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Matrix isolation has been used to study the photolytically induced reaction of AIX (X = F, Cl, or Br) with O,. The
peroxo and bisperoxo compounds XAIO, and XAI(O,), are found to be the products of these reactions. While the
peroxo species XAIO, were already addressed in a separate work, we concentrate herein on the bissuperoxo
complexes XAl(O),, which are to our knowledge the first examples of such complexes with Al centers. Our IR
spectroscopic results taking in the effect of isotopic substitution (:60/*80) allied with quantum chemical calculations
show that the O, moieties in these complexes are side-on coordinated, leading to an overall C,, symmetry of the
complexes and a spin multiplicity of 3. The 0-0 distance of about 1.366 A argues for the presence of superoxide
units. The force constants are, however, somewhat smaller than expected for a superoxide anion and indicate that
the bonding in the complexes cannot be described simply on the basis of an ionic model. Interestingly a photoinduced
intramolecular isotopic scrambling process is observed for the compounds resulting in partial conversion of the
XAI(*60,)(*0), isotopomer into XAI(*6080)(1600). The properties of the complexes will be compared to those of
complexes to transition metal centers.

Introduction capability to adapt various oxidation states are especially of
There is an ongoing interest in dioxygen complexes that interest. Thus, e.g., bisperoxo complexes of vanadium show

is mainly stimulated by the role these compounds play as insul'inomimeti'c propert.ié,?sand. biSper(')xo'compIexes. of
oxygen carrier systems in biologyand in preparative rhenium are involved in olefin epoxidatiéi. There is
chemistry> A remarkable variety of different structures substantial interest in the exploration of new stable peroxo
are possible and experimentally verified for these complexes.2nd bisperoxo complexes. The anchoring of dioxygen at
First differentiation has to be made between superoxo andmetal or other surfaces was also extensively studied in the
peroxo complexes, depending on whether the dioxygen unitPast: being of importance in the fields of heterogeneous
is approximately charged negatively by one or by two e pataIyS|s and corrosion protection. To give J_ust one.examp_le,
Additionally, the dioxygen unit can be coordinated to either it has been shown recently that the mechanism of dissociation

one or two metal centers. Superoxo and peroxo complexesOf molecular oxygen at Cu(110) surfaces involves superoxo

coordinated to one metal center feature eittegminalor @S Well as peroxo complexés. .
side-oncoordinated dioxygen units. In the presence of two _ Yhile formal peroxo compounds of main group elements
metal centersbridged or end-on coordination represent include prominent and celebrated examples such as the
additional possibilities. Transition metal centers with the dioxiranes; relatively little information is available about
superoxo complexes featuring main group element centers.
_*Author to whom correspondence should be addressed. E-mail: |n fact it turns out that superoxo complexes to main group
“{Bm,?i't%}ﬁ‘ﬁ;‘?ﬁf;CMhﬁ?;'_%EQ,%‘?‘g'ﬁgﬂL‘_eﬁg '1994 94, 737. centers are restricted to a few cases, and almost all of the

(2) See, for example: Adam, W.; Chan, Y.-Y.; Cremer, D.; Gauss, J.; sparse available information about these species relies on
Scheutzow, D.; Schindler, M. JOrg. Chem. 1988 53, 3007.

Baumstark, A. L.; Vasquez, P. Q. Org. Chem1988 53, 3437. (5) Liem, S. Y.; Clarke, J. H. R.; Kresse, Gurf. Sci.200Q 459, 104.
(3) Herrmann, W. AJ. Organomet. Chenl995 500, 149. (6) See, for example: Murray, R. W.; Jeyaraman, R.; Pillay, MJK.
(4) Herrmann, W. A.; Fischer, R. W.; Scherer, W.; Rauch, MAdgew. Org. Chem1987, 52, 746. Sander, WAngew. Cheml986 98, 255;
Chem.1993 105, 1209. Angew. Chem., Int. Ed. Engl986 25, 254.
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matrix isolation experiments. Thus alkali metals have been
shown to form complexes of the form M@and Ca atoms
are apparently capable of binding not only to onen@iety
but also to twd, resulting in a @CaQ, complex with Daq
symmetry.

Herein we will show that AIX (X=F, Cl, and Br) forms
a bissuperoxo complex with Oin an Ar matrix upon
photoexcitatior?. All three products were identified and
characterized on the basis of their infrared absorptions
[including the effects of isotopic substitutioA®Q,, 80,,
160,/180,, 160'%0)] and of quantum mechanical calculations
[ab initio (UHF) and Density Functional Theory (DFT)
calculations]. In agreement with bissuperoxo formulation,
the compounds exhibit triplet electronic ground states.

Experimental Section

The subhalogenides AIX (% F, Cl, and Br) were generated in
a Knudsen-cell type graphite oven by passing ¢HMesser,
99.995%), HCI (Messer, 99.98%), or HBr (Messer, 99.98%) over
Al (Merck, 99.999%), heated resistively to 900. Hence the AIX
vapor produced in this process was co-deposited together with O
in an excess of argon onto a copper block kept at 13 K by means
of a closed-cycle refrigerator (Leybold LB 510). Other technical
details can be found elsewhéfg-ollowing deposition the matrices

were investigated with IR spectroscopy. Subsequently the deposits

were photolyzed with UV radiation and the photolytically induced
modifications again monitored with the aid of IR spectroscopy. UV
photolysis max = 254 nm) was achieved with the aid of a low-
pressure Hg lamp (Graentzel, Karlsruhe) operating at 200 W.
For IR measurements a Bruker 113v spectrometer was used
equipped with an MCT and a DTGS detector. The spectra were
taken with a resolution of 0.5 crhfor measurements with the MCT
detector and 1.0 cnd for measurements with the DTGS detector.
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Figure 1. IR difference spectra of a solid argon matrix containing AlF
and 5% Q after 10 min of photolysis with UV lightAnax= 254 nm) minus
before photolysis: (a)®0,, (b) 160,/180, (1:1 mixture), (c)L0,/180%0/
180, (1:2:1 mixture), and (d}e0..

Results

The results reported in the following were accumulated
in experiments with relatively high concentrations 6f(6%
in Ar). For lower concentrations of 1% in Ar) the IR
spectra are dominated by signals which were previously

The chemicals used for the matrix reactions were purchased fromassigned to the compound XA representing formally a

the following sources and with the quoted puritié80,, Messer,
99.9998%:180,, Prochem, 99.1%:; Ar, Messer, 99.9998%.
Quantum chemical calculations relied on the GAUSSIAN98
program packag®.Density Functional Theory (B3LYP) and, where
possible, ab initio (UHF) calculations were performed in combina-
tion with a 6-311G(d) type basis set. Normal coordinate analyses
were carried out with the aid of the ASYM40 program pack&ge.

(7) Hatzenbhler, D. A.; Andrews, L.J. Chem. Phys1972 56, 3398.
Andrews, L.; Smardzewski, R. B. Chem. Phys1973 58, 2258.

(8) Andrews, L.; Chertihin, G. V.; Thompson, C. A,; Dillon, J.; Byrne,
S.; Bauschlicher, C. W., Jd. Phys. Chem1996 100, 10088.

(9) The experiments leading to FAIR were already outlined in a
preliminary communication. See: Babhlo, J.; Himmel, H.-J.; Sckab
H. Angew. Chem2001, 113 4820;Angew. Chem., Int. EQ001, 40,
4696.

(10) Schrigkel, H.; Schunck, SChem. Unserer Zeit987, 21, 73.

(11) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels,
A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone,
V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.;
Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.;
Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.;
Liashenko, A.; Piskorz, P.; Komaromi, |.; Gomperts, R.; Martin, R.
L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara,
A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen,
W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head-Gordon, M.;
Replogle, E. S.; Pople, J. ZSAUSSIAN 98Revision A.3; Gaussian
Inc.: Pittsburgh, PA, 1998.

(12) Hedberg, L.; Mills, I. M. Department of Chemistry, GbH 153, Oregon
State University, USA.

peroxo complex to AIX. Experiments with varying concen-
trations of Q showed that increased,©oncentrations favor
the formation of an additional species, which can be assigned,
on the basis of the relative intensities of the IR signals, to
the product of the reaction of AIX witkwo instead ofone

O, moiety. This species is in the focus of this work. The
experimental results for the reactions of the AIX subhalides
with 5% G, in Ar will be reported in turn, first for AlF,
then for AICI, and finally for AlBr.

AIF + O,. IR spectra taken immediately upon deposition
of AIF together with 5% of @in Ar gave no sign of any
absorption that can be assigned to a product of the reaction
of AIF and Q.. However, UV photolysis brought about the
appearance of new absorptions. Figure 1 shows IR spectra
taken over a period of 10 min of UV photolysitfx = 254
nm) of a matrix containing AIF and 5% OBesides the
signals due to the products of the reaction of AIF and (AIF)
with one O, molecule [FAIQ and FAIlu-O)AlF, respec-
tively]'3 the spectra contained two strong and sharp absorp-
tions, located at 892.4 and 705.3 cindue to a third distinct
absorberA. The experiments were subsequently repeated
with different G isotopomers. Upor®O/80 substitution,
the absorptions were shifted to 883.7 and 689.9%¢m

(13) Bahlo, J.; Himmel, H.-J.; Schokel, H.Inorg. Chem2002 41, 2678~
2689.
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Figure 2. IR difference spectra of a solid argon matrix containing AICI
and 5% Q after 10 min of photolysis with UV lightAnax= 254 nm) minus
before photolysis: (&)°O;, (b) 180,/180; (1:1 mixture), and (c}0,/160%0/
180, (1:2:1 mixture).

Figure 3. IR difference spectra of a solid argon matrix containing AlBr
and 5% Q after 10 min of photolysis with UV lightAnax= 254 nm) minus
before photolysis: (a) 15%0,, (b) 5% 160,/180, (1:1 mixture), 10 min
of photolysis, and (c) same matrix as in (b) but nowité of photolysis.

implying 070 ratios of 1.0102 and 1.0232, respectively. ggq 5 anq 656.6/654.6/650.4 chi* The observation of a

. . o N
In a third experiment, a 1:1 mixture 6f0, and ™0, was  yiniet pattern again shows the presence of more than two
used. Following UV photolysis two groups of absorptions  .qan atoms in the molecule. Finally, the experiment was
were observed to grow in, with three signals in each group. repeated but with a 1:2:1 mixture 80,/6200/280,, and in
The S|gnalls of the first group were located at 892.4/887.6/ ;g experiment again two groups of signals were observed,
883.7 cn1’, those of the second group at 705.3/697.9/689.8 e positions of the signals being 695.8/692.2/688.3/684.6/
cm*. From this pattern it follows that two Onoieties are g0 5 cnv2 for one group and 656.6/653.6/652.7/650.5¢m
present in the absorbéy, in agreement with the results of  or the other group. Both groups should consist of five
experiments with varying concentrations ofiDthe matrix. signals. However, the signals of the group near 650%cm
'l:'na”)ia tqe experlrrlent was repeated with 1:2:1 mixtures of 476 50 close together that it proved impossible to see all but
°0,, 100, and *0,. Again, two groups of signals  only four of the signals with certainty. Nevertheless, the sum
appeared, but this time with as much as five signals in eachqf )| results obtained for the different isotopomersBof

group. Hence one group consisted of signals at 892-4/889-7/argues strongly for the presence of two equivalent dioxygen
887.6/885.9/883.7 cm and the second group of signals at pairs in the molecule.

705.6/701.5/697.9/693.5/689.8 chThis pattern indicates AIBr + O,. The photoinduced matrix reaction of AlBr
the presence of two pairs of equivalent O atom#in with two molecules of dioxygen followed a similar pattern

AICI + O.. In the same way, experiments with AICl in  as observed before in the experiments with AIF and AICI.
place of AIF gave evidence for the generation of a species The spectra are reproduced in Figure 3 and indicate the
B as the product of the photolytically induced matrix reaction formation of a specie€ upon UV photolysis. Two strong
of AICI with two O, molecules. The IR spectra for this absorptions at 691.6 and 618.3 ¢nn the experiments with
reaction are displayed in Figure 2. The experiments were %0, can be assigned to this species, which represents in all
again repeated with different isotopomet, 180,, 150,/ certainty the Br equivalent ofA and B. In the %0,
180, mixtures (1:1), and®0./1%0'80/180, mixtures (1:2:1)]. experiments, these two absorptions appeared at 676.2 and
Two strong signals due tB at 695.8 and 656.6 cm were 605.7 cmt, bearing thu80/*€0 ratios of 1.0228 and 1.0208.
observed in the experiments witfD,. The wavelengths of ~ The experiment with%0,/*80, mixtures again points to the
the absorptions and the conditions of their appearancepresence of more than two oxygen atoms in the molecule.
indicate thatB is the Cl equivalent of produc. The two In this experiment, two triplet features at 691.6/683.9/676.2
absorptions ofB shifted to 680.5 and 650.4 crthin the and 618.3/611.3/605.7 crhwere observed. Finally, there
experiments with®0,, according td%0/*80 ratios of 1.0225 - . :

(14) The signal at 654.6 cmis close to one of the absorptions of HA}CI

ar.]d 1.0095, regpectively. In the experiments WD,/ °0, which is also formed in smaller yields in the course of the reaction
mixtures, two triplets were observed, located at 695.8/688.8/ (see ref 16).
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were, as anticipated, two groups attributable to the moleculeTable 1. Comparison between the IR Spectra Observed and Calculated

in the experiments with 1:2:1 mixtures B0D,/160180/180,, [Wavenumber in cm?, with Intensities (in km mol?) Given in

These were located at 691.6/688.2/683.9/680.6/676.2 and 2creses] for FARGIIFAIO)IFAICOTO),
618.3/615.7/611.3/605.7 crh and give support to the FAI'%0, FAI0, FAI10,1%0,
presence of two pairs of equivalent oxygen atoms in the obsd  calcd  obsd  caled  obsd  calcd  assign
molecule. c 11386(2) c  10740(3) c¢  1136.8(5) wi(a)

Interestingly, thé®0%0 equivalent of produdt can also ~ 8924 900.6(151) 883.7 898.9(149) 887.6 899.8  via)

: L ) 506.9(9) ¢ 486.0 (10) ¢ 496.2 (10) v3(ay)
be formed when a matrix containing AlBr and a mixture of 186.1(20) b 178.9(18) b 182.5 (19) va(ar)
160, and 0, is exposed to a prolonged period of UV 404.7(0) ¢ 380.6(0) ¢ 390.8(0)  vs(ap)
photolysis (1 h). On the other hand, control experiments of 42?)'.2 (8 g 42?3 ((g)) tc’ 4%-_2 (((B Z%g‘g

c 238.3(38) ¢ 240.2 (49) wg(by)

gave no sign of any photolytically induced production of 176.0(0.01) b 166.9 (0.03) b 171.4(0.03) vo(by)
Os. Thus it is unlikely that thg effect of photqusis is.to 05.3 117315;{_13((1127)9)C689_910761§2_(292175§ 697_12? 72%50&2 (17;11)%33
produce'®0 and'®O atoms which then recombine to give 205.3 (26) ¢ 199.6 (24) ¢ 201.8 (24) viAby)
1°0'%0. The experiments in fact clearly show that product  ac, symmetry. Geometry (bond lengths in A, angles in deg)—Rl
C in its (*0,)(*80,) form is the precursor to théD?®0)- 1.6552; AFO 1.8562; O-O 1.3673; G-Al—0 43.2.° Out of range of
(160'80) isotopomer. The IR signals due @in its (160,)- detection.® Too weak to be detected or IR silent.
(*®0,) form are developed completely after 10 min of same Q unit) exhibits a value of 43and is thus smaller
photolysis (see Figure 3b). Further photolysis leads to the than the value found in FAIE(58.4).13 As a consequence,
decrease of the absorptions attributable to #@§(*°0,) the Al—O distance increases from 1.7006 A in FAto
guise ofC and the simultaneous appearance of the signals1.8562 A in FAI(Q).. The calculated wavenumbers for the
due to its {°0'80)(*%0'0) version. All this argues for the  three isotopomers FARD),, FAI(*20,),, and FAIE6O,)(*20,)
intramolecular nature of the observed isotopic scrambling are given in Table 1, together with the observed values. The
process. calculations predict two of the 12 modes to carry sufficient
intensity to guarantee their detection subject to the molecule
being formed in sufficient yields. This is in agreement with
In the following it will be shown on the basis of the the experiments which give clear evidence of two strong
experimental results as well as quantum chemical calculationsabsorptions and the observed wavenumbers are in pleasing
that specied\, B, andC can be identified as the first known agreement with the calculated ones for these two modes.
examples of bissuperoxo complexes of aluminum, namely However, the calculations predict &%0/*0 isotopic shift
FAI(Oy),, CIAI(Oy),, and BrAl(Gy),, all exhibiting triplet of only 1.7 cm for the v,(a;) mode, while the experimen-
electronic ground states. tally observed shift amounts to 8.7 cin It will be shown
FAI(O2),, A. As already mentioned, speciés can be below that the calculated shifts for CIAIgT and BrAl(OGy),
are in much better agreement with the experimentally
] observed values. One possible explanation for this deviation
in the case of FAI(Q: is the interaction between thg(a)
mode and they;(a;)—v4(a1)] combination mode. For th€O

b
C
b
. e ; . c
a matrix containing only dioxygen in the absence of any AIBr ¢ 242.5 (50)
b
C
7
C

Discussion

L isotopomer, this combination mode has a wavenumber of
) N 952.5 cn1?, being therefore more than 50 chrhigher than
(S \\, ¥ the wavengmber calculated ar}d observed fowtfe) mode.
However, in the case of tH&O isotopomer, the waveumber
A of the combination mode lies very close (at 895.1 &nto

that of thev,(a)) mode (difference of only 3.8 cm) and

assigned to the product of the reaction of AlF with twe O  therefore the interaction between the two modes should be
moieties and therefore most likely exhibits the sum formula substantial leading to an increase of the observed wavenum-
FAIO4. Our DFT calculations led to a global minimum  per for one mode and a decrease for the other mode. The
structure withC,, symmetry and a triplet electronic ground  combination mode has to occur at a slightly higher wave-
state for such a molecule. The AF distance amounts t0  number than thesx(a) mode to give a shift in the right
1.6552 A, a typical value for AtF bonds of Al(Ill) species  direction. With due allowance to the usual amount of
(e.g. OAIF 1.623 AI51FAIO, 1.6430 A9). The 1.3673 A computational inaccuracy 510 cnt? for wavenumbers in
O—0 bond length is significantly shorter than that found in  the considered range) it is likely that the combination mode
FAIO, (1.6637 A)!® but is in good agreement with the has in reality a wavenumber slightly higher than that of the
distance expected for the free superoxide anign(®.3519 vo(ay) mode.
A according to calculations relying on the B3LYP method).  Unfortunately, the vibrational analysis of the molecule with
The O-Al-0 angle (with the two O atoms being of the ab initio MP2 methods failedf. It was, however, possible to

. _ — calculate the geometry and the vibrational properties of FAI-
(15) SAPgliréssR Zhengyan, L.; Schiokel, H.Z. Anorg. Allg. Chem1984 (0,), on the HF level of theory (applying a 6-311G* type
(16) Schrigkel, H.J. Mol. Struct.1978 50, 267. basis). These calculations again found a triplet electronic
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ground state, but now slightly distorted fraBa, symmetry, E\';l/ble 2. cbomparis;Jnrll be':\rq’?etn th_e;_IR (spelz(ctra ‘3,?)5?9" and Calculated
H H avenumpers In cm:, wi ntensities (In KM m ven in

ach O moiety xited an AHO distance of 16708 A, Paeese] for CAIOJCIAC0)/CIA0%0)

while the other one exhibited a smaller distance of 1.7849 ___ CIAI*®. CIAI80, CIAIZ60,20,

A. Other geometrical parameters (bond lengths in A, angles obsd  calcd  obsd  calcd  obsd calcd  assign

in deg) are the following: AtF 1.6327, G-O 1.3030, c 1140.3(1) ¢ 1075.2(2) c 1138.3(4)  n(a)

F~Al-0 112.7/120.4, ©AI-0 40.6 (with the O atoms ~ $°6:6 656.8(204) 650.4 649.2(204) 653.6 =522 (202):(a)

427.0 (3 412.1(2 499.5 (2
being from the same LQunit). As expected, the frequency 1773 5123) E, 170.3 2123) E 173.9 Elé) Zigﬂ
calculation from the HF method resulted in wavenumbers E 397.3 ((0)) E 373.7((0; g 383.7((0.1) )ngazg
; : 66.1 (0 62.3 (0 64.1 (0.002) vg(ap

hlgher than those _calculated with DFT methods. Th_us the 4834(1) 4608(1) ¢ 4732 (1) Vj(bl)
following frequencies were calculated for FAID,), [in 2117 (29) ¢ 205.9 (28) ¢ 208.3(28)  ve(by)
cmt, with symmetry assignment and intensity (in km rmipl 1626(2) b 1545(2) b 158.6 (2)  ve(by)

c 1072.1(7) ¢ 1073.6 (5)  vio(bn)

Cc
b
in parentheses]: 1329.3,(101), 1320.04, 9), 954.1 &, c 1136.4(7)
165), 797,14, 273), 5694 o), 380,21, 5D, 300 ¢ D58 i s s Py
7), 220.0 b, 33), 211.8, 22), 199.8 4, 24), 175.2 ), 2), R i ) L
124.2 @, 0.09). Unfortunately all attempts to calculate the 2,07%25; SXEQ‘*{%@?Z"Q%%FSQQ%'i,”?f.“ f(')n ﬁgﬂ%‘fj 'gfdrz%e@éf
structure and frequencies with the MP2 method failed. detection° Too weak to be detected or IR silent.
To obtain a better understanding of the bonding in the
peroxo complex and to get estimates for the force constantsforce constant in FAI(@): is significantly smaller that that
a normal coordinate analysis was performed. The following derived for FAIQ (506.7 N nT%), in line with the different
nonnormalized symmetry coordinates were used in this €lectronic structures anticipated for these two species. The

analysis for all the species of the type XAK@ S, r(0*— normal coordinate analysis also provides an estimate for the
0?) + r(03—0%); S, r(Al—F); S, r(Al—0% + r(Al—0?) + force constant for &-Al—02 bending, now with the two O
r(Al—03) + r(Al—0%; Sy, r(0'—03) + r(0>—0%; Ss, r(Al— atoms stemming from different®noieties. With 54 N m*

OY) + r(AI-0% — r(AI-0% — r(AI-0"); Ss, o(F—Al—- this force constant turns out to be rather small.

0Y) + 6(F-AI-0?) — S(F—AI-0% — 6(F-AI-0%; S, The analysis of the vibrational modes shows that the
r(Al—=0% + r(Al—=0% — r(Al=0?) — r(Al—09); S, o(F— degree of mode coupling is substantial. Therefore it proved
Al—0Y + §(F—AI-0% — 6(F—AI—-0?) — o(F—AI-0d); impossible to describe the vibrational modes adequately. The
S, 1(O—=03) — r(0?—0%; Sy, r(O'—0?) — r(0O*—0%; Sy, mode coupling also indicates that the species cannot be
r(Al—0Y + r(Al—0%) — r(Al—0%) — r(Al—0%; Si2, 6(F— simply described as an ionic species of the form?F@,")..
AI-0" + 6(F-AI-0O°) — 6(F-AI-0?) — 4(F-AI-0% CIAI(O,),, B. Like A, speciesB is the product of the
(with O', @ and G, O* belonging to the same Qunit). reaction of AICI with two Q molecules and should thus

Where available, experimental data were used for the exhibit the sum formula CIAIQ With AI-O and G-O
analysis. For the not-observed modes calculated wavenumjistances of 1.8611 and 1.3657 A the energy minimum
bers were used. A force constd(®@—0O) of 585 Nm*was  geometry of CIAIQ as calculated with DFT methods
derived. Thus the force constaf{0—O0) is significantly  resembles that of FAI(§).. The molecule again prefers a
smaller than that for K@® (680 N nt') and of the  triplet electronic ground state. The ACI distance (2.0785
hypothetical free @ anion (660 N m*). This argues against  A) is in agreement with the distances adapted in other Al-
a simple ionic description of the molecule that appears to (1) species (e.g. HAIGI 2.096°2). Table 2 includes a
be adequate if only the ©0 distances are taken into  comparison between the wavenumbers observed and calcu-
consideration. A possible explanation is that the A)—O lated for such a molecule in various isotopic forms. This
angle potential weakens tH¢O—0) force constant. The  comparison leaves little doubt thBtindeed is the bissu-
O—Al—0 angle potential certainly has its energy minimum  peroxo complex CIAI(Q),. Again the experiments succeeded
at much higher values of the-Al —O angle than the 43°2 i detecting the two most intense absorptions. Our normal
found in the XAI(Q), complex. The force constant@l — coordinate analysis yielded the following force constants
F) andf(AI—.O) of FAI(O,), amount to 493 [cff(Al—F) = (values in N n1%): f(Al—Cl) 368; {(O—0) 439; andf(Al —

500 N T in AIF3*] and 193 N mi*. Thus thef(AI=0) ) 274. The force constani(Al—Cl) in CIAI(O,), is

(17) The geometry optimization using the MP2 method in combination with SOMewhat larger than that of CIAQ@72 N nr?)*¥and AICk

2IS\'/:P1t)éa%£azf Selt é%iltill;(lenghtGhe efgltllvgliggzb?ntliz giI?SHCZIS @in A): (274 N nT1)22 and thef(Al—0O) force constant is somewhat
- . y . . ’ . or 2, - . .
C12.0691, ALO 1.8696/1.8718, OO 1.3924 for CIAI(Q)z, and A larger than that of the F-derivative FAIR. On the other

Br 2.2166, A-O 1.8731/1.8732, 60 1.43A18 for BrAl(Q),. Thus hand the((O—0) force constant comes out to be smaller than
the O-O bond distance is almost 0.1 A longer than with DFT ; ; ;
according to MP2. The MP2 calculations failed to predict reasonable that of FAI(Gy)z. A detalled, evaluation of th_e eIeCtrpmc,:
wavenumbers of the vibrational modes. Thus one of the vibrational Structure of the compound is necessary to give a satisfying
modes was calculated to occur above 2000 twith an intensity of exp|anation for these alterations. However, more Sophisti-
some 10000 km mol. Calculations with MP3 caused similar
problems. One reason for the problems of the calculations might be
the difficulty in treating the ionic and covalent contributions to the (19) Bahlo, J. Ph.D. Thesis, University of Karlsruhe, 2001.
bonding adequately. Ab initio methods tend to overestimate ionic (20) Schrickel, H.J. Mol. Struct.1978 50, 275.
contributions. (21) Muiler, J.; Wittig, B. Eur. J. Inorg. Chem1998 1807.
(18) Smardzewski, R. R.; Andrews, . Chem. Phys1972 57, 1327. (22) Schrigkel, H.Z. Anorg. Allg. Chem1976 424, 203.
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Table 3. Comparison between the IR Spectra Observed and Calculated Table 4. Geometric Parameters @ and MO Distances, Values in

[Wavenumbers in cmt, with Intensities (in km moll) Given in
Parentheses] for BrAlfO,),/BrAl(180,),/BrAl(16080),

BrAl 1604 BrAl 1804 BrAl 16021802
obsd calcd obsd calcdt obsd calcd assign
c 1139.9(1) ¢ 10748 (2) ¢ 1137.7 (4) vi(a)

618.3 616.5(185) 605.7 604.9 (128) 611.3 610.1 (186)x(ay)

c 353.0(17) ¢ 341.2(13) ¢ 347.1(15)  wva(a)
b 163.0 (15) b 156.1 (14) b 159.7 (14)  wva(a)
c 391.7(0) ¢ 368.5(0) ¢ 378.3(0.1)  wvs(a)
b 67.0(0) b 63.2(0) b 65.0 (0.0001) ve(ay)
c 478.0(1) ¢ 4558(1) ¢ 468.1 (1) v7(by)
c 206.8 (21) ¢ 200.6 (21) ¢ 203.4(21)  wvg(by)
b 155.3(3) b 1476(2) b 151.5 (3) vo(by)
c 11354 (7) ¢ 1071.3(7) ¢ 1071.9 (5) v10(b2)
691.6 691.3(133) 676.2 674.2(128) 683.9 682.0 (131)11(b)
b 129.8(6) b 1248(6) b 127.2 (6) v12(b2)

aC,, symmetry. Geometry (bond lengths in A, angles in deg)—Bit
2.2333; A0 1.8650; G-O 1.3655; G-Al—0 43.0.° Out of range of
detection.t Too weak to be detected or IR silent.

A) of Some Complexes to O

O-0 M-0
compd distance distance coord ref

NaG, 1.3599 2.1506 side-on B,
Ca(®)2 1.344  2.226 side-on 8
AlO, 1.6393 1.7296 side-on 3B,
FAI(O2)2 1.3673 1.8562 side-on b
CIAI(O2)2 1.3657 1.8614 side-on b
BrAl(O2)2 1.3655 1.8650 side-on b
(o7 1.3519
(H20)2(NH2)Fe-HCOO), 1.390 2.247 end-on 27

Fe(NH)(H20)(0,)
{(meseMes-[14]aneN;) 1.306  2.005 terminal 25

(CH:CN)RhOGQ{CFsSQs}2
Cop(u-02)(u-NHo)- 1.340  1.872/1.887 bridged 26

(NH3)6(NO3)3°1.25H,0
Tp'Cp(Qy)? 1.262  1.816/1.799 side-on 23
(TP)2SM(Qy) 1.319  2.329/2.321 side-on 24

aTp = hydridotris(3tert-butyl-5-methylpyrazolyl)borate? Calculated
in this work.

cated theoretical methods should be used for such a study@ Superoxo ligand with terminal coordination to the Rh

which is certainly beyond the scope of this work. It is well-
known that bonding in the subhalides AIF and AICI differs
to a large extend® and therefore it is not surprising that

centerr® An example of a @ unit bridging two metal centers
is provided by the complex Gu-OH)(u-Oy)(u-NH,)-
(NH3)6(NOg)3:1.25H0, the structure of which has recently

differences are also monitored for their bissuperoxo com- been reinvestigated with X-ray diffractiéhFinally, quantum

plexes.
BrAl(O ,),, C. On the basis of the experimerfiscan be
assigned to the Br equivalent BrAlgR of FAI(O), and

chemical calculations suggest the presence ofad-on
coordinated @ unit in the mixed valence Fe(ll)/Fe(lll)
complex (HO)x(NH2)Fe-HCOOYFe(NH)(H20)(0,), 2 just

CIAI(O,),. Table 3 includes the calculated and observed {0 hame a few examples reported recently.

wavenumbers for BrAl(g). in various isotopic versions. The

As already mentioned, superoxo complexes to main group

extremely pleasing. According to our calculations, the
molecule again exhibit€,, symmetry. The following bond
lengths (in A) and angles (in deg) were obtained:—Br
2.0786, AO 1.8614, G-O 1.3657, and ©AI—0 43.0.
Thus the AFBr bond length is in agreement with the values
obtained for other Al(Ill) species (e.g. HAIBR.260 A) and
the O-O distance is close to the value calculated for O
(1.352 A). With the help of normal coordinate analysis the
following force constants were obtained for BrAlje(values
given in N nr1): f(Al—Br) 429,f(0O—0) 521, and(Al—0)
195. Thus thé(O—0) andf(Al —O) force constants for BrAl-

complexes of the form M&?° for which quantum chemical
calculations predict an ©0 distance of 1.36 A. Matrix
experiments indicate that alkali earth atoms are capable of
forming a 1:2 complex with @% resulting in a GMO,
species withD,q symmetry. For @CaQ,, quantum chemical
calculations predict ©0 and Ca-O distances of 1.344 and
2.226 A, respectively. Like XAI(§),, this species exhibits
a triplet electronic ground state.

Al atoms, when isolated together with, @ an inert-gas
matrix, form an AlIQ complex3! However, the experimental
and theoretical results accumulated for this species show that

(O,). are in good agreement with the values deduced for FAI- it contains a long ©O distance of 1.64 A and a short-AD

(02)2.
Comparison with Related SystemsSuperoxo complexes

distance of 1.73 A. These values are almost identical with
those found in XAIQ (X = F, ClI, or Br) (e.g., 1.64 and

to transition metal centers have been investigated extensivelyl-71 A, respectively, in FAIQ). Thus the unpaired electron
in the past, major methods of interrogation being IR and Uv/ ©f AlO2 appears to be located near the Al atom rather than
Vis spectroscopy and, where possible, X-ray diffraction. The near the dioxygen unit.

structures of these complexes show a distinct mutuality, and ~ Table 4 includes the ©0 and M-O distances for several

the G~ unit can be coordinated either by one or by two
metal centersSide-oncoordination was observed e.g. in the
complexes TiCo(O)?* and (Tp).Sm(Q)% [Tp’' = hydri-
dotris(3tert-butyl-5-methylpyrazolyl)borate]. The compound
{(meseMeg-[14]aneN)(CH;CNRhOQ { CF:SO3} ; features

(23) For an evaluation of the AIF bond properties, see for example:
Schrickel, H.; Mehner, T.; Plitt, H. S.; Schunck, 3. Am. Chem.
Soc.1989 111, 4578.

(24) Egan, J. W., Jr.; Haggerty, B. S.; Rheingold, A. L.; Sendlinger, S. C.;
Theopold, K. H.J. Am. Chem. S0d.99Q 112, 2445.

(25) Zhang, X.; Loppnow, G. R.; McDonald, R.; TakatsJJAm. Chem.
Soc.1995 117, 7828.

studied superoxo complexes to transition and main group

(26) Bakac, A.; Guzei, |. Alnorg. Chem.200Q 39, 736.

(27) Springler, B.; Scanavy-Grigorieff, M.; Werner, A.; Berke, H.; Lippard,
S. J.Inorg. Chem.2001, 40, 1065.

(28) Torrent, M.; Musaev, D. G.; Morokuma, K.; Basch,HPhys. Chem.
B 2001, 105, 4453.
(29) Hatzenbhbler, D. A.; Andrews, L.J. Chem. Phys1972 56, 3398.
Andrews, L.; Smardzewski, R. R. Chem. Physl973 58, 2258.
(30) Andrews, L.; Chertihin, G. V.; Thompson, C. A;; Dillon, J.; Byrne,
S.; Bauschlicher, C. W., Jd. Phys. Chem1996 100, 10088.

(31) Zehe, M. J.; Lynch, D. A,, Jr.; Kelsall, B. J.; Carlson, K.DPhys.
Chem.1979 83, 656. Serebrennikov, L. V.; Osin, S. B.; Maltsev, A.
A. J. Mol. Struct.1982 81, 25. Andrews, L.; Burkholder, T. R;
Yustein, J. T.J. Phys. Chem1992 96, 10182.
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Table 5. Calculated Energies (Values Given in kJ mglfor Several Possible Reaction Steps Leading to the Bissperoxo Complexes;JzAl(O
CIAI(O2)2, and BrAl(Q), in Their 3B, Electronic Ground States

reactants product reaction energy product reaction energy

AIF (13) + 20, (3%¢") FAIO; (*A1) + Oz (3%47) —140.3 FAI(Q)2 (°B2) —292.7

AICI (12) + 20, (324") CIAIO; (*A1) + O (32g") —149.8 CIAI(G)2 (3Bo) —292.8

AIBr (1) + 20, (3%47) BrAlO; (*Aq) + 0 (3357) —153.4 BrAl(Qy)2 (°By) —291.7

AIF (3M0) + 20, (3%47) FAIO, (*A1) + Oz (32¢") —474.3 FAI(Q)2 (°B2) —626.6

AICI (3TT) + 20, (324") CIAIO; (*A1) + 02 (32g") —442.1 CIAI(G)2 (3Bo) —585.1

AIBr (3IT) + 20, (3%47) BrAlO; (tA1) + 0, (3%47) —436.0 BrAl(Qy)2 (°By) —495.6
element centers. While transition metal complexes show acase of photolytical production of O atoms. Table 5 sum-
remarkable variation of coordinational modsg&lé-on end- marizes the energies calculated for the possible steps of the
on, terminal andbridging coordination), the few known main  reaction pathways.
group element superoxo complexes are genersithg-on Mechanism of the Isotopic Scrambling of BrAl(O,)..

coordinated in their energy minimum structures. The@ One of the striking results is the isotopic scrambling observed
distances deduced for the XAl compounds described for the XAI(*%0,)(*80,) species upon photolysis, which leads
herein are in good agreement to those found for otherto the formation of XAI{O™*0)(*%0®0) on increased
superoxo complexes. However, the force constants derivedphotolysis times. Since the total quantity of XAKQ
from our normal coordinate analysis show that arguments molecules in all possible isotopic forms does not increase
which are simply based on bond distances have to be treatebetween 10 min ah1 h of photolysis (see Figure 3b,c), the
with caution. isotopic scrambling most likely represents an intramolecular
Reaction Pathway.The quantum chemical calculations process. On the other hand, an intermolecular scrambling
clearly show that the XAI(§). bissuperoxo complexes process in the course of the reaction of XAith O, can
exhibit triplet electronic ground states. The formation of XAl- be ruled out.
(O,)2 can proceed either in a one-step process starting with A possible geometry for the transition state is illustrated
AlX and two O, moieties or in a two-step process leading in eq 3. The halogen atoms are omitted for the sake of clarity

first to XAlO, which then reacts with a second @olecule 160—180

to give XAI(Oy), (reaction sequence 1). The one-step 3 160z ---180" ¥ \ /

0 18, \ H

\Al _— 0 _hv E\Al/ E o \/ 3)

-149.8 kJ mol™! , PN ) : : hv
AlC1('z) +20,(Cs,) ———— ClAIO,('A) + 0,(%y) 10 %0 ol / _____ N /
160 130
(6]
-143.0 k mol”! of presentation. We have also thought of calculating possible

structures for the transition state. Using simple hybrid DFT
(B3LYP) methods, we obtained for the Br compound a

-292.8 kJ mol’!
ClAI0, (By) structure with G-O, Al—0, and A-Br distances of 2.4738,
1.7923, and 2.3556 A, respectively, and aBi —O angle
mechanism and the first step (reaction of AIX with)®f of 130.0, in calculations in which the overall symmetry was

the two-step pathway should both be spin-forbidden for the restricted taC,, and with a spin multiplicity of 3. Calculations
molecules in their electronic ground states. However, they were also performed for a singlet electronic state and here
become spin-allowed upon photolysis. It has been shownthe O-0, AI-0, and ABr distances and BrAl—O angle
previously that UV -photolysisi{ax= 254 nm) brings about  at the energy minimum geometry were calculated to be
excitation of AICI into its lowest energy triplet electronic  1.9903, 1.8369, and 2.2270 A and 102.@spectively. The
state,*I1. Thus AICI reacts e.g. with HCI upon activation singlet electronic state has an energy about 50 kJ ol
with UV light.*® According to our calculations, théll higher than that of the triplet state. However, the energy gap
electronic states of AlF, AICI, and AIBr have energies 334.0, between theC,, triplet ground state of BrAl(g), and the
292.3, and 282.6 kJ mol higher than those of theit= calculated possible transition state wh, symmetry in its
electronic ground states (see sequence 2). Experiments withriplet electronic state amounts to about 700 kJThal value

too high to be accessible with the UV photolysis used in

+292.3 kI mol! -585.1 kI mol™!

ACI(D) +20,(5) —— s AICICTD +20,(%) ———= CIAI0,(By these studies. Certainly the level of theory in our calculations
® is not adequate to describe the electronic properties of this
1430 mor” transition state, which should be treated with multireference
P methods and for which singlet, triplet, and pentet multiplici-
CIAI0; (A + 0;C%) ties have to be taken into consideration. Nevertheless, the

0, isolated in the ab ¢ h ants i A prediction of such a transition state seems reasonable on the
2 isolated in the absence of any other reactants in an Ar .o ¢ o oo1cliations.

matrix showed that our selected UV photolysisiatx = _

254 nm does not cause excitation of thenlecule leading ~ Conclusions

to bond cleavage. The IR spectra gave no sign pivbich AlF, AICI, and AlBr are shown to react on photoactivation
should be formed from reaction of O atoms with i@ the in a solid Ar matrix at temperatures of 12 K with, @ give
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the bissuperoxo complexes FAKQCIAI(O,),, and BrAl- nate analysis of the vibrational modes indicates, however,
(O2)2, respectively, representing the first examples of super- that the bonding cannot be described by a purely ionic model.
oxo-like coordiated @units to an aluminum center. The  Strikingly, the XAI(%O,)(*80,) isopomer (X=F, Cl, or Br)
complexes are characterized experimentally by their IR can be photolytically converted in an intramolecular process
spectra (including various isotopomers) and theoretically by into the XAI(*%0'80)(*¢0'80) isotopomer. A transition state
quantum chemical calculations. The results show that thewith C;, symmetry is predicted for this process.
compounds exhibit triplet electronic ground states wiya
symmetric global minimum structure, in which the @nits
areside-oncoordinated to the Al center. The-<€D distances

of about 1.37 A are in good agreement with the distances
found in other known superoxo complexes. Normal coordi- 1C020208G
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