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The cover picture shows the X-ray crystal structures
of new benzo-anellated N-heterocyclic germylene
complexes with nickel(0) and molybdenum(0). The
low bathochromic shift of the valence vibration of
CO in the trans position of the germylene ligands
of fac-(bnNHGe);Mo(CO); indicates weak donor
properties, the relatively short Mo—Ge bonds

indicate stabilization by back-bonding. The ligand
properties contrast strongly with those of the
homologous  N-heterocyclic carbene ligand
(bnNHC) because of the different electronic
structures, which can also be recognised from the
photoelectron spectrum of the germylene ligand.
The Ge!! electron lone pair is bound firmly, and
according to quantum chemical calculations rep-
resents only the third band, whereas in bnNHC
the lone electron pair is the HOMO. The ex-
treme air and moisture sensitivity of the NHGe
complexes is in sharp contrast with the back-
ground, depicting the Baltic Sea with the small
island Greifswalder Oie at the seaside entrance

to the site of one of the oldest universities in
northern Europe. Details are discussed in the
article by T. Veszprémi, J. Heinicke et al. on p.
2211f. We thank Prof. Dr. Martin Kockerling
(Rostock) and Dr. Lutz Wolf (Kahla) for
support in designing this picture.
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gands of types 2—6 were prepared and
selected derivatives were characterized by
X-ray diffraction. The NHC—phosphane
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tuted NHC ligands of type 6 exhibit good
catalytic activity in Mizoroki—Heck C—C
coupling reactions.
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and show no kinetic order in re-oxidation
of the metal hydride mediator. These mech-
anistic findings pave the way for more ge-
neral and environmentally more benign
C—H activation methods.
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amidopyridine moiety was prepared and it
reaction with Fe(BF4),6H,O and [M-
(CN)4J>~ counterions led to the 2D poly-
mers {Fe(ttf-adpy),[M(CN),]} -nH,O (M =
Ni, Pd and Pt). The hydrated compounds
present a complete thermally induced two-
step spin transition, whereas the nonhy-
drated materials are paramagnetic in the
studied temperature range.
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Group 4 metal catalysts containing a [OS]-
type bidentate phenolato ligand were syn-
thesized. On benzyl abstraction, the di-
benzyl zirconium catalyst gives oligo(l-
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hexene) with a 2,1 regioselectivity. The tri-
benzyl zirconium catalyst produces isotac-
tic poly(l-hexene) with high molecular
weight.
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L. Smith, H. Hong, J. B. Spencer, P. F. Leadlay*

Analysis of Specific Mutants in the Lasalocid Gene Cluster:
Evidence for Enzymatic Catalysis of a Disfavoured Polyether
Ring Closure

Baldwin’s rules bent: The biosynthesis of the polyether iono-
phore lasalocid in Streptomyces lasaliensis involves a kinetically
disfavoured ring closure to form a six-membered tetrahydropyr-
an. In a mutant lacking the novel epoxide hydrolase LasB, the
intermediate instead forms the five-membered ring product pre-
dicted by Baldwin’s rules; this shows the key role of LasB in Wild type Mutant
stereocontrol. ChemBioChem

DOI: 10.1002/cbic.200800585
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Energetics and Structures of Charged Helium Clusters:
Comparing Stabilities of Dimer and Trimer Cationic Cores
Three in a row: The ionization of small cationic helium clusters is ©
analyzed by investigating the equilibrated cluster structural
energy obtained after their optimization in the presence of two ChemPhysChem

competing cores (see picture). The results show that upon equili- DOT: 10.1002/cphc.200800457
bration of the ionized clusters, the trimeric ionic core should be
the more abundant residual species.
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The guiding principle of natural products is applied with success
to the rapid identification of a new series of small molecules with
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pounds are shown to induce apoptosis via a classical intrinsic ChemMedChem

drug-induced pathway with superior activity to market leader DOI: 10.1002/cmdc.200800265
chemotherapeutics in similar screens.
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Function follows form: Controlling the shape of nanocrystals
may initially seem like a scientific curiosity, but its goal goes far
beyond aesthetic appeal. For metal nanocrystals, shape not only
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and sensing applications.
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The elucidation of the chemical nature of chlorophyll catabolites
has allowed the first structural insights into chlorophyll break-
down, assisting in developing understanding of the molecular
Eur. J. Org. Chem. basis and possible roles of this biological phenomenon. Current .
DOI: 10.1002/ejoc.200800804 knowledge on chlorophyll catabolites in higher plants is outlined, gwmerven
as are their properties. Their antioxidant activity may give added
value to fresh fruit.

T. Benincori, A. Marchesi, P. R. Mussini, T. Pilati, A. Ponti,
S. Rizzo, F. Sannicolo*

Chirality in the Absence of Rigid Stereogenic Elements: The
Absolute Configuration of Residual Enantiomers of
C;-Symmetric Propellers

Which enantiomer? The enantiopure residual antipodes of phos-
phane oxide shown here were obtained by quartz-induced crys-
tallisation of the racemate and their absolute configuration was
determined by anomalous X-ray diffraction scattering measure-
ments. Configurational descriptors are suggested for propeller-
shaped residual enantiomers.

Chem. Eur. J.
DOI: 10.1002/chem.200801489

J. Gascon,* M. D. Herndandez-Alonso, A. R. Almeida,
G. P. M. van Klink, F. Kapteijn, G. Mul

Isoreticular MOFs as Efficient Photocatalysts with Tunable Band
Gap: An Operando FTIR Study of the Photoinduced Oxidation
of Propylene

Photo frame(work): The first spectroscopic evidence of metal-or-
ganic frameworks (MOFs) acting as photocatalysts has been ob-

2 tained. Isoreticular MOFs act as efficient photocatalysts in the
ChemSusChem photooxidation of propylene. The band gap energy can be tuned
DOL: 10.1002/cssc.200800203 by changing the organic linker. Among the MOFs tested, the 2,6-
naphthalenedicarboxylic acid based IRMOF was the most active,
showing a higher activity than ZnO.

Eur. J. Inorg. Chem. 2009, 190—191 www.eurjic.org © 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 191



MICROREVIEW

DOI: 10.1002/ejic.200800936

Nonsymmetrical Salen Ligands and Their Complexes: Synthesis and
Applications

Arjan W. Kleij*2-P!

Keywords: Asymmetric catalysis / Ligand design / N,O ligands / Nonsymmetrical ligands

The importance of salen ligands in homogeneous catalysis
and material chemistry has unambiguously been demon-
strated over the last two decades. In the majority of the exi-
sting studies, C,-symmetrical salen complexes have been
used as catalysts for many organic conversions; however, the
amount of structures that can become available for catalyst
fine-tuning by changing the peripheral groups on the bridg-
ing unit and the aryl side groups is limited. In order to widen
their scope in catalytic procedures new designs of salen
structures have been probed, and above all unsymmetrical
versions. In this respect, it has become increasingly impor-
tant to develop reliable and efficient preparative methods for
these nonsymmetrical salen compounds, and more particu-

larly ligands with two differently substituted salicylideneim-
ine groups. The presence of a single functional group suit-
able for connection to various supports has great advantages,
since full access of the catalytic sites in the supported struc-
ture may be preserved and new and/or improved catalytic
properties can be tailored. On the other hand, different func-
tions on both sides of the central N,O, unit can be used to
force the formation of specific (supramolecular) architectures.
This review discloses the general methods available for the
preparation of unsymmetrical salen ligands/complexes and
the most important fields of their application.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

1. Introduction

Salen ligands!!! are comprised of a potentially tetraden-
tate N,O, donor set usually obtained through a double con-
densation reaction between a diamine and two equivalents
of a salicylaldehyde. The early work of Jacobsen and Kat-
sukil? has led to the discovery of powerful oxidation cata-
lysts based on Mn"-centered salen compounds, of which
the properties are easily altered by structural changes in the
diamine and/or salicylaldehyde components.’] This offers
great diversity in the salen ligands that may be obtained
and offers a valuable toolkit for the fine-tuning of the steric
and electronic properties. Also, appropriate selection of chi-
ral modules provides the opportunity to vary the non-sym-

[a] Institute of Chemical Research of Catalonia (ICIQ),
Av. Paisos Catalans 16, 43007 Tarragona, Spain
Fax: +34-977-920-224
E-mail: akleij@iciq.es
[b] Institucié Catalana de Recerca i Estudis Avangats (ICREA),
Pg. LLuis Companys 23, 08010 Barcelona, Spain

metrical environment of the metal centre. Typical and gene-
ral advantages related to the application of metallosalen
systems in homogeneous catalysis are the easy access to
various structures, their cost-effective synthesis and the
amount of materials that can be produced as opposed to
other comparable planar ligand structures such as porphy-
rins. These properties make the salen system highly compet-
itive for application in homogeneous catalysis. The first gen-
eration of salen ligands with C, symmetry were constructed
with the two salicylidene fragments having the same substi-
tution pattern on the aromatic side rings. Although the use
of various salicyladehydes can create a way to vary the li-
gand properties to some extent, the diversity of structures
that can be accessed in this way is limited. The presence of
two distinct salicylideneimine groups could be beneficial for
different reasons. First of all, immobilization of salen li-
gands onto heterogencous and homogeneous supports al-
lows recovery of the catalyst systems and thus a potential
reuse in subsequent catalytic campaigns.! Unsymmetrical

Arjan W. Kleij (1971 ) received his MSc and PhD from the University of Utrecht, The Netherlands, under the supervision
of Prof. Gerard van Koten working on dendrimer-supported homogeneous catalysis. Afterwards he was a NWO Talent
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salen ligands equipped with a single functional group useful
for such immobilization procedures would thus be required.
The presence of a single connection to polymer,®! den-
dritict® and other supportst” permits the substrates to freely
access the catalytic sites which may be difficult in doubly
immobilized, symmetrical salen derivatives eventually lead-
ing to lower reaction rates and selectivities.

Another advantage of nonsymmetry within the salen
scaffold is the possibility of further fine-tuning its structure
by introducing different electron-withdrawing and/or do-
nating groups on the periphery of both salicylideneimine
units. In the latter situation, a faster optimization of the
structure-reactivity relationship in homogeneous catalysis
may be foreseen. Lastly, the desymmetrization of the salen
ligand has been reported to give, at least in some cases,
improved enantioselective behaviour in various organic
transformations as compared to their symmetrical deriva-
tives.®! In the last decade, numerous groups have devoted
part of their research programs to the preparation and ap-
plication of nonsymmetrical salen ligands and complexes.
This review intends to give a concise overview of the latest
developments in the field of synthetic salen chemistry with
a particular focus on the various methods that have proven
to be successful for the isolation of these structures, the
complications and challenges met in the synthetic pro-
cedures and the most important fields of application of
these unsymmetrical systems. Although this review is in-
tended to give a broad overview, salen systems that have a
nonsymmetrical bridging unit between the two salicylidene-
imine groups, and those systems that resemble salen ligands
will not be discussed here in detail.

2. Direct Preparation of Non-Symmetrical Salen
Derivatives

“Direct” preparation is here defined as the reaction be-
tween the double Schiff base precursors without the use of
templating metal ions or any other (in)organic reagent or
protection/deprotection sequences in the condensation
stage(s). This part will focus on particular and illustrative

salen compounds rather than to treat each individual report
separately.

Direct synthesis is probably the easiest way to target non-
symmetrical salen structures and is generally carried out
using a double stage Schiff base formation between a di-
amine precursor and two distinct salicylaldehydes in a stoi-
chiometric one-pot approach. The main problem encoun-
tered in the unassisted, step-wise condensation approach is
the labile nature of the imine bond towards hydrolysis. In
most cases this leads to undesired formation of a (statisti-
cal) mixture of the unsymmetrical and C,-symmetrical de-
rivatives, which need to be separated prior to their use in
further synthesis. Nonsymmetrical salen compounds may
also be accessed using an adapted method that is based on
the isolation of a mono-imine intermediate (see for success-
ful examples section 4) and the reaction stoichiometry here

examplesofsuccessfulapproachestoward nonsymmetrical (metall s
HO—< i>—OH
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plays a crucial role. The principal issue in the latter ap-
proach is the nature of the equilibrium between all species
which needs to be controlled effectively; otherwise mixtures
of diamine and mono/diimines are obtained which are in-
adequate for the metal insertion stage.

One of the first successful syntheses of a nonsymmetrical
(metallo)salen was provided by Atkins et al.’! They used a
stepwise condensation approach, starting with the reaction
between 5-chloro-2-hydroxybenzophenone and 1,2-diami-
nobenzene to afford the mono-ketimine product.['”) Hereaf-
ter, addition of salicylaldehyde furnished the salen ligand
in high yield (80-90%), and metal ions (Cu, Ni) could be
conveniently introduced.

Kol and co-workers reported the synthesis of a hybrid
salan/salen (i.e., salalen) ligands prepared in moderate
yields (36-53%) in a two-step sequence.l''! They utilized a
mono-N-substituted diamine, of which the primary amine
group was treated with a salicylaldehyde to form the “half-
salen” part. Then, the (unreacted) secondary amine group
of the “half-salen” was treated with formaldehyde and a
substituted phenol in a Mannich condensation step to com-
plete the “half-salan” unit.

Another account on the direct preparation of nonsym-
metrical salen derivatives was presented by the group of Ja-
cobsen.['?? The preparation of the dissymmetric salen li-
gand 1 was reported with two distinct salicylideneimine
groups, of which one encompasses an additional phenol
group that was subsequently used for the preparation of
tethered bimetallic complexes 2 (Scheme 1)I'?! that differ in
the length of the linking unit. These bimetallic bis-Cr'™ de-
rivatives find useful application in the field of (cooperative)
homogeneous catalysis. The statistical mixture of salen li-
gands (both homo-combinations as well as the hetero-com-
bination) was separated using column chromatography. Al-
though the reported yield of 1 was only moderate (42%), it
already showed the high potential of nonsymmetrical li-
gands for the preparation of multimetallic salen catalysts
using difunctional linkers.

CHO H “H

H OH
tBu eOO

+
CHO OH HO
EtOH/THF/HZO reflux
tBu OH

Bu 1,42%

P a-

2, 51-72%

Scheme 1. Synthesis and application of a nonsymmetrical salen li-
gand for the construction of bimetallic catalysts.
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In another contribution!'34 this concept was extended to
polymer- and silica-supported chiral catalysts based on Co-
(salen) complexes. Polystyrene-bound Co'''-salen deriva-
tives of type 3 (see Scheme 2) were obtained after a resin-
capturing approach. Since the bis-#Bu version of the salen
ligand will not react with the resin precursor this allows
(upon choosing the appropriate stochiometry) an effective
capturing of the OH-functionalized ligands.'"¥ The non-
bound ligands are then simply removed through subsequent
washing stages. Although the direct attachment of the
mono-OH salen derivative onto polystyrene beads!!3l was
also accomplished, chromotagraphic purification was ad-
ditionally needed for this particular ligand prior to immobi-
lization. Nonetheless, both approaches afforded catalytic
systems with comparable reaction rates and enantio-
selectivities in the hydrolytic kinetic resolution (HKR) of
terminal epoxides such as epichlorohydrin, and the catalyst
could be at least recycled 5 times without observable loss
of activity and/or enantioselectivity.

CHO OHC
HO OH + HQ-H + HO tBu
HoN  NHp
tBu tBu
(1:2:3ratio)
BuO—1Bu tBuCO>—0H HO—<>—0H
(statistical mixture)
resin-capture
‘ synthesis
HQ'H
—N N=—
0} P
Co,
oMo AR Bu
OAc
tBu tBu
3
= polystyrene support

Scheme 2. Polystyrene-supported chiral Co(salen) catalysts derived
from nonsymmetrical ligand 1.

A similar strategy was employed by Sherrington and co-
workers!'>3 who used a series of polymer supported!' ana-
logues of Jacobsen’s catalyst (Scheme 3) with the aim to de-
sign a catalyst that would retain the original features of the
unsupported system. The polymer resin catalysts based on
Mn'"-salen complexes were prepared using a direct ap-
proach starting with immobilized salicylaldehyde precur-
sors. The salen structure was subsequently completed by the
stepwise introduction of the chiral diamine and a second
salicyladehyde reagent. In the last step the Mn-centred
catalyst was obtained using standard reaction conditions.
The polymeric catalysts were tested in the asymmetric epox-
idation of I-phenylcyclohex-1-ene and results were evalu-
ated against a commercial sample of Jacobsen’s catalyst.
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The best result was obtained with a heavily cross-linked
macroporous resin modified with Mn!-salen units having
a low Mn-loading amounting to 0.08 mmol/g, and showing
an enantioselectivity of more than 90 %.

Nonsymmetrical Mn"'salen

_N\Mn/N_

1 ——

R OH ———=. R! o7 | o tBu
” Cl

2 3
R® R R2 (RS tBu

= different polymer attachment points

Scheme 3. Polymer resins modified with Jacobsen’s catalyst for
enantioselective epoxidation reactions.

Silica-immobilized Co™-salen complexes were prepared

via a tethering strategy using modified salen precursor 4
(Scheme 4).1'38] The silyl ether 4 was attached to the silica
support using previously reported conditions and then con-
verted into its Co-salen complex 5. The supported cata-
lyst was tested in the HKR of styrene oxide and provided
an efficient and highly enantioselective catalytic process.
More importantly, this silica-bound Co™-salen complex
was also probed for its efficacy to act as a HKR catalyst in
a continuous flow system, and the results nicely demon-
strated the successfulness of this approach with respect to
catalyst recycling and separation from the product stream
in a continuous mode.

HQ'H
—N N—
Me  Me
Si
EtO” \/\mo OH HO tBu
o tBu tB

u
(RR)-4

1. silica, DMF, 100°C, 1 Torr, 24 h

2. Co(OAc),, MeOH, toluene

I

£ 2.

111

Scheme 4. Immobilization of a nonsymmetrical Co'*'-salen com-

plex onto a silica support using a tethering strategy.

Self-assembled nanoreactors composed of amphiphilic
block copolymers functionalized with pendant Co™-salen
units covalently attached to the hydrophobic part were re-
ported by the group of Weberskirch (Scheme 5).['% The
principal idea was to create, through micellar aggregration,
a nanoenvironment in which a high local concentration of
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the catalytic Co-salen complex inside the hydrophobic

core would be present while the hydrophilic outer shell
would ensure water-solubility. The salen moiety was at-
tached to the block copolymer using a hydroxy-function-
alized precursor which was subsequently metalated. The re-
sultant micellar, nanocatalyst was used in the HKR of vari-
ous racemic aromatic terminal epoxides in water. This cata-
lysts species could be recycled at least four times without
any loss of enantioselectivity.

st

Scheme 5. A block copolymer-supported Co'''-salen catalyst that
is able to self-assemble into a nanoscale micellar aggregate.

Well-defined dendrimers may give advantageous proper-
ties to the Co'l-salen system upon immobilization since the
regularly branched dendrimer structure allows precise con-
trol over the amount and location of the catalytic units.
Jacobsen et al. prepared the pentafluorophenyl ester 6
(Scheme 6) that was attached via peptide coupling pro-
cedures to different generations of commercially available
PAMAM (PAMAM = polyamidoamine) dendrimers.[®4
The Co'! complex 6 was prepared in six steps (26 % overall
yield) and oxidized with molecular I, to yield the catalyti-
cally active Co™ dendrimer 7-Co-PAMAM-(R,R). The
catalytic results showed a positive influence on the reaction,
i.e. a higher overall reaction rate was noted for the dendrim-
eric catalysts. This effect was ascribed to a higher effective
molarity of the Co-salen units and the second-order ki-
netic dependence of the HKR reaction.

A highy active, dendronized Co(salen) catalyst for the
HKR of terminal epoxides was reported by Weck et al.
(Scheme 7).1'"7! Their catalyst system consists of three com-
ponents, viz. a polystyrene resin,['® a dendron-based link-
ing unit and the Co"-salen complex. The commercially
available, selected aminotriester dendron allowed introduc-
tion of three distinct catalytic sites via covalent attachment,
and forcing these sites in close proximity along the den-
dron’s periphery. This close proximity highly favours coo-
perativity between the Co"" centres and thus an excellent
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6,26% 7-Co-PAMAM (R,R)
A

4 N

H
— — Qi
Ny ”I/ \' [ Dendrimer
! Support

Scheme 6. Attachment of the nonsymmetrical Co''-salen complex
6 to a PAMAM dendrimer and schematic drawing of its post-oxid-
ized Co'! iodide complex 7-Co-PAMAM (R,R).

@

catalytic performance. The authors furthermore demon-
strated that these catalytic systems, as a result of their im-
mobilization, are easily filtered from the product solution
and recycled without loss of activity and enantioselectivity.
The nonsymmetrical salen ligand was attached to the resin
via precursor 8! and then metalated and oxidized to 9.
The synthetic outline is presented in Scheme 7.

. Dendron linker
Resin | 0 1 |

HN
Q- o
NH
o OH
o OH
OH O

Salen ligand

1. DCC, DMAP, CH,Cl,, 40 °C
2. Co(OAc), 4H,0, MeOH
3. air, HOAc

0]
HN
Q— 0
NH

(0] o-Y

o 0

o) o Y

Y

9 Y

Scheme 7. A dendronized, resin-supported Co!!-salen complex.

The group of Kureshy has reported several examples of
binuclear complexes that comprise nonsymmetrical salen li-
gands (Scheme 8).?%1 The general strategy employs the con-
densation of bis-salicylaldehyde precursors 10 and a mono-
imine intermediates A and B to give homochiral, dimetallic
bis-salen complexes that are useful as recyclable catalysts
for enantioselective epoxidation (M = Mn, e.g. 11) and
HKR of racemic epoxides (M = Co, e.g. 12).
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=N_ N—=— =N N=
/Mn\ /Mn\
tBu o” | Q Q o” | ~o tBu
cl cl
tBu tBu tBu tBu

1. condensation with A
2. metalation
‘ 3. post-oxidation

OHC CHO
R He)—H
Ho Q O oH =N NH,
R
Bu Bu tBud

(0]
10a: R=H

—N NH, 10b: R = CH3
H 1. condensation with B

tBu A

2. metalation
3. post-oxidation

o .
_N\M/Ni ] 7N\M/N_
2
Bu o | Mo c o’ Yo
X X
tBu tBu

tBu
tBu Bu

11: M =Mn, X=Cl
12: M = Co, X =0OAc

Scheme 8. Synthesis of binuclear homochiral metallosalen com-
plexes via step-wise condensation.

3. Synthesis of Unsymmetrical Salen Compounds
Using a Protecting Group Approach

The preparation of nonsymmetrical salen derivatives via
a protecting group approach is classified as the selective
protection of one of the two secondary amine groups in the
diamine reagent. The protected reagent is then subjected to
a step-wise condensation with distinct salicylaldehydes to
give the nonsymmetrical salen ligands; the second Schiff
base function is introduced after (in situ) deprotection of
the protected amine group. Currently, many different pro-
tected reagents based on (chiral) diamines have been re-
ported and this section intends to provide the most illustra-
tive examples reported together with their application po-
tential.

So far, most described protected diamine reagents are
chiral and are based on the 1,2-cyclohexane backbone. One
of the earliest studies devoted to the use of protected mono-
imine intermediates in the synthesis of nonsymmetrical chi-
ral salen structures was carried out by the group of
Gilheany.”!! The formation of bis-imine ligands from alde-
hyde and diamine reagents is under thermodynamic con-
trol: when a 1:1 mixture of salicylaldehyde and diamine in
ethanol are mixed often a mixture of products is obtained
comprising small amounts of the mono-imine derivative, as
well as the bis-imine product and starting diamine precur-
sor. However, in some cases the selective formation of
mono-imines is favoured, in particular in reactions that in-
volve salicylaldehydes substituted with electron-with-
drawing groups.
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Trapping the mono-imine intermediate with a reagent
that would react with the remaining amine groups should
allow for an easy separation of the mono-imine from the
bis-imine product, isolation and further reaction with a dif-
ferent salicylaldehyde to give access to unsymmetrical salen
compounds. Gilheany and co-workers found that (+)-0,0’-
dibenzoyltartaric acid was quite effective to isolate the
mono-imine derivative in this way since it is insoluble in
ether and can be collected by filtration. In subsequent syn-
theses, due to equilibration of the unsymmetrical salen,
chromatography was still needed to isolate the pure, non-
symmetrical ligands (Scheme 9) which was achieved in very
low yields.??! These ligands were used to produce their Cr'!f
complexes, that were applied as stoichiometric reagents in
the enantioselective epoxidation of E-B-methylstyrene.

salicylaldehyde + chiral diamine

Et,0 | [Ph

salt formation

1. precipitation and isolation
2. different salicylaldehyde
3. chromatography

4. metal insertion

E
A
H=>—H —‘

W _N\®/N_ w

e

.
N
X o” o X

Scheme 9. Nonsymmetrical salen ligands using (+)-0,O’-dibenzo-
yltartaric acid as a trapping agent.

In another contribution, Nguyen reported on a general
and high-yielding synthesis of nonsymmetrical salen deriva-
tives using a mono-ammonium salt derived from diamines
and anhydrous hydrochloric acid.>! The ammonium salts
are rather insoluble in ether and can be isolated and treated
with one equivalent of salicylaldehyde to yield mono-imine
reagents in high yield. The mono-imino ammonium salt can
in turn be added to a second salicylaldehyde in the presence
of triethylamine to produce the desired unsymmetrical salen
ligands in high isolated yields (Scheme 10). The major ad-
vantage of this procedure is that large-scale syntheses may
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be carried out without the need for tedious chromato-
graphic and/or crystallization procedures. This procedure
was eventually further improved and the scope broadened
by Weck et al. (Scheme 11).[1]

HCI, anhydrous

_ =

Et,O, rt. ® ©

H,N  NH, H,N  NHz Gl

salicylaldehyde

EtOH, r.t.
$2 o o
—N N= second —N NH3 CI
Qj :@7 salicylaldehyde C§j
Bu OH HO X [«———— fBu OH
NEt,, EtOH
tBu Y molecular sieves 4 A fBu
60-87% 80-85%

Scheme 10. Synthesis of nonsymmetrical salen derivatives via a
mono-imine ammonium salt.

1. 3,5-di-tert-butylsalicylaldehyde HQ‘ “'H
MeOH, EtOH, rit. =N N=
H .y molecular sieves 4 A
R OH HO tBu
HsN  NHy ]
® o 2. 3-tert-butyl-5-R-salicylaldehyde

al MeOH, EtOH, CH,Cly, NEt; Bu Bu

60-85% 13

(after chromatography)

Scheme 11. Weck’s one-pot procedure for unsymmetrical salen
compounds.

This one-pot procedure towards enantiopure nonsym-
metrical salen systems proved to be widely applicable as
demonstrated by the Weck group. Their major focus within
this field is the use of this synthetic methodology for poly-
mer-supported catalysis. An interesting ring-expanding ole-
fin metathesis of mono-(cyclooct-4-ene-1-yl)-functionalized
salen ligand 14 or Co' complex 154 at typically low
monomer concentrations with third generation Grubbs’ cat-
alyst?®! furnished unsymmetrical macrocyclic oligomers 16
and 17, respectively, in virtually quantitative yields
(Scheme 12). These results show that this approach is highly
versatile since post-metalation of the macrocyclic oligosalen
ligand with different metal reagents can give access to vari-
ous supported catalyst systems. The macrocyclic Co''-salen
complexes were oxidized aerobically under acidic condi-
tions, and the resultant Co™ derivatives 17 applied as HKR
catalysts for various racemic terminal epoxides using very
low catalyst loadings. An important feature brought about
by the architecture of the macrocyclic systems is that the
catalytic sites are highly accessible, and a high local concen-
tration of the Co™ centres provokes bimetallic cooperative
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interactions. As compared to polymeric analogues, the
macrocyclic catalyst systems 17 proved to be superior in
terms of reaction rate.

OHC OHC

DCC/DMAP

HO OH — HO Q

tBu tBu O@
+

Hooc ' 3,5-di-tert-butylsalicylaldehyde
O H “H molecular sieves, NEt
: Cl HN  NH, | one-pot
| @

,N Co(OAG)4H,0 —
C§jo j%} C§jou Hob

ROMP Romp
0.1 M complex J 3rd gen. Grubbs 3rd gen. Grubbs

gy

n=2-10

0.1 M ligand l

Co(OAG)4H,0 C 1: m : Zé

Scheme 12. Ring-expanding olefin metathesis of nonsymmetrical
salen compounds to afford macrocyclic oligomeric Co-salen cata-
lysts for HKR of epoxides.

The same authors have used similar principles for the
fabrication of various other polymer supported unsymmet-
rical metallosalen complexes: in each case the followed
strategy makes use of a one-pot synthesis of an unsymmet-
rical salen compound (cf., Scheme 10 and Scheme 11) that
is functionalized with a suitable monomer group that upon
appropriate conditions can be polymerized (Scheme 13).
Thus, AIBN free radical polymerization of 18126271 affords
the oligosalen compounds, and metalation with [Co''-
(OAC),]-4H,0 provides then the polystyrene-supported Co!
complexes 19. Alternatively, norbornene-functionalized un-
symmetrical metallosalen derivatives®®] are also easily poly-
merized. Using the latter procedure, chemically inert C-C
linkages were used as to minimize catalyst degradation in
the case of Mn species. Variations of the catalyst density is
readily achieved by either homo- or copolymerization of the
metallosalen monomer 20 by ROMP yielding metallosalen
polymers 21.

Highly active, recyclable poly(norbornene)-supported
Al _salen catalysts for the enantioselective 1,4-conjugate
addition of cyanide to o,B-unsaturated imides®®”! were also
developed by Weck.B% Unsupported Al™-salen catalysts
usually require catalyst loadings between 10-15 mol-%,
while their polymeric catalyst proved to more active at
lower Al'M-loading (5 mol-%). Again, the assumption that a
non-random distribution of catalytic sites in the polymeric
catalyst would favour a bimetallic cooperative pathway was
fully supported by the catalysis results.
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polymerizable group

H
tBu
18

1. AIBN
2. Co(OAG),"4H,0

polymerizable group

[Ru] catalyst
CDCly homo (21a) or copolymerization (21b)
r.t. to 50 °C
H H
A=A Y
tBu tBu

n 21a M = Mn, Co

21b M= Mn, Co

Scheme 13. Polymerization of monomer-functionalized unsymmet-
rical salen compounds: access to polymer-supported catalyst sys-
tems.

4. Nonsymmetrical Salen Derivatives via
Monoimine Precursors

Nonsymmetrical salen structures can also be prepared by
the use of pre-isolated mono-imine precursors. In order to
arrive at nonsymmetrical salen compounds, the equilibrium
between mono- and diimine species, and the diamine upon
dissolution in subsequent stages needs to be controlled. One
way to control the equilibrium during the second condensa-
tion step is to make use of templation, and in this section
typical examples are discussed where metal ions are primar-
ily applied as templating agents.

The group of Atwood reported the high-yield prepara-
tion of an interesting mono-imine, “half-salen” synthon
constructed from ortho-phenylenediamine and 3,5-di-zert-
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butylsalicylaldehyde (Scheme 14, 22).3"1 The mono-imine
was used by the authors as a potentially tridentate ligand
for Al and Ga™ ions.

Templated approach
(one-pot procedure)

—N NH, —N_ N=
salicylaldehyde M
Bu OH o~ Yo R3
M(OAG)+1H,0

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

tBu
tBu MeOH, rit. tBu R' R?
22 23
M = Zn, Ni
typically: 70-95%
o 0
N
& O
—N  NH, —N  NH, —N  NH,
tBu OH Bu OH tBu OH
tBu tBu tBu
—N N=

tBu o~ Yo O
S0
OQ ©
24

Scheme 14. Synthesis of nonsymmetrical salen derivatives via a
metal templated approach.

Kleij et al. have used this mono-imine synthon to pre-
pare, in a one-pot procedure, nonsymmetrical salphen
[salphen = N,N’-1,2-phenylene-bis(salicylideneimine)] com-
plexes using a templating approach with metal ions
(Scheme 14).1321 The procedure proved to be useful for both
systems having the asymmetry within the bridging unit (in-
cluding salpyr compounds)?3! as well as for nonsymmetri-
cal salen derivatives with two distinct phenyl side groups
(Scheme 14). In general, the mono-imine reactant 22 is
treated with a mixture of another salicylaldehyde and a
metal salt to afford exclusively the nonsymmetrical salen
complexes 23 (Scheme 14) in high isolated yield. Depending
on the conditions (cf. solvent) used, isolation may be per-
formed by one simple filtration step to directly furnish the
pure compounds. This template approach has also proven
to be practical when using other mono-imine precursors,
and even allowed the isolation of a unique chiral Zn'-
(salphen) complex 24 with the chiral unit being present in
the aromatic side chain.

Further extension of this methodology has led to the
preparation of nonsymmetrical, bis-metallosalphen build-
ing blocks (Scheme 15).13% In order to introduce a non-sym-
metry within each salen unit, bis-imine reagents 26 were
prepared based on the 3,3’-diaminobenzidene backbone
(25). Hereafter, the bis-imine compounds were subjected to
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one-pot condensation-metalation procedure to afford non-
symmetrical bimetallic synthons 27 potentially useful as
supramolecular building blocks.*>381 Since both the struc-
ture of the diimine species, the second aldehyde reagent and
the metal ion may be varied with ease, a versatile modular
approach has become available for this category of building

block.
NH, SN

NH,
O salicylaldehyde O
E—— (9 examples
MeOH, r.t. reported)
H,N
NH; Ny

/ 2nd salicylaldehyde
M(OAC)z'nHzo
R R! CHCly, MeOH

Q R3
\

SN—M—O
Shaa

27 R1 RZ

Scheme 15. Nonsymmetrical bimetallic salen complexes (within the
salen unit) derived from 3,3’-diaminobenzidene.

Other authors have also used metal templation to con-
struct unsymmetrical salen compounds. For instance, Riga-
monti et al. communicated the preparation of Cu'’ com-
plexes of salen analogues with two distinct phenyl side
groups.3 These salen complexes have a so called push-pull
charge asymmetry, and the substitution has a particular ef-
fect on the Cu-phenolato coordination bond. The com-
plexes were studied as to gather information about the
modulation of electronic asymmetry and nonlinear optical
properties of these systems. The synthetic route toward
these Cu'-centred salen species is outlined in Scheme 16.
The templated synthesis starts off with the selective isola-
tion of the monocondensated “half-unit” Schiff base 2847
by reaction of a 1:1:1 stochiometry of salicylaldehyde, a di-
amine and copper perchlorate or nitrate in the presence of
pyridine. This reaction could also be regarded as a one-pot,
multi-component (MCR) reaction. The mononuclear Cu'!
intermediates 28 can be conveniently converted into the
200
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Cu'l-salen species 29 in high isolated yield upon treatment
with a second salicylaldehyde in the presence of aqueous
NaOH.

n=1.2

BT

n=1.2
CHO
/(+\ pyridine /
X OH + HoN" 7 NH, X o@N\
MeOH, Q
+ Cu(ClO4), H,0 28
0y
salicylaldehyde, NaOH 75-90%
MeOH, reflux, 30 min Y =ClO,4, NO3

29 40-98%

Scheme 16. Push-pull Cu'-salen systems obtained via templated
synthesis.

A similar intermediate*!! like Cu' complex 28
(Scheme 16) was used by Tao et al. to yield an unsymmetri-
cal Cu''-salen with a pendant carboxylic acid group.[*”] The
presence of the -COOH fragment was utilized for the prep-
aration of heterotrinuclear complexes and their magnetic
properties were evaluated.

(Un)symmetrical uranyl-salphen complexes have been re-
ported by Mandolini and co-workers.*348] These uranyl-
salphen derivatives are excellent candidates for molecular
receptorsi*3-4° and homogeneous catalysts.[*7#% These au-
thors employed two major strategies for the preparation of
the unsymmetrical versions (for some examples see
Scheme 17) of these UO,(salen) complexes, though gen-
erally both may be considered metal-mediated procedures.

(a ketone reagent)

e e sy

R=H, Me

(a stable ketimine)
R R
Q0
N NH,

or

30 43-73%

p-Tos-OH (cat)

toluene,
reflux, Dean—-Stark

£

31 43—73%

salicylaldehyde

UO,(OAC),2H,0

MeOH, r.t., 30 min

R =iPr, Ph, OCH,Ph,
Me, anthracyl,
pyryl etc.

Scheme 17. Preparation of nonsymmetrical UO,(salen) derivatives.
Only a selection of the synthesized structure is shown here.
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Combination of two distinct salicylaldehydes with 1,2-
diaminobenzene and UO,(OAc),-2H,0 affords a statistical
mixture!!'34! of uranyl-salen complexes which require separa-
tion by column chromatography: consequently only low
yields are obtained for the targeted compounds. Alterna-
tively, and perhaps more attractive from a time-manage-
ment and purification point of view, step-wise condensation
using metal templation in the second condensation stage
gives smooth access to various substituted nonsymmetrical
UOx(salen) compounds (Scheme 17).[43

Lastly, it has been reported by Ambroziak and Szypal*”!
that unsymmetrical salen structures may be easily obtained
by a step-wise condensation method using in the first stage
2-hydroxynaphthaldehyde. In this case, the pure mono-im-
ine reagent needed for the second condensation stage in-
volving various salicylaldehydes was isolated in high yield
(92%). This exemplifies that subtle changes in the structure
of the desired mono-imine provides a tool to stir the mono-
vs. dimine equilibrium in favour of the former.

5. Miscellaneous Systems

In the preceding sections the synthetic methods for non-
symmetrical (metallo)salen complexes have been discussed.
In this section, some attention is given to the application of
these synthons in other fields than already discussed, and
on specially selected examples of systems of which the ori-
gin of asymmetry is induced by an external module/struc-
ture.

The group of Glaser constructed a tri-salen ligand™® by
making use of the difference in reactivity of both amine
groups within a mono-N-substituted diamine reagent.['!]
The sterically more hindered amine group does not react
with ketones thus giving rise to the selective formation of
the tri-imine/tri-amine intermediate 32 (Scheme 18), which
can then be used to complete the three metallosalen moie-
ties by treatment with a salicylaldehyde and a subsequent
post-metalation step. Such multimetallics may find use in
the design of magnetically interesting molecules and other
types of materials based on salen scaffolds.['e-3!]

Schiff base macrocyclest®? are usually multimetallic in
nature and can display interesting (supramolecular) proper-
ties.[>31 Unsymmetrical versions of (macrocyclic) multimet-
allic salen derivatives, however, have rarely been reported.
Interesting macrocyclic salen isomers which comprise four
separate unsymmetrical salphen coordination pockets for
metal ions were reported by MacLachlan et al.
(Scheme 19).54 They elegantly used the fact that diphenyl
ketone structures only react once with diamines unless
harsh reaction conditions are applied.[! Thus, reaction of
the diketone 33a with ortho-phenylenediamine 34 affords
diketimine precursors 35a, and subsequent treatment with
dialdehyde 36 the macrocyclic tetrasalphen derivative 37a is
obtained. Likewise, using diketone 33b and following a sim-
ilar strategy the isomeric macrocycle 37b was constructed.
Each salen unit in both macrocycles 37 incorporates one ald-
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OH O

H N

b oA
o HN  NH, \IAN/
HO OH N2 ho OH

(@] SN

salicylaldehyde NH,
Ni(OAc)2-4H20/ 32

Scheme 18. A tri-metallosalen complex obtained via a selective
step-wise synthesis.

imine and one ketimine, and the difference between the two
macrocycles 37a and 37b is the relative position of the phe-
nol OH groups (1,2 vs. 1,3: see Scheme 19).

Nabeshima and co-workers designed a helical metall-
ohost based on oxime-derived (unsymmetrical) salen com-
pounds.[>3] The strategy is based on the use of oxime pre-
cursor 38 which after treatment with Zn'"(OAc), results in
formation of homotrinuclear 39 with a C-shaped Og cavity.
This cavity proved to be useful for binding of various rare
earth and alkaline earth metal ions after exchange of the
central Zn?* ion in 39 upon which the consequential helical
shape of the hetero-trinuclear complex can be fine-tuned.
For small guest metal cations, a tighter helix is formed,
while for the larger cations a loose helix prevails. The au-
thors have suggested application potential in fields such as
selective ion recognition, new magnetic materials and catal-
ysis.

So far, nonsymmetrical salen systems have been dis-
cussed with the asymmetry arising from the presence of two
different salicylideneimine groups. A number of groups
have recently designed functional metallosalen complexes in
which the asymmetry originates from either the bridging
unit or another component (Scheme 20). The first example
is a bifunctional catalyst system that constitutes the merge
between both a Lewis acid [Co™! center] as well as a Lewis
base site (tertiary amine group from quinine).[>°!

Covalent attachment of the quinine unit to the Co''-salen
framework using an ester linkage onto the bridging ethyl-
enediamine group was accomplished through Boc-protected
(*)-2,3-diaminopropionic acid (Scheme 21). This gave a 1:1
diastereomeric mixture of ester 40 in high yield (87%). The
Boc groups were then removed by TFA, followed by a
double condensation with a salicylaldehyde to yield the un-
symmetrical salen ligand (92%). A series of metal com-
plexes were prepared to screen for bifunctional catalytic ac-
tivity in the Wynberg reaction of 2-benzyloxyacetaldehyde
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R =CsHqq, CeHi3 OMe %%
/\ /\ N
Ph o COH EDC, quinine '
OH BocHN NHBoc
+ DCM
OH
P YN0 HN BocHN  NHBoc
33a piperidine 1. TFA 40
toluene, reflux 2. 3,5-bis-tert-butylsalicylaldehyde l
3. Co(OAC),-4H,0
=
Q 5 OMe /%
o) 1 |
BnO +
LN ¢ .,
H”H g
e | 825, 0
o _N\Co/Ni
0 2N
tBu (0] 6} tBu
OBn Bu tBu
CHACNICHCl, Jj;/j(ko CHACNICHCl 41
reflux reflux

N N N N
HO, OH HQ, OH
RO N :( N OR RO N \ : /N OR
RO Ph Ph OR RO OR
37a 37b

Scheme 19. Macrocyclic Schiff bases with four unsymmetrical
salphen pockets.

MeQ OH HO OH HQ,

: /N—O O—N\ S /N—O O—N\ C

\ O S B
Nz Sn—-2p~0 i
! I
(0] Nx o Nx !
] )

K/O ~/ metallohelicene unit

Scheme 20. Metallohelicene structures build from an oxime-based,
nonsymmetrical salen derivative.

alkaline earth metal,
lanthanide metal/rare earth metal

Zn" = Zn(OAc)y(H20)

with an in situ generated ketene giving a chiral B-lactone
product (Scheme 21). Among these metallosalen deriva-
tives, the Co'! complex 41 proved to be superior in terms
of reaction rate and enantioselectivity.
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Scheme 21. A bifunctional nonsymmetrical Co''-salen catalyst
based on a Lewis acid and Lewis base site.

Dalla Cort found that Al'"l-salphen complex 42
(Scheme 22) can undergo facile hydride and enolate ad-
dition to the imine bond under mild conditions.’73 The
Al complex 42 was subjected to crystallization from a 2:1
mixture of MeOH/CH;CN in the presence of 4,4'-bipyr-
idine in order to investigate the formation of sandwich type,
supramolecular coordination complexes. Alternatively, for-
mation of 2:1 assemblies was also attempted using DABCO
(1,4-diazabicyclo[2.2.2]octane) in CH3;OH/acetone (2:1). In
both situations, crystals were obtained and X-ray molecular
structures determined. Surprisingly, when using the former
crystallization conditions, a dimeric complex was obtained
which has in each salphen unit one of the CH=N imine
bonds reduced to a single bond. This was explained by a

MeOH MeOH
CH3CN 4,4"-bipy DABCO | acetone
crystallization crystallization

_N\A|'NH

o7 \o

MeQ OMe HO OH

Scheme 22. Desymmetrization of Al'"'-salen complexes via hydride/
enolate addition to one of the imine bonds.
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proposed Meerwein—Ponndorf-Verley reduction. In the sec-
ond case, acetone (one of the crystallization solvents) is
added to the imine bond. The key factor that determines
the outcome of the crystallization process is the coordina-
tion and subsequent activation (base-assisted deproton-
ation) of MeOH and acetone, respectively, by the Lewis
acidic A" centre.

Axial ligand binding has been employed by Nguyen and
co-workers for the induction of asymmetry in the Ru-salen
catalyzed olefin cyclopropanation.”® Achiral Ru'-salen
complexes were axially decorated with chiral sulfoxide li-
gands and thus provided a nonsymmetrical environment for
the salen system. An even more elegant way to afford such
a nonsymmetry around a symmetrical salen framework was
reported by Carell and others.’?-®!1 For instance, Carell”!
reported the synthesis of a salen-based metal-base pair in-
side a DNA duplex (Scheme 23), with the metal inbedded in
the duplex structure. Assembly of the salen-oligonucleotide
hybrid resulted in the tremendous stabilization of the du-
plex structure. The incorporation of multiple cations inside
the DNA duplex[® is currently also a topic that attracts
huge interest in the field of bio-inspired nanotechnology.

Scheme 23. Schematic duplex formation by assembly of two salicyl-
aldehyde-derived oligonucleotides.

C?’ %}
CW}

9 w
N

| trans

[ﬂ] [ﬂ]
.« @

Scheme 24. Supramolecular hetero-tetrametallic salen structrures
potentially useful for cooperative catalysis.
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Salen derivatives equipped with one or more pyridine
groups are well-suited for supramolecular assembly forma-
tion.?3-621 Kleij and co-workers have shown that immobili-
zation of metallosalen complexes can, in contrast to cova-
lent attachment (see sections 2 and 3), also be accomplished
via supramolecular coordination motifs.l3l For instance,
metallo-salpyr complexes of type 43 were simply mixed with
bis-Zn"(salphen) complex 44 to cleanly give the supra-
molecular system 45 in quantitative yield (Scheme 24). The
relative position of both salpyr complexes may be cis or
trans due to the dynamic nature of the Zn-N,,, bond, but
nonetheless it offers new opportunities to design and de-
velop new systems for cooperative catalysis.['*!

European Journal
of Inorganic Chemistry

6. Conclusion

This review has shown that the field of nonsymmetrical
salen compounds has matured significantly during the last
decade. Principal problems in the construction of unsym-
metrical versions of (metallo)salen derivatives with two dif-
ferent salicylideneimine groups have been addressed using
either step-wise condensation approaches, partial protection
of diamine intermediates or metal templation. Other useful
routes start off with the use of a mono-N-substituted di-
amine precurcor, thereby exploiting the difference in reac-
tivity of secondary and primary amine functions. Also, sev-
eral research groups have utilized ketones as key reagents
to make “half-salen” (i.e., ketimine) derivatives which are
then conveniently converted into salen derivatives by treat-
ment with a salicylaldehyde in a second condensation stage
(i.e., formation of the aldimine part). These unsymmetrical
salen ligands and their complexes have found widespread
application in the field of catalysis, where improved selec-
tivities have frequently been encountered as opposed to
their symmetrical counterparts. The nonsymmetrical salen
derivatives have demonstrated to be vital for the prepara-
tion of various polymer-supported catalysts that show im-
proved properties (catalyst recycling, higher activities) as
compared with parent mono-nuclear complexes. A more re-
cent tendency focuses on the use of unsymmetrical salen
compounds as building blocks of (bio-inspired) macromo-
lecular and/or supramolecular structures,!'®'¢l a develop-
ment that will arouse renewed and amplified interest for
these intriguingmolecules.
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Coordination cages based on organometallic half-sandwich
complexes are of interest, because they can display unique
structures and host properties. This communication describes
the synthesis and structure of a cylindrical nanostructure
containing six (p-cymene)Ru!! fragments. The complex was

obtained by reaction of [(p-cymene)RuCl,], with a novel Cs-
symmetrical ligand containing a triarylamine core and three
dihydroxypyridine groups in its periphery.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

(Arene)Ru' and (cyclopentadieny)M (M = Ru'!, Rh™™,
It complexes are versatile building blocks in supramo-
lecular coordination chemistry.!'l The n ligands in these
complexes are relatively inert and can be used to modulate
the stability, solubility, and redox potential of the resulting
assemblies. Opposite the 7 ligands are three available coor-
dination sites. Reactions with polyfunctional ligands allow
macrocycles and cages to be built.

For the construction of coordination cages based on
(arene)Ru' and (cyclopentadienyh)M (M = Ru'l, Rh'™,
I complexes, three main strategies have been employed.
Tetra-,l'?! hexa-,?* and dodecanuclear*®! cages were ob-
tained by combining half-sandwich complexes with trifunc-
tional ligands (Scheme 1a). The ligands themselves can be
metal complexes, as in the case of molecular cubes that were
formed by reactions of half-sandwich complexes with
cyanometallates (e.g. [CpCo(CN);]").l'1 The groups of Jin
and Therrien have utilized dinuclear half-sandwich com-
plexes as building blocks for the construction of cages
(Scheme 1b).5% First, two (n ligand)M fragments were
linked by oxalato or dihydroxybenzoquinonato ligands. In
a second step, these molecular clips were treated with tri-
or tetrafunctional ligands to afford prismatic boxes contain-
ing six or eight (r ligand)M units.”? Our group has recently
started to explore a third approach. Trifunctional ligands,
which are known to form stable macrocyclic complexes with
(m ligand)M fragments, were linked by linear or branched
spacers. This strategy has allowed us to prepare hexanuclear
complexes (Scheme 1c).[®!
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Lausanne, Switzerland
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Scheme 1. Three main routes for the construction of coordination
cages based on (arene)Ru'l or (cyclopentadieny)M (M = Ru'l,
RO 1) complexes. The number of donor atoms of the ligands
L1 -L4 is indicated by black dots. Charges are not shown for clar-

ity.

(n=4,6,12)

— [{(rligand)M}z,(L2)n(L3)2]

(n=3,4)

(c)

{(rc ligand)M}4(L4),]

(n=2,3)

The coordination cages described above are not only ap-
pealing from a structural point of view, but they can also
display interesting host—guest chemistry. This includes the
selective complexation of alkali metal ions in the interi-
orl’e2l or on the surfacel® of cages, the binding of phos-
phate and acetate ions in aqueous solution,®® and the en-
capsulation and solubilization of antitumor drugs.["]
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Below we describe the synthesis and structure of a cylin-
drical nanostructure containing six (p-cymene)Ru'' frag-
ments. The complex was obtained by route ¢ (Scheme 1)
with a novel Cs;-symmetrical ligand containing a triaryl-
amine core and three dihydroxypyridine groups in its pe-
riphery.

Results and Discussion

For the construction of an organometallic nanocylinder,
we have first synthesized the novel ligand 3. This was ac-
complished by reductive amination of 4,4’ 4"’ -triformyltri-
phenylamine with amine 1, followed by deprotection of the
tert-butyldimethylsilyl ~(TBDMS) protecting  groups
(Scheme 2). The Cs-symmetrical ligand 3 has three 1,2-di-
hydroxypyridine groups in its periphery. These groups are
known to form very stable trinuclear metallamacrocycles
with (r ligand)M complexes.[’! The overall design of ligand
3 is related to that of a previously described ligand, which
was obtained by reductive condensation of amine 1 with
1,3,5-triformylbenzene.®  However, the utilization of
4,4" 4" -triformyltriphenylamine instead of 1,3,5-triformyl-
benzene was expected to result in significantly larger struc-

tures.
HoN N._OH
| N
OTBDMS
[ Z>oH
—

N OH NH

1
N X
+ K©\ gH | N
H.__O (i - iii) N HO Y
—_—

OH

Scheme 2. Synthesis of ligand 3. Conditions: (i) MeOH/CHCl;; (ii)
N'dBH4; (lll) BF3'Et20, CHC13

For the reaction of ligand 3 with complex [(p-cymene)-
RuCl,],, we employed a crystallization protocol, which was
previously used with success for the synthesis of organome-
tallic nanostructures.®! The trifluoroacetic acid (TFA) ad-
duct of ligand 3 was treated with [(p-cymene)RuCl,], in
aqueous solution. The pH of the solution was then slowly
raised by vapor diffusion of NEt;. This resulted in the for-
mation of red crystals of compound 4 in 15% yield
(Scheme 3). A fluffy, noncrystalline precipitate was formed
along with the crystals, which was separated from the crys-
tals by suspension in the solvent and decantation.

The crystals of 4 were soluble in methanol and chloro-
form. The 'H NMR spectrum in CDCl; was very complex,
which indicated the formation of a structure of low sym-
metry. By integration of selected signals, it could be de-
duced that complex 4 contains (p-cymene)Ru fragments and
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Scheme 3. Synthesis of complex 4.

ligand 3 in a ratio 3:1. These results are in line with what
was observed for (arene)Ru complexes with the 1,3,5-tri-
formylbenzene-based ligand described above. In this case,
hexanuclear structures with two deprotonated, bridging li-
gands were obtained.®3] A related structure of formula [{(p-
cymene)Ru}¢(3-6H™),] was therefore anticipated for com-
plex 4. This was substantiated by the high-resolution ESI-
MS spectrum, which showed isotope-resolved M?*, M3*,
and M** peaks for a hexanuclear complex (Figure 1).

M4+
100 702.1580
M3+
935.2085
M2+
1402.8080
%
[ L. —— mfz
700 800 900 1000 1100 1200 1300 1400 1500

Figure 1. Part of the high-resolution ESI-MS spectrum of complex
4.

Final confirmation came from a single-crystal X-ray dif-
fraction analysis. Complex 4 can be described as a long
cylinder with two (p-cymene)Ru trimers at the ends (Fig-
ure 2). The concave geometry of these trimers is similar to
what has been observed for other 2,3-dihydroxypyridine-
based complexes:°! the metal centers are bridged by the ni-
trogen atoms of the pyridine groups and by the two adja-
cent oxygen atoms, which results in a 12-membered macro-
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cycle. The length of the cylinder (maximum C-C distance)
is 30.9 A, making complex 4 one of the longest (arene)Ru-
based nanostructures described so far.[!]

Figure 2. Molecular structure of complex 4 in the crystal. Left:
ball-and-stick representation; right: space-filling representation.
The hydrogen atoms and the cocrystallized water molecules are not
shown for clarity.

The two bridging ligands are no longer Cs;-symmetric:
two of the three arms are directed towards one end and
the remaining arm towards the other end. The two central
triarylamine fragments are packed closely against each
other to yield a very compact structure (Figure 2, right
side). One should note, however, that the two (p-cymene)-
Ru trimers are connected by 46-membered macrocycles
containing eight methylene and four secondary amine
groups. This suggests that the structure displays significant
flexibility in solution. Per complex, 22 molecules of cocrys-
tallized water were localized in the crystal. None of the
water molecules reside in the interior of the cylinder, but
several hydrogen-bonding interactions with the N and O
atoms of the ligands were observed.

Complex 4 has a crystallographic inversion center. Con-
sequently, the three stereogenic Ru centers at one end of the
cylinder have the opposite relative configuration to that of
the three Ru centers at the other end of the cylinder. The
'H NMR spectrum of 4 in solution is in agreement with
the solid-state structure, indicating that crystalline 4 is a
single diastereoisomer. Since the crystalline material was
obtained in low yield, we are not able to tell whether the
formation of 4 is diastereospecific. The 'H NMR spectrum
of the noncrystalline precipitate showed the presence of ad-
ditional amounts of complex 4 along with numerous peaks
of unidentified complexes.
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Conclusions

The base-assisted reaction of [(p-cymene)RuCl,], with
the tris(dihydroxypyridine) ligand 3 resulted in the forma-
tion of the cylindrical nanostructure 4 containing six (p-
cymene)Ru fragments and two bridging ligands. The struc-
ture is of interest because of its unusual length of more than
3 nm. So far, cylindrical metal complexes of this length have
mainly been observed for helicates.'”! In addition, complex
4 is further evidence that cylindrical complexes can be ob-
tained from Cs-symmetrical ligands.[3

Experimental Section

General: Commercial reagents were purchased from Acros, Fluka,
or Sigma—Aldrich and were used as received. The half-sandwich
complex [(p-cymene)RuClL],!"" and 4,4’ 4" -triformyltriphenylam-
ine (2)I'?! were synthesized according to literature procedures. The
primary amine 1 was synthesized as previously reported.®® The
synthesis of complex 4 was carried out under an atmosphere of dry
dinitrogen by using standard Schlenk techniques. The '"H NMR
spectra were recorded with a Bruker 400 MHz spectrometer. Chem-
ical shifts (0) are quoted in parts per million (ppm) and are cal-
ibrated relative to residual solvent peaks. High-resolution mass
spectra (HRMS) were recorded with a Waters CapLC-coupled
Micromass Q-ToF Ultima ESI-instrument.

TBDMS-protected Ligand 3: 4,4',4"'-Triformyltriphenylamine (2)
(0.25 g, 0.76 mmol) and amine 1 (0.58 g, 2.27 mmol;3 equiv.) were
dissolved in MeOH (100 mL) and CH;ClI (10 mL), and the mixture
was stirred overnight at room temperature. NaBH, (0.11 g,
2.8 mmol) was then added to the resulting yellow solution of the
tris(imine) intermediate. After 2 h of stirring at room temperature,
the solvents were removed, and the crude material was washed with
Et,O (50 mL), then dissolved in EtOH (100 mL), and the organic
solution was filtered. Evaporation of the solvent afforded a yellow
solid that was used without further purification. The TBDMS-pro-
tected ligand was obtained in 63% yield (0.50 g, 0.48 mmol). 'H
NMR (400 MHz, [Dg]DMSO): 6 = 11.45 (s, 3 H, NH,,,), 7.18 (d,
3J=8.0Hz, 6 H, CH,,), 7.04 (d, 3J = 5.5 Hz, 3 H, pyr), 6.88 (d,
3] =8.0 Hz, 6 H, CH,,), 6.02 (d, 3J = 5.5 Hz, 3 H, pyr), 3.60 (s, 6
H, CH,N), 3.53 (s, 6 H, NCH,), 0.90 {s, 27 H, [(CH;);C]Si}, 0.21
[s, 18 H, (CH;),Si] ppm. '3C NMR (101 MHz, [Dg]DMSO): § =
158.6, 146.0, 142.0 (pyr), 135.3, 134.8, 129.1, 123.2 (Ar), 125.6,
105.4 (pyr), 56.0, 52.0 (CH,), 26.0 [SiC(CH;);], 18.6 [SiC(CH3)s],
-3.2 [Si(CH3);] ppm. HRMS ESI: calcd. for [Cs;HgoN-OgSis]*
1044.5634; found 1044.5865 [M + H]*.

Ligand 3 (TFA salt): The TBDMS-protected ligand (0.50 g,
0.48 mmol) was dissolved in dry CHCl; (200 mL). BF;3-Et,O
(0.28 mL, 2.16 mmol) was added dropwise to this solution, and the
reaction mixture was stirred and heated to 50 °C for 4 h. Evapora-
tion of the solvent afforded a yellow solid, which was purified by
reversed phase HPLC (H,O/CH;CN + 0.1% TFA). The TFA salt
of 3 was obtained as a slightly yellow solid in 50% yield. '"H NMR
(400 MHz, [Dg]DMSO): ¢ = 11.85 (s, 3 H, NH,,,), 9.82 (s, 3 H,
OH,,,), 9.18 (s, 6 H, H,N*), 7.44 (d, 3J = 8.6 Hz, 6 H, CH,,,), 7.02
(d, 3J = 8.6 Hz, 6 H, CH,,), 6.94 (d, 3J = 6.8 Hz, 3 H, pyr), 6.20
(d, 3J = 6.8 Hz, 3 H, pyr), 4.13 (s, 6 H, CH,N), 4.00 (s, 6 H, NCH>)
ppm. 3C NMR (101 MHz, [Dg]DMSO): 6 = 157.8, 147.2, 146.0,
131.7, 126.5, 123.7, 123.6, 119.2, 106.2, 49.7, 43.4 ppm. HRMS
ESI: caled. for [Cs3oH4oN,O4]* 702.3040; found 702.1003
M + H]*.
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Complex [{(p-cymene)Ru}s(C4oH36N706)2l (4): A mixture of the
half-sandwich complex [(p-cymene)RuCl], (13.8 mg, 22.5 umol)
and 3+(TFA); (15.6 mg, 15 pmol) was stirred in a mixture of de-
gassed water (7 mL) and degassed methanol (7 mL) until a clear
solution was obtained. Vapor diffusion of NEt; led to the forma-
tion of complex 4 in the form of red crystals in 15% yield (3.2 mg,
1.12 umol). 'H NMR (400 MHz, CDCl;): § = 6.92-6.95 (m, 4 H,
CH,,), 6.60-6.72 (m, 18 H, CH,,), 5.94 (d, 3*J = 6.3Hz, 2 H,
CH,,), 5.76-5.85 (m, 12 H, CH,,), 5.62 (d, 3*J = 6.3Hz, 2 H,
CH,,), 5.58 (d, 3/ =5.6 Hz, 2 H, CH4,), 5.50 (d, 3/ = 5.4 Hz, 2 H,
CH,,), 5.40 (d, 3J = 5.6 Hz, 2 H, CH ,,), 5.25-5.33 (m, 8 H, CH ,,),
5.02-5.06 (m, 6 H, CH,,), 4.16 (d, 3J = 6.3 Hz, 2 H, CH ,,), 3.72—
3.91 (m, 12 H, NCH,), 3.60 (d, 2/ = 13.9 Hz, 2 H, NCH,), 3.58 (d,
2J =11.2 Hz, 2 H, NCH,), 3.29-3.36 (m, 6 H, NCH,), 3.15 (d, 2J
= 14.6 Hz, 2 H, NCH,), 2.68-2.88 (m, 6 H, CH), 2.62 (d, 2J =
11.2 Hz, 2 H, NCH,), 2.37 (d, °J = 12.7Hz, 2 H, NCH,), 1.86-
1.90 (m, 18 H, CH3), 1.21-1.36 (m, 36 H, CH3) ppm. HRMS ESI:
caled. for [Ci3sH soRugN 140577 1402.8029; found 1402.8080
[M]2+,

Crystallographic Analysis: Diffraction data were collected by using
Mo-K,, radiation and a Bruker APEX II CCD up to 22° (6), be-
cause of the extreme weakness of the sample. Data were reduced
by EVAL CCD.I'3! The structure was refined by using full-matrix
least-squares on F? and anisotropically defining all non-hydrogen
atoms. The hydrogen atoms were placed in calculated positions by
using the “riding model” with U, = a U (where a is 1.5 for
methyl hydrogen atoms and 1.2 for others). Structure refinement
and geometrical calculations were carried out with SHELXTL.['4
Per complex, 22 water molecules were observed, but the actual
number is likely to be higher. The SQUEEZE!'S! algorithm has
been used to take into account the electron density due to the dif-
fused and unresolved solvent, whereas the 11 water molecules of
the asymmetric unit have been located by the difference map.

Crystal Data for Complex 4-:22H,0: C;33H;94N4O3,Rug, M =
3199.49, monoclinic, @ = 12.496(3) A, b = 28.565(6) A, ¢ =
20.908(4) A, = 100.08(3) °, V = 7348(3) A3, T = 100(2) K, space
group P2,/n, Z = 2, y(Mo-K,) = 0.71073 A, 8900 independent re-
flections, R; [I>2a()] = 0.1513, wR, (all data) = 0.4067. CCDC-
705475 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.ac.uk/
data_request/cif.
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Bio-Inspired Bottom-Up Assembly of Diatom-Templated Ordered Porous
Metal Chalcogenide Meso/Nanostructures
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We put forward a novel and straightforward sonochemical
process as a generic bottom-up assembly routeto produce or-
dered porous metal chalcogenide meso/nanostructures by
templating of diatom frustules. We work with one of the most
beautiful species of diatoms, Coscinodiscus lineatus, as a rep-
resentative of diatoms with central symmetry, and with ZnS
as the prototype, as it is a high refractive index material and
is a typical material widely used in optics and photonics. ZnS
replicas have been successfully synthesized from the interac-
tion between the reactive surfaces of the frustules and the
precursors under ultrasound. The inorganic replicas copy the

morphology of the ordered porous structure and inherit its
optical property, such as the existence of the photonic
bandgap of the diatom frustules. It is possible to achieve tun-
able photonic properties in the replicas by assembly of vari-
ous metal chalcogenide semiconductors of different refrac-
tive indexes. This bio-inspired discovery provides insight into
the facile synthesis of elaborate meso/nanostructures from
these marine microbes.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

We marvel at nature’s ability to drive the self-assembly
of incredibly complicated structures, and we are even more
fascinated by their evolved functions of intelligence, re-
sponse, and adaptability in optics, electronics, magnetics
among others. It is well known that some biological organ-
isms can exhibit sophisticated optical systems, including
one-dimensional multilayer reflectors,l! two-dimensional
diffraction gratings,”) and three-dimensional liquid crys-
tals.’] These natural optical systems can compete against
or even outperform the top-technology products available.
Thus, it has become increasingly important to further ex-
plore novel photonic nanostructures in nature, to replicate
such nanomachineries and the photonic performance, and/
or to biomimic these sophisticated nanostructures to con-
struct analogues.

Diatoms are single-celled photosynthetic microorganisms
which can make the most effective use of solar energy, con-
verting it into energy-rich compounds.[¥l The reason that
diatoms are so efficient in photosynthesis can be attributed
to the intricate geometries and spectacular patterns of their
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silica-based cell walls. As a typical example, the species Co-
scinodiscus granii have frustules (the cell wall of a diatomic
silicate cell) with a diameter of about 150 pm and a thick-
ness of 700 nm. The frustules exhibit hexagonal patterns of
holes with a lattice constant of ca. 1 um. Such systems are
commonly denoted as photonic-crystal slabs, which are cap-
able of confining photons coupled into the slab,>! thus serv-
ing as a convincing explanation for their high efficiency in
photosynthesis. A similar assumption could also be ex-
tended to other diatom species. As a result, diatom cells are
believed to act as natural mini-photonic devices, which can
collect and control light intelligently.[®! However, the biosil-
ica inherent to diatoms does not provide the optimum
chemistry/refractive index (of about 1.43) for many applica-
tions. The possibility to use and to tailor biological silica for
optical devices could offer several advantages over current
technologies. Several approaches for altering the chemistry
of diatom frustules, while preserving the 3D frustule shape,
have been reported. Gas/solid displacement reactions!’! have
generated 3D frustule replicas of non-silica-based oxides
(e.g. MgO, TiO,, and ZrO,). Hydrothermal reactions!®! have
been used to convert frustules into silicates and non-sili-
cates (e.g. BaTiO3). Wet chemical coating or impregnation
methods, with or without dissolution of the underlying sil-
ica frustules, have yielded replicas comprised fully or par-
tially of silicates (e.g. Zn,Si0,), other oxides (e.g. ZrO,, Ba-
TiO3), polymers, carbon, or metals.[’! Other methods such
as sol-gel synthesis!!” and the thermal evaporation of met-
als (e.g. Au, Ag)l'!l have also been applied. To date, there is
still no general method to produce 3D frustule replicas of
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metal chalcogenides that commonly possess high refractive
indices for wide applications, especially in optics and pho-
tonics.'?! Furthermore, the inherited photonic performance
has seldom been discussed, which may have a profound sig-
nificance both in theory and in applications.

Here, we demonstrate a novel sonochemical process as a
general bottom-up assembly technique to synthesize or-
dered porous metal chalcogenide meso/nanostructures with
a 3D scaffold of diatom frustules as templates. We decided
to work with one of the most beautiful species of diatoms,
Coscinodiscus lineatus, as a representative of diatoms with
central symmetry, and with ZnS as the prototype, as it is a
high refractive index material (about 2.35) and is a typical
material widely used in optics and photonics. The as-ob-
tained diatom-templated ZnS replicas have replicated the
ordered porous meso/nanostructures of the original diatom
frustules well. The possible formation mechanisms based on
the interaction between the reactive surfaces of the frustules
and the precursors under ultrasound have been proposed.
The reflectance spectra measurement demonstrates that the
replicas inherit the photonic property of the original diatom
frustules. A similar method could also be extended to a
large variety of metal chalcogenides replicas, which could
probably exhibit tunable photonic properties. This bio-in-
spired discovery provides insight into the biomimetic syn-
thesis of elaborate meso/nanostructures from these marine
microbes and their potential applications in optics and pho-
tonics.

Results and Discussion

The geometrical parameters have been obtained by
FESEM (field emission scanning electron microscope) and
TEM (transmission electron microscope). Figure la shows
the FESEM image of valve view of a cleaned diatom frus-
tule C. lineatus, the total diameter of which is about 40 um.
In the digital microscope image of the diatom frustule (Fig-
ure 1b), the frustule appears green because it has several
hundred chloroplasts, which are located close to the cell
walls, thus allowing them to make full use of the confined
light. The girdle view of C. lineatus in Figure 1¢ shows that
the diatom has a thickness of about 10 um. The valves dis-
play regularly ordered and circular pores with diameters of
about 1000 nm (Figure 1d, e). The size of the holes is nearly
constant. The pores of the valves are in a regular repeating
hexagonal lattice. Besides, there are smaller pores with sizes
of 100 nm to 500 nm, which are also highly symmetrical on
the edge of the valve (Figure S1). From the periodic pattern
of holes in a slab, the valve band can be regarded as a slab
waveguide photonic crystal with distinct symmetries and
spectral ranges.

Such a delicate structure given by nature probably con-
tains PBG (photonic bandgap) structures. However, the bi-
osilica inherent to diatoms does not provide the optimum
chemistry/refractive index for many applications. By utiliz-
ing such a structure as a template and coating it uniformly
with an inorganic dielectric material, it may be possible to
212
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Figure 1. A series of images of the original diatom frustule Coscino-
discus lineatus. FESEM images of (a) valve view of a cleaned dia-
tom frustule of C. lineatus; (b) valve view of a diatom frustule ob-
tained by a digital light microscope; (c) girdle view of C. lineatus.
(d) TEM image of the original diatom frustules C. /ineatus. () High
resolution FESEM image of C. lineatus.

fabricate PBG structures with high reproducibility and low
cost. Here, we used a novel sonochemical technique to repli-
cate the delicate structure. After 3 h of sonication, ZnS
nanoparticles controllably assemble onto the diatom frus-
tules. Figure 2 shows some typical examples of diatom-tem-
plated ZnS replicas. The inorganic replicas replicate the or-
dered porous structures of the diatom frustules well (Fig-
ure 2a). As shown in Figure 2b, the valves display regularly
ordered, circular pores with a diameter of about 1000 nm.
The pores of the valves are in a regular repeating hexagonal
lattice as indicated by the dashed line. A magnified image
(Figure 2¢) shows the surface clearly, ZnS nanoparticles ag-
gregate into nanoclusters and assemble onto the surfaces of
the frustules to form ordered porous meso/nanostructures.
The inset shows the corresponding TEM image of the rep-
lica. FESEM images of the products from other angles are
presented in Figure S2, which indicates that ZnS films de-
posit not only on the external side of the frustule but also
on the internal side. Figure 3 schematically illustrates the
formation process of diatom-templated ordered porous ZnS
meso/nanostructures assembled from ZnS nanoparticles.

Eur. J. Inorg. Chem. 2009, 211-215
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The HRTEM image in Figure 2d shows that the average
size of these nanoparticles is estimated to be only 3-5 nm
as a result of the sonochemical process at near room tem-
perature. The electron diffraction pattern shows diffuse
rings, which indicates that the ZnS nanostructures are poly-
crystalline, and this result coincides with that from the
XRD study (Figure S3).

Figure 2. A series of images of the synthesized silica-based ZnS
replicas. FESEM images of (a) top view of a whole silica-based
ZnS replica; (b) low and (c) high resolution images of the silica-
based ZnS replica, the inset of (c) is the corresponding TEM image.
(d) HRTEM image of ZnS nanoparticles, the inset shows the
SAED pattern.
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Figure 3. Schematic illustration of the synthesis of diatom-tem-
plated ordered porous ZnS meso/nanostructures assembled from
ZnS nanoparticles.

A simplified reaction mechanism of the formation of
ZnS under sonication is illustrated in Equation (1)-Equa-
tion (4). Equation (1) represents the formation of primary
radicals from the ultrasound-initiated dissociation of water.
Equation (2) and Equation (3) represent the main reactions
leading to the formation of the ZnS nanoclusters. The
freshly generated ZnS nanoclusters interact with the diatom
frustules and form a ZnS-capped diatom composite. We be-
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lieve that the acetate ligand plays an important role in the
grafting of zinc onto the cell surfaces. The formation of
‘CH,COO radicals ('AC) for various transition metal ace-
tates, in an appropriate liquid medium, has been known in
the literature.'3 Equation (4) represents the formation of
solute radicals under sonochemical conditions, which has
already been well established.['*] The solute radicals formed
under the sonochemical conditions can easily react with the
reactive surfaces of frustules, thereby yielding metal-im-
planted cells.

The surfaces of the frustules comprise abundant Si-OH
and Si—O-Si bonds, which attribute to the capture of metal
ions (Figure S4). The sonochemical implantation of Zn?*
into the diatom frustule can probably be visualized in two
ways: (i) the reactivity of surface silanol groups (-OH) and
solute radicals (this is a consequence of the acidic nature of
the silica, the negative polarity of the Si—O bonds, and the
reactivity of its hydroxy groups, which allows for an effec-
tive interaction with sonochemically formed Zn(Ac),), and
(ii) the chemical reactivity of Si—O nucleation sites formed
by the ultrasonic breakage of the strained siloxane link to-
ward the solute radicals, as illustrated in Equation (5) and
Equation (6), respectively. The breakage of the strained si-
loxane link by ultrasonic cavitation seems to be energeti-
cally preferable because it allows the reduction of the struc-
tural tension in this fragment (Si—~O-Si) owing to the greater
length and lower rigidity of the free Si-O bond.['*] The
metal acetate implanted into the cell surface then undergoes
ligand exchange, with the generation of sulfide ions accord-
ing to Equation (7) and Equation (8) to yield ZnS coated
on the cells. Once the surface ZnS is formed, this can act
as a nucleating site for the further adhesion of the ZnS
formed in the bulk solution.

Although the current work is focused on ZnS, we believe
that a similar approach is applicable to other metal chalcog-
enide materials such as ZnSe,['3! PbS,[!¢ PbSe,[!7] PbTe,[!8!
CdS,P1 CdSe,?% CuS,P! NiS,21 MoS,1221 Ag,S,1231 among
others, since such materials can also be prepared by the
sonochemical method, whereas the precursors probably
have a strong interaction with the cell surfaces under ultra-
sound. As a result, it is probably a general and straightfor-
ward route to synthesize various metal chalcogenide semi-
conductors of ordered porous meso/nanostructures based
on diatom frustules.

The reflectance spectra demonstrate that the replica pre-
serves not only the morphological structures but also the
photonic property of the original diatom. The reflectance
was measured on the diatom frustules and ZnS replicas of
the well-ordered region. The scales were manipulated by a
microprobe to a side-by-side arrangement and covered an
area of 10 X 10 um. The corresponding spectra are summa-
rized in Figure 4. Diatom cell walls probably act as pho-
tonic-crystal slabs. Photonic crystals are regular structured
materials that possess photonic bandgaps, i.e. frequency
ranges in which light propagation does not occur through
the material. Obviously, diatom cell walls are regular struc-
tured materials of limited thickness. The original diatom
frustule exhibits reflection peak of about 990 nm. The well-
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ordered region of the ZnS replica shows a reflection peak
that is close in value to that of the diatom frustule. How-
ever, there is no reflection peak detected for the correspond-
ing poorly ordered region. The appearance of this peak re-
veals the existence of a PBG in the replicated structure in
the well-ordered region, so the replicas inherit the photonic
performance of the original diatom frustule successfully.
Meanwhile, the bandgap reflectivity is enhanced in the rep-
licas relative to that of the diatom frustules, because of the
higher dielectric contrast between the phases.?* Theoretical
analysis of the reflectance calculations is currently un-
derway. Since our sonochemical process is probably a gene-
ral and versatile route to produce various metal chalcogen-
ide replicas, so it is possible to achieve tunable photonic
properties in the replicas by changing the refractive index
and the periodicity constant. The products may have poten-
tial applications as photonic devices.

80
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Figure 4. NIR reflectance spectra of the original diatom frustules
and of the well-ordered region of silica-based ZnS replica.

Conclusions

In summary, a novel and straightforward sonochemical
process has been demonstrated as a generic bottom-up as-
sembly route to produce ordered porous metal chalcogenide
replicas by templating diatom frustule meso/nanostructures,
which has been inspired by their intricate structures and
advanced optical functions. ZnS replicas have been success-
fully synthesized by the assembly of nanoparticles by the
interaction between the reactive surfaces of the frustules
and the precursors under ultrasound. Other than a copy
of the morphology of the fine meso/nanostructure, optical
properties, such as the existence of PBG, was also inherited
by the ZnS replicas. It is possible to achieve tunable pho-
tonic properties in the replicas by assembly of various metal
chalcogenide semiconductors of different refractive indexes.
Similar strategies will be adopted for other diatom species
with intricate and unique morphologies that are not access-
ible by conventional fabrication techniques. Thus, this gene-
ral approach will pave a new pathway for the further exten-
sive study of the specific relationship between the sophisti-
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cated meso/nanostructures and their particular photonic
properties as well as extend their application potentials in
nanophotonic devices. Furthermore, this bio-inspired
method will lead to the innovative design and generation of
new nanomaterials or nanodevices with elaborate structures
and unique properties.

Experimental Section

Materials: The diatom species, Coscinodiscus lineatus (C. lineatus)
was provided by Xiamen University. The cultures were maintained
at 25 °C by using a 12 h light/12 h dark cycle whilst stirring. Guil-
lard’s medium (f/2) was used as a culture. The live diatoms were
harvested after 1-2 months of culturing and mixed with concen-
trated sulfuric acid for 20 min at 60 °C. The mixture was centri-
fuged and washed with distilled water and ethanol several times to
remove the acid. Cleaned frustule valves were stored in 100% etha-
nol. Zinc acetate [Zn(ac),], thioacetamide (TA), and ethanol were
provided by Shanghai Chemical Company and were used as re-
ceived without further purification. Ultrasonic irradiation was per-
formed with an ultrasonic cleaner (with maximum acoustic power
of 360 W, frequency of 59 KHz).

Preparation: In a typical procedure, three drops of the cleaned frus-
tule suspension (the concentration of the suspension was about
103 individuals/drop observed by optical microscopy) was diluted
in 50 mL distilled water, and Zn(ac), (55 mg) and TA (18.75 mg)
were dispersed into the suspension. The solution was then soni-
cated with an ultrasonic cleaner at room temperature for 3 h in
ambient air. The formation of the ZnS nanoparticles was controlled
by the concentrations of the precursors and sonication conditions
(time, temperature, power, and frequency). These parameters con-
trol the thickness of the ZnS films and the size of ZnS nanopar-
ticles. The resulting white power was recovered by centrifugation,
washed repeatedly with distilled water and ethanol, and then dis-
persed in ethanol for characterization.

Characterization: The samples were examined by X-ray diffraction
(XRD) with a Bruker-AXS D8 Advance instrument operating at a
voltage of 40 kV and a current of 40 mA with Cu-K,, radiation (4
=1.5406 A). The investigation of the morphologies and microstruc-
tures was carried out by using FESEM (Sirion 200) operated under
5.0Kv (SE 3.0; WD 5mm). Transmission electron microscopy
(TEM) and high-resolution transmission electron microscopy
(HRTEM) images were obtained as a bright-field image and exam-
ined by selected area electron diffraction (SAED), conducted on a
JEOL JEM-2010 instrument operated at an accelerating voltage of
200 kV and a JEOL JEM-2100F instrument working at an acceler-
ating voltage of 200 kV, respectively. The digital images of the origi-
nal diatom frustules were obtained from a digital microscope
(VHX-100, KEYENCE). Fourier-transform infrared (FTIR) spec-
troscopy measurements were recorded with a Nicolet NEXUS-670
instrument. The reflectance spectra of the nanostructures were ob-
tained by using a UV/Vis/NIR spectrometer (CRAIC, QDI2010,
USA) coupled through optical fibers to an optical microscope
(100X objective corresponding to an illuminated area of
10 pm X 10 pm).

Supporting Information (see also the footnote on the first page of
this article): Additional FESEM and TEM images of pores on the
edge of the valve, FESEM images of replicas from various angles,
XRD patterns, and FTIR spectra.
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Unexpected Formation of Ferrocene-Containing Indolizines by Tandem
Cyclization—Activation Reactions Induced by Silver Salts
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Silver salts are used as promoters for the cyclization to novel
ferrocene-containing indolizine systems in only one step and
with the simultaneous activation of the 7-position of the
heterocyclic ring. The reaction of 2-[3-(ferrocenyl)-1-oxo-
prop-2-enyl|pyridine with [Ag(OTf)(PRj)] (OTf = trifluoro-

methylsulfonate; PR3 = PPh3, PPh,Me) occurs with the pre-
cipitation of metallic silver and formation of the indolizine
system.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

Ferrocene is a very versatile molecule with important
properties such as high electron density, aromaticity and re-
dox reversibility. These characteristics, together with the
ease of preparation of mono- and 1,1’-disubstituted ferro-
cene derivatives with a great variety of organic fragments
that may contain O, N, S, P, etc. as donor atoms, make
ferrocene a suitable building block in many fields of re-
search.l'# These functionalized ferrocene derivatives and
the study of their coordination to metal centres is an impor-
tant topic of research in many areas that seek special prop-
erties of such species, e.g. materials with nonlinear optical
properties, charge transport, liquid crystals, electrochemical
recognition, catalysis, nanoparticles, immunoassay reagents
or biological applications.!'"#

In the course of our research program, we have focused
on the synthesis and studies of ferrocenes functionalized
with various heterocyclic moieties, with the intention of
using these products as ligands in organometallic chemistry,
and we observed the formation of novel indolizine deriva-
tives.

Functionalized pyrrolo[l,2-a]pyridines (indolizines) are
common substructures found in biologically important nat-
ural products, and they are frequently used as a key scaffold
in the pharmaceutical industry, because of the broad spec-
trum of associated biological activities.
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50009 Zaragoza, Spain
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Although a number of methods are available for the syn-
thesis of indolizines,”) the development of efficient synthe-
ses for these functionalized heterocyclic compounds is still
highly attractive. Of all reported procedures, cyclization re-
actions starting from pyridine derivatives are probably the
most used and, in particular, those that involve the attack
of the nitrogen atom at an activated electrophilic carbon.
In this context, cyclization reactions of propargylic pyr-
idines have recently attracted considerable attention, par-
ticularly in those cases in which the reaction is mediated by
metalst® (metal-catalyzed cycloisomerizations) or by io-
dine.”!

In principle, a Michael-type cyclization involving the
conjugate addition of the pyridine nitrogen to an a,B-unsat-
urated moiety could also be an interesting alternative. Nev-
ertheless, this system has, to the best of our knowledge,
been scarcely used. An acid-catalyzed cyclization of chal-
cones derived from various nitrogen-containing heteroaro-
matic compounds was reported several years agol®
(Scheme 1), and more recently a thermal cyclization of
some 2-pyridyl derivatives (Scheme 2) has been carried
out.’)

N R
- X
CE w HCI, EtOH NTN\,_OH
N 0] =
o o}

\

AN
Scheme 1.

Here we describe the use of silver salts in the form of
[Ag(OTf)(PR3)] as promoters for the cyclization to novel
ferrocene-containing indolizine systems in only one step
and with the simultaneous activation of the 7-position of
the heterocyclic ring.
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Results and Discussion

We have studied the behaviour of 2-[3-(ferrocenyl)-1-oxo-
prop-2-enyl]pyridine (1) with various complexes from the
point of view of competitive coordination with different
metal centres. This compound can be easily prepared from
ferrocenecarbaldehyde and 2-acetylpyridine in ethanol as
previously reported.!'!

Compound 1 can coordinate to metal centres through
the nitrogen or oxygen atoms, and silver can act as a metal
centre. However, the reaction of 1 with [Ag(OTf)(PRj3)]
(PR3 = PPhs, PPh,Me) involved reduction to metallic silver.
After the corresponding workup, yellow solids were ob-
tained, which, after purification, were identified as the new
compounds 2 or 3 (see Scheme 3) with an unexpected struc-
ture that was confirmed by spectroscopic data and X-ray
diffraction analysis of crystals, easily obtained from a solu-
tion of compound 2 in dichloromethane/hexane. Com-
pounds 2 or 3 were obtained in moderate yield (ca.40%)
after column chromatography along with the starting mate-
rial (ca.30%) and some unidentified compounds that were
obtained in very low yield (<5%). Longer reaction times
did not improve the reaction yield significantly.

R3R
_ OH
® g
N/ N Lo [Ag(OTH)(PR3)] = oTf
— Ago
O
Fe
! YN
PR3 = PPh3 (2), PPh,Me (3)

Scheme 3.

The '"H NMR spectra of 2 and 3 show a singlet for the
unsubstituted cyclopentadienyl ring and two multiplets for
the a and B protons of the substituted cyclopentadienyl
unit. The four protons assigned to the planar rings of the
indolizine moiety and the phenyl protons appear as mul-
tiplets between 6.0 and 8.5 ppm. The hydroxy proton ap-
pears at about 10.5 ppm. The 3!'P{'H} NMR spectrum
presents a single resonance at 22.0 (2) or 19.2 (3) ppm, char-
acteristic of phosphonium salts. The liquid secondary-ion
mass spectra (LSIMS+) present the cation molecular peaks
at m/z = 578 (2) or 516 (3).

The structure of 2 has been established by an X-ray dif-
fraction study; the molecule is shown in Figure 1. A selec-
tion of bond lengths and angles are collected in Table 1.
The two rings of the indolizine system are planar with mean
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deviations from the best plane of 0.001 (five-membered
ring) and 0.012 A (six-membered ring). The C-C bond
lengths correspond to a delocalized system, whereas the N—
C distances are dissimilar: N-C11 1.367(3), N-C18 1.378(3)
and N-C14 1.425(3) A. The OH group forms hydrogen
bonds to a triflate oxygen, with O-++0 2.696 A, H--O 1.86 A
and O-H--O 173°.

Figure 1. Structure of the cation of compound 2 in the crystal
showing the numbering scheme. Displacement parameter ellipsoids
represent 50% probability surfaces.

Table 1. Selected bond lengths [A] and angles [°] for compound 2.

P-C(16) 1.7773) C(4)-C(5) 1.429(4)
P-C(31) 1.797(3) C(6)-C(10) 1.384(5)
P-C(21) 1.799(3) C(6)-C(7) 1.451(7)
P-C(41) 1.800(3) C(7)-C(8) 1.388(7)
N-C(11) 1.367(3) C(8)-C(9) 1.371(6)
N-C(18) 1.378(3) C(9)-C(10) 1.387(5)
N-C(14) 1.425(3) C(11)-C(12)  1.397(4)
o(1)-C(13)  1.361(3) C(12)-C(13)  1.394(4)
C(1)-C(2) 1.428(4) C(13)-C(14)  1.393(4)
C(1)-C(5) 1.438(4) C(14)-C(15)  1.394(4)
C(1)-C(11) 1.462(4) C(15-C(16)  1.379(4)
C(2)-C(3) 1.414(4) C(16)-C(17)  1.441(4)
C(3)-C(4) 1.416(4) C(17)-C(18)  1.355(4)
C(16)-P-C(31) 111.64(13) C(21)-P-C(41) 108.97(14)
C(16)-P-C(21) 111.60(13) C(11)-N-C(18) 131.1(2)
C(31)-P-C(21) 107.00(13) C(11)-N-C(14) 109.1(2)
C(16)-P-C(41) 107.51(13) C(18)-N-C(14) 119.6(2)
C(31)-P-C(41) 110.11(14)

Two characteristics of this compound are noteworthy:
first, the cyclization to an indolizine system and secondly,
the activation of the aromatic ring leading to the introduc-
tion of the triphenylphosphane group at the 7-position of
the heterocyclic system. These transformations are really re-
markable, since they occur apparently in only one step. In
our case, the reaction of 1 with [Ag(OTf)(PR;)] involved
reduction to metallic silver and the formation of com-
pounds 2 or 3. The unexpected formation of these com-
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pounds prompted us to consider a plausible mechanism. We
believe that the first step is the oxidation of the ferrocene
derivative to ferrocenium and the reduction of Ag' to met-
allic silver (see Scheme 4). Indeed, in a separate experiment
we carried out the reaction of 1 with Ag(OTf) or Ag(ClO,)
and obtained the ferrocenium derivative 4 or 5. These com-
pounds do not react further by themselves to form the indo-
lizine species even under reflux; thus the presence of a nu-
cleophile seems essential. Compounds 4 and 5 are the oxid-
ized form of the ligand 1 and are paramagnetic, conse-
quently they show 'H NMR resonances that are very sim-
ilar in chemical shift to those in compound 1 but with a
worse resolution (broad signals).

Ag*
N Ag° | A
e 3+
NN Feﬂ AgX | N N\ Feﬂ X
o

o]
X = OTf (4), ClO, (5)

Scheme 4.

The ferrocenium cation can withdraw electron density
from the conjugated system, enhancing the possibility of
thermal cyclization by nucleophilic attack on the pyridine
nitrogen at the double bond and favouring the attack of the
nucleophile at the para position of the pyridine ring (see
Scheme 5). The role of the PPhjs is of great importance, be-
cause only when the nucleophile is added does the system
proceed to the indolizine derivative; in fact, the indolizine
derivative 2 can also be obtained by the reaction of 1 with
Ag(OTY) to give 4 and subsequent addition of PPhs. This
proves that the ferrocenium compound is the intermediate
species. We have also checked that no reaction occurs be-
tween compound 1 and PPhs, consequently the oxidation
of the ferrocene moiety by the silver centre seems essential
for the course of the reaction.

OH O\ o°
N \NCL
H

Fe3*

<=

Scheme 5.
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Thermal cyclization by nucleophilic attack on the pyr-
idine nitrogen at the double bond, which favours the attack
of the nucleophile at the para position of the pyridine ring,
produces the aromatization of the five-membered ring.
Then the conjugation of m-electrons produces the re-aroma-
tization of the system and subsequent reduction to Fe?*
(Scheme 9).

The introduction of the nucleophile opens the way to the
functionalization of this position. The particular case of the
triarylphosphanes is highly remarkable, since the corre-
sponding tetraarylphosphonium salts have received a great
interest during the last years.!'!]

Conclusions

In summary, we have achieved the synthesis of novel fer-
rocene-containing indolizine systems in only one step and
with the simultaneous activation of the 7-position of the
heterocyclic ring, by using silver salts as promoters of the
cyclization. Furthermore, this is an example of a synthesis
of a tetraarylphosphonium salt, a subject of considerable
current interest.

Experimental Section

Instrumentation: Infrared spectra were recorded in the range 4000
200 cm ! with a Perkin—Elmer 883 spectrophotometer by using Nu-
jol mulls between polyethylene sheets. Conductivities were mea-
sured in acetone solutions (ca. 5X 10#moldm3) with a Philips
9509 conductimeter. C, H, N and S analyses were carried out with
a Perkin-Elmer 2400 microanalyzer. Mass spectra were recorded
with a VG Autospec instrument, by liquid secondary-ion mass
spectroscopy (LSIMS), in a nitrobenzyl alcohol matrix. NMR
spectra were recorded with a Varian Unity 300 spectrometer and a
Bruker ARX 300 spectrometer in CDCls, unless otherwise stated.
Chemical shifts are cited relative to SiMe, ("H, external), CFCls
('°F, external) and 85% H;PO, (*'P, external).

Starting Materials: The starting materials [Ag(OTf)(PR3)],['? were
prepared according to published procedures. All other reagents
were commercially available.

Caution: perchlorate salts with organic cations may be explosive.

Synthesis of Compounds 2 and 3: To a solution of 2-[3-(ferrocenyl)-
1-oxoprop-2-enyl]pyridine (0.063 g, 0.2 mmol) in dichloromethane
(20 mL) was added [Ag(OTf)(PPhs)] (0.104 g, 0.2 mmol) or [Ag-
(OTf)(PPh,Me)] (0.090 g, 0.2 mmol), and the mixture was heated
under reflux for 1d. The metallic silver was filtered off and the
solution chromatographed over silica; elution with acetone/meth-
anol (99:1) gave the starting material and the indolizine derivatives
2 or 3. Complex 2: Yield: 0.060g (41%). C;;H,oF3FeNO4PS
(727.08): calcd. C 61.08, H 4.01, N 1.92, S 4.40; found C 61.11, H
3.88, N 1.98, S 4.50. 'TH NMR (300 MHz, CDCl3): 6 = 4.15 (m, 2
H, CsH,), 4.35 (m, 2 H, CsHy,), 4.54 (m, 5 H, CsH3), 6.03 (t), 6.78
(s), 7.63-7.80 (m, 15 H, Ph), 8.15 (d), 8.57 (d), 10.52 (br. s, 1 H,
OH) ppm; 3'P{'H} NMR (121.4 MHz, CDCls): § = 22.0 (s) ppm.
MS (LSIMS+): m/z (%) = 578 (100) [M — OTf]*. Complex 3: Yield:
0.044 g (33%). C;3,H,,F3FeNO4PS (665.069): caled. C 57.75, H
4.08, N 2.10, S 4.81; found C 58.32, H 4.38, N 2.18, S 5.10. 'H
NMR (300 MHz, CDCl3): 6 = 2.74 (m, 3 H, Me), 4.16 (m, 2 H,
CsHy), 4.39 (m, 2 H, CsHy), 4.55 (m, 5 H, CsHs), 6.00 (m), 6.62
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(s), 7.6-7.8 (m, 10 H, Ph), 8.07 (d), 8.39 (d), 10.4 (br., 1 H, OH)
ppm; 3'P{'H} NMR (121.4 MHz, CDCls): § = 19.2 (s) ppm. MS
(LSIMS+): m/z (%) = 516 (24) [M - OTf]".

Synthesis of Compounds 4 and 5: To a solution of 2-[3-(ferrocenyl)-
1-oxoprop-2-enyl]pyridine (0.0317 g, 0.1 mmol) in dichloromethane
(20 mL) was added Ag(OTf) (0.025g, 0.1 mmol) or Ag(ClOy)
(0.020 g, 0.1 mmol), and the mixture was heated under reflux for
1 d. The metallic silver was filtered off, and the green-blue solution
was evaporated to ca. 1 mL. Addition of hexane (10 mL) gave com-
pounds 4 or 5. Complex 4: Yield: 0.035 g (79%). CoH;5sF3FeNO,S
(466.0): calcd. C 48.92, H 3.24, N 3.0, S 6.86; found C 49.11, H
338, N 298 S 6.50. Complex 5: Yield: 0.035g (71%).
CgH5CIFeNOs (415.99): caled. C 51.92, H 3.63, N 3.36; found C
52.17, H 3.49, N 3.02.

Crystal Structure Determination: X-ray structural data for com-
pound 2-CH,Cl,: C;3gH3,ClLF3;FeNO4PS, M, = 812.42, triclinic,
space group PI, a = 11.871(2) A, b = 12.780(2) A, ¢ = 13.256(2) A,
a = 68.046(14)°, f = 76.758(14)°, y = 88.401(14)°, ¥ = 1811.9(5) A3,
Z =2, Deye = 1.489 Mgm=, u(Mo-K,) = 0.723 mm~!, F(000) =
832, Siemens P4 diffractometer, A(Mo-K,) = 0.71073 A T =
—100 °C. An orange tablet 0.45%0.40 X 0.25 mm was used to col-
lect 6544 intensities to 26,,,x = 50°, of which 6232 were unique (R,
0.019). Scan type: ®. An absorption correction was based on -
scans, with transmission factors 0.90-0.97. The structure was
solved by direct methods and refined anisotropically on F?
(SHELXL-97).1'31 H atoms were included by using a riding model
(but OH refined freely). Refinement proceeded to wR(F?) 0.095 for
6230 reflections and 461 parameters, conventional R(F) 0.040,
S(F2) 0.967, max Ap 0.57 e A=3. CCDC-146110 contains the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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The five-membered N-heterocyclic germylenes (NHGe) 1a—
3a, with or without benzo or naphtho anellation, react with
[Mo(CO)3(cht)] (cht = 1,3,5-cycloheptatriene) to form the
fac-[(NHGe)3;Mo(CO);] complexes 1b-3b. Similarly,
[Ni(bnNHGe),] was obtained from the benzo-anellated
germylene (bnNHGe) and Ni(1,5-cod),; attempts to synthe-
size less electron-rich complexes with mono- or divalent tran-
sition metals failed. The CO valence vibrations in the IR
spectra of 1b-3b, together with their short Ge'™-Mo bonds (as
determined by X-ray crystallography), hint at the weak do-
nor and good m-acceptor properties of the ligands. Quantum
chemical studies on the benzo-anellated germylene, which
are supported by the good correlation between calculated

and experimental (PES) orbital ionization potentials, confirm
this proposal in terms of the low energy of the Ge lone elec-
tron pair and two higher n-MOs. The slight folding about the
C-C bridging and N--:N axes observed for the benzo-anel-
lated (NHGe)molybdenum and -nickel complexes by X-ray
structure analyses, may be due to packing effects. Quantum
chemical calculations on slightly bent (for dineopentyl sub-
stitution in the gas phase) and planar bnNHGe complexes
show that the energy differences between the two are very
small.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

The discovery of stable acyclic carbenes by Bertrand in
19881 and, in particular, the synthesis of the first stable
monomeric N-heterocyclic carbene (NHC) by Arduengo in
19912 have generated great interest in these divalent carbon
ligands. Their unique electronic and steric properties,™!
partly in combination with further functional groups,*
have led to burgeoning research activities and to many ap-
plications in organic, organometallic and inorganic chemis-
try.’] Unsurprisingly, interest in the chemistry of their
homologues has grown in the wake of these developments.
This is particularly true for the silylenes,® for which only
transient species were known!” until the first stable N-het-
erocyclic representatives were reported in the mid 1990s.®!
However, the much longer known and more easily access-
ible diaminogermylenes — both acyclic®®! and N-heterocyclic
germylenes (NHGe)!'% — have also been the subject of en-
hanced attention, which has recently been extended to
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charged ring-delocalized NHGe compounds.[''] Neutral do-
nor-substituted and N,N-bridged bis(N-heterocyclic stan-
nylenes) and N-heterocyclic plumbylenes are the subject of
current studies.['”l Several quantum chemical studies have
been performed to shed light on the nature of the chemical
bonding in, and stabilization of, these compounds, includ-
ing general principles and trends.[!?]

We have a longstanding interest in compounds contain-
ing twofold-coordinated (c?) group 15! and group 14 ele-
mentst!>19] stabilized in delocalized m-systems, and in the
influence of anellation on the stability and ligand properties
of these o-element heterocycles. This includes a series of
neutral non-anellated (1a), benzo- (2a) and naphtho-anel-
lated NHGe compounds (3a), and also heterocyclic pyrido-
and quinoxaline-anellated NHGe compounds.['>) Recently,
we described the first carbonylmolybdenum(0) complexes
of the non-anellated NHGe C,H,[N(CH,7Bu)],Ge (1a) and
found some interesting structural changes to the ligand
upon coordination.">¥ It remained unclear, however,
whether these findings were limited to this particular
NHGe or were of a general nature. For this reason, we em-
barked on a study of anellated NHGe complexes using
[Mo(CO)s(cht)] (cht = 1,3,5-cycloheptatriene) as starting
material. The IR carbonyl stretching frequencies of the ex-
pected fac-[Mo(CO);L;] complexes can be used as probes!'”]
of the electronic properties of the NHGe ligands, thus en-
abling us to test the recently proposed concept concerning
the dependence of the net electron-donating ability of
NHGe compounds on anellation.['®]
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Results and Discussion

Synthesis

As we reported earlier,!'>¥ the reaction between cis-
[Mo(CO)4(NCEt),] and 2 equiv. of C,H,[N(CH,7Bu)],Ge
(1a) yields a mixture of the expected complexes cis-
[Mo(CO)4(1a),] (1c) and a small amount of fac-[Mo-
(CO)s(1a);] (1b; Scheme 1). No trace signal of mer-1b could
be detected in any of the NMR spectra. The solubility of
all the NHGe complexes of molybdenum described in this
study is very high, even in hydrocarbons. Unfortunately,
their sensitivity towards OH groups prevents their chroma-
tographic separation. Neither the oil containing mostly 1¢
nor the crystals of 1b (coated with a thin film of oily 1c¢)
could be obtained in a completely pure form by fractional
crystallization. We therefore searched for a starting material
that would provide us with a better defined product and
found it in [Mo(CO)s(cht)]. Thus, treatment of [Mo(CO)s-
(cht)] with 3equiv. of CgHyN(CH,Bu)l,Ge (2a) or
CoHg[N(CH,7Bu)],Ge (3a) gave only one product, namely
fac-[Mo(CO);Ls] [L = 2a (2b), 3a (3b); Scheme 2]. Contami-
nation by a small amount of starting material was detected
by NMR spectroscopy, but no signals due to any other

complex were observed. Complex 2b was isolated in a pure
form by layering a solution of 2a in n-hexane on top of a
solution of [Mo(CO);(CHT)] in thf. The yellow crystals
grown in this diffusion-controlled reaction were suitable for
an X-ray crystal structure determination. All attempts to
crystallise the related complex 3b failed due to its oily na-
ture.

To synthesize related tungsten complexes, we treated 2a
with [W(CO)3(mes)] (mes mesitylene). However, even
prolonged reflux in thf did not lead to replacement of the
mesitylene ligand. There is no reason to believe that fac-
[W(CO)s(2a);] cannot be synthesised or might not be
stable — it simply appears to be the case that mesitylene is
not a suitable leaving group for replacement by the germyl-
ene 2a. Heating results in decomposition of the components
prior to formation of the intended complex.

[Ni(cod),] (cod = 1,5-cyclooctadiene) was selected to syn-
thesize further NHGe complexes as it is usually easy to re-
place the cod ligands. Treatment of 2a with [Ni(cod),] in thf
in a 2:1 molar ratio led to a mixture of unconverted Ni-
(cod), and the complex [Ni(2a),] (2¢) (Scheme 3), which
provides evidence that complexes with two or three germyl-
ene ligands are less stable. Storage at room temperature re-
sulted in decomposition of Ni(cod), into colloidal nickel

Tp np—N\G /N—np np
e |
N [(OC)sMo(NCEt),] np\ oc. ) WCO ™ N
e +
3 EN/Ge ( \Ge’N E /Ge Mo(CO)4
| \ I ¢o \_/ N
np |
\ / np /2
1a np np
1b (minor) 1¢c (major)
Scheme 1. Synthesis of 1b and 1¢; np = neopentyl.
Tp
e N
34 E JBe +  [(n*-CHTIMo(CO)]
Nene” 'il
2a, 3a np
2 benzo,
. 3 naphtho
np—N N—np — —
\Ge/ np N\Ge/N np
np OC \\\CO np np OC \\\CO n
“Ge ( ‘G ( \Ge

atd

Scheme 2. Synthesis of 2b and 3b; np = neopentyl.
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and cod, whereas 2¢ was stable under these conditions. This
allowed the facile separation and isolation of complex 2¢ as
a red solid. This compound can be stored at room tempera-
ture for several days and at —4 °C for months without de-
composition, although it is extremely sensitive to air and
moisture. Single crystals were obtained from thf solution
upon cooling. An X-ray crystal structure analysis con-
firmed a tetrahedral coordination similar to the Ni° com-
plex of the homologous benzo-anellated NHSi ligand!!*!
and two chelating N,N-bridged bis(diaminostannylenes)
containing benzo-anellated NHSn.[?°! This shows a marked
difference of the heavier NHE containing divalent E = Si,
Ge, Sn from the benzimidazol-2-ylidene ligand, which
forms only the linear complex Ni(NHC),.[?!]

r|1p Tp
N\ [Ni(1,5-COD),] N\
4 C[ /Ge E—— @ /Ge Ni
N -2 COD N
b Yo /a
2a 2c

Scheme 3. Synthesis of 2¢; np = neopentyl.

Structural Aspects

The structural assignment of the new germylene com-
plexes was based on conclusive solution NMR spectro-
scopic data, satisfactory elemental analysis or HRMS data
and X-ray crystal structures for three complexes. In an
“aromatic” ring system with n-electron delocalisation, elec-
tronic changes experienced by the coordinating germanium
atom should have add-on effects that are observable in the
carbon atoms belonging to this system or the hydrogen
atoms bonded to these. It is notable that such effects are
absent except for the methylene groups bonded to the nitro-
gen atoms and for 4-H in the anellated ring, adjacent to the
N atoms. The 'H and '*C NMR spectra of complexes 1b,
2b, 3b and 2¢ show only marginal differences with respect
to the spectra of the free ligands, with the exception of
slight shifts of the signals for the NCH, group (‘H/'3C: 1b:
A6 = —0.04/-2.35 ppm; 2b: Ad = —0.03/-2.46 ppm; 3b: Ad =
0.03/~1.75 ppm; 2¢: Ao = 0.19/-1.80 ppm) or downfield
shifts of 4-H in 2b (Ad = 0.80 ppm) and weakly in 2¢ (Ad =
0.10 ppm).

Complex 2b crystallises in the triclinic space group PI
with two molecules in the unit cell. The compound is the
monomeric fac isomer with approximate C; symmetry (Fig-
ure 1). The molybdenum atom is octahedrally coordinated
to three carbonyl and three NHGe ligands. Each CO ligand
is trans to a germylene moiety, with almost linear Ge-Mo—
C bond angles [176.37(5), 173.86(5) and 176.17(4)°]. The
deviation from linearity is, on average, by 1.5° greater than
in the closely related complex fac-1b. The Mo—C bonds in
2b [198.38(17), 199.01(16) and 200.45(17) pm] are some
2.5 pm longer than in 1b and in fac-[Mo(CO)s;Ls] (L =
phosphane).’2l The Mo-Ge bond lengths [252.85(2),
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254.45(2) and 254.52(3) pm] are almost identical to those in
1b and very similar to those in the closely related chelate
complex cis-[Mo(CO)4{(CH,CMe,CH,)[NGeN(CH,¢Bu)-
Ce¢Hulo}] (4; (Figure 2),1*3! and in the same range as those
reported for Mo bonded to Ge'V.[* The N-Ge-N bond
angles in 2b [87.00(6)-87.19(6)°] are 2.2° larger than in the
free ligand, whereas the opposite is the case for the non-
anellated NHGe complex 1b [87.75(6)° in the free ligand
and 85.7(2)-86.5(3)° in the coordinated ligand]. The Ge-N
bond lengths follow the same trend. Thus, whereas the Ge—
N bond length contracts by 2.7 pm in 2b upon complex-
ation, it elongates by 2.0 pm for 1b. The corresponding N—
Ciing bond lengths are unchanged in 2b, but significantly
contracted by 5.8 pm for 1b upon complexation. No com-
parison with the free ligand can be made for the only other
structurally characterised carbonylmolybdenum NHGe
complex (4) as no crystal structure of the ligand has been
reported./?3!

Figure 1. Molecular structure of 2b. Ellipsoids are shown with 50%
probability and hydrogen atoms have been omitted for clarity. Se-
lected bond lengths [pm] and angles [°]: Mo-C(103) 198.38(17),
Mo-C(101) 200.45(17), Mo-Ge(1) 252.85(2), Mo-Ge(3) 254.52(3),
Ge(1)-N(2) 183.49(14), Ge(2)-N(3) 183.90(12), N(4)-C(22)
139.26(19), N(5)-C(41) 140.0(2); C(101)-Mo-Ge(1) 176.37(5),
C(102)-Mo-Ge(2) 173.86(5), C(103)-Mo-Ge(3) 176.17(4), N(1)-
Ge(1)-N(2) 87.19(6), N(6)-Ge(3)-N(5) 87.00(6).

The structure of 2b is dominated by the mutual avoid-
ance of the three NHGe ligands, which are aligned along
the three C~-Mo-Ge axes of the molecule with the ligand
ring planes oriented perpendicular to each other. The three
germanium atoms lie 15, 18 and 19 pm outside the ring pla-
nes. This arrangement minimises the interactions between
the neopentyl substituents and neighbouring ring systems.
There are two short contacts between C—H hydrogen atoms
of the neopentyl substituents and nitrogen atoms of neigh-
bouring ligand rings, namely H50B--N2 (251 pm) and
H31C---N6 (255 pm); C-H---1 contacts are also observed,
with three C—H---centroid distances of 276-306 pm.
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Figure 2. Crystallographically characterised NHGe complexes (4-6); np = neopentyl.

The benzo-anellated NHGe in 2b displays some folding
along the N-N and Cy—Cy vectors which makes the NHGe
ligands non-planar (see Figure 3) and the [Mo(CO);-
(NHGe)3] complex formally chiral in consequence. The
folding angles average 7.6° for N-N (a) and 3.6° for Cy—
Cy () between the imidazole and phenyl rings, respectively.
The deviation in GeN,C, is smaller (¢ = 1.80°) in the non-
anellated NHGe ligand of the molybdenum complex 1b, al-
though in the nickel complex 2¢ with benzo anellation it is
similar to that in 2b.

Compound 2¢-3thf crystallises in the orthorhombic space
group P2,2,2, with four molecules in the unit cell. The
compound is monomeric, with the nickel atom coordinated
tetrahedrally by four germanium atoms (Figure 4). The Ni—
Ge bond lengths [223.24(4), 223.26(4), 223.34(4) and
223.87(4) pm] are similar to those in two other structurally
determined Ni®-NHGe complexes, namely [Ni{Ge[(iPrN),-
CioHgl} 4] [5; 224.00(16) pm]? and [Ni(CO),{Ge[(tBuN),-
C,H,]}5] [6; 229.69(4) and 229.13(3) pm],1*®! and also to the
Ni-Ge bond lengths in [CpNi{Ge(NzBu),SiMe,},(1-Cp)]
[7; 208.5(3) and 225.8(3) pm].?”l The Ge-N bonds in 2¢
[184.2(2)-185.4(2) pm, average 184.9(4) pm] are somewhat
longer than in 2b but still 1.5 pm shorter than in the free
ligand. Likewise, the N-Ge-N bond angles in 2¢ [86.37(9)-
86.49(9)°] are marginally smaller than in 2b, but still some
1.5° larger than in the free ligand. The N-C,,, bond
lengths [average 139.9(3) pm] are virtually unchanged from
the value for the free ligand. The structure of complex 2¢ is
likewise strongly influenced by the positioning of the neo-
pentyl substituents. In our NiGe, tetrahedron there are two
sets of perpendicular NHGe-Ni-NHGe moieties whose
neopentyl groups are arranged so that they face each other.

ligand view from the side

This arrangement causes repulsion between these two li-
gands, which is manifested in a substantial increase of the
Ge—Ni-Ge bond angles [114.974(18)° and 115.357(18)°]. At
the same time, the remaining four Ge-Ni—-Ge bond angles

Figure 4. Molecular structure of 2¢-3thf. Ellipsoids are shown with
50% probability, and hydrogen atoms and thf molecules have been
omitted for clarity. Selected bond lengths [pm] and angles [°]: Ni—
Ge(2) 223.24(4), Ni-Ge(4) 223.87(4), Ge(2)-N(21) 184.2(2), Ge(4)—
N(42) 185.4(2), N(11)-C(11) 139.6(3), N(42)-C(412) 146.8(3);
Ge(2)-Ni-Ge(3) 107.760(17), Ge(2)-Ni-Ge(1) 114.974(18), Ge(3)—
Ni-Ge(1) 104.982(17), Ge(2)-Ni-Ge(4) 104.883(16), Ge(3)-Ni-
Ge(4) 115.357(18), Ge(1)-Ni-Ge(4) 109.203(17), N(11)-Ge(1)-
N(12) 86.37(9), N(31)-Ge(3)-N(32) 86.49(9).

np np

Ge—TNi
np 3 np 4
® C-C vector, @-@ vector
2c
o B o B

Ligand 1 8.30° (0.16) 3.64° (0.17) 8.55° (0.17) 1.26° (0.17)
Ligand 2 6.62° (0.11) 3.79° (0.11) 7.87°(0.17) 2.17°(0.16)
Ligand 3 7.75° (0.11) 3.34°(0.12) 8.83°(0.13) 0.90° (0.13)
Ligand 4 - - 7.78°(0.14) 1.06° (0.13)
Average 7.56° 3.59° 8.26° 1.35°

Figure 3. Folding of the coordinated NHGe ligands along the N-N (o) and Cy—Cy (B) vectors; np = neopentyl.
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are minimised [107.760(17), 109.203(17), 104.982(17) and
104.883(16)°], with the two smaller angles representing
those pairs of ligands whose neopentyl substituents have
the maximum distance from each other. This Ge-Ni-Ge
pattern is not seen in complex 5 as the six-membered 77-
electron ring system experiences twisting upon coordination
to the nickel atom, which results in two small [99.23(8)°]
and four large [114.82(5)°] Ge-Ni-Ge bond angles. The
folding along the N-N and Cn—Cy vectors in the benzo-
anellated NHGe in 2c¢ is similar to that in 2b and makes the
NHGe ligands non-planar. The folding angles average 8.3°
for N-N (a) and 1.4° for Cn—Cy (f) between the imidazole
and phenyl rings, respectively. Folding of the phenyl rings
is significantly less than in 2b (an average of 1.4° compared
to 3.6°). The four germanium atoms lie 18, 18, 20 and
21 pm outside the respective rings. There are no close intra-
molecular C-H-*N contacts of less than 265 pm and no
significant C-H--m contacts, although weak interactions
may be possible.

Ligand Properties of N-Heterocyclic Germylenes

Experimental information regarding the electronic prop-
erties of the germylene ligands in these complexes can be
obtained from the IR spectra of their carbonyl transition
metal complexes, particularly the position of the A; band
in the carbonyl region of the spectrum (Table 1).

Table 1. A, stretching vibrations for 1b, 2b and 3b.

Complex Exp. A; [em™!'] Exp. TEP [em™!] Calcd. TEP [cm™!]
1b 1961 2073.0 (2073)
2b 1970 2077.8 2077.8
3b 1978 2080.6 2081.5
4231 2031 2075.4 -
723l 2034 2077.2 -

[a] CiS-[MO(CO)4{(CHz)S[NGGN(CHQIBU)C6H4]2}].

In order to make comparisons with other ligands, we
have to convert the experimental findings to a common
standard, in this case the Tolman Electronic Parameter
(TEP),?8 which is derived from the [Ni(CO);L] series. Re-
cently, one of us (O. K.) proposed a method for calculating
the TEP values for NHGe ligands!!”-'8 which allows the
TEP values for 2b and 3b to be predicted (2077.8 and
2081.5cm™!, respectively). These values are in excellent
agreement with the experimental values. The A; bands of
compounds 1¢, 2b and 3b are found at 1961, 1970 and
1978 ecm™!, respectively, which correspond to TEP values of
2073.0, 2077.8 and 2080.6 cm™!, respectively. The increase
in wavenumber with increase of anellation from non-anell-
ation via benzo to naphtho translates into a corresponding
decline of the net electron-donating ability for the NHGe
ligands. This is not, however, mirrored in the M-Ge bond
lengths of the metal complexes — the Mo—Ge bond lengths
in 1b and 2b are virtually the same (A = 0.25 pm). Both
complexes are members of the fac-[Mo(CO);L;] family with
identical co-ligands and geometries and are thus ideal for
comparison. The only other direct comparison of M-Ge
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bond lengths can be made between 2¢ and 6,2 both of
which are [NiL,L’;] complexes (L = NHGe, L' = CO,
NHGe) with a tetrahedral geometry. The only difference is
that 6 contains a co-ligand with greater m-acceptor strength
(carbonyl) that is lacking in 2¢. Thus, whereas the TEP
value of the ligand is 8 cm™! larger, the Ni-Ge bond length
in 2¢ is 5 pm shorter than in 6.

These two examples suggest that anellation in NHGe di-
minishes the o-donor ability and increases the m-acceptor
strength of the germylene. As a consequence, the NHGe
ligands will display poor ligating behaviour with metal frag-
ments that show weak m-back-bonding. Indeed, reactions
of 2a with [PdCls(cod)], [PdCI,(NCCHs),] and even
[RhCl(cod)], did not give the intended germylene com-
plexes but led to decomposition of the germylene and/or
the metal precursor.

PES and Quantum Chemical Calculations

In order to shed more light on the electronic properties
of the germylene ligand and compare it to its silylene and
carbene homologues, a photoelectron spectrum of 2a was
measured (Figure 5), thereby completing the series of spec-
tra for the series of related benzo-anellated NHE com-
pounds (E = C,['4 §j [2%1 Ge). The ionisation potentials of
a series of model compounds were also calculated. We
chose the N-fert-butyl-substituted compounds since they
feature N-substitution and only one stable ground-state
conformation. The calculated ionisation energies correlate
well with the experimental vertical ionisation energies. Cor-
relation of the calculated ionisation potentials of bnNHC,
bnNHSi and bnNHGe (Figure 6) shows the distinct nature
of the germylene compared to the homologous silylene and,
in particular, the carbene, and clear trends in the electronic
properties.

rel.
intensity

18 16 14 12 10 8 6

IPeV]

Figure 5. Photoelectron spectrum of 2a (band 1: IE = 7.00 eV, ring
n-orbital; band 2: IE = 8.13 ¢V, phenyl w-orbital; band 3: IE =
9.7 eV, this band probably contains two peaks, the Ge lone pair
and the N lone pairs; band 4: IE = 10.9 ¢V; band 5: IE = 11.5¢V;
band 6: IE = 12.6 ¢V; band 7: IE = 15.6 eV, N, contamination).

225

www.eurjic.org



FULL PAPER

F. Ullah, O. Kiihl, G. Bajor, T. Veszprémi, P. G. Jones, J. Heinicke

1P [eV]
6_
7 i s
| = N — ¥k
8 J— >
9_
i L
IR
17 >
-------- —
i L Fe¥
7N
11 .
?Mea ?Me3 ?Mea
N ! 7
N N, )
_ B B
N N y
CMe, CMe, CMe,

Figure 6. Correlation scheme of the calculated ionization potentials
(for the tert-butyl model compounds).

The HOMO in the carbene is indeed the carbon atom
lone pair. The ionisation potential of the lone pair for heav-
ier group 14 analogs increases, and those of the respective
n-orbitals destabilize, in a more pronounced manner for the
heteroimidazole m-orbital than for the phenyl m-orbital. As
a result, the silicon and germanium lone pair bands in the
benzo-anellated NHSi and NHGe can be assigned only to
the HOMO-2 (Figure 6). The energetic effect for bnNHGe
is about twice that for bnNHSi. The significant increase in
the ionisation energy of the germanium lone pair in
bnNHGe translates into a substantially reduced o-donor
ability of the ligand.

As regards the influence of element(Il) n-bonding, most
authors agree that there is a certain degree of m-electron
delocalization in the analogous non-anellated carbene and
silylene systems, but that this effect is small for the carbenes
and much smaller still for the silylenes.['3] Anellation and
the introduction of germanium as the divalent group 14 ele-
ment further decrease the degree of delocalization. The
“aromatic” m-type orbitals in 2a (see Figure 6) are destabi-
lized in comparison to the respective orbitals of carbenes
and silylenes. From this we may conclude that the aromatic
stabilization decreases in the order carbene > silylene >
germylene and that the main stabilization of the germylene
will be achieved through the N-Ge bond.

Coordination of NHGe to a transition metal atom in-
creases the positive charge on the germanium atom, al-
though back-bonding from the metal atom counteracts this
to a certain extent. As the germanium atom still experiences
a greater Coulomb attraction to the nitrogen atoms, poss-
ibly strengthened also by an increase in the © bonding, the
Ge—N bond should become shorter. The changes in the Ge—
N bond lengths actually seen for the pair 1a/1b upon coor-
dination to the molybdenum atom are the opposite — the
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Ge-N bonds are shorter in the free ligand and increase by
2.0 pm upon complexation. These changes hint at back-
bonding and electron repulsion, which shifts © density of
the coordinated ligand from Ge to the C=C end of the het-
erocycle and shortens the N-C,;,, bond lengths by 5.8 pm.
The expected Ge-N bond shortening is observed on com-
plexation for the benzo-anellated pair 2a/2b. It can therefore
be assumed that the © density of the nitrogen lone electron
pairs is delocalized into the anellated rings, and the shorter
bond is caused mainly by increased Coulomb attractions
between the germanium and nitrogen atoms. The folding
about the N---N axis, observed particularly for the anellated
NHGe complexes, supports this view as deviations from
planarity weaken the m delocalization but not electrostatic
forces.

Such deviations have been observed before in the closely
related N-heterocyclic carbene complex [W(CO)s{CsHy-
[N(CH,Bu)],C}].B% The authors explained the deviations
in terms of the steric requirements to obtain a shorter W-—
C bond, which minimise the interaction between the neo-
pentyl substituents and the equatorial carbonyl ligands.
Such effects should cause similar deviations in the struc-
tures of 1b and 2b, which differ only in the absence of the
sterically non-active anellated benzene rings in 1b. However,
the deviations in 2b are three to four times as large as in 1b
(Ge displacement 19.4 vs. 4.2 pm; Mo displacement 50.8 vs.
20.5 pm). The benzo-anellated bis(NHGe)-Mo(CO), che-
late complex 4123 behaves similarly to 2b, with displace-
ments for Ge of 13.5 pm and for Mo of 65 pm, whereas in
a sterically even more challenging but non-anellated (dimes-
ityl-NHGe)Cu! complex there are no marked deviations
from planarity (Ge: 0.8 pm; Cu: 2.8 pm).B!

To shed light on the background of the folding observed
for the anellated NHGe carbonyl molybdenum(0) and
nickel(0) complexes (Figure 3), we calculated the structure
of 2a in the gas phase, along with the structures of
[Ge{(N7Bu),CsH4}], the theoretical complex [Ni(CO);(2a)]
and the hypothetical complexes [Ni(CO);{Ge(HN),CsH4}],
[Ni(2a){Ge(HN),CeHa}s] and [Ni(2a),{Ge(HN),CeHy} o).
The framework of 2a was found to be non-planar, but with
a mere 0.22 kcalmol! required to enforce planarity. When
the neopentyl groups are on opposite sides of the ligand
plane, this energy drops to 0.034 kcalmol'. Compound 2a
is planar in the solid statel!'>] with both neopentyl groups
on the same side, but the 0.22 kcalmol ™! required to achieve
planarity can easily be provided by packing effects. Com-
plexation to the nickel atom does not increase this planarity
barrier significantly {0.36 kcalmol! in [Ni(CO)s(2a)]}. In
[Ni(2a){Ge(HN),CcH,4}3], the Dbarrier increases to
0.42 kcalmol™! and in [Ni(2a),{Ge(HN),C¢H4l,] to
1.06 kcalmol™'. Assuming about 0.5 kcalmol™! for each li-
gand, we may expect that the barrier to planarity in 2b is
about 3 kcalmol .

It seems that the total energy difference between the
planar and nonplanar structures is very small; according to
our calculations it is less than or close to 1 kcalmol™'. Thus,
both types of bending (a¢ and pf) require less than
1 kcalmol™!. This may suggest a corresponding flexibility
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of the ring and a very-low-frequency vibrational motion
with a possible quasi-planar structure. The low-frequency
vibration around the nonplanar equilibrium may cause an
effective planar structure (quasi-planarity) in the gas phase
if the barrier is lower than the zero-point vibration. Obvi-
ously, a more rigid nonplanar geometry is possible in solid
crystals because of the constraints imposed by the lattice.

Conclusions

Five-membered N-heterocyclic germylenes (NHGe),
which form complexes with electron-rich zero-valent transi-
tion metal compounds, are weak donor ligands that allow
stabilization by =-back-bonding. Anellation further de-
creases the donor strength. Several attempts to synthesize
complexes of dineopentylbenzodiazagermol-2-ylidene with
mono- or divalent transitions metals failed, whereas a Cu'
complex with the non-anellated di-zerz-butyldiazagermol-2-
ylidene ligand is known. Compared to N-heterocyclic silyl-
enes, including benzo-anellated representatives, the donor
strength is further reduced. This is shown by the CO va-
lence vibrations in mixed NHGe/CO and NHSi/CO com-
plexes and explained by the orbital correlation diagram of
benzo-anellated NHC, NHSi and NHGe, which displays a
strong decrease in energy of the orbital occupied by the
lone electron pair with increasing size of the divalent
groupl4 element.

Experimental Section

General: All experiments were performed under dry argon or nitro-
gen by using Schlenk techniques. All glassware was heat-dried in
vacuo. Solvents were dried with sodium/benzophenone and freshly
distilled before use. KBr was dried by heating under high vacuum;
C¢D¢ and [Dg]THF were dried with LiAlH,4 and re-condensed be-
fore use. The germylenes 2a and 3a were prepared as described
earlier. NMR spectra were recorded with an ARX 300 spectrometer
(Bruker) at 300.1 and 75.5 MHz ('H and '*C NMR); chemical
shifts (0 in ppm) are referenced to internal SiMe,. Assignment num-
bers are in accordance with the nomenclature. Mass spectra were
measured with a single focusing sector field mass spectrometer
AMDA40 (Intectra). Elemental analyses were carried out with an
elemental analyzer LECO Model CHNS-932 by using standard
combustion conditions.

fac-Tricarbonyltris(V,N'-dineopentyl-1,3,2-benzodiazagermol-2-
ylidene)molybdenum(0) (2b): A solution of [Mo(CO);(cht)] (92 mg,
0.33 mmol) in thf (3 mL) was cooled and added to a solution of 2a
(326 mg, 1.02 mmol) in thf (10 mL) at —78 °C. The colour gradually
changed from pale yellow to dark red. After stirring overnight, the
solvent was evaporated under reduced pressure, and the crude
product was washed with n-hexane to give 265 mg (69 %) of highly
air- and moisture-sensitive orange-yellow 2a containing a small
amount of 1a. Single crystals of pure 2a were formed by layering
a saturated solution of [Mo(CO)s(cht)] in thf with a solution of 1a
in hexane (molar ratio 1:3 as above) at room temperature and slow
diffusion overnight. "H NMR (C¢Dg): 6 = 0.90 (s, 18 H, CHj;), 3.74
(br. s, 4 H, NCH,), 7.00 (m, 2 H, 5-H), 7.89 (m, 2 H, 4-H) ppm.
BC{H} NMR (C4Dy): 6 = 29.37 (s, CMe3), 34.55 (s, CMe3), 54.94
(s, 2 NCH,), 111.34 (C-4), 118.47 (C-5), 143.52 (C-3a), 218.86 (CO)
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ppm. IR (KBr) v = 1970, 1901 (Vco) cm 1. C51H78G63MON603
(1137.1): caled. C 53.87, H 6.91, N 7.39; found C (incomplete com-
bustion), H 6.87, N 7.45. Crystal data are compiled in Table 2.

fac-Tricarbonyltris(/V,N'-dineopentyl-1,3,2-naphtho|2,3-d|di-
azagermol-2-ylidene)molybdenum(0) (3b): A cold solution of
[Mo(CO);(cht)] (54 mg, 0.20 mmol) in thf (3 mL) was slowly added
to a solution of 3a (220 mg, 0.60 mmol) in thf (10 mL) at —78 °C
(colour change from yellow to dark red) and stirred for 5h. The
solvent was evaporated in vacuo, and the residue was triturated
with hexane to yield 145 mg (56%) of 3b as an extremely moisture-
sensitive orange-yellow viscous material. Attempts to obtain single
crystals of 3b by the diffusion technique described above failed. 'H
NMR (CgDg): 0 = 0.77 (s, 18 H, CH3), 3.7-4.0 (v. br, 4 H, NCH,),
7.33 (m, 2 H, 5-H), 7.40 (s, 2 H, 4-H), 7.77 (m, 2 H, 6-H) ppm.
BC{'H} NMR (C¢Dg): § = 29.51 (CMe3;), 31.85 (CMe3), 55.05
(NCH,), 106.57 (CH-4), 124.65, 127.81 (CH-5, CH-6), 128.49 (C-
4a), 143.84 (C-3a), 218.06 (CO) ppm. [The NMR spectra showed
contamination by 2,3-bis(neopentylamino)naphthalene due to hy-
drolysis by traces of moisture in C¢Dg.] IR (KBr): ¥ = 1978, 1913
(veo) em . Cg3HgsGesMoNgO5 (1292.3): caled. C 58.78, H 6.58,
N 6.53; found C (incomplete combustion), H 6.64, N 6.80.

Tetrakis(/V,N'-dineopentyl-1,3,2-benzodiazagermol-2-ylidene)-
nickel(0) (2¢): A solution of Ni(1,5-cod), (169 mg, 0.61 mmol) in
thf (3 mL) was added slowly to a solution of 2a (410 mg,
1.29 mmol) in thf (15 mL) at 0 °C, causing a gradual colour change
from yellow to dark red. The solution was stirred for 4 h. Reaction
control of a small sample by NMR spectroscopy in C¢Dg (thf re-
moved in vacuo) showed >95% conversion of 2a to 2¢ and some
unconverted Ni(cod),. The main part of the reaction mixture in thf
was stored at room temperature for 4 d to allow for decomposition
of the residual Ni(cod),. The nickel powder was removed by fil-
tration, and cod and solvent were evaporated in vacuo to give
370 mg (74%) of red 2c. Single crystals were grown from a thf
solution at —20 °C and separated along with a small amount of
mother liquor. The complex can be stored in this form under argon
at 4 °C for months, but is extremely air- and moisture-sensitive;
even short air contact leads to decomposition to form a violet solu-
tion. Crystal structure analysis of the red single crystals showed
three molecules of thf per formula unit (see crystal data in Table 2).
"H NMR (C4¢Dy): 6 = 0.83 (s, 18 H, CH3), 3.96 (br. s, 4 H, NCH,),
7.00 (m, 2 H, 4-H), 7.16 (br., solvent and m, 5-H) ppm. 3C{'H}
NMR (C¢Dg): 0 = 30.17 (s, CMes), 35.00 (s, CMes), 55.60 (s, 2
NCH,), 111.07 (CH-4), 118.22 (CH-5), 143.55 (C4-3a) ppm. [The
NMR spectra displayed trace signals for 1,2-bis(neopentylamino)-
benzene due to extreme moisture sensitivity.] The mass spectra (EI)
did not display the molecular cation peak but isotopic cluster peaks
of decomposition products; base peak: m/z = 320.8 [2a™].

Crystal Structure Analysis of 2b and 2¢c. Data Collection: Data were
recorded with Bruker area detectors (SMART for 2b, APEX2 for
2¢) at low temperature. Absorption corrections were performed on
the basis of multi-scans. Structure Refinement: The structures were
refined anisotropically on F? by using the program SHELXL-97.13?1
Hydrogen atoms were refined by using rigid methyl groups or a
riding model. Crystal data are presented in Table 2. Special Fea-
tures of Refinement: For 2b, a region of badly resolved residual
electron density around an inversion centre was tentatively iden-
tified as disordered solvent, but could not be refined adequately.
The program SQUEEZE (Prof. A. L. Spek, Univ. of Utrecht, Ne-
therlands) was therefore used to remove the effects of the solvent
mathematically. For the calculation of mass-dependent parameters,
a composition based on half a benzene molecule per asymmetric
unit was assumed. For 2¢, the solvent content of three thf molecules
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Table 2. Crystal data and structure refinement (for 1b see ref.[!33]).

2b-1/2C¢Hg¢ 2¢-3thf
Empirical formula C54H81GC3MON603 C76H128G64N3Ni03
Formula mass 1175.96 1550.93
Temperature 133(2) K 100(2) K
Wavelength 0.71073 A 0.71073 A
Crystal system triclinic orthorhombic
Space group P1 P2,242,

Unit cell dimensions

Volume

V4

Density (calcd.)
Absorption coefficient
F(000)

Crystal size

0 range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to 0
Absorption correction

a=11.9177(6) A, a = 70.616(4)°
b = 15.2995(8) é B =73.772(4)°
Y=

a =15.1654(11) A, a = 90°
b =19.9918(14) A, g = 90°

¢ = 17.3158(8) 85.640(4)° ¢ =26.184(2) A, y=90°
2859.2(2) A3 7938.4(10) A3

2 4

1.366 Mgm™ 1.298 Mgm3

1.821 mm™ 1.779 mm!

1218 3280
0.35X0.25X0.20 mm 0.18X0.10 X 0.10 mm
1.41-30.51° 2.98-28.28°
-17=h=16 20=h=20

21 =k =21 26 =k =26

24 =1=24 34 =1=34

67901 418061

17308 [R(int) = 0.027]
99.4% (6 = 30°)
semi-empirical from equivalents

19677 [R(int) = 0.100]
99.8% (0 = 28°)
semi-empirical from equivalents

Max./min. transmission 0.7122/0.5202 0.8422/0.7283

Refinement method full-matrix least squares on F? full-matrix least squares on F?

Data/restraints/parameters 17308/0/595 19677/0/853

Goodness-of-fit on F? 1.07 1.02

Final R indices [I > 20(])] R1 =0.0279 R1 =0.0314
wR2 = 0.0664 wR2 = 0.0623

R indices (all data) R1 =0.0423 R1 = 0.0490
wR2 = 0.0708 wR2 = 0.0682

Largest diff. peak/hole 0.77/-0.31 e A3 0.87/-0.40 e A3

Absolute structure parameter - -0.007(5)

was well-behaved. CCDC-694679 and -694680 (for 2b and 2c, Acknow]edgments

respectively) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Photoelectron Spectroscopic Measurements: The He' photoelectron
spectrum of 2a was recorded as described previously.?3 The N,
and He" peaks were used for internal calibration. The resolution
during the measurements was 40 meV at the Ar 2P, line.

Quantum Chemical Calculations: Quantum chemical calculations
for all the investigated molecules were performed with the
Gaussian 03 program package.*¥ Structures were optimized at the
B3LYP/cc-pVTZ level. The stationary points were characterized by
second-derivative calculations. To interpret the PE spectra, we com-
pared the recorded vertical ionization energies with quantum chem-
ical results obtained at the ROVGF/cc-pVDZ level of theory on the
optimized geometry.

Supporting Information (see footnote on the first page of this arti-
cle): Table containing characteristic data of 1a, 2a, 1b, 2b and 2¢
for comparison; '3C NMR spectroscopic data for 2b and 2c; tables
containing data of quantum chemical calculations on model
germylenes (with NH and NBu), germylene 2a (non-planar and
planarized, neopentyl group on the same and opposite side), effect
of hyperconjugation, orbital representations, (germylene)nickel(0)
model complexes and 2¢ (non-planar and planarized).
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Tight-bonding linear muffin-tin orbital method

Five new intermetallic ternary cobalt antimonides B-RE-
CoSbj; have been prepared by solid state reactions and char-
acterized by single-crystal X-ray diffraction. The title com-
pounds crystallize in p-RENiSbs-type structure, Pbcm
(No.57), Z = 8, with a = 12.985(4)-12.5530(13) A, b =
6.1603(18)-6.1043(4) A, ¢ = 12.166(4)-12.0267(12) A for RE =
La, Ce, Pr, Nd, and Sm. Their structures feature the anionic
Sb square nets and CoSbg octahedron layers that are sepa-
rated by RE3* cations along the a axis. The structural rela-
tionship among parent-type (RECrSbs), a-type (RENiSbs),
and B-type (RECoSbs) has been presented. The electronic

band structure of B-LaCoSb; has been calculated with the
aid of the tight-bonding linear muffin-tin orbital (TB-LMTO)
method and the results suggest that the three types of
RETSb; are metallic in both b and ¢ directions and the elec-
trical conductivities along the a direction are relatively weak.
The magnetic calculations indicated that the rare-earth
atoms would be the only source for the magnetic properties.
Therefore, B-type Co analogues should be magnetically iden-
tical to the corresponding Ni members.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

Rare-earth transition-metal antimonides have been
studied continuously because of their structural diversity,
unique bonding interactions, and various interesting physi-
cal properties.['3l The main structural motif of the layered
RETSb; family (RE = La-Nd, Sm, Gd-Dy, Yb; T =V, Cr,
and Pd) are the condensed TSbg octahedron layers and the
square Sb nets that are separated by the RE>* cations along
the stacking direction.[* 3! Such anisotropic structure leads
to the anisotropic electrical conductivity of LaCrSbs, and
the ferromagnetic behavior corresponds to the existence of
an intermediate between Cr** and Cr*"."l For other
RECrSb; members (RE = Ce-Nd, Sm), the transition metal
Cr influences the magnetic behaviors by coupling with RE
at about 10 K.[314-161 However, the V analogs (RE = La—
Nd, Sm) show no 3d moment, and rare-earth cations are
the sole magnetic source.*614
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The RENISb; exhibits interesting a- and B-type polymor-
phism. The a-RENiSb; (RE = Ce, Pr, Nd, Sm) differs from
RECrSb; (named “parent type” hereafter) by a tripled ¢
parameter, but similar TSbg layer and Sb net. The electrical
conductivity perpendicular to the stacking direction is met-
allic. Unlike the parent structure type, the transition metal
in the a-type has no significant contributions on the mag-
netic properties, and this series of compounds only show
effective moments of free RE>* ions.[!7-18]

The B-RENiSb; (RE = La, Ce) differs from the parent
type by a doubled ¢ parameter. And B-type compounds are
also metallic perpendicular to the stacking direction; the
Ce member shows ferromagnetic ordering of Ce3* free ion
only.['”] The disordered analogs of RENi(Sn,Sb); (RE = Pr,
Nd, Sm, Gd, and Tb) confirm that the RE** ions are the
sole source of the magnetic properties.””! However, the
transition metal Ni has no contribution to the magnetic
property in both a- and B-type RENiSbs.['7"11 The replace-
ment of Ni by Co would provide a new opportunity to look
for structural and magnetic correlations.

The known RE/Co/Sb compounds are RE5CoSb, (RE =
Gd, Tb, Dy, Ho, Er),?!) RECo,_,Sb, (RE = La-Nd, Sm,
Gd),?>24 and a-type RECoSb; (RE = Ce, Pr).[?5-26]

In this paper, we present the syntheses and structures of
a new series of B-type RECoSb; (RE = La—Nd, Sm). The
structural relationship among parent type, a-, and B-type
RETSDb; has been presented, and the electronic band struc-
ture calculations with the aid of the TB-LMTO method
have been reported for the first time; also the electrical con-
ductivity and the magnetic properties are investigated.
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Results and Discussion

Structure

B-RECoSbs (RE = La-Nd, Sm) is the isostructural form
of the B-RENiSbs-type compound.l' The anionic moiety
of the structure consists of two independent parts: slightly
distorted Sb square nets and CoSbg octahedron layers. Both
are stacked along the a axis and separated by RE*" cations
as shown in Figure 1.

Figure 1. View down the b axis of B-LaCoSb; with the unit cell
outlined. The coordination around the Lal and La2 atom is
marked by dashed lines. For clarity, the Co-Co bonds are omitted.

To date, three structure types of antimonides with a com-
mon formula RETSb; (T = transition metal), namely par-
ent-type RECrSb;,PP! a-type RENiSbs,['7-18 and B-type RE-
NiSbs!"I have been reported. Each structure has similar an-
ionic building units, Sb square nets and TSbg octahedron
layers, with RE>* cations inserted between them. The major
difference is their ¢ parameters that are determined by the
different building units along the ¢ axis. As shown in Fig-
ure 2, in the parent-type RECrSbs, the repeat unit is a
monooctahedron [CrSbg] that extends along ¢ through face-
sharing. In the B-type, for example LaCoSbs, the building
unit is a dimer of the edge-shared octahedra, [Co,Sbyg.
While in the a-type, for example LaNiSbs, the building unit
is a trimer of the edge-shared octahedra, [Ni3Sby4]. The di-
mer or trimer along ¢ leads to the approximately doubled or
tripled c-parameter for B- or a-RETSbs, respectively. This
relationship can also be understood by the stacking se-
quences of the close-packed layers of Sb atoms along the ¢
direction as shown in Figure 2. Such stacking sequences are
AB in parent-LaCrSb;, ABCB in B-LaCoSb;, and AB-
ACBC in 0-LaNiSbs.

On the other hand, the connection motifs and repeat unit
along the b axis are similar for the three types; therefore the
b parameters are nearly the same, ranging from 6.160 A for
the B-type to 6.203 A for the a-type and to 6.212 A for the
parent type.>!”l Meanwhile, the a-parameter is determined
by the thickness of the TSbg octahedron layer, Sb square
net, and the size of the interstitial RE>* cations. Therefore,
no significant change in ¢ parameters is expected among

Eur. J. Inorg. Chem. 2009, 230-237
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Figure 2. The connection motifs of the TSbg octahedra along the
¢ axis of RETSbs. (a): T = Cr, (b): T = Co, and (c): T = Ni. A, B,
C represent the stacking sequences of the essentially close-packed
Sb atoms.

the three types, for example 13.283 A for parent-type
LaCrSbs™ and 12.985 A for p-type LaCoSbs, and 12.634 A
for a-type CeNiSbs.['1 The B-type RECoSb; has shown
lanthanide contraction as indicated by Figure 3, in which
the lattice parameters as well as the cell volumes decrease
monotonically with the increase of the atomic number of
the lanthanide.
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Figure 3. Plots of the lattice parameters [A] and cell volumes [A3]
for B-RECoSb; (RE = La-Nd, Sm).

The five -RECo0Sb; compounds reported here belong to
the B-type structure. Taking LaCoSbs as an example, the
Co-Sb bond lengths within the CoSbg octahedron range
from 2.5918(13) A to 2.6661(12) A with an average
(2.629 A) similar to 2.588 A in binary CoSb (NiAs-type),27)
but slightly longer than that in CoSb; (2.527 A).128] The dis-
tortion of the TSbg octahedra is more obvious than that in
parent-type LaCrSb;,1*! but comparable to that in CoSbs.[%8!
In addition, the Co—Co distances roughly decrease with a
decrease in the size of RE?* cations, 2.756(2) A for La-,
2.735(2) A for Ce-, 2.729(2) A for Pr-, 2.739(2) A for Nd-,
231
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and 2.718(2) A for the Sm-member. Such distances are
slightly longer than 2.588 A in binary CoSb.27) The Sb-Sb
bonds in the Co/Sb layer, such as Sb1-Sbl [3.1598(9) A],
Sb1-Sb4 [3.1426(14) A], and Sb1-Sb5 [3.3410(1) A], are
longer than that in the Sb square net, for example Sb3-Sb3
[3.0128(12)-3.0806(9) A].

There are two crystallographically independent La sites,
Lal (Wyckoff site 4¢) and La2 (4d) in p-LaCoSbs. As de-
picted in Figure 4 (a), the Lal atom adopts a square anti-
prismatic coordination, which is frequently found in the
rare-earth antimonides such as RECo,_,Sb, (RE = La, Ce,
Pr, Nd, Sm, and Gd)?*>?* or RETSb, (T = Ag, Ga, Mn,
Zn, Cd).[>33 One square base is constructed by two Sb2
atoms and two Sb4 atoms from the Co/Sb layer, and the
other is defined by four Sb3 atoms from the Sb net. The
La2 atom has similar square antiprismatic geometry with
an extra La2-Sb5 contact with the Co/Sb layer (Figure 4,
b). Compared with the B-RENiSb; analogues, RE-Sb dis-
tances are not affected significantly by the different transi-
tion-metal ions, for example, 3.2573(9)-3.3940(9) A for P-
LaCoSb; and 3.2503(5)-3.3942(9) A for B-LaNiSb;.[') The
square Sb nets are composed of Sb3 atoms with bond
lengths of 3.0128(12)-3.0806(9) A, and angle Sb-Sb-Sb:
87.434(5)-92.533(6)° as shown in Figure 5. Compared with
the Ni-analogue, different transition metal, Co vs. Ni,
slightly changes the bonds and angles. The Sb3 nets are

3.0128(12)

() sbs

@ sb4

Sb3"3.0806(9)

( ; b3
3/3

3.0738(13)

Figure 4. (a) Lal centered square antiprism. (b) La2 centered
monocapped square antiprism. The La-Sb, and Sb3-Sb3 bond
lengths less than 3.40 A are indicated.
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shown in Figure 5. The Sb nets in the parent type are an
ideal square net with Sb—Sb: 3.049(5)-3.108(5) A; angle Sb—
Sb-Sb: 90°,51 and distorted in both a-type [3.0620(3)-
3.1035(2) A; 84.953(6)-94.944(6)°'"!  and B-type
[3.0084(7)-3.0702(8) A; 88.236(19)-91.749(20)°].'1  Such
distortion is caused by the different connection motifs of
the TSbg octahedra along the ¢ direction as described
above. On the other hand, different RE*" cations barely in-
fluence the geometry, for example, in the series of B-RE-
CoSbs, from La to Sm, the shorter Sb3-Sb3 bond lengths
change 1%, the longer Sb3-Sb3 bond lengths only change
0.9%, and the angular deviation is also negligible.

Figure 5. The Sb square nets in -LaCoSb; in the be-plane with
angles and distances [A] marked.

The structural comparison between B-RECoSbs and B-
RENIiSb; suggests that the different transition metal does
not alter the crystallographic structure predominantly. The
electronic structures have therefore been studied to give
some insight into the physical properties.

Electronic Structure

The electronic structure for B-LaCoSb; was calculated
with the TB-LMTO method. The band structure along the
special symmetry lines I'-X, I'-Y, and I'-Z is shown in
Figure 6. Along I'-Y, bands crossing the Fermi level are
quite dispersed with contributions largely from the orbitals
of either the Sb square net or Co/Sb layer extending along
the b axis (Figure 7, parts a, b, d). The bands crossing the

1.2
0.8
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<°
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>
D 0.0\ =] fo==Y--- BN e €
2
L
-0.8- E—
1.2 \\ I~
r ZY T X

Figure 6. Band dispersion curves for B-LaCoSbs along I'X, T'Y,
and I'Z. The Fermi level (& = 0) is set at zero.
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Figure 7. Spin-polarized densities of states (DOS) for B-LaCoSbs. (a) Partial DOS of Co ions; (b) partial DOS of La cations; (c, d)
partial DOS of Sb atoms from Co/Sb layer and Sb3 atoms of Sb square net, respectively. The Fermi level is marked by a dashed line at

0eV.

Fermi level along I'-Z mainly correspond to the contri-
butions of the layers of Co/Sb and Sb square net along the
¢ axis. These features suggest that f-LaCoSb; should be
metallic in both » and ¢ directions. Meanwhile, the three
types of RETSb; have similar electronic structures; there-
fore, their electronic properties should be comparable. This
statement has been supported by the experimental measure-
ments on -LaNiSbs that displays metallic electrical con-
ductivity from 1.8 K to 300 K along the b direction.'”) And
the parent-type LaCrSb; also exhibits metallic electrical
conductivity from 20 K to 300 K along the ¢ direction.[”]
As shown in Figure 6, the bands are flat along I'-X and no
band crosses the Fermi level, which is consistent with the
existence of the intervening layers of La’* ions that are
weakly bonded to both the Sb net and Co/Sb layers. There-
fore, RETSb; should show poor conductivity along the a
axis. Such a prediction is worthy of further experimental
measurement.

The spin-polarized calculations of the partial densities of
states (DOS) of La, Co, and Sb atoms and the crystal or-
bital Hamilton population (COHP) curves for B-LaCoSbs
are shown in Figure 7 and Figure 8. The Fermi level crosses
partially filled bands in the DOS curve, which also indicates
the metallic behavior. Most of the La states (54 and 6s) are
unoccupied and locate above the Fermi level, as expected
for an electropositive element. The hybridization of La 5d
and Sb 5p states from -3 to 0 eV (Figure 7 b, ¢, d) implies
some bonding character between La and Sb. For instance,
Lal-Sb bonds range from 3.2587(9) to 3.3940(9) A, with
the integrated —COHP value varying from 1.017 to
0.837 eV/cell. Any Lal-Sb bond longer than 3.50 A is re-
garded as relatively weak because the integrated ~-COHP
value is only about half of the normal Lal-Sb bonds. Simi-
larly, the distances of La2-Sb bonds between 3.2573(9) and
3.3622(13) A, with an average of 3.3098 A are slightly
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shorter, so the integrated —-COHP value of 0.909 eV/cell is
larger than that of the Lal sphere. As shown in parts ¢ and
d of Figure 7, the partial DOS of Sb atoms in the Co/Sb
layer are more delocalized than that of the square net, for
example Sb 5p (=7 to 0 eV) vs. Sb3 5p (-4.5 to 0 eV), which
illuminates that Sb atoms in the Co/Sb layer show abundant
bonding interactions compared with that in the square net.
In the region from —5 eV up to the Fermi level, a significant
mixture of Co 3d and Sb 5p states implies the strong coval-
ent character of Co-Sb bonds. As indicated by the COHP
curves plotted in Figure 8 (b), the Co-Sb bonds (2.596—
2.666 A) within the CoSbg octahedra are almost optimized
giving an integrated -COHP value from 1.985 to 2.221 eV/
cell. The Sb3-Sb3 bonds (3.0128-3.0806 A) are covalent
bonds with the integrated -COHP value of 0.893-1.100 eV/
cell. Any Sb-Sb distance beyond 3.3410 A is not considered
since the Sb1-Sb5 (3.3410 A) only has an -ICOHP about
12% of the strongest Sb3-Sb3 bond.
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Figure 8. Crystal orbital Hamilton population curves for the Co—
Co, Co-Sb, and Sb3-Sb3 in B-LaCoSbs. The Fermi level is set at
e =0eV.
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The complex Sb substructure of B-LaCoSb; adds diffi-
culty to charge formulation. A simple charge formulation
would be La**[CoSb;]* . The bond orders (v;) for the Sb
atoms can be calculated by v; = exp[(2.80 — d;;)/0.37], where
d;; is the bond length in A.% The formal charges are thus
calculated to be —1.9 for Sbl, -2.5 for Sb2, —1.0 for Sb3,
2.6 for Sb4, and -2.5 for SbS, giving an overall negative
charge of —5.75 per formula unit in B-LaCoSbs;. The calcu-
lated charge of Sb3 agrees well with that deduced from the
Zintl-Klemm concept, i.e., four-bonded Sb3 atoms (Fig-
ure 5) in square nets is assigned to —1.34 This simple cal-
culation reveals the apparent charge of Co as +2.75.

As shown in Figure 7 (a), the spin-up states (1) are
almost the same as the spin-down states (| ) around
the Fermi level (the calculated magnetic moment is
0.000013 pp), indicating that B-LaCoSbs is not a spin-pola-
rized compound. This also agrees with the diamagnetic be-
havior of Co atoms in many intermetallic compounds such
as Ce3Co,4Sn;3,3% REsCo,Siy4 (RE = Ho, Er, Tm, Yb),B7!
RECo, 47Si5 (RE = Ce, Nd, Gd, Tb, Dy).[*¥ Our calcula-
tions allow us to make the statement that for the f-RETSbs
series the rare-earth atoms are the only magnetic source.
Such a statement has been substantiated by the iso-
structural B-CeNiSbs that shows an experimental effective
magnetic moment close to the value for free Ce3* cations.!'")
On the basis of these calculations and observations, the
magnetism of B-RECoSbs should be identical to the corre-
sponding Ni members. And the La members, B-LaCoSb;
and B-LaNiSbs, should be diamagnetic.

Conclusions

In summary, we have synthesized five new ternary B-type
RECo0Sb; compounds with RE = La, Ce, Pr, Nd, and Sm.

The structure features the alternating layers of condensed
CoSbg octahedra and square Sb nets, with interventional
RE3* cations. Electronic structure calculations on B-La-
CoSbs; show anisotropic metallic conductivities in both b
and ¢ directions that agree well with previous measure-
ments. The conductivity in the « direction should be weak
because of the intervention of RE** cations via weak bond
interactions. The calculations also indicate no spin-polar-
ization occurred around the Fermi level, which means that
LaTSb; (T = Co, Ni) should be diamagnetic.['”) And for
other RE members, the magnetic rare-earth atoms are the
only source for the magnetic properties. Therefore, the two
series of B-type compounds, RECoSb; and RENISbs,
should be identical in magnetism.

Experimental Section

Synthesis: The handling of all materials was carried out inside a
N,-filled glove box with controlled oxygen and moisture levels be-
low 0.1 ppm. The rare-earth metals, La, Pr, Nd, and Sm (99.5% or
higher, Huhhot Jinrui Rare Earth Co. Ltd), Ce foil (99.9%, Alfa
Aesar), Co power (99.94%, Shanghai Guoyao group), Sb shot
(99.999%, Alfa Aesar), and Sn shot (99.99%, Alfa Aesar) were
used as received. Single crystals of B-RECoSb; (RE = La-Nd, Sm)
were prepared with Sn flux. The stoichiometric elemental mixture
of RE/Co/Sb (1:1:3 in molar ratio) and 0.3 g Sn was placed in an
evacuated fused-silica tube, then flame-sealed under vacuum at
1073 Pa. The sealed tubes were placed into a temperature-controlled
tube furnace, heated at 640 °C for 1 d and 1050 °C for 3 d, and then
cooled to room temperature over § d. The Sn flux was removed by
hydrochloric acid, and the plate-like crystals were obtained after
being washed with distilled water. These crystals were stable in air
over a period of weeks.

The power samples were prepared with RE:Co:Sb (RE = La, Ce,
Pr, Nd, and Sm) in 1:1:3.15 molar ratio (the excess of Sb was to

Table 1. Crystal data and structural refinements for f-RECoSb; (RE = La-Nd, Sm).

Chemical formula LaCoSb; CeCoSbs PrCoSb; NdCoSbs SmCoSb;

Formula weight 563.09 564.30 565.09 568.42 574.57

Space group Pbem (No.57) Pbem (No.57) Pbcm (No.57) Pbcem (No.57) Pbem (No.57)

a[A] 12.985(4) 12.829(8) 12.748(6) 12.651(5) 12.5530(13)

b [A] 6.1603(18) 6.136(4) 6.131(3) 6.116(2) 6.1043(4)

¢ [A] 12.166 (4) 12.109(7) 12.086(5) 12.073(4) 12.0267(12)

v [A3 973.19(50) 953.14(10) 944.65(75) 934.13(57) 921.57(15)

Z 8 8 8 8 8

Crystal size [mm] 0.15/0.10/0.05 0.07/0.04/0.02 0.15/0.09/0.05 0.15/0.09/0.04 0.10/0.09/0.08

Temperature [K] 293(2) 293(2) 293(2) 293(2) 293(2)

Pear [glcm?] 7.686 7.865 7.947 8.084 8.282

Radiation, / [A] Mo-K,, 0.71073 Mo-K,, 0.71073 Mo-K,, 0.71073 Mo-K,, 0.71073 Mo-K,, 0.71073

0 range [°] 3.14-27.48 3.18-27.42 3.20-27.47 3.22-27.47 3.25-27.47

Index ranges -l6=h=16 —-l6=h=12 -16=h=16 -l4=h=16 ~-l6=h=17
-1T=k=6 T=k=7 T=k=7 T=k=7 T=k=7
-14=7=15 -15=/1=15 -13=/=15 -15=/7=15 -15=/=15

i [mm] 28.171 29.351 30.293 31.319 33.221

Rint 0.0572 0.0375 0.0427 0.0643 0.0672

R/ wR, [I > 25(D]™  0.0316/0.0771 0.0232/0.0522 0.0256/0.0619 0.0457/0.1198 0.0326/0.0740

R/wR, (all data) 0.0355/0.0785 0.0275/0.0541 0.0279/0.0633 0.0463/0.1206 0.0385/0.0778

Apimax [:A 3] 2.929 1.265 1.827 4.004 2.576

Apmin [e*A3] -3.329 -1.121 —-1.951 -5.434 -2.349

Goodness of fit on F,>2 1.094 1.092 1.158 1.184 1.094

[a] R, = JIF,| — |[FVZIF,| for F>>20(F.%); wR, = X[w (F.,? — FAUX[w(F,?)?]"?,where w = 1/[c*F,> + (AP)> + BP], and P = (F,> + 2F)/3.
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compensate for evaporative losses). The heating profile for each
sample is 650 °C for 1 d and 950 °C for 8 d and then cooling to
300 °C at 5 °C/h before switching off the furnace. The X-ray dif-
fraction analyses show the existence of the minor byproducts of
CoSb; and CoSb,. With the purpose to obtain singular B-RE-
CoSbs, the product was reground several times and pressed into a
pellet, sealed in a silica tube, then heated at 900 °C for 8 d, and
subsequently cooled to room temperature. Unfortunately, the by-
products, binary CoSbz and CoSb, (less than 10%), were irremov-
able by such treatment. The arc-melting technique yields B-RE-
CoSbj; as the major product together with minor CoSb; and CoSb,
byproducts.

Similar reactions were carried out for other rare-earth metals with
RE = Gd-Tm and Y for proposed RECoSb; analogs. However,
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RECo,_,Sb, (HfCuSi,-type) with RE = Gd-Er and Y were pro-
duced.?) When RE = Tm, binary TmSb was the main product.

In the diagram study of the RE/Co/Sb (RE = Ce, Pr) system, two
a-type compounds have been identified by XRD patterns, and their
annealed temperatures are 400 °C and 600 °C, respectively.[>>-20]
Therefore, f-RECoSbs; is thought to be a high-temperature stable
phase.

Elemental Analysis: Microprobe elemental analysis was performed
on some single crystals of RECoSbs, including the single crystals
used for X-ray diffraction analyses. Spectra were collected on a
field emission scanning electron microscope (FESEM, JSM6700F)
equipped with an energy dispersive X-ray spectroscope (EDX, Ox-
ford INCA). The results indicated the presence of all three RE, Co,

Table 2. Atomic positions, site symmetry, and U,, values for -RECoSbs (RE = La-Nd, Sm).

Atom WyckofT site X ¥ z Ueq [A2])
LaCoSbs

Lal 4c 0.70093(5) 1/4 0 0.00514(18)
La2 4d 0.30412(5) 0.27003(11) 3/4 0.00490(18)
Col Se 0.09764(8) 0.03739(17) 0.86327(7) 0.00630(2)
Sbl 4e 0.97285(5) 1/4 0 0.00630(2)
Sb2 4d 0.79080(5) 0.26224(12) 3/4 0.00590(2)
Sb3 Se 0.50200(3) 0.51089(8) 0.87632(3) 0.00622(18)
Sbé 4c 0.21487(6) 1/4 0 0.00580(2)
Sb5 4d 0.94380(5) 0.88966(12) 34 0.00640(2)
CeCoSbs

Cel 4c 0.70037(4) 1/4 0 0.00566(13)
Ce2 4d 0.30463(4) 0.26810(7) 3/4 0.00561(13)
Col 8e 0.10094(7) 0.03510(13) 0.86292(6) 0.00853(19)
Sbl 4c 0.97276(5) 1/4 0 0.00790(15)
Sb2 4d 0.78711(4) 0.25898(8) 3/4 0.00624(14)
Sb3 8e 0.50195(3) 0.50995(6) 0.87627(3) 0.00675(12)
Sb4 4c 0.21779(5) 1/4 0 0.00628(14)
Sbs 4d 0.94424(4) 0.88655(9) 3/4 0.00780(15)
PrCoSbs

Prl 4c 0.70016(4) 1/4 0 0.00526(15)
Pr2 4d 0.30507(4) 0.26982(8) 3/4 0.00529(14)
Col Se 0.10118(7) 0.03578(14) 0.86290(6) 0.00680(2)
Sbl 4c 0.97269(5) 1/4 0 0.00678(16)
Sb2 4d 0.78561(5) 0.25959(9) 3/4 0.00568(16)
Sb3 8e 0.50209(3) 0.51054(6) 0.87628(3) 0.00616(15)
Sb4 4c 0.21956(5) 1/4 0 0.00575(16)
Sbs 4d 0.94333(4) 0.88860(9) 3/4 0.00701(16)
NdCoSbs

Ndl 4c 0.70015(6) 1/4 0 0.00640(3)
Nd2 4d 0.30479(6) 0.27282(11) 3/4 0.00620(3)
Col Se 0.10065(9) 0.0376(2) 0.86343(9) 0.00850(3)
Sbl 4c 0.97244(7) 1/4 0 0.00760(3)
Sb2 4d 0.78390(7) 0.26240(12) 34 0.00660(3)
Sb3 Se 0.50246(4) 0.51204(10) 0.87615(4) 0.00710(3)
Sbé 4e 0.22162(8) 1/4 0 0.00690(3)
Sbs 4d 0.94260(6) 0.89053(12) 3/4 0.00740(3)
SmCoSbs

Sml 4c 0.69968(6) 1/4 0 0.00685(18)
Sm2 4d 0.30568(6) 0.27138(9) 3/4 0.00681(18)
Col Se 0.10342(11) 0.03549(18) 0.86301(9) 0.01070(3)
Sbl 4c 0.97241(8) 1/4 0 0.00890(2)
Sb2 4d 0.78138(8) 0.25914(11) 3/4 0.00720(2)
Sb3 Se 0.50244(5) 0.51076(8) 0.87615(4) 0.00769(19)
Sb4 4c 0.22393(8) 1/4 0 0.00730(2)
Sb5 4d 0.94300(7) 0.88831(12) 3/4 0.00900(2)

[a] Ueq is defined as one-third of the trace of the orthogonalized Uj; tensor.
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Table 3. Selected interatomic distances [A] in B-RECoSb; (RE = La-Nd, Sm).

LaCoSb; CeCoSbsy PrCoSbs, NdCoSbs SmCoSb;
REI-Sbl 3.5308(14) 3.4950(2) 3.4743(18) 3.4447(17) 3.4237(12)
REI-Sb2 (X2) 3.2587(9) 3.2258(18) 3.2125(13) 3.1997(10) 3.1773(5)
REI-Sb3 (X2) 3.3729(10) 3.3392(14) 3.3226(12) 3.3052(11) 3.2846(8)
REI-Sb3 (X2) 3.3940(9) 3.3568(14) 3.3412(11) 3.3256(11) 3.2988(8)
REI-Sb4 (X2) 3.2685(9) 3.2425(18) 3.2317(14) 3.2141(10) 3.1992(4)
RE2-Col 3.3379(13) 3.2774(16) 3.2676(14) 3.2581(15) 3.2198(14)
RE2-Sb2 3.2732(12) 3.2337(19) 3.2175(15) 3.1975(13) 3.1717(9)
RE2-Sb2 3.3622(13) 3.3381(19) 3.3349(15) 3.3173(14) 3.3124(9)
RE2-Sb3 (X2) 3.3414(10) 3.3087(14) 3.2887(12) 3.2732(11) 3.2462(8)
RE2-Sb3 (X2) 3.3539(10) 3.3172(14) 3.3015(11) 3.2879(11) 3.2610(8)
RE2-Sb4 (X2) 3.2573(9) 3.2277(18) 3.2146(13) 3.1994(10) 3.1797(5)
RE2-Sb5 3.3026(13) 3.2740(2) 3.2494(16) 3.2115(16) 3.2023(12)
Col-Col 2.756(2) 2.735(2) 2.7291(19) 2.739(2) 2.718(2)
Col-Sbl (X2) 2.5960(12) 2.5902(13) 2.5889(11) 2.5820(14) 2.5802(12)
Col-Sb1(Xx2) 2.6661(12) 2.6829(13) 2.6747(11) 2.6528(14) 2.6708(13)
Col-Sb2(X2) 2.6212(13) 2.6081(13) 2.6100(12) 2.6155(15) 2.6047(13)
Col-Sb4 2.6076(12) 2.5963(13) 2.5977(11) 2.5979(14) 2.5919(13)
Col-Sb5 2.5918(13) 2.5965(14) 2.5934(13) 2.5849(15) 2.5903(15)
Col-Sb5 2.6265(14) 2.6183(15) 2.6197(13) 2.6144(15) 2.6125(13)
Sb1-Sb1 (X2) 3.1598(9) 3.1464(19) 3.1435(14) 3.1365(10) 3.1297(5)
Sb1-Sb4 3.1426(14) 3.1430(2) 3.1472(17) 3.1525(18) 3.1574(14)
Sb1-Sb5 (X2) 3.3410(1) 3.3166(17) 3.3164(13) 3.3172(10) 3.2985(5)
Sb2-Sb5 3.0356(12) 3.0472(15) 3.0358(13) 3.0338(14) 3.0398(12)
Sb3-Sb3 3.0128(12) 2.9994(19) 2.9940(15) 2.9947(14) 2.9825(10)
Sb3-Sb3 3.0738(13) 3.0580(2) 3.0526(15) 3.0460(14) 3.0344(10)
Sb3-Sb3 (X2) 3.0806(9) 3.0682(19) 3.0658(14) 3.0586(10) 3.0528(2)

and Sb elements in molar ratios (19-21% RE, 19-20% Co, 58—
62% Sb) and no Sn element was detected, which is in good agree-
ment with the stoichiometry refined from the single-crystal X-ray
structure determinations.

Structure Determination: The single-crystal X-ray diffraction data
were collected with a Rigaku Mercury CCD diffractometer
equipped with a graphite-monochromated Mo-K, radiation source
(4 = 0.71073 A) at 293 K. The absorption corrections were done
by the Multi-scan method.[*”! The space group was determined to
be Pbem (No. 57) based on systematic absences, E-value statistics,
and subsequent successful refinements of the crystal structure. The
structures were solved without events by direct methods and re-
fined by full-matrix least-squares fitting on /> by SHELXL-97.141]
All of the atoms were refined with anisotropic thermal parameters.
Crystallographic data and structural refinements are summarized
in Table 1. Atomic coordinates and anisotropic displacement pa-
rameters are provided in Table 2. Table 3 gives the interatomic dis-
tances for -RECoSb; (RE = La-Nd, Sm) for comparison.

Further data, in the form of a crystallographic information file
(CIF) can be obtained from the Fachinformationszentrum
Karlsruhe, Abt. PROKA, 76344 Eggenstein-Leopoldshafen, Ger-
many (Fax: +49-7247-808-666; E-mail: crysdata@fiz.karlsruhe.de)
on quoting the depository numbers: CSD-419540 (for LaCoSb;),
CSD-419539 (for CeCoSbsz), CSD-419542 (for PrCoSbs), CSD-
419541 (for NdCoSbs3), and CSD-419538 (for SmCoSb;).

Electronic Structure Calculations: The electronic structure calcula-
tions for B-LaCoSbs were performed by the linear muffin-tin or-
bital method*? with the aid of the TB-LMTO program.*3l Ex-
change and correlation were treated in the local density approxi-
mation (LDA).[* The basis set included the 4f, 5d, 6s, 6p orbitals
for La, 3d, 4s, 4p orbitals for Co, and 4f, 5s, S5p, 5d orbitals for Sb.
The La 6p, Co 4p, and Sb 4f, 5d orbitals were treated with the
downfolding technique.[**'The k-space integrations were performed
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by the tetrahedron method™®! using a 2 X 2 X 4 k-mesh within the
Brillouin zone. The Fermi level (¢; = 0 eV) was selected as the en-
ergy reference.
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Nitrogen-Rich Compounds in Pyrotechnics: Alkaline Earth Metal Salts of
5,5'-Hydrazine-1,2-diylbis(1 H-tetrazole)

Konstantin Karaghiosoff,?! Thomas M. Klapotke,*!? and Carles Miré Sabaté!?!
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Alkaline earth metal (2: Mg, 3: Ca, 4: Sr, and 5: Ba) salts
with the nitrogen-rich 5,5'-hydrazine-1,2-diylbis(tetrazolate)
anion (HBT?") were synthesized in high purities and yields
and fully characterized by spectroscopic and analytical meth-
ods. In addition, the crystal structures of the new compounds
were determined by X-ray diffraction techniques. Whereas
the tetrazole rings in 2 are twisted with respect to one an-
other, as reported for compounds with the same anion, in the
heavier-metal salts 3-5 there exists “"apparent coplanarity”
between the same rings due to disorder, which is discussed.
A detailed description of the structures is given. The com-
pounds, obtained as the hydrated species, are insensitive to
friction, shock, and electrostatic discharge (BAM testing), but
react vigorously in a flame upon loss of water to give the

characteristic flame color for the metal atom. Differential
scanning calorimetry (DSC) measurements showed strong
bonding of the water of crystallization, which is lost at tem-
peratures equal to or above 130 °C, and great thermal sta-
bilities with decomposition points above 220 °C without
melting. Additionally, loss of water was determined by using
thermal gravimetry (TG). Lastly, due to the prospective inter-
est in metal salts containing the HBT? anion as energetic
materials, their constant-volume energies of combustion
were measured experimentally by bomb calorimetry and
their heats of formation were back-calculated from these re-
sults.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

The chemistry of nitrogen-rich compounds is taking
large steps toward the development of new, environmentally
friendly energetic materials for use as gas generators,!!~
blowing agents,>! primary explosives,[ or ingredients in
pyrotechnic and propellant mixtures.’] Most currently used
stab- and percussion-sensitive mixtures consist of a primary
explosive and 2-5% tetrazene (Figure 1). A major problem

NH N§N
H N% N— |
2 7 N\NH
N—N

H2N * Hzo
A

H
N7 NN
N\/N <\ /l'l‘
N
B C

Figure 1. Structural formulas of tetrazene hydrate (A), 1,2,4,5-
tetrazine (B), and 5H-tetrazole (C).

[a] Department of Chemistry and Biochemistry, Energetic Materi-
als Research, Ludwig-Maximilians-Universitét,
Butenandstr. 5-13, 81377 Miinchen, Germany
Fax: +49-89-2180-77492
E-mail: tmk@cup.uni-muenchen.de

Supporting information for this article is available on the
WWW under http://www.eurjic.org/ or from the author.
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with the use of tetrazene as an energetic sensitizer is its
poor thermal stability, which leads to depletion and loss of
activity.l) Pyrotechnics have multiple applications in many
diverse fields such as fireworks, airbags, fire extinguishers,
(road) flares, matches, or production of nanoporous foams
and propellants. Pyrotechnic compositions are generally
made up of an oxidizer, a reducing agent, (optionally) a
binder, a propellant, coloring agents, and sound- or smoke-
producing agents.[”]

Tetrazine-® and tetrazole-based (Figure 1)°! energetic
compounds are emerging as nitrogen-rich materials with
interesting properties. The potential of the 5,5"-azotetrazol-
ate anion to generate nitrogen-rich, highly endothermic
metal salts with good performance and high thermal sta-
bility has been reported in different studies.'-!1]

Recently, we reported the synthesis and energetic proper-
ties of 5,5'-hydrazine-1,2-diylbis(1 H-tetrazole) (HBT),!'%
which has a nitrogen content of 83.4%, is thermally stable
above 200 °C, and has a high detonation velocity compar-
able to some of the highest-performing energetic com-
pounds, while being less sensitive.[!?!

As early as 1898, Thiele!'¥l described the reduction of the
azo bridge in the 5,5'-azotetrazolate anion to form the 5,5'-
hydrazine-1,2-diylbis(tetrazolate) anion (HBT?"). Some
metal salts of the latter have been studied by DSC.I'3! They
reveal good thermal stabilities and could be prospectively
used as primary explosives and sensitizers!!®! or as ingredi-
ents in pyrotechnic mixtures.”) Apart from our earlier study
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on salts containing the HBT?™ anion,!!” no systematic char-
acterization of its metal salts has been performed to date,
and only two crystal structures of compounds with the
HBT? anion have been reported. In addition, the potential
of such compounds for energetic applications remains to be
investigated. Here we would like to report on the synthesis,
full analytical and spectroscopic characterization, energetic
properties, and X-ray structures of alkaline earth metal salts
of HBT.

Results and Discussion

Synthesis

Sodium 5,5’-azotetrazolate pentahydratel'* was reduced
with magnesia powder. After acid work-up, a white, pow-
dery precipitate of 5,5'-hydrazine-1,2-diylbis(1 H-tetrazole)
(HBT, 1) formed.'"?! Initially, we prepared the barium salt
5 by two independent methods starting from HBT. The
method described in the literature using the sodium salt!!>!
gives the product in a low isolated yield (19%). Therefore,
an alternative method was developed: 1 was boiled with
barium hydroxide in aqueous solution. The method could
be extrapolated to synthesize the rest of the metal salts in
this study (see 2—4 in Scheme 1).

- N=N
NIN HN_ N

INaT' \( SHo i) Mg, H,0 Y M(OH), o
a M V— . A
NQN ii) HCl aq. H/N\N/H reflux, H,O H/N\N/H

[MP* NN
\! '’

2:M=Mg,x=6.5
3-5:M=Ca,Sr,Ba,x=5

el NN N” N
= N=N

Na,ZT

Scheme 1. Synthesis of alkaline earth metal salts 2-5.

All compounds were fully characterized by vibrational
(IR and Raman) and NMR ('H and '3C) spectroscopy, ele-
mental analysis, mass spectrometry, and differential scan-
ning calorimetry (DSC). All materials are readily soluble in
polar solvents such as water, dmf, or dmso, they are soluble
in hot alcohol and insoluble in less polar or apolar solvents
such as acetone, acetonitrile, or ether. Lastly, crystals of the
compounds suitable for X-ray analysis were obtained from
slow cooling of a solution of the corresponding salt in hot
water or by storing in the refrigerator overnight (see Exp.
Section).

Vibrational Spectroscopy

The Raman and IR spectra of alkaline earth metal salts
of HBT are represented in Figure 2. Both IR and Raman
spectra of 3-5 (with some variation in the shifts) look al-
most identical, whereas those of the magnesium salt 2 are
the most different, as expected because of the changes in
the crystal structure of the magnesium salt with respect to
that of the remainder of the compounds (see the section
“Molecular Structures”). The most intense signals in the IR
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spectra of alkaline ecarth metal salts of HBT are broad
bands in the X-H (X = O and N) region between ca. 3600
and 2800 cm ! (ca. 3600-2600 cm ! for 2), corresponding to
the stretching modes of the water of crystallization and hy-
drazine-bridge (obscured) protons. In addition, the in-plane
carbon-hydrazine-nitrogen stretch (C1-N5 and C2-N10) is
observed at about 1630 cm™! (Raman inactive), and the de-
formation modes (in-plane and out-of-plane) for the hy-
drazine moiety and ring C-N and N-N stretching modes
are observed in the range between 1540 and 1380 cm !, the
ring N-N stretching modes all being found in the region to
about 1020 cm™'. In the Raman spectra, the most intense
signal corresponds to stretching modes in the tetrazole rings
at about 1070 cm™! (hydrazine-bridge deformation mode at
1530 cm™! for 2). In addition, many other bands of lower
intensity can be observed in both IR and Raman spectra,
which can be assigned as follows: 735-750 cm™! [o(HN-
NH)], ca. 845 cm ™' [(HN-NH);,], ca. 1020 cm™' [v(C-N-
N)ringl, ca. 1070 em!' [V(C-N-N),;,e and V(N-N),ingl,
ca. 1130 cm™! [V(N-N),ipgl, ca. 1370 cm ™' [(HN-NH);, and
VIN-N)yingl, 1384 cm™! [§(HN-NH),op, and v(N-N),inl,
1450-1460 cm ' [§(HN-NH);, and V(N-N)el, 1530-
1540 cm ! [§(HN-NH);, and v(C-N),n], ca. 1630 cm!

[V(Cring Nhydr)l ] [36.18]
,V(C-N-N)ring

A MM\‘ 3
Z\
= V(N-N)ring
k31 \
E S(HN-NH)ip

5

53600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 600 400 200 50
Raman Shift [cm—1]

WW 2
3
! V(N-N)ring
(C—N)ring

[ \V(N—H v
v(O-H)
V(C- N- -N)ring
S(HN -NH)j
X V(Crlng_Nhydl')lp 5(HN NH)SH(JHN NH)I

4000 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 600 450
IR Shift [cm—1]

Transmittance —— gu

Figure 2. Vibrational spectra: panel plots for alkaline earth metal
salts 2-5 [Raman (top) and IR (bottom)].

NMR Spectroscopy
The '"H NMR spectrum of compounds 2-5 in [Dg]dmso

shows two sharp signals, at ca. 7.0 and ca. 4.0 ppm, corre-
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sponding to the resonances of the hydrazine hydrogen
atoms and the protons of the water molecules of crystalli-
zation, respectively. The hydrazine protons are shifted to
lower field with respect to the metal hydrazinates reported
in the literature containing the same anion, which resonate
at ca. 3.5 ppm.l'7 In the '3C NMR spectrum, the resonance
of the tetrazolate-ring carbon atoms is found at ca. 167 ppm
(0 = 166.2 ppm for 2), which is well below the resonances
at ca. 173 ppm found for the carbon atoms in metal 5,5'-
azotetrazolate salts.''? Both 'H and '3C NMR shifts are in
agreement with our previously published results.'?%171 No
signals were observed in the "N NMR spectra of any of
the compounds, and the compounds were too insoluble to
obtain!>N NMR spectra. The lack of protons in the vicinity
of nitrogen atoms did not allow the resonances of the tetra-
zole-ring nitrogen atoms in the >N solid-state NMR spec-
trum of 5 to be observed. The only resonance observed in
the solid state was that of the hydrazine nitrogen atoms (0
= -297 ppm).

Figure 3 shows the *C NMR spectrum of the strontium
salt (4) at different times in [Dg]Jdmso. When the pure com-
pound is dissolved in [Dg]dmso, the solvent turns slightly
yellow as it dissolves, indicating oxidation to the azo com-
pound (SrZT). However, the '3C NMR spectrum looks
clean, and after 1 day, a resonance at ca. 173 ppm starts to
become visible. This signal increases in intensity with time,
and the initial signal at ca. 167 ppm ends up disappearing,
which indicates full oxidation of the HBT to the ZT salt.

[D,Jdmso

t=1day

=

t=20 days

1= 6 months

*
A

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

BC{IH} NMR S [ppm]

Figure 3. Monitoring of the oxidation of 4 to the 5,5'-azotetrazol-
ate salt (SrZT) by '*C{'H} NMR spectroscopy in [D¢]dmso (# and
* denote SrZT and 4, respectively).
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Molecular Structures

Crystals of the HBT salts 2-5 were obtained as described
in the Experimental Section. The X-ray crystallographic
data of the compounds were collected with an Oxford Dif-
fraction Xcalibur 3 diffractometer equipped with a CCD
detector using graphite-monochromated Mo-K,, radiation
(4 =0.71073 A). A multiscan absorption correction was ap-
plied to all data sets.['”%! The structures were solved by di-
rect methods (SHELXS-97 and SIR97) and refined by me-
ans of full-matrix least-squares procedures with SHELXL-
97.1196.19 Crystallographic data are summarized in Table 6.
Selected bond lengths, angles, and hydrogen-bonding geo-
metries are reported in Tables 1, 2, and 4, respectively. In
addition, the geometry for the coordination around the cat-
ions is tabulated in the Supporting Information (Tables S1-
S4). All non-hydrogen atoms were refined anisotropically.
All calculations were carried out with the program package
GO3W.2Y The structure and frequency calculations were
performed with Becke’s B3 three-parameter hybrid func-
tional by using the LYP correlation function (B3LYP) and
are tabulated in Table 3.2!1 For all H, C, N, and O atoms,
a correlation-consistent polarized double-zeta basis set was
used (cc-pVDZ).[22

The N-N bond lengths in the tetrazolate rings of alkaline
earth metal salts 2-5 [1.299(2)-1.366(2) A] are between
N-N single bonds (1.454 A) and N=N double bonds
(1.245 A)231 (Table 1). This indicates conjugation of the
negative charge throughout the aromatic rings as seen in
the crystal structures of other salts containing the HBT>"
anion.! The distances between the two bridging nitrogen
atoms [N5-N5i 1422(8)-1.432(2) A and N6-N6vY
1.428(3)-1.442(2) A] are relatively long (N-N single bond
1.454 A),1231 longer than the analogous N-N distances ob-
served in the free acid HBT [1.391(2) A]l'4! by ca. 0.06 A,
in which no conjugation between the two aromatic rings
and the bridging nitrogen atoms is observed. Lastly, the co-
ordination numbers and distances described below are in
keeping with salts with anionic nitrogen heterocycles and
compounds with alkaline earth metals.[4®112.24]

Compound 5, in analogy to 3 and 4, crystallizes in the
orthorhombic crystal system in the space group Pnnm with
four formula units and with five water molecules each in
the unit cell (Table 6). The barium atoms lie on special posi-
tions so that half of the water molecules can be generated
by symmetry [symmetry code: (i) x, y, 2 —z]. Due to the
heavy barium atoms in 5, the hydrogen atoms of the hydraz-
ine bridge could not be found in the difference Fourier map.
In the solid state (see Figure 4), “coplanarity” between the
two tetrazole rings in the anions is observed, which is in
contrast with other previously reported compounds con-
taining the HBT moiety.['>!”] Calculations were done in or-
der to confirm the “apparent coplanarity” of the two rings.
Table 3 presents the computational results obtained for the
gas-phase structure of the 5,5'-azotetrazolate anion (ZT2"),
5,5"-azotetrazole (H,ZT) (see Supporting Information, Fig-
ure S1), the nonplanar (HBT?") and planar (HBT? planar)
5,5'-hydrazine-1,2-diylbis(tetrazolate) anion, and planar
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Table 1. Selected bond lengths [A] for alkaline earth metal salts 2-5.

Eur|IC
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2 3 4 5
A B
NI-N2@ 1.366(2) 1.363(2) 1.352(2) 1.345(3) 1.347(6)
N2-N3 1.299(2) 1.308(2) 1.306(2) 1.306(3) 1.301(6)
N3-N4 1.364(2) 1.352(2) 1.354(2) 1.356(3) 1.361(6)
N4-Cl@ 1.341(2) 1.334(2) 1.328(2) 1.328(3) 1.316(6)
CI-NI1 1.337(2) 1.329(2) 1.341(2) 1.342(3) 1.333(6)
CI-N5 1.388(2) 1.405(2) 1.391(3) 1.391(3) 1.397(6)
N5-Niii 1.432(2) 1.426(3) 1.423(4) 1.422(8)
N6-N6v ® 1.442(2) 1.428(3) 1.432(4) 1.431(9)
N6-C2 1.407(2) 1.407(2) 1.397(2) 1.390(3) 1.392(6)
C2- N7 1.335(2) 1.327(2) 1.330(2) 1.330(3) 1.324(6)
N7-N8© 1.356(2) 1.356(2) 1.362(2) 1.361(3) 1.344(6)
N8-N9 1.305(2) 1.311(2) 1.300(2) 1.301(3) 1.307(6)
N9-N10ii @ 1.361(2) 1.3512) 1.349(2) 1.351(3) 1.344(6)
C2 N10ii © 1.3322) 1.3322) 1.338(2) 1.343(3) 1.336(6)

2: (a—e) no symmetry codes, N5-N5i = N5-N6 and N6-N6" = N15-N16. 3: (b) (iii) —x, -y, —z; (iv) —x, 1 — p, —z. (d) (i) —x, -y, -z. (¢)
(i) —x, =y, —z. 4: (b) (1)) 1 — x, 1 =y, —z; (iv) —x, =y, —z. (¢) (1) —x, | —y, —z. (e) (il) —x, 1 — y, —z; 5: (a) (i1) 1 — x, 1 — p, —z; NI-N2". (b)

i) 1 —x, -y, -z0v) 2 -x, 1 -y, —z

Table 2. Selected bond angles [°] for alkaline earth metal salts 2-5.

2 3 4 5
A B
NI-CI-N5 125.9(2) 125.2(2) 123.4(2) 123.1(2) 122.7(4)
N2-N3-N4 109.7(1) 110.0(1) 109.7(1) 109.7(2) 109.6(4)
N7-C2-N6 124.6(2) 125.0(2) 123.3(2) 124.0(2) 125.3(4)
C2-N7-N§® 102.7(1) 103.5(1) 103.4(1) 103.6(2) 104.0(4)
N9-N8-N7@ 110.7(1) 109.9(1) 109.9(1) 110.1(2) 109.7(4)
C1-N5-N5iil () 111.1(1) 111.2(1) 112.1(2) 112.3(2) 112.6(5)
C2-N6-N6v ™ 112.0(1) 112.3(1) 112.6(2) 112.7(2) 111.6(5)
N8-N9-N10ii © 109.2(1) 109.2(1) 109.9(1) 109.5(2) 109.8(4)
C2-N10-N9ii © 103.5(1) 104.1(1) 103.8(1) 104.0(2) 103.6(4)
N6-C2-N10ii @ 121.6(2) 121.7(2) 123.6(2) 123.4(2) 121.9(4)
N7-C2-N10ii @ 113.7(2) 113.1(2) 112.9(2) 112.6(2) 112.9(4)
N3-N4-C1© 103.6(1) 103.6(1) 103.6(1) 103.5(2) 103.7(4)
NI1-C1-N4© 112.9(2) 113.3(2) 113.2(2) 113.02) 113.1(4)
N5-C1-N4© 120.9(2) 121.3(2) 123.2(2) 123.9(2) 124.2(4)
N3-N2-N1© 110.2(1) 109.4(1) 110.2(1) 110.1(2) 109.6(4)
CI-N1-N2© 103.3(1) 103.6(1) 103.1(1) 103.5(2) 103.9(4)
NI1-C1-N5-N5iii ® ~168.9(2) ~163.1(2) 180.0(1) 180.0(2) 180.0(3)
N7-C2-N6-N6v ® ~151.1(2) ~146.7(2) 180.0(1) 180.0(2) 180.0(3)

2: (a—e) no symmetry codes, N5 = N6 and N6V = N16. 3: (b) (iii) -1 — x, =y, —z; (iv) —x, 1 — y, —z. (¢) (ii) —x, -y, —z. (d) (ii) —x, —y, —=.

4:(e) (i) x, 1 —y,—=z (b) (qi)) 1 —x, 1 —y, —z (Av) —x, -y, —z. (c) (ii)
l-x,1-y —
b q—l
c
¢ {n’ﬂ .:i ‘l 0@ %Mﬁ:ma;{;_i;__“\ P {ﬁ‘a‘hﬁ‘ﬂhr
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Figure 4. View of the unit cell of compound 5 along the a axis,
showing planar parallel layers of anions connected through hydro-
gen bonds (dotted lines) to water molecules.
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X, 1 =y, -z 5:(a) (i) 1 —x, -y, 2z (Av) 2 —x, 1 — y, —z. (e) (ii)

(HBT, C,,) and nonplanar (HBT, C;) 5,5'-hydrazine-1,2-
diylbis(1 H-tetrazole) (see Figure 5). Four of the six com-
puted structures are true minima (TM), i.e. the number of
imaginary frequencies equals zero. These results are in
agreement with the previously reported structures of 5,5'-
azotetrazolates salts,[''1 5,5"-azotetrazole,!**! 5,5’-hydrazine-
1,2-diylbis(tetrazolate) salts,!”l and 5,5'-hydrazine-1,2-di-
ylbis(1H-tetrazole),['?l which show planarity of the two
tetrazole rings in the case of the azo compounds and tor-
sion angles ranging from ca. 53° (Ba®*) and ca. 86° (hy-
drazinium) in the HBT? salts to ca. 115° for neutral HBT.
When the structure of HBT is optimized so that it has a
planar geometry, i.e. C,;, symmetry, one negative frequency
is found, and the structure in which both tetrazole rings are
planar is a transition state (TS) in the gas phase. Lastly, the
241
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Table 3. Computational results (B3LYP/cc-pVDZ).

7T H,ZT HBT? HBT2, planar HBT, G, HBT, C,
—Ea.u.] 623.631700 624.808041 624.839139 624.822819 626.015826 626.034231
E, [kealmol '] 0.0 10.2 1.5 0.0
Point group Cy, Cs, Ci Gy, Cs, o
NIMAG 0 0 0 2, 568, —558 cm™! 1,59 cm! 0
zpe [kcalmol '] 36.3 52.6 52.0 50.4 67.5 68.2
d(N-N) [A] 1.270 1.267 1.474 1.406 1.479 1.424
7(CNNC) [°]@ 180.0 180.0 180.0 180.0 180.0 85.6
Z(NCNN) [°]e] 0.0 0.0 47, -139 0 62.8 145, -38, 90, ~90
D] 0.0 0.0 0.0 0.0 0.0 6.7
Stationary point [ ™ ™ ™ SP-2 TS ™

[a] : torsion angle. [b] Stationary points: TM: true minimum, TS: transition state, SP-n: saddle point of nth order.

optimized structure of the HBT? anion in which both rings
are coplanar shows two negative frequencies, which indi-
cates that, in the gas phase, this is a saddle point of second
order and not the most stable conformation.

25892 gl

HBT> (TM)

et pith

HBT, C,,, (TS)

HBT? planar (SP-2)

HBT, C, (TM)

Figure 5. Optimized structures (B3LYP/cc-pVDZ) of HBT?,
HBT? planar, HBT C,,, and HBT C,.

As represented in Figure 4, the layers of anions are con-
nected to one another by strong, very directional hydrogen
bonds (see Table4) to water molecules [O2:-N4Vii
2.900(1) A; symmetry code: (vii) 0.5 + x, 0.5 —y, 2.5 — z].
The water molecules form hydrogen bonds to the ring nitro-
gen atoms of the tetrazolate anion from the top and from
the bottom in five out of the eight ring nitrogen atoms with
distances between 2.9 and 3.0 A and angles between 147(1)
and 176(2)°. The coordination of the water molecules is
similar to that found in metal 5,5 -azotetrazolate salts.’2]
The hydrazine-bridge nitrogen atoms are not involved in
any hydrogen-bonding interaction. The next electronegative
atom that would be available to form a hydrogen bond is
02, placed at more than 3.5 A away from N5 (sum of the
van der Waals radii: ro + ry = 3.07 A).2 There is no indi-
cation in the structure for the presence of hydrogen bonds
involving the nitrogen atoms at the hydrazine bridge, which
is in contrast with the HBT?  salts reported, in which strong
hydrogen bonds to the hydrazine hydrogen atoms are always
present.['2171 The hydrogen-bonding networks identified by
242
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Table 4. Geometry for selected hydrogen bonds for alkaline earth
metal salts 2-5.

D-H~A D-H[A] H-A[A] D+A[A] D-H-A[
2

09-H9A--013 0.84(2) 1.90(3) 2.708(2) 159(2)
04-H4A--013 0.89(3) 1.83(3) 2.717(2) 169(3)
03-H3B-+N16 0.83(2) 2.13(2) 2.956(3) 177(2)
O6-HI11B-~NI1  0.91(3) 1.80(3) 2.706(2) 176(2)
NI6-HI16-021  0.86(2) 2.36(2) 3.219(2) 175(2)
NI5-HI5+010%  0.87(2) 2.53(2) 3.233(3) 138(2)
N15-H15--011%  0.87(2) 2.44(2) 3.199(2) 147(2)
02-H2B-+NI13"  0.85(2) 1.942) 2.782(2) 168(2)
O5-H5A-N20"  0.88(2) 1.85(2) 2.729(2) 174(2)
O10-H2B--NI12*  0.88(3) 1.86(3) 2.733(2) 172(2)
09-H9B--NI15*  0.82(2) 2.10(2) 2.926(3) 179(2)
O3-H3A-NI18*  0.83(2) 1.95(2) 2.770(2) 175(2)
Ol1-HI--N3 0.88(2) 2.042) 2.922(1) 175(2)
02-H2A-N4 0.87(2) 2.01(2) 2.880(1) 176(2)
02-H2B--Ng' 0.81(2) 2.102) 2.906(2) 172(2)
O3-H3B-N7ii 0.86(2) 2.04(2) 2.901(2) 1792)
03-H3A-N2ii 0.82(2) 2.14(2) 2.936(2) 161(2)
4

03-H3B-+N4! 0.84(3) 2.05(3) 2.886(2) 176(2)
03-H3A-N8i 0.77(3) 2.18(3) 2.934(2) 167(2)
O1-HIB--N7ii 0.81(3) 2.09(3) 2.901(2) 180(3)
02-H2--N3V 0.80(2) 2.14(2) 2.935(2) 176(2)
O1-HIA-N2" 0.71(3) 2.30(3) 2.978(2) 158(3)
Ol1-HIA-Q3"i 0.71(3) 2.65(3) 3.072(2) 120(2)
5

03-H3A-N6 0.83(1) 2.06(1) 2.900(1) 176(1)
03-H3B--N3iii 0.85(1) 2.25(1) 2.983(1) 147(1)
Ol-HIA-N7" 0.84(1) 2.08(1) 2.933(1) 174(2)
O1-HIB--N7"i 0.85(1) 2.10(1) 2.910(1) 169(2)
O2-H2A-N4i  0.86(1) 2.06(1) 2.900(1) 176(2)
O2-H2B-+N8"ii  0.84(1) 2.30(1) 3.051(1) 151(1)

Symmetry codes for 2: (ii) +x, y, z; (iii)) —x, | =y, 1 —z; (V) 1 — x,
l-p2-zvi)l+x,pz0x)x,p-1+zx)1-x 11—z
3:(1) 0.5 —x, 0.5+, 0.5 -2z (i) 0.5+ x, 0.5 -y, 0.5 + z; (iii)
05+ x,05-y»05+2431)0.5-x,05+y05+z(@1)0.5+
x, 0.5y, 0.5 -z (ii) 0.5 — x, -0.5 + y, -0.5 + z; (iv) -0.5 + x,
0.5-»05-2(v)-05+x,05-y -0.5-2z (vi)-0.5+ x, 0.5 -
1,05+ 5 @i) 0.5+ x,05-y,15-z M) x,p1+z (i)l -
x, 1 —y—1+z(vii) 0.5+ x, 0.5 -y, 2.5 — z; (viii) 1 —x, 1 -y,
1+z
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RPLUTOP" are of the type D1,1(2), some of which are
part of other D1,2(3) and D2,2(X) (X = 8, 10) dimeric inter-
actions. One forms a C2,2(11) chain pattern and an R2,4(8)
motif (all of them at the primary level). The ring motif is
formed by two water molecules connecting two anions
[O1-+N7¥ 2.910(1) A; symmetry code: (vi) 1 — x, 1 — y -1

z]. In addition, there exists a characteristic graph-set for
this salt of the type D2,1(3) formed by a water molecule,
which forms hydrogen bonds to a nitrogen atom of the
anion [03-+N6 2.900(1) A] and to another water molecule
[03--N31i 2.983(1) A; symmetry code: (iii) 0.5 + x, 0.5 — y,
1.5 — z]. At the secondary level, the only graph-sets found
by the program are finite chains with the label D2,2(X) (X
=4, 5,9, 10). Lastly, the coordination number around the
metal center in 5 is nine (Figure 6, Table 4) and is com-
pleted by interaction to six water molecules (half of which
are generated by symmetry) and three tetrazolate rings. The
distances between the water oxygen atoms and the barium
atoms vary between 2.737(1) and 2.871(1) A, whereas the
distances to the nitrogen atoms are slightly longer [2.962(1)
to 2.990(1) AJ.

2)
R 4

¢ L 2:8723(1A
02i § L

Qos

y 2 7390(1)A

_k.m
- %

e 29736 A

b
27366(DA &

Nav )
Qb‘ 2990504 =

l: | 29616
2.7366(1A £ N‘giii 2.7390(1A
.[ o1 03
{830

L

o

Figure 6. (a) Simplified and (b) full coordination (hydrazine-bridge
hydrogen atoms not found) around the metal center in compound
5. Symmetry codes: (i) x, y, 2 —z; (i) 1 — x, 1 2 —z; (it1) 0.5 +
X, 05-p15-z@Gv)1-x,1-y -z
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The crystals of the strontium salt 4, similarly to those of
3 and 5 (see discussions below and above, respectively), also
display tetrazole rings, which are apparently “coplanar”.
However, in this case the electron density corresponding to
the protons of the hydrazine bridge could be found in the
difference Fourier map. The elongated ellipsoids found for
the bridging nitrogen atoms (N5 and N6) suggest half-occu-
pied positions (Figure 7), so that when the proton on NS5
faces up from the “plane of the two tetrazole rings”, the
one on N6 faces down and vice versa (Figure 8). The disor-
der found in the structure applies first of all to the protons.
The immediate consequence is that the nitrogen atoms of
the bridging hydrazine moiety have, as expected, a pyrami-
dal and not a trigonal planar coordination. This results in
a disorder of the nitrogen atoms of the hydrazine bridge
and the tetrazole rings (Tz) over two positions, as indicated
by the slightly elongated thermal ellipsoids for these atoms.
This situation might result in coplanar Tz rings. Unfortu-
nately, we were unable to split the positions of the nitrogen
atoms corresponding to the hydrazine bridge and the Tz
rings into two sets, but in such a case the deviation from
coplanarity would not be expected to be very large.

O1ii
'i lfo3iv &A-t
a
e y O2iv M
\ -.-.-.._‘J’Ix
.
< - \ 2"

O1vii

Figure 7. Hydrogen bonding around the HBT? anion in the crystal
structure of 4 showing the elongated ellipsoids for the hydrazine-
bridge nitrogen atoms and the (split) positions of the hydrogen
atoms. Symmetry codes: (ii) 0.5 + x, 0.5 — y, 0.5 + y; (iii) 0.5 —x,
0.5+ y,-0.5+z (iv) 0.5+ x,0.5-y, 0.5z (vi)-0.5+ x, 0.5 -
y, 0.5 + z; (vii) -0.5 —x, -0.5 + y, -0.5 + z; (viii) -0.5 —x, 0.5 +
3, 0.5+ z; (ix) 0.5 —x, 0.5+ 3, 0.5 — z; (x) 0.5 + x, 0.5 — y, 0.5 -
z; (X1) —x, -y, —Z.

Tz - - Tz
. Tz TZ -

H H

Figure 8. Equilibrium between the two possible configurations of
the tetrazole rings in alkaline earth metal salts 3-5 (Tz: tetrazole).
View along the NH-NH bond.

On the other hand, the hydrogen-bond lengths between
donor and acceptor atoms are (as discussed for 5) in the
range 2.9 to 3.0 A, and, with the exception of one weaker
hydrogen bond between water molecules [O1--O3Y
3.072(2) A; symmetry code: (vi) 0.5 + x, 0.5 — y, —0.5 + z]
with an angle of 120(2)°, also very directional [158(3)-
180(3)°]. Lastly, with the exception of the D2,1(3) graph-
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set, all the hydrogen-bonding networks discussed for 5 are
also present in the structure of 4. For example, the R2,4(8)
network is formed by the interaction between O2 and N3V
over a distance of 2.935(2) A [symmetry code: (iv) —0.5 +
x,0.5-y0.5-—z].

The coordination number around the cation in 4 is nine
as in 5 (Figure 9), but as a consequence of the smaller ra-
dius of the strontium cation in comparison to that of the
barium cation, the contacts are much shorter. Six of the
distances are shorter and correspond to coordination of the
strontium cations to water molecules with distances be-
tween 2.558(2) and 2.697(2) A, whereas the contacts to the
nitrogen atoms (three in total) are looser [2.833(2) to
2.871(2) A]. Finally, an interesting detail in the structure is
the coordination found in a layer of the compound (Fig-
ure S2), where every cation participates in the formation of
the three Sr—N contacts mentioned above, yielding hexago-
nal motifs. The space delimited by four anions and four
cations is occupied by water of crystallization coordinating
from above and below the plane of the layers. As expected,
because of the high similarity of the structures, compounds
5 and 3 also form the hexagonal motifs mentioned above.

a)

L%

“¥,6972) A
opii * @A gN10

-t \ 72.855(2) A
A
N9 e -~ N \\\ && 4
o . 03
2.8712) A =~ ;}g -

(. '7SI'\'“\
o1 +03i

I '2560(2)}.\ L
Q ! \ 2.83322) A
o1
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Figure 9. (a) Simplified and (b) full coordination (hydrazine-bridge
hydrogen atoms omitted) around the metal center in compound 4.
Symmetry codes: (i) x, y, —z; (i) —x, 1 — y, —z.

The relatively small electron density of calcium allowed
the hydrazine-bridge protons in compound 3 to be found,
which, similarly to 4, occupy split-positions, as suggested
by the elongated ellipsoids of the corresponding nitrogen
atoms (N5 and N6). Figure S3 shows a view of the unit
cell of the compound along the ¢ axis where the “apparent
coplanarity” of the tetrazole rings is obvious. The similari-
ties in the packing between 3, 4, and 5 are manifested, first
of all, by the similar cell parameters (ca. 7, 11, and 14 A)
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found in the three compounds, which decrease with decreas-
ing size of the cation (5 > 4 > 3) and for the coordination
to the metal center. Two cations are connected by two
bridging water molecules (Figure S3), which are generated
by symmetry [d(Ca—O1) = d(Ca—O1) = 2.570(1) A; sym-
metry code: (ii) —x, —y, —z]. Each cation has a coordination
number of nine (Figure 10) with short distances to oxygen
atoms [2.408(1)-2.570(1) A] and longer contacts to nitrogen
atoms [2.788(2)-2.806(2) A]. Finally, a total of five hydro-
gen bonds are found in the structure, which are analogous
to those discussed for compounds 4 and 5 but slightly more
directional [161(2)-179(2)°] and slightly shorter (O1--*N3 =
2.9 A). As a consequence, the hydrogen-bonding networks
[except for the D2,1(3) graph-set found in 5] are practically
identical [e.g. R2,4(8) formed by O3--N7% 2.901(2) A; sym-
metry code: (ii) 0.5 + x, 0.5 — y, 0.5 + z].
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Figure 10. (a) Simplified and (b) full coordination (hydrazine-
bridge hydrogen atoms omitted) around the metal center in com-
pound 3. Symmetry codes: (i) x, y, —z; (ii) —x, -y, —=z.

The crystal structure of the magnesium salt 2 is the most
different of all. To start with, the compound is the only one
in the series that crystallizes in a triclinic cell (space group
P1) and, regardless of the fact that magnesium has the
smallest size among the alkaline earth metals in this study,
compound 2 has the largest unit cell [Vyc = 1219.8(1) A3].
This can be attributed to the higher number of waters of
crystallization in the unit cell (6.5 vs. 5). The tetrazole rings
are unequivocally noncoplanar; there is an angle of ca. 40°
between them. The asymmetric unit (Figure 11) is formed
by two crystallographically independent anions, two cat-
ions, and thirteen molecules of water. Each cation is sur-
rounded by six water molecules, with very little variation in

Eur. J. Inorg. Chem. 2009, 238-250



Nitrogen-Rich Compounds in Pyrotechnics

the contact distances (ca. 2.0-2.1 A), forming slightly dis-
torted octahedrons, whereas the remaining water molecule
links two octahedrons by hydrogen bonds to water mole-
cules [09-+013 2.708(2) A and 04--013 2.717(2) A]. Fig-
ure 12 shows a view of the unit cell of 2 along the « axis,
where the anions are oriented approximately parallel to the
¢ direction without contacts between nitrogen and magne-
sium atoms. However, every nitrogen atom in the structure
(including the hydrazine-bridge atoms N5/15 and N6/16) is
involved in hydrogen bonding, forming a total of twenty
eight O--N interactions to water molecules. Figure S4
shows the hydrogen bonding around one of the two crystal-
lographically independent HBT? anions (type B). One type
of anions acts as hydrogen-bond acceptor (O-++N), with dis-
tances to the donor in the range 2.70-2.95 A, and as hydro-
gen-bond donor by using the hydrazine-bridge nitrogen

Ta
c s \%
o10° Mg2

3;\07
011' 09

b
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N17 N7
/«anzo ‘;ﬁzmo
T e ¥
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Figure 11. Asymmetric unit of compound 2 with the labeling
scheme (the hydrogen bonds to O13 have been omitted for clarity
purposes).

Table 5. Physico-chemical properties of alkaline earth metal salts 2-5.

Eur/IC
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of Inorganic Chemistry
atoms (N-+0), with weaker interactions (ca. 3.22 A),
whereas the other type of anions shows somewhat different
distances with O---N in the range 2.69-3.11 A and N--O ca.
3.11 A. A complete record of the distances is found in the
Supporting Information (Table S5).

\/_\—/\I/\ -

Figure 12. View of the unit cell of compound 2 along the « axis
showing the contacts to the magnesium atoms (dotted lines).

Stability and Energetic Properties

In order to assess the energetic properties of alkaline
earth metal salts of HBT (2-5), their thermal stability (de-
composition point from DSC measurements), sensitivity to
friction, impact, electrostatic discharge (BAM tests),?83
and thermal shock were experimentally determined. The
physico-chemical properties of alkaline earth metal salts 2—
5 have been summarized in Table 5. At a heating rate of
5°Cmin!, the different water molecules of crystallization
are lost within a range of 20-30°C (Figure 13). The
strength with which the water molecules coordinate to the

2 3 4 5
Formula C2H15MgN|006.5 C2H12C3N1005 CzH]zN]oOsSI‘ C2H12B3.N|005
Formula weight [gmol ] 307.55 296.26 343.80 394.00
Impact [J] >30 >30 >30 >30
Friction [Nl >360 >360 >360 >360
Electrostatics!®! - - - -
Flame slow heating burns burns burns burns
Flame fast heating deflagrates deflagrates deflagrates deflagrates
Flame color white red red green
Smokeless + + + +
% NI 45.6 473 40.7 35.6
% QU -31.3 -32.4 -27.9 -24.4
Tio0 [°CIE 142-158 140-160 150-185 128-154
Exothermic dec. [°C]1] 220, 250 220, 260 276 260
p [gem 3] 1.675 1.898 2.088 2.210
~A U [calg ') 2000(20) 1300(20) 1360(20) 1310(20)
~AH° [kJ mol ']l 2560(20) 1590(20) 1940(20) 2150(20)
~A¢H® [kJ mol 1]l 955(70) 1530(70) 1140(100) 895(70)

[a] Impact and friction sensitivities determined by the standard BAM method.* 3% [b] Rough sensitivity to 20 kV electrostatic discharge
(ESD testing): + sensitive, —insensitive from an HF-Vacuum-Tester type VP 24. [c] Nitrogen content. [d] Oxygen balance.*'! [e] Range of
temperature of water loss (DSC onset-offset) from the measurement at f = 5 °Cmin . [f] Decomposition point (DSC onset) from the
measurement at #=5°Cmin . [g] Calculated density (from X-ray measurements). [h] Experimental (constant-volume) energy of combus-
tion. [i] Experimental molar enthalpy of combustion. [j] Molar enthalpy of formation.
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metal center increases in the direction Ba < Mg = Ca <
Sr. For the strontium salt, the last molecule of water of
crystallization is lost at a temperature of ca. 185 °C (DSC
offset). No melting is observed for any of the salts, and the
trend in the decomposition temperatures is the same as that
for the temperatures of water loss. All compounds are ther-
mally stable to temperatures above 220 °C. The lighter-
metal salts 2 and 3 show smooth two-step decomposition
over a wide range, whereas the heavier-metal compounds (4
and 5) show sharp exotherms at ca. 276 (4) and 260 (5) °C.

MgHBT

N T

CaHBT

N VA R

SrHBT

BaHBT

R R RN RN RN RN RN NN R RN RN RN RN RN RN NN RN RRR R RRR RN RRRRNRRRRR

20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360

Temperature [°C]|

Figure 13. DSC thermographs for alkaline earth metal salts 2-5
(endothermic peaks point down, exothermic peaks point up) for
measurements at f# = 5°Cmin .

Thermogravimetric (TG) analysis confirmed the results
obtained by DSC. Figure 14 shows a typical TG curve for
compound 5. The loss of the five molecules of water of
crystallization adds to 21.14% of the sample weight (calcu-
lated: 21.34%), and at the decomposition point the weight
loss is 66.49%, so that the weight of the residue left in the
TG pan is 12.35% the weight of the original sample.

No detonation was observed either in the drop-hammer
(ca. 30J) or in the friction test (ca. 360 N). No explosion
occurred either when grinding the compounds in a mortar
or when applying an electrostatic discharge by spraying
sparks across a small sample of the materials by using an
HF-Vacuum-Tester type VP 24 (ca. 20 kV, ESD testing).
Thermal shock in a Bunsen burner flame resulted in dif-
ferent responses depending on how the test was conducted.
When the compounds were loaded on a spatula and this
was heated up slowly from the bottom, compounds 2-5
burned normally, giving the corresponding color for the

Scheme 2. Combustion equations of alkaline earth metal salts 2-5.

Ad® = AH® + Ad°(MO) +7.5 A°(H;0) + 2 Ad*(CO,)
A = AH? + AP (MO) + 6 Ad°(H,0) +2 Ad1°(COy)

Scheme 3. Calculation of the heats of formation using Hess’s law.
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Figure 14. TG curve of 5 showing the DTA curve (left axis) and
the loss of mass (right axis) for a measurement at f = 5 °Cmin"!
(sample weight = 11.675 mg).

metal atom (Flame Test, slow heating). However, when the
spatula was held so as to allow the compound to come into
direct contact with the flame (Flame Test fast heating), a
more vigorous response (deflagration) resulted, which
showsed likewise the characteristic color of the cation.
Due to the energetic nature of the HBT?  anion, the en-
ergies of combustion of alkaline earth metal salts 2-5 were
determined by using oxygen bomb calorimetry. With the
exception of the magnesium salt [2 —2000(20) calg '],
the rest of the materials have similar energies of com-
bustion [3 -1300(20) calg™!, 4 —1360(20) calg™!, and 5
—1310(20) calg™']. The standard energies of combustion of
the compounds (A;U°) were back-calculated from the heats
of combustion on the basis of their combustion equations
(Scheme 2), Hess’s Law (Scheme 3), the known standard
heats of formation for water, carbon dioxide, and the corre-
sponding alkaline earth metal oxide (Table S6),5% and a
correction for the change in gas volume during combustion.
These results were used to calculate the standard heats of
combustion according to AcH® = AU° + AnRT [where An
is the difference in the molar quantities of gases between

[CHoN o Mg? 6.5 HyO () + 520, — MgO(s)+ 2CO,(g) + 7.5H,0 (I) + 5N, (g)
[CaHoN o Ca* 5 HO () + 520, — CaO(s) + 2CO,(g) + 6 HO(I) + 5N, (g)
[CoHoN oS 5 HyO () + 520, —  SrO(s) + 2C0,(g) + 6 H,0 (1) + 5N, (2)
[CoHoN o Ba® +5 HyO (s)+ 5120, — BaO(s) + 2 CO,(g) + 6 H,0 (1) + 5N,(2)

2:M=Mg
3-5: M =Ca, Sr, Ba
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products and reagents in the combustion equations, R is the
gas constant, and 7 is the temperature (298.15 K)]. Once
again, 2 has an unexpected (abnormally positive) value [2
—955(70) kImol™'], whereas the remainder of the com-
pounds show the expected trend [3 —1530(70) kImol™!, 4
—1140(75) kJmol™!, and 5 —895(70) kJmol '], that is, the
heats of formation become more positive (less negative) in
the direction 3 < 4 < 5. Lastly, the values for the heats of
formation are comparatively less positive than those found
for tetrazolate salts with alkali metals.>!

Conclusions

Alkaline earth metal salts containing the nitrogen-rich
5,5’-hydrazine-1,2-diylbis(tetrazolate) anion ((HBT]*") have
been synthesized in moderate to high yields and high puri
ties and fully characterized by methods including an X-ray
structure determination. In contrast to other HBT salts re-
ported in the literature, in the heavier-metal salts (Ca, Sr,
and Ba) the two tetrazolate rings are “apparently coplanar”
(second-order saddle point in the gas phase) because of dis-
order; however, the structure of the lighter-metal compound
(Mg) agrees with other structural reports with the same
anion. The differences in the structure of the Mg salt (al-
ready observed in the vibrational spectra) with respect to
the other compounds are discussed. All compounds contain
tightly bound water of crystallization in the structure, which
is lost at temperatures as high as ca. 180 °C (Sr salt), and
have great thermal stabilities (>220 °C), as shown by DSC
measurements. The presence of water of crystallization ac-
counts for the low sensitivity of the materials to shock
(>3017) and friction (>360 N); however, they deflagrate in
the “flame test fast heating”, showing the characteristic
flame color for the metal center. Lastly, the high thermal
stabilities of the salts in combination with a nitrogen-rich
anion may make the compounds studied here (except for
the barium salt) of interest for future use in environmentally
friendly pyrotechnic compositions. The strontium salt is of
particular interest as a red color producing agent.

Experimental Section

General Method: All chemical reagents and solvents were obtained
from Sigma—Aldrich Fine Chemicals Inc. or Acros Organics (ana-
lytical grade) and were used as supplied. 5,5'-Hydrazine-1,2-diyl-
bis(1 H-tetrazole) (HBT) was prepared as previously reported.['?]
'H, 3C, and YN NMR spectra were recorded in [Dg]dmso at or
near 25°C with a JEOL Eclipse 400 instrument operating at
400.18 MHz (H), 100.63 MHz (3C), and 40.55 MHz (**N). The
reported chemical shifts are relative to tetramethylsilane (‘H, '3C)
and nitromethane ('*N) as external standards. The infrared (IR)
spectra were recorded with a Perkin—Elmer Spectrum One FT-IR
instrument by using KBr pellets at 20 °C. Transmittance values are
qualitatively described as “very strong” (vs), “strong” (s), “me-
dium” (m), and “weak” (w). The Raman spectra were recorded
with a Perkin-Elmer Spectrum 2000R NIR FT-Raman instrument
equipped with a Nd:YAG laser (1064 nm). The intensities are re-
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ported as percentages of the most intense peak and are given in
parentheses. Elemental analyses were performed with a Netsch
Simultanous Thermal Analyzer STA 429. The DSC measurements
were made with a Linseis DSC PT-10 instrument (calibrated with
standard pure indium and zinc)®¥ at a heating rate of 5°Cmin !
under a nitrogen flow of 20 mLmin!. Lastly, the thermogravime-
tric analyses were performed with a Setraram DTA-TG machine at
5°Cmin .

CCDC-693858 (for 2), -693859 (for 3), -693860 (for 4), and -693861
(for 5) contain the supplementary crystallographic data for this pa-
per. This data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Bomb Calorimetry: For all calorimetric measurements, a Parr 1356
bomb calorimeter (static jacket) equipped with a Parr 207A oxygen
bomb for the combustion of highly energetic materials was used.[*3
A Parr 1755 printer furnished with the Parr 1356 calorimeter was
used to produce a permanent record of all activities within the
calorimeter. The samples (ca. 200 mg each) were carefully mixed
with analytical grade benzoic acid (ca. 800 mg) and carefully
pressed into pellets, which were subsequently burned in a 3.05-MPa
atmosphere of pure oxygen. The experimentally determined heats
of combustion were obtained as the averages of four single mea-
surements with standard deviations calculated as a measure of ex-
perimental uncertainty. The calorimeter was calibrated by the com-
bustion of certified benzoic acid in an oxygen atmosphere at a pres-
sure of 3.05 MPa.

CAUTION! Although the compounds described in this paper are
not sensitive to classical stimuli, they are nevertheless energetic ma-
terials. Although unlikely, loss of water of crystallization may oc-
cur, resulting in compounds that are very sensitive to friction and
shock. Appropriate safety measures such as the use of Kevlar
gloves, safety glasses, face shields, ear plugs, conductive equipment,
and grounded shoes are strongly advised specially when working
on a larger scale.

5,5'-Hydrazine-1,2-diylbis(1 H-tetrazole) (1):!'” The compound was
obtained by reduction of sodium 5,5'-azotetrazolate pentahydrate
with magnesia in water. The insoluble material was separated by
filtration, and the filtrate was treated with an equivalent amount
of hydrochloric acid to cause precipitation of the product as a white
solid.

Magnesium 5,5'-Hydrazine-1,2-diylbis(tetrazolate) Hexahemihy-
drate (2): Compound 1 (0.478 g, 2.84 mmol) was suspended in
water (5mL) and treated with one equivalent of magnesium hy-
droxide (0.165 g, 2.84 mmol). The reaction mixture was heated at
reflux for 1.5 h under a stream of nitrogen and left to cool to room
temperature. The solvent was stripped under high vacuum
(103 mbar), yielding a sticky mass, which was recrystallized from
the minimum amount of hot water. Slightly yellow crystals of the
product suitable for X-ray analysis separated upon slow cooling of
the hot solution (Table 6). These were filtered, washed with
acetone and ether, and dried under vacuum to yield 2, which was
pure by elemental analysis (0.549 g, 69%). C,H;sMgN (O s
(307.55 gmol™'): caled. C 7.82, H 4.92, N 45.60; found C 7.90, H
4.73, N 45.92. DSC (5 °Cmin'): 142-158 (H,O loss), 220 and 250
(dec.) °C. IR (KBr): ¥ = 3505 (s) 3395 (s), 3319 (s), 3230 (vs), 3054
(s), 2330 (w), 1687 (m), 1557 (m), 1530 (m), 1480 (s), 1371 (m),
1263 (w), 1245 (w), 1146 (m), 1077 (w), 1028 (w), 960 (w), 908 (m),
837 (m), 806 (m), 713 (s), 513 (m) cm™!. Raman (400 mW, 25 °C):
v = 3231 (3), 3082 (3), 2986 (100), 2663 (1), 2409 (1), 1530 (47),
1485 (10), 1393 (11), 1264 (8), 1248 (28), 1233 (10), 1180 (4), 1145
(21), 1111 (9), 1079 (47), 1067 (35), 1031 (9), 888 (5), 739 (5), 387
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Table 6. Crystal data and structure refinements for alkaline earth metal salts 2-5.

Parameter 2 3 4 5

Empirical formula C2H15MgN1006_5 C2H12C3N1005 C2H12N1005Sr C2H12BaN1205

Formula weight [gmol ] 307.55 296.30 343.84 422.01

Temperature [K] 100 100 100 100

Crystal size [mm] 0.30x0.15%0.10 0.25%x0.10x0.10 0.11x0.10x0.09 0.20x0.12x0.07

Crystal system triclinic orthorhombic orthorhombic orthorhombic

Space group Pl Pnnm Pnnm Pnnm

a[A] 7.037(5) 11.0655(2) 11.173(5) 14.2461(3)

b [A] 12.621(5) 13.6701(3) 13.869(5) 11.2834(3)

c[A] 13.969(5) 6.8527(1) 7.057(5) 7.3188(2)

a[°] 83.915(5) 90.00 90.00 90.00

A1 81.558(5) 90.00 90.00 90.00

7 [°] 87.464(5) 90.00 90.00 90.00

Vuc [A3] 1219.8(1) 1036.58(3) 1093.51(2) 1176.46(5)

Z 4 4 4 4

Peate [gem 3] 1.675 1.898 2.088 2.210

4 [mm!] 0.198 0.648 4.971 3.410

F(000) 644 616 688 752

0 range [°] 3.70-27.00 3.68-27.00 3.72-27.00 2.77-54.93

Index ranges 8 =h=8, -4 =h=14, —14 = h = 14, -18 = h =18,
~-12 =k =16, ~-17T=k=17, ~-17T=k=17, -4 =k =14,
-17=1=17 8§=/=38 9=/=9 9=/=38

Reflections collected 8965 10976 11448 8665

Independent reflections 5215 1230 1286 1444

Data / restraints / param- 5215/ 0/ 472 1230/ 0/ 130 1286/ 0/ 130 144470/ 118

eters

Goodness-of-fit on F? 0.816 1.030 1.092 1.162

Rint 0.0230 0.0360 0.0296 0.0300

R, [F > 4o(F)] 0.0314 0.0231 0.0163 0.0222

R (all data) 0.0665 0.0315 0.0241 0.0244

WR, [F > 4o(F)] 0.0670 0.0553 0.0362 0.0500

WR; (all data) 0.0735 0.0586 0.0408 0.0508

Rl =X ||Fo| - |Fc” / P |F0|' Rw = [Z (F02 - Fcz) / w (Fo)z]llz' w= [Gc2 (Fo2) + (XP)Z + J’P]fla P = (F02 - 2Fc2) / 3.

(11), 361 (10), 262 (11), 231 (14), 193 (11), 150 (7) cm!. '"H NMR
([Dgldmso, 25 °C): 0 = 7.3 (s, 2 H, NH-NH), 3.9 (s, ca. 12 H, H,0O)
ppm. C NMR ([Dg]dmso, 25 °C): 6 = 166.2 (2 C, Cying) ppm. '“N
NMR ([Dg]dmso, 25 °C): 6 = -270 (2N, NH-NH) ppm. MS (FAB",
xenon, 6 keV, glycerine matrix): m/z = 83.0 (6, [CHNs]>), 118.1 (4,
HCN-gly), 124.1 (2, [C,H,N;]), 167.1 (19, [CoH3N o)), 205.1 (7,
[CoHN;(MgOJ*), 259.1 (5, C,H4N o-gly), 281.1 (18, C,H,N (Mg-
gly).

Calcium 5,5'-Hydrazine-1,2-diylbis(tetrazolate) Pentahydrate (3):
Compound 1 (0.354 g, 2.11 mmol) was suspended in water (5 mL)
in a Schlenk flask under a stream of nitrogen and treated with
calcium hydroxide (0.156 g, 2.11 mmol). The reaction mixture was
heated to boiling and stirred for 2 h. Colorless crystals of the de-
sired compound suitable for X-ray structure analysis precipitated
upon slow cooling to room temperature, and the solution was
stored in the refrigerator overnight. The solid that precipitated was
filtered under vacuum and washed with acetone and ether. No fur-
ther purification was necessary (0.481 g, 77%). C,H;,CaN;(Os
(296.30 gmol™): caled. C 8.10, H 4.08, N 47.30; found C 8.13, H
4.01, N 46.40. DSC (5 °Cmin1): 140-160 (H,O loss), 220 and 260
(dec.) °C. IR (KBr): ¥ = 3428 (vs), 3251 (s), 2170 (w), 1631 (m),
1531 (s), 1451 (m), 1384 (w), 1343 (m), 1234 (w), 1217 (w), 1158
(m), 1146 (w), 1129 (m), 1067 (w), 1022 (m), 909 (w), 839 (m), 750
(m), 600 (m), 519 (m) cm~'. Raman (400 mW, 25 °C) v = 3251 (11),
1546 (29), 1497 (24), 1456 (10), 1377 (41), 1236 (29), 1220 (24),
1131 (35), 1100 (14), 1089 (14), 1066 (65), 1022 (10), 909 (11), 646
(9), 396 (11), 346 (12), 324 (11), 248 (9), 173 (9) cm™'. 'H NMR
([Dgldmso, 25 °C): 0 = 7.0 (s, 2 H, NH-NH), 3.8 (s, ca. 10 H, H,O)
ppm. *C NMR ([DgJdmso, 25°C): 6 = 167.1 (Cyine) ppm. MS
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(FAB-, xenon, 6 keV, glycerine matrix): m/z = 83.0 (8, [CHN;]*>),
118.1 (6, HCN-gly), 124.1 (3, [C,H,N4]), 167.1 (35, [CoH3N o],
214.0 (3), 221.0 (7, [CoHN;CaO]*), 259.1 (8, C,H4N o-gly), 297.1
(28) ppm.

Strontium 5,5'-Hydrazine-1,2-diylbis(tetrazolate) Pentahydrate (4):
Compound 1 (0.354 g, 2.11 mmol) was charged in a Schlenk flask
under a stream of nitrogen and suspended in water (5 mL). Neat
strontium hydroxide octahydrate (0.541 g, 2.11 mmol) was added,
and the initial suspension dissolved upon heating. The solution was
kept at reflux and stirred for 3 h and then left to slowly crystallize
by switching off the oil bath, first at room temperature and then in
the refrigerator, upon which crystals of 4 were obtained and were
used to measure the crystal structure. The slightly brown solid was
filtered and left to dry in air. No further purification was required
(0.661 g, 91%). CoH 5N 0OsSr (343.84 gmol™): caled. C 6.99, H
3.52, N 40.74; found C 7.09, H 3.46, N 40.59. DSC (5 °Cmin'):
150185 (H,O loss), 276 (m.p. + dec.) °C. IR (KBr): ¥ = 3416 (vs)
3255 (vs) 2260 (w), 2166 (w), 1628 (m), 1533 (vs), 1451 (s), 1384
(w), 1346 (m), 1236 (m), 1219 (m), 1154 (m), 1144 (m), 1129 (m),
1068 (w), 1021 (m), 843 (m), 749 (m), 598 (s), 515 (s) cm™!. Raman
(400 mW, 25 °C): v = 3301 (3), 3256 (11), 1541 (37), 1460 (10), 1367
(14), 1238 (35), 1222 (30), 1131 (40), 1108 (12), 1066 (70), 1021
(10), 908 (12), 738 (6), 657 (8), 393 (16), 346 (16), 319 (17), 273
(11), 237 (12) ecm™'. '"H NMR ([Dg]dmso, 25 °C): 6 = 6.9 (s, 2 H,
NH-NH), 3.7 (s, ca. 10 H, H,O) ppm. *C NMR ([D¢]dmso,
25°C): 6 = 167.2 (Cying) ppm. MS (FAB-, xenon, 6 keV, glycerine
matrix): m/z = 83.0 (4, [CHNs]*>), 118.1 (3, HCN-gly), 124.1 (2,
[CoHLNST), 167.1 (28, [CoH3N o] ), 259.1 (7, CoHyNo-gly), 269.0
(2, [C;HN,(SrO]* ppm.
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Barium 5,5'-Hydrazine-1,2-diylbis(tetrazolate) Pentahydrate (5)

Method 1: Compound 1 (0.168 g, 1.0 mmol) was suspended in
water (5mL) and reacted with sodium hydroxide (0.080 g,
2.0 mmol) under a stream of nitrogen. The resulting solution was
heated to 65°C, and a solution of barium chloride dihydrate
(0.249 g, 1.0 mmol) in water (5 mL) was added at this temperature.
The reaction mixture was stirred for further 15 min, left to cool
slowly to room temperature and stored in the refrigerator overnight
to yield prismatic colorless crystals of the product, which were fil-
tered and stored under nitrogen (0.058 g, 19%).

Method 2: Alternatively, a Schlenk flask was charged with com-
pound 1 (0.385 g, 2.29 mmol) and water (8§ mL) under a stream of
nitrogen. Barium hydroxide octahydrate (0.723 g, 2.29 mmol) was
added. The suspension was heated at reflux for 1 h under a stream
of nitrogen, after which time all the insoluble material had dis-
solved. The solution was left to slowly cool to room temperature
while keeping a nitrogen flow and stored in the refrigerator over-
night to yield prismatic colorless crystals of 5, which were filtered
and allowed to dry in air (0.559¢g, 80%). C,H;;BaN;,Os
(422.01 gmol'): caled. C 6.09, H 3.07, N 35.54; found C 6.16, H
3.02, N 35.59. DSC (5 °Cmin"): ca. 130-154 (H,O loss), 260 (m.p.
+ dec.) °C. IR (KBr): ¥ = 3408 (vs) 3255 (vs), 2258 (w), 2150 (w),
1636 (m), 1532 (vs), 1450 (s), 1384 (m), 1349 (m), 1235 (m), 1219
(m), 1149 (m), 1128 (m), 1068 (w), 1019 (m), 856 (m), 748 (m), 736
(m), 603 (s), 514 (s) cm™'. Raman (200 mW, 25 °C) ¥ = 3255 (13)
2986 (85) 1536 (48) 1464 (12) 1410 (6), 1376 (21), 1236 (37), 1222
(33), 1157 (9), 1130 (44), 1098 (12), 1066 (100), 1018 (14), 909 (15),
682 (10), 389 (22), 344 (20), 318 (20), 233 (16) cm™'. '"H NMR ([Dg]-
dmso, 25°C): 6 = 6.9 (s, 2 H, NH-NH), 3.6 (s, ca. 10 H, H,0)
ppm. C NMR ([DgJdmso, 25°C): 6 = 167.3 (Cyine) ppm. MS
(FAB-, xenon, 6 keV, m-NBA matrix): m/z = 167.0 [CoH3N o] .

Supporting Information (see also the footnote on the first page of
this article): Relevant X-ray tables and pictures and the heats of
formation of the species involved in the combustion.
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Polytopic ligands L' and L? in which three 2,2'-bipyridine
units are linked to a central tris(pyrid-2-yl)amine (L!) or tris-
(pyrid-2-yl)methanol (L?) moiety by alkyl spacers were pre-
pared by multistep organic syntheses. The parent tris(pyrid-
2-yl)-type ligands were shown to be modest-to-good chela-
tors for Zn?* and Cu?* ions in solution, and bi- and tridentate
N-coordination was confirmed by crystal structures of Cu'
and Ru'! complexes, respectively. Fe!l and Ru' smoothly form
stable, cage-like 1:1 complexes with L! and L?, in which the
metal ion is coordinated to the tris(bpy) site of the ligands.
The vacant tris(pyrid-2-yl) site of these complexes is, how-
ever, a poor donor site for Zn?* and Cu?* ions. In addition,
Fe!' modulates the coordination behaviour of the tris(pyrid-2-
yl) site toward Zn?*: Whereas tris(5-methylpyrid-2-yl)amine
forms a 2:1 complex with Zn?* in CH,Cl,, [Fe(L')]?* forms a

1:1 Zn complex. Spectrophotometric titrations suggest that
[Fe(L?)]?* forms a polynuclear Zn?* complex in CH,Cl,, poss-
ibly involving bridging coordination of the alcohol OH group,
which contrasts the smooth formation of a 2:1 complex of the
parent tris(pyrid-2-yl)-type ligand with Zn. Fe! might there-
fore be considered as an allosteric effector, which modulates
the metal binding properties of the second tris(pyrid-2-yl) site
of L' and L2. Contrary to expectation, Zn?* and Cu?* appear
to associate weakly with donor atoms directed toward the
exterior of the cage-like complexes [Fe(L?)]?** and [Ru(L')]?*,
rather than locating in the interior of the container by tripo-
dal coordination to the tris(pyrid-2-yl) site.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

Metal-ion cofactors of metalloproteins are often located
in discrete cavities that support selective and effective sub-
strate binding and/or protection of reactive metal-bound
species. Chemists were inspired early to prepare low-molec-
ular weight coordination compounds that effectively mimic
the shielding of such reactive metal sites.!!! The design of
such compounds has meanwhile developed into an impor-
tant research line in bioinorganic and supramolecular
chemistry, including “metallated containers”®! and calixar-
ene-based “funnel complexes”.’ In this context, complexes
of tripodal ligands that mimic the tris(imidazole) donor
sites in a number of zinc and copper proteins have attracted
considerable attention; open cavities around the metal site
are generated by attachment of bulky substituents to the
ligating groups. Substrate selectivity and shielding might be
further optimized by complete encapsulation of the metal
ion within a cage-like ligand framework without hindering
access of the substrate to free metal sites, but synthesis of
such compounds is expected to be more challenging and
less versatile.
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Here we suggest a supramolecular approach to the devel-
opment of a cage-like compound for incorporation of both
a reactive metal ion and a substrate (Scheme 1). A tripodal
tris(pyrid-2-yl)amine or -methanol unit serves as an ana-
logue of the biological tris(imidazole) metal-binding site.
Substituents are appended at the 5-position (rather than the
6-position) of the pyridyl rings in order to avoid steric hin-
drance of substrate binding by the metal ion and guarantee
adequate cavity size for incorporation of small-molecule
substrates. Three bidentate 2,2-bipyridine units are linked
to the tripodal moiety by alkyl spacers in a manner that
ring closure and formation of a bicyclic cage is achieved
by intramolecular, metal-assisted assembly (Scheme 1). This

X = N, C(OH)

metal binding site (?)
M2+ = Cu?t, zn?*

central cavity

allosteric site
2+ = Fa2 2
M2%* = Fe?*, Ru?*

Scheme 1.
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strategy avoids potentially complicated covalent synthesis
of a relatively large bicyclic structure. In addition, consider-
ing the polytopic ligand as a ditopic receptor, coordination
of a metal ion to the tris(bpy) site is expected to modify
the metal binding properties of the tris(pyrid-2-yl) site, as
described for a variety of synthetic allosteric receptorsl®! for
metal ions. Here we will describe the synthesis of the poly-
topic ligands, their interaction with transition-metal ions
and an allosteric relation between the two metal binding
sites [tris(bpy) and tri(pyrid-2-yl)] of the ditopic receptors.

Results and Discussion

Ligand Synthesis

The synthetic route to polytopic ligands L' [tridentate
site: tris(pyrid-2-yl)amine] and L? [tridentate site: tris(pyrid-
2-yl)methanol] is summarized in Scheme 2. 2,2'-Bipyridine
derivative 1 was synthesized by coupling the linker N-Boc-
1,6-diaminohexane to 4’-methyl-2,2'-bipyridine-4-carbox-
ylic acid® by using a standard amide coupling reaction,
followed by removal of the Boc protecting group under
acidic conditions. Tris(2-pyridyl)amine derivative 2 was pre-
pared by the reaction of 2-amino-5-picoline and 2-bromo-
5-methylpyridine over copper bronze. The methyl groups of
2 were oxidized to the corresponding tris(2-nicotinic acid)-
amine (3) by using potassium permanganate as an oxidant.
Finally, 3 was joined to three bipyridine units 1 by amide
coupling to yield ligand L' (Scheme 2).

Tris(2-nicotinic acid)methanol (5) was synthesized by the
oxidation of the methyl groups of tris[(5-methylpyrid-2-yl)]-
methanol (4)[71 as described in the literature.’] Three units

o]
Me COOH 1. cDI, DMF Me
A N 2. Boc-NH(CHy)gNH, Y~
| N 3. HCI/ MeOH | -
N N N
89 %

of bipyridine derivative 1 were coupled to 5 as described for
L! above to give ligand L? (Scheme 2). The latter was avail-
able in low quantity so that only selected experiments and
analytics could be performed (Scheme 3).

Interaction of 2 and 4 with Zn?>* and Cu?* in Solution

We characterized the coordination of Zn?>* and Cu?* bio-
metals to the simple tripodal ligands 2 and 4 in solution to
achieve a better understanding of the interaction of these
exchange-labile metal ions with the tris(pyrid-2-yl) site in
more complex ligands L' and L.

Tris(pyrid-2-yl)amine was reported to form (depending
on the ligand-to-metal ratio) a tetrahedral 1:1 complex with
ZnCl, and an octahedral 2:1 complex with Zn(O,CCFj),
in the crystalline state.’) In both complexes, tris(pyrid-2-
yl)amine coordinates in a bidentate fashion, and planarity
around the central N atom is retained. Bidentate coordina-
tion, although with fluctional behaviour, is retained in
dichloromethane solution, as evidenced by NMR spec-
troscopy. Similarly, both 1:1 and 2:1 complexes with Cu'!
have been reported, again with bidentate coordination of
tris(pyrid-2-yl)amine. In contrast, in the presence of weakly
coordinating perchlorate counterion, octahedral 2:1 com-
plexes with exchange labile Co' and Ni'! were reported in
which tris(pyrid-2-yl)amine is tridentate.['! The coordina-
tion mode of tris(pyrid-2-yl)amine appears to be controlled
by specific preferences of the transition metal. Possibly, a
loss of N-aryl resonance energy due to pyramidalization
slightly disfavours a tripodal coordination. On the basis of
ball-and-stick models and preliminary force field calcula-
tions, we speculated that preorganization of the pyridyl do-

N
\/\/\/\
NH,-HCI

1. KMnO,, NN N<
NaOH/H,0 HOOC/Q/ \Q\COOH

p- Cymene 2. HCI, H,O “ |
COOH
31 % 82 %
2 3

Scheme 2. Synthesis of L' and L?.
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Scheme 3. Structure of polytopic ligands L' and L?.

nors in the cage-like structure depicted in Scheme 1 would
favour tripodal coordination of Zn and Cu. In addition,
coordination of two cage-like moieties to one zinc or copper
ion should be disfavoured.

Interaction of 2 with Zn is solvent and counterion de-
pendent; in 50 um solutions of 2 in water/methanol mixtures
the UV/Vis spectra exhibit no changes upon addition of the
Zn?* salts, indicating no complexation. Smooth complex-
ation of 2 by Zn is observed in the noncompetitive solvent
CH,Cl, in the presence of the weakly coordinated counter-
ion ClO4 . Upon the addition of Zn(ClOy), (0-0.5 equiv.)
to a (50 um) solution of 2, a significant and nearly linear
decrease in the 272 and 302 nm absorbances of the ligand
together with two isosbestic points at 260 and 326 nm is
observed (Figure 1). This is compatible with the formation
of a complex [Zn(2),]**. The minor changes observed in
the UV spectrum upon addition of 0.5-1.0 equiv. of Zn>*
(enlarged absorbance diagram, Figure 1, right) might indi-
cate conversion of the 2:1 into a 1:1 complex [{Zn(2)}>*].
Formation of 2:1 and 1:1 complexes with Zn>" in CD,Cl,,
depending on the ligand-to-metal ratio, was also described
of for tris(pyrid-2-yl)amine on the basis of NMR spectro-
scopic investigations.l]

Cu?* forms stronger complexes with 2 than Zn?*, as indi-
cated by the titration of 2 (1 mm) with Cu(NO3), solution in
competitive solvent water/methanol (3:1) containing 10 mm
MOPS buffer at pH 7.0 and 50 mm NaCl. A shoulder ap-
pears at about 410 nm together with a broad absorbance at
650 nm (Figure 2). The plot of the absorption intensity at
410 nm against the Cu®* equivalents indicates about 90%
complex formation at 1.0 equiv. and saturation at about
2 equiv. Formation of a green 1:1 Cu®* complex with biden-
tate coordination of tris(5-methylpyrid-2-yl)amine was con-
firmed by X-ray structural analysis (see below) of the crys-
talline precipitate formed when the solution was treated
with NaClO,4 and allowed to stand for several days at ambi-
ent temperature. In the noncompetitive solvent CH,Cl,, the

Eur. J. Inorg. Chem. 2009, 251-260
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Figure 1. Spectrophotometric titration of 2 (50 um in CH,Cl,) with
Zn(ClOy), in 0.1 equiv. steps. Inset: decrease in the absorbance at
272 nm (M) and at 302 nm (A).

titration of 2 with Cu(ClOy), compares well with the Zn
titration, suggesting stepwise formation of 2:1 and 1:1 com-
plexes.

0.10 I

g 0.08 0,1
c
S 006 £ 0.08 L. .
g 0.06 .
§ 0.04 g
< 004 ,
0.02 2
K < 0.02
000 il - . = . T 0 ...................
380 430 480 530 580 630 680 0 05 1 15 2
A/ nm equiv. Cu"

Figure 2. Spectrophotometric titration of 2 (1 mm in H,O/MeOH,
3:1; pH 7.0; 10 mm MOPS buffer; 50 mm NaCl) with Cu(NO;).
Left: increase in the absorbance at 410 nm.

Tris(pyrid-2-yl)methanol (4) is expected to form more
stable tripodal transition-metal complexes due to better
preorganization of the pyridyl groups linked to the central
sp> carbon atom. In contrast, the coordination mode is am-
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biguous due to potential participation of the (deprotonated)
OH group in metal binding. Compound 4 in mm concentra-
tion was shown by NMR spectroscopy to preferably form
a 2:1 Zn>* complex in aqueous solution and a mixture of
1:1 and 2:1 complexes in acetonitrile solution, both with
tripodal N,N,N-coordination.[®!'!l" Tris(6-methoxypyrid-2-
yl)methanol, a ligand related to 4, was shown to form a
distorted octahedral 2:1 complex with Cu?* (crystal struc-
ture), again with tridentate N,N,N-coordination of both li-
gands (Figure 3).112]
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Figure 3. Spectrophotometric titration of 4 (50 um in H,O/MeOH,
1:1; pH 7.0; 10 mm MOPS buffer; 50 mm NaCl) with ZnSO,. Left:
increase in the absorbance at 280 nm.

Spectrophotometric titration of 4 (50 um) with ZnSQO, in
water/methanol (1:1) was followed by relatively small ab-
sorbance changes in the UV region of the spectrum and
confirms smooth formation of a complex [Zn(4),]>* by lin-
ear absorbance increase at 280 nm for 0-0.5 equiv. of Zn>".
No further changes are observed at >0.5 equiv. of Zn?*,
but conversion into a 1:1 complex with a large excess of
Zn** is not ruled out.

When 4 is titrated with CuSO,4 under the same condi-
tions, a significant increase in the absorbance at 330 nm is
observed, together with development of a weak absorbance
in the visible spectrum at about 600 nm (Figure 4). The
330 nm absorbance diagram suggests stepwise formation of
complexes [Cu(4),]*" at 0.5 equiv. of Cu?* and [Cu(4)]** at
1 equiv. of Cu?*, which might have slightly different ab-
sorbance maxima in the optical spectrum.
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Figure 4. Spectrophotometric titration of 4 (50 um in H,O/MeOH,
1:1; pH 7.0; 10 mm MOPS buffer; 50 mm NaCl) with CuSO,. Inset:
increase in the absorbance at 610 nm. Left: increase in the ab-
sorbance at 280 nm.
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X-ray Crystallography of 2 and Its Metal Complexes

Structure of Tris(3-methyl-pyrid-2-yl) amine

The X-ray crystal structure of tris(pyrid-2-yl)amine was
reported only recently,® and 2 has, to the best of our
knowledge, not yet been crystallographically characterized.

As in tris(pyrid-2-yl)amine, the central nitrogen atom N1
in 2 is nearly coplanar with the three adjacent carbon
atoms; the deviation from the (C); plane is only 0.041(1) A.
The dihedral angles between the pyridyl rings and the (C);3
plane were found to be 23.0, 40.2 and 40.9° (Figure 5).

S
CW

4 C3
/7 C2
C1 N2

o EC e

Figure 5. ORTEP diagram showing the structure of 2 with 50%
thermal ellipsoids and the atom-labelling scheme.

Structure of [(2)Cu(H,0),(NO;3) ] (ClO,):2H,0

The X-ray structure of the complex cation of 2, [(2)
Cu(H,0),(NO3)](ClO4)-2H,0, which was obtained by mix-
ing solutions of 2 and Cu(NOs), with the addition of Na-
ClOy, is shown in Figure 6. The Cu®* ion displays a dis-
torted octahedral environment (CuN,O,). Compound 2
acts as an N,N’-bidentate chelating ligand with Cu—N bond
lengths of 1.973(3) and 1.981(3) A and an N-Cu-N angle
of 88.7(1)°. Planarity of the central N atom in complex
2-Cu is retained, where the deviation of N1 from the (C);
plane [0.014(4) A] was found to be smaller than that in the
free ligand. The dihedral angle between the uncoordinated
pyridyl ring and the (C); plane was found to be 76.9°,

Figure 6. ORTEP diagram showing the structure of [(2)Cu(H»O),-
(NO3)]* complex cation with 50% thermal ellipsoids and the atom-
labelling scheme. Hydrogen atoms are omitted for clarity.
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whereas the coordinated pyridine rings keep nearly the
same 40.9 and 44.4°. The Cu-O(water) bond lengths are
1.944(2) and 2.168(3) A, whereas the Cu-O(nitrate) dis-
tances are 2.034(2) and 2.656(3) A. Bond angles around the
central Cu ion range from 81.5(1) to 98.8(1)°, except the O—
Cu-O angle of the chelating nitrate, which was found to be
53.24(9)°. Bidentate coordination by the tris(pyrid-2-yl)-
amine moiety is also found in other crystallographically
characterized Cu'" complexes: [L = tris(pyrid-2-yl)amine];
[Cu4L4-u(OH)4(F3CS03)2]'F3CSO3'OC(CH3)2,[13] [CuL,-
(NCCH3),]'F5CSO3,  [CuL,(NO3),]"31  and  [CuL,-
(C10,),].1'

Structure of [(2),Ru](PFg),

Orange crystals of the complex [Ru(2),](PF¢), (Figure 7)
were obtained by reaction of 2 with RuCl,(dmso),, followed
by precipitation of the complex cation with PF4 and
recrystallization from methanol. The complex cation is oc-
tahedral with a crystallographic centre of symmetry. The
Ru-N(py) bond lengths range from 2.064(2) to 2.073(2) A
and the N-Ru-N bond angles range from 86.20(7) to
93.80(7)°, indicating a nearly perfect octahedral coordina-
tion of Ru'! by two tridentate moieties of 2. Very similar
bonding parameters around Ru'! have been reported for the
following complexes [L = tris(pyrid-2-yl)amine]: [Rul,]S,Og°
H20 and [RuLz]Clz‘Hzo.[”’lg]

Figure 7. ORTEP diagram showing the structure of Ru[(2),]** com-
plex cation with 50% thermal ellipsoids and the atom-labelling
scheme. Hydrogen atoms are omitted for clarity.

Interaction of Polytopic Ligands L' and L? with Metal Ions

Binding of Fe'' to L' and L?

The complexation behaviour of the polytopic ligands L!
and L? with Fe®>" (offered as BF, salt) in CH,Cl, at 25 °C
was monitored by spectrophotometric titration. Smooth
formation of a 1:1 complex is indicated by two isosbestic
points at 269 and 290 nm (Figure 8).

Absorbance at selected wavelengths 360 and 537 nm in-
creases linearly upon addition of 0-1 equiv. of Fe?*. The
absorption band around 537 nm is characteristic for the
MLCT of the Fe[tris(2,2'-bipyridine)]** octahedral com-
plex,'”) which forms in a cooperative manner with a very
high stability constant log(f3) = 21 in water. It is therefore
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Figure 8. Spectrophotometric titration of 2 (25 um in CH,Cl,) with
Fe(BF,),. Inset: increase in the absorbance at 360 nm (M) and at
537 nm (A).

very likely that Fe>* forms an octahedral complex with the
tris(bpy) site of L'. The red 1:1 complex [Fe(L")](ClO,4),
could be isolated and characterized by MS (ESI) and ele-
mental analysis. Thus, Fe>* assembles the tricyclic cage-like
structure as expected. The same conclusion can be drawn
when L! is titrated with Fe?>* in more competitive solvents
(methanol, dmso/water mixtures). Smooth binding of Fe**
to a tris(bpy) site was described previously for related tri-
brachial ligands with three 2,2-bipyridine moieties linked by
aza—polyether, aza—thioether or hydroxamic acid containing
chains. In these compounds, the Fe?* ion organizes as cryp-
tand-like structures and allosterically controls the binding
of alkali-metal ions or transition-metal ions, respectively.["]
Upon addition of >1 equiv. of Fe to L', no further spectral
changes are observed between 250 and 650 nm, indicating
that even in the noncompetitive solvent CH,Cl,, additional
Fe>* does not interact with the vacant tris(pyrid-2-yl)amine
site of the complex.

Very similar spectrophotometric changes are observed
when L? is titrated with 0-1 equiv. of Fe(BF,), under the
same conditions (Figure 9), although the 1:1 complex could
not be isolated in pure form. Interestingly and in contrast to
the behaviour of L!, a further linear increase in the 360 nm
absorbance of L? is observed upon addition of 1-4 equiv.
of Fe and levels off at >4 equiv., whereas the 537 nm band
remains unchanged. An increase in the 360 nm band sug-
gests interaction of the free pyridyl groups with Fe, but the
L':Fe stoichiometry is not compatible with a binding of just
a second Fe?* ion to the tris(pyrid-2yl) site in the interior
of the cage. Rather, the OH group in L? might act as a
bridging ligand {as observed for the Cu?* ions in the related
complex [Cus(Br)(L);](PF),,*!1 where L = tris(6-methyl-2-
pyridyl)methanol}, for up to three Fe'l ions with additional
coordination by one pyridyl group each and located at the
exterior of the cage.

'H NMR spectra of [Fe(L")](BF,), were taken in
CD;0D solutions containing 20% [Dg]dmso. At room tem-
perature, the spectrum of aromatic protons displays broad
featureless signals, which overlap a set of sharp signals.
When the sample is heated to 60 °C, the intensity of the

www.eurjic.org 255



FULL PAPER

H. Szelke, H. Wadepohl, M. Abu-Youssef, R. Kramer

1.8 0.35 -
| 0.3 - AAaddd a4 4w .
16 8 0.5 A.»“ "
14 - § 02 JaT 4 537 nm
g 015 af = 360 nm
§ 1.2 - 2 o
£ 1-
(o] ™
8
208 6
0.6
0.4
0.2

250 300 350 400 450 500 550 600 650
Alnm

Figure 9. Spectrophotometric titration of 4 (25 um in CH,Cl,) with
Fe(BF,), in 0-1equiv. steps (solid lines) and 1-6 equiv. steps
(dashed lines). Inset: increase in the absorbance at 360 nm (M) and
at 537 nm (A).

sharp signals increases and that of the broad signals de-
creases. The final spectrum remains unchanged after cool-
ing to room temperature, even after prolonged standing. A
reasonable interpretation of this observation is the forma-
tion of two diastereomers due to chirality of both the
Fe(bpy); site and the NPy; “propeller”, which give rise to
different sets of NMR signals (broad and sharp, respec-
tively). When the complex is prepared at room temperature,
diastereomer formation is under kinetic control, yielding a
mixture of isomers. Upon heating to 60 °C, the configura-
tion of the Fe(bpy); moiety becomes labile, leading to equil-
ibration and enrichment of the thermodynamically fav-
oured second isomer with sharp NMR signals.

Binding of Ru'' to L'

L! reacted with 1 equiv. of RuCl; at elevated temperature
to give the red complex [Ru(L')]Cl,. Its composition was
confirmed by HRMS (ESI) and elemental analysis. Selec-
tive binding of Ru'" to the tris(bpy) site is supported by a
characteristic MLCT absorbance at A,,, = 460 nm, to-
gether with a corresponding fluorescence at A.,, = 630 nm
(Figure 10) as observed for the complex [Ru(bpy);]>*.?%! In
contrast, the Ru'' complex of 2, [Ru(2),]*", is yellow with
an absorbance maximum at 396 nm. Whereas the Fe?* ion
in Fe(L") can be removed by prolonged treatment with a

180 -
160 465
140 1 630
120
100 -
80
60
40
20 -
0
380 480 580 680 780
Alnm

Fluorescence / a.u.

Figure 10. Ru(bpy); centred fluorescence emission spectrum
(630 nm) of [Ru(L")]Cl, (5 um in EtOH/H,O0, 1:1; pH 7.0; 10 mm
MOPS). Absorbance spectrum (A, = 465 nm) is included.
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large excess of EDTA or by exchange with an excess
amount of Cu?* ions, [Ru(L")]ClL, is not affected by these
reagents and, as expected, displays very high kinetic sta-
bility.

The '"H NMR spectra of [Ru(L")]Cl, in CD;0D look
similar to those of the corresponding Fe!' complex at room
temperature. However, the spectrum remains unchanged af-
ter heating to 60 °C. This is consistent with the kinetic inert-
ness of the Ru(bpy); unit, which prevents equilibration of
the diasterecomer mixture.

Interaction of Fe''(L") and Ru"'(L') with Zn** and Cu’*

When the 1:1 iron(II) complexes of L' and L? are ex-
posed to CuSO, in aqueous systems, the 537 nm band char-
acteristic of the Fe'(bpy); unit slowly decreases, indicating
replacement of Fe?* by Cu?* at the bpy site of L". In con-
trast, fluorescence titration of the stable Ru'(L') complex
with Cu®* in aqueous systems indicates an interaction by
significant 630 nm fluorescence quenching at 0-1 equiv. of
Cu. This is, however, not accompanied by the characteristic
absorbance changes in the UV region of the spectrum,
which were seen in the titration of 2 with Cu. We therefore
suggest association of Cu?* at the exterior of the cage, at a
site other than bis- or tris(pyrid-2-yl).

When solutions of Fe''(L'), Fe''(L?) and Ru'(L!) were
titrated with ZnSO, in aqueous solvent mixtures, no spec-
tral changes were observed between 250 and 650 nm. As
observed for 2, Zn?* does not interact with the tris(pyrid-
2-yl) site of Fe'(L') in competitive solvents. In the noncom-
petitive solvent CH,Cl,, however, a titration of
[Fe(LY](BF,), with Zn(ClO,), reveals similar changes in the
UV absorbance as observed for 2 (Figure 11), but the
330 nm absorbance diagram indicates formation of a 1:1
complex (whereas a 2:1 ligand/metal complex was formed
with 2, see Figure 1). This observation alone does not allow
the conclusion of Zn binding in the interior of the container
as depicted in Scheme 1, although a reason for the lack of
2:1 complex formation, which might form by interaction of
Zn?* with external binding sites of two Fe'(L!) moieties, is
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Figure 11. Spectrophotometric titration of [Fe(L')[(BF,), (20 uM in

CH,Cl,) with Zn(ClOy),. Inset: increase in the absorbance at
330 nm.
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not obvious. Unfortunately, the NMR spectra of Fe'(L') in
the presence or absence of Zn** display broad signals only
and are not helpful for determination of Zn binding mode.

The same experimental conditions were kept to study the
interaction of [Fe(L?)](BF,), in CH,Cl, with Zn(ClOy,),
(data not shown). We noticed a small increase in the ab-
sorption intensity at 305 nm and a decrease at 285 nm, with
an isosbestic point at 296 nm, indicating interaction of Zn>*
with the pyridyl units of [Fe(L?)](BF,),. However, as in the
titration of [Fe(L?)](BF,), with excess Fe?*, spectral
changes do not level off after 1 equiv. of Zn>", again indi-
cating formation of polynuclear Zn'' complexes at exterior
binding sites.

Conclusions

We prepared tribrachial ligands L! and L?, which offer
two distinct sites for metal-ion coordination: a tridentate
tris(pyrid-2-yl) site and a tris(bidentate) 2,2'-bipyridyl site.
These ligands form stable, cage-like 1:1 complexes with Fe!!
and Ru!l, which coordinate to the tris(bpy) site with high
selectivity. Whereas the parent tris(pyrid-2-yl)-type ligands
are moderate-to-good binders of exchange-labile metal ions
Zn?>*" and Cu?* in solution, the tris(pyrid-2-yl) site within
the cage-type complexes is a poor ligand, indicating nega-
tive allostery in transition-metal binding of L' and L2
Spectrophotometric titrations suggest weak association of
Zn" and Cu'" with donor groups orientated to the exterior
of the cage rather than incorporation of these metal ions in
the interior of the container by tridentate coordination to
the tris(pyrid-2-yl) site. The reasons for this unexpected be-
haviour might include stabilization of the “empty” con-
tainer by intramolecular hydrophobic interactions, intramo-
lecular electrostatic repulsion of the two metal ions and en-
forced desolvation of the metal ion within the container.
Redesign of the polytopic ligand is currently in progress. In
addition, we are trying to attach exchange inert transition-
metal ions to the tris(pyrid-2-yl) site of L”, after selective
protection of bpy moieties.

Experimental Section

General: Commercially available chemicals were purchased from
Sigma—Aldrich (Germany) and used without purification. 4'-
Methyl[2,2']bipyridine-4-carboxylic acid,® tris[2-(5-methylpyridyl)]-
methanol  (4),”0  tris(2-nicotinic  acid)methanol (5)® and
RuCl,(dmso)43 were synthesized as described in the literature.
NMR spectra were obtained with Bruker Avance 200 and 400 MHz
spectrometers, chemical shifts are given in ppm relative to Me,Si,
coupling constants are given in Hz. ESI mass spectra were mea-
sured with a Q-TOF Ultima ESI-MS instrument (Waters-Micro-
mass). Elemental analyses were performed by Microanalytisches
Laboratorium des Organisch-Chemischen Instituts der Universitét
Heidelberg.

Eur. J. Inorg. Chem. 2009, 251-260

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Eur|IC

European Journal
of Inorganic Chemistry

N-(Aminohexyl)-4'-methyl-2,2’-bipyridine-4-carboxamide-HCl (1):
A solution of 4'-methyl-2,2’-bipyridine-4-carboxylic acid (1.0 g,
4.7 mmol) and 1,1’-carbonyldiimidazole (CDI; 0.83 g, 4.7 mmol) in
dry DMF (15 mL) was stirred at 60 °C under an atmosphere of
nitrogen for 30 min. Then, a solution of N-Boc-1,6-diaminohexane
(1.0 g, 4.7 mmol) in dry DMF (10 mL) was added dropwise and
stirring was continued at 60 °C under an atmosphere of nitrogen
for 16 h. Solvent was removed under reduced pressure, and the resi-
due was taken up in chloroform (100 mL). This solution was fil-
tered to remove residues of unreacted carboxylic acid, and the fil-
trate was extracted with saturated NH4Cl (50 mL) and brine
(50 mL). The organic phase was dried with MgSQO,, filtered and
the solvent was removed under reduced pressure to afford the Boc-
protected amide (1.59¢g, 83%) as a white solid. 'H NMR
(200 MHz, CDCl;): 6 = 1.34-1.53 (m, 6 H), 1.40 (s, 9 H), 1.59—
1.69 (m, 2 H), 242 (s, 6 H), 3.11 (q, /= 7.2 Hz, 2 H), 3.44 (q, J =
6.4 Hz, 2 H), 4.57 [br. s, 1 H, NHC(O)], 6.72 [br. s, 1 H, NHC(O)],
7.17 (d, J = 5.0Hz, 1 H), 7.78 (dd, J = 5.0 Hz, J = 1.6 Hz, 1 H),
8.26 (s, 1 H), 8.53 (d, J = 5.0Hz, 1 H), 8.61 (s, 1 H), 8.78 (d, J =
5.0 Hz, 1 H) ppm. MS (ESI+): m/z = 413.2 [M + H]*. The Boc
protecting group was removed by dissolving the protected amide
(1.59 g, 3.9 mmol) in methanol (30 mL) and adding HCI/H,O (1:1,
30 mL). After stirring at room temperature for 16 h, the solvent
was removed under reduced pressure. The residue was taken up in
methanol, and the product was precipitated with ether. The precipi-
tate was filtered, washed with diethyl ether and vacuum dried to
give a white solid (1.20 g, 89%). "H NMR (200 MHz, [D¢]dmso):
0 =1.32-1.41 (m, 4 H), 1.48-1.62 (m, 4 H), 2.57 (s, 3 H), 2.75 (q,
J=64Hz 2H),3.32(q,J=6.0Hz, 2 H), 7.65(d, / = 52 Hz, 1
H), 7.99 (d, J = 5.0 Hz, 1 H), 8.05 (br. s, 3 H), 8.65 (s, 1 H), 8.69
(d, J=54Hz 1 H), 891 (d, J =5.0Hz 1 H), 8.96 (s, 1 H), 9.23
[br. t, 1 H, NHC(O)] ppm. HRMS (ESI+): calcd. for C;sH,5sN,O
[M + HJ* 313.2028; found 313.2018.

Tris[2-(5-methylpyridyl)Jamine  (2):  2-Bromo-5-methylpyridine
(6.52 g, 38 mmol), 5-methylpyridin-2-amine (2.05 g, 19 mmol), po-
tassium carbonate (4.36 g, 44 mmol), potassium iodide (trace) and
potassium bromide (trace) were heated at reflux (60 h) with con-
tinuous stirring over copper (0.95g, 15mmol) in p-cymene
(30 mL). The product mixture was filtered hot and washed with
ethanol, and the solvent was removed under reduced pressure. The
product was purified by column chromatography (silica gel, 3%
methanol in dichloromethane) and recrystallized from acetone/hex-
ane to afford a yellow crystalline product (1.67 g, 30%). X-ray
quality crystals were grown by slow crystallization at room tem-
perature from ethanol. '"H NMR (200 MHz, CDCl5): § = 2.27 (s,
9 H), 6.95(d, J = 8.2Hz 3 H), 7.42 (dd, J = 8.2 Hz, J = 2.2 Hz,
3 H), 8.18 (d, J/ = 1.6 Hz, 3 H) ppm. HRMS (ESI+): calcd. for
CigHgNy [M + H]* 291.1610; found 291.1590. UV/Vis (MeOH):
Jmax (& M Tem™!) = 270 (18730), 303 (21010) nm; Aey, = 400 nm.

Tris(2-nicotinic acid)amine (3): Amine 2 (1.14g, 3.9 mmol),
KMnOy (5.12 g, 32.4 mmol) and NaOH (1.41 g, 35.3 mmol) were
added to distilled water (150 mL). The reaction mixture was stirred
at 60 °C for 4 h. To this mixture a second portion of KMnO,
(4.23 g, 26.8 mmol) was added and stirring was continued at 60 °C
for 16 h. The reaction was quenched with methanol, and the brown
precipitate (MnO,) was filtered off and washed with water. The
combined aqueous phase was acidified with HCI/H,O (1:1) to pH
2.5 and was cooled to 5°C. The resulting white precipitate was
filtered off, washed with water and dried in vacuo to give triacid 3
(1.2 g, 82%) as a white powder. '"H NMR (200 MHz, MeOD): 6 =
7.27 (d, J = 8.6 Hz, 3 H), 8.34 (dd, J = 8.5Hz, J = 2.2 Hz, 3 H),
892 (d, J = 22Hz, 3 H) ppm. HRMS (ESI+): calcd. for
CgH3N4O4 [M + H]* 381.0835; found 381.0845.
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L!: A solution of triacid 3 (0.25 g, 0.66 mmol) and 1,1’-carbonyl-
diimidazole (CDI; 0.39 g, 2.17 mmol) in dry DMF (20 mL) was
stirred at 60 °C under an atmosphere of nitrogen for 30 min. Then,
a solution of aminobipyridine 1 (0.76 g, 2.17 mmol) and Et;N
(0.4 mL, 2.89 mmol) in dry DMF (20 mL) was added dropwise and
stirring was continued at 60 °C under an atmosphere of nitrogen
for 16 h. The solvent was removed under reduced pressure, and
the residue was taken up in methanol/chloroform (1:2, 15 mL). An
insoluble white powder was filtered off, and the remaining solution
was concentrated in vacuo. The residue was purified by column
chromatography (neutral alumina, 5% methanol in chloroform)
followed by precipitation from methanol/chloroform (1:2) with
ether to give the product (0.19 g, 23%) as a white powder. "H NMR
(200 MHz, CDCls): 0 = 1.28-1.36 (m, 12 H), 1.46-1.58 (m, 12 H),
2.38 (s, 9 H), 3.26-3.37 (m, 12 H), 6.94 (d, J = 8.4 Hz, 3 H), 7.11
(d, J=4.6 Hz, 3 H), 7.66 [br. t, 3 H, NHC(O)], 7.68 (d, J = 4.2 Hz,
3 H), 8.00 (dd, J = 8.8 Hz, J = 1.2 Hz, 3 H), 8.14 (s, 3 H), 8.39 (d,
J =5.0Hz 3 H), 8.53 (s, 3 H), 8.65 (s, 3 H), 8.67 (d, / = 54 Hz,
3 H) ppm. HRMS (ESI+): caled. for C;,HgoN;sO¢ [M + HJ*
1264.6447; found 1264.6438. UV/Vis (CH,Cl,): Amax (&, M 'em™) =
284 (50530), 300 (49000), 324 (sh.) nm; Ae, = 400 nm.

L2 A solution of triacid 5 (0.1 g, 0.25 mmol) and 1,1’-carbonyl-
diimidazole (CDI; 0.12 g, 0.75 mmol) in dry DMF (10 mL) was
stirred at 60 °C under an atmosphere of nitrogen for 30 min. Then,
a solution of aminobipyridine 1 (0.25 g, 0.72 mmol) and Et;N
(0.16 mL, 0.84 mmol) in dry DMF (15 mL) was added dropwise
and stirring was continued at 60 °C under an atmosphere of nitro-
gen for 16 h. The solvent was removed under reduced pressure, and
the residue was purified by column chromatography (silica gel, 5%
methanol in chloroform) followed by precipitation from methanol/
chloroform (1:2) with ether to give the product (93 mg, 30%) as an
off-white powder. '"H NMR (400 MHz, CDCls): 6 = 1.18-1.23 (m,
12 H), 1.38-1.46 (m, 12 H), 2.34 (s, 9 H), 3.24-3.29 (m, 12 H), 7.04
(d, J = 4.8 Hz, 3 H), 7.48-7.57 (m, 6 H), 7.62 (dd, J = 4.8 Hz, J =
1.6 Hz, 3 H), 7.72 [br. t, 3 H, NHC(O)], 7.98 (d, J = 8.8 Hz, 3 H),
8.12 (s, 3 H), 8.34 (d, J = 5.2 Hz, 3 H), 8.59 (s, 3 H), 8.61 (d, J =
48 Hz, 3 H), 883 (s, 3 H) ppm. HRMS (ESI+): calcd. for
C;3HgNsO; [M + HJ]* 1279.6443; found 1279.6490. UV/Vis
(CH,CLy): Apax (&, MTem™!) = 275 (45570) nm; Ao, = 360 nm.

[(2)Cu(NO3)(H,0),](C104)-2H,0: To a solution of ligand 2 (67 mg,
0.23 mmol) dissolved in acetone (5 mL) was added a solution of
Cu(NOs), in water (0.5M, 0.46 mL), and the mixture was stirred
at room temperature for 2 h. Then, a solution of NaClO, (28 mg,
0.23 mmol) in water (5 mL) was added, and the mixture was al-
lowed to stand overnight. Dark-green crystals appeared that were
filtered off, washed with diethyl ether and dried to afford the prod-
uct (9l mg, 72%). MS (ESI+): mi/z (%) = 415.0 (100)
[(*Cu(2)(NO3)*, 417.0 (65) [*°Cu(2)(NO3)]*, 452.0 (49)
[63Cu(2)(NO3)]*, 454.0 (32) [¢3Cu(2)(NO3)]*. UV/Vis (MeOH/H,O0,
1:1): Amax (& M tem™) = 265 (22200), 300 (23900), 400 (80), 658
(52) nm.

[Ru(2),](PF4);: A mixture of ligand 2 (25 mg, 0.087 mmol) and
RuCl,(dmso), (20 mg, 0.041 mmol) was heated in ethylene glycol
(10 mL) at 125°C for 10 min under an atmosphere of nitrogen.
After cooling down to room temperature, water (10 mL) was
added, and the product was precipitated with saturated NH4PF.
The precipitate was filtered off, washed with water and vacuum
dried to afford a yellow solid (25 mg, 61%). '"H NMR (200 MHz,
CDCls): 6 = 2.08 (s, 18 H), 7.40 (br. s, 6 H), 8.00 (d, J = 1.4 Hz, 6
H), 8.04 (s, 16 H) ppm. MS (ESI+): m/z (%) = 341.4 (100) ['°'Ru(2)
AP, 827.1 (49) ['°'Ru(2),(PFg)]". UV/Vis (MeOH): . (&
M Tem ™) = 252 (9650), 266 (sh.), 340 (4910), 396 (12070) nm.
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[Fe(LH](Cl0,),:4H,0: To a solution of ligand L' (20 mg,
0.016 mmol) dissolved in methanol/dichloromethane (1:1, 5 mL)
was added a solution of Fe(ClOy4),-xH-O in acetonitrile (0.1 m,
0.158 mL), and the mixture was stirred at room temperature for
2 h. A dark-red precipitate appeared upon standing that was fil-
tered off, washed with dichloromethane and dried to afford a red
solid (9.1 mg, 38%). HRMS (ESI+): calcd. for C;,H75N06Fe [M
+ H]" 1318.5640; found 1318.5616. C;,HgsCLLN,60,gFe (1590.30):
caled. C 54.38, H 5.45, N 14.09; found C 54.59, H 5.53, N 14.25.
UV/Vis (dmso/H50, 4:1): Amax (6, M 'em™!) = 255 (53900), 308
(93700), 365 (sh.), 539 (10460) nm. '"H NMR after heating to 60 °C,
only signals of one diastereomer are given (400 MHz; [Dg]dmso/
MeOD, 1:5): 6 = 1.62-1.77 (m, 18 H), 1.79-1.88 (m, 6 H), 3.13—
3.22 (m, 6 H), 3.42-3.51 (m, 9 H), 3.81-3.52 (m, 6 H), 7.13 (d, 3
H,J=5.6Hz),7.16 (d,3H, J=8.8 Hz), 7.38 (d, 3 H, J = 5.6 Hz),
7.58 (d, 3 H, J=5.6Hz),7.92 (d, 3 H, J = 5.6 Hz), 8.20 (dd, 3 H,
J =88Hz, J =24Hz), 848 (d, 3 H, J = 2.4 Hz), 8.69 (s, 3 H),
8.97 (s, 3 H).

[Ru(LY)]Cl,-4H,0: A mixture of ligand L' (33 mg, 0.026 mmol) and
RuCl5:3H,0 (6.5 mg, 0.025 mmol) was heated in ethanol (95%,
10 mL) at 78 °C for 16 h under an atmosphere of nitrogen. After
cooling down to room temperature, the solvent was removed under
reduced pressure and the residue was purified by column
chromatography (neutral alumina, 1% AcOH, 15% methanol in
chloroform) followed by precipitation from methanol with ether to
afford an orange solid (18 mg, 44%). HRMS (ESI+): calcd. for
C,HxsN(OsRu [M + H]* 1364.5334; found 1364.5268.
C,HgsCLN 0 0Ru (1507.53): C 57.36, H 5.75, N 14.87; found C
57.71, H 5.75, N 14.99. UV/Vis (MeOH/H,0, 1:1): Znax (&
M lem ) = 297 (84172), 325 (sh.), 459 (14180) nm; Ay, = 630 nm.
'H NMR, only sharp signals of one diastereomer are given
(400 MHz, MeOD): ¢ = 1.39-1.50 (m, 12 H), 1.61-1.73 (m, 12 H),
3.36 -3.48 (m, 12 H), 7.14 (d, 3 H, J = 84 Hz), 7.27 (d, 3 H, J =
44Hz), 776 (d, 3 H, J = 44Hz), 8.15(d, 3 H, J = 84Hz, J =
2.4 Hz), 8.18 (s, 3 H), 8.52 (d, 3 H, J = 4.8 Hz), 8.60 (s, 3 H), 8.74
(s, 3 H), 8.76 (d, 3 H, J = 5.0 Hz).

Spectrophotometric and Fluorescence Titrations: Fluorescence spec-
tra were acquired with a Varian Cary Eclipse fluorescence spectro-
photometer, UV/Vis experiments were performed with a Varian
Cary 100 Bio UV/Vis spectrophotometer by using 1 cm optical
path quartz or PMMA macrocuvettes with a sample volume of
2mL.

X-ray Crystal Structure Determinations: Crystal data and details of
the structure determinations are listed in Table 1. Intensity data
were collected at low temperature with a Bruker AXS Smart 1000
CCD diffractometer and corrected for Lorentz, polarization and
absorption effects (semiempirical, SADABS).?*! The structures
were solved by the heavy atom method combined with structure
expansion by direct methods applied to difference structure fac-
tors!?’! or by conventional direct methods!*®! (compound 2) and
refined by full-matrix least-squares methods based on F? against
all reflections.’”) All non-hydrogen atoms were given anisotropic
displacement parameters. For compound 2 the positions of most
hydrogen atoms (except those of the methyl groups, which were
treated as variable metric rigid groups) were taken from difference
Fourier syntheses and refined. For all other structures, hydrogen
atoms were input at calculated positions and refined with a riding
model. In the structure of [(2)Cu(H,0),(NO3)](ClO4)-2H,0 the hy-
drogen atoms of the water molecules could not be unambiguously
located. The perchlorate anion in this structure was found to be
severely disordered; Cl-O and O-O distances were restrained to
sensible values during refinement. CCDC-690411 (for 2), -690412
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Table 1. Details of the crystal structure determinations of compounds 2, [(2)Cu(H,0),(NO5)](ClO4):2H,0 and [(2),Ru](PF)s.

2 [(2)Cu(H,0),(NO3)J(Cl0,)-2H,0 [(2),Ru](PF¢),
Formula C18H18N4 C18H26CICUN501 1 C36H36F12N8P2Ru
Crystal system monoclinic monoclinic monoclinic
Space group P2)/c P2)/c P2i/n
al A 9.6470(6) 8.9902(5) 9.862(2)
blA 10.8779(7) 16.742(1) 11.342(2)
clA 15.2615(8) 16.293(1) 18.251(3)
Ble. 110.420(3) 99.600(1) 104.539(3)
VA3 1500.9(2) 2418.0(2) 1976.1(6)
V4 4 4 2
M, 290.36 587.43 971.74
Aegieq. | Mgm3 1.285 1.614 1.633
F(000) 616 1212 980
u(Mo-K,) / mm! 0.079 1.081 0.574

Max., min. transmission factors
X-radiation, 4 / A

0.9799, 0.9705

Data collection temperature / K 100(2)

O range / ° 23 t0 32.0

Index ranges (indep. set) 4, k, / —14to 13, -15t0 0, 22 to 12
Reflections measured 14297

Unique [Ri] 5100 [0.0352]

Observed [/=20(1)] 3842

Parameters refined 232

R indices [F>40(F)] R(F), wR(F?) 0.0537, 0.1425
R indices (all data) R(F), wR(F?) 0.0718, 0.1538
GooF on F? 1.067

Largest residual peaks / e A3 0.612, -0.236

0.8246, 0.7230 0.7464, 0.6759

Mo-K,, graphite monochromated, 0.71073

100(2) 100(2)

18 to 31.5 2.1t03L5

1310 13,0t0 24, 0 to 23 “14t0 13,0 to 16, 0 to 26
60716 49713

7986 [0.0471] 6542 [0.0589]

6252 4908

328 271

0.0785, 0.2488
0.0933, 0.2652
1.138

3.682, -3.277

0.0370, 0.0809
0.0638, 0.0984
1.077

1.199, -0.514

{for [(2)Cu(H,0),(NO3)](C10,)-2H,0} and -690413 {for [(2),Ru]-
(PFy),} contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.
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Carbon—Carbon Coupling Reactions of Aryl Bromides and Chlorides
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In order to control the interaction of palladium species with
oxide supports, a sol-gel coprecipitation synthesis has been
developed for Pd/MO,. The resulting Pd/MOy catalysts are
characterized by a rather strong interaction between the
highly dispersed Pd?* species and the alumina and silica lat-
tices. During coupling reactions of the Heck type the catalyti-
cally active species is generated by partial dissolution of Pd
from the support surface. Due to the strong bonding of Pd to
the support this dissolution occurs to significant extent only
at comparatively high temperatures (=160 °C). These tem-
peratures are exactly necessary for the activation of less-re-

active substrates like bromobenzene and aryl chlorides. In
this way we are able to synthesize supported catalysts that
facilitate a controlled release of soluble Pd species under re-
action conditions that are required for the activation of aryl
bromides and chlorides. The Pd/MO, catalysts show excel-
lent activity in the Heck reaction of bromobenzene (TON up
to 10000; TOF up to 5000 h™') and 4-chloroacetophenone
(TON up to 9300; TOF up to 1550 h™1).

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

A large number of detailed investigations on Heck-type
coupling reactions (Scheme 1) in the presence of supported
catalysts within the last years led to an eminent improve-
ment of the mechanistic understanding in this area.l'! It
could be shown independently by different groups that the
reaction is catalyzed by soluble Pd species that are tempo-
rarily dissolved from the surface of the support.[*1?! In the
original catalyst Pd has to be provided as an effective pre-
cursor species from which the active form can be generated
in situ. Optimized procedures for the synthesis of such
highly active Pd catalysts have been reported in the litera-
ture.['3!4 In general, these materials contain Pd>* species

NMP AT

R = COCHg, H, OCH3, CH, etc.
X = Cl, Br, |

Scheme 1. Heck reaction of aryl halides and styrene.
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in a high dispersion which facilitates an efficient in-situ re-
duction (Pd° is required for the oxidative addition of the
aryl halide as the first step of the catalytic cycle) and dissol-
ution under typical reaction conditions.'>! Beside an opti-
mized synthetic procedure for the catalyst material, espe-
cially the right choice of reaction conditions during the
catalytic reaction was found to be essential.

It emerged to be crucial that the dissolution and re-pre-
cipitation equilibriums are controlled effectively at any time
during the catalytic reaction. Here it is important that the
right amount of dissolved (= active) Pd species is provided
in the reaction solution. While a too low Pd concentration
might be not sufficient to achieve high reaction rates, ag-
glomeration (and consequently deactivation) processes

oo

3and 4

E- and Z-isomers

might occur if too much Pd is leached from the catalyst
support simultaneously.

One of the most important parameters that influences
these dissolution/re-precipitation processes is the reaction
temperature. Higher reaction temperatures can increase the
total amount of dissolved Pd species, but they also acceler-
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ate deactivation of active species by Pd black formation.
Higher reaction temperatures might be needed, however, for
the activation of certain substrates. While aryl iodides and
activated aryl bromides can be activated easily by a great
variety of different Pd catalysts at reaction temperatures be-
low 100 °C (due to their lower C—X binding energies),!'%!7]
the activation of less reactive aryl bromides and especially
chlorides requires in general harsher reaction conditions
and higher temperatures.'® Consequently, an efficient cata-
lyst for the activation of such less-reactive substrates should
facilitate a controlled release of the supported Pd into the
reaction solution at these higher reaction temperatures avo-
iding agglomeration and deactivation of Pd in solution. The
development of such materials being more robust and appli-
cable for a broader range of experimental conditions in par-
ticular for higher temperatures would be of particular inter-
est for practical application of supported palladium cata-
lysts.

In this work we present a new strategy to cope with this
challenge. A sol-gel coprecipitation synthesis procedure has
been developed for metal oxide supported Pd catalysts. It
results in a stronger Pd-support interaction (compared to
conventionally prepared supported catalysts) and leaching
of Pd species into reaction solution starts at 160 °C only.
Such high temperatures have to be applied for an efficient
conversion of less-reactive substrates like bromobenzene
and aryl chlorides.'”! Since leaching and stabilization of
dissolved Pd species against Pd black formation may be in-
fluenced by ammonium halides, a variety of these salts have
been tested as additives/promoters in the catalytic reaction
too.

Results and Discussion

To achieve a strong Pd/support interaction, the Pd cata-
lysts were prepared by combined sol-gel (metal alkoxides)
and coprecipitation (palladium salt) procedures. Al(O'Pr)s,
which was used as the precursor for Pd/Al,O5 catalysts, was
dissolved in 2-propanol at elevated temperature (65 °C).
Precipitation of the metal oxide was induced by controlled
addition of water and finally a solution of PdCl, in hydro-
chloric acid. After a reaction time of one and three days,
respectively (see Exp. Sect.), two different Pd/Al,Oz materi-
als (denoted as “Pd/Al-1” and “Pd/Al-3”) were obtained.
In the case of Pd/SiO, catalysts a different procedure had
to be applied. A preformed gel, which was obtained by ad-
dition of water to a solution of Si(OEt), in ethanol, was
dissolved again in 1-butanol. Coprecipitation of Pd/SiO,
(“Pd-Si”) was then achieved by addition of a solution of
PdCl, in hydrochloric acid. Note that these different pro-
cedures had to be applied in order to obtain an incorpora-
tion of the Pd into the outermost layers of the MO, lattice
for both types of materials. The raw materials were divided
in two portions each which were calcined at 100 (“Pd/Al-1-
1007, etc.) or 450 °C (“Pd/Al-1-450”, etc.). Each of these
two fractions was split again and one part was treated at
200 °C for 2 hours in H, stream to reduce Pd?>* to Pd° (“Pd/
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Al-1-100-red” and “Pd-Al-1-450-red”, etc.), the other was
used without further treatment. Detailed information on
the thermal treatment of the catalyst series can be found in
Table 1.

Table 1. Nomenclature used and thermal treatments of the various
palladium-metal oxide catalysts prepared by combined sol-gel co-
precipitation. Samples denoted as “100” were dried in air atmo-
sphere at a temperature of 100 °C for 2 h, those denoted as “450”
at a temperature of 450 °C for 6 h. All of these catalysts were di-
vided again into two portions: one was used without further treat-
ment; the other was treated in a H, stream at 200 °C for 2 h (de-
noted as “red”).

Catalyst Thermal treatment ~ Reduction (H, stream)
Pd/Al-1-100 100°C, 2 h -
Pd/Al-1-100-red 100°C, 2 h 200°C, 2 h
Pd/Al-1-450 450°C, 6 h -
Pd/Al-1-450-red 450°C, 6 h 200°C,2 h
Pd/Al-3-100 100°C, 2 h -
Pd/Al-3-100-red 100°C, 2 h 200°C,2 h
Pd/Al-3-450 450°C, 6 h -
Pd/Al-3-450-red 450°C, 6 h 200°C,2h
Pd/Si-100 100°C, 2 h -
Pd/Si-100-red 100°C, 2 h 200°C, 2 h
Pd/Si-450 450°C, 6 h -
Pd/Si-450-red 450°C, 6 h 200°C, 2 h

The influence of these different reaction parameters (see
Table 1) on the activity of the resulting catalysts was studied
by comparing the catalytic activity of the different systems
in the Heck reaction of bromobenzene and styrene. First,
the influence of the pre-treatment (atmosphere) and calci-
nation temperature was investigated in order to get infor-
mation on the role of the oxidation state of Pd (0 or +2).
For this purpose the four catalysts of the Pd/Al-1 series
were tested in the Heck coupling of bromobenzene and sty-
rene (Pd amount: 0.01 mol-% based on bromobenzene). Af-
ter 2 hours at 160 °C the reaction was stopped and the mix-
tures were analyzed by GLC and GC/MS (Figure 1). The
best results were achieved with the unreduced catalyst
calcined at 450 °C (Pd/Al-1-450; 99% conversion, 90%
yield of E-stilbene 3). The unreduced catalyst calcined at
100 °C (Pd/Al-1-100; 65% conversion, 60% yield) and the
reduced catalyst calcined at 450 °C (Pd/Al-1-450-red; 61%
conversion, 56% yield) provided similar results. Only the
reduced catalyst calcined at 100 °C (Pd/Al-1-100-red; 6%
conversion and yield) showed low activity.

Although Pd° is the catalytically active species, Pd** on
the catalyst surface exhibits a higher activity compared to
Pd°. This is explained by the fact that Pd species can be
dissolved easier when a single (pre-reduced) Pd° surface
atom is bound to a palladium oxide or hydroxide surface
compared to metallic Pd®. Dissolution is then induced by
an oxidative addition of an aryl halide molecule.*'>! An-
other conclusion that can be drawn from this comparison
is that higher calcination temperatures also lead to higher
catalytic performance. Calcination at high temperatures
causes a stronger interaction between Pd and the catalyst
support. As a consequence, Pd dissolution is hampered and
occurs only at higher temperatures. In the case of Pd/Al-1-
450 a controlled Pd leaching is possible, whereas the weaker
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Figure 1. Influence of thermal treatment on the activity of the Pd-
metal oxide catalysts; reaction conditions: 10 mmol bromobenzene,
15 mmol styrene, 12 mmol NaOAc, 10 mL NMP, 0.01 mol-% Pd,
160 °C, 2 h, argon atmosphere.

Pd-support interaction in Pd/Al-1-100 leads to a higher Pd
leaching. Therefore in the latter case agglomeration of Pd
particles and loss in activity are observed. Synergy of high
temperature calcination and presence of Pd*" leads to ex-
tremely active catalysts, while the combination of the unde-
sired properties (weakly bound Pd®) causes a dramatic de-
crease in activity.

In Figure 2 two modified preparation routes for Pd/
Al,O5 catalysts are compared and the influence of the ox-
idic support (Al,O5 vs. Si0O,) is investigated. All catalysts
were tested in the same reaction and under the same condi-
tions mentioned above. First, the differences between the
Pd/Al-1 and the Pd/Al-3 series are discussed. Both catalyst
series were prepared using different conditions during the
coprecipitation process: While coprecipitation of Pd/Al-1
catalysts was performed at room temp. for 1 day, Pd/Al-3
catalysts were stirred at 65 °C for 3 days. The latter pro-
cedure causes, again, a stronger interaction between Pd and
the support (or even partial incorporation of Pd into the
Al,Os lattice). This is demonstrated by the fact that Pd can
be removed completely from the Al-1 surface by washing
with acetonitrile at room temp., whereas no dissolution
from Al-3 catalysts is observed. The Pd/Al-3 series shows
qualitatively the same influence of thermal treatment as the
Pd/Al-1 catalysts discussed above. However, catalysts of the
Al-3 series exhibit higher activity. Complete conversion of
bromobenzene is observed for both unreduced Al-3 and the
reduced Al-3-450-red catalysts. Even Al-3-100-red which
contains comparably weakly bound Pd° (an undesired com-
bination) reaches 84 % conversion (compared to 6% for Al-
1-100-red).

Pd/SiO, catalysts show similar tendencies concerning
thermal treatment. Only small differences in activity are ob-
served for the first three catalysts (100, 100-red and 450) of
the Pd/Al-1 and the Pd/Si series. This means that the influ-
ence of the support is negligible and the differences can be
explained by small variations in Pd dispersion. Pd/Al,O3
catalysts do not show XRD signals from metallic or oxid-
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Figure 2. Comparison of the different Pd-metal oxide (SiO,, Al,O5)
catalyst series; reaction conditions: 10 mmol bromobenzene,
15 mmol styrene, 12 mmol NaOAc, 10 mL NMP, 0.01 mol-% Pd,
160 °C, 2 h, argon atmosphere.

ized Pd. Therefore a very high Pd dispersion (and stronger
Pd-support interaction) is postulated in these catalysts. In
contrast, the presence of larger crystalline Pd species can
be observed by X-ray powder diffraction investigations
for the catalysts of the Pd/SiO, series. The high catalytic
activity of Pd/Si-450 is explained by the presence of crystal-
line PdO particles, whereas a lower activity was observed
for the other three catalysts that exhibit signals from
metallic Pd°.

Investigations on the influence of the reaction tempera-
ture on the catalyst activity were performed using several
of the catalysts. The results for the coupling of bromoben-
zene and styrene with Pd/Al-3-100-red as catalyst at dif-
ferent temperatures are shown in Table 2. While only 31%
conversion are reached after 2 hours at 140 °C catalyst per-
formance increases significantly at 160 °C (84% conver-
sion). For almost complete conversion in the same time a
temperature of 180 °C is needed. This temperature depen-
dence is consistent with the concept of a strong Pd-support
interaction. Therefore high temperatures are necessary to
release Pd from the surface and generate catalytically active
species in solution.

Table 2. Influence of the reaction temperature on the catalytic ac-
tivity and selectivity in the Heck reaction of bromobenzene with
styrene; reaction conditions: 10 mmol bromobenzene, 15 mmol sty-
rene, 12 mmol NaOAc, 10 mL NMP, 0.01 mol-% Pd (Pd/Al-3-100-
red), 2 h, argon atmosphere.

Temperature [°C] % Conversion % Yield of 3
140 31 31
160 84 83
180 92 91

Kinetic investigations were performed to study the corre-
lation of the progress of the reaction and the content of
leached Pd in solution. In Figure 3 the results for the reac-
tion of bromobenzene and styrene in presence of 0.025 mol-
% Pd/Al-3-450 are shown. The reaction was performed
simultaneously in 14 pressure tubes; after the respective re-
action time each reaction was stopped and one sample was
taken to determine the conversion via GLC and another to
263
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quantify the Pd content in solution via AAS. A slightly ele-
vated catalyst concentration of 0.025 mol-% was used to
minimize fluctuations of Pd concentrations in the different
tubes.

100 T T T —h—e— T 12
l/.
10
80 —m— Conversion
C nE —A— Pd content in solution 5
.% / 8 5
g e0- \ 3 _
c / 6 = ?E,
S AA A <
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® 404 A/ \A/A £
s r4 3
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J 2
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Figure 3. Correlation of the progress of the Heck reaction with Pd
leaching (during the reaction): 10 mmol bromobenzene, 15 mmol
styrene, 12 mmol NaOAc, 10 mL NMP, 0.025 mol-% Pd/Al-3-450,
160 °C, argon atmosphere.

Figure 3 shows a conversion curve that is typical for het-
erogeneously catalyzed Heck reactions. During an induc-
tion period (first 15 minutes) no conversion is observed and
Pd dissolution is initiated. After a critical Pd concentration
in solution is reached the reaction proceeds very fast. Ne-
arly complete conversion of bromobenzene is achieved in
the next 30 minutes. The concentration of leached Pd in-
creases and reaches a maximum in the same timeframe. At
the end of the reaction most of the dissolved Pd is re-de-
posited onto the support and only a small amount remains
in solution. Figure 3 shows a clear correlation between the
reaction progress and Pd leaching. The same qualitative be-
havior has also been observed for corresponding reactions
in the presence of “conventionally” prepared supported Pd
catalysts. However, the applied reaction temperatures for
the successful coupling of bromobenzene and styrene are
different. While in the presence of a “normal” Pd/TiO, cat-
alyst 140 °C were sufficient,!''! an elevated reaction tem-
perature of 160 °C had to be applied in this work using the
sol-gel catalysts. Note that in both cases a maximum of ca.
35% of the total Pd amount was found in solution in the
period between 20 and 40 minutes, which is exactly the ti-
meframe in which complete conversion of the substrates is
achieved. When we compare the results from Figure 3 with
kinetic studies of the reaction of 4-chloroacetophenone and
styrene,['?l one can clearly see that in this case exactly the
same reaction temperature of 160 °C is necessary to gener-
ate a sufficient Pd concentration in solution. All these ob-
servations confirm the “quasi-homogeneous” reaction
mechanism that has been proven in various similar studies
of several groups.[6-12:15]

Investigations on the recovery and reuse of the catalysts
show that Pd/MO, can be easily filtered off and used for
further experiments after washing with dichloromethane. In
these experiments a higher Pd concentration of 0.1 mol-%
was used to minimize losses of Pd during catalyst separa-
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tion and washing. While complete conversion in the reac-
tion of bromobenzene with styrene is achieved in the first
run, in the second run a slight decrease to 95% conversion
is observed. This marginal loss in activity of the catalyst
can be attributed to a partial reduction of Pd** to Pd° and
to a lowered Pd dispersion after the re-deposition of the
dissolved Pd species at the end of the first run. However,
the catalysts retain a high activity in recycling experiments.

In the first part of the investigations we showed that a
high content and dispersion of Pd?* at the surface of the
support is crucial for the generation of highly active cata-
lysts. As a second main condition the presence of a strong
Pd-support interaction was found to be necessary for the
generation of dissolved Pd species in the right concentration
at the right reaction temperature. The Pd/Al-3-450 catalyst
exhibits an extremely high activity (TON up to 10000; TOF
up to 5000 h™') in the reaction of bromobenzene with sty-
rene due to a combination of these positive properties. The
required reaction temperature of 160 °C was quite high for
reactions of aryl bromides; however, the catalyst released
the optimum amount of Pd at these elevated temperatures.
For the reaction of industrially important aryl chlorides, in
general, harsher conditions are necessary. Due to an in-
creased C-X bond energy quite high temperatures are re-
quired to insert Pd into the aryl-X bond in the oxidative
addition step. Therefore Pd/Al-3-450 was chosen as the cat-
alyst in the reaction of 4-chloroacetophenone with styrene.

Reactions of 4-chloroacetophenone were performed
using 0.01 mol-% Pd and the same reaction conditions as
described for reactions of bromobenzene with the only dif-
ference of 6 hours reaction time (compared to 2 hours for
bromobenzene). In spite of this extended reaction time, only
poor conversion (14 %; Table 3, entry 1) was obtained. It is
widely accepted that addition of salts like tetra-n-butylam-
monium bromide N(C4Ho)4Br exhibits a promoting effect
in Heck reactions.>!3-20-211 The influence of different tetra-
n-alkylammonium halides was studied and the results ob-
tained are presented in Table 3. A comparison of the four
different tetra-n-butylammonium halides (entries 2-5)
showed that the bromide salt had the strongest promoting
effect (although in this case only 1 mmol was applied, com-
pared to 10 mmol of the fluoride, chloride and iodide). By
addition of 1 mmol N(C4Hy)4Br the conversion of 4-chloro-
acetophenone could be raised to 93%. Addition of the cor-
responding chloride and iodide yielded a comparable low
conversion of 26%. Note that this conversion is still twice
as high as without additional salt. The exceptionally high
conversion obtained by using the fluoride salt (51%) may
be explained by the fact that in this case a trihydrate salt
was applied. The promoting effect of water in the reaction
mixture is also a well known fact.l'>!'¥ A comparison of
differently substituted tetra-n-alkylammonium bromides
showed only marginal influence of the length of the alkyl
chains (Table 3, entries 4, 6-9). In all different cases conver-
sions of 88 to 94% could be obtained. There are only a few
heterogeneous catalysts known up to now that exhibit such
high TON (8600-9300) and TOF (1450-1550 h'!) in the
reaction of an aryl chloride.''-'>2>23] In the reaction of
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nonactivated aryl chlorides like chlorobenzene only conver-
sions lower than 10% were observed. A further optimiza-
tion of the variety of reactions parameters like base or sol-
vent is necessary for improvements in this complex reaction
system.

Table 3. Substituted ammonium halides as promoters in the Heck
reaction of 4-chloroacetophenone with styrene; reaction condi-
tions: 10 mmol 4-chloroacetophenone, 15 mmol styrene, 12 mmol
NaOAc, 1 mmol NR X, 10 mL NMP, 0.01 mol-% Pd (Pd/Al-3-
450), 6 h, 160 °C, argon atmosphere.

NR,X % Conversion % Yield of 3 TON  TOF [h]
None 14 11 1370 230
N(C3Ho),F-3H,0 51 37 5180 860
N(C3Ho),Cl! 26 2 2420 400
N(C;Ho),Br 93 81 8900 1480
N(C4Hy), I 26 10 2430 410
N(CeH,3):Br 88 71 8680 1450
N(C,H,5);Br 923 85 9180 1530
N(CsH,)Br 94 81 9310 1550
N(C,Has);Br 91 85 9010 1500

[a] 10 mmol NR,X.

Conclusions

In this work the synthesis of heterogeneous Pd/MO, cat-
alysts via combined sol-gel coprecipitation routes has been
presented. Since it is known that in heterogeneously cata-
lyzed Heck reactions the active Pd species are generated by
dissolution of Pd from the catalyst surface, the control of
this leaching process is essential. Coprecipitation of Pd and
the metal oxide leads to a comparably strong Pd-support
interaction and as a consequence quite high temperatures
are necessary to dissolve Pd and generate the catalytically
active species. However, the same high reaction tempera-
tures are, in general, necessary to activate non-activated aryl
bromides and aryl chlorides. PdA/MO, catalysts prepared by
optimized sol-gel methods exhibit a high dispersion of Pd>*
and they release exactly the right amount of Pd into the
reaction mixture at these elevated temperatures. Therefore
they were found to be highly active in Heck reactions of
bromobenzene (TON up to 10000; TOF up to 5000 h')
and 4-chloroacetophenone (TON up to 9300; TOF up to
1550 h™"). Kinetic investigations confirm the postulated
“quasi-homogeneous” reaction mechanism by showing a
clear correlation of the reaction rate and the Pd content in
solution.

Experimental Section

Preparation of Catalysts: Pd/Al,O; catalysts are prepared from
Al(OiPr); and PdCl,. Al(OiPr); (10 g, 49.0 mmol) is suspended in
2-propanol (300 mL) and heated to 65 °C. Water (15 mL) and, sub-
sequently, a solution of PdCl, (42.5 mg, 0.24 mmol) in hydrochloric
acid (30 mL) are added dropwise under vigorous stirring. The mix-
ture is stirred for 24 h at room temp. and afterwards the solvent is
evaporated. From the resulting raw material four different catalysts
(Pd/Al-1 series) are prepared by thermal treatment (see Table 1).
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A second charge of Pd/Al,O; catalysts (Pd/Al-3 series) is prepared
the same way, but the mixture is stirred for 3 days at 65 °C after
the addition of the PdCl, solution. After evaporation of the solvent
four different catalysts are prepared by thermal treatment (see
Table 1).

Pd/SiO, catalysts are prepared from Si(OEt), and PdCl,. Si(OEt),
(22.2 mL, 100.0 mmol) is dissolved in ethanol (250 mL) and heated
to 80 °C. Water (30 mL) is added dropwise under vigorous stirring
and the reaction mixture is stirred for 3 h at 80 °C and another 10
h at room temp. Afterwards the solvent is evaporated and the re-
sulting colorless gel is dissolved in 1-butanol (60 mL) and heated
to 80 °C. A solution of PdCl, (102.0 mg, 0.58 mmol) in hydrochlo-
ric acid (60 mL) is added dropwise under vigorous stirring and the
mixture is stirred for 2.5 h at 80 °C and another 24 h at room temp.
After evaporation of the solvent four different catalysts (Pd/Si
series) are prepared from the raw material (see Table 1).

Typical Procedure for Heck Reactions: Catalytic reactions are per-
formed in sealed pressure tubes after 5 minutes of purging with
argon. Reactants and solvents are used without additional drying.

Aryl halide (10 mmol), styrene (15 mmol), sodium acetate
(12 mmol), NR4X (1 mmol, only for reactions of 4-chloroacetophe-
none), and Pd catalyst (0.01 mol-% Pd based on aryl halide) are
dissolved/suspended in 1-methyl-2-pyrrolidone (NMP, 10 mL) and
heated to 160 °C for 2 h (bromobenzene) or 6 h (4-chloroaceto-
phenone).

Filtered samples are extracted with water/CH,Cl, and dried with
MgSO,. Products are identified by GC/MS. Conversion and yields
are quantified by GLC using diethylene glycol dibutyl ether as in-
ternal standard (A, = = 5%).

The Pd content in solution during the reaction was determined as
follows: After the desired reaction time, the pressure tube was re-
moved from the oil bath. 5 mL of the reaction mixture were sam-
pled and immediately filtered into a 10 mL flask. Subsequently, all
liquid components were carefully evaporated by thermal treatment
in a heating block. After cooling, the solid residue was treated with
H,SO,4 (98%, 2 mL) and heated to reflux for 1 h. HNO; (65%,
0.5 mL) was added and the resulting mixture was refluxed for 24
h. Subsequently, again HNO3 (65%, 0.5 mL) was added and the
mixture is refluxed for 24 h and cooled down to room temp. After-
wards, HCI (37%, 5 mL) and an aqueous solution of LaCl; (10%,
SmL) were added. The mixture was diluted with bidestilled water
to a total volume of 50 mL. The palladium content was determined
by using a flame atomic absorption spectrometer Varian SpectrAA
400.
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and Stereochemical Evaluation

Yi Ding,'®! Yongxin Li,'*! Sumod A. Pullarkat,!?! See Leng Yap,/*! and Pak-Hing Leung*!!

Keywords: Asymmetric synthesis / Palladium / Chiral resolution / Cycloaddition

A novel palladacycle was designed and prepared by direct
cyclopalladation of the ligand 1-(3,6-dimethylnaphthalen-1-
yl)-N,N-dimethylethanamine, which was synthesized by a
multistep sequence starting from 2,7-dimethylnaphthalene.
The palladacycle structure and ring conformations of its tri-
phenylphosphane derivative was investigated by X-ray
structural analysis in the solid state and 2D 'H-'H ROESY
NMR spectroscopy in solution. The ortho-palladated ring is
stereochemically rigid, and the five-membered ring confor-
mation is locked by repulsive interactions between the
methyl group on the prochiral carbon atom and its neigh-
boring naphthylene proton. The racemic cyclopalladated
complex could be efficiently resolved through the formation
of its (S)-prolinato derivatives, and efficient separation of the
resulting diastereomeric complexes was achieved by simple
silica-gel chromatography. The structures and absolute con-

figurations of the two optically resolved palladium complexes
were determined by X-ray crystallography. Both the (R,R)-
and (S,S)-di-p-chloride dimeric palladium complexes could
be obtained chemoselectively by treating the corresponding
prolinato derivatives with 1 M hydrochloric acid. Despite the
severe interchelate steric constraints within this new organo-
palladium complex, the bulky monodentate ligand 3,4-di-
methyl-1-phenylphosphole (dmpp) was coordinated regio-
specifically to the ortho-palladated amine unit trans to the
NMe, group. In comparison to its naphthylamine analogue,
the new palladacycle showed a much higher stereoselectivity
in the chiral template-promoted asymmetric Diels—Alder re-
action of coordinated dmpp and N,N-dimethylacrylamide.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

Recently, a great deal of attention has been focused on
the development of enantiomerically pure cyclopalladated
complexes, because these compounds play important roles
in many aspects of synthetic stereochemistry. Many chiral
cyclopalladated complexes have been reported,!'! and they
could be used as resolving agents for chiral ligands,! clear
and reliable references for the NMR spectroscopic assign-
ment of unknown absolute configurations,®) diamagnetic
chiral shift reagents for the determination of optical purity
of organic compounds,3>-31-3641 and efficient chiral catalysts
for asymmetric reactions.!

In the past decade, we have chosen ortho-metalated di-
methyl[1-(a)-naphthyllethylamine [(S)-1; Figure 1] and its
(R) enantiomer as chiral templates for the asymmetric [4+2]
Diels—Alder reaction between 3,4-dimethyl-1-phenylphos-
phole (dmpp) and a range of dienophiles.®) A unique
stereochemical feature of (S)-1 is that there is an internal
steric repulsion between the methyl substituent on the
stereogenic carbon atom and its neighboring naphthylene

[a] Division of Chemistry and Biological Chemistry, School of
Physical and Mathematical Sciences, Nanyang Technological
University,

637371, Singapore
E-mail: pakhing@ntu.edu.sg
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proton H®, and this interaction confines the methyl group
in the axial position, and hence, the 4 absolute conforma-
tion of the five-membered ring is fixed and not intercon-
vertable, both in the solid state and in solution.[”! Due to
this unique ring conformation, the chirality of the naphth-
ylamine ring is transmitted efficiently through its prochi-
ral NMe groups onto the neighboring coordination site. A
series of functionalized P-chiral phosphanes have been gen-
erated stereoselectively by using both chiral forms of 1 as
the chiral reaction template.[] However, this naphthylamine
auxiliary does not exhibit good stereoselectivity in certain
reactions. For example, when N,N-dimethylacrylamide was
used as the dienophile, the two possible diastereomeric endo
cycloadducts were obtained as a 1:2 mixture.[%! This experi-
ment shows that the chiral naphthylethylamine auxiliary ex-
erts a weak stereochemical influence on the reaction site. In
the transition state, the dmpp group enjoys a certain degree
of free rotation around the P-Pd bond, and thus, poor
stereoselectivity was observed. It has been established that
the coordination site cis to the N atom is controlled stereo-
chemically by the two prochiral NMe groups.l*! We believe
that by introducing a spacer on the aromatic carbon atom
adjacent to the Pd—C bond on the template, this class of
ortho-palladated complexes may induce better stercoselec-
tivity in similar reactions.[6k-6m]
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Figure 1. Stereochemical features of complexes (S)-1 and (.S)-2.

Therefore, we report the synthesis and optical resolution
of novel chiral palladacycle (S)-2. Chiral complex (S)-2 ex-
hibits the key stereochemical features of the chiral naph-
thylamine chelate ring in (S)-1. The internal steric repulsion
between the methyl substituent on the stereogenic carbon
atom and its neighboring aromatic proton H? is expected to
lock the five-membered organometallic ring conformation.
Furthermore, a methyl group!'!! (Figure 1) was introduced
on the aromatic ring, which was designed to exert a stronger
stereochemical influence on the neighboring reaction site as
compared to (S)-1. For comparison purposes, the applica-
tion of this new chiral palladacycle in the asymmetric
Diels—Alder reaction was examined.

Results and Discussion

Synthesis and Characterization of ortho-Palladium
Complex (*)-2

The racemic form of the amine was prepared according
to Scheme 1. On the basis of the reported procedure with
2,7-dimethylnaphthalene (3)®! as the starting material,
ketone 4 was obtained as the minor product in 17.3%
yield.[6™°] Reduction of ketone 4 by NaBH, gave racemic
alcohol (*)-5 in 92.8% yield. Conversion of (*)-5 into
chloride (*)-6 was achieved by treatment with an excess
amount of PCl; in CH,Cl, in 89.7% yield. Reaction be-
tween (*)-6 and aqueous dimethylamine afforded target
N,N-dimethylamine (*)-7 in 89.1% yield. Treatment of (*)-
7 with [Pd(MeCN),](ClOy,), in the presence of NEt; fol-
lowed by the addition of 1 M HCI led to chloride-bridged
dimeric complex (*)-2 in the form of a light-yellow powder
in 80.5% isolated yield.

The dynamic cis—trans interconversion and the stereoiso-
meric properties of dimeric complex (*)-2 rendered diffi-
culties in the characterization of its '"H NMR signals. Thus,
the dimer was converted into its monomeric form ()-8 by
treatment with PPh;. Complex (*)-8 was prepared ef-
ficiently from the reaction of (*)-2 with PPhs through a
standard p-Cl bridge cleavage reaction (Scheme 2). In
CDCls, the 3'P NMR spectrum of ()-8 shows only a sing-
let resonance at 6 = 30.1 ppm, indicating the presence of a
sole isomer in solution. The NMR spectroscopic analysis
of racemic adduct (*)-8 showed that in solution the five-
membered palladacycle exists preferentially in the o(R) or
A(S) conformation with the a-methyl substituent in the axial
position. This conclusion may be inferred from the *Jy p
value of 6.4 Hz for the a-methane proton and confirmed by
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the results of ROESY measurements (Figure 2). The con-
formational behavior of the five-membered palladacycle
was deduced from NOE data obtained from the 'H-'H
ROESY NMR spectra of (*)-8. The interaction between
the a-methane H'3 and methyl protons are the key interac-
tions to the conformational state of the palladacycle, which
gave rise to the existence of NOE interactions (C and D)
between H'> and the two NMe groups (Me!'® and Me'?)
and the interaction between H'3 and Me'* (E). In contrast,
the o-methane group Me!# interacts strongly with the equa-
torial NMe group Me'® (B). The driving force for Me'4 to
assume mainly the axial position can be attributed to the
repulsive interactions, that is, H'3-H?® (F) and Me!4-H? (I).
Other expected NOE interactions of H3-Me!! (J), Me!'>-
Me!® (A), Me!?>-H?, and Me!’>~H” (G and H) are also ob-
served. The above NMR spectroscopic investigations of
(#+)-8 in solution indicates that the o-methyl group Me!*
located in the axial position and the interaction between
the Me!* and H?® can confine the five-membered organome-
tallic ring conformation and the A and ¢ conformations are
adopted in the (S) and (R) enantiomers, respectively.

In the solid state, the structure of (*)-8 was reaffirmed
crystallographically. The X-ray molecular structure of (*)-
8 and selected bond lengths and angles are presented in
Figure 3 and Table 1, respectively. Complex (*)-8 has a dis-
torted square-planar coordination geometry. There is a
strong steric repulsion between the PPhjs ligand and the or-
ganometallic chelate; hence, the bond angle Cl1-PdI-P1
was enlarged to 100.2(4)°. With these structural features,
the Pd-P bond would not be able to rotate freely, as all
the possible rotational motions are blocked by the chloride
ligand and the projecting methyl group. Therefore, among
the three P-Ph phenyl rings, the C29-C34 ring experiences
the most intramolecular ligand-ligand repulsion. As a re-
sult, the bond angle Pd1-P1-C29 is enlarged to 119.6(5)°,
which is larger than the two less affected Pd1-P1-C23 and
Pd1-P1-C17 angles [109.6(5) and 117.6(5)°, respectively].
The distance between H!3 and H8 is 2.176 A; the distance
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Figure 2. 2D 'H-'H ROESY NMR spectrum of (*)-8 in CDCl;
[refer to Figure 3 for the numbered structure of (*)-8]. Selected
NOE interactions: (A) Me!>-Me'; (B) Me!*-Me!¢; (C) H'3-Me'¢;
(D) H'*-Me!5; (E) H'3-Me!4; (F) H3-H'3; (G, H) Me!>-H?, Me!>-
H7; (I) Me'>-Me!S; (J) H>-Me!l.

between C14 and the methyl carbon atoms (both axial and
equatorial methyl groups) were found to be 2.872 and
3.875 A, respectively.
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Figure 3. Molecular structure of (*)-8.

Table 1. Selected bond lengths [A] and angles [°] for complex (*)-
8.

Pd1-Cl 2.017(2) Pd1-N1 2.146(1)
Pd1-P1 2.259(4) Pd1-Cl1 2.385(5)
P1-C23 1.836(2) P1-C17 1.829(2)
P1-C29 1.819(2) P1-Pd1-Cl1 100.2(4)
C1-Pd1-NI1 79.6(6) C1-Pd1-P1 101.7 (1)
NI1-Pdl-PI 158.4(4) C1-Pdl-Cll 165.6(4)
NI1-Pd1-Cl1 94.1(4) P1-Pd1-Cll 90.4(2)

Optical Resolution of Racemic Dimer (*)-2

The resolution of racemic dimeric complex (*)-2 was
achieved by using (S)-prolinato as the resolving agent
(Scheme 2). By treating of the racemic dimer with two mo-
lar equivalents of sodium (S)-prolinate, the expected 1:1
mixture of diastereomeric adducts (Rc,Sc,Sn)-9 and
(Sc.Sc,Sn)-9 was formed and confirmed by '"H NMR spec-
troscopy. Initial attempts to separate the two diastereomers
by fractional crystallization were unsuccessful, as crystalli-
zation could not be induced despite the use of an array of
solvent systems. Nevertheless, the neutral nature of these
complexes presented the alternate option of diastereomeric
separation by column chromatography. Thus, the 1:1 dia-
stereomeric mixture was slowly eluted through a silica gel
column with CH,Cl,/acetone (2:1) as the mobile phase. The
eluted fractions were checked by 'H NMR spectroscopy for
their optical purities. Thus, by column chromatography,
both diastereomers were separated efficiently. Diastereomer
(Rc,Sc,Sn)-9, which eluted first, was crystallized from
CH,Cl, and hexane as light-yellow prisms in an overall
yield of 90.6% with [a]3¢5 = +160 (¢ = 0.5, CH;0H) and
with >99% de (according to 'H NMR spectroscopy). The
other diastereomer, (S¢,Sc,Sn)-9, was isolated as a light-
yellow powder and also crystallized from CH,Cl, and hex-
ane in 88.4% yield with [a]365 = +916 (¢ = 0.5, CH;0H)
and with >99% de (according to '"H NMR spectroscopy).

X-ray diffraction analysis of diastereomer (Rc,Sc,Sn)-9
was performed (Figure 4), and selected bond lengths and
angles are provided in Table 2. The X-ray crystallographic
study reveals the (R) absolute configuration of the a-carbon
stereocenter. The o-methyl group Me!# occupies the ex-
pected axial position and the conformation of the five-
membered palladacycle is 6. This complex adopts a cis-
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(N,N) arrangement, as observed in similar prolinato com-
plexes.l°k] The tetrahedron distortion of the palladium coor-
dination environment is minimal, with the angle between
the {Pd1CIN1} and {PdIN20O1} planes equal to 5.01°.

Figure 4. Molecular structure of (Rc,Sc,Sn)-9.

Table 2. Selected bond lengths [A] and angles [°] for complex
(Re,Sc,Sn)-9.

Pdl-Cl 2.030(6) Pd1-Ol 2.039(4)
Pd1-N1 2.047(5) Pd1-N2 2.141(5)
N1-C16 1.477(8) C17-N2 1.503(8)
C21-02 1.221(9) C21-01 1.300(9)
C1-Pdl-N1 79.8(2) C1-Pdl N2 178.5(2)
NI1-Pd1-Ol 175.5(2) N2-Pd1-O1 80.8(2)

Cl-Pd1-Ol 99.7(2) NI-PdI'N2  99.8(2)

For the other diastereomer, (Sc,Sc,Sn)-9, yellow crystals
suitable for X-ray crystallography were obtained by slow
evaporation of a CH,Cl,/hexane solution. There are two
crystallographically distinguished molecules in the asym-
metrical unit with the same stereochemistry but slightly dif-
ferent bond lengths and angles. For clarity, only one of
them (molecule A) is depicted in Figure 5. Selected bond
lengths and angles are listed in Table 3. The absolute con-
figuration of (Sc,Sc,Sn)-9 was determined from its X-ray
molecular structure and confirmed from the Flack param-
eter of 0.04(2). Like the previously reported (S)-prolinated
complex, complex (Sc,Sc,Sn)-9 adopts a trans-(N,N) ar-
rangement.[°] However, due to the repulsive interaction be-
tween the ortho methyl group Me? and the pyrrolidine, the
C1-Pd1-N2 angle is enlarged to 104.6(1)° in comparison to
the value of 99.9(1)° for a similar benzylamine derivative.['"]

Table 3. Selected bond lengths [A] and angles [°] for complex
(Sc,Sc.Sn)-9.

Molecule A Molecule B

Pd1-Cl1 2.009(3) Pd2-C22 2.002(3)
Pd1-NI1 2.062(2) Pd2-N4 2.061(3)
Pd1-N2 2.074(2) Pd2-N3 2.062(3)
Pd1-O1 2.083(2) Pd2-03 2.083(2)
C1-Pd1-N1 81.8(1) C22-Pd2-N4 102.3(1)
C1-Pd1-N2 104.6(1) C22-Pd2-N3 80.7 (1)
NI1-Pd1-N2 172.7(1) N4-Pd2-N3 174.5(1)
C1-Pd1-O1 174.3(1) C22-Pd2-03 176.0(1)
NI1-Pd1-Ol1 92.6(1) N4-Pd2-03 81.7(1)

Synthesis of the Palladacycle in Its Optically Active Form

Optical chloride dimer (S)-2 was obtained by mixing
(Sc,Sc,Sn)-9 with 1 M HCl and isolated as a yellow powder
in 95.6% yield with [a]p = +120 (¢ = 0.5, CH,Cl,). Single
crystals were obtained from a mixture of CH,Cl, and hex-
ane. The structure of chiral dimeric complex (S)-2 was de-
termined by X-ray crystallography (Figure 6) and selected
bond lengths and angles are listed in Table 4. X-ray crystal-
lographic analysis confirms the expected (S) absolute con-
figuration of the a-carbon stereocenter of the palladacycle.
In line with most of the recorded X-ray structures of similar
p-chloride-bridged dimeric ortho-palladated amines or re-
lated dimers of C,N-type, complex (S)-2 reveals the ex-
pected trans relationship between two nitrogen atoms and
two carbon donor atoms. The coordination spheres of both
the palladium centers are in a distorted square-planar ge-
ometry, with tetrahedral distortions of 10.4 and 11.0°. The
most interesting feature of (S5)-2 is that the central four-
membered ring (Pd1-Cl1-Pd1A-CI1A) is bent along the
CI1-CI1A axis by 52.9°. This can be partially attributed to
the repulsive interactions between the methyl groups (C11,
C11A) and the two bridged Cl atoms. Both the C11-CI1
and C11A—CI1A distances were found to be 3.230 A, which
is less than the sum of the van der Waals radii of the two
atoms (3.8 A). Furthermore, the interaction between the
NMe group (C16, C16A) and the bridged CI atoms (ClI,
C1A) also contributed to the large angle observed, because
the C16-Cl1 and C16A—CI1A distances were 3.285 A. The
interactions mentioned above project the naphthalene ring
away from the chloride bridges to thus form butterfly-like
dimeric complex (S)-2.

Figure 5. Molecular structure of (S¢,Sc,Sn)-9.
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Figure 6. Molecular structure of (S)-2.
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Table 4. Selected bond lengths [A] and angles [°] for complex (S)-

2.

Pdl-Cl 1.996(2) Pd1-N1 2.075(2)
Pdl-ClIA 2.355(6) Pd1-Cll 2.489(5)
Pd1-PdI1A 3.225(3) ClI-PdIA 2.355(6)
C1-Pd1-N1 80.6(8) CI1-PdI-CIIA  98.7(6)
NI1-Pd1-ClIA 168.6(6) C1-Pd1-Cll 176.3(6)
NI1-Pd1-Cll 97.4(5) CIIA-PdI-CIl  83.9(2)
C1-Pd1-PdIA 137.1(5) NI-PdI-PdIA  123.9(6)
CIIA-PdI-PdIA  50.1(1) CII-PdI-PdIA  46.5 (1)
PdIA-CII-Pdl  83.4(2) CI5S-NI-Pdl  111.22)
C16-N1-Pdl 113.8(2) CI3-NI-Pdl  104.4(1)

Enantiomeric palladacycle (R)-2 could be prepared from
(Rc,Sc,SN)-9 in a similar manner: [a]p = —142, (¢ = 0.5,
CH,CL,).

Synthesis of dmpp Complex (S5)-10 and Its endo Diels—
Alder Reactions with N, N-Dimethylacrylamide

In order to evaluate the efficiency of the new palladacycle
as a chiral template for intermolecular Diels—Alder cycload-
dition reactions, the intermediate 3,4-dimethyl-1-phenyl-
phosphole (dmpp) complex (S)-10 was synthesized by a
cleavage reaction of dimeric complex (S)-2 with dmpp. The
reaction between (S)-10 and N,N-dimethylacrylamide was
subsequently investigated.

As shown in Scheme 3, the dichloride bridge in (S)-2
could be split readily by dmpp at room temperature to af-
ford (5)-10 as a yellow powder in 89.7% yield. The 3'P
NMR spectrum of (S)-10 in CDCl; shows only one singlet
signal at 6 = 28.4 ppm. In the '"H NMR spectrum, the long-
range P.H coupling constants of 3.4 and 6.5 Hz observed
for the resonance signals of NMe(eq) and the proton borne
on the chiral center indicate that the dmpp group is coordi-
nated frans to the nitrogen atom in solution.

Single crystals of (S)-10 were obtained from a solution
of chloroform and hexane. The solid structure of this com-
plex was determined by X-ray crystallography. Figure 7
presents the molecular structure of (S)-10, and Table 5
tabulates selected interatomic distance and angles. The co-
ordinated geometry is square planar and the phosphole
group is in the trans position with respect to the amine ni-
trogen. The complex has a distorted square-planar coordi-
nation geometry with a tetrahedral distortion angle of
13.2°. As expected, the five-membered palladacycle has an
envelop-like geometry with the N1 atom 0.848 A above the
C13-C12-C1-Pdl mean plane. The bond angles around P1
are significantly different. The angle C22-P1-Pdl
[123.22(5)°] is significantly larger than those of C17-Pl-
Pd1 [112.55(6)°] and C23-P1-Pdl1 [113.81(5)°]. This differ-
ence can be attributed to the repulsive interactions between
the coordinated dmpp group and the “spacer” methyl C3
(Figure 7). The C3-P1 distance (3.439 A) is shorted than
the sum of the van der Waals radii of the two groups
(3.8 A). As a result of this repulsion, the C3 atom is not
strictly coplanar with the phenyl ring C1-C2-C4-C5-C11-
C12, but with a distance of 0.222 A to the mean plane.
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Figure 7. Molecular structure of (.S)-10.

Table 5. Selected bond lengths [A] and angles [°] for complex (S)-
10.

Pd1-Cl 2.018(2) Pd1-N1 2.133(1)
Pd1-PI 2.244(3) Pd1-Cll 2.395(4)
C1-Pd1-N1 80.1(6) Cl1-Pd1-Pl 99.6(4)

NI1-Pdl1-Pl 167.9(5) C1-Pd1-Cll 171.6(5)
NI-PdI-Cll  94.1(4) P1-Pdl-Cll 87.4(1)

Cl2-Cl-Pdl  111.3(1) C2-C1-Pdl 129.2(1)
Cl17-P1-Pdl  112.6(6) C22-P1-Pdl  123.2(5)

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

The intermolecular endo-cycloaddition reaction between
(S)-10 and N,N-dimethylacrylamide was carried out at
room temperature in CH,Cl,. The reaction was monitored
by 3'P NMR spectroscopy and found to be complete in
20 d. Prior to purification, the 3'P NMR spectrum of the
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crude reaction product in CDCl; exhibited two sharp sing-
letsat 0 = 114.3 and 115.3 ppm in a ratio of 1:5.9, indicating
that two diastereomeric products were formed in the endo-
cycloaddition reaction.

The diastereomeric cycloadducts could be separated by
column chromatography efficiently. The mixture was slowly
eluted through a silica gel column with CH,Cl,/ethyl ace-
tate (10:1) as the mobile phase. The two diastereomers were
readily distinguished as two well-separated bands. Minor
diastereomer (S¢,Sp)-11 was isolated as a pale-yellow pow-
der in 11.9% yield, [a]p = +120, (¢ = 0.5, CH,Cl,). The
other diastereomer, (Sc,Rp)-11, was also isolated as a yel-
low powder in 69.5% yield with [a]p = +60 (¢ = 0.5,
CH,Cl,). Known optically active phosphanorbornene (Sp)-
12 and (Rp)-12 could be liberated efficiently by treating en-
antiomerically pure complex (Sc,Rp)-11 and (Sc,Sp)-11
with 1,2-bis(diphenylphosphanyl)ethane, respectively.l%%-6Pl
The apparent inversion of configuration that takes place at
the phosphorus center when the functionalized phosphane
is liberated from the reaction promoter is merely a conse-
quence of the Cahn-Ingold—Prelog (CIP) sequence rules.['!]

Conclusions

In this article, the synthesis of novel palladacycle (S)-2
was readily accomplished from 2,7-dimethylnaphthalene
and then resolved by separation of the (S)-prolinate dia-
stereomeric derivatives. When naphthylamine auxiliary (S)-
1 was used as a chiral template for the asymmetric Diels—
Alder reaction between dmpp and N, N-dimethylacrylamide
at room temperature, the cycloadducts were obtained in a
ratio of 1:2. However, in this study, this ratio was improved
to 1:5.9. Clearly, the 1-(3,6-dimethylnaphthalen-1-yl)-N,N-
dimethylethanamine palladium complex exhibits a better
stereoselectivity for this class of intermolecular cycload-
dition reactions. Therefore, the introduction of a methyl
group on the aromatic ring next to the Pd—C bond indeed
exerts an influence on the selectivity in this asymmetric cy-
cloaddition reaction. Currently, investigations of chiral pal-
ladacycles with different substituents and synthetic applica-
tions of newly prepared palladacycle (S)-2 are in progress.

Experimental Section

General: Reactions involving air-sensitive compounds were per-
formed under positive pressure of purified nitrogen by using stan-
dard Schlenk techniques. "H and '3C NMR spectroscopy were per-
formed with Bruker Avance 300, 400, or 500 NMR spectrometers.
Multiplicities were given as: s (singlet), br. (broad), d (doublet), t
(triplet), q (quartet), dd (doublets of doublet), m (multiplet). The
number of protons (n) for a given resonance is indicated by nH.
Coupling constants are reported as a J values in Hz. Chemical
shifts are reported as o in units of parts per million (ppm) down-
field from SiMe, (0 = 0.0 ppm), relative to the signal of [D]chloro-
form (6 = 77.00 ppm, triplet; '*C NMR) and 85% H;PO, (*'P
NMR) (300 K). All the 3'P NMR spectra were recorded at
121 MHz with a Bruker Advance DPX300 NMR spectrometer.
Mass spectra were recorded with a Thermo Finnigan MAT 95 XP
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Mass Spectrometer with EI mode and Waters Q-Tof Premimer
Mass Spectrometer with ESI mode. Melting points were deter-
mined with an SRS-Optimelt MPA-100 apparatus and are uncor-
rected. Optical rotations were measured with the specified solution
in 0.1-dm cell at 20 °C with a Perkin—-Elmer model 341 polarimeter.
Elemental analyses were performed by the Elemental Analysis
Laboratory of the Division of Chemistry and Biological Chemistry
at the Nanyang Technological University of Singapore. Compound
4 was previously reported; however, its synthesis experimental de-
tails were not available.[!

1-(3,6-Dimethyl-1-naphthyl)ethanone (4): A solution of 2,7-dimeth-
ylnaphthalene (3; 7.30 g, 46.73 mmol) in CH;NO, (100 mL) was
added whilst stirring to a mixture of anhydrous AICl; (7.33 g,
54.97 mmol) and acetyl chloride (3.34 mL, 46.80 mmol) in the same
solvent (20 mL). The resultant red solution was stirred at room
temperature for 20 h and poured into a mixture of ice (50 g) and
concentrated HCI (20 mL). After vigorous stirring for 30 min, the
yellowish organic layer was separated, washed with H,O, and dried
(MgSO,). Removal of the solvent gave a brown color oil. The resi-
due was thus passed through a silica gel column (Et,O/hexane,
1:40), and 4 (1.60 g, 17.3%) was separated as the minor product.
Colorless solid. M.p. 78-80 °C. '"H NMR (300 MHz, CDCl;): 6 =
2.49 (s, 3 H, CH;), 2.53 (s, 3 H, CH3), 2.72 (s, 3 H, COCH3), 7.36
(dd, 3Jyu = 8.8 Hz, *Jy i = 1.7 Hz, 1 H, aromatic proton), 7.53
(s, 1 H, aromatic proton), 7.65 (s, 1 H, aromatic proton), 7.69 (s, 1
H, aromatic proton), 8.60 (d, 3Ji i = 8.8 Hz, 1 H, aromatic proton)
ppm. *C NMR (75 MHz, CDCly): § = 21.5, 29.9, 125.6, 126.7,
126.8, 129.4, 130.2, 131.4, 133.9, 134.6, 135.2, 136.1, 201.9 ppm.
HRMS (ESI): caled. for C4H;sO [M + HJ* 199.1123; found
199.1118. C4H 40 (198.26): calcd. C 84.81, H 7.12; found C 84.98,
H 7.09.

1-(3,6-Dimethyl-1-naphthyl)ethanol [(%)-5]: To a solution of 4
(1.60 g, 8.07 mmol) in ethanol (30 mL) was added a solution of
NaBH, (0.60 g, 15.86 mmol) in the same solvent (20 mL). The mix-
ture was stirred at room temperature for 24 h, followed by treat-
ment with dilute NaOH solution. The ethanol in the resulting solu-
tion was removed under vacuum, and the aqueous phase was then
extracted with CH,Cl,. The organic layers were combined, washed
with H,O, and dried with MgSO,4. Removal of the solvent gave
product (*)-5 (1.50 g, 92.8%) as a white solid. '"H NMR
(300 MHz, CDCly): § = 1.65 (d, 3Jiyy = 6.4 Hz, 3 H, CHCHs),
2.33 (s, 1 H, OH), 2.55 (s, 6 H, aryl-CH3), 5.58 (q, 3Jy.u = 6.4 Hz,
1 H, CHCH3), 7.30 (d, 3Juu = 8.7 Hz, *Jyu = 1.6 Hz, aromatic
proton), 7.45 (s, 1 H, aromatic proton), 7.46 (s, 1 H, aromatic pro-
ton), 7.56 (s, 1 H, aromatic proton), 7.93 (d, 3Jyn = 8.7 Hz, 1 H,
aromatic proton) ppm. 3C NMR (75 MHz, CDCls): 6 = 21.6, 21.8,
24.4, 67.1, 122.8, 123.4, 126.2, 126.7, 127.3, 127.4, 134.5, 135.1,
1352 141.1 ppm. HRMS (ESI): caled. for C4H;s [M — OH]"
183.1174; found 183.1166. C4H;cO (200.27): caled. C 83.96, H
8.05; found C 83.71, H 8.08.

1-(1-Chloroethyl)-3,6-dimethylnaphthalene [(£)-6]: A solution of
(*£)-5 (1.50 g, 7.49 mmol) in CH,Cl, (20 mL) was dropped slowly
into a solution of PCl; (4.50 g, 32.8 mmol) in the same solvent
(30 mL). The mixture was stirred overnight at room temperature
and quenched by the addition of ice water at 0 °C. The organic
layer was separated, washed with water, and dried with MgSO,.
Removal of the solvent gave product (£)-6 (1.47 g, 89.7%) as a
colorless oil. 'TH NMR (300 MHz, CDCly): § = 2.06 (d, *Jypn =
6.5Hz, 3 H, CHCHs), 2.53 (s, 6 H, aryl-CH3), 5.87 (q, 3Jyu =
6.5Hz, 1 H, CHCH3), 7.36 (d, 3Jy i = 8.4 Hz, 1 H, aromatic pro-
ton), 7.49 (s, 1 H, aromatic proton), 7.52 (s, 1 H, aromatic proton),
7.57 (s, 1 H, aromatic proton), 8.03 (d, 3Jyy = 8.4 Hz, 1 H, aro-
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matic proton) ppm. '3C NMR (75 MHz, CDCly): 6 = 21.5, 21.8,
25.2, 54.8, 122.7, 125.0, 126.9, 127.3, 127.5, 127.8, 134.5, 134.9,
135.5, 137.3 ppm. HRMS (EI) caled. for Cy4;H,s [M — CI] 183.1174;
found 183.1175.

N-[1-(3,6-dimethyl-1-naphthyl)ethyl]-/V, N-dimethylamine [(%)-7]: A
solution of (+)-6 (1.47 g, 6.72 mmol) in CH,Cl, (20 mL) was added
to a solution of dimethylamine (2 m in THF, 10 mL) and stirred
vigorously for 48 h. The solvent was removed under vacuum, and
the residue was then dissolved in CH,Cl,. The solution was washed
with H,O, dried with MgSO,, and the solvents evaporated to dry-
ness. The pure amine was obtained as a light-yellow oil (1.36 g,
89.1%) after silica gel chromatography (ethyl acetate). 'H NMR
(300 MHz, CDCl3): 6 = 1.50 (d, 3Juu = 6.6 Hz, 3 H, CHCH,),
2.32 (s, 6 H, CH3), 2.53 (s, 6 H, CH3), 3.96 (q, 3Jun = 6.6 Hz, 1
H, CHCH3), 7.30 (dd, 3Jy . = 8.3 Hz, 4Jyn = 1.6 Hz, 1 H, aro-
matic proton), 7.42 (s, 1 H, aromatic proton), 7.46 (s, 1 H, aromatic
proton), 7.57 (s, 1 H, aromatic proton), 8.25 (d, 3/ = 8.7 Hz,1
H, aromatic proton) ppm. *C NMR (75 MHz, CDCl;): 6 = 19.9,
21.5,21.8,43.9,62.4,123.5,125.7,125.7, 127.0, 127.2, 128.1, 134.7,
134.9, 135.1, 140.7 ppm. HRMS (ESI): calcd. for C;sH»,nN [M +
H]* 228.1752; found 228.1746.

Palladium Complex (*)-2: A mixture of [Pd(MeCN)4](ClOy4),
(1.56 g, 6.00 mmol) and AgClO, (2.48 g, 12.0 mmol) in CH3CN
(30 mL) was stirred in the dark at room temperature for 1 h. The
AgCl precipitate was filtered off, and the filtrate was added drop-
wise to a stirred mixture of (*)-7 (1.36 g, 6.00 mmol) and NEt;
(0.60 g, 6.00 mmol) in CH>Cl, (20 mL). The resulting mixture was
stirred at room temperature for 24 h and filtered through Celite.
The filtrate was evaporated, and the residue was dissolved in
CH,Cl, (100 mL). Dilute HCI (1 m, 50 mL) was then added to the
solution, and the mixture was vigorously stirred for 1 h. The or-
ganic layer was separated, washed with H,O, and dried with
MgSO,. After removing the solvent, the residue was passed
through a silica gel column (CH->Cl,) to give yellow powder (*)-2
(1.78 g, 80.5%). M.p. 196-198 °C (decomp.). 'H NMR (300 MHz,
CDCl3): 0 = 2.26-2.28 (m, 6 H, CH3), 2.44 (br. s, 6 H, CH3), 2.62—
2.72 (m, 18 H, CH3), 4.12-4.13 (m, 2 H, CHCH3), 7.11-7.14 (m, 4
H, aromatic protons), 7.43 (m, 4 H, aromatic protons) ppm.
C3,Hy0CLN,Pd, (736.42): caled. C 52.19, H 5.47, N 3.80; found C
52.52, H 5.34, N 3.59.

Palladium Complex (%)-8: A CH,CIl, solution of (*+)-2 (0.18 g,
0.25 mmol) and PPh; (0.13 g, 0.50 mmol) was stirred for 30 min at
room temperature and concentrated to ca. 5 mL. The residue liquid
was chromatographed on silica gel (CH,Cl,) to give a light-yellow
powder, which was recrystallized from CH,Cl,/hexane to afford
light-yellow crystals of ()-8 (0.28 g, 88.8%). M.p. 192-194 °C (de-
comp.). 3'P NMR (121 MHz, CDCls): 6 = 30.1 (s) ppm. '"H NMR
(400 MHz, CDCl3): § = 2.00 (s, 3 H, aryl-CHs;), 2.18 (d, 3Jy 1 =
6.4Hz, 3 H, CHCH;), 2.46 (s, 3 H, aryl-CH;), 2.51 [s, 3 H,
NCHig)l, 2.92 [d, “Jpy = 3.0 Hz, 3 H, NCHjq), 3.76 (quint,
4Jpu = 3Jun = 6.4 Hz, 1 H, CHCHs), 6.86 (s, 1 H, aromatic pro-
ton), 7.19-7.60 (m, 18 H, aromatic protons) ppm. *C NMR
(125 MHz, CDCl;): 6 = 21.4, 22.2, 26.8 (d, Jcp = 9.2 Hz), 49.0,
50.6 (d, Jcp = 2.7 Hz), 74.1 (d, Jcp = 3.0 Hz), 122.6, 124.9, 125.2,
126.8 (d, Jcp = 14.4 Hz), 126.8 (d, Jcp = 10.3 Hz), 130.1, 132.2,
133.2, 134.7 (br. s), 134.8 (br. s), 139.9 (d, Jcp = 2.3 Hz), 146.3,
156.6 ppm. HRMS (ESI): caled. for C3H3sNPPd [M - CIJ*
594.1542; found 594.1559. C34,H3sCINPPd (630.50): calcd. C 64.77,
H 5.60, N 2.22; found C 64.40, H 5.42, N 2.22.

(RcySc,Sn)-9 and (Sc,Sc,Sn)-9: To racemic dimer (*)-2 (1.47 g,
2.00 mmol) was added a solution of (S)-sodium prolinate (0.55 g,
4.00 mmol) in MeOH (30 mL). The mixture was stirred at room
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temperature for 1 h, and the solvent was removed under reduced
pressure. The solution of the residue in CH,Cl, was washed with
H,O and dried with MgSO,. After removing the solvent, the 1:1
diastereomeric mixture was slowly eluted thought a silica gel col-
umn (CH,Cly/acetone, 2:1), and the first eluted diastereomer
(Rc,Sc,SN)-9 was crystallized slowly from CH,Cl, and hexane as
light-yellowish crystals (0.81 g, 90.6%, based on half of the dimer
used), >99% de (according to "H NMR spectroscopy). M.p. 190
192 °C (decomp.). [al4zs = +38; [a]s6s = +160 (¢ = 0.5, CH;0H).
'H NMR (500 MHz, CDCly): 6 = 1.64-1.65 (m, 1 H,
CH,CH,CH,), 1.68-1.73 (m, 2 H, CH,CH,CH,, COCHCH,), 1.98
(d, 3Jy = 6.3 Hz, 3 H, CHCHs), 2.30-2.32 (m, 1 H, COCHCH,),
240 (s, 3 H, aryl-CHj3), 2.44 (s, 3 H, aryl-CH;), 2.61 [s, 3 H,
NCHjy), 2.64 [s, 3 H, NCHjeq)], 3.15-3.22 (m, 1 H, NHCH,),
3.42-3.44 (m, 1 H, NHCH,), 4.00-4.03 (m, 1 H, NH), 4.07-4.10
(m, 2 H, COCH, CHCH3), 7.13-7.16 (m, 2 H, aromatic protons),
7.38 (s, 1 H, aromatic proton), 7.43 (d, 3/ = 8.5Hz, 1 H, aro-
matic proton) ppm. '*C NMR (125 MHz, CDCl,): § = 21.3, 22.9,
23.1, 25.3, 28.7, 29.1, 48.3, 51.1, 66.8, 72.9, 122.6, 124.5, 125.0,
126.8, 127.2, 131.9, 133.5, 139.8, 143.7, 148.4, 178.4 ppm. HRMS
(ESI): caled. for C, HoN,O,Pd [M + H]" 447.1264; found
447.1274. C51HpN,0,Pd-CH,Cl, (531.82): caled. C 49.69, H 5.69,
N,5.27; found C 49.85, H 5.32, N 5.39. The second eluted dia-
stereomer (S¢,Sc,Sn)-9 was also crystallized slowly from CH,Cl,
and hexane as yellowish crystals (0.79 g, 88.4%, based on half of
the dimer used), >99% de (according to 'H NMR spectroscopy).
M.p. 190-192 °C (decomp.). [a]lp = +194; [a]s7;s = +206; [a]s46 =
+234; [a]s36 = +446; [a]36s = +916 (¢ = 0.5, CH;0H). '"H NMR
(500 MHz, CDCl;): 6 = 1.61-1.73 (m, 1 H, CH,CH,CH,), 2.01-
2.04 (m, 1 H, CH,CH,CH,), 2.07 (d, 3Jyu = 6.4Hz, 3 H,
CHCH,;), 2.22-2.34 (m, 2 H, COCHCH,), 2.44 (s, 3 H, aryl-CH,),
2.58 (s, 3 H, aryl-CHs), 2.64 [s, 3 H, NCH;y), 2.78 [s, 3 H,
NCHjq), 3.10-3.24 (m, 2 H, NHCH,), 4.09-4.10 (m, 1 H,
COCH), 4.11 (q, 3Jgu = 6.5Hz, 1 H, CHCH,), 4.38-4.42 (m, 1
H, NH), 7.16 (dd, 3Jyu = 8.7 Hz, *Jyu = 1.1 Hz, 1 H, aromatic
proton), 7.19 (s, 1 H, aromatic proton), 7.45 (s, 1 H, aromatic pro-
ton), 7.46 (d, 3Jyy = 8.3 Hz, 1 H, aromatic proton) ppm. *C
NMR (100 MHz, CDCly): 6 = 21.3, 23.2, 24.3, 25.3, 30.2, 48.0,
53.0, 53.3,65.2,73.0, 123.4, 124.9, 124.9, 126.7, 127.2, 131.7, 133.3,
139.4, 1459, 147.7, 181.1 ppm. HRMS (ESI): caled. for
C, HyyN,O.Pd [M + H]" 447.1264; found 447.1274.
C, HsN,O,Pd-H,O (464.89): caled. C 54.25, H 6.50, N 6.03;
found C 54.47, H 7.04, N 5.88.

Palladium Complex (S)-2: Dilute HCI (20 mL, 1 M) was added to
a CH,Cl, solution (10 mL) of diastereomer (Sc,Sc,Sn)-9 (0.80 g,
1.79 mmol), and the resulting solution was vigorously stirred for
30 min at room temperature. The organic layer was separated and
washed with H,O and dried with MgSO,, and the solvent was evap-
orated to dryness to afford (S)-2 as a yellow power, Recrystalli-
zation from CH,Cl, and diethyl ether afforded yellow crystals of 2
(0.63 g, 95.6%). M.p. 172-174 °C (decomp.). [a]p = +120; [a]s7s =
+122; [a]sas = +120 (¢ = 0.5, CH,Cl,). 'H NMR (400 MHz,
CD,Cl,): 6 = 2.25-2.28 (m, 6 H), 2.46 (s, 6 H), 2.61-2.73 (m, 18
H), 4.12-4.18 (m, 2 H, CHCH3), 7.11-7.13 (m, 2 H, aromatic pro-
tons), 7.17-7.19 (m, 2 H, aromatic protons), 7.47 (m, 4 H, aromatic
protons) ppm. '*C NMR (100 MHz, CDCl,): § = 21.4, 23.3, 25.4,
25.6, 49.5, 50.3, 53.4, 53.8, 54.0, 74.6, 74.7, 122.6, 124.7, 124.9,
125.0, 126.8, 126.9, 132.1, 133.5, 141.1, 143.1, 143.2, 146.5 ppm.
C3,H,0CLN,Pd, (736.42): caled. C 52.19, H 5.47, N 3.80; found C
52.52, H 5.34, N 3.59.

Palladium Complex (R)-2: Prepared from (R¢,Sc,Sn)-9 in a similar
manner to that of (5)-2. [a]p = —118 (¢ = 0.4, CH,CL,). [a]s7s =
~113 (¢ = 0.4, CH,Cl,). [a]s46 = —118 (¢ = 0.4, CH,Cl,).
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Palladium Complex (S)-10: To a solution of (S)-2 (0.37 g,
0.50 mmol) in CH,Cl, (20 mL) was added a solution of 3,4-di-
methyl-1-phenylphosphole (dmpp; 0.20 g, 1.06 mmol) in the same
solvent (10 mL). The resulting light-yellow solution was stirred at
room temperature for 1 h, and the solvent was removed under re-
duced pressure. The solid residue was chromatographed on silica
gel (CH,Cly/ethyl acetate, 1:1) to give a pale-yellow powder, which
was recrystallized from chloroform/hexane as yellow prisms (0.50 g,
89.7%). [a]lp = +456; [a]s7s = +484; [alsss = +572; [alaze = +1348 (c
= (.5, CH,Cl,). M.p. 188-190 °C (decomp.). 3'P NMR (121 MHz,
CDCl3): 6 = 28.4 (s) ppm. ' H NMR (500 MHz, CDCls): 6 = 1.94
(d, *Jp = 1.6 Hz, 3 H, C=CCH,), 1.95 (d, 3Juyu = 6.8 Hz, 3 H,
CHCH,), 2.02 (s, 3 H, C=CCHs), 2.37 (s, 3 H, aryl-CHs), 2.47 (s,
3 H, aryl-CHs), 2.54 [d, *Jpu = 2.0 Hz, 3 H, NCHj,y), 2.87 [d,
“Upn = 3.4 Hz, 3 H, NCHj(eq), 3.72 (quint, *Jyy iy = “Jpy = 6.5 Hz,
1 H, CH;CH), 6.17 (d, 2Jpy = 33.2 Hz, 1 H, C=CH), 6.81 (d, 2Jpy
=32.1Hz 1 H, C=CH), 7.18 (dd, 3Jy; 11 = 8.6 Hz, *Jyz 5 = 1.6 Hz,
1 H, aromatic proton), 7.24 (s, 1 H, aromatic proton), 7.35-7.41
(m, 3 H, p-Ph, 2 Xm-Ph), 7.47 (s, 1 H, aromatic proton), 7.52 (d,
3Juu = 8.6 Hz, 1 H, aromatic proton), 7.88-7.92 (m, 2 H, 2 X o-
Ph) ppm. 3C NMR (100 MHz, CDCl3): 6 = 17.1 (d, Jcp =
12.7Hz), 17.7 (d, Jcp = 12.2Hz), 21.3, 22.7, 27.8 (d, Jcp =
9.7 Hz), 48.4, 50.6 (d, Jcp = 2.7 Hz), 73.4 (d, Jcp = 3.3 Hz), 122.6,
124.0, 125.6 (d, Jcp = 49.2 Hz), 125.7, 126.8 (d, Jcp = 21.4 Hz),
127.6 (d, Jcp = 43.9 Hz), 128.4 (d, Jcp = 10.8 Hz), 129.3 (d, Jcp
=52Hz), 130.4 (d, Jcp = 2.5 Hz), 131.9, 133.1, 133.2, 133.4, 141.0
(d, Jcp = 6.1 Hz), 147.3 (d, Jcp = 1.3Hz), 148.1 (d, Jcp =
10.1 Hz), 151.1, 153.5 (d, Jcp = 10.3 Hz) ppm. HRMS (ESI):
caled. for C,sH33NPPd [M — CIJY 520.1385; found 520.1398.
CygH;33CINPPd (556.37): caled. C 60.44, H 5.98, N 2.52; found C
60.08, H 6.40, N 2.52.

Preparation of (S¢,Rp)-11 and (Sc,Sp)-11 by the Asymmetric Diels—
Alder Reaction of (S)-10 and N,N-Dimethylacrylamide: A solution
of (S)-10 (0.50 g, 0.9 mmol) in CH,Cl, (10 mL) was stirred with
N,N-dimethylacrylamide (0.30 g, 3.03 mmol) at room temperature
for 20 d. Removal of the solvent left a brownish oil. The 3'P NMR
(CDCl;) spectrum of the crude product prior to purification indi-
cated a 1:5.9 mixture of the diastereomeric cycloadducts at 6 =
114.3 and 115.3 ppm. Products (Sc,Sp)-11 and (S¢,Rp)-11 were iso-
lated after silica gel chromatography (ethyl acetate/CH,Cl,, 1:10).
The first eluted complex was minor diastereomer (Sc,Sp)-11
(0.07 g, 11.9%). M.p. 181-183 °C (decomp.). [a]p = +120; [a]s7s =

+124; [alsse = +142; [alsz6 = +164 (¢ = 0.5, CH,Cl,). 3'P NMR
(121 MHz, CDCls): 6 = 114.3 (s). '"H NMR (400 MHz, CDCl,): §
=1.24 (s, 3 H, C=CCH;), 1.79 (s, 3 H, C=CCH3), 1.94-2.05 (m, 2
H, CH,), 2.15(d, 3/ = 6.4 Hz, 3 H, CHCHs), 2.28 (s, 3 H, aryl-
CH3), 2.46 (s, 3 H, aryl-CHs3), 2.50 [s, 3 H, NCH,y)], 2.74 (br. s,
1 H, CH,CHP), 2.86 [d, *Jpy; = 2.4 Hz, 3 H, NCHj(q)]. 2.89 [s, 3
H, NCHjmide)), 3.34 [s, 3 H, NCHjsumige)), 3.67 (br. s, 1 H,
CHCHP), 4.24 (quint, 3Jy 1 = *Jpy = 6.2 Hz, 1 H, CHCH3), 4.58
(m, 1 H, COCH), 7.19 (d, 3Juu = 8.5 Hz, 1 H, aromatic proton),
7.24 (s, 1 H, aromatic proton), 7.39-7.41 (m, 3 H, p-Ph, 2 X m-Ph),
7.46 (s, 1 H, aromatic proton), 7.53 (d, 3Ji i = 8.6 Hz, 1 H, aro-
matic proton), 7.98-8.02 (m, 2 H, 2Xo-Ph) ppm. *C NMR
(100 MHz, CDCl3): 6 = 14.3 (d, Jcp = 3.4 Hz), 149 (d, Jcp =
4.0 Hz), 21.4, 22.4, 28.3, 35.9, 37.6, 41.0 (d, Jcp = 30.5 Hz), 48.2
(d, Jep = 38.3 Hz), 48.6, 51.2 (d, Jcp = 3.3Hz), 54.8 (d, Jcp =
60.1 Hz), 73.0 (d, Jcp = 3.9 Hz), 122.8, 124.6, 125.7, 127.0 (d, Jcp
= 354 Hz), 1279 (d, Jcp = 12.5Hz), 1299 (d, Jcp = 2.8 Hz),
130.2, 130.6, 131.0, 132.1, 133.7 (d, Jcp = 3.3 Hz), 133.9, 134.5,
140.2 (d, Jcp = 8.1 Hz), 147.2 (d, Jcp = 1.9 Hz), 152.5, 171.8 (d,
Jcp =21.1 Hz) ppm. HRMS (ESI): calcd. for C33H4,N,OPPd [M —
CI]*  619.2070; found 619.2056. C;3H4,CIN,OPPd-C,H;,0
(729.67): caled. C 60.90, H 7.18, N 3.84; found C 60.78, H 7.52, N
4.08. The second eluted complex was major diastereomer (Sc,Rp)-
11 (0.41 g, 69.5%). M.p. 180-182 °C (decomp.). [a]p = +60; [a]s7s
= +64; [a]sss = +66 (¢ = 0.5, CH,Cl,). 3'P NMR (121 MHz,
CDCls): 6 = 115.3 (s) ppm. 'H NMR (500 MHz, CDCl;): 6 = 1.38
(s, 3 H, C=CCH;), 1.56 (s, 3 H, C=CCH;), 1.63 [s, 3 H,
NCH;amide))> 2.10 (d, Jyyq = 6.5 Hz, 3 H, CHCH), 2.11-2.18 (m,
1 H, CH,), 2.21 (m, 1 H, PCH), 2.34 (s, 3 H, aryl-CH3), 2.40 (s, 3
H, aryl-CHs), 2.43 [s, 3 H, NCH;(,y)), 2.57 [s, 3 H, NCH;amide)ls
2.80 [s, 3 H, NCHjq)], 2.90-2.93 (m, 1 H, CH,), 3.42 (br. s, 1 H,
PCH), 3.53 (br. s, | H, COCH), 4.19 (quint, 3Jy u = *Jpu = 6.1 Hz,
1 H, CHCH3;), 7.14 (d, 3Jyy.i = 8.5 Hz, 1 H, aromatic proton), 7.21
(s, 1 H, aromatic proton), 7.31-7.35 (m, 4 H, aromatic protons),
7.47 (d, 3Jyu = 8.6 Hz, 1 H, aromatic proton), 7.94-7.98 (m, 2 H,
2 X 0-Ph) ppm. 3C NMR (100 MHz, CDCl3): 6 = 13.9 (d, Jcp =
3.0 Hz), 15.7 (d, Jcp = 1.9 Hz), 21.5, 22.3, 28.1 (d, Jcp = 9.4 Hz),
29.3 (d, Jep = 14.4Hz), 355 (d, Jcp = 22.7Hz), 399 (d, Jcp =
27.4 Hz), 48.5, 50.9 (d, Jcp = 30.1 Hz), 51.2 (d, Jcp = 1.9 Hz),
52.1(d, Jcp =33.8 Hz), 73.2 (d, Jcp = 2.6 Hz), 122.6, 124.8, 125.8,
126.6, 127.5, 128.0 (d, Jcp = 9.0Hz), 129.3, 1299 (d, Jcp =
1.4 Hz), 130.7 (d, Jcp = 30.9 Hz), 132.1, 133.6 (d, Jcp = 8.8 Hz),
133.8, 134.5, 140.3 (d, Jcp = 6.1 Hz), 147.6, 152.9, 171.7 (d, Jcp

Table 6. Crystallographic data for complexes (*)-8, (Rc,Sc,Sn)-9, (Sc,ScSn)-9, (S)-2, and (S)-10.

(*)-8 (ReScSn)-9 (Sc,Sc,Sn)-9 (5)-2 (5)-10
Formula C34H35C1NPPd Cz]HngzOde C21H29N202_50 Pd C32H40C12N2 Pd2 C29H34C14NPPd
Formula weight 630.45 446.8 455.86 736.36 675.74
Space group P2,/n P2, P2, P2,2,2 P2,
Crystal system monoclinic monoclinic monoclinic orthorhombic monoclinic
a[A] 15.0712(6) 9.7485(2) 11.7939(4) 12.2080(4) 10.9885(3)
b [A] 12.1873(4) 11.5735(2) 10.4704(4) 18.1509(6) 7.5360(2)
c[A] 16.3450(6) 9.9185(2) 16.8695(6) 7.0581(2) 18.3493(4)
V(A3 2983.28(19) 1012.51(3) 2044.13(13) 1563.98(9) 1519.38(7)
Z 4 2 4 2 2
T [K] 173(2) 173(2) 173(2) 296(2) 173(2)
Pealed. [gCm ] 1.404 1.466 1.481 1.564 1.477
A [A] 0.71073(Mo) 0.71073(Mo) 0.71703(Mo) 0.71073(Mo) 0.71073(Mo)
u [mm'] 0.788 0.933 0.928 1.344 1.034
Flack parameters 0.09(6) —-0.036(17) —-0.03(2) —-0.013(12)
R, (obsd. data) 0.0269 0.0492 0.0343 0.0274 0.0268
wR, (obsd. data)®! 0.0659 0.1326 0.0797 0.0579 0.0580

[a] Ry = Z|IF| = [FVEIF,|. [b] wRy = V{EDw(F,2 = F2?1}, w! = 6X(F,?) + (aP)? + bP.
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=16.5 Hz) ppm. HRMS (ESI): caled. for C33H4N>OPPd [M - Cl]
*619.2070; found 619.2056. C33H4,CIN,OPPd-C,H,,O (729.67):
caled. C 60.90, H 7.18, N 3.84; found C 60.78, H 7.52, N 4.08.

Crystal Structure Determination: Crystal data and a summary of
the crystallographic analyses are given in Table 6. Diffraction data
were collected with a Bruker X8 CCD diffractometer with Mo-K,
radiation (graphite monochromator). SADABS absorption correc-
tions were applied. All non-hydrogen atoms were refined anisotrop-
ically, whereas hydrogen atoms were introduced at calculated posi-
tions and refined riding on their carrier atoms. The absolute config-
urations of the chiral complexes were determined unambiguously
by using the Flack parameter.'?l CCDC-702081 [for (*)-8],
702083 [for (Sc,Sc,Sn)-9], -702085 [for (Rc,Sc,Sn)-9], -702082 [for
(S)-2], and -702084 [for (S)-10] contain the supplementary crystal-
lographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.cdce.cam.ac.uk/data_request/cif.
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Binuclear Copper(IT) Chelates with Heptadentate Ligands: Synthesis,
Structure, Magnetic Properties, DFT Studies, and Catecholase and Hydrolytic
DNA Cleavage Activity
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Two binucleating heptadentate ligands 2,6-bis[{[(2-hy-
droxybenzyl)(N,N-(dimethylamino)ethyl]amino}methyl]-4-
methylphenol (Hs;L') and 2,6-bis[{(2-hydroxybenzyl)(N-(2-
pyridylmethyl)amino}jmethyl]-4-methylphenol (H3L?) were
used to synthesize the two new copper(Il) complexes [Cu,-
(LYH(N3)]-2H,O  (1:2H,0)  and  [Cuy(HL?)(O,CPh)(H,0)]-
PhCO,-H,0 (2-H,0). X-ray diffraction studies disclose that 1
is made up from bridging phenoxido and azido group in an
equatorial fashion, whereas 2 is bridged axially—equatorially
through a central cresolato and syn-syn benzoate moiety.
The geometry around the copper(ll) centers is distorted
square pyramid in both cases. Variable-temperature mag-
netic susceptibility data reveals that 1 is moderately antifer-
romagnetically coupled (J = -119 cm™) and 2 is very weakly

antiferromagnetic (J = -1.0 cm™). The structural features, as
well as the presence of orbital countercomplementary effects,
are associated with the magnetic behavior. Theoretical calcu-
lations with the use of broken symmetry density functional
theory also establish the experimental values of the ex-
change coupling constants (J). In our case, only 2 exhibits
catalytic activity in the oxidation of 3,5-di-tert-butylcatechol
(3,5-DTBC) at pH 9.5 and hydrolytic cleavage of plasmid
DNA in the absence of any added cofactor, whereas complex
1 cannot display catecholase activity or DNA interaction as a
result of strong Cu''-azido binding.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

The coordination chemistry of copper with binucleating
ligands with a central phenol moiety is a notable frontier
of inorganic research.['-?l This is because copper(II) ions in
their close proximity play an important role in various en-
zymatic reactions,! such as catechol oxidase.! The binu-
clear metal complexes, either coordinatively unsaturated or
containing easily replaceable binding sites, are also success-
ful devices for the receptor of different small molecules as
well as biomolecules. Among the biomolecules, the interac-
tion of DNA to such centers becomes a fascinating area of
research in terms of their DNA cleavage activity. The cleav-
age of DNA molecules by synthetic metal complexes takes
place mainly by two processes: oxidative and hydrolytic.
However, hydrolytic DNA strand scission is more impor-
tant than the oxidative process due to various reasons.!!
The metal complexes that promote the hydrolytic cleavage
of the DNA molecule has widespread application in the
area of molecular biology, drug development,[® and in the
elucidation of the precise roles of the metal centers in enzy-
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matic reactions. Besides the chemistry of biologically rel-
evant polynuclear complexes of copper, the study of vari-
able-temperature magnetic moments is also important as a
means to examine the type of magnetic interactions in-
volved in such species. Theoretical interpretation of mag-
netic behavior by DFT methods!”! is an emerging field of
research as a method to learn the pathways of magnetic
exchange interactions as well as the electronic structure of
the biologically relevant coordination compounds. The
above state of development has generated a lot of interest
in the search of new binuclear copper(Il) complexes con-
taining N4O5 coordinating heptadentate ligands.

In this paper we wish to report the synthesis, characteri-
zation, magnetic properties, and DFT calculation of two
binuclear copper(Il) complexes. The oxidation of catechol
to quinone and the hydrolytic cleavage of supercoiled
pUC19 DNA by using one of the synthesized complex are
also scrutinized.

Results and Discussion

Synthesis

The two symmetrical N4Os-coordinating heptadentate li-
gands H;L!' and H;L? having a central phenol moiety are
used in this work. The efficacy of the H5L! and H5L? li-
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gands in the formation of binuclear complexes and their
capability in stabilizing dinuclear frameworks during reac-
tion cycles was reported earlier.l'®®] The reaction of
CuCl,*2H,0 with sodium azide and H;L' in methanol af-
fords brown crystals of [Cu,(L')(N3)] (1) in good yields.
When the same reaction is carried out in the presence of
pyridinium benzoate and H;L?, green crystals of
[Cu,(HL?)(0O,CPh)(H,0)](PhCO,) (2) are obtained.

CHj3
Nj Ol EN
H !\1e2 N NMez OH
H;L
CH;

on N
H,L?

Spectral and Electrochemical Behavior

IR and UV/Vis spectra of the complexes were recorded
as KBr disks and in methanol solution, respectively. The
relevant experimental data are given in the Experimental
Section. The Cu™—pi-Oppenoxido aNd C—Oppenoxido Vibrations
for both complexes are observed at ca. 758 and 1295 cm™!,
respectively. The syn—syn carboxylate stretches occur at
1601 and 1458 cm™! for 2, whereas the p, ;-N; vibration ap-
pears at 2077 cm™! for 1.

The complexes exhibit a d-d absorption band near
660 nm, which is characteristic of a square pyramidal geom-
etry around the copper(Il) centers. The allowed intense
peak near 390 nm is believed to be due to a ligand-(phen-
oxido, benzoate, azido)-to-metal Cu'' charge-transfer tran-
sition, and the peaks near 250 and 280 nm are assigned to
an intraligand n—* transition.

Both complexes are electroactive at the platinum elec-
trode vs. SCE in acetonitrile solution. Cyclic voltammetry
reduction potential data are given in the Experimental
Section. Both complexes display two responses near 0.85
and — 0.70 V. The anodic peak potential at ca. 0.85V is
assigned to Cu'— Cu'! oxidation,®! whereas the cathodic
peak potential at ca. —0.70 V is believed to be Cu''— Cu!
reduction.

The X-band EPR spectra of the complexes were recorded
at 77 K for polycrystalline samples in frozen solution
(DMF/toluene). The spectroscopic data are included in the
Experimental Section. Complex 1 is EPR silent, in agree-
ment with the antiferromagnetic coupling between the two
copper(I) centers. In contrast, complex 2 is EPR active,
278
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and the result is quite similar to other Cu'f complexes that
are weakly coupled or uncoupled having a tetragonally
elongated square pyramid geometry.l']

Crystal Structure

Rectangular-shaped greenish brown and green crystals of
complexes 1 and 2, respectively, were obtained by slow
evaporation of their methanolic solutions. The ORTEP pro-
jection of 1 and the cationic part of 2 are shown in Fig-
ures 1 and 2, and selected bond lengths and angles are pre-
sented in Tables 1 and 2, respectively.

Figure 1. ORTEP view of complex 1. Hydrogen atoms are omitted
for clarity and all coordinating atoms are represented by their 25%
thermal probability ellipsoids.

C35
Q

Figure 2. ORTEP view of the cationic part of 2. Hydrogen atoms
are omitted for clarity and all coordinating atoms are represented
by their 25% thermal probability ellipsoids.

Complex 1 crystallizes as a water solvate in the P2,/n
space group with four formula units present per unit cell.
The binuclear core comprises two copper(Il) ions bridged
equatorially by the endogenous cresolato group and exoge-
nous azide ion. The Cu-Cu separation in the complex is
3.100(7) A. Both copper centers are surrounded by penta-
coordinated identical N3O, donor sets. The CuN3;O, poly-

Eur. J. Inorg. Chem. 2009, 277-284
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Table 1. Selected bond lengths and angles for complex 1.

Distances / A

Cul-Ol 1.913(3) Cu2-03 1.939(3)
Cul-02 1.973(3) Cu2-N3 2.020(3)
Cul-N1 2.034(3) Cu2-N4 2.227(4)
Cul-N2 2.317(4) Cu2-N5 1.977(4)
Cul-N5 1.985(3) Cul--Cu2 3.100(5)
Cu2-02 2.014(3)

Angles / °

01-Cul-02 159.90(12) 02-Cu2-N3 91.88(12)
O1-Cul-Nl1 95.78(13) 02-Cu2-N4 98.06(12)
O1-Cul-N2 102.36(14) 02-Cu2-N5 77.08(12)
O1-Cul-N5 90.21(14) 03-Cu2-N3 94.47(13)
02-Cul-Nl1 93.81(12) 03-Cu2-N4 108.43(15)
02-Cul-N2 96.24(13) 03-Cu2-N5 93.52(15)
02-Cul-N5 77.86(13) N3-Cu2-N4 84.82(14)
N1-Cul-N2 83.46(14) N3-Cu2-N5 168.07(14)
N1-Cul-N5 169.27(15) N4-Cu2-N5 101.01(16)
N2-Cul-N5 103.99(16) Cul-02-Cu2  102.06(12)
02-Cu2-03 153.21(14) Cul-N5-Cu2  102.94(16)

Table 2. Selected bond lengths and angles for complex 2.

Distances / A

Cul-0O1 1.921(4) Cu2-+03 2.562(3)
Cul-02 2.249(3) Cu2-04 1.965(4)
Cul-05 1.968(3) Cu2-06 2.396(3)
Cul-N1 2.004(4) Cu2-N3 2.013(4)
Cul-N2 2.056(4) Cu2-N4 2.043(4)
Cu2-02 1.924(3) Cul-+Cu2 3.562(4)
Angles / °©

O1-Cul-02 96.41(14) 02-Cu2-04 90.40(16)
0O1-Cul-05 86.24(15) 02-Cu2-N3 173.66(16)
O1-Cul-NlI 172.03(16) 02-Cu2-N4  95.25(13)
O1-Cul-N2  93.09(15) 04-Cu2-06 90.16(17)
02-Cul-05 104.02(12) 04-Cu2-N3 91.55(18)
02-Cul-NI 90.51(14) 04-Cu2-N4 174.05(18)
02-Cul-N2  90.14(14) 06-Cu2-N3 85.52(14)
0O5-Cul-N1 95.94(16) 06-Cu2-N4  91.85(13)
05-Cul-N2 165.82(15) N3-Cu2-N4  83.02(15)
NI1-Cul-N2  82.91(16) Cul-02-Cu2  116.95(14)

hedron is best described as distorted square pyramid!'®
(tcu1 = 0.14 and 7> = 0.24), where the tripodal and azido
nitrogen atoms and bridging and terminal phenoxido group
occupy the position trans to each other in the basal plane,
whereas the sidearm nitrogen atoms are in the apical posi-
tion. The Cu-N (basal), Cu-O (basal), and Cu-N (apical)
bond lengths and angles in the coordination sphere are us-
ual.

Complex 2 crystallizes in the P2;2,2; space group with Z
= 4. In this case, two copper centers are linked by bridging
phenoxido and syn—syn benzoate groups in an axial-equa-
torial fashion.

The geometry of each copper(Il) center appears to be
distorted square pyramid (7c,; = 0.13 and 7¢y, = 0.01), in
which the tripodal N2 nitrogen, the pyridine ring N1 nitro-
gen, the terminal Ol phenoxido, and the benzoate group
O5 bridging oxygen atoms form the basal plane of the Cul
ion; the bridging cresolato O2 oxygen atom occupies the
axial position. In contrast, the equatorial plane of the Cu2

Eur. J. Inorg. Chem. 2009, 277-284
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center is made up from the N3 and N4 nitrogen atoms, the
oxygen O2 atom of the bridging phenoxido group, and the
04 atom of the coordinated water molecule, whereas the
06 oxygen atom of the benzoate group is engaged in the
apical position. In the complex, one uncoordinated water
molecule is also present per formula unit. The complexes
possess intramolecular hydrogen bonding between the O1
atom of the terminal phenoxido group and the O4 atom of
the coordinated water molecule with a O:+O distance of
2.70(5) A. In addition to intramolecular hydrogen bonding,
the counter benzoate anion is also engaged in hydrogen
bonding with the uncoordinated phenolic OH group and
the coordinated water molecule; the O-+-O distances are
2.52(5) and 2.61(4) A, respectively.

Magnetic Studies

Variable-temperature magnetic susceptibility measure-
ments were performed in the temperature range 2-300 K.
Figures 3 and 4 show the y7 vs. T plots for complexes 1
and 2, respectively. The experimental y\ T values of 0.70
and 0.813 cm®*mol 'K for 1 and 2, respectively, at 300 K
are characteristic for isolated Cu' ions with a g value close
to 2.10.

0.8+
0.7
x 0.6
'—° 0.5 .._.
£ 04 -
5 0.3 »
302 J
0.1 hy
0.0

50 100 150 200 250 300
TIK

Figure 3. Plot of ypmT vs. T for 1. Closed squares represent the
experimental data and the solid line represents the best-fit data.
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Figure 4. y\T vs. T for 2. Closed diamonds represent the experi-
mental data and solid line represents the best-fit data.

In 1, the value of ym7 (0.70 cm®mol 'K at 300 K) de-
creases gradually with a steady rate to 0.03 cm®*mol 'K at
19 K and then the values of yy7T remain almost constant
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up to 2 K; this behavior suggests an antiferromagnetic in-
teraction in complex 1 (J = 119 cm™). In the case of com-
plex 2, the value of yyT (0.81 cm®mol 'K at 300 K) re-
mains almost unaltered up to 10 K and then decreases
rapidly to 0.64 cm®mol 'K at 2 K; this trend is consistent
with a very weak antiferromagnetic interaction in complex
2.

It is well documented in the literature that alkoxido/
phenoxido-bridged species exhibit antiferromagnetic inter-
action when the angle is larger than 97.60°; the antiferro-
magnetic character increases with increasing angle.['!]
Therefore, the expected coupling in [Cu,(L')(N3)] through
the phenoxido group (Cu-O-Cu 102°) should be antiferro-
magnetic. In contrast, for p, ;-Nj; bridges, the ferromagnetic
character decreases with an increase in the Cu—N—-Cu angle
from 85° and shows antiferromagnetic behavior for Cu-N-
Cu angle =104°."2 In complex 1, the Cu-N-Cu angle
(102.93°) is close to the cutoff value of 104° for ferromag-
netic character and very weak ferromagnetic coupling may
be expected through the bridging azido group. The mag-
netic behavior of [Cu,(L')(N;)] depends on the orbital
countercomplementary effect!!3 operated by the phenoxido
and azido groups. However, in the present case, the p; ;-N;
group shows a small or negligible orbital countercomple-
mentary effect, which results in medium antiferromagnetic
coupling.

Now for 2, the copper(Il) atoms are connected by bridg-
ing phenoxido and syn—syn carboxylate groups as axial and
equatorial binding modes. It was reported that axially—
equatorially bonded phenoxido groups exhibit very weak
ferro-!4 and antiferromagnetict!#®! interactions. It is also
known that antiferromagnetic interactions result from
O-+H*+O hydrogen bonding'® and bridging p,, s,,-car-
boxylate groups.’d It is believed that these types of struc-
tural features may generate either very weak ferro- or anti-
ferromagnetic interactions in the complex. In our case, we
observed very weak antiferromagnetic behavior with J =
~1.0cm™.

Theoretical Calculations

We calculated the spin density of the triplet states for the
two cases to understand the electronic structure and, hence,
the behavior of the magnetic properties. The exchange inter-
action of the complexes is mainly governed by the delocal-
ization of the spin density of the unpaired electron between
the paramagnetic centers. The antiferromagnetic interaction
originates from the delocalization of the unpaired electron
through the suitable orbital of the bridging ligand. It is to
be noted that the participation of the coordinating atoms of
the ligand in the singly occupied molecular orbital (SOMO)
leads to an enhancement in the degree of delocalization of
the unpaired electron, which increase the antiferromagnet-
ism of the molecule.

It is seen from the spin density plot (Figure 5) of 2 that
spin densities mainly belong to the d,- ,» orbital of the Cu™
atoms and the hybrid orbital of the ligands on the equato-
280

www.eurjic.org

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

rial plane; no electron densities are directed towards the d.-
orbital of the Cu' ion. As a result, a spin delocalization
mechanism is not operating through the axial-equatorial
coordinated u-Ophenoxido and syn—syn benzoate group. How-
ever, some spin delocalization takes place through the
O-+-H--O bond in the ground state, resulting in very weak
antiferromagnetic interactions in 2. The calculated ex-
change coupling constants with the use of different basis
sets are listed in Table 3.

Figure 5. Spin density plot corresponding to the triplet state of 2
(isosurface cut off value 0.001).

Table 3. Calculated exchange coupling constants J for 1 and 2 by
using different basis sets.

Cu C,Nand O H Jeatea.  em™ - Joy /em!
1 ae TZP ae DZ 6-31G -110 -119
2 ae TZP ae DZ 6-31G -0.68 -1.0

In contrast, in the case of 1, the overlap (Figure 6) be-
tween the d,- » orbitals of the copper atoms occurs through
the hybrid orbital of the equatorially coordinated, bridging
phenoxido group, which exhibits moderate antiferromag-
netic interaction (Table 3).

Figure 6. Spin density plot corresponding to the triplet state for 1
(isosurface cut off value 0.001).

Catecholase Activity

The catalytic oxidation of 3,5-di-fert-butylcatechol (3,5-
DTBC) was studied to investigate the catecholase activity
of the complexes, and it was found that only complex 2
shows catecholase activity in oxygen-saturated methanolic

Eur. J. Inorg. Chem. 2009, 277-284
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solution. It is to be noted that in the neutral pH range al-
most no activity was observed. Above pH 8, catalytic ac-
tivity developed that leveled off around pH 10 (Figure 7).
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Figure 7. Dependence of the reaction rates on pH for the oxidation
of 3,5-DTBC catalyzed by complex 2. The reactions were per-
formed in methanol/aqueous buffer saturated with O, (TRIS/HCI
pH 7.0 and TRIS pH 7.5, 8.0, 8.5, 9.0 and NaOH solution pH 9.5,
10.0, and 10.5). [Complex] = 1X10*m and [3,5-DTBC] =
5%1073 M at 25 °C.

Thus, the catalytic activity experiments were performed
at pH 9.5 and to minimize the effect of pH on the spontane-
ous reaction the same solution was used without adding the
complex as an internal reference. The catalytic oxidation
of 3,5-DTBC to 3,5-di-tert-butylquinone (3,5-DTBQ) was
studied by monitoring the increase in the absorbance of 3,5-
DTBQ at 400 nm. The time-dependent growth of 3,5
DTBQ is shown in Figure 8.The initial rate method was
used to determine the rate of the reaction. The first-order
dependence on the 3,5-DTBC concentration was confirmed
from the linear relationship between the initial rates and
the concentration of the substrate. Saturation kinetics were
observed for the initial rate versus 3,5-DTBC concentration
and the data was analyzed on the basis of the Michaelis—
Menten approach.#b-4d.17]

0.25 -

0.2 1

350 450 550
Wavelength / nm

Figure 8. Absorbance at ca. 400 nm of the solution of complex 2
and 3,5-DTBC in methanol, 25 °C. The spectra were recorded at
various time intervals from 2 to 60 min.

The kinetic parameters Ky = 7.4X104M, key
0.43min!, and V. = 4.3 X 107> Mmmin~' were evaluated by
using both the Michaelis—-Menten equation and a Li-
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neweaver—Burk plot (Figure 9). The observed kinetic pa-

rameters fall in the range of the previously reported Cu'!

complexes incorporating binucleating ligands.[-22.162.18]
1.50+
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0.75

0.501
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Figure 9. Lineweaver—Burk plot for aerobic oxidation of 3,5-DTBC
by complex 2.

It has been established!'3¥ that in case of pH dependence,
the dianionic form of catechol binds to the metal center as
a bridging ligand prior to intermolecular electron transfer
in the oxidation of 3,5-DTBC to 3,5-DTBQ. Therefore, the
catecholase activity is mainly regulated by the steric match
between the dicopper(IT) center and the substrate.

In the case of 1, the strongly bonded azido ion and the
axially disposed trans sidearm nitrogen atoms of the ligand
are believed to be responsible for the inactivity towards cat-
echol oxidation. However, in complex 2, binding of the
stronger catecholato ligand to the dicopper(Il) center
[CuCu 3.562(6) A] is much easier when the weakly
bonded benzoate group is replaced; in this case, complex 2
exhibits moderate catecholase activity (turnover rate =
26 h'1). It is known!'?! that the oxidation of catechol to qui-
none is facilitated by Cu?* ions at pH 6.7. In the present
study, complex 2 show maximum activity at pH 9.5, which
suggests that free Cu®* ions have an insignificant role in the
oxidation of catechol.

Hydrolytic Cleavage of DNA

Complex 2 is prone to hydrolytic cleavage of DNA mole-
cules under anaerobic conditions. The gel electrophoresis
separation of supercoiled plasmid pUC19 DNA induced by
complex 2 is shown in Figure 10. It can be seen that the
complex converts plasmid supercoiled pUC19 DNA into a

Figure 10. Agarose gel electrophoresis patterns for the cleavage of
pUCI19 DNA with various concentrations of complex 2. Lane 1:
DNA control; lane 2: DNA + 50 um complex; lane 3: DNA +
125 uM complex; lane 4: DNA + 250 um complex; lane 5: DNA +
375 um complex; lane 6: DNA + 500 um complex; lane 7: DNA +
125 um complex + 0.4 M dmso.
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mixture of the supercoiled (Form-I) and nicked (Form-II)
forms.

The cleavage activity increases remarkably with increas-
ing concentration of the complexes and shows maximum
cleavage at 5.0 times the concentration with respect to the
base pair concentration of DNA. A further increase in the
complex concentration led to precipitation of plasmid DNA
as a white solid, and this is probably due to the neutraliza-
tion of charge by the binding of metal complexes. We also
performed the reaction in the presence of 0.4 M dmso and
no appreciable inhibition of cleavage was observed; this in-
dicates that the reaction pathway takes place by the hydro-
lytic cleavage path way.

Conclusions

Herein we presented the synthesis, crystal structure, mag-
netic properties, and interaction of DNA and catechol sub-
strates of two new complexes synthesized from copper(Il)
chloride, H5L' or H5L? benzoate, and azido ligands. In
complex 2, the involvement of axially—equatorially bonded
cresolato and syn—syn benzoato groups resulted in very
weak antiferromagnetic coupling with J = -1.0cm™'. In
complex 1, the magnetic core is [Cus(u-Oppen)(i1.1-N3)I**
and the antiferromagnetic character with a medium J value
(J = —119 cm™!) can be attributed from the orbital counter-
complementary phenomenon. The exchange pathway was
evaluated by using broken symmetry DFT calculations.
Complex 2 is able to promote the cleavage of plasmid DNA
under hydrolytic conditions and also exhibits catecholase
activity at pH 9.5.

Experimental Section

Materials: All the starting chemicals were analytically pure and
used without further purification. The ligands were prepared ac-
cording to literature procedures.®l Supercoiled pUC19 DNA, aga-
rose (molecular biology grade), and ethidium bromide were pur-
chased from Bangalore Genei.

Physical Measurements: UV/Vis spectra were recorded with a Per-
kin—-Elmer LAMBDA 25 spectrophotometer and IR spectra were
measured with a Perkin—Elmer L-0100 spectrometer. Electrochemi-
cal measurements were performed (acetonitrile solution) with a
CHI 620A electrochemical analyzer by using a platinum electrode.
Tetraethylammonium perchlorate (TEAP) was used as a support-
ing electrolyte, and the potentials are referenced to the saturated
calomel electrode (SCE) without junction correction. The cyclic
voltammograms were recorded with a scan rate of 50 mVs! with
iR compensation in all cases. Electron paramagnetic resonance ex-
periments were performed with a Varian E-112 (X band, 9.1 GHz)
spectrometer at a microwave power of 5 mW and modulation am-
plitude of 2.0 gauss, and spectra were collected by using a quartz
dewar. Tetracyanoethylene (tcne, g = 2.00277) was used to calibrate
the spectra. Magnetic measurements were carried out on polycrys-
talline samples with a Quantum Design MPMS XL SQUID sus-
ceptometer operating at a magnetic field of 0.1 T between 2 and
300 K. The diamagnetic corrections were evaluated from Pascal’s
constants. Elemental analyses (C, H, N) were performed with a
Perkin—Elmer 2400 Series I elemental analyzer.
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The catecholase activity was studied in methanol at 25 °C by reac-
tion of the complexes with 3,5-di-tert-butylcatechol (3,5-DTBC).
For this purpose, 10 M solutions of the complexes were treated
with 3,5-DTBC (50 equiv.) under aerobic conditions. The increase
in the absorption band at 400 nm, characteristic of the quinone
formed, was followed spectrophotometrically at various time inter-
vals from 2 to 60 min. The kinetic parameters were evaluated for
1X10*wm solutions of the complexes and 1X10% to 5X103m
solutions of the substrate in oxygen-saturated methanol/aqueous
NaOH solutions (pH 9.5).

DNA cleavage experiments were done by using plasmid pUC19
DNA. Reactions were performed by incubating pUC19 DNA
(50.5 uMm base pair in 10 mm Tris-HCI, pH 8.0) at 37 °C for 6 h by
varying the concentration (50-750 um) of the complexes in 10 mm
Tris-HCI (pH 7.5; containing 5 mMm NaCl) buffer. To examine the
presence of ‘OH, the incubation was also performed in the presence
of radical scavengers with the use of dmso. Gel electrophoresis was
performed on 1% agarose gel in TBE (Tris—boric acid-EDTA)
buffer (pH = 8). Free Cu'' ions produced hardly any cleavage of
plasmid pUC19 DNA under identical conditions.??! After electro-
phoresis, the gel was stained with ethidium bromide solution and
photographed under UV light (UVipro Platinum, UVitec).

DFT Study and Computational Details: DFT calculations were car-
ried out to get better insights into the electronic structure, energy,
and magnetic behavior. The X-ray coordinates of the complexes
were used for DFT calculations. The magnetic exchange interac-
tions between the transition-metal ions were studied on the basis
of density functional theory coupled with the broken symmetry
approach?!! for weakly interacting magnetic ions in the polynuclear
complexes.[?? Here, we performed the DFT calculation with the BS
solution to calculate the exchange coupling parameters. To evaluate
the exchange coupling constant, J, the following equation was ap-
plied:[7al

Eys — Egs = ~(2815,+S5,)J

where S| and S, are the total spin for the paramagnetic centers, and
in this case S| = S, = 1/2, Eys — Egs = —J by using the Heisenberg
Hamiltonian, H = —J$,S,. The term Ejy corresponds to the energy
of the high-spin state (triplet state) and Egg corresponds to the
broken symmetry state. The positive and negative values of the
coupling constant J indicate the ferromagnetic and antiferromag-
netic ground states of the system, respectively.

Ground-state electronic structure calculations of the complexes
were carried out by using density functional theory (DFT)* meth-
ods with the Gaussian 03W program.”* The Becke’s hybrid func-
tion!?’! with Lee—Yang-Parr (LYP) correlation function®®® was used
throughout the study. We used a triple-{ quality all-electron basis
set for copper atoms (TZP)7 and a double-{ all-electron basis
set?®! for C, N, and O atoms, and a 6-31G basis set was applied
for H. All energy calculations were performed by using the SCF =
Tight option of Gaussian to ensure sufficiently well-converged val-
ues of the state energies.

Crystallographic Studies: Single crystals of suitable quality for sin-
gle-crystal X-ray diffraction studies of [Cu,(L')(N3)]-2H,O
(12H,0) and [Cuy(HL?)(O,CPh)(H,0)](PhCO,)-H,O (2-H,0)
were grown by slow evaporation of their methanolic solutions. The
X-ray intensity data were measured at 293 K with a Bruker AXS
SMART APEX CCD diffractometer (Mo-K,, A = 0.71073 A). The
detector was placed at a distance of 6.03 cm from the crystal. A
total of 606 frames were collected with a scan width of 0.3° in
different settings of ¢. The data were reduced in SAINTPLUS”I
and empirical absorption correction was applied by using the SAD-
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ABS package.”! Metal atoms were located by direct methods and
the rest of the non-hydrogen atoms emerged from successive Fou-
rier synthesis. The structures were refined by full-matrix least-
square procedure on F2. All non-hydrogen atoms were refined an-
isotropically. The H4B and H4C hydrogen atoms of the coordi-
nated water molecule in 2 were directly observed in difference Fou-
rier maps and the hydrogen atoms of the uncoordinated solvent
water molecule for both cases were solved by using a riding model.
The remaining hydrogen atoms were included in calculated posi-
tions. Calculations were performed by using the SHELXTL!3 pro-
gram package. Molecular structure plots were drawn by using OR-
TEP.3! Relevant crystal data are given in Table 4. CCDC-698746
and -698745 contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Table 4. Crystal data and structure refinement parameters for com-
plexes 1-2H,0 and 2-H,O.

1-2H,0 2-H,O
Formula C31H45N705Cu2 C49H43N409CU2
Fyw 722.82 964.01
Crystal system monoclinic orthorhombic
Space group P2,/n P2,2,2,
al A 10.3599(9) 13.501(5)
bl A 28.656(3) 17.842(7)
cl A 12.4381(11) 18.982(7)
al® 90.00 90.00
pl° 109.5800(10) 90.00
pl° 90.00 90.00
VA3 3479.0(6) 4573(3)
VA 4 4
Deaieq. | Mgm 3 1.380 1.400
4/ mm! 1.270 0.991
a1° 1.88 to 25.00 1.85 to 25.00
T/K 293(2) 293(2)
Unique reflections / Ry, 6126/0.0366 8041/.0506
R wR,IB [I>26(D)] 0.0549, 0.1255 0.0555, 0.1033
GOF on F? 1.128 1.102

[a] Ry = ZIFo| — [FJ/Z|F|. [b] wRy = [Ew(Fo* — F2)IEw(F?)]".

[Cuy(LY)(N3)] (1): To a solution of copper(Il) chloride dihydrate
(0.171 g, 1.0 mmol) in methanol (30 mL) was added H;L' (0.258 g,
0.50 mmol), and the mixture was stirred for 0.5 h. Triethylamine
(0.2mL, 1.5mmol) and an aqueous solution of sodium azide
(0.0325 g, 0.50 mmol) was then added. The resulting brown solu-
tion was stirred for another 0.5 h at room temperature. Slow evapo-
ration of the solution yielded a brown crystalline product. Yield:
72% (0.260 g). UV/Vis (CH30H): /. (&, M tem™) = 237 (15460),
284 (9250), 386 (2645), 667 (236) nm. IR (KBr): v = 1295
(C—Ophenoxido)> 2077 (p;1-N3) em ', Epa (Cu— Cu'™): 0.87 (irr)
V. Epc (Cu''— Cu'): — 072 (irr) V. C5,H,;Cu,N;0;5 (722.82): caled.
C 54.055, H 5.999, N 14.23; found C 54.03, H 5.98, N 14.26.

[Cu(HL2)(0,CPh)(H,0)[(PhCO5) (2): To a solution of copper(II)
chloride dihydrate (0.171 g, 1.0 mmol) in methanol (25 mL) was
added H;L? (0.280 g, 0.50 mmol), and the mixture was stirred at
room temperature for 0.5 h. A solution of benzoic acid (0.120 g,
1.0 mmol) in methanol (5 mL) and pyridine (0.08 mL, 1.00 mmol)
was the added, and the solution was stirred for another 0.5 h to
afford a greenish solution. Slow evaporation of the solution yielded
a dark-green crystalline product. Yield: 709%(0.337 g). UV/Vis
(CH30H): /4 (e, m'em™) = 253 (11200), 280 (7620), 386 (1356),
667 (180) nm. IR (KBr): ¥ = 1293 (C-Oppenoxido)s 1601 and 1458
(Msyn_syn—carboxylate) cm'. Epa (Cu'— Cu'™): 0.88 (irr) V. Epc
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(Cu'—Cul): —0.65 (irr) V. EPR: g = 222; g, = 2.09.
C4oH46Cu,N4Og (964.01): caled. C 62.15, H 4.90, N 5.92; found C
62.20, H 4.87, N 5.87.
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Palladium(II) Complexes with Benzimidazolin-2-ylidene and Phosphane
Ligands and their Catalytic Activity in Mizoroki—-Heck Coupling Reactions
Hayati Tiirkmen,*!2l Tania Pape, F. Ekkehardt Hahn,**! and Bekir Cetinkayal?!

Keywords: N ligands / Phosphanes / Palladium / Carbene ligands / Cross-coupling

Symmetrically and unsymmetrically substituted benzimid-
azolium bromides (la-d = NHC-HBr1) were synthesized, in-
corporating bulky benzyl and/or methoxyethyl substituents
(a: R = pentamethylbenzyl, R’ = 2-methoxyethyl; b: R =
2,3,5,6-tetramethylbenzyl, R’ = methoxyethyl; ¢: R, R =
pentamethylbenzyl; d: R, R’ = 2,3,5,6-tetramethylbenzyl).
The salts were used to prepare NHC palladium complexes.
Reaction of 1a—d with Pd(OAc), and NaBr in a 1:1:3 ratio in
dmso gave mono or dinuclear, bromide-bridged complexes
of type 2. Complexes of type 2 react with monodentate or
bidentate phosphanes in CH,Cl, to afford the mixed benz-

imidazolin-2-ylidene-phosphane complexes 3-6. Reaction of
salts 1la—d with Pd(OAc), in a 1:2 ratio, in the absence of
NaBr, gave complexes trans-[PdBry,(NHC),] (7). All com-
pounds were fully characterized by NMR spectroscopy, mass
spectrometry (MALDI), and elemental analysis. In addition,
the molecular structures of 2c¢, 3¢, 3d, and 5b were deter-
mined by X-ray diffraction. The catalytic activities of 2-7 in
Mizoroki-Heck C-C coupling reactions of aryl halides with
n-butyl acrylate are described and compared.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

Complexes with N-heterocyclic carbene (NHC) ligands,
particularly those bearing imidazolin-2-ylidene and imid-
azolidin-2-ylidene moieties, have been employed widely as
ligands in organometallic chemistry.l'#! The steric and elec-
tronic properties of such ligands are easily modified
through variation of the substituents at the nitrogen and
carbon atoms, and they have been used as ancillary ligands
for the preparation of various catalytically active com-
plexes.’! Palladium NHC complexes, for example, have
been used as highly active precatalysts for C-C coupling
reactions such as the Mizoroki-Heck and the Suzuki—
Miyaura reaction, as well as for the copolymerization of
CO and olefins.[ In a recent study, we observed that varia-
tion of the para substituents at the phenyl rings of 1,3-di-
arylimidazolidin-2-ylidene palladium(IT) complexes had a
significant influence on the catalytic behavior of complexes
of type A in Suzuki C—C coupling reactions.!”"!

Several groups have reported superior catalytic activity
of mixed NHC-phosphane palladium(Il) complexes in
comparison to those of their bisetNHC) analogues.[®%] We
described some related palladium(IT) complexes either with
a mixed phosphane-NHC donor set of type Al’’! or with
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phosphane-substituted benzimidazolin-2-ylidene ligands of
type B.’)

In spite of the useful catalytic properties of complexes of
types A and B, palladium complexes with a mixed donor
set made up from benzannulated NHCs and phosphanes
have not been studied in detail so far. Neither have they
been tested as catalysts for C-C coupling reactions. We de-
scribe herein the synthesis and characterization of a series
of palladium(IT) complexes containing benzimidazolin-2-
ylidene and phosphane ligands. The Mizoroki—-Heck reac-
tion was used to study the catalytic activity of the com-
plexes in C-C coupling reactions. Some related palladi-
um(Il) complexes bearing triphenylphosphane and N,N’-
(diisopropyl)benzimidazolin-2-ylidene ligands were re-
ported as active Suzuki-Miyaura coupling catalysts!'”
while this work was in progress.

Results and Discussion
Synthesis of 1,3-Dialkylbenzimidazolium Bromides 1

The preparation of benzimidazolium bromides 1 started
from benzimidazole. Both symmetrically and unsymmetri-
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cally N',N3-substituted benzimidazolium salts!'!l can be
prepared in analogy to published procedures according to
the methods depicted in Scheme 1. Unsymmetrically substi-
tuted derivatives la,b were synthesized in a stepwise man-
ner, whereas symmetrically substituted derivatives 1¢,d were
prepared from benzimidazole and alkylated benzyl bro-
mides in the presence of KOH.

H R
N R-Cl N
Cl == CLp
N KOH, EtOH N
R-Br
R=R’
2R-Br
toluene
4h, 110 °C

Scheme 1. Synthesis of benzimidazolium salts 1a—d.

Benzimidazolium salts 1a-d are white, air-stable solids.
The '"H NMR spectra of these salts exhibit characteristic
NCHN resonance around ¢ = 9.73-9.83 ppm. The forma-
tion of salts 1 is also supported by a resonance around ¢ =
141.3-141.8 ppm in the '3C NMR spectrum for the NCN
carbon atom. The mass spectra of all four benzimidazolium
salts exhibited peaks for the [M — Br]" ions as base peaks.

Synthesis of Palladium(IT) NHC Complexes

Stoichiometric amounts of benzimidazolium salts la—d
react with Pd(OAc), in dmso in the presence of a threefold
excess of NaBr to yield palladium(II) NHC complexes 2.
We assume that an equilibrium between the dinuclear bis(p-
bromido) and the mononuclear dmso solvate complexes ex-
ist in solution. Similar equilibria between mononuclear and
dinuclear palladium NHC complexes have been observed
previously.'% At this stage, it is not known which factors
determine the position of the equilibrium. Complex mix-
tures of 2 react readily with mono- or bidentate phosphanes
to yield the neutral (3-5) or cationic (6) complexes, respec-
tively. For comparison, trans-bistNHC) complexes 7 were
prepared directly from salts 1a-d and Pd(OAc), employed
in a 2:1 stoichiometry in the absence of NaBr (Scheme 2).
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Scheme 2. Synthesis of palladium(II) NHC complexes 2-7.

Complexes 2-7 are yellow-orange and soluble in chlori-
nated solvents. The absence of a downfield signal for the
NCHN proton in the '"H NMR spectra was taken as an
indication for the formation of the complexes. '*C NMR
chemical shifts, which serve as a useful diagnostic tool for
the detection of metal NHC complexes, show that Ce. pene
resonances are substantially deshielded in comparison to
the benzimidazolium salts at 6 = 160.3, 158.5, 157.9, and
157.8 ppm for complexes 2a, 2b, 2¢, and 2d, respectively.
The MALDI mass spectrometry data point to a dinuclear
skeletal structure for 2a (m/z = 1125 corresponding to [2a —
Br]*). In contrast, the "H NMR spectra in CDCl; of 2b—d
clearly showed the coordination of one dmso molecule to
the palladium center. Single-crystal X-ray diffraction analy-
sis of 2¢ (Figure 1) confirmed the formation of a mononu-
clear complex containing one dmso molecule coordinated
in trans position to the NHC ligand.

Complexes 2 proved to be useful starting materials for
the synthesis of mixed ligand complexes 3-6 under mild
conditions. The NMR spectra of complexes 3-6 showed
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that the phosphane ligands are coordinated to the palla-
dium center, and their position relative to the NHC ligands
was inferred from *C NMR chemical shifts and 2Jc p coup-
ling constants, which are consistent with previous observa-
tions.[” The molecular geometry of selected complexes (cis-
3¢-2CH,Cl,, cis-3d:2CH,Cl,, and trans-Sb) confirmed the
geometry of complexes 3 and 5 depicted in Scheme 2. The
reaction of 2 with diphosphanylethane resulted in the for-
mation of the cationic dicarbene complexes 6 (Scheme 2).
The presence of two phosphane and one NHC donor
groups is clearly demonstrated by 3'P NMR spectroscopy,
where two doublets corresponding to trans and cis phos-
phanes were observed at § = 52 ppm and J = 59 ppm (*Jpp
= 11 Hz).

Both cis and trans isomers of palladium complexes of
types [PAX,L(NHC)]'? and [PdX,(NHC),]!'3! are known.
We assume that frans complexes 5 formed owing to the
larger steric demand of tricyclohexylphosphane ligand com-
pared to the triarylphosphanes PPh; and PPh,(2-py).

X-ray Diffraction Studies

The molecular structures of complexes 2¢, 3¢:2CH,Cl,,
3d-CH,Cl,, and 5b were determined by single-crystal X-ray
diffraction studies. Selected bond parameters for these com-
plexes are summarized in Table 1.

Table 1. Selected bond lengths [A] and angles [°] in 2¢, 3¢:CH,Cl,,
3d'CH2C12, and 5b.

Parameter 2¢ 3¢-2CH,CI, 3d-CH,Cl, 5b

Pd-Cl 1.924(7) 1.979(3) 1.982(3) 2.031(4)
Pd-P1/01 2.101(5) 2.2574(10) 2.2823(10) 2.3563(11)
Pd-Brl 2.4232(11) 2.4695(6) 2.4787(5) 2.4298(7)
Pd-Br2 2.4143(11) 2.4762(5) 2.4559(5)  2.4394(7)
N1-Cl1 1.353(9) 1.344(5) 1.352(4) 1.341(5)
N2-Cl1 1.341(9) 1.348(4) 1.354(4) 1.391(4)
Br1-Pd-Br2 175.78(4)  93.99(2) 89.70(2) 173.26(2)
Br1-Pd-P1/01  92.6(2) 87.11(3) 174.83(3)  92.34(3)
Br1-Pd-Cl 90.6(2) 88.15(10)  86.65(10)  86.90(11)
Br2-Pd-P1/01  91.1(2) 87.11(3) 91.47(3) 94.35(3)
Br2-Pd-Cl 85.7(2) 175.06(10) 176.26(10) 86.54(11)
P1/O1-Pd-Cl1  176.7(2) 90.85(10)  92.09(10)  173.30(11)
NI1-C1-N2 108.0(6) 108.0(3) 107.9(3) 107.3(3)

The structure determination of complex 2c¢ reveals a
mononuclear square-planar Pd" atom coordinated by the
NHC, two bromido ligands, and one dimethyl sulfoxide li-
gand in a frans arrangement (Figure 1). Apparently for
steric reasons, the Brl1-Pd-Br2 vector is oriented almost
perpendicular to the NHC plane. The Pd-C1 bond length
[1.924(7) A] is shorter than the equivalent value found in
the related acetonitrile complex trans-[PdBry(NHC)-
(NCCH,;)] [NHC = N,N'-diisopropylbenzimidazolin-2-ylid-
ene; 1.936(2) A].10

The molecular structures of complexes 3¢ and 3d exhibit
the proposed square-planar geometry with a cis arrange-
ment of the two bromido ligands. The Pd-C1 bond lengths
in 3c [1.979(3) A] and 3d [1.982(3) A] (Table 1, Figure 2)
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compare well with the corresponding parameters in palladi-
um(Il) NHC complexes with a trans arrangement of the
NHC ligand relative to a halogenato ligand.['3214]

Figure 1. Molecular structure of 2c.

Figure 2. Molecular structures of 3¢ (top) and 3d (bottom).

The Br1-Pd-Br2 [173.26(2)°] and C1-Pd-P1 [173.30(11)]
angles in trans complex 5b (Figure 3) do not measure 180°.
Apparently, for steric reasons, the bromido ligands are bent
towards the NHC ligand. In both complexes, the planar
ring of the NHC ligand is oriented in a perpendicular fash-
ion to the plane that is formed by the approximately square-
287
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planar coordination of the palladium(II) center. The Cl-
Pd bond length measures 2.031(4) A. Similar Pd"C,,pene
bond lengths were observed for complexes of the type trans-
[PAX5(NHC)PR ).l The PAd—Cy pene bond length in 5b is
significantly longer than the equivalent parameter in 3¢ and
3d. This lengthening is attributable to the stronger trans in-
fluence of the phosphane ligands than the trans bromido
ligands in complexes 3.

Figure 3. Molecular structure of 5b.

Catalytic Studies

Palladium(II) catalysts derived from a mixed donor set
made up from phosphanes and NHCs have been shown to
display an increased activity in carbon—carbon bond-form-
ing reactions.[”®! Our recent studies indicated that com-
plexes bearing MeOCH,CH,/CH,Ar substituted NHC li-
gands are more active than those derived from simple alkyl-
substituted NHC ligands.l'® We therefore became interested
to find out if such substituents are important for the cata-
lytic activity of palladium(II) complexes with a mixed phos-
phane/benzimidazolin-2-ylidene ligand set.

Pd" NHC complexes 2-7 were screened in the model re-
action between n-butyl acrylate and aryl halides under iden-
tical conditions (in dma at 100 °C, reaction time 2 h,
Cs,CO5 as base). The results of the catalytic reactions are
summarized in Table 2. No difference in activity was ob-
served for dinuclear complexes 2a relative to the mononu-
clear complexes of the type [PdBr,(NHC)(dmso)] (2b-d;
Table 2, entries 1-4). trans-Biscarbene complexes 7a—d ex-
hibited the lowest activities in the coupling reactions
(Table 2, entries 21-24). The catalytic activity of palladium
complexes with a mixed phosphane/benzimidazolin-2-ylid-
ene ligand set compares favorably with the data reported
for other palladium NHC complexes. The NHC complexes
containing a 2-methoxyethyl substituent on N3 (a and b)
display slightly better activity than the ¢ and d series, pre-
sumably due to the hemilabile OMe group.

Trialkylphosphane (PCys)-ligated complexes 5 exhibit a
lower catalytic activity relative to that of the complexes
bearing triarylphosphane (PPhs, PPh,py) ligands 3 and 4.
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Table 2. Palladium-catalyzed C-C coupling reaction of n-butyl ac-
rylate with aryl halides.

x_-C00nBu
/@/ |/COOnBu Cs CO3 /O/\/
Me(O)C dma  we0)C

Entry Catalyst mol-% Pd Yield [%)]
1 2a 3.0 Br 42
2 2b 3.0 Br 43
3 2¢ 3.0 Br 45
4 2d 3.0 Br 44
5 3a 3.0 Br 60
6 3b 3.0 Br 59
7 3c 3.0 Br 58
8 3d 3.0 Br 59
9 4a 3.0 Br 67
10 4b 3.0 Br 69
11 4c 3.0 Br 64
12 4d 3.0 Br 65
13 5a 3.0 Br 68
14 5b 3.0 Br 63
15 5¢ 3.0 Br 65
16 5d 3.0 Br 60
17 6a 3.0 Br 88
18 6b 3.0 Br 90
19 6¢ 3.0 Br 74
20 6d 3.0 Br 72
21 Ta 3.0 Br 37
22 7b 3.0 Br 39
23 Te 3.0 Br 25
24 7d 3.0 Br 22
25 6a 3.0 Cl 21
26 6b 3.0 Cl 24
27 6a 3.0 Cl 561
28 6b 3.0 Cl 611l
29 6a 3.0 Cl 98kl
30 6b 3.0 Cl 9410l
31 6a 1.0 Br 39
32 6b 1.0 Br 42
33 6b 0.5 Br 24
34 6b 0.1 Br 10
35 6b 0.01 Br 2
36 PdBr,(PPHj3), 3.0 Br 5

[a] With the addition of 1.5 equiv. of [N(nC4Hy),4]Br. [b] Reaction
time 24 h.

The data in Table 2 also indicate that cationic complexes 6
with a carbene/diphosphane ligand set are highly efficient
in the coupling reaction of aryl bromides (Table 2, en-
tries 16-20) under similar conditions. With catalysts 6a and
6b, 4-bromoacetophenone can be coupled with good yields
but the catalysts are not active in the case of 4-chloroaceto-
phenone under standard conditions. The general activity
trend is as follows: 6 > 5 >4 > 3 > 2 > 7, and this trend
is consistent with the previous studies on Pd'"NHC com-
plexes.’>817] Heck reactions were then attempted at lower
catalysts loadings. The activity decreased dramatically and
only poor conversions were obtained under the same condi-
tions (Table 2, entries 31-35).

Conclusions

Mixed palladium(IT) complexes of NHCs and phospha-
nes were prepared and characterized inclusive of the deter-
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mination of the molecular structures of complexes 2c,
3¢-2CH,Cl,, 3d-CH,Cl,, and 5b. The molecular structures
reveal no unexpected features. Palladium(II) complexes
with unsymmetrically N,N'-substituted benzimiazolin-2-
ylidene ligands generally exhibit a higher catalytic activity
in the Mizoroki-Heck coupling reaction than those with
symmetrically substituted NHC ligands. The highest cata-
lytic activity was observed for cationic palladium(II) com-
plexes 6 bearing unsymmetrically substituted NHC ligands
in addition to a diphosphane ligand.

Experimental Section

General Considerations: All reactions for the preparation of 2-7
were carried out under an atmosphere of argon in flame-dried stan-
dard Schlenk-type flasks. Anhydrous solvents were either distilled
from appropriate drying agents or purchased from Merck and de-
gassed prior to use by purging with dry argon and kept over molec-
ular sieves. All other reagents were commercially available and used
as received. NMR spectra were recorded at 297 K with a Varian
Mercury AS 400 spectrometer at 400 ('H) or 100.56 MHz (3C).
Elemental analyses were carried out by the analytical service of
TUBITAK with a Carlo Erba Instrumentazione Model 1106 appa-
ratus. Mass spectra were measured with a Varian MAT 212 instru-
ment.

N-(Pentamethylbenzyl)-/V'-(2-methoxyethyl)benzimidazolium Bro-
mide (1a): Yield: 0.39 g, 94.0%. '"H NMR (400 MHz, CDCls): 6 =
9.83 (s, 1 H, NCHN), 7.94 (m, 1 H, Ar-H), 7.60 (m, 1 H, Ar-H),
7.54 (m, 1 H, Ar-H), 7.52 (m, 1 H, Ar-H), 573 [s, 2 H,
CH,C¢(CHs)s], 4.90 (t, J = 2.4 Hz, 2 H, NCH,CH,OCH3), 3.82 (t,
J=24Hz, 2 H, NCH,CH,0CH3), 3.24 (s, 3 H, NCH,CH,OCH3),
2.25[s, 3 H, p-C4(CH3)s], 2.24 [s, 6 H, m-C4(CH3)s], 2.22 [s, 6 H,
0-C¢(CH3)s] ppm. 3C NMR (100 MHz, CDCly): 6 = 141.5
(NCHN) 137.3, 133.9, 1334, 132.2, 131.0, 128.6, 127.0, 124.3
114.2, 113.0 [Ar-C and C4(CH3)s], 69.9 (NCH,CH,OCHs;), 58.8
(NCH,CH,0CHj;), 47.7 (NCH,CH,0OCH;), 47.6 [NCH,C¢-
(CHy)s], 17.2 [p-C¢(CHy)s], 20.5 [m-Ce(CHs)s], 20.4 [0-Co(CHs)s]
ppm. MS (MALDI): m/z = 337 [M — Br]*. C,,H,oBrN,O (417.4):
caled. C 63.31, H 7.00, N 6.71; found C 63.22, H 7.01, N 6.88.

N-(2,3,5,6-Tetramethylbenzyl)- V' -(2-methoxyethyl)benzimidazolium
Bromide (1b): Yield: 0.38 g, 95.0%. "H NMR (400 MHz, CDCl,):
0=29.83 (s, 1 H, NCHN), 7.98 (m, 1 H, Ar-H), 7.94 (m, 1 H, Ar-
H), 7.62 (m, 1 H, Ar-H), 7.54 [s, 1 H, C¢H(CH3),4], 7.52 (m, 1 H,
Ar-H), 5.73 [s, 2 H, CH,CcH(CHs3)4], 491 (t, J = 2.4 Hz, 2 H,
NCH,CH,0CH3), 3.83 (t, J = 2.4 Hz, 2 H, NCH,CH,0OCH,), 3.25
(s, 3 H, NCH,CH,OCH5;), 2.24 [s, 6 H, m-CqH(CH3),), 2.23 [s, 6
H, 0-C¢H(CHs),] ppm. *C NMR (100 MHz, CDCl,): § = 141.8
(NCHN), 135.1, 133.4, 133.5, 133.2, 131.0, 127.2, 127.1, 114.1,
113.6, 113.0 [Ar-C and CcH(CHs3)4], 69.9 (NCH,CH,OCHj;), 58.8
(NCH,CH,OCH3;), 47.8 (NCH,CH,OCH;), 47.2 [NCH,C4¢H-
(CHs)4l, 20.5 [m-CeH(CH3)a], 204 [o-CeH(CH;3)s] ppm. MS
(MALDI): m/z = 323 [M — Br]*. CyH,;BrN,O (403.4): caled. C
62.53, H 6.75, N 6.95; found C 62.42, H 6.73, N 7.00.

N,N'-Bis(pentamethylbenzyl)benzimidazolium Bromide (1c): Yield:
0.47 g, 91.0%. '"H NMR (400 MHz, CDCls): 6 = 9.73 (s, 1 H,
NCHN), 7.43-741 (m, 4 H, Ar-H), 7.35 [s, 4 H, CH,C4(CHs)5],
2.24[s, 6 H, p-C¢(CH>)s], 2.21 [s, 12 H, m-C¢(CHs3)s], 2.19 [s, 12 H,
0-C¢(CH3)s] ppm. '3C NMR (100 MHz,CDCly): 6 = 141.6
(NCHN), 137.0, 133.7, 133.3, 131.7, 127.0, 125.0, 113.7 [Ar-C and
Cs(CH;)s], 48.4 [NCH,C4(CHs)s], 17.2 [p-C4(CH3)s], 16.9 [m-
Co(CHj3)s], 16.8 [0-Cs(CH3)s] ppm. MS (MALDI): m/z = 439 [M —
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Br]*. C3;H1oBrN, (519.6): caled. C 71.66, H 7.57, N 5.39; found C
71.72, H 7.58, N 5.28.

N,N'-Bis(2,3,5,6-tetramethylbenzyl)benzimidazolium Bromide (1d):
Yield: 0.43 g, 88.0%. '"H NMR (400 MHz, CDCls): § = 9.74 (s, 1
H, NCHN), 7.40-736 [m, 6 H, NCH,CcH(CH3)4 and Ar-H], 7.25
[s, 4 H, CH,CcH(CH3)4), 2.27 [s, 12 H, m-CcH(CHz),), 2.21 [s, 12
H, 0-C¢H(CHs3)4] ppm. 3C NMR (100 MHz, CDCl,): 6 = 141.3
(NCHN), 137.1, 134.2, 133.1, 131.2, 127.5, 125.0, 112.9 [Ar-C and
C¢H(CH;),), 48.3 [NCH,CcH(CH3)4), 17.3 [m-C¢H(CH3),), 16.8 [o-
C¢H(CH;),] ppm. MS (MALDI): m/z = 411 [M - Br]".
Cy9H35BrN; (491.5): caled. C 70.87, H 7.18, N 5.70; found C 70.72,
H 7.17, N 5.58.

trans-Dibromido(p-dibromido)bis|/V-(pentamethylbenzyl)-N'-(2-
methoxyethyl)benzimidazolin-2-ylidene|dipalladium(II) (2a): A dmso
solution (10 mL) containing 1,3-alkylbenzimidazolium bromide 1
(0.417 g, 1.0 mmol), Pd(OAc), (0.225 g, 1.0 mmol), and NaBr
(0.309 g, 3.0 mmol) was stirred at 90 °C for 24 h. The dmso was
then removed in vacuo, and the remaining solid was washed with
diethyl ether. The solid residue was crystallized from CH,Cl,/
EtOH. Yield: 0.93 g, 77%. 'H NMR (400 MHz, CDCl5): 6 = 7.52
(d, J/ =4.0Hz, 2 H, Ar-H), 7.15 (t, J = 3.9 Hz, 2 H, Ar-H), 6.90
(t, J = 3.8 Hz, 2 H, Ar-H), 6.32 [s, 4 H, NCH,C¢(CHs)s], 6.25 (d,
J =4.2Hz, 2 H, Ar-H), 5.08 (br. m, 4 H, NCH,CH,0OCH3), 4.21
(t,J =2.3Hz,4 H, NCH,CH,OCH3;), 3.35 (s, 6 H,
NCH,CH,0OCHs;), 2.33 [s, 12 H, 0-C4«(CH3)s], 2.25 [s, 6 H, p-
Co(CHs3)s], 2.23 [s, 12 H, m-C¢(CHs3)s] ppm. '3C NMR (100 MHz,
CDCl;): 0 = 160.3 (NCN), 136.4, 134.9, 134.7, 134.3, 132.6, 131.1,
122.9,122.5, 111.8, 111.1 [Ar-C and C4(CHs3)s], 71.9
(NCH,CH,0CH3;), 59.4 (NCH,CH,0OCH3;), 51.7
[NCH,C4H(CH3),4], 48.4 (NCH,CH,OCH3), 21.3 [p-C4(CH3)s],
20.8 [m-C4(CH3z)s], 17.0 [0-C¢(CH3)s] ppm. MS (MALDI): m/z =
1125 [M - Br]*". C44HssBryN4O,Pd, (1205.4): caled. C 43.84, H
4.68, N 4.65; found C 43.83, H 4.63, N 4.59.

trans-Dibromido(dimethyl sulfoxide)|[/V-(2,3,5,6-tetramethylbenzyl)-
N'-(2-methoxyethyl)benzimidazolin-2-ylidene]palladium(II) (2b):
The complex was prepared as described for 2a by using 1b. Yield:
0.53 g, 77%. "H NMR (400 MHz, CDCl;): 6 = 7.53 (d, J/ = 4.2 Hz,
1 H, Ar-H), 7.37 (m, 1 H, Ar-H), 7.14 [s, 1 H, C¢H(CHs)4], 6.92
(m, 1 H, Ar-H), 6.32-6.27 [m, 3 H, Ar-H and NCH,C¢H-
(CH3)4], 5.10 (br. m, 2 H, NCH,CH,OCHs;), 4.33 (t, / = 2.3 Hz,
1l H, NCHHCH,0CH;), 3.73 (t, J =2.3 Hz, 1 H,
NCHHCH,OCH3), 3.39 (s, 6 H, dmso), 3.36 (s, 3 H,
NCH,CH,OCH;), 2.29 [s, 6 H, 0-CqH(CH>),), 2.25 [s, 6 H, m-
C¢H(CH3),] ppm. *C NMR (100 MHz, CDCl5): § = 158.5 (NCN),
136.0, 135.3, 134.8, 134.5, 132.6, 131.1, 122.9, 122.5, 111.8, 111.1
[Ar-C and C¢H(CH3)s], 71.9 (NCH,CH,0CH3), 59.4
(NCH,CH,OCH3), 51.7[NCH,CcH(CH3)4], 48.4
(NCH,CH,0OCH3), 20.8 [m-CsH(CH3),4], 17.0 [0-CsH(CH3)4] ppm.
MS (MALDI): m/z = 509 [M — Br — dmso]*. C,3H3,Br,N,O,PdS
(666.8): caled. C 41.43, H 4.84, N 4.20; found C 41.29, H 5.00, N
4.19.

trans-Dibromido(dimethyl sulfoxide)bis[/V,N'-bis(pentamethyl-
benzyl)benzimidazolin-2-ylidene]dipalladium(II) (2¢): The complex
was prepared as described for 2a by using 1c. Yield: 0.65 g, 83.0%.
'"H NMR (400 MHz, CDCls): 6 = 6.81 (m, 2 H, Ar-H), 6.35 (m, 2
H, Ar-H), 6.30 [s, 4 H, CH,C¢(CHs3)s], 3.39 (s, 6 H, dmso), 2.29 [s,
12 H, 0-C¢(CHy)s], 2.25 [s, 12 H, m-C4(CHsz)s], 2.25 [s, 6 H, p-
Ce(CHs3)s] ppm. 3C NMR (100 MHz, CDCly): 6 = 157.9 (NCN),
136.4, 135.2, 135.0, 132.9, 129.1, 122.1, 111.6 [Ar-C and Cs-
(CH;)s], 52.3 [CH,C4(CH3)s], 18.9 [p-Cs(CH3)s], 17.9 [m-Ce-
(CH3)s], 17.4 [o-Co(CH3)s] ppm. MS (MALDI): m/z (%) = 625 [M —
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Br — dmso]*. C33H44Br,N,OPdS (783.0): caled. C 50.62, H 5.66, N
3.58; found C 50.43, H 5.55, N 3.63.

trans-Dibromido(dimethyl sulfoxide)bis|/V,N'-bis(2,3,5,6-tetrameth-
ylbenzyl)benzimidazolin-2-ylidene]dipalladium (2d): The complex
was prepared as described for 2a by using 1d. Yield: 0.60 g, 80.0%.
'"H NMR (400 MHz, CDCl;): § = 6.78 (m, 2 H, Ar-H), 6.39 (m, 2
H, Ar-H), 6.35[s, 2 H, CH,C4cH(CH3)4], 6.31 [s, 4 H,
CH,CsH(CH3)4], 3.37 (s, 6 H, dmso), 2.31 [s, 12 H, 0-CcH(CH3)4),
2.27 [s, 12 H, m-C¢H(CH3)4] ppm. *C NMR (100 MHz,CDCls): 6
=157.8 (NCN), 136.3, 135.1, 135.0, 132.3, 129.2, 122.2, 111.7 [Ar-
C and CsH(CH3)4], 52.1 [CH,C4H(CHa3),), 17.2 [m-CsH(CH3)g4),
16.9 [0-C¢H(CH3)4] ppm. MS (MALDI): m/z = 597 [M — Br —
dmso]*. C3;HyoBroN,OPdS (754.9): caled. C 49.32, H 5.34, N 3.71;
found C 49.39, H 5.35, N 3.63.

cis-Dibromido| V-(pentamethylbenzyl)-N'-(2-methoxyethyl)benz-
imidazolin-2-ylidene|(triphenylphosphane)palladium (3a): A sample
of 2a (1.205 g, 1.0 mmol) and PPh;s (0.524 g, 2.0 mmol) was dis-
solved in dichloromethane (10 mL). The mixture was stirred at am-
bient temperature for 20 min. The solvent was then removed in
vacuo. The solid residue obtained was dissolved in a few milliliters
of dichloromethane, and the resulting solution was added dropwise
to diethyl ether (30 mL). The bright yellow precipitate obtained
was collected by filtration, washed with diethyl ether (10 mL), and
dried in vacuo. Yield: 1.68 g, 93.0%. 'H NMR (400 MHz, CDCl5):
0 = 7.96 (br. m, 4 H, PPhs-H), 7.43 (br. m, 6 H, PPh;-H), 6.57—
6.34 (m, 7 H, PPh;-H and Ar-H), 5.72-5.56 (m, 2 H, Ar-H), 5.09,
[s, 2 H, CH,C4(CH3)s], 4.89 (t, J = 1.8 Hz, 2 H, NCH,CH,0OCH3),
3.99 (m, 2 H, NCH,CH,0CH3), 3.33 (s, 3 H, NCH,CH,0CHs),
2.20 [s, 6 H, 0-Cs(CH3)s], 2.13 [s, 6 H, m-C4(CHs3)s], 1.89 [s, 3 H,
P-Cs(CH3)s] ppm. '*C NMR (100 MHz, CDCls): § = 175.4 (NCN),
135.6, 135.3, 134.7, 133.1, 128.9, 128.6 126.2, 122.3, 111.9 [Ar-C
and PPh;-C and C¢(CH3)s], 71.0 (NCH,CH,0OCH;), 58.3
(NCH,CH,0OCH3), 51.8 [CH,C4(CH3)s], 50.1 (NCH,CH,OCH,;),
20.7 [p-C¢(CH3)s], 18.2 [m-C¢(CH3)s], 17.5 [0-Cs(CH3)s] ppm. 3'P
NMR (162.0 MHz, CDCls): 6 = 26.7 ppm. MS (MALDI): m/z =
785 [M — Br]*. C4oHy43Br,N,OPPd (864.98): caled. C 55.54, H 5.01,
N 3.24; found C 55.41, H 5.13, N 3.19.

cis-Dibromido| V-(2,3,5,6-tetramethylbenzyl)-/N'-(2-methoxyethyl)-
benzimidazolin-2-ylidene](triphenylphosphane)palladium (3b): A
sample of 2b (0.667 g, 1.0 mmol) and PPh; (0.262 g, 1.0 mmol) was
dissolved in dichloromethane (15 mL). The mixture was stirred at
ambient temperature for 20 min. The solvent was removed in
vacuo. The solid residue obtained was dissolved in a few milliliters
of dichloromethane, and the resulting solution added dropwise to
diethyl ether (30 mL). The bright yellow precipitate obtained was
collected by filtration, washed with diethyl ether (10 mL), and dried
in vacuo. Yield: 0.76 g, 90.0%. 'H NMR (400 MHz, CDCls): § =
7.92 (br. m, 4 H, PPh;-H), 7.33 (br. m, 6 H, PPhs-H), 6.54 [s, 1 H,
CsH(CH3),], 6.48-6.39 (m, 6 H, PPh3-H and Ar-H), 5.72 (t, J =
1.8 Hz, 2 H, Ar-H), 5.54 (d, J = 1.7 Hz, 1 H, Ar-H), 5.09, [s, 2 H,
CH,C¢H(CH3)g4], 4.90 (t, J = 1.8 Hz, 2 H, NCH,CH,OCH3), 3.98
(m, 2 H, NCH,CH,0CH3), 3.34 (s, 3 H, NCH,CH,0CH3), 2.13
[s, 6 H, 0-CcH(CHa)4], 1.89 [s, 6 H, m-C¢H(CHs),] ppm. '3C NMR
(100 MHz, CDCly): 6 = 175.2 (NCN), 136.4, 135.2, 134.7, 133.3,
128.7, 128.6 126.2, 122.1, 111.9 [Ar-C and PPh;-C and CgH-
(CH3)4], 70.7 (NCH,CH,OCHj3), 58.0 (NCH,CH,OCH3), 51.4
[CH,CcH(CH3),], S1.1 (NCH,CH,OCH3;), 20.7 [m-CsH(CH3),],
17.5 [0-CsH(CH3)4] ppm. 3'P NMR (162.0 MHz, CDCls): § =
25.9 ppm. MS (MALDI): m/z = 771 [M - Br]*. C39H4;Br,N,OPPd
(850.95): caled. C 55.05, H 4.86, N 3.29; found C 55.52, H 5.00, N
3.31.
cis-Dibromido[/V,N'-bis(pentamethylbenzylbenzimidazolin-2-yl-
idene)](triphenylphosphane)palladium(II) (3¢c): The complex was pre-
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pared as described for 3b by using 2c. Yield: 0.88 g, 91.0%. 'H
NMR (400 MHz, CDCls): 6 = 7.96 (br. m, 4 H, PPh;-H), 7.40 (br.
m, 6 H, PPh;-H), 6.54 (m, 7 H, PPh3-H and Ar-H), 5.72 (m, 2 H,
Ar-H), 5.07, [s, 2 H, CH,C4(CH3)s], 5.01 [s, 2 H, CH,C4(CHs)5],
2.20 [s, 12 H, 0-C¢(CH3)s), 2.10 [s, 12 H, m-Cs(CH3)s], 1.89 [s, 6 H,
p-Cs(CH3)s] ppm. *C NMR (100 MHz, CDCls): § = 175.1 (NCN),
136.3, 135.7, 134.7, 133.2, 128.8, 128.6 127.2, 122.5, 111.4 [Ar-C
and PPh;-C and C4x(CHs3)s], 52.2 [CH,C4(CHs3)s], 17.7 [p-Co-
(CH3)s], 17.5 [m-C4(CH3)s], 17.1 [0-C¢(CH3)s] ppm. 3'P NMR
(162.0 MHz, CDCl,;): 6 = 26.7 ppm. MS (MALDI): m/z = 887 [M —
Br]*. C4oHs3Br,N,PPd (967.16): caled. C 60.85, H 5.52, N 2.90;
found C 60.81, H 5.53, N 2.79.

cis-Dibromido| NV, NV'-bis(2,3,5,6-tetramethylbenzylbenzimidazolin-2-
ylidene)](triphenylphosphane)palladium (3d): The complex was pre-
pared as described for 3b by using 2d. Yield: 0.85g, 91.0%. 'H
NMR (400 MHz, CDCl;): 0 = 8.06 (br. m, 4 H, PPh;-H), 7.48 (br.
m, 6 H, PPh;-H), 7.02 [s, 2 H, C¢H(CH3)4], 6.59 (m, 7 H, PPh;-H
and Ar-H), 5.72 (m, 2 H, Ar-H), 5.12 [s, 2 H, CH,C¢H(CH;)4],
5.08 [s, 2 H, CH,CcH(CH3)4), 2.19 [s, 12 H, 0-C4H(CH3)4), 1.92 [s,
12 H, m-C¢H(CH3)4] ppm. 3C NMR (100 MHz, CDCl;): 6 = 175.4
(CNO), 135.6, 135.2, 134.4, 133.0, 129.7, 128.8 128.7, 122.6, 111.3
[Ar-C and PPh;-C and C¢H(CH3)4], 51.5 [CH,CgH(CHs3),], 20.7
[m-C¢H(CH3)4], 16.7 [0-CcH(CH3),] ppm. 3'P NMR (162.0 MHz,
CDCl3): 6 = 26.8 ppm. MS (MALDI): m/z = 859 [M - Br]*.
Cy7H49BroNLPPd (939.1): caled. C 60.11, H 5.26, N 2.98; found C
60.11, H 5.33, N 2.99.

cis-Dibromido| N-(2-methoxyethyl)-/V'-(pentamethylbenzyl)benz-
imidazolin-2-ylidene|(diphenyl-2-pyridylphosphane)palladium (4a):
The complex was prepared as described for 3a by using 2a and
PPh,(2-py). Yield: 0.81 g, 94.0%. '"H NMR (400 MHz, CDCls): 6
=791 [m, 4 H, PPh,(2-py)-H], 7.51-7.33 [m, 8 H, PPh,(2-py)-H],
7.21 [br. m, 1 H, PPh,(2-py)-H], 7.20 (d, J = 2 Hz, 1 H, Ar-H),
7.02 (td, J = 2, 1 Hz, Ar-H), 6.94 [br., 1 H, PPh,(2-py)-H], 6.76
(td, J = 2Hz, 1 H, Ar-H), 6.36 [d, J = 3.2 Hz, 1 H, CHHC,-
(CH3)s], 5.80 (d, J = 2Hz, 1 H, Ar-H), 5.35[d, J = 3.6 Hz, | H,
CHHC4(CHj;)s), 4.80 (t, J = 1.7 Hz, 1 H, NCHHCH,OCH3), 4.08
(t,/J=1.7Hz, 1 H, NCHHCH,0OCH3;), 3.91 (m, 2 H,
NCH,CH,OCH3;), 3.21 (s, 3 H, NCH,CH,OCHs5), 2.29 [s, 6 H, o-
Cs(CH3)s], 2.20 [s, 6 H, m-C4(CHj3)s], 2.02 [s, 3 H, p-C(CH;)s]
ppm. 3C NMR (100 MHz, CDCls): 6 = 174.5 (NCN), 148.4 [d,
'Jpc = 15.7 Hz, PPhy(2-py)-C], 137.7 [d, 3Jpc = 8.9 Hz, PPh,(2-
py)-Cl, 136.1, 135.3, 133.8, 133.6, 129.1, 127.5 126.6, 123.3, 111.4
[Ar-C and PPh,(2-py)-C and C¢(CHs)s], 71.3 (NCH,CH,OCH3),
59.0 (NCH,CH,OCH3;), 52.1 [CH,C4(CH3)s], 52.3
(NCH,CH,OCH3), 19.5 [p-Ce(CH3)s), 18.1 [m-C¢(CHz)s], 17.2 [o-
C¢(CH3)s] ppm. 3'P NMR (162.0 MHz, CDCl5): 6 = 25.8 ppm. MS
(MALDI): m/z = 786 [M — Br]*. C39H,4,Br,N;OPPd (865.97):
calcd. C 54.09, H 4.89, N 4.85; found C 54.12, H 5.01, N 4.88.

cis-Dibromido|/V-(2-methoxyethyl)-V'-(2,3,4,5-tetramethylbenzyl)-
benzimidazolin-2-ylidene](diphenyl-2-pyridylphosphane)palladium
(4b): The complex was prepared as described for 3a by using 2b
and PPh,(2-py). Yield: 0.74 g, 87%. 'H NMR (400 MHz, CDCls):
0 =7.94-7.84 [m, 4 H, PPh,(2-py)-H], 7.54-7.46 [m, 6 H, PPh,(2-
py)-H], 7.22-6.93 [m, 3 H, PPh,(2-py)-H and Ar-H], 6.83 [br. m, 2
H, PPh,(2-py)-H], 6.76 (t, / = 1.9 Hz, 1 H, Ar-H), 6.50 (d, J =
3.2Hz 1 H, Ar-H), 6.26 [s, 1| H, CcH(CH3)4), 5.71 (d, J = 1.1 Hz,
1 H, Ar-H), 5.35[s, 1 H, CHHC4 H(CH3)4], 5.29 [s, 1 H,
CHHC¢H(CH,3),), 4.20 (br. m, 2 H, NCH,CH,0CH,;), 4.08 (t, J =
1.7Hz, 2 H, NCH,CH,OCHj;), 3.21 (s, 3 H, NCH,CH,0CH3),
2.26 [s, 6 H, 0-CsH(CHs3),), 2.03 [s, 6 H, m-C¢H(CH3),] ppm. 3C
NMR (100 MHz,CDCl3): 6 = 174.1 (NCN), 148.1 [d, 'Jpc =
16.2 Hz, PPh,(2-py)-C], 137.3 [d, 3Jpc = 9.0 Hz, PPh,(2-py)-C],
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131.3, 128.6, 128.3, 125.7, 123.4, 122.9, 122.1, 111.5, 111.2, 111.0
[Ar-C and PPho(2-py)-C and C4(CHa)s], 71.5 (NCH,CH,OCH3),
59.1 (NCH,CH,OCH3), 51.6 [CH,CgH(CHs3),], 49.1
(NCH,CH,OCHs), 20.6 [m-CeH(CHa)u], 16.6 [0-CoH(CHs),] ppm.
3IP NMR (162.0 MHz, CDCls): § = 26.6 ppm. MS (MALDI): m/z
= 771 [M — Bi]*. C35HyBrN;OPPd (851.9): caled. C 53.57, H
4.73, N 4.93; found C 53.62, H 4.85, N 4.98.

cis-Dibromido|V,N'-bis(pentamethylbenzyl)benzimidazolin-2-ylid-
ene](diphenyl-2-pyridylphosphane)palladium (4c): The complex was
prepared as described for 3a by using 2¢ and PPh,(2-py). Yield:
0.90 g, 93.0%. '"H NMR (400 MHz, CDCl5): 6 = 7.95 [br. m, 4 H,
PPh,(2-py)-H], 7.45 [d, J = 0.8 Hz, 6 H, PPh,(2-py)-H], 7.13 [s, 1
H, PPh,(2-py)-H], 6.83 [br. m, 3 H, PPh,(2-py)-H], 6.58 (s, 2 H,
Ar-H), 6.50 (d, J = 3.2 Hz, 2 H, Ar-H), 5.81 (d, / = 3.2 Hz, 2 H,
Ar-H), 5.29-5.22 [m, 4 H, CH,Cx(CHs;)s], 2.27 [s, 12 H, 0-Cs-
(CH3)s], 2.18 [s, 12 H, m-C(CH;)s), 2.03 [s, 6 H, p-C¢(CH3)s] ppm.
13C NMR (100 MHz, CDCl): 6 = 173.9 (NCN), 149.6 [d, Jpc =
16.1 Hz, PPh,(2-py)-C], 136.8 [d, 3Jpc = 9.1 Hz, PPh,(2-py)-C],
136.4, 135.6, 134.9, 133.2, 131.6 [Ar-C and PPh,(2-py)-C and
Cs(CH3)s], 128.9 [d, 2Jpc = 10.7 Hz, PPh,(2-py)-C], 127.5, 122.2,
111.4 [Ar-C, PPh,(2-py)-C], 52.3 [CH,Cs(CHj3)s], 17.6 [p-Ce-
(CH3)s], 17.5 [m-C4(CH3)s], 17.0 [0-C¢(CH3)s] ppm. 3'P NMR
(162.0 MHz, CDCl,;): 6 = 27.3 ppm. MS (MALDI): m/z = 888 [M —
Br]*. CygHs,BroN3;PPd (968.14): caled. C 59.55, H 5.41, N 4.34;
found C 59.71, H 5.43, N 4.29.

cis-Dibromido| N, NV'-bis(2,3,5,6-tetramethylbenzyl)benzimidazolin-2-
ylidene](diphenyl-2-pyridylphosphane)palladium (4d): The complex
was prepared as described for 3a by using 2d and PPh,(2-py). Yield:
0.85 g, 90.0%. '"H NMR (400 MHz, CDCls): 6 = 7.94 [br. m, 4 H,
PPh,(2-py)-H], 7.49 [d, J = 0.7 Hz, 6 H, PPh,(2-py)-H], 7.12 [s, 1
H, PPh,(2-py)-H], 6.90 [br. m, 3 H, PPh,(2-py)-H], 6.53 [s, 2 H,
CH,CH(CH3)4), 6.50 (d, J = 3.0 Hz, 2 H, Ar-H), 583 (d, J =
3.0 Hz, 2 H, Ar-H), 5.27-5.20 [m, 4 H, CH,C4H(CHs),], 2.25 [s,
12 H, 0-CcH(CH3)4), 2.19 [s, 12 H, m-C¢(CHs3)s] ppm. 3C NMR
(100 MHz, CDCl;): 6 = 172.9 (NCN), 149.7 [d, 'Jpc = 16.0 Hz,
PPh,(2-py)-C], 136.3 [d, 3Jpc = 9.3 Hz, PPh,(2-py)-C], 136.1,
135.2, 134.7, 134.2, 132.0 [Ar-C and PPh,(2-py)-C and C¢H-
(CH3),-C], 128.9 [d, 2Jpc = 10.0 Hz, PPh,(2-py)-C], 127.6, 121.9,
111.1 [Ar-C and PPh,(2-py)-C and C¢H(CH3)4-C], 52.0
[CH,CH(CH3)u], 17.6 [m-CeH(CH5)s], 17.1 [0-CsH(CH;)4] ppm.
3IP NMR (162.0 MHz, CDCl;): § = 27.8 ppm. MS (MALDI): m/z
=860 [M — Br]*. Cy4sH4gBroN3PPd (940.1): caled. C 58.77, H 5.15,
N 4.47; found C 58.71, H 5.18, N 4.46.

trans-Dibromido| N-(2-methoxyethyl)-N'-(pentamethylbenzyl)benz-
imidazolin-2-ylidene](tricyclohexylphosphane)palladium (5a): The
complex was prepared as described for 3a by using 2a and PCys.
Yield: 0.83 g, 94.0%. '"H NMR (400 MHz, CDCl,): 6 = 7.44 (d, J
=2.0Hz, 1 H, Ar-H), 7.09 (t, /= 1.9 Hz, 1 H, Ar-H), 6.84 (t, J =
2.0Hz 1 H, Ar-H), 6.21 (d, J = 2.1 Hz, 1 H, Ar-H), 6.06 [s, 4 H,
CH,C4(CHs)s], 4.92 (t, J = 1.3 Hz, 2 H, NCH,CH,OCH3), 4.16 (t,
J=1.3Hz 2 H, NCH,CH,OCH,;), 3.37 (s, 3 H, NCH,CH,OCH),
2.56 (m, 3 H, PCys-H), 2.32 [s, 6 H, 0-Cs(CH>)s], 2.26 [s, 6 H, m-
Co(CHs3)s], 2.06 [s, 3 H, p-C4(CHs5)s], 1.81-1.68 (m, 14 H, PCys-H),
1.30-1.20 (m, 16 H, PCy;-H) ppm. *C NMR (100 MHz,CDCl;):
0 =179.4 (d, 2Jcp = 174.7 Hz, NCN), 136.2, 136.1, 136.0, 135.2,
133.3, 128.4, 122.8, 122.4, 111.8, 111.0 [Ar-C and C4(CH3)s], 71.4
(NCH,CH,OCH3), 59.3 (NCH,CH,OCHj;), 52.0 [CH,C4(CH3)s],
48.1 (NCH,CH,0OCH3;), 32.6 (d, Jpc = 19.0 Hz, PCy;-C), 30.4
(PCy;-C), 27.9 (d, 2Jpc = 10.7 Hz, PCy;-C), 26.9, 26.5, 25.8 (PCys-
O), 17.9 [p-Cs(CH3)s), 17.5 [m-Cs(CH3)s], 17.1 [0-Cs(CH3)s] ppm.
3IP NMR (162.0 MHz, CDCls): 6 = 23.4 ppm. (MALDI): m/z =
803 [M — Br]*. C4oHg;Br,N,OPPd (883.12): caled. C 54.40, H 6.96,
N 3.17; found C 54.51, H 6.83, N 3.19.
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trans-Dibromido|[ N-(2-methoxyethyl)-N'-(2,3,5,6-tetramethyl-
benzyl)benzimidazolin-2-ylidene|(tricyclohexylphosphane)palladium
(5b): The complex was prepared as described for 3b using 2b and
PCy;. Yield: 0.80 g, 92.0%. '"H NMR (400 MHz, CDCl5): 6 = 7.48
(d, J =4Hz | H, Ar-H), 7.11 (t, J/ = 4.1 Hz, 1 H, Ar-H), 6.85 (t,
J=4.1Hz, 1 H, Ar-H), 6.25 (d, J = 4.1 Hz, 1 H, Ar-H), 6.18 [s, 1
H, CH,C¢H(CH;),), 6.06 [s, 2 H, CH,CcH(CH3),), 4.94 (t, J =
3Hz,2 H, NCH,CH,OCH3;), 4.17 (t, J = 3.2 Hz, 2 H,
NCH,CH,0OCH,;), 3.38 (s, 3 H, NCH,CH,OCH;), 2.54 (m, 3 H,
PCy;-H), 2.33 [s, 6 H, 0-CcH(CH3)4], 2.27 [s, 6 H, m-CcH(CH3)4),
2.05-167 (m, 14 H, PCys-H), 1.30-1.20 (m, 16 H, PCys-H) ppm.
I3C NMR (100 MHz, CDCls): 6 = 180.3 (d, 2Jcp = 174.7 Hz,
NCN), 135.9, 134.8, 133.0, 128.6, 128.1 122.6, 122.1, 111.6, 111.4,
110.7 [Ar-C and CcH(CH3),], 71.1 (NCH,CH,OCH3), 59.0
(NCH,CH,0OCH3), 51.7 [CH,Cs(CH3)s], 47.8 (NCH,CH,OCH3),
32.2 (d, WJpe = 20.0 Hz, PCy;-C), 30.0 (PCy;-C), 27.9 (d, 2Jpc =
9.1 Hz, PCy;-C), 26.9, 26.7, 26.1 (PCy3-C), 17.7 [m-CcH(CH3)4),
17.2 [0-C¢H(CH3)4] ppm. *'P NMR (162.0 MHz, CDCl5): § =
21.6 ppm. MS (MALDI): m/z = 789 [M — Br]*. C39Hs¢Br,N,OPPd
(869.10): calcd. C 53.90, H 6.84, N 3.22; found C 53.81, H 6.83, N
3.24.

trans-Dibromido[N,/V'-bis(pentamethylbenzyl)benzimidazolin-2-yl-
idene](tricyclohexylphosphane)palladium (5¢): The complex was pre-
pared as described for 3b by using 2¢ and PCy;. Yield: 0.91 g,
92.0%. '"H NMR (400 MHz, CDCls): 6 = 6.68 (m, 2 H, Ar-H),
6.22 (m, 2 H, Ar-H), 6.18 [s, 4 H, CH,C4(CH3)s], 2.58 (m, 3 H,
PCy;-H), 2.37 [s, 12 H, 0-C((CHs3)s), 2.33 [s, 6 H, p-C4(CH3)s], 2.27
[s, 12 H, m-C¢(CHs3)s], 2.07 (m, 6 H, PCy;-H), 1.83-1.68 (m, 15 H,
PCy;-H), 1.31 (m, 9 H, PCy;s-H) ppm. '3C NMR (100 MHz,
CDCl3): 6 = 179.6 (d, 2Jcp = 175.4 Hz, NCN), 136.0, 135.7, 135.1,
133.2, 128.6, 122.1, 111.6 [Ar-C and C4(CHj3)s], 52.3 [CH,C-
(CHs)s], 32.6 (d, 'Jpc = 19.1 Hz, PCy;-C), 30.4 (PCys-C), 27.9 (d,
2Jp.c = 9.9 Hz, PCy;-C), 26.9, 26.7, 26.0 (PCy;-C), 18.5 [p-Cs-
(CH3)s], 17.5 [m-C¢(CH3)s], 17.1 [0-C¢(CH3)s] ppm. 3'P NMR
(162.0 MHz, CDCl;): 6 = 22.9 ppm. MS (MALDI): m/z = 906 [M —
Br]*. C4H7BryN,PPd (985.30): caled. C 59.73, H 7.26, N 2.84;
found C 59.81, H 7.23, N 2.79.

trans-Dibromido|NV,/V'-bis(2,3,5,6-tetramethylbenzyl)benzimidazolin-
2-ylidene](tricyclohexylphosphane)palladium (Sd): The complex was
prepared as described for 3b by using 2d and PCy;. Yield: 0.88 g,
92.0%. '"H NMR (400 MHz, CDCls): 6 = 6.67 (m, 2 H, Ar-H),
6.22 (m, 2 H, Ar-H), 6.18 [s, 2 H, CH,CcH(CH3),4], 6.08 [s, 4 H,
CH,C¢H(CH3)g4], 2.56 (m, 3 H, PCy;-H), 2.35 [s, 12 H, 0-C¢H-
(CHz)y], 2.28 [s, 12 H, m-CcH(CH3),4], 2.03 (m, 6 H, PCys-H), 1.83—
1.67 (m, 15 H, PCys-H), 1.31 (m, 9 H, PCy;-H) ppm. *C NMR
(100 MHz, CDCl): 6 = 180.0 (d, 2Jcp = 175.4 Hz, NCN), 136.0,
135.6, 135.0, 133.4, 128.3, 122.9, 111.5 [Ar-C and CsH(CH3)4], 52.0
[CH,C¢H(CHS),], 32.3 (d, 'Jpe = 19.0 Hz, PCys-C), 30.2 (PCys-
C), 27.9 (d, 2Jpc = 9.7 Hz, PCy;-C), 26.7, 26.5, 26.1 (PCy-C), 18.5
[m-C¢H(CH3)4], 17.1 [0-C¢H(CH3),] ppm. *'P NMR (162.0 MHz,
CDCls): 0 = 22.3 ppm. MS (MALDI): m/z = 877 [M - Br]*.
Cy4oH7Bro,N,PPd (957.25): caled. C 58.97, H 7.05, N 2.93; found
C 58.96, H 7.03, N 3.00.

Bromido|N-(2-methoxyethyl)-/V'-(pentamethylbenzyl)benzimid-
azolin-2-ylidene][1,2-bis(diphenylphosphanyl)ethane]palladium (6a):
The complex was prepared as described for 3a by using 2a and
PPh,CH,CH,PPh,. Yield: 0.85 g, 85.0%. '"H NMR (400 MHz,
CDCl;): 0 = 8.13 (m, 2 H, Ph-H), 8.08 (m, 4 H, Ph-H), 7.91 (m, 2
H, Ph-H), 7.66 (m, 2 H, Ar-H), 7.60-7.21 (m, 13 H, Ar-H, Ph-H),
6.90 (t, J = 1.2 Hz, 1 H, Ar-H), 5.93 [s, 1 H, CHHC¢CHs)s], 5.00
[s, | H, CHHC¢CHs)s], 4.88 (t, /= 1.2 Hz, 2 H, NCH,CH,0OCH3;),
4.23 (t, J = 1.2Hz, 2 H, NCH,CH,OCHj;), 3.86-3.72 (m, 2 H,

www.eurjic.org 291



FULL PAPER

H. Tirkmen, T. Pape, F. E. Hahn, B. Cetinkaya

PPh,CH,), 3.60-3.56 (m, 2 H, PPh,CH,), 3.02 (s, 3 H,
NCH,CH,OCH3), 2.30, 2.28, 1.98 [s, 15 H, C4(CH3)s] ppm. 1*C
NMR (100 MHz, CDCly): 6 = 135.6, 135.5, 134.7, 134.0, 133.7,
132.7, 129.0, 128.8, 127.5, 122.2, 111.8 [Ar-C and Ph-C and
Cs(CH;)s], 70.5 (NCH,CH,0OCH,;), 66.0 (NCH,CH,OCH3), 51.8
[CH,C¢(CH3)s], 48.9 (NCH,CH,0OCHs;), 48.1 (PPh,CH,), 20.6 [p-
Co(CH3)s], 16.3 [m-Cs(CHs)s], 15.5 [0-Co(CH;3)s] ppm. *'P NMR
(162.0 MHz, CDCl;): 6 = 59.5 (d, Jpp = 11.8 Hz), 52.2 (d, Jpp =
11.8 Hz) ppm. The signal for the carbene carbon atom was not
detected under the given conditions. MS (MALDI): m/z = 921 [M —
Br]*. C4sHs>Br,N,OP,Pd (1000.1): caled. C 57.59, H 5.24, N 2.80;
found C 57.61, H 5.21, N 2.79.

Dibromido| N-(2-methoxyethyl)-/V'-(2,3,5,6-tetramethylbenzyl)benz-
imidazolin-2-ylidene][1,2-bis(diphenylphosphanyl)ethane|palladium
(6b): The complex was prepared as described for 3b by using 2b
and PPh,CH,CH,PPh,. Yield: 0.89 g, 90.0%. 'H NMR (400 MHz,
CDCl;): 0 = 8.11 (m, 2 H, Ph-H), 8.07 (m, 4 H, Ph-H), 7.88 (m, 1
H, Ph-H), 7.64 (m, 3 H, Ar-H), 7.60-7.21 [m, 14 H, Ar-H and Ph-
H and C4H(CH3)4), 6.89 (t, / = 1.2 Hz, 1 H, Ar-H), 593 [s, 1| H,
CHHCH(CH3)4], 5.01 [s, 1 H, CHHCcH(CHs3),4], 490 (t, J =
1.2Hz, 2 H, NCH,CH,OCH3), 4.23 (t, J = 1.2 Hz, 2 H,
NCH,CH,0OCHs;), 3.86-3.72 (m, 2 H, PPh,CH,), 3.60-3.56 (m, 2
H, PPh,CH,), 2.92 (s, 3 H, NCH,CH,OCH;), 2.28, 2.25, 1.98 [s,
12 H, C¢H(CHs3)4] ppm. 3C NMR (100 MHz, CDCl5): 6 = 135.4,
135.1, 134.7, 134.2, 133.9, 132.7, 129.1, 128.9, 127.4, 122.2, 111.6
[Ar-C and Ph-C and C¢(CHs3)s], 71.1 (NCH,CH,OCH3), 66.4
(NCH,CH,OCH;), 51.4 [CH,C¢(CH3)s], 48.4 (NCH,CH,OCH3),
48.2 (PPh,CH,), 18.6 [m-C4H(CH3),], 16.3 [0-CcH(CH3),] ppm. 3'P
NMR (162.0 MHz, CDCl3): ¢ = 60.1 (d, Jpp = 11.0 Hz), 52.6 (d,
Jpp = 10.8 Hz) ppm. The signal for the carbene carbon atom was
not detected under the given conditions. MS (MALDI): m/z = 907
[M — Br]*. C4;H5¢Br,N,OP,Pd (987.1): caled. C 57.19, H 5.11, N
2.84; found C 57.21, H 5.17, N 2.89.

Dibromido|[V,/V'-bis(pentamethylbenzyl)benzimidazolin-2-ylidene]-
[1,2-bis(diphenylphosphanyl)ethane]palladium (6¢): The complex was
prepared as described for 3b by using 2¢ and PPh,CH,CH,PPh,.
Yield: 0.96 g, 87.0%. '"H NMR (400 MHz, CDCls): 6 = 8.05 (m, 2
H, Ph-H), 7.48 (m, 8 H, Ph-H), 7.25 (m, 6 H, Ph-H), 6.71 (m, 2 H,
Ar-H), 6.55 (t, J = 1.2 Hz, 2 H, Ph-H), 6.36 [s, 4 H, CH,C4(CH3)s],
6.00 (m, 2 H, Ar-H), 5.93 (t, J/ = 1.2 Hz, 2 H, Ph-H), 3.56 (d, J =
1.7 Hz, 1 H, PPh,CH,), 3.48 (d, J = 1.8 Hz, 1 H, PPh,CH,), 2.88
(d,J=19Hz 1H, PPh,CH,), 2.80 (d, J = 2.1 Hz, 1 H, PPh,CH,),
2.34,2.28,2.25,2.22,2.18,2.15 s, 30 H, C¢(CH3)s] ppm. *C NMR
(100 MHz, CDCl3): 6 = 136.3, 135.5, 134.9, 134.0, 133.1, 128.9,
128.8, 128.5, 127.5, 122.2, 111.4 [Ar-C and Ph-C and C¢(CHs)s],
53.6 [CH,C4(CH3)s), 52.3 (PPh,CH,), 17.5 [p-C¢(CHz3)s], 17.1 [m-
Ce(CH3)s], 15.4 [0-C4(CH3)s] ppm. 3P NMR (162.0 MHz, CDCl;):
0 = 58.5 (d, Jpp = 10.8 Hz), 52.1 (d, Jpp = 10.8 Hz) ppm. The
signal for the carbene carbon atom was not detected under the
given conditions. MS (MALDI): m/z = 1023 [M - Br]".
Cs;HgBroN,P,Pd (1103.3): caled. C 62.05, H 5.60, N 2.54; found
C 62.07, H 5.51, N 2.60.

Dibromido|NV,N'-bis(2,3,5,6-tetramethylbenzyl)benzimidazolin-2-yl-
idene]-[1,2-bis(diphenylphosphanyl)ethane|palladium (6d): The com-
plex was prepared as described for 3b by using 2d and
PPh,CH,CH,PPh,. Yield: 0.53 g, 84.0%. 'H NMR (400 MHz,
CDCl;): 6 = 8.12 (m, 2 H, Ph-H), 7.58 (m, 8 H, Ph-H), 7.25-7.23
(m, 4 H, Ph-H), 7.00 [s, 2 H, CH,C4H(CH;),], 6.83 (br., 2 H, Ar-
H), 6.59 (t, J = 1.2 Hz, 2 H, Ph-H), 6.33 [s, 4 H, CH,C¢H(CH3)4],
6.01 (m, 2 H, Ar-H), 593 (t, J/ = 1.3 Hz, 2 H, Ph-H), 3.57 (d, J =
1.6 Hz, 1 H, PPh,CH,), 3.48 (d, J = 1.7 Hz, 1 H, PPh,CH,), 2.90
(d,J=1.8 Hz, 1 H, PPh,CH,), 2.80 (d, J = 1.8 Hz, 1 H, PPh,CH,),
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2.31, 2.22, 2.20, 2.15, 2.15 [s, 24 H, CcH(CHs3),] ppm. '3C NMR
(100 MHz, CDCl3): 6 = 136.9, 136.0, 134.2, 134.0, 133.1, 128.6,
128.2, 128.0, 127.0, 122.9, 111.1 [Ar-C and Ph-C and CcH(CHs),],
53.0 [CH,C¢H(CH3)4), 52.0 (PPh,CH,), 17.9 [m-CsH(CH3)4], 16.0
[0-CsH(CH3),4] ppm. 3P NMR (162.0 MHz, CDCl;): 6 = 58.8 (d,
Jpp = 11.0 Hz), 52.2 (d, Jpp = 11.0 Hz) ppm. The signal for the
carbene carbon atom was not detected under the given conditions.
MS (MALDI): m/z = 995 [M - Br]*. CssHsgBr,N,P,Pd (1075.23):
caled. C 61.44, H 5.44, N 2.61; found C 61.47, H 5.53, N 2.67.

trans-Dibromido| NV-(2-methoxyethyl)-N'-(pentamethylbenzyl)benz-
imidazolin-2-ylidene]palladium (7a): A mixture of 1a (0.450 g,
1.08 mmol) and Pd(OAc), (0.121 g, 0.54 mmol) in dmso (10 mL)
was stirred at 60 °C for 3 h and then at 110 °C for another 2 h. The
dmso was removed in vacuo, and the remaining solid was washed
with diethyl ether. The residue was crystallized from CH,Cl,/
EtOH. Yield: 0.40 g, 78%. '"H NMR (400 MHz, CDCl5): 6 = 7.40
(m, 2 H, Ar-H), 7.03 (m, 2 H, Ar-H), 6.79 (m, 2 H, Ar-H), 6.26 [s,
4 H, NCH,C4(CH3)s], 6.16 (m, 2 H, Ar-H), 5.01 (m, 4 H,
NCH,CH,0CHj3), 4.32 (m, 4 H, NCH,CH,0OCH3), 3.21 (s, 6 H,
NCH,CH,OCH3), 2.32 [s, 12 H, 0-C¢(CHs>)s), 2.26 [s, 12 H, m-
Co(CH3)s], 2.21 [s, 6 H, p-C4(CH3)s] ppm. '*C NMR (100 MHz,
CDCl;): 0 = 182.4 (NCN), 136.2, 135.9, 135.0, 134.8, 133.3, 128.4,
122.9,122.4, 111.8, 111.2 [Ar-C and Cc(CH3)s], 67.3
(NCH,CH,0CH3), 59.4 (NCH,CH,0CH;), 52.4 [NCH,Cs-
(CHs3)s], 48.5 (NCH,CH,OCHs), 17.9 [p-C4(CH;)s], 17.4 [m-
Co(CHs3)s], 17.1 [0-C(CH3)s] ppm. MS (MALDI): m/z = 859 [M —
Br]*. Cy4Hs¢Br,N4O5Pd (939.1): caled. C 56.27, H 6.01, N 5.97,
found C 56.41, H 6.13, N 5.99.

trans-Dibromido| N-(2-methoxyethyl)-N'-(2,3,5,6-tetramethyl-
benzyl)benzimidazolin-2-ylidene|palladium (7b): The complex was
prepared as described for 7a by using 1b. Yield: 0.38 g, 77%. 'H
NMR (400 MHz, CDCls): 6 = 7.49 (m, 2 H, Ar-H), 7.15 (m, 2 H,
Ar-H), 7.11 (m, 2 H, Ar-H), 7.05 [s, 2 H, C¢H(CH3),], 6.88 [m, 4
H, NCH,C¢H(CH3)y], 6.25 (m, 2 H, Ar-H), 5.11 (m, 4 H,
NCH,CH,OCH3), 4.25 (m, 4 H, NCH,CH,0OCH,;), 3.32 (s, 6 H,
NCH,CH,OCHj3), 2.31 [s, 12 H, 0-C¢H(CH3)4], 2.25 [s, 12 H, m-
CsH(CHS;),] ppm. *C NMR (100 MHz, CDCls): 6 = 182.4 (NCN),
136.0, 135.3, 134.8, 134.5, 132.6, 131.1, 122.9, 122.5, 111.8, 111.1
[Ar-C and CcH(CH3)s], 71.9 (NCH,CH,OCH3), 59.4
(NCH,CH,OCHj;), 51.7[NCH,CcH(CH;)4], 48.4
(NCH,CH,OCH3), 20.8 [m-CsH(CH3)4], 17.0 [0-CsH(CH3)4] ppm.
MS (MALDI): m/z = 831 [M — Br]*. Cy,H5,Br,N,O,Pd (911.1):
caled. C 55.37, H 5.75, N 6.15; found C 55.31, H 5.83, N 6.29.

trans-Dibromido[V,/N'-bis(pentamethylbenzyl)benzimidazolin-2-yl-
idene]palladium (7c): The complex was prepared as described for 7a
by using 1c. Yield: 0.50 g, 81%. '"H NMR (400 MHz, CDCls): 6 =
6.71 (m, 4 H, Ar-H), 6.37 [s, 4 H, NCH,C4(CH3)s], 6.32 (m, 4 H,
Ar-H), 2.40 [s, 24 H, 0-C¢(CHs)s], 2.28 [s, 24 H, m-C4(CH3)s], 2.23
[s, 12 H, p-C¢(CH3)s] ppm. 3C NMR (100 MHz, CDCl,): 6 = 182.8
(NCN), 135.9, 135.6, 134.7, 133.2, 128.7, 122.1, 111.8 [Ar-C and
C6(CH3)s], 52.4 [NCH,C6(CH3)s], 18.1 [p-Co(CH3)s], 18.0 [m-
Co(CHj3)s], 17.4 [0-Cs(CH3)s] ppm. MS (MALDI): m/z = 1063 [M —
Br]*. C¢>;H7¢BroN4Pd (1143.5): caled. C 65.15, H 6.70, N 4.90;
found C 65.20, H 6.83, N 4.99.

trans-Dibromido[N,NV'-bis(2,3,5,6-tetramethylbenzyl)benzimidazolin-
2-ylidene|palladium (7d): The complex was prepared as described
for 7a by using 1d. Yield: 0.49 g, 83%. '"H NMR (400 MHz,
CDCls): 0 = 7.04 [s, 4 H, C¢H(CH3),], 6.72 (m, 4 H, Ar-H), 6.39
[s, 4 H, NCH,C4H(CH3)4], 6.30 (m, 4 H, Ar-H), 2.25 [s, 24 H, m-
C¢H(CH3)4], 2.35 [s, 24 H, 0-C¢H(CH3)4] ppm. '*C NMR
(100 MHz, CDCly): 0 = 182.8 (NCN), 111.7, 122.3, 131.4, 132.5,
134.4, 135.2, 135.4 [Ar-C and C¢H(CHs3),], 51.9 [NCH,C¢H-
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(CH3),], 20.7 [m-CgH(CHs),], 17.1 [0-CeH(CH3)4] ppm. MS
(MALDI) m/z = 1008 [M — Br]*. C58H68Br2N4Pd (10874) calcd.
C 64.06, H 6.30, N 5.15; found C 64.10, H 6.33, N 5.21.

General Procedure for the Heck Coupling Reactions: A two-necked,
25-mL flask fitted with a reflux condenser was charged with the
aryl halide (1.0 mmol), the olefin (1.5 mmol), Cs,CO; (1.5 mmol),
diethylene glycol di-n-butyl ether (internal standard), dma (3 mL),
and catalyst 2-7 (3.0 mol-%) under an atmosphere of argon. The
flask was placed in a preheated oil bath (100 °C) for 2 h. Yields
were determined by gas chromatography for an average of two runs.

X-ray Diffraction Studies: Diffraction data for all complexes were
collected with a Bruker AXS APEX CCD diffractometer equipped
with a rotation anode at 153(2) K by using graphite monochro-
mated Mo-K,, radiation (A = 0.71073 A). Diffraction data were col-
lected over the full sphere and were corrected for absorption. The
data reduction was performed with the Bruker SMART!S] program
package. Structure solutions were found with the SHELXS-9719]
package by using the heavy-atom method and were refined with
SHELXL-972% against |F?| by using first isotropic and later aniso-
tropic thermal parameters for all non-hydrogen atoms. Hydrogen
atoms were added to the structure models on calculated positions.
CCDC-703113 (for 2¢), -703114 (for 3¢:2CH,Cl,), -73115 (for
3d-CH,Cl,), and -703116 (for 5b) contain the supplementary crys-
tallographic data for this paper. These data can be obtained free
of charge from The Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk./data/request/cif.

Crystal Data for 2¢: C33H44N,Br,OPdS, M = 782.98, u =
3.143mm™!, p = 1.611 gcm 3, monoclinic, P2,/c, Z =4, a =
10.3854(14) A, b = 19.389(3) A, ¢ = 16.854(3) A, = 107.925(3)°,
v = 3229.0(8) A3, 25694 measured reflections (3.3° =26 =50.0°),
5675 unique reflections (R;,, = 0.0621), R = 0.0588, wR = 0.1408
for 4233 contributing reflections [/ =2oc(/)] and 373 parameters, re-
finement against |F?| with anisotropic thermal parameters for all
non-hydrogen atoms and hydrogen atoms on calculated positions.
The asymmetric unit contains one molecule of 2c.

Crystal Data for 3c¢:2CH,Cl,: Cs;Hs;N,Br,Cl,PPd, M = 1136.96,
u=2281mm", p=1.530 gecm 3, triclinic, P1, Z=2,a=
10.298(2) A, b = 12.239(2) A, ¢ = 20.297(3) A, a = 101.929(3)°,
=90.023(3)°, y = 99.374(3)°, V = 2467.8(7) A3, 24219 measured
reflections (3.4° =260 =55.0°), 11301 unique reflections (R;,, =
0.0334), R = 0.0436, wR = 0.1048 for 8520 contributing reflections
[/=2c(1)] and 560 parameters, refinement against |F?| with aniso-
tropic thermal parameters for all non-hydrogen atoms and hydro-
gen atoms on calculated positions. The asymmetric unit contains
one molecule of 3¢ and two molecules of CH,Cl,.

Crystal Data for 3d-CH,Cl,: C,;3Hs,N,Br,ClL,PPd, M = 1024.0, u
= 2400 mm', p = 1.525 gcm 3, monoclinic, P2,/c, Z = 4, a =
18.861(2) A, b = 11.3521(14) A, ¢ = 21.034(3) A, = 98.075(3)°, V'
= 4459.1(9) A3, 50366 measured reflections (3.9° =20 =60.1°),
12997 unique reflections (R;,, = 0.0495), R = 0.0505, wR = 0.1368
for 9866 contributing reflections [/=2c(/)] and 503 parameters, re-
finement against |F?| with anisotropic thermal parameters for all
non-hydrogen atoms and hydrogen atoms on calculated positions.
The asymmetric unit contains one molecule of 3dec and one mole-
cule of CH,Cl, with disordered chloride atoms.

Crystal Data for 5b: C39Hs9N,Br,OPPd, M = 869.07, u =
2.656 mm~', p = 1.514 gem3, triclinic, PI, Z =2, a = 11.111(3) A,
b=12.678(3) A, ¢ = 14.646(3) A, a = 83.382(4)°, f = 69.563(4)°, y
= 81.363(4)°, ¥V = 1907.0(8) A3, 18318 measured reflections
(3.5°=260=55.0°), 8745 unique reflections (R;,; = 0.0443), R =
0.0434, wR = 0.0911 for 6073 contributing reflections [/=2c(/)]
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and 420 parameters, refinement against |F%| with anisotropic ther-
mal parameters for all non-hydrogen atoms and hydrogen atoms on
calculated positions. The asymmetric unit contains one molecule of
5b.
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Mechanism of Hydride Abstraction by Cyclopentadienone-Ligated
Carbonylmetal Complexes (M = Ru, Fe)
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Keywords: Cyclopentadienone ligands / C-H bond activation / Oxidation / Hydrides / Reaction mechanisms

Cyclopentadienone-ligated ruthenium complexes, such as
Shvo's catalyst, are known to oxidize reversibly alcohols to
the corresponding carbonyl compounds. The mechanism of
this reaction has been the subject of some controversy, but it
is generally believed to proceed through concerted transfer
of proton and hydride, respectively, to the cyclopentadienone
ligand and the ruthenium center. In this paper we further
study the hydride transfer process as an example of a coordi-
natively directed hydride abstraction by adding quantitative
understanding to some features of this mechanism that are
not well understood. We find that an oxidant as weak as ace-

tone can be used to re-oxidize the intermediate ruthenium
hydride without catalyst re-oxidation becoming rate-limiting.
Furthermore, C-H cleavage is a significantly electrophilic
event, as demonstrated by a Hammett reaction parameter of
p =-0.89. We then describe how the application of our mech-
anistic insights obtained from the study have enabled us to
extend the ligand-directed hydride abstraction strategy to in-
clude a rare example of an iron(0) oxidation catalyst.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

C-H bond oxidation by hydride abstraction is an impor-
tant reaction for organic synthesis and has a central role in
applications ranging from utilization of hydrocarbon feed-
stocks to fine chemical synthesis,'!! yet its mechanism is un-
derexplored and its applications are scarcely exploited. Our
group is developing ligand—metal bifunctional catalysts for
hydride abstraction from general organic substrates to en-
able nucleophilic substitution reactions in which hydride is
activated as a leaving group (Scheme 1, A). Our strategy is
to devise a bifunctional catalyst in which the ligand “ad-
dresses” the catalyst to a particular C-H bond by placing
an electrophilic metal atom in its immediate proximity. Fol-
lowing hydride transfer to metal atom, the resulting M—H
group must be re-oxidized under mild conditions.

We have adopted the cyclopentadienone-ligated metal
scaffold (e.g. 3) as a starting point for development of coor-
dination-directed hydride abstraction reactions because of
the apparently significant role of the cyclopentadienone as
a redox non-innocent ligand. “Shvo’s catalyst” (Scheme 1,
1),! is an example of this type of reactivity. Compound 1
itself, an air-stable, commercially available, crystalline solid,
is the heterodimer of reduced (2) and oxidized (3) forms.
The mixture of 2 and 3, generated by dissociation of 1, is

[a] Loker Hydrocarbon Research Institute and Department of
Chemistry, University of Southern California,
837 Bloom Walk, Los Angeles, CA 90089-1661, USA
Fax: +1-213-740-6679
E-mail: travisw@usc.edu

& Supporting information for this article is available on the
WWW under http://www.eurjic.org or from the author.
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known to catalyze reversibly the interconversion of car-
bonyl and alcohol compounds (Scheme 1, C). Although 1
was first introduced as a hydrogenation catalyst, its utility
in the corresponding oxidation reaction has also been ex-
amined.['™3] Data collected to date regarding the mecha-
nism of oxidation reactions catalyzed by 1 are most consis-
tent with a mechanism involving transfer of both hydrogen
atoms (O-H and C-H) in or before a single rate-determin-
ing transition state when the reaction is conducted under
strongly oxidative conditions (tetrafluorobenzoquinone).3®!
Thus, 3 is a bifunctional metal-ligand scaffold in which H*
(from O-H) acts as a coordinating direction element “L”
that disposes an electrophilic ruthenium center “M™” in the
proximity of a C—H bond.

We believe that coordination-directed hydride abstrac-
tion will be an excellent strategy for our program of
designing and developing efficient, selective, inexpensive,
and environmentally benign catalysts for C-H oxidation,
and we believe that identification of mild conditions of re-
oxidation of metal hydrides (such as 2) will be essential to
the identification of high-value catalytic systems because
this is a key to realizing catalytic turnover. Moreover, an
improved understanding of the polarization and energetics
of hydride abstraction mediated at a cyclopentadienone-
ligated metal center (such as 3) is essential to effective cata-
lyst design. In this paper we address these issues for the
case of some Shvo-related complexes, and add quantitative
understanding to some features of this mechanism that are
a key to our goal (Scheme 1, A): an oxidant as weak as
acetone can be used, and catalyst re-oxidation does not be-
come rate-limiting, replacement of a single phenyl group of
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A: Coordination-directed hydride abstraction as

a strategy for C—H oxidation

L - L.. ’ L. o .-
( . X ( key hydride ‘X Nu X
CRY H)\w ® H&'” abstraction \j-H )Cja ‘“)\Nu

key re-oxidation of M—H

B: Shvo's catalyst

Ph _O—H=O_ pnh ph._FPh Ph__Ph
% E}—o\ E?;o
Ph Ph  Ph Ph Ph H +
N | Ph™ 1 b
oC CcO
oc o oC oC
1 2 3
C: Reversible hydrogenation of carbonyl compounds starting with 1 as a catalyst
H, (or H, equivalent)
l N |
SO S
H/‘T
| key re-oxidation of M—H T

Scheme 1. Shvo’s system as a platform for hydride abstraction reactions.

the cyclopentadienone ring can reduce the efficiency of oxi-
dation significantly, and C-H cleavage is a significantly elec-
trophilic event. We then describe how the application of this
weakly oxidizing medium and our mechanistic insights ob-
tained from the study have enabled us to extended the strat-
egy to include a rare example of an iron(0)-based oxidation
catalyst.

Results and Discussion

Studies on 1 conducted by Shvo et al.,”l Casey et al.,*]
Bickvall et al.,l't3] and others! have shown that in aro-
matic solvents the catalyst resting state in these reactions is
dimer 1, which must dissociate to reduced (2) and oxidized

(3) forms (very small K;) for a reaction to occur. Alcohol
oxidation with 1 has isotope effects on both C-H (ky/kp =
2.6) and O-H (ky/kp = 1.8).3% Bickvall et al. have ex-
plained that these kinetic isotope effect (KIE) data, along
with a ky/kp value of 4.61 for a fully deuterated substrate
is consistent with a concerted transition state for hydride
and proton transfer (Scheme 2).13!

We started our study by switching to acetone, a milder,
environmentally more benign medium to effect oxidation
with catalyst 1. Upon dissolving dimer 1 in [Dglacetone
with alcohol 6a, we find dissociation and oxidation of di-
mer 1 as is evident from the disappearance of the character-
istic p>-H peak (6 = —18.1 ppm) and appearance of [Dg]2-
propanol (6 = +3.9 ppm), which indicates that the dissoci-

quinone hydroquinone
(acetone) (2-propanol)
m
Ph O—H Ph Ph Ph Ph Ph O-+Ru Ph Ph
S >l =70 Ph J=~°
Ph-P\ P == pPn" h + PR, Ph-\ = pPh" ]
Ph Ru—tH ki ogRuf oc-Ru Ph_Ru—fO -RuPh
oc’ ! {"H (O oC” | OC. /"~
oC ocC ocC oC ocC
2 2
1 2 3 4 5
K1 = k1 Il k 1
ka
H.
0 >_< O  6aR=H
7a—d \'H 6b:R=0Me
/E))k Ph___Ph ¥ /©/\ 6c: R = Me
R KD}—O..H R 6d:R=F
Ph |\|/| oh O
oC-\V'~. |, 7
o6 s

Scheme 2. Alcohol oxidation in Shvo’s system.
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ation equilibrium of 1 lies to the right under these condi-
tions. This transformation is complete within the first ac-
quisition of a kinetics run (see Supporting Information for
an illustration). We perceive that the result is an acetone-
or substrate-ligated dicarbonylruthenium complex (5, L =
[Dglacetone or 6). Using this catalyst, we verify that 6a can
be converted to 7a in 97% isolated yield on a 1 mmol
scale.[®]

Systematic kinetics experiments on the conversion of 6a
to 7a (Table 1) in [Dglacetone solution support a rate law
of d[6a)/dr = —k,[1]"*[6a]"[oxidant]® with k, =
1.67(6) X 102 M 2s7!. This is analogous to what Bickvall
et al. observed for quinone conditions (1, [D¢]benzene, tet-
rafluorobenzoquinone), but is interesting because we ob-
serve no kinetic order in the re-oxidation step even though
it is a significantly milder oxidant than tetrafluorobenzo-
quinone. Kinetic order on [1] is illustrated in a plot of
In(kyps) versus In[1] (Figure 1, left). A slope of 0.40(6) in
this plot is consistent with a half-order dependence on [1].
This indicates that dimerization of 2 and 3 is occurring dur-
ing the catalysis even though this equilibrium lies well to
the right under the reaction conditions. The dependence of
the reaction rate on [acetone] is shown graphically in Fig-
ure 1 (right). The observed rate constants (k) decrease
only slightly with [acetone] in a mixed [D;]dichlorometh-
ane/[Dglacetone solution. The high y intercept of this plot
is inconsistent with the kinetic order on [acetone], but is
more likely interpreted as a medium effect: the data in Fig-
ure 1 (right) represent variation from 25% to 100% acetone.
This means that re-oxidation of 2 from 3 does not impact

Table 1. Kinetics data for the 1-catalyzed conversion of 6a to 7a.[4]

Entry ko (X10°s ") [1][mm]  [6a] [mv]  BQ [mM]  ApofKaceione
1 7.55(26) 1.5 120 0 -
2 11.1(1) 29 120 0 -
3 7.46(3) 1.5 240 0 -
4 8.49(31) 1.5 120 72 410
5 4.13(7) 1.5 120 144 418

[a] kobs = k»*[6]. BQ = benzoquinone; k> = 1.67(6) X 102 m s 1.

-9.6

In[1]

266 6.4 62 —6 —5.8 56 5452 5

Eur|IC
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the rate of the overall reaction, and thus that [Dglacetone
is as efficient as a quinone in regenerating 3 from 2 in a
solution.

In cases in which we introduced benzoquinone to com-
pete with acetone in acetone solution (Table 1, Entries 4
and 5), acetone was the major oxidant because of its high
concentration. By comparison of 'H NMR peaks for
benzoquinone and [Dg]2-propanol, we can estimate the ra-
tio of rates of reduction of benzoquinone and acetone (kpg/
Kacetone) as 414(4). Although we observe this ratio to be con-
stant over the course of the conversion, we must interpret
it as an upper bound because [Dg]2-propanol can reduce
benzoquinone (by re-formation of [Dglacetone) in the pres-
ence of 1. Moreover, Table 1 (Entry 5) shows that an excess
of quinone can slow the reaction. We perceive that this is
a result of competitive binding of 3 by benzoquinone or
hydroquinone.

An internal competition isotope effect experiment with
[D]benzyl alcohol [PhC(D)HOH] afforded a value of ky/kp
= 3.7(2) at 323 K through the first 40% of conversion. We
assign our value to a primary KIE [as opposed to an equi-
librium isotope effect (EIE) or a combination of both] be-
cause it is constant over the course of conversion. This
value is higher than a literature valuel®® (ky/kp = 2.6 by
independent runs) observed for the conversion of 6d to 7d,
possibly because of the relative strength of the primary (ver-
sus secondary) C—H bond. The difference in these values
can also be attributed to the role of an EIE in the literature
measurement. By contrast, we observe full dissociation of
1.

We also show that the C-H cleavage is an electrophilic
event by measuring a Hammett p value of —0.89(5) by com-
paring the rates of oxidation of alcohols 6a—6d in indepen-
dent runs (Figure 2).[77 A Hammett reaction parameter of p
= -0.89 is larger than expected for a transition state involv-
ing B-hydride elimination or free-radical hydrogen atom
transfer. Kaneda et al. report p = —0.43 for the oxidation of
6 with a ruthenium catalyst immobilized on hydroxyapatite
and proposes a B-hydride elimination mechanism.®! Kuria-
cose et al. report p = —0.3 for the same reaction with a

2 4 6 8 10 12 14
[acetone] M

Figure 1. Left: plot of In(kyps) versus In[1]; slope = 0.40(6). Right: plot of ks versus [acetone] in a mixed medium of [Dg]acetone and
[D,]dichloromethane. Kinetics data were processed as described in the Exp. Sect.
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ruthenium trichloride catalyst in the presence of N-methyl-
morpholine N-oxide. These authors propose a hydrogen
atom (radical) abstraction by an (oxoido)ruthenium(V) in-
termediate.l’) Our observation is more in line with benzyl
alcohol oxidation by quinolinium chlorochromate (p =
—1.2).I'% Thus, with catalyst 1, we interpret that a signifi-
cant cationic character is evolved at the carbon atom in
the rate-determining transition state, which is only slightly
compensated by electron donation from the concurrent de-
protonation of the O-H bond.

0.25

OMe
0.2
Me

Figure 2. Hammett plot for the 1-catalyzed conversion of 6 to 7.
Kinetics data were acquired and processed as described in the Exp.
Sec. p = -0.89(5).

Furthermore, we have studied other ruthenium com-
plexes based on electronically differentiated cyclopen-
tadienones to compare the reaction rates. We attempted to
prepare catalyst precursors analogous to 4 by treating
[Rus(CO),,]“? with the corresponding cyclopentadienone
9!l (Table 2). Only methyl-substituted compound 9b par-
ticipated in the formation of 4b cleanly. Surprisingly, al-
though 4b appears monomeric under the reaction condi-
tions used in Table 1, it reacts with 6a ca. 10! times slower
than the parent (1). Because 4b is only sparingly soluble
acetone, the experiment was repeated in a solvent system of
[D,]dichloromethane/[Dglacetone (1:1). Under these condi-
tions, both 1 and 4b are completely dissolved and dissoci-
ated to active forms, and the parent system is only 60%
faster: k»(Ph)/ky(Me) = 1.6(1). We observe, however, that
the methyl-substituted system stalls at 46(1)% conversion,
whereas the parent reached 92(3)%. This, along with a dark
color that develops over time, indicates that the cyclopen-
tadienone ligand is being lost in the course of the reaction.
We thus assign the deficiencies of 4b as: (1) solubility, (2)

diphenylcyclopropenone

stability, and (3) rate in the C-H oxidation step (k,). We
further hypothesized that a more electron-deficient catalyst
based on chloroalkyne 8¢ would facilitate hydride abstrac-
tion and afford a faster oxidation reaction, but this complex
is apparently unreactive (Scheme 3).

Table 2. Conversion of 6a to 7a with catalyst precursors 1 (gray)
and 4b (black).[?]

L IBEER (Ph catalyst)
08 ‘ '
s \
%0'6 \§ 6a (Me catalyst) ]
g || i
20.4 L | E 7a (Me catalyst) |
02l /'y o .
| N || |6a(Phcatalyst)
0
0 510° 110° 1.510° 210°
Time (s)
Entry [Ru] source kops (X105s Conversion
1 1 (gray) 6.3(2) 92(3)%
2 4b (black) 4.0(3) 46(1)%

[a] A solvent system of [D,]dichloromethane/[Dg]acetone (1:1) was
used.

Having identified mild oxidative conditions in which cat-
alyst 1 operates smoothly, and having developed an under-
standing of the mechanistic details of the reaction under
these conditions, we turned our attention to the possibility
of replacing the catalytic ruthenium atom by an iron atom.
To do so would involve hydride abstraction to a formal
iron(0) center. Although biological oxidases such as cyto-
chrome p450U'2 rely on iron-based oxidation systems, these
and related non-heme iron-based oxidation catalystst!3! gen-
erally feature an iron(IT) or iron(III) precursor that is sup-
ported by several nitrogen ligands. These systems typically
activate C—H bonds through the generation of a high-valent
(oxido)iron intermediate!'*?! from which hydrogen atoms
(not hydride ions) are abstracted in a radical (or radical
rebound) mechanism.['3%13% Several outstanding examples
of C-H oxidation have been reported recently based on this
strategy.'"*! An iron homolog of 1, however, would be struc-
turally and mechanistically distinct: such a system would be
supported by a redox-noninnocent cyclopentadienone li-

{[RhCI(CO),],} o pn O Ru ph. Ph
= 5 mol-% Ru,(CO o

Ph R o - ? pp, {RU3(CO)2} Ph%"h acetone Meﬁal-:?"'
8a. R =Ph heptane | Me _m_Ph
8b: R = Me PhMe o R el ocRu—0 oc-tg
8c. R=Cl 80-110°C Cco
8d: R = CH,OMe 2
8e: R=C(O)Me
8f. R = CO,Me 9a—f 4b: rac + meso 5b

Scheme 3. Syntheses of 9 and 4.
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gand that would be an integral part of the catalyst’s ligand—
metal bifunctional nature, and C-H abstraction would in-
volve transfer of a hydride ion, rather than a hydrogen radi-
cal. More closely related to our strategy are some examples
of iron-catalyzed transfer hydrogenation catalysts in which
a secondary alcohol is the hydrogen source. Some examples
include a porphyrin-ligated system,!'>) [(PP3)Fe(H)(H,)]*
[BPhy]~ [PP3 = P(CH,CH,PPh;);],l'! and a cyclopen-
tadienone-based system.['” The first two appear to have lit-
tle homology with our system, but the third suggests a
starting point.

Surprisingly, (cyclopentadienone)iron(0) complexes do
participate in productive hydride abstraction reactions in
oxidative media. We first investigated this by preparing bi-
cyclic complex 11 (Scheme 4)!'® and treating it with benzo-
quinone and alcohol 6a in [Dg]benzene, which afforded only
a trace amount of 7a (Table 3, Entry 1). Curiously, we ob-
serve neither iron oxide formation nor ligand displacement
from 11 under these conditions. Data in Table 2 suggested
that this system could be improved by switching from dou-
bly arylated complex 11 to fully phenylated complex 12.[1°]
This worked moderately (Entry 2) and enabled a yield of
24%. Much as in the case of 1, application of acetone con-

Table 3. Iron-catalyzed conversion of 6 to 7.1

Eur/IC

ditions for re-oxidation of our catalyst is advantageous. In
this case, a yield of 38% of 7a is realized (Entry 3). As
predicted by Hammett analysis, rate, and thus conversion,
are higher with alcohol 6b: this substrate can be oxidized
in up to 79% yield of 7b.

European Journal
of Inorganic Chemistry

2.4 equiv. 4-iodotoluene 6 equiv. [Fe(CO)s] Tol
£ C 2mol-% [PACh(PPhy)l ¢ Tol_CO(tam 0
; Tol
E — 5 mol-% Cul, ( 0 Fe
EtsN, r.t., 52% Tol Poie, 15150%‘: oc o
10 10a 1

Scheme 4. Syntheses and X-ray structure of 11.2% E = CO,Me.

Although significant improvement remains to be made
in the efficiency of this iron(0)-based oxidation system, we
have gathered some data regarding its mechanism. An iso-

Ph
oH [(cyclopentadienone)Fe(CO),] Q Ph‘ﬁ‘o
Ph Ph
/@2\ oxidant /©)j\ F|
R R 0cgl co
6a:R=H 7a
6b: R = OMe 7b 12
Entry [Fe] Alcohol Oxidant Solvent [°C] Yield (conv.), time
1 11 (0.1 equiv.) 6a BQ CsDs 65 1% (1%), 16 h
2 12 (0.1 equiv.) 6a BQ C¢Dg 65 11% (14%), 17 h
24% (26%), 4 d
3 12 (0.1 equiv.) 6a - (CD5),CO 54 38% (44%), 4 d
4lb] 12 (0.2 equiv.) 6b - (CD5),CO 80 52% (79%), 4 d
5lbl 12 (0.5 equiv.) 6b - (CD5),CO 80 79% (97%), 2 d

[a] Yield and conversion were determined by NMR spectroscopy. BQ = benzoquinone. All reactions were run in screw-capped NMR
tubes and prepared in air. [b] Experiments 4 and 5 were run with 1 equiv. (relative to 12) of D,O at 80 °C (bath temp.) in a J. Young

NMR tube under reduced pressure after rigorous degassing.

acetone 2-propanol
Ph Ph Ph Ph Ph
Phﬁo H,0 ;@>—OH E?fo €O
PR Ph TN P + P TS, oo 2
,Fe coO oc—Fe\ Oc—Fe
N 2 i 17N
OC¢ G, ¢ H oc U
12( 13 14
OH,
H.
O O

7
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Scheme 5. Proposed mechanisms for alcohol oxidation with catalyst precursor 12.
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tope effect (determined as above through 20% conversion
at 50 °C) of 3.6(9) indicates that C—H bond cleavage occurs
in the rate-limiting step. The relative facility of oxidation of
6b relative to 6a is consistent with the view that this cleav-
age is an electrophilic event, as is observed in the ruthenium
system. To the extent that direct comparison is possible,
iron-based system 12 is slower than ruthenium-based sys-
tem 1. In both cases, we perceive that the active catalytic
species is a dicarbonyl(cyclopentadienone)metal complex
(14 or 3) and that hydride abstraction by that species is rate-
determining. For alcohol 6a, we observe an initial turnover
frequency of 7.8(1)h! for ruthenium (1-based) and
0.10(1) h™! for iron (12-based) under analogous conditions.
Although we believe that this reflects the relative energetics
of hydride abstraction, an induction period for the initiation
of 12 cannot be excluded.

Because complexes 11 and 12 are coordinatively satu-
rated species (18 electrons), these are most likely precursors
that enter a catalytic cycle by ligand dissociation. We per-
ceive based on previous literaturel!’?! that the mechanism
of activation involves hydrolysis of one CO ligand to give
CO, and intermediate 13 (Scheme 5). Thermal or photo-
chemical dissociation of CO from 12 (highlighted in gray)
is also a possibility. Once initiated, we believe that this
mechanism proceeds analogously to Scheme 2.

Conclusions

Herein we describe mechanistic paradigms regarding the
oxidation of alcohols with cyclopentadienone-ligated metal
catalysts that are a key to our ongoing program in directed
hydride abstraction: alcohol oxidation by 1 is a directed hy-
dride abstraction, and even with an oxidant as weak as ace-
tone, and under these mild conditions re-oxidation of inter-
mediate ruthenium hydride 2 is rapid relative to k,. We also
find that substituting even one phenyl group on parent
complex 1 significantly attenuates the oxidation reactivity.
Using these insights we have discovered a rare example of
C-H oxidation that occurs at a (formal) iron(0) center
within the ligand-metal bifunctional scaffold. This offers
significant potential advantages over ruthenium, such as
cost, toxicity, and environmental impact. Further studies re-
garding directed hydride abstraction reactions are ongoing
in our laboratory.

Experimental Section

General: General procedures and instrumentation are defined fully
in the Supporting Information. Preparative details for all other ma-
terials and graphical '"H NMR spectra are provided in the Support-
ing Information. [Dg]Benzene was vacuum-distilled from sodium/
benzophenone ketyl for kinetics experiments. [Dg]Acetone was use
as received from Alfa Aesar. Shvo’s catalyst (1) was purchased from
Strem and used as received. Pentacarbonyliron(0) [Fe(CO)s] and
nonacarbonyldiiron(0) [Fe,(CO)o] were purchased from Strem, ma-
nipulated under air-free conditions and protected from light.
Benzoquinone was recrystallized from ethanol and used as a yellow
crystal. Alcohols 6a—d were purchased from common suppliers and
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distilled on a small scale immediately prior to use. Compound 9a
is commercially available, and compounds 9b-e are known.!'!
Spectroscopy and data: NMR spectra were measured with a Varian
Mercury 400 NMR spectrometer. NMR spectroscopic data were
processed and analyzed with Varian vomr 6.1c or Acorn NMR
NUTS. Spectra acquired for kinetics analysis were taken with a 5's
pulse sequence (> 5X T'1). Charts and graphs were generated with
Synergy Software KaleidaGraph 4. Error values were calculated
and propagated by using traditional methods.

Kinetics: Sample procedure: A standard solution of Shvo’s catalyst
1 (700 uL, 1.5mm 1, in [Dglacetone) was added to an oven-dried
screw-cap NMR tube. No further precautions were taken to ex-
clude air or water. The sample was placed into the NMR spectrom-
eter pre-warmed to 323(1) K, and 10.2 pL (1.01 mmol, to make
120 mM, 2.5 mol-% Ru atom) of alcohol 6a was added by syringe,
and timing begun. The tube was reinserted into the NMR spec-
trometer. Integrations were recorded in comparison to a 1,2-dichlo-
roethane (4.7 uL) internal standard. Kinetic constants (pseudo-first
order k,,s) were determined by statistical agreement of ks values
measured individually for aryl, methyl, benzyl (6a), and isopropyl
C-H signals in multiple runs. Air sensitivity: For the case of ruthe-
nium complexes, independence of rate from air and water exposure
was verified by side-by-side runs conducted in [Dg]benzene with
benzoquinone. One was prepared from solvent distilled from so-
dium/benzophenone ketyl and manipulated under air-free condi-
tions, and the other was prepared with commercial materials on
the bench top. Rate constants observed in these experiments were
identical within error. This was not repeated in [Dglacetone because
anhydrous acetone is known to undergo dehydrative dimeriza-
tion.”!l Kinetic isotope effects: Internal competition KIEs (ky/kp)
were measured by comparison of [benzaldehyde] and [[D]benzalde-
hyde] as observed in '"H NMR integrations for benzaldehyde and
[D]benzyl alcohol. For catalyst 1, 25 points throughout the first
40% of conversion were used. For complex 12, 4 points through
20% conversion were used. Error was calculated as the standard
deviation of these measurements. To insure comparability of inte-
grations, spectra were acquired with a calibrated 90° pulse, 5 s ac-

Table 4. Kinetic dependence on [1] as shown in Figure 1 (left).

Entry [1] [mm] kops (X105 In 1] In (kops)
1 1.50 7.55(26) 650  —9.49(3)
2 2.90 11.1(1) 584 —9.11(1)
3 4.50 11.6(1) 540 —9.06(1)
4 6.50 14.1(1) 504 -8.87(1)

Table 5. Kinetic dependence on [acetone] as shown in Figure 1
(right).

Entry [acetone] [M] kops (X105
1 13.6 (100 vol.-%) 7.55(26)
2 10.2 (75 vol.-%) 6.74(58)
3 6.80 (50 vol.-%) 6.12(12)
4 3.40 (25 vol.-%) 5.82(13)

Table 6. Data for Hammett plot (Figure 2).

Entry  Alcohol: R all kops (X105s) In (kops)
1 6b: OMe  —0.268(77) 12.8Q2) 0.228(15)
2 6e:Me  —0.170(46) 11.002) 0.164(17)
3 6aH 0.000(34) 7.55(26)  0.000(20)
4 6d: F +0.062(66) 6.53(11) —0.063(32)
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quisition time, and 45s pulse delay. A control spectrum of
[Hg]benzaldehyde showed < 5% error in 'H integrations under
these conditions (Tables 4, 5, and 6).

Preparative Details: Sample procedure of the oxidation of 1-pheny-
lethanol: 1 (21.7 mg, 20.0 umol), acetone (3 mL), and 6a (121 pL,
1.00 mmol) were combined in a test tube with a stir bar. The re-
sulting solution was subjected to reflux for 2 d, and the reaction
mixture was cooled to room temperature, concentrated, and puri-
fied by flash column chromatography to afford 7a (118 mg, 97%)
as a colorless liquid.

Synthesis of 11: By cannulation, a 25 mL solution of 10% (0.42 g,
2.00 mmol) in NEt; was added to a 25 mL solution of 4-iodotol-
uene (1.09 g, 5.01 mmol), [PdCI,(PPhs),] (0.03 g, 0.04 mmol), and
[Cul] (0.02 g, 0.10 mmol) under nitrogen. The mixture was stirred
at room temperature for 18 h at which time all volatiles were re-
moved under reduced pressure. The resulting oil was dissolved in
CH,Cl, and washed once each with ca. 20 mL of Na,S,0; solution
and brine, respectively. The organic layer was then dried with
MgSO,. Upon removal of all volatiles under reduced pressure, a
golden-colored oil resulted. The oil was dissolved in 20 mL of hex-
anes and placed in a —15 °C freezer overnight. The product was
isolated and recrystallized from hexanes resulting in 0.37 g (57%
yield) of off-white crystals of 10a; m.p. 68-71 °C. '"H NMR ([D]-
chloroform, 400 MHz): § = 7.28 (d, *Jyu = 7.5 Hz, 4 H, Ar-H),
7.09 (d, 3Jgu = 7.5 Hz, 4 H, Ar-H), 3.80 (s, 6H. OCH3), 3.26 (s, 4
H, CH,), 2.34 (s, 6 H, CH;3) ppm. '3C NMR ([D]chloroform,
100 MHz): 6 = 169.5 (2 C), 138.2 (2 C), 131.6 (4 C), 129.0 (4 O),
120.0 (2 C), 83.9(2C),83.2(2C), 57.3,53.1(2C),239(2C), 21.5
(2 C) ppm. FTIR (NaCl): v = 3291 (w), 3030 (w), 2954 (m), 2923
(w), 1743 (s), 1734 (s), 1511 (s), 1436 (m), 1327 (m), 1294 (m), 1263
(m), 1212 (br., s), 1107 (w), 1076 (m), 1058 (m), 1022 (w), 991 (w),
943 (w), 853 (w), 817 (s), 668 (w) cm'. CpsH,404 (388.46): caled.
C 77.30, H 6.23; found C 76.73, H 6.11. The reaction was run
air-free in a method similar to that described by Pearson et al.['®]
Specifically, 10a (0.11 g, 0.27 mmol) was dissolved in 600 mL of
toluene (distilled from calcium hydride) in a 50 mL Strauss flask
equipped with a stir bar. Next, [Fe(CO)s] (0.22 mL, 1.63 mmol),
previously degassed with N, was syringed into the flask. The flask
was then flushed three times with CO gas and tightly sealed and
placed into a 110 °C oil bath for 4 d. All volitales were then re-
moved under reduced pressure, resulting in the crude product as a
powdery solid. The solid was treated with warm hexanes and fil-
tered, resulting in 80 mg (55% yield) of pure 11 as a mustard-yellow
solid; decomposition 201-204°C. 'H NMR ([D]chloroform,
400 MHz): 6 = 7.94 (d, 3Jyu = 7.9 Hz, 4 H, Ar-H), 7.23 (d, 3Jy.n
= 7.5Hz, 4 H, Ar-H), 4.22 (d, 2J . = 16.6 Hz, 2 H, CH>), 3.52
(d, 2Jgn = 16.6 Hz, 2 H, CH,), 3.92 (s, 3 H, OCH3), 3.89 (s, 3 H,
OCH3), 2.38 (apparent s, 6 H, CH3) ppm. FTIR (NaCl): ¥ = 3437
(br., s), 2067 (s), 2029 (m), 1987 (s), 1739 (m), 1653 (m), 1645 (m),
1623 (s), 1309 (w), 1260 (w), 1206 (w), 1189 (w), 1166 (m), 1134
(w), 1050 (w), 872 (w), 822 (m), 752 (w), 732 (w), 711 (w), 615 (m),
588 (w), 568 (w) cm!. CyH,4FeOg (556.34): caled. C 62.61, H,
4.35; found C 62.76, H 4.35.

Supporting Information (see footnote on the first page of this arti-
cle): Complete general procedures, details of kinetics analysis (in-
cluding graphical spectra), preparative details and graphical spectra
for new compounds, and line-listed X-ray crystallographic data for
11.
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Spin-Crossover 2D Metal-Organic Frameworks with a Redox-Active Ligand:
[Fe(ttf-adpy),M(CN)4]-nH,O (ttf-adpy = 4-Tetrathiafulvalenylcarboxamido-
pyridine; M = Ni, Pd, Pt)
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A new ttf (tetrathiofulvalene) ligand containing an amidopyr-
idine moiety was synthesized and characterized. The electro-
chemical study of the 4-tetrathiofulvalenylcarboxamido-
pyridine (ttf-adpy) ligand showed two reversible oxidation
processes at E'y,, = 0.08 V/Fc*-Fc and E",,, = 0.26 V/Fc*-
Fc. The crystal structure of [(ttf-adpyH),Pt(CN)4] (1) was
solved at 293 K, where 1 displays the triclinic space group
P1. The ttf-adpyH* molecule is planar, and the bond lengths
within the ttf core are in the usual range for neutral ttf moie-
ties. The ttf-adpyH* molecules and the [Pt(CN),]?>~ anions or-
ganize in a three-dimensional network by means of hydro-
gen bonds and short S---S contacts. In the network, the ttf—
adpy molecules order following the pattern -D-A-D-A- (D =
donor, pyridine; A = acceptor, ttf moieties). Reaction of the
Fe(BF,),-6H,0 salt, ttf-adpy ligand and the [M(CN),4]*" coor-
dinating counterions led to the 2D Hofmann-like polymers
{Fe(ttf-adpy).[M(CN),]}-nH,0 [M = Ni'; n = 1.5 (2), 0 (5); PA™;

n=2(3),0 (6); Pt n =2 (4), 0 (7]. A 2D structure for 2-7
was proposed on the basis of analytical data. Compounds 2—
4 present a complete thermally induced two-step spin transi-
tion. It is observed in the temperature interval from 100 to
200 K for 2; whereas for 3 and 4 it occurred in the interval of
200-250 K. The spin-transition properties of 2-4 were found
to be strongly dependent on the water content, as non-
hydrated materials 5-7 are paramagnetic in the studied tem-
perature range (5-350 K). The thermodynamic parameters
associated with the spin transition estimated from DSC
measurements are: AH; = 5.7 kJmol™ (3), 6.2 kJmol" (4),
AH, = 6.5kJmol™ (3), 7Z.2 kJmol™ (4) and AS; = 24 JK'mol*!
3), 26.6JK'mol? (4), AS; = 304JK'mol! (3) and
32.8 JK'mol'(4).

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

Electrical conductivity is a fundamental property of mat-
ter that is currently being investigated with respect to mo-
lecular science. Since the discovery of electrical conductivity
in perylene bromide,!"! considerable effort has been invested
to obtain high 7, superconductors based on organic!?! and
organometallic charge-transfer complexes and radical-ion
salts.3-31 Presently, the trend in the field of molecular con-
ductors aims towards the design of multifunctional materi-

[a] Institut de Ciéncia Molecular (ICMOL)/Departament de
Quimica Inorganica, Universitat de Valéncia, Edifici de Insti-
tuts de Paterna,

Apartat de Correus 22085, 46071 Valéncia, Spain

[b] Departament de Fisica Aplicada, Universitat Politécnica de
Valéncia,

Cami de Vera s/n, 46022 Valencia, Spain

[c] Departament de Quimica Organica, Facultat de Farmacia,
Avd. Vicente Andrés Estellés s/n, 46100 Burjassot, Valéncia,
Spain

[d] Facultad de Quimica, Departamento de Quimica Inorganica,
Universidad Nacional Autébnoma de México,

Av. Universidad 3000, México, D.F. 04510, México

& Supporting information for this article is available on the

WWW under http://www.eurjic.org or from the author.

Eur. J. Inorg. Chem. 2009, 303-310

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

als combining in a synergetic fashion a second interesting
physical property®>! [i.e., spin crossoverl® (SCO), optical
or magnetic propertiest*l]. The tailoring of this kind of mo-
lecular materials represents a challenge for synthetic chem-
ists due to the difficulties found in controlling the self-as-
sembly of the molecular building blocks.

The spin-crossover phenomenon is one of the best exam-
ples of molecular bistability.[! SCO materials display labile
electronic configurations that can switch between the high-
spin (HS) and low-spin (LS) states leading to distinct
changes in magnetism, colour and structure, which may be
driven by variations in temperature and/or pressure and by
light irradiation (LIESST effect).l”! Their magnetic, optical
and structural properties may be altered drastically in a nar-
row range of temperatures and/or pressures for cooperative
spin transitions. Cooperativity may be accompanied by hys-
teresis (memory effect) when the cohesive forces communi-
cating between the SCO centres in the solid state propagate
the structural changes cooperatively throughout the whole
lattice. A crossover between the HS and LS configurations
occurs when the change in the Gibbs free energy AGy; =
Gys — Gy 1s in the range of thermal energy.
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With regard to the combination of spin-crossover and
electrical conductivity properties in a single material, two
different synthetic approaches can be underlined. From one
side, the assembly of switchable molecular spin-crossover
building blocks with radical ionic salts has recently been
proposed as a strategy to tune the conducting properties by
acting on the bistable cation.®-!% This strategy has already
led to some interesting results, such as, the {[Fe(sal,-trien)]-
[Ni(dmit),]5}®  and  {[Fe(gsal),]J[Ni(dmit),];}*CH;CN-
H,OP! salts obtained from electrolysed solutions of
{[Fe(sal,-trien)][Ni(dmit),]} and {[Fe(gsal),][Ni(dmit),]}-
2CH;CN, respectively. The cationic units undergo coopera-
tive SCO behaviour and the [Ni(dmit),]>~ layers enable elec-
tron transport. At room temperature, the electrical conduc-
tivity of these molecular compounds is 0.20 and 2.0 Scm™!,
respectively. Another achievement in this research line is
represented by {[Ni(dmit),]s[Fe(salEen),],}-6CH;CN,1% a
fractional oxidation state complex, which behaves like a
semiconductor and exhibits a gradual but complete spin
transition between 300 and 4 K. However, to the best of our
knowledge no interplay/synergy was observed between the
physical properties gathered in these molecular materials.

Another approach currently under investigation in this
context consists of a covalent linkage of paramagnetic
metal ions to redox-active ligands. The association of re-
dox-active moieties and heteroatom-based ligands capable
of coordinating to the metallic centre provides a novel per-
spective for the modulation of collective electronic proper-
ties of the resulting bifunctional material.[''] The suitability
of the ligand bedt-ttf-bipy [4,5-ethylenedithio-4',5'-(4’-
methyl-2,2'-dipyrid-4-ylethylenedithio)tetrathiafulvalene] to
induce spin-crossover behaviour in Fe'' compounds was in-
vestigated by Ouahab and coworkers.'?! In the synthesized
compound, [Fe(bedt-ttf-bipy),(NCS),], no spin-crossover
behaviour was observed. Approximately 50 % of the iron(II)
ions are in the LS state at 300 K, whereas the rest remains
in the HS state in the range of temperatures investigated (5—
300 K).

Taking into account the well-known suitability of pyr-
idine and pyridine-substituted ligands to induce a crystal
field strength around the iron(II) centre near to the cross-
over point,[®1416] we decided to investigate the suitability
of the ligand ttf-adpy (4-tetrathiofulvalenylcarboxamido-
pyridine) for the synthesis of Fe' metal-organic frame-
works with spin-crossover properties. In this contribution
we shall present a detailed study of the synthesis and char-
acterization of the new ligand ttf~adpy (Scheme 1), as well

OOH NH

S i) thf, EtzN (1.3 equiv.), dbop (1.3 equiv.)
ii) 4-aminopyridine (1 equiv.), reflux, 24 h —

\ /S ttf-adpy

Scheme 1. Synthesis of the ttf~adpy ligand.
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as the synthesis and physical characterization of a novel
family of Hofmann-like spin-crossover polymers obtained
by self assembly of the Fe(X), salt, the ttf-adpy ligand and
[M(CN),]J* coordinating counterions. The general formula
of these polymers obey to {Fe(ttf—adpy),[M(CN),]}-nH,O
M =Ni; n=1.5(2),0(5); Pd"; n =2 (3), 0 (6); Pt"" n =
24,0 (7).

Results and Discussion

The synthesis of the ttf-adpy ligand was performed by
following the procedure shown in Scheme 1 by coupling
ttfCOOH with 4-aminopyridine with the use of dbop as a
catalyst. Further details concerning the synthesis are given
in the Experimental Section.

Electrochemistry of the ttf—adpy Ligand

The electrochemical study of the ttf-adpy ligand is pre-
sented in Figure 1 and in the Supporting Information. The
study was performed by dissolving 1.57 mg of the ttf~adpy
ligand in dmso (spectroscopic grade) and by using tetrabu-
tylammonium hexafluorophosphate (0.1 M) as the electro-
lyte on a glassy carbon electrode. The typical voltammog-
rams for ttf—adpy when the potential scans were started in
the negative and positive directions present differences (Fig-
ure S5a, Supporting Information). Therefore, the oxidation
processes were investigated in the potential interval between
-0.86 and 0.74 V. Analysis of the different inverse anodic
potentials for the ttf-adpy ligand (Figure S5b, Supporting
Information) allows the half-wave potentials for this system
to be evaluated:

ttf-adpy — ttf-adpy™* + le~ first oxidation, E'y/, = 0.08 V/Fc*-Fc
ttf-adpy* — ttf-adpy** + le~ second oxidation, E'';,, = 0.26 V/
Fc*-Fc

ttf-adpy + ttf-adpy*™* — 2 ttf-adpy* comproportionation, E' |/, =
0.08 < E'\,, =026V

80 ,
; v=0010Vs” |
704 -~ v,=0.020Vs”" ‘
60| v,=0.030Vs™
50 v,=0.100V's™
------- v,=0.200V's™ lla
< 0 v, = 0.300V s~ -
; 304 - -v,=0.500Vs™
20 v,=0.750 V' s™'
v,=1.100Vs™
10+
04
-10
Ic
T T T T T T T

— T T T T T T T T T 7
10 -08 -06 -04 -02 00 02 04 06 08
E/V (FS—Fo)

Figure 1. Cyclic voltammograms of the ttf-adpy ligand recorded in
dmso.
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In addition, the electrochemical study was performed at
different scan rates (Figure 1). This study confirmed that
both oxidation steps are reversible and associated to Ia—Ic
and Ila-IIc processes, respectively. The characteristics of
the oxidation and reduction peaks in the second process
suggest that a chemical reaction is connected with the prod-
uct of the second oxidation (ttf~adpy™™). Unfortunately, we
do not have sufficient information to propose anything
more specific. From this study it is concluded that the ttf—
adpy ligand is more prone to oxidation than the ttf-based
ligands reported by Batail and coworkers.'!l Indeed, the
oxidation potentials for the first and second processes are
0.67 and 0.92 V/IF."F,, respectively, for the tightly related
ligand edt-ttf-CONH-p-py [= 4,5-ethylenedithio-4'-(p-pyr-
idylcarbamoyl)tetrathiafulvalene]. Most likely, these differ-
ences stem from the ethylenedithio moiety attached to the
ttf=CONH-p-py group, which protects it from oxidation.
However, we have to be careful with this comparison, as
Batail and coworkers!'!! do not give details of the experi-
mental conditions employed, and this prevents knowing
how they used the saturated calomel electrode (ECS). This
can provoke a small variation in the “real” potentials of
approximately 20-40 mV. Anyhow, this difference is much
smaller than the difference observed between the oxidation
potentials measured for the ttf-adpy and edt-ttf-CONH-p-
py ligands and confirms that the former is more easily
oxidized than the latter.

UVIVis Spectrum of ttf—adpy

The UV/Vis spectrum of ttf-adpy was recorded at 293 K
in different solvents: CH;CN, CH3OH and dmf. The spec-
tra reveal mainly three peaks independent of the solvent
used: one has a low intensity band at low energy (440 nm),
whereas the other two appear at higher energies (315 and
290 nm) and show strong intensities (Figure 2). The spectra
obtained are in reasonable agreement with that observed
for the ttf molecule in cyclohexane.['3] The band observed
at 440 nm corresponds to the lowest allowed transition (n—

2.5

1.5 TTF_adpy

Abs/a.u.

0.5

T T T T T T T
280 320 360 400 440 480 520
Alnm

Figure 2. UV/Vis spectra of the ttf-adpy ligand recorded in
CH;CN (black line), CH;O0H (grey line) and dmf (dashed grey
line).
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o). MO calculations for the ttf molecule indicate that the
next band in order of increasing energy should be a weak
n—o transition. The spectrum of ttf-adpy, as well as that of
ttf, show that this weak n—c transition (368 nm) lies on the
tail of the band as a result of the n—m transition being lo-
cated at 315 nm for the ttf-adpy ligand (317 nm for ttf).
The next allowed n—m transition presumably corresponds
to the maxima observed at 290 nm for the ttf-adpy ligand
(303 nm for ttf). Further allowed m—= transitions fall out of
the UV/Vis energy range and are not seen in the spectra.

Crystal Structure of [(ttf—adpyH),Pt(CN)4] (1)

The crystal structure determination was performed at
293 K for 1. At 293 K, 1 displays the triclinic space group
P1. A selection of crystallographic data and bond lengths
and angles is given in Tables 1, 2 and 3. An ORTEP dia-
gram of 1 with the corresponding atom numbering scheme
is shown in Figure 3. The unit cell contains two molecules
of ttf-adpyH* and one [Pt(CN),]> group. The ttf-adpyH*
molecule is planar with dihedral angles @, ¢, 6, and 05
equal to, 2.30(7), 5.89(8), 1.3(3) and 3.1(2)°, respectively
(Scheme 2). Bond lengths within the ttf core are in the usual
range for neutral ttf moietiest!!"!7! (Table 1). An illustration

Table 1. Geometrical characteristics of the ttf core in 1 at 293 K.

C=C Bond lengths / A

C6-C5 1.334(9) C2-C1 1.297(13)
C3-C4 1.338(9)

C-S Bond lengths / A
S4-C6 1.756(6) S3-C5 1.719(7)
S4-C4 1.758(6) S3-C4 1.756(7)
S1-Cl1 1.745(9) S2-C2 1.735(9)
S1-C3 1.766(6)

Table 2. Selected bond lengths and angles for 1 at 293 K.
Bond lengths / A

N1-C7 1.357(8) Cl1-C12 1.364(10)
NI1-C8 1.383(8) C8-C12 1.400(9)
C8-C9 1.397(8) Pt-Cl13 2.003(7)
C10-C9 1.373(9) Pt-Cl14 1.995(7)
N2-C10 1.326(9) Cl14-N4 1.144(9)
N2-C11 1.335(9) CI3-N3 1.151(9)
Bond angles / °

0O1-C7-N1 123.7(6) C5-C6-C7 129.4(6)
01-C7-Cé6 118.9(6) C7-N1-C8 127.1(5)
N1-C7-C6 117.4(5) C13-Pt-Cl14ial 90.5(3)

[ali=2~-x, -y, —=z.

Table 3. Intermolecular contacts (A) for 1 at 293 K.

NI-N3 3.194(8)
N2 Ndi:i=1-x1-y = 2.791(9)
O1-CY:ii=1-x1-pn1-z  3.260(8)
O1-ClOi:ii=1-x1-pn1-z 3.1289)
$3-S3iiii=2 x, y- 1,1 -z 3.51202)

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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of the crystal packing of 1 in the yz plane is shown in Fig-
ure 4. Table 3 gathers the most representative intermo-
lecular distances. The ttf-adpyH* molecules and [Pt-
(CN),J> anions organize in a three-dimensional network

Figure 3. ORTEP diagram of [(ttf~adpyH),Pt(CN),] (1) at 293 K
with the corresponding atom numbering scheme. Displacement el-
lipsoids are shown at the 50% probability levels.

(o "y
\E>=<ijfL “
O
0, AN

Scheme 2. Intramolecular dihedral angles of the ttf-adpy ligand.

(@)

through hydrogen bonds and short S-S contacts. Infinite
chains of the ttf-adpyH* molecules running along the y
axis are sustained by hydrogen bonds and short S---S con-
tacts (Figure 4a,b). The chains are organized in such a way
that the ttf-adpyH™ molecules stack in a “head-to-tail”
fashion along the x axis thereby forming an infinite stable
two-dimensional -D-A-D-A- array (D = donor, pyridine; A
= acceptor, ttf moieties). The shortest interactions between
the ttf-adpyH* molecules are OIl-+-H(C9) 3.260(8) A,
O1-+H(C10) 3.128(9) A and S3-+S3 3.512(2) A. In addition,
hydrogen bonds are present between the N1 atom of the
amide groups of the ttf-adpy ligand and the N3 and N4
atoms of the [Pt(CN) > groups [NI1--H(N3) 3.194(8) A
and N2--H(N4) 2.791(9) A]. These intermolecular contacts
together with those previously mentioned lead to the for-
mation of a three-dimensional network (Figure 4c). In con-
trast, the crystal packing of the edt-ttf~-CONH-p-py ligand
consists of a one-dimensional infinite chain of molecules
sustained by a hydrogen bond defined by CO---H-C and
donor-acceptor electrostatic interactions leading to an infi-
nite stable -D-A-D-A- assembly.

IR Spectroscopic Study of 27

The information about the coordination mode of the
[M(CN),J> groups and the ttf-adpy ligand in complexes 2—
7 can be derived directly from the IR spectra measured at
room temperature. For compounds 24 the IR spectra are
given in Figure S3 (Supporting Information). Those corre-
sponding to 5-7 are not given, because they match the IR
spectra of their respective hydrated form. For the noncoor-
dinated ttf-adpy ligand, a band at 1640 cm™' assigned to
the C=N bond stretches of the ring is observed. It is shifted
to the high-frequency region in the case of coordination.
Indeed, the value of this band in coordination polymers lies

Figure 4. (a) View of the -D-A-D-A stack of ttf~adpy molecules along the y axis; (b) packing along the x axis; (c) view of the crystal
packing of 1 in the yz plane. Intermolecular contacts are plotted as dash lines, S++S; O---C and N---N.
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typically 15-30 cm™! higher relative to that of the free li-
gand, and for compounds 2-4 these bands are observed at
1670, 1672 and 1672 cm™!. For the [M(CN)4]>" groups, it is
a common observation that the vibrational frequency asso-
ciated with the stretching mode of the cyanide bridge is
above that of the corresponding terminal cyanide (2120—
2130 cm ™!, noncoordinated). In fact, for compounds 24 it
appears at 2155, 2160 and 2158 cm™'.

X-ray Powder Diffraction of 2

X-ray powder diffraction patterns (XRPD) for 2-4 were
recorded at 293 K (Figure S6, Supporting Information).
Compounds 2-4 have very similar profiles, where the repre-
sentative peaks are as follow: 20: 5.08, 10.31, 12.13, 15.50,
16.83, 17.85, 19.71, 22.90, 23.88°. From these XRPD pro-
files one can conclude that compounds 3 and 4 are iso-
structural, whereas the structure of 2 must be closely related
to them. Taking into account the analytical data [IR, en-
ergy-dispersive X-ray microanalysis (EDXA) and CHN
analysis] of compounds 2-4 it is reasonable to propose a
similar 2D structure as reported for {Fe(py),[M(CN)4]} (py
= pyridine, M = Nill,[14a] pgll [14b] ptlL:[140] gee the Support-
ing Information, Figure S7). It consists of two-dimensional
extended metal cyanide sheets constructed by the alternate
linkage of square-planar M'" (Ni, Pd or Pt) and octahedral
Fe!' ions through cyano bridges. The Fe'l ion is coordinated
in an octahedral fashion by four terminal N atoms of the
cyano groups and two N atoms of two py ligands in a trans
configuration.['¥]

Magnetic Properties of 2-7

The magnetic data expressed in the form of yp7T vs. T,
where yy; is the molar magnetic susceptibility and 7 the
temperature, is shown in Figure 5 for compounds 2-7. The
temperature dependence of the magnetic susceptibility was
recorded on microcrystalline samples over range from 300
to 5K in a field of 1 T at a rate of 1 Kmin!. At 300 K, the
amT value is 3.72 (2), 3.60 (3) and 3.75 (4) cm?*Kmol !,
which is in the range of values expected for an Fe!l ion in
the HS state. For 2, this value is practically temperature
independent between 300 and 185 K. Then, below 185 K it
decreases abruptly and reaches a plateau centred at around
2.13 cm*K mol™! in the temperature range 164-141 K, over
which y\T varies smoothly. The y\7 value in this flat re-
gion corresponds to about 50% of the complete spin transi-
tion taking place in two differentiated steps. The first step
has a characteristic temperature 7;,,' = 172 K (T, and T,
are the characteristic temperature at which the number of
molecules in both spin states is equal, 7, is used in the
case of second-order phase transitions and T for first-order
phase transitions). Below 7' = 140 K, a second drop in the
value of yy T centred at T),,> = 110 K is observed; this cor-
responds to a second spin transition that is much more con-
tinuous than the first one. The two-step spin transition ob-
served in 2 can be considered practically complete as far as
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the ymT value at 5 K is 0.50 cm*K mol ™. In the warming
mode, the temperature dependence of yy;7 matches that of
the cooling mode.

4.
3.54
] ]
2.5 9 2
2]
1.5

XuT/cm® K mol™

14
0.5

0 50 100 150 200 250 300

T/K

xuT /cm® K mol™

0 50 100 150 200 250 300
T/K

XxuT / cm® K mol™

0 50 100 150 200 250 300
T/K

Figure 5. Temperature-dependent magnetic susceptibility measure-
ments for 2-7 at atmospheric pressure (rate of measurements:
1 Kmin™).

Like 2, compounds 3 and 4 undergo a two-step spin tran-
sition but at higher temperatures. The first spin transition
is more abrupt than the second one for both compounds
being centred in the cooling mode at 7't = 228 K [T.2}
=197K](3) and T,'} =228 K [T.2} =202 K] (4). In con-
trast to that observed for 2, the plateau region between the
two spin transitions is less pronounced for 3 and 4. The
xm T values found for 3 and 4 at low temperature (5 K) are
equal to 0.48 (3) and 0.46 (4) cm?K mol™!, which indicate
that the S = 2 «> S = 0 transition is practically complete.
The temperature dependence of the magnetic susceptibility
recorded in the warming mode denotes a very narrow hys-
teresis that is 2 K in width for both 3 and 4.

The magnetic properties of dehydrated complexes 5-7
were investigated (Figure 5). Dehydration of the complexes
is complete at 350 K as TGA analysis confirms (Figure S4,
Supporting Information). However, after dehydration com-
pounds 5-7 lose crystallinity, which is recovered after rehy-
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dration. The dehydration/hydration is a reversible process,
as compounds 2-4 are recovered after compounds 5-7 are
suspended in water for 1 d. The samples were heated from
300 to 350 K and then kept at this temperature for 15 min
in the SQUID magnetometer under vacuum. Subsequently,
the magnetic susceptibility of the dehydrated samples was
recorded from 300 down to 5 and up to 300 K. The tem-
perature dependence of the magnetic susceptibility of com-
pounds 5-7 shows a paramagnetic behaviour in the whole
temperature range under study. At 300 K, the y\T value is
3.72 (5), 3.60 (6) and 3.75 (7) cm® K mol~! and remains con-
stant down to 100 K, where it diminishes most probably
due to zero-field splitting of the S = 2 spin state of the Fe!!
ions and/or intermolecular antiferromagnetic interactions.

Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) measurements
for 3 and 4 were carried out in the 170-300 K temperature
range at a rate of 5 Kmin!. Due to the low temperature of
the spin transition of 2, we were not able to record the com-
plete DSC profile, because the lower working temperature
of the DSC setup is 120 K. The thermal dependence of the
anomalous heat capacity, ACp, obtained from DSC mea-
surements is shown for 3 and 4 in Figure 6. For 3, anoma-
lies in the heat capacity appear in the cooling mode at 7,'
=236 K and at 7.2} = 213 K. In the warming mode, the
anomalies in ACp appear at different temperatures, denot-
ing that the spin transition is accompanied by a few Kelvin
hysteresis width (7! T =239 K and at 7.2 T = 215 K). These
values agree reasonably well with those observed from the
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Figure 6. DSC measurements performed at a rate of 5 Kmin ' for
3 and 4.
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ymT vs. T plot. Compound 4 exhibits anomalies in the heat
capacity at T,' V =233 K, 7.2} =216 K, T.' T =237 K and
at 7,21 =219 K, which are comparable with those obtained
from magnetic data. The small differences in critical tem-
peratures between the DSC and magnetic data have their
origin in the different rate at which the experiments were
done. Table 4 summarizes the derived thermodynamic pa-
rameters AHgco and ASsco for compounds 3 and 4; the
values obtained are in the range of the values expected for
spin transitions in Fe!' compounds.[®!8]

Table 4. Thermodynamic parameters AH and AS for 3 and 4 de-
duced from DSC analysis.

AH / kJmol! AS / JK 'mol!
AH] AHZ AS] ASz
3 5.7 6.5 24 30.4
4 6.2 72 26.6 32.8
Conclusions

In this contribution we reported the synthesis of the re-
dox-active ttf-adpy ligand and demonstrated its suitability
in combination with the [M(CN,)]>~ coordinating counteri-
ons for the synthesis of Fe" metal-organic frameworks ex-
hibiting spin-crossover properties. Although many attempts
were performed to obtain single crystals of the {Fe(ttf-
adpy),[M(CN),]}-nH,O polymers, all were unsuccessful. H-
shaped tube slow diffusion experiments resulted in the for-
mation of microcrystalline powders of the polymers,
whereas 1 was accidentally obtained as a byproduct during
the synthesis of 4. Concerning the spin-transition behaviour
in the {Fe(ttf-adpy),[M(CN),]}-nH,O polymers, it is no-
ticeable that the water molecules contained in the lattice
plays a dominant role in defining the spin-crossover behav-
iour. Indeed, the hydrated polymers undergo relatively
abrupt two-step spin transition, whereas the nonhydrated
polymers are in the HS state in the temperature range inves-
tigated. This result is in agreement with the general obser-
vation for SCO compounds: stabilization of the LS state
through hydrogen bonding of the water molecule with the
ligand.[®] Most probably, this is the case for the polymers
under study, as the amide group of the ttf-adpy ligand is
prone to form hydrogen bonds. At variance with the pre-
cedent systems {Fe(py)-,[M(CN),]} (M = Nijll[14al pqll [14b]
Pt!114P]l) the spin transition is less cooperative in the ttf—
adpy-based polymers, because the distance between the 2D
sheets is longer and separated by flexible ttfCONH moie-
ties, which probably work as shock absorbers instead of
transmitters of the spin-transition structural changes. Thus,
cooperative intersheet interactions are less efficient.

A further step in this research is to achieve conductivity
in these SCO polymers. Ongoing work is focused on the
oxidation of the ttf moieties by using electrocrystallization
techniques and chemical agents.
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Experimental Section

Materials: Starting reagents and solvents were purchased from
commercial sources and used as received or dried in the case of
solvents.

Measurements: IR spectra were recorded at 293 K by using a Nico-
let 5700 FTIR spectrometer with the samples prepared as KBr
discs. Elemental analyses were done with an Elemental Analyzer
CE Instrument EA 1110 CHNS. '"H NMR spectroscopic measure-
ments were done with an Avance DRX Bruker 300 MHz spectrom-
eter. Mass spectroscopy was done with a Bruker Esquire 3000 ion
trap spectrometer. Microanalysis was done by using PV 9760
EDAX Microanalysis with a PHILIPS XL 30 ESEM scanning elec-
tron microscope.

Synthesis of ttf-adpy: To a mixture of 4-carboxytetrathiafulvalene
(ttfCOOH; 1¢g, 1equiv.), EtzN (0.733 mL, 1.3 equiv.) and di-
phenyl(2,3-dihydroxo-2-thioxo-3-benzoxazolyl)phosphonate (dbop;
1.84 g 1.3 equiv.) in dry thf (300 mL) was added 4-aminopyridine
(0.379 g, 1 equiv.). The final mixture was heated at reflux for 24 h
and then filtered to eliminate solid impurities. The solvent was
evaporated under reduced pressure. The obtained dark brown oil
was dried under vacuum (102 Torr) for 4 h. H,O (300 mL) was
poured over the dry thick brown oil, and the mixture was sonicated
(5X 15 min). The resulting crude precipitate was filtered, washed
with water and dried under vacuum. The crude was then dissolved
in dmf (100 mL) and H,O (ca. 1 L) was poured onto this solution
to precipitate the pure ttfadpy ligand. The product was filtered,
washed with water and dried under vacuum. Yield: 998 mg (81%).
MS (EI): m/z (%) = 125.1 (96) [M]*, 108.1 (100) [M — O]*. 'H
NMR (300 MHz, [Dg]dmso): d = 10.57 (s, 1 H, NH), 8.45 (d, J =
6.25Hz, 2 H, PyH), 7.9 (s, 1 H, ttfH), 7.6 (d, J = 6.25Hz, 2 H,
PyH), 6.76 (s, 2 H, ttfH) ppm. FTIR (KBr): ¥ = 3523 [br., v(O-
H)], 3072, 3027 [v(CONH)], 1640, 1592 [v(C=N, Py)], 1519
[V(NH)], 1415 [v(C=C)], 1332, 1295 [v(Ca,N)], 1235, 1207 [v(CH,
Py)], 1090 [v(C=C, ttf)], 1001, 908 [v(CH, ttf)], 818 [v(CH, Py)],
773 [v(CH, ttf)], 714 [v(NH)], 649 [v(CC, ttf)], 569, 534 [v(ring vi-
brations)] cm™!'. C;,HgN,0S, (324): calcd. C 44.42, H 2.49, N 8.63,
S 39.53; found C 44.38, H 2.51, N 8.60, S 39.49.

Synthesis of [(ttf—adpyH),Pt(CN)4] (1): Compound 1 was obtained
as a byproduct in the synthesis of 4 in an H-shaped tube by the
slow diffusion method. A solution of Fe(BF,),:6H->O (0.06 mmol,
20.2 mg) and ttf-adpy (0.12 mmol, 38.9 mg) in N,N-dimethylform-
amide (1.2 mL) was placed in one side of the H-tube, while the
other side was filled with an aqueous solution of K[Pt(CN),]-H,O
(0.9 mL, 0.06 mmol, 22.6 mg). N,N-Dimethylformamide was used
as diffusion medium. Red crystals of 1 suitable for single-crystal
X-ray diffraction were obtained after 4 weeks together with a
microcrystalline powder of compound 4. Yield: 3 mg (8%).

General Procedure for the Synthesis of 2—4: To a constantly stirred
solution of K5[M(CN),] (0.075 mmol, 18.1 mg for Ni''; 21.6 mg for
Pd!; 28.3 mg for Pt"") under an argon atmosphere in H,O (10 mL)
was dropwise added a solution containing stoichiometric amounts
of ttf—adpy (0.15 mmol, 48.7 mg) and Fe(BF,),:6H,0 (0.075 mmol,
25.3mg) in MeOH (100 mL) over 12 h. Compounds 2-4 precipi-
tated as reddish-brown microcrystalline powders. The precipitates
were filtered off, washed with water and MeOH and dried in air.

[Fe(ttf-adpy),Ni(CN),-.SH,0 (2): Yield: 53.6 mg (76%). FTIR
(KBr): ¥ = 3077 [(C-H,); 2156 [\(C=N)]; 1670, 1591, 1508, 1421
[V(C=C, C=N)J; 1335, 1290, 1212 [v(C-N)]; 1035 [v(C—H in-plane];
827, 798, 779, 701, 656, 582, 535, 503, 435 [v(C—H out-of-plane]
cm . CogH oFeNgOs sPdSs (942.24): caled. C 35.69, H 2.03, N
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11.89, S 27.22; found C 35.64, H 2.01, N 11.90, S 27.25. EDXA:
Fe 9.800, Ni 9.7”0, S 80.5%.

[Fe(ttf—adpy),Pd(CN)4-2H,O (3): Yield 57.1 mg (80%). FTIR
(KBr): 3076 [v(C-H,)]; 2161 [v(C=N)]; 1672, 1591, 1509, 1424
[V(C=C, C=N)]J; 1333, 1290, 1212 [v(C-N)]; 1035 [v(C-H in-plane)];
828, 797, 778, 702, 655, 582, 534, 507, 418 [v(C-H out-of-plane)]
cm . CrgHogFeNgO4PdSs (951.24): caled. C 35.35, H 2.12, N
11.78, S 26.97; found C 35.31, H 2.08, N 11.81, S 27.01. EDXA:
Fe 9.900, Pd 9.90/0, S 80.2%.

[Fe(ttf—adpy),Pt(CN)4-2H,O (4): Yield 62.3mg (80%). FTIR
(KBr): 3076 [v(C—H,)]; 2158 [v(C=N)]; 1672, 1591, 1509, 1421
[v(C=C, C=N)]; 1333, 1291, 1211 [v(C-N)]; 1035 [v(C-H in-plane)];
828, 797, 778, 701, 654, 582, 534, 504, 459 [v(C-H out-of-plane)]
cm ! CogHygFeNgO4PtSy (1039.93): caled. C 32.34, H 1.94, N
10.77, S 24.67; found C 32.26, H 1.92, N 10.80, S 24.62. EDXA:
Fe 9.8%, Pt 9.9%, S 80.3%.

[Fe(ttf—adpy),Ni(CN)4] (5), [Fe(ttf—adpy),Pd(CN),] (6) and [Fe(ttf—
adpy),Pt(CN)4] (7): Compounds 5-7 were obtained by heating hy-
drated compounds 2-4 in an oven at 350 K for 30 min or in a
SQUID magnetometer from 300 to 350 K and then kept at this
temperature for 15 min under vacuum.

Physical Measurements: Variable-temperature magnetic suscep-
tibility measurements of samples 2-7 (20-30 mg) were recorded
with a Quantum Design MPMS2SQUID susceptometer equipped
with a 5.5 T magnet operating at 1 T and at temperatures from 1.8—
300 K. The susceptometer was calibrated with (NH4),Mn(SOy),*
12H,0. Experimental susceptibilities were corrected for diamagne-
tism of the constituent atoms by the use of Pascal’s constants. Elec-
trochemical measurements were carried out in a potentiostat-gal-
vanostate PAR model 263A, with a three-electrode system in a
0.1 m BuyN(PF) acetonitrile solution as the supporting electrolyte.
A carbon glass disc (0.071 cm?) was used as the working electrode,
a Pt wire as the auxiliary electrode and 0.1 M (BuyN)Br/AgBr(s)/
Ag was used as the reference electrode. The working electrode (C)
was polished with alumina to ensure the absence of residues on the
surface. All voltammograms were initiated from the null current
potential (E; = 0), and the scan was initiated in both positive and
negative potential directions. In order to report the potentials used
according to the IUPAC convention, voltammograms were ob-
tained for approximately 10~ M solution of ferrocene (Fc) in a sup-
porting electrolyte. For the working conditions, the electroactive
domain was between —3.26 and 0.94 V/F_*-F_. The halfwave poten-
tials were estimated from E,,, = (Ep, + Ep.)/2, where Ep, and Ep,
are the anodic and cathodic peak potentials, respectively. E(F.*—
F.) = 0.659 V/AgBr-Ag. Calorimetric measurements were per-
formed by using a differential scanning calorimeter (Mettler Toledo
DSC 82le). Low temperatures were obtained with an aluminum
block, which was attached to the sample holder, refrigerated with
a flow of liquid nitrogen and stabilized at a temperature of 110 K.
The sample holder was kept in a dry box under a flow of dry nitro-
gen gas to avoid water condensation. The measurements were car-
ried out by using around 20 mg of a powdered sample sealed in
aluminum pans with a mechanical crimp. Temperature and heat
flow calibrations were made with standard samples of indium by
using its melting (429.6 K, 28.45 Jg!) transition. An overall accu-
racy of 0.2 K in the temperature and 2% in the heat flow is esti-
mated. The thermodynamic parameters were analyzed with
Netzsch Proteus software (NETZSCH-Geraetebau GMBH,
http://www.e-thermal.com/proteus.htm). The UV/Vis spectra were
performed with an Agilent 8453 UV/Vis spectrophotometer in the
region between 250 and 1000 nm. TGA measurements were per-
formed with a Mettler Toledo TGA/SDTA 851e in the 300-700 K
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temperature range under a nitrogen atmosphere with a rate of
10 Kmin !,

Single-Crystal X-ray Diffraction: Diffraction data for 1 was col-
lected with a Nonius Kappa-CCD single-crystal diffractometer by
using Mo-K,, radiation (4 = 0.71073 A). A multiscan absorption
correction was found to have no significant effect on the refinement
results. The structures were solved by direct methods by using
SHELXS-97 and refined by full-matrix least-squares on F> by
using SHELXL-97.1'T All non-hydrogen atoms were refined aniso-
tropically. The crystallographic data for 1 are summarized in
Table 5. CCDC-674105 (for 1) contains the supplementary crystal-
lographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif.

Table 5. Crystal data for 1 at 293 K.

1
Formula C28H18N802Pth
M, 950.07
Space group Pl
al A 7.1330(3)
bl A 8.7130(3)
cl A 13.5710(7)
al® 87.6210(10)
ple 84.4730(10)
yl° 78.512(3)
VA3 822.48(6)
Z 1
Dgaieq. / mgem 3 1.918
F(000) 464
J(Mo-K,) I A 0.71073
u(Mo-K,) / mm! 4.816
Crystal size / mm 0.04 X 0.04 X 0.06
Temperature / K 293(2)
No. of total reflections 4794
No. of unique reflections 3691
No. of reflections [/>2a([)] 3211
R(int) 0.0315
Ry [ > 20(D)& 0.0437
WwRIP] 0.1098
S 0.999

[a] Ry = Z||Fo| — |Fl| / Z|Fol. [b] WR = {Z[w(Fy> — F2)*] 1 Z [w(F213 2,
w=1/[c*(F,?) + (mP)*> + nP], where P = (F,> + 2F.?)/ 3; m = 0. 0734;
n=1.2733.

X-ray Powder Diffraction (XRPD): The equipment used for XRPD
characterization of compounds 2-4 was a Seifert XRD 3003 TT
diffractometer, with Bragg—Brentano geometry and Cu tube work-
ing at 40 kV with a Ni filter (0.3 mm primary slit, 0.3 mm second-
ary slit, 0.2 mm detector slit and scintillation detector).

Supporting Information (see footnote on the first page of this arti-
cle): Schematic of the synthesis of the ttf-adpy ligand; '"H NMR
and MS of the ttf-adpy ligand; IR spectra of the ttf~adpy ligand
and compounds 2-4; TGA analysis for 2-4; cyclic voltammograms
of the ttf-adpy ligand; XRPD and view of the crystal structure of
[Fe(py)2Ni(CN),].
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Group 4 Metal Complexes That Contain a Thioether-Functionalized Phenolato
Ligand: Synthesis, Structure, and 1-Hexene Polymerization

Bing Lian,'*! Klaus Beckerle,!?! Thomas P. Spaniol,/?! and Jun Okuda*!3!

Keywords: Hafnium / Zirconium / Titanium / Oligomerization / Polymerization / Regioselectivity

Reaction of group 4 metal tetrabenzyl complexes [M(CH,Ph),]
(M =Ti, Zr, Hf) with 1 or 2 equiv. of a thioether-functionalized
phenol 2,4-tBu,-6-(PhSCH,)CsH,OH afforded dibenzyl com-
plexes [M(L),(CH,Ph),] M =Ti, 1; M = Zr, 2; M = Hf, 3) and
the tribenzyl zirconium complex [Zr(L)(CH,Ph)3] (4). Benzyl
abstraction with a Lewis acid gave the zirconium monoben-
zyl cation [Zr(L),CH,Ph]*[PhCH,B(C¢Fs)3]~ (5) and the di-

benzyl cation [Zr(L)(CH,Ph),]*[PhCH,B(CsFs5)3]- (6). The
monobenzyl cation 5§ oligomerized 1-hexene to low molecu-
lar-weight atactic oligo(1-hexene) (M,, = 560-820), while the
dibenzyl cation 6 polymerized 1-hexene isospecifically
([mmmm] > 90 %).

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

Group 4 metal complexes based on non-metallocene
frameworks!!! such as alkoxo/aryloxo complexes are single-
site catalyst precursors for the polymerization of a-olefins,
with performance profiles distinct from those of metallo-
cene catalysts.’l Complexes containing an [OSSOJ-type bis-
(phenolato) ligand polymerize styrene isospecifically,!3#-34
whereas a-olefins are oligomerized regioselectively.l*] Liv-
ing methyl methacrylate polymerization was also achieved
with a titanium enolate complex featuring this type of li-
gand." This mixed hard-soft donor-based tetradentate li-
gand apparently ensures the C,-symmetric cis-o. configura-
tion in an octahedral environment, required for the isospec-
ific polymerization of styrene and related monomers.*
Given the prominence of the phenoxyimine ligand for
highly active a-olefin polymerization catalysts,?* 24l we
wondered how group 4 metal catalysts with a bidentate
phenolato [OS]-type ligand would behave. We report here
on the synthesis, structure, and polymerization behavior of
group 4 metal complexes that contain a phenylthiomethyl-
substituted phenoxy ligand toward 1-hexene.

Results and Discussion

Group 4 Metal Benzyl Complexes

Reaction of [M(CH,Ph),] (M = Ti, Zr, Hf) with 2 equiv.
of the phenylthiomethyl-substituted phenol 2,4-/Bu,-6-
(PhSCH,)C4H,OH (LH) in toluene at —30 °C led to the di-
benzyl complexes [M(L),(CH,Ph),] M = Ti, 1; M = Zr, 2;

[a] Institute of Inorganic Chemistry, RWTH Aachen University,
Landoltweg 1, 52074 Aachen, Germany
Fax: +49-241-80-92644
E-mail: jun.okuda@ac.rwth-aachen.de
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M = Hf, 3) (Scheme 1), which were isolated as crystals in
high yield (81-85%) and characterized by elemental analy-
sis as well as by NMR spectroscopy. The '"H NMR spec-
trum of the titanium complex 1 in C4Dg at room tempera-
ture exhibits one singlet for the SCH, group at § =
3.85ppm and one singlet for the TiCH, group at ¢ =
3.36 ppm. This may indicate a symmetric molecular struc-
ture with a mirror plane (zrans benzyl groups) or a highly
fluxional structure in solution. The tribenzyl zirconium
complex [Zr(L)(CH,Ph);] (4) was synthesized from
[Zr(CH,Ph),4] and LH in a 1:1 molar ratio (Scheme 1) and
obtained as yellow crystals in 86% yield. The '"H NMR
spectrum in C4¢Dg shows one singlet for the CH,Ph group
at § = 2.34 ppm, which indicates the absence of a rigid n?
coordination of the benzyl ligand to the zirconium center.

% Y

S toluene < S}
+ M(CH,Ph), —20ene M(CH,Ph),.
» tBu - (CHPR)s —— o Bu o n( 2Ph)s.n
tBu tBu

M=Tin=2 (1)
M=2zrn=2 (2)
M=Hfn=2 (3)
M=2Zr,n=1 (4)

Scheme 1.

Recrystallization of the hafnium complex 3 from pentane
gave crystals that are suitable for X-ray diffraction. Details
of the crystal structure determination are given in Table 2
(see Experimental Section). The molecular structure in the
solid state as well as selected interatomic distances and
angles are shown in Figure 1. The octahedrally coordinated
hafnium center is coordinated by two frans oxygen atoms,
two cis sulfur donor atoms, and the cis arranged benzyl
groups (Figure 1). The two benzyl ligands point in opposite
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directions, and their planes are nearly perpendicular to each
other. Both benzyl groups have a similar coordination mode
[Hf-C43, 2.270(7) A; Hf-C50, 2.240(7) A; Hf-C43-C44,
111.9(5)°; Hf-C50-C51, 124.2(5)°], and no significant
Hf-n2-benzyl interactions are indicated [Hf-C44,
3.3145(8) A; Hf-C51, 3.106(7) A]. The interatomic dis-
tances of Hf-S1 [2.8722(18) A] and Hf-S2 [2.837(2) A] are
comparable to those of [Hf(OCsH,-tBu,-{S(CH,)}(CH>-
Ph),)] {2.9222(9), 2.8260(8) AP} and an [OSOJ-type bis-
(phenolato)hafnium complex [Hf-S, 2.796(4) A].541 Both
phenyl groups attached to the sulfur atoms adopt an almost
parallel configuration in the solid state.

Figure 1. Molecular structure of [Hf(L),(CH,Ph),] (3) (hydrogen
atoms are omitted for clarity). Selected bond lengths (A) and angles
(°): Hf-O1 1.962(5), Hf-0O2 1.975(5), Hf-C43 2.270(7), Hf-C50
2.240(7), Hf-S1 2.8722(18), Hf-S2 2.837(2), S1-C15 1.807(7), O1-
C1 1.343(8); O1-Hf-02 154.1(2), SI-Hf-S2 88.76(6), C43-Hf-C50
99.1(3), Hf-C43-C44 111.9(5), Hf-C50-C51 124.2(5), O1-Hf-S1
77.10(14), O1-Hf-S2 82.90(15), O2-Hf-S1 84.47(16).

Cationic Zirconium Alkyl Complexes

Upon addition of the electrophilic borane B(CgFs); in
C¢DsBr to 2, the cationic species [Zr(L),CH,Ph]*[Ph-

CH,B(C¢Fs)3] (5) could be cleanly generated and was
S~\
(o0 Q< O,}HZr(CHzPh)4.n+ B(CoFo)o
tBu
Scheme 2.
312 www.eurjic.org
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found to be stable at room temperature for at least 24 h
(Scheme 2). Compound 5 was characterized by 'H, 13C, !B,
and '°F spectroscopy and may act as a model for the key
intermediate in the 1-hexene polymerization reaction (vide
infra). The "H NMR spectrum in C¢DsBr at room tempera-
ture exhibits one singlet at = 3.58 ppm for the PhCH,B
group. The absence of signals for an n®-coordinated arene
ring indicates the free anionic character of [PhCH,B-
(C6Fs)3] . The cationic dibenzyl zirconium species [Zr(L)-
(CH,Ph),]"[PhCH,B(C4Fs);]” (6) was generated analo-
gously in the solvent C¢DsBr with 4 (Scheme 2). The cat-
ionic species 6 was thermally more stable at room tempera-
ture than cation 5. The 'H NMR spectrum of 6 shows one
singlet at 6 = 2.39 ppm for the Zr(CH,Ph), group, which
suggests the absence of an n?-coordinated benzyl group at
the zirconium center.

1-Hexene Polymerization

Polymerization of 1-hexene using benzyl complexes 1-4
was investigated. The results are summarized in Table 1.
When the dibenzyl complexes 1-3 were combined in situ
with 1-hexene as a monomer and the activator (Entries 1—
5), neither did the titanium complex 1 nor the hafnium
complex 3 polymerize 1-hexene within 24 h (Entries 1 and
5); only the zirconium complex 2 showed moderate activity
towards 1-hexene (Entries 2-4). The yield of poly(1-hexene)s
could not be significantly improved by changing the solvent
to C¢HsBr (Entry 3) and by using Al(CgF5); as an activator
(Entry 4). The obtained poly(1-hexene)s have low molecular
weights (M,, = 560-820) and show relatively narrow poly-
dispersities (M,,/M, = 1.77-2.15). The degree of polymeri-
zation for the obtained oligo(1-hexene)s is between 6 and
10. The oligomers produced by the zirconium complex 2
(Entry 2) show olefine '"H NMR resonances at § =
5.34 ppm, in agreement with the presence of vinylene
groups [(E)- and (Z)-R'CH=CHR?], whereas no signals for
vinylidene end groups (R'R’C=CH,) (expected around
4.6 ppm) are observed (Figure 2a). In the '3C NMR spec-
trum of the oligomers, the signals around 130 ppm are as-
signed to the vinylene group [(E)- and (£)-R'CH=CHR?,
and no signals for vinylidene end groups (R'R>C=CH,),
expected around 150 and 110 ppm, are observed (Fig-
ure 2b). This indicates that the oligo(1-hexene)s are formed
by B-H elimination from a 2,1-enchained zirconium alkyl
and that the 2,1-regioselectivity is close to 100%. According
to the literature,[3*°! the reason for this unusual 2,1-regiose-

CeDsBr Sa+ A—Ph)an
_— < ;Zr\
20°C tBu 07, L

Bu  [PhCH,B(CgFs)3]

2 (5)
1 (8)

n
n
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lectivity of the zirconium complex 2 in 1-hexene oligomer-
ization is still not understood. The resultant oligo(1-hexene)s
produced by 2/B(C¢Fs); are atactic according to the ’C
NMR spectrum (Figure 2b).

Table 1. Polymerization of 1-hexene with the system 1-4/E(C¢Fs);
(E = B, Al).lal

Entry Catalyst  Activator ~ Solvent  Yield [Yo] M, Mo/ M, P!
1 1 B(C¢Fs)3 toluene <l nd. n.d.
2 2 B(C,F5);  toluene 53 820 177
3 2 B(C.F5); CcHsBr 50 770 1.82
4 2 AI(CFy);  toluene 12 560 215
5 3 B(C¢Fs)3 toluene <l nd. n.d.
6 4 B(C.F5);  toluene 10 50600 5.96
7 4 B(C.F5); CcHsBr 12 58700 501
8 4 AICFs);  toluene 9 48000 682

[a] Polymerization conditions: solvent = 10 mL; cat. = 0.02 mmol;
1-hexene/cat./activator = 600:1:1; polymerization time = 24 h; pro-
tocol: cat.+ 1-hexene, then activator. [b] Determined by GPC in thf
vs. polystyrene standards.

CDal,
b I y

B B B e e

140 120 100 80 60 40 20 0

Chemical Shift [ppm]
H R’
R2 H
CDCl, \‘

. A
T T T T T T T T T T T T T

75 70 6.5 6.0 55 50 45

" Chemical Shift [ppm]

Figure 2. (a) '"H NMR spectrum (400 MHz, CDCl;) of the reaction
mixture produced by the zirconium catalyst 2/B(C¢Fs); and 1-hex-
ene at 20 °C (Entry 2); the selected region shows the end groups for
the oligo(1-hexene)s. (b) *C NMR (101 MHz, CDCls) spectrum of
oligo(1-hexene)s produced by zirconium catalyst 2/B(C4¢F5); (Entry
2).

The tribenzyl zirconium complex 4 was also investigated
in the polymerization of 1-hexene activated by B(CgF5); or
Al(C¢Fs)3 in solution (Entries 6-8). The yield was generally
low (9-16%). The resultant polymers have molecular
weights of around 50000 and broad polydispersities (M,,/
M, = 5.01-6.82). Surprisingly, the activator influences the
microstructure of the polymer. The poly(1-hexene) obtained
with 4/B(C¢Fs)5 is highly isotactic ([mmmm] > 90%) (Fig-
ure 3a), whereas the polymer produced by 4/Al(C¢Fs)s is

Eur. J. Inorg. Chem. 2009, 311-316

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

European Journal
of Inorganic Chemistry

atactic (Figure 3b). This unusual counterion effect is mostly
caused by the non-single-site characteristics with the 4/acti-
vator system.

a Ll

9 88 80 72 64 56 48 40 32 24 16 8 0
Chemical Shift [ppm]

Figure 3. '*C{!H} NMR spectra (101 MHz, CDCl;, selected re-

gions) of the poly(1-hexene)s produced by the catalyst systems 4/

B(C4Fs); (a, Entry 6) and 4/A1(C4Fs); (b, Entry 8), both at 20 °C.

Conclusions

In conclusion, we have synthesized group 4 metal catalyst
precursors that contain an [OS]-type bidentate phenolato
ligand similar to the intensely studied phenoxyimine and
related functionalized phenoxy ligands. Upon activation
with a Lewis acid E(C4F5); (E = B, Al), the dibenzyl zirco-
nium complex 2 oligomerizes 1-hexene and the tribenzyl
zirconium compex 4 polymerizes 1-hexene. Further studies
are underway to establish a structure—activity and —stereo-
selectivity relationship for 1-hexene polymerization by using
this type of group 4 metal catalysts.[”]

Experimental Section

All experiments were carried out under purified argon by using
standard Schlenk techniques or in a glove box (<1 ppm O», 1 ppm
H,0). Toluene, pentane, diethyl ether, dichloromethane, and thf
were purified from an MBraun SPS-800 system prior to use. Deu-
terated solvents were purchased from Aldrich and purified before
use. All other chemicals were commercially available and used after
appropriate purification. The compounds 2,4-di-tert-butyl-6-hy-
droxymethylphenol,®  2,4-di-tert-butyl-6-(chloromethyl)phenol,)
[M(CH,Ph)4] (Ti, Zr, Hf),'% and Al(C¢Fs5)5:0.5C,Hg!'!l were syn-
thesized according to literature methods. NMR spectra were re-
corded on a Bruker Avance 400 ('H, 400 MHz; '3C, 101 MHz) or
a Varian Mercury 200 spectrometer in Teflon-valved NMR tubes
at 25 °C unless otherwise stated. 'H and '*C NMR chemical shifts
were determined by using residual solvent resonances and are re-
ported referenced to SiMey. Signal assignment was made from 'H—
13C HMQC and 'H-'3C HMBC 2D NMR experiments. Coupling
constants are given in Hz. Elemental analyses were performed by
the Microanalytical Laboratory of this department. Molecular
weights of polymers were determined by gel permeation
chromatography (GPC) at room temperature in thf and calibrated
with respect to polystyrene standards. The microstructure of the
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polymer was determined by 'H NMR and '*C NMR spectroscopy
in CDCI;

2,4-tBu,-6-(PhSCH,)C¢H,OH (LH): To a solution of thiophenol
(2.6 g, 23.5 mmol) in methanol (30 mL) was added NaOH (0.94 g,
23.5 mmol), and the mixture was heated until all NaOH was com-
pletely dissolved. After cooling to room temperature, 2,4-tBu,-6-
(CICH,)C¢H,OH (6.0 g, 23.5 mmol) was slowly added, and the
mixture was heated at reflux for 2 h. After evaporation of the vola-
tiles under vacuum, water was added, and the organic phase was
extracted diethyl ether (2 X30 mL). The solution was dried with
MgSO,, and diethyl ether was removed under vacuum. The crude
product was recrystallized from pentane to give colorless crystals
of 2,4-1Bu,-6-(PhSCH,)C4H,OH (6.60 g, 85%). '"H NMR (CDCls):
6 =7.33-7.19 (m, 5 H, SC¢H5), 7.29 (d, *Jyy = 2.4 Hz, 1 H, Ph-3-
H), 6.79 (d, *Jyy = 2.4 Hz, 1 H, Ph-5-H), 6.13 (s, 1 H, OH), 4.12
(s, 2 H, CH,S), 1.41 [s, 9 H, C(CHs)3], 1.19 [s, 9 H, C(CH3)3] ppm.
BC{'H} NMR (CDCl;): 6 = 151.47 (C¢H,—C1), 142.36 (CsHo—C4),
137.05 (CsHo—C2), 133.96 (SPh-C1), 131.59 (C4H,—C3), 128.89
(SPh—C3), 127.41 (SPh-C2), 125.42 (CcH,-C5), 123.73 (SPh-C4),
121.78 (C¢H,—C6), 37.80 (SCH,), 34.95 [C(CHs);], 34.16 [C(CHs)
3], 31.50 [C(CH3)3], 29.83 [C(CH3);] ppm. C, HsOS (328.51):
caled. C 76.78, H 8.59; found C 77.54, H 8.94.

[Ti(L),(CH,Ph),] (1): To a solution of [Ti(CH,Ph),] (0.35g,
0.85 mmol) in toluene (15 mL), a toluene solution (20 mL) of LH
(0.56 g, 1.70 mmol) was slowly added at —30 °C. The reaction mix-
ture was warmed to room temperature and stirred further for 2 h.
After evaporation of the volatiles under vacuum, the residue was
recrystallized from pentane to give [Ti(L),(CH,Ph),] (1) as red crys-
tals (0.62 g, 82%). '"H NMR (C¢Dy): 6 = 7.47 (d, *Jyy = 2.4 Hz, 2
H, C¢H,-3-H), 7.26-6.82 (m, 20 H, SC4Hs and TiCH,C4Hs), 6.91
(d, #Jun = 2.4 Hz, 2 H, C¢H»-5-H), 3.85 (s, 4 H, CH,S), 3.36 (s, 4
H, TiCH,Ph), 1.57 [s, 18 H, C(CHs)3], 1.23 [s, 18 H, C(CH3);] ppm.
BBC{!H} NMR (C4¢Dy): 6 = 161.50 (C¢H,—C1), 147.79 (CH,Ph-
Cl), 14381 (C¢H,-C4), 136.94 (C¢H,-C2), 133.47 (SPh-C1),
129.03 (C¢H,-C5), 128.56 (SPh—C3), 127.67 (CH,Ph-C3), 127.51
(Cs¢H,-C3), 127.30 (SPh-C2), 127.20 (CH,Ph-C2), 125.28 (SPh—
C4), 122.97 (C4H,—C6), 121.75 (CH,Ph-C4), 95.91 (CH,Ph), 35.41
(SCH,), 35.31 [C(CHj;);], 34.03 [C(CH;);], 31.13 [C(CH3);], 30.24
[C(CHj3)3] ppm. CsgHggO5S,Ti (885.13): caled. C 75.99, H 7.74;
found C 75.62, H 8.17.

|Zr(L),(CH,Ph),] (2): Following a procedure analogous to the
preparation of 1, starting from [Zr(CH,Ph),] (0.20 g, 0.44 mmol)
and LH (0.29 g, 0.88 mmol), the product [Zr(L),(CH,Ph),] (2) was
obtained as pale yellow crystals (0.33 g, 81%). '"H NMR (C¢Dg): 6
= 7.46 (d, *Jyn = 2.4 Hz, 2 H, C¢H>-3-H), 7.24-6.72 (m, 20 H,
SCeHs and ZrCH,C4Hs), 6.70 (d, *Jyy = 2.4 Hz, 2 H, C¢H,-5-H),
3.79 (s, 4 H, CH,S), 2.81 (s, 4 H, ZrCH,Ph), 1.56 [s, 18 H,
C(CHs3)s), 1.32[s, 18 H, C(CH3)3] ppm. *C{'H} NMR (C¢Dg): 6 =
158.21 (C¢H,—C1), 146.51 (CH,Ph-C1), 141.59 (C4H,-C4), 137.03
(Cs¢H,—C2), 133.58 (SPh-C1), 128.57 (C4H,-C5), 128.43 (SPh-C3),
127.80 (CH,Ph-C3), 127.32 (SPh-C2), 127.20 (CH,Ph-C2), 125.32
(SPh—C4), 124.05 (CsH,—C3), 123.81 (CcH,—C6), 121.70 (CH,Ph-
C4), 72.03 (ZrCH,Ph), 37.51 (SCH,), 35.21 [C(CHs);], 33.66
[C(CH3)s], 31.32 [C(CH3)3], 30.07 [C(CH3)s] ppm. CsHesO,S,Zr
(928.49): calcd. C 72.44, H 7.38; found C 72.25, H 7.51.

[Hf(L),(CH,Ph),] (3): An analogous procedure was followed for
the preparation of 1, starting from [Hf(CH,Ph),] (0.20 g,
0.37 mmol) and LH (0.24 g, 0.74 mmol). The product [Hf(L),-
(CH,Ph),] (3) was obtained as colorless crystals (0.32 g, 85%). A
crystal of 3 suitable for X-ray diffraction analysis was grown from
pentane. '"H NMR (C¢Dy): 6 = 7.45 (d, *Jyy = 2.4 Hz, 2 H, C¢H»-
3-H), 7.23-6.69 (m, 20 H, SC4Hs and HfCH,C4Hs), 6.83 (d, *Juy
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= 2.4 Hz, 2 H, C¢H>-5-H), 3.84 (s, 4 H, CH>S), 2.69 (s, 4 H,
HfCH,Ph), 1.50 [s, 18 H, C(CH3)3], 1.31 [s, 18 H, C(CH;);] ppm.
BC{TH} NMR (Cg¢Dg): 6 = 158.53 (C¢H,—C1), 147.79 (CH,Ph—
Cl), 141.52 (C¢H,—C4), 137.63 (CcH>—C2), 133.55 (SPh-Cl),
128.52 (SPh—C3), 127.86 (CH,Ph-C3), 127.35 (SPh-C2), 127.26
(CH,Ph-C2), 127.01 (CcH»—C5), 125.29 (SPh—C4), 124.07 (C¢H>—
C3), 123.58 (C4H,—C6), 121.78 (CH,Ph-C4), 79.22 (CH,Ph), 38.04
(SCH,), 35.34 [C(CH3)3], 34.25 [C(CH3)3], 31.71 [C(CH3)s], 30.29
[C(CH3)3] ppm. Cs¢HggHFO,S, (1015.76): caled. C 66.22, H 6.75;
found C 65.93, H 6.36.

|Zr(L)(CH,Ph);] (4): Following a procedure analogous to that of
1, starting from [Zr(CH,Ph),] (0.28 g, 0.61 mmol) and LH (0.20 g,
0.61 mmol), the product [Zr(L)(CH,Ph);] (4) was obtained as yel-
low crystals (0.36 g, 86%). 'H NMR (C¢Dy): 6 = 7.45 (d, “Jyn =
24Hz, 1 H, C¢H,-3-H), 7.19-6.80 (m, 20 H, SCsHs and
ZrCH,C4Hs), 6.52 (d, #Jyy = 2.4 Hz, 1 H, C¢H>-5-H), 3.50 (s, 2
H, CH>S), 2.34 (s, 6 H, ZrCH,Ph), 1.72 [s, 9 H, C(CH;)5], 1.17 [s,
9 H, C(CH3);] ppm. BC{'H} NMR (C4Dy): § = 158.82 (C¢Hy
C1), 142.61 (CH,Ph-Cl1), 142.31 (C¢H,-C4), 136.02 (CsH,—C2),
132.75 (SPh-C1), 128.26 (SPh-C3), 127.67 (CH,Ph-C3), 127.28
(SPh-C2), 127.06 (CH,Ph-C2), 125.88 (C4H,—C5), 125.07 (SPh—
C4), 123.25 (C¢H,-C3), 122.76 (CcH,—C6), 121.57 (CH,Ph-C4),
71.89 (ZrCH,Ph), 39.10 (SCH,), 35.06 [C(CH3);], 34.01 [C(CHj3)3],
31.10 [C(CH3)3], 29.81 [C(CHs);] ppm. C4HygOSZr (692.12):
caled. C 72.88, H 6.99; found C 72.54, H 7.06.

Generation of the Ion Pair [Zr(L),(CH,Ph)]*'[PhCH,B(C¢Fs)3]~ (5):
Ina glove box, a Teflon-valved NMR tube was charged with [Zr(L),-
(CH,Ph),] (2) (18.6mg, 0.02mmol) and B(C¢Fs); (10.2 mg,
0.02 mmol). C¢DsBr (ca. 0.5 mL) was added by syringe. The tube
was sealed, and NMR spectra revealed the quantitative formation
of the cation [Zr(L),CH,Ph]*[PhCH,B(C¢Fs);]~ (5). All volatiles
were removed under vacuum, and the oily residue was washed with
pentane (3 X1 mL) and dried under vacuum to leave 5 as a pale
yellow powder (23 mg, 80%). '"H NMR (C4DsBr): 6 = 7.59 (d, “Jyy
= 2.2 Hz, 2 H, C¢H,-3-H), 7.49-6.97 (m, 20 H, aromatic signals),
6.76 (d, *Jyu = 2.2 Hz, 2 H, C¢H,-5-H), 3.95 (s, 4 H, CH,S), 3.58
(s, 2 H, PhCH,B), 3.27 (s, 2 H, ZrCH,Ph), 1.70 [s, 18 H,
C(CHs3)3), 1.28 [s, 18 H, C(CH3)3] ppm. *C{'H} NMR (C4¢DsBr):
0 = 157.80 (C¢H,—C1), 149.25 (BCH,Ph-C1), 145.53 (C4sH,—C4),
137.08 (C¢H,—C2), 133.24 (Ph-C), 129.82 (Ph-C), 129.23 (Ph-C),
127.27 (Ph-C), 126.87 (C4H,—C5), 125.52 (CsH,—C3), 125.37 (Ph—
(), 122.77 (Ph-C), 122.91 (Ph-C), 74.15 (ZrCH,Ph), 41.52 (SCH,),
3522 [C(CH3)3], 34.22 [C(CH3)s], 32.11 (PhCH,B), 31.26
[C(CH3)3], 30.43 [C(CH3)s] ppm. "B NMR (CgDsBr): 6 = -11.9 (s,
BCH,Ph) ppm. ’F NMR (C¢DsBr): 6 = -129.7 (d, 3Jgp = 24 Hz,
6 F, 0-F), -163.4 (t, 3Jgr = 24 Hz, 3 F, p-F), -166.0 (m, 3Jpp =
24 Hz, 6 F, m-F) ppm.

Generation of the Ton Pair [Zr(L)(CH,Ph),]* [PhCH,B(C¢Fs)3]~ (6):
In a glove box, a Teflon-valved NMR tube was charged with
[Zr(L)(CH,Ph)3] (4) (14.0 mg, 0.02 mmol) and B(C¢F5); (10.2 mg,
0.02 mmol). C¢DsBr (ca. 0.5 mL) was added by syringe. After seal-
ing the tube, NMR spectra were recorded, which revealed the quan-
titative formation of the cationic species [Zr(L)(CH,Ph),]*-
[PhCH,B(C¢F5);]™ (6). All volatiles were removed under vacuum,
and the oily residue was washed with pentane (3 X1 mL3) and
dried under vacuum to give 6 as a pale yellow powder (20 mg,
82%). '"H NMR (C¢DsBr): § = 7.55 (d, #Jyy = 2.2 Hz, 1 H, C¢Ho—
3-H), 7.36-6.94 (m, 20 H, aromatic signals), 6.78 (d, */yy = 2.2 Hz,
1 H, C4Ho-5-H), 4.12 (s, 2 H, CH-S), 3.50 (s, 2 H, PhCH,B), 2.39
(s, 4 H, ZrCH,Ph), 148 [s, 9 H, C(CH;);], 1.30 [s, 9 H,
C(CHs3);3] ppm. BC{'H} NMR (C4DsBr): 6 = 158.48 (CsH,—Cl),
149.17 (BCH,Ph-C1), 146.62 (C¢H,—C4), 138.02 (C¢H,—C2),
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133.48 (Ph—C), 128.28 (Ph—C), 127.32 (Ph—C), 126.54 (CgHo—C5),
125.62 (Ph-C), 125.42 (C¢H,-C3), 122.97 (Ph-C), 121.77 (Ph-C),
75.32 (ZrCH,Ph), 42.80 (SCH,), 34.88 [C(CHs)s], 34.36 [C(CHs)s],
31.37 (PhCH,B), 30.03 [C(CHa)s], 30.43 [C(CHa)s] ppm. "B NMR
(C¢DsBr): 6 = ~11.7 (s, BCH,Ph) ppm. "F NMR (C¢DsBr): 6 =
~130.6 (d, *Jpp = 24 Hz, 6 F, 0-F), —163.5 (t, 3Jyp = 24 Hz, 3 F, p-
F), -166.2 (m, 3Jgr = 24 Hz, 6 F, m-F) ppm.

Typical 1-Hexene Polymerization Procedure: Into a 30 mL-flask
equipped with a magnetic stirrer, the catalyst (0.02 mmol), 1-hexene
(1.01 g, 12 mmol), and toluene (8 mL) were added. The solution
was kept at the desired polymerization temperature. The activator
B(CgFs)3 or Al(C¢F5);5:0.5C;Hg (0.02 mmol) in toluene (2 mL) was
rapidly added by syringe. The polymerization was carried out over
a specified time period. The reaction was quenched by adding
acidified methanol (3% HCI, 1 mL). The reaction mixture was
dried under vacuum. The poly(1-hexene)s were purified by CHCI5/
CH;0H, and the oligo(1-hexene)s were purified by passing their
hexane solution through a pipette containing silica gel. The poly-
mer or oligomer was dried overnight under vacuum.

Crystal Structure Determination of Complex 3: The X-ray diffrac-
tion measurement was performed on a Bruker AXS diffractometer
with Mo-K,, radiation using w-scans. Crystal parameters and the
results of the structure refinement are given in Table 2. The investi-
gated crystal was non-merohedrically twinned. The program system
PLATON was used to create an intensity data set with indices for
both twinned domains.'”! The structure was solved by direct meth-
ods (SHELXS-86)'3] and refined (SHELXS-97)!!3"] against all 2
data. All non-hydrogen atoms were refined with anisotropic dis-
placement parameters. Hydrogen atoms were included into calcu-
lated positions. For the graphical representations, the program OR-
TEP was used as implemented in the program system WinGX.!'4]
CCDC-696292 (3) contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccde.cam.
ac.uk/data_request/cif.

Table 2. Crystal data and structure refinement for 3.

1015.71
0.26X0.12X0.10
colorless prism

Empirical formula

M, [gmol ']

Crystal size [mm]
Crystal color and habit

Crystal system triclinic
Space group Pl

a[A] 12.670(3)
b [A] 12.932(3)
c[A] 15.229(4)
a [°] 89.756(4)
AN 88.091(4)
7 [°] 79.012(4)
z 2

Dcalcd. [gCIIl 3] 1.378

T (K) 130(2)
#(Mo-K,) [mm™] 2.256
F(000) 1048

0 range [°] 2.06-31.12
Number of reflections collected 14019
Number of reflections observed [/>2c(])] 11134
Data/restraints/parameters 14019/5/564
Goodness-of-fit on F? 1.051

0.0716/0.1827
0.0880/0.1910
6.084/-4.362

Rls W’Rz [1 > 20([)]
R, wR, (all data)
Largest difference in peak and hole [e A3
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