—684.38, —707.97, and—717.22 kJ/mol, ~ Hzleading to AIXH;" at the same G2 level of theory. The same
respectively, for X= F, Cl, and Br, which are less exothermic ~trends are observed at room temperature (298 K). Thus, these
than protonation of Al at the same G2 level of theory Observations indicate that the complex&s 9a, and1lacan

(—738.06 kJ/moBt be expected to be experimentally characterizables in the gas
On the other hand,a, 3a, and5acan be viewed as complexes ~ Phase.

between the dicoordinated AlXHion and molecular K1 The Complexation of7a, 9a, and11lawith molecular H also give

complexation processes were computed to be exothermicrespectivelyC,, symmetry stable strucrurés, 10a and12a,

(Scheme 1, Table 3). Similar complexation of AfHand H which also contain a six-coordinate aluminum and twe-2e

leading to AlH;* is exothermic by-21.34 kJ/mol, at the same  bonds (Scheme 1, Figure 2). The complexation processes are
G2 level of theory. The same trends are observed at room calculated to be exothermic by45.73,—23.93, and—16.53
temperature (298 K). These observations indicate that the kJ/mol for X = F, Cl, and Br, respectively. Complexation of
complexesla, 3a, and5a are expected to be experimentally 7b,c, 9b,c, and11b,c (Cs symmetry conformation) structures

characterizable in the gas phase. with molecular H lead to C; symmetry monocations b,
Further complexation ota, 3a, and5a with molecular H 10b,c, and12b,c, respectively (Scheme 2, Figure 2), which were

leads to AIXH" (Cs symmetry conformationsda, 4a, and6a, calculated to be stable structures on the potential energy surface
which were found to be stable minima at the MP2(full)/6-31G- at the MP2(full)/6-31G(d) level of theory. They also contain a
(d) level of theory (Scheme 1, Figure 1). All the AIXH five-coordinate aluminum atom with a three-center two-electron
complexes contain a six-coordinate aluminum and twoe 3z (3c—2e) bond. On the other handb,8, 10b,c, and 12b,c
bonds. Formation oRa, 4a, and6a complexes fromla, 3a, structures can be considered as a complex betweepHAfX

and5a, respectively, are also exothermic processes. However, (1a 3a, and5a) and XH. Formation of A¥H4* (8b, 10b, and
the complexation energy decreases when descending in thel2b) from AIX;H," and XH are also calculated to be be
corresponding periodic table column, from the fluorine to the exothermic by—121.63,—93.76, and—101.0 kJ/mol, respec-

bromine atom. In comparison, complexation of AfHvith H, tively, for X = F, CI, and Br. These values are comparable to
leading to hexacoordinate Al is indicated to be exothermic  that obtained for the formation of AIX§t from AlH,™ and XH
by —20.50 kJ/mol, at the same G2 level of theéty. systems.

Complexation ofLb, 3b, and5b (Cs symmetry conformation)
structures with molecular Head toC; symmetry monocations 4. Conclusion
2b, 4b, and6b, respectively (Scheme 2, Figure 1), which were
calculated to be stable structures on the potential energy surface Structures of protonated AlXHand AlXH (AIXH 3" and
at the MP2(full)/6-31G(d) level of theory. They also contain a AlX2H") and their dihydrogen complexes A¥Hand AlX;H4*
five-coordinate aluminum atom with a three-center two-electron (X = F, Cl, and Br) were investigated by the ab initio method
(3c—2e) bond (Figure 1). The calculated complexation energies at the G2 level of theory. All the dihydrogen complexes involved
of 1b, 3b, and5b with molecular B are—29.16,—21.55, and a hypercoordinated aluminum atom with a three-center two-
—18.66 kJ/mol, respectively. Indeed, the complexation energy electron (3e-2e) bond. The G2 calculated protonation energies
decreases when descending in the corresponding periodic tablef AIXH ; and AlIX;H to form AIXH3t and AIX;H,", respec-
column, from fluorine to bromine. At room temperature (298 tively, were found to be highly exothermic. The possible
K) the free energy change for the complexation processes aredissociation of the cations AIXé and AlXzHs" into AIXH 3™
calculated to be slighly endothermic. This indicates that the ions and AlX;H,™ and molecular K respectively, are calculated to
23, 4a, and6a should be unstable at room temperature. On the be endothermic. These observations indicate that the AtXH
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AIXHot, AIXHs', and AIX;Hst complexes are expected to
be experimentally observable in the gas phase.
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