[€2]

089€-1%9€ ‘otoe ‘way) *buouj *f un3g

Eur|IC

European Journal of
Inorganic Chemistry

400 450 500 550 600 650 700 750 800

Cover Picture
Paolo Coppo et al.
Copper(l) Trinuclear Phosphorescent Complexes

Microreview
Natalia V. Belkova et al.
Study on Transition Metal Hydride Complexes

gvd

@Wl LEY-VCH www.eurjic.org ChemPubSoc

EJICFK (23) 35413680 (2010) - ISSN 1434-1948 - No. 23/2010




IC

European Journal
of Inorgariic Chemistry

Eur]

A ur is co-owne y
\ GDvCh EurdIC i d by 1
societies of ChemPubSoc
HuNGARY ITALY GERMANY GREECE Europe, a union of European
@ chemical societies for the
E o < a purpose of publishing high-
*/V* Societe quality science. All owners
*V de Erance merged their national journals to
CZECH REPUBLIC FRANCE . X
% * form two leading chemistry
. . * Y journals, the European Journal of
.’.;. 2 ChemPubSoc Inorganic Chemistry and the
g aoneS Europe European Journal of Organic
SWEDEN BELGIUM Chemistry. Three further members
of ChemPubSoc Europe (Austria,
s (9 @& Czech Republic and Sweden) are
@'l _— R??‘ LY KKV Associates of the two journals.
PR, = SmwdacEwu\ade 2
AUSTRIA PORTUGAL POLAND SPAIN NETHERLANDS

Other ChemPubSoc Europe journals are Chemistry — A European Journal, ChemBioChem,
ChemPhysChem, ChemMedChem, ChemSusChem and ChemCatChem.

COVER PICTURE

The cover picture shows the emissions of the Cu!

coordination complexes presented in the Short
Communication by P. Coppo et al. on p. 3567ff.
The energy of the emission can be tuned within
the visible region by careful selection of the
alkynyl ligands. In addition, the lifetime of the
excited state can be increased by up to two orders
of magnitude, by coordination to highly conju-
gated alkynyl ligands. All complexes show good
quantum yields of photoluminescence in de-
gassed solutions.
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A key industrial process is the removal of
organic sulfur from petroleum, through
hydrodesulfurization (HDS) on MoS, cata-
lysts. HDS reactions of thiophenes are dif-
ficult to carry out and are not fully under-
stood. We present new molecular models
for the proposed active sites in HDS cataly-
sis: bisdithiolene complexes containing
2,5-dihydrothiophene and tetrahydrothio-
phene.
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Dithiolene Complexes as Catalyst Models

N. Nguyen, D. J. Harrison, A. J. Lough,
A. G. De Crisci, U. Fekl* ....... 3577—-3585

Molybdenum Dithiolene Complexes as
Structural Models for the Active Sites of
Molybdenum(1V) Sulfide Hydrodesulfur-
ization Catalysts

Keywords: Molybdenum / Sulfur / Desulfur-
ization / Heterogeneous catalysis

A study on the solution structure and dy-
namics of Ln"(do3a) complexes (Hzdo3a =
1,4,7,10-tetraazacyclododecane-1,4,7-tri-
acetic acid) shows that the A(AAAL) confor-
mation is favored over the A(6556) one. The
energy barrier associated with the ring
inversion is similar to that observed for
Ln'(dota) (Hudota = 1,4,7,10-tetraaza-
cyclododecane-1,4,7,10-tetraacetic acid)
complexes, whereas the low energy barrier
for the arm rotation is responsible for fast
isomer interconversion.
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Lanthanide Complexes

M. Regueiro-Figueroa, D. Esteban-Gomez,
A. de Blas, T. Rodriguez-Blas,*
C. Platas-Iglesias™ ................. 3586—3595
Structure and Dynamics of Lanthanide-
(IIT) Complexes with an N-Alkylated do3a
Ligand (Hizdo3a = 1,4,7,10-Tetraazacyclo-
dodecane-1,4,7-triacetic Acid): A Com-
bined Experimental and DFT Study

Keywords: Lanthanides / Macrocyclic li-
gands / Density functional calculations / X-
ray diffraction

The catalytic activity of the complexes
[Cp*OsBry(PPh3)] and [Cp*RuCl,(PPh;)]
in conjunction with Mg has been evaluated
for atom transfer radical addition (ATRA)
reactions and for atom transfer radical
cyclization (ATRC) reactions.
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Ruthenium vs. Osmium Complexes as
Catalysts for Atom Transfer Radical Ad-
dition Reactions

Keywords: ATRA / ATRC / Osmium /
Radical reactions / Ruthenium
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A series of homoleptic monomeric and di-
meric magnesium aminophenolates have
been synthesized in the direct reaction of
MgBu, with aminophenols. When grafted
with benzyl alcohol, the resulting com-
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pounds revealed high activity in the ring-
opening polymerization (ROP) of lactides
to give linear polymers with a narrow poly-
dispersity index (PDI).

Lactide Polymerization

J. Ejfler, K. Krauzy-Dziedzic, S. Szafert,
L. B. Jerzykiewicz,
P. Sobota* ....ccovveeriinuiinninnnes 3602—3609

Synthesis, Characterization, and Catalytic
Studies of (Aryloxido)magnesium Com-
plexes
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Lactides / Polymerization / Structure eluci-
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Two series of 4f—5d complexes, Ln(H,O)s-
[W(CN)g] (Ln = La, Pr, Nd, Eu, Gd) and
Ln(H,0),[W(CN)g] (Ln = Ho, Er, Tm, Lu),
have been synthesized and characterized
structurally. TGA and powder XRD results
reveal the presence of the phase transform-
ation in the Ln—W system with increasing
atomic number of the Ln'! atoms.

Heteromultimetallic Complexes

A. Hildebrandt, N. Wetzold, P. Ecorchard,
B. Walfort, T. Riiffer,

H. Lang* 3615—3627

Synthesis and Reaction Chemistry of Het-
erodi- and Heterotrimetallic Transition-
Metal Complexes Based on 1-(Diphenyl-
phosphanyl)-1’-terpyridylferrocene

Keywords: Heterometallic complexes /
Metallocenes / Solid-state structures / Ter-
pyridine / N,P ligands

The synthesis of [Fe(n’-CsH4PPh,)(n-
CsHyterpy)] (terpy = 2,2":6',2"'-terpyridin-
4'-yl) and its reaction towards diverse
transition-metal compounds is described.
The structure of seven molecules is
reported. The use of [Fe(n’-CsH,PPh,-
Cl,Pd)(n’>-CsHyterpy)] and [Fe(n>-
CsH,4PPh,Cl,Pd)(n°-CsH,-CH=CHC(O)-
(py))] in the Heck—Mizoroki reaction is
discussed.

Functionalised Mesoporous Silica

V. La Parola, A. Longo, A. M. Venezia,*
A. Spinella, E. Caponetti ........ 3628—-3635

Interaction of Gold with Co-Condensed
and Grafted HMS-SH Silica: A 2°Si {'H}
CP-MAS NMR Spectroscopy, XRD, XPS
and Au Ly;; EXAFS Study
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The supporting capability of —SH modified
HMS is evaluated by depositing gold
through incipient wet impregnation. The
effect of the two support functionalisation
procedures, co-condensation and grafting,
is investigated by XRD, Au L;; EXAFS
and XPS. A stronger interaction between

. B o ‘/:%m‘ gold and the Fhlol groups is achieved in the

Keyworqs: Mesqporous materlals / Slhca / 1) grafteq-SH .5111ca with consequent better
Icr}lglrdg?nsli-l(f)ﬁamc hybrid composites / ot o condanestion gold dispersion.
Fragmentation of Metallacycles
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Reactions of 1,2.4-Trithiolane and Its 4-S- n=0, (cinly far.i=0)

Oxide with Diphosphane Pt® Complexes

Keywords: 1,2,4-Trithiolanes / S ligands /
Oxidative addition / Metallacycles / Reac-
tive intermediates

The 1-platina-2,4,6-trithiane cycle was ob-
tained by oxidative addition of a Pt° frag-
ment into the sulfur—sulfur bond of 1,2,4-
trithiolane and 1,2,4-trithiolane 4-S-oxide.
Depending on the phosphane used for the

preparation of the ligand, either the six-
membered platinacycle is isolated or
thioformaldehyde is eliminated with sub-
sequent ring contraction.
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Dinuclear complexes [{Ir(ppyFF),}»(1,-L)]
@) and [{Ir(ppyFF),} (o-L) {Pt(ppy)}] (5)
[ppyFF = 2-(2,4-difluorophenyl)pyridine,
ppy = 2-phenylpyridine, L = 1,3-bis(3-
phenyl-3-oxopropanoyl)benzene] linked by
bridging ligand L have been prepared. Al-
though 4 and 5 exhibit weak emission in
solution, an intense orange-red emission
(i.e,, aggregation-induced phosphores-
cence) is produced in the solid state.

¢ Aggregation-induced
‘ phosphorescence
Weak
emission
“7s00 600 700 /nm “7s00 600 700 /nm
in solution in solid state

Aggregation-Induced Emission

C. H. Shin, J. O. Huh, S. J. Baek,
S. K. Kim, M. H. Lee,*

Y. Do* 3642—3651

Dinuclear Iridium(III) Complexes Linked
by a Bis(B-diketonato) Bridging Ligand:
Energy Convergence versus Aggregation-
Induced Emission

Keywords: Aggregation / Dimetallic com-
plexes / Phosphorescence / Iridium / Plati-
num

An unprecedented self-catenated 3D layer
pillar framework formed by connecting 2D
borromean layers through ferrocenyl
bridges is presented. The complex can un-
dergo a dehydrated and rehydrated process
in a single-crystal-to-single-crystal manner
without affecting the overall framework.
The amorphous sample can further be re-
generated by water to the crystalline mater-
ial again.

Self-Catenated Networks

X. Shi, W. Wang, H. Hou,*

Y. Fan 3652—3657

A Hydroscopic Self-Catenated Net Formed
by Borromean Layers Interlocked by
Ferrocenyl Bridging Ligands

Keywords: Structure elucidation / Coordi-
nation polymers / Layered compounds /
Cadmium / Bridging ligands / Adsorption /
Reversible hydration

The electronic parameters of a series of six-
and seven-coordinate mononuclear Mn!!
complexes with only N/O-based ligands
have been determined by X- and Q-band
EPR spectroscopy and satisfactorily pre-
dicted by quantum chemistry using a DFT
approach.

06 08 10 12 14 16
i B (M)
[Mn(terpy)(CF3COO0),(H,0)]

DFT | D =0.041cm"

Electronic Structure

J. Rich, C. E. Castillo, I. R. M. Rodriguez,
C. Duboc,* M.-N. Collomb* ... 3658—3665

Investigation of the Zero-Field Splitting in
Six- and Seven-Coordinate Mononuclear
Mn!! Complexes with N/O-Based Ligands
by Combining EPR Spectroscopy and
Quantum Chemistry

Keywords: Manganese / EPR spectroscopy /
Zero-field splitting / Electronic param-
eters / Density functional calculations

CIMe,Si
@ i. RMgBr

MgBrCl, RH

A protocol for alkylation and depro-
tonation of (halosilyl)cyclopentadiene de-
rivatives through reaction with Grignard
reagents has been used to synthesize mixed
disilyl-substituted cyclopentadiene systems

: _SiMe,R

\
MgBr

MesSi

i. Me3SiCl .
£ \\T\/&MezR

MgBrCl R =CH=CHCH,

tethered to alkene units. Corresponding Li,
Zr, Mo and W (dimethylorganosilyl)(tri-
methylsilyl)cyclopentadienyl ~ compounds
are also reported and their behaviour is
examined.

Disilylcyclopentadienyl Compounds

C. E. Petrisor, G. Chahboun,
M. A. E. Amrani, E. Royo,*
T. Cuenca® .....cccccceveeeevnenrenne 3666—3674

Mixed Disilyl-Substituted Cyclopentadiene
Derivatives and Corresponding Zirconium,
Molybdenum and Tungsten Compounds

Keywords: Molybdenum / Tungsten / Zir-
conium / Cyclopentadienyl ligands
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T.-F. Lin, R.-M. Ho,* C.-H. Sung, M.-S. Ho, C.-S. Hsu* oigm \,\“\

Twist Ferrocene Wires from Self-assembly of Chiral Rod—Coil
Organometallics

Let’s twist again! A chiral rod—coil organometallic material, ]
FC11, has been synthesized and shows liquid-crystalline behavior.  cpom,. Eur J

By taking advantage of the self-assembly of the chiral Schiff DOI: 10.1002/chem.201000772
based rod—coil molecule that is end-capped with ferrocene, the

self-assembled superstructure can serve as a template to form

iron-rich spiral superstructures (see graphic).

Ph
_ <aoc HN—\ ) BwHN_(

. .o . . o« . . . COOH, Cool
F. De Vincentiis, G. Bencivenni, F. Pesciaioli, A. Mazzanti, ' .

G. Bartoli, P. Galzerano, P. Melchiorre* %/k/
Asymmetric Catalytic Aziridination of Cyclic Enones R RIS fh cestant®

Access to aziridine antipodes: The first catalytic method for the BT e ® S-8oc
asymmetric aziridination of cyclic enones is described (see & @y meit) R
scheme). The presented organocatalytic strategy is effective for a @ ”acffc‘l’:g;::‘)“)

wide variety of substrates, thereby providing fast access to both SR RT-GwE @N—B@c
of the antipodes of the aziridines with very high enantiomeric 012 R
purity. Chem. Asian J.

DOI: 10.1002/asia.201000040

F. Bruyneel, L. D’Auria, O. Payen, P. J. Courtoy,
J. Marchand-Brynaert*

Live-Cell Imaging with Water-Soluble Aminophenox-
azinone Dyes Synthesised through Laccase Biocatalysis

Light ’em up: Water-soluble aminophenoxazine dyes were used
as valuable compounds in live-cell imaging. These heterocycles
were produced by using an enzymatic synthetic strategy. Among
the compounds tested, one in particular gave excellent results as
an endocytic marker; it performed in a similar manner to Lucifer
Yellow.

ChemBioChem
DOI: 10.1002/cbic.201000145
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ICg, values
7 (n=6) 16 (n=9)
HDAC1 13.9nM 226.7 nM
pf-HDAC-1 29nM 182 nM
P. falciparum  0.098 mg mL!  0.883 mg mL?
L. donovani NA 3.54 mg mL1

ChemMedChem
DOI: 10.1002/cmdc.201000087

ChemSusChem
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V. Chokkalingam, B. Weidenhof, M. Kridmer, S. Herminghaus,
R. Seemann, W. F. Maier*

Template-free Preparation of Mesoporous Silica Spheres through
Optimized Microfluidics

Droplet-based microfluidics is used to perform sol-gel reactions.
The chemicals are dispensed, mixed, and pre-processed inside a
microfluidic device allowing for long operation times without any
clogging. Using this approach and optimizing all reaction and
processing parameters, mesoporous silica particles with a very
high surface area of 820 m?g "' and a narrow pore radius distribu-
tion of around 2.4 nm are obtained.

W. Guerrant, S. C. Mwakwari, P. C. Chen, S. I. Khan,
B. L. Tekwani,* A. K. Oyelere*

A Structure—Activity Relationship Study of the Antimalarial and
Antileishmanial Activities of Nonpeptide Macrocyclic Histone
Deacetylase Inhibitors

Histone deacetylase inhibitors (HDAC:I) cause a diverse range of
responses in biological systems. The depth of the antiparasitic ca-
pabilities of macrocyclic HDACi was determined against malarial
and leishmanial pathogens. Antiparasitic activities of macrocyclic
HDAUC: derived from macrolide skeletons are dependent on the
length (n) of the spacer group that separates their zinc-binding
and surface-recognition moieties. Antimalarial activities peak
when n=6, whereas antileishmanial activities are optimum when
n=_8-9. This observation could facilitate the identification of
other HDAC: that are more selective for either parasite.

A. V. Kirilin, A. V. Tokarev, E. V. Murzina, L. M. Kustov,
J.-P. Mikkola,* D. Yu. Murzin*

Reaction Products and Transformations of Intermediates in the
Aqueous-Phase Reforming of Sorbitol

Aqueous-phase reforming of sorbitol over a Pt/Al,O; catalyst is
investigated. Parameters such as the sorbitol feed rate and tem-
perature are studied. An analytical approach based on analysis of
the gas and liquid phases as well as the total carbon content is
developed to identify intermediates. The formation of the majori-
ty of identified compounds is explained, and a plausible reaction
network for the conversion of sorbitol and transformation of in-
termediates is proposed.
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L. Aschwanden, T. Mallat, M. Maciejewski, F. Krumeich,
A. Baiker*

Development of a New Generation of Gold Catalysts for Amine
Oxidation o,
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New gold dream: Outstandingly active Au/CeO, catalysts have
been developed for the aerobic oxidation of amines to imines. ChemCatChem

The gold nanoparticles are generated in an organic medium DOT: 10.1002/ccte.201000092
in situ prior to the oxidation reaction. Various halogen-containing

gold salts can be applied in the presence of nanoceria and the

amine substrate acts as the reducing agent. A crucial point is the

synergism between the vacuum-treated (200°C) ceria and gold.

J. Podtetenieff, A. Taglieber, E. Bill, E. J. Reijerse, M. T. Reetz*

An Artificial Metalloenzyme: Creation of a Designed Copper
Binding Site in a Thermostable Protein

Guided by nature: A designed binding site comprising the His/
His/Asp motif for Cu" complexation has been constructed in a
robust protein by site-specific mutagenesis (see picture). The arti-

ficial metalloenzyme catalyzes an enantioselective Diels—Alder :
reaction. DOI: 10.1002/anie.201002106

E. Heller,* J. Klockner, W. Lautenschldager, U. Holzgrabe*

Online Monitoring of Microwave-Enhanced Reactions by
UV/Vis Spectroscopy

Fast microwave-enhanced reactions were monitored online by
UV/Vis spectroscopy with a sensor in solution. This method is su-
perior to slower methods (e.g. NMR, HPLC, TLC), because it is
much faster and can also be performed in concentrated solutions.

Eur. J. Org. Chem.
DOI: 10.1002/ejoc.201000441
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Dihydrogen Bonding, Proton Transfer and Beyond: What We Can Learn from
Kinetics and Thermodynamics

Natalia V. Belkova,*l Lina M. Epstein,/?! and Elena S. Shubina!®!

Keywords: Transition metal hydrides / Dihydrogen bonding / Proton transfer / Kinetics / Thermodynamics

Hydrogen bonding to transition metal hydride complexes
and its role in the proton transfer process has been a subject
of the authors’ research interest in recent years. The present
microreview analyzes the relationships of kinetic and
thermodynamic parameters of dihydrogen bonding,
MH:---HA, proton transfer, yielding [M(n2-H,)] species, and

subsequent steps such as [M(n?-H,)] to [M(H),] isomerization
or H, evolution on the basis of all data acquired so far. It
aims at showing the factors that determine the stability of the
species involved, the physico-chemical (thermodynamic and
kinetic) origin of the effects observed, and, ideally, allow one
to better govern the hydrides reactivity.

Introduction

Dihydrogen and dihydride complexes — [M(n?-H,)] and
[M(H),] - of transition metals keep attracting the researchers’
attention as is evidenced by the continuous appearance of
numerous research papers and review articles. The most re-

[a] A. N. Nesmeyanov Institute of Organoelement Compounds,
Russian Academy of Sciences,
Vavilov Street 28, 119991 Moscow, Russia
Fax: +7-495-1355085
E-mail: nataliabelk@ineos.ac.ru

cent reviews in the field cover different aspects of this chem-
istry like structure-NMR spectroscopic properties corre-
lation,['l aqueous chemistry,®! or relevance to H, bioconver-
sion in hydrogenases and hydrogen storage.*# Protonation
of metal hydride complexes is generally recognised as the
most common method of [M(n?-H,)] preparation.’! More-
over, proton transfer involving transition metal hydrides
and/or heterolytic splitting of dihydrogen are important
steps in many catalytic processes,! including ionic hydro-
genation and reduction of H* to H,. Detailed studies of the
mechanism of proton transfer to transition metal hydrides
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M-H+H-A == M-H~HA == [M(n?H,)]"~

molecular
complex

Scheme 1. Mechanism of proton transfer to transition metal hydrides.

have firmly shown that, in spite of its apparent simplicity,
the process involves several steps and proceeds via various
hydrogen bonded intermediates of molecular or ionic type
(Scheme 1).1° 81 Properties of these hydrogen bonded com-
plexes have been thoroughly discussed in several reviews as
well,®-12l including those coming from our labora-
tory.l”-813.141 The data begin to appear, confirming the im-
portance of this phenomenon in catalytic reductionl!>-!"]
and hydrogen activation.['8! In this contribution we focus
on the relationships of kinetic and thermodynamic param-
eters of dihydrogen bonding, MH--HA, proton transfer
and subsequent steps such as [M(n2-H,)] to [M(H),] isom-
erization or H, evolution with the emphasis on the experi-
mental data and on factors that determine the stability of
the species involved and allow one to better govern the
overall reaction. Theoretical results will also be considered
in conjunction with experimental work, providing more in-
timate mechanistic understanding.

Background

Since the results of the investigations mentioned above
serve as a basis to understand the problems discussed in
this paper, we begin this review by summarizing the salient
points of those studies.

(i) The formation of a hydrogen bond between transition
metal hydride and proton donor, MH---HA, widely called a
dihydrogen bond (DHB), is possible due to the partial nega-
tive charge born by a hydride ligand. These bonds are of
medium to weak strength and their structural, electronic
and spectroscopic features are similar to those of classical
hydrogen bonds of the same energies.

(i1) Dihydrogen bond formation is exothermic (the associ-
ated enthalpy change, AH°pyp, is negative varying from -2
to —8 kcalmol !).['3] The entropy change, AS°pyp, is nega-
tive as well varying from -5 to 25 e.u. Thus, the dihydrogen
bond formation equilibrium is favoured at lower tempera-
tures.

(iii) Analysis of the theoretical data shows a linear corre-
lation between enthalpy values and H---H distances in dihy-
drogen bonded complexes of transition metal and main
group element hydrides.] Experimental estimation of the
dihydrogen bond length is based on 7., data, which de-
creases upon complexation.>-!419-201 Sometimes, however,
the relaxation is artificially increased by the presence of
paramagnetic impurities or by undetected [M(n?-H,)]*
complex, yielding overestimated H+*H distances. Thus, the
data acquired up to date confirm this qualitative trend but
do not allow a solid correlation.

(iv) Hydrogen bond enthalpies for different systems (bases)
should be compared with caution since they are a function
of proton donor and solvent. Therefore, we usel'>?!l also a
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basicity factor, Ej, which can be calculated using Equa-
tion (1)1?2l where E; is the basicity factor of the proton ac-
ceptor, P; is the acidity factor of the proton donor (both
invariable), AH;; is the formation enthalpy of the complex
of interest, and AH,; is the hydrogen bonding enthalpy for
the standard pair PhOH/Et,O (P, = E, = 1.00) in a given
solvent.[?3!

E = AHij/(AHIIPi) (1)

(v) Dihydrogen bond formation is the first, incipient step
of proton transfer reaction yielding cationic non-classical
hydride complex, [M(n?-H,)]*. In solvents of low to me-
dium polarity, which are most commonly used (toluene,
dichloromethane, THF), the non-classical species exists as
a contact ion pair stabilized by the hydrogen bond between
cation and anion. The anion is present in the homoconju-
gated form, [AHA], as has been established by the experi-
mental determination of the ion pair composition when HA
= 4-nitrophenol.?*2% This results can be safely extended to
other proton donors since most have a proven ability to
form homoconjugated anions, even in polar media.””! Note,
however, that a 1:1 ion pair composition has been deter-
mined for [Cp*MH,(dppe)]* complexes (M = Mo, >3 W81y,
which have a classical tetrahydrido structure. Interestingly,
attempts to optimize corresponding hydrogen bonded ion
pair structures with [A]” being alkoxide have been successful
for classical [M(H),]* cations but not for non-classical ones;
[M(n?-H,)]"[A] ion pairs always return back to the neu-
tral dihydrogen bonded structure whereas [M(n?-Hy)]*-
[AHAJ ion pairs give stable minima.[>>-26-29-31]

(vi) Experimental kinetic data support the participation of
a second proton donor molecule in the proton transfer
step.[?8-321 Therefore, the general reaction Scheme could be
drawn as in Scheme 2.

K,
M-H+HA == M-H-H-A
K,
M-H-H-A + H-A === MH--HAHA

M-H--H-A-H-A —%

[M(n?-Hg)I"-[AHA

Scheme 2. Kinetic model for proton transfer to transition metal
hydride involving two proton donor molecules.

The resulting expression for the observed rate constant
is represented in Equation (2).

r K K,k[HA]?
14 K,[HA] + K, K,[HA]? )
The last term in the denominator (proportional to the 1:2
adduct) can reasonably be neglected to yield Equation (3).
According to this model, the [HA] dependence is a function
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of the hydrogen-bonding equilibrium: under conditions in
which the dominant species is free hydride, the expression
simplifies to yield a second-order dependence on [HA],
whereas a first-order behaviour is expected if the dominant
species is the 1:1 adduct, [MH]---HA.

_ KK kHA]?
1+ K,[HA] 3)

These equations show that the two reaction steps are inti-
mately connected: hydrogen bond formation, though ex-
tremely fast (diffusion controlled),’*3 should influence the
kinetics of the second step — proton transfer itself. We con-
sider this interrelationship in the next section.

Kinetics and Thermodynamics of Proton
Transfer via Dihydrogen Bonded Complexes

The presence of several potential proton accepting li-
gands (like, e.g., carbonyl, nitrosyl or functional groups
with basic nitrogen atoms) in the hydride complex opens
the possibility of proton donor binding at these sites. They
can be idle, like the nitrogen atom of the N(CH,CH,-
PPh,); ligand in [{k3-N(CH,CH,PPh,);}IrH;],*" or com-
pete with the basic hydride ligand.*®! Thus, the nature of
the hydrogen-bonded species formed upon interaction with
proton donors indicates the more basic (bearing greater
electron density), better accessible centre in the molecule.®!
For example, the Mo-CO-*HA hydrogen bond dominates
in the interaction of [Cp*MoH(CO)(PMes),] with fluori-
nated alcohols, but only the MoH-*HA species is the real
intermediate of the proton transfer yielding the [Mo(n?-
H,)]* product.’”! Proton transfer to a carbonyl ligand is
energetically much less favourable, if possible at all.l3”] The
same situation is found for other carbonyl or nitrosyl hyd-
rido  complexes, like [CpRuH(CO)(PCy3)]?”? or
[ReH,(CO)(NO)(PR3),].3831 On the other hand, kineti-
cally controlled protonation of basic nitrogen in PTA
(1,3,5-triaza-7-phosphaadamantane) or pyridine can be re-
garded as an alternative lower energy pathway, where this
functionality serves as a proton relay, ultimately delivering
the proton to the hydride sitel®#!l or facilitating H/D ex-
change.[*”l Dihydrogen bonded species have been found in-
volved in this process.[0-41]

The observed linear correlation between the hydrogen
bonding parameters (formation enthalpies or basicity fac-
tors) and those of the proton transfer step (enthalpies or
pK,) is an important feature of organic systems. For transi-
tion metal hydrides yielding cationic (n?-H,) complexes, a
similar correlation may also be found (Figure 1). The devia-
tion of the [PP;OsH,]J/CF;CH,OH system (point 7, Fig-
ure 1), for which quite a small value of AH®pt was deter-
mined, could be related to the aperiodic trend in the pK,
values of (n?-H,) ligands in this family of hydrides and
longer (weaker) H-H bond in the osmium complex as com-
pared to the ruthenium derivatives.*3] Another important
correlation may be found between the basicity factor Ej in
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hydrogen bond!”-2!->21 and the overall protonation enthalpy
[MH] + HA < [M(n?-H,)]" (Figure 2), which quantita-
tively shows that the proton transfer is thermodynamically
more favourable for more basic hydrides.

12 1

10 1

-AHPT
(o2}
1

-AHbng

Figure 1. Correlation between the enthalpies (-AH®, kcalmol ') of
dihydrogen bond formation (DHB) and proton transfer (PT). Data
obtained in CH,Cl, for the reaction of (CF3);COH with [(triphos)-
Re(CO),H]*4 (1), (CF;),CHOH with [Cp*FeH(dppe)]?® (3),
[(triphos)Ru(CO)H,]*1  (4), [Cp*RuH(dppe)]?* (5), [RuH,-
(dppm),]i*9! (6), and CF;CH,OH with [Cp*MoH;(dppe)]>! (2),
[PP;OsH, 471 (7).

19.0 q
17.0 A
15.0 1
I
<
13.0
11.0 4
9.0 T T T 1
1.34 1.36 1.38 14 1.42
E

Figure 2. Correlation between the basicity factors Ej of hydride li-
gand and the enthalpies of their protonation (-AH°, kcalmol ') by
(CF3),CHOH in CH,Cl, (sum of the two AH® values in Figure 1,
points 3-6).

The data on proton transfer kinetics are still scarce. In
most cases only activation free energies AG* can be calcu-
lated from the published reaction rates (Table 1), which vary
from 14 to 24 kcal/mol at 298 K. In other cases the acti-
vation free energy AG* has been estimated to be in the 12—
16 kcalmol™!' range in agreement with the observation of
two separate NMR resonances for the MH--*HA and the
[M(n?-H,)]* complexes.[*+4348 Some of these systems have
been investigated by stopped flow kinetics, i.e.
[Cp*FeH(dppe)]?%*2 and [Cp*MH;(dppe)] (M = Mo,
W8l or by conventional mixing at low temperatures with
IR or UV/Vis monitoring, i.e., [CpRuH(CO)(PCy3)]*°! and
[Cp*MoH;(dppe)].l*>! The number of data is rather limited
but it does not preclude from deducing some trends.
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Table 1. Hydrides basicity factors (E;j), dihydrogen bond formation enthalpies (AH pyp, kcalmol™!) and the activation free energies at

298 K (AG*yg, kcalmol™!) of proton transfer step.

E‘j ROH Pi Solvent AHODHB AGIZQS Ref.
1 [WH(CO),(NO)(PEt;),] 087  PhOH 1.00 hexane 5.0 23.6 B34]
2 (CF,),CHOH 1.05 hexane 52 233 B34
3 (CF,),COH 1.33 hexane 6.4 21.9 B34
4 [WH(CO)»(NO)(PMes),] 091 PhOH 1.00 hexane 52 23.5 (34)
5 (CF3),CHOH 1.05 hexane -5.6 22.9 341
6 [CpRuH(CO)(PCys)] 102 (CF,),COH 1.33 CH,Cl, 6.2 14.1 &l (33]
7 hexane -7.6 16.7 [V [29]
8 [Cp*FeH(dppe)] 134  CFyCH,OH 0.89 CH,Cl, 59 213 (2]

9 (CF5),CHOH 1.05 CH,CI, 6.5 16.5 [26.32]
10 (CF,):COH 1.33 CH,CI, 83 14.5 (321
T [Cp*MoH;(dppe)] 145  CF,CH,OH 0.89 CH,Cl, 6.1 17.4 23]
12 (CF;),CHOH 1.05 toluene —6.1 16.1 [23]
13 [Cp*WH;(dppe)] 1.73 (CF;),CHOH 1.05 toluene -7.3 14.2 [ 28]
14 (CF3);COH 1.33 toluene -9.2 14.0 © [28]
15 (CF3);COH 1.33 CH,Cl, -10.6 13.3 [ [28]
(CF3);COH 1.33 CH,Cl, 13.1 [ [28]

[a] At 200 K. [b] Calculated from AH* = 11.0 kcalmol™!, AS* = —19 e.u. obtained in 200-240 K range. AG*5y x = 14.6 kcalmol ™. [c] At

293 K. [d] At 288 K. [¢] At 283 K.

As can be seen from Table 1 the proton transfer barrier
is particularly sensitive to the strength of the proton donor.
For a given hydride the activation free energy at 298 K,
AGt,q5, decreases with the increase of the proton donor
strength (acidity factor Pjl7-2!:22l) (Figure 3). When dihydro-
gen-bonded adducts are present as observable intermediates
in proton transfer to a transition metal hydride, the stronger
the M—H---HA interaction (AH°pyg), the lower the proton
transfer activation barrier (Figure 4). This experimental
trend is also predicted by theoretical calculations.[?%-30-4]
The calculation also show that an extreme increase of the
dihydrogen bond strength leads to disappearance of the di-

hydrogen bond minimum and a spontaneous proton trans-
for [6:49,50]

30.0 7
25.0 - I 3
+ H\
2004 WH(CO)2(NO)(PMes),
& -
%y 15.0 9 *
< 10
10.0 A Cp*FeH(dppe)
5.0 1
0.0 T T T .
0.8 1 1.2 14 16

P

Figure 3. Correlations between the acidity factors P; of proton do-
nors and the activation free energies AGt,g (kcalmol™) for
[WH(CO),(NO)(PEts),] in hexanel* (1) and [Cp*FeH(dppe)] in
CH,Cl,.5% Numbers (in italic) correspond to the entry numbers in
Table 1.

To date the activation enthalpy and entropy associated
with the proton transfer step are known only for
[Cp*FeH(dppe)/(CF;),CHOH] in CH,Cl, (AH* =
3558

www.eurjic.org

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

30.0 q
25.0 A
X
%5 20.0 A
<
15.0 4
2
10.0 T T T
3 5 7 9

-AHD1g

Figure 4. Correlation between the dihydrogen bond formation en-
thalpies (-AH°pup, kcalmol ') and the activation free energies
AG* 595 (kcalmol ') in hexane (1, rhombi and triangles 1-7), dichlo-
romethane (2, open squares 8-11). Numbers (printed in italics)
correspond to the entry numbers in Table 1.

3.9 kcalmol !, AS* = —40e.u.),? for [Cp*MoHs(dppe)/
CF;CH,OH] in CH,Cl, (AH* = 12.3 kcalmol !, AS* =
—-15.7eu.), and for [CpRuH(CO)(PCy;)/(CF3);COH] in
hexane (AH* = 11.0 kcalmol !, AS* = 19 e.u.).? The pro-
ton transfer rate constant for the MH-+"HA — [M(n?-H,)]"-
[AHA] transformation grows as the temperature increases,
as does the activation free energy AG*. This appears to re-
sult from the substantial negative activation entropy, which
indicates a highly ordered transition state for proton trans-
fer. Indeed, DFT calculations show there is a strong interac-
tion between the two tightly bonded units in the TS (Fig-
ure 5). The transition state can be regarded as an H, entity
(H-H length ca. 0.9 A) simultaneously bonded to both the
[M]* and the [AHA] units (M-H and H-O distances are
ca 1.6 and 1.4 A, respectively).[25-3235] In the work of Fera-
cin et al. the proton transfer from CF;COOH to
[ReH,(CO)(NO)(PR3),] is reported as having positive AH*
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Figure 5. Transition states for proton transfer from two CF;COOH molecules to [CpRuH(CO)(PH3)] (left) or two (CF3),CHOH molecules

to [CpMoHj;(dpe)] (right).

and AS*.1%311 However, as admitted in the original paper,
“it appears quite unusual that a second-order reaction is
accompanied by a positive AS* value”.’!1 A possible reason
for this discrepancy is that the dihydrogen bond formation
and the participation of two acid molecules have not been
taken into account in the analysis of the data obtained un-
der stoichiometric hydride/acid ratio [Scheme 2, Equations
(2)-3)].

Dihydrogen bonded complexes can be easily envisaged as
intermediates of the intermolecular hydride-proton ex-
change. Though this phenomenon is well documented for
transition metal hydrides, theoretical studies on this subject
are practically absent.’?l In the above mentioned work by
Feracin et al. the transition state for the hydride—proton
exchange in [ReH,(CO)(NO)(PR3),/CF;COOH] has been
described at the EHT calculation level.®! It is seemingly
similar to that of proton transfer (Figure 5), differing by
longer H-H and H-O distances (of 1.2 and 1.6 A, respec-
tively). It is arguable that two processes follow the same
reaction pathway and have similar reaction energy profiles
(Figure 6). For weak proton donors (HA; in Figure 6) the
transition state is too high and the ionic form {[M(n2-H,)]*+
[A] ion pair} is too close in energy to the TS to yield suf-
ficient stability to the proton transfer product. However,
these energy levels may still be accessible to allow the pro-
ton-hydride exchange. Facile rotation of n>-H, ligand or
1,2-shift of A, within the (n?-H,) ligand completes the ex-
change mechanism. When the proton donor is too weak
and the ion pair local minimum does not exist, all these
events can occur in one concerted step (long-dashed line in
Figure 6).°% Indeed, the intermolecular hydride-proton or
isotope exchange is observed in the NMR spectra even
when the dihydrogen bond is not strong enough to allow
the proton transfer, e.g., for [Cp*MoH(PMes);] or
[WH(CO),(NO)(PR3),] in the presence of CH;0D.[12:34:33]

As discussed above, when the proton donor is more
acidic (HA, in Figure 6) the dihydrogen bond becomes
stronger, the barrier for proton transfer {{M(n2-H,)]*-[A]"
ion pair formation} decreases and the product ion pair is
stabilized. Under these conditions equilibrium between the
[M(n?-H,)]"~[A]” and MH---HA states may be established,
as in the case of [ReH,(CO)(NO)(PR3),/CF;COOH]. In the
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MH + H*A

MH--HA,

MH--H*A,

Figure 6. The reaction energy profiles for hydride-proton exchange
(solid line) and proton transfer (dashed line).

limiting case of essentially quantitative proton transfer, dy-
namic equilibrium may still allow isotope exchange. For ex-
ample, the non-classical species generated by the low tem-
perature reaction of [Cp*FeH(dppe)] with CF;COOD was
found to exist as a mixture of three isotopomers, HH, HD
and DD.¢!

Thus, as already predicted by Bakhmutov,['”] the proton-
hydride exchange rate may be a good probe for a proton
transfer under conditions when partial proton transfer oc-
curs. The activation enthalpy and entropy of intermolecular
H/H (H/D) exchange reported for the [CpW(CO),(PMes)-
HJ/[(CH;3);C¢H4N(CH;3),D]* systemP”! yield an activation
free energy comparable to those shown in Table 1: AG* is
17.7 kcalmol ! at 200 K and increases to 21.2 kcalmol ! at
298 K. For the above-mentioned [ReH,(CO)(NO)(PRj3),/
CF;COOH] systems the activation enthalpies (positive val-
ues) and entropies (negative values)!'” are lower and ac-
cordingly give lower activation free energies: AG* varies
from 8 to 10kcalmol! at 200K increasing by 1-
2 kcalmol ! at 298 K. These values are close to e.g. AG*5
= 11.5kcalmol ! calculated for [Cp*FeH(dppe)/(CFs),-
CHOH] and are in agreement with immediate proton trans-
fer observed on the IR and NMR timescale.
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Ion Pairing and Subsequent Transformations of
[M(n?-Hy)]* Complexes

The negative enthalpy and entropy for the proton transfer
step favour the protonation product as the temperature de-
creases. Hydrogen bonding between cation and anion is
also thermodynamically more favourable at lower tempera-
tures. Thus, lowering the temperature assists the proton
transfer by shifting the tautomeric equilibrium MH---HA
< [M(n>-H,)]***A" to the right and prevents the hydrogen
bonded ion pair dissociation. All this helps to stabilize the
[M(n?-H,)]* complexes against isomerization into the clas-
sical form or to prevent H, evolution and formation of M-
A species.

We have recently shown that the irreversible isomeriza-
tion of the [Cp*M(n?-H,)(dppe)]* complexes (M = Fe,?
Ru,¥) into their classical trans-dihydride isomers occurs
upon dissociation of the [M(n2-H,)]"[AHA] ion pair
(Scheme 3). This is qualitatively indicated by the depen-
dence of the temperature at which the [M(n>-H,)]*
[M(H),]* isomerization becomes observable on the
counteranion nature: higher temperatures are necessary to
induce the isomerization in the presence of more basic
anions due to greater ion pair stability.[>?l At the same time
the isomerization rate constant does not depend on the
anion  nature’*323¢1  The  osmium  congener,
[Cp*OsH(dppe)], does not yield a non-classical cationic di-
hydride complex but rather a cis-dihydride tautomer as the
kinetic protonation product, which then isomerizes to trans-
dihydride upon warming (Scheme 3).158-31

Variable temperature NMR studies allowed determining
the activation parameters for the isomerization step. De-
spite the different structure of the intermediate {[M(n>-
H,)]* for Fe and Ru, cis-[M(H),]* for Os} the activation
enthalpy values appeared identical, within experimental er-
ror, for all three metals (AH%som = 21.6 = 0.8 kcalmol ™! for
Fe,’°1 20.9 + 0.8 kcalmol ! for Ru,? 21.5+ 1.0 kcalmol!
for OsP?)). The activation entropy, AS¥som, is small, positive
and increasing on descending the group: 5+ 3 e.u. for Fe,[>°

M=Fe, Ru

PhZP\“‘;M'i““*

</F>Ph2

\\\\\OS Ui,
Ph,P"" ¢

</PPh2 H

M =0s

ﬁj

9+3ecu. for RuP¥ 124 cu. for Os.’! Similar data have
been obtained for the irreversible isomerization of the re-
lated [CpRu(n?-H,)(PPh;),]* complex (AH}iom =
16.1 +1.8 kcalmol !, AS%,,m = 3+ 8 e.u.).l Note that the
activation enthalpy of isomerization is greater than that of
proton transfer. However, because of the opposite sign of
the entropy terms, the activation free energy of isomeriza-
tion decreases and that of proton transfer increases as the
temperature increases. AG¥g,., is too high (too small isom-
erization rate constant) at low temperatures (below 230 K)
for the reaction to occur even in the case of “non-coordinat-
ing” anions like BF, . The non-classical to classical re-
arrangement is reversible in certain cases,®” for instance
for complex [CpRuH,(dmdppe)]*, dmdppe = (1,1-dimethyl-
2,2-diphenylphosphanyl)ethane, for which AH° =
~0.92 +0.07 kcalmol™! and AS® = 4.5+0.3 e.u. have been
determined (the equilibrium is relatively insensitive to tem-
perature changes).

An interesting ion pairing effect was shown by Basallote
et al.:[®l deprotonation of the dihydrogen complex trans-
[FeH(n2-H,)(dppe),] [BF4]” with an excess of NEt; to form
cis-[FeH,(dppe),] is accelerated by added BF, and PFg4
and decelerated by BPh, relative to the absence of added
salt. Theoretical calculations have shown that the deproton-
ation occurs via intermediates with Fe(n?-H,)-*N and
FeH---HN hydrogen bonded intermediates, this being the
microscopic reverse pathway of the protonation reaction de-
picted in Scheme 1. The experimentally derived ion pair for-
mation constants, Kj,x, and the deprotonation rate con-
stants, kx, can be explained with the help of DFT calcula-
tions. The bulky BPh,™ anion yields quite a stable ion pair
[Kipppha = (3.5%0.6) X 10 M ' in acetone] and shields the
n>-H, ligand against NEts;, preventing deprotonation. The
smaller anions BF,~ and PF4~, on the other hand, could
not provide such effective shielding in spite of similar ion
pair stability. At the same time, they accompany the proton
along the reaction, stabilising the positive charge and lower-
ing the barrier for the Et;NH™ detachment process. Hence,
the ion pair formation constants and the deprotonation rate

Al PP "™ H H,
H\A {_PPhy H A +
N ﬁ
|
M
o
Ph,P 2
xci e
= Ph,P" \\\I\OS///
\A\H—| </Pth H A\H
\A A

Scheme 3. Hydrogen bonding and proton transfer to [Cp*MH (dppe)] hydride complexes.
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constants vary in the opposite direction (Ki,pra/Kipprs =
0.44, kgpalkpps = 1.63), i.c. the less stable ion pair formed
with BF, gives faster reaction.[®!]

In many cases, however, basic anions (A~ = OR",
OCOR") tend to displace H, out of the transition metal
coordination sphere, yielding organyloxo products. This is
the case for the protonation products of complexes
[(triphos)ReH(CO),],1%21  [Re(CO)H,(NO)(PR5),],163 and
[CPRuH(CO)(PCy3)],[4 for which the corresponding
[M(n?-H,)]* cations could be isolated as [BF,] salts but
evolved into [MA] species in the presence of fluorinated
alcohols or carboxylic acids. In contrast to the isomeriza-
tion process, this reaction proceeds intramolecularly and
does not require a hydrogen bonded ion pair dissoci-
ation.[64]

The more recently published kinetic study of the
[WH(CO),(NO)(PR3),] protonation is a special case,** be-
cause this hydride complex does not give a detectable non-
classical cation under any conditions,'>>* although the
corresponding local minimum has been found by computa-
tional investigations.!”! Under conditions suitable for pro-
ton transfer, H, evolution has been observed yielding the
organyloxo complex [W(OR)(CO),(NO)(PR3),] {Scheme 4,
Equation (4)} with identical rates for the disappearance of
the dihydrogen bonded adduct and for the organyloxo com-
plex formation. However, this rate does not depend on the
anion basicity (coordination ability) but correlates with the
HA strength (Figure 3).34 This indicates that the proton
transfer step is rate determining for this system. Thus, k3
>> k , and Equation (4) for the rate constant k,,, trans-
forms into just k.

Kl kZ k
== MH HA == [M(nZH,)]""A —— M-A
k ~Hy

-2

M-H + H-A

Scheme 4. Kinetic model for the reaction of [WH(CO),(NO)-
(PR3),] with proton donors.

kovs = koksl(k 5 + k3) = k> 4)

The same trend may be expected for the related tungsten
hydride WH(CO)(NO)(PMes);. Indeed, variable tempera-
ture IR and NMR studies/®® on the interaction between
this hydride and proton donors revealed dihydrogen bond

3.0 1

PhOH
2.5 .

3,4,5-trimethylphenol
2.0 4

Kobs 104, S<1

pKa

European Journal
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formation followed by H, evolution. The kinetics of the lat-
ter reaction was studied at 333 K in [Dg]toluene by moni-
toring the disappearance of the starting hydride. The pub-
lished data on the reaction half-life times, ¢,,,, allow the
calculation of the observed rate constants k', = In2/t),
which in this case is expressed by Equation (5). The dihy-
drogen bond formation constant, K, is extremely small at
elevated temperatures (e.g., K; = 0.06 Lmol™! for complex
with 3,4,5-trimethylphenol at 333 K) decelerating the reac-
tion.

. __kk,  K[HA]
kobs k72+k3 1+K|[HA] k2 KI[HA] (5)

The rate constants and activation free energy for
[WH(CO)(NO)(PMes);] reaction with proton donors vary
linearly with the HA acidity (pK,) (Figure 7). The point
belonging to CF;CH,OH (not to iPrOH as stated in the
original articlel®) falls off the trend for unknown reason.
This trend confirms that the reaction rate-determining step
is proton transfer and not organyloxide coordination, simi-
larly to that was found for [WH(CO),(NO)(PMes),] (see
above).

Similarly to the above described tungsten systems, the
non-classical isomer has not been detected experimentally
for [Cp*MoH,(dppe)]* but its facile accessibility from the
tetrahydride protonation product is evidenced by the H,
evolution at ambient temperaturel®>67-%81 and confirmed
theoretically.®®! It appears that the nature of the solvent
and the amount of excess acid determine the nature of the
reaction product by delicately controlling the position of
the proton transfer and ion pairing equilibria between
[Cp*MoH;(dppe)] and [CF;COOH] (Scheme 5).7% The use
of suitable solvent, temperature, and hydride/acid ratio con-
ditions led to the selective formation of the dihydrido com-
plex [Cp*Mo(dppe)(H)»(n'-O,CCF5)] as H, evolution
product. The [Cp*MoH,(dppe)]™[OCOCF;]" ion pair
dissociation precludes the formation of the trifluoroacetato
product leading to the non-specific H, loss/decomposition
(see below). This system is the first one where activation
parameters for the H, evolution process have been deter-
mined: AH%;, = 31.8+0.5kcalmol! and ASHy, =
36 =2 e.u. The reaction rate does not depend on the solvent

27.5 1

iPrOH
27.0 4 .

26.5 -

CF3CH,0H
sCHa 7 * CH:OH

2604 PhCH,OH

AG* 333K

25.5 4

*
25.0 4 *  3,4,5-trimethylphenol

PhOH

24.5

pKa

Figure 7. Correlations between the reaction rate constants ko (left) and the activation free energies AGts33¢ (right) and the proton
donors pK, for the reaction of [WH(CO)(NO)(PMe;);] with acids in [Dg]toluene at 333 K. Calculated from the 7,,, data in ref.[%°l
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P EOQH CF, CF;C00~
s 0—c¢ Os,.-OH
P [ Et,NH ¢
Y CFs
[CF;COO(CF;COOH),]

Scheme 5. Reaction mechanism for protonation of [Cp*MoH;(dppe)] by [CF;COOH].l7]

being identical in benzene, THF and acetonitrile. Similarly,
positive AH*;, and AS*y, values (23.2 = 0.8 kcalmol ! and
+3.6 = 1.4 e.u., respectively) have been reported for the hy-
drogen elimination from the ruthenium cluster [(u-H),(H),-
Ru3(CO)g{p-P(tBu),}»], although the reaction mechanism
is more complicated in this case.[’!]

The large positive activation entropy suggests that the
transition state is dissociative in nature. It explains also why
the reaction does not occur at low temperatures: the contri-
bution of the entropic term raises the activation free energy
to a greater extent at lower temperatures, so that the barrier
becomes too high to be overcome.

Solvent Effect on Proton Transfer

While solvent effects on hydrogen bonding and proton
transfer — a topic which deserves a separate review — is well
appreciated in organic chemistry,[’>73! studies aimed at un-
derstanding how the reaction medium may influence proton
transfer to transition metal hydrides are scarce. The solvent
polarity (dielectric permittivity) is greater at lower tempera-
tures, assisting proton transfer. A change of solvent may,
obviously, have the same effect. Thus, the high dielectric
permittivity of the Freon mixture CDCLF/CDF; (2:1) at
low temperatures has been reported to allow the proton
transfer to [Cp*RuH5(PCys)] by RFOH {RFOH = (CF3),-
CHOH or (CF;3);COH}, yielding [Cp*Ru(H),(n>-H,)-
(PCy3)]"[ORF]", whereas no reaction occurs for the same
mixture in toluene.™ For the hydrides listed in Table 1 the
proton transfer activation free energies AG* in hexane (di-
electric permittivity ¢ = 1.807?)) are systematically higher
than those in the more polar dichloromethane (¢ = 8.93 at
298 KI7?), see Figures 3 and 4. Theoretical studies for the
protonation of [CpRuH(CO)(PCy;)],**! [Cp*FeH(dppe)]>
3562
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and [Cp*MoHj;(dppe)]i>’! showed a decrease of the acti-
vation energy for the M—H-+H-A to M(n?-H,)**-A~ con-
version on going from the gas phase to a heptane solution
and then further to a CH,Cl, solution. The spectroscopic
and theoretical study of system [PP;RuH,] {PP; = x*
P(CH,CH,PPh,);} has demonstrated® that an increase of
the medium polarity favours the proton transfer, leading for
high dielectric permittivity (¢ > 20) to dissociation of the
hydrogen bonded ion pair with formation of the solvent
separated ions, [(PP3)RuH(n>-H,)]"/[ArOHOAT] .

So far we have discussed only how the nonspecific inter-
action with the environment affects the proton transfer ki-
netics and thermodynamics. However specific properties of
the medium (e.g., the solvent ability to serve as hydrogen-
bond donor or acceptor) could as well greatly influence the
position of the proton transfer equilibrium and the stability
of the M(n2-H,)* complexes. Hence, the proton transfer
equilibrium position is very different in THF and CH,Cl,:
the greater proton accepting ability of the former dampens
the proton donating strength of the acid, thwarting the hy-
drogen bond formation and the proton transfer reaction rel-
ative to the similarly polar CH,Cl,.[47-30-7% In toluene, pos-
sessing weak hydrogen bond accepting properties and lower
polarity, the proton transfer equilibrium is shifted further
towards the neutral hydrogen-bonded species in compari-
son with CH,ClL,.["%

Calculations show that the intervention of a second pro-
ton donor molecule in hydrogen bonding, M—H---H-A---H-—
A strengthens the dihydrogen bond with the ensuing de-
crease of the proton transfer barrier and a shift of the equi-
librium to the right.[?%2%3% The same, but obviously weaker,
effect is caused by CH acids such as dichloromethane.[!
These theoretical findings are confirmed by the experiment.
Indeed kinetic data show the participation of two HA mole-
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cules in protonation reaction yielding [M(n2-H,)]™?%3%
while UV/Vis titration experiments confirm the involvement
of the homoconjugated anions, [AHA], into the product
ion pair.l?#26:39-31 The second-order dependence of the rate
constants on the acid concentration was also found for the
protonation of the hydride cluster [W3S Hs(dmpe)s]*
{dmpe = 1,2-bis(dimethylphosphanyl)ethane} in
CH,CL,.[73 However, a first order dependence on the acid
concentration was found in neat MeCN or MeCN/H,0.[!
On the basis of a theoretical study the effect was attributed
to the unfavourable disruption of the acid-solvent H-bonds
in MeCN and water upon the interaction of the acid with
the tungsten hydride cluster.’>] As exemplified for the
[PP;RuH,]/substituted phenols system,>% proton transfer is
better assisted by a protic solvent (CH3;OH) rather than an
aprotic one (CH3CN) under comparable medium polarity,
because of the additional hydrogen bonding of CH;OH
with the solutes.

Proton accepting/coordinating solvents may not only
hamper the hydride-proton donor interaction and disfavor
proton transfer, but also crucially affect the stability of the
proton transfer products. For example, a fast equilibrium
between the dihydrogen bonded adduct, Cp*Mo(dppe)Hs:+
HOOCCF;, the ion paired proton transfer product,
Cp*Mo(dppe)H, "+ "OOCCF;, and the separated ions is es-
tablished upon interaction of the Mo trihydride complex
with CF;COOH in different solvents. In low polarity,
weakly coordinating solvents (benzene/toluene) the acid ex-
cess stabilizes Cp*Mo(dppe)H,* against H, loss via the sep-
aration of charged species by forming the less basic homo-
conjugate anion, [CF;COO(HOOCCEF,),] . This is not pos-
sible in THF or MeCN, which bind the excess acid, thus
the hydrogen bonded ion pair Cp*Mo(dppe)H,*
“O0CCF; evolves to [Cp*Mo(dppe)H,(O,CCF5)] via re-
placement of H, by the more basic trifluoroacetate ligand.

A unique example of the solvent effect on the structure
of a dihydrido cation was found for compound
[Cp*MoH,(CO)(PMes),]*[BF,]", which exists as a dihydro-
gen complex in THF and as a classical dihydride in
CH,Cl,.I""1 Theoretical calculations show that the solvent
effect on the classical/non-classical equilibrium energetics
can be described as operating through a second-order non-
covalent interaction: solvent---anion---cation. The stronger
CH---FBFj; interaction for CH,Cl, relative to THF weakens
the anion—cation interaction, thus allowing the cation isom-
erization to the classical form.

To conclude this section, we shall consider the origin of
the entropy changes accompanying hydrogen bond forma-
tion and proton transfer. The dihydrogen bond formation
entails a substantial entropy loss as does a regular hydrogen
bond.[”87°1 This entropy loss originates from the loss of ro-
tational and translational degrees of freedom in the com-
plex in comparison to the individual acid/base mole-
cules.BO81 Yet, hydrogen bond formation induces only
slight changes in the orientation of the solvent dipoles at
the solute site."-821 This nonspecific interaction with the
medium is smaller for lower polarity solvents, making hy-
drogen bonds stronger in nonpolar media. Specific interac-
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tions — binding of a second HA molecule or a protic (hydro-
gen bond donating) solvent molecule — also have a strength-
ening effect due to the cooperative enhancement of a proton
donor strength.[29-30-831

On the other hand, the proton transfer step occurs as an
intracomplex (intramolecular) conversion of an MH--HA
or MH--HA--HA species into a [M(n>-H,)]™[A] or
[M(n%-H,)]*~[AHA] species and, in principle, should not
be associated with a great entropy loss. However, it involves
a charge separation and thus entails substantial modulation
of the solute-solvent interaction. The ion pair formation
causes ordering of the electric dipoles of the solvent around
this species. The ensuing increase of the local electric field
leads, in turn, to an energetic stabilization and assists the
proton transfer.[®2l However, it requires also an entropy de-
crease. As a consequence a more negative proton transfer
enthalpy is associated to a more negative entropy (Fig-
ure 8). The experimentally determined AS* values for these
systems are rather large and negative reflecting probably or-
dering of both the reacting complex and the solvent around
it. Thus, despite the different origin of the negative entropy,
both dihydrogen bonding and proton transfer equilibria
shift to the right as the temperature decreases, gearing “low
temperature assisted proton transfer”.[46]

40 -

30

-ASPT

20 A

10 4

0 5 10
-AHpr

Figure 8. Enthalpy and entropy correlation for the proton transfer
step determined for the reaction of (CF3);COH with [(triphos)-
Re(CO),H]* (1), CF;CH,OH with PP;OsH,*1 (2),
[Cp*MoH;(dppe)]** (3), and (CF;),CHOH with [(triphos)Ru-
(CO)H,J™! (4), [Cp*FeH(dppe)]**! (5), [Cp*RuH(dppe)]** (6).

When the temperature is lowered, ordering of solvent di-
poles also occurs, which is responsible for the solvent po-
larity increase.®¥ This phenomenon is obviously more pro-
nounced for polar solvents than for non-polar ones. For
example, the dielectric permittivity (taken here as a measure
of solvent polarity) of toluene remains almost constant be-
tween room temperature and 190 K (¢ = 2.47 at 240 K and
2.71 at 180 KI®%)) whereas that of CH,Cl, changes from 8.93
at 298 K to 15.53 at 190 K.[® This solvent polarity change
causes a local dielectric field increase around the solute, in-
ducing the proton shift toward the base in a hydrogen
bonded complex and favouring the charge separation.[$2-84
These concerted events are reflected in the temperature de-
pendence of the reaction free energy and in the entropy
changes determined for each step.
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Conclusions

The reactivity of transition metal hydride complexes can
be tuned by varying the ligands electronic and/or steric
properties. For a given complex it can be further attenuated
by interplay of secondary interactions such as hydrogen
bonding and temperature effects. This is (intuitively) ap-
preciated but there are not many explicit examples. The
present microreview gathers such reports on the transition
metal hydrides interaction with proton donors to reveal the
physico-chemical (thermodynamic and kinetic) origin of
these effects. Thus, temperature lowering assists reversible
proton transfer due to (a) an increased stability of the hy-
drogen bonded intermediate and (b) a decreased activation
free energy for proton transfer. Both are due to the reduced
impact of the entropy term on the free energy. Another con-
sequence of the temperature lowering is a solvent polarity
(dielectric permittivity) increase, further favoring proton
transfer. When proton transfer yielding an (n2-H,) complex
is followed by its isomerization to a classical dihydride or
by hydrogen elimination, both processes featuring greater
activation free energies than that of proton transfer and a
positive activation entropy, the low temperature can be used
to suppress these transformations. Fine-tuning the [M(n?-
H,)]'[A] ion pair stability can provide additional support
in governing the reactivity of the non-classical hydride spe-
cies.
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Novel Cu! trinuclear complexes carrying a range of alkynyl
ligands with different electronic structure have been pre-
pared. They have high quantum yields of photolumines-
cence. The energy, as well as the lifetime of the triplet state
emission, can be tuned to a large extent by careful choice of

the alkynyl ligand, making these complexes suitable candi-
dates for application either in optoelectronic devices or in
time-resolved and gated luminescence detection. The nature
of the excited state has been identified as a metal-to-ligand
charge transfer (MLCT) state.

Introduction

Phosphorescent Cu' coordination complexes have at-
tracted increasing interest for various applications ranging
from organic light emitting devices (OLEDs) to biological
sensors.!! Copper is potentially more attractive than other
well-established phosphorescent metal complexes, based on
rare iridium(IIT), ruthenium(II) or osmium(II), in view of
its wide availability. Among the drawbacks of copper(I)
complexes, there is the relatively low quantum yield of pho-
toluminescence as compared with those of iridium(III) cy-
clometallated coordination species. Trinuclear Cu' coordi-
nation complexes with phosphane and conjugated alkynyl
ligands have been investigated as potential phosphorescent
soluble materials, and very effective synthetic protocols
have been developed.”) A range of alkynyl-coordinated tri-
nuclear Cu' complexes have been reported over the years
with emission ranging along the visible spectrum, but the
photoluminescence efficiency has so far been elusive, rela-
tive to other transition metals.®! In this work, we report
on new alkynyl-bridged coordination complexes based on
copper(I) diphenylphosphanyl, showing high quantum
yields of photoluminescence, over a tuneable emission range
within the visible region, and phosphorescence lifetimes
ranging from 10~ up to 103 seconds.

[a] Wolfson Centre for Materials Processing and Centre for
Phosphors and Display Materials, Brunel University,
Kingston Lane, UB8 3PH, Uxbridge, United Kingdom
Fax: +44-18-9526-9737
E-mail: paolo.coppo@brunel.ac.uk

O Supporting information for this article is available on the
WWW under http://dx.doi.org/10.1002/ejic.201000514.

Eur. J. Inorg. Chem. 2010, 3567-3570

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Results and Discussion

Synthesis of coordination complexes 2-8 was performed
according to the procedure published by Yam et al.l¥! The
complexes, purified by recrystallisation in diethyl ether/hex-
anes mixtures, were obtained in yields varying from as low
as 7% up to 98%. Such a large difference in the yields could
be due to steric hindrance of the large CF; groups for com-
plexes 4 and 5 and to the bulky pyrene units for complex
8. In all cases sub-millimeter, needle-shaped crystals were
obtained, unsuitable for single-crystal X-ray diffraction. We
therefore assumed the crystal structure to be consistent with
previous reports on similar complexes.*># Solution NMR
spectrometry of these complexes in deuterated chloroform
confirmed their structure and composition as drawn in
Scheme 1. Interestingly, '’F NMR spectroscopy revealed
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Cuy(u-dppm)y(MeCN)[BFyly ———— = pnzp\ /|\ /Pth
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Scheme 1. Synthetic procedure for the preparation of complexes
2-8.
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that the complexes retain the original BF, counterion, in
spite of being prepared in the presence of a large excess of
OH . Integration of the signal for complexes 2-5 confirmed
an almost quantitative retention of the counterion. NMR
spectra could not be recorded for complex 8, because of its
low stability in solution. All complexes are readily soluble
in common organic solvents, such as dichloromethane,
tetrahydrofuran and toluene, and they can be processed in
combination with PMMA to obtain luminescent polymer
films. The complexes were prepared with the aim to investi-
gate two separate effects. On the one hand, complexes 2-5
carry electron-withdrawing substituents on the phenyl ring,
which have proved to contribute significantly to a shift of
the emission energy towards higher frequencies, as in the
case of cyclometallated iridium(II) complexes.’! Com-
plexes 6-8 on the other hand, were prepared with the aim
to extend the m-conjugated system on the alkynyl ligand.
An MLCT excited state centred on larger aromatic systems
is expected to be stabilised, resulting in improved quantum
yield of photoluminescence and extended lifetime. Ad-
ditionally, a significant shift of the emission towards lower
frequencies is to be expected for these complexes, in accord-
ance with the literature on other transition-metal systems.[®

The UV/Vis absorption spectra were recorded in aerated
dichloromethane solutions. Complexes 2-5 have absorption
spectra in which the MLCT transition bands (ca. 325-
350 nm) overlap with the stronger bands, characteristic of
the conjugated system m—m* intraligand transitions centred
at approximately 250-280 nm. The molar extinction coeffi-
cients were measured in 107 M solutions and were found to
be in the range of 3-5X 104, compatible with this assign-
ment. The absorption spectra of complexes 5-8 present a
further set of structured features, which, in view of their
wavelength maxima (350-420 nm) and molar extinction co-
efficient (2-3 X 10%), can be assigned to MLCT transition
bands. Consistent with other high-quantum-yield organo-
metallic phosphorescent complexes, the low-energy absorp-
tion into the MLCT excited state is expected to be suffi-
ciently allowed to be detectable with an extinction coeffi-
cient in the range 10>-10°, and we conclude that it is located
in the long-wavelength wing of this absorption, since no
longer-wavelength absorption features are observed. The
bulk of the low-energy absorption, which is into the
'MLCT state, is centred at slightly shorter wavelength. This
implies a relatively small singlet-—triplet energy gap, that is,
a small HOMO-LUMO exchange integral consistent with
the long-range metal-to-ligand charge displacement of an
MLCT transition. The wavelength associated with the
MLCT band is, as expected, consistent with the degree of
conjugation of the alkynyl ligand for these complexes.

The inset in Figure 1 presents both the emission and the
absorption spectra of complex 8, the most structured exam-
ple, as a frequency representation. These spectra have been
first subjected to Multiple Even Derivative Sharpening
(MEDS). This is a technique that cumulatively improves the
resolution whilst suppressing the extraneous features that
accompany higher-derivative representations, and it has
been successfully applied to absorption spectra of photo-
3568
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Figure 1. (a) Absorption spectra and molar extinction coefficients
of complexes 2-8. Inset: MEDS-sharpened absorption and emis-
sion spectra of complex 8 in wavenumber units (cm™). (b) Emission
spectra of complexes 2-8 in degassed dichloromethane solutions.

graphic dyes.®7%l Repetitive incremental improvements
[Equation (1)] are applied.

Suew (2) = N{coS + eo(d2S/d12) + cy(d*SIdI%) + ... + co(d2nSIdI2")}
)]

In Equation (1), S and S, are the old and improved
spectra, N is a normalising constant, and the coefficients of
the linear combination ¢y, ¢s, ..., ¢», are chosen to provide
near-cancellation of the higher-derivative features in the
wings of a fundamental lineshape. Typical resolution en-
hancements factors of 1.3-2.0 X can be safely achieved
without introduction of artefacts. Finally, the spectra have
been converted from wavelength to frequency representa-
tion. (In passing, we mention that frequency conversion fol-
lowed by MEDS yields the same end result.) Comparing
these enhanced emission and absorption spectra for com-
plex 8 in the frequency domain clearly shows that the vi-
brational progressions are distinctly different in each case.
Dominant vibrational modes have associated normal coor-
dinates with a strong representation in those structural re-
gions of the molecule where the greatest geometrical change
occurs in going from the initial to the final electronic state.
In the example (complex 8), the geometrical change in go-
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ing from the ground state to the excited state in absorption
is thus not mirrored by the geometrical change in the re-
verse situation in emission from the excited state to the
ground state. This provides clear supporting evidence that
another geometrical change occurs whilst in the excited
state, consistent with the Stokes shift behaviour discussed
below. UV/Vis absorption spectra of complexes 2-8 in
PMMA films do not show significant variations, when com-
pared to the solution ones (see Supporting Information).
Emission spectra for complexes 2-8 were recorded in di-
lute dichloromethane solutions. Attempts to record spectra
in acetonitrile resulted in irreproducible results, possibly
due to poor stability in such a highly nucleophilic solvent.
Air-saturated dichloromethane solutions at room tempera-
ture do not show appreciable luminescence, clearly indicat-
ing the triplet nature of the emission. Conversely, thor-
oughly degassed solutions show broad, unstructured emis-
sion spectra, characteristic of MLCT excited states decays.
Large Stoke shifts were observed for complexes 5-8, consis-
tent with a spatial rearrangement of the metal cluster in the
excited state. Charge transfer from Cu! to the alkynyl ligand
results in a geometrically relaxed Cu'l-like excited state.[®!
Complex 8, in particular, shows a Stokes shift, measured
between a maximum centred in the high-wavelength wing
of the MLCT absorption band and the emission maximum
of approximately 200 nm, as an indication of a large re-
arrangement occurring in the charge transfer state. Com-
plexes 2-5 show emission A,., values in the range 490-
527 nm. The effect of electron-withdrawing groups on the
phenyl ring does not contribute to a hypsochromic shift in
the emission spectrum, as 490 nm is the maximum of the
emission in an analogous trinuclear complex with an un-
substituted ethynylbenzene ligand. This result is somewhat
surprising, as fluorine-containing ligands are known to shift
the emission dramatically in iridium(IIT) cyclometallated
complexes, up to 60 nm towards lower wavelengths.[’! It is
likely that in the case of ethynylbenzene ligands, the substi-
tutions are too far from the metal centre to produce any
major effect. In contrast, complexes 4 and 5, bearing CF;
groups, appear significantly lower in the emission energy.
The excited-state lifetime of degassed solutions of com-
plexes 2-5 range from 35 to 105 us, which is consistent with
existing literature on similar complexes.®] Single-ex-
ponential decays were observed for all the complexes mea-
sured (see Table 1). Quantum yields were measured for
these complexes, with quinine sulfate in 1 N H,SO, as stan-
dard reference. The effect of fluorine atoms on the ring ap-
pear to be beneficial, as all the quantum yields for com-
plexes 2-5 appear to greatly exceed that measured for an
unsusbstituted ethynyl benzene trinuclear complex. Com-
plex 5 in particular has a quantum yield of 57%, which is
comparable with those of the best iridium(III) cyclometall-
ated coordination complexes and offers a promising pros-
pect with regard to applications in light-emitting devices.
The trifluoromethyl groups are likely to provide greater
shielding towards solvent quenching of the excited state.
Complexes 6-8, in which a large m-conjugated system is at-
tached to the ethynyl functionality, show emissions ranging
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from 547 to 680 nm. As expected, the presence of an ex-
tended conjugated system results in a large energy shift
towards higher wavelengths, tailing in the near-infrared re-
gion for complex 8. Interestingly, the excited-state lifetimes
for these complexes are one order of magnitude longer,
when compared to those of complexes 2-5. Complex 7 in
particular, shows an emission lifetime of approximately
1 ms, comparable with that of lanthanides, like Eu**. Such
extended lifetime is an indication of a stabilised excited
state, consistent with the presence of a charge-transfer-type
excited state. The quantum yields are, however, comparable
with those of complexes 2-5, implying that nonradiative re-
laxation has not increased in spite of the lower energy of
these MLCT excited states.

Table 1. Maximum emission wavelength, quantum yield of photo-
luminescence (vs. quinine bisulfate) and lifetime of complexes 2-8
in degassed dichloromethane solutions.

Complex Amax /MM 0] 7 /us
2 507 0.240 105
3 490 0.017 35

4 519 0.144 67

5 527 0.574 88

6 547 0.273 525
7 570 0.199 976
8 678 N.A. 216
Conclusions

A wide range of emission colours can be achieved in tri-
nuclear Cu' coordination complexes by using alkynyl Ii-
gands with different electronic properties. Interestingly,
even the lifetime of the emission can be tuned up to the
millisecond region, by choosing a highly conjugated alkynyl
ligand, for applications in time-resolved detection. The na-
ture of the excited state in these complexes has been as-
signed to a MLCT State.

Experimental Section

Complexes 2-8 were prepared according to the literature, as shown
in Scheme 1. To a tetrahydrofuran solution (40 mL) of complex
1 (0.87 mmol) was added the corresponding alkynyl ligand R
(1.17 mmol) in portions, in the presence of an excess of KOH. The
mixture was stirred at room temperature for 24 h under an inert
atmosphere. The solutions were filtered and allowed to dry. The
crude products were purified by dissolving them in a small amount
of dichloromethane (5 mL) and precipitating them from mixtures
of hexane and diethyl ether. The precipitation was repeated twice.
The products were vacuum-filtered and allowed to dry in air. Yield:
2: 98%, 3: 72%, 4: 30%, 5: 34%, 6: 93%, 7: 63% and 8: 7%.

Complex 2: '"H NMR in CDCls: 6 = 7.04-7.11 (m, 36 H), 6.95 (it,
Jy =8.9,J,=23Hz 2 H), 6.86 (t, J = 7.5 Hz, 24 H), 6.77 (td, J,
=59, J, =23Hz 4 H), 3.08 (s, 6 H) ppm. ’F NMR in CDCls:
6 =-108.78, —154.69 ppm. '3C NMR in CDCls: 6 = 163.20 (C-F),
132.62, 132.11, 130.19, 128.51, 113.90, 103.85, 27.54 ppm.
Co1H7,BCusFgPg (1704.84): caled. C 64.11, H 4.26; found C 63.90,
H 4.33.
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Complex 3: '"H NMR in CDCl;: 6 = 7.13 (dt, J, = 8.7, J, = 2.3 Hz,
2 H), 6.99-7.09 (m, 36 H), 6.92 (dt, J, = 8.7, J, = 2.3 Hz, 2 H),
6.79 (t, J = 7.5 Hz, 24 H), 3.12 (s, 6 H) ppm. '°F NMR in CDCl;:
6 =-105.36,-107.04, —-154.31 ppm. '*C NMR in CDCls: 6 = 162.86
(C-F), 161.91 (C-F), 134.62, 132.71, 132.34, 129.88, 128.30, 111.90,
104.60, 27.34 ppm. Cy;H7,BCu;3FsPs (1704.84): caled. C 64.11, H
4.26; found C 64.02, H 4.35.

Complex 4: '"H NMR in CDCls: 6 = 7.69 (d, J = 8.0 Hz, 4 H), 7.37
(d, J = 8.0 Hz, 4 H), 7.05-7.11 (m, 36 H), 6.83 (1, J = 7.5 Hz, 24
H), 3.10 (s, 6 H) ppm. YF NMR in CDCly: 6 = —62.23,
~154.31 ppm. 3C NMR in CDCl;: 6 = 132.67, 132.21, 131.31,
130.39, 130.11, 129.98, 129.10 (C-F), 128.46, 125.77, 27.60 ppm.
Co3H,BCUsF P (1768.88): caled. C 63.15, H 4.22; found C 62.88,
H 4.29.

Complex 5: '"H NMR in CDCI3: § = 8.01 (s, 2 H), 7.45 (s, 4 H),
7.01-7.19 (m, 36 H), 6.90 (t, J = 7.5 Hz, 24 H), 3.11 (s, 6 H) ppm.
F NMR in CDCI3: 6 = —62.15, -151.25 ppm. '3C NMR in
CDCI3: 6 = 133.27, 132.27, 131.01, 130.06, 128.93, 128.68, 126.95,
125.24, 124.24, 12394, 122.72, 121.51, 118.79, 26.28 ppm.
CysH7,BCusF 4Py (1904.87): caled. C 59.90, H 3.81; found C 59.71,
H 3.93.

Complex 6: '"H NMR in CDCI3: § = 8.05 (d, J = 8.3 Hz, 2 H), 7.97
(d, J = 83Hz 2 H), 7.86 (s, 2 H), 7.68 (d, J = 8.3 Hz, 2 H), 7.58
(d, J=8.4Hz 2 H), 7.36 (s, 2 H), 3.90 (s, 6 H), 3.09 (s, 6 H) ppm.
Ci01Hg4BCu3F,0,P; (1793.06): caled. C 67.65, H 4.72; found C
67.38, H 4.84.

Complex 7: '"H NMR in CDCly: 0 = 9.02 (d, J = 8.3 Hz, 2 H), 8.93
(d, J =8.5Hz, 2 H), 8.77 (d, J = 8.5 Hz, 2 H), 8.00 (t, J = 7.5 Hz,
2 H), 7.92 (s, 2 H), 7.88 (t, J = 7.5 Hz, 2 H), 7.66 (d, J = 8.0 Hz,
2 H), 7.61 (t, J = 7.5 Hz, 2 H), 6.98-7.08 (m, 36 H), 6.69 (t, J =
7.5 Hz, 24 H), 3.17 (s, 6 H) ppm. *C NMR in CDCl5: § = 132.77,
132.12, 131.68, 131.33, 130.88, 130.31, 129.77, 128.96, 128.43,
128.10, 127.94, 127.84, 127.73, 127.53, 123.40, 121.99, 26.44 ppm.
C07HgaBCUsF,P, (1833.12): caled. C 70.11, H 4.62; found C 69.70,
H 4.77.

Supporting Information (see footnote on the first page of this arti-
cle): lifetime decay curves; absorption spectra of the complexes in
PMMA; emission spectra of the complexes in PMMA; details of
'H NMR spectra.
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Communication between the two iron centres in (dithienyl-
ethyne)diyl complex 1 can be finely tuned by reversible ad-
dition to, ligand replacement at and removal from the C=C
moiety in 1 of dicobalt fragments Co,(CO),(PR3)s_,. Perform-
ance analysis reveals that disparate mechanisms are in oper-

ation for the two systems. In the case of the dicobalt adducts,
indirect communication via the dicobalt steppingstone can
be finely tuned by controlling the electronic structure of the
dicobalt unit.

Introduction

Downsizing is one of key issues in modern electronic
science and industry, ' and, as one of effective bottom-up
strategies for this issue, molecular electronics has attracted
increasing attention. If functions of an electronic circuit can
be represented by a combination of molecular components,
one would be able to obtain a circuit miniaturized to a
minimal level. A number of studies have been conducted
toward this goal, and, in organic-based systems, m-conju-
gated systems play central roles as devices carrying elec-
trons and holes.”! Furthermore, combination with metal
fragments renders the systems more sophisticated, thanks
to their unique properties such as redox and magnetic fea-
tures. Organometallic molecular wires consisting of redox-
active metal centres connected by a m-conjugated bridge
have been studied extensively; as a result, many excellent
molecular wires with strongly interacting metal centres (e.g.
polyynediyl complexes) have been developed so far.* In ad-
dition to the most basic component, that is, wires, fine tun-
ing of the electronic communication between two or more
remote redox-active sites is demanded to develop molecular
parts such as switches, resistors and diodes.*! Recently, ef-
ficient ON/OFF-type switches based on photo-, pH- and
ionochromic linkers have been developed by several re-
search groups including our group.571

Herein we describe reversible, fine tuning of the perform-
ance of an acetylene-based diiron molecular wire
(Scheme 1). To achieve the desired functions, the molecule
should be stable in at least three different states that can be
interconverted to each other. We have chosen “coordina-
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tion” to control the communication between the two metal
centres (Scheme 1) and picked up an acetylene-based diiron
molecular wire, 1 (Scheme 2), in which (i) the communica-
tion may be controlled by addition of dicobalt species to
the C=C moiety and (ii) the effects brought about by the
dicobalt fragment can be further finely tuned by introduc-
ing appropriate ligands to it. The present study has also
revealed that different communication mechanisms operate
for 1 and its dicobalt adducts.

N S— el
M C=Comn M) g (MO PM
f -~ gz
coordination o
M = L

Scheme 1. Reversible, fine tuning of metal-metal interaction.
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Scheme 2. Synthesis of dicobalt adducts of 1.
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Results and Discussion

A diiron complex with the (dithienylethyne)diyl bridge,
[Fe-Th-C=C-Th-Fe] (1) {Fe = Fe(n’>-CsH4R)(dppe); R =
H (a-series), Me (b-series); Th = thiophene-2,5-diyl}, was
prepared by lithiation of bis(thien-2-yl)ethyne followed by
metalation with I-Fe(n’-CsH4R)(CO), and photochemical
ligand substitution with dppe.’] (The b-series derivatives
were prepared in order to avoid the solubility problem.) X-
ray crystallographic analysis of 1b (Figure 1) reveals the co-
planar conformation of the two thiophene rings and an
Fe-+-Fe separation of 12.7 Al Cobalt adducts 2 and 3 were
obtained by reaction of 1 with [Co,(CO)g] and [Co,(CO)s-
(dppm)], respectively, in thf at room temperature.['” Ligand
replacement of 2 with  bidentate  phosphanes
[R'>,PCH,PR’>: R" = Ph(dppm), Me(dmpm)] gave the
mono- (3, 4) and disubstituted (5) products. All complexes
show single sets of NMR spectroscopic signals for the n-
CsH,R ('H) and dppe ligands (*'P) at room temperature,
indicating symmetrical structures for 1-5 and the occur-
rence of fluxional behaviour of the ligands attached to the
Co centres in 3-5.

Figure 1. An ORTEP view of 1b drawn with thermal ellipsoids at
the 30% probability level. Hydrogen atoms are omitted for clarity.

Electron densities at the Fe and Co centres are estimated
by CV and IR spectroscopic measurements. Two Fe-centred
redox waves appear in the range —1200 to -400 mV
(Table 1).'"1 Attachment of the Co,(CO)q fragment to 1a
causes slight anodic shifts of E,,"! and E;,F** (the first
and second redox potential for the iron centres, respec-
tively), whereas ligand replacement of the resultant adduct
2a by the electron-donating diphosphane ligands causes sig-
nificant cathodic shifts of E;,"¢! and E;,,F*? (increasing or-
der of the electron densities at the Fe centres: 2a < 3a <
4a < 5a) in accord with the increasing order of the electron
densities at the dicobalt centres estimated on the basis of

Table 1. Electrochemical and NIR data for complexes 1a-5a.[¢l

the shifts of the CO vibrations to lower energies [vco (KBr):
2067, 2033, 2001 (2a), 2009, 1984, 1957 (3a), 2001, 1972,
1945 (4a), 1898 (5a) cm '] as well as the cathodic shifts of
the Co-centred redox processes (E;,°°).

Communication performance of the obtained complexes
is evaluated on the basis of IVCT bands (MMCT appearing
in the near IR region) of Ile-oxidized monocationic spe-
cies.'?! In particular, the V,;, coupling value, which is de-
rived from the spectral parameters of the IVCT bands, rep-
resents the extent of electronic interaction between the two
redox-active metal centres.'>*! A high-performance organo-
metallic molecular wire shows a large V,;, value associated
with an intense, sharp IVCT band (with a large ¢, and a
small v,,%P).['?4 Prior to the determination of the V,,
value, it is essential to classify the compound into one of
three classes (Robin—Day Classes I-III), because different
equations are applied to obtain the V,, value (see footnotes
[c,d] of Table 1); two V,;, values for Class II and III com-
pounds are shown in Table 1.I'31 For the Robin-Day classi-
fication, solvent dependency and half-height width of the
IVCT band are critical factors.'>! For a high-performance
Class IIT compound, (1) the absorption maximum (V) of
the IVCT band is little affected by the solvent polarity, and
(2) the half-height width thereof (v;,°*P) is narrower than
the value predicted on the basis of the Hush theory
(v1,°). Comparison of the performances of compounds
belonging to different classes should be made with care by
taking into account the above-mentioned factors. Monoca-
tionic complexes 1a*, 3a™, 4a* and 5a* were obtained by
chemical le-oxidation of the corresponding neutral com-
plexes with 1 equiv. of [FeCp,][PFg], whereas the thermody-
namically less stable 2a*™ was generated in situ by compro-
portionation of the isolable neutral (2a) and dicationic spe-
cies (2a%*).[8

Complex 1a* shows intense NIR bands in the region
3000-8000 cm™' (Figure 2a), which are attributed to the Fe-
to-Fe IVCT bands, as noted for the related Fe(n3-
CsRs)(dppe) complexes.[?®14 These NIR bands have been
successfully deconvoluted into three Gaussian curves, of
which the most intense, lowest energy band (band I; vy, =
4240 cm™') is used for the determination of V,[314 Be-
cause (1) vya of this IVCT band is little affected by the
solvent polarity (less than 100 cm1)[®:12¢:151 and (2) the half-
height width of this band (v;,™P = 1220 cm™) is signifi-

Complex  E;pf' /mV  Epf mV  E RS mV AECT2 mV o oy fom™t g Mem™ v P om0 Pl jopyt g ot M) oy
la -620 -432 - - 4240 22320 1220 3130 551 2120
2a 595 -483 >400 [© >883 7650 1900 2646 4204 550 3825
3a 736 571 21 592 8295 5120 3562 4371 1091 4148
4a 755 -567 -112 455 7660 5380 3086 4206 1000 3830
5a -1039 681 =312 369 6060 10660 2550 3741 1138 3030

[a] The CV data are for the neutral species, and the NIR spectroscopic data are for the corresponding monocationic species. Conditions
for electrochemical measurements: [complex] = = 1.0 X 103 M, [NBuyPF¢] = 0.1 M at 293 K, scan rate = 100 mV/sec. E,,, values are
referenced against the FeCp,/[FeCp,]* couple. E,;, !, E,,"? and E,,° are the first and second redox potentials for the iron centres
and the redox potential for the dicobalt centre, respectively. AEC®'Fe? is the difference between E,,“° and E,,,"%. [b] v;,%d (in cm ') =
(2310°V0) "2 [c] Vap" (estimated as a Class II compound) = 2.06 X 102 (Vynax =*maxV12"P) 27! (r: M-+-M distance).) [d] V,,""! (esti-
mated as a Class III compound) = (1/2)*Vyax =. [€] The E;,»,° process overlaps with the Fe!'"-Fe!'//Fe'"'_Fe!V process.
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cantly narrower than the predicted value (v, =
3130 cm™),l13 it is concluded that complex 1a* falls in the
Robin—-Day Class III (fully delocalized system) with an 7,
value of 2120 cm !, and thus the two metal centres therein
strongly interact with each other.

e /104 Mecm™!

w

— 1a* (a)

—— simulated
Gaussian curves

sum of simulated
Gaussian curves

0 I U U
4000 6000 8000 10000
wavenumber / cm-!
e/10*Mcm!
(b)
1.0
0.5

6a+

I [ |
6000 8000 10000

wavenumber / cm-1

Figure 2. (a) NIR spectrum for 1a* and its deconvoluted Gaussian
curves and (b) NIR spectra for 2a*—6a™ (observed in CH,Cl,).

Cobalt adducts 2a™-5a™ exhibit IVCT bands that are re-
markably different from those of 1a* (Figure 2b; the ab-
sorptions at greater than 10000 cm~' are LMCT bands), be-
cause of the different IVCT mechanisms (see below). For
example, the IVCT bands for 2a*-5a* are considerably
weaker than those of la*, and the absorption maxima
(Vmax) are shifted to higher energies. The order of the sol-
vent dependency is determined to be as follows: 3a* > 4a*
> 5a*%] (2a* can not be examined because of its low sta-
bility).

Compound 5a* has been assigned to Class IIB, although
the little solvent dependency and the half-height width
(v1,°*P) of the IVCT band narrower than v, suggest its
assignment to Class III. One debatable point is the con-
siderably large v,,,°*P value (2550 cm™") compared to those
of typical Class III compounds (e.g. 1a*: 1220 cm™'). Re-
cently, this type of compounds has been categorized into
the subclass “Class IIB”, as discussed by Brunschwig et
al.,['?%] that is, the electronic coupling is underestimated by
the Hush treatment (V,,'") and overestimated by the Class
III treatment (V,,/).114al

The solvent-dependent species 2a*—4a™ belong to Class
II (Table 1). Complex 2a™ shows the smallest V™" value
(550 cm ). Although the V! values for 3a* (1091 cm 1)
4a* (1000 cm ') and 5a* (1138 cm™!) are comparable, a mo-
notonous increase of &,,, and a monotonous decrease of

Eur. J. Inorg. Chem. 2010, 3571-3575
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v125*P are noted for the series 2a*—5a* with the only excep-
tion of v;,**P of 2a*. Because high performance is associ-
ated with an intense, sharp IVCT band (with a large &,
and a small v,°*P) leading to a large V,, value, the two
factors (en,.¢ and v;,°*P) are also considered to be criteria
for the classification. The monotonous changes of &,,,, and
v125*P and the Class III performance of 1a™ discussed above
(with by far the largest ¢.,,, and smallest v;,**P values) re-
veal the order of the wire-like performance as follows: 1a*
(Class III) >> 5a* (Class IIB) > 4a™ > 3a* > 2a* (Class
ITA). This order turns out to be consistent with that esti-
mated on the basis of the ESR parameters for la*—
5a™ 11617 and can furthermore be correlated to the increas-
ing order of the electron densities at the Co centres dis-
cussed above.

Thus, the communication between the two iron centres
can be controlled by coordination of the dicobalt species to
the C=C moiety in 1 and can be further tuned by introduc-
tion of a phosphane ligand with the appropriate electron-
donating ability.

The attached dicobalt fragments in 2-5 can be removed
upon treatment with NBuyF or O<-NMes (Scheme 2).2%
Thus, the dicobalt fragment can be attached to and re-
moved from 1 in a reversible manner. In other words, the
wire-like performance of the organometallic molecular wire
1 can be controlled by addition, ligand substitution and re-
moval of the dicobalt unit.

The significantly different features of the IVCT bands
observed for la* and 2a*-5a* suggest disparate mecha-
nisms operating for the two systems. The IVCT band for
1a™ arises from the Fe-to-Fe MMCT, because 1a™ contains
the two iron centres as the unique redox-active sites. On
the other hand, two pathways are feasible for the dicobalt
adducts 2a*—5a™, that is, the direct Fe-Fe MMCT as ob-
served for 1a* and the indirect Fe-Co-Fe MMCT, where
the dicobalt unit works like a steppingstone. Of the two
mechanisms, it turns out that the latter process is at work
for 2a*—5a*, because monocationic species [(p-nZ:n>-Fe—
Th-C=C-Th-H)Co,(CO)4(dppm)] (6a), a monoiron deriv-
ative of 3a, for which direct Fe—Fe transition is not feasible
but Fe—Co transition is feasible, has a NIR absorption band
that is close in shape to that of 3a™ (Figure 2b). It should
be also noted that (1) &ya, of the monoiron species 6a* is
about half of that of the diiron species 3a* (Figure 2b) and
(2) the transition is characterized as an IVCT band as re-
vealed by the linear relationship between vy, and (1/n? —
1/DJ?) observed in solvents with different polarities (n and
D, are denoted by the optical and statistical dielectric con-
stants of the solvent).[8-21]

Electron transfer process of dinuclear species has been
interpreted in terms of the diagram involving two overlap-
ping potential energy curves.*?l A simplified diagram for a
Class II dinuclear species is shown in Scheme 3a. Photo-
chemical excitation of the ground state A by absorption of
the IVCT transition energy (vivcr) and subsequent thermal
relaxation following the potential curve finally lead to B to
accomplish the electron transfer between the two iron
centres. For the three-component dicobalt adducts 2-5,
3573
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electron transfer can be explained by the potential energy
curve diagrams shown in Scheme 3b.2%1 The IVCT transi-
tion from the ground state C followed by thermal relaxation
in a manner similar to the dinuclear system leads to the
intermediary state D. Subsequent thermally induced elec-
tronic transition from the other iron centre to the dicobalt
unit leads to the other ground state E to accomplish the
electron transfer between the two iron centres via the dico-
balt unit. In this context, the energy gap (AE) is a key factor
for the determination of V,;, because a diminution of AE
brings about an increase in the electronic coupling V,,. AE
can be experimentally estimated by the CV data, that is, AE
is equivalent to the difference of the redox potentials for
the iron and cobalt centres (AECF¢2) 241 As summarized
in Table 1, the order of the AEC®F¢2 values are 2a > 3a >
4a > 5a. Thus a compound with a small AECF2 yalue
gives a large V,, value (5a > 4a > 3a > 2a), in accord with
the experimental results described above. As a result of
these electronic effects, the communication performance
(Vap) of the dicobalt adducts can be finely tuned by choos-
ing a ligand with appropriate electron-donating ability. AE
can be correlated to the densities at the dicobalt unit, which
can be estimated by E;,%° and v¢p as discussed above; in
other words, an electron-donating ligand induces better
communication between the two metal centres.

(@) (b)

Vivet

A B
s
Fe-Fe** Fe*-Fe

A
Fe-Co,-Fe**

Fe**-Co,-Fe

Scheme 3. Energy diagrams for (a) di- and (b) tricomponent sys-
tems of Class II. V,: electronic coupling; viyer: IVCT transition
energy; AE: energy gap between the Fe and Co centres; AG: ther-
mal electron-transfer barrier.

Conclusions

We have succeeded in fine tuning the communication be-
tween the two metal centres in the organometallic molecu-
lar wire 1 by attachment and removal of an appropriate
dicobalt fragment (Scheme 1). It is notable that: (1) the
wire-like performance of the derivatives varies in the range
from Robin—Day Class ITA (2) to Class III (1); and (2) 1
and the cobalt adducts 2-5 can be interconverted in a re-
versible and facile manner. In the case of the dicobalt ad-
ducts, the indirect communication via the dicobalt step-
pingstone can be finely tuned by controlling the electronic
structure of the dicobalt unit.

CCDC-775289 (1b) contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge from
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The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): Full synthetic and spectroscopic details of 1-5.
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Molybdenum Dithiolene Complexes as Structural Models for the Active Sites
of Molybdenum(IV) Sulfide Hydrodesulfurization Catalysts
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The removal of sulfur (as H,S) from organosulfur species in
petroleum feedstocks (hydrodesulfurization, HDS) is carried
out on an enormous scale by using heterogeneous catalysts
based on MoS, (usually doped with Co). Partially hydroge-
nated thiophenes are postulated intermediates in the MoS,-
catalyzed hydrodesulfurization of thiophene. The present
contribution describes new molecular models for the pro-
posed active sites in HDS catalysis. The models are derived
from a mixed-ligand (push—pull) molybdenum trisdithiolene
{{(Mo(ttd),(bdt)]; tftd = S,C4(CF3),, bdt = S,CsHy}: selective in-
traligand alkyne binding converts the bdt group to a labile
Mo-chelating benzodithiin, which can be substituted with a
variety of weak donor ligands. The complexes [Mo(tfd),-
(dht),] and [Mo(tfd),(tht),] (dht = 2,5-dihydrothiophene; tht =

tetrahydrothiophene) were synthesized and crystallographi-
cally characterized. The Mo(tfd), substructures closely re-
semble the presumed active site in MoS, HDS catalysts. The
coordination geometries at molybdenum are approximately
trigonal prismatic, and the metal bears two strongly bound
dithiolene (tfd) groups and two comparatively weakly bound
thioether ligands (dht or tht). Competitive binding experi-
ments establish that tht binds more strongly to the Mo center
than dht (Keq = 6.5*0.5). Preliminary reactivity studies re-
veal that [Mo(tfd),(dht),] decomposes to [Mo(tfd)sz], thio-
phene, and unidentified species upon heating. Further,
[Mo(tfd),(tht),] induces the isomerization of 1,4-cyclohexa-
diene to 1,3-cyclohexadiene at elevated temperatures.

Introduction

As high-grade petroleum reserves dwindle, lower and
lower grades of petroleum resources must be brought into
service to meet the continually growing energy demands.
Environmental concerns require that the sulfur content of
low-grade petroleum be reduced before use.'! Hydrodesul-
furization (HDS) processes — the removal of sulfur from
organosulfur species as H,S — utilize catalysts based on mo-
lybdenum(IV) sulfide (MoS,; most commonly encountered
as the hexagonal molybdenite, usually modified with cobalt
for HDS applications) and hydrogen gas as a feedstock. As
a greater and greater efficiency is being demanded of hydro-
desulfurization techniques, the search for better catalysts
has intensified. Of special interest is the desulfurization of
thiophenes, which are less reactive in HDS than noncyclic
thioethers and much-less reactive than thiols.>3! Thus, the
removal of sulfur from thiophenes and related “stubborn”
(refractory) compounds (deep desulfurization) is a formida-
ble challenge. While some noble metal catalysts show excel-
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lent activity in deep desulfurization, the high activity of
those metals is offset by their cost. Developing increasingly
active Mo-based catalysts is thus a worthwhile goal, and we
focus here on molecular coordination compounds of mo-
lybdenum. Heterogeneous MoS,-based HDS catalysis has
been investigated by experimental surface techniques as well
as by computational (DFT) studies on cluster models.>~]
However, small molecular (soluble) models mimicking the
active sites in molybdenite HDS catalysts are rare.¥] Small
molecule models should be useful for understanding the
mechanism of HDS catalysis and could lead to the develop-
ment of better catalysts.[% It is thought that exposed (coor-
dinatively unsaturated) edges of MoS, sheets are the active
sites and that the internal centers are inactive.’) A fragment
of the molybdenite structure is shown in Figure 1, which
shows internal sites, edge sites, and key metric parameters.

As shown in Figure 1, the molybdenum edge sites possess
pyramidal structures, with molybdenum at the apex of a
square pyramid and four sulfur atoms forming the base of
the pyramid. Current evidence suggests that thiophene co-
ordinates to the molybdenum edge sites. The coordinated
thiophene then undergoes hydrogenation to 2,5-dihydro-
thiophene and, finally, desulfurization (through cyclorever-
sion) of the organic moiety produces 1,3-butadiene and a
terminal metal sulfide (Scheme 1).'3] Reduction of the
metal sulfide with H, releases H,S and regenerates the un-
saturated Mo center.
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Figure 1. Views of exposed molybdenum sites in hexagonal MoS,;
(a) standard orientation, in which the hexagonal layers are oriented
horizontally; (b) rotated to highlight the geometry!!” of the edge
sites. The picture was generated with ORTEP,'!l by using MoS,
coordinates!!? from the literature.

>IN
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Scheme 1. Desulfurization of thiophene at a MoS, edge site.

Accurate structural models of MoS,-based HDS cata-
lysts should have the square-pyramidal structure (with Mo
at the apex and four sulfur donors forming the basal plane)
as seen for the edge sites in molybdenite. Additionally, the
model should incorporate vacant (or labile) sites to bind
organosulfur substrates (e.g. thiophene derivatives). While
many examples of molybdenum!4'®! (or tungsten'*l) com-
plexes bearing four sulfur donors are known, they usually
contain additional strongly bound ligands, such as thiolates
or phosphanes, which cannot be displaced by thioether
groups or other weakly coordinating sulfur donors. How-
ever, they do show catalytic activity toward nitrate and for-
mate reduction, and in that area, are showing promise as
models for enzymes. On the other hand, the few truly four-
coordinate MoS,; complexes {e.g. [Mo(SR)4], R = 2,4,6-
triisopropylbenzene} are extremely electrophilic toward
small donor molecules and form a variety of MoS4L com-
plexes, where L = (e.g.) alkyne, MeCN, tBuNC, CO.%
However, these four-coordinate MoS, complexes have tetra-
hedral rather than pyramidal geometry at the metal, which
makes them less desirable as model complexes for the mol-
ybdenite edge sites. Monosulfided molybdenum!! or tung-
stenl!®l species with dithiolene ligands [“SM(S,C5R5),”]
have also been produced, and they may be regarded to be
excellent models for the intermediate obtained after butadi-
ene loss (right-hand side of Scheme 1). Schrauzer et al. pro-
duced thioether complexes on tungsten-based dithiolenes
by methylation of one of the dithiete ligands.[>?1 [Mo(CO),-
(S>,C,Me»),] complexes are known and offer both the
square-pyramidal MoS, structure as well as labile CO
groups.['>231 While CO is a labile ligand in such complexes
(as we also confirmed experimentally, see below), we pro-
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vide here an alternative approach to the opening up of two
labile sites at “S,Mo”.

The first coordination sphere of neutral molybdenum
trisdithiolenes resembles the environment of the internal
(non-edge sites) molybdenum atoms in molybdenite — in
both cases, the metal geometry is approximately trigonal
prismatic with six sulfur-donor ligands. Our group has pre-
viously reported that mixed-ligand molybdenum trisdithiol-
enes {[Mo(tfd),(bdt)] and [Mo(bdt),(tfd)] with tfd =
S>C»(CF3),, bdt = S,C¢Hy} react with ethylene through the
sulfur atoms of one bdt ligand (i.e. intraligand alkene ad-
dition) to form a metal-chelating dihydrobenzodithiin moi-
ety.?! The weakly bound dihydrobenzodithiin can be sub-
stituted with a variety of nucleophiles, which allows access
to new molybdenum bis- and trisdithiolene complexes. In
this paper we extend this versatile method to create molyb-
denum bisdithiolenes with thioether ligands (partially hy-
drogenated thiophenes), which provide structural models
for postulated intermediates in MoS,-based HDS catalysis.

Results and Discussion

The syntheses of our structural models exploits the li-
gand-based reactivity of [Mo(tfd),(bdt)]: treatment of the
trisdithiolene with bis(trimethylsilyl)acetylene (btmsa)i?>!
gave [Mo(tfd),{bdt(btmsa)}], which was subjected to ligand
substitution with excess dht or tht (dht = 2,5-dihydrothio-
phene; tht = tetrahydrothiophene) to yield [Mo(tfd),-
(dht),] or [Mo(tfd),(tht),], respectively, upon loss of the
metal-coordinated benzodithiin (Scheme 2, see experimen-
tal section for details). The resulting complexes were char-
acterized by multinuclear NMR spectroscopy, elemental
analysis, and X-ray crystallography. However, this approach
failed to produce any complexes with thiophene ligand.

Mo(tfd),(bdt)
Ss
'\\A/
5 —
< \S\s R=siMe; [ V=[ VNor/ )
FsC CF3 s S S
3 CFs FsC dht tht
excess
RC=CR
(btmsa)
R excess , R
R y N
N N Qo
\/ s &/
s R~ > 5= R~g

A G & G- N
F3C CF, FiC CF3 SR F3C CF, FiC CF3

Mo(tfd),[bdt(btmsa)] Mo(tfd)x(dht), or Mo(tfd),(tht),

Scheme 2. Syntheses of [Mo(tfd),(dht),] and [Mo(tfd),(tht),] from
[Mo(tfd),(bdt)].

Figure 2 shows the crystallographically determined struc-
tures of [Mo(tfd),(dht),] and [Mo(tfd),(tht),]. Crystallo-
graphic data are summarized in the Exp. Sect. (Table 3).
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Figure 2. Top: structure of [Mo(tfd),(dht),]. Bottom: structure of
[Mo(tfd),(tht),]. Non-hydrogen atoms are displayed by using 30%
thermal ellipsoids.
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The structures of [Mo(tfd),(dht),] and [Mo(tfd),(tht),] (Fig-
ure 2) are, expectedly, quite similar. In each case, the molyb-
denum centers are coordinated by six sulfur atoms. Two
adjacent (cis) coordination sites are occupied by thioether
ligands (dht or tht); these labile sites will possibly allow
access to mechanisms utilizing two coordination sites on
the same Mo atom. In [Mo(tfd),(dht),], the = bonds of the
dht ligands do not interact with the metal (i.e. dht binds in
an m'-S fashion), consistent with experimental (NEXAFS)
data for dht adsorbed on a sulfided molybdenum surface.*®!
The “locked” conformation of the thioether ligands is likely
enforced by crystal packing. NMR spectroscopy ('°F) indi-
cates apparent C,, symmetry for [Mo(tfd),(dht),] and
[Mo(tfd),(tht),], which indicates interconversion between
ring conformers in solution. The crystal structure determi-
nations for [Mo(tfd),(dht),] and [Mo(tfd),(tht),] have
yielded detailed information on the sulfur environment in
such species, which is very consistent across the two struc-
tures. Key structural data are summarized in Table 1. The
Mo-S(tfd) bond lengths (Table 1) for [Mo(tfd),(dht),] and
[Mo(tfd),(tht),] [average 2.335(1) A and 2.333(1) A, respec-
tively] are marginally shorter than the analogous Mo—S(tfd)

Table 1. Selected structural data for [Mo(tfd),(dht),] and [Mo(tfd),(tht),].

[Mo(tfd),(dht),] [Mo(tfd),(tht),]

Bond lengths (A)

Mo-S(tfd) Mol-S1 2.336(2) Mol-S1 2.331(1)
Mol-S2 2.329(2) Mo1-S2 2.336(1)
Mol-S3 2.337(2) Mol-S3 2.324(1)
Mol-S4 2.337(2) Mol-S4 2.343(1)

Mo-S(thioether) Mol-S5 2.520(2) Mol-S5 2.513(1)
Mol-S6 2.520(2) Mol-S6 2.523(1)

Bond angles [°]

S-Mo-S (tfd) S1-Mol1-S2 81.28(6) S1-Mo1-S2 81.50(5)
S3-Mol-S4 81.76(6) S3-Mol-S4 81.55(5)

S-Mo-S (thioether) S5-Mol-S6 75.20(6) S5-Mol-S6 73.85(4)

S-Mo-S (trans S) S1-Mol1-S4 142.11(6) S3-Mol-S2 139.92(5)
S1-Mol-S5 127.77(6) S1-Mol-S4 138.83(5)
S3-Mol-S2 137.21(6) S3-Mol-S5 130.58(5)
S3-Mol-S5 136.69(6) S1-Mol-S5 133.30(5)
S6-Mol-S2 134.27(6) S2-Mo1-S6 128.73(5)
S6-Mol-S4 129.85(6) S4-Mo1-S6 135.44(5)

Nonbonded distances [A]

S-S (trigonal face)

inter-tfd S1-S3 3.170(2) S1-S3 3.117(2)
S2-S4 3.132(2) S2-S4 3.167(2)

tfd—thioether S3-S6 3.239(2) S3-S6 3.277(2)
S1-S6 3.233(2) S1-S6 3.151(2)
S2-S5 3.150(2) S2-S5 3.268(2)
S4-S5 3.242(2) S4-S5 3.232(2)

S-S (prism edge)

inter-tfd S1-S2 3.038(2) S1-S2 3.047(2)
S3-S4 3.059(2) S3-S4 3.048(2)

inter-thioether S5-S6 3.075(2) S5-S6 3.026(2)
Nonbonded angles (trigonal face) [°]

S-S-S S3-S1-S6 60.77(6) S3-S1-S6 63.04(5)
S1-S3-S6 60.58(6) S1-S3-S6 58.99(5)
S1-S6-S3 58.65(6) S1-S6-S3 57.97(5)
S4-S2-S5 62.14(6) S4-S2-S5 60.29(5)
S2-S4-S5 59.21(6) S2-S4-S5 61.4(5)
S2-S5-S4 58.64(6) S2-S5-S4 58.3(5)

interplanar angle S1-S3-S6 to S2-S4-S5 0.59(11) S1-S3-S6 to S2-S4-S5 0.57(8)
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bonds in [Mo(bdt),(tfd)|?* and [Mo(tfd);]?" [average
2.367(1) A and 2.355(4) A, respectively]. Particularly strik-
ing is the fact that the thioether ligands are apparently very
weakly bonded, with Mo-S bond lengths that are much
longer, by almost 0.2 A, than the Mo-S(tfd) bonds. Indeed,
the Mo-S(thioether) bond lengths (thioether = dht or tht,
2.51-2.52 A) are among the longest molybdenum-sulfur
bonds known.

There are few examples of structurally characterized
Mo-thioether complexes available for comparison. The
most similar one is the ethylene adduct [Mo(tfd),-
{bdt(CH,CH,)}], with an average distance of 2.523 A to
the sulfur atoms on the dihydrobenzodithiin ligand.?*! The
closest non-dithiolene-based Mo'V system is an octahedral
molybdenum “S,-crown” thioether complex, with slightly
shorter Mo—S(thioether) distances (2.469-2.498 A).128]

Computed Mo-S distances for dht and tht bound to a
Mo;S, catalyst model fragment are 2.53 A and 2.50 A,
respectively.?’! Thus, [Mo(tfd),(dht),] and [Mo(tfd),(tht),]
can be regarded as being structurally very similar to the
active sites they are modelling.

In both compounds, the coordination geometry at mo-
lybdenum is very close to trigonal prismatic. Figure 3 shows
the bond angles used to corroborate this statement. By
using the three largest S-M-S,,,,,., angles (Figure 3a) to po-
sition the structures on the scale ranging from perfect octa-
hedron (0%) to perfect trigonal prism (100%),3% [Mo-
(tfd),(dht),] and [Mo(tfd),(tht),] were found to have 92%
and 94% trigonal-prismatic character, respectively.}!! The
largest deviations*?! in the SMS,, .., angles were ca. 14° {for
[Mo(tfd),(dht),]} and ca. 11° {for [Mo(tfd),(tht),]}. The tri-
angular faces of the trigonal prisms contain S-S-S (for-
mally nonbonded) angles very close to 60° (Figure 3b) —
the largest deviation is ca. 3° in both cases (Table 1). This
observation is surprising insofar as the large difference be-
tween the Mo-S(tfd) and Mo-S(thioether) bond lengths
could be expected to lead to a more distorted MoSg sub-
structure.

SSS (ca. 60°)

a) R2S SR SMStrans b)

# (ca. 136°) \’S/S
— |
S S/ \S /MO\
F3C CF3 F3C CF3 Si:--- ""_;:S

Figure 3. Bond angles used for analysis; (a) example for S-M-S,,,.s
angle, (b) example for S-S-S (nonbonding) angle.

Trigonal-prismatic geometry, which maximizes ligand—
metal and interligand 7 interactions,*3 is quite common
for high-valent (oxidized) metal trisdithiolenes (e.g. neutral
group six trisdithiolenes). Reduced analogues, on the other
hand, usually exhibit distortion toward octahedral geome-
tries, thereby relieving ligand-ligand repulsion in these
comparatively electron-rich systems. To illustrate, the metal
geometry in neutral [Mo(tfd);] is very close to trigonal pris-
maticl?”! (99% by using the S-M-S,,,,,; angle criterion, see
above),3!] while dianionic [Mo(tfd);]> has considerably
3580
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more octahedral character?”! (70% trigonal prismatic).[3?!

In general, trigonal-prismatic structures are more likely for
complexes with low d electron counts (i.e. d”, n = 2).B34
This has been explicitly discussed for MoS, by using crystal
field theory.l*3! Analogous effects have been shown compu-
tationally and experimentally for [Mo(butadiene)s;] com-
plexesB®! and computationally for M(CH3)¢" complexes (M
= Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W, Tc, Re, Ru, Os; n = -2,
—1, 0, +1).371 The two complexes synthesized for the present
study — [Mo(tfd),(dht),] and [Mo(tfd),(tht),] — are charge
neutral and formally Mo (d?) species, with two ene—di-
thiolate donors and two neutral thioether ligands. Similarly,
neutral group VI metal trisdithiolenes, such as [Mo(tfd)s],
can be reasonably formulated as a d? species, with two dian-
ionic dithiolene ligands and one neutral, weakly donating
dithioketone ligand.®! The trigonal-prismatic geometries
observed at the metals in [Mo(tfd),(dht),] and [Mo(tfd),-
(tht),] can, therefore, be rationalized on the basis of low d
electron counts and neutral charge states for both com-
plexes, with analogy to group VI metal trisdithiolenes. The
observed trigonal prismatic geometries mimic the environ-
ment of the Mo centers in molybdenum(IV) sulfide.

The S-Mo-S angles involving the thioether ligands are
very acute {75.2° for [Mo(tfd),(dht),] and 73.9° for
[Mo(tfd),(tht),]}. The S-Mo-S angles in the dithiolene che-
late rings are much wider (ca. 82°) for both complexes.
Interestingly, there are many examples in the literature of
Mo (or W) bisdithiolene complexes with various non-di-
thiolene ligands that also exhibit this acute non-dithiolene
ligand angle and wider dithiolene ligand bite angles. Rel-
evant examples are summarized in Table 2. Despite a large
variation in non-dithiolene ligands (which are of variable
steric demand), the non-dithiolene and the dithiolene bite
angles remain remarkably consistent.

This narrow non-dithiolene ligand angle is intriguing. A
similar observation was made by Holm and co-workers"!
when narrow C-M-C bond angles for M(CO),(S,C>Me»),
were observed: 83.5° for M = Mo and 84.1° for M = W.
These bond angles became smaller even more upon step-
wise reduction (monoanion, dianion), down to 72.3° for the
dianions. CO is, of course, a very special ligand because of
its m-acceptor properties, and Fomitchev, Lim and Holm[**!
concluded that the observed effect is “suggestive of a weak
bonding interaction between the carbonyl ligands”. For
those ligands that are not m acceptors, ligands such as dht
and tht in this work, alternative explanations are needed.
The lowest-lying empty orbitals of the Mo(tfd), fragment
points toward an explanation. Using density functional
theory (DFT), we found that both a pseudo-tetrahedral
structure and the pyramidal structure that is relevant here
are minima on the hypersurface for Mo(tfd),, as confirmed
by geometry optimization and subsequent frequency analy-
sis (no imaginary frequency). The pyramidal structure (up-
hill relative to the pseudo-tetrahedral structure by 12.3 kcal/
mol) has two low-lying empty orbitals (LUMO and
NLUMO), shown in Figure 4, that contain some p-orbital
contribution from the sulfur atoms but are largely metal-
based and correspond roughly to d,» » (LUMO) and d,.
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Table 2. A comparative sampling of bite angles (°) in bisdithiolenes with various ligands [mnt = S,C,(CN),].

Non-dithiolene bite  Dithiolene bite Trigonal-prismatic ~ Deviation®?! [°]  Ref.
angle [°] angle (av.) [°] charactert®! [%]
[EtuNL[Mox(SCH,CH,0H),(mnt),] 68 83 82 25 11s]
[Et;NL,[Mos(SPh),(mnt),] 67 82 9% 12 11s)
[Et;NL[W,(SCH,Ph),(mnt),] 68 83 95 10 11s]
[EtuNL[W,(SCH,CH,),(mnt),] 67 82 87 21 11s)
[EtuNL[W(SCH,CH,OH),(mnt),] 68 83 9 18 11s)
[Et;NL[W,(SPh),(mnt),] 66 82 923 14 11s]
[Et;NL[Mox(SCH,Ph),(mnt);] 67 83 91 20 11s]
[EtsNL[Mo(SCH,CHs),(mnt),] 68 82 86 » 11s]
[EteNL[Mo(NCS),(mnt),] 66 86 88 23 tie]
[PhyPLIW(SPh),(mnt),]-0.5(CH;),CHOH 7 82 98 7 11s)
[Et,N][Mo(PPh4)(NCS)(mnt),] 76 83 83 21 tiel
[Et;N][Mo(PPh,)(SCeH,-4-Me)(mnt),] 77 82 93 10 te]
[PhsPNPPh:J[Mo(PPhs)(SCsH4-2-COOH)(mnt)] 76 82 73 29 te]
[EtNJ[Mo(SPh)(PPhs)(mnt),} CHaCly 77 82 90 17 17
[PPh,][Mo(PPhs)SCH,CHs) (mnt),]-CH,Cl, 76 83 74 28 us)
[PPh,][Mo(PPhs)(SCH,Ph)(mnt),] 7 81 94 14 s)
[Et;N][Mo(PPhs)(Br)(mnt),] 78 83 81 23 s)
[Mo(tfd),{bdt(CH,CH,)}] 7 82 86 20 24)
[Mo(tfd),(dht),] 75 82 9 14 this work
[Mo(tfd)(tht),] 74 82 94 11 this work

(NLUMO), where the labeling assumes that we define the
paper plane to be the xy plane with y being vertical and x
horizontal. The system will be “frustrated” every time a
Lewis acid/Lewis base adduct is formed with two added
lone-pair donors L: an L-Mo-L bond angle close to 90°
would optimize overlap with the NLUMO, which, however,
leads to poor overlap with the LUMO. Good overlap with
the orbital that is the LUMO in Mo(tfd), necessitates a
narrow L-Mo-L bond angle.

T

Figure 4. DFT-computed (B3LYP/SDD, see Experimental Section)
low-lying molecular orbitals (Kohn—-Sham orbitals; left: LUMO,
—0.205 eV; right: NLUMO, -0.185 eV; plotted at 0.06 isovalue) of
geometry-optimized (local minimum but not global minimum) py-
ramidal Mo(tfd),. Note the similarity of the free pyramidal frag-
ment to the Mo(tfd), substructure in [Mo(tfd),(dht),] and [Mo(tfd),-
(tht),], shown in Figure 2 in a similar orientation.

Q
¥ 3

J

While the narrow bite angle described above is a devia-
tion from a perfect trigonal-prismatic geometry, the “trigo-
nal” planes in [Mo(tfd),(dht),] and [Mo(tfd),(tht),] are al-
most perfectly parallel.

If the S1-S3-S6 and S2-S4-S5 faces of both complexes
are taken to define planes, the angle between the two planes
is 0.59° and 0.57° for [Mo(tfd),(dht),] and [Mo(tfd),(tht),],
respectively (i.e. essentially parallel as in a true triangular
prism). In each triangular face, the sulfur atoms are essen-
tially closest packed. A diagram showing the van der Waals
spheres for the sulfur atoms of [Mo(tfd),(dht),] is shown in
Figure 5 (the structure of the tht complex leads to a vir-
tually identical picture). Visually, the impression of a very
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symmetrical arrangement of closest-packed sulfur atoms
(Figure 5A) is striking, which is quantitatively re-enforced
by the very consistent nonbonded distances (Table 1).

Figure 5. View of the sulfur environment of [Mo(tfd),(dht),], by
using the van der Waals radii for the sulfur atoms; A: view perpen-
dicular to S2-3-S6 “close-packed” plane; B: view onto S5-S6 edge.

While the preference for trigonal-prismatic (instead of
octahedral) geometry is electronic in origin (as is the acute-
ness of one S—-Mo-S angle), the resulting structure is sur-
prisingly consistent with a closest-packing model in which
the two closest-packed “S;” triangles are stacked on top of
another and in which the central Mo is dislocated from the
center toward the more donating sulfur atoms. In both
[Mo(tfd),(dht),] and [Mo(tfd),(tht),], the sulfur atoms are
found in a geometric arrangement very similar to that ob-
served for molybdenum inside solid MoS,, including the
overlapping Van der Waals radii for adjacent sulfur centers.

Reactivity

The new complexes show some interesting and promising
reactivity at slightly elevated temperatures (60-120 °C),
which, unfortunately, is accompanied by decomposition.
[Mo(tfd),(dht),] and [Mo(tfd),(tht),] are stable for days at
room temperature in nonpolar/noncoordinating solvents
3581
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(e.g. CgDyg), but rapidly react with coordinating solvents
such as thf and acetonitrile (color change to green or red,
respectively, observed immediately upon dissolution). Both
complexes are somewhat unstable in chloroform, decaying
within a few days at room temperature, and within 1 h at
60 °C. The decomposition products were identified by '°F/
'"H NMR as [Mo(tfd);] and free thioethers (dht or tht). Pre-
sumably molybdenum metal is also deposited, as a faint
darkening of the NMR tubes can be observed; this film is
insoluble in organic solvents but dissolves in inorganic ac-
ids. The complexes are considerably more stable in C¢Dg:
only minor decomposition was observed after heating either
complex to 60 °C for 1d.

The complexes are sufficiently stable (in CDCls) to deter-
mine the relative binding constant of dht vs. tht with respect
to coordination to the Mo(tfd), fragment. We found that
tht binds more strongly by a factor of 6.5(5) at a tempera-
ture of ca. 22 °C (Figure 6). The lesser binding affinity for
dht, relative to that for tht, is likely because of the electron-
withdrawing alkene group in dht, which can be expected to
decrease the g-donor ability of the thioether ligand. Substi-
tution of dht with thiophene was not observed at any con-
centration of thiophene in CDCl; or with neat thiophene.
These results can be compared to a recent computational
paper by Joshi et al. in which the adsorption energies of
various sulfur-containing molecules onto MoS, is re-
ported.*) The lowest binding energies for an unsaturated
molybdenum edge structure with tht and dht were found to
be —1.67 eV and —1.60 eV, respectively, which corresponds
to an energy difference of —6.75 kJ/mol. Our experimentally
determined equilibrium constant corresponds to a differ-
ence in binding free energy of —4.6(2) kJ/mol (for tht vs.
dht), quite consistent with the calculated value. Joshi et al.
also calculated the binding energy of thiophene to be
~1.04 eV, compared with —1.60eV for dht (difference:
—0.56 eV or —54 kJ/mol). This energy difference would yield

[Mo-tht]/[Mo-dht]
N w S (3]

0 0.2 0.4 0.6 0.8 1
[tht)/[dht]

Figure 6. Determination of the equilibrium constant for the bind-
ing of tht vs. dht at 22 °C in CDCls, according to the equation:
Mo—dht + tht 2 Mo-tht + dht. The model, predicting a linear
dependence of the ratio [Mo-tht]/[Mo-dht] vs. the ratio of free
thioethers ([tht]/[dht]), fits the data very well (R> = 0.9991). No
cooperativity is observed, and the two labile sites behave indepen-
dently in this process. The slope yields K.q = 6.5*0.5 (tht binds
more strongly, by a factor of close to seven, than dht). See Experi-
mental Section for details.
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an equilibrium constant (at 22 °C) of 3.7 X 10° in favor of
dht binding and thus explains the inability of thiophene to
displace dht.

When [Mo(tfd),(dht),] was heated in deuterated chloro-
form (60 °C, 1 h), thiophene (12%, relative to original con-
centration) was identified by "H NMR spectroscopy as one
of the decomposition products. [Mo(tfd);] was also ob-
served, as well as a smaller percentage of unidentified de-
composition products (by 'F NMR spectroscopy). It there-
fore appears that the dht ligands in the [Mo(tfd),(dht)]
complex are dehydrogenated to thiophene, although free hy-
drogen gas was not observed in the 'H NMR spectrum.
These reactions were not catalytic when excess dht was
present. At the temperatures accessible to this system (be-
fore decomposition occurs), we have not been able to repro-
ducibly demonstrate desulfurization. Butadiene, which
would be expected to form upon desulfurization of dht
(Scheme 1), was not observed in any of the reactions we
screened. Performing of the same reaction after an atmo-
sphere of hydrogen was sealed into the tubes produced no
change in the product type or distribution. All hydrogen
reactions where done under a pressure of 1 atm; greater
pressures may be needed to observe any reactivity. Many
proposed HDS mechanisms invoke the action of the sur-
rounding sulfur atoms,*'*?! and/or multiple metal cen-
ters,[*3* in MoS, to facilitate the hydrodesulfurization of
thiophene. Such pathways may not be accessible at the rela-
tively low temperatures we tried (60-120 °C, as necessitated
by the temperature-sensitivity of our model complexes; cf.
300-400 °C for industrial HDS processes?). It will be the
goal of future studies (with more temperature-stable ana-
logs) to investigate whether a HDS cycle can be achieved
with a single molybdenum center or whether the participa-
tion of more than one metal is required.[*¥]

However, we observed the isomerization of 1,4-cyclo-
hexadiene to 1,3-cyclohexadiene at 110 °C in [D,]cyclohex-
ane in the presence of [Mo(tfd),(tht),]. Performing of the
same reaction with [Mo(tfd),(bdt)] did not yield any iso-
merized diene.

Finally, we would like to address the question of how the
lability of carbon monoxide (which binds weakly to molyb-
denum bisdithiolenes, see Introduction) relates to the la-
bility of thioethers. When a slow stream of carbon mon-
oxide is bubbled through a solution of [Mo(tfd),(dht),] in
CgDg for a total of 4 h, a new complex is observed by 'H
and "F NMR spectroscopy [ca. 70-90% conversion, as de-
termined by '°F NMR spectroscopy, with 3,5-bis(trifluoro-
methyl)bromobenzene internal standard]. The new species
is assigned as [Mo(tfd),(dht)(CO)]: NMR integration of the
dht protons yields that only one dht molecule is bound per
molybdenum. In addition, the amount of free dht observed
matches the dht bound to the new complex, in accord with
expectations from mass balance. When a large excess of dht
was added, the equilibrium shifted back to [Mo(tfd),-
(dht),]. Thus, carbon monoxide and thioethers have a sim-
ilar binding strength when coordination to Mo(tfd), frag-
ments is involved. Some metal bisdithiolene complexes con-
taining carbonyls are already known,['>2% and it may be-
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come useful knowledge for future syntheses that CO and
thioethers can be of comparable lability in such systems.

Conclusions

Themolecular compounds[Mo(tfd),(dht),]and [Mo(tfd),-
(tht),] were synthesized and characterized as structural
models for the hydrodesulfurization catalyst molybdenum
disulfide. X-ray crystallography shows that they are excel-
lent models for the proposed active site of molybdenum di-
sulfide. Preliminary investigations show some intriguing re-
activity consistent with transfer dehydrogenation, yet tem-
perature-sensitivity hampers full exploration of this avenue.
It may be anticipated that molecular compounds for actual
HDS catalysis will have to be designed to be more robust
at high-temperature conditions, which will likely necessitate
departure from a close structural model. Additionally, it
may be necessary to consider models containing more than
one metal site (e.g. homo- or heterodimetallic complexes of
Mo). The new complexes are useful, however, to test equi-
libria at room temperature, as demonstrated with a dht/tht
competition on a sulfur-ligated Mo'" center.

Experimental Section

[Mo(tfd),(bdt)] was prepared by literature methods.>) Grubbs’ sec-
ond generation catalyst, tetrahydrothiophene (tht) (99%) and bis-
(trimethylsilyl)acetylene (btmsa) (99 %) were obtained from Sigma
Aldrich. Tetrahydrothiophene was redistilled and dried with molec-
ular sieves (3 A) before use. Bis(trimethylsilyl)acetylene was used
directly. Solvents were dried on a MBraun Solvent Purification Sys-
tem (MB-SPS). NMR spectroscopic data were collected on a
Bruker Avance I11 400 MHz spectrometer. 'H and '*C{'H} spectra
were referenced to the CDCl; solvent peaks, (0 =7.26 ppm and
77.23 ppm, respectively). 'H spectra were also referenced to the
CeDg solvent peaks where applicable (6 = 7.16 ppm). '°F was refer-
enced to an external capillary of neat trifluoroacetic acid (0 =
—78.5 ppm). Elemental analysis was performed by Chemisar
Laboratories, Guelph, Ontario, Canada. DFT calculations were
performed on a Desktop PC by using Gaussian 03W Rev D.0143]
on closed-shell singlets (charge-neutral molecules) with the
B3LYPMA functional and SDD basis set (ECP) for molybdenum.
The SDD basis set is the combination of the Dunning/Huzinaga
double-{ basis setl*’) on lighter elements with the Stuttgart—
Dresden relativistic effective core potential¥! (RECP) on heavier
elements.™! To improve the accuracy of the calculation, d functions
were added to all sulfur atoms [as polarization functions; d coeffi-
cients from the 6-311G(d,p) basis set]. No symmetry restrictions
were used, and default convergence criteria were employed.

Synthesis of [Mo(tfd),(tht),]: In air: [Mo(tfd),(bdt)] (51.3 mg,
74.5 pmol) was dissolved in dry hexanes (10 mL) along with tetra-
hydrothiophene (63.4 uL, 719 umol) and btmsa (80.4 uL,
360 pmol), and the mixture was left to stand. Brown crystals slowly
came out of solution over ca. 1h, and the solution turned red—
purple. After 18 h, the crystals were recovered by filtration and
washed three times with 5 mL portions of hexane. The crystals were
dried in vacuo to give [Mo(tfd),(tht),] (39 mg, 54 pmol, 72%). The
crystals were stored under inert atmosphere and were found to be
stable at room temperature. X-ray quality crystals were obtained
directly from the hexane reaction mixture. '"H NMR (400 MHz,
CDCl,): 6 = 2.28 (m, 8 H, tht), 3.54 (m, 8 H, tht) ppm. °F NMR
(376 MHz, CDCls): 6 = -54.9 [s, 12 F, (CF3),X2] ppm. 3C{'H}
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NMR (100 MHz, CDCl,): ¢ = 30.109 (s, Cg, tht), 0 = 42.31 (s, C,,
tht) ppm. C;¢H¢F12M0Sg (724.59): calcd. C 26.52, H 2.23, S 26.55;
found C 26.82, H 1.97, S 26.23.

Synthesis of 2,5-Dihydrothiophene: Grubbs’ second generation
catalyst, 1,3-bis(2,4,6-trimethylphenyl)-2-(imidazolidinylidene)(di-
chlorophenylmethylene)(tricyclohexylphosphane)ruthenium,
(75 mg, 88.3 umol) was added to diallyl sulfide (75 mL of a 0.1 M
solution) in dry chloroform (7.5 mmol). The solution was stirred
under a stream of argon for 24 h. The volatiles were vacuum trans-
ferred to a new container and heated to 70 °C until the volume was
reduced to ca. 1 mL. The solution was vacuum-distilled a second
time to a new container and stored under nitrogen. NMR spec-
troscopy showed the sample to consist of ca. 70% 2,5-dihydrothio-
phene and ca. 30% chloroform. Volumes used were adjusted for
actual 2,5-dihydrothiophene content.

Synthesis of [Mo(tfd),(dht),]: The procedure for [Mo(tfd),(tht),]
was repeated but with [Mo(tfd),(bdt)] (52.4 mg, 76.1 umol), 2,5-
dihydrothiophene solution (50 pL), and btmsa (50 pL, 224 umol).
The crystals were dried in vacuo to give [Mo(tfd),(dht),] (24.4 mg,
33.8 umol, or 44%). The crystals were stored under an inert atmo-
sphere and were stable at room temperature. X-ray quality crystals
were obtained directly from the hexane solution. '"H NMR
(400 MHz, CDCls): 6 = 4.35 [m, 8 H, (CH,)X4], 599 [m, 4 H,
(CH)x4] ppm. '’F NMR (376 MHz, CDCl5): 6 = -54.96 [s, 12 F,
(CF3),%2] ppm. *C NMR (100 MHz, CDCl5): § = 48.78 (s, CH.,),
0 = 126.62 (s, CH) ppm. C;¢H;sF12Mo0S¢ (720.56): caled. C 26.67,
H 1.68, S 26.70; found C 26.89, H 1.49, S 26.04.

Attempted Synthesis of [Mo(tfd),(thiophene),]: [Mo(tfd),(bdt)]
(2 mg) was placed into an NMR tube with C4Dg¢ (500 puL), btmsa
(ca. 10 pL), and thiophene (ca. SuL), and 3,5-bis(trifluoromethyl)-
bromobenzene (ca. 3 pL) as an internal standard. After 2 h only
unreacted [Mo(tfd),(bdt)] and btmsa along with a smaller quantity
of the [Mo(tfd),{bdt(btmsa)}] adduct {20% yield relative to unre-
acted [Mo(tfd),(bdt)]} were identified by NMR spectroscopy and
integration. No new products could be detected. The procedure
for [Mo(tfd),(tht),] was also repeated but by substituting tht with
thiophene. After 24 h, the solution remained green and no crystals
were observed.

Thermal Decomposition of [Mo(tfd),(dht),]: [Mo(tfd),(dht),]
(2.5mg, 3.5 umol) was placed in an NMR tube with CDCl;
(600 puL), and 3,5-bis(trifluoromethyl)bromobenzene (ca. 5 L) as
an internal standard. The mixture was heated to 60 °C for 20 h.
Thiophene {12% yield relative to starting [Mo(tfd),(dht),]} was
identified in the products by using NMR spectroscopy and integra-
tion.

Noncatalytic Dehydrogenation of dht with [Mo(tfd),(dht),]:[Mo(tfd),-
(dht),] (0.7 mg, 0.967 umol) was placed in an NMR tube with dht
(600 uL of a 0.062 m solution) in CDCl; along with 3,5-bis(tri-
fluoromethyl)bromobenzene (ca. 5 uL) as an internal standard. The
tube was heated to 60 °C for 24 h and then to 120 °C for 5 h. Thio-
phene was identified by NMR spectroscopy in a 43% yield based
on the reagent Mo (tfd),(dht),.

Hydrogen Reactivity: Both the thermal decomposition and the non-
catalytic dehydrogenation experiments were repeated, but before
heating, the NMR tubes were thoroughly degassed by freeze-pump-
thaw cycling. Hydrogen at atmospheric pressure was admitted to
the tubes (ca. 1 mL) and then sealed. Heating proceeded as de-
scribed previously. No new products or significant changes in prod-
uct distribution were observed by NMR spectroscopy.

Isomerization of 1,4-Cyclohexadiene: [Mo(tfd),(tht),] (0.5 mg,
0.69 pmol) and 1,4-cyclohexadiene (5 pL, 52.9 umol) were added
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to C¢Dy5 (500 uL) in an NMR tube and sealed. The contents were
heated to 110 °C for 24 h. '"H NMR spectroscopy revealed isomer-
ization to 1,3-cyclohexadiene (35% by NMR integration).

Reaction with Carbon Monoxide to Produce [Mo(tfd),(dht)(CO)]:
[Mo(tfd),(dht),] (2 mg, 2.77 umol) was added to C¢Dg (400 puL) in
an NMR tube along with 3,5-bis(trifluoromethyl)bromobenzene
(ca. 5 puL) as an internal standard. Carbon monoxide gas was gently
bubbled into the solution for a total of 4 h with occasional refilling
of the solvent to make up for evaporation losses. The yellowish-
brown solution turned bright orange, and a new complex was iden-
tified by "?F NMR spectroscopy and integration {70-90% yield
relative to [Mo(tfd),(dht),]}. "H NMR spectroscopy and integra-
tion showed an equal amount of free dht and bound dht on this
complex {excluding dht bound to known [Mo(tfd),(dht),]}. The
sample was degassed by freeze-pump-thaw cycling, and dht (300 pL
of a 0.067 M solution) in C¢Dg (20 pmol) was added, followed by
shaking. After 2 h, NMR integration revealed 85% [Mo(tfd),-
(dht),] and 15% [Mo(tfd),(dht)(CO)], which indicates that the equi-
librium shifted back to the starting materials. '"H NMR (400 MHz,
Cy¢Dg): 6 = 2.66 [m, 8 H, (CH,)X4], 4.60 [m, 4 H, (CH)Xx4] ppm.
YF NMR (376 MHz, C¢Dy): 6 = -54.92 [s, 12 F, (CF3),%2] ppm.

Determination of K., (Preferred Binding of tht Over dht): A stock
solution of dht in CDCl; was prepared by adding diallyl sulfide
(200 uL ) to CDCl; (16 mL) and Grubb’s catalyst (10 mg). After
24 h, the reaction was checked for completion by NMR spec-
troscopy, and the volatiles were purified by vacuum transfer. The
concentration of the stock solution was approximately 0.097 m. The
method used for the determination of the equilibrium constant is
based on relative ratios (by NMR integration) and not on absolute
amounts. [Mo(tfd),(tht),] (2 mg) was added to CDCl; (400 pL) in
an NMR tube. The NMR spectra were recorded at 22 °C. After
each spectrum, a small amount of dht in CDCl; was added. The
ratios of the various species were determined by NMR integration:
Mo-bound tht (“Mo-tht”), Mo-bound dht (“Mo-dht”), free dht,
and free tht were independently observed and quantified by NMR

Table 3. Crystal data and structure refinement for [Mo(tfd),(dht),]
and [Mo(tfd),(tht),].

[Mo(tfd)(dht),]

[Mo(tfd)(tht),]

Empirical formula
Formula mass

CisH2F12Mo,Se
720.56

CisH 6F12Mo,Ss
724.59

Crystal size [mm] 0.08 X 0.06 X 0.02 0.24x0.16 X0.10
Crystal system triclinic monoclinic
Space group PI P2i/c

a Al 8.3184(3) 12.0316(5)
b A 12.1554(8) 25.0104(6)
c[A] 12.9245(9) 8.4960(4)
a [’ 76.092(3) 90

AN 90.074(4) 109.275(1)
7 [°] 69.878(3) 90

VA3 1186.03(12) 2413.27(16)
zZ 2 4

T [K] 150(2) 150(1)

A [A] 0.71073 0.71073
F000) 708 1432
Data/restraints/ parameters 4826/0/317 5440/0/316
Deyiea, [mgm3)] 2.018 1.994

u [mm] 1.181 1.161
Reflections (collected) 7732 13879
Reflections (unique) 4826 5440

GOF 1.164 1.041

RI1 [I>20(1)] 0.0553 0.0516
wR2 (all data9 0.1465 0.1358
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integration. An excellent fit was obtained for the simple model Mo—
dht + tht 2 Mo-tht + dht, which demonstrates that the two labile
sites at Mo have a very similar preference for binding tht vs. dht,
i.e. no cooperativity is observed. The equilibrium constant (for the
reaction as written, Mo-tht as the product of the reaction) is equal
to ([Mo-tht)/[Mo—dht])([tht]}/[dht])!, and a straight line was indeed
obtained from plotting the ratio [Mo-tht]/[Mo-dht] against the ra-
tio [tht]/[dht] (Figure 5). The slope yields K.q = 6.5(5); tht binds
more strongly than dht by that factor. A similar experiment was
performed with thiophene (NMR, 20 °C). No substitution was ob-
served at any concentration including neat thiophene.

CCDC-762433 and CCDC-762434 for [Mo(tfd),(tht),] and [Mo-
(tfd),(dht),] (Table 3), respectively, 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.
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Lanthanide(Ill) complexes with 10-benzyl-1,4,7-tris(carboxy-
methyl)-1,4,7,10-tetraazacyclododecane (H3;L) have been in-
vestigated as model compounds of N-alkylated Ln™-do3a
complexes (Hzdo3a = 1,4,7,10-tetraazacyclododecane-1,4,7-
triacetic acid) with potential application in molecular im-
aging. The X-ray structures of the [{Ln(L)(H,0)}4]-18H,O
complexes (Ln = Eu or Tb) show that the metal ion is directly
bound to the seven donor atoms of the ligand, with the nine-
coordination sphere completed by an oxygen atom of an in-
ner-sphere water molecule and an oxygen atom of a carb-
oxylate group from a neighboring [Ln(L)] unit. This results
in the formation of tetrameric units through the sharing of
carboxylic groups between adjacent [Ln(L)(H,O)] complexes.
Luminescence lifetime measurements recorded in H,O and
D,O provide a number of coordinated water molecules (q) of
1.2, which indicates that the major species that exists in solu-
tion contains one inner-sphere water molecule. The confor-

mational properties of the [Ln(L)(H,O)] complexes (Ln = Gd
or Lu) have been investigated by using density functional
theory (DFT) calculations (B3LYP model). Our results indi-
cate that the A(AAL) conformation is more stable than the
A(0088) one for both complexes. The interconversion be-
tween these two isomers may proceed either through the in-
version of the five-membered rings formed upon coordina-
tion of the 1,4,7,10-tetraazacyclododecane (cyclen) unit, or
through the stepwise rotation of the three acetate pendant
arms. According to our calculations, the activation free en-
ergy for the arm-rotation process (5.6 kcalmol™) is much
lower than that of the ring-inversion path (14.6 kcalmol™),
which in turn is very similar to those determined experimen-
tally for Ln'(dota) complexes. Thus, a low energy barrier for
the arm-rotation process appears to be responsible for the
relatively fast isomer interconversion observed for Ln™(N-
alkylated do3a) complexes.

Introduction

Lanthanide coordination chemistry in aqueous solution
has experienced a fast development in the last two dec-
ades,!" mainly promoted by the successful biomedical appli-
cation of lanthanide chelates both in diagnostics®! and ther-
apy.®! Among the different ligands used for lanthanide
complexation in water, macrocyclic systems based on
1,4,7,10-tetraazacyclododecane (cyclen) play an essential
role. The most important and widely studied representative
of this group is Hydota (1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetraacetic acid), which forms lanthanide com-
plexes of exceptionally high thermodynamic stability and
kinetic inertness.! Lanthanide complexes of the heptadent-
ate ligand Hsdo3a (1,4,7,10-tetraazacyclododecane-1,4,7-
triacetic acid) have been also extensively studied.>
Furthermore, Hzdo3a can be easily derivatized on its sec-
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ondary amine nitrogen atom for different purposes. This
property, together with the remarkable stability and kinetic
inertia to metal dissociation,! has led to a widespread use
of Ln"(do3a) derivatives in molecular imaging, generally
as unsymmetrically substituted derivatives targeted with
biologically,[’! chemically,®*1 or photochemically!!'”! active
moieties.

It is well known that in nonacoordinated Ln'"(dota)-like
complexes, the four ethylenediamine groups adopt gauche
conformations that give rise to two macrocyclic ring confor-
mations: (8600) and (AAAA). Furthermore, there are two
possible orientations of the pendant arms (absolute config-
uration A or A), thereby resulting in four possible stereo-
isomers, which exist as two enantiomeric pairs. These
stereoisomers differ by the layout of the four acetate arms
and adopt either a square-antiprismatic (SAP) or twisted-
square-antiprismatic (TSAP) geometry.''l The two struc-
tures display a different orientation of the two square
planes formed by the four cyclen nitrogen atoms and the
four binding oxygen atoms, thereby making an angle of
around 40° in SAP-type structures, whereas this situation is
reversed and reduced to around —30° in TSAP-type deriva-
tives.'l However, whereas the solution structure of Ln'-
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(dota) complexes is well understood,!'?! little is known
about the solution structure of Ln"(do3a)-like complexes,
as N-alkylated complexes of do3a often show poorly de-
fined, exchange-broadened NMR spectra.[!?]

Several theoretical investigations of Ln"(dota) or Ln
(dota)-like complexes based on molecular mechanics,!!
Hartree—Fock,['¥ density functional theory (DFT),!'3! or
molecular dynamics!*®! have been reported in the literature.
Cosentino et al.l'”l have reported a conformational charac-
terization of Ln™(dota) complexes by using HF and DFT
calculations. In subsequent works, we have used a similar
computational approach based on HF and/or B3LYP calcu-
lations to obtain information at the molecular level on lan-
thanide complexes with both macrocyclic!'® and acyclic li-
gands,['1 as well as to predict the '*C NMR spectra of dia-
magnetic La** and Lu** complexes. In a recent paper, we
reported a detailed DFT study on the structure and dy-
namics of Ln"(dota) complexes and their analogues that
contain methylphosphonate pendant arms.?”! This work
provides a general example of how the dynamics of com-
plexes with multidentate ligands can be better understood
with the aid of DFT calculations.

With the aim of obtaining a deeper understanding of the
structure and dynamics of Ln"(do3a)-like complexes in
solution, herein we report several complexes of the model
ligand  10-benzyl-1,4,7-tris(carboxymethyl)-1,4,7,10-tetra-
azacyclododecane (HsL, Scheme 1). Luminescence emis-
sion lifetimes have been used to determine the number of
inner-sphere water molecules in solution. Density func-
tional theory (DFT) calculations performed at the B3LYP
level have been used to obtain information on the solution
structure of the complexes, as well as on the mechanisms
responsible for the interconversion between the different
stereoisomers. Finally, the X-ray structures of the Eu'"! and
Tb'™ analogues are also reported.

H g]/[\N — /j\\gOH
o
o )

HsL

II1_

(o)

Scheme 1.

Results and Discussion

Synthesis

Ligand H;L-2CF;COOH was prepared in 57% overall
yield by N-alkylation?!l of do3a(tBuO); with 1-(bromo-
methyl)benzene and subsequent deprotection of the tert-bu-
tyl esters with trifluoroacetic acid. The ligand was derivat-
ized to form several charge-neutral lanthanide complexes.
Compounds of formula [Ln(L)]-2H,O (Ln = La, Eu, Gd,
Tb, or Lu) were obtained in 78-87% yields by reaction of
the ligand with equimolar amounts of the corresponding
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lanthanide triflate in 2-propanol and in the presence of tri-
ethylamine. The high-resolution ESI-MS of the complexes
evidenced peaks that correspond to [LnL + H]" species. In
the case of the Eu complex, the isotopic distribution that
corresponded to the presence of the '>'Eu and !'>*Eu iso-
topes unambiguously confirms the formation of the desired
complex.[>?l The IR spectra of the complexes are very sim-
ilar and point to a similar structure of the five complexes
in the solid state. The 'H NMR spectra of solutions of
La™, Eu™, and Lu™ complexes recorded in D,O at 298 K
(pD = 7.0) show broad signals for the proton nuclei of the
do3a core (Figure S1 in the Supporting Information), as
usually observed for N-alkylated Ln™ complexes of
do3a.l'? Lowering the temperature to 277 K in D,O, or to
186 K in [D3;]MeOD, did not provide better resolved spec-
tra. This behavior is attributed to a relatively fast intercon-
version between the SAP and TSAP isomers on the NMR
spectroscopic timescale.

Assessment of the Hydration State

Luminescence lifetime measurements have been widely
used for quantifying the number of inner-sphere water mo-
lecules in lanthanide complexes.”®! Although ions that emit
in the near-infrared region (such as Yb'™) have also been
used for this purpose,?¥ Tb'™ and Eu'" are most commonly
applied for lifetime measurements, because they emit in the
visible region of the spectrum and show longer emission
lifetimes. Unfortunately, the [Eu(L)] complex does not show
Eu-centered emission upon excitation through the benzyl
chromophore at 254 nm. However, the emission spectrum
of the Tb" analogue recorded at pH = 7.4 [(3-morpholino-
propane)sulfonic acid (MOPS) 0.1 M] shows the typical
°D,—’F, transitions with maxima at 621.2 (J = 3), 586.2
(J =4), 5454 (J = 5), and 489.7 nm (J = 6), together with
residual emission of the ligand-centered singlet state at
351 nm (Figure S2 in the Supporting Information). The
emission lifetimes (7ypsq) Of the Tb(°Dy) excited level were
measured in solutions of the complex in D,O and H,O,
and were used to calculate the number of coordinated water
molecules (g) according to Equations (1)% and (2).[26]

q = 420k, (O]

q = 5.0(Akopsa. — 0.06) 2)

In these equations, Akgpsq. = kobsd. (H20) — kopsa.(D20)
and kopsa. = Topsa. (kopsa. = Observed rate constant). The
measured emission lifetimes of the complexes in H,O and
D,0 amount to 1.39 and 2.34 ms, respectively, which corre-
spond to ¢ = 1.2. Average hydration numbers of 1.3-1.4
have been previously obtained for different Tb™! complexes
with do3a-like binding sites.’” However, these ¢ values are
lower than those reported for [Ln(do3a)(H,0),] (Ln = Eu
or Tb), for which ¢ = 1.8 has been observed.[?! These re-
sults show that N-alkylation of Ln'"(do3a) complexes favor
lower hydration numbers in aqueous solution. This is in
agreement with previous results, which showed that the in-
3587
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troduction of a bulk substituent at the secondary nitrogen
atom of the do3a ligand causes a stabilization of the species
with a lower ¢ value.” In some instances, this effect could
be partially related to the aggregation of the complexes in
solution. Indeed, a hydration of ¢ = 1 was established for
xylene-cored Gd"(do3a) derivatives as a result of the for-
mation of aggregates in aqueous solution.’) However, an
analogous Eu'™ complex that contained a benzyl linker was
found to present a hydration equilibrium between ¢ = 0
and ¢ = 1 species.’!! These results taken together show that
different scenarios can occur for similar systems. We thus
conclude that the major form of the [Tb(L)] complex in
aqueous solution contains one inner-sphere water molecule,
but the presence of a hydration equilibrium cannot be ruled
out on the basis of luminescence lifetime measurements.

Solid-State Structure of [Ln(L)] Complexes (Ln = Eu, Tb)

The relatively low solubility of the complexes of L in
water at room temperature (ca. 1 mm) allowed us to obtain
crystals of formula [{Ln(L)(H,0)}4]-18H,O (Ln = Eu or
Tb) by slow concentration of aqueous solutions of the cor-
responding complexes. Figure 1 shows a view of the struc-
ture of the complexes, whereas bond lengths and angles of

Figure 1. View of the [Tb(L)(H,O)] complex entities present in
crystals of [{Tb(L)(H,0)}4]-18H>O. O12 and O4 correspond to
oxygen atoms of a carboxylate group from a neighboring complex
unit. The ORTEP plots are at the 30% probability level.
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the metal coordination environments are given in Table 1.
In both complexes, the metal ion is directly bound to the
seven donor atoms of the ligand, with the nine-coordination
sphere completed by an oxygen atom of a coordinated
water molecule and an oxygen atom of a carboxylate group
of a neighboring [Ln(L)] unit. This results in the formation
of a tetrameric unit through the sharing of carboxylic
groups between adjacent complexes (Figure 2). Several ex-
amples of lanthanide complexes forming oligomeric or
polymeric units due to the presence of bridging bidentate
carboxylate groups have been reported in the literature.3>33
The four metal centers are placed on the vertexes of a
rhomb with sides of ca. 6.30 A and angles of ca. 108 and
72°. The metal ions placed at opposite sides of the rhomb
are related by an inversion center. As a result, in each cen-
trosymmetric tetrameric unit, there are two different sets of
bond lengths and angles of the metal-coordination environ-
ment, as the asymmetric unit contains half of the tetrameric
unit (Figure 2).

Table 1. Bond lengths [A] and angles [°] of the metal-coordination
environment in [{Ln(L)(H,0)}4] (Ln = Eu, Tb) complexes.

Eu Tb Eu Tb
Lnl-O1 2.326(4) 2.296(2) Ln2-09 2.358(3) 2.331(2)
Lnl-03 2386(3) 2.373(2) Ln2-Ol1 2377(3) 2.356(2)
Lnl-O12 3393(4) 2.374(2) Ln2-07 2387(4) 2.358(2)
Lnl-O5 2.402(4) 2.377(2) Ln2-04 2.411(3) 2.382(2)
Lnl-O13 2.5434) 2.520(2) Ln2-Ol4 2.409(4) 2.406(2)
Lnl-N4 2.635(5) 2.622(2) Ln2-N6 2.634(4) 2.614(2)
Lnl-N2 2.671(5) 2.6472) Ln2-N7 2.671(4) 2.659(2)
Lnl-N3 2.690(5) 2.676(2) Ln2-N8 2.688(4) 2.669(2)
Lnl-NI 2766(5) 2.763(2) Ln2-N5 2.745(4) 2.729(2)
@l 39.1 40.6 ol 41.0 41.2
P 2.95 2.43 v 3.68  3.46
Lnl-Pg 0.759 0.756 Ln2-Pg 0.737 0.742
Lnl-Py 1.691 1.652 Ln2-Py 1.648 1.633

[a] Mean twist angle [°] of the upper and lower planes. [b] Angle
between the least-squares planes defined by the oxygen (Pg) and
nitrogen (Py) atoms.

Figure 2. View of the tetrameric unit present in crystals of
[{Tb(L)(H,0)}4]- 18H,0.
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The distances between the metal ions and the donor
atoms of the ligand decrease along the lanthanide series
from Eu to Tb, as usually observed for Ln™ complexes as
a consequence of the lanthanide contraction.* Three of
the distances between the oxygen atoms of the carboxylate
groups and the metal ion are very similar, whereas the
fourth one (Ln1-O1) is substantially shorter. With regards
to the distances between the metal ion and the oxygen
atoms of coordinated water molecules, we notice that the
Ln1-O13 distances are ca. 0.12 A longer than the Ln2-O14
ones. This is attributed to the fact that the inner-sphere
water molecule that contains O14 is involved in strong hy-
drogen-bonding interactions with a second-sphere water
molecule [Tb: H141--024 1.83(2) A, O14--024 2.645(4) A,
O14-H141-+-024 165(4)°]. This hydrogen-bonding interac-
tion polarizes the inner-sphere water molecule, thereby
strengthening the water—ion interaction. The observed Ln—
N and Ln-O bond lengths are very similar to those found
for the [Ln(dota)(H,O)]~ complexes (Ln = Eu, Gd).[6-3]

The coordination polyhedron around the lanthanide
atom may be considered to be comprised of two nearly par-
allel planes: the four amine nitrogen atoms define the lower
plane (Py), whereas the four oxygen atoms of carboxylate
groups coordinated to the metal ion define the upper plane
(Po). The inner-sphere water molecule caps the upper plane.
The angles between these nearly parallel planes range be-
tween 2.43 and 3.68° (¢; Table 1). The lanthanide ion is
placed at ca. 0.75 A from the upper plane (Po), and at ca.
1.65 A from the plane delineated by the four amine nitrogen
atoms of the macrocycle. Inspection of the X-ray structures
shows that both the A(AAAA) and A(38808) isomers are pres-
ent in each tetrameric unit (racemate). This conformation
results in a monocapped SAP geometry around the metal
ion, as the mean twist angles w[*® between the two Py and
Po parallel squares amount to ca. 39-41° (Table 1). These
values are very similar to those observed in the solid state
for the respective isomers of dota complexes.[®35 A A(AAAL)
[or A(8600)] conformation has been previously observed in
the solid state for Gd(do3a).[%

DFT Calculations

Luminescence-lifetime measurements performed on the
Tb™ complex of L indicate that the major species in solu-
tion is octacoordinated and contains one inner-sphere water
molecule (¢ = 1). Thus, to obtain information on the solu-
tion structure of the Ln'" complexes of L, the [Ln(L)(H,0)]
systems (Ln = Gd or Lu) were characterized by means of
DFT calculations performed at the B3LYP level. In these
calculations, we used the effective core potential (ECP) of
Dolg et al.B7! and the related [5s4p3d]-GTO valence basis
set for the lanthanide, whereas the remaining atoms were
described by using the 6-31G(d) basis set. This ECP in-
cludes 46 + 4f" electrons in the core, thus leaving the outer-
most 11 electrons to be treated explicitly. The Cartesian co-
ordinates of the [Ln(L)(H,O)] systems optimized in vacuo
are given in the Supporting Information.
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As expected, our calculations on the [Gd(L)(H,O)] sys-
tem provide the A(AAAL) and A(8669) isomers as minimum-
energy conformations (Table 2). The mean distances be-
tween the Gd'! ion and the donor atoms of the carboxylate
groups, as well as the average Gd—N distances, are in good
agreement with those observed in the solid state for the
Eu™ and Tb™ complexes (Table 1). The distance between
Gd and the oxygen atom of the coordinated water molecule
is slightly shorter for the A(AAAL) isomer (2.50 A) than for
the A(3858) one (2.52 A), which is in line with a higher ste-
ric compression around the inner-sphere water molecule in
the latter form.[® A similar situation is observed for the
Lu"" analogue. The Gd-Oyy, distances are close to that nor-
mally assumed in the analysis of '7O NMR spectroscopic
relaxation data (2.50 A),*) and those obtained experimen-
tally for different Gd"™ complexes by using electron nuclear
double resonance (ENDOR) spectra (2.4-2.5 A).[%1 In both
A(AL) and A(6888) conformations, the distances between
the Ln'" ions and the donor atoms of the ligand decrease
along the lanthanide series, as usually observed for Ln'!
complexes as a consequence of the lanthanide contrac-
tion.34

Table 2. Average bond lengths [A] and twist angles [°] obtained
from DFT calculations on the [Ln(L)(H,O)] (Ln = Gd, Lu) sys-
tems. [

Gd Lu
AQIIL) A(8883) AMIL) A(5886)
Ln-Ocoo  2.29(5) 2.29(4) 2.21(5) 2.21(5)
Ln-N 2.73(7) 2.74(9) 2.66(9) 2.67(10)
Ln-Ow 2.499 2.522 2.410 2.435
ol 34.1 21.6 36.4 24.2

[a] Mean values are provided with standard deviations within pa-
rentheses. Ocoo: coordinated oxygen atoms of acetate groups; Ow:
oxygen atom of inner-sphere water molecules. [b] Mean twist angle
[°] of the upper and lower planes, for which the upper plane is
described by three coordinated oxygen atoms of acetate groups.

In the [Ln(L)(H,O)] complexes, the coordination polyhe-
dron around the lanthanide ion cannot be described as SAP
or TSAP, because one of the positions of the upper plane
is vacant, with the water molecule placed well above the
plane described by the three bound oxygen atoms of the
acetate groups. Table 2 shows the mean twist angles
formed between the planes described by the three oxygen
atoms of the acetate groups coordinated to the metal ion,
and the three nitrogen atoms attached to acetate groups.
The values obtained for the A(AAAL) and A(8603) confor-
mations are somewhat smaller than those observed for the
respective isomers of Ln'"(dota) complexes.[®-3341]

For the Gd™ complex, the relative free energy of the
A(AMAL) isomer with respect to the A(5865) one amounts
to —0.68 kcalmol™!. Analogous calculations performed on
Ln"(dota)-like complexes that contained methylphos-
phonate pendant arms showed that the calculated relative
free energies of the two isomers deviate from the experimen-
tal values by 0.2-1.1 kcalmol '.? Thus, the major form of
the [Gd(L)(H,O)] complex in solution most likely corre-
sponds to the A(AAAL) [or A(8680)] isomer, which is in line
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with the solid-state structures described above. This is also
in agreement with previous observations that showed that
increasing the steric hindrance around the lanthanide ion
favors the A(8888) isomer.[*?l In the present case, the hep-
tadentate nature of the ligand, together with the absence of
bulky groups around the metal ion, results in a low steric
hindrance around the lanthanide atom, and thus the
A(AAL) form is stabilized with respect to the A(8680) one.
The A(AAL) conformation has also been identified as the
major form in solution for several Yb'(do3a) deriva-
tives.3] The A(\AAL) isomer is further stabilized on
decreasing the ionic radius of the lanthanide atom from
Gd" to Lu'", the relative free energy of the A(ALAA) isomer
with respect to the A(8668) one amounting to
~1.72 kcalmol™! for the Lu™ complex. This is also in line
with NMR spectroscopic studies performed on Ln™(dota)
complexes, which have shown that the abundance of the
A(8668) isomer progressively decreases upon moving to the
right across the lanthanide series.'!! We have shown re-
cently that this is because the A(AAAL) isomer provides a
stronger interaction between the ligand and the metal ion
than the A(MAAL) one, an effect that is magnified across
the lanthanide series as the charge density of the metal ion
increases.?%

The interconversion between the SAP and TSAP isomers
has been investigated experimentally for several [Ln(dota)-
(H,O)]” and Eu(dota-tetraamide) complexes.[*+*3] These
studies have concluded that the SAP<>TSAP interconver-
sion process may proceed along different pathways (Fig-
ure 3): (i) the inversion of the five-membered chelate rings
formed upon coordination of the cyclen moiety, which leads
to a (8038)«>(AAAA) conformational change; or (ii) the rota-
tion of the pendant arms, which results in a A<>A configu-
rational change. Either process alone interconverts SAP and
TSAP geometries, whereas the combination of the two pro-
cesses exchanges enantiomeric pairs (Figure 3). The
TSAP<SAP interconversion process has also been investi-
gated on the [Lu(dota)]” system by using HF!7l and
DFT?2 calculations. With the aim of obtaining a deeper
understanding of the TSAP<>SAP interconversion process
that occurs in Ln'!(do3a) derivatives, we have performed a
detailed investigation of the arm rotation and cyclen inver-
sion processes on the [Lu(L)(H,O)] system (Figure 3).

According to our results obtained on B3LYP/6-31G*-op-
timized geometries, the inversion of the cyclen moiety in the
[Lu(L)(H>O)] complex is a four-step process. In each of
these steps, one five-membered chelate ring changes its con-
figuration from A to 6 and passes through a transition state
(TS) in which the chelate ring adopts a nearly planar con-
formation with the NCCN moiety in eclipsed disposition.
A similar result has been previously reported for the [Lu-
(dota)] system on the basis of HF/3-21G!!7 and B3LYP/6-
31G(d)2 calculations. Due to the symmetry properties of
the [Lu(L)(H,O)] complex (C; point group), the first step
of the ring-inversion process may proceed through any of
the four five-membered chelate rings of the cyclen moiety
(Figure 4). Thus, the inversion of the first chelate ring leads
to four possible intermediates through four different transi-
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Figure 3. Optimized geometries of the four isomers of
[Lu(L)(H,0)] and their interconversion pathways. Symbols A and
A refer to the helicity of the pendant arms, 6 and A to that of the
macrocycle.

tion states (TS). Symmetry considerations show that the in-
version of a second chelate ring leads to the formation of
six potential intermediates; however, there are up to 12
transition states that connect intermediates I,z and I,g
(Figure 4). Inversion of a third chelate ring gives rise to the
formation of four new intermediates (Isr, Figure 4) through
12 possible TSs. Finally, the inversion of the fourth chelate
ring converts intermediates I3r into the A(6680) isomer.
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Figure 4. In vacuo relative free energies of minima, intermediates
(I), and transition states (TS) involved in the ring-inversion pro-
cesses of [Lu(L)(H,O)]. The minimum-energy pathway is high-
lighted by connecting the corresponding intermediates and transi-
tion states with dotted lines.
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The energies of intermediates and transition states calcu-
lated for the lowest-energy pathway of the ring-inversion
process are given in Table 3. By assuming the rate-determin-
ing step to be the passage between I3z and the A(85380)
form, the barrier for the ring inversion path is the one asso-
ciated to TS,g, which amounts 14.6 kcalmol™'. This value
is very similar to those obtained experimentally for the [Yb-
(dota)]” (14.6 kcalmol ") and [Lu(dota)]” (15.8 kcalmol )
complexes. 4

Table 3. Relative free energies [kcalmol '] of minima, intermediates
(I), and transition states (TS) involved in the ring inversion and
arm-rotation interconversion processes of [Lu(L)(H,0)].[4l

Ring inversion!®! Arm rotation

AL 0.00 AMAL) 0.0
TSir AMIAX) 13.45 TSia 4.18
Lir AIAS) 3.29 Lia 2.87
TSor AMXS) 11.92 TSoa 4.57
Lr AASAS) 3.68 Loa 3.04
TSsr A(ASXS) 12.78 TS3a 5.60
Lir A(L555) 2.78 AL 172
TSur A(X533) 14.59
A(3333) 1.72

[a] Subscripts R and A refer to intermediates and transition states
responsible for the ring-inversion and arm-rotation processes,
respectively. [b] A nearly planar conformation with the NCCN
moiety in eclipsed disposition is denoted as X; only the energies of
minima and transition states that provide the lowest energy path
are given.

Our calculations indicate that the arm-rotation process
responsible for the AAMAAL)<—A(MAAL) interconversion is a
three-step process that involves the stepwise rotation of
each of the three acetate pendant arms (Figure 5). Indeed,
the rotation of one of the acetate groups of the SAP form
leads to the formation of intermediate I, . In this process,
the NCCO dihedral angle changes from 37.2° in the
A(MAL) form to —30.6° in I;5. Subsequent rotation of a
second acetate pendant group provides intermediate I,
through transition state TS,4. Finally, rotation of the third
acetate group provides the A(AAAL) form of the complex
through transition state TS;, (Figure 5). By assuming the
rate-determining step to be the passage between the last in-
termediate, I,o, and the A(AAAL) form, the barrier for the
arm-rotation path is the one associated to TS;,, which
amounts only to 5.6 kcalmol™!. This value is much smaller
than that calculated for the ring-inversion pathway
(14.6 kcalmol™). Thus, we conclude that a low energy bar-
rier for the arm-rotation process is responsible for the rela-
tively fast interconversion between the A(AAL) and A(8668)
forms of Ln"(do3a)-like complexes.

The low energy barrier calculated for the arm-rotation
process can be easily rationalized by looking at the geome-
tries of energy minima and transition states shown in Fig-
ure 5. The AMAAAL)<A(AMAL) interconversion process
starts with the rotation of one of the acetate pendant arms
in the vicinity of the benzyl group. The absence of donor
atoms in the benzyl group facilitates the rotation of the
acetate arm, which is accompanied by a displacement of the
inner-sphere water molecule from its original position over
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Figure 5. In vacuo relative free energies of minima, intermediates
(I), and transition states (TS) involved in the arm-rotation pro-
cesses of [Lu(L)(H,0)].

the N-benzyl group to an axial position over the Lu'" ion.
The rotation of the first acetate arm decreases the steric
hindrance for the rotation of the acetate arm attached to
the adjacent nitrogen atom, and finally the rotation of the
second acetate facilitates the rotation of the third one. The
last rotation process is accompanied by a displacement of
the inner-sphere water molecule (Figure 5).

We would like to point out that the investigation of the
ring-inversion and arm-rotation pathways of [Lu(L)(H,O)]
did not consider the possible effect of water-exchange kinet-
ics on these interconversion processes. By using the Eyring
formula 1/t = kgT/h exp(-AG*/RT) and AG* = 5.6 and
14.6 kcalmol ! for the arm-rotation and ring-inversion pro-
cesses (kg = Boltzmann constant; 7" = temperature; 1 =
Planck constant; AG* = change in Gibbs free energy; R =
gas constant), respectively, we obtained 7 = 2X 10~ s (arm
rotation) and 7 = 8 X 103 s (ring inversion). The residence
time of inner-sphere water molecules in [Gd(do3a)(H,0),]
was determined to be 91 ns.?® From these data, it is clear
that the ring-inversion and water-exchange processes occur
on different timescales, and that many water-exchange
events occur between two ring-inversion processes. Accord-
ing to our calculations, the arm rotation process is very fast,
and will occur with a rate comparable to, or even faster
than the water exchange of inner-sphere water molecules.
Thus, we cannot discard the possibility that these two pro-
cesses could be coupled, as they appear to take place on a
similar timescale.

Conclusion

The detailed investigation of the structure and dynamics
of lanthanide(IIT) complexes with 10-benzyl-1,4,7-tris(carb-
oxymethyl)-1,4,7,10-tetraazacyclododecane (HsL) shows
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that: (i) the major form of the complexes in aqueous solu-
tion contains one inner-sphere water molecule, with N-alkyl-
ation responsible for such a low hydration number; (ii) the
AOMMAL) [or A(8688)] conformation is favored over the
A(8668) [or A(MAAL)] one; (iii) the energy barrier associated
with the ring-inversion process is similar to that observed
for Ln"(dota) complexes; and (iv) a low energy barrier for
the arm-rotation process appears to be responsible for the
relatively fast isomer interconversion observed by 'H NMR
spectroscopy in solution. We believe that these conclusions
can be extended to other N-alkylated Ln"(do3a) com-
plexes, and therefore the results reported in this paper in-
crease the current understanding of the structure and dy-
namics of this important family of complexes with potential
application in different molecular-imaging modalities.

Experimental Section

Solvents and Starting Materials: All chemicals were purchased from
commercial sources and used without further purification, unless
otherwise stated.

Physical Methods: 'H and '3C NMR spectra were recorded at
25 °C with a Bruker Avance 500 MHz spectrometer. For measure-
ments in DO, tert-butyl alcohol was used as an internal standard
with the methyl signal calibrated at 6 = 1.2 ('"H) and 31.2 ppm
(13C). High-resolution ESI-TOF mass spectra were recorded with
an LC-Q-q-TOF Applied Biosystems QSTAR Elite spectrometer
in the positive mode. IR spectra were recorded with a Bruker Vec-
tor 22 spectrophotometer equipped with a Golden Gate Attenuated
Total Reflectance (ATR) accessory (Specac). Excitation and emis-
sion spectra were recorded with a Perkin—-Elmer LS-50B spectrome-
ter. Luminescence lifetimes were calculated from the monoexpon-
ential fitting of the average decay data, and they are averages of at
least 3-5 independent determinations.

Computational Methods: All calculations were performed by em-
ploying hybrid DFT with the B3LYP exchange-correlation func-
tional,*®#7] and the Gaussian 03 package (Revision C.01).18] Rela-
tivistic effects were considered through the use of relativistic effec-
tive core potentials (RECP). Different computational studies on
Ln'"' complexes have shown that the 4f orbitals do not participate
in bonding because of their contraction into the core.*”! Thus, full
geometry optimizations of the [Gd(L)(H,O)] and [Lu(L)(H,0)] sys-
tems were performed in vacuo by using the RECP of Dolg et al.
and the related [5s4p3d]-GTO valence basis set for the lantha-
nide,37 and the 6-31G(d) basis set for C, H, N, and O atoms. The
RECP of Dolg et al. includes 46 + 4f" electrons in the core for the
lanthanide, thus leaving the outermost 11 electrons to be treated
explicitly, which is in line with the nonparticipation of 4f electrons
in bonding. Thus, this RECP treats [Kr}4d'°4{" as a fixed core,
whereas only the 5s25p®6s25d'6p° shell is explicitly taken into ac-
count. Symmetry constraints were not imposed during the optimi-
zations. The default values for the integration grid (“fine”) and the
self-consistent field (SCF) energy convergence criteria (10°°) were
used. The stationary points found on the potential energy surfaces
as a result of the geometry optimizations were tested to represent
energy minima rather than saddle points by means of frequency
analysis. The relative free energies of the different conformations
calculated for each system include non-potential-energy contri-
butions (that is, zero-point energy and thermal terms) obtained by
frequency analysis. The interconversion between the isomers of
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[Lu(L)(H,0)] was investigated in vacuo by means of the synchro-
nous transit-guided quasi-Newton method.’! The nature of the
saddle points and intermediates was characterized by frequency
analysis. The one imaginary mode in the transition state corre-
sponded to the direction of motion consistent with the particular
conformational change. The energy barriers calculated in vacuo in-
clude non-potential-energy contributions (that is, zero-point ener-
gies and thermal terms) obtained by frequency analysis.

X-ray Crystal Structures: Three-dimensional X-ray data were col-
lected with a Bruker X8 APEXII CCD diffractometer. Data were
corrected for Lorentz and polarization effects and for absorption
by semiempirical methods®!! based on symmetry-equivalent reflec-
tions. Complex scattering factors were taken from the program
SHELX9752 running under the WinGX program system3! as im-
plemented on a Pentium computer. Both structures were solved
by Patterson methods (DIRDIF99°#) and refined!®? by full-matrix
least squares on F2. Hydrogen atoms were included in calculated
positions and refined in riding mode in both compounds, except
those of water molecules, which were located in a difference elec-
tron-density map if possible; some others were located with CALC-
OH;! and finally, some of the water hydrogen atoms were placed
in dummy positions; in any case, the positional parameters were
fixed. Refinement converged with anisotropic displacement param-
eters for all non-hydrogen atoms after imposing 70 restraints for
the Tb complex and 120 restraints for the Eu complex. Crystal data
and details on data collection and refinement are summarized in
Table 4. CCDC-770914 ([{Euw(L)(H,0)}4]-18H,0) and -770913
([{Tb(L)(H,0)}4]-18H,0) contain the supplementary crystallo-
graphic 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 4. Crystal data and structure refinement for [{Ln(L)(H,O)} 4]
18H,0 complexes (Ln = Eu, Tb) complexes.

Eu Tb
Empirical formula C84H|60EU4N16045 C84H160N|6046Tb4
M, [gmol '] 2738.12 2765.96
Crystal system monoclinic monoclinic
T [K] 100.0(2) 100.0(2)
A[A] 0.71073 0.71073
Space group P2\/n P2y/n
a[A] 17.7200(4) 17.5474(6)
b [A] 17.6458(4) 17.6594(6)
c [A] 18.5248(3) 18.4854(7)
B 112.438(1) 112.478(1)
VA% 5353.9(2) 5293.0(3)
z 2 2
Pealed. [gCm ] 1.698 1.735
u [mm'] 2.409 2.739
Rin 0.0691 0.0323
Reflections measured 13336 13142
Reflections observed 9357 11501
R, 0.0461 0.0253
WwR, (all data)® 0.1156 0.0588
[l Ry = ZlFs| — |FZIF|. [blwRy = (E[W(IF> — [FDV
Zw(F 1}

10-Benzyl-1,4,7-tris(carboxymethyl)-1,4,7,10-tetraazacyclododecane
Difluoroacetate (H;L-2CF3;COOH): This compound was prepared
by using a synthetic procedure different to that reported pre-
viously.*®! 1-(Bromomethyl)benzene (0.100 g, 0.585 mmol) and
Na,COs5 (0.250 g, 2.359 mmol) were added to a solution of do3a(z-
BuO); (0.300 g, 0.583 mmol) in acetonitrile (25 mL). The mixture
was heated to reflux with stirring under argon for a period of 24 h,
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and then the excess amount of Na,CO; was filtered off, and the
filtrate was concentrated to dryness. The residue was partitioned
between H,O and CH;Cl (20:10), the organic phase was separated,
dried with MgSO,, filtered, and the solvents were evaporated to
dryness. The crude ester intermediate was purified by column
chromatography on Al,O; with a CH,Cl,/5% MeOH mixture as
eluent to give a yellow oil, which was dissolved in a CH,Cl,/TFA
(1:1) mixture (5 mL) and stirred at room temperature for 24 h. The
mixture was concentrated to dryness, and the resulting oil was dis-
solved in methanol (ca. 1 mL). Addition of diethyl ether resulted
in the formation of a white solid that was collected by filtration
and dried under vacuum. Yield: 0.220 g, 57%. C,;H3,N4O¢
2CF3COOH (664.55): caled. C 45.18, H 5.16, N 8.43; found C
45.33, H 5.14, N 8.65. MS (ESI+): m/z = 437 [C5;H33N4O0¢]*. IR
(ATR): ¥ = 1675 (C=0) cm . '"H NMR (D0, pD = 2.3, 500 MHz,
25°C, TMS): 0 = 7.48-7.44 (m, 5 H, ArH), 4.39-3.14 (m, 24 H,
CH,) ppm. '3C NMR (D,0, pD = 2.3, 125.8 MHz, 25 °C, TMS):
0 =175.1 and 171.5 (C=0), 132.3 and 131.2 (Ar), 59.2, 57.1, 55.0,
52.5, 50.9 and 49.9 (CH,) ppm.

General Procedure for the Preparation of the [Ln(L)]-2H,O Com-
plexes: A mixture of H;L:2CF;COOH (0.100 g, 0.150 mmol), tri-
ethylamine (0.076 g, 0.751 mmol), and Ln(OTf)3 (0.150 mmol, Ln
= La, Eu, Gd, Tb, or Lu) in 2-propanol (10 mL) was heated to
reflux for 24 h. The reaction mixture was allowed to cool to room
temperature and then concentrated to dryness. Addition of water
(1 mL) resulted in the formation of a white precipitate that was
isolated by filtration and dried under vacuum.

[La(L)]-2H,0: Yield: 0.075 g, 82%. C,H33LaN4Og (608.41): caled.
C 41.46, H 5.47, N 9.21; found C 41.23, H 5.35, N 8.93. HRMS
(ESI+): calcd. for [Cy H30LaN4Og]* 573.1223; found 573.1224. IR
(ATR): ¥ = 1575 (C=0) cm ™.

[Eu(L)]-2H,0: Yield: 0.072 g, 78%. C,;H33EuN4Og (621.47): caled.
C 40.58, H 5.35, N 9.02; found C 40.23, H 5.04, N 8.65. HRMS
(ESI+): caled. for [CyH30EuN4Og]* 587.1372; found 587.1390. IR
(ATR): v = 1583 (C=0) cm™.

[Gd(L)]-2H,0: Yield: 0.082 g, 87%. C,H33GdN4Og (626.76):
caled. C 40.24, H 5.31, N 8.94; found C 39.95, H 5.17, N 8.48.
HRMS (ESI+): caled. for [C, H30GdN4Og]" 592.1400; found
592.1428. IR (ATR): v = 1590 (C=0) cm™ .

[Th(L)]-2H,0: Yield: 0.079 g, 84%. C»,H33N,OTb (628.43): caled.
C 40.14, H 5.29, N 8.92; found C 40.08, H 5.12, N 8.70. HRMS
(ESI+): caled. for [Co H3oN,OTh]* 593.1413; found 593.1418. IR
(ATR): ¥ = 1583 (C=0) cm .

[Lu(L)]-2H,0: Yield: 0.076 g, 79%. C»H1;LuN,Og (644.48): caled.
C 39.14, H 5.16, N 8.69; found C 39.23, H 5.04, N 8.65. HRMS
(ESI+): caled. for [Co;HyoLuN,Og]* 609.1567; found 609.1575. IR
(ATR): ¥ = 1598 (C=0) cm .

Supporting Information (see footnote on the first page of this arti-
cle): 'TH NMR spectra of the La''" and Lu'"' complexes, excitation
and emission spectra of [Tb(L)(H,0),], and optimized Cartesian
coordinates for the [Gd(L)(H,0)] and [Lu(L)(H,0)] systems.
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The catalytic activity of [Cp*OsBr,(PPh3)] in conjunction with
Mg has been evaluated for atom transfer radical addition
(ATRA) and cyclization (ATRC) reactions. The Os complex
enabled these reactions to be performed with similar effi-
ciency as that of the analogous Ru complex [Cp*RuCl,-
(PPh3)]. The olefin complex [Cp*OsBr(H,C=CHPh)(PPhj)]

was obtained by reduction of [Cp*OsBr,(PPh3)] with Mg in
the presence of an excess of styrene, whereas an analogous
Ru complex was not observed. Kinetic investigations suggest
that olefin complexes of Os can form under catalytic condi-
tions.

Introduction

Halogenated compounds can be coupled to olefins by
an atom transfer radical addition mechanism. Pioneering
studies in this area were performed by Kharasch and his
group in the 1940s,[' and reactions of this type are com-
monly referred to as “Kharasch reactions”.’l’ Modern,
transition-metal-catalyzed versions of this reaction have
found numerous applications in organic synthesis.l>3! Cop-
per™ and ruthenium complexes!>®! typically show the best
catalytic performance for ATRA reactions. One of the most
active catalysts described so far is the half-sandwich com-
plex [Cp*RuCl,(PPh;)] (1), which is used in conjunction
with either AIBN or Mg.[ This catalytic system enables
turnover numbers of 1000 or above to be obtained for a
number of substrates. Furthermore, it has been successfully
applied to atom transfer radical cyclization (ATRC) reac-
tions, which are particularly interesting from a synthetic
point of view.[6%

The metal-catalyzed atom transfer radical polymeriza-
tion (ATRP) of olefins is mechanistically closely related to
ATRA reactions.?®) For the former reaction, it was re-
ported that the Os"' complex [Cp*OsBr(PiPr;)] is a more
active catalyst than its Ru analogue [Cp*RuCl(PiPr;)].l"]
This finding suggested that Os complexes could also be
beneficial for ATRA and ATRC reactions. Below we report
the results of a study in which we have compared the cata-
lytic activity of the complex [Cp*RuCl,(PPhj3)] (1) with that
of its Os analogue [Cp*OsBr,(PPhj3)] (2). Furthermore, we
demonstrate that olefin complexes are readily formed in the

[a] Institut des Sciences et Ingénierie Chimiques, Ecole
Polytechnique Fédérale de Lausanne (EPFL)
1015 Lausanne, Suisse
Fax: +41-21-693-9305
E-mail: kay.severin@epfl.ch
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case of Os, whereas the analogous Ru complexes are signifi-
cantly less stable. The implication of this finding for the
mechanism of the reaction is discussed.

Results and Discussion

First, we have evaluated the catalytic performance of the
complexes [Cp*RuCl,(PPh;)] (1) and [Cp*OsBr,(PPh;)] (2)
for different intermolecular ATRA reactions. Complex 2 is
not a perfect analogue of 1, because — apart from the
metal — the halide coligand has also been changed from
chloride to bromide. The synthetic chemistry of organome-
tallic Os—Br complexes is much more developed than the
chemistry of Os—Cl complexes (the reduction of OsOy is
more facile with HBr than with HCI).

The halogenated compounds used in our study were
ethyl trichloroacetate, ethyl dichloroacetate, and chloro-
form, and the olefinic reaction partner was styrene. The re-
actions were performed with substrate concentrations of
[styrene] = [R—CI] = 500 mM in neat toluene with catalyst
concentrations of 0.1 and 0.02 mol-%. All reactions were
carried out in the presence of an excess of Mg powder. It
should be noted that these conditions are not necessarily
the optimum conditions for these reactions (faster conver-
sions can be achieved with higher substrate concentra-
tions),% but the goal of this study was to evaluate the rela-
tive performance of the Ru and the Os catalyst. The results
of the reactions are summarized in Table 1.

For the addition of ethyl dichloroacetate to styrene at
room temp. we found that reactions with the Ru complex 1
were faster than with the Os complex 2: after 24 h, we ob-
served a full conversion of styrene in the case of complex
1, whereas a conversion of only 57% was recorded for reac-
tions with complex 2 (Table 1, Entries 1 and 2). At 60 °C,

Eur. J. Inorg. Chem. 2010, 3596-3601
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Table 1. ATRA reactions of chlorinated compounds to styrene cat-
alyzed by complex 1 or 2 in the presence of Mg.[?l

Ph [1] or [2], Mg cl
\ + R=C ———— Ph—Q_
toluene R

‘ |1} | 11}
Ph3P/RliI\CI Ph3P/oi\Br
Cl Br
1 2
Entry Cat. RCI Temp. [°C] [RCI)/[Cat] Yield (Conv.)
[7]

1 1 CCLHCO,Et r.t. 1000:1 84 (>99)
2 2 CCLHCO,Et r.t. 1000:1 42 (57)
3 1 CCLHCO,Et 60 1000:1 84 (>99)
4 2 CCLHCO,Et 60 1000:1 84 (>99)
5 1 CCLHCO,Et 60 5000:1 14 (31)
6 2 CCLHCO,Et 60 5000:1 16 (39)
7 1 CCLCO,Et 60 1000:1 55 (83)
8 2 CCI;CO,Et 60 1000:1 24 (45)
9 1 CCLCO,Et 60 5000:1 17 (31)
10 2 CCI;CO,Et 60 5000:1 3 (14)
11 1 CHCl;4 60 1000:1 28 (47)
12 2 CHCl;4 60 1000:1 31 (47)

[a] Reaction conditions: [RCI] = 500 mwm; [styrene] = 500 mwm; [Ru/
Os] = 0.50 or 0.10mm (0.1 or 0.02 mol-%), [Mg] = 100 mg
(4.1 mmol), toluene, reaction time 24 h. The data represent
averaged values of two independent experiments. Yields and styrene
conversions were determined by GC using mesitylene as the in-
ternal standard.

however, the differences in reactivity were much less pro-
nounced, and comparable yields and conversions were ob-
tained for reactions with 0.1 and 0.02 mol-% of catalyst
(Table 1, Entries 3—-6). Apparently, the Os complex 2 bene-
fits more from the enhanced reaction temperature. A pos-
sible explanation is that the reduction of the Os"! precursor
2 to a catalytically active Os'' species by Mg is relatively
slow at room temp. This assumption is substantiated by the
following observation: when a toluene solution of the Ru'™!
complex 1 is added to a flask containing Mg, a rapid color
change from orange to yellow is observed at room temp.
within minutes. In the case of the Os" complex 2, however,
a change in color proceeds slowly within the first hour.
For the reaction of ethyl trichloroacetate with styrene, we
found that the Ru complex 1 gave superior results, even at
60 °C (Table 1, Entries 7-10). However, the differences in
reactivity were not very pronounced. Comparable yields
and conversions were observed for reactions with chloro-
form as the substrate (Table 1, Entries 11 and 12). For all
reactions investigated, the yields were lower than the con-
versions. This is likely to be a result of the formation of
oligomers, a common problem in ATRA reactions.*>!
Next, we tested the performance of the catalysts 1 and 2
in atom transfer radical cyclization (ATRC) reactions. We
used two trichloroethyl ethers and three dichloroacetamides
as representative substrates. The cyclizations were per-
formed at 60 °C with 1.0 mol-% of the complexes 1 or 2 in
the presence of Mg. The results are summarized in Table 2.
In most cases the Ru complex 1 gave better results in terms

Eur. J. Inorg. Chem. 2010, 3596-3601

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Eur|IC

European Journal
of Inorganic Chemistry

of yield. On the other hand, the diastereoselectivity was
higher for the Os-catalyzed reactions, in particular for the
substrate 1-(2,2,2-trichloroethoxy)-3-phenylprop-2-ene (En-
try 2). It should be noted, however, that the stereoselectivity
was found to change during the course of the reaction.
When ATRC reactions with 1-(2,2,2-trichloroethoxy)-3-
phenylprop-2-ene were examined after 40 min, both the Ru-
and the Os-catalyzed reactions showed a diastereoselectivity
of 19:1 (the yields at that point were 61 % and 20 %, respec-
tively). These results suggest that epimerization processes
are occurring, which are more pronounced for reactions
with the “faster” Ru catalyst.

Table 2. ATRC reactions catalyzed by complex 1 or 2 in the pres-
ence of Mg.[4l

Entry Substrate Product Cat. Yield (Conv.)
[%]
Ph d c 1 87 (100)
1 Ph el
0" >ccl, - 2 92 (100)
Ph Ph

88 (99) [6:1]"

2 \H\ CCly
J

78 (91) [15:1]9

0 o
cl_ Cl
\\ L C'H' 1 86(96)[3.4:1]"
3 NS0 NO
F|>h i 2 71 (88) [3.4:1]"
cl. Cl
\ L C'Hl 1 58 (73) [4:1]
[b]
3 NS0 N~ O ;
+ T 2 27 (57) [5:1]
S
\\CIJ;CI C~ c 1 91(100)[2.4:1]¢
5 N0 N o [c]
o U 2 81(83)[2.6:1]

[a] Reaction conditions: [substrate] = 100 mm; [Ru/Os] = 1.0 mm
(1.0 mol-%), [Mg] = 100 mg (4.1 mmol), [Dg]toluene, 60 °C, reac-
tion time: 24 h. Yields and conversions were determined by NMR
spectroscopy using mesitylene as the internal standard. [b] 2.5 mol-
% of catalyst was used. [c] Diastereoselectivity.

For ATRA reactions with the catalyst precursor
[Cp*RuCl,(PPh3)] (1) it is assumed that the reaction starts
by Mg-induced reduction to give an Ru" complex that can
reversibly abstract a halogen atom from the substrate.¥l A
likely candidate for the active Ru'! catalyst is the 16e~ com-
plex [Cp*RuCl(PPhs)], but attempts to prepare this com-
plex on a preparative scale have failed.”” However, it was
possible to stabilize a structurally related complex by using
a sterically very demanding cyclopentadienyl ligand.['® In
the case of Os, the synthesis and the structure of the 16e~
complex [Cp*OsBr(PiPr;)] has been reported,!'!! but, to the
best of our knowledge, an analogous PPh; complex is not
known. We wanted to explore the Mg-induced reduction of
complex 2 in more detail. Thus, a [Dg]toluene suspension
of 2 (0.025 mmol in 1 mL of solvent) was mixed with an
excess of Mg. After 24 h, the Mg was filtered off, and the
solution was investigated by NMR spectroscopy. The major
3597
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diamagnetic species in solution (36% yield, as determined
with the internal standard mesitylene) was found to be the
known complex [Cp*OsBr(PPhs),] (3) (Scheme 1).[%!

oS =

Os » Os , Unidentified
PhsP” | DBr [Dgltoluene Phsp” | “Br ~ complexes
r

PPhs
2 3

Scheme 1. Reduction of complex 2 by Mg.

The reduction of complex 2 with Mg apparently induced
a ligand transfer of PPh;. We have not tried to optimize this
synthetic procedure since complex 3 is more conveniently
obtained by reaction of [Cp*OsBr,], with PPhs.l'” How-
ever, we have performed a single-crystal X-ray analysis of 3
(Figure 1). For comparison, we have also examined the so-
lid-state structure of the precursor 2 (Figure 2).

Figure 1. Molecular structure of complex 3 with ellipsoids at the
50% probability level. Only one of the two independent molecules
in the unit cell is shown. Selected bond lengths [A] and angles [°]:
Os1-Brl 2.5934(4), Os1-P1 2.3370(9), Os1-P2 2.3313(9); P2-Osl—
P1 96.51(3), P2-Os1-Brl 88.61(2), P1-Os1-Brl 93.98(2).

Figure 2. Molecular structure of complex 2 with ellipsoids at the
50% probability level. Selected bond lengths [A] and angles [°]:
Os1-Brl 2.5110(9), Os1-Br2 2.4955(8), Os1-P1 2.3379(1); P1-Osl1—
Brl 88.49(5), P1-Os1-Br2 88.50(5), Br2-Os1-Brl 97.81(3).

Both complexes show the expected three-legged piano-
stool geometry. The Os-Br and Os-P bond lengths ob-
served for 3 (Figure 1) are very similar to those found for
the analogous complex [CpOsBr(PPhs),] (Cp = n’-cyclo-
pentadienyl).l'3l The Os—Br bond lengths [2.5110(9) and
2.4955(8) A] of the Os™ complex 2 are shorter than that
3598
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found for the Os' complex 3 [2.5934(4) A]. A similar short-
ening has been observed for the analogous Ru complexes
[Cp*RuCly(PPhs)] [Ru-Cl 2.4042(5) and 2.3775(5) A6
and [Cp*RuCI(PPhs),] [Ru-Cl 2.4583(6) A].14]

We have also investigated the reduction of the complexes
1 and 2 with Mg in the presence of an excess of styrene
(Scheme 2). This experiment was performed to evaluate
the possibility that the hypothetical intermediates
[Cp*MX(PPhjy)] are stabilized by coordination to the ole-
finic substrate. As before, the reactions were performed in
deuterated toluene to allow in situ NMR analyses. For reac-
tions with the Os complex 2, we observed the formation of
a new complex 4 with a 3'P NMR signal at § = 7.4 ppm.
In the '"H NMR spectrum, this complex showed three well-
defined signals at 6 = 5.71 (dd), 2.91 (ddd), and 2.47 (ddd)
ppm, which suggests the presence of coordinated styrene
(the signals of “free” styrene can be observed at 6 = 6.82,
5.86, and 5.35 ppm). The description of 4 as an olefin com-
plex with the formula [Cp*OsBr(H,C=CHPh)(PPhs)] was
also supported by the '3C NMR spectroscopic data. For
reactions with the Ru complex 1 we did not find evidence
for the formation of a diamagnetic styrene complex (the 'H
NMR spectrum showed no signals between 6 = 2 and
3 ppm). It is interesting to note that olefin complexes of the
formula [Cp*RuCl(H,C=CHR)(PPh;)] (R = CN, COCH3)
have been prepared by reaction of [Cp*RuCl(PPhs),] with
the respective olefin in thf.['>] We have attempted a similar
reaction with styrene: complex [Cp*RuCl(PPhs),]
(0.020 mm) was mixed with styrene (0.050 mm) in [Dg]thf,
and an '"H NMR spectrum was recorded after 4 h. As be-
fore, we did not observe signals corresponding to an olefin
complex. These results suggest that the hypothetical styrene
complex [Cp*RuCl(H,C=CHPh)(PPh;)] is significantly less
stable than complexes with electron-deficient olefins such
as acrylonitrile or 3-buten-2-one, a finding that is in line
with what has been observed for other late-transition-metal

complexes.!®]
J
S
P |
Br

4

=

Ru Ph
Phop” |
cl

. | ' M
/I\‘I\ . /\Ph 9
X

Ph3P X 200 equiv. [Dgltoluene
rt.

1(M=Ru, X = Cl)
2 (M= Os, X = Br)

Scheme 2. Reduction of the complexes 1 and 2 by Mg in the pres-
ence of an excess of styrene.

The facile formation of the styrene complex
[Cp*OsBr(H,C=CHPh)(PPh3)] (4) has potential implica-
tions for the mechanism of Os-catalyzed ATRA reactions
since olefin complexes are possible intermediates, which
could inhibit the reaction.'”l To investigate this issue in
more detail, we have performed a kinetic study of the Os-
catalyzed ATRA reaction of ethyl trichloroacetate with sty-
rene. The reactions were performed with a fixed concentra-
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tion of [C3CCO,Et] = 100 mM and [2] = 0.50 mM in the
presence of Mg powder. The styrene concentrations were
varied from 12.5mmMm to 3.2 M, and the initial rate of the
reaction was calculated from the yields obtained at nine dif-
ferent times within the first 25 min. For comparison, we
have performed reactions with the Ru complex 1 under
otherwise identical conditions. The results are summarized
in Figure 3.

304

25 4

N
o
1

-
o
!

104

10°R(Ms™)

0.0 05 10 15 20 25 3.0
[Styrene] (M)

Figure 3. Observed initial reaction rates vs. initial styrene concen-
trations for the ATRA of ethyl trichloroacetate to styrene catalyzed
by the Ru'"' complex 1 (dots) or by the Os'! complex 2 (triangles)
in the presence of Mg. Reaction conditions: [ethyl trichloroacetate]
= 100 mm; [Ru/Os] = 0.50 mm, [Mg] = 100 mg, toluene, 60 °C.
Yields were determined by GC using mesitylene as the internal
standard.

For reactions with the Ru catalyst 1 one observes a ne-
arly linear correlation between the initial reaction rate and
the styrene concentration for [styrene] = 200 mM. This re-
sult is in line with what we observed previously for kinetic
studies carried out at 35 °C.1¥] At higher styrene concentra-
tions, however, the reaction rates level off with saturation
occurring at [styrene] = 2 M. Such a saturation is expected
because the high styrene/Cl;CCO,Et ratio favors oligomeric
side products.'® Reactions with the Os complex 2 were
slower than those with the Ru complex 1. Importantly, the
reaction rates started to level off at much lower styrene con-
centrations, and concentrations of above 1M led to a de-
crease in the rate.

In addition, we have investigated the catalytic activity of
the isolated styrene complex 4, using the addition of
ethyl dichloroacetate to styrene ([styrene] = 500 mwm,
[CLHCCO,Et] = 500mm, [4] = 0.50mm) as a test
reaction.'”) The initial rate of the reaction was found
to be 1.3(=0.2) X 10> Ms ™!, which is lower than that ob-
served for reactions with the catalyst precursor 2
[2.4(+0.3) X 107> ms71].

The results suggest that Os-catalyzed ATRA reactions of
halogenated compounds with styrene can be inhibited by
the formation of olefin complexes, in particular when the
reactions are performed with high concentrations of styr-
ene. One should point out, however, that we have only indi-
rect evidence for the relevance of styrene complexes under
catalytic conditions, and alternative explanations for the
observed data cannot be ruled out.
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Conclusions

We have studied the catalytic activity of the Os complex
[Cp*OsBr,(PPh3)] (2) in conjunction with Mg for intra- and
intermolecular atom transfer radical reactions. It was found
that the complex is a potent catalyst, which enables the
ATRA and ATRC reactions to be performed in an efficient
manner. However, under the conditions studied, its activity
was either similar or lower than that of [Cp*RuCl,(PPhj)]
(1). It is thus not justified to use a more expensive and toxic
Os complex for these types of reactions. The isolation of
[Cp*OsBr(H,C=CHPh)(PPh;)] (4) shows that olefin com-
plexes are more likely to form in reactions with Cp*Os cata-
lysts, and this should be considered for future studies with
Os-catalyzed polymerization reactions.!”-2"]

Experimental Section

General: The complexes [Cp*RuCly,(PPhs)] (1),21 [Cp*RuCl-
(PPhs3),],1?2! and [Cp*OsBr,(PPh;)] (2),123 were prepared according
to literature procedures. The substrates 1-(2,2,2-trichloroethoxy)-2-
phenylprop-2-ene,l4l 1-(2,2,2-trichloroethoxy)-3-phenylprop-2-
ene,”  N-allyl-2,2-dichloro-N-phenylacetamide,*  N-allyl-2,2-
dichloro-N-(4-tolylsulfonyl)acetamide,?)  and  N,N-diallyl-2,2-
dichloroacetamidel®®! for the ATRC reactions were also prepared
according to published procedures. Mg powder (>99%) was pur-
chased from Fluka and was agitated by means of a stirring bar
under dry dinitrogen for 10 d before use. All ATRA, ATRC, and
synthesis reactions were performed in a glove box under dinitrogen.
The solvents were collected under dinitrogen from an Innovative
Technologies SPS-400-5 solvent system. The commercially available
substrates were distilled from appropriate drying agents and stored
under dinitrogen. GC measurements were made with a Varian
Chrompack CP3-380 apparatus (Chrompack CP-SILSCB column;
30 m; 250 um) coupled to an FID detector. The NMR spectra ('H,
13C, 3'P) were recorded at room temp. with a Bruker AVANCE
DPX 400 spectrometer. Chemical shifts are relative to solvent sig-
nals as internal references; 6(*'P) are relative to external H3PO,
(85% in D,0). Microanalyses (C, H, N) were performed with an
EA 1110 CHN Carlo Erba instrument.

General Procedure for the ATRA Reactions: An aliquot of a stock
solution of complex 1 or 2 in toluene (400 pL of a 1.25 mm stock
solution) was added to a 1.5mL vial containing Mg powder
(100 mg). The total volume was increased to 800 uL with toluene,
and the resulting mixture was stirred at room temp. or 60 °C for
10 min. The reaction was then initiated by addition of 200 uL of a
freshly prepared stock solution containing styrene, the chlorinated
compound, and mesitylene as an internal standard. The solution
was stirred at room temp. or 60 °C, and samples (25 pL) were re-
moved at given times from the reaction mixtures, diluted with non-
deoxygenated acetone (500 puL), and analyzed by GC chromatog-
raphy.

General Procedure for the ATRC Reactions: An aliquot of a stock
solution of complex 1 or 2 in [Dg]toluene (800 uL. of a 1.25 mm
stock solution) was added to a 1.5 mL vial that contained Mg pow-
der (100 mg). The resulting mixture was stirred at 60 °C for 10 min.
The reaction was then initiated by addition of 200 uL of a freshly
prepared stock solution containing the substrate and mesitylene as
an internal standard in [Dg]toluene. For N-allyl-2,2-dichloro-N-(4-
tolylsulfonyl)acetamide, a 1.5 mL vial was charged with 2.5 pmol
of the solid catalysts 1 (or 2), 100 mg of Mg, and 800 puL of [Dg]-
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toluene, and the mixture stirred at 60 °C for 10 min, before 200 puL
of a freshly prepared stock solution containing the substrate and
mesitylene as an internal standard in [Dg]toluene was added. After
24 h, the reaction mixture was analyzed by 'H NMR spectroscopy.

Reduction of Complexes 1 and 2 with or without Styrene: Complex
1 or 2 (5.0 pmol) and Mg powder (100 mg) were suspended in [Dg]-
toluene (1.0 mL). If styrene was used, 200 equiv. (1 mmol,
114.6 uL) of it were added. The resulting reaction mixtures were
stirred at room temp. for 2 h, and the liquid phase was analyzed
by 'H NMR and 3'P NMR spectroscopy.

Synthesis of Complex 4: Styrene (800 pL, 6.99 mmol) was added to
a suspension of complex 2 (33 mg, 44 pmol) and Mg (300 mg) in
toluene (15 mL). The mixture was stirred at 35°C for 15h and
then filtered through a glass frit. Solvents and excess styrene were
removed under vacuum to give complex 4 as a yellow solid. Yield:
27 mg (ca. 75%). '"H NMR (400 MHz, C¢Dg): 6 = 1.23 (d, J =
1.4 Hz, 15 H, CsMes), 2.47 (ddd, J = 15.7, J = 7.7, J = 2.6 Hz, 1
H, CH=CH,), 291 (ddd, J = 10.2, J = 2.8, J = 26 Hz, 1 H,
CH=CH,), 5.71 (dd, J = 10.2, J = 7.7 Hz, 1 H, CH=CH,), 6.98—
8.18 (m, 20 H, aromatic) ppm. >'P{'"H} NMR (162 MHz, C¢Dy):
60 =74 ppm. BC{'H} NMR (101 MHz, C¢Dy): d = 8.98 (s, CsMes),
21.0 (d, J = 44 Hz, CH=CH,), 41.8 (d, J = 2.9 Hz, CH=CH,),
92.1 (d, J = 29 Hz, CsMes), 124.8-136.9 (m), 145.9 (s) ppm.
Attempts to characterize complex 4 by elemental analysis were un-
fortunately not successful. We assume that the styrene ligand is
partially removed during the drying procedure.

Crystallographic Analyses: Single crystals of complex 2 were ob-
tained by slow vapor diffusion of pentane into a benzene solution
of 2. Single crystals of complex 3 were obtained by slow diffusion
of hexane at —18 °C into a toluene solution, which was obtained
after reduction of complex 2 with Mg and filtration. Intensity data
for 2 were collected with an Oxford Diffraction KM-4 CCD dif-

Table 3. Crystallographic data for the complexes 2 and 3.

Complex 2 Complex 3
Empirical formula C,5H3(Br,OsP C46H45BrOsP,
M, [gmol™] 747.51 929.87
Crystal size [mm] 0.32x0.28 X0.17 0.31X0.16 X0.37
Crystal system monoclinic monoclinic
Space Group P2,/n P2/c
a Al 8.7145(2) 17.349(2)
b [A] 32.4584(8) 10.7211(10)
¢ [A] 18.2551(6) 20.5972(17)
a[°] 90 90
L1 91.504(3) 101.101(8)
7] 90 90
V[A3] 5161.8(2) 3759.4(7)
Z 8 4
Peatea. [gem ] 1.924 1.643
T [K] 140(2) 100(2)
u [mm] 8.114 4.573
0 range [°] 2.64-27.88 3.36-27.51
Reflections collected 12237 86119
Independent reflections 12237 8624

Absorption corrections
Max./min. transmissions

semi-empirical
1.00000/0.19163

semi-empirical
1.0000/0.7237

Data/restraints/parameters  12237/0/579 8624/0/451

Goodness of fit on F? 1.125 1.242

Final R indices [/ < 25(])] R; = 0.0517, R, = 0.0297,
wR, = 0.1318 wRy = 0.0494

R indices (all data) Ry = 0.0600, Ry = 0.0430,
WwR, = 0.1354 wRy = 0.0531

Max. peak/hole [e A3 4.944/-2.163 0.778/-0.657
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fractometer, whereas in the case of 3 a Bruker APEX 1I CCD was
employed, both having kappa geometry and using graphite-mono-
chromatized Mo-K, radiation (/. = 0.71073 A) at low temperature.
A summary of the crystallographic data, the data-collection param-
eters, and the refinement parameters are given in Table 3. Data
reduction was carried out with CrysAlis PROP7 (2) and Ev-
alCCDP®! (3) and then corrected for absorption.!?”! Structure solu-
tion and refinement were performed with the SHELXTL software
package.®®l The structures were refined by using the full-matrix
least-squares routines on /2. All non-hydrogen atoms were refined
with anisotropic displacement parameters. Hydrogen atoms were
included in the models in calculated positions by using the riding
model. CCDC-772348 (2) and -772349 (3) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.
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The reaction of MgBu, with 1 equiv. of four-coordinating (R)-
or rac-N,N-bis(3,5-di-tert-butylbenzyl-2-hydroxy)tetrahydro-
furfurylamine (R/rac-bpthfa-H,) gave dinuclear homoleptic
[Mg(u-R/rac-bpthfa)], (R/rac-2c¢) as white powders in
54-67 % yields. Analogous reactions of MgBu, with 2 equiv.
of two-coordinating N-(3,5-di-tert-butylbenzyl-2-hydroxy)-
N-methylcyclohexanamine (tbpca-H; 1e-H) and (S)-N-(3,5-
di-tert-butylbenzyl-2-hydroxy)-N,a-dimethylbenzylamine
(S-tbpmpa-H; S-1f-H) gave white crystals of homoleptic mo-
nonuclear compounds of general formula [Mg(L),] (2e and S-
2f) in 87-89 % yields. The resulting aminophenolates were

characterized by spectroscopic methods and, in the case of
R-2c and S-2f, by X-ray crystallography. The new complexes
R/rac-2c, 2e, and S-2f, as well as the previously described
homo- and heteroleptic tetranuclear [Mg(ddbfo),], (2a),
[Mg(thffo)]s (2b), [Mga(ns-OMe),(u,n>-ddbfo),(n,n'-ddbfo),-
(n'-ddbfo),(MeOH);]-CH;OH-thf (3a-:CH3OH:-thf) and
[Mgy(p3,n3-thffo),(u,n2-thffo),(Ph;SiO),] (4b), were tested in
the polymerization of lactide to reveal good activity only in
the case of mononuclear four-coordinate species grafted with
an external donor, benzyl alcohol.

Introduction

The potential of magnesium alkoxides and aryloxides has
been explored systematically in a variety of chemical pro-
cesses. Among others, numerous catalytic, noncatalytic, or-
ganic, and organometallic reactions, as well as syntheses of
advanced materials are noteworthy.[] Recently, magnesium
complexes have also gained considerable attention as initia-
tors in the syntheses of biodegradable polymers.ll Two im-
portant classes of these polymers are polyesters and, in par-
ticular, polylactides (PLAs) due to their wide application
in biomedical and pharmaceutical fields.’! Although many
strategies have been developed for the preparation of PLAs,
the most effective is the ring-opening polymerization (ROP)
of lactides initiated by metal alkoxides.*! Among the known
initiators, candidates of primary importance are monomeric
complexes with nontoxic and life-essential metals such as
magnesium. >

To date, only a few examples of heteroleptic magnesium
compounds that are active as initiators in the ROP of cyclic
esters have been described.”l Recently, interest has also
been directed towards homoleptic compounds able to act
as initiators for the ROP in the presence of exterior alcohol,
which is extremely interesting from the perspective of poly-
mer chain modification.[®! However, only a few magnesium
alkoxides and aryloxides have a structure proven by X-ray
analysis, which is highly desirable to design well-defined
“single-site” initiators.

[a] Department of Chemistry, University of Wroctaw,
14 F. Joliot-Curie, 50-383 Wroctaw, Poland
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Some of our previous research has already included the
synthesis of magnesium alkoxides and aryloxides, where we
utilized variety of oxido ligands, including commercially
available 2,3-dihydro-2,2-dimethyl-7-benzofuranol (ddbfo-
H; 1a-H) and tetrahydrofurfuryl alcohol (thffo-H; 1b-H), as
well as aminophenolato ligands bpthfa-H, (1¢-H,),[”
tbpoa-H (1d-H),?®! and tbpca-H (le-H),*®! which are
shown in Scheme 1.

It has been shown that reactions of sterically unde-
manding bidentate 1a-H or 1b-H with MgBu, or magne-
sium turnings yield tetranuclear compounds [Mg(ddbfo),]4
(2a)% and [Mg(thffo),]4 (2b),[®?! which have open dicubane
geometry. Both molecules possess two five-coordinate mag-
nesium atoms of trigonal-bipyramidal geometry and two
six-coordinate octahedral metal centers. The most interest-
ing feature of these compounds is the presence of coordina-
tively unsaturated metal sites which can react easily with
methanol or PhsSiOH to form heteroleptic tetrameric
magnesium complexes [Mgy(p3-OMe),(,n>-ddbfo),(u,n'-
ddbfo),(n!-ddbfo)>(MeOH)s]-CH;OH-thf (3a-CH;0OH-
thNBa  and  [Mgu(ps,n>-thffo),(i,n>-thffo),(Ph;SiO),]
(4b).180]

Higher dentate or more bulky bidentate ligands form less
aggregated structures that are usually dimeric and perform
well as initiators in the ROP of lactides. A few important
examples include [(EDBP)Mg(Et,0)], [(EDBP)Mg(thf)],
[EDBP = 2,2'-ethylenebis(4,6-di-tert-butylphenoxido)],?!
and a series of dimeric [(L)Mg(u-OBz)], compounds {L =
NNO-ketiminate?4?1 or 2 4-di-tert-butyl-6-[1-(3,5-di-tert-
butyl-2-phenoxy)ethyl]phenyl benzenesulfonate},*" which
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(Aryloxido)magnesium Complexes

Eur|IC

ddbfo-H, 1a-H thffo-H, 1b-H
R R
R i j R
OH/(N\ OH
(0] O
R = Me or tBu

tbpoa-H, 1d-H

Scheme 1. Some of the precursors of alkoxido and aryloxido ligands.

were all designed by Lin and co-workers. Another interest-
ing example, prepared by Cheng et al., is a compound
formed in situ from [(BDI)MgN(TMS),] {BDI = 2-[(2,6-
diisopropylphenyl)amino]-4-[(2,6-diisopropylphenyl)imino]-
2-pentene} and paclitaxel, a potent chemotherapeutic
agent, that is most probably a monomeric species and al-
lows incorporation of the agent into the polylactide chain
to form an interesting drug-delivery system.*]

In this paper, we report the preparation of a series of
homoleptic magnesium complexes with aryloxido and ami-
nophenolato ligands. The ligands have been varied from
two- to four-dentate in order to evaluate the resulting struc-
tural motifs. The additional donor arm on the nitrogen
atom in the aminophenolato ligands, which could readily
involve dynamic behavior in solution, may be an important
factor for catalytic applications. Preliminary results of the
activity of the compounds in the ROP of lactides are also
reported.

Results and Discussion

Synthesis and Characterization of Complexes

The aminophenolato bidentate ligands 1e-H and S-1f-H
appear to be well suited for the synthesis of monomeric
magnesium complexes. The latter was prepared by Mannich
condensation from (-)-(S)-0,4-dimethylbenzylamine, para-
formaldehyde, and 2,4-di-tert-butylphenol in refluxing
methanol in 54% unoptimized yield as described in the Ex-
perimental Section. As already described, the reaction of
le-H performed in a mixture of solvents (hexane/thf) gave
monomeric octahedral [Mg(tbpca),(thf),] (5).?*! It has also
been demonstrated that the reaction of MgBu, with 1d-H
in toluene gave the six-coordinate complex [Mg(tbpoa),].l*!

Eur. J. Inorg. Chem. 2010, 3602-3609
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As shown in Scheme 2 ligands le-H or S-1f-H were
treated with 0.5 equiv. of MgBu, in toluene or hexanes to
form monomeric tetrahedral compounds [Mg(tbpca),] (2e)
and [Mg(tbpmpa),] (S-2f) in 87 and 89% yields, respec-
tively.

(0]
MgBu; + 20H N S ng\
rt. N/ N
9]
" \_/
R
OKH_\N = OH N— S =toluene; 2e; 87%
R
R
O/H\N = OH N S =n-hexane; S-2f; 89%
XS

Scheme 2. Synthesis of monomeric magnesium complexes 2e and
S-2f.

The new complexes 2e and S-2f were isolated as colorless
solids, which are readily soluble in hydrocarbons, CH,Cl,,
and thf. Their structures were confirmed by elemental
analysis and NMR spectroscopy, as well as X-ray crystal-
lography for S-2f.

The 'H NMR spectra were routine. The spectrum for 2e
shows one set of resonances for the aryl protons at = 7.66
and 7.08 ppm, two singlets from the ferz-butyl groups at 6 =
1.78 and 1.56 ppm, and a signal arising from the N-methyl
protons at 0 = 2.02 ppm. The methylene protons from the
3603
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phenyl-CH,—N linker appear as broad singlets at 6 = 4.12
and 3.44 ppm. For S-2f, the signals of the aminophenolato
ligands are broad indicating a fluxional process on the
NMR timescale. The aryl protons of the phenolate ring ap-
pear as broadened singlets at 0 = 7.69 and 6.96 ppm. The
methine and methyl protons of the chiral amine substitu-
ents also show broad resonances at 6 = 3.54 and 1.84 ppm,
respectively. The signal of the methylene protons from the
phenyl-CH,—N linker appears at J = 4.21 ppm.

Attempts to introduce alcohols into the monomeric
(aminophenolato)magnesium complexes 2e and S-2f were
unsuccessful. The reactions between 2e or S-2f and EtOH
or benzyl alcohol were monitored by NMR spectroscopy,
which indicated the synthesis of a mixture of products (pre-
sumably due to a reversible reaction), but, after a few days
and after a careful workup, the isolated products were iden-
tified as the homoleptic starting complexes.

In the next stage of our investigation, the chiral and race-
mic aminobis(phenolato) ligands R-1¢-H, and rac-1¢-H,
containing additional N,O-donor atoms (going from two-
to four-dentate ligands) were used. Their reactions with
lequiv. of MgBu, in toluene at room temperature
cleanly afforded the dimeric magnesium complexes [Mg(R-
bpthfa)], (R-2¢) and [Mg(rac-bpthfa)], (rac-2¢) by butane
elimination, as presented in Scheme 3. The complexes were
isolated in good yields (54-67%) as colorless crystals, solu-
ble in hydrocarbons and chlorinated solvents. Compounds
Rlrac-2¢ contain unsaturated five-coordinate metal centers,
are unreactive towards alcohols, and remain stable even in
hot ethanol. Similarly to 2e and S-2f, incorporation of al-
koxido ligands and formation of heteroleptic products were
not observed.

{Bu tBu
o}
0
N = /\N/\
Bu tBu  OH OH

Rirac-2¢c

Scheme 3. Synthesis of dimeric complexes R/rac-2c.

The 'H NMR spectra of the complexes R/rac-2c are
identical and show one set of resonances for 1 equiv. of the
coordinated bis(phenoxido) ligand, which could be assigned
in detail on the basis of 2D 'H-'H COSY, 'H, and 3C
NMR experiments. Complementary investigations of these
compounds indicated that the NMR features were essen-
tially unchanged in C4DsCD5, CDCls, and CD;OD up to
60 °C.
3604
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X-ray Crystallographic Studies

Colorless, needle-shaped crystals of R-2¢-2CsHsCHjs-
CH,Cl, were obtained by crystallization from a CH,Cl,/
toluene mixture. The detailed structure was determined as
outlined in the Experimental Section. Key metrical param-
eters are listed in Table 1, and the structure is shown in
Figure 1.

Table 1. Selected bond lengths [A] and angles [°] for R-2c
2C6H5CH3'CH2C12.

Atoms Distance Atoms Distance
Mg(1)-Mg(2) 3.008(3) Mg(1)-0O(1) 2.027(4)
Mg(1)-0(2) 1.907(4) Mg(1)-0(3) 2.058(4)
Mg(1)-0(4) 2.014(4) Mg(1)-N(1) 2.208(5)
Mg(2)-O(1) 1.993(4) Mg(2)-0(4) 2.018(4)
Mg(2)-O(5) 1.922(4) Mg(2)-0(6) 2.090(4)
Mg(2)-N(2) 2.205(5)

Atoms Angle Atoms Angle
O(1)-Mg(1)-0O(2)  162.86(19) O(1)-Mg(1)-O(3)  95.31(15)
O(1)-Mg(1)-O(4)  76.36(15) O(1)-Mg(1)-N(1)  86.65(16)
0(2)-Mg(1)-O(3) 100.49(18) O(2)-Mg(1)-O4)  95.80(16)
O(2)-Mg(1)-N(1)  89.35(17) O(3)-Mg(1)-0(4)  138.32(17)
O(3)-Mg(1)-N(1)  80.73(16) O(4)-Mg(1)-N(1)  137.85(18)
O(1)-Mg(2)-O(4)  77.05(14) O(1)-Mg(2)-O(5)  94.65(16)
O(1)-Mg(2)-O(6)  140.29(18) O(1)-Mg(2)-N(2) 136.41(19)
O(4)-Mg(2)-O(5) 163.93(19) O(4)-Mg(2)-0O(6)  95.88(15)
O(4)-Mg(2)-N(2)  86.87(16) 0O(5)-Mg(2)-0(6)  99.17(17)
O(5)-Mg(2)-N(2)  89.98(17) 0O(6)-Mg(2)-N(2)  80.86(16)

Mg(1)-O(1)-Mg(2) 96.88(15)  Mg(1)-O(4)-Mg(2) 96.52(15)

Figure 1. ORTEP view of R-2¢-2CsHsCH5-CH,Cl, (H and disor-
dered atoms are omitted for clarity; the displacement ellipsoids are
drawn at 40% probability level).

The X-ray analysis shows R-2¢2C4HsCH;-CH,Cl, to be
a homoleptic molecular dimer. The two magnesium centers
are identically coordinated, each surrounded by two bridg-
ing oxygen atoms of two phenoxido ligands coming from

Eur. J. Inorg. Chem. 2010, 3602-3609



(Aryloxido)magnesium Complexes

Eur|IC

separate aminobis(phenolato) ligands, one terminal phen-
oxido oxygen atom, one nitrogen atom, and one oxygen
atom from the tetrahydrofuran ring.

The pentacoordinate magnesium atoms are in an almost
identical arrangement, that is between trigonal-bipyramidal
and square-pyramidal geometry with a 7 parameter of 0.41
for Mg(1) and 0.39 for Mg(2).] In both cases the nitrogen
atom resides in the apical position.

Although complexes with pentacoordinate magnesium
are quite commonly observed, only two examples of the
crystallographically characterized species with a coordina-
tion environment similar to R-2¢ (MgO4N comprising two
bridging phenoxido groups) were found in the CCDC.['%]
The Mg,O, central core in R-2¢-2C¢HsCH5-CH,Cl, is a
distorted rhombohedron with four different Mg-O dis-
tances of 2.027(4) [Mg(1)-O(1)], 2.014(4) [Mg(1)-O(4)],
1.993(4) [Mg(2)-O(1)], and 2.018(4) A [Mg(2)-O(4)]. The
distances are similar to those found in the magnesium di-
mer with bis(a,o-diarylprolinol) [Mg,(L),] [Mg-O 1.991(6),
2.031(6), 1.979(6), and 2.016(6) A].[0al

The terminal Mg—Op,,yi0xido distances in R-2¢-2CsHsCHj:
CH,Cl, are 1.907(4) and 1.922(4) A and are typical. Also
typical are the Mg-O-C bond angles for the terminal
aryloxido ligands, which are 134.3(3) and 134.9(3)°, and
suggest a very small n-character in the Mg—O,yioxido bonds.

Light pink blocks of S-2f were obtained by slow concen-
tration of a hexane solution. The detailed structure was de-
termined as outlined in Table 1 and described in the Experi-
mental Section. The structure is depicted in Figure 2, and
selected bond lengths and angles are listed in the caption.

The X-ray analysis shows S-2f to be a molecular mono-
mer with the four-coordinate magnesium center surrounded
by two pairs of N,O atoms from two aminophenolato li-
gands forming a distorted tetrahedron. Although such co-
ordination seems typical for magnesium, to our surprise,
only one monomeric four-coordinate magnesium amino-
phenolate was found in the CCDC.['!]

The distances Mg(1)-O(1) and Mg(1)-O(2) in S-2f are
1.892(3) and 1.900(3) A, respectively, and are similar to
those found in [Mg(2,6-1Bu,CsH,40),(tmeda)] [tmeda =
N,N,N',N'-tetramethylethylenediamine; Mg-O 1.8803(8)
and 1.8817(9) A]. The Mg(1)-N(1) and Mg(1)-N(2) dis-
tances in S-2f of 2.176(4) and 2.166(3) A are a little shorter
than those in [Mg(2,6-tBu,CsH4O),(tmeda)] [Mg-N
2.2625(11) and 2.2695(11) A].

European Journal
of Inorganic Chemistry

Figure 2. View of S-2f (H atoms are omitted for clarity; the dis-
placement ellipsoids are drawn at 40% probability level). Selected
bond lengths [A] and angles [°]: Mg(1)-O(1) 1.892(3), Mg(1)-O(2)
1.900(3), Mg(1)-N(1) 2.176(4), Mg(1)-N(2) 2.166(3); O(1)-Mg(1)-
O(2) 125.77(15), O(1)-Mg(1)-N(1) 92.68(13), O(1)-Mg(1)-N(2)
105.32(13), O(2)-Mg(1)-N(1) 105.69(14), O(2)-Mg(1)-N(2)
95.71(13), N(1)-Mg(1)-N(2) 136.07(14), Mg(1)-O(1)-C(11)
129.9(3), Mg(1)-O(2)-C(41) 124.5(2).

Lactide Polymerization

Previous research in our group has shown that zinc com-
plexes that incorporate le-H are effective initiators for the
ROP of lactide.'? In addition, the monomeric hexacoordi-
nate magnesium complex 512°! was proved to initiate the po-
lymerization of L-lactic acid (L-LA) in high conversion
within 30 min to afford PLA with a moderate M,, of 8600
and a polydispersity index (PDI) of 1.12. In this case, the
NMR end-group analysis of the isolated PLA indicated the
presence of hydroxy and aminophenolate ester end groups.
Biocompatible metals such as Zn and Mg are of great inter-
est in this process because of the propensity for trace
amounts of the catalyst to be incorporated within the poly-
mer.?d Therefore, preliminary research exploring the use of
the above described and characterized aryloxo magnesium
complexes as initiators for the ROP of lactide. The tetra-
meric complexes 2a-b, 3a, and 4b, as well as dimeric R/rac-
2¢ were tested and proved to be essentially inactive.

Table 2. Polymerization of L-lactide with initiators (I) 2e, S-2f, 2¢/BnOH, and S-2f/BnOH.[#I

Entry I [I/[L-LA}/[BnOH] ¢ (min) 103 M, 103 M, Conv. PDI!
1 2e 1:100:0 5d - - - -
2 2e 1:50:1 1 min 6.88 7.02 96% 1.09
3 2e 1:100:1 5 min 15.58 13.37 92% 1.10
4 S-2f 1:100:0 5d - - - -
5 S-2f 1:50:1 1 min 7.20 6.59 90% 1.02
6 S-2f 1:100:1 10 min 14.82 13.80 95% 1.08

[a] General polymerization conditions: solvent: toluene (10 mL), 7" = 25 °C, [I] = 0.025. [b] Conversion determined by 'H NMR spec-
troscopy. [c] Determined by GPC, PDI calibrated with polystyrene standards.

Eur. J. Inorg. Chem. 2010, 3602-3609
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Monomeric tetrahedral aminophenolate compounds 2e
and S-2f were tested next. Although they both showed no
activity they become extremely active when an external do-
nor was added as described in Table 2.

Polymerization of L-LA initiated by 2e in the presence of
BnOH was very effective, and high conversion was achieved
within 5 min for [2e]/[L-LA]/BnOH (1:100:1) (Figure 3).

d h
h

R R I R S R R

50 45 40 35 30 25
(ppm)

Figure 3. '"H NMR spectrum of a living oligomer in the ROP of L-
LA initiated by 2e in the presence of BnOH.

The predictable molecular weights and narrow PDIs of
the obtained PLAs indicate a well-controlled polymeriza-
tion process. The 'H NMR spectrum of PLA in CD,Cl,
prepared by using [2e]/[L-LA}/[BnOH] in 1:10:1 ratio
showed one benzyl ester and one hydroxy chain end sug-
gesting that the initiation occurred through the insertion of
the benzyloxy group into L-lactide (Figure 4).

N -

g ‘
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bd,c

:

80 7.5 70 65 60 55 50 45 40 35 30 25 2.0 L5 10
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Figure 4. '"H NMR spectrum of PLA synthesized with the 2e/
BnOH initiator.

Similar results were obtained for the polymerization of
L-LA initiated with S-2f in the presence of BnOH per-
formed at room temperature in toluene. A high conversion
was achieved within 10 min for [S-2f]/[L-LA}/[BnOH]
(1:100:1). The 'H and '*C NMR spectra of the PLAs ob-
tained in the presence of S-2f showed that the polymer
3606
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chains at one end are terminated by benzyl ester with no
sign of transesterification products (the OH proton was not
observed) (Figure 5).

1 Rl Dok o S AR B IR b RSy kg SRl LA BRL O SELME it 0 . Ky . . . v .
200 180 160 140 120 100 80 60 40 20 0
(opm)

Figure 5. '*C NMR spectrum of PLA synthesized with the S-2f/
BnOH initiator.

All of the initiator systems exhibit molecular weights in
close agreement with calculated values, and narrow PDIs
are characteristic for well-controlled living propagation.

Conclusions

We have synthesized a new chiral aminophenolato ligand
S-1f-H and four new magnesium aminophenolates R/rac-
2¢, 2e, and S-2f. The compounds were characterized by
spectroscopic methods and, in case of R-2¢ and S-2f, by X-
ray crystallography, thereby enriching the library of well-
defined magnesium aminophenolates. As expected, the
compound with the tetracoordinate R-bpthfa ligand ap-
peared to be dimeric with five-coordinate magnesium
atoms, whereas the compound with the dicoordinate S-
tbpmpa was monomeric with tetrahedral geometry around
the metal atom.

All of the new compounds, as well as few polynuclear
magnesium species 2a-b, 3a, and 4b synthesized previously,
were tested in the polymerization of L-lactide, and all of
them proved to be essentially inactive. Nevertheless, in the
case of 2e and S-2f, grafting with benzyl alcohol led to
greatly enhanced polymerization activities resulting in high
activity initiators, which gave 92-95% conversion after 5—
10 min, and exclusively linear polymers with low PDI val-
ues, 1.08-1.10. These results clearly support the advantage
of monomeric magnesium species over polynuclear analogs
in lactide polymerization.

Experimental Section

General Materials and Experimental Procedures: All the reactions
and operations were performed under N, by using standard
Schlenk techniques. Reagents were purified by standard methods:
thf was distilled from CuCl, predried with NaOH, and then dis-

Eur. J. Inorg. Chem. 2010, 3602-3609
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tilled from Na/benzophenone. CcHsCH; was distilled from Na;
CH,Cl, and CD,Cl, were distilled from P,Os; hexanes were dis-
tilled from Na; methanol was distilled from Mg; C¢Dg and
C¢DsCDj; were distilled from CaH,. L-LA (98 %; Aldrich) was sub-
limed and recrystallized from toluene prior to use. MgBu, (Aldrich;
1.0 M solution in hexanes) and (-)-(S)-a,4-dimethylbenzylamine
(Aldrich, 98%) were used as received. BnOH (Aldrich; >99%) was
distilled prior to use. Ligands (tbpca-H), R/rac-bpthfa-H, were pre-
pared according to literature procedures.”>” 'H and '*C NMR
spectra were recorded in the temperature range 298-351 K with
Bruker ESP 300E or 500 MHz spectrometers. Chemical shifts are
reported in ppm and referenced to the signals of residual protons
in deuterated solvents. The weights and number-average molecular
weights of the PLAs were determined by gel permeation
chromatography (GPC) using an HPLC-HP 1090 II with a DAD-
UV/Vis and RI detector HP 1047A, and polystyrene calibration.
Microanalyses were conducted with an ARL Model 3410 + ICP
spectrometer (Fisons Instruments) and a VarioEL III CHNS (in-
house).

Ligand and Complex Synthesis. S-1f-H: To a mixture of 2,4-di-tert-
butylphenol (7.88 g, 38.20 mmol) and (-)-(S)-a,4-dimethylbenzyl-
amine (5.60 mL, 38.06 mmol) in methanol (50 mL) was added a 1.5
molar excess of formaldehyde (4.32 mL, 58.01 mmol, 37% solution
in water). The solution was then stirred and heated under reflux
for 5 d. The solvent was removed to give a yellow oil. Cold meth-
anol was added (10 mL), and the mixture was stirred for 1 h and
cooled to —15°C. After 1d, colorless crystals of S-1f-H had
formed. Yield 7.21 g (54%). C,4H35NO (353.55): caled. C 81.53, H
9.98, N 3.96; found C 81.62, H 10.12, N 4.11. '"H NMR (C¢Ds,
298 K): 0 = 7.58 (d, Jyn = 2.42 Hz, 1 H, ArH), 7.30-7.14 (m, 5 H,
Ph), 6.93 (d, Juy = 2.42 Hz, | H, ArH), 3.60 (br. s, 2 H, NCH,Ar),
3.50 (q, Juu = 6.82 Hz, 2 H, CH), 1.93 (s, 3 H, NCH;), 1.82 [s, 9
H, C(CH;)s], 1.44 [s, 9 H, C(CH3);], 1.20 (d, Jyy = 6.82 Hz, 3 H,
CH;) ppm. 3C NMR (76 MHz, C¢Ds, 298 K): 6 = 19.6 (CHCH3;),
29.6 [C(CH3)3], 31.9 [C(CHs,);], 33.8 [C(CHj3)3], 35.2 [C(CH3)5],
36.3 (NCH;), 58.9 (CH,), 62.1 (CHCH;), 121.1, 121.6, 122.6,
122.8, 123.4, 123.9, 135.7, 140.2, 140.6, 154.1, 155.0 (12 C, 2Ar)
ppm.

[Mg(R-1¢)], (R-2¢): To a solution of R-1¢-H, (0.86 g, 1.61 mmol)
in toluene (15 mL) was added MgBu, (1.61 mL, 1.61 mmol) drop-
wise. The mixture was stirred for 24 h, and the solution was concen-
trated to dryness. n-Hexane was added (25 mL), and the suspension
was stirred for 2 h. The resulting white powder was collected by
filtration, washed with n-hexanes (20 mL) and dried in vacuo to
yield R-2¢ (0.96 g, 54%, 0.86 mmol). Crystals suitable for X-ray
determination were obtained after recrystallization with n-hexane/
CH,Cl,. C;0H;psMgoN>Og (1120.23): caled. C 75.05, H 9.54, N
2.50; found C 74.78, H 9.47, N 2.41. "TH NMR (C¢Dy, 298 K): 6 =
7.47 (d, Jyy = 2.5Hz, 2 H, ArH), 7.41 (d, Jgg = 2.5Hz, 2 H,
ArH), 7.10 (d, Jyy = 2.6 Hz, 2 H, ArH), 6.92 (d, Jyy = 2.6 Hz, 2
H, ArH), 4.65-4.73, 4.74-4.80 (2 m, 4 H, CHOCH,C,H,), 4.58—
4.63 (m, 2 H, CHOCH,C,Hy,), 3.19-3.26, 3.48-3.53 (2 m, 8 H,
CH,Ar), 3.04-3.13 (m, 4 H, NCH,), 2.55-2.60, 2.63-2.72 (2 m, 8
H, CHOCH,C,H,), 1.48, 1.54, 1.56, 1.88 [4 s, 72 H, C(CH3);] ppm.
13C NMR (76 MHz, C¢D¢, 298K): 6 = 28.7, 31.7 (4 C,
CHOCH,C,Hy), 29.8, 31.1, 31.9, 32.1 [24 C, C(CH;);], 33.8, 33.9,
35.0, 35.1 [8 C, C(CH;);], 55.5 (2 C, NCH,), 65.2, 64.4 (4 C,
CH,Ar), 68.9 (2 C, CHOCH,C,H,), 78.8 (2 C, CHOCH,C,H,),
121.5, 123.4 [4 C, 0-C(Ar)-CH,N], 123.9, 125.1 [4 C, m-C(Ar)],
125.4, 127.1 [4 C, m-C(Ar)], 137.0, 137.2 [4 C, 0-C(Ar)C(CHs);],
138.9, 139.7 [4 C, p-C(Ar)C(CHj3);] ppm.

[Mg(rac-1¢)], (rac-2c): rac-1c-H (2.53 g, 4.72 mmol) and MgBu,
(4.72 mL, 4.72 mmol) were allowed to react according to a pro-
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cedure analogous to that of R-2¢ described above. A similar
workup gave rac-2¢ in 67% yield (3.52g, 3.14mmol).
C0H06MgoN,0g (1120.23): caled. C 75.05, H 9.54, N 2.50; found
75.14, H 9.37, N 2.34.

[Mg(1e),] (2e): To a solution of 1e-H (1.32 g, 4.00 mmol) in toluene
(10 mL) was added MgBu, (2 mL, 2.00 mmol) dropwise. The reac-
tion mixture was stirred for 24 h, and the solvent was removed to
give a yellow oil. n-Hexane was added (20 mL), and colorless crys-
tals precipitated at room temperature after 1 d. They were collected
by filtration, washed with n-hexane (10 mL), and dried in vacuo to
yield 2e (2.40 g, 87%, 3.50 mmol). C44H7,2MgN,O, (685.37): calcd.
C 77.11, H 10.59, N 4.09; found C 76.68, H 10.31, N 3.98. 'H
NMR (C¢Dg, 298 K): 0 = 7.66 (s, 2 H, ArH), 7.08 (s, 2 H, ArH),
4.12 (br. s, 2 H, NCH,Ar), 3.44 (s, 2 H, NCH,Ar), 2.27-2.39 (m,
2 H, C¢Hy)), 2.02 (s, 6 H, NCH3), 1.78 [s, 18 H, C(CHs3)3], 1.60—
1.70 (m, 10 H, C¢H;;), 1.56 [m, 18 H, C(CH3)3], 1.30-1.47 (m, 10
H, C¢H;y) ppm. *C NMR (76 MHz, C¢Ds, 298 K): 6 = 25.2 (10
C, C¢Hyy), 25.5 (10 C, C¢Hyy), 29.4 [6 C, C(CH3)s], 31.0 (2 C,
NCHs;), 31.5 [6 C, C(CH3)3], 33.3 [2 C, C(CH3);], 34.7 [2 C,
C(CH3);), 59.4 (2 C, C¢Hyy), 60.3 (2 C, NCH»Ar) 62.3, 136.8,
134.6, 125.0, 123.5, 121.0 (24 C, Ar) ppm.

[Mg(S-1f),] (S-2f): To a solution of S-1f-H (1.36 g, 2.00 mmol) in
n-hexane (10 mL) was added MgBu, (2.00 mL, 2.00 mmol) drop-
wise. The reaction mixture was stirred for 24 h, and the solvent was
removed to yield a pink oil. n-Hexane was added (20 mL) and,
after additional stirring at room temperature for 24 h, a pink solid
precipitated from the solution. The powder was collected by fil-
tration, washed with n-hexane (10 mL), and dried in vacuo to yield
S-2f (1.68 g, 89%, 2.30 mmol). C4sHegMgN,0, (729.35): caled. C
79.05, H 9.40, N 3.84; found C 78.95, H 9.53, N 3.94. 'H NMR
(300 MHz, C¢Dg, 298 K): 6 = 7.69 (br. s, 2 H, ArH), 7.16-7.21 (m,
S H, ArH), 6.96 (br. s, 2 H, ArH), 4.21 (br. s, 4 H, NCH,Ar), 3.54
(br.s,2 H, CHCH,;), 1.93 (s, 6 H, NCHs), 1.84 (br. s, 6 H, CHCH,),
1.82 [s, 18 H, C(CH3)3], 1.45 [m, 18 H, C(CHs3)5] ppm. '*C NMR
(76 MHz, C¢Dg, 298 K): 6 = 29.6 [6 C, C(CH;);], 29.7 [6 C,
C(CH;);] 31.9 [2 C, C(CH,);], 34.7 [2 C, C(CH3)3] 35.7 [2 C,
C(CH;);), 36.4 (2 C, NCH3), 59.2 (CH,), 61.3 (CH), 156.3, 155.1,
141.6, 140.3, 131.2, 129.4, 124.0, 123.5, 122.8, 122.9, 122.1, 121.5,
121.3 (24 C, Ar) ppm.

Polymerization Procedure: In a Schlenk flask under argon, a com-
plex I was treated with L-LA, [I}/[L-LA] = 1:100 in toluene (10 mL).
The reaction mixture was stirred at the desired temperature for the
prescribed time. At certain time intervals, aliquots of about 1 mL
were removed for the determination of the conversion by 'TH NMR
spectroscopy. After the reaction was complete, it was quenched
with methanol; the solution was concentrated in vacuo, and the
polymer was precipitated with an excess of cold methanol. A white
product was collected by filtration and dried in vacuo.

Details of X-ray Data Collection and Reduction: X-ray diffraction
data were collected with a KUMA KM4 CCD (w-scan technique)
diffractometer equipped with an Oxford Cryosystem-Cryostream
cooler.['¥] The space groups were determined from systematic ab-
sences and subsequent least-squares refinement. Lorentz and polar-
ization corrections were applied. The structures were solved by di-
rect methods and refined by full-matrix least squares on 2 by using
the SHELXTL package.['¥ Non-hydrogen atoms were refined with
anisotropic thermal parameters. Hydrogen-atom positions were
calculated and added to the structure-factor calculations, but were
not refined (Table 3). The tBu groups, C(17)-C(110), C(27)-C(210),
and C(47)-C(410), and both tetrahydrofuran rings in 2e are disor-
dered and were solved with two positions for each moiety. The
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Table 3. Summary of crystallographic data for R-2¢:2C¢HsCH3CH,Cl, and S-2f.

R-Zc'2C6H5CH3'CH2C12 S-2f
Empirical formula C85H124C12Mg2N206 C48H68MgN202
Formula mass 1389.38 729.35
Crystal system monoclinic orthorhombic
Space group P2, P2,2,2,
Temperature [K] 120(2) 100(2)
Cell dimensions
a[A] 15.3323(10) 10.859(5)
b[A] 14.3051(10) 19.999(5)
¢ [A] 18.5068(14) 20.399(5)
s [1 93.379(6) 90
VA3 4052.0(5) 4430(3)
V4 2 4
Deyicq. [g/em?] 1.139 1.094
4 [mm!] 0.147 0.078

Crystal dimensions [mm]
Radiation (4 [A])

Reflections measured
Range/indices (4, k, )

0 limit [°]

Total no. of unique data

No. of observed data [/ > 2o(])]
No. of variables

No. of restraints

Absolute structure parameter
R,

R =

t
Y|\ Fo| — |FI/ZIF,| (all, observed)

WwR, = I[w(F,2 — F2)2/Ew(F,*'? (all, observed)

0.45x0.24x0.18
Mo-K, (0.71073)

0.35X0.20 X 0.19
Mo-K, (0.71073)

31 061 41 850

-18, 18; -17, 16; -22, 22 -13, 13; 24, 23; -25, 25
3.00-25.06 2.74-26.11

12756 8678

7125 5522

842 486

17 0

0.05(13) —-0.1(4)

0.0962 0.1254

0.1450, 0.0796
0.1759, 0.1543

0.1417, 0.0762
0.1653, 0.1447

GOOF

Data completeness

Absorption correction (T pin, Timax)
Ap(max, min) [e/A%]

0.969 0.994

0.997 0.993
0.947, 0.975 0.929, 0.966
0.54, -0.49 0.41, -0.24

FVAR parameter was also refined separately for each group, and
these additional parameters are contained within the supplemen-
tary crystallographic data for this paper (CCDC-743616 and
-743617); 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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The reactions between Ln(NO3);-nH,O and (BusNH)3[W-
(CN)g]*H,0 have led to two series of octacyanometallate-
based complexes: Ln(H,0)s[W(CN)g] [Ln = La(1), Pr(2),
Nd(3), Eu(4), Gd(5)] and Ln(H,O)4[W(CN)g] [Ln = Ho(6),
Er(7), Tm(8), Lu(9)]. The crystal structures of 1-9 have two-

dimensional corrugated layers in which the Ln™ and WV
centres are linked in an alternating fashion. Thermogravi-
metric (TG) and powder XRD results reveal the presence of a
phase transformation in the Ln™-WV system with increasing
atomic number of the Ln™! atoms.

Introduction

In the past few years, [M(CN)g]* /4 (M = Mo, W, and
Nb) anions have become attractive building blocks that can
adopt three different spatial configurations [square anti-
prism (Dy4), dodecahedron (D,4) and bicapped trigonal
prism (C,,)] depending on their surroundings, such as li-
gands and other metal ions.'! In recent studies, investi-
gations of octacyanometallate-based bimetallic systems has
mainly focused on second- and third-row transition metals.
The exploration of cyano-bridged 3d-nd (n = 4 or 5) sys-
tems based on [M(CN)g]*’* anions and transition metal
cations has resulted in a wide variety of coordination net-
works from 0D ionic complexes and discrete molecules, 1D
chains, 2D layers and 3D networks. Due to their flexible
molecular structures, multifarious magnetic properties as
varied as those of the hexacyanometallates, such as photo-
induced magnetism,!! relatively high magnetic phase transi-
tion temperaturel®! and single-molecule magnetism,* are
observed in octacyanometallate-based assemblies.

Recently, the investigation of octacyanometallate-based
bimetallic systems has been extended to the first-row lan-
thanide ions. As lanthanide ions often have higher coordi-
nation numbers, mixed d—f complexes using 4d or 5d metal
ions can have very complicated topologies and magnetic be-
haviours that are different from those of 3d-4f complexes.
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A better understanding of the property—structure relation-
ships of such materials relies on the synthesis and evalu-
ation of new lanthanide-transition metal complexes. How-
ever, synthesis of complexes containing octacyanometallates
and lanthanide ions is challenging due to the tendency of
the rare earth metal ions to adopt high coordination num-
bers and their ability to easily adapt to a given environment.
To the best of our knowledge, there are limited examples of
octacyano- and lanthanide-based assemblies!™ to date, and
these complexes have presented interesting properties such
as long-range magnetic ordering, cooling-rate-dependent
ferromagnetism and luminescence.

For the reasons noted above, we have tried to prepare
lanthanide-containing octacyanometallate-based bimetallic
assemblies using [W(CN)g]*>~ and Ln3* as building blocks.
In the present work, two series of heterobimetallic 4f-5d
complexes, Ln(H,0)s[W(CN)g] [Ln = La(1), Pr(2), Nd(3),
Eu(4), Gd(5)] and Ln(H,O0)4[W(CN)g] [Ln = Ho(6), Er(7),
Tm(8), Lu(9)] have been synthesized and characterized
structurally. It should be noted here that TG and powder
XRD results revealed the presence of phase transformations
in the Ln—W system with increasing atomic number of the
Ln™ atoms (from La to Lu).

Results and Discussion

Crystal Structures of 1-9

The structures of 1-9 have been determined by single-
crystal X-ray diffraction (Table S1). 1-5 are isostructural,
have tetragonal geometries and crystallize in the space
group P4/nmm, except for 1, which belongs to P4/ncc. The
crystal structures of 1-5 consist of 2D cyano-bridged corru-
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gated layers, in which Ln"™ and WV centres are linked in an
alternating fashion (Figure 1a). In the structures of 1-5, the
[W(CN)g] moiety exhibits a slightly distorted dodecahedral
geometry (D-,) with four bridging and four terminal cyano
ligands. The W-C bonds are in the range of 2.132 to
2.168 A and the W—C1-N1 bonds are nearly linear with
angles ranging from 175.3 to 179.0° (Table S2). It is worth
noting that half of the coordinated cyanide groups in 2-5
are bidentate, establishing physical links (u-CN) with neigh-
bouring Ln"" centres, while the other half are terminal, ex-
hibiting statistical disorder over two crystallographic posi-
tions (occupancy of 50% each) for the uncoordinated nitro-
gen atom. In the structures of 1-5 the Ln'"" atom is nine-
coordinate, ligated by four cyano nitrogen atoms and five
oxygen atoms from five water molecules, {LnN4O5}, de-
scribing a slightly distorted monocapped square antiprism
geometry with the Ol atom in a capping position (Fig-
ure 2). The sites of one face are finished by four cyano ni-
trogen atoms with Ln—Ny,pniqe distances ranging from 2.504
to 2.647 A, while those of the other face by four oxygen
atoms with Ln-O distances ranging from 2.467 to 2.620 A.
Four cyanide bridges are close to linear with bond angles
of C1-N1-Ln in the range of 165.3 to 176.7°. The geometry
of the Ln atom for 1-5 is different from the tricapped trigo-
nal prism found for related complexes Ln(H,O)s[W(CN)g]
(Ln = Sm, Eu, Gd, Tb).13%3]

(b)

Figure 1. Projection of 2D corrugated layers for 1-5: (a) in the ab
plane and (b) along the ¢ axis. Note: four terminal cyanide groups
in 1 exhibit order, which is different from those in 2-5.

As shown in Figure la, the Ln'™ and the [W(CN)g]*
units form 12-membered Ln,W,(CN), squares with the
Ln"" and WY atoms occupying the verteces. The side view
of the 2D corrugated layer is shown in Figure 1b. The
average distances of the closest intramolecular Ln---W,

Eur. J. Inorg. Chem. 2010, 3610-3614
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Figure 2. Coordination environment of 1-5.

Ln--Ln, and W-W distances are 5.832, 8.652 and 7.823 A,
respectively. The average Ln-W, Ln--Ln and W-W dis-
tances between neighbouring aligned layers are 7.644, 7.123
and 7.123 A, respectively. The 2D layers are linked by rela-
tively strong O-H---N hydrogen bonds between H,O mole-
cules and terminal cyano ligands, connecting the O(1 W)
coordinated molecules from one layer to the terminal C2N2
cyanide groups of another layer with dg... of 2.781, 2.586,
2.626, 2.606 and 2.614 A for 1-5, respectively. It is worth
mentioning that the degree of disorder in the structures of
complexes 4 and 5 is superior to that of those reported in
the literature.[>

Similar to 1-5, the structures of 6-9 are tetragonal and
crystallize in the space group P4/mmm. The crystal struc-
tures consist of 2D cyano-bridged corrugated layers in
which Ln' and WYV ions are linked in an alternating fash-
ion (Figure 3a). The side view of the 2D corrugated layer is
shown in Figure 3b. The central geometry around WV
adopts a slightly distorted dodecahedral geometry (D-y).
The WV atom is coordinated by eight CN groups, four of
which are bridging and four are terminal. For 6-9 the

(b)

Figure 3. Projection of 2D corrugated layers for 6-9: (a) in the ab
plane and (b) along the ¢ axis.
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average W—C bond length is 2.167 A and the bridging W—
C-N angles remain almost linear with maximum deviation
from linearity of 2.4°.

In contrast to that in 1-5, the Ln atom is eight coordi-
nate and is surrounded by four cyano nitrogen atoms and
four oxygen atoms from four water molecules. The coordi-
nation sphere of the Ln™ centre, {LnN4O4}, displays a
slightly distorted square antiprism geometry (Figure 4). The
sites of both faces are finished by four cyano nitrogen atoms
and four oxygen atoms, respectively. The average Ln—N and
Ln-O bond lengths both slightly decrease from 6 to 9 (on
going from the Ho to Lu) because of systematic ionic radii
contraction. The Ln—C1-N1 units are bent slightly with
angles ranging from 167.8 to 169.6°. For 6-9, the closest
intramolecular Ln+*W, Ln*Ln, and W--W distances are
5.806, 8.620 and 7.781 A, respectively, and the shortest in-
termetallic distances between one layer and its closest
neighbour (Ln+-*W, Ln-Ln and W--W) are 7.595, 7.761
and 7.761 A, respectively. The O atom of one coordinated
water molecule and the N2 atom of terminal CN group
in neighbouring layers are connected through the relatively
strong O—H-+*N hydrogen bonds with an average do....y dis-
tance of 7.761 A.

Figure 4. Coordination environment of 6-9.

In summary, the structures of 1-9 comprise neutral cor-
rugated layers consisting of 12-membered Ln,W,(CN),
puckered squares, which is similar to the 12-membered
Ru,Ln,(CN), squares observed in [{Ru(bpy)(CN)4}3{Ln-
(H>0)4}5]'xH>O (Ln = Nd, Gd; x = 11 or 10, respec-
tively).lo!

The Phase Transformation in the Ln-W System

Powder samples of [Ln(H,0),]]JW(CN)g] (Ln = La, Pr,
Nd, Sm, Eu, Gd, Tb, Ho, Er, Tm, Lu) were prepared by
mixing aqueous solutions of (BusNH);[W(CN)g] and
Ln(NO3);nH,0. Powder XRD patterns (Figure S2) are in
correspondence with those simulated from single-crystal
structures, which reveals that the as-synthesized products
are the expected materials. It is worth mentioning here that
the powder XRD pattern of Tb(H,O)s[W(CN)g] corre-
sponds closely with that simulated from the single-crystal
structure of Tb(H,0)s[Mo(CN)s]P! reported previously, in-
dicating that the two complexes are isostructural.

Powder XRD patterns of [Ln(H,0),JJW(CN)g] are
shown in Figure 5. With increasing atomic number of Ln™!
atoms from La to Tb, the diffraction patterns remain un-
changed, which shows that the Ln—W systems (Ln = La,
Ce, Pr, Nd, Sm, Eu, Gd, Tb) have the same lattice structure.
Combining the powder data with the single-crystal struc-
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tural analysis, we can speculate that the n value in [Ce-
(H»0),]IW(CN)g] is five. With increasing atomic number (to
Dy), some changes in the diffraction patterns were ob-
served. A few peaks attributed to [Ln(H,O)s][W(CN)g] dis-
appear or reduce in intensity and some new peaks attrib-
uted to another uncertain phase emerge, which indicates the
phase transformation. With atomic number increasing from
Ho to Lu, [Ln(H,0)4][W(CN);g] (Ln = Ho, Er, Tm, Lu) have
the same lattice structures, which have been confirmed by
single-crystal structures. We can conclude that a phase
transformation occurs from [Ln(H,0);][W(CN)g] (Ln = La
to Tb) to [Ln(H,O)4[W(CN)g] (Ln = Ho to Lu) via
[Dy(H,0) JJW(CN)g] with increasing atomic number.

A Aw ~re Lu/W

LM . A_,_LJLJ\_AA_A_._A_TmW

| v — i)

Ho/W

3 M DyW
s Tb/W
= Gd/W
g Eu/W
= A A . Sm/W
| VY VY ki

Pr/W

Ce/W

La/W

10 15 20 25 30 35 40 45
2 theta /°

Figure 5. Powder XRD patterns of Ln(H»O),[W(CN)g].

TGA (Figure S3) and variable temperature powder
XRD (Figures S4 and S5) results show that [Ln(H,O)s]-
[W(CN)g] (Ln = Sm, Eu, Gd, Tb) change reversibly to
[Ln(H,0),4][W(CN)g] with the loss of the first coordinated
water molecule followed by the collapse of the framework
structure with the loss of the remaining four coordinated
water molecules on heating. Here we take complex 4 as an
example. The TG result (Figure 6) reveals that one coordi-
nated water molecule is lost at approximately 55 °C. The
remaining four water molecules are lost gradually along
with the collapse of framework, which can be confirmed by

0 50 100 150 200 250 300 350 400

100 THO, 221%

Weight loss / %
~ ~ [0 [o2) [{e] [{e]
o [$)] o o o ($)]
" 1 " 1 " 1 n 1 n 1 " 1 "

[«2)
a

150 200 250 300 350 400

Temperature / °C
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o

Figure 6. TG curve of 4.
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a variable temperature powder XRD experiment (Figure 7).
In addition, the structure changes after 4 converts to
[Eu(H,0),4][W(CN)g], which reveals that the loss of the co-
ordinated water molecule has an important impact on the
structure of the framework. Interestingly, the process of this
change is reversible (Figure 8). However, for [Ln(H,O)s]-
[W(CN)g] (Ln = La, Ce, Pr, Nd) and [Ln(H»O0)4][W(CN)g]
(Ln = Ho, Er, Tm, Lu) the structures collapse directly when
the coordinated water molecules are lost (Figures S3 and
S4).

~ e 150 °C
5 Sl 100 °C
> 0,
= 80°C
{
[0]
=
= 60 °C
40°C

10 15 20 25 3I0 35 40 45 50
2 theta /°

Figure 7. Variable temperature powder XRD patterns of 4.

_JJA__JLM’WJLMM 40 °C
A ] | L) A o cooling under

60 °C N2 and Hzo
WWW 80 °C+

heating
under Ny

Intensity / a.u.

60°C

40°C

10 15 20 25 30 35 40 45 50
2theta/®

Figure 8. Variable temperature powder XRD patterns of 4 with
sorption and desorption of water.

Conclusions

Two series of octacyanometallate-based complexes,
Ln(H,0)sfW(CN)g] [Ln = La(1), Pr(2), Nd(3), Eu(4),
Gd(5)] and Ln(H»0)4W(CN)g] [Ln = Ho(6), Er(7), Tm(8),
Lu(9)], have been synthesized and characterized structur-
ally. The crystal structures of 1-9 have two-dimensional
corrugated layers, in which the Ln™ and WV centres are
linked in an alternating fashion. TG and powder XRD re-
sults reveal the presence of a phase transformation in the
Ln—W system with increasing atomic number of the Ln'!
atoms.
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Experimental Section

Materials: All chemicals and solvents were of analytical grade.
(BusNH);[W(CN)g] was prepared according to the literature
method.l”? TG analysis revealed that the octacyanometallate pre-
cursor did not contain crystallized water molecules (Figure S1).

Syntheses of 1-9: Single crystals of 1-9 were prepared in the dark
by slow diffusion of an acetonitrile solution (20 mL) containing
Ln(NO3);'nH,O [Ln = La(1), Pr(2), Nd(3), Eu(4), Gd(5), Ho(6),
Er(7), Tm(8), Lu(9)] (0.05mmol) and (BusNH);[W(CN)g]
(0.05 mmol). Orange crystals were formed over two to six weeks.
1: CgH,LaNgOsW (620.97): caled. C 15.47, H 1.62, N 18.05; found
C 15.39, H 1.68, N 18.06. 2: CgH;(NgOsPrW (622.98): caled. C
1542, H 1.62, N 17.99; found C 15.52, H 1.55, N 18.02. 3:
CgH(NgNdOsW (626.31): caled. C 15.34, H 1.61, N 17.89; found
C 1537, H 1.60, N 17.81. 4: CgH(EuNgOsW (634.03): caled. C
15.16, H 1.59, N 17.67; found C 15.13, H 1.66, N 17.72. 5:
CsH¢GdNgOsW (639.32): caled. C 15.03, H 1.58, N 17.53; found
C 15.11, H 1.56, N 17.49. 6: CgHgHoNgO,W (628.98): caled. C
15.28, H 1.28, N 17.82; found C 15.31, H 1.26, N 17.86. 7: CgHgEr-
NgO,W (631.31): caled. C 15.22, H 1.28, N 17.75; found C 15.34,
H 1.26, N 17.79. 8: CgHgNgO,TmW (632.99): caled. C 15.18, H
1.27, N 17.70; found C 15.14, H 1.30, N 17.65. 9: CgHgLuNgO,W
(639.02): caled. C 15.04, H 1.26, N 17.54; found C 15.00, H 1.21,
N 17.45. Powder samples were prepared by mixing aqueous solu-
tions of (BusNH);[W(CN)g] (15 mL, 0.15 mmol) and Ln(NOs);
2H,0 (Ln = La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Lu)
(15mL, 0.15 mmol). CgH;(N3OsWLa: C, 15.35; H, 1.59; N, 18.15.
CgH(NgOsWCe: C, 15.43; H, 1.69; N, 18.10. CgH;(NgOsWPr: C,
15.45; H, 1.66; N, 17.91. CgH(NgOsWNd: C, 15.40; H, 1.65; N,
17.97. CgH;(NgOsWSm: C, 15.28; H, 1.62; N, 17.81.
CsH(NgOsWEu: C, 15.15; H, 1.69; N, 17.64. CgH;,NgOsWGd: C,
15.08; H, 1.59; N, 17.42. CgH,,NgOsWTb: C, 15.04; H, 1.55; N,
17.54. CgHoNgO,sWDy: C, 15.12; H, 142; N, 17.69.
CgHgNgO,WHo: C, 15.32; H, 1.29; N, 17.86. CgHgN3O,WEr: C,
15.18; H, 1.21; N, 18.88. CgHgNgO,WTm: C, 15.15; H, 1.27; N,
17.66. CgHgNgO,WLu: C, 15.10; H, 1.33; N, 17.51. Powder XRD
patterns (Figure S2) of as-synthesized products correspond fully to
those simulated from single-crystal structures (Figure S2), which
reveals that highly pure products have been obtained.

Physical Measurements: Thermogravimetric (TG) analyses were
carried out with a TA Instruments Hi-Res TGA 2950 analyzer to
identify the approximate temperatures of guest water loss and ther-
mal decomposition. The temperature was increased at a rate of
1 K/min from 294 K to 1053 K under a dry dinitrogen atmosphere
with a 60 mL/min flow. Powder XRD patterns were collected with
Cu-K, radiation using a Shimadzu XRD-6000 diffractometer
equipped with an Anton-Paar HTK 1200 stage for atmosphere and
temperature control. Dehydration measurements were run under
flowing dry dinitrogen with a heating rate of 1 K/min. For rehy-
dration measurements the dinitrogen flow was saturated with water
vapour by diverting the flow through a water bubbler.

X-ray Crystallographic Analysis: Diffraction data for 1-9 were col-
lected with a Bruker Smart 1000 CCD equipped with Mo-K, (1 =
0.71073 A) radiation. Diffraction data analysis and reduction were
performed with SMART, SAINT, and XPREP.®! Correction for
Lorentz, polarization and absorption effects were performed with
SADABS.P! Structures were solved by using the Patterson method
with SHELXS-971'% and refined with SHELXL-97.1'1 All non-hy-
drogen atoms were refined with anisotropic thermal parameters.
The H atoms bound to coordinated water molecules were located
from difference maps and refined with a riding model. The crystal-
lographic data and experimental details for the structural analyses

3613

www.eurjic.org



FULL PAPER

A.-H. Yuan, P. D. Southon, D. J. Price, C. J. Kepert, H. Zhou, W.-Y. Liu

of 1-9 are summarized in Table S1. Selected bond lengths and
angles are listed in Table S2. CCDC-716068 (1), -729451 (2),
-698970 (3), -698971 (4), -698972 (5), -698973 (6), -698974 (7),
-698975 (8) and -698976 (9) contain the supplementary crystallo-
graphic 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.

Supporting Information (see footnote on the first page of this arti-
cle): Additional room-temperature powder XRD patterns, TG
curves, variable-temperature powder XRD patterns and tables of
crystallographic data and bond lengths and angles.
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The reaction of [Fe(n3-CsH4PPh,)(n°-CsHyterpy)] (5; terpy =
2,2":6',2"" -terpyridin-4'-yl) with diverse transition-metal com-
pounds including [PtCl,(Et,S),], [Pd(cod)X;], [AuCl(tht)],
[CuBr], [Mo(CO)4(nbd)], and [{RhCl(cod)},] (X = Cl, Br; tht =
tetrahydrothiophene; nbd = norbornadiene; cod = cyclo-
octadiene) to afford heterobi- and trimetallic complexes and
a coordination polymer is reported. The following com-
pounds were prepared: [Fe(n®-CsH4PPh,{PtCl,(SEt,)})(n°-
CsHyterpy)] (7), trans-[PtCly{(Ph,P-1n°-CsHy)(n>-CsHgterpy)-
Fel,] (9), [Fe(n’-CsH,PPh,PACLy)(n°-CsHaterpy)] (12), [Fefn’-
C5sH,PPh,(Cl3Pd")}(n°-CsHyterpy{(dmso),CINi*})] (14), trans-
[PAX,{(Ph,P-n°-CsHy)(n>-CsHyterpy)Fe),] (16a, X = Cl;
16b, X = Br), [Mo(CO)4{(n°-CsH,PPhy)(n’-CsHaterpy)Fe},]
(17), [Fe{n*>-CsH,Ph,P(CuBr)}(n’>-CsHyterpy)l, (19), [Fe{n®-
CsH4Ph,P(AuCl)}(n®-CsHyterpy)]  (22), [Fe(n®-CsH,Ph,P-

{Rh(cod)Cl})(n°-CsHaterpy)] (23), [Ru({n®CsH,Ph,P(AuCl)}-
(n3-CsHgterpy)Fe),]Cl, (25), and [Fe{n>-CsH,PPh,-
(PACl,)}{n>-CsH,-CH=CHC(O)(py)}] (26). The molecular
structures of 5, 9, 12, 14, 16b, 22, and 26 in the solid state are
reported. They show typical features of related phosphanyl-
ferrocenes and terpyridylferrocenes. Characteristic of 12 is a
C-H activation as a result of the close distance of palladium
to the terpyridyl moiety. Complexes 12, 26, and [PdCl,(dppf)]
[dppf = 1,1'-bis(diphenylphosphanyl)ferrocene], for compari-
son, were used in preliminary studies as catalysts in the car-
bon-carbon coupling of iodobenzene with tert-butyl acrylate
to give (E)-tert-butyl cinnamate. The conversion amounts to
80 % with a turnover number of 160 and turnover frequency
of 48 h™1.

Introduction

In recent years, ferrocene-based organometallics have re-
ceived remarkable attention because such molecules are in
general very robust and show a reversible redox character.!!]
They are of interest in many fields of chemistry including
organic synthesis, molecular recognition, material sciences,
and homogeneous catalysis.”l Whereas symmetrically sub-
stituted ferrocenes with nitrogen,® phosphorus,™ oxygen,®!
or sulfurt donor groups at the cyclopentadienyl rings are
well studied, less is known about sandwich compounds that
bear two different coordination functionalities.l”! The latter
type of molecules, with their asymmetric 1,1’-substitution
pattern, are of great interest in, for example, homogeneous
catalysis due to their hemilabile coordination sites.®! In this
respect, the work of Gibson et al.,®®1 Gimeno et al.,["
Keim et al.,l'"l Long et al.,7®329 and others!'” must be
mentioned, who recently reported about the systematic syn-
thesis, reaction behavior, and characterization of P/S, P/O,
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and N/O hemilabile ligand systems. First reports about the
use of such asymmetric 1,1’-disubstituted ferrocenes in
homogeneous catalysis were reported as well.l”-°l One of the
reports implied a chiral thioether—phosphanylferrocene,
which was used in Pd-catalyzed allylic substitution of 1,3-
diphenylpropenyl acetate with malonate and nitrogen nu-
cleophiles.I'3] The use of ferrocenes that contain unsymmet-
rical P/S or P/O ligands at the cyclopentadienyl rings as
catalytic active species in combination with palladium(0)
and palladium(II) reagents, respectively, were also tested
by Gibson and Long in the Suzuki-Miyaura carbon-
carbon cross-coupling reaction of 4-bromotoluene with
phenyl boronic acid to produce 4-methylbiphenyl.[34
Within this reaction the yield was doubled, when compared
with the symmetrical 1,1’-bis(diphenylphosphanyl)ferro-
cene.

These studies have prompted us to prepare 1-(diphenyl-
phosphanyl)-1’-terpyridylferrocene and to use this com-
pound for the synthesis of transition-metal complexes of
higher nuclearity. We chose this molecule as starting com-
pound because the diphenylphosphanyl group should pref-
erentially bind to soft and the terpyridyl unit to hard transi-
tion-metal-complex fragments.'*! The application of the ap-
propriate Fe-Pd-containing molecules in the Heck—Mizo-
roki reaction of iodobenzene with zert-butyl acrylate to give

3615

vvvvvvvvvvvvvvvvvvvvvv



FULL PAPER

H. Lang et al.

(E)-tert-butyl cinnamate is reported as well. The molecular
structures of seven compounds in the solid state are dis-
cussed.

Results and Discussion

To synthesize asymmetric 1,1’'-substituted ferrocene-
based heterodi- and heterotrimetallic FeM (M = Mo, Pd,
Pt, Rh, Cu, Au), Fe;M (M = Mo, Pd, Pt), Au,Fe;Ru, and
PdFeNi complexes, we chose [Fe(n’-CsH4PPh,)(n°-
CsHyterpy)] (5; terpy = 2,2":6',2"'-terpyridin-4'-yl) as the
key starting molecule, which is accessible by the reaction
sequence shown in Scheme 1 including an aldol condensa-
tion [reaction (i)] and a Michael addition with subsequent
ring closure [reaction (ii)]. Whereas molecules 1 and 5 are
orange-colored, complex 3 is purple, most probably re-
sulting from the o,B-unsaturated carbonyl pyridyl unit.
Ferrocenes 3 and 5 could be isolated as solid materials that
dissolve in common polar organic solvents. The unsym-
metrical sandwich compound 5 is stable in the solid
state and in solution, whereas it rapidly decomposes on ex-
posure to light and hence should best be stored in the
dark.

PhoP ~
|
Fe

CHO
1 3

X |e

| ®

N [N
(0] I/ 4

(i)

Scheme 1. Synthesis of 5 from 1: (i) dichloromethane/ethanol mix-
ture (1:5 v/v); NaOH, 25 °C, 2.5 h; (ii) ethanol, [H4;N]OAc, 100 °C,
3h.

The molecular structure of 5 in the solid state was deter-
mined by single-crystal X-ray structure analysis, thus con-
firming the structural assignment made from spectroscopic
characterization (see Exp. Section). Single crystals of this
compound were obtained by diffusion of n-pentane into a
saturated solution of 5 in dichloromethane at room tem-
perature. The molecular structure of 5 and selected bond
distances [A] and angles [°] are presented in Figure 1. The
crystal and structure refinement data are summarized in
Table 3 (see Exp. Section).

Ferrocene 5 represents a unsymmetrical 1,1’-disubsti-
tuted sandwich molecule in which a diphenylphosphanyl
and a terpyridyl ligand are bonded to individual cyclopen-
tadienyl rings. They are rotated by 85.0(3)° to each other
(Figure 1). The CsHy, rings are inclined by 3.0(3)° and are
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Figure 1. ORTEP diagram of 5. Thermal ellipsoids are shown at
the 50% probability level. The hydrogen atoms are omitted for clar-
ity. Selected bond distances [A] and angles [°]: Fel-D1 1.647(3),
Fel-D2 1.648(3), P1-Cl 1.814(5), P1-Cl11 1.836(6), P1-Cl17
1.829(5), C6-C23 1.479(6); P1-C1-C2 130.6(4), P1-CI1-C5
123.2(4), C11-P1-C17 102.3(2), C1-P1-C17 100.7(2); D1: centroid
of C1-C5, D2: centroid of C6-C10.

staggered by 9°. The geometry at P1 is distorted tetrahedral
with angles in the range of 100.7(2)-102.3(2)° (Figure 1).
The 2,2":6',2"'-terpyridyl group adopts, as expected, a
trans—trans conformation about the interannular C25-C28
and C26-C33 bonds."”! In addition, the terpy group is
nearly planar [root mean-square deviation (RMSD) from
planarity = 0.068 A]. The interplanar angle between the cy-
clopentadienyl ring C6-C10 and N1, C23-C27 is 11.1(3)°,
thereby showing that both groups are not coplanar to each
other (Figure 1). The bonds and angles about the ferrocene,
diphenylphosphanyl, and terpyridyl building blocks are
similar to those typically found for this type of frag-
ments.l'® As a guide to the coordination properties of 5, we
treated it with diverse transition-metal complexes including
[PtCIy(Et,S),], [Pd(cod)X;], [Mo(CO)4(nbd)], [CuBr],
[AuCl(tht)], and [{RhCl(cod)},] (X = Cl, Br; nbd = nor-
bornadiene; tht = tetrahydrothiophene; cod = cyclooctadi-
1,5-ene).

The appropriate FePt compound [Fe(n’-CsH4PPh,-
{PtCl,(SEt,)})(n’-CsHyterpy)] (7) was formed by treatment
of 5 with equimolar amounts of [PtCl,(SEt»),] (6) in dichlo-
romethane as solvent at ambient temperature (Scheme 2).
Exclusive coordination of the diphenylphosphanyl group to
platinum is observed. Since unsymmetrical substituted 7
possesses with the Et,S donor group a labile ligand,'”! we
treated it with a further equivalent of 5. After appropriate
workup, the expected trimetallic Fe,Pt complex 9
(Scheme 2) could be isolated as an orange solid in 89%
yield (see Exp. Section). The latter molecule was also
formed when 7 was treated with triphenylphosphane. The
in situ formed unsymmetrical complex [{Pt(Cl),(PPhs)}-
{Fe(n’-CsH4PPh,)(n3-CsHyterpy)}] rapidly exchanges its li-
gands to give 9 and the respective [Pt(PPh;),Cl,] species, a
common feature of [Pt(L)(L")Cl,] complexes (L, L' = 2-
electron donors).

Eur. J. Inorg. Chem. 2010, 3615-3627
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Scheme 2. Synthesis of 7 and 9 from 5 and 6: (i) 25 °C, 10 min, dichloromethane; (ii) 25 °C, 30 min, tetrahydrofuran.

The identities of 7 and 9 have been confirmed by elemen-
tal analysis, '"H and 3'P{'H} NMR spectroscopy, and ESI-
TOF mass spectrometry (9). The molecular structure of 9
in the solid state was additionally measured by single-crys-
tal X-ray structure determination (Figure 2).

The 3'P{'H} NMR spectrum of 5 displays a resonance
signal at 0 = —18.3 ppm due to the presence of the nonco-
ordinating Ph,P unit. The P-coordination of the diphenyl-
phosphane moiety to a [PtCl,(SEt,)] fragment in 7 or a
PtCl, unit in 9 is best reflected by a significant shift to lower
field (7, 0 = 14.9 9, 10.0 ppm). The signals thereby show a
characteristic coupling with '2°Pt (I = ', 25.3 % abundance)
giving doublets with typical 'Japsep, coupling constants of
3690 (7) and 2630 Hz (9). These values are in agreement
with the coupling data found in other square-planar plati-
num-diphosphanyl complexes with trans geometry.!'8]

The formation of 7 is also confirmed by 'H NMR spec-
troscopy since two new resonances for the [PtCl,(SEt,)] co-
ordination fragment can be observed at 6 = 1.08 (CHj3) and
2.50 ppm (CH,) with 3Jiz i = 7.2 Hz. On replacement of
SEt, by a second [Fe(n’-CsH,4PPh,)(n>-CsHyterpy)] unit,

these two resonances disappear and the progress of the re-
action can therefore easily be controlled by '"H NMR spec-
troscopy.

The formation of 9 is additionally evidenced from ESI-
TOF mass spectrometric investigations, which indicate the
presence of the molecular ion [M + H]* at a mass-to-charge
ratio (m/z) of 1468.90 (see Exp. Section).

Single crystals of 9 were obtained from slow diffusion of
n-pentane into a saturated solution of 9 in dichloromethane
at 25 °C. The molecular structure of 9 is shown in Figure 2.
The crystal and structural refinement data are summarized
in Table 3 (see Exp. Section). Compound 9, as the 2:1 ad-
duct of 5 and PtCl,, crystallized in the monoclinic centro-
symmetric space group P2,/c with crystallographically im-
posed inversion symmetry at Ptl. The platinum atom is co-
ordinated by two chlorido and two phosphorus atoms in a
precisely planar geometry. For compound 9, an identical
rotation of the Ph,P versus terpyridyl moieties, as discussed
for 5, has been observed. The cyclopentadienyl rings are
inclined by 3.8(3)° and staggered by approximately 3-5°.
Due to the Pt-P bond the angles around P1 are more open

Figure 2. ORTEP diagram (50% probability level) of the molecular structure of 9. The hydrogen atoms are omitted for clarity. Symmetry
transformations used to generate equivalent atoms labeled with A: —x, —y, —z + 1. Selected bond distances [A] and angles [°]: Fel-D1
1.650(2), Fel-D2 1.653(2), P1-C1 1.827(3), P1-C13 1.803(4), P1-C7, C18-C23 1.473(5); Pt1-Cl1 2.301(1), Pt1-P1 2.322(1); C7-P1-C1
104.52(15), C13-P1-C1 102.14(16), C11-Pt1-P1 88.47(4) C1-P1-Ptl 112.15(11); D1: centroid of C13-C17, D2: centroid of C18-C22.
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relative to 5 and range from 104.5(2)-116.7(1)°. This is in
a good agreement with the observations made in similar
systems.[73]

A further possibility to prepare heterodi- (FePd) and het-
erotrimetallic (Fe,M; M = Mo, Pd) transition-metal com-
plexes based on 5 is given by the reactions depicted in
Scheme 3. In this respect, we treated 5 with the palladium
source [PdCl,(cod)] in an equimolar amount, whereby dark
orange 12 was formed in good yield (see Exp. Section). In
12, the square-planar coordination geometry of the palladi-
um(II) ion is set up by two trans-oriented chlorido ligands,
the diphenylphosphanyl group, and one pyridyl ligand of
the terpyridyl moiety. When molecule 12 was further treated
with a third transition-metal salt such as [NiCl,(dme)] (13;
dme = dimethoxyethane) in tetrahydrofuran, a dark red
precipitate was formed. After appropriate workup, and ad-
dition of dimethyl sulfoxide (dmso), zwitterionic heterotri-
metallic 14 could be isolated in which a [PdCl;(Ph,P)] frag-
ment and a [Ni(Cl)(dmso),(terpy)]* ion are connected by
the Fe(n>-CsH,), sandwich backbone (Scheme 3). A some-
what different reaction behavior was found when 5 was
treated with [ML,L'] [11a, M = Pd, L = CI, L' = cod, n =
2;11b,M =Pd, L =Br, L' =cod, n = 2; 15, M = Mo, L
= CO, L' = nbd, n = 4] in a 2:1 molar ratio (Scheme 3).
Treatment of 5 with 11a or 11b exclusively gave trans-
[PAL,{(n>-CsH4Ph,P)(n>-CsHyterpy)Fe},] (16a, L = CI;
16b, L = Br), which could be isolated as an orange solid
material in 84% yield (Scheme 3, Exp. Section). Complex
[Mo(CO)4{(n>-CsH4PPh,)(n>-CsHyterpy)Fe}o]  (17)  was
prepared by combining 5 with 15, whereby nbd was con-
comitantly eliminated from 15 (Scheme 3).

Complexes 16 and 17 are barely soluble in common or-
ganic solvents (dichloromethane, tetrahydrofuran). Com-
pound 14 is, due to its zwitterionic nature, only moderately
soluble in dmso. Due to the insufficient solubility of 16 and
17, no 3C{'H} NMR spectra could be obtained. As a re-

[Pd(cod)Cly]
11a
(1)

ML,L
11,15
(iii)

11a,11b: [Pd(cod)Xy]
15: [Mo(nbd)(CO)4]

sult of the paramagnetic character of 14 (octahedral-coordi-
nated Ni'"), no standard NMR spectroscopic measurements
could be performed.

As expected, 16 and 17 show different spectral features
from 12 because in 12 the terpyridyl moiety asymmetrically
coordinates with one of its pyridyl units to the Pd" ion.
That is why for the terpyridyl ligand two sets of signals are
found in the "H and '*C{'H} NMR spectra (Exp. Section).
It is noteworthy that the hydrogen atom at C24 (see X-ray
structure determination, Figure3) is found at 6 =
10.46 ppm and is significantly shifted to lower field when
compared with the chemical shift of the hydrogen atom
bonded to C26 (6 = 8.61 ppm). An explanation for this be-
havior is the close proximity (2.55 A) of the respective hy-
drogen atom to palladium, which could be confirmed by X-
ray structure analysis (vide infra). For all other species, the
expected signal and coupling patterns are observed (Exp.
Section). A representative '"H NMR spectrum of 12 is de-
picted in Figure 3; for comparison the 'H NMR spectrum
of 5 is presented as well.

From 3'P{'H} NMR spectroscopic studies it is clear that
the diphenylphosphanyl groups in 12, 16, and 17 are
datively bonded to the transition metals palladium and mo-
lybdenum, respectively, since a distinct downfield shift is
observed (6 = 14-26 ppm) relative to 5 (0 = —18.3 ppm; see
Exp. Section).

Less information can be obtained from IR spectroscopic
studies of 12, 14, 16a, and 16b, whereas the metal carbonyl
building block in 17 shows the characteristic strong absorp-
tions typical for a [Mo(CO),] fragment (Voo = 2018, 1900,
1867, 1812 cm™), thereby indicating a cis coordination['] of
the two bulky [Fe(n’-CsH4PPh,)(n>-CsH,terpy)] moieties.

Figures 4, 5, and 6 highlight the solid-state structures
and selected bond lengths [A] and angles [°] of 12 (Fig-
ure 4), 14 (Figure 5), and 16b (Figure 6). X-ray-quality sin-
gle crystals of these molecules could be grown by diffusion

[Ni(dme)Cl,]
13

Y

(ii)

16a:M=Pd, L=Cl,n=2
16b:M=Pd, L=Br,n=2
17:M=Mo, L=CO,n=4

Scheme 3. Synthesis of 12, 14, 16, and 17 from 5: (i) dichloromethane, 30 min, 25 °C; (ii) tetrahydrofuran, 1 min, 25 °C, recrystallization

from dmso; (iii) dichloromethane, 10 min, 25 °C.
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Figure 3. '"H NMR spectra of 5 (top) and 12 (below) (in CDCls, 25 °C, 250 MHz).

of n-hexane into solutions of 12 or 16b in chloroform,
whereas crystals of 14 were obtained by diffusion of diethyl
ether into a mixture of dmso/dichloromethane in a ratio of
70:30 (v/v) at ambient temperature. The crystal and struc-
ture refinement data of 12, 14, and 16b are summarized in
Table 3 (see Exp. Section).

Figure 4. ORTEP diagram of 12. Thermal ellipsoids are shown at
the 50% probability level. All hydrogen atoms, except H24, and the
disordered tetrahydrofuran molecule as noncoordinating packing
solvent have been omitted for clarity. Selected bond lengths [A],
angles [°], and torsion angles [°]: Fel-D1 1.663(3), Fel-D2
1.661(3), Pd1-P1 2.2413(16), Pd1-N2 2.146(6), Pd1-Cll
2.3101(16), Pd1-CI2 2.3128(16), P1-C1 1.803(6), C6-C25 1.468(9);
CI1-P1-Pdl 116.4(2), N2-Pd1-P1 175.44(17), Cl1-Pd1-CI2
177.87(6), P1-Pd1-Cl1 94.97(6), Pd1-N2-C28 124.2(5); N1-C23—
C28-N2 -140.8(6), N1-C27-C33-N3 -177.3(6); D1: centroid of
C1-C5, D2: centroid of C6—C10.

Crystallographic data of 12 reveal an almost square-
planar geometry about the Pd" center. The sum of the
angles around Pdl is essentially 360° with trans-oriented
chlorido ligands. The Pd1-Cl1 and Pd1-CI2 bond lengths
of 2.3101(16) and 2.3128(16) A, respectively, are compar-
able with bond separations observed for other palladium
dichloride molecules that feature phosphane and/or pyridyl
ligands.2% As expected, the Pd1-P1 distance [2.2413(16) A]
is shorter than in frans-bis(phosphanyl)palladium(II) com-
plexes (i.e., 2.325 A),2% whereas the respective Pd1-N2

Eur. J. Inorg. Chem. 2010, 3615-3627

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

separation found in 12 [2.146(6) A] is long compared to dis-
tances that involve Pd-N bonds that are zrans oriented (i.e.,
2.007 A).211 This can be explained by the rrans influence.??!
The two noncoordinated pyridyl rings of the terpy unit are
found to be in-plane-bonded with the cyclopentadienyl ring
C6-C10 (RMSD 0.070 A) (Figure 4). The pyridyl ring co-
ordinated to Pdl is twisted by about 36.9(9)° from this
plane. The unusual chemical shift of the hydrogen atom
bonded to C24 can be explained by the short Pd1-H24 dis-
tance, which is with 2.55 A shorter than the sum of palla-
dium and hydrogen van der Waals radii (2.8 A).[23

The overall structural features of 14 are similar to those
of related structurally characterized molecules containing
(diphenylphosphanyl)ferrocene, terpyridylferrocene, palla-
dium chloride, and nickel chloride.?%-2!-24 Complex 14 con-
sists of a I-(diphenylphosphanyl)-1'-terpyridylferrocene
centrality with a distorted square-planar Pd1, Cl1-Cl3, P1
fragment and a distorted octahedrally coordinated Ni'l ion
(Nil, Cl4, O1, 02, N1-N3) (Figure 5). The Cl1-Pd1-CI3
angle [170.78(8)°] is reduced from 180° as a result of the
steric demand of the organometallic [Fe(n’-CsH,PPh,)(n’-
CsHyterpy{NiCl(dmso),})] building block. As expected, the
Pd1-CI2 bond length of 2.399(3) A is longer than the ap-
propriate Pd1-Cll [2.296(2) A] and Pd1-CI3 separations
[2.297(3) A] that are trans-oriented to ligands with a trans
influence weaker than phosphorus.??! The cylopentadienyl
rings of the ferrocenyl moiety are rotated by around 3°,
which verifies an almost eclipsed conformation. The Fe-D
distances (D is the centroid of the respective cyclopen-
tadienyls) are characteristic!>’! and indicate that the iron
atoms are almost equidistant from the cyclopentadienyl
rings and correspond to those bond lengths found for other
ferrocenes.”°? The coordination sphere about Nil is set up
by a terpy (N1-N3) and one dmso (O2) ligand in equatorial
positions, and Cl4 as well as the second dmso solvent mole-
cule localized in axial positions (Figure 5). The Nil-O2
bond [2.052(5) A] is shorter than the Nil-Ol distance
[2.105(6) A], thus indicating the trans influence of pyridyl
and chloride ligands, respectively (Figure5). The best
planes of the terpy group and the cyclopentadienyl C6-C10
ring are rotated by 11.7(4)° to each other. The bond lengths
and bond angles about the phosphanyl and terpy substitu-
ents are close to those reported for analogous transition-
metal building blocks.[?%-21-23]

3619

www.eurjic.org



H. Lang et al.

FULL PAPER

Figure 5. ORTEP diagram of 14. Thermal ellipsoids are shown at the 50% probability level. The hydrogen atoms and the disordered
dichloromethane molecule as noncoordinating packing solvent are omitted for clarity. Selected bond lengths [A], angles [°], and torsion
angles [°]: Fel-D1 1.6541(7), Fel-D2 1.6552(8), Pd1-P1 2.252(3), Pd1-CI1 2.296(2), Pd1-CI3 2.297(3), Pd1-CI2 2.399(3), P1-Cl
1.803(10), C6-C23 1.457(11); Nil-N1 1.987(6), Nil-N2 2.124(6), Nil-N3 2.106(6), Nil-O1 2.105(6), Nil-02 2.052(5), Nil-Cl4 2.390(2);
P1-Pd1-Cll 89.68(10), Cl1-Pd1-CI3 170.78(8), P1-Pd1-CI2 176.08(8), N1-Nil-O2 171.5(2), N3-Nil-N2 156.8(2), O1-Nil-Cl4
176.31(16), N3-Nil-Cl4 90.31(19); N1-C26-C33-N3 -0.2(11), N1-C25-C28-N2 4.1(10), C7-C6-C23-C24 -8.1(13); D1: centroid of C1-
C5, D2: centroid of C6-C10.

C20A C21A

Figure 6. ORTEP diagram of 16b. Thermal ellipsoids are shown at the 50% probability level (symmetry transformations used to generate
equivalent atoms: —x, —y, —z + 1; center of inversion on Pdl). The hydrogen atoms are omitted for clarity. Selected bond lengths [A],
angles [°], and torsion angles [°]: Fel-D1 1.646(3), Fel-D2 1.643(3), Pd1-P1 2.3304(17), Pd1-Brl 2.3969(8), P1-C1 1.785(6), C6-C23
1.466(10); P1-Pd1-Brl 88.77(4), C1-P1-Pdl 115.7(2); C7-C6-C23-C24, N1-C25-C28-N3 175.5(5), N1-C26-C33-N2 -173.6(8); DI:

centroid of C1-C5, D2: centroid of C6-C10.

The single-crystal X-ray structure analysis of 16b shows
nearly the same structural features as discussed for 5 and 9
(see Figures 1 and 2). Complex 16b crystallized in the mo-
noclinic centrosymmetric space group P2,/c with crystallo-
graphically imposed inversion symmetry at Pdl. The plati-
num atom is coordinated in a planar geometry by two bro-
mides and two phosphorus atoms. The cyclopentadienyl
rings are inclined by 3.7(5)° and staggered by 3-5°.

Treatment of a solution of 5 in tetrahydrofuran with the
copper(I) salt [CuBr] (18) resulted in the formation of co-
ordination polymer 19 in virtually quantitative yield
(Scheme 4, Exp. Section). Elemental analysis of 19 is in
good agreement with the proposed composition. The
3IP{'H} NMR spectrum of 19 is indicative of the coordina-
tion of the diphenylphosphanyl group to copper(I) because
a typical chemical shift from ¢ = —18.3 (5) to —14.9 ppm (19)
is found.[??! A broad signal is observed that is attributed to
3620
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the two isotopes of copper (*Cu, °°Cu).*”! Coordination
of the terpy group to copper(I) was proven by 'H NMR
spectroscopy. The signals for the terpy ligand are shifted to
a lower field than that of the starting material 5 [CsH,N:
= 8.46 ppm (5); 8.53 ppm (19)] (see Exp. Section). Due to
this, we postulate that 19 is polymerically constructed. On
addition of dmso, complex 19 was transformed to a species
of  composition  [Fe(n*-CsH Ph,P{CuBr(dmso),})(n>-
CsHyterpy)], which affirms the postulation of a coordina-
tion polymer.

Organometallic 5 as a multitopic molecule with the
Lewis basic diphenylphosphanyl and terpyridyl units to al-
low mono-, bi-, and/or tridentate coordination of different
organometallic coordination fragments (vide supra) was
also treated with tetrahydrothiophene gold(I) chloride (20)
in tetrahydrofuran as solvent at 25 °C (Scheme 4). Within
this reaction the weakly bonded tht ligand is replaced by

Eur. J. Inorg. Chem. 2010, 3615-3627
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Scheme 4. Reaction chemistry of 5 towards [CuBr], [AuCl(tht)], and [{RhCl(cod)},]: (i) tetrahydrofuran, 2 h, 25 °C; (ii) ethanol, 12 h,

reflux.

the stronger donor/acceptor group PPh,. After appropriate
workup, pale yellow [Fe{n>-CsH4Ph,P(AuCl)}(n>-
CsHyterpy)] (22) was obtained in high yield (Exp. Section).
Heterobimetallic (FeRh) 23 could be prepared by treatment
of 5 with [{RhCl(cod)},] (21) in a 1:1 molar ratio in tetra-
hydrofuran (Scheme 4).

Compounds 22 and 23 were characterized by elemental
analysis and IR and NMR spectroscopy. NMR spectro-
scopic properties of both complexes correlate with their for-
mulation as heterodimetallic FeM complexes (M = Au,
Rh). The identity of 22 was further confirmed by single-
crystal X-ray diffraction studies.

For compound 22, X-ray quality crystals could be ob-
tained by slow diffusion of n-pentane into a solution of 22
in dichloromethane at ambient temperature. The molecular
structure of 22 is presented in Figure 7 together with se-
lected bond lengths [A] and angles [°]. The crystal and
structure refinement data are summarized in Table 4 (Exp.
Section).

Molecule 22 crystallized in the triclinic space group P1.
The structure of 22 shows a linear geometry around Aul
set up by the Ph,P and CI ligands, and Fel as part of a
sandwich structure. Geometrical parameters within the
Ph,PAuCl fragment and the ferrocenyl-terpy building block
are similar to those reported previously in comparable mo-
lecules.['6281 As observed for 5, also in 22 the terpyridyl
moiety adopts a trans—trans conformation. In contrast to 5,
the terpyridyl moiety is not planar. Calculated interplanar
angels between the CsH4N groups range from 7.7(2) (N1,
C23-C27 vs. N3, C33-C37) to 20.6(2) ° (N1, C23-C27 vs.
N2, C28-C32).

Coordination of the terpyridyl donor group in 22 to ru-
thenium using [RuCl,(dmso),] as the ruthenium source gave
pentametallic (Au,Fe,Ru) 25. In this molecule, two units of
22 are bridged through the coordination of their terpyridyl
moieties to the centered ruthenium(Il) ion, which was
proven by 'H NMR spectroscopy [CsH,N: § = 8.35 ppm
(22), 9.67 ppm (25)].
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Figure 7. ORTEP diagram of 22. Thermal ellipsoids are shown at
the 50% probability level. The hydrogen atoms are omitted for clar-
ity. Selected bond lengths [A], angles [°], and torsion angles [°]:
Fel-D1 1.631(1), Fel-D2 1.644(1), Aul-Cll 2.2616(9), Aul-P1
2.2154(7), P1-C1 1.773(3), C6-C23 1.470; P1-Aul-ClIl 178.29(4),
Aul-P1-C1 113.78(9); N1-C26-C33-N3 172.2(2), N1-C25-C28-
N2 161.2(3), C7-C6-C23-C24 170.1(3); DI1: centroid of C1-C5,
D2: centroid of C6—C10.

For catalytic purposes, we treated 3 with equimolar
amounts of 1la [Reaction (1)]. The PdFe molecule 26
formed in this way was obtained as a deep purple solid.

L —
l|= — [Pd(cod)Cly] (11a)
e —_—
d) / o) dichloromethane
25 °C, 20 min
3 26

O

Characterization of 26 is based on elemental analysis,
spectroscopy (NMR, IR) and mass spectrometry (ESI-
TOF) (see Exp. Section) as well as single X-ray structure
analysis (Figure 8, Table 1).
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C20A @& C21A c2ga C28A

Figure 8. ORTEP diagram (50% probability level) of the molecular structure of 26 forming a solvent-bridged centrosymmetric dimer in
the solid state, due to the formation of hydrogen bonds. All carbon-bonded hydrogen atoms have been omitted for clarity. Symmetry
operations used to generate equivalent atoms are labeled with A: —x + 2, —p + 2, —z. Selected bond lengths [A] and angles [°]: Fel-D1
1.634(4), Fel-D2 1.648(4), Pd1-P1 2.2443(5), Pd1-N1 2.1337(13), Pd1-Cl1 2.2935(4), Pd1-CI2 2.3073(4), C6-C23 1.453(2), C23-C24
1.341(2), P1-Pd1-N1 175.03(4), Cl1-Pd1-CI2 175.379(15), Cl1-Pd1-P1 88.14(4), CI12-Pd1-N1 87.85(4); DI: centroid of C1-C5, D2:

centroid of C6-C10.

Table 1. Bond lengths [A] and angles [°] of the intermolecular hy-
drogen bonds of 26 (D: donor, A: acceptor).

D-H-A D-H[A] H-A[A] D-A[A] D-H-A [
02-H10--01 0.82(5) 2.09(5) 2.907(3)  176(4)
02A-H20A--01 0.75(5) 2.21(5) 2.958(3)  175(6)

Crystallization of 26 was carried out in untreated sol-
vents; it resulted in the presence of water in the solid-state
structure. Compound 26 crystallized as a centrosymmetric
dimer in which two water molecules bridge two molecules
of 26 by the formation of intermolecular hydrogen bonds
by molecular recognition.

The PACIL,NP coordination setup is almost planar, as the
sum of all angles around Pd1 is 359.9(5)°, with trans-ori-
ented chlorido ligands. The Pd1-Cll and Pd1-CI2 bond
lengths of 2.2935(4) and 2.3073(4) A are comparable with
distances of related complexes.[?°°]

In a preliminary study, heterobimetallic transition-metal
complexes 12 and 26 were screened for their catalytic activi-
ties in the Heck—Mizoroki reaction.?! The results obtained
(rate of conversion, kinetic studies) are summarized in
Table 2 and Figure 9. To test the productivity of these two
organometallic species, we treated iodobenzene (27) with
tert-butyl acrylate (28) to give (E)-tert-butyl cinnamate (29)
in toluene and acetonitrile mixtures of ratio 1:1 (v/v) at
80 °C in presence of EtNiPr, as a base and as reducing
agent with a catalyst loading of 0.5 mol-% [see reaction (2),
Table 2, Figure 9]. In addition to these studies, reactions

Table 2. Conditions of the Heck—Mizoroki carbon—carbon cross-
coupling reaction of 27 with 28 by complexes 12, 26, and 30 for
comparison (conc. 0.5 mol-%, 80 °C, 25 h).

Compound Yield of 29 [%] TONI®! TOF [h ']
12 79 158 48
26 81 162 42
30 50 100 23

[a] Yields have been measured by 'H NMR spectroscopy with ace-
tylferrocene as internal standard. [b] TON = turnover number.
Turnover frequencies (TOFs) are determined after one hour.
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with the conventional [PdCly(dppf)] system [dppf = 1,1'-
bis(diphenylphosphanyl)ferrocene] (30) were carried out so
that direct comparison might be achieved.

90

80+

70+
60
50

40 -

Yield / %

30+
20

10

' T 4 T Y T i) T 4 T L T ¥ T ¥ 1
0 200 400 600 800 1000 1200 1400 1600
Time / min
Figure 9. Kinetic investigations of 12, 26, and 30 (for comparison)

in the Heck—Mizoroki carbon—carbon cross-coupling of 27 with 28
(0.5 mol-% catalyst, 80 °C).

o}
o [Pd], EtNiPr,, [Cul] /
@—1 + jorsu L OtBu
= toluene/acetonitrile
27 28 29
)

As summarized in Table 2 and Figure 9, the maximum
possible conversion amounts to 80%. As a consequence of
these data, it can be concluded that a higher productivity is
obtained with catalysts possessing hemilabile ligands as
given in complexes 12 and 26 when compared to an analo-
gous symmetrical diphosphane such as dppf.
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Conclusion

A new ligand system based on a ferrocenyl backbone
that features a terpyridyl and a diphenylphosphanyl donor
group is described using consecutive synthesis methodo-
logies. A series of novel heterobi- and heterotrimetallic
complexes including [Fe(n’-CsH4Ph,{PtCl,(SEt,)})(n>-
CsHyterpy)],  trans-[PtCl,{(n>-CsH4Ph,P)(n>-CsHuterpy)-
Fe}ol, [Fe{n’-CsH,-PPho(CLPd)}(n>-CsHyterpy)], [Fe{n-
CsH,PPh,(CI5Pd7)} (n>-CsHyterpy {(dmso),-CINi*})], trans-
[PdX5{(n*-CsH,PhP)(n-CsHaterpy)Fe}s] (X = Cl, Br),
[Mo(CO)4{(n’-CsH4PPhy)(n>-CsHyterpy)Fe}s],  [Fe{n’-
CsH4Ph,yP(CuBr)}(n>-CsHaterpy)],, [Fe{n>-CsH4Ph,P-
(AuCl)}(n’-CsHyterpy)],  [Fe(n’-CsH4Ph,P{Rh(cod)Cl})-
(n*-CsHaterpy)], [Ru({n’-CsHyPhyP(AuCl)}(n>-CsHaterpy)-
Fe),|Cl,, and [Fe{n>-CsH4PPh,(PdCl,)} {n>-CsH,-
CH=CHC(O)(py)}] have been synthesized by treatment of
[PtCly(Et,S),], [Pd(cod)X,], [AuCl(tht)], [CuBr], [Mo(CO),-
(nbd)], and [{Rh(cod)Cl},] with [Fe(n3-CsH4PPh,)(n’-
CsHyterpy)] and [Fe(n’-CsH,PPh,){n>-CsH,-CH=CHC-
(O)(py)}], respectively. Seven compounds have been struc-
turally characterized by single-crystal X-ray diffraction
analysis. The appropriate molecules show typical features
known for related phosphanylferrocenes and terpyridylfer-
rocenes.['81 The phosphanyl and terpyridyl groups are oppo-
sitely oriented except for complex 12, due to the chelating
P/N coordination. A carbon-hydrogen bond activation
could be observed for 12 as a result of the close distance of
the palladium atom to the terpyridyl moiety. Complex 24 is
to the best of our knowledge the first zwitterionic hetero-
multimetallic system set up by organometallic and metal-
organic parts. For catalytic applications, two palladium
complexes with hemilabile P/N ligands of type [Fe(n®-
CsH4PPhy)(n>-CsHaterpy)]  and  [Fe(n’-CsH4PPh,){n°-
CsH;-CH=CHC(O)(py)}] were synthesized. They show
good activity (TON = 160, TOF = 48 h™!) as catalysts in the
Heck—Mizoroki reaction [see reaction (2), Table 2, Figure 9]
relative to [PdCly(dppf)] [dppf = 1,1’-bis(diphenylphos-
phanyl)ferrocene]. However, catalysts reported by, for ex-
ample, Fu et al.,’l Herrmann et al.,?! and Reetz et al.,??!
are more active than 12 and 26 and can even be used for
less-reactive aryl halides under mild conditions.

Experimental Section

General Data: All reactions were carried out under an atmosphere
of nitrogen using standard Schlenk techniques. Tetrahydrofuran,
toluene, n-hexane, and n-pentane were purified by distillation from
sodium/benzophenone ketyl; dichloromethane and chloroform
were purified by distillation from calcium hydride. Diethylamine
and diisopropylamine were distilled from KOH; absolute methanol
was obtained by distillation from magnesium.

Instruments: Infrared spectra were recorded with a Perkin—Elmer
FTIR spectrometer Spectrum 1000. NMR spectra were recorded
with a Bruker Avance 250 spectrometer ['H NMR at 250.12 MHz
and BC("H) NMR at 62.86 MHz] in the Fourier transform mode.
Chemical shifts are reported in ¢ units (parts per million) downfield
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from tetramethylsilane (6 = 0.00 ppm) with the solvent as the refer-
ence signal (CDCls: '"H NMR, 6 = 7.26 ppm; 3C{'H} NMR, § =
77.16 ppm).'1 3P{TH}  NMR spectra were recorded at
101.255 MHz in CDCl; with P(OMe); as external standard [0 =
139.0 ppm, relative to H;PO, (85%) with 6 = 0.00 ppm]. ESI-TOF
mass spectra were recorded with a Mariner biospectrometry
workstation 4.0 (Applied Biosystems). Microanalyses were per-
formed with a C,H,N-analyzer FlashAE 1112 (Thermo Company).
Melting points of analytical pure samples (sealed off in nitrogen-
purged capillaries) were determined with a Gallenkamp
MFB 595010 M melting point apparatus.

Reagents: [PdCl,(cod)],1*3! [PdBr,(cod)],?! [PtCl,(SEt,),],** [Mo-
(CO)4(nbd)], [NiCly(dme)],B% [AuCl(tht)],P7) [{RhCl(cod)},],8
pyridylacetylpyridinium iodide,*”! and 1-(diphenylphosphanyl)-1'-
formylferrocene”! were prepared according to published pro-
cedures. All other chemicals were purchased from commercial sup-
pliers and were used as received.

Synthesis of 3: Compound 1 (1.36 g, 3.34 mmol) was dissolved in
dichloromethane (30 mL) and ethanol (150 mL). Acetylpyridine (2)
(0.46 mL, 4.31 mmol) was added in a single portion to this mixture.
After 5 min of stirring, an NaOH solution (12 mL, 2 M) was slowly
dropped imto the reaction mixture. Stirring was continued for 2.5 h
at 25 °C. The solution changed from orange to purple. The reaction
mixture was evaporated to 50 mL and water (200 mL) was added.
This solution was extracted twice with dichloromethane (200 mL
potions). The organic phases were combined and dried with
MgSO, and all volatile materials were removed in an oil-pump vac-
uum. The obtained crude material was purified by column
chromatography on silica gel (column size: 4 X 15 cm, chloroform).
With chloroform the starting material 1 could be eluted (100 mg,
0.25 mmol), whereas with ethyl acetate the title compound 3 was
obtained. All volatiles were removed under reduced pressure. Com-
pound 3 was isolated as a dark purple solid; yield 1.2 g (2.4 mmol,
70% based on 1). C3oH,4,FeNOP (501.34): calcd. C 71.87, H 4.83,
N 2.79; found C 71.60, H 5.05, N 2.71; m.p. 131 °C. IR (KBr): ¥
= 1433 (m, vpc), 1468 (m, vpc), 1577 (s, ve=c), 1594 (s, ve=c), 1663
(s, veo) em™'. 'TH NMR (CDCls): 6 = 4.14 (m, 2 H, CsHy), 4.38
(pt, J = 1.9 Hz, 2 H, CsHy,), 4.40 (pt, J = 1.8 Hz, 2 H, CsHy), 4.56
(pt, J = 1.9 Hz, 2 H CsHy), 7.27-7.4 (m, 10 H, C¢Hs), 7.47 (ddd,
3J=1.6,4.6Hz, %] =1.0Hz 1 H, CsH4N), 7.72 (d, *J = 15.8 Hz,
1 H, CsHyN), 7.77 (d, 3J = 15.8 Hz, 1 H, CsH,4N), 7.86 (ddd, 3J =
7.6, 7.8 Hz, *J = 1.8 Hz, 1 H, CsHyN), 8.17 (ddd, 3J = 7.8 Hz, 4J
= 1.0 Hz, 3J = 0.9 Hz, 1 H, CsHyN), 8.73 (ddd, 3J = 4.6 Hz, *J =
1.8 Hz, 3J = 0.9 Hz, 1 H, CsH4N) ppm. *C{'H} NMR (CDCl;):
0 =70.4 (CsHy), 73.0 (CsHy), 73.3 (d, 3Jcp = 4 Hz, CsHy), 74.4 (d,
2Jep = 14 Hz, Ci-CsHy), 77.9 (Ci-CsHy), 80.3 (CsHy), 118.8 (CO-
CH=CH-), 123.0 (CsH4N), 126.7 (CsH4N), 128.4 (*Jcp = 7 Hz, m-
CeHs), 128.8 (p-C4Hs), 133.6 (d, 2Jcp = 20 Hz, 0-C¢Hs), 137.0
(CsH4N), 138.8 (d, 'Jep = 10 Hz, Ci-C4Hs), 146.4 (CO-CH=CH-),
148.9 (CsH4N), 154.8 (CsH4N), 188.6 (CO-CH=CH-) ppm.
SIP{'TH} NMR (CDCls): 6 = —18.5 ppm. ESI-TOF-MS: m/z = [M
+ H]* 502.17.

Synthesis of 5: Compound 3 (2.9 g, 5.78 mmol), ammonium acetate
(5.0 g, 64.87 mmol), and 4 (2.2 g, 6.93 mmol) were dissolved in de-
gassed ethanol (20 mL) and heated for 3 h to reflux. An orange
solid precipitated. The reaction mixture was allowed to cool to
25 °C. The orange solid was filtered off and washed twice with ice-
cooled ethanol (25 mL portions); the residue was dried in an oil-
pump vacuum; yield 1.67 g (2.77 mmol, 48% based on 3).
C3;7H,5FeN;P (601.46): caled. C 73.89, H 4.69, N 6.99; found C
73.39, H 4.80, N 6.82; m.p. 186 °C. IR (KBr): ¥ = 1433 (m, vpc),
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1468 (m, vpe), 1576 (s, veec), 1584 (5, vee), 1602 (s, vee) em .
'H NMR (CDCl): 6 = 4.06 (pq, J = 1.9 Hz, 2 H, CsH,), 4.24 (pt,
J=19Hz 2 H, CsH,), 4.34 (pt, J = 1.9 Hz, 2 H, CsH,), 4.88 (pt,
J =19 Hz 2 H, CsH,), 7.26-7.4 (m, 12 H, C4Hs/5-CsH,N), 7.88
(ddd, 3J = 7.9, 8.0 Hz, *J = 1.8 Hz, 2 H, CsH,N), 8.46 (s, 2 H,
CsH,N), 8.64 (ddd, 37 = 8 Hz, *J = 1.0, 57 = 0.9 Hz, 2 H, CsH,N),
8.75 (ddd, 3J = 48 Hz, 4/ = 1.8 Hz, 5/ = 0.9 Hz, 2 H, CsH,N)
ppm. 3C{'H} NMR (CDCly): § = 68.4 (CsH,), 71.8 (CsH,), 73.8
(d, 3Jep = 4 Hz, CsHy), 74.5 (d, 2Jep = 14 Hz, CsHy), 77.9 (Ci-
CsHy), 82.4 (Ci-CsHy), 117.9 (3-CsHLN), 121.4 (CsH,N), 123.8
(CsH,N), 128.4 (d, 3Jcp = 7 Hz, m-CgHs), 128.8 (p-C4Hs), 133.5
(d, 2Jep = 20 Hz, 0-C4Hs), 138.9 (CsH,N), 139.2 (d, 'Jep = 10 Hz,
Ci-C4Hs), 149.1 (CsH,N), 150.1 (4-CsH,N), 156.5 (CsH,N), 158.1
(2-CsH,N) ppm. 3'P{'H} NMR (CDCl;): § = -18.3 ppm. ESI-MS:
mlz = [M + H]* 602.24.

Synthesis of 7: Compound 5 (200 mg, 0.33 mmol) dissolved in
dichloromethane (25 mL) was slowly dropped into a solution of
[PtCl(SEt,),] (6) (148.5mg, 0.33 mmol) in dichloromethane
(20 mL). After 10 min of stirring, the solvent was evaporated to
SmL and diethyl ether (30 mL) was added. Compound 7 crys-
tallized as orange needles at —30 °C. The crystals were washed with
diethyl ether (40 mL) and dried in an oil-pump vacuum; yield
172mg (0.18 mmol, 55% based on 5). C4H33ClLFeN;PPtS
(957.63): calcd. C 51.42, H 4.00, N 4.39; found C 51.50, H 3.82, N
4.39; m.p. 189.3 °C (dec.). IR (KBr): ¥ = 1435 (m, vpc), 1468 (m,
vpe), 1567 (s, ve=c), 1583 (s, ve=c), 1600 (s, ve=c), 2928 (W, ven),
2966 (W, vey) cm . 'TH NMR (CDCly): 6 = 1.08 (t, 3/ = 7.2 Hz 6
H, SCH,CHj), 2.50 (q, 3/ = 7.2 Hz 4 H, SCH,CHs), 4.32 (pq, J =
1.9 Hz, 2 H, CsHy), 4.35 (pt, J = 1.9 Hz, 2 H, CsH,), 4.70 (pt, J =
1.8 Hz, 2 H, CsHy), 4.90 (pt, J = 1.8 Hz, 2 H, CsHy), 7.36 (ddd, 3J
=17.7,12Hz, % =12Hz 2 H, CsH4N), 7.4-7.7 (m, 12 H, C¢Hs/
5-CsH4N), 7.88 (ddd, 3J = 7.7, 7.8 Hz, *J = 1.8 Hz, 2 H, CsH,N),
8.46 (s, 2 H, CsH,N), 8.64 (ddd, 3J = 7.8 Hz, *J = 1.2 Hz, °J =
0.9 Hz, 2 H, CsH,N), 8.75 (ddd, 3J = 4.8 Hz, *J = 1.8 Hz, 5J =
0.9 Hz, 2 H, CsH4N) ppm. 3'P{'H} NMR (CDCls): 6 = 4.9 (Jpp;
= 3690 Hz) ppm.

Synthesis of 9: Compound 5 (100 mg, 0.17 mmol) was dissolved in
dichloromethane (10 mL), and [PtCIy(SEt,),] (6) (37 mg,
0.08 mmol) was added in a single portion. After 10 min of stirring,
the reaction solution was evaporated to 5mL and n-hexane
(30 mL) was added. Molecule 9 crystallized as orange needles at
30 °C. The crystals were washed with n-hexane (40 mL) and dried
in an oil-pump vacuum; yield 108 mg (0.073 mmol, 89% based on
5). C14Hs6ClLFe,NgP,Pt (0.5 CeHyy) (1511.99): caled. C 61.17, H
4.20, N 5.56; found C 61.07, H 4.43, N 5.18; m.p. 153 °C (dec.).
IR (KBr): v = 1439 (m, vpc), 1468 (m, vpc), 1567 (s, ve=c), 1584
(s, ve=c), 1602 (s, ve=c) cm™. 'TH NMR (CDCly): 6 = 4.22 (m, 4
H, CsH,), 4.61 (m, 4 H, CsHy), 4.91 (m, 4 H, CsHy), 5.08 (m, 4 H,
CsHy), 7.33 (ddd, 3J = 7.9, 4.8 Hz, J = 1.0 Hz, 4 H, CsH,N), 7.38—
7.7 (m, 24 H, C¢Hs/5-CsHyN), 7.86 (ddd, 3J = 7.9, 8.0 Hz, 4J =
1.8 Hz, 4 H, CsHyN), 8.47 (s, 4 H, CsH,N), 8.62 (ddd, 3J = 8 Hz,
4J = 1.0Hz, °J = 0.9 Hz, 4 H, CsHyN), 8.73 (ddd, 3J = 4.8 Hz,
4J = 1.8 Hz, 3J = 09 Hz, 4 H, CsHyN) ppm. 3'P{'H} NMR
(CDCl3): 0 = 10.0 (Jpp, = 2629 Hz) ppm. ESI-MS: m/z =
[M + HJ* 1469.90.

Synthesis of 12: Compound 5 (500 mg, 0.83 mmol) was dissolved
in dichloromethane (25mL) and [PdCly(cod)] (11a) (237 mg,
0.83 mmol) was added in a single portion at 25 °C. After 30 min of
being stirred in the dark, the solution was filtered through Celite
and the filtrate was evaporated to 5 mL. The product precipitated
by addition of diethyl ether (30 mL). The solid was filtered off,
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washed twice with n-hexane (20 mL), and dried in an oil-pump
vacuum; yield 485mg (0.62mmol, 74% based on 5).
C37H,5CLFeN;PPd (0.5 CH,Cly) (821.25): caled. C 55.17, H 3.53,
N 5.08; found C 55.47, H 3.62, N 4.97; m.p. 188 °C (dec.). IR
(KBr): v = 1434 (m, vpc), 1471 (m, vpc), 1585 (s, ve=c), 1595 (s,
ve=c) em~l. 'TH NMR (CDCl;): § = 4.32 (br. s, 2 H, CsH,), 4.66
(br. s, 2 H, CsHy), 4.7 (pt, J = 1.8 Hz, 2 H, CsHy), 5.30 (s, 1 H,
CH,Cl,) 5.77 (br. s, 2 H, CsH,), 7.3-7.51 (m, 8 H, C4Hs/CsHyN),
7.55-7.66 (m, 4 H, C¢Hs), 7.83 (ddd, 3/ = 7.9, 7.8 Hz, *J = 1.8 Hz,
1 H, CsH4N), 7.95 (ddd, 3/ = 7.9, 7.8 Hz, J = 2.0 Hz, 1 H, CsH4N-
Pd), 8.37 (ddd, 3J = 7.8 Hz, *J = 1 Hz, °J = 0.8 Hz, 1 H, CsH4N-
Pd), 8.61 (d, *J = 1.3 Hz, 1 H, CsH,N), 8.63 (ddd, 3/ = 7.8 Hz, 4J
= 1Hz 5/ = 1 Hz, 1 H, CsHyN), 8.74 (ddd, 3J = 48 Hz, 4J =
1.8 Hz, °J = 0.8 Hz, 1 H, CsH4N), 9.04 (ddd, 3J = 3.7Hz, 4J =
2Hz, °J = 1 Hz, 1 H, CsH4N-Pd), 10.46 (d, *J = 1.3Hz, 1 H,
CsH,N) ppm. 3'P{!H} NMR (CDCl5): 6 = 23.5 ppm. ESI-TOF-
MS: m/z = [M + H]* 780.05.

Synthesis of 14: Compound 12 (100 mg, 0.13 mmol) was dissolved
in tetrahydrofuran (50 mL) and [NiCly(dme)] (13) (28.3 mg,
0.13 mmol) was added in a single portion. After a few seconds, a
red solid started to precipitate. The solid was filtered off and
washed twice with diethyl ether. After drying the precipitate in an
oil-pump vacuum it was dissolved in dimethyl sulfoxide (10 mL).
Next, n-hexane (40 mL) was added, at which point 14 precipitated
in the form of red crystals that were washed twice with n-hexane
(30mL); yield 112mg (0.107 mmol, 81% based on 12).
C41HyoCLFeN;NiO,PPdS, (1064.65): caled. C 46.25, H 3.79, N
3.96; found C 46.52, H 3.65, N 4.05. Mp. 215 °C (dec.). IR (KBr):
¥ = 1432 (m, vpc), 1472 (m, vpc), 1547 (s, ve=c), 1570 (s, ve=c),
1602 (s, ve=c) cm™'.

Synthesis of 16a: Compound 16a was prepared as described for
the synthesis of 9. Instead of [PtCly(SEt,),] (6), [PACly(cod)] (11a)
(23 mg, 0.08 mmol) was used; yield 96 mg (0.07 mmol, 84% based
on 5); m.p. 140 °C (dec.). IR (KBr): ¥ = 1438 (m, vpc), 1467 (m),
15767 (s, ve=c), 1584 (s, ve=c), 1602 (s, ve=c) cm™'. 'H NMR
(250 MHz, CDCls): 6 = 4.23 (m, 4 H, CsHy), 4.64 (m, 4 H, CsHy),
491 (m, 4 H, CsHy), 5.00 (m, 4 H, CsHy), 7.26-7.7 (m, 24 H, C¢Hs/
CsHyN), 7.86 (ddd, 3J = 7.9, 8.0 Hz, *J = 1.8 Hz, 4 H, CsHyN),
8.47 (s, 4 H, CsH,N), 8.62 (ddd, 3J = 8 Hz, 4J = 1.0 Hz, °J =
0.9 Hz, 4 H, CsH,N), 8.73 (ddd, 3J = 4.8 Hz, 4J = 1.8 Hz, 5J =
0.9 Hz, 4 H, CsH4N) ppm. 3'P{'H} NMR (CDCl;): 6 = 14.3 ppm.
ESI-MS: m/z = [M + H]" 1379.24.

Synthesis of 16b: Compound 16b was prepared as described for
the synthesis of 9. Instead of [PtCly(SEt,),] (6), [PdBry(cod)] (11b)
(30 mg, 0.08 mmol) was used; yield 103 mg (0.07 mmol, 84 % based
on 5). C74Hs¢BryFe,NgP,Pd (0.5 C¢H yy) (1509.07): caled. C 61.16,
H 4.20, N 5.56; found C 61.10, H 4.39, N 5.35; m.p. 240 °C (dec.).
IR (KBr): ¥ = 1467 (s, vpc), 1533 (m, ve=c) cm'. '"H NMR
(CDCly): 0 =4.27 (pt, J = 1.8 Hz, 4 H, CsHy), 4.63 (pt, J = 1.8 Hz,
4 H, CsHy), 4.37 (pt, J = 1.8 Hz, 4 H, CsH,), 5.07 (pt, J = 1.8 Hz,
4 H, CsHy), 7.39-7.55 (m, 20 H, CgHs), 7.67-7.75 (m, 4 H,
CsHyN), 7.87 (dt, 3J = 7.5, 3.0 Hz, 4 H, CsH4N), 8.49 (s, 4 H,
CsH,N), 8.62 (d, 3J = 3.0 Hz, 4 H, CsHyN), 8.75 (d, 3J = 4.79 Hz,
4 H, CsHyN) ppm. 3'P{'H} NMR (CDCl;): § = 13.4 ppm. ESI-
MS: m/z = [M + K]* 1507.03.

Synthesis of 17: Compound 17 was prepared as described for 9.
Instead of [PtCly(SEt,),] (6), [Mo(CO)4(nbd)] (15) (24 mg,
0.08 mmol) was used; yield 68 mg (0.05 mmol, 59% based on 5);
m.p. 153 °C (dec.). IR (KBr): ¥ = 1438 (m, vpc), 1468 (m, vpc),
1567 (s, ve=c), 1584 (s, ve=c), 1602 (s, ve=c), 1812 (s, vco), 1867 (s,
veo), 1900 (s, veo), 2018 (s, vep) em™L. 'TH NMR (CDCly): 6 = 4.07
(m, 4 H, CsHy), 4.12 (m, 4 H, CsH,), 421 (pt, J = 1.8 Hz, 4 H,
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CsH,), 4.63 (pt, J = 1.8 Hz, 4 H, CsHy), 7.17-7.24 (m, 20 H, C¢Hs),
7.34 (ddd, 3J = 7.5, 4.7 Hz, *J = 1 Hz, 4 H, CsH4N), 7.86 (ddd, 3J
= 7.5, 79 Hz, “7 = 1.8 Hz, 4 H, CsH,N), 8.33 (s, 4 H, CsH,N),
8.61 (ddd, 3 = 7.9 Hz, 47 = 1 Hz, 57 = 0.8 Hz, 4 H, CsH,N), 8.73
(ddd, 3J = 4.7Hz, 4J = 1.8 Hz, °J = 0.8 Hz, 4 H, CsH,N) ppm.
3IP{IH} NMR (CDCly): 6 = 25.9 ppm. ESI-MS: m/z = [M + HJ*
1411.20.

Synthesis of [{CuBr(5)},] (19): Compound 5 (100 mg, 0.17 mmol)
was dissolved in tetrahydrofuran (20 mL) and [CuBr] (18) (24 mg,
0.17 mmol) was added in a single portion. After two hours of stir-
ring at 25 °C, the [CuBr] had been consumed and the solution was
evaporated to 5 mL. Next n-hexane (30 mL) was added, at which
point a red-orange material precipitated. The solid was filtered off
and washed twice with n-hexane (30 mL portions) and was then
dried in an oil-pump vacuum; yield 120 mg (0.16 mmol, 95% based
on 5). C37HgBrCuFeN;P (744.91): caled. C 59.66, H 3.79, N 5.64;
found C 59.16, H 4.02, N 5.49; m.p. 180 °C (dec.). IR (KBr): v =
1473 (s, vpc), 1535 (m, ve=c) cm™'. 'H NMR (CDCl,): 6 = 4.21 (pt,
J=1.8Hz 2 H, CsHy), 4.37 (pt, J = 1.8 Hz, 2 H, CsH,), 4.43 (pt,
J =19Hz 2 H, CsHy), 436 (pt, J = 1.9 Hz, 2 H, CsH,), 7.13—
7.32 (m, 12 H, C¢Hs/CsHyN), 7.83 (pt, 3J = 7.9 Hz, 2 H, CsHN),
8.53 (s, 2 H, CsHyN), 8.64 (d, 3J = 7.9 Hz, 2 H, CsHyN), 8.32 (d,
3J = 433 Hz, 2 H, CsH,N) ppm. 3'P{'H} NMR (CDCly): 6 =
—~14.9 ppm. ESI-MS: m/z = [M - Br]* 664.13.

Synthesis of 22: Compound 22 was prepared as described for the
synthesis of 19. In this respect [AuCl(tht)] (20) (55 mg, 0.17 mmol)
was used; yield 131 mg (0.16 mmol, 93% based on 5.).
C37H,3AuCIFeN;P(CqHyy) (920.05): caled. C 56.13, H 4.60, N
4.57; found C 55.92, H 4.43, N 4.35; m.p. 135 °C (dec.). IR (KBr):
V= 1471 (s, vpe), 1531 (m, ve=c) cm™'. "TH NMR (CDCl5): 6§ = 4.36
(pt, J = 1.8 Hz, 2 H, CsH,), 4.42 (pt, J = 1.8 Hz, 2 H, CsHy), 4.59
(pt, J = 1.9 Hz, 2 H, CsHy), 4.91 (pt, J = 1.9 Hz, 2 H, CsHy,), 7.30—
7.47 (m, 10 H, C4Hs), 7.55 (ddd, 3J = 7.40 Hz, 3J = 4.9 Hz, 2 H,
CsHyN), 7.87 (dt, 3J = 7.40, 3.0 Hz, 2 H, CsH4N), 8.35 (s, 2 H,
CsH,N), 9.62 (d, 3J = 7.9 Hz, 2 H, CsH4N), 9.75 (dd, 3J = 4.9 Hz,
4] = 1.3 Hz, 2 H, CsH4N) ppm. 3'P{'H} NMR (CDCly): § =
27.2 ppm. ESI-MS: m/z = [M — CI]* 798.14.

Synthesis of 23: Compound 23 was prepared as described for the
synthesis of 19. In this case, [{RhCl(cod)},] (21) (42 mg,
0.09 mmol) was used; yield 137 mg, 0.16 mmol, 95% based on 5;
m.p. 194 °C (dec.). IR (KBr): ¥ = 1473 (s, vpc), 1535 (m, ve=c)
cm . '"H NMR (CDCly): 6 = 2.40 (m, 8 H, cod), 4.28 (pt, J =
1.8 Hz, 2 H, CsHy), 4.69 (pt, J = 1.8 Hz, 2 H, CsHy), 4.74 (pt, J =
1.9 Hz, 2 H, CsHy), 5.15 (pt, J = 1.9 Hz, 2 H, CsH,), 5.60 (s, 4 H,
cod), 7.25-7.31 (m, 10 H, C¢Hs), 7.54 (dpt, 3J = 8.00 Hz, *J =
2.0 Hz, 2 H, CsHyN), 7.83 (ddd, 3J = 7.90 Hz, *J = 1.9 Hz, 2 H,
CsH4N), 8.55 (s, 2 H, CsH,N), 8.66 (d, 3J = 3.0 Hz, 2 H, CsHN),
8.73 (dd, 3J = 430 Hz, *J = 1.8 Hz, 2 H, CsH,N) ppm. 3'P{'H}
NMR (CDCl,): 6 = 22.1 (d, Jrnp = 151 Hz) ppm. ESI-MS: m/z =
[M — cod]* 739.07, [M]* 847.21.

Synthesis of 25: Compound 22 (300 mg, 0.36 mmol) was dissolved
in ethanol (50 mL) and [RuCl,(dmso),] (24) (87 mg, 0.18 mmol)
was added in a single portion. The reaction mixture was heated to
reflux for 12 h. After removing all volatiles in an oil-pump vacuum,
the remaining solid was washed five times with n-hexane (10 mL
portions) and dried in vacuo; yield 315 mg (0.17 mmol, 95% based
on 22). C74Hs6Au,ClyFe;NgPoRu (1839.73): caled. C 48.31, H 3.07,
N 4.57; found C 48.66, H 3.21, N 4.38%; m.p. 245 °C (dec.). IR
(KBr): v = 1431 (m, vpc), 1609 (s, ve=c) cm '. '"H NMR (CDCls):
0 =421 (pt, J = 1.8 Hz, 4 H, CsH,), 4.43 (pt, J = 1.8 Hz, 4 H,
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CsH,), 5.29 (pt, J = 1.9 Hz, 4 H, CsH,), 5.43 (pt, J = 1.9 Hz, 4 H,
CsHy), 7.06-7.43 (m, 20 H, C¢Hs), 7.54 (m, 4 H, CsH4N), 8.63 (dt,
3J=79Hz 3J=3.0Hz 4 H, CsH,4N), 9.46 (d, 3J = 3.0 Hz, 4 H,
CsHuN), 9.53 (dd, 3J = 4.30 Hz, J = 1.8 Hz, 4 H, CsH,N), 9.67
(s, 4 H, CsH,N) ppm. 3'P{'H} NMR (CDCl,): 6 = 27.4 ppm.

Synthesis of 26: Compound 3 (500 mg, 1.0 mmol) was dissolved in
dichloromethane (25mL) and [PdCly(cod)] (11a) (285 mg,
1.0 mmol) was added in a single portion. After 20 min of stirring,
the reaction mixture was evaporated to SmL and diethyl ether
(30 mL) was added. A purple solid precipitated and was filtered
off. The solid was washed twice with n-hexane (10 mL) and dried
in an oil-pump vacuum; yield 612 mg (0.9 mmol, 90% based on 3).
C30H,4ClL,FeNOPPd-(0.5 CH,Cl,-H,0) (730.14): caled. C 50.17, H
3.59, N 1.92; found C 50.14, H 3.58, N 1.88; m.p. 215 °C (dec.).
IR (KBr): v = 1435 (m, vpc), 1481 (m, vpc), 1586 (s, ve=c), 1602
(8, ve=c), 1667 (s, veo) em L. TH NMR (CDCls): 6 = 4.63 (m, 2 H,
CsHy), 4.74 (m, 2 H, CsHy), 4.83 (m, 2 H, CsHy), 5.30 (s, 1 H,
CH,Cl,), 5.38 (m, 2 H, CsH,), 7.3-7.68 (m, 10 H, CcHs), 7.63 (m,
1 H, CsHyN), 7.94 (m, 1 H, CsH4N), 7.95 (d, 3J = 15.8 Hz, 1 H,
CO-CH=CH), 8.01 (d, 3J = 15.8 Hz, 1 H, CO-CH=CH), 8.84 (m,
1 H, CsH4N), 9.0 (m, 1 H, CsH4N) ppm. BC{!'H} NMR (CDCl):
6 = 68.1 (CsHy), 69.7 (CsHy), 70.8 (d, 3Jcp = 4 Hz, CsHy), 72.8 (d,
2Jcp = 14 Hz, CsHy), 76.3 (Ci-CsHy), 81.5 (C-CsHy), 122.3 (CO-
CH=CH), 125.5 (CsH4N), 127.2 (CsH4N), 128.9 (d, 3Jcp = 7 Hz,
CeHs), 131.1 (CgHs), 134.0 (d, 2Jcp = 20Hz, C¢Hs), 139.1
(CsH4N), 144.8 (CO-CH=CH), 151.2 (d, 'Jcp = 10 Hz, Ci-C¢Hs),
151.4 (CsHy4N), 156.9 (CsH4N), 188.2 (CO-CH=CH) ppm.
SIP{TH} NMR (CDCl5): 6 = 22.1 ppm. ESI-MS: m/z = [M + H]*
678.08.

Heck-Mizoroki Reaction of Iodobenzene (27) with tert-Butyl Acryl-
ate (28): Iodobenzene (654 mg, 5.1 mmol), tert-butyl acrylate
(672 mg, 5.2 mmol), EtNiPr, (672 mg, 5.2 mmol), and acetylferro-
cene (114 mg, 0.5 mmol) were dissolved in a toluene/acetonitrile
mixture [20 mL, ratio 1:1 (v/v)] and loaded with 0.5 mol-% of the
respective catalyst (12, 26, or 30). [Cul] (2 equiv.) was added in a
single portion. The reaction suspension was stirred at 80 °C. Sam-
ples (1 mL) were taken every hour over a period of 9 h. An ad-
ditional sample was taken after 25 h. The samples were subjected
to chromatography on silica gel with diethyl ether as eluent. All
volatiles were evaporated from the samples under reduced pressure.
The conversions were determined by 'H NMR spectroscopy with
acetylferrocene as an internal standard.

Crystal data for 5, 9, 12, 14, 16b, 22, and 26 are presented in Table 3
(5,9, 12, 14) and Table 4 (16b, 22, 26). The data for 12, 14, and 26
were collected with an Oxford Gemini S diffractometer, whereas
the data for 5, 9, 16b, and 22 were collected with a Bruker Smart
1K CCD diffractometer with graphite-monochromatized Mo-K,, (4
=0.71073 A) for 5,9, 12, 16b, 22, and 26 or Cu-K, radiation (4 =
1.54184 A) for molecule 14 using oil-coated shock-cooled crystals.
The structures were solved by direct methods using SHELXS-97(+1
or SIR-921 and refined by full-matrix least-squares procedures
on F? using SHELXL-97.1431 All non-hydrogen atoms were refined
anisotropically and a riding model was employed in the refinement
of the hydrogen atom positions.

CCDC-775761 (for 5), -775762 (for 9), -775763 (for 12), -775764
(for 14), -775765 (for 16b), -775766 (for 22), and -775767 (for 26)
contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via http://www.ccdc.cam.ac.uk/
data_request/cif.
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Table 3. Crystal and intensity collection data for 5, 9, 12, and 14.
5 9 12 14
Formula weight 601.44 1468.88 850.85 1234.46
Chemical formula C37H28FCN3P C74H56C12F62N6P2Pt C41H3(,C12F€N3OPPd C43H44C18FCN3NiOPPdSZ
Crystal system tetragonalic monoclinic monoclinic monoclinic
Space group P4,/n P2/c P2,/c P2,/c
a[A] 27.667(10) 13.113(4) 14.5568(7) 15.6337(7)
b [A] 27.667(10) 17.246(4) 20.0956(6) 12.9595(3)
c[A] 7.751(5) 14.707(5) 14.6087(6) 25.0932(2)
a[°] 90 90 90 90
A1 90 110.954(10) 116.427(5) 95.5010(10)
y[° 90 90 90 90
V [A3] 5933(5) 3106.0(15) 3826.9(3) 5060.59(14)
Pealed. [gem 3] 1.347 1.571 1.477 1.620
F(000) 2496 1472 1728 2488
Crystal size [mm] 0.3x0.03x0.02 0.2x0.2%x0.1 0.6xX0.5%X0.3 0.3x0.1x0.1
8 2 4 4
Index ranges 23=h=23 -l6=h=15 -17=h=17 -17=h=17
0=k=33 0=k=21 24 =k=24 14=k=13
0=71=9 0=/=18 -18=71=18 28 =1=28
4 [mm!] 0.594 2.895 1.066 10.807
T [K] 298 298 100 100
0 [°] 1.47 to 25.35 1.66 to 26.38 2.97 to 26.00 3.20 to 60.69
Total reflections 25251 34416 34308 35666
Unique reflections 6524 6598 7352 7547
Ry [Yo]t@! 7.04 4.45 2.55 3.83
Data/restraints/parameters 5441/0/380 6359/0/394 7352/122/497 7547/66/615

R wRE [T=a(1)]
Ry, wR, (all data)
Godness-of-fit on F2[!

Ap [eA3]

0.0664, 0.1719
0.1393, 0.2299
1.040

0.405, —0.434

0.0279, 0.0521
0.0427, 0.0589
1.148

0.859, —0.811

0.0663, 0.1762
0.0778, 0.1831
1.193

3.103, -1.414

0.0670, 0.1931
0.0962, 0.2201
1.157

2.446, -1.902

[a] R = [Z(|F| - [FA)EIFJVEIE); wR> = {S[W(F2 — F22VE(wEL)} % w = U[oX(F2) + (0.0835P)> + 4.1728P], P = (F2 + 2F2)/3. [b] S =
Ew(F2 - F2)?)/(n—p)” (n = number of reflections, p = parameters used).

Table 4. Crystal and intensity collection data for 16b, 22, and 26.

16b 22 26
Formula weight 1469.11 833.85 689.43
Chemical formula C74H56Br2FezN6P2Pd C37H28AUC1FCN3P C30H25.20C12FCN01'60PPd
Crystal system monoclinic triclinic triclinic
Space group P2,/c P1 Pl
a[A] 12.879(3) 9.9416(14) 10.1183(9)
b [A] 17.208(5) 12.6191(18) 11.1906(8)
¢ [A] 14.573(4) 13.860(2) 13.5351(10)
al] 90 112.005(2) 90.340(6)
BI°] 110.185(4) 101.591(2) 99.045(7)
7 [°] 14.573(4) 91.244(2) 113.162(7)
V [A%] 3031.5(14) 1570.2(4) 1387.64(19)
Pealed. [gem ] 1.609 1.764 1.650
F(000) 1480 816 692
Crystal size [mm] 0.3X0.1Xx0.1 0.3X0.2X0.2 0.4x0.3%x0.2
2 2 2
Index ranges -16=h=15 -12=h=12 -12=h=12
0=k=21 -15=k=15 -13=k=13
0=1/=188 -17=l=17 -l6=/=16
u [mm'] 2.188 5.296 1.448
T [K] 298 298 100
01°] 1.68 to 26.46 1.63 to 26.41 2.91 to 26.05
Total reflections 21852 17961 13913
Unique reflections 6505 6400 5483
Rine [Y0]@ 7.72 2.81 1.11
Data/restraints/parameters 6171/0/394 6400/0/397 5483/0/351

Ry BV wR I [1= o (1)]
R wR,A (all data)
Godness-of-fit on FIP]

Ap [eA™]

0.0826, 0.2113
0.1081, 0.2393

1.054
2.771, -3.241

0.0217, 0.0519
0.0282, 0.0544
1.020

0.543, —0.597

0.0165, 0.0408
0.0196, 0.0429
1.063

0.442, —0.309

[a] R = [Z(1Fs| — |FAVEIFVEIF); wRy = (S[W(F2 — F2RYS(wFYL % w = 1/[o2(F2) + (0.0835P) + 4.1728P], P = (F% + 2F2)/3. [b] S =
[Ew(FZ — F2)?)/(n — p)”> (n = number of reflections, p = parameters used).
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Hexagonal mesoporous silica (HMS) is functionalised with
mercaptopropyl groups by adopting two different pro-
cedures; co-condensation and grafting. In both cases tetra-
ethylorthosilicate (TEOS) and 3-mercaptopropyltriethoxysil-
ane (3-MPTES) are used as the silicon and sulfur precursors,
respectively. The obtained materials are analysed by several
techniques such as N, sorption, TG-DTA, XRD, SAXS and-
solid state 2°Si {*H} CP-MAS NMR spectroscopy. By taking
advantage of the chemical interaction between gold and

the —SH groups, the effect of the thiol addition procedure on
the supporting capability of the functionalised silica is evalu-
ated by depositing gold through the incipient wet impregna-
tion technique. The influence of the functionalisation method
on the electronic structure of gold and on its surface distribu-
tion is determined by extended X-ray fine absorption spectra
(EXAFS) of Au at the Ly; edge and by X-ray photoelectron
spectroscopy (XPS).

Introduction

Since their discovery, by Mobil researchers in the early
1990s,ll mesoporous template silicates (MTS) have found
application in environmental and industrial processes. The
so-called M14S materials, characterised by high surface
area and by uniformly sized pores, are used as adsorbents
and also as catalyst and sensor components. The pore sizes,
larger than those in zeolites, can be adjusted in the nanome-
ter range by appropriate choice of the surfactant templates,
which makes these systems suitable to host large molecules.
Many reviews have covered several aspects of these mesopo-
rous materials related to their synthesis, surface modifica-
tion and practical applications.> 1 Depending on the type
of surfactants, either cationic, anionic or neutral, and also
on the surfactant/SiO, molecular ratio, different structures
are obtained.’) The main problems associated with such
materials, especially in the earlier syntheses, were their poor
hydrothermal stability and lower reactivity relative to zeo-
lites of the same chemical composition. The hydrothermal
stability could be improved by adding salts or by using am-
phiphilic block copolymers as organic structure-directing
agents.%”] The reactivity of the materials is enhanced by
the addition of functional groups.®! In particular, organic
groups with a rather low reactivity, in addition to increasing
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the surface hydrophobicity and avoiding surface hydrolysis,
are used to tailor the pore sizes. The addition of more reac-
tive groups such as alkylamines and alkylthiol is pursued
for making innovative catalysts or for environmental appli-
cations.[®]

These organic-inorganic nanocomposites can be pre-
pared by following two procedures; grafting and co-conden-
sation. The grafting method refers to post-synthesis modifi-
cation of a mesoporous material by attachment of func-
tional groups.[®!1% The co-condensation procedure refers to
a one-pot or single-step synthesis of mesoporous silicas,
containing organically modified surfaces, through sol-
gel.1%11 Although the single-step method generally pro-
vides a more uniform distribution of the organic groups at
the surface and also in the structure, the post-synthesis
grafting allows to obtain more hydrothermally stable mate-
rials, with a better defined structure and better pore-size
control.[®12) Thiol-containing organic groups are certainly
among the most interesting functional groups. Thiol-func-
tionalised silicas (SiO,—SH) are generally oxidised to sul-
fonic acid silica materials (Si0,—SOs;H) and are used as acid
catalysts for dehydration or esterification reactions.[®-1%-13]
Thiol-functionalised nanoporous silicas are also used as ad-
sorbents for the removal of heavy metals from both aque-
ous and nonaqueous waste streams, as they exploit the
complexation between the ligand and the metal.l'!-14-18]
With respect to this application, the distribution of the thiol
groups over the porous structure of the silica supports is
extremely important. Indeed, the more accessible the
groups are, the more efficient the uptake of metal ions
would be.'>! The factors affecting the reactivity of thiol-
functionalised mesoporous silica towards Hg'" have been
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analysed and discussed in a recent paper.['”] The adsorbing
capacity of Hg'" was higher for the material obtained by
co-condensation than for the grafted materials because of
the larger amount of incorporated ligand. On the other
hand, the mercury uptake of the grafted adsorbent was
faster at the beginning of the process because of a higher
concentration of binding sites at the pore entrance than that
for the co-condensed materials.'! Thiol-functionalised sil-
icas are also used in nanofabrication, such as in the prepa-
ration of cadmium sulfide or gold nanoparticles, when con-
trol of the particle size and shape is highly desirable for
optimising the electronic and optical properties.?%->!1

In the present study, the functionalisation of HMS with
3-mercaptopropyltriethoxysilane (3-MPTES) groups is ex-
ploited by keeping in mind the possible application of the
obtained materials as supports for heterogeneous metal cat-
alysts. The combination of the structural feature of a meso-
porous support with the presence of reactive functional
groups such as alkylthiols is meant to produce a high sur-
face dispersion of the supported metal. To this purpose,
thiol-functionalisation is carried out by using both meth-
ods, grafting and co-condensation. The subsequent anchor-
ing of gold, a noble metal that has recently been highly
investigated for catalytic applications,”?! is achieved by in-
cipient wet impregnation. By looking at the electronic and
structural properties of the noble metal in the grafted and
co-condensed functionalised silicas, the outcome of the two
functionalisation procedures in terms of support structural
changes and anchoring properties, both relevant for the
preparation of catalysts, are compared.

Results and Discussion

Support Characterisation

The N, adsorption—desorption isotherms for HMS and
the grafted and co-condensed functionalised HMS (HMS-
SH_g and HMS-SH_c, respectively) are given in Figure 1
along with the corresponding pore size distribution shown
in the inset. The isotherms are a mixture of type IV, charac-
teristic of mesoporous compounds, and type II, indicating
the presence of larger pores probably arising from textural
porosity.?3 In Table 1, the specific surface areas determined
from BET analysis and the pore volumes and the average
pore sizes derived from the nitrogen adsorption/desorption
measurements are listed. As expected and in accord with
the literature, the grafted HMS sample undergoes a de-
crease in the original surface area and pore size, which can
be attributed to the partial blocking of the pores by the
mercaptopropyl groups.['%

On the contrary and opposite to previous findings on
analogous materials,['¥l the HMS functionalised by the co-
condensation method has the same surface area and pore
size of pure HMS. The discrepancy with the literature may
arise from the different treatments applied here to the bare
and the thiol co-condensed HMS. Indeed, in the former
case the template was removed by calcination at 600 °C,
whereas in the latter case, the template was removed by
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Figure 1. Nitrogen adsorption—desorption isotherm of siliceous
HMS and of the grafted and co-condensed thiol-functionalised
HMS. The isotherm of HMS-SH_c is offset by 600 cm3g ! and that
of HMS-SH_g by 1200 cm®g™! for clarity. The inset shows the pore
size distribution.

Table 1. Textural and structural data of HMS and thiol-modified
HMS.

Sample Sper® (m2g ) V& (em’g!) DS (A)  digo®™ (A)
HMS 981 1.3 30 42.3
HMS-SH_g 750 0.7 24 40.2
HMS-SH_¢ 980 1.0 30 38.5

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[a] The specific surface area (Sggt), the pore volume (7}) and the
average pore size (D) were calculated from N, adsorption/desorp-
tion isotherms. [b] d}qo spacing is the plane distance computed by
means of Bragg’s law.

chemical extraction in order to preserve the mercatopropyl
groups. This mild procedure may compensate for the pos-
sible area reduction that would arise from the presence of
the mercaptopropyl groups.

Small angle X-ray scattering measurements were per-
formed to check the long-range ordering of the mesoporous
channel structure of the HMS materials. The SAXS pat-
terns of pure and functionalised HMS are shown in Fig-
ure 2. The experimental intensities are plotted as a function
of the transfer moment ¢ (A ') [¢ = 4nsin(0)/]. As reported
in the literature, the framework of pure HMS exhibits a
single diffraction peak located at ¢ ~ 0.15 A~!, which can
be attributed to the (100) first-order reflection.'>! As ob-
served in Figure 2, the peaks in the curves of the thiol-func-
tionalised silicas lie at higher ¢ values relative to that of
pure HMS. The shift corresponds to a contraction of the
dyoo spacing listed in Table 1 for the bare and the modified
3629
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silicas. As expected and in accord with the literature, the
introduction of thiol groups by the co-condensation
method produces a larger contraction of the framework lat-
tice relative to that by post-synthesis surface functionali-
sation.['% The larger decrease in the lattice spacing may be
attributed to the organophilic mercaptopropylsilane added
directly in the synthesis mixture, which enables it to pen-
etrate deeper within the hydrophobic core of the surfactant
micelles.!'?]

/I (a.u.)

Figure 2. SAXS curves of pure HMS and of the functionalised
HMS-SH_c and HMS-SH_g.

In order to confirm the presence of thiol groups in the
HMS structure, solid-state 2°Si {!H} CP-MAS NMR spec-
tra were collected. The experimental spectra with the corre-
sponding fitted curves for the bare and the functionalised
HMS are shown in Figure 3.

S ——
Q4
HMS|
T 12
JVANE] HMS-SH.g
J?/&KHMS =y

20 -40 -60 -80 -100 -120 -140

& (ppm)

Figure 3. °Si {'H} CP-MAS NMR spectra of siliccous HMS and
of functionalised HMS-SH_g and HMS-SH _c.

The spectrum of bare HMS exhibits three main peaks
associated with the three different silicon atoms of the silica
framework. Solid-state NMR spectroscopy allows to distin-
guish silicon atoms without hydroxy groups Si—(O-Si),, sili-
con atoms bearing one hydroxy group (Si-O);-Si-OH and
silicon atoms bearing two hydroxy groups (Si—O),—Si-
(OH), called germinal silanols. The first species is largely
present in the bulk, whereas the second and third types of
silicon atoms are present at the silica surface. The species
are characterised by different chemical shifts. The peaks
(arising from Q2 species) at -91.04 ppm, (Q3) at
—100.6 ppm and (Q4) at —110.3 ppm are attributable to sili-
3630
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con atoms with geminal silanols, with single silanol and to
silicon atoms involved only in siloxane bridges, respec-
tively.[> The 2°Si {'{H} CP-MAS NMR spectra of function-
alised HMS contain the peaks discussed above for pure
HMS and a new set of peaks in the range from —40 to
—80 ppm. The peaks assigned to the Qn species maintain
the same position but with different relative intensities.
Since the >°Si {'H} CP-MAS NMR technique is based on
magnetisation transfer from the 'H to 2°Si nuclei, the peak
intensities are related to the total number of protons near
the silicon atoms. As a consequence, a straight quantifica-
tion of the different silicon groups is not possible. However,
by assuming a similar chemical shift and the same cross-
polarisation dynamic for bare and functionalised HMS, the
relative intensities of the three different silicon contri-
butions in the three samples can be estimated. Spectra de-
convolution by means of three Gaussians, as shown in Fig-
ure 3, allowed the area of each peak in the set assigned to
the Qn units for the three spectra to be obtained. The re-
sults of the fitting procedures are listed in Table 2.

Table 2. 2Si {'H} CP-MAS NMR spectroscopic data for HMS and
for mercaptopropyl-functionalised HMS samples: chemical shifts
(ppm), corresponding relative peak areas for Qn [in parentheses
(%)] and relative peak area ratio, calculated by the relative peak
areas for Q4/(sum of relative peak areas of Q2 and Q3), obtained
by curve deconvolution.

Samples Q2 Q3 Q4

HMS -91.6 (16.2) —100.6 (67.1)
HMS-SH_g  -91.9 (12.3) —-100.7 (54.7)
HMS-SH_ ¢  -91.0 (9.3) -101.3 (62.5)

Q4/(Q2 + Q3)

-110.3 (16.7) 0.20
-109.0 (33.0) 0.49
-110.5 (28.2) 0.39

The increase in the signal assigned to Q4 arises from the
direct involvement of the Q2 and Q3 units in the function-
alisation process, which decreases their signal with respect
to that of Q4.2 Such an effect is higher in the HMS-SH_g
sample. As mentioned above, a new set of peaks is present
in the two functionalised samples. Such a set of peaks (re-
sulting from Trn species) in the range —40 to —80 ppm is
evidence of HMS functionalisation by the mercapto groups.
The peaks correspond to three different environments for
the siloxane groups in the functionalised material:>3 (i) T1
units bound to one siloxane and represented at —47.5 ppm,
(i1) T2 units bound to two siloxanes and represented at
—57.5 ppm and (iii) T3 units fully condensed and bound to
three siloxanes and represented at —66.7 ppm. In the grafted
sample, the most intense peaks are those related to T1 and
T2, whereas in the co-condensed sample the most intense
peak arises from T3 and no signal attributable to T1 is pres-
ent. This suggests that the mercapto groups in the co-con-
densed sample, in contrast with those in the grafted sample,
are preferentially incorporated in the wall surfaces.['?]
Moreover, in the spectrum of HMS-SH_c, the relative in-
tensity of the Tn peaks with respect to the Qn peaks is much
lower than that for the HMS-SH_g spectrum. As observed
before, the cross-polarisation technique produces an en-
hancement of the signal from those 2°Si nuclei closer to 'H.

Eur. J. Inorg. Chem. 2010, 3628-3635
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The lower intensity of the (Tn) peaks observed in the case
of the co-condensed sample may then be indicative of a
more homogeneous functionalisation relative to the grafted
sample, which gives rise to more distant mercapto groups
and therefore less intense >°Si signal.

The thermal stability and the loading of the organic
functional groups in the mesoporous materials were deter-
mined by thermogravimetric analysis coupled with mass
quadrupole analysis. For both co-condensed and grafted
samples, similar plots of the weight loss as a function of
temperature were obtained. As shown in Figure 4 for the
HMS-SH_c sample, after an initial loss of solvent (toluene
and ethanol), removal of H,S in the range 320 430 °C oc-
curs, followed by loss of propane in the temperature range
430-620 °C. From the percentage weight losses, the calcu-
lated weight ratio of propyl-SH/SiO, was 0.13 for both sam-
ples.
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Figure 4. TGA (dashed line) and derivative TG (solid line) curves
of HMS-SH_c.

Supported Gold Characterisation

The mercapto-functionalised ordered mesoporous silicas
were used as supports for anchoring gold nanoparticles.
The subsequent deposition of gold was indeed exploited as
a way to (a) probe the presence of thiol groups on the basis
of the strong Au-S interactions and (b) verify the suitability
of the functionalised supports to disperse the metal and
therefore to act as a possible hybrid carrier for catalytic
application. The gold samples supported on the two dif-
ferently functionalised silicas were characterised by SAXS,
XRD, XPS and EXAFS techniques. The SAXS patterns in
the region 0.01 < ¢ < 0.4 A of the gold samples and of
the corresponding functionalised supports are shown in
Figure 5.

The persistence of the support (100) reflection upon gold
deposition indicates that the structure of HMS-SH is pre-
served in both samples. However, the shallower profile with
respect to the original support suggests that some de-
structuring occurs upon gold deposition, to a larger extent
in the sample of gold supported on the single-step prepared
HMS-SH_c. As already suggested in the literature, the de-
crease in intensity of the first-order reflection, observed
particularly in HMS-SH_c-Au, relative to the correspond-
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Figure 5. SAXS curves of supported gold samples and correspond-
ing functionalised HMS-SH_c and HMS-SH_g supports.

ing support, could be attributed to the decreased scattering
contrast caused by pore filling.?®) The XRD patterns are
given in Figure 6. They exhibit the two main reflections of
metallic gold, (111) and (200) at 260 values of ca. 38.1 and
44.3°, respectively. The formation of metallic gold achieved
upon simple overnight drying at 120 °C is not too surpris-
ing.?”l According to Bond and Thompson, choloroauric
acid over silica is thermally unstable and metallic gold is
formed without requiring any further reduction.””! The
same behavior is observed here with an aqueous solution
of AuCls. In spite of the same amount of gold, the inten-
sities of the Au-related peaks for the co-condensed support
are much stronger with respect to those for the grafted sam-
ple. The difference is indicative of a higher dispersion of
gold in the grafted sample. The crystalline sizes of the sup-
ported Au particles, as estimated from the Scherrer equa-
tion, are 40 and 21 A in the co-condensed and grafted sup-
ports, respectively.

[111]l

I (a.u)

[200]

LLMS-SH_C-AU

MS-SH_g-Au|

30 35 40 45 50 55
26

Figure 6. XRD pattern of mesoporous supported gold samples.

XPS investigation of the functionalised mesoporous sil-
icas and the corresponding supported gold samples was
carried out in order to check the surface distribution of the
thiol groups and of the anchored gold and to determine
their chemical state. The S 2p photoelectron peaks are
shown in Figure 7, along with the intense Si 2s peak. A
small downshift of the energy of less than 0.4 eV observed
in the gold-containing samples, with respect to the corre-
sponding supports alone, may be attributed to a charge
compensation effect.
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Figure 7. Si 2s and S 2p photoelectron peaks of the functionalised
HMS and corresponding supported-gold samples.

In Figure 8, the Au 4f spectra of the two gold-containing
samples are given. The rising signal observed at the high
energy side of the Au 4f spectrum of the co-condensed sam-
ple results from the X-ray satellite peak of Si 2p, which, in
this particular sample, is quite intense with respect to the
gold signal.

HMS-SH_c-Au

I(a.u.)

HMS-SH_g-Au

82 8 8 88 90 92
BE (eV)

Figure 8. Au 4f photoelectron peaks in supported-gold function-
alised HMS samples.

From the fitting of the experimental curves and the ap-
propriate sensitivity factors, the Au/Si and S/Si atomic ra-
tios were calculated. The XPS data of the gold samples are
summarised in Table 3. The binding energy of the Au 4f;,
at ca. 85¢eV is typical of a slightly positively charged gold
atom (Au*®), whereas S 2s (at ca. 228 eV) and S 2p (at ca.
164 €V) are typical of sulfur atoms as in —-SH groups.[-28
As obtained from the S/Si atomic ratio given in Table 3, the
amount of surface sulfur in the gold sample derived from
the co-condensed support is much lower than that from the
grafted support, in spite of the same analytical concentra-
tion. This result is in agreement with the NMR spectra,
which show correspondingly smaller peaks for the Tz units.
The amount of surface gold is 4 times less in the co-con-
densed sample. The lower amount of gold may, in part, be
due to the bigger Au particle sizes, as determined by XRD,
and, in part, to the embedding of gold inside the pore struc-
ture, as probably driven by the co-condensed mercaptopro-

pyl groups.
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Table 3. Photoelectron binding energies and XPS-derived atomic
ratios of the gold-containing samples.

Samples Au 4f 5 (eV) S 25 (S2p) (V) Au/Si  S/Si
HMS-SH_c-Au  84.8 227.9 (163.9) 0.0025  0.001
HMS-SH_g-Au  85.1 228.1 (164.0) 0.01 0.02

The EXAFS spectra were collected at the Au Ly edge
(11919 eV) to obtain information on the nearest neighbours
of the absorbing Au atoms. The strong S—Au chemical bond
(34 kcal/mol) should indeed provide a good opportunity to
investigate S—-Au interaction in SH-functionalised HMS
matrices. The occurrence of such interactions could give an
indication on the position of the thiol groups in the two
differently functionalised materials.*"!

The results are summarised in Table 4 and in Figure 9,
which shows the Fourier transform of the EXAFS data (left
panel) and the EXAFS signal (right panel). As observed in
Figure 9, the sample obtained in a single-step by co-con-
densation exhibits similar features of the Au foil, which in-
dicates that the local environment of gold is unaffected by
the presence of the thiol group. This result suggests that the
thiol groups, which are placed mostly inside the mesopo-

Table 4. Values of the nearest-neigbour distance of Au clusters (R),
coordination number (N) and Debye-Waller factors (c2) at room
temperature obtained from Fourier spectra and k space analysis.

Sample R; (£0.02) N; (£0.5) 6/ (=£0.0005)
A) (A?)
HMS-SH__c-Au
i=1 2.87l 11.8 0.0046
i=2 4.05 5.9 0.0058
i=3 4.98 23.4 0.0058
i=4 5.73 11.6 0.0077
HMS-SH_g-Au
i =1 (Au-Au) 2.86% 6.8 0.0113
i =2 (Au-S) 2.29 2.0 0.0020
[a] The error for the first shell is (£0.01).
~ Experimetal
— Calculated
i 3 HSSH_g
‘ d615-S1L_c 20
m:;é i i
~
! 3
U\uFoile
TP¥
’ :
s o 1o 1%, a1
7 5 10 15 20

klA'II

Figure 9. Au L;j-edge EXAFS analysis of gold samples supported
on thiol functionalised HMS. Left panel: Fourier transform spectra
uncorrected for the phase shift; right panel: EXAFS signals.
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rous structure, in accord with the NMR spectroscopic data,
are somehow inaccessible to the depositing gold. On the
contrary, the sample of gold supported on the grafted func-
tionalised silica exhibits distinctly the presence of Au-S dis-
tances in the second shell and Au-Au distances in the first
shell. Therefore, it can be concluded that, by probing the
nearest-neighbour interactions of gold, the two adopted
procedures for the functionalisation of HMS afforded dif-
ferent localisation of the —SH groups. According to the EX-
AFS analysis, gold was successfully anchored to the —SH
groups of the grafted functionalised HMS support, and in
contrast, it grew as bigger metal particles in the co-con-
densed support.

Conclusions

A comparative study between the grafting and the direct
synthesis of thiol-functionalised HMS materials, through
the use of complementary surface and bulk techniques, has
confirmed a direct relationship between the localisation of
the —SH group and the two functionalisation procedures.
In agreement with the literature and as shown by the N,
adsorption—desorption isotherms, functionalisation by
post-synthesis grafting of HMS led to a substantial de-
crease in the original surface area and pore sizes. The sin-
gle-step procedure involving removal of templates by chemi-
cal extraction, rather than by calcination as for pure HMS,
produced a functionalised material with similar textural
properties as that of pure HMS. According to ?°Si {'H}
CP-MAS NMR spectra and to XPS data, thiol-function-
alisation occurred in both samples, however, the mercapto
groups in the co-condensed sample are more homoge-
neously distributed along the pores, which are located
deeper in the porous structure. In accord, as derived from
the XPS analysis, much less sulfur was present at the sur-
face of the co-condensed support relative to the grafted one.
In the case of the gold supported co-condensed sample,
XRD, XPS and EXAFS analysis confirmed the presence of
big particles of metallic gold that do not interact with the
thiol groups. On the other hand, and quite clearly, the EX-
AFS analyses evidenced Au-S bonding in the grafted sam-
ple, which corresponds to a better surface dispersion of the
gold. On the basis of the above information, the localisation
of the thiol groups in the two different cases can be visual-
ised as in Figure 10. The different types of silanol groups,
as discussed in the 2°Si {!H} CP-MAS NMR study, are
pictured. In particular, T1, T2 and the fully condensed T3
are present in the grafted sample, whereas mainly T3 ones
are present in the co-condensed sample. With regard to the
gold distribution over the supports, it can be inferred that
in the post-synthesis route, the -SH groups, spread over the
outer surface, control the process of metal growth by inter-
acting with gold. This limits the metal particle size and also
prevents migration of gold inside the pores. In the direct
synthesis, the thiols, more uniformly distributed inside the
pores, do not exercise an effective ligand role, with the con-
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sequent growth of big gold metal particles. On the basis of
these results, the functionalisation by post-synthesis graft-
ing appears more promising for catalytic purposes.

Grafting

Co-condensation

Figure 10. Schematic representation of mercapto-functionalisation
by the grafting and co-condensation methods.

Experimental Section

Synthesis of Materials

Synthesis of Thiol-Functionalised HMS Silica — Grafting Procedure:
The mesostructured HMS material was synthesised according to a
published procedure.'* Basically, HMS was assembled from 4:1
molar mixtures of tetracthyl orthosilicate (TEOS) (Aldrich) as the
inorganic precursor and dodecylamine (DDA) (Aldrich) as the
structure-directing surfactant in 9:1 (v/v) water/ethanol. DDA (ca.
49 mmol) was dissolved in ethanol (50 mL) and H,O (450 mL). The
surfactant solution was heated to 60 °C and TEOS (196 mmol) was
added. The gel mixture thus obtained was kept, whilst stirring, in
a closed Teflon vessel at 60 °C for 20 h. The reaction product was
filtered, washed with distilled water and dried at room temperature
for 24 h. The surfactant was removed by calcination in air at 600 °C
for 4 h. The attainment of the ordered mesoporous structure was
confirmed by SAXS and by the typical type IV N, adsorption—
desorption isotherm.”*3% The obtained material was then acti-
vated by treating it overnight at 150 °C. The required amount of 3-
MPTES (mmol SH/mmol SiO, = 0.09) was added to the activated
oxide suspended in anhydrous toluene. Anhydrous conditions are
indeed important to favour condensation with the surface silanol
groups. The suspension was kept at 100 °C under reflux overnight.
The product was vacuum filtered and washed with toluene and
ethanol. Finally, it was washed with distilled water to hydrolyse the
remaining ethoxy groups and then it was dried at 80 °C overnight.
The propyl-SH/Si0, weight ratio (0.13) was determined by TGA.
The obtained sample was labelled as HMS-SH_g.

Synthesis of Thiol-Functionalised HMS Silica. Co-condensation
Procedure: The synthesis in this case was similar to that above. The
only difference was that the required amount of 3-MPTES (mmol
SH/mmol SiO, = 0.09) was added to the mixture of TEOS and
DDA in water/ethanol directly. This technique, referred to as the
direct addition pathway, was applied by Mercier and Pinnavaia to
organoalkoxysilanes with short organic moieties, which replaced
the equivalent amount of TEOS.B!l In order to avoid the removal
of the thiol-containing organic groups, after drying at room tem-
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perature for 24 h, the resulting powder was washed by Soxhlet ex-
traction over ethanol for 24 h. The propyl-SH/SiO, weight ratio
(0.13) was determined by TGA. The sample was labelled as HMS-
SH_c.

Synthesis of Gold-Containing Samples: The gold-containing sam-
ples were prepared by wet impregnation of the support with an
aqueous solution of AuCl; (from Aldrich) followed by overnight
drying at room temperature and overnight drying at 120 °C. Prior
to gold impregnation, the supports were sieved, and only powders
with particle sizes in the range 200-400 um were used. Two sam-
ples, HMS-SH_c-Au and HMS-SH_g-Au, were prepared. The
loading of gold, chosen with a ratio of 1:10 with respect to the
anchored —SH groups, was 3 wt.-%, as ascertained by X-ray fluo-
rescence analysis. Both samples were characterised by a mauve col-
our.12!

Characterisation: The microstructural properties of the materials
were determined from N, adsorption—desorption isotherms at
—196 °C by using a Sorptomat 1900 (Carlo Erba) instrument. Be-
fore the measurements, samples were heated in vacuo at 120 °C for
2 h. Specific surface areas were obtained according to the Bru-
nauer-Emmett-Teller (BET) method. The pore size distributions
were obtained by using the Barrett-Joyner—Hellenda (BJH) model
applied to the desorption branch of the isotherms.[??!

XRD patterns were measured with a Bruker goniometer by using
Ni-filtered Cu-Ka radiation. A proportional counter and 0.05° step
sizes in 260 were used. The assignment of the crystalline phases was
based on the JPDS powder diffraction file cards.??! From the line
broadening of the main reflection peaks, by using the Sherrer equa-
tion, Au particle sizes above the detection limits of 3 nm were deter-
mined.3 SAXS measurements were performed with a BRUKER
AXS NANOSTAR instrument with step sizes of 0.02° in 26.

X-ray fluorescence was performed with the Bruker S2 Ranger spec-
trophotometer.

Thermogravimetric analyses were performed on a TGA Q500
V20.8 Build 34 instrument. The sample (10 mg) was treated in flow-
ing N, at 60 mL/min from room temperature to 800 °C with a heat-
ing rate of 10°/min. The weight loss was recorded with 1 point for
second.

The X-ray photoelectron spectroscopy analyses were performed
with a VG Microtech ESCA 3000 Multilab spectrometer, by using
a non-monochromatised Al-Ko source (1486.6 ¢V) run at 14 kV
and 15 mA. Survey spectra were collected at a constant pass energy
of 50 eV, individual peak energy regions were collected at a con-
stant pass energy of 20 eV. Samples were mounted on a stub holder
by using double-sided adhesive tape. The C 1s peak, set at 285.1 ¢V,
arising from adventitious carbon, was used as reference for the
binding energy values. Differential surface charging was ruled out
by checking the reproducibility of XPS results in repeated scans
under different X-ray exposures. The analysis of the peaks was per-
formed with the software provided by VG manufacturer, on the
basis of a non-linear least-square fitting routine by using a
weighted sum of Lorentzian and Gaussian component curves after
background subtraction, according to Shirley and Sherwood.[3¥
Atomic concentrations were calculated from peak areas with the
standard set of VG sensitivity factors. The binding energy values
are quoted with a precision of =0.15 eV, and the atomic percentage
with a precision of £10%.

29Si cross-polarisation magic angle spinning nuclear magnetic reso-
nance (*°Si {'H} CP-MAS NMR) spectra were obtained at room
temperature by means of a Bruker Avance 11 400 MHz (9.4 T) spec-
trometer operating at 79.4 MHz for the 2°Si nucleus with a MAS
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rate of 5 kHz, 4096 scans and a repetition delay of 8 s. A contact
time of 8 ms was optimised on the samples through variable contact
time (VCT) experiments in order to obtain the best signal to noise
ratio. The relative area distribution of the signals did not change
by varying the contact time. The optimisation of the Hartmann—
Hahn condition was obtained by means of a Q8MS (Si[(CH3)s]s-
SigO,g) standard.[®3] Samples were compressed in 4-mm zirconia
rotors with Kel-F (PCTFE) caps. Deconvolution was performed
by the Levenberg—-Marquardt non-linear least-squares method, and
Downbhill Simplex algorithms were used for estimating peak param-
eters.

X-ray absorption spectra were recorded at the Ly;; Au absorption
edge (11.920 KeV) at the BL 11.1 beamline of a ELETTRA Sincro-
trone Trieste S.C.P.A. instrument, operating at an energy of
2.4 GeV with a 130 mA storage ring current. The beamline was
equipped with a Si (1 1 1) double crystal monochromator with an
energy resolution of 2 10~ eV. In addition to those of the catalyst
samples, EXAFS spectra were also acquired for the Au foil (in-
ternal standard reference for the energy calibration) and the AuCls
samples, as structural references for the Au clusters in the support
matrix. EXAFS measurements of the reference samples and the
Aul/silica catalysts were performed in transmission mode by using
two ionisation chambers filled with a N,/Ar mixture at different
compositions for the incident I and transmitted I; beam. The sam-
ples were crushed by grinding in a mortar, pressed in self-support-
ing wafers and mounted in a sample holder suitable for EXAFS
data collection. The measurements were then performed at liquid-
nitrogen temperature (LN) to limit the thermal disorder effects,
which damp the EXAFS oscillations, thus allowing the collection
of very high-quality data, well above the instrumental noise, in a
wide range of k photoelectron wave vectors (k = [(2mJ/h*)(E —
E)]2, where m, is the electron rest mass, E the photon energy and
E, the edge energy). The data were extracted and analysed with the
GNXAS package, which allowed the suitability of a given struc-
tural model to be assessed by simulation and the fitting to the data
of the calculated EXAFS spectrum obtained by evaluation of the
component single- and multiple-scattering path signals.3%-37]
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Reactions of 1,2,4-trithiolanes with Pt® complexes often pro-
ceed via an oxidative addition of the Pt® complex fragment
into the S-S bond and subsequent extrusion of a thioketone
molecule by ring contraction. The six-membered intermedi-
ate 5a, formed in the course of the reaction of the parent
1,2,4-trithiolane (1a) and Pt complex 4, was detected by

means of low-temperature NMR spectroscopy. Stable deriva-
tives of this type (compounds 9, 11 and 12) were isolated
either by using (dppe)Pt° complex 8 or 1,2,4-trithiolane 4-S-
oxide (10). The molecular structures of platinum complexes
9, 11 and 12, as well as their unexpected stability, are dis-
cussed.

Introduction

1,2,4-Trithiolanes with the general structure 1 belong to
the class of sulfur-rich heterocycles that are widely used as
convenient precursors for the generation of the elusive
thiosulfines (thiocarbonyl S-sulfides) 3.[11 Along with other
intermediates of this type (thiocarbonyl ylides, thiocarbonyl
S-oxides, thiocarbonyl S-imides, etc.) derived from thio-
ketones 2, they are considered to be so-called “sulfur-
centred” 1,3-dipoles.['#] Huisgen and co-workers found that
3,3,5,5-tetraphenyl-1,2,4-trithiolane (1¢) easily undergoes
thermal [3+2]-cycloreversion (refluxing CHCl;) to yield

thiobenzophenone (2¢) and diphenylthiosulfine (3c)
(Scheme 1).11b]
—_— + S = Me
R SR R)J\R \Rl/ ¢ R=Ph
1a,b,c 2a,b,c 3a,b,c

Scheme 1. Thermal [3+2]-cycloreversion of 1,2,4-trithiolanes 1a—c.
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In a recent paper, generation of parent thiosulfine 3a
from 1,2,4-trithiolane (1a) in the gas phase was reported.?!
The highly reactive intermediate 3a was frozen in an argon
matrix at 10 K and studied by means of spectroscopic meth-
ods (IR and UV/Vis spectroscopy). In addition, 3a was
transformed reversibly into the parent dithiirane H,C-
(-S-S-) by selective irradiation with UV light.??] Extension
of this method to 3,3,5,5-tetramethyl-1,2,4-trithiolane (1b)
revealed a smooth 1,4-H-shift in thiosulfine 3b containing
H-atoms at the B-position.I*! In another case, the gas-phase
thermolysis of a 1,2,4-trithiolane bearing two spiro-cyclo-
butanone rings at C(3) and C(5) yielded the ring-enlarged
isomeric dithiolactone after the rearrangement of the ini-
tially formed dithiirane. These results are in good agree-
ment with the initially postulated course of thiosulfine re-
arrangement,P! subsequently confirmed by calculations.['®
In addition to 1,2,4-trithiolane (1a), its regioisomers 1-S-
oxide and 4-S-oxide were also studied in the gas phase. In
both cases, thioformaldehyde S-oxide was found amongst
the major products.?"]

In a series of papers, we have shown that 3,3,5,5-tetra-
phenyl-1,2 4-trithiolane (le) reacts with [Pt(PPhs),(n*-
C,H,)] (4a) to yield a 1:1 mixture of thiobenzophenone
complex 6¢ and dithiolato complex 7¢.[®l The mechanism of
this reaction is not fully understood yet, but it seems likely
that the conversion is initiated by the oxidative addition of
the [Pt°%(PPh;),] fragment into the sulfur-sulfur bond to
form an unstable six-membered platinacycle 5¢.[° 8 Com-
pound Sc subsequently splits into 7¢ and thiobenzophenone
(2¢), which then captures an additional equivalent of 4a to
afford complex 6¢ (Scheme 2). The course of the reaction
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depends on the phosphanes used for the preparation of
complexes of type 4. In the case of complexes containing a
diphosphane unit exhibiting a small P-Pt-P angle, the reac-
tion proceeds via [3+2]-cycloreversion of 1c as the slowest,
rate-determining step.l”) In general, the oxidative addition
of Pt® complex fragments into the S-S bond of sulfur-rich
heterocycles is attracting increasing interest with respect to
the synthesis of thiolato, sulfenato and sulfinato com-
plexes.”"1% In a recent paper, we showed that the reaction
of [Pt(PPhs),(n?-nb)] (4b) (nb = norbornene) with 3,5-(bis-
spiro)cyclohexyl-1,2,4-trithiolane and its 1-S-oxide and 4-S-
oxide regioisomers gives equimolar mixtures of dithiolato/
thioketone, thiolato-sulfenato/thioketone and dithiolato/
sulfine complexes, respectively.®]

R
S-8 ) Rts,
Rol AR+ [PPPho(nclefi] —= | §  PHPPhy),
R $Rr R
R
1a,c 4a,b 5a,c
S
+4a,b SPt(PPhy). RS aR=H
— R 32+ Pt(PPh,) -
—kR R><S 3)2 ¢ R=Ph

6a,c 7a,c

Scheme 2. Reaction of 1,2,4-trithiolanes with [Pt(PPhs),(n>-olefin)]
(olefin = C,H4 or nb) (4a,b).

The aim of the present work was the synthesis and char-
acterization of platinacycles of type 5 derived from the par-
ent 1,2,4-trithiolane (1a) and its 4-S-oxide 10, which are
postulated to appear as initial intermediates in the reaction
pathway.

Results and Discussion

Pt® complexes, [PtL,(n2-C,H,)] (4a), [PtL,(n?-nb)] (4b)
(L = PPh;y) and [PtLy(olefin))] 8) (L = 1/2
Ph,PCH,CH,PPh,, olefin = C,H,) were treated with 1,2,4-
trithiolane (1a) or its 4-S-oxide 10.

Reaction of the parent 1,2 4-trithiolane (1a) with Pt°
complex 4b was performed in [Dg]toluene at low tempera-
ture in an NMR tube. Shortly after 1a and 4b were mixed
at —50 °C, the recorded spectra showed only signals of the
starting compounds. After a few minutes, and warming to
—10 °C, a new, weak signal appeared in the 3'P NMR spec-
trum at 0 = 22.7 ppm. Further warming of the solution to
22 °C resulted in a higher intensity of this signal and the
appearance of the characteristic '°°Pt satellites [\J(P,Pt) =
2825 Hz]. Other new signals corresponding to an AB spin
system [6 = 24.9/27.9 ppm, 'J(P,Pt) = 3311/4348 Hz, 2J(P,P)
= 17 Hz] as well as an A, system [§ = 21.5 ppm, 'J(P,Pt) =
2890 Hz] were observed at 25 °C. The intensity of the signal
localized at 6 = 22.7 ppm decreased further after one day at
25°C, and the two new spin systems became more intense.

The signal at § = 21.5 ppm was assigned to the known
dithiolato complex 7a.['!l In addition, this complex shows
a characteristic triplet, with 9Pt satellites [J(Pt,H) =
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43.4 Hz and “J(P,H) = 1.7 Hz], at 6 = 5.54 ppm in the 'H
NMR spectrum. The AB spin system points to formation
of thioformaldehyde complex 6a, and the observed cou-
pling constant fits well with other thiocarbonyl complexes
of this type.[®8%121 The 'TH NMR spectrum shows a singlet
at § = 3.44 ppm with 2J(Pt,H) = 46.0 Hz.

In order to gain more information on the structure of
the transient complex, related to the singlet localized at § =
22.7 ppm, Pt complex 8 was treated with la. After one
hour at room temperature, the formation of a new product
was detected by means of TLC. The 3'P NMR spectrum
exhibits an A, system localized at 6 = 48.1 ppm with char-
acteristic '°°Pt satellites ['J(Pt,P) = 2757 Hz]. Interestingly,
in the '"H NMR spectrum a doublet at § = 4.35ppm
[*J(P.H) = 8.4 Hz, 3J(Pt,H) = 54 Hz, 4 H], attributed to two
equivalent CH, units, was also found. Elemental analysis
and single-crystal X-ray diffraction confirmed the structure
of complex 9 (Tables 1 and 2, Scheme 3). Unfortunately,
complex 9 is disordered around S(2) in the solid state, and
therefore bond lengths in that part of the molecule could
not be determined precisely (Figure 1).

Table 1. Selected bond lengths [A] and bond angles [°] for com-
plexes 9, 11 and 12.

Complex 9lal 11 12
Pt-P(1) 2.2475(14) 2.2961(15) 2.2546(18)
Pt-P(2) 2.2458(14) 2.2897(14) 2.2476(19)
Pt-S(1) 2.3365(15) 2.3279(15) 2.3380(19)
Pt-S(3) 2.3474(16) 2.3537(15) 2.347(2)
S(1)-C(1) 1.830(7) 1.812(8)
C(1)-S(2) 1.798(7) 1.796(8)
S(2)-C(2) 1.824(7) 1.832(8)
C(2)-S(3) 1.783(7) 1.772(9)
S(2)-0(1) — 1.493(5) 1.481(6)
P(1)-Pt-P(2) 86.49(5) 97.25(5) 86.02(7)
S(1)-Pt-S(3) 93.71(6) 90.82(5) 92.92(7)
P(1)-Pt-S(3) 175.57(5) 175.78(6) 175.66(8)
P(2)-Pt-S(1) 172.56(5) 174.58(5) 174.51(7)
P(1)-Pt-S(1) 89.85(5) 88.14(5) 89.49(7)
P(2)-Pt-S(3) 90.26(6) 83.85(5) 91.77(7)
Pt-S(1)-C(1) 107.7(2) 105.93)
S(1)-C(1)-S(2) 112.1(4) 110.9(4)
C(1)-S(2)-C(2) 97.4(3) 99.0(4)
S(2)-C(2)-S(3) 120.6(4) 121.5(5)
C(2)-S(3)-Pt 104.4(3) 105.3(3)
[a] C(1), S(2) and C(2) are disordered.

S-S S,

L)+ [Pt(dppe)(n®-CoHg)] —= S\_S,Pt(dppe)

S
1a 8 9

Scheme 3. Ring enlargement of 1,2,4-trithiolane (1a) after treat-
ment with [Pt(dppe)(n>-C-Hy)] (8).

Complex 9 is stable at room temperature and does not
extrude thioformaldehyde. On the basis of *'P NMR spec-
troscopic data, we assumed that in the reaction of la with
4b the corresponding platinacycle 5a [6 = 22.7 ppm, 'J(P,Pt)
= 2825 Hz] would be formed analogously, but it spontane-
ously eliminated thioformaldehyde to yield complexes 6a
3637
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P2 D s3

Ce

S2

Figure 1. ORTEP drawing (with 50% probability ellipsoids) of the
molecular structure of complex 9. S2 and the adjacent carbon
atoms are disordered. Therefore, the bond lengths and bond angles
between C2, S2 and C1 are not reliable. Hydrogen atoms are omit-
ted for clarity.

and 7a with an additional equivalent of 4b. According to
literature data, Ni'! and Pd" complexes analogous to 9 have
been obtained by treatment of the corresponding dichlorido
complexes [M(dppe)Cl,] (M = Ni, Pd) with 1,3-dimercapto-
2-thiapropane S(CH,SH),.['31 Moreover, the reaction of
Fe,(CO)y with spiro-cycloaliphatic substituted 1,2,4-tri-
thiolanes of type 1 led to similar metallacycles containing
even more crowded substituents, for example, the ada-
mantane skeleton.['4

In contrast to 1a, reaction of the “symmetrical” S-oxide
10 with complexes 4a and 8 yielded a single product in each
case (Scheme 4). The 3'P NMR spectra of both products
are very similar, exhibiting a singlet (0 = 26.3 ppm and
49.5 ppm, respectively) with '°°Pt satellites ['J(P,Pt) = 2908
and 2790 Hz, respectively]. The 'H NMR spectra show a
characteristic AB system at 6 = 3.91/4.19 ppm [>J(H,H) =
12.6 Hz] and 6 = 4.01/4.25ppm [?J(H.H) = 12.6 Hz],
respectively. Finally, the FTIR spectra have intense absorp-
tion bands at 1032 and 1027 cm !, characteristic of sulfox-
ides (R,SO). From these data, the complex structures were
postulated as platinacycle 11 and 12, respectively. Diffusion
of pentane vapours into solutions of 11 in thf and 12 in
chloroform yielded yellow crystals for both complexes, suit-
able for single-crystal X-ray diffraction analysis (Tables 1
and 2).

S-8 ) /8
() + [PLn*CoHy)l — 0=S  PtiL),
S s
z
10 4a:L=PPhg 11:L=PPh,
8 :L="/,dppe 12:L ="/, dppe

Scheme 4. Reactions of Pt’ complexes 4a and 8 with 1,2,4-trithiol-
ane 4-S-oxide (10).
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Both complexes are distorted square planar (Figures 2
and 3). The P-Pt-P angles of 97.3(5)° in 11 and 86.02(7)°
in 12 differ significantly. The bond lengths for Pt-S and
Pt-P around the platinum atom correspond to the range
complexe

(1 s.[9-10]

expected for dithiolato P

Figure 2. ORTEP drawing (with 50% probability ellipsoids) of the
molecular structure of complex 11. Hydrogen atoms are omitted
for clarity.

Figure 3. ORTEP drawing (with 50% probability ellipsoids) of the
molecular structure of complex 12. Hydrogen atoms are omitted
for clarity.

The six-membered platinacycle adopts a distorted chair
conformation. In contrast to starting compound 10, the
oxygen atom is located in the equatorial position in both
11 and 12. The determined S-O bond length in 12
[1.481(6) A] is similar to that found in 10 [1.496(2) A5,
The appearance of only one AB spin system for the CH,
groups in the '"H NMR spectra of 11 and 12 indicates a
high flexibility for the ring system in solution.

It is still an open question why 5a decomposes spontane-
ously to yield 6a and 7a whereas metallacycle 9 is stable at
room temperature and can be isolated. A possible explana-
tion is based on the assumption that there is a significant
decrease in the intramolecular repulsion between the thiol-
ato ligands and the phosphane ligands after replacement of

Eur. J. Inorg. Chem. 2010, 3636-3641
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the two PPhjs ligands by dppe (Scheme 5). Fragmentation
of 5a to thioformaldehyde (2a) and 7a results in a smaller
S—Pt-S angle in 7a and therefore leads to a decrease in the
repulsion between the sulfur and phosphorus atoms located
around the platinum atom. This hypothesis finds additional
support in the significantly larger intramolecular S+++P dis-
tances S(1)-+-P(1) and S(3)-P(2) (3.238 A and 3.256 A,
respectively) in 9. Both distances are significantly longer
than those found for 11 (3.216 A and 3.103 A, respectively).

D A,
& G

5a 9

Scheme 5. Schematic presentation of the intramolecular repulsion
between the phosphane and thiolato ligands around the platinum
centres in 5a and 9.

Alternatively, dissociation of one of the two phosphanes
might form a free coordination site for the fragmentation
reaction to form a thioformaldehyde dithiolato complex.
Therefore, dissociation of one PPhs could be the key step
for the fragmentation. In addition, the increased steric re-
pulsion, as well as the chelate effect, would favour dissoci-
ation of one PPhj; in 5a and 11, To gain more information
on possible phosphane dissociation, we treated complex 11
with free dppe. Release of the intramolecular repulsion en-
ergy and the chelate effect should form 12 and free PPh; in
the course of this reaction. Indeed, complex 12 was detected
as the main product in this reaction. Formation of some
unidentified products hampered the precise determination
of the rate constant. However, the decay of 11 depends on
the concentration of dppe in the solution, making a dissoci-
ative mechanism unlikely. The increased stability of 11 rela-
tive to 5a might be explained by a different activation en-
ergy in one of the involved intermediates. It is not trivial to
estimate the role of the oxidation of the sulfur atom on
several intermediate steps during the fragmentation of 5a.
In general, it can be assumed that sulfenato ligands are
weaker sigma donors than thiolato ligands. This is sup-
ported by the elongation of the Pt—S bond upon oxidation
of the thiolato ligand.[8-10¢:104.10¢,100 O the other hand, the
sulfenato ligands showed a larger trans influence, indicating
that they are stronger sigma donors. Moreover, it was found
that oxidation of thiolato ligands to the sulfenato and
sulfinato ligands can cause shortening of the metal-sulfur
bond.l'®! More detailed investigation would be necessary to
explain convincingly the enhanced stability of 11.

Conclusions

In summary, stable derivatives of six-membered plati-
nacycles of type 5 were synthesized, isolated and charac-
terized. The fragmentation of 5a into thioformaldehyde
complex 6a and dithiolato complex 7a was confirmed by
means of in situ NMR spectroscopy. The stability of the
platinacycle 9 with respect to 5a might be explained by re-
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lease of the intramolecular ligand repulsion. Moreover,
complexes 11 and 12 display an enhanced stability resulting
from oxidation of the thioether function.

Experimental Section

All reactions were performed under an argon atmosphere by using
the standard “Schlenk technique”. 1,2,4-Trithiolane (1a)!'7], its 4-
S-oxide 1013, as well as [Pt(PPhs)»(n?>-C,Hy)] (4a),'81 [Pt(PPh;),-
(n?-nb)] (4b)° and [Pt(dppe)(n>-C>H,)] (8),') were prepared ac-
cording to known protocols. The NMR spectra were recorded with
Bruker DPX 400 and DPX 200 instruments. Chemical shifts refer
to signals of the solvent or 85% H;PO, (external standard) for
3P NMR spectra. The IR spectra were recorded with a PERKIN-
ELMER system 2000 FTIR instrument. Elemental analyses were
performed with a Vario EL III CHNS (Elementaranalysen GmbH
Hanau) instrument.

3IP{'H} NMR In Situ Monitoring of the Reaction of 1a with 4b:
Compound 1la (4 mg, 0.0032 mmol) dissolved in [Dg]toluene
(0.3 mL) was added dropwise to a cooled (-50 °C) solution of 4b
(26 mg, 0.032 mmol) in [Dg]toluene (0.6 mL) in a NMR tube. The
NMR tube was immediately transferred into the NMR spectrome-
ter, and the reaction was monitored from —50 °C to 25 °C. Selected
spectra are presented in the Supporting Information.

X-ray Analysis: The intensity data were collected with a Nonius
KappaCCD diffractometer, by using graphite-monochromated
Mo-K,, radiation (1 = 0.71069 A) at —90 °C. Data were corrected
for Lorentz and polarization effects and for absorption effects.!'>2?1
The structures were solved by direct methods (SHELXS)?3l and
refined by full-matrix least-squares techniques against |F,|?
(SHELXL-97)?4. All hydrogen atoms of the structures were in-
cluded at calculated positions with fixed thermal parameters (1.2—
1.5 times that of the related non-hydrogen atom). All non-disor-
dered, non-hydrogen atoms were refined anisotropically.?*) Com-
plex 9 is disordered around S(2); this disorder could not be re-
solved. Therefore, bond lengths and bond angles in this part of the
molecule are not discussed. ORTEP-3 for Windows?*! was used for
structure representations. More information on structure refine-
ment is given in Table 2 and ref.?!

[Pt(dppe){(SCH,),S}] (9): A solution of 8 (150 mg, 0.2 mmol) in
toluene (20 mL) was added to 1a (35 mg, 0.28 mmol) dissolved in
thf (10 mL). The mixture was stirred for an additional 2 h. After
that time, the volume of the solvent was reduced to ca. 3 mL. Ad-
dition of pentane (10 mL) resulted in the precipitation of the crude
product as a yellow powder. The product was filtered off and
washed with a small portion of pentane. Crystallization from thf/
pentane yielded 9 as yellow plates (120 mg, 0.16 mmol, 82%). M.
p. 130 °C (dec.); '"H NMR (200 MHz, CDCls): 6 = 7.76 (m, 8 H),
7.46 (m, 12 H), 4.35 [d, 3J(H,Pt) = 54 Hz, *J(H,P) = 8.4 Hz, 4 H,
«(S-CH,)»-S], 2.28 [d, J(H,Pt) = 25 Hz, 2J(H,P) = 18 Hz, 4 H, P-
CH,CH,-P] ppm. *'P{'H} NMR (81 MHz, CDCl;): 6 = 48.6 [s,
LJ(P,Pt) = 2757 Hz] ppm. IR (Csl): ¥ = 3050, 2905, 1968, 1894,
1818, 1727, 1484, 1104, 821, 747, 715, 704, 690, 531, 485 (PC;)
cm!. CosH,gOP,PtS5 (717.74): caled. C 46.86, H 3.93, S 13.40;
found C 46.65, H 3.94, S 13.70.

[Pt(PPh3),{(SCH,),S=0}] (11): Compound 4a (145.0 mg,
0.20 mmol), dissolved in toluene (6 mL), was added to a stirred
solution of 10 (13.6 mg, 0.10 mmol) in toluene (4 mL) at room tem-
perature over a period of 30 min. The reaction mixture turned yel-
low, and a white precipitate was formed. The reaction mixture was
stirred overnight, and the solid formed thereafter was filtered off.
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Table 2. Data of single-crystal X-ray analyses of complexes 9, 11 and 12.

9 11 12
Empirical formula C28H28P2PtS3 C38H34OP2 PtS3 C28H230P2PtS3 *2 CHC13
Formula weight [gmol ] 717.71 859.86 972.45
T [°C] -90(2) -90(2) -90(2)
Crystal system Monoclinic Orthorhombic Monoclinic
Space group P2,/n P2,2,2, P2lc
a[A] 8.8320(2) 11.0546(3) 16.2108(4)
b [A] 23.1538(4) 14.7560(4) 13.6271(4)
c[A] 13.3482(2) 21.1438(5) 18.1346(4)
a[°] 90 90 90
BI°] 100.185(1) 90 114.684(2)
y[° 90 90 90
VA3 2686.62(9) 3449.01(16) 3639.99(16)
V4 4 4 4
p [gem ) 1.774 1.656 1.775
u [em] 55.91 43.73 458
Reflections collected 16519 20809 14342
Reflections with 7> 2c([) 4836 7050 5172
Independent reflections/R;, 6118/0.0550 7763/0.0440 8316/0.0806
WwR; (all reflections F?)lal 0.0999 0.0871 0.1397
R, [I>20(D] 0.0395 0.0379 0.0544
GooF®] ) 1.049 1.025 0.954
Extrema AF [eA 3] 1.663/-2.147 1.844/-1.366 1.754/-2.561
Flack parameter —-0.006(7)
Absorption correction multi-scan multi-scan multi-scan
T inin/max 0.8764/0.9064 0.2080/0.2891 0.8140/0.9456
CCDC no. 634395 634396 634397

[a] Definition of R indices: R, = (Z||F,| — |F)/Z|Fs| wRy = {Z[w(F,2 — F22VZ[w(F,2)?} 2 with w! = 6X(F,2) + (aP)> [b] GooF =

{E[W(Foz - Fcz)z]/(No - Np)} ”2~

The product was washed with a diethyl ether/pentane mixture and
dried in vacuo to yield 62.0 mg (74.3%) of 11 as a colourless solid.
M. p. 218 °C (dec.); '"H{*'P} NMR [J(H,P) by comparison with '"H
NMR] (400 MHz, CD,Cl,): § = 7.39 [d, 3J(H,H) = 8.4 Hz, 12 H],
7.33 [t, *J(H,H) = 8.0Hz, 4 H], 7.18 [dd, *J(H,H) = 8.4 Hz,
3J(H,H) = 8.0 Hz, 12 H], 4.18 {d, 2J(H,H) = 12.8 Hz, 3J(H,Pt) =
54.9 Hz, [*J(H,P) = 6.0 Hz], 2 H, -(S-CHH)»-S}, 3.89 {d, 2J(H,H)
= 12.8 Hz, 3J(H,Pt) = 64.4Hz, [*J(H,P) = 7.6Hz], 2 H, -(S-
CHH),-S}. 3'P{'H} NMR (81 MHz, CDCl;): 6 = 26.3 [s, 'J(P,Pt)
= 2908 Hz] ppm. '°*Pt{'H} NMR (58 MHz, CD,Cl,): 6 = 167 [t,
1J(Pt,P) = 2920 Hz] ppm. IR (Csl): ¥ = 1032 (s, S=0), 542, 525,
515, 495 (PCs) cm™'. C,3H,50P,PtS; (733.74): caled. C 53.08, H
3.99, S 11.19; found C 52.50, H 3.85, S 10.60.

[Pt(dppe){(SCH,),S=0}] (12): 4-S-Oxide 10 (25 mg, 0.17 mmol)
was dissolved in toluene (10 mL). To this solution was added drop-
wise 8 (100 mg, 0.16 mmol) dissolved in toluene (10 mL). The solu-
tion immediately turned light green, and a white precipitate was
formed after a few minutes. The reaction mixture was stirred for
an additional 30 min, and the volume of the solvent was reduced
to ca. 3mL. The yellow solid was separated by filtration and
washed with a pentane/ether mixture to yield 12 as crude product.
Crystallization from a chloroform/ether mixture yielded analyti-
cally pure complex 12 (60 mg, 50%) as yellow needles. M. p. 218 °C
(dec.); "H{?'"P} NMR [J(H.P) from comparison with 'H NMR]
(400 MHz, CD,Cl,): 6 = 7.78 {d, 3J(H,H) = 7.2 Hz, [J(H,P) =
11.6 Hz], 4 H}, 7.71 {d, 3J(H,H) = 7.6 Hz, [J(H,P) = 12 Hz, 4 H]},
7.48 (m, 12 H), 4.25 {d, 2J(H,H) = 12.6 Hz, 3J(H.,Pt) = 51.6 Hz,
[*J(H,P) = 6.4 Hz], 2 H, -(S-CHH),-S}, 4.01 {d, 2J(H,H) = 12.6 Hz,
3J(H,Pt) = 59.6 Hz, [*J(H,P) = 7.2 Hz], 2 H, «(S-CHH),-S}, 2.35
{s, J(H,Pt) = 38.4 Hz, [2J(H,P) = 24 Hz], 4 H, P-CH,CH,-P}ppm.
3IP{TH} NMR (81 MHz, CDCl;): § = 49.5 [s, 'J(P,Pt) = 2790 Hz]
ppm. IR (Csl): ¥ = 3053, 2935, 2935, 1484, 1435, 1188, 1104, 1027
(s, S=0), 824, 748, 715, 705, 691, 531, 486 (PC;) cm.
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CogH,30P,PtS; (733.74): caled. C 45.83, H 3.85, S 13.11; found C
46.47, H 4.02, S 12.54.

Supporting Information (see footnote on the first page of this arti-
cle): Low-temperature *'P{'H} NMR spectra for the reaction of
4b with 1a as well as data on the kinetic investigation for the reac-
tion of 11 with dppe.
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Dinuclear Iridium(IIT) Complexes Linked by a Bis(p-diketonato) Bridging
Ligand: Energy Convergence versus Aggregation-Induced Emission

Chang Hwan Shin,?! Jung Oh Huh,!?! Sun Jong Baek,!?! Sang Kyu Kim,!?!
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Novel iridium(III)/iridium(III) and iridium(III)/platinum(II) di-
nuclear complexes, [{Ir(ppyFF),}2(p2-L)] (4) and [{Ir(ppyFF),}-
(n2-L){Pt(ppy)}] (3) [ppYFF = 2-(2,4-difluorophenyl)pyridine,
ppy = 2-phenylpyridine, L = 1,3-bis(3-phenyl-3-oxopro-
panoyl)benzene], linked by an L bridging ligand were pre-
pared, and their photophysical properties were investigated
in solution and in the solid state. The photophysical proper-
ties of mononuclear iridium(IIl) and platinum(Il) complexes,
[Ir(ppyFF),(dbm)] (1) and [Pt(ppy)(dbm)] (2) bearing a diben-
zoylmethane (dbm) ligand were also compared. Whereas the
UV/Vis absorption spectra of 4 and 5 show independent light
absorption at each metal-centered moiety, the photolumines-
cence spectra of 4 and 5 display almost identical features,
but very weak emissions in solution at both room tempera-
ture and 77 K. The weak emission in solution is found to
mainly originate from a 3LX state of the L bridging ligand,

which reflects the occurrence of efficient energy conver-
gence from the triplet states of the Pt(ppy) and Ir(ppyFF) moi-
eties to the 3LX state of L. By contrast, intense orange-red
emission, that is, aggregation-induced emission, is produced
in the solid state of 4 and 5. Inspection of the crystal-packing
structures of 5 reveals that strong intermolecular n—r interac-
tions between the adjacent pyridine rings of ppyFF ligands
in the Ir-centered moieties are responsible for the emissive
metal-to-ligand-ligand charge-transfer [*M(LL)CT] state of
the solid-state dinuclear systems. The electrochemical prop-
erties of 4 and 5 further indicate that the first two reductions
occur at the dbm moieties of the L bridging ligand linked to
each metal center, which is consistent with the fact that the
lowest-energy excited state of the L bridging ligand domi-
nates the excited-state properties of 4 and 5 in solution.

Introduction

Luminescent solid materials have recently attracted great
attention in the areas of optoelectronic device applications
such as organic light-emitting diodes and sensors.'l Al-
though the majority of organic dyes and luminescent metal
complexes are highly emissive in their molecular state, ag-
gregation into the solid state often has detrimental effects
on their light-emitting properties like emission quenching,
which may render them less suitable for many optical appli-
cations. Thus, it would be highly desirable to construct an
emissive solid state or to enhance the light emission of mo-
lecular species by means of aggregation-induced emission
(AIE).I2! Although a number of AIEs of organic solid mate-
rials that constitute fluorescent emission have been re-
ported, the solid-state emission based on heavy-metal ion
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complexes may be of particular interest owing to the excel-
lent emitting properties of molecular complexes®! such as
the high quantum efficiency of their phosphorescent emis-
sion.!

It has been well established in the square-planar plati-
num(II) complexes that Pt"-Pt" interactions and/or n—n
stacking of the ligands gives rise to the appearance of AIE
or in some cases to the multiple AIEs induced by poly-
morphism.’] In contrast, the phosphorescent AIEs of
iridium(IIT) systems have been relatively less investigated
owing to the octahedral structure of the iridium(III) com-
plex.[6-111 Regarding the AIE phenomena, Zhao and Huang
et al. demonstrated that the phosphorescent AIEs of hetero-
leptic iridium(III) complexes such as [Ir(ppy).(dbm)] (ppy
= 2-phenylpyridine, dbm = dibenzoylmethane)!'!l can be in-
duced by the intermolecular excimer state, that is, the
metal-to-ligand—ligand charge-transfer [’M(LL)CT] state
(Scheme 1).3%1 Park and You et al. also suggested that the
restricted intramolecular relaxation in the solid state is re-
sponsible for the AIE of the heteroleptic iridium(IIT) com-
plexes such as [Ir(ppyFF).(pip)] [pip = 2-(phenylimino-
methyl)phenol] bearing an imine ancillary ligand™% al-
though the proposed mechanism has been recently refuted
by Chou and Chi et al.l'?) and Huang et al.!®] Very recently,
we have also reported that the dual phosphorescent emis-
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[Ir(ppy)2(DBM)]
Scheme 1.

sion from a solid-state iridium(III) complex could be
achievable through the crystal-packing polymorphism in-
duced by the modification of m—m interactions between the
cyclometalated ligands of [Ir(ppyFF),(dbm)] (1) [ppyFF =
2-(2,4-difluorophenyl)pyridine].l”l These examples of the
iridium(III) systems reveal that the very weakly emissive or
nonemissive *LX excited state of the ancillary ligand can be
switched into emissive states if a proper manipulation of
the crystal-packing structure is allowed in the solid state.
In a continuous effort to develop novel AIE, we turned
our attention to the dinuclear iridium(III) systems bearing
photoactive cyclometalated ligands, as the multinuclearity
could lead to facile modulation of m—m stacking and/or
metal-metal interactions in the solid state. Furthermore,
whereas the earlier investigations of phosphorescence have
been extensively directed toward mononuclear Ir'™' com-
plexes,['3-13 there have been few reports on the photophysi-
cal properties of dinuclear Ir'" complexes.['® Since the so-
lid-state AIE derived from dinuclear complexes could also
be useful for the development of color-tunable emitters for
full-color and white-light display applications,!” it would
be intriguing to investigate the photophysical properties
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and AIE of dinuclear complexes. In this regard, we designed
novel Ir'"/Ir"! homodinuclear and Ir''!/Pt!! heterodinuclear
complexes that are linked by means of a bridging ligand
comprising two B-diketonato binding sites. As noted in pre-
vious reports, a B-diketonato ligand such as dbm can act as
an energy-converging unit through its low-energy *LX ex-
cited state in the mononuclear systems. By the same anal-
ogy, we chose 1,3-bis(3-phenyl-3-oxopropanoyl)benzene
(H,L),['%1°T which possesses two B-diketonato binding sites
connected by a 1,3-phenylene spacer as the bridging ligand.

In the present study, the synthesis and characterization
of neutral Ir™™/Ir'"™ homodinuclear and Ir™/Pt'! heterodinu-
clear complexes linked by a bis(B-diketonato) bridging li-
gand (L) are described to investigate the electronic energy
convergence from the metal centers to the bridging ligand
in the molecular state, as well as the solid-state AIE.

Results and Discussion

Synthesis and Crystal Structure

The mononuclear platinum complex [Pt(ppy)(dbm)] (2)
was obtained in good yield (68 %) according to the analo-

(iii) | 1 equiv. [Pt(ppy)(n-CI)l

Scheme 2. Reaction conditions: (i) 2-ethoxyethanol, Na,COs, 25 °C, 24 h, 45%; (ii) 2-ethoxyethanol, Na,COs, 130 °C, 24 h, 70%; (iii) 2-

ethoxyethanol, Na,COs, 25 °C, 24 h, 40%.

Eur. J. Inorg. Chem. 2010, 3642-3651

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

3643

www.eurjic.org



FULL PAPER

C. H. Shin, J. O. Huh, S. J. Baek, S. K. Kim, M. H. Lee, Y. Do

gous method applied to the synthesis of 1. The synthesis of
mono- and diiridium complexes of [Ir(ppyFF),(HL)] (3)
and [{Ir(ppyFF),}»(1,-L)] (4) was achieved through the re-
action of the H,L ligand and a dimeric precursor,
[{Ir(ppyFF),(u-Cl)},], by varying the reaction temperature
and the stoichiometry of the reactants according to the pro-
cedures outlined in Scheme 2. It is noteworthy that the reac-
tion temperature plays an important role in the syntheses
of 3 and 4. When [{Ir(ppyFF),(u-Cl)},] was treated with
H,L (1-3 equiv.) at room temperature, monosubstituted -
diketonato complex 3 was the sole product. In contrast, the
same reaction at 130 °C gave disubstituted 4 as the major
product. This result may indicate that 4 is a thermodynamic
product of the reaction between [{Ir(ppyFF),(u-Cl)},] and
H,L. Indeed, 3 was slowly changed to 4 upon heating of
the solution. The reaction between 3 and the [{Pt(ppy)(u-
CD)},] precursor at room temperature afforded an orange
solid of heterodinuclear complex [{Ir(ppyFF),}(u>-
L){Pt(ppy)}] (5) linked by an L bridge in 40% yield. All the
complexes were characterized by 'H and '*C NMR spec-
troscopy, MALDI-TOF mass spectrometry, and elemental
analysis. In particular, an X-ray diffraction study was per-
formed on single crystals of 5.

The molecular structure of 5 and selected interatomic
distances and angles are shown in Figure 1. The structure
of 5 clearly shows the heterodinuclear connectivity between
the Ir- and Pt-centered moieties by means of the L bridging
ligand. The Ir-centered moiety adopts a A-configuration
and bears two ppyFF ligands with a trans disposition of
pyridine rings. In the Pt-centered moiety, the N3-Pt—C16
angle of 81.6(3)° and the O2-Pt-O1 angle of 91.42(18)°
indicate a distorted square-planar geometry around the Pt
center similar to that of the reported cyclometalated Pt
complexes.’’) When compared to the dihedral angle be-
tween the phenyl rings in dbm of 1 (20.25°),1) the dbm frag-
ment at the Ir center of 5 forms a much larger angle of
53.97° probably due to the steric hindrance exerted by the
adjacent ppy ligand of the Pt-centered moiety. In addition,
the planes defined by O3-Ir-O4 and O1-Pt-O2 are linked
to the central phenylene plane of the L bridging ligand by
a relatively small dihedral angle of 18.74 and 10.68°, respec-
tively, which indicates the presence of electronic conjugation
between the planes. This feature may suggest that efficient
electronic interactions can occur between the metal-cen-
tered moieties and the L bridging ligand through a n-orbital
overlap.?'l It seems that Ir and Pt atoms do not interact
with each other as judged by the large Ir-+Pt separation of
9.926 A.

Photophysical Properties and Solid-State Emission

The absorption spectra of the complexes were recorded
in degassed solutions of chloroform at room temperature
(Figure 2 and Table 1). The intense high-energy bands be-
low the 300 nm region can be assigned to singlet spin-al-
lowed m—n* ligand-centered (LC) transitions of ppy and
ppyFF ligands.'>2922] The broad bands in the region rang-
3644
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Figure 1. Molecular structure of 5 (50% thermal ellipsoid). Hydro-
gen atoms and solvent molecules (THF) are omitted for clarity.
Selected bond lengths [A] and angles [°]: Ir-C41 1.992(7), Ir-C52
1.994(6), Ir-N1 2.043(5), Ir-N2 2.045(5), Ir-04 2.120(5), Ir-O3
2.145(4), Pt-N3 1.911(8), Pt-C16 1.982(6), Pt-02 2.034(5), Pt-O1
2.039(4); C41-Ir-N1 82.1(2), C52-Ir-N2 81.2(3), 04-1r-0O3
87.95(17), N3-Pt-Cl16 81.6(3), C16-Pt-02 94.9(2), N3-Pt-Ol
92.1(2), O2-Pt-0O1 91.42(18).

ing from 350 to 400 nm are caused by m-m* transitions
('LX) on the B-diketonato bridging ligands (L and dbm).['"!
Whereas the lower energy absorption in 400-500 nm is
weak for 2, the Ir-centered species 1, 4, and 5 exhibit more
intense bands with two shoulders in this region. The weak
shoulder at 437 nm is assignable to the spin-allowed MLCT
transition ('MLCT), and the other one at 465 nm, which
tails to 500 nm, can be assigned to the spin-forbidden
MLCT transition *MLCT). These features of '"MLCT and
SMLCT transitions are very similar to those of the reported
phosphorescent Ir complexes.'>23 In particular, the ab-
sorption spectrum of 4 shows an identical absorption band
with an intensity twice that of the spectrum of 1. Heterodi-
nuclear 5 also exhibits an absorption feature corresponding
to the sum of the independent spectra of 1 and 2. These
results indicate that the electronic transition at each metal-
centered moiety in 4 and 5 is not affected by the L bridging
ligand.

e/ 105M1em-1

Figure 2. Absorption spectra of 1, 2, 4, and 5 in CHCl; at room
temperature. Inset: enlarged absorption spectra.

The room-temperature photoluminescence (PL) spectra
of solutions of 1, 2, 4, and 5 in degassed chloroform are
shown in Figure 3, and the photophysical data are summa-
rized in Table 1. The selective excitation at a wavelength of

Eur. J. Inorg. Chem. 2010, 3642-3651
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Absorptionl? Emission at 293 K[! Emission at 77 K]
Jabs [nm] (¢ [104M Tem 1)) Solution® Solid
;L’n]ax [nm] T [nS] @eln[C] }"m'dx [nm] T [ns] ;L'n]ax [nm] T [us]
1 254 (4.88), 290 (3.51), 330 (1.88), 611 23 3.0X 102 60514 n.d.lel 555 1.3
388 (1.08), 437 (0.34), 465 (0.15)
2 261 (3.72), 280 (3.12), 540 180 2.3%x10°! 548, 570 n.d. 495, 527, 4.9
314 (1.88), 365 (1.56) 555 (sh)
4 253 (10.0), 290 (6.75), 328 (4.07), 615 22 3.0X 102 597 67 570 1.3
388 (2.17), 435 (0.76), 465 (0.31)
5 259 (8.58), 281 (6.81), 327 (3.83), 615 2 23x%102 597 56 570 1.4

369 (2.72), 388 (2.43), 437 (0.58), 465 (0.21)

[a] In degassed CHCl;. [b] Zex = 388 nm. [c] [Ir(ppy)3] (Per = 0.40) was used as a standard. [d] For the orange-red crystals of 1. [e] Not

determined.

388 nm provides the most feasible quantitative explanation
of the electronic energy relaxation since the Ir- and Pt-cen-
tered moieties are estimated to absorb nearly an equal
quantity of light at that wavelength, as judged from the sim-
ilar absorption coefficients of mononuclear complexes 1
and 2 (g = 10804 M 'cm™'; &, = 11319 M 'em™!). As re-
ported earlier, the very weak emission band at 611 nm in 1
could be assignable to the major contribution from the ’LX
state of the dbm ligand.[”*) Moreover, although weak in
intensity, the observation of the emission band of 1 (&, =
0.03) with a relatively short emission lifetime (z = 23 ns for
1) may further indicate the possible involvement of the
SMLCT state, thus leading to the proper description of the
lowest-energy excited state of 1 in solution as the mixed
SMLCT-3LX state. The absence of a SMLCT band is likely
due to the large m-n* energy gap of the ppyFF ligand,
which causes the LUMO to be located mostly at the dbm
ligand, thus allowing the ’LX state of the dbm ligand to
dominate the lowest-lying excited state. Chou and Chi et
al. very recently demonstrated that all higher-energy excited
states of relevant heteroleptic Ir''' complexes are strongly
coupled with each other.'?! In contrast, 2 exhibits an in-
tense emission band at 540 nm with high quantum effi-
ciency (@, = 0.23), which indicates that the emission from
an excited state of the Pt(ppy) moiety is not quenched de-
spite the presence of the dbm moiety in 2 (vide infra). The
emission spectrum of homodinuclear complex 4 exhibits a
very weak emission band at 615 nm with low quantum effi-
ciency (@, = 0.03) indicative of inefficient phosphores-
cence. This feature is in fact very similar to that observed
in the mononuclear complex 1 (4, = 611 nm, @, =
0.03),11 which suggests that the observed weak emission in
4 is dominated by the L-based triplet excited state (LX).
Interestingly, heterodinuclear 5 also exhibits a weak emis-
sion band at 615 nm with low quantum efficiency (@, =
0.023) as observed in 4. The characteristic emission band
around 540 nm that appeared in the mononuclear Pt com-
plex 2 is not observed in the emission spectrum of 5,
pointing to the quenching of the Pt(ppy)-based emission.
One order of magnitude decrease in quantum efficiency
(Der, = 0.23 for 2 vs. 0.023 for 5) and a much reduced emis-
sion lifetime of 5 relative to that of 2 (z = 180 ns for 2 vs.
22 ns for 5) are in agreement with this observation. Further-

Eur. J. Inorg. Chem. 2010, 3642-3651
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more, a comparison of the emission intensities for 1 and 5
at the same molar concentration reveals that the 615 nm-
band intensity of 5 is increased 1.5-fold. This result may
suggest that the internal conversion of the T, state, which
is contributed mainly by the Pt(ppy) moiety, into an energy
state of 615 nm, that is, the T, state, dominated by the 3LX
state of the L bridging ligand, effectively takes place in 5.

J . ---1
1.0 s T
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-~ ! T sem 4
S 0.8 ! \ —5
®© ! \
},’ ! \
= 0.6 ! .
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.’. -
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0.0

Figure 3. Emission spectra of 1, 2, 4, and 5 in CHCl; (1.0 X 10 m;
Aex = 388 nm) at room temperature.

To clarify the electronic energy convergence, low-tem-
perature PL experiments were performed in chloroform ri-
gid matrices at 77 K. The emission spectra of 2, 4, and 5
are displayed in Figure 4, and that of 1 is shown for com-
parison. The mononuclear Pt complex 2 shows a structured
band at 495 nm with a long emission lifetime of 4.9 ps, thus
confirming that the emission is originated from a mixed
MLCT-LC(ppy) excited state?”! (Figure 4a). In addition,
the weak shoulder around 555 nm that was not observed in
the room-temperature spectrum could be attributed to a
dbm-based excited state (’LX) as similarly found in 1 (¢,
= 555 nm at 77 K).”-

This result indicates that the lowest-energy excited state
of 2 could be described as a mixed MLCT-LC(ppy)-
3LX(dbm) state presumably due to a small difference in en-
ergy between these states. In contrast, the emission band of
the Pt(ppy) moiety in heterodinuclear 5 is completely
quenched at 77 K, only giving rise to a 570 nm band. This
feature is actually similar to that observed at room tempera-
3645
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Figure 4. Emission spectra (A, = 388 nm) of 1, 2,4, and 5in (a) a
CHCl; rigid matrix at 77 K and (b) the solid state. The solid-state
spectrum of 1 was taken from an orange polymorph reported in
the literature.!'%

ture. Since the emission spectra of an equimolar mixture of
1 and 2 contain all of the emission bands derived from the
Pt complex 2 (Figure S1 in the Supporting Information),
this finding signifies the occurrence of an efficient T,, — T,
internal conversion from the Pt(ppy) moiety to the L bridg-
ing ligand in 5. Moreover, the shapes of emission bands and
the maximum emission wavelength of the dinuclear com-
plexes 4 and 5 are virtually identical, and the maximum
peak positions are also redshifted by 15 nm in comparison
with mononuclear 1. This feature further indicates that the
lowest-excited state of 4 and 5 is mainly involved with the

a)

Packing of Pt-centered %% »
moieties. .

Packing of Ir-centered
moieties. (py - py rings)

c)

3LX state of the L bridging ligand, the energy level of which
would be lower than that of dbm probably owing to a
longer conjugation length. Consequently, as depicted in the
schematic energy-level diagram of 5 (Figure 5), all these re-
sults together with the electrochemical data (vide infra) may
suggest that in the given molecular dinuclear Ir'"' systems
linked by the bis(pB-diketonato) L bridging ligand, energy
convergence effectively takes place from the T, states con-
tributed by metal-centered moieties to the T, state domi-
nated by the L bridging ligand, which thus plays the role of
an energy “collector” or a “converging unit”.

s‘x 1 Tln_lr
\ \ /n: Pt

Figure 5. Schematic energy-level diagram and proposed emission
processes of 5 in solution. IC: internal conversion; ISC: intersystem
crossing; VR: vibrational relaxation.

Py — py rings
O separation: ~3.40 A

Figure 6. Crystal-packing structures of 5. (a) Overall packing structure. (b) n—7 interaction between Ir-centered moieties. (¢) Extended
-7 stacking structure between Pt-centered moieties. (d) Top views showing two kinds of n—m interaction between Pt-centered moieties:
left, Pt(A)L-+-Pt(B)L interactions; right, Pt(B)(ppy):-Pt(C)(ppy) interactions.
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Unlike the very weak luminescence of 4 and 5 in solu-
tion, the intense orange-red emission (i.e., AIE) centered at
597 nm is observed in the solid state (Figure 4b and Fig-
ure S2 in the Supporting Information). This feature is in
accord with those observed in solid-state iridium complexes
such as [Ir(ppy)»(dbm)]©®! and 1.I! To elucidate the origin of
the AIE, the crystal-packing structures of heterodinuclear 5
were examined. The packing structures illustrated in Fig-
ure 6 clearly show that each metal-centered moiety forms n—
7 interactions in the crystal (Figure 6a). One is the effective
overlap between the ppyFF ligands of the Ir-centered moie-
ties in adjacent molecules (Figure 6b), and the other is -7
stacking of the Pt-centered moieties (Figure 6¢). In the Ir-
centered moieties, the interplanar separation between the
adjacent pyridine rings of ppyFF ligands is estimated to
be approximately 3.40 A, comparable to those observed in
mononuclear [Ir(ppy)»(dbm)] (3.37 A)® and 1 (3.40 A),[")
which reflects the presence of sufficiently strong n—7 inter-
actions. The Pt-centered moieties, on the other hand, pack
as an extended m-m stacking structure consisting of two
kinds of alternating m—m interactions, that is, Pt(A)L--
Pt(B)L and Pt(B)(ppy)---Pt(C)(ppy) interactions (Figure 6¢
and d). This feature is quite different from the isolated
ppyFF-ppyFF interactions observed in the Ir-centered
moieties. Along with the apparent incorporation of Pt cen-
ters into the stacking structures, this could be ascribed to
the planar geometry of the Pt moiety. Whereas a direct
Pt---Pt interaction appears absent as judged by the long sep-
arations [6.575 A in Pt(A)L--Pt(B)L and 4.299 A in Pt(B)-
(ppy):Pt(C)(ppy)], the short interplanar separations of ap-
proximately 3.36 and 3.42 A, respectively, indicate the pres-
ence of strong m—7 interactions between the Pt-centered
moieties.?%) Therefore, it can be suggested that in the solid
state of 5, the strong m—m interactions between the adjacent
ppyFF ligands induce the ppyFF-centered triplet excited
state, that is, the SM(LL)CT state, which is lower in energy
than LX of the L bridging ligand. As a result, the
SM(LL)CT state dominates the lowest-energy excited state
leading to the intense emission. Furthermore, the essentially
identical emission features observed for both 4 and 5 in
terms of emission wavelength (1., = 597 nm) and lifetime
(r = 67 ns for 4 and 56 ns for 5) imply the quenching of the
Pt(ppy)-based emission in the solid state of 5 (Figure 4b).
We attribute this to the extended m—m stacking structure
comprised of alternating Pt(A)L--Pt(B)L and Pt(B)-
(ppy)Pt(C)(ppy) interactions. Although the Pt(B)(ppy):
Pt(C)(ppy) interactions may lead to an emissive *M(LL)CT
excited state, the energy of such a state appears to be ef-
ficiently converged into the weakly emissive triplet state
(PLLX) formed by adjacent Pt(A)L--Pt(B)L interactions.

Electrochemical Properties

The electrochemical properties of the complexes were ex-
amined by cyclic voltammetry (Table 2 and Figure 7). The
mononuclear Ir complex 1 shows reversible oxidation at
0.73 V, whereas Pt complex 2 exhibits an irreversible oxi-
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dation feature with an onset potential of 0.48 V. In the case
of heterodinuclear 5, two successive oxidations are ob-
served. Whereas the irreversible first oxidation ascribable to
the Pt-centered moiety in 5 occurs at a potential identical
to that of 2, the reversible second oxidation potential of the
Ir-centered moiety (0.78 V) is slightly higher than that of 1.
This result indicates a stabilization of the filled d orbitals
of the Ir center in 5 due to the electron-withdrawing effect
caused by the first oxidation of the linked Pt moiety as simi-
larly found in an Ru'//Os" system.’* In contrast, 4 un-
dergoes a single two-electron reversible oxidation process
consistent with identical environments of both Ir-centered
moieties and thereby simultaneous oxidation. Hence, the in-
crease of the Ir-centered oxidation potential in 4 (0.76 V)
relative to the potential of 1 is less apparent than that in S.

Table 2. Electrochemical data.[®

Complexes Oxidation Reduction
EXIVI ERIV] ERGIVI ER IV E VI
(IeM1etYy - (PPt
1 0.73 - -2.16 2,771 -
2 - 0.480!1 -2.00 -2.58 -
4 0.76t! - -2.06 -2.27 ~2.68M1
5 0.78 0.48M! -1.94 -2.23 —2.6401

[a] Conditions: 103 M in CH3CN, 0.1 M [nBuyN][PFg], scan rate
50 mV s7!, redox potential reported versus E.,(ferrocene/ferrocen-
ium). [b] Irreversible redox. [c] Single two-electron wave.

a) b)
,——/ﬁ/’j 1
1
I2pA 2
4 J ﬁ; 5
5
0.0 0.5 1.0 -3.0 -2.5 -2.0 -1.5

Potential (V) Potential (V)

Figure 7. Cyclic voltammograms of 1, 2, 4, and 5 showing (a) oxi-
dation and (b) reduction.

However, mononuclear 1 undergoes a two-step reduction
process with first and second reduction potentials of —2.16
and -2.77 V, respectively. Since the second reduction poten-
tial falls in the typical range observed for Ir—ppy deriva-
tives!’3 and it is known that the LUMO of the [Ir(ppy)--
(dbm)] complex is distributed mainly on the dbm ligand,™
the first and second reductions of 1 can be assigned to the
dbm and ppyFF ligand-based reduction. In the case of 2,
two-step reduction processes take place at a less negative
potential (-2.00 and -2.58 V) than those observed for 1,
but the reduction features are quite similar to those of 1.
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Scheme 3. First and second reduction processes in 4 and 5.

Moreover, [(ppy)Pt(O" 0)]P% (O"OH = acetylacetone, dipi-
valoylmethane) and [Pt(ppy),]> complexes are reported to
have a ppy ligand-based reduction at around -2.4 to -2.5 V.
Although the second reduction potential of 2 is slightly
more negative than the reported values, presumably due to
the already reduced state of 2, these results indicate that the
first and second reductions of 2 are the dbm and ppy li-
gand-based reductions, respectively. The dinuclear com-
plexes 4 and 5 undergo a three-step reduction process with
a comparable reduction potential at each reduction step.
The first and third reductions could be assignable to the
reduction at the dbm moiety in the L bridging ligand and
at the ppyFF or ppy ligand in the metal-centered moieties,
respectively. The second reduction, which exhibits a revers-
ible feature, has its potential close to the first reduction po-
tentials of 1 and 2, which suggests that the second reduction
also occurs at the dbm moiety in the L bridging ligand.
Furthermore, the first reduction potentials of 4 and 5 show
an anodic shift, to a similar extent, with respect to those of
1 and 2, respectively, implying that the LUMO localized on
the dbm moiety of the L bridging ligand has a lower energy
than that of the monomeric dbm complexes. This feature is
in accord with the extended conjugation in the L bridging
ligand. In addition to the anodic shift of the first reduction
potential of 5 (-1.94 V) with respect to that of 4 (-2.06 V),
as similarly shown in 1 and 2, these findings indicate that
the initial two reduction processes in 4 and 5 involve the
first reduction at the dbm moiety of the L bridging ligand
linked to the Ir and Pt centers, respectively, and is followed
by the second reduction at the dbm moiety linked to the
remaining Ir centers in the first reduced state of 4 and 5
(Scheme 3). These reduction behaviors are also in good
agreement with the fact that the L bridging ligand domi-
nates the lowest-energy excited state of 4 and 5 in solution.

Conclusion

Novel Ir''/Ir™ homodinuclear and Ir''/Pt!! heterodinu-
clear complexes linked by a bis(-diketonato) bridging li-
gand (L) were synthesized and characterized. According to
the photophysical results in solution, it was found that the
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lowest-energy excited state of dinuclear complexes receives
its major contribution from the 3LX state of the L bridging
ligand, and hence the absorbed energy was efficiently con-
verged into the energy acceptor, the L bridging ligand be-
tween Ir™™/Ir™- and Ir™/Pt"-based luminophores. In con-
trast to the weak luminescence in solution, intense emission
(i.e., aggregation-induced emission) was produced in the so-
lid state. It is suggested from the crystal-packing structures
that strong m—m intermolecular interactions between adja-
cent pyridine rings of ppyFF ligands in the Ir-centered moi-
eties are responsible for the emissive *M(LL)CT state of the
solid-state dinuclear systems. The electrochemical proper-
ties of 4 and 5 further indicate that the first two reductions
occur at the dbm moieties of the L bridging ligand linked
to each metal center, which supports evidence that the L
bridging ligand dominates the lowest excited state of 4 and
5 in solution.

Experimental Section

General: All manipulations were performed under nitrogen by
using standard Schlenk and glove-box techniques. Anhydrous-
grade solvents (Aldrich) were purified by passing them through an
activated alumina (Acros, 50-200 micron) column. All reagents
were used without any further purification after being purchased
from Aldrich (dimethyl isophthalate, acetophenone, 2-phenylpyr-
idine, 2-bromopyridine, 2,4-difluorophenylboronic acid, dibenzo-
ylmethane, 2-ethoxyethanol), Fluka (anhydrous Na,CO;), and
Strem [iridium(III) chloride hydrate, potassium tetrachloro-
platinate]. The compounds 2-(2,4-difluorophenyl)pyridine,['* 1,3-
bis(3-oxo0-3-phenylpropanoyl)benzene (H,L),'! [{Ir(ppyFF),(u-
3L [{Pe(ppy)(u-CD}oL2 and [Ir(ppyFF)(dbm)] (17 were
prepared according to modified literature procedures. Deuterated
solvents (Cambridge Isotope Laboratories) were dried with acti-
vated molecular sieves (5 A). '"H and '3C NMR spectra of the com-
pounds were recorded with a Bruker Spectrospin 400 spectrometer
at ambient temperature. All chemical shifts are reported in ¢ with
reference to the residual peaks of CDCl; for proton (6 =7.24 ppm)
and carbon (6 =77.0 ppm) chemical shifts. Elemental analyses (EA)
were carried out with an EA1110-FISONS (CE Instruments) in-
strument by the Environmental Analysis Laboratory at KAIST.
MALDI-TOF MS were measured with a Voyager DE-STR 4700
proteomics analyzer at the Korea Basic Science Center (KBSC).
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UV/Vis and PL spectra were obtained with a Jasco V-530 spectro-
photometer and a Spex Fluorog-3 luminescence spectrometer,
respectively. Solution PL experiments were performed by using
HPLC-grade chloroform. All solutions in chloroform were de-
gassed by several freeze-pump-thaw cycles using a diffusion pump.
The emission quantum yields of the complexes were calculated by
using degassed fac-[Ir(ppy)s] in toluene (& = 0.40) as a reference.
Low-temperature measurements were recorded in 5 mm diameter
quartz tubes that were placed in a quartz-walled Dewar flask filled
with liquid nitrogen (77 K). Emission lifetimes were determined by
using a third-harmonic generator of an Nd:YAG laser (Spectra-
Physics LAB170, 10 Hz). A laser beam collected through a fused
silica window was applied to excite the sample, and the delay time
(310 ps) between the flash lamp and Q-switch was used to reduce
the laser output power. The final power of the laser beam to the
pump samples was about 100 pJ pulse . A monochromator (Dong-
woo Optron, DM150i) and a general photomultiplier tube (PMT;
Hamamatsu, R928) were employed to select the wavelength of the
emission and to detect the strength of the emission. The signals
from the PMT were spread on an oscilloscope (Lecroy waverunner
104Xi, 1 GHz bandwidth) and recorded. Cyclic voltammetry was
performed by using an AUTOLAB/PGSTAT12 model system with
a three-electrode cell configuration consisting of platinum working
and counter electrodes and an Ag/AgNO; (0.1 M in acetonitrile)
reference electrode at room temperature. Anhydrous acetonitrile
was used as the solvent, and 0.1 M tetrabutylammonium hexafluo-
rophosphate was used as the supporting electrolyte. The redox po-
tentials were recorded at a 50 mVs! scan rate and reported against
the ferrocene/ferrocenium (Cp,Fe/Cp,Fe*; Cp = cyclopentadienyl)
redox couple that was used as an internal standard.

Synthesis of [Pt(ppy)(dbm)] (2): [{Pt(ppy)(n-CD},] (0.45¢,
0.58 mmol), dibenzoylmethane (0.39 g, 1.74 mmol), and Na,CO;
(0.62 g, 5.8 mmol) were mixed in 2-ethoxyethanol (30 mL) at room
temperature. The mixture was stirred and heated at reflux over-
night. After cooling to room temperature, water (30 mL) was
added, and the mixture was then filtered to give a dark crude prod-
uct, which was washed with water (30 mL) and diethyl ether
(30 mL). The pure complex was obtained by flash chromatography
on a silica column by using dichloromethane as the eluent to yield
2 (0.45 g) as a yellow solid in 68% yield. '"H NMR (400.13 MHz,
CDCl3): 0 =9.11 (d, Jyu = 5.7 Hz, 1 H), 8.02-8.08 (m, 4 H), 7.75-
7.82 (m, 2 H), 7.63 (d, Jun = 8.0Hz, 1 H), 7.53-7.56 (m, 2 H),
7.45-7.50 (m, 5 H), 7.25 (td, Jyu = 7.3, 0.9 Hz, 1 H), 7.10-7.16
(m, 2 H), 6.75 (s, 1 H) ppm. '3C NMR (100.62 MHz, CDCls): 6 =
179.92, 178.94, 168.49, 147.28, 144.77, 140.27, 139.30, 138.88,
138.24, 130.90, 130.87, 130.74, 129.36, 128.63, 128.57, 127.11,
126.98, 123.74, 123.08, 121.35, 118.47, 97.55 ppm. MALDI-TOF
MS: mlz = 571.80 [M*]. Cp6H 9NO,Pt (572.51): caled. C 54.55, H
3.35, N 2.45; found C 54.49, H 3.19, N 2.44.

Synthesis of [Ir(ppyFF),(HL)| (3): [{Ir(ppyFF)(n-CD)},] (1.22 g,
1.0 mmol), H,L (1.11 g, 3.0 mmol), and Na,CO; (1.06 g, 10 mmol)
were mixed in 2-ethoxyethanol (30 mL) and stirred at room tem-
perature for 24 h. Addition of water (30 mL) followed by filtration
and flash column chromatography (eluent; ethyl acetate/hexane,
1:4) yielded 3 as an orange solid (0.85g, 45%). 'H NMR
(400.13 MHz, CDCl3): 0 = 16.83 (br., 1 H), 8.51 (d, Jy.u = 6.2 Hz,
2H), 83 (t, Jun =1.7Hz, 1 H), 8.26 (d, Jun = 8.3 Hz, 2 H), 8.07
(d, Juu = 8.1 Hz, 1 H), 7.90-7.93 (m, 3 H), 7.75-7.81 (m, 4 H),
7.4-7.60 (m, 5 H), 7.33 (t, Jyu = 7.2 Hz, 2 H), 7.08-7.13 (m, 2 H),
6.73 (s, 1 H), 6.63 (s, 1 H), 6.35-6.43 (m, 2 H), 5.75-5.80 (m, 2 H)
ppm. 13C NMR (100.62 MHz, CDCl;): § = 186.07, 185.58, 185.34,
184.79, 180.01, 177.93, 165.19, 164.29, 162.47, 160.90, 159.05,
151.37, 151.16, 147.99, 141.17, 140.48, 138.28, 137.90, 135.76,
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135.23, 130.81, 129.15, 128.76, 128.37, 127.28, 126.97, 126.71,
126.27, 125.40, 122.82, 122.56, 122.35, 121.88, 121.68, 115.39,
115.21, 97.61, 97.27, 96.91, 95.14, 93.13 ppm. MALDI-TOF MS:
mlz = 941.99 [M*]. CasHooF4IrN,0, (941.94): caled. C 58.65, H
3.10, N 2.97; found C 59.49, H 3.09, N 2.91.

Synthesis of [{Ir(ppyFF)2}>(n2-L)] (4): [{Ir(ppyFF)»(p-Ch)} ] (0.61 g,
0.5 mmol), H,L (0.19 g, 0.5 mmol), and Na,COj; (0.53 g, 5.0 mmol)
were mixed in 2-ethoxyethanol (30 mL), and the mixture was
heated at 130°C for 24 h. Workup followed by flash column
chromatography (eluent: dichloromethane) yielded 4 as an orange
solid (0.53 g, 70%). '"H NMR (400.13 MHz, CDCl): 6 = 8.46-8.51
(m, 4 H), 8.23 (t, Jun = 6.8 Hz, 4 H), 8.15 (d, Ju.u = 19 Hz, 1 H),
7.81-7.86 (m, 2 H), 7.67-7.74 (m, 8 H), 7.44 (t, Juu = 7.0Hz, 2
H), 7.30-7.35 (t, Juu = 7.7 Hz, 4 H), 7.26 (dd, Jy u = 10.1, 1.8 Hz,
1 H), 7.07 (t, Jyu = 6.2 Hz, 2 H), 7.00-7.04 (m, 2 H), 6.51 (s, 2
H), 6.32-6.42 (m, 4 H), 5.70-5.79 (m, 4 H) ppm. *C NMR
(100.62 MHz, CDCl;): 6 = 179.50, 178.77, 178.67, 165.28, 164.66,
164.35, 164.19, 162.55, 160.98, 160.80, 159.11, 158.94, 151.59,
151.19, 147.89, 141.06, 140.50, 138.26, 137.85, 130.61, 129.15,
128.75, 128.51, 128.33, 127.15, 126.93, 126.38, 122.51, 121.64,
121.00, 115.31, 115.09, 97.62, 97.27, 96.90, 95.13 ppm. MALDI-
TOF MS: m/z = 1514.15 [M™]. CegHyoFsIr,N4O, (1513.49): caled.
C 53.96, H 2.66, N 3.70; found C 53.57, H 2.57, N 3.73.

Synthesis of [{Ir(ppyFF),}(1,-L){Pt(ppy)}] (5): Compound 3 (0.43 g,
0.46 mmol), [{Pt(ppy)(n-Cl)},] (0.18 g, 0.23 mmol), and Na,CO;
(0.49 g, 4.6 mmol) were mixed in 2-ethoxyethanol (30 mL) and
stirred at room temperature for 24 h. Workup followed by flash
column chromatography (eluent: ethyl acetate/hexane, 1:4) yielded
5 as an orange solid (0.23 g, 40%). '"H NMR (400.13 MHz,
CDCls): 0 =9.07 (d, Jyu = 5.6 Hz, 0.5 H), 9.02 (d, Juu = 5.5 Hz,
0.5 H), 8.53-8.59 (m, 2.5 H), 8.43 (s, 0.5 H), 8.26 (d, Jyz.z = 8.4 Hz,
2 H), 8.09-8.11 (m, 1 H), 7.96-8.00 (m, 3 H), 7.86 (d, Juu =
7.6 Hz, 1 H), 7.81 (d, Juu = 7.6 Hz, 1 H), 7.72-7.76 (m, 4 H), 7.56
(t, Juu = 7.7Hz, 2 H), 7.40-7.48 (m, 5 H), 7.32 (t, Jyu = 7.6 Hz,
2 H), 7.24 (t, J = 7.5 Hz, 0.5 H), 7.07-7.12 (m, 4 H), 6.90 (t, Jun
= 7.5Hz, 0.5 H), 6.76 (s, 0.5 H), 6.67 (t, Juyu = 7.4 Hz, 1.5 H),
6.36-6.43 (m, 2 H), 578-5.83 (m, 2 H) ppm. '*C NMR
(100.62 MHz, CDCl;): 6 = 180.06, 179.63, 179.01, 178.58, 177.92,
168.35, 165.24, 163.85, 162.05, 161.31, 159.47, 151.46, 151.25,
148.03, 147.21, 147.00, 144.77, 141.06, 140.62, 140.41, 140.04,
139.19, 138.78, 138.22, 138.05, 131.00, 130.84, 130.67, 130.57,
129.43, 128.96, 128.75, 128.62, 128.46, 127.03, 126.89, 125.10,
123.66, 123.12, 122.67, 122.48, 121.79, 121.36, 118.45, 115.32,
115.15, 97.52, 97.20, 97.02, 95.19, 95.07 ppm. MALDI-TOF MS:
mlz = 1289.78 [M*]. Cs;H3F4IrN3O4Pt (1290.20): calcd. C 53.06,
H 2.81, N 3.26; found C 53.86, H 2.73, N 3.28.

X-ray Crystallography: Single crystals of 5 suitable for X-ray dif-
fraction studies were obtained by slow cooling of solutions of 5 in
THF/hexane. Crystals were coated with Paratone oil, and diffrac-
tion data were measured at 100 K with synchrotron radiation (1 =
0.74999 A) by a 4AMXW ADSC Quantum-210 detector equipped
with a silicon double-crystal monochromator at the Pohang Accel-
erator Laboratory in Korea. The reflection data were collected as
n-scan frames with a width of 1° per frame and an exposure time
of 1s per frame. HKL2000 (version 0.98.698)1>°1 was used for data
collection, cell refinement, reduction, and absorption correction.
The structure was solved by direct methods and refined by full-
matrix least-squares methods using the SHELXTL program pack-
age with anisotropic thermal parameters for all non-hydrogen
atoms. Hydrogen atoms were placed in their geometrically calcu-
lated positions and refined riding on the corresponding carbon
atoms with isotropic thermal parameters.
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Crystal Data for 5-(thf);: CqoHgoF4IrN;O,Pt, M, = 1506.49, A
0.74999 A (synchrotron radiation), triclinic, P1, @ = 10.599(2) A,
= 13.534(3) A, ¢ = 21.654(4) A, a = 72.87(3)°, f = 78.33(3)°, y
79.76(3)°, V = 2883.8(10) A%, Z = 2, peatea. = 1.735 gem 3, p
4.801 mm!, F(000) = 1484, T = 100 K, measured reflections
12793 in h(0/14), k(-17/18), [(-27/29), unique reflections = 12793,
Rine = 0.000, refined parameters = 766, R; = 0.0626, wR, = 0.1829
[/>20(I)] and GOF on F? = 1.008, pgna (max./min.) = 2.150/—
4.541 e A,

Il

CCDC-756977 (5) 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.

Supporting Information (see footnote on the first page of this arti-
cle): Emission spectrum of a mixture of 1 and 2 in solution and
MALDI-TOF MS spectra of complexes.

Acknowledgments

We gratefully acknowledge the Korea Research Foundation (no.
KRF-2008-313-C00454 for Y. D.) and the Priority Research Cen-
ters Program of the National Research Foundation of Korea (no.
2009-0093818 for M. H. L.) for financial support and the Pohang
Accelerator Laboratory (PAL) for beam-line use (grant 2008-2041-
05).

[11 P-T. Chou, Y. Chi, Chem. Eur. J. 2007, 13, 380-395; E. Holder,
B. M. W. Langeveld, U.S. Schubert, Adv. Mater. 2005, 17,
1109-1121; H. Yersin, Top. Curr. Chem. 2004, 241, 1-26; L. S.
Hung, C. H. Chen, Mater. Sci. Eng, R 2002, 39, 143-222; S.
Wang, Coord. Chem. Rev. 2001, 215, 79-98.

[2] Z. Ning, Z. Chen, Q. Zhang, Y. Yan, S. Qian, Y. Cao, H. Tian,
Adv. Funct. Mater. 2007, 17, 3799-3807; H. Zhang, Z. Zhang,
K. Ye, J. Zhang, Y. Wang, Adv. Mater. 2006, 18, 2369-2372;
H. J. Tracy, J. L. Mullin, W. T. Klooster, J. A. Martin, J. Haug,
S. Wallace, 1. Rudloe, K. Watts, Inorg. Chem. 2005, 44, 2003—
2011; W. Lu, B.-X. Mi, M. C. W. Chan, Z. Hui, C.-M. Che, N.
Zhu, S.-T. Lee, J Am. Chem. Soc. 2004, 126, 4958-4971; J. Luo,
Z. Xie, . W. Y. Lam, L. Cheng, H. Chen, C. Qiu, H. S. Kwok,
X. Zhan, Y. Liu, D. Zhu, B. Z. Tang, Chem. Commun. 2001,
1740-1741.

[3] L. Flamigni, A. Barbieri, C. Sabatini, B. Ventura, F. Barigel-
letti, Top. Curr. Chem. 2007, 281, 143-203; J. A. G. Williams,
Top. Curr. Chem. 2007, 281, 205-268; B. Ma, P. I. Djurovich,
M. E. Thompson, Coord. Chem. Rev. 2005, 249, 1501-1510;
W.-S. Huang, J. T. Lin, C.-H. Chien, Y.-T. Tao, S.-S. Sun, Y.-S.
Wen, Chem. Mater. 2004, 16, 2480-2488.

[4] C. Adachi, M. A. Baldo, S. R. Forrest, M. E. Thompson, Appl.
Phys. Lett. 2000, 77, 904-906.

[5] J.S. Field, L. P. Ledwaba, O. Q. Munro, D. R. McMillin, Crys-
tEngComm 2008, 10, 740-747; Y. Sun, K. Ye, H. Zhang, J.
Zhang, L. Zhao, B. Li, G. Yang, B. Yang, Y. Wang, S.-W. Lai,
C.-M. Che, Angew. Chem. Int. Ed. 2006, 45, 5610-5613; V. W.-
W. Yam, K. H.-Y. Chan, K. M.-C. Wong, N. Zhu, Chem. Eur.
J 2005, 11, 4535-4543; T. J. Wadas, Q.-M. Wang, Y.-j. Kim, C.
Flaschenreim, T. N. Blanton, R. Eisenberg, J. Am. Chem. Soc.
2004, 126, 16841-16849; V. W.-W. Yam, K. M.-C. Wong, N.
Zhu, J Am. Chem. Soc. 2002, 124, 6506-6507; R. Biichner, J. S.
Field, R. J. Haines, C. T. Cunningham, D. R. McMillin, Inorg.
Chem. 1997, 36, 3952-3956; W. B. Connick, R. E. Marsh, W. P.
Schaefer, H. B. Gray, Inorg. Chem. 1997, 36, 913-922; J. A. Bai-
ley, M. G. Hill, R. E. Marsh, V. M. Miskowski, W. P. Schaefer,
H. B. Gray, Inorg. Chem. 1995, 34, 4591-4599; R. H. Herber,

3650

www.eurjic.org

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

M. Croft, M. J. Coyer, B. Bilash, A. Sahiner, Inorg. Chem. 1994,
33, 2422-2426.

[6] Y.-C. Chiu, C.-H. Lin, J.-Y. Hung, Y. Chi, Y.-M. Cheng, K.-W.
Wang, M.-W. Chung, G.-H. Lee, P-T. Chou, Inorg Chem.
2009, 48, 8164-8172; Y.-C. Chiu, J.-Y. Hung, Y. Chi, C.-C.
Chen, C.-H. Chang, C.-C. Wu, Y.-M. Cheng, Y.-C. Yu, G.-H.
Lee, P-T. Chou, Adv. Mater. 2009, 21, 2221-2225.

[71 C.H. Shin, J. O. Huh, M. H. Lee, Y. Do, Dalton Trans. 2009,
6476-6479.

[8] K. Huang, H. Wu, M. Shi, F. Li, T. Yi, C. Huang, Chem. Com-
mun. 2009, 1243-1245.

[91 Q. Zhao, L. Li, FE. Li, M. Yu, Z. Liu, T. Yi, C. Huang, Chem.
Commun. 2008, 685-687.

[10]Y. You, H. S. Huh, K. S. Kim, S. W. Lee, D. Kim, S. Y. Park,
Chem. Commun. 2008, 3998-4000.

[11]C. Yi, Q.-Y. Cao, C.-J. Yang, L.-Q. Huang, J. H. Wang, M. Xu,
J. Liu, P. Qiu, X.-C. Gao, Z.-F. Li, P. Wang, Inorg. Chim. Acta
2006, 359, 4355-4359.

[12]Y. Chi, P-T. Chou, Chem. Soc. Rev. 2010, 39, 638-655; H.-S.
Duan, P-T. Chou, C.-C. Hsu, J.-Y. Hung, Y. Chi, Inorg. Chem.
2009, 48, 6501-6508.

[13] A. B. Tamayo, B. D. Alleyne, P. I. Djurovich, S. Lamansky, 1.
Tsyba, N. N. Ho, R. Bau, M. E. Thompson, J Am. Chem. Soc.
2003, 125, 7377-7387.

[14] A. Tsuboyama, H. Iwawaki, M. Furugori, T. Mukaide, J. Kam-
atani, S. Igawa, T. Moriyama, S. Miura, T. Takiguchi, S. Ok-
ada, M. Hoshino, K. Ueno, J Am. Chem. Soc. 2003, 125,
12971-12979; V. V. Grushin, N. Herron, D. D. LeCloux, W. J.
Marshall, V. A. Petrov, Y. Wang, Chem. Commun. 2001, 1494—
1495; S. Lamansky, P. Djurovich, D. Murphy, F. Abdel-Razzaq,
R. Kwong, I. Tsyba, M. Bortz, B. Mui, R. Bau, M. E. Thomp-
son, Inorg. Chem. 2001, 40, 1704-1711.

[15] S. Lamansky, P. Djurovich, D. Murphy, F. Abdel-Razzaq, H. E.
Lee, C. Adachi, P. E. Burrows, S. R. Forrest, M. E. Thompson,
J. Am. Chem. Soc. 2001, 123, 4304-4312.

[16] M. E. Thompson, B. Ma, P. Djurovich, US Pat. Pub. 2005/
0164031 Al, 2005.

[171X. Yang, Z. Wang, S. Madakuni, J. Li, G. E. Jabbour, A4dv.
Mater. 2008, 20, 2405-2409; Y.-S. Park, J-W. Kang, D. M.
Kang, J.-W. Park, Y.-H. Kim, S.-K. Kwon, J.-J. Kim, Adv. Ma-
ter. 2008, 20, 1957-1961; E. L. Williams, K. Haavisto, J. Li,
G. E. Jabbour, Adv. Mater. 2007, 19, 197-202; X.-M. Yu, H.-
S. Kwok, W.-Y. Wong, G.-J. Zhou, Chem. Mater. 2006, 18,
5097-5103; J.-H. Jou, M.-C. Sun, H.-H. Chou, C.-H. Li, Appl.
Phys. Lett. 2006, 88, 141101-141103; B. W. D’Andrade, R. J.
Holmes, S. R. Forrest, Adv. Mater. 2004, 16, 624-628; P. T. Fu-
ruta, L. Deng, S. Garon, M. E. Thompson, J. M. J. Fréchet, J.
Am. Chem. Soc. 2004, 126, 15388-15389; 1. Tanaka, M. Su-
zuki, S. Tokito, Jpn. J. Appl. Phys. 2003, 42, 2737-2740; B. W.
D’Andrade, M. E. Thompson, S. R. Forrest, Adv. Mater. 2002,
14, 147-151.

[18]J. K. Clegg, D. J. Bray, K. Gloe, K. Gloe, K. A. Jolliffe, G. A.
Lawrance, L. F. Lindoy, G. V. Meehan, M. Wenzel, Dalton
Trans. 2008, 1331-1340; J. K. Clegg, D.J. Bray, K. Gloe, K.
Gloe, M. J. Hayter, K. A. Jolliffe, G. A. Lawrance, G. V. Mee-
han, J. C. McMurtrie, L. F. Lindoy, M. Wenzel, Dalton Trans.
2007, 1719-1730; M. M. Castano-Briones, A. P. Bassett, L. L.
Meason, P. R. Ashton, Z. Pikramenou, Chem. Commun. 2004,
2832-2833.

[19] A. P. Bassett, S. W. Magennis, P. B. Glover, D.J. Lewis, N.
Spencer, S. Parsons, R. M. Williams, L. De Cola, Z. Pikra-
menou, J Am. Chem. Soc. 2004, 126, 9413-9424.

[20] J. Brooks, Y. Babayan, S. Lamansky, P. I. Djurovich, I. Tsyba,
R. Bau, M. E. Thompson, Inorg. Chem. 2002, 41, 3055-3066.

[21]S. Welter, F. Lafolet, E. Cecchetto, F. Vergeer, L. De Cola,
ChemPhysChem 2005, 6, 2417-2427.

[22] A. Sarkar, S. Chakravorti, J. Lumin. 1995, 65, 163-168.

[23]M. G. Colombo, A. Hauser, H. U. Gudel, Top. Curr. Chem.
1994, 171, 143-171.

Eur. J. Inorg. Chem. 2010, 3642-3651



Dinuclear Ir'" Complexes Linked by a Bis(B-diketonato) Bridging Ligand E u ’:j I C

European Journal
of Inorganic Chemistry

[24] F. Barigelletti, L. Flamigni, V. Balzani, J.-P. Collin, J.-P. Sauv-  [26] Z. Otwinowski, W. Minor in Methods in Enzymology (Eds.:

age, A. Sour, E. C. Constable, A. M. W. C. Thompson, J. Am. C. W. Carter, R. M. Sweet), Academic Press, New York, 1997,
Chem. Soc. 1994, 116, 7692-7699. pp. 307-326.

[25] C. Cornioley-Deuschel, A. von Zelewsky, Inorg. Chem. 2002, Received: March 10, 2010
41, 3354-3358. Published Online: July 1, 2010

Eur. J. Inorg. Chem. 2010, 3642-3651 © 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim WWW.eurjic.org 3651



FULL PAPER

DOI: 10.1002/ejic.201000395

A Hydroscopic Self-Catenated Net Formed by Borromean Layers Interlocked
by Ferrocenyl Bridging Ligands

Xianju Shi,'?! Weiyin Wang,!?! Hongwei Hou,*?l and Yaoting Fan!?!

Keywords: Structure elucidation / Coordination polymers / Layered compounds / Cadmium / Bridging ligands /

Adsorption / Reversible hydration

Reaction of a flexible tripodal ligand, 1,3,5-tris(1,2,4-triazol-
1-ylmethyl)-2,4,6-trimethylbenzene (tttmb), and an organo-
metallic carboxylate 1,1'-bis(3-carboxy-1-oxopropyl)ferro-
cene (H,bfcs) with Cd(Ac),2H,0 vyields a trinodal, self-cate-
nated 3D layer pillar complex {[Cdz(bfcs)s(tttmb),(H,0),]
8H,0}, (1), which is formed by connecting 2D hexagonal
Cd"-tttmb Borromean layers through ferrocenyl bridges in

both inter- and intralayers. The complex can undergo a dehy-
drated and rehydrated process in a single-crystal-to-single-
crystal manner without affecting the overall framework. The
amorphous sample of 1 can be regenerated by water to the
crystalline material again. In addition, the nitrogen adsorp-
tion property of 1 was also investigated.

Introduction

The assembly of entangled coordination polymers show-
ing topological complexity, structural integrity, and aesthe-
tic beauty, such as polycatenation, polythreading and poly-
knotting (self-catenation), especially of those with undis-
covered intriguing topologies has been appealing to chem-
ists because of their promising applications as molecular
devices or functional materials.'! Among the numerous re-
ported novel entanglements of individual motifs, the Borro-
mean system, which contains nontrivial three-ring links
(three rings are interlocked without being interpenetrated),
represents one of the most fascinating patterns and has long
been regarded as an exceptionally challenging synthetic tar-
get.l’]

To date, only a handful of coordination polymer systems
comprising the entangled Borromean topology have been
documented.[?! Examination of these systems indicates that
various supramolecular interactions play important roles in
the formation and stabilization of this kind of linkage. We
also noticed that such linkages mostly occur in low-dimen-
sional architectures, the rarely reported 3D entanglements
were all constructed through n-Borromean link.[43a.3h.3i]
Two-dimensional Borromean weaves interlocked together
by ligand-supported coordination interactions to form 3D
entangled frameworks have not been reported before. It is
expected that the connections will increase the mechanical
strength of the solid materials, since the whole entangle-
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Zhengzhou, Henan 450052, P. R. China
Fax: +86-371-67761744
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ment cannot be unraveled without breaking those strong
chemical links in addition to the bonds of the Borromen
rings. However, as a result of such a linkage, a real Borro-
mean arrangement no longer exists, but the presence of this
arrangement will make a significant contribution to en-
riching the topological types of coordination polymers.

It is well proven that complexes possessing particular
structural features will likely exhibit distinctive properties.
Given the fact that the entangled framework is flexible and
can endure some structural expansion or contraction in re-
sponse to diverse external stimuli, they have recently been
regarded as potential materials in selective adsorption of
guest molecules.!

Therefore, the construction of novel flexible frameworks
and the investigation of the framework stability is impor-
tant in the search for a new generation of adsorption mate-
rials.

Herein, we present the first example of a trinodal self-
catenated 3D layer pillar complex {[Cds(bfcs);(tttmb),-
(H,0),4]:8H,0},, 1, which contains 2D Cd"—tttmb Borro-
mean layers that are interlocked by ferrocenyl bridging li-
gands [H,bfcs = 1,1'-bis(3-carboxy-1-oxopropyl)ferrocene,
tttmb = 1,3,5-tris(1,2,4-triazol-1-ylmethyl)-2,4,6-trimeth-
ylbenzene]. Maintenance of the framework upon removal
and reintroduction of water molecules was investigated by
using a combination of thermogravimetric analysis (TGA)
and powder X-ray diffraction (PXRD). The results indicate
that the partially dehydrated crystal of 1 can rehydrate
spontaneously and rapidly in air to the nascent state, with
identical cell parameters as those of the as-synthesized com-
pound, and that the amorphous sample of 1 can once again
be regenerated by water to the crystalline material, which is
consistent with the presence of a flexible framework.

Eur. J. Inorg. Chem. 2010, 3652-3657
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Results and Discussion

Crystal Structure of {[Cds(bfes)s(tttmb),(H,0),4]-8H,0}, (1)

A single-crystal X-ray diffraction study reveals that the
asymmetric unit of 1 contains three crystallographically in-
dependent Cd" ions, three bfcs> ligands, two tttmb ligands,
and four coordinated water molecules. As can be seen from
Figure 1a, Cdl1, as well as Cd2, is coordinated in a distorted
pentagonal-bipyramidal geometry, which is defined by five
O atoms from two chelate carboxylate groups and one
water molecule in the equatorial plane and two N atoms
from two tttmb ligands in the apical position. Cd3 is in an
octahedral geometry and coordinates to O12 and O19 from
two monodentate carboxylate groups, O21 and O22 from
two water molecules, and N15 and N18 from two tttmb
ligands. The corresponding bond lengths and bond angles
are listed in Table 1. The tttmb molecule is capable of bend-
ing and rotating freely, owing to its three flexible methylene
groups. On coordinating to the Cd™ ions, one triazole ring
lies outside the trimethylbenzene plane, and the other two
triazole rings lie in the reverse orientation outside the
trimethylbenzene plane to form a capital “Y”. In such a
cis,trans,trans conformation, each tttmb ligand connects to
three Cd" ions to form an (ML)s type network involving
six tttmb and six Cd™ ions in a basic hexagonal ring, which
adopts a chair conformation. The ring diameters, defined
as the distance between two symmetry-related opposing
Cd" jons, range from 25.0350(51) to 26.6822(43) A. Adja-
cent rings share edges and vertices to form a 2D (6, 3) un-
dulated honeycomb (hcb) net, as shown in Figure 1b.

Figure 1. (a) Perspective drawing of 1 showing the local coordina-
tion environment around the Cd!' center. Hydrogen atoms and sol-
vent molecules are omitted for clarity. (b) View of the 2D (6, 3)
hcb network based on the (ML)g-type hexagonal ring, which in-
volves six tttmb ligands and six Cd' ions. (c) The Borromean en-
tangled rings from three adjacent networks isolated by removing
bfcs?> groups. (d) Two adjacent tttmb ligands highlighting the n—r
interactions (fragmented cylinder) between benzene rings.

Eur. J. Inorg. Chem. 2010, 3652-3657
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Table 1. Selected bond lengths [A] and angles [°] for complex 1.1

Cd1-N1 2.294(6) Cd1-O13 2.326(5)
Cd1-N6#1 2.334(7)  Cd1-08 2.402(5)
cd1-ol 2.430(6) Cd1-02 2.456(6)
Cd1-07 2473(6) Cd2-N9 2.329(6)
Cd2-06 2.340(6) Cd2-N10 2.335(6)
Cd2-020 2.357(8) Cd2-Ol15 2.415(6)
Cd2-014 2.427(6)  Cd2-05 2.521(6)
Cd3-019 2.272(8) Cd3-Ol12 2.304(6)
Cd3-N15 2.308(7)  Cd3-NI8#2 2.298(6)
Cd3-022 2.418(6)  Cd3-021 2.444(8)
NI-Cd1-013 97.6(2)  NI1-Cd1-N6#1 175.0(2)
013-Cd1-N6#1 87.4(2)  NI-Cd1-O8 95.4(2)
N6#1-Cd1-08 81.72)  NI-Cdl-Ol 84.3(2)
N6#1-Cd1-Ol 95.4(2)  NI1-Cd1-02 90.3(2)
N6#1-Cd1-02 85.5(2)  NI-Cd1-07 91.9(2)
N6#1-Cd1-07 89.6(2)  N9-Cd2-06 90.4(2)
N9-Cd2-N10 1752(2)  06-Cd2-N10 87.0(2)
N9-Cd2-020 88.33)  NI10-Cd2-020 96.4(3)
N9-Cd2-015 85.6(2)  NI10-Cd2-Ol15 90.5(2)
N9-Cd2-014 92.9(2)  NI10-Cd2-O14 87.0(2)
N9-Cd2-05 87.2(2)  NI10-Cd2-O5 94.4(2)
019-Cd3-N15 87.73)  O12-Cd3-NI5 86.3(2)
019-Cd3-NI8#2  93.4(3)  O(12-Cd3-NI8#2  93.2(2)
N15-Cd3-N18#2 1743(2)  N15-Cd3-022 93.2(2)
NIg#2-Cd3-022  92.52)  NI15-Cd3-021 83.3(3)
N18#2-Cd3-021 91.3(3)

[a] Symmetry transformations used to generate equivalent atoms in
complex (1): #1 —x + 3/2, y — 1/2, —z + 3/2; #2 —x + 1/2, y + 1/2,
-z + 3/2.

Further structure analyses reveal that there are three
identical Cd"—tttmb hcb networks entangled in one layer.
Any two of the three parallelly interlocked networks are
actually non-catenated and non-interpenetrated, but the ap-
pearance of the third network causes an inseparable in-
terweaving, which is characteristic of Borromean topology
(Figure Ic). The formation of this puzzling entanglement
can be attributed to the large hcb voids and the corrugation
of the single sheet. In the three entangled networks, there
exist m—m interactions (face-to-face distance: 3.42 A) be-
tween the adjacent central phenyl rings of tttmb (Fig-
ure 1d).

Notably, in addition to the weak m—m interactions, the
three Cd"-tttmb hcb networks are connected together
through coordination interactions supported by bridging
ferrocenyl carboxylate bfcs?>-, with Cd--Cd distances of
7.959(1) or 7.057(1) A (Figure 2a). This is in contrast to
known examples in which the Borromean interweaving
takes place with the aid of various supramolecular forces!”!
or without any intermolecular interactions.®! However,
upon connection through the bfcs?  ligands, the threefold
entangled networks are held together more firmly, and it is
no longer a Borromean entanglement.

Interestingly, stretched bfcs> ligands exist, which con-
nect the 2D layers together, to form a 3D layer pillar frame-
work (Figure 2b). The Cd--+Cd distance separated by such
a bridging ligands is 18.118(4) A, which is obviously longer
than the length of the intralayer bfcs?~ ligands. The whole
3D framework of 1 therefore can simply be regarded as re-
sulting from connecting 2D Cd"—tttmb Borromean layers
through inter- and intralayer bfcs?>  bridges. Topology
3653
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a)

Figure 2. (a) Topological representation of the 2D connected “Bor-
romean layer” structure. (b) The 3D layer pillar framework of 1.

analysis performed by the program OLEX! indicates that,
in this adopted topological model, both kinds of tttmb li-
gands act as 3-connected nodes with a Schéfli symbol of
(6:7%); Cd1 and Cd3 are 4-connected nodes with the symbol
(6-7-8%), while Cd2 is also a 4-connected node, but with a
different symbol (6>-7-8>-9). By considering the stoichiome-
try, the whole net can be defined as a trinodal (3,4)-con-
nected (6:7%),(6-7-8%),(6>7-8%+9) topological type. After fur-
ther inspection of the structure, we found that some of the
eight-membered shortest rings are catenated by other eight-
membered short rings within this single network (Figure 3),
so this net is an unusual self-catenated one. To the best of
our knowledge, most of the reported self-catented polymers
are built on 4-, 5-, 6-, 8-, (3,5)-, or (3,6)-connected nodes;®!
the (3.4)-connected self-catenated 3D polymers are very
rare.”]

Figure 3. Schematic representation of the (3,4)-connected self-cate-
nated 3D framework highlighting the catenated eight-membered
shortest rings (thick stick).

Reversible Dehydrated and Rehydrated Studies
In view of the existence of abundant coordinated and

guest water molecules in this entangled complex, we further
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investigated the maintaining of the framework upon re-
moval and reintroduction of water molecules, using a com-
bination of TGA and PXRD. TGA of the as-synthesized
sample shows a gradual weight loss of about 9.03% before
130 °C (Figure 4a, A), which indicates the release of solvent
and coordinated water molecules (calculated 8.88%). The
treatment of dichloromethane-immersed 1 at 110 °C under
vacuum for one day led to the formation of the partially
dehydrated 1a, and the transparency of the single-crystal
was still retained. The loss of water molecules was evidently
proven by the TGA curve (Figure 4a, B). Noticeably, when
1a was exposed to air, it rehydrated rapidly to afford 1b
without loss of crystallinity, and the single-crystal could be
recollected with virtually identical cell parameters to the na-
scent solid.''% During the monitoring time (one hour), the
increase in the weight of activated 1a was about 4.48 % (Fig-
ure 4a, lower left), which corroborates that the partially de-
hydrated framework responds with high affinity towards

A: as-synthesized
B: dehydrated
C: rehydrated

TG (%)

50

weight (mg)

40
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T T T T T T T
100 200 300 400 500 600 700
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regenerated by water

as-synthesized

I ) simulated
) M WP WAAMIA e a M AN Ao
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20() |

Figure 4. (a) Reversible dehydrated process for 1 as demonstrated
by the TGA curves, A: as-synthesized 1; B: dehydrated 1a; C: rehy-
drated 1b. Lower left: weight increase vs. time elapsed. (b) PXRD
patterns of 1 in the different states.
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water molecules. Three days later, the TGA curve of the air-
exposed sample 1b was investigated (Figure 4a, C), and it is
almost identical to that of the as-synthesized 1, which sug-
gests that the mass has reverted back close to the original
value.'!! This result demonstrates that the transformation
from 1 to 1b is a single-crystal-to-single-crystal process in
which the overall framework is not affecting(Figure S1).[12]

Furthermore, the PXRD patterns were recorded for 1
after heating the dichloromethane-immersed crystalline
samples to 70, 110, and 130 °C under vacuum, respectively.
The phase purity of the bulk samples is supported by its
PXRD pattern, which is in agreement with that simulated
from the single-crystal X-ray diffraction data. As can be
seen in Figure 4b, the PXRD patterns for the samples
heated at 70 and 110 °C are similar to that of the as-synthe-
sized sample, which indicates that the obvious phase trans-
formation does not take place at such temperatures. When
the sample was heated at 130 °C, the long-range order of
the structure was lost and a phase transformation was ob-
served, which may result from the dissociation of coordi-
nated water molecules from the metal centers.l'3 Excitingly,
this amorphous sample resulting from the loss of water can
rejuvenate and regenerate to 1 when it is soaked in water
for three days, which can be attributed to the readsorption
and recoordination of water molecules.'¥ Such a transfor-
mation triggered by the removal and addition of water mo-
lecules can be characterized as a “crystal-to-crystal” process
through an amorphous phase. Moreover, we used methanol
instead of water to suspend the amorphous sample, and as
a result, we obtained a broadened and weakened PXRD
pattern in comparison with that of the as-synthesized sam-
ple, as can be seen in Figure S2.

Nitrogen Adsorption Study

Considering that the framework of 1 can be maintained
even after water molecules pass in and out, nitrogen ad-
sorption of 1 was investigated at 77 K to validate whether
gas molecules can be enter the cavities. The Brunauer—
Emmett-Teller (BET) surface area of 1 is calculated to be
8.88 m?/g, and the N, adsorption capacity is about 20.28 cc/
g at P/Py = 0.98 (Figure 5). A slight shift is observed in the
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Figure 5. Nitrogen adsorption (filled) and desorption (open) iso-
therm of 1.
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PXRD pattern of the tested sample relative to that of the
as-synthesized (Figure S3). This could be attributed to the
dynamics and flexibility of the framework of 1, a typical
feature of the entangled framework in which subtle differ-
ences in the composition and guest content will lead to
slightly different structures and thus PXRD patterns.[!3]

Conclusions

In conclusion, we present here an unprecedented infinite-
layer pillar framework, which displays the following fasci-
nating structure features: (a) they are formed by 2D hexago-
nal Borromean layers interlocked by bridging ligands; (b)
they have a self-catenated 3D framework, which has a tri-
nodal (3,4)-connected topology; (c) they form a rare 3D
coordination polymer containing the organometallic ferro-
cene group.!'® The complex exhibits a strong attachment to
water molecules, because the partially dehydrated crystal of
1 can rehydrate spontaneously and rapidly in air to the na-
scent state with identical cell parameters to thos of the as-
synthesized 1. Further the amorphous sample of 1 can be
regenerated by water to the crystalline material again.

Experimental Section

Materials and Characterization: The ligands H,bfcs!!7! and tttmbl'8]
were prepared according to literature methods. The other starting
reagents and solvents employed were purchased from commercial
sources and were used without further purification. The FTIR
spectra were recorded from KBr pellets in the range 400-4000 cm™!
on a Bruker Tensor 27 spectrophotometer. Elemental analyses (C,
H, and N) were carried out on a FLASH EA 1112 elemental ana-
lyzer. Thermal analyses were performed on a Netzsch STA 449C
thermal analyzer from 30 to 700 °C at a heating rate of 10 °Cmin !
in air. PXRD patterns were recorded by using Cu-K,1 radiation on
a PANalytical X’Pert PRO diffractometer. The sorption isotherm
was measured at 77 K on a Quantachrome NOVA 1000e surface
area and pore size analyzer.

Synthesis of {[Cdz(bfcs)s(tttmb),(H,0),4]-8H,0}, (1): A MeOH/
H,O (v/v 2:1) solution (6 mL) containing Hj,bfcs (11.6 mg,
0.03 mmol) with a pH value of 7 (controlled by CH;ONa) was
added to a methanol solution (2 mL) of Cd(Ac),2H,0 (8.0 mg,
0.03 mmol). A methanol solution (2mL) of tttmb (7.3 mg,
0.02 mmol) was then added dropwise, and the mixture was homog-
enized and filtered. The resulting solution was allowed to stand in
the dark at ambient temperature for one month. Finally, crimson
crystals were obtained in 58% yield (14.1 mg). IR (KBr): ¥ = 3423
(m), 3117 (m), 1665 (s), 1562 (s), 1421 (s), 1258 (m), 1220 (m), 1009
(w), 879 (w), 675 (m), 533 (w), 481 (w) cm !. CooH14Cd3Fe;N 505,
(2432.74): caled. C 44.43, H 4.72, N 10.36; found C 44.08, H 4.75,
N 10.17.

TGA and PXRD Measurements: A sample of 1 (15 mg), after being
immersed in dichloromethane for 3 d, was heated at 110 °C under
vacuum for 1 d. Part of this sample was then used for TGA analysis
immediately (Figure 4a, B), and the residual sample was exposed
to air. The TGA curve (Figure 4a, C) of the air-exposed sample
was investigated after 3 d. The samples, after being immersed in
dichloromethane for 3 d, were heated at different temperatures (70,
110, and 130 °C) under vacuum for 1 d prior to PXRD measure-
ments.
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Nitrogen Adsorption Measurement: The sample, after being im-
mersed in dichloromethane for 3 d, was heated at 110 °C under
vacuum for 1d prior to measurement. The pretreated sample
(212.8 mg), which was placed in a cylindrical quartz tube, was
heated at 110 °C under vacuum (1.33 Pa) for 1.5 h to remove the
guest molecules. The sample was then dosed with N, gas, and the
isotherm was recorded at each equilibrium pressure by the static
volumetric method. The surface area was estimated by using the
Brunauer-Emmett-Teller (BET) equation.

Crystal Data Collection and Refinement: Single crystals of 1 and 1b
were selected for indexing and intensity data collection on a Rigaku
Saturn 724 CCD diffractomer with graphite-monochromated Mo-
K, radiation (/. = 0.71073 A) at room temperature. The structure
of 1 was solved by direct methods and expanded by using Fourier
techniques. The non-hydrogen atoms were refined with anisotropic
thermal parameters, and hydrogen atoms were located at geometri-
cally calculated positions and refined with isotropic displacement
parameters. All calculations were performed by using the
SHELXL-97 crystallographic software package!'”! and refined by
full-matrix least-squares methods based on F?. Crystallographic
and refinement details for 1 are summarized in Table 2. CCDC-
757672 contains 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.

Table 2. Crystal data and structure refinement for complex 1.

Formula CgoHl 14Cd3FC3N18030
F, 2432.74
Temp (K) 293(2)
Wavelength (A) 0.71073
Crystal system monoclinic
Space group P2,/n
a(A) 15.317(3)
b (A) 25.035(5)
c(A) 27.591(6)
a (°) 90

B () 102.38(3)

7 () 90

V(A% 10334(4)

Z 4

D, (gem™) 1.548
Absorption coefficient (mm™1) 1.100
F(000) 4872

GOF on F? 1.044
Ry[I>2c(D] 0.0737

wR, (all data)® 0.2076

Apmin and Appay (€ A7) ~0.935 and 1.837
[a] Ry = [|Fo| — [Fl|Fol. [b] wRy = [W(Fo® — F2)*Iw(F)*">.

Supporting Information (see footnote on the first page of this arti-
cle): Single-crystal pictures and PXRD patterns of the methanol-
immersed sample and the sample after N, adsorption.
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The electronic properties of a series of seven mononuclear
Mn'! complexes with an N/O and N/CI coordination sphere
have been investigated by X- and Q-band EPR spectroscopy
as well as by density functional theory (DFT). The [Mn-
(terpy)(CF3CO,)2(H0)] (1), [Mn(pb),(CF5503),] (2), [Mn(pb),-
(NO3)(H20)](NO3) (3), [Mn(bpy)2(CF5CO,),] (4) and [Mn(pb),-
Cl,] (5) complexes are six-coordinate, whereas [Mn(terpy)-
(NO3),(H20)] (6) and [Mn(bpea)(NO3),] (7) are seven-coordi-
nate [terpy = 2,2":6,2"'-terpyridine, pb = (-)-pinene[5,6]bipyr-
idine, bpy = 2,2'-bipyridine, bpea = N,N-bis(2-pyridylmeth-
yl)ethylamine]. The X-ray structure of new complex 1 has
also been resolved, whereas the structures of 2-7 have been
already reported. The D values of the N/O-coordinated com-
plexes 1-4, 6 and 7 all fall into the narrow range of 0.035—
0.086 cm™!. Complex 5 exhibits a slightly larger D value of

0.146 cm™, in accordance with its N/CI coordination sphere.
The sign of D has been determined from the low-temperature
Q-band EPR spectra for all complexes with the exception of
1 because of its large E/D ratio. The zero-field splitting (ZFS)
parameters of 1-7 have been predicted by DFT calculations
using two types of functionals, BP86 and B3LYP. The calcula-
tions were initiated from the crystal structures as well as from
optimized structures in which only the positions of the hydro-
gen atoms were relaxed. The calculated D values show that
B3LYP is not suited to predict the ZFS for Mn!' complexes
with only N/O-based ligands, whereas with BP86 the quality
of the prediction is satisfactory. Moreover, with BP86, the
sign of D is correctly reproduced within the series when ex-
perimentally determined.

Introduction

In recent years, considerable attention has been paid to
the precise determination of the zero-field splitting (ZFS)
of transition-metal ion complexes with a total ground spin
state S > Y."4 In fact, the ZFS is largely involved in the
design of single-molecule magnets for which a large and
negative axial ZFS (D parameter) represents an essential
criterion for reaching their desired magnetic characteris-
tics.>®1 Furthermore, for several transition-metal ions, it
has been evidenced that the ZFS can probe their structural
and electrostatic environment.!!! This is particularly true in
the case of the Mn'! ion. Indeed, magnetostructural corre-
lations have been proposed!”) based on the experimental in-
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vestigation of a large number of mononuclear Mn'' com-
plexes for which the structure has been resolved by X-ray
diffraction and the ZFS precisely determined by EPR spec-
troscopy. When the Mn'! ion is coordinated to at least one
halide ligand, the nature of the halide controls the ZFS with
Dy > Dg, > D¢.[B'81 On the other hand, for five- and six-
coordinate complexes with only nitrogen- and/or oxygen-
based ligands, the ZFS is governed by the coordination
number of the Mn'! atom with |Ds| > |Dg|.['%21

The rationalization of these experimental tendencies has
required the understanding of the physical origin of the
ZFS. This has been recently achieved by quantum chemis-
try in a DFT framework.['420-22.231 A good prediction of D
has been obtained since the two physical factors that con-
tribute to the bilinear term in the ZFS have been quantified:
the direct dipole-dipole interaction of unpaired electrons
(SSC) and the spin—orbit coupling (SOC) of excited states
into the ground state.*>?* For the halide complexes, the
major contribution to D arises from a cross term between
the metal- and halide-SOC contributions that explains the
strong effect of the nature of the halide on D.'*l In contrast,
for the five- and six-coordinate N/O complexes, the physical
origin of D is different since the major contribution is the
SOC and SSC parts, respectively.[]

Eur. J. Inorg. Chem. 2010, 3658-3665
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A deeper analysis of the ZFS for this latter class of com-
pounds shows that the relative ratio between the N- and O-
based ligands seems not to affect the D magnitude.[”l How-
ever, this conclusion is almost exclusively based on our pre-
vious investigation performed on theoretical simplified
models because of the limited experimental data available
on compounds in a mixed N/O environment.[*”! The large
majority of mononuclear Mn'" complexes for which the D
magnitude has been precisely determined by EPR spec-
troscopy are in Ng, Ns, Og and Os environments. Further-
more, the ZFS of only one seven-coordinate mononuclear
complex has been investigated by EPR so far.[>>] The re-
ported D value for this NgO complex falls in the range of
the six-coordinate N/O complexes, but the prediction of the
D value by DFT was rather poor. Thus, additional experi-
mental and theoretical data on the ZFS of these com-
pounds are required to evaluate whether or not the ZFS
can probe the ratio of N/O ligands and the coordination
number of the Mn'' ion (6 vs. 7). These data should be
also useful for the biochemical community since this type
of coordination sphere reproduces those of the Mn'! ions
contained at the active sites of several metalloenzymes.[>6-3%

Consequently, in this paper, we determine, through the
help of X- and Q-band EPR spectroscopy, the spin Hamil-

CF,

o

Y

[Mn(terpy)(CF3CO2)2(H20)] (1)

[Mn(terpy)(NOs3)2(H20)] (6)

Figure 1. Schematic representation of complexes 1-7.
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tonian parameters (SHPs) of a series of mononuclear Mn'!
complexes in various mixed coordination spheres (i.e.,
N;03, N,O4, N4Cl, and N5Oy; Figure 1). The [Mn(terpy)-
(CF;CO0,)>(H,0)] (1), [Mn(pb)x(CF3805),] (2), [Mn(pb),-
(NO3)(H,0)J(NO5)(3),  [Mn(bpy),(CF5CO,),] (4) and
[Mn(pb),Cl,] (5) complexes are six-coordinate, whereas
[Mn(terpy)(NO3),(H>0),] (6) and [Mn(bpea)(NOs),] (7)
are seven-coordinate [terpy = 2,2:6,2"'-terpyridine, pb =
(-)-pinene[5,6]bipyridine, bpy = 2,2'-bipyridine, bpea =
N,N-bis(2-pyridylmethyl)ethylamine]. Complexes 2-7 were
previously synthesized and structurally characterized,?'—3>
whereas complex 1 has been isolated in this work and its
structure resolved by X-ray crystallography. Based on the
X-ray structures, we have also predicted the ZFS of 1-7 by
quantum chemistry using a DFT approach.

In our previous works performed on complexes that con-
tained halide(s) or only N/O ligand(s), we have successfully
used the BP86 functional to calculate the ZFS.[14.20-22]
However, an improvement in the prediction of the
ZFS for mononuclear Mn"' dihalide complexes has been
recently achieved with B3LYP[?¥ Therefore, in this
work, the D values of 1-7 have been calculated with
both functionals to evaluate their respective perform-

ance.

[Mn(bp)2(NO3)(H20)I(NO3) (3)

[Mn(bpea)(NOs),] (7)
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Results and Discussion

Synthesis and Crystal Structure of 1

Complex 1 was isolated from a mixture of an equimolar
amount of [Mn(CF;CO,),(H>0),]*¥ and terpy in CH;CN.
Single crystals were obtained by slow diffusion of ethyl
acetate into this solution and the structure was determined
by X-ray diffraction. Figure 2 displays the ORTEP view of
complex 1. Table 1 provides the principal crystallographic
data together with selected bond lengths and angles.

Figure 2. ORTEP diagram showing the molecular structure of com-
plex 1. Except for the hydrogen atoms of the water molecule that
are discussed in the main text, the hydrogen atoms have been omit-
ted for clarity.

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

Mnl-Ol 2.207(2) Mnl-N1 2.269(2)
Mnl-03 2.162(2) Mnl-N2 2.233(2)
Mnl-05 2.148(2) Mnl-N3 2.275(2)

01-Mnl-03 173.30(6) 03-Mnl-Nl  93.26(7)

0O1-Mnl-05 85.93(6) 03-Mnl-N2  94.09(6)

O1-Mnl-N1 88.87(7) 03-Mnl-N3  92.10(7)

O1-Mnl-N2 92.61(6) NI-Mnl-N2  71.63(7)

O1-Mnl-N3 90.04(7) NI-Mnl-N3  142.67(7)

03-Mnl-05 87.56(6) N2 Mnl-N3  71.15(7)

The Mn'! ion is six-coordinated by three nitrogen atoms
of the terpy ligand and three oxygen atoms, one from the
aqua ligand and the others from the two trans-trifluoroacet-
ate anions in a distorted octahedral geometry. Both trifluo-
roacetate ions act as unidentate ligands. The main distor-
tion of the resulting octahedral coordination sphere origi-
nates from the small N1,N3-Mnl-N2 angle of the terpy
ligand. The Mn-N distances fall in the same range as in
other Mn'""—terpyridine complexes.!'3-33 The Mn-O(aqua or
3660
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trifluoroacetate) bond lengths are comparable to those
found in [Mn(CF;CO,),(H,0),],?* 41321 and [Mn(phen)-
(CF5CO,)(H,0)5](NO5).B

The crystal structure of 1 is stabilized by intramolecular
hydrogen bonds that involve the hydrogen atoms of the
aqua ligand and both unbound oxygen atoms of the carb-
oxylate ligands, O4 and O2. The hydrogen-bonding param-
eters are listed in Table 2. Similar intramolecular hydrogen-
bonding interactions have been observed in [Mn(CF;CO,),-
(H,0),].2

Table 2. Hydrogen bonds [A] and angles [°] for 1.

D-H-A D-H H-A DA  D-H-A
05-H12+04 0.95 200  2.800(2) 140.2
05-H13-02 0.95 175 2.620(3) 151.1

X- and Q-Band EPR Spectroscopy Experiments

Powder X- and Q-band EPR spectra have been recorded
on each complex over a temperature range between 5 K and
room temperature (Figures 3, 4, 5 and 6). It clearly appears
that the high-field limit condition is only reached at the
Q-band frequency, which means that the D values of the
complexes are generally smaller than the energy provided
by the EPR spectrometer (i.e., 1.2 cm™'). This is in accord-
ance with the expected D values (< 0.22cm™') for such
complexes.”? Such Q-band EPR-spectroscopy experiments
have been already carried out on Mn™ complexes and in
particular on a mononuclear Mn"-containing enzyme.[?%!
The Q-band EPR spectra recorded under such high-field
conditions are easily analyzable, and a direct estimation of
the D and E values can be afforded as described else-
where.['3] Actually, for high-spin Mn!" complexes, the shape
of the EPR spectra only depends on the ZFS terms since
the anisotropy of the Zeeman interaction is very small and
leads to g values close to 2.B37-38

Q-band EPR

0.6 08 10 12 14 16
Magnetic Field (T)

Figure 3. Experimental (solid line) and simulated (dashed line) Q-
band EPR spectra recorded at room temperature on powder of
complexes 1, 2 and 4. The parameters used for the simulation are:
Ziso = 2;for 1, D =0.068 cm™!, E/D = 0.308; for 2, D =-0.071 cm ™',
E/D = 0.070; for 4, D = -0.035cm™!, E/D = 0.154.

Eur. J. Inorg. Chem. 2010, 3658-3665
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Q-band EPR

I * T X T % T ¥ T . T ) T
0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
Magnetic Field (T)

Figure 4. Experimental (solid line) and simulated (dashed line) Q-
band EPR spectra recorded at low temperatures (10-30 K) on pow-
der of complexes 2, 3 and 5. The parameters used for the simulation
are: gi, = 2; for 2, D = +0.087cm™!, E/D = 0.138; for 3, D =
—0.078 cm™!, E/D = 0.077; for 5, D = —-0.150 cm™!, E/D = 0.113.

7, Q-band EPR

T T T T T T T T T T T
0.4 0.6 0.8 1.0 1.2 14 1.6
Magnetic Field (T)

Figure 5. Experimental (solid line) and simulated (dashed line) Q-
band EPR spectra recorded at different temperatures (10, 25 K and
room temperature) on powder of complex 7. The parameters used
for the simulation are: g, = 2; at 10K, D = +0.095cm™!, E/D =
0.152; at 25K, D = +0.092 cm™!, E/D = 0.147; at room temp. D =
+0.086 cm™!, E/D = 0.093.

A comparable shape of the Q-band EPR spectra is
observed for the whole series of complexes. Features are
present around g = 2; these are associated with the
[>/5,~Y4>—|],,+4> transitions along the x, y and z mag-
netic axes. The relative intensity of this central line varies
as a function of the temperature and becomes prominent at
room temperature to the detriment of the wings. Another
common feature is the line located at 0.6 T (g = 4) observed
at low temperature, which corresponds to the unique “for-
bidden” transition. On the other hand, the X-band EPR
spectra (Figure 6) present a quite different shape depending
on the complex and therefore seem to be very sensitive to
the environment of the Mn!! ion. Nevertheless, the high-
field limit condition not having been reached, their analysis

Eur. J. Inorg. Chem. 2010, 3658-3665
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X-band EPR

T T T v T Y T ¥ T ) T Y T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Magnetic Field (T)

Figure 6. Experimental (solid line) and simulated (dashed line) X-
band EPR spectra recorded at room temperature on powder of
complexes 2, 3, 4 and 7. The parameters used for the simulation
are: gi, = 2; for 2, [D| = 0.082cm™!, E/D = 0.122; for 3, |D| =
0.087 cm™', E/D = 0.115; for 4, |D| = 0.038 cm™!, E/D = 0.132; for
7,|D| = 0.092 cm™!, E/D = 0.120.

is rendered delicate because of the mixture that occurs be-
tween the Zeeman levels.

The variable-temperature study has pointed out an inter-
esting effect. In Figure 5, the 10 K spectrum recorded on 7
presents a feature at 0.79 T that is shifted to 0.84 T at room
temperature. A similar shift occurs for the 1.62 T transition
at 10 K in the high-field wing that moves to 1.57 T at room
temperature. These shifts are the signature of a slight de-
crease of the D value when the temperature increases and
thus of small structural modifications of the Mn'! environ-
ment (see below). A similar behaviour has been observed
for all complexes.

For neat-powder EPR spectra, the >>Mn hyperfine inter-
action is never resolved, presumably because of the inter-
molecular dipole-dipole interactions together with the D
strain that contribute to the broadening of the line. As a
consequence, the accurate determination of the spin Hamil-
tonian parameters can be obtained by simulating the experi-
mental EPR spectra using a full-matrix diagonalization
procedure of the simplified Hamiltonian displayed in Equa-
tion (1).

H=pup B [g]S+ DS~ 138) + ES? -5 (1)

The first term represents the electronic Zeeman interac-
tion. The last two terms define the second-order (bilinear)
ZFS interaction with D and E representing the axial and
rhombic parts, respectively. Table 3 summarizes all experi-
mental D and E/D parameters at room temperature. The
simulated EPR spectra nicely reproduce the experimental
data even if a poorer quality of the simulations can be no-
ticed in the case of the X-band EPR data (Figures 3, 4, 5
and 6). This may be attributed to the difficulty of precisely
calculating the relative intensity of the transitions since they
occur between mixed Zeeman levels.
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Table 3. Experimental and calculated ZFS parameters (D in cm™' and E/D) of complexes 1-7 at room temperature.

Complex Coordination o —_ Dearea ™ ElDexpu. EIDycq.
no. sphere

[Mn(terpy)(CF5CO,)o(H,0)] (1) 6 N0, 0.068 0.041 0.308 0.328
(+0.405)

[Mn(pb)(CF;805),] (2) 6 N4O, 20071 20.029 0.070 0.134
(~0.108)

[Mn(pb)o(NO3)(H,0)[(NO3) (3) 6 N,O, ~0.074 20.050 0.122 0.292
(+0.147)

[Mn(bpy)>(CF5CO,),] (4) 6 N,O, 0.035 0.087 0.154 0.059
(-0.307)

[Mn(pb),(Cl)s] (5) 6 N.Cl, 0.146 ~0.180 0.116 0.283
(+0.173)

[Mn(terpy)(NO3),(H,0)] (6) 7 N;O, 0.068 ~0.090 0.147 0.150
(~0.077)

[Mn(bpea)(NOs),] (7) 7 N;O, +0.086 +0.075 0.093 0.094
(+1.380)

[a] When determined, the sign of D is reported. [b] The basis used for the calculations is BP86; the results obtained with the B3LYP basis

set are given in parentheses.

The sign of D has been unambiguously established from
low-temperature Q-band EPR spectra for all complexes, ex-
cept for 1, because of its large E/D value of 0.308.13°]

For the whole series of complexes, the D values are
within the magnitude range of 0.035-0.146 cm™!. The
largest value has been observed for complex 5, in which
Mn'! is coordinated to two chloride anions. Previous studies
have shown that the D magnitude is correlated to the nature
of the halide in the case of the Mn'! ion, since a major
contribution arises from the interference between metal-
and halide-SOC contributions, proportional to {y.lx.
The D value of 0.146 cm™' of 5 is in the range found for
the other chlorido complexes (i.e., 0.110 < |D¢| <
0.319 cm™).[%:17

For the six-coordinate complexes 1-4 with only N- and
O-based ligands, the D values are between 0.035 and
0.074 cm™!, which is a very narrow range that falls between
the previously reported values for such complexes (0.001—
0.175 cm1).[7 The N/O ratio of the coordination sphere of
Mn! seems to have no effect on D. Also, in agreement with
previous observations done on six-coordinate Mn'' com-
plexes with Ng, Og and NsO coordination spheres, the E/D
ratio can neither be rationalized in terms of the nature of
the ligands, nor in terms of the N/O ratio.[”)

The seven-coordinate complexes 6 and 7 display smaller
D values (0.068 and 0.086 cm™!, respectively) than that de-
termined on the previously reported seven-coordinate mo-
nonuclear Mn'" complex (D = 0.127 cm™").[2%1 However, all
of these D values are in the same range as observed for the
six-coordinate N/O complexes, and thus significantly
smaller than previously reported values for five-coordinate
N/O complexes (0.2500 < |Ds| < 0.3000).[20)

DFT Calculations

It has been previously shown that the DFT approach
used here is suitable for mononuclear Mn!!' complexes that
contain either halide ligands,['#?31 only N/O-based li-
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gands?%23 or S-based ligands.*%! In this work, DFT calcu-
lations have been performed on complexes 1-7. The calcula-
tions were initiated from the crystal structures as well as
from optimized structures in which only the positions of
the hydrogen atoms were relaxed. Actually, the EPR param-
eters have not been calculated on fully optimized structures
since they generally lead to a significant deterioration of the
theoretical predictions.?>?341-421 We have already demon-
strated throughout several studies that D is very sensitive
to small structural modifications.['*?% Therefore, the qual-
ity of the experimental structures is crucial for the success
of the calculations. In particular, the position of the hydro-
gen atoms is not usually defined to high precision for struc-
tures resolved by X-ray diffraction experiments. The results
obtained with the experimental structures are virtually in-
distinguishable from those where only the hydrogen atoms
were optimized (less than 5% of difference between both
the calculated D values). Thus, in Table 4, only a unique
set of values corresponding to the optimized structures is
reported.

Table 4. Spin—spin (Dssc) and spin—orbit coupling (Dsoc) contri-
butions to the D values together with the total D [cm™!] obtained
from DFT calculations.

Complex Dy Dsoc a—a  f—f o= fp—a  Dssc
1 -0.041 -0.039 +0.016 -0.007 -0.052 +0.004 —0.001
2 -0.029 +0.002 -0.019 -0.016 +0.028 +0.009 —0.031
3 -0.050 +0.020 -0.027 -0.030 +0.070 +0.006 -0.070
4 -0.087 -0.057 +0.001 +0.003 -0.057 -0.004 -0.031
5 -0.180 —0.177 -0.012 -0.048 -0.118 0.000 —0.003
6 -0.090 -0.062 -0.003 -0.012 -0.050 +0.003 -0.028
7 +0.075 +0.056 -0.001 -0.011 +0.060 +0.008 +0.019

Two physical factors contribute to the bilinear term in the
ZFS: the direct dipole—dipole interaction of unpaired elec-
trons (SSC) and the spin—orbit coupling (SOC) of excited
states into the ground state.’>?# Systematic studies per-
formed on Mn'' complexes have shown that the best ap-
proach to calculate the Dgoc part is provided by the cou-
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pled perturbed SOC approach,*¥ whereas for the Dggc con-
tribution, slightly better predictions are reached with the
DFT method based on the restricted open-shell Kohn—
Sham (ROKS) reference determinants.!?%44]

With respect to the functional, recent results have shown
an improvement in the prediction of the ZFS of mononu-
clear Mn"' dihalide complexes with B3LYP compared to
BP86.1231 Thus, the D values have been calculated with both
functionals. The results reported in Table 3 unambiguously
show that B3LYP is not adapted to predict the ZFS for
Mn!! complexes with only N/O-based ligands. This surpris-
ing result is additional proof of the extreme complexity of
accurately predicting the ZFS of the Mn'! ion since the
choice of the functional depends on the nature of the Mn'!
coordination sphere.

With BP86, the quality of the prediction is satisfactory
with discrepancies between the experimental and calculated
D values ranging between 13 and 60%. However, the pre-
dicted magnitudes are alternatively under- or overestimated.
For the six-coordinate complexes 1-5, the best prediction is
found for the chlorido complex with an overestimation of
the calculated magnitude of 19%. This is in agreement with
systematic studies performed for evaluating the perform-
ance of DFT to predict D in dihalide mononuclear Mn!!
complexes.?231 With regard to 1-4, the trend is not repro-
duced [i.e., the smallest experimental D magnitude found
for 4 (0.035cm™!) corresponds to the largest calculated D
value (0.087 cm™")].

In contrast to the previously reported seven-coordinate
complex, for which the prediction of the D value was rather
poor,>! the calculated D values obtained here for com-
plexes 5 and 6 reproduce the experimental D and E/D val-
ues well.

The E/D values of the six-coordinate complexes are over-
estimated except for complex 4, whereas for the seven-coor-
dinate complexes they agree well with the experimental
data. It has been previously shown that DFT is not reliable
for predicting the sign of D for an E/D ratio larger than
0.2.1221 This is partly due to the small magnitudes of both
D and E (a few tenths and hundredths of wavenumbers,
respectively) that prevent the prediction, with sufficient pre-
cision, of the relatively small differences between the axial
tensor components. From Table 3, it can be seen that the
sign of D is correctly reproduced by DFT within the series
when experimentally determined.

Table 4 reports the SSC and SOC contributions to the D
tensor for complexes 1-7. In the six-coordinate series (1-5)
the percentage of the SSC interaction is randomly distrib-
uted. Indeed, for complex 1 it represents only 2.5%,
whereas for 2, it represents 107%. However, for complexes
2-4, Dsgc is far too large to be negligible and determines
the sign of D in the cases of 2 and 3. It was previously
shown that the four classes of excitation of Dgoc present
comparable magnitudes with partially cancelling signs in
the case of halide complexes. A different behaviour is ob-
served through the series of the six-coordinate N/O-based
ligands. The dominant contribution to Dgoc arises from the
a— [} excitation, whereas the f—a one is negligible.

Eur. J. Inorg. Chem. 2010, 3658-3665
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Independently of the sign, the Dggc and Dgoc parts are
comparable for both seven-coordinate complexes, 6 and 7,
with Dggc corresponding to 31 and 25% of D, respectively.
The major SOC contribution also originates from the a—f
excitation.

Conclusion

We have investigated by EPR spectroscopy and quantum
chemistry the ZFS of a series of mononuclear Mn!!' com-
plexes including six- and seven-coordinate compounds with
N/O-based ligands (1-4, 6 and 7). The experimental D val-
ues all fall within a small magnitude range of 0.035-
0.086 cm™!, which prevents the establishment of magneto
correlations with the coordination number of the Mn'! ion
(6 vs. 7) or with the N/O ratio of its coordination sphere.
According to this work, and together with our previous in-
vestigations, we have confirmed that a good DFT predic-
tion of the ZFS parameters requires precise calculations of
the Dsoc and Dggc contributions. More interestingly, this
DFT study has also revealed that the choice of the func-
tional is crucial to accurately predict the ZFS: B3LYP is the
best functional in the case of halide complexes, whereas
BP86 produces better results for complexes with only N/O-
based ligands. This last result illustrates well the complexity
of predicting the ZFS and the importance of such system-
atic studies.

Experimental Section

Materials: 2,2:6",2"'-Terpyridine (terpy, 99.9%, Alfa Aesar) was
used as supplied. Complexes 2-703'33 and [Mn(CF5CO,),-
(H,0),]13% were prepared according to literature procedures.

Synthesis of [Mn(terpy)(CF;CO,),(OH,)] (1): Solid terpy (100 mg,
0.429 mmol) was added to a stirred solution of [Mn(CF5;CO,),-
(H,0),4] (151 mg, 0.429 mmol) in CH;CN (8 mL). CH;CN (few
mL) was then added until complete dissolution of terpy. The re-
sulting pale yellow solution was stirred at room temperature for a
few minutes and then filtered. Yellow crystals of 1 were obtained
by diffusion of ethyl acetate into the solution in CH3;CN. Yield:
195 mg (85%). Selected IR bands: ¥ = 3350 (vs), 1674 (s), 1595 (s),
1477 (m), 1453 (m), 1433 (m), 1316 (m), 1200 (s), 1118 (s), 1014
(m), 840 (m), 801 (m), 772 (s), 716 (m), 651 (m), 637 (m), 601 (w),
512 (w) 454 (w), 429 (w), 306 (w) cm™ 1.

Physical Measurements: Powder X-band EPR spectra were re-
corded with a Bruker EMX, equipped with an ER-4192 ST Bruker
cavity and an ER-4131 VT for the 100 K experiments. Powder Q-
band EPR spectra were recorded with an ER-5106 QTW Bruker
cavity and an Oxford Instruments ESR-900 continuous-flow he-
lium cryostat for the Q-band for the 4.5 K experiments.

Crystal-Structure Determination of 1: Diffraction data were col-
lected with a Bruker AXS Enraf-Nonius Kappa CCD dif-
fractometer, and the structure was solved by direct methods and
refined with the TEXSAN software package.*’] A pale yellow crys-
tal of dimensions 0.40 X 0.38 X 0.25 mm was selected. The crystal-
lographic data are summarized in Table 5. CCDC-768793 contains
the supplementary crystallographic data for 1. These data can be
obtained free of charge from the Cambridge Crystallographic Data
Center via www.ccdc.cam.ac.uk/data_request/cif.
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Table 5. Principal crystallographic data and parameters for 1.

Empirical formula CoH3F¢N;MnOj5
Formula mass 532.26
Crystal system monoclinic
Space group P2,/n
a[A] 11.244(2)
b[A] 13.351(2)

¢ [A] 14.061(3)
a[°] 90

AN 105.68(1)

7 [] 90

v [A3] 2032.3(7)
V4 4

TK] 150

JTA] 0.71073
Pcaled. [mgm73] 1.739

4 [mm!] 0.743
F(000) 1068
Reflections collected 19831

Independent reflections 5490 [R(int) = 3790]

Goodness-of-fit on F 1.979
R 0.0514
wRLE] 0.0678

Largest diff. peak/hole [e A 3]
[a] wR = 1/[c*(F, + 0.0038|F,[*].

0.84/-0.44

Theoretical Calculations: All calculations were performed with the
ORCA program package.[*) The ZFS parameters were calculated
on X-ray structures as well as from optimized structures in which
only the positions of the hydrogen atoms were relaxed. For a dis-
cussion of this point, see the literature.[*>2341421 The ZFS calcula-
tions based on DFT were performed with the hybrid B3LYP“” and
the nonhybrid BP86M84 functionals by using the TZVP basis
set® and taking advantage of the RI approximation with the aux-
iliary TZV/J Coulomb fitting basis sets.>! Four types of excitations
were considered to calculate the Dgoe part.?*! Qualitatively, they
take the form of (1) excitation of a spin-down (f) electron from a
doubly occupied MO (DOMO) to a singly occupied MO (SOMO)
that leads to states of the same spin S as the ground state (f—p);
(2) excitation of a spin-up (a) electron from a SOMO to a virtual
MO (VMO), which also gives rise to states of total spin S (a—a);
(3) excitations between two SOMOs that are accompanied by a
spin-flip and that give rise to states of S' = S — 1 (a—/f); and (4)
“shell-opening” transitions from a DOMO to a VMO that lead to
states of " = S + 1 (f—a).
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The mixed disilyl-substituted cyclopentadiene CsH,[Si-
Me,(CH=CHCH3)|(SiMe3) (2) has been synthesized in a one-
pot reaction by alkylation, deprotonation and silylation of
CsH;(SiMe,Cl). The analogous olefin-tethered cyclopentadi-
ene C;Hy[SiMe,(CH,CH=CH,)](SiMe3) (3) has been ob-
tained through traditional metathesis routes from Li[CsH,-
(SiMej3)] and the chloroallylsilane SiMe,(CH,CH=CH,)Cl.
The corresponding mixed disilyl-substituted cyclopentadien-
yllithium salts Li[CsH3-1-SiMe,R-3-SiMe3] [R = CH=CHCH;
(cis+trans-4); R = CH,CH=CH, (5)] were used to isolate the
chiral zirconium compounds [ZrX(n®-CsH,SiMe,-n'-NtBu)-
(n°-CsH;3-1-SiMe,R-3-SiMe;)] [X = Cl, R = CH=CHCHj,

(cis+trans-6); R = CH,CH=CH, (7); X = CH;3, R = CH=CHCH;
(cis+trans-8); R = CH,CH=CH, (9)] and group 6 derivatives
[MH(n®-CsH;3-1-SiMe,R-3-SiMe3)(CO);] [R = CH=CHCH;, M
= Mo (cis+trans-10), M = W (cis+trans-11); R = CH,CH=CH,,
M = Mo (12) and M = W (13)], which have been fully charac-
terized. The behaviour of metal compounds 8-13 has been
studied and compared with that previously reported for mono-
substituted alkene-silylcyclopentadienyl systems [Zr(CHj)-
(n°-CsH,SiMe,-n'-NtBu)[(n°-CsH,SiMe,)(CH,CH=CH,)] and
[MH(n®%-C5H,SiMe,-n!-NtBu)[(n°-CsH,SiMe,) (CH,CH=CHs,)]
(M = Mo, W).

Introduction

The possible metal-bonding modes, from c-bonded (n'-)
to m-bonded (1", n = 2-5), make cyclopentadienyl systems
one of the most versatile ligands in organometallic chemis-
try. This versatility can be further enhanced when designing
substituted cyclopentadienyl ligands with substituents that
can act as potential coordinating groups. This approach op-
ens access to ligand architectures that impart interesting
properties to their metal species, including higher catalytic
reactivity, the introduction of chirality, changes in solubility
and their possible use as anchoring moieties to develop new
supported single-site catalysts.[!]

Recently, we reported the preparation and chemical be-
haviour of various allyldimethylsilyl-n3-cyclopentadienyl
group 4, 5 and 6 metal compounds.> 71 Along with other
tethered systems, those that incorporate olefinic functionali-
ties provide an attractive means to elucidate metal-olefin
interactions and reaction pathways pertinent to olefin poly-
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merization and isomerization, and they could potentially
facilitate the study of other olefin modification pro-
cesses.>*%91 In this regard, the higher flexibility and acidity
of the silicon- versus the carbon-based spacer unit provide
many advantages for a variety of purposes.'”) We have a
longstanding interest in silyl-substituted cyclopentadienyl
metal compounds. Synthesis of ansa-dicyclopentadienyll!!]
and early transition-metal (amidosilyl)cyclopentadienyl
compounds,[>612-151 comparative studies on the chemical
behaviour of Si-Cl and M-Cl (M = group 4 and 5 metals)
bonds versus different organic reagents!!>!'%l and studies on
polynuclear systems with Si-O-M!!%17:181 bonds are among
our research topics.

A considerable number of modified silylcyclopentadienes
have been prepared and used as precursors for the synthesis
of a wide range of monosilyl- or disilylcyclopentadienyl
metal compounds. While several chelating mixed disilylcy-
clopentadienyl ancillary ligands are known,!>!>!1 reports
of nonbridged disubstituted cyclopentadienyl metal com-
pounds with different organonosilyl substituents at the aro-
matic ring are scarce.[*” Within this context, we were inter-
ested in the synthesis of mixed disilylcyclopentadienyl metal
compounds through the introduction of different alkyl, alk-
enyl or alkynyl substituents into the silyl units of the cyclo-
pentadiene system to test the chemical and structural prop-
erties of corresponding transition-metal cyclopentadienyl
compounds.

Haloorganosilanes SiCl, R, (x = 1, 2 or 3) have been
extensively used to prepare a variety of silylcyclopentadiene
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derivatives, which are generally formed through the me-
tathesis reaction of the halosilane with the appropriate
cyclopentadienyllithium, sodium, potassium or thallium salt
(MCp).l'T However, this process is limited by the commer-
cial availability of the halosilane reagents. A different ap-
proach consists of alkylation of (halosilyl)cyclopentadienes
with organolithium or -magnesium compounds. When
(halosilyl)cyclopentadiene derivatives are treated with such
reagents, alkylation at the silicon centre takes place together
with deprotonation of the cyclopentadiene to afford the
corresponding salt of the silyl-substituted ring.[®>!l To the
best of our knowledge, such procedure has been successful
when tetraalkylcyclopentadiene compounds are used, and
no examples of analogous reactions with halosilyl-non-
alkylated-cyclopentadiene species have been reported to date.
Alkenylmagnesium halides are widely commercially avail-
able due to their decreased tendency to add to C—C multiple
bonds compared with organolithium species.”?? With the
aim of introducing alkenyl fragments into (halosilyl)cyclo-
pentadiene derivatives, we decided to follow a similar ap-
proach and test the capability of Grignard reagents to alk-
enylate and deprotonate (halosilyl)cyclopentadiene deriva-
tives.

Results and Discussion

When (chlorodimethylsilyl)cyclopentadiene (1) was
treated with cis+trans-1-propenylmagnesium bromide,
[(cist+trans-CH;CH=CH)MgBr] in a 1:3 molar ratio, the
initially yellow solution gradually turned into an orange
suspension. Quenching the reaction with an excess amount
of SiClMe; afforded the disilylcyclopentadiene compound
CsH,4[SiMe,(CH=CHCH3)](SiMes) (cis+trans-2), MgCIBr
and CH;CH=CH, (Scheme 1). Twelve isomers may exist
for disubstituted cyclopentadiene compounds, in which in-
terconversion occurs through alkylsilyl or hydrogen mi-
grations in well-known rearrangement processes.>3! As in-
ferred from 'H and '3C NMR spectra at room temperature,
cis+trans-2 is obtained as a mixture of isomers, the major
product being the 5,5-disilyl-substituted isomer, which was

CIMe;Si

@ + 3 CH3CH=CHMgBr
i) Et0, 0°C—rt, 12 h

European Journal
of Inorganic Chemistry

unambiguously identified by NMR spectroscopic tech-
niques, and exists in solution as a mixture of cis/trans com-
pounds in a molar ratio of approximately 1:2.

Scheme 1 illustrates the plausible way in which the for-
mation of the compound cis+zrans-2 can occur. When the
reaction of 1 with 1-propenylmagnesium bromide is carried
out in 1:1 or 1:2 molar ratios, an unresolvable mixture of
compounds is always obtained together with different
amounts of the starting material 1, as inferred by '"H NMR
spectroscopy. Two competitive processes, namely, the me-
tathesis reaction between Si—Cl and Mg—C bonds and de-
protonation of the cyclopentadiene ring by reaction with
the Grignard derivative would afford the nonisolated inter-
mediate species [CsH4(SiMe,CH=CHCH;)|[MgBr (A). A
variety of (silylcyclopentadienyl)magnesium compounds
have been prepared by deprotonation of corresponding sub-
stituted cyclopentadienes with different Grignard com-
pounds RMgXP?4 or R,Mgl?>>! (R = alkyl, X = Cl, Br). The
addition of a onefold excess amount of (cisttrans-
CH;CH=CH)MgBr is always required to obtain pure
cist+trans-2 in good yield, probably because Grignard rea-
gents are less effective Si—Cl bond alkylating agents than
organolithium species.?®! At this stage, the simple addition
of an excess amount of Me;SiCl in a one-pot reaction af-
fords the pure mixed disilylcyclopentadiene compound
cist+trans-2.

The similar disilyl-substituted cyclopentadiene CsH,[Si-
Me,(CH,CH=CH,)](SiMes) (3) was prepared from the di-
rect metathesis reaction of Li[CsH4(SiMes)] with commer-
cially available allylchlorodimethylsilane. After convenient
workup of the reaction mixture, derivative 3 was isolated in
approximately 79% yield. The NMR spectroscopic study of
3 ("H and '3C NMR spectroscopy) at room temperature
allowed a full assignment of the resonances due to the
major product, namely, the 5,5-disubstituted cyclopentadi-
ene 3 (Scheme 2).

For both cis+trans-2 and 3, the '"H NMR spectra show
symmetrical A,B, patterns for the cyclopentadiene protons
(multiplets centred around 6 = 6.72 and 6.53 ppm) that
correspond to the major isomer, related to signals in the

MesSi.  Me,

MesSi
Si Me2

N, @Sim

1 ii) 5 Me3SiCl (major isomer)
cis+trans-2
M62
Si
[ @/ \%“w] +5 MeSiCl
\MgBr /_\‘
— MgBrCl, — CHzCH=CH, A — MgBrCl
Scheme 1.
Me3Si Me; Sive.
. . - ) Si ~ s
10 Me3Si } Li * 1.1 (CHz=CHCH,)SiMe,ClI |\/\ . E/\> |
rt, 12 h., = LiCl SiMe,
(major isomer) 3 \
Scheme 2.
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'H,"3C heteronuclear single quantum coherence (HSQC)
NMR spectra at 6 = 136.4, 131.1 (cis-2), 136.3, 130.9 (¢rans-
2) and 136.0, 131.1 ppm (3), respectively. For the quater-
nary carbon atoms, negative resonances in the attached pro-
ton test (APT) '3C NMR spectra, with no associated pro-
tons in the 2D HSQC experiments, were observed at ¢ =
57.3, 57.2 (cist+trans-2) and 57.0 ppm (3). Minor signals in
the '"H NMR spectra of cis+trans-2 (6 = 3.10, 3.00 ppm)
and 3 (6 = 3.10, 3.00 ppm) correlate, in HSQC experiments,
with the negative resonances displayed in the APT !3C
NMR spectra of cis+trans-2 (6 = 49.5, 49.4, 49.3 ppm) and
3 (0 = 49.4 ppm), which indicates the presence of —CH,
units of minor 1,2-, 1,3-, or 1,4-disubstituted isomers.

Metalation of cyclopentadiene compounds cis+trans-2
and 3 with n-butyllithium affords the corresponding lithium
salts  Li[CsH;-1-SiMe,R-3-SiMe;] in which R =
CH=CHCHj (cist+trans-4, molar ratio of around 1:2) and
R = CH,CH=CH, (5), respectively (Scheme 3), which can
be isolated as white solids and fully characterized in solu-
tion by NMR spectroscopy. An unambiguous assignment
of the regiochemistry of the silyl substituents by NMR
spectroscopic techniques is not straightforward. It has been
proposed” that coupling constants of the AA’B pattern
found for the CsH; protons in '"H NMR spectra can be
used to distinguish between 1,2 (Jo = Jarp = 2.0-3.0 Hz)
and 1,3-disposition (Ja g = Ja g = 2.0 Hz) of the silyl frag-
ments. Whereas cyclopentadienyl protons of cis+trans-4
show broad resonances in the '"H NMR spectra from which
no coupling constants could be calculated, the set of signals
for the CsHj; system for derivative 5 (6 = 6.87 ppm, dd, both
Ju.p of around 1.6 Hz, and 6 = 6.75 ppm, 2 H, overlapped),
agrees well with a 1,3-disposition of the silyl substituents.
'H 2D NOESY experiments for cis+trans-4 and 5 also con-
firm the 1,3-disposition of the silyl fragments at the cyclo-
pentadienyl ring. Whereas NOE contacts are displayed be-
tween the three protons of the CsH; and those of the Si-
CH; (cisttrans-4 and 5) and Si—CH, (5) fragments, respec-
tively, no NOE correlations are observed between the AA’
and B signals of the AA’B system for the CsH; protons.
To the best of our knowledge, a 1,3-disposition is always
preferred in all the reported nonchelating disilylmonocyclo-
pentadienyl metal compounds with sterically demanding
substituents.*"!

Mixed disilyl-substituted cyclopentadienyl zirconium de-
rivatives have been prepared by treatment of [ZrCly(n?’-
CsH,SiMe,-n!-N7Bu)] with the cyclopentadienyllithium
salts cis+trans-4 and 5 in toluene to give yellow suspensions
after around 16-18 h at room temperature. Evaporation of
the solvent and extraction of the oily residues into hexane
afforded yellow solutions from which yellow solids were iso-
lated in approximately 90% yields and fully characterized
as  [ZrCl(n’-CsH,SiMe,-n'-N7Bu)(n’-CsH;-1-SiMe,R-3-
SiMe;)], R = CH=CHCHj;, (cist+trans-6, molar ratio of
around 1:2) and R = CH,CH=CH, (7), respectively
(Scheme 3). Alkylation of the Zr—Cl bond present in
cisttrans-6 and 7 with LiMe in diethyl ether afforded the
corresponding methyl derivatives [Zr(CH;)(n’-CsH,SiMe,-
n'-NBu)(n’-CsH;-1-SiMe,R-3-SiMe;)], R = CH=CHCH;
3668
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SiMes SiRMe, U
Z, + BulLi
—=-SiMe;R  _ByH
SiM63
R = CH=CHCHj3, cis+trans-4
R = CH,CH=CH,, 5

)
/ : ZrCly

Me,Si~ /
2>™NiBu

Me3SiSiRMe2

v |
AN
NtBu
/

Me3SiSiRMe2
|
e
Si Si

Me; Me,

R = CH=CHCHyg, cis+trans-8 R = CH=CHCHg, cis+trans-6
R = CH,CH=CH,, 9 R = CH,CH=CH,, 7

* Zr .
Licl + \ Ve * LiMe +LiCl

N{Bu

Scheme 3.

(cist+trans-8 in a molar ratio of around 2:3) and R =
CH,CH=CH, (9), respectively (Scheme 3).

The presence of a new stereogenic zirconium centre and
the enantiotopic faces of the mixed-1,3-disilylcyclopentadi-
enyl ring afforded two pairs of diastereomers 6a,b, 7a,b, 8ab
and 9a,b, which can be distinguished by NMR spec-
troscopy. Thus, 'H and '*C NMR spectra of compound
cisttrans-6 and cis+trans-8 show a very complicated set of
resonances due to the presence of two diastereomers (cis-
6a,b and frans-6a,b; cis-8a,b and trans-8a,b) for each spatial
cis/trans disposition of the alkene fragment. Unfortunately,
the mixture could not be resolved and none of the different
diastereomers could be isolated independently. However,
TOCSY NMR spectroscopic experiments allow a full as-
signment of the proton signals displayed by the prop-1-enyl
fragment. Table 1 summarizes the selected 'H and !3C
NMR spectroscopic resonances assigned to the cis- and

Table 1. Selected 'H and '*C NMR spectroscopic shifts (6 in ppm,
J values in Hz) of isomers cis-6a,b, trans-6a,b, cis-8a,b and trans-
8a,b.

Si-CH= C_CH= _CH,

cis-6a,bl! 5.72, 5.60, dq'! 6.60-6.38 1.77, 1.65, dd!°
“sj=14,41=1  overlapped 3=7,4=1
131.2, 130.8 145.5, 144.8 19.4, 18.8

trans-6a,bl?! 5.74, 5.66, dq'! 6.09-5.90 1.89, 1.86, dd!¢!
mansy = 18, 4J =2  overlapped 3=6,4=2
129.7, 129.5 143.8, 143.2 23.0,22.9

cis-8a,blP) 5.79, dq
asj=13,47=2 6.46-6.33 1.61, 1.60, dd!°!
5.69, dq overlapped 3=6,4=2
asj=14,4 =2 145.3, 144.5 19.3, 19.1
130.3, 130.0

trans-8a,btP) 5.88, dq
mansy =18, 4J =1 6.10-5.97 1.71, 1.69, ddl
5.80, dq overlapped 3=64=1
mansy =19, 47 =1 144.4, 143.8 234,233
131.7, 131.1

[a] 0 in ppm in [D,]chloroform. [b]  in ppm in [Dg]benzene. [c] Jy i
coupling constants have the same values for both resonances. Full
assignment of all resonances has been performed with the help of
the bidimensional "H,"H COSY, TOCSY and 'H,"3C HSQC NMR
spectroscopic methods.
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trans-prop-1-enyl chains of each isomer. Analogously, 'H
and 3C NMR spectra of compound 7 show two sets of
signals due to diastereomers 7a and 7b. The '"H NMR spec-
trum of derivative 9 displayed a single set of resonances due
to overlapped proton signals of both diastereomers. This
finding can be confirmed by '3C NMR spectroscopic and
bidimensional HSQC experiments, which indicate the for-
mation of two different diastereomers, 9a and 9b. The
asymmetry of all these zirconium compounds 6-9 is consis-
tent with the '"H and '3C NMR spectra; it shows AA’B and
AA’BB’ proton systems for the cyclopentadienyl ligands to-
gether with five nonequivalent methylsilyl fragments, per-
fectly distinguishable for allyldimethylsilyl compounds 7
and 9.

Recently, we prepared and studied group 6 hydrido—
metal compounds that contained the monosubstituted (al-
lyldimethylsilyl)cyclopentadienyl ligand.[*1 We were also in-
terested in extending this chemistry to the synthesis of this
type of disilyl-substituted cyclopentadienyl Mo and W car-
bonyl complexes. Traditional hydrogen-transfer reactions
from the cyclopentadiene to the group 6 metal-carbonyl
compounds [M(CO);(NCCH3);] (M = Mo, W) take place
under milder reaction temperatures by using THF as reac-
tion solvent.

Treatment of cis+trans-2 or 3 with equimolar amounts
of [Mo(CO);(NCCHj3)3] or [W(CO)3;(NCCHj3)5] at room
temperature gave the corresponding cyclopentadienyl hyd-
rido compounds [MH(n’-CsH3-1-SiMe,R-3-SiMe;)(CO)s],
in which R = CH=CHCH3;, M = Mo (cis+trans-10), M =
W (cist+trans-11); R = CH,CH=CH,, M = Mo (12), M =
W (13) (Scheme 4), which were isolated in around 53-60%
yields and fully characterized. Compounds 10 and 11 were
obtained as approximately 1:1 cis/trans mixtures of isomers,
as inferred from the NMR spectroscopic study. For all of
the compounds studied, 'H and '3C NMR spectroscopy
show AA’'B systems for cyclopentadienyl proton resonances
and five nonequivalent carbon signals, respectively.
Whereas cyclopentadienyl CsH; protons of cis+trans-10,
cisttrans-11 and 13 show nonresolved resonances, the set
of signals found for derivative 12 (6 = 5.22, 1 H, dd, both
Ju.n of around 1.2 Hz, and 6 = 5.03 ppm, 2 H, overlapped),
are consistent with a 1,3-disposition of the silyl substituents.
Selected 'H and '3C NMR spectroscopic data assigned to
the olefinic pendant unit for compounds 10-13 are shown
in Table 2.

We have studied the intramolecular allyl to trans-prop-1-
enyl selective isomerization that occurs in group 4 and 6
alkyl and hydrido-metal compounds that containing the

Me;Si )
l\/>/S|Me2R + M(CO)3(NCMe);

M = Mo, W

Scheme 4.
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Table 2. Selected 'H and '*C NMR spectroscopic shifts (J in ppm,
[Dg]benzene, J values in Hz) of compounds cis-10, cis-11, trans-11,
trans-11 and 12, 13.12

Si-CH = C-CH = —CH;

cis-10 5.55,d 6.35, m
“s] =14 asj=14,3]=1 1.66,d,3J =17
127.2 145.0 19.0

trans-10  5.69, d 6.01, m
trans J = () vans] = 20,3J=6 1.59,d,3J =6
129.0 145.5 22.3

cis-11 5.55,dq 6.33, m 1.58, dd
asj=12,4]=1 asy=12,3J=1 3=17,4=1
127.2 145.0 19.2

trans-11 ~ 5.67, dq 6.01, m 1.65, dd
mme:18’4J:1 lm’”.]:]&3.]:6 3.]:6,4.]:1
128.9 145.5 22.5
=CH =CH, Si—-CH,

12 5.67, m
trans J = 17 4.89,d,J=10 1.51,d,3J=38
asy=10,3J=8 4.86,d, "] =17 254
134.8 114.9

13 5.65, m
transJ = 18 4.88d, “sJ =11 1.50,d,3J =38
asjy=11,3J=8 484d,"J=18 24.6
134.0 114.3

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[a] Full assignment of all resonances has been performed with the
help of the bidimensional 'H,'H COSY, TOCSY and 'H,!3C
HSQC NMR spectroscopic methods.

monosubstituted  (allyldimethylsilyl)cyclopentadienyl  li-
gand.[*67-281 To test the effect of the second trimethylsilyl
substituent of the cyclopentadienyl ring, spectroscopic
isomerization studies with the methyl derivatives 8, 9 and
the hydrido compounds 10-13 have been developed.

The allyl monosilyl-substituted zirconium complex
[Zr(CH3)(n°-CsH,4SiMe,-n'-NtBu)[(n°-CsH,SiMe,)-
(CH,CH=CH,)] isomerizes selectively and quantitatively to
the trans-prop-1-enyl derivative [Zr(CHs)(n’-CsH,SiMe,-
N'-N7Bu)[(n>-CsH,SiMe,)(CH=CHCHj3)].[l In contrast, no
cis- to trans-prop-1-enyl neither allyl to prop-1-enyl isomer-
ization was detected for alkyl compounds cis+trans-8 and
9, respectively, at room temperature or after heating the
solutions up to 120 °C over several weeks.

For the molybdenum derivatives, stirring cis+zrans-10 or
12 solutions at room temperature for more than 1 h affords,
after evaporation of the solvent, oily residues in which de-
composition products become prominent from 'H and !3C
NMR spectra. A detailed investigation of the decomposi-
tion pathways of silyl-substituted cyclopentadienyl molyb-
denum hydrido species has been reported elsewhere.[*]

Me3Si—©—SiMe2R
[

THF
r.t. OC//M»,‘\H
oc ¢Co

R = CH=CHCHj3, M = Mo, cis+trans-10
M =W, cisttrans-11
R = CH,CH=CH,, M = Mo, 12, M=W 13
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Dehydrogenation processes of compound [MoH{n’-
CsH,SiMe,(CH,CH=CH,)}(CO);] produce dimer
[{Mo[n?’-CsH,SiMe,(CH,CH=CH,)](CO);},], whereas the
desilylation reactions favoured in THF solutions produce
[MoH(n?-CsHs)(CO)s] and not-fully-characterized silane
derivatives. In our present studies, separation or NMR
spectroscopic characterization of the three possible dimers
formed through dehydrogenation of species cis-10 and
trans-10 is very difficult, as they always appear together
with the already reported trans-[MoH{n>-CsH,SiMe,-
(CH=CHCH;)}(CO);],  [MoH{n’>-CsH4(SiMe3)}(CO)s],
[MoH(n?-CsHs)(CO);] and the corresponding dimer
[{Mo(1’-CsHs)(CO)s},]. Analogous desilylation and de-
hydrogenation transformations are observed when solutions
of derivative 12 are studied at room temperature.

As described, tungsten cyclopentadienyl hydrido
cisttrans-11 is obtained from the synthesis reaction as a
mixture of both isomers in a cis/trans ratio of around 1:1.
Upon heating at 50 °C, the isomer ratio changed continu-
ously toward the trans-11 isomer. After about 24 h, a
cis/trans ratio of around 1:10, inferred from '"H NMR spec-
tra, was reached, which then remained constant. This exper-
imental results regarding the cis-to-trans prop-1-enyl isom-
erization agree well with the theoretically calculated lowest
thermodynamic stability of the cis versus trans disposition
of the pendant alkene unit in [MoH(n’-CsH,SiMe,-
CH=CHCH;)(CO)s], in which cis-to-trans transformations
have already been studied by computational methods.[?®]
Regarding compounds 11 and 13, no intramolecular prop-
1-enyl to allyl nor allyl to prop-1-enyl isomerization, respec-
tively, was observed, even after heating their THF solutions
up to 140 °C for one week.

Conclusion

Alkylations of Si—CI bonds of (halosilyl)cyclopentadiene
derivatives have been performed and used for the synthesis
of mixed disilyl-substituted cyclopentadiene systems at-
tached to olefinic functionalities, from which metallation
processes afford group 6 metal derivatives. Corresponding
group 4 cyclopentadienyl metal compounds have been pre-
pared by metathesis reactions and fully characterized. A
thorough spectroscopic study allows for the unambiguous
confirmation of the proposed structures for all the reported
3-13 compounds. Studies and comparison of the isomeriza-
tion reactivity of the mixed disilyl-substituted cyclopen-
tadienyl metal derivatives versus monosilylcyclopentadienyl
compounds have been achieved. The results obtained estab-
lish that the presence of a second substituent on the cyclo-
pentadienyl ring results in a lack of reactivity towards intra-
molecular isomerization of the olefin fragment when com-
pared with the monosubstituted systems. Thus, under the
reaction conditions used, only the tungsten hydrido com-
pound suffered a cis-to-trans prop-1-enyl isomerization.

Experimental Section
General Information: All manipulations involving syntheses of

metal complexes were performed at an argon/vacuum manifold
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using standard Schlenk-line techniques under an argon atmosphere
or in a glove box MBraun MOD System. Solvents were dried by
conventional procedures and freshly distilled prior to use. CsHs(Si-
Me,CI),110181 Li[CsH4(SiMe3)], %181 [M(NCMe);(CO);]?1 (M =
Mo, W), and [ZrCl,(n’-CsH,SiMe»-n'-NBu)]>% were prepared ac-
cording to previous reports. Commercially available reagents were
used without further purification. NMR spectra were recorded
with a Bruker 400 Ultrashield. '"H and '3C chemical shifts are re-
ported relative to tetramethylsilane. Coupling constants J are given
in Hertz. IR spectra were measured with a Perkin—Elmer 883 IR
spectrometer. Elemental analyses were performed in our laborato-
ries (UAH) with a Perkin—Elmer 2400 CHNS/O Analyzer, Series
IL.

CsH,4|SiMe,(CH=CHCHS;)|(SiMe3) (cis+trans-2): A 0.5 M solution
of cis+trans-1-propenylmagnesium bromide in THF (38 mL,
18.9 mmol) was added at 0 °C to a solution of 5-(chlorodimethylsil-
ylcyclopentadiene (1.0 g, 6.3 mmol) in diethyl ether (10 mL). The
reaction mixture was warmed to room temperature and stirred
overnight. At this stage, chlorotrimethylsilane (4.0 mL, 31.5 mmol)
was added to the resulting orange solution and the mixture stirred
for a further 5 h. The solvent was removed under vacuum and the
solid residue was extracted into hexane (2 X 10 mL); the resulting
suspension was filtered and the solvent was completely removed
from the orange solution to give an orange oil. Derivative 2 was
obtained as a mixture of isomers from which major the product
cis+trans-5,5-disilyl-substituted could be fully characterized; yield
1.10 g (4.6 mmol, 70%). Ci3H4Si, (236.50): caled. C 66.02, H
10.23; found C 65.68, H 9.82. cis-2: '"H NMR (400 MHz, CDCl;,
plus HSQC plus HMBC): 0 = 6.72, 6.53 (both m, each 2 H, CsHy),
6.39 (dq, “*Jy = 14, 3Juu = 7Hz, 1 H, =CHMe), 5.37 (d, ““Jy u
=14 Hz, 1 H, =CHSI), 1.75 (d, 3Ji3.u = 7 Hz, 3 H, =CCH3), 0.09 [s,
6 H, Si(CH3),], —0.04 [s, 9 H, Si(CH3);] ppm. '3*C NMR (100 MHz,
CDCl;, APT plus HSQCQC): 6 = 143.8 (+, =CHMe), 136.4, 131.1 (+,
CsHy), 128.8 (+, =CHSI), 57.3 (-, ipso-CsHy), 19.4 (+, =CCH,),
—0.3, 0.4 [+, Si(CH3), + Si(CH3);] ppm. >Si NMR (79 MHz,
CDCl;, HMBCQ): ¢ = -12.2 (Si-CH=), 6.0 [Si(CH3)3] ppm. trans-
2: "TH NMR (400 MHz, CDCl3, plus HSQC plus HMBC): 6 = 6.72,
6.53 (both m, each 2 H, CsH,), 6.06 (dq, "Jyy = 17, 3Jypn =
5Hz, 1 H, =CHMe), 5.64 (d, "Jy x = 17 Hz, | H, =CHSI), 1.82
(d, 3Jyu = 5.0 Hz, 3 H, =CCH3;), 0.09 [s, 3 H, Si(CH3),], -0.06 [s,
9 H, Si(CH3);] ppm. '*C NMR (100 MHz, CDCls, APT plus
HSQCQ): 0 = 143.1 (+, =CHMe), 136.3, 130.9 (+, CsHy), 130.8 (+,
=CHSi), 57.2 (-, ipso-CsH,), 22.9 (+, =CCH;), —0.3, -0.4 [+,
Si(CH3), + Si(CH3)s] ppm. 2°Si NMR (79 MHz, CDCl;, HMBC):
0 =-10.8 (Si-CH=), 6.0 [Si(CH3)3] ppm.

CsH,4|SiMe,(CH,CH=CH,)|(SiMe3) (3): Allyl(chloro)dimethyl-
silane (3.0 mL, 20 mmol) was added to a suspension of (trimethyl-
silyl)cyclopentadienyllithium (2.30 g, 16 mmol) in hexane (20 mL).
The reaction mixture was stirred at room temperature for 48 h. The
resulting yellow suspension was filtered to remove the white LiCl
solid and the solvent was completely removed from the resulting
yellow solution to give an orange oil that was identified as pure
derivative 3, obtained as a mixture of isomers from which the major
product CsHy[5-SiMe,(CH,CH=CH,)-5-SiMe;] was fully charac-
terized; yield 2.90 g (12.2 mmol, 76%). C;3H,4Si, (236.59): calcd.
C 66.02, H 10.23; found C 65.98, H 9.83. '"H NMR (400 MHz,
CDCls, plus HSQC plus HMBC): 6 = 6.73, 6.53 (both m, each 2
H, CsHy), 5.64 (m, ““Jyy g = 8, " Jyy gy = 16, 3y = 8 Hz, 1 H,
=CH), 4.79 (d, "™Jyyu = 16 Hz, 1 H, =CH,), 4.79 (d, ““Jyu =
8 Hz, 1 H, =CH,), 1.36 (d, 3Jy 1z = 8.0 Hz, 2 H, Si-CH,), 0.01, [s,
6 H, Si(CH3),], —0.03 [s, 9 H, Si(CH3);] ppm. '*C NMR (100 MHz,
CDCl;, APT plus HSQC): 0 = 136.0 (+, CsHy), 135.6 (+, =CH),
131.1 (+, CsHy), 113.5 (-, =CH,), 57.0 (-, ipso-CsH,), 22.9 (-, Si-
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CH,), 0.4 [+, Si(CHs);], -2.4 [+, Si(CHs),] ppm. »Si NMR
(79 MHz, CDCl;, HMBC): 6 = 4.1 (Si-CH,), 0.5 [Si(CH3)] ppm.

Li|CsH3-1-SiMe,(CH=CHCH3)-3-SiMes| (cisttrans-4): n-Butyl-
lithium (1.9 mL of a 1.6 M hexane solution, 3 mmol) was added
dropwise to a solution of cis+trans-2 (0.6 g, 2.5 mmol) in diethyl
ether (10 mL) at 0 °C. When the addition was finished, the reaction
mixture was stirred at room temperature for a further 16 h. Solvent
was removed under vacuum and hexane (2 X 3 mL) was then added
to the orange residue. The resulting suspension was filtered off and
the solvent was completely removed from the oily residue under
vacuum to afford an orange foam, which was identified as pure
derivative 4 obtained as a cis and frans isomer mixture in a 1:2
molar ratio; yield 0.60g (2.4 mmol, 98%). cis-4: 'H NMR
(400 MHz, C¢Dg/CsDsN = 9:1, plus NOESY plus HSQC): 6 =
6.87, 6.76, 6.76 (all br., each 1 H, CsH;), 6.38 (dq, *Jy1 = 7, ““Jyn
= 12 Hz, 1 H, =CHMe), 5.97 (d, ““Jyu = 12 Hz, 1 H, =CHSi),
1.79 (d, 3Jyu = 7Hz, 3 H, =CCH,), 0.44 [s, 6 H, Si(CH3),), 0.30
[s, 9 H, Si(CH3);] ppm. '3C NMR (100 MHz, C¢D¢/CsDsN = 9:1,
APT plus HSQC): 6 = 142.2 (+, =CCHy3), 133.7 (+, =CHS;i), 120.9,
116.3, 116.0 (+, CsHj), 115.6, 114.2 (-, ipso-CsH3), 20.0 (+,
=CCHs;), 2.4 [+, -Si(CH3),], 2.2 [+, —Si(CH3)3] ppm. 2°Si NMR
(79 MHz, C¢D¢/CsDsN = 9:1, HMBC): ¢ = -22.9 (Si-CH=), -14.7
[Si(CH3)3] ppm. trans-4: '"H NMR (400 MHz, C¢D¢/CsDsN = 9:1,
plus NOESY plus HSQC): 6 = 6.86, 6.74, 6.74 (all br., each 1 H,
CsH3), 6.17 (dq, 3Juy = 6, "Jyy = 20 Hz, 1 H, =CHMe), 5.96
(d, " Jy g = 20 Hz, 1 H, =CHSI), 1.64 (d, 3Jyu = 6 Hz, 3 H,
=CCH,;), 0.38 [s, 6 H, —Si(CHs),], 0.30 [s, 9 H, —-Si(CH3);] ppm.
13C NMR (100 MHz, C4D¢/CsDsN = 9:1, APT plus HSQC): § =
140.9 [+, =C(CH3)], 135.3 (+, =CHSIi), 120.9, 116.4, 116.0 (+,
CsHs), 115.6, 113.6 (-, ipso-CsH;), 23.4 [+, =C(CHy)], 2.2 [+,
—Si(CH3)5], 0.8 [+, —Si(CH3),] ppm. *Si NMR (79 MHz, C¢D/
CsDsN = 9:1, HMBC): 6 = -21.8 (Si-CH=), —-14.7 [Si(CH;);] ppm.

Li[CsH3-1-SiMe,(CH,CH=CH,)-3-SiMe;]  (5): n-Butyllithium
(7mL of a 1.6 M hexane solution, 11.1 mmol) was added dropwise
to a solution of 3 (2.2 g, 9.3 mmol) in diethyl ether (10 mL) at 0 °C.
When the addition was complete, the reaction mixture was stirred
at room temperature for a further 16 h. Solvent was removed under
vacuum and hexane (2 X 3 mL) was then added to the brown resi-
due. The resulting suspension was filtered off and the solid residue
dried under vacuum to give a light orange solid, which was spectro-
scopically identified as pure derivative 5; yield 1.80 g (7.4 mmol,
80%). 'H NMR (400 MHz, C¢Dg/CsDsN = 9:1, plus NOESY plus
HSQC): 6 = 6.87 (dd, both *Ji; iy = 1.6 Hz, 1 H, CsH;), 6.75 (over-
lapped, 2 H, CsH3), 6.05 (m, 3y = 8, ““Jypy = 10, "Jyy =
17 Hz, 1 H, =CH), 4.94 (d, "“*Jgg = 17 Hz, | H, =CH,), 4.86 (d,
“sJuu = 10 Hz, 1 H, =CH,), 1.84 (d, *Jy iz = 8 Hz, 2 H, Si-CH,),
0.34 [s, 9 H, —Si(CHj3)s], 0.33 [s, 6 H, —Si(CH3),] ppm. 3C NMR
(100 MHz, CsD¢/CsDsN = 9:1, APT plus HSQC): 6 = 138.2 (+,
=CH), 120.8, 116.0, 115.9 (+, CsH3), 115.2, 113.0 (-, ipso-CsHj),
112.4 (+, =CH,), 27.4 (+, Si-CH,), 2.1, —0.3 [both +, -Si(CH3)3 +
Si(CH3),] ppm. 2°Si NMR (79 MHz, C¢D¢/CsDsN = 9:1, HMBC):
) = —12.4 (Si-CH,), —13.1 [Si(CH3)3] ppm.

[ZrCl(n3-CsH,SiMe,-n'-NtBu){n5-CsH;-1-SiMe,(CH=CHCH3)-3-
SiMejs}| (cist+trans-6): Toluene (5 mL) was added to a dry mixture
of [ZrCly(n*-CsH,SiMe,-n'-N7Bu)] (0.2 g, 0.56 mmol) and 4
(0.18 g, 0.73 mmol). Stirring the reaction mixture for 18 h at room
temperature gave a yellow suspension. The solvent was removed
under vacuum and hexane (2 X 3 mL) was then added to the oily
residue. The resulting suspension was filtered and the solvent was
completely removed from the yellow solution to give a yellow oil
that was identified as pure derivative 6, obtained as a mixture of
four diastereomers, cis-6a,b and trans-6a,b; yield 0.28 g (0.50 mmol,

Eur. J. Inorg. Chem. 2010, 3666-3674

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Eur|IC

European Journal
of Inorganic Chemistry

91%). Cy4H4>CINSizZr (555.53): caled. C 51.88, H 7.63, N 2.52;
found C 51.87, H 7.92, N 2.62. cis-6a,b + trans-6a,b: '"H NMR
(400 MHz, CDCls, plus TOCSY, plus HSQC): 6 = 7.24-7.21, 6.70—
6.51, 6.30-6.20, 5.88-5.80 (all m, 28 H, CsH, + CsH3), 6.60-6.38
(overlapped, 2 H, CCH=, cis-6a,b), 6.09-5.90 (overlapped, 2 H, C—
CH=, trans-6a,b), 5.74 (dq, " Jyy = 18, Jyy = 2 Hz, 1 H, Si-
CH=, trans-6a,b), 5.72 (dq, ““Jyu = 14, *Jyuy = 1 Hz, 1 H, Si-
CH=, cis-6a,b), 5.66 (dq, "Jyu = 18, *Jyu = 2Hz, 1 H, Si-
CH=, trans-6a,b), 5.60 (dq, ““Jyy = 14, *Jyuy = 1 Hz, 1 H, Si-
CH=, cis-6a,b), 1.89 (dd, *Jyy 1 = 2, 3Jyu = 6 Hz, 3 H, =CCHj,,
trans-6a,b), 1.86 (dd, 4JH,H =2, 3JH‘H = 6 Hz, 3 H, =CCHy;, trans-
6ab), 1.77 (dd, *Jyr = 1, 3Juu = 7Hz, 3 H, =CCHj, cis-6a,b),
1.65 (dd, “Jyrip = 1, 3Jyn = 7 Hz, 3 H, =CCHy, cis-6a,b), 1.32 [br.,
36 H, NC(CHs;);], 0.55-0.23 [all s, 84 H, NSi(CHj3), + Si(CH3), +
Si(CHs3);] ppm. '*C NMR (100 MHz, CDCls, APT plus HSQC): 6
=145.5, 144.8, 143.8, 143.2 (+, C-CH=), 131.2, 130.8 (+, Si-CH=,
cis-6a,b), 129.7, 129.5 (+, Si-CH=, trans-6a,b), 129.4, 129.4, 129.2,
129.2 (-, ipso-CsH,4/-CsHs), 128.5, 128.4, 128.3, 128.2, 128.2, 128.1,
128.1, 128.0, 128.0, 127.8, 127.8 (+, CsH4/CsHj3), 124.5, 124.5,
124.4, 124.3, 119.0, 118.9, 118.8, 118.7, 118.6 (+, CsH,/CsHj),
118.5, 118.5 117.7, 117.6 (-, ipso-CsHy4/-CsH3), 117.2, 116.9, 116.8,
116.7, 116.6 (+, CsH4/CsH3), 112.6, 112.6, 112.5, 112.5 (-, ipso-
CsH,/~CsH3), 109.7, 109.6, 109.3 (+, CsH4/CsH3), 59.5 [br., —, N-
C(CH3);], 35.0 [+, N-C(CH3)s], 23.0, 22.9 (+, =C-CHs, trans-
6a,b), 19.4, 18.8 (+, =C-CH3, cis-6a,b), 4.8-4.6, 2.3-2, 0.9-0.5, -0.6
to —1.3 [+, NSi(CH3), + Si(CH3), + Si(CH3);] ppm. 2°Si NMR
(79 MHz, CDCl;, HMBC): 6 = —7.7 [Si(CH3);, cis-6a,b + trans-
6a,b], —16.1 (Si-CH=, cis-6a,b + trans-6a,b), —24.8 (Si-N, cis-6a,b
+ trans-6a,b) ppm.

|ZrCl(n3-CsH,SiMe,-n'-NtBu){n3-CsH3-1-SiMe,(CH,CH=CH,)-
3-SiMes}] (7): Toluene (5 mL) was added to a dry mixture of
[ZrCly(n*-CsH,4SiMe,-n'-N7Bu)] (0.2 g, 0.56 mmol) and 5 (0.16 g,
0.67 mmol). Stirring the reaction mixture for 16 h at room tempera-
ture gave a yellow suspension. The solvent was removed under vac-
uum and hexane (2 X 3 mL) was then added to the oily residue. The
resulting suspension was filtered and the solvent was completely
removed from the yellow solution under vacuum to give a yellow
oil that was identified as pure derivative 7, obtained as a mixture
of two different stereoisomers, 7a and 7b; yield 0.29 g (0.52 mmol,
94%). for C,4H4>,CINSi;Zr (555.53): caled. C 51.88, H 7.63, N 2.52;
found C 51.14, H 7.69, N 2.65. 7a+b: "H NMR (400 MHz, CDCl;,
plus HSQC, plus HMBC): 6 = 7.23, 6.68, 6.60, 6.51, 6.29, 5.82 (all
m, 14 H, CsH,4/CsH3), 5.74-5.58 (overlapped, 2 H, C-CH=), 4.82
(d, “*Jyu = 10Hz, 1 H, =CH,), 4.81 (d, “*Jyu = 11Hz, 1 H,
=CH,), 4.77 (d, "sJyy = 18 Hz, 1 H, =CH,), 4.75 (d, " Jyyn =
17 Hz, 1 H, =CH,), 1.66 (d, 3Jyu = 8 Hz, 2 H, Si-CH>), 1.61 (d,
3Jun = 8 Hz, 2 H, Si-CH,), 1.31 [br., 18 H, N(CHs);], 0.54 [s, 6
H, NSi(CH;),], 0.44 [s, 3 H, Si(CH3),], 0.42 [s, 6 H, NSi(CHs),],
0.31 [s, 12 H, Si(CHj3)3, Si(CHz),], 0.29, 0.23 [both s, each 3 H,
Si(CH3),], 0.22 [s, 9 H, Si(CH3);] ppm. '*C NMR (100 MHz,
CDCl;, APT plus HSQC): 6 = 135.2, 134.4 (+, CH=), 129.5 (-,
ipso-CsHy/-CsH3), 128.2, 128.1, 128.1, 128.0, 128.0, 127.7 (+,
CsH4/CsHs), 127.4 (-, ipso-CsHy/~CsHs), 124.5, 124.5, 118.9, 118.8
(+, CsH4/CsH3), 118.5 (-, ipso-CsH4/-CsH3), 117.0, 116.9 (+,
CsH4/CsHs), 116.4 (-, ipso-CsHy/-CsH3), 114.1, 113.5 (-, =CH,),
112.7, 112.6 (-, ipso-CsH,/~CsH3), 109.4, 109.3 (+, CsH,/CsH;),
59.5 [br., —, N-C(CHs)3], 35.0, 34.9 [+, N-C(CH;);], 25.9, 25.4 (-,
Si-CH,), 4.8, 4.8, 24, 2.3, 0.8, 0.5, 1.5, -1.7, -2.4, -2.6 [all +,
NSi(CHj3), + Si(CH3), + Si(CHj3)s] ppm. 2°Si NMR (79 MHz,
CDCl;, HMBC): ¢ = 7.8 (Si-CH,, 7a+b), —7.4 [Si(CH;);, 7a+b],
-24.7 (Si-N, 7a+b) ppm.

[Zr(CHz)(n3-CsH,SiMe,-n!-NBu){n>-CsH;-1-SiMe,(CH=CHCH)-
3-SiMes}] (cis+trans-8): Methyllithium (0.5 mL of a 1.5 M diethyl
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ether solution, 0.74 mmol) was added dropwise to a solution of 6
(0.24 g, 0.5 mmol) in diethyl ether (10 mL) at 0 °C. When the ad-
dition was complete, the reaction mixture was stirred at room tem-
perature for a further 2 h. The solvent was completely removed
from the resulting brown suspension under vacuum and the solid
residue was extracted into hexane (2 X 3 mL). Removal of the hex-
ane from the brown solution gave a brown oil, which was identified
as pure derivative 8, obtained as a mixture of four diastereo-
mers, cis-8a,b and trans-8a,b; yield 0.21 g (0.40 mmol, 90%).
CysHysNSizZr (535.11): caled. C 56.11, H 8.48, N 2.62; found C
55.62, H 8.54, N 2.22. cis-8a,b + trans-8a,b: '"H NMR (400 MHz,
C¢Ds, plus TOCSY plus HSQC plus HMBC): 6 = 6.97-6.91, 6.73,
6.68, 6.58, 6.09-5.99, 5.93-5.90 (all m, 28 H, CsH,/CsH;), 6.46—
6.33 (overlapped, 2 H, C-CH=, cis-8a,b), 6.10-5.97 (overlapped, 2
H, C-CH=, trans-8a,b), 5.88 (dq, "Jyn = 18, *Jyn = 1 Hz, 1
H, Si-CH=, trans-8a,b), 5.80 (dq, "Jyy = 19, *Jyu = 1 Hz, 1
H, Si-CH=, trans-8a,b), 5.79 (dq, ““Jyp = 13, *Jyn = 2Hz, 1 H,
Si-CH=, cis-8a,b), 5.69 (dq, ““Jypu = 14, *Jyu = 2Hz, 1 H, Si-
CH=, cis-8a,b), 1.71 (dd, *Jyyu = 1, 3Jyu = 6 Hz, 3 H, =CCHj,,
trans-8a,b), 1.69 (dd, *Jyy i = 1, 3Jgu = 6 Hz, 3 H, =CCHs, trans-
8a,b), 1.61 (dd, *Jyy = 2, 3Jyu = 6 Hz, 3 H, =CCHj, cis-8a,b),
1.60 (dd, *Juy = 2, 3Juu = 6 Hz, 3 H, =CCHs, cis-8a,b), 1.22,
1.21 (br., 36 H, tBuN), 0.56-0.20 [all s, 84 H, Si(CH;),/Si(CH3);],
0.17 (br., 12 H, Zr-Me) ppm. 3C NMR (100 MHz, C4D¢, APT
plus HSQC): § = 145.3, 144.5 (+, C-CH=, cis-8a,b), 144.4, 143.8
(+, C-CH=, trans-8a,b), 131.7, 131.1 (+, Si—-CH=, trans-8a.b),
131.1, 130.2 (-, ipso-CsH4/—CsHs3), 130.3, 130.0 (+, Si-CH=, cis-
8a.b), 129.0, 129.0 (-, ipso-CsH4/~CsHs), 127.2, 126.9, 126.7, 125.6,
125.5, 1254, 124.3, 124.2 (+, CsH4/CsH3), 124.1 (-, ipso-CsHy/
—CsH3), 124.0 (+, CsH4/CsH3), 123.9, 122.5 (-, ipso-CsH,/~CsH;),
121.7, 121.5, 121.4, 121.3, 117.8 (+, CsH,/CsH3), 116.9 (-, ipso-
CsH,/~CsH3), 116.8, 116.3, 116.2, 116.1, 116.1, 115.1, 114.9, 114.8,
114.6, 113.7 (+, CsH4/CsHs), 109.6, 109.5, 109.4, 109.4 (-, ipso-
CsH,/~CsHs), 108.9, 108.8, 108.5, 108.4 (+, CsH,/CsH;), 58.1
[br., —, N-C(CH3)3], 36.0 [br., +, N-C(CH3)3], 23.4, 23.3 (+, =C-
CH3s, trans-8a,b), 19.7, 19.7, 19.6, 19.6 (+, Zr—-CH3), 19.3, 19.1 (+,
=C-CH;, cis-8a,b), 5.1-4.9, 3.0-29, 1.5-1.1, 0.1- -0.6 [+,
NSi(CH3), + Si(CH;3), + Si(CHj);] ppm. >Si NMR (79 MHz,
CsDg, HMBC): 6 = -7.3, -8.0 [Si(CH3);, cis-8a,b + trans-8a,b],
-15.5, -16.3 (Si-CH=, cis-8a,b + trans-8a,b), —24.3, -24.8 (Si-N,
cis-8a,b + trans-8a,b) ppm.

[Zr(CH3)(n3-CsH,4SiMe,-n'-NBu){n5-CsH3-1-SiMe,(CH,CH=
CH,)-3-SiMes}] (9): Methyllithium (0.36 mL of a 1.5 diethyl
ether solution, 0.54 mmol) was added dropwise to a solution of 7
(0.15 g, 0.27 mmol) in diethyl ether (10 mL) at 0 °C. When the ad-
dition was complete, the reaction mixture was stirred at room tem-
perature for a further 3 h. The solvent was removed from the re-
sulting brown under vacuum and the solid residue extracted into
hexane (2 X 3 mL). Removal of the hexane from the brown solution
gave a brown oil, which was identified as pure derivative 9, ob-
tained as a mixture of two diastereomers, 9a and 9b; yield 0.11 g
(0.21 mmol, 79%). C5HsNSizZr (535.11): caled. C 56.11, H 8.48,
N 2.62; found C 55.96, H 9.17, N 3.05. 9a+b: 'H NMR (400 MHz,
CeDg, plus HSQC): 6 = 6.90, 6.65, 6.56, 5.99-5.96, 5.84-5.83 (all
m, 14 H, CsH,/CsH3), 5.78-5.64 (overlapped, 2 H, C-CH=), 4.92
(d, ““Jyn = 10Hz, 1 H, =CH,), 4.90 (d, “*Jyu = 10Hz, 1 H,
=CH,), 4.87 (d, "™Jyy = 18 Hz, 1 H, =CH,), 4.84 (d, " Jyyn =
17 Hz, 1 H, =CH,), 1.59 (overlapped, 4 H, Si-CH,), 1.21 (s, 18 H,
tBuN), 0.55, 0.45 [both s, each 6 H, N-Si(CH;),], 0.27, 0.26 [both
s, each 3 H, Si(CH3),], 0.24, 0.20 [both s, each 9 H, Si(CH3);], 0.16
(s, 6 H, Zr-CHs), 0.17, 0.15 [both s, each 3 H, Si(CH3),] ppm. '3C
NMR (100 MHz, CsDg, APT plus HSQC): 6 = 135.6, 135.3 (+,
CH=), 127.0 (+, CsH4/CsH3), 126.9 (-, ipso-CsH,/-CsHs), 126.7,
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125.5, 125.5, 124.1 (+, CsH4/CsH3), 124.0 (-, ipso-CsHy/—~CsH;),
123.9 (+, CsH4/CsH3), 122.0 (-, ipso-CsHy/~CsHs), 121.4, 121.4 (+,
CsH4/CsH3), 116.7 (-, ipso-CsH,/~CsHy), 116.1, 116.0, 114.8, 114.7
(+, CsH4/CsH3), 114.4, 114.2 (-, =CH,), 109.5, 109.4 (-, ipso-
CsH,/-CsH3), 108.4, 108.3 (+, CsH,/CsH;), 58.0, 58.0 [, NC-
(CHs)3], 36.0 [+, NC(CHs3)3], 26.5, 26.4 (-, Si-CH,), 19.3, 19.2 (+,
Zr-CH,), 5.1, 5.0, 3.0, 3.0, 1.3, 1.1, -0.9, -1.4, 1.8, -2.0 [+, NSi-
(CH3), + Si(CH3), + Si(CH3)s] ppm. 2Si NMR (79 MHz, C¢Dy,
HMBC): 6 =-8.1 (Si-CH,, 9a+b), -8.4 [Si(CH3);, 9a+b], —25.3 (Si-
N, 9a+b) ppm.

[MoH{n3-CsH3-1-SiMe,(CH=CHCHj3)-3-SiMe;}(CO)3]
(cis+trans-10): A solution of cis+trans-2 (0.13 g, 0.80 mmol) in
THF (5 mL) was added to solid compound [Mo(CO)3(NCCHs);]
(0.30 g, 1.0 mmol). Stirring the reaction mixture for 30 min at room
temperature gave an orange suspension. The solvent was removed
under vacuum and hexane (2 X 3 mL) was then added to the solid
residue. The resulting suspension was filtered and the solvent was
completely removed from the yellow solution under vacuum to give
an orange oil, which was identified as a mixture of cis-10 and trans-
10 in a molar ratio of approximately 1:1; yield 0.18 g (0.43 mmol,
53%). C16H24M00O5Si, (416.47): caled. C 46.14, H 5.81; found C
46.08, H 5.32. IR (THF): ¥ = 2015, 1951 (CO) cm™ . cis+trans-10:
'"H NMR (400 MHz, C4Dg, plus HSQC plus HMBC): 6 = 6.35 (m,
“SJan = 14, 3Jun = 7Hz, 1 H, =CHMe, cis-10), 6.01 (m, " Jyy
=20, 3Juu = 6 Hz, 1 H, =CHMe, trans-10), 5.69 (d, " Jy gy =
20 Hz, 1 H, =CHSI, trans-10), 5.55 (d, “*Jyu = 14 Hz, =CHSI, 1
H, cis-10), 5.29, 5.27, 5.12, 5.10, 5.04, 5.03 (all br., each 1 H, CsH3;),
1.66 (d, 3Jyi = 7 Hz, 3 H, =CCHys, cis-10), 1.59 (d, 3Jypn = 6 Hz,
3 H, =CCH;, trans-10), 0.28, 0.21 [both s, each 6 H, Si(CH3),],
0.09, 0.08 [both s, each 9 H, Si(CHj3)3], —5.49, —5.49 (both s, each
1 H, Mo-H) ppm. 3C NMR (100 MHz, C4Dg, APT plus HSQC):
0 = 227.8 (-, CO), 145.0, 145.5 (both +, =CHMe), 129.0, 127.2
(both +, =CHSIi), 104.6, 104.5, 104.0, 103.4 (all —, ipso-CsH;),
100.5, 100.5, 99.2, 99.1, 98.9, 98.8 (all +, CsH3), 22.3, 19.0 (both
+, =CCH3), -0.26 [+, Si(CH3)3], —1.5, 1.7 [+, Si(CH3),] ppm. 2°Si
NMR (79 MHz, C¢Ds, HMBC): 6 = -16.2, -13.9 (Si-CH=,
cis+trans-10), —5.3 [Si(CHj)s, cis+trans-10] ppm.

[WH{n>-CsH;-1-SiMe,(CH=CH-CH3)-3-SiMe;}(CO);] (cis+trans-
11): A solution of cis+trans-2 (0.13 g, 1.0 mmol) in THF (5 mL)
was added to solid derivative [W(CO)3(NCCHs);] (0.40 g,
1.0 mmol). Stirring the reaction mixture at room temperature over-
night gave an orange suspension. The solvent was removed under
vacuum and hexane (2 X 3 mL) was then added to the solid residue.
The resulting suspension was filtered and the solvent was com-
pletely removed from the orange solution under vacuum to give an
orange oil, which was identified as pure 11, obtained as a 1:1
cis/trans mixture of isomers, on which elemental analysis and IR
have been conducted. Heating solutions of the mixture in THF
permitted the major isomer trans-11 to be isolated and allowed the
assignment of NMR spectroscopic signals for each of the cis and
trans isomers; yield 0.30 g (0.59 mmol, 60%). C;sH>,05Si,W
(504.37): caled. C 38.10, H 4.80; found C 37.87, H 4.39. IR (THF):
¥ =2016, 1930, 1924 (CO) cm . cis-11: 'H NMR (400 MHz, C¢Ds,
plus HSQC plus HMBC-*Si): § = 6.33 (m, ““Jyy = 12, 3Jypu =
7Hz, 1 H, =CHMe), 5.55 (dq, ““Jyyu = 12, *Jyuy = 1 Hz, 1 H,
=CHSi), 5.26, 5.09, 5.02 (all br., each 1 H, CsH;), 1.58 (dd, 3Jp i
=7, %un = 1 Hz, 3 H, =CCH3), 0.28 [s, 6 H, Si(CH3),], 0.09 [s, 9
H, Si(CHs)3], ~7.17 (s, 1 H, Mo-H) ppm. 3C NMR (100 MHz,
C¢Dg, APT plus HSQC): 0 = 197.0 (-, CO), 145.0 (+, =CHMe),
127.2 (+, =CHSi), 103.5, 102.3 (-, ipso-CsH3), 98.2, 97.9, 97.8 (+,
CsH3), 19.2 (+, =CCHs3), 0.1 [+, Si(CHs)3], —1.4 [+, Si(CHj),]
ppm. 2Si NMR (79 MHz, C¢Dgs, HMBC): 6 = ~13.6 (Si-CH=),
—4.5 [Si(CH3);3] ppm. trans-11: "H NMR (400 MHz, C¢D, plus
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HSQC plus HMBC-2Si): 6 = 6.01 (m, "*.Jyy 4y = 18, 3Jy14 = 6 Hz,
1 H, =CHMe), 5.67 (dq, "“Jy 11 = 18, *Jyu = | Hz, 1 H, =CHS]),
5.25,5.07, 5.02 (all br., each 1 H, CsHs), 1.65 (dd, 3Jy .y = 6, *Jy1n
= 1 Hz, 3 H, =CCHj;), 0.22 [s, 6 H, Si(CH;),], 0.10 [s, 9 H, Si-
(CH3)3], ~7.18 (s, 1 H, W-H) ppm. '3C NMR (100 MHz, C¢D,
APT plus HSQC): § = 197.0 (-, CO), 145.5 (+, =CHMe), 128.9 (+,
=CHSIi), 103.4, 102.9 (-, ipso-CsH3), 98.1, 97.9, 97.6 (+, CsH,),
22.5 (+, =CCHj,), —0.1 [+, Si(CHs);], —1.4 [+, Si(CHj),] ppm. 2Si
NMR (79 MHz, C¢Ds, HMBC): § = —-15.9 (Si-CH=), —4.5 [Si-
(CH3)3] ppm.

[MoH{n3-CsH;-1-SiMe,(CH,CH=CH,)-3-SiMe;}(CO);] (12): A
solution of 3 (0.19 g, 0.8 mmol) in THF (5 mL) was added to solid
compound [Mo(CO);(NCCHs;);] (0.3 g, 1.0 mmol). Stirring the re-
action mixture for 30 min at room temperature gave a red suspen-
sion. The solvent was removed under vacuum and hexane
(2X 3 mL) was then added to the solid residue. The resulting sus-
pension was filtered and the solvent was completely removed from
the red solution under vacuum to give an orange oil; yield 0.27 g
(0.65 mmol, 65%). C;sHuM003Si, (416.47): caled. C 46.14, H
5.81; found C 46.16, H 5.33. IR (THF): ¥ = 2018, 1933 (CO) cm™.
'"H NMR (400 MHz, C¢Ds, plus HSQC plus HMBC-*Si): § = 5.67
(m, "8 Jyy gy = 17, ““Jyq = 10, 3y 5 = 8 Hz, 1 H, =CH), 5.22 (dd,
Unn = 1.2,%5n = 1.6 Hz, 1 H, CsH3), 5.04 (second-order system,
2 H, CsHj), 4.89 (d, ““Jyn = 10 Hz, 1 H, =CH,), 4.86 (d, ""Jyn
= 17Hz, 1 H, =CH,), 1.51 (d, 3Jyuy = 8 Hz, 2 H, Si-CH.), 0.09
[s, 15 H, Si(CH3), + Si(CH3)3], —5.53 (s, 1 H, Mo-H) ppm. '3C
NMR (100 MHz, C4Dg, APT plus HSQC): 6 = 228.6 (-, CO), 134.8
(+,=CH), 114.9 (-, =CH,), 105.3, 103.5 (-, ipso-CsH3), 101.3, 99.9,
99.6 (+, CsH3), 25.4 (-, Si-CH,), 0.6 [+, Si(CH3);], —1.6, —1.6 [both
+, Si(CH3),] ppm. 2°Si NMR (79 MHz, C¢Dg, HMBC): 6 = -6.3
(Si-CH,), -5.7 [Si(CH3);] ppm.

[WH{n5-CsH;s-1-SiMe,(CH,CH=CH,)-3-SiMe;}(CO);] (13): A
solution of 3 (0.10 g, 0.43 mmol) in THF (5 mL) was added to solid
compound [W(CO);(NCCH3)5] (0.2 g, 0.51 mmol). Stirring the re-
action mixture overnight at 50 °C gave an orange suspension. The
solvent was removed under vacuum and hexane (2X3 mL) was
then added to the brown solid residue. The resulting suspension
was filtered and the solvent was completely removed from the
orange solution under vacuum to give an orange oil; yield 0.16 g
(0.32 mmol, 60%). C;sH»403S1,W (504.37): calcd. C 38.10, H 4.80;
found C 38.13, H 4.62. IR (THF): ¥ = 2022, 1924 (CO) cm™!. '"H
NMR (400 MHz, C¢Dg, plus HSQC plus HMBC): 6 = 5.65 (m,
ransJy g = 18, ““Jyy = 11, 3Jyu = 8 Hz, 1 H, =CH), 5.20, 5.02,
5.00 (all br., each 1 H, CsH3), 4.88 (d, “*Jyy.y = 11 Hz, 1 H, =CH,),
4.84 (d, sy = 18 Hz, 1 H, =CH,), 1.50 (d, 3Jiyn = 8 Hz, 2 H,
Si-CH,), 0.09 [s, 15 H, Si(CH3), + Si(CH3);], —7.22 (s, 1 H, W-H)
ppm. *C NMR (100 MHz, C¢Dg, APT plus HSQC): 6 = 191.1
(-, CO), 134.0 (+, =CH), 114.3 (-, =CH,), 103.3, 101.7 (-, ipso-
CsH;), 98.1, 97.8, 97.5 (+, CsHj3), 24.6 (-, Si-CH,), 0.1 [+,
Si(CHj3);], —2.8, —2.3 [both +, Si(CHj3),] ppm. 2°Si NMR (79 MHz,
C¢Dg, HMBCQ): 6 = -5.7 (Si-CH,), —5.3 [Si(CH3)3] ppm.

General Procedure for Isomerization Experiments: Isomerization ex-
periments were carried out by using a Young-valved NMR spec-
troscopy tube, which was charged with solutions of the correspond-
ing derivatives 6-13 in [D¢]benzene. The reaction mixture was then
warmed from 50 to 140 °C and the transformation was monitored
by '"H NMR spectroscopy. Under such conditions, only cis+trans-
11 isomerizes. Thus, after heating solutions of a 1:1 cis/trans mix-
ture of compound 11 in [Dg]benzene or THF at 50 °C for 10-12 h,
a final cis/trans ratio of approximately 1:10 is reached, which then
remained constant.
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