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Rhenium, Palladium, and Copper Pyridylalkoxide Complexes:
Synthesis, Structural Characterization, and Catalytic Application in
Epoxidation Reactions
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Reaction of bis(alkyl/aryl)-2-pyridylalcoholate liganda—(g) with [ReOCL](NBuy) results in the
formation of metal-oxo complexes of the general formula [ReQgJ(NBu,) (2, 3) and [ReOCI(L)] (4,
5), with L = bis(alkyl/aryl)-2-pyridylalcoholate. Molecular structures of the comple®sa, and5a
have been determined by single-crystal X-ray diffraction studies. Besides the expected crystal structure
of 4a, where an alkoxide site of one of the ligands is coordinated trans to the rhenyloxo fragment, complex
5a shows a rare example of a trans chloro-oxo [ReOG](tpnnectivity. Additionally, starting from
Pd(OAc) and [CuC}-2(H0)] complexes of the form [M(L] (M = Cu, Pd) 6a—g and8a) were prepared.
For complexe$a and8a molecular structures have been determined by single-crystal X-ray diffraction
studies, which showed the expected square planar geometry with the pyridine ring nitrogens situated
mutually in trans position. Complex8s4, 6, and8 were tested in the epoxidation reaction of cyclooctene
with TBHP (tert-butylhydrogenperoxide).

Because of the enormous current interest in Mo- or W-based
epoxidation catalysts bearing a bischelatiigpridinyl alco-

Introduction

Recently we reported the synthesis of new oxovanadium- . .
(V) complﬁxes oth)he type [VO)ELQ] (L = 2-pyridinyl alcoho- holate. ligand, examples _Of rhemdﬁnl“ copper1,5. '" and
late) as catalysts for olefin epoxidatibThese pyridinyl alcohols ~ Palladiumt”*complexes with this ligand type are still rare. The
have proven to be universal ligands for highly active epoxidation objective of further research was to develop an easy and
catalysts based on the early transition metals Mo, Ti, V, and straightforward method for the synthesis of rhenium, palladium,
W.1.2 Other ligand systems are known to catalyze olefin epoxi- and copper complexes and to investigate their potential as
dation reaction$;® but 2-pyridinyl alcoholate ligands are con-  epoxidation catalysts.
sidered superior because they can be easily prepared with broad
var@a.tion. This has aIready been demonstra}teq for variOu.s 2 (6) () Yamada, S.-1.. Mashiko, T.; Terashima,.Am. Chem. Soc.
pyridinyl alcoholates bearing aryl or alkyl moieties, respective- 1977 99 1988. (b) Kagan, H. B.; Mimoun, H.; Mark, C.; Schurig, V.
ly.7=10 Another important advantage of these ligands is their Angew. Cheml979 91, 511;Angew. Chem., Int. Ed. Endl979 18, 485.

; i inh i ; i (€) Coleman-Kammula, S.; Duim-Kollstra, E. I..Organomet. Cheni983
SIror.]g r?S'STa”C‘? toyvard degradation, which is crucial for their (226 53. (d) Schurig, V.; Hintzer, K.; Leyrer, U.;gMark, C.; Pitchen, P;
application in oxidation catalysis. Kagan, H. B.J. Organomet. Cheni.989 370, 81. (e) Brunner, H.; Zintl,
H. J. Organomet. Chem1991, 411, 375. (f) Kaneda, K.; Haruna, S.;
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Scheme 1. Synthesis of Complexes 2a,-3a via the Salt Route (Method A) and the Free Ligand Route (Method B)

method A . o - NBu,* o “NBug*
OLi Cl. 1l .Cl cn,,kg Cl
Re e
e (S LR THE SNT el o7 | ~Cl
ReOCI, [NBug]* + || R — || o) or | R N
= RT, 1h > L |
- LiCl r R ~
a* R~R =CyyHg (fluorene-like) 2a
b* R=CHj, 3b
method B o “NBug*
Cl.. 1l .Cl
e
OH o” ,L ~l HCI OH
N R R
EtOH z X
ReOCI, [NBuy]* + 2| TR EoH | R | + (J/t
= RT, 3h X =
a-e 3a-3e

a R™R = Cy,Hg (fluorene-like)
b R=CHj;

c R= CH2CH3

d R =(CH,),CH;

e R=Cg4Hs

Results and Discussion

Oxorhenium(V) Complexes.More than 10 years ago the
field of oxorhenium(V) complexes was almost exclusively
limited to adducts of the [ReOg}lfragment?® The first advances
in catalytically relevant Re(V) compounds were published by
Herrmann and Rauch in 1996: reacting [Reg)@IBuy) with

salen and bidentate Schiff-bases, respectively, the complex type

[ReOCI(L)] and [ReOCI(L)] were developed® By adapting
Jacobsen’s manganesef\8alen synthesisactive catalysts for
epoxidation were obtained, irrespective of whether bi- or
tetradentate ligands were used. As the resulting [Re@)J1
(NBug) (L = N,O-chelating ligand) type complexes are still

(12) (a) Gerber, T. I. A,; Bruwer, J.; Bandoli, G.; Perils, J.; du Preez, J.
G. H.J. Chem. Soc., Dalton Tran$995 2189. (b) Gerber, T. I. A.; Perils,
J.; du Preez, J. G. H.; Bandoli, Bcta Crystallogr., Sect. C: Cryst. Struct.
Communl1997 C53 217.

(13) Bandoli, G.; Gatto, S.; Gerber, T. I. A.; Perils, J.; du Preez, J. G.
H. J. Coord. Chem1996 39, 299.

(14) Examples of di-(2-pyridyl)ketone derivative complexes: (a) Bandoli,
G.; Dolmella, A.; Gerber, T. I. A; du Preez, J. G. H.; Kemp, Hinbrg.
Chim. Acta1994 217, 141. (b) Bakir, M.; McKenzie, J. A. M.J.
Electroanal. Chem1997 425 61. (c) Bakir, M.; McKenzie, J. A. MJ.
Chem. Soc., Dalton Trand997 3571. (d) Bakir, M.; Hassan, IActa
Crystallogr., Sect. E: Struct. Rep. Onli2®04 E60, m1966.

(15) (a) Lane, T. J.; Kandathil, A. J.; Rosalie, S. Morg. Chem1964
4, 487. (b) Lee, W.-S.; Leung, H.-K.; Cheng, L.-S.; Ng, L.-Y.; Lee, C.-S.;
Huang, K.-H.; Wong, W.-T.; Kwong, H.-LIinorg. Chim. Acta2004 357,
4389.

(16) Examples of di-(2-pyridyl)ketone derivative complexes: (a) Seco,
J. M.; Quires, M.; Garmendia, G. M. JPolyhedron200Q 19, 1005. (b)
Papaefstathiou, G. S.; Raptopoulou, C. P.; Tsohos, A.; Terzis, A.; Bakal-
bassis, E. G.; Perlepes, S.IRorg. Chem.200Q 39, 4658.

(17) Shindo, H.; Walter, J. L.; Hooper, R.Jl.Inorg. Nucl. Chem1965
27, 871.

(18) (a) Hiraki, K.; Fuchita, Y.; Nakashima, Nhorg. Chim. Actal985
97, L15. (b) Hiraki, K.; Nakashima, M.; Uchiyama, T.; Fuchita, ¥.
Organomet. Chenml992 428 249. (c) Maassarani, F.; Pfeffer, M.; Spencer,
J.; Wehman, EJ. Organomet. Chenil994 466, 265. (d) Sanchez, G.;
Serrano, J. L.; Garcia, J.; Lopez, G.; Perez, J.; Molinsingrg. Chim.
Acta 1999 287, 37.

(19) (a) Sergienko, V. Koord. Khim.1994 39, 1641. (b) Sergienko,

V. S.Koord. Khim.1994 20, 932. (c) Bryan, J. C.; Stenkamp, R. E.; Tulip,
T. H.; Mayer, J. M.Inorg. Chem.1987, 26, 2283. (d) Lebuis, A. M.;
Beauchamp, A. LCan. J. Chem1993 71, 441.

(20) Herrmann, W. A.; Rauch, M. U.; Artus, G. J. Rorg. Chem1996

35, 1988.

rare?! the preparation of Re(V)-pyridinyl alcoholate complexes
of the form [ReOGJ(L)](NBus) and [ReOCI(L)] was the main
focus of this work.

Three convenient rhenium(V) precursors for ligand exchange
reactions predominate in the literature: [Re@@Buy) (1),22
[ReOCk(PPh);],2% and [ReO(CH)Clx(4-tert-butylpyridine)].2*

We obtained no substitution reactions with the complexes
ReOCk(PPh).] and [ReO(CH)Cly(4-tert-butylpyridine}] with

ur pyridinyl alcoholate ligands, in contrast to Bandoli and
Gerbert*awhere di-(2-pyridyl)ketone ligands were used. On the
other hand, [ReOG)(NBu,) was found to be an excellent
starting material for the substitution reaction using pyridinyl
alcoholate ligands. Two methods are possible for the preparation
of the [ReOC(L)](NBu,) type complexe and 3 (Scheme
1)7

In method A (salt method) compled reacts with the
corresponding lithium salia¢, b*) of the pyridinyl alcohol &,

b) in THF. During the reaction 1 equiv of lithium chloride is
formed and can be precipitated by additionrefiexane. The
desired complex was then obtained by recrystallization from
methylene chloride.

Method B was found to be much more convenient; in this
case, complet is dissolved in dry ethanol or THF and 2 equiv
of the pyridinyl alcohol §—e) is added at room temperature.
During a short period of time~30 min) the desired complex
precipitates quantitatively from the ethanol solution. The second
equivalent of the pyridinyl alcohol acts as a base and forms a
hydrochloride salt with the formed HCI. An attempt to use
triethylamine instead of a second equivalent of the pyridinyl
alcohol resulted in decomposition of the starting material. The
main advantage of method B is that no lithium chloride is
formed; alleviating the need for its removal from the reaction
mixture. The formed hydrochloride in method B remains in
solution and was separated by filtration to obtain the rhenium

(21) For example: (a) Marchi, A.; Duatti, A.; Rossi, R.; Magon, A.;
Mazzi, U.; Pasquetto, Ainorg. Chim. Actal984 81, 15. (b) Bolzati, C;
Tisato, F.; Refosco, F.; Bandoli, G.; Domella, laorg. Chem.1996 35,
6221.

(22) Cotton, F. A;; Lippard, S. dJnorg. Chem.1996 5, 9.

(23) Johnson, N. P.; Lock, C. J. L.; Wilkinson, Gorg. Synth.1967,

9, 145.

(24) Herrmann, W. A.; Roesky, P. W.; Rauch, M. Wl. Organomet.

Chem.1996 511, 299.
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Figure 1. Possible orientations for a [ReQfl)] complex (en=
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Figure 3. Possible orientations for a [ReOCIl@lromplex (en=
enantiomer).
Scheme 2. Synthesis of Neutral Bis(pyridylalkoxy)rhenium
Complexes
OH /,,.” ‘\\C|
Ny __EtOH _ N”
ReOCI [NBug]* +4 || 2
/ 80°C. 1h
1 a R™R =CyyHg (fluorene-like) 4a, 4b
b R=CH,
“NBug*
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CI/I _EtOH _ N/
+2 |
80 °C, 1h

a R™R =CyHg (fluorene-like) 4a

Figure 2. ORTEP style representation of the molecular structure
of the anionic part of compleRa as determined by single-crystal 2a
X-ray crystallography. Thermal ellipsoids are given at a 50%
probability level. Hydrogen atoms are omitted for clarity. Selected in these complexes the strong band in the aromatic region
bond lengths [A] and bond angles [deg]: Rel1, 2.419(2); Re- confirms the presence of the ligand. The elemental analyses

Cl2, 2.409(2); ReCI3, 2.347(2); Re O, 1.681(5); Re 08, reflect unambiguously the basic formula of [Re@QC)](NBu.)
1946(3); ReNL, 2.142(5); O8C7, 1.412(6); CIERe=CI2, {1 cach complex

177.7 ; CI3-R 104.5(2); CI3-Re—N1, 167.9(1); G-R L .
5(6); CI3 Re -0, 104.5(2); CI3 Re N1, 167.9(1); O-Re~ In principle there are three geometric possibilities (typél)

08, 162.8(2); O8Re-N1, 75.2(2); Re-08-C7, 126.3(3). for the coordination of a bidentate N,O-ligand to a [Re€)Cl
fragment (Figure 1). Unambiguous determination of which of
these three possibilities a certain complex adopts is only possible
by solid-state X-ray analysis. However, by correlating the
generated X-ray structures with the NMR data, we can present
tentative assignments of the likely connectivity for complexes
where X-ray data were not obtained. CompBawas prepared
according to the salt method (a), and a solid-state structure is
depicted in Figure 2. Crystal data and details of the structure

Table 1. Comparison of thelH NMR Spectra of Complexes
2a and 3a inde-DMSO

o] “NBu4* 6 (o] “NBu4*
cl.. Il .l

Re
SNl
0

8 2 3
! : 2 determination are summarized in Table 4.

According to Figure 2 the prepared compl2a shows the
proton 0 [ppmj 2a 0 [ppm] 3a structure type I, where all three chloro ligands are coplanar and
E?/s %-}389 %ﬂ C(’j) %-12%(12:' C(’j) the oxygen of the pyridine ligand is coordinated trans to the
Ha/8 779 §2H’ d; 770 §2H’ dzj) oxo ligand of the rhenium. The rhenium atom shows a pseudo-
Ha 7.59 (1H, dd) 8.62 (1H. dd) octahedral coordination environment with a substantial distortion

H3/7 7.36 (2H, dd) 7.85 (2H, dd) (O—Re—-08, 162.8(2)). The Re=O bond distance (1.681(5)
:g’/e 77312 (é: t‘é(é)) 5;-27‘:3 ((12|:| (é()i) A) is in agreement with known complexes in the literattf&.28
H3 6.57 (1H” d) 758 (1H,’d) Our question was now is it possible to obtain also complexes

with a structure of type Il or 11I? Toward this goal the second
synthesis route, via the free ligand, plays an important role in
the preparation of complexes of type Il and Ill. If compl&x
reacts with liganda in THF, a light green powder of complex
3ais obtained, which shows a dramatically differéHtNMR
spectrum from complefa (Table 1).

complexes as pure solids. By these two synthetic routes, the

complexes2a, 3a—e were prepared in high yields.
Complexe2a, 3a—e were characterized by IR spectroscopic

methods, elemental analysis, NMR spectroscopy, and2dpr

by solid-state X-ray analysis. In each case, the IR spectrum

confirms the presence of a R® fragment, with a stretching

frequency between 940 and 995 Thi314a.25.26Fyrthermore,

(26) Banerjee, S.; Bhattacharyya, S.; Dirghangi, B. K.; Menon, M.;
Chakravorty, A.Inorg. Chem.200Q 39, 6.

(27) Benny, P. D.; Barnes, C. L.; Piekarski, P. M.; Lydon, J. D.; Jurisson,
S. S.Inorg. Chem.2003 42, 6519.

(28) Gerber, T. I. A,; Luzipo, D. G.; Mayer, B. Chem. Crystallogr.
2005 35, 39.

(25) (a) Muler, U. Acta Crystallogr., Sect. C: Cryst. Struct. Commun.
1984 C40 571. (b) Gatto, S.; Gerber, T. I. A.; Bandoli, G.; Perils, J.; du
Preez, J. G. Hlnorg. Chim. Actal998 269, 235.
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Figure 4. ORTEP style representation of the molecular structure
of complex 4a as determined by single-crystal X-ray crystal-
lography. Thermal ellipsoids are given at a 50% probability level.
Hydrogen atoms are omitted for clarity. Selected bond lengths [A]
and bond angles [deg]: ReCl, 2.392(1); Re-O, 1.696(3); Re-

08, 1.966(3); Re 028, 1.933(2); ReN1, 2.161(3); Re-N21,
2.110(3); O8-C7, 1.418(5); 028C27, 1.432(4); C+Re—0, 94.4-

(1); CI-Re—N21, 171.23(8); G-Re—08, 161.3(1); G-Re—028,
110.1(1); O8-Re—N1, 74.8(1); O8-Re—N21, 85.7(1); 028 Re—

N1, 162.2(1); 028 Re—N21, 81.0(1); NtRe—N21, 95.6(1); Re-
08-C7, 125.6(2); Re028-C27, 118.6(2).

Table 2. H,H-DQF-COSY and H,C-HSQC NMR
Correlation of Complexes 4a ind-DMSO
s

H6' H5' H4' H3'
pyridine ring 1 8.97 7.53 7.89 6.70
pyridine ring 2 8.69 7.82 8.07 7.09
phenyl ring 1 7.91 7.24 7.44 6.99
phenyl ring 2 7.89 6.86 7.31 6.18
phenyl ring 3 7.89 6.66 7.26 6.88
phenyl ring 4 7.89 7.37 7.19 7.89

The comparison of the NMR spectra of complex@asand
3ashow that these two compounds cannot be structurally equal.
For instance, the signal for the H&tom in complex3a is
located much more downfield than thatZs#at a chemical shift
of 9.12 ppm. This signal suggests the structure type Il for
complex3a(Table 1), where the pyridinyl group is coordinated
trans to the oxo ligand, based on literature examples of type Il
complexes in which the H&atom has a chemical shift between
8.6 and 9.2 ppmé2°

Variable-temperature NMR measurements were carried out
on complex2a to determine which complex2é or 3a) is the
more configurationally stable of the pair and whether interco
version was possible. Above 8C a new signal set was formed
quantitatively, which showed no reversibility after cooling the
NMR tube to room temperature. In this case a strong downfield
chemical shift for the pyridine proton at the ‘Cé&rbon was
observed, which might result from the fact that the nitrogen
atom of the pyridine ring is no longer coordinated trans to a
chloro ligand a), and is instead now trans to the oxo ligand

n_
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Table 3. Selected Bond Distances (A) and Torsion Angles
(deg) for the Complexes 6a (M= Pd) and 8a (M = Cu)

6a 8a

M—-08 1.994(2) 1.912(2)
M—N1 1.993(3) 1.961(2)
N1-C6 1.355(4) 1.346(3)
C6—-C7 1.536(4) 1.536(3)
08-C7 1.399(3) 1.401(2)
08-M—N1 82.48(9) 84.38(6)
08-M—N1 97.52(9% 95.62(6Y%
M—N1-C6 113.5(2) 113.0(1)
N1-C6—-C7 113.9(2) 113.5(2)
08-C7-C6 110.1(2) 109.3(2)
M—-08-C7 110.4(2) 112.5(1)

a Symmetry code for equivalent atoms<1x, 1 —y, 1 — z). ® Symmetry
code for equivalent atoms/§ — x, Y3 — vy, Y3 — 2).

(3a) (Table 1). With this experiment, complexes of type | were
specified as the kinetic products, which can be thermally
isomerized to the thermodynamically more stable product of
type Il. Using both synthetic routes, only one product was
formed in the case of ligan. Liganda seems to be a special
case for the observation of both complex types (I and II) under
the chosen reaction conditions.

After the structural classification of complexes of the type
[ReOCE(L)](NBuyg), we were interested in investigating the
synthesis of [ReOCI(L;] type complexes and their structural
configuration. These complexes were obtained starting from
[ReOCHL](NBuy) (1) or [ReOCK(L)](NBuy) (2a) by the addition
of 4 equiv or 2 equiv of 2pyridinyl alcohol, respectively
(Scheme 2).

During the reaction at room temperature the initial anionic
complex of type [ReOG(L)](NBu4) precipitates from the
ethanol solution. Afterward the solution was heated to reflux,
at which point the original precipitate redissolves, and a light
green solid precipitates from the reaction mixture after ap-
proximately 30 min (Scheme 2).

Full characterization of the [ReOCI(#])type complexest
was carried out with complefa to obtain experimental data
analogous to the [ReO&L)](NBu,) complexes2 and 3, for
the determination of the coordination mode of two bischelating
N,O ligands coordinated at the ReOCI fragment. As for the
[ReOCE(L)](NBug) complexes Z, 3), there are a number of
different possible orientations for the ligands in a [ReOCJ[L)
type complex, which are shown in Figure 3. Two subgroups
are possible, where the chloro ligand is coordinated trans (type
A and B), or cis to the ReO group (type C-F) (Figure 3).

For complex type A no enantiomers exist because of the plane
of symmetry in the molecule. However, including typesB
and their corresponding enantiomers, there are eleven different
structures possible for this compleA)( The most common
structure types for [ReOCI(k) complexes with Schiff-base
ligands are type D and F complexes, where the oxygen atom
of one of the ligands is coordinated trans to the oxo lig&rR&:°

(29) (a) Mayer, J. M.; Tulip, T. H.; Calabrese, J. C.; Valencia] EAm.
Chem. Soc1987, 109, 157. (b) Takacs, J.; Kiprof, P.; Kuchler, J. G;
Herrmann, W. AJ. Organomet. Chenl989 369 CL1. (c) Herrmann, W.

A.; Kuchler, J. G.; Weichselbaumer, G.; Herdtweck, E.; Kiprof, JP.
Organomet. Cheml989 372 351. (d) Takacs, J.; Kiprof, P.; Riede, J.;
Herrmann, W. A.Organometallics199Q 9, 782. (e) Herrmann, W. A;
Roesky, P. W.; Scherer, W.; Kleine, Nbrganometallics1994 13, 4536.

(f) Jung, J.-H.; Hoffmann, D. M.; Lee, T. R. Organomet. Chen200Q

599 112. (g) Papachristou, M.; Pirmettis, |. C.; Tsoukalas, C.; Papagian-
nopoulou, D.; Raptopoulou, C.; Terzis, A.; Stassinopoulou, C. I.; Chiotellis,
E.; Pelecanou, M.; Papadopoulos, Morg. Chem.2003 42, 5778. (h)
Tzanopoulou, S.; Pirmettis, I. C.; Patsis, G.; Raptopoulou, C.; Terzis, A;
Papadopoulos, M.; Pelecanou, Morg. Chem.2006 45, 902.

(30) (a) Shan, X.; Ellern, A.; Espenson, J. IHorg. Chem.2002 41,
7136. (b) Chattopadhyay, S.; Fanwick, P. E.; Walton, RIndrg. Chem.
Commun2003 6, 1358.



6294 Organometallics, Vol. 26, No. 25, 2007

o\"$q”o
Cl

Figure 5. Bis(pyridylalkoxy)-substituted rhenium comple%a) with
stick3>:3¢ representation).

Figure 6. ORTEP style representation of the molecular structure
of complex 6a as determined by single-crystal X-ray crystal-
lography. Thermal ellipsoids are given at a 50% probability level.
Hydrogen atoms are omitted for clarity.

A main focus for the characterization of these new [ReOCI-
(L)2] complexes was the use of NMR spectroscopy combined
with solid-state X-ray analysis. It was apparent from the
NMR spectrum that completa was prepared in pure form,
with only one structure type being present (Figure 4).

The N,O-ligands in this [ReOCI(L) complex @a) are
inequivalent, according to tHél NMR spectrum, and therefore
the structure type A can be excluded. In theNMR spectrum
the HB-signals of both pyridine rings are shifted downfield to

Lobmaier et al.

a trans-oxo-chloro coordination (schematic view and a ball and

During the preparation of compleda, we were also able to
obtain the trans chloro-oxo rhenium complex starting with
complex 2a (Figure 5). This trans chloro-oxo conformation
makes compleXa a very rare example of type A complexes
(Figure 3). To the best of our knowledge there are only four
other rhenium(V) complexes known withtr@ns[ReOCI(L),]-
formula: [ReOCI¢-CsO-Cly)(PPCHCH.PPh)] {Re-0, 1.681
A; Re—Cl, 2.467 A; O-Re—Cl, 167.0},32 [ReOCI(NH,CH,-
CH,S)] {Re-0O, 1.686 A; Re-Cl, 2596 A, O-Re-Cl,
161.4} 33 [ReOCI(NH(@E-CsH4)SCH);] {Re—0, 1.711 A; Re-

Cl, 2.473 A; O-Re-ClI, 158.3}2* and [ReOCI(OPhsal)-
(P(CHs)2Ph)] {Re—0, 1.652 A; Re-Cl, 2.528 A; O-Re—Cl,
171.7} 312 The Re-O [1.6846(1) A] and ReCl [2.4911(2)
A] bond lengths and the ©Re—Cl angle (159.6) in complex
5a are in agreement with the mentioned literature.

Palladium(ll) and Copper(ll) Complexes. The following
section describes the synthesis of pyridinylalcoholate complexes
of metals which are not typically utilized in epoxidation
reactions. In terms of oxidation catalysis, palladium is of
importance only as a catalyst in the Wacker-Process for the
production of acetaldehyde, thus pyridinylalcoholate complexes
of Pd are not expected to be useful catalysfEhe main interest
was the coordination chemistry of these transition metals,
especially of copper and palladium. Therefore we wanted to
synthesize the corresponding Pd(Il)-complexes of pyridyl al-
cohols. A better understanding of these complexes should build

8.97 and 8.69 ppm and we expected that the pyridine rings areyhe pasis of further catalytic experiments. The synthesis of these

coordinated trans to electron withdrawing groups in this

complex. Full characterization and classification was possible

via H,H-DQF-COSY and a H,C-HSQC NMR-correlation (Table
2), but we were still not able to confidently determine the
connectivity for this complex. The topology (type F)4d was

finally confirmed by single-crystal X-ray analysis (Figure 4).

Crystal data and details of the structure determination are

summarized in Table 4.

In the single-crystal X-ray structure the same structural motif
as in complex2a was observed, where one of the ligands is
coordinated with the alkoxide atom trans to the rhenyloxo
fragment. The structural data for compléa show no striking

differences when compared to known Schiff base complexes.

palladium and copper complexes was carried out according to
a procedure first published by Shindo et. al in the 1960s.
Starting from the metal(Ih-acetate complexes the two acetate
ligands can be substituted with 2 equiv of the respective alkyl-
or aryl-pyridyl alcohols §—d, f, g) in this procedure, to form

(32) Sigouin, O.; Reber, C.; Beauchamp, Alhorg. Chim. Acta2006
359, 2059.

(33) Konno, T.; Shimazaki, Y.; Kawai, M.; Hirotsu, Mnorg. Chem.
2001 40, 4250.

(34) Gerber, T. I. A.; Hosten, E.; Luzipo, D.; Mayer,P Coord. Chem.
2006 59, 1063.

(35) Brandenburg KDiamond version 3.1d; Crystal Impact GbR: Bonn,
Germany, 2006.

(36) Crystal structure analysis of compouta Cs:HgdCIN3O7/Re, M,

The second ligand is coordinated such that the pyridine ring is = 1246.90, green fragment (0.220.24 x 0.28 mnd), orthorhombicPnma

positioned trans to the chloro ligadH.

(31) (a) Mazzi, U.; Refosco, F.; Bandoli, G.; Nicolini, Mrans. Met.
Chem.1985 10, 121. (b) Kihn, F. E.; Rauch, M. U.; Lobmaier, G. M,;
Artus, G. R. J.; Herrmann, W. AChem. Ber1997, 130, 1427.

(No. 62),a=20.467(3)b = 14.747(5)c = 17.514(1) AV = 5286(2) &,

Z = 4, deaica = 1.567 g cm?3, Fooo = 2464,u = 4.676 mnTL. A severe

disorder of the target molecule forced us to abort any further refinement.
(37) Jira, R.; Oxidation of olefins to carbonyl compounds Applied

Homogeneous Catalysis with Organometallic Compouitisyrmann, W.

A., Comils, B., Ed.; VCH: Weinheim, Germany, 1996; 374.
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Table 4. Crystallographic Data for 2a, 4aCH,Cl,, 6a, and 8a2(CHsOH)

2a 4aCHJCl, 6a 8a2(CHz;OH)
formula Cg4H43CI3N202Re Q;7H25CI3N203Re C36H24N202Pd ngH3zCUNQO4
fw 809.30 839.16 622.99 644.21
color/habit dark green/plate green/prism yellow/plate purple/needle
cryst size (mr) 0.05x 0.33x 0.41 0.20x 0.28x 0.51 0.11x 0.25x 0.25 0.25x 0.25x 0.64
cryst syst triclinic orthorhombic monoclinic _trigonal
space group P1 (No. 2) Pbcn(No. 60) P21/n (No. 14) R3 (No. 148)
a, A 10.2270(8) 20.1010(8) 8.5458(12) 28.844(2)
b, A 10.8980(8) 14.7122(5) 9.0653(4) 28.844(2)
c A 17.4706(18) 21.9827(10) 17.169(2) 9.304(1)
o, deg 72.465(8) 90 90 90
p, deg 81.166(8) 90 91.309(7) 90
y, deg 68.837(6) 90 90 120
Vv, A3 1729.3(3) 6500.9(5) 1329.7(2) 6703.7(10)
z 2 8 2 9
T,K 223 193 163 163
Dcaicd,g CNT 3 1.554 1.715 1.556 1.436
u, mmt 3.777 4.026 5.927 1.406
F(000) 816 3296 632 3015
0 range, deg 2.4% 2547 1.95- 25.65 5.15- 69.89 3.06- 68.03
index rangesH k, I) +12,+13,£21 +24,417,4£26 —10-0,—11-0,+20 +34,4+34,-11-0
no. of refins collected 22286 28378 2588 8685
no. of independent 5939/0.083 6115/0.046 2413/0.024 2723/0.057
reflnsRint
no. of obsd 5577 4781 2200 2468
reflns ( > 20(1))
no. of data/restraints/params 5939/0/403 6115/0 /417 2413/0/188 2723/0 /270
R1/WR2 ( > 20(1))2 0.0372/0.0970 0.0270/0.0688 0.0374/0.1018 0.0367/0.0961
R1/wR2 (all dated 0.0408/0.0988 0.0377/0.0711 0.0411/0.1044 0.0415/0.0995
GOF (onF?)2 1.090 1.017 1.123 1.088
largest diff peak +1.93+~1.76 +1.50~1.14 +1.38-2.33 +0.35+~1.09

and hole (e A3)
ARL = 3 (IIFol = IFell)/ZIFol; WR2 = { J[W(Fo? — FAZ/ T [W(Fo)?} 4 GOF = {3 [W(Fo? — F2)/(n — p)}2

Scheme 3. Preparation of the Palladium Complexes 6&d, ligand can act now as an ideal probe for monitoring the

6f, and 69 complexation. The CZignal is shifted approximately 8 ppm
pZ _ to lower field to near the 170 ppm region, whereas the
Ne | Ne | quaternary carbon of the ligand is also shifted around 15 ppm
Pd(OAG), + 2 P to lower field, compared to the free ligand. This effect can be
HO ZR CHClp, RT o =R explained by a shift of electron density toward the palladium
R R J2 atom. An X-ray structure of comple@a shows the expected
a-d,f, g 6a - 6d, 6f, 6g

square planar structure, where the oxygen atoms are mutually
trans (Figure 6¥8 A selection of characteristic bond angles and
bond distances are given in Table 3. Crystal data and details of
the structure determination are presented in Table 4. The
fluorenyl groups are coordinated perpendicular to th©N
plane containing the metal center. In comparison to other
palladium complexes with N,O-ligands, for example the bis(8-
hydroxyquinolinato)palladium(ll) complex), no unusual com-
plexation behavior was observed for compkx The Pd-O
{ = and Pd&-N bond distances and the<®d—N angle in complex
N/ 6a are very similar to complex7j [Pd—0, 1.997-2.016 A;
Cu o O Pd—N, 2.005-2.017 A; O-Pd—N, 84.15-84.31].39
. We tried to prepare also the analogous distorted square planar
O copper(ll) complex 8a). This copper(ll) complex can be
2
a 8a

prepared according to the same procedure as the palladium
complexes §), starting with a copper(ll) chloride precursor

stable five-membered ring chelate adduéa—d, 6f, 6g). The (Scheme 4¥° A base for the deprotonation of the ligand is

complexes6a—d, 6f, and 6g precipitate from the reaction necessary in this synthetic protocol, because the chloride ion

mixture and are further purified in very high yields by

recrystallization (Scheme 3).

is, unsurprisingly, not basic enough to act as an internal base.
These complexes were characterized'Hy and 13C NMR

Accordingly the ligand is dissolved in methanol and deproto-
nated with potassium hydroxide. Afterward the metal chloro-
spectra. We recognized for the palladium and copper complexes
that, in contrast to the rhenium complexes, thé pidton of de Gruyter: Berlin, Germany, 1995; 636.
the pyridine ring ligand cannot be used as a probe to follow  (39)Bond distances and angles were taken from the CCDC-database
the complexation rate. A possible reason for this is probably (V. 1.9; May 20(%7)). (@ Kamenar,rI]B.; IF’rout, C. Kh Wright, J.DChem.
inati idi i i imi Soc.1966 661. Prout, C. K.; Wheeler, A. G. Chem. Socl966 1286.
the trans cooro_llnatlon of the py_r|d|ne rings, which eliminates (40) Kunze. U. R.: Schwecht, Garundiagen der Quantitaten und
the effect obtained for the rhenium complexes. We found on qugajitativen Analyse (Basics of Quantitagi and Qualitatie Analysis)4th

the other hand that the C2and the quaternary carbon of the ed.; Thieme: Stuttgart, Germany, 1996.

* *

a RAR=C12H8= / \ \ /
b R=CH, =

¢ R=CH,CH,

d R = (CH,),CHs

f R= (CH2)30H3

MeOH, RT

+2 KOH
-2 KCl, -4 H,0

(38) Huheey, J.; Keiter, E.; Keiter, RAnorganische Chemjiend ed.;
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Figure 7. ORTEP style representati&rof the molecular structure
of complex 8a as determined by single-crystal X-ray crystal-
lography. Thermal ellipsoids are given at a 50% probability level.
Hydrogen atoms are omitted for clarity.
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Epoxidation of cyclooctene using catalyk

Figure 8.

hydraté! was added, and after a few minutes a purple precipitate
was obtained. Suitable crystals for single-crystal X-ray studies
were obtained by recrystallization from a methandléxane
solution (Figure 7). A selection of characteristic bond angles
and bond distances for compl8a are given in Table 3. Crystal
data and details of the structure determination are presented i
Table 4. In the solid-state structure two molecules of methanol
are cocrystallized in the unit cell, which are coordinated via a
hydrogen bridge to the oxygen O8 of the ligand [{CHH---O,
1.93(4); O(H)--O 2.771(3);0O—H---O, 172(3}]. Therefore

Lobmaier et al.

colorless perrhenate ion and free ligand. Applicatior3db
the hydrogen peroxide/cyclooctene catalytic system also failed.
In contrast to the monosubstituted compounds [ReQ{t
(NBug) (3), the rhenium(V) complexes [ReOCI@d])(4) are
stable under catalytic conditions. A significant catalytic activity
was obtained with these systems for the formation of cy-
clooctene oxide during the first 8 h, and an example using
catalyst4a is shown in Figure 8. The nature of the solvent
(chloroform orn-decane), in which the TBHP is dissolved, does
not appear to influence the catalytic activity. A surprising point
was that the reaction can be restarted by reheating after cooling
the reaction mixture. The catalytic activity is constant and the
catalytically active species does not appreciably decompose.
Using complexes6 and 8 we tried the same reaction
conditions as for the catalyssand4, but we could not obtain
any epoxidation products.

Conclusion

A comprehensive series of complexes of pyridylalcoholate
ligands of Re, Pd, and Cu was prepared and isolated using
reliable and simple synthetic methods. Of note, a rare example
of a trans chloro-oxo rhenium complex was selectively prepared
by careful adjustment of experimental conditions. The con-
nectivity of the complexes was reliably deduced by single-crystal
X-ray crystallography or by the comparison of NMR data of
structurally characterized complexes with the remaining com-
plexes. All complexes were tested as catalysts in epoxidation
reactions, and the [ReOCI(])type complexes were found to
be a promising family of robust and synthetically convenient
precatalysts.

Experimental Section

General Considerations The ligandsa, e b—d, f,8 and g*
were prepared according to the literature. The lithium pyridinyl
alcoholates &*, b*) were prepared according to literature meth-
ods?4345All reactions were carried out under an argon atmosphere
using standard Schlenk techniques. Solvents were dried over
activated molecular sieves and refluxed over appropriate drying
agents under argoAH and3C NMR spectra were recorded on a
JEOL-JMX-GX 270 or 400 MHz spectrometer at room temperature
and referenced to the residu&l and3C signals of the solvents.
NMR multiplicities are abbreviated as follows: =s singlet, d=
doublet, t= triplet, m= multiplet. Coupling constantsare given
in Hz. Elemental analyses were carried out by the Microanalytical
Laboratory at the TU Manchen. Mass spectra were performed at
the TU Minchen Mass Spectrometry Laboratory on a Finnigan
MAT 90 (El) or a Varian MAT 311a (Cl) instrument. IR spectra

"were recorded on a Perkin-Elmer 1650 FT-IR spectrophotometer

using KBr discs.
Tetrabutylammonium-trans{[N,O-(9-(2-pyridyl)fluoren-9-

olato)]trichlorooxorhenate(V)} (2a). At —40°C 0.7 mmol of the

lithium precursor §*) was added to a solution of 400 mg (0.7 mmol)

the copper is pseudo-octahedrally coordinated by two methanoltetrabutylammonium tetrachlorooxorhenate(V) [RefXIBu) (1)

molecules [Cer-O(H), 3.193(7); Cer-H(O), 3.21(5)].
Catalytic Results. Rhenium(V)-salen catalysts have shown

dissolved in 30 mL of THF (EtOH). The solution was heated slowly
to room temperature, whereby the color changed from yellow to

good results in the past with the cycloctene/TBHP epoxidation dark green. After 30 min under vigorous stirring the solvent was
systemi!P42 Accordingly, the newly prepared catalysts were reduced in vacuo to one-third to precipitate the green product. The
tested with this model system. However, during testing we found colorless THF was removed via syringe, and the solid was washed

that all [ReOCY(L)] type complexesJ) partially decomposed
during the reaction. A decolorization occurs from the typically
greenish rhenium(V) species after a few minutes, providing the

(41) Jalilevand, K.; Ishii, Y.; Hidai, M.; Fukuda, Y. Chem. Soc., Dalton
Trans.1996 3251.

(42) Herrmann, W. A; Fridgen, J.; Haider, J. J.Raroxide Chemistry
Adam, W., Ed.; Wiley-VCH: Weinheim, German200Q 406.

twice with 10 mL of cold THF and afterward dried in vacuo.
Yield: 0.46 g (82%)1H NMR (400 MHz,ds;-DMSO): 6 = 8.18

(43) (a) Gilman, H.; Spatz, S. M. Org. Synth1952 1485. (b) McCarty,
F. J.; Tilford, C. H.; Van Campen, M. G., Ji. Am. Chem. Sod.957, 79,
472.

(44) Chelucci, G.; Soccolini, Hetrahedron: Asymmet}992 3, 1235.

(45) Thapper, A.; Balmes, O.; Lorber, C.; Svensson, P. H.; Holm, R.
H.; Nordlander, Elnorg. Chim. Acta2001 321, 162.
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(1H, d,SJHG',Hg =5 Hz, |‘P), 7.89 (2H, d,BJHl/s,Hz/GZ 9 Hz, H15),
7.79 (2H, d, #8), 7.59 (1H, dd3Jus nz = 8 HZ,3J44 ps = 8 Hz,
H4’), 7.36 (ZH, dd,sJH3/7YH4/B= 8 Hz, 3JH3/7,H2/6= 8 Hz, |‘P'7), 7.16
(ZH, dd, HZG), 7.32 (1H, ddys\]HS’,HG’ =6 HZ,SJHS',H;;' =7 Hz, H3),
6.57 (1H, d 2343 ne = 8 Hz, H), 3.15 (8H, t, NCG1y), 1.54 (8H,
m, NCH,CHy), 1.30 (8H, m, NCHCH,CH), 0.89 (12H, t, NCH-
CH,CH,CHs). 13C{H} NMR (100.5 MHz,d-DMSO): ¢ = 166.1
(C?), 148.2 (©), 147.2 (GQ°1Y, 143.8 (G219, 139.5 (C), 129.4
(C'9), 127.8(C1), 122.4 (CH), 119.8 (C), 119.8 (), 119.4 (C?),
96.6 (CO), 57.5 (NCHy), 23.0 (NCHCHy), 19.1 (NCHCH,CH,),
13.4 (NCF&CHZCHZCH3) Anal. Calcd for G4H43C|3N202Re
(809.30): C, 50.46; H, 5.98; N, 3.46; Cl, 13.14. Found: C, 50.42;
H, 5.97; N, 3.22; Cl, 12.15%. IR (KBr, cmd): v = 956 (Re=0,
s).

Preparation of Complexes 3a-e via the Free Ligand Method
At —40 °C 1.4 mmol of the pyridyl liganda—e) was added to a
solution of 400 mg (0.7 mmol) of tetrabutylammonium tetrachlo-
rooxorhenate(V) [ReOGJ(NBuy) (1) dissolved in 30 mL of THF
(EtOH). The solution was heated slowly to room temperature,
whereby the color changed from yellow to dark green. After 30

Organometallics, Vol. 26, No. 25, BX97

4 HZ,BJHS',H;;' =8 Hz, |‘F), 7.18 (1H, d,BJHe,',H;y =8 Hz, H3), 3.30
(8H, t, NCHy), 1.81 (4H, m, C(Ely),), 1.63 (8H, m, NCHCH)),
1.38 (8H, m, NCHCH,CH,), 1.41 (4H, m, CCHCH,), 0.99 (12H,
t, NCHzCHzCHzCH3), 0.78 (6H, t,3JHH = 6 Hz, O‘|3) 13C{1H}
NMR (100.5 MHz, CDC})): & = 169.5 (C), 148.7 (©), 142.1
(C%), 126.0 (C), 118.2 (G), 93.2 CO), 59.5 (NCHp), 42.0
(C(CHy),), 24.3 (NCHCHy,), 19.8 (NCHCH,CH,), 17.6 (CCHCHy,),
14.5 (CCHCH,CHj3), 13.8 (NCHCH,CH,CHy).
Tetrabutylammonium{[N,O-(1,1-diphenyl-1-(2-pyridyl)methan-
1-olato)]trichlorooxorhenate(V)} (3e). Yield: 0.25 g (45%)1H
NMR (270 MHz, CDC}): ¢ = 8.26 (1H, d,.3J4e ns = 5 Hz, HF),
7.55-7.18 (13H, m), 3.11 (8H, t, NB,), 1.52 (8H, m, NCHCH,),
1.31 (8H, m, NCHCH,CH), 0.88 (12H, t, NCHCH,CH,CHj3).
13C{*H} NMR (67.8 MHz, CDC}): 6 = 166.5 (C), 149.0 (©),

(CO), 59.8 (NCHy), 24.4 (NCHCH,), 19.9 (NCHCH,CH,), 13.8
(NCHCH,CH,CH3).

Preparation of Complexes 4a and 4bA 400 mg portion of
tetrabutylammonium tetrachlororhenate(V) [Re@@IBuy) (1) was

min under vigorous stirring the solvent was reduced in vacuo to dissolved in 20 mL of ethanol and cooled+@0 °C, and 2.8 mmol
one-third to precipitate the green product. The colorless THF was of the pyridyl ligand was added. The dark green solution was
removed via syringe, and the solid was washed twice with 10 mL refluxed for 2 h. After 30 min a green precipitate occurs. After

of cold THF and afterward dried in vacuo.
Tetrabutylammonium-cis{[N,O-(9-(2-pyridyl)fluoren-9-ola-
to)]trichlorooxorhenate(V)} (3a).Yield: 0.41 g (72%)H NMR
(400 MHz, dg-DMSO): 6 = 9.12 (1H, d,3Jug s = 5 Hz, HF),
8.62 (1H, dd,SJH4'YH3' =8 HZ,BJH4"H5' = 8 Hz, H4v), 8.28 (2H, d,
s Hate = 9 Hz, H9), 8.24 (1H, dd3Jus ve = 6 Hz, 3Jng e =
7 Hz, H‘;’), 7.85 (2H, dd?JH3/7,H4/8: 8 HZ,SJH3/7'H2/6: 8 Hz, |'F'7),
7.76 (2H, d, K9, 7.70 (2H, dd, ¥9), 7.58 (1H, d,2Jyz s = 8
Hz, H3), 3.15 (8H, t, N®&,), 1.54 (8H, m, NCHCH,), 1.30 (8H,
m, NCH,CH,CH,), 0.89 (12H, t, NCHCH,CH,CH3). 13C{1H}
NMR (100.5 MHz,ds-DMSO): 6 = 166.9 (C), 149.2 (©), 147.0
(Ct01)140.1 (G219, 136.9 (), 128.2 (G, 128.0 (C), 124.3
(C?9), 122.4 (@), 120.0 (G), 119.8 (C9H), 82.4 CO), 59.5 (NCHy),
24.3 (NCHCHy), 19.8 (NCHCH,CH,), 13.8 (NCHCH,CH,CH3).
Tetrabutylammonium{[N,O-(2-(2 -pyridyl)propan-2-olato)]t-
richlorooxorhenate(V)} (3b). Yield: 0.36 g (76%)*H NMR (400
MHz, CDCk): 6 = 8.18 (1H, d,%Jye ns = 5 Hz, H), 7.32 (1H,
dd, 3JH4’,H3’ = 8 Hz, 3JH4’,H5’ = 8 Hz, H4), 7.31 (1H, d,SJH3'YH4r =
8 Hz, I‘F’), 7.21 (1H, tas\]HS',HG’ =5 HZ,S.]Hs"sz =8 Hz, |‘F’), 3.25
(8H, t, NCH,), 1.62 (8H, m, NCHCH,), 1.53 (6H, s, C(El3),),
1.41 (8H, m, NCHCH,CH,), 0.95 (12H, t, NCHCH,CH,CHs).
13C{1H} NMR (100.5 MHz, CDC}): 6 = 170.1 (C), 148.0 (®),
142.7 (C), 121.6 (G), 118.1 (C), 87.9 (CO), 59.1 (NCH>), 29.1
(C(CHs),), 24.1 (NCHCH,), 19.7 (NCHCH,CH,), 13.7 (NCH-
CH,CH,CHj3). Anal. Calcd for G4H4sCl,N,OsRe (687.2): C, 41.95;
H, 6.75; N, 4.08. Found: C, 41.45; H, 6.37; N, 3.82%.
Tetrabutylammonium{[N,O-(3-(2-pyridyl)pentan-3-olato)]t-
richlorooxorhenate(V)} (3c). Yield: 0.31 g (66%)*H NMR (400
MHz, CDCk): 6 = 8.20 (1H, d,%Jue ns = 4 Hz, H), 7.30 (1H,
dd,3JH4'YH3f =8 HZ,SJH4',H5' = 8 Hz, H4), 7.28 (1H, dd,e'JHS',HG' =
4 HZ,3JH5"H4' =8 HZ, |‘P'), 7.13 (1H, d,SJH3"H4' =8 HZ, |'p'), 3.22
(8H, t, NCHy), 1.85 (4H, m, C(El,),), 1.61 (8H, m, NCHCH,),
1.38 (8H, m, NCHCH,CH,), 0.90 (12H, t, NCHCH,CH,CHj3),
0.75 (6H, t,3J4y = 7 Hz, CHg). B°*C{H} NMR (100.5 MHz,
CDCl): 0 =168.9 (C), 148.7 (®), 142.2 (¢), 121.4 (C), 118.2
(C5), 93.4 (CO), 58.9 (NCHy), 31.8 (CCHy,)2), 24.1 (NCHCHy,),
19.7 (NCHCH,CH,), 13.7 (NCHCH,CH,CH3), 8.9 ((H3). Anal.
Calcd for GgHsoCloN,O-Re (715.25): C, 43.66; H, 7.05; N, 3.92.
Found: C, 44.06; H, 7.03; N, 3.94%. IR (KBr, cA). v = 938
(Re=0, s).
Tetrabutylammonium{[N,O-(4-(2-pyridyl)heptan-4-olato)]t-
richlorooxorhenate(V)} (3d). Yield: 0.37 g (72%)IH NMR (400
MHz, CDCkL): ¢ = 8.25 (1H, d,2Jue ns = 5 Hz, HF), 7.33 (1H,
dd,sJH4',H3' =8 HZ,S‘JH4"H5’ = 8 Hz, H4'), 7.29 (lH, dd,?’JH5"H5' =

cooling to room temperature the solvent was removed via a drain
tube, and the precipitate was washed twice with diethyl ether. The
solid was dried in vacuo and recrystallized from a dichloromethane/
diethyl ether solution.

Bis{ N,O-[9-(2'-pyridyl)fluoren-9-olato] } chlorooxorhenium-

(V) (4a). Yield: 0.41 g (79%)1H NMR (270 MHz, ds-DMSO):
5 = 8.97 (1H, d,s\]HG',HS’ =6 HZ, H6), 8.69 (lH, d,aJHs”vHs” =5
Hz, H6”), 8.07 (lH, dd,sJH5"VH4” =7 Hz, 3JH4”,H3” = 8 Hz, H4'),
7.91 (1H, d,3J4ens = 8 Hz, H6), 7.84 (5H, m, H6, H4 H3",
H6’”, H6’”), 7.82 (lH, dd,SJHe"YHg' =5 HZ|3\]H5”,H4” =7 HZ, H5’),
7.53 (lH, dd?JHG"Hg =8 HZ,SJH5"H4' = 8 Hz, H5), 7.44 (1H, dd,
33 H5,H4 = 8 Hz, 3JH4,H3 = 8 Hz, H4), 7.37 (1H, dd?\]He”'st'“ =8
HZ, 3JH5'”'H4W =8 HZ, H5”), 7.31 (lH, dd,3JH51H4: 8 sz3~]H4,H3
= 8 Hz, H4), 7.26 (1H, dd?\JH5’",H4"' = 8 Hz, 3\JH4’”,H3”’ = 8 Hz,
H4”'), 7.24 (1H, dd,SJHevHs = 8 Hz, 3JH5,H4 = 8 Hz, H5), 7.19
(lH, dd,3\JH5’”vH4'” = 8 Hz, 3\JH4’”,H3”’ = 8 Hz, H4”), 7.09 (1H, d,
8344 w3 = 8 Hz, H3'), 6.99 (1H, d3Jys 13 = 8 Hz, H3), 6.88 (1H,
d, SJH4""H3"' =8 Hz, Hg”), 6.86 (1H, dd?’JHG,HSZ 7 HZ:3~]H5,H4:
8 Hz, H5), 6.70 (1H, d§JH4’,H3 =8 Hz, Hg), 6.66 (1H, dd,SJHG"'YHg”
= 8 Hz,3J45" pgav = 8 Hz, HB"), 6.18 (1H, d3J44n3= 8 Hz, H3).
13C{*H} NMR (67.8 MHz,d:-DMSO0): 6 = 169.5 (C), 166.2 (G),
154.2 (&), 150.5 (@), 149.1 (G°1Y), 148.3 (G°1Y), 148.1 (GO1Y,
148.0 (CO19, 143.8 (C), 143.2 (¢), 139.9 (G219, 139.8 (G219,
139.3 (G219, 139.0 (G219, 129.7 (G9), 129.7 (C9), 129.5 (CH),
129.4 (@), 128.7 (G, 128.1 (G, 127.9 (C7), 127.8 (C),
127.0 (C9), 126.9 (G9), 125.8 (CH), 125.4 (C*9), 124.2 (C),
124.0 (G), 123.1 (G), 121.9 (C), 120.6 (C9), 120.4 (C*9), 120.4
(C*9), 120.1 (G9), 114.5 CO), 95.0 CO). IR (KBr, cm1): v =
941 (Re=0, s).

Bis{N,O-[2-(2'-pyridyl)propan-2-olato] } chlorooxorhenium-
(V) (4b). Yield: 0.29 g (81%)H NMR (400 MHz, CDC}): 6 =
8.79 (1H, d,%) = 5 Hz), 8.69 (1H, d3J = 5 Hz), 8.07 (1H, dd,
3JH4,H3 = 8 Hz, SJH4'H5 = 8 Hz, H4), 7.84 (1H, m), 7.82 (1H, dd,
3\]H5,H6: 5 HZ,SJH5VH4 = 8 Hz, |‘F), 7.53 (lH, dd,3JH51H6 = 8 Hz,
8Jus e = 8 Hz, HP), 7.09 (1H, d.2J = 8 Hz), 6.70 (1H, d3J =8
Hz), 1.56 (6H, s, C(El3),), 1.52 (6H, s, C(€l3),). 1*C{H} NMR
(100.5 MHz, CDCJ): 6 =172.8 (CG), 169.6 (C), 152.5 (C), 147.4
(C9), 142.2 (C), 141.9 (C), 124.3 (C), 122.1 (C), 119.4 (©),
118.4 (G), 103.3 CO), 84.4 CO), 30.4 (CCH3)2), 29.0 (CCHa)),
28.6 (CCH3)2), 28.0 (CCH3),). IR (KBr, cm™): v = 941 (Re=
0, s).

Preparation of Complexes 6a-g. To a solution of 2.2 mmol
palladium acetate dissolved in 20 mL of dichloromethane, 4.4 mmol
of the pyridyl ligand &—d, f, g) was added with vigorous stirring.
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During the first 30 min the dark orange solution lightened to yellow. 3Jychz) s = 6.5 Hz, GHs), 0.91 (1H, sept.3Jych)ricHs2= 7 Hz,
The solvent was reduced in vacuo to 10 mL, and 10 mL of diethyl CH(CHs),), 0.89 (1H, dddd®Jusax Haeq= 12.5 HZ,2Jnsax s = 12.5
ether was added, whereupon the product precipitated as yellowHz, 3Jnsax Hzax= 12.5 Hz,3Jnaax nzeq= 4 Hz, H®), 0.81 (3H, d,
crystals. After filtration to remove the formed acetic acid, the 3Jychs)cn= 7 Hz, CHg), 0.60 (3H, d3Jy(cHa)cn= 6.5 Hz, GHy).
precipitate was washed with 10 mL of diethyl ether, and the product 3C{H} NMR (100.5 MHz, 300 K, CDG)): 6 =180.5 (G), 147.5

was dried in vacuo.
Bis{N,O-[9-(2'-pyridyl)fluoren-9-olato] } palladium(ll) (6a).

Yield: 1.11 g (81%)H NMR (400 MHz, 300 K, CDCJ): & =
8.35 (1H, dstHG’,HS' =5 HZ, |‘F’), 8.27 (2H, dy3JHl/5,H2/6: 9 HZ,
Hl,5)’ 7.45 (1H, dd,SJH4"H3' = 8 Hz, 3JH4’,H5' = 8 Hz, H4'), 7.70
(ZH, dd,SJH3/7'H4/8= 8 Hz, 3JH3/7,H2/6= 8 Hz, |‘p'7), 7.40 (4H, m,
H2'4‘6'9, 7.06 (1H, dd,SJHS'VHe' =5 Hz, 3\]H5’,H4’ =7 Hz, |‘P'), 6.49
(1H, d, 33y pa = 8 Hz, H). 23C{1H} NMR (100.5 MHz, 300 K,
CDCl): 6 = 173.5 (@), 150.4 (C), 149.1 (1), 139.7 (G213,
138.4 (%), 129.0 (G5), 128.4 (G7), 125.3 (CF), 122.7 (C), 121.4
(C®%), 120.0 (G#9), 94.1 (C). Anal. Calcd for GgH.4N,O.Pd

(622.99): C, 69.40; H, 3.88; N, 4.50. Found: C, 69.5; H, 3.8; N,

4.3%.

Bis{N,O-[2-(2'-pyridyl)propan-2-olato] } palladium(ll) (6b) .
Yield: 0.72 g (86%)H NMR (400 MHz, 300 K, CDGJ): o =
8.49 (1H, d,?’JHevst =5 Hz, |‘Fv), 7.78 (1H, dd,3JH4"H3' = 8 Hz,
3JH4’,H5’ = 8 Hz, H4’), 7.22 (1H, d,SJH3"H4' = 8 Hz, |‘P’), 7.11 (lH,
t, SJHS’,HG’ =5 Hz, 3J|-|5"H4' = 8 Hz, |‘P'), 1.60 (6H, S, CH) 13C-
{1H} NMR (100.5 MHz, 300 K, CDG)): 6 = 170.1 (C), 148.0
(C5Y, 142.7 (@), 121.6 (G), 118.1 (C), 87.9 CO), 30.6 CHS).
Anal. Calcd for GgH22No.O,Pd (380.78): C, 50.47; H, 5.82; N,
7.36. Found: C, 50.03; H, 5.70; N, 6.64%.

Bis{ N,O-[3-(2'-pyridyl)pentan-3-olato]} palladium(ll) (6c).
Yield: 0.64 g (67%)H NMR (400 MHz, 300 K, CDCJ): 6 =
8.42 (1H, d,S\]HG'YHg =4 Hz, |‘P’), 7.60 (lH, dd,SJHA;VHg' = 8 Hz,
3~]H4’,H5' = 8 Hz, H4'), 7.18 (1H, dv3\]H3',H4' = 8 Hz, |‘p’), 7.08 (1H,
dd,s\]Hs'vHe' =4 HZ,S\]H5V’H4r = 8 Hz, H3), 1.78 (ZH, m, (Hz), 1.70
(2H, m, CHy), 0.59 (6H, t3J = 7 Hz, CH). 13C{H} NMR (100.5
MHz, 300 K, CDCh): 6 = 167.2 (&), 146.9 (), 136.6 (&),
121.4 (G), 119.4 (G), 76.2 CO), 34.5 CHy), 7.5 CHa).

Bis{ N,O-[4-(2'-pyridyl)heptan-4-olato]} palladium(ll) (6d) .
Yield: 0.76 g (63%)H NMR (400 MHz, 300 K, CDGJ): o =
8.42 (1H, d,s\]Hevst =5 Hz, |‘Pv), 7.67 (1H, dd,SJH4"H3' =7 Hz,
3J|-|4"}-|5' =7 Hz, H4’), 7.25 (1H, d,3JH3"H4' = 8 Hz, |‘P’), 7.08 (lH,
dd,BJHs',HG' =6 HZ,SJHS',H4' =5 Hz, HS), 1.78 (2H, m, (Hz), 1.68
(2H, m, CHy), 1.14 (2H, m, G1,), 0.80 (2H, m, G1,), 0.79 (6H, t,
344 = 6 Hz, CH). 23C{1H} NMR (100.5 MHz, 300 K, CDG):
0 = 174.4 (@), 148.8 (C), 137.5 (&), 122.0 (G), 121.4 (C),
86.9 (CO), 45.5 CH,), 17.2 CH,), 14.7 CHs).

Bis{N,O-[5-(2'-pyridyl)nonan-5-olato]} palladium(ll) (6f) .
Yield: 0.68 g (54%).H NMR (400 MHz, 300 K, CDCJ): 6 =
8.45 (1H, d,3\JH6',H5' =5 Hz, |‘P’), 7.72 (lH, dd,3JH4"H3' =7 Hz,
3JH4’,H5' =6 Hz, H4'), 7.16 (1H, d,3JH3"H4' = 8 Hz, HBV), 6.97 (1H,
dd,3JH5’,H6’ =6 HZ,3JH5'VH4v =6 Hz, H3), 1.74 (2H, m, (Hz), 1.58
(2H, m, CH,), 1.25 (2H, m, G1,), 1.09 (2H, m, G,), 0.81 (2H,
m, CHy), 0.80 (6H, t,3Ju = 7 Hz, CHy). 23C{*H} NMR (100.5
MHz, 300 K, CDCh): & = 174.6 (C), 149.1 (C), 137.8 (@),
122.3 (@), 121.1 (€), 87.3 CO), 42.7 (CQTH,), 26.1 CH,), 23.2
(CH,), 14.0 CH,).

Bis{ N,O-[(1S2S 5R)-5-methyl-2-isopropyl-1-(2-pyridyl)cyclo-
hexan-1-olato} palladium(ll) (6g) . Yield: 1.04 g (83%)H NMR
(400 MHz, 300 K, CDCJ) o = 8.37 (1H, d,sJHGV’Hg = 6 Hz,
H6’), 7.65 (1H, dd,?’JH4'VH3' =6 HZ,S‘JH4’,H5’ =8 Hz, H4’), 7.12 (lH,
t, 3JH5’,H6’ = 6 Hz, 3JH5’,H4’ = 8 Hz, |‘F'), 7.00 (1H, d,gJH3'YH4' =6
Hz, H?"), 2.05 (1H, m, H), 1.90 (1H, ddd,s\]H4eq’H5= 2 Hz,
3JH4eq,H4ax: 12 Hz, 3JH4eq,H3aX: 2 Hz, H49q), 1.78 (lH, dddd,
ShzaxHzeq™ 12 HZ,3dnzaxn2= 12 HZz,3Jnzax Haax= 12 HZ,3Jnzax Haeq
= 4 Hz, |‘pax), 1.70 (1H, dd,s\]Hz’ngqz 4 Hz, SJH21H3,3X= 12 Hz,
HZ), 1.48 (lH, dddd,3‘]H33q,HgaX: 12 Hz, 3‘JH3eq,H4eq: 2 Hz,
3~]H3eq,H4a><: 4 szsJHSeq,HZZ 2 Hz, K9, 1.22 (1H, dddeJHGeq,HGax
=125 HZ,3JH66q,H5= 2 HZ14\]H6eq,HAeq= 2 Hz, I‘Pecb, 1.18 (1H,
dd,aJHGax,HGeq: 12.5 HZ,3JH53X,H5: 12.5 HZ, I‘Fax), 1.10 (3H, d,

(C%),137.1(C), 121.5 (C), 121.3 (¢), 87.9 (C), 52.8 (©), 51.4
(Cz, d, 1JCH =127 HZ), 35.7 CH(CH3)2), 27.8 (G), 27.7 ((Cl‘k)z-
CHCHy), 24.1 (C), 22.5 CH3), 21.9 (C), 18.5 CHy).

Bis{N,O-[9-(2"-pyridyl)fluoren-9-olato] } copper(ll) (8a). In 50
mL of dry methanol 0.7 g (12.5 mmol) of KOH was completely
dissolved. A clear solution was observed after addition of 1.5 g
(6.0 mmol) of liganda (9-(2-pyridyl)-9-fluorenol) to the KOH
solution. After 10 min 0.5 g (3.0 mmol) of Cug£PH,0 was added,
the color changed to violet, and a voluminous violet precipitate
emerged. After 20 min the precipitate was left to settle, and the
methanol supernatant was removed via syringe. The precipitate was
washed three times with 10 mL of methanol and dried in vacuo.
The product was purified by crystallization from a @Hy/n-hexane
solution to obtain purple needles. Yield: 1.32 g (76%). Anal. Calcd
for C36H24N202CU'2(C|‘EOH) (64421) C,70.85;H,5.01; N, 4.35;
Cu, 9.86. Found: C, 70.7; H, 4.9; N, 4.1; Cu, 10.1%. IR (KBr,
cmY): v = 497 (Cu-0), 421.

Procedure for the Epoxidation of Cyclooctene with tert-
Butylhydrogenperoxide.In a Schlenk tube equipped with a stirring
bar cyclooctene (50 mmol), 5L of dibutyl ether as internal
standard, and 5@mol catalyst were added. After warming to a
steady 5C0°C atert-butyl hydrogenperoxidetdecane solution (50
mmol) was added. Every 30 min a sample was analyzed by gas
chromatography.

Single-Crystal X-ray Structure Determination of Compounds
2a, 4aCH,Cl,, 6a, and 8a2(CH3;OH). General. Crystal data and
details of the structure determination are presented in Table 4.
Suitable single-crystals for the X-ray diffraction studies were grown
with standard cooling techniques. Crystals were stored under
perfluorinated ether, transferred in a Lindemann capillary, fixed,
and sealed. Preliminary examination and data collection were carried
out either on an area detecting system and graphite-monochromated
Mo Ko radiation ¢ = 0.71073 A) or an automated four-circle
diffractometer and graphite-monochromated Ca Kadiation ¢
= 1.54180 A). The unit cell parameters were obtained by full-
matrix least-squares refinements. Data collections were performed
at low temperatures (either Oxford Cryosystems cooling device or
Nonius cooling device). Intensities were integrated, and the raw
data were corrected for Lorentz and polarization effects. The
structures were solved by a combination of direct methods and
difference Fourier syntheses. All non-hydrogen atoms were refined
with anisotropic displacement parameters. Full-matrix least-squares
refinements were carried out by minimizidyv(F,2 — Fc)? with
the SHELXL 97 weighting scheme and stopped at shift/€002.

The final residual electron density maps showed no remarkable
features. Neutral atom scattering factors for all atoms and anomalous
dispersion corrections for the non-hydrogen atoms were taken from
the International Tables for Crystallograptl calculations were
performed with the WinGX system, including the programs
PLATON, SHELXL 97, and SIR 92546

(46) (a) Data Collection Software for Noniug-CCD Devices B. V.
Enraf-Nonius: Delft, The Netherlands, 2001. (b) Otwinowski, Z.; Minor,
W. Methods Enzymol997, 276, 307 ff. (c) Straver, LEnraf-Nonius CAD4
Operating Systenversion 5.0 B. V. Enraf-Nonius: Delft, The Netherlands,
1989. (d) Fair, C. KMoleN An Interactie Intelligent System for Crystal
Structure Analysis Enraf-Nonius: Delft, The Netherlands, 1990. (e)
Altomare, A.; Cascarano, G.; Giacovazzo, C.; Guagliardi, A.; Burla, M.
C.; Polidori, G.; Camalli, M. SIR92J. Appl. Crystallogr 1994 27, 435~
436. (f) International Tables for CrystallographyVilson, A. J. C., Ed.;
Kluwer Academic Publishers: Dordrecht, The Netherlands, 1992; Vol. C,
Tables 6.1.1.4, 4.2.6.8, and 4.2.4.2. (g) Spek, APLATON A Multipur-
pose Crystallographic TopUtrecht University: Utrecht, The Netherlands,
2001. (h) Sheldrick, G. MSHELXL-97 Universita Gottingen: Gidtingen,
Germany 1998.
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Specials. 2a (IPDS, Stoe&Cie; rotating anode, Nonius FR591; K; correction for decay was applied). All hydrogen atoms were
one data set in oscillation scan modus wki = 1.00° and &k = found in the Fourier maps and were allowed to refine freely.
70 mm; T = 223 K; corrections for absorption and decay were Crystallographic data (excluding structure factors) for the structures
applied). Methyl hydrogen atoms were calculated as a part of rigid reported in this paper have been deposited with the Cambridge
rotating groups, withtde 1 = 0.97 A andUiso) = 1.8Ueq(cy Al Crystallographic Data Centre as supplementary publication no.
other hydrogen atoms were placed in ideal positions and refined CCDC-664635%a), CCDC-66463¢4a-(CHCl,)], CCDC-664637
using a riding model, with methylene and aromaticy distances (6a), and CCDC-66463¢8a-(CH3OH)]. Copies of the data can
of 0.98 and 0.94 A, respectively, atthor) = 1.2Ueqccy A disorder be obtained free of charge on application to CCDC, 12 Union Road,
[58(2):42(2)] in one branch of the tetrabutylammonium cation could Cambridge CB2 1EZ, U.K. (Fax:+44)1223-336-033. E-mail:

be resolved clearlylar(CH Cl2): (IPDS, Stoe&Cie; rotating anode,  geposit@ccdc.cam.ac.uk or at www.ccdc.cam.ac.uk/conts/retriev-
Nonius FR591; one data set in oscillation scan modus With—= ing.html).

1.0C and k=70 mm; T = 193 K; corrections for absorption and

decay were applied). All hydrogen atoms were placed in ideal

positions and refined using a riding model, with methylene and ~ Acknowledgment. The authors thank the Forschungsver-
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sealed tube, Nonius FR59T;= 163 K; correction for absorption
was applied). Small extinction effects were corrected with the
SHELXL 97 procedured = 0.0036(4)]. All hydrogen atoms were
placed in ideal positions and refined using a riding model, with
aromaticde_y distances of 0.95 A antlisoy = 1.2Ueqcy 8a-2-
(CH30H): (Nonius, CAD4; sealed tube, Nonius FR590+= 163 OM700738F
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CIF format. This material is available free of charge via the Internet
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