FULL PAPER

Reduction of Benzophenone and 9(10H)-Anthracenone with the Magnesium

Complex [(2,6-iPr,CH;-bian)Mg(thf);]
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Abstract: The reduction of benzophe-
none with the magnesium complex
[(2,6-iPr,C¢H;-bian)Mg(thf),;] (1), con-
taining the 1,2-bis[(2,6-diisopropylphe-
nyl)iminoJacenaphthene dianion, af-
fords the pinacolato complex [(2,6-
iPr,C¢H;-bian)Mg(thf)],[n-O,C,Ph,]:

(C¢Hg)s (2). The reaction of 1 with

magnesium
reduction

Introduction

Within the last decade, 1,2-bis[(2,6-diisopropylphenyl)imi-
nolacenaphthene (2,6-iPr,C¢Hs-bian) became a very popular
ligand in the coordination chemistry of transition metals.']
The 2,6-iPr,C¢H;-BIAN transition metal complexes turned
out to be versatile reagents for a number of transformations
of organic molecules, for example, for the catalytic hydroge-
nation of alkynes,? for C—CF¥! and C—Sn' bond formations,
and, particularly, for the catalytic olefin polymerization.”!
The rigidity and bulkiness of the ligand and its m-acceptor
properties which cause an electron deficiency at the coordi-
nated metal, render these complexes highly reactive towards
organic substrates. We started our research on these com-
plexes assuming that the 2,6-iPr,C¢H;-BIAN ligand will
accept up to four electrons (Scheme 1).
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9(10H)-anthracenone yields the 9-an-
thracenolato complex [(2,6-iPr,CH;-
bian)Mg(OC,H,)(th),]  (3).
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radical ions
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plexes 2 and 3 were characterized by
elemental analyses, UV/Vis, IR, and
ESR spectroscopy, as well as by single
crystal X-ray diffraction. Complex 2
dissociates in solution with splitting of
the bridging pinacolato unit, forming
the biradical diimino/ketyl complex
[(2,6-iPr,C¢H;-bian)Mg(thf)(OCPh,)].
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Scheme 1.

We could confirm this assumption by the isolation and
structural characterization of the alkali metal derivatives of
the mono-, di-, tri- and tetra-anions of the 2,6-iPr,C¢H;-
BIAN ligand.”! We also succeeded in the isolation of mono-
meric 2,6-iPr,CsH;-BIAN complexes of magnesium and cal-
cium® containing the 2,6-iPr,CqH;-BIAN dianion which
were expected to be effective reducing agents. In this paper,
we report on the products formed by the reduction of ben-
zophenone and 9(10H)-anthracenone with [(2,6-iPr,C¢Hs-
bian)Mg(thf);] (1).®! It is known, that the reduction of aro-
matic ketones with one-electron reductants such as low-
valent lanthanidel or titanium complexes"” produces ketyl
radicals, which, under certain conditions, form pinacol cou-
pling products. On the other hand, very recently, it has been
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reported, that Group 4 metal complexes!"!! or lanthanide
complexes™? containing the dianionic 1,4-diaza-1,3-diene
(DAD) ligand react with diphenylketone in the way of a
1,3-dipolar cycloaddition (Scheme 2).
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Scheme 2.

Results and Discussion

[{(2,6-iPr,CH3-bian)Mg(thf)},{n-0,C,Ph,}]-(CcHg), (2): The
addition of equimolar amounts of benzophenone to a THF
solution of freshly prepared [(2,6-iPr,CsH;-bian)Mg(thf);]
(1) causes an immediate change of the colour of the reaction
mixture from green to red-violet. Evaporation of the solvent
and crystallization of the crude product from benzene af-
forded deep red crystals of [{(2,6-iPr,CsH;-bian)Mg(thf)},{u-
0,C,Phy}]-(C¢Hg), (2) in a yield of 76 % (Scheme 3). Com-
pound 2 shows an ESR signal (single line, g=2.0042) at
room temperature, indicating the presence of ligand-cen-
tered radical anions. The magnetic moment of 2.57 BM cal-
culated for the dinuclear complex differs only little from the
value of 2.46 BM expected for a molecule with two unpaired
electrons. According to this ESR spectroscopic result and to
the result of the molecular structure determination of 2,
each of the two magnesium atoms is coordinated by a (2,6-
iPr,C,H;-BIAN)™ radical anion and the two magnesium
atoms are bridged by a benzpinacolate group formed by di-
merization of the benzophenone ketyl radical anions arising
from the one-electron transfer from the dianionic (2,6-
iPr,C¢H;-BIAN)?" ligand in 1 to benzophenone.

[(2,6-iPr,C¢H;-bian)Mg(OC Hy)(thf),] (3): [2,6-iPr,CHs-
bian)Mg(thf);] (1) reacts in situ with equimolar amounts of
9(10H)-anthracenone in THF at 50°C within a few minutes.
The reaction is connected with a change of the colour of the
reaction solution from green to red. Removal of the solvent
and crystallization of the remaining crude product from di-
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ethyl ether produces red crystals of [(2,6-iPr,C,H;-bian)-
Mg(OC,Hy)(thf),] (3) with a yield of 54 % (Scheme 4). The
complex is paramagnetic at room temperature correspond-
ing to a magnetic moment of 1.87 BM, a value which is
close to 1.73 BM expected for one unpaired electron per
molecule. As confirmed by the molecular structure of 3 and
its UV/Vis spectrum, the one-electron transfer from the
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[2,6-iPr,CH3-BIAN]* dianion to the 9(10H)-anthracenone
molecule does not lead to the formation of the respective
ketyl radical anion, but causes deprotonation of the enolic
tautomer 9-anthracenol yielding the 9-anthracenolate anion.

Molecular structures of 2 and 3: The molecular structures of
2 and 3 are depicted in Figures 1 and 2, respectively. The
crystal data collections and structure refinement data of 2
and 3 are listed in Table 1, selected bond lengths and angles
are listed in Table 2. In both complexes, the 2,6-iPr,C;Hs-

BIAN " radical anion acts as a rigid, chelating ligand.

Figure 1. Molecular structure of 2. The hydrogen atoms as well as the iso-
propyl groups at the N-phenyl substituents are omitted.

Table 1. Crystal data and structure refinement details for 2 and 3.

Compound 2 3

empirical formula Cio6H116Mg,N,O,4CHs  CssHygsMgN,O;

F, 1871.08 862.43

crystal system monoclinic triclinic

space group P2,/c (no. 14) P1 (no.2)

unit cell dimensions

a[A] 15.3287(2) 10.5809(3)

b [A] 14.4373(1) 12.9119(3)

c[A] 24.6010(3) 19.6879(2)

a[°] 90 97.951(2)

BI°] 98.336(1) 94.524(2)

v [°] 90 113.139(1)

VA% 5386.81(10) 2423.24(9)

V4 2 2

Peatca [gem ] 1.154 1.182

u [mm™] 0.079 0.083

F(000) 2008 926

crystal size [mm®] 0.44x0.26x0.24 0.38x0.20x0.18

Ormin Omax [°] 1.34/26.00 1.87/25.00

index ranges —18 < h < 18 -12<h<12
-17 <k <16 -13< k<15
21 <1<30 -23<1<23

refls collected 34797 14446

independent refls 10537 8298

Ry 0.0989 0.1259

refls with I > 20() 5703 2791

max/min transmission 0.9781/0.3904 0.9781/0.6111

data/restraints/parameters 10537/136/629 8298/0/585

GOF on F? 1.031 0.915

final R indices [/ > 20(/)]

R, 0.0849 0.0898

wR, 0.2001 0.1288

R indices (all data)

R, 0.1579 0.2655

wR, 0.2403 0.1730

largest diff. peak/hole [e A™°]  0.645/—0.385 0.285/-0.310
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Table 2. Selected bond lengths [A] and angles [°] for 2 and 3.1

Compound 2 3
bond lengths
Mg—O1 1.839(2) 1.889(4)
Mg-02 2.035(3) 2.135(4)
Mg—-03 2.073(4)
Mg—N1 2.107(3) 2.113(5)
Mg—N2 2.079(3) 2.205(5)
N1-C1 1.324(4) 1.334(7)
N2-C2 1.331(4) 1.339(7)
N1-C13 1.440(4) 1.430(5)
N2-C25 1.435(4) 1.431(6)
C1-C2 1.457(5) 1.432(6)
01-C37 1.397(4) 1.303(5)
C37-C37' 1.605(7)
bond angles

01-Mg-02 116.65(12) 93.55(17)
01-Mg-03 101.03(17)
02-Mg-03 85.49(16)
0O1-Mg-N1 128.10(12) 120.11(16)
02-Mg-N1 91.92(12) 92.35(17)
01-Mg-N2 114.29(11) 102.00(17)
02-Mg-N2 109.35(11) 164.44(16)
0O3-Mg-N1 138.85(17)
N1-Mg-N2 83.31(11) 79.74(18)

[a] Symmetry transformation used to generate equivalent atoms: ['] 1—x,
1-y,1-z.

In the binuclear complex 2, the two 2,6-iPr,CsH;-
BIAN Mg units are bridged by a pinacolato dianion
formed by dimerization of two benzophenone ketyl radical
anions. The molecule is located on the crystallographic in-
version center which lies in the middle of the C37-C37
bond formed by dimerization of the ketyl radicals. This
bond (1.605 A) is significantly longer than a normal single
C—C bond (1.54 A), but is close to the length of comparable
bonds in other pinacolato complexes,”! except that in
[{(SCN),Yb(thf)},{u-0,C,Ph,}] (1.53 A).”*! The considerable
length of this central C37—C37’ bond explains the easy ho-
molytical splitting of 2 in solution leading to the biradical
complex [(2,6-iPr,C¢Hs-bian)][Mg(Ph,CO)]™ The geomet-
rical arrangement of the coordinating ligand atoms N1, N2,
O1, and O2 around each magnesium atom corresponds to
that of a strongly distorted tetrahedron. The pinacolato
bridge shows trans conformation. The oxidation of the 2,6-
iPr,CsH;-BIAN?™ dianion in 1 to the 2,6-iPr,CiH;-BIAN™
radical anion in 2 goes along with an elongation of the C1—
C2 bond from 1.389 to 1.457 A and a shortening of the N1—
C1 and N2—C2 bonds from 1.401 to 1.324 A and 1.378 to
1.331 A, respectively. The Mg—N distances in 2 (2.107 and
2.079 A) are longer than in 1 (1.995 and 2.004 A),® thus re-
flecting the weaker interaction of the Mg cation with the
radical anion than with the respective dianion. Due to the
lengthening of the Mg—N bonds, the bite angle N1-Mg-N2
in 2 (83.3°) is smaller than that in the complex [(2,6-
iPr,C4H;-bian)Mg(thf),]-(CsHg)os (90.7°). Since no structur-
al data concerning magnesium pinacolato complexes are de-
posited with CCDC, the Mg—O1 bond length (1.839 A) in 2
is best compared with the Mg—O distances in magnesium
alkoxy compounds for example, with the terminal Mg—O
distance in the complex [Mg(p-OCHPh,)(OCHPh,)(thf)],!"!
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which shows a very close value (1.845 A). The angle Mg-O1-
C37 in 2 is 148.3°.

The X-ray structure analysis of [(2,6-iP1,C¢H;-bian)""Mg-
(OCHy)(thf),] (3) confirms that the reduction of 9(10H)-
anthracenone with 1 leads to the formation of a 9-anthrace-
nolato derivative. The coordination geometry of the magne-
sium atom is similar to that in 1, showing the magnesium
atom five coordinated in the center of a distorted trigonal
bipyramid. Caused by the constraints imposed by the rigid
chelating diimino ligand, N2 occupies an axial position,
whereas N1 lies in the equatorial plane of the trigonal bipyr-
amid. The second axial position is occupied by the THF O2
atom. As in complex 1 in which one of the two THF ligands
fits into the pocket formed by two isopropyl groups each be-
longing to one of the two iPr,CqH;N units of the BIAN
ligand,” the 9-anthracenolato ligand in 3 takes up a compa-
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ligand in 2 is confirmed by the observation of a signal in the
ESR spectrum of a toluene solution of the complex. This
signal is only poorly resolved at room temperature, but
shows a hyperfine structure due to the coupling of the un-
paired electron with the “N and 'H nuclei (multiplet, Ax=
0.82 mT, 2 x N, g=2.0028, Figure 3a) after cooling to 250 K.
In the spectrum of the frozen solution at 130 K, the signal is
further broadened, but shows a poorly resolved quintet
structure. However, at this temperature, an additional signal
appears consisting of four components (marked with aster-
isks in Figure 3b), the shape of which is typical for a biradi-
cal species. Based on the parameter of this signal (D=
32.5 mT), the distance between the two unpaired electrons
was calculated to be 5.5 A, a value which is very close to the
distance from the imino carbon atoms C1 and C2 to the car-
boxy atom C37 (5.58 and 5.61 A, respectively) in solid 2.
Taking this fact into account,
we conclude that in toluene
solution a homolytic splitting
of the benzpinacolato bridge
takes place according to a
transition of the dinuclear,
homo-biradical 2 into the
mononuclear, hetero-biradical
magnesium benzophenone
ketyl complex (Scheme 3). In
solutions kept at ambient tem-
peratures, the formation of
such hetero-biradical species is
hardly to prove by ESR meas-
urements because of the

Figure 2. Molecular structure of 3. a) Emphasis of the trigonal bipyramidal geometry of the Mg atom. The hy-

drogen atoms as well as the isopropyl groups at the N-phenyl substituents are omitted. b) Fitting of the an-
thryl-9-oxy ligand into the pocket formed by two isopropyl groups. The hydrogen atoms as well as the THF

carbon atoms are omitted.

rable position (Figure 2b). The C—C and C—N bond lengths
of the diimine unit of 3 (C1-C2 1.432 A; N1-C1 1.334 A;
N2—-C2 1.339 A) are very close to those in complex 2 (1.457,
1.324 and 1.331 A, respectively), thus proving the presence
of the 2,6-iPr,C¢H;-BIAN ™ radical anion. Since no structure
of a magnesium complex with terminal ArO ligands is docu-
mented as yet, the structural data of the magnesium 9-an-
thracenolato unit can not be compared with relevant frag-
ments. However, the phenolic character of the 9-anthraceno-
lato ligand may be deduced from the angle C37-O-Mg
(164.1°), which is larger than the respective angle in 2
(148.3°), but approaches that in the thulium(m) complex
[PhOTmI,(dme),] (173.9°)"¥ containing a terminal PhO
ligand. Furthermore, the C43—C44 and C44—C45 bond
lengths of 1.389 and 1.394 A, respectively, confirm the aro-
matic character of the central ring. Due to the oxygen—arene
conjugation, the bond length O1—-C37 in 3 (1.303 A) is much
shorter than the respective bond in 2 (1.397 A). On the
other hand, the Mg—O1 bond in 3 (1.889 A) is longer com-
pared to the Mg—O1 bond in 2 (1.839 A).

ESR and UV/Vis spectroscopic studies on solutions of 2 and
3: The radical-anionic character of the 2,6-iPr,C,H;-BIAN

Chem. Eur. J. 2003, 9,5778-5783 ~ www.chemeurj.org
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broadening of the ESR signal
under these conditions. How-
ever, the results of the UV/

a)
imT
—_—
b) *
*
*
10 mT

*

Figure 3. X-Band ESR spectra of 2 in toluene at 250 K (a) and 130 K (b).
The asterisks indicate the components of the signal with respect to the
biradical molecule [(2,6-iPr,CsH;-bian) "Mg(Ph,CO)] .
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Vis spectra of toluene solutions of 2 recorded at room tem-
perature indicate their existence.

The room temperature ESR spectrum of solutions of 3
in diethyl ether reveals a signal consisting of five compo-
nents (Ay=0.83 mT, g=2.0029), indicating the coupling of
the unpaired electron of the 2,6-iPr,C¢H;-BIAN radical
anion with the two equal N nuclei of this ligand. In con-
trast to the ESR spectra of 2, the ESR spectra of ethereal
solutions of 3 show no significant changes within the tem-
perature range of 290 to 130 K, thus furnishing no evidence
for the existence of biradical species.

The UV/Vis spectra of toluene solutions of 2 and 3 were
recorded at room temperature in a pyrex glass cell
(Figure 4). Especially the spectrum of 2 should allow to
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Figure 4. UV/Vis spectra in toluene of 2 (8.0x 10~ molL™"), 3, and Na*
(Ph,CO)".

decide if the hetero-biradical fragments, for which an ab-
sorption in the visible region is to be expected, are already
formed at ambient temperature. The preparation of the tol-
uene solution of 3 in a concentration similar to that of 2
(8.0x10° molL™") needs special care (see Experimental
Section) because of observable oxidation processes. Both, 2
and 3 show absorptions in the regions 450 to 600 and 750 to
1100 nm. Whereas the long-wave absorption is approximate-
ly of the same intensity for both complexes, the short-wave
absorption of 3 is far less intense than that of 2. Except the
maximum at 593 nm in the spectrum of 2, both short-wave
absorptions show maxima at 445, 480 and 524 nm (2) or 443,
487, and 528 nm (3), respectively. One can suggest, that the
band at 593 nm corresponds to the ketyl radical anion
formed by homolytic splitting of the pinacolato bridge of
complex 2. For comparison and as a proof, we generated the
benzophenone ketyl radical anion directly in the spectro-
scopic cell by reacting sodium with diphenylketone in tolu-
ene. The UV/Vis spectrum of this solution shows an absorp-
tion maximum at 631 nm. The relatively small long-wave
shift compared to 593 nm, may be attributed to the different
cations.

5782
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Conclusion

We could demonstrate that the recently prepared magnesi-
um complex [(2,6-iPr,CsH;-bian)Mg(thf);] (1)¥ containing
the dianionic 1,2-bis[(2,6-diisopropyl-phenyl)imino]acenaph-
thene ligand serves well as reducing agent towards aromatic
ketones. In contrast to the 1,3-dipolar cycloaddition of di-
phenylketone to dianionic 1,4-diaza-1,3-diene lanthanide or
Group 4 metal complexes (Scheme 1), the reduction of
Ph,C=0 with 1 affords the pinacol coupling product. The re-
duction of 9(10H)-anthracenone with 1 yields the aryloxy
derivative as the result of the deprotonation of its phenolic
tautomer 9-anthracenol. This anthracenyl-9-oxo derivative is
the first example of a structurally characterized magnesium
aryloxy complex containing a terminal OAr ligand. Further
studies on the reactivity of [(2,6-iPr,CsH;-bian)Mg(thf);] (1)
towards organic substrates are in progress.

Experimental Section

General remarks: All manipulations were carried out under vacuum
using Schlenk ampoules. THF, toluene, and diethyl ether were distilled
from sodium/benzophenone prior to use. The melting points were esti-
mated in sealed capillaries. 1,2-Bis[(2,6-diisopropylphenyl)imino]ace-
naphthene, (2,6-iPr,CsH;-BIAN), was prepared according to the publish-
ed procedure.”! The IR spectra were recorded on a Specord M80 spec-
trometer. The UV/Vis spectra were recorded on a Perkin-Elmer A25
spectrometer using a pyrex glass cell (15x15x30 mm) which, in the case
of 2, was evacuated, filled with the toluene solution of 2, and sealed
under vacuum. In the case of 3, the crystalline solid was placed into a
pyrex glass cell which was connected with an ampoule containing toluene
(Figure 5). The system was evacuated and sealed under vacuum. Subse-
quently toluene was condensed into the cell (slightly cooled by liquid ni-
trogen) causing partial dissolution of 3. The toluene solution formed was
decanted into the ampoule. The condensation/decantation procedure was
repeated several times until the solution in the cell showed a transparen-
cy similar to the solution of 2. The ESR spectra were recorded on a
Bruker ER 200D-SRC spectrometer equipped with a low temperature
controller ER 4111 VT and the signals were referred to the signal of di-
phenylpycrylhydrazil (DPPH, g=2.0037).

the cell —»

Figure 5. UV/Vis spectroscopic cell.

[(2,6-iPr,C{H;-bian)Mg(thf);] (1): Magnesium shavings (2.4 g, 100 mmol)
and CH,I, (0.8 g, 2.98 mmol) were placed in a Schlenk-like ampoule (ca.
100 mL volume) equipped with a Teflon stopcock. After evacuation of
the ampoule (107! Torr for ca. 1 min), THF (40 mL) was added by con-
densation and the mixture was stirred for 2 h. The [Mgl,(thf),] formed
was decanted together with the solvent and the residual metal was
washed three times with THF (40 mL). A suspension of 2,6-iPr,C¢H;-
BIAN (0.5 g, 1.0 mmol) in THF (30 mL) was then added to the activated
magnesium metal and the mixture was heated under reflux. After about
10 min of reflux, the reaction mixture had turned deep green. The solu-
tion was then cooled to ambient temperature and decanted from the
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excess of magnesium. The THF solutions of 1 obtained were further used
in situ for the reaction with benzophenone or 9(10H)-anthracenone.
[(2,6-iPr,CH;-bian)Mg(thf) |,[u-0,C,Ph,]-(CcHg)y,  (2): Benzophenone
(0.18 g, 1.0 mmol) was added under stirring to the THF solution of 1 (ob-
tained from 0.5 g (1.0 mmol) of 2,6-iPr,C¢H;-BIAN in 30 mL THF). The
solution instantly turned from deep green to red-violet. Evaporation of
the solvent and crystallization of the crude product from benzene
(20 mL) yielded 2 as red crystals (0.5 g, 54 % ). Concentration of the ben-
zene solution left after the first crystallization to 10 mL afforded a
second crop (0.21 g, 22%) of 2. M.p. >116°C (decomp); IR (Nujol): 7 =
1810m, 1590m, 1500s, 1380s, 1360s, 1315s, 1250s, 1180m, 11505, 1130m,
1110w, 1075m, 1015vs, 9355, 865s, 815w, 795m, 780s, 755vs, 745s, 715m,
705m, 675vs, 625s, 545w, 510m, 455w, 420w cm™'; elemental analysis
caled (%) for C,H;1sMg,N,0,4 CcHg (1871.08): C 83.45, H 7.54; found
C 82.87, H7.93; u;=2.57 BM.

[(2,6-iPr,C¢H;-bian)-Mg(C,,H,0)(thf),] 3): 9(10H)-Anthracenone
(0.19 g, 1.0 mmol) was added under stirring to the solution of freshly pre-
pared 1 (from 0.5¢g (1.0 mmol) of 2,6-iPr,C¢H;-BIAN in 30 mL THF).
The mixture was stirred at 50°C for a few minutes until the mixture
turned red. Evaporation of the solvent and crystallization of the remain-
ing solid from Et,O (25 mL) gave 3 as deep red crystals (0.45 g, 54 %).
M.p. >230°C; IR (Nujol): # = 1565w, 1530m, 1315w, 1245m, 1220w,
1180s, 1110s, 107w, 1020vs, 915s, 875s, 850s, 815s, 795m, 765s, 755vs,
7255, 675w, 650s, 6155, 565w, 505w, 455w, 420w cm™'; elemental analysis
caled (%) for CsxHgsMgN,O; (862.43): C 80.77, H 7.60; found C 80.13, H
7.51; py=1.87 BM.

Single crystal X-ray structure determination of 2 and 3: The crystal data
and the details of the data collection are given in Table 1. The data for 2
and 3 were collected on a SMART CCD diffractometer (graphite-mono-
chromated Moy, radiation, w-scan technique, 1=0.71073 A). The struc-
tures were solved by direct methods and were refined on F? using all re-
flections with the SHELXL-97 program package.™! In 2 two crystallo-
graphically independent isopropyl groups (C19—-C21 and C22—C24) and
two benzene solvent molecules (C61-C66 and C71-C76) are disordered
about two positions. The C—C distances of the isopropyl groups and ben-
zene molecules as well as the C-C-C angles of the latter were restrained
to be equal. The respective occupancy factors were refined to 0.554(12)/
0.446(12) (C19—C21), 0.574(16)/0.426(16) (C22—C24), 0.654(14)/0.346(14)
(C61-C66), and 0.545(12)/0.455(12) (C71—C76). The carbon atoms of the
disordered parts were refined isotropically, all other non-hydrogen atoms
were refined anisotropically. The hydrogen atoms were placed in calculat-
ed positions and assigned to an isotropic displacement parameter of
0.08 A%. SADABS!"" was used to perform area-detector scaling and ab-
sorption corrections. The geometrical aspects of the structures were ana-
lysed by using the PLATON program."”!

CCDC-211778 (2) and -211779 (3) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html, or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK;
fax: (+44)1223-336033; or email: deposit@ccdc.cam.ac.uk.
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