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The Lewis acidity of GaFs, GaF,Cl, GaFCl,, and GaCl; in acid—base interactions has been studied by taking
ammonia as their electron-donating counterpart. We have derived an unoccupied reactive orbital that shows the
maximum localization on the Ga atomic center for each species. The orbital is located lower in energy compared
to those in the corresponding boron and aluminum halides. In contrast to boron halides, the unoccupied reactive
orbital of the acid site tends to be delocalized considerably on the halogens as the fluorines are substituted by
chlorines in gallium halides. The trend observed in the effects of fluorine and chlorine on the acidity of the gallium
halides is opposite to those found in the boron halides. This cannot be interpreted solely in terms of the electron-
accepting strength of the gallium center, but can be understood by including electrostatic interactions and closed-
shell repulsion with ammonia in the adducts. The origin of the difference in Lewis acidity of BCls, AICl;, and GaCl;
has been clarified.

Introduction theoretical points of view! 26 The Lewis acidity of mixed

. . . . boron halides, BEI;—« (x =0, 1, 2, 3), is known to increase
The acid and base are defined in the Lewis theory as an_ : ’ES x . . ) O
. : with decreasing.?’ That is, BC} is a stronger Lewis acid

electron-pair acceptor and an electron-pair donor, respec-
. 1 i . . |
tively. Pea,rson divided Lewis aC|d253 and ba§es Into two (7) Cassoux, P.; Kuczkowski, R. L.; Serafini, lorg. Chem1977, 16,
classes which he termdthrd and soft?3 According to the 3005.
principle of hard and soft acids and bases (HSAB), hard acids (8) I(_«’_c?) ”J'ifEa.SKH_:bSPingg' "S%Ur']'- Chgm- ?0&9 é‘gf‘égggsg? %g)oﬁ: (0)
. . . i, ijima, K.; Shibata, SBull. Chem. Soc. Jp , . (c) lijima,
like hard bases and soft acids I|k_e soft bases. _The stability k. adachi, N.; Shibata, SBull. Chem. Soc. Jpri984 57, 3269.
of complexes formed between acids and bases is understood(9) Legon, A. C.; Warner, H. EJ. Chem. Soc., Chem. Commu891,

; L ; 1397.
on this base. Tr_le electrostatic interaction has_ been assumeglo) Avent, A. G.: Hitchcock, P. B.: Lappert, M. F.: Liu, D.-S.: Mignani,
to be the dominant source of stabilization in a complex G.; Richard, C.; Roche, B. Chem. Soc., Chem. Comm(95 855.
between a hard acid and a hard base, while electron(t1) Mulliken, R. S.J. Am. Chem. S0d952 74, 1952.

o . . (12) Haaland, AAngew. Chem., Int. Ed. Endl989 28, 992.

delocalization between the frontier orbitals has been thought(13) Bauschiicher, C. W., Jr.; Ricca, £hem. Phys. Letd995 237, 14.

to play a key role in the interaction between a soft acid and (14) (a) Jonas, V.; Frenking, G.; Reetz, M. J.Am. Chem. S0d994

a soft basé. }38481%9@) Jonas, V.; Frenking, G.Chem. Soc., Chem. Commun.
The complexes of boron halides with bases have been(15) (a) Umeyama, H.; Morokuma, K. Am. Chem. Sod.976 98, 7208.
investigated extensively both from experimehit&land from (b) Morokuma, K.Acc. Chem. Red.977 10, 294.

(16) (a) Fowler, PNature1992 355, 586. (b) Fujiang, D.; Fowler, P. W.;
Legon, A. C.J. Chem. Soc., Chem. Commu®895 113.
* Author to whom correspondence should be addressed. E-mail: lavender@ (17) Palke, W. EJ. Chem. Physl972 56, 5308.

zeus.eonet.ne.jp. (18) Binkley, J. S.; Thorne, L. Rl. Chem. Phys1983 79, 2932.
(1) Lewis, G. N.Valence and the Structure of Atoms and Molecules (19) Sana, M.; Leroy, G.; Wilante, @rganometallics1992 11, 781.
Chemical Catalogue Co., Inc.: New York, 1923. (20) Hirota, F.; Miyata, K.; Shibata, 8. Mol. Struct. (THEOCHEM}989
(2) (a) Pearson, R. G. Am. Chem. S0d963 85, 3533. (b) Pearson, R. 201, 99.

G.J. Am. Chem. S0d.985 107, 6801. (c) Pearson, R. Glard and (21) Allendorf, M. D.; Melius, C. FJ. Phys. Chem. A997 101, 2670.
Soft Acids and BasePoweden, Hutchinson and Ross: Strousbourg, (22) Anane, H.; Boutalib, A.; Nebot-Gil, I.; TomsaF.J. Phys. Chenl998

PA, 1973. 102, 7070.
(3) Huheey, J. E.; Keiter, E. A.; Keiter, R. Unorganic Chemistry, (23) Hankinson, D. J.; Almi J.; Leopold, K. R.J. Phys. Chem1996
Principles of Structure and Reactty, 4th ed.; Harper Collins College 100, 6904.
Publishers: New York, 1993; pp 344855. (24) Skancke, A.; Skancke, P. N. Phys. Chem1996 100, 15079.
(4) Klopman, G. InChemical Reactity and Reaction PathKlopman, (25) (a) Fujimoto, H.; Kato, S.; Yamabe, S.; Fukui,X.Chem. Physl974
G., Ed.; Wiley-Interscience: New York, 1974; pp-5565. 60, 572. (b) Kato, S.; Fujimoto, H.; Yamabe, S.; Fukui, X.Am.
(5) Hughes, E. WJ. Am. Chem. Sod.956 78, 502. Chem. Socl1974 96, 2024.
(6) McCoy, R. E.; Bauer, S. HI. Am. Chem. S0d.956 78, 2061. (26) Hirao, H.; Omoto, K.; Fujimoto, H]. Phys. Chem. A999 103 5807.
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Lewis Acidity of Gallium Halides

than BR, being opposite to the order expected from the soft acids® There seems to be some differences in the effect
relative electronegativities and the steric effects of the of halogens on the Lewis acidity of boron and gallium

halogeng®2° It seems to be a common belief in inorganic halides. It has been shown theoretically that the Lewis acid
chemistry that the order of Lewis acidity described above strength decreases for aluminum and gallium halides in the

appears, because the boram prbital is conjugated more
strongly with the attached halogens in Bfhan in BCE,
bringing a larger distortion energy to BEpon complexa-
tion.28-34 Branchadell et al. analyzed the nature of theX8
bonds in boron trihalidé& by applying the topology of the
charge densityo(r)®® and its LaplacianA?o(r)% and the
valence bond (VB) method:38 They could show that the
calculated pyramidalization energies for BXicreased in
the order BB < BCl; < BF; and, thus, they conjectured
that the relative Lewis acidity of boron trihalides was due,
to a certain extent, to a variation in the distortion energy
that resulted from the difference in-B< double-bond
strength.

order MR > MCI3.3%4445 A similar trend in acidity also
has been found in silicon compoundslt is interesting
therefore to investigate the effect of halogens on the first
row elements and that on the higher row elements.

Theoretical studies of gallium halides so far reported are
not many. The scalar relativistic effects on the atomization
energy of Gak have been investigated theoreticdfly.
Stability of adducts between substituted gallanes with arsines
was studied at various theoretical levels by Bock ét @ahey
found that there were bonding contributions between the
halogen atoms attached to the gallium atom and the arsenic
center, in the adducts of fluoro- and chlorogallanes. A
theoretical study of adducts of the B, Al, Ga, and In hydrides

On the other hand, there have been some studies whichwith ammonia and phosphine was reported by Zahradnik et

suggest that th@-conjugation is not necessarily stronger in
BF3:.3%74! Brinck et al. showed that the calculated atomic

al#” It was shown that adducts of these halides with ammonia
were stable, but adducts with phosphine were not. Ball et

charges and electrostatic potentials were consistent with theal. performed ab initio calculations on adducts of Gebak,
electronegativities of the halogen atoms, but not with the and GaQJ with H,0.* They found that structures and

back-bonding concept. They explained the observed trend
in the Lewis acidity in terms of the charge capacityhat

binding energies were very similar to those in the corre-
sponding aluminum complexes. Interestingly, the—@a

was defined by the inverse of the difference between the bond was found to be shorter in the Gafélduct than in the

ionization potential and the electron affinity determined
experimentally®?43 We investigated recently the Lewis
acidity of BRs, BF:CI, BFCkL, and BC} by deriving the
unoccupied reactive orbital that showed the maximum
localization on the boron sp orbital function in each

GaCk adduct. Structures and properties of the complexes
of aluminum and gallium halides with® were investigated

by using calorimetry, cryoscopy, dielectrometry, and IR
spectroscopy and by applying the PM3 theoretical method
by Malkov et al*® Frenking et al. studied the-donor ability

specieg® The analysis revealed that the unoccupied reactive 0f YH2X and YXs (Y = B, Al, Ga, In, and TI; X=F, Cl,

orbital of BCk was located lower in energy compared with
that of BRs, owing to a stronger polarizability or a smaller
value of acidic hardness of the boron cenifer.

In boron compounds, BFand BC} are classified as hard
acids, while BH is classified as a soft acitln contrast to
the boron case, Galnd Ga( are grouped with soft acids,
while GaH; is located on the borderline between hard and

(27) Lindeman, L. P.; Wilson, M. KJ. Chem. Phys1956 24, 242.

(28) Shriver, D. F.; Atkins, P. W.; Langford, C. Hhorganic Chemistry
2nd ed.; Oxford University Press: Oxford, 1994; p 205.

(29) Brown, H. C.; Holmes, R. Rl. Am. Chem. S0d.956 78, 2173.

(30) Cotton, F. A.; Leto, J. R]. Chem. Phys1959 30, 993.

(31) Shriver, D. F.; Swanson, Bnorg. Chem.1971, 10, 1354.

(32) Andres, J.; Arau, A.; Bertran, J.; Silla, E.Mol. Struct. (THEOCHEM)
1985 120, 315.

(33) Pearson, R. Anorg. Chem.1988 27, 734.

(34) (a) Branchadell, V.; Oliva, AJ. Am. Chem. Sod.99], 113 4132.
(b) Branchadell, V.; Shai, A.; Oliva, Al. Phys. Chenil995 99, 6472.
(c) Branchadell, V.; Oliva, AJ. Mol. Struct. (THEOCHEML991
236, 75.

(35) Weast, R. C., EdACRC Handbook of Physics and Chemisté@th
ed.; CRC Press: Boca Raton, FL, 1988; p F167.

(36) Bader, R. F. WAcc. Chem. Red.985 18, 9.

(37) Hiberty, P. C.; Ohanessian, G.Am. Chem. Sod.982 104, 66.

(38) Chirgwin, B. H.; Coulson, C. AProc. R. Soc. London, Ser.15Q
201, 196.

(39) Armstrong, D. R.; Perkins, P. Q. Chem. Socl967, 1218.

(40) Lappert, M. F.; Litzow, M. R.; Pedley, J. B.; Riley, P. N. K.; Tweedale,
A. J. Chem. Soc1968 3105.

(41) Brinck, T.; Murray, J. S.; Politzer, fnorg. Chem.1993 32, 2622.

(42) Huheey, J. EJ. Phys. Chem1965 69, 3284.

(43) Politzer, PJ. Chem. Phys1987 86, 1072.

Br, and I) by looking at the p electron population of Y and
the isodesmic reaction of Y with YH 4~ to give YH; and
YH3X~ and that of YX with YH, to give YH; and
YHX37.50 They found that the effect of halogens on the
gallium was the same in trend as that in boron halides.
Timoshkin et al. showed that the theoretically estimated
dissociation energy of the adducts between gaixd some
electron donors decreased in the order [El > Br > |.512

It was pointed out that there was no correlation between the
dissociation energy and the extent of charge transfer. They
examined also the complexes of gallium halides with
pyridine, finding that those complexes were not rigid systems
located on flat potential surfacé.

(44) Wilson, M.; Coolidge, M. B.; Mains, G. J. Phys. Cheml992 96,
4851.

(45) Bauschlicher, C. ATheor. Chem. Acc1999 101, 421.

(46) (a) Bock, C. W.; Trachtman, M.; Mains, G.J.Phys. Cheml992
96, 3007. (b) Dobbs, K. D.; Trachtman, M.; Bock, C. W.; Cowley, A.
J. Phys. Chenl99Q 94, 5210. (c) Bock, C. W.; Dobbs, K. D.; Mains,
G. J.J. Phys. Cheml1991, 95, 7668.

(47) Jungwirth, P.; Zahradnik, R. Mol. Struct. (THEOCHEM)993 283
317.

(48) Grencewicz, K. A.; Ball, D. WJ. Phys. Chem1996 100, 5672.

(49) Malkov, A.; llya, P.; Guryanova, E. N.; Noskov, Y. G.; Petrov, E. S.
Polyhedron1997, 16, 4081.

(50) Frenking, G.; Fau, S.; Marchand, C. M.;"@macher, HJ. Am. Chem.
So0c.1997 119, 6648.

(51) (a) Timoshkin, A. Y.; Suvorov, A. V.; Bettinger, H. F.; Schaefer, H.
F.J. Am. Chem. So&999 121, 5687. (b) Timoshkin, A. Y.; Suvorov,
A. V.; Schaefer, H. FRuss. J. Gen. Chert999 69, 1204.
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Ogawa and Fujimoto
The effect of halogens on the Lewis acid strength of Table 1. Calculated Results on GaBls-x—NHz Adducts

gallium halides reported so far looks completely different Gak GaRCl GaFChb GaCk
from what we have observed for boron halides. In this paper, yjiken charge on Ga 11531 41538 +1244 10686
we present the results of our analysis on @& (x = 0, natural charge on Ga +2.188 +1.950 +1.684 +1.392

1, 2, 3) to compare the effects of F and Cl on the Lewis g!smfti_o?_ energy (kJ/gjﬂfél ’ igggg ﬁézgo 21%-7936 21‘;-;3616
acidity with those in the mixed boron halides, B ». issociation energy (kJ/m ' ' ' '

correction
zero-point vibration energy —12.20 —12.46 -—12.41 -—12.05
Computational Method basis-set superposition errors7.56  —8.15 —8.68 —9.01
thermal enthalpy -958 —-9.76 -9.80 —9.81
The geometries and electronic structures of gallium halides and  (thermal free energy) +50.70) 53.36) (-53.23) (-49.52)
the complexes of those halides with ammonia, as well agBCI  dissociation energy (kJ/mélj¢ 131.05  118.33  107.07  96.29
NH; and AICkL—NHj3;, have been calculated at the B3LYP/6- (89.93) (74.73) (63.64) (56.58)
3114++G** level of theory? by applying the Gaussian 98 pro- Ga_N bond length (nrf) 0.2003 02071 02084 0.2095
y applying p F—Ga—N angle (ded) 100.29 97.46  94.45
gram?3 All the species have &; axis or ao, plane. Harmonic Cl—Ga—N angle (ded) 105.93 103.09 100.59

VIbr_atl.onaI frequengles were thalr!eq by VIbrat!onaI analysis of fully aCalculated at the RHF/6-331-G** level. P Calculated at the B3LYP/
optlmlze_d geometries. The @ssouatlon energies were corrected forg 31111 G#* level of theory. ¢ Defined byE[GaFCls_x(bent)] — E[GaFc

zero point vibrational energies (ZPVE) obtained at the B3LYP/6- Cl;_(planar)], in which the bent structure was taken as the same as in an
311++G** level of theory from unscaled harmonic vibrational ~ adduct.? Defined by E(NHs) + E(GakCls-x) — E(GahClz-x—NHa)].
frequencies. Thermal enthalpy and thermal Gibbs free energy e Corrected by ZPVE, BSSE, and thermal enthalpy. Values in parentheses
corrections were also made to enable comparison with the are corrected by ZPVE, BSSE, and thermal free energy.

experimental data at 298.15 K, 1 atm. The basis set superposition . .

error (BSSE) correction was evaluated by the counterpoise method. Ga-N bond Iepgth for the Gagladduct is Sl'ghyay longer
The RHF/6-31%+G*//B3LYP/6-311++G** calculations have  than the experimental value, 0.20580.011 nm**and as

shown that the difference in the dissociation energies ofGlak— a result, the calculated dissociation energy is S|Ight|y lower
NH; adduct is somewhat larger than that obtained in the B3LYP/ than the experimentally observed enthalpic change, 134.2
6-311++G** calculations, but is very similar in tren®. Thus, + 2.5 kJ/mol®2 It has been shown by Ball et al. for the

evaluation of the affinity of gallium to lone pairs of electrons of gdducts with HO that the GaO bond is shorter by 0.0012
bases and acidic strength of the gallium center was made by usingnm in Gak—H,0 than in GaGl-H,0 It is suggested
the MOs obtained at the RHF level of theory with the 6-311G™ 0 etore, that the Lewis acidity of gallium halides decreases
basis set. . . . .

with decreasing, making a clear contrast to boron halides.

Results and Discussion To examine the effect of reluctance of G&k-_, toward
pyramidalization on the acidic strength, we have computed
the distortion energy for these compounds by comparing the
energies of the planar and bent structures. The latter has been
taken to be the same as the structure of the «CBE
fragment in the adducts with NH The change in the
calculated distortion energies is much smaller in magnitude
relative to the change in the dissociation energy of GaF
Cls—x—NHjs, as given in Table 1. That is, the distortion energy
does not interpret the relative acidic strengths of the systems
that we are examining. The(halogen)— 4pr (Ga) back-
donation is not the reason for the difference in the acidity
of these halides. We should look for some other reasons why

conformation. Thus, the dissociation energy decreases With:]hei_fffe(_:t of fluo_nnehand cf;lorlnehSL:_l?jstltuents on gallium
decreasing. Gas-phase structural data are known for some alides Is opposite that on boron halides.

gallium halides with ammoni# The calculated value of the The method of analysis that we utilize in this study is
essentially the same as that we have adopted in our previous
(52) (a) Becke, A. DJ. Chem. Phys1993 98, 5648. (b) Lee, C.; Yang,  Works?657 The orbital of the acidic center in an acid molecule
53) \l/:VnsEharI(/II?]c%EJrc]:ykss gf’ﬁ}ggﬁg&ﬁﬁ%d Gill. P M. W.: Johnson, Ulilized to form a bond with the electron-donating center of
B. G.: Robb, M. A.: Cheeseman, J. R.: Keith, T.: Petersson, G. A.; & base is an atomic orbital (AO) or a linear combination of

Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski, several AOs. We denote this orbital By Then, the orbital
V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;

Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, that is I_Oca”ZEd to the maXimum extent ah in the
W.; Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; unoccupied MO subspace is given®by

Martin, R. L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.;
Stewart, J. P.; Head-Gordon, M.; Gonzalez, C.; Pople, Gaussian

The results of calculations on the structures and dissocia-
tion energies in (Gakl;-x)—NH3 adducts are presented in
Table 1. The calculations show that these adducts are lowes
in energy in aneclipsed conformation, making a clear
contrast to the boron and aluminum halide complexes with
NHsz; which favor astaggeredconformation. The energy
difference between the two conformations is very small in
the case ofx = 1, being 1.04 kJ/mol, but thetaggered
conformation has been confirmed to be the transition state
for internal rotation by a vibration analysis. It is interesting
to see that the GaN bond length increases monotonically
with decreasingx in (GakCls—x)—NH; in the eclipsed

98, Gaussian, Inc.: Pittsburgh, PA, 1998. (56) (a) Hargittai, M.Stereochemical Applications of Gas-Phase Electron
(54) Boys, S. F.; Bernardi, AVlol. Phys.197Q 19, 553. Diffraction; VCH: New York, 1987. (b) Ammonia adducts of the form
(55) The dissociation energy obtained at the RHF/6-3tG**//B3LYP/ GaCk—nNHjz are known fom=1, 3, 5, 6, 7, and 14. See: Sheka, L.

6-311++G** level without corrections was 168.94, 157.26, 145.84, A.; Chaus, I. S.; Mityureva, T. TThe Chemistry of Gallium

and 134.56 kJ/mol for the adducts of GaGaRCl, GaFC}, and GaCQ Elsevier: New York, 1966; pp 7#178.

with NHs, respectively. Those of Alg-NH3 and BH—NH; are (57) (a) Fujimoto, H.; Mizutani, Y.; lwase, KI. Phys. Chem1986 90,

161.69 and 93.16 kJ/mol, respectively. 2768. (b) Fujimoto, H.; Satoh, 9. Phys. Chem1994 98, 1436.
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M M
9,) = d ¢/ O 1
Punod0r) (j:;H %) (j:;l ) €y

where the summation is taken over all the unoccupied MOs
¢ =m+ 1 m+ 2, .., M). The coefficientsd,, are
determined by expanding in a linear combination of the
canonical MOs. The occupied reactive orbitgd having the
maximum localization o, is given similarly by a combina-
tion of the occupied MOg; (i = 1, 2, ...,m). The level of
dunoc iS estimated then BY

M M
Aunod®y) = d 2e) d 2 2
unod9r) (j:;l L €) (j:;H ) )

wheree; signifies the orbital energy of the canonical MO
¢;. The level of the occupied reactive orbifal is estimated
similarly by taking a weighted sum of the occupied MO
energies. By representing the denominator of eq 2 by (1
a%), we obtaif™

A(3,) = aed0;) + (1 = @) 2ynodd)) ®)
wherel(d;) is the energy expectation value for the orbital
or in the acid molecule under study. Note thal(d,) is

regarded as representing electronegativity of the reaction

centerr, having a form similar to the Mulliken electroneg-
ativity of a molecule’®

Let us look at the difference in electron-accepting strength
of gallium halides in their planar monomeric forthdy
taking the p-type AO extending perpendicular to the mo-
lecular plane as the reference orbital, To make this orbital
applicable to all of Gag GakCl, GaFC}, and Gad, the
ratio of the inner and outer p-type componenté,ihas been
taken to be the same as that of Ga atom in the LUMO of
GahHs. The unoccupied reactive orbitals obtained in this
manner are presented in Figure 1 with respect to;&ald
GaCk. They are localized well on the gallium center and

bear a close resemblance to each other, though the orbital Aunoc(au)
of GaCl is delocalized over the adjacent halogens to a greater

extent. The unoccupied reactive orbital derived for the planar
structure of a gallium halide is now regarded as giving the
major component of the interaction orbital that is utilized
for the Ga-N bond upon complexation with NH
Localizability of the unoccupied reactive orbital on the
gallium center estimated b, |pun.dd = (1 — a?) is 0.859
in Gak and 0.714 in GaG] as shown in Table 2. This
indicates also that the Ga #fype AO function is found
mainly in the unoccupied MO space in these halides, and it
is more delocalized over the halogen atoms in GaThe

Figure 1. Unoccupied reactive orbitals of Gafupper) and GaGl(lower)

in the planar form obtained by projecting theA functions of the central
gallium onto the RHF/6-311G** unoccupied MO subspace of these
molecules. Th®3;, structures were optimized at the B3LYP/6-31£G**

level of theory.

Table 2. Comparison of the Factors Determining the Electrophilicity of
Gak;, GaRCl, GaFC}, and Gad in Planar Forms

Gahk GaFRCl GaFCh GaCk
Mulliken chargeon G&  +1.514 +1.265 +0.963 +0.492
natural charge on Ga +2.291 +2.052 +1.780 +1.473
(1-ad 0.859 0.809 0.760 0.714
7 (au) 0.356 0.322 0.303 0.291
A (au) —0.047 —-0.066 —0.085 —0.104

0.053 0.057 0.060 0.062

a Calculated at the RHF/6-3#H-G** level.
reactive orbital is delocalized to a smaller extent on the
halogen g AOs in BCk than in BFR in the planar fornt®

The Ga pr orbital is partially occupied through conjugation
with the F and/or Cl atoms, as indicated by-1a?) < 1 in
the species under consideration. The referenced\@ is
delocalized more strongly over the adjacent halogen atoms
and is found to a greater extent in the occupied MO subspace
in GaCk, as mentioned above. As a result, thealue is
located lower in GaGl than in Gak and the electron

gallium atom is much larger than a boron atom and the empty population of the referenced Ga O increases in the order

p orbital on Ga overlaps to a greater extent with the more
diffuse occupied p orbitals on chlorines than with the more
compact p orbitals of fluorineS.This brings a big difference

from the case of boron halides, in which the unoccupied

(58) Mulliken, R. S.J. Chem. Physl934 2, 782.
(59) As in the case of gallane, these species may exist in dimeric forms.
See, ref 56b.

Gak < GaRCl < GaFC} < GaCk. This is the same in
trend as the order in boron halides, as has been pointed out
by Frenking et al. on the basis of a comparison of the Ga
prr electron population in Gag€® An important factor to be
considered here is the gap between the levels of the occupied
and unoccupied reactive orbitals. Perturbation theory tells
us that polarizability of the reaction site is inversely

Inorganic Chemistry, Vol. 41, No. 19, 2002 4891
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proportional to this gap,A{noc — Aoc).?° These unoccupied  Scheme 1
and occupied reactive orbitals are delocalized to some extent GaFg GaClg
over the attached halogen atoms, out-of-phase and in-phase,
respectively. They mix with each other induced by electron

delocalization from an approaching b&8eThis orbital —0.047

0.053 ————— unoc 0.062
24%n=0.100 0.166

mixing removes electronic charge from the gallium center g 0104 m=———
and places it on the halogen atoms, to make the gallism p 2(1- )0 = 0612 0.415
orbital engage in the formation of a newbond with the
base. -0.519

A‘OC

We have determined above the reactive orbjtab. that -0.659
shows the maximum localization on the gallium prbital
in the unoccupied MO subspace. Delocalization of the
reactive orbital over the adjacent halogen atoms elevates the
electron-accepting orbital level,.c aboveld by 2a%

Aunodd7) = A(0;) + 28°(0;) (4)

in which# is a measure of chemical hardness of the gallium
prr-orbital, defined by™

ﬂ(ér) = (lunoc(ér) - }'oc(ér))/z (5)

This quantity has a formal analogy to the absolute hardness
defined by Parr et al. for a whole molectleNote, however,
that 14 provides a scale of polarizability of the reaction site
r in a molecule in our case.
The reactive orbitalpunoc has been determined so as to
localize to the maximum extent on the orbital but the
fractiona? (<1) of ¢unocis delocalized over the neighboring
halogen atoms, and therefore cannot be utilized for the
formation of the GaN o bond. Efficient localization of the
unoccupied reactive orbital on the reaction site leads to a
smaller a® value and, consequently, to a lower electron-
accepting level. Therefore,a2; is regarded as giving a
measure of hardness against electron acceptance or, in other
words, acidic hardness of the reaction site. Table 2 shows
that the gallium center of GaChas a smaller; value than Figure 2. Unoccupied interaction frontier orbitals of Gafupper) and
that of Gals, The acidic center is more polarizable in GaCl  S7ch{owe) (8Kng parnekcton deocatzaton o e onc oy oot
However,a? becomes larger as the fluorines are substituted out simultaneous transformations of the unoccupied MOs of thesGax
more by chlorines. Thus, the acidic hardneagnzof the fragmer_n anq the occt_ined MOs of the .Mragment to represent the orbita_\l
gallium center increases in the order GaF GaRCl < interactions involved in the wave function of the adducts in terms of paired

. fragment orbitals. The occupied counterpart of Nl each pair is not
GaFC} < GaCk. As a result, the electron-accepting level shown.

A“”".‘I:I'S Itoc?t(e;d. hlghﬁr n Gig_ltfgmparelz(d with tlhat of G?F - meanings, i.e., the maximum localization in the unoccupied
as fllustrated In scheme . 1hiS maxes a ciear contrast foy,q space and the maximum localization on the reaction

mixed boron halides, BEl-,, in which BCk has the center. To see next what orbitals really participate in electron

un?]ccgp?l’i(i (;Eflctwel orz'?l_ly'qg O'IQ4% au I?]Wf)r IN Nergy yeocalization in the adducts, we have calculated the interac-
atthe 6- eveland being localized on the boron center v, ¢ontier orbitals of Gak—NH; and GaCGj—NH3; com-

to\;\/slir?htly greaterdextl;ant th:;]m thah.Of 8F ds sh Idplexesfé2 Figure 2 shows the orbitals of Ga&nd Gad{ that
e have assumed above that gallium compounds shou play the dominant role in accepting electronic charge, by

provide an unoccupied orbital that has the maximum making an orbital pair with the occupied interaction orbital

arr;)plltud(_er;])n the gf‘”“tm atofmtr:o f"”"t"?‘ tlghttl;ﬁznld r\1NIthd Iof NHs. The orbital of Gak; for example, has been derived
a base. The construction ot the reactive orbital has dua by representing first the wave function of the GalNH;

adduct in terms of various electron configurations of the two

(60) (a) Coulson, C. A.; Longuet-Higgins, H. @roc. R. Soc. London,
Ser. A1947 192 16. (b) Libit, L.; Hoffmann, R.J. Am. Chem. Soc.

1974 96, 1370. (c) Fujimoto, H.; Inagaki, S. Am. Chem. Sod977, (62) (a) Fukui, K.; Koga, N.; Fujimoto, Hl. Am. Chem. S0d.981, 103
99, 7424. 196. (b) Fujimoto, H.; Koga, N.; Fukui, KI. Am. Chem. S0d.981

(61) (a) Parr, R. G.; Donnelly, R. A.; Levy, M.; Palke, W. E. Chem. 103 7452. (c) Fujimoto, H.; Hataue, I.; Koga, BL.Phys. Chenl985
Phys.1978 68, 3801. (b) Parr. R. G.; Pearson, R. &.Am. Chem. 89, 779. (d) Fujimoto, H.; Yamasaki, T.; Mizutani, H.; Koga, N.
S0c.1983 105, 7512. (c) Parr, R. G.; Zhou, Acc. Chem. Red993 Am. Chem. Sod 985 107, 6157. (e) Fujimoto, H.; Yamasaki, T.
26, 256. Am. Chem. Sod986 108 578.
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Table 3. Comparison of the Factors Determining the Stability of Adducts

of .GhE, and GaH with NH3

Gak GaFRCl GaFCh GaCh Gahs
electron delocalization (kJ/mol)
NH3z — GaRKClz—x —91.47 —94.17 —97.24 —101.06 —62.77
GaFRCl3—x — NHz? —10.47 —12.55 —14.45 —15.19 —7.04
electrostatic attraction (kJ/mol) —349.90 —345.01 —339.51 —336.82 —222.24
exchange repulsion (kJ/mol) 251.82 263.64 273.67 286.60 186.40

aSum of the three strongest pairs of orbital interactions.

fragments, Gagand NH;,?° and then by applying a pair of
unitary transformations to the canonical MOs of two frag-
ments within the unoccupied MO space of the gaBrt
and within the occupied MO space of the MNigart to
represent electron delocalization concisely in terms of a few
pairs of fragment orbitals. The resulting orbital of the GaF
fragment shown in Figure 2 is given by a linear combination
of the unoccupied canonical MOs, including contributions
of all the unoccupied MOs relevant for the interaction with
the attached NH The orbital of GaGlhas been obtained in
a similar manner by utilizing the wave function of Ga€l
NHs.

The orbitals of Gafand Gad look similar to each other,
having large amplitude on the gallium center. The s- and
d-type AOs of Ga are seen to hybridize significantly with
the p-type AOs to form a tight GaN ¢ bond with NH.
The occupied paired orbital of the NHragment has the
familiar form of a lone-pair orbital delocalized to some extent

between chlorines in the GaQbart and hydrogens in the
NHs part, in addition to the acidbase interaction at the
reaction sites. The X--H interactions interpret why the
gallium complexes with Nkl are lower in energy in an
eclipsedconformation than in ataggeredconformation.

On the other hand, the overlap between the occupied
orbitals having large amplitude on the €4 bonds and those
on the N-H bonds produces the exchange repulsion. It is
stronger in the Gagladduct than in the GaFadduct, and
the larger stabilization due to electron delocalization in
GaCk—NHj3; has been set off by this repulsive interaction.

As has been presented in Table 2, the Mulliken population

analysi§* indicates that the positive charge on the gallium
center decreases in the order GaFGakCl > GaFC} >
GaCl, as expected simply from the relative electronegativity
of fluorine and chloriné® The natural population analysis
gives the same trend, locating greater positive charges on
Ga’® The electrostatic attraction calculated for the electron

over the three hydrogens and is not illustrated in Figure 2. configuration in which the Gagand NH; fragments retain
Several pairs of fragment orbitals also have been obtainedtheir lowest energy closed-shell structures but have the same
for back-donation of electrons from the GaKart to the locations of the constituent atoms as those in the adduct is
NHj3 part, by carrying out transformations of the canonical given in Table 3’ The attraction is stronger in GaFNH3
MOs within the occupied MO space of the former and the than in GaGj—NHs. By taking the effects of electrostatic
unoccupied MO space of the latter. attraction, exchange repulsion, and electron delocalization
To see quantitatively how large the stabilization brought on GaX—NH; adducts into account, the reactivity toward
about by the orbital interaction is relative to other types of NHj; is concluded here to be weaker in GaCElectron
interactions, we have evaluated the strength of electrondelocalization is not the primary source of determining the
delocalization between the unoccupied orbital shown in strengths of interaction of these gallium halides, though they

Figure 2 and the paired occupied orbital of the Nitdgment.
The results of calculations are given in Tablé®3/ery
interestingly, stabilization due to electron delocalization
described by the pair of orbitals has been shown to be
unexpectedly larger in the GaINH; adduct,—101.06 kJ/
mol, than in the GaF—NHs adduct,—91.47 kJ/mol. It is
obvious that the large delocalization stabilization in the
former arises from the subsidiary overlap interactions

(63) Delocalization stabilization has been determined for the all-electron
wave function of an adduct by@C(Hoo — So,0Ho,), in which
Hoo = [Wo|H|Wol] Ho = [WolH|W\[J and S0 = (Wo|Woll Here, Wo
signifies the original electron configuration in which the acid and base
fragments retain their initial closed-shell electron configurations and
W, indicates the configuration in which an electron has been shifted
from the base to the acid among the pair of interaction frontier orbitals,

have been grouped with soft acids. The other two terms bring
a stronger bonding to GaFNHs.

Finally, let us discuss the difference in Lewis acidity
between gallium halides and boron and aluminum halides
by comparing GaGlwith BCl; and AICL. As shown above,
GaCk—NHg; is lower in energy in arclipsedconformation
than in astaggereaconformation. Delocalization stabilization
is largest in that conformation, owing to X--H overlap
interactions. The binding energy is not large, however,
relative to the aluminum complex, as presented in Table 4.
The eclipsed conformation is accompanied by a strong
exchange repulsion between the-&2l bonds and the NH
bonds. In the complex of Bglthe M—N bond is much

the GaX orbital being illustrated in Figure 2. The coefficiet@sand

C; measure the contributions of the electron configuratitfssand

Y, to the electronic structure of the adduct, respectively, being
calculated by applying configuration analysis to the wave function of
an adduct. The one-electron and two-electron integrals have been
supplied from the GAMESS program (Schmidt, M. W.; Baldridge,
K. K.; Boatz, J. A,; Elbert, S. T.; Gordon, M. S.; Jensen, J. H.; Koseki,
S.; Matsunaga, N.; Nguyen, K. A.; Su, S. J.; Windus, T. L.; Dupuis,
M.; Montgomery, J. AJ. Comput. Chenml993 14, 1347). See, for
the details of analysis: Imade, M.; Hirao, H.; Omoto, K.; Fujimoto,
H. J. Org. Chem1999 64, 6697.

(64) Mulliken, R. S.J. Chem. Physl955 23, 1833, 1841, 2338, 2343.

(65) The bonds in GafFhave been suggested to be ionic, being very
different from those in its chlorinated counterpart (see ref 46a). See,
for a crystallographic study of GgFLe Bail, A.; Jacboni, C.; Leblanc,

M.; De Pape, R.; Duroy, H.; Fourquet, J.1.Solid State Chen1988
77, 96.

(66) Reed, A. E.; Curtiss, L. A.; Weinhold, Ehem. Re. 1988 88, 899.

(67) See, for the definitions of the electrostatic interaction and the exchange
repulsion: Fujimoto, H.; Fukui, K. InChemical Reactity and
Reaction PathsKlopman, G., Ed.; Wiley-Interscience: New York,
1974; pp 23-54.
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Table 4. Comparison of Ga, Al, and B Chlorides localizability of the reactive orbital becomes smaller as the
GaCl AICI BCls fluoripes are substitutgd by chlorines. On the oth.er hgnd,
in adduct with NF polarizability of the gallium center becomes Iarg_er in going
distortion energy (kJ/maty 24.86 28.50 97.84 from Gak; to GaC}. Because of these two competing factors,
dissociation energy (kJ/mél) ~ 127.16  152.86  94.10 it has been demonstrated that the Lewis acidic strength of
dissociation energy (kJ/méiyd  96.29 119.84 52.37 h lli is higher in fl . d . b h
(56.58)  (76.32)  (5.23) t_e gallium cent_er_ is higher in fluorinate species, ut the
M—N bond length (nn) 0.2095 0.2025 0.1627 difference in acidic strength should not be large in these
CI-M—N angle (degreé) 100.59 101.16 105.12 gallium halides
electron delocalization (kJ/mol) . o ) . .
NHz — MCl3 —101.06 —92.48  —213.37 An interaction-frontier-orbital analysis has demonstrated
MCls— NHg® -1519 = -9.63 =~ -9.26 that the overlap between the unoccupied MOs delocalized
electrostatic attraction (kJ/mol) —336.82 —341.88 —534.94 the Ga-X bonds i i f t and th ied
exchange repulsion (kJ/mol) 286.60  260.83  698.64  OVErtne LGa-X bondsinagallium iragmentand the occupie
in planar monomeric form MOs delocalized over the NH bonds in the NH fragment
(1-a) 0714 0697 0.501 contributes to electron delocalization from Ntd GaRkCls
n (au) 0.291 0.297 0.361 . . he di . . h .
1 (au) ~0104 -0109 —0211 in addition to the direct interaction between the acid and
Aunoc (@U) 0.062 0.071 0.150 base centers. Electron delocalization has been calculated to

a Calculated at the B3LYP/6-311+G** level of theory.? Defined by be stronger_in GaGtNHa. The_ aglvantage of the Gagl
E[MCl3(bent)] — E[MCly(planar)], in which the bent structure was taken NHz adduct in electron delocalization is overcome, however,
as the same as in an adduDefined by E(NHz) + E(MC3) ~ E(MCls= by g strong closed-shell repulsion that arises from the overlap
NH3)]. 4 Corrected by ZPVE, BSSE, and thermal enthalpy. Values in . .
parentheses are corrected by ZPVE, BSSE, and thermal free eA€gyn petween the G'aCI bond orbitals and the NH bc?nd orbltqls .
of the three strongest pairs of orbital interactions. in the occupied MO space. The electrostatic attraction is

weaker in the GaGladduct than in the Garadduct. Thus,

shorter compared to that in the complexes of GaGld GaC} is made less reactive toward NHelative to Gag

AICI3. Though the electron-accepting level is located higher o the other hand, the differences in acid strength between
in BCl;, delocalization stabilization and also electrostatic poron aluminum. and gallium chlorides arise from several
attraction are very large in magnitude, reflecting the short ¢,ctor5. Despite the lower electron-accepting level in GaCl
M—N bond in BCk—NHs. The short M-N bond leads, on ¢ ;-type overlap between the Ga 4p AO and the N 2p AO
the other hand, to a strong exchange repulsion and t0 a larggs not efficient, compared with the overlap between the Al
destabilization due to distortion of the BGtagment. The 3p AO and the N 2p AO. The adduct of gallium halides
sum of these interaction terms does not indicate that the, i, NHs tends to gain the assistance ofM interactions
interaction between Beand NH; is stabilized very strongly. 1y the atraction is counterbalanced for the most part by
Th.e' aluminum center in Alghas a strong electron-accepting o exchange repulsion. Accordingly, Gaghows a weaker
ability comparable to Gaglas represented by the 10Whoc affinity to NHs. In BCl—NHs, the short B-N bond is

value. The occupied p orbital on nitrogen overlaps t0 a ,ccompanied by a strong deformation of the boron fragment.
greater extent with the p orbital on aluminum than with the Then, AICk is most reactive toward NH several factors
P orbita_l on ga!lium. Then, t_he_smaller NH- MCI? electron being well-balanced. One notes that acithse interactions
delocalization in AICi—NHs indicates clearly the importance cannot be interpreted simply by means of a single interaction

of X"H interactions in stabilizing the addl,JCt,Of gallium term, e.g., electrostatic attractions or electron delocaliz4tion.
halides. The A+CI bonds are polarized, bringing a large
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