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Reaction of [NBu,|[ReOCl,] (1} with bidentate salicylidene
amine ligands (salen = HL) (2a—c¢) leads to the formation
of monomeric oclahedral rhenium(V) compounds of formula
[ReOCl(L);] (3a—c). Spectroscopic data indicate asymmetric
arrangement of the ligands in the complexes. This is confir-
med by the X-ray crystal structures of 3b and 3c. Complexes

3a, b have been tested as catalysts for the epoxidation of cy-
clooctene. No evidence for decomposition of the catalysts is
observed during the reaction (as in the case for tri- and tetra-
dentate salen complexes). No undesired byproducts are for-
med in the catalytic reactions.

Introduction

One of the first reported catalysts for enantioselective re-
actions in homogeneous phase contained a chiral Schiff
base as ligandl?*°l. Chiral bis(salicylidene)amine complexes
of manganese arc known to be efficient catalysts for enan-
tioselective olefin oxidation'®* !, Technetium complexes
with Schifl’ base ligands have received particular interest
from the use of *™Tc compounds in nuclear medicinell
Because the nuclide '*“Re can be used in radiotherapy, rhe-
nium compounds with Schiff-base ligands, which are easily
derived from salicylaldehyde and mono- and diamines, have
attracted interest™. Recently we have shown that some
high-valency organorhenium oxides catalyze olefin epoxi-
dation very efficientlyl®. It was also proven that rhenium(V)
chloro oxo complexes with tri- and tetradentate Schiff bases
are quite effective oxidation catalystsl®l. This led us to exam-
ine the catalytic activities and structures of Re(V) com-
plexes with bidentate Schifl' base ligands. Very few struc-
tures of salen complexes containing the ReOCl fragment
have been described in the literature, and the same is true
for Tc compounds of this typef®,

Results and Discussion

The rhenium(V) salen complexes 3a—c¢ were synthesized
from [NBuy][ReOCl,] (1) and the bidentate ligands 2a—c¢ in
ethanol solution according to eq. 1. Four equivalents of the
ligand had to be used, of which two equivalents served as
base to neutralize the two equiv. of HCI released in the
subslitution reaction. As described for ReOCl(Mesal),l,
monomeric products of the formula ReOCI(L), were
formed in good yields. The reaction leading to derivative 3¢
had to be performed at room tempcrature, since enhanced
reaction temperatures led to partial or even total decompo-
sition of the freshly formed product, as observed by in situ
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NMR spectroscopy. Ligand fragments were the only detect-
able decomposition products in such a case. Another note-
worthy difference between 3¢ and compounds 3a, b is the
significantly higher solubility of 3¢ in alcohols. This makes
the isolation of 3¢ in good yields more difficult (sce Exper-
imenlal Section).

EtOH
[NBugJ[ReOCly] + 4HL ————= ReOCI(L);+ [NBug]Cl + 2 (HL-HCI) (1)

1 2a-c 3a-c
Cl
~ O~
R—N /e C—N -
HO Wy HO  Cl
HsC
2a,b 2¢

¢l Hi\Q

Ja (R = CGHS) 3c
3b (R = CgHyy)

The six possible configurations for metal complexes with
two N,O-bidentate Schiff bases are shown by 1-VI. In ad-
dition to the four configurations which are also possible for
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O.N,N,O-tetradentate Schiff bases (1—-1V), two more struc-
ture types (V,VI) with the imino groups in trans positions
are conceivable. Structure type I is known for six-coordinate
technetium(V) complexes bearing a chlorine atom in the
trans position to the Te=0 moiety!®, Structure type T has
also been postulated for six-coordinate rhenium(V) com-
plexes with ligands containing less than five carbon atoms
in the bridge between the imino groups®l. An evaluation of
the structures of Re(V) complexes available in the Cam-
bridge Structural Data Base reveals that an oxo ligand in
this system preferably coordinates frans to “hard” ligands
(as defined by Pearson!!”) such as aryl- or alkoxy ligands,
followed by nitrogen-donor ligands and less preferably co-
ordinates frans to soft ligands such as halides or phos-
phides. It is obvious that the system under investigation in
general tries to avoid a frans arrangement of an oxo and a
chloro ligand. Therefore, structure types II and VI should
be most favorable, and types [ and V mosl unfavorable. As
we have recently shown, tetradentate Re(V) Schiff base
complexes with three bridging carbon atoms between the
imino groups prefer structure type 1l and not type I,
With these results in mind one would expect structure types
IT and VI for Re(V) complexes containing two bidentate
salen ligands.

™ :
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The X-ray structures of 3b and 3¢ were determined.
Whereas 3b displays a structure of type II, 3¢ corresponds
to type VI (Figures 1 and 2). The latter structure type has
not been observed for rhenium(V) salen complexes before.

In each case the phenolate oxygen atom is in a trans posi-
tion to the Re=0 moiety. As in the case of the tetradentate
ligands, the relatively hard phenoxy donor ligand prefers
the rrans position to the Re=0 moiely for electronic rea-
sons. Noteworthy are the structural differences between 3b
and tetradentate complexes of the type ReOCI(L) (L =
salren), all type II structures. The angles at the Re core do
not differ by more than 8° but the Re—N bond distances in
3b are 0.4 A longer than in the complexes with tetradentate
ligands. This observation cannot be due to inductive effects.
It cannot be explained by steric reasons either (because of
the larger substituents attached to nitrogen), since the simi-
larly crowded 3e contains shorter Re—N distances. A more
plausible reason for the longer Re—N bond distance in 3b
is that the two salen ligands lack a bridge. In fact, a com-

1428

Figure 1. PLATON representation of 3b. Ellipsoids are at the 50%
probability level; hydrogen atoms arc omitted for clarity.

Figure 2. PLATON representation of 3¢. Thermal ellipsoids are at
the 50% probability level; hydrogen atoms are omitted for clarity.

parison of tetradentate ReOCl(sal,en) and bidentate Re-
OCl(salen), complexes shows a clear dependence of the
Re—N bond distance on the bridge chain length (Table 1).
If 3b, which lacks a bridge between the salen ligands, is
regarded as a standard for comparison, chain lengths of
two or three carbon atoms lead to shortening of the Re—N
bond distance. Chain lengths of five or more carbon atoms
cause elongation of the N—Re bond distances. This is ex-
plained by geomelric rcasons in the first case, and steric
hindrance in the latter case. In both cases the Re=0 and
Re—Cl1 bond distances are not significantly affected, they
are equal, within the error range, for both complex types.
The different ligand arrangements in 3b and 3¢ are very
likely due to steric reasons. The steric bulk of the ligands in
3c is higher than that of the other examined derivatives.
Temperature-dependent NMR studies showed that thermo-
dynamic reasons for the formation of the favored observed
geometries can be excluded. Both the 'H- and C-NMR
signals of 3a and 3b do not change in the temperature range
between 0°C and 120°C. Compound 3c is somewhat tem-
perature sensitive and decomposes with ligand elimination
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and fragmentation at temperatures above 60°C. A ligand
rearrangement leading to another structure type is not ob-
served. In 3¢ the Re-bonded chloro ligand is cis to the
Re=0 moiety and the N-atoms are frans to each other. This
ligand arrangement causes helical chirality in the molecule.
Selected bond distances and bond angles of compounds 3b
and 3¢ are given in Table 2; selected crystallographic data
are summarized in Table 3.

Table 1. Chain length and Re—N distance [A] in complexes ol type
ReOCHL),, n = 1,2

Chain length  Re-N  Structure type  Ref.

8 2132 T 1l

5 2123 11 sl

0 2.118 11 this work
3 2080 1 a)

2 2067  Va f96]

[l This compound is dimeric.

o

Table 2. Selected bond distances [A] and bond angles [°] of com-
pounds 3b, ¢

3b 3c
Rel C1173 7380(2)  2.386(8)
Rel-O1 1.973(6)  1.985(9)
Rel-02 1671(5)  1.683(9)
Rel-021 1.978(6)  1.953(9)
Rel-N1 2123(7)  2.09(1)
Rel-N2i 2.126(7)  2.08%9)
Cl1/3-Rel-O1 84.7(2) 167.9(3)
Cl1/3-Rel-02 100.1(2)  92.4(3)
O1-Rel-02 1042(3)  98.1(4)
ClI/3-Rel-021  92.4(2)  84.5(3)
O1-Rel-021 85.3(2)  85.1(4)
02-Rel-021 164.82) 176.9(4)
CH/3-Rel-N1 1728Q2)  94.93)
O1-Rel-NI 01.02)  90.7(%)
02-Rel N1 86.6(3)  93.1(4)
021-Rel-N1 81.4(2)  868(3)
ClI/3-Rel-N21  859(2)  85.5(3)
O1-Rel-N21 164.42) 8734
02-Rel-N21 89.6(3)  95.9(4)
021-Rel-N21  82.7(2)  84.3(4)
NI1-Rel-N21 97.1(2) 170.9(4)

The asymmetric arrangement of the salen ligands in
3a—c leads to different chemical environments of all pro-
tons. Because the 'H-NMR shifts are somewhat difTerent
for the two salen ligands attached to the Re center, a
doubled set of signals is observed. The NMR spectra were
assigned by means of 'H—"H-COSY experiments. The pro-
tons attached to the imino carbon atoms are shifted to
higher field in all cases, when compared to those of the
free ligands.

The ligand arrangment is also supported by the IR data
of complexes 3a—c. In all cases two signals are observed
for the WCH=N) stretching modes, both in the range
1600~1625 cm™!. The v(Re=0) stretching frequencies are
observed in the range 955-960 cm ™ L.

As with the tetradentate sal,en ligandst], we tested com-
pounds 3a, b as catalysts for olefin oxidation. In a standard
reaction, cis-cyclooctene was oxidized at 50°C with fert-bu-
tyl hydroperoxide in CHClI; in the presence of 3a, 3b. Typi-
cally, a solution of 9 mmol of cis-cyclooctene, and 7.7 mmol
dibutyl ether as internal standard and 9 pmol (I mol%) of

Chem. Ber./{Recueil 1997, 130, 1427—1431

FULL PAPER

Table 3. Crystallographic and refinement data for 3b, ¢

3b 3c
empirical formula Cp¢H;3,CIN,O5Re C3oH24ClN,05Re
formula weight [g/mol] 642.21 824.00

crystal coler
crystal size [mm’]
crystal system

space group (No.)

unit cell dimensions [A]

3
Peatc [&/cm’]
measurement device
Fgo le]

z

measirement parameters

green
0.13x%0.13x0.15
hexagonal

Pé, (169)
a=13.409(3)

¢ =24.525(8)
V=3818.6 A’

1.68

IPDS (STOE}

1908

6

distance detector crystal: 75
mm (3.1° < 2@< 50.2%, 360
images between ¢ = 0° and ¢

brownish violett
0.13x0.15x0.15
orthorhombic

22,2, (19)
a=12.155(4)

b =14.949(3)

¢ = 16.899(9)

¥=13070.6 A’

1.78

CAD4 (Enraf-Nonius)
1608

4

2.0° <20 < 50.0°@-scan,
max. 60 s, scan width:
{1.00 + 0.25 tan®)° + 25%

=360 °, phi-mode, 2.5

min/image
TC) -50.0(3) 22)
measured reflections 48045 6179

unique reflections 4072, 1> 1.00(f) 3535, 7> 2.00())
refined parameters 298 370

absorption correction not applied empirical (psi scan data)
R 0.029 0.053

Rw 0.033 0.028
reflections/parameters 3.7 9.6

weighting w=1 w=1/a"(Fo)

Flack parameter 0.00 0.005

the catalyst were used. The oxidant fert-butyl hydroperoxide
(1 equiv. relative to the olefin) was added at once. The re-
sults for the complexes with the bidentate ligands differ sig-
nificantly from those with the tetra- and tridentate ligands.
As in the case of the tetradentate-ligand complexes, an in-
duction period of 30—40 min was needed before catalytic
activity was observed. In contrast to tetradentate-ligand
complexes, no color change took place and the reaction
mixture kept its green color during the wholc reaction time.
After the reaction cycle, the catalyst could be isolated nearly
quantitatively. It was reusable in further experiments, show-
ing no change in its activity. Formation of byproducts was
not observed with 3a, b as catalysts, in remarkable contrast
1o the results with tetradentate Schiff base complexestd), In
the latter case, formation of perrhenate took place. The
course of the cyclooctene epoxidation with terz-butyl hydro-
peroxide in CHCl; at 50°C is given in Figure 3.

Figure 3. Catalytic activity of compound 3a in the oxidation of
cyclooctene (see text)

cyclooctens oxide

R
(4]
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Conclusions

Bidentate Schiff base complexes of the type ReOCI(L),
form asymmetric structures, with the terminal oxygen li-
gand rans to a phenolate oxygen atom. This result corre-
sponds to what is known for tetradentate Schiff base com-
plexes of Re(V). Two different ligand arrangements have
been observed with bidentate salen ligands. The first type
1s equivalent to the configuration found in complexes with
tetradentate ligands. The second type had not been ob-
served before and shows the imino functionalities in a {rans
arrangement with respect to each other. Variable tempera-
ture NMR studies indicate that 3a—c¢ are thermo-
dynamically stable. All the examined Re(V) complexes with
two bidentate ligands exhibit catalytic activity in olefin
epoxidation and can be rcused several times without de-
composition,

We are gratcful to the DEGUSSA AG, the H. C. Starck GmbH,
the Deutsche Forschungsgemeinschaft and (he Stifiung Volkswagen-
werk for generous support of this work. We also thank the referees
for perceptive and helpful comments.

Experimental Section

General: All reactions were performed with standard Schlenk
techniques in an oxygen-Iree nitrogen atmosphere. Solvents were
dried with standard methods and distilled und N,. — Inirared spec-
tra: Perkin-Clmer 1600 series FT-IR spectrometer. — 'H and 3C
NMR spectra: at 400 and 100.54 MHz, resp.,, FT Jeol GX 400. —
'Elemental analyses: the Microanalytical Laboratory of our insti-
tute (M. Barth}. — Mass spectra: Finnigan MAT 311A and MAT
90 spectrometers. — Tetra-n-butyl ammonium tetrachlorooxorhen-
ate(V) was prepared as reported in the literaturel’?l. Ligands were
prepared by mixing the substituted benzaldehydes and amines in a
2:1 stoichiomctric ratio and recovering the Schiff base ligands by
filtration as yellow solids.

Chlorobis( N-phenyl-salicylideneimine joxorhenium( V) (3a) and
Chiorobis( N-cyclohexyl-salicylideneimine Joxorhenium( V) (3b): 293
mg (0.5 mmol) [NBuy][ReOCl4] (1) was dissolved in 20 ml ethanol
and 2.00 mmol of the ligand 2a or b was added. The reaction mix-
ture was refluxed for three hours and a green precipitate formed
during this time. The reaction mixture was then brought to room
temperature and the mother liquor filtered off via cannula. The
remaining green residuc was washed with ethanol and r-pentane,
then dricd under oil pump vacuum.

3a: 250 mg (80%). — IR (KBr, cm ™ '): ¥ = 1610 vst (CH=N),
960 m (Re=0). — '"H NMR (CDCl;, 20°C) 6 = 7.18—7.28, 6.50
(m, 10H, phenyl-H), 6.81 (d, 1H, C¥-H, *Jcs ycan = 8.0 Hz),
6.87 (t, 1H, C*H, 3o = 8.0 Hz), 7.01 (s, 1H, C"-H), 7.09
(t, IH, C*-H, 3J¢3ycan = 8.0 Hz), 7.13 (m, 2H, C>-H, C*-ID),
7.50 (d, 1H, C2-H, *Jan com = 8.0), 7.65 (t, 1H, C*H, e pt —cos.
u = 8.0), 7.74 (s, 1H, C"-H). — C,4H,,CIN:ReO; (630.11) caled.
C 49.56, H 3.20, N 4.45 Cl 5.63; found C 49.37, H 3.40, N 4.42,
Cl 5.84.

3b: Yield: 240 mg (75%). — IR (KBr, cm™): ¥ = 1600, 1622 vst
{(CH=N), 955 vst (Re=0). — 'H NMR (CDCl;, 20°C); & =
0.23-2.74 (m, 10H, cyclohexyl-H), 3.57, 4.83 (C3-F/, m, 2H) 6.41
(d, 1H, C°°H, 3Jesyesen = 8.0 Hz), 680 (t, 1H, C-II,
Jesmean = 7.5 Hz), 6.93 (t, 1H, C¥-H, Yy yoaqr = 8.0 Hz),
7.06 (t, 1H, C¥-H), 7.14 (d, 1H, C>-H, *Jcosncan = 7.5 Hz), 7.18
(d, 1H, C*H, Jcsycan = 7.5), 740 (d, 1H, C¥-H, *Jca oy 3.
u = 8.0), 7.52 (t, 1H, C*-H), 747 (s, IH, C"-H), 7.69 (s, 1H, C-
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H). — CyeH3CIN,ReO; (642.20) caled. C 48.36, H 5.02, N 4.36;
found C 48.64, H 5.18, N 4.25.

Chlorobis) | N-( R-( + )-1-phenylethyl )-( 3,5-dichlorosalicylidenimi
ne foxorhenium( V) (3¢): 293 mg (0.5 mmol) [NBuy][ReOCl] (1)
was dissolved in 20 ml cthanol and 2.00 mmol of the ligand 2¢ was
added. The reaction mixturc turned green within half an hour and
was stirred for an additional week at room tempcrature. A green
precipitate formed during this time. The mother liquor was filtered
off via cannula. The residue was washed with 5 ml cthanol, 5 ml
diethyl ether and 5 ml n-pentane, then dried under oil pump vac-
num. The filtered solution was cooled to —20°C; the precipitate
that formed after some hours was treated as described above. The
green residues were then collected, redissolved in dichloromethane,
and layered with an n-pentane/diethyl ether solution. After a few
days a large amount of green crystals of compound 3¢ was formed.
Yield: 350 mg (85%). — IR (KBr, cm™'): ¥ = 1602 vst, 1615 vst
(CH=N), 960 vst (Re=0). — 'H NMR (CDCl;, 20°C): § = 2.03
(d, 3H, (?9>H, 3JC‘9—H,C8—H =7.0 HZ), 2.12 (d 3H C) -H, ch “H,C8’'-

= 7.0 Hz), 3.70 (dd, 1H, C¥"H), 6.97 (d, 1H, C¥-H, *Jcsp.c3.
1 = 2.5 Hz); 7.07 (dd, 1H, C5-H), 7.06 (d, 1H, C*"-H), 7.10 (d, 1H,
C5-H, *Jesycvn = 2.5 Hz), 7.28 (s, 1H, C7-H), 7.35 (m, 1H, C1-
I, 7.39 (t, IH, C¥'-H, 3Jc5ncion = 7.5 Hz), 7.41 (m, 2H, C2-
H), 7.43 (d, 1H, C*-H), 7.46 (m, 2H, C”'-H), 7.50 (d, 2H, C"-H
Senacize = 7.0 Hz), 772 (d, 2H, C"V-H, YJcimcizn = 7.0
Hz), 7.85 (s, 1H, C7-H). — Cs;yH.4ClsN;ReO;5 (823.98): caled. C
43.73, H 2.94, N 3.40, Cl 21.51; found C 43.77, H 3.16, N 3.27,
Cl121.79.

X-ray Crystal Structures: All hydrogen atoms in 3b and 3¢ were
calculated. All calculations were performed with the program sys-
tems listed in ref.l'?], Relevant crystallographic data and structure
determination parameters are given in Table 3. For selected in-
tcratomic distances and bond angles see Table 2. Further details
of the crystal struclure investigations may be obtained from the
Fachinformationszentrum Karlsruhe, 1-76344 Eggenstein-Leo-
poldshafen (Germany). on quoting the depository numbers CSD-
407050 (3b) and -407051 (3c).
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