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Scheme 2. Proposed mechanism for the formation of the cyclic phosphane 8 via rhodium(v) complex 7.

phosphanes. In particular, the catalytic dehydrocoupling of
secondary phosphanes is efficient and has been reported for
the first time. Aryl and alkyl substituents are tolerated but
reactivity is limited to sterically less demanding substrates.
The resting state of the catalyst in the coupling of HPPh, is the
diphosphanerhodium(t) complex 4 that is dominant through-
out catalysis. Presumably, the reaction proceeds via a rho-
dium(v) species such as 5. This catalytic reaction is advanta-
geous over currently available methods for the synthesis of
diphosphanes which produce stoichiometric amounts of salts
as by-products.['7]

Received: July 18, 2001 [Z17540]

[1] a) M. C. Fermin, D. W. Stephan, J. Am. Chem. Soc. 1995, 117, 12645 —
12646; b) N. Etkin, M. C. Fermin, D. W. Stephan, J. Am. Chem. Soc.
1997, 119, 2954 -2955.

[2] a)S. Xin, H. G. Woo, J. F. Harrod, E. Samuel, A.-M. Lebuis, J. Am.
Chem. Soc. 1997, 119, 5307-5313; b) R. Shu, L. Hao, J. F. Harrod, H.-
G. Woo, E. Samuel, J. Am. Chem. Soc. 1998, 120, 12988 —12989.

[3] Review: D. W. Stephan, Angew. Chem. 2000, 112, 322 -338; Angew.
Chem. Int. Ed. 2000, 39, 314-329.

[4] a) H. Dorn, R. A. Singh, J. A. Massey, A.J. Lough, 1. Manners,
Angew. Chem. 1999, 111, 35403543 ; Angew. Chem. Int. Ed. 1999, 38,
3321-3323;b) H. Dorn, R. A. Singh, J. A. Massey, J. M. Nelson, C. A.
Jaska, A.J. Lough, I. Manners, J. Am. Chem. Soc. 2000, 122, 6669 —
6678, c) H. Dorn, E. Vejzovic, A.J. Lough, I. Manners, Inorg. Chem.
2001, 40, 4327 -4331.

[5] C.P.Lenges, M. Brookhart, J. Am. Chem. Soc. 1999, 121, 6616 —6623.

[6] C.P.Lenges, P.S. White, M. Brookhart, J. Am. Chem. Soc. 1999, 121,
4385-4396.

[7] C.P. Lenges, M. Brookhart, Angew. Chem. 1999, 111, 3746-3750;
Angew. Chem. Int. Ed. 1999, 38, 3533 -3537.

[8] H. Chen, S. Schlecht, T. C. Semple, J. F. Hartwig, Science 2000, 287,
1995-1997.

[9] P.I. Djurovich, A.R. Dolich, D. H. Berry, J. Chem. Soc. Chem.
Commun. 1994, 1897-1898; b) K. Ezbiansky, P.1. Djurovich, M.
LaForest, D. J. Sinning, R. Zayes, D. H. Berry, Organometallics 1998,
17, 1455-1457.

[10] For a review on catalytic heteroatom —heteroatom bond formation by

heteroatom — hydrogen bond activation see: F. Gauvin, J. F. Harrod,

H. G. Woo, Adv. Organomet. Chem. 1998, 42, 363 —405.

For details on experimental procedures, spectral data of products, and

the preparation of starting materials see the Supporting Information.

[12] Review: L.-B. Han, M. Tanaka, Chem. Commun. 1999, 395 -402.

[13] For rhodium() and rhodium(n) complexes see: W. Hieber, R.
Kummer, Chem. Ber. 1967, 100, 148 —159.

[14] For rhodium(i) and rhodium(iir) complexes see: a) B. Klingert, H.
Werner, J. Organomet. Chem. 1983, 252, C47-C52; b) B. Klingert, H.
Werner, J. Organomet. Chem. 1987, 333, 119-128; c) H. Werner, B.
Klingert, A. L. Rheingold, Organometallics 1988, 7, 911 -917.

[15] a) M.-J. Fernandez, P. M. Maitlis, J. Chem. Soc. Chem. Commun. 1982,
310-311; b) M.-J. Fernandez, P. M. Bailey, P. O. Bentz, J. S. Ricci, T. F.
Koetzle, P. M. Maitlis, J. Am. Chem. Soc. 1984, 106, 5458 —5463;
¢) S. B. Duckett, D. M. Haddleton, S. A. Jackson, R. N. Perutz, M.
Poliakoff, R. K. Upmacis, Organometallics 1988, 7, 1526 —1532.

[16] a) M. Yoshifuji, T. Sato, N. Inamoto, Chem. Lett. 1988, 1735-1738;
b) A. H. Cowley, F. Gabbai, R. Schluter, D. Atwood, J. Am. Chem.

[11

4696 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

Soc. 1992, 114, 3142-3144; c) X. Li, D. Lei,
M.Y. Chiang, P.P. Gaspar, J. Am. Chem.
Soc. 1992, 114, 8526—8531; d) R. A. Aitken,
W. Masamba, N. J. Wilson, Tetrahedron Lett.
1997, 38, 8417 - 8420.

[17] a) K. Sasse, Methoden Org. Chem. (Houben-
Weyl) 4th ed., 1963—, Bd.XIl/1, 1963,
pp- 182-186; b) A. Schmidpeter, G. Bur-

8 gert, Phosphorus Sulfur 1985, 22, 323-335;

¢)J. T. Yeh, L. R. Avens, J. L. Mills, Phos-

phorus Sulfur Silicon Relat. Elem. 1990, 47,

319-323.

I

The First Dectection of Peroxo and
Bis-superoxo Complexes of Aluminum:
FAIlO, and FAIO**

Jan Bahlo, Hans-J6rg Himmel, and
Hansgeorg Schnockel*

Peroxo and superoxo complexes are of major importance
because of the role they play as oxygen carrier systems in
biologyl!! and in preparative chemistry.?*# For instance,
peroxo complexes of vanadium show insulinomimetic proper-
ties® and complexes of rhenium are applied in olefin
epoxidation.>* Another example from this class of com-
pounds is hemocyanin, which contains a dinuclear copper site
capable of binding O, in a u-n*:;7* peroxo complex.!! Finally,
peroxo complexes are potential intermediates or products
during the oxidation of metals or metal clusters.”) Conse-
quently, there is substantial interest in the exploration and
isolation of new stable peroxo and superoxo complexes.
Herein we report on the photolytically induced reaction of
AIF with O, in solid argon matrices, which leads to the first
known peroxo complexes and bis-superoxo complexes of
aluminum, namely FAIO, and FAlO,.®! All products were
identified and characterized on the basis of their IR absorp-
tions (including the effects of isotopic changes ('°0O,, '*0O,,
160,/'*0,, *0"®0) and of quantum-mechanical calculations
(ab initio (UHF and, in some cases, MP2) and density
functional theory (DFT) calculations). In addition to their
relevance for possible applications,”! the title compounds
show interesting electronic properties. While FAIQO, exists in a
singlet electronic ground state,’® the FAIO, species exhibits a
triplet ground state. The complexation of a second dioxygen
molecule to FAIO, thus represents a spin-allowed process, and
dioxygen complexes of this kind might well be of significant
relevance as intermediates in oxidation processes.
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The reactions of AIF and (AIF), with one O, a)

molecule result in the formation of the peroxo 1

species FAIO, and FAIl(u-O),AlF, respective-
1y.> 1% The presence of a third distinct species in
the spectra for experiments with high dioxygen
concentrations in the matrix shows that AIF is
capable of binding a second O, moiety to give a
molecule with the composition FAIO,. FAIO, is
the dominating species formed in the matrices for
low O, concentrations (1 %), while FAIO, dom-

inates for high O, concentrations (5-15%).
Figure 1a shows an IR spectrum recorded
upon UV photolysis (A, =254 nm) of matrices
containing AlF and 5% '°O,. Experiments with
different oxygen isotopomers and different O,
concentrations show that the spectrum contains
signals attributed to three different reaction
products. The first group of signals at 10773
and 781.8 cm~! was assigned to product 1, and the
second group at 942.8 and 812.9 cm™' to product
2. The signals at 892.4 and 7053 cm™! were
attributed to species 3. For low O, concentrations
(1%), species 1 and 2 dominated, but species 3
gained intensity relative to 1 and 2 for higher O,
concentrations (5 % ). This might imply that 1 and
2 are products of the reaction with one O, unit,

while 3 is the product of the reaction with two O,
molecules.

Upon 'O/'80 substitution, the signals due to
product 1 were shifted to 1063.6 and 747.9 cm™,
corresponding to %O/®O ratios of 1.0132 and
1.0455, respectively (Figure 1d). The signals due
to species 2 exhibited red shifts of 6.6 and
273 cm™! (1%0/0 =1.0065 and 1.0348, respectively). The
absorptions due to product 3 were shifted to 883.7 and
689.9 cm~!, implying '°0/'®0 ratios of 1.0102 and 1.0232,
respectively. Other experiments with 1:1 mixtures of 'O, and
180, revealed that the signals for 1 were found to be the
superposition of the signals observed in the experiments using
160, and 80, separately (Figure 1b). Two doublet features at
942.8/936.2 and 812.9/785.6 cm™' in experiments with 1:1
mixtures of °O, and 80O, could be assigned to 2. Thus, it
follows that 1 and 2 contain one O, group. By contrast, species
3 gave rise to extra signals that could not be accounted for
merely by the superposition of the signals observed in the
experiments using !°0, and 'O, separately. Following UV-
photolysis two groups of absorptions associated with product
3 were observed to grow in, with three signals in each group.
The signals of the first group were located at 892.4/887.6/
883.7 cm™!, that of the second group at 705.3/697.9/689.8 cm~1.
From this pattern it follows that 3 hosts two O, groups. Finally,
the experiment was repeated by using 1:2:1 mixtures of °O,,
160180, and 80,. The two vibrational modes of 1 were now
both split into triplets positioned at 1077/1070/1063 and 781/
767/747 cm~! (Figure 1c). The bands due to 2 also showed
triplet patterns, with the signals due to the OO form of
species 2 appearing at 939.4 and 802.7 cm~'. Species 3 again
gave rise to two groups of signals, but this time with as many as
five signals in each group (892.4/889.7/887.6/885.9/883.7 and
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Figure 1. IR spectrum recorded after cocondensation of molecular AIF together with O, in
a solid argon matrix followed by photolysis of the matrix with UV light (4, =254 nm):
a) 10,, b) 1*0,/"¥0, (1:1 mixture), ¢) '°0,/'*O¥0/®0, (1:2:1 mixture), d) '*0,.

705.6/701.5/697.9/693.5/689.8 cm~'). This pattern indicates the
presence of two pairs of equivalent O atoms.

Herein we will focus the discussion mainly on species 1 and
3; species 2 will be discussed in detail elsewhere.’) The results
of the experiments indicate that these species have the
composition FAIO, (1) and FAIO, (3), which would be better
discribed as FAI(O,),. Our DFT calculations resulted in the
global minimum structures shown for 1 and 3.

? ®
—e €
J s o
1 3

Species 1 and 3 both exhibit C,, symmetry with Al-F
distances of 1.6340 and 1.6552 A, respectively, which are
typical values for AlI-F bonds found in three-coordinate Al!
species (e.g. AlF; 1.631(3) Alll). The O—O bond length in 1 is
1.6637 A, whereas that in 3 (13673 A) is, as expected,
significantly shorter, but in good agreement to the distance
expected for O, (1.3519 A according to DFT calculations
with the B3LYP basis set). The O-Al-O angle is 58.4° in 1 and
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Table 1. Observed and calculated spectra of FAI('°O,), FAI(**O,), and FAI(**0'*0) (1).[

FAI(*0,) FAI(*0,) FAI(500)
obs. caled!®) obs. caled!®) obs. caled Assignment
MP2/TZVPP  B3LYP/6-311G* MP2/TZVPP  B3LYP/6-311G* MP2/TZVPP  B3LYP/6-311G*

10773 1087.7 (147)  1114.4 (144) 1063.6 10744 (149)  1098.9 (146) 10707 10812 (148)  1106.8 (145) v (ay)
7204 (13) 739.8 (14) 4 696.6 (9) 7157 (9) 2 706.6 (12) 724.0 (12) v, (ay)
4 5256 (12) 5282 (12) 5016 (12) 5045 (12) 45139 (12) 516.6 (12) vs (ay)
- 2382(119) 2385 (121) 2362 (116) 2366 (118) 9 2372 (117) 2376 (120) vs (by)
7818 810.6 (66) 782.4 (19) 7479 7758 (66) 748.1 (20) 7668 794.8 (65) 768.8 (19) vs (by)
2245 (74) 217.7 (73) 2206 (70) 213.9 (69) {0 2225 (72) 215.8 (71) ve (by)

[a] Frequencies in cm~!, intensities in kmmol-! in parentheses. [b] C,, symmetry; geometry (bond lengths in A, angles in °): MP2/TZVPP: Al-F 1.6430, AI-O
1.7006, O—0 1.6596, O-Al-O 58.4; B3LYP/6-311G*: Al-F 1.6390, Al-O 1.7102, O—0 1.6637, O-Al-O 58.4. [c] Out of range of detection. [d] Too weak to be

detected.

Table 2. Observed and calculated spectra of FAI(*°O,),, FAI(**0,),, and

FAI('0"0), (3).14

FAI'O, FAIO, FAI'50,*0,

obs.  caled® obs.  caled® obs.  caled Assignment
11386 (2) _4l 10740 (3) 11368 (5) v, (a)

892.4  900.6 (151) 883.7 898.9 (149) 887.6 899.8 v, (ay)
4 506.9 (9) 4 4860 (10) 1 4962 (10) v, (a)
1861 (20)  1789(18) -9 1825(19) v, (a)
44047 (0) 4 380.6 (0) 43908 (0) s (ay)
0 69.9 (0) 659 (0) J o 67.8(0) v (a)
44906 (1) 4 4672 (2) 4799 (1) v, (by)
4 2425(50) 4 2383 (38) -4l 2402 (49)  vg (by)
1760 (0.01) < 1669 (0.03) - 1714 (0.03) v, (b))
011351 (12) -4 1071.0 (9) 210725 (6) vy (by)

7053 7143 (179) 689.9 6942 (175) 697.9 7015 (177) vy (by)
4 205.3 (26) 14 1996 (24) 42018 24) vy, (by)

[a] Frequencies in cm™', intensities in kmmol™! in parentheses. [b] Cy,
symmetry; geometry (bond lengths in A, angles in °): B3LYP/6-311G*: Al-F
1.6552, AI-0 1.8562, O—0 1.3673, O-Al-O 43.2. [c] Out of range of detection.

[d] Too weak to be detected or IR silent.

43.2° in 3 (for O atoms of the same O, unit), and as a
consequence, the Al-O distance increases from 1.7006 Ain1
to 1.8562 A in 3.0

The calculated vibration frequencies for 1 and 3 are
compared with the experimental values in Table 1 and Table 2,
respectively.'3 The calculations predict in both cases two of
the six or twelve, respectively, modes to carry sufficient
intensity to guarantee their detection subject to the molecule
being formed in sufficient yields. This is in agreement to the
experiments which provide in both cases clear evidence for
two strong absorptions. The observed frequencies of these two
modes are in good agreement with the calculated values.

The ab initio calculations for 1 at the MP2 level of theory
and using a TZVPP type basis set resulted, in agreement with
the DFT calculations, in a global minimum structure with C,,
symmetry (singlet electronic ground state). The Al—O and
O—-0O distances of 1.7006 and 1.6596 A, respectively, are
somewhat shorter than those predicted on the basis of the
DFT calculations. The AI-F bond length and the O-Al-O
angle are 1.6430 A and 58.4°, respectively. The following
frequencies (in cm~') were calculated for FAI'%O, (symmetry
assignment and intensity [kmmol~!] in parentheses): 1087.7
(a,, 147), 810.6 (b,, 66), 720.4 (a,, 13), 525.6 (a;, 12), 238.2 (b,
119), 224.5 (b,, 74).

Ab initio calculations for 3 at the HF level of theory with a
6-311G*-type basis set also gave a triplet electronic ground

4698 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

state, which is now slightly distorted from C,, symmetry,
resulting in only C, symmetry. Thus two different values are
obtained for the AI-O distances of one O, (1.8798 and
1.7849 A). Other geometrical parameters (bond lengths in A,
anglesin °) are: Al-F 1.6327, O—0 1.3030, F-Al-O 112.7/120.4,
0-Al-O 40.6 (for O atoms of one O, unit). As expected, the
frequency calculation using the HF method resulted in
wavenumbers higher than those calculated using DFT meth-
ods. The following frequencies (in cm™') were calculated for
FAI('%0,), (symmetry assignment and intensity [kmmol~'] in
parentheses): 1329.3 (b, 101), 1320.0 (a, 9), 954.1 (a, 185), 797.1
(b, 273), 569.8 (a, 6), 388.2 (b, 51), 300.9 (a, 7), 220.0 (b, 33),
211.8 (b, 22), 199.8 (a, 24), 1752 (b, 2), 124.2 (a, 0.09).
Attempts to calculate the structure and frequencies for 3 using
the MP2 method were less successful. The MP2 method
appears to be generally less reliable for the computation of
O,-containing molecules such as 3.

Mode coupling makes an assignment of the absorptions
almost impossible. Therefore a normal coordinate analysis
was carried out for all molecules. Force constants of 247 and
585 Nm~! were derived for the O—O stretching force constant
flO—0) of 1 and 3, respectively, and values of 660 and
190 Nm~! were calculated for O, and O,?, respectively. The
stretching force constants f(Al-F) and f(Al-O) of the AI-F
and Al-O bonds are 597 and 445 Nm~!, respectively, for 1 and
493 Nm~' and 193 Nm™!, respectively, for 3.4 A detailed
analysis of the bonding properties within triplet 3 proved
difficult, and so far we were not able to establish a clear
picture of the frontier orbitals and the charge distribution.
However, the O—O distance and force constant support the
presence of O, units coordinated to the aluminum center.
This would imply that the unpaired electrons are located at
the O, groups with only weak coupling between the two
groups.

In the same way,”” experiments with AICl and AlBr in place
of AIF provided evidence for the generation of ClAIO,,
CIAI(O,),, BrAlO,, and BrAl(0O,), as products of the photo-
lytically induced matrix reaction of AlCl with one or two O,
molecules. This observation supports the presented assign-
ment of 1 and 3.

The characterization of the peroxo and bis-superoxo
complexes 1 and 3 provides the opportunity to compare these
complexes with previously investigated systems with similar
structure: In the peroxovanadium imidazole monoanion O—O
distances are 1.475(2) and 1.467(3) A, which are thus similar
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to the value for the O—O distance in FAI(O,),. An example
for a peroxorhenium complex is [CH;Re(0,),0], which has
been studied in the gas phase by using electron diffractionl®!
and exhibits O—O and Re—O distances of 1.451(6) and
1.67(1) A, respectively. [ (Ph;P),PtO,] exhibits a O—O bond
length of 1.26 A 181 which is shorter than the value of 1.3520 A
calculated for O,”. In [{Cu[HB(3,5-iPr,pz);]},(0,)], which
might serve as a model compound for oxohemocyanin,!'”] the
0—O distance is 1.41 A and is thus significantly longer than
the calculated value for O, (1.3520 A), but shorter than that
for 0,2~ (1.6258 A).

Superoxo and peroxo complexes of main group elements
are very rare. The Group 1 elements form ionic MO,
complexes with C,, symmetry.?”! Of the Group 2 element
compounds MgO, is known.2Y Oxygen compounds of
Group 13 have also been frequently studied.?>?! FAIO, is
also structurally similar to OSiO, and F,SiO,, which have both
been charaterized by IR spectroscopy in matrix isolation
experiments.?32 One of the few examples of a main group
element bis-superoxo complex is Mg(O,),.2'?4 1t is note-
worthy that alkali metals are capable of binding not only one
but also two dioxygen molecules.?) All these compounds will
be discussed and compared with XAlO, and XAl(O,), (X=F,
Cl, or Br) in detail elsewhere.!

In Figure 2 the energies for 1 and 2 are compared relative to
molecular AIF and two oxygen molecules. We note that the
reaction of AIF with the first O, molecule is less exothermic
(AE =—140.5 kJmol™') than the reaction of FAIO, with the

second oxygen molecule to give FAI(O,), (AE=
—152.3 kJmol ™).
A
3 4 -~
BIF + 2 O,
0 ® t +
E../kJ mal™
singlet FALO, + O, o
- 140.5 @ .
‘ »
4
gl o Y
triplet FAlO, A
- 292.8 o & &
(L

Figure 2. Energies of 1 and 2 relative to the energies of the starting
materials AlF and O,.
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We propose that 1 and 3 occur as intermediates in the
oxidation of AIF to give solid FAIO. Although the structure of
FAIO is unknown, it is expected to show similarities to the
structure of isoelectronic SiO,. This conclusion seems plau-
sible since the reaction (1) has been calculated to be

o
2FAI(O)y; — 2 O3 + FAI<\AIF (1)
3

exothermic (—81.8 kJmol™') and the molecule FAIl(u-O,)-
AIF like the dimer of SiO, (OSi(¢-0,)Si0), could be the
next intermediate to the solid-state materials FA1O and SiO,,
respectively. Possibly species like 3, in which two O, units are
coordinated to the metal atom, may also play a major role as
intermediates in many oxidation processes, for example of
metal atom clusters or metal surfaces.

Experimental Section

Details of the setup of our matrix apparatus can be found in reference [34].
The subhalogenide AIF was generated in a Knudsen-type graphite cell by
passing CHF; (Messer, 99.995%) over Al (Merck, 99.999%), heated
resistively to 900°C. The AIF molecules produced in this process were
deposited together with an excess of O,-doped argon onto a copper block
kept at 13K by means of a closed-cycle cryostat (Leybold LB 510).
Immediately after deposition the matrices were investigated by IR
spectroscopy. Subsequently the matrices were photolyzed with UV
radiation and the photolytically induced reactions again monitored by IR
spectroscopy.

The IR spectra were recorded on a Bruker 113v spectrometer, equipped
with an MCT and a DTGS detector. The spectra were recorded with a
resolution of 0.5 cm~! (MCT detector) and 1.0 cm~' (DTGS detector).

UV-photolysis (A, =254 nm) was performed with a low-pressure Hg lamp
(Grintzel, Karlsruhe) operating at 200 W.

The chemicals used for the matrix reactions were purchased from the
following sources and with the quoted purities: '°O,: Messer, 99.9998 %,
130,: Prochem, 99.1 %, Ar: Messer, 99.9998 %.

Ab initio UHF and density functional theory (B3LYP) calculations were
carried out with the Gaussian 98 program packagel®! and a 6-311G(d)-type
basis set was used. Ab initio (MP2) calculations were carried out with the
RIMP2 modulel*! of the TURBOMOLE program packagel’”] with a
TZVPP-type basis set.
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The Catalytic Enantioselective Claisen
Rearrangement of an Allyl Vinyl Ether**

Lars Abraham, Regina Czerwonka, and
Martin Hiersemann*

The [3,3]-sigmatropic rearrangement of an allyl vinyl ether
was described by Claisen for the first time in 1912.' Since
then this rearrangement, which was named after him, has
been developed into one of the most powerful C—C bond
forming methods (Scheme 1).[ There are various approaches
to carry out the Claisen rearrangement and related [3,3]-
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Scheme 1. The Claisen rearrangement of an allyl vinyl ether. Which
catalysts are able to catalyze this process diastereo- and enantioselectively ?

sigmatropic rearrangements enantioselectively by using chiral
reagents.> ¥ The only catalytic enantioselective [3,3]-sigma-
tropic rearrangement known to date was described for allyl
imidates.’) Yamamoto et al. used chiral Lewis acids based on
Al for the enantioselective Claisen rearrangement of acyclic,
aliphatic allyl vinyl ethers. However, 1-2 equivalents of the
chiral Lewis acid are required and the range of substrates is
very select.l%]

In our search for a chiral catalyst for the Claisen rearrange-
ment of 2-alkoxycarbonyl-substituted allyl vinyl ethers 1, we
found the combination of Cu(OTf), and a molecular sieve to
be suitable.I”) In an extension of this work, we now report the
use of chiral copper(i) bis(oxazoline) ([Cu"(box)]) com-
plexes as catalysts for the Claisen rearrangement (Scheme 2).
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3 (R=Phy: [CU{(S,S)-Ph-box}(OTf), 5: [Cu(S, S)-tBu-box}](H,0)2(SbFs),
4 (R= 1Bu) [CU{(S,S)-tBu-box}](OTf),

Scheme 2. General substrate structure and the catalysts used.
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